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Position Tracking of Container Ship Using
Evolutionary-Based Robust Controller Design

Kamran Alishaei

Abstract: Inrecent years, there has been sustained interest in the development of robust controllers for the waypoint
tracking problem of a container ship. Although highly efficient, high-order robust controllers may not be feasible
for real-time implementation due to hardware and computational limitations. This paper presents an evolutionary
algorithm--based robust controller design for the waypoint tracking system of a container ship. The developed algorithm
enables the implementation of simple-structure controllers satisfying robust stability and performance requirements.
The performance of controller is validated and compared with that of existing approaches using the ship steering system.
Simulations demonstrate the effectiveness of the proposed design.
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I INTRODUCTION

The purpose of a motion control problem is to make
the ship track a desired trajectory. For the motion control
of ships, various control goals may be considered, such as
trajectory tracking, path following, and way-point tracking
[1]. The aim of trajectory tracking is to design appropriate
control laws such that the ship tracks a desired time-
parameterized trajectory. Path following requires the path
to be independent of time and expressed in terms of its
geometric description [2], [3]. In the way-point tracking
control problem, it is necessary to guide the ship using
a series of waypoints between the starting point and
the desired final position. Recently, various studies have
been reported to address the motion control problem of
container ships [4]-[10]. While moving in oceans, ship
motions are frequently influenced by exogenous environ-
mental disturbances, such as winds, waves, and ocean
currents, resulting in uncertainties [L1]. Thus, the most
significant objectives in the field of tracking are to en-
sure stability and performance in the presence of such
uncertainties [12]. Robust control techniques are the most
widely known approaches to achieving these goals. The key
technique most frequently applied for designing robust con-
trollers is p-synthesis [[L3]. u-synthesis, which employs the
structured singular value, can guarantee robust stability
and performance against different types of uncertainties
[14], [15]. This synthesis requires a linearized model of
the system and may include several weighting functions
for shaping the exogenous signals and representing the
performance specifications of the closed-loop system. The
results reported in the literature confirm that this method
provides significantly better results than conventional clas-
sical controllers [16]. Generally, p-synthesis controllers
lead to high-order controllers that may not be feasible for
real-time applications due to hardware and computational
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limitations.

The D — K iteration algorithm, as the most well-known
approach for solving the p-synthesis problem, suffers from
a major disadvantage: it may fail to converge in some
cases, leading to suboptimality of the designed controller
[17]. Consequently, the selection of control structures and
controller parameters constitutes the main topic that mo-
tivates the present research. To design a robust controller
that satisfies the performance specifications, the control
problem is first formulated as a constrained optimization
problem with a predefined controller structure, such as
a Proportional-Integral-Derivative (PID) controller [1§].
Evolutionary Algorithms (EAs) are then adopted to de-
termine the controller parameters. High-dimensional opti-
mization problems have been successfully tackled by EAs
rather than by manual parameter tuning. Several EAs,
such as genetic algorithms, ant colony optimization, and
particle swarm optimization, have received considerable at-
tention for solving multi-objective optimization problems
[19]-[22].

Motivated by above considerations, the contribution of
this paper is to design a swarm-based robust controller
for position tracking of a container ship in the presence
of uncertainties and external disturbances. The main ad-
vantage of the proposed algorithm is its ability to design
robust controllers with a simple structure by formulating
a constrained optimization problem solved via EAs. This
significantly reduces the controller order. The performance
of the designed controller is validated through comparison
with the D — K iteration, a common approach for solving
the p-synthesis problem, and with an H,, controller. Sim-
ulation results demonstrate the satisfactory performance
of the proposed control algorithm in the position tracking
problem.

In the_follow-up, Section @ states the preliminaries.
Section E describes the modeling of the container-ship
used in this paper. Section elaborates the proposed
control algorithm. Section V| gives the simulation results.
Finally, Section outlines the main conclusions.
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Fig. 2. General control topology.

II PRELIMINARIES

In this section, first, the control system topology is
described. Then, the principle of u-synthesis is demon-
strated.

A Control system topology

Fig. m presents a general framework for robust con-
troller design considering multiplicative uncertainty. In
this framework, G(s) and G(s) denote the nominal and
real models of the system, respectively; Wa(s) is a weight-
ing function with a fixed stable transfer function; A(s) is
a stable transfer function satisfying ||Alle < 1; and K(s)
is the fixed-structure controller, 7, d, e, y, and u represent
the input, disturbance, error, output, and control effort
signals, respectively. The weighting functions W, and W,,
correspond to the performance and control input indices,
respectively, and the corresponding weighted signals of
these variables are denoted by ¢ and u. Figure ﬁcan be
represented by the general control configuration shown
in Fig. . In Fig. B, P is the generalized plant, K is
the controller, and w and z are the bi-dimensional in-
put and output vectors used in the Linear Fractional
Transformation (LFT) structure definition. The diagonal
matrix A, which satisfies ||A|le < 1, contains the feasible
uncertainties. To analyze the system for a given controller,
the M structure can be used, as depicted in Fig. §b. The
block N, formulated as a lower LFT, is expressed as

N =F(P,K)= Py + PoK(I — PooK) 'Py; (1)

An upper LFT representation can also be applied to
the M structure, as illustrated in Fig. Eb. Here, the

corresponding transfer function from w to z is defined as
23].

z=F,(N,A)w,
F,(N,A) = Nag + Noy A(I — N;3A) "INy

(2)

B Principal of j-synthesis

In the p-synthesis control framework, the structured
singular value p is used to measure the robustness of
the system under consideration. A key advantage is its
ability to assess robustness in terms of both stability and
performance simultaneously. Let A denote the structured
uncertainty, composed of an n-th order block diagonal
matrix, as

= {diag[51]T17 s 7(5$IT53A17 .
0; € C, A]‘ S (ijxmj}

A, 3)

where C denotes the set of complex numbers, s denotes the
number of scalar blocks, and g denotes the number of full
complex blocks. The structured singular value, denoted by
ua(N), is then computed as

1
N) = min{omax(A) : det(I — NA) = 0} @)

According to (H), ua(N) is a measure of the smallest
A that causes the system shown in Fig. Pa to become
unstable. Within the framework shown in Fig. Pb, and
using pa, the objectives of the controller design can be
stated as follows:

pa(

Yw
Yw

RS<=pua(N11) < 1,
RP<=pux(N) < 1,

where RS and RP stand for robust stability and perfor-
mance, respectively. Moreover, A = diag(A, Ar), in which
Ap is an artificial perturbation matrix representing the
H, performance specification [24].

(5)

C D-K iteration algorithm

Owing to the presence of multiple local minima in the
optimization control problem, ({)) is inadequate for directly
calculating p [24].
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Fig. 3. Ship dynamics with 6 DOF motions.

The D — K iteration algorithm is the most common
approach to tackling this problem, utilizing the upper
bound of p, which is expressed as

pa(N) < omax(DND™) (6)

where D = diag(diI,,,dsIy,,d1 I, ,drly,. ), di > 0,d; >
0. The D — K iteration algorithm, formulated as a convex
optimization problem at each frequency w, is expressed by

(7)

where K(s) is a given fixed-structure controller. Indeed,
([ is an alternative method for solving the problem for-
mulated in (§).

Ii(r(lf) SUP Omax (D (jw) Fi (P, K)D_1 (jw))

(8)

The procedure of the D — K algorithm can be summa-

rized as follows:

Step 1: Set D = 1.

Step 2: Minimize ||DF(P, K)D™ ||« with D fixed.

Step 3: Compute D to minimize oyax(DE (P, K)D™!) at
each frequency for a fixed K.

Step 4: Find a stable minimum-phase transfer function via
curve fitting over the magnitude of each element of D(jw).
Step 5: Return to Step 2 and iterate until the stopping
criterion is satisfied, namely, sup,, pa < 1.

It is worth noting that the major drawback of the
D — K iteration is that the resulting controller may be
non-optimal [17). To address this issue, it is necessary
to introduce an alternative approach for solving the u-
synthesis problem.

inf | DF;(P,K)D™!
Il{r(ls)H (P, K)D™ |

III  CONTAINER SHIP MODELING
A Motion equations

Fig. E illustrates the ship dynamics with six-degree-of-
freedom motions, where x, y, z, ¢, 6, and ¥ denote the
surge, sway, heave, roll, pitch, and yaw motions, respec-
tively, while zyz and xpygpzg represent the body-fixed
and earth-fixed reference frames. The equations of motion
for the ship can be written as [10]:

Mo+ Clv=r (9)

where M represents the inertia matrix, v =
[u,v,w,p,q,7]T denotes the linear and angular velocity
vector in the body frame, C(v) stands for the Coriolis
and centripetal effects, and 7 is the control signal vector.
It is important to note that in practice, only the ship’s
motion on the horizontal plane is considered. Here, we
assume that
A.1. The origin of the body frame lies on the ship’s
centerline.
A.2. The mass distribution is assumed to be homogeneous.
A.3. The xz-plane is assumed to be symmetric.
A.4. The modes corresponding to roll, pitch, and heave
are ignored.

The nonlinear motion equations corresponding to surge,
sway, and yaw, respectively, are given by [2].

m(—vr —xgr? +4) = X (10)
m(xgr+0+ur) =Y (11)
mxg (0 +ur)+ L =N (12)

where m stands for the mass of the ship, u and v represent
the velocities associated with surge and sway, respectively,
r denotes the yaw rate, X and Y are the components of the
hydrodynamic forces along the z- and y-axes, respectively,
xg is the center of gravity, I, is the moment of inertia
about the z-axis, and N denotes the z-component of
the hydrodynamic moment. The hydrodynamic forces and
moment are described by

X = f1 (u,v,r,4,0,7,9) (13)
Y = fo (u,v,7,40,0,7,0) (14)
N = f3 (u,v,7,1,0,7,0) (15)

The environmental disturbances, including wind, waves,
and ocean currents, directly affect the motion of the ship,
leading to perturbations. Accordingly, it is necessary to in-
clude these uncertainties in the model description in order
to design an appropriate controller. In what follows, the
impact of these disturbances is described. The combined
effects can be considered using the superposition principle.

B Wind impact

The wind can generate the forces and moments, which
are expressed as [25]:

Xa = (1/2) paCu(0a) ATV (16)
Yo = (1/2) paCy(0.) ALV (17)
No = (1/2) paCn(0a) ALV (18)

where p4 denotes the density of air, A7 and Ay, denote the
transverse and longitudinal projected areas, respectively,
va and V4 stand for the relative direction and speed of
the wind, respectively, and C,, Cy, and C,, are the force
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and moment coefficients along the X, Y, and N directions,
respectively. Fig. {l displays the variations of C,, C,, and
C,, with respect to the relative wind direction.

C Ocean current

Here, a two-dimensional current model with two parame-
ters, namely the average current speed V, and the current
direction 7., is adopted. The irrotational current velocities
in the body-fixed frame are expressed as [25]:

Ve = Ve sin ('}/c - w) s (19)
ue = Voe €os (7 — )
satisfying
Voe(t) 4 poVoe (t) = 1(t) (20)

in which o > 0 and () is a Gaussian white noise sequence
with zero mean.

D  Wind generated waves

The wave’s motion can be formulated as [E]

K,s
(82 + 2¢wos + w3 )wi (s)
where K,, = 2(wgo,, is a constant parameter, o, is the
wave intensity, wy(s) is Gaussian white noise with zero
mean, wy is the wave frequency, and ( is the damping

coefficient. The state-space representation of (RIf) is given
by

Y (s) = (21)

(g =tm (22)
Y = —2Cwotbr — wo? — Cu + Kpwir

In the context of ship maneuvering, the wave frequency
wp is modified as follows:

U

w
we(U,wp, B) = wg — cos(B) (23)
where w, is the encounter frequency, g is the gravitational
acceleration, U is the total speed of the ship, and B is the
angle between the direction and the heading, as defined in

Fig.

E Tracking systems

There are two control loops, namely guidance and con-
trol, in ship track-keeping systems, as illustrated in Fig.
In these systems, waypoints are defined to construct the
ship trajectory. Line-of-sight (LOS) guidance is the most
widely used path control approach, wherein the desired
heading angle is computed based on the relative position
between the ship and the next waypoint, as given by [E]

Ya(t) = tan=1() (24)
where 0 = % The key task is to select 1, in

the appropriate quadrant. If the ship lies within an ac-
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Fig. 4. Wind force and moment coefficients vs. relative wind direction.
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Fig. 6. Track keeping system architecture.

ceptance circle with radius pg around (z4(k),Yq(k)), then
the subsequent waypoint can be determined by satisfying
the following relationship for the ship’s position at time ¢.
Note that a typical choice for the radius is pg = 2L.

IV PROPOSED CONTROL ALGORITHM

In this section, evolutionary algorithms (EAs) are first
briefly described. Without loss of generality, the Particle
Swarm Optimization (PSO) algorithm is selected due to
its simple structure and few control parameters. Then, the
procedure for controller design is presented.

A Optimization algorithm

Evolutionary algorithms (EAs) have been successfully
applied to a wide range of complex real-world problems.
Their primary strengths lie in their nature-inspired mecha-
nisms, stochastic search behavior, and independence from
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the gradient of the objective function [26]. Among EAs,
particle swarm optimization (PSO) is one of the most
widely known algorithms, inspired by the social foraging
behavior of bird flocks. At each iteration, every particle
is updated based on historical information, specifically its
personal best position and the global best position of the
entire swarm. The best position found by a given particle
up to the current generation is termed the personal best
Pbest, Whereas the best position discovered by the swarm
across all previous generations is the global best gpess. The
velocity and position update rules for the i-th particle are
given as follows [27].

Vi(k + 1) = wVi(k) + c171(Poest; — Xi(k))
+ C2""2(910est - Xz(k))
Xi(k+1)=X;(k) +Vi(k+1)

(25)

where k is the current generation, w is the inertia weight,
c1 and ¢y are positive constant parameters, and r; and ro
are uniformly distributed random variables in the interval
[0, 1].

The basic PSO offers significant advantages, such as
fast convergence. However, it suffers from a lack of a
systematic mechanism for velocity control. The inertia
weight plays a key role in balancing the exploitation and
exploration capabilities of the swarm. A smaller inertia
weight results in faster convergence of the particles, which
may lead to entrapment in a local optimum. Therefore,
various PSO variants that adapt the inertia weight during
the search process have been introduced, including linearly
decreasing, nonlinearly decreasing, and time-varying iner-
tia weight strategies [28]— [B2]. The choice of a particular
variant directly depends on the problem under study, tak-
ing into account factors such as computational burden. In
the problem at hand, computational burden is a significant
concern. Compared with the aforementioned PSO variants,
the Linearly Decreasing Weight PSO (LDW-PSO) exhibits
superior performance in terms of both solution quality
and computational efficiency. Accordingly, this variant is
adopted in the present paper, with the following linear
adaptation law for the inertia weight w [33]:

termax — k (26)

Wk = Wmin -(wmax - wmin)

itermax
where the maximum number of iterations is denoted by
itermax, and wWpin and Wpax are the minimum and maxi-
mum values of w, respectively.

B Evolutionary-based controller design

Robustness is a crucial property that any control sys-
tem must possess, particularly when designing low-order
robust controllers. In this paper, we develop an EA-based
robust controller design using p-synthesis to achieve this
objective. The p-synthesis problem is formulated as a con-
strained optimization problem. The controller parameters
are evolved using EAs based on an appropriately defined
objective function, where the dimension of the search space

corresponds to the number of controller parameters. As
mentioned earlier, we adopt the PSO algorithm to solve
this problem. The first step is to define the objective func-
tion along with the associated constraints, as explained be-
low. The objective function and the constraint are defined
based on robust performance (RP) and robust stability
(RS), respectively, quantified via p-performance and u-
stability analyses. Accordingly, we define the following
objective function:

min N (s)l,, (27)

subject to || N1 (s)[|, <1

The second step is to define the control structure, i.e.,
a fixed-structure controller. The controller parameters are
then determined using an EA (i.e., PSO) to minimize the
objective function in EE) The proposed control algorithm
is summarized in the following steps:

Step 1: Specify the proper fixed-structure controller.

Step 2: Initialize the EA parameters.

Step 3: Compute Ppest, Jbest, and the objective function
corresponding to the RP for each individual.

Step 4: Update w based on the iteration number using (@)
Step 5: Update the velocities and positions of each individ-
ual using (R§) and (Rg), respectively.

Step 6: If the new position does not satisfy the stability
condition, retain the previous position; otherwise, adopt
the new one.

Step 7: Check the termination criterion. If the stopping cri-
terion is met, the best controller parameters are obtained.
Otherwise, return to Step 3.

Step 8: Verify the performance of the obtained controller.
If it is satisfactory, stop. Otherwise, increase the controller
order and return to Step 1.

In the next section, we carry out the controller design
and verify whether these criteria are satisfied.

V  SIMULATIONS AND DISCUSSIONS
A Experimental set up

In this section, a robust fixed-structure controller is de-
signed for the ship tracking problem. The controller param-
eters are determined by solving a constrained optimization
problem using MATLAB’s Robust Control Toolbox. We
adopt a PID controller as the fixed-structure form, which
is expressed as follows [34]:

(28)

where K, Ko, and K3 are the positive proportional,
integral, and derivative gains, respectively, and 7 is the
time constant of the derivative filter. PID controllers are
widely employed in many industrial applications due to
their simple structure and the physical interpretability of
their parameters. As mentioned in the previous section,
the LDW-PSO algorithm was adopted for optimization,
with ¢1 = ¢2 = 2, Wmin = 0.4, and wmax = 0.9 [35]. To
validate the proposed control scheme, the PSO algorithm
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was run 40 times independently, and all resulting solutions
were found to be satisfactory. The maximum number of
iterations iteryax was set to 50 as the stopping criterion.
The search space for the controller parameters is provided
in Table m To handle the constraints, various techniques
have been reported in the literature, such as incorporating
penalty functions into the objective function. Employing
this penalty-based approach, as adopted from [36], the
stability condition in ([q) is penalized with a sufficiently
large positive constant set to 103.

TABLE 1. Range of the controller parameters.

Controller parameters K1 K> K3 T
Search space [050] [010] [0 100] [0 2]

B Controller design

The aim of the control algorithm is to regulate the
vessel’s heading angle ¢ using the rudder angle §. The
relationship between these angles is given by [27]:

= )+ )

P+ + 5

(29)

K .
— 7o (rad(t) + 6(0)
where T7 and T, denote the time constants, and K is
the gain constant. Owing to exogenous environmental
disturbances and defining a; = :,1517:;32, as = ﬁ,
Tl'}?, ay = ﬁ, the transfer function associated with
(@) can be expressed as

az =

a18 + as
s(s? +ass + aq)

G(s) = (30)
with a; = @; (1 4 pg,04,), where a;, i = 1,...,4, denote the
nominal values of a;, and p,,, with |d,,| < 1, represent the
potential perturbations on these parameters. To represent
the uncertain system within the framework of Fig. E, the
uncertain parameters are expressed in the form of an
0 a
upper LFT as a; = Fiy (M,,,64,), where M,, = al.
pai a;
The nominal parameters a; are 0.0051, 0.00023, 0.192,
and 0.0016, respectively, with p,, = 50%. Note that
the container ships experience large variations in loading
conditions, which can alter the mass and inertial properties
by 30-50%. Accordingly, the uncertain system can be
expressed as

y = Fu(G(s),A) (31)
where A is the perturbation matrix given by
A = diag(da; 94y, 0as,0a,) (32)

in which ||A]leo < 1.

In what follows, the weighting functions W, and W,, are
determined. Ideally, the sensitivity function S should be
small to achieve good disturbance rejection—for instance,
to satisfy a maximum tracking error requirement at spe-
cific frequencies. These specifications can be captured by

imposing a magnitude bound on the sensitivity function,
expressed as ||WpS||cc < 1. Furthermore, to limit the con-
trol input magnitude u, an upper bound on the magnitude
of KS must also be enforced, i.e., |IW, K S| < 1. Conse-
quently, to satisfy all of the aforementioned requirements,
the following mixed-sensitivity condition must hold:

WS lloe <1 (33)
IWuK S|l <1 (34)
Assuming the nominal values are @ = 0.0051, b =

0.00023, ¢ = 0.192, and d = 0.0016, with p, = py, =

Pe = pg = 50% and —1 < §,,0p,0.,04 < 1, we have
G(s) _ 0.0051s + 0.00023

s3 +0.19252 + 0.0016s
ing functions are chosen as follows:

, and the associated weight-

. ,(s+0.03)
W(s) =24 ) (35)
W (s) = 0.03 s +10s% + 7s + 1
»(s) =0.

s +1.2s2 4 0.09s + 0.0001
Wau(s) =2x 1073
C Results and comparisons

Following the procedure described in Section E, the
proposed fixed-structure controller is given by

0.0216  74.6978s
0.1808s+1
Figure H shows the evolution profile of the objective
function in (@) Figures § and [ illustrate the heading
angle and waypoint tracking performance of the proposed
controller, respectively. To further assess the performance
of the proposed controller, it is compared with the Ho, [3]
and D — K controllers. The numerator and denominator
polynomials of the controllers are
Npx(s) = 5.793s% +19.74s% + 18.3s* + 4.1225>
+0.2721s% 4 0.003031s + 9.619¢™°
Dpr(s) = 8" +4.955% + 8.585° 4 6.122s* + 1.5915°
+0.13335% + 0.003338s 4 3.598¢°
Ny (s) = 112.372s" + 153.98165> + 42.70385>
+ 3.4954s + 0.0274
Dy (s) = s° +2.9469s* + 3.6700s 4 2.00135>
+ 0.2099s + 0.0059

K(s)=11.9741+ (36)

The numerator and denominator of the reduced D — K
controller, obtained via Hankel norm approximation, are
Nyeduced(s) = 5.793s* +1.669s> + 0.11775>
+0.001324s + 4.217¢™°
Dyeduced(s) = ° +1.831s* + 0.62865>
+0.05672s? + 0.001462s + 1.577¢™°
It is apparent that the controllers are of relatively high
order com@red with the proposed fixed-structure con-

troller in (Bf). The primary objective in designing these
controllers is to guarantee the robustness of the overall
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closed-loop system. Figures @ and El illustrate these
aspects for the designed controllers. From Fig. [L{}, it can be
observed that RS is achieved for all three design methods,
and the controllers exhibit satisfactory stability margins.
Among these, the best stability margin corresponds to the
proposed controller. As shown in Fig. L0, the proposed and
H, controllers exhibit identical behavior over the entire
frequency range. Similarly, as depicted in Fig. [L1], the
proposed and D — K controllers yield comparable results,
although the proposed controller performs slightly better.
Nevertheless, the H., controller fails to maintain RS.
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VI CONCLUSION

In this paper, a robust fixed-structure controller is de-
signed for a container ship subject to model perturbations
and external disturbances during waypoint tracking. The
control problem is formulated as a constrained optimiza-
tion problem, and the controller parameters are deter-
mined using EAs. Comparative simulation results demon-
strate the satisfactory performance and effectiveness of
the proposed controller. Future work will examine the
application of a fractional-order fixed-structure controller
to this problem.
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