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Abstract: In this paper, a robust path-following control strategy is proposed to deal with the path-
following problem of the underactuated autonomous underwater vehicle (AUV) with multiple
uncertainties and input saturation, and the effectiveness of the proposed control strategy is verified
by semi-physical simulation experiments. Firstly, the control laws are constructed based on the tradi-
tional backstepping method; the multiple uncertainties are treated as lumped uncertainties, which
can be estimated and eliminated by the employed extended state observers (ESOs). In addition, the
influence of input saturation can be compensated by the designed auxiliary dynamic compensators.
Secondly, to simplify controller design and address the “complexity explosion”, two command filters
are used to obtain the estimated value of the unknown sideslip angular velocity and the desired yaw
angular acceleration, respectively. Finally, the superiority and robustness of the proposed control
strategy are verified through computer simulation. A semi-physical simulation experiment platform
is built based on the NI Compact cRIO-9068 and PLC S7-1200 to further demonstrate the effectiveness
of the proposed control strategy.

Keywords: autonomous underwater vehicle (AUV); path following; multiple uncertainties; input
saturation; semi-physical simulation experiment

1. Introduction

In decades, the development of marine resources and marine exploration have devel-
oped rapidly. Unmanned underwater vehicles (UUVs) have the characteristics of flexible
operation, strong autonomy in decision making, and deep intelligence, which have at-
tracted much attention when completing certain tasks underwater [1–3]. However, due to
underactuation, high nonlinearity, and coupling effects, achieving precise motion control
in autonomous underwater vehicles (AUVs) remains a challenging task [4,5]. Furthermore,
multiple uncertainties, such as internal parameter uncertainties, unknown environmental
disturbances, and unmodeled dynamics, are widespread and inevitable in engineering
practice, which may lead to performance degradation [6,7].

In recent years, there have been significant advancements in AUV motion control
research, such as the backstepping control method [8,9], the sliding mode control (SMC)
method [10,11], the disturbance observer-based control (DOBC) method [12,13], etc. To
achieve better control performance, multiple methods are usually combined. In [14], the
integral SMC and RBFNN are used to address modeling errors and unknown disturbances.
In [15], a backstepping SMC based on an adaptive slow-varying observer was designed
to estimate and eliminate the multiple disturbances. In [16], a neural network-based
state observer is designed and a finite time controller is designed using backstepping and
command filtering techniques to realize the finite time adaptive tracking control problem
for AUVs. In [7], the H∞ control method is combined with the DOBC method to deal with
the multiple disturbances according to their main characteristics. In addition, guidance law
is irreplaceable in the design of motion controllers [17]. The line-of-sight (LOS) guidance
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scheme is simple and can mimic trained sailors [18], which has been widely used in driving
the AUVs to converge to the desired path [7,19–21]. In [5], a LOS guidance law based on an
indirect adaptive DO and an adaptive look-ahead distance was proposed, which enables
the AUV to follow the curved path with sharp turning. In [22], an LOS guidance law based
on the fixed-time predictor is designed to enable the underactuated USV with unknown
disturbances to track the desired path. In [23], an ESO-based integral LOS with an adaptive
fuzzy integral SMC scheme is proposed to deal with the problem of path following for
underactuated USVs. It should be pointed out that input saturation is also a non-negligible
problem in practical applications. If the influence of input saturation is not considered,
the designed control strategy may lead to a degradation in system performance or even
instability [24,25]. To address this issue, an auxiliary dynamic compensator is designed [26],
and the auxiliary variable is brought into the design of the dynamic controller to limit the
control input. In [27], formation control under input constraints is realized by employing
the saturation function in a kinematics loop design. In addition, disturbances and input
saturation have been simultaneously considered in the control of the quadrotor unmanned
aerial vehicle (UAV). In [28], a fixed-time DO-based robust fault-tolerant tracking control
scheme is used to drive the UAV to track a presupposed trajectory under the simultaneous
existence of model uncertainties, external disturbances, actuator faults, and input delay.
In [29], to achieve tracking control of the quadrotor UAV under disturbance and input
saturation, the DO-based state estimator is used to tackle the disturbances, and the filtering
error compensation mechanism, auxiliary control system, and first-order sliding mode
differentiator are combined to address the adverse effects of filtering errors, input saturation,
and the computing complexity problem. Therefore, constructing a high-performance path-
following control strategy for AUVs that considers both the multiple uncertainties and
input saturation is meaningful but challenging.

Physical experiments have always been the most direct means of verifying the effec-
tiveness of control algorithms. However, the experimental cost is high, the cycle is long,
and there is a possibility of being damaged by natural risks, which is not conducive to
daily learning and research. Another noteworthy aspect is that semi-physical simulation
experiments can simulate the interaction and collaboration of different subsystems to verify
the stability and reliability of the system, which has been widely applied in various fields.
In [30], a virtual hybrid power system was constructed to use a virtual controller to control
the real motor. In [31], the speed control performance between anti-wind PI controllers
and traditional PI controllers based on Scilab/Scicoslab was compared, and hardware
simulations on the brushless DC motor were conducted. In [32], aiming at the hardware
in the loop simulation test process of aircraft landing point coordinates, the concept of a
data integrity test of landing point simulation was proposed, and an integrity test oracle
machine based on field test data and expert estimation information was constructed. In
addition, a semi-physical simulation experiment is important in the design, development,
and testing processes of AUVs, which have been widely used in the field of AUVs [33,34].
By combining real physical devices with virtual models, it is possible to simulate and
evaluate the performance and feasibility of different design options. In the development
process of AUVs, multiple subsystems need to be integrated and work together, such as
navigation systems, sensor systems, and communication systems. As a consequence, it is
also very meaningful to build a semi-physical simulation experiment platform for AUVs to
further verify the effectiveness of the proposed control strategy.

Considering the aforementioned challenges, this paper proposes a new robust control
strategy for underactuated AUVs under multiple uncertainties and input saturations and
demonstrates the effectiveness of the proposed control strategy through semi-physical sim-
ulation experiments. The main contributions of this paper can be summarized as follows:

(1) A robust controller is constructed to achieve the path-following control of the un-
deractuated AUV with multiple uncertainties and input saturation. The multiple
uncertainties, including external environmental disturbances, internal uncertainties,
and unmodeled dynamics, are treated as lumped uncertainties, and then the ESOs
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are employed to estimate and eliminate them. The input saturation constraints are
compensated by the auxiliary dynamic compensators. In addition, two command
filters are employed to simplify controller design and address the “complexity explo-
sion”. Distinct from the previous literature, both the multiple uncertainties and input
saturation are considered in this paper, which makes the designed control strategy
more suitable for complex marine environments;

(2) A semi-physical simulation experiment platform is built to further validate the effec-
tiveness of the proposed control algorithm. The underactuated AUV actuators are
connected to the control system, and the real-time data of the actuators is read by the
NI Compact cRIO-9068 real-time control computer and PLC S7-1200 industrial control
computer. A human–machine interaction interface is developed based on LabVIEW,
which visualizes the simulation results and can intuitively display information such
as AUV position and velocity. Compared with computer simulation, semi-physical
simulation experiments involve actual actuators, which can verify the effectiveness of
the control strategy on actual hardware devices and reduce uncertainties caused by
differences between theoretical models and actual systems.

The remaining parts are arranged as follows. The model and error dynamics of the
underactuated AUV are given in Section 2. The designed control laws are explained in
Section 3. Stability analysis is introduced in Section 4. The computer simulation and
semi-physical simulation experiments are shown in Sections 5 and 6, respectively. The
main work of this paper is summarized in Section 7.

2. Problem Formulation
2.1. Underactuated AUV Model in the Horizon Plane

The movement of the underactuated AUV in the horizon plane can be expressed by
kinematic equations [5]: 

.
x = u cos ψ− v sin ψ
.
y = u sin ψ + v cos ψ
.
ψ = r

(1)

where (x, y, ψ) denotes the generalized position vector of the underactuated AUV in the
inertial frame; and (u, v, r) denotes the velocity vector of the underactuated AUV in the
body-fixed frame.

Thor I. Fossen pointed out that wind and waves can be treated as generalized forces
that can be directly added to nonlinear equations of motion [6]. Although the forces on a
marine craft due to ocean currents are generally described by the relative velocity vector,
K.D.Do proved that the force and moment produced by ocean current can be added to the
nonlinear motion equation represented by the absolute velocity vector [35]. Therefore, the
forces and moments produced by wind, waves, and currents are considered in the dynamic
model and then treated as uncertainties in this paper. In addition, input saturation is an
inevitable problem in practical engineering applications [24]. Hence, the control inputs
should meet the following conditions: τimin ≤ τi ≤ τimax, i = u, r, where τimax and τimin
denote the maximum and minimum values of the control input τi, respectively. Therefore,
considering the multiple disturbances and input saturation, the dynamic model of the AUV
can be represented as: 

.
u = mv

mu
vr− Xu

mu
u− Xu|u|

mu
u|u|+ δu

mu
+ du

.
v = −mu

mv
ur− Yv

mv
v− Yv|v|

mv
v|v|+ dv

.
r = mu−mv

mr
uv− Nr

mr
r− Nr|r|

mr
r|r|+ δr

mr
+ dr

(2)

where mu = m− X .
u, mv = m− Y .

v, and mr = Iz − N.
r denote the total mass term of AUV,

m denotes the mass and Iz denote the rotational inertia, respectively; Xu, X .
u, Xu|u|, Yv,

Y .
v, Yv|v|, Nr, N.

r, and Nr|r| represent the hydrodynamic coefficients on different degrees of
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freedom; δu and δr denote the actual control input signal; and du, dv, and dr denote the
dynamic lumped uncertainties.

Assumption 1 [36]: The lumped dynamic uncertainties du, dv, and dr are bound.

Assumption 2 [37,38]: All states of the underactuated AUV are measurable, i.e., (x, y, ψ) and
(u, v, r) can be measured.

Remark 1: Firstly, during normal operation of the AUV, external disturbances are limited. In addi-
tion, the internal uncertainties and unmodeled dynamics of the AUV are usually small. Assumption
1 is reasonable. Secondly, the underactuated AUV adopted in this paper is equipped with a variety of
sensors, such as the Attitude and Heading Reference System (AHRS), Doppler Velocity Log (DVL),
and Inertial Navigation System (INS). The AHRS is used to measure the attitude of the AUV, such
as yaw angles. The DVL is used to measure the velocities of the AUV, such as surge and sway. The
INS is used to measure the position of the AUV. Assumption 2 is practical.

2.2. The Error Dynamics Model

The control objective of path-following control is to drive the underactuated AUV to
follow an arbitrary target point in a desired curve without time information. The desired
curve can be expressed by a parameter v, the path-tangential angle at point F is expressed
as follows [39]:

ψF = arctan
( .

yF
.
xF

)
(3)

where xF and yF are the positional coordinates of the point F, and
.
xF = dxF

dv and
.
yF = dyF

dv
are the partial derivatives of xF and yF, respectively.

Assumption 3: The defined desired path is finite, i.e., xF, yF, and
.
xF, and is bounded [36].

Remark 2: AUVs are typically designed for tasks and data collection in underwater environments.
To ensure the stability and accuracy of the AUV, its path needs to be smooth and finite.

Then, the error dynamic equation can be expressed as follows [40]:{ .
xe = vt cos(eψ + β) +

.
ψFye − u∗d

.
v

.
ye = u sin(eψ + β)−

.
ψFxe

(4)

where u∗d =
√

.
x2

F +
.
y2

F and xe and ye are the along-track error and cross-track error, respec-
tively; eψ = ψ− ψF denotes the angle tracking error; β = arctan(v/u) denotes the sideslip
angle; and vt =

√
u2 + v2 represents the total velocity.

The control objective of this paper is to design the control input δu and δr in Equation (2)
to make the path-following errors xe and ye in Equation (4) rapidly converge to the neigh-
borhood of zero.

3. Control Law Design

In this subsection, a robust path-following control strategy for the AUV under multiple
uncertainties and input saturation is constructed, as shown in Figure 1, which can be
divided into three components: LOS guidance law, kinematic control law, and dynamic
control law. The LOS guidance law is constructed to calculate the desired yaw angle
ψd. In the kinematic control law, the virtual yaw angular velocity rd is proposed and the
virtual surge velocity ud is given. In the dynamic control law, the designed ESOs are
used to obtain the estimated value of the lumped uncertainties (du, dv, and dr), where
the values (d̂u and d̂r) are used in designing the control inputs (τu and τr). To address
the “explosion of complexity”, the command filters are employed to obtain the estimated
value of the unknown sideslip angular velocity

.
βc, virtual yaw angular velocity rc, and



Drones 2023, 7, 665 5 of 18

its derivative
.
rc. In addition, the input saturations can be compensated by the auxiliary

dynamic compensators.
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Figure 1. The overall framework structure of the path-following control.

3.1. The Design of the LOS Guidance Law

Considering the characteristics of simplicity and small computational footprint, the
traditional proportional LOS guidance law is selected to generate the desired yaw angle

ψd = ψF − β− arctan(
ye

∆
) (5)

where ψd represents the desired yaw angle and ∆ is the lookahead distance.

3.2. The Design of the Kinematic Control Law

For defining ũ = u− ud, r̃ = r− rd, and ψe = ψ− ψd. Equation (4) can be rewritten
as follows: 

.
xe = ũ + ud − w +

.
ψFye − u∗d

.
v

.
ye = vt sin(ψd − ψF + β)−

.
ψFxe + vtζ.

ψe = r̃ + rd −
.
ψd

(6)

where w = 2u sin2(eψ/2
)
+ v sin

(
eψ

)
and ζ = sin(eψ + β)− sin(ψd − ψF + β).

Based on the Lyapunov direct method and the designed LOS guidance law, the
kinematic control law for Equation (6) is proposed as follows:{ .

v = (−kxxe + vt cos(eψ + β))/u∗d
rd = −kψψe +

.
ψF −

.
β− ∆·ye

∆2+y2
e

(7)

where kx > 0 and kψ > 0 are the control gains, which will be designed later. It should be
pointed out that the constraint of the initial position is released by introducing an extra
degree of freedom v. To reduce the computational complexity, the command filter is used
to obtain the estimated value of the sideslip angular velocity. Therefore, the kinematic
control law for Equation (7) can be rewritten as follows:{ .

v = (−kxxe + vt cos(eψ + β))/u∗d
rd = −kψψe +

.
ψF −

.
βc −

∆·ye
∆2+y2

e

(8)

where
.
βc is the output of the command filter, which will be designed later.

3.3. The Design of Dynamic Control Law

Since the internal parameter uncertainties, environmental disturbances, and unmod-
eled dynamics are unknown, ignoring them will have a significant impact on control
performance. In this subsection, the linear superposition of the multiple disturbances
mentioned above is regarded as the lumped uncertainty, which can be estimated and
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eliminated by the designed ESOs. Finally, based on the designed ESO, the dynamic control
law is derived.

The specific form of ESOs can be found in [4,35]. In previous studies [41,42], the error
between the estimated values of the ESOs and the actual values for lumped disturbances
has been proven to be bounded. Using the estimated value of d̂u and d̂r from the ESO, an
anti-disturbance control law is proposed as: τu = mu

[ .
ud − ku(u− ud)− (mv

mu
vr− Xu

mu
u− Xu|u|

mu
u|u|)− d̂u

]
τr = mr

[ .
rd − kr(r− rd)− (mu−mv

mr
uv− Nr

mr
r− Nr|r|

mr
r|r|)− d̂r

] (9)

where ku > 0 and kr > 0 are the controller gains to be designed. It should be noticed that
the derivative (

.
ud and

.
rd) of the virtual command (ud and rd) is involved in Equation (12).

To reduce the computational complexity, the desired surge velocity ud is given [43]. In
addition, to handle the problem of “explosion of complexity”, the command filters are
introduced to obtain the derivative of the desired yaw angular velocity. The command
filters are constructed as follows [44]:{ .

ς1 = ς2.
ς2 = −2ξnωnς2 −ω2

n(ς1 − ς1d)
(10)

where ς1d is the input command signal, ς1 is the filtered signal of the input signal ς1d, ς2
is the derivative of ς1, and the specific definitions of ωn and ξn can be found in [44]. It
should be noted that, according to [44,45], the command filter technique can be introduced
to obtain estimated values for their derivatives without affecting the system’s stability.

In addition, to compensate for the influence of input saturation, the auxiliary dynamic
compensator designed in [7,46] is adopted in this paper. According to the outputs (rc and
.
rc) of the command filter, the dynamic control law can be reorganized as follows: τu = mu

[
−kuu− (mv

mu
vr− Xu

mu
u− Xu|u|

mu
u|u|)− d̂u + kuχu

]
τr = mr

[ .
rc − kr(r− rc)− (mu−mv

mr
uv− Nr

mr
r− Nr|r|

mr
r|r|)− d̂r + krχr

] (11)

where χu and χr denote the state of the designed auxiliary dynamic compensators; the
detailed descriptions can be found in [7,46].

4. Stability Analysis

In this subsection, under Assumptions 1, 2, and 3, the whole control system formed
by the guidance control law (5), the kinematic control law (8), the command filter (10),
and the dynamic control law (11) is input-to-state stable. In addition, the tracking errors
are uniformly and ultimately bounded, and the control performance can be improved by
selecting control parameters.

Proof: Considering a Lyapunov function as follows:

V1 =
1
2

x2
e +

1
2

y2
e +

1
2

ψ2
e . (12)

According to Equations (6) and (8), the time derivative of Equation (12) is attained by:
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.
V1= xe

.
xe + ye

.
ye + ψe

.
ψe

= xe(
.
ψFye − kxxe) + ye(−

.
ψFxe + vt sin(ψ̃− arctan(

ye

∆
))) + ψe(r̃ + eβ − kψψe)

= −kxx2
e + yevt sin ψ̃

∆√
y2

e + ∆2
+ yevt cos ψ̃

−ye√
y2

e + ∆2
− kψψ2

e + ψe r̃ + ψeeβ

= −kxx2
e − kyy2

e − kψψ2
e + ψe r̃ + ψeeβ + yevt sin ψ̃

∆√
y2

e + ∆2
+ yevt

(
1− cos ψ̃

) ye√
y2

e + ∆2

≤ −kxx2
e − kyy2

e − (kψ − 1)ψ2
e +

1
2

r̃2 +
1
2

e2
β +

1
4

∆2vt sin ψ̃√
y2

e + ∆2

(13)

where ψ̃ = ψ− ψd, eβ =
.
β−

.
βc, ky = vt(cos ψ̃−sin ψ̃)√

ye2+∆2
> 0.

And then, considering the following Lyapunov function:

V2 = V1 +
1
2

ũ2 +
1
2

r̃2 +
1
2

χu
2 +

1
2

χr
2. (14)

According to Equations (2), (8), and (11), the time derivative of Equation (14) is attained by:

.
V2 =

.
V1 + ũ(

.
u− .

ud) + r̃(
.
r− .

rd) + χu
.
χu + χr

.
χr

=
.

V1 + ũ(−kuũ + d̃u + ∆τu) + r̃(
.
rc − kr(r− rc) + d̃r −

.
rd + ∆τr) + χu

.
χu + χr

.
χr.

=
.

V1 − kuũ2 − kr r̃2 + r̃(
.
rc −

.
rd) + kr r̃(rc − rd) + ũd̃u + r̃d̃r + χu

.
χu + χr

.
χr

(15)

The next relation can be derived by using Young’s inequality [47]:

.
V2≤ V2 − (ku −

3
2
)ũ2 − (

kr

2
− 3

2
)r̃− (kχu −

ku

2
− 1

2
)χ2

1 − (kχr −
kr

2
− 1

2
)χ2

1

+
1
2

e2.
r +

1
2

e2
r +

1
2

d̃2
u +

1
2

d̃2
r

≤ −kxx2
e − kyy2

e − (kψ − 1)ψ2
e − (ku −

3
2
)ũ2 − (

kr

2
− 4

2
)r̃− (kχu −

ku

2
− 1

2
)χ2

1

−(kχr −
kr

2
− 1

2
)χ2

1 +
1
2

e2
β +

1
4

∆2vt sin ψ̃2√
ye2 + ∆2

+
1
2

e2.
r +

1
2

e2
r +

1
2

d̃u
2 +

1
2

d̃r
2

≤ −σV2 +∇

(16)

where σ = min{σ1, σ2, σ3, σ4, σ5, σ6, σ7}, σ1 = kx, σ2 = ky, σ3 = kψ − 1, σ4 = ku − 3
2 , σ5 =

kr
2 −

4
2 , σ6 = kχu − ku

2 −
1
2 , σ7 = kχr − kr

2 −
1
2 ,∇ = 1

2 (e
2
β +

1
2

∆2vt sin ψ̃√
ye2+∆2

2
+ e2.

r + e2
r + d̃u

2 + d̃r
2),

and er = rd − rc, e .
r =

.
rd −

.
rc.

Solving the inequality (16) gives:

V2 ≤ (V2(0)−
∇
2σ

)e−2σt +
∇
2σ
≤ V2(0)e−2σt +

∇
2σ

, ∀t > 0. (17)

Therefore, the tracking errors (xe, ye, ψe) and (ũ, r̃) can be ultimately uniformly bound
by selecting parameters to satisfy: kx > 0, kψ > 1, ku > 3

2 , kr > 4, kχu > ku
2 + 1

2 , and
kχr >

kr
2 + 1

2 . �

5. Computer Simulation Analysis

To demonstrate the superiority and robustness of the proposed control strategy, the
performance is compared with the conventional backstepping approach proposed in [43]
and the sliding mode approach proposed in [48,49] under multiple uncertainties and input
saturation. Relevant parameters of AUV fluid dynamics can be referred to [7,20,50]. The
AUV is driven to follow a curved path, and the corresponding parameters of the desired
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path can also be found in [20,43,51]. The lumped uncertainties du, dv, and dr are assumed
as follows: 

du =

{
0.15 sin(0.1t− 0.1) t < 50
0.15u cos(0.1t) + 0.2 sin(0.2t) + 0.15u2 t ≥ 50

dv =

{
0.15 sin(0.1t− 0.2) t < 50
0.2v sin(0.1t) + 0.15 cos(0.1t)− 0.15v2 t ≥ 50

dr =

{
0.15 cos(0.1t + 0.1) t < 50
0.15r cos(0.1t) + 0.2 sin(0.2t)− 0.15r2 t ≥ 50

(18)

The underactuated AUV’s initial conditions are chosen as follows: x(0) = 8m, y(0) =
−8m, ψ(0) = π/2rad, u(0) = 0.1m/s, v(0) = 0m/s, r(0) = 0rad/s, v(0) = 0m, and
ud = 1m/s. The preset ranges of the saturation limit are τumin = 0, τumax = 500, τrmin =
−400, and τrmax = 400. The underactuated AUV’s control parameters are designed as
follows: kx = 10, ky = 5, kψ = 5, ku = 20, kr = 40, γu = γr = 0.2, kχu = 20, kχr = 50,
ω1 = ω2 = ω3 = 10, and ξn = 0.7, ωn = 70.

The simulation results are shown in Figures 2–6. Figure 2 indicates that all three
controllers can drive the AUV to follow the desired curve, and the performance of the
proposed controller is superior to the other two controllers. Figure 3 shows that the path-
following errors of all three controllers can converge to the neighborhood of zero, but there
is a smaller following error under the proposed controller. From Figures 2 and 3, it can
be seen that the path-following errors under the proposed controller are smaller than the
other two controllers. That is, the controller proposed in this paper has smaller steady-state
errors and higher path-following accuracy. Figure 4 shows that the surge velocity and
the yaw angular velocity of all three controllers converge to the desired speed in a short
time. However, compared with the conventional backstepping controller and the sliding
mode controller, the proposed controllers show better steady-state performance. The actual
control inputs are expressed in Figure 5. The maximum capability of the AUV in this
paper is 500 N. It is not difficult to see that the actual control inputs under the proposed
controller always remain within the maximum capability of the AUV, which is attributed
to the consideration of the input saturation constraint, whereas the control inputs under
the other two controllers exceed the maximum capability, which cannot be achieved in
practical engineering. The actual value and estimated value are illustrated in Figure 6. The
results expressed that ESOs can accurately estimate the lumped uncertainties du, dv, and
dr, and the outputs (

.
βc, rc, and

.
rc) of the command filters quickly converge to the desired

commands (
.
β, rd, and

.
rd), respectively. It should be pointed out that after adding model

parameter uncertainties to the lumped uncertainties, the proposed controller responds
quickly and its control performance is almost unaffected, while the sliding mode controller
requires a longer adjustment time, which proves the robustness of the proposed controller.

In addition, to evaluate the control performance of different methods more fairly and
objectively, refer to [28,52], we have added four evaluation indicators in this paper, i.e.,
mean squared errors of position (MSEp), mean squared errors of attitude (MSEa), mean
squared errors of surge velocity (MSEu), and mean squared errors of yaw angular velocity
(MSEr). The values of the above performance indices are presented in Table 1 to better
explain the superiority of the proposed controller.

Table 1. The values of the performance indices.

Controller
Value

MSEp×10−4 MSEa×10−3 MSEu×10−3 MSEr×10−4

The proposed controller 9 5.1 1.4 6.1245
The backstepping controller 19 7.1 2.8 30
The sliding mode controller 14 7.5 11.1 6.4145
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6. Semi-Physical Simulation Experiment
6.1. Hardware Part

Hardware is a physical system in semi-physical simulation experiments, which is very
important for the whole system. Based on the above computer simulation, a semi-physical
simulation experiment platform is built to connect the underactuated AUV actuators to the
control system. The real-time data of the actuators is read by the NI Compact cRIO-9068
real-time control computer and the PLC S7-1200 industrial control computer. The hardware
structure of the semi-physical simulation experiment system is shown in Figure 7.
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6.1.1. Propeller

The Siemens V90 is a standard model launched by Siemens worldwide that can achieve
external pulse position control, internal setpoint position control, speed, and torque control
and can meet various requirements. In addition, the motor is equipped with a standard
braking resistor. The diversity and high integration of the Siemens V90 make it more
cost-effective. Therefore, the Siemens V90 is selected as the propeller of the underactuated
AUV, as shown in Figure 8.
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6.1.2. Rudder

The rudder of the underactuated AUV adopts the Feite rudder SM150, which can be
installed at any angle and can dynamically monitor data through software. The commands
of the real-time simulation computer are collected by the RS485 bus and then processed by
the motion controller to generate control signals to control the motor. The rudder is shown
in Figure 9.
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6.1.3. PLC S7-1200

PLC S7-1200 is selected as the controller of the underactuated AUV propeller, which
is connected to the controller of the propeller through the network port, can convert the
expected thrust generated by the control algorithm into speed and send it to the propeller
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in real-time, and can read the real-time speed generated by the thruster. The PLC S7-1200
selected in this article is shown in Figure 10.
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6.1.4. NI Compact cRIO-9068

The NI Compact cRIO-9068 is selected as the controller of the underactuated AUV
rudder. According to the control output of the path-following controller of the underactu-
ated AUV, it sends the desired commands to the steering gear and reads the actual signals
generated by the steering gear. The NI Compact cRIO-9068 used is shown in Figure 11.
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6.2. Software Part

A human–machine interaction interface is developed based on LabVIEW, which
visualizes the simulation results and can display information such as AUV position and
velocity, etc. The human–computer interaction interface of the semi-physical simulation
experiment system is shown in Figure 12.

Drones 2023, 7, x FOR PEER REVIEW 15 of 19 
 

 
Figure 12. The interaction interface of the semi-physical simulation experiment system. 

After the propeller and rudder of the underactuated AUV are connected to the hard-
ware in the loop simulation system, the designed path-following control strategy is veri-
fied by semi-physical simulation experiments in a situation close to the actual environ-
ment. Firstly, the motion model of the underactuated AUV is built through LabVIEW. 
Secondly, the general forces and moments generated by the control system are converted 
into propeller speed and rudder angle information through real-time simulation comput-
ers and industrial control computers, which are sent to the actuator of the underactuated 
AUV. Finally, the real-time data of the propeller and rudder will be input into the model 
of the underactuated AUV to obtain the motion trajectory of the AUV. In addition, the 
initial position, initial speed, and expected path parameters can be input on the upper 
computer interface. 

6.3. Experimental Results 
After transplanting the control strategy designed in this paper to the semi-physical 

simulation experimental system, the experimental results are shown in Figures 13–15. As 
can be seen from Figure 13, the actual control input generated by the propeller and rudder 
can still enable the underactuated AUV to follow the desired curve with high accuracy, 
which effectively illustrates the feasibility of the path following the control strategy. The 
results in Figure 14 show that the path-following error of the underactuated AUV can 
converge to the neighborhood of zero. However, the control system is connected to the 
actual actuators, and there is a time delay and measurement noise, which makes the surge 
velocity and yaw angular velocity fluctuate, but it can still follow the desired velocity. In 
the lateral channel without control input, it can remain within the effective boundary un-
der the coupling effect of surge velocity and yaw angular velocity. Figure 15 shows the 
actual control inputs. From the semi-physical simulation experiment results, it can be seen 
that the actual input of the actuator is within the given constraint range, indicating that 
the control strategy designed in this paper can be used in actual control systems and that 
the designed auxiliary dynamic compensator is effective. 

Figure 12. The interaction interface of the semi-physical simulation experiment system.

After the propeller and rudder of the underactuated AUV are connected to the hard-
ware in the loop simulation system, the designed path-following control strategy is verified
by semi-physical simulation experiments in a situation close to the actual environment.
Firstly, the motion model of the underactuated AUV is built through LabVIEW. Secondly,
the general forces and moments generated by the control system are converted into pro-
peller speed and rudder angle information through real-time simulation computers and
industrial control computers, which are sent to the actuator of the underactuated AUV.
Finally, the real-time data of the propeller and rudder will be input into the model of the un-
deractuated AUV to obtain the motion trajectory of the AUV. In addition, the initial position,
initial speed, and expected path parameters can be input on the upper computer interface.

6.3. Experimental Results

After transplanting the control strategy designed in this paper to the semi-physical
simulation experimental system, the experimental results are shown in Figures 13–15. As
can be seen from Figure 13, the actual control input generated by the propeller and rudder
can still enable the underactuated AUV to follow the desired curve with high accuracy,
which effectively illustrates the feasibility of the path following the control strategy. The
results in Figure 14 show that the path-following error of the underactuated AUV can
converge to the neighborhood of zero. However, the control system is connected to the
actual actuators, and there is a time delay and measurement noise, which makes the surge
velocity and yaw angular velocity fluctuate, but it can still follow the desired velocity. In
the lateral channel without control input, it can remain within the effective boundary under
the coupling effect of surge velocity and yaw angular velocity. Figure 15 shows the actual
control inputs. From the semi-physical simulation experiment results, it can be seen that
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the actual input of the actuator is within the given constraint range, indicating that the
control strategy designed in this paper can be used in actual control systems and that the
designed auxiliary dynamic compensator is effective.
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7. Conclusions 
In this paper, a robust path-following control strategy is proposed to deal with the 

path-following problem of the underactuated AUV with multiple uncertainties and input 
saturation, and the effectiveness of the proposed control strategy is demonstrated by semi-
physical simulation experiments. The multiple uncertainties, including external environ-
mental disturbances, internal uncertainties, and unmodeled dynamics, are treated as 
lumped uncertainties, and then the ESOs are employed to estimate and eliminate them. 
In addition, the input saturation constraints are compensated by the auxiliary dynamic 
compensators. To simplify controller design and overcome the problem of “complexity 
explosion”, two command filters are used to obtain the estimated value of the unknown 
sideslip angular velocity and the desired yaw angular acceleration, respectively. Finally, 
the superiority and robustness of the proposed control strategy are demonstrated through 
computer simulation. To further validate the effectiveness of the proposed control algo-
rithm, a semi-physical simulation experiment platform is built. The semi-physical simu-
lation experiment results demonstrate that the control algorithm designed in this paper 
can enable the underactuated AUV to follow the desired curve after being connected to 
the actuator but can also effectively compensate for input saturation constraints. It should 
be pointed out that, due to the complexity of the experiment setup and cost limitations, 
the semi-physical simulation experiments conducted in this paper only verified the per-
formance of the AUV actuator. In future work, we will strive to carry out fully physical 
experiments to comprehensively validate the performance of the proposed control algo-
rithm. 
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7. Conclusions

In this paper, a robust path-following control strategy is proposed to deal with the
path-following problem of the underactuated AUV with multiple uncertainties and in-
put saturation, and the effectiveness of the proposed control strategy is demonstrated
by semi-physical simulation experiments. The multiple uncertainties, including external
environmental disturbances, internal uncertainties, and unmodeled dynamics, are treated
as lumped uncertainties, and then the ESOs are employed to estimate and eliminate them.
In addition, the input saturation constraints are compensated by the auxiliary dynamic
compensators. To simplify controller design and overcome the problem of “complexity
explosion”, two command filters are used to obtain the estimated value of the unknown
sideslip angular velocity and the desired yaw angular acceleration, respectively. Finally, the
superiority and robustness of the proposed control strategy are demonstrated through com-
puter simulation. To further validate the effectiveness of the proposed control algorithm,
a semi-physical simulation experiment platform is built. The semi-physical simulation
experiment results demonstrate that the control algorithm designed in this paper can enable
the underactuated AUV to follow the desired curve after being connected to the actuator
but can also effectively compensate for input saturation constraints. It should be pointed
out that, due to the complexity of the experiment setup and cost limitations, the semi-
physical simulation experiments conducted in this paper only verified the performance of
the AUV actuator. In future work, we will strive to carry out fully physical experiments to
comprehensively validate the performance of the proposed control algorithm.
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