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ABSTRACT

Context. There were considered the issues of improving the accuracy and reliability of automatic vessel motion control systems
in conditions of large deviations in sensors measurements during maneuvering and failures of sensors and actuators. The object of
research is the process of automatic vessel motion control in conditions of large deviations in sensors measurements during maneu-
vering and failures of sensors and actuators. The subject of research is a method and algorithms for improving the accuracy and relia-
bility of automatic vessel motion control systems in conditions of large deviations in sensors measurements during maneuvering and
failures of sensors and actuators.

Objective. The aim of the research is development a method and algorithms for improving the accuracy and reliability of auto-
matic vessel motion control systems in conditions of large deviations in sensors measurements during maneuvering and failures of
sensors and actuators.

Method. This goal is achieved by using in onboard controller of the automatic vessel motion control systems an observer to es-
timation the parameters of the state vector in the linear motion channel by measurements of linear speed and position sensors ; estima-
tion the parameters of the state vector in the angular motion channel by measurements of rotational speed and angular position sen-
sors; continuous monitoring of the measured information by comparing it with the obtained estimations; correction estimations in the
linear motion channel by measurements of linear speed and position sensors that have passed control; correction estimations in the
angular motion channel by measurements of rotational speed and angular position sensors that have passed control; formation of a
sensor failure in the linear motion channel ( linear speed sensor or position sensor ), if its measurements differ from the correspond-
ing estimations for a greater than permissible value, to parry the failure in the linear motion channel by disconnecting the failed sen-
sor from the observer and further estimation according to another sensor working in pairs; formation of a sensor failure in the angular
motion channel ( rotation speed sensor or angular position sensor ), if its measurements differ from the corresponding estimations for
a greater than permissible value, to parry the failure in the angular motion channel by disconnecting the failed sensor from the ob-
server and further estimation according to another sensor working in pair; formation of an actuators failure in the linear motion chan-
nel ( engine, automation or other device) if a simultaneous or sequential failure of both sensors were detected - linear speed sensor
and position sensor, actuator failure alarm in the linear motion channel; formation of an actuators failure in the angular motion chan-
nel ( rudders, drives, other devices ) if a simultaneous or sequential failure of both sensors were detected — rotation speed sensor
and angular position sensor, actuator failure alarm in the angular motion channel. This method and algorithms make it possible to
improve the accuracy and reliability of automatic vessel motion control processes in conditions of large deviations in sensors meas-
urements during maneuvering and failures of sensors and actuators.

Results. The proposed method and algorithms for improving the accuracy and reliability of automatic vessel motion control sys-
tems in conditions of large deviations in sensors measurements during maneuvering and failures of sensors and actuators were veri-
fied by mathematical modeling in the MATLAB environment of the control object movement in a closed circuit with a control sys-
tem for various types of vessels, navigation areas, weather conditions and cases of large deviations in sensors measurements during
maneuvering and failures of sensors and actuators.

Conclusions. The results of mathematical modeling confirmed the efficiency of the developed method and algorithms and allow
to recommend them for practical use in the development of mathematical support for automatic vessel motion control systems in
conditions of large deviations in sensors measurements during maneuvering and failures of sensors and actuators.

KEYWORDS: parry equipment failure, observer, increased accuracy and reliability of control, mathematical model, onboard
controller, state vector estimation, sensor, actuator.

ABBREVIATIONS BCS is a bound coordinate system; is located in the vessel
MATLAB is Matrix Laboratory; rotation center, the axis OX lies in the diametral plane and
HF is human factor; is directed toward the bow, the axis OY is directed
GPS is Global Positioning System. perpendicular to diametral plane towards the starboard,

the axis OZ complements the system to the “right” one.
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GCS is a geographical coordinate system; is located in
the vessel rotation center, the axis OXg is directed along
the meridian towards the North, the axis OYq is directed
along the parallel towards the East, the axis OZg
complements the system to the “right” one.

NOMENCLATURE

X isa state vector of own vessel;

V is component of X - linear speed along the OX -
axis BCS;

V, is component of X - linear speed along the OY -
axis BCS;

V, is component of X - linear speed along the OZ -
axis BCS;

@, is components of X - angular rate around the OX
- axis BCS;

wy is components of X - angular rate around the OY
- axis BCS;

®, is components of X - angular rate around the OZ
- axis BCS;

@ is components of X - angle of rotation around the

OX - axis of BCS;

4 is components of X - angle of rotation around the
QY - axis of BCS;

w is components of X - angle of rotation around the

OZ - axis of BCS;
X is components of X - movement along the OXg

— axis of GCS;
Y4 is components of X - movement along the OYg —

axis of GCS;
Z is components of X - movement along the OZg —

axis of GCS;

X isameasured state vector;

Vym is component of X, - measured linear speed
along the OX - axis BCS;

Vym is component of X, - measured linear speed
along the QY - axis BCS;

V., is component of X, - measured linear speed
along the OZ - axis BCS;

@y 1S components of X, - measured angular rate
around the OX - axis BCS;

@ym is components of Xy, - measured angular rate
around the OY - axis BCS;

@,y is components of X, - measured angular rate
around the OZ - axis BCS;

@m is components of X, - measured angle of rota-
tion around the OX - axis of BCS;

I, is components of X, - measured angle of rota-
tion around the QY - axis of BCS;

wm is components of X, - measured angle of rota-
tion around the OZ - axis of BCS;

X gm Is components of X, - measured movement

along the OXg — axis of GCS;

Ygm is components of X,,, - measured movement
along the OY(g — axis of GCS;

Zgm is components of X, - measured movement
along the OZg — axis of GCS;

X,y is a estimated state vector;

Vyw is component of X,, - estimated linear speed
along the OX - axis BCS;

Vyy is component of X, - estimated linear speed
along the OY - axis BCS;

V,y is component of X,, - estimated linear speed
along the OZ - axis BCS;

@y 1S components of X,, - estimated d angular rate
around the OX - axis BCS;

@y, is components of X,, - estimated angular rate
around the OY - axis BCS;

@4,y 1S components of X, - estimated angular rate
around the OZ - axis BCS;

@, is components of X, - estimated angle of rota-
tion around the OX - axis of BCS;

9 is components of X,, - estimated angle of rota-
tion around the OY - axis of BCS;

v is components of X,, - estimated angle of rota-
tion around the OZ - axis of BCS;

X gw 1s components of X, estimated movement
along the OXg — axis of GCS;

Yqw is components of X,, - estimated movement
along the OY(g — axis of GCS;

Z 4y is components of X,, - estimated movement
along the OZg — axis of GCS;

AX,, isa systematic error vector;

AV, is component of AX,, - systematic error of
measured linear speed along the OX - axis BCS;

AV is component of AX, - systematic error of
measured linear speed along the OY - axis BCS;

AV, is component of AX,, - systematic error of
measured linear speed along the OZ - axis BCS;

Awyy, is components of AX,, - systematic error of
measured angular rate around the OX - axis BCS;

Awyn, is components of AX, - systematic error of
measured angular rate around the QY - axis BCS;

A,y is components of AX,, - systematic error of
measured angular rate around the OZ - axis BCS;

Ay, is components of AX,, - systematic error of
measured angle of rotation around the OX - axis of BCS;

A8y, is components of AX,, - systematic error of
measured angle of rotation around the OY - axis of BCS;
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Ay, is components of AX, - systematic error of
measured angle of rotation around the OZ - axis of BCS;

AX gm is components of AX, - systematic error of
measured movement along the OXg — axis of GCS;

AYgm is components of AX, - systematic error of
measured movement along the OY(g — axis of GCS;

AZ 4 is components of AX, - systematic error of
measured movement along the OZg — axis of GCS;

oX, is a fluctuation error vector;

Ny, is component of X, - fluctuation error of
measured linear speed along the OX - axis BCS;

Nym is component of 6X,, - fluctuation error of
measured linear speed along the OY - axis BCS;

OV, is component of X, - fluctuation error of
measured linear speed along the OZ - axis BCS;

Swyy 1S components of oX, - fluctuation error of
measured angular rate around the OX - axis BCS;

Swym is components of 6X,, - fluctuation error of
measured angular rate around the QY - axis BCS;

0w,y is components of 6X,,, - fluctuation error of
measured angular rate around the OZ - axis BCS;

O¢y is components of 6X,, - fluctuation error of
measured angle of rotation around the OX - axis of BCS;
68y, is components of 6X,, - fluctuation error of
measured angle of rotation around the OY - axis of BCS;
Sy is components of oX, - fluctuation error of
measured angle of rotation around the OZ - axis of BCS;

X gm is components of oX, - fluctuation error of
measured movement along the OXg — axis of GCS;

Y gm is components of oXp, - fluctuation error of
measured movement along the OY(g — axis of GCS;

O g is components of 6X, - fluctuation error of
measured movement along the OZg — axis of GCS;

VX, isaa failure error vector;

VV,p, is component of VX, - failure error of meas-
ured linear speed along the OX - axis BCS;

VWym is component of VX, - failure error of meas-
ured linear speed along the OY - axis BCS;

VV,, is component of VX, - failure error of meas-
ured linear speed along the OZ - axis BCS;

V @y, is components of VX, - failure error of
measured angular rate around the OX - axis BCS;

Vayy, is components of VX, - failure error of
measured angular rate around the OY - axis BCS;

V@, is components of VX, - failure error of
measured angular rate around the OZ - axis BCS;

Von, is components of VX, - failure error of meas-
ured angle of rotation around the OX - axis of BCS;

V9, is components of VX, - failure error of meas-
ured angle of rotation around the OY - axis of BCS;
Vi, is components of VX,, - failure error of
measured angle of rotation around the OZ - axis of BCS;
VX gm is components of VX, - failure error of

measured movement along the OXg — axis of GCS;
VYgm is components of VX, - failure error of

measured movement along the OYg — axis of GCS;

VZ 4y is components of VX, - failure error of
measured movement along the OZg — axis of GCS;

W is a vector of external influences from wind, cur-

rent, waves;
U is a vector of controls;

U, (@) is component of U - linear motion control;

U, (o) is component of U - angular motion control;

0 is atelegraph deflection;

S is a steering wheel deflection;

VU, is vector of control deviations in case of failure
in the linear channel;

VU, is vector of control deviations in case of failure
in the angulare channel;

F(e) is mathematical model of the control object;

F. (*) is mathematical model of the observer;

L is observer gain matrix;
AX is residual vector between the measured and es-
timated vectors;

* .
AX" is a measurement tolerance vector;
SW; isasign of j-sensor malfunction;

ny is number of measurements in the control cycle;

n¢ is number of erroneous measurements in control
cycles;

Vs required speed;

* . .
K" is required course;
@, * is required yaw rotation speed;
ky, is yaw channel mismatch coefficient;

k, isyaw rate mismatch coefficient;
kf is yaw channel mismatch integral coefficient;

Vmax IS vessel's maximum speed.

INTRODUCTION

Currently, more than 90% of all cargo in the world is
transported by sea. If we also take into account the pres-
ence of a significant number of warships, we can say that
the oceans have become quite “crowded”. People and
their ship management decisions have caused most mari-
time accidents. Thus, the Dutch study "100 Sea casual-
ties" revealed that the human factor led to 96 out of 100
accidents. According to the United Kingdom Protection
and Indemnity Club, the human factor accounts for 89—
96% of ship collisions, 84-88% of tanker accidents, 79%
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of towing ship a grounds and costs the marine industry
about $ 541 million a year. A detailed analysis of the
causes of ship accidents at sea due to the human factor is
given in [1]. The human factor is the weakest link in ship
management. Studies of the influence of the human factor
on management have been considered in the works of
many authors, in particular [1 - 5]. Organizational
measures taken to strengthen the training and retraining of
skippers, amending the International Convention on
Standards of Training, Certification, and Watch keeping
for Seafarers [1] in terms of language requirements, other
measures did not lead to a significant reduction in acci-
dent rates. Experts note that the only way to achieve the
desired result is the development and implementation of
automated decision support systems and automatic control
systems.

Automated decision support systems suggest a person
in the control loop and provide him with technical sup-
port, for example, in the form of monitoring the parame-
ters of the ship's state vector and propulsion system, the
formation of warning messages, control warnings, etc. In
such systems, despite the technical support from automat-
ed decision support systems, the skipper makes the final
decision on the control of the ship, which means , in the
control chain there remains the link of the HF with par-
tially indefinite behavior that generates a certain percent-
age of errors and has large delays in the processing and
transmission of information [6-7].

In automatic control systems, the HF link is absent,
which gives them great advantages: automatic systems are
not subject to fatigue, emotions, stresses; no communica-
tion problems; information in the system is transmitted
almost without delay, which is especially important when
controlled inertial dimensional objects; the task can be
solved optimally, which saves time and resources. In au-
tomatic systems can be achieved greater control accuracy
and reliability. The accuracy of control, in the absence of
a HF link, is determined only by the errors of technical
devices ( sensors and actuators ), the scheme and accuracy
of the calculations. Using mathematical methods can im-
prove the characteristics of the input signals and increase
the accuracy of control.

The work [1] gives an example of a failure of the nav-
igation equipment of the MS Royal Majesty ship. None of
the crew found a failure of the equipment and did not
even respond to the warning of the Portuguese fishing
boats that the vessel was in danger, which ultimately led
to the ship's departure from the route for 17 miles and
landing aground. In automatic systems, incorrect opera-
tion or failure of navigation equipment, equipment in lin-
ear motion control channels ( automation, engine, propul-
sion ), angular movement control equipment ( automation,
drives, rudder ) can be detected automatically by analyz-
ing the dynamics of the control object. Most modern ships
use autopilots, which are representatives of automatic
systems. Similarly to autopilots, other automatic control
modules can be developed that solve more complex ap-
plied problems, for example, automatic divergence with
many targets [8-9], automatic wiring in narrowness, opti-

mal maneuvering, etc. The skipper, as in the case of auto-
pilot, only makes a decision about the involvement of the
necessary module and controls the implementation of the
task, and technical control of the vessel is provided auto-
matically, according to the algorithms laid down in the
on-board controller. As follows from the foregoing, au-
tomatic control systems have huge advantages over man-
ual control, as well as ADSS systems. Therefore, the de-
velopment of such systems is an urgent scientific and
technical task.

The object of research is the process of automatic
vessel motion control in conditions of large deviations in
sensors measurements during maneuvering and failures of
sensors and actuators.

The subject of research is a method and algorithms
for improving the accuracy and reliability of automatic
vessel motion control systems in conditions of large devi-
ations in sensors measurements during maneuvering and
failures of sensors and actuators.

The aim of the research is development a method
and algorithms for improving the accuracy and reliability
of automatic vessel motion control systems in conditions
of large deviations in sensors measurements during ma-
neuvering and failures of sensors and actuators.

1 PROBLEM STATEMENT

Is given a mathematical model of the movement of the
control object in the form of a system of nonlinear differ-
ential equations, taking into account the effects of wind,
flow and waves, a mathematical model of actuators in the
form of a system of linear differential equations with a
model of errors and failures, as well as a mathematical
model of sensors in the form of a system of algebraic
equations with model of errors and failures.

% =F(X,U)+W, (1)
Xm =X+AXpn +0X 5 + VX, (2)
U=(U,(0)+VU|,U,(0)+VU,). (3)

It is required to form such controls & and ¢ that
would ensure control of the object (1) in conditions of
measurement errors and failures of sensors (2) and actua-
tors (3).

2 LITERATURE REVIEW

Article [10] proposed a model for predicting the coor-
dinates of a ship’s position in real time using a neural
network. In this case, information about the previous tra-
jectory of the vessel is used. This model does not take into
account linear and rotation speed and accelerations in the
forecast, it does not allow to compare the measured pa-
rameters of the vessel motion with the estimated parame-
ters to detect failures of sensors and actuators.

Article [11] investigated a model of the ship’s dynam-
ic positioning system by modeling real weather conditions
in the laboratory, which allowed not only avoids the risks
caused by direct experiments on a real ship, but also re-
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duces the cost of the experiment. In order to implement
high-precision positioning were used a high-precision
mathematical model of the vessel and continuous position
information with GPS. To improve positioning accuracy
were analyzed the characteristics of many sensors, includ-
ing radar, differential GPS, ultrasonic sensors, room tem-
perature and others, followed by mathematical methods.

Article [12] considered the problems of wave filtration
based on the Kalman filter, there were estimationd the
noise covariance parameters, the Kalman filter was ad-
justed, using the obtained estimation, and its operation
was verified in a dynamic positioning system by mathe-
matical modeling.

Article [13] considered a new concept of navigation
guidance, which allows to increase the reliability of the
provided guidance on changing speed or course in auto-
mated decision support systems under conditions of in-
complete information on the hydrodynamic model of the
vessel and external influences.

Article [14] considered the issues of forecasting the
movement of a vessel in a heeling channel. There was
proposed an adaptive forecasting model as a combination
of models with variable weights to improve the accuracy
of forecasting and stability. To determine the weights
there was used adaptive recursive identification.

Article [15] considered the issues of forecasting the
movement of a vessel in maneuvering areas based on ref-
erence vectors. In contrast to forecasting methods based
on an explicit mathematical model, there was built a black
box model of a maneuvering ship. For the input values of
the rudder and the variables of the state vector, as well as
the output values of the hydrodynamic forces, there were
identified complex nonlinear functions in the Abkowitz
model, which were used to predict motion.

Article [16] considered the use of a mathematical
model of full-circle propeller vessels for predicting their
maneuverability. There was carried out propeller force
analysis and synthesized the control of motion models. To
test the effectiveness of the developed models and control
algorithms, numerical modeling was carried out, the re-
sults of which are compared with field tests.

When creating modern aviation gas turbine engines, a
significant complication of automatic control and moni-
toring systems is noted, which increases the probability of
various violations in the measurement channel and com-
plicates control tasks.

Acrticle [17] considered the problems of algorithmic
detection, localization and parry of failures of sensors and
actuators of a digital control system for an aircraft gas
turbine engine, which allows to increase the reliability of
the system and increase the average time of its failure-free
operation by using analytical redundancy instead of
hardware, as well as reduce the cost and system weight.

Acrticle [18] presented a methodology for calculating
the average uptime of a digital control system for an air-
craft gas turbine engine on condition that sensors are de-
tected, localized and parried, using statistical hypothesis
testing and a set of observers based on non-linear and
piecewise-continuous linear models of the control object.

Matrices of a piecewise continuous model are estimated
using transients of a nonlinear model using the random
search method. There are given examples of increasing
the average uptime due to parry of failures and due to the
backup of the sensors of the digital control system of an
aircraft gas turbine engine, as well as when using a com-
pletely independent backup hydromechanical regulator,
which is included in the operation with a complete failure
of the main system.

Article [19] proposed an algorithmic reservation
method, which consists in using the optimal Kalman ob-
server. The presence of optimal observer provides infor-
mation redundancy, which allows to increase the fault
tolerance of the control system. There are presented the
simulation results using a mathematical model of an au-
tomatic control system for a turbojet engine and an opti-
mal Kalman filter in both stationary and transient modes
of engine operation, in case of sensor failures.

Article [20] presented a technique for detecting, local-
izing and concretizing the failures of sensors and actua-
tors using a statistical test of hypotheses and a set of non-
linear observers based on a quadratic model of a nonlinear
control object. The matrices of the quadratic model are
estimated by transients of the state coordinates and con-
trol coordinates of the nonlinear model using nonlinear
programming. There are presented results of applying the
proposed methodology for detecting, localizing, and con-
cretizing the failure of an actuator for metering fuel con-
sumption in the main combustion chamber of an aircraft
gas turbine engine.

Article [21] considered the synthesis of a fault-tolerant
flight control scheme based on a neural network. The pro-
posed scheme involves diagnostics, fault detection and
adaptation. The circuit was tested on an F-16 airplane
model in case of drive failure.

Acrticle [22] proposed to include in the algorithms of
the onboard control complex a mathematical model of the
rotation of the spacecraft. There are presented algorithms
for estimating the rotation speed vector using a mathemat-
ical model of rotation and determining the failure of the
rotation speed sensor. There is considered the problem of
identifying an external disturbing moment acting on the
spacecraft. There was carried out modeling of the external
disturbing moment during the rotation of the spacecraft on
a complex mathematical stand and a stand for half-natural
modeling "Mars". There are obtained the results of taking
into account the external disturbing moment using the
least squares method.

As can be seen from the above review, the mathemati-
cal model of the control object was used to predict
movement in control systems, including the ship [10-16],
as well as to detect and parry failures in control systems
of gas turbine and turbojet engines, aircraft and spacecraft
[ 17-22].

In the above review there was not found Information
about the methods:

- improving the reliability of ship control systems by de-
tecting sensor failures in the channels of linear and angu-
lar movement of the control object according to the re-
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sults of analysis of its movement dynamics;
- improving the reliability through parry failures of sen-
sors by replacing their information (received from another
sensor working in pair with a failure in one measurement
channel, for example, if the linear speed sensor fails, its
information can be replaced by position sensor infor-
mation and vice versa, and if it fails the rotation speed
sensor its information can be replaced by the information
of the angular position sensor and vice versa);

- improving reliability by detecting failures of actuators
based on the analysis of the dynamics of movement of the
control object;

- improving accuracy when maneuvering the vessel by
identifying unacceptable deviations of the sensors and
replacing their information until the end of the maneuver
(for example, during acceleration, braking, and turning
the ship, the gyrocompass inertia deviates is present. Dur-
ing the maneuver, the gyrocompass date can be replaced
by the rotation speed sensor in the jaw — channel ) .

3 MATERIALS AND METHODS
Figure 1 shows the block diagram of the control object

control channel

Control

object

measunng

charmel

angle motion
measanng

charned

W

External

influences

Figure 1 - The block diagram of the control object and the control system

The movement of the control object is presented in a
BCS, that moves relative to the GCS. The control object 1
moves under the action of external disturbances W and

controls U;,U, respectively in the linear and angular
movement channels. The state vector parameters — the
components of the speed V,,V,,V, and position vector
Xg:Yg,Zy are measured by a linear motion channel

sensor 4.1 with an information processing period in the
on-board controller. State vector parameters — the com-
ponents of the rotation speed w,,®y,®,and angular

position ¢, 0, are measured by the angular motion

channel sensors 4.2 with the information processing peri-
od in the onboard controller. The measured parameters
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errors, estimate of the state vector parameters with time
will be more and more different from the state vector it-
self. To prevent this divergence, the observer’s estimates
are adjusted using the residuals between the measured
parameters and their estimates.
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In comparator 9, the measured state vector parameters
X are compared at each step of the calculations with

the corresponding estimation vector parameters X,, to
form the residual vector AX =X, —X,,, which is fed to

the fault diagnosis unit 10. The fault diagnosis unit 10
controls the excess of the residual vector parameters AX
the permissible values AX*. If one of the parameters
AX jexceeds the permissible value AX;*, the failure

diagnosis unit 10 feeds to the input of the observer 7 a
signal SW; =0 to reset the j - column of the matrix L

in order to prevent distortion of the state vector estimates
by the j - sensor. In this case, a further estimate of the

state vector X,, is made according to the replacement

information. Replacement information is the information
of another sensor, operating in the same measurement
channel, for example, speed and position sensors work in
a linear motion channel and can replace each other when
one of them failed, and angular rate sensor and angular
position sensor also work in one channel angular motion
and can replace each other when one of them failed.

The fault diagnosis unit 10 monitors the dates of the
j - sensor, as well as other sensors, at each control inter-

val ny . If the number of unreliable measurements n¢ =0

during the control interval ny, the failure diagnosis unit
10 returns Swj =1, otherwise Sw; =0. If at the same

time or sequentially, after a short time interval, the fault
diagnosis unit 10 detects a failure of the main and re-
placement sensors, then this is regarded as a failure in the
control channel in which the failures of the main and re-
placement sensors were detected. For example, a simulta-
neous or sequential failure of the speed sensor and the
position sensor in the linear motion channel is regarded as
the failure of the linear control channel ( engine, propul-
sion device, amplifiers, automation or any other device
whose failure can violate the relationship between the
screw force and telegraph position ). Also, the simultane-
ous or sequential failure of the main and replacement sen-
sors in the angular motion channel is regarded as a failure
in the angular control channel ( steering wheel, drive,
amplifiers, automation, or any other device whose failure
can violate the relationship between the control moment
and the position of the steering wheel ).

Estimations of the yaw angle w,, and yaw rate

w4, from the output of the observer 7, as well as the re-

quired course K" and the required yaw rate a); , from the

block of motion programs 8, are fed to the inputs of the
autopilot 6, where control & is formed

S =Ky, Wy —K*)+ky (0qy —0; %)+
K| [y —K*)dt.

The speed estimation Vxw from the output of the ob-

server 7, as well as the required speed VX* from the block

of motion programs 8 are fed to the inputs of engine au-
tomation unit 5, where control @ is formed

*

Vx

="
2

Vmax

4 EXPERIMENTS

Verification of the operability and effectiveness of the
method and algorithms for improving the accuracy and
reliability of automatic vessel motion control systems in
conditions of large deviations in sensors measurements
during maneuvering and failures of sensors and actuators,
as well as the mathematical support developed on its ba-
sis, was verified by mathematical modeling in the
MATLAB environment of a control object in a closed
circuit with a control system including an observer and a
fault diagnosis unit.

During all experiments, the following measurement
errors were adopted:
- linear speeds: systematic AV, AVyy, AV, = 0.5 m/s,

fluctuation &Vym, N yy, Ny =0.21 ms;

- positon: systematic AXy,AYy,AZ = 10 m/s, fluctua-
tion oXg,8Yg,0Zy=5m/s;

- angular rate: systematic A@yy, A@ym, Awyy,= 0.002
dg/s, fluctuation Sayy,, Sy, 6w,y = 0.002dg/s;

- angular position: systematic Agp,, A6y, Ay, = 1 dg,

fluctuation d¢y,, 56y, Sy, = 1dg;

Fig. 2 shows the results of detecting sensor failures
during acceleration of the vessel and simultaneous yaw
turning on 45 dg.

The graphs are shown (vertically):

- measured speed Vy;,,, yaw angle y, and position Y ;

- estimated speed V,, , yaw angle y,, and position Y, ;
- matrix gain L for
Vim ¥m 'ng-

For 50 s, 70 s and 20 s were simulated respectively a
failure error of measured linear speed V,,, measured yaw

angle v, and measured position Y. Inadmissible de-

coefficients measurements

viations of measured linear speed, measured yaw angle
and measured position from their estimations were re-
vealed. To exclude the influence of unacceptable devia-
tions of the sensors on the estimations, the matrix gains
for these measurements are zeroed. After restoration of
the sensors, the gain is restored.
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Figure 2 — The results of detecting sensor failures
Fig, 3 shows results of detection and parry linear
speed sensor failure during acceleration of the vessel from
zero speed to maximum.
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Figure 3 — Detection and parry linear speed sensor failure

The graphs are shown (horizontally):
- linear speed V, , measured speed V,,, estimated speed

VXW ;
- movement X, measured movement X g, estimated
movement X g

- matrix gain coefficients Imd (1) for measured speed
Vym and Imd (10) for measured movement X g, as well

as telegraph deflection 6.

© Zinchenko S. M., Ben A. P., Nosov P. S., Popovych I. S., Mamenko P. P.,
DOl 10.00000/0000-0000-0000-0-0

For 50 s was simulated linear speed sensor failure. As
can be seen from the simulation results, this failure was
detected and parried (matrix gain coefficients Imd (1) was
reset to zero and further estimationV,,, was carried out

only by measurements X g, of the replacement sensor ).

Fig. 4 shows results of detection and parry yaw angle
sensor failure during a turn of the vessel at angle of 45
degrees..
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Figure 4 — Detection and parry yaw angle sensor failure

The graphs are shown (horizontally):
- yaw rate @, , measured yaw rate @,y , estimated yaw

- movement X, measured movement X g, estimated

movement X g,;

rate way ; ] - matrix gain coefficients Imd (1) for measured linear
- yaw angle y, measured yaw angle yp, estimated yaw  gpeeqd v, . and Imd (10) for measured movement X gm
angle vy ; as well as the telegraph deflection 6.

- matrix gain coefficients Imd (6) for measured yaw rate
@4y and Imd (9) for measured yaw angle v, as well as
the steering wheel deflection & .

For 30 s was simulated the yaw angle sensor failure.
As can be seen from the simulation results, this failure

For 50 s the engine failure was simulated (the screw
force does not correspond to the telegraph deflection 6 ).
As can be seen from the simulation results, this failure
manifested itself through the failures of both sensors -
linear speed sensor and movement sensor. Since the prob-

ability of simultaneous failure of two sensors is small, it
was diagnosed not a sensors failure but linear motion con-
trol channel failure (engine, propulsion device, amplifiers,
automation, or any other device, the failure of which may

sor. o ) violate the relationship between the screw force and tele-
Fig. 5 shows the results of detection linear motion  graph deflection 6 ).

control channel failure, when the vessel was moving at
maximum speed. The graphs are shown (horizontally):
- linear speed V, , measured linear speed V,,, estimated

linear speed Vy,;

was detected and parried (matrix gain coefficients Imd (9)
was reset to zero and further estimation v, was carried

out only by measurements @,,, of the replacement sen-
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Figure 5 — Detection linear motion control channel failure

Fig. 6 shows the results of detection of angle motion
control channel failure, when the vessel turns 45 degrees.
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Figure 6 — Detection of angle motion control channel failure

For 50 s the engine failure was simulated (the screw
force does not correspond to the telegraph deflection 6 ).
As can be seen from the simulation results, this failure
manifested itself through the failures of both sensors -
linear speed sensor and movement sensor. Since the prob-
ability of simultaneous failure of two sensors is small, it
was diagnosed not a sensors failure but linear motion con-
trol channel failure (engine, propulsion device, amplifiers,
automation, or any other device, the failure of which may
violate the relationship between the screw force and tele-
graph deflection 6 ).

The graphs are shown (horizontally):

- yaw rate ®,, measured yaw rate ,,, estimated yaw

rate wyy ;

- yaw angle  , measured yaw angle y,, estimated yaw

angle w, ;
- matrix gain coefficients Imd (6) for measured yaw rate
@,y and Imd (9) for measured yaw angle v, as well as

the steering wheel deflection & .

For 50 s simulated failure in the channel of angular
motion ( the control moment does not correspond to the
steering wheel deflection & ). As can be seen from the
simulation results, this failure manifested itself through
the failures of both sensors - yaw rate sensor and yaw
sensor. Since the probability of simultaneous failure of
two sensors is small, it was diagnosed not a sensors fail-
ure but angular motion control channel failure ( ruder,
drive, amplifiers, automation, or any other device, the
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failure of which may violate the relationship between the
control moment and the position of the steering wheel ).

5 RESULTS

There were considered the issues of improving the ac-
curacy and reliability of automatic vessel motion control
systems in conditions of large deviations in sensors meas-
urements during maneuvering and failures of sensors and
actuators. There were analyzed the existing methods of
increasing the accuracy and reliability of control in auto-
matic systems, their shortcomings was identified and the
relevance of solving this problem was substantiated.
There were developed the method and algorithms for im-
proving the accuracy and reliability of automatic vessel
motion control systems in conditions of large deviations
in sensors measurements during maneuvering and failures
of sensors and actuators. The effectiveness of the pro-
posed method and algorithms were verified by mathemat-
ical modeling of the control object in a closed circuit with
a control system in the MATLAB environment for vari-
ous types of ships, navigation areas, weather conditions
and cases of large deviations in sensors measurements
during maneuvering and failures of sensors and actuators.

6 DISCUSSION

The proposed method and algorithms make it possible
to improve the accuracy and reliability of automatic ves-
sel motion control systems in conditions of large devia-
tions in sensors measurements during maneuvering and
failures of sensors and actuators.

As shown by the results of mathematical modeling,
the proposed method and algorithms are operable and,
compared with the known solutions [1-20], can improve
the accuracy and reliability of controlling the linear and
angular motion of the vessel during intensive maneuver-
ing and possible failures of sensors and actuators.

The proposed method can be used in the development
of mathematical support for automatic vessel control sys-
tems operating in such conditions.

CONCLUSIONS

There were proposed a method and algorithms to im-
prove the accuracy and reliability of the automatic vessel
control systems.

The scientific novelty of the obtained results consists
in the fact that for the first time were proposed a method
and algorithms for improving the accuracy and reliability
of the automatic vessel control systems working in condi-
tions of large deviations in sensors measurements during
maneuvering and failures of sensors and actuators.

This is achieved by using in onboard controller of the
automatic vessel motion control systems an observer to
estimation the parameters of the state vector in the linear
motion channel by measurements of linear speed and po-
sition sensors; estimation the parameters of the state vec-
tor in the angular motion channel by measurements of
rotational speed and angular position sensors; continuous
monitoring of the measured information by comparing it
with the obtained estimations; correction estimations in

the linear motion channel by measurements of linear
speed and position sensors that have passed control; cor-
rection estimations in the angular motion channel by
measurements of rotational speed and angular position
sensors that have passed control; formation of a sensor
failure in the linear motion channel ( linear speed sensor
or position sensor ), if its measurements differ from the
corresponding estimations for a greater than permissible
value, to parry the failure in the linear motion channel by
disconnecting the failed sensor from the observer and
further estimation according to another sensor working in
pairs; formation of a sensor failure in the angular motion
channel ( rotation speed sensor or angular position sensor
), if its measurements differ from the corresponding esti-
mations for a greater than permissible value, to parry the
failure in the angular motion channel by disconnecting the
failed sensor from the observer and further estimation
according to another sensor working in pair; formation of
an actuators failure in the linear motion channel ( engine,
automation or other device) if a simultaneous or sequen-
tial failure of both sensors were detected - linear speed
sensor and position sensor, actuator failure alarm in the
linear motion channel; formation of an actuators failure in
the angular motion channel ( rudders, drives, other devic-
es ) if a simultaneous or sequential failure of both sensors
were detected — rotation speed sensor and angular posi-
tion sensor, actuator failure alarm in the angular motion
channel. This method and algorithms make it possible to
improve the accuracy and reliability of automatic vessel
motion control processes in conditions of large deviations
in sensors measurements during maneuvering and failures
of sensors and actuators. This method and algorithms can
improve the accuracy and reliability of automatic control
of the movement of the vessel in conditions of large devi-
ations in sensors measurements during maneuvering and
failures of sensors and actuators.

The proposed method and algorithms for improving
the accuracy and reliability of automatic vessel motion
control systems in conditions of large deviations in sen-
sors measurements during maneuvering and failures of
sensors and actuators were verified by mathematical
modeling in the MATLAB environment of the control
object movement in a closed circuit with a control system
for various types of vessels, navigation areas, weather
conditions and cases of large deviations in sensors meas-
urements during maneuvering and failures of sensors and
actuators.

The practical value of the obtained results lies in the
fact that the developed method and algorithms were tested
by mathematical modeling in the MATLAB environment
of the control object movement in a closed circuit with a
control system for various types of vessels, navigation
areas, weather conditions and cases of large deviations in
sensors measurements during maneuvering and failures of
sensors and actuators.

Mathematical modeling confirmed the efficiency of
the developed method and algorithms and allows to
recomend them for practical use in the development of
mathematical support of vessel motion control systems.
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Further research may be related to the development of

methods and algorithms that increase the reliability of
fault detection and prediction accuracy.
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HIIBUIEHHS TOYHOCTI TA HAJIMHOCTI ABTOMATUYHHAX CUCTEM KEPYBAHHSI PYXOM CYJIHA

3imgenko C. M. — kaHIUIaT TEXHIYHUX HayK, CTapIINH BUKJIAJad KadeIpu yIpaBiIiHHSI CyIHOM, 3aBiTyBad jJabopaTopii enekT-
POHHHX TpeHaXepiB, XePCOHCHKA JAepKaBHA MOPCHhKa akaJieMis, XepcoH, YKpaiHa.

Benp A. I1. — kaHAMIAT TEXHIYHKUX HAYK, podecop kadeapyu CYTHOBOIIHHS Ta €IEKTPOHHUX HAaBIralliiHUX CHCTEM, IIPOPEKTOP 3
HAYKOBO — TeIaroriyHoi po0otH, XepcoHChKa JiepKaBHA MOPChKa akaieMis, XepcoH, YKpaiHa.

Hocos I1. C. — kaHquAAT TEXHIYHUX HAYK, JOLEHT Kadeapu CyIHOBOAIHHS Ta eJCKTPOHHUX HABIraliiHUX CHCTEM, XEPCOHChKa
Jiep’kaBHA MOPCBKa akaJzieMisi, XepcoH, YKpaina.

[MonoBwy 1. C. — mokTOp 1cuxonorivHuX Hayk, npodecop xadeapu 3araapHOI Ta COIiaabHOI IICHXOIOT1, XepCOHCHKUH eprKaB-
HUH yHIBEpCHUTET, XepcoH, YKpaiHa.

Mawmenko I1. TI. — kamiTaH Janekoro riaBaHHs, CTapLIMil BUKIIana4 KaQeIpy YIpaBiliHHSI CyJIHOM, XepCOHChKa JepiKaBHa MOp-
ChbKa akajieMisi, XepcoH, Ykpaina.

Mareitayk B. M. — crapmmii Bukiagad kadeapy ypaBIiHHS CyTHOM, 3aBiayBad J1abopaTopii eleKTPOHHUX TpeHaXepiB, Xepco-
HCBbKa JiepkaBHA MOpPChKa akajeMisi, XepcoH, YKpaiHa.

AHOTANISA

AKTyaabHicTb. PO3rIsHYTI MUTaHHS MiJBUILEHHS TOYHOCTI 1 HAJAIHHOCTI CHCTEM aBTOMaTHYHOTO KEPYBaHHS PYXOM CyJHa IpH
3HAYHMX BiJXWJICHHSX BUMIPIOBaHOI CEHCOpaMH iH(popMarii y Iporieci MaHeBpYBaHHS Cy[Ha Ta IIPH BiIMOBaX CEHCOPIB i BUKOHYIO-
4yuX MpUCTpoiB. O6’€KTOM JOCIIDKEHHS € MPOLEC ABTOMATHYHOTO KEPYBaHHS PYXOM CY[IHA HPH 3HAYHHX BiJXHMJICHHIX BUMipIOBaHOT
CeHcopaMH iH(opMarii y mporeci MaHeBpYBaHHS Cy[Ha Ta IPH BiIMOBAaX CEHCOPIB 1 BUKOHYIOUHMX NpHCTpoiB. Cy0’€KTOM mocii-
JDKEHHSI € METOJI 1 aJrOPUTMH ITiIBHIIICHHS TOYHOCTI 1 HA/MHOCTI CHCTEM aBTOMATHYHOTO KEPYBaHHS PyXOM Cy/AHA MPH 3HAYHHX
BIZIXMJICHHAX BUMIPIOBaHOI CeHcopaMH iH(opMallil y Ipoleci MaHeBpyBaHHs CyJ(HA Ta IIPU BiIMOBAaX CEHCOPIB i BUKOHYIOUUX NPU-
CTpOIB.

Meta. MeToro ToCii/KEeHHS € po3po0Ka METOy Ta alrOPUTMIB MiJBHIIEHHS TOYHOCTI 1 HaIiHHOCTI CHCTEM aBTOMaTHYHOTO Ke-
PYBaHHSI pyXOM Cy[HA NPH 3HAYHUX BiJXMICHHSIX BHMIPIOBaHOI CeHCOpaMH iH(pOpMaIli y Mporeci MaHeBpYBaHHS CyAHA Ta MpH
BiZIMOBAX CEHCOPIB 1 BUKOHYIOUHX MPUCTPOIB.

Meroa. 15 MeTa 10csraeThes 3a paxXyHOK BHKOPUCTaHHS Y GOPTOBOMY KOHTPOJIEpPi CHCTEMH aBTOMATHYHOIO KEPYBaHHS PyXOM
Cy[lHa OLIHIOBAaYa MapamMeTpiB BEKTOPY CTaHy Yy KaHaJi JIHIHHOTro pyxy MO JaHUM BHUMipIOBaHHS JiHIHHOI MIBUIKOCTI i epeMilleH-
HSI; OLIHIOBaHHsI MapaMeTpiB BEKTOPY CTaHy y KaHaji KyTOBOTO PyXy IO JAaHUM BHMipIOBAHHS KyTOBOI IIBHAKOCTI i MEpeMillleHHs],
MOCTIHHOrO KOHTPOJIO 33 JIOCTOBIPHICTIO BHMipIoBaHOI iH(opMamii nuIsixoM i MOpIBHSHHS 3 OTPUMaHHMH OLIIHKAMH IapaMeTpiB
BEKTOpPY CTaHy; KOPUI'YBaHHS OLIHOK y KaHaJli JIIHIHHOTO pyXy IO BHUMIPSIHUM CEHCOpaMH JaHHMM JIiHIHHOI MIBUAKOCTI 1 JIIHIHHOTO
MepPEMILIEHH, 1110 NMPOMIIM NepeBipKy; KOPUTI'YBaHHS OLHOK y KaHali KyTOBOI'O PyXy IO BUMIPSHUM CEHCOpaMH IaHUM KyTOBOi
LIBUAKOCTI 1 KyTOBOrO MEPEMillleHHS], 1110 MPOUIILIH MepeBipKy; GopMyBaHHS BiIMOBH JaT4YHMKa y KaHaJi JiHIHHOTO pyxy ( ZaT4yuka
JIHIHHOT IBUIKOCTI a00 JaTYUKa JiHIHHOrO MEPEeMIIeHHs ), SKIIO HOro BUMIPIOBAHHS BiJPI3HAIOTHCS Bifl OLIIHOK HA BEMYHHY Oi-
JIBIIY JOIYCTHMOI, ApUPYBaHHs BiIMOBU JaT4MKa y KaHaJl JiHIHHOrO pyXy HUISIXOM HOrO BiIKITIOYEHHs BiJ OLIHIOBaYa Ta MOJa-
JIBILIOTO OLIHIOBAHHS 1O iH(pOpMALIl 1HIIIOro JaTYHKa, IO MPALoE 3 HAM Y Tapi; (opMyBaHHS BiAMOBH JaTYHKa y KaHaJi KyTOBOTO
pyxy ( IaTtdumka KyToBOi IIBUAKOCTiI a00 JaTyvKa KyTOBOIO IOJOXKEHHS ), SIKIIO HOro BHMIPIOBaHHS BiJPi3HSIOTHCS Bijl OL[IHOK Ha
BEJIMYMHY O1TbIIY TOMYCTHUMOI, HAPUPYBaHHS BIZIMOBH JAaTYMKA y KaHANI KYTOBOTO PyXY LIUISIXOM HOr0 BiAKIIOUESHHS Bif OLIHIOBAaYa
Ta MOAANBIIOrO OLIHIOBAaHHS MapaMeTpiB Mo iH(OpMaIlii iHIIOro JaT4MKa, IO HPALIoE 3 HUM Y Hapi; popMyBaHHS BiIMOBH IO YII-
paBIiHHIO Y KaHaJi JiHiiiHOro pyxy ( CHJIOBOI yCTaHOBKH, aBTOMATHUKH a00 iHIIOrO0 BUKOHYIOHOrO MPHCTPOIO ), SIKIIO OJHOYACHO,
200 TOCIIiZIOBHO, Yepe3 HEBEIMKHI MPOMIKOK 4acy, 3adikcoBaHa BiiMOBa 000X NAaTYHKiB ( JiHIMHOI MIBUAKOCTI 1 JiHIKHOrO mepemi-
LICHHS ), pOPMYBaHHS AJIIPMY IPO BiJIMOBY YIIPABIIiHHS Y KaHAJI JiHIHHOTO pyXy; (DOpMYBaHHS BiIMOBH 10 YIPABJiHHIO Y KaHAJi
KyToBOro pyxy ( KepMma, IPHBOJIB, iHIINX BUKOHYIOUHX MPUCTPOIB ), SKIO OAHOYACHO ab0 MOCIiOBHO, Yepe3 HEBEIUKUM MpoMi-
JKOK 4acy, 3a(iKcoBaHO BiIMOBY 000X JaTyMKiB ( KyTOBOi LIBHAKOCTI i KYTOBOrO HepeMillleHHs ), GopMyBaHHS alsipMy y KaHaui
YIIPaBJIiHHS KYTOBUM pyXxoM. J[aHHil METOJ| Ta aJIFOPUTMH JIO3BOJISIOTH IiBUILIMUTH TOYHICTh T4 HAINHHICTh aBTOMATUYHOI CHCTEMH
KEpyBaHHSI PyXOM Cy/HA NP 3HAYHMX BiJXHJICHHIX BHMIPIOBAaHOI CeHCOpaMH iH(popMalii y Mpoleci MaHeBpYBaHHs Ta MPU BiAMO-
BaxX CEHCOPIB i BAKOHYIOUHX HPUCTPOIB.

PesyabTaTn. 3anponoHoBaHUil METOA 1 aITOPUTMH ITiABUILCHHS TOYHOCTI 1 HAMIHHOCTI CHCTEM aBTOMATUYHOTO KePyBaHHS PY-
XOM cy/iHa Oyiiu mepeBipeHi MaTeMaTu4HHM MojielioBaHHsM y cepenoBuili MATLAB mporeciB kepyBaHHsI pyXOM CyAHA y 3aMKHY-
Till CXeMi 13 CHCTEMOIO KepYBaHHsI UIsl Pi3HHUX THUIIIB CyJCH, PaifOHIB IUIaBaHHsI, OrOJHUX YMOB, BHIIQJIKiB 3HAYHHX BiJXUIICHb BHU-
MiproBaHoi iH(opMallii mpu MaHEBPYBAaHHSX Ta BiJMOB CEHCOPIB i BAKOHYIOYHX HPHCTPOIB.

BucnoBku. Pe3ynpTati MpoBeIeHOr0 MaTEMATHYHOTO MOJICIIOBAHHS i ATBEPANIIN MPAIE3AaTHICTh Ta e()eKTUBHICTH 3arporio-
HOBAHOT'O METO/A i AIITOPUTMIB Ta J03BOJISIOTH PEKOMEHIYBATH IX ISl IPAKTUYHOIO BUKOPUCTAHHS IPH PO3pOOLI MaTeMaTHYHOIO
3a0e31eueHHs OOPTOBHX KOHTPOJIEPIB CUCTEM aBTOMATHYHOI'O KEPyBaHHS PYXOM CYJEH, LIO HPALOIOTh B yMOBaX 3HAYHUX BiIXH-
JIeHb BUMIpIOBaHOI iH(pOpMallii y mporieci MaHeBpYBaHHS Ta B yMOBaX BiJIMOB CEHCODIB i BUKOHYIOUHX ITPHCTPOIB..

KJIIOUYOBI CJIOBA: napupyBaHHs BiIMOB 00JIa{HAHHS, OI[iHIOBAY, MMiJBUIIEHHS TOYHOCTI 1 HAAIHHOCTI YIIpaBIiHHSI, MaTeMa-
THYHA MOJIEIb, OOPTOBHII KOMIT FOTEp, OL[iHIOBAHHS BEKTOPY CTaHy, CEHCOP, BUKOHYIOUYHI MPUCTPIi.
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3unuenko C. H. — kKaHmumaT TeXHUYECKUX HayK, CTapIIMil IpenofaBartens Kadeapsl yIpaBIeHHs CyaHOM, 3aBeAylouii Jabopa-
TOpHEH EKTPOHHBIX TPEHAXKEPOB, XEPCOHCKasi TOCYAAPCTBEHHASI MOPCKast akaJleMusi, XepcoH, YKpanHa.

Bens A. II. — xaHIUIAT TEXHUYECKUX HAyK, podeccop Kaeaps! CyJOBOXKICHHUS 1 dJIEKTPOHHBIX HABUTAIIMOHHBIX CHCTEM, IIPO-
PEKTOp IO Hay4HO — MeAarormdeckoii padore, XepcoHcKas TocyJapcTBEHHAst MOPCKas akaaeMHus, XepCcoH, YKpauHa.

Hocos IlI. C. — kaHIuoaT TEeXHWYECKHX HAyK, NONEHT Ka(eApbl CYIOBOXKICHUS M AIICKTPOHHBIX HABUTAIIMOHHBIX CHCTEM,
XepcoHcKast TocyJapCTBEHHAst MOPCKask akaJIeMusl, XepCoH, Y KpanHa.

[MonoBwy 1. C. — TOKTOp IICHXOIOrMYECKHX HayK, podeccop Kaenaps! o0ImeH U corManbHOH IICHXO0IOTH, XepPCOHCKHUIT rocy-
JIApPCTBECHHBIN YHUBEPCUTET, XEPCOH, Y KpauHa.

Mawmenko II. [I. — kanuTaH maibHEro IUIAaBaHMS, CTapIINH IperofaBaTe’b KadeAphl YIPaBIEHHs CYJHOM, XEpCOHCKas rocy-
JapCTBEHHAst MOPCKas akazieMust, XepCcoH, YKpauHa.

Mareituyk B. H. — crapmmii npenogaBatens kadephl YIIpaBIeHHs CYIHOM, 3aBEIyIOIINH 1abopaToprueil AeKTPOHHBIX TpeHa-
XKepoB, XepCOHCKas rocyIapCTBEHHAs MOPCKas akaileMusl, XepCoH, YKpauHa.

AHHOTAIINSL

AKTYaJIbHOCTh. PacCMOTPEHBI BOMPOCH! MOBBILICHUS! TOYHOCTH U HA/ICKHOCTH CHCTEM aBTOMATHYECKOrO YIPABIICHHS JBHKE-
HHEM Cy/Ha B YCJOBHSX MOBBIIICHHBIX ONIMOOK W3MEPEHHI MPH MAaHEBPUPOBAHWH M OTKA30B CCHCOPOB M HCMOJHHTEIBHBIX YCT-
poiictB. OOBEKTOM HCCIICIOBAHUS SBIISCTCS MPOLECC aBTOMATHYECKOrO YNPABICHHUS ABHKCHHEM CyAHA B YCJIOBHSAX MOBBIIICHHBIX
OIIMOOK M3MEPEHHIT PY MAHEBPHPOBAHUH M OTKA30B CEHCOPOB M UCIIOJIHUTEIBHBIX YCTPOCTB. CyObEKTOM HCCIIEIOBAHHUS SBISCTCS
METOJI ¥ aJTOPUTMBI TOBBILICHUS] TOYHOCTH M HA/ICKHOCTH CHCTEM aBTOMATHYECKOTO YIIPABIICHHUS IBHKEHHEM CYIHA B YCIOBHSX
TMOBBIIIEHHBIX OMIMOOK M3MEPEHHUIT IPH MAaHEBPHPOBAHUH M OTKA30B CEHCOPOB M HCIIOJHHUTEIBHBIX YCTPOHCTB.

Heasn. Lenbio uccieaoBanust SBISETCS pa3paboTka METO/Ia U aJIFOPHTMOB TTOBBIIICHUS] TOYHOCTH M HA/IS)KHOCTH CHCTEM aBTO-
MAaTHYECKOr0 YIPAaBICHHUsI IBHKCHHEM CY[HA B YCIOBHUSX MOBBIIICHHBIX OIIMOOK M3MEPEHHUIl MPH MaHEBPUPOBAHHH U OTKa30B CCH-
COpOB M HCIIOJHHUTEIBHBIX YCTPONCTB.

Meropn. Dta Le/b JOCTUraeTcs 3a CUeT HCIOIb30BaHU B OOPTOBOM KOHTPOJUIEPE CHCTEMbI aBTOMATHYECKOTO YIIPABICHHUS BU-
JKEHHEeM Cy/IHa HAOJFOA0IIEeT0 YCTPOMCTBA JUlsl OLCHKH MapaMeTPOB BEKTOPa COCTOSIHHS B KaHajle JMHEHHOTO JBIKEHHS MO JaH-
HBIM W3MEPCHHUI JIMHEWHON CKOPOCTH U TEPeMEICHHUS; OIICHUBAHMS TTApaMETPOB BEKTOpA COCTOSIHHS B KaHAlle YIJIOBOTO JABHIKECHHS
M0 JaHHBIM W3MEPEHHI YrJIOBOH CKOPOCTH M YIJIOBOT'O MEPEMEIICHHS, MOCTOSHHONO KOHTPOJS 3a JOCTOBEPHOCTHIO M3MepsIeMOi
uH(POPMAIMHK [TyTEeM ee CPaBHEHHs C MOJMyYCHHBIMHU OIICHKAMH ITapaMeTpOB BEKTOPA COCTOSHUS; KOPPEKTUPOBKH OIICHOK B KaHAIe
JTMHEHHOTO JIBUKCHHUS 110 M3MEPEHUAM JINHEWHON CKOPOCTH U JIMHEHHOTO MePEMELICHHsI, KOTOPBIE MPOIILTH KOHTPOJIb; KOPPEKTHUPO-
BKH OLICHOK B KaHaJle YIJIOBOTO JBHYKCHHS 110 M3MEPSHUSAM YIrJIOBOH CKOPOCTH M YIIIOBOTO MEPEMEIICHHS, KOTOPhIC MPOLLTA KOHT-
poiib; popMEpOBaHKE OTKAa3a JaTYKMKa B KaHaJe JUHEHHOro JABMKeHHs ( AaTYMKa JTMHEHHON CKOPOCTH WM JaTYHMKa JIMHSHHOrO Iie-
PEMEILEHHUST ), €CIIM ero M3MEPeHHs OTIMYAIOTCS OT OLICHOK Ha BEIHUYMHY, OONBIIYIO AOIYCTUMOM, MAapUPOBaHUE OTKA3a JATYHKA B
KaHaJIe JIMHEHHOT 0 JIBM)KEHHS IyTeM €ro OTKIIOUSHHUs OT HaOJiroaTelst U JajdbHEHIIero OeHNBaHus 110 MHGOPMAIMU JPYroro AaT-
YHKa, 4TO paboTaeT ¢ HUM B nape; (GOpMHUPOBAHKUE OTKA3a JaTYMKa B KaHAJC YrJIOBOIO ABMKEHHS ( JaTYMKA YIJIOBOH CKOPOCTH WIIH
JIaTYMKa YIJIOBOTrO TMEPEMEICHHS ), €CIH €ro N3MEPEHHUs OTIMYAIOTCS OT OLECHOK Ha BEJIMYMHY, OOJIBIIYIO JAOIMYCTHUMOMH, NapupoBa-
HHME OTKa3a JaT4MKa B KaHAJC YIJIOBOTO JIBIKEHMS ITyTE€M €ro OTKJIIOYECHHs OT HaOMoaresns M JAAJIbHEHIIEro OLeHUBaHUS 10 UH-
(bopmary Ipyroro AaT4MKa, 4To paboTaeT ¢ HUM B mape; GopMHUpOBaHHE OTKa3a MO YIPABICHUIO B KaHAJIE TMHEHHOTO IBIKEHHS (
CHJIOBOH YCTaHOBKH, aBTOMATHKH HIJIM JPYrOro UCIOIHHTEIBHOTO YCTPOMCTBA ), €CIM OXHOBPEMEHHO HIJIM MOCIEeOBATENIBHO, Yepe3
HeOOMBIION POMEXYTOK BPEMEHH, BBISBICHBI OTKa3bl 00EHX NATYMKOB ( JHHEHHOH CKOPOCTH M JIMHEHHOro mepeMerieHus ), Gpop-
MHpPOBaHHE anapma o0 OTKa3e yHnpaBieHHs B KaHaJle JMHEHHOTO JABMKEHHS; (OPMUPOBAHHE OTKAa3a IO YIPABJICHUIO B KaHAJe YIIo-
BOT'O JBI)XCHUA ( pyJIs, IIPUBOJIOB, aBTOMATHKHU MJIM JIPYTOrO HCIOJHUTEIBHOTO YCTPOICTBA ), €CIIU OJHOBPEMEHHO MM T10CIIE0Ba-
TEJILHO, Yepe3 HeOObLIONH NPOMEKYTOK BPEMEHH, BbISBICHBI OTKa3bl 00EUX JAaTYUKOB ( YIJIOBOH CKOPOCTH M YIJIOBOTO IepeMele-
HUA ), popMUpOBaHKE amapMa 00 OTKas3e yHpaBieHHS B KaHAJe YIJIOBOTO JABIMKEHMS. J[aHHBI METOJ M auropHTMbl IO3BOJISIOT
MOBBICUTh TOYHOCTh M HAJEXKHOCTh CHCTEM aBTOMATHYECKOTO YHPaBJIEHHS JBHKCHHUEM Cy/IHA B YCIOBHUSX IMOBBIILIEHHBIX OMIMOOK
U3MEPEHHUH P MaHEBPUPOBAHUHU U OTKAa30B CEHCOPOB M MCIIOIHUTEIBHBIX YCTPONCTB.

PesyabraTh. [IpennoxeHHbI METO U alrOpUTMbI MOBBILIEHHUS TOYHOCTH U HAJIEKHOCTH CHCTEM aBTOMATHYECKOr'O YIIPaBIICHUS
JBIDKCHHEM Cy[HA ObUIM MPOBEPEHbI MaTeMaTHYeCKHMM MonenupoBanueM B cpene MATLAB mporeccoB ynpaBiieHUs! ABHKCHUEM
Cy[Ha JUISl Pa3JIMYHBIX THIIOB CYJOB, PAaiOHOB IIABaHH:, MOTOJHUX YCIIOBHMH, CIy4aeB MOBBIIIEHHBIX OLIMOOK M3MEpEeHHUil npu Ma-
HEBPHUPOBAHUU M OTKa30B CEHCOPOB M HCIIOIHUTEIBHBIX YCTPOUCTB.

BbiBoabl. PesynbraThl MpOBEJEHHOr0 MaTeMaTHYECKOrO MOJEIMPOBAHHUS IMOATBEPXKIAIOT PabOTOCIOCOOHOCTh U I(PHEKTHB-
HOCTb IPEVIOKEHHOI0 METO/A U aJrOPUTMOB H IIO3BOJIAIOT PEKOMEHI0BATh MX IS HPAKTUYECKOr0 UCIOIb30BaHUS PH pa3paboTke
MaTeMaTHYecKoro odecrneyeHnss OOPTOBBIX KOHTPOJUIEPOB CHCTEM aBTOMATHYECKOIO YIPABJICHUS JBMKEHHEM CYIOB, KOTOpbIE pa-
0O0TaIOT B YCIIOBHUAX HOBBILICHHbBIX OMIMOOK H3MEPEHUH IPU MaHEBPHUPOBAHUH U OTKAa30B CEHCOPOB U MCIIOIHUTENBHBIX YCTPOUCTB.

KJIOUYEBBIE CJIOBA: napupoBaHie 0TKa30B 000pyI0OBaHHs1, HAOII01aTelb, MIOBIIICHHE TOYHOCTH U HAJICKHOCTH yIIpaBIie-
HHSI, MaTEMaTH4YeCcKasi MoJieJIb, GOPTOBOI KOHTPOJLIEP, OLIEHKA BEKTOpa COCTOSIHUS, CEHCOP, HCIIOIHUTEIBHOE YCTPOICTBO.
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