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Abstract

This work deals with mathematical modeling, simulation and conirol of a ship-
mounted cranes which have the Maryland Rigmng The developed model contains
three independent inputs 1o control the vibrations in the plane of the boom; the lull
angle 1s utilized to ensure the controllability of the igid boom. mnd the Lotal langth of
the upper cable in conjunction with the position of its lower suspension point ars used
to guarantee the controllability of the payload Tha disturbances acting on the ship due
to sea motions is represented by the rolling displacement of the ship about its center
of gravity, the heave mation from the sea in the vertical direction. also the excitation
in the horizontal direction fhat comes from the sea motion in that dirsction, and an
external force acting direclly to the pavload usually caused by winds The full
nonlinear model of the crane is developed and then converted to lingar model using
Tavlor series o expand nonlinear terms about the current equilibrium point. Alter the
linparization process wa deal with the state space representation for simulation
purpases. This system will be conirolled using state feedback optimal method, and the
unknown disturbances were estimated using Pl extended observer, then simulation

results for one operating point and all admissible operating peints were perlormed

III




Table of Contents

DESCRIPTION PAGE
Title M
Abstract 111
Dedicalion v
Acknowledgment v
Table of Contents Vi
List of Figures VI
Notations hd|

Chapter One

Introduction
1.1 Overview I
1.2 Literature review 2
1.3 Modilied crane configuration 2
1.4 Reahzation of the control inputs 3
1.4.1 Reahzation of the luff angle p as control input 4
142 Realization of 2{f)as control input 4
143 Realization of L(r)as control input 5
1.5 Project scope 6
Chapter Two
Moaodel development
21 Assumplions 7
22  Kinematics of the upper cable B
23  Kinematics of the pulley 10
24  Kmematics af the payload 11
25  Overall equations of motion 12
2.53.1 Evaluation of O, and (2, 3
252 Equation of motion of the pulley 14
2.3.3 Equation of metion of the pavload L3
26 Denvation of the equilibrium pomnt |5




4.6.1
462
463
464
465
4.7

4.8

5.1
S.2
83

Chapter Three
| inearization and Statc space representation

lineanzation

State space representation

Simulation results for lincar system

Discussion of simulation results for the hinear system

Chapter Four
Control system design

Test for controllability and observability
Controllability test

Observability test

Controllability system design

State and disturbance estimation
Variable mode! problem

Controller design

Defining control gaims

Delining £,

Delining K

Defining K.

Discussion of simulation results
Control observer configuration
Robustness

Simulation results of vanable model

Chapter Five

Summary and conclusions
Recommendations
Eeferances

Rl

16
19
22
29

31

il

32
33
34
42
45
45
46
30
33
335
35
57
64

4 |
-

74
75




Figure (1.1)
Figure (1.2)
Figure (1 3.a)
Figure (1.3.h)
Figure {1 4.a)
Fipura(1.4.b)
Figure (1.5)
Figure (3.1)
Figure (3.2)

Figure (3.3)

Figure (3.4)

Figure (3.5)

Figure (3.6)

Figure (3.7}

Figura (4.1}

Freura (4.2)

List of Figures

picture ol a ship-mounted crane al sea
madified erane configuration
realization of p by hvdraulic cylinder
realization of o by electrical motor
realization of I){r) by hydraulic cylinder
realization of D{r) by elactrical motor
realization of I.(1)
simulink model for the real svstem

simulation results for real system under initial conditions, Agh, =1 rad.

with p, — i Ly=15m

simulation results for real syslem undar initial conditions,

A, =3 mad/sec, with p, =%. L, ~15m
simulation results for real system under mlling effect A4 = 3" deg,

14

and frequency close w the eigenfrequency with p, = =

A =1.5m
simulation results for real systam under displacement x; effect
Ad =3 deg, and frequancy close W the epenfrequency with

i
Py =Ly =15m

simulation results for real system under rolling sffect A& =3 _and

trequency equal to the eigenfrequency with g, = % Ly =1

Ly

m

simulanon results for real system under rolling effect Ad =3" , and
frequency close o the eigen frequency wilh 2 :% iy Pl BT

sumuhink structure of the P1-Observer correspanding
to the crane linear model
structure of the PI-Obsarver corresponding

to tha crane lnear model

Vi




Figure (4 3) stmulaton results foractual disturbances and there estimation
actoal eglunated

simulation esulls for actual states and there estimation

Figure (4.4) actual  estimated
Figure (4.3 .8) operating regions R(i), i =14
Figure (4.5 h) operating region R{1) with gains on the comers [, ¢, A, and V
Figure (4.6) block diagram of a contro! system

Figure(4.7) Ruolling effect

Figureid §) system compensated by control mput A p

Figure(d 9) system compensated by conlrel input A D
Figure(4.10) system compensated by control input A L

Figute (4110 simulation results for real svstem under rolling effect AS =37 deg,

and [requency close (o the eigenliequency with p, = % L =1.5m
controlled uncontrolled
Figure (4.12) % elfect un the crane system
Figure (4 13) sysigm compensated by control input AD
Figura(d 14) svstem compensated by control input AD & AL
Figure (4.15)  simulation results for real system under the effect of Ax; =10 om |
and frequency close o the eigen frequency wath o, = % sy =1.5m

controlled uncontrollad
Figure (4 16)  simulation results or real system under the effect of initial condition
@.(0) = | rad | and frequency close to the etpentrequency with

b
FI —Er'r'll =15m

conirolled uncontrollad

Figure (4 17) simulink structure of the controller observer configuration

Figure (4 18)  root locus for system in the region Ry, design point considered at the
canter of the region

Figure (4.19) oot locus for system in the repion K., design point considered at the

lower right comer oftha region

Figure (4 20) ool lecus [or system in the region By using continuous gain method




Figure (4.21)

Figure (4.22)

Figure (4.23)

Figure (4.24)

Figure (4.25)

Figure (4.26)

Figure (4.27)

Figure (4 28)

Figure (4.29)

Figure (4.30)

Fiswre (431)

raot locus for system fur all admissible operating points using
cantinuous gain method . may=5kg
root locus lor system for all admissible operating points using
confinuous gam method m,—=1 Smqy
root locus for system for all admissible operating poinly using
continuous gain method mz=0.5may
Vanable cable length and vanable lufT ancle with initial condition
¢, (0) = Lrad, controller is turned on after 10 sec.
Variable cable length and vaniable luff angle with initial condition
s (0) = 1rad, conlroller is turned on after 10 sec,
Vunizble cable length and vanable Iuff angle with 3° wlling angple

af frequency close 1o lhe eigenfrequency

controlled uncontrolled
Variable cable length and variahle luff angle with 3° rolling angle

of frequency close to the eigenfraquency

controlled uncontrolled
Variable cable length and variable luffangle with 3 em sinusoidal
disturbance in the x-direction of frequency close o the
glgenirequency
controlled
Varnable cable length and variable luff angle with 5 cm sinusoidal

uncontrollad

disturbance in the x-diraction of frequency close o the

elgenfrequency

controlled uncontrolled
Variable cable length and variable luff angle with @, (0) =1rad. 5 cm

sinusoidal disturbance in the x-direction, and 3° sinusoidal lling

angle of fraquency close to the eigenfrequency controlled

— unicantrolled

Variable cable length and variable luff angle with ¢ (0) = 1 rad, 5 em

sinusoidal disturbance in the x-direction, and 3° sinusoidal rolling

controlied

angle of frequency close (o the eigenfrequency

uncontrallad




Notations

£ 1
L1

G

segments length of the upper cable

length of the upper cable and length of the payload cable
Geomatncal parameters of the crana

posiben ol the lower suspension point and luff angle

anzle of L with the horizontal, angle of £z with the horizontal,
and angle of 7 with the vertical

angle af the boom wath the honzontal and roll angle

x and ¢ coordinates of m, 1 =1,2

actual and estimated disturbance force

actual and estimated sea waves disturbance through x-excitation
mass of the pulley, payload. and member BC

sum of the two masses

mass and stifiness matrices

mput matricas

disturbances matrices

input und exiended mput matrces

input, cutput, and measurement vectors

displacemant vector, state vector, and estimatad state vector
system and extended syslem matnces

mnput and extended input matrices

disturbance and extended disturbancs matrices corresponding 1o
rolling

dhsturbance matnx corresponding Lo the wind [orce acting on the
payload

oulput and extended output matrices

disturbance matrix corresponding to the disturbance x5

input feed forward matnx

disturbance feed forward matrices, corresponding to the rolling
and xg disturbances

observer gain components and extendad observer gain matnix

i
i eigenvalua
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errur vector and input matrix for the error eyuation of the
observer

weight matrix of the states and the estimated states for the
aptimal design

welzhl matiix of the nputs and the measuremenis for the
opuinal design

solution of Ricatti equation

input vector and gain of the rolling disturbance compensator
input vactor and gain of the aptimal controller

input vector and gain of the sea waves disturbanés compensator




Chapter one
Introduction

1.1 Ornerview

Ship-mounted cranes are a ships of multiple sizes with cranes mounted on the ship
board, and they are used to lransfer carpo from one ship 1o another in an open sea os
shown in Fig (1 1). They are used also at port 1o fransfer cargo from large ships to
lighter port-going vessels when ports of deep water are not available Dunng the
transfer process, wave-induced motions of the crime can produce large ascillations of
the cargo being hoisted, especially if the exating fraquency coming from the sea
waves is close to the resonance frequency of the crane. Thiz endanpers the aperation

of the crane md forces the careo transfer to be suspended

Figura (1.1) : Picture of a ship-mounted crane at sea




1.2 Literalure review

Ship-mounted cranes are discussed in the last fow yewrs in several publications. Yuan
et al. |24] proposed the "Marvland's Ripping" and applied 4 brike system to the
upper cable as it passes over the pulley. Kimiaghalam et al [9] proposed a fuzev
controller to limit the pendulation of the pavioad by chanping the length of the upper
cable, Dadone and Van Landingham [4] propesed fuesy loge for controlling the
Coulomb friction i the pulley, Kimiaghalam el al, [10] proposed feadback and feed
forward control law o change the luff angle and the length of the rope. Mr. Al-swiet
[1] studied the control ol elastic ship-mownted crane Using Vanable-Gain Madel-
Based Controller in his PHD

1.3 Moadified crane configuration

In this work the team studied the vibration conmol problem of the modified crane
conflguration with "Maryland's Rigging” as shown in the Fig (1 2). The crane 15
provided with three inputs to control the planer vibration of the pavioad:

1. Tha length of the upper cable [.(1), where L(1)=L, (1) +L.(1).

2. The boom lufT ancle o

3. The distance [X(¢}, of the lower suspension pomnt # along the boom
Also in this study four disturbances will be considered o be acting on the system,
and these disturbances are;

I g2 - Wind force or any distuibing foree acling directly on the payload

2. Ad: Shiprolling due o the sea motion.

3. y.,: Heave motian of the shup (displacoment in the y direction).

4. x, ' Dagplacement of the ship in the % direchion,




Lower suspension
point

The boom

I

A: Boom angle

}-l* - Luff angle

—————————————— —- X,

Figure (1.2} modified crane configuration

14 Realization of the contral inputs

For any system to be useful 1t must be realizable, and basida this some terms will be

musleading till the way of realizing the supposed control inputs is explained, and this

ig the aim of this section.




L4.1  Realization of the luff angle p as control inpug

This control wpur can be realized by twe mathods by using 4 hydroulic cylinder Fig
(1.3.a) or by using electrical actuator with cable Fig (1 3.b). To reduce the effect of
rolling on the paylond oscillation, the actuation of / should be proportional to the
relling angle in the oppesite direction, this can suarantes thay the arientation of the
boom will not change during ship rolling, and this will be studied later in the control

prablem

Electrical
Motor

Hydraulic
Cylinder

Figure (1.3.a) Reahzation of o by Figure (1. 3.b) Realizuation of 2 by
hydraulic ¢cylinder electrical motor

1.4.2 Renlization of D(1) as control input

This control input can be realize by two methods, ons is by wsing a hydraulic
eybmder Fig, (1.4.a), and the other ane 15 by using electrical actuator, the principls of
using the electrical actuator is shown in Fig (1.4.b) where 8' will move ta the right
ar to the left according to the rolation direction of the motor. Tt should be mentiongd




here that the metaon of 1 along portion B will not effect the total langth of the
cable L{¢), it is manly used to effect on the x position of the pavload.

- r-‘ 7 - -
Lower suspeosion Lawer suspension

pouot

Figure (1 4.a) Realizatnon of Figure (1.4.b) Reahization of D(¢) by elactrical
() by hydraulic eylinder mator

14.3 Realization of L{r) as contrel input

The realization of L(f) can be abtamed by an alactrical actuslor #s shown in Fig

(L.5), in this fipure 1t is clear that when the motor rotates clockwise or

counterclockwise it will effect the total lenuth of the cable L(f)which 1s mamnly usad

to effect on the v pazition of the payload.

Figura (1.5): Realization of £(1)




1.5 Project scope

This thesis will contains five chapters chapter one gives a bnel” mtroduction to the
ship-mounted crane system, the problem of the project, some literature reviews. and
explains the modified crane configuranon In chapter two the mathematical model of

the modified ship-mounted crane was developed using Lagranse equation
In chapter three the pon linear mathematical model was lincarized and converted into
state space representation, then some simulation results were performed using

MATLAB program

Chapter four concemns the controller design 1o suppress vibrations of the payload, and

the observer design which will estimale the unmeasurad states and disturbances,

Finally m chapler five, the results and conclusions weare established in addition to

some recommendiations for future studies.




Chapter two
Model development

This chapler deals with the model development of the ship-mounted cranegs, which
have the modified Maryland nigging design. The dynamics of the system 1s expressad
by using Lagrange's formulation; three inputs are used to control the planar
vibrations of the pavicad due o three \vpes of base excitarion. Tha madel is limited
to the n-plane oscillations because those have the most dangerous effect in practical
applications,

The disturhances acting on the system are represented by the rolling displacement of
the ship AS due to sen waves, the wind force p. aching dirsctly on the payload, the

excitation n the y-direction v (heave motion), and the horizontal exciistion in the

w-direction Xy o FIE. “.2}.

2.1 Assumptiens

In dermang the mathematical model of the crune, the following assumptions are

considered:

» ‘The boom 18 npd.

« Tha mass of the cables is pezlected.

» The elastic elenpations of the cables are neglected

» The lower suspension point &’ of the upper cable is movable alonge the npd boom.
» The pulley my nding on the upper cable is frictionless.

& Dynamics of all actuators will pot be considered.




= The angle f represents the onentation of the boom axis with respect fo the
Honzontal. It 15 equal o the (algebruic) sum of the roll anple 46 and the luff
angle o .

= The disturbances acting on the crane are the rolling, heave and the displacement in
the honzontal direction of the slup due 0 sea motions in addition to the force =
acting dirsctly on the pavload; this force may appear due to a strong wind or a direct
impact force which may happen by acaident duning the operation of the crane.

22 Kinematics of the npper cable

With reference to Fig. (1 2). 1t is assumed that 1) and I; are the distances between
the pulley and the lower and upper suspension points (B’ and C) respecavely. By
applying the sine law, these distances can be expressed as

Ly = Disinfers = F)ese(a + ;) (2.1)

Loy = Dsmlay + fF)caclay +as). (22)
then the toial length of the cabla is grven by

Li)=L, +L,

N R, S
:Dma[ﬁ+ '2 z’iswi I - 3.-] (2.3)
2

where @, and e, denote the angles of L; mnd I, with respect 1o the horizontal, D

represents the position of the movable suspension point B°  along the boom with
respect to the tp of the boom, and

A=p~ Ad (2.4)




where o denotes the Juff angle of the boom, and Ad denates the ship rolling angle

due 10 sea motions, Applying the cosins law to the triangle spanned by L, 75, and D

gives

I3 =15+ D% - 20, cos(as — ) (2.5)

the length L, can be sxpressed as

L— =.-I_— ..E.: [2.53
thus
LE2LLy + I3 =13 + D =21, Doos(es — §) @7

salving (2.7) for /. gives

i i? 2z o
lg =— e - (Z8)
2| L.— Deosla, — £)

A

Dnfferentiating Eq. (2.8) with respect to time gives

Ly=pl<pfs piley B (2.9)
By =L+ p3D= yi(6a - B) 1 £ (2.10)
with the ahbreviations

Y= At 21 M. coslees — )
' 2[L - Doos(as — AIF

Vi +Dz]cm[fr2 —p)-2DL

J‘V =
© 2L -Doostay - A
_ ¥ -pr? Isin(e; — )
2[L— Dcos{as — T
fr =i bt Fs D+ falis— ) (2.11)




13  Kinematics of the pulley

‘The global pesition of the pulley 15 described as

X =X -LZ mstlz {312}
N =¥ —Lasinay (2 13)

where x. and v are the coordinares of the up of the boom with respect 1o the

Inertial reference frame. They can be representad as

=X, +{ly+L;)oos R (2.14)
V=¥, +L;+L)sm g2 (215)
with

X, =%-+L. cosd

=X, + L, cos{d, + AS) (2.16)
Yi=¥z L. sind
= J'IG + JI"i Eln{d‘u I ﬁ"51, {‘?' I _"r}

where X represents an excitation in the x direction and vi; rapresenis excifation in
the y direction (Heave), and &, represents the clevation angle of the baszs pivot of the
crane with respect to the ship’s roll center, and A denotes the roll angle of the ship.
Differentiating Eqs (2,12, 2.13) to find the first and second derivative with respect 1o
time yields

¥ =% - L cosa, +1L, sin ek, (2.18)
¥ = o~ Ly sine, =L, cosa, (2.19)
Whers

Fo =2, — (L, + L, )sin fif (220)
Fo = FPi+(Ly = L,)cos fift (221)
Fo=F,—L.snES (2 22)
¥o= g VL cosSS (2.23)




The second denvative of Eqs (2,18, 2.19) is given by

i| —--f[: —Wsmzj:j +25in ach.]_fii +f'lz[$.i.nl32&;1 fﬂﬂﬁﬂﬂﬂ;] Lll-i}
¥ =¥ —sina,l, +2Icosa.l,d, L (cosad, - sin ayets ) (2.25)
where

¥e = By (L ¢ Lo)cos i + sin S5 (2.26)
Voo = Vot Ly + L)=sin G + cos fiff) (2.27)
¥, =%, — L (cos 507 « sin &5) (2.28)
¥, = ¥+ L (—sin &5* + cos 50) (2 29)

24 Kinematics of the payload

The global position of the pavicad is expressed as

x5 =X +lsing: (2:30)

this 1z ditfersntiated to find the first and second denvagyve with respect 10 Ume o

e

%y = &y +Hleosghds (232)
Yz = ¥y 4l ghgh (2.33)
X — ¥ +Icosdydh —Isin g (2 34)
¥z = ¥ ~lcosg, @t i /sin ghed (2.35)

11




L5  Overall equations of metion

To find the equation of matisn of the system the team decided w use Lagrange
methad depending on the total kinatic eorgy and total polential enerpy of the
system, because 1| 18 an easy direct methad,

Lagrange method staras
&« L)
o | OT ar 4k
—b e e e ) (£.36)
where

1 Total kinetic Energy.
F7 o Toval potential energy
¢ Generalized coordinate, (here g, =&, 4, =@ ).

;- Nanconservative generalized forca.

where the value of generalized forces 2, can be computed as follow

L
7 = e Loz |
0, = }:rrﬂ il PR SO (2.37)
ﬂr;f hy ﬂ.’_“ )
where Fu . I, and F, represents external forces acting on ky mass in the x. ¥
and z directions respectively, and x;, v, andz; are displacements of &, mass in the
Xy, and = disections respectively,

The tolal kinetic energy of the system can be represented as




| S ; :
T —:_”h(_’:i 3 ?-"’-‘;(13: + )

=L (52 < 32 ]—l?m? b somna ol < 15w} | (2.38)

And the total potential energy of the system can be represented as
V =myng +mavag
=m R +mag(y, lcosg). (2.39)

Therefore to find eguation of motion Lagrange’s cquation should be applied for both
pulley and payload as follow

dfa ]
dr | s )

LA (2.40)

daLy ok
di\ag, ) O Op

(2.41)

where a; and ¢ are the generalizad coordingtes for pulley and payload

respectively.

5.1 Evaluation of @, and 0;

By substituting the appropriate values of Fy, Flp. by, 5z, vy, andz; in Eg

(2.37) v can get O, and Q) a5

(h = pul=yscosa, + L, sma,) (2.42)
&y = pafeoses, (2:43)




252 Equation of motion of the pulley

Substituting Bgs. (2.38, 239, & 2.42) in Eq (2 40), then the resulied nonlinear
dilferennal equation of the pulley expressed as

‘IJ[L;!: +?11]&:

+mdlListas - ) —r.cld, —a )W,

ML yiLotlee, Y- Lylaclay —8)-,715

+M h!fl]i

+ M[ﬂ';?':]jj

+Mi— L.Leld a,) Lil.ela. — ) —rdosla, =0 =yl s(e. [ y;“'Jc'?'
+M [L'!*iﬂ: = -"J‘c’.‘r:]iﬁ

_MIL:":E: - ¥y e, ]:t':;

-M[La, +ysa.lg

+MLESNS @) vy L6 — . ) + Lo fps(f — ;) = 7, Loe(e — )
+ ML L st - )+ y Leta, Pl

* m:"fl._ Loclihy — o) + y.s{d —‘-"I:]EI + M['r'z?.u}d":i

+ My, [, —m leler, — )i,

+fLegusa,  Liedea, ]ﬁf'rt‘

‘ol )
M| Lslor, — &)+ v, v Los(er. — : s g
[ il 4 = mﬁxﬂﬂ: h_,J
[ 6L F e
Hll'{[:":- b Lys(e; _JB}H = "‘-P31+m;ﬂ:[ﬂ‘l} —at, ) —= i,
R -, gl

i
2

der.

-,

LR}

+Mlea X, + sa ¥, —!-_,r,i.-luhﬂa—y_,ci;l

+2Mlp o+ 7, D - rip - 7.0)a,

=pllsa;,  piee.|
@2.44)

where s & ¢ letters denotes sine & cosine functions respectively, Ly denotes the total
boom length (L;+L,), and M iz equal to the sum of the pulley and pavlcad masses

(AM—trty+m3),




Chapter three

Linearization and state space representation

In chapter two, the nonlinzar equations of the system (2.44 & 2.45) were obtainad,
and since we are fiterested m the lincar model of the system, Egs. (2.44 & 2.45) are
Lo be lineanzed using Taylor senes expangion, and then state space of linear system

will be developed.

3.1 Linearkzation

Sometimes only the solutions of linear systams may be found explicitly, The problem
13 thal general real life problems may only be modeled by nonlinear systems. What
happens around an equilibnum point remains a mystery so far Here we solved the
problem, and the main 1dea 15 10 spproximate a nonlinear system by a linsar one
{around the equilibnium point) using Tavlor series expansion. This decision comes

after making sure thut nonlinear terms has small negligible effects on the system [1),
In Taylor series expansion a nonlinear function 77(7, . 7... j. ) can be expressed as

Il =y
e o, +ztr AJ; + higher order terms (3.1
= P
= £ g

where OP represents operating point (equilibrium pont), which was derived in
chapter one. A linear approximation can be obtained bv neglecting the higher order

terms.




Chapter three

Linearization and state space represenintion

In chapter two, the nonlinear equations of the system (244 & 2.45) were obtained,
and mince we are interested in the linear model of the system, Eqs. (2 44 & 2.45) are
to be linganized using Tavlor series expansion, and then state space of linear system
will be developed.

3.1 Linearizition

Sometimss only the solutions of linsar systems may be found explicitly. The problem
is that general real life problems mav enly be modeled by nonlincar systems. What
happens around an equilibrium point remains @ mysterv so far. Ilere we solved the
problem, and the man 1dea is to approsomte a nonlinear systam by a lmear one
(around the eguilibtium point} using Taylor serias expansion This decision comes

after making sure that nonlinear terms has small negligble affects on the system [1].

In Taylor series expansion a nonlinear function F(7,.7,.. J, ) can be expressed as

7 AR
o lon gy
=

Af; + higher orderterms (3.1)
G

where O P represents operating point (egulibrium point), which was derived in
chapter one, A linear approximation can be obtamned by neglecting the higher order

terms,




Then the linearized model corresponding to Bq (2 44) can be expressod as

+ ML, +7.,° A,
! mzf["‘ﬂ-"'[.”m =0y ) — Fuldy, - o }}‘5"}:‘:
+M |- rLaslin — B) = Lolslas — ) ¥a” o
+ M IJY.'Iu;r 1 ]ﬁj'
M 5
. M|-_Lm‘7-’5"’{5u @i ) —lopl pelay — ) .:lﬁc:':
|= Prodesa (@ — 8, ) — Faledda —F)-
Mr Sy — ¥y JAR,
M[f‘zn'f"a:o - rjf-‘k.a‘.?ﬁ]‘ii}ﬁ
- Mgk, sina,, + k. cosa., )Ap
Melk, sine,, +k;cosay, )AL
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and the limeanzed model corresponding to Eq, (2.45) can be expressed as
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+ "'21"5'5'3: + e o AR, + M sP AV, S myged Ad. - poed (3.3)

therefore the linear equation of moton of the whele svétem can be expressed in

matrx form as
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3.2  State space represeniafion

The classical contral theory and methods (such as oot locus) are based on a simple
mput-output description of the plant. usually expressed as a transter limcoon, These
methods do not nse any knowladge of the intenor structure of the plant, and hmr us
to singla-input single-outpur (S150) systems, and allows only limited condrol of the
closed-loop behavior when feedback control is used Modem control theory solves
many of the limitations by using a much “richer™ descniption of the plant dynamics,
The so-called state-space descaption provide the dynamics as a set of coupled first-
order differential equations in a sel ol fermal vanables known as sfale vardables,
together with a set of algebraic sguations that combins the state vanables mtwo
physical output variables.

The abtained linear equanon of motion (3.4) can be written as
M Bi BAS Bi,=K,g+Bu+BA46+8Bx,+B,p,. (3.6)
to obtain the state space model for the above equanon, let

u-M.q Bu B4 Bx, (3.7)
2, =M. g—Bit— B, 45 - B.i, (3.8)

then the slate space squations, comesponding to the current equulibrium point, can be

enpressed un vactor form as

s=Az 1 Bu EAd | Fx, + Np. (3.9)
whera

z=lz =[] (3.10)

denutes the state veclor of order 4+1, and




:1—_ v | A1l
| kM, 0 At

- ¢ : J (3 12)
_HJ 'KuMu ﬂ!

represant the corresponding system and inpui matnices respectively, and

E- i (3.13)
B, K, M'B.
i
N= (3 14)
H
0 _
Fa= . (3.15)
_Ha_f-::’“u H'_-

represent the disturbance matnces due to ship rolling, ship motion i the x and y
dirgctions, and distwrbance foree acting on the payloud respectively, Here M 15
assumed to be non-singular,

In view of Eqs. (3.2, 3.3), the initial conditions of the states can be expressed as
M, 6 g [B 0] R0
i { 0 MJ.@[E}J [ﬂ B.H»‘-WJJ
[BI 0 HM{-‘JJ] "E. ﬂj||:xu_{ﬂ}i|
¢ B L"M;{ﬂ) L8 B, || x(0) (3.16)
The displacement vector ¢ can be abtained from Eq (3 2) as

qg-M, 'z +M,)Bu-M'B.45-M,'B.x,

—[M;' Olz+M,'Bu+M, B.A6+M,'B.x,.

(3.17)




System output can be wiitten as

y=Cz+Du+ E A5+ F x,
where
C=[M;

i5 the ontpur matrx, and

I=M,'B,
E, =M;'B.
‘F:l —ﬂf__.' B &

(3.18)

(3.19)

(3.20)
(3.21)
(3.22)

represent the mput and disturbances (Ad x,) direct transmission matrices

respectively Here the rolling motion of the ship Ad 13 assumed to be measured.
When we linsanzed the nonlinear system the cocfficionts of ¥ became zeros which

means vy has oo efiect on the ship crane system in linear operations, but it has small

effect in nonlinear operation




33 Simulation results for the linear system

Simulation of the linear svstem 15 performed using MATLAB program, this 15 done
by wnting m-file ond building a simulink model that represents the hinear model asin
Fizx (3:1).

po= ¥ | S = |
i'.r
A
it B it R R
dakta row G e E Integratort e i
deital SFEET] ”-—-—u{;‘.-;-.—»f —w_an:}—r- real syslem
delte O 7 ] Bl
R I
o bk
| o
e | a
E"u-+_. |I

Frgure (3.1) stmuhink model for the real system
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3.3.1 Dizcussion of simulation results for the linear svstem

Starting with Fig. (3.2) in which the system 15 proposed to the imtial condition
@ (0)=1 rad, we van see thal the system starts (o oscillate continoously, and this is
correct since no damping is considered in modeling, Also we should notice thal Ag,
keeps on the oscillation within the range of [-1 1] rad, while A#; oscillates within
lower range, that because the initial condition was proposed © ¢, and @ moved
dux to the effect on ¢, System cutput Ay, oscillates within positive range which i1s
completely correct because if we tmagined that pulley and payload starts to oseillste
dug o the immtial cendiions 1n Fig. (1.2) the payload wath (x20%) as reference wall
have positive and negative Ar., but Ay, will have only positive value because it
moves up the reference and return back to reference then move up apain. In Fig (3 3)
the inthal comdition is velooty mwven for @& then syslem oulpuls must start

oscillation from zeno.

Figs (3.4, 3.5 and 3.6) show the response of the system when proposad to the
disturhances Ad . Ax;, and p, respectively and all disturbances adl with frequency
close to the eigenlrequency of the real lingar system. the behavior is beating since
the disturbances has fraquency close o the eigenfrequency. In these fipures wa just
need nutice how large 15 the amplitude of the system o=cillation wathin a small rangs

of ime,

It 1= clear From Firs (3.7 and 3 ) that the behavior of the system is resonance sinca

the disturbances has frequencies equal to the eigenfraquency of the system, and thus
pertorm the exdreme dangerous on the svstem.




Also trom the simulation results of tha linear real system we can ensure that the
mathematical model of the linsar real system is comeet, since it gives reasonable
response of the system for all effects that acted on 1t By this conclusion we can

move to the next step which is the controller design




Chapter Four

Coniroel system design

This chaplor presents the ohserver and controller desipn in order fo minimize the
parillation of the pryload which ean be induced from ship rolling or from any ather
disturbpies that canact on the crane during the cargo trensfer operation: When the
frequency of the ship rolling or any other disiurbance s closs W the eigenlrequency
of the crane for o penod of time, resonance will occur and the oscillation of the
pavload can grow toa dangerous level even with small amplitude of the disturbance,
‘This meens thai, if no conirol 1= used, the operation of the crame should be
suspended, This control problem 15 explained in detail in this chipter.

41 Test for confrellability and uhservahility

BRefore starting with the controller design, one muost check the controllahitity, A
limear system is said to be completely controllzble if, for gll mitial times r, and all
mitia] states ={t, ), there exisls seme inpul funclion that doves the stale yedlor Lo
any final state z(r,) at some finite time f, > . Conirollability of the system 135

determined by matrices A and B.

41.1 Conmroliabillty test

There are dilferent tests o check the controllability of a physical system. Here we
will use the conmrollability mutrix o detcomine systom controllability, where the
controllability metnx of 4 lineer sysiem iy defincd 2¢




C=[B AR A°B...A"'R] {.1)

where o 1s the dimension of matrix A, kere contrallnbiliy matnx must have full row
rank s0 the system 1o be controllable,

If we return to the ship crane model. the rank of £ should be lour, to ensure full sate
controllability of the crane. Becanse we have four sfates! two stnles for position and
another two siates lor velocity, applving this method to the crane frodel results in

Rank[B A8 AR A'B] —dim(z)=4 (42)

which means thet the system is completely controllable, and the stale feedback
compensation method (stale feadbhock control) ean be osed w contral the whole

syslem.

Belore starting wiih the design of'a comiroller we must be sure, with the availability
of all states, here we have two availuble (measured) states, using two rotery sensors
for Aa, and A¢,. To avoid buying another expensive two sensors to measure the
velocities we will design & maithematicel model cafled cstimaior (obscrver] which
esimates the two yelodly slates, and exlends the model to estimate also the
unknown disturbances,

4.1.2 Observability texl

Analogoogly, a liner syslem ig suid 1o be completely observable il for all mitial

times r,. the state vector =(7, ) can he determined from the outpul function, defined

over a linite time 1, > f,;. Consequently, observability myelves the matrices A and C.

Always before sarting with the observer destpn, we should check the observability

ol the system, by finding the rank of the ahservability matrix that defined as




L3

cA
o= c4? {4.3)

I-FA. :_

ind it must hay [l rank {rank (@) =) Foran observable syslem. Applying this test
on the ship crane model we will gel

C

cA
Rank g -4 f<.4]

cA'

Thiz means the system is obsarvablz, ar we can determing the state vector from the
outpat fincrion, we have all ststcs availeble by using thiz estimaror o estimate all

Alales.
42  Control system design

In ¢rder o design a state feadback controller two methods can be used pole
plavement, and vplimal method. Pole placement is reguired o assome the poles
anywhere in the left holf plane, but alwayz in thic method, we heve a problem in
idemifying the desired locntions of the controller poles, fs o bunt the location of the
poles of the observer should be further o the left of the contreller poles, we will not
wse this method to design a contreller, but we will use another methed called optimal

method, which depends on minimizing of the energy squation

[ " Rufute (4.5)

where {) and R are svmmetric positive definite weighting matrices for the stafes

and the inputs respectivaly [17]




43 State and disturbance estimation

For the design of an optimal stawe Fedback centroller, all state variahles must be
eviilable, In mosl cases, as it §5 szen in the ship crane under consideration, aot all the
sizte variables are measured since the required sensorz are nol available due o
gconomic or praciical reasons, Only 2 out'of 4 sates can be easily messured In
order 1y récanstruct the entire siate vectar £, a suitable observer can be designed g5 a
first slep 10 renlive optimal stz controller design if the relatod conditions for
epplications are fullilled. Since the siete sppce model of the crme conbims the

unknown disturbance fores p, and unknown disturbence x . (sea motion in the x-

direction), the state varighles and the unkmown disturbances can be estimated by
using a special observer design able to reconstruct system stales in presence ol
sddioms]l unknown effécts acling on the sys=iem. Here 3 DProportional-Infepral
Cibserver [PM-0bserver) 1 used. The struclure of this Observer 15 shown in Figs (41
& 4.2). The estimnoied staies are represenied by the equations

Faq,

=Az+ B+ EAS + Fxg + Npy+ Livy —Fa) (4.6)

gnd the unknown dislurbances ore reconstructed by

ES - -
P =G +Liy, —».) 47

-E.r; =F!iﬁ' +L.y, _.i } 4.8)

where ;m i5 the output of the ochserver, L, L end L, arc the ohserver gain

mzirices o approprizie dimensions. Due W the difficalty of finding 2 ssmple hingsr
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misde] thal can 2dequately describe the unknown disturbance, which is principally
unkmown, g suitsble design procadure is necessary. Since any comtinoous signal can
be approximated by a train of step functions, a praciical choice for the linear model
corresponding 1o the estimate of ps and re we s step approaumation, or . =[0]. and
7 = [0] here G, i of prder 121 1 the sipnal is fax then the abezrver dynamios
should e alsa fast for the approximation to hold. Since the main sxpected canse of
P the wind force, and the main expected of xp is the see wave's motion, which

wsuully have a low irequency. the dissurbances can be estimated adequately without
the noed 1o use & relatively high gain approach. Therefone, the modilfed extemdad

model can be writien g

s | 4 F N E L
5 |=|le @ 0 <0 As+| L, ly— 3]
|l 10 0 G ] E
. . . ] 4
E_! Ay ‘e L.
i 4 15 45 AL ik
] Gah fx1 DHx3 6] Ox2
y.-lc £, 0% [tOntE A5 (4.10)

Ce Pi
This model gives the base for the PI-Observer development [22, 12, snd 153] T is

necessary that the extended syvstem iz whsorvable, and
(4.11)

f—A ) _
"ﬂﬂl[jf C ']Zd'ﬂll:il-rdim(p:l+d_u:|1:'__xlr)-_q.+1+l_u
is satisfied for ell cigenvalues 4, of the system. The error dynamics of the extended

observer can be expressed by




é={d.—LC. Je- J[‘] (412)

i
where
e=|p|= |2 (13)
v \E.

denctes the emor vector of the extended observer, and

,-|?
=l L. (4.14)

represents an input matrix 1o the error equation. It can be seen from Eq. (4.12) that ps
and - tend to produce o nopzero steady slate ervor vector. This lemdemey s
considerable: if the disturbances signal ceming from the wind snd sca waves
represents a Fast dymamics. In reality, sea waves motion and wind elfects acling as
disturbances usually have low frequencies, which means that the effect ol their lime
derivative on the swor equabion 15 not significant especiglly if the eljgenvalue of the
error equation comresponding (o the estimated disturbance 15 very fasl in companson
o the remaining eigenvalues, There are many different design techniquss used 1o
design thy observer gin matnices, Hore the guins are found by minimizing a lincar

quadratic performance index, which lzads to selving the algebraic

AP+ PA 1+ 0, - PCIRIC P=1). (4.15)
The: gain mahna of the observer s ealeulated by

L=PCR {4.16)

whore @, amd K. wre wymmelric positive definite weishring marrices for the

exiended states und the megsuremenis regpactively,




Ume importsnt poinl 1o be mentionsd here is that the estimation error comresponding
to the last twa stares (disturbances) hes o be weighlcd much more than the other 4
states, 1.2, the ohsgrver cigenvalues comesponding 1o flas) two stotes should be far fo
the Tefl of the other cigenvelues in the complex plane. All other eigenvalues are
weichted such that the observer is asymptotically stable and sufficiently faster than
e roal pasgive system. This puarantess that the observer srmor converges to zerd in
real time, which means that the estimates converge to thair real values in Teal time
and are ready for the implementation of an optimal siate feedbeck controller. this
strategy s successfully used for Faulr diapnosis of lange svstems [22] and other

engingsring applications [23,12]

Simulation results foran actoul dislurbenee signels p, and oz, in additon o the

actunl displacements [Ag,, Ag ) are shown together with their estimation valuzs in

Fig. {4.3), Here the resulis are hased on the dimensions of o scaled test rig
hoom length=3m, I, =0.5m, 1=0.5m, .ﬁ',:g.m::Skg subjected 10 the

disturbance foree p, end x. with nonzero inftial condition, The initial conditions of
e observer are get 1o zero pnd the gomwal tnitiel conditmon vector of the onginal
gyetem is characterized by, (0)= 307, Mote that the error of the observer due © the
difference in the initial condinons will appear in the first secomd, and the obierver

estimates the disturbance and the statzs very well In Fig. (44), the pavioad i
subjected to 2 distimhance force and dislurbenee =, of vanable frequency. il can also

be noted that the observer gives an accaprable ectimation of the disturbances.
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4.4 Varinble model prublem

It is clear from Fgs. (415 And £.16) thet the observer gain matrix L. depends
directly om the extended systom matrix A. o sddition Lo the measurement mattix O,
which represent together with the weighting matrices (4, and K, the parameters of the
Ricatti equation. In addition, the muink A, dspends on the system mairix 4 which is
governed by the masz matrix M, and the stilin=ss matrix K. Since M, and K, are
calculated at the current equilibrivm point, which varies with the length of the cable

L; and the boom luff angle g, , durmg crane operation, the value of L, and g will

change. which means thar we don'l have ‘a unique operating point at which the
ophserver gnd controller gpins can be designed to cover all the operating region,
Therefore. the observer gain matnx L. should be updeted according to the cwrent
operating point, this leads to the concept of developing a variable-gain extended
obsarver that can vover all possble operaling pomls of the osne. To =inplify the
desiym of such an vbserver sl 1o redoce the mathematical compulations that can be
involved in repenemting the prin matrix £, the lenpth of the cable is divided into
two ranpeg and the Tofl angle wodivided mto two ranpss 35 shown in (Fip, 4.5.a),
where for the xcaled model under consideration, the Iength of the cable {in meters)
and the lull sngle (in degrees) are divided sopeh that Ly, = 1 +r, =0, 1. 2 and
=10 E=0 L2

Thig results in 2%2 - 4 aperating regions; each operating region is characterized by
an integer number i that governs the calculation of the corresponding gain matrix L,.
Thig yiclds that, the opemtion of the crane is covered by dilferemt observer gain
matrices L. The switching between thase gaine takes place automatieally aceording
1o the owtput i of the region finder Fig. (4.6). which usezs the measurements of the lafT

angle and the length of the cable 1o detect the gurrent oparating region,
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Fipgure (4.5 Operatmg region Rii) with
gams on the eommers O, & A, and 7

In figure (4.5.h) every comer is denoted by symbel, where O denotes the lower left
comer, & denotes the Tower right comer, A denotes the upper lell comer, and W
denotes the upper tight cormer, While x & y denotes the local coordinales (or the

mpion 1, the peed for these symbols and local coordinates will appear in the
interpolation of Ihe gains inside every region later in this chapler,




Operator setting

6B (L)

Rolling Crane system
Ad

5

Extended variable 1)
gain observer

|

Hegion finder
R

|

14 | Variable gain
‘ controller

Estimations

Figure (4.6); Block disgram of 2 contred system




45 Controlicr design

Beturning back to the chapter 1 1o remember the considered disturbances aciing on
the system p A8 3, and v which denoie wind lorce, rolling disivrbance, and the

mition in the x & y directions respeclively. Since A8 was sssunted to be measured

and py and i, were estimalod, v after linearization became equal to zero, which

means it has po effect on the system, we can compensate only for these disturbances.
Beside those disturbances we will compensate for system states using state feedback
contrel for the crane. Therefore the contral input & decomposed into three parts,

U=yt sig tHy (#.17)
where wy and w, . denotes the chosen control inpuls that compensate or act againg

ihe disturbances A . x.and p, Tespectively, and &, is chosen to provide the optimal

control for the crane using sfale leedback. Then the control inputs expressed as
Hg = *—Hﬁﬁﬁ

"-‘h‘ F—EIEI(;

u, ——K:2 (4.18)

where 5., 7. and 1 arc the estimated states obtained from Bq. (4.6, 4.7,4.8).

460 Defining conirol gainy

In the previous section, we agrecd that the control inpur i can be writlen a3
w=—K b6 K, . -K3 (4.19)

Substituting Eq. (4.19) value in Eq. (3.9), yields

i=|(A—8K )z+(E-BK)AG+(F-BEK_ )z, (4.20)




50 as a first thought fo find ihe value of disturhances goins thal makes the terms

which include the disturbances 1o vimish or become wero, 22 ollow

E-BK,=0
F - BK == L d_:.',l.l
This solution can performed using algehraic techniques to avoid (he inverse of non

gquare matrix B, any way this method will not give a sstisfying resull, so another
solution must be performed

The methad that we will perfurm depends on the act of control mputs mentioned in
chapter one Ap , AL, and A} When disturbunce act on the systam how should these
contral inputs 8¢t or work i order to keep the posilion of the pavicad seady

(Ar. =0 and Ay, — 0. thie is done using partial derivation, as we will see nest.

46.1 Defining K ;

The rolling motion of the ship affects the payload throngh the structure of the cranes,
this tends to disturb the equilibrium posilion of the paylead as demonstrated in Fig.
(4.7) It iz elear From (hig fgura. that a small rell angle Ad produces a large shift in
the equilibrium position of the payload which induees the unwanted pendulation. The
idea behind static dismurbance compensation is to find an input vector proportional 1o
the rolling disturbance that can maintain the position of the payload in plage as much
as possible, This can be achicved in three sieps #s shown in Figs. (4.8-4.10). In the
first step, the luff angle Ap is employed to prevent the bovm from changing its

orientation with respect to the homzontal referonue by mainlaining = ;. In the

second step the coordingic of the payland is recoversd by displacing the position of
the lower suspension point thirough A In the third step the errar in the y-coordinate




s climmated by changing the length of the upper cable through AL . these three Siep
have to be executed in paraflel (3 the same time). To find the numerical vilues of the
corresponding three inpuis, set the chznges in r, and v, resulting from molling to be

seny, ke,

- , . i ( 'r_lr -
Arsy = 20 a5 4 Fr20 AR+ 220 5 2 AD 4 dx2 Axg=10

35 I'-I"f‘.j H.I. il a.l',:
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A B AR —— AR —= AL s Sl A A A 412
L =0 o e ety i

The condition S=8, can be Mulfilled by setting AfJ=0, and aschieved by

sciting Ap==Ad _ and then the Eq. (4.22) can be wrillen in the matrix G s

P 0 i Ap { 1
U fx, /ol de oD || AL [=|Gr /98

[n dy,fak dx.faD || A | dy, a8 423)
3 =4 W, .
Ay A, B,
Then
Ky=A5B; #2248

Simulation resulis for comrolled &nd uncontrollad sysicm under the effes of A5

with smplitude 3% and frequency close to the first matural fraquency of lhe sy wre

shown in Fig. (4.11), in this figure we scc the Lwo responses of ihe twe T




Tigure 4.9: Compensation through A% Figure 4.10: Compensation through Al
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4.6.2 Defiming K,

The motion of the ship in the x-direction uffects the puyload through the struciure of
the crane; this tends v disturh the cquilibrium position of the paviosd ac
demonsirated in Fig. {(4.12). Ti is clear fram this figure. that any shill Av~ produces 2
similar shift in the equilibrium position ol the payload which induces the unwanied
pendulstion. Here we will do the swne as in rolling disturbance to campensate for the
x-direction motion by siatic disturbance Lempensation. bot this time it ¢an be
achizved in two steps a8 shown in Figs, (4.13-4.14). In the first step the coordinate of
the payload is recovered by displacing the pasitivn of the lower suspension point
through A7 . In the second step the error in the v-coordinate is climinaied by
changing the lemgth of the uprer ¢eble through Al | these two steps have 1o be
executed in parallel (st the same time) To find the numencal velues of the
corresponding three inpuls, set the changes in F2and s resulting from rolling to be
510 35 10 the previous suhsection Eg. (422), then the resulied equallons can be

written in the motrices form corresponding o the disturbance Ay, as,

i..ir__; .r'.':il,.". f]_:j Jj -:-i:'ﬂ AT ! i'h'z .-’n-r-J.: o
-':-|Jr'E JdL *'J_“lr'z fdB -Mi -_']._L':! / .-1-.{., | (4.25)
s "rﬂ. ¥ o
Then,
[ @
K .= ; 4.26)
’ A EpT xg

Simulatien resulls for controlled and uncontrollsé svstem under the effect of Ax-
with amplitude 10 em and frequency close 1 the natural frequency of the: sysiem
shown in Fig (4.15)
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Figure(4.13% Compensation through AD  Figure(4.14): Compensation through AL
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463 Defming &,

In the pravious definitions ol controller gains K, und K, the compensalion were
due w the disturbances effeci, but in the design of K . the compensation will be fora

nonzero initial condition that expecied fo act on the system, or due to the wind foree

#2140 bedf weathers,

Returning back 10 Eq, [4.20),
I=(A BK ):|({E- BE A (F —8BK, iz

In the calculation of K1t is wanted for the new System mairiz | 4 B& )to have
eigenvalues with nagative rea| part 1o provide more stahitity for (he System, but these
eigenvalues limited by the actuators of the control inputs, then it shauld not be so far
lo the lelt of the maginary axis, The value of state leedback gain matrix K. con he
valculated ue,

K =R'B7p (4.27)
here P represents the solution of Riceu equation [20, 11] thal we saw in Lg, (4.15]
AP+PAT+Q -PCTRC.P=0

where 0 und K are svmmetric pasilive definile weighting matrices for the states
and the inputs respactival ¥ [17] Eigenvalues of the system depends on the numerical
structure of these malrices, und then the crane system will perlorm the required
behavior of the dynamic Tusponse. Since we use the value of the estimaled states
Irom the PI-Observer it 15 fecessary 1o the observer 1o be faster that the rea) AystEm,
thig is achicved hy placing the sigenvalues of the observer farther 1o the left of the

vigenvalues of the vonirol Syslem ol the crane madal by making the require( tuning

10 the structure of @ ynd 8 malrices,
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464 Discussion of simubation results

From Fig. (4 11) we can see the effect of rolling vn the payload. which make the
payload to resonste and to have large amplitude within smoll ranges of fume, bot the
controlled gvstern has nearly no oscillation which means thet the controller brought
the payload performance to the desired performance. In Fig (4.15) the elfect of =
direction disturbance x; appears clearly specially when it has frequency close to the
eigenfrequency of the system, but when the sysiem is controlled it has oo effect on
the position of the payioad even when it has frequency close 10 the sigenfrequency,
something should he noticed that the performence of control inputs Ap. AL, and Al
is a conlinuous performance since this disturbance s continuous. Also in Fig. (£18)
we can sse that the controller suppressed he oscillation of the paylead under the
effect of inital conditions, and the conirol inputs come (o rest when the payload

come Lo e rest.

4.6.5 Controller observer configuration

Afier defining the previous coniroller pams which were, Kyand K, . and

defining the vhserver gain mamix L, then we noad to conneet the configuration of
observer that ohserve all stmes and disturbance s well as possible 10 the
configuration of the contioTier thet can reduce the vibrations in the crane model and
raject any external disturbanee, the simulink configuration of thix is shown in Fig.

{4.17). From this simulink structure we can see the real system controlled by state

{sadhack contral, in addilion te same controller can be used W cancel the effects of
the unkmown distrhances » and xz which can be estimated by using this
configurztion. The error signal is the differcnce between the cutput of real systom
and that o[ the cbserver.
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4.7 Hobustness

A siable closed loop feedback control sysicm is said 1o be robust with respect 1o
stability 1l 1l remains stahle after some changes have heen made in the physical or
control parameters of the system. In addition, if"the system still fulfills a given level
of acceptability of a specific perlormance criterion such as damping or setling time,
then the system is seid Io be robuost with respect 1o its performance [5). Since we
have variable model system stability should be smdied during the aperation of the
wystem, 80 nol Wocome inlo an operging poud e system is nol stable or close W
insiubility region i this opereting point. Accordingly, the used coowel strategy 15
besed on dividing the opereting peremeter space meo 4 uniform regions; each region
uses a different controller-ubserver gain sel. The siee of the negion i limited such
that the stabilily and pecformance robusiness of the closed loop control system are
ensured over the région. There are many methods to check robusinzsg aver the
operating region: in the erune under congideration, robustness @ punmmnleed wch
that, forall operstimg points mside cach mdividoua! region, the dommant cipenvalucs
ol the closcd Toop system remain in the peighborhood of ther nomimal values that
corresponid 1o the caleulared gain of the eontroller:

But gt which point ingide each region the gain should he calculated, 1o do s we wall
gonsider the region B4 shown in Fig (458 & 4.5 h), and as (sl el we will
eonsider that thie repion is covered by a constant g2in controller and a constant gain
observer, and asdunie that the gein marriy s caloulnted at the center of the region,
ie., the obzerver gam matrix and the comfroller pain malrix are calcolatad ar my =
(4375732 = G60° and Ly = (LystLg9)2 = 2.5m. The weighting mairices (F and R are
selecied such thut, sullicien) damping s created in the crans with adegunte relative
stebility for the actuators constraint | u = max(u) . The current eigenvilues of the
closed loop system ure obtamed by sulving the polynumisl A1 - A+ BE; | = 0. Since




A and B vary with the currenl operating point (Lo, fu) insicde the current region, the
cigenvalues alse vary consaquantly.

The locus of the wo dominant cigenvaluss (A and ;) duz to the variation in Ly and
pi wre shown in Fig. (4.18); the nominal values (design vitlues) of Ihe dominam
cigenvalues are denoted by black hold * and the valuss ot the lower left and fower
right corners of the Togion are denotied by O and ¢ respectively, and the values at the

upper left and upper right comers are denoted by A and ¥ respectively. The shaded

blue regions represent the locus of the dominant sigenvalues for all possible values
of m and Lo inside R4, Ttcan be easily recognizid that as the aporuling paint muves
toward the lower right corner of the region (L increases and po decreases), the
eivenvalue &4 become cloger to ils imaginary axis, which means that the crane may

lose # considerable percentage ol ils ralative stability with & reduction in the damping

TALID.
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Figure (4.18): root locus for system in the region R4, design point considered at
the center of the region
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This result lead 1o change the design point inside B4 1o be the lower right comer,
since the poles ul this poinl comes o close to the imaginary axis, In this case, the
locus of the dominant eigenvalucs are shown in Fig. (4.19). It can be sean that for all
possible aperating points inside RA. 1l (he eigenvalues of & lay o the lefl of its
nominal value; this of course improves the vomespondmg relative sthility and
dumping rutio. Bul, in the region of & we notive that the lower right eperating point
moves 0 the left of its nominal value, (his sigenvalue some of its rolative srabiliy
with 2 considerable reduction in the damping ratie Therefore, neither the center
point nor the lower right corner of the region can pive a sabsfactory selection of the

design point.
18.5,
= s
E
w‘is e R
2

b ()
_in

Re (4z)
Figure (4.19): mat locus for system in the region K4, design point censidered ai
the lower right carner of the region

Tu overcame this problem. the observer and the controller gainy should he updgiad
cominuously {nog #epwise) imside the operating regon sccording o the current
{instantaneous) value of the poir Lo and po to preserve the damping ratio and relative
stability over the region. In this way, Ihe gains are caleulbled at cach mdividupal
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comer ol the considerad region; the weipht matrices are chosen 10 produse nearlv the
same relative stability and damping a1 each comer. and =ach corner gum shouold
provide & stable aperation of the cranc for all pussibls Operating poimts inside the
region. “The wral value of the cantrolier gamn, cotresponding 1o the current Operating

point, is described by the 2.D mlerpolalion polynomil
K=K (xzl=k rhx+ L (4.28)

where x and v denote fhe local coordingte axes of the ragion us shown in Fig. (4.5.b},
and &y, ks denote the polymomial coclTicient matrices, the numerie| values of the
these coeflicient matricas depend on the gaing associgied with the comers of the
region, Each corner gaim is sssumad o sulisfy the piven mierpolation polynomial;

therefore, the cocfficients of this polynomial can be caleulated from Eq. (4.28) w get

K(0.0)=K, —k =k
K ALO) =Ky s o=k — K,

.ﬁ.“; l_l],l_' =¥ -ﬁ:j—-r.lﬁ ;= .E-q_ — K

l.-;[].]'i'=£? -ﬂ'u“.h":r-'-f;—'.ﬂ.'.—li. |42q‘|
Substituting Eq. (4.29) inta Eg. (4.2%) giver

K= (1=x=3 AR i — K 4 Ly —xe Ky | [xv)ke (4.30)

also comesponding valie of the extended observer pam mairix can be expresscd as

Le=(1-2" p4 )L+ (g~ Mo | (3= xy)la ¥ {ay)lw (4.31)
and the rolling disturbance Vompensaor goin matrix is described by

K= (l—x 3 K + (= Ry | (¥ —ap)Ba + (xy) e {4.32)
fnally the x-direction disturbanes COMPENsator gam matrix is described b ¥

Kz = (1—z— ¥ ..:I_:.'].ﬁrlt.‘l_- stex J.'J.-'Il:l'.':-‘. . F=xvlKxe, + (v IR [¢33_J

&0




This includes that the guins can he updated continuously according to the loenl - and
reoordinates of the current operating paint. The locus of the dominani cigemvalnes
carresponding to R4 is shown in Fig (420). Note that the hlye regions of the
domingnt eigenvalues are vonsidimably contrectad Therefore, the relntive stability
and the damping property are preserved for ull operating points inside the T EICHL.
Another significun advantsge acquired using this interpolation method i« that, the
problem which may appear due to a stepwise change of the controller giam botwesn

two difforent regions is avaided
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Figure (4 20): root locus far svstem in the rogion Ry using continuous Ein
method

Now we want 1o apply interpelation to all regions Rii.l5Ry, Fig (4.21) show the
locus of the dominam cigenvalues based on the contimious geim methad For 20
wimissible equilibrium peinfs inzide the entire working space of the crane ¢ for

the contral law covering the 4 operuling regions. 1 can be recognized that stability




andd damping propartiss are fylhlled, The previous plots arc based on the nominal
value of the payload miass, ie, ma = Skg.In practice, the payload mass is uncartnin;
it depends un the cargoe bemg hoisted snd may vary within a known mterval.
Therefore, the crane must be also robust varying values of the payload. Tn Figs.(4.27)
aml 4.23 the regions of the dominam eigenvalucs ure plotted for entire working space

of the crane fiw tow dillerent pavioad mass nts €[0.51.5]m,;,. Note that the stability

is (ulfilled for all parameters under considerslion.
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Figure {(4.21 ) root locus for svstem for all admissible Operaling poinls usmg
continuous puin method |, Map—S ki
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4.8 Simulation resalts for varinbie model
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Figure (4.24 ), Variable cable length and varisble luff angle with initial condition

#2(0) =1 rad, comroller is turned on ufier 10 sev,
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3 )t Variable cable length and varigble luff angle with initial condition

@2 (0) = L rad, controller is wrned on after 10 sec.
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ol trequency close to the sigendi SqUEncy
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Chapter five

Summary, conelusions and recommendations

5.1 Summary and conclusions

The tull nonlnear mathematical model of a ship-mounted crane equipped
with Muryland Rigging is derived The obtawed mods| describes the dynamics of the
pavload o addition to the dyvnamics of the pulley i the plane of them. Taylor series
expansion method is ulilized to expand the model about the current aquilibrium point,
which varies with tha length of the upper cable and the luff angle of the boom. The
higher order or nonlnear terms are collected in a separate vector in the right hand side
of the governing differential squations. Simulation results showed that the higher
order tarms has no considerable contribution in the dynamic responss of the crana and
pavioad [1] Therefore, the linesr model is considerad to design the model-based

controller,

Smce the model is linearized abour the current equilibrium point which is
dzpendent on the cable length and the hufl’ angle, the dvnamics of the {payload sand
pulley) are described using a multi madsl approach: each model ie valid only for a
specified equilibrium point and therefore for a defined region in the neighborhood of

the equilibrium point

The length of the cable has been employved (0 compensate for {he vertigal
displacements of the payload. Changing the position of the lower suspension pomt of
the upper cable gave a significant effect in controlling the horizontal vibrations of the
pavioad. Therefore, this improved the controllability of the crape significantly when

compared with these cranes with fixed suspension paints.

Observability and controllability are svarantesd using two measursments and
three control inputs. The states iy addition to the disturhances acting on the payload
and the whole ship. which were the force and s2a waves motion i the x-direction
respectively, are reconstructed by a Pl-Obsarver. Three contrullers are run in parallel

0 suppress the vibrations in the crane and payload. the first and second controller are




the rolling disturbance and sea waves motion i the x-direction compensators: they
prodice an mput command proportonal to the messured ol anpgle and x
displacement (i prevent the sea motions lrom transnutting to the pavioad through the
structure of the crane. The third controller 1s an optimal stats faadback controller
basad on the slates reconstructed by the Pl-Observer: its duty 15 to create the
necessary damping (o dampen out the vibrations dys to other effect as nonzern initial
conditions or disturbance forees acting on the payload, it 15 also responsible to
suppress the vibrations caused by operator commands (hoisting and lowering the

payload),

A variable pain obsarver and 2 variable-gain controller are designed to control
the crane which representad by a multi-model problem: the numenical vaiues of the
gans are updated in real time according to (a) the current operating region. which is
determined by the region finder, and (b} the location of the current operating point
mside the current resion. Each operating region has four corners, and each comer has
its own observer and controller sain set The actual controller and observer Bains at
any pomnt mside the region are calculated using 2D interpolation polynomial this
ensures a smooth operation of the controller and preserves the stability  and
performance robustness as demonstrated using the root locus method In addition.
transition of the controller betwean different operating regions takes place gradually
and in a smooth manner because any Two successive régions have a2 common adge of
two commeon nodes. This guaranteed that no step change in the gams oceurred and
therefore chaltering in the response is avoided sumulation results showed that the

expressed control stratapy has 3 significant effect in suppressing the vibrations in the

crane for different values of the payload mass




5.2 Recommendations

For future works and further studies, we recommend the follo WINE:

% Include the dvnamics of (he actuators im the model

© Extend the mathematical modal to include tha syt ol plana molions.

Consider the boom to be elastic.

%
+ Include the nonlinear terms m the model and use nonlinear control
@ Alernativelv, use the Pl-Observer to estimate the no nlinearities

compensale their effacis

and
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