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ABSTRACT

This paper develops an integrated dynamic model for a multiple rocket launcher (MRL)
mounted on a floating platform (FP) and evaluates the model's structural consistency and
computational feasibility through numerical simulations. The system is represented by five rigid
bodies with a total of 11 degrees of freedom (DOFs). The 6-degree-of-freedom (6-DOF) dynamics
of the FP are formulated using the Newton-Euler equations in a body-fixed reference frame, while
the launcher subsystem, with five DOFs, is described by Lagrange's equations of the second kind
in terms of generalized coordinates. The two formulations are coupled through the kinematic
relations at the launcher mounting location and the corresponding interaction force-moment
system. This hybrid formulation preserves the hydrodynamic structure of the FP model while
providing a convenient representation of the launcher as a multibody chain. The model
incorporates elastic-damping connections, environmental loads, launch loads, azimuth and
elevation actuation torques, and an equivalent rocket package whose mass and inertia properties
are updated according to firing events. The model is implemented in MATLAB, numerically
integrated using the odel5s solver, and evaluated according to a PASSI-PASS2-PASS3
computational scheme. For the representative VH6-MTW7-KC4-DK4 scenario, the maximum roll
angle of the FP decreases from 2.604° in PASSI to 2.519° in PASS3, while the azimuth and
elevation tracking errors remain bounded within the prescribed +1° limit. The calculations
involving the actuation torques, rocket-package updates, and sea-state variation are employed
only to verify the functionality of the corresponding model components rather than to investigate
in detail the individual influence of each factor. The results demonstrate that the proposed model
is structurally consistent and computationally feasible. Parameter calibration and validation
against experimental measurement data are identified as the next steps of the study.

Keywords: Multiple rocket launcher; Rocket projectile; Floating platform; Integrated dynamics; Vessel-launcher
coupling; Numerical simulation.

1. INTRODUCTION

A multiple rocket launcher (MRL) mounted on a floating platform (FP) is simultaneously
subjected to the platform's 6-DOF motion, wave-wind-current loads, and launch loads. For
unguided rockets, even a small deviation in the launcher-tube axis orientation at the instant a rocket
leaves the tube can alter the initial conditions of its trajectory; therefore, the platform motion,
launcher response, and loads transmitted through the mounting interface must be described
consistently [10-13].

Although the combined mass of the main launcher structural assemblies B2-B4 is only about
1.80 t, much smaller than the FP displacement of 919.76 t, an integrated model is still required to:
(1) correctly transmit platform motion to the launcher-tube axis orientation; (ii) determine short-
duration reactions at the pedestal base under launch loads and interface vibration; and (iii) quantify
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launcher-to-vessel feedback to establish when two-way coupling may be neglected.

Previous studies have generally considered vessel dynamics or launcher dynamics separately
[3, 4, 11]. Accordingly, this study focuses on developing an integrated vessel-launcher model and
performing numerical trial runs to examine its consistency, coupling mechanism, and applicability.
Actuation torques, rocket-package variation, and sea-state level are introduced as load/parameter
branches required for model testing; detailed analysis of the influence of each factor, as well as the
launcher control problem, is left for subsequent studies.

2. PROBLEM FORMULATION

2.1. Theoretical basis
2.1.1. Assumptions and multibody-system model

The system comprises vessel hull B1, support pedestal B2, azimuth assembly B3, elevation
assembly B4, and the remaining rocket package B5. The vessel has 6 absolute coordinates 1 = [Xn,
Vn, Zn, @, 0, YT in the {n} (NED) frame; the launcher has 5 relative coordinates q = [z1, @1, 01, J,
a]Tin the {b} (BODY) frame fixed to the vessel hull. The mechanical model and coordinate frames
are shown in Figure 1.

along ship
(longitudinal)

O, {n} Yo
Xn to starboard
(North) (right side) Zp
down
(vertical)

Yo T2z
(East) (Down)

Figure 1. Five-rigid-body mechanical model and coordinate frames of the FP-MRL system.

The structural assemblies are treated as rigid bodies, except for the elastic-damping connection
between the vessel deck and the support pedestal. The rocket package is not modeled as separate
bodies; instead, it is represented by an equivalent body B5 with time-varying parameters,
preserving the dominant effect of mass distribution while reducing model size [3, 4]. Figure 1 also
defines the origin Oy of the vessel body-fixed frame and the origin O; of the support pedestal,
which are used to establish the geometry of the vessel-launcher connection.

Given the mounting-position vector r: ., » the kinematic relation between the vessel deck and

support pedestal is described by the absolute position of O; and the pedestal orientation:
n n n T
rOl = r'Oh + Rb (n)[rgl/Ob + (O’ 0’ Zl) :|’ (1)

R! = Ri(n)R,(#)R,(4). 2)

The above relations provide a geometric mapping from the FP state and relative coordinates
z1, @1, 05 to the launcher pedestal state. These three coordinates define deformation of the elastic-
damping interface and generate the corresponding generalized forces; the remaining constraint
reactions at the pedestal base are recovered from equilibrium of the coupled equations and
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included in 7;,, with opposite signs in the two subsystems. This treatment avoids inconsistency
between the use of reaction forces in the Newton-Euler equations and the virtual-work principle
in the Lagrange formulation.

2.1.2. Governing equations

The vessel kinematic relation in {n} is written as [5, 6]:

i=J(n)v (3)
where # is the position-orientation vector, and v is the translational-angular velocity vector of the
vessel expressed in {b}.

When current effects are included, the vessel relative velocity is defined as:

vV, =V-Vv, “4)
where v, is the current-velocity vector transformed into {b}. The 6-DOF vessel dynamics are then
expressed in Newton-Euler form [6, 7]:

M (@), +[Crp (v,)+C, (v, @)V, +[B(@) + D, (v )Iv, +g (W=7, + 7, +T,, (5

In the numerical implementation, (3) and (5) are integrated simultaneously using the state pair
(n, v), consistent with the 6-DOF vessel model in the body-fixed frame {b} [5-7]. Equation (5) is
not transformed entirely into a formulation in n because the hydrodynamic matrices A(®), B(®),
Coriolis terms, and hydrodynamic loads are defined in {b}; m is updated directly from the
kinematic equation (3).

env

The generalized mass matrix of the vessel is:
M, (@) =M,,; + A(w,) (6)

where My = Mrp + A(wg); Crp and C4 are the Coriolis matrices; B(wg) and Dy are damping terms;
gr is the hydrostatic restoring vector; and 7., Tew, and i, are the control, environmental, and
launcher-interaction loads, respectively. The matrices A(wqs) and B(wg) are interpolated from
frequency-domain hydrodynamic data computed using NEMOH [10].

Waves are represented by the JONSWAP spectrum, and the spectral peak frequency is used as
the representative frequency for interpolating the hydrodynamic coefficients:

2
a)d ZCUPZT—

P

(7

For the launcher subsystem, after defining the kinetic energy, potential energy, and Rayleigh
dissipation function, Lagrange's equations of the second kind can be written as [2, 8]:

M, (q.7) 4 + h,(q.q.n.v.v.1) = Q, + Q, ®)

where M, is the generalized mass matrix; A, collects the Coriolis-centrifugal, gravitational, elastic-
damping, and base-excitation terms; and @, and Q, are the generalized forces due to actuation
torques and launch loads, respectively.

In principle, the entire system could be formulated using Lagrange's equations of the second
kind. However, using Newton-Euler equations for the FP and Lagrange's equations for the launcher
preserves the conventional 6-DOF vessel structure and hydrodynamic coefficients defined in the
body-fixed frame {b}, while generalized coordinates conveniently describe the launcher's
multibody chain. The two subsystems share the same kinematic relations and obey an action-
reaction force pair at the pedestal base; thus, this is a choice of representation and numerical
implementation rather than two independent mechanical models.

The azimuth and elevation actuation torques enter the system directly as generalized forces:
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Q, = [0.0,0,M,(r). M,(1)] ©)
where Mp(t) and M, (t) are treated as outputs of a reduced control-actuator subsystem that generates
the actual torques at the two joints during model trial runs, thereby verifying that the Q. branch is
coupled correctly into the dynamic equations.

2.1.3. Time-varying mass-inertia model of the remaining rocket package
Let S.(2) denote the set of rockets remaining on the launcher at time ¢. The equivalent mass of
the remaining rocket package is [4]:

m, (t) = z m, (10)
ieS, (1)
The center-of-mass position and equivalent inertia tensor of this package are updated as:

r(t) = (1/m(2) D m (11)

iesS, (1)
1.() = [t + m{(ofp)E - po])] (12

where r; and I; are the position and inertia tensor of the ith rocket, respectively; p; is the vector
from the equivalent-package center of mass to the rocket center of mass. The quantities m.(2), r.(),
and I.(?) are updated immediately after each firing event.

2.2. Dynamic coupling between the vessel and launcher

The absolute velocities of the launcher bodies depend simultaneously on vessel motion and
relative motion, so the total kinetic energy contains inertial coupling blocks. After separating the
acceleration-dependent terms, the system can be written in block-matrix form:

. . ( )
g7 g ag g

where Mrand M, are the vessel and launcher mass matrices; Mr, and M,y are the coupling blocks;
and Rrand R, contain loads independent of acceleration.

Actuation torques

My(), M(1)

Mass-inertia update

m(t), 1.()

Vessel dynamics Base excitation Launcher dynamics

Launch load
F, (1)

Newton-Euler Lagrange II

My, +Cv,+Dv.+g=1 Mg, §+hy=0Q

Reaction load

Figure 2. Two-way coupling scheme among vessel dynamics, launcher dynamics, actuation
torques, launch loads, and time-varying mass-inertia properties.

The overall model is recast as a first-order state-space system [2, 5, 8]:
X = f(X,t) (14)
with the overall system state vector:

X=[1]T vioq qT]TERZZ (15)
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The system has 11 mechanical DOFs, corresponding to 22 first-order state variables, and is
integrated using a stiff ODE solver.

2.3. Azimuth and elevation actuation torques

For model trial runs in a line-of-sight stabilization mode on a moving platform, the commanded
line of sight defined in the NED frame is transformed into reference values for the azimuth and
elevation joints; the corresponding actuation torques Mg and M, are generated by the DK4 motion-
compensating control structure. In this paper, DK4 serves only as a bounded test-torque source
with saturation protection and a lock/brake function during firing; controller design, tuning, and
optimization are beyond the main scope of this study.

2.4. Parameter setup for numerical trials

Table 1 summarizes the trial-scenario parameters and the principal characteristics of the system
under study; detailed design data are not disclosed in this paper. For the environmental group in
item 1, H, and 7, define the JONSWAP spectrum, while the first-order wave loads are synthesized
from frequency-domain wave-excitation forces computed by NEMOH using a finite-element
model of the hull [10].

Table 1. Simulation parameters and principal characteristics of the FP-MRL system.

No. Parameter Value setting Role in model
group
|| Environment - | JONSWAP: Hy = 1.2 m; T, = 6.5; fo = 90% Vi, enviiif;‘;ﬁzﬁﬁvit o
MTW?7 =10 m/s, By =90° V.= 1m/s, fc = 90°. . P!
the trial scenario
Initial _ o A Initial state and time
2 conditions | L~ 2208 uo =3 m/s; yo = ya = 0° NED. horizon
3 Launcher and | I8 tubes; fa = -45° (315°), aq = 45° NED;| Geometry and firing
target tracking-error limit £1°. line of sight
Pedestal Ki=K,=10°N/m; K. =2x10°N/m; C, =C, = Elastic-damping
4 interface - | C. = 2x10° N-s/m; K, = Ko = 10° N'm/rad; C, | properties and pedestal-
KC4 = Cy=2x10° Nm-s/rad. base reactions
Firine scheme 18 rounds in 3 salvos, 6 rockets per salvo; t; = Firine events and
5 g 50 s; inter-shot interval 0.25 s; 60 s between gev
- VH6 . launch loads
salvo start times.
Actuation Azm?uth/elevatlon to'rque source wzth platform— Excitation of the Oy
6 toraues - DK4 motion compensation, torque limits, and branch durine trial runs
d lock/brake during firing. &
o Time-varying
7 Rocket- me(t), re(?), I.(t) updated after each firing, initial parameters over the
package mass | state: 18 rockets. .
firing sequence
2 Solver odel5s; segmented MaxStep 0.02/0.01/0.002 s; | Integration of the stiff
RelTol = 5x107; AbsTol = 1075, ODE system
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No. Parameter Value setting Role in model
group
Principal characteristics of the system under study
Floatin Displacement 919.76 t; L x B X T =71.735 x Vessel mass,
9 latforngl 8.6 x 2.069 m; GM = 4.816 m; I,r = 2.5x105 | hydrostatic, and inertia
P Lir=9.6x10° Lr=7.3x10" kg-m?. properties
10 Mounjcing ' =(12.997,-3.16,-3.5)m Vessel-launcher load-
location over transfer lever arm
Launcher _ ] _ ] _ Masses of bodies B2-
11 assemblies |52 = 447 kg; mps = 608.3 kg; mps = 743 kg. B4
Rocket 18 rockets; mass per rocket 39.6 kg, inertia of | . ... L
12 package B5 | one rocket diag(0.10, 3.25, 3.25) kg-m?. Initial mass-inertia state

3. RESULTS AND DISCUSSION

3.1. Trial setup and evaluation criteria

The baseline scenario uses the VH6-MTW7-KC4-DK4 combination in Table 1 to activate the
main model components simultaneously: platform motion, pedestal interface, launch loads,
actuation torques, and rocket-package updating. The tracking command in the NED frame is s =
-45°, a4 = 45°; the firing schedule consists of three salvos, each containing six rounds. The primary
model-evaluation criteria are boundedness of the solution, roll, pitch, and heave responses, correct
timing of interaction loads, and azimuth-elevation tracking errors during the trial.

The model is implemented in MATLAB and integrated with odel5s. PASS1 determines the
platform motion; PASS2 computes the launcher response and interaction loads; PASS3 updates
the FP motion under the loads obtained from PASS2. The time grid is refined around firing
instants; the tolerances and MaxStep settings are listed in Table 1.

3.2. Model consistency and stability checks

Before the baseline scenario is run, the model is checked in five categories: (i) matrix/vector
dimensions and number of DOFs; (ii) symmetry, positive definiteness, and nonsingularity of the
mass matrix; (iii) sign convention of interaction loads and completeness of pedestal-base reaction
components; (iv) synchronization of firing events with updates of mc (%), r.(?), I.(t), and Q,; and (v)
actual torque limits at the actuators. In the test cases performed, the solver produced bounded
solutions without mass-matrix singularity or event-handling errors.

3.3. Integrated-model trial runs and response evaluation

The baseline MTW7-VH6-KC4-DK4 scenario is used to determine whether the two-way
coupling mechanism produces physically consistent responses in both the FP and the launcher.
Two illustrative quantities are selected: the vessel roll angle in PASS1 versus PASS3, and the
azimuth-elevation tracking errors in the NED frame.

The peak |roll| decreases from 2.604° in PASSI1 to 2.5719° in PASS3 (approximately 3.3%),
while the RMS value decreases from 0.849° to 0.788° (approximately 7.1%). The differences are
concentrated around the firing salvos, indicating that the launcher interaction loads are fed back to
the FP at the correct times but only modify the platform response locally. This result is consistent
with the large mass disparity between the vessel and launcher: the influence of two-way coupling
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on overall vessel motion is small but nonzero, and the model enables this influence to be quantified
rather than assumed a priori.

Roll - during firing
T T T T

Peak|P1| = 2.604 deg { - — -PASS|
5 | Peak|P3| =2.519 deg PASS3 |
- | ) | P3-Pl
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Figure 3. Vessel roll response during the firing phase: PASS1 and PASS3.
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Figure 4. Actual and commanded azimuth/elevation angles and tracking errors
in the NED frame (Ba = -45°, aa= 45°).

Both channels track their setpoints with bounded oscillations; the largest errors occur during
the transient phase and near firing instants but remain within the £1° limit of the baseline
scenario. This result serves as a functional check of the actuation-torque branch and the line-of-
sight transformation.

3.4. Additional checks of model branches

Three auxiliary runs are retained strictly as functional checks. First, when the actuation torques
are disabled/enabled, the maximum errors change from e, e = 2.49° and egmar = 2.06° in DK1 to
0.75° and 0.27° in DK4, respectively, confirming that Qu acts correctly on the elevation and
azimuth coordinates. Second, updating B5 causes the number/mass of remaining rockets to
decrease through 78-12-6-0, with inertia parameters changing synchronously with firing events,
confirming proper operation of the time-varying parameter branch. Third, representative wave
cases over Hy = 0.4-2.0 m all yield bounded solutions. This check is intended only to detect
numerical instability. Detailed analyses of actuation-torque effects, mass-depletion laws, and sea-
state effects will be addressed in separate studies.
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4. CONCLUSIONS

This paper has developed an 11-DOF integrated dynamic model for the FP-MRL system, in
which the Newton-Euler equations of the FP are coupled with Lagrange's equations of the second
kind for the launcher through the kinematic relations at the mounting location and the interaction
force-moment system. The two formulations are used to match the vessel hydrodynamic
representation and the launcher generalized-coordinate structure; mechanically, the two
subsystems belong to the same system and satisfy the action-reaction relation at the pedestal base.

Numerical trial results for the representative scenario show that the PASS1-PASS2-PASS3
scheme produces two-way feedback: peak |roll| changes from 2.604° to 2.519° after the feedback
update, while the azimuth and elevation channels remain bounded and keep their tracking errors
within the prescribed +/° range. Checks of the matrices, firing events, torque limits, rocket-
package updates, and investigated sea-state range reveal no signs of singularity or divergence. The
model is therefore considered structurally sound and computationally feasible for studying vessel-
launcher dynamics and for detailed investigation of factors affecting the dynamics of an MRL
mounted on an FP.

The results concerning actuation torque, rocket-package variation, and sea state in this paper
are used only to verify the respective model branches and are not intended to establish controller
optimality or influence laws. Future work will focus on parameter calibration and validation
against experimental measurements, followed by separate studies on control and on the effects of
firing sequence, pedestal connection, and environmental conditions on system dynamics.
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TOM TAT

Mb hinh ddng hre hoc tich hop c6 xét mé men din dong
cho gian phong dan phan lyc trén phwong tién noi

Bai bdo tap trung xdy dung mo hinh dong luc hoc tich hop cho gian phéng dan phan luc
(GPDPL) trén phuong tién néi (PTN) va danh gia tinh nhdt quan, kha thi tinh todn ciia mo
hinh bang thir nghiém sé. Hé dwoc mé hinh héa boi 5 vt rdn véi 11 bdc tw do; déng luc
hoc 6 bdc tu do (6-DOF) cua PTN duoc thiét ldp theo Newton - Euler trong hé toa do gan
than PTN, con phan gian phéng véi 5 bdc tr do dwoc mé ta bang phirong trinh Lagrange
loai II theo cdc toa do suy rong. Hai cdch biéu dién dwoc ghép thong qua quan hé dong hoc
tai vi tri ldp ddt va hé lwc - mé men tuong tdc, cho phép giwr cau tric thiy dong luc hoc cua
PTN dong thoi mé ta thudn tién chudi nhiéu vit ciia ' gian phong. Mo hinh xét lién két dan
hoi - giam chdn, tdi méi truong, tai phong, mé men dan dong hwéng - tam va cum dan twong
dwong cé cdc dic trung khéi lwong - qudn tinh thay doi theo su kién ban. M6 hinh dwoc cai
dat trong MATLAB, tich phdn bang odel 5s va chay theo lwpc do PASSI - PASS2 - PASS3.
Véi kich ban dai dién VH6 - MTW7 - KC4 - DK4, géc ldc ngang (roll) Iém nhdt ciia PTN
thay d6i tir 2,604° ¢ PASSI xuong 2,519° ¢ PASS3; sai s6 bam hudng - tam hitu han va nam
trong giGi han cai dat +1°. Viéc tinh todn doi véi mé men dan dong, cdp nhdt cum dan va
mirc song chi dwoc ding dé kiém tra chirc nang cua cac thanh phan mé hinh, khéng nham
khdo sat chi tiét anh huong cua ting yéu to. Két qud cho thay mé hinh nhat quéan vé cau
tric va kha thi vé tinh todn; viéc hiéu chinh tham sé va kiém chung bang dir liéu do thuc
nghiém digc xdc dinh la bude nghién ciru tiép theo.

Tiwr khéa: Gian phong; Pan phéan lyc; Phuong tién ndi; Dong luc hoc tich hgp; Ghép tau - gian; Thir nghiém $6.
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