Robust nonlinear control for ship steering
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Abstact - In the pape a velocity-basd linearisation approab for a desig of a gain-schedulig controller
for ship steerimy is presented While ship steerimg and gain-schedulig are well known problens with well-
developel solutions the describe methal differs from previous approachgto gain-schedulg controlle design
in tha the closed-log systen with nonlinea controlle retairs properties of the linearisal systen with linear
controller designé in one of the desig stages Stochasti robustnes analyss with Monte Carlo simulatiors is
applied to confirm robustnes performane of the nonlinea contrd which was the objectve for contrd design.
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1 Introduction

The analyss ard design of nonlinea dynamtc systems
isrelaively difficult. On the othe hand technique for
the analyss and desiqn of linear time-invariart systems
are better establishegeven althoudh systens with gen-
uinely linear time-invariart dynamic in reality do not
exist. It is, therefore attractve to adop the desig ap-
proad where a nonlinea systen is decomposa into
the desig of afamily of linear time-invariart systems.
Thistype of straegy forms the bass of one of the most
widely, and successfull, applied techniqus for the de-

sign of nonlinea controllers namey, gain-scheduling.

However, in the conventiona] and mod common,
gain-schedulig design approach ead linea con-
troller is typically associaté with a specifc equilib-
rium operatirg point of the plart and is designe to en-
sute that, locally to the equilibrium operatirg point, the
performane requiremerg are met.

In [4, 5], aframework is proposeé for the analysis
ard desiqn of gain-schedulé ard nonlineal systems
which associate a family of velocity-basd linearisa-
tions with a nonlinea system Ead operatirg point
of the nonlinea system including operatiry points far
from equilibrium, has an associaté membe of the
velocity-baséd linearisatian family which describsthe
dynamct characteristis in the vicinity of tha operat-
ing point In contras to the conventiona series ex-
pansio linearisation abou an equilibrium operating
point, the velocity-basd linearisatio family indicates
the plart dynamic not only in the vicinity of a single
equilibrium operatimg point but also during transitions
betwea equilibrium operatirg points and when opa-
ating far from equilibrium.

In ship steerig contrd mudc useis mack of propa-
tiond plus integrd plus deiivative (PID) contrd meth-
ods However, ship dynamia chang significantly with
forward speedwith dept of wate ard with load The



optimal settings of a conventional controller of this Y e moal ¥ lcomsone i i

type are thus likely to change with changes of oper-

ating condition. I
Adaptive controllers have been considered for ship

steering control (e.g. [8, 1]), but, as in many other Figure 1. Block diagram of model reference control

types of safety-critical application, there is some con-System

cern about potential instabilities and other problems

associated with adaptive system behaviour. Nonlin- _

ear control strategies (other than adaptive control) thugh@imum angular rateif,..) must also be considered.

appear to offer some advantages over other forms of\PPropriate values aré- 35 degrees for the maximum
control for ship steering and the main objective of the "udder deflection ane- 7 degrees/s for the maximum

work described in this paper has been to carry out dudder rate. _ _ o
study to investigate the potential of controllers based TWO Steering modes are involved in the specification

on the velocity-based linearisation families for this ap- Of Ship steering control system performance. These are
plication. the course keepingndcourse changingerformance.

The paper is organised as follows. Description of FOr the course changing mode there are well defined
the ship steering problem is given in Section 2. SectiorCriteria which can be expressed in terms of a specific
3 provides an outline of the nonlinear control systemform of desired step response in the time domain. The
design and section 4 demonstrates the robustnes progPtimisation of course-keeping control characteristics

erties through stochastic robustness analysis. ConclU$ MOré complex since the requirements in confined
sions are stated in Section 5. waters and in open sea conditions are different.

Particular consideration has been given to course-
) ) changing control problems during this investigation. A
2 Ship steering problem model reference approach has been used to define the

) ] ) desired response characteristics for a course-changing
Automatic systems for the steering of ships have bee%ontrol system, as shown in Figure 1

in existence for over seventy years. Interest in the prob- The dynamics of the reference model should be

lems of ship steering control has increased during th‘?natched to the dynamics of the ship regardless of the

past two decades because of potential cost benefits ariﬁiagnitude of the demanded change of reference yaw
ing from fuel savings when sophisticated control algo-5ge A reference model which is too sluggish cannot

rithms arg applied.' . . produce an optimal performance since the ship cannot
_ The ship model is an extended version of NOMOtO'S o the required heading in the minimum time. On
first-order model [6] which has been the basis of otheryo 5iher hand we should not use a reference model
ship steering studies (e.g. [2]). For the case of a Vessglich js too fast compared with the ship response char-
with a symmetrical hull the mathematical model takes ,cteristics because this may cause rudder actuator sat-
the form uration and performance degradation.

Tjpom mss — 1 One appropriate reference model proposed by [8] is

Y+ =+ = =u @ _ )
K K K described by a second order transfer function

where is the yaw angle and is rudder angle. The
parameters ar€& which is a time constanf{ which is

a gain constant aneh, andns which are two constants Pa(s) = 5 K (2)
known as Norrbin coefficients. For a ship of length Yr(s)  Tms®+s+ Knm

45 m at a forward speell of 5 m/s a suitable set of

parameters [2] is as follows: where the time constarif;,, must be chosen to be

smaller than the dominant time constant of the ship
model. A ratio of 2 or 3 to 1 betwe€H,, and the dom-
Nonlinear effects due to limitations on the permissi- inant time constant of the vessel has been suggested
ble maximum deflection of the ruddet,{..) and the [8]. The damping factor for this second-order model is

K=05sT=31s,n =10,n3=0.45s>



given by dependent upon the forward speed it is clearly appro-
priate to use a time constdft, in the reference model

— o (3)  Wwhich depends upofi’. This was achieved by using a
2V KT relationship
To take account of the nonlinearities associated with T
the rudder, van Amerongen suggested introducing two Tm = ~ (8)

additional factors in the reference model so that the _ -
gain factor K, is replaced by a factO{% where  Where the factory depends on the ope_zra'Flng condlthn.
# andT, are calculated in real time and depend on the! "€ Problem then becomes one of finding appropriate
demanded rudder deflection, the maximum deflectionv@lues for the factory and for the time constants,

and the maximum angular rate [8]. andTn,. _ _
This gives a reference model characterised by the AN €mpirical approach was adopted in order to find
suitable values for these parameters of the reference

equation
model. The ship was simulated with a feedback lin-
1 - 1 . K,f earisation controller designed for a forward speed of 5
Yat (Ta + ﬁ) Vo + T, Trm Ya+ T, T, Y m/s. Tests were performed on this simulated system for
Konf step changes of reference ranging from 5 degrees to 60
- md’r (4) degrees for a number of different valuesigfandT,,.

The aim was to find combinations of reference model
In this investigation a slightly different approach has parameter values which, together with the controller,
been taken to the generation of a reference model akyould produce responses which were as fast as possi-
though the structure of van Amerogen’s third order ple without causing the rudder to reach limiting condi-
model has been retained. The reference model of equaions in terms of its deflection or angular rate. Satis-

tion (4) may be rewritten in the form factory results were found involving a valueBf of 3
. . and values ofy which were dependent on the size of
%+ A+ Bipa + Ctpg = Cipy (®)  the reference step. Similarly a relationship was found

: . . between the size of the reference step and the value
Then if one real root of the characteristic equation (say P

) of the real rootr in the characteristic equation of the
r) is known the other two roots can be found. It can
. model.
be shown that for this to be true the parameters of the
reference model must be related in such a way that _
3 Control design
C=r(B—rA+r?) (6)

N o o o As stated in the Introduction, nonlinear control has al-

and for critical damping in the remaining poles it is ready been applied as a solution for the ship steering

necessary that problem. In contrast to the previous approaches the
1 velocity-based linearisation analysis offers several ad-
B = Z(AQ + 2Ar — 3r?) (7)  vantages. The family of velocity-based linearisations

can be pieced together to approximate the solution to
For values ofB less than the critical value of equation a nonlinear system so stability as well as the transient
(7) the reference model has overdamped characteristidsehaviour of the nonlinear system can be investigated.
and, correspondingly, for larger values®it is under-  Consequently, the velocity-based linearisation theory
damped. has considerable potential for supporting the design

Although van Amerongen suggested thfaand7;,, ~ and analysis of gain-scheduled controllers.

should depend on the rudder angular deflection and an- Given the direct relationship between the velocity-
gular rate, a constant value ffof unity was chosen in based form of the nonlinear systems and their as-
the current work anf, was also taken to be a constant. sociated velocity-based linearisation families and the
Since the time constant of the ship)(is known to be  strong correspondence in their dynamic behaviour, the



velocity-based linearisation families constitute a muchdifferent forward speeds [2]
more appropriate framework for the analysis and de-
sign of gain-scheduled controllers than conventional ; , "1 [@]3¢ n3 [@]5¢3 _K [@]ZU
approaches. Ty | U T | U Ty | U
The foregoing analysis suggests the following de- (9)

sign procedure [5].
which can be written as
1. Determine the velocity-based linearisation family

associated with the nonlinear plant dynamics. )+ ap + b)® = cu (10)
2. Based on the plant velocity-based linearisationynere

family, determine the required controller velocity- n [Up]?

based linearisation family such that the result- ¢= T, | U

ing closed-loop family achieves the performance -

. . r 15
requirements. Since each member of the plant p— Uo
family is linear, conventiondinear design meth- Ty | U |
ods can be utilised to design each corresponding N

: K Uy
member of the controller family. c= — |22
Ty | U

3. Realise a nonlinear controller corresponding to
the family of linear controllers designed at step
2. The velocity-based form of the controller can
be obtained directly from the family of linear con-
trollers by simply permitting the point of lineari-
sation to vary with the operating point.

The requirement is to design a controller for ship’s
yaw angley such that the closed-loop system satisfies
robustness demands due to the variations in speed and
parameters and provides a closed-system bandwidth
sufficient for satisfactory tracking properties.

At an equilibrium point (g, ug)

The reader is referred to [3, 4] and [5] for further ex-
planations and proofs concerning the framework which uy =0 (11)

has been adopted. H h . ion li L £ (9) relati
This design procedure maintains the continuity with ence, t € Series expansion |r_1ear|sat|on of (9) relative
to the equilibrium operating poini, ug), is

linear design methods which is an important feature

of the conventional gain-scheduling approach. How- “ o\
. . ) : ) ) = ¢ 12

ever, in contrast to the conventional gain-scheduling P+ (a+ 3big)oyy = cdu (12)

approach, the resultm_g nonlinear controller is valid §ep = b — by, S = 1 — g

throughout the operating envelope of the plant, not

just in the vicinity of the equilibrium operating points. Based on the conventional series expansion linearisa-

This extension is a direct consequence of employingion at an equilibrium operating point, an appropriate

the velocity-based linearisation framework rather thanlocal controller is the controller

the conventional series expansion linearisation about

an equilibrium operating point. The main advantage i +500u = Kpé + Kpe(a +3by5)  (13)
of the approach is that the analysis investigation of the

velocity-based linearised system is not confined to the de = e —eg,u = du +up

operating point but is global. Therefore the analysis reitp

sults of system properties like stability and robustness e =g — .

are valid throughout the operating envelope of the plant

[5]. The transfer function of the controller (13)462 (s+

The described approach is applied for ship steerings + b3z/}§). The appropriate bandwidth and phase mar-
as follows. Consider the second order plant describingyin figures are achieved for the closed-loop system
ship dynamics based on (1) with parameters scaled fothrough appropriate selection of the paraméd{er.



The dynamics, (12), are the same at every equilib- ™
rium operating point and so the controller, (13), may
be employed at every equilibrium operating point.

Nevertheless, the linear controller does not achieve .,
the required performance. In order to incorporate in-
formation about the plant dynamics at non-equilibrium
operating points into the controller design, reformulate
the nonlinear plant, (10), by differentiating, as

W + (a + 369 ) = ci (14) 20

The velocity-based linearisation family at the general 1o}
operating point(+;,u;) associated with the nonlinear
plant, (10), consist of the frozen forms of (14) obtained % 50 100 150 200 250
whens) is constant, mee

60

40

Response
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W+ (a+3b1/}%)1}; = ¢l (15)  Figure 2: Response (full line) to reference model

response (dotted line) obtained with step commands
The required velocity-based linearisation family of the P ( ) P

) ) A (dashed line) of magnitudes ranging from 10 to 60 de-
cpntroller is determined by using linear methods to de-grees with nonlinear controller
sign a local controller for each of the members of the
plant velocity-based linearisation family. Employing
the same structure as previously, consider the linear
controller family

i + 5000 = Kpé + Kp(a + 3by%)é  (16)

At equilibrium operating points, the members of the _ o
linear controller family correspond to the controller dy- &ré2 of nonlinear control the robustness analysis is not
namics (13), determined previously. However, at non-S° well developed. One posglb_le approach to nonlinear
equilibrium points, wherep is not constant, the pa- system_s robustngss analysis is St_ochastlc Robgstness
rameters of the controller are now different from their An@lysis [7]. This method determines tiseochastic
equilibrium values and are designed to compensate fofPPUstnes®f a system by calculation of time responses
the variation in the dynamics of the members of theWith Monte Carlo methods. Time responses provide
plant velocity-based linearisation family. The responseth® most clear-cut means of evaluating performance.
of the closed-loop system throughout the whole oper-Whe” time responses are computed, stochas_tlc _perfor-
ating region for selected&» = 10000 (bandwidth is Mmance .robustn_ess can be portrayed as a dlstrlbl_mon
app. 2.5 rad/s, phase margin is apf?) is depicted in of 'p053|ble trajectories around a nominal or deswec_i
Figure 2. It can be seen that the performance requirelf@€ctory. Envelopes can be defined around a nomi-

ments (tracking of the reference model signal) are mepal trajectory based on stated performance criteria, and
for the full operating range. the probability of exceeding the envelope becomes the

scalar, binomial performance robustness metric [7].
) ] Responses of the designed ship control system eval-
4 Stochastic robustness analysis of yated by Monte Carlo analysis are given in figure 3.
C|osed-|oop system Parametersk [0.25,0.75], Ty [15,45] and speed/

[5,20]m/s have been changing in 600 simulations. It
Control systems robustness is defined as the ability t@an be seen from Figure 3 that the chosen control strat-
maintain satisfactory stability or performance charac-egy satisfactorily deals with the uncertainties in the pa-
teristics in the presence of all conceivable system parameter values while changes in the operating condi-
rameter variations. There exist a wide range of methtions are covered by the nonlinear nature of the con-
ods for robustness analysis of linear systems [9]. In theroller.
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Figure 3: Stochastic robustness evaluation of the
closed-loop system to reference model response with
variations in parameters and speed

_ (4]
5 Conclusion

In the paper a robust nonlinear controller design for
ship steering has been presented. The method used is
based on gain-scheduled controller design with veloc-

ity linearisation. This approach effectively links non- [5]
linear systems design with knowledge used for conven-
tional linear systems design.

A nonlinear controller was designed via velocity-
linearised nonlinear system description. Robustness
had been achieved during the linear phase of design[6]
and was preserved when the nonlinear form of con-
troller was applied. The nonlinear controller succes-
fully performed its task regardless of process parameter
variations, as shown by stochastic robustness analysig7]
methods.

The advantage of the proposed approach is that it
provides a single controller, of moderate complexity,
which is valid for a wide range of operating conditions
and is robust to parameter variations.
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