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Abstract—Nonlinear robust control system, that improves marine vehicle’s control process under
condition of a marine vehicle’s and environment’s uncertainty, is considered in the article. Nonlinear
robust system allows to keep a predetermined optimal stabilization trajectory of a nonlinear marine vehicle
in the required vicinity by creating additional robust contour that enables to compensate different types of
uncertainty. Optimal speed system based on variable structure is used to determine an optimal stabilization
trajectory, taking into account given dimension of the marine vehicle’s model, required type of stabilization
trajectories and constraints on control actions. Nonlinear robust system solves control tasks of nonlinear
marine vehicles during maneuvering and dynamic positioning under condition of uncertainty.

Index Terms—Marine vehicles; robust control; nonlinear control systems; variable structure.

I. INTRODUCTION

Provision of motion along optimal trajectories of
stabilization and precise positioning of marine
vehicle, under conditions of environment uncertainty
and taking into account functional limitations,
requires improvement and practical implementation
of robust-optimal control’s principles, which provide
solution for relevant functional tasks in real time
mode [1].

Development of fundamental control principle
with feedback loops [2], [3] is based on wide usage
for optimal control's synthesis: static feedbacks [4],
H..-synthesis [5] and linear matrix inequalities taking
into account effect of random limited disturbances
but applied mainly to linear or equivalent linear
models of controlled systems including, for example,
marine vehicles [6].

Marine vehicles operate at the interface between
disturbed air and liquid environments and are
described by multidimensional nonlinear stochastic
differential systems of equations. Generally,
applicable simplifications for control of marine
vehicles during functional tasks include: stationarity
of external random disturbances, horizontal plane of
dynamic oscillations of the object and the number of
other assumptions [7]. Marine vehicle is controlled
under conditions of insufficient a priori information
of wvehicle's parameters and wunder effect of
uncontrolled random external disturbances (irregular
sea waves, wind pulsations) and parametric noise
caused by pitching. Requirements for maximum
speed and accuracy of marine vehicle's control are
determined by navigational safety and conditions
under which technological process are carried out.

II. PROBLEM REVIEW

The problem of vehicles stabilization in operating
mode or during movement along predetermined
trajectories involves creation of optimal, efficient and
physically realizable control systems. One of the
most efficient systems in term of time or energy
consumption are optimal control systems with
variable structure [8] —[10].

During marine vehicle functioning, an
uncontrolled impact of external extreme disturbances
caused by sea current, wind and irregular sea waves,
as well as incomplete certainty of the parameters of a
mathematical model of a marine vehicle (attached
masses, resistance coefficients, etc.) takes place. To
reduce these influences, robust control systems can be
used to ensure sufficient invariance to the uncertainty
of marine vehicle’s model and the environment. At
the same time, the process of synthesis of robust
control is significantly complicated by the
nonlinearity of the object’s model and requires the
creation of sensitive algorithms that can stabilize a
marine vehicle with minimal deviations from the
optimal trajectory with condition for the error vector
E(?)

E(t)+GE(t)+G,E() =0, (1)

Gi, G; is the positively defined symmetric weight
matrices.

Thus, the purpose of the article is to synthesize
robust control system for nonlinear model of marine
vehicle during stabilization processes under
conditions of uncertainty.

III. PROBLEM SOLUTION

In the most generalized form, dynamics of a
marine vehicle during maneuvering and dynamic
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positioning, taking into account generally accepted
assumptions about oscillations in horizontal plane,
can be represented in the vector-matrix form [7], [8]

X(1) = A(X)X(¢) + BU(?) + CF(2), ()

where X(?) is the state coordinates vector; U(¥) is the
vector of control forces and moment; F(f) is the
vector of forces and moment of external disturbances;
A(X), B, C are matrices of state coordinates, inertial
and aerohydrodynamic coefficients.

Trajectories, with the given boundary conditions
and restrictions on control actions, will be optimal (2)
when object moves with maximum possible number
of maximum possible values of state coordinates
vector’s derivatives

. (k)
mkaxmax{X[X(to),t]}

X (t)

The transition of dynamic object from the initial
segment to a predefined segment of the trajectory and
taking into account the requirements of physical
feasibility of control is described by the following
equations

] ] (m) ] tS _ tS m
X)) =X ) +... = X(#, )—( ! "")
m!

b

(m-1) s (m-1) s (m) s s s
X ()= X ()= X @ )6 —1), A3)

where X(#;) are coordinates vector of marine

vehicle; 7 is the switching moments of control on ith

segment of trajectory; m <myy, is the system order
limited by the physical feasibility of control action.

Constraints of control action restricts the number
of possible derivatives of the controlled coordinates.
That restriction affects the form of optimal trajectory
and significantly complicates its calculation.

For the prescribed boundary conditions and
derivatives’ values of the object’s coordinate vector,
taking into account constraints on control actions, and
based on the solution of algebraic equations’ system
(2), algorithm for determination of the sequence of
switching moments in feedback loops was developed
[8], [9]. This algorithm includes for a
multidimensional system introduction of leading, sub
leading and driven coordinates [10].

It's assumed that measurable wind impact is
compensated by the relevant control channel, and the
compensation of immeasurable marine influence will
be considered further during synthesis of robust
control channel.

To form control functions, we will use equations
of forces (moments) balance for third derivative of
state coordinates for nonlinear stationary model of
marine vehicles (2) in the form

X() = AX)X(1) +2A(X)X(7)
+AX)X () +BX)U®). 4)

The vector-matrix transformations of system (4)
(the argument X for matrices A is omitted) create the
expressions for control actions

BU(t) + ABU(7) + (A% + 2AB)U()
= [A?+2AA + AA + AIX(?). (5)

Thus, equations (5) form the control for motion
along the optimal trajectories (3).

Solution for robust control problem of marine
vehicles under conditions of uncertainty, and taking
into account controlled external disturbances, is
based on use of system with variable structure, which
forms reference optimal model for the motion of the
linear object [8]. Control signal from the reference
model U, goes to the input of physical marine
vehicle, and then correction signal U, is generated in
the circuit of robust control by comparing and
multiplying the output signal from the reference
model with output of the physical object.

Taking into account robust circuit, differential
equation (2) takes the form

X(t) = A(X)X(t) +B[U, () + U, ()] + CF(t). (6)

For reference optimal model equation (1) will take
form

X, ()=AX,)X,®+BU,(0)+CF@®. (7)

To determine correction signal based on the
nonlinear equations (6), (7) an approximate
expression for the deviation vector E(¢)is written

down as
E(@) ~ AX,)X,, () -AX)X(®)-BU,(1).  (8)

Equation (8) together with condition for the error
vector (1) and the correction signal takes the form for
zero initial value U, (0)

U, =B{-GBU, +[A(X,)+G A(X,)IX,

~A(X,)X, ~[A(X)+G,AX)X-AX)X +G,E}.
On the structure scheme Fig. 1, a detailed

explanation of how the correction signal, generated

by robust control system, together with the optimal
system are used to control marine vehicle.
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Fig. 1. Structure scheme

mathematical model was set as + 15% nominal
values. Simulation of the stabilization process of the
marine vehicle shows for the robust-optimal control

Uncontrolled external disturbances in the form of  system the following characteristics: angle of rudder
irregular sea waves were generated by the forming over time a(f) — Fig. 2, angular velocity over course
filter. Parametric noise in the measurement of output  angle w(y) — Fig. 3, angular velocity over time w(¢) —
coordinates was generated by Gaussian white noise  Fig. 4 and errors of course angle over time &,(7) —
with relevant intensity. The uncertainty of physical Fig. 5, providing accuracy of the control process with
marine vehicle’s parameters relatively to its errors less than 3%.

IV. SIMULATION RESULTS OF SHIP’S
MANEUVERING
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Fig. 2. Angle of rudder over time Fig. 3. Angular velocity over course angle
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Fig. 4. Anglar velocity over time
V. CONCLUSION

Based on system with variable structure and
taking into account criterion of optimality for the
maximum operating speed, robust control system for
nonlinear model of marine vehicles has been
developed. Nonlinear approach to synthesize robust

control based on determination of weigh matrices is 7]

practically applicable for a wide class of mobile
objects and for various technical tasks.
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B. JI. Tumuenko, 1. O. Jledenes. Heniniiina podéacTHa cucTteMa KepyBaHHs JUIs cTadijizanii MopcbKoro 00’exkra
PosrisinyTo HeniHiHY poOacTHY CHCTEMY KepyBaHHsI, sIKa MOKPAIIY€e POIeC KepyBaHHS MOPCHKUM PYXOMHUM 00’ €KTOM
3a YMOBH HEBU3HAYEHOCTI MOPCHKOI'0 PyXOMOT'0 00’ €KTa Ta HABKOJIMIITHBOT0 cepeoBuia. HeniniitHa pobacTHa cuctema
JIO3BOJIsIE 30epiraTu 3alaHy ONTUMAbHY CTaOLTI3aIliiiHy TPAEKTOPII0 HENIHIHHOIO MOPCHKOIO0 PYXOMOro 00’€KTa Ha
MICIIEBOCTi, CTBOPIOIOYHM JOAATKOBUI POOACTHUI KOHTYP, IO JIO3BOJISIE KOMIICHCYBATH Pi3HI THITM HEBU3HAYEHOCTI.
OnrtuManpHa CHCTEMa IMBUIKOMII Ha OCHOBiI 3MiHHOI CTPYKTYPH BHKOPHCTOBYETHCS [UISl BH3HAUYCHHS OMTHMAIBHOI
TpaekTopii cradiiizawii 3 ypaxyBaHHIM 3aJaHOI BEIMYMHH MOJENI MOPCHKOro 00’€KTa, HEOOXiJHOTO TUIY TPAEKTOPIii
crabinmizanii Ta oOMexxeHb Ha Kepyrodi mii. HeminiliHa poOacTHa cucTeMa BHPILIYe 3aBJaHHs KepyBaHHs HEJIHIHHUMHU
MOPCHKUMH 00’ €KTaMHU I1iJ] Yac MaHEBPYBaHHS Ta JMHAMIYHOIO ITO3HUIIIOHYBaHHS B yMOBaX HEBU3HAYEHOCTI.

KirouoBi ciioBa: Mopchkuii 00’€KT; poOacTHE KepyBaHHS; HElliHIHA CUCTeMa KepYBaHHS; 3MiHHA CTPYKTYpa.
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B. JI. Tumuenko, 1. O. Jlebenes. HeqmHelinasg podacTHbIe cucTeMa yNpaBJIeHHs A CTAOMIN3ALMA MOPCKOI0
00beKTa

Paccmotpena HenuHeiHas poOacTHas cUCTeMa YNpPAaBJIECHHs, KOTOpas YJIyYlIaeT IPOLECcC YIPABIEHUS MOPCKHM
TPAHCIIOPTHBIM CPEACTBOM IIPU HEONPE/EIIEHHOCTH MOPCKOIO TPAaHCIIOPTHOTO CPENCTBA M OKPYXKAIOUIEH CpEeabl.
Henunaeitnast pobacTHasi cucteMa IO3BOJISIET COXPAHATH 3aJaHHYIO ONTHMAJBHYIO CTAaOMIM3alMOHHYIO TPaeKTOPHUIO
HEJTMHEHHOTO MOPCKOT0 TPAHCIIOPTHOI'O CPEJCTBA B HY)KHOH MECTHOCTH, CO37aBas JOMOJHHUTEIbHBIH POOACTHBIN
KOHTYp, KOTOpPBIH TIO3BOJISIET KOMIIEHCUPOBATh pa3lIMuHble THITBI HeonpeAeneHHocTH. OnTumainbHas cucTeMa
OBICTPONEHCTBHUSI Ha OCHOBE IIEPEMEHHOW CTPYKTYPbI HCIOJB3YETCS JUIsi OMNpeNesieHHss ONTHMAIBHON TPaeKTOpUHU
CTa0WIM3allMK C YYeTOM 3a/IaHHOM BEJIMYMHBI MOJENIH MOPCKOTO O0OBeKTa, HEOOXOJAWMOro THUIA TPaeKTOPHA
CTa0WIM3allMM M OTrpPaHUYCHWI Ha yrpapismompe nelcrBus. HenuHeliHas poOacTHash cucTeMa pelaeT 3ajadu
yIIpaBJICHUS HETUHEHHBIMA MOPCKUMH O0BEKTaMU BO BPEMs MAaHEBPHPOBAHUS M INHAMUYECKOTO MO3UITUOHUPOBAHHUS B
YCIIOBUSIX HEONPEIETEeHHOCTH.

KnaroudeBble cioBa: MOPCKOH OOBEKT; poOacTHOe yIpaBlICHHE; HEJIUHEHHas CHCTeMa YNpPaBIeHWS; IepeMEHHas

CTPYKTYpA.
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