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Abstract This paper focuses on the asynchronous self-triggered control scheme for a dynamic positioning
ship considering the hysteresis input. A novel self-triggered mechanism is designed to relax the limitation of
the continuous monitoring required for the triggered condition, and the next triggered instant depends on the
information at the current instant. In particular, multiple controller-thruster channels are asynchronously
self-triggered; i.e., the self-triggered mechanism for each thruster is independent and noninteracting. A neural
network observer is constructed to estimate the unavailable velocities for the control design. Meanwhile,
unknown backlash-like hysteresis inputs are considered in this scheme through the fusion of the adaptive
backstepping recursive design technique. Furthermore, the explosion of complexity existing in conventional
backstepping design is avoided on the basis of the dynamic surface technique. Through the Lyapunov theory,
considerable effort is made to guarantee semi-global uniform ultimate bounded stability. Finally, numerical
simulations are provided to validate the feasibility of the proposed scheme.
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1 Introduction

With the increasing requirements for automatic control systems in the field of ocean engineering, advanced
dynamic positioning (DP) systems have aroused wide concern. These systems play a key role in oil and
gas industries, such as drilling rigs, cable and pipe layers, and floating production storage and offloading
units (FPSOs) [1]. In practice, the limited communication bandwidth can hardly accommodate the
continuous transmission of control signals between the controller and thrusters, which can result in
network congestion, network delay, and data dropout. Moreover, hysteresis characteristics are ubiquitous
in the physical mechanical actuation devices, especially for a DP ship stabilized in a preset position.
This condition may cause instability in the closed-loop system and even lead to the invalidation of some
conventional theoretical algorithms. Therefore, the investigation of the DP control, with consideration
of the limited communication bandwidth and hysteresis characteristics, requires to play more extensive
attention and is meaningful in the ocean industry.

For some existing DP control schemes [2,3], dynamic model parameters require to be precisely known.
However, these parameters depend on the marine environment and its characteristics, so unknown uncer-
tainties in the model exist. In the presence of this problem, a multitude of theoretical research has been
reported in [4]. For instance, an adaptive fuzzy system was utilized to remodel unknown dynamic model
parameters in [5], which would further improve the control performance of the system. With an eye
to unknown model uncertainties and environmental disturbances, radial basis function neural networks
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(NNs) were employed to compensate for uncertain terms, with the NN weight matrix being updated
online [6]. Furthermore, the robust neural damping technique and dynamic surface control (DSC) were
combined to approximate the uncertain term in model [7]. Particularly, the NN weight was compressed
to reduce the computational burden; i.e., the weight was eliminated and no longer required to be updated
online.

Most existing DP systems are network control systems with the merits of easy expansion, low cost, and
resource sharing. However, the communication channel bandwidth is limited, which would easily lead to
network congestion due to the continuous signal transmission between the controller and actuator. With
this challenge, the event-triggered concept has been proposed by researchers at home and abroad [4].
In [8], an event-triggered mechanism was designed to generate non-periodic updated control input, which
would reduce the signal transmission frequency. The switching event-triggered mechanism is proposed on
the basis of the fixed threshold strategy and relative threshold strategy in [9]. For example, the relative
threshold strategy is adopted under normal circumstances, and the fixed threshold strategy is used when
the magnitude of the control signal is excessively large. Different from the conventional event-triggered
control schemes [10-12], event-based parameter estimators are designed and they are event-triggered
simultaneously using the controller [13]. The estimators are easy to calculate and do not need to perform
real-time integration. In [14], a novel dynamic event-triggered mechanism was proposed through the
fusion of the feedback domination technique. This scheme adopts the discrete-time control strategy and
provides the explicit scaling gain and selection regions of the sampling period.

However, these aforementioned schemes suffered from three major problems. The first problem is
unavailable velocities; i.e., only the ship position can be measured in practice engineering. Although
increased measurement instruments can stimulate velocity variables to be measurable in practice, dead
reckoning can only be provided by observers in the case of the sensor failure [15,16]. The second problem
is the conventional event-triggered control schemes, where triggered conditions have to be continuously
monitored. This task is difficult to achieve in hardware. Considering the applicability of control schemes,
self-triggered strategies came into being [17-19]. The third problem is hysteresis nonlinearities in actua-
tors. Actually, the hysteresis phenomenon is universal for actuating devices in marine practices [20]. This
condition may impact systems control performance and even lead to the instability of the closed-loop
system.

Motivated by the above observations, an adaptive asynchronous self-triggered DP control scheme for
a fully-actuated ship is proposed; the scheme is performed by employing an NN observer, DSC, and
hysteresis input with the merits of easy implementation, velocity observability, and small communication
burden. Different from the traditional DP control schemes [6,21], the physical actuation process is
considered in the proposed algorithm, with the thruster pitch ratio being used as the actual control
input. The main contributions of this paper can be summarized as follows.

(1) A novel asynchronous self-triggered control scheme is proposed subject to the communication
bandwidth limitation. In the scheme, control signals in each thruster are designed with a self-triggered
mechanism. They are independent and do not influence one another; e.g., control signals can realize
asynchronous transmission in controller-thruster channels. Different from the conventional event-triggered
control scheme [8,10], the self-triggered control scheme relaxes the limitation that the triggered condition
requires to be continuously monitored. That is, the next triggered instant can be computed by the
information at the current instant. This technique not only relieves the communication burden caused
by frequently transmitting signals, but is also convenient for physical realization in practice engineering.

(2) Unavailable velocities can be estimated by the designed NN state observer. This would abolish the
restrictive condition in [22,23] where all system states are available for measurement. Meanwhile, un-
known backlash-like hysteresis inputs, ubiquitously existing in physical actuation devices, are considered
in the proposed scheme. Hysteresis nonlinearities are compensated with the aid of the adaptive back-
stepping technique without constructing a hysteresis inverse. This technique is particularly convenient
for stability analysis.

The remaining of this paper is organized as follows. Section 2 introduces the problem formulation
and preliminaries. The observer-based asynchronous self-triggered dynamic positioning control design is
presented in Section 3. Section 4 analyzes the stability and robustness of the closed-loop system. In
Section 5, numerical simulations are provided to verify the effectiveness of the proposed scheme. Section
6 concludes the whole paper.
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2 Problem formulation and preliminaries

Throughout the paper, |-| implies the absolute operator for the scalar element. |-|| indicates the Euclidean
norm of a vector and ||-||p denotes the Frobenius norm. The matrix [|A|% = tr{ ATA} = DD DT

where A = [a;;] € R™*" is a matrix. (A) indicates the estimate of (-) and the estimation error (-) =
(-) — (+); sgn is the sign function; “.*” implies the element-by-element multiplication; diag{cy, ca,...,c,}

denotes the main diagonal matrix, where ¢1, s, ..., ¢, describe the diagonal elements.
2.1 Problem formulation

Referring to the seakeeping and maneuvering theory [24], the three-degree of freedom (3-DOF) nonlinear
mathematical model of the DP vehicle could be described as

n=R(()v, Mo+ Dw+ D, (v)=1+d,, (1)
cos —siny 0 m— Xy 0 0
R(¢) = | siny cosy 0|, M= 0 m—Y, mza—Y: |, (2)
0o 0 1 0 mazg—-Y; I —N;

-X, 0 0 ~Xjuju [u|u + Yyv |r| + Yirr

D, = 0 -Y, -Y,.|, D,w= —Xgur — Yy [v]v = Y]y, 0] 7 , (3)
0 —-N, —N, (Xo = Yy) uv — Yiur — Niyjy |[v| v — Ny Jv| 7

T=T(F)k(n)u,. (4)

In (1), n = [x,y,w]T € R3 indicates the ship attitude vector with (x,y) and v being the position
coordinate and the heading angle, respectively. v = [u, v, r]T € R3 denotes the velocity vector, where
u, v, are velocities in the surge, sway, and yaw, respectively. R (1) implies the velocity rotation matrix
with R™1 () = RT (¥), |R(¥)|| = 1. M is the mass matrix with the detailed expressions being given
in (2), where I, m are the moment of inertia and ship’s mass, x¢ denotes the longitudinal coordinate
of the ship’s center of gravity in body-fixed frame, Y, Y, are added mass, N, indicates added moment
of inertia. Dy, D,, (v) are the linear and nonlinear hydrodynamic term, respectively, which are shown in
(3). Around D; and D, (v), Xu, X|yu; Yju|v, - - - are all the hydrodynamic force derivatives.

T = [T, To, T,.]T € R? indicates the control input vector, where 7,, 7, are the control forces in the surge
and sway, and 7, is the control moment in the yaw. d, = [dwu,dwv,dw,«]T € R3 implies the marine
environmental disturbance vector, where dy,,,, dy,, indicate the disturbance forces in the surge and sway,
and d,, denotes the disturbance moment in the yaw. T (3) € R3*? is the thrust configuration matrix
depending on the physical location of thrusters, where ¢ indicates the number of equivalent thrusters and

[ denotes the bearing angle in the rotatable thruster. & (n) = diag{ri (n1), k2 (n2),..., Kq(ng)} € R4*?
is unknown force coefficient matrix associated with the propeller speed n;, where i = 1,2,...,q. u, =
[Up1, Up2, -+ ., Upg] T is the control law of the system considering the hysteresis nonlinearity with u,; =

|phil Dhi, where pp; indicates hysteresis input. Then the unknown backlash-like hysteresis phenomenon
can be described as

d’ll,pi
dt

d’l)pi
dt

d’l)pi
dt ’

=&

(5)

(kpivpi - u;m') + Cz

where vy, = |psi| psi With ps; being the self-triggered controllable input (pitch ratio) for the ith thruster,
&i, kpi, ¢; indicate the unknown constant parameters.
Referring to [25], the solution of (5) can be expressed as

up = kyv, +1(vy), (6)
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Figure 1 (Color online) Backlash-like hysteresis input curves.
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where w, = [up1,Up, ... tUpg) > kp = diag [kp1, kpos - kpgl, Lvp) = [(vp1), la(vp2), ..., Lg(vpg)]
up; (0) and vy, (0) denote the initial conditions of u,; and vy;, respectively. Actually, I;(v,;) is bounded,
and satisfies |I;(vp;)| < I; with I; > 0 being unknown constant [25]. The backlash-like hysteresis charac-
teristics are shown in Figure 1 with v,; = ;sin(2.3t), § = 12, ¢; = 0.105, ky; = 1.5, up; (0) = 0.
Assumption 1. The mass matrix M is positive-define and invertible. Actually, the marine surface
ship usually satisfies the port-starboard symmetry and fore-aft approximate symmetry in practice. Thus,
this condition is satisfied automatically.

Assumption 2. The environment disturbance term d,, is bounded vector; i.e., there exists an unknown
positive constant vector dy, = [dwu, dwes dwr] T With |duw| < dwu, |dws| < dwes |dwr| < duwr-
Assumption 3. The force coefficient of thruster is a constant, e.g., 0 < k; < k; (n;) <R, i =1,2,...,q,
where x,; and ®; are unknown constants. This condition is satisfied automatically in practical engineering
because the thruster’s energy is certainly finite.

Remark 1. In practical engineering, the fully-actuated ship is usually equipped with the rotatable
thrusters to improve the control performance. However, this presents a serious challenge to control design;
i.e., there exists a bearing angle 8 in the thrust configuration matrix. Thus, the rotatable thruster can
be extended as two forces. Taking a marine surface ship with two main propellers and one rotatable
thruster as an example, the extending operation is shown as

[ 1 1 cos (3) k1 0 0 U1
=10 0 sin (B3) 0 ko O U2

Zyl —Zyg l;c3 sin (63) 0 0 R3 us

The actual matrix T'(3)

- k1 0 0 O U

1 1 10 01 - '
K u

=10 0 01 ’ ’
0 0 k3 O U3y

Lyt —ly2 0 1,
L 2 0100000 ks | | us,

The extended matrix

Furthermore, the equivalent control inputs us, = us cos (83), usy = ugsin (f3) can be derived by employ-
ing the logical coordinate transformation (9).

u3z = |p3| p3 = \/us.? + usy?, Pz = arctan (use, usy) - 9)
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2.2 RBF NNs

In this paper, the RBF NNs are employed to approximate the model dynamic uncertainties with the
advantage of excellent function approximation capability.

Lemma 1 ([26,27]). For any given continuous function f (x) with f(0) = 0, f (x) can be described
as (10) on the basis of the radical basic function (RBF) NN approximation and the continuous function
separation techniques.

f @)= WS (2)+2(2), Yo € Oy (10)
The input vector z is defined in a compact set B, with B, € R*. W = [wy,wa,...,w]|T € R is
the weight vector, ¢ () denotes the approximation error with the unknown upper bound &. S (x) =
[s1 (), 52 (x),...,s (x)]" is an RBF vector, which is chosen as Gaussian function:

s (x) (11)

_ L [ Emm) @)
V2 26 7

where j = 1,2,...,1, p; = [f4j1, 52, - - -, Hjm] is the center of the receptive field, g; indicates the width
of the Gaussian function, [ implies the node number of NN, m denotes the dimension number of the
state vector @. For all © € B, the target weight vector W and the activation function S(x) are upper
bounded, e.g., |W|| < Wy, [|S(x)|| < Sn, where Wy, Sy are unknown positive constants.

Assumption 4 ([28,29]). The activation function S(x) satisfies the Lipschitz continuity condition,
such that ||S(&) — S(z)|| < L;||& — =|| with L, being a known constant.

3 Observer-based asynchronous self-triggered dynamic positioning control
design

In this section, the NN state observer is constructed to estimate the unavailable velocity in Subsection 3.1,
and the asynchronous self-triggered dynamic positioning control design procedure is shown in Subsection
3.2, which includes two steps for the kinematic and kinetic parts.

3.1 NN observer

The state observer is designed as

i = R(6)o - O, "

Mb=-W]S, () +7—Qb— R ()7
by employing the NN approximator, where C' = diag{C,,C,,C,} and Q = diag{Q.,Q.,,Q.} are all
design constant matrices, W,, = diag{ W.,, W,,, W,.} € R3*3_ S () =[S, (¥), S, (), S, (¥)]" € R3.

By fusion of Lemma 1, the RBF NNs are employed to approximate the unknown uncertainty term
Dyv + D,, (v) in the closed-loop system (1),

fyn (v) = D + D, (v) = W, S, (v) + €, (13)
where W,, € R¥*3_ S, (v) € R¥, €, = [eu,€0,6,]T € R3, the upper bound vector of &, is &,.

Then the observer dynamic error can be described as

{ﬁ=R(w>fz—Cﬁ, (14)

Mb = -WIS, () - R" ()71 — Qb + €y — duy — W (Sy (9) — Sy (v)).
3.2 Control design

Step 1. Define the attitude error vector . = 4 — n with n4 € R? being the constant vector. Then one
can obtain

Ne = 1Ma — R(Y)v = —R(¢)0 + R(y)o. (15)
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The virtual control law a; could be chosen as

o] = Rﬁl(?ﬂ)’%?k (16)

for the velocity variable © on account of (15), where k,, is the strictly positive design parameter with the
form of diagonal matrix. Note that, the DSC technique is employed to eliminate this restriction that the
differential expression of the virtual control law a is extremely complicated and difficult to be obtained,

x181+B1=a1, B1(0)=o0u(0), (17)
where x1 = diag{xu, Xv, Xr} indicates the time constant matrix, and (31 presents the reference signal for
the velocity vector ©. Then one defines the filter error vector g = [qu, Gu, q,.]T =1 — (1, ve = B — 0,
the derivative of ¢. can be derived as

‘16 = 761 +a; = 7X171qe + Bv (nea 776; 1/1, 1/1) ) (18)

where By, (-) = [Bu (+), By (+), By (-)]" is a vector with its elements being continuous functions. Then the
attitude dynamic error 7, could be described as

e = —kyne + R (1) ve + R(¥)qe + R(Y)o. (19)
Step 2. By the fusion of Lemma 1, (1), and (6), one can obtain
be= M~ [MBy+ WIS, (8) ~ T (8) 5 (n) kyw, — T (5)w (m) L (w,) + BT (0) 77+ Q5] . (20)
The immediate control law a is designed as
oz = kyve + 81+ WS, (0) + R () ne (21)

for the desired thrust term T (8) k (n) vp.
The NN weight update law could be derived as

Wi, = Tum | Sim (9) e — 0om (Wm W, (0))} (22)
with m = wu,v,r, where T'y,,, € R denotes the positive design matrix, o, is the positive constant

parameter.
The self-triggered mechanism is designed as follows for the i¢th thruster:

Upi (t) = wpi (L) s YVt € [ty they1), (23)

8i |vpi ()] + €
max { D, |p; (tx)|}’

tht1 =t + (24)
where wy; indicates the actual control law for the ith actuator’s actual control input, ¢, € Z" indicates
the triggered instants, 0 < §; < 1, ¢; > 0, D > 0 are all the positive design parameters. At triggered
instants ¢, the control signal vy, (tx) would be updated and transmitted to the ith thruster. And the
control signal v, (t) would be held during the time ¢ € [tx, tx4+1). The next triggered instant 541 is able
to be computed on the basis of control signal v, (¢) in the last triggered instant.

Remark 2. In the practical engineering, the thruster’s energy is certainly finite. Thus, the control
signal vy, (t) is guaranteed to be bounded with wp; (¢) being bounded, and the detailed expression for
wp = [wpi, wp2, . . - ,wpq]T has been given in (32). The boundedness of the control signal vy, (t) could
guarantee that the triggered interval time At = tj1 — ¢} is not infinitely great. Then the positive design
parameters d;, €;, and D are employed to guarantee that the term (9; |vp; (£)| + €;) / (max {D, |wp; (tx)|})
is strictly positive variable. Obviously, the lower bound of triggered interval time At > 0 could be
guaranteed by incorporating (23) and (24). Therefore, the Zeno behavior is avoided successfully; e.g.,
there exist no triggered instants to be accumulated in this proposed algorithm.
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From the above self-triggered rule, |wp; (t) — vpi (t)| < &; [vps (t)| + € is held during all the time. Then
the following two cases are discussed.
Case 1: vy, (t) > 0. Under this case, —d;vp; (t) — €; < wpi (1) — vy () < divpi () + €;. Thus, one has

wpi (t) — vpi (t) = pi (t) (Givpi (t) + €) (25)

with |p; (¢)] < 1.
Case 2: vy, (t) < 0. Under this case, §;vp; (1) — €; < wpi (t) — vpi (1) < —=d;vp;i () + €;. Then it yields

wpi (t) = vpi (t) = pi (t) (G5vp; () — €i) - (26)
Combining the above two cases, one can obtain
wpi (t) = vpi () = pir (t) divpi () + piz () €& (27)

with p;1 (t) and p;2 (t) satisfying

{mdﬂmﬂﬂm@% opi (t) 2 0, (28)
pir () =pi(t), piz(t)=—pi(t), vpi (t) < 0.
Summarizing above the two cases, one has
Wpi Pi2€i
i (t) = L - .

R O e O >

Thus, Eq. (20) could be rewritten as
Do = M~ [MBl + WIS, (9) — T (8) K (n) kyAw, + Qv + T (8) & (n) k, ABe
(30)

~T(8)r(n)l(v,) + R (¥)7].

where A = diag{1/(1 + p11 (¢) 61),1/(1 + p21 () 02),...,1/(1 + pq1 (t) &g)}, B = diag{p12, p22, ..., pg2},
€= [e1,€2,...,60T, wp = [wp1,wpa, ..., wpg|T is the actual control law matrix for actual control input

matrix p = [p1, p2, - . . ,pq]T.

In the marine practice, the unknown term g,; = & (n;) kpi/(1 + pa1 (t) 0;) may give rise to the system
gain uncertainty with g, = diag{gp1, gp2, ..., gpq}. To sure this term, one employs A\ to estimate the
1/gpi- The potential singularity phenomenon could be eliminated by the special property and structure
of ;. The actual control law matrix for actual control input matrix p:

P = sgn(wp). * \/ |wp| (31)

can be designed as
w, = diag {S\I,XQ,...,XQ}TT (8) s, (32)

where T (3) indicates the pseudo inverse of T ().
Then the adaptive parameters \; could be derived as

\i=T; l S Y T (B) T (B)meas — o (A = A (o))] , (33)

m=u,v,” N=u,V,r

where TiTn () denotes the element in the ith row and nth column of T (3), I';, 0; are the positive design
parameters. It is worth mentioning that the term o;(A; — A; (0)) is able to protect the adaptive parameters
A; from the drifting divergence.
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4 Stability analysis

In this section, the stability analysis of the closed-loop system is presented by fusion of the assessment
of the dynamic errors.

Theorem 1. Under Assumptions 1-3, the initial condition 0. (0)" 7. (0)+v. (0)" v (0)+¢g. (0)" g. (0)+
DI W, (0)" W, (0) + > A2 (0) < Ay is satisfied with any Ay > 0. The closed-loop system
including the ship model (1), control laws (16) and (21), weight update law (22), and adaptive parameters
(33) is stable. All the signals are semi-global uniformly ultimately bounded (SGUUB) by tuning the
parameters ky, Ky, Lwm, Ui, 0wm, 04, 04, €5, D appropriately.

Proof. The Lyapunov function candidate is constructed as

V——n At Lo M 4 L “Mine + vaeJr qeqe

2 2 2 2
1 T gp 2 (34)
— wirlw,, :
! 2 m:zu,'u,'r e T3 Z

Then, the derivative of V' can be derived as

4q .
V=" + 0T Mb+nln. ol Mo+ qlde+ Y WIT,L Wi+ 3 AN,
i=1 "

m=u,v,r

=" (R(4)% -
ey —dy) + 0] (g + R () ve + R()q. + R(0)3) + ol [MB + WIS, (5)  (35)

~ T (8) K (n) kyAw, + Q0 + T ()  (n) ky ABe — T (8) s (n) L (v,) + R ()7}

i) + 3" (~W,' S, (8) = R" ()7 — Q0 — W) (S, (9) — 5o (v))

+qf (=x1"'e + By (e, 7, ¥,7)) + Y WIW,, + ngA i

m=u,v,r

In the practical engineering, DP ship usually has to navigate to the area near the predetermined desired
position, after that the ship automatically performs the dynamic positioning task. Then the variables
Te,Ye, Ve, can be guaranteed to be bounded in a compact. Actually, the asynchronous self-triggered
DP control scheme is able to guarantee that the above precondition is satisfied automatically. Therefore,
the conclusion can be obtained that II:={(z., ., Yes ye,we,we, P, w } is compact in R®, and there exist
positive constants B,,, B, By, such that |B, ()| < By, | By (*)| < By, | B, (-)| < B,

Using Young’s inequality, one can obtain the following with I being the identity matrix:

1
vle, < 00+ €le,, (36)
—oTd, < oo + erw,

ol (M —1)B =v] (M -1I)x;'q

1
< ||(M -1I) X1_1||F’U;F'Ue + _(I;F(Ie-

4

Submitting the control law (21), weight update law (22), and adaptive parameters (33) into (35), the
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derivative of V' could be rewritten as follows with incorporating (36) in the calculation:

V < —Amin {C} ﬁTfl - (Amin {Q} - Z Wm,MLm - 1) 'ET’D - (Amin {kn} - 1)773776

m=u,v,r

1 1 By » By 4By b T : i/ T -
- Z {<X—m§2—b)%+<1g oy 2 + v, {M51+stv(”)

m=u,v,r

— T (8) gying { M, A, A} T (8) 2 = T (8) gyeling {1, Ne o Ay} T (9) a2

T (B) 5 (n) kyABe — T (B) s () L(v,) + BT (1) 71+ Q0] + 3 WiAWo + 3 gpidihs

m=u,v,r =1

(37)

< —Amin {C} ﬁTfl - (Amin {Q} - Z Wm,MLm - 1) 'ET’D - (Amin {kn} - 1)773776

m=u,v,r
! L5 2 1
- m:zujw (X_m T2 2_}?) G — ()‘Inin{ky} — (M - I) x5 - 5) oo,
q
SRR - Y W IWat e,
=1 2 m=u,v,r 2

where o = 3b/2-+&5&, +dydy+[|T(8) 2[RI+ IIT(B)I12]1gpl1 €]+ 37, (058p1/2) (N = Xi(0))? +
Zm:u,y7r(ai/2)(Wm - Wm(o))T(Wm - Wm(o))ﬂ gp = diag{gplv gan e agpq}a l = [117 l2) sty lq]T Wlth
gpi being the upper bound of g,;.

Finally, Eq. (37) can be further described as

V < —2aV + o, (38)

where a = {)\min {C} ) ()\min {Q} - Zm:u’y7fr Wi L — 1), ()\min{kn} - 1), Zm:u’yyr(l/X'm - 1/2 -

Bgn/2b)’ (Amin {Ko} = || (M —I) X1_1||% —1/2),(011'1/2), ..., (040'¢/2), (Cwul'wu/2), - - -, (Owrlwr/2)}. In-
tegrating (38), it yields V () < o/2a + (V (0) — o/2a) exp (—2at). Referring to the closed-loop gain
shaping algorithm [30], it is concluded that all error variables 7, D, 1, v, ge, Wi, \; would fall into and
remain in the attractive set Q:={(7},, Me, Ve, @, Win, M) 711>+ me|* + | gel|* < Co, 8] + [Jve]|* < (Co
JAmin {M}), [Won||? < (Co/Amin {Twm}) , A2 < (Co/T; 1)} with t — oo, and Cy > o/a is a positive con-
stant. Therefore, the error variables 1, v, 1., Ve, ge, S\i, W,, are all SGUUB in the closed-loop control
system.

5 Numerical simulations

In this section, the numerical simulations are employed to illustrate and evaluate the effectiveness of
the proposed algorithm. And the simulation results are compared with the algorithm [31] employing the
hysteresis nonlinearity. Both algorithms are all designed by the fusion of the observer-based backstepping
methodology, and the state variables are all estimated by the designed observer. The similar comparison
can further demonstrate the effectiveness and superiority of the proposed algorithm. For this purpose,
the supply marine ship (length of 76.2 m, mass of 4.591 x 10° kg) is equipped with two main propellers,
one rotatable thruster and two tunnel thrusters. And the thruster configuration diagram is shown in
Figure 2. The model parameters of the plant are shown in Table 1.

As to the marine environment disturbances, the sea wind and irregular wind-generated wave are sim-
ulated by the physical-based mathematical model; i.e., the NORSOK wind and the JONSWAP wave
spectrums are employed to simulate these two disturbances [32,33]. The two-dimension (2-D) wind field
and the corresponding wind-generated waves with the sixth level sea state are shown in Figure 3. The
wind direction ¥yinga = 180°, mean wind speed Viinga = 15.3 m/s.

In this simulation, the desired attitude is g = [10 m, 10 m, 140°]T. The initial states of the ship
could be described as [z (0),y(0),¢ (0),u(0),v(0),7(0)] = [0m,0 m,156° 0 m/s,0 m/s,0°/s|" and
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Figure 2 (Color online) Thruster configuration diagram for the supply ship (L = 76.2 m).
Table 1 Model parameters
Item Value Item Value Item Value
X —0.7212 x 10° Yo —3.6921 x 10° Y —1.0234 x 108
I. — N; 3.7454 x 10° Xu 5.0242 x 10% Y, 2.7229 x 10°
Y, —4.3933 x 10° Yoo 1.7860 x 10* Xlulu 1.0179 x 10%
Yio|r —3.0068 x 10° N, —4.3821 x 10° N, 4.1894 x 108
Nivpo —2.4684 x 10° Niyjr 6.5759 x 10°
—> 153 m/s
(@) ‘5°r T N 9 If q ()
> ) } } ( ’ |
f f \ § / ( )
& N
: it
-50
! ( 300
X { 200 400
-100 r 100 200
-150
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x (m)
Figure 3 (Color online) Marine environment disturbances. (a) 2-D wind field; (b) the corresponding wind-generated waves.

the corresponding parameters settings are given as follows with the extending operation of configuration
matrix in Remark 1 being performed:

k, = diag{0.003,0.003, 3.3}, x1 = diag{0.01,0.01,0.01}, k, = diag{0.2,0.2,5.5}, C = diag{5, 5,5},
Twu = Ty = Ty = diag{0.12} € R¥*?5 5, = 04y = 00 = 1.7, §; = 1, Q = diag{0.1,0.1,0.1},

I =1[0.8,0.8,0.2,0.2,0.3,0.3,0.2]", o = [10.8,10.8,14,12.2,6.3,4.2,10.5]", D =0.1, ¢; = 0.1.
(39)

Furthermore, the RBF NN for fxn (v) contains 25 nodes with centers spaced in [—2.5 m/s, 2.5 m/s] for
the surge velocity u, [-2.5 m/s, 2.5 m/s] for the sway velocity v, and [—0.6 rad/s, 0.6 rad/s| for the yaw
velocity 7, widths ¢; = 3.

The corresponding curves of the closed-loop systems under both algorithms are given in Figures 4(a)—
(¢). The ship motion trajectories and the curves of ship attitude variable are shown in Figures 4(a) and (b),
respectively. From Figures 4(a) and (b), it is easy to know that the steady performance under the proposed
control strategy is more superior compared with the scheme [31] employing the hysteresis nonlinearity. For
the quantitative purpose, one employs the following three popular performance specifications to evaluate
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Figure 4 (Color online) (a) The ship motion trajectories; (b) the attitude variables z, y, 1; (c) the control efforts 7, 7, and
moment 7.

both algorithms, including the mean absolute error (MAE), the mean absolute control input (MAT), and
the mean total variation (MTV) of the control input. MAE is employed to describe the performance
of the system response, MAI is used to evaluate the energy consumption of the closed-loop system, and
MTYV is adopted to appraise the smoothness property. The corresponding quantitative comparison results
are summarized as Table 2. It is easy to note that the MAE for ¢, and MAI for 7,. are larger under the
proposed algorithm than that under the algorithm [31] employing the hysteresis nonlinearity. Even so,
the proposed algorithm is more reasonable in the overall view on the basis of the aforementioned indices.

Furthermore, three popular performance indices are employed to check the performance of the proposed
algorithm in the aspects of communication load, i.e., triggered count (TC), maximum triggered time
interval (TTIyax), and minimum triggered time interval (TTIy,). In these simulations, the sampling
points are 3 x 10 for the conventional DP continuous-time control scheme [31] with the time increment
being 0.01 s. However, as shown in Table 3, the TC is between 150 and 300 for each thruster in the
proposed algorithm, which would greatly ease the communication burden. Moreover, the minimum
triggered time interval reaches 1 s; i.e., there exists no Zeno behavior in this proposed algorithm. The
triggered time interval between two adjacent self-triggered sampling points for thruster No.3 is shown in
Figure 5. The triggered time interval figures of other thrusters are omitted due to space constraints, and
the evolution of the triggered time interval for other thrusters is similar to that of thruster No.3.

The evolution of adaptive parameters is shown in Figure 6. They are utilized to compensate for the
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Table 2 Quantitative comparison of performance between the proposed algorithm and the one in [31] employing the hysteresis
nonlinearity

The algorithm in [31] employing

fdex frem The proposed algorithm the hysteresis nonlinearity
T Ji lwe(B)]dt (m) 1.4060 2.5781
MAE =% ffo"" [ye(t)|dt (m) 1.5334 2.9893
=g o e (®)]dt (%) 3.8737 3.2527
toomig Jig Imu(B)ldt (N) 1.8633 x 10* 7.1767 x 10*
MAT oot S Ime(®)]dt (N) 3.9821 x 10* 3.1344 x 10°
Ty Jigo Ime(0)ldt (N - m) 8.6220 X 10° 7.1526 x 10°
T Jie It 1) — ru(t)]dt (N) 36.7429 97.0663
MTV T JisS It + 1) = To(t)]dE (N) 52.7663 344.2538
T Jee Ime(t + 1) — 7 ()|de (N - m) 1435.8208 1806.7875

Table 3 Quantitative analysis for the proposed asynchronous self-triggered control scheme

Thruster Thruster Thruster Thruster Thruster Thruster Thruster

No.1 No.2 No.3 No.4 No.5 No.6 (ps) No.6 (Bs)
TC 269 279 178 185 272 209 252
TTIhnax (s) 1.29 1.48 4.08 4.78 3.21 2.32 2.64
TTImin (s) 1.00 1.00 1.00 1.00 1.00 1.01 1.00

5 T T T T T
——O Triggered time interval
4t » J
Az = =
‘~<
~~~~~~ T
1.0 s R F— VY
0 50 100 150 200 250 300
Time (S) Time (S)

Figure 5 (Color online) The triggered time interval between Figure 6 (Color online) Adaptive parameters Xi with hys-
the two adjacent self-triggered sampling points for the thruster teresis nonlinearity.
No.3.

hysteresis nonlinearity for each thruster. To further verify the hysteresis compensation performance in
this proposed control scheme, the hysteresis corresponding parameters are chosen as & = 1, ; = 0.1,
kpi =1.5,1=1,2,...,7. The curves of control inputs with hysteresis nonlinearity are shown in Figure 7.
The two subplots in Figure 7 reflect the relationships among the hysteresis input, self-triggered input,
and actual input for thruster No.6. The curve evolution of the hysteresis and the self-triggered inputs for
thruster Nos. 1-5 is similar to thruster No.6, and they are omitted to improve the clarity and readability.
The bearing angle, including that for thruster No.6 (azimuth thruster), seems to be unreasonable, but this
is not the case. Actually, the action range for the bearing angle is (—180°,180°], and the transformation
operation is required for the azimuth thruster in practical engineering. Hence, the curves of the bearing
angle in Figure 7 are smooth and reasonable. The above simulation results verify the good performance
of the control scheme.
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Figure 7 (Color online) Control inputs with hysteresis nonlinearity.

6 Conclusion

In this paper, we describe the development of an observer-based asynchronous self-triggered control for
DP ship in the presence of the hysteresis nonlinearity. The self-triggered mechanism is designed to realize
the asynchronous aperiodic transmission of control signals in controller-thruster channels, which can ease
the communication burden caused by the frequent transmission of signals. Moreover, the NN observer
is employed to provide the estimation of velocities including the surge, sway, and yaw velocity, and they
are utilized in the controller design. Meanwhile, the unknown backlash-like hysteresis nonlinearity and
gain uncertainty are simultaneously considered with the fusion of the adaptive backstepping recursive
design technique. The SGUUB stability of the closed-loop control system has been demonstrated on the
basis of the Lyapunov theory. The numerical simulations illustrate the performance and validity of the
proposed control scheme under simulated marine environments. Aside from the DP ship, the proposed
control scheme can also be extended to other marine structures (drilling rigs, offshore platforms, and
FPSOs) and even general nonlinear systems.

Nonetheless, this work naturally cannot attend to every detail of the closed-loop system design, for
example, nonlinear dynamics existing in thrusters, including dead-zone, saturation, and fault. This would
be the problem to be solved in future work.
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