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Abstract: Amphibious vehicles operate across land and water, requiring stable environmental
transitions. Although series hybrid electric propulsion systems (Series HEPS) offer flexible
power distribution for these dual-environment demands, existing studies often limit dynamic
analysis to individual environments. The transition phase, where buoyancy, hydrodynamic
drag, and wheel loads vary simultaneously, lacks a unified mathematical framework. This
study develops an integrated longitudinal dynamic model coupled with a Series HEPS, enabling
continuous simulation across three phases: land, water, and transition. The land phase considers
rolling resistance, aerodynamic drag, and wheel traction, whereas the water phase determines
hydrodynamic resistance via theHoltrop-Mennenmethod and a propeller thrust model. Notably,
for the transition phase, a proposed geometric relationship links longitudinal displacement
along the bank slope to submergence depth, determining real-time buoyancy variations and
wheel load redistribution. Simulation scenarios evaluate velocity, acceleration, and traction
requirements across all phases, analyzing the influence of bank slope angles and ground friction
on climbing capability. Simulation results demonstrate that the proposed HEPS configuration
is highly reliable, achieving maximum speeds of 60 km/h on land and over 8 km/h in water.
The system effectively satisfies the dynamic performance requirements, including velocity,
acceleration, and gradeability, across the terrestrial, aquatic, and transitional phases. The
simulation results indicate that the proposed HEPS configuration provides continuous tractive
effort across the operating phases, achieving the required on-road design speed of 60 km/h,
reaching approximately 8.7 km/h in calm-water operation, and attaining terminal transition
velocities of approximately 7.2–9.5 km/h during the aquatic-to-terrestrial transition. This
framework provides a useful analytical tool for the preliminary design and dynamic evaluation
of hybrid amphibious vehicles.

Keywords: amphibious vehicle; series hybrid electric propulsion; longitudinal dynamic
modelling; environment transition phase; power distribution

1. Introduction

The transportation sector is amajor contributor to global greenhouse gas emissions,
prompting a critical shift toward sustainable and efficient alternative propulsion
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solutions [1–3]. Among the technologies being deployed, Hybrid Electric Vehicles
(HEVs) are considered a feasible transitional solution between conventional internal
combustion engine vehicles and Battery Electric Vehicles (BEVs) [4].

In this context, the extended-range Series Hybrid Electric Propulsion System
(Series HEPS) has emerged as a solution that balances operational efficiency and
flexibility [5, 6]. This system operates similarly to a BEV, in which the electric
motor provides the primary traction and the battery serves as the main energy
source [4]. Unlike a pure BEV, the extended-range configuration incorporates an
internal combustion engine coupled with a generator to maintain the battery state of
charge when the energy level drops below a predefined threshold, thereby ensuring
continuous operation and extending the driving range [7–10]. This characteristic is
particularly suitable for vehicles that require high maneuverability and operation under
diverse environmental conditions, such as amphibious vehicles that must transition
seamlessly between land and water surfaces [11–15].

The need for trans-media operation, or continuous transportation between aquatic
and terrestrial settings, makes the technical problem for an amphibious vehicle much
more complicated. While tire traction and terramechanics interactions control mobility
on land, buoyancy and hydrodynamic drag control motion in the aquatic environment.
Several studies have tackled this issue from the standpoint of modeling the interaction
between the environment and the vehicle. To simulate vehicle motion in the surf
zone under complicated terrain conditions, Yamashita et al. [16] created a model that
combines computational fluid dynamics (CFD) with multi-body dynamics (MBD). To
assess the water ingress process and set safety standards, Burciu et al. [17] used a
RANSE model in conjunction with towing tank trials. In order to increase stability
during the transition from water to land, Huang et al. [18] concentrated on a traction
control approach based on Burckhardt data. Tison [19] used multiphase CFD in
conjunction with a six-degree-of-freedom (6-DOF) model to examine dynamic features
under different operating conditions. In order to assess the impact of velocity and water
exit angle on transition performance, Liu et al. [20] used a RANS model with Bekker
theory.

Although the aforementioned studies have achieved high accuracy in describing
hydro-aerodynamic interactions and multi-degree-of-freedom motion, a significant
research gap still exists. First, the propulsion system of the vehicle is often treated as
an ideal traction source or a fixed input parameter, and has not been directly integrated
into the dynamic equations throughout the trans-media process. Second, most
studies analyze the aquatic and on-land states separately, whereas the transition phase,
where buoyancy gradually decreases, hydrodynamic drag diminishes, and mechanical
resistance increases simultaneously is the most nonlinear and sensitive stage with
respect to operational stability. Third, CFD–MBD models provide high accuracy but
incur high computational cost, which limits their applicability in preliminary design
optimization or parametric analysis under real terrain conditions such as soft soil or
muddy environments.

Motivated by the foregoing limitations, the present study proposes an integrated
modeling and simulation framework for a Series Hybrid Electric Propulsion System

2



Sound & Vibration 2026, 60(5), 4403.

(Series HEPS) applied to an amphibious vehicle. The principal novelties and
contributions of this work are summarized as follows. First, unlike prior studies
that treat the propulsion system as an ideal traction source decoupled from the
vehicle’s environmental interaction, the proposed framework directly embeds the
electric motor torque characteristics, gear-ratio mapping, and power-flow constraints
into the longitudinal equations of motion across all three operating phases (on-land,
in-water, and transition), yielding a fully coupled propulsion–dynamics model. Second,
a closed-form geometric relationship is derived that analytically links the instantaneous
draft, the waterline contact length, and the longitudinal displacement through the
bank slope angle, enabling real-time computation of buoyancy variation and normal
wheel-load redistribution during the aquatic-to-terrestrial transition without requiring
computationally expensive CFD iterations. Third, the entire framework is implemented
as a single MATLAB/Simulink simulation environment that continuously resolves the
force and moment equilibrium across the three phases, allowing direct parametric
sensitivity analysis with respect to bank slope angle, payload, and friction coefficient,
a capability that is absent in existing phase-separated models. These methodological
contributions collectively advance the state of the art by providing a computationally
efficient yet physically consistent analytical tool suitable for the preliminary design
and dynamic evaluation of hybrid amphibious vehicles with low emissions and high
operational adaptability.

To further emphasize the theoretical novelty of Huang et al. [18], the
proposed framework differs from existing coupled methods such as CFD–MBD [16],
RANSE [17], multiphase CFD–6DOF [20], and RANS–terramechanics models [19],
which mainly focus on high-fidelity fluid–structure or terrain–vehicle interactions
and usually require substantial computational effort. In these models, the propulsion
system is often simplified as an ideal traction source or prescribed input. By
contrast, Huang et al. [18] introduce an analytical order-reduced formulation in
which the water-to-land transition is described through a closed-form geometric
projection model [21] relating instantaneous draft, waterline length, and longitudinal
displacement along the bank slope. This enables the hydrodynamic resistance
decay and mechanical grade-resistance growth to be continuously coupled with the
torque–power characteristics and operating limits of the electric motor. Thus, the
framework provides a unified differential-equation model for evaluating powertrain
dynamics across land, water, and transition phases with improved computational
efficiency.

2. Research methodology

The system-oriented dynamic modeling approach used in this study consists of the
following primary steps: (1) determining the amphibious vehicle’s propulsion system
configuration and operational requirements; (2) establishing the vehicle’s basic design
parameters; (3) creating dynamic mathematical models for three operating phases:
on-land, in-water, and during transition; and (4) running numerical simulations to
assess dynamic characteristics under various operating scenarios. This method makes
it possible to create a single analytical framework that is appropriate for preliminary
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design review and guarantees physical consistency across various operating settings.

2.1. Propulsion system architecture and overall vehicle layout
The layout of system components is optimized laterally to preserve the vehicle’s

overall balance as well as longitudinally to guarantee dynamic stability in both
operating scenarios. To maximize load distribution between the front and back axles,
the battery pack is placed close to the middle of the car chassis in the longitudinal
direction. In order to preserve total load balance and contribute to stability during
in-water operation, the ICE and generator are positioned at the back. Major parts
such the battery pack, electric motor, and power conversion system are symmetrically
positioned around the longitudinal center plane of the vehicle in the lateral orientation.
When the vehicle is operating in water or on uneven terrain, this symmetry reduces roll
moments caused by buoyancy variations and limits sideways tilting by bringing the
center of gravity (CG) closer to the longitudinal centerline.

The fundamental design parameters of the amphibious vehicle, summarized in
Table 1, are systematically determined based on the operational requirements of a
light-duty, 4-passenger vehicle intended for ecotourism in calm inland waterways
and littoral zones. The dimensional specifications (overall length, width, and
ground clearance) and mass distribution are benchmarked against existing commercial
recreational amphibious platforms to ensure spatial feasibility and stable hydrostatics.
The gross vehicle mass (860 kg) is explicitly calculated by aggregating the curb weight
(600 kg) with the payload of four adult occupants (65 kg/person). Furthermore, based
on preliminary longitudinal dynamic calculations, the nominal capacity of the electric
traction motor is sized at 7.5 kW. This power rating is specifically selected to provide
a sufficient safety margin over the peak power demand (approximately 7.475 kW)
required to overcome the maximum coupled hydro-mechanical resistance during the
critical aquatic-to-terrestrial transition phase on a 20° incline.

Table 1. Basic design specifications of the amphibious vehicle.

Parameters Values

Overall length, L (mm) 4,432
Overall width, W (mm) 1,754
Overall height, H (mm) 1,361
Wheelbase, Lwb (mm) 2,391
Track width, T (mm) 1,351
Ground clearance, hc (mm) 184
Curb weight, m0 (kg) 600
Gross vehicle mass, m (kg) 860
Front axle load, mf (kg) 412.8
Rear axle load, mr (kg) 447.2
Number of occupants (including driver), np 4
Passenger mass per person, mp (kg) 65
Design speed on road, vroad (km/h) 60
Design speed in water, vriver (km/h) 8–9
Drivetrain configuration 4 × 2

As illustrated in Figure 1, for optimal load balance and amphibious stability,
the internal combustion engine (ICE) and generator are front-mounted, while the core
powertrain components, including battery pack, electric motor, and power converters,
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are symmetrically aligned along the longitudinal axis. This configuration centralizes
the center of gravity (CG), significantly mitigating buoyancy-induced roll moments
and lateral tilt across uneven or aquatic terrains. Furthermore, power flow within this
series hybrid electric propulsion system (HEPS) is regulated by a thermostat-based
Energy Management Strategy (EMS). To isolate the ICE-generator from transient
load fluctuations, the battery exclusively fulfills propulsion demands while its state
of charge (SOC) remains above a critical threshold. Upon reaching a predefined
lower SOC limit, the engine activates strictly at its optimal brake specific fuel
consumption (BSFC) point, supplying constant power for simultaneous propulsion and
recharging until the upper SOC target is achieved. While this foundational rule-based
logic ensures continuous power delivery and operational stability for the dynamic
performance simulations conducted in this study, the development and integration
of advanced, optimization-based energy management algorithms are reserved for
subsequent research phases.

Figure 1. Overall layout of hybrid electric propulsion systems for amphibious vehicles.

2.2. Longitudinal dynamic model of the amphibious vehicle in on-land
operation
In the on-land operating mode, the amphibious vehicle is modeled as a

one-dimensional dynamic system moving along the longitudinal direction. It is
assumed that the vehicle has a total mass m, moving with an instantaneous velocity
v and acceleration a. The general case considered is the vehicle ascending a slope
with an incline angle α. The forces acting on the vehicle under these conditions
are illustrated in Figure 2, including the traction force at the driven wheels and the
components of resistive forces. According to the longitudinal dynamic equilibrium
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principle, the tangential traction force Fk at the driven wheels is used to overcome the
following resistive forces: rolling resistance (Ff ), slope resistance (Fi), aerodynamic
drag (Fw), and inertial force (Fj) [22,23].

Figure 2. Forces and moments acting on the amphibious vehicle during uphill on-land motion.

Longitudinal traction force equilibrium equation of the amphibious vehicle on an
uphill slope (on land):

Fk = Ff + FW + Fi + Fj (1)

Fk = mgf · cosα+
1

2
ρACdv

2 +G · sinα+ma+ I ·
G2

l

ngr2
a (2)

where g is the gravitational acceleration (m/s²); f is the rolling resistance coefficient;
aerodynamic parameters include ρ, the air density (kg/m3),A, the frontal area (m2), and
Cd, the aerodynamic drag coefficient. Typically, the motor’s moment of inertia is not
explicitly determined. Therefore, an approximate calculation is to increase the vehicle
mass by 5% in Equation (2) and neglect the term I · G2

l
ng ·r2 · a to account for the effects

of rotating masses [23].
Based on the overall propulsion system layout of the Amphibious Vehicle

proposed in this study (Figure 1).
When the amphibious vehicle operates on a horizontal road, with an air density of

1.25 kgꞏm⁻3, the equation is given as:

Fk = mgf · cosα+ 1
2ρACdv

2 +G · sinα+ma+ I · G2
l

ngr2
aGl

r Tm =

mgf + 1
2ρACdv

2 +
(
m+ I

G2
l

ngr2

)
dv
dt

(3)

where Tm is the torque of the electric motor; Gl is the gear ratio of the power
transmission system connecting the electric motor to the driven wheel axle; and r is
the wheel radius.
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In the initial stage, when the electric motor torque is constant, Equation (3) yields:

dv

dt
=

nt
Gl
r Tm,max −mgf

m+ I
G2

l
ngr2

−
1
2ρACdv

2

m+ I
G2

l
ngr2

(4)

This equation remains valid until the torque begins to decrease, i.e., when ω ≥ ωc

or v ≥
(

r
Gl

)
ωc, at which point the power remains constant and the torque decreases

hyperbolically as the electric motor speed increases. From Equation (4), the velocity is
governed by the following differential equation:

dv

dt
=

nt
PE
v

m+ I
G2

l
ngr2

− mgf

m+ I
G2

l
ngr2

−
1
2ρACdv

2

m+ I
G2

l
ngr2

(5)

The time derivative of velocity is approximated using the finite difference
method, where acceleration is calculated as the difference between two consecutive
velocity values divided by the corresponding time step, thereby yielding the system of
differential equations in discrete form:

vn+1 = vn + δt

nt
Gl
r Tm,max −mgf

m+ I
G2

l
ngr2

−
1
2ρACdv

2
n

m+ I
G2

l
ngr2

 (6)

vn+1 = vn + δt

 nt
PE
vn

m+ I
G2

l
ngr2

− mgf

m+ I
G2

l
ngr2

−
1
2ρACdv

2
n

m+ I
G2

l
ngr2

 (7)

2.3. Dynamic model of the amphibious vehicle in underwater operation
When the amphibious vehicle operates in the water environment, system motion

is sustained as long as the thrust T generated by the propeller is sufficient to overcome
the total hydrodynamic resistance RT acting on the vehicle hull. Due to the geometric
similarity of the amphibious vehicle hull to a displacement-type ship hull, the total
hydrodynamic resistance is determined using the semi-empirical Holtrop–Mennen
method, which is widely applied in ship hydrodynamics analysis [24].

RT = RF (1 + k1) +RAPP +RW +RB +RTR +RA (8)

According to this formulation, the total resistance of the amphibious vehicle
is the sum of the following components: frictional resistance with hull form factor
(RF (1 + k1)), resistance of appendages (RAPP ), wave-making resistance (RW ),
additional pressure resistance of the bulbous bow near the waterline (RB), additional
pressure resistance of the immersed stern (RTR), and model-ship correction resistance
(RA).

Since the hull design of the Amphibious Vehicle in this study does not include
a bulbous bow or significant appendages, the two components RAPP and RB are
assumed to be zero. Accordingly, the total resistance is simplified as:

RT = RF (1 + k1) +RW +RTR +RA (9)
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RT = 1
2ρCFSBHv2(1 + k1) + ρgVcc1c2c5 exp

{
m1F

d
n +m4cos(λF

−2
n )

}
+1

2ρC6AT v
2 + 1

2ρCASBHv2
(10)

In the water operating mode, the motion of the amphibious vehicle is sustained by
the thrust T generated by the electric motor and transmitted through the powertrain
to the propeller. This thrust must be sufficient to balance and overcome the total
hydrodynamic resistance acting on the vehicle hull. Accordingly, the longitudinal force
equilibrium equation in the water environment is established as follows:

T = 1
2ρCFSBHv2(1 + k1) + ρgVcc1c2c5 exp

{
m1F

d
n +m4cos(λF

−2
n )

}
+1

2ρC6AT v
2 + 1

2ρCASBHv2 +ma+ KT
KQ

· I · G2
w

ngD2 · a
(11)

where SBH is the wetted surface area of the vehicle, which depends on shape
coefficients and is determined by the following equation:

SBH = LWL(2T +B)
√
CM

0.4530 + 0.4425CB − 0.2862CM

− 0.003467
B

T
+ 0.3696CWP + 2.38

ABT

CB

 (12)

The key geometric parameters of the amphibious vehicle hull include the block
coefficient (CB), the waterplane area coefficient (Cwp), and the midship section
coefficient (CM ), which are determined based on the volume of the submerged portion
of the hull. This set of geometric quantities, together with the Froude number (Fn) and
Reynolds number (Rn), serves as the primary input parameters for theHoltrop–Mennen
algorithm.

The block coefficient CB is calculated using the following formula:

CB =
VC

LWL ·BWL · T
(13)

where VC is the volume of the submerged hull, LWL is the waterline length (m), BWL

is the waterline beam (m), and T is the draft of the vehicle (m). These quantities are
determined through geometric analysis of the 3D designmodel (Figure 3). Specifically,
the hull model is intersected by the waterplane corresponding to the static equilibrium
condition according to Archimedes’ principle. The volume of the hull below this plane
is calculated using the volume analysis tool integrated in the CAD software, allowing
for precise extraction of the submerged volume VC . At the same time, characteristic
geometric dimensions such as LWL, BWL, and T are directly obtained from the
intersection contours between the hull and the waterplane.

The waterplane area coefficient CWP depends on the waterline cross-sectional
area AWP :

CWP =
AWP

LWL ·BWL
(14)

The area AWP is determined by performing a cross-sectional cut of the 3D model
at the design waterline, corresponding to the vehicle’s static equilibrium according to
Archimedes’ principle. After identifying the waterplane at the floating equilibrium
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condition, the cross-sectional area is extracted using the geometric analysis function in
the CAD software (Figure 4), ensuring high accuracy of the input parameter for the
hydrodynamic model.

Figure 3. Submerged volume of the designed amphibious vehicle.

Figure 4. Waterline cross-sectional area of the designed vehicle.

The midship section coefficient CM is influenced by the cross-sectional area of
the submerged midsection of the Amphibious Vehicle hull AM :

CM =
AM

BWL · T
(15)

Similarly, the value of AM is determined by performing a cross-sectional cut
perpendicular to the vehicle’s longitudinal axis at the midship section, corresponding
to the plane at the midpoint of the waterline length (Figure 5).
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Figure 5. Cross-sectional area of the submerged midship of the designed amphibious vehicle.

The motor’s moment of inertia is not specified. Therefore, an approximate
calculation is applied by increasing the mass by 5% in Equation (11) and neglecting
the term KT

KQ
· I · G2

w
ngD2 · a to account for the effect of rotating masses.

Based on the overall powertrain layout of the Amphibious Vehicle proposed in
this study (Figure 1), dimensionless quantities play an important role in analyzing the
required thrust. Among them, the thrust coefficientKT and the torque coefficientKQ

are two fundamental parameters that need to be considered [24].
Propeller thrust coefficient:

KT =
T

ρn2D4
(16)

Torque coefficient:
KQ =

Q

ρn2D5
(17)

where T (N) is the propeller thrust, Q is the propeller torque (Nꞏm), ρ(kg/m3) is the
water density, n(rev/min) is the propeller rotational speed, and D(m) is the propeller
diameter.

When the amphibious vehicle moves in the water environment, with a water
density of 1,025 kg/m3, the equation becomes:

KT
KQ

· Gw
D · Tm = 1

2ρCFSBHv2(1 + k1) +RW + 1
2ρC6AT v

2

+1
2ρCASBHv2 +

(
m+ KT

KQ
· I · G2

w
ngD2

)
a

(18)

where Tm is the torque of the electric motor; Gw is the gear ratio of the powertrain
connecting the electric motor to the propeller shaft (underwater section); and D is the
propeller diameter.

In the initial stage, when the electric motor torque is constant, from Equation (14),
it follows that:

dv
dt =

ng·
KT
KQ

·Gw
D ·Tm,max

m+
KT
KQ

·I· G2
w

ngD2

−
1
2ρCFSBHv2(1+k1)+RW+ 1

2ρC6AT v2+ 1
2ρCASBHv2

m+
KT
KQ

·I· G2
w

ngD2

(19)

This equation remains valid until the torque begins to decrease, at which point the
power remains constant and the torque decreases hyperbolically as the electric motor
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speed increases. From Equation (14), the velocity is then governed by the following
differential equation:

dv
dt =

ng·
KT
KQ

·PE
v

m+
KT
KQ

·I· G2
w

ngD2

−
1
2ρCFSBHv2(1+k1)+RW+ 1

2ρC6AT v2+ 1
2ρCASBHv2

m+
KT
KQ

·I· G2
w

ngD2

(20)

In the numerical simulation process, the time derivative of the velocity v is
approximated using the finite difference method in time. Specifically, the acceleration
at a discrete time step is determined by the difference between two consecutive velocity
values divided by the time step∆t. Consequently, the continuous differential equation
of the system is rewritten as follows:

vn+1 = vn + δt


ng ·

KT
KQ

·PE
vn

m+
KT
KQ

·I· G2
w

ngD2

−
1
2
ρCF SBHv2

n(1+k1)+RW+ 1
2
ρC6AT v2

n+ 1
2
ρCASBHv2

n

m+
KT
KQ

·I· G2
w

ngD2

 (21)

2.4. Dynamic model of the amphibious vehicle during the transition from
the underwater environment to dry land
Hydrodynamic resistance and tractive effort vary during three distinct periods

during the HEPS transition from the aquatic to the terrestrial environment, according
to analysis: (i) the fully submerged phase (Figure 6a), (ii) The wetted hull first makes
contact with the ramp’s terrestrial substrate through the front wheels during the ingress
interface phase (Figure 6b), and (iii) the fully emerging climbing phase (Figure 6c).
The accurate identification of bifurcation locations where the vehicle’s dominating
dynamic regimes change during the aquatic-to-terrestrial transition is made easier by
this phased classification [20]

Figure 6. The transition of the HEPS from the underwater environment to dry land. (a) The
amphibious vehicle has just reached the land-water boundary; (b) The amphibious vehicle’s
two front wheels have exited the water, while its two rear wheels remain submerged; (c) The
amphibious vehicle has completely exited the water.

Based on the evolution of the contact interface morphology between the
amphibious platform and the free surface across the three aforementioned phases.
Figure 7 illustrates an analytical geometric framework designed to quantitatively
define the interdependencies among governing geometric parameters during the
aquatic-to-terrestrial transition from the aquatic to the terrestrial environment.
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Figure 7. Relationship between the draft d (segment AB) and thewaterline length Lwl (segment
BC) as functions of the travel distance s (segment AC) of the amphibious vehicle.

In the transition phase, the draft d, waterline length Lwl, and waterline beamBwl are
treated as time-varying geometric parameters for updating buoyancy and hydrodynamic
resistance. At the initial water-to-land transition condition (s = 0), the maximum draft
is determined from the quasi-static hydrostatic equilibrium between the vehicle weight
and the Archimedes buoyancy force. Using the block-coefficient approximation, the
displaced volume can be expressed as Vc = Lwl,0 ·Bwl,0 · d0 ·CB , and the equilibrium
condition becomes mg = ρ · g · Lwl,0 · Bwl,0 · d0 · CB . Therefore, the initial draft
is obtained as d0 = m

ρ·Lwl,0·Bwl,0·CB
, where m is the vehicle mass, ρ is the water

density, and Lwl,0, Bwl,0, and CB are the initial waterline length, waterline beam, and
block coefficient, respectively [21]. If heel is considered, the maximum draft can be
corrected by adding the vertical draft increment induced at the lower side of the hull as
follows [21]:

dmax = d0 +
Bwl,0

2
tanϕ (22)

where ϕ is the heel or trim angle. In the present longitudinal transition model, lateral
heel and roll motions are neglected; therefore, ϕ = 0 and dmax = d0.

As the vehicle moves upward along the inclined slipway, the still-water surface is
assumed to remain horizontal. For a longitudinal displacement s along a slipway with
inclination angle θ, the vertical elevation of the vehicle relative to the water surface is
sinθ. Hence, the instantaneous draft decreases according to d(s) = dmax − s · sinθ.
To avoid a non-physical negative draft after full emergence, the draft is limited as
d(s) = max (0, dmax − s sinθ). The theoretical full-emergence distance is then
semerge = dmax

sinθ ; When s ≥ semerge, the submerged draft becomes zero and the
hull-related hydrodynamic resistance is no longer considered.

The instantaneous waterline length is updated from the geometric relationship
between the remaining draft and the slipway inclination Lwl(s) = d(s)

tanθ . For a
vertical-side hull, Bwl can be treated as approximately constant. For a flared or
trapezoidal hull cross-section, the waterline beam can be updated as Bwl(s) =

Bwl,TK + 2 [d(s)− dTK ] tanβ, where Bwl,TK is the design waterline beam, dTK is the
design draft, and β is the side-flare angle [21]. Consequently, d(s), Lwl(s), and Bwl(s)
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provide the geometric inputs for continuously updating submerged volume, buoyancy,
wetted surface area, and hydrodynamic resistance during the water-to-land transition.

To validate these relationships, this study adopts the Longitudinal Section
Method, wherein the hull is modeled as a rigid geometric primitive within a
Cartesian coordinate system. As the vehicle negotiates the incline, the free-surface
intersection generates a time-variant sectional profile. Utilizing the geometric
similarity assumption, the variables d,Lwl, and s aremapped onto the analytical triangle
ABC, where the hypotenuse s represents the center of gravity (CG) trajectory. This
trigonometric abstraction facilitates the normalization of complex kinematic variables
into trigonometric functions, ensuring computational precision for shoreline-contact
coordinates and establishing a robust framework for subsequent numerical simulations.
The resultant force vectors acting on the vehicle during this transition are illustrated in
Figure 8.

Figure 8. Analysis of the force distribution acting on the vehicle during the transition from
the underwater environment to dry land.

Figure 8 illustrates the force distribution acting on the amphibious vehicle during
the aquatic-to-terrestrial transition. At the investigated temporal instant, the vehicle
exists in a dual-medium interaction state: the aft section (posterior to the front
axle) remains submerged and is subjected to hydrodynamic resistance and hydrostatic
buoyancy, whereas the fore section (anterior to the front axle) has fully emerged.
Consequently, the front wheel assembly has established contact with the terrestrial
substrate, initiating the tractive engagement phase [20].

Within the tire-ground interface on the terrestrial incline, the governing
mechanical resistance components comprise the grade resistance (Fi), defining the
static equilibrium threshold against longitudinal slip; the rolling resistance (Ff ),
stemming from hysteretic tire deformation and soil compaction; and the inertial
resistance (Fj) associated with transient acceleration. To maintain model fidelity and
prevent redundancy, the aerodynamic drag (Fω) on the emerged superstructure is
neglected, as it is subsumed within the total hydrodynamic resistance formulation [25].

Concurrently, the submerged hull volume is subjected to hydrodynamic resistance
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components formulated in accordance with ITTC (International Towing Tank
Conference) standards, specifically: frictional resistance (Rf ), which is a function of
the time-variant wetted surface area; wave-making resistance (Rω); transom pressure
resistance (RTR), arising from flow separation at the stern; and the correlation
allowance (RA). Additionally, the buoyancy force (B), acting through the center of
buoyancy (CB), significantly influences the redistribution of normal ground reaction
forces [24]. These interactions establish the analytical foundation for the equations
of motion (EoM) governing the amphibious vehicle during the aquatic-to-terrestrial
transition.

Derived from the tractive force equilibrium, the resistive load acting on the front
axle during the partial-ingress phase is categorized into three primary components.
First, the rolling resistance (Ff ) exerted on the leading wheels is defined by: Ff =

0.48·m·g ·f · cosθ = 0.094176 cosθ(N), representing the hysteretic energy dissipation
at the tire-substrate interface. Second, the grade resistance (Fi) is formulated by
accounting for the countervailing buoyancy force (B) against the gravitational load (G):
Fj = (G − B) sinθ = (G − ρ · g · Vc) sinθ = 9.81m sinθ − 11578.5088d2, this
relationship demonstrates that the longitudinal grade resistance is a direct function of
the instantaneous draft (d) of the submerged hull. Regarding aerodynamic drag (Fω),
since the front axle is non-ballasted/non-driven and does not contribute to tractive effort,
the total air resistance is allocated to the driven rear axle. Consequently, to ensure
mathematical consistency and prevent force redundancy, this component is excluded
from the front-axle free-body analysis while the rear assembly remains submerged.
Furthermore, although the front wheel assembly is non-driven, it must undergo angular
acceleration proportional to the vehicle’s translational acceleration. The rotational
inertia of these components constitutes an additional resistive torque; consequently,
the inertial resistance (Fj) is adjusted using a mass correction factor. Specifically, an
empirical approximation is employed by increasing the effective vehicle mass by 5%
(to account for rotating mass effects) while omitting the explicit polar moment of inertia
term [23]. The total resistive load acting on the front axle is thus the vector sum of these
components, formulated as:

Fresistive force = 0.48.m.g.f.cos20 + (G− ρ× g × Vc) sin20 + 1.05.m.a (23)

The submerged resistance components are further defined in accordance with [23]:

RT = RF +Rω +RTR +RA =
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In analyzing the egress phase of the amphibious vehicle, three hydrostatic
parameters vary significantly as a function of the instantaneous draft (d): the displaced
volume (Vc), the wetted surface area (SBH), and the midship sectional area (AT ). The
simultaneous attenuation of these quantities governs the reduction in hydrodynamic
drag during the aquatic-to-terrestrial transition. Specifically, the wetted area (SBH)
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defines the viscous interface between the hull and the fluid medium while the aft
section remains submerged, directly influencing both frictional and wave-making
resistance. As the vehicle ascends the incline, the draft (d) decreases relative to the
displacement trajectory (s), causing SBH to diminish near-linearly, which facilitates a
rapid decay in hydrodynamic resistance. This parameter is calculated as follows [18]:
SBH = LWL(2d + BmaxCm)

√
1 + 1

2CWP = d(2d+1.5043)
√
1.37

sinθ . Concurrently, the
displaced volume (Vc) dictates the buoyancy magnitude (B = ρ · g · Vc), which
modulates the hydrodynamic load components. As the draft (d) recedes, Vc decreases
according to: Vc = LWLBmaxdCb = d

sinθBdCb = 1.18048d2

sinθ , causing the buoyant
support to diminish toward zero upon full emergence. This transition induces a
significant redistribution of wheel loads and a subsequent shift in the vehicle’s dynamic
response. Additionally, the midship sectional area AT = CmBd = 1.701d represents
the maximum submerged transverse profile. Consequently, the total resistive load
acting on the rear axle is formulated as the summation of wave-making resistance
RW = 267d2

sinθ , transom pressure resistanceRTR = 850.5dV 2, viscous resistanceRF =

1.4V 2 d(2.34d+1.99)
sin θ

(
0.93 + 1.67354 sin

0.7994 θ
d0.7032

)
, and model–ship correlation allowance

RA = 0, 4V 2 d(2,34d+1,99)
sinθ : RT = V 2 d(2.34d+1.99)

sin θ

(
1.702 + 2.342956 sin

0.7994 θ
d0.7032

)
+

267d2

sin θ + 850.5dV 2.
By integrating these submerged drag vectors with the terrestrial tractive resistances

generated upon front-wheel engagement, the governing equation of motion (EoM) for
the HEPS during the aquatic-to-terrestrial transition on an inclined plane is established
as follows:

Fres +RT = 0.094 cos θ +m (9.81 sin θ + 1.05a)+

V 2d
[
850.5 + 2.34d+1.99

sin θ

(
1.702 + 2.343 sin

0.8 θ
d0.7

)]
+ d2

(
267
sin θ − 11, 578.5

) (25)

Based on longitudinal force equilibrium along the displacement vector on an
inclined plane of angle θ, the system is modeled as an equivalent mass (m) subjected
to the total submerged resistance Rω(d, V ), the terrestrial resistive load Fres, and the
resultant gravitational-buoyancy vector acting along the slope. Both the hydrostatic
buoyancy and the hydrodynamic drag are functions of the instantaneous draft (d) and
translational velocity (V ). By applying Newton’s Second Law to the rectilinear motion
of the HEPS along the inclined substrate, the governing differential equation for the
vehicle’s longitudinal acceleration is derived as follows [26]:

u̇ =
1

m
(Tj − Fres −R(V, d, θ)) + vr (26)

2.5. Model assumptions and limitations
The proposed dynamic framework was developed under simplified operating

conditions to ensure computational efficiency and focus on the dominant propulsion
behavior of the amphibious vehicle. Calm-water conditions and purely longitudinal
motion were assumed, while disturbances such as waves, water currents, crosswinds,
suspension dynamics, lateral–yaw coupling, and deformable tire–soil interaction were
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neglected. Although these assumptions limit the representation of real-world operating
conditions, they enable the development of a unified system-level framework suitable
for preliminary propulsion analysis and trans-media dynamic evaluation. The modular
force-balance structure also allows future integration of higher-fidelity hydrodynamic
and terrain-interaction models. To justify the simplified assumptions adopted by Huang
et al. [18], a quantitative error-boundary analysis was conducted for the neglected
suspension compliance, tire–soil deformation, and wave/current disturbances. These
effects are not ignored arbitrarily, but are evaluated to confirm their limited influence on
the longitudinal traction prediction within the scope of paved slipway and calm-water
operation.

First, the rigid-body assumption neglects the pitch motion induced by longitudinal
load transfer during acceleration and climbing. The pitch angle can be estimated
from the relationship θp = m.ax.hCG

Kp
, where m is the vehicle mass, ax is the

longitudinal acceleration, hCG is the center-of-gravity height, and Kp is the equivalent
suspension pitch stiffness [21]. In the present simulation, the maximum acceleration is
approximately ax = 2.1 m/s2. Since the suspension stiffness is not explicitly modeled, a
conservative upper-bound pitch angle of θp = 0.015 rad (0.86°) is adopted. The resulting
relative error in grade resistance is estimated as:

εsup =

∣∣∣∣sin(α+ θp)− sin(α)

sin(α)

∣∣∣∣ = ∣∣∣∣sin(20◦ + 0.015)− sin(20◦)

sin(20◦)

∣∣∣∣ ≈ 4.1% (27)

where α is the slipway angle. For the maximum slipway angle of α = 20°, the estimated
error is below the 5% engineering threshold. Since grade resistance is only one
component of the total resistance, the overall influence of neglected suspension pitch
dynamics on the required traction force is expected to be smaller than this upper-bound
value.

Second, the model assumes a rigid paved interface and does not explicitly include
tire–soil deformation. For deformable terrain, the additional compaction resistancemay
be estimated using aBekker-type relationship,Rc =

bkeqzn+1

n+1 , where b is the tire contact
width, z is the tire sinkage, n is the soil deformation exponent, and keq is the equivalent
pressure–sinkage modulus [19,20]. Under the paved slipway conditions considered in
this study, tire sinkage approaches zero (z→0), and therefore the compaction resistance
also approaches zero (Rc → 0). The remaining tire-related effect is represented by the
rolling resistance coefficient fr, which has already been included in the longitudinal
force-balance model. Thus, neglecting tire–soil deformation is consistent with the
intended operating condition of concrete or asphalt transition surfaces.

Third, wave and current disturbances are neglected by assuming calm-water
operation. For small-amplitude waves, the additional wave resistance is generally
proportional to the square of the wave amplitude ∆Raω ∝ ξ2a, where ξa is the
wave amplitude. In the present simulation, the peak hydrodynamic resistance during
transition is approximately Rmax = 1,745.20 N. If the wave-induced disturbance is
bounded within 3.5% of this peak value, the additional resistance is ∆Raω <

0.035Rmax = 0.035 × 1, 745.20 ≈ 61.1 N. This value is small compared with
the dominant mechanical and hydrodynamic resistance components in the baseline
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model. Therefore, the calm-water assumption is acceptable for preliminary longitudinal
dynamic evaluation under calm or near-calm water conditions.

Overall, the quantitative estimates show that the neglected suspension effect
remains below approximately 4.1%, tire–soil compaction resistance approaches
zero on paved slipways, and small wave-induced resistance is limited to about
61.1 N. These results support the validity of the simplified longitudinal model for
preliminary Series HEPS propulsion sizing. Nevertheless, the model is mainly
applicable to paved-interface and calm-water conditions; future work should include
suspension dynamics, Bekker-based terramechanics, wave spectra, and current-induced
hydrodynamic excitation for more severe operating environments.

In addition to the neglected dynamic effects discussed above, the linear geometric
transition assumption was also evaluated through a CAD-based volumetric sensitivity
analysis. In Section 2.4, the instantaneous draft d(s) is modeled as a linear function of
the longitudinal displacement s to enable continuous updating of buoyancy, wheel-load
redistribution, and hydrodynamic resistance during the water-to-land transition [18,20].
Although real hull geometries may produce nonlinear variations in waterline shape and
submerged volume due to bow curvature, stern geometry, and local cross-sectional
changes, the amphibious vehicle considered in this study has a monolithic floating body
with a relatively flat bottom, rounded bow, and slightly tapered stern. This geometry
limits the nonlinear deviation from the linear draft attenuation model.

To quantify the influence of this simplification, the analytical submerged volume
Vlinear(s) was comparedwith the CAD-extracted submerged volumeVCAD(s) at different
immersion depths. The volumetric error is defined as: εvol =

∣∣∣VCAD(s)−Vlinear(s)
VCAD(s)

∣∣∣,
where VCAD(s) is obtained from the CAD-based waterplane intersection method, while
Vlinear(s) is estimated from the linear draft attenuation model. The results show that
the maximum deviation occurs during the initial emergence stage, where the rounded
bow affects the waterline intersection. However, for the flat-bottom hull considered in
this study, the maximum volumetric error remains below the 5% engineering threshold,
with εvol,max ≤ 4.8%. Since the buoyancy force is directly proportional to the displaced
volume, according to B(s) = ρgV (s), the corresponding buoyancy-force error is of
the same order as the volumetric error. Therefore, the influence of the linear geometric
transition assumption on buoyancy estimation and wheel-load redistribution is limited,
confirming its suitability for preliminary longitudinal dynamic profiling and Series
HEPS propulsion sizing during the water-to-land transition.

3. Results and discussion

3.1. Dynamic of the amphibious vehicle in the on-road phase
Figure 9 presents the simulated acceleration characteristics of the amphibious

vehicle on a dry paved surface starting from a standstill, with load levels of 25%,
50%, 75%, and 100% of the design load. The results indicate that the vehicle mass
directly affects both the time required to reach the speed limit of 60 km/h and the
corresponding acceleration distance. At full load (860 kg), the vehicle reaches 60 km/h
after approximately 28 s, with an acceleration distance of about 350 m. When the load
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is reduced to 75% (795 kg), 50% (730 kg), and 25% (665 kg), the times to reach 60
km/h decrease to approximately 25 s, 22 s, and 20 s, respectively, while the acceleration
distance gradually increases to nearly 400 m. This trend is consistent with Newton’s
second law: under the same torque and power conditions, acceleration increases as
mass decreases.

Figure 9. Velocity and travel distance of the amphibious vehicle under varying loads—
On-road phase.

In the initial stage, the vehicle reaches 15 km/h after 2.8 s (100% load), 2.5 s
(75%), 2.0 s (50%), and 1.8 s (25%). This corresponds to the electric motor’s maximum
torque region, where the traction force fully governs the motion because aerodynamic
resistance is still small. Beyond the maximum torque region, the motor operates in
the nearly constant power region; torque decreases with increasing rotational speed
while aerodynamic drag rises with the square of velocity, causing acceleration to
gradually diminish as speed increases. The velocity–time curve clearly illustrates the
two characteristic regions of electric propulsion: the constant torque region and the
constant power region.

The simulation results demonstrate that the extended-range hybrid propulsion
system meets the acceleration requirements across the entire operational load range.
At the same time, the agreement between the simulated characteristics and the
fundamental dynamics of electric propulsion confirms the consistency and reliability
of the developed vehicle dynamics model.

Figure 10 illustrates the variation of vehicle acceleration over time under different
load conditions. Immediately after start-up, acceleration reaches its peak, approximately
1.52 m/s2 at full load, increasing to about 2.1 m/s2 when the load is reduced to 25%,
reflecting the direct influence of inertial mass on acceleration capability. During the
initial 0.3–3 s, acceleration remains nearly constant, corresponding to the electric motor’s
maximum torque region, where traction force dominates and aerodynamic drag is still
small. Subsequently, as the motor enters the nearly constant power region, torque
decreases with rotational speed while aerodynamic resistance rises with the square
of velocity, resulting in a nonlinear decay of acceleration over time. Acceleration
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approaches zero as the speed reaches 60 km/h, where the traction force balances the
total resistance, confirming stable operation and the design speed limit. This behavior
clearly illustrates the two characteristic regions of electric propulsion and validates the
consistency of the developed vehicle dynamics model.

Figure 10. Variation of amphibious vehicle acceleration over time at different load levels.

Figure 11 illustrates the characteristic relationship between gradeability and
speed of the amphibious vehicle at different load levels. The results indicate that as
speed increases, the maximum maintainable slope decreases significantly. This trend
reflects the power balance limitation of the propulsion system: at higher speeds, the
power required to overcome the total resistance (particularly the slope resistance and
aerodynamic drag) rises rapidly, while the available power from the powertrain remains
limited.

Figure 11. Simulation results of amphibious vehicle climbing ability under varying load—On
land.

On level ground, the maximum speed reaches approximately 65 km/h. As the
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slope increases beyond 10% (≈5.7°), the maximum speed decreases to around 30 km/h.
The reduction continues when the slope reaches 30–40% (≈16.7°–21.8°), where the
maintainable speed drops to about 10 km/h depending on the load level. At a slope of
approximately 100% (≈45°), the maximum speed decreases further to around 4.2–6.2
km/h. The spacing between the curves indicates the direct influence of vehicle load:
the higher the load, the lower the gradeability at the same speed, since slope resistance
is proportional to the total vehicle weight.

Mechanically, the slope resistance increases with the component of gravitational
force along the incline, raising the torque demand at the wheels. Meanwhile, the
characteristics of electric drive systems including the torque-limited region and the
power-limited region cause a reduction in the ability to maintain high speeds on steep
slopes. The convergence of the curves at higher speeds indicates that, as velocity
increases, aerodynamic drag and power limitations become the dominant factors,
relatively diminishing the influence of vehicle load compared to low speed conditions.

It should be clarified that the 100% gradeability case (≈45°) shown in Figure
11 is only an idealized dry-road assessment of the maximum torque capability of
the electric powertrain. This case is used to examine the propulsion margin for
preliminary sizing and should not be interpreted as a feasible water-exit condition
during aquatic-to-terrestrial transition. In the actual transition analysis, the vehicle is
evaluated for bank slopes up to 20° (≈36.4%), which represents the maximum practical
slipway angle considered in this study [18].

The present model is limited to longitudinal dynamics on paved or smooth
slipway surfaces; therefore, lateral motion, yaw response, suspension dynamics,
and deformable tire–soil interaction [19] are not included. Accordingly, the
results should be interpreted as longitudinal propulsion feasibility rather than full
six-degree-of-freedom stability prediction [20].

3.2. Amphibious vehicle dynamics—Underwater operation
Figure 12 shows the acceleration characteristics of the amphibious vehicle starting

from rest in a still-water environment, with load levels ranging from 25% to 100%
of the design load. The results indicate that the maximum speed underwater reaches
approximately 8.7 km/h in all cases, reflecting the equilibrium limit between the
propeller thrust and the total hydrodynamic resistance at steady state.

Under full load conditions (860 kg), the vehicle reaches its maximum speed after
approximately 11 s, with an acceleration distance of about 43 m. When the load
decreases to 75%, 50%, and 25%, the time to reach the limit speed shortens to around
8 s, 7 s, and 6 s, respectively, while the acceleration distance varies between 40–42 m.
This trend indicates that the vehicle mass significantly affects the initial acceleration
but has little impact on the final steady state speed, as the maximum speed is primarily
governed by the propeller thrust characteristics and hydrodynamic resistance, which
depend more strongly on velocity than on mass.

In the initial phase (0–3 s), the vehicle accelerates rapidly, reaching approximately
6 km/h within 2–3 s depending on the load. This corresponds to the operating region
where the electric motor provides high torque and the propeller generates strong
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thrust, while wave resistance and frictional resistance remain relatively small. As
the speed increases, hydrodynamic resistance rises nonlinearly with velocity, causing
the acceleration to gradually decrease until the vehicle reaches a dynamic equilibrium,
where the thrust equals the total resistance and the acceleration approaches zero.

Figure 12. Velocity and distance of the amphibious vehicle as the load changes—On water.

The simulation results indicate that the limiting speed of approximately 9 km/h
aligns well with the selected propeller configuration and power rating of the propulsion
system. This value satisfies the requirements for safe and stable operation in a calm
water environment, while also confirming the validity of the model representing the
interaction between the electric drive system and the hydrodynamic characteristics of
the vehicle hull.

3.3. HEPS dynamics during the transition from the underwater
environment to dry land

3.3.1. Geometric relationships

The simulation results depicted in Figure 13 demonstrate a robust correlation
between the draft (d) and longitudinal displacement (s) during the littoral transition.
The trajectories indicate that the effective draft undergoes a linear attenuation as
the vehicle negotiates the slipway incline. This monotonic decreasing trend aligns
with the computational framework of the present study, which assumes calm-water
conditions to isolate the influence of fundamental geometric parameters from stochastic
wave-induced perturbations.

Regarding payload sensitivity, the data indicate a substantial increase in the peak
draft (dmax) as the vehicle mass scales from 665 kg (25% payload) to 860 kg (100%
payload). Specifically, under nominal load conditions (100%), the draft reaches a
maximum of 0.685 m at a longitudinal trim angle of θ = 20°. This increased payload
shifts the initial hydrostatic equilibrium and expands the submerged projected area,
thereby increasing the resistive torque demand on the powertrain during the initial
ingress phase.
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Figure 13. Correlation between instantaneous draft (d) and displacement trajectory (s).

Simultaneously, the trim angle (θ) serves as a governing kinematic variable
modulating the rate of draft reduction

(
∂d
∂s

)
. As θ increases from 10° to 20°, the

gradient of the d–s characteristic curves steepens, reflecting an accelerated transition
in the submerged hull geometry. Consequently, the variance in d provides critical
data for identifying the bifurcation point between buoyancy-dominated support and
tractive-effort-dominated propulsion. These findings facilitate the optimization of
intelligent power-distribution algorithms for amphibious operations in slipways and
coastal landing zones.

3.3.2. Straight-line motion dynamics

Numerical results for the aquatic-to-terrestrial transition (Figure 14), initiated
at a translational velocity of u = 0.5 m/s at s = 0 m, indicate that the longitudinal
velocity (u(s)) undergoes non-linear acceleration across all payload configurations (m
= 665–860 kg) and incline gradients (θ = 10°–20°). This kinematic behavior aligns with
the longitudinal governing equations for calm-water conditions, where lateral degrees
of freedom (DoF) are neglected. The terminal velocity at the conclusion of the transition
phase (s = 2.391 m) is summarized in Table 2.

Figure 14. Variation of the velocity components u with respect to the travel distance.
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Table 2. Terminal longitudinal velocity (m/s) at the transition boundary (s = 2.391 m) as a
function of vehicle mass (m) and incline gradient (θ).

Vehicle mass m (kg) θ = 10° θ = 15° θ = 18° θ = 20°

665 2.64 2.45 2.35 2.28
730 2.55 2.36 2.25 2.19
795 2.46 2.27 2.16 2.09
860 2.38 2.19 2.08 2.01

The results indicate that longitudinal velocity u(s) is inversely proportional to
both the vehicle mass (m) and the incline gradient (θ). Elevated values for these
parameters exacerbate grade and inertial resistance, thereby attenuating net acceleration.
The non-linear growth trajectory of u(s) corresponds to the exponential decay in
hydrodynamic drag as the displaced volume recedes. Upon full emergence, the
dynamic regime is governed primarily by rolling and grade resistance, aligning with
standard terrestrial vehicle dynamics.

A significant phenomenon is observed during the initial transition phase (0 ≤ 0.4
m), where u(s) at θ = 20° temporarily exceeds the velocity at θ = 10°. This velocity
crossover indicates a shift in dominance between hydrodynamic drag and gravitational
resistance. On steeper gradients, the submerged hull geometry contracts abruptly;
consequently, the hydrodynamic resistance components vanish at a rate exceeding the
simultaneous increase in grade resistance, yielding a localized acceleration surge. As
the vehicle advances into the terrestrial phase, grade resistance emerges as the primary
limiting factor, restoring the conventional inverse relationship between slope angle and
velocity.

3.3.3. Resistance force

Numerical results for the combined mechanical resistance (Fc)—encompassing
rolling resistance, buoyancy-corrected grade resistance, and inertial resistance—
alongside the hydrodynamic drag (R) as functions of displacement (s) (Figure 15),
delineate three discrete dynamic regimes. At the initial boundary (s = 0 m), Fc achieves
its peak magnitude (Table 3) before undergoing rapid attenuation. The data indicate
that initial Fc is inversely proportional to both the incline gradient (θ) and vehicle
mass (m). This apparent paradox is elucidated by the quasi-static force balance;
in the incipient phase, the volumetric displacement generates substantial hydrostatic
buoyancy, which significantly mitigates the normal reaction force at the tire-substrate
interface. Consequently, both the rolling resistance (Ff) and the longitudinal grade
component are suppressed, an effect that supersedes the increase in inertial resistance
associated with the initial acceleration phase.

A prominent dynamic phenomenon occurs in the intermediate region (s = 0.3–0.8
m), where Fc reaches a local minimum while the hydrodynamic drag (R) increases
progressively to its peak magnitude. This inverse correlation stems from a shift in
force dominance during the transition. As the vehicle accelerates, the longitudinal
velocity (u(s)) increases, causing R to rise quadratically relative to velocity (Table 4)
while a significant portion of the hull remains submerged. This elevated hydrodynamic
resistance suppresses instantaneous acceleration, leading to a marked reduction in the
inertial resistance component (Fj). Simultaneously, the residual buoyancy remains
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sufficient to maintain a low normal wheel load, preventing a significant rise in the
baseline mechanical resistance. The synergy of suppressed acceleration and mitigated
normal loads drives Fc to its minimum.

Figure 15. Variation of the total resistance force.

Table 3. Maximum mechanical resistance Fc(N) at s = 0 m

Vehicle mass m (kg) θ = 10° θ = 15° θ = 18° θ = 20°

665 6,516.40 6,205.17 5,971.48 5,794.10
730 6,499.06 6,176.35 5,934.33 5,750.85
795 6,482.36 6,148.46 5,898.51 5,709.11
860 6,466.18 6,121.55 5,863.79 5,668.70

Table 4. Mechanical resistance Fc(s) (N) at the end of the process, at s = 2.391 m.

Vehicle mass m (kg) θ = 10° θ = 15° θ = 18° θ = 20°

665 1,925.53 2,295.68 2,516.87 2,661.97
730 2,033.56 2,439.41 2,681.86 2,842.72
795 2,140.23 2,582.34 2,847.36 3,013.58
860 2,245.78 2,724.70 3,012.80 3,204.84

Upon traversing this crossover region, the hull undergoes progressive emergence,
and the reduction in wetted surface area causes R to decay toward zero. Conversely,
the attenuation of hydrostatic buoyancy transfers the total gravitational load to the
suspension and wheel assemblies. The force equilibrium thus shifts entirely to
terrestrial vehicle dynamics on an inclined plane, causing Fc to rebound. In this final
phase, the resistance follows the expected fundamental trend: direct proportionality to
both m and θ (Table 4).

In contrast to the monotonic attenuation of mechanical resistance during the initial
stage, the purely hydrodynamic resistance (R(s)) does not peak at the transition origin
(s = 0m), but instead reaches its maximummagnitude within the intermediate transition
zone (s = 0.4–0.6 m), as summarized in Table 5.

The data indicate that Rmax is directly proportional to the incline gradient (θ) but
inversely proportional to the vehicle mass (m). This payload-dependent reduction in
R(s) stems from a coupled dynamic interaction: higher mass suppresses longitudinal
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acceleration, resulting in a lower instantaneous velocity (u(s)) within the intermediate
region. Given that R scales quadratically with velocity (u2), the reduction in this
kinematic component overrides the influence of increased volumetric displacement,
which would otherwise augment the drag.

Table 5. Maximum hydrodynamic resistance R(s) (N) in the intermediate transition region.

Vehicle mass m (kg) θ = 10° θ = 15° θ = 18° θ = 20°

665 1,151.60 1,436.60 1,616.76 1,745.20
730 1,138.95 1,417.49 1,593.65 1,719.17
795 1,128.50 1,401.27 1,573.64 1,696.50
860 1,119.92 1,387.37 1,556.38 1,676.83

The occurrence of a localized peak in R(s) at mid-slope is a consequence of
competing dynamic and hydrodynamic effects. At s = 0 m, despite the maximum
draft, the low velocity prevents R from reaching its peak. As the vehicle enters the
intermediate region, u increases significantly while the wetted surface area remains
substantial, yielding the peak hydrodynamic load. In the final phase, although velocity
continues to rise, the rapid decay of the draft toward d = 0 causes the hull to fully emerge,
leading to the evanescence of R(s).

In summary, the resistance characteristic curves facilitate the classification of
the transition into three discrete dynamic phases: (i) the Incipient Phase, governed
by hydro-terrestrial coupling where buoyancy mitigates normal tire loads and
inertial effects dominate; (ii) the Intermediate Transition Phase, characterized by the
simultaneous maximization of velocity and wetted area, causing a hydrodynamic surge
that suppresses acceleration and drives the aggregate mechanical resistance to a local
minimum; and (iii) the Terminal Phase, where hydrodynamic drag is eliminated, and
the system reverts to conventional terrestrial vehicle dynamics on an inclined substrate.

3.3.4. Required power

The graph in Figure 16 illustrates the evolution of the vehicle’s power state (P)
as a function of longitudinal displacement (s), elucidating the energy demand during
the environmental transition phase. The simulation results depict the variation of the
required power, P(s), with respect to distance under four load conditions and four
bank slope angles. Consequently, the power curve reflects the synergistic effects
of the submergence geometry d(s), the kinematic state u(s), and the distribution of
longitudinal force components. A common characteristic across all scenarios is that
P(s) does not originate from zero; rather, it increases sharply at the onset, reaches a
peak in the intermediate region (s = 1.4–1.8 m), and subsequently decreases slightly
towards the end of the stroke (s = 2.391 m), forming a distinct dome-shaped profile. At
the initial position (s = 0 m), although the mechanical resistance component (Fc) is at its
maximum, the required power fluctuates only within a moderate range of 3.4 to 3.6 kW,
depending on the slope angle θ. This phenomenon stems from the boundary conditions
of the problem: the vehicle enters the transition zone with an initial velocity of u = 0.5
m/s rather than starting from a standstill. In this very early stage (s = 0 to 0.3 m), a
notable observation is that the required power at θ = 10° is actually higher than that at
θ = 20°. This discrepancy can be explained by the specific trans-media dynamics: at a
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20° angle, the reduction in draft occurs more rapidly in accordance with the geometric
relationship, leading to an earlier decline in both buoyancy and hydrodynamic effects.
More importantly, the vertical velocity u(s) at 10° during this phase is greater than at 20°.
Since power is proportional to velocity, the difference in u(s) outweighs the difference
in drag, resulting in Preq(s) at 10° being temporarily greater than at 20°. This is a
characteristic phenomenon of the aquatic-terrestrial interaction phase, where velocity
and buoyancy still exert a strong influence and are not yet completely overshadowed
by mechanical grade resistance.

Figure 16. Variation of required power.

The variation in required power (Preq(s)) reflects the coupled influence of
the submerged geometry (d(s)), the kinematic state (u(s)), and the distribution of
longitudinal resistive loads. Across all simulated scenarios, the Preq(s) trajectories
exhibit a characteristic parabolic profile: initiating at a low magnitude, peaking within
the intermediate transition zone (s = 1.4–1.8 m) (Table 6), and slightly attenuating
toward the terminal boundary (s = 2.391 m). Specifically, during the incipient phase
(s = 0–0.3 m), although the mechanical resistance (Fc) is at its maximum, Preq remains
constrained to 3.4–3.6 kW due to the low initial translational velocity (u = 0.5 m/s).
Notably, a kinematic anomaly occurs during this phase: Preq at θ = 10° exceeds that
at θ = 20°. This is attributed to the more rapid draft attenuation on steeper gradients,
which accelerates the decay of buoyancy and hydrodynamic drag; however, since Preq
scales linearly with velocity, the superior acceleration rate at 10o overrides the resistive
differential, yielding higher power demand. This underscores a unique hydro-terrestrial
interaction where velocity and buoyancy effects temporarily supersede gravitational
grade resistance.

Table 6. Maximum Preq(s) power requirement (kW) in the intermediate zone.

Vehicle mass m (kg) θ = 10° θ = 15° θ = 18° θ = 20°

665 6.161 6.725 7.023 7.210
730 6.203 6.793 7.104 7.299
795 6.250 6.864 7.187 7.387
860 6.299 6.937 7.269 7.475
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As the vehicle progresses into the intermediate region (s = 0.4–1.8 m), the
hydrostatic buoyancy diminishes and grade resistance emerges as the dominant load,
restoring the conventional relationship where steeper gradients necessitate higher
power. The compounded effect of rising longitudinal velocity (u(s)) and substantial
residual hydrodynamic drag (R(s)) drives Preq(s) to its peak magnitude (Table 5). The
maximum recorded demand of 7.475 kW (m = 860 kg, θ = 20°) approaches the nominal
powertrain capacity (Pmotor = 7.5 kW). Essentially, this peak load is required to sustain
transient acceleration and overcome hydrodynamic surges during the transition, rather
than for steady-state terrestrial cruising. These peak-power data establish a critical
metric for assessing phase-transition gradeability and provide a robust foundation for
energy management strategies and controller optimization in littoral environments.

3.3.5. Model validation discussion

Although full experimental validation—such as physical prototyping, towing
tank tests, or Hardware-in-the-Loop (HIL) testing—remains a necessary phase
for future work, the present study is strategically positioned at the preliminary
design and theoretical framework development stage. To mitigate the absence
of direct experimental data, the proposed simulation framework establishes its
reliability through rigorous mathematical anchoring to well-validated empirical
models. Specifically, the hydrodynamic resistance components during the in-water
and transition phases are quantified using the Holtrop–Mennen method and ITTC
standards. These established formulations are fundamentally derived from extensive
statistical regression of historical towing tank test data for displacement hulls, thereby
indirectly embedding empirical reliability into the analytical model. Similarly,
the terrestrial traction and resistance forces are calculated based on conventional,
experimentally validated longitudinal vehicle dynamics. By comparing the simulated
trans-media dynamics with these standardized empirical frameworks, the proposed
model demonstrated reasonable theoretical consistency. Furthermore, the smooth
continuity observed in the velocity, resistance, buoyancy, and power profiles during
the aquatic-to-terrestrial transition process (Figures 14 and 15) supports the numerical
stability and physical plausibility of the mathematical framework. This pure numerical
approach provides a crucial, cost-effective baseline for sizing the propulsion system
and optimizing control algorithms before committing to capital-intensive physical
prototyping.

3.3.6. Limitations and future research directions

The current model was created under idealized boundary conditions, assuming
that the undersea environment is static and the on-land topography is smooth asphalt,
based on the simulation findings and previously discussed topics. As a result, even
though their impacts under actual operating conditions are known to be substantial,
random external disturbances such as crosswinds, wave spectra, and hydrodynamic
currents were not taken into account. The research team’s next task is to create a control
strategy for the hybrid propulsion system of the amphibious vehicles (AVs), building
on the results of the initial mathematical model and the dynamic simulation results
for the AVs on land, in water, and during the transition phase from water to land. The
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hybrid powertrain model for the amphibious vehicle will be used to estimate the vehicle
range and energy efficiency both on land (according to speed cycles) and in water (at
constant speed), with inputs including constant generator power and battery capacity,
once the input parameters have been established. The ideal generator power and battery
size will then be determined using a swarm-based optimization method so that the AVs
can reach the necessary range as efficiently as possible. In order to finish the study
and lay the groundwork for further research, experimental testing will be carried out to
offer a strong basis for assessing and precisely drawing conclusions about the hybrid
propulsion system.

4. Conclusion

Based on the suggested hybrid propulsion system (HEPS), this study created
a dynamic simulation and mathematical model for an amphibious vehicle. The
suggested hybrid powertrain was assessed and preliminary simulation results indicate
satisfactory dynamic performance under the assumed operating conditions for the AVs
when operating fully on land, in water, and during transitions from water to land
through simulations carried out in the MATLAB/Simulink environment. Focusing
purely on longitudinal dynamics, the simulation results show that the proposed HEPS
configuration provides sufficient and continuous tractive effort to maintain dynamic
continuity during inter-environment movement. The vehicle achieves the required
on-road design speed of 60 km/h, reaches approximately 8.7 km/h in calm-water
operation, and attains terminal transition velocities of approximately 7.2–9.5 km/h at
the aquatic-to-terrestrial transition boundary. Furthermore, the results demonstrate that
the amphibious vehicle’s acceleration and directional stability during uphill travel meet
the operational requirements when it transitions from water to land on a 20° incline in
just 6.4 s.

Beyond theoretical modeling, these findings hold significant engineering
application value for the commercial development of light-duty amphibious vehicles,
particularly those deployed in ecotourism, flood rescue, and inland water patrol.
For instance, the identification of the peak power demand (approximately 7.5 kW)
occurring precisely in the intermediate transition zone serves as a critical boundary
condition for engineers to correctly size the electric traction motor, define the battery
pack’s peak discharge capabilities, and design the thermal management system.
Additionally, verifying that the vehicle can successfully clear a 20° incline in 6.4 s
ensures that the proposed HEPS configuration is practically compatible with typical
real-world infrastructure, such as standard boat slipways and natural riverbanks.
Ultimately, by utilizing this unified parametric model, automotive engineers can
rapidly evaluate gear ratios, payload distribution, and powertrain constraints during the
preliminary design phase, substantially reducing the reliance on costly trial-and-error
physical prototyping.

In line with the goals of intelligent and sustainable transportation solutions, these
results offer a strong basis for further study and development of hybrid propulsion
systems for amphibious vehicles (AVs). Future work will focus on improving the
realism and applicability of the proposed framework by incorporating wave-induced
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disturbances, deformable soft-terrain interaction, CFD-enhanced hydrodynamic
coupling, and experimental validation using prototype-based or Hardware-in-the-Loop
(HIL) platforms. In addition, advanced control and energy-management strategies
for hybrid amphibious propulsion systems will be investigated under more complex
real-world operating conditions.
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