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CONTROLLING THE OPERATION OF A SHIP’S
ELECTRIC POWER SUPPLY USING FUZZY
CONTROLLERS
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ABSTRACT

The paper presents dynamical models of controlling voltage and frequency of ship’s
electric supply set. The simulation model of synchronous generator, implemented in
Matlab/Simulink, was described. For the developed simulation model, developed control systems
using fuzzy controllers type P and PD were presented. Simulation research for resistance, induc-
tive and capacitive loads were carried out for these regulators. Sample results of simulation tests
are presented in the form of voltage waveforms at the output of the generator and rotational
speed of the internal combustion engine for various load conditions. The conducted tests allow to
assess the quality of the control process using fuzzy controllers and thus ensure the selection of
the optimal solution.
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INTRODUCTION

Modern power systems of vessels are designed to ensure the continuity of
generation and supply of electricity to consumers and to ensure the quality of sup-
plied energy. To meet the requirements, each ship's power supply system is
equipped with automatic control systems, in which there are two regulators, one
task is to regulate the voltage generated by the generator, while the other regulates
the frequency. The main tasks of the control system of synchronous generator volt-
age is to maintain constant voltage at its terminals. Since most generators used in
ships is self-excited synchronous generators wherein the coil winding is powered
by its own rectified voltage generator. This solution means that excitation voltage is
not constant, but decreases with increasing load. The main tasks of the control sys-
tem of synchronous generator frequency is to maintain a constant frequency in
both the states of static and dynamic. This is directly connected to the maintenance
of constant rotational speed of generator’s driving motor [6], [7]. It follows that
a major problem in the design of this type of system is the issue of the selection of
controls systems which fulfill the requirements given to the generated electricity
on ships [3]. In current solutions, these are classic controllers based on the numeri-
cal representation of input and output signals. Alternative to this approach can be
fuzzy logic control systems. In fuzzy control systems, signals are represented by
linguistic variables. Thanks to this, a set of rules in the form of conditional sentenc-
es is used to control the object [10]. Seemingly a departure from the sharp repre-
sentation of the variable values of the regulation process in favor of a fuzzy and
unclear linguistic interpretation seems to be pointless. However, observations of
the surrounding world force to draw different conclusions. As evidence, one can
give the behavior of a man whose action in everyday life is based on blurred prem-
ises, and yet it turns out to be effective [1],[5]. Given the above premises, the au-
thors developed fuzzy controllers for controlling the ship's electric power supply
and conducted their simulation tests. The presented work shows the results of
simulation tests.

SIMULATION MODEL OF SHIP’S ELECTRIC POWER SUPPLY SET

Developing a model of the system, or the phenomenon, involves clarifying
the fundamental mathematical relationships between certain physical phenomena.
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At the same time it missed many details and features of real object irrelevant from

the point of view of the modeling.

To consider, a mathematical model of the synchronous machine has adopted the

following simplification [2, 4, 9]:

— assumed symmetry of three-phase windings of the stator and rotor,

— it is assumed that the magnetomotive force in the gap along the pole pitch has

sinusoidal distribution,

— neglected hysteresis, saturation, anisotropy and eddy currents in the magnetic

circuit,

— it is assumed that the operating point of the magnetic circuit is located in the

linear part of the characteristics of the magnetization, which in practice means

accepting fixed self-inductance values as well as cross-inductance,

— the generator is carried out without attenuating windings with the rotor pole

pieces made from solid steel.

Taking into account the assumptions the equation describing the dynamics of the

synchronous generator can be represented as follow [2], [4]:

dFsq

Usa ==~ NFy + Rgigq
Usg = hq _ NFyq + Ryi
sq dt sd stsq
dFs _ 1L5R:M,,q RiLgq

= - Fr+u
dt LegLy —1,5M2, °* Lyl —15M2, 7 =7

Fsq = Lsqisq

M, F LegLy — 1,5M2,
LegLy — 1,5M2, Ly

M, = p(Fsdisq - F_'sqisd)

Foq = (isd +

where:
M, - electromagnetic moment,
N - the speed of rotation of the magnetic field,

ur, iy -voltage and excitation current brought to the side of the stator,
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Fy - the magnetic flux associated with the winding excitation, brought to the site of

the stator,
p - the number of pole pairs,

Ry, Ly - resistance and self-inductance of winding excitation, brought to the site of

the stator,

Lgq, Lsq - self-inductance of the stator windings in the longitudinal, and transverse
axis,

M,,; - mutual inductance between the excitation winding, and the replacement of
the stator winding in the longitudinal axis,

R, - stator resistance,

Fsq, Fyq— space vector of the stator magnetic flux in the longitudinal and transverse

axes,
Isq »Usq — stator current in the longitudinal and transverse axes.

Complementary to the previous system of equations is equation of moments writ-
ten in the following form:

t

_2 M M,)d T 7

0

where:

M,,, - mechanical torque applied from the outside, produced by the combustion
engine,

J - the moment of inertia of the rotating mass,

n - the angular speed of rotation of the rotor,

T;- - coefficient of friction.

These equations correspond to the ideal synchronous machine with the
adoption of the classic simplifying assumptions. On their basis, in MATLAB / Sim-
ulink, a simulation model of electric power supply set installed on ships type Oliver
Hazard was developed. Its block diagram is shown in Fig.1. The simulation model
developed allows changing the generator parameters using a dialog box. In addi-
tion, this model can simulate different impedance values loading the generator
using the model's "z" and "cs" inputs.

4 Scientific Journal of PNA
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Verification studies of the simulation model of synchronous generator were
carried out using the presented model. Verification was made by measuring the
characteristics of idling and regulatory, and compare them with the real condition
characteristics [6, 8]. The simulation model developed allows changing the genera-
tor parameters using a dialog box. However, using the "z" and "cs" inputs of the
model, one can simulate different types and values of load. Using the "z" input, en-
ter the value of the load resistance, while through the "cs" input, phase shift result-
ing from the type of load. The test results are shown in Fig.2.

Rotatory speed

E P
Voltage
s o0 e
._ L - Load current o
(a)
' alos Frequency §
[a)
3
Synchronous generator w
Thyristor
Excitation rectifler
voltage
Transformer
SIS
angle of switching ' Voltage
thyristor Fuzzy setpoint
Controller
Position of

fuel terminal

Transmittance

The piston engine of actuator -

setpoint

Fuzzy
Controller

Fig. 1. Model of control system of electric power supply set
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Fig. 2. The characteristics of the real generator and the simulation model: a) idle (blue color - the
real generator; red dots — model), b) regulatory (continuous line - the real generator,
crosses — model)

FUZZY CONTROLLER

The use of fuzzy logic occurs in simple loops, usually controlled by PID con-
trollers. The use of fuzzy logic makes it possible to mimic the operation of a PID
controller with modifications that allow obtaining nonlinear control [9] [10]. Intui-
tively, it seems that the use of a PID controller is the most advantageous solution.
However, the amount of work involved in developing an extensive rule base, as
well as the time-consuming heuristic matching of the scaling gain factors, lead to
doubts as to whether the hypothetical improvement of the adjustment rates com-
pensates for the designer’s efforts.

For this reason, the work analyzes the control system with a fuzzy control-
lers type P and type PD to determine the suitability of each of them in the control
system of a ship's electric power supply. The purpose of the developed regulators is
to stabilize the rotational speed of the combustion engine driving the generator,
and the excitation voltage of the synchronous generator, so as to ensure that the
rated voltage and frequency of the generated voltage are maintained when the load
changes [1], [7].

The synthesis started with the pre-selection of membership function of
each controller, and to write the rules database [10]. The initial simulation verifica-
tion was carried out, consisting in determining the correctness of assumptions for
the structures of controllers prepared in such a way. Intuitive changes were made
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in the shapes and arrangement of membership functions, and the rule bases were
corrected. As a result of the analyzes carried out, P-type controller and PD-type
controller were developed for both controlled quantities, for which the functions of
belonging to sets of fuzzy controller inputs have the form as in Fig. 3 and Fig. 4

b) u(e)

ou SU

-1200 -90 -12 112 a0 120 e -30 -20 -15118 20 30 e
Fig. 3. The functions belonging to fuzzy sets for the regulator type P: a) speed controller, b) volt-

age controller.

b) ule)

oo

-150 -112,5 -15745 125 150 e

J600 -400 ~BOI 80 400 600 & ~200 125 0110 125 200 &

Fig. 4. The functions belonging to fuzzy sets for the regulator type PD: a) speed controller, b)
voltage controller.

The interference was made on the basis of the created base of rules, whose
inference principles were conducted in accordance with Table 1 for the P-type con-
troller, and Table 2 for the PD-regulator. Interference was made on the basis of
established database of rules, where the rules of conclusion were conducted ac-
cording with table 1 for the P type controller, and table 2 for the PD type controller.
In the tables were determined: DU - a big negative, SU - medium negative, MU -
small negative, Z - zero, DD - big positive, SD - medium positive , MD - small posi-
tive. Rules in database were defined on the basis of expert knowledge.
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Table 1. Database of rules for P type controller

e DU suU MU Z MD sD DD

u DD sD MD Z MD suU DU

Table 1. Database of rules for PD type controller

e

DU SU [ MU Z MD | 5D | DD

DU DD | DD 5D sD 85U 3u DU

sSU DD SD ( MD | MD | MU | MU | 5U

MU sD | MD | MD Z Z Z MU

de/dt

Z DD 5D | MD Z MU | 83U DU

MD MD z z Z MU [ MU | 58U

sD SD | MD | MD | MU | MU | 30U DU

DD DD 5D 5D sU 85U DU | DU

Defuzzification of resulting membership function of conclusions rule base
was carried out by the method of center of gravity according to the membership
function shown in Fig.5.

a) u(h) b) w(c)
ou o s0 MU Z MD 3D DD oy 50 MU Z MD 3D DD
05 -034-017 10 017 0,24 05 o 03 02 01 bo01 gz 03 c

Fig. 5. Fuzzy sets used in the process of defuzzification: a) for speed controller, b) for voltage
controller
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SIMULATION RESEARCHES

For the developed model of the control system of the ship's electric power

supply, tests of the voltage and rotational speed control system were carried out

with the use of P and PD fuzzy controllers. The tests were carried out for a step

change in the load of the synchronous generator from 0 to 60%, and from 50% to

100% of the rated power of various types of load. The course of the fuel rail posi-

tion and excitation voltage at the step change of load was also examined. Examples

of the results of the simulation are shown in the Fig. 6 to Fig.10. During the simula-

tion tests were also carried out a comparative study of classical and fuzzy control-

lers. An example of the results of comparative tests is shown in Figure 11.
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Fig. 6. Course of the generator’s voltage during step change of load from 0 to 60% of rated power
for fuzzy controllers P and PD for resistive load.
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Fig. 7. Course of the generator’s voltage during step change of load from 0 to 60% of rated power
for fuzzy controllers P and PD: a) inductive load cos(fi) = 0,4; b) the capacitive load cos(fi) = 0.8.
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Fig. 8. The course of rotational speed during step change of load from 0 to 60% of rated power for
fuzzy controllers P and PD for resistive load.
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Fig. 9. The course of rotational speed during step change of load from 0 to 60% of rated power for
fuzzy controllers P and PD: a) for inductive load, cos(fi) = 0.4; b) for capacitive load cos(fi) = 0.8.
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Fig. 10. The course during step change of load for fuzzy controller P: a) the speed and position of
the fuel terminal, b) the value of the output voltage and the excitation voltage
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Fig. 5. The course of rotational speed during step change of load from 0 to 60% of rated power for
controllers P and PD classic and fuzzy: a) for inductive load, b) for capacitive load.

CONCLUSIONS

When assessing the duration of the transition process, the advantage of the
controller type PD over the controller type P is clearly visible, with fuzzy control-
lers ensuring good control quality in both cases. Assuming the permissible devia-
tion from the speed setpoint + 1rpm, the time of practical determination of the
rotational speed course at a step change in load from 0 to 60% of the rated power
at a resistive load was 2.3 [s] for the controller type P, while for the controller type
PD 1 [s]. For capacitive and inductive loads, these times were slightly different. For
this system, the steady-state error has been reduced to zero.

Referring the obtained test results to the guidelines of Qualification Socie-
ties regarding the change of the rotational speed of the drive motor of the electric
power supply when the load changes, it should be stated that the proposed solu-
tions of fuzzy controllers fully fulfill the tasks set before it.

In the present system there was reported maximum voltage drop to 70% of
the nominal voltage. Such value of squat voltage does not depend on the controller of
voltage, but on the electromagnetic generator. For its value the greatest impact has
rather subtransient reactance, which depends on the leakage reactance of the stator
winding. A small value of the subtransient reactance results in a lower voltage drop
on terminals of the generator. For this reason, examined voltage fuzzy controllers
type P and PD gives the same voltage waveforms during step change in load.

3(222) 2020 11
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The maximum voltage increase, the error in the steady state, and the dura-
tion of the transient process of applying, both classic and fuzzy controllers, are
within the limits set by the Society for Qualifying.

Comparing the obtained waveforms of output signals for a step change in
load, it should be stated that both classic and fuzzy controllers ensure the correct
course of transition processes. These processes for both types of P and PD control-
lers classic and fuzzy are very similar, therefore from the point of view of control
quality classic controllers can be replaced by fuzzy controllers.

The further direction of research on the use of fuzzy regulators to stabilize
the electrical parameters of the ship's power supply set will be focused on the de-
velopment of fuzzy PID controllers.
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STEROWANIE PRACA OKRETOWEGO ZESPOLU
ZASILANIA ELEKTRYCZNEGO ZA POMOCA RE-
GULATOROW ROZMYTYCH

STRESZCZENIE

W pracy przedstawiono dynamiczne modele sterowania napieciem i czestotliwoscia ze-
stawu zasilajacego statku. Opisano model symulacyjny generatora synchronicznego, zaimple-
mentowany w Matlab / Simulink. Dla opracowanego modelu symulacyjnego przedstawiono
rozwiniete uktady sterowania wykorzystujace sterowniki rozmyte typu P i PD. Dla tych regulato-
réw przeprowadzono badania symulacyjne dla obcigzen rezystancyjnych, indukcyjnych i pojem-
nos$ciowych. Przyktadowe wyniki testéw symulacyjnych przedstawione sa w postaci przebiegéw
napiecia na wyj$ciu generatora i predkosci obrotowej silnika spalinowego dla r6znych warunkéw
obcigzenia. Przeprowadzone testy pozwalaja oceni¢ jako$¢ procesu sterowania za pomocg roz-
mytych regulatoréw, a tym samym zapewni¢ wyboér optymalnego ich rozwigzana.

Stowa kluczowe:

Stabilizacja, sterowanie rozmyte, zasilanie elektryczne
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THE EFFECT ON CONSTANT HEEL ON
CIRCULATION OF A VESSEL CALCULATED
ON THE BASIS OF INVESTIGATIONS OF M/S
“ZIEMIA ZAMOJSKA” MODEL
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ABSTRACT

The article presents modeling research on the M/S "Ziemia Zamojska" reduced model,
carried out in an open fresh water area by a team of employees of the Department of Operating of
Floating Vessels, Polish Naval Academy, Gdynia. The research involved circulating the model with
constant angle of heel on the selected side, and the main engine set to full speed ahead. Using a real
ship to carry this type of investigations is risky. It may lead to some failures like e.g. rudder failure,
steering gear malfunction, overload and in some circumstances even main engine seizure. For this
reason, ships are not tested with the rudder put to starboard or to port at the full speed ahead
setting, even during a "Crash Stop"” maneuver. However, based on the analysis of accidents at sea,
and practical experience, it appears that during real operating conditions of vessels, there may oc-
cur situations when, for the sake of safety, the maneuver mentioned above must be carried out.
Therefore, the authors had to conduct model tests of a floating vessel for the described case of ship
operation

Keywords:

Ship maneuvering, tests Of maneuvering properties, reduction model
Research article
© 2020 Waldemar Mironiuk, Arkadiusz Panasiuk, Marek Szymonski
This journal provides immediate open access to its content under the Creative Commons by 4.0 license.
Authors who publish with this journal retain all copyrights and agree to the terms
of the above-mentioned CC BY 4.0 license
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The effect on constant heel on circulation of a vessel calculated on the basis of...

INTRODUCTION

Design of ships or marine structures requires a series of specialist analyzes
and simulations. The purpose of these activities is to make sure the planned facilities
comply with the assumed operational characteristics, and safe performance stand-
ards in changing weather conditions at sea [2,6].

Scientific modelling research is not only the basic and universal method
used to forecast the dynamic properties of a ship, especially at the design stage, but
also has a great significance in scientific and research, both as a method of theory
verification, and as an autonomous cognitive method [3,6]. The idea of modelling re-
search assumes making inferences concerning the performance of a real object
based on the measurements carried out on a model. The results of such tests are
used, among others, for forecasting nautical and maneuvering properties of ships,
and other floating objects[1,7].

This article describes modeling research on the M/S "Ziemia Zamojska" re-
duced model, carried out in an open fresh water area by a team of employees of the
Department of Operating of Floating Vessels, Polish Naval Academy, Gdynia. The
basic particulars of the ship are as follows:

Lpp=172m

B=23m

T=9.85m

H=13.90m

Weight of empty ship: 6 622 T
DWT =26706T

Freeboard : 4.086 m

The main object used in the research was a reduced model of the bulk carrier
M/S "Ziemia Zamojska", whose construction was based on the theoretical lines on
1:75 scale [9,11]. The model was studied under non-typical operating conditions.
The investigations involved circulating the model with constant angle of heel, and
the main engine set to full speed ahead [8,10]. To conduct such investigations only
models of floating vessels can be used. Using a real ship to carry this type of investi-
gations is risky as some failures may occur, e.g. rudder failure, steering gear malfunc-
tion, overload, and, in some circumstances, even main engine seizure. For this
reason, ships are not tested with the rudder put to starboard, or to port at the full

15 Scientific Journal of PNA



Waldemar Mironiuk, Arkadiusz Panasiuk, Marek Szymonski

speed ahead setting, even during a "Crash Stop" maneuver. However, under real op-
erating conditions of vessels, there may occur situations when, for the sake of safety,
the maneuver mentioned above must be carried out. Therefore, the authors had to
conduct investigations using a floating vessel and check the performance of the
model for the described case of ship operation.

MANEUVERING TESTS OF MODEL OF M/S “ZIEMIA ZAMOJSKA”

Maneuvering tests of the model of bulk carrier M/S "Ziemia Zamojska" were
carried out in freshwater. This required the preparation of measuring equipment,
selecting the site and testing methodology. To this end, the model of the vessel was
balanced in the laboratory conditions, and proper operation of the sensors used to
measure the angle of heel, draft, and propulsion system was verified. To record the
positioning of the unit Leica Viva receiver and controller were used, and then the
data obtained was processed with the Leica Geo Office software [5]. Changes in the
heel of the reduced model in the course of circulation were recorded with a Simex
angle of heel meter. During the investigations, the possibilities of using the built-in
tilt sensors, and the apparatus recording the model’s motion parameters, were also
checked. In the experiment the impact of the initial heel of the model on the size and
shape of the circulation diameter was investigated. Owing to the use of appropriate
measuring devices the necessary information were collected and documented.

DESCRIPTION OF PLACE USED TO CARRY OUT INVESTIGATION OF MODELS

The circulation investigations of the model of "Ziemia Zamojska" with heel

were carried out on a freshwater pond in Kosakowo. The total area of the basin is
2550 [m?], and its average depth is 4 [m].
The research in the basin was carried out in the following weather conditions: NNW
wind approx. 0.5-1.0 [m / s], temperature 23 [° C], moderate cloud cover. To measure
temperature, wind direction, and speed one used a mobile meteorological station,
which offered the capability of monitoring of test conditions.

Figure 1 presents a photo of the water body in which maneuvering invetiga-
tions of the model were carried out. To fix the position of the model on the water,
and to facilitate the calculation of the position coordinates one made a range light
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using Leica Viva GS15 receiver, and Leica Viva CS15 controller. It is marked in the
Figure below with numbers 1 and 2. The position fixing accuracy of the range light
is 0.004 [m]. The circulations of the model were marked with colors: red to the right,
and blue to the left.

Fig.1 A sattelite photo of the maneuvering area together with the mapped maneuvering range
and traces of circulation [14]

MEASURING INSTRUMENTS

The instruments for measuring the angle of heel and draft of the model were
fitted in the hull. Immersion sensors were fitted in the bow and stern area of the
model. The places where the immersion sensors were fitted are shown in Fig. 2.
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Fig. 2 An arrangement of sensors used to measure draft of ship’s model [11]

The results of measurements recorded with the measuring sensors during
the circulation of the model of M/S "Ziemia Zamojska" are sent via a remote trans-
mission system, and read out at the CMC shore station. The system's operating range
should not exceed 750 m. During the tests, the distance between the model and the
recording station was 10 to 40 m, it was within the range of the data transmission
system. The selected water area was free of interference from other devices oper-
ated in the test area.

The shore station of the measuring system includes the Simex Multicon CMC
recorder, radio modem with antenna, gel batteries supplying the station, power sup-
ply unit, converter. The 1.5 GB internal memory of the recorder allowed storage of
the measurement data. Fig. 3 shows a photo of the shore station.

Fig 3. MultiCon CMC [11]
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In order to monitor the current position of the model during circulation, the
DGPS RTK system, and mobile devices suitable for the size of the test object, i.e.
a 120-channel Leica Viva GS15 receiver, were used. It can receive both GLONASS and
GPS signals, and record data having frequency of up to 20 [Hz]. According to the man-
ufacturer's data, the positioning accuracy of the model is as follows:

horizontal: 10 [mm]
vertical: 20 [mm].

A photo of Leica Viva GS15 is shown in Fig.4.

Fig. 4 Leica Viva GS15 [13]

The coordinates of the tracked vessel can be fixed when appropriate algo-
rithms are used in the internal software. The receiver allows tracking satellites over
the horizon, working with reference station networks, and quick initialization in the
RTK mode. The device can communicate with the controller thanks to the Bluetooth
connection installed. [5]

The Leica Viva CS15 controller, shown in Fig. 5, is a modern, powerful port-
able computer which allows to save the parameters of the observations carried out.
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Fig. 5 Leica Viva CS15 Controller [13]

During the preparation for the investigations, both of the above devices were
fitted in the holds of the ship's model. The Leica Viva GS15 receiver was fitted in the
hold of model No. 4, and the Leica Viva CS15 controller in the hold of the model No. 2.
To ensure the model was "on an even keel" position, additional weights were placed
in hold 1. Fig. 6 shows a photograph of the ship’s model during the maneuvering tests
with GPS devices placed inside.
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Fig. 6 Ship’s model during circulation investigations [4,11]

The photo above shows the investigated ship’s model during circulation to star-
board. A number of tests were performed during the investigations, and the aver-

aged results are presented in the next chapter.

THE RESULTS OF RESEARCH ON CIRCULATION OF SHIP’S MODEL

The model-based research on circulation was carried out with a constant in-
itial heel to port and starboard. Before starting the tests, it was necessary to take
measures to balance the reduced model of the ship, and bring it to a "on an even keel"
position In addition, in order to obtain a permanent heel to port or starboard
@=3.5°, the ship's model had to be properly ballasted.

The investigations were carried out for circulation to the starboard, and port

side. The number of RPM in the main engine was set for Full Speed Ahead, and the
rudder deflection was 35 ° on each side ("to port" and "to starboard").
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The results of circulation are shown in Figures 7 and 8, and in Table 1, and

Table 2, respectively.

600

500

400

ulation of model to port

300

7

00

00

Advance [cm]

!
!
4

800

.0 ‘{
200 400 600
00 -
-200

~—

-300

-400 -

— T ransfer [cm]

Fig. 7 The results of circulation of the model with heel to port [4]

Table 1. Parameters of circulation presented in Fig. 7
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Fig. 8 The results of circulation of the model with heel to starboard [4]

Table 2. Parameters of circulation presented in Fig. 8
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COMPARISION OF THE RESULTS OF CIRCULATION OF THE MODEL WITH
INITIAL HEEL, AND WITH NO HEEL

In the next stage of the research, the results of circulation of M/S "Ziemia
Zamojska" model were compared, in the same loading condition, loaded with bal-
last and GPS devices, with no initial heel, and with constant heel to port ¢ = 3.5 °.
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Fig. 9 The results of circulation of the model to port with heeel and with no heel [4]

Table 3. Circulation parameters from Fig. 9 used for comparison
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The circulation of the M / S "Ziemia Zamojska" model to starboard was com-
pared in a similar way. The model was in the same loading condition and was loaded
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with ballast and GPS devices. The investigations were carried out for the model with
no constant initial heel, and with constant heel to port equal to ¢ = 3.5 °.
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Fig. 10 Comparison of circulation to starboard with no heel and with heel [4]
Table 4. Comparative parameters of circulation wih no heel and with heel.
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During the research, it was noticed that the reduced model of bulk carrier
M/S "Ziemia Zamojska" was slightly trimmed by the bow when moving forward, de-
spite the fact that it was with no trim before the start of the research. The forced
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constant heel to starboard caused the necessity to correct the course of the tested
model using the rudder.

The introduction of a fixed initial angle of heel to port of 3.5° caused the av-
erage circulation of the reduced model to increase slightly by 0.8 [m] during circula-
tion to port, and 0.4 [m] during circulation starboard. The cause of this phenomenon
was the asymmetrical shape of the immersed part of the hull of the investigated
model, and the excessive speed of the model during circulation which disrupted the
distribution of the behind propeller flow and its impact on the rudder blade. In addi-
tion, the model uses a right-hand propeller generating the tendency to change course
to starboard.

During the circulation investigations, the angle of heel of the reduced model
was also recorded. The operating centrifugal force, and propeller lateral force had
a significant impact on its magnitude. When the model circulated to port it righted
due to the centrifugal force action, and the initial constant heel was reduced to zero.
However, during a right-hand maneuver, the initial angle of heel 3.5° increased to
10°. During this investigation, the angle of heel increased after covering about
a quarter of the distance.

CONCLUSIONS

Summing up the obtained results of the investigations, it can be stated that
the angle of heel of the model causes predicted changes in the parameters measured
during the circulation maneuver. The main goal of the research was to demonstrate
the impact of the initial angle of heel of the investigated model on the magnitude of
the circulation radius and angle of heel.

It follows from the analysis of the results of circulation of the model, with
and with no heel, that the constant, initial angle of heel of the vessel increases the
diameter of circulation during maneuvers both to the starboard and port.

In the case of circulation to port, the introduced constant angle of heel of the
model contributed to the reduced angle of heel to zero, and thus to righting the ves-
sel. However, in the case of the right-handed circulation maneuver, a significant in-
crease in the angle of heel of the model up to 10° was recorded. In addition, during
this maneuver, the investigated reduced model produced ellipse wake pattern,
whereas during the action to maneuver to port the wake had a circle-like pattern.
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The duration of the maneuver with no heel was similar to the duration of the

maneuver with heel. A slight blowing of wind did not affect the investigations.

The data obtained in the research will be significant for the planning and im-

plementation of the next stage of research in which maneuvering of the M/S "Ziemia
Zamojska" model will be assisted by tug models.
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WPLYW STALEGO KATA PRZECHYLU NA
CYRKULACJE STATKU, OKRESLONY NA
PODSTAWIE BADAN MODELU
M/S ,ZIEMIA ZAMOJSKA”

STRESZCZENIE

W artykule przedstawiono opis badan modelowych modelu redukcyjnego statku M/S
»Ziemia Zamojska”, przeprowadzonych na akwenie otwartym z woda stodka przez zespét pracow-
nikow Katedry Eksploatacji Jednostki Ptywajacej AMW w Gdyni. Badania te polegaty na wykonaniu
cyrkulacji modelu statku ze statym katem przechytu na wybrang burte, utrzymujac nastawe pracy
silnika gtéwnego w pozycji cata naprzéd (CN). Przeprowadzenie takich testéw na rzeczywistym
statku jest ryzykowne. Moze to doprowadzi¢ do awarii np. steru, maszynki sterowej, przeciazenia,
a nawet w szczeg6lnych okolicznoS$ciach zatarcia silnika gtéwnego. Z tego powodu na statkach nie
prowadzi sie testéw polegajacych na wychyleniu steru na burte przy nastawie CN, nawet podczas
manewru ,Crash Stop”. Na podstawie analizy wypadkdéw na morzu, oraz z doSwiadczen praktycz-
nych, wynika, ze podczas rzeczywistej eksploatacji jednostek ptywajacych zdarzajg sie sytuacje,
w ktérych w celu zachowania bezpieczenstwa nalezy wykona¢ wymieniony manewr. Wymusito to
na autorach przeprowadzenia badan modelowych jednostki ptywajacej w opisanym przypadku
eksploatacyjnym.

Stowa kluczowe:
Manewrowanie statkiem, badania wiasciwo$ci manewrowych, model redukcyjny, cyrkulacja
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1. INTRODUCTION

Von Bortkiewitsch (1898) calculated, using the data of the Prussian army, the
number of soldiers who died, during 20 consecutive years, because of being kicked
by a horse. He noticed that a random variable, say X, denoting the number of
solders killed accidentally by the horse kick per year, has approximately Poisson
distribution with parameter A=0.61 [1/year]. Since then Poisson’s distribution,
and the corresponding stochastic Poisson process, have found use in various fields
of science and technology.

A Poisson process and its extensions, are used in safety and reliability problems.
They allow to construct the models denoting number of road, sea, and railway
accidents in the given time intervals.

[t should be mentioned, that this paper is an extension of article [3], because of the
new data concerning the Polish road accidents in 2019 [11].

2. NONHOMOGENEUS POISSON PROCESS

We start from definition of nonhomogeneous Poisson Process (NPP).
Let
Tp0=9=0, 7, =9, +9,+--+9,, n€EN, (D
where 94, 9, ..., 9, are positive independent random variables.
T = Amrn = sup{r,: n € Ng}. (2)
A stochastic process {N(t): t = 0} defined by the formula
N(t) =supfne€ Ny 1, <t} (3)
is called a counting process corresponding to a random sequence {z,,: € Ny}.

Let {N(t): t =0} be a stochastic process, taking values on S ={0,1,2,...},
value of which represents the number of events in a time interval [0, t].
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A counting process {N(t): t = 0} is said to be nonhomogeneous Poisson process
(NPP) with an intensity function A(t) =0, t =0, if

1. P(N(0)=0)=1; (4)

2. The process {N(t): t = 0} is the stochastic process with independent in-
crements, the right continuous and piecewise constant trajectories;

h k
(7" 200 ax) o [ A,

3. P(N(t+h)—N(t)=k)= Py t

(5)

From the definition it follows, that the one dimensional distribution of NPP is
given by the rule:

EAG)dx)"
P(N(t) = k) = Me-fotﬂx)d’ﬂ k=012,.. (6)

The expectation and variance of NPP are the functions:

A®) = EIN(®)] = [ A(x)dx V() =VIN®)] = [, 2()dx, t> 0.
(7)

The corresponding standard deviation is:

DY) = /VIN(D] = /fotA(x)dx, t> 0. (8)

The expected value of the increment N(t + h) — N(t) is:

At;h) = E(N(t+h) = N(D) = [/ 2(x)dx. (9)
The corresponding standard deviation is :
D(t;h) = D(N(t +h) = N(®)) = [ [ ™" 2(x)dx (10)

A nonhomogeneous Poisson process with A(t) =4, t 2 0 foreacht= 0, is aregu-
lar Poisson process. The increments of nonhomogeneous Poisson process are inde-
pendent, but not necessarily stationary. A nonhomogeneous Poisson process is
a Markov process.
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3. NONHOMOGENEUS COMPOUND POISSON PROCESS

We assume that {N(t):t > 0} is a nonhomogeneous Poisson process (NPP) with an
intensity function A(t), t =0 such that A(t)=>0for t >0, and X;, X,,...is
a sequence of the independent random variables independent of {N(t):t = 0}.
A stochastic process

X=X, +X,++Xyw), t=0 (11)
is said to be a nonhomogeneous compound Poisson process (NCPP).
Proposition 1.
Let {X(t):t = 0} be a nonhomogeneous compound Poisson process (NCPP).
If E(X?) < oo, then:
L E[X(®)] =A(t) E(Xy) (13)
2. VIX(®Ol= ACt) E(XD), (14)
Where:
ACE) = E[N(®)] = [, A(x)dx.
Proof]6].
Corollary 1

Let {X(t + h) — X(t):t = 0} be an inreament of a nonhomogeneous compound
Poisson process (NCPP).

If E(X?) < o, then:

E[X(t +h) — X(©)] = A(t; h) E(XY), (15)
VIX(t+h)—X()] = A(t; ) E(XD), (16)

where:
At ) = [T A(x)dx. (17)
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4, DATA ON MOTORIZATION AND ROAD ACCIDENTS IN POLAND

Quoted data from the Central Statistical Office from 2017, 2018, and 2019 were
presented in reports of the Polish Police [9], [10], [11].

4.1 GENERAL DATA ON MOTORIZATION

Since the beginning of the 90’s, the number of vehicles registered in Poland has
been systematically growing

Tab.1. Number of motor vehicles in the years 2007-2018

Years Motor vehi- Passenger Trucks Motorcy-
cles in total cars cles
2007 19 471 836 14 588 739 2 345068 825 305
2008 21336913 16 079 533 2511677 909 144
2009 22 024 697 16 494 650 2 595 845 974906
2010 23037 149 17 239 800 2767 035 1013014
2011 24189 370 18125490 2892 064 1069 195
2012 24 875718 18 744 412 2920779 1107 260
2013 25683 575 19 389 446 2962 064 1153169
2014 26472274 20 003 863 3037 427 1189 527
2015 27 409 106 20723423 3098376 1272333
2016 28601037 21675 388 3179 655 1355625
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2017 29149178 22109 572 3212690 1398 609
2018 29 656 238 22 514 047 3249961 1428299
2019 31388643 23874531 3387536 1553370

It is easy to count, that from 2007 to 2019, the number of passenger cars in-
creased by 38.68 %, number of trucks by 30.77%, while the number of motorcycles
increased by 46.68% . During this time, the total number of motor vehicles in-
creased by 37.96%.

The location of our country on the East-West transport route generates heavy
transit traffic. According to the border guards, cited in the police report [10], in
2018, 12 435 345 vehicles entered the European Union's external borders, includ-
ing 9 970 787 passenger cars.

4.2 GENERAL DATA ON ROAD ACCIDENTS

A table, containing the number of accidents, and their consequences, is presented
below. The data comes from police reports [9], [10]. [11].

Tab.2. Number of accidents and their consequences in the years 2007-2019

Indica- Indicator
- 0O » Z - Z = tor B
Years Interval 2 3 g % g § = §
5_: = % ] E’: ® % = a
[ days] S 2 9 |8 g g 2
2007 0,369 1835 53@9 5583 63 224 01127 L2763
2008 365,781 518 0519 5432 62 097 0.1108 12658
2008 [1096,1461) 12785 19é4 4572 26046 0,1034 1,2681
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2010 38 3907 48952

(1461.1526) 16435 | o0 0,1006 1,2606
2011 40 4189 49501

(1826.2152) 20085 | e 0,1045 1,2355
2012 [2192,2558) 2375 37 3571 45792 0,096 L3

046

2013 2740,5 35 3357 44059

[2558, 2023) 847 0,0957 12511
2014 31055 34 3209 42545

[2923, 3288) 970 0,0915 1,2166
2015 34705 32 2938 39778

[3288, 3653) 967 0,0891 1,2066
2016 3836 33 3026 40766

[3653, 4019) 664 0,0898 1,2109
2017 42015 32 2831 39 466

[4019, 4384) 760 0,0864 1,2047
2018 4566,5 31 2862 37 359

[4384, 4749) 674 0,0903 1,1794
2019 49315 30 2909 35477

[4749, 5114) 288 0,0960 11713

The table does not contain the number of traffic collisions. For example, in 2018,
436 414 road collisions were reported.

5. MODEL OF THE ROAD ACCIDENT NUMBERS

Due to the nature of these events, pre-assumption that it is a nonhomogeneous
Poisson process with some parameter A(t) > 0, seems to be justified. The ex-
pected value of increment of this process is given by (9), while its one dimensional

distribution is determined by (5). We can use practically these rules if the intensity
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function A(t) > 0 in known. To define this function one utilize information pre-
sented in table 2. The statistical analysis of the data shows that the intensity func-
tion A(t) can be approximated by the linear function A(t) = at + b.

5.1.ESTIMATION OF THE MODELS PARAMETERS

Dividing the number of accidents in each year, by 365 or 366 we get the intensi-
ty in units of [1 / day].

We approximate the empirical intensity by a linear regression function y =
ax + b that satisfied condition

n

S(a,b) = Z [y; — (ax; + b)]? - min

i=1
Recall, that solution of above optimization problem leads to finding parameters
a and b. The parameters are given by the rules:

_ H11 _ = _ _1 ¢n = _ _1 yn
= i’ b =my, — amyy, X =My =7 izt Xi) Y =Mo1 = Li=1Yir (22)

1 n
mq; = ;Zi:l XiYVi, H11 = Mq1 — My Mo,

_1 n 2 _ 2
Mo = Li=1%i > U0 = Mye — Myp”.

Applying the rules (26) for the data from Table 2 and using Excel system we ob-
tain:

a = —0.000003658, b =2,534128 (23)
The linear intensity of accidents is:

A(x) = —0,000113629 x + 3.442384 >0 (24)

This function is shown in figure 1.
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Number of the road accidents
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Fig. 1. Intensity of the road accidents in Poland
From (7) we obtain:
A(t) = —0,000113629 t? + 2,534128t, t > 0. (25)

Therefore the one dimensional distribution of NPP is:

k
PIN@ = k) = L =10 =012, (26)

where A(t) is given by (25).

Finally one can say that the model of the accident number on Polish roads is the
nonhomogeneous Poisson process with the parameter A(t), t > 0, determined by
(25).

Using data from the Table 1 and Figure 2 one can compute the indicator of fatali-
ties intensity in road accidents in relation to the number of vehicle crossing

a= NF/NVC (27)

where NF denotes number of fatalities, NVC designates number of vehicles cross-
ing
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Fig. 2. Indicators of fatalities intensity in road accidents in relation to the crossing number
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6. ANTICIPATION OF ACCIDENT NUMBER

From (5) and (10) we get:
P(N(t + k) — N(t) = k) = 281 p-{a@n), (28)

k!

[t means that one can anticipate number of accidents at any time interval, with
a length of h. The expected value of the increment N(t + h) — N(t) is defined by
(10). For the function:

A(t) =a§+bt (29)
we obtain the expected value of the accidents at time interval [t, t + h)
A(t;h)=h(az—h+b +at), (30)

The corresponding standard deviation is:

c(t;h):\/h(az—h+b tat). (31)

Example 1.

We want to predict the number of accidents from June 1st of 2020 to August 30t
of 2020. We also want to calculate the probability of a given number of accidents.
First we have parameters t and h. As extension of table 2 on year 2019 we can
obtain an interval [4749, 5114). From January 1st of 2020 to June 1st of 2020 152
days have passed. Hence t = 4749 + 152 = 4901. From June 15t to August 31st h =
92 days have passed. For these parameters using (29) and (30) we obtain A(t; h) =
7074.406, o(t; h) = 84.109.

This means, that the average predicted number of accidents between June 1t
2019 and August 31st, 2019 is about 7074, with a standard deviation of about 84.

x=d7074.406%
Poey<q =P(c<N(t+h)—N(@{)<d) = Z ———————— 77074406y — 01,2, ...

x=c x !
Applying approximation by normal distribution we get:
d— 7074,406) (c — 7074,406)

Poyyoy =@
csXsd ( 84,109 84,109
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For d = ko, c = -k o, k=1,23weobtain k-sigma formula:

0.6827 for k=1
P_jgex<ko = 2®@(K) —1 =1 0.9545 for k=2
0.9973 for k=3

Therefore, for the predicted number of accidents between June 1st, 2019 and
August 31st, 2019:

P(X €[ 6990.297, 7158.515] ) = 0.6827,
P(X € [ 6906.188,7242.624]) = 0.9545,

P(X € [6822.079,7326.733]) = 0.9973.

6.1.ANTICIPATION OF THE ACCIDENTS CONSEQUENCES

Let X =X;, i=12,..,N(t) denotes number of fatal events in a single accident.
We suppose that the random variables X;, i = 1,2, ... have the identical Poisson
distribution with parameters E(X;) = V(X;) = u, i =1,2,...,N(t).

The predicted number of fatal events in the time interval [¢t, t + h) is described by
the expectation of the increment X(t + h) — X(t) . Recall that the expected value,
and standard deviation of the accidents number in the time interval [t,t + h) are
given by (10) and (11). For the data from Example 1 using (29) and (30), we obtain
the expected value of fatalities number ( EFN ), and the corresponding standard
deviation ( DFN ) in the time interval [t, t + h)=[4900, 4992):

A(t; h)=A(t; h) X u,and DFN = \/A(t; h) X (u + u?). We assume that the NCPP is
homogenous in this time interval, and a mean is calculateted in center of interval.

Finally we obtain EFN = 315.034 and DFN=17.7492.

For the same data we obtain the expected value of injured number, denoted by
EIN, and corresponding standard deviation ( DIN ) in the time interval [4900,
4992). We assume that the NCPP is homogenous in this time interval, and a mean is
calculateted in center of that one. In this case A(t;h) = 626.62. Using the same
formulas we get the expectation EIN, and the standard deviation DGN = 25,03 of
injured people number.
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7. CONCLUSIONS

The nonhomogeneous Poisson process, and the corresponding nonhomogeneous

compound Poisson process are applied for modelling the road accidents number, and

the number of injured and fatalities on Polish roads. To estimate model parameters one

used data coming from the annual reports of the Polish police. Constructed models

allowed to anticipate number of accidents at any time interval, with a length of h and

the accident consequences. One obtained the expected value of fatalities or injured, and

the corresponding standard deviation in the time interval [t,t + h).

The statistical distribution of fatalities number in a single accident, and statisti-

cal distribution of injured people number, and also statistical distribution of fatali-

ties or injured number in a single accident, are computed.

(2]
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[4]
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NIEJEDNORODNE UOGOLNIENIE PROCESU

POISSONA W MODELOWANIU LOSOWYCH

PROCESOW ZWIAZANYCH Z WYPADKAMI
DROGOWYMI

STRESZCZENIE

W pracy przedstawiono niektére uogoélnienia procesu Poissona i ich wiasnos$ci. Skupiono sie
na dwdch uogélnieniach - niejednorodnym procesie Poissona i niejednorodnym ztozonym pro-
cesie Poissona. Niejednorodny proces Poissona pozwala na skonstruowanie modelu probabili-
stycznego, opisujgcego liczbe réznych rodzajéw wypadkéw. Niejednorodny ztozony proces
Poissona pozwala matematycznie opisywac¢ konsekwencje tych wypadkéw. Przedstawione tu
wyniki teoretyczne dajg mozliwo$¢ przewidywania liczby wypadkdéw i ich konsekwencji. Estyma-
cja parametréw modelu zostalta wykonana na podstawie danych zamieszczonych w rocznych
raportach Policji [9], [10], [11].

Stowa kluczowe:

wypadek drogowy, niejednorodny proces Poissona, niejednorodny ztoZony proces Poissona
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ABSTRACT

A 2x2 MIMO wireless communication system with channel estimation is simulated, in
which two transmit, and two receive antennas are employed. The orthogonal pilot signal approach
is used for the channel estimation, where the Hadamard sequences are used for piloting. Data are
modulated by coherent binary phase-shift keying, whereupon an orthogonal space-time block cod-
ing subsystem encodes information symbols by using the Alamouti code. Based on the simulation,
itis ascertained a possibility to decrease the bit-error rate by substituting the Hadamard sequences
for the sequences having irregular structures, and constituting the eight known orthogonal bases.
Considering a de-orthogonalization caused by two any pilot sequence symbol errors, the bit-error
rate is decreased by almost 2.9 %. If de-orthogonalizations are caused by two repeated indefinite,
and definite pilot sequence symbol errors, the decrements are almost 16 % and 10 %, respectively.
Whichever sequences are used for piloting, the 2x2 MIMO system is ascertained to be resistant to
the de-orthogonalization if the frame is of 128 to 256 symbols piloted with 32 to 64 symbols, re-
spectively.
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INTRODUCTION

In radio, multiple-input and multiple-output (MIMO) specifically refers to
a practical technique for sending and receiving more than one data signal simultane-
ously, over the same radio channel by exploiting multipath propagation. More gen-
erally, MIMO is a method for multiplying the capacity of a radio link by using multiple
antennas at the transmitter and receiver ends of a wireless communication system
[2]. MIMO systems are increasingly being adopted in wireless communication stand-
ards, including IEEE 802.11n (Wi-Fi), IEEE 802.11ac (Wi-Fi), HSPA+ (3G), WiMAX,
and Long Term Evolution (4G LTE), for the potential gains in capacity they realize
when using multiple antennas. Multiple antennas use the spatial dimension in addi-
tion to the time and frequency ones, without changing the bandwidth requirements
of the system [14].

When multiple transmitter antennas are used, the concept of orthogonal
space-time block coding (OSTBC) is employable [4]. An OSTBC subsystem encodes
information symbols from a modulator by using, either the Alamouti code [1] for two
transmit antennas, or other generalized complex orthogonal codes [11] for three, or
four transmit antennas. To know how a signal propagates from the transmitter to
the receiver, and represents the combined effect of scattering, fading, and power de-
cay with distance, the channel state information is required. The channel state infor-
mation makes it possible to adapt transmissions to current channel conditions,
which is crucial for achieving reliable communication with high data rates in multi-
antenna systems. In the realistic scenario, where the channel state information is not
known at the receiver, this has to be extracted from the received signal. The channel
estimator can perform this by using orthogonal pilot signals that are prepended to
every packet [5]. Compared to a blind approach, where the estimation is based only
on the received data, without any known transmitted sequence, the tradeoff is the
accuracy versus the overhead. The orthogonal pilot signal approach has a higher
overhead than the blind approach, but it achieves a better channel estimation accu-
racy than the blind approach [16].

However, in practice, orthogonal pilot sequences, from which the channel
between the transmitter and receiver is estimated, are limited by the coherence time
of the channel. Most importantly, the reuse of pilot sequences of several co-channel
cells may create pilot contamination that worsens the MIMO performance [9]. An-
other problem is that a loss of a symbol in a pilot sequence (due to channel noise and
interference) leads to de-orthogonalization. Obviously, the pilot signal de-orthogo-
nalization may also worsen the MIMO performance [3].
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MOTIVATION

Orthogonalization is a crucially important property used in wireless commu-
nication systems to increase capacity of a radio channel without badly affecting its
reliability. In MIMO, orthogonal codes are usually taken from the Hadamard matrix
[12], where the first orthogonal sequence of pilot symbols is the sequence of ones. In
fact, it is the Walsh function of the zeroth order, which is a function-constant [13]. In
particular, Walsh functions are generated from the Hadamard matrix [15], and can
be used as well for other transmit antennas.

Walsh functions have a regular structure as they are mirror-symmetrical
(considering from the middle of the unit interval on which the functions are
defined). Similar binary functions having irregular structures (IS), and constituting
orthogonal sets are known also (e. g., see [6]). The eight orthogonal bases of such
irregular-structure binary functions (considering the seven non-zeroth-order func-
tions in every basis; the function-constant, which is the zeroth-order function in
every basis, is not considered) found by Romanuke [7] were simulated to substitute
the respective Walsh functions in wireless communication systems with the code di-
vision multiple access (CDMA). It was shown in [8] that these orthogonal sets of
binary functions outperform Walsh set, where the bit-error rate (BER) is decreased
by 3 % to 5 %. Itis naturally assumed that BER in MIMO systems with the orthogonal
pilot signal approach might be decreased by using the similar substitution.

The assumption is to be verified on a 2x2 MIMO system with channel esti-
mation, in which two transmit, and two receive antennas, are employed. It is as-
sumed that the channel remains unchanged for the length of the packet (i. e, it
undergoes slow fading), and the channel undergoes independent fading between the
multiple transmit-receive antenna pairs. Data are modulated by coherent binary
phase-shift keying (BPSK) [10]. Then OSTBC by Alamouti is applied to the modulated
data and the signal is passed over flat-fading Rayleigh channels [12].

The goal is to estimate the BER performance of a 2x2 MIMO system with
channel estimation by the orthogonal pilot signal approach for both the Hadamard
and Romanuke orthogonal codes. The case of a symbol loss (or, in other words,
a symbol error) in a pilot sequence (that implies a de-orthogonalization) is to be
studied as well. For this, various situations are to be considered: de-orthogonaliza-
tion caused by one and two pilot sequence symbol errors, where subcases of symbol
definiteness and repeatability should be simulated.
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BPSK-OSTBC SIMULATION PARAMETERS

The simulation is based on MATLAB® R2019a Communications System
Toolbox™ functions covering an end-to-end 2x2 MIMO system. The fundamental pa-
rameters for simulating BPSK and OSTBC are as follows: frame length F , number of

pilot symbols per frame P, bit-energy-to-noise-density ratio (BENDR) r;, , in dB,

maximum number of errors m, ., maximum number of packets N, . The simula-

err ’ ack *

tion is run over a range of BENDR points to generate BER results that allow compar-
ing different cases.

It is reasonable to vary BENDR from 0 dB to 6 dB with a step of 1 dB. The
frame length is equal to 32, 64, 128, 256 symbols. The number of pilot symbols per
frame cannot exceed 25 % of the frame length, so it is set according to tab. 1.

Tab. 1. The 10 cases of the parameter pair of the frame length and pilot symbols per frame

F 32 64 128 256 frame length
P 8 8 8 8
16 16 16 number of
pilot symbols
P 32 32 per frame
P 64

For the 2x2 MIMO system, the two Hadamard orthogonal sequences, regard-
less of the number of pilot symbols per frame, have the view presented in fig. 1. In
fact, these are the Walsh functions of the zeroth order and ( P —1)-th order (i. e., the
last function in the Walsh basis of functions corresponding to P -positioned orthog-
onal codes). The IS binary functions (ISBFs) by Romanuke shown in fig. 2 have the
same function-constant, so it is better to use the last two functions from each basis
of P functions (fig. 3).

The above-mentioned de-orthogonalization occurs when the negative value
of a binary function is dropped into the positive value, and vice versa. These pilot
sequence symbol errors are notationally referred to as “0—1” and “1—0”, respec-
tively. To estimate the BER performance under circumstances of imperfect orthogo-
nality, the six cases (tab.2) are to be simulated for both the Hadamard and
Romanuke orthogonal codes. The number of BPSK-OSTBC simulations should be suf-
ficiently great for obtaining stable results. The stability of these results is expected
to be confirmed by carrying out another series of simulations.
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Frame length = 32, Pilot symbols = 8

B8 \ \ \ \ \

Frame length = 64, Pilot symbols = 8

Frame length = 64, Pilot symbols = 16

Frame length = 128, Pilot symbols = 8

Frame length = 128, Pilot symbols = 16
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Frame length = 128, Pilot symbols = 32

Frame length = 256, Pilot symbols = 8

Frame length = 256, Pilot symbols = 16

Frame length = 256, Pilot symbols = 32

Frame length = 256, Pilot symbols = 64
+1
-1
+1
-1

uuudououyuooyuuuguoouggoodgooygyon

Fig. 1. The two Hadamard orthogonal sequences for different cases of pilot symbols per frame

Tab. 2. The six cases to be simulated

Notation of pilot sequence

case # Description
symbol errors
1 Without de-orthogonalization there are no pilot sequence
symbol errors
2 De-orthogonalization caused by one indefinite pilot “0—1" or “1-—0"
sequence symbol error
3 De-orthogonalization caused by one definite pilot “0_s1"
sequence symbol error
4 De-orthogonalization caused by two repeated indefinite “0—1”and “0—1"
pilot sequence symbol errors or “1—0” and “1—0”
5 De-orthogona.llzatlon caused by two repeated definite “0—1” and “0—1"
pilot sequence symbol errors
“0—1” and “0—1",
6 De-orthogonalization caused by two indefinite pilot or “1—0” and “1—0”",

sequence symbol errors

or “1—0” and “0—1",
or “0—1” and “1—0"
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Fig. 2. The eight orthogonal bases presented for the case of 64-positioned orthogonal codes [13]
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Fig. 3. The last two orthogonal basis-wise sequences for different cases of pilot symbols per frame
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To obtain statistically reliable simulation of the 10 cases of pilot symbols per

frame and frame length (tab. 1), it is reasonable to set N, =10m,,, . The two Hada-

mard orthogonal sequences to be used for the simulation are taken as they are
shown in fig. 1. The two IS orthogonal sequences (in each of the eight bases) to be
used for the simulation are taken as they are shown in fig. 3.

SIMULATION RESULTS

Considering the perfect orthogonality, i. e. case #1 in tab. 2, the substitution
of the Hadamard sequences (fig. 1) for the IS sequences (by ISBFs in fig. 3) gives no
gain. The de-orthogonalization caused by one indefinite pilot sequence symbol error
(case #2) cannot be rectified by the substitution as well. The BER performance for

N_.,. =500000 is shown in fig. 4 for this case, where the circled points (IS sequences

pack

for the de-orthogonalization case), and squared points (Hadamard sequences for the
de-orthogonalization case) are plotted along with the dotted points (IS sequences
for case #1) and asterisked points (Hadamard sequences for case #1). The BER per-

formance for N, =500000 shown in fig. 5 (with the same point markers, which will

be used further) for case #3 is similar to that. Those polylines re-plotted for
N, =250000 for case #2 (fig. 6) and case #3 (fig. 7) are almost repeated, so the

results are statistically consistent and thus reliable. The averaged BER performance
for these cases are presented in fig. 8 and fig. 9, where the difference between the
perfect orthogonality and de-orthogonalization is clear.

In case #4, the BER performance by the Hadamard sequences is improved
by the IS sequences (fig. 10). This improvement is even more obvious for case #5
(fig. 11). Those polylines re-plotted for N, =250000 for case #4 (fig. 12), and case

#5 (fig. 13) are almost repeated, so the results are statistically consistent, and thus
reliable. The averaged BER performance for these cases are presented in fig. 14 and
fig. 15. In case #4, the BER is decreased by almost 10 % on average by using the IS
sequences. In case #5, the BER is decreased by almost 16 % on average.

In case #6, the BER performance by the Hadamard sequences is improved
by the IS sequences (fig. 16), although the improvement is less obvious than in cases

#4 and #5. This is confirmed by re-simulating it for N__, =250000 (fig. 17). On av-

pack

erage, the BER is decreased by almost 2.9 % (fig. 18).
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Fig. 4. The BER performance versus BENDR by one indefinite pilot symbol error de-orthogonali-
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Fig. 5. The BER performance versus BENDR by one definite pilot symbol error de-orthogonaliza-
tion (“0—1") for the first series of maximum 500000 packets
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Fig. 6. The BER performance versus BENDR by one indefinite pilot symbol error de-orthogonali-
zation (“0—1” or “1—0") for the second series of maximum 250000 packets
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Fig. 7. The BER performance versus BENDR by one definite pilot symbol error de-orthogonaliza-
tion (“0—1") for the second series of maximum 250000 packets
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Fig. 8. The averaged BER performance versus BENDR by one pilot symbol error de-orthogonali-
zation (cases #2 and #3) for the first series of maximum 500000 packets
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Fig. 9. The averaged BER performance versus BENDR by one pilot symbol error de-orthogonali-
zation (cases #2 and #3) for the second series of maximum 250000 packets
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Fig. 10. The BER performance versus BENDR by two repeated indefinite pilot symbol error
de-orthogonalization (twice “0—1" or “1—0") for the first series of maximum 500000 packets
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Fig. 11. The BER performance versus BENDR by two repeated definite pilot symbol error
de-orthogonalization (“0—1” and “0—1") for the first series of maximum 500000 packets
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Fig. 12. The BER performance versus BENDR by two repeated indefinite pilot symbol error
de-orthogonalization (twice “0—1” or “1—0") for the second series of maximum 250000 packets
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Fig. 13. The BER performance versus BENDR by two repeated definite pilot symbol error
de-orthogonalization (“0—1” and “0—1") for the second series of maximum 250000 packets
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Fig. 14. The averaged BER performance versus BENDR by two repeated pilot symbol error
de-orthogonalization (cases #4 and #5) for the first series of maximum 500000 packets
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Fig. 15. The averaged BER performance versus BENDR by two repeated pilot symbol error
de-orthogonalization (cases #4 and #5) for the second series of maximum 250000 packets
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Fig. 16. The BER performance versus BENDR by two indefinite pilot symbol error de-orthogonali-
zation for the first series of maximum 500000 packets
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Fig. 17. The BER performance versus BENDR by two indefinite pilot symbol error de-orthogonali-
zation for the second series of maximum 250000 packets
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Fig. 18. The averaged BER performance by two indefinite pilot symbol error de-orthogonalization

It is worth noting, that the difference between the BER performance by the
Hadamard, and IS sequences in the case of the perfect orthogonality (case #1) may
exist. However, this difference is as negligible as it is for the cases (as tagged herein-
before, cases #2 and #3) of one pilot symbol de-orthogonalization (fig. 4 - 9). In de-
tail, the difference is not greater than 10~ which is 0.033 %. The one pilot symbol
de-orthogonalization still has a negative impact on the BER performance as it then
impaired by 0.001 to 0.0035 (see it in both fig. 8 and fig. 9).

DISCUSSION

The polylines in fig. 4 - 7 allow seeing that the BER badly increases for the
four following cases of the parameter pair of the frame length and pilot symbols per
frame:

{F=32,pP=8}, {F=64,P=8},{F=128P=8},{F=256P=8}. (1)
This implies that using 8 pilot symbols in 2x2 MIMO systems, even if it is 25 % of the

frame length, has poor efficiency. Thus, the accuracy-versus-overhead tradeoff
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herein is unacceptable. Moreover, cases (1) confirm that increasing the frame length
does not give necessarily a gain in the BER performance. Indeed, comparison of the
respective BER polylines for cases (1) in fig. 4 - 7 reveals that they are almost un-
changeable. Noticeable changes are in fig. 10 - 13, but they are not very significant.
Weakly-varying polylines for cases (1) are also seen in fig. 16 and fig. 17.

Despite the one pilot symbol de-orthogonalization does have a negative im-
pact on the BER performance, it becomes apparent only for cases (1) and, with less
significance, for cases

{F=64,P=16},{F=128,P=16}, {F=256,P=16}. (2)
The one pilot symbol de-orthogonalization still increases the BER for cases
{F=128,P=32},{F=256,P=32}, {F=256,P=64} 3)

at ry, )y, <3 dB, butitis hardly noticeable. The least BER itself is obtained for case

{F=256,P=64} (4)

corresponding to a 2x2 MIMO system transferring long frames with a maximum
information for channel estimation. This is easily confirmed by fig. 4 -7, 10 - 13,
16, 17.

By the two repeated pilot symbol error de-orthogonalization, the BER is ef-
ficiently decreased by substituting the Hadamard sequences for the IS sequences for
cases (1), that is clearly seen in fig. 10 - 13. In the case of the two repeated definite
pilot symbol error de-orthogonalization, the gap between the Hadamard sequences
polylines (squared points), and IS sequences polylines (circled points) is bigger. Nev-
ertheless, it does not mean that the IS sequences are less effective in the case of the
two repeated indefinite pilot symbol error de-orthogonalization. In fact, when the
definite symbol is lost twice (in case #5, it is an inversion to the value of the function-
constant, i. e, “0—1"), the performance by the Hadamard sequences becomes poorer
than that by the IS sequences (compare fig. 10 to fig. 11, and fig. 12 to fig. 13, and also
the left subplots to the right subplots in both fig. 14 and fig. 15). The gaps are signif-
icantly smaller for cases (2), in the both cases of the two repeated pilot symbol error
de-orthogonalization (cases #4 and #5 in fig. 10 - 13). For cases (3), the gaps be-
tween the Hadamard sequences and IS sequences polylines are hardly noticeable
(without zooming in on the respective polylines). However, some tiny gaps exist just
for cases

{F=128,P=32} and {F=256,P =32} (5)
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whereas there are no gaps for case (4). The same inference is made from fig. 16 and
fig. 17 for the two indefinite pilot symbol error de-orthogonalization (case #6).
Moreover, the polylines in the respective subplots for cases (3) do not have any dif-
ference from the respective polylines (it is better to pay attention to asterisked
points) in fig. 4 - 7. Therefore, 2x2 MIMO systems transferring long frames with
a maximum information for channel estimation are resistant to partial de-orthogo-
nalization in pilot signals. The accuracy-versus-overhead tradeoff herein is likely to
be acceptable.

Surely, in the realistic scenario, the pilot signal de-orthogonalization is
highly probable. However, the considered de-orthogonalization cases (tab. 2) are not
equiprobable. Considering only one pilot sequence symbol error, case #3 is 50 %
probable. If to consider possibility of two pilot sequence symbol errors, cases #2 and
#6 are complementary events. They can be counted equiprobable. Consequently,
case #3 is then 25 % probable, case #4 is 25 % probable, and case #5 is then 12.5 %
probable.

CONCLUSIONS

In 2x2 MIMO systems with channel estimation by the orthogonal pilot signal
approach, it is possible to improve the BER performance by substituting the Hada-
mard sequences for the IS sequences. The improvement is estimated as a BER aver-
age decrement. The decrement is almost 10 % in the case of a de-orthogonalization
caused by two repeated indefinite pilot sequence symbol errors. The probability of
this case is estimated at 25 % rate. In the case of a de-orthogonalization caused by
two repeated definite pilot sequence symbol errors, which is 12.5 % probable, the
decrement is almost 16 %. Considering two any pilot symbol errors, whose proba-
bility is estimated at 50 % rate, the BER is decreased by almost 2.9 %.

Whichever sequences are used for piloting, the 2x2 MIMO system is resistant
to the de-orthogonalization if the frame is of 128 to 256 symbols piloted with 32 to
64 symbols, respectively. The accuracy-versus-overhead tradeoff is thus optimized.
A further research might be directed towards optimizing MIMO systems in which
a greater number of transmit and receive antennas are employed.

3(222)2020 65



Vadim Romanuke

(1]

(2]

[3]

(8]

[]

[10]

[11]

[12]
[13]

[14]

[15]

[16]

66

REFERENCES

Alamouti S. M., A simple transmit diversity technique for wireless communications, ‘IEEE Jour-
nal on Selected Areas in Communications’, 1998, Vol. 16, No. 8, pp. 1451-1458.

Berger L. T., Schwager A., Pagani P., Schneider D. M., MIMO Power Line Communications: Nar-
row and Broadband Standards, EMC, and Advanced Processing. Devices, Circuits, and Systems,
CRC Press, 2014.

Han H.-D., Nguyen D.-A., Nguyen V.-D., Nguyen T.-H., Zia M., Pilot decontamination for multi-
cell massive MIMO systems using asynchronous pilot design and data-aided channel estimation,
‘Physical Communication’, 2018, Vol. 30, pp. 76-85.

Larsson E., Stoica P., Space-Time Block Coding For Wireless Communications, Cambridge Uni-
versity Press, UK, 2003.

Naguib A. F, Tarokh V., Seshadri N., Calderbank A. R., Space-time codes for high data rate wire-
less communication: Mismatch analysis, Proceedings of IEEE International Conference on
Communications, Montréal, Québec, Canada, 8-12 June 1997, pp. 309-313.

Romanuke V. V., Computational method of building orthogonal binary functions bases for mul-
tichannel communication systems with code channels division, Mathematical Modeling and
Computational Methods, Ternopil State Technical University, Ternopil, Ukraine, 2006.

Romanuke V. V., Generalization of the eight known orthonormal bases of binary functions to
the eight orthonormal bases of binary surfaces, ‘Optoelectronic Information-Power Technolo-
gies’, 2007, No. 2, pp. 263-271.

Romanuke V. V., Simulation of code division by applying systems of orthogonal binary functions
{wal(w, 8)}" and {{ rom, (r, )} f;;}g_l in L-channeled CDMA-system, ‘Herald of Khmelny-

w=0

tskyi National University. Technical sciences’, 2008, No. 6, pp. 121-132.

Salh A, Audah L., Shah N. S. M,, Hamzah S. A, Mitigating pilot contamination for channel esti-
mation in multi-cell massive MIMO systems, ‘Wireless Personal Communications’, 2020, Iss.
112, pp. 1643-1658.

Stern H., Mahmoud S., Communications Systems, Pearson Prentice Hall, 2004.

Tarokh V., Jafarkhami H., Calderbank A. R., Space-time block codes from orthogonal designs,
‘IEEE Transactions on Information Theory’, 1999, Vol. 45, No. 5, pp. 1456-1467.

Tsoulos G., MIMO System Technology for Wireless Communications, CRC Press, 2006.

Walsh J. L. A closed set of normal orthogonal functions, ‘American Journal of Mathematics’,
1923, Vol. 45, No. 1, pp. 5-24.

Zheng L., Tse D. N. C. Diversity and multiplexing: A fundamental tradeoff in multiple-antenna
channels, ‘IEEE Transactions on Information Theory’, 2003, Vol. 49, Iss. 5, pp. 1073-1096.

Zhihua L., Qishan Z., Ordering of Walsh Functions, ‘IEEE Transactions on Electromagnetic
Compatibility’, 1983, Vol. EMC-25, No. 2, pp. 115-1109.

Zhuang A, Lohan E. S, Renfors M., Comparison of decision-directed and pilot-aided algorithms
for complex channel tap estimation in downlink WCDMA systems, Proceedings of 11th IEEE
Personal and Indoor Mobile Radio Communications (PIMRC), Vol. 2, London, UK, September
2000, pp. 1121-1125.

Scientific Journal of PNA



Pilot symbol error re-orthogonalization in 2x2 MIMO systems of wireless communication

PONOWNA ORTOGONALIZACJA PO BLEDACH
SYMBOLI PILOTUJACYCH W SYSTEMACH KO-
MUNIKAC]JI BEZPRZEWODOWE] 2x2 MIMO

STRESZCZENIE

W pracy przedstawiono symulowany system komunikacji bezprzewodowej 2x2 MIMO
z oszacowaniem kanatu, sktadajacy sie z dwdch anten nadawczych i dwéch anten odbiorczych. W
procesie szacowania kanatu zastosowano podejscie ortogonalnego sygnatu pilotujacego z wyko-
rzystaniem sekwencji Hadamarda. Na potrzeby badan symulacyjnych przyjeto modulowanie da-
nych za pos$rednictwem spéjnego binarnego kluczowania z przesunieciem fazowym, podczas gdy
ortogonalny podsystem kodowania blokéw czasoprzestrzennych odpowiedzialny byt za kodowa-
nie informacji z wykorzystaniem kodu Alamouti. Na podstawie symulacji ustalono mozliwos¢
zmniejszenia wspotczynnika btednych bitéw przez zastapienie sekwencji Hadamarda sekwen-
cjami nalezacymi do o$miu znanych baz ortogonalnych i charakteryzujacymi sie nieregularnymi
strukturami. W przypadku deortogonalizacji wynikajacej z dwoch dowolnych btedéw symboli se-
kwencji pilotujacych, wspdtczynnik ten zostat zmniejszony o prawie 2.9 %. Jesli deortogonalizacje
sa spowodowane przez dwa powtarzajace sie btedy symboli sekwencji pilotujacych, nieokreslone
i okreslone btedy ulegly zmniejszeniu o odpowiednio 10 % i 16 %. Bez wzgledu na to, ktére se-
kwencje zostaty uzyte do pilotowania, wykazano odporno$¢é systemu 2x2 MIMO na deortogonali-
zacje w przypadku, gdy ramka zawierata od 128 do 256 symboli, a rozmiar sekwencji pilotujacej
miescit sie w zakresie od 32 do 64 symboli.

Stowa kluczowe:

komunikacja bezprzewodowa, estymacja kanatu, MIMO, ortogonalne sekwencje pilotujace,
wspo6tczynnik btednych bitéw.
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ABSTRACT

The paper presents results of research based on analysis of historical and present stud-
ies of the Arctic ice drift. Current information about Arctic ice drift comes from the scientific
expedition organized by the Alfred-Wrgener-Institut Helmholtz Centre for Polar and Marine
Research (AWI) from Bremerhaven (Germany) in the Arctic Ocean, as a part of the Multidiscipli-
nary drifting Observatory for the Study of Arctic Climate (MOSAiC), coming from the deck of the
icebreaker RV "Polarstern”. The main purpose of the article was to collect and illustrate infor-
mation on the phenomenon of ice drift in the Arctic Ocean, considering data from ongoing re-
search during the MOSAIC expedition. The average movement speed of the icebreaker RV
"Polarstern” frozen in Arctic ice during the first three legs of the expedition was over 5 Nm/day,
which is characteristic of the current data relating to the speed of the Arctic ice drift in the place
of research. On the other hand, the article is popular science, and presents the overall character-
istics of Arctic ice drift with an indication of the general directions, and speed of its movement.
Ice drift speeds in the Arctic can reach exceptionally high values under favorable conditions. The
drift of sea ice reaching at its intensity/intensity values close to the limit (dangerous criterion) in
these extreme cases is called the "ice river". The speed of "ice rivers" can reach up to 1-2 knots,
however, in extreme conditions up to 9 knots. Based on data from the AWI, correlation points
were identified between the speed of Arctic ice drift and the speed of winds and atmospheric
pressure values.
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INTRODUCTION

The issue of ice drift in the Arctic Ocean has become particularly important
recently, with extreme ice sheet melting during the Arctic summer, followed by
freezing and movement. One of the problems studied for the current scientific ex-
pedition in the Arctic Ocean as part of MOSAIC is the drift of Arctic ice. It is now
interesting information coming from the deck of the icebreaker RV "Polarstern”,
which is the base of the MOSAIC scientific expedition [7, 10, 11]. During the histori-
cal period of research, the phenomenon of Arctic ice drift was carried out by many
research expeditions, which did not always succeed. In addition, the results of sci-
entific observations gained during each expedition increased our knowledge, and
brought new information about these phenomena [2, 4, 6,7, 8, 9, 10, 11, 14, 16].

According to W. Zakrzewski [16] the phenomenon of ice drift is the con-
stant motion which is caused by the impact of winds, sea currents, and tidal cur-
rents on sea ice not permanently connected to the shore, or sea's bottom. The drift
of ice in the sea is a complex, but nevertheless completely orderly phenomenon,
and the following external forces influence the phenomenon of ice drift: the force of
the wind on the surface of the ice; the force of the water on the drifting ice; the Cor-
iolis force; a component gravity force parallel to the surface of the sea; the power of
the interaction of ice floes [16]. The movement of ice can reach high values from
a few to several knots. An example of the high speed of ice movement is the so-
called "ice rivers", where ice masses have been observed to move up to 9 knots [9].
Observation of ice movement in the Arctic Ocean has been going on for centuries.
The article will present three expeditions. The first one is the expedition of USS
"Jeannette” commanded by lieutenant Georg W. De Long in the years 1879-1881
[14]. The second one is the expedition of the sailing ship "Fram" in Fridtjof Nansen
charge of the scientific side in the years 1893-1896 [8]. The third expedition is cur-
rently ongoing MOSAIC, which is based on the RV icebreaker "Polarstern” orga-
nized by the Alfred Wegener Institute in 2019-2020 [7, 10, 11]. The most important
data for the modern estimation of the ice speed in the transpolar zone was provid-
ed by the research performed on the RV “Polarstern” [7, 10, 11].

The main purpose of the article was to collect and illustrate information on
the phenomenon of ice drift in the Arctic Ocean, taking into account data from on-
going research during the MOSAIC expedition. On the other hand, the article is
a popular science, and presents the overall characteristics of Arctic ice drift with an
indication of the general directions and speed of its movement. Following methods
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were used to achieve the above aim such an analysis of publications and inference.
Implementation of the research was based on the historical material gathered by
research institutes and present publications. It is worth emphasizing and highlight-
ing the fact that the article is of a cognitive and popular science character.

The remainder of the paper is organized as follows: Section GENERAL
CHARACTERISTICS OF SEA ICE DRIFT gives the description of forces influence the
phenomenon of ice drift. Section ICE DRIFT RESERCH IN THE ARCTIC OCEAN pre-
sents three research expedition in the Arctic Ocean. Section DRIFT OF ICEBREAKER
RV “POLARSTERN” IN THE ARCTIC ICE provides Arctic ice drift observation data,
along with the meteorological data necessary to analyse the phenomenon. Finally,
some discussion, and conclusions are given in last section.

GENERAL CHARACTERISTICS OF SEA ICE DRIFT

The impact of winds, sea currents, and tidal currents on sea ice are not perma-
nently connected to the shore or sea's bottom to be in constant motion, which is
called drift. The drift of ice in the sea is a complex, but nevertheless completely,
orderly phenomenon [16, p. 69]. According to W. Zakrzewski, the following exter-
nal forces influence the phenomenon of ice drift [16, p. 69-75]:

. the force of the wind on the surface of the ice;

. the force of the water on the drifting ice;

. the Coriolis force;

e acomponent gravity force parallel to the surface of the sea;

¢ the power of the interaction of ice floes.

Wind force on ice surface. This is, in most cases, the main force that causes the
drift of sea ice. Because the ice protrudes slightly above the sea surface, and in ad-
dition, its upper surface is most often uneven, for example, covered with ice floors.
The impact of wind on the surface of the ice is considered as: the force causing the
wind to friction with a relatively flat surface of the ice; the force of the wind on the
ice surface and wind surfaces, and the lateral surfaces of the coastal parts of the ice
floors protruding over the side water. In order to understand the impact of wind on
the flat surface of the ice at certain limits, it can be assumed that the wind speed of
vw =10 m/s affects an object with an area of P = 1 km? with a force of approximate-
ly 403 000 N, which corresponds to approximately 41 100 KG. On the other hand, if
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the surface of the ice floe has ice concentrations (irregular surface) covering 10%
of the area of the orifice, the wind force is approximately 884 000 N for the above
wind, and ice floe surface, equivalent to approximately 90 150 kG. The value of this
force is more than twice the value of the wind force on the flat surface of the ice,
although ice floors occupy only 10% of the total ice surface [16, p. 69-72]. With
high percentages of coverage of the surface of the icebergs, the wind force is up to
10 times higher.

The impact of water on drifting ice. The water in which the ice is submerged
inhibits its movement. The drift of sea ice is opposed by the resistance of the sub-
merged part of the ice floe to the water, and therefore its return is directed inverse-
ly to the direction of the ice drift. Of course, this force occurs when the speed of ice
drift differs from the speed of the water flowing under the ice. The resistance of the
submerged part of the ice floe to the water is the result of the frictional resistance
forces formed between the lower surface of the flat ice and water, and the force of
the frontal lateral resistance of the underwater surfaces of the ice floors, and the
lateral surface of the submerged part of the ice floe. The example value of the fric-
tional resistance force for drift ice floes with an area of P = 1 km?, and the differ-
ence in ice drift speed, and water current speed of Av = 0,1 m/s is approximately
101 000 N, corresponding to approximately 10 300 kG [16, p. 72 to 74]. The re-
sistance strength of the drifting ice floss increases significantly with ice rises among
drifting ice.

Coriolis force. The Coriolis force acts on drifting ice at a certain drift speed, as on
any moving body in a rotating reference system. The value of Coriolis force de-
pends on the ice mass, latitude, and speed of ice drift. Coriolis force value is highest
at the pole, so its impact on the drift of ice in the Arctic Ocean has the greatest val-
ue, which is directly proportional to the sine of the angle of latitude. Since the speed
of ice drift depends on the speed of the wind, the value of Coriolis force also de-
pends on the wind speed. It is the higher in the higher the wind speed [16, p. 74].
Component gravity force parallel to the sea surface. If the water mirror is tilted
at a certain angle from the level, which may occur during the wave, the gravity of
the ice on the sea surface can be divided into the following two forces: a force per-
pendicular to the sea surface, and a force parallel to that surface. A component of
the force of gravity parallel to the sea surface causes the ice floe to run down on
this inclined surface of the sea.

Interaction of ice hearts. During ice drift, there is a continuous movement of ice
floes relative to each other, as a result of which ice floes rub against each other, or
collide. As a result, ice floes constantly transfer energy, which causes changes in the
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direction and speed of movement of individual ice hearts. The strength of mutual
interaction of hearts depends on their mass, speed of movement, and ice compact-
ness [16, p. 74].

The power of the interaction of ice floes. During the drift of ice, ice floes are in
continuously movement relative to each other, as a result of which the mats rub
against each other or collide with each other. As a result, ice floes are constantly
transmitting energy to each other, which causes changes in the direction and speed
of movement of individual ice floes. The force of the interaction of floes depends on
their mass, speed of movement, and the content of the ice [16, p. 74].

Single ice floe drift caused by winds is rare, however, most often sea ice
drifts within ice fields of various sizes and compactness. At a certain wind speed,
the speed of ice field drift depends on the compactness of the ice, and the smaller it
is, the greater the density of the ice. In the presence of high-density sea ice, the di-
rect wind effect is limited to the ice surface, while the water surface is minimally
affected; surface wind currents are very weak and do not support ice drift. In addi-
tion, the greater the ice density, the greater are the energy losses of individual ice
hearts due to heart collisions, which further explains the slower ice floe drift with
a high density compared to loose ice or single ice floes [16, p. 77].

The direction of ice field drift does not coincide with the direction of the
blowing wind but is directed about 28-312 to the right in the northern hemisphere
due to the Coriolis force. The speed of sea ice drift and the sensitivity of their re-
sponse to changes in wind speed, and direction depends on the mass of ice floes,
the shape of their underwater and underwater parts, and ice content. The lighter
the floe, and therefore smaller, or made of thinner ice, the faster it will be set in
motion by the wind. When the wind stops, the smaller weight floes stop quickly.
Large ice floes, as well as made of ice of very thick ice, have a significant mass, are
more difficult to set in motion, while after the wind stops, they move much longer
compared to parts of low mass. The speed of ice movement is significantly influ-
enced by tidal currents.

Arctic ice drift speeds can be extremely high under favorable conditions.
Sea ice drift reaching near its limit/intensity (dangerous criterion) in these extreme
cases is called the "ice river". Intense ice drift and "ice river" are understood to
mean drift of ice floes not less than 500 m in size at a speed of not less than 0.5
knots. The speed of the "ice river" can reach up to 1-2 knots, however, in extreme
conditions up to 9 knots [6]. The phenomenon of "ice rivers" has a local character,
and is often not detectable by traditional ice reconnaissance maps or by calculation.
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This is mainly due to the small spatial and temporal dimensions of this phenomena,
and to the large changes in ice drift speed as a function of time and space. The phe-
nomenon of the "ice river" has not yet been statistically well studied. To date, only
about one hundred such cases have been registered. Detection of this phenomenon
by ships was often accompanied by critical and/or emergency events [9, p. 192-
193]. Ice drifting in the "ice river" at such a high speed is encountered, among oth-
ers, on the Northern Sea Route, which is part of the Northeast Passage. "Ice rivers"
are dangerous ice phenomenon for ships, and even icebreakers, which, in some
cases, were unable to resist their impact.

The pack-ice motion process is associated with [13]:

» diverging (the process of loosening drift ice, leading to a decrease
in ice density or stress occurring in it). During the ice deformation
processes, fractures (figure 1), cracks, leads, and hummocks occur;

* compacting (decreasing the spacing between floes, resulting in in-
creased ice firmness or the formation of stress that can lead to ice
deformation). During compacting process, hummocking, ridging,
and rifting occur;

shearing (displacement of floes relative to each other, which can cause rotational
movement of floes and the formation of cracks filled with compact ice).

Figure 1. Ice break (fracture) observed from the icebreaker RV "Polarstern” on 10 May 2020
separating part of the "ice camp” from the base

(Source: photo by Christian Rohleder/Alfred-Wegener-Institut.)
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ICE DRIFT RESEARCH IN THE ARCTIC OCEAN

Observation of ice mass movement in the Arctic Ocean, and scientific research
of this phenomenon have been conducted for a long time. The article will present
three expeditions bringing significant value to this issue:
1. Expedition of USS "Jeannette” commanded by lieutenant Georg W. De Long
in the years 1879-1881;

2. Expedition of the sailing ship "Fram" in Fridtjof Nansen charge of the scien-
tific side in the years 1893-1896;

3. Currently ongoing MOSAIC expedition based on the RV icebreaker "Polar-
stern" organized by the Alfred Wegener Institute in 2019-2020.

The steam and sailing ship USS "Jeannette" sailed under the command of lieu-
tenant Georg W. De Long in 1879 to the Arctic Ocean to reach the North Pole and
discover unknown water spaces. The expedition ended with the destruction by ice
and sinking of the USS "Jeannette” in June 1881 (figure 2), and death of a large part
of the 33-man crew. Three years after the sinking of the USS "Jeannette”, its re-
mains were discovered on an ice floe near Julianehaab in southwestern Greenland.
This floe with debris moved with the powerful polar current from the Novosibirsk
Islands, passing from the north of the islands the Land of Franz Josef, Spitsbergen,
most likely around the North Pole, and then along with the East Greenland current
along the eastern coast of Greenland to Cape Farvel, and beyond west. The distance
from the Novosibirsk Islands to Julianehaab along the route shown is approximate-
ly 2 900 nautical miles. The remains of the USS "Jeannette" traveled this route in
1 100 days, which indicates an average travel speed of 2.6 NM/day [8].
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Figure 2. Destroyed by Arctic ice and sinking USS "Jeannette” in position north-east of
the Novosibirsk Islands in June 1881

(Source: USS "Jeannette”, Log Book of the Unated States Navy, Naval History Homepage.)

The MOSAIC expedition was preceded 127 years ago by the expedition of
the Norwegian polar explorer Fridtjof Nansen, who set off on a long-term research
expedition of the Arctic Ocean on a wooden sailing ship "Fram" (figure 3). The drift
in the Arctic ice lasted from September 1893 to 1896. The purpose of the expedi-
tion of Fridtjof Nansen was to study the surrounding north pole of the basin on the
route from the Novosibirsk Islands, as far north as possible, and then drift in the
polar ice to the northwest [7].
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Figure 3. Drifting Norwegian sailing ship "Fram" in the ice of the Arctic Ocean during
the Fridtjof Nansen expedition in the years 1893-1896

(Source: MOSAIC [8].)

In September 2019, the icebreaker RV "Polarstern” began an annual re-
search expedition in the North Pole area called MOSAIC, and from October 4, 2019,
after taking position, it drifts along with polar ice. The ship was built in 1982 in Kiel
and Rendsburg (Germany). Basic unit data: length 117.91 m, width 25.07 m, draft
11.21 m, displacement 17 277 t, 4 diesel engines with a total power of 19 000 HP
(14 000 kW), speed 15.5 knots. The ship is a research icebreaker ran by Alfred We-
gener Institute (AWI) from Bremerhaven. The icebreaker is mainly used for re-
search in the Arctic and Antarctic. During this largest research project in recent
years, multidisciplinary studies of the atmosphere, sea ice, oceanography, ecosys-
tem, and bio-chemical will be conducted. Observations are expected to reflect the
complex mechanisms associated with climate change.

MOSAIC is the first year-long expedition to the central part of the Arctic
Ocean, exploring the Arctic climate system. The project was prepared by an inter-
national consortium of leading polar research institutes, led by AWI. Around the
icebreaker frozen in ice, research stations are located within a radius of several
dozen kilometers. In addition, data is collected by research planes and vessels co-
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operating as part of the expedition. Research conducted with such impetus will
allow a better understanding of Arctic climate change, and its contribution to global
warming.

The first leg of the MOSAIC research expedition was completed on Decem-
ber 16, 2019 with the replacement of the research team, and icebreaker crew
members. The exchange and supply took place through the Russian icebreaker
"Captain Dranitsyn", who approached the RV "Polarstern" on December 13, 2019,
and the break-off of icebreakers took place on December 18, 2019. The second leg
was continued in the conditions of polar winter, that is, the darkest and coldest
period in the Arctic. On December 29, 2019, the air temperature dropped to below -
339C, and the felt temperature was around -50°C. In mid-November, the research
area of the "Polarstern” icebreaker was in the presence of storm winds reaching a
speed of about 25 m/s, which affected the deployed equipment in the "ice camp” [7,
10, 11].

Figure 1. Icebreaker RV "Polarstern” drifting with ice of the Arctic Ocean. Visible rifted
ice and ridges covered by snow on April 16, 2020

(Source: photo by Michael Gutsche/Alfred-Wegener-Institut.)
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During the research expedition MOSAIC, the icebreaker RV "Polarstern”
together with the "measuring town/ice camp", set up on ice outside the icebreaker
are subjected to drift and processes of occurring deformation of the Arctic ice.
Fractures and cracks were observed during the initial phase of the trip. The Arctic
winter period was characterized by the creation of hummocking with rifted ice and
ridges. As the distance from the North Pole and the changing season of the year
started, the deformation process with fracturing was seen.

DRIFT OF ICEBREAKER RV “POLARSTERN” IN THE ARCTIC ICE

The beginning of the icebreaker RV "Polarstern” drift after reaching the
starting position for research (¢ = 852N and A = 1372E) on October 4, 2019, began
drifting in the Arctic ice field. The drift was interrupted in connection with the ex-
change of scientists and crew on May 16, 2020, in position (¢ = 832N and A =
0099E), and the ship went to the region of the Svalbard. Exiting the ice, and then
returning to the Arctic again, was due to the procedure followed in connection with
COVID-19 for another research leg. Figure 5 presents the drift route of the ice-
breaker RV "Polarstern” in the Arctic ice from October 4, 2019 to May 16, 2020,
along with the expected further direction of movement as part of the MOSAIC re-
search expedition [7, 10, 11].
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Figure 2. Drift route of the icebreaker RV "Polarstern” in the Arctic ice from October 4,
2019 to May 16, 2020 along with the expected further direction of movement as part of
the MOSAIC research expedition

(Source: own study [2] based on items provided by AWI [7, 10, 11].)

Based on the AWI data, the daily drift data for the RV icebreaker "Polarstern” from
October 4, 2019 to May 16, 2020 is shown in figure 6.
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Figure 3. Daily drift of the icebreaker RV "Polarstern” from 4 October 2019 to 16 May 2020 in
kilometres (km)

(Source: daily drift information based on AWI data studies [7].)

Meteorological data from RV "Polarstern” with marked values of wind di-
rection, wind speed, barometric pressure, and daily drift in Arctic ice are shown in
figure 7. By analyzing and comparing the data collected in figure 7, it can be con-
cluded that the maximum wind speeds associated with low pressure, or a rapid
change in atmospheric pressure affect the high sea ice drift values day, or some
days after maximums of these data.
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Within 225 days of October 4, 2019 at 01.00 PM to 16 May 2020 at 01.00

AM the German icebreaker RV "Polarstern”, together with the

town/ice camp”,
km/day (about 5.6 NM/day or about 0.23 knots).

"ice research
sailed 2 335 km. The average daily road was about 10.4
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Figure 5. Ice pack drift in the Arctic Ocean

(Source: own study [2].)

The ice of the Arctic Ocean is in a constant drift. The direction and speed of
the drift depend on wind conditions, and sea currents. Earlier studies of ice field
drift in the Arctic Sea have determined its general course. There are two basic arc-
tic ice circulation systems: Transpolar Drift (Arctic Drift), and Beaufort Sea Drift
(Pacific Whirlpool), which are illustrated in Figure 8. Knowledge of ice conditions,
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and the phenomena associated with their movement is important for the safety of

navigation in the Arctic.

DISCUSSION AND CONCLUSIONS

In the conclusion of the analysis were made of the following generalizations:

1.

The following external forces influence the phenomenon of ice drift:

the force of the wind on the surface of the ice, the force of the water on the
drifting ice, the Coriolis force, the component gravity force parallel to the
surface of the sea, and the power of the interaction of ice floes. The article
mainly indicates the impact of external forces (wind) on the movement of
ice masses.

Within 225 days of research expedition the German icebreaker RV "Polar-
stern” together with the "ice research town/ice camp" sailed 2,335 km,
which gives the average daily road about 10.4 km/day (about 5.6 NM/day
or about 0.23 knots).

Moving along with the RV "Polarstern” ice confirmed the previously ac-
cepted because of research and observation of the direction of movement
of the Arctic ice. The influence of external forces on ice has a decisive influ-
ence on the direction. The article indicates the influence of wind, and other
factors were not considered.

Comparing the speed of the RV "Polarstern” (5.6 NM/day), and the re-
search sailing vessel "Fram" (2.6 NM/day), one conclude that the RV "Po-
larstern” was traveling at more twice the speed on its road section. It can
be assumed that the speed of travel probably had the thickness of ice at
that time, however this thesis needs to be checked. Author does not under-
take to answer this problem.
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"Polarstern” carrying out the Multidisciplinary drifting Observatory for the Study of
Arctic Climate (MOSAIC) in the Arctic Ocean.
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DRYF LODU NA OCEANIE ARKTYCZNYM

STRESZCZENIE

W artykule przedstawiono wyniki badan opartych na analizie historycznych i obecnych
badan dryftu lodu arktycznego. Aktualne informacje na temat dryftu lodu arktycznego pochodza
z wyprawy naukowej zorganizowanej przez Alferd-Wegener-Institut (AWI) Centrum Badan Po-
larnych i Morskich z Bremerhaven (Niemcy) na Oceanie Arktycznym w ramach multidyscypli-
narnego obserwatora dryfujacego klimatu arktycznego (MOSAIC) pochodzacego z pokiadu
lodotamacza RV ,Polarstern”. Gtéwnym celem tego artykutu byto zebranie i zilustrowanie infor-
macji o zjawisku dryfu lodu na Oceanie Arktycznym, z uwzglednieniem danych z biezacych badan
podczas wyprawy MOSAIC. Srednia predko$é ruchu lodotamacza RV ,Polarstern” wraz z lodem
arktycznym podczas pierwszych trzech etapéw wyprawy wyniosta ponad 5 Nm/dobe. Z drugiej
strony, artykut ma charakter popularnonaukowy i przedstawia ogélna charakterystyke dryftu
lodu arktycznego ze wskazaniem generalnych kierunkéw i predkosci jego ruchu. Predkosci dryfu
lodu w Arktyce moga osiggnac¢ wyjatkowo wysokie warto$ci w sprzyjajacych warunkach. Dryf
lodu morskiego osiagajacy wartos$ci natezenia/intensywnosci bliskie granicy (niebezpieczne
kryterium) w tych ekstremalnych przypadkach nazywa sie ,lodowa rzeka”. Predkos¢ ,lodowych
rzek” moze osiagna¢ do 1-2 weztéw, jednak w ekstremalnych warunkach do 9 weztéw. Na pod-
stawie danych z AWI zidentyfikowano punkty korelacji miedzy predkoscia dryftu lodu arktycz-
nego a predkoscig wiatru i warto$ciami ci$nienia atmosferycznego.

Stowa kluczowe:
dryf lodu morskiego, dryf lodu arktycznego, MOSAiC
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