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Abstract

A ship, as an object for course control, is characterised by anonlinear function describing the static
manoeuvring characteristics. One of the methods, which can be used, for designing a non-linear course
controller for ships is the backstepping method. It was used here for designing the configurations of non-
linear controllers, which were then applied for ship course control. The parameters of the obtained non-linear
control structures were tuned to optimise the operation of the control system. The optimisation was
performed using genetic algorithms. The quality of operation of the designed control algorithms was checked
in simulation tests performed on the mathematical model of the tanker completed by steering gear.

1. Introduction

In recent ten to twenty years a number of new methods were developed for designing controllers to
control non-linear dynamic systems. These are usually recursive methods, such as backstepping, forwarding,
and methods being the mixture of these two. A common concept in these two recursive methods is the design
of a globally stable control system, revealing a cascade structure, for a class of non-linear dynamic systems.
In particular, the backstepping method is bases on the Lapunov function theory [10] but its origin can be
found in some theories of linear control, such as the feedback liberalisation method, or the LQR method.

The beginning of development of the backstepping method oriented on the design of a non-linear
control systems can be dated on the turn of Eighties and Nineties of the last century, a list and discussion
of publications issued in that time can be found in an overview by Kokotovi¢ and Arcak [7], and also in
Fossen [5] and in fundamentally book of backstepping methods [8]. The backstepping method directly bases
on the mathematical model of the examined system, introducing to it new variables in the form depending of
the state variables, controlling parameters, and stabilising functions. The task of a stabilising function is to
compensate non-linearity’s that occur in the system and affect the stability of its operation. The liberalisation
methods used in the feedback-based systems usually aim at eliminating the non-linearity’s in the system. The
use of the backstepping method makes it possible to form, in an arbitrary way, additional non-linearities and
introduce them to the control system. However, only the undesirable non-linearities are eliminated from the
system [3]. The backstepping method allows to obtain a global stability in cases when the feedback
linearisation method only secures local stability.

In marine technology, the presented backstepping method was used in systems steering a ship on its
course [12], to secure course stabilisation. In 1999, Fossen published a work [4], which focuses on practical
use of the backstepping method in mechanical systems and its application to ship steering. However,
attempts to apply this method in real marine systems revealed numerous problems, which needed solving.
One of them is the structure and selection of stabilisation functions and identification of their parameters.
In order to obtain optimal quality of control of the designed non-linear course controller, its parameters need
tuning. The presented in the literature design systems that make use of the beckstepping method are
optimised using classical methods, usually based on the solution of the Riccati equation [9].

The article presents the method of automatic optimisation of ship course controller parameters,
performed with the aid of a genetic algorithm. So far, this technique has not been employed to solve such
kind of problems. The operation of the genetic algorithm bases on generating solutions by imitating the
evolutionary process [6], [11].
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2. Model of the ship

The geometry of the ship motion is defined in the coordinate system Xo, Yo, while the motion of the
ship itself is described in the relative coordinate system (X,y), fixed to the ship. Motion of the ship is shown
in Figure 1.

Figure 1. Ship motion co-ordinate system

The control system discussed in the article was designed for steering a ship on the course. In the
system, the controlled parameter is the ship course, y(t), while the controlling parameter is the rudder angle,
d(t). The equations describing dynamical characteristics of the ship were derived from Newtonian dynamics
laws. It was assumed that for large displacement ships, tankers for instance, transverse movements can be
neglected. In the presented investigations, the mathematical model of dynamical characteristics of the ship
was assumed that of a model tanker described by Astrom and Wittenmark in ,,Adaptive Control” [1], [2] and
modelled by a non-linear second-order differential equation, referred to as the Norrbin model [1].

The obtained model is given by the following equation.

T-y(0)+H ()= KS(1) - ()
Function

Hy(y(0)= %vf(z) + By (t)

expresses the steady-state relation between &t) and y(¢) .The parameters o and S are real constants and

determined from the “spiral test”, taking values o= =1 in the model. The parameters T = Ty(L/u), where
T, =T, +T, —T,, and K was determined from relation (2).

u L .
K = KO(E], T, :Tfo[;j’ i=123 2)

The model parameters were determined at speed u = 5 [m/s]. The length of the examined tanker is L =
350 [m]. In the article, the tanker in two loading states is examined. The first state is the ship without cargo
(liquid), in this case ballast tanks are filled with water and it is a so called the ballasting state. For the
examined tanker in this loading state the model parameters take the values:

K(): 588, Tl(): —1691, T20: 045, T30: 143

The second state of operation refers to the tanks fully laden with the transported liquid and bears the
name of the full load state. In this case the model parameters take the values:

Ko = 083, T[() = —2.88, T20 = 038, T30 = 107

The model of dynamic characteristics of the ship was completed by the model of the steering gear,
described by [14] and schematically shown in Figure 2.
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Figure 2. Steering gear system block diagram

In this article it was assumed that the rate of rudder motion is approximately limited to
5max =6 [deg/s] until |5Z —5| <3[deg], when the rudder operates in the linear region of the characteristic. The
maximum rudder angle is J,,,, = 35 [deg]. For this assumption the steering gear dynamical characteristic was
given by the following equation (3), in which 7, =156 [s] and K, =96 [deg].

(1) = % 5.(t) - Ti 5@1). (3)

R R

The discussed model of dynamic characteristics of the tanker, and the model of the steering gear, were
modelled in Matlab/Simulink.

3. Designing non-linear controllers

As mentioned before, the controller was designed using the backstepping method. When designing the
steering rules with the aid of this method, new state variables z; and stabilising functions o; are introduced, in
a recurrence way, in i-th step. The number of steps depends on the number of state variables used in the
mathematical model of the examined object.

In the present article, the backstepping method was used for developing two algorithms of nonlinear
ship course control (nonlinear controllers), denoted as version A and version B. The form of dynamical
characteristics of the ship used in version A and B for deriving control rules for the nonlinear controllers is
given by formula (1). When deriving the rules of the nonlinear control in version A, dynamical
characteristics of the steering gear described by equation (3) was neglected and the control rule were
obtained in two steps of backstepping procedure. In version B dynamical characteristics of the steering gear
were taken into account and control rule were obtained in three steps

X, () = x,(0),
4)

@a>=-%Hw&xoﬁwaL

mem:%£@+@m.

Version A
Step 1: In the first step new variables are introduced. The first virtual variable z; is the control error defined
as

2= AW () =y )~y (0 =50~ (0) )
while the second variable z, is the virtual variable determined from the relation
z, =x,(t)—a,(z)), (6)

where a;(z;) is the virtual control introduced in the first step. After differentiating Eq. (5) with respect to
time and placing relation (4) and (6) we arrive at
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& =500 =20~V =2+&(z) (). ()
Then the first Lapunov function is defined as

Vl(zl)%zf. (8)

The derivative of the first Lapunov function along the solution (7) takes the form
He)=22 =]z +a(z) -] ©)
From relation (9) the virtual control ¢;(z;) is derived as
~kz =a,(z)-y.(0). (10)
Transforming Eq. (10) leads to
a,(z))=—kz +y. (). (11)

After placing the derived relation (11) in Eq. (9) we get the formula for the first derivative of the
Lapunov function in this step

Vl(Zl):_kIle"'ZlZz' (12)

Comparing equations (7) and (11) gives us the formula for the first derivative of the newly introduced
variable z;

z, ==kz +z,. (13)
Based on relation (11) and (13) the derivative ¢ (z,) for the next design step is also derived, as
d1(21)=_k1(_k121+Zz)+l/7z(t), (14)

which is the virtual control derivative in step 1.
Step 2: The derivative of the second variable is determined from Eq. (6) and (4).

=x2(r>—oa(z]>=—%HN(xz(r>)+u(r>—a1(z]>. (15)

The second Lapunov function and its derivative takes the form

Va(enzs) =)+ 22 (16)
Vz(zl,zz)=—klz]2+zlz2 +2z,2,, (17)
After placing relation (15) into Eq. (17), we get
. 1 .
VZ(ZDZZ):_klzlz +22[21 _THN(xz(t))—i_u(t)_al(Zl)il- (18)

Form the second derivative given by formula (18) the control is determined as
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u(0) = k2, = 2+ H (3 0) 6, (2) (19)

By substitution the obtained control rule (19) into relation (18), we arrive at the final form of the Lapunov
function derivative

V‘Z(ZI’ZZ):_kIZf _k2222’ (20)

which is negatively determined for k;, k, > 0. Tuning parameters k; and k; of the control rule derived with the
aid of the backstepping method and given by Eq. (19) is performed using the genetic algorithm described in
Chapter 4.

4.6 Version B
The mathematical model of the ship was complemented by the equation of the steering machine (3), which
can describe by state equation in form of

(0 = 0+ ) 1)

R R

where x, () is the rudder angle and u(r)is the controlling input. For an object described by state equations (4)

and (21) the procedure to design the non-linear control rule was introduced similarly like in the version A but
in three steps. The different was in third step, where we introduced third new state variable
z,(t) = x;,(t)—a,(z,,z,) » where @, is the second stabilizing function. Then the control rule for the ship and

the steering gear as an object is determined as

”(t):%(_kﬂs +Tix3(t)+d2(zlazz)_zz)a (22)

R

where the time derivative ¢, (z,,z,) is described by equations
(e 2a) =y =5+ NSOl )40 (23)
H oy (x,(1)) = 3%x§x2 +i, (24

for ki, ko, k3> 0.

4. Parameters of non-linear controllers

The optimisation of the parameters for the derived control rules of the non-linear controllers given by
the formula (19) and (22) were performed using genetic algorithm. Figure 3 shows, in a block schematic
form, the structure of the genetic algorithm used in the present analysis for tuning parameters of the
examined ship course controller. The tuning programme works until conditions for its stop are met. Two
types of algorithm stop conditions are possible. The first condition consists in limiting the maximum number
of generations in the optimisation process, while in the second condition the algorithm checks whether the
newly generated populations improve considerably the previously obtained solutions. The entire process is
repeated until the maximum number of generations is reached. In the examined case, the maximum number
of generations was equal to 100, which on the basis of previous investigations was assumed satisfactory. The
final solution was the best solution in the most recent population. Below described are particular steps of
operation of a genetic algorithm.
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Creating the initial population. In order to initiate the initial population the chromosomes are
generated randomly using the bit-by-bit method. The length of the chromosome depends on the number of
parameters to be coded, their maximum and minimum values kp.x, kmin and their accuracy n, according to the
formula

(K = K )-10™ < 2™ =1, (25)

where: n — number of meaningful decimal places defining the accuracy of the parameter, mi — length of the
code sequence for the coded parameter.

Decoding. From the chromosome extracted are the successive sequences of bits that correspond to the
coded parameters. The decimal value for each parameter is calculated using the following formula where:
decimal (1010...0112) is equal to the decimal value of the binary chain.

k =k, +decimal1010..01 12)W . (26)

Simulations and evaluation cost. The quality of control of the ship course controller was evaluated
here with the aid of a digitised version of the integral quality coefficient, having the form:

1 & 2 1 & oo
Ji= g L ev @) 1350, @7

where N is an integer number of iterations in control simulations, A is the scale factor, in the examined case A
= 0.1, Aw;i(?) is the i-th course error determined by subtracting the obtained course from its set value, (%) is
the i-th angle of the rudder deflection. The genetic algorithm minimises the value of the function (27), by
minimising both the course error Ay and the rudder angle &#). The component connected with the rudder
angle is scaled to have similar amplitude to that of the course error.

Genetic operations. Genetic operations comprise selection, crossover, and mutation. More information
about used genetic operation can find [14].

Generating initial
population

—

| Decoding |

J

Simulation
and
evaluation cost

Yes

¥
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v

| Crossover

v

| Mutation |

Figure 3. Block diagram of operations performed by a genetic algorithm
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5. Simulation tests

In order to evaluate the quality of the derived algorithm of non-linear control, simulation tests were
performed using the programme package Matlab/Simulink.

Tuning the course controller’s parameters with the aid of the genetic algorithm made use of the ship
dynamic characteristic equations with the parameters set for the ballasting state. The set course was rapidly
changed by 40 [deg]. The quality coefficient, given by formula (27), was determined from the tests trials
performed within 500 [s] with sampling period 0.01 [s]. The parameters of the genetic algorithm were: the
probability of crossover was p. = 0.60, while the probability of mutation was p,, = 0.01.

The best values of the tuned parameters for the examined controller in version A were k;=0.0152,
k,=335.8. The best values of the tuned parameters for the examined controller in version B were k;=436.07,
k,=1973.3, k;=0,0196. These are the parameter values at which the minimum values of the quality
coefficient were obtained at the stage of tuning with the aid of the genetic algorithm. The example results of
tuning the parameters of the non-linear controller with two tuned parameters (version A) are collected in
Table 1. In this case the identical minimum values of the quality coefficient were obtained in as many as
three tests. The example process of tuning parameters for the non-linear controller with two parameters is
shown in Figure 4.

Table 1. Results of tuning settings for non-linear controller with two parameters with the aid of genetic
algorithm

flfft N , k) Jy
T | 16 | 00156 | 3753 |122045%9
2 | 57 | 00151 | 3373 |12202863
3 | 52 | 00152 | 3358 |12202858
4 | 33 | 00151 | 3375 [12202912
5 1 100 | 00151 | 3344 |12202886
6 | 53 | 00152 | 3358 |12202858
7 1100 | 00156 | 3757 |12204 557
8 | 48 | 00155 | 3756 |12204457
9 | 100 | 00152 | 3328 [12202913
10 | 96 | 00152 | 3358 |12202858

The investigations were focused on the effect of changes of object parameters on the quality of
control. The controller were tuned for the ship dynamic characteristic equations corresponding to the
ballasting state, but in this part of analysis they were used for controlling the ship motion with two different
states of load: ballasting and full load. Figure 5a compare results of simulation with two controllers with two
tuned parameters (19), marked with solid line and with three tuned parameters (22), marked with a dashed
line. In the first 1000 [s] of the tests, the mathematical model of the ship made use of the parameters
corresponding to the ballasting state, while during the remaining time the full load parameters were used.
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Figure 4. The process of tuning parameters for the non-linear controller with two parameters. (a) quality

b)
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Figure 5. Comparing results of simulation with tuned controllers: a) non-linear controller with two
parameters (solid line), non-linear controller with three parameters (dashed line), b) non-linear controller

with two parameters (solid line), PD controller (dashed line)

6. Conclusion

The article discusses the two control rules derived for non-linear controllers designed with the aid of
the backstepping method and used for controlling the ship motion on the course. The first control rule with
two parameters (version A) were design by neglected the steering gear, the second control rule with three
parameters (version B) were taken into account the steering gear in aim of improvement of quality
controlled, as shown in Figure 5a. Non-linear controllers designed with the aid of the backstepping method
require tuning of their parameters to the optimal values. The use of genetic algorithms for this purpose
produced excellent results. Sample results illustrating the process of tuning the parameters for the non-linear
controller were shown in Figure 4. The tuned non-linear controller with backstepping procedure (version B)
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was compared with PD controller. The results were shown in Figure 5b. When the ship was in the full load
state better results were produced by the PD controller than by the non-linear controllers designed using the
backstepping method. The reason of this regularity lies in the fact that the parameters of the controllers were
only tuned for the ballasting state and then were used unaltered for the full load state, which was the source
of some error. It turned out that the backstepping method is more sensitive to changes of parameters than the
PD controller, which seems to be more robust. Therefore it is necessary to perform the analysis of the model
parameters using adaptation techniques, which will be examined in the nearest future.
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