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Abstract. During the launch of a rocket or missile, certain segments must separate from the main
body, and the reliability of this separation can affect the final success of the mission. Most reports on
the analysis of the specific separation structures employ specific finite element software programs;
moreover, although most studies on reliability focus on the simple dynamics of the segments, few
consider the separation dynamics in the distribution reliability analysis. Thus, a generalized variable
topological dynamics-based aerospace separation reliability analysis method is proposed in this paper.
With the exception of a few basic constraints imposed by external forces, a few internal forces in the
separation structure derived from the spring oscillator assumption were also included as variable
topological constraints. As the craft separated, the variable topological structure constraints changed
according to the transfer conditions. The separation reliability criterion was established after
modeling the separation dynamics and used to derive the reliability model and the distribution
hypothesis test to estimate the separation reliability. Finally, the Monte Carlo separation simulation
was conducted to verify the reliability analysis method. The results indicate that the method can
effectively estimate the different phases of the separation process and verify the separation reliability
of the aerospace vehicle.

Introduction

The launch of an aerospace vehicle such as rocket and missile involves the separation of segments
no longer required for normal operation. The success of the separation is determined by the time to
separate, and the motion states experienced during the separation. No separation, or incomplete
separation, may result in uncontrollable attitudes and damaged structures, which could cause the
mission to fail. Therefore, the separation process must be reliable; reliability can be defined as the
capability to perform the desired functions under the demand conditions. In general, the basic
requirements for reliable separation are stable fixation before the separation, and subsequent
separation without severe vibrations.

Research on the separation system to date has tended to focus on the specific disciplines and
domains, including the separation structure design and failure analysis [1], atmospheric static
pressure and aerodynamics regulation during the separation [2], multi-rigid-body motion and
collision analysis via Monte Carlo simulation [3], the use of finite elements methods to evaluate the
static and dynamic properties of a separation structure in an electrodynamic and flexible multi-body
system [4], and the control system design of the separation structure [5].

Studies on separation reliability tend to include specific partial or general dynamic simulations.
Specific partial analysis studies investigated the reliability with respect to multistage separation [6],
nose cap separation [7], submarine missile and carrier separation [8], and trail cover separation [9].
Alternatively, general dynamic simulations are usually conducted using professional simulation
software. Gong utilized failure mode and effects analysis of the retro rockets using the algorithm
presented by Adams [10]. Zhu used a multi-software platform to analyze the fairing separation
process beginning from the unlocking of the fastening device to the rotation of fairing around the
hinges [11].
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The above-mentioned studies indicate that, although there is a large amount of research on the
separation structure of aerospace vehicles or the reliability analysis of the separation process, few of
these researchers have proposed a general method to concurrently analyze the separation process and
separation reliability. The studies on reliability to date have either oversimplified the separation
process by modeling the separation structure as an instantaneous force or impulse deviation, or
entailed highly complex simulations in which the separation reliability analysis was performed by
employing multiple software programs, which proved to be an inflexible and time expensive process.
Thus, the aim of this study is to propose a more widely applicable method for separation reliability
analysis in which the separation process and reliability are both adequately considered.

Variable Topological Structure Dynamics Modeling

Basic Topological Constraint

The two separation segments are assumed as rigid bodies. Different separation interaction forces can
be considered as different types of hinge joint constraints, and action points of hinge joint loads are
equivalent to the geometrical connection points on the upper and lower separation segments. Because
the launch vehicle is not directly connected to any other rigid bodies, an imaginary hinge is
implemented in this system. The rigid bodies of the separation system can form a tree system [12],
which can be illustrated as is shown in Fig. 1. The launch coordinates are selected as zero rigid body
BO. The imaginary hinge O1 represents the six degrees of freedom connecting B0 and the separation
bodies B1 and B2. The constraining joint between the lower B1 and upper B2 is expressed as O2.

)

Figure 1. lllustration of the vehicle separation system

It should be noted that the constant constraint in this system is a basic constraint of the entire
separation system throughout the separation process, and is expressed as @, (x,t), where &, < © and
I, represent the dimensions of the constraints. Other additional constraints such as fix lock, guide pin,

guide block, and rotational hinge, differ from the basic constraints in that they vary according to the
changing topological structure. The set of all additional constraints can be expressed as &, ,
ie,o,={o,o,L o .L 0}, which represent for the topological structure of the system. As an
example, when the system enters state ¢, the corresponding constraint &, in &, is activated, and a
new topological structure is established. The imaginary hinge O1 between the zero-rigid body BO,

and the separation vehicle, is considered as the external load. The states of the intact vehicle are given
in the launch coordinates system o, x_y,z, (L). The origin is the launch point BO; the x-axis and y-axis

are oriented toward the launch azimuth and vertical direction of the local horizontal plane,
respectively, whereas the z-axis is subjected to the right-hand regulation. The separation time is
relatively short, and the launch coordinates system is thus assumed to be an inertial coordinate system.
The states of the separation motion are expressed in the separation inertial coordinates system (SI).
After separation, the motion is expressed in a separation coordinates system o.x,y,z, . The origin of

this system is the center of the separation plane, and the orientations of all axes are parallel to the
upper and lower segments of the body coordinates system at the beginning of separation.

The kinematic and dynamic equations for the lower segment are equivalent to those of the upper
segment, as they can be obtained by substituting the subscript u with d. Thus, the dynamic and
kinematic equations are given by
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dr., d’r., 3 1
at =Veu mu?_¢1“u0(r’t)+¢1“up(r't) ( )
where r,, refers to the centroid position in SI coordinates, v, refers to the velocity in SI coordinates,
m, refers to the mass of the vehicle, and @, ,(r,t) refers to the basic topological constraints, which

are given as

¢FuO (rlt) = Gu +I)ur (2)
where G, isthe gravity of the upper segment, and P, is the thrust of the retro. It should be noted that

the thrust constraint from the main motor is applied also on the lower segment.

To prevent attitude singularity of the upper segment, Euler angles and reverse Euler angles are
defined in the body coordinates system [13]. The attitude motion equations (i.e., for the first set of
Euler angles) are given as

H u u
w,, Siny" +a, cosy

<

u H u
®,, €Sy — @, siny

@)

<. < 9
[

=

cos ¢"
o, —tang" (o, cosy’ —a, siny")
where an attitude is defined as a change from the upper-body coordinate system to the Sl system
following a 2-3-1 rotational sequence (yaw y' -pitch ¢" -roll »* ), and ¢" e[-90°+90°] ,
w" e (~180°,+180°], " e (-180°+180°].
The attitude dynamics functions are given as

I, do,

dt

where 1, refers to the upper rotational inertia, and ®,,,, (r,t) refers to the basic topological constraints,
which are defined as follows:

+ 0, X(1,-0,) = Py, (r,1) + Py, (1) (4)

@,.,Fr)=M, 5)
where M, is the moment of the retro.
The intact vehicle motion equations are given as

dr,, d’r,

o e ™
where m, =m, +m,, and 7, is the L to Sl translation matrix. The attitude dynamics reflected in the
intact body coordinate system are identical to those of the upper segment, and are given as

TLS¢FM0 (r’t)+TLS¢Fd0 (I",t) (6)

do,
¢ dt
where the rotational inertia 1, of the intact body is given as

1

+o.x(1,-0,)=D,,,(Ft)+D,,(r1) (7)

2 2 2 2
Yoo T2 X Yu —XeuZey Yoo T2 XY —Xeg Zed
2 2 2 2
Ic = Iu + Id +My | =X Yo Xo T2 Yale |[TMy| =X Ve Xeg 2 Yot Zeg (8)
2 2 2 2
—XouZe Y la Xt Yeu —Xeg Zeg “Yea Zea Xea T Yeq

Variable Topological Loads Constraint

The forces and moments for the variable topological structure change according to the transform
condition. The variable topological loads constraint @, (r,t) is given as

@, (rt)=F,+F,+R ©)
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where F, is the pulling resistance, F, is the connecting constraint force, and R is the aerodynamic
force. The variable moment constraint @, (r,t) is defined as follows:

@, (rt)=M +M +M, (10)
where M, is the pulling moment, M, is the connecting constraint moment, and M, is the

aerodynamic moment.
The separation system has n, groups of connecting rods, which generate the pulling resistance.

The connecting points x,(i =1,..,n ) coincide with the installation site of the pre-separation upper and
lower segments. During the separation, the position of x, in Sl is expressed as r,. The relative
position of the upper and lower connecting points can then be expressed as 4, =r,, —r,, . The pulling
force on the upper segment is given as

Ny Ny d .
Fus = ZFusi = z_ fsi (|dudi |) w (11)
i=1 i=1 |dudi|
The force on the lower segment is F,, = -F,. . Then, the pulling moment can be expressed as
Mus :Zxrxl:XT:JSF'usi ! Mds :Zxrx?deSFdsi (12)
i=1 i=1

where r! and r? refer to the centroid position, T, and 7, refer to the transform matrix, from an Sl

LT

system to the respective body coordinates system. f(d,) is the value of the force, which can be
expressed via an interpolation function or step function. If the value is negative, the structure is
determined to be the spring push rod, which provides the mechanical separation impulse.

Connecting constraints are generated by connecting devices such as a guide plug, which is
illustrated in Fig. 2. Because other connecting devices have similar properties, guide plugs are used as
a representative connecting device in this study; the forces and moments on guide plugs are
subsequently introduced and discussed. Each group of guide plugs has two feature points x, (i=1,2),
which are coincident before the separation. During the separation process, point x; lies between x!
and x{, and point x; is located between x! and x; .
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Figure 2. Characteristic points of guide plugs during separation
The constraints incorporated into the equations are replaced by the spring oscillator. The feature
points x; and x! are used to represent two spring oscillators. r; and r refer to the upper
feature-point positions in the body coordinate system and are expressed asr,, and r,_, in SI. Similarly,
rS and rSrepresent the lower feature points in the body coordinate system, and are expressed as r,,
and r,, in Sl. The respective lateral displacements of x! and x; can be given as

dld :(rdxl_ruxl)_((rdxl_ruxl)'lu)lu

(13)
d; = (ru><2 _rdxz)_((ruxz _rdxz)'ld )ld
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— wt ~ Nixe , and

12

where characteristic length 1, = ,upper characteristic direction,

ruxz

Fix il L 1)

lower characteristic direction 1, % The axial distances of x; and x! are defined

12
asua :(rdxl_ruxz)'ld :

The constraint on the upper segment is given as
F Elcl uc2 Fl (14)
where F,, =k, d, —c,d; , and F,, =kd;' +cd, .The force of friction is F, = f (|F,,|+|F,,|), where f,

ucl
is the friction coefficient, k is the stiffness coefficient, and c is the damping coefficient. For the
characteristic points, the default direction of motion is one that involves the points moving away from
each other. The constraint on the lower segment can be derived as F,. =-F, .

Considering the relative movement and the force of the guide plug, the constraint moments of two
segments are derived as

uc2

ucl sTus®u

u l,
M, —r xT F, +(I—r+

uc?2 |
12 12

JXT F  —r,xFT.l

\ (15)
u u

M, =rixT, chl+(|—arxi+—r ]destczw xF.Tl,
12

After totally separation (i.e. u, <0), the value of the constraints can then be set to zero.

Separation Reliability Simulation

Reliability Assessment Experiment Design

The probable deviation factors include installation deviations, errors in the initial positions and
angles, the deviation of the standard thruster, aerodynamics errors, wind field influence, and other
unknown disturbances. All these parameter deviations and process disturbances can result in
deviation from the desired path of motion and generate uncertainty.

Generalized continuous random variables may satisfy the conditions for various distributions.
However, for the separation system, only commonly applicable distributions such as normal and
uniform are considered. The deviation factors are chosen on the basis of the results of a previously
published report [6]. In order to detect any collisions,n, and n, points are set on the separation
segments, and N groups of these points are selected as the judgment points.

The centroid positions r, and r, of the upper and lower segments can be obtained via the variable
topological separation dynamics at any time throughout the process. N points are randomly selected
from both the envelopes, which are subsequently formed into N groups of feature points

(X, Yo 2) @nd ey, = (%4, Yy 24) 3 the distance between the feature points is expressed as d, 1y, -

Then, the following quantities are considered:
@ The minimum of all groups of distances at the reference time ts in the k, experiment is expressed

as df = mm( t,)—rf (t ||)
@The minimum of all groups of distances during the separation process in thek, experiment is
k

-}

wherek =1,...,N, . Based on the statistics of the abovementioned characteristic distances obtained from
N, simulations, the reliability assessment can be calculated by assessing the df >¢ (or df
where o is the safe distance.

expressed as df,, = m|n(

1<i<N

>0),

imin
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The distribution of the characteristic distance is assumed as d, ~ N(x,o?), which can be expressed
as H,:d, ~ N(u,o?) . The statistical analysis procedure is explained below.
Stepl: Divide the value range a, of characteristic distance d, into N, mutually disjoint sections
A =(al,al*], j=2,,N,. When j=1, A=[a},a’]. The number of the specific case that the
characteristic distance d, lies in the section A, and is expressed asn, ;

Step2: Under the hypothesis of Ho, the maximum likelihood estimation (MLE) of x and o*are
determined as follows:

“ 13 K T ~2 1 & K T2
/J:N_;di Zdi y O :N_Zl(dl _di) (17)
T k= T i=

Step3: Calculate the frequency estimation of each section A; by solving

i+

ﬁj:q)( : ~
o

- oY) (18)
O

£
where o(x) = 2qt.

Lre
\/5 —»

Step4: Calculate the Pearson statistics,

r ‘_NTA‘ 2
i @)

Step5: Calculate the chi-square probability,

22 Ny—k-1
ot et
F(N,—k-1 %)= —— (20)

[t Teta
where the number of estimated parameters k=2.
Step6: Calculate the significance level and reliability assessment as follows:

o =1-F(N,-k-14°) (21)
~ aly 1 ,(di’[’)z (22)
R=(" e " dd,

! V2r6

Simulation Results Analysis

The rocket separation is introduced here to study the separation by using the guide plug as the
connecting device. The process is partitioned into three topological states. Initially, the rocket
operates in the intact body mode. Under the influence of the lower thruster, retro rockets, and
connecting structures, the rocket begins to separate into the upper and lower segments. Both
segments finally run without the connecting constraints for some time. The initial simulation time is
setas 0 s, and unlock commences at 0.4 s. The simulation step before the occurrence of separation is
setas 0.1s; from 0.4 to 0.5 s, the simulation step is set to 0.001 s and after 0.5 s, the step is 0.01 s. The
remaining force of the main thruster, aerodynamic parameters, and the thrust from two retro rockets
are interpolated from data. The connecting devices include four separation rods and three guide plugs.
The basic topological structure parameters are listed in Table 1, and the reliability analysis setting
parameters are listed in Table 2. The remaining relevant parameters can be found in the Appendix.

138



£

ATLANTIS
PRESS

Advances in Computer Science Research, volume 91

Table 1. Basic topological structure parameters

Characteristics parameters Design value Unit
Longitude of launch point 0 °
Latitude of launch point 0 °
Azimuth of launch point 0 °
Upper feature area 0.75 m?
Upper feature length 2.6 m
Lower feature area 0.75 m?
Lower feature length 3.87 m
Intact feature area 0.75 m?
Intact feature length 6.47 m
Main motor working time 0.2 S
Main motor operating position (-2.01, 0, 0) m
Main motor tilt angles (0,0) °
Retro rocket ignition time 0.015 S
Ignition delay 0.006 S
Position of retro rocket 1 (-0.182,-0.105,0.599) m
Tilt angles of retro rocket 1 (180,0) °
Position of retro rocket 2 (-0.182,0.105,0.599) m
Tilt angles of retro rocket 2 (180,0) °
Table 2. Reliability analysis setting parameters
Characteristics parameters Design value Unit
Feature point 1A (0.5,1,1) m
Feature point 1B (-0.5,1,1) m
Feature point 2A (0.51,-1) m
Feature point 2B (-0.5,1,-1) m
Feature point 3A (0.5-1,1) m
Feature point 3B (-0.5,-1,1) m
Feature point 4A (0.5,-1,-1) m
Feature point 4B (-0.5,-1,-1) m
Reference time 0.7 S
Safe distance 0.97 m

The number of times that the Simulation is run is initially set to 20. The motion states of the upper segment are

shown in Fig. 3.

A. Centroid positions of the upper segment in SI

Figure 3. Historical translational states of the upper segment during separation

w
— vz

B. Velocities of the upper segment in Sl

Because the main motor installed on the lower segment is mainly oriented along the x-axis in the
body coordinate system, the position and velocity along this axis are larger than those along the
remaining two axes. Thus, the influence of the deviation in the latter directions is negligible. The
rocket is assumed to have a static and stable configuration. Thus, stability can be maintained without
the need for external interference under the condition of weak disturbances. The results of the lower
segment are similar to those of the upper segment, as shown in Fig. 4.
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A. Centroid positions of the lower segment in S B. \Velocities of the lower segment in SI

Figure 4. Historical translational states of the lower segment during separation

The results illustrated in the above figures indicate that, although all states of the lower segment
occur in coincidence with those of the upper segment before the separation, the lower segment seems
to be more stable than the upper segment. The relationships between pressure center, centroid, and
feature length also confirm this disparity in stability.

During the separation process, the distances of four groups of characteristic points are shown in Fig.
5. The distance between the centroids of separation segments is shown in Fig. 6.

LAt :

L = = ' = = z ' = - = 1 . z . 1 2 E = = = i = = = i - - - L . . - L . -
13 0.z 0.4 n.e 0.8 > 0 0.2 0.4 [X] X3

tinais) tineis)

Figure 5. Four groups of characteristic distances in
the process of separation

Figure 6. Centroids of the upper and lower distances
throughout the process of separation

As was mentioned, the unlock phase begins at 0.4 s. The simulation results of characteristic
distances and centroid distances indicate that the upper and lower segments successfully separate.
The retro rockets are installed on the lower segment, thereby yielding less influence on the
translational motion of the upper segment.

The goodness of fit statistic should have large samples, as the size should exceed 50 for optimal
results. The simulation running time is set to 1000; the results are shown in Fig. 7.
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Figure 7. Distribution of the characteristic distance at reference time t3

The results presented in Fig. 7 illustrate the probable normal distribution of distances. The
hypothesis is H, :r. ~ N(x,02), and the MLE results are as follows: i =1.128897 and &° =6.413809-6 .
Under this hypothesis, the Pearson statistics results are determined for ,? = 4.331 with a significance
level set to 0.05. The span is divided into ten sections, and the number of estimated parameters is two.
The Pearson statistics results for a significance level of 0.05 are as follows:

22 (r—k=1)= 42..(10-2-1) = x2,.(7) = 14.0671. Thus, the hypothesis is acceptable.
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The variable topological separation dynamics of aerospace vehicles were discussed in this paper. The
process of separation was partitioned into two or three phases according to the topological structure.
The variable topological constraints were established as based on the spring oscillator model, and the
reliability analysis method was derived from the proposed criterion. The Monte Carlo experiment
was conducted in consideration of load deviation, mass, rotational inertia, and initial motion states.
The simulation results yielded high separation reliability, thereby demonstrating the efficacy of the
proposed method. It should be noted that a comprehensive evaluation of the impact of each of the
various deviation factors was not included in the scope of this study. Thus, future research should
focus on improving the deviation factor sensitivity to provide more helpful guides for vehicle design.
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Appendix
Table 3. Topological parameters list
Parameters Value Error Type Factor | Factor 11 Unit
Upper mass 280 Normal 0.02 0.1 kg
Upper centroid position 0.791, -0.001, 0.001 Normal 0.002 0.01 m
Upper rotational inertia 6.3, 53.5, 22.1 Normal 0.002 0.01 kg-m?
Upper tensor 0,0,0 Normal 0.002 0.01, 0.002, 0.01 | kg-m?
Lower mass 876 Normal 30 1 kg
Lower centroid position -1.685, 0.028, -0.02 Normal -0.05, 0.01, -0.01 0.01 m
Lower rotational inertia 381'?2’5?:25'62’ Normal -0.03 0'0_1(’).'003;03’ kg-m?
Lower tensor 0 Normal 0.002 0.01, 0.002, 0.01 | kg-m?
Pitch/yaw/roller initial 0.5,0.5,1.5 Normal 0.02 0.01 °
attitudes
Pitch/yaw/roller initial 150505 Normal 0.02 0.01 s
angular velocities
initial positions 0,8000,0 Normal 20 10 m
initial velocities 1800,0,0 Normal 2 1 m/s
Retro rocket 1~2 thruster / Extreme -181 / N
Retro rocket 1~2 Impulse 699 Extreme 35 / N-s
Separation connector force 90 Normal 0.02 0.1 N
Parameters Value Unit
Pulling distance 0.005~0.02 m
Separation rod 1 action point 2.43e-6,-0.15,0.08 m
Separation rod 2 action point 2.43e-6,0.15,0.08 m
Separation rod 3 action point 2.43e-6,0.15,-0.08 m
Separation rod 4 action point 2.43e-6,-0.15,-0.08 m
Guide plug 1 upper point 2.43e-6,-0.15,0.08 m
Guide plug 1 lower point 0.01,0.01,0.01 m

Guide plug 1 coefficients

0.01,0.01, 0.001

N/m, N/(m/s), /

Guide plug 2 upper point 2.43e-6,0.15,0.08 m
Guide plug 2 lower point 0.01,0.01,0.01 m
Guide plug 2 coefficients 0.01,0.01,0.001 N/m, N/(m/s), /
Guide plug 3 upper point 2.43e-6,0.15,-0.08 m
Guide plug 3 lower point 0.01,0.01,0.01 m
Guide plug 3 coefficients 0.01,0.01,0.001 N/m, N/(m/s), /
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