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Abstract

The hierarchical principle of synthesis of dynamic positioning systems for sea mobile objects is offered at the
given arrangement of the thrusters. The method consists in synthesis of vectors of controlling forces and moments
ensuring dynamic positioning of object with given quality (management of the top level) and the subsequent
distribution of these forces and the moments on the thrusters (formation of management of the bottom level). The
offered approach for management of the top level is based on a method of functions Lyapunov and allows to
synthesize nonlinear control laws ensuring exponentially stable positioning SMO.

It is supposed, that the number of the thrusters, their arrangement and directions of vectors of action of their
forces (is usual in body-fixed reference frame) satisfy to the offered criterion controllability and provide sole or
infinite number of the decisions of a task of distribution of managements. In the latter case is possible optimum
somewhat distribution of a vector of controlling force and moment of the top level on the thrusters. It is necessary
to note, that the spatial task of management of the bottom level has features, connected that skew-symmetrical a
matrixes in the equations of distribution of the managing moments, are special. In this connection many such
tasks were reduced to frame (for which these features are absent), if the behavior of movement allowed such
division (for example, at a small roll). In the given work an arrangement of thrusters is offered which allows and
in a spatial case to reduce a task of distribution of resources of management to frame case without restrictions on
a behavior of movement.

The managing forces of the bottom level are realized as inputs on the executive drives, which have own
dynamics and, accordingly, delays. In additional, the tractions of executive drives usually are rather limited, that
can result in unstable behaviors. Are considered ways of formation of the top-level management for the
established behaviors (small initial deviations and at presence of various external influences limited on size) and
the for transfer processes (large initial deviations).

The report is illustrated by an example of synthesis of system of dynamic positioning for some SMO.

Key words: dynamic positioning systems, control systems, task of distribution of managements.

1. Introduction
In works [1-6,8] the statement and method of the decision of a task of distribution on the executive
drives of the generalized vector of control forces and moments acting on SMO in space is resulted. The vector of
managing forces and moments was formed proportionally to deviations of the centre of weights SMO from a
point of positioning in earth-fixed (geographical) system of coordinates, and then was recalculated in body-fixed
and was distributed on the executive drives, the direction of which tractions was set in body-fixed (SMO) system
of coordinates. It was supposed, that number of the executive drives, their arrangement and the directions of
vectors of action of their forces provide the decision of a task of spatial positioning SMO, that was defined by
controllability criterion, given in Appendix, [5,6].
In the given work the method of synthesis both algorithms of nonlinear control laws and observers based on
a Lyapunov method and ensuring exponentially steady positioning SMO in space (or in some area concerning a
point of positioning is offered where nonlinearities of dynamics of object satisfy to Lipschitz conditions) and
presence of noise of position and angles measurements, and also scheme of an arrangement thrusters, which
allows and in a spatial case to reduce a task of distribution of resources of management to frame variants without
restrictions on a behaviors of movement.
The considered approach can be used, both for projected systems of dynamic positioning, and for existing,
provided that last have drives, which arrangement satisfies to criterion controllability. The approach is illustrated
by an example of synthesis of system of dynamic positioning SMO.

2. The equations of movement SMO
It is supposed, that at the decision of a top-level DP-task the position deviations SMO in earth-fixed system of
coordinates &,77,¢ (& a deviation of the centre of weights SMO from a point of positioning on altitude, 7- on

depth, ¢~ on a longitude) and angular €, ¢, (roll, yaw and pitch accordingly) are considered.
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Dynamics SMO is generally described by the equations in the body-fixed system of coordinates and by the
kinematical equations of connections similar [11,12], but for a spatial case and arrangement of axes appropriate
fig. 1:

M\>+C(v)v+D(v)v+g(A)=Lcon +LW, 0

A=H(A)v,

wherev’ = v, V. V,,0,,0,,0, ) - the vector of linear and angular speeds SMO in the body-fixed system of

coordinates;
A =(&,1,¢,0,0,y) - the vector of linear and angular motions SMO in earth-fixed system of coordinates;

M =diag(m,,m,,m_,J ,J ,J.)-the positive matrix (or positively defined) of masses + added masses matrix

of the SMO;
C(v) - the Coriolis and centripetal matrix, which for ellipsoid SMO looks like [14]:

4 0 -mow mo, 000
C(V)ZLJ ,where A=\m o, 0 -mo, 00 0|, (2)
-mo, mo 0 000

0 0 0 0 0 0
B=|(m,—m)yv, 0 0 (,-J)o, 0 0
0 (m,-mjyv, 0 0 (J,-J)o, 0

D(v) - the damping matrix of hydrodynamic forces and moments; simplified which form for low speed given in
[13], looks like

i

dy +Zd1i Y, Iadzo +Zd2i‘vy ladso +Zd3i V, Iad40 +Zd4i Vil »
D(V) — dlag i>1 ' izl ' i1 i1 : (3)
ds, +Zd5i Vi ladeo +Zd6i Ve l
i>1 i>1
L, - the vector of wind-wave and other revolting forces and moments acting on SMO;
Ly =i Frpys Froe M s M s M )| - vector of control forces and moments limited, generally, on

absolute meaning;
2(A)-vector of forces and moments caused by forces of weight and displacement

2N =[(0-G)siny, (Q—G)cosycosd,~(0—G) cosysind,—(Nz,, cosycost + y,, cosysind), @
Ox, cosycost) — y, siny), )(x,, cosysind + z, siny)],
where Xx,,y,,z, -coordinates of a point of the appendix of displacement force, G - force of the weight

)

enclosed in the beginning of connected system of coordinates.
The matrix of the kinematical connections (in Euler corners) H(A) looks like:

R 0
H(A):[O S] )
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cospcosy sin@sing —cos@cos@siny cosésin@ +siné cos@siny
where R= siny cos@cosy —sinécosy

—sin@cosly sinfcos@+cosdsin@siny  cosdcos@ —sinfsin g siny

1 —cosbgy sinbgy

s-|o cosd B sind
cosy cosy
0 sin @ cosd

The task of dynamic positioning consists in synthesis and realization of a vector of managing forces and
moments L ensuring exponentially stable positioning SMO concerning a given vector of a position of SMO in

space A, (¢,,1,,¢,,9,,¥,,0,) and realization of these forces and the moments with the help of the executive

drives SMO. The matrix H(A) has features at  =290°. If to choose as parameters of orientation other
parameters, for example, Rodrigo-Hamilton, the specified features can be avoided [15].

3. Method of synthesis of control law and observer
Designing the control law

According to [1-6,8] the method of synthesis of a control system consists of two stages (top level and
bottom level).

At the first stage the synthesis of the generalized management (formation of the generalized vector of forces and
moments) L, =(F, ,M, )", compensating deviation of object on adjustable coordinates is carried out. The

method based on use of functions Lyapunov is offered.
Let's enter deviations from a final point:
- on speed (in the body-fixed system)

s, =v—v, atfinal speed v, =0, s, =V (6)
-on a position (in the earth-fixed system of coordinates)
s, =A-A, (7

Let's generate on the given deviations function Lyapunov of a kind

1
Vzg{slTMlerS;Kzsz}, ®)
where K, positive diagonal (or positively defined) K, = K 2T matrix.

dv
For a stable of behavior the function — should be negative function

a
dt

with the account (1) it is possible to write
=V L = COW=DOW— g+ (A=A K H Y=
VL, —COWv— D) —g(A) +H (MK (A-A,}
If to generate control law as

L, =Cv)v+DW)v+g(A) —Klv—HT(A)K2 (A-A,), (10)

=5/ Ms, +sIK,5, =v" My +(A-A,) K,A,
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where K| - positively defined matrix, the function (9) will accept a kind

dv T
v _ k. (11)
dt :
i.e. will be negatively defined. Thus, for stability of system the performance of conditions is necessary
K, >0,K,>0. (12)

From (10) it is visible, that the control law should compensate Coriolis and centripetal of force, forces of
weight and displacement and of a deviation on the generalized vector of speed (damping of force of
management), thus damping a component D(v)v it is possible in (10) to not include; to generate forces and

moments compensating deviations A — A, and to count them in the body-fixed system of coordinates. For

compensation of constant components external forces in (10) the additional integrated component from the
coordinates deviations A-A,, counted in body-fixed system

L., =Cy+DWyv+g(A)-Kv-H' (MK, (A_Ad)_K3Jt‘HT(A)(A(T) —Aydr. (13)

The meanings of factors of matrixes K|, K,, K;are generally determined by the given quality of transients, their

duration?,,, accuracy of stabilization, restrictions of L, (F,,,(¢),M,, (?)) . In case of weak executive drives the

vector of management is limited Lwn| < Zm also equality in (10) is broken. For maintenance of steady

management in this case it is recommended to increase factors of a matrix K, (is increased damping) and to

reduce L, , that results in reduction of a vector v, accordingly, C(v)v, K,v and provides steady management, but

con ?

thus the time of transients is increased.

Designing the observing device.
For realization of the laws of management (10,13) it is necessary to measure vectors A, V.

It is considered, that the vector y = A is usually measured, and the vector v is restored with the help of some
nonlinear observer [7,9,11,12].

If to designate estimations of vectors v, A , as v, A , the law of management (10) will accept a kind
L, =CEW+DE)YW+g(A)-Kp-H (MK, (A-A,). (14)
Use of direct measurements g(A), H(A)for calculation is allowed, as the elements of these matrixes

represent functions from Euler corners, which, in turn, are measured rather precisely (up to 0.1 ° [12]).
Then the equations (1) can be copied

Mi==C)v=D(v=-g(y)+ CE)+ DO+ g(») - K 7= H (MK (A=A ),
A=H(y, (13)

Equation of the observer is offered to search as

A . T A - 4
Mv= Klv H (y)Kz(A Ad)+K2(A A), (16)

A:H(y)ﬁ+1?1(A—X),

Subtracting (16) of (15), we shall receive
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M®©—=70)=-C()v=D)v+ CH)P + D) — K, (A~ A), (17)
A —A:H(y)(v—ﬁ,)—l?l(/\—[\).

In a process of positioning, the vector of speeds is small, therefore matrix D(v) can be presented as a
constant diagonal positive matrix dissipative of forces D(v) = D(V) = D = diag(d,,) [12].
Then (17) it is possible to copy

M@= $)=— (Cr)v = C(H)P) - Dy~ ) - K, (A~ A),
A—A:H(y)(v—ﬁ,)—l?l(/\—[\). (18)

We shall designate estimation errors v—v =V, A — A=A , then (18) will accept a kind

My =—(C(v)v—C(¥)p) — DV — 1?27\,

K:H(y)v—l?lz”\. (19)

The conditions of stability also are defined by a method Lyapunov, for what the Lyapunov function of a
kind is entered

W= %(VTMV“ +A"Q,A),

Where Q, - positively defined matrix. Derivative on time looks like

or
aw  _r AN A ~ =% s ~ =X
— ==V (H(COW=COW)-Dv -K,N)+ N O,(H(y)v - K, A) =
dt (20)

. ~T ~N N ~THsy ~To N, ~TpgT TN XTHA T A
==V (Chyw-COW)-v' Dv-v K,A+Vv ' H ()0, A—A O,K A.

Let function C(v)v satisfies to Lipschitz conditions in some area concerning a point of positioning. Then
in this area the ratio is fair

[Cv)v—CE)I| < Liv-1],

where L a positive matrix.
It is obvious, that derivative of function W is strictly negative, if
D-L>0, K, >0, K,=H"(»0/. 1)

Thus estimation with the help of the observer (16) is steady at performance of conditions (21). In case
the condition D — L > 0is carried out (matrix D — L is positively determined), increasing K,,Q, always it is

possible to ensure negative of derivative Lyapunov function. The factors of matrixes K - K, get out so that to
ensure the given accuracy of estimation and stability of system as a whole.

Estimation of stability of controlled movement SMO at use of the observer.
The law of management (10) is used. In this case controlled movement of object in the made earlier assumptions
is described by the equations
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My =—(CO)—-CH)P)-DV —K,p—H" (y)K,(A-A,),
A=H(y),

where v=0+7, y=A=A+A.

After substitution v, A in (22) and with the account (19), we have the following equations of movement
of object in estimations
My =-Kp—H" (0)K,(A-A,)+K,A,

(22)

A o~ (23)

A=H(y)w+KA.
The equations (23) together with (19) form the closed system of the equations.

Not breaking a generality of results, let's assume A, = 0.besides believing, that /N\,V aspire to zero for the steady

observer, a general estimation of stability of system of positioning we shall carry out for variable A,ﬁ, as it is

made, for example, in [12]. In the specified assumptions the possible Lyapunov function is accepted in the
following kind

S = (" M+ N QA+ M5 + K0 R), 24

where - Q,,Q, positively defined matrixes.
Its derivative on time looks like
S=V"My+ AN QA+V My + N Q,A =
VKo~ H" (D)K,A+K,Al+ N Q[H(y)o+ KA+
¥ [HCOW—CEW)—DV - KA1+ N O,[HY)W — KAl =—" K p—0"H () K,A+V" K, A+
VTH ()OI A+ A QK AT (CoWw—CH)D) -5 DV =" K,A+3"H ()OI A~ N Q,K,A.
Negative of derivative Lyapunov function is provided with equality:
K,=0/.K,=H" ()0, (26)
and inequalities: K,>0, D-L>0, Q,K, >0, 27)
which were received earlier

(25)

The choice K, , 1s carried out from equality (additional condition)
('K, + A"Q,K,)A =0, (28)
which with the account (25) can be copied
O"H' (10 +NQK)A=0 or [(H(»)D)' 0y +A'QKJA=0.  (29)

As, H(y)v = A-K, 17\ after substitution in (29), we shall receive

[A'O] + N'OKA-ANKOIA (30)
whence also follows that K, >0 and equation for definition K
ATQI + ATQK, =0. 31)

The matrixes Q) =Q,,0,, K , are usually diagonal positive matrixes

0, =diaglq,}, 0, =diaglq,}, El =diag{/€1i)»

Then the sums of the appropriate elements of lines in (31) represent the differential equations of a kind
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A

Aiqu +[\iq1i];1i =0 or A, +;\iqlz]€li/q2i =0, i=1.6,

_aki,
which decisions A; (1) = Ce * are exponentially steady, and constant time 7 = q—%’ =-2 _ Then
4%
— 3q..
k, =12 (32)
9ty

Thus general algorithm of construction exponentially of steady DP systems with the observer will be the
following:

1. Investigating the closed system (without the observer) the elements of matrixes K,, K, = (), ensuring required
quality and duration of transients of system of positioning are determined ¢, .

2. The noise of measurements is imposed on real variable A and the mixed signal is considered as an input signal
of the observer. Proceeding from the requirements of estimation accuracy there are factors of a matrixes 0,

determining a matrix K. 5.

3. From a condition (32) the elements of a matrix K , are defined and the estimations are entered in the law of
management.
In case the condition D —L >0 in considered area of deviations is not carried out, increasing K,,Q, it is

possible to ensure stability of the observer. Also increasing K, it is possible to ensure stability of controlled

movement SMO at the limited drafts of the executive devices.
The total motion SMO in waves is given by the sum of a low-frequence component and a wave-frequence motion.
These components are separated by a wave filtering system. For control is used low-frequence component.

The given laws of control (10) and observer (16) (with the account (26), (27), (32)) substantially depend on the
available information on matrixes and can be more exact in process of accumulation of the information about the
matrixes M ,C(v), D(v),g(A). The methods of synthesis of the adaptive laws of management are in detail

enough stated, for example, in [7,11] here again are not considered.

At the second stage - the task of optimum distribution of the received generalized management on the
executive drives (task of distribution of required management is decided in view of all of its features). Accepted
in the further designation are similar accepted in [1-6].

As the task of distribution of managing forces was specified in [1-6] and moments consists in definition of

vectors of separate thruster tractions f,(#)on the known generalized managing vectors of force both moment,
F, (),M_, (¢t)and coordinates of points of the appendix of vectors of traction of the executive drivesf,(¢),
which are defined skew-symmetric by matrixes, X,,(3%3) in the connected system of coordinates.

Then at known F_ (¢),M (¢)the conditions of balance of forces and moments should be carried out:

N
F,.(0)=>f0);
= (33)
M, ()= x,-f,(0).
i-1
The existence of the decision of system (34) (for three-dimensional space as against plane case)

essentially depends on coordinates of points of the appendix of forces determining skew-symmetric a matrixes X,

and directions of vectors of tractions.
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So the moment M., =( M M M ,.), created by one vector of traction f =(f,, fy, f. Z)T, enclosed in a

conx cony conz

point with coordinates x,, y,, z, , is defined by a ratio

O _Zl yl fX Mconx
zp 0 =x | fy |=|M : (34

cony
-» ox 0] 1, M.,
The equation (34) generally has no the decision concerning unknown f,, f,, f,, as skew-symmetric the

matrix is special. However in the case that some coordinates of skew-symmetric matrix or components of a vector
of tractions (the drive traction is fixed along one of axes, for example) are equal to zero, the equation (35) has the
decision and at use several drives always it is possible to find tractions ensuring the required moment. Such
approach is equivalent to splitting of a vector of force on components enclosed in different points or allocation by
one component.

In case of superfluous number of thrusters for the decision of a task of distribution of managing forces and
moments is used usually Method of the least squares.

That is from equations (34) and condition

. 1Y T
minJ =min- 34 OF O @), 69

i

where A, () - weights of tractions.

In Appendix the criterion of SMO controllability for the various schemes of an arrangement of the executive
drives and their vectors of draft was formulated, also [6]. The decision of a task of distribution general of forces
and moments of management on the executive drives is illustrated by the given below example for the concrete
scheme of an arrangement drives.

4.Example of synthesis of system of dynamic positioning SMO
The block diagram of a control system
Further the case, fig. 1 is considered, when SMO has four thrusters (5,6,7,8), fixed in a vertical direction (in the
body-fixed system of coordinates) and located symmetrically concerning axes 0x, Oy and four thrusters (1,2,3,4),
representing rotary thrusters, located in a horizontal plane. The scheme of an arrangement of thrusters and
directions of vectors of tractions are submitted in a fig. 1.
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JIY

L

Fig. 1

Coordinates of points of the appendix of a tractions the following:

1 (x1,yl, z1), 2 (x1, y1, -z1), 3 (-x1, y1, -z1), 4 (x1, y1, z1), 5 (x2, y2, z2), 6 (X2, y2, -22), 7 (-x2, y2, -z2),8 (-
x2,y2, 72).

Further is accepted x, = 6Mm, ¥, = —2m,z, =2m,x, =8Mm, y, =0m, z, =2Mm.

It is easy to check up, that at the given scheme of a thruster arrangement the system is controlled; two groups of a
thrusters satisfy to criterion (A8)(i.e. probably distribution of force and moment of management on the executive
drives) [6].

Generally during the decision of a task of distribution of force and moment of management on executive drives,
the drafts f,, f., f, are defined. For the considered scheme for thrusters 1,2,3,4 are defined tractions P, and

corners of turn y, (first group thrusters). For thrusters 5,6,7,8 (second group) were defined only tractions f,, .
The tractions P, are adjusted by a corners of thruster blades turn J,, which are determined from the adjusting

thruster characteristics on tractions f,, or P.. For thrusters 5,6,7,8 the tractions are determined only f,, = P,.

Then the structure of a control system looks like, given on a fig. 2.
In a Fig. 2 6,(f,;) - dependence of a corner of turn of thrusters blades from required traction f,; 0,(P) -

dependence of a corner of turn of rotary thrusters blades from required traction F., y; - corner of turn of a rotary

thrusters; j_fl - real tractions created thrusters.
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con, k/“
Meon
AL 5.(f)
Ag Determi Count to Task of I—’ Thrusters SMO
ning of . body- ' distribut. »
Feons Meon fixed Feons Meon
system P 4.(P) >

Count to earth-
fixed system

Fig.2
At research model thruster was represented as

S LICH (36)

where T, - constant time of thruster, k,(J,) - working characteristic thruster ( dependence of the established
draft on a corner of turn of blades of the screw)

ki(é‘i)zlgi(é‘i)pnzD“(l_t_)’ (37)

where 7 - frequency of rotation of the screw, D - his diameter, f - factor of engulfing (¢ = 0,07 +0,1).

The decision of a task of distribution of the generalized management on the executive bodies
The system of the equations (34) for the considered scheme, fig. 1, looks like

JatfotfotSu=F .
fy5+ vo TSyt y8:Fcony

JatSo+fatfu=Fa. (38)
yl(_le_fzz_fz3_fz4)+zz(fy5_fy6_fy7+fy8):Mcmx
Zl(_fxl+fx2+fx3_fx4)+x1(le+fz2_fzz_fz4):Mcony

yl(fx1+ x2+ x3+fx4)+x2(_fy5_fy6+ y7+fy8):Mconz ’
Let's enter designations
F=fot+tls E=fotfu Fs=f.+ . Fi=fi+/ .

F :fysa F =.fy6’ F, =.fy7’ Fy =fy8'
Then (38) is possible to copy as

E +F2 :Fcanx

F3 +F4 :Fconz (39)
ZI(E _F2)+x1(F3 _F4):Mcany

and

Fo+F +F +F, =F

cony

1
FS_F()_F7+F8:_(Mconx+ylEvonz) (40)

Z,
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CF,—F,+F,+F, (M, —zF, )

conz conx
X,

As the system of the equations is visible has broken up to two independent groups of the equations:
- first three equations concerning unknown £, F,, F; , I, ; from the decision of these equations then the tractions

are defined f,, f.,. Is usually accepted

F F F. F
fx2:fx3:?17 fxlzfx4:727 lezf22:73’ fz3:fz4:74‘(41)

- The second group of the equations concerning unknown Fj, F, F,, F, determines tractions f ..

Using a method given in [1-6], we shall receive

FI:L(M +2x,F, —xF,, +z,F, ),
2z,

cony 1 1% conz conx

F Fcanx _%(Mcany + 2xlF' —-X Fcunz +z Eonv) (42)
Z
F,=F,-F,
and
1 1
FS :_[Fcony+_(Mconx+y1 conz)] FS’
2 Z,
1.1
F6 = __[_ (Mcanz conx) +— (Mcanv + yl conz )] + F8 > (43)
2 2
1
[Fwny X (Mcunz - ychonx )] - F8 .

2
From condition (35)

minJ = min— ZﬂF follows

Fy.Fy FyFy D4

23 conz 12 C()nX _7( COI’ly C()nZ +y1 conr) ﬂ'l ( C{)}’ly conz +Zl COI’[X)
F,= : . (44)

4 %)’Z‘;m +2,

At A.=1, (uniform loading of the executive drives at identical power ) we have

EU”Z + 7[F'LO)‘LX - ;(MCO}’IV x Fwnz + Z EU”X)] 2 2 (MCO}’IV x Fwnz + Z FLU}’IX)
F, = ! ! - . (45)
X
2 +2
Z)

Similarly for the second group of the equations we ﬁnd

ﬂS[FconyJ’_i COI7X+J/1 con)]é[ ( LOVIZ 6‘077)) +7( LOVI’C LOVI)]—'—//?'] cony _X2 COl’lZ com)]

E= . (46)
%+&+%+%
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At A,=1, we have

1 1 1
Ff; :_[Fc"ony_'__ Alconx_'_ylF;anz) +— (Alcanz_yngam)]‘ (47)
4 z, X,
Below are resulted results of research of system DP of SMO with the above mentioned laws of management and
observer for SMO by displacement 800 T., thrusters, which traction did not exceed 4E4 H., and constant

time7, = 0.2c.

The managing forces and moments (10) are defined by diagonal
matrixes K, = diag(k,,) )M ,K, =diag(k,;, )M ,K, = diag(k,,)M , where k,, =20, k,, =1, k;; =0.1. In this
case time of transient processes #,, = 60c., i.e. T=20c. The restrictions on tractions at the first stage were not
taken into account.

The presence of the uniformly distributed noise on an interval was supposed [-1M, +1mM] for linear and [-0.1 °, +
0.1 °] for angular of coordinates. Allowable errors in 0.5m on linear and 0.05 ° on to angular coordinates is

provided at K, = diag{l,1,1,1E4,10,1E4} .
Then from (33)followsl?1 = diag{0.05;0.05;0.05;500;0.5;500} . In a fig. 3,4 the diagrams acting on an
input(entrance) of the observer of signals with noise of a deviation SMO on coordinate & (KsiN) and on pitch

(PsiN), and also signals on an output of the observer - KsiF, PsiF are given at steady positioning of object with
use of output signals of the observer and without restrictions on thruster traction. The initial deviation on linear
coordinates - SM., and on angular- 0.1rad. (or 1rad).

KsiN,KsiF PsiN,PsiF

6,00E+00 1,20E-01

5,00E+00 1,00E-01

4,00E+00 8,00E-02

3,00E+00 KsiN 6,00E-02 PsiN
2,00E400 | KsiF 4,00E-02 PsiF
1,00E+00 2,00E-02

0,00E+00 0,00E+00 , . ; mtadanly

0,00E+00 2,00E+01 4,00E+01 6,00E+01 8,00E+01 1,00E+02 1,20E+02 0,00E+00 2,00E+01 4,00E+01 6,00E+01 8,00E+01 1,00E+02 1,20E+02
-1,00E400 -2,00E-02
t,cek t,cek
Fig.3 Fig.4

The linear and angular deviations SMO during positioning are given in a fig. 5.6 accordingly.

Ksi,Eta,Dzeta Psi,Fi,Teta
6,00E+00 1.20E01
5,00E+00 1,00E-01 \
4,00E+00 - X
\ Ksi 8,00E-02 pei
3,00E+00 Eta 6,00E-02 Fi
Dzeta
2,00E+00 4,00E-02 Teta
1,00E+00 2,00E-02
0,00E+00 B 0,00E+00 ——
000E+00 200E+0L 4,00E+01 600E+01 800E+01 1,00E+02  1,20E+02 0,00E+00 2,00E+01 4,00E+01 6,00E+01 8,00E+01 1,00E+02 1,20E+02
t,cek t,cek
Fig.5 Fig.6
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Further the restrictions 4E4 H. were imposed on tractions of the executive engines, and constant time of drives
was accepted equal 0.2c. In this case for maintenance of steady movement the factors k,, were accepted equal 100

(vector L, decreased in 10 times). The diagrams of linear and angular deviations SMO during positioning are

submitted in a fig.7.8.

Ksi,Eta,Dzeta Psi,Fi,Teta

6,00E+00 1,20E-01

5,00E+00 1,00E-01

4,00E+00 Ksi 8,00E-02 Psi
Eta Fi

3,00E+00 6,00E-02
Dzeta Teta

2,00E+00 4,008-02

1,00E+00 2,00E-02

0,00E+00 0,00E+00

000E+00  500E+01  1,00E+02  150E+02  200E+02  2,50E+02 0,00E+00 5,00E+01 1,00E+02 1508402 2,00E+02 2,50E+02
t,cek T,cek
Fig.7 Fig.8

From the given figures it is visible, that exponential character of changing of deviations is kept, though the time
of transients has increased up to 250 c.
The diagrams of tractions of the executive drives of the first and second groups are given in a Fig. 9,10,11.

The first group: tractions and corners of turn.

P1,p2,p3,p4 Gam1,Gam2,Gam3,Gam4
4,50E+04 0,00E+00
0,00E+00 5,00E+01 1,00E+02 1,50E+02 2,00E+02 2,50E+02
4,00E+04 i
3,50E+04 -5,00E-01
P1
3,00E+04 Gami
P2 -1,00E+00
2,50E+04 \ Gam?2
| Ny P3
2,00E+04 Gam3
P4 -150E+00
1,50E+04 Gamé
1,00E+04
5,00E+03 e ————— -2,00E+00
0,00E+00
0,00E+00 5,00E+01 1,00E+02 1,50E+02 2,00E+02 2,50E+02 -2,50E+00
t,cek t,cek
Fig.9 Fig.10
The second group
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Fyl,Fy2,Fy3,Fy4

3,00E+04

2,00E+04

1,00E+04 —Fyl
0,00E+00 -~ ‘ ‘ ‘ ‘ Fy2
000ff00  500E¥0L  100E+02  150E+02 00E+02
-1,00E+04
-2,00E+04 >
- Fy4

BO0EH04 4
-4,00E+04 1 |
-5,00E+04

t,cek

Fig.11

Changing of deviations on linear coordinates in Sm. and angular in 1 rad. shown on. Fig.12.13.

Ksi Eta,Dzeta PsiFi,Teta

6,00E+00 1,20E+00

5,00E+00 1,00E+00
Ksi

8,00E-01
4,00E+00 i
Ea 6,00E-01 Psi
3,00E+00 4

Fi

4,00E-01
Dzeta
2,00E+00 2,00E-01 Teta

1.00E+00 0,00E+00 1 —_— : »
000F+00  500E+01 100E+02 LS0E+02  2,00E+02  2,50F+02
-2,00E-01

0,00E+00
0,00E+00 5,00E+01 1,00E+02 1,50E+02 2,00E+02 2,50E+02 -4,00E-01

t,cek t,cek

Fig.12 Fig.13
It is visible, that the system keeps stability and at significant initial angular deviations.

Conclusions

In report the method of construction of regulators ensuring exponential stability of dynamic positioning SMO is
considered. The method includes procedures of construction of the control laws and observer, which provides
exponential stable positioning SMO in the given area of initial deviations. The algorithm of distribution of the
received control forces and moments on the executive drives is developed. The modeling has shown efficiency of
the offered approach for dynamic positioning SMO.

Appendix
The existence of the decision of system (33) (for three-dimensional space as against frame) essentially depends
on coordinates of points of the appendix and directions of vectors of tractions determining skew-symmetric a

matrixes X, ,.

Further the following cases are considered, when the system (33) has one or set of the decisions. The sole
decision the system (33) has, for example, if vectors of tractions are located, as shown in a fig.A1.
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Y1
X x
@) C
() X
zZ
/ f@
x1(1) z

z

Fig. Al. Possible variant of an arrangement drives with the fixed tractions.

Heref, = (0, /,5,0)", f, = (0, /11,0)" £, = (0,0, /;))".f, = (f1”,0,0)",f5 = (0, /;,0)" £, = (0,0, /)"
eref, = (0, f;,,0)". 1, = (0, 7,,.,0)" . £, = (0,0, /)" .f, = (f",0,0)" . f; = (0, /,7.,0)" .f; = (0,0, /27)
Drives in this case are divided on two groups (top index (1) or (2)). The first group creates the independent
moments ( M, = f2z" M, =f"x". M, =f), and second - the forces, which do not create the
moments, compensate forces of the first group of drives and provide required forces of control of forward motion
(fP=F, , 2= Foy— D= O, P =F,  — fi7).If to unit points of the appendix of tractions, as it

is shown in a fig..A2, we shall receive the scheme with two rotary and one fixed drives, equivalent initial.

(2)
f )

Y2

Fig.A2. The scheme with rotary drives.
In this case one drive rotates in a plane, creating traction fy(ll)z , and second, taking place in the centre of weights

rotates in space. Third drive remains fixed and provides stabilization of a roll.
Thus as basic (from which can be received and others more complex) the scheme from two groups drives with the
direction of tractions, fixed along the main axes , can be accepted, fig.A3.
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2 2 2
v )
) £ x
Y A Y

@O L, LM
Xy sV 5%,

¢ -
—»

1
f)(() (2)
M 7
z a 1 1
\ x1)9y1()7zl)

S @ @ L@
X3 V3 523

Fig.A3. The general scheme of an arrangement of two groups drives.

Then the system of the equations (33), in a matrix form has the following view:
- for the moments

0 ) () [0 ) (1) (M.
T Y O 0 DY PR Y
w0 J ) e e o ) ) (i,
- for forces
2 () (P
| AT =] P | - (A2)
;)\ ) \Fo

The coordinates of points of the appendix of drafts always can be chosen so that even one of two determinants of

square matrixes of the equation (A1) did not equals in a zero. Let's assume, that it is the first matrix, then
-1

1) QY] 1) (2) (2) (2)

X 0 Z; — V3 M., 0 Z; V3 X

@O | _ 1) 1) * (2) (2) * (2)

Y =4 0 X3 Mcony | T4 0 X3 fY (A3)
1) QY] 1) (2) (2) (2)

z M1 —X; 0 M., Y1 — X, 0 z

Substituting expression (A3) in the equation (A2) and permitting the turned out system rather beforehand

(2) (2) (2)
V4

of unknown vector - column ( fy”, f,”, )" is received
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(2) M (2) M @y
X 0 (z;'—z,) =3 —»7)
2 | _ M (2) M (2)
=@ =77 0 (x3" —x;7) *
(2) M (2) M (2)
z (yl -0 ) _(xz —X ) 0
(Ad)
M @
0 Z2 - y3 Fcnnx Mconx
% ) [ORNN FS
- Zl 0 x3 Fcony - Mcnny
M ©
yl - x2 0 Fconz Mcnnz
Further from expression (A4) are defined stayed unknown
(1) (1 ()NT,
(fx's fy's 20
M (2)
X conx X
(o2 (2)
Y - Fcony - Y : (AS)
M (2)
VA conz Z

If in system of the equations (A1) the determinant of the second matrix does not equals a zero, and the
determinant of the first is equal zero, it is possible to search for the decision as follows:

-1
6] O] 2) @ (2)
X 0 (z;'—zy7) = (s —»)
o | = @ (2) O (2)
vy == =277) 0 (%37 —x37) *
M M (2) O (2)
z W ="~ =x7) 0
(A6)
(2) (2)
Mcanx 0 ZZ - y3 conx
* (2) (2) |=*
Mwny T Zl 0 x3 Fcony
(2) (2)
M conz y 1 - x2 0 F'c()nz
. . . 2) (2) (2)\T
And from expression (A2) is determined stayed unknown ( £y, f,”, f,7)
(2) M
X conx X
2) | = M
Y - Fcony - Y (A7)
(2) M
zZ conz VA

Thus, the put task always has the sole decision, if even one of determinants of matrixes of determining
coordinate of an arrangement drives SMO in the ratio (A1) does not equals zero and determinant of a matrix
which is included in of expression (A4) or (A6)

0 (' =z - =)
-z =z") 0 (x3” = x7)
=" - - x3) 0

is not equal to zero. SMO is controlled, if the coordinates of an arrangement to any six thrusters directed
along orts satisfy to a condition:

RSy Ny A ) N RO N NS PO
which should be carried out always and

1 ,, M 1) 1., (1
X3 Yz =Xy ys 7 #0, (A9)
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or
2),,2) (2 2),,2) (2
x0Tz —x) 7y 7 #0 . (A10)
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