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Abstract: This paper focuses predominantly on the multi-tasks carried out by the cooperative un-
manned surface vehicle-unmanned aerial vehicle (USV-UAV) system in which the input quantization
is considered. The proposed cooperative scheme consists of the asynchronous separate guidance
and adaptive fuzzy quantized control algorithm. The proposed guidance law takes full advantage of
subsystems whilst considering the maneuverability of these subsystems in order to achieve the goal
of executing multi-tasks. In contrast to previous guidance laws, although the same waypoint path
is planned, the calculation for guidance law proposed is based on speed rather than time, which in
reality is more relevant. As for the controls, an adaptive fuzzy quantized controller was developed to
reduce undue exertion on the actuator. By fusing the dynamic surface control (DSC) and fuzzy logic
system (FLS), a hysteresis quantizer has been introduced to reduce the transmission load. By properly
adjusting the quantization density, the number of quantizations was reduced whilst maintaining a
favorable control performance. All of the stated variables are semi-global uniform ultimate bounded
(SGUUB) and the stability of the USV-UAV system is proofed through the Lyapunov theorem. Finally,
the advantages of the proposed scheme are evaluated by two simulative experiments, exhibiting the
favorable tracking accuracy and reduced wear on the actuators.

Keywords: USV-UAV; fuzzy logic system; input quantization; dynamic surface control

1. Introduction

Recently, with the rapid emergence of unmanned surface vehicles (USVs), unmanned
aerial vehicles (UAVs) [1] and autonomous underwater vehicles (AUVs) [2], the intelligent
unmanned systems which they consist of are gradually emerging.

Although each subsystem has the capability of handling most tasks, when they en-
counter particularly complicated tasks, intelligent unmanned systems are better suited for
these applications. For example, the USV-UAV system has greatly expanded exploration
range of whist maintaining endurance, however it can significantly increase its rapidity
and efficiency in terms of maritime supervision, exploration, and search and rescue [3-7].
Collaborative coordination of heterogeneous unmanned systems during the execution
of a mission is challenging due to the complexity of the environments and the potential
for various external disturbances [8,9]. Therefore, it is crucial to refine high-performance
algorithms for the USV-UAV collaborative system in order to fully leverage the subsystem.

The guidance term and the control term are significant elements when considering
the control of the USV-UAV system. The guidance term is designed to generate reference
signals for the USV-UAV system, for which the following guidance methods are commonly
used: line-of-sight (LOS), artificial potential field (APF), leader-follower, etc. In [10],
the LOS guidance principle is approached as a conventional way that marine vessels
adhere to their intended course through a series of waypoints, which ensures proximity is
maintained. However, LOS-related methods solely concentrate on the tracking precision
of straight lines and exhibit inadequate performance in path planning around curves.
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In [11], an improved dynamic virtual ship (DVS) guidance principle is proposed. The
DVS can be used as a complementary reference model that not only provides improved
performance in curves, but is also more relevant in practice. The aforementioned approach
is dependent on time and may generate cumulative errors which decreases the precision
if the guidance path is overly intricate. In the realm of cooperative USV-UAV system,
comparable guidance methods are used. Based on the LOS guidance principle, a revised
3-dimensional (3D) mapping guidance was developed to ensure that the UAV flies with
the USV [12]. The reference signals of the USV and the UAV are simultaneous in order to
guarantee their accompaniment. In [13], a novel guidance law based on the combination of
virtual structure and APF was proposed for the USV-UAV system. However, when facing
complex situations, the APF method exhibits poor performance as the multiple potential
fields can affect each other. In order to solve the problem of cooperative path planning for a
multi-target air-sea heterogeneous unmanned system, a trans-regional cooperative control
model is established [14]. However, the path planning in this paper does not sufficiently
take into account the turns nor is it practical enough. In [15], a two-phase landing method
was proposed for landing the UAV on the USV precisely using standard GPS and an
IR beacon. The guidance section is comprised of the accompanying flight segment and
the landing segment. The test results demonstrate that the landing error falls within the
range of 20 cm. However, as for the approach to ports, a different method was applied.
In [16], a clustering-based approach is adopted, which involves identifying ship trajectories
of different patterns of motion corresponding to in-port and out-port ship routes based
on Principal Component Analysis and K-mean clustering algorithms. As for the control
term, numerous methods were used in the USV-UAV system, such as robust adaptive
neural control [17], fuzzy logic system (FLS) [12], particle swarm optimization (PSO) [18],
prescribed performance control (PPC) [19,20], event-triggered control (ETC) [21], sliding
mode control [22], etc. The aforementioned literatures predominantly concentrate on the
autonomous navigation guidance and control of single agents. As for multi-agents, the
guidance principle in the aforementioned studies may not be sufficiently practical or they
could fail to fully exploit the advantages of the USV-UAV system.

Currently, a selection of high-performance control algorithms is proposed for the
hetero-class system. The issues in achieving an accurate attitude tracking control for
quadrotor UAVs was successfully solved by merging the tracking differentiator and the
extended state observer strategies as described in [23]. In order to avoid an “explosion
of complexity”, the dynamic surface control (DSC) technique [24], which is a first-order
filter for virtual control signals, was introduced so as to avoid the high computational
burden. In contrast to the formations of USVs or UAVs, which are homogeneous, the coop-
erative USV-UAV system is of mixed order. Despite this, comparable issues such as model
uncertainties [25], external disturbances [26], input constraints [27], and communication
burden [28] must be addressed in the control section. A learning-based adaptive robust
control (LARC) framework is proposed in [29] to tackle the parametric and nonlinear uncer-
tainties which are influenced by a varying environment. The position and attitude signals
in the control of the USV-UAV system are generated by the computer, then transmitted via
the communication channel, whereby they are quantized before passing again through the
communication channel. Thus, quantized control is introduced which guarantees a certain
closed-loop performance whilst requiring low communication rates and addressing uncer-
tainties. In [30], an adaptive quantized control strategy was proposed for linear uncertain
systems based on Lyapunov theory. In [31], focusing on nonlinear uncertain systems with
quantized input, an enhanced adaptive control scheme with a new hysteretic quantizer
was developed. The introduced hysteretic quantizer can avoid the oscillation caused by the
logarithmic quantizer. A backstepping-based adaptive stabilization method was devised
for parametric strict-feedback systems featuring hysteretic quantization in [32]. In [33],
a composite adaptive quantized controller was constructed based on the DSC technique
for UAV. In [34], a new collaborative platform between USV and UAV was introduced,
providing a solid basis for cooperative tasks performed by the combined USV-UAV sys-
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tems. In [35], an improved PSO algorithm aimed to form cooperative path planning for the
air-sea heterogeneous vehicles. Most of the results in the corresponding literatures solely
pertain to the control design for systems of identical order. However, as for USV-UAV
systems with heterogeneous properties, there is a lack of research that focuses on quantized
stabilization, however, in spite of this problem, tracking quantized feedback has greater
practical significance.

For ensuring the proper operation of the guidance algorithm and its compatibility
with marine engineering applications, a control algorithm has been designed which has
the superiority to the concise form and less actuator wear. The main contributions in this
paper can be summarized in the following two aspects:

(1) For the cooperative USV-UAV system, an asynchronous separate guidance principle
has been developed to perform multiple tasks within a designed timeframe. In contrast
to [10], the proposed guidance principle effectively utilizes subsystems in complicated
scenarios. As for the application of multi-tasks, the proposed guidance principle applies to
the USV-UAV system and has an improved performance to homogeneous systems, which
consist of single USVs or UAVs. Notably, as with the waypoint-based route described
in [11,13], the curved line is a circular arc which is calculated based on a fixed pre-set
velocity, but the proposed guidance principle calculates the path of the curved line based
on the velocity and the distance between the vessel and the target point, which is more
relevant to the actual context.

(2) A novel adaptive fuzzy quantized control strategy for the USV-UAV system is
presented. The continuous input signal is segmented into suitable fixed-value segments
through the implementation of hysteresis quantization, which causes a significant reduc-
tion in transmission load and wear of the actuator. Furthermore, additional parameters
are designated to eliminate the adverse effect induced by inconsistencies caused by the
heterogenous model of ship.

The remainder of this paper is organized as follows. In Section 2, the problem formu-
lation and preliminaries are presented. In Sections 3 and 4, we give a systematic procedure
for the control design. In Section 5, numerical simulations and comparative experiments
are provided. Finally, Section 6 concludes this paper.

2. Problem for Formulation and Preliminaries

In Section 2, the following three parts are proposed for further analysis. Section 2.1
introduces the model of mix-ordered USV-UAV system, Section 2.2 presents the FLS, and
Section 2.3 demonstrates the basic principle of the hysteresis quantization.

2.1. USV-UAV System Modeling
According to [11,36,37], the nonlinear dynamic model of USV-UAYV systems can be
expressed as:
3:55 = Uy cos(1ps) — vs sin(ys)
Ys = tau sin(s) + vs cos(¢s)

11[’75 = Tar (1)
Xg = Uax, Y, = Uay,Za = Ugz
¢, = Tagp, 02 = 740, Y, = Tay
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g = 12 - Oy — fu(vs) + ) 4 duu

s = _rn% s UgutVar — fy(vs) dwv

o (mum My) UgrVs fr(vs:) + Tr() + dmziorr

tax = fx(Va) + 3 ReFp + dwx

tay = fy(Va) + SRy Ff + duy 2)

Ugy = fz(Va) + %RzFf *g+dwz
i’a(p = f¢(Va) + %Tlp + dwzp
Tag = fG(Vu) + @Tqb + duwe
Fup = Fp(¥e) + 10+ dy

where [x;,yj, za, §j, $;, 0;] T j = s,a describe the surge, sway, heaving displacement, yaw,

roll, and pitch angle for the USV-UAV system. v; = [uuu,vs,rm]T represent the surge,
sway, and yaw velocities of the USV. v, = [uux, Uay, Uaz, Tag, Tag,rmp]T are the veloci-
ties and the rotational velocities along the x-axis, y-axis, and z-axis in the body-fixed
frame of the UAV. m,, m,, m, indicate the additional mass of the USV in three consid-
ered orientations.t,, T, Ty, Ty, Tp are the surge force and the yaw moment of the USV and
the rotational moments for the roll, pitch, and yaw angle of the UAV. m is the mass of
the UAV and g is the gravitational acceleration. Iyy, Iy, I.; describe the rotary inertia.
Ak, k = u,v,v,x,1,2,1,¢,0 denote the external disturbances originating from different
directions. The total force Ff acting on F;,i = 1,2, 3,4 is generated by the four propellers
of the UAV (see Figure 1). Ry, Ry, R; are the attitude matrix. d is the diagonal diameter
of the UAV, considering d,1,d,2, dy3, dv1, dv2, dv3, 451, dr2, dr3 are all regarded as unknown
parameters and describe the nonlinear damping terms. kg, k4, ks, denote the translation
drag coefficients fy(vs), fo(vs), fr(vs) and fi(va), fy(va), f2(0a), fp(va), fo(va),fy(va) are

the respective nonlinear functions of the UAV and USV, presented as follows.

fu (Us) = diqtay + du2|uau|uau + du3uau
fv(vs) =dy1vs + dv2|vs}vs + dv3v
fr(vs) = dnrar + drz‘rar}rar + ]‘3r37’ar
fx(va) = _7uax/fy(va) = _Wuuy{fz(va) = _%uaz (3)
fo(0a) = = bua — 426, — b2
ka
fe(va) = Izz lxxfpul/]a 4 “;;ir(’) _ Iyze 2
Ixt 1 kaz
f¢(va> = T I yy9u¢ Tox ¢a
Ze )
Y,
o, X,

Figure 1. The force diagram considered for the cooperative USV-UAV system.
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Assumption 1. One assumes that the external disturbances include the marine disturbances for
the USV and the wind disturbance for the UAV. It is assumed that the external disturbance terms
satisfy |dyi| < dypr, where dyy are all the positive unknown constants.

Assumption 2. According to the description in [38], the sway velocity v of the USV is passive-bounded.

Assumption 3. The UAV possesses symmetry. The rotor speeds vary proportionally to the UAV's
thrust and drag.

Assumption 4. Throughout this paper, |N| donates the absolute value of N. N donates the
estimated value of N and the estimation error N = N — N. ||N|| denotes the Euclidean norm of
a vector.

Remark 1. For consistency and clarity, all the time dependence (t) of the time-dependent variables
have been omitted from this paper.

2.2. Fuzzy Logic System

In this paper, a fuzzy logic system will be used to approximate F(x) which is a
continuously defined function on a compact set (). The fuzzy rules were applied using
singleton fuzzifier, product inference, and center-average defuzzifier and they are as follows:
If x; is Fll and ... and x, is F,lq; then y is G, 1=1,2,...,N, where x; = [x1,x2,... ,xn]T eR
and y € R are the input and the output of the fuzzy system. y £l represents the membership

function of fuzzy set F} and N is the number of the rules. Through the use of the singleton
function, center-average defuzzification, and product inference, the output of the fuzzy
system can be described as

SO i (x;)
1=191 =1 M (X T

= =w @(x; 4)
/ Z}nzlnlrcl:lﬂplg(xi) #(x)

w = [wy,wy,...,wy]" is a weight vector and @(x;) = [¢1(x), 2(x),..., on(x)] isa
fuzzy basis vector
TIE gy (i)
Gol(x) = ym Hn ( .
1=14t=1HF! X;)

i=12,...,m (5)

Lemma 1. For any given real continuous function F(x) with F(0) = 0, defined in a compact set
QO € R™. Then, there exists a FLS such that

sup|w'@(x;) — F(x;)|< e, Vee O (6)

where sup is the supremum of the set, w! = [wy, wy, . .., wm]T is the optimal weight vector
with m > 1 being the number of the fuzzy rules. ¢;(x;) is the fuzzy membership function
chosen to be the Gaussian basis function which takes the following form, and ¢ is the
approximation error constant with an unknown upper bound &.

T
q)i(xl-):exp<—(x_”i;€§x_”i)>,i:1,2,...,l (7)

where p; denotes the center of receptive field and ¢; denotes the standard deviation of the
Gaussian function.

2.3. Hysteresis Quantization

In this section, the hysteresis quantizer is used to modify the input signals of the
control system. The mathematical model can be described as follows:
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u/(1+h) < |uy| <uy,u <0,0r

uy < |ugl <ug/(1—h),u>0

‘ (1 + F)sign i) uy < |ug| <wuy/(1—h),u <0,0r |

Q(ti) = wi/1—h < |ug| <uy(1+8)/(1—h),u>0  (8)
0 < |ugi| < upipin/ (1 +h),u <O0,0r

wiinin/ (1 + 1) < |ugi| < isgin, 0 > 0

Q(t™) other cases

ugsign (uy;)

0

where u;; = pl’iuti min(i =1,2,...,) denotes the quantization level. p is a constant presents
quantization density and & = (1 — p) /(1 + p) is the ratio to the quantization density. t4psi,
is the minimum of the u;;, which is called the dead zone and it is positive. Q(#i) is in the set
U = {0, £uy, £u;;(1+ k) }. Q(ti~) is equal to Q(ti) calculated from the previous moment.
Based on [39], Q(ti) can be decomposed into the following form:

Q(t) = W(t)u(ti) + H(t) )
where the following equalities are satisfied when H(ti) < upsi,
1-hA<W(t) <1+h (10)

Remark 2. The hysteresis quantization offers more quantization levels compared to the traditional
logarithmic quantizer. A time delay comes into being when the quantized signal shifts from one
value to another, which ensures the control signals do not fluctuate back and forth between certain
values, thereby avoiding the chattering phenomenon present in the logarithmic quantizer.

3. Asynchronous Separate Guidance Principle

To accomplish the multi-tasks carried out by the cooperative USV-UAV system, a
novel asynchronous separate guidance principle was proposed. There are two tiers in the
proposed guidance principle, one for USV (Section 3.1) and another for UAV (Section 3.2).
In order to be more relevant to the actual, a new reference path was generated from
pre-determined waypoints and this was based on velocity.

3.1. The Guidance Principle for USV

In [40], the guidance loop features an anticipatory control component that surmounts
the intrinsic constraints of feedback control when tracking curved trajectories. Furthermore,
although a similar path was planned in the curved sections, it was more relevant and
practical to eliminate cumulative errors. Although [40] predominantly focused on UAVs,
comparable concepts may be utilized in cooperative USV-UAV systems.

In Figure 2, the reference path is generated by the waypoints Wy, Wy, ..., Wi, with
Wi = (x;,yi). The waypoints-based reference path is made up of straight lines and curved
lines [9]. Suppose the straight line between W; to W1 is Ly,. The guidance of straight lines
is the same as the guidance in [12], and as in the guidance of curved lines, a similar path
planning has been made. As shown in Figure 2, the curved line is a circular arc, Py, is a
lateral acceleration command which has been generated using the reference point W;. The
reference point Py, is positioned on the intended trajectory at a distance (/;) ahead of the
Poutw;- According to [40], the lateral acceleration command can be calculated by

2
As,n = Zf siny (11)

1
11 is the angle between the line Py, — Poyw; and the direction of the USV. Similarly,
assume 1], is the angle of the UAV, one has the lateral acceleration command of the UAV

a”cmd as
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02
a“cmd = ZTH sin Ma (12)
1
A — USV X UAV
Z E T LVS  x" LVA

Figure 2. The framework of the asynchronous separate guidance principle.

The centripetal acceleration required to follow this instantaneous circular path is equal
to the acceleration command produced by (11) and (12). Hence, the guidance principle will
generate a lateral acceleration that is suitable for tracing a circular path with any radius R,
which is a suitable alternative to the curve guidance in [8]. Respectively, one has the path
information of the USV as .

J'Csl = U] COS Py

]{sl = Uy Sin iy (13)

Yy =Tsl
where rg; = as_, ,/uz, which is the desired yaw angle velocity of the USV, u; is the desired
velocity, and xg, Y41, 5 are the position and heading angles of the LVS. Therefore, the
guidance law of the yaw degree can be expressed as sy = arctan|[(ys — ys)/ (x5 — Xs)]

+{[1 — sgn(xg — xs)]sgn(ys — ys)7} /2.

Remark 3. Compare to the former guidance principle in [12], although the similar path planning
has been made, the guidance for the virtual vessel in curved lines is different. The previous guidance
principle is processed using a time-based calculation. The route planning in curved lines is planned
after calculating the entire route. However, in marine practice, the total time cannot be determined
once the waypoints are selected. Moreover, the proposed guidance principle is calculated based on the
desired velocity and its distance to the target point, which is more relevant in practice. Furthermore,
the proposed method also eliminates the cumulative error. Additionally, when compared to the path
planning in [14], the curved lines are more relevant to marine practice.

3.2. The Guidance Principle for UAV

In order to accomplish cooperative multi-tasks between USV-UAV systems, and to
take full advantage of the subsystems, a novel guidance principle aiming to complete the
separation and rendezvous of the USV-UAV system was developed. As shown in Figure 3,
when the USV-UAV system navigates to Wi, the UAV commences separation from the
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USV and begins to accelerate. L, is the distance of the desired path of the USV from the
target area and Wi, is the length of the target area, which can be determined by the operator.
When the UAV and the USV are approaching W,,,;, the UAV will decelerate once A and B
have both decelerated to the same velocity. After passing W,,;, the UAV will rendezvous
with the USV. Thus, one has the path information of the UAV as

X1 = Ug] COS Py
Y1 = Ug SINYPy;
Zg] = Zset

Yoy = Tal

(14)

where ry = a,_, ,/ug, U, is the desired velocity of the UAV. zg; is the desired height of the
UAV, which is set by the user. As mentioned above, in order to guarantee the UAV can fly
along with the USV when the multi-tasks are complete, the speed of the UAV should be
specifically designated after separation. u, is related to ug;. 1, and ¢,; can be expressed
as follows:

2L g +L w;+(271—8)rturn

Ly /iis (15)
Yad = arctan(%) + 31— sgn(xq — Xa)|sgn(Yar — ya) 70

Uy =

Waypoint path: —— = : LVS
4 | Reference path for USV: > : LVA
X Reference path for UAV:-eevove.

O Y

e

Figure 3. The processes and details of the separation and rendezvous parts.

Remark 4. The main superiorities of the proposed asynchronous separate guidance principle can be
concluded into two folds. Firstly, it can give full play to the advantages of the USV-UAV system:
the strong mobility and broad vision of the UAV and the high endurance of the USV. Secondly, L,
and Wit can be determined by the user, which can be adapted for different situations.

4. Control Design

For reducing the transmission load, a fuzzy quantized controller based on the FLS is
raised in this section. The control part can be divided into two steps, one is for the position
loop (Section 4.1) and the other is for the attitude loop (Section 4.2). Then the Proof of
stability is shown in Section 4.3. The main control framework of the USV-UAV system can
be seen as Figure 4.
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- WZ e;)r:;f;: Planmrf{DL tég s LfVS proxjdes1 External
- y _ route o - - | reference signa FLS disturbance
according to 3 . '
. ) .
Asynchronous i Y - a - - Thet,
. & tic steresis - cooperative
Do separate [ ! mnematic | || Hlysteres 4 > -
: Ef]ter - L,and W, [—> guidance — relationship Controller Quantization USV-UAV [
: predelfmed task '—> according to principle s K . system
requirements C the task ¢ 5 o
Planning the | | LVA provides
route of LVA | : :"| reference signal )
Guidance term : : Control term: :

Figure 4. The control framework for the USV-UAV system.

4.1. Control Design for the Position Loop

Step 1: At this step, the position error for USV-UAV systems can be introduced
as follows.
Xie = Xi — Xj]
Yie =Yi — il (16)
Zge = Za — Zset

where i = s,a, one assumes z;, = /x2, + 12, to simplify the subsequent control design. zs¢
is predetermined by the user according to the actual situation. The derivatives of position
error can be expressed as

Zse = (D — Ugy COS Yse

Xge = Xq — Xal

Yoe = ]/ a ]/ al

Zge = Zag — Zset

(17)

where 5, = s — gy, @ = X cOs(Pg1) + Y Sin(Pgy) — vs sin(¢Ps1).Pse is the attitude error of
the USV. Respectively, 15, i, are the intended heading angle and virtual heading angle of
the USV. Referring to the following errors, the virtual control law can be chosen as (18).

Kye = COS (llee)il [kue(zse - 5) + (D]

Uxe = —KyeXae + x:ul (18)
Qye = _kye]/ue + ]/le
Qe = —kzeZge + Zset

where a, is the virtual control, k.., ¢ = u,x,y,z is the positive control parameter, and
¢ is a tiny quantity to ensure the LVS is in front of the USV. In order to avoid the high
computational cost, which is called “explosion of complexity”, the DSC technique will be

introduced next. X
9

T T+egs

p 1 Bc(0) = ac(0) (19)

where B is first-order filter, €. is time constant and s is the Laplace operator. One defines
the DSC error . = B — a¢, 6 = 1, x,,z. Then the derivative of g can be described as (20).

. : . q
‘k:ﬁg_“g:_;z‘FBg(’) (20)
where B () is the continuous bounded function with upper bound M.
Step 2. Define the error uc, = ;e — Bee, 6 = U, X, Y, z, hence the derivation of u can
be described as
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u.ue = _,Bu + miu[fu(u) + Tu] + dwu + €

Uye = _Bx +fx(x) + %Rxpf + dwx + €x

uiye = _ﬁy +fy(y) =+ %Rny +dwy + €y

u.ze = _,Bz +fz(z) + %Rzpf +duwz + e
)

where the unknown nonlinear function f (-

felg) = “’gTq’g(G) + & (22)

fc(+) is an unknown smooth function which can be approximated by FLS. Define
Gi = x,Y,z, one has

(21)

, ¢ = u,x,Y,s can be approximated by FLS as

2,2
—rror + wygu(u) +en < %(%>+HWZ%(“)+%H2
— 24,2
< max{2, ol | e} (242 +loco)l,+1) @)
< miuﬂu')/u

wiici(6) + egi S‘%v§¢gxg0-+8g’2
i} (l@ai(si)]l, +1) 24)

T
< max{ngi
< ﬁgir)’gi

where ¢, = mumax{mv/ my, 2/§gi} refer to the unknown

@l Z,Eu}, b = max{ H(pgi
parameters. As for ; and 7, they are the damping term which can be calculated as
Yu = (0 +12) /24 [Jwu (1), + 1, 7¢ = ||w.i(ci)||, + 1. Based on the above analysis, the
derivation of the u, can be rewritten as

e = =By, + 7 0uyu + 2 + du

Uye = —PBx + OxVx + S RxFf + duox + €x
Uye = —ﬁy +Oyyy + %Ryl-"f +duwy + &y
Uze = —Pz + 027z + LRFp + du + €2

(25)

To simplify the control design, the intermediate variables designed as the control
inputs of the position loop of the USV-UAV system can be listed as follows:

ru'Xue:nTu
Ty Xxe = LRF

I,x')(xe:TRfo (26)
Yy Aye m yfl

rz'Xze:_g+ﬁRzFf

I'¢ is the corresponding adaptive law, defined as {. = 1/I'¢, ¢ = u, x, y, z. Furthermore,
one has the position control law (27) and the corresponding adaptive law (28)

Xue = —kutiye +,Bu - ;\uKuuue

Xxe = —kytixe + ,B:x - ;\xKxuxe — Xge 27)
Xye = —kytye + By — AyKyliye — Yae
Xze = —kztize + ,Bz — AgKzlze — Zge

{ig =k lingttge = K (g = A(0)) o)
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where k Acr ke ki, k%, ¢ = u,x, Y,z are positive control parameters, ;\g, fg are the estimations
of A;, T¢. Ac(0),T¢(0) denote the initial value of A, I'c. A¢ refers to the larger of @, or ng H
¢ can be calculated based on the weight of the FLS.

4.2. Control Design for the Attitude Loop
The reference heading angles of the UAV can be expressed as

$a = arctan (COS(Gal ) Sin(wal)x;i;+c25(lpal)xye )

cos (a1 )Xxe*Sin(lpal)Xye
Xzet§

(29)

0 = arctan(

Step 1: At this step, the attitude error for the USV-UAV system can be designed
as follows:

Ebse = lps - ¢sd

wae = wa - lpad

Pae = Pa — Pai (30)
Gae = 6:1 - gal

Notably, the UAV may move from the back of the LVS to the front in a short period of
time as the speed of the UAV is significant and easily affected by external conditions. The
attitude error may vary between -pi and pi when there is considerable external interference,
however, the actual error is not of great magnitude. One can obtain the derivative of (30) as

lp:se = Yar — l/)sd
Yae = Tay ~ Yaa (31)
Pae = Tap — Pud

Oae = 7ap — Oaa

Similar to (18), one has the virtual controls laws for the attitude loop as

Kpe = _kretl)se + lled

tye = —Kyetpae + Pur (32)
Kpe = _k¢e¢ae + 4.7ad

age = —kgetae + Oaa

where kye, ke, kpe, koo are positive control parameters. Similarly, the DSC technique is also
applied in the attitude loop.

Ko

Po= 1+ €48

,Bo(0) = ay(0) (33)

where B is first-order filter, €, is time constant, and s is the Laplace operator. One defines
the DSC error g, = Bo — &y, 0 = 1,9, ¢, 6. Then the derivative of g, can be described as (34).

Go = By — b0 = —Z—Z+Ba<-> (34)

where B, (+) is the continuous bounded function with upper bound M, .
Step 2. Define the error rpe = 745 — Boe, 0 = 1,9, ¢, 8, hence the derivation of the 74,
can be obtained.
Tre = _Br + mir[fr(r) + Tr] + dyr + &
rlkJE = _ﬁlp +f1p(lp) + %Tlp + dwzp + Sl/;
I’(k)e == _,B(/) +f¢(4)) + %TIP + dwq) + S(/;
roe = —Bo + fo0) + £, To + dup + 2o

(35)
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where the unknown nonlinear functions f;(-), o = r, ¢, ¢, 6 can be approximated by FLS as

fo(0) = wige(0) + &0 (36)

fo(+) is an unknown smooth function which can be approximated by FLS. To define
oi =, ¢$,0, one has

my —m 1
—%W +wie(r) +e < n;l%% (37)
W e @i (1) + € < OoiVoi (38)
where 8, = mmax{m, —my/m,, ||pt 2 &} 00 = max{ ||l 5 &} refers to the un-

known parameters. As for v;, 7., they are the damping term which can be calculated as
Yr = (0* +1u?)/2+ ||wr(r) |, + 1, Yoi = ||wei(0i)|, + 1. Based on the above analysis, the
derivation of the 74, can be rewritten as

Tre = _ﬂr + mirwr')’r + Tr] +dyr + &
rye = =By + Oy vy + 1o Tp + duy + €
r(i;g = —,34; + 194)’)/4; + %Tlp + dW‘P +€p

6e = —Bo + 9y + ﬁTe +dye + €9

(39)

In order to simplify the control design, the intermediate variables, which are designed
as the control input of the attitude loop of the USV-UAV system, are shown as

Tr

v Xre = m,
Ty Xye = 1Ty
Ly Xge =1,
Lo - Xoe = %Te

(40)

I'; is the corresponding adaptive law, which is defined as ¢, = 1/I'y,0 = 1,9, ¢,6.
Furthermore, one has the control law and the corresponding adaptive law as follows:

Xre = —kitre + ﬁ.rA— }\rKﬂ’rg

Xype = —kyprye + By —AMWW — Yae (41)
Xge = —KoTpe + Bp — ApKpTpe — Pac

Xoe = —koree + Po — AokoToe — e

Ae = kg [Hactoe = K5 (Ao (t) = A(0))]

[ & (42)
I'y = k;; . [XUErUe — kl‘Z(FU — ]_"0,(0))]

where k)., kry, k§, ki in which o = 7, ¢, ¢, 6 are positive control parameters, Ag, Ty are the
respective estimations of Ay, I'y. )A\U(O), ['+(0) denote the initial values of Ag, Ty Ay refers
to the larger of the 9, or ||wl||. ji5, can be calculated based on the weight of the FLS.

Remark 5. During the course of the USV-UAV system, its velocity must be adjusted in real-time
to accommodate intricate external conditions, despite infrequent alterations in its heading. The
utilization of a hysteresis quantizer enables the input heading signal to fluctuate at a low frequency
around a specific value, which unquestionably meets the requirements of the system whilst reducing
the number of actuator executions and wear and tear between sensots.

4.3. Stability Analysis

In this section, the stability analysis has been carried out to prove that all the error
variables in the USV-UAV systems are semi-globally uniform ultimate bounded (SGUUB)
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on the basis of the control design process in Sections 4.1 and 4.2, and the main result can be
summarized as Theorem 1.

Theorem 1. Considering the closed-loop USV-UAV system with the assumptions 14, the control
law and the adaptive law. For all initial conditions satisfying (z,, — 5)? (0)+x2,(0)+y2,(0)+22,(0)+
2

OO R A0+ kSO0 RO RO 1O+ E

.2 .2
[q%(O) +12,(0) + k,, A, (0) + krgggrg(o)} <2A with any A > 0, all the signals in the closed-
loop system are SGUUB by choosing the appropriate design parameters.

Proof. Constructing the following Lyapunov function candidate:

2 ~ ~2
V=1l(ze— 02+ 002+ L2 + 122, + %gﬂ%yz[qg 02+ A2y 8T
T . 2 (43)
R TR L B L e ]
o=r,,p,

Thus, the time derivative of V can be expressed as

V = (Zse - 5)252 + xaexae + yaeyae + Zaezae + c Z [qg% + ugfuge + kAgXQ/N\Q

=u,x,y,z

~2;2 . . . . . .
+krg§€rgrg} + ¢se¢se + lpaelpag + ‘Pue‘l)ue + Gaeeue + D [qaqa T Toelge (44)

o=r,¢,0

+k)\a)\07\0 +kra‘:0f0f¢7:|
Moreover, )\g)\g and Ag)\a can be devised as

AAe = k;gligﬁ\f ) )
= —ky¢ P‘gKguée — KA (Ag A — Ag(o))] (45)

~ A 2
15 L2 KAZ | K (A—Ag(0))
< —kj [Agxguge — A+ >

Aohy < —k;; _XgKg'rg'e — kizx c + k(Ao _2;\0(0))2] (46)
Similarly, I' gfg and I',T, can_be written as
Tl < —kp/ —fg?(s”ée - kif : + e _sz(O))zl (47)
et [f e M M= To(0)’
[Ty < —kpy [ToXotze — > + > ] (48)
In addition, the following eq_uations are useful for the stability analysis:
(2se — 6)2se < — (kue ~ ;) (20 — 6)> +ud, + 43 (49)

- 1
lpselrbse < - (kr@ - 2) (Pge + r%e + q% (50)
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ged. < g (M. 1) < - 1M 51)
¢fg =g { Mg e ) = e, 2a IcT 5

. o 1 M2\ , ar
<go(My-10) < (- -\ 4T 52
11011(7_170< o €g) — (Gg Zag %+ 2 ( )
Ugellge < _XGKguge - (kg - Péz)”ge - ”geggfg?{g + Pél (53)
Toeloe < *XUKUV%(Q - (ko - P(zrz) T%Q - raegafa)(a + P31 (54)

where a¢, a, are the positive parameters. Based on the above analysis, V can be expressed
as (55). The multiplication one can obtain

. 2 . M2
vV < —(kue _%)(Zse_‘s) - X kgieglge_ )3 |:(€1_2,1€_1)q%
Gi=xY,z C=U,x,y,z ¢ B
~ ~ ~ k5 7\2
—i—)\gxgué + (kg — sz — 1) uée +uceClexe — pgl — )‘Q’Cg”ée + Az

K (A=A (0))? =~ KT2 k(T -1 (0))?
)\( QZQ( )) _rgggxguge—i—%_ F(Q 29( ))

(55)
. 2 ~
—kre2 — ¥ kpeoiZ,— YL [(é - %—g - 1)q(27 + Agkot2,
oi=1,0,0 o=r,p,0

~ ~ kI A2

+ (ko — p2, —Zl)r%,e + roeloloXo _2'0‘271 — AoKotoe —l— =

kg /\17_;\17 0 = kafg k& FJ—IA",, 0
A 2 ©) — LoCoXotoe + =77 — i 2 = }
Furthermore, Equation (56) can be rewritten as

V< —2uV+a (56)

where p = min{(kye —1/2), kg, (1/€g — Mg/Zag - 1), (kg fpgz - 1), kS/2, k;./2,
(ke —1/2),  kgie, (1/€0—M3/2a,—1), (ke —p2,—1), k5/2, k¢/2} and

az{ Yo loh + ac/2 4+ ki(Ag—Ag(0)2/2 + k?(rgfg(o))Z/Z]} + { )3

c=uxy,z o=r,9,9,0
(02, 4+ a0 /2 + kK (Ae — A0 (0))%/2 + +k& (T — T5(0))2/2] ¢.
One can integrate Equation (56) and the following equation can be derived:
V(t) <a/2u+ (V(0) —a/2u) exp(—2put) (57)
The proof has been completed. [

Remark 6. In this section, the SGUUB stability was proofed via the Lyapunov method. By adjusting
the design parameters and the adaptive parameters, V (t) would coverage to a /2y when t — co.
Then, to ensure that their effectiveness in practical engineering is optimized, the parameters are
judiciously reduced through simulation testing.

5. Numerical Experiment

In this section, two numerical simulative experiments were conducted to illustrate the
superiority and effectiveness of the proposed guidance principle and control algorithm.

5.1. Guidance-based Simulation Experiment

In this experiment, the waypoints-based path-following experiment was performed. For
this purpose, the reference path was generated by setting four waypoints W; (0 m ,2000 m),
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W(1000 m, 2000 m), W3(2200 m, 200 m), and W, (2200 m, 80 m). To attain the objective
of monitoring the shoreline, it is necessary to choose waypoints that are in close proximity to
the shore whilst still enabling safe navigation. The initial states of the USV are expressed as
[%5(0), ys(0), ¥s(0), us(0), v5(0), 75(0)]=[—10 m, 2001 m, 17.2 deg, 0m/s, 0 m/s, 0 deg/s]
and the initial states of UAV can be expressed as [x;(0), ¥4(0), zz(0), 2(0), ¢4(0), 6,(0)]
= [—5 m, 2005 m, 0 m, 0 deg/s, 0 deg/s, 0 deg/s]|, the surge speed of LVS is chosen as
Uy =4m/s.

In this simulation, to show the marine environment more realistically, the physical-
based mathematical model based on the NORSOK (Norwegian Standards Organization)
wind spectrum and the JONSWAP (Joint North Sea Wave Observation Project) wave
spectrum is employed. Specifically, the speed and direction of wind is Uy = 4.75 m/s and
Py = 20 deg. The JONSWAP wave spectrum is introduced to generate the time-varying
wind-generated wave spectra with the third level of sea state. Furthermore, the design
parameters and the adaptive parameters can be shown in (58).

kue = 5.1, ke = 3.7,ky = 130,k, = 6 x 10°,ky = 0.1,k, = 0.5,
k: =10,kp =17,kp = 0.2,kg = 02,k =k, =1, (58)
k5 = kg = 0.05,kp, = kp, = 0.1, kp = kf = 1 x 10°

Figures 5-8 describe the main numerical results of the proposed algorithm under the
marine environment. Figure 5 describes the trajectories for the USV-UAV system under the
proposed guidance principle in different dimensions. Errors relating to the position loop
and attitude loop can be obtained from Figure 6, however, when compared to the scale
of the entire route, these errors are acceptable. Notably, the x4, ¥4 change rapidly when
they perform a separation and rendezvous, and eventually converge to zero, but ¢, fluxes
when the UAV is turning. Figures 7 and 8 describe the control input for the USV and the
UAV. The blue line represents the unquantized input signal and the red line represents
the actual input signal after quantization. Similar to the ETC, the quantizer discretizes the
continuous signals, one of which defines the quantification intervals and are similar to the
triggering intervals. The stair-stepping phenomenon is evident in the quantitative part,
which is similar to ETC.

5.2. Comparative Experiment

In this subsection, the proposed adaptive fuzzy quantized control algorithm will
be compared with the results in [41,42], which respectively are the static trigger scheme
and adaptive fuzzy scheme mentioned below. To confirm the superiority in terms of
robustness and control accuracy, a comparative experiment is conducted. The curved
path is generated using the desired yaw velocities in (59) and the desired surge velocities
uyz = 6.0 m/s with a sampling interval of 0.1 s. The JONSWAP wave spectrum is introduced
to generate the time-varying wind-generated wave spectra with the third level of sea
state. The underactuated ships initial states are set as [x(0),y(0), ¢(0),u(0),v(0), r(0)] =
[-1m, —1m, 0deg, 0m/s, 0m/s, Orad/s].

0,t € (30,70] (59)

exp(0.005¢/300) rad /s, t € [0, 30]
rqg =
—0.05rad/s, t € (70,170]

Therefore, the main comparative results are shown in Figures 9-12. Figure 9 demon-
strates the trajectories followed by three control algorithms when tracking the reference
path, all of which exhibited satisfactory tracking accuracy. However, the proposed con-
trol algorithm has a higher tracking accuracy than the algorithm in [41] (see Figure 10).
Figure 11 shows the control input under different control algorithms. Figure 10 is a compar-
ison to [42], though the tracking accuracy is not especially favorable in the position loop,
however it is satisfactory in the attitude loop. The reason the error in the position loop is of
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greater magnitude than in [42] is due to the small quantity which is added to ensure the
LVS is ahead of the USV.

Trajectory of USV: —— | : USV

Trajectory of UAV:....... .

Path for LVS: K UAV
( a) Path for LVA:

2000 w--w—-w—sm

7/

——pmmpmeiim®

0 500 1000 1500 2000
x(m)

500 ° x(m)

Figure 5. Trajectories for the USV-UAV system under the proposed guidance principle: (a) 2D vertical
view and (b) 3D space diagram.

Figure 12 shows the quantification/triggering intervals along the voyage under the
proposed algorithm and the algorithm in [41]. Notably, compared to the algorithm in [42],
the proposed algorithm effectively reduces the communication frequency with minimal loss
of error accuracy (see Table 1). More specifically, (60) introduces three performance indexes
as the metrics for assessing the effectiveness of the algorithm. The mean absolute error
(MAE), the mean absolute control inputs (MCI), and the mean integrated variation of control
inputs (MVC) describe the stabilization ability of the system, the energy consumption, and
the responsiveness of system, respectively. The detailed quantitative results are illustrated
in Table 1. Thereout, the proposed algorithm is with superior advantages of higher tracking
accuracy and lower energy consumption.

tL’H
MAE = ¢ [p™ le(t) dt

MCI = L [oend |7 (t)|dt (60)

tena—0

t(’n
MVC = te,l,}—ofo Tt +1) —T(t)|dt
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Figure 6. The position and heading errors for the USV-UAV system.
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Figure 7. Pre- and post-quantification control input for the USV.
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Figure 8. Pre- and post-quantification control input for the UAV.
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Figure 9. The comparison trajectories of USV under different control schemes.
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———— The static trigger scheme

The adaptive fuzzy scheme
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Figure 10. The position error and attitude error under different control schemes.

The proposed scheme
—mmeme The static trigger scheme

%«10° The adaptive fuzzy scheme
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Time(s)

Figure 11. The control input under different control schemes.

Table 1. Quantitative results for the proposed scheme and [41,42].

Ind It The Proposed The Algorithm The Algorithm
ndexes €ms Algorithm in [41] in [42]
Zse(m) 4.6514 7.5154 1.9344
MAE
Pe(deg) 1.6166 5.7898 2.5223
7,(N) 6.8081 x 10° 7.5571 x 10° 7.3835 x 10°
MCI
(N -m) 2.6401 x 107 5.5122 x 107 6.0491 x 107
7,(N) 311.2944 5.5306 x 10° 2.6188 x 10°
MVC

(N -m) 181.8856 2.4439 x 10* 7.9108 x 10*
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‘Triggering interval(s) Quantification interval(s)

Figure 12. Quantification intervals of the proposed scheme and triggering intervals of the scheme
in [41].

6. Conclusions

An adaptive fuzzy quantized control algorithm has been developed for the implemen-
tation of the USV-UAV system based on asynchronous separate guidance principle, as well
as considering the input quantization. Based on the waypoints, the proposed guidance
principle removes time-restrictions when compared to previous guidance principles. The
path planning in curved lines is calculated based on the velocity and the distance between
the logic virtual vessel and the target point, which is more relevant to the actual situation
as subsystems are fully utilized alongside the strong mobility and broad vision of the
UAV and the high endurance of the USV. In addition, an adaptive fuzzy quantized control
scheme considering a hysteretic quantizer was proposed and developed. This control
algorithm can effectively reduce the conversion frequency of the control input variable,
making it fluctuate in a stable range and reduce the execution times of the actuator, thus
reducing actuator wear under conditions that satisfy the basic control requirements. The
availability and advantages of the proposed strategy, namely in what concerns the lower
command transmission and higher tracking accuracy requirements were evaluated using
two numerical simulations. Nevertheless, this work cannot encompass all the details of
the control task. For variables with large numerical values, quantization errors caused by
quantifying the inputs may be significant.

Follow-up work will focus on gradually changing the UAV’s velocity whilst perform-
ing the separation and rendezvous tasks and the quantization errors.
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