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To improve the output accuracy of strap-down inertial measurement unit which is in compound dynamic environment of missile
which has a high acceleration, strong impact, and high vibration, an adaptive damping method of taking the magneto rheological
elastomer as the vibration damper is designed. This method takes the error between the vibration response of the missile and
the dynamic response of SIMU as the performance index of optimal control. By optimal control, the stiffness and damping of
the magneto rheological elastomer are automatically adjusted, the vibration response of the SIMU is controlled, and the output
accuracy of SIMU is improved. Results of experiments show that the method solves the problem that the stiffness and damping of
the SIMU damping system could not be changed in real time to adapt to the dynamic environment, and there is almost no time
delay and this has an obvious damping effect.

1. Introduction

During the launch and flight process of the missile, the
mass and stiffness distribution of the missile are changing
continuously, and the vibration characteristic of the missile
with the flight time is changing continuously. Because the
strap-down inertial measurement unit is directly mounted
to the missile, the vibration of the missile is transferred
to the IMU, which leads to the gyroscopic drift caused by
centroid offset and structure deformation of gyroscope, and
the dynamic measurement error of the inertia device is
generated. When the working frequency of the IMU is close
to its resonant frequency, it will greatly reduce the dynamic
accuracy of IMU or make permanent damage to the IMU,
even output false information, and make the missile com-
pletely out of control. Therefore, the dynamic environment
adaptability of the strap-down inertial measurement unit is
an important subject we have been faced with. In order to
improve the dynamic environment adaptability of SIMU, we
usually choose the method of testing stiffness or damping
of the connection tables or gaskets between the missile and
SIMU to reduce the vibration response and improve the

dynamic accuracy of inertial navigation system. Because of
theoretical and technical reasons, so far, the stiffness and
damping of the connection tables or gaskets between the
missile and SIMU are constant values, which could not
be numerically changed with the change of the vibration
frequency of the system [1]. In the flight process of the
missile, a large change range of vibration frequency makes
it have a different frequency distribution at different time,
and the frequency distribution is very dense and wide [2].
Therefore, ordinary damping systems are often difficult to
adapt themselves to the dynamic environment of all vibration
frequency of flight process of the missile; even they are
difficult to avoid the resonance frequency in a certain period
of time and improve the accuracy of SIMU too much.

As a new type of intelligent materials, the magneto
rheological elastomer has both advantages of magneto rhe-
ological fluid and ordinary elastomer, and it overcomes
the shortcoming that the iron powder of MRF is easy to
settle. Therefore, the magneto rheological elastomer has the
characteristics of controllable stiffness and damping under
the magnetic field. In this paper, the magneto rheological
elastomer that has a variable stiffness and damping is applied
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Figure 1:Themultibody systemdynamicsmodel of laser gyro strap-
down inertial measurement unit.

to the damping system for SIMU. The magnitude of current
of the excitation coil is changed to control the stiffness and
damping of themagneto rheological elastomer, thus changing
the stiffness and damping of the damping system, to ensure
that optimal output control force is produced to eliminate
the influence of vibration excitation of the missile at different
moments. This method solves the problem that the stiffness
and damping of the damping system could not be changed in
real time to adapt to the dynamic environment, and this has
an obvious effect on the damping system.

2. The Dynamics Model of Laser
Gyro Strap-Down Inertial Measurement
Unit and Rapid Calculation of
Vibration Characteristics

2.1. The Multibody System Dynamics Model of Laser Gyro
Strap-Down Inertial Measurement Unit. The multibody sys-
tem dynamics model of laser gyro strap-down inertial mea-
surement unit is shown in Figure 1. The missile is treated as
an elastic beam and numbered 1.The connection between the
outer frame and themissile is regarded as a space longitudinal
vibration spring and a damper in parallel, numbered 2 to
5. The outer frame of the platform is treated as a rigid
body, numbered 6. The connection between the platform
and the outer frame is regarded as a spatial longitudinal
vibration spring and a damper in parallel, numbered 7 to 10.
The platform is treated as a rigid body, numbered 11. The
connection between the shaking wheel and the platform is
regarded as a spatial torsion spring and a damper in parallel,
numbered 12, 13, and 14.The three shaking wheels are treated
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Figure 2: The multibody system topology diagram of laser gyro
strap-down inertial measurement unit.

as rigid bodies, numbered 15, 16, and 17. The connection
between the shaking wheel and the gyro cavity is regarded as
a spatial torsion spring and a damper in parallel, numbered
18, 19, and 20. The three gyro cavities are treated as rigid
bodies, numbered 21, 22, and 23. Therefore, the multibody
system dynamics model of laser gyro strap-down inertial
measurement unit is regarded as a multi-rigid-flexible body
system which is a combination of eight rigid bodies and one
nonuniform elastic beam connected by space springs, torsion
springs, and dampers in parallel [3].

The acceleration values of the gyro platform aremeasured
as feedback, then the control forces are applied to element 2
to 5, and the objective of variable stiffness and damping is
achieved. It can be seen from themultibody system dynamics
model of laser gyro strap-down inertial measurement unit
that the system can be treated as a tree systemwith three input
boundaries and an output boundary. For the convenience
of description, the boundary associated with the carrier is
treated as the output boundary, and the rest of the boundaries
are treated as the input boundaries. The topology diagram of
the system is shown in Figure 2.

2.2. The Transfer Equation and Transfer Matrix of Each
Element. For the space vibration multibody system, the state
vector of the input points, output points, and the system
boundary points of each element is defined as [4]

Z = [𝑋, 𝑌, 𝑍,Θ𝑥, Θ𝑦, Θ𝑧,𝑀𝑥,𝑀𝑦,𝑀𝑧, 𝑄𝑥, 𝑄𝑦, 𝑄𝑧]𝑇 . (1)

(a) The transfer equation of the missile with longitudinal
vibration, torsional vibration, and transverse vibration is

Z1,0 = U1Z1,𝐼. (2)
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The transfer matrix is

U1 =

[[[[[[[[[[[[[[[[[[[[[[[[[[[[[

𝑢1,1 0 0 0 0 0 0 0 0 𝑢1,10 0 00 𝑢2,2 0 0 0 𝑢2,6 0 0 𝑢2,9 0 𝑢2,11 00 0 𝑢3,3 0 𝑢3,5 0 0 𝑢3,8 0 0 0 𝑢3,120 0 0 𝑢4,4 0 0 𝑢4,7 0 0 0 0 00 0 𝑢5,3 0 𝑢5,5 0 0 𝑢5,8 0 0 0 𝑢5,120 𝑢6,2 0 0 0 𝑢6,6 0 0 𝑢6,9 0 𝑢6,11 00 0 0 𝑢7,4 0 0 𝑢7,7 0 0 0 0 00 0 𝑢8,3 0 𝑢8,5 0 0 𝑢8,8 0 0 0 𝑢8,120 𝑢9,2 0 0 0 𝑢9,6 0 0 𝑢9,9 0 𝑢9,11 0𝑢10,1 0 0 0 0 0 0 0 0 𝑢10,10 0 00 𝑢11,2 0 0 0 𝑢11,6 0 0 𝑢11,9 0 𝑢11,11 00 0 𝑢12,3 0 𝑢12,5 0 0 𝑢12,8 0 0 0 𝑢12,12

]]]]]]]]]]]]]]]]]]]]]]]]]]]]]

, (3)

where

𝑢2,2 = 𝑢6,6 = 𝑢9,9 = 𝑢11,11 = 𝑆 (𝜆𝑦𝑥𝑖) ,𝑢3,3 = 𝑢5,5 = 𝑢8,8 = 𝑢12,12 = 𝑆 (𝜆𝑧𝑥𝑖) ,
𝑢2,6 = 𝑢9,11 = 𝑇 (𝜆𝑦𝑥𝑖)𝜆𝑦 ,
𝑢2,9 = 𝑢6,11 = 𝑈 (𝜆𝑦𝑥𝑖)𝐸𝐼𝑧,𝑖𝜆2𝑦 ,
𝑢2,11 = 𝑉 (𝜆𝑦𝑥𝑖)𝐸𝐼𝑧,𝑖𝜆3𝑦 ,
𝑢5,8 = 𝑇 (𝜆𝑧𝑥𝑖)𝐸𝐼𝑦,𝑖𝜆𝑧 ,
𝑢3,5 = 𝑢8,12 = −𝑇 (𝜆𝑧𝑥𝑖)𝜆𝑧 ,
𝑢3,8 = 𝑢5,12 = −𝑈 (𝜆𝑧𝑥𝑖)𝐸𝐼𝑦,𝑖𝜆2𝑧 ,
𝑢3,12 = 𝑉 (𝜆𝑧𝑥𝑖)𝐸𝐼𝑦,𝑖𝜆3𝑧 ,
𝑢6,9 = 𝑇 (𝜆𝑦𝑥𝑖)𝐸𝐼𝑧,𝑖𝜆𝑦 ,𝑢5,3 = 𝑢12,8 = −𝜆𝑧𝑉 (𝜆𝑧𝑥𝑖) ,𝑢6,2 = 𝑢11,9 = 𝜆𝑦𝑉(𝜆𝑦𝑥𝑖) ,
𝑢8,3 = 𝑢12,5 = −𝐸𝐼𝑦,𝑖𝜆2𝑧𝑈 (𝜆𝑧𝑥𝑖) ,

𝑢8,5 = 𝐸𝐼𝑦,𝑖𝜆𝑧𝑉 (𝜆𝑧𝑥𝑖) ,𝑢9,2 = 𝑢11,6 = 𝐸𝐼𝑧,𝑖𝜆2𝑦𝑈(𝜆𝑦𝑥𝑖) ,𝑢9,6 = 𝐸𝐼𝑧,𝑖𝜆𝑦𝑉(𝜆𝑦𝑥𝑖) ,𝑢11,2 = 𝐸𝐼𝑧,𝑖𝜆3𝑦𝑇 (𝜆𝑦𝑥𝑖) ,𝑢12,3 = 𝐸𝐼𝑦,𝑖𝜆3𝑧𝑇 (𝜆𝑧𝑥𝑖) ,𝑢1,1 = 𝑢10,10 = cos (𝛽𝑥𝑥𝑖) ,
𝑢1,10 = − sin (𝛽𝑥𝑥𝑖)𝛽𝑥𝐸𝐴 𝑖 ,
𝑢10,1 = 𝛽𝑥𝐸𝐴 𝑖 sin (𝛽𝑥𝑥𝑖) ,𝑢4,4 = 𝑢7,7 = cos (𝛾𝜃𝑥𝑥𝑖) ,
𝑢4,7 = sin (𝛾𝜃𝑥𝑥𝑖)𝛾𝜃𝑥 (𝐺𝐽𝑝)𝑖 ,𝑢7,4 = −𝛾𝜃𝑥 (𝐺𝐽𝑝)𝑖 sin (𝛾𝜃𝑥𝑥𝑖) ,0 ≤ 𝑥𝑖 ≤ 𝑙𝑖,
𝛽𝑥 = √𝑚𝑖𝜔2𝐸𝐴 𝑖 ,
𝜆𝑦 = 4√𝑚𝑖𝜔2𝐸𝐼𝑧,𝑖 ,
𝜆𝑧 = 4√𝑚𝑖𝜔2𝐸𝐼𝑦,𝑖 ,
𝛾𝜃𝑥 = √ (𝜌𝐽𝑝)𝑖 𝜔2(𝐺𝐽𝑝)𝑖 .

(4)
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(b)The transfer equation and transfer matrix of elements
2 to 5 and elements 7 to 10 are given as follows.

For dampers 7∼10, each damper is treated as a spa-
tial three-direction longitudinal vibration spring, which
contains the stiffness of 𝑥, 𝑦, 𝑧 direction but does not
contain torsional stiffness. The initial stiffness of the four
dampers is (𝑘𝑥7, 𝑘𝑦7, 𝑘𝑧7), (𝑘𝑥8, 𝑘𝑦8, 𝑘𝑧8), (𝑘𝑥9, 𝑘𝑦9, 𝑘𝑧9), and(𝑘𝑥10, 𝑘𝑦10, 𝑘𝑧10). Since four dampers are clamped between
two rigid bodies, the relative displacements of the two bodies
should satisfy the rigid body constraints, considering them as
a whole, and the input point and output point can be selected
at any position of the two rigid bodies. Taking the output
point as the original point, the coordinate is established.
The coordinates of the balance position of the output end
of the four dampers are (𝑎7, 𝑏7, 𝑐7), (𝑎8, 𝑏8, 𝑐8), (𝑎9, 𝑏9, 𝑐9), and(𝑎10, 𝑏10, 𝑐10). The coordinates of the balance position of the
input end of the four dampers are (𝑎7, 𝑏7, 𝑐7), (𝑎8, 𝑏8, 𝑐8),(𝑎9, 𝑏9, 𝑐9), and (𝑎10, 𝑏10, 𝑐10). Assuming that the displacements
of the input and output point are [𝑥 𝑦 𝑧 𝜃𝑥 𝜃𝑦 𝜃𝑧]𝑇𝐼
and [𝑥 𝑦 𝑧 𝜃𝑥 𝜃𝑦 𝜃𝑧]𝑇𝑂, the space forces generated by
each spring damper are simplified to the output point; the
principal vectors and principal moments of the force system
at the input point and output point are equal. According to
this principle, we obtain

[[[[[[[[[[[[[[

𝑚𝑥𝑚𝑦𝑚𝑧𝑓𝑥𝑓𝑦𝑓𝑧

]]]]]]]]]]]]]]𝑂
=
[[[[[[[[[[[[[[

𝑚𝑥𝑚𝑦𝑚𝑧𝑓𝑥𝑓𝑦𝑓𝑧

]]]]]]]]]]]]]]𝐼
= K1

[[[[[[[[[[[[[[

𝑥𝑦𝑧𝜃𝑥𝜃𝑦𝜃𝑧

]]]]]]]]]]]]]]𝑂
− K1

[[[[[[[[[[[[[[

𝑥𝑦𝑧𝜃𝑥𝜃𝑦𝜃𝑧

]]]]]]]]]]]]]]𝐼
,

[[[[[[[[[[[[

𝑀𝑥𝑀𝑦𝑀𝑧𝐹𝑥𝐹𝑦𝐹𝑧

]]]]]]]]]]]]𝑂
=
[[[[[[[[[[[[

𝑀𝑥𝑀𝑦𝑀𝑧𝐹𝑥𝐹𝑦𝐹𝑧

]]]]]]]]]]]]𝐼
= K1

[[[[[[[[[[[[

𝑋𝑌𝑍Θ𝑥Θ𝑦Θ𝑧

]]]]]]]]]]]]𝑂
− K1

[[[[[[[[[[[[

𝑋𝑌𝑍Θ𝑥Θ𝑦Θ𝑧

]]]]]]]]]]]]𝐼
,

[[[[[[[[[[[[

𝑋𝑌𝑍Θ𝑥Θ𝑦Θ𝑧

]]]]]]]]]]]]𝑂
= K−11

[[[[[[[[[[[[

𝑀𝑥𝑀𝑦𝑀𝑧𝐹𝑥𝐹𝑦𝐹𝑧

]]]]]]]]]]]]𝐼
+ K−11 K


1

[[[[[[[[[[[[

𝑋𝑌𝑍Θ𝑥Θ𝑦Θ𝑧

]]]]]]]]]]]]𝐼
.

(5)

The transfer equation of elements 7 to 10 is

Z7∼10,𝑂 = [K−11 K1 K−11𝑂 𝐼 ]
7∼10

Z7∼10,𝐼 = U7∼10Z7∼10,𝐼. (6)

The transfer matrix of elements 7 to 10 is

U7∼10 = [K−11 K1 K−11𝑂 𝐼 ]
7∼10

, (7)

where

K1 =

[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[

0 − 10∑
𝑖=1

𝑐𝑖𝑘𝑦𝑖 10∑
𝑖=7

𝑏𝑖𝑘𝑧𝑖 10∑
𝑖=7

𝑘𝑦𝑖𝑐2𝑖 + 𝑘𝑧𝑖𝑏2𝑖 − 10∑
𝑖=7

𝑘𝑧𝑖𝑎𝑖𝑏𝑖 − 10∑
𝑖=7

𝑘𝑦𝑖𝑐𝑖𝑎𝑖
10∑
𝑖=7

𝑐𝑖𝑘𝑥𝑖 0 − 10∑
𝑖=7

𝑎𝑖𝑘𝑧𝑖 − 10∑
𝑖=7

𝑘𝑧𝑖𝑎𝑖𝑏𝑖 10∑
𝑖=7

𝑘𝑥𝑖𝑐2𝑖 + 𝑘𝑧𝑖𝑎2𝑖 − 10∑
𝑖=7

𝑘𝑥𝑖𝑏𝑖𝑐𝑖
− 10∑
𝑖=7

𝑏𝑖𝑘𝑥𝑖 10∑
𝑖=7

𝑎𝑖𝑘𝑦𝑖 0 − 10∑
𝑖=7

𝑘𝑦𝑖𝑐𝑖𝑎𝑖 − 10∑
𝑖=7

𝑘𝑥𝑖𝑏𝑖𝑐𝑖 10∑
𝑖=7

𝑘𝑥𝑖𝑏2𝑖 + 𝑘𝑦𝑖𝑎2𝑖
− 10∑
𝑖=7

𝑘𝑥𝑖 0 0 0 − 10∑
𝑖=7

𝑘𝑥𝑖𝑐𝑖 10∑
𝑖=7

𝑘𝑥𝑖𝑏𝑖
0 − 10∑

𝑖=7

𝑘𝑦𝑖 0 10∑
𝑖=7

𝑘𝑦𝑖𝑐𝑖 0 − 10∑
𝑖=7

𝑘𝑦𝑖𝑎𝑖
0 0 − 10∑

𝑖=7

𝑘𝑧𝑖 − 10∑
𝑖=7

𝑘𝑧𝑖𝑏𝑖 10∑
𝑖=7

𝑘𝑧𝑖𝑎𝑖 0

]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]

,
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K1 =

[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[[

0 − 10∑
𝑖=7

𝑐𝑖 𝑘𝑦𝑖 10∑
𝑖=7

𝑏𝑖 𝑘𝑧𝑖 10∑
𝑖=7

𝑘𝑦𝑖𝑐2𝑖 + 𝑘𝑧𝑖𝑏2𝑖 − 10∑
𝑖=7

𝑘𝑧𝑖𝑎𝑖 𝑏𝑖 − 10∑
𝑖=7

𝑘𝑦𝑖𝑐𝑖 𝑎𝑖
10∑
𝑖=7

𝑐𝑖 𝑘𝑥𝑖 0 − 10∑
𝑖=7

𝑎𝑖 𝑘𝑧𝑖 − 10∑
𝑖=7

𝑘𝑧𝑖𝑎𝑖 𝑏𝑖 10∑
𝑖=7

𝑘𝑥𝑖𝑐2𝑖 + 𝑘𝑧𝑖𝑎2𝑖 − 10∑
𝑖=7

𝑘𝑥𝑖𝑏𝑖 𝑐𝑖
− 10∑
𝑖=7

𝑏𝑖 𝑘𝑥𝑖 10∑
𝑖=7

𝑎𝑖 𝑘𝑦𝑖 0 − 10∑
𝑖=7

𝑘𝑦𝑖𝑐𝑖 𝑎𝑖 − 10∑
𝑖=7

𝑘𝑥𝑖𝑏𝑖 𝑐𝑖 10∑
𝑖=7

𝑘𝑥𝑖𝑏2𝑖 + 𝑘𝑦𝑖𝑎2𝑖
− 10∑
𝑖=7

𝑘𝑥𝑖 0 0 0 − 10∑
𝑖=7

𝑘𝑥𝑖𝑐𝑖 10∑
𝑖=7

𝑘𝑥𝑖𝑏𝑖
0 − 10∑

𝑖=7

𝑘𝑦𝑖 0 10∑
𝑖=7

𝑘𝑦𝑖𝑐𝑖 0 − 10∑
𝑖=7

𝑘𝑦𝑖𝑎𝑖
0 0 − 10∑

𝑖=7

𝑘𝑧𝑖 − 10∑
𝑖=7

𝑘𝑧𝑖𝑏𝑖 10∑
𝑖=7

𝑘𝑧𝑖𝑎𝑖 0

]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]

.

(8)

For dampers 2∼5, first considering the situation without
control, in the same way, the transfer equation of elements 2
to 5 is

Z2∼5,𝑂 = [K−12 K2 K−12𝑂 𝐼 ]
2∼5

Z2∼5,𝐼 = U2∼5Z2∼5,𝐼. (9)

The transfer matrix of elements 2 to 5 is

U2∼5 = [K−12 K2 K−12𝑂 𝐼 ]
2∼5

, (10)

where the expressions of K2 and K2 are similar to the
expressions of K1 and K1 and 𝑖 is replaced by 2 to 5.

Considering the control, that is, adding the accelerometer
information of gyro platform to dampers 2 to 5, the transfer
equation of elements 7 to 10 is

Z2∼5,𝑂 = U2∼5Z2∼5,𝐼 + U2∼5,𝑐Z11,𝐼1 , (11)

where U2∼5,𝑐 is the matrix related to the position of the
accelerometer on the gyro platform and the feedback coef-
ficients of the damper 2∼5, point 𝑃 is the position of the
accelerometer on the gyro platform, and l̃𝐼1𝑃 is the coordinate
matrix of point 𝑃 relative to the first input point of the gyro
platform.

U2∼5,𝑐 = [[[[[[

O3×3 O3×3 O3×3 O3×3
O3×3 O3×3 O3×3 O3×3
K2∼5,𝑐 −K2∼5,𝑐l𝐼1𝑃 O3×3 O3×3
O3×3 O3×3 O3×3 O3×3

]]]]]]
,

K2∼5,𝑐 = [[[[
𝑘2∼5,𝑥𝑑 + 𝑖𝜔𝑘2∼5,𝑥V − 𝜔2𝑘2∼5,𝑥𝑎 𝑘2∼5,𝑦𝑑 + 𝑖𝜔𝑘2∼5,𝑦V − 𝜔2𝑘2∼5,𝑦𝑎 𝑘2∼5,𝑧𝑑 + 𝑖𝜔𝑘2∼5,𝑧V − 𝜔2𝑘2∼5,𝑧𝑎

]]]]
.

(12)

(c)The transfer equation and transfer matrix of the space
elastic hinges are given as follows.

Elements 12, 13, 14, 18, 19, and 20 are space elastic hinges,
and the transfer equation is

Z𝑖,𝑂 = U𝑖Z𝑖,𝐼 𝑖 = 12, 13, 14, 18, 19, 20. (13)

The transfer matrix is

U𝑖 = [[[[[
I3 O3×3 O3×3 U𝑖,14

O3×3 I3 U𝑖,23 O3×3
O3×3 O3×3 I3 O3×3
O3×3 O3×3 O3×3 I3

]]]]]𝑖 = 12, 13, 14, 18, 19, 20,
(14)
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where

U𝑖,14 =
[[[[[[[[

− 1
K𝑖,𝑥

0 0
0 − 1

K𝑖,𝑦
0

0 0 − 1
K𝑖,𝑧

]]]]]]]]
,

U𝑖,23 =
[[[[[[[[

1
K𝑖,𝑥

0 0
0 1

K𝑖,𝑦
0

0 0 1
K𝑖,𝑧

]]]]]]]]
,

(15)

whereK𝑖,𝑥,K𝑖,𝑦,K𝑖,𝑧 are the stiffness of the 𝑥, 𝑦, 𝑧 direction of
the longitudinal springs, respectively, and K𝑖,𝑥,K𝑖,𝑦,K𝑖,𝑧 are
the stiffness of the 𝑥, 𝑦, 𝑧 direction of the torsional springs,
respectively.

(d)The transfer equation and transfer matrix of the space
vibration rigid bodies are shown as follows.

The gyro platform is a space vibration rigid body which
has three input ends and one output end, and its transfer
equation is

Z11,𝑂 = U11Z11,𝐼1 + U11,𝐼2Z11,𝐼2 + U11,𝐼3Z11,𝐼3 , (16)

where

U11

= [[[[[[[

I3 −̃l𝐼1𝑂 O3×3 O3×3𝑂3×3 𝐼3 O3×3 O3×3𝑚𝜔2 l̃𝐶𝑂 −𝜔2 (𝑚l̃𝐼1𝑂l̃𝐼1𝐶 + J𝐼1) I3 l̃𝐼1𝑂𝑚Ω2I3 −𝑚𝜔2 l̃𝐼1𝐶 O3×3 I3

]]]]]]]
,

U11,𝐼𝑟 = [[[[[[

O3×3 O3×3 O3×3 O3×3
O3×3 O3×3 O3×3 O3×3
O3×3 O3×3 I3 l̃𝐼𝑟𝑂
O3×3 O3×3 O3×3 I3

]]]]]]
(𝑟 = 2, 3) .

(17)

U11 is the transfer matrix of input point I1 to output point𝑂 of the rigid body, U11,𝐼𝑟 (𝑟 = 2, 3) is the transfer matrix of
input point I𝑟 (𝑟 = 2, 3) to output point𝑂 of the rigid body,𝜔
is the natural frequency of the system, 𝑚 is the mass, and J𝐼1
is thematrix of moment of inertia of the rigid body relative to
the first input point. l̃𝐼1𝐶 and l̃𝐼1𝑂 are the coordinate matrices
of vectors→𝐼1𝐶 and→𝐼1𝑂which are in the body-fixed coordinate
system of the rigid body.

For the space vibration rigid bodywhich has several input
ends and one output end, only the displacement constraint
relationship of the first input point relative to the output
point is written into the transfer matrix; the displacement
constraint relationships of the other input points relative

to the output point are not written though. The geometric
constraint equation needs to be added.

H11Z11,𝐼𝑟 = H11,𝐼𝑟Z11,𝐼1 (𝑟 = 2, 3) , (18)

where

H11,𝐼𝑟 = [ I3 l̃𝐼𝑟𝑂 O3×3 O3×3
O3×3 I3 O3×3 O3×3

] ,
H11 = [ I3 O3×3 O3×3 O3×3

O3×3 I3 O3×3 O3×3
] . (19)

Elements 6, 15, 16, 17, 21, 22, and 23 are space vibration
rigid bodies, and the transfer equation is

Z𝑖,𝑂 = U𝑖Z𝑖,𝐼 (𝑖 = 6, 15, 16, 17, 21, 22, 23) . (20)

The transfer matrix is

U𝑖 = [[[[[[[

I3 −̃l𝐼1𝑂 O3×3 O3×3
O3×3 I3 O3×3 O3×3𝑚𝜔2 l̃𝐶𝑂 −𝜔2 (𝑚l̃𝐼1𝑂l̃𝐼1𝐶 + J𝐼1) I3 l̃𝐼1𝑂𝑚Ω2I3 −𝑚𝜔2 l̃𝐼1𝐶 O3×3 I3

]]]]]]](𝑖 = 6, 15, 16, 17, 21, 22, 23) .
(21)

2.3. The Automatic Derivation of the Transfer Equation Based
on the Tree Structure Topology Diagram. The total transfer
equation of the system can be obtained by the automatic
derivation technique of the transfer equation based on the
tree structure topology diagram [5].

Z1,0 = T21-1Z21,0 + T22-1Z22,0 + T23-1Z23,0, (22)

where

T21-1 = (U1U2∼5U6U7∼10 + U1U2∼5,𝑐)⋅ U11,12U12U15U18U21,
T22-1 = U1U2∼5U6U7∼10U11,13U13U16U19U22,
T23-1 = U1U2∼5U6U7∼10U11,14U14U17U20U23.

(23)

The constraint equation of the system is

G21-11Z21,0 = G22-11Z22,0,
G21-11Z21,0 = G23-11Z23,0, (24)

where G21-11 = H11,12U12U15U18U21, G22-11 =
H11,13U13U16U19U22, and G23-11 = H11,13U12U15U18U21

Equations (22) and (24) are written together and
expressed in the form of the matrix

[[[
−I T21-1 T22-1 T23-1
O3×6 G21-11 G22-11 O3×6
O3×6 G21-11 O3×6 G23-11

]]]
[[[[[[

Z1,0
Z21,0
Z22,0
Z23,0

]]]]]]
= 0. (25)
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That is,

UallZall = 0, (26)

where

Uall = [[[
−I T21-1 T22-1 T23-1
O3×6 G21-11 G22-11 O3×6
O3×6 G21-11 O3×6 G23-11

]]] ,

Zall = [[[[[[

Z1,0
Z21-0
Z22-0
Z23-0

]]]]]]
.

(27)

Substituting the boundary condition and eliminating the
column of zero elements in Uall and Zall, we obtain

UallZall = 0. (28)

2.4. Fast Calculation of Vibration Characteristics of the Strap-
Down Inertial Measurement Unit. Equation (28) is a homo-
geneous linear equation set. If it has nonzero solutions,
the coefficient determinant is zero, and the characteristic
equation of the system is

det (Uall) = 0. (29)

The characteristic equation of the system is a transcen-
dental equation with the natural frequency of the system
as the unknown number. Dichotomy is used to solve the
characteristic root (natural frequency of the system), that is,
to utilize the sign change to test whether the characteristic
equation has roots in the interval [𝜔0, 𝜔0 + Δ𝜔]. If the root
exists, dichotomy is used to seek the roots out that satisfy
the precision requirement in the interval. If no root exists,
continue to check if there is a root in interval [𝜔0 + Δ𝜔, 𝜔0 +2Δ𝜔], and so on, until the root is sought out [6]. The solving
process of the vibration characteristics of SIMU system is
shown in Figure 3. The results of the vibration characteristics
of SIMU system using the multibody system transfer matrix
method and ordinary dynamics method are compared, as
shown in Table 1. It can be seen from Table 1 that multibody
system transfer matrix method is 169.9 times the speed of
the ordinary dynamics method in the calculation of vibration
characteristics of SIMU system.

2.5. The State Space Expression of the System. The body
dynamics equation of the system [7] is

Mk𝑡𝑡 + Kk = f . (30)

Applying the modal analysis theory, the response of the
system can be expressed by the first𝑚modes

k = 𝑚∑
𝑘=1

V𝑘𝑞𝑘 (𝑡) , (31)

Start

Build the dynamics model of SIMU system and break up
the whole into parts and then determine the state vector

Determine the transfer equation and transfer
matrix of each element

By solving the characteristic equation of the
system, determine the eigenvalue of the system

End

Through the transfer matrix based on the 
tree system, obtain U；ＦＦ and U；ＦＦZ ；ＦＦ = 0

According to the boundary conditions, determine the
characteristic equation of the system det(５；ＦＦ) = 0

Figure 3: The solving process of vibration characteristics of SIMU
system.

where 𝑞𝑘(𝑡) is the generalized coordinates corresponding to
the 𝑘th mode of the system and 𝑘 is the order of the modes.
For the vibration system that contains flexible bodies𝑚 = ∞,
themodal truncation is usually used in practical engineering;
in other words, the response of the system is approximately
expressed as the first𝑚modes when𝑚 is chosen big enough.
Substituting (31) into (30), then

𝑚∑
𝑘=1

MV𝑘 ̈𝑞𝑘 (𝑡) + 𝑚∑
𝑘=1

KV𝑘𝑞𝑘 (𝑡) = f . (32)

Taking inner product [8] of the augmented eigenvector
V𝑝 corresponding to the 𝑝th mode with both sides of the
above equation, then

𝑚∑
𝑘=1

⟨V𝑝,MV𝑘⟩ ̈𝑞𝑘 (𝑡) + 𝑚∑
𝑘=1

⟨V𝑝,KV𝑘⟩ 𝑞𝑘 (𝑡)
= ⟨V𝑝, f⟩ . (33)

Using orthogonality of augmented eigenvector [9], 𝑚
independent equations are

̈𝑞𝑘 (𝑡) + 𝜔2𝑝𝑞𝑘 (𝑡) = 𝑏𝑘 (𝑘 = 1, 2, . . . , 𝑚) , (34)

where 𝑏𝑘 = ⟨V𝑘, f⟩/M𝑘.
Considering the system to be a proportional damping

system, assuming 𝜁𝑘 to be the damping ratio corresponding
to the 𝑘th mode of the system, the differential equation of the
system with damping vibration in modal coordinates is

̈𝑞𝑘 (𝑡) + 2𝜁𝑝𝜔𝑘 ̇𝑞𝑘 (𝑡) + 𝜔2𝑝𝑞𝑘 (𝑡) = 𝑏𝑘, (𝑘 = 1, 2, . . . , 𝑚) . (35)
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Table 1: The comparison of multibody system transfer matrix method and ordinary dynamics method.

Order of
modes

Multibody system transfer
matrix method Ordinary dynamic method Comparison

Frequency/Hz Time/s Frequency/Hz Time/s Calculation error/% Calculation time/times
1 18.17

0.775

18.18

131.672

0.06

169.90

2 37.44 37.43 −0.03
3 48.17 48.15 −0.04
4 48.41 48.45 0.08
5 62.00 62.05 0.08
6 93.30 93.35 0.05

We assume that

x𝑘 = [𝑞𝑘̇𝑞𝑘] . (36)

Equation (35) is written in the form of first-order differ-
ential equations; then

ẋ𝑘 = A𝑘x𝑘 + Β𝑘u, (𝑘 = 1, 2, . . . , 𝑚) , (37)

where A𝑘 = [ 0 1
−𝜔2𝑘 −2𝜁𝑘𝜔𝑘

] and Β𝑘 = [ 0
𝑏𝑘
]

Equation (37) is written in the form of matrix

ẋ = Ax + Βu, (38)

where

x = [[[[[[[[

x1

x2...
x𝑚

]]]]]]]]
,

A = diag (A1 A2 ⋅ ⋅ ⋅ A𝑚) ,
Β = [[[[[[[[

Β
1

Β
2...
Β
𝑚

]]]]]]]]
.

(39)

Equation (38) is the state equation of the system.
As mentioned above, point 𝑃 is the position of the

accelerometer on the gyro platform; the acceleration of point𝑃 is considered to be the output of control, expressed as y.

According to (36), (38), and (39), we obtain

[[[[[[[[[[[[[[[[

̇𝑞1̈𝑞1̇𝑞2̈𝑞2...̇𝑞𝑚̈𝑞𝑚

]]]]]]]]]]]]]]]]

=
[[[[[[[[[[[[[[[[

0 1 0 0 ⋅ ⋅ ⋅ 0 0−𝜔21 −2𝜁1𝜔1 0 0 ⋅ ⋅ ⋅ 0 00 0 0 1 0 ⋅ ⋅ ⋅ 0... 0 −𝜔22 −2𝜁2𝜔2 0 ... ...0 ⋅ ⋅ ⋅ 0 0 d 0 00 0 ⋅ ⋅ ⋅ 0 0 0 10 0 ⋅ ⋅ ⋅ 0 0 −𝜔2𝑚 −2𝜁𝑚𝜔𝑚

]]]]]]]]]]]]]]]]

[[[[[[[[[[[[[[[[

𝑞1̇𝑞1𝑞2̇𝑞2...𝑞𝑚̇𝑞𝑚

]]]]]]]]]]]]]]]]

+
[[[[[[[[[[[[[[[[

0𝑏10𝑏2...0𝑏𝑚

]]]]]]]]]]]]]]]]

u.

(40)

Then ̈𝑞𝑚 = −𝜔2𝑚𝑞𝑚 − 2𝜁𝑚𝜔𝑚 ̇𝑞𝑚 + 𝑏𝑚u.
k̈𝑃 = 𝑚∑
𝑘=1

V𝑘 ̈𝑞𝑘𝑃 = 𝑚∑
𝑘=1

V𝑘 (−𝜔2𝑘𝑞𝑘𝑃 − 2𝜁𝑘𝜔𝑘 ̇𝑞𝑘𝑃 + 𝑏𝑘u) ,
(𝑘 = 1, 2, . . . , 𝑚) ,

k̈𝑃 = 𝑚∑
𝑘=1

[V𝑘 [−𝜔2𝑘 −2𝜁𝑘𝜔𝑘] 𝑥𝑘𝑃 + 𝑏𝑘V𝑘u] ,
(𝑘 = 1, 2, . . . , 𝑚) .

(41)
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Figure 4: MRE device.

Then

y = k̈𝑃 = 𝑚∑
𝑘=1

[C𝑘𝑥𝑘𝑃 +D𝑘u] , (𝑘 = 1, 2, . . . , 𝑚) , (42)

where C𝑘 = V𝑘 [−𝜔2𝑘 −2𝜁𝑘𝜔𝑘] andD𝑘 = 𝑏𝑘V𝑘.
Equation (42) is written in the form of matrix

y = Cx +Du, (43)

where

x = [[[[[[[[

x1

x2...
x𝑚

]]]]]]]]
,

C = [[[[[[[[

C1

C2...
C𝑚

]]]]]]]]
,

D = [[[[[[[[

D1

D2...
D𝑚

]]]]]]]]
.

(44)

Equation (43) is the output equation of the system, and the
state space expression of the system is composed of (38) and
(43).

3. The Mechanical Model of the MRE Device

The MRE device, which is composed of two MREs, coil and
two magnetic conductors, is shown in Figure 4. The size of

the MRE device is designed to 𝑟1 = 2.5mm, 𝑟2 = 14.7mm,𝑟3 = 19.5mm, 𝑟4 = 24.3mm, and 𝑙 = 2mm. According to the
size, 𝑟22 − 𝑟21 = 𝑟24 − 𝑟23 . Therefore, the areas of the two MREs
are equal, which can make the magnetic induction intensity
of two MREs consistent. So the total area of MREs is 𝐴 =𝜋(𝑟22 − 𝑟21) + 𝜋(𝑟24 − 𝑟23) = 1.3 × 10−3m2.

The ordinary rubber device which has a similar structure
to theMREdevice is shown in Figure 5. It is composed of only
a piece of rubber and two pieces ofmetal.The size of theMRE
device is designed to 𝑟1 = 6mm, 𝑟2 = 24mm, and 𝑙𝑟 = 8mm.
Therefore, the total area of the rubber is 𝐴𝑟 = 𝜋(𝑟22 − 𝑟21 ) =1.7 × 10−3m2.

Themiddle hole with screw can play the roles of fixed and
limited displacement.

The values of tension/compression modulus and loss
factor of MRE device with current at loading frequency
(15Hz) are shown in Figure 6. 𝐸 represents the complex
tension/compressive modulus, which can be expressed𝐸 = 𝐸 + 𝑖𝐸, (45)

where 𝐸 is the storage modulus and 𝐸 is the loss modulus.
The loss factor 𝜂 can be expressed

𝜂 = 𝐸𝐸 . (46)

The loss modulus of the ordinary rubber device is 𝐸𝑟 =1.33MPa, and the storage modulus of the ordinary rubber
device is𝐸𝑟 = 3.8MPa.According to (46), 𝜂𝑟 = 𝐸𝑟 /𝐸𝑟 = 0.35.

𝑘𝑟 = 𝐸𝑟𝐴𝑟𝑙𝑟 = 8.05 × 105N/m,
𝑐𝑟 = 𝜂𝑟𝑘𝑟𝜔 = 2.99 × 103N ⋅ s ⋅m−1, (47)

where 𝐸𝑟 is the value of the storage modulus of ordinary
rubber, 𝑘𝑟 is the value of the stiffness of ordinary rubber
device, and 𝑐𝑟 is the value of the damping of ordinary rubber
device.
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Figure 5: The ordinary rubber device.
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Figure 6: Values of the tension/compression modulus and loss factor of MRE device with the current at loading frequency (15Hz).

From Figure 6, we have

𝑘min = 𝐸min
𝐴𝑙 = 7.13 × 105N/m,

𝑘max = 𝐸max
𝐴𝑙 = 1.02 × 106N/m,

(48)

where 𝐸min and 𝐸max are the minimum and maximum value
of the storage modulus of MRE, respectively, and 𝑘min and𝑘max are the minimum andmaximum value of the stiffness of
MRE, respectively.

The stiffness and damping of theMREdevice can be given
by

𝑘MRE = 𝑘min + 𝐾 (𝑖) ,
𝑐MRE = 𝜂𝑘MRE𝜔 , (49)

where 𝐾(𝑖) is a stiffness function of the efficient current 𝑖.
Observing Figure 5, we have

𝐾 (𝑖) = −0.0858𝑖2 + 0.4877𝑖 − 0.0233. (50)
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4. The MRE Adaptive Damping System of
the Laser Gyro SIMU

The basic principle of theMRE adaptive damping system [10]
of the laser gyro SIMU is that the controller automatically
and fast calculates the stiffness and damping parameter of
the magneto rheological elastomer that match the dynamic
environment according to the variation frequency of the
missile during the flight, and the magnetic field intensity in
the MRE is changed by controlling the magnitude of current
that is transferred to the MRE coil; therefore the stiffness and
damping of the MRE are automatically adjusted to a desired
value in real time. Therefore, the optimal output control
force is produced to eliminate the influence of vibration
excitation of the missile, and the dynamic accuracy of SIMU
is improved.

In this paper, the rigid motion of the missile is obtained
by the technique of automatic determination of the vibration
characteristics. The error of the rigid motion of the missile
and the dynamic response of SIMU is the performance index
of optimal control [11].The stiffness and damping of theMRE
are adjusted automatically by optimal control, the vibration
response of SIMU is controlled, and the output accuracy of
SIMU is improved. The control scheme of adaptive damping
system is shown in Figure 7.

The rigidmotion displacement of themissilemeasured by
the SIMU is 𝑥(𝑡), the vibration disturbance of missile is 𝑤(𝑡),
and the dynamic response of SIMU is 𝑦(𝑡); then

̇𝑦 (𝑡) = A𝑦 (𝑡) + B𝐹𝑐 (𝑡) +H[𝑥 (𝑡) + 𝑤 (𝑡)�̇� (𝑡) + �̇� (𝑡)] . (51)

That is,

[𝑦 (𝑡)̇𝑦 (𝑡)]
 = [[

0 1
− 𝑘𝑚 − 𝑐𝑚]][

𝑦 (𝑡)̇𝑦 (𝑡)] + [[
01𝑚]]𝐹𝑐 (𝑡)

+ [[
0 1𝑘𝑚 𝑐𝑚]][

𝑥 (𝑡) + 𝑤 (𝑡)�̇� (𝑡) + �̇� (𝑡)] ,
(52)

where 𝑘 = 𝑘min, 𝑐 = 𝑐min, 𝑚 is the mass of SIMU, and𝐹𝑐(𝑡) is the control force. For the measured data of SIMU, the
disturbance needs to be eliminated and the rigid motion of

the missile needs to be kept. Assuming 𝑒(𝑡) = 𝑦(𝑡) − 𝑥(𝑡),
then

[𝑒 (𝑡)̇𝑒 (𝑡)]
 = [[

0 1
− 𝑘𝑚 − 𝑐𝑚]][

𝑒 (𝑡)̇𝑒 (𝑡)] + [[
01𝑚]]𝐹𝑐 (𝑡)

+ [[
0 1𝑘𝑚 𝑐𝑚]][

𝑤 (𝑡)�̇� (𝑡)] .
(53)

The objective function of optimal control is

𝐽 = 12 ∫𝑡𝑓𝑡0 [e𝑇Q1e + 𝐹𝑐Q2𝐹𝑐] 𝑑𝑡. (54)

Q1(𝑡) is the error weighted matrix, Q2(𝑡) is the control
current weighted matrix, 𝑡0 is the initial time of control,
and 𝑡𝑓 is the end time of control. The linear minimum
quadratic Gauss (LQG) control [12] is adopted, according
to the separation theorem [13]; then the stochastic optimal
control law is

𝐹𝑐 (𝑡) = −Q−12 B𝑇Pe (𝑡) , (55)

where the Riccati algebraic equation that satisfies the con-
troller requirements is

PA + AP𝑇 − PBQ−12 B
𝑇P +Q1 = 0. (56)

For the MRE𝐹𝑐 (𝑡) = [𝑘 (𝑖) − 𝑘min] [𝑒 (𝑡) + 𝑤 (𝑡)]+ [𝑐 (𝑖) − 𝑐min] [ ̇𝑒 (𝑡) + �̇� (𝑡)] . (57)

According to the mechanics experimental results of the
MRE, by fitting, we obtain𝑘 (𝑖) = 𝑘min + 𝑓𝑘 (𝑖) ,𝑐 (𝑖) = 𝑐min + 𝑓𝑐 (𝑖) , (58)

where 𝑓𝑘 is the stiffness function of current and 𝑓𝑐 is the
damping function of current; then

𝑖 = −Q−12 B𝑇Pe (𝑡)𝑓−1𝑘 [𝑒 (𝑡) + 𝑤 (𝑡)] + 𝑓−1𝑐 [ ̇𝑒 (𝑡) + �̇� (𝑡)] , (59)
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Table 2: The values of stiffness change along three directions of the MRE damper when the current is 0A and 2A, respectively.

Three
directions

Stiffness of the MRE
damper when current is 0A

(N/m)

Stiffness of the MRE
damper when current is 2 A

(N/m)

Relative variation of
stiffness (%)

𝑋 direction 2.85 × 106 4.09 × 106 43.57%𝑌 direction 2.99 × 106 4.30 × 106 43.97%𝑍 direction 2.41 × 106 3.51 × 106 45.93%

Table 3: The values of damping change along three directions of the MRE damper when the current is 0A and 2A, respectively.

Three
directions

Damping of the MRE
damper when current is 0A

(N⋅s⋅m−1)
Damping of the MRE

damper when current is 2 A
(N⋅s⋅m−1) Relative variation of

damping (%)

𝑋 direction 8.47 × 103 1.28 × 104 44.04%𝑌 direction 8.89 × 103 1.69 × 104 43.98%𝑍 direction 7.16 × 103 1.04 × 104 45.25%

where the range of current value is

𝑖 =
{{{{{{{{{{{{{{{{{{{

2 −Q−12 B𝑇Pe (𝑡)𝑓−1𝑘 [𝑒 (𝑡) + 𝑤 (𝑡)] + 𝑓−1𝑐 [ ̇𝑒 (𝑡) + �̇� (𝑡)] ≥ 2−Q−12 B𝑇Pe (𝑡)𝑓−1𝑘 [𝑒 (𝑡) + 𝑤 (𝑡)] + 𝑓−1𝑐 [ ̇𝑒 (𝑡) + �̇� (𝑡)] 0 < −Q−12 B𝑇Pe (𝑡)𝑓−1𝑘 [𝑒 (𝑡) + 𝑤 (𝑡)] + 𝑓−1𝑐 [ ̇𝑒 (𝑡) + �̇� (𝑡)] < 20 −Q−12 B𝑇Pe (𝑡)𝑓−1𝑘 [𝑒 (𝑡) + 𝑤 (𝑡)] + 𝑓−1𝑐 [ ̇𝑒 (𝑡) + �̇� (𝑡)] ≤ 0.
(60)

5. Experimental Verification

In order to verify the damping effect of SIMU adaptive
system, shaking table experiments of SIMU with the MRE
damper and the ordinary rubber shock absorber were carried
out, respectively. The scene of the experiments is shown in
Figure 8. It is noted that, along each direction, a single MRE
device as described in Section 3 was used at each of the four
corners of SIMU. Meanwhile, the values of stiffness change
along three directions of the adaptive damping system of
SIMU are shown in Table 2, and the values of damping
change along three directions of the adaptive damping system
of SIMU are shown in Table 3. The Bode diagram of the
system with the MRE damper and the ordinary rubber shock
absorber is shown in Figure 9, respectively. The vibration
power spectrum of the missile during the boost phase, the
reentry phase, and the whole trajectory is shown in Figure 10.
The dynamic response of damping system of SIMU with the
MRE damper and the ordinary rubber shock absorber is
shown in Figure 11, respectively. It is noted that Figure 9 is
a numerical simulation result. Figure 11 is the experimental
result of the dynamic response of the SIMU damping system
with the MRE damper and ordinary rubber shock absorber,
respectively, when the input of the shaking table random
vibration test is the vibration power spectrum of the missile
measured in the actual navigation test of SIMU. As is seen

from Table 2, the change range of stiffness along three direc-
tions is relatively large. As is seen from Table 3, the change
range of damping along three directions is relatively large.
As is seen from Figure 9, the first-order resonance circular
frequency of the system is 242 rad/s and the amplitude is14 dB when the ordinary rubber shock absorber is adopted.
Meanwhile, the first-order resonance circular frequency of
the system is 268 rad/s and the amplitude is−2.41 dBwhen the
MRE damper is adopted; compared with the ordinary rubber
shock absorber, the amplitude is attenuated by 16.41 dB. As is
seen from Figure 11, the dynamic response of SIMU is greatly
attenuated when the MRE damper and LQG control are
adopted. As the magneto rheological force changes rapidly
with the magnetic field changes, with almost no delay, the
magneto rheological adaptive technology solves the problem
that the stiffness of SIMU damping system could not be
changed in real time to adapt to the dynamic environment.

6. Conclusion

Due to the problem that the output accuracy of SIMU is not
high which is in the environment of high overload, strong
shock, and large vibration of the missile, the adaptive damp-
ing method of MRE as the actuator is designed. The vibra-
tion characteristics of SIMU system are fast calculated by
establishing the laser gyro SIMUmultibody system dynamics
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Figure 8: The shaking table experiment of SIMU with the MRE damper and the ordinary rubber shock absorber, respectively.

20

0

−20

−40

−60

−80

M
ag

ni
tu

de
 (d

B)

101 102 103 104 105

Frequency (rad/s)

Ordinary rubber shock absorber

MRE damper with control

Ordinary rubber shock absorber

MRE damper with control

Bode diagram
Gm = Inf, Pm = 126 ＞eg (at 180 Ｌad/s)

0

−45

−90

−135

−180
Ph

as
e (

de
g)

101 102 103 104 105

Frequency (rad/s)

Bode diagram
Gm = Inf, Pm = 126 ＞eg (at 180 Ｌad/s)

MRE damper with current of 0 A MRE damper with current of 0 A

Figure 9: The Bode diagram of the damping system with the MRE damper and the ordinary rubber shock absorber, respectively.
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Figure 10: The vibration power spectrum of the missile during the boost phase, the reentry phase, and the whole trajectory.
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(a) The boost phase of the missile flight
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(c) The whole trajectory of the missile flight

Figure 11: The dynamic response of SIMU damping system with the MRE damper and the ordinary rubber shock absorber, respectively.

model and getting the transfer equation and transfer matrix
of each element. Then the vibration response of the missile
is calculated by the automatic determination technique of
vibration characteristics. The stiffness and damping of the
MRE are adjusted automatically by optimal control, and
the vibration response of SIMU is controlled. Therefore, the
output accuracy of SIMU is improved. The results show that
the fast calculation method of vibration characteristics of
SIMU is very efficient, and the design of adaptive damping
system also achieves the desired effect for SIMU; meanwhile,
this solves the problem that the stiffness and damping of
SIMU could not be changed in real time to adapt to the
dynamic environment.
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