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Abstract: For rigid-flexible coupling multi-body with variable topology, such as the system of internally carried
air-launched or heavy cargo airdrop, in order to construct a dynamic model with unified form, avoid redundancy in the
modeling process and make the solution independent, a method based on the equivalent rigidization model was
proposed. It divides a system into independent subsystems by cutting off the joints, of which types are changed with the
operation process of the system. And models of different subsystems can be constructed via selecting suitable modeling
methods. Subsystem models with flexible bodies are on the basis of the equivalent rigidization model which replaces
the flexible bodies with the virtual rigid bodies. And the solution for sanction, which is based on the constraints force
algorithm (CFA) and vector mechanics, can be independent on the state equations. The internally carried air-launched
system was taken as an example for verifying validity and feasibility of the method and theory. The dynamic model of
aircraft-rocket-parachute system in the entire phase was constructed. Comparing the modeling method with the others,
the modeling process was programmed; and form of the model is unified and simple. The model, method and theory can
be used to analyze other similar systems such as heavy cargo airdrop system and capsule parachute recovery system.
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1 Introduction

So far, the research on internally carried
air-launched rocket and heavy-equipment airdrop at
home and abroad mainly concentrates on the
modeling and simulation [1-5], the design of
control laws [6], the airdrop experiments [7, 8], the
analysis of stability and maneuverability, and the
development of air launch and precision airdrop
technology [9—14]. But up to now, there hasn’t been
accepted model of the systems above. As we all
know, the internally carried air-launched system is a
complex parachute-payload system with variable
topology, which is similar to a typical HCADS
(Heavy Cargo Airdrop System) [3] and CPAS
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(Capsule Parachute Recovery System) [15-17].
Multi-body system, such as air-launched system,
consists of interconnected components, and flexible
parts often exist in such a system [18], and the fluid
structure interaction of the parachutes and other
parts of the system is most complex [19], and they
make modeling and analysis very difficult. In order
to reduce the problem to one of an appropriate size,
some researchers made the rigid assumptions,
which could cause more errors in actual conditions.
As time goes by, several approaches have been
proposed to treat large elastic deformations of
flexible multi-body systems. Some researchers [15]
split the deploying suspensions and parachute into
N rigid links, thus the deploying parachute system
can be regarded as an open chain multi-body system,
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in which each body is connected by means of
revolute joints. Others [15, 20] used mass spring
damper model, in which suspensions line and main
canopy were modeled as serials lumped mass
connected to each other by springs. More details
about the models can be seen in Ref. [15].

However, because flexible bodies exist in the
system and the methods for rigid body are different
from those of flexible body, the dynamic equations
for rigid-flexible coupling multi-body system
cannot be constructed at the same time and solved
independently, which makes modeling process more
complex and redundant. Moreover, considering that
the topology of the multi-body systems is changed
with the operation process of system and the
generalized coordinates are different for different
topologies, the models cannot be easily established
via only one modeling method such as Kane method
[21, 22] or analytical mechanism [23, 24], which is
based on the selection of suitable generalized
coordinates to simplify modeling process.
Furthermore, the forms of the models in different
phases are always not unified. For examples, some
researchers assumed that the position and rotation
of the aircraft in airdrop phase were pre-determined
and did not result from forces and moments acting
upon it. Others [5, 23] assumed that the parachute
model was simplified as drag, which run opposite
of the airflow axis. And the total airdrop lifetime
was divided into some phases and the models in
different phases were constructed separately [3].

To surmount these flaws, this paper proposed
the equivalent rigidization model, which made
modeling process of rigid body and flexible body
unified. And based on the equivalent rigidization
model, constraints force algorithm (CFA) [15],
vector mechanism [25] and rigid modeling method,
this paper proposed a method to construct a unified
model for the rigid-flexible coupling multi-body
with variable topology, which achieved the goal of
unified modeling process and independent solution.
To verify the veracity and feasibility of the above
method and theory, we took internally carried
air-launched rocket as an example, and then a
virtual simulation system for the characteristic
research of air-launched system was developed
through MATLAB/Simulink, C language and
ADAMS (a dynamic software). This model, method
and theory can serve as the foundation for the
subsequent quantitative research.

2 Equivalent rigidization of flexible body

2.1 Movement description of flexible suspension
line
The suspension line and its
described in Figure 1. As shown in Figure 1, s is the
Lagrange arc length coordinate before suspension
line’s deformation and s, is the Lagrange arc length
coordinate after the suspension line’s deformation.
Base on the French frame (¢, n, b), the origin of the
local frame Owxy.z; is at the center of the differential
element, while the z~-axis points forward and
parallels to the tangent vector #, the y~axis points
upward in the vertical plane and parallels to the
principal normal » and the x~-axis points left and
parallels to the subnormal b. In order to reduce the
problem to one of an appropriate size, a number of
simplifying assumptions have been made.
1)  Suspension line is a flexible body, which
is homogeneous, continuous and isotropic.
2)  The shear force and horizontal moment

of suspension line are negligible.
3)  Axial displacement of suspension line is

frame are

small enough, and defined as &(s,7)=
lim 8 =ds _ds
ds—0 ds ds

ds

Figure 1 Differential element and its local frame

As a flexible body, suspension line cannot
endure shear force and moment, so the internal
force only refers to stretching force. The
transformation matrix B(s,f) from a vector in the
local frame to the inertial reference frame can be
described by a rotation by Euler angles of @ and ¢.

cos ¢ sin ¢ 0
B(s,t)=|—singcos® cosgcosd sinf (1)
singsind —cos¢sind cosd

The tangent vector ¢ at s position can be
expressed as
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The stiffness of suspension line is employed
EA. Using it and based on the linear elastic
hypothesis, we can get the stretching force:

T = EAst 3)

The velocity of suspension line in the local
frame can be given by

V(s,t)z%—lszxn+Vyb+Vzt 4)

Based on the theory of conservation of mass,

the relation between p; and p;” can be given by

. ds
Pr =P El (5)
where p; is density below displacement; p;" is
density after displacement.

Defining w(s,f) as the angular velocity of
differential element in the local frame and Q(s,?) as
the suspension line curvature in the local frame and
using Figure 1, we find the following relations:

00
o, =—
Ot
¢ .
®, =—sinf 6
=7, (6)
@, :%cosﬁ
Ot
_
Os
¢ .
Q, =—Ss1n6’ @)
0 :%cosﬁ
Os

2.2 Continuous model

Based on the Newton’s Second Law of motion,
all the differential elements (ds) meet the following
vector equation,

X DV(s,t) _ DT(s,t) i f
Dt Ds,

®)

where f is distributed loading which rope suffers
from.

The curve of suspension line is assumed to be
continuous and smooth enough, which means that
differentiation of curve with respect to time and
displacement could exchange. So, the compatible
equation of suspension line can be obtained,

Simplifying Eq. (9) using Eq. (5) and Eq. (6)
yields
D DV
o (12t =7 (10)

t Ds
Combining Egs. (5)<8) and Eq. (10), the
complete dynamic vector equation is formed as

0¥ oy

K(Y) S+ M(Y) = F(¥) (11)

where

Yi=[v, v, V. ¢ 0 ¢

p 0 0 Vsinf-V,cos6¢ 0 0
0 p O V. cos@ -V, 0
M(Y)- 0 0 p —szin? v, 0 :
0 0 O —(1+5)sm0 0 0
0 0 0 0 I+ 0
|0 0 0 0 0 -1]
[0 0 0 —EAesing 0 0 |
0 00 0 EAgcosé 0
000 0 0 —EA| .
KM=l 0 0 vsino-v,cos0 0 0|
010 V,cos@ -V, 0
0 01 —V.sin@ v, 0
[(1+¢&)f, |
(1+¢)f,
F(¥)- (1+¢) f. .
0
0
L 0 -

2.3 Discrete solution
Based on the discrete idea of finite element

theory, %—Y in the dynamic Eq. (11) can be
A)

discretized and the specific method is as follows.

i and j are two segments of suspension line, in
which i is close to j. V; is the velocity of the ith
segment and V; is the velocity of the jth segment.
The relationship between V; and V; can be expressed
as

V=B, (s,t)B (s.t)(V +5,6,)+ Lo, - L@, 5 ¢,

(12)
where [, is the anti-symmetric matrix of [, which
is position vector of the ith segment given by /=[0 0

s].
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Considering that s is assumed to be a finitude

. Y . .
small distance, % can be discretized as
A

[cos(d; — 4,V +sin(g, —¢,)V, —V, |
—sin(g; —¢;)cos(6;, —0,)V, +
cos(4; —¢;)cos(6; -0, )V, —

V, +sin(@, = 0,)(V, +5;:6;) +
(5,0, =5;0;)

2
sin(¢; —¢;)sin(6; -0, )V, —
cos(¢; —¢;)sin(6; —0,)V, + (13)
(COS(Hi —0;)- 1)(VZ +5,6)—

. By —s0,)

ov 2

Os  s;+s;

Sj€j >
¢j_¢i
0, -0,
E.—&:

J 1

Rearranging Eq. (11) yields the following
vector equation:

) A oY
E_M (Y)(F(Y)_K(Y)Ej (14)
Expanding Eq. (14) using Eq. (13), we can
rewrite Eq. (14) as first order differential equations.
In order to obtain high-order accuracy after
discretizing, s must be as small as possible. But
smaller s means more excessive computational cost
of current multi-body solution algorithms, which is
too difficult to obtain the kinetic characteristics by
solving many differential equations with a number
of design variables or a number of active
constraints [26]. So, the algorithm of iteration based

on finite theory can be selected to solve the problem.

The complete system of equations must be put in a
form convenient for algorithm of iteration, so

rewriting Eq. (14) yields vector discretized
equations:
oY
Y(n):M_l(n)[F(n)—K(n)#]dtJrY(n—l),
A
n=2, =, N (15)

where n is the index of the ith segment; d¢ is the
time step. The solving method in a time step can be
summarized.

Step 1) Determine initial boundary conditions,
such as the external force, the initial status of
suspension line and so on.

Step 2) Update the state variables.

Step 3) With boundary conditions given, solve
the recursion formulation of velocity Eq. (12) and
the state formulation Eq. (15) and we can get the
external force F(N).

Step 4) Using the external force F(N) in Step 3,
the calculation error can be solved.

e=Fy-F(N) (16)

Step S) The convergence criterion is checked
by comparing the calculation error e and setup error
eo. If converged, go to the next time step. Otherwise,
go to Step 2.

The final consumed time meets the expression
as follow,

t(n)<ty (17)

The kinetic characteristics of flexible
suspension line within the time i can be obtained
using the method above.

2.4 Equivalent rigidization model

It is apparent of the difference between
modeling methods of rigid body and flexible body.
In particular, there always is redundant modeling
process in the modeling methods of rigid-flexible
coupling multi-body. To surmount these flaws, the
following method of equivalent rigidization model
is proposed. It replaces the flexible suspension line
with a virtual rigid body, of which the kinetic
characteristics are similar to those of the original
flexible With
rigidization, the uniform dynamic expression of
rigid-flexible coupling multi-body system can be
constructed and the solution is independent between
virtual rigid body and original flexible body. The
details of how to construct an equivalent rigid body
is given below.

Firstly, determine the virtual rigid body which
is a virtual object link back and front attach-points.

Secondly, before describing the equations of
virtual rigid body, body-fix reference frame is
needed to describe the motion which is right-
handed and orthogonal (see Figure 1). The origin is

suspension  line. equivalent

at the virtual rigid body center of gravity, while the
z-axis points forward through the front attach-point,
the y-axis points upward in the vertical plane and
the x-axis points right.

Thirdly, velocity and deformational velocity of
an equivalent rigid body is constructed to be equal
to that of the original flexible body at front and
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back attach-point.

Finally, based on the law of conservation of
mass and momentum, determine the key parameters
such as equivalent mass and moment of inertia.

The details of how to determine the equivalent
parameters are as follows:

The total length of original flexible suspension
line is given by

d:jds (18)

The axial vector of equivalent rigid body in the
inertia reference frame Oaxgyazq is given by

r=[B"(s,t)lds (19)

where £,=[0 0 1]".
The equivalent length is equal to the axial
vector in magnitude, so we can get,
dyigia = rx2 +ry2 +r22 (20)
The wvector of virtual body from center
coordinates to front attach-point is given by
r
r

=Ly
2d

rigid (2 1)

Defining B;i;id as the inverse matrix of Biigia
and using Figure 2, we find following relations

Bﬁéid [0 0 drigid JT =r (22)
where
Brigid =
COS ¢rigid sin ¢rigid 0
—SiN Gigiq COS Origiq  COS Brigiq COS brigiq  SIN byigig
SIN Bigiq SIN Opigiq  —COS Pigiq SIN Brigiq  COS byigiq
(23)

Figure 2 Schematic diagram of equivalent rigidization
model

Expanding Eq. (22) using Eq. (23) and
rearranging result in the equivalent Euler angles.

_ -1 "
Orgia = €08~ s
VX +I”y +Vz
(24)
a
¢rigid =—Cos >
r,c +}"y

The deformational velocity in the inertia
reference frame Oux4yqzq is given by

0
v, =j B (s,0)| 0 (25)
é

Based on the kinetic characteristic of rigid
body and using Figure 2, we find following
relations:

V,=Vi+V,+ Blgéid (isdrigid )wrigid (26)

Expressing the velocity as the sum of their
components with respect to the inertial reference
frame and expanding Eq. (26) using them yield the
components of angular velocity wrigia With respect to
the body frame:

» _ a)xrigid
xrigid > N 5 N 5
re
&
_ yrigid
Dyrigid =TT, (27)
,[rx Ty A
Q...
_ yrigid
Oigid = -5 0 €08 Gyi4i
S1N Oligig
where

Dyrigia = COS ¢rigidAVx —8in @44 €08 Ogig AV, —

sin rigid sin erigidA Vz

@ rigia = SINPyigig AV +CO8 Byioiq €08 Oigig AV, —
COS Brigig sin HﬁgidAVz
AV, =V =W =V (i:x, Vs Z) (28)
So, the equivalent velocity Viga can be given
by
Vigia =V +Vor +F,@igia (29)

where V,. is the deformational
barycenter, which can be obtained by

velocity of

d 0
Vo = [ B (50| 0 (30)
&
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Based on the law of conservation of mass and
momentum, we can get the equivalent mass and the
moment of inertia components:

[p(r2+v}+v?2)ds -

mrigid =

I/rigid |

j pd’alds

Jigia =5

wfrigid

I pd; 2a)zds

J yrigid = 2—
a)yrigid

wzngld

(32)

zrigid =

So, a virtual rigid body, which owns similar
dynamic characteristics to the original flexible
suspension line, can be applied. Hereas, the
modeling theory of multi-rigid-body system can be
utilized to construct a unified dynamic model of
flexible-rigid coupling multi-body system, the
details of how to model and solve are as follows:

Step 1) Based on the equivalent rigidization
model, a virtual rigid body can be constructed.

Step 2) Utilize modeling method of rigid
multi-body system to construct a dynamic model

Step 3) Update the equivalent parameters of
virtual rigid body.

Step 4) Solve dynamic equations to obtain the
constraint forces

Step 5) Utilize the discrete solution for the
kinetic characteristic of flexible body

Step 6) Go to Step 3.

Step 3 to Step 6 form an outer loop. Iterations
at Step 5 are called inner iterations.

3 Modeling method of variable topology

3.1 Modeling process

A multi-body system in a topological non-tree
is shown in Figure 3.

Figure 3 Topology of multi-body system

The original system can be divided into some
subsystems by cutting off the joints of H,, H., H;, of
which the result is shown in Figure 4. The cut-off
joints can be replaced by constraint forces and
moments Rpup, Rice, Ruy, which are shown in
Figure 4. According to practical conditions,
different joints can be selected for dividing system.

Moo
@@ Q——c—-q};——

“Rpee

Hab RHbe

Figure 4 Topology after cutting off joints

RHab

Suitable modeling methods are selected to
construct dynamic models of subsystems B;Bi, BoBy
and ByB., which are multi-body systems. If there is
a flexible system, the equivalent rigidization model
can be utilized firstly, and then suitable multi-rigid-
body modeling method can be selected to continue
modeling. Analyzing Ref. [21-23] and Ref. [25, 27]
which present a detail discussion of the modeling
methods  of mechanism, analytical
mechanism, transfer matrix, and Kane method and
rearranging result is the unified dynamic models for

vector

rigid multi-body systems:

j=M" (B,R+E,) (33)

3.2 Iterative relations of constraint force
For holonomic constraints, the constraint
equation can be given by

where k is the number of cut-off joints; K is the
total of joints; 7, j are numbers of objects. The
relationship between two objects and cut-off joint is
that, B, and B, are two bodies interconnected by
joints Hy, which point B;.

Differentiation of Eq. (34) with respect to time

in the inertial frame yields
06yd; = 00§, +OE,; (35)

where
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dr dr?
oGy 06
2 2
5 d (@ki‘li _@quj) 5 d (@kiqi _@quj)
de? dr’
L aqls aqls i
(=i, J) (36)
d*E,; d* (@kiqi _@k“l‘) . ..
OE;; =—2 — T 00,4, + 004,

dr? dr?
(37)
where s is the number of constraint equations of
cut-off joint Hj.
For non-holonomic constraints, its constraint
equation can be given by

Ol = Od; +Eyy (k=1, -, K) (38)
Differentiation of Eq. (38) with respect to time

in the inertial frame yields

06,4, =004, +OE (39)

where

8d(@kiqi _@quj) ad(@kiqi _@quj)

dt dt
oy, 06
8@]{1 = : K E
ad(@kiqi _@k/‘qj) ad(@kiqi _@quj)
dt dt
L 6‘.le aéjls i
(=i, J) (40)
dE; d(6,q, -0q,;

dr dr
(41)
Body i is assumed to belong to a subsystem,
and the body j is assumed to belong to another one.
According to the joint location in the topology,
we can get,

ql = quq
E, = |:061><6 Ee.6 06(71—[—1)><6:| (42)
I1=i,j

where 7 is the total number of bodies; 7 and j are the
numbers of adjoining bodies which are
interconnected by cut-off joints. If / = 0 or n—/—1=0,
Osix6 OT Ogn-1-1)x6 Will not exist.

Substituting constraint Eq. (35) or Eq. (39)
into dynamic Eq. (33) and rearranging, we can get
the iterative relation of constraint forces and
moments.

Ry =—(00,M; BB, +00,M'B B ,, )‘1 .
(064, +00,E, )M (B,R+E, )+ E,; |

(43)

3.3 Solution algorithm

Considering multi-body system shown in
Figure 3 and using iterative relation of constraint
forces and moments result in constraint forces and
moments Ruap, Rece, Rij.

Ry, =—(00,,M;'B B, + 00, M, B, B 1, )‘1 :
(004 Eyy +0O,E )M~ (B/R +E)+0E,, |
(44)

-1
-1 -1
Ry, =—(00,.M;'B.B . +00,,M,'B;,B 1, )

(00,.E,. +06,E,. )M (B R+E,)+E,, |
(45)

Ry =—(00,M;'B;B ;;+00,M;'B ;B )_1 :
(004 E,; +06,E, )M~ (B;R +E,)+0Ey |
(46)

According to modeling process, external force
and moment of system R includes external forces
and moments of all the bodies and constraint forces
and moments among subsystems. It means that Ry
includes Rpc. and Rpjj; Rpce includes Rpqs and Ry
Ry includes Rpw and Rpe. CFA proposed in
Ref. [15] can be utilized and the more details about
the algorithm can be seen in Ref. [15]. The details
of how to solve the iterative Eqs. (44)—(46) are as
follows.

Step 1) Set Rpyw=0. And according to the
iterative relations, we can get array /.

Step 2) Set each component of array Rua to be
equal to one while the others are set to be equal to
zero, respectively. And according to the iterative
relations, we can get array a.

Step 3) Base on the CFA, we can get
RHab;a‘lﬁ.

Step 4) Substituting the expression of Ryap, We
can get the other constraint forces and moments.
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4 Application examples

The dynamic model of internally carried
air-launched system is taken as an example to verify
the method above. The configuration of internally
carried air-launched system is shown in Figure 5,
where a parachute connects the payload by a riser,
and the corresponding topology is depicted in the
Figure 6, where the body By refers to carrier, body
B; refers to rocket, body B, refers to flexible
suspension line, body B; refers to parachute treated
as almost a rigid canopy. In Figure 5, there are four
phases taken into account, the air launch
preparation phase (Case=0), the rocket extraction
phase (Case=1), the rocket rotation separation
phase (Case=2) and the rocket in air movement
phase (Case=3), which are more complicated to be
simulated and their simulations have attracted many
researchers. More details about air-launched phase
can be seen in Ref. [7].

Case 0 ]%——4;

Case 1 ———— 9
Case 2 m\ A
Case 3 _

) N

Figure 5 Air launch and its process

5 H, /l;\ H,

Figure 6 Topology of air-launched system

Firstly, we described the assumptions used to
construct dynamic model for this system: 1) The
potential energy on ground is zero. 2) The rocket
goes along the slide rail with no lateral movements
and the work of the friction is ignored. 3) During
the air-launched process, the forces acting on the

system include the gravity and aerodynamics forces.

The details of how to model the entire air-launched
process and the validation of numerical simulation
are given below.

4.1 Aircraft dynamic model based on vector
mechanisms
The kinetic equations of carrier aircraft [28],
which can be divided into two equations,

translation-kinetic equation and rotation-kinetic
equation, can be derived from Newton’s Second
Law of motion, which states that the summation of
all external forces acting on a body must be equal to
the time rate of change of its momentum, and the
summation of all external moments acting on a
body must be equal to the time rate of change of its
angular momentum. Using Newton’s Second Law
of motion and consulting Ref. [5] result in the
translation-kinetic equation and rotation-kinetic
equation.

m e~ F, (47)
ds
do, .

JO?—F‘UOJO‘UO :MO (48)

where V) is velocity vector in the inertia coordinate
system; @y is angle velocity vector from motion
coordinate system to earth coordinate system; Fy is
external force of aircraft in the earth coordinate
system; M is external moment of aircraft in body
coordinate system.

And based on the Euler kinetic equation,
relation between the angular velocity and the
attitude represented as follows:

Do %
@y, [ =Wo| @ (49)
@, &

where oy, woy, wo: are projective values of angle
velocity wo at body coordinate system; yo, @o, Gy are
attitude angles of aircraft; Wy is transformational
matrix and expressed as

1 sin g, 0
W,=|0

0 —cosf,siny,

cosfycosy, siny, (50)

€Os ¥,

4.2 Rocket-line-parachute system model based

on Kane method

1) Generalized coordinates and virtual velocity

The position coordinates (x, y, z), attitude
angles (1, ¢1, 61) of aircraft, attitude angles (y2, 2,
6) of the suspension line, and attitude angles (y3, @3,
63) of the parachute are selected as the generalized
coordinates. We used ¢ and ¢ to denote the vector
of the generalized coordinates and their derivative,
respectively.

T
q=[x vy z n @ 6 v, ¢ O 3 93 6]

(51
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q:[x Vi @ 91 72 P 92 73 9 93]T
(52)
Consider the general condition, let’s define the
vector arrays of the system virtual velocity in the
global frame as v(vy, v, v-), and the attitude angular
velocity of aircraft, attitude angular velocity of the
suspension line and attitude angular velocity of the
parachute in each body local frame as: wi(®1x, @1y,
6012), a)z(a)zx, @32y, a)zz) and a)3(a)3x, W3y, a)3z). The
vector form of the virtual velocity are written as

u=[v o o, a)3]T (53)

For simplifying writing, the virtual velocity
can be rewritten as

T
w=[u uy uy uy Us Ug Uy Ug Uy Uy Uy U]
(54)

Based on the Euler kinetic equation, relation
between the virtual velocity and the generalized
velocity can be represented as follows:

u=Wwyg (55)
where
W =diag(Es; W, W, W)
And the kinetic equation of the system can be
given by
g=Wu (56)
2) Partial velocities
In the global frame, considering the virtual

body i, i=1-3, its velocity and angular velocity can
be stated as follows:

Vi = (xl N 21)
V,=V _Mblgi‘lwl +Mb2gl:21w2
;=W _Mblgi‘lwl +Mb2gl:21w2 -
Mb2gi22w2 +Mb3gi’3w3 (57)
o = (}}1 P ‘91)
w, = (72 ?, ‘92)
w3 = (73 ?3 93)

where V is the velocity of object’s barycenter in
earth coordinate system; w is angle velocity of
object in its own body coordinate system; parameter
of subscript 1 belongs to rocket; parameter of
subscript 2 belongs to rope; parameter of subscript
3 belongs to parachute; M;; is the transformational

matrix from i coordinate system to j coordinate
system; subscript b in transformational matrix
refers to body coordinate system; subscript g in
transformational matrix refers to the earth
coordinate system; L; is a vector from front tiedown
point to rocket’s barycenter in rocket’s body
coordinate system; L»; is a vector from rope’s
barycenter to front tiedown point in rope’s body
coordinate system; L» is a vector from back
tiedown point to rope’s barycenter in rope’s body
coordinate system; L3 is a vector from parachute’s
barycenter to back tiedown point in parachute’s
body coordinate system; L is the anti-symmetric
matrix.

Based on Eq. (57) and the theory of Kane
method, the partial velocities and the partial angular
velocities of the body i, i=1-3, are stated as follows:

. N A A~ T
V:[Vl o V, o, V w3] (58)
where
I}1=[Esx3 050]
V2:|:E3><3 _Mblgi‘l Mb2gi21 03an
V3:[E3X3 —Mblgi1 Mng(iZI_iZZ) Mngi3:|
@1_[03><3 E3><3 03><6]
‘?)2_[03><6 E; ;3 03x3]
@3 =[03,9 Es;]

(59)

3) Generalized active force and generalized
inertia force

The vector of generalized active force R of
system can be expressed as

R=V'R (60)
where R is external force and moment and includes
aerodynamic force and gravity.

R=[F, M, F, M, F, M| (61)

According to the theories of D*Alambert and
Kane method, generalized inertia force can be
expressed as

R =V'R (62)
where
R =-Ai—Bu (63)

where A and B are both matrixes, which can be
expressed as
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AT:|:mll}l Jé mV, J,0, m3l}3 Jaé’ﬂ

ml’%
J 0, +@,J,0,
’"2'}2
Jo @, + @, 0,

msVs

_J3a)3 + @304 ]

where m is a mass matrix; J is the moment of
inertia; and the meaning of subscript is the same as
above.

4) Dynamic model

The Kane equation can be represented by

R +R=0 (64)

Finally, substituting Egs. (60)—(63) into Kane

Eq. (64) and considering kinetic Eq. (56), the

simplest kinetic equation for this rocket-line-

parachute system can be formulated:

q= Wlu

P (65)

u:(VTA)lVT(R—Bu)

4.3 Airdrop system dynamic model for entire
operation process
Considering the kinetic relations among the
bodies in this system and the constraint form of
cut-off joints, the constraint equations can be
formulated:

T
[xo_xl o= Zo=Z1 Vo= o™ 6?0_91] s
Case=0
I 00 !
AXM; L O] %-n @-o 6-6/|.
01
D= Case =
- T
00
[xo Yo Zo]MgTbo—
T L O 7= -9
[xl N Zl]Mgbl 01
Case=2
¢, Case=3
(66)
where
0, t<t,
L [1 0 0]M, A" <],
Case = T
2, [1 0 O]Mgble —lycos(6,—6y) <1
3, [1 0 0]M,,Ax" —I,cos(6,—6,)> 1

Ax:[xo—xl Yo= N ZO_ZI] (67)

where 1 is the setup time after air-launched stating;
Iy 1s distance from rocket’s barycenter to tail part of
cargo space; /jo is distance from top of rocket’s to
tail of cargo space.

Based on Eq. (43), the iterative relations of
constraint forces and moments in this system can be
expressed as

Ry = (@ioM5leoBﬂiio ~00, M 'B By )_1 '
[(@ilqu _@iOEqO )M_l (BfR + Ef ) - E¢i]
= (@t‘OMO_IBfOB/HiO _a@ilMl_lB_/'lB_/Hil )71 :
|:@i1Ml_le1Rl +@i1Ml_le12R2 +
@ilMl_lelSR3 +

@ilMl_lEf _@iOMO_leORO _@ioM(;lEf _Eaﬁi}
(i=0, 1, 2) (68)

where i is the number of air-launched phase.

Above all, Egs. (47)—(49), Egs. (65) and (68)
compose the unified equations of motion for this
system. And based on the equivalent rigidization
model and the unified equations, we can get the
kinetic characteristics of the system.

5 Verification model based on ADAMS

To verify the veracity of the theory and models
in this paper, the corresponding verification model
is built based on dynamic software ADAMS and 3D
modeling software CATIA. Because it is not the
focus of this paper, the modeling process is briefly
described as follows and the details of how to
model can be seen in Ref. [23].

A three-dimensional solid model is constructed,
and then analyzed in CATIA in accordance with the
design parameter for the carrier aircraft, the rocket,
the suspension line and the parachute. The model is
then imported into ADAMS to add quality attributes.
Figure 7 shows three views of the air-launched
system solid model. Physical modeling is done
mainly in ADAMS, which allows for the expression
of mechanical values. This is done through the
addition constraints,
constraints, forces, and moments to the solid model
in ADAMS. As a result, relative motions and drives
among the components are defined and given
mechanical prosperities.

of Kinematical driving
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Figure 7 Three-dimensional solid model of air-launched
system

5.1 Veracity of equivalent rigidization model

Simulation of opening parachute process is
simulated first based on the equivalent rigidization
model. We divide suspension line into sixty
elements. The result is shown in Figure 8. We get
the phenomenon of fishhook by numerical
simulation, which i1s the same as the other
researchers. So, the equivalent rigidization model in
this paper is feasible and valid.

W

Figure 8 Phenomenon of fishhook

5.2 Veracity of dynamic modeling method of

variable topology

The mathematical models are simulated at the
same conditions to verify the feasibility and validity
of the theory and models in this paper. The initial
conditions of simulation are as follows. Initial
altitude of aircraft is 10 km. Initial velocity of
aircraft is 0.65 Mach. The weight of clear aircraft is
89000 kg. In the body frame, the moments of inertia
of aircraft at axis x, y and z are respectively
540740 kg-m?, 737480 kg-m? 117030 kg-m®. The
area of wing is 300 m®. The length of wing is 51 m,
the average chord is 6 m, the mass of rocket is

28000 kg. In the body frame, the moments of inertia
of rocket at axis x, y and z are respectively
7870 kg'm?, 545000 kg-m? 545000 kg-m?® The
length of rocket is 18.5 m. The friction coefficient is
0.005. The characteristic drag of parachute is 10 m?.
The length of flexible suspension line is 60 m. The
mass of parachute is 1.798 kg. The trimming angle
of attack is 1.2174°. The curves of the key
parameters are shown in Figures 9-11. In these
Figures, line without explanation refers to results
obtained by method in this paper and dashed line
with explanation of VP refers to the results obtained
by method of ADAMS.

/), 0 /(°)s7")
5 8 3

[3%]
[e=)

1 1 1 1
0 2 4 6 8 10 12
Time/s

Figure 9 Curves of pitch angle and pitch angular

velocity
0 /
-100r Track /
E _200 - =Track (VP) /4
=300
=400
=500
6

Figure 10 Curves of three-dimension track

Figure 9 shows pitch angle and pitch angular
velocity in vertical plane. Figure 10 shows
three-dimension track. Figure 11 shows two-
dimension track. The simulation results show that
pitch angle at about 3 s starts increasing, while air-
launched process goes into the third step. At about
4 s, rocket separates from aircraft, while air-
launched process goes into last step. And at about
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Figure 11 Curves of two-dimension track

10.5 s, the pitch angle is close to 90°, which is the
largest one and whose angular velocity is equal to
zero, and the time is suitable for rocket’s firing up.
The simulation closely resembles the real condition.
According to the comparison of the results, the
dynamic responses of the two models are basically
the same and the error ranges are under allowing. In
conclusion, the theory and models in this paper are
feasible and valid.

6 Conclusions

The modeling method for rigid-flexible
coupling multi-body system with variable topology
based on the equivalent rigidization model, CFA
and so on, has been presented. Considering the
modeling process, solution algorithm and the
air-launched examples, it can be seen that the
modeling method has more advantages.

1) There is not any second derivative of
generalized coordinates with respect to time in
Eqgs. (44)—(46), which indicates that the equations
of constraint forces and moments can be solved
independently from equations of state variable. In
addition, Eqs. (44)—(46) are algebra equations. So,
the method simplifies calculations, reduces the
number of differential-algebraic equations, and
increases the solving speed.

2) Dynamic models of different subsystems
can be independently constructed from each other.

3) Considering that any constraints can be
replaced by corresponding constraint forces and
moments, the method is suitable for multi-body
dynamic system with variable topology to construct
the unified models.

4) Based on the method, design of control law

can be easier.

5) Because the whole system is divided into
some independent subsystems, performance of
appointed bodies can be obtained more easily, and
the analytical efficiency is increased.
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