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Abstract

This paper presents the coordinate systems; coordinate transformations and equations of motion useful for the design

and analysis of satellite separation system using the helical compression spring mechanism. A fourth-order Runge–Kutta

method is adopted to solve the non-linear ordinary differential equations of motion to obtain the 12 degrees of freedom for

the separating bodies, for the specified dynamic parameters. A reliable statistical approach is followed to account the

variations in the specified dynamic parameters. The tolerances in the magnitude of the body rates, relative velocity and

relative distance between the separating bodies are presented for use in the design to achieve the desired separation system.

r 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The long-range ballistic missile (with its warhead), artificial satellite, and spacecraft use a multistage rocket
as their carrier. Due to the fact that separation between stages during the flight of a multistage rocket can cast
off, in sequence, the stage in which the propellants have been exhausted, the weight of the final stage at
ignition is considerably reduced. Thus, the guided missile and spacecraft can attain a relatively high and
necessary velocity. Therefore, separation between stages in a multistage carrier rocket is an important problem
to solve for a successful launch of a ballistic missile, artificial satellite or spacecraft.

The separation events are often mission critical. Any mechanical interference between the separating bodies
is likely to be catastrophic. The launch failures of Atlas Centaur in 1970 and Chinese Long March in 1992,
improper placing of satellite orbits of Titan in 1990, Pegasus in 1991, and Delta-2 in 1995 are some of the
typical examples wherein faulty separation systems were suspected to be the main culprits. A judicious
separation system design not only ensures a collision-free separation, but also limits the resulting disturbance
to the on-going stage to a minimum. A typical launch mission may involve several separation events such
as the stage separation, the strap-on separation, the heat shield separation, the ullage rocket separation
and the spacecraft separation. The dynamics of separating bodies has received the attention of several
investigators [1–23].

The separation of spacecraft components, which occur in every flight, represents crucial and major events
that must be successfully executed to fulfill mission requirements. Separation systems vary as widely in
ee front matter r 2006 Elsevier Ltd. All rights reserved.
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Nomenclature

Az launch azimuth (deg)
Fext ¼ (Fg+FS) total external force due to

gravity and spring system (N)
h altitudeof separation (m)
I inertia tensor
t time (s)
m

M, mS mass of the ongoing and spent bodies
(kg)

Mext ¼ (Mg+MS) total external moment (Nm)
RE, RP, RS Earth’s equatorial radius, polar

radius, radius at the surface (m)
r, q, p body rates yaw, pitch and roll

rI
position vector in ECI frame (m) (XI, YI,
ZI)

rCG position vector of the body CG offset (m)
rs spring location from CG (m)
v velocity in the body frame (m/s)
X, Y, Z body axes yaw, pitch and roll
c,y,f yaw, pitch and roll attitude angles w.r.t

LPI frame (deg)
FGC geocentric latitude of the launch station

(deg)
FGD geodetic latitude of the launch station

(deg)
Y launch station longitude (deg)
m Earth’s gravitational constant (m3/s2)
OE Earth’s angular velocity (rad/s)
d spring mounting azimuth angle (deg)
k spring stiffness (N/m)
x stroke length (m)
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physical and functional properties as the performance requirements, which they must satisfy; however, most
systems use helical compression springs as an energy source.

This paper presents a mathematical formulation for the analysis of satellite separation system using the
helical compression spring mechanism. The problem is modeled under the influence of forces and moments of
the individual bodies undergoing separation, treating the bodies as rigid. The bodies undergoing separation
have 12 degrees of freedom (dof), viz., three velocity vectors, three position vectors, three body rates and three
body attitude angles. The different coordinate systems required for the space dynamics of separating bodies
are: geocentric inertial or Earth centered inertial (ECI) frame; topo-centric or launch point inertial (LPI)
frame; Body coordinate system; and local inertial or common body inertial (CBI) frame. In principle
equations of motion can be solved in any coordinate system. It is advantageous to solve them in the body
coordinate system, as the moment of inertia, engine tail-off thrust and aerodynamic computations are very
simple in the body coordinate system while gravity computation is simpler in geo centric inertial coordinate
system. Transformation from one coordinate frame to another is made in the present study as the forces and
moments are defined in different coordinate systems. The non linear ordinary differential equations of motion
are solved for a typical satellite separation system using a fourth-order Runge–Kutta integration scheme.
Collision-free separation assessment is possible from the gap (distance) between the pair of points at critical
locations in the separating bodies.

2. Formulation

The physical problem is to simulate the dynamic characteristics of the separating rigid bodies under the
influence of forces and moments acting on them. Each individual body has three velocity components, three
components of position vector, three body rates and three attitude angles, respectively. In principle, equations
of motion can be solved in any coordinate system. It is preferable to solve them in the body coordinate system,
as the moment of inertia, engine tail off thrust and aerodynamic computations are very simple in the body
coordinate system. Figs. 1 and 2 show the different coordinate frames used in the present study. The XI, YI,
and ZI axes as shown in Fig. 1 define the ECI coordinate system. The axes XI and YI lie in the equatorial plane
and ZI pointing towards North Pole. Gravitational forces are computed in this coordinate system. The XT,
YT, and ZT axes define the topo-centric or LPI coordinate system. The ECI and LPI coordinates are related
through the launch azimuth (Az), launch site geocentric latitude (FGC) and launch site longitude (Y). The
vehicle orientation at any time is defined with the Euler angles, viz., yaw attitude angle (c), pitch attitude angle
(y), and roll attitude angle (f) with respect to LPI frame. The body frame coincides with LPI frame at the time
of launch. It has its origin at the center of gravity (CG) of the individual bodies, namely main (ongoing) body
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Fig. 1. Earth centered inertial and launch point inertial frames.
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and separating (spent) body as shown in Fig. 2. The XM, YM and ZM axes with MCG as origin define the main
body coordinate system. The XS, YS and ZS axes with SCG as origin define the separating body coordinate
system. The XL, YL and ZL axes coincide with body axes of the combined body just before separation. This
frame moves with a constant velocity same as that of the combined body at the instant of separation.

2.1. Equations of motion

Consider a space vehicle with a set of body fixed axes X, Y, and Z rotating with angular velocity x, and with
the origin coinciding with the center of gravity of the vehicle. The translational and rotational equations of
motion for each body in the respective body frame are

m
dv

dt

� �
þmx� v ¼ Fext, (1)

dL

dt
þ x� L ¼Mext. (2)

Here m is the mass of the body, v ¼ vxib þ vyjb þ vzkb, is the velocity, x ¼ rib þ qjb þ pkb, is the angular
velocity, which has components r, q and p along the body axes, viz., yaw, pitch and roll, respectively, t is time,
Fext ¼ Fxib þ Fyjb þ F zkb, is the total external force vector, L ¼ Lxib þ Lyjb þ Lzkb, is the angular momentum
vector, Mext ¼Mxib þMyjb þMzkb, is the total external moment vector. ib; jb;kb are the unit vectors with
respect to the center of mass of the respective body frame.

The components of angular momentum vector are obtained from

Lx

Ly

Lz

8><
>:

9>=
>; ¼ I½ �

r

q

p

8><
>:

9>=
>; ¼

Ixx �Ixy �Ixz
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8><
>:

9>=
>;. (3)

Here Ixx, Iyy and Izz are the principal moment of inertia about yaw, pitch and roll (X, Y, Z) axes
respectively. Ixy, Ixz, Iyx, Iyz, Izx and Izy are the product of inertia with respect to the indicated planes, e.g.,
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xy, xz, yz. The symmetry in the products of inertia has been noted. It may be noted that the principal moments
of inertia may only be positive, but the products of inertia may be either positive or negative.

Eqs. (1) and (2) can be written in the form

d

dt

vx

vy

vz

8><
>:

9>=
>; ¼

pvy � qvz

rvz � pvx

qvx � rvy

8><
>:

9>=
>;þ

1

m

Fx

F y

Fz

8><
>:

9>=
>;, (4)

d

dt

r

q

p

8><
>:

9>=
>; ¼ I½ ��1

pLy � qLz þMx

rLz � pLx þMy

qLx � rLy þMz

8><
>:

9>=
>;. (5)

The kinematic differential equations, which provide the relationship between Euler angles and angular
velocity components (body rates) are

d

dt

c

y

f

8><
>:

9>=
>; ¼

cos f � sin f 0

sin f sec c cos f sec c 0

sin f tan c cos f tan c 1

2
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q

p

2
64
3
75. (6)
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Eqs. (4)–(6) are the governing equations of motion for the individual bodies undergoing separation and are
nonlinear ordinary differential equations, which are to be solved numerically after specifying the components
of total external force and moment vectors. The dynamic characteristics of the separating bodies are modeled
here under the influence of the gravity and the spring forces and moments.

2.2. Gravity force and moment

The gravitational acceleration along the ECI frame is computed as

gEC ¼ gXIex þ gYIey þ gZIez ¼ �gradU , (7)

where the gravitational potential

U ¼ �
m
rI

1�
1

2
J2Z2 3z2 � 1

� �
�

1

2
J3Z3 5z3 � 3z

� �
�

1

8
J4Z4 35z4 � 30z2 þ 3

� �� �
, (8)

Z ¼
RE

rI

; z ¼
ZI

rI

; rI ¼ X Iex þ Y Iey þ ZIez,

is the vehicle position vector with respect to the ECI frame; rI ¼
ffiffiffiffiffiffiffiffiffiffiffi
rI � rI
p

, is the radial distance of the vehicle
from the earth center, RE is the equatorial radius of the oblate Earth geometry (see Fig. 3). The gravitational
constant, m ¼ 3.9860253� 1014m3/s2; gravitational harmonics J2 ¼ 1.0827� 10�3; J3 ¼ �2.3� 10�6; J4 ¼

�1.8� 10�6.
Since the gravitational acceleration (7) is computed in ECI frame, it has to be transformed to the LPI frame.

The transformation matrix [TEL] which transfers the components of a vector from ECI frame to LPI frame, is

TEL½ � ¼ eij

� 	
3�3

, (9)

where

e11 ¼ � cosAz sinFGC cosY� sinAz sinY;

e12 ¼ � cosAz sinFGC sinYþ sinAz cosY;

e13 ¼ cosAz cosFGC;
RE

RP

 Φ GC
Φ GD

h

Rs

Vehicle

NORTH POLE

Fig. 3. Oblate earth geometry.
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e21 ¼ � sinAz sinFGC cosYþ cosAz sinY;

e22 ¼ � sinAz sinFGC sinY� cosAz cosY;

e23 ¼ sinAz cosFGC;

e31 ¼ cosFGC cosY;

e32 ¼ cosFGC sinY;

e33 ¼ sinFGC:

The geocentric latitude of the vehicle position is FGC ¼ sin�1 ZI=rI

� �
, the geodetic latitude of the vehicle

position is FGD ¼ tan�1 RE=RP

� �2
tanFGC

n o
, RP is the polar radius of the oblate Earth geometry; the inertial

longitude of the vehicle position is YI ¼ tan�1 Y I=X I

� �
, the relative longitude with respect to Earth is

YR ¼ YI � OEt, and the Earth rotation rate, OE ¼ 7.29211� 10�5 rad/s. The altitude of the vehicle in Fig. 3 is
h ¼ rI�RS. The radius of the Earth corresponding to FGC is

RS ¼
REffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
RE
RP


 �2
� 1

� �
sin2FGC

s ,

the equatorial radius RE ¼ 6378.1656 km and the polar radius, RP ¼ 6356.7838 km. The launch station
longitude of (Y) 80.236211, geodetic launch latitude of (FGD) 13.732041 and launch azimuth of (Az) 1021E are
used in the current studies.

The transformation matrix [TLB], which transfers the components of a vector from LPI frame to body
frame, is

TLB½ � ¼ bij

� 	
3�3

, (10)

where

b11 ¼ cosf0 cos y0 þ sinf0 sinC0 sin y0;

b12 ¼ sinf0 cosC0;

b13 ¼ �cosf0 sin y0 þ sinf0 sinC0 cos y0;

b21 ¼ �sinf0 cos y0 þ cosf0 sinC0 sin y0;

b22 ¼ cosf0 cosC0;

b23 ¼ sinf0 sin y0 þ cosf0 sinC0 cos y0;

b31 ¼ cosC0 sin y0;

b32 ¼ �sinC0

and

b33 ¼ cosC0 cos y0.

Here c0, y0, f0 are the initial Euler angles. It should be noted that the transformation matrix, [TLB], which
transfers the components of a vector from the CBI frame to body frame, is nothing but the transformation
matrix [TLB] having the elements as a function of the sequence of rotation with Euler angles c, y, and f.

The gravitational acceleration along the body frame, g ¼ gxib þ gyjb þ gzkb computed using the
transformation matrices [TEL] and [TLB]. The components of the gravity forces in the body frame are:

gx

gy

gz

8><
>:

9>=
>; ¼ TLB½ � TEL½ �

gXI

gYI

gZI

8><
>:

9>=
>;. (11)
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The gravity force and moment are computed as

Fg ¼ mg, (12)

Mg ¼ rCG � Fg, (13)

where rCG ¼ XCGib þ YCGjb þ ZCGkb, is the position vector of the vehicle at the center of mass of the vehicle.
In general, the center of gravity does not coincide with the center of mass of the vehicle. The gravitational
forces will cause moment about the center of mass of the vehicle. However, vehicle dimensions are very small
compared to the distance from the Earth center, the moment due to gravitational forces is small compared to
other moments.

2.3. Force and moment of helical compression springs

The motion of a satellite separating from its final rocket stage by the force of helical compression springs is
considered. The separation impulse is provided by release of the energy stored in the helical compression
springs. The forward ends of each spring bear against a centering spring cup on the satellite and, since the
springs are laterally stable, no auxiliary guides are used. Spring location and support hardware design are
dictated by the geometry requirements. To compensate undesirable forces and moments in two axes, the
present formulation is based on symmetrically located ‘n’—number of springs. Proper calibration, marking,
and grouping of springs as pairs has to be followed to minimize tip off errors due to tolerances and
nonlinearity in individual spring characteristics.

The Z component of the spring mounting location in each body is computed as follows (see Fig. 4):
ZM ¼ LMCG–MAXIAL and ZS ¼ LMCG�SAXIAL. Here ZM is the location of main body CG, LMCG is the
location of main body CG from nose cone, MAXIAL is the axial location of spring mounting with respect to
main body, ZS is the location of the separating body CG, and SAXIAL is the axial location of spring mounting
with respect to separating body. The radial component of spring mounting along X and Y axes are calculated
as rS cos d and�rS sin d, where (rS) is the radial location (m) of the spring from the CG of the individual bodies
and d is the spring mounting azimuth angle (deg) measured in anticlockwise direction from P+ axis. Each of
the spring is identified with spring stiffness (i.e. the force required to compress unit length of the spring), free
length, and compressed length. The springs on releasing energy will generate forces along the line joining the
two ends of the springs. These forces will generate moments about their respective body CGs. In theory,
separation may be effected by a large, single compression spring centrally located, but in practice it is usual to
use a large number of smaller springs located symmetrically around the periphery. This is preferred firstly for
ease of accommodation and secondly to minimize the possibility of a separation aborting through spring
failure. The spring force and moments are given by

FS ¼
Xn

j¼1

FSj, (14)

MS ¼
Xn

j¼1

rSj � FSj

� �
, (15)

where rSj ¼ X Sj iþ Y Sjjþ ZSjk, is the position vector of the jth spring location, and FSj ¼ �kx cosðf StÞk;
k is the spring stiffness and x is the stroke length. The frequency of the spring f S ¼ 1=2pffiffiffiffiffiffiffiffiffiffiffiffiffiffi

nk=mn
p

; mn ¼ mMmS= mM þmSð Þ, is the reduced mass. mM is the mass of the ongoing body (satellite)
and mS is the mass of the separating (spent) body.

2.4. Separation dynamic analysis

It is necessary for separation dynamic analysis to simulate the trajectories of separating bodies taking into
account of the forces and moments acting on the bodies. Critical points will be identified on these bodies to
estimate the clearances between them. For the identification of collision hazards during separation, the relative
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distance between the critical points, relative velocity, body angular velocity and body orientation angles will be
estimated. The trace of the points together with body orientation angles will confirm collision-free separation
and build up of any tip-off errors on the ongoing functional stage.

Using Eqs. (12)–(15), the total external force and moment vectors in equations of motion (1) and (2) are
written as

Fext ¼ Fg þ FS, (16)

Mext ¼Mg þMS. (17)

With these forces and moments, the solution of equations of motion will give the dynamic characteristics of
the individual bodies undergoing separation.

After determining the velocities of the individual bodies at a time ‘t’, the relative velocity between the
separating bodies in the body frame is calculated. Applying the inverse transformation to the relative velocity
and integrating with respect to time, the actual separation distance between the bodies is found.
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The magnitude of the body rate is

xj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ q2 þ p2

p
. (18)

The relative velocity (vR) of the separating bodies is:

vR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðvx1 � vx2Þ

2
þ ðvy1 � vy2Þ

2
þ ðvz1 � vz2Þ

2
q

. (19)

The relative distance (dR) from the CGs (or) the points identified at the separation plane of the separating
bodies is

dR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx1 � x2Þ

2
þ ðy1 � y2Þ

2
þ ðz1 � z2Þ

2

q
. (20)

Here (vx1, vy1, vz1), (x1, y1, z1), (vx2, vy2, vz2) and (x2, y2, z2) are the components of the velocity vector and
position vector of the ongoing and spent body which were transformed to CBI frame. The integration of the
equations of motion is continued till the spring relaxation time reaches 1/4th of the period. To account the
variations in the dynamic parameters, statistical analysis is essential.

3. Statistical analysis

In launch vehicle separation system design process, it is with the combination of many variable parameters.
For this purpose a multivariate concept, which involves more variable parameters, will be more useful.

Let the variable function be denoted as C. The variable C be functionally related to ‘n’ random variables,
namely, x1, x2yxn. This function is assumed to be continuous and differentiable. It can be expressed into a
Taylor series about a particular point say xn

1 ;x
n
2 ; . . . x

n
n . Neglecting terms of higher order and assuming that the

random variables are independent with means at xn
1 ;x

n
2 ; . . . x

n
n, respectively, the expected (average) value of the

function C is approximately given by

EðCÞ � Cðx�1;x
�
2; x
�
3; . . . ;x

�
nÞ þ

1

2

Xn

i¼1

VarðxiÞ
q2C
qx2

i

. (21)

And the variation of the function, C is approximately given by

VarðCÞ �
Xn

i¼1

VarðxiÞ
qC
qxi

� 
2

. (22)

The partial derivatives ofC, in Eqs. (21) and (22) are taken at the point xn
1 ; x

n
2 ; . . . x

n
n , and thus are constants.

Further more, if the xi’s are normally distributed, C is approximately normally distributed [24].
If the tolerances of the individual variables all fall with in their specification limit, then the tolerances for the

function, C with 99.9% confidence level will not exceed EðCÞ � 3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
varðCÞ

p
. The square root of the variance of

a quantity is the standard deviation of that quantity.
In the present study there are 12 variable functions namely velocity components (vx, vy, vz), position

components (x, y, z), body rates or angular velocity (r, q, p) and body attitude or orientation components
(c,y, f). These variable functions are related to the dynamic parameters of the separating bodies like mass,
moment of inertia, CG offset, spring stiffness, spring stroke length, etc. For the variations in the specified
dynamic parameters, the above-described statistical analysis will be useful to find the expected value and
variance of the 12 variable functions for the ongoing and spent body. With these values, body rate for ongoing
and spent body, relative velocity and relative distance between the separating bodies can be estimated. Finally
it is possible to estimate the tolerances of the physical quantities.

4. Numerical results

Satellite separation system with spring elements between stages is examined here. A simple and reliable
statistical approach is employed to obtain tolerance in the magnitude of body rates, relative velocity and
relative distance between the separating bodies.
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Numerical analysis has been carried out to estimate the tip off rates for the final stage of a multistage rocket
carrier for a typical two-tone class geosynchronous transfer orbit. Twelve numbers of helical compression
springs having constant stiffness (k) of 9360 7 3%N/m and the stroke length (x) of 93.8 7 3%mm are
specified. Tables 1 and 2 give the trajectory and dynamic parameters reported in the Ref. [23] for the
separating bodies at the time of separation. A fourth-order Runge–Kutta integration scheme is used to solve
the nonlinear ordinary differential equations with a fixed step size. To simplify the integration process, the
time variable in the differential equations is normalized with the spring relaxation time of 1/4th of the
period. Components of ‘I’, in Eq. (3) are normalized by taking the maximum value of the components as a
common factor.

A convergence study has been made by integrating the differential equations with different fixed step sizes
for the nominal dynamic parameters of the ongoing body. The results are presented in Table 3. They converge
with relative error less than about 1%. Further reducing the integration step size, it is observed that there is no
change in the results up to four decimal points. In the present analysis, numerical integration has been carried
out with a fixed step size of 0.001.

For the variations in the dynamic parameters, statistical analysis has been performed and presented the
expected value and standard deviation of the 12 dof of the separating bodies in Table 4. Utilizing the statistical
data of Table 4, the magnitude of the body rate ( xj j), relative velocity (vR) of the separating bodies as well as
the relative distance (dR) from the points identified at the separation plane of the separating bodies are
evaluated.

The expected value of the body rates for the ongoing and spent bodies are found to be 1.49762 and
1.027371/s, respectively. The desirable body rate is less than 21/s. The maximum values of the body rates for
these separating bodies are found to be 4.55899 and 2.659911/s. The body rate of the separated satellite is
found to be higher than the desired body rate. The spacecraft CG offset and variations in the spring stiffness
may lead to higher body rates, which can be controlled by providing differential springs in the spring system
Table 1

Trajectory parameters at the time of separation

Time of separation ‘t’ (s) 1175

Altitude of separation ‘h’ (km) 235

ECI position XI, YI, ZI (m) �5.04096e+6, 4.2639e+6, �3.63485e+5

Initial body rate r, q, p (deg/s) �0.0244915, 0.0863901, �0.00900853

Initial attitude c0, y0, f0 (deg) 1.06252, 142.173, �0.0716475

Body rate assumed for both the bodies due to separation system disturbance (deg/s) 2

Table 2

Dynamic parameters of the separating bodies

Parameters Ongoing body Spent body

Mass (kg) 1582.6716 3200750

Z (mm) 5804.275 122587150

Y (mm) 18.272.5 44.6740

X (mm) 1.072.5 �72.7740

IZZ (kgm2) 80975 3734710%

IYY (kgm2) 76975 32416710%

IXX (kgm2) 66375 32741710%

IXY (kgm2) �24715 �177100%

IXZ (kgm2) �7715 1797100%

IYX (kgm2) �24715 �177100%

IYZ (kgm2) 11715 �4147100%

IZY (kgm2) 11715 �4147100%

IZX (kgm2) �7715 1797100%



ARTICLE IN PRESS

Table 3

Convergence studies on the solution of differential equations utilizing the nominal dynamic parameters for the ongoing body

Integration step size vx (m/s) vy (m/s) vz (m/s) x (m) y (m) z (m) r (1/s) q (1/s) p (1/s) y (deg) c (deg) f (deg)

0.1 1.3539 �0.4333 0.4792 0.0945 �0.0110 4.3590 3.6326 0.0600 0.0239 1.5102 142.1836 �0.0690

0.01 1.3719 �0.4355 0.4773 0.1032 �0.0120 4.3621 3.6331 0.0600 0.0239 1.5248 142.1836 �0.0689

0.001 1.3764 �0.4360 0.4768 0.1045 �0.0122 4.3626 3.6331 0.0600 0.0240 1.5274 142.1836 �0.0688

Table 4

Variations in 12 degrees of freedom for the separating bodies

Physical quantities Ongoing body Spent body

Expected value Standard deviation Expected value Standard deviation

vx (m/s) 1.37196 0.01089 1.36914 0.00609

vy (m/s) �0.28197 0.05270 �0.16397 0.02479

vz (m/s) 0.4754 0.00373 �0.49118 0.00282

x (m) 0.10321 0.00102 0.10321 0.00092

y (m) �0.01211 0.00012 �0.01219 0.00012

z (m) 4.36191 0.00173 �2.18456 0.05

r (deg/s) 1.49115 1.0214 0.06419 0.66693

q (deg/s) 0.06009 0.11469 �0.04549 0.02467

p (deg/s) 0.02311 0.01022 �0.00173 0.00587

c (deg) 1.21645 0.10326 1.05495 0.10136

y (deg) 142.18363 0.011 142.17345 0.00236

f (deg) �0.06893 0.00099 �0.07131 0.00057
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assembly. Springs of low and high energy should be assembled in such a way that net spring energy passes
through the CG of the spacecraft and nullify the effect due to CG offset on the separated satellite.

For the variations specified in the dynamic parameters the expected values of vR and dR are found to be
0.97488m/s and 6.54609m, respectively. The tolerances in vR at 99.9% confidence level are from 0.94954 to
1.00023 m/s, whereas in dR these are from 6.39599 to 6.69618m. It should be noted that the distance between
the CG’s of the separating bodies at time t ¼ 0 is 6.4538m, whereas at the time of spring relaxation time the
expected distance is 6.54609m. The difference between these distances is 92mm, which is nothing but the gap
between the two separating bodies at the time of spring relaxation. This information is essential to the design
while selecting the helical compression spring system. The solution of the problem described above
corresponds to the short-term dynamics. To examine the collision-free separation in the atmosphere it is
essential to specify the forces acting on the separating bodies for further integration beyond the spring
relaxation time, which is generally followed in long-term dynamic analysis.
5. Conclusions

Dynamics of satellite separation system analysis has been carried out considering the typical multistage
rocket carrier. A statistical method is followed to study the influence of design variables on the tip off
parameters of the separating bodies. Tolerances on the relative velocity of the separating bodies using the
helical compression spring system are found for a geosynchronous transfer orbit. It is noted that the maximum
body rate of the separated satellite is found to be higher than the desirable body rate for the specified design
variables. To minimize the satellite body rate, it is necessary to employ alternate schemes like changing the
spring system combination for controlling CG offset and tightening the other specifications.
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