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In this paper, the research contents are mainly focused on the technology of the underwater wheeled vehicle speed control. For
providing a passive towed underwater wheeled vehicle with accelerating, uniform motion and decelerating capability which can
simulate an underwater navigation environment for the carried unit, we devised a novel open-type hydraulic flexible towing
system. Combining the hydrodynamic model of the vehicle and the hydraulic mechanism model, the dynamic characteristics of
the novel towing system are studied by computing simulation. Aiming at the force coupling character of double driving hydraulic
winches, amaster-slave synchronization control strategy is proposed.Then, in view of the flexible towing system features, i.e., strong
coupling, nonlinear, time-varying load, and environmental constraints, a real speed controller based on fast terminal sliding mode
control theory is designed and manufactured. To verify the effectiveness of the controller, a hardware-in-the-loop simulation test
is carried out on the strength of a semiphysical simulation platform based on Matlab/Simulink and VxWorks real-time system.
The experiment results show that the speed controller based on fast terminal sliding mode control has excellent effect on rapidity,
stability, and anti-interference characteristics.

1. Introduction

In the new century, facing various challenges, especially in the
global population, resources, and environment, people will
inevitably pay more and more attention to sea and depend on
the ocean. With the extensive research and development of
the special equipment for marine resources exploitation and
marine environmental detection, the related testing device is
also developed rapidly [1–3].The underwater wheeled vehicle
flexible towing system presented in this paper is a new kind
of experiment establishment which was built in a shallow
water tank. The experiment system is mainly composed of
a wheeled vehicle and a submersible lifting platform which
can hover at the specified depth underwater and adjust
the inclination of the platform itself by the using of intake
and drainage system and lifter winches. With the help of
the pulleys fixed on the lifting platform and the wire rope,
the underwater wheeled vehicle can be towed to achieve
steady horizontal uniform navigation on the track mounted
on the surface of the lifting platform. If this experiment

system is built in shallow seas, it can simulate a deeper and
more realistic marine environment for the tested object. On
account of this function, the underwater wheeled vehicle
towing system canbe applied to a variety of underwater appli-
cations, for example, providing a required-speed running
environment, testing the dynamic performance of sensors
and tested objects, capturing the tested equipment status data,
and achieving effective data remote real-time transmission.
We can find that the accurate and steady speed of the wheeled
vehicle is the key to complete underwater dynamic testing.

Taking into consideration the fact that the hydraulic
winch features higher efficiency and superior load capacity
and is more economical than the electric winch, we choose
the hydraulic valve control motor driving winch in this
study [4]. As shown in Figure 1, the underwater wheeled
vehicle towing system consists of an anterior tractionwinch, a
posterior brake winch, track, wire rope, and fixed pulleys.The
track ismounted on the surface of the lifting platform, and the
two driving winches are, respectively, arranged on both ends
of the track. Along the pulley group, the open-type hydraulic
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Figure 1: Schematic diagram of underwater vehicle propelled by hydraulic winch.

flexible towing system is linked by two ropes which are fixed
and wound on the traction winch and brake winch. Driven by
two winches, the vehicle can move horizontally on the track.

When the loaded underwater wheeled vehicle runs in
a cuboid boundary pool, the complex water resistance will
come from the fluid-structure interaction, wave-making
interaction, and pond wall effect. In addition to this, there are
uncertain parameters in hydraulic system and environment.
So as to achieve the favorable and stabilized properties of
sailing when the loaded wheeled vehicle is conducting a test,
the speed controller must be provided with self-adaptive and
robust property. As we all know, once the rope slackens,
the tensile force becomes zero. If the speed of the vehicle is
fluctuating, the wire rope will oscillate up and down, which
will make the towing system destabilized or even destroyed.
In order to avoid overlarge tension shock of the hinder rope,
it is indispensable to put forward a multimode synchronous
control strategy.

In modern times, many scholars have done plenty of
research work on the modeling of hydraulic and fluid sys-
tems with rope actuation [5, 6] and proposed a good deal
of advanced control technology such as feedback, neural
network, adaptive robust control, and predictive control [7–
11]. In order to predict the vibration characteristics of the
armature assembly, Peng et al. focused on the mathemat-
ical modeling of the vibration characteristics of armature
assembly in a hydraulic servo valve and the identification
of parameters in the models [12]. Chen et al. developed the
dynamic model of the valve-controlled hydraulic winch by
linearizing its nonlinear dynamics at an operating point and
found that the FUZZY P + ID controller is much more
robust than the conventional PID controller [13]. Wei et al.
demonstrated that the nonlinear cascade controller together
with the extended fuzzy disturbance observer provides an
excellent motion tracking performance in the presence of
complex external disturbances [14]. Newton analyzed the
difference of control theory and control effects between
neural network control algorithm with the traditional PID
control algorithm in motor and valve control cylinder valve-
controlled system [15]. Yao concerned the high dynamic

tracking control of hydraulic servo systems and found the
proposed feedback linearization controller guarantees more
excellent tracking performance even with high-frequency
tracking demand than the proportional-integral controller
and the proportional-integral controller [16].

Provided the capacity of parameter adaptability and good
robustness for nonlinear control system, slidingmode control
has become increasingly applicable to electrohydraulic servo
systems control. Mohseni et al. presented a decoupled sliding
mode with fuzzy neural network controller for a nonlinear
system, which can make the response of system converge
faster [17]. Perron et al. presented a sliding mode controller to
resolve efficiency variations of the pumpwhich are dependent
on the pressure operating point and its speed of rotation [18].

It is easy to see that the application of advanced control
theory has been a significant research direction for modern
hydraulic control [19–23]. However, it is more challenging for
the speed control system facing the flexible load. For example,
a sliding mode control algorithm based on fuzzy reaching law
for the underwater vehicle under hydraulic flexible traction
system with low rigidity and variable load was designed
by Zhao et al. [24]. Zhao presented a loop-type traction
system with one hydraulic winch differing from the open-
type towing system with double hydraulic winches which
increased the complexity and difficulty of control system.

For the research object of the paper, it is a novel kind
of underwater flexible towing system depending on two
hydraulic valve-controlled motor winches and the wire rope.
The mathematical model of the open-type hydraulic flexible
towing system must be rebuilt in view of nonlinear flexible
wire rope, hydraulic valve-controlled motor, the vehicle
features, and the water resistance force in a limited pool.
Thus, it is meaningful to design a novel sliding mode control
arithmetic for the open-type hydraulic flexible towing system.

This article is organized as follows: the Problem Statement
describes the problem formulation. The model of the under-
water vehicle towing system including the valve-controlled
hydraulic motor driving device, the wire rope traction mech-
anism, and the vehicle body is discussed in the Modeling
of Underwater Vehicle Control System. Then, the speed
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Figure 2: Schematic diagram of underwater vehicle propelled by hydraulic winch.

controller taking advantage of fast terminal sliding mode
method is developed in the Research on Fast Terminal Sliding
Mode Control. Next, in the Simulation and Discussion, the
robustness and effectiveness of the presented control laws
are confirmed by Matlab/Simulink. The satisfactory dynamic
quality of the control system is evidenced by comparing the
simulations in the disturbance and interference-free envi-
ronment. And the physical controller is verified by the use
of the semiphysical simulation platform in the Semiphysical
Simulation. Finally, a brief conclusion is included in the
Conclusion.

2. Problem Statement

Since the effective length of the track is only 10.5 meters,
the wheeled vehicle which has great mass need be con-
trolled to accelerate to specific speed firstly, keep uni-
form running for several seconds stably, and decelerate
gradually to 0 m/s lastly. Under these circumstances, the
speed control system of the underwater wheeled vehicle
must have short rising time, veracity, and anti-interference
ability to conquer the strong coupling, nonlinear, time-
varying load, and environmental constraints of the towing
system.

In addition, the speed controller should actually output
two valve opening control signals at the same time, where
one is for the traction winch and another one is for the brake
winch. It is essential to put forward multimode synchronous
control strategy which can reduce the tensile impact of wire
rope while the underwater wheeled vehicle begins to slow
down from constant speed.

3. Modeling of Underwater Vehicle
Control System

3.1. Modeling of Flexible Traction System. Figure 2 is the
force analysis diagram of the underwater wheeled vehicle
towing system. As exhibited in this figure, we assume that
the direction of motion of the winches and pulleys is positive
direction. And the angular velocity of the brake winch,
pulleys, and the traction winch is defined respectively as 𝜔1,𝜔2, 𝜔3, 𝜔4, 𝜔5, and 𝜔6. Owing to the arrangement of the
hydraulic winches, chain wheels, and the underwater vehicle,
the wire rope can be segmented into six sections (L1, L2,
L3, L4, L5, and L6). For convenience, the tension of each
part is defined separately as F1, F2, F3, F4, F5, and F6. The
resultant force of the underwater wheeled vehicle consists of
three forces, that is, the front traction force F2, posterior force
F1, and resisting force f.

On the basis of the force analysis, we can acquire the
kinetic equation of the underwaterwheeled vehicle as follows.

𝐹2 − 𝐹1 − 𝑓 = 𝑀𝑑𝑉𝐿𝑑𝑡 (1)

where F1 stands for the tensile force of segment L1 on the
back of the vehicle, F2 stands for the tensile force of the first
segment L2 in the front of the vehicle, f is water resistance
force which is applied on the vehicle, M is the mass of the
underwater vehicle, and V𝐿 is the running velocity of the
underwater vehicle.

Owing to the nonlinear characteristic of thewire rope and
the coupling of the applied forces from two directions, it is
necessary for us to analyze tension of steel wire rope which is
critically important element in this open-type flexible towing
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system. The mechanical model of unrelaxed rope can be
described as the Kelvin-Voigt model. And the tensile force
becomes zero when the rope is slack. Under the condition
of stretching, the deformation quantity of each segment is
expressed as �xi (i = 1, 2, 3, 4, 5, 6), respectively.

Taking two states of the wire rope into account, the tensile
force of each rope segment can be described as follows.

𝐹𝑖 = {{{
𝑘𝑖Δ𝑥𝑖 + 𝑐𝑖Δ ̇𝑥𝑖, Δ𝑥𝑖 > 0
0, Δ𝑥𝑖 ≤ 0 (2)

Six rope segments share the same parameters, elasticity
modulus k= k1 =k2 =k3 =k4 =k5 =k6, viscousmodulus c = c1
= c2 = c3 = c4 = c5 = c6. Considering themoving condition, the
dynamical elongations of each part of rope can be expressed
as follows.

Δ𝑥1 = 𝑋𝐿 + ∫𝜔1𝑑𝑡 ⋅ 𝑅
Δ𝑥2 = ∫𝜔2𝑑𝑡 ⋅ 𝑅 − 𝑋𝐿
Δ𝑥3 = ∫𝜔3𝑑𝑡 ⋅ 𝑅 − ∫𝜔2𝑑𝑡 ⋅ 𝑅
Δ𝑥4 = ∫𝜔4𝑑𝑡 ⋅ 𝑅4 − ∫𝜔3𝑑𝑡 ⋅ 𝑅
Δ𝑥5 = ∫𝜔5𝑑𝑡 ⋅ 𝑅 − ∫𝜔1𝑑𝑡 ⋅ 𝑅
Δ𝑥6 = ∫𝜔6𝑑𝑡 ⋅ 𝑅 − ∫𝜔5𝑑𝑡 ⋅ 𝑅6

(3)

where XL is the running distance of vehicle. Consider the
steady condition, the hydraulic winch, and guide wheel have
equal linear speed, w1⋅R=w2⋅R=w3⋅R=w4⋅R4=w5⋅R=w6⋅R6.
Using the Laplace transformation, we can get

Δ𝑥1 (𝑠) ⋅ 𝑠 = 𝑉𝐿 (𝑠) + 𝜔1 (𝑠) ⋅ 𝑅
Δ𝑥2 (𝑠) ⋅ 𝑠 = 𝜔2 (𝑠) ⋅ 𝑅 − 𝑉𝐿 (𝑠)
Δ𝑥3 (𝑠) ⋅ 𝑠 = 𝜔3 (𝑠) ⋅ 𝑅 − 𝜔2 (𝑠) ⋅ 𝑅
Δ𝑥4 (𝑠) ⋅ 𝑠 = 𝜔4 (𝑠) ⋅ 𝑅4 − 𝜔3 (𝑠) ⋅ 𝑅
Δ𝑥5 (𝑠) ⋅ 𝑠 = 𝜔5 (𝑠) ⋅ 𝑅 − 𝜔1 (𝑠) ⋅ 𝑅
Δ𝑥6 (𝑠) ⋅ 𝑠 = 𝜔6 (𝑠) ⋅ 𝑅6 − 𝜔5 (𝑠) ⋅ 𝑅

(4)

When the underwater vehicle is doing accelerated move-
ment, the posterior force which is a resistance should be
as small as possible for the rapidity of speed control. Based
on the multimode synchronous control strategy, F1 can be
regarded as zero. Combining (1) and (2), we can get the kinetic
equation simplified as follows.

𝐹2 − 𝑓 = 𝑘2 ⋅ Δ𝑥2 + 𝑐2 ⋅ Δ ̇𝑥2 − 𝑓 = 𝑀 ⋅ �̇�𝐿 (5)

Equation (6) can be written as

𝑘2 ⋅ Δ𝑥2 (𝑠) + 𝑐2 ⋅ Δ𝑥2 (𝑠) ⋅ 𝑠 = 𝑀 ⋅ 𝑉𝐿 (𝑠) ⋅ 𝑠 + 𝑓 (6)

Substituting (4) in (6) results in

𝑘2𝜔2 (𝑠) 𝑅 − 𝑘2𝑉𝐿 (𝑠) + 𝑐2𝜔2 (𝑠) 𝑅 ⋅ 𝑠 − 𝑐2𝑉𝐿 (𝑠) ⋅ 𝑠
= 𝑀𝑉𝐿 (𝑠) ⋅ 𝑠2 + 𝑓 ⋅ 𝑠 (7)

In the open-style flexible towing system, the relationship
about the underwater vehicle velocity, water resistance, and
hydraulic winch rotational speed can be extrapolated as
follows.

𝑉𝐿 (𝑠) = 𝜔4 (𝑠) ⋅ (𝑘 + 𝑐𝑠) ⋅ 𝑅4 − 𝑓 ⋅ 𝑠𝑀𝑠2 + 𝑐𝑠 + 𝑘 (8)

3.2. Modeling of Hydraulic Winch System. In order to allow
the transfer function of the hydraulicwinch, three fundamen-
tal equations consisting of the hydraulic actuated valve flow
equation, hydraulic motor flow rate continuation equation,
and the motor torque balance equation must be set out. And
their Laplace transform can be written as follows.

𝑄𝐿 = 𝐾q𝑋𝑉 − 𝐾𝑐𝑃𝐿
𝑄𝐿 = 𝐷𝑚𝑠𝜃𝑚 + 𝐶𝑡𝑚𝑃𝐿 + 𝑉𝑚4𝛽𝑒 𝑠𝑃𝐿
𝑇𝑠 = 𝑃𝐿𝐷𝑚 = 𝐽𝑚𝑠2𝜃𝑚 + 𝐵𝑚𝑠𝜃𝑚 + 𝐺𝜃𝑚 + 𝑇𝐿

(9)

where Ts is the theoretical torque generated by hydraulic
motor. Kq is the flow gain of the valve. Kc is the flow pressure
coefficient. Dm is the displacement of the hydraulic motor.
Ctm is the total leakage factor of the hydraulicmotor. Vm is the
total volume of the pipe. 𝛽e is the oil elasticity modulus. Jm is
the inertia reflected to the rotation shaft of hydraulic motor.
Bm is the viscous damping coefficient of load and hydraulic
motor. G is the load torsion spring stiffness. And TL is the
external load torque acting on the motor shaft.

By putting these three fundamental equations together
and eliminating the middle term, the transform function of
the valve opening degree and vehicle speed comes out as
follows [25].

̇𝜃m = (𝐾𝑞/𝐷𝑚) 𝑥V − (1/𝐷2m) (𝐾𝑐𝑒 + (𝑉m/4𝛽𝑒) 𝑠) 𝑇𝐿𝑠2/𝜔2ℎ + (2𝜉ℎ/𝜔ℎ) 𝑠 + 1 + 𝐵𝑚𝐾𝑐𝑒/𝐷2𝑚
𝜔ℎ = √ 4𝛽𝑒𝐷2𝑚𝑉𝑚𝐽
𝜉ℎ = 𝐾𝑐𝑒𝐷𝑚√

𝛽𝑒𝐽𝑉𝑚 + 𝐵𝑚4𝐷𝑚√
𝑉𝑚𝛽𝑒𝐽

𝐾𝑐𝑒 = 𝐾𝑐 + 𝐶𝑡𝑚

(10)

where 𝜔h is equivalent hydraulic natural frequency. 𝜁h is
damping ratio of hydraulic valve-controlled motor. And Kce
is general coefficient of flow pressure.

3.3.Modeling of External Load. The force analysis of the open
flexible traction structure is described as shown in Figure 2.
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Figure 4: The transfer function diagram of the underwater vehicle speed control system.

According to the torque equilibrium equation of winch, we
can get the following.

𝑇𝐿 = 𝑅4 ⋅ 4∑
𝑖=2

(𝐾𝑖Δ𝑋𝑖 + 𝐶𝑖Δ�̇�𝑖) (11)

Combining (4), (8), and (11), the torque equilibrium
equation of hydraulic may be obtained as follows.

𝑇𝐿 = 𝑅4 [𝑘𝜔4𝑅4 − 𝑉𝐿𝑠 + 𝑐 (𝜔4𝑅4 − 𝑉𝐿)]
= 𝑅4 [𝑘𝑅4 + 𝑐𝑅4𝑠𝑠 𝜔4 − 𝑘 + 𝑐𝑠𝑠 𝑉𝐿]
= 𝑅4𝑀𝑠𝑉𝐿 + 𝑅4𝑓

(12)

The model of water resistance force applied on the
underwater vehicle can be expressed as follows [26].

𝑓 = 0.5𝐶𝑑𝜌𝐴𝑉2𝐿 (13)

3.4. Modeling of the Underwater Vehicle Speed Control System.
As we can know from Figure 3, according to the deviation
between the measured velocity and the given value, the
speed controller of underwater wheeled vehicle computes the
opening degree of valve and outputs the control signal to the
servo valve. And, then, the rotating winch drives the open-
type flexible towing structure under the variable disturbance.

Integrating each of the component transfer functions (8),
(10), (12), and (13), we can acquire the transfer function
structure diagram of the whole hydraulic flexible towing
speed control system which is shown; the transfer function
diagram of the underwater vehicle speed control system may
be obtained in Figure 4.

Different from the traditional hydraulic speed servo
control system, the underwater wheeled vehicle flexible
towing system utilizes the steel wire rope as the traction
medium, which increases the system order and reduces the
system rigidity. In addition, compared with the conventional
hydraulic winch, the external load is time-varying owing to
the variable vehicle speed and water resistance, which brings
great challenges for the stability speed control.

In order to calculate the transfer function expression
for the running velocity and the opening of the servo-
proportional control valve, we have to simplify the above
transfer function diagram. For the sake of convenience, the
substitution variables are defined as follows.

𝐴 = 𝑘𝑞/𝐷𝑚𝑠 (𝑠2/𝜔2
ℎ
+ 2𝜉ℎ𝑠/𝜔ℎ + 1 + 𝐵𝑚𝑘𝑐𝑒/𝐷2𝑚)

𝐵 = (𝑉𝑚/4𝛽𝑒𝐷2𝑚) 𝑠 + 𝑘𝑐𝑒/𝐷2𝑚𝑠 (𝑠2/𝜔2
ℎ
+ 2𝜉ℎ𝑠/𝜔ℎ + 1 + 𝐵𝑚𝑘𝑐𝑒/𝐷2𝑚)

𝐶 = 𝑠 (𝑘 + 𝑐𝑠) 𝑅4𝑀𝑠2 + 𝑐𝑠 + 𝑘
𝐷 = 𝑠𝑀𝑠2 + 𝑐𝑠 + 𝑘

(14)

On the basis of the above equation, we can acquire
V𝐿 (𝑠) = (𝐴𝑋𝑉 (𝑠) − 𝐵𝑇𝐿 (𝑠)) 𝐶 − 𝐷𝑓 (𝑠)

= 𝐴𝐶𝑋𝑉 (𝑠) − 𝐵𝐶 (𝑅4𝑀𝑠V (𝑠) + 𝑅4𝑓) − 𝐷𝑓 (𝑠)
= 𝐴𝐶𝑋𝑉 (𝑠) − 𝐵𝐶𝑅4𝑀𝑠V (𝑠)
− (𝐵𝐶𝑅4 − 𝐷)𝑓 (𝑠)

(15)

whereXV(s) is the control input of servo-proportional control
valve, v(s) is the running velocity of the underwater wheeled
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vehicle on last measuring period, and f(s) is the water
resistance acting on the vehicle.

4. Research on Fast Terminal Sliding
Mode Control

It is difficult to pinpoint the mathematical model of the
underwater vehicle speed control system on account of the
large inertia, variable load, time delay, parameter uncertainty,
and strong nonlinearity features. When the vehicle moves
in the limited rectangular parallelepiped pond, the existing
fluid-structure interaction, the pond wall effect, the fluid
resistance, and the change of system state usually make the
system deviate from the design state.

Sliding mode control has received wide attention and
research because of its good robustness to the external
disturbance and parameter perturbation. On its basis, the
terminal sliding mode control theory introduces nonlinearity
into the design of sliding mode which brings about the
limited time convergence, rapid convergence, and stronger
robustness.Therefore, it is suitable for the underwater vehicle
speed control system.

Taking a SISO second-order nonlinear system as the
research object,

̇x1 = x2

̇x2 = f (x) + g (x) u + d (t) (16)

The system state is expressed as x = [x1 x2], f(x) and g(x)
are the known smooth functions, respectively, g(x) ̸= 0, and
d(t) denotes the uncertainty and disturbance satisfied with|d(t)| ≤ L.

A fast terminal sliding surface is selected as follows.

s1 = ̇s0 + a0s0 + 𝛽0s0q0/p0 (17)

where 𝛼0, 𝛽0 > 0 and q0, p0(q0 < p0) are positive odd
numbers, s0 = x1.The linear term 𝛼0s0 is involved to optimize
the rapidity of the approaching area, and the nonlinear
term 𝛽0s0q0/p0 can ensure that the system motion points can
converge to the sliding surface in finite time [27].

Next, according to the concept and function of reaching
law which can ensure the excellent dynamic quality of the
system states in the approaching area, the fast terminal
reaching function is devised as follows [28].

̇s1 = −𝜙s1 − 𝛾sq/p1 − d (t) (18)

where 𝛾, 0 > 0, p, q > 0 are positive odd numbers. In
the fast terminal reaching law, it makes sure that the system
can get to the sliding surface s1(x) = 0 from any initial
state in a finite time to use the item with fractional diffusion
power instead of the sign function. In addition, differing from
the conventional reaching law, the fast terminal reaching
law without the discontinuous items can reduce the chatting
caused by the sign function efficaciously.

Table 1: Parameters of the hydraulic flexible towing system.

Parameter name Note Unit value
Winch radius R4 m 0.27
Valve flow gain Kq 0.1193
Motor leakage factor Ctm 1.45 ×10−12
Charge oil pressure Ps MPa 23
Motor displacement Dm m3/rad 0.00207
Volume of cavity Vm m3 0.04
Bulk modulus of hydraulic 𝛽e Pa 7.0 × 108

Flow-pressure coefficient Kce m5/(Ns) 4.54 ×10−12
Vehicle quality M kg 20000
Meeting area of flowing A m2 16.8

The following formula is derived.

̇s1 = ̈s0 + 𝛼0 ̇s0 + 𝛽0 ddtsq0/p00
= −f (x) − g (x) u + 𝛼0 ̇s0 + 𝛽0 ddtsq0/p00

(19)

Combining (19) with (18), the fast sliding mode controller
is developed as

u (t)
= −g (x)−1 (f (x) + 𝛼0 ̇s0 − 𝛽0 ddtsq0/p00 − 𝜙s1 − 𝛾sq/p1 ) (20)

The Lyapunov function is selected as

V = 12 s21 (21)

With reference to (17) and (18),

V̇ = s1 ̇s1 = −𝜙s21 − 𝛾s(p+q)/p1 − s1d (t) (22)

We know that (p + q) is an even number, because−𝛾s(p+q)/p1 − s1d(t) ≤ 0 is satisfied; i.e., 𝛾 ≥ |1/sq/p1 ||d(t)| or𝛾 ≥ |1/sq/p1 |L; therefore, we have V̇ ≤ 0.
5. Simulation and Discussion

In this section, the model of the underwater wheeled vehicle
towing system is simplified firstly, and the velocity controller
on account of the fast terminal sliding mode control theory
is designed. To examine the performance of the velocity
controller, the whole-course towing movement simulations
based on the FTSMC and PID controller have been both
carried out in Matlab/Simulink platform.

5.1. Model Simplification. On the basis of the actual equip-
ment selection, themain nominal parameters of the hydraulic
flexible towing system are exhibited in Table 1.

According to the main system parameters, the transfer
function diagram of the underwater wheeled vehicle speed
control system may then be acquired in Figure 5.
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Figure 5: The transfer function diagram of the underwater vehicle speed control system.
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Figure 6: Motion curve based on PID control law.

After simplification, the transfer function of the under-
water vehicle speed control system may be written as

V𝐿 (𝑠) = 178.4688𝑠2 + 0.826244𝑠 + 20.26594𝑋𝑉 (𝑠)
− 24.81859𝑠𝑠2 + 0.826244𝑠 + 20.26594V (𝑠)
− 3.2168 × 10−5𝑠2 + 8.0147 × 10−4𝑠2 + 0.826244𝑠 + 20.26594 𝑓 (𝑠)

(23)

The status parameters of the underwater wheeled vehicle
velocity control system can be selected as x1 = VL and x2 =̇x1. Then the state-space equation of the hydraulic flexible
towing system can be obtained as follows.

𝑥1 = 𝑉𝐿
̇𝑥1 = 𝑥2
̇𝑥2 = −20.26594𝑥1 − 0.826244𝑥2 + 178.4688𝑢

− 24.81859V̇ − 3.2188 × 10−5 ̈𝑓 − 8.0147
× 10−4 ̇𝑓

(24)
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Figure 7: Motion curve based on LSM control law.

where v is the running velocity of the underwater wheeled
vehicle on last measuring period, and f is the water resistance
acting on the vehicle.

5.2. Comparing Simulation with Multiple Given Speeds. In
this part, the PID control method has been realized firstly in
the simulation platform with the following control parame-
ters: P=2, I=0.8, and D=0.1.

As shown in Figure 6, the entire journey movement simu-
lations with three different inputs 2.5 m/s, 2 m/s, and 1.5 m/s,
respectively, are experimented. Using the PID approach, the
practical uniform velocity can catch up with the given speed
in an acceptable time; however the steady-state deviation of
the uniform phase increases with the set velocity. In addition,
there is just a small margin for the track length when the set
speed is 2.5m/s, whichmeans there is a risk of hitting the pool
wall.

After that, the classical line sliding mode control method
is applied to the design of the speed controller. And the
simulation has been carried out, as shown in Figure 7.

Thirdly, the FTSMC method is realized secondly in the
simulation platform with the following control parameters:𝛼0 = 20, 𝛽0 = 0.1, q0 = 5, p0 = 7, 𝜑 = 1400, 𝛾 = 100, q = 3,
and p = 5, as shown in Figure 8.
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Figure 8: Motion curve based on FTSMC control law.
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Figure 9: Comparing velocity curve.

In the next step, the comparing diagram putting the PID
curve, LSM curve, and the FTSMC curve together is shown
in Figures 9 and 10.

As shown in Figure 8, using the FTSMC approach, the
practical uniform velocity can also catch up with the given
speed in an acceptable time, and the steady-state accuracy
of the uniform phase is excellent. In addition, there is
still a big margin for the track length when the set speed
is 2.5 m/s. With the analysis of the comparing motion
curve, the control effect of two controllers can meet the
experiment requirements, and the FTSMC controller is more
excellent.

5.3. Comparing Simulation with Parameter Perturbation. A
comparison experiment referring to multiple parameter per-
turbations is carried out to examine the adaptable character
of the FTSMC controller we designed, as shown in Figure 11.
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Figure 10: Comparing distance curve.
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Figure 11: FTSMC control simulation with parameter perturbation.

In this part, the FTSMC control method has been realized
in the simulation platform with the 1.2, 1.4, 1.6, and 2 times of
water resistance coefficient.

Exhibited in Figure 11, using the FTSMC approach, the
practical velocity of the uniform phase can keep stable as well
as accuracy under multiple coefficients, which displays that
the speed controller of the underwater wheeled vehicle can
be adaptable to the different parameter perturbations.

To examine the performance of the multimode syn-
chronous control strategy, the entire journey movement
simulations have been carried out in Matlab/Simulink, as
shown in Figure 12.

5.4. Comparing Simulation with Impulsive Disturbance. A
comparison experiment referring to impulsive disturbance is
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Figure 13: Comparing velocity curve with impulsive disturbance.

carried out to examine the robust character of the FTSMC
controller we designed, as shown in Figures 13 and 14.

In this part, the FTSMC control method has been realized
in the simulation platform with impulsive disturbance which
is applied to the wheeled vehicle in the negative direction and
is maintained for 0.8 seconds.

The velocity response of the FTSMC controller still can
converge to the desired speed. However the speed responses
of PID and LSM controllers appear with a fluctuation, and the
distances of the vehicle have crossed the end line of the track.

6. Semiphysical Simulation

After the real control equipment manufactured, a semi-
physical simulation platform based on Matlab/Simulink and
VxWorks real-time system is set up, which connects physical
controller with simulator by the authentic electrical interface
and communication, as shown in Figure 15. The controller
outputs the opening signal of the valve to the target simulator
running the dynamic mathematic model instead of the
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Figure 14: Comparing distance curve with impulsive disturbance.
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Figure 15: Semiphysical simulation platform.

physical control object. And the entire journey movement
experiment of the underwater wheeled vehicle has been
carried out by use of the semiphysical simulation platform,
as shown in Figure 16.

During the entire journey movement experiment, the
velocity and distance response of the underwater wheeled
vehicle still behaves well on the function of the practical
controller based on the FTSMC theory.

7. Conclusion

In this paper, we introduced an underwater wheeled vehicle
flexible towing system. After analyzing each component char-
acteristic of the underwater wheeled vehicle towing system,
the dynamic mathematical systemmodel is established. Aim-
ing at the environmental constraint and disturbance caused
by the external environment, the fast terminal sliding mode
variable structure controller is designed. At last, effective
simulations based on the semiphysical simulation platform
is carried out. Analyzing the simulation results, the velocity
and displacement converge to the desired status rapidlywhich
indicates that the speed control system based on the FTSMC
theory can be robust against the nonlinear, environmental
disturbance.
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