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ESO-Based Model-Free Adaptive Heading Control
for Unmanned Surface Vessels

Shuaixi Li, Yongchao Liu, and Ge Song

Abstract—A model-free adaptive heading control strategy for
unmanned surface vessels (USVs) is proposed by integrating
extended state observer (ESO) with model-free adaptive control.
To handle internal model perturbations and external distur-
bances, a discrete linear ESO is employed to estimate the aggre-
gate uncertainties. Then, the model-free adaptive heading
controller is constructed by utilizing system input and output
data, and the estimation information deriving from the ESO.
Furthermore, a dynamic event-triggered mechanism (ETM) is
designed and embedded in the controller to save communication
data. Compared with the periodic sampling, the introduction of
the dynamic ETM enables the controller to achieve a comparable
control performance with only 5.35% of the communication
frequency. Simulation comparison and analysis exhibit that the
proposed heading controller can achieve superior heading control
effect for USVs and show broader application prospect.

Index Terms—Heading control, extended state observer (ESO),
dynamic event-triggered control, unmanned surface vessels (USVs)

1. INTRODUCTION

NMANNED surface vessels (USVs) have become
indispensable platforms for a wide range of maritime
missions [1]. Their applications encompass oceano-
graphic mapping and environmental monitoring, maritime
search and rescue, port security and surveillance, and even
military operations [2—4]. The autonomous execution of these
tasks in complex and dynamic marine environments imposes
stringent requirements on reliable and precise motion control
systems. Among these, heading control is the most critical and
fundamental component in the USV motion control [5, 6].
Despite its significance, it is a substantial challenge to
achieve high-performance heading control for USVs. The
nonlinear and coupled dynamics of USVs are susceptible to
model disturbances because of changes in payload, mass, and
inertia. In addition, USVs are continuously subjected to
unmeasurable and time-varying disturbances such as wind,
waves, and ocean currents. These factors collectively form a
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lumped disturbance that can severely degrade control perfor-
mance, leading to steady-state error and excessive overshoot.

To address these challenges, great efforts have been devoted
to USV heading control, with lots of significative achieve-
ments being discovered [7-10]. In Ref. [7], an adaptive
dynamic surface control scheme is proposed by combining
backstepping technology and Nussbaum gain function, which
can ensure that the heading angle converges and remains at its
preset value even when the control coefficients are unknown.
In Ref. [8], a neural adaptive steering control design is
proposed to address measurement noise and unknown dynam-
ics while avoiding the amplification of noise caused by the
first-order filters. In Ref. [9], a global finite-time heading
control scheme is developed that can ensure the heading angle
converges to its desired value within a bounded time interval.
To address the issues of input saturation and environment
disturbances, a robust heading adaptive controller is designed
by introducing auxiliary dynamics system and Nussbaum
function [10]. However, these methods often depend on an
accurate mathematical representation of the yaw dynamics. It
is difficult to get accurate model information because of the
external disturbances and internal uncertainties.

The limitations of model dependency have spurred growing
interest in data-driven control approaches. Model-free adap-
tive control (MFAC) is a method that directly generates
control signals from the input-output data of the system [11-13].
By utilizing a dynamic linearization technique to construct a
virtual linear data model online, MFAC achieves satisfactory
control performance using only the input-output data for
complex nonlinear systems. However, when the standard
MFAC framework is applied directly to USV heading control,
it often results in sluggish responses or oscillations because of
the non-self-stabilizing characteristic of yaw dynamics. Liao
et al. [14] proposed a redefined-output MFAC (RO-MFAC)
method for USV heading control by introducing a redefined
output gain. To address the sensitivity issue associated with
the redefined output gain, a control output constraint function
is incorporated into the RO-MFAC scheme [15]. In Ref. [16],
a variable-output MFAC method is proposed by integrating
historical input signals into the standard control criterion func-
tion, thereby weakening the integral action within the system
of heading control.

Furthermore, the above strategies are based on the periodic
sampling, which leads to excessive and unnecessary signal
communication and computational burdens in practical appli-
cations. Event-triggered control (ETC) is a practical approach
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for conserving network resources and reducing communica-
tion frequency [17-19]. The event-triggered mechanism
(ETM) is applied to the communication channel, with the core
idea being that data transmission and control updates are
executed only when a pre-defined triggering condition is satis-
fied. An event-triggered MFAC is introduced with a static
ETM [20]. In Ref. [21], a dynamic event-triggered MFAC is
developed to further lower network transmission frequency. A
data-driven resilient heading control method is proposed by
combining dynamic event-triggering and neural networks
[22], which also represents an extension of the RO-MFAC
scheme. In Ref. [23], an adaptive fuzzy heading control strat-
egy is developed by combining input quantization and ETM,
which uses a fuzzy logic system to handle external distur-
bances and model uncertainties.

To simultaneously address the issues of lumped disturbance
and the non-self-stabilizing characteristic in the heading
control system, this paper proposes a model-free adaptive
heading control (MFAHC) strategy that combines extended
state observer (ESO) and dynamic ETM. The major contribu-
tions can be outlined as follows:

(1) The output of the MFAC is redefined by incorporating
angular velocity alongside the heading angle. Therefore, the
proposed MFAHC strategy has critical damping characteristic,
which can address the under-damped and non-self-stabilizing
characteristics of USV heading dynamics.

(2) A discrete linear ESO is designed and embedded into the
control loop to actively estimate the lumped disturbance,
comprising both internal model uncertainty and external envi-
ronmental disturbances. Then, the estimation is fed into the
MFAC law for compensation, which can enhance the system’s
robustness and reduce oscillation amplitude. Therefore, the
proposed ESO-based MFAHC strategy can achieve superior
heading convergence performance in the presence of lumped
disturbance.

(3) A dynamic ETM is designed in the control framework.
The mechanism utilizes an internal dynamic variable coupled
with the sampling error, which can ensure the efficient use of
communication bandwidth and computational resources by
reducing unnecessary updates during steady-state operation.
Therefore, the proposed MFAHC strategy with dynamic ETM
can maintain better convergence performance even after a
significant reduction in communication frequency.

II. PROBLEM STATEMENT
Consider a discrete-time heading control system [1]

wlk+1) =y(k)+Ts-rk),
{ K&(k) - r(k) +d(k) Q)
T
where T denotes the sampling interval, and K and T are
model parameters. The variables r(k) and w(k) are angular
velocity and heading angle, respectively. (k) is the rudder
angle and d(k) denotes the ocean disturbance.

According to Aw(k) = w(k)—w(k—1), Apk+1) = wk+1)—
w(k), etc., Eq. (1) can be expressed in the incremental form

{Al//(k+ 1) = Aw(k) + T - Ar(k),

rtk+1)=r(k)+Ts-

KAS(k)— Ar(k)+Ad(k)  (2)

Artk+1)=Ar(k)+Ts- T

Redefine the system output in the following form

yk+1)=wk+1)+cr(k+1) 3)
where ¢ > 0 is a gain parameter. The angular velocity is incor-
porated via ¢ to form a composite system output with the
heading angle. Such operation can make the system satisfy the
assumptions of MFAC and solve the non-self-balancing prob-
lem of the second-order heading control system.

Substitute Eq. (3) into Eq. (2) to obtain the following rede-
fined system

Ayk+1) = Apk+ 1)+ cAr(k+1) =

Ay(k) + T - Ar(k) + cAr(k)+ (4)

% -[KAS8(k) — Ar(k) + Ad(k)]

Letting w(k)=Aw(k)+(Ts+ c)Ar(k) + Tsc/T - [Ad(k) — Ar(k)]
and ¢(k) = TscK /T, Eq. (4) can be transformed as

Ay(k+1) = ¢p(k)AS(k) + w(k) (%)
where w(k) is the lumped disturbance term and ¢(k) is the
partial derivative of Eq. (4) with Ad(k).

III. CONTROLLER DESIGN AND STABILITY ANALYSIS

Fig. 1 shows a schematic diagram of the proposed model-
free adaptive heading control strategy. It includes the estima-
tor of ¢(k), the discrete linear ESO, the dynamic ETM, the
redefined-output module, and the heading controller.
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Ylk+1) _ yk+1) 40 o(k)
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kv +P®
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ESO
v
Dynamic 1 'E
event-triggered ————»! :
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s troll < -
Ad(k) controller 0. 200, (k)
yk+1) T

Fig. 1 Framework of ESO-based MFAHC strategy.

A. Controller Design

Assumption 1 The ocean disturbance d(k) and its varia-
tion Ad(k) are bounded, i.e., d(k) < by and Ad(k) < bpq.

Assumption 2 Equation (4) possesses generalized Lips-
chitz continuity, as Vkj # ky, where ki, k, >0 and 6(ky) #
6(ky), then |y(ky+1)—y(ky+ 1)< b1|6(k))—6(k)|, where
b1 > 0 is a constant.

Assumption 3  The partial derivative of Eq. (4) with
respect to the control input Ad(k) exists and its sign keep
invariant, i.e., ¢(k) < 0 or ¢(k) > 0.

Remark 1 Since K and T are positive parameters, it
implies that the ¢(k) defined in Eq. (5) satisfies Assumption 3.
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Since ¢(k) is unknown, an estimation algorithm is designed as

o nAs(k—=1)
(k) = p(k 1)+,u—+A6(k—1)2 ©

[Ay(k) = $(k = DAS(k — 1]
d(k) = 3(0), if|p(kb)|<e or |AS(k-DI<e
or sign((k)) # sign((0))
where 17 € (0,1] is used to optimize the estimation algorithm,
€ is a positive small constant, and x>0 is used to limit the
rate of change of ¢(k). Formula (7) is a reset mechanism for
the estimation algorithm.

Define z;(k) = y(k) and z2(k) = w(k). From Eq. (5), we can
get

O]

21 (k+1) = 21 (k) + $k)AS(K) + za(k), (8)
22(k+1) = 2(k) + w(k + 1) — w(k)

Then, design the following discrete linear ESO

21(k+1) = 21(k) + d(R)ASk) + 2 (k) + 1121 (), ©)
2ok +1) =22(k) + 171 (k)

where Z1(k) = z1(k)—2Z1(k), Z1(k) and Z,(k) represent the esti-
mate values of z;(k) and zp(k), respectively, and /; and I, are
the gain parameters to be designed.

Define a performance function as

J[6(k)] = [yatk+ 1) = y(k) — p()AS(K) — 22(k)|* +
A[6(k) = 5k - 1)]?

where y;(k+ 1) is a reference signal, and A > 0 is a parameter
to prevent Ad(k) from becoming too large. By taking the
partial derivative of Eq. (10) concerning d(k) and solving for
the extreme points, we construct the following ideal control
algorithm

(10)

y$(k)
A+ p(k)?
where y € (0,1] is used to optimize the control algorithm.

To save communication resources, the condition of a
dynamic ETM is formulated as

kiy1 =inf{k e N |k > k;, g(k) < 0} (12)
where g(k) = |h(k)|/9 + @ — |m(k)|, 9 > 0 and @ > 0 are design
parameters, m(k) = y(k) —y(k;) represents the sampling error,
and {k;, i=0,1,...} is the set consisting of all the event-trig-
gered moments. The dynamic variable A(k) is updated as

h(k + 1) = ph(k) + @ — |m(k)| (13)
where ¢ >0 is a design parameter and h(0) = hg is the initial
value of h(k).

Combining estimation algorithm in Eq. (6), discrete linear
ESO in Eq. (9), and dynamic ETM in Eq. (12), we substitute
é(k;) and 2,(k;) into Eq. (11) to obtain

yo(k;)
A+ plk;)?

6(k) =6(k—1)+ atk+ D =yk)—z()]  (11)

6(k) =6(k—1)+ [yatk+1)=y(ki) —22(kp]  (14)

B. Stability Analysis

Lemma 1 [24] Consider a discrete-time linear system

x(k+1) = Ax(k) + Bu(k) (15)

where x e R” is the state, and u € R™ is the input. For the
given matrices A € R™" and B € R if the spectral radius
of A satisfies p(A)<1 and Bu(k) is bounded, then the
system state x(k) is bounded.

Assumption 4 The bounded control input signal §(k) can
always be found to drive the system output y(k+1) to
va(k+1), where y;(k+1) is a bounded reference signal.

Assumption 5 The desired heading angle y,(k) and
desired angular velocity r;(k) are bounded and their incre-
ments are bounded, i.e., [ya(k)| = |1//d(k) +cr, d(k)| < bay, where
ba,y > 0 is a constant.

Theorem 1 Under Assumptions 1-3, the estimation algo-
rithm in Eq. (6) and reset mechanism in Formula (7) can
ensure that the estimation error ¢(k) = (k) — ¢(k) is uniformly
ultimately bounded (UUB) by selecting parameters y > 0 and
ne(0,1].

Proof When the reset mechanism in Formula (7) is satis-
fied, ¢ is clearly bounded. In other cases, it follows from Egs.
(5) and (6) that

$k) = pk) = Pk~ 1) + gk — 1)~ (k) =

. nAS(k—1)
¢(k—1)—¢(k—1)+#—+M(k_1)2~
[Ay(k) =k — DAS(k = D] + (k= 1) - p(k) =
. nAS(k—1)? PN
¢(k_1)+/1—+A(5(k—1)2[¢(k D= ¢(k— DI+ 6
nAS(k — Dw(k— 1) PN
T A= 1)? +otk—1)— (k) =
nAS(k—1)* |,
[ _u+A6(k—1)2]¢(k_”+
_NnASk-=1) -
;1+A6(k—l)2w(k D+ ¢k—1)— (k)
By taking the absolute value of Eq. (16), we obtain
. nAS(k—1)% | .
lp(k)l < 1—m lp(k— D+
nASk=1 | s (17)
u+AS(k—1)2
lp(k —1) — g (k)
nAS(k—1)> . :
where ,U—"‘ ASGh—1)2 is regarded as a monotone increasing

function of Ad(k—1)?. By combining the reset mechanism in
Formula (7), we have

12 2
nAdS(k—1) S ne (18)
u+AS(k—1)? ~ u+g?

where 0 <7< 1 and u>0. We can find a constant g that
makes

2

AS(k - 1
<fio k=D by e AL (9
1+ AS(k—1)2 u+e?
and
nAS(k— 1) nASGk=DI _ _n 20)
p+ASk—1)2| 2y alAstk—1)| ~ 2E
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According to Assumption 2 and the definition of ¢(k), ¢(k)
is bounded, satisfying |¢(k)| < bg and |p(k—1)— (k)| < 2by.
According to Assumption 1 and the definition of w(k), w(k) is
bounded, satisfying |w(k)|<b,. Then, combining with
Formulas (19) and (20), we obtain

. . be
IB()| < g1k — D) + Z”—W +2by <

2% nbw nbw
g |¢(k—2)|+g1( +2b, )+—+2b < (@1
1 2\/11—1 ¢ 2\/ﬁ (] ( )
11+ bi(1-gh
<RI
b bi(l-gi™) b
where b1 = n_w+2b¢‘ When kK — 00, 1 = 1 .
2 M l—gl l—gl

This means that ¢(k) is UUB, and we obtain that (k) is
bounded under the boundedness of ¢(k). [ |

Theorem 2 Under Assumptions 1-3, the discrete linear
ESO in Eq. (9) can ensure that the state estimation errors
Z1(k) = z1(k) — 21 (k) and Zp(k) = z2(k) —Z2(k) are bounded by
selecting parameters /; and /, that satisfy

—111%—4l2+2—11 1/1%—4[2-}-2—[1

max P 2

1
5 <

(22)

Proof Equation (8) can be rewritten as the following
vector form

2(k+1) = Az(k)+ B(k)A6(k) + D [w(k + 1) — w(k)] (23)
where z(k) = [z1(k),22(0)1", B(k) = [¢(k),01", D =[0,1]", and
11
SR
The discrete linear ESO in Eq. (9) can be represented in
vector form as

24

2(k+1) = A2(k) + B(k)AS(k) + LC[z(k+ 1) - 2(k)]  (25)
where  2(k) = [21(k).22(01", B(k) = [¢(k),01", L=1[I1,h]",
and C =[1,0].
Defining the state
Z(k) = z(k) — 2(k), we obtain
Zk+1)=ztk+ 1) -Z2(k+1) =
Az(k) - LCZ(k) + B(k)AS(k) — B(k)AS(k)+
Dlwk+1)—w(k)] =
(A = LC) %(k) + B(k)AS(k)+
Dlwk+1)—w(k)]
where B(k) = [-¢(k),0]T. For the actual heading control
system, the change in rudder angle is limited, so Ad(k) is
bounded. According to Theorem 1, $(k) and w(k) are
bounded. We select appropriate parameters /; and /, to ensure

that the spectral radius of A —LC satisfies p(A-LC) <1,
that is

p(A-LC)=

2-l+ B -4b| |21 - \JP-4D

max 5 , 5

estimation  error vector  as

(26)

27

According to Lemma 1, p(A-LC)<1 and the term
B(k)AS(k) + D [w(k + 1) — w(k)] in the error dynamics Eq. (26)
can be viewed as a bounded input. It then follows that Z(k) is
bounded and consequently Z(k) is also bounded for the
bounded w(k). [ |

Theorem 3 Under Assumptions 1-5, the control algo-
rithm in Eq. (14) can ensure that the tracking error é(k) =
va(k) —y(k) is UUB by selecting parameters 0 < p+1/9 < 1,
@>0,ve(0,1], and A > Apin, where Amin = bé/4.

Proof According to the event-triggered condition in Eq.
(12), it can be obtained that g(k) = |h(k)| /& + @ — |m(k)| > 0 at
k € [ki,ki+1). The dynamic variable h(k) satisfies

[h(k + 1)| < @|h(k)| + @ + [m(k)| <

1
@lh(k)| + @ + 3 |h(k)|+ @ <

((p + }9) |h(k)| + 2@ <

1\2 ) (28)
((p+5) |h(k—1)|+2(<p+l—9)w+2w<
k
1\¥ 2w[1—(90+%)]
--<(¢+5) ()] + —————
1-(¢+3)
Select the appropriate parameters to _ensure that

Zw[l —(¢+;)k]

B A
=(e+)

Next, according to Egs. (5) and (14) at k € [k;,k;+1), we have
Jk+1)=yak+1)—yk+1) =
ya(k+1) = ya(k) +ya(k) — y(k)—
d(k)AS(k) — w(k) =
Aya(k+1) + §(k) — w(k)—

YPkpk) YAk
At oo? [a(k +1) = y(k;) = Z2(k;)]

where y; (k+ 1) — y(k;) can be processed as
yalk+1) = y(ki) = yatk + 1) = ya(k) + ya(k)—
y(k) + y(k) = y(ki) =
Ayq(k+ 1)+ y(k) + m(k)

0<p+1/9<1. When k — co, we can get
2w

1
1- (9“ 5) . This means that h(k) is UUB.

(29)

(30)

Therefore, we obtain

YPk(k)

A+ (ki)

[Ayatk + 1) +5(k) +m(k) - 22(ki) | — w(k)

According to the event-triggered condition in Eq. (12), it

can be obtained that g(k)=|h(k)|/P+w—|mk)| >0 at

k € [ki,ki+1), that is to say, |m(k)| < |h(k)| /9 + @. Then, apply-

ing the absolute value to Eq. (31) gives

Yk +1) = Aya(k+1) +5(k) - 31)

_ ydkp(k)
A+ (ki)
Aya(k + 1) + (k) +m(k) = 22(ky)| + (k)|
where |Aya(k+ 1) +5(k) + m(k) = 22(ki)| < |Ayatk+ D] +[500)] +

[¥(k + DI < [Aya(k+ D]+ [y(k)[ +|1

(32)
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lm(k)| +22(k;)|. In addition, ¢(k;) and %,(k;) only update data
from @(k) and %,(k) when dynamic ETM is triggered, and
their values will remain unchanged in the other cases. This
also means that the boundedness of ¢(k;) and Z,(k;) is consis-
tent with the boundedness of ¢(k) and 2, (k).

According to |m(k)| < |h(k)| /9 + @, we have

kg (k)
A+ Gk
| Y$k)$®)
A+ d(ki)?
b(k)p(k) |( 1
7:l¢+ &(Z)z_ (5 h(k)| + w) +
ydki)p(k)
A+ Gk
Let Amin =bé/4, when A > Apnin, we can find a constant
0 < N < 1 that makes

dkpk) _ bodk) by
A+¢k)?  2VAd(k) 2V Amin

Since 0 <y < 1, there must be a constant g that

Y0kl | ydkoek) CNRg <l
A+ d(ki)? A+ p(ki)?

According to Assumption 5 and Theorem 2, we can get
[Ayq(k+ D] < bay, lw(k)| < by, and 22(k)| < bz, where b is
a constant. Then, combining Formulas (34) and (35), it
follows that

y(k+ DI <|1 [yl +

|Aya(k+ D)+

(33)

[22(k)| + (k)|

O0<N<

=1 (39

(35)

1
y(k+ DI < g2 [¥(k)| + 82bay + 3 lh(l)|+ @ +bz2 + by, <

82 [9(k)| + £2(k)
where Q(k) = gobay +1h(k)| /O +@+bsp+b,. The h(k) is
bounded by Formula (28), therefore (k) is also bounded,
recorded as Q(k) < bg, where by is a constant. Then, this
yields

(36)

5k + D] < g2 [5(k)| + bo <

&3 15k — D+ gabg +bo <

bo(1-g5)
1_

37)
< gD+

bo(1— gé) bo . )
When k — oo, = . This means that y(k) is
1-g 1-4g
UUB. ]
Remark 2 As a discrete-time system, the time of Eq. (5)
is quantized into minimal indivisible units 7s. The system
states are updated exclusively at discrete time instants
k=0,1,2,..., which can guarantee the absence of Zeno
behavior after incorporating the ETM.

IV. SIMULATION RESULTS
To substantiate the effectiveness of the proposed ESO-based
MFAHC strategy, the “Dolphin I’ USV [14] is employed for
comprehensive simulation analysis, of which model parame-
ters are K =0.186 and T = 1.068.
The simulation is conducted in two comparative tests. First,

the conventional control scheme without ETM is compared
with the approach from Ref. [14]. Subsequently, the proposed
control strategy with ETM is compared with the approach
from Ref. [22]. The same internal uncertainty and external
disturbance are added to two simulation environments at
k > 200. Its specific form is

0.186, k < 200;
- 0.186+0.02-cos(k;0(;)0-1t),k>200 (38)
0, k < 200;
d(ky = O.l-sin(k;()(?o-77t),k>200 (39)

The sampling interval is 75 = 0.1 s. The state at k = 0 of the
heading control system is r(k)=0°/s and w(0)=0°. The
parameters of ESO-based MFAHC algorithm are set as
c=22,n=1, u=100, e=5x107%, ¢0)=5, [, =2, L =1,
v=035,1=10, hp=0, ¥ =14, w=0.02, and ¢ =0.5. The
desired signals are set to y, (k) =45° and ry(k) =0°/s. The
other parameters of dynamic event-triggered RO-MFAC
(DET-RO-MFAC) [22] and RO-MFAC [14] are the same as
the proposed ESO-based MFAHC.

The comparative effects of heading control are shown in
Figs. 2 and 3. The differences between the two tests are shown
in Table 1. Fig. 4 shows the observed effect of the proposed
discrete linear ESO on the lumped disturbance term w(k)

---h)
10 e
— (k)
0 200 400 600 800
Time (s)

Fig. 2 Comparison result of RO-MFAC and ESO-based MFAHC.

(k)
600 800

400
Time (s)

0 200

Fig. 3 Comparison result of DET-RO-MFAC and ESO-based MFAHC with
dynamic ETM.
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without dynamic ETM. Fig. 5 shows the corresponding
control input 6(k) variation curve during this process. Fig. 6
illustrates the triggered intervals of the dynamic ETM for the
sensor channel in the heading control system. Compared with

Table 1 Comparison of simulation results.

the periodic sampling, the effect of introducing dynamic ETM
on saving communication resources is shown in Table 2. The
cumulative number of event-triggered occurrences is 428,
accounting for 5.35% of the total discrete time intervals of
8000. Fig. 7 shows the observed effect of the proposed
discrete linear ESO on the lumped disturbance w(k) with the

Control mod Mark ESO ETM (6] hoot .. . . .
Onto” moce a ver sioo addition of dynamic ETM. Fig. 8 shows the corresponding
RO-MFAC y1 (o) No No 2.43° control input rudder angle variation curve during this process.

ESO-based MFAHC! o (k) Yes No 0.90°
DET-RO-MFAC w3 (k) No Yes 2.41° Table 2 Effect of dynamic ETM.
ESO-based MFAHC? w4 (k) Yes Yes 1.11° Communication mode Number Over shoot
Note: ESO-based MFAHC! represents the proposed ESO-based MFAHC Periodi li o
without ETM, and ESO-based MFAHC? represents the proposed ESO- eriodic sampling 8000 090
based MFAHC with ETM. Dynamic ETM 428 1.11°
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Fig. 7 Estimation effect of ESO-based MFAHC with dynamic ETM.
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Fig. 5 Rudder angle variation curve of the ESO-based MFAHC.
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Fig. 8 Rudder angle variation curve of the ESO-based MFAHC with dynamic
ETM.

As shown in Table 1 and Figs. 2 and 3, the introduction of
discrete linear ESO significantly reduces the oscillation ampli-
tude in heading step response curves. This effect persists
regardless of ETM presence, and is particularly pronounced
during periods with applied internal model perturbation and
external disturbance. This also means that compared with the
traditional model-free heading control methods without ESO,
the proposed ESO-based MFAHC has better robustness.
Figs. 4 and 5 demonstrate that Z;(k) can effectively estimate
w(k). Compensation for this term in the control algorithm
ensures the precision and robustness of the proposed heading
control strategy under both internal uncertainties and external
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disturbances. Fig. 6 and Table 2 reveal that the dynamic ETM
reduces unnecessary data transmission, thereby conserving
limited network resources. Furthermore, Figs. 7 and 8 confirm
that both discrete linear ESO and RO-MFAC controllers
maintain effective operational status after dynamic ETM
adoption. Even with only 5.35% of the communication data,
the proposed ESO-based MFAHC with dynamic ETM can
still control the heading holding error within an acceptable
range. Collectively, the simulation ultimately verifies that the
proposed scheme has strong robustness, which achieves reli-
able heading control performance in simulated marine envi-
ronments with external disturbances and internal uncertainties.

V. CONCLUSION

This paper focuses on USV heading control subject to
lumped disturbance and non-self-stabilizing characteristics.
The proposed MFAHC strategy integrates a discrete linear
ESO with MFAC, which can achieve satisfied control effect
and economize communication resource without relying on
model information. Rigorous derivations demonstrate the
bounded stability of the proposed ESO-based MFAHC strat-
egy. Simulation results further confirm that the proposed
ESO-based MFAHC approach exhibits superior control
performance and effective solution for maritime navigation
under challenging conditions. Future work will focus on the
experimental validation via a physical USV platform.
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