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A B S T R A C T

Internal solitary waves (ISWs) are commonly observed in stratified oceans and may cause sudden and dangerous 
depth drops for underwater vehicles. Although the hydrodynamic responses of vehicles encountering ISWs have 
been extensively investigated, effective control strategies for mitigating ISW-induced disturbances remain 
insufficient. In this study, a numerical wave tank based on the extended Korteweg–de Vries (eKdV) equation is 
developed within the STAR-CCM + framework to reproduce ISW propagation in a density stratified environment. 
The Joubert BB2 submarine is selected as the test model, and fully coupled simulations incorporating hull 
motion, propeller rotation, and stern rudder deflection are performed using overset mesh and sliding mesh 
techniques. A proportional–derivative (PD) controller is employed to regulate the stern rudder angle for depth 
control. The results indicate that when the submarine operates below the density interface, the PD controller 
provides limited suppression of depth drop because ISW-induced adverse horizontal velocity reduces forward 
speed and rudder effectiveness. To address this issue, a proportional–integral (PI) controller is further introduced 
to adjust the propeller rotational speed in real time, thereby compensating for thrust loss and maintaining the 
desired cruising speed. Under the combined PD–PI control strategy, the maximum depth drop is reduced to 29% 
of that in the uncontrolled case. Additional simulations for submarines located at and above the density interface 
further confirm the effectiveness of the proposed control approach. The present study provides practical guid
ance for the design of control systems for underwater vehicles operating in ISW affected environments.

1. Introduction

In realistic ocean environments, variations in temperature and 
salinity frequently lead to stable density stratification (Cao et al., 2024; 
Chen et al., 2024). Under external disturbances, undulations occur at the 
density interface, resulting in internal waves. As a distinct form of in
ternal wave, ISWs can reach amplitudes on the order of hundreds of 
meters and possess significantly higher energy than surface waves 
(Helfrich and Melville, 2006). Furthermore, ISWs primarily occur in 
deep waters, which significantly complicates their prediction and 
monitoring; consequently, submarines often lack sufficient time to take 
effective evasive actions once an encounter is detected (Gong et al., 
2022). According to public reports, the Chinese Submarine No. 372 
represents the only documented instance of a successful recovery 
following an internal wave encounter. The South China Sea is one of the 
most active regions for ISWs globally (Alford et al., 2015). Therefore, 
investigating the hydrodynamic loads and motion responses of 

submarines subjected to ISWs is of great engineering value and scientific 
significance.

Various theoretical models have been employed to characterize 
ISWs, including the KdV, extended eKdV, mKdV, Miyata–Choi–Camassa 
(MCC), Dubreil–Jacotin–Long (DJL), and high–level Green–Naghdi 
(HLGN) models. Selecting an appropriate wave generation model based 
on the degree of nonlinearity of the ISW is critical (Cui et al., 2021). The 
KdV equation is generally applicable for describing weakly nonlinear, 
small-amplitude ISWs (Benjamin, 1966). For large-amplitude ISWs with 
moderate nonlinearity, the eKdV or mKdV theories can be introduced to 
enhance the description of nonlinear effects (Lee and Beardsley, 1974; 
Michallet and Barthelemy, 1998). Strongly nonlinear ISWs typically 
require the adoption of MCC or DJL theories (Choi and Camassa, 1999; 
Dunphy et al., 2011). Furthermore, for ISWs exhibiting both strong 
nonlinearity and strong dispersion, the HLGN model is preferred (Zhao 
et al., 2016).

Given that the wavelength of ISWs is typically much larger than the 
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characteristic length of underwater vehicles, the feedback of the vehicle 
on the ISW-induced flow field is commonly neglected. Under this 
assumption, hydrodynamic loads have been extensively studied using 
internal wave theories combined with the Morison equation. Cai et al. 
(2003) investigated ISW-induced loads on a vertical cylinder based on 
the KdV theory, while Cai et al. (2006, 2008) demonstrated the domi
nance of the first-mode internal wave and further incorporated back
ground shear effects. To improve load prediction accuracy, a modified 
Morison equation was proposed (Zan and Lin, 2020; Lin and Zan, 2021), 
highlighting the importance of nonlinear terms. More recently, Xuan 
et al. (2023) developed an ISW load model for slender underwater 
bodies based on the eKdV equation and validated it through physical 
experiments with good agreement. Nevertheless, these approaches 
generally rely on idealized assumptions, limiting their ability to resolve 
detailed flow structures required by high-fidelity analyses of 
ISW-induced hydrodynamic effects.

Numerous experimental studies have examined the hydrodynamic 
loads on underwater vehicles subjected to internal solitary waves 
(ISWs). For fixed structures, Wei et al. (2014) investigated a submerged 
slender body and systematically analyzed load characteristics under 
different submersion depths and ISW amplitudes. Considering orienta
tion effects, Wang et al. (2020) studied the loads on a transverse slender 
body encountering head-on and oblique depression ISWs, showing that 
the horizontal force is mainly governed by the ISW-induced flow field, 
whereas the vertical force arises from the coupling between the density 
and velocity fields. Earlier, Wang et al. (2023c) explored the vertical 
non-uniform structure of ISWs in continuously stratified fluids and the 
resulting forces on a horizontal cylinder, reporting that the peak vertical 
force increases with wave amplitude and varies non-monotonically with 
submersion depth for cylinders located near the pycnocline. More 
recently, Xuan et al. (2024) measured the horizontal and vertical forces 
on a fixed slender body to validate the accuracy of load calculations 
based on flow fields derived from different internal wave theories.

Beyond fixed structures, experimental efforts have also focused on 
motion responses in ISW environments. Cui et al. (2019) investigated 
the motions and mooring tensions of a floating structure under ISWs, 
demonstrating that response amplitudes increase with wave amplitude 
and are strongly influenced by the layer depth ratio and model scale. Cui 
et al. (2020) further examined the motions of cylinders and spheres, 
revealing that wave amplitude predominantly affects heave motion, 
while the relative distance to the pycnocline governs surge motion; a 
thinner upper layer was found to exacerbate structural responses. 
Despite their value, experimental studies require substantial facilities 
and resources, are time-consuming and costly, and generally cannot 
provide full-field flow information.

With the rapid development of high-performance computing, nu
merical methods have significantly advanced our understanding of both 
ISW dynamics and wave–structure interactions. Beyond theoretical 
wave models, advanced numerical frameworks have been specifically 
designed to resolve the intricate propagation processes of internal 
waves. For instance, Ai et al. (2021) developed a non-hydrostatic model 
employing the immersed boundary method to simulate ISW generations 
and propagations over complex, uneven topographies, successfully 
capturing critical phenomena such as internal hydraulic jumps, wave 
breaking, and vortex evolution. Building upon the capability to resolve 
these challenging hydrodynamic environments, computational fluid 
dynamics (CFD) has become an effective tool for investigating 
ISW-induced hydrodynamic loads and motion responses of underwater 
vehicles. For fixed structures, Wen et al. (2022) examined the load 
characteristics and flow evolution of vertical risers under multiple ISW 
conditions, showing that wave packets induce smaller horizontal forces 
than single ISWs. Furthermore, multi-parameter sensitivity analyses 
have demonstrated that the hydrodynamic loads of submerged struc
tures are highly sensitive to wave characteristics, including amplitude 
and incidence angle, as well as structural geometry and operating con
ditions such as vehicle speed and submergence depth (Liu et al., 2023; 

Huang et al., 2023; Ding et al., 2023). Zhang et al. (2024) combined CFD 
and deep learning to achieve high-accuracy prediction of the surface 
shear stress on a cylinder under the action of internal solitary waves. 
Cheng et al. (2026) proposed a fast prediction approach that couples the 
vertical-plane motion equations for an underwater vehicle with an ISW 
force prediction model, thereby enabling rapid prediction of the vehicle 
motion response under ISW disturbances. To more accurately represent 
realistic ocean environments, some studies have taken the pycnocline 
into account. Chen et al. (2023a, 2023b) systematically investigated the 
nonlinear interactions between different types of ISWs, including 
depression and elevation waves, and submerged floating tunnels (SFTs) 
in continuously stratified fluids. The results show that the wave-induced 
loads are strongly dependent on the submergence depth, wave ampli
tude, and density ratio, while the mooring lines can effectively limit the 
ISW–SFT interaction.

For freely moving structures, many studies have been conducted 
based on the SUBOFF standard model. Wang et al. (2023a) investigated 
the dynamics of the bare SUBOFF hull under ISW action, identifying the 
ISW-induced rotational velocity field as the primary cause of variations 
in motion and force. Additionally, submarines operating in the lower 
layer were found to be more prone to a depth drop. Cheng et al. (2024b)
employed the DJL equation to investigate the effects of submergence 
depth, wave amplitude, and advancing speed, showing that motion re
sponses are highly sensitive to depth, particularly near the pycnocline, 
whereas wave amplitude and speed mainly influence load magnitude 
and interaction duration. He et al. (2024) further examined the inter
action between hovering submarines and ISWs, revealing distinct tra
jectory patterns above and below the density interface.

Extending the research scope beyond the hovering state, Wang et al. 
(2023b) incorporated thrust into the motion equations to realize 
self-propulsion. They compared the interaction effects on fixed, sus
pended, and self-propelled submarines and discussed the influence of 
thrust magnitude. The numerical results demonstrated significant vari
ations in loads and motions in the surge, heave, and pitch directions; 
notably, submarines with high propulsion forces were able to penetrate 
the wave surface. Subsequently, Wang et al. (2024) further explored the 
interaction mechanism between ISWs and high-speed moving sub
marines, systematically studying the effects of amplitude, initial depth, 
and restoring stiffness on motion response. However, these studies have 
predominantly focused on the passive motion of submarines following 
ISW encounters, without considering active control measures to mitigate 
the consequences of sudden depth drops.

Cheng et al. (2023, 2024a) implemented a PD controller by incor
porating a corrective moment directly into the motion equations, suc
cessfully mitigating the heave and pitch responses induced by ISWs. 
Nevertheless, a distinct gap remains between this simplified modeling 
approach and realistic engineering practices. In actual operation, sub
marines rely on the hydrodynamic forces generated by appendages, such 
as stern planes, to provide the necessary control moments, a mechanism 
that differs fundamentally from the direct moment application assumed 
in these studies.

Just as a suspension system is indispensable for a vehicle, autopilot is 
vital for the precise attitude regulation of a submarine. In the realm of 
submarine control, Carrica et al. (2019) utilized an autopilot system to 
control the sail planes, stern planes, ballast tanks, and trim tanks, con
ducting a comparative analysis of the self-propulsion performance of the 
Joubert BB2 submarine at various depths in both calm water and waves. 
Han et al. (2021) employed overset mesh and the body force model to 
simulate steady turning and spiral maneuvers of the BB2 submarine. 
Chen et al. (2023c) combined overset mesh, sliding mesh, and 
six-degree-of-freedom motion to investigate near-surface maneuvering, 
demonstrating that free-surface effects significantly reduce stern-plane 
control efficiency and increase the tactical diameter. More recently, 
Guo et al. (2024) investigated the steady turning motion of the BB2 
submarine under near-surface conditions, exploring the influence of the 
free surface on hydrodynamic forces, pressure distributions, wave 
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patterns, and vortex structures. Despite these advances, existing 
research has overlooked the influence of internal solitary wave envi
ronments on submarine control system.

As described in the aforementioned literature, it is evident that 
research about underwater vehicles in ISW environments has predomi
nantly focused on hydrodynamic characteristics and passive motion 
responses, with no studies employing autopilots for active control. 
Conversely, existing research on submarine control has not yet 
accounted for the ISW environment. Consequently, the control mecha
nisms for submarines subjected to ISWs remain unclear; addressing this 
gap is the primary motivation of this paper. The remainder of this paper 
is organized as follows: Section 2 introduces the numerical methods 
employed. Section 3 describes the numerical setup and validations. 
Section 4 analyzes the motion response and control effectiveness of the 
submarine. Finally, Section 5 presents the conclusions.

2. Methodology

2.1. Governing equations

The numerical simulations in this study were conducted using the 
commercial software STAR-CCM+. The Reynolds-Averaged Navier–
Stokes (RANS) method was employed to solve the flow field. The gov
erning equations, including the mass continuity equation and the 
momentum conservation equation, are expressed as follows: 

∂ui

∂xi
= 0 (1) 

∂ui

∂t
+ uj

∂ui

∂xj
= −

1
ρ

∂p
∂xi
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iuʹ

j

∂xj
+ f i (2) 

Where ui represents the time-averaged velocity component, uíuʹ
j denotes 

the Reynolds stress term, and p and f i are the time-averaged pressure and 
body force, respectively.

2.2. Turbulence model

To achieve closure for the RANS equations, the Shear Stress Trans
port (SST) k − ω turbulence model is employed in this study. This model 
utilizes the k − ω formulation to resolve the flow in the near-wall region 
and switches to the k − ε formulation in the free stream. The transport 
equations for the turbulence kinetic energy k and the specific dissipation 
rate ω are expressed as follows (Menter, 1994): 
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Here, Γk and Γω are the effective diffusivities. Gk and Gω represent the 
generation of turbulence kinetic energy and specificdissipation rate, 
respectively. Yk and Yω denote the dissipation terms due to turbulence, 
and Sk and Sω are the source terms.

2.3. Volume of fluid method

Since this study needs to simulate internal solitary waves propa
gating between two immiscible fluid layers, the Volume of Fluid (VOF) 
method is employed to capture the density interface. The VOF method 
resolves the interface by calculating the volume fraction of each fluid 
within each computational cell (Hirt and Nichols, 1981). 

∂r
∂t

+
∂
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In STAR-CCM+, the High-Resolution Interface Capturing (HRIC) scheme 
is adopted to accurately capture the sharp interface. The interface region 
is characterized by a volume fraction range of 0 < r < 1. In this study, the 
iso-surface where the volume fraction of the upper fluid equals 0.5 is 
defined as the location of the ISW profile.

2.4. Theoretical model for ISW

In the present study, a numerical wave tank is established based on 
the eKdV theory to simulate ISWs. The interfacial displacement gov
erned by the eKdV equation is expressed as: 
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Where η represents the ISW waveform profile. The parameters ρi; and hi 
(i = 1, 2) denote the density and depth of the upper (i = 1) and lower (i =
2) layer respectively.

The analytical solution for the η can be expressed as: 
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Where η0 denotes the wave amplitude, and ceKdV is the theory phase 
velocity. The term leKdV represents the characteristic wavelength, and B 
is an auxiliary parameter.

The velocity at the inlet boundary is specified using a User-Defined 
Function (UDF), given by: 

U(t)=

⎧
⎪⎪⎨

⎪⎪⎩

− ceKdV
η(x, t)

h1 − η(x, t), z > η(x, t)

ceKdV
η(x, t)

h2 + η(x, t), z < η(x, t)
(16) 

3. Computational setup and validations

3.1. Geometry and coordinate systems

The geometric object investigated in this study is the fully appended 
Joubert BB2 submarine. This generic submarine hull form was originally 
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designed by Joubert and subsequently modified by the Maritime 
Research Institute Netherlands (MARIN). The configuration includes the 
hull, sail, sail planes, and X-rudders. It is propelled by a six-bladed 
MARIN 7371R propeller. The geometry of the submarine is illustrated 
in Fig. 1, and the main parameters are listed in Table 1.

Two Cartesian coordinate systems are adopted in this study: the 
body-fixed coordinate system O− xyz and the earth-fixed coordinate 
system E− XYZ, as illustrated in Fig. 2. The origin O of the body-fixed 
system is located at the center of gravity (CG) of the submarine 
model. The x-axis aligns with the longitudinal axis, pointing towards the 
bow (positive); the y-axis points to the starboard side (positive); and the 
z-axis points vertically downwards (positive). Translational and rota
tional motions are defined with respect to the earth-fixed (inertial) co
ordinate system, The axes X, Y, and Z of the earth-fixed system are 
aligned with the initial directions of the x, y, and z axes of the body-fixed 
system, respectively, and remain spatially invariant during the simula
tion. The positive directions of forces correspond to the coordinate axes, 
while the positive directions of moments follow the right-hand rule.

During the self-propulsion simulation, the rotating reference frame 
of the propeller moves rigidly with the body-fixed coordinate system. 
The axis of propeller rotation ox coincides with the x-axis of the hull, and 
the propeller maintains a right-handed rotation throughout the process, 
as illustrated in Fig. 3.

3.2. Computational domain and mesh configuration

In this study, the overset mesh method is employed to simulate the 
large amplitude motions of the submarine under the influence of ISWs. 
As illustrated in Fig. 4, the entire computational domain is primarily 
divided into two parts: Part 1 serves as the far field background region 
for resolving the ISW flow field, while part 2 acts as the near field overset 
region to accommodate the rigid body displacements of the submarine. 
Data exchange between these two regions is facilitated through the 
overset interface.

Within the submarine region, specific sub-regions are defined, 
including the propeller rotation region and the four rudder regions. The 
sliding mesh technique is applied to propeller region to directly simulate 
the propeller rotation, with flow data exchange between submarine re
gion and propeller region achieved through a sliding mesh interface. To 
ensure numerical stability during propeller rotation, a small artificial 
gap of approximately 5 mm is introduced at the junction between the 
propeller hub and the submarine hull to serve as the interface. Mean
while, the independent deflections of the four rudders are handled using 
the overset mesh method. Similarly, a small gap of approximately 5 mm 
is introduced between the rudder blade and the rudder stock of each 
rudder to facilitate the interpolation between the overset meshes.

The computational domain is discretized using the trimmed cell 
meshing technique. To ensure simulation accuracy, local mesh re
finements are applied to the ISW amplitude region, the vicinity of the 
propeller, and the rudders. Additionally, prism layers are generated on 
the submarine surface to accurately resolve the near wall flow. The final 

mesh consists of approximately 16 million cells, as illustrated in Fig. 5.

3.3. Boundary conditions and ISW generation

The schematic of the numerical wave tank for internal solitary waves 
is presented in Fig. 6. The dimensions of the computational domain are 
300 m × 15 m × 25 m in length, width, and height, respectively. The 
depths of the upper and lower fluid layers are 5 m and 20 m, with 
corresponding densities of 998 kg/m3 and 1025 kg/m3.

Regarding the boundary conditions, the right boundary is defined as 
a velocity inlet, while the left boundary is set as a pressure outlet. The 
top and bottom boundaries are treated as no-slip walls, and the front and 
back boundaries are set as symmetry planes. An ISW with an amplitude 
of 4 m is generated at the velocity inlet.

The submarine travels in a direction opposite to the ISW propaga
tion. The initial CG of the submarine is positioned 2 m below the 
interface. When the horizontal distance between the submarine's CG and 
the vertical axis of the ISW trough reaches 90 m, the submarine degrees 
of freedom are released, and both the PD and PI controllers are activated 
simultaneously. Subsequently, the submarine moves forward under self- 
propulsion to interact with the lSW.

3.4. PD-PI autopilot control

To achieve the self-propulsion point, the rotational speed of the 
propeller is governed by a Proportional–Integral controller. This method 
dynamically regulates the propeller speed during the numerical simu
lation by minimizing the deviation between the target and instantaneous 
submarine speeds. The governing equation for the PI controller is given 
by Eq. (17) (Carrica et al., 2019): 

R(t)=R0

(
1+Kp ⋅ error+Ki ⋅

∑
error

)
(17) 

where R(t) denotes the instantaneous rotational speed, and R0 repre
sents the initial value. The error term is defined as the difference be
tween the target speed and the current speed of the submarine. In the 
equation, Kp is the proportional gain, which provides a corrective action 

Fig. 1. The Joubert BB2 geometry.

Table 1 
Main parameters of the Joubert BB2 (model scale 1:18.348).

Description Symbol Full Model

Overall length L (m) 70.2 3.826
Beam B (m) 9.6 0.523
Draft to deck Dd (m) 10.6 0.578
Draft to sail top Ds (m) 16.2 0.883
Diameter of propeller Dp (m) 5 0.273
Displacement ▽ (tons) 4440 0.7012
Longitudinal Center of Gravity (from nose) XCG (m) 32.31 1.761
Vertical Center of Gravity (from shaft) ZCG (m) 0.0443 0.0024
X-axis Moment of Inertia Ixx (kg⋅m2) 6.5 × 107 30.849
Y-axis Moment of Inertia Iyy (kg⋅m2) 1.42 × 109 665.448
Z-axis Moment of Inertia Izz (kg⋅m2) 1.42 × 109 665.229

L. Li et al.                                                                                                                                                                                                                                        Ocean Engineering 356 (2026) 125401 

4 



proportional to the instantaneous error, while Ki is the integral gain, 
which accounts for the accumulated error over time to eliminate steady- 
state deviations.

In this study, the submarine attitude is controlled using its stern 
rudders. Since the investigation is restricted to the motion in vertical 
plane, the control strategy involves only the equivalent diving planes 
(for pitch and depth control), excluding the equivalent vertical rudder 
(for yaw control). Unlike conventional cruciform rudders, the control of 
X-rudders is not intuitively decoupled. Consequently, a conversion for
mula is generally required to establish a mapping between the actual X- 
rudder angles and the equivalent cruciform rudder angles. The equiva
lent mathematical model relating the X-rudder to the cruciform rudder is 
expressed as Eqs. (18) and (19). 

δs =
1
4
( − δ1 + δ2 − δ3 + δ4) (18) 

δ1 = δ3 = − δs
δ2 = δ4 = δs

(19) 

Where δs denotes the effective stern plane angle. The parameters δ1, δ2, 
δ3, and δ4, as illustrated in Fig. 7, represent the deflection angles of the 
down starboard, down port, up port, and up starboard rudders, respec
tively, when viewed from the stern towards the bow. During rudder 
rotation, the original rudder is divided into the rudder stock and the 
rudder blade. The separation planes are located at spanwise distances of 
0.065 m and 0.08 m from the hull surface at the leading and trailing 
edges, respectively.

Real-time automatic control of the rudder angle is critical for 
ensuring the stability and maneuverability of the submarine model; 
therefore, the selection of an appropriate autopilot strategy is of para
mount importance. In this study, a PD controller is employed to regulate 
the vertical-plane motion attitude of the Joubert BB2 submarine. The 
specific formulation of the control law is presented in Eqs. (20)–(22). 

δs(t)=Pzez(t) + Dz
dez(t)

dt
+ Pθeθ(t) + Dθ

deθ(t)
dt

(20) 

e(t)= edesire − ecurrent (21) 

de(t)
dt

=
e(t)current − e(t)previous

tcurrent − tprevious
(22) 

Where ez(t) is depth error, eθ(t) is pitch error. Pz and Dz denote the 
proportional and derivative gains for depth control, respectively, while 
Pθ and Dθ denote the corresponding gains for pitch attitude control. The 
subscript “desire” denotes the desired value of the parameter, “current” 
represents the actual instantaneous value, and “previous” refers to the 
value at the previous time step. The time step dt is set to 0.01 s.

The proportional (P) and derivative (D) control parameters of the 
autopilot are presented in Table 2. It should be noted that these pa
rameters were adopted from the MARIN report and have been converted 

Fig. 2. The motion coordinates.

Fig. 3. The propeller coordinate.

Fig. 4. The overset regions.
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to the model scale based on the scaling factor. The maximum rudder deflection rate of the full-scale submarine is 

Fig. 5. The mesh details: (a) Mesh on the y = 0 section; (b) Mesh on the submarine; (c) Mesh of the rudder; (d) Mesh on the surface of propeller.

Fig. 6. Schematic diagram of the ISW numerical tank with submarine.

Fig. 7. The X-rudders of Joubert BB2 submarine.
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7.11◦/s, which corresponds to a limit of 30.5◦/s at the model-scale. 
Furthermore, the maximum deflection angle for each rudder is con
strained to 30◦.

3.5. Verification and validation

Due to the absence of experimental data for self-propelled sub
marines in ISW environments, a two-stage validation strategy is adopted 
in this study. The first stage verifies the reliability of the submarine self- 
propelled simulation in calm water, while the second stage validates the 
motion response of a suspended structure under ISW conditions.

For the calm water verification, a mesh convergence study was 
conducted in deep, calm water conditions at a forward speed of 1.2 m/s, 
with the water density set to 997.561 kg/m3. Four different mesh res
olutions were generated, corresponding to total cell counts of 5.7, 12, 
16, and 26 million, respectively. A consistent local refinement strategy 
was applied across all four configurations, differing only in the base 
mesh size. The propeller rotational speed (determined by the PI 
controller) and the thrust at the self-propulsion point for each mesh are 
summarized in Table 3.

Table 3 shows that the numerical error decreases with increasing 
mesh resolution relative to the finest mesh. The relative difference in 
propeller rpm and thrust between the 16 million and 26 million cell 
mesh is less than 2%. Therefore, considering the trade-off between 
computational efficiency and accuracy, the mesh with 16 million cells is 
adopted for subsequent simulations.

To further validate the reliability of the submarine self-propulsion 
simulation, the numerical results obtained from Mesh case 3 are 
compared with the experimental data reported by Overpelt et al. (2015)
under deep water conditions. The comparison results are presented in 
Table 4.

Table 4 presents a comparison of the propeller rotational speed and 
thrust between the converged numerical results and the experimental 
data. Certain discrepancies exist between the two datasets, which can be 
attributed to the inherent differences between numerical simulations 
and physical experiments. The relative error for the rotational speed is 
only 1.49%, while the thrust discrepancy remains within 7%. Conse
quently, the numerical method adopted in this study is deemed reliable 
for submarine self-propulsion simulations.

Simulations of the motion response of a suspended structure under 
ISW conditions were conducted based on the physical experiments of 
Cui et al. (2020). The specific parameters for the ISW environment are as 
follows: the depths of the upper and lower layers are 0.1 m and 0.4 m, 
with densities of 1030 kg/m3 and 1051 kg/m3, respectively, and the 
targeted ISW amplitude is 0.0827 m.

Before introducing the structure, the mesh resolution in the back
ground region was carefully calibrated to ensure the accurate 

propagation of this specific ISW without significant numerical dissipa
tion. Anisotropic mesh refinement was applied, ensuring more than 30 
cells per wave amplitude in the vertical direction and over 100 cells per 
characteristic wavelength in the horizontal direction. The simulated ISW 
profile in an empty tank under these identical parameters was extracted 
and compared with the analytical eKdV solution. As illustrated in Fig. 8
(a), the CFD-predicted wave profile exhibits excellent agreement with 
the theoretical solution, demonstrating that the adopted background 
mesh is sufficiently fine to maintain the ISW amplitude without 
noticeable attenuation.

Subsequently, the target sphere, with a diameter of 0.088 m, was 
positioned with its center of gravity 0.05 m below the density interface 
in the numerical tank. The time history comparison of heave and surge 
motions in Fig. 8(b) and (c) demonstrates good agreement between the 
numerical and experimental results, particularly regarding the peak 
values and general trends, confirming the validity of the numerical 
model.

4. Results and discussion

In this section, the propeller rotational speeds required to maintain a 
self-propulsion velocity of 1.2 m/s were first determined in a still 
stratified environment (where the ISW amplitude is zero). Three 
representative submergence depths were considered: 2 m below the 
density interface, directly at the interface, and 2 m above the interface. 
These specific rotational speeds were subsequently applied to the sub
marine simulations within the ISW environment. The schematic of the 
three submergence positions is illustrated in Fig. 9, while the time his
tories of the propeller rotational speed and submarine velocity for the 
still water self-propulsion tests are presented in Fig. 10. The rotational 
speed was regulated using a PI controller, with the specific parameters in 
Eq. (17) set as follows:R0 = 272 rpm,Kp = 1,Ki = 0.2 (Guo et al., 2024). 
The PI controller adjusts the propeller rotational speed in real time to 
maintain a constant horizontal speed of the submarine in the body-fixed 
coordinate system.

As illustrated in Fig. 10, the submarine rapidly stabilizes at the target 
cruising speed of 1.2 m/s through the automatic regulation of the PI 
controller. The influence of submergence depth on the results is found to 
be marginal; the propeller rotational speeds corresponding to the self- 
propulsion points at the three depths are 325, 324, and 327 rpm, 
respectively. These values are subsequently adopted as the baseline 
propeller speeds for the investigation of the submarine's motion in the 
ISW environment.

Fig. 11 presents the flow field characteristics of a depression-type 
ISW with an amplitude of 4 m, simulated based on the parameters 
outlined in Section 3.3. The panels display the horizontal velocity field, 
vertical velocity field, wave profile, and the velocity vectors and dy
namic pressure (DP = 0.5ρV2), respectively.

Fig. 11 illustrates the flow field of a depression-type ISW with an 
amplitude of 4 m. As shown in the horizontal velocity field in Fig. 11(a), 
a distinct vertical two-layer structure is observed. The upper layer ex
hibits negative velocities (blue, leftward), while the lower layer shows 
positive velocities (yellow, rightward), indicating strong shear near the 
density interface. Consequently, when a submarine operating below the 
interface penetrates the ISW profile, it encounters an adverse flow field, 
leading to a significant loss of speed. Therefore, real-time adjustment of 
the propeller rotational speed is essential to maintain cruising speed.

Fig. 11(b) displays the distribution of vertical velocity, which is 

Table 2 
Autopilot PD parameters (model scale 1:18.348).

Description Translation in z direction (z) Rotation about y axis (θ)

Proportional symbol (P) Pz Pθ

Proportional value − 55.4 (degrees/m) 3 (degrees/degree)
Derivative symbol (D) Dz Dθ

Derivative value − 12.85[degrees/(m/s)] 0.7 [degrees/(degree/ 
s)]

Table 3 
Mesh convergence results for the self-propelled condition.

Mesh 
case

Cells 
(million)

Rotational speed 
(rpm)

ε1 (%) Thrust 
(N)

ε2 (%)

1 5.7 282 − 1.78 27.08 − 5.12
2 12 285.5 − 0.56 27.71 − 2.91
3 16 288.4 0.45 29.05 1.79
4 26 287.1 - 28.54 -

Table 4 
Results of CFD and experiments under self-propulsion condition.

Parameters Present Experiment Error

Velocity (m/s) 1.2 1.19 ——
Rotating speed (rpm) 272 268 1.49%
Thrust (N) 24.92 26.6 − 6.32%
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characterized by distinct anti-symmetry. At the wavefront (left side), the 
fluid motion is primarily downward (blue region, with a maximum ve
locity of approximately − 0.19 m/s), which tends to drive the submarine 
to sink. Conversely, at the rear face (right side), the fluid moves upward 
(red region, with a maximum velocity of approximately 0.19 m/s), 
lifting the submarine.

Fig. 11(c) shows the interface profile of the ISW using the volume 
fraction contours of the lower fluid layer. As indicated by the red arrow, 
the ISW propagates to the left and exhibits characteristics typical of a 
wave of depression. Fig. 11(d) further superimposes the velocity vectors 
onto the dynamic pressure distribution. It can be observed that the dy
namic pressure is concentrated in the wave trough region. Furthermore, 
the velocity vector field intuitively reveals that the motion trajectories of 

fluid particles during wave propagation follow an elliptical pattern, 
thereby validating the accuracy of the velocity field analysis discussed 
above.

To investigate the motion responses of the submarine encountering 
an ISW under various control conditions, this study classifies the control 
strategies into three modes: (1) constant rotational speed without stern 
rudder control; (2) constant rotational speed with stern rudder control; 
and (3) variable rotational speed regulated by a PI controller with stern 
rudder control. Considering the three submergence depths illustrated in 
Fig. 9, a total of nine simulation cases are established, as detailed in 
Table 5.

Fig. 8. Validations of the ISW wave profile and the motion responses of a suspended sphere.

Fig. 9. Submarine self-propulsion at three depths in still water.
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4.1. Motion response of the submarine under ISW

For the submarine traveling at a cruising speed of 1.2 m/s and 
initially positioned 2 m below the interface, the relative positions under 
the three control scenarios at the stages of approaching the wavefront 
(left side), reaching the wave trough, and approaching the rear face 
(right side) are illustrated in Fig. 12. The corresponding quantitative 
displacement time histories are presented in Fig. 13.

Fig. 12 visually presents the relative positions of the submarine 
during the ISW encounter. A comparison of the three cases reveals 

distinct behaviors. In Case 1, due to the absence of stern rudder control, 
the submarine exhibits passive drifting motion and fails to penetrate the 
ISW. In Case 2, although stern rudder control is activated to maintain 
depth, the submarine still experiences the “falling deep” after traversing 
the wave. Notably, as it exits the rear face (right side), disturbances to 
the waveform induced by the sinking hull are visible. In contrast, for 
Case 3, the adaptive adjustment of the propeller rotational speed ensures 
sustained thrust output after passing the wave. This, combined with the 
stern rudder control, effectively mitigates the sinking trend following 
the encounter, resulting in the most stable attitude among three cases.

The displacement time histories in Fig. 13 further reveal the dis
tinctions between the different control strategies. The time interval from 
0 to 100 s corresponds to the propagation stage of the internal solitary 
wave, and the submarine's degrees of freedom are released at t = 100 s. 
Regarding surge motion, the displacement curve for Case 3 exhibits a 
linear increase, indicating that the submarine successfully maintains its 
target cruising speed. The displacement for Case 1 is slightly lower than 
that of Case 3. However, for Case 2, the slope of the curve decreases 
significantly after t = 130s, demonstrating that constant rotational speed 
is insufficient to overcome the massive drag induced by the ISW, leading 
to severe speed loss for the submarine. In terms of pitch motion, Case 1 
conforms to the streamlines, resulting in a relatively small pitch 
amplitude characterized by an initial bow-down motion followed by a 
bow-up recovery. In contrast, Case 2 and Case 3 actively adjust the 
submarine's attitude via the stern rudders. However, Case 2 experiences 

Fig. 10. Propeller speed and submarine velocity during self-propulsion in a still water environment.

Fig. 11. Flow field characteristics of an ISW: (a) Horizontal velocity field; (b) Vertical velocity field; (c) ISW waveform profile; (d) Velocity vectors and dy
namic pressure.

Table 5 
Propeller rotational speeds, stern rudder control conditions, and initial depth 
parameters for the 9 cases.

Case Propeller rotational 
speed (rpm)

Stern rudder 
control

Relative position with respect to 
the density interface (d/m)

1 325 No − 2
2 PD
3 PI
4 324 No 0
5 PD
6 PI
7 327 No 2
8 PD
9 PI
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a maximum pitch angle of − 20.6◦, as the reduced forward speed 
weakens the control authority of the rudders. Conversely, Case 3 utilizes 
the PI controller to increase propeller rpm, thereby maintaining suffi
cient speed and hydrodynamic lift on the rudder control surfaces, which 
effectively limits the maximum pitch angle to − 15◦.

Heave motion is a critical indicator for evaluating the safety of the 

submarine. Under the influence of the ISW, Case 1 exhibits the 
maximum “falling deep” of 2.21 m. In Case 2, despite the activation of 
stern plane control, the “falling deep” remains significant at 1.90 m. In 
contrast, only Case 3 successfully restricts the maximum “falling deep” 
to within 0.64 m, achieved through the combined control strategy of 
variable rotational speed and stern rudder plane deflection.

Fig. 12. Wave profiles and relative positions of a self-propelled submarine during three stages of encountering an ISW.

Fig. 13. Motion response of a self-propelled submarine encountering an ISW.
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4.2. Velocity field and force characteristics

This section analyzes the velocity field and force characteristics 
during the submarine's encounter with an ISW. Fig. 14 illustrates the 
relative positions of the submarine under the three control conditions at 
the stages of approaching the wavefront, reaching the wave trough, and 
approaching the rear face. The corresponding quantitative time histories 
of the horizontal force and horizontal velocity are presented in Fig. 15.

Fig. 14(a) illustrates the horizontal flow field characteristics for Case 
1 as the submarine encounters the ISW. Since no control is activated in 
this case, the trajectory exhibits a distinct passive drifting behavior. 
During the transition from the wavefront through the wave trough to the 
rear face, the horizontal velocity of the fluid in the lower layer aligns 
with the submarine's forward direction. Consequently, the submarine 
experiences a significant acceleration phase during this process.

Regarding Case 2 and Case 3, the activation of stern rudder control 
enables the submarine to successfully penetrate the ISW profile. How
ever, after traversing the wave profile, the fluid velocity becomes 
opposite to the submarine's direction of motion. Consequently, the 
submarine in Case 2 experiences speed loss. Upon reaching the wave 
trough, the submarine exhibits a large bow-up pitch angle, which results 
in a significant low-velocity wake region behind the hull. This leads to a 
surge in drag, directly causing the rapid deceleration of the submarine. 
In contrast, for Case 3, the propeller rotational speed is adaptively 
increased in response to the speed deficit. This generates a strong pro
pulsive force at the stern, allowing the submarine to overcome the ISW- 
induced resistance and maintain a stable forward cruising speed.

Fig. 15 presents the time histories of the horizontal force (Fx) and 
horizontal velocity (Vx) of the submarine during the ISW encounter, 
visually reflecting the dynamic performance under different control 
strategies. The force state directly dictates the velocity response. In Case 
1, the force curve exhibits relatively smooth fluctuations with small 
amplitudes (concentrated within the range of − 12.4~15.5N). Due to the 
absence of stern rudder control, the force variations originate entirely 
from the inherent pressure gradient and relative flow velocity changes of 
the ISW field. The curve transitions from positive to negative, directly 
resulting in the passive acceleration-deceleration motion characteristics 
observed in Fig. 15(b).

For Case 2, the horizontal force reaches a negative peak of − 64.6N at 
t = 128s. Consequently, the submarine experiences severe speed loss, 
with the velocity plummeting to a minimum of 0.36 m/s. In contrast, the 
curve for Case 3 displays distinct oscillatory characteristics, which result 

from the rapid regulation of the propeller rotational speed by the PI 
controller. Despite these fluctuations, the resistance never reaches the 
extreme negative values observed in Case 2. Furthermore, the sub
marine's cruising speed remains highly stable, demonstrating that the 
adaptive thrust compensation effectively counteracts the resistance 
induced by the ISW.

The vertical velocity field and the resulting vertical forces directly 
characterize the vertical motion of the self-propelled submarine 
following an ISW encounter. Fig. 16 illustrates the relative positions of 
the submarine under the three stages of approaching the wavefront, 
reaching the wave trough, and approaching the rear face. The corre
sponding quantitative time histories of the vertical force and vertical 
velocity are presented in Fig. 17.

Fig. 16 illustrates the evolution of the vertical velocity field around 
the submarine under different conditions. The vertical flow distribution 
of the ISW exhibits distinct spatial characteristics. The left side of the 
trough (wavefront) is dominated by downward flowing fluid (blue re
gion), which constitutes the primary hydrodynamic source of the sub
marine's sinking in Case 1. Conversely, the right side of the trough (rear 
face) transitions to upward-flowing fluid (yellow region), acting as the 
driving force that restores the uncontrolled submarine toward its initial 
depth after exiting the trough.

In Case 2, driven by the active control of the stern rudders, the 
submarine maintains a distinct bow-up attitude both when approaching 
the wavefront and upon reaching the wave trough. This attitude is 
adopted to compensate for the loss of buoyancy incurred as the sub
marine enters the upper fluid layer. However, correlating this with the 
horizontal velocity analysis in Fig. 14(b) reveals that the submarine has 
entered a state of severe speed loss. This reduced forward speed dras
tically diminishes both the rudder effectiveness and the hydrodynamic 
lift of the hull. Consequently, during the transition from the wave trough 
to the rear face, the submarine lacks sufficient lift and control force, 
leading to a significant sinking.

In contrast, the submarine in Case 3 is capable of adaptively 
adjusting the propeller rotational speed. During the phase approaching 
the rear face of the wave, a narrow and coherent wake trace can be 
observed trailing the hull. This observation confirms that the submarine 
successfully maintained its target cruising speed, thereby significantly 
ensuring depth stability throughout the entire ISW crossing process.

Fig. 17(a) clearly presents the distinctly different force characteris
tics of the submarine under various conditions. The force curve for Case 
1 is smooth and mirrors the inherent flow features of the ISW (initial 

Fig. 14. Horizontal velocity of the flow field during three stages of a self-propelled submarine encountering an ISW.
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downward suction followed by upward lift), indicating that the sub
marine is subject to passive wave loading. In contrast, Case 3 exhibits 
significant active control characteristics. Notably, when encountering 

the downward vertical flow at t = 126s, the force curve generates a sharp 
positive peak (reaching 57.9N). Subsequently, when the net vertical 
force becomes negative due to buoyancy loss after penetrating the wave 

Fig. 15. Horizontal force and velocity of the submarine.

Fig. 16. Vertical velocity of the flow field during three stages of a self-propelled submarine encountering an ISW.

Fig. 17. Vertical force and velocity of the submarine.
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interface (t ≈ 129s), the system rapidly adjusts the stern rudder planes 
and propeller to counteract this loss (t ≈ 133s). Similarly, as the sub
marine traverses the rear face (t ≈ 142s), it adjusts quickly to offset the 
sudden increase in buoyancy. Conversely, the force response in Case 2 
appears sluggish and insufficient. Due to the severe deceleration of the 
submarine, the rudder efficiency was significantly reduced, and its force 
curve failed to demonstrate the rapid adjustment capability similar to 
Case 3 at the critical moment.

The disparity in force characteristics directly dictates the motion 
response of the submarine. As shown in Fig. 17(b), the vertical velocity 
curves for both Case 1 and Case 2 exhibit large amplitudes, with 
maximum sinking velocities reaching 0.168 m/s and 0.146 m/s, 
respectively. This indicates that even with active stern rudder control, 
the submarine in a stalled state (Case 2) cannot escape the fate of “falling 
deep” similar to the uncontrolled case (Case 1). In contrast, benefiting 
from the robust automatic regulation of vertical forces, the vertical ve
locity in Case 3 is successfully confined to oscillate within a narrow 
range. Although the curve is not a perfectly straight line, its mean value 
is maintained near zero, and there is no sustained accumulation of 
negative velocity. This demonstrates that the combined control strategy 
of variable propeller rotational speed and stern rudder control success
fully alters the depth drop outcome following the ISW encounter.

4.3. Submarine surface dynamic pressure distribution and control strategy 
assessment

To visually illustrate the velocity distribution and motion attitude of 
the submarine during three critical stages of the ISW tra
versal—approaching the wavefront, reaching the wave trough, and 
approaching the rear face, Fig. 18 presents the contours of dynamic 
pressure on the hull surface. This visualization facilitates the analysis 
and comparison of the submarine's motion responses to the ISW under 
different control strategies.

In Case 1 (Fig. 18(a)), as the submarine transitions from the wave
front into the wave trough region, the dynamic pressure on the hull 
surface undergoes a significant rise and remains elevated in the post- 
wave phase. The surge in dynamic pressure (indicated by the expan
sion of the red region) signifies a substantial increase in the relative flow 
velocity over the hull surface. This phenomenon occurs because, in the 
absence of control intervention, the submarine experiences longitudinal 
acceleration induced by the ISW, exhibiting a characteristic passive 
drifting behavior. Such uncontrolled motion is detrimental to the 
maintenance of the designated navigation mission.

In stark contrast to Case 1, Case 2 (Fig. 18(b)) exhibits a highly un
stable dynamic pressure state. As the submarine reaches the wave 
trough, the dynamic pressure plummeted and continued to decrease in 
the subsequent phase, indicating a sharp reduction in flow velocity over 
the hull surface. Although the stern rudder attempted to maintain the 
submarine's attitude, the immense hydrodynamic resistance from the 
ISW could not be overcome by the fixed propeller thrust, leading to a 
rapid dissipation of the submarine's kinetic energy. Consequently, the 
submarine entered a state of severe deceleration, and this substantial 
loss of speed, in turn, severely impaired the control effectiveness of the 
rudders.

Case 3 (Fig. 18(c)) demonstrates the optimal control performance. 
Throughout the entire process of traversing the ISW, both the distribu
tion pattern and the magnitude of the dynamic pressure on the hull 
surface exhibited high stability. This indicates that, by increasing thrust 
in adverse flow and reducing it in following flow via the PI controller, 
the submarine successfully overcame the velocity perturbations induced 
by the ISW and maintained a relatively constant cruising speed. These 
results fully validate the effectiveness of the combined control strategy 
of adaptive propeller speed and stern plane deflection within the ISW 
environment.

Fig. 19 details the response behavior and hydrodynamic forces of the 
stern rudders as the submarine traverses the ISW. The figure consists of 
three panels: (a) illustrates the variation in the rudder deflection angle, 
reflecting the control output of the PD controller; (b) and (c) present the 
time histories of the force components acting on the rudder blades in the 
horizontal and vertical directions, respectively. By comparing the dif
ferences in rudder angle and force across the three cases, the role of the 
stern rudders during the ISW encounter is thoroughly elucidated.

As illustrated in Fig. 19(a), regarding Case 1 as the uncontrolled 
baseline, the rudder angle remains constant at 0◦. In the controlled 
scenarios, Case 2 and Case 3 exhibit distinct response characteristics. For 
Case 2, after the submarine traverses the ISW interface (approximately t 
> 130s), the rudder angle increases rapidly and remains sustained at the 
maximum limit of 30◦. This indicates that, due to the substantial speed 
reduction in Case 2, the flow velocity over the rudder surfaces is insuf
ficient. Consequently, the PD control system is forced to command 
maximum deflection in an attempt to generate adequate moment for 
attitude maintenance. However, prolonged rudder saturation signifies 
that the control system has lost its regulation margin, ultimately failing 
to alter the outcome of the submarine's depth excursion. In contrast, the 
rudder angle in Case 3 fluctuates within a reasonable range (approxi
mately − 15.4◦ to 7.7◦) throughout the entire process, with no saturation 

Fig. 18. Dynamic pressure on the submarine surface during three stages of encountering an ISW.
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observed. This demonstrates that, aided by the adaptive propeller 
rotational speed strategy, the submarine maintains a high cruising 
speed. This ensures good hydrodynamic efficiency of the rudders, 
allowing sufficient control moment to be generated with small deflec
tion angles.

Regarding the vertical force component shown in Fig. 19(c), 
although the rudder angle in Case 2 reaches its saturation limit of 30◦, 
the maximum vertical force generated is only approximately 75 N. In 
contrast, Case 3 generates a higher peak vertical force of approximately 
98 N despite using smaller rudder angles. This strongly demonstrates 
that the high cruising speed maintained in Case 3 significantly enhances 
rudder effectiveness. For Case 2, due to speed loss, even full rudder 
deflection fails to generate sufficient control force. Regarding the hori
zontal force component (Fig. 19(b)), this force manifests primarily as 
induced drag generated by the rudder deflection. The peak drag in Case 
3 (about − 32 N) is greater than that in Case 2. While larger drag is 
typically undesirable, in this context, it is a necessary concomitant of the 
effective vertical control force. Crucially, Case 3 overcomes this 

additional drag by increasing the propeller rotational speed by the PI 
controller.

Fig. 20 captures the dynamic pressure distribution on the submarine 
surface and its motion attitude during the initial stage of the ISW 
encounter (t = 120s). This visualization aims to demonstrate the regu
latory mechanism of the PD controlled stern rudders during this early 
phase.

As illustrated in Fig. 20(a), in Case 1, the submarine operates in an 
uncontrolled state with the stern rudders maintained at zero degrees. 
The hull exhibits a bow-down attitude, and the pressure on the upper 
surface exceeds that on the lower surface. This indicates that the sub
marine is primarily subjected to the downward vertical flow field of the 
ISW wavefront. In contrast, Case 2 in Fig. 20(b) demonstrates significant 
changes following the intervention of the PD control system. The details 
highlighted in the black box clearly reveal a distinct deflection of the 
stern rudders. This deflection generates a downward force on the stern, 
driving the submarine into a bow-up attitude.

Fig. 21 presents the quantitative time histories of the propeller 

Fig. 19. Stern rudder deflection angles and corresponding hydrodynamic forces.

Fig. 20. Regulatory effect of the control rudder on submarine attitude during the initial stage.
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rotational speed and hydrodynamic forces of the propulsion system 
during the ISW crossing. It is noteworthy that the magnitudes of Fx and 
Fz are determined not only by the propeller rotational speed but also by 
the submarine's instantaneous pitch angle.

As illustrated in Fig. 21(a), the propeller rotational speeds for Case 1 
and Case 2 remain constant throughout the process. In contrast, Case 3 
demonstrates the rapid regulatory action of the PI controller. After the 
submarine penetrates the ISW, the horizontal flow velocity becomes 
opposite to the submarine's direction of motion. Upon detecting the 
trend of decreasing forward speed, the controller commands a dramatic 
surge in propeller rotational speed. The speed rapidly escalates from the 
baseline value to a peak exceeding 726 rpm, thereby providing active 
compensation to counteract the immense adverse hydrodynamic forces 
induced by the internal wave. It should be noted that this rotational 
speed is obtained under idealized conditions, while the actual rotational 
speed is also constrained by the motor torque limitations.

The variation in propeller rotational speed directly translates into 
thrust output. As shown in Fig. 21(b), the thrust for Case 1 remains at a 
relatively low level (about 30 N) and fluctuates only slightly in response 
to the flow field changes. In Case 2, the thrust drops to 15 N after the 
submarine encounters the adverse flow. This limited thrust is evidently 
insufficient to counterbalance the massive drag induced by the ISW, 
thereby resulting in the severe stall phenomenon observed in this case. 
In contrast, the horizontal thrust (Fx) for Case 3 exhibits a significant 
peak characteristic, with the maximum thrust reaching approximately 
134 N — more than four times the baseline thrust. This substantial thrust 
surplus provides the necessary kinetic energy to allow the submarine to 
maintain its target cruising speed within the ISW flow field.

It is noteworthy to examine the vertical force component Fz, pre
sented in Fig. 21(c). Influenced by variations in the pitch angle, the 

vertical force generated by the propeller exhibits rapid fluctuations 
across all three cases. Specifically, during the high-speed rotation phase 
in Case 3, the propeller generates a significant vertical force (peaking at 
approximately 38N). Although this force is a secondary component 
(derived from the thrust vector), its hydrodynamic contribution is non- 
negligible. In Case 2 and Case 3, the loss of net buoyancy after the 
submarine traverses the ISW interface tends to induce a sinking. In this 
context, the upward component of the propeller thrust effectively 
functions as a vertical stabilizer. It directly assists in counteracting a 
portion of the buoyancy loss induced by density variations, thereby 
aiding in the maintenance of the submarine's vertical stability.

Fig. 22 selects a critical moment (t = 135 s), immediately after the 
submarine traverses the ISW trough, for detailed analysis. At this 
instant, the fluid particles exhibit a strong opposing horizontal velocity. 
By comparing the hull attitude and dynamic pressure contours of Case 2 
(fixed rotational speed) and Case 3 (variable rotational speed) at this 
specific time, the figure analyzes the influence of the propulsion system 
on the submarine's overall depth stability following the ISW encounter.

As illustrated in Fig. 22(a), Case 2 presents a state of depth drop. 
First, the low dynamic pressure on the hull surface indicates that the 
submarine's speed has decayed significantly, as the thrust provided by 
the fixed rotational speed is unable to withstand the strong adverse flow. 
Second, the submarine exhibits a massive bow-up pitch angle. Combined 
with the previous analysis, although the control system has commanded 
full rudder deflection at this stage, the vertical force generated by the 
rudders is insufficient due to the excessively low flow velocity to 
counteract the loads induced by the ISW. Consequently, Case 2 vividly 
demonstrates the phenomenon that loss of speed implies loss of control 
authority.

In stark contrast, Case 3 in Fig. 22(b) demonstrates a distinctly 

Fig. 21. Propeller rotational speed and thrust.
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different outcome. Regarding dynamic pressure, the contours indicate 
that the pressure on the hull surface is maintained at a high level of 
approximately 739 Pa. This is attributed to the PI controller significantly 
increasing the propeller rotational speed around t = 130s (refer to 
Fig. 21). The resulting immense thrust not only effectively overcame the 
resistance but also maintained the submarine's high-speed state. In terms 
of attitude, the sufficient forward speed ensured high control effective
ness of the stern planes, enabling them to generate adequate vertical 
force to balance the buoyancy loss. The comparison in Fig. 22 provides 
compelling evidence that, within the ISW flow field, propulsion control 
and attitude control constitute an inseparable coupled system. The 
active variable-speed strategy employed in Case 3 serves not merely as a 
means of speed regulation, but as a prerequisite for ensuring maneu
vering efficiency and preventing “fall deep” accidents.

Fig. 23 visualizes the transient vortex structures of the propeller and 
stern rudders using Q-criterion isosurfaces (Q = 50) when the submarine 
is positioned at the ISW trough. The isosurfaces are colored by the 
magnitude of velocity.

As shown in Fig. 23(a), the flow field in Case 1 is dominated by tip 
vortices generated by the propeller, exhibiting a relatively simple 
structure. However, in Fig. 23(b) and (c), the intervention of the stern 
plane control system and the significant deflection of the rudders induce 
the generation of new vortex structures. Rudder tip vortices shedding 
from the edges of the rudder blades are clearly visible.

A comparison between Case 2 and Case 3 reveals a fundamental 
distinction in energy states, highlighted by the color differences in the 
propeller vortex structures. In Case 3 (Fig. 23(c)), the vortex tubes 
behind the propeller appear deep red, indicating higher velocity mag
nitudes. This is attributed to the PI controller significantly increasing the 
rotational speed, thereby injecting substantial kinetic energy into the 
flow field. Conversely, the vortex system in Case 2 (Fig. 23(b)) appears 
primarily blue and yellow, signifying lower flow velocities that are 

insufficient to effectively counteract the speed deficit induced by the 
ISW.

Further observation of the evolution of the rudder-induced vortices 
reveals that the vortex structures in Case 3 exhibit superior coherence 
and a longer propagation distance. The rudder tip vortices in this case 
maintain a distinct morphology and extend into the downstream far- 
field. In Case 2, however, the vortex structures generated by the rud
ders break down and dissipate rapidly immediately after shedding, 
resulting in a minimal propagation distance.

4.4. Influence of initial submergence depth on control performance

To investigate the motion responses of a self-propelled submarine 
encountering an ISW at different submergence depths, and to assess the 
effectiveness of the control system in mitigating depth drop under these 
conditions, this section maintains the ISW amplitude constant while 
varying only the submarine's initial vertical position. Specifically, the 
two alternative depths defined are examined: the submarine positioned 
exactly at the density interface and the submarine positioned 2 m above 
the interface.

Fig. 24 presents the time histories of the motion responses for the 
submarine operating at the interface between two fluid layers during an 
ISW encounter. By comparing Case 4 (uncontrolled), Case 5 (stern 
rudder control only), and Case 6 (combined stern rudder and propeller 
control), the depth-keeping capability of the different control strategies 
at this specific position is evaluated.

As illustrated in Fig. 24(a) and (d), the surge displacement curve for 
Case 6 exhibits a linear growth trend. This implies that, even at the 
interface, the submarine can effectively overcome the resistance of the 
adverse flow and maintain a constant cruising speed, due to the thrust 
compensation provided by the PI controller. In contrast, the curves for 
Case 4 and Case 5 significantly deviate from the linear trajectory after t 

Fig. 22. Effect of PI-controlled propeller on the submarine after passing the wave trough.

Fig. 23. Structures of the propeller and stern-rudder vortices at the wave trough visualized by the Q-criterion isosurfaces (Q = 50).
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> 120s, with a gradually decreasing slope. This indicates that under 
fixed rotational speed, the submarine cannot overcome the drag induced 
by the strong adverse flow field. As shown in Fig. 24(d), Case 4 and Case 
5 experience severe deceleration, with the velocity plummeting from the 
cruising speed to approximately 0.4 m/s. Consequently, the slope of the 
displacement curves in Fig. 24(a) flattens. It is noteworthy that the 
displacement in Case 5 is slightly lower than that in Case 4. This is 
attributed to the additional induced drag generated by the rudder 
deflection, which further exacerbates the speed deficit in the absence of 
sufficient thrust.

The disparity in forward speed directly dictates the effectiveness of 
pitch control. As illustrated in Fig. 24(b), although Case 5 activates stern 
rudder control, the excessively low speed results in insufficient hydro
dynamic lift from the rudder surfaces to counteract the ISW-induced 

sinking trend. Consequently, the submarine remains trapped in a sus
tained bow-up attitude of approximately 14◦. In contrast, Case 6 
maintains a high cruising speed of 1.2 m/s, ensuring sufficient rudder 
effectiveness. As a result, the submarine experiences only a transient 
pitch fluctuation (with a peak of approximately − 10.6◦) before rapidly 
recovering to a small pitch angle.

As illustrated in Fig. 24(c) and (e), for a self-propelled submarine 
operating at the interface, the loss of buoyancy induced by the density 
difference leads to immediate sinking from the onset of motion. The 
uncontrolled submarine in Case 4 experiences a catastrophic depth 
excursion, with the maximum sinking depth reaching 2.9 m and the 
vertical sinking velocity hitting 0.21 m/s. Although Case 5 partially 
mitigates the sinking through rudder control, a sustained depth drop of 
approximately 0.75 m persists. In contrast, Case 6 exhibits excellent 

Fig. 24. Motion response for the submarine positioned at the interface (d = 0).
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depth-keeping capability. Fig. 24(e) indicates that the vertical velocity 
fluctuations in Case 6 are significantly suppressed around zero. Conse
quently, the maximum depth excursion is limited to only 0.49 m, fol
lowed by a rapid recovery to the initial depth.

Fig. 25 details the response processes and resulting hydrodynamic 
forces of the propulsion and autopilot systems for the submarine initially 
positioned at the density interface while traversing the ISW.

As illustrated in Fig. 25(a), the propeller rotational speeds for Case 4 
and Case 5 remain constant. In contrast, for Case 6, in response to the 
adverse flow field of the ISW, the PI controller commands a drastic 
adjustment of the propulsion system, with the peak speed approaching 
600 rpm—approximately double that of the uncontrolled case. This 
dramatic surge in rotational speed not only maintains the forward speed 
but also yields significant hydrodynamic benefits in the vertical direc
tion. As shown in Fig. 25(c), due to the submarine's instantaneous pitch 
angle, the high thrust in Case 6 resolves into a substantial vertical 
component, which reaches approximately 21.2 N around t = 119s. This 
additional vertical force directly counteracts the buoyancy loss incurred 
upon entering the ISW, serving as a key auxiliary mechanism that en
ables Case 6 to effectively mitigate depth drop (refer to Fig. 24(c)).

As shown in Fig. 25(b), the rudder angle in Case 6 is maintained 
within a small range (− 6.8◦ to 4.9◦) throughout the process, avoiding 
saturation. Due to the cruising speed sustained by the high-speed pro
peller, the vertical control force generated by the rudder surfaces 
(Fig. 25(d)) is substantial, reaching a peak of 53.1 N. In contrast, Case 5 
exhibits characteristics of a typical control struggle. Around t ≈ 150s, as 
the submarine struggles to maintain depth, the control system com
mands a big rudder deflection, with the peak angle approaching 25◦. 
However, Fig. 25(d) reveals that despite the large deflection angle, the 
generated vertical force decays rapidly. This occurs because Case 5 has 

entered a state of severe speed loss, rendering the rudder blades ineffi
cient. It is not until t ≈ 160s, when the submarine approaches the rear 
face of the ISW, that the increase in buoyancy resolves the risk of “falling 
deep”, allowing the submarine to rapidly recover to its initial depth.

Fig. 26 presents the time histories of the motion response for the 
submarine encountering an ISW at a position 2 m above the interface. 
The figure provides a detailed comparison of the performance of the 
three cases (Cases 7, 8, and 9) in terms of surge, pitch, and heave mo
tions, conducting an in-depth analysis in conjunction with the velocity 
time histories (Fig. 26(d) and (e)). The analysis focuses on evaluating the 
adaptability of different control strategies within the upper fluid layer 
environment of the ISW.

Unlike the previous two submergence depths, when the submarine is 
initially positioned 2 m above the interface, there is no buoyancy loss 
induced by density differences throughout the entire ISW encounter. 
Consequently, the submarine's motion is primarily dominated by the 
velocity field of the ISW.

As shown in Fig. 26(d), the submarine in the upper fluid layer also 
encounters a strong horizontal adverse flow. The horizontal velocities 
for Case 7 and Case 8 decay from 1.2 m/s to approximately 0.7 m/s, 
representing a reduction of about 41.6%. In contrast, Case 9 successfully 
maintains the cruising speed at the setpoint of 1.2 m/s by regulating the 
propeller rotational speed via the PI controller.

For the uncontrolled submarine (Case 7), correlating with the ver
tical velocity field characteristics shown in Fig. 11(b), it is evident that 
when approaching the wavefront, the downward fluid motion causes the 
submarine to bow-down and sink. Conversely, when approaching the 
rear face, the upward fluid motion causes the submarine to bow-up and 
rise.

For the controlled cases (Case 8 and 9), the trend of the pitch attitude 

Fig. 25. Propeller and stern rudder results for the submarine positioned at the interface (d = 0).
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is opposite to that of Case 7, demonstrating the effectiveness of the stern 
rudder control. Notably, the range of pitch angle fluctuation in Case 9 is 
smaller than that in Case 8. Regarding heave displacement, the 
maximum sinking distances for Case 8 and Case 9 are 0.08 m and 0.09 m, 
respectively, which are significantly smaller than that of Case 7.

Fig. 27 illustrates the time history responses of the propulsion and 
steering systems while the submarine operates 2 m above the interface 
(d = 2m). The figure specifically presents the propeller rotational speed 
(Fig. 27(a)), the stern rudder deflection angle (Fig. 27(b)), and their 
corresponding vertical hydrodynamic force components (Fig. 27(c) and 
(d)).

Fig. 27(a) shows that the propeller rotational speed in Case 9 exhibits 
a significant increase during the crossing, peaking at approximately 550 
rpm. This reconfirms that even within the upper fluid layer, the hori
zontal hydrodynamic drag remains substantial, necessitating increased 

thrust to maintain cruising speed.
However, in contrast to the scenarios at the previous two depths, 

Fig. 27(c) indicates that the vertical thrust component generated by the 
propeller is minimal, with a maximum value of only 4.3 N. This suggests 
that at this submergence depth, the primary role of the propulsion sys
tem is to overcome horizontal drag rather than providing vertical lift. 
This shift in load characteristics aligns with the density properties of the 
ISW's upper layer.

Fig. 27 (b) and (d) reveal the distinctions in stern rudder control 
between Case 8 and Case 9 at the current depth. Case 9 exhibits high- 
frequency, small amplitude control characteristics, where the rudder 
angle oscillates rapidly within a range of ±2◦ to correct minute attitude 
deviations in real time. This sensitive response benefits from the precise 
speed regulation by the PI controller, ensuring the rudders always 
maintain sufficient hydrodynamic efficiency, thereby suppressing 

Fig. 26. Motion response for the submarine positioned 2 m above the interface (d = 2 m).
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attitude fluctuations at the onset. Conversely, in Case 8, as the sub
marine's speed decreases, larger rudder angles are required to achieve 
the desired control effect. This results in a longer response time and a 
more sluggish performance compared to Case 9, which accounts for the 
divergence observed after 150 s.

To quantitatively evaluate the maximum sinking distances of the 
submarine at three different submergence depths (d = − 2 m, 0 m, 2 m) 
and to visually compare the performance in anti-sinking performance 
across different scenarios, the normalized maximum sinking displace
ment ratio (Z/Zbaseline) is adopted as the evaluation metric. Here, Z de
notes the maximum sinking displacement of the current case, while 
Zbaseline (specifically Z1, Z4, and Z7) represents the maximum sinking 
displacement of the uncontrolled baseline case at the corresponding 
depth.

As illustrated in Fig. 28, the control effectiveness varies significantly 
with the initial submergence depth, particularly when the submarine is 
positioned in the lower fluid layer.

In the lower layer (d = − 2 m), the PD-only control yields a 
displacement ratio of 0.86, implying that it eliminates only approxi
mately 14% of the sinking amplitude. This indicates that, due to the 
reduction in forward speed, the hydrodynamic lift generated solely by 
the stern planes is extremely limited and insufficient to effectively 
withstand the ISW flow field. In contrast, the combined PD–PI control 
significantly reduces the displacement ratio to 0.29, representing a 
nearly five-fold improvement in suppression efficiency. This substantial 
enhancement is attributed to the additional thrust and vertical force 
component provided by the variable rotational speed strategy, which 
effectively compensate for the insufficiency in rudder effectiveness.

At the density interface (d = 0 m), the PD-only control reduces the 
displacement ratio to 0.33, while the combined PD–PI control further 

compresses this ratio to 0.17. This additional 16% performance gain 
(improving from 0.33 to 0.17) is critical. Similar to the lower layer case, 
this improvement is primarily attributed to the vertical thrust compo
nent of the propeller and the regulatory effect of high rudder 
effectiveness.

In the upper layer (d = 2 m), the vertical motion induced by the ISW 
is relatively weak due to the absence of buoyancy loss. Consequently, 
both the PD-only and combined PD–PI strategies demonstrate 

Fig. 27. Propeller and stern rudder results for the submarine positioned 2 m above the interface (d = 2 m).

Fig. 28. Comparison of control performance for the maximum sinking distance 
of a submarine at different initial depths.
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exceptional performance, reducing the normalized displacement ratios 
to 0.09 and 0.08, respectively. Under this situation, the stern planes 
alone are sufficient to maintain depth, and the benefit of PI controller is 
less significant compared to the deeper submergence cases.

5. Conclusion

In this study, a numerical wave tank based on the eKdV equation was 
established to investigate the motion responses and control strategies of 
a self-propelled Joubert BB2 submarine during an ISW encounter. By 
utilizing overset mesh and sliding mesh techniques, a fully coupled 
simulation encompassing hull motion, propeller rotation, and control 
surface deflection was achieved. A combined control strategy, inte
grating PD control for the stern rudder planes and PI control for pro
peller rotational speed, was proposed. Its performance was 
systematically compared with that of the uncontrolled case and the case 
with rudder control only. The main conclusions are summarized as 
follows: 

(1) Motion response and “falling deep” phenomenon: When an un
controlled submarine encounters a depression type ISW, it ex
periences a significant “falling deep” phenomenon. This is driven 
by the combined effects of the downward vertical flow velocity at 
the wavefront and the buoyancy loss induced by density varia
tions. The phenomenon is most severe when the submarine is 
initially positioned at the density interface, due to the strong 
coupling effect between hydrodynamic loads and variations in 
the density field.

(2) Limitations of stern rudder plane control (PD–only): Although the 
autopilot system based on rudder planes can mitigate the depth 
excursion to a certain extent, its effectiveness is critically con
strained by the submarine's forward speed. Since the horizontal 
flow field induced by the ISW acts opposite to the submarine's 
direction of motion, under the fixed rotational speed condition, 
this adverse flow leads to a severe rapid deceleration. Especially 
when the submarine is initially positioned below the density 
interface, the sharp drop in speed causes a drastic reduction in the 
hydrodynamic lift generated by the rudder surfaces. Conse
quently, even with maximum rudder deflection (rudder satura
tion at 30◦ in Case 2), the system fails to provide sufficient lift to 
reverse the outcome of the submarine's “falling deep”.

(3) Effectiveness of combined control (PD–PI): The introduction of 
the PI controller for propeller rotational speed significantly en
hances the submarine's safety. By adaptively increasing the rpm, 
the propulsion system effectively compensates for the massive 
drag induced by the ISW, thereby maintaining the target cruising 
speed. This sustained speed ensures that the stern rudder 
continue to operate within a high efficiency regime, enabling the 
generation of sufficient lift force to counteract the downward 
sinking force. Furthermore, due to the presence of a pitch angle 
during the crossing, the thrust generated by the PI-controlled 
propeller yields a significantly increased vertical component. 
This component assists in offsetting part of the buoyancy loss, 
functioning as a vertical stabilizer—a distinct advantage absent 
in the fixed-speed condition.

(4) The quantitative evaluation of the maximum sinking displace
ment ratio conclusively demonstrates the superiority of the 
combined control strategy. At the density interface, the PD–PI 
combined control reduces the displacement ratio to 0.17, 
whereas the PD-only control yields a ratio of 0.33. In the lower 
fluid layer, the improvement is even more pronounced, with the 
displacement ratio decreasing significantly from 0.86 under PD- 
only control to 0.29.
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