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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 reli-
ability 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 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 estimations 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 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 channel
(rudders, drives, other devices) if a simultaneous or sequential failure of both sensors were detected — rotation speed sensor and an-
gular 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 measurements
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
MATLAB is Matrix Laboratory; vessel rotation center, the axis OX lies in the diametral
HF is human factor; plane and is directed toward the bow, the axis OY is
GPS is Global Positioning System. directed perpendicular to diametral plane towards the
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starboard, the axis OZ complements the system to the
“right” one.

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 OYg is directed
along the parallel towards the East, the axis OZg
complements the system to the “right” one.

NOMENCLATURE

X is a state vector of own vessel;

V, is a component of X — linear speed along the OX
— axis BCS;

Vy is a component of X — linear speed along the OY
—axis BCS;

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

oy is a component of X — angular rate around the
OX — axis BCS;

©y is a component of X — angular rate around the
OY - axis BCS;

®, is a component of X — angular rate around the

OZ - axis BCS;

¢ is a component of X — angle of rotation around the
OX — axis of BCS;

9 is a component of X — angle of rotation around the
QY - axis of BCS;

vy is a component of X — angle of rotation around the

0OZ — axis of BCS;
X is a component of X —movement along the OXg

— axis of GCS;
Yq is a component of X — movement along the OYg

— axis of GCS;
Zy is a component of X — movement along the OZg

—axis of GCS;

X, is a measured state vector;

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

Vym is a component of Xy, — measured linear speed
along the OY — axis BCS;

V,m is a component of X, — measured linear speed

along the OZ — axis BCS;
®yy 18 a component of X,, — measured angular rate

around the OX — axis BCS;

Oy is a component of Xy, — measured angular rate
around the OY — axis BCS;

®,m 1is a component of X,, — measured angular rate

around the OZ — axis BCS;
¢, is a component of X, — measured angle of rota-

tion around the OX — axis of BCS;
9, is a component of X,,, — measured angle of rota-

tion around the OY — axis of BCS;

Ym is a component of X, — measured angle of rota-
tion around the OZ — axis of BCS;
Xgm is a component of X, — measured movement

along the OXg — axis of GCS;
Ygm is a component of X, — measured movement

along the OYg — axis of GCS;
Zgm is a component of X, — measured movement

along the OZg — axis of GCS;

Xy 1s a estimated state vector;

V,w 1s a component of X,, — estimated linear speed
along the OX — axis BCS;

Vyw is a component of X, — estimated linear speed
along the OY — axis BCS;

V,y 18 a component of X, — estimated linear speed

along the OZ — axis BCS;

®yy 1S a component of X,, — estimated d angular
rate around the OX — axis BCS;

®yy is a component of X, — estimated angular rate
around the OY — axis BCS;

®,y 1s a component of X,, — estimated angular rate

around the OZ — axis BCS;
¢y 1s a component of X, — estimated angle of rota-

tion around the OX — axis of BCS;
9y is a component of X, — estimated angle of rota-

tion around the OY — axis of BCS;

vy is a component of X,, — estimated angle of rota-
tion around the OZ — axis of BCS;

Xgw is a component of X,, estimated movement

along the OXg — axis of GCS;
Ygw is a component of X, — estimated movement

along the OYg — axis of GCS;
Zgy 1s a component of X, — estimated movement

along the OZg — axis of GCS;

AX |, is a systematic error vector;

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

AVyp is a component of AXp, — systematic error of
measured linear speed along the OY — axis BCS;

AV, is a component of AX, — systematic error of

measured linear speed along the OZ — axis BCS;

Awym is a component of AX, — systematic error of
measured angular rate around the OX — axis BCS;

A®ypy 1s a component of AXp, — systematic error of
measured angular rate around the OY — axis BCS;

A®,y, is a component of AX, — systematic error of

measured angular rate around the OZ — axis BCS;
A@, is a component of AX,, — systematic error of

measured angle of rotation around the OX — axis of BCS;
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AS, is a component of AX,, — systematic error of

measured angle of rotation around the OY — axis of BCS;
Ay, is a component of AX|, — systematic error of

measured angle of rotation around the OZ — axis of BCS;
AX gm is a component of AXy, — systematic error of

measured movement along the OXg — axis of GCS;
AYgy is a component of AXy, — systematic error of

measured movement along the OYg — axis of GCS;
AZ 4 is a component of AXp, — systematic error of

measured movement along the OZg — axis of GCS;

86X, is a fluctuation error vector;

8Vym is a component of 86X, — fluctuation error of
measured linear speed along the OX — axis BCS;

8Vym is a component of Xy, — fluctuation error of
measured linear speed along the OY — axis BCS;

8V, is a component of 6X,, — fluctuation error of

measured linear speed along the OZ — axis BCS;

d®yy, is a component of 86X, — fluctuation error of
measured angular rate around the OX — axis BCS;

dwym is a component of 8Xp, — fluctuation error of
measured angular rate around the OY — axis BCS;

dw,m is a component of 58X, — fluctuation error of

measured angular rate around the OZ — axis BCS;
¢, is a component of X, — fluctuation error of

measured angle of rotation around the OX — axis of BCS;
89, is a component of 6X, — fluctuation error of

measured angle of rotation around the OY — axis of BCS;
Oy 1s a component of 68X, — fluctuation error of

measured angle of rotation around the OZ — axis of BCS;
80X gm 1s a component of 38X, — fluctuation error of

measured movement along the OXg — axis of GCS;
8Ygm is a component of Xy, — fluctuation error of

measured movement along the OYg — axis of GCS;
8Z gy is a component of 6Xp, — fluctuation error of

measured movement along the OZg — axis of GCS;

VX, is a failure error vector;

VVym is a component of VX, — failure error of
measured linear speed along the OX — axis BCS;

VVym is a component of VX, — failure error of
measured linear speed along the OY — axis BCS;

VV;y, is a component of VX, — failure error of

measured linear speed along the OZ — axis BCS;

Vo,m is a component of VX, — failure error of
measured angular rate around the OX — axis BCS;

Voyny is a component of VX, — failure error of
measured angular rate around the OY — axis BCS;

Vo,n is a component of VX, — failure error of
measured angular rate around the OZ — axis BCS;

Vo, is a component of VX, — failure error of
measured angle of rotation around the OX — axis of BCS;
V3, is a component of VX, — failure error of
measured angle of rotation around the OY — axis of BCS;
Vv, is a component of VX, — failure error of
measured angle of rotation around the OZ — axis of BCS;
VXgm is a component of VX, — failure error of

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

measured movement along the OYg — axis of GCS;

VZyy is a component of VX, — failure error of
measured movement along the OZg — axis of GCS;

W s a vector of external influences from wind, cur-
rent, waves;

U is a vector of controls;

U, (0) is a component of U — linear motion control;

U, (d) is a component of U— angular motion control;

0 is a telegraph deflection;

d is a steering wheel deflection;

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

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

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

F,, (®) is a mathematical model of the observer;

L is an observer gain matrix;

AX is a residual vector between the measured and
estimated vectors;

AX* is a measurement tolerance vector;

SWj is asign of j -sensor malfunction;

N, is a number of measurements in the control cycle;

Nn¢ is a number of erroneous measurements in control
cycles;

V'isa required speed;

K" isa required course;

®, * is arequired yaw rate;

k, is a yaw channel mismatch coefficient;

k,, is a yaw rate mismatch coefficient;

k [ is a yaw channel mismatch integral coefficient;

. , .
V nax 18 @ 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
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and Indemnity Club, the human factor accounts for 89—
96% of ship collisions, 84-88% of tanker accidents, 79%
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 meas-
ures taken to strengthen the training and retraining of
skippers, amending the International Convention on Stan-
dards 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 auto-
mated 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
partially indefinite behavior that generates a certain per-
centage 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
automatic systems can be achieved greater control accu-
racy and reliability. The accuracy of control, in the ab-
sence 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 improve the characteristics of the input signals and
increase the accuracy of control.

The work [1] gives an example of a failure of the
navigation 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 analyzing
the dynamics of the control object. Most modern ships use
autopilots, which are representatives of automatic sys-
tems. 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, op-
timal maneuvering, etc. The skipper, as in the case of
autopilot, 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
automatically, according to the algorithms laid down in
the on-board controller. As follows from the foregoing,
automatic control systems have huge advantages over
manual control, as well as ADSS systems. Therefore, the
development 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 de-
viations 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.

XX+ W, (1)

dt
Xm =X+AX, + 60X, + VX, ?2)
U=(Uj(8)+ VU, Up(3) + VU,). 3)

It is required to form such controls 6 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] investigated a model of the ship’s dy-
namic positioning system by modeling real weather con-
ditions in the laboratory, which allowed not only avoids
the risks caused by direct experiments on a real ship, but
also reduces the cost of the experiment. In order to im-
plement high-precision positioning were used a high-
precision mathematical model of the vessel and continu-
ous position information with GPS. To improve position-
ing accuracy were analyzed the characteristics of many
sensors, including radar, differential GPS, ultrasonic sen-
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sors, room temperature and others, followed by mathe-
matical methods.

Article [11] 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 [12] 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 [13] 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 [14] 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 [15] 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.

Article [16] 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.

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, but
there was not found Information about the methods:

— improving the reliability of ship control systems by
detecting sensor failures in the channels of linear and an-
gular movement of the control object according to the
results of analysis of its movement dynamics;

— improving the reliability through parry failures of
sensors by replacing their information (received from
another sensor working in pair with a failure in one meas-
urement channel, for example, if the linear speed sensor
fails, its information can be replaced by position sensor

information and vice versa, and if it fails the rotation
speed sensor its information can be replaced by the in-
formation of the angular position sensor and vice versa);

— improving reliability by detecting failures of actua-
tors 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
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,,Vy,V, and position vector

Xg ,Yg ,Zg are measured by a linear motion channel

sensor 4.1 with an information processing period in the
on-board controller. State vector parameters — the compo-
nents of the rotation speed wy,®y,®; and angular posi-

tion @,0,y are measured by the angular motion channel

sensors 4.2 with the information processing period in the
onboard  controller. The measured parameters

Vim:Vym-Vzms ®Oxm>Oym>Ozm. ®m->Om-Wm.
Xgm,Ygm>Zgm as well as the measured controls 0, are

input to the observer 7. Observer 7 is a mathematical
model of the control object and is used to estimate the
state vector parameters of the control object. Due to the
inaccuracy of the mathematical model and calculation
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.

dX,,
dt

=Fy Xy, U) +L(Xpp = X)) “

In comparator 9, the measured state vector parameters
Xy 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*.
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Figure 1 — The block diagram of the control object and the control system

If one of the parameters AX jexceeds the permissible
value AXj*, 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 accord-

ing to the replacement information. Replacement informa-
tion is the information of another sensor, operating in the
same measurement channel, for example, speed and posi-
tion sensors work in a linear motion channel and can re-
place 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

interval ny. If the number of unreliable measurements

n¢ = 0 during the control interval ny, the failure diagno-
sis unit 10 returns SW j =1, otherwise SW j =0.1Ifat the

same time or sequentially, after a short time interval, the
fault diagnosis unit 10 detects a failure of the main and
replacement sensors, then this is regarded as a failure in

the control channel in which the failures of the main and
replacement sensors were detected. For example, a simul-
taneous 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, am-
plifiers, 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 y,, and yaw rate o,

from the output of the observer 7, as well as the required
course K" and the required yaw rate mz , from the block

of motion programs 8§, are fed to the inputs of the autopi-
lot 6, where control & is formed

o= k\p(\l/w —K*)+ k(0 —0;%) +
Ky [ —K*)dt.
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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
automation unit 5, where control 0 is formed

max

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 AVypy,AVyy,AVyn= 0.5

m/s, fluctuation 8Vyp, 8Vym, 8Vom = 0.21 m/s;

— positon: systematic AX g ,AYg ,AZg =10 m/s, fluc-
tuation 6X g ,8Yg ,629 =5m/s;
— angular rate: systematic A®yy,A®ym,A0;n= 0.002
dg/s, fluctuation 8@y ,80yy, 8w,y =0.002dg/s;
— angular position: systematic A@q,A0y,Ay, =1 dg,

fluctuation 8¢, 80y,,0y, = 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 V,n, yaw angle y., and position

— estimated speed Vy,, , yaw angle vy, and position Y, ;

— matrix gain coefficients L for measurements
Vim>W¥m ng .
For 50 s, 70 s and 20 s were simulated respectively a

failure error of measured linear speed V,y,, measured yaw
angle yp,, and measured position Ygy. Inadmissible

deviations 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.

Fig, 3 shows results of detection and parry linear
speed sensor failure during acceleration of the vessel from
zero speed to maximum.

The graphs are shown (horizontally):

— linear speed V,, measured speed Vy,, estimated

speed Vyy ;5

— movement Xy, measured movement Xgp, esti-
mated movement X gy ;

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

as telegraph deflection 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 gy, 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

The graphs are shown (horizontally):

— yaw rate ®,, measured yaw rate ®,n , estimated

yaw rate myy ;

Ygm:
I Rttt lrmd(13
T i s o npits e st S e Bl s s s s s g (B e L
o N o a
a S0 100 a S0 100
[ Sivw lrmd (5
A ror s i T RIS e i
A foos sy e s R BT ] CUB: | s sr nopemercodifhe sanliginee 202
o E o z =
a S0 100 a S0 100
R =1t lrmd(11)
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Figure 2 — The results of detecting sensor failures

© Zinchenko S. M., Ben A. P., Nosov P. S., Popovych I. S., Mamenko P. P., Mateichuk V. M., 2020

DOI 10.15588/1607-3274-2020-2-19

189



e-ISSN 1607-3274 PanioenexTpoHika, inpopmaTuka, ynpasminas. 2020. Ne 2
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2020. Ne 2

400

200

a a0 100 a

Ird (107

a0 100 a 50 100

=]

88

a 50 100 a

50 100 a 50 100

Figure 3 — Detection and parry linear speed sensor failure
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Figure 4 — Detection and parry yaw angle sensor failure

— yaw angle y , measured yaw angle v, , estimated

yaw angle y, ;

— matrix gain coefficients Imd (6) for measured yaw
rate ®,y and Imd (9) for measured yaw angle vy, 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
was detected and parried (matrix gain coefficients Imd (9)
was reset to zero and further estimation y,, was carried

out only by measurements ®,,, of the replacement sen-

sor.

Fig. 5 shows the results of detection linear motion
control channel failure, when the vessel was moving at
maximum speed. The graphs are shown (horizontally):

— linear speed V, , measured linear speed Vy,, esti-

mated linear speed Vy,, ;

— movement )(g , measured movement X gm > esti-
mated movement X g ;

— matrix gain coefficients Imd (1) for measured linear
speed Vym and Imd (10) for measured movement X g

as well as the telegraph deflection 6.

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 ).

Fig. 6 shows the results of detection of angle motion
control channel failure, when the vessel turns 45 degrees.
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Figure 5 — Detection linear motion control channel failure
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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 0 ).

The graphs are shown (horizontally):

— yaw rate ®,, measured yaw rate o, , estimated

yaw rate gy ;
— yaw angle y , measured yaw angle y,, estimated
yaw angle y;

— 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
failure but angular motion control channel failure (ruder,
drive, amplifiers, automation, or any other device, the
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.
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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 mathe-
matical modeling of the control object in a closed circuit
with a control system in the MATLAB environment for
various types of ships, navigation areas, weather condi-
tions and cases of large deviations in sensors measure-
ments during maneuvering and failures of sensors and
actuators.

6 DISCUSSION

They were proposed the method and algorithms of the
vessel linear and angular motion control system, which
allow to increase the accuracy and reliability of control in
the conditions of significant errors of the sensors during
intensive maneuvering and possible failures of the sensors
and actuators.

As can be seen from the results of mathematical
modeling (Fig. 1 — Fig. 6), the proposed method and
algorithms, in comparison with the known solutions [10 —
16], make it possible to detect and parry the failures of
sensors and actuators in the channels of linear and angular
movement of the vessel due to the use of an observer in
the control system for assessing the parameters of the
state vector by measuring the parameters of motion,
constant monitoring of the measured information
according to the estimates of state vector parameters,
forming a failure of the sensor that did not pass the
control, and replacing its data with the information of
another sensor working with it in pair.

The failure of actuators in the control channel is
detected if a simultaneous or sequential, after a short
period of time, failure of the main and replacement
sensors of this channel is detected.

The proposed method and algorithms can be used in
the development of software for automatic vessel motion
control systems.

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 cor-
responding 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 estima-
tions 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 de-
vices) if a simultaneous or sequential failure of both sen-
sors were detected — rotation speed sensor and angular
position sensor, actuator failure alarm in the angular mo-
tion channel. This method and algorithms make it possi-
ble 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. The proposed
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
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 measurements 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 re-
comend them for practical use in the development of
mathematical support of vessel motion control systems.

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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MIJABUALIEHHS TOYHOCTI TA HAIIMHOCTI ABTOMATHYHUX CUCTEM KEPYBAHHS PYXOM CYJIHA

3inuenko C. M. — kaHJ. TeXH. HayK, CTAapIINi BUKIana4 KadeApH yNpaBlIiHHA CyTHOM, 3aBiqyBad Ja0OpaTopii eIeKTpOHHUX
TpeHaxkepiB, XepCOHChKA AepKaBHA MOPCHKa aKkaneMis, XepcoH, YKpaiHa.

Bens A. II. — xanj. TexH. HayK, npodecop Kadeapu CyJHOBOMIHHS Ta €JICKTPOHHUX HABITaIiHHUX CHCTEM, IIPOPEKTOP 3 HAyKO-
BO-TIearoriyHoi podoty, XepcoHChKa JepikaBHa MOPChKa akajeMisi, XepcoH, YkpaiHa.

Hocos II. C. — xaHJ. TeXH. HAYK, JONEHT Kad)eJpH CYTHOBOIHHS Ta CIICKTPOHHHUX HABIrallifHUX CUCTEM, XEPCOHCHKA JepiKaBHA
MOpCBKa akaaeMisi, XepcoH, YKpaiHa.

IMonoBuu I. C. — 1-p ncux. Hayk, npodecop kadeapu 3araibHOI Ta COLiAIBLHOT ICHXOJIOTi, XePCOHChKHUIA AepKaBHUI YHIBEpPCH-
TeT, XepcoH, YKpaiHa.

Mawmenko I1. I1. — xamiTad 1ajiekoro IIaBaHHA, CTapIINi BUKIagay Kadeapu YIpaBIiHHSI CyAHOM, XepCOHCbKa Aep:KaBHAa MOp-
cbKa akajeMisi, XepcoH, YkpaiHa.

Mareiiuyk B. M. — crapmmii Bukiazad kadeqpy YIpaBIiHHSI CYIHOM, 3aBilyBad JlabopaTopil €NEKTPOHHUX TpPEHAXEpiB,
XepcoHChKa AepxaBHa MOpChKa akazeMis, XepcoH, YKpaiHa.

AHOTAIIA

AKTyalbHicTh. PO3risiHyTI UTaHHS MMiJBUILIEHHS TOYHOCTI 1 HAAIHHOCTI CHCTEM aBTOMATHYHOIO KepPyBaHHs PyXOM Cy/IHA HpH
3HAYHMX BiIXHUJICHHIX BUMIpPIOBaHOI ceHcopaMu iH(dopMallii y mpolieci MaHeBpYBaHHs Cy/[HA Ta IPH Bi]MOBaX CEHCOPIB i BUKOHYIO-
yux npucTpoiB. O’ €KTOM JAOCIIIKECHHS € IPOLIEC ABTOMATUYHOTO KEPYBaHHS PYXOM CyIHA NPU 3HAYHUX BIIXWICHHSX BUMIPIOBAHOI
ceHcopamu iH(MopMalii y mporeci MaHeBPYBaHHS CyIHA Ta IPH BiIMOBAaX CEHCOPIB 1 BUKOHYIOUHX MpHCTPoiB. Cy0’€eKTOM I0CIi-
JDKSHHSI € METOJ{ 1 alNrOpUTMH IiABUIICHHS TOYHOCTI 1 HaXiHHOCTI CHCTEM aBTOMAaTHYHOTO KEPyBaHHS PyXOM CyIHA NpU 3HAYHUX
BIZIXMJICHHSX BHMIpIOBaHOI CeHCOpaMH iH(popManii y nporeci MaHeBpyBaHHS CyZHA Ta P BiIMOBAaX CEHCOPIB 1 BUKOHYIOUHX IIPH-
CTpPOIB.
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MeTta. MeToro oCIiKEHHS € po3po0Kka METOMy Ta aITOPUTMIB IiJBHINEHHS TOYHOCTI I HAMIHHOCTI CHCTEM aBTOMAaTHIHOTO Ke-
PYBaHHS PyXOM CyJHA HpH 3HAYHHX BIIXWICHHSX BHMIPIOBAHOI CEHCOpaMH iH(opMarLil y mpoueci MaHeBpyBaHHS CyJHA Ta IPU
BiZIMOBaX CEHCOPIB i BUKOHYIOUHX IIPUCTPOIB.

Mertoa. LIs MeTa ocsraeTbest 3a paxyHOK BUKOPHCTaHHS y OOPTOBOMY KOHTPOJIEPi CUCTEMU aBTOMAaTHYHOI'O KEPYBaHHS PyXOM
Cy/JHa OLIiHIOBaYa MapaMeTpiB BEKTOPY CTaHy y KaHalli JiHIIHOrO pyXy MO JaHUM BHMIipIOBaHHs JiHIIHOI HIBUAKOCTI i MepeMilleH-
HS; OLIIHIOBaHHS MapaMeTpiB BEKTOPY CTaHy y KaHali KyTOBOTO PyXy IO JaHUM BUMIpPIOBaHHS KYTOBOI IIBHIKOCTI 1 MepeMilleHHS,
MOCTIfHOTO KOHTPOJIIO 32 JOCTOBIPHICTIO BUMipIOBaHOI iH(opMalii NUIIXoM ii MOpiBHAHHA 3 OTPUMAHUMH OI[IHKAMH MapaMeTpiB
BEKTOpY CTaHy; KOPHT'YBAaHHS OI[IHOK y KaHaJI JIHIHHOTO pyXy IO BHMIpSHAM CEHCOPAaMHM JaHUM JIHIHHOI MBHIKOCTI 1 JiHIHHOTO
MEPEMILICHHS, 10 MPOMIIN MePeBipKY; KOPUI'YBaHHS OLIHOK Y KaHaji KyTOBOTO PyXy IO BHMIpSHHM CEHCOpPaMH JaHHM KyTOBOi
LIBHUAKOCTI i KyTOBOTO IEpeMILeHHs], [0 MPOUIILIN MepeBipKy; GOpMyBaHHS BiJMOBH JaT4UMKa y KaHai JiHIHHOrO pyxXy (mardmka
JIHIHHOT MIBUAKOCTI a00 JaT4YMKa JIHIHOTO MepeMillleHHs), SKIIO0 HOro BUMIPIOBaHHS BiAPI3HSIOTHCS Bij OL[IHOK Ha BEIHYUHY Oi-
JIBILIY OMYCTUMOT, MAapUpyBaHHs BiIMOBHU JaT4MKa y KaHAII JiHIHOrO pyXy IUIIXOM HOrO BiJKIIIOUSHHs Bij OL[iHIOBaua Ta moja-
JIBLIIOTO OILIHIOBAHHS M0 iH(pOpMaLil iHIIIOro JaTYMKa, 110 MPAIoe 3 HUM Yy mapi; GopMyBaHHS BiIMOBH JaT4yhKa y KaHali KyTOBOTO
PYXy (maTdmka KyTOBOi HIBHIKOCTI a00 JaT4MKa KyTOBOTO MOJOXKEHHS), SIKIIO HOTO BHMIPIOBAHHS BiAPI3HSAIOTBHCA Bill OLIHOK Ha
BEJIMYHMHY OUIBIIY OITyCTHUMOI, TApUpyBaHHS BiIMOBHU JaTYMKA Y KaHaTl KYTOBOT'O PyXy HUISXOM HOTO BiIKIIOUCHHS BiJ OLIHIOBaYa
Ta MOJAIBIIOTrO OLIHIOBAHHS ITapaMeTpiB 1o iHQopMarii iHIIOro AaTdyMKa, IO TPAIIoE 3 HUM y Hapi; (pOopMyBaHHS BiIMOBH IIO
YIPABIIIHHIO Y KaHaJi JIHIHHOTO pPyXy (CHIOBOI yCTaHOBKHM, aBTOMAaTHUKH a00 IHIIOTO BUKOHYIOUOTO HMPHCTPOIO), SIKIIO OJHOYACHO,
a00 MoCIiTOBHO, Yepe3 HEBEINKHUH MPOMDKOK 4acy, 3adikcoBaHa BiIMOBa 000X JaTYMKIB (JIIHIHHOT IIBUJIKOCTI 1 JIIHIHHOTO mepeMi-
IIeHHs ), GOpMyBaHHS asIpMy IPO BiAMOBY YIPaBJIiHHS Y KaHaJ JiHIHHOTO pyxXy; (OpMyBaHHS BiIMOBH IO YNPABJIiHHIO Y KaHAJi
KyTOBOTO pyxy (KepMa, IPUBO/IB, iHIIMX BUKOHYIOYHX HPUCTPOIB), SKIIO OJHOYACHO ab0 MOCIIJOBHO, Yepe3 HEBEIUKHUI MPOMIKOK
4acy, 3a()ikCOBaHO BiIMOBY 000X JaT4UKiB (KyTOBOI HIBUAKOCTI i KyTOBOTO MepeMillieHHs), popMyBaHHs ajsipMy y KaHalli yIpas-
JHHSA KyTOBUM pyXoM. J[aHWi METOA Ta aNrOpUTMH JO3BOJISIOTH MiABUIINTH TOYHICTH Ta HaAilHICTh aBTOMATUYHOI CHCTEMH Kepy-
BaHHS PyXOM CyJHA IPW 3HAYHHUX BiAXIICHHSIX BHMIPIOBAHOI CEHCOopamHM iH(pOpMAIii y Mmpoleci MaHEBPYBaHHS Ta MPH BiAMOBaX
CEHCOPIB 1 BUKOHYIOUHX HMPUCTPOIB.

Pe3yibTaTH. 3aNpONOHOBaHMIl METO/I i aJTOPUTMH MiJBUILCHHS TOYHOCTI i HAAIHHOCTI CHCTEM aBTOMATHYHOTO KepyBaHHS py-
XOM cyJHa Oyiy IepeBipeHi MaTeMaTHYHHM MoJielltoBaHHsIM y cepenoBuili MATLAB nporieciB kepyBaHHs pyXoM CyJHa Y 3aMKHY-
Tilf cxeMi i3 CHCTEMOIO KepyBaHHS JUlsl Pi3HUX THIIIB CyJEH, paiiOHIB IUIaBaHHS, HOTOJHUX YMOB, BUIIAJIKIB 3HAYHUX BIAXHICHb BH-
MiproBaHOi iH(popMaLii npyu MaHEBPYBaHHSX Ta BiZIMOB CEHCOPIB i BUKOHYIOUHX IIPUCTPOIB.

BucHoBkH. Pe3ynbTaTi IpOBeIeHOr0 MATEMAaTHYHOTO MOJICIIOBAHHS MiATBEPANIIN MPALC3aTHICTh Ta e()eKTUBHICTh 3aIPOIIO-
HOBAaHOT'O METO/A i AJITOPUTMIB Ta JO3BOJIAIOTH PEKOMEHIYBATH iX VIS IPAKTUYHOTO BUKOPUCTAHHS MPH PO3pOOLI MaTeMaTHYHOTO
3a0e3MeueHHss OOPTOBUX KOHTPOJICPIB CHCTEM aBTOMAaTHYHOTO KEPYBAaHHS PyXOM CYyJIEH, IO MPALIOIOTh B YMOBaX 3HAYHHX BiIXH-
JICHb BUMIPIOBaHOI iH(popMamii y pormeci MaHeBpYBaHHS Ta B yMOBAX BiJIMOB CEHCOPIB i BUKOHYIOUHX IIPHCTPOIB..

KJIFOYOBI CJIOBA: napupyBaHHs BiIMOB 00JIa/IHAHHS, OL[IHFOBAY, ITiJBUIICHHS TOYHOCTI 1 HAIHHOCTI yIpaBIIiHHs, MaTeMa-
THYHA MOJIeJb, OOPTOBHUIT KOMII'I0TEp, OLIHIOBAHHS BEKTOPY CTaHy, CEHCOP, BUKOHYIOUHIT PUCTPIif.
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MHNOBBINEHUE TOYHOCTHU U HAJE)KHOCTU ABTOMATUYECKUX CUCTEM YIIPABJIEHUSA IBUXKXEHUEM
CYJIHA

3unvyenko C. H. — xaHz. TeXH. HayK, CTapIINii MpernogaBaTesb Kadeapsl yIpaBIeHHs CyJHOM, 3aBEAYIOIINI JabopaTopuei aie-
KTPOHHBIX TPEHaXXKEPOB, XEPCOHCKAsl FOCY1apCTBEHHAs MOpCKas akaeMusi, XepcoH, Y KpauHa.

Benb A. Il. — xann. TexH. Hayk, npodeccop Kadeaphl CyIOBOXKICHUS U IEKTPOHHBIX HABUTAIMOHHBIX CUCTEM, IPOPEKTOP I10
Hay4HO-TIeIarOTMIecKoil pabote, XepcoHCKast TOCyJapCTBEHHAsI MOPCKast akaieMusi, XepcoH, YKpanHa.

Hocos II. C. — kaHx. TexH. HayK, IOLEHT KadeIpbl CYTOBOXKACHUS U DJICKTPOHHBIX HABUTAIMOHHBIX CUCTEM, XEPCOHCKAs roCy-
JTapCTBEHHAasi MOpCKas akajieMus, XepcoH, YKpauHa.

Monosuu U. C. — 1-p ncux. Hayk, nmpodeccop kadeaps! o0l U cOUaTbHON ICUXO0JI0TU, XEePCOHCKUI rOCYIapCTBEHHBIH YHU-
BEPCUTET, XEPCOH, Y KpauHa.

Mawmenko II. II. — xanuTa" JanbHErO IUIABaHUS, CTApIIMI MperoaaBaTenb KadeApsl YIpaBiIeHUS CyAIHOM, XEepPCOHCKas Tocy-
JTapCTBEHHAs! MOpCKast akazieMusi, XepcoH, Y KpauHa.

Mareiiuyk B. H. — crapmmii npernoaBatesns kadephl yIpaBIeHHs CyAHOM, 3aBeAyIomuii 1abopaTopuelt 3IeKTPOHHBIX TPeHa-
XKepoB, XepCOHCKasi TOCYAapCTBEHHAs! MOpCKasl akasieMusi, XepcoH, YKpanHa.

AHHOTALUA

AKTyalIbHOCTb. PaccMOTpeHbI BONIPOCH! MOBBIIIEHUS] TOYHOCTH M HAJEKHOCTH CHCTEM aBTOMATHYECKOTO YIPABICHHS ABHKE-
HHUEM Cy/Ha B YCIOBHSAX IOBBIMIEHHBIX OIIMOOK M3MEPEHMI NMPHU MaHEBPHUPOBAHUHM M OTKA30B CEHCOPOB M HCIOIHHUTENBHBIX YCT-
potictB. OOBEKTOM HCCIEIOBAHHS SBISETCS MPOIECC ABTOMATHIECKOTO YIPABICHHS IBIDKCHUEM CyJHA B YCIOBHAX HMOBBIIICHHBIX
OIIMOOK M3MEPEHUH PH MAHEBPHPOBAHUH M OTKA30B CEHCOPOB M HCIOIHUTEIBHBIX YCTPOiicTB. CyOBEKTOM HCCIEIOBaHNUS SBIICTCS
METOJ U aJArOPUTMBl IOBBIIICHUS TOYHOCTH U HAJEKHOCTU CUCTEM aBTOMATHYECKOI'O YNPABICHUS IBU)KCHHEM CyJHA B yCIOBHUAX
TIOBBIIICHHBIX OMIMOOK M3MEPEHMH IIPU MaHEBPUPOBAHNUH U OTKAa30B CEHCOPOB M MICIOIHUTEIIBHEIX yCTPOHCTB.

Hean. Llensio nccienoBanus siBisieTcs pa3paboTka METoJa M aJITOPUTMOB HOBBIILIEHUS] TOYHOCTH U HAJICKHOCTU CHCTEM aBTO-
MaTHUYECKOTO YIPABJICHHs ABMKEHUEM CyJIHA B YCJIOBHSX IOBBINIEHHBIX OMIMOOK M3MEPEHU NTPHU MaHEBPHPOBAHUH M OTKA30B CEH-
COPOB U UCTIOTHUTEIBHBIX YCTPOHCTB.

Mertoa. OTa 1enb JOCTUraeTCsl 3a CYET UCIIONb30BaHHS B OOPTOBOM KOHTPOJUIEPE CUCTEMbI aBTOMATHUECKOTO YIIPABICHUS JBH-
KEHHEM CyIHAa HaOJIIOMAIONIEr0 yCTPOUCTBA ISl OLCHKU IapaMeTPOB BEKTOpa COCTOSHHS B KaHAJIe JIMHEHHOTO ABMXKEHHUS IO JaH-
HBIM M3MEPEHUH JTMHEWHOI CKOPOCTH ¥ TIePEeMEIIEHNS; OLICHUBAHHS TapaMEeTPOB BEKTOPA COCTOSHHS B KaHAJE yIJIOBOTO ABIKEHHUS
10 JaHHBIM U3MEPECHUH YIJIOBOM CKOPOCTH M YIJIOBOTO IEPEMEIIEHHs], IIOCTOSHHOIO KOHTPOJIA 3a JOCTOBEPHOCTBIO M3MEPSIEeMOMN
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nH(pOpMaIHN ITyTeM €€ CPaBHEHHs C ITOJIyIEHHBIMH OLCHKAaMH IapaMeTPOB BEKTOPA COCTOSHUS, KOPPEKTUPOBKU OLEHOK B KaHAIIE
JIMHEHHOT O JABMKEHUS 110 U3MEPEHUSAM JIMHEHHON CKOPOCTH U JIMHEHHOTO NepeMeleHUs], KOTOPbIE NPOILIN KOHTPOJIb; KOPPEKTUPO-
BKU OLICHOK B KaHaJe YIJIOBOI'O JIBW)KEHMsI 110 U3MEPSHUSIM YIJIOBOI CKOPOCTH M YIJIOBOTO IEpEeMEIIEHHs], KOTOpble IPOLLIN KOHT-
pouib; OPMUPOBAHKME OTKA3a AATYHKA B KaHAJIE JIMHEHHOrO ABMKEHMS (aT4MKa JIMHEHHOH CKOPOCTH WM JaT4YMKa JIMHEHHOrO Ie-
PEMEILEHUsT), €CITH €ro U3MEPeHUs] OTINYAIOTCS OT OLEHOK Ha BEIMYMHY, OONBIIYIO JOMYCTUMOM, MapupoBaHKUE OTKa3a JaT4HKa B
KaHaJe TMHEHHOTO ABMKEHHMS IyTEM €ro OTKIIFOUSHUS OT HaO0AaTeNs U JaJbHEHIIEero ONeHUBaHUS 110 HH(OPMAIUN APYTOro AaT-
4HKa, 9TO paboTaeT ¢ HUM B mape; popMupoBaHHe OTKa3a JaTIMKa B KaHAJIE YIJIOBOTO ABIDKCHHUS (JaT4MKa YIIOBOH CKOPOCTH MIIH
JIaT4MKa yTJIOBOTO NEPEMEICHNST), €CIIH €0 M3MEPEHHUs OTIMYAIOTCS OT OLCHOK Ha BEJIMUYHHY, OOJBIIYIO IOITYyCTUMOM, ITapupOBaHHe
OTKa3a JIaTYMKa B KaHAJIE YIJIOBOTO JIBIDKCHUS ITyTEM €ro OTKIIIOUECHUs OT HaOIofaTeNs U JalbHeHIero OneHUBaHus 110 HHopMa-
LMK JPYTOro JaTdnka, 4yTo paboTaeT ¢ HUM B mape; (OpMHPOBAHUE OTKa3a IO YIPABJICHUIO B KaHAJIE JIMHEHHOTO ABIKEHHUS (CHIIO-
BOH YCTaHOBKHM, aBTOMAaTHKU WJIU JPYTOr0 UCIIOJIHUTEIBHOTO YCTPOMCTBA), €CIIM OZAHOBPEMEHHO WIIM II0C/IEIOBATEIIBHO, Yepe3 Hebo-
JIBLION TIPOMEXKYTOK BPEMEHH, BBISBICHBI OTKa3bl 00ENX J1aTYMKOB (JIMHEHHOM CKOPOCTH M JIMHEHHOTO nepeMenienus), popmuposa-
HHME anapMma 00 OTKa3e YNpaBJICHUs B KaHAJC JUHEHHOro IBWXKEHHSA; (OPMUPOBAHHE OTKa3a [0 YNPABJICHUIO B KaHAJIE yIJIOBOTO
JBIKEHHS (PYJIsl, IPUBOAOB, ABTOMATUKH MM IPYTOTO UCTIOTHUTENBHOTO yCTPOHCTBA), €CIIU OJHOBPEMEHHO MIIH ITOCIIEI0BATENEHO,
yepe3 HeOOIBIIONH MPOMEXYTOK BPEMEHH, BBISBIEHBI OTKA3bl 00€UX JaTYMKOB (YIJIOBOW CKOPOCTH M YTIOBOTO MepeMemieHus), pop-
MHPOBaHHUE ajapMa 00 OTKa3e yIpaBJIeHHs B KaHAIe YIJIOBOTO JBIDKCHUS. JJaHHBII METOJ ¥ alTrOpUTMBI IIO3BOJISIIOT ITOBBICUTH TOY-
HOCTb U HaJIeXHOCTb CUCTEM aBTOMAaTHIECKOTO YIPABJIICHUS JBIDKCHHEM Cy/IHA B YCIOBHSAX ITOBBIIIEHHBIX OINOOK M3MEpPEHHH pH
MaHEBPHPOBAHUU U OTKA30B CEHCOPOB U UCIIOJHUTEIILHBIX YCTPOUCTB.

PesyabTaTn. [IpeioxkeHHblit METOJ U QJITOPUTMBI ITOBBIIIEHUS TOYHOCTU U HAJIE)KHOCTH CUCTEM aBTOMaTHYECKOr'0 yIpPaBICHUS
JBIKEHHEM CyJHA ObLIM IPOBEPEHBI MaTeMaTH4ecKUM MojenupoBanueM B cpeqe MATLAB mporeccoB ympaBaeHuUs! JBHKEHHEM
CyJIHa JUIsl Pa3JINYHbIX TUIOB CYJOB, PallOHOB IUIaBaHHS, TOTOAHUX YCIOBHH, CTyyaeB MOBBIIIEHHBIX OIIHOOK H3MEpEeHui pu MaHe-
BPHUPOBAHUU U OTKA30B CEHCOPOB U HCIIOIHUTENBHBIX YCTPOUCTB.

BroiBoabl. Pe3ynbTaTel MpoBEIEHHOTO MaTeMAaTHIECKOTO MOJCTHPOBAHUS IOATBEPXKAAIOT paboTocnocoOHOCTh U 3 dexTus-
HOCTB IIPEUIOKEHHOTO METO/Ia ¥ aJITOPUTMOB U IT03BOJISIIOT PEKOMEHI0BATH UX IS NPAKTUUECKOTO HCIONB30BaHMS IIPH pa3paboTke
MaTeMaTHIeCKOro obecriedeHust OOPTOBBIX KOHTPOJUIEPOB CHCTEM aBTOMATHYECKOTO YIPABIEHHS JBIDKCHHEM CYZOB, KOTOpBIE pa-
00TaIOT B yCJIOBHSX MOBBIILICHHBIX OIIKNOOK M3MEPEHUH PH MaHEBPUPOBAHUH M OTKA30B CEHCOPOB U UCIIOJIHUTEIBHBIX YCTPOUCTB.

KJIFOUEBBIE CJIOBA: napupoBaHue 0TKa30B 000pyI0BaHHs, HAOII0IaTellb, IOBBIIICHHE TOYHOCTH U HAJIGKHOCTH yIIpaBlie-
HUs, MaTeMaTHYECKasi MOZIENb, 60PTOBOI KOHTPOJIIEP, OLIEHKA BEKTOPA COCTOSHHS, CEHCOP, HCIIOTHUTEIBHOE YCTPOUCTBO.
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