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Abstract: This study establishes the launch dynamics method,
sensitivity analysis method,
optimization method for the dynamic simulation analysis of the
multiple launch rocket system(MLRS) based on the Riccati
transfer matrix method for multibody systems ( RMSTMM),
direct differentiation method (DDM), and genetic algorithm
(GA), respectively. Results show that simulation results of
the dynamic response agree well with test results. The
sensitivity analysis method is highly programming, the matrix
order is low, and the calculation time is much shorter than that
of the Lagrange method. With the increase of system
complexity, the advantage of a high computing speed becomes
more evident.

and multiobjective dynamic

Structural parameters that have the greatest
influence on the dynamic response include the connection
stiffness between the pitching body and the rotating body, the
connection stiffness between the rotating body and the vehicle
body, and the connection stiffnesses among 14*, 16", and 17
wheels and the ground, which are the optimization design
variables. After optimization, angular velocity variances of the
pitching body in the revolving and pitching directions are
reduced by 97.84% and 95.22%, respectively.
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‘ x T ith advantages of a high firing speed, large firing

area, long firing range, excellent mobility, and
heavy firepower density weaved in a short time, the mul-
tiple launch rocket system( MLRS) has found its place in
modern warfare. Theoretical and experimental results of
the launch dynamics show that reducing the initial pertur-
bation of the rocket can significantly improve the firing
accuracy of the MLRS. The establishment of an accurate
launch dynamics model and an appropriate dynamics
method is needed for analyzing the launch dynamics
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process of the MLRS.

The launch dynamics of the MLRS is a new subject
that studies the force, motion law, and control process of
the MLRS during launch and then studies the theory,
technology, and test methods of force, motion, and con-
Based on the transfer matrix method of a linear
multibody system, Rui et al. ! established the launch dy-
namics model of the MLRS, solved the difficult problem
of calculating the vibration characteristics of a rigid elastic
coupled multibody system of the MLRS, and studied the
influence of random factors such as gusts on the launch

trol.

process of the MLRS. Some researchers explored the

MLRS’ vibration control system' ™

[4]

, optical lever test

, and the non-full tube firing scheme™’.

technology

An efficient multibody dynamics method is important
for multibody systems like the MLRS. In 1989, Rui et
al. ' developed the transfer matrix method for multibody
systems (MSTMM), which avoided the need for global
dynamic equations. Instead, the involved matrices have a
low order, and the setup of the overall transfer equation is
highly programmable. The Riccati transfer matrix method
for multibody systems (RMSTMM) was developed by in-
troducing the Riccati transformation in the MSTMM,
i. e., dividing state vectors into two parts, to improve the
numerical stability of the MSTMM'"™®',

A sensitivity analysis is needed to analyze the influence
of structural parameters. Commonly used sensitivity anal-
ysis methods include the finite difference method
(FDM), adjoint variable method (AVM), and the direct
differentiation method ( DDM). The DDM has many
characteristics, such as arguably the most conceptually
straightforward sensitivity analysis method, high numeri-
cal stability, insensitivity to the parameter perturbation,
and easy application for different structural problems'’.
RMSTMM is a highly programmable algorithm. The dis-
advantage of the complicated deduction of sensitivity
analysis equations can be avoided by combining the DDM
and the RMSTMM.

The genetic algorithm (GA) is a common algorithm for
the dynamic optimization of multibody systems. GA is
first produced by Professor Holland in 1973"".
kinds of hybrid genetic algorithms have been researched

Many

by many. GA has been used for the dynamic optimization

of the milling robot""", knee rehabilitation'”, 6-DOF vi-

[13] ]

. . . . . 14
bration isolation'”, and human-machine coupling'*'.
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This paper establishes the launch dynamics model of
the MLRS and carries out the launch dynamics simulation
calculation using the RMSTMM initially. A novel sensi-
tivity analysis method for the launch dynamics of the
MLRS is developed, which is based on the RMSTMM
and DDM. By the proposed method, the sensitivity of
some structural parameters of the MLRS is calculated,
and factors influencing the launch dynamic response of
the MLRS are analyzed. The multiobjective dynamics op-
timization of the MLRS is carried out by combining the
sensitivity analysis results and GA. Dynamic responses of
the pitching part of the MLRS are considerably reduced.

1 Launch Dynamics Modeling and Simulation
Calculation of MLRS Based on RMSTMM

1.1 Launch dynamics model of MLRS

According to the natural properties of various compo-
nents of the MLRS, a nonlinear dynamic model for a typ-
ical MLRS is shown in Fig. 1(a), which consists of body
elements, hinge elements, and boundary points. Body el-
ements and hinge elements are numbered uniformly. Fig.
1(b) presents the topology of the MLRS model, descri-
bing the relationship among the state vectors of elements
and the transfer directions.
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O—ground; 1—pitching part; 2—elastic pin hinge connecting the re-
volving part and pitching part; 3—revolving part; 4—elastic pin hinge
connecting the pitch part and chassis; 5—chassis; 6—11—parallel
springs and dampers connecting the chassis and the wheels; 12—17—
wheels; 18 —23—parallel springs and dampers connecting the wheels and
the ground

Fig.1 The MLRS model.

Topology

(a) Nonlinear dynamics model; (b)

1.2 Launch dynamics analysis of MLRS based on
RMSTMM

The state vector of each connection end, e.g., point
P, is divided into two complementary parts. One part in-
cludes the acceleration and angular acceleration. The oth-
er part includes internal forces and torques, namely

=020, zo,1" (1)

The state vector of the connecting point P can be trans-
formed by the Riccati transformation

Zop =82, pt€, (2)

where S, is the Riccati transfer matrix of point P, which
is a 6 x 6 matrix, and e, is the column matrix correspond-
ing to the nonhomogeneous term.

Transfer equations of the element j are

20=Ugz; +f, (3)

where U, f; are the transfer matrices of element j, which
can be obtained by the transfer matrix library.

The inertial measurement unit (IMU) was used to test
the attitude angular velocity of the pitch part. Fig. 2
shows the comparison between the simulation results and
test results of the MLRS. The simulation results of the
proposed method agreed with the Lagrange method and
test results, proving that the launch dynamics model can
accurately reflect the launch dynamics of the MLRS.
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Fig.2 Comparison between simulation results and test results
of the MLRS. (a) Pitching direction; (b) Revolving direction
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2 Sensitivity Analysis of MRS Based on the DDM

2.1 Sensitivity analysis model of the launch dynamics
of the MLRS

The stiffnesses of each part of the MLRS are chosen as
the design variables, denoted as w, and the objective
functions are the mean value and variance of the angular
velocity of the pitching part when the rockets exit the

muzzle, namely
J=lo, o, a'f, o] (4)

where w, and w, are the mean of the angular velocity; a-i
and a-f are the variances of the angular velocity of the
pitching part in the revolving direction and pitching direc-
tion when the rockets exit the muzzle. The sensitivity of
the objective function can be obtained by the differentia-
tion of Eq. (4) with respect to w, namely

2

o] _[do, dw. do|
ow w  aw  Iw  Iw

(3)

According to Eq. (5), the key to calculating the sensi-
tivity of the objective function is to calculate the sensitivi-
ty of the dynamic response of the MLRS.

2.2 Sensitivity analysis method for the MLRS

In RMSTMM, the differentiation of w,, w_ with respect

to the design variable w can be obtained by the differenti-
ation of the state vector z as follows:

do, 90,9z 0w, 90, oz

aw  dzow’  ow Iz aw
S, de, . . .
where , — of each connection point can be obtained
ow  ow

by recursive along the transfer direction. Sensitivities of

Zap

. . d
the state vector of each connection point, namely T
w

9z, p

can then be obtained by the differentiation of the

Riccati transfer equation, namely
azu,P 6SP

o g P,
(9W - GW b, P

aw ow

+S,

This proposed sensitivity analysis method has several
advantages, such as high programming, no need for glob-
al dynamic equations, no requirement of the differentia-
tion of global dynamic equations. Fig. 3 shows that the
time consumption of the proposed method was much low-
er than that of the DMM based on the Lagrange method.
As the body number increased, the computation time gap
between the two methods became increasingly large. This
indicated that the proposed method has the advantage of a
lower computational time cost.
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Fig.3 The comparison between simulation results and
test results of the MLRS

2.3 Sensitivity analysis results of the MLRS

The influence proportion of the mean of the angular ve-
locity computed by the two methods ( DDM and FDM)
can be seen in Fig. 4, and the influence proportion of the
variance can be seen in Fig. 5. The FDM computes the
influence proportion by giving each design parameter
0.1% disturbance.
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Fig. 4

(a) Revolving direction; (b) Pitching direction

Influence on the mean value of the angular velocity.

According to the calculation results in Figs. 4 and 5,
the main factors that affect the launch dynamic response
are hinge 2 (connecting the pitching part and the revolv-
ing part), hinge 4 (connecting the revolving part and the
chassis), hinge 20, hinge 21, and hinge 23 ( connecting
the wheels and the ground).
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Fig.5 Influence on the variance of the angular velocity.
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(a) Revolving direction; (b) Pitching direction

3 Dynamics Optimization of the MLRS

Based on the sensitivity analysis result, K,, K,, K,,,

K,,, K,, are chosen as the design parameters in the optimi-
zation of the MLRS. The objective functions are the vari-
ances of the angular velocity, namely o-i and of. The op-
timization of the MLRS is a multiobjective optimization
problem.

A common solution to the multiobjective optimization
problem is to transform the multiobjective problem into a
single-objective problem by a specific function and to
solve the multiobjective optimization problem by the sin-
gle-objective function optimization method. By the geo-
metric mean method,

2 2
formed as /o0 .

Tabs. 1 and 2 show the optimization results obtained by
the GA.

the optimization function is trans-

Tab.1 Optimization results of design parameters

MN . m/rad
Design parameters K, K, Ky Ky Ky
Optimization results 9.64 7.25 2.68 3.26  0.168

Tab.2 Optimization results of the objective function

Objective function Uf. o’ gf_ o’
Initial results/10 ~° 1.27 80.70 10. 10
Optimization results/10 =7 2.74 386.00 32.50
Reduced rate/ % 97.84 95.22 96.78

It can be seen from Tab. 2 that the variance of the an-
gular velocity when the rocket exits the muzzle in both di-
rections has been reduced significantly, with reduced rates
of 97.84% and 95.22% . By optimizing these five pa-
rameters, the dynamics response of the pitching part of
the MLRS is reduced significantly.

4 Conclusions

1) Based on the RMSTMM, the launch dynamics mod-
el of the MLRS was established, and the launch dynamics
simulation was carried out and validated by test results.

2) A DDM has been applied to the formulation for the
sensitivity analysis of multibody systems, and a novel
sensitivity analysis method for the launch dynamics of the
MLRS was proposed. The proposed method has several
advantages,
gramming, no need for global dynamic equations, and no
requirement for the differentiation of global dynamic
equations. Based on the proposed method, the main fac-
tors influencing the launch dynamic response of the
MLRS are analyzed.

3) A multiobjective optimization method for the MLRS
is developed. The optimization method yielded reduced
rates of 97.84% and 95.22% for the variance of the an-
gular velocity in different directions. The dynamics re-
sponse of the pitching part of the MLRS is found to be
significantly reduced.

such as low computation time cost, high pro-
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