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Abstract: The aim of this work is to analyze and design a control system for vibration reduction in a rotor system
using a shear mode magnetorheological fluid (MRF) damper. A dynamic model of the MRF damper-rotor system
was built and simulated in Matlab/Simulink to analyze the rotor vibration characteristics and the vibration reduction
effect of the MRF damper. Based on the numerical simulation analysis, an optimizing control strategy using pat-
tern search method was proposed and designed. The control system was constructed on a test rotor bench and ex-
periment validations on the effectiveness of the proposed control strategy were conducted. Experimental results
show that rotor vibration caused by unbalance can be well controlled whether in resonance region (70%) or in non-
resonance region (30%). An irregular vibration amplitude jump can be suppressed with the optimization strategy.
Furthermore, it is found that the rapidity of transient response and efficiency of optimizing technique depend on the
pattern search step. The presented strategies and control system can be extended to multi-span (more than two or
three spans) rotor system. It provides a powerful technical support for the extension and application in target and
control for shafting vibration.
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Introduction

Rotating machines represent the largest and
most important class of machinery including air-
craft gas turbine engine, electrical motors, ma-
chine tools, compressors and turbo machinery.
These systems are affected by exogenous or en-
dogenous vibrations produced by unbalance, mis-
alignment and cracks, etc. Reduction of rotor vi-
bration is very important for safe and efficient
functioning of these rotating machines. Applying
damping to rotor supports is a popular technique
for vibration reduction. Among other damping
devices (active magnetic bearing', squeeze film
damper and electrorheological damper)., magne-
torheological fluid (MRF) damper, which pro-

vides adjustable damping over a wide range of fre-

one of the more promising new devices. It has
been successfully used in civil engineering and
other engineering applications. Ni, et al. " used
semi-active MRF dampers for cable vibration con-
trol of the bridge under wind rain excited condi-
tions. Fujitani" developed a 400 kN MRF damp-
er for a real base-isolated building. The Bose sus-
pension system is a typical and successful techni-
cal realization in automotive suspension. Francesc
Pozo'™ applied the semi-active vehicle stability
control for vibration reduction. Various control
techniques have been proposed to improve the

performance of vibration reduction. Karimi™

ap-
plied an optimal control technique for vehicle en-
gine body system using Haar functions. Adaptive

fuzzy neural network control technique designed
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by Yu, et al.'™ for magnetorheological suspen-
sion. Wang, et al.'™ designed an active landing
gear system to reduce aircraft vibrations with pro-
portion-integration-differentiation (PID) strate-
gy.

There are two kinds of MRF dampers used in
rotor vibration, i. e., the MRF squeeze film
damper ( MRFSFD) and the shear mode MRF
damper. Wang and Meng'™ designed a single disk
rotor system supported on a squeeze MRF damper
referring to the rotor and supporting the structure
of small aero-engines. Compared with the MRFS-
FD which has the disadvantages of high instabili-
ty, limited inhibition of critical vibration and de-
layed responses, the shear mode MRF damper a-
chieves better vibration suppression with the
quicker responses. Research literatures related to
shear mode MRF damper in rotor vibration reduc-
tion mainly focus on simple control technique
(on-off method). Rotor vibration is well con-
trolled in resonance region with an on-off control

19 Furthermore, the increasing of cur-

technique
rent leads to a considerable decrease of rotor vi-
bration amplitude. However, the rising current
may also cause instability to rotor system. Im-
proper current may cause rotor system losing sta-
bility. It is thus necessary to apply the current
properly to MRF damper to get better perform-
ance. Due to the complex dynamic behavior of the
rotor system and the MRF damper, few litera-
tures till now have focused on the optimizing con-
trol for the rotor vibration using shear mode MRF
damper. For this, a shear mode MRF damper and
a vibration active control system were designed in
this paper. An optimizing control scheme was
presented to reduce vibration dynamically on line

with the optimal current.

2  MRF Damper-Rotor System Mod-

eling and Numerical Analysis

2.1 MRF damper modeling and analysis

Geometry of the designed shear mode MRF
damper is illustrated in Fig. 1. It has three mov-

ing disks and two stationary disks. The disks are
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Fig. 1 Geometry of the shear mode MRF damper

placed uniformly and alternatively with a uniform
gap of 1 mm to form six relative shear surfaces.
Electric current is input to the coil to generate
magnetic field. The MRF in the MRF damper can
be described by the Bingham plastic model. The
Bingham plasticity model is effective in describing
the essential field-dependent fluid characteristic.
It can be described in the stress-strain relationship
as followsH"
t=1,(H)sgn(y) + 97 (D)
where 7 is the fluid shear stress, ¢, the yield
stress variable to magnetic field strength H,
7 the MR fluid viscosity when no magnetic field
applied, 7 the shear-strain rate, and sgn(y) the
signum function for shear-strain rate. The rela-
tionship of 7, and H holds""*!
£, =2.769 0 X 10° X H® —0.002 3 X
H*+0.6367X H—5.119 8 (2)
The damper force is obtained by the integral
of r on the whole shear surface-'*
Fuyx =F,+F, (3
where Fyy is the damper force, F, the controlla-
ble force due to the controllable yield stress z.,

and F, the viscous force, which can be computed

by

F,]:C(‘q . ‘UMR([) (4)
F.o=ny, 5.7 (5)
(:Cq :(:o +CMR L) (6)
VR :7’1“ ® S ® (N
w
}./:‘UMR(I) (8)
w

where vyr () is the move speed of the MRF

damper ball bearing center, w the width of the
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gap between parallel plates (moving disk and sta-
tionary disk). n, the number of shear disk, S,
the effective shear area, 5 the Newtonian viscosi-
ty, and C,, the equivalent damping coefficient of

MRF damper (related to controlled current 7).

2.2 MRF damper-rotor system modeling and

analysis

The analyzed rotor consists of a shaft and one
disk supported by journal bearings at both its
ends. A designed MRF damper is mounted on the
rotor shaft. Fig. 2 is the simplified mechanical

model of MRF damper-rotor system.
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Fig. 2 Mechanical model of MRF damper-rotor system

According to the lLagrange equation of the

non-conservative system!'"

d Ly oL | 0

de " ag, Jdg; 9,

=Q, i1=1,2,-,n(9)

where L is the Lagrange function, @ the dissipa-
tion energy of the system. Q; and ¢; are the gen-
eralized coordinates and forces of the system, re-
spectively. The dynamics equation of rotor-MRF
damper can be expressed as

[MX+CX+KX:EAw+Fme o)

1MY+CY+M%JMU+Fmﬂw
where M is the mass matrix, C the damping ma-
trix, K the stiffness matrix, F(¢) the force ma-
trix including journal bearing force and unbalance
force, and Fyr () the damping force matrix. Ac-
cording to Eqs. (1—38)
JFMR, =F.cos§ +F,, =F_ cosf + C, Xy

. (1D
IFMRA‘ :Fr bln@ + F,]y :Fr bll’l(? + C(,q YMR

where @ is the angle between vy () and the x ax-
is. The dynamic equation of MRF damper-rotor
system 18

MX+&DX+K@X:R+LU)(M)

MY +C(DOY +K@DY=F, + f,(i)

The basic structure parameters of the rotor
system are shown in Table 1. Assume that an un-
balance value (0. 15 kg * mm) was put on the
disk (the zero phase) to analyze the unbalanced
synchronous response of the rotor system. The
MRF damper-rotor system was simulated with
Matlab/Simulink. During simulation, an unbal-
anced force was applied and the Runge-Kutta
equations of the system model were adopted dur-

ing calculation.

Table 1 Basic parameters of the rotor system
Parameter Value

Density /(kg * m ™ *) 7 980
Modulus of elasticity/GPa 210
Mass of rotor/g 506
Diameter of rotor/mm 75
Width of rotor/mm 15
Diameter moment of inertia 0. 000 176

of the rotor/(kg * m*) ’
Polar moment of inertia of the

rotor/ (kg « m?) 0.000 352
Length of the working shaft/mm 505
Working shaft span/mm 470
Diameter of shaft/mm 10

The frequency response characteristics of the
rotor system with three different work conditions
(without damper, small current and large cur-
rent) are depicted in Fig. 3.

It indicates that rotor vibration is well con-
trolled in resonance region with the shear mode
MRF damper.

current leads to a considerable decrease of rotor

Furthermore, the increasing of
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Fig. 3 Comparison of rotor with and without damper
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vibration amplitude. However, the rising current
increases the first critical speed of the rotor sys-
tem and may also cause instability to rotor sys-
tem. Since MRF damper will largely increase the
support stiffness, it may cause the stability lost
of the rotor system. It is thus necessary to con-

trol the current properly for better performance.

3 Design of Optimizing Control
Strategy Using Pattern Search
Methods

Based on the modeling and numerical analy-
sis, an optimizing control strategy using pattern
search method, which is a subset of direct search
algorithm introduced by Hooke, et al.'*', was
proposed and designed.

It needs to confirm a search pattern P, and an
exploratory move s,. The pattern matrix P, is
specified as follows

P, =B XC, (13
where BE R"" is a basis matrix fixed in every it-
eration, C, a generating matrix that can vary from
iteration to iteration. The description of the pat-
tern was introduced in the unconstrained case in
order to unify the features of such disparate algo-
rithms as the method of Hooke, et al. ‘'™

The matrix B will be ignored (B=1) in line-
arly constrained problems. After the search pat-
tern settled, pattern search methods proceeds by
a series of exploratory moves about the current it-
erate x, to choose a new iterate Xpiq.

In the analysis of pattern search methods

P, =C,=[ci*cf]=[I L,] a4
For the step A, € R, A, >0, assume exploratory
move s, =A;c;
st € AP, = AT, L] (15
If min{f(x, +y) |yEAT, and (x, +y)EQ} <
f(x), then
fCap 4500 < faxp) 16>
If Egs. (15,16) are valid, then
x, +1l==x,+s,
where x, is the current iterate and  the feasible
region for z. I'x € Z'"*™ belongs to a finite set of

matrices I' with certain geometrical properties.

L, EZ" "™ contains at least a column of zeros,
which means a zero step. R, Q and N are the sets
of real, rational and natural numbers, respective-
ly.

Pattern search methods explore the design
space in a more restrictive manner. The moves
are allowed only along the pattern directions. The
step sizes are updated according to certain rules,
with large steps used early in the search and
scaled down gradually during the search.

To design an optimizing controller using pat-
tern search methods for rotor vibration reduction,
we must specify the pattern P,, the exploratory
moves to be used to produce a feasible step s, and
the algorithms for updating P, and A,. The con-
trol principle scheme of the optimization seeking

strategy is shown in Fig. 4.

Optimization seeking
controller

l“]'a“i“;““‘. u(® | Output Driver and MR
device actuator damper
move

: t
L_ Labview control
mode — platform

| ——— ) T ¢
Data acquisition [<— Sensors : Rotor

and processing [+

Fig. 4 Control scheme of optimization seeking strategy

The controller is designed and accomplished
in the Labview platform. The search program
flow chart is illustrated in Fig. 5.

An initial control current state u, €  is cho-
sen and the step A, be given by simulation. The
objective function for that state is evaluated and
determined by simulation. The evaluating func-
tion f(u,) is computed (for k=0,1,+), and a
step s, is determined using a linearly constrained
exploratory moves algorithm. If f (u, +5,) <<
fCu) s then w,y =u, + 5,3 otherwise, w1 =uy .,
update P, and A,. The search continues from the
current state along the next pattern direction, fol-
lowing the same criteria of the new state accept-
ance. The search stops when the objective func-
tion meets the desired value. To simplify the con-
trol program, a fixed search step is chosen in this

paper.



542 Transactions of Nanjing University of Aeronautics and Astronautics

Initialization
for system

Rotor-MR damper analysis and
simulation

Initial value u, and step A4,
Desired value f *

Optimum seeking module

?>N_
SWw)>f*+e
Y

S= Ao*Pk

Updating P,

§= Au*Pk

u=uts,

Updating P,

S (wets) =1 (wy)

N fpsre
Y

u=ucts,

Finding the optimal

Fig. 5

4 Experimental Validations and Re-
sult Analyses

In order to experimentally validate and evalu-
ate the control performance, a control system was
designed and constructed, the schematic diagram
of the experiment system and the sketch of the
rotor system with MRF damper are shown in
Fig. 6.

The rotor system was outfitted with eddy-
current type non-contact displacement sensor that
measures the displacements of the flexible rotor.
A real-time control and data acquisition system
was designed to collect the vibration data and reg-
ulate the input current to the MRF damper.

Based on the simulation and experiments, an
initial current for MRF damper and seeking step
A, were determined. The control program was
implemented according to the flow chart in Fig. 5.

Experiments were arranged and conducted under

control signal u,

Flow chart of optimization seeking algorithm

Fig. 6

rotor system

Principle and components of the MRF damper-
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ltwo different work conditions. The effectiveness
of optimizating control strategy for rotor vibra-
tion was studied in rotor run-up process and at ro-

tor vibration amplitude jump.

4.1 Vibration suppression in the rotor run-up
process with different desired vibration am-

plitudes

When the rotor was accelerating, according
to the optimization seeking strategy, an appropri-
ate current was searched and applied. Current op-
timization seeking process with different desired
values (140, 180 and 220 pm) are illustrated in
Fig. 7.

1.4
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(a) Desired value 220 um
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(b) Desired value 180 pm
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(c) Desired value 140 pm

Fig. 7 Current optimization seeking process with three

different desired values

The frequency response of rotor system
using MRF damper with different desired values
and original rotor vibration is illustrated in Fig. 8.

Note that the experimental results (Figs. 7,
8) show the seeking processes of currents and the
effectiveness of the control strategy. With three
different desired control target values, the control
strategy is effective in the vibration suppression,
and the current varying with the rotor vibration to
find an appropriated current. The rotor vibration
has been decreased by 70% in resonance region
and 30% in non-resonance region, which implies
that rotor vibration caused by unbalance is well
controlled whether in the resonance or non-reso-
nance regions with optimization seeking strategy.
With the current applied appropriately, it will not

lead to instability of the rotor system.

800
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Le] L
E 400
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2000 2200 2400 2600 2800 3000 3200 3400
Speed / (r * min)
Fig. 8 Comparison of rotor vibration with damper

(three target values) and without damper

4.2 Vibration suppression when rotor vibration

jump occurs

The rotor was running stably at certain speed
and amplitude. When vibration amplitude sud-
denly changed, an optimal current searched by
the optimizing control strategy was applied on the
rotor system to control the rotor vibration in the
target value (140 pm). Experiments were con-
ducted in two different search steps (0. 05 and
0.1 A) to evaluate the efficiency and effectiveness
of the control strategy.

The amplitude and current responses curves
are shown in Fig. 9. The vibration amplitude
jumps regulated by hand, in which rising jumps

occur at lines ab and a* 6" , and descending jump
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(b) Amplitude and current response with search step 0.1 A

Fig. 9 Amplitude and current response with optimiza-

tion seeking strategy

occur at dm and d* m”*. The vibration amplitude
jump can be suppressed by two search steps.
Compared the curve descending between Fig. 9(a)
(from point b to ¢) and Fig. 9(b) (from point 6"
to ¢* ), the smaller the search step, the flatter
the descending portion of the curve, the longer
searching time for appropriated control currents
(seen curve rising at line eg and e¢” g" , curve de-
scending at line hk and 2" 2" ), and the lower re-
sponse of the vibration suppression, but more
smooth than that of larger search step. With a
larger search step, the transient response is more
rapid but less steady than that with smaller

search step.

5 Conclusions

(1) According to the on-line monitoring for
vibration amplitude, the current can be adjusted

in real-time to achieve on-line dynamic vibration

control during a rotor run-up process. It indicates
that rotor vibration caused by unbalance is well
controlled in both resonance and non-resonance
regions with the appropriate current control
which prevents the rotor system from instability.
It provides a powerful technical support for the
extension and application in aerospace engineering
or other rotating machinery.

(2) When the rotor is running stably at cer-
tain speed and amplitude, a sudden jump in rotor
vibration amplitude should be avoided, which can
be suppressed by the optimizing control strategy
using pattern direct search algorithms effectively
and quickly.

(3) The rapidity of transient response and ef-
ficiency of optimization seeking technique for ro-
tor system depend on the pattern search step. A
fixed search step is used in this paper. Further re-
search on search step varying with different vibra-
tion amplitude can be peformed to improve the ef-
ficiency smoothness and rapidity of transient vi-
bration response.

The strategies and control system presented
in this paper can be extended to multi-span (more
than two or three spans) rotor system. It can also
be applied to other vibration control techniques,
for instance, anti-swirl, which provides a power-
ful technical support for the extension and appli-

cation in target and control for shafting vibration.
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