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Abstract—Based on the calculations of the x-velocity 
components at the intersection of the screw flow along the 
rotation axis with the dimensions in units of the screw 
diameter for the vessel in dynamic positioning mode, the 
method of surface orientation of the Reynolds-Navier-
Stokes equation for mass transfer on the separation line of 
the medium from different coefficients of properties. The 
limitation of power and torque on propeller shaft lines is 
ensured by the redistribution of the emphasis between the 
motors or the reduction of the maximum load. The three-
level multicriterion strategy of energy distribution 
management in the hybrid marine power plant of the 
combined propulsion complex was developed by 
integrating the classical power management strategy with 
the strategy of management and monitoring of the state of 
the medium-speed diesel generator and the degree of 
charge of the alternative generator element of the energy 
accumulation system. 
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I.  INTRODUCTION 

Recently, with the development of technology and 
increasing requirements for the accuracy of the regime of 
dynamic positioning (DP) of vessels, as well as to simplify 
maneuvers in the limited space of work, ships are increasingly 
equipped with azimuthal thrusters (AZTHR). They can be 
installed as an additional, as well as the main driving units [1]. 
The main task is to ensure the stability of the vessel and 
controllability in the wide range of these types of vessels. 

However, during the operation and maintenance of AZTHR 
there are situations in which their safe and efficient work is 
reduced [2]. To maintain an object at the position of the 
AZTHR sends the stream of water under the bottom of the 
vessel and in this case, there is the probability of occurrence 
Koanda effect, in which the flow "stick" to the bottom of the 
ship [3]. Due to the feature of the design of the AZTHR, that is, 
its location below the bottom of the vessel below the waterline, 
complicated access to the diagnosis. Unfortunately, it is not 
possible to predict and calculate the process with the detailing 
of all parameters, as many factors influence the appearance of 
the Koanda effect. 

The identified problems and separate tasks in the direction 
of increasing the energy efficiency of ship power plants (SPP) 
of combined propulsion complexes (CPCs) have some local 

unsystematic solutions, which made it possible to establish the 
need for the more detailed study of exactly the energy flows at 
all intersections from medium-rotating diesel generators to 
propulsion engines, taking into account not only the 
environment, but also situational factors and changes in 
operating modes. 

Solving the problem of improving the functioning of the 
DP with the provision of the necessary, technologically-
determined, accuracy of positioning taking into account the 
effects of external perturbations on the high seas is such that it 
should increase the energy efficiency of the SPP CPCs and 
affecting the quality of the forecast for the change in energy 
efficiency factors. 

II. PURPOSE OF WORK 

Design of the method of identification of the dependence of 
the characteristics of the SPP for CPCs on the degradation 
effects occurring on the lines of the propeller streams during 
the change of operating mode or environmental parameters. 

III. CONTENTS AND RESULTS OF THE RESEARCH 

All motors installed on vehicles operating in DP mode can 
be stabilized with torque (thrust) or rotational speed regulation, 
but each type of trimming device thrusters has its own 
characteristics and some important parameters will have 
somewhat different meanings for different types of thrusters. 
However, the same for all types of thrusters is that the 
calculation of hydrodynamic processes on the lines of screws 
of the thrusters SPP of the CPC is possible using the Navier-
Stokes equation [4]: 
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where:   – nabla operator; 

 – Laplace vector operator; 
t – time, [s];  
vw – coefficient of kinematic viscosity, × 10-6 [m2/s]; 

 – the density of the environment, [kg/m3];  
Pv – flow pressure, [Pa];  
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– vector velocity field; 

→

m
f  – vector field of mass forces. 



It can be assumed that, for turbulent water flows from the 
propellers, thruster propellers motor SPP CPCs is generally 
based on the Navier-Stokes equation (1), which is valid both in 
laminar and in turbulent mode of fluid flow; but using this 
Navier-Stokes equation for turbulent motion is practically 
impossible. In it, the input instantaneous values of the velocity 
and pressure of the flow are pulsing values, so for the turbulent 
regime the task of finding averaged in time velocities and 
pressures[5]. To do this, the Reynolds equations are derived 
based on the Navier-Stokes equation, all members of which 
undergo averaging operation in time [6]. 

Calculation of the existing traction forces on the screws is 
the complicated condition, since there is no priority flow 
direction in most of the region, so the iterative procedure for 
solving the nonlinear equation (1) is unstable for steady 
regimes [7]. Therefore, to solve this problem, the coefficients 
of the KT screws and the coefficients of the KF screws moment 
for the current velocity of the vessel υi will be determined 
provided that they are predetermined by the corresponding 
coefficients for the absolute velocity of the vessel and the 
velocity of the inflow of water, which must be formalized 
according to the equations of similarity for certain numbers 
Reynolds and Froude and the associated flow coefficient ws: υa 
= (1–ws)υs, where, as the rule, 0 <ws <0.4: 
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where:  n – propeller rotation speed, rev/s;  
  Dp – diameter of the propeller, m. 

The registration of the combination of efforts on the shaft 
lines in the SPP of the CPCs gives reason to assert that the 
sensors, as some generalized elements, should have more 
significant ranges of measurement of input quantities. 
Therefore, the main purpose of constructing or choosing the 
mathematical model of the sensor is to find such analytical 
descriptions of physical processes that occur in the process of 
converting energy into them, which would allow us to use the 
types of mechanical influences that are most commonly 
encountered [8]. 

The general solution for equation (2) will be to find the 
coefficients of the polynomial for the steady state of the 
perturbing forces determined by the flow quality according to 
equation (1) to the certain sensor (sensor), provided that the 
operational mode of the SPP of the CPC remains unchanged 
for the duration of the calculation time [9]: 
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where: FS(Z) = (FS1(Z1), FS2(Z2), FS3(Z3), FS4(Z4), …, 
FSi(Zm)Tmatrix(i);  

Zm = Rm + pijLm – the complex impedance is 

determined by the matrices of the active and inductive 
components of the circuit for replacing the complex load; 

Tmatrix(i) – matrix of the configuration parameters of 

the trimming devices, where (i = 0...k) is the number of the 
corresponding configuration; 

m = γS×SS×dS/g [kg] – mass sensor; 
ῡS(t) – the velocity with which the system fluctuates 
in the zone of application of force FS(t),  [m/s]; 

γS = 7104 [Н/m3] – specific weight; 
SS – cross-sectional area, [m2]; 
dS [m] – thickness of the contact layer; 
g – gravity  [m/s2] or acceleration of free fall; 
μS×10–2[kg/m×s] – index of internal friction of sensor 
material; 
μR – index of viscosity of the medium, or index of 
friction, ×10–2[kg/m×s]; 

 – dialectical permeability of the environment, 
[Fa/m]; 

0 – electrical constant, 8,8×10–12 [Fa/m]; 
FS(t) – force acting on the contact area, [Н]. 

In this case, the coefficients taking into account the 
reduction in traction can be determined by replacing the 
resistance with the corresponding effort for all three (surges, 
sway, yaw) [10]: 
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where: Fl(υa,n), Fb(υa,n) і Fz(υa,n) – general forces (Н), are 
acting on the vessel, provided that there are no other external 
perturbations at the flow rate of water υa (m/s) and the 
corresponding number of turns of the fixed propeller pitch 
(FPP), n (rpm); 

Fl(υa,0), Fb(υa,0) і Fz(υa,0) – the corresponding forces 
(H) in the case of the fixed propeller (for example, the flow); 

Tuy(υa,n) і Tux(υa,n) – traction (H) on the 
corresponding axis relative to the plane of motion. 

On the other hand, for the promising concepts of CPP CPCs 
with hybrid ship propulsion systems with counter-rotating 
propellers operating in DP mode, dominated by gravitational 
forces, and the law of similarity of Froude is in force, for which 
the equality of numbers for model and nature is required, that 
is, FrM = FrN, the similarity criteria must be expressed through 
the values characteristic of the given mode [11, 12]. 

All relations taken into account in (4), (5), (6) as models 
and constraints are given in the class of integro-differential 
equations and inequalities 

In these cases, decomposition methods that are 
implemented in decentralized control systems (CSs) with the 
hierarchical structure can be used. Methods of decomposition 
involve the reduction of the initial complex task to the set of 
simpler jointly solved tasks. In the simplest case, it is the local 
task of controlling the individual subsystems, selected in the 
CTS, which are solved at the lower level, and the global task of 
coordination, which is solved at the upper level. 



The joint solution of local and coordination tasks is carried 
out within the framework of an interactive level data exchange 
procedure, in which the local tasks take into account the set 
values of the coordinating parameters that are selected in the 
course of the task of coordination. The solution of the task of 
coordination is the significance of its variables, in which the 
solution of local problems predetermine the solution of the 
original problem to change the operational regime of the SPP 
CPCs in general. 

The two-level solution procedure can also be used for local 
tasks. As the result, the general procedure for solving the initial 
problem of the research of the SPP CPCs is realized by the 
creation of the CSs, which becomes the multilevel. Methods of 
decomposition are developed mainly for static research tasks, 
whereas for dynamic tasks they have been processed to the 
much lesser extent. 

That is, all previous calculations torque acting on the 
propeller shafts lines thruster’s SPP CPCs will do as follows: 
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The distribution of axial forces is parameterized according 

to the values of the identification coefficients a, b, m, n, or so-
called characteristic flow energy markers (situational factors) 
characterize the certain operating mode. The non-zero 
distribution of the axial force component can be set across the 
entire range (rp ≤ r ≤ Rp) by carefully selecting parameters a 
and b. The value of the integral components corresponds to the 
chosen direction of the propeller, Tp. 

In turn, the tangential components of emphasis and 
moments are calculated as follows 
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The values of the components of forces on the graphs are not 
presented, since the distribution is scaled for given traction and 
torque. 

The initial choice of the parameters of the axial forces of 
the model occurred according to equation (3), and then, taking 
into account the data obtained in (7), (8) for the models of the 
thrusters, these initial assumptions were improved (6). 
Analyzing results for open water, the physical model of 
thrusters at 100% speed for maximum thrust, the following set 
of parameters was established: 

 ( ) ( ), , , *   0;  0;  1,47;  0,07 .a b n m =  (10) 

 

With certain statistical properties of the perturbations 
applied to the SPP of the CPC, we will estimate the coefficients 
of the model by experimental data using the regression analysis 
procedure. Given the experimental data in the N points of the 
domain of the determination of independent variables, and 
having the matrix of observations X and the output vector Y, 
the model of the SPP of the CPC is constructed in the form of 
the regression equation: 
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where β0, β1, βij are sample estimates of the coefficients of the 
equation (7); φ – estimation of the mathematical expectation of 
the random variable. 

To calculate the coefficients of the regression equation, we 
use the least squares method. In this case, the criterion for 
approaching the model to the investigated function is the sum 
of the squared deviations of the output value, calculated using 
the constructed model from the actual values obtained in the 
experiment. The best approximation will be such an equation, 
the coefficients of which are determined from the minimum 
condition of this amount, 
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For calculate the coefficients of the regression equation that 
provide the minimum value of the criterion (13), it is necessary 
to solve the system of equations obtained by zeroing time 
derivatives from the residual sum of unknown variables β0, β1, 

βij:    
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The equations thus obtained are close to the normal 
equations, which are appropriate to be solved by representing 
them in the matrix form:  

 ( ) ,T TX X B X Y=  (15) 

where X – matrix of observations of independent variables; XT 
– transposed matrix X; Y – vector-column of observations of 
the dependent variable; В – vector-column of coefficients of 
the regression equation. 

The coefficients of regression model B and its calculated 
values of y are random variables, but in order to estimate the 
model's errors and its suitability for describing the studied 
SPPs and CPCs, it is necessary to make so many statistical 
treatments of the results of the experiment as the identification 
procedures were carried out. 

Therefore, for the system of random variables b0, b1, ..., bt 
with the theoretical mean values β0, β1, ..., βt we compile the 
matrix of other central moments defining all the statistical 
properties of the coefficients B, and hence the regression 



equation Ŷ = XB. We obtain the matrix of dispersion-
covariations M-1, the main diagonal of which are dispersion 
estimates, while the remaining places occupy estimates for the 
variations of the coefficients of the regression equation 
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From here we obtain the relation for the estimates of 

variances and covariances of the coefficients of the regression 

equation s2{bi}=cij
2{y}; cov{bibj}=cijs2{y}. 

The variance of the reproducibility s2{y} is determined by 

the formula  
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where y̅k is the average value of yk, is determined from the data 
of mk of repetitive experiments. The magnitude 
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dispersion of the reproducibility of the entire experiment. The 
estimation of the variance of the coefficients of the regression 
equation allows us to determine the significance of the 
coefficients, that is, to clarify the structure of the model SPP 
CPC. 

In the section of the methods of computational 
hydrodynamics, the principles of the formalization of physical 
models of azimuth handlers are developed in terms of tracking 
the degradation effects on the lines of the propeller flows. 

IV. CONCLUSIONS AND RECOMMENDATIONS 

As the result of the research of means of diagnostics and 
prediction of the technical state of the SPP of the CPCs, the 
method of computational hydrodynamics was improved 
through the use of piezoelectric sensors on the lines of shaft 
lines of azimuthal thrusters, which allowed to trace the 
degradation effects from the interaction of the propeller fluxes 
between themselves and the body of the CPCs. 

Determination of the values of the thrust applied to the 
vessel and the formation of the thrusters configuration matrix 
with the distance from the point of application of the thrust of 
the separate thrusters to the projection of the force vector τT on 
the plane of the vessel is possible on the basis of studying the 
internal properties of the components of the SPP of the CPC, 
operating in the dynamic positioning mode, from identification 
of relevant identification factors. 

Getting dependencies of corrective factors affecting the 
components of emphasis and moments proportional to the 
radius of the model and the real thrusters, tied to the original 
geometry, is through the formalization of physical models of 
azimuthal thrusters with means for identifying degradation 
effects on the lines of the propeller flows by the methods of 
computational hydrodynamics. 
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