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A C T I V E  VIBRATION CONTROL FOR FLEXIBLE ROTOR BY OPTIMAL DIRECT-OUTPUT FEEDBACK CONTROL 

Kenzou Nonami,*  E l i s e o  D iRusso,  and D a v i d  P .  F l e m i n g  
N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  

Lewis Research  C e n t e r  
C l e v e l a n d ,  Oh io  44135 

ABSTRACT 

E x p e r i m e n t a l  r e s e a r c h  t e s t s  were p e r f o r m e d  to  
a c t i v e l y  c o n t r o l  t h e  rotor v i b r a t i o n s  o f  a f l e x i b l e  
r o t o r  mounted on f l e x i b l e  b e a r i n g  s u p p o r t s .  
c o n t r o l  method used i n  t h e  t e s t s  i s  c a l l e d  o p t i m a l  
d i r e c t - o u t p u t  f e e d b a c k  c o n t r o l .  T h i s  method uses f o u r  
e l e c t r o d y n a m i c  a c t u a t o r s  t o  a p p l y  c o n t r o l  f o r c e s  
d i r e c t l y  to t h e  b e a r i n g  h o u s i n g s  i n  o r d e r  t o  a c h i e v e  
e f f e c t i v e  v i b r a t i o n  c o n t r o l  o f  t h e  r o t o r .  The f o r c e  

-J a c t u a t o r s  a r e  c o n t r o l l e d  by  an a n a l o g  c o n t r o l l e r  t h a t  - 3 a c c e p t s  r o t o r  d i s p l a c e m e n t  as i n p u t .  The c o n t r o l l e r  
: i s  programmed > w i t h  e x p e r i m e n t a l l y  d e t e r m i n e d  feedback  

The a c t i v e  

- 
d c o e f f i c i e n t s ;  t he  o u t p u t  i s  a c o n t r o l  s i g n a l  t o  t h e  

f o r c e  a c t u a t o r s  The t e s t s  showed t h a t  t h i s  a c t i v e  
c o n t r o l  method r e d u c e d  t h e  r o t o r  resonance peaks due 
t o  u n b a l a n c e  f r c m  a p p r o x i m a t e l y  250 pm down to  a p p r o x i -  
m a t e l y  2 5  pm ( e s s e n t i a l l y  r u n o u t  l e v e l ) .  The t e s t s  
were c o n d u c t e d  o v e r  a speed r a n g e  f r o m  0 t o  10 000 rpm; 
t h e  r o t o r  sys tem had n i n e  c r i t i c a l  speeds w i t h i n  t h i s  
speed r a n g e .  The method was e f f e c t i v e  i n  s i g n i f i c a n t l y  
r e d u c i n g  t h e  r o t o r  v i b r a t i o n  f o r  a l l  o f  t h e  v i b r a t i o n  
modes and c r i t i c a l  speeds. 

INTRODUCTION 

A c t i v e  v i b r a t i o n  c o n t r o l  of  f l e x i b l e  r o t o r s  can 
be d i v i d e d  i n t o  two t y p e s  o n  t h e  b a s i s  of t h e  a c t u a -  
t o r s .  Type l uses e l e c t r o m a g n e t  c a c t u a t o r s  or mag- 
n e t i c  b e a r i n g s  t h a t  a p p l y  c o n t r o  f o r c e s  t o  a r o t a t i n g  
s h a f t  and do n o t  c o n t a c t  t h e  s h a f t .  Type 2 uses  l i n e a r  
a c t u a t o r s  t h a t  c o n t a c t  c o n v e n t i o n a l  b e a r i n g  h o u s i n g s  
and a p p l y  c o n t r o l  f o r c e s  t o  t h e  b e a r i n g  h o u s i n g s .  

by c o n v e n t i o n a l  b e a r i n g s ,  and m a g n e t i c  b e a r i n g s  or 
e l e c t r o m a g n e t i c  a c t u a t o r s  a r e  used o n l y  f o r  a c t i v e  
v i b r a t i o n  c o n t r o l .  L e t  us b r i e f l y  s u r v e y  t h e  l i t e r a -  
t u r e  f o r  t y p e  l c o n t r o l s .  Bur rows and Sah inkaya 
(1987,  1988) and Redmond e t  a l .  (1985)  have shown t h e  
r e s u l t s  o f  a c t i v e  v i b r a t i o n  r e d u c t i o n  a t  t h e  f i r s t  
c r i t i c a l  speed w i t h  d i g i t a l  c o n t r o l l e r s .  A l l a i r e  
e t  a l .  (1986)  and Kasarda e t  a l .  (1988)  i n v e s t i g a t e d  
t h e  e f f i c i e n c y  o f  a c t i v e  v i b r a t i o n  c o n t r o l  a t  t h e  f i r s t  

' N a t i o n a l  Research  C o u n c i l  - NASA Research  
A s s o c i a t e ;  p r e s e n t  a d d r e s s :  C h i b a  U n i v e r s i t y ,  1-33 
Y a y o i - c h o ,  C h i b a  260, Japan.  

For t y p e  1 c o n t r o l s  a f l e x i b l e  r o t o r  i s  s u p p o r t e d  

c r i t i c a l  speed by  v a r y i n g  t h e  l o c a t i o n  o f  t h e  m a g n e t i c  
b e a r i n g .  B r a d f i e l d  e t  a l .  ( 1 9 8 6 )  and Nagai e t  a l .  
( 1 9 8 6 )  have t r i e d  a c t i v e  d i g i t a l  v i b r a t i o n  c o n t r o l  o f  
r o t a t i n g - s h a f t  f l e x u r a l  v i b r a t i o n  a t  t h e  f i r s t  b e n d i n g  
mode. N i k o l a j s e n  e t  a l .  (1979)  have p r e s e n t e d  e x p e r i -  
m e n t a l  a c t i v e  v i b r a t i o n  c o n t r o l  d a t a  o f  a m a r i n e  t r a n s -  
m i s s i o n  s h a f t  t h a t  c o r r e l a t e  v e r y  w e l l  w i t h  t h e o r e t i c a l  
d a t a .  M a t s u s h i t a  e t  a l .  ( 1 9 8 7 )  s t u d i e d  l i q u i d  s t a b i l i -  
z a t i o n  o f  u n s t a b l e  ro tors .  Most of t h e s e  c o n t r o l s  use 
t y p e  1 a c t u a t o r s  t o  a p p l y  c o n t r o l  f o r c e s  and a r e  t h e r e -  
f o r e  l i m i t e d  i n  t h e i r  a b i l i t y  t o  c o n t r o l  h i g h e r  o r d e r  
v i b r a t i o n  modes. Note t h a t  a l l  o f  t h e s e  p a p e r s  addres;  
a c t i v e  c o n t r o l  a t  t h e  f i r s t  c r i t i c a l  speed. I t  i s  o f  
i n t e r e s t  t o  p r o v i d e  a c t i v e  c o n t r o l  n o t  o n l y  a t  t h e  
f i r s t  c r i t i c a l  speed b u t  a l s o  a t  t h e  h ighe r -  o r d e r  c r i t -  
i c a l  speeds. 

S e v e r a l  i n v e s t i g a t o r s  have done r e s e a r c h  i n  a c t i v e  
v i b r a t i o n  c o n t r o l  w i t h  t y p e  2 a c t u a t o r s .  Stanway 
e t  a l .  ( 1 9 8 1 ,  1984) c o n s i d e r e d  c o n t r o l l a b i l i t y  and con- 
d u c t e d  a s i m u l a t i o n  by  u s i n g  s t a t e  f e e d b a c k .  Moore 
e t  a i .  (1980)  and Lewis  e t  a l .  ( 1 9 8 2 )  used t r a n s f e r  
f u n c t i o n s  t o  a n a l y z e  a c o n t r o l  sys tem and d i s c u s s e d  
the e f f e c t  of v e l o c i t y  f e e d b a c k  based on an exper imen-  
t a l  s t u d y  w i t h  h o r n  s p e a k e r s .  Nonami e t  a l .  have p r e -  
s e n t e d  t h e  e x p e r i m e n t a l  a c t i v e  c o n t r o l  r e s u l t s  o f  a 
J e f f c o t t  rotor w i t h  an o p t i m a l  r e g u l a t o r  ( 1 9 8 5 )  and the  
a c t i v e  c o n t r o l  o f  a m u l t i b e a r i n g - d i s k  r o t o r  f r o m  simu- 
l a t i o n s  and e x p e r i m e n t s  b y  means o f  quas i -moda l  c o n t r o l  
(1986,  1988a, 1988b) .  U l b r i c h  (1986,  1987) and F u e r s t  
and U l b r i c h  (1988)  have e v a l u a t e d  t h e  e f f i c i e n c y  o f  
v a r i o u s  c o n t r o l  r u l e s  b y  u s i n g  a t e s t  r o t o r  on  a c t i v e l y  
c o n t r o l l e d  s u p p o r t s .  P a l a z z o l o  e t  a l .  ( 1 9 8 8 )  demon- 
s t r a t e d  a c t i v e  v i b r a t i o n  c o n t r o l  by  u s i n g  p i e z o e l e c t r i c  
a c t u a t o r s  t o  a p p l y  c o n t r o l  f o r c e s  t o  b e a r i n g  h o u s i n g s .  

Most p a p e r s  on  t y p e  2 a c t u a t o r s  d e s c r i b e  t h e  c h a r -  
a c t e r i s t i c s  o f  v i b r a t i o n  c o n t r o l  n e a r  t h e  second cr i  t i -  
c a l  speed and h i g h e r  o r d e r  modes and show e f f e c t i v e  
v i b r a t i o n  c o n t r o l  o f  t h e  h i g h e r  o r d e r  modes. Type 2 
a c t u a t o r s  a r e  more e f f e c t i v e  i n  c o n t r o l l i n g  h i g h e r  
o r d e r  modes because two a c t u a t o r s  a r e  used ( o n e  a t  each 
b e a r i n g  h o u s i n g )  whereas o n l y  one t y p e  1 a c t u a t o r  (mag- 
n e t i c  b e a r i n g ) ,  l o c a t e d  be tween t h e  two c o n v e n t i o n a l  
b e a r i n g s ,  i s  o r d i n a r i l y  used.  A l s o  t y p e  2 a c t u a t o r s  
g e n e r a l l y  have g r e a t e r  f o r c e  c a p a b i l i t y  t h a n  t y p e  1 .  
T h e r e f o r e  t h e  h i g h e r  o r d e r  modes can be c o n t r o l l e d .  
G e n e r a l l y  s p e a k i n g ,  e l e c t r o d y n a m i c  f o r c e  a c t u a t o r s  
( t y p e  2 a c t u a t o r s )  a r e  s u p e r i o r  to  t h e  e l e c t r o m a g n e t s  
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of  m a g n e t i c  b e a r i n g s  as a c t u a t o r s  for v i b r a t i o n  con- 
trol because i t  i s  e a s i e r  t o  g e n e r a t e  t h e  d e s i r e d  con- 
trol f o r c e  w i t h  t y p e  2 a c t u a t o r s .  Also,  t y p e  2 
a c t u a t o r s  a r e  n o t  p l a g u e d  w i t h  t h e  eddy c u r r e n t  loss 
and r e s i d u a l  magnet ism i n h e r e n t  i n  m a g n e t i c  b e a r i n g s .  
T h i s  e n a b l e s  s i m p l e r  c o n t r o l  sys tem d e s i g n .  A m a j o r  
drawback o f  t he  t y p e  2 a c t u a t o r  i s  t h e  p o s s i b l e  cou- 
p l i n g  o f  m o t i o n  r h e n  t h e  a c t u a t o r s  a r e  mounted a t  90' 
t o  each o t h e r  ( o r t h o g o n a l l y ) .  Hence t h e  m o t i o n  must 
be u n c o u p l e d  b y  o r o v i d i n g  a l i n k  between t h e  b e a r i n g  
h o u s i n g  and t?e  a c t u a t o r .  T h i s  l i n k  must have v e r y  
h i g h  ' o n g i t u d i r a l  s t i f f n e s s  and v e r y  low l a t e r a l  s t i f f -  
n e s s .  A 1 5 0  t ne  a c t u a t o r  i s  l a r g e r  t h a n  m a g n e t i c  b e a r -  
ing; i n  g e n e r a : .  

:ne ' d e d i  c m c e p t  f o r  a c t i v e  c o n t r o l  i s  j. f l e x i b l e  
r9ror ; ~ D O O r t e d  ~ j ,  a c t i v e l y  c o n t r o l l e d  m a g n e t i c  b e a r -  
i - i s  bec3use t n i ;  c o n c e p t  employs t h e  advantages  o f  
b o t h  : jp;rs. 1: i s  s i m p l e r ,  however,  t o  a c t i v e l y  con- 
t r o l  f l e x i b l e  ; h a f t s  mounted on  c o n v e n t i o n a l  b e a r i n g s  
by u s i n g  t y p e  2 a c t u a t o r s ,  e s p e c i a l l y  i f  t h e  a c t u a t o r s  
p roduce a h i g h  f o r c e  f o r  a s m a l l  s i z e .  I n  t h e  f u t u r e  
p i e z o e l e c t r i c  a c t u a t o r s  may p r o v e  t o  be such a compact 
h i g h - f o r c e  a c t u a t o r .  

I t  i s  d i f f i c u l t  t o  r e a l i z e  a c o n t r o l  sys tem w i t h  
f u l l - s t a t e  feedback fo r  a f l e x i b l e  r o t o r  t h a t  t a k e s  
i n t o  a c c o u n t  t h e  h i g h e r  o r d e r  modes. T h e r e f o r e  we must 
u t i l i z e  a c o n t r o l  sys tem w i t h  o u t p u t  f e e d b a c k .  The 
o p t i m a l  d i r e c t - o u t p u t  f e e d b a c k  c o n t r o l  method, t h e  sub- 
j e c t  of t h i s  p a p e r ,  i s  t h e  e a s i e s t ,  s i m p l e s t ,  and most 
p r a c t i c a l  method to i m p l e m e n t .  

T h i s  paper d i s c u s s e s  t h e  e x p e r i m e n t a l  a c t i v e  
v i b r a t i o n  c o n t r o l  of a f l e x i b l e  rotor s u p p o r t e d  on  two 
c c n v e n t i m a l  b a l l  b e a r i n g s .  Four  e l e c t r o d y n a m i c  f o r c e  
a c t l l a t c r j  a o p l y  c o n t r o l  f o r c e s  d i r e c t l y  t o  t h e  b e a r i n g  
h o u s i n g s .  The r a t o r  b e a r i n g  s y s t e m  has n i n e  c r i t i c a l  
speeds ( u i t h o u t  c o n t r o l )  between 0 and IO 000 rpm. 
The o p t i m a l  d i r e c t - o u t p u t  f e e d b a c k  c o n t r o l  method was 

a p p l i e d  t o  t h i s  sys tem t o  e f f e c t i v e l y  r e d u c e  a l l  n i n e  
o f  t h e  resonance peaks .  

TEST R I G  

The t e s t  r i g  used f o r  t h e  a c t i v e  c o n t r o l  c ,<per - i -  
ments i s  shown i n  F i g s .  1 and 2 .  T h i s  t e s t  r i g ,  c a l l e d  
t h e  r o t a t i n g  systems dynamics (RSD) r i g ,  i s  s e t  up a t  
t h e  NASA L e w i s  Research C e n t e r .  The RSD r i g  i s  d e s i g n e d  
t o  s i m u l a t e  e n g i n e  s t r u c t u r e s  so t h a t  a c t i v e  r o t o r  con- 
t r o l  and sys tem dynamics i n t e r a c t i o n s  can be s t u d i e d .  
The f l e x i b l e  s t e e l  s h a f t  i s  2 5 . 4  mm i n  d i a m e t e r  and 
854 mm l o n g  and has two d i s k s  of 133-mm d i a m e t e r .  One 
d i s k  i s  27 .3  mm t h i c k  and t h e  o t h e r  i s  18 .3  mm t h i c k .  
The t o t a l  mass o f  t h e  f l e x i b l e  r o t o r  i n c l u d i n g  b e a r i n g  
h o u s i n g s  i s  a p p r o x i m a t e l y  13.4 k g .  The s h a f t  i s  S U D -  

p o r t e d  b y  20-mm-bore, s i n g l e - r o w ,  deep-groove b a l l  
b e a r i n g s .  The b e a r i n g  span i s  670 mm. Each b e a r i n g  
h o u s i n g  i s  s u p p o r t e d  on  a s q u i r r e l  cage s p r i n g  
( F i g .  I ) .  The s t i f f n e s s  o f  each s q u i r r e l  cage s p r i n g  
i s  1180 N/mm. Two e l e c t r o d y n a m i c  f o r c e  a c t u a t o r s  
( F i g .  1 )  l o c a t e d  a t  each b e a r i n g  h o u s i n g  a p p l y  c o n t r o l  
f o r c e s  t o  t h e  b e a r i n g  h o u s i n g s .  These a c t u a t o r s  a r e  
mounted a t  90" t o  each o t h e r  as shown i n  t h e  f i g u r e .  
A n y l o n  f l e x u r e  i s  used between t h e  b e a r i n g  h o u s i n g  
and each a c t u a t o r  i n  o r d e r  t o  m i n i m i z e  c o u p l i n g  
between t h e  m o t i o n s  o f  t h e  two a c t u a t o r s .  The n y l o n  
f l e x u r e s  have v e r y  h i g h  l o n g i t u d i n a l  s t i f f n e s s  and v e r y  
lor l a t e r a l  s t i f f n e s s .  The e q u i v a l e n t  s u p p o r t  s t i f f -  
ness o f  t h e  s q u i r r e l  c a g e / a c t u a t o r  c o m b i n a t i o n  i s  
e f f e c t i v e l y  t h e  s t i f f n e s s  o f  t h e  s q u i r r e l  cage s p r i n g .  
S i n c e  t h e  f l e x u r a l  r i g i d i t y  o f  t h e  n y l o n  f l e x u r e  i s  
a p p r o x i m a t e l y  1 p e r c e n t  o f  t h e  a x i a l  s t i f f n e s s ,  w e  can 
c o n s i d e r  t h e  o r t h o g o n a l  a c t u a t o r  m o t i o n s  t o  be uncou- 
p l e d .  The e l e c t r o d y n a m i c  f o r c e  a c t u a t o r  has a f r e -  
quency b a n d w i d t h  o f  7 kHz. a maximum e x c i t i n g  f o r c e  o f  
440 N ,  and a maximum s t r o k e  o f  6 . 5  mm. The r o t o r  i s  

SOU IRREL CAGE 
BEARING SUPPORT 
( 1  OF 2) 

,--ELECTRODYNAMIC 

FIGURE 1 .  - ROTATING SYSTEMS D Y N M I C S  RIG.  CHARACTERISTICS OF ELECTRODYNAMIC FORCE ACTUATORS: MLOCITY.  1.78 WSEC: FREQUENCY. 
7000 Hz: FORCE, 425 N: DISPLACEENT, 6.35 pyI. 
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FIGURE 2. - ROTATING SYSTEMS DYNAMICS R I G .  
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driven by an air turbine through a flexible coupling. 
The maximum rotational speed of the test rig is 
10 000 rpm. The maximum radial amplitude of the bear- 
ing housing is limited to 0.5 mm in order to avoid 
overstressing the squirrel cage springs (this limit 
did not compromise the tests). Load cells between the 
nylon flexure and the bearing housing measure the 
actual active control forces of the four actuators. 

1987) the first free-free bending mode of the rotor is 
141 Hz and the second is 304 Hz. The first five modes 
of the support structure are 35, 41, 61, 7 2 ,  and 80 Hz. 
These analytically determined modal frequencies were 
considerably different from the experimentally deter- 
mined freGuencies discussed in the next section. 

The shaft displacements were measured with eddy 
current proximity probes near the bearing housings and 
near each rotor disk. Four shaft displacements (two 
near each bearing housing) were the inputs for the ana- 
log controller. 
proportional and differential control and filters and 
had four independent channels for displacement input 
and control signal output. The controller received 
displacement signals from the probes, differentiated 
the displacement, applied a feedback coefficient, and 
in turn outputted a control signal to a power supply 
that drove the electrodynamic force actuators. This 
feedback method is called optimal direct-output feed- 
back control. Figure 3 shows an example of the fre- 
quency responses of the differentiator. 

EXPERIMENTAL MODAL ANALYSIS 

From a NASTRAN analysis (Huckelbridge and Lawrence, 

The analcg controller consisted of 

An experimental modal analysis of the flexible 
rotor system was performed with a structural dynamics 
modal analyzer. The results are shown in Fig. 4 and 
Table I. Figure 4 indicates that there are eight natu- 
ral frequencies under 10 000 rpm. The mode shapes are 
complex because both the support structure and the 
shaft are flexible and there is a high degree of inter- 
action between them. Therefore it was difficult to 
accurately identify all of the mode shapes from a 
mathematical model of the system as previously men- 
tioned. The experimental modal analysis produced modal 
frequencies that coincided more closely with the 
rotating critical speeds than did the mathematical 
model. 
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FIGURE 3. - FREQUENCY RESPONSE OF DIFFERENTIATOR. 

EXPERIMENTS USING OPTIMAL DIRECT-OUTPUT FEEDBACK 
CONTROL METHOD 

In order to provide damping for the various vibra- 
tion modes, feedback coefficients must be set in the 
controller. 
mathematical models for the mode shapes of the rotor 
system, or they may be determined experimentally. 
Experimental determination of the coefficients consists 
o f  operating the rotor system and setting the control- 
ler feedback coefficients such that the vibration 
amplitudes are minimized at the various critical 
speeds. Since the mode shapes for the rotor were very 
complex and could not be accurately predicted by the 
mathematical model, the feedback coefficients were 
determined experimentally. 
mal direct-output feedback control. 

the electrodynamic force actuators (Fig. 1 )  produced a 
high degree of passive damping when their power ampli- 
fiers were turned on even with the controller off 
(i.e., with no active control signals being sent to 
the power amplifiers). 

These coefficients may be calculated from 

This method is called opti- 

During the experimental tests it was found that 

This passive damping must be 
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FIGURE 4 .  - EXPERIMENTAL ROTOR MILE SHAPES DETERMINED WITH STRUC- 
TURAL DYNAMICS MODAL ANALYZER. 

TABLE I - SIJMMARY OF EXPERIMENTAL MODAL ANALYSIS 

39 1 
47 6 

: 1 6 3 5  
5 80 5 

99 7 
3 I 119  4 

, I  

3 j 3 3 3  

5 I 8 7 9  
7 ,  

Damping, Modal I p e r c e n t  1 mass, 
k g  

Moda 1 
damping, 
N sec lm 

5.59  
7 . 3 8  
5 .36  
4 . 0 1  
2 . 8 8  
3 .28  
8.40 
5.85 

Moda 1 
s t i f f n e s s ,  

Nlrn 

43.07 
52 .35  
58 .61  
69 .83  
88.70 
96.69 

109.74  
131.43 

3ccoun t?d  for i n  e v a l u a t i n g  t h e  t o t a l  a c t i v e  c o n t r o l  
damping.  The t e s t s  c o n s i s t e d  o f  t h e  f o l l o w i n g :  

! 1 )  D e t e r m i n i n g  t h e  b a s e l i n e  u n c o n t r o l l e d  u n b a l -  
ance response  fo r  a l l  c r i t i c a l  speeds between 
9 and 115 300 rpm 

( 2 )  Ge:erm?i ing t h e  p a s s i v e  damping e f f e c t  o f  t h e  
e 1 e c : r c d y n a m i c for c e a c t u a t o r  / pow e r amp 1 i f i e r 
c o m o i n a t i o n  

( 3 )  D e t e r m i n i n g  t h e  t o t a l  damping e f f e c t  of t h e  
a c t i v e  c o n t r o l  sys tem 

T ~ c  t y c e s  sf c o 7 i m a l  d i r e c t - o u t p u t  f eedback  c o n t r o l  were 
:?s:ed. A c t i v e  c m t r o l  1 uses  v e l o c i t y  f eedback  o n l y ,  
~ T C !  a c t i v e  i O n t r ? i  2 uses ccmbined d i s p l a c e m e n t  and 
IDITC::) f pedback .  S e p a r a t e  a c t i v e  c o n t r o l  t e s t s  were 

p e r f o r m e d  wi:h a l l  f o u r  a c t u a t o r s  ( t w o  p e r  b e a r i n g  
h o u s i n g ) ,  t h e n  w i t h  o n l y  two a c t u a t c r ;  (one  a t  each 
b e a r i n g  "lousing), and f i n a l l y  v i t h  cni !  twc a c t u a t o r s  
( b o t n  a r  x e  b e a r i n g  h o u s i n g ) .  

t e s t ,  resonance  peaks were o b s e r v e d  n e a r  2400. 2780, 
3030, 3150, 3870, 4780, 6200. 6700, and 7030 rpm i n  
e i t h e r  t h e  x - d i r e c t i o n  or t h e  y - d i r e c t i o n .  Most o f  
t h e s e  modal f r e q u e n c i e s  ag reed  r e a s o n a b l y  w e l l  w i t h  t h e  
e x p e r i m e n t a l  modal a n a l y s i s .  The peak a m p l i t u d e s  n e a r  
2400, 6200. 6700, and 7030 rpm were c o n s i d e r a b l y  l e s s  
t h a n  t h o s e  a t  t h e  o t h e r  speeds.  A l t h o u g h  i t  was n o t  
n e c e s s a r y  to a c t i v e l y  c o n t r o l  t h e  resonances  a t  these 
speeds,  t h e  a c t i v e  c o n t r o l  was s t i l l  a p p l i e d  so t h a t  
t h e  u n c o n t r o l l e d  a m p l i t u d e s  c o u l d  be compared w i t h  t h e  
c o n t r o l l e d  a m p l i t u d e s  i n  t h i s  speed r a n g e .  

Case When A l l  Fou r  A c t u a t o r s  Were Used for C o n t r o l  

t a l  d a t a  a t  d i s k  2 ( F i g .  1 )  f r o m  2700 t o  3200 rpm. 
These d a t a  show t h e  a m p l i t u d e s  i n  t h e  x2 and y2 
d i r e c t i o n s  ( o r t h o g o n a l )  f o r  t h r e e  cases :  n o  c o n t r o l ,  
p a s s i v e  c o n t r o l ,  and a c t i v e  c o n t r o l  1 .  I t  was f o u n d  
tha t  t h e  p a s s i v e  e l e c t r o m a g n e t i c  damping e f f e c t  c o n t r i b -  
u t e d  c o n s i d e r a b l e  a m p l i t u d e  r e d u c t i o n  and t h a t  t h e  Ires- 
onance peaks d i s a p p e a r e d  e n t i r e l y  when a c t i v e  c o n t r o l  1 
was a p p l i e d .  

m e a s u r i n g  s t a t i o n s  ( F i g .  1 )  f rom 2500 t o  5000 r-pm for  
t h e  x and y d i r e c t i o n s .  The d a t a  a r e  f o r  n o  con- 
t r o l ,  p a s s i v e  damping. and a c t i v e  c o n t r o l  1 .  The damp- 
i n g  c h a r a c t e r i s t i c s  o f  a c t i v e  c o n t r o l  1 a r e  e x c e l l e n t ;  
t h e  unba lance  response  a m p l i t u d e s  were r e d u c e d  t o  l e s s  
t h a n  2 5  pm a t  e v e r y  measur ing  s t a t i o n .  The a m p l i t u d e s  
were r e d u c e d  to r u n o u t  l e v e l  and dynamic d e f l e c t i o n s  
were r e d u c e d  t o  z e r o .  The u n b a l a n c e  a m p l i t u d e  response  
of a c t i v e  c o n t r o l  2 ( v e l o c i t y  and  d i s p l a c e m e n t  feed -  

From t h e  b a s e l i n e  unddmped unoa l3nce  r2spcnse  

b 

F i g u r e  5 shows t h e  t i m e  h i s t o r y  o f  t h e  exper imen-  

F i g u r e  6 shows t h e  unba lance  response  a t  t h e  f w r  

p-4 NO CONTROL 

- ACTIVE CONTRR 1 
PASSIVE D W I N G  

f 
2 0 0  m 

1 
4 1 0  S E C k  

( a )  X2-DIRECTION. 

(b) Y2-DIRECTION. 

FIGURE 5 .  - EXPERIKNTAL AMPLITUDE T I E  HISTORY FOR APPROXIMATELY 
2700 TO 3200 RPH. 
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FIGURE 6. - EXPERIENTAL UNBALANCE RESPONSE FOR NO CONTROL. PASSIVE D W I N G .  AND ACTIVE CONTROL 1 .  

b a c k )  was comparab le  t o  t h a t  o f  a c t i v e  contro.1 1 
( v e l o c i t y  feedback o n l y ) .  Hence a c t i v e  c o n t r o l  1 was 
adequate  for a c t i v e  c o n t r o l  o f  t h i s  t e s t  r o t o r .  

F i g u r e  7 shows e x p e r i m e n t a l l y  measured c o n t r o l  
f o r c e s  fcr a c t i v e  c o n t r o l  1 a s s o c i a t e d  w i t h  t h e  

a c t i v e  c o n t r o l  f o r c e s  were measured b y  l o a d  c e l l s  
l o c a t e d  between t h e  n y l o n  f l e x u r e s  and t h e  b e a r i n g  
h o u s i n g .  F i g u r e  7 shows t h a t  t h e  a c t i v e  c o n t r o l  f o r c e s  
i n c r e a s e d  n e a r  c r i t i c a l  speeds.  N o t e  t h a t  t h e  c o n t r o l  
f o r c e s  near  t h e  c r i t i c a l  speed of 3050 rpm were s m a l l e r  
t h a n  t h o s e  n e a r  t h e  c r i t i c a l  speed o f  3800 rpm. T h i s  
i s  due t o  t h e  d i f f e r e n c e s  i n  t h e  mode shapes. The max- 
imum c o n t r o l  f o r c e  r e q u i r e d  was a p p r o x i m a t e l y  27 N ,  and 
t h e  average c o n t r o l  f o r c e  was a p p r o x i m a t e l y  13 N .  O n l y  
6 p e r c e n t  o f  t h e  maximum a v a i l a b l e  a c t u a t o r  power and 
o n l y  3 p e r c e n t  of t h e  a v a i l a b l e  a v e r a g e  power were used 

. response of F i g .  6 .  A s  p r e v i o u s l y  m e n t i o n e d ,  t h e  

b 

ACTUATOR 1 ,! y-DIRECTION 

40 rn 1 X-DIRECTION L 

I I I I I 

.?SO0 3000 3500 4000 4500 5000 
ROTATIONAL SPEED. APM 

FIGURE 7 .  - EXPERIMENTAL CONTROL FORCES FOR ACTIVE 
CONTROL 1. 
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FIGURE 8.  - EXPERICENTAL UNBALANCE RESPONSE WITH CONTROL 
OWLY I N  y-DIRECTION (ACTUATORS 1 AND 3 ) .  

:TI tnese t e s t s .  The r e q u i r e d  a c t u a t o r  power ,  of c o u r s e ,  
depends on t h e  amount o f  u n b a l a n c e .  F o r  t h e  same c r i t i -  
c a l  speeds and the  same u n b a l a n c e  f o r c e s ,  w e  wou ld  be 
a b l e  t o  c o n t r o l  a r o t o r  o f  a p p r o x i m a t e l y  200 k g  by  u s i n g  
t n e  a c t u a t o r s  i n  t h i s  t e s t  r i g .  

The maKimurn u n c o n t r o l l e d  a m p l i t u d e  a t  t h e  c r i t i c a l  
;need near  2400 rpm was o n l y  40 pm.  The maximum a m p l i -  
tude a: t he  c r i t i c a l  speed n e a r  6700 rpm was a b o u t  
a13 pm. q o p l y i n g  a c t i v e  c o n t r o l  1 r e d u c e d  a l l  of the  
. -ns3nanc? peat;  2etween 0 and 10 000 rpm t o  l e s s  t h a n  
2 5  urn. 

a c t i d e  C o n t r o l  When O n l y  Two A c t u a t o r s  Were Used f o r  
C m  t r o  I 

Case ,when o n l y  one d i r e c t i o n  was c o n t r o l l e d .  I n  
t h e  p r e v i c u s  d i s c u s s i o n ,  f o u r  a c t u a t o r s  (two a t  each 
b e a r i n g )  were used for  a c t i v e  v i b r a t i o n  c o n t r o l .  Now 
w e  examine t h e  v i b r a t i o n  c o n t r o l  e f f e c t  when o n l y  t h e  
tdo a c t u a t o r s  f o r  t h e  y - d i r e c t i o n  ( a c t u a t o r s  1 and 3) 
were used for- c m t r o l .  

a t  l o c a t i o n  1 f o r  t h e  x i  and y l  d i r e c t i o n s  when 
a c t u a t o r s  1 and 3,  b o t h  i n  t h e  y - d i r e c t i o n ,  were used 
f o r  c o n t r o l .  The c h a r a c t e r i s t i c s  f o r  t h e  y - d i r e c t i o n ,  
w h i c h  was a c t i v e l y  c o n t r o l l e d ,  a l m o s t  c o i n c i d e d  w i t h  
t h e  responses  o f  y1 shown i n  F i g .  6 ( c a s e  f o r  f o u r  
a c t u a t o r s ) .  A l t h o u g h  t h e  y - d i r e c t i o n  s h o u l d  have n o  
e f f e c t  on  t h e  x - d i r e c t i o n ,  t h e  x - d i r e c t i o n  was i n f l u -  
erlced by t h e  c o n t r o l  i n  t h e  y - d i r e c t i o n  and t h e  u n b a l -  
ance response a m p l i t u d e s  i n  t h e  x - d i r e c t i o n  were a l s o  
r e d u c e d .  T h i s  means t h a t  t h e  dynamic c h a r a c t e r i s t i c s  
w i t h  a c t i v e  c o n t r o l  i n  t h e  x -  and y - d i r e c t i o n s  i n t e r a c t  
w i t h  each o t h e r  and t h a t  v i b r a t i o n  c o n t r o l  i s  improved 
by t h e  s u p e r p o s i t i o n .  T h i s  v e r i f i e s  t h a t  a c t u a t o r s  a r e  
r e q u i r e d  a t  r i g h t  a n g l e s  ( o r t h o g o n a l )  t o  each o t h e r  a t  
i e a s t  f o r  t he  a c t i v e  v i b r a t i o n  c o n t r o l  o f  a r o t o r  
s j s  te rn .  

Case when o n l y  t h e  t u r b i n e - s i d e  a c t u a t o r s  or 
c o p o s i t e - t u r b i n e - s i d e  a c t u a t o r s  were c o n t r o l l e d .  F i g u r e  
9 shows the  e x p e r i m e n t a l  u n b a l a n c e  r e s p o n s e  for  t h e  
x j  d i r e c t i o n  when o n l y  a c t u a t o r s  3 and 4 ( F i g .  4 )  were 
u;ed f o r  c o n t r o l .  F i g u r e  10 shows t h e  e x p e r i m e n t a l  
u n b a l a n c e  response for  t h e  y1 d i r e c t i o n  when o n l y  
a c t u a t o r s  1 and 2 were used f o r  c o n t r o l .  The response 
s f  F i g .  9 i s  b e t t e r  t h a n  t h a t  o f  F i g .  IO r e g a r d i n g  
v i b r a t i o n  c o n t r o l  e f f i c i e n c y .  T h i s  i s  due t o  d i f f e r -  
ences i n  mode shapes. The t u r b i n e  s i d e  had modal l o o p s  
a: t h e  second, f o u r t h ,  and f i f t h  modes, and t h e  o t h e r  
s i d e  had modal nodes a t  t h e  second, t h i r d ,  and f i f t h  
vades e x c e p t  f o r  t h e  f o u r t h  mode a t  3800 rpm. 

F i g u r e  8 shows t h e  e x p e r i m e n t a l  u n b a l a n c e  response 

. 7 M L  0 P A S S I M  DAWING 

2 m  3000 3500 4ooo 4500 5000 
ROTATIONAL SPEED, RPM 

FIGURE 9. - EXPERIENTAL U N W C E  RESPONSE FOR XI- 
DIRECTION WITH ONLY TURBINE-SIDE ACTUATORS (3 AND Io 
USED FOR CONTROL. 
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FIGURE 10.  - EXPERIRENTAL UNBALANCE RESPONSE FOR y t -  
DIRECTION WITH ONLY ACTUATORS 1 AND 2 (OPPOSITE TUR- 
BINE SIDE) USED FOR CONTROL. 

CONCLUSIONS 

A g r e a t  dea l  o f  e f f o r t  i s  r e q u i r e d  t o  g e n e r a t e  a 
m a t h e m a t i c a l  model for a f l e x i b l e  r o t o r  s u p p o r t e d  on a 
f l e x i b l e  b e a r i n g  h o u s i n g  as i n  t u r b o m a c h i n e r y .  O f t e n  
t h e  model does n o t  p r e d i c t  a l l  o f  t h e  ' v i b r a t i o n  modes 
a c c u r a t e l y  enough t o  be used f o r  a c t i v e  c o n t r o l .  
Because i t  a c h i e v e s  a c t i v e  c o n t r o l  w i t h o u t  t he  a i d  o f  a 
m a t h e m a t i c a l  model t h e  o p t i m a l  d i r e c t - o u t p u t  feedback  
c o n t r o l  method d i s c u s s e d  i n  t h i s  paper  i; d e s i r a b l e  f o r  
cases when t h e  m a t h e m a t i c a l  models a r e  d e f i c i e n t .  
U s i n g  t h i s  c o n t r o l  method w i t h  o p t i m a l  f e e d b a c k  g a i n s .  
we r e d u c e d  a l l  o f  t h e  resonance amp1 i t u d e  peaks between 
0 and IO 000 rpm t o  l e s s  t h a n  25 pm, c l o s e  t o  t h e  r u n -  
o u t  l e v e l .  
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