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ABSTRACT
Rotor-active magnetic bearing(AMB) system has commonly
adopted decentralized proportional-derivate(dPD) control technique
as the underlying controller to stabilize and attenuate the rotor
vibrations. The dPD control utilizes only diagonal elements of the PD
gain matrices but has an advantage in that the AMB can be simply
regarded as physical bearing with stiffness and damping coefficients.
Meanwhile, the present study proposes PD controller in complex
space that combines the dPD controller and complex-valued
derivative controller. Two key control objectives in high speed
rotating machinery are attenuation of excessive unbalance vibrations
near bending critical speeds and guarantee of stability margin of
whirl modes. In order to design the optimal PD controller to meet the
two control objectives, a quadratic performance index is defined and
optimization algorithm is derived in complex modal space from the
explicit gradients of eigenvalues and modal vectors with respect to
the controller coefficients. Finally, a rotor-AMB system with multidiscs is simulated for validation cases. The proposed optimal PD
controller shows its superiority over the conventional dPD controller
by showing significant reduction of the unbalance vibration near the
flexural critical speeds and sufficient stability margin for both
forward and backward whirl modes of rotor without significant
increase of control effort.

INTRODUCTION
For rotor-AMB system, dPD control has been employed in order
to stabilize rotor vibration. The dPD control utilizes only diagonal
elements of the PD gain matrices, by which the control current of
radial magnetic bearing for each bearing axis is generated
individually and decoupled with other bearing axes. It has an
advantage in that the AMB can be simply regarded as physical
bearing with stiffness and damping coefficients [1]. However, the
dPD control is known inefficient to attenuate excessive unbalance

vibration near the bending critical speeds. Also, mere adjustment of
the PD control gains often fails to guarantee modal stability margin
of rotor whirl modes of interest so that various filters are usually
applied with the dPD controller.
For the rotor-AMB system, two approaches have been
developed to reduce the unbalance vibration of the rotor. One is the
adaptive open-loop control [2, 3] which compensates for the
synchronous unbalance force by exerting counter-bearing force in
order to keep the shaft rotating around its geometrical center. The
other notch filter approaches [4, 5] aim at minimizing the feedback
bearing force synchronous to the rotational speed so as to keep the
shaft rotating about its principal axis of inertia. However, those
approaches essentially require additional controller to the dPD
controller, complicating the controller design.
The AMB is the bidirectional actuator which generates the
bearing forces in two perpendicular directions, e.g. horizontal and
vertical [6, 7, 8]. In this respect, the dPD control overlooks this
advantageous capability of the AMB. The present study thus adds the
cross-coupled derivative gains to the dPD control gains while
keeping the bearing isotropy, and proposes the algorithm to optimize
the gains of the proposed PD controller.
The present work first develops the truncated modal model
based on the Finite Element (FE) model of the rotor-AMB system
controlled by the proposed PD controller. Then, the performance
index in a quadratic form is defined to guarantee modal stability
margin and reduce unbalance vibration at a target bending critical
speed. The computational strategy to obtain the optimal PD control
gains is proposed based on explicit gradients of the performance
index with respect to the control gain matrices. Finally, a numerical
example is provided to demonstrate the effectiveness of the optimal
PD controller in comparison to the conventional dPD controller.
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MODELING OF ROTOR-AMB SYSTEM
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The Finite Element (FE) method [9, 10] can be applied to obtain
the dynamic model of the PD-controlled rotor-AMB system of which
the bearing damping and stiffness coefficients are derived as the
linear functions of the derivative and proportional control gains,
respectively.
Dividing the axisymmetric rotor into N stations, the matrix
equation of motion can be conveniently expressed in the complex
domain as [9]
(t )  jGp (t ) + Kp(t) = g(t)
Mp

ks 2

R
d1

AMB1

AMB2

yb1

zb 2 yb 2

 jkdI 1  s  k p1

zb1

PD controller

ka1

iy1  jiz1

k

R
d2

 jkdI 2  s  k p 2

iy 2  jiz 2

Current
amp

ka 2

Rotor

Figure 1 Schematic diagram of rotor-AMB system
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where the superscripts R and I denote the real and imaginary parts,
respectively, and
Ka  diag ka1 ka 2  , Ks  diagks1 ks 2 



Kd  diag kdR1  jkdI1 kdR2  jkdI 2  , K p  diag k p1 k p 2 

Here, ka and ks are the current-to-voltage gain of the current
amplifier and the displacement sensor gain, respectively. Note that
I
the conventional dPD controller is the case of both kd1  0 and
I
kd 2  0 .
By substituting (4) into (3), the PD control force equation is
obtained by

(2)

gc (t )  Cbp b (t )  Kbpb (t)

where the 2x1 vector gc (t ) denotes the control force exerted on the
rotor at the bearing locations associated with the AMBs; ge (t )
denotes the external disturbance force vector; Γb and Γe are the
force distribution matrices expressed as the Boolean matrix where the
entries are set to be zero except at the forcing stations. The control
force vector gc (t ) is expressed, in terms of the perturbed control
current vector i(t ) and rotor displacement vector pb (t ) at the
bearing locations, as
gc (t)  Kui(t)  Kqpb (t )

yb2  jzb2

Sensor

k

where M , K , and G are the 2Nx2N symmetric mass, stiffness,
and gyroscopic matrices of the rotor, expressed in the complex space,
respectively;  is the rotational speed of the shaft. The complex
physical coordinate p(t ) and the external force vector g(t ) are
written as p(t )  qy (t)  jqz (t), g(t)  f y (t )  jfz (t ) where j  1
is the imaginary number; q(t ) and f (t ) , respectively, represent the
rotor displacement vector at the stations and the external force vector;
the subscripts y and z denote the y- and z-directional vectors defined
on the plane perpendicular to the rotor shaft axis.
The complex external force g(t ) includes two kinds of forces
such that
g(t)  Γbgc (t)  Γege (t)

yb1  jzb1

(5)

T

where gc (t )   gc1(t) gc 2 (t ) , and the bearing damping and stiffness
matrices Cb and Kb are
Cb  KuKaKsKd , Kb  KuKaKsK p  Kq

By substituting (5) and (2) into (1), we obtain the matrix equation of
motion of the PD-controlled rotor-AMB system as

(t)   ΓbCbΓTb  jG p (t) +  K  ΓbKbΓTb  p(t) = ge (t)
Mp

(3)

(6)

The bearing force gc (t )  fcy (t )  jf cz (t ) of each AMB is expressed
in the real domain as

where
Ku  diag  ku1 ku 2 , Kq  diag kq1 kq 2 

 fcy (t) cR cI   yb (t) k 0  yb (t )

   I



R 
 fcz (t )  c c   zb (t )  0 k   zb (t ) 

T

T

i(t )  i1(t) i2 (t )  iy1(t )  jiz1(t ) iy 2 (t)  jiz 2 (t)
T

T

pb (t )   pb1 (t) pb2 (t )   yb1(t )  jzb1(t) yb 2 (t )  jzb 2 (t)

where k , cR and c I are the bearing stiffness, viscous damping
and cross-coupled damping coefficients, given by k  kikakskp  kq ,
cR  ki kakskdR and c I  kikakskdI . Note that cross-coupled stiffnesses
are neglected. The matrices Cb and Kb are written as

Here, ku and kq are the current and negative stiffnesses for the
AMB system, and the subscripts 1 and 2 denote the quantities
associated with the two AMBs; i(t ) is the control current fed into
the electro-magnets in the AMB system; yb (t ) and zb (t ) are the
two orthogonal displacements at the bearing locations and
pb (t )  ΓTb p(t) .
Open-loop instability caused by the attractive bearing force
Kqpb (t ) necessitates a negative feedback control for stabilization of
the rotor-AMB system. Figure 1 shows the schematic diagram of the
PD-controlled rotor-AMB system. Here, it should be noted that actual
sensor-actuator(magnetic bearing) non-collocation is neglected and
the controller design is hereafter formulated with the collocation
assumption. When the PD controller is applied with complex-valued
derivative gain kdR  jkdI and real-valued proportional gain k p for
each AMB system as shown in Fig. 1, i(t ) is expressed by
i(t)  KaKs Kdp b (t )  K ppb (t )

(7)

cR  jc1I
0 
k 0 
Cb   1
, Kb   1 
R
I
c2  jc2 
 0 k2 
 0
Note that, according to Kelvin-Tait-Chetaev theorem[11], the rotorAMB system (6) remains stable if the stiffness matrix K is positive
definite.
The FE model (7) can effectively evaluate the dynamic behavior
of the rotor-AMB system, but its large degrees-of-freedom generally
limit direct use for the controller design. Here, the modal truncation
is applied to obtain the reduced order model in the complex modal
domain, for which the dominant modes are retained while the modes
of insignificance in control performance, usually of high frequency,
are discarded and neglected during the controller design process

(4)
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By solving a non-self-adjoint eigenvalue problem of (6), we
obtain complex modal equations of motion [9] given as

ri (t )  riri (t )  ψriΓege (t )

matrix, p(t )  Γ mp m (t ) . Referring to the modal coordinate
transformation (9) and the control force equation (5) with the relation
pb (t )  ΓbT p(t) , pm (t) and gc (t) can be written in the complex
modal space as

i  B, F; r  1,2,,N

and the modal expansions

pm (t )  Φmη(t )

N

p(t) 

N
i i
r r

 φ  (t),

p (t ) 

i  B, F r 1

i
r

gc (t)  CbΦbΛ  KbΦb  η(t ) (13b)

i i
r r

  φ  (t)

i  B, F r 1

with Φm  ΓTmΦ and Φb  ΓTb Φ . Then, by substituting (13a) and
(13b) into (12), we obtain

where  ,  , ψ and φ are the modal state(coordinate), the
eigenvalue, the complex modal and adjoint vectors, respectively; the
superscripts B and F denote the backward and forward whirl modes;
r is the mode number; the asterisk means the conjugate transpose of
vector and matrix.
Retaining the modal states associated with 2Nˆ Nˆ  N
dominant modes of N̂ backward and forward modes, the matrix
modal equation of the reduced order 2Nˆ can be written with the
complex modal state vector η(t ) , neglecting the 2( N  Nˆ )
truncated modes, as



η (t)  Λη(t)  Ψege (t)

(8)

p(t)  Φη(t ), p (t)  ΦΛη(t )

(9)



Jt   η (t)Qt η(t) dt

where the positive definite Hermitian matrix Qt is written as





Qt  Φm Qt Φm  CbΦbΛ  KbΦb  Rt CbΦbΛ  KbΦb 




Jt  tr  Qt η(t )η(t) dt 
 0


The modal state covariance due to the
excitations is

Spill-over instability problem caused by the uncontrolled truncated
modes is herein ignored.
By introducing the Laplace transforms P(s) and Ge (s) of
the vectors p(t ) and ge (t ) in (8) and (9), we can write the transfer
matrix H(s) between P(s) and Ge (s) for the truncated modal
model, as

Ne





0

i 1

Ne additive impulse





ηi (t)ηi (t ) dt   eΛt ΨeDt ΨeeΛ t dt
0

where ηi (t ) is the modal state impulse response due to the impulse
excitation di (t ) while all other excitations are zero, and
2
2
2
Dt  diag  d1 d2  d N  . Then, Jt is written in the form




(10)

e





Jt  tr  eΛ tQt eΛt dt ΨeDt Ψe   tr XΨeDt Ψe 
 0


where



(11)

In the present section, optimization algorithm of the PD
controller (4) is proposed in the complex modal space, aiming at
guarantee of minimum modal damping margin and reduction of
unbalance vibration of the rotor.

(17)



S ( )      j   

(18)

which denotes an open left-half plane. Then, the covariance matrix
X is the unique solution of the Lyapunov equation [13]

Quadratic performance index
The performance index for the guarantee of minimum modal
damping margin is defined as
Jt (K d , K p )    pm (t )Qtpm (t)  gc (t)Rtgc (t ) dt



where X   eΛ tQt eΛt dt .
0
The eigenvalue is expressed in the form of     j where
 and  are called the modal damping and frequency. In order to
ensure minimum stability margin of the rotor-AMB system, the
regional eigenvalue constraint of uniform modal damping is imposed
such that the closed-loop eigenvalue  lie in the constrained region
S( ) with a positive real constant  represented by

i

OPTIMIZATION ALGORITHM OF PD CONTROLLER

0

(16)

where di is the strength of the impulse disturbance acting on the ith
disturbance station, and  (t ) is the Dirac delta function. Using trace
identity, equation (15) can be converted as [12]

Ψ   ψ1B ψ 1F ψ B2  ψ FNˆ  , Φ  φ1B φ1F φ 2B  φ FNˆ 



T



ge (t)  d1 (t ) d2 (t )  d Ne  (t )

T

 φψΓe 
H(s)   

i  B, F r 1  s    r

(15)

When the system is subject to Ne impulse excitations as the
disturbance forces, ge (t ) can be written by

η  1B 1F  2B   NFˆ  , Λ  diag 1B 1F 2B  NFˆ 

P(s)  H(s)Ge (s)

(14)

0

where Ψe  ΓTe Ψ , and

Nˆ

(13a)



 Λ  I 

(12)

X  X Λ  I  Qt  0

(19)

Here X is positive definite Hermitian.
The performance index for reduction of the unbalance vibration
starts at formulating the influence coefficient matrix H(s) s  j in
(11). The synchronous unbalance force has the form of

where Qt and Rt are the positive semi-definite and positive
definite weighting matrices, and the vector pm (t)  ΓTmp(t )
comprises the lateral displacements of the rotor selected for
performance assessment; Γm being the measurement distribution

ge (t)  U2e jt

3

(20)

T

where U  U1 U 2  U Ne  is the complex unbalance vector; Ui
being the complex mass eccentricity. Then unbalance vibration is
expressed as

p(t)  Re jt

 X

Jt
Ψ
 tr  ΨeDt Ψe  XΨeDt e
kd
kd
 kd





 Λ I

(22)
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Φb
Λ
Φb  

  CbΦb Λ  K b Φb  Rt  b Φb Λ  Cb
Λ  Cb Φb
 Kb

kd
kd
kd  
 kd


where, omitting argument j for brevity,

(25)
2

 Φs Qt


  Φ
Λ  K b
Φb  

  Cb ΛΦb  K bΦb  Rt Cb  b Λ  Φb
Φb  K b


k p  k p
k p  

  k p


2

where Du  UU  diag  U1 U 2  U N  . U i
can be


determined in consideration of upper limit of the unbalance force of
each rotor component.
Finally, the overall performance index J is given as the sum
of Jt and Ju , i.e. J  Jt  Ju . The design goal is to find a feedback
gain matrices Kd and K p minimizing the performance index J ,
and thus the control problem become a parametric optimization
problem.
2



Φs   Φs 
 Φs Qt
(29)

k p
k p 
k p 
  Φ
Λ  K b
Φb 

 Cb ΛΦb  K b Φb  R t Cb  b Λ  Φb
Φb  K b


k p  k p
k p 
  k p
Q t

(24)

Because Ju is a scalar value, it can be converted as

2



In (26), (27), and (28), Ψ e k d , Φ m k d , Φb kd , and
Λ k d can be computed based on the sensitivities of the
eigenvalues and the modal (adjoint) vectors with respect to the
parameter kd [14, 15, 16]. By replacing kd by k p in (26) and
(27), the sensitivity of Jt with respect to k p , J t k p , is obtained
along with

Ju  4UQu U

Ju  4tr QuDu 

(27)



where Qu and Ru are the diagonal weighting matrices of which
the positive real-valued weights can be used to impose constraints on
magnitude of the unbalance vibration and the control effort.
Referring to the vectors of pm (t )  Hm ( j)U2e jt ,
pb (t )  Hb ( j)U2e jt and gc (t )   jCb  Kb  Hb ( j)U2e jt ,
where H m ( j )  Γ Tm H ( j ) and H b ( j)  ΓTb H ( j) , Ju in
(23) is expressed as



 Λ
X X
Λ Q 

 Λ I   X  X  t   0
kd kd
kd kd 
 kd

Qt
Φm   Φm 
 ΦmQt
 Φ Q
(28)

kd
kd  m t kd 
 C
Φb
Λ
Φb 

 Cb Φb Λ  K bΦb  Rt  b Φb Λ  Cb
Λ  Cb Φb
 Kb

kd
kd
kd 
 kd

(23)

Qu  HmQuHm  Hb  jCb  Kb  Ru  jCb  Kb  Hb

(26)

where Q t k d is expressed by

The performance index Ju for reduction of the unbalance
vibration is defined as
Ju (Kd , K p )  E pm (t )Qupm (t )  gc (t )Rugc (t )






By directly differentiating (17) with respect to kd , X k d is
obtained by solving new Lyapunov equation

(21)

where R is the complex unbalance response vector. Then, U2
and R have the relation of
R  H( j)U2




Ψ 
 ΨeDt e 
kd 


e



Next, the sensitivity of Ju with respect to kd is written as
 Q

Ju
 4 tr  u Du 
kd
 kd


(30)

where


Gradient descent optimization in complex modal
space

Qu

The proposed PD controller (4) has a specific structure in which
the four derivative and two proportional gains are allowed to be
active but other elements to be zero. Having explicit analytical
expressions for the gradient of the performance index with respect to
the control gain matrices, gradient-based technique can be applied to
minimize the performance index J. In the present section, the
optimization algorithm for the structured PD controller is proposed
in the complex modal space in conjunction with a steepest descent
algorithm with guaranteed decrease of the performance index.
The problem of finding optimal control gains starts with the
formulation of the sensitivities of the two performance indices Jt
and Ju with respect to the real-valued derivative gain kd ,
representing kdR1 , kdI1 , kdR2 , and kdI 2 , and kp , representing kp1 and
k p2 .

Using the relation A kd   A k d  for kd , the
sensitivity of Jt with respect to kd is written as

 C
H 

 Hb  jCb  K b  R u  j b H b   jCb  K b  b 
k d
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kd

H m  
H m 
 H Qu
  H mQ u

kd 
k d 

m


 C
H  

  Hb  jCb  K b  Ru  j b Hb   jCb  K b  b  
kd
k d  



(31)


Here the sensitivity of the influence coefficient matrix H with
respect to kd is obtained by
i
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 j   


4

i





r

(32)

By replacing kd by k p in (31) and (32), the sensitivity of Ju
with respect to k p , J u k p , is derived along with


H s   H s 
 H Qu
  H s Qu

k p
k p 
k p 
 K
H 

 Hb  jCb  K b  Ru  b Hb   jCb  K b  b 

k
k p 
 p
Qu


s


 K
H  

  Hb  jCb  K b  R u  b Hb   jCb  K b  b  
k p  

 k p

(33)
Figure 2 Rotor carrying two bearing journals and three rigid
discs; all dimensions in millimetres



The optimization of searching for a local minimum of J is
accomplished by recursively updating the gain matrices Kd and
K p in the associated direction of the maximum rate of change in
J until the prescribed convergence criterion is satisfied. The
performance index J is a function of the complex derivative gain

matrix Kd , its conjugate transpose Kd and the real proportional
T
gain matrix K p , its transpose K p . Unfortunately, the real-valued
J is not analytic, i.e. the Cauchy-Riemann conditions do not hold,
with respect to the complex matrix Kd . However, the complex
analyticity is irrelevant to an optimization problem that searches for
Kd to minimize J . Because J is real differentiable with respect
to the real-valued gain k d , i.e. satisfying Brandwood’s analyticity

condition [17, 18, 19] for Kd and Kd , as shown by the above
derivations, the 2x2 matrix gradient J Kd defines the direction
of the maximum rate of change in J with respect to Kd [17],
where the upper bar denotes the complex conjugate. Here, J Kd
are calculated in terms of real differentials with respect to real and
imaginary parts as

The updating rules (34) and (35) lead to the steepest descent
algorithm with the proper step size  for finding optimal Kd and
2

K p that minimize J such that 
 J K d (n) Kd (n) Fro  0 and
2
T
J K p (n) K p (n)  0 . In the present study, the constant  is used
Fro
for each iteration step. This line search approach sometimes exhibits
a slow but accurate, robust convergence. Appendix A shows flow
chart of the optimization algorithm.

J 1  J
J 
 
j I
Kd 2  KdR
Kd 

where the matrix gradient of J at An n is n  n matrix whose
(i, j) entry is J   Aij . Then, when adopting the updating rule for
Kd as [17]

NUMERICAL EXAMPLE

J
Kd  Kd (n  1)  Kd (n)  
Kd (n)Kd (n) (34)
Kd (n)

The rotor configuration of a rotor-AMB system taken for
numerical simulation work is shown in Fig. 2, and the basic
properties of the system are listed in Table 1. The FE model has three
identical disks and 30 elements with an equal longitudinal length, and
the electro-magnet bearing forces are applied at the mid-span of the
journals. The external impulse disturbances are assumed to be
transmitted to the rotor through the two bearing stations. Lateral
displacements at five stations of the disks and the bearings are used
for control performance assessment. Assignment of mass imbalances
are arbitrarily given with upper bound of mass eccentricity 10 g  mm .
Figure 3(a) and (b) shows Campbell diagram and modal
damping ratio curves of the 12 low-frequency backward and forward
whirl modes, respectively, for the original dPD gains
Kd  diag10 10 103 and K p  diag 6 6 ; The broken line
represents the synchronous force excitation due to the rotor
unbalance. To reach target rotational speed of 60,000r/min, the rotor
should pass through five critical speeds, but the unbalance vibration
around the fifth critical speed of 28,650r/min is expected to be
amplified mostly and manifested by significant peaks in magnitude
within the operational speed range. Hence, the optimization is carried
out at 28,650r/min with the truncated modal space model retaining

with the step size   0 for the nth iteration step, where
J Kd (n) Kd (n) is referred to as the complex relative gradient of
J at K d ( n) , J is guaranteed to decrease as
2

J  2

J
Kd (n)
Kd (n)
Fro

where the subscript Fro denotes the Frobenius norm. Without loss
of generality, the updating rule (34) can be applied for K p , such that
K p  K p (n  1)  K p (n)  

J
KTp (n)K p (n) (35)
K p (n)

with the guaranteed reduction of J as
2

J  2

J
KTp (n)
K p (n)
Fro

Note that the updating rules (34) and (35) preserve the diagonal
structure of Kd and K p , respectively.

5

Figure 3 (a) Modal frequency and (b) modal damping ratio of
12 low frequency modes for original decentralized PD gains
ten low frequency modes including five forward and backward
modes.
The optimization begins with the original gain set and the
identical upper limit of the unbalance distribution 10g  mm for the
unbalance stations; i.e. Du  11010 I55 . The weighting matrices Qt
and Rt are set to be the scaled identity matrices Qt  Qt I55 and
Rt  RtI 22 , where the values of Qt  9.26 106 and Rt  1.31104
are appropriately determined to assure the modal stability margin
  25 such that the norms of the impulse responses and the
resultant control efforts are bounded as





0

pm (t)pm (t) dt 

1
,
Qt





0

gc (t)gc (t ) dt 

Figure 4 Optimization history of (a) performance indices,
(b) proportional gains and (c) derivative gains

1
Rt

Fig. 4(a), Ju is significantly reduced which indicates the unbalance
vibration will be effectively attenuated by the optimal controller.
For the dPD control, it seems allowing larger derivative gains
is an intuitive approach to improve vibration control performance. In
order to validate this simple strategy, the modal damping of the
retained ten modes and the peak unbalance response at the fifth
critical speed were evaluated while the decentralized derivative gain
is increased with the original proportional gains K p  diag 6 6
fixed. However, the result suggests that larger derivative gain does
not guarantee better control performance. For example, the modal
damping ratio of the fifth forward mode has a parabola curve with
respect to the derivative gain, and a maximum damping ratio exists
near Kd  diag30 30 103 , consequently leading to smallest
amplitude of the unbalance vibration.

The weighting matrices Qu and Ru also have the form of the
scaled identity matrices as Qu  QuI55 and Ru  Ru I 22 , where the
weightings Qu and Ru are chosen such that
Qu 

1
1
, Ru  2
2
qmax
f max

where qmax and f max are the permissible maximum amplitude of
the synchronous unbalance vibration and the AMB load capacity,
respectively. The values of Qu  1108 and Ru  1.11105 are
used for qmax  100m and fmax  300N . The optimization history of
the performance indices and the PD gains are shown in Figure 4. In

6

original and modified dPD gains. On the other hand, the peak value
of synchronous bearing forces required to react the unbalance forces
are still similar among three control gain sets as shown in Fig.6.
These results thus show the effectiveness of the proposed optimal PD
controller. In Table 2, the damping ratio of the fifth forward mode
increases significantly from 0.01 of original decentralized gains to
0.075 of optimal gains, which indicates that the optimal controller
acts properly to increase the damping ratio of the mode associated
with the target critical speed. On the other hand, the modal damping
of all retained ten modes are larger than the target value of   25
in magnitude, showing that the optimal controller succeed to achieve
the control objective of assurance of the minimum stability margin.
The present study does not consider a finite bandwidth element
in the feedback loop [20] of which the effect on the control
performance may be significant particularly at the high rotational
speed. In addition, large optimal derivate gain can induce the
saturation in feedback electronic element if a reasonable level of
signal noise is present. The incorporation of the finite bandwidth and
signal noise models into the rotor-AMB system model is future
research topic to improve availability of the proposed algorithm for
actual applications.

Figure 5 Maximum unbalance response for original, modified
decentralized and optimal PD gains

CONCLUSION
For the rotor-AMB system, a new type of PD controller is
proposed which combines the conventional decentralized PD
controller and cross-coupled derivative controller. The optimization
algorithm of the proposed PD controller is derived in the complex
modal space with two control objectives of the guarantee of the
modal stability margin and the reduction of the unbalance vibration
at the target critical speed. Illustrative example of the rotor-AMB
system carrying three disks shows that the proposed optimal PD
controller effectively reduces the unbalance vibration at the target
bending critical speed by increasing the modal damping of the
associated forward mode and ensure the minimum stability margin
of all whirl modes of interest, showing superior control performance
over the conventional dPD controller.
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