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OPTIMAL CONTROL OF THE VESSEL MOTION PROCESS
AT THE BROADSIDE SLIP

A.A. Omenvuyx, I'.B. Pyoakosa, O.B.Ilonuéoda. OnTuMajibHe KepPYBAHHSI NPOLECOM INepeMillleHHsl CyJHAa Ha MONepeYHOMY
caimi. ITig yac MexaHi30BaHOro CIycKy abo MigioMy CyAHA 3a JONOMOrOI0 MOIEPEYHOro CIiila TOJOBHHUMH 3a/adaMH € 3a0e3MedeHHs
PIBHOMIPHOTO pyXy 00’€kTa (CyJHA pa3oM 3 CyJHOBI3HHMH Bi3KaMH) Ta TapaHTOBaHE 3all00iraHHs MO3AMTATHUX CUTyalild. Mema: MeTtoio
po6oTH € popMyBaHHS i PO3B’SI30K 3a]adi ONTHMAIBLHOTO KEPyBaHHS CYAHOMITHOMHUM KOMIUICKCOM THITY CIIIT ISl 3a0€3MeUeHHs PIBHO-
MIpHOT'0, Y3rO/KEHOT0 Ta MOCTYMOBOIO MEPEMIllIeHHsT BEHKOrabapuTHOro 00’ ekty (cyana). Mamepianu i memoou: Y CTaTTi PO3IISIHYTO
MUTaHHSA ONTHMIi3alil OepaTHBHOIO KepyBaHHS CYIHOIITHOMHIM KOMILIEKCOM IIiJ{ Yac CIycKy abo mifioMy cynHa Ha ciimi. Pezynsmamu:
3anpoIoHOBaHO 3MIMCHIOBATH KEPyBaHHS NMEPEMILIeHHSIM BEINKOrabapHTHOrO 00’€KTa HUISXOM Y3TO/DKEHHS CHJI HATSATY TPOCIB OKPEMHUX
€JICKTPOIPHBOIIB 3 ypaxyBaHHAM MOTOYHOI cuTyauii. OTpUMaHO MOJENb Y MPOCTOPI CTaHIB, IO ONMHCYE PyX CyIHA B HPOLECI CIyCKY-
migitomy. ChopMyibOBaHO 3a/ja4y ONTHMAIBHOTO KEPyBaHHS CKJIAAHO 0araTonpHBOAHOI CHCTEMOO 3 (DYHKIIOHAIOM METH, SIKHil 103BO-
Jsl€ MiHIMI3yBaTH BiIXWICHHS 3Ha4YeHb IapaMeTpiB pyxy Bix 3amaHux. OOIDYHTOBAHO JOLIUIBHICTH 3aCTOCYBAHHS METOMIB aJalTHBHOIO
KepyBaHHs 3i criocTepirayeM st 3abe3reyeH st BIANOBIIHOT HaAIHOCTI yHKIIOHYBAaHHS CYAHOIIIHOMHOTO KOMILIEKCY.

Kniouosi crosa: cyHONIAOMHHIT KOMIIIEKC, KEPOBAHUI CITyCK Cy/HA Ha BOJLY, ONTHMAlbHE KEPYBaHHs, IPOCTIP CTaHiB, MaTeMaTH-
YHA MOJIelIb, aIANTHBHA CHCTEMA KepYBaHHSI.

A.A. Omelchuk, G.V. Rudakova, O.V. Polivoda. Optimal control of the vessel motion process at the broadside slip. The main
purpose during the mechanized launching or lifting of a vessel using broadside slip is the uniform velocity motion providing of the object
(vessel with launching trolleys) and the guaranteed prevention of emergencies. Aim: The aim of this work is the formulation and optimal
control solution of a slip type vessel-lifting complex for providing the uniform velocity, coordinated, gradual relocation of the large vessels.
Materials and Methods: The paper studies the matters of real-time control optimization of vessel-lifting complex during launching or lifting
the vessel. Results: 1t is proposed to control the relocation of large object by funicular forces matching of the steel wire ropes of different
motorized drives with account of current situation. The model in state space is obtained. This model describes the vessel relocation during
the launching/lifting process. The optimal control solution of motorized multidrive system with goal functional is formulated. This solution
allows minimizing the divergence of movement parameter values from given ones. It is substantiated the advisability of the use of adaptive
control methods with observer to provide the corresponding reliability of vessel-lifting complex functioning.

Keywords: vessel-lifting complex, optimal control, state space, mathematical model, adaptive control systems.

Introduction. The main purpose during the mechanized launching or lifting of a vessel using
broadside slip is the uniform velocity motion providing of the object (vessel with launching trolleys)
and the guaranteed prevention of emergencies. Introducing the information control system, with a
continuous monitoring of motion parameters and external factors’ changes allow an increase in the
vessel elevation systems’ safety and reliability when moving large-sized objects, due to a timely and
efficient operational control.

While the vessel launching and lifting widely used are such multi-drive vessel-lifting complexes as
the slip [1]. The vessel motion along the slip’s rails should be carried out at a constant speed, without
distortions, at that because of various random factors contributing there is a risk of abnormal and
emergency modes arising [2,3]. Previously designed models used to determine the vessel-lifting complexes
functional modes and parameters are static thus ignoring external random factors, such as equipment wear,
damage and corrosion of structural components, weather conditions impact etc.

In real time, especially in the slip complex critical operation mode, it is impossible to calculate
the optimal control using those existing models. Therefore, actual is the problem of developing a
dynamic model for large-sized objects at the broadside slip movement process, such a model allowing
to analyze the external factors impact and broadside slip parameters’ random changes, as well as to
identify the lift complex multi-drive system operation modes throughout the process of vessel launch-
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ing and lifting. For the “vessel with launching trolleys” complex object motion control it is advisable
to use the slip winches’ electric drive effort changes. The condition of maintaining the uniform motion
without vessel rotation effect can be embodied with a condition of moments and forces equality on
both sides of the base trolley (mass center). Wherein, depending on the current position of vessel at the
broadside slip, formulated are the corresponding strategies and signals controlling the motion of
launching trolleys linked with the common object carried (the vessel hull) [4].

The aim of this work is the formulation and optimal control solution of a slip type vessel-lifting
complex for providing the uniform velocity, coordinated, gradual relocation of the large vessels.

Materials and Methods. To build the distributed “vessel with launching trolleys” object model,
we proceed to consider the forces acting on it while the object moves towards the x axis (Fig. 1)
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Fig. 1. Effects of forces at the “vessel with launching trolleys” object

The complex process of object’s travel can be divided into two types of movement: translational
motion characterized by velocity v and acceleration a, and the rotational one characterized by the
angular velocity o and rotational angle ¢.

The vessel translational motion equation has the following form

S Fu)- YT =ma. 0

where 7, — i -th trolley rope tension;

1

F, (l,.) — projection of all forces influencing the 7 -th trolley and causing its motion at the
broadside slip;
I/, — i -th trolley current location;

m=m, + N -m, — mass of “vessel with launching trolleys” object,
m, — mass of the vessel,

N —— number of trolleys,
m, — mass of a trolley;

a — acceleration of the “vessel with launching trolleys” object mass center.
The vessel rotational motion equation can be represented as

N N
JdO;C ="M == F,[(k—i)Az +dz]cos o+ 3 T[(k —i)Az + d=]cos ¢, #)
i=1 i=1

d

where J — vessel inertia moment,
o, — speed of the vessel rotation around the rotation point (RP);

ZM — moment of forces applied to the object;

Az — distance between the neighboring trolleys’ centers;
dz — distance from rotation point (the object mass center) to the £-th trolley center (Fig. 1).
Based on the motion equations (1) and (2) we can write the model state equation for the “vessel
with launching trolleys” object in the states space as follows
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where x, =/ — vessel mass center motion along the x axis;
x, =v —vessel mass center’s translational motion speed along the x axis;
x; =@ — vessel rotation angle;
x, = ® — vessel rotation speed;

u=(u, u, ... uy)’ —controlvector, u,=1,/T,,i=1,N;

7, — maximum allowable tension of the rope;

F,(l,) — i-th drive’s load caused by forces influencing the trolley at some point of trajectory
[;, value obtained with the expression [5]

Fx,.(l,.):{(mT+mc)g—( PV, + pgVo, ﬂ{sina—(uz+M)-cosa] 4)

1+ e B2 Ui=h4) 1+ e BssUi=las) 1+ edsUi=hs)

The output model equations are formulated as
;=% ~[(k - j)Az +dz]sinx,, j=1r, (3)
where » — number of outputs necessary to identify the complex object’s motion parameters.
Given the small permissible rotation angles (x; < @,, <2°) we can assume Sinx; = x;, cCosx; =1,
so the control object model (3) can be written in form
¥=f(%)+B(k)-i,

6
§=Clh)-%, ©
where
Xy
1 & .
_Zin(xl —[(k —i)Az + dz]x;)
- mz
(%)= : , (7
X4
1 N
_72in (x, —[(k—D)Az + dz]x;) - [(k — i) Az + dZ]
i=l1
0 0 0
Bh=5 X - " ®)
B 0 0 0 ’
K,(k—-DAz+dz) K,(k-2)Az+dz) -+ K,(k—N)Az+dz)
1 0 (k—DAz+dz O ) _
C(k)= at r=2, j, =1, j,=N. )
1 0 (k—=N)Az+dz O
While forming the control matrix (8) the vector b =(b, b, ... by) 1is applied, whose

components b, =1 indicate the relevant drive’s operating status and scale factors K,=-T,,/m,
K, =T, /J.Elements of the matrix C correspond to the metering system structure.

The obtained model is nonlinear one, corresponding to the fourth order with variable structure
(depending on equipment operated at a certain time).

The optimal control problem is formulated as the task of rotational motion stabilization (stop-
ping) and maintaining the translational motion uniformity. In this regard, it is necessary to take into
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account the object movement parameters deviation from the preset values in the functional purpose.
The functional purpose is formulated as:

ly
J= I(AXTRIAX + AX"R,AX + u”Qu)dt — min
0 (10)

AX=x-X,;,,X,=(x, v, 0 OF, Ax=(0 x,-a, 0 0)7
At the following state limitations

0<x,<v,, x3|S(pm, (1)
0<u,<lor0LT <T,, (12)

and boundary conditions
X(t)) =X,. (13)

The slip type vessel-lifting complex optimal control problem can be formulated as follows: for a
given set of object equations (6), state limitations (11) and control limitations (12), with boundary
conditions (13), required is to define a control mode u*(¢#) and a phase trajectory x*(¢), at which the
optimality criterion (10) will reach its minimum value.

The large-sized object (6) motion dynamics model is nonlinear, therefore to use the existing
methods for control devices designing [6] the dynamic equations should be linearized around some
steady state x, =(x,,...,x,,)” and the preset controls u, =(u,,,...,u,,)" . So, taking into account

x=Xx—X, and u=u—u,, the object equation is expanded into Taylor's series, limited to the first order
members. Because of these changes, the system (6) takes the form

>y

7

aF;"i X K
dx 1 N %xls +in(xls)+ N
o e RO s K S,
= +((k—D)Az + dz)x,, ———= =
axls
dx;
s 14
=, (14)
dx N Mxls +in(x1s)+
=K D (k=i)Az + dz) i, OF . (x,,) [0 T Fa(n)((k —D)Az +dz)?xy |+
t i=t +((k —i)Az + dz)x;, a—l

v T 1s
+27'"((k —i)Az +dz)u,.
i=1
When determining the partial derivatives (14), we use the analytical dependence for the i-th
drive load F;, which is obtained according to (4), that results in:

Xt

oF (1 | 80 =824 (I=1p4) V5 =845 (I=1ys) . _
xt( ) — pg ™ 246 - + cm 45€ - sino, — Mz + Ml MZ cosol |+
ol (1432000 )" (14 0slhs)) 1+ ed: (k)
I/Tm I/cm 8 23 6623 ()
+[(mT + mc)g h pg(l + @824 (=) * 1+ e84s(=1us) j}(_(“l B HZ)COS o 1+ e82(~hs) j

Upon introducing (4) and (15) at (14) the linearized equations take the form

(15)
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dx,
dt 25
d 1 N V 8 OS24 (x15=14) V. 3 =845 (x15—ls5)
x2 = —3|| (x, + (k= i)Az +do)x,,)| pg| 2228 4 LonQas® x
m5 (1 + 6—524(11:—124))2 (1 + e—b4s(xls—l45))2
. _ WU — MU, B B 8236623("1:_123)
x[sma (uz + 1o ontn-ia) jcos oc) + ( (K, —u,)cos oc—l T X
x| (m, +m,)g — Vin + Vo +
B )8 P8 14+ e duis=hs) | 4 @ 8as(xis=lss)
+| (m, +m,)g — Vi + Von X
T )&~ P8 1+ 6—524 (x15=14) 1+ 6—545("1:—145)
. B —Hs .
x| sina—| p, + —————— |cosa | [x; + ((k —i)Az + dz) x
1 + %2 Gis—hs)
x| (m, +m,)g — = + Von X
T )& =P8 1+ 6—524 (x15=hy4) 1+ 6—545 (x15—14s)
x| sinou—| p BT leosa |x +K§:u-
2 1+ %2 Gig—hs) 3 ! = ”
d (16)
_3 = X4,
dt

N =824 (X15=124) =845 (X15—as)
dX4 = Z[|:(xls +((k—)Az + dz)x3s)|:pg(VT’"824? n V.nO4s€ jx

= (1 + 6—524()51;—124))2 (1 + 6—545 (Xl\—145))2
. — 0,525 (x1s=h3)
x| sina—| , I Bl S PSP —(u, —p,)cos oL ———— [x
1+ e (ig—hs) 1+ 82 Gig—hs)

M, *m:.)8 —Pg 1+ e 824 (xi5=hs) 1 + @845 (xis=las)

+| (m, +m,)g - Vi + Von X
B )8 P8 1+ @824 (ris—has) 1+ @845 (ig—las)

x| sino —(uz +&]cosocﬂ((k—i)Aera’z)x1 +((k—0)Az + dz)? x

1+ ed3(is—h3)

™ + ch ><
1+ @824 (g —=ha) 1 + @845 (g —las)

x| (m, +mc)g—pg(

X

1+ e83(is—hs3) =

_ N
sina, — (uz + chosajxs} + ZTT'”((k —)Az +dz)u,.

The steady state vector x, elements can be defined as the solution of equations system (16) with

the zero left side.

The linearized equations in the states space can be written down in vector-matrix format as

x=Ax+Bu,

(17

where the matrixes A and B, having a permanent structure, change depending on the system

functioning conditions and have the form
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0O 1 0 O
Ao ay 0 ay O
0 0 0 1]
ag 0 a5 O
(18)
0 0 0
LK K, K,
0 0 0 ’
K (k-DAz+d2) Ky(k-2)Az+d2) - K,((k—N)Az +dz)
where the matrix A elements are found with the correlations
1 & V35, e 8u(s—ha) V &, e s (s—ls)
ay =— xis + (kK —0)Az + dz)x;, 24 o4
2 ;{( s+ (k=0 )% ){pg[(l +edutuhi)2 (14 g duluihs))2 j
. B Wy — U, 3 3 823e523(xl.« —l3)
X(Slna (uz * 1 + ¥ (xis—hs) )COSGJ+( (“’1 HZ)COSOLIJ,_eBz}(Xn—lz}) X
x| (m, +m,)g — Vi + Von +
m, *m.)g —pg 1+ 6*524(?%*124) 1+ 6*545(113*145)
I/Tm I/cm . ul - “2
+((mT + . )g pg(l + e—SzA(x“ =h4) + 1+ e—545(X1.« ~lys) jJ(Slna (MZ + 1+ 6623("""_123) cosa ?
= LS (k= iaz +d)| (m, 4 m g —pg| ¥ Ly ! %
A = P ! z My T1M)E =PE| Vum 1+ e 824 (ig—ha) o 1+ e 845 (xis—las)
. 1
X|simno—| U, +(H1—H2)m cosa |,
N V3 6_824(x1y_124) V8 6_845 (x15=l4s)
a, =K x,, +((k—i)Az + dz)x,, 2 4 X (19)
41 2;|:( s +H(( ) )X, )|:pg((1 e onh)? (14 e ontn )2 j

1+ %2 (is—hs) 1+ eds(is—hs)

— 823 (x15=13)
x(sina - (uz + &jcosaJ + (—(u1 - uz)cosaLj X

M, T m.)8 —Pg 1+ e—524("1:—124) 1+ e—545("1:—145)

Vi v,
+| (m, +m.)g —pg

+ cm X
1+ 6—524 (x15=14) 1+ 6—545 (x15—1ss)

x(sina —(uz +&)cosaﬂ((1€ —i)Az + d2),

1+ eds(xis—hs3)

ul V. V
= _q 2 _ ™ cm
Ay = Kzg((k Az + dz) [(mT + mc)g Pg(l P ITE— + . jj X

x| sina, — u2+& cosa |.
1+ eds(is—h3)

While analyzing the linearized system (17) controllability and observability the calculations were
performed by the Kalman criterion [6]. Taking into account the structure of A and B matrixes system
appearing as (18), the controllability matrix L has the form:

L=[B |AB |A’B|A’B], (20)
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a, K, +
0 K, 0 ((k -DAz +j
+a,,K,
+dz
a, K, +
K, 0 ((k ~DAz +] 0
+a,,K, P
+dz
L 1)
anK, +
(k—DAz+
0 K, 0 (k-DAz+
+dz +a, K,
+dz
aukK, +
(k—-DAz+
K, 0 (k—DAz+ 0
+dz +agK,
+dz
The matrix (21) determinant is defined as

|L| =(ayK}? —anK3 ((k—DAz +dz)* —(ay —as)K K, ((k—1)Az + dz))* # 0, (22)

that indicates a complete controllability of an object, described with the model (6).
At forming the observability matrix H used is the matrix C (9) determined by the system output
equations (5) that results in reducing matrix H to the following form:

1 1 0 0 hy he 0 0
0 0 1 1 0 0 hy hy
hy hy 0 0 hg hg 0 0
0 0 hy hy O 0 hy hy

H=[C |ATCT |(AT)C7 |(AT) 7 |- (23)

where hy, =hy =(k—=1)Az+dz, hy =hy =(k=N)Az+dz, hs=hy =ay +ay, [ (k-1)Az+dz],
hg=hy=ay +ay[(k=N)Az+dz |, hys =hy =ay +ag | (k=1)Az+dz],
hyo =hy = a5y + ay [ (k= N)Az +dz .

The matrix (23) analysis confirms full observability of the system under consideration.

To identify large-sized object motion parameters that must be considered in the slip functioning
mode control and drives control synthesis, the distance between some of object’s points when movement
from their original position, can be measured. General scheme to determine the two measurement points’
motion parameters is shown in Fig. 2. T z L

These measurements results serve in basis to ) £ = ) L(t)
determine the values and speed of the object mass = )
center translational motion as well as the angle [ | 5 ] ; [ 1L j L ; L] : L] ;i!_ =

and speed of its rotational motion. I B |
Taking into account the geometrical ratios, L R |‘
the rotation angles (at the angles small values)are || LT [T|LT T T T [T |
found as e vi(t) 2(5) L(2)
N e Ve e
L(t)—1(t O R O
X3(z1)=@(t1):% e : : : |
P N
and eo DOTOITT T T
v(t,
Lt,) -1 (¢ ‘
x3 () =9(t,) = M > Fig. 2. Scheme for the motion parameters
z determination
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where 1,(¢;), /,(t;) — results of distance measurement at points 7, and 7; at the moment of time ¢,,
z — distance between 7, and T, points.
Using the known values (24) the rotation frequency can be defined as

)= (%) — o(t))

x4(1y) = o(t, , At=1,—t,. (25)
At
The complex object mass center speed is calculated directly from the expression
L(t,) -1 (t
60) =, () =12 o), ar=r, 26)

where z, — distance from point 7; to the complex object mass center (point of rotation).

On the basis of (26) the mass center x, = x, motion value can be obtained as
x(H)=v.(t) At +x,(8), At =t,—1,. (27)

To identify the “vessel with launching trolleys” complex object motion parameters, required is
the preliminary calculation of vessel mass distribution over the slip trolleys and the complex object
mass center to determine basic parameters (the basic trolley & number and value dz).

As analyzed is the problem of maintaining an uniform and translational motion when vessel
moving at the broadside slip after motors start, with trolleys acceleration and alignment, the initial
conditions (at z, =0) are selected as

x(ty) = x(0) = [x.(0),v.(0),4(0),0(0)]" =[O v, 0O O0]". (28)
Taking into account the matrix A and vector x(0) structure, the identifiability matrix W struc-
ture is obtained in the following form
0 v, 0 ayv,
W =[x(0)| Ax(0)] A> x(0)| A*x(0) ] =| ** 0 vy 0 (29)
0 0 0 a,v,|
0 0 ayvy, 0

The matrix determinant is|W| =—a? -v} #0, thus the matrix rank rang(W)=4 coincides with

the system order. Therefore, an object described in the state space by the equations system (6) can be
identified.

When solving the optimal control problem as to a moving complex object, represented by the
model (17), it is required to achieve the functional purpose of a given state with the least possible
losses of control resources. The quality of a non-accelerated motion process control (i.e., excluding the
acceleration and braking segments) is determined by quadratic criterion appearing as

ty
J = [(AX"RAX +u’Qu)dt , (30)
fy
where the weight matrixes R and Q are symmetrical and positively identified.
For the criterion (30) an optimal regulator is set with the expression [6]

u(r)=-F(r)Ax(¢), (31)
F(1)=Q'B7S(¢), (32)
where S(t) — symmetric and positively defined matrix, found from the Riccati equation

(S+SA+A’S—SBQ'B’S + R)Ax(¢)=0. (33)
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At constant matrixes A, B, Q, R when ¢t —> o, the S approaches to a stable value, which can
be found by solving the Riccati algebraic matrix equation
SBQ'B’S-SA-A’S-R=0. (34)
For the vessel’s motion control (lifting or launching processes) under conditions of changing
values of the linearized model (19) matrix A components, depending onto the current object location
at the slip and external factors, advisable is to use adaptive control methods. The matrix A
components should be recalculated depending on the closest constant values, determined by the values
of coordinate x,, or identified using the recurrent algorithm. The state spaces object model matrixes
B and C are stable, so their identification is not required.
The matrix A parameters setting recurrent algorithm is written as [7]

Ak+D)=Ak)+Te(k)y” (k), (36)

where k& — calculation process step;
e(k)=y(k +1)—y(k) — deviation of the object’s and model’s outputs;

I' — weight coefficients matrix defined as
T(k)=1(hE . 7(k)="". a>0. (37

To form an optimal control with the expression (31) we must depart from the state vector vari-
ables measurement or evaluation, for which purpose can be used an optimal observer of the kind [6].

x=[A-KC]x+Bu+Ky. (35)

The observer synthesis consists of determining such coefficients matrix K , for which the observ-
er is asymptotically stable. For systems with constant parameters, the stability depends on the location
of the matrix A —KC characteristic numbers (the observer poles) in the complex plane.

The block diagram for an adaptive control system of complex object with observer and regulator,
is shown in Fig. 3.

The parameters estimation module,

identified at Fig. 3 as “PEM?”, does implement ; 30
the recurrent identification algorithm of matrix N

A of the control object linearized model aii

(LMCO). The matrix A components’ values PEM

changes lead to the need for searching new
values of observer matrix K and regulator
coefficients F thus, accordingly, to get a new
Riccati equation solution.

Results and Discussion. Estimated is
that the broadside slip motion process control
should be realized by funicular forces match-
ing of the steel wire ropes of different
motorized drives with account of current situ- F
ation. A states-space nonlinear fourth order
model, describing the linked object “vessel
with launching trolleys” complex motion is
obtained. The object fundamental properties model analysis confirmed the object’s full controllability,
observability and availability for its state identification through the measurements at two points.

The optimal control problem is formulated as the problem of rotational movement stabilization
with uniform translational motion maintaining while accounting in the functional purpose the object
parameters’ deviations from preset values and the control costs. To control the vessels movement in
the conditions of model parameters depending on the current object location at the slip and external

Fig. 3. Adaptive control system block diagram
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factors,

it is advisable to use the complex object adaptive control methods including the observer and

the recurrent algorithm of the linearized model parameters identification.

The adaptive control system of vessel movement at the slip should be implemented as integral to
the vessel-lifting complex computerized control system, to provide the slip electric drives’ aligned
operational control, aiming onto guaranteeing the appropriate reliability of the complex multi-drive
system functioning thorough the vessel launching a lifting process.
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