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An active control method based on the proportional-derivative (PD) feedback control strategy using an active
magnetic actuator (AMA) is proposed for suppressing rotor vibration caused by rotor unbalance. The control
current of the AMA is adjusted according to the real-time displacement of the rotor through the PD feedback
algorithm to produce an electromagnetic force to reach the vibration response reduction of the unbalanced rotor.
The motion equation of the rotor-bearing AMA system is established and transformed into a state equation for
designing a control strategy based on the PD feedback. Finally, the test rig is set up and the verifications of
simulation and experiment are carried out. The simulation and experimental results show the effectiveness of the

proposed method for the suppression of the rotor unbalance vibration.

1. INTRODUCTION

Due to the existence of the residual unbalance of the rotor,
the rotating machinery will produce vibration and noise during
operation, and increase the mechanical wear. As the speed in-
creases, the unbalanced force will show a square-fold surge, so
even a small imbalance at high speeds will still produce greater
vibration.! It may cause the mechanical instability and even an
accident when the vibration is serious. The control of the ro-
tor unbalance vibration is divided into passive control and ac-
tive control. The passive control structure is simple, which is
suitable for simple working conditions and low requirements
for stability.>? Active vibration control can be combined with
different control strategies and has higher adaptability and sta-
bility. The active magnetic bearing (AMB) uses a controllable
electromagnetic force to suspend the rotor and can be used for
the active control of the rotor vibration.** The AMB is only
installed as a rotor active control device that provides elec-
tromagnetic force stiffness and damping, not as a static load
support, commonly referred to as an active magnetic actuator
(AMA).? Compared with other active control devices, an AMA
has the advantages of no contact, no lubrication, low energy
consumption, and so on.’

A lot of research on the active control of rotor vibration us-
ing the unique advantages of AMB has been carried out.'%!3
In the active control field of rotor unbalance vibration, Kumar
et al. proposed a 12-pole radial AMB which used AC excita-
tion to counteract the unbalance.'* Roy et al. used a viscoelas-
tic control law in AMB to suppress unbalance vibration.'> The
second-order sliding mode control was applied in Kandil et al.
to adjust the AMB system to a wide rotational speed operating
range.'® Zheng and Feng proposed a rotor unbalance feed-
forward compensation control based on a new adaptive notch
filter.!” Cui et al. proposed an adaptive control method for
the unbalanced vibration of active-passive hybrid magnetically
suspended rotor based on the sliding mode observer combin-
ing with the notch filter.!® Tang et al. designed an integrated
controller to suppress the first and two order bending modes of
the rotor.!” Mao and Zhu established the dynamics model of

an AMB rigid-rotor system and proposed an unbalanced com-
pensator based on a real-time variable-step-polygon-iterative-
seeking algorithm for the unbalance coefficients of the rotor to
suppress rotor vibration.” Among the methods for reducing
rotor vibration, some of them are generally applied at bearing
locations, due to the AMB as a static load support, where the
vibration is not as severe as at the rotor spanned away from
the bearings.?!~26 However, the reduction of rotor vibration is
poor in that the location of the control force is far away from
the location of the excitation.

This paper focuses on the reduction of unbalanced rotor vi-
bration by using an AMA in a rotor-bearing system. Firstly,
the dynamic equation of the rotor-bearing AMA is established
and then transformed into the state space expression. The un-
balanced mass is applied to the system, and the unbalanced
response of the state equation is obtained by using the ode45
solver in the MATLAB software. Then, an active control
method based on the PD feedback is proposed. The unbal-
ance vibration is decomposed into two orthogonal directions,
and two real-time control currents are obtained, respectively,
according to the displacement of the rotor to generate the elec-
tromagnetic force for suppressing the rotor imbalance vibra-
tion. Finally, the feasibility of this algorithm on an unbalanced
vibration suppression is verified by experiments at different ro-
tating speeds.

2. MODELING AND ANALYSIS OF TEST RIG
2.1. Description of Test Rig

The test rig of the rotor-bearing AMA system is shown in
Fig. 1. The main components included a rotor, disk, tilting pad
bearing, AMA, sensor, data acquisition system, control sys-
tem, and drive system. The length of the rotor was 876 mm,
the outer diameter was 50 mm, the material was 40Gr, and both
ends were supported by the tilting pad bearing and were driven
by an electric spindle through the coupling. The diameter of
the disc was 270 mm, the thickness was 25 mm, and its mate-
rial was 45 steels. The AMA consisted of a stator and rotor;
the stator consisted of 12 poles. The energy loss and coupling
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Table 1. Parameters for AMA

Inner diameter | Outer diameter | Uniform | Turn number of Stator
of the stator of the rotor air gap | magnetic pole coil | width
126.2 mm 125 mm 0.6 mm | 175 60 mm

I Il
Il H
Il

Figure 1. Test rig of rotor-bearing AMA system.
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Figure 2. Model of rotor-bearing AMA system.

of the 12-magnetic pole structure were less; the other param-
eters of the AMA are shown in Table 1. A key-phase sensor
was located at the coupling to measure the speed. Eddy cur-
rent displacement sensors were arranged at the two ends of the
bearing and the electromagnetic device, respectively, to mea-
sure the vibration displacement of the rotor.

2.2. Model of Rotor in Test Rig

The finite element model of rotor-bearing system was estab-
lished, as shown in Fig 2. Units that built the model included
disks, shaft segments, bearings, and the AMA.

The equation of motion for the rotor-bearing AMA system

] |2 + (€] | 2] + [K]12] = Q) ()

where:

(M) =" [Ma] + > [Ms);

=Y Q[Gs]+ > 2[Gd + Y (Gl
(K] =" [Ks]+ > [Kal + Y K]
Q1 =>"1Qs] + D" [Qal + > [Qumag) -

The set [Z] was the displacement vector, [M] was the mass
matrix, [My] was the mass matrix of the disk element in the
global coordinate system, and [M] was the mass matrix of the
shaft section element in the global coordinate system. The set

[C] was the system damping matrix, [G4] was the gyro matrix
of the axial section element in the global coordinate system,
[G 4] was the gyro matrix of the disk element in the global co-
ordinate system, [Gp] was the damping matrix of the bearing
element in the global coordinate system, and €2 was speed. The
set [K] was the system stiffness matrix, [K] was the stiffness
matrix of the shaft element in the global coordinate system,
[K 4] was the stiffness matrix of the disk element in the global
coordinate system, and [K] was the stiffness matrix of the
bearing element in the global coordinate system. The set [Q]
was the generalized force of a system, [Q ] was the generalized
force of the shaft element, [()4] was the generalized force of
the disk element, and Q4] Was the external control force. If
the unbalance force was caused by the eccentric shaft section,
regardless of quality and other exciting force, only considering
the unbalance force was caused by the disc mass eccentricity
and the external electromagnetic force, then:3

Q= 1Qad + > [Qmag] - )

In the local coordinate system, it was assumed that the ec-
centric distance of the disk was e, and the phase angle of the
mass eccentricity was 7y, the mass of the disc was mg4. Then
the node unbalanced force of disc was expressed as:®

2, {cos (Qt + 7)}

[Qal = sin (Qt + )

3)
Equation (3) was transformed into a global coordinate sys-
tem by using the transformation matrix [777].

[Qdl = [T ]+ _[Q4l- “
The electromagnetic force in the direction of X was ob-
tained from the Maxwell electromagnetic field theory as fol-
lows:* ) 2 )
mag_k?? k_T7 (5)
where (19 was space permeability, N was the number of field
turns, A was the pole area, x was the air gap, and i, was the
current. The Taylor expansion was carried out near x = 0 and
iz = 0, and the higher order infinitesimal was neglected. The
linearized expression near the work point could be obtained.
I was the bias current, and d was the static air gap.*
ﬁtag = 7]43550 + kﬂr; (6)
Here, k, = g N?AI2 /53 was the displacement stiffness, and
ki = uoN?Aly /52 was the current stiffness.

Assume that the air gap and the magnetic pole in the hori-
zontal (X)) and vertical (Y') directions were uniform, and the
magnetic field coupling between the X and the Y directions
was not considered. It could be considered that the current
stiffness and displacement stiffness are equal in both direc-
tions, respectively.

]'=

[ fnag] = [ ;flag f#Lag

ok, m + ki [zj = k2] + K (L] (D)

It was necessary to transform the electromagnetic force and
the local displacement into the displacement and control force
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in the global coordinate system by the transformation matrix
[T,], so that the above equations could be a unified treatment.?’

[Qmagl = [TaT] {=ks[Tol[2a] + Killa]} - 3

When considering the system contains only a single disc,
then the equations of motion was:

(][ 2] + (01 2] + [K112] = [Qd) + [@mag] -~ ©)

Substituting Eq. (8) into Eq. (9):

(] [2] + (01| 2] + { K] + ke [TT (T} (2] =
Q] + k(T

On the right of the above equation, the size of the second
term depended on the actuator coil current [/,], which could
be used for vibration control of the rotor system. Set a new
stiffness matrix [K1] as:

(10)

(K1) = [K] + k[T]][T). (11)

3. PD FEEDBACK BASED CONTROL
STRATEGY

3.1. State Space Description

When the rotor is considered as a flexible rotor, the system
dynamics equation established by the finite element method
will include multiple state variables. When analysing multi-
ple input multiple output control structures (MIMO), the state
space description method was very useful. Therefore, the
equations of motion needed to be transformed. First, the state
space vector was defined:?’

12)

The [Z] was represented by Eq. (10) as:*’
(2] = 174 1Qu] + M) ([T 11}
— M7 e 2] + - ) ) 2] a3)

Converted the above equation to a first order expression:?’

AN 0 I Z
Z —M_lKl — m,lc Z
0 T
+ = [Qa] + = kT, ][] (14)
Simplified Eq. (14) as:
[q] = [As][q] + [Bsa][la] + [Bsu][Qd]§ (15)

where [A;], [Bsa], and [Bs,] were the system matrix, input
matrix of the AMA current and the unbalanced force, respec-
tively. As the second state space equations, the output relation-
ship was defined. The set [Z,] was the displacement vector of
the measured point.

16)

3.2. PD Feedback Algorithm

The PD feedback control strategy of vibration displacement
was adopted to generate the electromagnetic force of the AMA.
According to Eq. (3), the unbalance force was decomposed
into two directions of X and Y. The corresponding control
forces were also applied in two orthogonal directions, respec-
tively. According to the equation of state feedback displace-
ment vector [Z.], the PD control algorithm for feedback con-
trol was chosen. The deviation signal was formed by the differ-
ence between the given value z4(t) and the actual output value

z(t):
e(t) = zq(t) — z(t). (17
The control law of the PD was:
ult) = k, {e(t) + TDjf(t)] : (18)

where k,, was the proportional coefficient and Tp was the dif-
ferential time constant.

With a series of sampling time points, k1 represented the
continuous time ¢ and first-order backward difference, which
replaced the differential approximately, that is:

t~kT (k=0,1,2,..)
de(t) < e(kT) —e((k—1)T) _ e(k) —e(k—1) -
dt T

(19)
The discrete PD expression was obtained by substituting
Eq. (19) into Eq. (18):

uy, = kpe(k) + kdw;

(20)
where kq = k,Tp, T' was the sampling period, k£ was the sam-
pling number, and e(k) and e(k— 1) were the deviation signals,
respectively, that were obtained at the K moment and the (k—1)
moment.

The block diagram of the control system is shown in Fig. 3.
The Y direction and the X direction were the same in princi-
ple.

The displacement vector at the k-th sampling time of
the node where the AMA was located was [Z.(k)] =
[25(k) z,(k)]. The deviations in the X and Y directions were
ex(k) = zq — 2.(k) and ey (k) = zq4 — zy(k), respectively.
According to Eq. (20), the control signal [U] was obtained as
follows:

(k) —ex(k—1)

kpea (k) + kg ==

=" = r @1
[uy:| kpey (k) + kg ey (k) _;y(k —-1)
Therefore, Eq. (15) became:
[Q] = [ASHQ] + [Bsa] [U] + [BsuHQd] (22)

According to Eq. (22), the essence of the AMA was to adjust
the magnitude of the control current according to the deviation
signal of the rotor vibration displacement. By weakening or
offsetting the influence of the right third items of the upper
formula to achieve the purpose of changing the stiffness and
damping of the rotor system, then the vibration response re-
duction of the unbalanced rotor was realized.
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Figure 3. PD control strategy of rotor vibration due to unbalance in rotor-bearings system.

4. NUMERICAL SIMULATION

A numerical simulation has been developed for evaluating
the effectiveness of the PD feedback-based control method.
The model of the rotor-bearing AMA system is shown in
Fig. 2.

The working speeds were set at 2000, 4000 and 6000 r/min,
respectively. The initial state was set to 0. The values of the
proportional coefficient kp and the differential coefficient kg4
were selected by trial and error. The general principle was to
firstly select an appropriate k,, value without considering the
k4, and then to perform the debugging of the k d value. Finally,
the k, was taken as 10° and k4 was taken as 10°. The control
was applied after 0.2 seconds of the program running. The
vibration displacements in the X (horizontal) and Y (vertical)
directions of the node where the AMA was located and the
node 3 which near the left bearing are shown in Fig. 4, Fig. 5,
and Fig. 6. The effect of the PD control on an unbalanced
vibration at different rotational speeds was analysed.

The simulation results have shown that the real-time control
algorithm based on the PD feedback proposed in this paper
have a good effect on the vibration response suppression of
the unbalanced rotor, which could effectively reduce the am-
plitude of rotor vibration, adjust quickly, and there should be
no overshoot. The algorithm was simple, and the parameters
were clear. The controller generated a real-time control current
to act on the AMA according to the real-time displacement of
the rotor vibration. Then, the AMA generated an electromag-
netic force to control the rotor vibration. It can be seen from
Fig. 4 to Fig. 6 that a significant suppression effect was obvious
for three different rotational speeds, using the AMA based on
the PD control algorithm. The PD parameters can be adjusted
according to the actual working conditions.

5. EXPERIMENTAL VERIFICATION

The effect of the algorithm on the suppression of the un-
balanced vibration is experimentally verified at the test rig
shown in Fig. 1. The real-time suppression of the unbalanced
vibration of the rotor at speeds of 1200 r/min, 1500 r/min,
1800 r/min, 2100 r/min, and 2400 r/min, respectively, was car-
ried out. The eddy current displacement sensors were arranged
in the horizontal and vertical directions, respectively, and col-
lected the real-time vibration amplitudes of the rotor in two
directions and transmitted them to the controller for calcula-
tion. The effect of unbalanced rotor vibration reduction at the
speed of 1500 r/min is shown in Fig. 7. The whole process was
divided into two stages, before and after the application of the
control. The effect comparisons at 1200, 1500, 1800, 2100,
and 2400 r/min are shown in Fig. 8.

From the experimental results, some conclusions can be
drawn. In the rotor-bearing AMA system, there was a signif-
icant suppression effect, when the PD control algorithm was
used to suppress the unbalanced vibration of the rotor in real

time. The proposed algorithm is slightly different in suppress-
ing the horizontal and vertical unbalanced vibrations because
the stiffness and damping of the bearing are not the same in the
horizontal and vertical direction. Though unbalanced vibration
tends to increase with the increase of rotational speed, the algo-
rithm of this paper still maintains a good effect of suppressing
unbalanced vibration under different rotational speeds.

6. CONCLUSIONS

The finite element model of the rotor-bearing AMA is estab-
lished and transformed into the expression in the state space in
this paper. An active control method based on the proportional-
derivative feedback-control strategy is proposed. Through the
combination of simulation and experiment, the real-time sup-
pression of the rotor unbalance vibration at different rotational
speeds is carried out. The inhibitory effect of the PD algorithm
based on the AMA actuator on the unbalanced rotor vibration
at different speeds is verified. However, there is a residual error
for the PD feedback-based control algorithm, in which the vi-
bration response of the unbalanced rotor cannot be eliminated
completely. The control algorithm needs to be further opti-
mized for higher requirements of balance accuracy.
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