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Abstract: During the sea launch of a launch vehicle in low sea state, a rolling phenomenon of the
launch vehicle has been observed. In rough sea conditions, launch may failure. This study utilizes
dimensionality reduction-driven spatial system projection methods and virtual prototype modeling
technology to reveal that the launch vehicle’s rolling is caused by differences in the motion paths
of the center of mass. Additionally, during the prelaunch stage, the variation in the trajectory of
the launch vehicle’s center of mass caused by the rolling and pitching motions of the transportation
vessel has a significant impact on the roll motion of the launch vehicle. The motion in other degrees
of freedom has minimal influence on the launch vehicle’s rolling. The minimum rocket rolling occurs
when the dynamic coefficient of friction of the launchpad—launch vehicle contact is 0.05, and the
dynamic coefficient of friction of the adapters and guideways is 0.4. The conclusions provide a
theoretical foundation for optimizing the sea launch system and enhancing the reliability of sea
launch in rough sea conditions.
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1. Introduction

Sea launch represents a highly efficient and economically viable launch mode, pro-
viding substantial flexibility in the selection of launch sites and splashdown regions [1,2].
It ensures the effective mitigation of safety hazards within the flight corridors and debris
fields associated with launch vehicles [3]. And it can free up valuable land launch pads
for medium to heavy launches [4]. By performing a sea launch, issues related to site ac-
quisition, space separation, population safety, and environmental dissent are reduced [5].
Consequently, extensive research and practical implementation of sea launches have been
widely pursued.

Sea launch originated in the 1960s, when the United States and Italy jointly built the
world’s first sea launch site—the San Marco Launch Site, completing launch missions such
as space exploration satellites and scientific experiment satellites [6]. The Sea Launch Com-
pany was established in 1995, using the Zenith 3 SL launch vehicle to launch commercial
satellites. Due to the debt and technical issues of the Sea Launch company, its launch work
was suspended [7].

During the design phase of a sea launch and the launch process in calm sea states,
rolling of the launch vehicle has been observed. Many studies [8-11] related to sea launches
have observed a similar phenomenon, despite the use of different launching platforms
and objectives within these research endeavors. During the prelaunch phase, which lasts
for at least 5 min with the launch vehicle in an upright position, continuous minor rolling
can lead to misalignment with the launchpad’s signal interfaces, resulting in the failure
of launch signal transmission. In rough sea conditions, continuous rolling can cause
the launch vehicle’s adapters to disengage from the arcuate segment guideway on the
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launch stand, causing the launch vehicle to lose its restraint, fall from the launch frame,
and fail. The rolling of the launch vehicle undermines the reliability of sea launches in
rough sea conditions, limiting the optimization and performance improvement of the sea
launch system. Currently, launch vehicles can only be launched smoothly under calm sea
conditions, and cannot fully leverage the advantages of sea launch. It is urgent to conduct
in-depth research on the impact of coupled motion between transportation vessels and
launch devices under wave excitation on the dynamic response of launch vehicle launch at
sea [2].

Many studies [12-18] have indicated that the theory of multibody dynamics can be
effectively applied to offshore structures, yielding precise computational results due to its
mature theoretical foundation. Many scholars have conducted theoretical research on the
sea launch process. Lei et al. [19] established a flexible dynamic model of a solid launch
vehicle thermal launch system at sea to investigate the impact of launch time under wave
excitation on the process of solid launch vehicle thermal launch. On the basis of considering
six-degree-of-freedom wave excitation, the launch vehicle launch overload and launch
accuracy under different ship states were compared. CAI et al. [20] modeled the wave
spectrum and ship motion spectrum during the working process of a missile system, and
then used Abaqus and other analysis platforms to conduct the finite element modeling of
the shipborne missile system. Finally, a dynamics simulation of the missile system was
carried out to obtain the kinematic characteristics of the missile during launch. Wang
et al. [21] considered the strain rate of polyurethane foam in the adapter model in a sea
launch, establishing, respectively, the dynamic models of the sea launch system with and
without adapter strain rate effect for comparative analysis. Pang et al. [22] presented a test
method for evaluating the impact response of a seaborne transportation vessel, provided
reference data for the structural anti-impact design of seaborne launch systems. Dong
et al. [8] established the dynamic models of the warship and its vertical launching system
by finite element method, and then studied the influence of ship motion on the attitude
parameters of the missiles exiting the silo under a high wave level, ascertaining that the best
launch time should be when the ship is in the equilibrium position. Su et al. [23] studied
the cooling effect of seawater spraying on the offshore launching platform used by the
launch vehicle at different takeoff heights. The study indicated that during the launch of a
sea-based launch vehicle, the transportation vessel’s cooling can be achieved through the
pumping and spraying of seawater, with the rate of water spray being optimally adjusted
based on the launch vehicle’s takeoff altitude to ensure maximum cooling efficiency. Mu
et al. [24] proposes a high-precision initial alignment method suitable for maritime launches,
based on the optimal combination of anti-sway coarse alignment, retrograde navigation,
and reverse Kalman filtering tailored to the characteristics of the marine environment.
Xu et al. [25] analyzed the motion performance of satellite launching platform with four
different shapes of pontoons. Kong et al. [26] developed a methodology for quantitative risk
assessment on hydrogen leak hazards from offshore rocket launching platforms during their
filling process. Pua et al. [27] simulated the impact of hydrogen combustion following a
hydrogen leak accident on offshore launch platforms and the preventive effect of protective
walls, demonstrating that wall design can effectively protect rockets from combustion
impacts. Xiong et al. [28] studied the influence of initial crack length and initial tilt angle
on fatigue crack propagation on the lower surface of rocket deflector channels of offshore
rocket launch platforms using the Extended Finite Element Method (XFEM). Yu et al. [29]
indicated that launch vehicle lateral eccentricity during launch can induce significant rolling
motion in the platform. In practical offshore launch applications, substantial rolling motion
of the launch platform can affect the rocket’s motion attitude during the launch process. Liu
et al. [30] pointed out that during offshore launches, the most crucial aspect is controlling
the motion of the launch platform to reduce environmental loads acting on the rocket.
However, the above studies did not provide a detailed analysis of the launch vehicle rolling
mechanism, which poses a threat to the safety of launch vehicle launch under rough sea
state and greatly limits the improvement of a launch vehicle’s sea launch capabilities.
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The actual sea launch system for launch vehicles is highly complex. The transportation
vessel constantly rocks, and factors such as the contact between the adapters and the guide-
way, whether the bottom of the launch vehicle contacts the launch pad, and the magnitude
and direction of the contact load are constantly changing. The combined effect of these
factors is nonlinear and coupled, making it difficult to analyze the underlying mechanics of
the motion response. Although three-dimensional simulation analysis can provide intuitive
insight into the system’s response characteristics and analyze influencing factors, it may not
provide a clear understanding of the mechanism behind the rolling formation. Therefore,
employing a spatial system projection method driven by dimensionality reduction to study
the rolling mechanism.

In this article, we mainly study the mechanism of the launch vehicle rolling phe-
nomenon in the prelaunch stage at sea launch. The main contributions of the current work
are summarized as follows.

1.  Using a dimensionality reduction-driven spatial system projection method, we an-
alyze the rolling mechanism of the prelaunch stage launch vehicle driven by two
degrees of freedom in sea launch;

2. To establish a multibody dynamics model of the prelaunch stage launch vehicle’s
rolling, we utilize a simulation driven by the two degrees of freedom of the trans-
portation vessel’s rolling and pitching. This will be employed to validate the rolling
mechanism of the launch vehicle;

3. By comparing the simulation driven by six-degree-of-freedom motion and two-degree-
of-freedom motion of the transportation vessel, we analyze the impact of transporta-
tion vessel’s motion on launch vehicle’s rolling;

4. Through a response surface analysis, we examine the influence of the friction coef-
ficients between the launchpad and launch vehicle and between the adapters and
guideways on the launch vehicle’s rolling.

2. Framed Sea Launch System

The framed sea launch system consists of a launch vehicle, a frame launcher, a launch-
pad, a support platform, lifting cylinders, adapters, and a transportation vessel, as shown
in Figure la. The frame launcher includes front connecting plates, rear connecting plates,
adapter guideways, and a lifting bracket, as shown in Figure 1b. There are many adapters
arranged at equal intervals on the launch vehicle. The launch vehicle is equipped with
three groups of adapters aligned along its axial direction, from top to bottom, with each
group comprising four adapters arranged circumferentially. The layout of the adapters are
shown in Figure 1c.

Upon completion of the erection action by the lifting cylinders, the framed sea launch
system enters the vertical prelaunch phase. Subsequently, the lifting cylinder remains in
a securely locked state. The support platform and launchpad are fixed to transportation.
The launch vehicle stands on the launchpad, with eight rivets on the launchpad’s surface
inserted into eight corresponding grooves on the bottom of the launch vehicle, constraining
the launch vehicle’s horizontal plane motion relative to the launchpad. Adapters distributed
on the surface of the launch vehicle press against the guideways, restraining the launch
vehicle through friction and normal force.

Figure 2a shows the displacement testing sensor installed on the top of the frame
launcher. Figure 2b shows the rolling angles of the launch vehicle in the launch simulation
and practical launch mission. In the preliminary simulation phase of launch vehicle
development, engineers observed periodic rolling tendencies during the prelaunch stage
when employing a framed sea launch system. During the launch phase, the launch vehicle
would initially roll and then rotate back. In order to ensure proper docking of the launch
signal interface during the prelaunch phase and to ensure the normal launch of the launch
vehicle, rivet constraints were implemented at the launchpad-launch vehicle interface.
Thus, in practical low-sea state launch missions, the launch vehicle did not roll during the
prelaunch phase. Significantly, it should be noted that during the launch phase, the launch
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vehicle exhibited the phenomenon of rolling and then rotating back. This is consistent with
the results predicted by the research and development simulation, confirming the reality of
the rolling phenomenon during the prelaunch phase of the launch vehicle at sea.

Launch vehicle

Support platform

Front connecting plate
Lifting bracket Adapter guideway
Rear connecting plate

Group3
adapters

0 Group2
adapters

* 1 Groupl
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Figure 1. The framed sea launch system: (a) system components; (b) frame launcher; (c) launch
vehicle and adapters.
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Figure 2. Rolling angle in low sea state test: (a) the displacement testing sensor installed on the top of
the frame launcher in red circle; (b) rolling angle.
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During the prelaunch phase in calm sea states, the rivets can effectively restrict the
relative horizontal motion of the launch vehicle. However, in rough sea conditions, the
limiting effect of the rivets becomes unreliable. Moreover, high-intensity rigid loads can
damage the rivets and the bottom structure of the launch vehicle. Hence, understanding the
rolling mechanism of the launch vehicle during the vertical prelaunch phase is particularly
crucial, laying the foundation for subsequent research on methods to suppress launch
vehicle’s rolling.

3. Rolling Analysis of 2-D-Driven Sea-Based Launch Vehicle
3.1. Transportation Vessel Motion

The transportation vessel’s motion are caused by the combination of ocean waves,
wind, and prelaunch activities on the framed sea launch system. In case of loading problems,
sea waves can be regarded as harmonic waves. The motion of the transportation vessel is
driven by sea waves, and these movements constitute a complex spatial process that can
be characterized using six degrees of freedom [10]: roll, pitch, yaw, sway, heave, surge, as
shown in Figure 3. We use the transportation vessel’s equilibrium coordinate system, with
the origin located at the center of gravity of the transportation vessel. Rolling, pitching, and
yawing refer to reciprocating rotations around the X, Y, and Z axes, respectively. Meanwhile,
surging, swaying, and heaving are linear reciprocating movements along the X, Y, and Z
axes of the platform, respectively.

Surge

Figure 3. The motion of the transportation vessel.

In practical situations, under the joint action of waves and mooring devices, the motion
of the transportation vessel exhibits coupling across its six degrees of freedom, with corre-
lated movements between each degree. Based on research on the motion of transportation
vessels at sea, empirical rules have been derived that among the six movements, the main
ones that have a significant impact on transportation vessels are rolling, pitching, and
heaving. Among them, rolling has the greatest impact on transportation vessels, while
the other three movements have smaller numerical values and also have a smaller impact
on transportation vessels. In order to derive the motion characteristics of transportation
vessels with research value, this article adopts the following assumptions.

1.  The framed sea launch system is a rigid system;

2. Only the three types of motion that have a significant impact on the transportation
vessel are considered: rolling, pitching, and heaving;

3. The rivet constraints between the bottom of the launch vehicle and the launch pad are
ignored, and a reliable contact between them without separation is assumed.

The above assumptions are often used in ship seakeeping analysis and reliable results
can be obtained. According to torque balance, the torques acting on the transportation
vessel have the following relationship
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M+Mr+Ms+M,=0 (1)
where M = —1 xé is the inertia torque of the transportation vessel, and I, is the total mass

moment of inertia of the platform on the X-axis, including the attached water mass moment

of inertia; Mg = —n8 is the damping moment of the water body on the transportation
vessel, and n is the damping torque coefficient; Mg is the stability moment; and My is the
disturbance moment caused by wave action. Mg can be approximated by the equation
Mg = —AgGM6, when performing slight rolling, where GM is the initial stability height of
the transportation vessel.

So, under approximately linear rolling on the transportation vessel, its rolling motion
differential equation can be written as

L6 + n6 + AgGM6 = M, )

Assuming the initial rolling angle is 6 = 6y, the initial angular velocity is 6 = 0. It can
be solved that the damped linear rolling motion of the transportation vessel in a regular
wave is "

— cos(wpt + €p) 3)
- ()

In Equation (3), 6y represents the lateral swaying amplitude of the platform in waves;
wy, is the wave frequency; T, is the wave period; wy = /AgGM/ I, represents the natural
circular frequency of the transportation vessel’s rolling motion; Ty = 277/ wy is the natural
rolling period of the transportation vessel; gg is the initial phase; = n/2I, is the damping
and rolling attenuation coefficient, where n is treated as a constant; w, = /w2 — p?
and is the frequency and period of the damped rolling circle; and «¢ is the maximum
wavefront angle.

The solution of Equation (2) is a combination of a rolling solution in still water and a
special solution which is the forced motion in regular wave.

Due to the presence of damping, the result includes the attenuation factor e #, and
the motion curve is a decaying cosine curve. As the movement time increases, the rolling
amplitude gradually decreases.

The research methods and basic assumptions for pitching and heaving motion are
basically the same as the process of studying rolling motion mentioned above. Similarly,
the differential equations for undamped linear pitching and heaving motion of a launching
platform in waves can be derived:

0 = Oge " cos(wyt) +

{Iy¢+ny¢+AgGML(p = M, )

m,z + nyz + pgAwz = F,

In Equation (4), I is the total mass moment of inertia of the transportation vessel on
the y-axis, including the attached water mass moment of inertia; GM|, represents the high
longitudinal stability of the transportation vessel; 1, is the total mass of the transportation
vessel in the vertical oscillation direction; A, is the waterline area of the transportation
vessel; F, is the vertical main disturbance force; and ny and n; are the pitching and heaving
damping constant respectively.

The motion equations for damping linear pitching and heaving of the transmitting
platform under regular wave excitation are solved as follows.

@ = goe Pt cos(%t) + 1”‘# cos(wpt + €4)
(=) (5)

z = zge ! cos(%t) + zj, cos(wyt + &)
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where ¢ is the initial longitudinal inclination angle of the transportation vessel; ¢,, ¢
represents the initial phase of pitching and heaving, respectively; zg is the vertical distance
at which the center of gravity of the transportation vessel deviates from the equilibrium
position at the initial stage; zj, is the forced displacement of the heaving; § and o are
damping pitching and heaving attenuation coefficient, respectively; and T, and T; are
natural period of pitching and heaving respectively.

3.2. Transportation Vessel Motion Boundary

Based on the theoretical analysis and measured data previously discussed, the rolling,
pitching, and heaving motions of the transportation vessel induced by wave excitation can
be accurately described using harmonic functions. In practical applications, it is essential
to consider the rough sea state. The level 4 sea state represents the most common condition
in the ocean. Figure 4 illustrates the maximum rolling and pitching motion functions of the
transportation vessel under a level 4 sea state. The amplitude and frequency have been
calculated based on the transportation vessel’s parameters. These results closely align with
the measured peak values for rolling and pitching.

3

Rolling

2 — — Pitching
o1
%;D 0
< -1
-2
-3

(=)

1 2 3 4 5 6 7
Time (s)

Figure 4. Rolling and pitching driving functions.

Based on the earlier assumption that each motion component is independent within
the linear range, we propose three typical modes to utilize rolling and pitching motions,
shown in Table 1. & and  represent the displacements of rolling and pitching angles,
respectively, while a” and f’ denote the angular velocities of rolling and pitching. The
phase difference between rolling and pitching in these three motion modes increases
monotonically from 0 to 7t/2. This approach simplifies the analysis in the subsequent steps
and aids in identifying the cause of launch vehicle rolling more effectively.

Table 1. Two-dimensional driving functions of transportation vessel.

Motion Mode 1 Mode 2 Mode 3
Rolling velocity W =28Tsin(28 4 7)o = 28T gin (20 4+ 7) o = 26T sin(20t)
Pitching velocity B=Tsin(2t 4+ 7) p=LTgn(2t 1) p=1lTgin(2n 1)

3.3. Dynamics Analysis of 2-D-Driven Sea-Based Launch Vehicle

When the transportation vessel only has a heaving motion, the launch vehicle will not
roll. The heaving of the transportation vessel coupled with the motion in other degrees
of freedom may affect the rolling of the launch vehicle through asymmetric friction. In
this section of the analysis, in order to obtain intuitive patterns, the heaving motion of
the transportation vessel is not considered. Due to the launch device being arranged at
the center of the transportation vessel, the axis of the launch cylinder passes through
the center of mass of the launch device. Abstracting the launch device as geometry, the
inclination of the launch cylinder axis is used to represent the movement of the launch
system. The parameter / in Figure 5 represents the distance from the instantaneous center
of the transportation vessel to the center of mass of the launch vehicle. The proportion
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of vertical displacement generated by rolling and pitching is very small, only progy;, =1
— €05(Xmax)COS(Bmax), Xmax represents the maximum rolling angle, and PBmax represents
the maximum pitching angle. progn =1 — cos [2.6°] cos [1.1°] ~ 0.1%, which can be
considered as only moving in the horizontal plane.

Figure 5. Simplified geometric motion model.

The distance from the vertex of a line segment to the plane is

From Equation (6), parameter c can be derived.

1

cosf\*\ °
c=1x <1+<tanzx) > (7)
where parameter c is the projection of / in the xy-plane, parameter a is the projection of c on
the y-axis, parameter b is the projection of ¢ on the x-axis, parameter 0 is the angle between
the projection 2 and the projection ¢, parameter « is the angle between the projection of / in
the yz-plane and the z-axis, and parameter  is the angle between the projection of ! in the

xz-plane and the z-axis.

The trajectory swept by the vertex of line segment c is the projection of the point
trajectory on the axis of the launch cylinder at a distance from the center of mass [ of the
launch platform on the horizontal plane.

Analyzing the motion of the launch platform using mode 1, with the parameter
I =18 m. The maximum height change in the launch vehicle’s center of mass during motion

isAH =1x (1 — proship) = 0.0185 m. The value is very small, indicating that the launch

vehicle’s vertical motion caused by the oscillation motion of the launch platform is weak.
In the following analysis, it is assumed that launch vehicle cross-section centroid moving
in a horizontal plane.

Figure 6 displays the orthogonal decomposition of the acceleration at the centroid of
the launch vehicle’s cross-section. The trajectory of the launch vehicle’s centroid is denoted
as S. 5(0) indicates the initial position of the center of mass of the launch vehicle along its
trajectory. As the launch vehicle and launch platform are in periodic motion, their starting
and ending points coincide, and their motion is represented by natural coordinates. The
position at time ¢ can be determined by S(t). The velocity of the launch vehicle’s center of

—

massis V:
— RN

V = Se; (8)

where § is the derivative of S with respect to ¢, e_z is the unit tangent vector of the trajectory
of the point where the launch vehicle’s center of mass is located at time ¢. In Figure 6, we
can establish the following equations.
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S(t)

<l

Figure 6. Decomposition of the acceleration at the centroid of the launch vehicle’s cross-section.
—
= a7 _d(vﬁ‘t) o2
a T —vet+?en
Gi=te ©)
—
a

t
%
€n

=, . . — . .
vxhere a is the acceleration of tLle launch vehicle center of mass, a,, is the normal acceleration,
a; is tangential acceleration, ¢, is the unit vector in the normal direction of the trajectory

of the point where the center of mass of the launch vehicle is located, e_; is the tangential
direction unit vector of the trajectory of the point where the launch vehicle center of mass
is located, and p is the curvature radius of the trajectory of the point where the center of
mass of the launch vehicle is located.

The launch vehicle and launcher are in contact through adapters, and the stiffness of
the adapters is significantly different from that of the launch vehicle and launcher. The
launch vehicle and launcher can be regarded as rigid bodies, and the adapter needs to
consider deformation. Figure 7 shows the forces acting on launch vehicle. Using the launch
vehicle and guideways as the reference coordinate system, according to the d”Alembert’s
principle, it can be obtained that

— —

%
Fii+F,+F =0 (10)

where I% and F?n are the tangential acceleration and normal acceleration inertial forces
corresponding to the acceleration of the launch cylinder, and F is the force generated by the
joint action of the deformed adapters and launchpad. The adapters generate force through
deformation, indicating that during motion, the launch vehicle axis does not coincide with
the frame launcher axis. In the presence of acceleration, there is a distance between the axes
of launch vehicle and the frame launcher. This means that the launch vehicle has motion
around the axis of the frame launcher, and due to the periodicity of system motion, this
trajectory is closed.

L

(a)

Figure 7. Forces acting on launch vehicle: (a) decomposition of forces acting on launch vehicle; (b)
friction torque generation.
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Therefore, it can be known that the launch vehicle has a velocity in the guideway
reference frame, and there is relative motion between the launch vehicle and the guideway.
The guideway inside of the frame launcher will create a frictional resistance f1 on the
adapters. The launch vehicle will generate an angular acceleration «, due to the action of f.

Iyxa;=r; X f
wlzfﬂézdt:fi’l Xfl/Iydt
a)zsz’:zsz/Iydt

w = w1+ wy

(11)

where Iy is the rotational inertia of the launch vehicle about its own axis; 1 is the point
where the center of the guideway points towards the point of frictional resistance, and
as the launch vehicle deviates from the center of the guideway by a small distance, an
approximation is made here; w is the angular acceleration; r; is the launchpad radius; w is
the angular velocity of the launch vehicle; and f is the fraction force generated by relative
motion with the launch vehicle and launchpad.

By solving above equations simultaneously, we obtain

tan(1.1° sin(%))

tan (2.6° sin (22 (12

0 = cot — = cot
a

The variation in the angle theta during motion within half a cycle is depicted in Figure 8.
The motion trajectory of the line segment’s endpoint appears to be approximately a straight
line. However, the changes in the theta angle indicate that the back-and-forth travel of this
point does not follow a straight line, nor does it coincide. For ease of understanding, the
trajectory of its motion is enlarged in Figure 8.

29.80 0.8
29.79} 0.6¢
0.4}
A29.78— 02}
2977t E o0}
~
29.76} —0.2r
-0.4}
29.75}
-0.6}
29.74 . . . : 0.8 ; : . ; :
0.0 01 02 03 04 05 203 02 —0.1 0.0 0.1 02 03
Period (T) x (m)
(a) (b)

Figure 8. 6 and trajectory: (a) 6 in half period; (b) horizontal trajectory.

In Figure 9, it can be observed that there is a path difference in the trajectory when
moving in mode 1. The projection point moves in a circular motion from the origin,
following the sequence from 1 to 4. The motion trajectories of mode 2 and mode 3 within
one cycle can be directly obtained through a sine relationship.

Considering other motion modes corresponding to the initial phase difference, Figure 10a
shows the trajectories corresponding to each motion mode with a difference of 7/8, and
Figure 10b shows the trajectories corresponding to each motion mode with a difference
of m/32. It is obvious that there is an envelope line in the motion trajectory, which is
the rectangle of [-Isin2.6°, Isin2.6°] [—/sin1.1°, Isin1.1°]. When the phase difference is 0,
that is, in motion mode 1, it approximates a straight line. When the phase difference is
7, it approximates a symmetrical straight line about the coordinate axis. As the phase
difference gradually increases, the envelope area of the trajectory line gradually increases,
and the axis of the trajectory line rotates accordingly. As the phase difference increases,
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the trajectory tends from a flat ellipse to a positive ellipse. When the phase difference is
7t/2, it is a symmetric positive ellipse about the coordinate axis. As the phase difference
continues to increase, the axis of the trajectory line turns towards another direction, and the
envelope area of the trajectory line begins to decrease. This phenomenon is mainly due to
the symmetry and periodicity of the sine function about the x-axis. As the phase difference
increases, the axis of the trajectory continuously rotates.

y

X
Figure 9. Mode 1 path order.
0.6 —0  ----- 127/32 weevveeeee 24n/32
— 0 === : w32 -eee- 130/32 o 25m/32
w8 0.4f 2032 -=--- 147/32 - 26m/32
4 a3l /32 ----- 150/32 - 27m/32
3n/8 - 432 - 16m/32 - 28m/32
2 E 00 5132 === 17m/32 - 29m/32
5u/8 P = 6n/32 ----- 187/32 - 30m/32
34 0% /32 ----- 197/32 - 31/32
T8 —04 8n/32 == 20m/32 e
T : 253 s on/32 ----- 21m/32
-0.6 i — l0R/32-- -~
03 203 -02 0.1 0.0 0.1 02 03 10m/327- -+ 220/32

— 11n/32----- 231/32
X (m)

(b)
Figure 10. Horizontal trajectories with different phase differences:(a) 7t/8; (b) 7t/32.

When the angular velocity-induced rolling of the launch vehicle cannot synchronize
with its movement around the guideway’s axis, the adapter intervenes by accelerating the
launch vehicle’s roll through deformation and friction. Conversely, if the launch vehicle’s
roll speed exceeds its movement around the frame launcher’s axis, the adapters act to
decelerate the launch vehicle’s roll, again leveraging deformation and friction.

Viewing this from an energy perspective, the deformation and friction experienced
by the adapter serve dual roles: they can either contribute kinetic energy to the launch
vehicle’s roll or absorb it, leading to variations in the launch vehicle’s angular velocity
around zero. Should the time-integrated angular velocity over a cycle not equal zero, the
launch vehicle accrues angular displacement, which may ultimately result in its detachment
from the guideway, rendering it incapable of launch.

4. Dynamics Simulation Analysis of Sea-Based Launch Vehicle during Prelaunch
4.1. Multibody Dynamics Calculation Methods

Based on the dynamic equation of the first type of Lagrange, the dynamic equation of
the multi rigid body system is derived as follows.

d (aT\T T _; T
In Equation (13), the generalized coordinates ¢ = [g1 g2 - - - ¢;] are used to describe

the rigid body in the system, and the position and attitude of the i-th individual are
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qi.cbg(q,t) = 0 is the complete constraint equation, ‘I’; (9,9,t) = 0 is the incomplete
constraint equation, and Q is the generalized force column vector; A is the column vector
of the Laplace multiplier corresponding to the complete constraint; and y is the column
vectors of Laplace multipliers corresponding to nonholonomic constraints.

The normal contact force is composed of elastic force and damping force. The former
is generated by the mutual embedding of components, while the latter is caused by the
relative cutting speed. The expressions of the normal contact force and tangential contact

force are as follows.

d

Fn:k'gs+CT% (14)
Ft = ]/an

where k is the generalized contact stiffness; g indicates the normal embedding depth
between two components; e is the force index; and ¢ represents the damping coefficient.
The coefficient of friction y is related to the relative slip velocity, which can be expressed
as follows.

0 V=0
—Hs - sign(V) V= Vs

p= —Ha-sign(V) V=V, (15)
step(V, —Vs, ps, Vs, —pis) ~Vs <|V|< Vs

—step(|V[, Vi, pa, Vs, ps) - sign(V) - Vs <|[V|< V4

where V is the relative slip velocity; Vs is the maximum tangential velocity at which static
friction occurs; V; is the minimum tangential velocity for dynamic friction; and s and py
are the static friction coefficient and the dynamic friction coefficient, respectively. The step
function is used to introduce a sudden change in a signal or parameter during simulation.
For the given function p = step(V, — Vs, us, Vs, —us), it is used to introduce a sudden change
in a signal or parameter during simulation, where the function value transitions from y; to
— s when the independent variable V exceeds V.

]/lS/ V S 7‘/5
=9 pi, —Vs<V<V (16)
_,uS/ V Z _‘/S

where V is the independent variable, usually representing time or a time-related variable;
— V5 is the starting value of the independent variable; ys is the initial value of the step
function; V. is the ending value of the independent variable; and —p; is the ending value
of the step function.

4.2. Framed Sea Launch System during Prelaunch Dynamics Model

According to the structural characteristics of the framed sea launch system and the load
transfer relationship of moving parts during prelaunch phase, the following assumptions
are put forward without affecting the rationality of the model.

1.  Ignoring the flexible structural deformation of the framed sea launch system, the
primary consideration is the system’s motion response under loading conditions.

2. The motion of the transportation vessel is considered a simple harmonic motion
without considering the mutual coupling effect between the transportation vessel and
the waves.

3. The lifting cylinder is locked after the lift-off operation. The lifting cylinder is sim-
plified as a single rigid body cylinder, with its upper end connected to the frame
launcher via a ball joint, and its lower end connected to the support platform via a
ball joint.

4. The launchpad and support platform’s legs are fixed on the transportation vessel.

5. Without considering adapter deformation, the load transmission of the adapter is
represented through penalty functions and contact embedment depth.
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6.  Without considering the separation process of the adapters, adapters are fixed to the
launch vehicle.
7. The support platform is connected to the launchpad via a rotational joint.

Based on the simplifications mentioned above, the model of the framed sea launch
system in the prelaunch state is established, and the connection topology is shown in
Figure 11.

Fixed
Adapters
Contact
Launch Ball hinge . .
Frame launcher Lifting cylinder
vehicle
. 4)%,,.
Fixed %, Ball hinge
“
Contact Rotating sub
Launchpad Support platform
Fixed Fixed

Transportation vessel

Figure 11. Connection topology of framed sea launch system.

The main dynamics parameters of the framed sea launch system during prelaunch are
as follows.

1. The main mass characteristics of the launch vehicle are shown in Table 2.

Table 2. Main mass characteristics of the launch vehicle.

Parameter Value Moment of Inertia Value

Mass (kg) 120,000 L (kg-m?) 5,010,550

Length (m) 30.888 Lyy (kg-m?) 5,010,550
Distance from barycenter to the tip of rectifier (m) 21.043 1,, (kg~m2) 101,123

2. The contact coefficients between each contact are shown in Table 3.

Table 3. Contact parameters.

Parameter Adapters and Launcher Launch Vehicle and

Launchpad
Contact stiffness 2855 N/mm 100,000 N/m
Damping coefficient 0.57 N-s/mm 50 N-s/mm
Power contribution index 1.1 1.5
Maximum penetration depth 0.1 mm 0.1 mm
Static friction coefficient 0.15 0.1
Dynamic friction coefficient 0.1 0.1
Static friction transition speed 0.3mm/s 0.3 mm/s
Dynamic friction transition speed 0.25mm/s 0.25mm/s

3.  Boundary conditions

The boundary of the transportation vessel’s six-degree-of-freedom motion is driven
under a level 4 wind and wave environment using harmonic functions. The motion period
of the transportation vessel is 7 s, and the oscillation pattern of the transportation vessel in
each direction is as shown in Figure 12.
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Figure 12. The motion of the transportation vessel: (a) translation motion; (b) rotation motion.

4.  Wind load

During the oscillation of the transportation vessel, the frontal area of the launch vehicle
changes minimally, and the wind load almost remains constant in amplitude. The wind
load is applied in the form of concentrated forces at the center of mass of the launch vehicle.
Wind load is 5948 N (Wind speed is 10 m/s), the direction is along the positive y-axis.

5. Gravity

The gravity acceleration is set to 9.8 m/s?, and applied globally as a gravitational field.
Here, the dynamics simulation model has been established.

4.3. Dynamics Simulation Results and Analysis

To validate the reliability of the 2-D drive theory analysis mentioned above, simu-
lations are conducted for both two-degree-of-freedom (DOF)-driven dynamics and six-
degree-of-freedom (DOF)-driven dynamics. The effects of the remaining four degrees
of freedom of a vessel on the launch vehicle’s rolling are analyzed through comparison.
Following that, based on the six-degree-of-freedom-driven dynamics simulation model,
large-scale simulations were conducted using a uniform sampling method to analyze the
factors influencing the rolling of the launch vehicle.

4.3.1. Two-Degree-of-Freedom-Driven Dynamics Simulation

In the 2-DOF-driven simulation, inputs are limited to roll and pitch motions, and wind
load effects are not considered. The 2-DOF simulation employs three motion modes as
outlined in Table 1.

The original simulation results pertain to the unstable oscillation caused by the rocking
motion of the transportation vessel. To facilitate a comparison with the Section 3.3 dynamics
analysis of a 2-D-driven sea-based launch vehicle, the unstable oscillation segment is
removed. Only the subsequent stable motion segment is analyzed. Additionally, the center
of the launch vehicle’s motion trajectory obtained from the simulation is translated to the
origin of the projection plane. The same processing is applied to all subsequent simulation
results. The rolling movement of the three modes is shown in Figure 13.

From Figure 13a, it can be observed that under mode 1 driving, the launch vehicle’s
rolling angle cyclically oscillates around —0.012°, while under mode 2 and mode 3 driving,
the launch vehicle’s roll angle increases periodically with a certain increment, showing an
overall trend of gradually increasing the roll angle. Figure 13b shows that under mode 1
driving, the launch vehicle’s rolling angle velocity cyclically varies around —0.00289° /s,
and the integration of rolling angle velocity with respect to time slightly decreases. Under
mode 2 and mode 3 driving, the launch vehicle’s rolling angle velocity also varies peri-
odically, and the rolling angle velocity cyclically varies around 0.02126° /s under mode
3 driving, which is greater than that 0.01275° /s under mode 2 driving. Therefore, after
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Angular displacement (°)

0.5

—0.1

integrating the rolling angle velocity over time, the rolling under mode 3 driving is faster
than that under mode 2 driving. However, the occurrence of rolling motion is determined
by the difference in the path size of the launch vehicle’s center of mass motion, which is
also reflected in the simulation results, as shown in Figure 14.

model _ 0.050
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R3]
=}
o 0.000
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Figure 13. Dynamics simulation under 2-D driving obtained the rolling angle motion laws corre-
sponding to 3 modes: (a) rolling angular displacement; (b) rolling angular velocity.
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Figure 14. The difference in the path of the launch vehicle’s center of mass motion under 2-D driving:
(a) the difference in the path of the rocket’s center of mass motion under mode 1 driving; (b) the
difference in the path of the rocket’s center of mass motion under mode 2 driving; (c) the difference
in the path of the rocket’s center of mass motion under mode 3 driving.

The motion paths in Figure 14 are driven by the two-dimensional driving corre-
sponding to the three modes listed in Table 1. The black curves (2-D theory) represent
the two-dimensional planar motion path of the launch vehicle’s center of mass obtained
through theoretical derivation in Section 3. The colored curves (2-D simulation) represent
the motion paths of the launch vehicle’s center of mass obtained through simulation based
on the established three-dimensional sea-based launch vehicle prelaunch dynamics model,
along with their xy-plane projections. The color gradient from blue to red represents the
time from 0 s to 7 s, facilitating the identification of the spatial trajectory motion process of
the launch vehicle’s center of mass obtained from the 3-D dynamics model simulation. The
curves of both the 2-D simulation and 2-D theory are projected onto the plane z = —0.021 m
and found to completely overlap. This demonstrates the correctness of the conclusion that
the difference in the trajectory of the launch vehicle’s center of mass motion during the
dimensional reduction theory analysis leads to the rolling of the launch vehicle.

4.3.2. Six-Degree-of-Freedom-Driven Dynamics Simulation

During the six-degree-of-freedom-driven simulation, wind loads were taken into
account to study the rolling of the launch vehicle prelaunch at sea under three modes.
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The launch vehicle’s rolling motion during the prelaunch stage, driven by six degrees of
freedom, is illustrated in Figure 15. For analytical convenience, the launch vehicle’s rolling
motion during the prelaunch stage driven by two degrees of freedom are juxtaposed in
Figure 15 for comparative purposes.
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Figure 15. Dynamics simulation under 2-D and 6-D driving obtained the rolling angle motion laws
corresponding to 3 modes: (a) rolling angular displacement; (b) rolling angular velocity.

According to Figure 15, it can be observed that during the prelaunch stage, the angular
displacement and angular velocity patterns of the launch vehicle’s rolling motion under
both two-degree-of-freedom- and six-degree-of-freedom-driven modes exhibit remarkable
similarity. This indicates that, under the assumption of rigid body motion, during the
prelaunch stage, the variation in the trajectory of the launch vehicle’s center of mass caused
by the roll and pitch motions of the transport vessel has a significant impact on the roll
motion of the launch vehicle. The yaw, sway, surge and heave motions of the transport
vessel, as well as the level 4 wind loads, have negligible effects on the roll motion of the
launch vehicle at this stage.

4.3.3. Analysis of the Parameters Influencing Launch Vehicle’s Rolling Loads

From the analysis in Section 3.3, it is evident that during the prelaunch stage, the
primary loads influencing the roll motion of the launch vehicle are guideway—adapter
contact forces and launchpad-launch vehicle contact forces. These contact forces can both
be decomposed into normal contact forces, tangential contact forces, and frictional forces.
The normal and tangential contact forces are determined by the relative motion between
the structures in contact, while the frictional forces are determined by the normal contact
forces and the coefficient of friction. In the scenario where the transportation vessel is
already determined and there are no considerations for changing the sea conditions or the
structure of the launch system, the relative motion between the contacting objects remains
unchanged. In this case, the primary factors influencing the rolling of the launch vehicle is
the coefficient of friction at the contact surfaces.

In this section, the dynamic coefficients of friction, denoted as (1 between the launch-
pad and the launch vehicle, and p, between the adapters and the guideways, are considered
as variables. The investigation focuses on the rolling angle displacement of the launch
vehicle during the prelaunch stage. The static coefficient of friction between the launchpad
and the launch vehicle is denoted as (y1 + 0.02), while the static coefficient of friction
between the adapters and the guideways is denoted as (y, + 0.02). The range of values
for pq is [0.05, 0.7], and the range of values for y; is [0.05, 0.4]. Sampling is performed at
uniform intervals of 0.01, the total number of sample points is 2376. The response surface
of the rolling angle of the launch vehicle during the pre-launch stage with respect to y and
Up is depicted in Figure 16.
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Figure 16. The response surface of the rolling angle of launch vehicle during prelaunch stage.

From Figure 16, it can be inferred that the rolling angle of the launch vehicle exhibits
strong nonlinear coupled responses characterized by 1 and p5. It is evident from the figure
that the rolling motion of the launch vehicle is minimal when p; is within the range of
[0.05, 0.1] and pp is within the range of [0.14, 0.4]. Conversely, the rolling motion of the
launch vehicle is significant when p falls within [0.13, 0.33] and y; falls within [0.05, 0.1].
When 1 is 0.05 and p5 is 0.4, the rolling angle of the launch vehicle is at its minimum value
of 0.08°. Conversely, when y; is 0.2 and y; is 0.14, the rolling angle of the launch vehicle
reaches its maximum value of 0.14°.

5. Conclusions

In this study, we primarily investigated the rolling mechanism of a launch vehicle
during the prelaunch stage at sea launch, using dimensionality reduction-driven spatial
system projection methods and multibody dynamics simulation methods. The conclusions
drawn are as follows:

Both the dimensionality reduction-driven spatial system projection method and the
multibody dynamics simulation driven by the two-degree-of-freedom motion of the trans-
portation vessel indicate that the launch vehicle’s rolling is caused by differences in the
motion paths of the launch vehicle’s center of mass. A comparative analysis of multibody
dynamics simulations driven by two-degree-of-freedom and six-degree-of-freedom motion
of the transportation vessel reveals that the variation in the trajectory of the launch vehicle’s
center of mass caused by the rolling and pitching motions of the transportation vessel has
a significant impact on the roll motion of the launch vehicle, while the motion in other
degrees of freedom has little effect on rocket rolling. Through the construction of response
surfaces for the launch vehicle’s rolling, it is found that the minimum rolling angle of the
launch vehicle during the prelaunch stage occurs when the dynamic coefficient of friction
of the launchpad-launch vehicle contact is 0.05, and the dynamic coefficient of friction of
the adapter-guideway contact is 0.4.

This study reveals the rolling mechanism of a launch vehicle during the prelaunch
stage of sea launch, laying the foundation for subsequent studies aimed at suppressing
the launch vehicle’s rolling by reducing the motion path difference in the launch vehicle’s
center of mass. This provides theoretical guidance for enhancing sea launch capabilities in
rough sea conditions.
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