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The o p e r a t i o n  o f  t h e  magnet ic b e a r i n g  used as an e x c i t a t i o n  source i n  t h e  
Rocketdyne M u l t i f u n c t i o n  Tes te r  i s  desc r ibed .  The t e s t e r  i s  scheduled f o r  
o p e r a t i o n  d u r i n g  t h e  summer o f  1990. The magnet ic b e a r i n g  can be used i n  two 
c o n t r o l  modes: 1 )  open l o o p  mode, i n  which t h e  magnet ic b e a r i n g  operates as a  
f o r c e  a c t u a t o r ,  and 2 )  c losed  l o o p  mode, i n  wh ich  t h e  magnet ic  b e a r i n g  p rov i des  
s h a f t  suppor t .  E i t h e r  c o n t r o l  mode can be used t o  e x c i t e  t h e  s h a f t ;  however, 
response o f  t h e  s h a f t  i n  t h e  two c o n t r o l  modes i s  d i f f e r e n t  due t o  t h e  a l t e r a t i o n  
o f  t h e  e igenvalues by  c losed  l oop  mode ope ra t i on .  A ro tordynamic model i s  
developed t o  p r e d i c t  t h e  f requency response o f  t h e  t e s t e r  due t o  e x c i t a t i o n  i n  
e i t h e r  c o n t r o l  mode. Closed l oop  mode e x c i t a t i o n  i s  shown t o  be s i m i l a r  t o  t h e  
e x c i t a t i o n  produced by  a  r o t a t i n g  e c c e n t r i c i t y  i n  a  conven t iona l  bea r i ng .  
P r e d i c t e d  f requency response o f  t h e  t e s t e r  i n  t h e  two c o n t r o l  modes i s  compared, 
and t h e  maximum response i s  shown t o  be t h e  same f o r  t h e  two c o n t r o l  modes when 
synchronous unbalance l o a d i n g  i s  n o t  cons idered.  The a n a l y s i s  shows t h a t  t h e  
response o f  t h i s  t e s t e r  i s  adequate f o r  t h e  e x t r a c t i o n  o f  ro tordynamic s t i f f n e s s ,  
damping, and i n e r t i a  c o e f f i c i e n t s  ove r  a  wide range o f  t e s t  a r t i c l e  s t i f f n e s s e s .  

INTRODUCI ION 

A c t i v e  magnet ic bear ings  have been developed by  numerous researchers  f o r  an 
i n c r e a s i n g  number o f  t asks .  Schwe i tze r  and Lange ( r e f .  I), Stanway and Burrows 
( r e f .  2 ) ,  and Salm and Schwei tzer  ( r e f .  3)  have desc r i bed  s t r a t e g i e s  f o r  u s i n g  
magnet ic bear ings  t o  a c t i v e l y  c o n t r o l  t h e  mot i o n  o f  a  f l e x i b l e  r o t o r .  Wiko la jsen  
( r e f .  4) ,  A l l a i r e  ( r e f .  5 ) ,  and Kasarda ( r e f .  6)  have descr ibed  t h e  use o f  
magnet ic bear ings  as damping dev ices .  The f i r s t  commerc ia l l y  a v a i l a b l e  magnet ic 
b e a r i n g  was i n t r oduced  b y  Soc ie te  Europeenne de Propuls ion/Soc ieLe de Mecanique 
Magnetique (SEP/S2M) o f  France i n  t h e  e a r l y  1980s. I n d u s t r i a l  a p p l i c a t i o n s  o f  
these  bear ings  as p r ima ry  bear ings  i n  r o t a t i n g  machinery have been desc r i bed  by  
F o s t e r  ( r e f .  7 ) ,  Weise ( r e f .  8 ) ,  and Brune t  ( r e f .  9 ) .  Habermann and Brune t  ( r e f .  
l o ) ,  Weise ( r e f .  11 ) ,  Humphris ( r e f .  12),  and Chen and Darlow ( r e f .  13) have 
presented d e t a i  1s o f  p r a c t i c a l  magnet ic b e a r i n g  c o n t r o l  systems. Chen ( r e f .  14) 
t r a n s l a t e d  t h e  parameters o f  a  magnet ic b e a r i n g  c o n t r o l  system i n t o  s t i f f n e s s  and 
damping c o e f f i c i e n t s  f o r  use i n  a  ro tordynamic a n a l y s i s .  

A r a d i a l  magnet ic b e a r i n g  i s  used i n  t h e  Rocketdyne M u l t i f u n c t i o n  Tes te r  (RMT) as 
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an e x c i t a t i o n  source f o r  t he  i d e n t i f i c a t i o n  o f  rotordynamic c o e f f i c i e n t s  ( r e f .  
15). The use o f  a  magnetic bear ing as an e x c i t a t i o n  source has been described by 
U l b r i c h  ( r e f .  16) and Wagner and P ie t ruszka ( r e f .  17).  Gdagner and Piet ruszka used 
t h e  magnetic bear ing as a  known fo rce  i n p u t  device f o r  t he  i d e n t i f i c a t i o n  o f  
rotordynamic c o e f f i c i e n t s  i n  a  t e s t  stand. I n  t he  RMT, t h e  magnetic bear ing  i s  
used as a  motion i n p u t  device, and t e s t  a r t i c l e  r e a c t i o n  fo rce  i s  determined 
independently through a  c a l i b r a t e d  backup spr ing .  The backup spr ing,  o r  f l e x  
mount, has a  s t i f f n e s s  o f  5.25E+8 N/m (3.0 E+6 l b / i n )  and i s  instrumented w i t h  

I accelerometers and h igh  r e s o l u t i o n  displacement probes. As an e x c i t a t i o n  source, 
t he  magnetic bear ing must meet two requirements: 1) prov ide  a  s h a f t  displacement 
a t  the  t e s t  a r t i c l e  o f  1.25E-5 m (0.5 m i l s )  minimum, and 2)  p rov ide  a  d e f l e c t i o n  
o f  t h e  f l e x  mount o f  1.25E-6 m (50 p i n )  minimum. These two requirements a r e  
necessary t o  p rov ide  adequate accuracy f o r  t h e  c a l c u l a t i o n  o f  t h e  rotordynamic 
c o e f f i c i e n t s .  These requirements must be met over a  l a r g e  p o r t i o n  o f  t h e  0  - 400 
Hz e x c i t a t i o n  range. The pr imary mo t i va t i on  f o r  t h e  study described here was t o  
determine i f  the  magnetic bear ing  would produce the  necessary response a t  t he  t e s t  
a r t i c l e .  

The magnetic bear ing used i n  the  RMT can be used t o  e x c i t e  t h e  s h a f t  i n  e i t h e r  o f  
two c o n t r o l  modes - closed loop o r  open loop. The response o f  t h e  t e s t e r  w i l l  be 
d i f f e r e n t  i n  t he  two c o n t r o l  modes; t he re fo re ,  response t o  the  two c o n t r o l  modes 
i s  compared t o  determine which c o n t r o l  mode produces the  b e t t e r  response. Open 
loop e x c i t a t i o n  can be t r e a t e d  s imply by app ly ing  a  f o r c i n g  f u n c t i o n  d i r e c t l y  t o  
t he  s h a f t  ( r e f .  17).  The authors a re  n o t  aware o f  a  publ ished ana lys i s  o f  t h e  
magnetic bear ing as an e x c i t a t i o n  source i n  closed loop mode. An ana lys i s  i s  
presented here t h a t  shows closed loop e x c i t a t i o n  o f  a  r o t o r  t o  be analogous t o  a  
r o t a t i n g  e c c e n t r i c i t y  a t  a  convent ional bear ing.  The ana lys i s  i s  then used t o  
p r e d i c t  the maximum frequency response o f  t he  RMT r o t o r  t o  magnetic bear ing  
e x c i t a t i o n .  

RADIAL MAGNEI'IC BEARING 

A schematic f o r  a  simple magnetic bear ing  i s  shown i n  F igure  1. The magnetic 
f o rce  developed i n  the  a i r  gap o f  t he  magnetic bear ing  i s  g iven by 

Since on l y  t h e  cur ren t ,  i, and the  gap clearance, h, can change, t h i s  leads t o  t h e  
r e l a t i o n  

where f o r  two p a i r s  o f  magnetic poles, K i  and Ky a re  g iven by Kasarda ( r e f .  6) 
as 

The c u r r e n t  s t i f f n e s s ,  K i P  i s  negat ive, i n d i c a t i n g  t h a t  an increase i n  c u r r e n t  
forces the  mass away from i t s  e q u i l i b r i u m  p o s i t i o n  (toward t h e  magnet), ( r e f .  
12).  The p o s i t i o n  s t i f f n e s s ,  Ky, i s  a l s o  negat ive,  i n d i c a t i n g  t h a t  a  p o s i t i v e  
displacement toward the  magnet forces the  mass f u r t h e r  from i t s  e q u i l i b r i u m  
p o s i t i o n .  A n e t  p o s i t i v e  s t i f f n e s s  i s  prov ided i n  closed loop mode w i t h  proper  



design o f  t h e  c o n t r o l  loop p ropo r t i ona l  gain.  The r a d i a l  magnetic bear ing  used i n  
the  RMT i s  an a c t i v e  magnetic bear ing manufactured by SEP/S2M. The c o n f i g u r a t i o n  
and development t e s t i n g  o f  t h i s  magnetic bear ing  were descr ibed by Lang ( r e f .  
18).  ,-he magnetic bear ing i s  a fo rce  ac tua to r  and does n o t  support t he  s h a f t  when 
operated i n  open loop mode. When operated i n  closed loop mode, t h e  magnetic 
bear ing f u r ~ c t i o n s  as a s h a f t  support element t h a t  has s i g n i f i c a n t  s t i f f n e s s  and 
damping c a p a b i l i t y .  Closed loop mode opera t ion  i s  requ i red  f o r  some o f  t he  t e s t  
cond i t ions  f o r  s t a b i l i t y  reasons. The c losed loop s t i f f n e s s  and damping 
c o e f f i c i e n t s  o f  t h e  magnetic bear ing  vary w i t h  frequency as g iven i n  F igures 2 and 
3. These c o e f f i c i e n t s  were ca l cu la ted  f o r  t he  frequency range o f  i n t e r e s t  f rom a 
t r a n s f e r  f unc t i on  prov ided by SEP/S2M. The p o s i t i o n  s t i f f n e s s  , Ky, was 
ca l cu la ted  t o  be -8.76E+6 N/m (-50,000 l b / i n )  us ing  the  nominal a i r  gap and b i a s  
cu r ren t .  The maximum fo rce  t h a t  can be produced by the  magnetic bear ing  w i t h  the  
r o t o r  centered (nominal a i r  gap) i s  g iven i n  F igure  4. Force capac i t y  o f  t h e  
magnetic bear ing i s  based on t h e  maximum c u r r e n t  t h a t  can be prov ided t o  the  c o i l s  
o f  t he  bearing. The fo rce  capac i ty  i s  frequency dependent because the  c o i l  
impedence i s  frequency dependent. A second c o n s t r a i n t  on magnetic bear ing  
performance i s  r e l a t i v e  ro tor /hous ing  displacement a t  t he  magnetic bear ing.  
Maximum displacement a t  the  magnetic bear ing  i s  1.5E-4 m (6.0 m i l s )  which i s  
one-half o f  t he  a i r  gap. The fo rce  and displacement c o n s t r a i n t s  a re  t h e  same f o r  
both closed loop and open loop modes. 

A b lock  diagram f o r  t he  magnetic bear ing c o n t r o l l e r  i s  shown ir! F igure  5. I n  
closed loop mode, t h e  c o n t r o l  c u r r e n t  i s  determined by feedback c o n t r o l  such t h a t  
t he  e r r o r  between a reference and ac tua l  s h a f t  p o s i t i o n  s i g n a l  i s  minimized. This  
c o n t r o l  cu r ren t  i s  then fed t o  a c u r r e n t  a m p l i f i e r  be fore  going t o  t h e  
electromagnets o f  t he  bear ing.  The magnetic bear ing  can be used t o  e x c i t e  the  
s h a f t  by us ing a t ime vary ing  reference s igna l .  

Two equations t h a t  can be w r i t t e n  from the  b lock  diagram a r e  

and 

It i s  necessary t o  cha rac te r i ze  the  e f f e c t  o f  t h e  reference s igna l ,  yo, on the  
response o f  t he  r o t o r ;  there fore ,  l e t  Fd = 0, imp ly ing  no ex te rna l  d i s t u r b i n g  
forces such as unbalance. 

S u b s t i t u t i n g  Equation (6)  i n t o  Equation (5 )  g ives  

From F igure  5, t h e  c o n t r o l l e d  s t i f f n e s s  o f  t h e  bear ing  i s  

This i s  a complex s t i f f n e s s  t h a t  can be represented by  ( r e f .  13) 



where Kc and C a re  determined by t h e  parameters o f  t h e  c o n t r o l  system, t h e  
c u r r e n t  s t i f f n e s s ,  and the  e x c i t a t i o n  frequency. The p o s i t i o n  s t i f f n e s s ,  Ky, i s  
u s u a l l y  added t o  t h e  c o n t r o l l e d  bear ing  s t i f f n e s s  so t h a t  t h e  ne t  s t i f f n e s s  o f  t h e  
magnetic bear ing  i s  

The s t i f f n e s s  and damping c o e f f i c i e n t s  g iven  i n  F igures 2 and 3 a r e  K i n  Equat ion 
10 and C i n  Equat ion 9.  Equat ion 7  may be w r i t t e n  i n  terms o f  K and C as f o l l o w s  

us ing  equat ions 8, 9, and 10 and the  s u b s t i t u t i o n  jo = s. I f  t h e  p o s i t i o n  
reference s i g n a l  can be represented by 

then the  s inuso ida l  component o f  t h e  s i g n a l  causes a  s h a f t  e x c i t a t i o n  t h a t  i s  
s i m i l a r  t o  t h e  s h a f t  e x c i t a t i o n  caused by a  r o t a t i n g  e c c e n t r i c i t y  ( runout )  a t  a  
convent ional  bear ing.  The p o s i t i o n  s t i f f n e s s ,  Ky, i s  p a r t  o f  t h e  response t o  

I t h e  e x c i t a t i o n  b u t  no t  p a r t  o f  t h e  e x c i t a t i o n ;  hence, i t  i s  sub t rac ted  f rom t h e  
t o t a l  magnetic bear ing  s t i f f n e s s ,  K,  i n  t h e  e x c i t a t i o n  term. 

The feedback loop  i s  deac t iva ted  f o r  open loop mode opera t ion .  To e x c i t e  t h e  
s h a f t  i n  t h i s  mode, a  c o n t r o l  s i gna l  i s  f ed  d i r e c t l y  t o  t h e  c u r r e n t  a m p l i f i e r ,  
Cp. The fo rce  produced i s  app l i ed  d i r e c t l y  t o  t h e  s h a f t ,  arid no s p r i n g  e x i s t s  
a t  t he  magnetic bear ing  l o c a t i o n  except f o r  Ky. 

ROTORDYNAMICS OF THE TESTER 

The l ayou t  o f  t h e  t e s t e r  i s  shown i n  F igu re  6. The s h a f t  i s  supported r a d i a l l y  by 
t h e  t e s t  a r t i c l e ,  t h e  r a d i a l  magnetic bear ing,  and t h e  s lave  bear ings.  I n  t h e  
c o n f i g u r a t i o n  shown, t h e  t e s t  a r t i c l e  i s  a  load  sha r i ng  seal w i t h  s t i f f n e s s  
v a r i a b l e  from 0-1.75E98 N/m (0-1,000,000 l b / i n ) .  The s lave  bear ings form a  duplex 
p a i r  o f  angular  con tac t  b a l l  bear ings w i t h  s t i f f n e s s e s  o f  about 1.31E+8 N/m 
(750,000 l b / i n )  each as computed by t h e  r o l l i n g  element computer program o f  
reference 19. 

The mode shapes o f  t h e  f i r s t  t h ree  v i b r a t i o n  modes o f  t h e  t e s t e r  a re  shown i n  
F igure  7. A t e s t  a r t i c l e  s t i f f n e s s  o f  8.75E97 N/m (500,000 l b / i n )  was used here, 
b u t  t he  general  charac ter  o f  t h e  mode shapes i s  t he  same throughout  t he  s t i f f n e s s  
range t o  be tes ted .  F igu re  8  shows t h e  f i r s t  t h ree  forward n a t u r a l  f requencies o f  
t h e  t e s t e r  as a  f u n c t i o n  o f  t e s t  a r t i c l e  s t i f f n e s s .  Resul ts  a re  shown f o r  bo th  
c losed loop and open loop mode opera t ion  o f  t h e  magnetic bear ing.  These r e s u l t s  
a re  f o r  a  r o t o r  speed o f  20,000 cpm; however, t h e  n a t u r a l  f requencies a re  n o t  
s t r o n g l y  dependent on r o t o r  speed. The c losed l oop  s t i f f n e s s  and damping 
c o e f f i c i e n t s  o f  t h e  magnetic bear ing  vary w i t h  t h e  v i b r a t i o n  mode frequency i n  
accordance w i t h  F igures 2  and 3. 

Damping f o r  t h e  f i r s t  two v i b r a t i o n  modes va r i es  cons iderab ly  depending on t h e  
t e s t  cond i t i ons ,  p a r t i c u l a r l y  when t e s t i n g  load  shar ing  seals .  Under many o f  t h e  
t e s t  cond i t ions ,  t h e  f i r s t  two v i b r a t i o n  modes o f  t h e  t e s t e r  a re  p red i c ted  t o  be 
unstable unless t h e  magnetic bear ing  i s  used i n  c losed loop mode. Therefore, 



closed loop mode opera t ion  o f  t h e  magnetic bear ing  i s  requ i red  f o r  some o f  t h e  
t e s t  cond i t ions .  

TEST SIMULATION 

The purpose o f  t h i s  ana lys i s  i s  t o  determine t h e  response a t  the t e s t  a r t i c l e  w i t h  
the  magnetic bear ing  used as an e x c i t a t i o n  source. Although closed loop mode 
opera t ion  must be used f o r  some o f  t he  t e s t s ,  performance o f  bo th  opera t ing  modes 
was examined t o  determine i f  i t  would be advantageous t o  use open loop mode i n  
some instances. I n  a  t y p i c a l  t e s t  us ing  t h e  RMT, t h e  r o t o r  i s  d r i v e n  a t  a  
constant  opera t ing  speed. The desi red t e s t  c o n d i t i o n  i s  then s e t  f o r  t he  t e s t  
a r t i c l e .  With closed loop mode operat ion,  t h e  r o t o r  i s  e x c i t e d  by a  frequency 
sweep o f  t h e  reference s igna l ,  yo. Wi th open loop mode operat ion,  t h e  r o t o r  i s  
exc i t ed  by a  frequency sweep o f  a  s i m i l a r  s igna l  app l i ed  t o  the  cu r ren t  a m p l i f i e r  
o f  t he  bearing. D e t a i l s  o f  t h i s  procedure a re  described by Murphy ( r e f .  20). 

The response o f  t h e  r o t o r  t o  closed loop mode e x c i t a t i o n  can be modelled us ing  

The ma t r i x ,  [K,], has o n l y  one nonzero element -- t h e  magnetic bear ing  p o s i t i o n  
s t i f f n e s s ,  Ky, which must be subtracted from the  t o t a l  magnetic bear ing  
s t i f f n e s s  s ince i t  i s  no t  p a r t  o f  t he  e x c i t a t i o n .  

The e x c i t a t i o n  i s  represented by 

and the  response by 

As described above, t he  e x c i t a t i o n  s lgna l  ( re fe rence s i g n a l )  fo rces  the  r o t o r  i n  
t he  same way as a  r o t a t i n g  e c c e n t r i c i t y  a t  a  convent ional  bear ing.  To s imu la te  a  
t e s t ,  the  e x c i t a t i o n  i s  app l i ed  a t  the  magnetic bear ing  degree-of-f reedom t o  
represent  t he  dynamic reference s igna l ,  yo, fed  t o  t h e  c o n t r o l  system. The 
r o t o r  sp in  speed, , i s  he ld  constant  a t  the des i red  t e s t i n g  speed and a l l  
bear ing elements o the r  than the  magnetic bear ing  a r e  g iven constant  values based 
on the  constant r o t o r  speed. Equation 13 i s  solved f o r  var ious values o f  t h e  
e x c i t a t i o n  frequency, o, t o  ob ta in  t h e  response o f  t he  r o t o r  over t h e  frequency 
range o f  i n t e r e s t .  

F igures 9 - 12 show pred ic ted  r e s u l t s  f o r  a  constant  r o t o r  speed o f  20,000 cpm and 
a  t e s t  a r t i c l e  s t i f f n e s s  o f  1.75E+7 N/m (700,000 l b / i n ) .  F igure  9 shows a  
comparison o f  p red i c ted  t r a n s f e r  f u n c t i o n  amp1 i t udes  a t  the  t e s t  a r t i c l e  f o p  
closed and open loop operat ion.  The t r a n s f e r  f u n c t i o n  f o r  the c losed loop curve 
i s  ca l cu la ted  based on the  e x c i t a t i o n  f o r c e  produced by yo. The t r a n s f e r  
f u n c t i o n  f o r  t he  open loop curve i s  ca l cu la ted  based on the  f o r c i n g  f u n c t i o n  
app l i ed  a t  the magnetic bear ing.  The response o f  t h e  f i r s t  v i b r a t i o n  mode i s  much 
lower w i t h  closed loop opera t ion  due t o  t h e  h ighe r  damping. 

I n  Figures 10-12, t h ree  cons t ra in t s  a re  p laced on the  system t h a t  determine t h e  
maximum response a t  t he  t e s t  a r t i c l e :  1)  t he  magnetic bear ing  app l i ed  force,  F ig  



cannot exceed t h e  va lues g i ven  i n  F i g u r e  4, 2) d isp lacement  a t  t h e  magnet ic 
b e a r i n g  cannot exceed 1.5E-4 m (6.0  m i l s ) ,  and 3) based on c learance,  t h e  maximum 
a l l o w a b l e  d isp lacement  a t  t h e  t e s t  a r t i c l e  i s  1  .OE-4 m (4.0  m i l s ) .  The n e t  f o r c e  
p rov i ded  b y  t h e  magnet ic b e a r i n g  i n  c l osed  l o o p  mode i n c l u d e s  b o t h  t h e  e x c i t a t i o n  
f o r c e  f rom yo and t h e  r e a c t i o n  f o r c e  due t o  t h e  measured r o t o r  mot ion.  The 
f o r c e  produced by  t h e  p o s i t i o n  s t i f f n e s s ,  Ky, i s  n o t  i n c l u d e d  i n  t h e  
c o n s t r a i n t .  The i n p u t  s i g n a l  v a r i e s  w i t h  f requency as necessary t o  produce t h e  
maximum response a t  each frequency. 

These t h r e e  p h y s i c a l  c o n s t r a i n t s  se rve  t o  p l a c e  an upper l i m i t  on t e s t e r  response 
t o  magnet ic b e a r i n g  e x c i t a t i o n .  I n  a d d i t i o n ,  t h e r e  a r e  a l s o  two minimum 
c o n d i t i o n s  which must be s a t i s f i e d .  The two p r ima ry  measured q u a n t i t i e s  o f  t e s t  
a r t i c l e  d isp lacement  and l o a d  must be l a r g e  enough t o  be a c c u r a t e l y  measured w i t h  
t h e  g i ven  i ns t r umen ta t i on .  The lower  l i m i t s  a r e  1.25E-5 m (0.5  m i l s )  o f  t e s t  
a r t i c l e  d isp lacement  and 1.5E-6 m (50  p i n )  o f  f l e x  mount d e f l e c t i o n .  An 
app rec i ab le  range between t h e  upper and lower  o p e r a t i n g  l i m i t s  i s  d e s i r a b l e  so 
t h a t  t e s t s  on amp l i tude  l i n e a r i t y  c o u l d  be performed. 

F i g u r e  10  i s  a  comparison o f  t h e  maximum response a t  t h e  t e s t  a r t i c l e  f o r  c l osed  
and open l o o p  modes. The response exceeds t h e  requ i rement  o f  1.25E-5 m (0.5  m i l s )  
th roughou t  t h e  f requency range f o r  b o t h  c o n t r o l  modes. There appears t o  be o n l y  
one curve  i n  t h e  f i g u r e  because t h e  responses a r e  t h e  same f o r  t h e  two c o n t r o l  
modes. The reason t h e  curves a r e  t h e  same i s  t h a t  e i t h e r  o f  t h e  f i r s t  two 
c o n s t r a i n t s  ( f o r c e  and d isp lacement  a t  t h e  magnet ic bea r i ng )  a p p l i e d  i n  t h e  
a n a l y s i s  serves t o  p r e s c r i b e  t h e  r o t o r  mot ion  a t  t h e  magnet ic b e a r i n g  rega rd l ess  
o f  t h e  magnet ic b e a r i n g  s t i f f n e s s  and damping. The t h i r d  c o n s t r a i n t  p r e s c r i b e s  
t h e  mot ion  a t  t h e  t e s t  a r t i c l e .  S ince a l l  o f  t h e  c o n s t r a i n t s  a r e  t h e  same f o r  
b o t h  c o n t r o l  modes, t h e  t e s t  a r t i c l e  responses a r e  i d e n t i c a l .  

F i g u r e  11 shows t h e  maximum d isp lacement  o f  t h e  f l e x  mount l oad  sens ing element.  
The curve  i s  s i m i l a r  t o  t h a t  o f  F i g u r e  10, and shows t h a t  t h e  r e q u i r e d  
d isp lacement  o f  1.25E-6 m (50  p i n )  i s  ach ieved over  most: o f  t h e  f requency range, 
r ega rd l ess  o f  c o n t r o l  mode. 

F igures  12 - 14 show p r e d i c t e d  r e s u l t s  f o r  a  cons tan t  r o t o r  speed o f  20,000 cpm 
and a  t e s t  a r t i c l e  s t i f f n e s s  o f  1.3E+8 N/m (750,000 I b / i n ) .  F i g u r e  12 shows a  
comparison o f  t h e  p r e d i c t e d  c losed  and open l o o p  t r a n s f e r  f u n c t i o n  amp1 i t u d e s  a t  
t h e  t e s t  a r t i c l e .  Again, response i s  lower  w i t h  c l osed  l o o p  mode o p e r a t i o n  due t o  
h i g h e r  damping. A comparison o f  F i gu res  12 and 9 shows t h a t  t e s t  a r t i c l e  response 
f o r  a  g i ven  f o r c e  a t  t h e  magnet ic b e a r i n g  i s  lower  w i t h  t h e  h i g h e r  t e s t  a r t i c l e  
s t i f f n e s s .  

F i g u r e  13 shows a  comparison o f  t h e  maximum response a t  t h e  t e s t  a r t i c l e  f o r  
c losed  and open l o o p  modes. Again, t h e  response i s  n e a r l y  t h e  same f o r  t h e  two  
c o n t r o l  modes, and t h e  requireme.nt o f  1.25E-5 m (0.5 m i l s )  d isp lacement  i s  met 
th roughou t  most o f  t h e  f requency range. A comparison o f  F i gu res  13 and 10  shows 
t h a t  t h e  response a t  t h e  t e s t  a r t i c l e  i s  l owe r  when t h e  t e s t  a r t i c l e  s t i f f n e s s  i s  
h i ghe r .  

F i g u r e  14  shows t h e  maximum d isp lacement  o f  t h e  f l e x  mount l o a d  sens ing  element.  
The r e q u i r e d  d isp lacement  o f  1.25E-6 m ( 5 0  p i n )  i s  aga in  ach ieved ove r  most o f  
t h e  f requency range, r ega rd l ess  o f  c o n t r o l  mode. By comparison o f  F i gu res  11 and 
14, f l e x  mount d e f l e c t i o n  i s  much h i g h e r  w i t h  t h e  h i g h e r  t e s t  a r t i c l e  s t i f f n e s s .  



Figures 10 and 13 show t h a t  the  maximum response a t  t h e  t e s t  a r t i c l e  i s  t h e  same 
f o r  bo th  open loop and closed loop modes. This  r e s u l t  i s  due t o  the  na ture  o f  t h e  
cons t ra in t s  t h a t  a re  placed on the  ana lys i s  t o  determine the  maximum response. 
This ana lys is  does n o t  consider  t he  e f f e c t  o f  synchronous load ing  due t o  
unbalance. A g iven unbalance load ing  would cause a  displacement response a t  the  
t e s t  a r t i c l e  and a t  the  magnetic bear ing t h a t  would s u b t r a c t  d i r e c t l y  f rom the  
a l lowab le  displacement a t  e i t h e r  l o c a t i o n .  The responses would be d i f f e r e n t  f o r  
c losed and open loop modes because t h e  shaf t  eigenvalues a r e  d i f f e r e n t  i n  t h e  two 
c o n t r o l  modes. Also, a  g iven unbalance l oad ing  would cause a  r e a c t i o n  fo rce  a t  t he  
magnetic bear ing when the  magnetic bear ing i s  operated i n  closed loop mode. This 
reac t i on  fo rce  would reduce t h e  a1 lowable magnetic bear ing  fo rce  ava i  l a b l e  t o  
e x c i t e  the  r o t o r .  The ne t  e f f e c t  o f  unbalance i s  t o  lower the  maximum achievable 
t e s t  a r t i c l e  response i n  e i t h e r  c o n t r o l  mode. This  reduc t i on  i n  maximum t e s t  
a r t i c l e  response i s  minimized by opera t ing  t h e  t e s t e r  a t  sp in  speeds t h a t  a re  
adequately d i s t a n t  from the  r o t o r  n a t u r a l  f requencies. Based on the  maximum 
expected unbalance l e v e l s  f o r  t h e  RMT, response due t o  unbalance should no t  exceed 
1  .OE-5 m (0.4 m i l s )  a t  e i t h e r  t h e  t e s t  a r t i c l e  o r  t he  magnetic bear ing  f o r  any o f  
t he  planned t e s t  cond i t i ons  w i t h  e i t h e r  opera t ing  mode. The closed loop r e a c t i o n  
fo rce  a t  the  magnetic bear ing f o r  t he  maximum expected unbalance f o r c e  i s  about 
330N (75 l bs ) ,  o r  l ess  than 10% o f  t he  dynamic load capac i ty  o f  t h e  magnetic 
bear ing.  Therefore, t h e  des i red  t e s t  a r t i c l e  response l e v e l s  should s t i  11 be 
achieved. 

CONCLUSIONS 

An ana lys is  was presented here t h a t  shows c losed loop mode e x c i t a t i o n  o f  a  r o t o r  by 
a  magnetic bear ing t o  be analogous t o  t h e  e x c i t a t i o n  produced by a  r o t a t i n g  
e c c e n t r i c i t y  a t  a  convent ional bear ing.  Open loop mode e x c i t a t i o n  can be t r e a t e d  
s imply by app ly ing  a  f o r c i n g  f u n c t i o n  d i r e c t l y  t o  t he  sha f t .  These two methods 
were used t o  p r e d i c t  the maximum response o f  t h e  Rocketdyne M u l t i f u n c t i o n  Tes ter  t o  
magnetic bear ing e x c i t a t i o n  i n  e i t h e r  c o n t r o i  mode. The r e s u l t s  show t h a t  the 
requ i red  response l e v e l s  a t  the  t e s t  a r t i c l e  l o c a t i o n  a r e  achievable over most o f  
t he  frequency range. The ana lys i s  a l s o  p r e d i c t s  t h a t  maximum response w i l l  be the 
same f o r  bo th  open and closed loop modes. This  r e s u l t  was due t o  the  na ture  o f  t h e  
cons t ra in t s  t h a t  were used t o  determine maximum response. The ana lys i s  does n o t  
consider  t he  e f f e c t  o f  res idua l  unbalance i n  t h e  t e s t e r  r o t o r .  A synchronous 
unbalance load ing  would reduce, by d i f f e r i n g  amounts, t h e  maximum t e s t  a r t i c l e  
response achievable i n  e i t h e r  c o n t r o l  mode. Based on expected unbalance l e v e l s ,  
t he  desi red t e s t  a r t i c l e  response l e v e l s  should s t i l l  be achieved. 

NOMENCLATURE 

cross sec t i on  area o f  one po le  o f  a  magnetic bear ing  
magnetic bear ing damping 
bear ing  damping m a t r i x  
cu r ren t  a m p l i f i e r  ga in  
base o f  t h e  n a t u r a l  l oga r i t hm 
magnetic f o r c e  i n  an a i r  gap 
any d is turbance force, such as unbalance 
n e t  c o n t r o l l e d  fo rce  app l i ed  by magnetic bear ing  
r o t o r  gyroscopic m a t r i x  
c o n t r o l l e r  closed loop t r a n s f e r  f u n c t i o n  
magnetic bear ing  a i r  gap th ickness 
nominal magnetic bear ing a i r  gap th ickness 



c u r r e n t  i n  magnetic bear ing  c o i l  
c o n t r o l  c u r r e n t  
steady o r  b ias  c u r r e n t  i n  magnetic bea r i ng  c o i l  
square r o o t  o f  -1 
n e t  magnetic bear ing  s t i f f n e s s  
bear ing  s t i f f n e s s  m a t r i x  
magnetic bear ing  c o n t r o l l e d  s t i f f n e s s  
magnetic bear ing  c u r r e n t  s t i f f n e s s  
magnetic bear ing  p o s i t i o n  s t i f f n e s s  m a t r i x  
r o t o r  f ree / f  ree  s t i f f n e s s  m a t r i x  
magnetic bear ing  p o s i t i o n  s t i f f n e s s  
e f f e c t i v e  mass o f  t h e  r o t o r  
r o t o r  mass m a t r i x  
number o f  t u r n s  i n  magnetic bear ing  c o i l  
phys i ca l  displacement vec to r  
Laplace v a r i a b l e  
t ime  
v e r t i c a l  p o s i t i o n  
ac tua l  (measured) r o t o r  p o s i t i o n  
e r r o r  s i g n a l  
p o s i t i o n  reference s i g n a l  
phase angle 
r o t o r  sp in  speed 
magnetic p e r m e a b i l i t y  
magnetic p e r m e a b i l i t y  o f  f r e e  space 
e x c i t a t i o n  frequency 
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Figure 1. Magnetic Bearing Schematic 
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Figure 5. Magnetic Bearing Control Diagram 
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Figure 6. Schematic of Rocketdyne Multifunction Tester 
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Figure 9. Transfer Function Amplitude, Response at Test Article due to Force 
at .Magnetic Bearing, Test Article Stiffness = 100,000 Ib/in. 
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Figure 11. Maximum Response at Flex Mount Load Sensing Element, 
Test Article Stiffness = 100,000 Ib/in. 
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Figure 12. Transfer Function Amplitude, Response of Test Article due to  Force 
at Magnetic Bearing, Test Article Stiffness = 750,000 Ib/in 
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Figure 13. Max imum Response at  Test Art ic le. 
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