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Abstract: Addressing the challenges of designing unmanned ship autopilot control systems
in a variable marine environment, this study proposes an anti-disturbance control method
based on disturbance estimation and compensation under an event-triggered mechanism.
The disturbances faced by unmanned ships are modeled as a first-order Nomoto process,
capturing the marine disturbances caused by wind, waves, and currents as well as
unmodeled dynamics. A extended state observer is constructed to estimate environmental
disturbances and uncertainties within the ship model. In the control design, the estimated
disturbances are used for compensation to mitigate the impacts of disturbances and
uncertainties on the navigation control of unmanned ships. An auxiliary dynamic system is
designed to reduce the effects of autopilot input saturation, and an event-triggered
mechanism is introduced to decrease the frequency of autopilot actions to avoid excessive
wear. Stability analysis using Lyapunov functions indicates that all error signals in the
closed-loop system are bounded. Simulation results demonstrate the effectiveness and
feasibility of the autopilot event-triggered control system.

1. Introduction

Under the influence of emerging technologies such as artificial intelligence and modern
information technology, the navigation technology of unmanned ships is advancing rapidly towards
intelligence and automation. The methods of using unmanned ships for water operations are
becoming increasingly diverse. Unmanned ships can be used for a variety of tasks including water
environment monitoring, scientific research exploration, surveying and mapping, as well as rescue
operation [1]. During navigation, unmanned ships are affected by maritime conditions such as wind,
waves, and currents, which can cause the vessel to deviate from its preset course, resulting in
trajectory deviations and the inability to complete the anticipated tasks [2]. In response to this need,
the autopilot control system has been developed to adjust the ship’s heading in real-time during
surface navigation [3], aiming to achieve intelligent and automated ship control. This enables the
unmanned ship to navigate as closely as possible to the target course.

The autopilot is a maneuvering control device for ships, capable of calculating the necessary
rudder angle based on heading errors to perform trajectory tracking control for unmanned ships. In
[4], Sperry utilized a gyrocompass to measure the actual heading of the ship and employed a
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feedback control method to complete the design of the first autopilot control system. Nicholas
Minorsk [5] applied the Proportional-Integral-Derivative (PID) control algorithm to autopilot
control systems. Banazadeh et al. [6] employed frequency domain identification techniques to
recognize the model parameters of patrol boats and designed a PID autopilot controller. However,
these studies did not consider the nonlinear maneuvering characteristics of ships. Addressing the
nonlinear maneuvering characteristics of ships, Perera et al. [7] utilized input-output linearization
techniques. They divided the ship motion system into linear dynamics and internal dynamics,
designing a ship heading controller based on Lyapunov analysis methods. The literature
[8]implemented a discontinuous control strategy to achieve finite-time stability in the ship heading
control system and subsequently designed a global finite-time method for ship heading control that
could converge rapidly. These studies did not fully consider the uncertain characteristics of the ship
model, and due to factors such as onboard load, speed, and external environment, there were
uncertainties during the ship’s navigation. In [9] an observer with global exponential stability was
constructed to estimate marine environmental disturbances online and designed a multi-ship
synchronous formation control strategy with disturbance compensation capabilities. In [10], a
robust nonlinear disturbance observer was designed to estimate and compensate for time-varying
marine environmental disturbances, subsequently devising a synchronous navigation tracking
control strategy for underactuated ships. Ning Jun et al. [11] developed an extended state observer
to estimate the effects of time-varying marine environmental disturbances and designed a finite-
time formation control strategy for unmanned ships.

Currently, control methods based on disturbance estimation and compensation are gaining
increasing attention. The fundamental concept involves using an observer to estimate external
disturbances and provide compensation. By integrating theories of disturbance estimation with

fixed-time control [12], adaptive neural network control [13], H control [14], and variable
structure control [15], methods for simultaneous cancellation and suppression of multiple sources of
disturbances have been developed to achieve finely tuned disturbance resistance in control systems.
Due to the physical limitations of ship systems, the rudder angle provided is affected by saturation
constraints. Designing ship navigation control strategies that consider environmental disturbances
and rudder angle saturation constraints aligns more closely with practical requirements.

To prevent excessive wear on the servo mechanisms, an event-triggered mechanism is applied to
the autopilot control system. The core idea relies on pre-set triggering conditions, whereby the
controller signal is updated only when these conditions are met, thus reducing excessive wear on the
servo. Zhu et al. [16] designed a ship navigation event-triggered adaptive neural network fault-
tolerant tracking control strategy, incorporating an auxiliary dynamic system to mitigate the effects
of propulsion saturation constraints. They employed an upper bound disturbance adaptation method
to suppress the impact of time-varying environmental disturbances on the control system, enhancing
its disturbance resistance capabilities under varying conditions. However, this method relies on the
error variables of executed actions and still exhibits disadvantages such as high frequency of
actuator operations. In practical navigation, to reduce wear on actuators, the frequency of rudder
movements is kept very low. Therefore, there is an urgent need to design a new type of trigger
controller that significantly reduces the frequency of actuator actions, making the controller more
suitable for engineering applications.

This paper proposes an autopilot control system under event-triggering, addressing the
environmental disturbances and rudder angle input saturation issues encountered during unmanned
ship navigation. Considering the marine environmental disturbances caused by wind, waves, and
currents, a disturbance observer is constructed to estimate disturbances and uncertainties online. An
auxiliary dynamic system reduces the impact of rudder angle saturation on the control system, and
an event-triggering mechanism decreases the frequency of actuator operations to avoid excessive
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wear on the ship’s steering gear. Subsequently, using a Lyapunov function for stability analysis, it is
shown that all error signals in the closed-loop system are bounded. Simulation results demonstrate
the effectiveness of this method.

The structure of this paper is organized as follows: Section 1 establishes the unmanned ship
model and formulas. Section 2 describes the design of the extended state observer. Section 3
introduces the design of the controller using an event-triggered and auxiliary dynamic system,
provides stability analysis, and verifies the feasibility of the proposed control scheme. Section 4
provides a simulation to illustrate the theoretical results. Section 5 summarizes the paper.

2. Mathematical Model

2.1. Symbols

The following symbols will be used throughout this paper. |o| represents absolute values, unless
otherwise specified. || represents the Euclidean norm. R™" represents the Mxn dimensional

Euclidean space. 4,, represents the minimum eigenvalue of a square matrix. ()" represents the
transpose of a matrix.

2.2. Model of the Ship

This ship motion is described by six degrees of freedom, namely surge, sway, yaw, heave, roll,
and pitch. To simplify the complexity of ship motion control, only the motion in the horizontal
plane, comprising the three degrees of freedom-surge, yaw, and sway-is typically considered. To
quantitatively describe the motion of these three degrees of freedom, two coordinate systems are
commonly used: one is the body-fixed frame, which takes the ship itself as the reference point; the
other is the earth-fixed frame, which uses the earth as the reference point. As illustrated in Figure 1.
A XE

Ye

Og -

Figure 1: Earth-fixed frame XeOeYe and Body-fixed frame XgOgsYs

The mathematical model of an unmanned ship moving in the horizontal plane is described as
follows [17]:
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n=3J(y)V

MV =-C(V)v—DV)v+d+7 (1)

Where 1 =[x, y,w] is the vector of the ship position (X,y) and angle ¥ heading in the earth-
fixed frame. v =[u,v,r]" represents the vector of the ship velocities in surge, sway, and yaw in the
body-fixed fram, d=[d,,d,,d,]" represents the vector of environmental disturbances,
r=[r,,7,,7,]" is the control vector of the ship, including forces in surge z,, sway 7,, and yaw

moment 7, . M is the inertia matrix, and D is the damping matrix. The matrices J(v) are
expressed as follows:

cos(y) —sin(y) O
J(y)=|sin(y) cos(y) O
0 0o 1

_ (2
m-X, 0 0

u

M = 0 m—-X, mx,-Y,

g r

0 mx,—N, I,-N,

In the formula, M represents the mass of the ship, !, denotes the inertial moment of the ship
about the axes of the body-fixed frame, X, is the center of gravity of the ship in the body-fixed
frame, and X,, Y., N,, N, represents the hydrodynamic parameters.

0 0 ¢4
C=10 0 Cy (3)
Cy Cp O

Within the matrix: €5 =—(m— X, )v—(mx, =Y,)r, ¢,; =(M—X,)u, ¢ =(M—X,)v+(mx, =Y, )r,
Cy, =—(M—=X,)u. C(v) =-C" (v) e R*® represents the Coriolis-centripetal force matrix:

dll 0 0
D=| 0 d22 d23 (4)
0 dsz dsa

Where dll = _(Xu + Xu\u\ |U|) y d22 = _(Yv +Y VM |V|+YrM |r|) ) d23 = _(Yr +Y\v\r |V|+Y\r\r |r|) )
dgp =—(N, + N, [v[+ NMV|V|), dy =—(N, + N, |v|+ NMr|r|), Xy, Xy Yoo Yo, You Yo, Yor, Y,

vlv r Mo TV Tra Vs e

N,, Ny, Niv, No, Ny, Nyois the hydrodynamic drag coefficient.
2.3. Model Decoupling

The mathematical model represented by equation (1) can be simplified by assuming a constant
surge velocity U = U, resulting in a sway-yaw dynamics model, described as:

M.V, +N(U,)v, =7, (5)

vr ovr
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Where v, =[v,r]" is the state vector and 7, represents the vector of forces and moments in the
sway and yaw directions respectively.

Fm-X,  mx, -Y,
MVF =
mx,—N; 1,-N,
- 6
N =Y, =Y, +(m—X,)u, ©)
(o) = =N, +(Xg =Y u, =N, +(mx, —Y,)u,
N(u,) can be expressed as:
N(u,)=C, +D, )
Where:
c 0 (m—X;)U,
v _(Xu _Yv)uo (mxg _Yr)uo (8)
oY, -,
D, =
__Nr _NJ
Where:
7, =ho (9)

Where b=[-Y,,-N,]", Y5 and N are the sway moment coefficient and yaw moment coefficient,
respectively.
In this model, equation (5), considering only the motion in sway and yaw degrees of freedom,
can be transformed into a Nomoto model:
res) K(@+T,s)
5(s) (1+T8)(1+T,9)

(10)

Where T, (i=12,3) is related to the ship’s following performance index, I' is the heading
angular velocity, & is the rudder angle, and K is the ship’s turning performance index.

Experimental results indicate that the constants T, and T, are almost equal [18]. Therefore,
equation (10) can be written as:

s __K
5(s) 1+Ts

(11)

in the equation, T =T, +T, —Tj.

Considering saturation issues, and it can be attained that -U,<é<U,, U, is the maximum rudder
deflection. The error function between unsaturated and saturated problems is defined as c=9,-¢,
where J. is the rudder angle calculated by the controller.

2.4. Control Objective

The desired heading angle ¥, provided by the system, and the desired heading angular velocity
ry , is obtained from the following second-order filter:

50



!//a = rd
. (12)
Iy = If(‘/’a —yy) =2k

Where |, € Ris a positive constant.
The control objective is to force the unmanned ship to track the reference heading signal ¥4 and
reduce the frequency of servo actions, such that:

lim_, |y —y,|<e (13)

Where ¢ is a sufficiently small positive constant.
For clarity, the proposed controller structure diagram is provided below. As shown in Figure 2.

Environmental
disturbances

W

Z| J Event ()1 n

1 “1 . .
"7’1 Extended State triggering Controller Servo
— Observer - strategy motor
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) -

ﬁ . a
1 Auxiliary
dynamic system

Figure 2: Structure diagram of the autopilot event-triggered control system
3. Extended State Observer

Due to the environmental disturbances and model uncertainties that the unmanned ship is
autopilot control system encounters in practical operations, which are unknown and unmeasurable,
an extended state observer is introduced to estimate the unknown environmental disturbances and
model uncertainty information, thereby providing more accurate signals. Based on equation (11),
the controller is designed as follows:

=T (@0 +8) -1 (14)

Where 0, represents unknown but bounded environmental disturbance.

To facilitate the design of the extended state observer, we rewrite equation (14) in the state space
form:

X =X,
X, = X, +a+byu, (15)
X, =h

w

In the equation, X =y, X,=I, X =(K/T)s,, a=—@/T)r b=(KI/T), u=05-0.
Assumption 1: There exists a positive constant h* satisfying || <h*.

Remark 1: Assumption 1 is reasonable because the assumed environmental disturbances are
bounded. @ represents the controlled object, X; represents the environmental disturbances, h
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represents the derivative of the environmental disturbances, and U, is the input signal.
In expression (15), the matrix form can be expressed as follows:

X=Ax+Bu+Eh (16)

Where X =[x, X,,X]" is the extended state vector.

0O 1 o0
A=lo -1 1
T
_O 0O O
)
B=|b, @an
| 0
0
E=|0
_1
The estimated state of the state observer is as follows:
%= AR+Bu+Le (18)

Where =X, — %, K=[&,%,, %] is the estimation of X, L=[kk,,k,]" is observer gain matrix
with ki, (i=1,2,3) is a positive constant.

Subtracting equation (18) from equation (16) yields the observation error for the state observer,
as follows:

X =A%+ Eh— Le (19)

In the equation, X =Xx—X.
Define that Le = LCX, C =[1,0,0]. Therefore, equation (19) can be rewritten as:

% =(A-LC)X+Eh (20)

Option for an appropriate matrix L to stabilize the matrix A—LC . Under Assumption 1,
equations (20) and (18) ensure that the estimates of environmental disturbances and model
uncertainties converge to their true values within a finite time.

4. Controller Design

Before designing the controller, construct an auxiliary dynamic system to address the issue of
servo input saturation. The auxiliary dynamic system is designed as [19]:

p=-LA~+p (21)
p,=-L.pB,—bo (22)

Where L;, L, is a positive constant, 4, £, representing the auxiliary state.
The design process for the controller is as follows:
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Step 1: Define the first error vector as:

L=y -y, B (23)
And select a Lyapunov function:
1
V= 9 212 (24)

According to equations (23) and (21), the time derivative of V, can be represented as:

Vi=zz = Zl(f_ +LA _ﬂz) (25)

Where [ is the estimate of I.
Define the second error vector as:

z,=f-a—-p, (26)

Where & is a signal produced by a first-order low-pass filter, Lo+ = @ where l, is a positive

constant and ¢ is a virtual control, defined as:
a=-Cn+-Lp 27)

Where ¢ >0 is a constant.

Simplifying and combining equations (25) and (27) yields:
V, =2’ +2,(2,+4d) (28)

In the equation, a=a-«.
Step 2: Select the Lyapunov function as follows:

1
V2 :Vl + E 222 (29)

Based on equations (18), (22), and (26), it follows that:
22:—%f(z+>23+b0(5c—a)—kze—07+L2,82+boa (30)

Substituting equation (30) into the time derivative of V,, and simplifying with equation (28)
yields:

Vg = —01212 +2,(z, +a)+ 7, (_% X, + % + b0, —kye - a+ L.5,) (31)

To ensure Z, stability, the controller is designed as:

1 1, . . =
0.~ Ln kit d-cz,-LA) @)
0

Where C, is a positive constant.
Substituting equation (32) into equation (31) results in:

V, =—C 2> ~C,2; +z,a—K, 2,8 (33)
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It is known from the literature [20], that & is bounded. ¢, is the upper bound of & . Using
Young’s inequality, we obtain:

~ . 1., 1.,

Lalzra, <—7+—a 34
1 1%"u 2 1 2 u ( )

1, 1, 1, 1.+
z,e<=72;+-e"<=7;+=XX 35
2 2 2 2 2 2 2 ( )

Step 3: Consider the total Lyapunov function as:
1 1 1

V=V, +=8+=+=X"% 36
S BB (36)

The time derivative of V according to equations (20), (21), (22), (34), and (35) yields the
following result:

V £~(6— )2 - (¢, ~ )2 (¢, ~ X3
e 2 2 37)
-La -L,pB; + BB, —bf,o+h +Edu

Where ¢, = 4,,,(A—LC), and h* is given according to | Eh||<h*.
Define & as the upper bound of o, and using Young’s inequality, we obtain:

ﬂ203ﬂ25S%ﬂ22 +%52

1 1 (38)

181:82 < Eﬂlz +Eﬂ22

Hence, equation (37) can be written as:
: 1 K Kyy oo

VS—(Cl—z)zlz—(CZ—EZ)ZS—(Cg—?Z)XTX ( )
39

1 1 b

(L= DB (== DB+ i

Where g =h"+(1/ 2)07u2 + (b, / 2)5°.

Step 4: In common continuous control schemes, the design has already been completed in Step 3.
This paper adopts the concept of event-trigger control and establishes the triggering conditions will
be established in this step. During the flow period between two consecutive trigger moments, a
zero-order hold is used to maintain o, constant. The key to a successful event-triggered controller
design lies in selecting an appropriate triggering condition. The current triggering moment is
denoted as t, , and the next triggering moment is determined by satisfying t; —the following
condition:

t, =infteR[t>t, AW, 2V} (40)

9i

Where W, =(c,-U/2)z’ +(c,—(k,/2)z; , 0<y <A, {(c,—(1/2)), (c,~(k,/2))} are adjustable
variables. Once the triggering condition is satisfied, thus W, <V, and it renders.
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0>-W, >—V (41)

And it implies -W, is bounded: Thus, we obtain:

v's-Wa—(c3—k—22)>~<T>~<—(L1—%)ﬂf—(Lz—%—b—;)ﬂ§+m
kz oT o 1 1 bo 2 (42)
S_((:3_3))( X_(Ll_E)ﬂl _(Lz_E_E)ﬂz T

From the definition of v, it can be determined that vV, X, A, £, are bounded and convergent. It is
known from the W, < »V that z,, z, are bounded. The above proof demonstrates that V is

convergent, and thus z;, Z, is also convergent. Therefore, all signals in the closed loop are bounded.
Thus, equation (42) can be written as:

V<V + 1 (43)

Where C is a positive constant.

If the triggering condition is met, ¢=4,.{(c;—(k;/2)), (L-(1/2)), (L,-@1/2)~(b,/2))} ,
otherwise ¢ =4, {(c,—(1/2)), (c,-(k,/2)), (c;-(k,/2)), (LL-(@A/2)), (L, -(1/2)-(b,/2))}.

Ultimately, it can be derived that:

VIOV ©O-Ee e (44)

Based on the definition of V., it can conclude that z,, Z,, X, A, and A, are bounded. From
equation (44), z, exponentially converges to a compact set I1={z ||z,|<2(z4/(c—))} that can be

made arbitrarily small by adjusting =7, it can be maintained lim,_,_ |y —w,| < &, thus completing
the control over the controlled object.

5. Simulation Results

This section conducts simulations using Matlab and provides simulation results to verify the
effectiveness and feasibility of the controller. The parameters for the extended state observer are set
k=4, k,=5, k,=10, and the range |5| < 35" for the rudder angle is established. The sampling period
for the triggering condition is 0.01s, t, —t, =001, » =0.01, with the reference heading signal set
to y, =30", 0s<t<250s. when y, =0", 250s <t <500s.

Figure 3 depicts the output response of the controller, where the blue solid line represents the
desired output heading angle, the red solid line indicates the actual heading angle signal under the
event-triggered control system, and the black dashed line shows the estimated heading angle curve.
As seen in the figure, the event-triggered control system allows the unmanned ship to accurately
track the reference course, achieving the expected tracking performance. In Figure 4, the blue solid
line represents the heading angular velocity, and the red dashed line shows the estimated heading
angular velocity curve. It can be observed that the event-triggered control system achieves good
estimation results even when the heading angular velocity is unknown, and the estimation of the
heading angular velocity converges well to the actual heading angular velocity. Figure 5’s blue
solid line represents environmental disturbances, and the red solid line shows the estimation of
these disturbances. The results demonstrate that the state observer can accurately estimate
environmental disturbances. Figure 6 displays the variation over time of the rudder angle & under
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the event-triggered control system conditions. From the figure, it is evident that the frequency of
rudder angle updates is significantly lower than that achieved by traditional time-sampling methods.
The event-triggered control system reduces mechanical wear and fuel consumption by lowering the
frequency of autopilot usage.
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Figure 3: Heading-tracking curve
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Figure 6: Steering angle curve under the event-triggered control condition

6. Conclusion

This paper conducts an in-depth study on the autopilot control problem for unmanned ships,
particularly addressing issues related to environmental disturbances and servo input saturation. A
control strategy based on extended state observer, auxiliary dynamic systems, and event-triggered is
proposed. An extended state observer is utilized to estimate unknown environmental disturbances as
well as model uncertainties. An auxiliary dynamic system is employed to handle saturation issues.
The final derivation of the event-triggered conditions ensures that the autopilot controller updates
only when these conditions are met, significantly reducing mechanical wear and fuel consumption.
Simulation results demonstrate that the designed controller can ensure the unmanned ship’s actual
heading accurately tracks the reference heading. Stability analysis based on Lyapunov’s theorem
proves that all signals are bounded, and the tracking error converges to a neighborhood of the origin.
The feasibility of the proposed control algorithm is validated using Matlab simulations.
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