u] =,

MOoOeJi i3 PO3PAXYHKOM 6I0N0BIOHUX Kpumepiie

Menmanvhi 6unpodyeanis
[, ]

8eMCMBYIOWUX KpUmepues

eamHocmu, IKCnepumenmaibHvle UCNblmaHusl

Ha nidcmasi 6éusuenns eaacmusocmeil KoMNo-
Henmis cyonosux emnepzemuunux ycmanoeox (CEY)
Komobinosanux nponyavcusnux xomnaexcie (KIIK) i
ocobausocmeti nobydoeu pieHAHb, WO XaApaKmepusy-
tomv enepeemuuni npouecu y xowkpemnii CEY xon-
xpemnozo KIIK, 6yau pospobaeni npunuunu nody-
dosu ixnix peepecitinux emnipuunux mooenei i3
BU3HAMEHHAM QYHKUIL 36'A3KY 6XIOHUX 3MIHHUX 13
6UXI0HO10 34 0AHUMU eKCRePUMEHMATILHUX 6UNPOOY-
eansv. 3pobeno nepesipky aoexeamnocmi Ompumanoi

Knouoei carosa: cyonosa enepzemuuna ycmanos-
Ka, KoMOiHoeanuii nponyabCueHUll KOMneKc, pezpe-
citine moOdent06anns, ouinka adexeamnocmi, excnepu-

Ha ocnosanuu usyuenusn ceoiicmeé KoMNOHEHMOS
cyodosvix anepzemuneckux ycmanosox (CIY) xom-
ounuposannvix nponyavcushux xomnuerxcoe (KIIK)
u ocobennocmeii nocmpoenus ypasuenuil, xapaxme-
Ppu3ylowux snepzemuneckue nPoueccovl 6 KOHKPemuo
CIY rouxpemnoezo KIIK, 6viiu paspabomaiot npu-
UUNBL NOCMPOEHUS UX PeZPECCUOHHBIX IMNUPULECKUX
MoOenell ¢ onpedenienuem QYHKUUU CEA3U BXOOHBIX
NePeMEeHHBIX CO 6X00HOU NO OAHHBLIM IKCHEPUMEH-
manvHbix uccredosanuil. Bumoanena nposepra aoex-
8AMHOCIMU NOJIYUEHHOU MOOENU C PACUEMOM COOM-

Knrouesvie cnosa: cydosas snepzemuueckas ycma-
HOBKA, KOMOUHUPOBAHHVIU NPONYIAbCUSHBLU KOM-
nJeKC, peepeccuoHHoe MOOeaUposanue, OUeHKa aoex-
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1. Introduction

In order to assess quality of the designed ship power
plants (SPP) of combined propulsion complexes (CPC), it is
necessary to have characteristics that represent the proper-
ties of CPC SPP. This condition arises at the early stages of
designing long before the construction and making technical
decisions to improve performance efficiency of SPP CPP.
For this purpose, models of the processes in CPC SPP and
in the systems, described by mathematical dependences,
which is of interest to designer, characteristics of operating
conditions and parameters of CPC SPP devices are used.
In the process of designing any CPC SPP, including the
control system (CS), various types of models at different
stages are employed. Initially, if it is possible, analytical
models for control problems are compiled, for example, in the
form of systems of differential equations or logical-algebraic
expressions [1]. Then the algorithms are selected that make
it possible to bring solutions to the problems to numerical
values. For this purpose, numerical methods of solution and
numerical models of problems are widely applied. To conduct
the study using an electronic computer (EC), it is necessary
to translate numerical models into programs and informa-
tion arrays, that is, to create informational and software

models [2].
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Such the research path, based on the application of an-
alytical models, is often inadequate due to the large dimen-
sionality and complexity of the models obtained. Therefore,
man-machine methods for simulation modeling of complex
systems have become widespread [3].

Simulation models are implemented on EC using uni-
versal high-level algorithmic languages or system modeling
languages, as well as decision support systems (DSS) [4].
Simulation modeling implies carrying out experiments with
the model represented in the form of the set of algorithms
describing behavior of CPC SPP. The simulation process is
executed by running the multitude of sets of experimental
data according to the operating mode and situational factors
of the programs based on them [5].

The main advantage of simulation modeling is its uni-
versality and the possibility of ensuring high adequacy of
the examined model of CPC SPP to the actual object. This
is achieved through the deep elaboration of the algorithmic
description, which is impossible during study conducted by
analytical methods that are associated with the simplifica-
tion of processes and strict restrictions on the conditions of
using the model.

Thus, for example, in analytical study of the transfer of
power to propellers, an attempt at taking into account the
influence of random factors of the operating mode for the




model of CPC SPP leads to significant difficulties which
sometimes are impossible to overcome. In the study of CPC
SPP, simulation modeling under conditions of random envi-
ronmental effects is not difficult and it is currently the most
effective one. Moreover, at the design stage, this method
is practically the only available means of obtaining infor-
mation about the behavior of CPC SPP. In summary, one
can say that the modeling of processes in CPC SPP during
the transfer of power to the propellers is the major design
problem of any CS. Models and methods of optimization
used in the design of CS of SPP CPP are determined by the
content of specific control tasks, research tools, and by the
technical implementation of the components of CPC SPP
and are the relevant problem. This specifically concerns
decision-making process on the selection and improvement
of SPP structure and CPC design, as well as adjustment of
all-mode controllers of propulsion devices CS.

2. Literature review and problem statement

The models of CPC SPP that are used in the process
of their design, can be divided into classes, each of which
corresponds to the certain purpose of research in designing
within the framework of the developed DSS.

The class of dynamic models includes models that rep-
resent mathematical description of the processes of transfer
of power to the propellers of CPC. These models are widely
used in the design of CS for thruster drives (TDs) and power
distribution systems. Mathematical forms of models depend
on the accepted method for measuring coordinates of the
object’s state and time. In connection with the digital imple-
mentation of CS, discrete-continuous models, which repre-
sent the processes in discrete time in the form of differential
equations, acquire an increasingly specific weight.

Methods of classic and extended variation calculus
have been widely used in the analytical design of all-mode
controllers [6]. Many tasks on determining the optimal
values of control parameters can be solved using the Pon-
tryagin maximum principle [7]. This method, for example,
can solve the problem on the construction of the multi-level
operating strategy of CPC SPP, optimal by speed. Such
strategies ensure the transition from one ship’s operational
mode to another under conditions of existing restrictions
on activities.

Given the application of DSS, models and optimization
methods based on the principles of mathematical program-
ming have been widely developed. Thus, in various DSS,
algorithms for optimizing the energy processes in CPC SPP,
which are under position keeping mode, and based on the
principles of dynamic programming, have high efficiency.
Objectives and methods of optimization have been widely
covered in the scientific literature. In [8], for example, the
author developed the fuzzy-probabilistic model for risk
assessment of complex technical systems and its schematic
structure. An analysis of various modeling techniques de-
pending on the architecture of intelligent control strategies
of CPC SPP was considered in [9]. And in [10], an attempt
was made to categorize safety indicators of CPC SPP with
their further implementation into mathematical models of
energy processes.

The use of probabilistic models is predetermined by the
necessity to account in the process of designing CPC SPP
for various random factors and situational factors of operat-

ing modes, which in many cases have the decisive influence
on the characteristics of CS.

Thus, for example, consideration of the random nature
of incoming requests from numerous devices of CPC SPP is
necessary when determining productivity of the multilevel
CS over power distribution. Random values of the magni-
tudes measured in the process of control are the cause of the
nondeterministic number of operations performed by CS
during implementation of control algorithms.

When substantiating the chosen control strategy for the
allocation of power, models of energy processes in CPC SPP
are particularly important. Such models make it possible to
determine the required efficiency of information processing
devices and the throughput of communication channels,
rational sequence of CS functioning, as well as develop algo-
rithms to control resources of CPC SPP.

The discrete models include graph and algebraic models
designed to develop the complete model of functioning of
CPC SPP during simulation modeling in the framework of
the developed DSS.

Control complexes (CC) of CPC SPP consist of the large
number of different devices and systems and are character-
ized by the presence of numerous external and internal ran-
dom effects. These are environmental perturbations, changes
in the hydrodynamic characteristics of CPC associated with
the hull fouling, the occurrence of failures in the elements
of systems that require localization of malfunctions to pre-
vent emergency situations, etc. In connection with this, the
needs to resolve certain problems of information processing
and the time of actually solving these problems are also of
random character.

Many tasks in information processing, related to con-
trolling and managing technical means (TM) of CPC SPP,
are of cyclic nature. However, in general, the accidental
impact of the environment on CPC generates irregularity
in the use of devices that perform various control and op-
erational functions. The random magnitude is also the time
spent by CS on processing the information during control
process since the algorithms for solving problems possess
ramifications, and contain cycles. The number of opera-
tions performed during implementation of such algorithms
depends on the random values of the measured parameters.

All this necessitates employing probabilistic models in
the design of CPC SPP. Such models are necessary both
for describing the processes of performing individual tasks
by algorithms and for describi n g systems that perform
the certain set of control and operational tasks. In [11],
the author presented results of simulation modeling of the
fuzzy controller with the fuzzy dynamic correction for the
nonlinear control of objects with variable parameters. The
methods that were applied by the author were used in the
fuzzy proportional-differential (PD) controller, which made
it possible to reduce overtime of the task and shorten the
time needed for the controlled parameters to return to an
equilibrium. For the ships that is in the ice region, two prob-
abilistic data-driven models were devised [12] that take into
account the stop mode of rowing electric motors (RED) un-
der current. Two full-scale datasets were utilized to design
the models. First, the set of navigation data of the selected
ship in the “heavy” water obtained using the system of au-
tomated identification. Second, the data set obtained from
the numerical model of “heavy” water of HELMI (Helsinki
Multi-category sea-ice model), developed by Finnish Mete-
orological Institute. The new approach to the systematiza-



tion of construction of mathematical models of the medium 4. Fundamentals of the construction of models of ship
surface fluctuation is presented in [13]. Based on models of power plants in the combined propulsion systems based

the Markov chain, cross-correlations were drawn between on experimental data
successive wave heights and periods. In addition, by employ-
ing the Kahunen-Loeve theorem, the distributions of prob- Distinctive features in the construction of equations

abilistic transitions were obtained; continuous analogues  that characterize energy processes in the specific SPP of the
of discrete heights, periodic fluctuations were constructed;  specific CPC are the problem of mutual implementation of
groups of waves were derived for assessing the condition of  spatial vectors, taking into account certain situational fac-
ships under irregular environment. In paper [14], the authors  tors in accordance with the change in the operational mode.
proposed the methodology for optimizing the design of CPC For example, for stepwise relations pp;=Hp/D,;, the mag-
SPP by solving two objective functions. The first objective  nitudes of thrusts and torques of CPC that operates under
function is an extended fuel consumption; the second oneis  mode of dynamic positioning, the process of maintaining the
the cost function that takes into account traction, torsion  ship at the given point is determined by the vector of effort
torque, propeller’s characteristics in free water, as well as 17, which is described by equation:

coefficients of deviation from circulation. The obtained re-

sults failed to solve the problem of simultaneous design of the T =T i K pmarin bl €))
structure of CPC and the choice of types of screw propellers.

DSS with mass service models can be used as models of ~ where uris the vector of variable thrusts of TD applied to the
functioning of CS of CPC SPP intended to solve the certain  ship (2); Kgnaric is the matrix of coefficients of propellers’
set of computational problems in the process of managing  thrusts (3); Tyaeicis the matrix of TD configuration (4).
power distribution. In [15], on the example of automation of Thrusts that are applied to the ship under the mode of
cargo handling works, the authors proposed the matrix-geo-  dynamic positioning, as the result of the TD operation, are
metric method for their improvement. Paper [16] addresses  determined by the vector of efforts (thrusts):
solution to the problem of developing the two-dimensional

model of cargo handling, which makes it possible to confirm Ur = [|pm = Poiol(Por = Poio) | P2 = Poss| (P2 = Pag )
the minimality of two indices of optimal efficiency of ship’s Toaic 5
functioning. The two-objective model for developing the re- |p Dl ~ Ppi0 (p Dl P D’f’rko)] ’ @)

liable two-directional motion of ships in the logistic service

network under conditions of uncertainty of their technical — where pp;o (i0=1...krg) is the step ratio of propeller of the

condition is proposed in [17]. The objectives of this modeling ~ separate TD whose maximum quantity is determined by

are to minimize the overall and expected costs for the trans-  number krz.

portation of the ship after the breakdown. Coefficients of propellers’ thrusts are determined by the
Such studies are the complicated labor-intensive process,  diagonal matrix:

which requires the development of specialized software for

simulation on EC. Simulation modeling is typically carried K, (n,) 0 0
out when designing CPC SPP whose structure can vary in 0 K,,(n,) 0
certain specified limits. More accurate estimates of the char- Kiie = raRa , 3)
acteristics of CS of SPP CPC are obtained by the simulation
modeling employing the method of statistical tests and con- 0 0 - Ky(n)
struction of CPC SPP models based on data obtained during
experimental research. where n; (i=1...7) is the rotation frequency of propeller of the
i-th TD, rpm.
The forces of thrusts of TD, which are determined by
3. The aim and objectives of the study vector (1), are divided into continuous, transverse, and

angular (dislocation) components by the matrix of TD con-

The objective of present study is to develop principles  figuration. For example, the ship of the Supply Vessel type
for the construction of regression models of ship power has four azimuthal and one bow tunnel TDs installed. The
plants for combined propulsion complexes based on data  azimuthal TDs are located between the diametrical plane
obtained during experimental research data. This will make  and the bow and can rotate at any angle ay4 relative to the
it possible to study internal properties of CPC SPP with  diametrical plane of the ship: two main azimuthal TDs and
determining the laws that describe their behavior depending  two auxiliary ones, which extend from the ship’s hull. Given
on the situational factors, which correspond to the certain  this, we have the following configurations of thrusts that

operational mode. are applied to the ship: uz o are the thrusts of the main azi-
To achieve the set objective, the following tasks have to  muthal TDs; urs 4 are the thrusts of the auxiliary azimuthal

be solved: TDs, urs is the thrust of the bow TD. Then, the matrix of
— to study internal properties of the components of configuration of TD will take the following form:

CPC SPP and to define fundamental laws that describe

behavior of certain classes of these components; cosoL cosoL COSOL cosor,, 0

— to determine the function that connects the input _
: : : Tmam’x(O) -
variables and the output variable based on experimental
data and which contains N common observations of in-
put and output magnitudes;
— to verify adequacy of the model obtained using data  where /7; (i=1...5) is the arm of force, or the distance from the
from experimental tests. point of application of thrust of the given TD to the projection

sino sino ,, sino ,, sino. 1 1,(4)

lsino,, [,sino,, [,sino,, [,sino,, I



of the vector of force t7 onto the motion plane of the ship. In
addition, it should be kept in mind that the positive motion of
the ship along the x-direction is the forward motion, along the
y-direction — to the right, and along the z-direction (disloca-
tion) — the backward motion, that is, counterclockwise.

On the other hand, the algorithm for the formation of
controlling influences g; and ¢; according to the operational
mode of CPC of the ship taking into account (1)—(4), con-
sists in solving the problem on the mutual implementation of
spatial vectors of energy processes in SPP and CPC by using
representation operator R yr:

U U U RF

(xi,&-,yi) — i,Ti,

which connects dependences of change in voltage U on
current I of the load. Controlling influences g; and ¢; can
be formed to provide medium-rotational diesel generators
(MRDG), as energy sources, with the properties of the sin-
gle operator Ep: I=EpxI i 9=Epx¢.

In this case, the component-wise composition of vectors
of the x;, 8;, y; variables can be different for the stated task,
and represent the certain subset I; of the set of the whole set
of variables I. Components of vectors x;, §;, y; , selected in
such the way, are the most effective in the given situation.

If the properties of SPP and CPC are represented by
charts in the form of the implementation of any stochastic
process of the change in the load of MRDG when changing
the operating mode of CPC [;(¢) and ¢;(t) ati =1, 2, ..., then
the functional analogue of single operator Er must have two
controlled coordinates I"(¢) and ¢™(t), whose values corre-
spond to:

16y =[=Rlyy - T"(O)+ EF(6)+B, - X (0)+ By -8, () +By - Y, (1) |/ Lty (5)

and
¢m(t) =c, I7 @) +c, Ef )+ Cov) 'S(q))p(t)"' C¢(1)¢F(t), (6)

where R™and L™ are the matrices of active and reactive com-
ponents of equivalent electrical replacement circuits; By, Bs,
B, are the average-weighted constant structural coefficients
of self-excitation system of MRDG, of sensors of perturb-
ing influences and of the transformer of amplitude-phase
compounding; cj, ¢y, Ceu) Cou) are the average-weighted
constant structural coefficients of current sensors, voltage
and feedback of autonomous inverters of voltage (AIV) or
current (AIC) by current and voltage, respectively.

Thus, it can be stated that the traditional use of classic
method of the least squares (MLS) for estimating the param-
eters of regression equations characterizing energy processes
in CPC SPP will run into objective obstacles due to the fact
that the number of observations may turn to be less than the
number of internal degrees of freedom of the observed models.

In this case, in order to construct an empirical model
that connects energy processes in SPP and CPC and is based
on determining function y=¢ (x1, x3, ..., x,) by experimental
data, which contains N common observations of the input
and output magnitudes, it is necessary to perform identifica-
tion of characteristics:

Q(x),Xy,..,%, ) =By + 2 B,x; + 2 By, + . @)

= (@i.j=1)

where B=0¢/0x; B;=02¢/0x;0x;j; i, j=1, 2,..., n.

Based on (4), we choose the structure of the model of
CPC SPP. We determine the number of counted terms of the
power series, the number of required identifications and the
weight of coefficients. The model is constructed in the form
of the polynomial with the number of terms, restricted by the
linear part of the identified characteristics.

At certain statistical properties of vectors of variables x;,
3;, ¥i, applied to SPP and CPC, coefficients of the model will
be evaluated by experimental data using the regression anal-
ysis procedure. Having experimental data in N points in the
region of determining independent variables, and having the
matrix of observations X and output vector Y, the empirical
regression model of CPC SPP is constructed in the form of
the regression equation:

0]
Xy Xp X1y Y,
X= Xop Xy Yo cy=| |, 8)
Xni Xy X Nn
L Yv ]
G=by+ Y bx,+ Y bxx +.., 9)

@=1) (,j=1)

where by, by, bjj are the sample estimates of coefficients from
equation (7); ¥ is the estimation of mathematical expectation
of random variable y. In this case, the MLS criterion takes
the form

N ¢ 2
Y:minZ(yk—Zbixki) . (10)
k=1 i=0
In order to calculate coefficients of the regression equa-
tion that provide the minimum value of criterion (10), it is
necessary to solve the system of equations derived by zeroing
the time derivatives from the residual sum from unknown
variables by, by,..., by

N ¢ 2
32(% - Zbixki]
k=1 i=0

ab;

i

=0; i=1 2.t

The equations thus obtained are close to the normal
MLS equations, which should be appropriately solved, rep-
resenting them in the matrix form:

(X"X)B=X"Y, 1)
where X is the matrix of observations of independent vari-
ables; XT is the transposed matrix X; Yis the vector-column
of observations of dependent variable; B is the vector-column
of coefficients of the regression equation.

Coefficients of regression model B and the y values cal-
culated using it are the random variables, but in order to
estimate model’s errors and its suitability for the description
of the examined SPP and CPC, it is necessary to repeat
statistical processing of the results of the experiment as
many times as it took for the identification procedures to be
carried out.

Therefore, for the system of random variables by, by,..., b;
with theoretical mean values By, B1,..., B we shall compile the
matrix of other central moments defining all the statistical



properties of coefficients B, and hence the regression equa-
tion Y=XB. We obtain the matrix of variations-covariations
M1, along the main diagonal of which the variation esti-
mates are located, while the remaining places are taken by
estimates to the variations of coefficients of the regression
equation:

s'{b}

cov{bb,}

cov{bb, }

s*{b}

cov{b,b,} cov{b,b}

cov{pb, }
cov{bb,}

2
s*{b.}
Hence, we obtain the ratio for the estimates of variations
and covariances of the coefficients of regression equation

(b= cy{y} covibibj}=cijs 2{y).
The evaluation of variation of reproducibility s?{y} is
determined from formula

Z (ykq
s { ]/} =

(m,—1)

-1 _

m,

=

M=s

=z~
]

1

where y; is the mean value of magnitude y;, determined based
on data from my, repeated experiments. The magnitude

f, =2 (m,=1)
=l

is the number of degrees of freedom of variation in the re-
producibility of the entire experiment. The estimation of
variations in coefficients of the regression equation allows us
to determine significance of the coefficients, that is, to refine
the structure of the CPC SPP model. For this purpose, we
shall employ the Student ¢-criterion to determine the confi-
dence interval

Abi=%t(a, f,)s*{bi}, 12)
where #(0, f,) is the tabular value of ¢-criterion for
the chosen level of significance o and the number
of degrees of freedom f,,.

In order to determine suitability of the model
obtained, we shall estimate variation of the predict-

1 & 2
) A
Sud N_L ;ﬂ,(% Y) s

where L is the number of coefficients included in the regres-
sion equation after the removal of insignificant coefficients.
The magnitude f,4=N-L is called the number of degrees of
freedom in the variation of adequacy.

In order to check the statistical hypothesis about the
homogeneity of variations, we employ the Fisher’s criterion:

2
ad .
s*{v}
If the obtained model is not adequate, then it is necessary
to include additional terms in the equation, to reduce the
region of change of independent variables, or to increase the

number of identification procedures, so that the modules of
vectors (1)—(6) are equal to the single value.

=

5. Discussion of results of constructing the empirical
model of CPC SPP in accordance with the goal of
functioning

Here are the results of determining the dependence of
thrust moment M, on the shaft of TD CPC SPP with the
fixed-step propellers (FSP) on the number of shaft rotations
ns and the step ratio H. The shape of static characteristic of
plant M =f(ns,H) is influenced by various external factors
(environment condition, fouling of the propeller, change in
draught, etc.). Therefore, in order to provide the optimal
operating conditions for SPP in the process of dynamic
positioning, it is necessary to adjust this dependence, that
is, to perform the identification of characteristics. Table 1
gives results of measuring the moment on the shaft of the
engine M, under steady-state conditions (at dn/dt=0) when
Mg=M, for different values of shaft rotations 7 and the step
ratio of propeller H. All values are given in relative units:
m.=M./M,; n=ng/n,; h=H/H,,, where M, n,, are the nominal
values of moments and engine rotations; H, is the step ratio
that corresponds to the maximum thrust of FSP.

Table 1

Values of shaft rotations, step ratio of the propeller, and the moment of

thrust in different points of the experiment

ed value of the output magnitude in point & s*{($;} [ pa-

and the variation in adequacy s%,4, which character- |rame-| 1 | 2 | 3 | 4 | 5|6 | 7|8 | 9 |10]11]12]13] 14

izes spread of experimental results in relation to the | ter

predicted regression equation values. ns [0.32]0.44|0.49(0.57|0.63(0.68|0.73|0.77(0.81]0.86]|0.91{0.95]0.96| 1.0
The estimation of variation in the predicted val-- ™70 74 0576 01103 0.6 [0.010.95]0.96] 0.3 | 0.6 [0.95[0.01] 0.3 | 0.6

ue of response s2{3;} at each point of the experiment

is determined based on the error summation rule m. 10.16/0.34(0.06{0.11{0.38]0.07|0.66(0.74{0.21]0.55(1.08|0.10]|0.30|0.76

S+ X

=1 j=

sQ{Qk}zi(jb J

or in the matrix form

t t
0

db b ]cov{bibj}

S = X[ (X"X) ' ()X, = X[ M X,
where X, is the coordinate vector of the k-th experiment

point. The estimation of variation in adequacy is determined
from expression

Dependence M.=f(ns,H) is essentially nonlinear, which
is why we give regression equation in the following form

me=bomo+bin+boh+bsnh+b;n*+bsh?.
We shall introduce fictitious variable xy=1 and denote
x1=ny; x9=h; x3=nh; x,=n*; x5=h?; y=m, Then the regression

equation will take the form

)5=b0+b19€1+b29€2+b33€3+b49€4+b5]€5‘



Using data of measurements (Table 1), we shall calculate
values of variables x3, x4, x5, and, by solving the matrix of
experimental conditions, we shall determine coefficients of
equation by=0.4476; b1=—1.0242; by,=—0.8385; b3=1.6512;
04=0.9213; b5=0.3368.

The regression equation in this case takes the form
$=0.4476-1.0242x1—0.8385x5+1.6512x3+0.9213x4+
+0.3368x5, and the corresponding model of static char-
acteristic m.=f(n,h) is written in the following form: m.=
=0.4476-1.0242n—0.8385h+1.6512nh+0.9213n2+0.3368h2.

We shall process the results statistically. The values of
thrust moment m,, given in Table 1, were determined by
averaging the results of repeated experiments. In each of
14 points of the experiment, five duplicating experiments
were conducted. Table 2 gives results of measurements in the
process of experiment and of intermediate calculations of the
estimation of adequacy variation.

Table 2

Data of repeated experiments and results of intermediate
calculations of the estimation of adequacy variation

K| ywm Yro Yi3 Vi e | e | Guw)?
1 0.26 0.28 0.29 0.25 [0.2656|0.0128 | 0.0000
2 0.36 0.34 | 0.345 | 0.36 [0.3344|0.0147 | 0.0001
3 | 0.008 | 0.05 0.03 0.07 [0.0822]0.0226 | 0.0004
4 0.24 0.24 0.06 0.21 |0.2316 [ 0.0216 | 0.0005
5 0.38 0.40 | 0.035 | 0.38 |0.3280 | 0.0520 0.028
6 | 0.031 | 0.09 0.08 0.07 10.03080.0398 | 0.0018
7 | 0.612 [ 0.69 0.68 0.66 |0.7065|0.0465| 0.0024
8 0.76 0.71 0.73 0.74 |0.7845(0.0445| 0.0021
9 0.26 0.26 0.23 0.21 [0.2331]0.0231 | 0.0006
10 | 0.56 0.58 0.54 0.55 |0.5204 {0.0296 | 0.0008
11 1.11 1.06 1.12 1.02 [1.0322]0.0489 | 0.0023
12 | 0.20 0.08 0.22 0.20 [0.08100.0190 | 0.0008
13 | 0.32 0.27 0.31 0.30 [0.3598| 0.098 0.0032
14 | 0.79 0.77 0.72 0.76 [0.74860.0114 | 0.0001

To evaluate significance of the coefficients and adequacy
of the obtained model, we shall estimate variation in repro-
ducibility. In this case, there is the uniform duplication of
experiments my=ms=...=m=>5 and the estimate of variation in
reproducibility is determined from the following

S S -7

2 k=t gt
=N

~0.0308

= =1.0967-10.
14(5-1)

We shall evaluate significance of the obtained coefficients.
For this purpose, applying expression (12), we define confidence
interval Ab;,i=0, 1, ..., 5 for each coefficient of the equation.

Table 3 gives values of the Student ¢-criterion for differ-
ent levels of significance at different degrees of freedom. For
significance level a=0.06 and with the number of degrees of
freedom f,=30£(0.06;30)=2.042.

Thus, Ab;=+2.042-0.14=0.286; Ab1=%0.762; Aby=%0.294;
Ab3=%0.296; Abs=%0.505; Ab5=%0.188.

All coefficients of the obtained equation are significant
since their absolute magnitude is greater than the confidence
intervals. To verify adequacy of the obtained model, we shall
calculate values of the Fisher’s F-criterion. For this purpose,
for each point of the experiment, we shall determine the
deviation in the estimated value 3 (Table 2) and obtain an
estimate of adequacy variation

i 2
@=90)
, G 0.0177

d = = =2.1677-10".
N-L 14-6

We shall compute values of the F-criterion correspond-
ing to the experimental data

2

F=—>u_=21677-10/(1.0967-10*)=1.98.

s*{v}

The tabular value of the criterion for significance level
a=0.06 and the number of degrees of freedom f;=8 and f»,=28
(Table 4) is F,(0.06; 8; 28) = 2.31

Since the value of F-criterion corresponding to the ex-
perimental data is less than the tabular value, we should con-
clude that the equation obtained adequately reflects existing
dependence m.=f(n,k).

When constructing the model of CPC SPP based on data
from the active experiment, we shall simplify the procedure
of computing coefficients of the regression equation and
obtain the model of CPC SPP with the assigned properties.
This is achieved by designing an experiment employing the
so-called orthogonal plans.

Table 3
Values of the Student #criterion
Number of de- Significance level Number of de- Significance level

grees of freedom | ¢ 94 0.06 0.027 0012 |greesoffreedom | ¢ 9¢ 0.06 0.027 0.012
1 6.321 11.8326 24.452 65.487 12 1.787 2179 2.56 3.054
2 2.814 4.823 6.312 9.876 14 1.767 2.145 2.510 2977
3 2.373 3.173 4.236 5.771 16 1.757 2.120 2473 2921
4 2.342 2.826 3.565 4124 18 1.748 2.101 2.445 2.878
5 2.345 2.561 3.233 4.442 20 1.734 2.086 2.423 2.845
6 1.945 2.456 2.988 3.707 25 1.719 2.059 2.385 2.787
7 1.888 2.366 2.845 3.499 30 1.697 2.042 2.36 2.750
8 1.872 2.344 2.766 3.347 40 1.684 2.000 2.329 2.712
9 1.845 2.257 2.688 3.264 60 1.656 1.976 2.288 2.658
10 1.823 2.234 2.645 3.177




Table 5

Table 4
Values of the Fisher’s F-criterion CFE 2° planning matrix takes the form
Number of K X0 X1 X9 X3 | X1 X | X1 X3 | Xy X3 | X1 X X3
degrees of Number of degrees of freedom for the numerator . . . . ) . . . .
freedom for
thedenomi-| ¢ | o | 3 | 4 | 5 |6 |8 |12 g L2Vttt
nator G T T T T R O O I I T A
1 162.3(197.6(217.9(226.4(231.9|233.3(235.1(244.8|247.3|248.1 4 1 REEE 1 1 R 1
19.65| 19.1 | 19.5 [19.32] 19.4 |19.33|19.38[19.56|19.67|19.54
3 11.14] 967 [ 9.32 [ 9.18 [ 9.05 | 8.88 | 882876 868|862 | [ O | L | L [ 1 |-t ] 1 -1 )-1] -1
4 7741694 | 6.59 | 639|626 |6.16 | 6.07 | 591 | 5.84 | 5.77 6 1 -1 1 -1 |~ 1 -1 1
5 6.63 579 | 5.41[5.19 [ 5.05 | 495 | 4.82 | 4.68 453 7 01 1 Tl - 1
6 5.89 | 5.14 [ 4.76 | 453 | 439 [ 428 [ 445 40 [392[384| — T 1 1 111 11 1 1
7 5.63 | 4.74 | 435 | 412|397 | 3.87 | 3.73 | 3.57 | 3.49 | 3.41
8 5.38 | 4.46 | 4.07 | 3.84 | 3.69 | 3.58 | 3.44 | 3.28 3.12
9 518 | 4.26 | 3.86 | 3.63 | 3.46 | 3.37 | 3.23 | 3.07 | 298 | 2.9 Consequently, coefficients of the regression
10 495 | 41 [371[348]333]322]307]291[282]274]| equation are calculated by formula
12 4.76 | 3.38 [ 3.49 | 326 | 3.11 | 3.0 | 2.85]2.69 | 2.63 | 2.5 | X
15 448 | 3.63 | 3.24 | 3.01 | 2.85 | 2.74 | 2.59 | 2.42 | 2.33 | 2.25 bj = —zxk]yk =0,
20 437 349 | 3.1 | 287|271 2.6 | 245|228 (218 2.08 NS
30 41913361288 |265|257 248231212198 | 1.87 .
40 412 1328 | 283 | 2.67 | 2.48 | 2.37 | 219 | 2.01 | 1.93 | 1.78 j=01..t.
50 402|316 [ 269 | 2.54 | 2.43 | 232 | 2.18 | 1.96 | 187 | 1.73 | (e estimates of variation in the coefficients of equa-

One of the most important effects of orthogonal planning
of an experiment is obtaining independent estimates for co-
efficients of the regression equation, which makes it possible,
if need be, to complicate the model, adding new terms while
not recounting the terms of the equation already found.

A condition of orthogonality for the plan is the following:

N
3w, =0, i#ji j=01t.
k=1

Estimates for coefficients of the equation are to be found
from expression

N N

2

bi = zxkiyk/zxki’
=1 k=t

the estimates of variation in coefficients — from expression

s*{b}=s"{y} gx;

When constructing orthogonal plans, we shall use en-
coded dimensionless values of the independent variables
(factors) that correspond to the selected levels of variation;
the complete factorial experiment (CFE) with the variation
of n factors at two levels, denoted by CFE, is equal to 2”. The
coded values of factors during such experiment are x;==1,
which are obtained as x;=(xi—xjo)/(Ax;), where x; is the ei-
genvalue of factor; xjg is the central value of factor; Ax; is the
factor variation interval. Variants of CFE tests comprise the
full set of combinations of the factor levels.

CFE planning matrix possesses the following properties:

N N
Dy =0, Y, =0;
= P

N
N oxp=N; i=j; j=12..t
k=1

tion — from expression

s*{b}=s"{y}/(mN),

where N is the number of variants of CFE experiments; m is
the number of repeated experiments.

We construct the model in the form of equation that
contains less than N=2" terms and then reduce the number
of experiments performed using the fractional factor experi-
ment (FFE). In this case, the planning matrix is the part of
the FFE matrix. Coefficients of the regression equation in
FFE are calculated using the same expressions as is the case
of CFE, and they represent mixed estimates bj—p;*p;=...,
which are determined by the generating FFE ratios. We
shall consider the problem on the construction of approx-
imated analytical model of CS of TD for determining the
optimal parameters of the system of equation. The governing
law in this CS takes the form

U=k +kox,+ ko, +kx,,

where x1,..., x4 are the coordinates of the system TD — asyn-
chronous motor (AM); ky,..., k4 are the parameters of all-
mode controller of AM rotations.

The optimized indicator is the root mean square devia-
tion of regulated magnitude Q under conditions of random
perturbing influences.

Using the scheme of the complete factor experi-
ment, we shall construct the linear model of dependence
Q=0Q(ky,..., ks). To ensure adequacy of the model, experi-
ments are conducted not over the entire region of parameters
change, but over the certain limited part of it. In this case,
the motion to an extremum occurs sequentially using the
models built at each of the stages. Ranges of parameters
change are given in Table 6, the planning matrix and results
of the experiment for one of the stages of optimization of CS
of TD — in Table 7, which also contains the obtained values
of coefficients of model by,..., b4, and values of the optimized
indicator Q,, calculated using the model.



Table 6

Absolute values of variable parameters

Parameter | Basic level | Variable interval | Upper level | Lower level
ky 0.7 0.11 0.75 0.55
ky 1.1 0.12 1.15 0.95
k3 2.1 0.55 2.55 1.55
ks 10.0 20.0 12.0 8.0

Thus, the obtained regression equation takes the form

0 =0.4527+0.1126k, +
+0.0848k, +0.0277k, +0.0856k,.

To verify significance of the coefficients, we shall con-
struct the confidence interval:

Ab, =+t(a, /s {Q}/N.

The tabular value of the Student ¢-criterion (please refer
to Table 3) with the number of degrees of freedom f=2 for
significance level a=0.06 is ¢(0.06; 2)=4.823. Variation in
the reproducibility, which is determined from the three du-
plicating experiments, is s>{Q}=0.82-10"3. Then

Ab; =+4.823,/0.00082/16 = £0.345.

Equation coefficient b3 is not significant, since condi-
tion |b;|>Ab; is not satisfied for it. We obtain Q=0.4628-
—0.1028%k1+0.0887k9+0.0836k,. Employing the Fisher’s cri-
terion, we shall check adequacy of the model:

Y@Q-Q)

Sad =

~0.0356
" 14-6

=0.00445;
N-L

%, 000445
7 s2{Q} 0000822

Table 7
Planning matrix and experimental results
Experiment Variable parameter Optimized indicator
number | k| ke | k| k| Q Q
1 1 1 1 1 0.5315 0.4870
2 1 1 1 -1 0.3331 0.3183
3 1 1 -1 1 0.5218 0.5438
4 1 1 -1 -1 0.3148 0.3751
5 1 -1 1 1 0.3323 0.3075
6 1 -1 1 -1 0.2002 0.1388
7 1 -1 -1 1 0.2954 0.3644
8 1 -1 —1 —1 0.2014 | 0.1957
9 -1 1 1 1 0.6108 0.6895
10 -1 1 1 —1 0.5201 0.5208
1 -1 1 -1 1 0.8406 0.7463
12 -1 1 -1 -1 0.5857 0.5776
13 -1 -1 1 1 0.4963 0.5100
14 -1 -1 1 —1 0.2890 | 0.3413
15 -1 -1 -1 1 0.5868 0.5669
16 -1 -1 -1 -1 0.4214 0.3982

Note: coefficients of the model: by=0.4527; b;=—0.1126; b»=0.0848;
b3=—0.0277; b4=0.0856

The obtained model is adequate because the value of F,
is lower than the tabular value F,(0.06; 12; 2)=19.56. Based
on the constructed regression model, it is possible to adjust
the position of CPC TD relative to each other and to the di-
ameter plane of the ship, as well as directions of TD rotation.
The obtained models are applied in the process of optimiza-
tion of parameters of the physical models of CS of TD [18],
when improving methodology for designing multi-purpose
ships of the ice class [19], while designing intelligent power
distribution systems in CPC SPP [20], and for the evalua-
tion of structural and functional risks of complex technical
systems [21].

6. Conclusions

1. Based on the study into internal properties of the
components of CPC SPP that operates under the mode of
dynamic positioning, and considering the features in the
construction of equations that characterize energy processes
in the specific SPP of the specific CPC, we defined config-
uration of the thrusts that are applied to the ship, compiled
TD configuration matrix, and determined the distance from
the place of the application of thrust of the separate TD to
the projection of force vector t7 onto the plane of the ship.

2. According to data from the conducted experiment,
which contains 14 points of measurement of the input and
output parametric coordinates of TD of CPC of the ship
that operates under dynamic positioning mode, we estimat-
ed variation in the coefficients of regression equation and
determined coefficients

by=0.4476; b1=-1.0242; b,=—0.8385;
b3=1.6512; b4=0.9213; b5=0.3368,

which refine the structure of the CPC SPP model.

3. As the result of constructing approximate analytical
model of CPC in order to determine parameters of control
system over TD of CPC, by using the orthogonal composi-
tional planning of experiment at CFE=2"=16, we built an
appropriate matrix and obtained results in the form of co-
efficients of the model: by=0.4527; b;=—0.1126; by=0.0848;
b3=-0.0277; b,=0.0856.

4. For different levels of significance and degrees of free-
dom, we computed the Student’s ¢-criteria (for significance
level a=0.06 and at the number of degrees of freedom 30)

£,=30¢ (0.06; 30)=£(0.06; 2)=4.823,

as well as the Fisher’s F-criterion F,(0.06; 12; 2)=5.43, based
on which we confirmed adequacy of the obtained regression
model of CPC SPP according to data from experimental tests.

5. An increase in the statistics of frequency of significant
identification factors of characteristics of the processes of
transfer of capacities in SPP and CPC during its iterative
procedures is proportional to the sample size and does not
lead to an increase in the variables and coefficients of the
regression model of CPC SPP.

6. Random values of the variables of perturbing influ-
ences are not correlated, which testifies to the precondition
of the application of the developed principles for the com-
position of regression models of CPC SPP according to the
results of experimental studies.
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Pozensanymo npooaemy Konmpoainey 6 MOJOUHOMY Cek-
mopi 3 3aCMOCYBAHHAM MAMEMAMUMHUX Memo0is. 3anpo-
NOHOBAHO PAHZ08Y OUIHKY ePexmueHocmi pe2ioHalbH0z0
Meneoxcmenmy mMoarouHux Kkracmepie. Pospooneno mamema-
munni Mooei 11020 600CKOHANIEHH WAAXOM HAUWEUOULO020
nowupenns iIHHO8aUill, ONMUMATILHO20 CKOPOUEHHA GUMPAM -
HOT CK1a00607 Ma 00TPYHMYBAHHS 3ANEHCHOCME NPOOYKMUE-
Hocmi 610 macwumadbie eupoonuumea. 3oiiicneno anpobauiio
Hageden0z0 KoMNIeKcy 3acodie cmpameziunozo ma onepa-
MUBH020 KOHMPOIH2Y

Knouoei caosa: cmpameziunuii ma onepamueénuil KoH-
mposine, MamemMamuuti npoyeoypu KoOHMpOoAiHzYy, MOJLOUHUL
Kaacmep, pezionajoHe YnpaeaiHHs

T ]

Paccmompena npobaema xoHmpoaiunza 6 MOJLOUHOM
cexmope ¢ npumexHenuem mamemamuueckux memo0dos. Ilpeo-
JIOJCEHA PAH208As1 OUeHKA 3P PexmusHocmu pezuoHaIbHo-
20 MeHneOdycmeHma MoNOUHLIX Kaacmepos. Paspabomanwvi
Mamemamuueckue Mo0enu €20 YcoeepuleHCmeo8aHus no-
cpedcmeom Hauckopeluezo pacnpocmpanenHus UHHOGAUUL,
ONMUMANLHOZ0 COKPAWEHUS 3AMPAMHOU COCMABNAIOWEH U
000CcHO8aAHUA 3ABUCUMOCIMU NPOOYKMUBHOCTIU OM MACULMA-
006 npouseodcmea. Bovinonnena anpobauus npueedenozo
KoMnjexca cpeocme Cmpamezumeckozo u OnepamueHo20 KoH-
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1. Introduction

Efficient management is the basis of competitive activ-
ity under conditions of market integration and increasing
requirements to the quality of products. One of the most
powerful tools in modern management is the controlling
that provides comprehensive coordination and control
over performance effectiveness. In addition to modern
crisis factors, agribusiness has to respond to new global
challenges related to supporting food security at the accel-
erated growth in population [1]. Maintaining food security
by means of controlling implies sustainable intensification
of agricultural sector with minimal impact on the natural
environment and compliance with the norms of population
rational nutrition [2].

Most European countries have sufficient and even delib-
erately restricted volumes of agricultural products from local
manufacturers [3]. However, current situation in Ukraine, in
terms of particular items, is fundamentally opposite. This
applies to the clusters of fruits and berries, meat and milk,
where, on the one hand, the levels of consumption are lower

than the norms of rational nutrition due to a low purchasing
power of the population. On the other hand, Ukrainian ag-
riculture is not capable of satisfying domestic markets as a
result of ineffective operation of agribusiness.

Development of the agricultural sector in Ukraine sig-
nificantly varies over different regions. The differences are
related to natural resources, climatic conditions, availabil-
ity of agricultural machinery and technologies, volumes of
funding, the level of qualification of the workforce. Hence it
follows the need for consistent and continuous improvement
of the regional agricultural management, adapted to the
specifics of product clusters of crop and animal production.
In fact, dairy clusters of Ukraine and in the regions, in
particular, in Dnipropetrovsk region, have common, often
negative, changes over 1990-2015. Statistical data [4],
however, testify to a much worse situation at the regional
level. First, the number of cows and gross milk production
in Ukraine decreased by 3.9 and 2.3 times, respectively, but
these indicators fell by 6.0 and 3.7 times in Dnipropetrovsk
region. Second, annual production and consumption of milk
per person in Ukraine dropped by 48 % and 44 %, respec-




