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1. Introduction

The navigational environment in inland waterways is complex, as the sediment movement at
the bottom is frequent, and the vertical and horizontal velocity changes significantly, which makes
it difficult for ships to maneuver and increases navigation risks. Therefore, the establishment of an
accurate ship path following controller is of great significance, in order to ensure the safe navigation
of ships in inland waterways with complex navigational environments.

As the key and core of ship intelligent control, ship path following control has been of wide
concern in recent decades. Especially, for long-distance navigation, path following with good
control performance can reduce the labor intensity of seamen and improve operational efficiency,
which can increase the safety of navigation (Zhang & Zhang, 2014; Fossen, 2011). With the
prosperity of control theory, various advanced control strategies have been applied to the design of
ship track-keeping controller. Track-keeping control for ships can be divided into path following
control and trajectory tracking control (Boxu & Zhang, 2021). In this paper, we emphasize path
following control, where the target track is time-independent. Due to their nonlinear and time-delay
characteristics, path following control of ships is a highly nonlinear control process. This makes the
design of an accurate path following controller challenging.

In recent years, a large number of algorithms and methods have been proposed for path
following controllers for marine surface ships. Do et al. (2004) developed a nonlinear robust
adaptive control strategy to force an underactuated surface ship to follow a predefined path at a
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desired speed. Do et al. (2004) developed state-feedback and output-feedback controllers that force
an underactuated surface ship to follow a predefined path under the presence of environmental
disturbances. Breivik et al. (2004) addressed the problem of path following for marine surface
vessels by utilizing a novel guidance-based approach. Moreira et al. (2007) presented a path
following control system for a surface vessel with particular reference to a possible future
application to the Esso Osaka tanker. Borhaug et al. (2008) considered that using a modified Line-
of-Sight (LOS) guidance law with integral action and a pair of adaptive feedback controllers for
global asymptotic path following of straight-line paths. Furthermore, this paper showed an LOS
decision variable can be incorporated into the MPC (Model Predictive Control) design to improve
path following performance. Borhaug et al. (2011) proposed a decentralized controller based on a
cross-track control law and a nonlinear synchronization control law, which can make the ship form
a desired formation asymptotically along a given straight line path with a given forward speed
profile. Bhattacharyya and Gupta (2014) proposed a trajectory control algorithm, termed “Target
Path Iteration (TPI) algorithm”. Do (2016) used the backstepping method to design a robust
adaptive path-following controller. Deng et al. (2019) designed a path following controller for a
sail-assisted ship, and an adaptive fuzzy control law for such a ship was developed under the
skeleton of LOS guidance. Wen et al. (2020) designed a ship path-following controller based on the
characteristic model, which was convenient to use to adjust the controller structure as the navigation
environment changed.

A nonlinear model-based controller is designed for a fully-actuated vessel to enable it to
comply with the guidance commands. Liu et al. (2016) considered interrelated problems concerning
the path following of marine surface vehicles, and neural network (NN) with iterative updating laws
based on prediction errors were proposed to identify the dynamical uncertainty and time-varying
ocean disturbances.

However, most research considered scenarios of shipping in open water with environmental
disturbances, including those caused by wave, wind, and ocean-current. Cheng et al. (2019) studied
ship track control in bridge areas based on the differential evolution algorithm. In inland waterways,
the complex navigation environment, such as narrow waters, and a rapidly-changing flow, makes
path following more difficult than in open water. Therefore, investigating the ship adaptive path
following control in a curved channel of an inland waterway has an important application value.

As a common controller, PID has been widely used in ship autopilots because of the simple
algorithm, good robustness, and high reliability. Moreover, PID controllers have been proposed for
ship maneuvering motion simulation and path following control in different scenarios. Due to the
complexity of PID parameter tuning, it is difficult to achieve the foremost control effect. To solve
this problem, the genetic algorithm, the ant colony algorithm, and the particle swarm optimization
algorithm are introduced to tune the parameters autonomously.

Sun et al. (2017) used the genetic algorithm to optimize PID parameters to achieve feedback
control and ensure the stability of a system. CMAC neural network was used to realize feed-forward
nonlinear control and ensure satisfactory control accuracy and system response speed. Feng and Bin
(2018) combined traditional PID and the BP (Back propagation) neural network; the controlled
object was identified by the BP neural network, the PID control parameters were given, and the PID
control algorithm was used to control and optimize the convergence speed. A self-tuning PID
algorithm course controller, based on the BP neural network, was designed.

The neural network algorithm has also been used to adjust parameters. Liu et al. (2002)
designed a PID control combined with the Radial Basis Function (RBF) neural network for course
control of ship steering. Zhan (2003) discussed the neural network control of PID parameter self-
adjustment, which can automatically adjust PID parameters according to ship dynamic features, and
through the ability of the neural network to approximate arbitrary nonlinearity to adjust 3
parameters, so as to overcome the impact due to model uncertainty and disturbance. Format (2014)
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presented a nonlinear controller design by combining a neural network (NN) approximator with
adaptive Backstepping technology.

Concerning the colony algorithm, Tomera (2014) described the application of an ant
algorithm to optimize parameters of the ship course controller, based on the algorithm of PID
control.

Cheng and Hong (2012) proposed an approach based on the artificial fish swarm algorithm
(AFSA). Kouassi et al. (2020) proposed a novel tuning method based on the development of the
standard particle swarm optimization (PSO) for optimum design of a fuzzy PID controller for a
multivariable system; the parameters of membership functions and PID gains were optimized by
modified PSO.

The particle swarm optimization algorithm has also been used to adjust parameters. Li et al.
(2019) proposed a sliding mode variable structure PID control strategy, based on particle swarm
optimization. Taking an actual track and course on the ground as the controlled object, the
segmentation function was designed to modify the track deviation and limit the maximum and
minimum.

Fuzzy rules have been used to adjust 3 parameters of a PID controller online. Cheng et al.
(2018) proposed an improved genetic algorithm (GA), based on fuzzy rules, quantization factor, and
scaling factor. He et al. (2011) developed a Fuzzy-PID controller based on the mathematical control
model of a rolling mill, and used genetic algorithm for global optimization. Tomera (2017) used the
classical linear control theory and the placement method to calculate the initial values of PID gains.
A PID controller was synthesized using the Nomoto model of ship dynamics, identified on the basis
of standard Kempf’s zigzag maneuver and the Ant Colony Optimization algorithm (ACO).

However, the above research methods needed the prior information of parameters, which
cannot guarantee the relative stability of a system and cannot meet the accuracy requirements of
shipping in complex inland waterways. Therefore, this paper proposes an adaptive feedforward PID
controller for path following of ships in inland waterways. The traditional PID controller is
improved with a servo system model and a lead compensator for stability, anti-interference ability,
and high steady-state precision.

The remainder of this paper is arranged as follows: Section 2 presents the maneuvering
model of ships. Section 3 shows the design of the proposed feedforward PID controller. In Section
4, simulation of a ship in a curved channel is carried out to illustrate the effectiveness of the path
following based on the adaptive feedforward controller. Section 5 concludes the main findings of
this paper.

2. Modeling of ships and inland navigation environment

2.1 Maneuvering model of a ship

In research on the motion control of ships, transfer functions are frequently used. The most
popular one is the Nomoto model, including the first-order linear KT equation and second-order
linear KT equation. In a practical ship maneuvering system, the nonlinear feature of steering servo
mechanisms has an unneglectable influence on path following effectiveness. Hence, the steering
gear servo system is introduced in simulations (Zhang et al., 2019).

2.1.1 The steering gear servo system

After receiving the command rudder angle o, , the steering gear cannot obtain the required
rudder angle immediately. A steering process with nonlinear saturation characteristics is needed. In
the simulation system, the process should be considered, and a mathematical model should be
established for the steering gear servo system (Yang et al., 2011; Velagic & Vuki¢, 2004; Velagic et
al., 2003). The dynamic characteristics of the steering gear servo system are expressed as:

T.6 + 68 = K, 6, (1)
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where T, is the time constant of the steering gear, K, is the control gain of the steering gear, o, is

the command rudder angle, J is the actual output rudder angle, and 8 is steering speed. Making
conclusions from the present researches of Witkowska et al. (2007), Witkowska and Smierzchalski
(2007), Witkowska and Smierzchalski (2009), and Dyda et al. (2019), the model can be simplified,
as per Figure 1.
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Figure 1 Steering gear servo system.

Therefore, the transfer function W (s) of the steering gear servo system is as follows:
o(s) K,

- @)
o,(s) Ts+1

r

W(s)=

where W (s) is transfer function, 5(s) is the output (actual rudder angle), and o,(s) is the input

(command rudder angle). The pure lag characteristics of the steering gear should be fully
considered in the modeling. Besides certain restrictions on rudder angle —35° < § < 35° and
steering speed —3°/s < § < 3°/s, the 2 correlation coefficients K, and 7, should also be fully

considered, to ensure the speed and control flexibility of the steering gear. The parameter values for
the steering gear servo system are: K, = Is7, T =3s.

2.2 Nomoto model

In order to obtain the ship model, it is assumed that the ship is moving at constant speed in
restricted calm water. Ship dynamics are obtained by applying Newton’s laws. There are 6
directions of ship motion, since 6 independent coordinates are necessary to determine the spatial
position and orientation of a rigid body. The 6 different motion components are: surge, sway, heave,
roll, pitch, and yaw (Velagic et al., 2003). Accordingly, the most generally-used notation for these
quantities is x, y,z, 0,0,y .

z

Figure 2 Body- and earth-fixed reference frames.
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Figure 2 shows 6-coordinate definitions and a generally-adopted reference frame. The
position and orientation of the ship are described relative to the earth-fixed reference frame
Oy —xy¥0zy- OpX, points to north, O,y, points to east, and Oz, points to the center of the earth.

O —xyz is a body-fitted coordinate system. Ox points to the bow, Oy points to the starboard, and

Oz points to the bilge keel. The general ship equations of motion can be expressed in compact form
as:

Mv+c(v)v=r1 3)

where M is the inertia matrix, c(v) 1s the matrix of Coriolis and centripetal term,
T. . .\ T .
UZ[u,v, w, p,t,r] is the ship linear and angular velocities vector, and T:[X Y, Z,K,M,N ] 1S a

generalized vector of external forces and moments.
For course keeping and path following problems, only the horizontal-plane ship motion is
used (Figure 3). Due to this, the 6DOF model is simplified and reduced to a 3DOF model.

A

Xo

Figure 3 Ship’s horizontal-plane coordinate system.

For the plane maneuvering motion of surface ships, of most concern is the variation law of
heading angle and yaw rate with time 7. In reference to Velagic et al. (2003), when the origin is
taken in the ship, the basic equation of ship plane motion in the appendage coordinate system is:

surgeem(i —vr —x.r?) =X
sway:m(@® +ur +x.7) =Y 4)
yaw: Iz;r + mx, (v + ur) = N

where m is the mass of the ship, # and v are surge and sway velocities, respectively, 7 is the yaw
rate, /,, is the moment of inertia about the z-axis, X and Y are forces in the x-axis direction and
the y-axis direction, respectively, N is a moment around the z-axis, and 7, :[xc, yc,zc] is the

center of gravity.
Dyda et al. (2019) simplified the third-order ship model to second-order and obtained the

Nomoto model, denoted as transfer function G,5(s):
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r(s) _ K

Grs(9)= o(s) Ts+l1

©)

where O(s) is the input (actual rudder angle), and r(s) is the output (yaw rate). According to
r=y,

_y()_ K
s )= 5y = ST 4D ©)
and
TY +1 = K§ (7)

This is the first-order KT equation of ship maneuvering motion, also known as the Nomoto
model. One of the main advantages of the Nomoto model is that the order of the controller is low,
and easy to implement (Zhang et al. 2008). Nomoto transfer function (6) is validated for constant
course and ship speed; it has also achieved very considerable results in the research of many
scholars. However, there is a more practical and accurate method to obtain the transfer function by
MATLAB function LINMOD.

The corresponding closed-loop system, shown in Figure 4, has the transfer function,

Cls) ___ Gus(s) .
R(s) 1+Gs5(s)H(s) (8)

where C(s) is the output (course angle) and R(s) the input (rudder angle), G, s(s)is the open-loop
transfer function given by (6), and H(s) the feedback transfer function which is taken as H(s)=1

in the present Simulink code (Budak & Beji, 2020). Applying the Routh-Hurwitz stability criterium
to the system reveals that the system is stable and, hence, controllable.

R(s) > » G(s) — 1 C(s)

H(s) ~—

Figure 4 Block diagram for the closed-loop system for a ship.

The following formula (9) can be obtained by combining Formula 6 and Formula 8 with
H(s)=1,
K
G,s(8)=——
vs(5) s(1+T5)+¢ ®
where ¢ = K * H(s). Formula 6 itself contains an integrator that can eliminate static errors caused

by output interference. However, for the input interference, there is an impact on the static error.
The use of MATLAB function LINMOD is equivalent to adding an integral term in Formula 6 and
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a very small constant in the denominator; the modified Nomoto model can be expressed as Formula
9.

K 1is the cyclicity index of the Nomoto model. A larger K indicates a greater yawing angular
velocity and a better turning ability. T is the following index. A smaller 7 indicates a shorter time
for a ship to stabilize to a new course and a better steering effect. The relationship between 7' and
K is calculated by the following formula (Witkowska & Smierzchalski, 2009):

K=Kv, /L
(10)

T=TLlv,

where 7' and K are dimensionless coefficients of the model, v, 1s ship speed, and L is ship

length. The Nomoto model is widely used to analyze the dynamic behavior of ship motion in the
field of classical control theory and intelligent control and can be used as the basis for the design of
course controllers and path following controllers.

When designing the transfer function of a lead compensator, the Nomoto model, as one of
the transfer functions of the original system, is easy to draw, with its corresponding logarithmic
amplitude-frequency characteristic L,(w), cut-off frequency w,, and phase margin y. In the field
of control (Gao et al., 2007; Borrie, 1987), cut-off frequency w, represents the frequency of a point
with an amplitude of 0dB on a logarithmic amplitude-frequency characteristic curve. Corresponding
logarithmic amplitude-frequency characteristic L,(w) represents the relationship between
logarithmic amplitude 201g A(w) and cut-off frequency w,. Phase margin y denotes the additional
phase angle lag at the cut-off frequency w, when the system reaches critical stability.

Thus, considering the first-order Nomoto model of ship dynamics incorporating the steering
gear servo model, the following scheme is obtained:

— " —— ———— ——— — —— — — —

I
Lo K r 1 W
Ts+1 i‘ Ts+l+¢e/s Ky

Figure S Linear ship dynamics model, including steering gear servo system.

2.3 Environmental disturbances model

When a ship sails in an inland waterway, it is disturbed by the wind, the current, and other
external environments, which will cause the ship to swing and deviate from the planned course.
Therefore, the random interferences of various disturbances should be taken into account when
designing a navigation controller. Reasonable mathematical models should be established for these
disturbances.

For wind interference, the average wind can be converted into the wind equivalent rudder
angle by using Eq. (11) (Boxu & Zhang, 2021).

197

5, :K(V—W}sinﬁ (11)
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where v,, is wind speed, v, is ship speed, K is the cyclicity index, @ is the yaw angle, and J,, is
the wind equivalent rudder angle.

Flow interference is expressed by the change of ship speed. Due to the complexity of the
flow characteristics, most ship maneuvering motion modeling is simplified by the assumption of a
steady and uniform flow. In the established coordinate system, the flow direction is . and the flow

rate is V,; then, the components u, and v, of the flow velocity in the X and Y directions are:
u.=V.cos(y.—y)
{ C c ‘ c (12)
Ve = I/L Sln(l//c - l//)
3. Adaptive feedforward PID controller design
3.1 PID course autopilot
PID control is one of the earliest developed control strategies. It has a simple algorithm,
good robustness, and high reliability (Yang et al., 2011). It is widely used in process control and

motion control, especially for deterministic control systems which can establish accurate
mathematical models.

Proportion ——
w, (1) |— : S(t) .. . ()
Integration —@—- Limiting link — Controlled object —
\\ differentiation
v (1)

Figure 6 Principle block diagram of PID course autopilot.

The principle diagram of the PID course autopilot is shown in Figure 5. Autopilot forms the
course deviation Ay (¢) =y, (t)—w(¢t) according to course of advance y,(¢f) and actual course

w(t) . The proportional (P), integral (I), and differential (D) of the course deviation Ay (¢) are
linearly combined to output the rudder angle 6(¢), and the rudder angle is controlled between
[-35°,35°] through the limiting link to control the ship’s course, which is called a PID course

autopilot. Its control law is:
1 T, dAy(t
s =K, Aw(t)+?j;w(z)dz+d—”’() (13)

where K ,: proportionality factor; 7;: integration time constant; and 7}, : differential time constant.

In practical application, even if the instantaneous change of angle can be ignored, it will lead to
infinite signal output. So, the ideal derivative term needs to add a filter in practice.

3.2 Lead compensator design

3.2.1 Design principle of lead compensator

A compensator with a phase advance characteristic (positive phase shift) is called a lead
compensator (Monje et al., 2004). According to the two characteristics of amplitude elevation and
phase advance of lead compensator, it is generally set in the middle-frequency of the system. The
band near the cut-off frequency is called the middle-frequency band. Because the middle-frequency
band has great influence on the dynamic performance of the system, it reflects the stability and
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rapidity of the dynamic response of the system (Kumar & Elangovan, 2017). The essence of the
lead compensator is to increase the cut-off frequency of the system and improve the rapidity by
using the characteristics of high-frequency amplitude elevation of the lead device. It can provide a
positive phase shift for the system so that the system phase margin increases and the relative
stability is improved (Jiang et al., 2006; Wang et al., 2009). The design of the lead compensator is
the process of correctly selecting the 2 parameters « and 7 of the compensator (Nie et al., 2011).
o 1s the division coefficient of the lead compensator network, and T is the time constant.

The steering gear servo system is generally driven by a servo mechanism and is itself a
feedback control system with nonlinear characteristics such as pure lag and saturation. Moreover, if
the steering gear servo system is a hydraulic servo, sometimes two sets of the hydraulic drive are
needed to increase the speed of the steering gear and the flexibility of the control. For the majority
of ships, the rudder angle and speed of its change are kept within certain limits (Amerongen, 1984).
When the crew manipulates it, the ship does not turn immediately after receiving the command
rudder angle o, , requiring a conversion process. So, there is a problem with response time. The

essence of a lead compensator is to use a lead device to increase the system cut-off frequency and
improve the rapidity. If the response time is accelerated, the angular velocity will also be
accelerated. Changing the course will be completed in a short time, saving energy consumption and
reducing the occurrence of accidents.

When designing a lead device that meets dynamic performance, the transfer function of the
original system should be clarified. The higher the order of the transfer function is, the more
difficult it is to compensate for the transfer function (Rohitha et al., 2005). Since the order of the
Nomoto model is lower than that of the second-order linear KT equation, the Nomoto model is
selected as one of the transfer functions of the original system. Figure 4 captures the main context
of ship dynamics of 6, - - r -y, that the steering machine is also a part of a linear ship

dynamics model. Therefore, the steering gear servo system is also regarded as one of the transfer
functions of the original system.

In the ship feedforward PID controller system, the first input is the course of advance, and
the actual ship course is measured by the compass; then, the course deviation value is taken as the
input of the ship course keeping controller, to control the output of rudder angle o .

The mathematical model W(s) of the steering gear servo system and Nomoto model

G,s(s) are taken as the transfer function Gi(s)=W(s)xG,s(s) of the original system, the
corresponding logarithmic amplitude-frequency characteristic Ly(w) is drawn, and the cut-off
frequency w. is obtained. According to the calibration principle, the compensator is designed.
Firstly, the transfer function G (s) = (aIs+1)/(Ts+1)of the compensator is assumed. Secondly,
the corresponding parameters « and 7' are determined, according to the cut-off frequency w,..
Thirdly, the transfer function G(s)=G,(s)x G, (s) of the system after correction is determined.
Finally, the command rudder angle &, to be transferred to the transfer function G(s) of the system

after correction is determined to realize the change of ship course. The system structure of the ship
feedforward PID controller is shown in Figure 7.

Maritime Technology and Research 2021; 3(4) 385



A novel ship path following method in inland waterways based on PID control Siwei Xin et al.

https://s004.tci-thaijo.org/index.php/MTR

w, (k)

_\

k Coursc of advance )

¥ Ay (k ) (s 5 1Ny ses 5
.@Q 4(Coursc keeping contro]lcr\ z ] The steering gear Nomoto modeD
j | SCTVO system J

W ( § ) Gtvﬁ ( § )

wlk (ﬁ ( \ (k)
/ ( ) Actual course e Compass

Figure 7 System structure of ship feedforward PID controller.

3.2.2 Design steps of lead compensator
(1) Determine the transfer function G (s) of the original system, draw its corresponding
logarithmic amplitude-frequency characteristic L,(w), and calculate the cut-off frequency w,. The
original transfer function G, (s) of the path following control system is determined:
K K

Co&)T > Gys ) =2 T STy e D v e (14)

According to the ship parameter table and calculation formula in Table 2 and Formula 10,
draw the corresponding logarithmic amplitude-frequency characteristic curve.

B Unit step response
0.5 T T T T

| | | | | | | | |
0
0 200 400 600 800 1000 1200 1400 1600 1800 2000

t (seconds)

Figure 8 Time-domain waveforms of the system before compensation.
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Bode Diagram Gm = Inf dB (at Inf rad/s), Pm = Inf
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Figure 9 Bode diagram of the system before compensation.

Where C(¢): the unit step response curve of the system before compensation. Bode diagram
includes a logarithmic amplitude characteristic diagram and a logarithmic phase-frequency
characteristic diagram. In the logarithmic amplitude characteristic diagram, the abscissa represents
frequency, and the ordinate represents 20 times the logarithm of amplitude A(w). In the logarithmic
phase amplitude characteristic diagram, the abscissa represents frequency, and the ordinate
represents the phase angle of frequency characteristic.

It can see from Figures 8 and 9 that the unit step response of the original system is slow,
and the cut-off frequency w, is about 0.00379.

To accelerate the response of the system and improve the course angular velocity, it is
necessary to increase the cut-off frequency of the system. Double the cut-off frequency,
w,,=w, = 2w, =0.007.

(2) Design compensator
Set the transfer function G.(s)=(als+1)/(Ts+1) of the compensator and determine the

parameters « and T'.
According to the compensator principle, w, =w,; =0.007. To make the amplitude of the

post-compensation system be 0 at the cut-oft frequency w,; =0.007, the amplitude of the original
system of the compensation should be increased by 10lga at w,;.

Ly(w,) = —4OIgm =—-10/ga, thatis:
w

c

4 4
a=| Yer :( 0'007] ~11.6368 (15)
W, 0.0379
ro—1__ 1 ~41.8778
w o 0.0074/11.6368 (16)
ol =487.3235
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The transfer function of the compensator is as follows:

Ge(s)=

(3) Determine the transfer function of the system after correction:

G(s) = Gy(5)x G (s)

1

487.3235s +1
41.8778s+1

0.453

487.32355 +1

= X X
3s+1 5(242.9s5+1)+0.453 41.8778s+1

Figure 10 Time-domain waveforms of the system after compensation.
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Figure 11 Bode diagram of the system after compensation.

10°

As can be seen from Figures 8 and 10, the unit step response C(¢) of the system after

compensation has a smaller overshoot and a shorter adjustment time compared with the unit step
response C(¢) of the system before compensation. Therefore, the compensator improves the

dynamic performance of the system.

It can be seen from Figures 9 and 11 that the compensator uses the correction device to
change the slope of the intermediate frequency characteristic of the original system; the cut-off
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frequency is increased, the phase margin is increased, and the dynamic response speed of the
system is improved.

3.3 Adaptive feedforward PID controller design

PID control has wide application, a simple structure, and a convenient parameter
adjustment. However, the simple PID control law is not perfect for ship course keeping control in
dealing with some practical problems. Therefore, the optimal control strategy can be introduced
based on PID control.

To improve the accuracy of ship course keeping, in the case of minimum fuel consumption,
it is required to reach the target port at the fastest speed, and the whole navigation process is always
in the best navigation state. A control scheme, adaptive feedforward PID control is proposed. In this
control, the controller is required to automatically adjust the steering gear according to the actual
heading, navigation environment, and fuel consumption, so that the whole ship is in the best
navigation state at any time, which is helpful for improving the safety and economy of navigation.
There are two conditions for ship navigation. One is open sea; at this time, the ship sails at a fixed
speed at sea, and the amount of ship steering is less, mainly so as to control fuel consumption. The
second is narrow waters; at this time, the amount of ship steering is more, mainly so as to control
the accuracy of ship course keeping control. According to different navigation conditions, course
keeping and fuel consumption are compromised to make the system operate in the optimal control
state.

In a real application, considering ship course keeping and fuel consumption, the quadratic
performance index function is selected:

J= j;(ez + A2t (19)
e : course deviation,

e=y, v (20)
0 : rudder angle.

A : weight coefficient.
J : comprehensive evaluation index.

Table 1 Corresponding table of 4 value and wind speeds.

Wind speeds (m/s) 0-5 5-10 10-14 14-17 17-20 20-30 >30

A 0.1 4 8 8.5 9 9.5 10

To ensure less fuel consumption, and inhibit ship steering gear, A=8~10. To improve
course accuracy, A=0.1. The former has a good control effect in rough seas, and the latter has an
ideal effect in calm waters (Table 1).

The optimal control is to minimize the above quadratic performance index function.
According to the theory of linear-quadratic non-zero given point output regulator, the Riccati
equation (Saeed, 2012) is:

FA+ATF—%I_3BBT5+CTC:O 1)

where P positive definite symmetric constant matrix.
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The state equation and output equation of ship maneuvering are established by using the
Nomoto equation:

VI
M_A[ ¢]+BS 22)
Y
zp_c[lp] (23)
0 1 0
a=c| 1 |B=|k|.C=[1 0] (24)
T T

According to the above formula:

Ja 1+2% A
P Z% ’ T 2KT (23)
T2 ra 1+W ~1)A
The optimal control law can be obtained:
6*=—%+§(1— 1+%>¢) (26)

Finally, the optimal PD control law can be obtained:

1 1 2KT .
8—\/—16—;</1+W—1>€ (27)
That is,

1 1 2KT
K, —ﬁ,Kd = /HW) (28)

K, T are solved as Formula (10). According to the formulas in Table 2, K >0,7 > 0,41 >0,
so the closed-loop control system is asymptotically stable.
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Table 2 Ship parameter list and calculation formula of K, 7.

Parameters Symbol Value Units
Ship length L 126 m
Ship draught D 5 m
Ship width B 20.8 m
Rudder area Ar 18.8 m’
Block coefficient Ch 0.681
Aspect ratio of the rudder A 1.72
Disk ratio 0 0.67
Number of blades Z 4
Propeller pitch P 3.66 m
Propeller Dp 4.6 m

K =47.875-2.64L/B+0.004Ld / A +66.589Ch* —112.702Ch
+3.826Chx L/ B—0.293ChxB/d

T' =26.464+0.408Chx Lxd | A, —0.033L* xd / (Az x B)—79.114Ch
+0.757L/ B+46.129Ch*

Weight coefficient:

z=l(,/z+ﬂ) (29)
2 KT

Natural frequency:

w= | K (30)

K; can be obtained by introducing w, into the solution formula of K, the parameter of

conventional PID controller:

1 K
ST P o

3.4 Path following in inland waterways

Intended path is composed of the straight-line segment and the positive arc turning segment,
which are called the direct navigation process and the turning navigation process, respectively.
Navigation deviation includes path following deviation and course deviation, in which path
following deviation refers to the shortest distance from the current ship to the current segment, and
course deviation refers to the deviation between the current ship's course and the course of advance.
In this paper, the equal course method is used to calculate the course deviation and the path
following deviation.
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3.4.1 Navigation control of straight-line segment

Most of the time, the ship sails in the straight-line segment. The ship plans to navigate from
point A to point B, and a bearing of destination B relative to the starting point A is the intended
course ¥, . Due to the influence of wind, flow, and other factors in navigation, the ship yaws to

point P at a certain time, and ship course at point P is v, .

A

Xo

Yo
-
Figure 12 Navigation control of straight-line section.
Course deviation:
Al//s =V, —V, (32)

The bearing angle of point P relative to the starting point A is y,. The bearing angle of

point P relative to the ending point B is v, and its difference from intended course is £,
B=v,-v, (33)

The intersection of point P and segment AB is H, the distance from point P to segment AB
is PH, the distance from point P to point B is PB, and PH is path following deviation.

n, = PBsin ,B (34)

3.4.2 Navigation control of turning segment

The whole route is composed of segments connected by multiple waypoints. When the ship
sails on these segments, altering course between segments is formed. When the ship turns from one
segment to the next, it is realized through a turning transition arc. When the ship is sailing in a
transition arc, calculations of course deviation and path following deviation need to be considered
separately. To allow the ship to quickly follow the new course after turning, it is necessary to
increase the path following control accuracy of the turning segment.

As shown in Figure 13, the straight-line segment AD and the straight-line segment DF form
a steering segment. According to current speed and turning radius, an arc is planned to make it
tangent to two straight-line segments at the same time. Through the following control, the ship
smoothly transits from AD to DF along the arc. Due to the inertia, the ship does not steer
immediately after receiving the steering command. It produces a retention distance BC, and then the
ship begins to turn steadily.
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Figure 13 Navigation control of turning segment.

In Figure 13, A(x,,v,) , D(xp,yp) , F(xg,yr) is the waypoint of the intended path,
S(xg,yg) is the position of the ship, and R is the arc radius of the turning segment. Determining the
path following deviation and course deviation:

1) Determine the direction of the turning transition curve:

2) Determine the center coordinates of the turning transition curve O(x,), )
The angle between segment AD and segment DF:

PB=n—Fx(Opr—0,p) (36)

Dyp 1s the distance from D to the turning center O:
Dyp =R /sin(S/2) (37)

6,p 1s the angle between the vector direction of the turning center O to D and the due north
direction:

Oop=04p —F*x(B/2) (38)

Determine the coordinates of the point O(x,,y,):

X0 X, sin 6y,
=| " |-D
(J’oj [J’ZJ or [COS HODJ 39)

3) Calculation of course deviation and path following deviation (supposing the course of the
ship is y,)
Path following deviation:
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M= o x5 + (v — ) ~R)XF (40)
Course deviation:
Ay, =y, —arctan[(yo—ys)/(xo—xs)] 41)

4) Precision control of turning segment
The ship starts to steer &, at point B. Due to the inertia, the ship is still sailing along the

original straight-line at the original speed v at the beginning. BC calls the retention distance:
BC=w(T +1,/2) (42)

where T : the following index of Nomoto model.
t, : the time of rudder angle from 0 to J,. Assuming that 0—35° takes 155, then ¢, = %60 .

Assuming that the ship cycles immediately after the retention distance:
Ry =v (43)
CD=R/tan(f/2)

1, : Rotational angular rate at steady rudder angle o,

R : radius of gyration,
K : cyclicity index of Nomoto model.

- 180; /tan(f/2) (44)

0

CD

BD = w(T+1;/2) + 150
Ko,

0

/tan(f/2) (45)

3.5 Indirect path following control system

The principle of the indirect path following control system is shown in Figure 14. The
indirect control scheme divides the control into three nested loops. The function of the outer loop
(path loop) is to compare the ship position data received by GPS with the intended route to obtain
the path following deviation information 77(k). A command course y, (k) to the course keeping
loop is obtained by the path keeping algorithm, which guides the ship to move in the direction of
eliminating path following deviation. The middle loop (course keeping loop) compares v, (k) with
the actual course w(k) , collected by compass, to form course deviation information
Ay (k)=y,.(k)—w(k). A command rudder angle &, (k) to the rudder angle control loop is obtained

by course keeping algorithm, which makes the ship navigate in the direction of reducing course
deviation. The inner loop (rudder angle control loop) is used to drive the rudder so that the rudder
angle detection value o(k) is consistent with the rudder angle command; finally, the path is

maintained.
In terms of control effect, there is d(k) = Aw (k) > 0= n(k) > 0, which controls the

course deviation AS(k) and path following deviation 7(k) sequentially from the rudder angle. The
indirect path following control scheme can obtain better control accuracy, which is suitable for
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high-precision control occasions. It is necessary to control the ship in a limited channel, which can
ensure safety in the complex segment of inland waterways and bridge areas, so the scheme is
selected.

Route design
X5V, J n(k)

w,(k Aw(k) d(/{) '5(”‘)
Nautical calculations - Path keeping Course keeping Rudder angle control - Ship—
I
Rudder angle sensor %(#)
v(®) »(k)
Compass
GPS

Figure 14 Principle block diagram of indirect path following control system.

Path following is the trajectory of a ship moving over time in a fixed coordinate system. It
can be obtained by surging velocity u , sway velocity v, and heading angle  :

x=_[(; (ucosy —vsiny)dt
, (46)
y :.[o (usiny +vcosy)dt

3.6 Determination of rudder angle

Figure 15 shows the block diagram for rudder angle determination with PID control and
adaptive feed feedforward control. Route (1) uses PID to control the rudder angle, and route (2)
uses adaptive feedforward PID to control the rudder angle.

(0
A () | PTD | 1) ‘ ' 5
5 (The steering gear]—[Nomoto mo deﬂ
! SCrvo system
- pD | w(s) Gy (5)
(2)
> : o
J v
( Optimal control strategy O — G.(s) G, (s)=W(s)xG,s(s)
o L (w)
T w,
(2)

Lead compensator

Figure 15 Block diagram for rudder control.
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3.7 Route segment following

The significance of route segment following lies in whether the next segment can be
determined according to the status information, such as the current position and course of the ship.
It can reduce unnecessary detours and voyage, reduce the power consumption of control machinery
and propulsion machinery, save fuel, and reduce pollution. The input of the system includes the
segment number, ship position, and course information. Through the determination of the route
segment following algorithm, the segment number to be followed by the ship is removed. The
principle of route segment following is shown in Figure 16.

4

Figure 16 Route segment following.

In Figure 16, the black line is the intended route, and P, T is the waypoint of the intended
route, the area within the 2 green lines is the specified area of navigation. When the ship turns, its
advance steering distance has a great influence on the navigation error and steering when the
segment is switched. To ensure the safety of navigation, the circle is drawn with a waypoint as the
center of the circle and advance steering distance as the radius R. When the ship sails into the
circular area, it will start to alter course between segments. The following lists several position
relationships between the ship and the intended segments.

(1) When the ship reaches point A, the distance from the waypoint P is greater than the
advance steering distance. According to the algorithm of route segment following, the ship
continues to sail along section 1.

(2) When the ship reaches point B, the distance from the waypoint T is greater than the
advance steering distance. According to the algorithm of route segment following, the ship
continues to sail along section 2.

(3) When the ship reaches point C, the distance from the waypoint P is less than the advance
steering distance. According to the algorithm of route segment following, the ship should alter
course to section 2 to continue sailing.

(4) When the ship reaches point D, the distance from the waypoint P is less than the advance
steering distance. According to the algorithm of route segment following, the ship continues to sail
along section 2.

(5) When the ship is sailing at point E, it is outside the specified areas. We establish the line
between point E and the nearest waypoint, establish the line between the nearest waypoint and the
last waypoint, and calculate the angle B between the 2 lines. If £ >90°, the segment is composed

of the nearest waypoint, and the previous waypoint is the segment to be navigated.
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Figure 17 shows a flow chart of the route segment following algorithm.
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Y
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Y
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Figure 17 Flow chart of route segment following algorithm.
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4. Simulation

For verifying the effectiveness and superiority of the proposed control algorithm, this paper
uses Simulink to build a simulation platform based on the principle of ship path following control.
The parameters of the ship motion model, rudder, and disturbances are designed as adjustable
states, and the course, rudder angle, and path following deviation of the ship in the process of
motion are output synchronously.

In order to make the control system adapt to different navigation environments, simulation
scenarios (divided into environmental disturbance and no disturbance) were designed to verify the
performance of the path following control algorithm, using the lead compensator device. In the
simulation, the control modes include conventional PID control and adaptive feedforward PID
control.

4.1 Path following control experiment in simulation scene
The inland waterway is narrow and tortuous, and the navigation environment is complex.
This paper takes Figure 18 as the studied water area.

31°09.391N

117.44.451E : L ) B 31°09.391N
- ey 117.53.785E

31°05.776N

SN

Figure 18 Studied water area.

A multi-section segment composed of multiple waypoints is set up for verifying the effect of
the proposed strategy when the advance turning action is considered. The coordinates of the 8
waypoints are (Om, Om), (1054m, 1730m), (4393m, 4180m), (6157m, 4874m), (9237m, 5270m),
(11850m, 3980m), (13290m, 1478m), and (14135m, -1086m). The initial position of the ship is
(Om, Om), and the initial course angle is 63 degrees. The simulation time is 3000s,
v; =5m/s,A=0.1. For ship parameters, refer to Table 2. Based on this, the parameter of the

Nomoto model can be calculated as K =0.453s‘1,T =242.900s . To make the simulation more

consistent with the practice, the characteristics of the steering gear servo system, including the
rudder angle saturation limit, steering speed limit, and an integral component, are considered (Boxu
& Zhang, 2021). The maximum rudder angle J,,,, is 35 degrees, and the maximum steering speed is

2.7 degrees/s (Thomsen et al., 2014). The control algorithms are conventional PID and adaptive
feedforward PID. The path following effect, rudder angle, course, and path following deviation are
shown in Figures 19 and 20.
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(1) Path following control test in calm water environment
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Figure 19 Simulink results of path following control (calm water environment).

In the path following control test of the simulation scene (calm water environment), the
maximum path following deviation is 51 m, and the maximum course deviation is 19 degrees, under
conventional PID control. At the same time, the maximum path following deviation is 24 m, and the
maximum course deviation is 3 degrees, under adaptive feedforward PID control. In the straight-
line segment, the course deviation and path following deviation of the ship tend to 0 with time, and
the rudder angle is kept at 0 degrees. In the turning segment, the navigation deviation under
adaptive feedforward PID control is lower than that under conventional PID control.

(2) Path following control test in environmental disturbances
For environmental disturbances, of equivalent wind rudder angle &, =2 degrees, the flow

interference is expressed by Eq. (12).
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Figure 20 Simulink results of path following control (environmental disturbances).
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In the simulation scenario, environmental disturbances are added, which can be seen from
the path following control test: when the ship is following each segment, the course deviation of the
ship with environmental disturbances will be larger than that in the calm water environment.

The navigation path will swing around the intended path to a certain extent, which is
consistent with the actual situation. This is because, under the interference of wind and flow, the
path following deviation will deviate slightly from the wind direction compared with the calm water
environment.

4.2 Summary

(1) From the above experimental results, the path following deviation and course in the path
following control simulation system with a lead compensator are lower than those in the path
following simulation system with conventional PID control. It is also suitable for a ship continuing
to sail in different types of segments and in environmental disturbances. It shows that the path
following control system designed in this paper can effectively complete path following. These
control indexes are conformed to the actual situation of ship navigation, and the ship’s path keeping
performance is improved.

(2) When the ship moves to the area with the waypoint as the center and advance steering
distance as the radius, the ship’course is altered. At this time, the mutation of path following error is
the error between the current position and the next path section. However, in actual navigation, due
to the inertia, the ship will not immediately alter course to follow the next segment, so the path
following error of the simulation is larger than the actual path following error. From the rudder
angle diagram, it can be seen that the steering times of the system with a lead compensator are very
small, which effectively reduces wear in steering gear and reduces the power consumption of
control machinery and propulsion machinery.

(3) The path following deviation and course under environmental disturbances will be larger
than that of a calm water environment. The deviation amplitude is positively correlated with the
interference size, indicating that the designed path following control system also has a certain anti-
interference ability.

5. Conclusions

Based on the establishment of the steering gear servo system and the Nomoto model, the
design of the lead compensator and adaptive feedforward PID controller, the proposal of the route
segment following algorithm, and the analysis of the experimental results, the following
conclusions can be drawn.

(1) Under a calm water environment and under environmental disturbances, the ship can
navigate along the intended path. It shows that the designed controller has good anti-interference
ability.

(2) By comparing the conventional PID path following control scheme with the adaptive
feedforward PID path following control scheme, it is proved that the designed adaptive feedforward
PID controller is practical and reasonable in the path following control scheme, and its
comprehensive performance is better than that of a single controller.

(3) The path following control system can control the ship to navigate along the intended
path, which shows that the design of the path following controller and the algorithm of route
segment following are reasonable and feasible.
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