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Indirect Adaptive Robust Control Design for Course Tracking of Ships
Subject to Unknown Control Coefficient and Disturbances
Jinbo Wu* � , Chenghao Zeng, and Yifei Hu

Abstract: For course control of ships with unknown control coefficient and model parameters, an indirect adaptive
robust controller, in which the parameter estimation law and the control law are designed separately, is proposed.
This design method can achieve not only excellent course control performance but also accurate parameter estimates
for secondary purposes such as assisting in ship maneuvering decision. Firstly, a Nussbaum function is combined
with the adaptive dynamic surface control method to design a strong robust controller which can ensure the stability
of the closed-loop ship course control system in spite of parameter uncertainties, unknown control coefficient and
disturbances. Secondly, the nonlinear model for ship steering is converted into linear form by using the X-swapping
technique. And a modified least-squares identification algorithm is then proposed to estimate the unknown model
parameters. The global uniform ultimate boundedness of all signals of the resulting closed-loop system is guaran-
teed via Lyapunov stability theory. Lastly, simulation results are executed to demonstrate the effectiveness of the
proposed design method.

Keywords: Adaptive backstepping, course tracking, dynamic surface control, least-squares identification, Nuss-
baum function.

1. INTRODUCTION

The rising need for transportation services promotes the
development of unmanned surface vehicles which is criti-
cal in providing cost-effective solutions to littoral, coastal
and offshore problems [1,2]. Since the first mechanical au-
topilot was installed for automatic ship steering by Elmer
Sperry, ship control systems have been an active area of
research. While ship course control, which automatically
steers the rudder to decrease the errors between the de-
sired and the actual yaw angle, is always the main goal in
navigation field.

The dynamics of ship steering motion are nonlinear in
nature and are subject to a variety of disturbances such
as waves, wind and ocean currents. Early research results
show that the linear Nomoto model was adopted to de-
scribe the ship steering characteristics in control design,
such as the model reference adaptive technique [3], neu-
ral network control [4] and fuzzy control [5]. Although
these controllers based on linear steering model of ships
can assure good course-keeping performance, they can-
not satisfy the requirement for course changing maneuvers
where the nonlinear characteristics of ship steering be-
come non-ignorable. To deal with the nonlinear character-
istics of ships, the feedback linearization techniques were

applied to course keeping [6,7]. But the model parameter
uncertainties and external disturbances were not consid-
ered. The uncertainty and disturbance estimator (UDE)-
based control methods were studied to to deal with the
model uncertainty and disturbances while the bandwidth
information is required [8,9]. Sun et al [10] proposed a
sliding mode approach to attenuate unmodeled dynam-
ics and disturbances, but the chattering problem still was
not effectively solved. It should be noted that backstep-
ping has been widely used in the ship course control sys-
tems because it can often solve stabilization, tracking and
robust control problems under conditions less restrictive
than those encountered in other methods [11]. The neu-
ral network combined with the adaptive backstepping was
introduced in [12] to solve a ship course tracking con-
trol problem with a prior knowledge of the sign of con-
trol coefficient. When the control coefficient is unknown,
the Nussbaum-type gain was incorporated into the adap-
tive backstepping to construct the course control laws in
[13,14]. Furthermore, the dynamic surface control was in-
troduced into adaptive backstepping to obviate the prob-
lem of ‘explosion of terms’ existed in standard backstep-
ping technique. This design idea has been successfully ap-
plied to course keeping [15] and course tracking [16] of
ships.
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The above mentioned control strategies [11–16] are
known as direct adaptive robust controller (DARC). Al-
though the tracking performance is satisfactory, the iden-
tification accuracy of the unknown parameters exist in the
nonlinear steering model is poor. To overcome the defects
of DARC, the indirect adaptive robust controller (IARC)
[17,18] was proposed, in which the controller and iden-
tifier can be designed separately. Therefore, advanced pa-
rameter identification algorithms can be applied to achieve
accurate parameter estimation. The estimates can then
be used for secondary purposes such as decision making
in emergency control. [19] used a rate-limited projection
type adapta-tion law to obtain more accurate parameter
estimates, yet a priori knowledge of the bounds of un-
known parameters is needed. In addition to the unknown
model parameters that should be identified accurately for
the nonlinear ship steering model, the rudder saturation
constraint should also be considered in the control design.
Only first-order linear model was studied in references
[20,21] in presence of rudder saturation. In [22], an auxil-
iary system was utilized to reduce the influence of actuator
saturation.

To deal with the nonlinear ship steering system with
unknown control coefficient, uncertain model parameters,
disturbances and rudder saturation constraint, this paper
develops a course tracking control law under the frame-
work of IARC. This control law can guarantee the global
uniform ultimate boundedness of the closed-loop system
and accurate identification of model parameters simulta-
neously. This paper is organized as follows: Section 2
presents the nonlinear ship steering model. In Section 3,
an adaptive robust controller accompanying with Nuss-
baum function is introduced and an on-line parameter es-
timation law is presented to obtain accurate parameter es-
timates. Simulation results and comparisons are described
in Section 4. Conclusions are drawn in Section 5.

2. PROBLEM FORMULATION AND
PRELIMINARIES

The following nonlinear Norrbin model is considered:

T ψ̈ + ψ̇ +αψ̇
3 = Kδ +w, (1)

where ψ is the yaw angle of ships and δ is the rudder
angle. K, T are the gain and time parameters of the ship
steering dynamic model, respectively. α is the Norrbin co-
efficient. The model parameters K, T and α are unknown
bounded constants. w is the disturbance term which is in-
duced by waves and wind. It is generally considered that
the ocean currents only affect the position of the ship’s
motion, so the ocean currents are ignored in the ship steer-
ing model (1).

Let x1 = ψ , x2 = ψ̇ , and u = δ , then the nonlinear ship
steering motion equation can be transformed into the fol-

lowing state space expression:

ẋ1 = x2, (2)

ẋ2 = θ0u+ϕ
T (x)θ +d (t), (3)

where θ0 = K
/

T is the unknown control coefficient;
ϕT (x)= [ϕ1 (x) , ϕ2 (x)] where ϕ1 (x)= x2 and ϕ2 (x)= x3

2;
θ = [θ1, θ2]

T is a vector of unknown bounded parameters
with θ1 =−1

/
T and θ2 =−α

/
T ; d (t) = w

/
T is the ex-

ternal disturbance; u is the control input with saturation
constrains.

Remark 1: If θ0, θ1, θ2 can be estimated accurately,
then K, T, α can be calculated accordingly. K is the index
of turning ability, while T is the index of quick response
in steering [23]. In practical, K and T can be used to eval-
uate the ship’s steering distance to the new heading and
evaluate the ship’s turning radius during constant turning.
Accurate K and T can also provide reference information
for emergency control. Therefore, accurate parameter es-
timates of θ0, θ1, θ2 are valuable.

Assumption 1: The control coefficient θ0 is nonzero,
and its sign is unknown. Specially, we assume |θ0| ≤ B
with B being a known positive constant.

Remark 2: The values of T indicate the straight-
line stability of ships [24], for ships with stable line-
movement, T > 0, for ships with unstable line-movement,
T < 0. Therefore, supposing the sign of θ0 to be unknown
is practical.

The wind and wave disturbance can be deemed as an
equivalent rudder angle [25-26].

δwind = K0
(

VT

UT

)2

sinγR,

δwave =
Mw

KwUT
2 ,

where K0 is the leeway coefficient, VT is the relative wind
speed, UT denotes the ship speed, and γR is the wind angle
on the bow. Mw denote the wave-induced yaw moment,
Kw is the proportionality coefficient which is related to the
size and the load of ships.

From the discussion above, the unknown external dis-
turbance d (t) can be written as

d (t) =
w
T

=
1
T
[K (δwind+δwave)] , (2)

we can conclude that d (t) is be bounded by |d (t)| ≤
p∗ϖ (t), where p∗ is an unknown positive constant and
ϖ (t) is a known non-negative smooth function.

Consider the saturation characteristics of the ship rud-
der, we have |u| ≤ umax. umax is the known limit of in-
put saturation constraint. In practice, maximum rudder an-
gle usually does not exceed 35 degrees. Consequently, the
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control input is defined by

u = sat (uc)


umax, uc > umax,

uc, |uc| ≤ umax,

−umax, uc<−umax,

(3)

where uc is the control input which will be designed in
Section 3.
The control objective of this paper is to design an indirect
adaptive robust controller for the nonlinear ship steering
system which can guarantee that the actual course ψ (t)
tracks the desired course ψd (t) with arbitrarily small error,
while all signals of the closed-loop system can be guaran-
teed as uniformly ultimately bounded. Also, the accurate
parameter estimation should be realized.

Assumption 2: The desired course ψd (t) and its deriva-
tives ψ̇d (t) , ψ̈d (t) are smooth and bounded.

Definition 1 [27]: A continuous function N (ζ ) can be
called a Nussbaum-type function if the following proper-
ties hold for N (ζ ):

lim
s→∞

sup
1
s

∫ s

0
N (ζ )dζ =+∞, (4)

lim
s→∞

inf
1
s

∫ s

0
N (ζ )dζ =−∞. (5)

In this paper, Nussbaum function eζ 2
cos
(

π

2 ζ
)

is chosen
and ζ is its function variable.

Lemma 1 [27]: Let V (·) and ζ (·) be smooth functions
defined on [0, t f ) with V (t) ≥ 0, ∀t ∈ [0, t f ), N (ζ ) be a
smooth Nussbaum-type function. For ∀t ∈ [0, t f ), if the
following inequality holds:

V (t)≤ e−C1t
∫ t

0
[}N (ζ )+1] ζ̇ eC1τ dτ +C2, (6)

where the constant C1 > 0, } is a nonzero constant,
C2 represents a suitable constant. ThenV (t), ζ (t) and∫ t

0 [}N (ζ )+1] ζ̇ eC1τ dτ are bounded on [0, t f ).
Hereafter, for simplicity, the explicit dependence on t in
the notation will be dropped (that is, let V = V (t), δ =
δ (t) and so on).

3. INDIRECT ADAPTIVE ROBUST
CONTROLLER DESIGN

In this section the IARC scheme is developed. It con-
sists of two parts: the adaptive robust course tracking con-
troller design and the parameter estimation design. Un-
known control coefficient, unknown model parameters,
disturbance uncertainties and rudder saturation constraint
are considered simultaneously in the control design to il-
lustrate the robustness.

3.1. Indirect adaptive robust control law
In this subsection, we design an indirect adaptive robust

course tracking control law for the ship steering system.
The design process consists of two steps.

Step 1: Define the heading error variable

x̃1 = x1−ψd . (7)

According to (2), the time derivative of x̃1 is

˙̃x1 = x2− ψ̇d . (8)

Choose the virtual control function as

α1 =−k1x̃1 + ψ̇d , (9)

where k1 is a positive parameter to be designed.
Following the idea of dynamic surface control [28], let

x2d be generated by the filter

ẋ2d =−ω (x2d−α1) , (10)

where ω is a positive constant and the initial condition of
the filter is x2d (0) = α1 (0), which yields ẋ2d (0) = 0.

Define error variable

x̃2 = x2− x2d . (11)

To design a stabilizing adaptive control law, consider the
following Lyapunov function candidate:

V1 =
1
2

x̃2
1 +

1
2

s2
1, (12)

where s1 = x2d−α1.
The time derivative of V1 is

V̇1 = x̃1 (x2− ψ̇d)+ s1 (ẋ2d− α̇1) . (13)

By the definition of x̃2 in (11), the virtual control function
(9) and first order filter (10), (13) can be written as

V̇1 = x̃1 (x̃2+s1−k1x̃1)+s1 [−ω (x2d−α1)+k1x̃1−ψ̈d ]

= x̃1x̃2 + x̃1s1− k1x̃2
1−ωs2

1

+ s1k1 (x̃2 + s1− k1x̃1)− ψ̈ds1

≤ 1
4

x̃2
1 + x̃2

2 +
1
4

x̃2
1 + s2

1− k1x̃2
1−ωs2

1 + k1s2
1 +

1
4

x̃2
2

+ k4
1s2

1 +
1
4

x̃2
1 +4s2

1 +
1

16
ψ̈

2
d

≤ 5
4

x̃2
2 +

1
16

ψ̈
2
d −
(

k1−
3
4

)
x̃2

1

−
(
ω− k4

1− k2
1− k1−5

)
s2

1. (14)

Let D1 = min
{

k1− 3
4 , ω− k4

1− k2
1− k1−5

}
, then choose

the design parameters k1− 3
4 > 0 and ω − k4

1− k2
1− k1−

5 > 0.
We obtain

V̇1 ≤−D1V1 +
5
4

x̃2
2 +

1
16

ψ̈
2
d . (15)

Step 2: Consider (2) and differentiate x̃2 with respect to
time yields, we have

˙̃x2 = θ0u+ϕ
T (x)θ +d(t)− ẋ2d . (16)
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To handle the problem of input saturation of rudder, the
following auxiliary design system is introduced [29]

ės =

− γes−
f (·)
‖es‖2 · es +∆u, ‖es‖ ≥ ε,

0, ‖es‖< ε,

(17)

where f (·) = f (x̃2,∆u) = |x̃2 ·B ·∆u|+0.5∆u2, ∆u = u−
uc, γ > 0 is a design parameter, ε > 0 is a small design
parameter and es is a variable which is introduced to facil-
itate the analysis of the effect of input saturation.

Then the actual control uc appears. Let the control input
be design as

uc = N (ζ2)η2, (18)

with

η2 = k2 (x̃2− es)+ϕ
T

θ̂ − ẋ2d + v2, (19)

ζ̇2 = x̃2η2, (20)

v2 =
1
4

kx̃2
(
ϕ

T
ϕ +ϖ

2) , (21)

where k and k2 are positive parameters to be designed.
Consider the following Lyapunov function candidate:

V2 =
1
2

x̃2
2 +

1
2

es
2. (22)

Invoking (16), the time derivative of V2 is

V̇2 = x̃2
[
θ0u+ϕ

T
θ +d(t)− ẋ2d

]
+ es · ės. (23)

It is clear that

es · ės ≤−γe2
s −
|x̃2 ·θ0 ·∆u|+ 1

2 ∆u2

‖es‖2 · e2
s +∆u · es,

(24)

∆u · es ≤
1
2

∆u2 +
1
2

e2
s . (25)

Substituting (24) and (25) into (23), we have

V̇2 ≤ x̃2
[
θ0u+ϕ

T
θ +d(t)− ẋ2d

]
− (γ−0.5)e2

s

−|x̃2 ·θ0 · (u−uc)|
≤ x̃2

[
θ0uc +ϕ

T
θ +d(t)− ẋ2d

]
− (γ−0.5)e2

s .
(26)

Adding and subtracting ζ̇2 on the right side of (26) and
considering (18)-(21), we have

V̇2 ≤ θ0N (ζ2) x̃2η2+ζ̇2−k2x̃2
2−x̃2ϕ

T
θ̂+x̃2ẋ2d−x̃2v2

+x̃2ϕ
T

θ+x̃2d(t)−x̃2ẋ2d+k2x̃2es−(γ−0.5)e2
s

= [θ0N (ζ2)+1] ζ̇2− k2x̃2
2− x̃2ϕ

T
θ̃ + x̃2d(t)

− x̃2v2+k2x̃2es− (γ−0.5)e2
s

≤−k2x̃2
2 +[θ0N (ζ2)+1] ζ̇2− x̃2ϕ

T
θ̃ − 1

4
kx̃2ϕ

T
ϕ

+ |x̃2| p∗ϖ −
1
4

kx̃2
2ϖ

2+
1
2

k2x̃2
2

+
1
2

k2e2
s − (γ−0.5)e2

s , (27)

where θ̃ = θ̂ −θ is the parameter estimation error vector.
By completing the squares, we have

− 1
4

kx̃2
2ϖ

2 + |x̃2| p∗ϖ ≤
1
k

p∗2,

− 1
4

kx̃2
2ϕ

T
ϕ− x̃2ϕ

T
θ̃ ≤ 1

k
θ̃

T
θ̃ .

By choosing γ− 1
2 k2−0.5 > 1

2 k2, (27) can be written as

V̇2 ≤−k2V2 +[θ0N (ζ2)+1] ζ̇2 +
1
k

θ̃
T

θ̃ +
1
k

p∗2.

(28)

Lemma 2: For the nonlinear ship steering system (2),
when Assumptions 1-2 are satisfied, if an estimation law
can be adopted to guarantee the boundedness of the un-
known parameters, then our proposed control law (18)
guarantees that the actual course ψ can track the desired
course ψd with arbitrary small error.

Proof: If the boundedness of θ̃ can be guaranteed via
an estimation law. Then, (28) can be written as

V̇2 ≤−k2V2 +[θ0N (ζ2)+1] ζ̇2 +M, (29)

where M is a constant with M > 1
k θ̃ T θ̃ + 1

k p∗2.
Multiplying ek2t on both sides of (29) leads to

d
dt

(
V2ek2t)≤ [θ0N (ζ2)+1] ζ̇2ek2t +Mek2t . (30)

Integrating over [0, t] and multiplying both sides by e−k2t ,
we obtain

V2 ≤ e−k2tV2 (0)+e−k2t
∫ t

0
[θ0N(ζ2)+1]ζ̇2ek2σ dσ+

M
k2

=C+ e−k2t
∫ t

0
[θ0N (ζ2)+1] ζ̇2ek2σ dσ , (31)

where C = e−k2tV2 (0)+ M
k2

is bounded.
According to Lemma 1, we can conclude that V2 and ζ2

are bounded. From the definition of V2, we can conclude
that x̃2 and es are bounded.

Notice Assumption 2, then (15) can be written as

V1 ≤−D1V1 +A, (32)

where A is a constant which satisfies A > 5
4 x̃2

2 +
1
16 ψ̈2

d .
We can further conclude

V1 ≤
A

D1
+

[
V1 (0)−

A
D1

]
e−D1t . (33)

From (12) and (33), we obtain

|x̃1| ≤

√
2A
D1

+

[
V1 (0)−

A
D1

]
e−D1t . (34)
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For given arbitrary µ >
√

2A
/

D1, there exist a constant
T > 0 that for any t > T , the tracking error ‖ x̃1‖ ≤ µ . By
choosing the design parameters k1, k2and ω appropriately,

we can make
√

2A
/

D1 arbitrary small. Namely, the actual
course ψ can track the desired course ψd with arbitrary
small error. �

3.2. Parameter estimation algorithm
In this subsection, a modified on-line LS identification

algorithm [30] is adopted with the help of the X-swapping
technique [8].

Equation (2) can be rewritten in the following form:

ẋ = H (x)+F (x,u)T
θb +∆,

F (x,u)T =

[
0 0 0
x2 x3

2 u

]
, (35)

where ẋ = [ẋ1, ẋ2]
T , H (x) = [x2, 0]T , θb = [θ1, θ2, θ0]

T

and ∆ = [0, d (t)]T .
The following filters are constructed:

ψ̇0 = N (x, t)(ψ0 + x)−H (x) , ψ0 ∈ R2, (36)

ψ̇
T = N (x, t)ψ

T +F (x,u)T , ψ ∈ R2×3, (37)

where N (x, t) is exponentially stable for each x continu-
ous in t. To guarantee the boundedness of ψ , a particular
choice of N (x, t) is [11]

N (x, t) = N0−λF (x,u)T F (x,u)Q, (38)

where λ > 0 and N0 is a negative constant matrix which
satisfies: QN0 +NT

0 Q =−I, Q = QT > 0.
Define Y = x+ψ0, we have

Ẏ = N (x, t)Y +F (x,u)T
θb +∆(x, t) . (39)

We can further verify that

Y = ψ
T

θb +η . (40)

The nonlinear model (2) is thus transformed into a static
form which is linear in . The unknown disturbance can be
written as η = x+ψ0−ψT θb.

For the model (40), when Assumptions 1-2 are satisfied
and the control law (18) is chosen, as in [18], we can prove
that ψ0,Y,ψ,η ∈ L∞ [0,∞).

Before putting forward the identification algorithm, we
first define

Pd (t) = βP(t)−P(t)ψ (t)ψ (t)T P(t)+µI, (41)

Q(t) =
d (λmax (P(t)))

dt

=
tr (ad j (P(t)−λmax (P(t)) · I) ·Pd (t))

tr (ad j (P(t)−λmax (P(t)) · I))
, (42)

where is the covariance matrix which is symmetrical with,
is the forgetting factor and is a positive constant. λmax (·)
denote the maximum eigenvalues of the corresponding
matrices. tr (·) and ad j (·) separately denote the trace and
the adjoint of the corresponding matrix.

Then the following on-line modified least-squares iden-
tification algorithm is adopted:

Ṗ(t) =


Pd (t) , if λmax (P(t))< PU or if

λmax (P(t)) = PU and Q(t)< 0,

0, otherwise,

˙̂
θb (t) =


P(t)ψ (t)e(t) , if λmax (P(t))< PU or if

λmax (P(t)) = PU and Q(t)< 0,

P(t)ψ (t)e(t)−σP(t) θ̂b (t) , otherwise,
(43)

where θ̂b (t) is the estimate of the unknown parameters,
PU is a design scalar chosen as P(0) < PU I, σ > 0 rep-
resents the fixed -modification and e(t) is the prediction
error defined as

e(t) = y(t)− ŷ(t) =−ψ
T (t) θ̃b (t)+w(t) , (44)

where θ̃b (t) = θ̂b (t)−θb (t) is the estimation error.
As shown in [31], we can state the following lemma:
Lemma 3: For the linear model (40) with ψ0,Y,ψ,η ∈

L∞ [0,∞), the adopted estimation algorithm (43) guaran-
tees that
(a) P, P−1, e, θ̂b,

˙̂
θb ∈ L∞ [0,∞).

(b) If ψ satisfies the following persistent excitation (PE)
condition:

∃T0,α0 > 0,s.t.
1
T0

∫ t+T0

t
ψ (τ)ψ

T (τ)dτ ≥ α0I, ∀t,

(45)

then the parameter estimates θ̂b converge to their true val-
ues.

3.3. Performance result
Theorem 1: For the nonlinear ship steering system (2)

with unknown control coefficients, uncertain disturbances
and rudder saturation constraint, when Assumptions 1-2
are satisfied, if we apply the control law (18) with virtual
control (9), first order filter (10), auxiliary design system
(17) and the identification algorithm (37), then all signals
of the closed-loop ship course control system are glob-
ally uniformly ultimately bounded. And the actual course
can track the desired course with arbitrary small error by
choosing the design parameters appropriately.

Proof: From Lemma 3, the boundedness of the un-
known parameters can be guaranteed by the identification
algorithm (43). Then according to Lemma 2, the proof can
be easily completed. �
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4. SIMULATION AND COMPARISON STUDIES

In this section, simulation results are presented to show
the effectiveness of our proposed control law and parame-
ter estimation algorithm. Also, to illustrate the superiority
of the proposed IARC scheme, the direct adaptive robust
control (DARC) approach [16] is chosen to make a com-
parison.

A small ship of 45 m in length is taken as the test bed.
Its dynamic parameters are K = 0.5 s−1, T = 31 s and
α = 0.4 s2 at a forward speed of U = 5 m/s [31].

The desired course signal ψd is chosen as: ψd =
25sin

(
t
/

12
)
, we can easily conclude that the desired

course ψd and its derivatives ψ̇d , ψ̈d are smooth and
bounded which meets Assumption 2.

Remark 3: The chosen ψd actually presents a similar
shape to the trajectory of a zigzag test. Zigzag test is a
commonly used method to obtain the value of K and T , but
it has limitations such as the high requirement for exper-
imental waters and cumbersome operation. However, our
method does not suffer from these drawbacks. Choose the
trajectory similar to zigzag test and apply advanced iden-
tification law, we can identify the parameters accurately
and the value of K and T can then be obtained for other
purposes. In addition, the method proposed in this paper
could further be extended to coordinated formation con-
trol if cooperated with other strategies like game theory
[32].

For wind and wave disturbances, corresponding to the
sea state 3, we choose K0 = 1.47, VT = 3.4 m/s, UT =
5 m/s, γR= 10◦, Kw = 3500. is calculated by the same
method in [16] with parameters chosen as the same.

In simulation, the initial conditions are chosen as
[x1 (0) , x2 (0)] =

[
0.5◦ 2◦

/
s
]
, ζ2 (0) = 1.9, es (0) = 0,

ε = 0.01, ψ0 (0) = [0, 0]T , ψ (0) = [0, −2, 0; 0, 0, 0],
θ̂b (0) = [0, 0, 0], P(0) = [5, 0, 0; 0, 7.5, 0; 0, 0, 5]. For
control design parameters, we choose k = 1, k1 = 1, k2 =
10, γ = 15 and ϖ (t) = 1. The coefficient of the first-
order filter (10) is chosen as . For formula (38), choose
N0 = [−30, 0; 0, −30], λ = 0.4 and Q = 0.025I. The
adopted parameter estimation law is employed with design
parameters PU = 104, σ = 10−4, β = 0.05, and µ = 0.1.

For the algorithm to be compared, Most initial value
choices are consistent with those in [16].

The simulation results are shown in Figs. 1-8. We can
see from Figs. 1-3 that IARC and DARC approaches can
both achieve satisfactory control performance and our pro-
posed IARC method leads to smaller errors. From Fig. 3,
we can obtain that the ship actual control rudder angle δ

is practical. Fig. 4 shows that the actual heading rate does
not exceed the restraint of |ψ̇(t)|max = 3◦/s. Fig. 5 presents
that the Nussbaum function and its argument are bounded.

Figs. 6-8 present the estimation effect of the unknown
parameters. It is obviously seen that the DARC approach
in [16] cannot trace the actual value accurately. On the

Fig. 1. Actual course angles under different algorithms.

Fig. 2. Tracking errors under different algorithms.

Fig. 3. Control rudder angles under different algorithms.

contrary, the adopted LS identification algorithm achieves
satisfactory parameter estimates.

It should be noted that the DARC algorithms typically
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Fig. 4. Time curve of heading rate under the proposed al-
gorithm.

Fig. 5. Nussbaum function N (ζ2) and its argument ζ2.

Fig. 6. Estimation effect of parameter θ0.

use tracking errors as the driving signals which are nor-
mally small, so the parameter adaptation is tend to be cor-

Fig. 7. Estimation effect of parameter θ1.

Fig. 8. Estimation effect of parameter θ2.

rupted by noise or other factors [17]. To further explain
why the algorithm in [16] cannot achieve good estima-
tion effect, let’s take a close look at the parameter adaptive
laws in [16]

˙̂
θ0 = λθ0 ρ∆u−λθ0 σθ0

(
θ̂0−θ

0
0

)
,

˙̂
θ j = λθ j ρϕ j−λθ jσθ j

(
θ̂ j−θ

0
j

)
, j = 1,2. (46)

In fact, the performance of parameter adaptive laws in
[16] depends on the design parameters θ 0

0 , θ 0
1 and θ 0

2 . The
accurate estimations are based on the conditions that the
values of θ 0

0 , θ 0
1 and θ 0

2 are set close to the actual values.
Therefore, a priori knowledge is required to set appropri-
ate preset values. In practice, however, such priori knowl-
edge is hardly available. The proposed method does not
depend on such prior knowledge, and can track the actual
value accurately. The relatively more accurate estimates
of IARC approach can then be used for other secondary
purpose (e.g., decision making in emergency control).
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5. CONCLUSION

In this paper, an indirect adaptive robust controller
has been presented for course control of ships with un-
known control coefficient, unknown model parameters,
disturbance uncertainties and rudder saturation constraint.
Based on the backstepping technique, the Nussbaum func-
tion is exploited to handle the problem of unknown control
coefficient, DSC technique is utilized to escape the prob-
lem of ‘explosion of complexity’ and the auxiliary design
system is introduced to deal with the rudder saturation
constraint. The global uniform ultimate boundedness of
the closed-loop system signals can be achieved by using
the proposed IARC scheme. Furthermore, a modified on-
line LS identification algorithm is introduced to achieve
good estimation performance. Simulation results illustrate
the effectiveness and superiority of the proposed method.
Further, the design process proposed in this paper can be
extended to course tracking of ships with Time-varying
parameters.

REFERENCES

[1] Z. X. Liu, Y. M. Zhang, X. Yu, and C. Yuan, “Unmanned
surface vehicles: an overview of developments and chal-
lenges,” Annual Reviews in Control, vol. 41, pp. 71-93,
May 2016.

[2] Y. Tuo, Y. Wang, and S. X. Yang, “Robust adaptive dy-
namic surface control based on structural reliability for a
Turret-moored floating production storage and offloading
vessel,” International Journal of Control, Automation and
Systems, vol. 16, no. 4, pp. 1648-1659, May 2018.

[3] T. I. Fossen, “A survey on nonlinear ship control: From
theory to practice,” Proc. of the 5th IFAC Conference on
Manoeuvring and Control of Marine Craft, vol. 33, no. 21,
pp. 1-16, August 2000.

[4] M. A. Unar and D. J. Murray-Smith, “Automatic steering
of ships using neural networks,” International Journal of
Adaptive Control and Signal Processing, vol. 13, no.4, pp.
203-218, July 1999.

[5] J. Velagic, Z. Vukic, and E. Omerdic, “Adaptive fuzzy ship
autopilot for track-keeping,” Control Engineering Practice,
Vol. 11, no. 4, pp. 433-443, April 2003.

[6] L. P. Perera and C. G. Soares, “Lyapunov and Hurwitz
based controls for input–output linearisation applied to
nonlinear vessel steering,” Ocean Engineering, vol. 66, pp.
58-68, July 2013.

[7] Z. Zwierzewicz, “The design of ship autopilot by apply-
ing observer-based feedback linearization,” Polish Mar-
itime Research, vol. 22, no. 1, pp. 16-21, January 2015.

[8] X. F. Yi, R. W. Guo, and Y. Qi, “Stabilization of chaotic
systems with both uncertainty and disturbance by the UDE-
based control method,” IEEE Access, vol 8, pp. 62471-
62477, March 2020.

[9] B. B. Ren, Q. C. Zhong, and J. H. Chen, “Robust control
for a class of nonaffine nonlinear systems based on the un-
certainty and disturbance estimator,” IEEE Transactions on
Industrial Electronics, vol. 62, no. 9, pp. 5881-5888, April
2015.

[10] Z. J. Sun, G. Q. Zhang, L. Qiao, and W. D. Zhang, “Ro-
bust adaptive trajectory tracking control of underactuated
surface vessel in fields of marine practice,” Journal of Ma-
rine Science and Technology, vol. 23, no. 4, pp. 950-957,
December 2018.

[11] M. Kristic, I. Kanellakopoulos, and P. Kokotovic, Nonlin-
ear and Adaptive Control Design, Willey, New York, 1995.

[12] G. Xia and T. Luan, “Study of ship heading control using
RBF neural network,” International Journal of Control and
Automation, vol. 8, No. 10, pp. 227-236, October 2015.

[13] Q. L. Wang, C. Y. Sun, and Y. Y. Chen, “Adaptive neu-
ral network control for course-keeping of ships with input
constraints,” Transactions of the Institute of Measurement
and Control, vol. 41, no. 4, pp. 1010-1018, February 2019.

[14] R. Wu and J. L. Du, “Adaptive robust course-tracking con-
trol of time-varying uncertain ships with disturbances,” In-
ternational Journal of Control, Automation and Systems,
vol. 17, no. 7, pp. 1847-1855, July 2019.

[15] J. L. Du, A. Abraham, S. Yu, and J. Zhao, “Adaptive dy-
namic surface control with Nussbaum gain for course-
keeping of ships,” Engineering Applications of Artificial
Intelligence, vol. 27, pp. 236-240, January 2014.

[16] J. L. Du, X. Hu, and Y. Sun, “Adaptive robust nonlinear
control design for course tracking of ships subject to exter-
nal disturbances and input saturation,” IEEE Transactions
on Systems Man and Cybernetics Systems, vol. 50, no. 1,
pp. 1-10, November 2017.

[17] B. Yao and A. Palmer, “Indirect adaptive robust control
of SISO nonlinear systems in semi-strict feedback forms,”
Proc. of the 15th IFAC World Conference, vol. 35, no. 1, pp.
397-402, July 2002.

[18] J. B. Wu, J. F. Zhao, and D. L. Wu, “Indirect adaptive ro-
bust control of nonlinear systems with time-varying param-
eters in a strict feedback form,” International Journal of
Robust and Nonlinear Control, vol. 28, no. 5, pp. 3835-
3851, April 2018.

[19] A. Mohanty and B. Yao, “Indirect adaptive robust con-
trol of hydraulic manipulators with accurate parameter es-
timates,” IEEE Transactions on Control Systems Technol-
ogy, vol. 19, no. 3, pp. 567-575, May 2010.

[20] Z. Li and J. Sun, “Disturbance compensating model predic-
tive control with application to ship heading control,” IEEE
Transactions on Control Systems Technology, vol. 20, no.
1, pp. 257-265, February 2011.

[21] N. E. Kahveci and P. A. Ioannou, “Adaptive steering con-
trol for uncertain ship dynamics and stability analysis,” Au-
tomatica, vol. 49, no. 3, pp. 685-697, March 2013.

[22] D. D. Mu, G. F. Wang, and Y. S. Fan, “Tracking control
of podded propulsion unmanned surface vehicle with un-
known dynamics and disturbance under input saturation,”
International Journal of Control, Automation and Systems,
vol. 16, no. 4, pp. 1905-1915, July 2018.

http://dx.doi.org/10.1016/j.arcontrol.2016.04.018
http://dx.doi.org/10.1016/j.arcontrol.2016.04.018
http://dx.doi.org/10.1016/j.arcontrol.2016.04.018
http://dx.doi.org/10.1016/j.arcontrol.2016.04.018
http://dx.doi.org/10.1007/s12555-017-0492-5
http://dx.doi.org/10.1007/s12555-017-0492-5
http://dx.doi.org/10.1007/s12555-017-0492-5
http://dx.doi.org/10.1007/s12555-017-0492-5
http://dx.doi.org/10.1007/s12555-017-0492-5
http://dx.doi.org/10.1016/S1474-6670(17)37044-1
http://dx.doi.org/10.1016/S1474-6670(17)37044-1
http://dx.doi.org/10.1016/S1474-6670(17)37044-1
http://dx.doi.org/10.1016/S1474-6670(17)37044-1
http://dx.doi.org/10.1002/(SICI)1099-1115(199906)13:4<203::AID-ACS544>3.0.CO;2-T
http://dx.doi.org/10.1002/(SICI)1099-1115(199906)13:4<203::AID-ACS544>3.0.CO;2-T
http://dx.doi.org/10.1002/(SICI)1099-1115(199906)13:4<203::AID-ACS544>3.0.CO;2-T
http://dx.doi.org/10.1002/(SICI)1099-1115(199906)13:4<203::AID-ACS544>3.0.CO;2-T
http://dx.doi.org/10.1016/S0967-0661(02)00009-6
http://dx.doi.org/10.1016/S0967-0661(02)00009-6
http://dx.doi.org/10.1016/S0967-0661(02)00009-6
http://dx.doi.org/10.1016/j.oceaneng.2013.04.002
http://dx.doi.org/10.1016/j.oceaneng.2013.04.002
http://dx.doi.org/10.1016/j.oceaneng.2013.04.002
http://dx.doi.org/10.1016/j.oceaneng.2013.04.002
http://dx.doi.org/10.1515/pomr-2015-0003
http://dx.doi.org/10.1515/pomr-2015-0003
http://dx.doi.org/10.1515/pomr-2015-0003
http://dx.doi.org/10.1109/ACCESS.2020.2983674
http://dx.doi.org/10.1109/ACCESS.2020.2983674
http://dx.doi.org/10.1109/ACCESS.2020.2983674
http://dx.doi.org/10.1109/ACCESS.2020.2983674
http://dx.doi.org/10.1109/TIE.2015.2421884
http://dx.doi.org/10.1109/TIE.2015.2421884
http://dx.doi.org/10.1109/TIE.2015.2421884
http://dx.doi.org/10.1109/TIE.2015.2421884
http://dx.doi.org/10.1109/TIE.2015.2421884
http://dx.doi.org/10.1007/s00773-017-0524-0
http://dx.doi.org/10.1007/s00773-017-0524-0
http://dx.doi.org/10.1007/s00773-017-0524-0
http://dx.doi.org/10.1007/s00773-017-0524-0
http://dx.doi.org/10.1007/s00773-017-0524-0
http://dx.doi.org/10.14257/ijca.2015.8.10.22
http://dx.doi.org/10.14257/ijca.2015.8.10.22
http://dx.doi.org/10.14257/ijca.2015.8.10.22
http://dx.doi.org/10.1177/0142331217741539
http://dx.doi.org/10.1177/0142331217741539
http://dx.doi.org/10.1177/0142331217741539
http://dx.doi.org/10.1177/0142331217741539
http://dx.doi.org/10.1007/s12555-018-0733-2
http://dx.doi.org/10.1007/s12555-018-0733-2
http://dx.doi.org/10.1007/s12555-018-0733-2
http://dx.doi.org/10.1007/s12555-018-0733-2
http://dx.doi.org/10.1016/j.engappai.2013.08.013
http://dx.doi.org/10.1016/j.engappai.2013.08.013
http://dx.doi.org/10.1016/j.engappai.2013.08.013
http://dx.doi.org/10.1016/j.engappai.2013.08.013
http://dx.doi.org/10.1109/TSMC.2017.2761805
http://dx.doi.org/10.1109/TSMC.2017.2761805
http://dx.doi.org/10.1109/TSMC.2017.2761805
http://dx.doi.org/10.1109/TSMC.2017.2761805
http://dx.doi.org/10.1109/TSMC.2017.2761805
http://dx.doi.org/10.3182/20020721-6-ES-1901.01052
http://dx.doi.org/10.3182/20020721-6-ES-1901.01052
http://dx.doi.org/10.3182/20020721-6-ES-1901.01052
http://dx.doi.org/10.3182/20020721-6-ES-1901.01052
http://dx.doi.org/10.1002/rnc.4107
http://dx.doi.org/10.1002/rnc.4107
http://dx.doi.org/10.1002/rnc.4107
http://dx.doi.org/10.1002/rnc.4107
http://dx.doi.org/10.1002/rnc.4107
http://dx.doi.org/10.1109/TCST.2010.2048569
http://dx.doi.org/10.1109/TCST.2010.2048569
http://dx.doi.org/10.1109/TCST.2010.2048569
http://dx.doi.org/10.1109/TCST.2010.2048569
http://dx.doi.org/10.1109/TCST.2011.2106212
http://dx.doi.org/10.1109/TCST.2011.2106212
http://dx.doi.org/10.1109/TCST.2011.2106212
http://dx.doi.org/10.1109/TCST.2011.2106212
http://dx.doi.org/10.1016/j.automatica.2012.11.026
http://dx.doi.org/10.1016/j.automatica.2012.11.026
http://dx.doi.org/10.1016/j.automatica.2012.11.026
http://dx.doi.org/10.1007/s12555-017-0292-y
http://dx.doi.org/10.1007/s12555-017-0292-y
http://dx.doi.org/10.1007/s12555-017-0292-y
http://dx.doi.org/10.1007/s12555-017-0292-y
http://dx.doi.org/10.1007/s12555-017-0292-y


Indirect Adaptive Robust Control Design for Course Tracking of Ships Subject to Unknown Control ... 2067

[23] K. Nomoto, T. Taguchi, K. Honda, and S. Hirano, “On
the steering qualities of ships,” International Shipbuilding
Progress, vol. 4, no. 35, pp. 354-370, July 1957.

[24] T. I. Fossen, Guidance and Control of Ocean Vehicles, Wil-
ley, New York, 1994.

[25] G. Q. Zhang and X. K. Zhang, “Concise robust adaptive
path-following control of underactuated ships using DSC
and MLP,” IEEE Journal of Oceanic Engineering, vol. 39,
no. 4, pp. 685-694, October 2014.

[26] J. Q. Huang, Adaptive Control Theory and Its Application
in Ship System, National Defense Industry Press, 1992.

[27] S. S. Ge, F. Hong, and T. H. Lee, “Adaptive neural con-
trol of nonlinear time-delay systems with unknown virtual
control coefficients,” IEEE Transactions on Systems, Man,
and Cybernetics, Part B (Cybernetics), vol. 34, no. 1, pp.
499-516, February 2004.

[28] D. Swaroop, J. K. Hedrick, P. P. Yip, and J. C. Gerdes,
“Dynamic surface control for a class of nonlinear systems,”
IEEE Transactions on Automatic Control, vol. 45, no. 10,
pp. 1893-1899, October 2000.

[29] M. Chen, S. S. Ge, and Y. S. Choo, “Neural network track-
ing control of ocean surface vessels with input saturation,”
Proc. of the IEEE International Conference on Automation
and Logistics, pp. 85-89, August 2009.

[30] J. B. Wu, Y. F. Hu, and C. H. Zeng, “Robust adaptive iden-
tification of linear time-varying systems under relaxed ex-
citation conditions,” IEEE Access, vol. 8, no. 1, pp, 8268-
8274, December 2020.

[31] T. I. Fossen and M. J. Paulsen, “Adaptive feedback lin-
earization applied to steering of ships,” Proc. of the 1st
IEEE Conference on Control Applications, pp. 1088-1093,
September 1992.

[32] R. M. Xu and F. Zhang, “ε-Nash mean-field games for gen-
eral linear-quadratic systems with applications,” Automat-
ica, vol. 114, p. 108835, April 2020.

Jinbo Wu received his Ph.D. degree in
mechanical electronic engineering from
Huazhong University of Science and Tech-
nology in 2007. He is currently a pro-
fessor in Huazhong University of Science
and Technology. His research interests in-
clude image processing, control of nonlin-
ear systems, and robotics.

Chenghao Zeng received his B.E. degree
in marine engineering from Huazhong
University of Science and Technology in
2019. He is now pursuing an M.E. de-
gree in marine engineering at Huazhong
University of Science and Technology. His
current research interests include adaptive
robust control and active heave compensa-
tion.

Yifei Hu received his B.E. degree in ma-
rine engineering from Huazhong Univer-
sity of Science and Technology in 2019.
He is now pursuing a Ph.D. degree in ma-
rine engineering at Huazhong University
of Science and Technology. His current re-
search interests include signal processing
and self-adaptive control.

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional affil-
iations.

http://dx.doi.org/10.3233/ISP-1957-43504
http://dx.doi.org/10.3233/ISP-1957-43504
http://dx.doi.org/10.3233/ISP-1957-43504
http://dx.doi.org/10.1109/JOE.2013.2280822
http://dx.doi.org/10.1109/JOE.2013.2280822
http://dx.doi.org/10.1109/JOE.2013.2280822
http://dx.doi.org/10.1109/JOE.2013.2280822
http://dx.doi.org/10.1109/TSMCB.2003.817055
http://dx.doi.org/10.1109/TSMCB.2003.817055
http://dx.doi.org/10.1109/TSMCB.2003.817055
http://dx.doi.org/10.1109/TSMCB.2003.817055
http://dx.doi.org/10.1109/TSMCB.2003.817055
http://dx.doi.org/10.1109/TAC.2000.880994
http://dx.doi.org/10.1109/TAC.2000.880994
http://dx.doi.org/10.1109/TAC.2000.880994
http://dx.doi.org/10.1109/TAC.2000.880994
http://dx.doi.org/10.1109/ICAL.2009.5262972
http://dx.doi.org/10.1109/ICAL.2009.5262972
http://dx.doi.org/10.1109/ICAL.2009.5262972
http://dx.doi.org/10.1109/ICAL.2009.5262972
http://dx.doi.org/10.1109/ACCESS.2020.2964727
http://dx.doi.org/10.1109/ACCESS.2020.2964727
http://dx.doi.org/10.1109/ACCESS.2020.2964727
http://dx.doi.org/10.1109/ACCESS.2020.2964727
http://dx.doi.org/10.1109/CCA.1992.269719
http://dx.doi.org/10.1109/CCA.1992.269719
http://dx.doi.org/10.1109/CCA.1992.269719
http://dx.doi.org/10.1109/CCA.1992.269719
http://dx.doi.org/10.1016/j.automatica.2020.108835
http://dx.doi.org/10.1016/j.automatica.2020.108835
http://dx.doi.org/10.1016/j.automatica.2020.108835

