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Abstract—Research, diagnosis and prediction of the
technical status of ships power plants (SPPs) of combined
propulsion complexes (CPCs) depends on the corrective
factors. They affect the thrust components and moments,
the proportional dimensions of the models and the
actual thrusters that correlate with the original
geometry. The method of computational
hydrodynamics has been im-proved as part of the
study of diagnostic and forecasting tools for the SPP
CPC technical condition. This made it possible to
predict the degradation effects of the interaction of
rowing flows between themselves and the CPC hulls.
Theoretical provisions for the formation of energy
process equations in CPC were developed in the course of
analyzing the behavior of high-order multiphase non-
stationary uncompressed propellers flows. Special
laws of distribution of the necessary intensity of the most
influential deformation effects were used. As a result,
the number of difficulties associated with the
nonlinearity of the method was avoided and real forms
of azimuthal thrusts without any approximation. Also,
due to the possibility of increasing the number of cross
sections of the measure-ments, the effectiveness of the
proposed methods of combating the above mentioned
degradation effects was analyzed.

Keywords—thruster,  degradation
model, mathematical modeling,
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I.  INTRODUCTION

During investigation of processes in the ship power plants
(SPP) combined propulsion complexes (CPC) critical step for
check adequacy mathematical and simulation models there
is to create and perfection of physical models these SPP.
Numer-ical methods for simulating threads with
degradation effects, including the response of a ships
engine, are modeled in the function of a diesel engine
control system. The propellers torque, which is calculated
by the model of the propellers with interaction with flow
fields, is introduced into the model of the ship engine, then
the speed of rotation of the propeller is ob-tained by solving
the equation of rotational motion of the line of the propellers
shaft. But such methods only allow to repro-duce the
oscillations of the speed of rotation and the torque of

the propellers in the conditions of ordinary swing, when the
amplitude of the oscillations shows the correspondence with
the measured data. It is also difficult to obtain experimental
data on stream fields based on the movement of the ships [1].
The maximum range of the practical part of the research
work they allow you to realize. Alternatively, with the use
of computational hydrodynamics of different ship designs
and propulsion at an early stage of the design process, the
effects of the interaction can be studied economically.
Design  parameterization and multi-purpose  ships
optimization are a task with many uncertainties. Some
techniques are to create a detailed parametric model that
captures both the external and internal geometric
characteristics of the ships, as well as the integration of a
number of numerical tools specifically designed to
determine the performance of each variant. This allows you
to evaluate the many design features and limitations that are
part of the optimization problem. In such approaches,
embedding in the physical and financial environment
model is applied, providing a more realistic representation
of the solution site for the developer. However, such
optimization methodologies, at the stage of development, do
not allow to the minimization of the overall resistance of the
ship due to the degrada-tion effects [2].

As a package of computational hydrodynamics in the work
[3], the authors use the Marin ReFRESCO package, which
is widely used for the visualization of streams in and around
different objects. ReFRESCO solves RANS equations
(aver-aged Reynolds Navier-Stokes equations) for multi-
phase un-steady non compressible flows, supplemented by
turbulence models and volume-fractional equations of
convective diffusion for each phase, or as their levels mass
transfer at the phase boundary. Current loads for typical
marine ships in var-ious configurations are investigated
using model tests and computational dynamics fluid
dynamics (CFD) calculations. Model tests are conducted in
test pools to obtain reference data, including environmental
impacts. Numerical validation of the model and full-scale
Reynolds numbers are carried out to quantify the numerical
uncertainty of the results. Validation of numerical results
is only possible by comparing the numerical results on the
Reynolds model scale with the results of testing the model.
The effects of Reynolds scaling are investigated by
comparing the numerical results on a model



scale with the full-scale Reynolds number. Using CFD calcu-
lations, current ship loads can be obtained with an accuracy
of 10% compared to the measured results [4].

The equations are sampled using the finite volume method
in physical space. The implementation is surface-oriented,
which allows to generate grids with any number of faces or
locally cleaned grids with hanging nodes. When rendering the
stream from an azimuth thrusters SPP CPC, models are used
in which the screw is presented as Actuator Disk (AD) [5].
Model AD replaces the propeller blades with an equivalent
force distribution over the entire screw volume. Such the
model is the application of RANS equations to the propellers
model with the ability to obtain the results of simulation of
flow from propulsion in open water, under the hull and at the
end of the hull [6].

According to the ship information analysis, the types of
screws used, the azimuth thrusters modifications, the SPP lay-
out scheme and their structure as multi-barrier impedance dis-
tribution systems built with Flexible Alternative Current
Transmission Systems (FACTS) technology and being the
Western System Coordinating Council (WSCC), the applica-
tion of computational hydro-distribution methods to track the
degradation effects on the flow lines of propellers is preceded
by the systematization of the necessary identification parame-
ters and situational factors [7].

Visualization of the power flows from the azimuthal pro-
pulsion was done according to the above procedure in Actua-
tor Disk (AD), which shows the capture of the output flow to
the lines of the recirculation zone along the rotating guides,
which leads to the emergence of recirculation zones on the y-
plane and identification of turbulence and identification of tur-
bulence vortex viscosity p/pw [9].

On the other hand, the recirculation zone mentioned above
causes one of the degradation effects, the Coanda effect. [10]
presents the comparative analysis of the trajectories of the x-
velocity components of the azimuth thrusters propellers flow
according to the results of measurements made at the intersec-
tion of the azimuth propellers flow along the axis of rotation
with dimensions in units of propellers diameter D,. However,
it should be noted that in spite of the possibility of increasing
the number of intersections of measurements, some points of
the trajectory remain inaccessible, which makes it impossible
to fully analyze the effectiveness of the proposed methods of
combating the above effects.

Creating physical models of various objects is to comply
with the hydrodynamic similarity there is the main problem in
now. In accordance with the Kirpichev-Gukhman’s theorem
of similarity hydrodynamic action will be similar if they [11]:
- the system of differential equations are describes;

- similar conditions of uniqueness are has;
- numerically equal similarity criteria are has [12, 13].

In particular, compliance with the geometric similarity
to bridge independent of the size of the hydrodynamic
properties is not enough.

II.PURPOSE OF WORK
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Figure 1. The appearance of degradation effect with the
standard dismantling of the steering gear and increased
radius somrounding of the body of the hold.

In Fig. 1 presents the flow characteristics and stack x-
speeds of the 1500 kW model UL/ULE azimuth thrusters for
the vessel with identification parameters and situational fac-
tors for free-water mode. Significant recirculation zones near
the bilge rack are demonstrated, which causes significant
loads on the rotating axis (baller) and the outer nozzle and con-
firms the need for complex energy calculation functions to be
used at the crossings of energy flows from the SPP to the CPC
movers. The most common types of azimuth thrusters typi-
cally perform two functions: propulsion and maneuverable.
Before performing the research, it is important to clearly iden-
tify the differences between such devices and other types. The
device is defined as a propulsion or maneuvering device, lo-
cated outside the hull and containing the power of the rowing
engine. It is necessary to distinguish the properties of such az-
imuthal propulsion complexes of bends, which are located in
the hulls ship, and usually supply energy to the propellers
through a system of shafts and helical gears [8].

The purpose of the researching is to formalize the sim-
ilarity of the physical forces acting on the physical model
of the thrusts and the real object, as well as the paramtriza-
tion of the inertial-hydrodynamic forces created for the un-
steady fluid motion.

III. CONTENTS AND RESULTS OF THE RESEARCH

A.  Technology of design and parameterization of
thruster’s model.

The practical and physical impossibility of simultane-
ous execution conditions complete similarity makes us look
for particular criteria of similarity, expressing conditions of
similarity when the prevailing acts as one of the active forces
[14, 15].

Depending on the tasks carried out by the ship, increasing
the introduction on board vessels of various types of thrusters
and azimuth propeller-rudder systems (AZIPOD), allows the
use of dynamic position (DP) of three types [16, 17]. In any
event, the creation of a physical model of the ship, a mode-
DP, allows o consider hydrodynamic similarity with one of the
predominant influence of the applied forces.

It is impossible to simultaneously satisfy the criteria are
Reynolds and Froude for the same environment in the model
and in nature. Anyway, when vessel work in DP and your ve-
locity relative to the water surface is equal to zero, is predom-
inant Froude criteria, unlike Reynolds. To eat, there is a hy-
draulic process of the interaction of a fixed-foot boat with



waves and currents created by propellers [18, 19]. If the envi-
ronment of the experiment will be different from the full-
scale, one of the defining criteria should be the Archimedes
criterion.

Euler's criterion for the retractable or tunnel thrusters can
be decisive. In turn, the latter requires accounting criteria as
defined in the Strouhal.
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Figure 2. Physical model of the steering gear with two
degrees of freedom: 1 — power cable rowing AD and ca-
ble to change the angle of inclination; 2 — the driving
gear of the drive of turn of the baller; 3 — baller; 4 — bear-
ing shield; 5 — the spring of feedback about change of an
inclination; 6 — power cable; 7 — the bearing; 8 — stuffing
boxes; 9 — cable for changing the angle of inclination; 10
— stabilization wings; 11 — FPP; 12 — is the fluorescent
label for remote measurement of FPP rotation speed; 13
— connection point of the baller with the housing of the
thruster; 14— is the thruster housing with the thruster lo-
cated in the middle.

Based on the above, and given the fact that the geometric
similarity observed, and the type, shape and number of pro-
peller blades is not determinative criteria for individual
thruster or AZIPOD as part of full-scale SPP CPC, you can
build him quite adequate physical model.

For individual thruster or AZIPOD that operate with each
other and to the vessel as a whole by means of the propeller
thrust criterion Strouhal will trolled as a function of the Reyn-
olds number lying in the range 200<Re<200000. This constant
Strouhal number: Sh=0.2+0.3. For difference between the pro-
peller thrust, the nature of this dependence is standing in for
all flow conditions in the housing above a wide range of Reyn-
olds numbers. This reflects the dominant role of vorticity in
the poop area bad streamlined hull (limiting case - is cross-
action to the flow) in the formation of the pressure field on its
surface, and hence the energy losses

We accept the assumption that all of the electrical and ther-
mal engines will be in full-scale-like, and for them to be sus-
tained following constants: lu - zoom speeds; It - time scale;
Iq - scale mass forces; le - length scale and a linear scale; for
the environment: In - coefficient scale kinematic viscosity and
Ir - scale density; and for the tunnel or retractable thrusters: Ip
- the scale of the pressure forces.

In accordance with the le, for the type of propeller, once
identified the main-body model measures the rate of displace-
ment of the vessel D = 100,000 tons and RMS-velocity move-
ment in seawater v = 22 knots. Arrange housing thruster type
Azipod as the streamlined nacelle with proportional sizes,
with stern device and baller is designed (Fig. 2).

Keeping velocity scale lu were selected: reduction gear for
the on-gate rudder for speed rudder from side to side about
2°/sec and an electric motor with reduction gear for driving
screws on 0+300 rev/min, and to meet the scale of the mass
forces 1q housing AZIPOD model in proportion to the lead-
filled was weighted.

Motor Hobbywing QUICRUN Sensored Burshless
Combo 13.5T Motor + 60A ESC 2500KV RC CAR — brush-
less three-phase low-resistance high-reflex with the following
characteristics: RPM/Volt (KV) — 2500; rated current — 60A;
peak current — 380A; Model: QUICRUN-3650-25.5T; LiPo
Cells: 2~38; outer diameter/length: 36 mm/52,8 mm; R.: 0,1;
No-load Current: 1.1; Diameter of the Shaft: 3.17 mm;
Poles: 2.

Specifications of ESC: Brand: SkyRC; Motor compatible:
Brushless sensor/sensorless ESC Car compatible:1/10 and
1/12 Buggy and Touring Car Power supply: 2-3S LiPo battery,
4-9S NiMh battery BEC output: 6V/3A; Constant current:
60A; Burst current: 380A; Resistance: 0.0007 Ohm; Fan:
8V/0.2A, Max 12.6V.

Instructions for use, connection and programming the con-
troller, as well as span of control channels when you first start
anew regulator, using a controller with a new receiver or when
changing the neutral position of the transmitter, as well as
other parameters are given in [20, 21].

There are wiring diagrams rudder servo rotation, exuding
nick-power and controls the electric drive of the shaft and a
table selection controller mode, depending on the require-
ments of technological process [22-24].

One of the most promising concepts SPP CPC is a hybrid
board installation with contra-rotating propellers (Contra-Ro-
tating Pod, CRP), operating in DP mode. It is dominated by
the gravitational force and the law of Froude similarity, which
is necessary for compliance with the equality of numbers for
the model and nature, i.e., Frm = Fru and similarity criteria
must be expressed in terms specific to the mode value. When
the water flow around the hull as the characteristic measure of
the linear time-selected length of the vessel between perpen-
diculars at the waterline and the precipitate in the flow direc-
tion, and as the characteristic velocity - flow rate of attack.

Accounting cavitation is carried out in compliance with
the criteria of similarity Fr, Re and equality of the numbers Eu
for the model and vessel. Thus, the thrust of propeller for
model and the vessel should be in the relationship:



B. Technology of design and parameterization of thruster’s
model.

Froude similarity criteria for our case we get from the gen-
eral criterion of hydrodynamic similarity of Newton, substi-
tuting in this equation the gravity, G = mg:
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where: v — the speed of the incoming flow, m/sec; g — gravity,
m/sec?; 1 - length, m; respectively (S) — of the ship and (M) —
of the model.
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From equation (1) is necessary to obtain the basic param-
eters of any emerging flows, taking into account the extent of
similarity. We calculate at what rate are based, thrust and
torque for the model and ship are modeled on the law of
Froude.

If the field conditions and the conditions of the test model
the acceleration of gravity gs # gwm, then (1) follows:
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where pi, p» — density of the environments, kg/m3, since the
rate for the model of flow of water should be reduced to

‘,}\’SM , provided Archimedes criterion for natural environ-

ment and simulation environment.
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where ns, ny — RPM of propellers shaft, RPM/min; since the
thrust of the ship propeller Ts, then at a lower lsv times model,
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propeller thrust must be less to XSM times subject to the cri-

terion of geometrical similarity.
The ratio of the moments on the shafts of the propeller,

and consequently consumed by drive motors capacity, taking
into account the ratio of (1) and (2) is equal to:
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where Ds, Dm — dlameter of propeller, m.
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The process of formalization of physical models is given
Fig. 3. Using the full set of parameters here is faster in excep-
tional cases than in one of the automatic modes. At the same
time, the decision-maker is guided by the accumulated expe-
rience and systematic typical situational factors with which
current situations arise.

Based on (1) - (4), a system of equations that describes the
electromagnetic and electromechanical processes in the
thruster’s propulsion’s motor and takes the nonlinear nature of
the processes in the motors is of the form (5), where m — is the
number of phases; p — is the number of pairs of poles; Ujs, U
— are components of the stator voltage; W15, Was, Wir, Wor —
are components of the stator and rotor coupling; Lis, Ios, Lir, Ior
— are the constituent currents of the stator and rotor; Rs, Ry, —
are the active stator and rotor supports, Mg — is the induction
motor torque:
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Similarly, a scale can be used to calculate
the scale value for a ship's dynamics model

(Fig. 4).

In the real world, when there are re-
strictions on the magnitude of the stops cre-
ated by the propulsion engines and the speed
of their change, it is unacceptable to use a
control law that would be optimal in the ab-
sence of these restrictions. With restrictions
on the level and speed of changing the con-
trol stops, the positioning accuracy is signif-
icantly lower than in the absence of re-
strictions.

Propelicr charctonstics
oo froc wator

Figure 3. Visualization of the process of formalization for thrusters physical

models with determination of the configuration for the combined propulsion

complex.

In the presence of restrictions on the con-
trol stops to ensure a small amount of dis-



placement of the vessel, it is necessary to recalculate the stops
to prevent a significant change in the torque relative to the
desired value.
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Figure 4. — Model ship dynamics: T d — thrust of
propeller; t 1 0=1—t=the average value of the thrust
deduction coefficient, p.u., measured data for the proper

model ship; T_ext — thrust of the external Force; m =
10009*1025 (displacement*the specific gravity of marine
water) + weight of the load; U _noise — noise of the speed
vessel; Ru_func — the function of calculating the resistance
movement of the ship (Ru); w_1_0=1— w = the average
value of the wake fraction deduction coefficient, p.u., for
the corresponding model ship; U _m — the ship's speed,
knots.

The algorithm of formation of control influence for stabi-
lization of the ships in the conditions of restrictions does not
affect the power of the propulsive complex and the speed of
its change. The algorithm used the simplex method with a
large number of steering devices. High efficiency of the algo-
rithm is confirmed when used in the simulation model.

With restrictions, the temporal smoothing of the measure-
ments used in the design of the stabilization control results in
only a slight decrease in the average displacement.

For dynamic stabilization at equilibrium time smoothing
of measurements at a finite interval, the average power con-
sumption is found to be greater, and the accuracy of stabiliza-
tion is worse than at Kalman filtration with different nature of
external disturbances.

Iv. THE RESULTS OF RESEARCH.

The adequacy of the physical model using MatLab/Sim-
ulink was checking, with the help of software Ships_ CPC, de-
veloped in the framework of research work of the state budget
"Concept of technology and ways of improving ship power
plants combined propulsion complexes" at the Electrome-
chanics and Electrical Engineering department of National
University “Odessa Maritime Academy” (Fig. 3). If CPP CPC
operates in DP, ship model, the so-called m-file "is generated"
with computer applications WAMIT (Wave Analysis Massa-
chusetts Institute of Technology) [25-27] and is a functional
unit that connects between the result vector of trust tau, for
example, six electrical motors of thrusters with three degrees
of freedom (3 degrees of Freedom (DOF) control vector) to
the output of meter dynamic positioning vessel, where: U —
travel speed, m/sec; V —speed transverse displacement, m/sec;

r — yawing rate, rad/sec; x — x-position, M; y — y-position, M;
psi— yawing angle, rad.
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VI. CONCLUSIONS AND RECOMMENDATIONS

The ratios of the THRs CPC ratios are better correlated
with the power ratios than the stepping screw ratios, which
gives reason to believe that the efficiency of the SPP CPC’s
energy efficiency is increased in operational modes and allows
the results to be added to the database of decision support sys-
tems (DSS) for developers and research new concepts of the
SPP CPC’s or to modify existing ones [28]. Determining the
magnitudes of the stresses attached to the vessel and forming
the configuration matrix of the THRs with determining the
distance from the point of application of the emphasis of the
individual THRs to the projection of the force vector on the
plane of motion of the vessel is possible based on the study of
the internal properties of the components of SPP CPC’s oper-
ating in the mode of dynamic positioning relevant identifica-
tion factors.

The dependence of the correction factors affecting the
components of the stops and moments, proportional to the ra-
dius of the model and the real THRs, bound to the original
geometry, is obtained by formalizing the physical models of
the azimuthal THRs with the means of identifying the degra-
dation effects on the flow lines of the rotor screwdrivers [29].

Improvement of structures of mathematical models of SPP
CPC’s according to experimental studies is possible by meas-
uring the input and output parametric coordinates of the THRs
CPC of the vessel operating in the mode of dynamic position-
ing, with the estimation of the variances of the coefficients of
the regression equations, and the construction of the approxi-
mate control parameters of the CPC as part of the design of
the DSS using orthogonal composite experiment planning,
drawing up the appropriate matrix and obtaining the results in
the form of a coefficient in the model [30, 31].
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