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SECTION I 

FOREWORD 

The research  described  herein,   which was conducted by G e n e r a l   E k c t r i c  Company 

of  Erie,   Pennsylvania  under  subcontract  to Pratt and  Whitney A i r c r a f t  Division 

of  United  Aircraft   Corporation, was  performed  under NASA cont rac t  NAS 3-6013. 

The P r o j e c t  Manager f o r  NASA was Mr. Henry B. Tryon, Space Power Systems 

Division,  Lewis  Research  Center. The r epor t  was o r ig ina l ly   i s sued  as General 

E l e c t r i c   r e p o r t  M9-003 Vol. 11. 



SECTION I1 

SUMMARY 

The Brayton  Cycle  turboalternator will run  on  gas  bearings,   the  design  of which 
depends t o  a large  extent   on  the  unbalanced  e lectromagnet ic   forces   exis t ing i n  
t h e   a l t e r n a t o r  as a r e su l t   o f   eccen t r i c i ty   be tween   t he   ro to r  and s t a t o r .  Due 
t o   c o n f l i c t i n g   l i t e r a t u r e  on the   sub jec t ,  and a need t o  have good des ign   da ta ,  
a n   a n a l y t i c a l  and  experimental   bearing  force program was i n i t i a t e d   t o   d e t e r m i n e  
the   na tu re  and  magnitude  of  the  forces. 

The ana ly t i ca l   r e su l t s   cons i s t ed   o f   equa t ions  made up of cosinusoidal  terms 
f o r   a n  X-axis  and  Y-axis f ixed   on   t he   s t a to r .  The Y-axis equation  produced 
a DC component and a l a r g e  2 per   revolu t ion  term for   the  balanced  load  cases ,  
and  higher  harmonic terms for   the  s ingle   phase  loading  and  s ingle   phase  short  
c i r c u i t  cases. Similar terms appeared i n   t h e  X-axis equat ion,   but  no DC 
component existed.   Saturation  reduced  the  force  magnitude as expected.  Forces 
predicted from the  above  equations were modified by d iv id ing  by the  number of 
s t a t o r   c i r c u i t s   t o   r e f l e c t  a c i r c u i t   e f f e c t .  

Forces were measured  through  the  use of spec ia l ly   cons t ruc ted   end   sh ie lds  
instrumented  with  s t ra in   gages  in   both  the X and Y axes.  Output  from  the  gages 
was passed  through  appropriate  electronic equipment  and d isp layed   on   an   osc i l lo -  
scope as a Lissa jous   pa t te rn .  The a l t e r n a t o r  was dr iven by an  induction  motor.  
The a l t e r n a t o r  and  the  motor were f l ange  mounted onto a test  stand which was 
isolated  f rom  surrounding  vibrat ion by v i b r a t i o n  mounts. 

The na tu re  of the measured fo rces  was as predicted,   but  the  magnitude w a s  
s i g n i f i c a n t l y  less. Fur the r   t e s t ing  a t  the no load case revealed  that   the  
fo rce   r educ ing   e f f ec t  of t h e   s t a t o r   c i r c u i t s  and  possibly  the  amortisseur 
winding was about twice as g r e a t  as  assumed. D i f f e r e n t i a l   s a t u r a t i o n  of t he  
opposing  stator  teeth  produced  further  reduction  which, when f ac to red   i n   w i th  
the   above   c i rcu i t   e f fec t   gave   reasonable   cor re la t ion  between  measured  and 
predic ted   forces   for   the   ba lanced   load  and s ingle   phase  loading  cases .  The 
L i s sa jous   pa t t e rn   fo r   t he   s ing le   phase   sho r t   c i r cu i t   c a se  was very complex 
reflecting  the  higher  harmonic  content  predicted,   but  the  magnitude was s ig -  
n i f i c a n t l y  less due t o  time v a r i a n t   s a t u r a t i o n  and  the  aforementioned  factors.  

Recommendations f o r   f u t u r e  work i n c l u d e   i n v e s t i g a t i o n s   i n t o   s t a t o r   c i r c u i t  
e f f ec t ,   amor t i s seu r   e f f ec t ,  and time v a r i a n t   s a t u r a t i o n .  
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SECTION I1 I 

INTRODUCTION 

The  work covered i n   t h i s   r e p o r t  was done  under  subcontract PWASC 6013-2 t o  
P r a t t  & Whitney A i r c r a f t  who served as Prime Contractor  to NASA f o r   c o n t r a c t  
NAS3-6013. NASA has  envisioned  the  future need for   large  blocks of power f o r  
space   appl ica t ions ,  and  one of the  energy  conversion schemes  being inves t iga ted  
i s  the  Brayton  Cycle  which  includes  rotating  machinery  as shown i n  
Figure 1. This  turboalternator  uses  argon  gas as the  working  f luid and runs 
on  hydrodynamic gas  bearings to provide  long l i f e  and eliminate  the  problem 
of  working  f luid  contamination  that  would e x i s t  if conven t iona l   o i l   l ub r i ca t ed  
bearings were used.  Since  gas  bearings  have l i m i t e d  a b i l i t y   t o   c a r r y   l a r g e  
r a d i a l   l o a d s  and operate   with  extremely  small   radial   c learances,  i t  became 
important  to  determine  the  nature and magnitude  of  the  radial  electromagnetic 
load  for   proper   bear ing  design and to   avoid   bear ing   ins tab i l i ty .  

Wi th   the   cen ter l ine  of t h e   a l t e r n a t o r   r o t o r   c o i n c i d e n t   w i t h   t h e   c e n t e r l i n e  of 
i t s  s ta tor   (uniform  a i r   gap) ,   the   unbalanced  radial   mqgnet ic   force  should be 
zero. As t h e   r o t o r  is d isp laced   f rom  the   s ta tor   cen ter l ine ,   the   a i r   gaps  
become unequal  and  the  result ing  changes  in  f lux dens i ty  cause  the  magnetic 
fo rces  between r o t o r  and s t a t o r   t o  become unbalanced. The force  between  rotor 
and s t a t o r  becomes higher on the  side wi th   sma l l   a i r  gap  and h igh   f l ux   dens i ty  
and  lower on the  s i d e  wi th   the   g rea te r  gap. The resul t  i s  a net  unbalanced 
r a d i a l   f o r c e   i n   t h e   g e n e r a l   d i r e c t i o n  of the  rotor  displacement.   In  order  to 
more prnpet1.y de f ine   t he   fo rce ,   t he  problem was at tacked from two d i r e c t i o n s ,  
a n a l y t i c a l l y  and experimentally.  

The a n a l y t i c a l   s t u d y  produced  equations  which  describe  the  force  under  various 
condi t ions  of a l t e rna to r   l oad ing  and e c c e n t r i c i t y   d i r e c t i o n .  These equat ions 
con ta in   t he   e f f ec t s  of ro to r   po le   s a l i ency ,   s t a to r   s lo t t i ng ,   amor t i s seu r  
s lo t t ing ,   a rmature   reac t ion ,  and  magnetic  saturation. They are   in   rhe   form 
of Fourier  series which  can  readily be introduced as input   to   gas   bear ing  
s t a b i l i t y  computer  programs. The e f f e c t s  of s t a t o r   c i r c u i t s  and amort isseur  
r eac t ion  were not   inc luded   in   the   ana lys i s ,   bu t   a re  recommended f o r   f u t u r e  
s t u d y ;   e s p e c i a l l y   t h e   s t a t o r   c i r c u i t s  which  appear  to  have a 
s t ronger   force   reducing   capabi l i ty   than  assumed. 

I n  the   exper imenta l  program, the  Alternator   Research Package was equipped  with 
specially  designe.d  endshields and an t i - f r ic t ion   bear ings  so  tha t   t he   bea r ing  
react ions  could be  measured.  The forces  developed a t  t h e  a i r  gap  could  then 
be  calculated  by moment summation. The endshields  had  necked-down por t ions  
which  support   the  bearing  housings.   Strain  gages on these  supports  gave  an 
electrical readout of instantaneous  bearing  reactions.  The a l t e r n a t o r  was 
driven  from a separa te   induct ion  motor r a the r   t han  a turbine.  Four sets of 
bearing  housings were made.  By changing  bear ing  housings,   the   eccentr ic i ty  
of r o t o r   w i t h   r e s p e c t   t o   s t a t o r   c o u l d  be var ied  from e s s e n t i a l l y   z e r o   t o  .006" 
(out of a .040" nominal a i r  gap). Tests  were staged by load ing   t he   a l t e rna to r  
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at  d i f f e r e n t  WA pawer ou tpu t s ,   d i f f e ren t  power factors   and  with  balanced and 
unbalanced  loads and shorts .  

Detailed desc r ip t ions  of t he   ana ly t i ca l   p rocedure  and experimental   tes t ing  can 
be found in Sect ions IV andVI1.The  various  Appendices  cover related tests, 
a n a l y s i s  of  problems  encountered  during  the  course of t h e   t e s t i n g ,   t h e   a c t u a l  
test data, analytical de r iva t ions ,  and  computer  programs  developed f o r   t h e  
analysis .  

4 



BRAYTON  CYCLE  TURBOALTERNATOR 
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SECTION IV 

Origin of the  Force  and  Analytical  Development 

The l ikel ihood of bui lding a machine  with a pe r fec t ly   concen t r i c   ro to r  and 
s t a t o r  is very  srnall. The problem  might  be  compared t o   t h a t  of placing a steel 
b a l l   e x a e t l y  between  the  poles  of a horseshoe magnet so t h a t  it won't m o v e  when 
a l l   r e s t r a i n t  is  taken away. 

Consider  the  sketch below: 

Assume t h a t   t h e  above f igure   represents  a .002" "error"  in  manufacturing so 
t h a t  one pole of t he   ro to r  on one  end is  c l o s e r   t o   t h e   s t a t o r   t h a n   t h e   o t h e r .  
For  the  above  figure let  the  exci t ing  magnemnotive  force ("F) be 635 amp turns  
and the   sur face   a rea  of each  pole 6 sq. inches. 

It can  be shown t h a t  
r 

For t h e   l e f t  gap 

0 = P i  X MMF = 505 

= = 320,675 = 
A 6 

= 505 

X 635 = 320,675 

53,500 
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Where: 

F = Force i n  pounds 

> = Flux dens i ty  i n  K LINE/IN2 

A = Area i n  sq. inches 

/c"= Permeabili ty of medium 

1 - Magnetic  path  length i n  inches 

PI = Permeance 

0 = F l u x   i n   l i n e s  

F = 28*6 X lo8 X 6 = 237 l b s .  
72 X 10' 

For   the   r igh t  hand  gap 

P r =  455 

)3 * 48,100 l i n e s / i n  2 

F = 193 lbs . ( r i g h t   s i d e )  

This   can  be  pictured  vector ia l ly  as 

2 37 19 3 

4 - - 
or - 

44 lbs .  

So a s h i f t  of .002" i n   t he   spac ing  of t he  qxample gives  a net  44 lb .  p u l l  t o  
t h e   l e f t .   T h i s   p u l l   t h e n  arises from the   d i f f e rence  i n  f l u x   d e n s i t i e s  of t he  
unequal a i r  gaps  which result  from tolerance  in   the  manufactur ing  process  and 
assembly. 

The 44 pounds  of t h i s  example is roughly  equivalent  to  the  Brayton  Cycle F cal- 
cu la t ed   fo rce  of Fig. 3, Section V I  when operat ing a t  15 KVA, 8 P.F withouf a 
c i r c u i t   r e d u c i n g   e f f e c t .  The "I? of 635, the   pole  area of 6 in2 ,  and the  a i r  
gap  of .038" correspond  to   the  Brayton  Cycle   Alternator   for   the  s ta ted  load 
condi t ion .   Fac tor ing   in  a c i r c u i t   e f f e c t  of 2 reduces the f o r c e   t o  22 pounds. 

Since  the two s t a t o r   c i r c u i t s  are connected i n  p a r a l l e l ,  a c i r c u l a t i n g   c u r r e n t  
w i l l  f low  reducing  the  f lux  and  thus  the  force a t  the  smaller gap  and increas-  
ing these  a t  the   l a rger   gap ,   ye i ld ing  a net reduct ion.  

7 



Analy t i ca l  Development 

The bea r ing   fo rces   expe r i enced   i n   an   a l t e rna to r  are somewhat more complex 
than  the  previous  example.  The m f ' s  i n   a n   a l t e r n a t o r   s t a t o r  are moving i n  
time and  space. If the   load i s  balanced,  the  fundamental m f  i s  moving i n  
synchrmism  wi th   the   ro tor   whi le   the   harmonics   ro ta te  backward or  forward a t  
some speed  other  than  synchronous, . I f   t h e   l o a d  is  unbalanced,  large m f  
waves  moving i n   t h e  backward d i r e c t i o n  (as r e f e r r e d   t o   t h e   r o t o r )  are generated.  

A l l  o f   t hese   i n t e rac t ing   mf ' s   impressed   ac ross   s a tu rab le  s teel  and a changing 
a i r  gap  cause a non-uni formly   d i s t r ibu ted   f lux  wave across   the   ro tor   po les .  
This   f lux  wave modulated by t h e   s t a t o r  and   ro to r   s lo t  permeances i s  p red ic t ab le .  
I n  most cases ,   the   center   or   peak of t h e  armature mmf's i s  out of l i n e   w i t h   t h e  
r o t o r   d i r e c t   a x i s  and resu l t s  i n  a maximum force   d i sp laced  from the   cen ter   o f  
t he   ro to r   po le  and the   po in t  of minimum a i r  gap. Under unbalanced  conditions, 
the  angle  between minimum a i r  gap  and maximum fo rce  may even  be s h i f t i n g   w i t h  
time 

Satura t ion   fur ther   c louds   the   force   p ic ture .  The ampere turns  of mmf (both 
f i e l d  and  armature  reaction) are r e l a t i v e l y   f i x e d   i n  magnitude a t  a g iven   po in t .  
The e f f e c t i v e  ampere t u r n s   v a r i e s  as a funct ion of the  locat ion  around  the 
machine while   the permeance is  a l so   vary ing   wi th   loca t ion .  Because  of these 
f a c t o r s   t h e   r a t i o  between  ampere t u r n s   i n   t h e   i r o n  and  ampere tu rns   i n   t he   gap  
v a r i e s  from point   to   point   around  the  machine.  

The Brayton  Cycle  Bearing  Force  Analytical   Study  centers  around  the  type of 
e c c e n t r i c i t y  shown below. The ske tch   r ep resen t s   an   ax ia l  view of one  end of 
t he   a l t e rna to r   and  shows t h e   s t a t o r   b o r e  and r o t o r   o u t l i n e .  

Y 

.042" 

8 



Illustrated: 
Case  where B = 0 ,  eccentricity = 0.002"* 

All  angles  positive  clockwise  from Y axis (B from  neg Y - axis) 
The analytical  development  begins  with  the  equation: 

Eq #1 

Where F is  directed  radially  outward 

F~ F (rial direction) 

I 

X 
and  the  component  of  force  .in  the  "y"  axis  direction is F cos 8 and  the  component 
-of  force  in  the "x" axis  direction  is F sin 0 ,  as shown above. 

X 

-- and -- 

where P is a  per unit  permeance 
for exai:!e, permeance  is  defined  by  the  following 
equation : 

Permeance =e 
where A = Cross  sectional  area  perpendicular  to  flux 

L = Length of flux  path 
/ u =  Permeability  of  medium 

rearranging  Eq 84  results  in: 

P = per  unit  permeance = Permeance = 1 
L PA 
- 

The  modulated  per  unit  gap  permeance  is  expressed  as: 

'gap  'rotor x 'stator x 'eccentricity 
and  the  ampere  turns  of  mmf  are: 

nnnf gap = m f  + ATdc = mmf ( e ,  wt , @) + ATdc ac 

Eq #2 

Eq # 3  

Eq %4 

Eq t 5  

Eq il6 

where: -8 = mech  angle g = pawer  angle 

The  rotor  permeance  is  in  two  parts,  the  amortisseur  and  main  saliency, 
SO that  Protor  Pamort + Pmain  saliency.  Eq. #7 

* B is  defined as the  angle  between  the  negative Y axis  and  the  line  connect- 
ing  the  rotor  magnetic  center  with  stator  magnetic  center. It is  measured 
in a clockwise  direction  in  radians. 

9 
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The fo l lowing   ana ly t ica l   deve lopment   dea ls   wi th   the   rec ipr ica l  of the  gap as 
t h e  permeance  of the  machine. 

The ro to r   gap   r ep resen ta t ion  and  permeance expression is  obtained by a Fourier 
ana lys i s   o f   the   ro tor   us ing   the   fo l lowing   sa l iency   representa t ion :  

P = pole 
<=  per   un i t   po le  arc 

g = gap  over  pole 
g l  = gap  over  saliency 

2 
From the  Fourier   analysis ,   (See  Sect ion I X )  the D-C or   constant  term is: 

Po = (5 + 1-oc) 

gl 8 2  

and t h e  main  permeance  harmonics are: 

Eq #9 

where n represents  the  harmonic number. 

Combining these   g ives   t he   t o t a l   ro to r  main sa l i ency  permeance expression 

The amortisseur permeance i s  given by a similar expression 

P - 
amort - 'An cos Eq b l l  

where NA = e f fec t ive   amor t i s seu r   s lo t s  = 50 

10 



The  stator  slot  permeance  expression is 

P s  = PSn cos  (n NSO) 

where NS = 48 stator  slots 

Eq #12 

and P h, P are  coefficients  for  anortiseeur  and  stator  slot  harmonic 
permeance ta& from a paper  by  Freeman. ( 1) 

For  the  Brayton  Cycle, the  Coefficients are: 

and is the  average  permeance  of  the  gap  over  the  rotor poles. It is 
also  possible  to  express  eccentricity  as  a  permeance.  This  has  been  done so 
that  the  only  terms in  the  expression  for  flux  density  are  permeance  and mnf. 

The  permeance  expression  representing  eccentricity is: 

Eq 1/13 

The  current  in  the  stator  winding  and  field  coil  can  be  expressed  as  a  series 
of  turns  times  current  as a  function of position  and time.  For  most  conditions 
the  series is: 

mmf, = M K pn Ka cos  (n e ( 0  - ut + - )"e )) + ATdc Eq 1/14 

Kpn = pitch  factor Kdn = distribution  factor 

where M is a  constant  containing  the  currents  and  number of  turns. 

From  the  various periueances and  the mnf expression,  a  complete  expression  for > can be  written. 

(1)  The  Calculation  of  Harmonics D u e  to  Slotting  in  the  Flux  Density  Waveform 
in Dynamo Electric  Machines, IEE paper #523U, June 1962, Dr. Freeman. 
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Then subs t i tu t ing   Equat ions  10, 11, 12, 13 and 14 into  Equat ion %3 y ie lds :  

Eq. ill5 

With n an   un l imi ted   var iab le   th i s   equa t ion   takes   on   ra ther   l a rge   p ropor t ions .  
For the   ana ly t ica l   s tudy ,  n was l imi t ed   t o   s ign i f i can t   va lues   fo r   each  permeance 
and   r e su l t ed   i n   an   expres s ion   fo r  B of approximately 8000 terms.. * Since   force  
i s  propor t iona l   to  B2 the 8000 terms J3 expression must  be  squared. 
To keep  t rack of the terms, the   no ta t ion  

B 
x1x2x3x4x5 

E q .  1/16 

was introduced. 

The x ' s  r ep resen t   ro to r ,   s t a to r ,   amor t i s seu r ,   e ccen t r i c i ty ,  and MMF harmonic 
numbers respect ively.  

The following example shows how 'a force arises from a given s e t  of  permeance 
harmonics. Choose the  case B ~ O O O O  X B l o O 1 l  which is  one of the  cross  product 
terms of the B2 expression. The f i r s t  ]3 i s  made  up of the  rotor  fundamental  
permeance  and  zero  order  permeance o r  MMF terms, the  second is  made up of the 
rotor   fundamental ,   eccentr ic i ty   fundamental ,  MMF fundamental, and zero  order  
terms f o r   t h e   s t a t o r  and amortisseur permeance. 

* The harmonics  used  were -5- 0+5 fo r   t he   ro to r ,  - 2 3  0++2 f o r   t h e   s t a t o r  
-2-wO-2 for   the  amort isseur ,  0-91 f o r   e c c e n t r i c i t y  and through  the  13th  for "I?. 
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* + 112 cos (28 - 2~ t - 38 + 4 w t  - B - ' i y  + y e )  

This  multiplied  by  cos 8 t o  denote   direct ion  and  integrated  over  2 results i n  

Fy = - 2.09 COS (-2wt + B - W  + ye) 
- 4.18 COS (2wt - B - '?T+ + pe) 

Eq #21 

Note w e  could  have  redicted that only  the terms marked wi th  * would i n t e g r a t e  
to   o the r   t han   ze ro  8 )  since  they  have  an  angle  which  contains 2 0 which when 
combined with  the  cos  8 (d i rec t ion   te rm)   cance ls   to   e l imina te  0 from the  
i n t e g r a l .  

The re   a r e   o the r   cons ide ra t ions   i n   t h i s   fo rce .  For  example,  each term of the 
r o t o r  permeance is reduced i n  magnitude  and s h i f t e d   i n  space t o   r e f l e c t  s a t u -  
r a t ion   i n   bo th   t he   ro to r  and s t a t o r   t e e t h .   S a t u r a t i o n  is  ca l cu la t ed  as a 
funct ion of t i m e  and  mechanical  angle  for  each  operating  condition. To accom- 
p l i s h   t h i s   t h e   f l u x  wave i n   t h e   a l t e r n a t o r  is analyzed t o   y i e l d  permeance  harmonic 
c o e f f i c i e n t s  which a l te r  the   unsa tura ted   ro tor  permeance  harmonic c o e f f i c i e n t s  
before  bearing  force is  ca l cu la t ed .  A t  the  same t i m e ,  the   angle  p e  associated 
wi th  mmf, the  exact  value of ATdc a s   s een   a t   t he  a i r  gap,  and f r m g i n g  between 
the   ro tor   po les  i s  ca l cu la t ed  and introduced  in   the mmf or permeance s e r i e s .  

Unbalanced e l ec t r i ca l   l oad ing  on the   s ta tor   t e rmina ls   in t roduces   nega t ive  and 
zero  sequence  currents   leading  to   addi t ional   armature   react ion terms r o t a t i n g  
o p p o s i t e   t o   t h e   r o t o r  a t  the same speed  or  standing s t i l l  i n  mechanical  posit ion.  
The  mmf's are handled by adding two add i t iona l  sets of terms t o   t h e  mmf t e r m  
already  containing  the  posit ive  sequence  current and ATdc. (See Equation  814) 

The Brayton  Cycle 's   multicircuit   stator  winding  reduces  magnetic  bearing  force.  
Windings 180 mechanical  degrees  apart are connected i n   p a r a l l e l  so t h a t   i f   t h e y  
have  unequal  induced  voltages a c i r cu la t ing   cu r ren t   f l ows   t end ing   t o   o f f se t   t he  
e f f e c t  of differ ing  permeances.   This   effect  i s  dependent  on  speed  and  the 
r e l a t ive   r eac t ance  and r e s i s t a n c e  of the  machine. A s  speed is  increased,  the 
force   d rops   sharp ly   to  a reduced  level and  remains e s sen t i a l ly   cons t an t   w i th  
fur ther   speed  increase.  For the  Brayton  Cycle  generator,  the  breakoff  point is  
about 300 rpm w i t h   f o r c e   r e l a t i v e l y   c o n s t a n t   i n   t h e  300 - 12000 rpm range. 
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Computer  Approach 

The  Fourier  approach  to  the  problem  allows  a  direct  force  expression  to be 
calculated  that  gives  harmonic  content,  space  angles  and  time  angles. Hwever 
it  involves  a  large  number  of  very  similar  multiplications  and  integrations. 
If each  of  the B terms  were  integrated  for  each  of  six  cases 384 million  inte- 
grations  would  be  necessary,  followed  by  a s m i n g  up of all  the  terms  alike 
in  time  and  space.  For  this  reason,  the  entire  problem  has  been  computerized. 
The  computer  decks  perform  the  following  operations: 

(1)  Compute  saturation,  ATdc, )b e. 

(2) Compute  series  for  permeance  and  mmf 

( 3 )  Compute  expression  for 3 

( 4 )  Compute  expression  for $ 2 

(5) .Eliminate  terms  which  will  integrate  to  zero 

( 6 )  Integrate > 
( 7 )  Combine  force  terms  to  simplest  expression 

L 

The  program  is  broken  down  into  several  decks  interconnected  by  magnetic  tapes. 
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SECTION  V 

NOMENCLATURE - ANALYTICAL  STUDY 
A 
ATdc 
B 
D 
F 
g 
I 
K 
L 
1 
M  or MMF 
mmf 
NA 
*a 
ne 
nr 
NS 
"S 
P 
P.U.. 
R 
V 
W 

t 
X 
0 
e 

Pa 

Pe 

/u 
ye 
6 
Pr 

Area  in  square  inches  of  magnetic  surface 
Amp  turns  of  d.c.  excitation/stator  half 
Mechanical  reference  angle  of  minimum  air  gap  (radians) 
Air  gap  diameter  (inches) 
Force  (pounds) 
Air  gap  length  (inches) 

Appropriate  constant 
Period  length  (radians) 
Length  of  magnetic  path  (inches) 
Armature  ampere  turn  series 
Magneto  motive  force 

Number  of  amortisseur  slots  (effective) 
Amortisseur  harmonic  order  number 
Eccentricity  harmonic  order  number 
Rotor  saliency  harmonic  order  number 
Number  of  stator  slots 
Slot  (Stator)  harmonic  order  number 
Main  electromagnetic  poles 
Per  unit 
Resistance 
Volts 
Mechanical  angular  velocity  (radians/sec) 
Time  (seconds) 
AC  reactance 
Flux  or  phases 
Mechanical  position  angle  (radians) 

Amps 

, ., 

Amortisseur  slotting  permeance  (per  unit) 

Eccentricity  effective  permeance  (per  unit) 

Flux  density  (lines  or  kilo  lines  per  square  inch) 

Pairs  of  poles 

Per  unit  pole  arc 

Permeativity  of  air  in  English  units  (1/313) 

Power  angle  (radians) 

Radially  measured  eccentricity  (inches) 

Rotor  saliency  permeance  (per  Unit) 

Stator  slotting  permeance  (per  unit) 

15 



SECTION V I  

RESULTS 

This Resul t s   Sec t ion   conta ins   bo th  analytical and experimental   data  which are 
presented in the   fo l lowing   order :  

A. Form and  Significance of Equations 

B. Summary  of Analy t ica l  Resu l t s  

C. Summary of  Experimental  Results  (Tables I1 and 111) 

D. Experimental and Analy t ica l   Corre la t ion  

E. Conclusion  and Recommendations 

A. Form and Significance  of  Equations 

The r e s u l t s  of t he   ana ly t i ca l   s tudy  are a set of force   equat ions   descr ib ing  
radial magnetic  bearing  force. The fo rce   equa t ions   a r e   i n  terms of a 
Cartesian coordinate  system  fixed  in  the  magnetic  center of  one s t a t o r  
pe rpend icu la r   t o   t he   ax i s  of t h e  rotor s h a f t  as ind ica ted   in   F igure  2 .  
For  each  defined  load  condition of t h e  machine, a radial magnetic  force 
is represented by six m u l t i  term equations.  The six equat ions  descr ibe 
Fy,  Fx, 9, E, 9, dFx. For  example,  below is the   equa t ion   fo r  Fy 

w i t h   t h e  machine operat ing a t  11.25 KVA. 
d B  dB 8 

where: 

Fy = Force in  Y d i r e c t i o n  (pounds) 
w = mechanical   angular   veloci ty  
t = time (seconds) 
B = mechanical angle between negat ive Y - a x i s  

f = eccent r ic i ty   ( inches)  
and d i r e c t i o n  of eccen t r i c i ty   ( r ad ians )  

= fl - Power Angle 

Power = Electrical angle  (radians)  between  load  current  and  direct  
m3 le axis  magnetizing  current 
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Assuming t h a t   t h e   f o r c e  is i n v e r s e l y   p r o p o r t i o n a l   t o   t h e  number of c i r c u i t s ,  
the   equat ion  shown on the  previous  page  can be divided  by 2 and then  repre- 
sents a 10.0 pound dc   force   wi th  a two per   revolut ion  cosinusoidal   peak of 
17-50 pounds.  For t h i s   c a s e  I T  - 0,625 r a d i a n s ,   i n d i c a t i n g   t h a t   t h e  
maximum fo rce   occu r s   s l i gh t ly   o f f  center from t h e  minimum a i r  gap  point. 

Summary of Analytical Resul ts  

Table I summarizes the   ana ly t i ca l   ca l cu la t ions .  To  compare t h e s e   f o r c e s  
wi th  measured  values, Fx and Fy must b e   r e f l e c t e d   t o   t h e   b e a r i n g s  from t h e  
s t a t o r   c e n t e r ,  and then added v e c t o r i a l l y   t o   o b t a i n  a magnitude  and  angle. 

The following comments can be made concerning  the analytical results: 

With  balanced f u l l  load (15 KVA, 0.8 PF),the  radial   magnetic  bearing 
force  appearing a t  the  air  gap in   the   Brayton   Cycle   a l te rna tor  is 
about  10  lbs/mil of e c c e n t r i c i t y ,  

The major  force as defined  by (F, + FY) i s  two per  rev.  and un id i r ec t iona l  
i n   n a t u r e .  
The r e s u l t s  of sa tura t ion   tend   to   l cwer   the  overall magnetic  force 
about 18% at  f u l l   l o a d ,  

"m 

A l l  t he   r e su l t s   co r re spond   t o   t he  six load cases and a l l  are a t  
2.0 mils (.002") of r a d i a l   e c c e n t r i c i t y   w i t h  B=O, i.e., t he   ro to r  
d i sp l aced   s t r a igh t  down  .002". 

The a n a l y t i c a l   r e s u l t s  are f o r  one  end  of t h e  machine,  assuming t h e  
r o t o r  is symmetrical about i ts  center in  any   p lace   perpendicular   to  
the   shaf t .  

The analytical r e s u l t s  do not  account  for any mechanical  unbalance 
or t h e   e f f e c t s  of gravi ty .  

The six cases   invest igated were: 

Case 1. The machine is a t  15 KVA 0.8 PF lagging  balanced 351 load. 

Case 2. The  machine is a t  11.25 KVA 0.8 PF lagging  balanced 351 
load. 

Case 3, The  machine is  a t  no  load  with  f ie ld   exci ted.  

Case 4. The  machine is under a 3g shor t   c i r cu i t   cond i t ion .  

Case 5. The machine has a 3-33 KVA, 1.0 PF load on one  phase 
only (L-N). The other  phases are open. 

Case 6, The  machine is running as pe r  Uase 1 and one phase is 
shor t ed   t o   neu t r a l .  
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(8) For these  cases ,   the   machine  consis ts  of t h e   a l t e r n a t o r  and vol tage 
regula tor   exc i te r ,   wi th   exc i ta t ion   be ing   de te rmined   by   the   regula tor .  
Graphs  of t h e   f o r c e   f o r   t h e  six cases  are shown in   F igures  3,.4, 5, 
6, 7 and 8. The equations  from  which  the  graphs were p l o t t e d  are 
given in Sect  ion VI1 I. 

C. Summarv  of EkDerimental  Results 

A summary of experimental results is given  in   Tables  I1 and 111. Table I1 
is f o r   t h e   o p p o s i t e   d r i v e  end  of t h e   a l t e r n a t o r  and  Table I11 f o r   t h e  
d r i v e  end. A l l  values   represent   the maximum force  observed  and i ts  angle 
r e l a t i v e   t o   t h e   e c c e n t r i c i t y   d i r e c t i o n .   R e s u l t s  were obtained  from  the 
Lissa jous   pa t te rns   g iven   in   Sec t ion  X. Data was taken on t h e  test  setup 
shown in   F igu re  9,  and recorded a t  a speed of 3000 rpm f o r   t h e   r e a s o n s  
presented   in   Sec t ion  X I I I .  

D, Emerimental  and Analv t ica l   Corre la t ion  

Table I V  shows the   co r re l a t ion   ob ta ined  between a n a l y t i c a l  and experimental 
data. The a n a l y t i c a l   r e s u l t s  of Table I were r e f l e c t e d   t o   t h e   b e a r i n g s  as 
shown in Sect ion X I V  and then  mult ipl ied by 3 t o   r e f l e c t  a 0.006" eccen t r i -  
c i t y .  (See 4 below for   val idi ty . )   Resul ts   obtained are shown i n   t h e  2nd 
column of Table IV. Column 3 shows the  modified results f a c t o r i n g   i n   t h e  
g rea t e r   c i r cu i t   e f f ec t   ob ta ined   expe r imen ta l ly  and d i f f e r e n t i a l   s a t u r a t i o n .  
(See 1 and 8 below  and a l so   Sec t ion  XIV.) The following comments can  be 
made regarding  the  data   as   presented  in   these R e s u l t s  and the  experimental  
d a t a  of Section X. 

1. Magnitude 

Experimental results show s i g n i f i c a n t l y  less fo rce   t han   ana ly t i ca l  
calculations.  Exacting  comparisons were made on the  no  load  case,  and 
ind ica t e   t ha t   t he   fo rce   r educ ing   e f f ec t  of s t a t o r   c i r c u i t s  is  g r e a t e r  
than assumed. D i f f e r e n t i a l   s a t u r a t i o n  of t he   oppos ing   s t a to r   t ee th  
also  reduces  the  force and c o n t r i b u t e s   t o   t h e   d i f f e r e n c e  as does 
d i f f e r e n t   C a r t e r ' s   c o e f f i c i e n t s .  

2. Harmonic  Ccmtent 

The ana ly t ic   express ions   agree  well with  the  experimental  results in  
harmonic  content and proportions of DC and time v a r i a n t   f o r c e s   f o r   t h e  
balanced  load  cases. An exception is  the  three-phaeeshort   c i rcui t   where 
a f a i r l y   c o n s t a n t   f o r c e  was predicted  but   experimental   data  shows a 
time var ian t   ex is t ing .  The complex nature  of the  unbalanced  load  cases 
was ver i f ied ,   a l though it is d i f f i c u l t   t o   i d e n t i f y   t h e   c o n t r i b u t i n g  
harmonics. in   the  experimental   data .  

3. Time 8t Space  Angles 

The a n a l y t i c a l   p r e d i c t i o n  of the  maximum forces   occurr ing  off   center  
from t h e  minimum a i r  gap  and  having  components 90 mechanical  degrees 
away from t h e  minimum a i r  gap  pointewere  proven  correct. 

18 



4. L i n e a r i t y  - of Force   wi th   Eccent r ic i ty  
. . . .  

The a n a l y t i c a l   e x p r e s s i o n   f o r .   f o r c e  (Eq's 20 and  21)  implies that f o r c e  is 
. . d i r ec t ly   p ronor t iona l   t o   eccen t r i c i ty .   F inu re   10  is a p l o t  of  the  data 

g iven   in   Tabie  I1 and  shows excellent  agreement  with the  ana ly t i ca l   p red ic -  
t ion .  However, when the other   bear ing  data  of Table I11 w a s  p l o t t e d   i n  

.004" e c c e n t r i c i t y   p o i n t s  measured  lower  than  expected. 
,. Figure 11, agreement w a s  poor. 'No expla-tion is known as t o  why the  

' 5. ~ Effect - of .. Negative and Zero  Sequence  Currents 

The ana ly t ica l   express ion . for   unbalanced   load  w a s  r a t h e r  complex wi th  
coun te r   ro t a t ing  harmonic terms r e s u l t i n g   i n  time var i an t   s a tu ra t ion .  . 
Ekperimental   data bears out   the  complex n a t u r e  of t h e  unbalanced 
f o r c e s ,   e s p e c i a l l y  that of the s ing le   phase   sho r t   c i r cu i t   unde r  load 
c'onditions.  (See  Section X.) Despi te   this   complexi ty ,  a reasonable 
comparison w a s  made for  the  unbalanced single phase  loading case 
(Table IV). Although  negative  and  zero  sequence  reactances were used 
w i t h   a l t e r n a t o r  test data t o   o b t a i n   t h e   p o s i t i v e ,   n e g a t i v e ,  and ze ro  
sequence currents f o r   t h e  single phase  short  c i rcui t  ana lys i s ,  a 
fu l le r   unders tanding  of t he   amor t i s seu r   r eac t ion   e f f ec t  on t h e   f o r c e  
is needed. 

6. Sa tu ra t ion  

The analytical results r e f l e c t   t h e   e f f e c t  of  uniform s a t u r a t i o n  on 
oppos ing   s ta tor   t ee th ,   bu t   no t   the   d i f fe ren t ia l   e f fec t   no ted   in  (1) 
above  and  covered in   Sec t ion  XIV. Time v a r i a n t   s a t u r a t i o n   f o r   t h e  
s ing le   phase   sho r t   c i r cu i t  case was handled   ind i rec t ly  as g iven   i n  
Sect ion VI11 and may represent   the  main reason   for  the l a rge  discre- 
pancy  between t h e   a n a l y t i c a l  and  experimental results. However, 
Sect ion X, Figures V-9, V-33, V-16, V-40, V-23 and V-47 show the 
very complex Lissa jous   pa t te rn  and represent  a very  formidable 
analytical problem. Time va r i an t   s a tu ra t ion   cou ld  be f a c t o r e d   i n t o  
the   p resent   ana lys i s   bu t   on ly   wi th  a major e f f o r t .  

7. Exc i t a t  ion 

The ca l cu la t ions   fo r   s a tu ra t ion   necessa r i ly   i nc lude  power angle,  mmf 
harmonics,  permeance  harmonics,  and  excitation  requzrements . These 
c a l c u l a t i o n s  have been  borne  out  experimentally. 

8. M u l t i c i r c u i t  W i n d i n g  and  Variation of Force  with Speed ____ 

As noted in (l), a force   reducing   fac tor  of 2 w a s  a p p l i e d   t o   t h e  
analytical resu l t s   s ince   the   Brayton   Cycle   Al te rna tor  has 2 c i r c u i t s .  
Figure  12  gives  the  experimental  results a t  no  load  obtained  by 
varying the speed  from  zero ( 0 )  t o  3000 rpm. Note t h a t  'the f o r c e  is 
reduced by about 4 t o  1 and that it s t a y s   r e l a t i v e l y   c o n s t a n t  above 
300 rpm. . A t  t h i s  speed t h e  machine reactance predominates wer its 
resistance, and since reactance is d i r ec t ly   p ropor t iona l  to speed, 
it holds the f l u x  and thus   the   force   cons tan t  as speed increases.  
Induced  voltage  in  the  amortisseur  winaing  would  also  reduce  the 
force and  might expla in   the   l a rge   reduct ion   fac tor .  
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9 ,  

10 . 

11. 

''One Per Rev" Force 

The a n a l y t i c a l   s t u d y   i n d i c a t e d   t h a t   n o   f o r c e s  would occur a t   t h e  
generator  mechanical  fundamental  speed. Some f o r c e   d i d   o c c u r   a t   t h e  
mechanical  fundamental  frequency  which may b e   a t t r i b u t e d   t o   d i f f e r e n c e s  
i n  the   mechanica l   s t ruc ture   o f   the   ro tor   po les ,   bu t   th i s   force  was very  
small. 
Cogging  Torques 

Cogging  torque was b r i e f ly   eva lua ted   ana ly t i ca l ly  and  found t o  be 
small   in  comparison  with  the  radial   components of force.  No experi-  
mental vork was done on t h i s   a s p e c t  of magnetic  force. 

Transients  

No t r ans i en t   ca ses  were analyzed  or  experimentally measured. The 
analysis   implies   that   h igh  forces   could be encountered  if  armature 
r eac t ion  was suddenly reduced allowing f u l l   f i e l d   t o  be momentarily 
app l i ed   ac ross   t he   a i r  gap. However, s t a t o r   t o o t h   s a t u r a t i o n  would 
put  an  upper limit on the   force .  

E. Conclusions and  Reconmendat ions 

The 

1. 

2. 

3 .  

4. 

5. 

following  conclusions  can be  drawn  from the  s tudy:  

It i s  poss ib l e   t o   de r ive   ana ly t i ca l   exp res s ions   t ha t   p rope r ly   desc r ibe  
the   na tu re  of the  unbalanced  magnetic  force. 

The force  can be measured  by t h e  use  of s t ra in-gages on s p e c i a l l y  
designed end sh ie lds .  

The measured forces  were s i g n i f i c a n t l y  less i n  magnitude  than  the 
ana ly t i ca l   p red ic t ions .  A larger  than  expected  force  reducing  effect   from 
s t a t o r   c i r c u i t s  and d i f f e r e n t i a l   s a t u r a t i o n   a r e   b e l i e v e d   t o  be the main 
causes of the  difference.  

The s ingle   phase   shor t   c i rcu i t   case   p roduced   the  most  complex L i s s a j o u  
pa t t e rn  and r e f l e c t e d   t h e  time v a r i a n t   s a t u r a t i o n  and amortisseur 
r eac t ion  which a re   p re sen t   du r ing   t h i s   t ype  of operation. 

The e f f e c t  of s t a t o r   o r   a m o r t i s s e u r   s l o t t i n g  is small. 

Recommendations f o r   f u t u r e  work include the  following: 

1. I n v e s t i g a t e   t h e   e f f e c t  of c i r c u i t s  on the   force .  

2, F a c t o r   d i f f e r e n t i a l   s a t u r a t i o n  and d i f f e r e n t  Carter's c o e f f i c i e n t s  
i n to   t he   p re sen t   ana lys i s .  

3. I n v e s t i g a t e   t h e   e f f e c t  of amortisseur  reaction  during  unbalanced 
load  conditions.  

4. I n v e s t i g a t e   t h e   f e a s i b i l i t y  of f ac to r ing  time v a r i a n t   s a t u r a t i o n   i n t o  
the   p resent   ana lys i s .  
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SUMMARY OF ANALYTICAL RESULTS 

Power Factor  

0.8 

0.8 

0.8 

1 .0  

0.8. 
(before   shor t )  

Load 

Balanced 1 5  KVA 
(Unsaturated) 

Balanced  15 KVA 
(Saturated)  

Balanced  11.25 
KVA 

No Load with 
Exci ta t ion  

3.33 IWA 10 

30 Short 

30 F u l l  Load 
18 Short  

FOR .002" ECCENTRICITY* 

-c 
F Max 

24.5 

21.94 

19.04 

15.0 

17.84 

13.09 

54.0 

Fx Max Fy Max 

-*** 24.5 

8.5 20.2 

7.5 17.5 

6.0  13.75 

9.0 15.4 

0.0 13.09 

-*** 54 .O 

Fx Ave 

-*** 

0 .o 

0.0 

0.0 

0.0 

0.0 

,*** 

Fy  Ave 

13.5 

11.44 

10.01 

7.64 

7.86 

13.09 

33.4 

Angle  between 
Force  Center  Line 
and Min A i r  Gap 

18' 

18' 

loo 

O0 

23' 

-** 
4 30 

These r e s u l t s  are i n  terms of f o r c e   i n   t h e  x and  y   direct ions a t  the   cen ter  of t he  
armature  stack. 

* Eccen t r i c i ty  is d i s t a n c e   i n   i n c h e s  between ro to r   cen te r  and s ta tor   magnet ic  
center .  Minimum a i r  gap is  i n   t h e  y a x i s .  

** This is a d.c .   force  with no gssociated  angle .  

*** Calculated  (Section V I I I )  but   not   reduced  to  a f i n a l   f o r c e .  

TABLE I 
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Eccentricity++ Power 
( Inches ) Factor 

I 

Ref. I Act. 
r 

0 I .ooog 1 1 

0.002 I .0025 I ~ ;;8 
l a   i n  ) 

0.004 0.8 .m48 
(lagging) 

0.006 

0.006 

1 .0063 

0.8 .0063 
( la6ginf3 

EXPERIMENTAL  BEARING  LOADING 
(MAGNITUDE & Y ~ C T I O N  RELATIVE M ECCENTRICITY DIRECTION) 

AT OPPOSITE DRIVE END OF ALTEXNATOR 

3 * 33** 15 KVA 3- .15 KVA 3 -  11.25 
No Load-No Field Phase,  then Phase,  then 15 KVA KVA KVA 

Single Phase +Phase Shorted 1-Phase  Shorted 3-Phase 3-Phase 

2.0 l b  N.A. N.A. N.A. 1 .5  l b  1.8 l b  
1+1060 

/ -169' N.A. /+lo / -No  

/ + 9 6 O  / + 5 6 O  
1.5  l b  3.0 l b  3.0 l b  N.A. N.A. 

2.5 l b  8.0 lb/  7.1 l b  
/+170 

N.A. N .A. 
-3O 

N.A. 

Not Applicable N.A. 8.1 l b  11.2 l b  1.0 l b  
-30 

12.2 l b  
/+2O /+2O -13' 

1.2 l b  10.8 Ib/ 9 .1  l b  
I-123' 

N.A. N.A. N.A. 
-13O -13' 

Not Applicable 16.0 lb 14.9 l b  14.2lb u .8u3 N.A. 
/-*o 1-80 L 3 O  1-230 

*Eccentricity is defined  here as the  displacement  of  the  rotor  center from the  s ta tor   center .  
( total   indicator  reading would be  twice  the  eccentricity) 

**The other two phases are on  open c i r cu i t .  
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EWERPiENTAL BEARING  LOADING 

(MAGNITUDE & DlRECTION RELWIVE TO ECCENTRICITY DIRECTION) 
AT DRIVE END OF ALTERNATOR 

3 : 33H 1 5  KVA 3- 1 5  KVA 3- 11.25 
Eccentricity+ Phase,  then  Phase,  then 1 5  KVA KVA KVA No Load-No Field Power 

( Inches ) 3-Phase Shorted 1-Phase  Shorted 3-Phase 3-Phase Single  Phase Factor 

Ref. Act. 

0 

N.A. N.A. N.A. 2.8 l b  2.0 l b  1.8 l b  1 .002 0.002 

N.A. N .A. N.A. 2.1 Ib 2.2 l b  2.5 l b  1 .0005 
/+150° 

/ -180' 100 /OO 

/+1700 L 2 O 0  

w 
W 

o*006 o*8 Not Applicable N .A. 9.2 l b  U.8lb 15.0 l b  13.1 l b  
l a m i n g  / + T O  /+30 f +12O f -loo 

*Eccentricity is  defined  here  as  the  displacement of the  rotor   center  from the   s ta tor   cen ter .  
( total   indicator   reading would  be twice  the  eccentricity) 

**The other two phases are on open c i r c u i t .  

TABLE I11 



. .  

ANALYTICAL AND MPERIMENTAL  CORRELATIOW 

. 006" ECCENTRICITY 

No Load with 
2.7 amps Exci ta t ion  

15 KVA, .8 PF 

3.33 KVA, Single  
phase 

Mod i f   i ed  
Exper  iment  a 1 Analytical   Analytical** 

(Data  from  Table I1 
except   for  NL poin t )  

9 

14.2 

9.1 

3 2  

47.4 

40 .O 

* Data  presented is  maximum force   occur r ing   a t  the bear ings and is 
i n  pounds. 

** Ref lec ts  a 4 : l   ra ther   than  a 2 : l  c i r c u i t   e f f e c t  and f a c t o r s   i n  
d i f f e r e n t i a l   s a t u r a t i o n .   L a t t e r  was c a l c u l a t e d   f o r  No Load case 
and same reduct ion   appl ied   to   o ther  two cases. 

11.7 

17.3 

14.6 

TABLE I V  

24 



NOMINAL  GAP . 040" 

MODEL 

STATOR  CENTER 

ROTOR  CENTER 

+ X  

QI = FLUX PATH 

ROTOR  POLES  ON 
OTHER  END 

E N D  VIEW 

SIDE  VIEW 

FIGURE 2 
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BRAYTONCYCLEALTERNATOR 

CALCULATED RADIAL MAGNETIC FORCE * 
15 KVA, . 8  P. F. 120/208 VOLTS, 400 CPS, 0.002 ' I  ECCENTRICITY 

0 
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- 22 

ROTOR POSITION (RADIANS) 
* DIVIDED BY TWO TO REFLECT  CIRCUIT  EFFECT 

FIGURE 3 
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BRAYTON CYCLE ALTERNATOR 

CALCULATED RADIAL BEARING FORCE * 
11.25 KVA, 120/208 VOLTS, 400 CPS, 0.002" ECCENTRICITY 
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BRAYTONCYCLEALTERNATOR 

CALCULATED RADIAL BEARING FORCE 98 

NO  LOAD, 120/208 VOLTS, 400 CPS, 0.002" ECCENTRICITY 
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FIGURE 5 



BRAYTONCYCLEALTERNATOR 

CALCULATED RADIAL BEARING FORCE * 
3 PHASE  BALANCED SHORT CIRCUIT - . 0 0 2  ECCENTRICITY 

t2 
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1. 0 2. 0 3. 0 4 .0 5.0 
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FIGURE 6 



BRAYTON  CYCLE ALTERNATOR 
CALCULATED  RADIAL MAGNETIC FORCE* 

3 . 3 3  KVA, 1 .0  P. F. SINGLE  PHASE  LOAD-0.002"ECCENTRICITY 

+6 

+4 

+2 
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-4  
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-8 

-10 
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-14 

-16 

ROTOR POSITION  (RADIANS) 
* DIVIDED BY TWO TO REFLECT CIRCUIT EFFECT 

FIGURE 7 
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BRAYTONCYCLEALTERNATOR 

CALCULATED RADIAL U G N E T I C  FORCE * 

w 
c 

ROTOR POSITION (RADIANS) 
* DIVIDED BY  TWO TO REFLECT CIRCUIT EFFECT 

FIGURE 8 



ALTERNATOR AND DRIVE MOTOR FOR  BEARING  FORCE  TESTING 

__.. F ""1, ._ r 
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BRAYTONCYCLEALTERNATOR 

TABLE I1 DATA -- OPPOSITE DRIVE END 

. 0 0 2  .004 . 0 0 6  . 0 0 8  

ECCENTRICITY (INCHES) 
FIGURE 10 
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BRAYTON  CYCLE  ALTERNATOR 
TABLE III DATA --- DRIVE END 

22 

20 

18 

16 
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E z 
0 a 14 
PI 
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cr 
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!3 12 
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.002  .004 . 006  

ECCENTRICITY  (INCHES) 

.008  

S E  

SE 

SE 

FIGURE 11 
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SECTION V I 1  

TEST  APPARATUS AND TEST METHODS 

The Brayton  Cycle  alternator  used  in  the  bearing  force measurement tests con- 
s i s t e d   o f   s t a t o r  wound SIN BC-374-318 and t h e   r o t o r  from the  in-house  a l terna-  
t o r  research package. 

This   ro tor  had small d i ame te r   sha f t   ex t ens ions   su i t ab le   fo r   u se   w i th   an t i - f r i c -  
t ion  bear ings,   and  can be seen   i n   F igu re  13. The bearings  used were MRC R type 
bearings  which had a reduced  shoulder and a l a rge  number of ba l l s   fo r   i nc reased  
r a d i a l   s t i f f n e s s .  The bearings had phenolic  cages  and  the  inner  races were made 
t o  ABEC-9 tolerances  and  the  outer races t o  ABEC-7 to le rances   to   e l imina te  as 
much as possible   any  contr ibut ion  of   the  bear ings  to   rotat ing  unbalance.  The 
bearings were preloaded  axial ly   with  about  80 pounds  of force  to   e l iminate   any 
r a d i a l   p l a y  and t o   i n c r e a s e   t h e i r   r a d i a l   s t i f f n e s s .  

The tes t  s tand   in   which   the   a l te rna tor  was mounted i s  shown in   F igu res  14 and 
15. The a l t e r n a t o r  was flange mounted  and i t s  oppos i te   d r ive  end s t a b i l i z e d  by 
an   add i t iona l   b racke t .  The a l t e r n a t o r  was dr iven by a small induction  motor, 
which i s  a lso   f lange  mounted  and can be seen on the   oppos i te   face   o f   the   t es t  
s tand .  The torque  of  the  drive motor was transmitted  through a Thomas F lex ib l e  
Coupling  which  can be seen   in   F igure  14. The very   long   cen ter   por t ion   o f   th i s  
coupling allows a re la t ive ly   g rea t   o f f -center   d i sp lacement  of t h e   a l t e r n a t o r  
ro tor   wi thout   incur r ing   h igh   bending   forces   in   the   a l te rna tor   shaf t .  

The t e s t  stand was mounted  on rubber   i so la t ion  mounts  which had a resonant   f re -  
quency i n   t h e  below ten  cycles  per  second  range. The Brayton  Cycle  alternator 
was water-cooled,  using  the same cool ing  passages  that  w i l l  be used in   the   even-  
tua l   appl ica t ion .   Addi t iona l   cool ing   water  was piped  to  the  face  of  each  of  the 
bear ing  housings  of   the  a l ternator .   Other   water  was d i rec ted   to   the   t ransducer  
arms to   s t ab i l i ze   t he i r   t empera tu re   ( s ee   Sec t ion  X I I ) .  The induction motor ( t o  
the   r i gh t   i n   F igu re  14) was a i r -cooled   wi th  a cooling  arrangement  which was added 
l a t e r  and  therefore  does  not show i n   t h i s   p i c t u r e .  A t  the   extreme  r ight  end of 
the  induct ion motor  can  be  seen  the  disc and magnetic  pickup  with  which  timing 
information was gene ra t ed   fo r   u se   i n   da t a   acqu i s i t i on  and reduct ion.  

Since the Brayton  Cycle   a l ternator  was t o  be  dr iven a t  exac t ly  3000 RPM by an  
induction  motor, and the  induct ion motor  had some speed  regulation  due  to s l i p ,  
it was necessary  to  have a var iab le   f requency   dr ive   to  power t h i s   s e t u p .  A 
schematic  of  the power flow  and  the many uni ts   involved i s  shown in   t he   ske t ch  
in   F igure   16 .  Working  backward  from the  Brayton  Cycle,  the  sketch shows t h a t  
the  Brayton  Cycle  alternator i s  dr iven by an  induction  motor  which i s  i n   t u r n  
d r iven  by a n   a l t e r n a t o r .  The ro t a t iona l   speed   o f   t h i s   a l t e rna to r  must va ry   t o  
make  up f o r   t h e  s l i p  involved a t  different   loads  in   the  induct ion  motor .   This  
a l t e r n a t o r  was therefore   d r iven  by a DC motor  and t h a t  DC motor i n   t u r n   d r i v e n  
by an   ad jus tab le   vo l tage  power supply,   which,   in   this   case,  was a motor-generator 
se t .  This  motor-generator se t  had an  induct ion motor  and a DC generator.   This 
setup worked very  smoothly  and was wonderful ly   f lexible ,   but   did  have bhe d i sad -  
vantage  of  having a f a i r  amount of  speed  regulation as loads  were  changed. I f  
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a load were suddenly  applied as i n   t h e   s h o r t   c i r c u i t  tests, there  would  be a 
f a i r  amount  of  speed  change i n   t h e  whole  setup  and,   of   course,   par t icular ly  
in   the   Brayton   Cycle   a l te rna tor .   This  was overcome by s e t t i n g   t h e  no  load 
speed  or  the  pre-short  speed a t  some higher  value and l e t t i n g   t h e  whole  setup 
sag dawn t o   t h e  3000 RPM f igu re   a f t e r   t he   l oad  was appl ied.  The f ie ld   winding 
of  the  Brayton  Cycle  alternator was powered  from a bat tery  which,  of course,  
had  no r i p p l e   c u r r e n t   t o  add more confus ion   to   the   da ta .  

An extensive  descr ipt ion  of   the  force  t ransducer   design and the accompanying 
system is  g iven   in   Sec t ion  X I I .  Basical ly ,   forces  were measured by measuring 
the  force  between  the  bearing  housings  aqd  the  stator by mounting  the  bearing 
housings  in   very  thin arms which  were  then s t r a i n  gaged. The output  of  the 
s t r a i n  gages  then  gave  an  indication of the  bearing  forces  involved. 

The dec i s ion  was made during  the  course of these tests to   run  a l l  of the tests 
a t  3000 RPM ra ther   than   the  12,000 RE" f igu re   o r ig ina l ly   spec i f i ed   i n   t he   con -  
t r a c t .  Some of  the many reasons  for  making th i s   dec i s ion  and the  supporting 
d a t a   a r e  shown and discussed  in   Sect ion X I I I .  

Figure 1 7  is  a schematic  of  the  system  used  to  acquire  the  data  presented  in 
t h i s   r e p o r t .  The bearing  force  transducers  were  arranged  in  such a way t h a t  
they  gave a "X" and "Y" component  of the  force f e l t  a t  the  bearing  housing. 
Both the "X" and the "Yl' force components  were  fed  into  strain gage ampl i f i e r s ,  
in   th i s   case ,   Tekt ronix  I'Q" u n i t s .  The output   of   the   s t ra in   gage  amplif iers  and 
the  timing  information  were a l l  recorded on  magnetic  tape. A l l  of  the  data 
recorded was  monitored  on  an  oscilloscope. 

The e c c e n t r i c i t y  of the  Brayton  Cycle   a l ternator   rotor   with  respect   to  i t s  s t a t o r  
was adjusted by using one  of four sets of  bearing  housings. One of t hese   s e t s  of 
bearing  housings was ground  with  the I D  concen t r i c   t o  i t s  OD and  each  of  the 
o t h e r   s e t s  were  ground with  the ID eccen t r i c   t o   t he  OD by .002", .004", and -006"- 

Once the  Brayton  Cycle  alternator was s e t  up wi th  some p a r t i c u l a r  amount  of eccen- 
t r i c i t y ,  a tes t   cycle   could  begin.  A complete s e r i e s  of t e s t s  would  be taken 
under a l l  of  the  specified  load  conditions  while  taking  force  data a t  one  end  of 
t h e   a l t e r n a t o r .  The "X" component  of force,   the  "Y" component  of force and timing 
information would a l , l  be  recorded  simultaneously  on  magnetic  tape.  Before  each 
s e r i e s  of t e s t s  would start ,  a ca l ib ra t ing   s igna l   gene ra t ed   i n   each   o f   t he   s t r a in  
gage ampl i f i e r s  was also  recorded on t ape .   Th i s   ca l ib ra t ing   s igna l  w a s  used t o  
s e t   t h e   g a i n   f o r  a l l  subsequent  treatment of data ,   thus   e l iminat ing a g r e a t   d e a l  
of confusion  and  worry  about  phase  inversion  and  proper  amounts of amplication. 
Each  of  the  required  tests  ( load  conditions) would  be staged  and  recorded i n   t u r n .  
A f t e r  a complete series of tests w a s  run,   taking  data  a t  one  end  of t h e   a l t e r n a t o r ,  
the whole series of t e s t s  would  be repeated  while  data was taken a t  the  other  end 
o f   t he   a l t e rna to r .  When da ta  from each  end of t h e   a l t e r n a t o r  w a s  complete,  the 
a l t e r n a t o r  would  be  removed  from the   t e s t   s e tup  and the  bearing  housing for  the  next 
e c c e n t r i c i t y   c o n d i t i o n   i n s t a l l e d .  
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A schematic  of  the  data  reduction  setup  used i s  shown i n   F i g u r e  18. Earlier 
tests d i sc losed   t ha t  there was a great   deal   of   mechanical   noise   being  sensed 
by the force  t ransducers  a t  frequencies  above  about 300 cycles  per  second (see 
Sect ion XIII). Running the tests a t  3000 RPM al lowed  the  f i rs t   three  harmonics  
of  pole  frequency  to  be examined (100, 200 and 300 cycles  per  second)  and  the 
mechanical  noise  occurring a t  h igher   f requencies   to   be   f i l t e red   ou t .  

When making L i s sa jous   f i gu res ,   p lo t t i ng  X force  versus  Y f o r c e ,   f i l t e r s  were 
set  t o  pass a l l  frequencies below  300 cycles  and  attenuate  frequencies  above 
300 cycles  a t  the  rate of 32 DB per  octave.  The DC por t ion   o f   force  was passed 
w i t h   a d d i t i o n a l  low p a s s   f i l t e r s ,   s i n c e   t h e   v a r i a b l e   f r e q u e n c y   f i l t e r s   d i d   n o t  
have   t h i s   capab i l i t y .  To  make a c l ean   L i s sa jous   f i gu re ,  i t  was necessary   to  
display  the  data   acquired  during  only one revolution  of  the  Brayton  Cycle a l t e r -  
nator .   This  was done by using  the  t iming  t race  to   br ighten  the  scope beam f o r  
only  the time requi red   to   d i sp lay  one r evo lu t ion .  Some of  the  higher  frequency 
mechanical  noise s t i l l  coming t h r o u g h   t h e   f i l t e r  would cause  the  osci l loscope  to  
d isp lay   mul t ip le   (bu t   qu i te   s imi la r )  images  which  were more d i f f i c u l t   t o   i n t e r -  
p r e t  than   the   s ing le   revolu t ion   t race .  

To se t  up the  proper  amplification and phase   re la t ion   to   the   f i l t e r   ne twork ,   the  
ca l ib ra t ing   s igna l   gene ra t ed   i n   t he  two Q u n i t s  was used. After t h e   f i l t e r s  were 
se t ,  the   osc i l loscope   ampl i f ie rs   were   ad jus ted   to   g ive   the   p roper  beam d e f l e c t i o n  
dur ing   the   d i sp lay   o f   the   ca l ibra t ing   s igna l .  The a t t e n u a t i o n  of t h e   v a r i o u s   f i l -  
t e r s  was corrected by using a ca l ibra ted   vo l tage   source   a t   the   par t icu lar   f requency  
involved. 

The Lissajous  f igures ,   having  been  t reated  with a f i l t e r  which was set  f o r  a low 
pass  of 300 cyc le s ,  had some phase sh i f t   involved   in   the  two and th ree  hundred 
cyc le   por t ion .  The types of f i l t e r s  w e  were  forced  to  use  did  have  an  effect   on 
phase   near   the   se t   f requency .   This   phase   sh i f t   has   l i t t l e   e f fec t  on 
the  basic   shape of the  Lissajous  f igures .  

When X force  versus  time o r  Y force  versus time da ta  was t o  be  displayed  and 
recorded,  the  f i l tering  arrangement was used i n  a d i f f e r e n t  manner. I n   t h i s  
case, i t  was des i red   to   genera te  a t r ace   t ha t  would be u s e f u l   i n  comparing analy-  
t ical ly   generated  force  predict ions  with  experimental   data .   In   this   case,  i t  was 
important   that   there  be  no phase   sh i f t   ex i s t ing  and tha t   the   phase   re la t ionships  
between  pole  frequency and the  second  and  third  harmonic  of  pole  frequency  be  pre- 
se rved   wi thout   d i s tor t ion .  To do t h i s ,   t h e  DC po r t ion  of the  force was passed  with 
a separate  low pass  network and the  information a t  pole  frequency  (100  cycles p e r  
second) was added t o   t h i s .  The f i l t e r s  were set  with  both  high pass and low pass 
a t  100 cycles   per   second,   creat ing a  band pass f i l t e r .  The f i l t e r s   a t t e n u a t e d  a t  
t he   r a t e   o f  32 DB per  octave on each  side  of  the  desired  frequency.  Using  the 
f i l t e r s   i n   t h i s   f a s h i o n   g e n e r a t e d  no phase shif t ,   s ince  they  were  symmetr ical   about  
the  frequency of in te res t .   This   p rocedure  was repeated  with  the f i l t e r s  set  t o  
pass 200 and 300 cps   to   ob ta in   in format ion  a t  the  second  and  third  harmonic  of  pole 
frequency. 
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None of  the tests were taken by running  the  Brayton  Cycle   a l ternator   to  a t e m -  
perature   equi l ibr ium  because i t  w a s  f e l t   t h a t   t h i s  would accomplish no r e a l  
purpose.  For  each  of  the  load  conditions,  there would  be a different   tempera-  
t u r e   d i s t r i b u t i o n   e s t a b l i s h e d   i n   t h e  machine. Any tempera ture   e f fec t  on the 
resistance  of  amortisseur  or  armature  windings would  be d i f f e ren t   fo r   each   o f  
these cases and the   da t a  would b e u  much in   e r ro r   hav ing   run   t he   a l t e rna to r   t o  
one highly  var iable   temperature   equi l ibr ium as t o   r u n  i t  t o  a v a r i a b l e   t r a n s i e n t  
condition.  This  allowed a great  savings  in  t ime  over  running  to  temperature  equi- 
l ibr ium. The d a t a   r e s u l t i n g  from this series of tests probably is of an  accuracy 
that would mask any of these   t empera ture   e f fec ts .  
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BEARING  FORCE TEST RIG-ALTERNATOR AND DRIVE MOTOR 

FIGURE 14 



BEARING FORCE TEST RIG ALTERNATOR, DRIVE MOTORjAND TEST APPARATUS 

FIGURE 15 
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SECTION VI1 I 

Complete Analyt ical   Expressions 

Case - 

Unsaturated Case 1 (15 KVA, 0.8 PF, balzcxed  load) 
Saturated Case 1 (15 KVA, 0.8 PF, balanced  load) 
Saturated Case 2 (11.25 KVA, 0.8 PF, balanced  load) 
Saturated Case 3 (no  load) 
Saturated Case 4 (balanced 3 phase  short)  
Saturated Case 5 (3.33 KVA Single  phase  load) 
Saturated Case 6 (s ingle   phase  short /5  KVA on two phases) 

Each Case is  Broken Down I n t o  

Page 

Force  in  the  Y-direction  (pounds) 
Rate of  change  of  force i n   t h e  Y d i r e c t i o n   w i t h   r e s p e c t   t o   e c c e n t r i c i t y  
(pounds/inch) 
Rate of change  of f o r c e   i n   t h e  Y d i r ec t ion   w i th   r e spec t  t o  e c c e n t r i c i t y  
angle  (pounds/radian) 
Force in   the   X-di rec t ion  
Rate of  change  of force   in   the  X d i r ec t ion   w i th  respect t o   e c c e n t r i c i t y  
(poundslinch). 
Rate of  change  of fo rce   i n   t he  X d i r e c t i o n   w i t h   r e s p e c t   t o   e c c e n t r i c i t y  
angle  (pounds/radian) 
Def in i t i on  of terms for  the  above  expressions. 
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CASE I UNSATURATED 
15 KVA, 0.8 PF BALANCED LOAD 

The ana ly t i ca l   exp res s ion   fo r   t he   r ad ia l   bea r ing   fo rce   on  one end  of  the 
Brayton Cycle Al t e rna to r  when operat ing a t  15 M A ,  .8 PF lagging,  balanced 
load is  given below. An e c c e n t r i c i t y   o f  .002" has been  used i n   a r r i v i n g  a t  
the   fo rce   coe f f i c i en t s .  These expressions are for   the  unsaturated  case.  The 
e f f e c t  of s a t u r a t i o n  is  to  decrease  the  bearing  force.   Since  the  Brayton 
Cycle  Alternator  has two ( 2 )  c i r c u i t s   i n   t h e   s t a t o r   w i n d i n g s ,  tk calculated 
fo rces  have  been  divided by two (2) and  the  given  expression  ref lects   this  
d iv i s ion .  All harmonic fo rces  less than 0.1 pounds  have  been  neglected. The 
co-ordinate  system is f i x e d   i n   t h e   s t a t o r .  
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G. Definition of terns in above expressions 
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CASE I SATURATED 
15 KVA, 0.8 PR  BAIANCED LQAD 

The ana ly t i ca l   exp res s ion   fo r   t he   r ad ia l   bea r ing   fo rce  on one end  of the 
Brayton  Cycle  Alternator when operat ing a t  15 KVA, .8 PF lagging,  balanced 
load are given below. An eccen t r i c i ty   o f  .002" has  been  used i n   a r r i v i n g  a t  
the   fo rce   coe f f i c i en t s .  These expressions are for   the   . sa tura ted   case .  The 
e f f e c t  of s a t u r a t i o n  i s  to   decrease  the  bear ing  force.   Since  the  Brayton 
Cycle  Alternator  has two (2) circuits i n  the   s ta tor   windings ,   the   ca lcu la ted  
fo rces  have  been  divided by two (2) and the g iven   expres s ion   r e f l ec t s   t h i s  
d iv is ion .  A l l  harmonic  forces less than 0.1 pounds  have be- neglected.  The 
co-ordinate  system is  f i x e d   i n   t h e   s t a t o r .  

A. Force   in   the  Y d i r e c t i o n  pounds 

FY = - .045 COS (2 w t  - B + 56) - 18.25 COS (2 W t  - B  + 6) 
-35.14 COS ( B )  - 0.11 COS ( B - 56)- 0.11 COS ( B  + 5 8 )  

-14.88 COS ( B + 6) - 14.82 COS ( B -6) 

-28.62 COS (2 w t  -B ) - 7.62 COS (2 w t  - B - 6) 
H.04 COS (2 w t  - B + 46) - 0.07 COS (2 w t  - B - 26) 
-1.18 COS ( B + 26) - 2.28 COS (2 w t  - B + 26) 

B. Rate of  change  of FY with  respect   to   eccentr ic i ty   (pounds/ inch)  

%, = -22.5 COS (2 w t  -B + 56) - 9125.0 COS (2 w t  - B + 6) 
-17570.0 COS ( B ) - 55.0 COS ( B- 58) - 55.0 COS (B +56) 

-7440.0 COS (B + 6) - 7410.0 COS (B - 6) 
-14310.0 COS (2 w t  -B ) - 3810.0 COS (2 w t  - B - 6) 
+20.0 COS (2 w t  -B + 4d) - 35.0 COS (2 w t  -B - 26) 
-590.0 COS (B + 26) - 1140.0 COS (2 w t  -B + 26) 

-620.0 COS (B -26) 

C. Rate of  change  of Fr with   respec t   to   eccent r ic i ty   angle   (pounds j rad ian)  

dF, = -.w5 s i n  (2 w t  -B + 56) - 18.25 s i n  .(2 w t  -B -16) 
d 8  

+35.14 s i n  ( B) + 0.11 s i n  (B - 56) + 0.11 s i n  (B + 56) 
+14.88 s i n  ( B + 6) + 14.82 s in  ( B - 6) 
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-28.62 s i n  (2 w t  - B) - 7.62 s i n  (2 w t  - B - 6) 
"0.04 s i n  (2 w t  - B + 46) - 0.07 s i n  (2 w t  - B - 26) 
+ 1.18 s i n  ( B + 26) - 2.28 s i n  (2 w t  - B + 26) 
+1.24 s i n  (B - 26) 

D. Force  in   the X direct ion  (pounds)  

Fx = -.045 s i n  (2 w t  - B + 56) - 18.25 s i n  (2 w t  - B + e )  
-35.14 s i n  (E) - 0.11 s i n  (B - 56) - 0.11 s i n  (B + 56) 
-14.88 s i n  (B + d) - 14.82 s i n  (B - 6) 

-28.62 s i n  (2 w t  - B) - 7.62 s i n  (2 w t  - B - 6) 

+0.04 s i n  (2 w t  - B + 46) - 0.07 s i n  (2 w t  - B - 26) 
-1.18 s i n  (B + 26) - 2.28 s i n  (2 w t  - B + 26) 
-1.24 s i n  (B - 26) 

E.  Rate of change of Fx with  respect   to   eccentr ic i ty   (pounds/ inch)  

dFX 
dS 
- = -22.5 s i n  (2 w t  - B + 56) - 9125.0 s i n  (2 w t  - B + 6) 

-17570.0 s i n  (B)  -55.0 s i n  (B - 56) - 55.0 s i n  (B + 56) 
-7440.0 s i n  (B + 6) - 7410.0 s i n  (B - 6) 

-14310,O s i n  (2 w t  - B )  - 3810.0 s i n  (2 w t  

+20.0 s i n  (2 w t  - B + 46) - 35.0 s i n  (2 w t  

-590.0 s i n  (B + 26) - 1140.0 s i n  (2 w t  - B 
-620.0 s i n  (B - 2d) 

F. Rate of change of F, wi th   r e spec t   t o   eccen t r i c i ty  _. 

d& = +.045 cos (2 w t  - B + 56) + 18.25 cos (2 w t  
d 6  

-35.14 COS (B) - 0.11 COS (B-56) - 0.11 COS 

- 14.88 COS (B + 6) - 14.82 COS (B - 6) 

angle  (pounds/radian) 

- B + 6 )  

(B + 56) 

+28.62 s i n  (2 w t  - B) + 7.62 cos (2 w t  - B - 6) 
-0.04 COS (2 W t  - B + 4d) + 0.07 COS (2 W t  - B - 26) 
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-1.18 COS (B + 26) + 2.28 COS ( 2 wt - B + 26) 

-1.24 COS (B - 26) 

G. Def i n i  tione same as  unsaturated Case I except use 

6 = 2,5646  or (Tt- - 0.577  radians) 
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CASE I1 
11.25 KVA 0.8 PF BALANCED LOAD 

The a n a l y t i c a l   e x p r e s s i o n   f o r   t h e   r a d i a l   b e a r i n g   f o r c e   o n  one  end  of  the 
Brayton  Cycle  Alternator when opera t ing  a t  11.25 KVA, .8 PF lagging, 
balanced  load  given  below. An e c c e n t r i c i t y  of .002" has  been used i n  ar- 
r i v i n g  a t  the  force  coeff ic ients .   Since  the  Brayton  Cycle   Alternator   has  
two (2) c i r c u i t s   i n   t h e   s t a t o r   w i n d i n g s ,   t h e   c a l c u l a t e d   f o r c e s  have  been 
d iv ided  by two (2) and t h e   g i v e n   e x p r e s s i o n   r e f l e c t s   t h i s   d i v i s i o n .  The 
co-ordinate  system i s  f i x e d   i n   t h e   s t a t o r .  

A. Force i n  the  Y direct ion  (pounds)  

FY - 
- -.(I6 COS (3wt-B+ 5 6 )  

-12.045 COS (2wt-B+$) - 25.395 COS (B) 
-0.03 COS (B-56) 
4 . 0 3  cos (B+-56) -9.81 COG (B+@) 
-9.77 COS (B-6) 
-ZO.C7 C O S  (2Wt-B) -1b.97 COS ( h t - B - $ )  

-.C7 C C ) ~  (B+2!6) - 1.31 COS (2wt-Bi2d) 
-0.04 cos (mt-U-:'@) 

-.7 COS (B-24) 

B, Rate of change oL' Fy with  respect  t o  ecccnt r ic i ty   (pounds j inch)  

dF 
= -30.0 COS (%t-B+'jv) 

-6,022 COS (2wt-B-rd)  -12,697.5 COS (B) 

-15 C O G  (B+5C) -4,905.0 COS (B+0) 
-15 COS (B-59) 

-4,885.0 COS (B-dj  
-10,348 CC)O ( a t - B )  -2,485.0 (2Wt-B-8)  

-332.5 C O S  (B+2d) - 6 5 5 . ~  COS (ZWt-BT29) 
-2s. 0 cos (2Wt -3 -2G) 

-350.0 C Q S  (E-&) 

L": Kate of' change of Fy with respect to ecccnt r ic i ty  angle (pounds/ 
r ad ian ) .  
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D. Force   in  t’ne X direct ion  (pounds)  

Fx = ”06 s i n  (2wt-B+56) 
-l2.&5 s i n  (2ut-3+(d)  -25.935 s i n  (B) 
-0.03 s i n  ( ~ - 5 $ )  
-0.03 s i n  (TI+>$) -9.81 s i n  (i)+d) 
-9.77 s i n  (3-d) 
-20.69 s i n   ( 2 ~ t - 3 )  -1r.97 s i n  (%.It-B-6) 
-0.04 s i n  (2wt-13-26) 
-.67 s i n  (B+2@) -1.31 s i n  (2wt-B+2d) 
-.70 s i n  (B-26) 

E. Rate of change of F, v i t h   r e s p e c t   t o   e c c e n t r i c i t y   ( p o u n d s / i n c h ) .  

dFx d-6- = -30. s i n  (Zwt-B+5d) 
d -6,022 s i n  (2wt-D+QI)  -12,697.0 s i n  (B) 

-15.0 s i n  (B-56) 
-15.0 s i n  (B+56) -4,905.0 s i n  (B+d) - 4,885 S I N  (B-$) 
-10,348 sin (2w-L-3) -2,485.0 s in  (%It-B-d) 
-20.0 s i n  (%rt-B-2,@) 
-332.5 s i n  (13+2$) -655.0 s i n  (2wt-B+26) 
-350.0 s i n  (B-26) 

F. Rate of change of F, with   respec t   to   eccent r ic i ty   angle   (pounds /  
rad ian)  

-” = +0.06 COS (2wt-B+5@) 
dF 
dB +12.045 COS (2wt-’B+d)  -25.395 COS (B) 

-0.03 COS (B-56) 
-0.03 COS (B+56) -9.81 COS (S+B) 

+20.69 COS (at-5) +4.97 COS (2wt-B-0) 
+0.04 COS ( a t - B - 2 6 )  
-.67 COS (B+2$) +1.31 COS ($dt-B+26) 
-..TO COS (B-2d) 

-9.77 cos (B-6) 

G. DefinitLon or  terns i n  above e:rpressl.ons 

t- t im (secs )  
W= mechanical   angular   veloci ty   (1256  radians/sec)  
B= mechanical angle between Y a x i s  and d i r e c t i o n  of 

s= e c c e n t r i c i t y   ( i n c h e s )  
d= R -power angle ( r ad ians )  

e c c e n t r i c i t y   ( r a d i a n s )  

Power Angle = e lec t r ica l   angle   be tween load cu r ren t  and d i r e c t  
axis magnetizing  current  (use .625 r ad ians )  
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CASE 111 NO LOAD 

The fol lowing force expression is for t he  no load  case where t he  machine is 
opera t ing  a t  120 V L-N balanced 36 with no armature current.  

A.  Fy - - 

dFx 
E- r= 

dFx 
F. = 

-40.0 COS (B-@) -3,825.0 COS (B)  
-50.0 COS (B+#) -15.0 c O s ( 2 w t  -B-$J) 
-3085.0 COS ( a t - B )  -65.0 COS ( 2 ~ t - B + 6 )  

+0.08 s i n  (B-g) +7.65 s i n  (B) 
+o.lo s i n  (B+@) "0.03 s i n  ( a t - B - 6 )  
-6.17 s i n  ( a t - B )  -0.13 s i n  (2wt-B+@) 

-0.08 s i n  (B-$4) -7.65 s i n  (B)- 
-0.10 s i n  (B+(d) -0.03 s i n  ( a t - B - d )  
-6.17 s i n  (2wt-B)  -0.13 s i n  (2wt-B+d) 

-4n.n s i n  (B-6) -3,825.0 .sin (B) 
-50.0 s i n  (B+@) -15.0 s i n  ( a t - E - d )  
-3085.0 s i n  (at-13) -65.0 s i n  (2wt-B.'"'! 

-O.O8 COS (B-6)  -7.65 COS (B)  

+6.17 COS (2wt-B)  "0.13 COS (2wt-B+d) 
-0.10 COS (B+@)  +O.O3 COS ( 2 w t - 3 4 )  

G. Defin i t ion  of terms i n  above expressions 

t =  t i m e  ( secs)  
w =  mechanical   angular   veloci ty  (1256 rad ians /sec)  
B =  mechanical  angle  between Y a x i s  and d i r e c t i o n  of eccen t r i c i ty   ( r ad ians )  

- - eccent r ic i ty   ( inches)  
6 =  - power angle   ( radians)  
Power Angle = e l e c t r i c a l   a n g l e  between  load  current and d i rec t   ax is   magnet iz ing  

current   (use 1.505 radians) .  

54 



CASE I V  

3 Phase Balanced Short  Circuit 

The analytical  expression  for the radial  bearing  force on one end of the Brayton 
Cycle Alternator when operating a t  a 3 phase balanced short   circuit   condition is 
given below. An eccentricity of .002" has been used in   a r r iv ing  a t  the  force 
coefficients.  Since  the Brayton Cycle Alternator has two ( 2 )  c i r cu i t s   i n   t he  
s t a t o r  winding, the  calculated  forces  haebeen  divided by two (2) and the  given 
expresrion  reflects this division. The co-ordinate  system i s  fixed  in  the  stator.  

A. PY = -0.02 COS (-B+66) -155.87 COS (5-6) 
-22.89 COS (B-26) - 0.53 COS (B-46) 

-0.12 COS (B-76) -280.72 COS (B) 
-155.94 COS (B+d) -22.01 COS (B+26) 
-0.29 COS (B.46) -1.19 COS (Bi5d) 
-0.52 COS (B+66) -0.12 COS (B+7$) 
-87.31 COS ( a t - B - 6 )  -4.00 COS (at-B-26) 
-0.52 COS (211t-B-46) -0.69 COS (2~t-B-56) 

-1.19 cos (B-56) - 0.56 cos (B-GQI) 

-0.18 cos (2wt-B-6$) +0.02 cou (2ut-B-7d) 
-232.62 cos ( a t - B )  -188.04 cos (Zwt-B+@) 
-39.20 COS (2wt-B+26) +0.36 (2~t-3+4d) 
-0.80 COS ( a t - B + 5 6 )  -0.98 COS (2\1t-B+€d) 

+0.02 COS (2wt+B-7@) +O.Cl COS (h\~t-B+7d) 
+O.O1 COS ( 4 ~ t + m d )  +O.Ol COS (6wt-B-46) 
+0.01 COS (6wt+B+b@) +0.02 COS ( 8 ~ t - B - I i d )  

-0.37 COS (2wt-B+7d) -0.06 COS (211t-B+8@) 

+0.02 cos ( 8 ; ~ t - ~ - 5 d )  +0.02 COS (8vt+B+hd) 

+0.01 cos (lc~rt-B-6d) +O.O3 cos (lGvt+B+5d) 
40.02 COS ( 8 ~ t + ~ + 5 @ )  +0.03 COS ( m r t - ~ - 5 @ )  

+o.o1. COS (l(x1t+a+6d) -0.04 COS ( 1 2 r ~ t - ~ - 4 d )  
+O.W COS (1Wt-B-66) -0.04 COS (1%t+5+4d) 
+0.02 COS (lhrt+B+G@) -0.08 COS (14wt-B-bd) 
-0.08 cos (14wt-B-56) -0.08 COS (14wt+3+4d) 
-0.08 cos (14wt+3+5$) -0.12 COS (lGwt-B-4d) 
-0.16 COS (16wt-s-5d) - 0 . ~ 4  COS (l€:~t-3-5$) 

-0.12 cos (1611t+s+hd) -0.16 cc)s (&t+B+Sd), 
-0.04 cos (16vt+13+Gd) -0.08 COS (1Evt-3-49) 
-0.24 cos ( l fh t -B-56)  -0.08 COS (lewt-3-6d) 
-0.08 COS (1811t+a+4d) -0.21; COS (18~t+3+5d) 
-0.08 C O S .  (18i.rt+13+66) -0.04 COS (2mt-3-46) 
-0.16 cos (20rrt-B-5d) -0.12 COS (20wt-B-f$) 
-0.04 cos (20rrt+B+4d) -0.16 COS (2Gvt+B+@) 
-0.12 cos (2mt+~+6d)  -6.08 COS (22vt-B-56) 
-0.08 COS (2Z3Jt-B-66) -0.08 COS (2z?~t+I3+5d) 
-0.08 COS (22~t+B+6@) +0.02 COS (241~t-E-h6) 
-0.04 COS (24~t-3-66) +0.02 COB (24~t+B+46) 
-0.04 COS (2411t+B+6d) +O.Ol COS (2&t-~-1+d) 
+0.03 COS (26r~t-13-56) +0.01 COS (2&t+b+l:.d) 
+0.03 COS (2&t+a+5d) +o.o2 COS (2Blt-s-5d) 
+0.02 COS (28~t-3-66) +0.02 COS (2ht+2+5d) 

+0.01 cos (3owt+9+66) -0.20 COS (45Yt-3) 
+O.O2 COS (23~t+B+Gd) ~0.01 COB (3Cn~t-B-6$) 

-0.211 COS (46~ t -B td )  - 0.Ca C O S  (4.6Ii.lt-3+2$) 
-0.16 COS (48~t+B-d) -0.h8 COS ( k % t + 3 )  
4.16 COS (4811t+B+@) - 0.24 COY (5@dt-B-$) 
-0.42 COS ( 5 O ~ t - 3 )  -0.24 COS (53~t -s+@) -0.08 COS (g8ut-s-d) -0.12 COS ( ~ E w ~ - B )  
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C. Rate of change of Fy with r e s p e c t  to eccentricity angle  (pounds/ 
radian). 

dF v= 
dB 4.02 sin (-B+6$) +155.87 s i n  (B-@) 

+22.89 s i n  (B-2@) +0.53 s i n  (B-46) 
+1.19 sin (B-59) +0.56 sin (B-66) 
+0.12 s i n  (B-78) "280.72 sin ( 5 )  
+155.94 s i n  (B+!$) +22.02 s in  (B+2d) 
M.29 s i n  (B+491) +l.lg sin (B+5#) 
*O, 52 s i n  (B+66) +0.12 sin (B+7d) 
-87.31. s€n (2wt-B-@) -4.00 s i n  (2r~t-B-2%) 
-0.52 s in  (2wt-B-46) -0.69 s i n  (2wt-B-5Sd) 
-0.18 sin (2wt-B-6d) +.O2 s€n (at-3-76) 
-232.62 s i n  (2wt-B) -183.04 s i n  ( a r t - B + @ )  
-39.20 sin (2wt-B+2d) +0.36 s i n  (2wt-E+4d) 
-0.89 s i n  (211t-~+5d) -3.98 s i n  (!&t-%-G$) 
-0.37 s i n  (2wt-B+76) -0.06 s i n  (%1t-B+8$) 
-0.02 sin ( h r t + H $ ' $ )  +0,01 sin (4wt-B+7d) 
-0.01 s i n   ( h t + B - 7 @ )  +0.01 s i n  (6wt-B-hd) 
-0.01 s i n  (6wt+B+4$) +0.02 sin (&t-B-4$) 
+0.02 sin ( 8 ~ t - ~ - 5 6 )  -0.02 s i n  (8vt+a+b$) 
-0.02 s i n  (8ut+~-+d)  +0.03 s i n   ( L G X ~ - B - ~ $ )  
+O.G1 s l n  (101:rt-3-44) -0.03 s i n  (LGV7t-i3+5d) 
-0.01 s i n  (1Ovt+3+6$) -0.04 sin (l'&t-3-k6) 
+0.02 s i n  (12.1.lc-3-56> +O.& s i n  (1'&1t+E+4d) 
-0.02 s i n  (12n1;+3+6$) - 0.08 s i n  (14ut-5-46) 
-0.08 s i n  (14wC-B-5@) +O.O8 s i n  ( l ~ ~ b ~ E + - h ~ )  
+0.08 s i n  (1417t+B+5$) -0.12 s i n   ( 1 6 ~ t - 3 - h @ )  
-0.16 s i n  (16wt-B-5$) -0.04 s i n  (1&t-~-6QI) 
+0.12 s i n  ( L 6 ~ t + ~ + h d )  +0.16 s i n  (lGwt+E+S@) 
+0.04 s i n  (16~1 ;+~+6@)  -0.08 s i n  (3.8:1C-B-4$) 
-0.24 s i n  (18r.rt-B-5d) -0.08 sin (18-~t-~3-66) 
+0.08 s i n  (18vt+E+hfj) +0.24 sin (l&t+D+5$) 
+0.08 s i n  (18~1i;+~+6d) -0.04 sin (2931t-B-bd) 
-0.16 s i n  (2Ovt-s-5d) -0.12 s i n  (2G:ct -5- /J$)  
+O.& s i n  (20G1t+3+1:-1$) +O.L6 s i n  (20.7t+13+56) 
+0.12 s in   (20wt+~+G$)  -0.08 s i n  (22~t-a-5d) 
-0.09 s i n  (2~wt-13-Gd) +0.08 s i n  ('22wt+I3+5$) 
+0.08 s i n  (22wt+3+6d)  +0.02 s i n  (24;.rt-E-&@) 
-0.04 s i n  (24vt-B-6d) -0.02 s i n  ( 2 ~ ! . ~ $ + 3 + b @ )  
+0.04 s i n  (24wt-G3+G@) +0.01 sin (2&1t-i3-4@) 
+0.03 sin (26wt-B-56) -0.01 sin (251~t+3*4@) 
-0.03 s i n  (26:1t+B+5@) +O.C2 s i n  (23:~t-B-5d) 
+0.01 s i n  (2&t-~-6d)  -9.02 s i n  (2&t+3+56) 
-0.01 s i n  (28wt+B+6d) +0.01 s i n  ( 3Owt-B-66) 
-0.01 s i n  (3017t+~+Gd) -0.20 s i n  ( 4 6 v t - ~ )  
-0.24 s i n  (hfht-E+@) -0.04 s i n  (46vt-E+26) 
+0.16 s i n  (l&lt+B-d) +0.48 s i n  (hevtt-B) 
+0.&6 s i n  (48wt+~+pl) -0.24 s in  (5Wt-B-6)  
-0.42 s i n  (5Ovt-B) -0.24 s i n  (5otlt-B+$) 
-0.08 sin (98~ t -~ - (d )  -0.12 s i n  (gdvt-B) 
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F, = r q x n t  all of A. (force i n  Y d i r e c t i o n )  
except rcp!-acc each  coSirie  (cos) by sir2 
( s i n ) .  

E. Rate of change of' F, w i th   r e spec t  t o  e c c c n t r k i t y  (pounds/ 
inch).  

dF x =  repeat all of B. (dF, /<I& ) except   rep lece  
or all cos i ces  by sincs.' 

I?. Rato 02 chanze of F, v i t h   r e s p e c t  t o  e c c e n t r i c i t y  cnzle (poundr;/ 
radian) 

" dFx = Repe2t  211 Gf C ( d F y  /i3) exccgt   repl-cc a l l  
a3 sin?:; by cos i n n s  an3 c%anze the  s i z n  of' czch 

tei-12, l e  i f  t k r c  is  a "+I '  i n  c rcpl::ce it by 
I' -11 and V:'LGS vc-rca. 
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CASE V 

3.33 KVA 1.0 PF 1 Phase Only 
O t h e r  2  Phases open Circuited 

The analytical  expression  for the radial  bearing  force on one end of  the 
Brayton  Cycle a l ternator  when operating a t  3.33 RVA unity pcwer factor  with 
the load  connected from one phase to   neutral  is given below. 

An eccentricity of .002" has been  used i n  arriving a t  the  force  coefficients. 
Since the Brayton Cycle Alternator has two (2) c i rcu i t s   in   the  stator windings, 
the calculated  forces have been divided by two (2) and the  given  expression 
r e f l ec t s  this division. The coordinate  system is fixed  in  the  stator.  

A. Force i n  the Y direction (pounds) 

FY - -7.88 COS (B)-1.49 COS (2wt-B-6) 
-4.41 COS ( 2 ~ t - B ) - 0 . 3 8 ~ 0 ~  (2wt+B+P) 
-1.43 COS (4wt-B-0)  -0.59 COS (4wt-B+b) 
-0.04 COS (B+26) -1.93 COS (4wt+B-P) 
-2.68 COS (4wt+B+fJ) -2.67 COS (6wt-B+b) 
-0.45 COS (6~t+B+b) -0.07 COS (8wt+B-20) 
-0.12 COS (8wt+B+26) 

B. Rate of change of F with  respect  to  eccentricity (pounds/inch) Y 
-3940 COS (B)-745 COS (2wt-B-6) 
-2205 COS (2wt-B) -190 COS (2wt+B+b) 
-715 COS (4wt-B-6) -295 COS (4wt-B+b) 
-20 COS (B+26) -965 COS (4wt+B-lb) 
-1340 COS (4wt+B+b)  -1335 COS (6wt-B+b) 
-225 COS (6~ t+B+b)  -35 COS (8wt+B-26) 
-60 COS (8wt+B+26) 

C. Rate  of change of F~ with  respect  to  eccentricity angle 
(pounds/radian). 

dFy = +7.88 s i n  (B) -1.49 s i n  (2wt-B-6) 
dB -4.41 s i n  (2wt-B)+0.38 s i n  (2wt+B+b) 

-1.43 s i n  (4wt-B-fl) -0.59 s i n  (4wt-B+b) 
+0.04 s i n  (B+26) +1.93 s i n  (4wt+B-0) 
+2.68 s i n  (4wt+B+D)  -2.67 s i n  (6wt-B+0) 
+0.45 s i n  (6wt+B+b)  +0.07 s i n  (8wt+B-26) 
+0.12 s i n  (8wt+B+20) 

D. Force i n  the X direction ( pounds ) 

-7.88 s i n  (B)-1..49 Sin (2wt-B-6) 
-4.41 s i n  (2wt-B) -0.38 s i n  (2wt+B+b) 
-1.43 s i n  (4wt-B-6)  -0.59 s i n  (4wt-B+fl) 
-0.04 s i n  (B+2P)-1.93 s i n  (4wt+B-6) 
-2.68 s i n  (4wt+B+6)  -2.67 s i n  (6wt-B+b) 
-0.45 s i n  (6wt+B+b) -0.07 s i n  (8wt+B-26) 
-0.12 s i n  (8wt+B+2p) 
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E.  Ratc of change of Fx w i t h  respcct  eo c c c c n t r i c i t y   ( p o x d s / i n c h )  

dFx = -3940 s i n  (C)-71:.5 s i n  ( h 7 t - i 3 - $ )  - 
d b  -2205 s i n  (2wt-C)-190 s in   (2 r .~ t - ;~ ; -9 )  

-715 s i n  (41.~t-C-O)-295 s i n  (4k~t-S-lb) 
-20 s i n  ( E - I - ~ ~ J )  -9G5 s i n  (ht+3,-fi) 
-1340 s i n  ( k t - m - 0 )  -1335  si.n ( 6 5 7 t - ~ + $ j  

-225 s i n  (6:.7t4-3-:-9) -35 s i n  (ht-1-3-2b) 
- 6 0   s i n  (3wt+%1-2$) 

F. Rate of change  of F, w i t h  respect  t u   e c c e n t r i c i t y   a n z l e   ( p o u n d s /  
r a d i a n )  

G.  D e f i n i t i o n  of terms i n  above   express ion  

t=tir,:? (seconds) 
w=m2chanica l   anzular   vc los i ty   (1256  r sd ians jscc)  
B=n?echanical  anzlc  bet\.lcen Y asis  and d i r e c t i o n   o f   e c c e n t r i c i t y   ( r a d i a n s )  

f j=r -power   2ngle   ( rad ians)  
Power angk=c lec .   ang le   be tween   l oad   cu r ren t .  and d i r e c t   a x i s   r r . q n l t i z i l l z  

= e c c e n t r i c i t y   ( i n c h e s )  

c u r r e n t  (use  1 .042  radians)  

60 



CASE VI 

Single  Phase  Short 

The a n a l y t i c a l   e x p r e s s i o n   f o r   t h e   r a d i a l   f o r c e  on one end  of  the  Brayton  Cycle 
a l t e r n a t o r  when operat ing a t  15 KVA, 0.8 PF, 3 phase and a s h o r t  between one 
l i n e  and ground is given below. An e c c e n t r i c i t y  of .002" has  been  used i n  
a r r i v i n g  a t  the  force  coeff ic ients .   Since  the  Brayton  Cycle   a l ternator   has  two '(2) 
c i r c u i t s   i n  the stator   winding,   the   calculated  forces   have  been  divided by two 
(2)  and  the given e x p r e s s i o n s   r e f l e c t   t h i s   d i v i s i o n .  The coordinate  system is 
f ixed  i n  the s t a t o r .  

A. Force in the Y d i r e c t i o n  (pounds) 

Fy = +.7088 cos (-B-&X1) +.8447 COS (-B-b+XZ) 
-.3485 cos (-B-fl) -.649 COS (-B-X1) 
- . O ~ O ~ C O S  (-B+X2) -5.634 COS (-B) 
+.0689 cos (-B+0-X1) -.0275 COS (-B+fl) 
+.0689 C O S  ( B - h X l )  -.OS5 COS (B-a) 
-1.529 cos (B-XI )  - 1.697 COS (B-X2) 
-.I909 cos (B-X3) - 1.577 cos (B+X1) 
-1.646 COS (B+X2) -. 1909 COS (B+X3) 
-32.749 C O S  [B) +. 8447 COS (B+b-X2) 
+.7797 COS (BSB-kXX) +.572 COS (BSO) 
-.0832 COS (2wt-B-fl-X1-0.2886) - .0698 COS (2wt-B-0-X2-0.2886) 
-.0528 COS (2~t-B-fl+X1-0.2886) - .0898 COS (Zwt-B-fl+X2-0.2886) 
-1.444 COS (2wt-B-6-0.2886) - .2209 COS (2wt-B-X1-0.2886) 
m.2264 COS (2wt-B-X2-0.2886) - .0284 COS (2~t-B-X3-0.2885) 
w.2098 COS (2~t-B+X1-0.2886) - ,2383 COS (2~t-B+X2-0.2886) 
-0284 COS (2~t-B+X3-0.2886) - 3.489 COS (ht-B-0.2886) 
+.0344 COS (2wt-B-kfbX1-0.2886) .. .0059 COS (2wt-B+b+X2-0.2886) 
-.0135 COS (2wt-B+fl-0.2886) - .1132 COS (2wt+B-fl-X2-0.2886) 
-.0650 COS (2~t+B-b+X1-0.2886) .. .0177 COS (2~t+B-fl-0.2886) 
-Dl19 COS (2~t+B-X2-0.2S85) - .0111 COS (2~t+B+X1-0.29SG) 
-1.592 COS (2wt+B-0.2886) + ,0120 COS (2~t+B+&X2-0.2886) 
+.0112 COS (2~t+B+fl+X1-0.2886) - .1795 COS (2wt+B+0) 
-.218 cos (4wt-B-a-X1-&.05)  -.235 COS (4Wt-B-fi+X2&.05) 
-.727 COS (b t -B- f ld .05 )  -.01 COS (4Wt-B-20-X1&.05) 
-.011 COS (4~t-B-2f~+X2+4.05)  -.748 COS (4~t-B-20-1-4.05) 
-.032 cos (kJt-B-X1+4.05) - .041 COS (4~t-B+X2+4.05) 

-.412 COS (ht-B+O+X24.05) - .057 COS (4~t-B+&4.05) 
-.246 COS (4Wt+B-b-X1+4.05~  -.635 COS (4~t+B-fl-X2+4.05) 
-.551 COS (4wt+B-&X1+4.05) -.266 COS (4wt+B-o+X2+4.05.) 
-5.293 cos (4wtt-B-fh4.05)  +.006 COS (ht+B+X1+4.05) 
-.050 COS (ht+B+4.05)  -.249 COS (4\5t+B+fl-X1+4.05) 
-.509 COS (4wt+B+b-X2+4.05) - .472 COS (4wt+B+f?+X1&.05) 
-.269 COS (4wt+B+&!-X2+4.05) - 6.001 COS (4wt+B+$&.05) 
-.0657 COS (6wt-B-&X1+1.66) - ,0701 COS (6wt-B-a+X2+1.66) 
0.0928 COS (6wt-B-h1.66) - .0194 COS (6~t-B-2fl-Xl+1.66) 

"350 COS ([iWt-B+4.05) - -345 COS (4Wt-B+D-Xl-fd.05) 

61 



B. Rate of change of Fy w i t h   r c s p z c t   t o   e c c e n t r i c i t y  (pc,unds/inch) 

dF -’-- = +351t.4 cos J-C-f l -Xl)  +422.35 COS (-B-o+X2) 
d cr -174.25 COS (-E-$) - 32.45 COS ( - 3 - X l )  

-40.1) C O S  (-8tS2)  -2517.0 COS (-E) 
+34.45 C O S  (-G+g-Xl) -13.75 COS (-H+$) 
+34.45 COS (E-$+Xl)  -27.5 COS ( 6 - C )  
-764.5 COS ( B - X I )  -&48.5 COS ( B - X Z )  
-95.45  cos ( R - X 3 )  -7cs.5  cos (Z-i-Xl)  
-823.0 COS (E-CS2) - 95.45 C O S  (E+X3) 
-16,374.5 COS (E) + 422.35 COS (B-tfl-X2) 
+389.85 cos (a+&Xl) + 286.0 cos (€+a) 
-41.6 COS (2~t-E-0-X1-0.2856) .. 34.9 C O S  (2vt-E-~-XZ-O.28S6) 
-26.4 COS (2vt-E-~-i.Y,l-0.2GGC) - 44.9 COS (2wt-B-~-~:2-.0.2aS6) 
-722 COS (2~t-B-@-0.2886)  - 110.45 COS (21~t-E-Xl-0.2SS6) 
-113.2 COS (2\7t-B-X2-0.2S86) - 14.2 COS (2~t-E-X3-0.2886) 
-104.9 C O S  (2?7t-E+X1-0.2&86) - 119.15 C O S  (?.~7t-11-!:!?-0.2~S6) 
-14.7. COS (2\7<-BtS3-0.2526) - 1,7ft1+.5 COS (21:t-S-O,2SSG) 
+1.7.2 COS (2~7t-B. t~- : . ;1-0.2&~~) - 2.35 COS ( Z ~ . I ~ - € - ; ~ ~ - : : ~ - O . ? . E S ~ )  
-6.75 COS (2\~t-3+$0.26SG) - 56.6 C O S  (2~.7t-tS-1-0-X2-0.2886) 
-32.5 COS (211:+3-5+Xl-0.2CsG) - 8.85 COS (2t;t-1-2-9-0.2G36) 
-5.95 COS (2~L+B-X3-0.2&36) - 5.55 COS (21.~t+3+S1-0.2886) 
-796.0 COS (Z~;.t-tB-O.ZSC6) +6.0 COS (2~.7t-I5+3-X2-0.2256) 
+5.6 COS (2 i~ t - tE . t f3 - tS l -O .2~S6) -  89.75 COS (?\~t+~-!-3-0.2896) 
-109 cos (l;wt-~-~-:;I.~4..Oj) - 117.5 cus (L:r.:t-E-p-tS2-t!t.OS) 
-363.5 COS (4~t-I;-&4.05) - 5.0  C O S  (h~~t-B-2~~-Xl- t4 .05)  
-5.5 COS (4\7t-B-Zfi+X2+A.05) - 399 COS (L;~t-R-2$+4.05) 
-16 COS (4~t-E-X1-&,05) - 20.5 COS ([t:~t-B-:-S!-t4.05) 
-175 C ~ S  (k~~t-3-A . O S )  - 172.5 COS (I~It”C-tfi-X1+S.05) 
-206 COS (417t-B+D+X2-t4.05) - 28.5 COS (4;:lt-E+c+3.05) 
-123 COS (rt:;i~+a-~-X1.+4.0_:,) - 317.5 COS (r;,.~t-t.G-~-S2+lc.05) 
-275.5 C O S  ( ~ t i . J t - t ~ - ~ - ~ ~ { 1 - ~ ~ ~ . 0 5 )  - 133 C O S  (r:;.?t+Tj-9+);2-I-/t.05) 
-2646.5 COS (4~;7t+B-O+4.05) +3.0 C O S  ( ~ ~ . ~ ~ ~ - ! - ~ ~ : ~ l + ~ + . O . ~ )  
-25 COS (4~1t-!-B+5.05) - 124.5 c o s  ( 1 ; ~ ~ ~ ~ ~ - 3 ~ . ~ - X l ~ - ~ ~ . O ~ )  
-254.5 C O S  (4y~t-l-r:tb-:.:2+4.05) - 226  cos (r,.:Jt+Er~-l.X1+4.0~) 
-134.5 COS (4~7t+B+fJ$-Y2-t4.05) - 3,000.5 COS (4y:t+F,+$i;4.05) 
-32.85 COS (€\\lt-B-O-X1+1.66) .. 35.05 COS (6r.~t-G-~;-~2+4.05) 
-46.4 COS ( G w t - B - n + l .  66) - 9.7 COS (G\?t-B-20-Xl-1-1.66) 
-9.85 COS (6~t-B-2;kS2+1.66) 
+138.6 COS (6~t -2+1.66)  
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-278.6 COS (6wt-B+&X1+1.66) - 118.5 COS (6wt-B+$-X2+1.66) 
-109.7 COS (6~t-B+p+X1+1.66) - 300.8 COS (6wt-B+&X2+1.66) 
-2681.5 COS (6wt-B+B+1.66) 
-112.4 COS (6wt+B-&X2+1.66) - 1Q3.95 COS (6wt+B-&X1+1.66) 
-441.15 COS (6~t+B-O+l.66) 

-214.95 COS (6wt+B+$-X2+1.66) - 199.€5 COS (6~t-t-B+fi+X1+1.66) 
-172.7 COS (6~t+B+fl+1.66) - 11.45 COS (6~t+B+2a-X2+1.66) 
-10.65 COS (6wt+B+2&X1+1.66) - 83.7 COS (6Wt+B+2&1.66) 

+150.55 cos (6wt+B+1.66) 

C. Rate of change of F with respect t o  e c c e n t r i c i t y   a n g l e  ( pounds/radian) .  Y +- +.7088 s i n  (-B-&X1) +.8447 s i n  (-B-&X2) 
-.3485 s i n  (-B-O ) - .0649 s. in (-B-X1) 
-;0808 s i n  (-B+X2) - 5.634 s i n  (-B) 
+.0689 s i n  (-B+6-X1) -.0275 s i n  (-B+P) 

-.0689 s i n  (B-#?+X1)  +1.697 s i n  (B-X2) 
+.I909 s i n  (B-X3)  +1.577 s i n  (B+X1) 
+1.646 s i n  (B+X2)  +.I909 s i n  (B+X3) 
+32.749 s i n  (B) - .8447 s i n  (B+fJ-X2) 
-.7797 s i n  (B+6+X1)  -.572 s i n  (B+0) - .0832 s i n  (2wt-B-6-X1-0.2886) - .0698. sin (2wt-B-&X2-0.2886) 
-.0528 s i n  (2wt-B-&Xl-O.2886) - .0898 s i n  (2wt-B-&X2-0.2886) 
-1.444 s i n  (2wt-B-0-0.2886)-  .2209 s i n  (2wt-B-X1-0.2886) 
0.2264 s i n  (2wt-B-X2-0.2886) - .0204 s i n  (2wt-B-X3-0.2886) 
-.2098 s i n  (2wt-B-X1-0.2886) - .2383 s i n  (2wt-B+X2-0.2886) - .0284 s i n  (2wt-B+X3-0.2886) - 3.489 s i n  (2wt-B-0.2886) 
+.0344 s i n  (2wt-B+bX1-0.2886) - .0059 s i n  (2wt-B+fl+X2-0.2886) 
-.0135 s i n  (2wt-B+fi-0.2886)  +.1132 s i n  ;(2wt+B-fi-X2-0.28S6) 
+.065 s i n  (2wt+B-b+X1-0.2886)  +.0177 s i n  (2wt+B-0-0.2866) 
+.0119 s i n  (2wt+B-X2-0.2886) +.0111 s i n  (2wt+B+X1-0.2886) 
+1.592 s i n  (2wt+B-0.2886)  -.012 s i n  (2wt+B+a-X2-0.2886) - .0112 s i n  (2wt+B+b+X1-0.2886)  +.1795 s i n  (2wt+B-kfi-0.2886) 
-.218 s i n  (4wt-B-0-X14.05) - .235 s i n  (4wt-B-fi+X2+4.05) 
-.727 s i n  (4wt-B-W.05) - .01 s i n  (4wt-B-2@-X1+4.05) 
-.011 s i n  (4wt-B-2o+X2+4.05) - .798 s i n  (4wt-B-2h4.05) - .032 s i n  (4wt-B-X1+4.05) - .041 s i n  (4wt-B+X2+4.05) 
-.350 s i n  (4wt-B-14.05) - .345 s i n  (4wt-B+b-X1+4.05) 
-.412 s i n  (4wt-B+&X2+4.05) - ,057 s i n  (4wt-B+fi+4.05) 
+.246 s i n  (4wt+B-&X1+4.05) + .635 s i n  (4wt+B-fJ-X24.05) 
+.551 s i n  (4wt+B-fl+X1+4.05) + .2E6 s i n  (4wt+B-!d+X24.05) 
+5.293 s i n  (4wt+B-fl+4.05) - .006 s i n  (4wt+B+$1+4.0.5) 
+.050 s i n  (4wt+Btb.05) + .249 s i n  (4wt+B+d-X1+4.05) 
+.509 s i n  (4wt+B+a-X2+4.05)  +.472 s i n  ( wt+B+&X1+4.05) 
+.269 s i n  (4wt+B+b-X24.05) +6.001 s i n  $ ( wt+B+fl+4.05) 
-.0657 s i n  (6wt-B-D-X1+1.66) - .0701 s i n  (6vt-B-&X2+1.66) 
-.0928 s i n  (6wt-B-0+1.66)  -.0194 s i n  (6wt-B-20-X1+1.66) 
-.0197 s i n  (6wt-B-2P+X2+1.66) 
+.2772 s i n  (6wt-B+1.66) 

+1.529 s i n  (B-XI)  +.055 s i n  (B-0) 
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-.5572 s i n  (4;5t-B-$-Xl+-l.66) - .237 s i n  (6..1~-s-l~-,:21-1.6G) - .21.9!; s i n  (Gwt-B+~.r-Sl-l.l..C,C.) - .G91G s i n  (6~..:t.-&-~~:;<Z+l .6G) 

+.221:8 s i n  (G~t+E-$-X2-;1.46) -1-.2@79 s i n  (G;.I~-~.~”,~-;.:.:I.-~-I..~G) 
+.8623 s f n  (6wir-;-C-$:-l.G6) - .3011 sia (Gwt+3-1-1.66) 
+.[!.299 s i n  (G~t+B+$-X2+1.66)  +.3393 s i n  (GiJty+G-!.$-X1+1.66) 
+.3454 s i n  (6wt+D+$-1.66) +.0229 s i n  (Gvta13+2~5-;.:2-r-l.GG) 
+.0213 s i n  (6r~t+B+2$+S1+1 .G6) +. 1674 s i n  (Gs.jt-;B-t2fi+l.6G) 

-5.363 s i n  (ht-F,-$kl. 6G) 

D. Fo rce   i n   t he  X d i r e c t i o n  (pounds) 

Fx = r epea t  a l l  of A .  ( f o r c e   i n  Y d i r e c t i o n  ) exccpt   rep lace   each  
cosine  (cos)  by s ine   ( s in ) .  

E .  Rate of change of F, wi th   respec t   to   eccent r ic i ty   (pounds / inch) .  

F. Rate of change of Fx with respec t   to   eccent r ic i ty   angle   (pound/ rad ian) .  

Repeat a l l  of C. (dFF /dB) except   rep lace  a l l  s i n e s  by cos iaes  

replace i t  by * t - * f  and visa ve r sa .  
dB and change  the  sign o each term. ie, if there  i s  a I t + t t  i n  c 

G .  Defin i t ion   o f  terns i n  above  expression 

t = time  (seconds) 
w - mechanical   angular   velosi ty  (1256 rndians/scc)  
B = mechanical  anglc  betwcen y a x i s  and d i r e c t i o n  of e c c e n t r i c i t y   ( r a d i a n s )  
d = e c c e n t r i c i t y  (inches) 
0 = - power angle   ( rad ians)  
Power angle  = e l e c t r i c n l   a n g l e  botwcen  load  current and  d i r e c t  axis 

magnetizinz  current (use -, ,018 rad ians) .  

X 1  -- A-%E phasc r e l a t i o n  L : S ~  (2.30  radinrls) 
X2 = B+C phase r e l a t i o n  use ( 4 . 3 3  rad ians)  
X3 = A-+C phase   re la t ion   use  (6.64  radians) 
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SECTION I X  

Derivat ion of Analytical   Expressions 

Derivat ions  for  Permeance  and MMF 

A s  previously  mentioned (Eq. 111) the  magnetic  force is  given by: 

1 
dA where K = 72 f o r  J3 i n   k i lo l ines   pe r   squa re   i nch .  

Since B *P X MMF (See Eq. 113) the   der iva t ions  are g iven   for   representa t ions  
of p and "I?. Each  of  these i s  derived as a n   i n f i n i t e  series and  then  truncated 
a t  appropriate  harmonics.   In  both  cases,   the  reference of the series is  f ixed  
i n   t h e   s t a t o r  a t  a poin t   re fe r red   to   the  minimum a i r  gap by angle B. Mechani- 
cal  angles,  w t ,  are used  throughout  while  electrical   displacement,  ye, is t he  
generator   torque  angle  i n  mechanical  radians. 

Fundamental  permeance is  defined as where/Lcis the medium permeabili ty,  

square  inch, a n d p i s  divided  out as a constant   mult ipl ier ,   the   uni t ized 
permeance becomes ( l / k )  or   the   rec iproca l   o f   the  a i r  gap  length. The per -  
meance series can  then be described as mechanical  gap. 

A is  the area, a n d A  i s  gap  or   path I f  A i s  considered  to be  one 

The r o t o r ,  a i r  gap ,   s t a to r  and e c c e n t r i c i t y  combine to   present  a non- 
uniform a i r  gap  due t o   s l o t t i n g  and e c c e n t r i c i t y .  The r o t o r  moving pas t   the  
s t a t o r   p r e s e n t s  a modulated  permeance  which i s  again modulated by e c c e n t r i c i t y  
i f   e c c e n t r i c i t y  is  present .  A t runca ted   Four ie r   cos ine   se r ies   wr i t ten   for  
r o t o r  and  amort isseur ,   s ta tor ,  and a i r  gap   eccent r ic i ty ,   has  been  used t o  re- 
p re sen t   t he   phys i ca l   p i c tu re   i n   t he  machine.  These three permeances mult ipl ied 
together  represent  the  modulated permeance of tte machine as funct ions of 
t ime,   mechanical   eccentr ic i ty   angle  and their   magnitudes.  

The rotor   can be represented  as  i L  the  sketch below: 

""" 

1 

The sal iency  angle  be tween poles is: 

Angle = 2- (1 - 0 c )  radians 

I.D. 

8 

Eq. K23 
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And therefore   Poin t  B and  Point C become: , 

Point  B = d(2-0C) 
Point C = 2 f l / P  

Eq. 1\24 
Eq. #25 

The r o t o r  permeance  can  be  represented  by a Four ie r   Ser ies  of the  fol lowing 
form: 

f (x) = a, + an  cos  nx Eq. 126 

n=l 
where t h e   c o e f f i c i e n t s  are given  by: 

f L  
Eq. #27 

Eq. 828 

By l e t t i n g  L = 2 ff and  f  (x) = P (e), Eq. #28 can  be  expanded  to: 

an = 1 jdBl cos  (ne)  de 4 L 1 cos (ne) d e  

0 

Vd P ( 2 - 4 )  

Ir' 7f g2 
%c 

m-4 

Eq . . #30 

Performing  the  integrat ion  yields:  

Using an t o  write the main r o t o r  permeance i n   t h e  form of Eq. i l l0  gives:  

Pn = an cos  (n q (8  - wt))  Eq. #31 

where  an  angle (wt) is included  in  the  argument of t h i s   exp res s ion   i f   t he  
r o t o r  i s  viewed as s t a r t i n g  a t  some point   where  the  direct   axis   and re- 
ference  center  don't   coincdde. 

Applying t h e  above coeff ic ient   formulas   to   the  Brayton  Cycle   Alternator  
where g = .04"  and  g - 1 .O: 

1 2 

Po = 8.90 

P1 = 12.82 

P2 = 5.82 

P3 = 0.750 

Eq. 632 

Eq. #33 

Eq. #34 
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p4 = -3.42 

p5 = -2.035 

Eq. 936 

Eq. #37 

Amortisseur  and  Stator  Slots 

Amortisseur  and  stator  slott ing  could  be  handled like the   ro tor   sa l iency ,   bu t  
t h i s  would lead   to   h igher  permeance modulation  than i s  ac tua l ly   s een  by the 
machine. The amor t i sseur   s lo t   ske tch  below e x p l a i n s   t h i s   t o  a degree. 

\/AMORTISSEUR SLOT 

Very l i t t l e  f l u x   a c t u a l l y   l i n k s  t h e  bottom of t h e   s l o t  so  a s t r i c t l y  mechanical 
r ep resen ta t ion  of the permeance  would  be misleading. D r .  Freeman i n   h i s  I E E  
Paper 8523U, June  1962, "The Calculat ion of Harmonics, Due t o   S l o t t i n g ,   i n   t h e  
Flux-Density Waveform of a Dynamo-Electric Machine" solves  a mcr e exact  case.  

He transforms  the  above  sketch  to a form as shown below: 

wi th  a similar r e p r e s e n t a t i o n   f o r   t h e   s t a t o r   s l o t s .  

This  can be represented by a cos ine   se r ies  of the  general  form  taken by the 
ro to r   s a l i ency  and some average  permeance, so tha t   for   the   amor t i sseur :  

where 'rf is  taken  from  Freeman's  graphs as funct ions of machine parameters, and 
NA i s  the number of s l o t s .  

Although  there are only  e ighteen  physical   amort isseur  slots i n  one end of the 
Brayton  Cycle  machine, t h i s  i s  equ iva len t   t o   f i f t y   amor t i s seu r   s lo t s ,   i f   t hey  
are continued  through  the  region of r o t o r   s l o t s .  
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. 
NA ~ 5 0  

The only  difference  between  the  s ta tor  and amor t i s seu r   s lo t t i ng  is the 
number  of s l o t s ,  time as a v a r i a b l e  and s l i g h t l y   d i f f e r e n t   c o e f f i c i e n t s  due 
t o  a d i f f e r e n t   s l o t  opening. The s t a t o r   s l o t t i n g  permeance  can  be  represented 
by the cosine series. 

ta t o r  = 1 + ( cos (NsB)) Eq. #39 

where N, = 48 s l o t s  

Eccen t r i c i ty  

Eccent r ic i ty   can  be  viewed as a permeance s ince  i t  is a change i n  gap t h a t ,  
i n   e f f e c t ,  modulates  the  machine  permeance. 

Consider   the  rotor  as a cy l inde r   w i th in   ano the r   cy l inde r   ( t he   s t a to r )  as 
be low: 

M I N I ”  

The e c c e n t r i c i t y  permeance  can  be  represented by an  equation  of  the  form: 

’e = Peo + pel  cos (e  - B) + ~ e 2  cos  2(e - B) + - - - Eq. #40 

where : Pe, = 1 

P e l  = i l g  

Pe2 = (6/g)2 
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b = e c c e n t r i c i t y  ( in . )  

g = gap  ( in.)  

For  the  Brayton  Cycle  Alternator  gap  of 0.0411 and  an  eccentr ic i ty   of  0.002", 
pel  >> Pe2 and  harmonics  higher  than  the f i r s t  can be neglec ted .   Eccent r ic i ty  
permeance is  then: 

Pe = 1" 
g 6 cos (e  - B )  Eq. #41 

The ro tor ,   amor t i sseur ,   s ta tor ,  and eccent r ic i ty   express ions   can  be  combined 
t o  form a complete  expression  for  the machine  permeance  (except f o r  end e f f e c t s ) .  
This   expression  doesn ' t   account   for   f r inging of the  main  rotor  poles  or sat- 
uration  both  of  which are corrected  for  in  the  computer  deck. 

The ro tor   po le  permeance  and amortisseur permeances are combined t o   r e p r e s e n t  
t h e   t o t a l   r o t o r  permeance s ince  the two r ep resen t  one component which  cannot 
modulate i t s e l f .   T h i s  i s  then  modulated by bo th   t he   eccen t r i c i ty  and s t a t o r  
s l o t t i n g .  The complete  expression is  as w r i t t e n  below: 

PgaP '(PR + PA) x Ps x PE Eq. #42 

These are a l l  i n f i n i t e  series truncated  to  reasonable  accuracy by l imi t ing  
the number of harmonics to   the  f i f th ,   second,   second,  and fundamental 

I respec t ive ly   represent ing   near ly  99% of t he   t o t a l  permeance. 

- MMF 

Since  force is  dependent  on  (Flux  density) , and F l u x  dens i ty  i s  dependent on 
MMF and  Permeance, a complete  description of MMF i s  required.  (See Eq's #I, #3).  

The MMF expression needed i s  one tha t   desc r ibes   t he   t o t a l  ampere turns  i m -  
pressed  across  the  gap a t  a given  condi t ion as funct ions of time,  mechanical 
ang le ,   e l ec t r i ca l   ang le ,  and cu r ren t .   I f   t he  machine is  operating  with a 
balanced  three-phase  load,  the  winding  coil   pitch is  213 p i t ch  as i n   t h e  
Brayton  Cycle  and  there are a n   i n t e g r a l  number of s t a t o r   s l o t s  p e r  pole,  then 
the MMF can be expressed as a cos ine   se r ies   conta in ing   on ly  odd nontr iplen 
harmonics. The genera l   t e rm  in   th i s  series is  shown below: 

2 

MMF = Kpn Gn cos  (n ? (e - w t  + W- ye)) 
where n = harmonic number 

n W  
Eq. #43 

M = f i X T X I  
T = t u r n s   p e r   c o i l  
I = amps/I ine/circui ts  
y =  s l o t s / p h a s e   b e l t  
q = phase   be l t s /po le  

= power angle 
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and $n = p i t ch   f ac to r   €o r  the nth harmonic; 

and Qn = d i s t r i b u t i o n   f a c t o r   f o r  the nth harmonic 

This   expresses   the time v a r i a n t  MMF. To complete  the  expression  the  f ield 
e x c i t a t i o n  (ATdc) f o r  one  end  of  the  machine  must be added t o  Eq. 41/43. The 
complete  expression  gives a gap MMF as shown below a t  t = 0. 

The above expression  does  not   express   the  picture  t n a t  i s  p r e s e n t   i f   t h e  
machine  load is  unbalanced. When the  load i s  unbalanced,  each  phase w i l l  be 
a t  d i f f e ren t   cu r ren t   va lues  and the   amor t i s seu r   c i r cu i t  w i l l  have cu r ren t  
flowing due t o  backward r o t a t i n g  and s tanding MMF waves. The complete MMF 
expression must  then  contain  the  forward,  backward, and s tanding MMF waves 
due  to   the  unbalanced  l ine  currents ,   amort isseur   currents  and ATdce 

By solving  the c i rcui t  below  which contains   the  posi t ive,   negat ive,  and zero 
sequence  impedances  of  the  alternator,  forward,  backward, and zero  sequence 
currents   can be found: 

R2 

+ jXL = Load impedance 

+ jX0 = Zero  sequence 
impedance 

+ j X 2  = Negative 
sequence 
impedance 

I f 

RL 

j XL 

70 

I 



The sequence  current components r e f l ec t   t he   amor t i s seu r   a t t enua t ion  of the 
backward  and s t a n d i n g   f i e l d s  relative to   the  posi t ive  sequence  f ie ld .   Thsse 
cu r ren t s  (Ia, Iao,   Ia2)  can  then be operated  on by the   vec tor   opera tors ,  a 
and82 ,   t o   fo rm  co r rec t   exp res s ions   fo r   t he   phase   cu r ren t s  due to  unbalanced 
condi t ions.  

3 
The "F can  then  be  expressed by the terms below: 

This   represents  two sets of   counter   ro ta t ing   cur ren t   vec tors   inc luding  a l l  
machine effects .   This   might  be p ic tured  as below: 

In   genera l :  

Eq. #45 

A and B represent  the  displacement  from 120° time space vec to r   cu r ren t   r e l a t ion -  
sh ip .  

3 Concordia,  "Synchronous  Machines" 
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Sa tu ra t ion  

The r o t o r  permeance expression as derived is co r rec t   on ly  i f  no s a t u r a t i o n  
occurs i n  the   ro to r .  It a l s o   i g n o r e s   t h e   f a c t   t h a t   f r i n g i n g  takes place  near  
the   po le   t ips  and fu r the r   imp l i e s  no s t a t o r   s a t u r a t i o n .   I f   t h e  flux d e n s i t y  
and d i s t r i b u t i o n   i n   t h e   g a p  i s  known, i t  can  be  Fourier  analyzed and a more 
c o r r e c t   r o t o r  permeance expression  realized.  This  technique i s  i l l u s t r a t e d  
i n  the following  paragraphs. 

An a i r  gap MMF can be obtained  using  the  previously  derived MMF expression.  
(Eq. P43). This MMF expression is  then  evaluated a t  increments  around  the 
periphery  of  the a i r  gap to   descr ibe   the  "F on a poin t  by point   basis   over  
a p a i r  of poles and 48 equal ly   spaced  points   equal   to  360 degrees. 

To use   t h i s  MMF to   ob ta in   f lux   an   express ion   for   re luc tance  is  necessary.  The 
re luc tances  of t h e   s t a t o r  and r o t o r   t e e t h  and s l o t s  can be represented by the 
e l ec t - r i ca l   equ iva len t   c i r cu i t  shown below. The impedances  of the   i ron   por t ions  
w i l l  be nonl inear   due  to   saturat ion.  The re luc tances  are determined  on a 
point-by-point  basis.  

B - I 11 
(STATOR YOKE) 

INTERLAMINAR 
STATOR TOOTH SPACE 

APPLIED 
MMF E4 A I R  GAP t AT GAP 

ROTOR TOOTH I N T E - W N A R  
R i  r SPACE 

E3 

ROTOR I YOKE 

By assuming a f lux   dens i ty   . (cur ren t )  between poin ts  A&B, a given ampere turn 
drop   (vo l tage)   can   be   ca lcu la ted   for   the   c i rcu i t   wi th   the   a id  of steel 
magnet izat ion  tables  and physical  dimensions of the slot ,   laminat ion,   s tacking 
f a c t o r ,  and too th   l ength   ( s ta tor  and ro to r ) .  The drop   across   the   s ta tor   too th ,  
s t a t o r   s l o t ,  a i r  gap  and ro to r   t oo th  can thus be found. The sum of these  drops 
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is  the  appl ied MMF, and  the  gap  density is  the   resu l t   o f   the   appl ied  MMF a t  
the  given  point.   This  process  of  assuming a f l u x   d e n s i t y  and  computing MMF 
is repea ted   un t i l  a graph of MMF vs.  B gap is obtained  over a reasonable 
range  of  densit ies.   For  the  Brayton  Cycle,  B r a n g e  from 0 t o  150 KL/inch2 
i n  80 s t eps .  

Figure 19  shows the  MMF around  the  gap  for a p a i r  of  poles  and  Figure 20  shows 
gap  densi ty   vs .   appl ied MMF. 
A pic ture   o f   gap   dens i ty   a round  the   pa i r   o f   po les  is  now drawn  by taking  the 
MMF a t  a point  (Figure  19)  and  reading a resul tant   gap  densi ty   (Figure 2 0 ) .  
This process is completed  around  the 360° electrical  degrees   for  48 po in t s  
and r e s u l t s   i n   F i g u r e  21. 

Figure 20 is only  used  over  the  pole  region. The s l o t   p o r t i o n  of  Figure  21 
(poin ts  9 t o  39) i s  ca l cu la t ed  by two methods  and  the  higher  resultant  density 
i s  used   (pes s imis t i c   va lue   i n   s a l i ency)   i n   t he   ca l cu la t ions .  

Method #l assumes a f lux   pa th  between  pole t i p  and s t a t o r  as the  sketch 
be low shows : 

STATOR 

ROTOR 

FLUX PATH 

This method gives  a gap  that   accounts  wel l  f o r   f r i n g i n g  a t  the  pole   t ips  by 
ca lcu la t ing   gap   length  g as a q u a r t e r   c i r c l e .  

However i t  i s  unrea l i s t ic   near   the   cen ter   reg ion  of the   s lo tMethod 112 simply 
assumes a constant  gap  (g2) as shown in   t he   ske t ch  and is used when the re- 
s u l t a n t  permeance i s  higher   than  that   of  Method #l. 

The combination  of  the two sa l i ency  methods  and the   po le   sa tura t ion  method 
gives  the  complete  picture of the   dens i ty  shown i n  Figure 21. 
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Note tha t   F igu re  21  goes  from d i r e c t  axis t o   d i r e c t  axis so t h e   l e f t  hand 
reg ion  of the   f igure   cor responds   to   the   l ead ing   po le   t ip  and t h e   r i g h t  hand 
r eg ion   t o   t he   t r a i l i ng   edge   o f   t he   nex t   po le   t i p .  The t r a i l i n g  edge is a t  
a h ighe r   f l ux   dens i ty  and  therefore i s  more sa tu ra t ed ,   wh ich   r e f l ec t s  as a 
lower  permeance l eve l .  

Figure 2 1  i s  Fourier  analyzed  to  give  the  angle  between  the  direct   axis 
and  the  flux  fundamental.  This  angle i s  d i r e c t l y   r e l a t e d   t o  y e  and there- 
fo re   t he  power f a c t o r  and the assumed *pe. If   the  calculated  angle   does 
not  check  with  the  angle  based  on  the assumed p e r  )C.e i s  changed  and  the 
process   repeated  over   again  unt i l   an exact p e is a r r ived  a t  based  on  the 
power f a c t o r  and  the assumed ATDc. 

Since  the  Fourier   analysis   gives   the  fundamental  AC f lux ,  ba,, the  induced 
vol tage ,  E i  can   a l so  be claculated  using  the  following  equatlon  (Faraday's 
Law) : 

E i  = 4.44 f T i e  bac x 
where: f = frequency  (cps) 

T i e  = ef fec t ive   tu rns   per   phase  

The above  calculated Ei is  then compared with  the Ei determined  from  terminal 
condi t ion  of   the  a l ternator   using  the  fol lowing  vector   diagram. 

IR (RESISTANCE DROP) 

I 

I f   t h e  two E i ' s  do not  check,  then  the ATDC i s  ad jus ted  and the   ca lcu la t ion  
on e and E i  are repea ted   un t i l   the   va lues  are wi th in  0.5% of  each  other. 

Now that  the  value  and  shape of  the gap f l u x  i s  known, i t  fo l lows   tha t   the  
gap  permeance is a l s o  known, and  can be Fourier  analyzed  to  determine  the 
average  and f i r s t   f i v e  harmonic terms .** 
Each of these  harmonics  can  be compared wi th   the   unsa tura ted   ro tor   express ion ,  
and a correct ion  factor   determined  to  make t h e   o r i g i n a l   r o t o r   e x p r e s s i o n   r e f l e c t  
t h e   s a t u r a t i o n   i n   t h e   a l t e r n a t o r   r o t o r  and s t a t o r .  These c o r r e c t i o n   f a c t o r s   a r e  
determined in  the  computer program. They are necessa ry   s incs   t he   o r ig ina l  gap 
flux expression is n o t   i n  a form that   can  be  used  to   obtain B terms computable 
with  the  Force  Calculat ion Program. 

Figure 22 shows t h e   r e l a t i o n  between sa tu ra t ed  and  unsaturated  permeance. 
Note how the   f r ing ing  is appa ren t   i n   t he   s a tu ra t ed  case. 

* An assumedye  must   be  used  to   begin  the  i terat ion  process .  
** The o r i g i n a l  permeance express ion   neglec t ing   sa tura t ion   u t i l i zed   f ive   harmonics .  
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Figures  19  through 22 were  taken  directly  from  the  computer  output. 
The  program  uses  the  iterative  process  described  above  and  arrives 
at  saturation  excitation  and  the  alternator  power  angle. 

The  process  used  for  calculating  saturation,  is  sufficient  for  all 
cases  except  where  the  generator  is  operating  at 15 KVA  balanced 
load  with  a  short  applied  from  line  to  neutral  on  one  phase. 

The  reason  the  saturation  calculation  is  not  sufficient  is  because 
only  average  saturation  at  a  given  point  around  the  machine  is  con- 
sidered  whereas  the  saturation  is  really  time  variant. 

When  the  excitation  is  high  and  the  load  unbalanced,  the  backward 
and  standing MMF waves  are  interacting  with  the  forward  and  ATdc 
" F ' s  to  form  radically  varying  total "J? across  the  rotor,  gap, 
stator  magnetic  path  at  a  given  point  in  time  and  space.  Saturation 
as  a  function  of  rotor  position  does  not  show  the  heavy  saturation 
that  takes  place  when  ATdc  is  not  beine  opposed  by  the  armature  re- 
actions  combined  waves. 

This  specific  case  of  unbalanced  loading  was  first  analyzed  in  the 
same  manner as the  other  five  cases  then  adjusted  by  placing  limits 
on  the  maximum  force.  The  limits  were  determined  from  the  maximum 
flux  density  that  the  steel  could  support. 

The  following  flow  chart  type  of  representation  illustrates  how  the 
analytical  force  was  arrived  at  for  this  case. 

As  with  the  other  cases  differential  saturation  was  not  considered. 
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ORIGINAL  CALCULATION 

FOR CASE SIX 

(Short  le, 5 KVA i n   e a c h  of two remaining  phases) 

T e s t  Resul ts  

From T e s t  Resul t s ,   t e rmina l   cur ren ts ,  and vol tages  

Synnne t r ical  Component 
Analysis 

Satura t ion  Program 

Forward 
Rotating Components ’ ATDCr El, 11, v1 

MlY K1, K2,  K3, K4, K5, K6 f o r  T O ,  
P1,  P2,  P3,  P4,  P5,  where Pr  = 
n th  harmonic r o t o r  permeance 

Force  Calculation 

and K = adjus tment   for   sa tura t ion  
i n   p a t h  from STATOR YOKE TO ROTOR 
YOKE 

Program < I 

.1 
Force  Equations (Too High). 

Bas ica l ly   the   force   ca lcu la t ion  w a s  done as the  other   cases  (1 t o  5) except  
t h a t   o n l y  the forward   ro ta t ing   quant i t ies  were used to   ca l cu la t e   s a tu ra t ion .  

Test da ta  was used i n  a symetrical component ana lys i s   to   de te rmine   cor rec t  
input   da ta   to   the   Sa tura t ion  Program (DC3015-0-0). Data from  both  the 
Sa tura t ion  Program  and the symetrical component ana lys i s  is required to  
ca l cu la t e   fo rce .  The Sa tura t ion  Program a d j u s t s  permeance,the  symetrical 
component ana lys i s  mmf . 
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" F ' s  SEEN BY ROTOR 

1. Forward  Rotating MMF (Positive  Sequence) 
Always moves with  the  rotor  and  has 
the same displacement  from  peak  to 
MMF t o  a poin t   on   ro tor .  

2. D. C. Exc i t a t ion  i s  seen as a constan,t  and  has no re ference   angle   s ince  
i t  i s  of  uniform  magnitude  around  the  gap. 

3 .  Backward Rotating MMF (Negative  Sequence) 
Moves a t   r o t o r  speed  but   in   opposi te  
d i r ec t ioq   l ooks   l i ke  2 w t  t o  a ro to r  
pole. 

4 .  Standing wave "F (Zero  Sequence) 
MMF Stands s t i l l  and pulsa 

move 

t 

:s  pas t  i t .  
t e s   i n  magni tude 

Combining these  " F ' s  r e s u l t s   i n   E x h i b i t  A on the  following  page. As t he  
ske tch   ind ica tes ,   the  much higher  MMF p e a k s   r e s u l t   i n   l a r g e  t i m e  v a r i a n t  
saturat ion  parameters .  
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An adjustment w a s  made on   the   o r ig ina l   force   ca lcu la t ion   for  case s i x   t o  
account   for   the  high levels of time var i an t   s a tu ra t ion .  

ADJUSTMENT  FOR CASE SIX 

Terminal  Conditions 
From Test Including If This sets the  ground r u l e s   f o r   t h e  maximum m f  

I a v a i l a b l e   i n   t h e   a l t e r n a t o r .  

t 
Graph  of Gap Density 
v s  . Tota l  Amp Turns  This combined with  the  terminal   condi t ions  above 

y i e l d   t h e  maximum gap  density.  

Cab. Max. Possible  Force i .e . ,  based on the  miximum gap  density a maxi- 
1 mum fo rce  was ca lcu la ted .  

t 

Fourier   Analysis  of New 
Limited  Force s o  tha t   t he   fo rce  

1 harmonic 
limits a r e   i n  terms l ike   t he   ca l cu la t ed  
and s t eady   s t a t e   fo rce .  

t 
New Coeff ic ien t   for   each  
harmonic in  Force  Expression 

t 
Computer  program < Old Harmonic Coeff ic ien ts  from 
to   ad jus t   each   o ld   coe f f i c i en t   o r ig ina l   ca l cu la t ion  
so t h a t   t h e   t o t a l  i s  within  the 
new boundry  conditions 

New Force  equation of exac t ly   the  same 
-Form  as   o r ig ina l ly   bu t   wi th   ad jus ted  co- 
e f f i c i e n t s  for each term. 
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Der iva t ion   o f   Cr i t e r ion   fo r   In t eg ra t ing   t o  a Force 

In  the  analyt ical   development   sect ion,  i t  was po in ted   ou t   t ha t   ac tua l  
i n t e g r a t i o n  of a l l  the terms is unnecessary  because many w i l l  go to   zero .  
A c r i t e r i o n  was  e s t ab l i shed  and computer ized  to   select   only  the  terms  that  
would i n t e g r a t e   t o  a force.  

can be  viewed as: 
f l  

J 
where the K's represent   the  var ious permeance  and MMF c o e f f i c i e n t s   i n  
Eq. #15. This  can  be  further  reduced by performing  the  indicated  multi- 
pl icat ions.   This   gives   the  form 

P 
B = P, K~ cos n N p  + P, K+ cos (e  -B + . . . . 
+ K5Kl cos  (n? ( e  - w t ) )  cos  (n Q ( e  - w t  + W  - pe)) + . . . . 

which when fur ther   reduced by t h e   i d e n t i t y   i n  Eq. #50b  and l e t t i n g  a l l  the 
K's and Po be a constant  0 and omitt ing terms containing no cos ines   r e su l t s  
i n  Eq. #46 where  terms of the  form n, Nx are represented by Nx. 

I - + Nmmfp8 2 N g  U t  - NA . W t  

- + Nmmf pWt kt',+ )Le f B )  Eq. 1/46 

Each of these  can be represented   in  a s imple r  fashion by combining a l l  the 
8 c o e f f i c i e n t s  to  a and w t  c o e f f i c i e n t s   t o  b. 

B X ~ X ~ X ~ X ~ X ~  =?COS (a e + bwt + r - y / e  + B) Eq. 1/47 
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Since two terms are  necessary  to form x2, l e t  c be l ike a and  d like b then 

Eq . #48 
Then any force term can be represented by substituting  the above i n  Eq. #I. 

/ a  7)- 
F = K 7 COS (ae + b) 7 cos  (c 8 + d)  de 

where K is a constant. 
I ,  Eq. #49 

To give  this  force a sense of direct ion  e i ther  cos 8 o r   s i n  8 must be in- 
cluded i n  the  integral and ac t   as  a multiplier  for  the otheric  cosine terms. 

We can write  the  following  expression  for a force  in  the '8y88 direction. 

FY = K P  (cos(a e + b) COS (C e + d) COS e )  d e 2 Eq. #50 

Looking j u s t   a t  

COS (a e + b) COS (c e + d) cos e 

And expanding by the  identity 

COS oL COS B = 1 / 2  COS (A+ B )  + 1/2 COS (d-B) Eq . #50b 

Indicates  that  

COS (a e + b) COS (C e + d) COS e = 

1 / 2  COS ((a + 1) e + b) COS (C e + d) + 1 / 2  COS ((a-l)e + b) COS (C e + d) 

which can be further expanded to: 

= 1/4 cos ((a + 1 + c) 8 + b + d) 

+ 1/4 cos ((a + 1 - c)  e + b - d) 

+ 1/4 cos ((a  - 1 + c) e + b + d) 

+ 1/4 cos ((a - 1 - C) e + b + d) 

It can be  shown that  

Therefore; a + 1 + c = 0 
a + l - c = O  
a - l + c = O  
a - 1 - c = O  

Eq. t51  

Eq. #52 
Eq. 853 
Eq. 854 
Eq. #55 

i n  Eq. 851 w i l l  integrate  to a  non zero  value of force. 

Since  the Brayton Cycle machine has  an  even number  of amortisseur  slots, 
s ta tor   s lo t s ,  and poles,  the  only terms tha t  can be  combined  and integrated 
to  a force  are  those where  one 3 term contains  eccentricity and one 1 term 
contains  only  other  coefficients. The eccentricity term contains  an odd 
* The force  in  Eq. #1 i s  radial ly  outward, therefore; 

Fy - Fcos €I and F, = Fsin 8 .  - 



8 which w i l l  combine wi th   the   d i rec t ion  sine o r   c o s i n e  8 to   form some 
argument  with a 0 f o r   t h e  8 c o e f f i c i e n t  as i n  Eq's. 52,  53, 54, 55. 

The following is an  example  of one 8 )  term in teg ra t ed  t o  a force.  The 
f i r s t  term contains   average  or   dc permeance  and the fundamental  of  armature 
reac t ion ,  The second term contains   the  fundamental   rotor  permeance, 
e c c e n t r i c i t y  and the MMF fundamental. 

2 

+ COS (28 - 2 w t  +n -ye + e - B - m- +ye) 
=. 

Where K = * 
8 Po 7 2  

Eliminating  the terms t h a t - d o n ' t   d i f f e r  by uni ty   g ives .  

In tegra t ing :  

F(y) = -.932 COS (2 w t  - B + 2 8 )  - 1.864 COS (-2 w t  + B) 

Eq. #57 

Eq. #58 

This  force  has two permutations as follows: 

)3000001 x %OOll 
h O 0 O l  x ~00011 

is equiva len t   to  

Thus only one in t eg ra t ion  is  necessary   to   f ind   four   forces   a r i s ing  from two 
sets of > Terms. 

By predicting  the  terms  that  may be combined to   exac t ly   t he  same force  the 
t o t a l  number of terms that must be in tegra ted  is c u t   i n   h a l f .  An e l abora t e  
bookkeeping scheme i n   t h e  computer  program  accomplishes  this by generat ing 
the f l u  dens i ty  terms i n  a spec i f i c   o rde r .  

The n e t   r e s u l t  of the   severa l   mi l l ion   poss ib le  terms in   the   force   equat ion  
i s  a few hundred terms of ac tua l   force .  Those with like angular  arguments 
a re  combined by the  computer. The f i n a l  computer  output  also  contains  ex- 
p re s s ions   fo r   t he   de r iva t ions  of force   wi th   respec t   to   eccent r ic i ty  and 
eccent r ic i ty   angle  B.  
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SECTION X 

EXPERIMENTAL DATA 

"Table" of Contents - Where t o  Find  the  Polaroid  Photos of 
Oscilloscope  Traces of Bearing  Force f o r  Various Test  Conditions, 
No load at 2 .7  f i e l d  amperes i s  given i n  photo v-49. 

Page No. DE 
/Page No. ODE 

Eccen-  P.  F. 
L r i c i t y  
(nomind) 

I t 
No Load 13.33 KVA 111.25 KVA 
No F i e l d   S i n g l e  3 Phase 

Phase 

--- I --- I 94/118 

15 MZA 
3 Phase 

15 KVA 
3 Phase, 
then 1 
Phase 
Shorted 

I 

-" I --- 
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Zeeentricity: Zero Top a? llterrvtor 

+X* Poler ?lor of Bearing Forces 



X Fc,rces Y E .  TLne YFcrres - 5 .  T:me 

dc force 
>lW 

cosponent 
c% Cp6 



+x- Polar Plot of 3earir.p ~ s r c c s  

X Forces n. Time Y Forces vs. Tim 
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%=centricity: .CO2 In. twnrd bottom of. generator 

rpuivllent Lead Condition: EG l?ad, ::o ???Id 

Lacstion: DE bear- 

m: ?007 

Force Scale: 5 pounda per  centimeter  radinl  or  vertical 

Time Bcsle: One remlution between timing nmrks 

Left Side 
O f  

fiternator 

Top of Altrrnstor 

X Forces VU. Time 

dc force 
P l U  

100  cpa 
CctDponent 

?alar Piot of FPartng Forces 

Y Force8 VI. Time 
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Location: DE bearing 

APII: 3 M O  

Force Scale: 5 pounds per centimeter radihl or n r t i c u  

TFme Scale: One revolution between timing -kB 

+X* Polar  Plot of Bearing  Forces 

Y Forces vs. Time 

92 
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Eccentricity: .(;!:2 in .  toward bottom of gemrator 

EquiMlent Load Condition: ;:.‘: KVA :.,: P.F. j 4 

the: L$ shorted 

Locotion: D? bearing 

RPM: ;YT 

Force Scele: 5 > ~ u n d s  p e r  centimeter  redial or vertical 

Time Scale: One revollltlos between timlng mar& 

Top of Altrrnetor 

dc force 
P1.X 

component 
loo cps 

+X+ Poler  Plot nf Bearing ~arce . s  

Y Force6 Y S .  Tlme 

93 



X ?orces n. Tima 

+X.. Polar  Plot of Beering Force8 

Y Forces n. Time 
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bcat lon:  DE bearin8 

Imk 3000 

?one Scale: 5 porn& per ccnti.reter radial or vertical 

Time Scale: One revolution betvccn tiMlIq rrkl 

Top of UtZrnator 

Left ai& 
O f  

u t e n m t o r  

+IT 

X Forces vs.  Tlme 

+X+ Polar Plot of Bearing Forces 

Y Force. vu. Time 
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Zcccntricity: .002in. toward bottom of generator 

Equimlent Load Condition: 15KVA 0.3 P.P. 3 +  

then 1 I$ shorted 

Location: 2r bearing 

RpM: .';!:;, 

Force Scale: 5 2aunCs per  centlmeter  reAlal or vertical  

Time Scale: Oze :eval.~tion  betveen thing marks 

X Farces V B .  Time 

Top of Alternetor 

Y Forces Y S .  Time 

dc ro rce  
PlW 

2 3  cps 
component 

dc force 
Plus 

3 L j  CPa 
component 
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Eecesntricity: .W2 i n .  towmrd bottom of generator 

Iquiv8lcnt -4 Condition: ; S  KVA P.5 P.F. ?,$ 

then 3 shorzed 

LOcation: DE bearing 

WW: jrx)O 

?orce Scale:  5 pounds per  centimeter red ia l  or  vertical 

Time Scale: me revvlutlon between timing marks 

X Forces ve. Tlme 

Left Side 
Of 

Alternator 

Tap of Alternator 

+X+ 

+ Y t  

Polar Plot of Bearing Frjrces 

Y Forces vs.  Time 

97 



Eccentricity:  :' . in. toward b o t t m  of generator 
T:p af Altercator 



Iccentricity: .c:2 in. toward bottoc. of generator 

IquiVmlent bad Condition: 7.;? KVA 1.0 P.P. i b  

Locsrion: DE beiring 

m: yr;c 

Force S c a l e :  5 pounde per  centilcrter  rsdie1 or vert ica l  

TIE Scale: One revo1ution brt'deen timing mrka 

Top of Altrrnator 

X ForceG V B .  Tine 

+X+ Polar Plot of Bearing Forcea 

Y Forccs "a. T i p r  
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Scceotricity:  .& Ln. toward  bottom ai gsnermtor 

Zquinlent  L0.d Condition: 11.25 KVA 1.0 P.I. 3 4  

Top  of Alternator 

Left  Side 
O f  

Location: DE bearing  Alternator 

WW: 3000 

Force Ecale: 5 pounde per centbeter  radial  or  vertical 

Time Scale: One revolution betveen  timing  lbrkn 
+yt 

+X+ 

X Forces n. Time 



leeentrlcity: .Oh in. towsrd bottom or generator 

Equivalent Load Condition: 11.25 KVA 0.6 P.F. 3 6 

Location: DZ bearing 

Force Scale: 5 pound8 per centimeter radial or mrtlcal 

T i m  Scale: One revolution between timing marks 
+yT 

+X- 

X Forces VII. Time 

b r t  side 
Of 

Alternator 

Top of Alternator 

Polar Plot of Bearing Forces 

Y Forces a. T i e  



l a n t r l c i t y :  .004 In. toward bat- of mnrrator 

Zquinlrnt Lad Condition: 15 XVA 0.8 P.?. 3 4 

LOCatIon: DE bearing 

mu: 3000 

?OrCe S c s l e :  5 pounds per centimeter rsdiel or n r t i c l l  

Tim? scale: One revolution  betvcen tim* mkm 

+X+ Polsr Plot of Bearing Forces 
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then 1 0 shorted 

Location: DE bearing 

Rpw: 3450 

?orce %.le: 5 pounda per  centimeter  radial or vcrt lcal  

Time Scale: One revolution  hetvecn  timing mrka 

kit Bide 
O f  

Nte-tor 

+Y1 

X Forces vm. Tiw 

dc force 
Plus 

cooponent 
115 cp. 

+X-. Polar  Plot of Bearing  Forces 

Y Forces n. Time 
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Location: DE bear- 

RFn: 3 m  

Force Scale: 5 pound. per  centimetCr rsdirl  or mrC1qbl 

Time Scale: One revolution  betvten tlm- CrW 

X Forces n. 4 i ~  

Top of llturnator 

a- Polar Piot of Bearing Forces 

Y Forces vs. Time 
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Time Scale: Ons r e v o l u t i a n  betveer tizing rnrks 
+Yi  

Left Side 
or 

Alternntor 

dC rcrce 
p .:G 

component 
100 CFE 

dc force 
P l W  

CpS 
component 

dc force 
Plm 

component 
303 cpa 

105 

Top of Altcrnstor 

Polor P : s t  of Benr:ng T ~ r e e s  
" - 



Eccentricity: .CY% in. tovard bottom of genermtor 

muinlent L0.d Condition: 3.33 KVA 1.0 P.?. 16 

Location: LE bearing 

m 3oon 

Force Scale: 5,pounds per  centimeter  redial or vertical  

T i m  Scale: One revolution between timing mrks 

X Forces vu. Tiw 

Tap of Alternator 

Y Forces vs .  Time 
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Lccentricity: .co6 in. toward bot- d. ,gemrator 

Equlnlent L x d  Condition: 11.25 KVA 1.0 P.?. 30 

Location: DE bearing 

m: 3000 

Force Scale: 5 pounds per centimeter rsdial or vsrticml 

Time Scale: One revolution between  timing r r t s  

X Forces M. T h e  

+X- Polar Plot of Bcaring Forces 

Y Foorcea VI. Time 

107 



Bccentricity: .or% in. toward  bottom of generator Tap of Alternator 

X Faxes  Y E .  Time 

+X+ 

+xt +ut 

dc force 

100 cp6 
PI=. 

c q o n e n t  

ac force 
PlW 

.2@3 cpa 
component 

dc force 
Plus 

cmpanent 
3m ep. 

108 

Polar  Plot Of Beering Forces 

Y Forces v6. Time 



=centricity: . m i  in .  tovard bottom of enerator 

Equivalent L w a  Condition: 1: KVA o.a P.F. 3 0 

iacstion: D:' bearing 

m: :mo 

Force Scsle: 5 pounds per centimeter  radial or vsrtlcal 

Time Scale: One rewlc t ion  betireen timing lazb 

Top of Alternator 

X Fortes v8. Time 

dc force 
P l u s  

camgonent 
100 cps 

+x* Polar P l o t  of Beering Forces 

Y Forces ~ 6 .  Time 
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Eccentricity: .& Fn. toward bottom of generator 

Eguivalcnt Load Condition: 15 KVA 0.8 P.?. 3 6  

then 1 I$ shorted 

Locatlon: DE benring 

KPM: jJ150 

Force Scale:  5 po.cds  per  centheter radial or vertical  

Time Scale: One rewlution between timing marks 

X Forces v6.  Time 

Top of Altrrnator 

Lett s m  
O f  

Alternator 

+Y? 

Pclsr PiDt of Bearing  Forces 

Y Forces vs. Ti- 

de force 
D l U S  

caxwnent 
1, cps 
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Top of Altemtor 

Left Slde 
or 

Alternator 

4 

X Forces vs. Time 

dc force 
Plus 

100 cps 
ccmwnsnt 

Poler P l o t  of Bearing Forces 

Y Forces " 6 .  Time 
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Eccentricity: ?.e:. Top of Alternator 

Paler P l o t  of Bearing Forces 

Y Forces vs. Time 

+xt +YT 



Eccentricity: 
Top Of Altcmtor  

X Forces vu. Time 

+X-. 

+xt +ut 

dc force 

103 cpa 
Plus 

crrmponent 

de force 
Pllv 

ZwJ cp. 
ccmponent 

de force 

300 ep 
PlW 

.c-nt 

Polar Plot of Bearing Forces 

Y Forces v s .  T h e  
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ikcentricity:  Zer.? 

Iquivalcnt Load Condition: l l . 2 5  KVA 1 .O P.?. 3 4  

Location: ODE bearing 

m: :or+ 

Force Scale: 5 pound6 per  centherer  radial  or  vertical 

Time Scale: Gme revolurim between timing marks 

X Forces vu. Time 

+X-. Polar Plct cf Bearing  Forces 

Y Forces VS. Time 



Location: ODE bearing 

Wn: Y J X  

Force Scale: 5 poundll per  centimeter  radial  or  VeTtiC~I 

T i r e  Scale: One revolution betsrcen timing nrrks 

Top of Alternator 

Left side 
Of 

Alternator 

+yf 

X Force9 vu. Time 

+X+ 

*yt 

Polar Plot  nP Beering  Forces 

Y Force8 vu. T i r e  
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Eccentricity: . O W  in. toward  bottom of &enerator 

tquivalent L D S ~  condition: 3.33 KVA 1.0 P.P. 14 

Location: ODE bearing 

m: ?OCC 

Force Scale: 5 pmmds p e r  centimeter radial or vertical 

Time Scale: One rervlut ion between timing marks 

Left. side 
Of 

Alternator 

+Yf 

TOP o r  Alternator 

X Forces M. Time 

dC rorce 
Plus 

c”nt 
100 cps 

+X-+ 

+UT 

Pclar Plot sf Besring Forces 

Y Forces vs. T i m  
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Eccentricity: :;cP in. tovcrd bottom of. generator 

Equivmlent Load Condition: 1i.25 KVA 1.1: P.F. 14 

Lacetion: ow bearing 

m: il >,: 

Force Scale: 5 pounds per centimeter radial or vertical 

Time Scsle: One revolution betveel; timing m r k a  

X Furces " 6 .  Time 

dc force 
p1US 

100 cps 
campanent 

Top of Alternator 

+X+ P e l o t  5f Bearing Fcjrces 

Y Forcce V E .  T h e  

dc force 
P l u s  

200 cpa 
component 

ac force 
P l W  

3@J cps 
ccarponent 
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Zceentricity: .002 in. tovvd bot- o t  generator 

W i v r l c n t  L=ad Condition: 11.25 F A  0.6 P.?. 3 0 

Location: ODE bearing 

m: >c..:c 

Force Scale: 5 pounds per centimeter  radial  or n r t i c d  

Time Scale: One revoluticn  bevdeen  timing marks 

bit Sldc 
Of 

Alternator 

+Y? 

+X+ 

Top of A l t r m t o r  

X Forces vu. Time 

+xt +YT 

dc force 

100 cpa 
P l u s  

ccqmtlent 

dc force 
PI- 

component 
m cpo 

Pclar Plot of Be6rir.g Forces 

Y Forces VB. Time 

dc force 
PI- 

ccalponent 
300 Cp. 
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zecentrlcity: .m2 in. tovard  bottom of generator 

Eouivllent Load  Condition: 15 KVA 0.E P.?. 3 6 

Location: ODE bearing 

RPn: 3x73 

Force Scale: 5 pounds per centimeter radial or vertical 

Time Scale: One revolution between tlmln8 s u k m  

Left 81de 
Of 

=ternator 

'Yt 

X Forcee vu. Tlme 

dc force 
Plua 

ccwonent 
I W  cpe 

Top of Altemstor 

+X" Polar Plot of Resrlng Forces 
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Zcemtricity: .Ca2 in. tovard bottom of pneri tor  

Lguinlent  Lead Condition: 15 KVA 0.6 P.?. 3 4 

then 1 4 shorted 

Location: ODE bearing 

m: 3L50 

Force Scale: 5 pounds per  centiaezer radinl or  vert ical  

Time Scale: One revolution  betweer  timing msrke 

+X+ 

Top of Nternator 

X Forces VB. T h e  Y Forces V B .  Time 
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Eccentricity: .co2 in. toward bottom of generator 

Epuivalent Load Condition: 15 K V A  0. j  P . 1 .  3 4 

then 3 I# shorted 

Location: DDT: bearing 

m: j00" 

Force Scale: 5 pounds per  centimeter  radial  or  verticll 

Time Scale: Ole revclction betmeen timing marks 

X Forces V S .  Time 

dc force 
Flus 

cmponent 
100 cps 

Top of Altcmator 

dc force 
Plwl 

component 
m cps 

dc force 
P l W  

c m e n t  
300 cp. 

Y Forces v s .  Tine 

12 1 



Iocmtim: ODE bearing 

RRI: 3 m  

Tome Scale: 5 pounds per centisrter r a i d  or mrttul  

Scmle: One revulutlon betvrcn timing a r k #  

*X* Polar Plot of Bearing Forces 

Y Forces VB.  Tim 
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Locmtlon: ODE bu-bg 

m 3000 

?orce k a l e :  5 pound. per centimeter radial or vertlcml 

Time Scale: me revolution betvecn t w  erkl 

kit aide 
O f  

Alternator 

+yT 

X ?orcer vs. Tile 

+X+ 

+YT 

Polar Plot  of Bearing Forcer 

Y Forces M. Tisc  
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teecntricity: ,OS In. towerd bottom of gererator 

Squimlent LDad Condition: 11.25 KVA 1.0 P.F. j$ 

Location: OC? bearhng 

m: 5 0 x  

Force Scale: 5 pounda per  centimeter  redial or vertical 

Time Scale: One revolution  betveen timing mrlu 

X Forces w .  Time 

+x+ Polar Plot  of Beerigg Forces 

Y Forces " 8 .  Time 
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Zecwntricity: .Go4 in. toward  bottom of genermtor 

Kqulvalent b a d  Condition: 11 .25 KVA 0.3 P.P.  3 # 

Location: ODE beerhg  

WII: ?.om 

Force Scale: 5 pounds per  centimeter  radial  or  vertical 

Time Scale: One revolntfon betveen timing mrk. 

Left Side 
or 

AlteWtor  

+Yrt 

Top of Alternator 

X Porccs VB. T i m  

ac force 
n1 w 

component 
107, cps 

+X" 

+ut 

Polar Plot af Eesring  Forces 

Y Forces v s .  T h e  
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Eccentricity: .004 in. tomard bottom of gencrmtor 

Equivalent Lcad Condition: lj KVP. ,:.B P.?. 39 

Lacarloo: OD? bearlng 

RpH: y<-.,-; 

Force Scale:  5 7mm66 per cenriseter radial  or verticsl 

Time Scale: Doe re?ulu*.icrc between timing rarkr 

X Forces w .  Tlme 

TOP of Alternator 

Polar Plot 2: 3esr:ng Farces 

Y Forces 7 5 .  Tire 
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Zccentricity: .s:o.i in. toward bottom of generator 

Equivllent  Load  Condition: ~j K V A  9.3 P.F. 3 0  

then : 4 shorted 

Locatlon: ODE bearing 

RFn: 3LSO 

Force Scale: 5 pounds per centimeter radial or vertical  

Time Scale: One revolu'.iol between t i m i n g  mrks  

X Forces ~ 6 .  Time 

Top of Alterustor 

Ccft Side 
Of 

Alternator 

+UT 

+X+ 

+UT 

Y Tcrces v e .  Tlae 

12 7 



Ececntricity: ,064 in. tmnrd bottom of gezerator 

Equivalent Load Condition: i5 M I A  0.S P.F. 30 

then 3 I) shorted 

Location: OLE bearing 

m. 'i]i>O 

Force Stole: 5 ps,mds per canilmeter radiei ar verticel  

+x? 

Top of Alternator 

dc force 
F l W  

capFo3ent 
2w cps 

dc force 
Plue 

3uJ CPS 
compofient 
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Eccentricity: .OVA in. toward bottom of generator 

Equivalent Load Condition: Nlc b a a ,  I,., Yield 

Location: JDE: beering 

WM: 3rm 

Force Scale: 5 pounds per centineter  radlal or  vertical 

Time Scale: One revolution betireen timing mrka 

Top of Alternator 

X Forces V B .  Time Y Forces vs. Time 

+x t  cy1 

dc force 
TIUS 

1M) cps 
ccmponcnt 

dc rorcc 
Plus 

200 cps 
cmponent 

129 



Eccentricity: . K G  in. toward bottom of generator 
Top of Altenetor 

X Forces 1.e. Time 

13 0 



Eccentricity: .ALL in. toward bottom of generstor 

Equivalent Load Condition: i l .5  KVA 1.c P.?. 3 4 

Locetion: OD? bearing 

m: j c m  

Force Scale: 5 pounds per centimeter radial or vertical 

Time Scale: One revolct lon between tlnlng marb 

Top of Alternator 

X Forces Y S .  Time 

dc force 
Plus 

200 cpa 
component 
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Location: ODs bearing 

m: ?QS,> 

Fcrce Scale: 5 pounds per centimeter radial or vertical 

Time Scale: One revolurlcn uesveen timing unrb 

X Forces v8. Time 

Tap of Alternator 

+X- Polar Plot of Beer1r.g Fcrces 

Y Forces " 6 .  Time 
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Eeecntriclty: .OCA in. toward bottom of generator Top of Alternator 

Equivalent laad Condition: 15 KVA 0.0 P.?. 3$ 

b i t  side 
Of 

Alternator Location: (IDE bearing 

WH: jcoo 

Force Scale: 5 pounds per centimeter radial or wrticsl 

Time Scale: One revolution between timing marka 
+yt 

+X+ Pvlflr Plct cf &Bring Forces 

X Forces vu. Time Y Farces V B .  Time 
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Eccentricity: .C<-! in. toward bottoz of generator Top of Alternetor 

then 1 0 shorted 

X Forces V K .  Tine 

dc force 
P l W  

component 
i. ’; cps 
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Zceentricity: .OrA in. toward bottom of generator 

Squinlent Lomd Condition: 15 KVA 0.6 P.?. 3 4  

then 3 0 shorted 

Location: ODT bearing 

m: ? w o  

Force Scale: 5 pounds per centimeter radial or vcrticll 

Tim? Scale: One revoluticn betveen timlug muka 

X Forces YE. Time 

Top of Alternator 

+X-. P - o x P i o t  o!' Searing Frjrces 

Y Forces v 6 .  Time 
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Eccentricity: .006 inches  toward  bottom  of  alternator 

Equivalent  Load  Condition: No load, 2.7 field  amperes 

Location: O.D.E. bearing 

RPM: 3000 

Force  Scale: 10 pounds  per  centimeter  radial  or  vertical 

Top of Alternator 

left  side 
of 

alternator 

+x - Polar  Plot of Bearing  Force 

(Unfiltered) 

v-49 
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SECTION XI 

ECCENTRICITY  MEASUREMENTS 

The e c c e n t r i c i t y  o f   t he   ro to r   w i th   r e spec t   t o   t he   s t a to r  was var ied  by 
changing  from  one to   ano the r  set of s p e c i a l l y  made bearing  housings.  These 
bearing  housings had the i r   bo res   g round   eccen t r i c   t o   t he i r  OD's by .OOO", 
.002",  .004", and .006". Even though  these  housings were made qu i t e  
accura te ly ,   to le rance   s tack-up   in   the   var ious  parts r e s u l t e d   i n   e c c e n t r i c i t i e s  
d i f f e r i n g  from those  desired.  

The actual e c c e n t r i c i t y  of r o t o r   t o   s t a t o r  was determined by measuring  the 
a i r  gap  between r o t o r  and s t a t o r  a t  each  end of t h e   a l t e r n a t o r .  The r o t o r  
(see Figure 23) had a "windage" s h i e l d   o r   d i s c  a t  each  end of the   po les   tha t  
has   the same OD as t h e   r o t o r .  A special ly   modif ied  taper  gage was inse r t ed  
between t h i s   d i s c  and the bore of t h e   s t a t o r  (a t  a s t a t o r   t o o t h )   t o  measure 
t h e  gap.  This was done a t  four  equally  spaced  locations  around  the  bore. 
The d i f fe rences   in   the   gaps   ind ica ted   ro tor   d i sp lacement   in   the  "X" and "Y" 
d i rec t ions .  The X and Y displacements were combined vec tor ia l ly   to   de te rmine  
the   to ta l   d i sp lacement  and t h e   r a t i o  of X and Y displacements  determined  the 
d i r ec t ion .  

The r e s u l t s  of  these measurements a r e  shown in   F igu re  24. 
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ARP BEARING FORCE TEST ROTOR 

FIGURE 23 



Measured  Rotor Eccentricity As Viewed From The Opposite Drive End 

Alternator 

Opposite Drive End 
( ODE ) 

View of fa 
Eccentricity 

Drive Motor 

Opposite Drive End Drive End 

".002 in" Eccentricity 

,032" 

" .OO5 in" Eccentricity 

".006 in" Eccentricity 

F.igure 24 
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SECTION =I 

TRANSDUCER DESIGN AND CALIBRATION 

It was dec ided   ea r ly   i n   t he  program t h a t   t h e   f o r c e s  imposed  on the  bear ings 
of the  Brayton  Cycle  alternator would  be  determined by measuring  the  bearing 
r eac t ions .   Spec ia l  end sh ie lds  were designed  which  supported  each  bearing 
housing  (and,  consequently,  the  rotor) on fou r   t h in  arms. These arms were 
instrumented  with  s t ra in   gages.  The arms were spaced a t  90' i n t e r v a l s  and 
were ar ranged   to  be s e n s i t i v e   t o   t h e  "X" (horizontal)   and "Ylr ( v e r t i c a l )  
components  of force   exer ted  by the  bearing  housing on t h e   a l t e r n a t o r   s t a t o r .  
Figures  25, 26 and 27  show t h e   s p e c i a l  end shields   with  the  t ransducer  arms 
both   separa te ly  and a s   i n s t a l l e d   i n   t h e   a l t e r n a t o r .  

One goa l   in   the   des ign  of the  force  measuring  system was t o  have a s i m p l e  and 
clean  system  with  inherent ly  good accuracy  and  freedom  from  various  troubles. 
The gages  and  br idge  c i rcui ts  were l a id   ou t   t o   be   s e l f - cance l ing  and s e l f -  
compensating  for most predictable   sources  of error .   Convent ional   foi l   gages 
were used rather  than  semi-conductor  gages  to escape the  temperature  dependent 
proper t ies  of  gage f a c t o r  and l i n e a r i t y  of t h e   l a t t e r .  A schematic of t he  gage 
arrangement i s  shown below: 

Y FORCE ( STRAIN GAGE BRXDGE) 

4 
STRAIN GAGES 

X FORCE 
TRAIN GAGE BRIDGE 

STRAIN GAGE S 

An upward force  (plus  Y)  would put  gages 1 and 2 i n  a compression  and gages 
3 and 4 in   tension  a l lowing maximum output  with a fou r   ac t ive  arm bridge. 

The transducer arms were proportioned  and  arranged  as shown below: 

.500" 

END SHIELD MAT'L 
304 STAINLESS 

CENTER 
- STRAIN GAGES LOCATED AT 
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These arms are v e r y   s t i f f   i n   t h e   a x i a l   d i r e c t i o n   t o   w i t h s t a n d   t h e   t h r u s t   f o r c e s  
due t o   b e a r i n g   a x i a l   p r e l o a d .  The gages are r e l a t i v e l y   i n s e n s i t i v e   t o   a x i a l  
fo rces   s ince   t he   gages  are mounted  on t h e   n e u t r a l   a x i s  of t he   t r ansduce r   fo r  
bending i n   t h a t   d i r e c t i o n .  

The .050 thickness  i s  g r e a t  enough  compared t o   t h e  .5   in .   l ength   tha t   the  
t r a n s d u c e r s   a c t   l i k e   s t i f f  columns  and t h e r e  i s  no dangerof  buckling  from 
compression  loads. 

The arms are n o t   s t i f f   f o r   b e n d i n g   o c c u r r i n g   i n   t h e   p l a n e  of the   end   sh ie ld  
but   the  gages are arranged s o  t h a t   t h e s e   s t r a i n s   t e n d   t o   c a n c e l .   I f   t h e  arm 
of t h e  Y axis   containing  gages 1 and 2 were ben t ,   t he   s t r a in   i n   gage  1 would 
be  cancelled by t h e   s t r a i n   o f   o p p o s i t e   s i g n   i n   g a g e  2 because  they are i n  
diagonally  opposite  legs  of  the  bridge.  

Since  gages 1 and 2 are phys ica l ly  removed from  gages 3 and 4 ,  t h e r e  was  some 
p o s s i b i l i t y  of t h e i r   s e e i n g   s l i g h t l y   d i f f e r e n t   t e m p e r a t u r e s .  A fou r   ac t ive  
arm b r i d g e   w i t h   a l l   f o u r  arms a t  t h e  same temperature is  self- temperature  
compensating. The temperatures  of  the  transducer arms were s t a b i l i z e d  and 
equal ized by passing  water  through t u b e s  l oca t ed   a t   each  end  of the  arms. The 
intent  of  the  water  f low was no t   t o   coo l   t he  arms b u t   t o  overcome, by b r u t e  
fo rce ,  any  temperature  differences  result ing  from  differences  in  heat  f low  in 
each arm.  These tubes were f e d   i n   p a r a l l e l  from a header  (a  copper  doughnut) 
tha t   can  be seen   in   F igure  2 7 .  Water was also  passed  through a loop of tubing 
on the   face  of each  bearing  housing  to remove bear ing  losses .  

The s t ra in   gages ,   which   can   be   c lear ly   seen   in   the   c lose  up of the  transducer 
arm i n   F i g u r e   2 8 ,   a r e   a c t u a l l y  a double  or "sandwich"  gage. Two i d e n t i c a l  
gages  are  placed one  on top of t he   o the r  and wi red   i n  series in   such  a  way 
t h a t  any voltage  induced  in one  gage by  s t ray   magnet ic   f lux  i s  cancelled by 
the  voltage  induced  in  the  other  gage. 

Expected  forces  exerted  at   each  bearing  ranged from z e r o   t o  60 pounds  and the 
t ransducer  s y s t e m  was designed  around  these  f igures.  The actual  forces  measured 
were much less than   t h i s   bu t   t he  s y s t e m  worked w e l l  enough t h a t   t h i s   d i d   n o t  
prove t o  be a problem.  Tektronix I ' Q  Un i t "   s t r a in  gage  amplifiers were used 
because of the i r   ex t remely   h igh   ou tput   and   the i r   adaptab i l i ty   to   osc i l loscope  
d isp lay .  The s e n s i t i v i t y  of t he  "Q Unit" i s  such   tha t  a scope beam d e f l e c t i o n  
of  one cen t ime te r   r e su l t s   fo r   2 .5  p s t r a i n   ( 2 . 5  x lo6 i n / i n . )   i n   e a c h   s t r a i n  
gage .   Th i s   r e l a t e s   t o   t he   l oad   i n   t he   t r ansduce r  arms as follows: 

S t r a i n  = S t r e s s  = Force/Area 
Modulus of E l a s t i c i t y  E 

area per   force  component = 2 a r m  x .05 thk x .5 deep 
area = .05 in.2 
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f o r  a fo rce  of 10   l b . ,   s t r a in  = 1 0   l b i - 0 5   i n -  ' = 6.9 x in / in .  
29 X lo6 lb / in2  

beam d e f l e c t i o n   f o r  10 lb .   force  per   bear ing:  

d e f l e c t i o n  = 1 cm x 6 .g x 10-6 i n / i n .  = 2.76 cm/lO lb 
2.5 x i n / i n .  

- 
or 3.52 lb/cm 

(The system was later used a t  a s e t t i n g  of 5 pounds pe r  cen t ime te r   t o  make the  
da t a  more readable) .  

The s t r e s s   l e v e l   i n   t h e  arms wi th  a force on the  bear ing of 10 l b s .  i s :  

The t ransducers   were  cal ibrated by using  the  device  pictured  in   Figures  29 and 
30. This dummy frame,  shaft  and t h e   t e s t  end sh ie lds   were   s e t  up i n  a t e n s i l e  
t e s t i n g  machine. Loads were a p p l i e d   t o   t h e   a x i a l   c e n t e r  of t h e   s h a f t   i n   s t e p s  
of 10 lbs .  per  end from z e r o   t o  100 lbs.   per  end. The holes  around  the  periphery 
of the  f rame  a l lowed  the  load  to   be  appl ied  in   l ine  with  the  t ransducers  and i n  
30' increments  between  the  axes of the   t ransducers .  The system  resolved  the "X" 
and "Yr' components  of o f f   ax i s   fo rces  well enough t h a t   t h e  maximum d i f f e rence  
between indicated  and  measured  force was 3 l b s .   a t  100 lbs .   wi th  a maximum  3' 
e r r o r   i n   d i r e c t i o n  of indicated  force.  The Q Unit   se t t ings  used  to   get  a 
cal ibrated  output  are shown i n   t h e   t a b l e  below. 

Set Q Unit s e n s i t i v i t y  a t  2 0 0 ~ ~ / d i v i s i o n  (cm) 
Press  "Calibrate"  button 
Adjust  scope beam de f l ec t ion   t o   fo l lowing   va lues   t o   ge t   i nd ica t ed  

fo rce   ca l ib ra t ions  

Opposite 
Y ax i s  3.04 cm Drive End Y ax i s  2.70 cm 
X a x i s  3.04 cm 

-~ 

Resultinp  Force  Calibrations (DE & ODE) 

- 

S e n s i t i v i t y   S e t t i n g  

250 100 50 25 10 5 Force  ( lb)   per  cm of beam 

500  200 100 50 20 10 

d e f l e c t i o n  
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Although  the  transducer  system worked v e r y   w e l l   f o r   s t a t i c   l o a d s ,   t h e  s y s t e m  
was required  to   perform  dynamical ly .  The r o t o r  and i t s  transducers  comprised 
a mass-spring  system  which had resonant  frequencies.  The r a t i o  of   force   t rans-  
mi t t ed   t h roagh   t he   sp r ing   t o   fo rce   app l i ed   ( t r ansmiss ib i l i t y )   t o   t he  mass is  
a funct ion of t h e   r a t i o  of   exci t ing  f requency  to   natural   f requency of the  system 
as shown in   t he   ske t ch  below. 

I l l  
I 

F,SIN W L  

I 
1.0 

I .. 
FORCE TRANSMITTED 

w / w n  
The t r a n s m i s s i b i l i t y  of the  system was determined  experimentally  and  the results 
a r e  shown in   F igure  31. An accelerometer was mounted a t   t he   cen te r   o f   t he   ro to r  
as   p ic tured   in   F igure  32 and  the  assembly of ro to r  and s t a t o r  was p laced   in   the  
v i b r a t i o n  tes t  f i x t u r e  shown in   F igure  33. Other  accelerometers  were  placed on 
the   s t a to r   i n   l i ne   w i th   t he   t r ansduce r s .  The output  of  the  rotor  accelerometer 
divided by the  average of the  output of the   s ta tor   acce le rometers   a t   each  end  of 
t h e   a l t e r n a t o r  was t aken   a s   t he   t r ansmiss ib i l i t y  of t he  sys tem.  

The t rans la t iona l   resonant   f requency  of the  rotor  turned  out  to  be  about 400 cps,  
very  c lose  to   the  pole   f requency.  The pr inciple   contr ibutor   to   the  system  having 
th i s   r e sonan t   f r e  uency was the   ba l l   bea r ing .  The transducers had a sp r ing   r a t e  
of about 2.4 x 10' lb/   whi le   the  bear ing had ca lcu la ted   rad ia l   spr ing   cons tan ts  
in   the   range  of 4  x 10fn;b/ in .   to  8 x lo5 lb/in.   depending on r ad ia l   l oad ,   ax i a l  
load and rotat ional   speed.   Since . kese two "springs"  ( the  bearing and the 
transducer  arms)  were i n  series,  changing   the   s t i f fness  of the  t ransducer  arms 
could  not  have changed the  resonant  frequency of t he   ro to r  s y s t e m  b y  any 
appreciable  amount. The axial   bear ing  load of 80 lbs .  was chosen as a compromise 
between bear ing   capac i ty   l imi ta t ions ,   hea t ing ,  and resonant  frequency. 

Sect ion XI11 presents  some of the  effects   of   these  resonant   f requencies   and  the 
resu l tan t   changes   in   t es t   p rocedure .  
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BEARING  FORCE END S H I E L D S  AND BEARING  HOUSING 

I 
(OUTSIDE  ALTERNATOR  FACES) : I .  :, 

L " d  ' 

FIGURE 25 



BEARING FORCE END SHIELDS 
(INSIDE ALTERNAT( 

FIGURE 26 



BEARING  FORCE  TESTS A.D.E. OF  ALTERNATOR 

FIGURE 27 



FIGURE 33 



FICUR E 34 



m 

FIGURE 35 



SECTION XIV 

Analytical   and  Experimental   Correlation 

Referr ing a i r  gap f o r c e   t o   b e a r i n g s .  

The unbalanced  magnetic  force  occurring i n   t h e  air  gap  can  be  reflected t o  
the   bear ings  by moment summation.  Consider the  following  diagram of the   ro to r :  

" F1 

0 3 
DRIVE END OPPOSITE 

!I F 2  F4 DRIVE END 
y r  

Y r" 
2 

b -~ Y 1 

Taking moments about  the  drive end bear ing  yields   the  fol lowing  react ions a t  the 
oppos i te   d r ive  end bearing: 

y = a F. + l a+c)  F - 
l b l  b 3 

X 2 F + (a+c) F 
l b 2  b 4 

A s imilar   procedure  gives   the  react ions  a t   the   dr ive  end.  
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Y =L F , +  (c+d) . F  
2 b 3  b. 1 

. .  
X =x F "  + (a) F 
, 2 .  b 4 b 2 .  

. .  

. . .  

Since   the   eccent r ic i ty   angle ,  B, was zero   for   the   exper imenta l  results,  the 
equations fo r  no  load as given   in   Sec t ion  VI1 re.duca- to   the   fo l lowing:  

F = 7.6 + 6.16 cos 2 w t  
1 . .  . 

. .  . .  .. 

F = 6.16 s i n  2 w t  
2 . .  

. .  
. .  

The forces  F '  and -F   a r e   d i sp l aced  90 mechanical  degrees from F and F2 due 
to   ro tor   con&ruct ion  and  thus become: 4 1 

F = 7.6. - 6.16 COS 2 w t  
3 

F . =  - 6.16 s i n  2 wt 
4 

The reactions  can now be  determined  and  thus  the  resultant  bearing  force  and 
i ts  angle   are   as   fol lows:  

0 = Arc Tan X 

Y 

1 - 
1 

0 = Arc Tan X 
2 2 - 

y2 



The above  equations were programmed on the  General  Electric time shar ing  
computer  and r e su l t ed   i n   t he   L i s sa jous   pa t t e rn  shown in   F igu re  36. The 
maximum value  of   the  force i s  about 10.6  pounds which when mul t ip l ied  by 3 
t o   r e f l e c t  a 0.006" e c c e n t r i c i t y   y i e l d s   t h e  32 pounds  of Table I V .  A similar 
procedure was used to determine  the 15 KVA, .8 PF case and the   s ing le   phase  
loading case. 

DIFFERENTIAL  SATURATION 

S a t u r a t i o n   o c c u r r i n g   i n   e i t h e r   t h e   s t a t o r   o r   r o t o r   t e e t h  w i l l  r e s u l t  
i n  a lower  magnetic  unbalance  force  than  the  unsaturated  case  for a given 
f i e l d   e x c i t a t i o n .  The s a t u r a t i o n  ampere turns  are normally  considered as an 
i n c r e a s e   i n   a i r  gap thus  giving  decreased  f lux  densi ty  and  consequently  force. 
Table I of Sect ion I11 shows t h e   e f f e c t  of s a t u r a t i o n  on  the f u l l  load  case 
for   the   condi t ion  where the .   s a tu ra t ion  is  ident ica l   for   oppos ing   ro tor  
poles .  However, f o r  an eccent r ic   ro tor   the   f lux   dens i ty  a t  one rotor   pole  is 
grea ter   than  a t  the  opposing  pole due t o   d i f f e r e n t  a i r  gap  lengths,   andthis  gives 
rise t o  a d i f f e r e n t i a l   s a t u r a t i o n   e f f e c t ,  which fur ther   reduces  the  force.  A s  a 
means of ana lyz ing   th i s   e f fec t ,   the  no load  case a t  zero  speed was inves t iga ted  
i n  some d e t a i l .  The zero  speed no load  case was chosen  since it el iminates   the 
e f f e c t s  of s t a t o r   c i r c u i t s  and amortisseur  windings,  as we l l  as armature 
react ion.   Since  the  inclusion of d i f f e r e n t i a l   s a t u r a t i o n   i n   t h e   e s t a b l i s h e d  computer 
programs would en ta i l   cons iderable   reprograming,  a small time shar ing computer 
program was w r i t t e n   t h a t  produced  only  the  total  force  magnitude a t  one ro tor   pos i -  
t ion.   This was quite  adequate  for  the  purpose a t  hand  .and resu l ted   in   the   fo l low-  
ing  data:  

NO LOAD - ZERO SPEED 

0.006l' Eccen t r i c i ty  

Condition Maximum F Force  (pounds) 

Unsaturated 84.0 
Y 

Di f f e ren t i a l   Sa tu ra t ion  65.7 

Di f f e ren t i a l   Sa tu ra t ion  
+ Differen t  Carter's 
Coeff ic ien ts  
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Note tha t   the   unsa tura ted   force  compares very well with  the maximum Py force  
of  Figure 5 a f t e r   e l i m i n a t i n g   t h e   c i r c u i t   e f f e c t  and r a t i o i n g  from 
0.002gt t o  0.006" e c c e n t r i c i t y .  The comparison is  good because  very l i t t l e  
sa tura t ion   occurs  a t  ra ted   no   load   vo l tage .   Di f fe ren t ia l   sa tura t ion  shows a very 
marked e f f ec t   on   t he   fo rce  and some reduct ion   a l so   occurs  due t o   d i f f e r e n t  
Carter's c o e f f i c i e n t s   ( s l o t   f r i n g i n g )   a r i s i n g  from t h e   d i f f e r e n t  a i r  gap  lengths. 
The r a t i o  of  61.5184.0 was used   to   a r r ive  a t  the 11.7 pound f i g u r e   g i v e n   i n  
Table IV. The computer  program  could  have  been  expanded to  include  armature 
r e a c t i o n ,   b u t   t o   a v o i d   t h i s   e f f o r t   t h e  above r a t i o  w a s  a lso  appl ied  to   the  load 
condi t ion  and probably  represents  a conservative  approach  due  to  the somewhat 
greater   saturat ion  under   load  condi t ions.  
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. BRAY.TON CYCLE  ALTERNATOR , 

. CALCULATED  LISSAJOUS.,PATTERM 
NO  LO- - OPPOSITE  DRIVE-END BEARING . .  

. .  . .  

FIGURE 36 
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