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Dynamic Design of Octostrut Platform for Launch Stage
Whole-Spacecraft Vibration Isolation

L. K. Liu,* L. Liang,” G. T. Zheng,* and W. H. Huang®
Harbin Institute of Technology, 150001 Harbin, People’s Republic of China

Whole-spacecraft vibration isolation is a direct and effective approach to improving the dynamic environment
that a spacecraft experiences during its journey to orbit. A method of analysis and dynamic design of an octostrut
platform for whole-spacecraft vibration isolation during the launch stage is studied. Because the octostrut platform
is a section between the launch vehicle and the spacecraft, structural characteristics of the launch vehicle and the
spacecraft will inevitably influence the design of the isolation platform and also the vibration isolation effect, and
vice versa. The design is divided into three parts. The first part is the preliminary analysis defining the fundamental
parameters of the octostrut platform. In the second part, the parameters of each strut are defined by modeling
the octostrut vibration isolation platform in a set of dynamic equations of motion. The third part is the coupling
analysis, where finite element models of the octostrut platform, the spacecraft, and the launch vehicle are put
together to assess the isolation effect and examine the influence of the isolation platform on the dynamic properties

of the whole structure.

1. Introduction

HE launch stage is the most severe dynamic environment that

a spacecraft will experience during its mission life. There are
loads changing with environment, such as wind gusts and buffeting,
and discrete events, such as motor ignitions and cutoffs, as well as
variations in structural dynamics caused by fuel depletion and stage
jettisons. To survive the launch stage, the structure of a spacecraft
has to be strengthened by adding extra structural mass that will be
useless in the operating orbit. This not only increases launch costs
but also reduces the mass margin that could be used for launching
additional payload.

Vibration isolation with an isolator, which is a mechanical in-
terface in the vibration propagation path that acts as a mechanical
low-pass filter providing low-frequency support that permits desired
forces and torques to pass across the interface but rejects vibrations
at higher frequencies, is an effective structural control technique for
improving the dynamic environment. The idea of whole-spacecraft
vibration isolation (WSVI) is to put an isolator into or use it to
replace a payload attachment fitting (PAF), which is a section con-
necting the launch vehicle (LV) and the spacecraft together and
traditionally is designed to be very stiff and provide an efficient
transmission path for both dynamic and quasi-static launch loads.
The concept of WSVI has been worked on since 1993, and to date,
as reported publicly, there have been at least six successful flights
with different WSVI systems.'

A number of researchers have investigated the use of Stewart
platforms (or hexapods) for vibration isolation and precise point-
ing. For space applications Stewart platforms have the inherent ca-
pability of providing articulation between subsystems as well as
vibration isolation with the same mechanical system. Consequently
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system complexity and weight can be significantly reduced. This
also is convenient for system modeling and dynamic analysis.’~®
However, the Stewart platform is a statically determinate structure;
if any strut has a fault, disaster could be unavoidable. To meet high
requirements for reliability in space applications, it is desired that
redundancy should be provided by adding more struts to the plat-
form. One approach is to use an octostrut platform that has eight
struts. In addition to enhancing reliability, compared to a Stewart
platform, it can also be designed with higher strength for heavy
loads.

In the present paper, analysis and dynamic design methods for an
octostrut passive vibration isolation platform for whole-spacecraft
vibration isolation is studied. The design can be divided into three
parts. The first part is the preliminary analysis for acquiring the fun-
damental parameters of the octostrut platform. The loads suffered
during the ascent of the launch vehicle are also modeled to predict
the performance of the platform with chosen fundamental parame-
ters. The second part is the definition of parameters of each strut for
the actual design. This is realized by modeling the octostrut plat-
form as a set of dynamic equations of motion. The third part is a
coupling dynamic analysis examining the performance of the plat-
form and its influence on dynamic properties of the launch vehicle
in practical applications. In this part, finite element models (FEMs)
of the octostrut platform, the spacecraft, and the launch vehicle are
put together as a whole structure.

II. Preliminary Analysis

The octostrut platform is a section between the launch vehicle and
the spacecraft. Structural characteristics of the launch vehicle and
the spacecraft will inevitably influence the design of the isolation
platform and also the vibration isolation effect. Therefore, coupling
analysis with the LV and the spacecraft is necessary for selecting
proper parameters for the whole platform. Although complicated
FEMs can give results with high precision and detail, in a stage
of preliminary design, the finite element approach is neither easy to
handle nor cost-effective for computation. Following the tradition of
studying vibration isolation with a lumped parameter model of a few
degrees of freedom (DOF), a 5-DOF lumped parameter model®'°
is used here to carry out the preliminary analysis for the parameter
selection.

The LV studied as an example in this paper is a three-stage rocket,
whose fundamental parameters are listed in Table 1. During opera-
tion of the first stage, events include ignition, transonic flight, and
maximum dynamic pressure. For the spacecraft, this is the severest
load condition during the whole flight. The system at this duration
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Table 1 Fundamental parameters of a launch vehicle

Parameter First Second Third PLE
Length, m 24.0 11.53 10.644 8.887
Diameter, m 3.35 3.35 3 3.75
Total mass, kg 175.680e3 31.906€e3 19.400e3 500
Propellant mass, kg 170.000e3 29.600e3 17.600e3

Case mass, kg 5.680e3 2.306e3 1.800e3

Nozzle mass, kg 795.3 2354 118.7

Mass flow rate, kg/s —1349.18 —259.65 —37.53

Burn time, s 126 114 469

Sea-level thrust, kN 2961.6

Vacuum thrust, KN 3298.5 742.04 156.9

Table 2 Fundamental parameters of a spacecraft

Length  Diameter Total mass Inertia tensor (at gravity center in {P})

276 m 3.3 m(max) 2656kg 2316.001 60.05046 4.460034
60.05046 2182.740 —3.14755
4.460034 —3.14755 1514.959

will be simulated. Table 2 is a list of fundamental parameters of a
spacecraft.

To get the loads, the orbit dynamic model must be built first. Then
the vibration model will be built along this nominal orbit. In fact,
the orbit dynamics of the LV with control during launch is complex.
For simplicity and with the aim of demonstrating the procedure,
a simple axial-orbit dynamic model without control is used here.
Furthermore, the earth is assumed to be spherical and nonrotating,
and the thrust and aerodynamic force are along the axial direction of
the LV. With these assumptions, according to Ref. 11, the nominal-
orbit dynamic equation is

m('i)(' = (T +NM) - (D +NA) _m('gSina

v2cosa dm,

v = — gcosa, — =nm, 1
g @ (H

Rg + v, sina

where m, is the instantaneous total mass of the system, v, is the
centroidal velocity of the system, D is the quasi-static drag force
of the atmosphere, N, is aeroacoustic-generated vibration, T is
the quasi-static thrust of the engine, N, is the engine-generated
vibration, « is the flight path angle, which indicates the direction of
the velocity vector with respect to the local horizon, and Rg is the
radius of the earth.

During the launch, thrust increases with altitude because of atmo-
spheric pressure decrease, and it is exponentially shut down in the
last 6 s of operation. According to Ref. 10, the thrust is expressed
as

T =

Tsi + (1 — P/101325)(Ty, — Ts1), 0<t<(—6)
[Ts; + (1 — P/101325)(Ty; — Tsy)]e U =1 =01,
(th—6) <t <t

)]

where T, and Ty are the thrust of the first-stage engine at sea level
and in vacuum, respectively; P is the pressure of the atmosphere;
and #; is the burnout time of the first stage. The quasi-static drag
force of the atmosphere is

D =cpipv?A (3)

where cp is the drag coefficient, p is the density of the atmosphere,
and A is the effective area.

Two types of loads, other than the quasi-static loads, are consid-
ered here. They are engine-generated vibration and aeroacoustic-
generated vibration. The engine-generated vibration source is at the
nozzle of the operating stage. It includes a random band-limited

Fig. 1 Simplified dynamic model of launch
vehicle-platform—spacecraft structure.

white noise component and a resonant burn component. The res-
onant burn component is assigned a frequency and amplitude that
are representative of the motor being considered. The band-limited
white noise component is also assigned a magnitude that results
in an appropriate level of vibration at the PAF. Aeroacoustic-
generated vibration is related to the temperature of the atmo-
sphere. To simplify the problem, the atmosphere is assumed to be
isothermal.

The LV is divided into three parts: the lower (L) and upper (U)
components of the operating stage and the inert (I) component com-
prising the remaining stages of the LV (including the fairing) that
are not burned. Considering the fuel consumption, the mass of each
part is calculated from Table 1. Referring to the FEM of the LV, the
connecting stiffness is calculated to capture two axial modes. The
spacecraft is modeled as a rigid body with one axially moving part
that is used to capture a mode of the spacecraft. The spacecraft’s
DOF is referred as the payload (P) component and the spacecraft
subcomponent is referred as the subcomponent (S). The isolation
platform is modeled as a spring parallel with a damper. The stiff-
ness of the spring and the damping coefficient of the damper are
expressed by the resonant frequency and the damping ratio of a sys-
tem comprising the platform and the spacecraft. Figure 1 shows the
dynamic model of the LV—platform—spacecraft structure, in which
m;(je{L,U,1, P, S}) represents the mass of component j. Along
the nominal orbit, the vibration equation can be built as

mp¥, +Cry + Ky

= —my/m)(T + Ny) + (mp/m)(D + Na)
myXy + Cyr + Cyr + Ky; + Kyi

=—(my/m)(T + Ny — D — Ny)
miX;+Cip+Cry+Kip+ Ky

=—(m;/m)(T + Ny) + (1 —m;/m) (=D — Ny)
mpXp +Cps+Cp; + Kps + Kpj

=—(mp/m)(T +Ny —D —Ny)

mgis +Csp + Ksp = —(ms/m)(T + Ny — D — Ny) )

where m; is the transient mass of the component i, x; is the displace-
ment of the component irelative to the centroid, C;; = ¢;; (X; — X;),
K;j =kij(x;i —x;), k;; is the stiffness of the spring connecting the
component i and the component j, ¢;;is the damping coefficient
of the damper connecting the component i and the component j,
ie{L,U,I,P,S},and je{L,U,I,P,S}.

The resonant frequency and the damping ratio are important pa-
rameters of an isolator. With different resonant frequencies and
damping ratios of the platform, time histories of acceleration are
calculated by solving the vibration equation [Eq. (4)]. Root-mean-
square (rms) acceleration is calculated from the power spectrum
density of these time histories and used to estimate the effect of
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Fig. 2 RMS acceleration of the payload vs the resonant frequency.
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Fig. 3 RMS acceleration of the payload vs the damping ratio.

the isolator. When the resonant frequency of the isolator is changed
from 3 to 40 Hz, Fig. 2 shows that at 6.5 Hz, the payload will suffer
the least rms acceleration. The value is 0.569¢. Another important
parameter of the isolator is the damping ratio. As showed in Fig. 3,
with increased damping ratio, the rms acceleration of the payload
first decreases and then increases slowly. At 0.19, the rms acceler-
ation reaches its minimum value, which is 0.059g. The reason is
that a higher damping ratio helps to attenuate the resonant peak, but
the transmissibility outside the /2 time range will be increased. So
there exists an optimal damping ratio.

In Fig. 4, time histories of acceleration during the first stage
working below the isolator (black curve) and above the isolator
(gray curve) are displayed. The resonant frequency of the isolator is
6.5 Hz, and the damping ratio is 0.01. The magnitude of vibration
above the isolator just after the ignition (at the zero second) is large.
In Fig. 5, when the damping ratio is changed to 0.19, the vibration
just after the ignition is mitigated.

III. Dynamic Modeling and Parameter Definition

A typical octostrut vibration isolation platform (Fig. 6) consists
of a rigid launch-vehicle interface (LVI), a rigid payload interface
(PI), and eight flexible struts the length of which can be changed
along their axial direction. Connections of a strut to the LVI and the
PI are spherical joints. Neglecting the gravity and inertial force of
the strut, all forces transmitted through a strut are axial forces. This
means that for a single strut, the original six-axis vibration isolation
problem can be turned into a single-axis vibration isolation problem.
This helps to simplify the design of the single strut and further the
whole vibration isolation platform design.
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Fig. 4 Acceleration below and above the isolator (resonant frequency
6.5 Hz; damping ratio 0.01).
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Fig. 5 Acceleration below and above the isolator (resonant frequency
6.5 Hz; damping ratio 0.19).
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Fig. 6 General octostrut vibration isolation platform.

A. Kinematics of the Platform

Three Cartesian reference frames are used in this paper. {P} is
a reference frame located at, and rigidly attached to, the PI and
payload’s center of mass. {B} is a reference frame attached to the
LVIL {U} is a universal inertial reference frame. For a position,
velocity, or acceleration vector, a left superscript denotes the frame,
relative to the origin of which the vector is measured.

Let p; denote the central position of the ith joint that connects the
PI and the ith strut; then

i ="p +'p (©)
Ui =%p +Ywp x P (6)
Y, =Y%p +Y0p x pi + ey (7
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where Yxp is the position vector from the origin of {U} to the origin
of {P},%p =Yp, Ywpis the angular velocity of { P} with respect to
(U}, and ¢;; = Ywp x (Ywp x Tp;). Let UXp = [Yxp Y0517, where
U0 is the Cardan angle that depicts the attitude of { P} with respect
to {U}a UGP = [61’,\' 9Py QPZ]T; then

Uy = A(Y0r) 8 ®)
where

cos@pycosBp, sinfp. 0O
A (UBP) = | —cosOp,sinfp, cosOp, O
sinfp, 0 1

Let ¢; denote the central position of the ith joint connecting the
LVI and the ith strut. Then

Yg: = Yxp + g, )
qu =Yg + Ywp x qu (10)
Yg; = Yy +Ywp x Bq; + ey (11)

where Ux is the position vector from the origin of {U} to the origin
of {B}, Yy =Y, Ywp is the angular velocity of { B} with respect to
(U}, and ¢5; = Ywp x (Ywp x Bq;). Let YUXp =[Yxz Y0317, where
Y0 is the Cardan angle that depicts the attitude of {B} with respect

to {U}; then
Yoy = A("05)"0, (12)

Define the strut vector as

w; = UPi - qu' (13)

then the length of the strut and the unit vector along the strut are

li = llwill, u =w;/l; (14)

The elongation velocity of the strut is given as
i =uw; Wi =u;- (UPi —UQi) =u;-p+ i xu;

U U, B U
cWp —U; -V — g XU+ Wp (15)

The acceleration of the strut vector can be expressed in terms
of the strut’s elongation acceleration /;, angular velocity w;;, and
angular acceleration ; as

Wi = e X Wi +wy X (Wi X wy) + Ly + 2wy x Lu; (16)

Assume that the strut is symmetric about its axis, and there is no
moment input along the axis of the strut, so that u; - w;; =0 and
u; - €; =0. Equation (16) can be changed into

W = e x wi + (I — Lwy - widu; + 2wy x L an

Now by dot product with u;, the elongation acceleration of the ith
strut can be expressed as

7 . Us | P U -
li=u,~-w,~+l,~w1;-w,,»=u,~~ Vp+ pi XU w

—u; Yy =g xu; - Ywp + oy (18)

where c3; =u; - (c1; — €2) + Liwy; - wy;.
The acceleration of the upper end of the strut can also expressed
as

Ui = Y + e x wi +wip x (Wi x wy) + L 42wy x bug (19)
From Eq. (19), there is
wi B =u; Y 41+ ey (20)

where ¢y = u; - [w;; X (w;; X w;)].

Fig. 7 Dynamic model of the ith strut.

B. Dynamics of the Platform

Figure 7 shows the dynamic model of the ith strut. Here m; is the
strut moving mass, &; is the spring stiffness, and b; is the damping
coefficient. Applying Newton’s second law for the ith strut,

mgu; - Upi = — fpi — mgu; - g — kil — lo) — byl; (21)

where fp; is the force on the strut from the PI and /j; denotes the
relaxed strut length. According to Eq. (20), Eq. (21) can be trans-
formed into

fri= —mgl; —mgu; - Uiif —ki(l; —loi) — b[ji — MU - §— M Cy
(22)

For all of the struts,

fr=—MI—-KI-Tp)—BI— M G, - Mz, —&  (23)

where
fo=Un fo o fond I=[h b -
L=0o loo - Iyl
M, = diag(Imy; my -+ mg])
K =diag(lky, k» -+ ky])
B =diag([by b, --- by
g, =[al%q @'q - ahqy]
g.=[ulg ag - alg]
Cy = [mgcs1 mgcar msNC4N]T

According to Eq. (15),
[=Jp"Xp — J5"X 1 24)

where

According to Eq. (18),

iz.iPU}?Pl _J_BUX:'BI +c3 (25)
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where
- Uxp - x5
X =, X _
T A(v8,) Y0, T A(Y85) 05
- C?I + j 03 x1 = 03 x 1
Cc; = = | = -
3 P A(Ug )UBP B A(UGB)UGB
C3N
From Eq. (11),
g, = jBUX}Bl +¢ (26)
where
ﬁ{EZI 0%><1
= +Js |:A_ (UBB) UéB]
l_lNE'QN

From Eqs. (24-26),

fr= _MYJPU).—‘:PI _BJ_PU)?PI +BJ_BU)L(31

—K(I—1y) — Mg, +¢s Q27

where 65 = —M56'3 — MSEZ — E4.
If the PI is modeled as a rigid body, Newton’s equation for the PI
can be written as
N
mpkp =Y i fpi + mpg +f. (28)
i=1
where f, represents force applied to the PI by the payload. Taking

the moments about the center of mass of the PI, Euler’s equations
for the PI give

N
Ipwp +wp xIpwp =ZFP:' X u; fri +M, 29)

i=1
where M, represents moment applied to the PI by the spacecraft.

Putting Egs. (28) and (29) together and changing the equations into
matrix form yields

Mj;m =Fp+Gp+F,+¢ (30)
where
N
i o Zﬁ;fpi
- mpls = i=1 =T
M= . Fr = =7
[ 0 Ip:| P N PfP

Z Pﬁiﬁifpi

i=1
P = [f}
i,

B 0
Co = - I i
T | @plrp —10A(Y05)Y0,
From Eq. (27),
(M +j£ijP)XP1 +j£BjPUXP1 +j£i{(i - io)

Zjil}jgu);(m +G+F.+¢ €2y
where G=Gp —J_,T,MSgu, and ¢;=cg —|—j,T:ES. By letting spring
compression absorb the static gravity force, G can be removed from
the equation.

For structural vibration of small amplitude, it can be assumed
that the structure of the platform is not changed, and the velocity is

also a small quantity; thus all second-order, small quantltles can be
discarded. So UXp; ~UXp, VX py ~ VX p, UX 5, ~UXp, 7 ~0, and

z ~Jp'Xp — Jp'Xp (32)
Then Eq. (31) can be linearized as
(M+j;Mij)UXP +j;BjPUXP +J_,T>I_(J_PUXP
=j;TaBjBU)L(B +j£i(jBUXB +F, (33)
Equation (33) is the dynamic equation of the vibration isolation
platform. If the payload is a rigid spacecraft that is rigidly attached

to the PI, the matrix of transmissibility from the LVI to the spacecraft
can be written as

T="Xp(s)"Xp(s)""
= (Mps* +J5BIps +JoKTp) " (JEBIps +JLKT5)  (34)

where Mp =M, +J£MXJ p,and M 4 is the mass and inertia matrix
of the PI and the payload.

In the above analysis, the number of struts N is 8. In fact, the
analysis procedure is applicable in any case if N > 6.

C. Parameters of a Symmetric Octostrut Platform

Because the mechanical interfaces of the launch vehicle and the
spacecraft are symmetric and circular, it is recommended that the
isolation platform should be also a symmetric structure (Fig. 8) with
joint points symmetrically placed in two rings with respect to the
x and y axes of {P}. To further simplify the design and analysis
of the isolation platform, all struts are assumed to have the same
dynamic properties. For the sake of concentrating the discussion
on the natural properties of the platform and the spacecraft, the
excitation terms in Eq. (33) are omitted, and then this equation can
be turned into

(MA +j£M5jp)Uip +j£BjPUX_P +J_£I_(jPUXp :O (35)

According to Eq. (24),

k O 0 ‘_‘1T §1T

T - 7 i 0 k 0 .
JoKTp=|"" M :
S1 SN Lo 0 _T

0 0 k| \Mv Sy

(36)

Fig. 8 Symmetric octostrut vibration isolation platform.
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where § =gu;. Let p;=[pix piy pi:1"s @ =Iqix @iy gi:1",
i, =[u;, ui ui]", and 5; =[s;; sip s;3]7. From structural sym-
metry,

N N N N N
Z Dix = Z Piy = Z gix = Z qiy = Z PixPiy
i=1

i=1 i=1 i=1 i=1

N N
= Z qixqiy = Z Pixqiy=0 37

i=1 i=1

P1z=P2:= """ = PNz qdi: =4q2: = -+ =(N: (38)
These relations result in
N N N
Zuikuil = Zsfksil = Zyuiksil =0
i=1 i=1 i=1
k or =3, and k#1
N N N
Zuiluizz(), ZSHAYQ:O, Zuilsil =0
i= i= i=1
N N

ZMIQSI'Z =0, Zuizm =0 (39)

i=1 i=

Thus Eq. (36) can be turned into

ToKI
. . -
ZM?I 0 0 0 ZM[]S,Q 0
i=1 i=1
N N
0 up, 0 Zuizsil 0 0
i=1 i=1
N
0 0 Y uh 0 0 0
i=1
:k N N
0 D swn 0 Y s 0 0
i=1 i=1
N N
ZS[QM,‘] 0 0 0 25122 0
i=1 i=1
N
0 0 0 0 0 Y sk
L i=1 .
(40

There is no coupling stiffness between z-direction displacement and

QtThgr_DOFs. Because J,BJp and J ,M,J p have the same form as
J »KJp, the dynamic equation along the z axis is independent and

Table 3 Structural parameters of the platform

Up Low Included Upper joint
platform platform  Platform angle of a distant of a
radius radius height  pair of struts  pair of struts
R,=0.607 R;=0.874 h=0.65 60=51/12 14 =0.05

can be expressed as

N N N

<mA +my Z%‘%)UEP + <b2u?3>UiP + <k21:ui23)Uzp =0
1= 1= 1=

41

Equation (41) provides a relation between the parameters of each
strut and the platform and those fundamental parameters studied
in Sec. II. In Sec. II, it was identified that the desired axial reso-
nant frequency and damping ratio of the platform are 6.5 Hz and
0.19, respectively. According to Eq. (41), for an octostrut platform
whose structural parameters are listed in Table 3 (same interface
dimension as the original PAF) and the same spacecraft as used
in Sec. II, the stiffness of the spring and the damping ratio of a
single strut are calculated as 7.9534 x 10° N/m and 5842.3 kg/s,
respectively.

For a slender spacecraft, to achieve better isolation performance,
the isolation platform is softer and thus the rotational stiffness of the
platform is usually low. This may lead to a large lateral displacement
of the upper end of the spacecraft and results in its collision with
the fairing. To prevent this from happening, a constraint mechanism
can be placed along with the platform. With the constraint mech-
anism, only three translational DOFs are left. All rotational DOFs
are restrained, but they have no effects on the vibration along the
axial direction of the LV. The natural frequencies of the vibration
isolation system with or without a constraint mechanism are listed
in Table 4.

To test the redundancy characteristics of the octostrut platform,
one strut is assumed to have failed by setting its stiffness to zero. The
natural frequencies of the isolation system with this failure are also
listed in Table 4. When it is compared with the normal system, the
structure of the platform is kept, although two natural frequencies
decrease slightly.

IV. Coupling Dynamics

In the preliminary analysis, the LV, the spacecraft, and the plat-
form are modeled only as a five-DOF system. It can only repre-
sent the main characteristics of the LV and the spacecraft along
the longitudinal axis and cannot account for all of their dynamic
behavior. In this section, the LV and the spacecraft are modeled
as a finite element model. Because of fuel depletion and stage
jettisons, the LV changes significantly during its ascent, but it is
too tedious here to report results at every second. Therefore, only
three typical flight events were selected as examples, liftoff, the
first-stage separation, and the second-stage separation. FEMs are
built for each event. The fundamental parameters of the LV se-
lected in this paper are in Table 1. The FEM of the LV at the
liftoff has 6832 elements. To integrate the FEMs of the LV and
the spacecraft, the platform should also be modeled as a FEM. Each
strut of the platform is modeled as a single-direction spring with
damper.

Transfer functions between main-engine force input and space-
craft acceleration output are used to estimate the performance of
the platform. The original cone-shaped stiff PAF is also computed
with the above FEMs of the LV and the spacecraft. Figures 9-14
show curves of the transfer function at given stages and in given
directions, in which solid lines indicate the transfer function with
the original PAF, dotted lines indicate the transfer function with
the vibration isolation platform, and dash-dotted lines indicate the
transfer function with the one-strut-failed platform. As a feature of
vibration isolation, these curves show that around the first natural
coupling frequency of the platform and the spacecraft, vibration is
amplified, whereas vibrations above this frequency are significantly

Table 4 Nature of frequencies of the vibration isolation platform and the rigid spacecraft

Work condition

Natural frequency, Hz

Without constraint 1.7175 1.7392
With constraint 2.9906 2.9906
With constraint (one strut failed) 2.5145 2.9906

3.0343 46177  4.7457  6.5000 (axial)

6.5000 (axial)

6.1118
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Table 5 Summary of isolation performance (rms ratio)

First-stage  Second-stage

Direction Liftoff  separation separation
Along z axis (lateral)  0.424 0.141 0.133
Along x axis (axial) 0.701 0.106 0.454
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Fig. 9 Longitudinal transfer function from the nozzle to the bottom of
the spacecraft at the liftoff.
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Fig. 10 Lateral transfer function from the nozzle to the bottom of the
spacecraft at the liftoff.

attenuated. And because of the redundancy of the octoplatform, the
one-strut fault has little effect on the isolation performance of the
platform. The ratios of the rms of the isolated acceleration power
spectral density (PSD) to the rms of the nonisolated acceleration
PSD are computed in Table 5. The rms ratio along the z axis de-
creases with the stage separation, but that along the x axis does not
monotonically decrease. As a whole, the multistrut passive vibra-
tion isolation platform is an effective method for attenuating loads
on the spacecraft.

For a launch vehicle provider, to guarantee flight stability of
the vehicle control system, changes in the dynamic properties
brought about by the replacement of the original PAF with the
vibration isolation platform is most concerned. Two main fac-
tors often considered are natural frequencies and mode shapes.
Table 6 lists natural frequencies of some beam-like modes and
new modes caused by the platform. At the liftoff and the first-
stage separation, the vibration isolation platform causes three new
modes, and the original modes are nearly unchanged. To scale the
mode-shape variation of these common modes, their mode-shape

10 T T T T T T T T T
—— with the original PAF
------ with the platform
=.=. one strut failed
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10’8 1 1 1 1 1 1 1 1 I
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Fig. 11 Longitudinal transfer function from the nozzle to the bottom
of the spacecraft at the first-stage separation.
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Fig. 12 Lateral transfer function from the nozzle to the bottom of the
spacecraft at the first-stage separation.
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Fig. 13 Longitudinal transfer function from the nozzle to the bottom
of the spacecraft at the second-stage separation.
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Table 6 Natural frequencies of the launch vehicle-platform-spacecraft structure®

Liftoff First-stage separation Second-stage separation

Original Isolation Original Isolation Original Isolation
PAF platform MSCC PAF platform MSCC PAF platform MSCC
1.45(L) 1.45(L) 0.99999

3.05(L) 3.05(L) 4.14(L)
3.91(L) 3.91(L) 0.99999 6.35(L) 6.35(L) 0.99999

6.42(A) 6.57(A) 6.87(A)
7.89(L) 7.89(L) 0.99999 17.65(L) 17.59(L) 0.99994 17.83(L)
9.10(A) 9.34(A) 0.99977 20.88(A) 21.20(A) 0.99970 32.136(L)
11.34(L) 11.34(L) 0.99994 29.79(L) 29.87(L) 0.99995 37.24(L)

2L denotes lateral vibration mode. For near symmetry of the LV and the spacecraft, there are two modes for each natural frequency with L.
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A denotes axial vibration mode. R denotes rotation vibration mode along the axis of the LV.
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Fig. 14 Lateral transfer function from the nozzle to the bottom of the
spacecraft at the second-stage separation.
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Fig. 15 Mode shape of the first lateral mode.

correlation coefficients (MSCCs) are calculated. These are defined
as

.
MSCC = (p—v/' 42)
1@l |

where ¢, is the mode shape of the LV with the original PAF and
Y, is the mode shape of the LV with the isolation platform. All
MSCC:s at the liftoff and the first-stage separation are near 1, which
means that the replacement with the platform also has little effect
on the mode shapes of the LV at these instants. Figure 15 shows
mode shapes of the LV part at 1.45 Hz. Two mode shapes nearly
coincide. But at the second-stage separation, the vibration modes
of different cases are considerably different. The resonant frequen-
cies of the platform coupling with the spacecraft increase greatly

and differences among other modes are large. In other words, in
this scenario, changes in the dynamic properties of the LV can-
not be neglected and their influence on the stability of the vehicle
control system should be examined. If the stability cannot be en-
sured, the isolation performance has to be sacrificed, usually by
increasing the resonant frequency of the platform coupled with the
spacecraft.

V. Summary

Replacing the original stiff PAF with an octostrut passive vibra-
tion isolation platform is an effective and practical method for im-
proving the dynamic environment that a launch vehicle can provide
to its payload. To ensure the performance of a platform, dynamic
design is most important. The procedure for dynamic design devel-
oped in the preceding sections can be summarized as follows:

1) Defining the resonant frequency and damping ratio of the whole
platform coupled with the spacecraft. The LV—platform—spacecraft
structure is represented by a lumped-parameter model. Loads during
the launch are simulated by solving the orbit dynamic equation and
applied to the vibration equation. To solve the vibration equation
with different resonant frequencies and damping ratios of the plat-
form, time histories of acceleration are calculated. By minimizing
RMS acceleration of spacecraft, an optimal resonant frequency and
damping ratio pair can be gained for the whole platform.

2) Determining the parameters of each strut. From the dynamic
equation of the platform, for a given platform structure, the stiffness
and damping coefficient of a single strut can be determined accord-
ing to the optimal resonant frequency and the optimal damping ratio
of the platform.

3) Coupling analysis. FEMs of the octostrut platform, the space-
craft, and the launch vehicle are put together as a whole structure.
The transfer function between main-engine force input and space-
craft acceleration output at interesting instants is calculated to esti-
mate the performance of the platform, and natural frequencies and
mode shapes are computed and compared to those with the origi-
nal PAF to estimate the influence of the platform on the dynamic
properties of the launch vehicle.

The example in Sec. IV shows that at the liftoff and the first-stage
separation, the replacement of the PAF with the platform has a neg-
ligible effect on the dynamic properties of the LV, but at the second-
stage separation, changes in the dynamic properties of the LV cannot
be neglected. Therefore, possible influences of the platform on the
stability of the vehicle control system should be examined.
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