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ABSTRACT To promise the high fidelity of path following control for the underactuated ship from
the aspect of the nautical practice, this paper develops a nonlinear feedback-based control scheme with
an improved compound line-of-sight (ICLOS) guidance law, which has the energy-saving and efficient
performance. Based on the methodology of the nonlinear disturbance observer and method of reduced-order
extended state observer (ESO), a reduced-order state nonlinear sideslip angle observer is developed for
online estimation of the time-varying sideslip angel caused by external disturbances, and a sideslip angle
controller is incorporated to avert the sharp acting of actuators.Meanwhile, unlike the traditional line-of-sight
(LOS) guidance law, a time-varying lookahead distance is designed as a function that relates to the ship’
cruising speed and the cross track error, while the advance steering distance is also variable responding
to the ship’s length and turning angle, both of them make the turning process smoother. In the control
scheme, the second-order closed-loop gain shaping algorithm (CGSA) is employed to design a concise
robust controller, where the fuzzy logic system (FLS) is introduced to adjust the integral coefficient online
to improve the transient performance. In addition, to further reduce the steering frequency and energy
consumption of the system, nonlinear feedback technology (NFT) is adopted. Numerical simulation and
comprehensive comparisons are conducted to demonstrate the remarkable performance and superiority of
the proposed path following control system.

INDEX TERMS Path following control, closed-loop gain shaping algorithm (CGSA), fuzzy logic system
(FLS), nonlinear feedback technique (NFT), improve compound line-of-sight (ICLOS).

I. INTRODUCTION
For a conventional ship, it is common to consider the motion
in the surge, sway, and yaw, while it only has propellers
and rudder to control the motions. In this configuration, only
the surge and yaw degrees of freedom (DOF) are directly
controlled, thus the dynamics of the ship are underactuated
which increases the difficulty of the ships’ motion control [1].
However, with the increasing prosperity of guidance and nav-
igation technology as well as control theory, plenty of higher
performance and versatility control schemes for the under-
actuated ship’s motion control are developed [2], [3]. As an
important content of ship’s motion control research, track
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keeping control which consists of path following control and
trajectory tracking control has also received great attention
and development. This paper is mainly focused on the path
following control of underactuated ships exposed to wind,
waves, and ocean currents, which deals with a design control
scheme that drives ships to reach and follow a predefined path
without time constraints.

Ship’s path following control can be divided into two types:
direct path following control and indirect path following
control [4], [5]. [6] designed a ship path following controller
based on the characteristic model, which is convenient to
adjust the controller structure as the navigation environment
changes. In [7], a dynamic virtual ship guidance principle was
proposed, which used a virtual ship to generate a reference
path and then incorporated the neural network and dynamic

VOLUME 9, 2021 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 81535

https://orcid.org/0000-0003-3018-7710
https://orcid.org/0000-0002-1577-571X
https://orcid.org/0000-0002-5253-2944


Z. Su, X. Zhang: Nonlinear Feedback-Based Path Following Control

surface control technique to track the predefined path. And
the backstepping method and the Lyapunov stability theory
were popularly employed to realize the path following of
underactuated ships [2], [8], [9]. These control schemes are
all direct path following control and rely heavily on the
mathematical model of the system as well as the design of
these controllers is complicated due to the ship’s complex
nonlinearity and uncertainty characteristics.

Conversely, in the indirect path following control scheme
design process, themathematical models and controlmethods
independent of each other, which makes the design difficulty
significantly reduced [10]. It ismainly composed of two parts,
guidance subsystem and course keeping control subsystem,
where the guidance subsystem is used to generate the desired
heading signal based on the acquired path and environment
information, and the course keeping control subsystem is
used for tracking the desired heading signals generated by the
guidance subsystem. Since the indirect path following control
is similar to the actual ship maneuvering behavior of the crew,
the modular design concept also enables it to directly apply
mature guidance technology and course keeping control the-
ory, which has strong practical application value and becomes
the commonly used method of path following [11]–[14].

There are many guidance approaches, including Light-
of-Sight guidance (LOS), Constant Bearing guidance (CB),
Pure Pursuit guidance (PP), Vector Field guidance (VF), and
so on, which can be used for designing the guidance subsys-
tem [15]. Because of the low sensitivity to high-frequency
noises, fewer design parameter requirements, and low com-
putational burden, the LOS guidance has been widely used in
the track keeping controller design compared to others. And
the uniform semi-global exponential stability was proved to
be achievable for a class of proportional LOS guidance laws
used for vehicle path following control [16]. However, the tra-
ditional proportional LOS guidance is vulnerable to external
disturbance that results in deviation problems, especially in
tracking curved paths [17].

To eliminate the constant offsets induced by the constant,
or slow time-varying, environmental forces which can be
observed as a nonzero sideslip angel, a class of modified
LOS guidance was developed. The straightforward solution
to solve this problem is tomeasure the sideslip angle, which is
impractical due to the expensive cost and low precision [18].
An alternative approach is to bring an integral term into the
traditional LOS guidance to alleviate the effect of sideslip
angle, which is originally proposed in [17] and called integral
LOS (ILOS) guidance. In [16], an adaptive LOS (ALOS)
guidance is proposed where the sideslip angle is treated as
an unknown constant parameter and can be identified by an
adaptive term online. It should be noted that the sideslip angle
in these guidance lows is treated as a constant while it is
actually time-varying in the reality. To deal with time-varying
sideslip angel, a predictor LOS (PLOS) guidance, as well
as a reduced-order extended state observer LOS (ESO-based
LOS) guidance for online estimation and identification of
the time-varying sideslip angle, are presented in [5], [19].

A bounded gain forgetting adaptive estimator was designed
to predict the time-varying sideslip angle and compensate
it in [20]. In addition, to improve the tracking effects of
LOS guidance, the lookahead distance is designed as a func-
tion of the cross track error to improve the LOS guidance
law [21], [22]. Nevertheless, these guidance laws may not
applicable to practical conditions ‘‘waypoint-based planned
route for ships’’, where the sideslip angle, lookahead dis-
tance, advance steering distance as well as the ship’s speed
should be overall considered.

For the course keeping control subsystem, in view of the
cruising speed of ships is constant on the open sea, the course
keeping control becomes a rudder-based yaw control prob-
lem. With the prosperity of control theory, various advanced
control methods can be used to solve this problem [23]–[26].
In this study, a nonlinear feedback-based controller which has
the characteristics of concise form, strong robustness, fewer
parameters, and energy saving will be developed.

Since the proportion integration differentiation (PID) con-
trol method does not rely on a specific mathematical model
and has relatively few control parameters, it has been widely
applied to ship course keeping control [27], [28]. However,
the adjustment of the parameters is very difficult and often
depends on designers’ experiences. Thus, the closed-loop
gain shaping algorithm (CGSA), which is a strong engineer-
ing method and has been widely used in the ship’s motion
control [29]–[31], is adopted to quickly design a robust PID
controller with tuned parameters.Meanwhile, considering the
PID controller is too sensitive to high-frequency interference,
which is easy to cause frequent operations, and lacks the
ability to adapt to ship dynamics and sea conditions. The
fuzzy control is introduced to deal with the above-motioned
problems. Although its control accuracy is not high, it has
the advantages of not relying on mathematical models,
insensitive to parameter changes, and strong in robustness.
Complementing the advantages of the two methods can
achieve good results, and there have been many successful
examples [32]–[34].

Furthermore, from the perspective of energy saving and
high efficiency, we have further improved the controller by
employing the nonlinear feedback technique (NFT). As men-
tioned above, PID control has easily interfered to cause fre-
quent operations, while fuzzy control is difficult to eliminate
static errors, which makes it easy to cause high-frequency
oscillation in small error, resulting in frequent operations of
ships steering gear to consume a lot of energy. NFT is a tech-
nology that can improve the energy efficiency of the system
and achieve the same control effect with minor control action
under the unchanged control law. In addition, its effectiveness
has been validated through the theoretical analysis and the
simulation experiments relating to the ship course keeping
control [35]–[39].

Motivated by the above observations, this paper investi-
gates both the path following guidance and the rudder-based
yaw controller for the underactuated ship. The main contri-
butions of the paper can be summarized as follows.
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(1) For the guidance subsystem: Based on ESO-based
LOS guidance and with consideration of nautical practice,
an improved compound LOS guidance embracing a nonlinear
sideslip angle observer, a sideslip angle controller, a looka-
head distance adjuster, and an advance steering distance
adjuster are proposed, which can enhance both dynamic and
static performance.

(2) For the course keeping control subsystem: The
second-order CGSA is employed to design a PID controller
with a first-order filter, and the FLS and NFT are further
introduced to improve transient performance and save energy.

This paper is organized as follows. In Section 2, the prelim-
inaries and problem formulation are presented. The nonlinear
feedback-based control law is devised for the ship course
keeping in Section 3, and the improved compound LOS
guidance law is elucidated with stability analysis in Section 4.
The simulation and analysis are carried out in Section 5.
Section 6 concludes the entire work.

II. PRELIMINARIES
A. MATHEMATICAL MODEL
As for path following, only three motions (namely surge,
sway and yaw) need to be considered. In this study, a 3-DOF
model is established to describe the motion of the ship, where
the attitudes are described by (1) of the kinematic model [1].

ẋ = u cos (ψ)− v sin (ψ)

ẏ = u sin (ψ)+ v cos (ψ)

ψ̇ = r (1)

where x, y, ψ denotes the position the orientation of the
ship with respect to the earth-fixed inertial frame; and u, v, r
denotes the velocity/angular rate in surge, sway and yawDOF
in the body-fixed frame, respectively.

In consideration of the internal perturbations and external
environmental disturbances, the nonlinear Norrbin model is
employed as the kinetic model of the ship [40].

Ẋ (2) = A(2)X (2) + B(2)δc + (I ′(2))
−1[F′Non+F

′

Wind + F
′

Wave]

(2)

where X (2) = [v r]T is the velocity and angular rate of
the ship; A(2),B(2) are dynamic coefficient matrices; δc is
the control rudder angle; I ′(2) is the inertial force derivative
matrix; F′Non, F

′

Wind and F
′

Wave are the nonlinear fluid force,
wind force, and wave force term, respectively.

The nonlinear fluid force term F′Non is formulated as

F′Non =
[
Y ′NON
N ′NON

]
=

[
f Y (v, r)
Cf N (v, r)

]
(3)

where proportional coefficient C is the dimensionless cross-
flow coefficient; f Y (v, r) and f N (v, r) are the function of
the nonlinear lateral force and moment which can be con-
sulted in [40] for the details.

The wind force term F′Wind can be divided into average
wind and fluctuating wind. The average wind component is
converted into the wind equivalent rudder angle expressed

in (4), and the fluctuating wind component is simulated by
the white noise [41].

δw = K ′(
Vw
VL

) sinψw (4)

where Vw,VL ,K ′ and ψw denote wind speed, ship speed,
wind coefficient and the wind angle on the bow, respectively.

For the wave force term F′Wave, a linear approximation
of International Towing Tank Conference (ITTC) spectral
density function y (s) = h (s) ωG (s) is used to replace the
complex nonlinear wave model. where, ωG (s) is a zero-mean
Gaussian white noise process with a power spectrum of
Gω (ω) = 1.0 and h (s) is a second order transfer function.
Supposing the wave disturbance directly affects the ship’s
heading and using the ITTC spectrum, the model of wave
disturbance corresponding to Beaufort No.6 is formulated as

ψH =
0.4198s

s2 + 0.3638s+ 0.3675
ωG (5)

where ψH , s are high-frequency wave disturbance, Laplace
operator, respectively.

The current interference is regarded as a steady current or
current with slow time-varying characteristics, which means
that it only affects the position and speed of the ship. And the
velocities u, v in (1) can be rewritten as

u = ur + VC cos(γc − ψ)

v = vr + VC sin(γc − ψ) (6)

ẋ = ur cosψ − vr sinψ + Vc cos γc
ẏ = ur sinψ + vr cosψ + Vc sin γc (7)

where ur , vr represent the velocities of the ship relative to
the water; ψ is the heading angle of the ship; Vc, γc are the
velocity and the direction of the current, respectively.

B. PROBLEM FORMULATION
The path following problem deals with the design of a control
scheme to drive the ship to reach and follow a predefined
path without time constraints. In nautical practice, ships will
navigate along the straight route between the various way-
points at an economic speed on the open sea. In addition,
the quartermaster will steer the ship in advance according
to the turning angle to make the navigation more stable.
The geometric representation of the LOS-guided ship path
following is shown in Fig.1.

The predefined path which connects the waypoint (xk , yk)
and (xk+1, yk+1) is a straight line. Let θ represent the
path variable. For any given θ , the inertial position of the
geometric path is denoted by Pθ (xk (θ) , yk (θ)). Define a
local reference frame at Pθ (xk (θ) , yk (θ)) and named it the
path-tangential reference frame. The path-tangential angle,
which represents the orientation of the path relative to the
earth-fixed frame, is given by αk = atan2

(
y′k (θ) , x

′
k (θ)

)
,

where x ′k (θ) = ∂xk
/
∂θ , and y′k (θ) = ∂yk

/
∂θ .

For the ship located at (x, y), the along track error xe and
the cross track error ye can be expressed in the path tangential
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FIGURE 1. Geometric representation of LOS guidance.

reference frame as follow[
xe
ye

]
=

[
cosαk − sinαk
sinαk cosαk

]T [ x − xk (θ)
y− yk (θ)

]
(8)

Owing to the Pθ (xk (θ) , yk (θ)) is the projection point of
the ship’s position coordinates (x, y) on the reference path,
xe = 0, then the cross track error is formulated as [12]

ye = − sinαk (x − xk (θ))+ cosαk (y− yk (θ)) (9)

Based on the traditional lookahead based steering method,
the guidance heading angle ψl can be expressed as (10). And
there needs to be a criterion to determine whether to steer to
the next tracking path, (11) gives the criteria.

ψl = αk + arctan(
−ye
1

) (10)

(x − xk+1)2 + (y− yk+1)2 ≤ R2 (11)

where1 and R denote lookahead distance and the acceptance
steering distance, which determine the transient performance
of the ship path following control system.

The derivatives of the cross track error are derived by
differentiating (9) and combining with (1)

ẏe = U sin(arctan
−ye
1
− β) (12)

where U =
√
u2 + v2 and β = arctan (v/u) are the resultant

and sideslip angle of the ship. In the practical application,
the sideslip angle is time-varying and difficult to measure due
to environmental disturbances [18].

Based on the above-mentioned analysis, the control objec-
tive of this paper is to develop a guidance law, with consid-
eration of time-varying sideslip angle, lookahead distance,
and advance steering distance, to guide the ship to track the
given path under the wind, wave, and current disturbance, and
design a robust and energy-saving course keeping controller
to obtain the desired heading angle responding to the guid-
ance. The design objective can be formalized as

lim
x→∞

ye ≤ ε1, lim
x→∞

(ψ − ψd ) ≤ ε2 (13)

where ε1 and ε2 are very small positive numbers, ψd is the
desired heading angle.

III. IMPROVED COMPOUND LOS GUIDANCE LAW DESIGN
On account of the sideslip angle is mainly caused by environ-
mental disturbances, which can be time-varying and cause a
static track error. Based on the methodology of the nonlinear
disturbance observer and method of reduced-order extended
state observer originally proposed in [16], a nonlinear sideslip
angle observer is designed.Meanwhile, considering the influ-
ence of constant lookahead distance and advance steering
distance on the transient performance of the path following
system, further improvements aremade to obtain an improved
compound LOS (ICLOS) guidance law in this section.

A. NONLINEAR SIDESLIP ANGLE OBSERVER
DESIGN AND ANALYSIS
Taking account that the sideslip angle β is generally small,
no more than 5 degrees [42]. This means it is reasonable to
approximate sinβ ≈ β and cosβ ≈ 1. Expanding (12), one
can get that

ẏe = U sin(ψ − αk )+ U cos(ψ − αk )β (14)

Define g = U cos(ψ − αk )β. Therefore, as long as the g
can be estimated, the estimate of β can be obtained, that is

β̂ =
ĝ

U cos(ψd − αk )
(15)

where ĝ, β̂ denote the estimate of g and β, respectively.
To move on, the following assumptions are required.
Assumption 1: There exits an upper bound of |ġ|, satisfying
|ġ| < |ġ|m.
Assumption 2: The ship’s course can track the desired

heading angle ψd well [14], [43].
Define the estimation error of the sideslip angle g̃ = g− ĝ,

k is the observer gain, and a linear observer is designed as

g̃ = k(g− ĝ) = −kĝ+ k(ẏe − U sin(ψd − αk )) (16)

Since the linear observer requires a known derivative of the
track error, which is difficult to obtain in practice, a nonlinear
observer contains an auxiliary variable p is constructed as

ĝ = p+ kye
ṗ = −kp− k(U sin(ψd − αk )+ kye) (17)

Differentiating ĝ and invoking (16) and (17), it renders

˙̂g = ṗ+ kẏe
= kg− k(p+ kye)

= kg̃ (18)

Then, with the consideration of sideslip angle, the desired
heading angle in (14) can be rewritten as follows

ψd = αk + arctan(
−ye
1
− β̂) (19)
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Noting that

sin
(
tan−1

(
−ye
1
− β̂

))
=

−ye
1
− β̂√

12 +

(
ye +1β̂

)2
cos

(
tan−1

(
−ye
1
− β̂

))
=

1√
12 +

(
ye +1β̂

)2 (20)

Based on the assumption 2, substitute (20) into (14) gives

ẏe = −
Uye√

12+
(
ye+1β̂

)2 − g̃ = −k1ye − g̃
(21)

where, k1 = U√
12+

(
ye+1β̂

)2 .
For the subsystem (18), defining a candidate Lyapunov

function V1 = 1
2 g̃

2 and taking the time derivative of V1
satisfies

V̇1 = g̃(ġ− ˙̂g)

= −kg̃2 + g̃ġ (22)

Using Young’s inequality, there exist g̃ġ ≤ a1g̃2 +
|ġ|2m
4a1

and (22) can be rewrite as

V̇1 ≤ −(k − a1)g̃2 +
|ġ|2m
4a1

(23)

Considering the entire error system, define the candidate
Lyapunov function V2 = V1 + 1

2y
2
e and take time derivative

along V2 with (21) and (23), it yields

V̇2 ≤ −(k − a1)g̃2 +
|ġ|2m
4a1
− k1y2e − yeg̃ (24)

Using Young’s inequality, there exist −g̃ye ≤ a2g̃2 +
y2e
4a2

.
Invoking (24), it renders

V̇2 ≤ −(k − a1 − a2)g̃2 − (k1 −
1
4a2

)y2e +
|ġ|2m
4a1

(25)

Then there is V̇2 ≤ −µV2 + d .
where, d = |ġ|

2
m

4a1
µ = 2min

{
(k − a1 − a2), (k1 − 1

4a2
)
}
> 0.

Such that, we have

0 ≤ V2 ≤
d
µ
+ (V2(0)−

d
µ
)e−µt (26)

The above analysis results show that all error signals
are ultimately bounded, and by selecting appropriate design
parameters, the shipwill track the desired pathwith arbitrarily
small sideslip angle estimation error and track error.

B. ESTIMATED SIDESLIP ANGLE CONTROLLER
Since ĝ = p + kye, while the ship starts steering to the next
tracking path, the sudden increase in cross track error will
cause the increase of the nonlinear observer output ĝ. This
will cause the desired heading angle ψd in (19) to change
instantaneously, which will not only cause the saturation of

the actuator, but also a large flare of the ship. For these rea-
sons, an estimated sideslip angle controller β̂(t) is introduced
to the system to avoid this situation.

β̂(t) =

 β0
∣∣ĝ(t)− ĝ(t − 1)

∣∣ > 0.01h
ĝ

U cos(ψ − αk )

∣∣ĝ(t)− ĝ(t − 1)
∣∣ ≤ 0.01h

(27)

where β0 is the previous estimated sideslip angle before
time t; h is the sampling period; ĝ(t) and ĝ(t − 1) are the
estimated values of g at the current and previous sample time
respectively.

According to the control mechanism of this controller,
when the output ĝ changes significantly correspond to the
transient process, the observer’s auxiliary state p will be
updated according to (17) with β̂ not be updated and kept
the previous value β0. On the contrary, the β̂ will be updated
when the change rate of the ĝ is small.

C. LOOKAHEAD DISTANCE ADJUSTER
The velocity path relative angle ψr (ye) = arctan(−ye

1
) can

be regarded as a saturation control law that the lookahead
distance is the proportional gain. Excessive lookahead dis-
tance will result in too slow tracking speed, while too small
lookahead distance will increase system overshoot. Mean-
while, when the cross track error is relatively large, a small
lookahead distance should be selected without regard to the
ship’s speed. Accordingly, the lookahead distance should
be increased in connection to the ship’s speed when the
cross track error decreases. Based on the above guidelines,
the lookahead distance should be a time-varying parameter
with consideration of the cross track error. Whereas, in the
traditional LOS guidance law, the lookahead distance is set
to 2-5 times the length of the ship. To improve the transient
performance of the control system, a time-varying lookahead
distance adjuster is employed [12].

1(ye) = (K1U −1min)e−k2y
2
e +1min (28)

where K1,K2 are controller parameters greater than zero;
1min is minimum lookahead distance when the speed factor
is not included.

D. ADVANCE STEERING DISTANCE ADJUSTER
In practice, the seafarer will manipulate the ship in advance
according to the steering angle before approaching a certain
distance to the waypoint, to avoid the ship’s heeling caused
by the rapid and large-angle steering. However, in the tra-
ditional LOS guidance law, the advance steering distance
usually takes a fixed value, 2.2 times the length of the ship,
which causes the ship to overshoot at the waypoint and
deviate from the track path. Based on numerous simulation
experiments, an advance steering distance adjustment strat-
egy, which relates to the turning angle and ship’s length,
is proposed to improve the performance of the guidance law.

Lturn = (3ψturn + 1.5)Lpp (29)
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where Lturn, ψturn and Lpp are advance steering distance,
turning angle and ship’s length, respectively.

IV. COURSE KEEPING CONTROLLER DESIGN
In this section, a nonlinear feedback-based concise robust
controller, based on CGSA, FLS, and NFT, is designed for
the rudder control.

A. LINEAR PID CONTROLLER DESIGN
The CGSA is a simplified H∞ mixed sensitivity algorithm
by directly shaping the singular value curves of S (s) (the
sensitivity function) and T (s) (the complementary sensitivity
function), and there exists the correlativity T (s) = I − S (s).
The complementary sensitivity function T (s) of a typical
control system has a lowpass characteristics to guarantee the
robust performance, and the largest singular value equals to
unit one to follow the reference signal without the tracking
error [29]. The high-frequency asymptote slop of T (s) deter-
mines how much the system is sensitive to the invalid distur-
bance frequency and is usually suggested to be 20 dB/dec,
40 dB/dec, and 60 dB/dec. That generates the common shap-
ing selection T (s) = 1

/
(T0s+ 1)i, i = 1; 2; 3 respectively,

which are corresponding to the 1st, 2nd and 3rd order CGSA.
(29) presents the formulation of the CGSA.

T (s) =
1

(T0s+ 1)i
=

GK
1+ GK

(30)

where the G (s) is the stable control plant, K (s) is the con-
troller, T0 is the tuning parameter, and the inverse 1

/
T0 is

just the frequency bandwidth of T (s).
Consider the course keeping problem for the ships,

the responsive nonlinear ship motion mathematical model is
selected as the controlled plant G:

ψ̈ +
K0

T0

(
α1ψ̇ + β1ψ̇

3
)
=
K0

T0
δ (31)

whereψ is the heading angle, δ is the rudder angle,K0,T0 are
ship’s manoeuvrability indices α1, β1 are nonlinear param-
eters. If the nonlinear term in the equation is ignored, the
transfer functionmodel for controller design can be expressed
as Nomoto model: Gψδ = K0/s(T0s+ 1).
Set the bandwidth frequency of the closed-loop system to

1/T1 (crossover frequency in the strict sense), let the high
frequency asymptote slope be −40dB/dec and i = 2, we can
obtain the (32).

1
(T1s+ 1)2

=
GψδK

1+ GψδK
, K =

1

2GψδT1s(
T1
2 + 1)

(32)

Substitute the Nomoto model into the (31), a typical
robust proportional-differential (PD) controller in series with
a first-order filter is derived.

K (s) = (
1

K0T1
+

T0
K0T1

s)
1

T1s+ 2
(33)

To eliminate the static error cause by the input interference,
an integral term is introduced to (33), that is, a very small
constant ε is added to the denominator of the Nomoto model.

Then the modified Nomoto model is rewritten as Gψδ =
K0/(T0s2 + s+ ε). Substitute it into (33), there is

K (s) = (
1

K0T1
+

T0
K0T1

s+
ε

K0Ts
)

1
T1s+ 2

(34)

Furthermore, to adjust the rise time of the systemwith large
inertia, a constant ρ is added at the proportion term of (34)
based on the experience of [29]. The controller is updated
to (35).

K (s) = (
1

K0T1
+ ρ +

T0
K0T1

s+
ε

K0T1s
)

1
T1s+ 2

(35)

B. FUZZY LOGIC-BASED PID CONTROLLER DESIGN
The FLS mainly comprises three basic procedures: fuzzifi-
cation, fuzzy inference, and defuzzification [33]. Firstly, the
fuzzification converts the accurate input variables into input
grades named as fuzzy variables. Secondly, referring to the
fuzzy rule base, the fuzzy inference is conducted and gen-
erates fuzzy results. The fuzzy rule base can be constructed
according to expertise or online news, which is organized
by fuzzy rules. Finally, the defuzzification converts fuzzy
variables to accurate output variables.

To benefit from the merits of the CGSA, one can quickly
design a concise robust controller with tuned parameters for
the system. However, taking into account that the designed
integral coefficient ε in (35) whose value is so large as to
cause oscillation or overshoot, and too small to completely
eliminate the static error. The FLS is employed to approx-
imate the integral coefficient Ki in the designed PID based
on CGSA. The input and output values are set to [−6, +6],
during the quantization factor of output is set to 0.01, and
the triangular membership function is employed. The fuzzy
rules include: 1) Reducing the integral coefficient while the
control error and its changing rate are large; 2) Increasing the
integral coefficient while the control error and its changing
rate are small. The fuzzy rules are shown in Fig. 2. Thus,
the fuzzy rules applied to adjust the integral coefficient can
be express as

Ki = εfuzzy/K0T1 (36)

FIGURE 2. Fuzzy rules of the FLS.
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C. NONLINEAR FEEDBACK CONTROLLER DESIGN
The NFT is a novel technique used to improve the control
performance by employing a nonlinear driven function of
error, between the reference signal and the actual system
output, as the input of the control law, which can achieve
the same control effect with minor control action under the
unchanged control law [35]–[39]. However, the researcher
should make prudent use of the NFT when the feedback error
is too large, which may cause the instability of the control
system [37]. The nonlinear feedback system configuration is
shown in Fig. 3.

FIGURE 3. Configuration of the nonlinear feedback system.

The nonlinear driven function f (ω1 (r − y)) is introduced
into the scheme instead of the traditional feedback error
(r − y), where ω1 is the dimensionless system frequency;
K is the controller to be designed; G is the control plant.
Compared to the traditional approach γ = K (r − y),
under the NFT γ = Kf ω1 (r − y) which changes the
feedback error e from linear to nonlinear by the nonlin-
ear driven function f and the control performance change
accordingly. In this paper, the bipolar sigmoid function f =(
1− exp−µe

)/(
1+ exp−µe

)
is employed in view of its good

performance in ship course keeping control [38], [44]. The
experimental results show that the nonlinear feedback driven
by the bipolar sigmoid function can obtain good performance
on the steady state, dynamic performance, and control output,
which could result in the energy-saving, of the closed loop
system on the basis of the unchanged controller K .

V. SIMULATION STUDY AND ANALYSIS
The indirect path following control system is mainly com-
posed of two parts, namely the guidance subsystem and
the course keeping control subsystem. Fig. 4 illustrates the
structure of the proposed indirect path following control sys-
tem. The guidance subsystem, where an ICLOS guidance
law is employed, provides desired heading ψd for the course
keeping control subsystem. And the designed heading con-
troller, where CGSA, FLS and NFT are used to improve
the static and dynamic performance of the control system,
outputs the command rudder according to the guidance signal
and feedback information to steer the ship to track the desired
path.

A. COURSE KEEPING CONTROL SIMULATIONS
In this section, simulation results are presented to verify
the effectiveness and superiority of the proposed nonlinear
feedback-based concise robust controller. As shown in Fig. 4,
the course keeping controller is mainly composed of three

FIGURE 4. Schematic diagram of proposed indirect path following control
system.

modules, and its function and technical advantages have been
discussed in the previous section. To show more clearly the
role of the integrator in eliminating static errors and the FLS
in suppressing oscillation or overshoot, a robust PD controller
(equation (33)) and fuzzy controller are selected to compare
with the proposed controller in the course keeping control
experiments. The simulation plant of interest is a multipur-
pose training ship ‘‘YUPENG’’, her mainly particulars in full
load condition are demonstrated in Table 1. Based on these
parameters, the parameters for the nonlinear Nomoto model
are calculated as K0 = 0.38s−1, T0 = 297.75s, α = 11.95,
β = 23928.91.

TABLE 1. Particulars of training ship YUPENG.

In the experiments, the parameters in the linear robust
controller and nonlinear driven function are as follows:
T1 = 3s, ρ = 6, µ = 0.5. And a rudder servo system is also
considered in the simulation, steering engine is modeled as a
system with single hydraulic circuit analog control variable,
the maximum rudder rate is ±5◦/s and the saturation rudder
angle is ±35◦. The wind scale is Beaufort NO.6 and the
wind angel on the bow is 50◦, the equivalent rudder angle
of wind is δw = 3◦, and the equivalent wave interference is
expressed as (4). With the initial heading 000◦, the desired
heading 070◦, and the simulation time 600s. One can get the
comparison results under two different controllers, which are
shown in Fig. 5.

It is noted that there is a static error induced by the interfer-
ence in the Fig. 5(a) and frequent large rudder angle control
in Fig. 5(b) in the fuzzy and robust PD control process,
respectively. Which means it is difficult to accurately control
the ship’s heading to follow the desired heading, and more
energy consumption with the wear and tear of the steering
gear. What’s more, it will generate the rolling of the ship
and affect the safety of navigation in the heavy sea condi-
tion. On the contrary, since the integrator in the proposed
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FIGURE 5. Comparison of the control effects: Fuzzy controller (green
dashed line), Robust PD controller (blue dot-dash line) and Proposed
controller (red solid line). (a) Heading control. (b) Rudder control.

controller, the static error is eliminated well. However, the
proposed controller enables the ship to track the desired head-
ing with a small deviation, while it also causes an overshoot.
In benefit from the introduced FLS, the maximum overshoot
is about 2◦ and there is no overshoot in the fuzzy control pro-
cess. Moreover, thanks to the application of NFT, the steering
frequency and amplitude are greatly reduced compared with
the other two controllers which shown in Fig. 5(b).

Furthermore, to better compare the three control schemes,
mean absolute error (MAE), mean control input (MCI) and
mean total variation (MTV), which are formulated in (37), are
introduced to quantitative the performance of the controllers
in course keeping and energy consumption. MAE is used to
measure the performance of the system response, MCI and
MTVmeasure properties of energy consumption and smooth-
ness, respectively. Table 2 gives the quantitative results of the
three controllers.

MAE =
1

t∞ − t0

∫ t∞

t0
|ψr − ψ(t)|dt

MCI =
1

t∞ − t0

∫ t∞

t0
|δ(t)|dt

MTV =
1

t∞ − t0

∫ t∞

t0
|δ(t)− δ(t − 1)|dt (37)

From the data point of view, the specific gaps in the per-
formance of the controllers can be observed more intuitively.
Consistent with the above analysis, the proposed controller
has the shortest settling time ts and smallest value of MAE,
which means it is good at anti-interference. In addition, com-
pared with fuzzy control and robust PD control, the MCI
value of the proposed controller is reduced by 12% and
42% respectively, which indicates the average rudder angle

TABLE 2. Quantitative comparison of the controllers.

applied is small. Meanwhile, the MTV value of the proposed
is reduced by 19% and 48% than the other two controllers,
respectively, which implies the steering frequency is signif-
icantly reduced. From the data analysis, one can find that
through the NFT, the overall performance of the system has
been greatly improved. Compared with the other two con-
trollers, it has certain advantages in energy efficiency and
protection of the actuator.

B. PATH FOLLOWING CONTROL SIMULATIONS
1) EFFECTIVENESS ANALYSIS OF THE ICLOS
Firstly, a straight path connecting twowaypoints is adopted to
test the tracking ability of the proposed guidance law. Mean-
while, to demonstrate the impact of NFT on the entire control
system and its effect on improving energy efficiency, the pro-
posed path following control scheme (hereinafter referred to
as ICLOS) with and without NFT are tested for straight path
tracking comparison analysis in this section. The coordinates
of the two waypoints in the geodetic coordinate system are
(0, 0) and (6000, 6000), respectively. The initial position
of the subject ship is (−200, 100), and the initial heading
angle is 000◦. The longitudinal velocity u of the ship is
17.3 knot (the cruising speed), and the lateral velocity is
set to 0.0001 m/s. The wind and wave interference remains
unchanged. The current velocity is 2 knots and its direction
is due east. The course keeping control subsystem remains
unchanged. Fig. 6 shows the path following effect, track error,
estimated and actual sideslip angle, rudder angle of the path
following control system.

The Fig. 6(a) demonstrates that the CILOS can track the
desired path at a faster speed and maintain a small static
error with it. And the partial enlarged view of Fig. 6(a) shows
the NFT does not have much influence on the overall track
keeping control effect that the desired path can be tracked
well with or without NFT. However, Fig. 6(d) illustrates that,
without affecting the control effect, the steering frequency
and amplitude of the rudder have been improved to a certain
extent under the employment of NFT. As in the previous
analysis, the energy efficiency of the control system can be
improved by the NFT without the change of the control law.
Fig. 6(b) presents the variation of the track error. As the
ship approaches the desired path and steadily maintains the
desired heading along the straight path, the track error gradu-
ally decreases and remains within a small error, which is also
consistent with the results in the Fig. 6(a). Since the sideslip
angle observer is the key to obtain the desired heading angle
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FIGURE 6. Straight path tracking results of the ICLOS. (a) Path following
effect. (b) Track error. (c) Estimated and actual sideslip angle. (d) Rudder
angle.

in the ICLOS, its accuracy and convergence speed are the
performances that need to be paid attention to. It can be seen
from the Fig. 6(c) that at the initial moment, as the heading
of the ship changes continuously, the sideslip angle is also
constantly changing, but the estimated sideslip angle has been

converging towards the actual value at a fast speed until it
finallymaintained at 4.6 degrees which caused by the external
disturbance. Therefore, it can be said that, under the com-
bined effect of the ICLOS guidance subsystem and the non-
linear feedback-based control subsystem, the proposed path
following control system has a good path following capability
in the straight path tracking scenario.

2) COMPARISON ANALYSIS FOR DOG-LEG
PATH FOLLOWING
In this section, the comparison simulations of dog-leg path
following are conducted to demonstrate the superiority of
the ICLOS. To better demonstrate the improvement of the
guidance performance with the sideslip angle controller,
the lookahead distance adjuster and the advance steering
distance adjuster, the ICLOS is compared with an improved
variable radius LOS path following control scheme with
a nonlinear fuzzy course keeping controller (hereinafter
referred to as FLOS) which proposed in [32].

According to [32], seven waypoints which presented in the
Table 3, are selected for verifying the effect of the track keep-
ing control schemes. In consideration of the strong coupling
to sway and yaw motion during the dog-leg path tracking
process of the ship, especially the rapid change of the lateral
speed during the turning process which will cause a drastic
change in the sideslip angle, as well as to be consistent
with [32] and actual nautical situations, the nonlinear Norrbin
model expressed in (2) is adopted in this section.

TABLE 3. Simulation waypoints [32].

It can be seen from Fig. 7(a) that both control schemes
can track the straight path section of the dog-leg path very
well. However, benefited from the design of time-varying
lookahead distance and advance steering distance, the ICLOS
has a smoother trajectory at the waypoints, while the FLOS
has an overshoot distance. In particular, using the FLOS,
a serious deviation which more than 400 m with a sharp
turn occurred at the WP-2 and WP-6, which is extremely
unfavorable in nautical practices. The Fig. 7(b) shows the
track error change of the subject ship during the path tracking
process. Although the ICLOSwill generate a large track error
at the waypoints which showed in Fig. 7(b), the turning angle
is small, and the ship is not prone to serious heeling, which
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FIGURE 7. Comparison of the dog-leg path tracking results: ICLOS (red
solid line) and FLOS (blue dashed line).

not only meets the requirements of navigational safety, but
conforms to the practice of navigation. And due to the FLOS
makes the subject ship travel close to the desired path, its
track error is very small. Nonetheless, as shown in Fig. 7(a),
it is easy to cause sharp turning and large overshoot distance
at the turning point which is neither safe nor in line with
nautical practices.

Furthermore, from the tracking situation of the sideslip
angle shown in Fig. 8, one can have a deeper under-
standing of the advantages of the nonlinear sideslip angle
observer designed in this paper. From a global perspective,
the observer can estimate and track the sideslip angle very
well, and also enable the guidance subsystem to provide accu-
rate desired heading to the course keeping control subsystem

FIGURE 8. Sideslip angle observer outputs of the ICLOS.

for heading control, to realize the purpose of path follow-
ing. Meanwhile, notice that the estimated sideslip angle not
only does not track the actual sideslip angle, but the value
is reversed at the WP-6. This is related to the mechanism
of the controller designed in this paper, which presented
in (27), and is also related to the steering angle at that point
being close to the reverse direction. The enlarged diagram
in Fig. 8 also shows that, when the sideslip angle changes
rapidly, the estimated value unchanged by the mechanism
of the controller, which avoids the actuator saturation and
frequent operation. Therefore, the estimated sideslip angle
does not change when a large steering angle is conducted at
the WP-6, but as the heading changes steadily and gradually
changes in the opposite direction, the estimated value starts
to tracks towards the opposite value.

VI. CONCLUSION
Based on the indirect path following control design ideas and
nautical practice, a nonlinear feedback-based path following
control system is developed in this paper. This system consists
of two subsystems: 1) Guidance subsystem. Based on the
ESO-based LOS guidance, an improved version is developed
to for online estimation of the time-varying sideslip angel,
with a sideslip angle controller incorporated to avert the
sharp acting of actuators. In addition, a time-varying looka-
head distance and advance steering distance is designed to
improve the turning process and consistent with the nautical
practice. 2) Course keeping control subsystem. A nonlinear
feedback-based robust and energy-efficient controller is pro-
posed which absorbs the advantages of CGSA, FLS and NFT.
Meanwhile, simulation results validate the effectiveness and
robustness of the proposed path following control system
with external disturbances and show its superiority in path
tracking and energy saving.
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