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Поставлено та проаналізовано розв’язок оптимізаційної 
задачі про мінімум часу руху безпілотного безекіпажного 
апарату (ББА). Встановлено зв’язок між проекціями векто­
ру швидкості, як умовою розв’язку задачі про мінімум часу 
переміщення, запропоновано будувати алгоритм корегуван­
ня параметрів оптимальної траєкторії. Продемонстровано, 
якщо на траєкторії обрано як масштаб величину «с» між 
поперечними похідними від модуля вектора швидкості за 
двома ортогональними напрямами, а також забезпечено дію 
сил, які з тим же масштабом «с» зв’язують другі похідні від 
координат за цими напрямами, то така траєкторія мінімі­
зує загальний час руху. Розділення рухів утворює можливості 
керування на підставі відеозображень за умов дотримання 
обмежень на величину масштабу «с» та накладає обмеження 
на роботу двигунів – приводів рушіїв. Встановлено, що калі­
брування рушіїв дозволяє визначити константу «с». 

Сформовано керуючі впливи: сили та моменти для гідро­
динамічної моделі ББА. Запропоновано представлення керу­
ючих впливів через число обертів валу рушія – пропелера. 
Представлено керуючі впливи через функцію належності та 
мінімальне і максимальне паспортне число обертів валу про­
пелеру рушія. 

Введено нові якісні поняття, що задано функцією належ­
ності: швидкості обертання валу рушія до таких значень, які 
могуть бути реалізовані двигуном µi(ns/nmax); сили упору, яка 
забезпечує прискорений рух ББА за паспортом µsx(x*,t); підйм­
ної сили, яка забезпечуватиме надлишок підйомної сили µsy(x*); 
швидкості обертання валу рушія, яка забезпечить механічну 
потужність при економічному споживанні електричної енергії.

Промодельовано процес вибору швидкості обертання валу 
рушіїв під час просторового руху безпілотного, безекіпажно­
го апарату з урахуванням впливу таких якісних факторів. 
Продемонстровано спрощення процесу вибору відносної швид­
кості обертання валу рушія під час керування ББА. Показано 
на числових прикладах незалежність і стійкість величини роз­
розрахованної функції належності перетину та обраної від­
носної частоти обертання валів рушіїв від вибору кутів орієн­
тації вісей рушіїв
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1. Introduction

Development of airborne [1–3] and submarine [4–6] 
crewless and unmanned vehicles (CUV) creates precon-
ditions for development of drone transformers capable to 
perform tasks in air, on water surface and under water [7]. 
Such a variety of design types and working conditions re-
quires intellectual restructuring of model design forms [8]. 
However, significant growth of the design process labor 
stimulates search for new approaches which would lead to 
rejection of the conventional paradigm of «description» and 
its replacement with the paradigm of «prescription» [9]. As 
shown in works [10, 11], it is expedient to implement such  
a paradigm in accordance with theoretical foundations of co-
ordination [12] and apparatus of the fuzzy set theory. How-
ever, classical apparatus of the solid body dynamics is unsuit-
able for conditions of fuzzily set moments and path of motion. 
As a result, such analysis apparatuses are incompatible.

The problem of propagation of a light ray in a plane is 
one of classical examples of variational statement and solu-
tion of the problems of undetermined optimization of the 
motion path and its parameters [13]. To solve such nonlinear 
problems by a quasi-linearization method, an assumption 
was made that the velocity vector module is proportional 
to the y coordinate value. Practical realization of the latter 
assumption is complicated by limited capabilities of drive 
motors [6]. There are generally known models describing 
motion of underwater drones [8, 14–17]. Such models are 
used for synthesis of control actions. Analysis of structure of 
mathematical deterministic models of underwater and air-
borne drones shows that their motion models also reduce to 
a system of six nonlinear second-order differential equations 
while magnitudes of Archimedean forces, resistance, coeffi-
cients of attached masses and resistances are different [8].  
However, despite this similarity, the main unresolved prob-
lems consist in solution of the system of nonlinear equations  
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or an approximate reduction to a recurrent sequence of ana-
lytic expressions and formation of a fuzzy control action in 
presence of fuzzy actions and parameters.

This study relevance is determined by the necessity  
of a joint application of the classical apparatus of ma-
thematical analysis which uses operations of substantive, 
total and partial derivatives and an apparatus of fuzzy sets, 
non-compatible with it, with intersection and integration 
operations.

2. Literature review and problem statement

Effectiveness of the phenomenon of co-ordination of 
actions in manifestations of self-organization of pack animals 
and groups of people is increasingly in-depth studied and 
transferred to the sphere of goal achievement, even in realiza-
tion with the help of inanimate man-made systems [18]. To-
day, this principle is increasingly being used in construction 
of heterogeneous dual-purpose networks and determination 
of technical and technological parameters [18]. Crewless and 
unmanned vehicles of airborne, ground-borne, seaborne and 
underwater functioning are examples of its application [18]. 
In particular, it should be expected that introduction of the-
oretical foundations of coordination [10] as an all-embracing 
procedure, together with such modern tools [12] as adequacy, 
efficiency, vector indicator and intellectualized development 
in the Taylor series will open up new opportunities [12]. As  
a result, we will radically change our imagination of the func-
tions which are impossible according to the present-day atti-
tudes and an imagination of new, unexpected applications that 
will be revealed tomorrow [12]. The study results showing  
functioning of stereovision and laser odometry onboard he-
licopters operated in zones that are dead zones for the GPS 
form the basis and prerequisites for such conclusions and 
expectations [19]. Airborne micro vehicles controlled based 
on real-time video transmission is another example of such 
achievements [20]. A low-cost navigation system for quadra-
copters which was demonstrated, e. g. in [21] is a striking 
example of further development. Other important examples 
which also create conditions necessary for development 
include simultaneous formation and memorization of flight 
path and terrain mapping [22]. The latter also allows for its 
use as a platform for robotic studies and education [23]. At 
the same time, it is increasingly recommended to use localiza-
tion and complementary control systems [24]. Such means as 
infra-red control of mobile robots used in flexibly reorganized 
production processes are offered [25] for drone positioning in 
such systems. As shown in [26], introduction of uncertainties 
and application of the fuzzy set theory methods and decision 
making can simplify path construction and implement mo-
tion control. Combination of the method of direct relative 
orientation [27] and the method of determining the extreme 
angle [28] with Kalman filtration of information flows [29] 
is equally effective. The dual median filtering method is 
also promising for implementation of navigation based on 
analysis of optical image streams [30]. The methods based on 
construction of algorithms of active positioning using video 
camera image streams (which in turn are based on a multi-
agent approximation) were further developed in [31]. Rea-
lizability of such algorithms depends to a large extent on im-
provement of quality and security of encoding processes [32],  
decoding of video frames and efficiency of presentation 
compression by means of the matrix algebra operations [33]. 

Besides, realizability of such navigation systems determines 
stability of wireless communication between mobile agents of 
cyber-physical systems [34]. The latter is largely ensured due 
to development of a hardware-oriented software for architec-
tures of fast encoding-decoding [35].

Thus, uncertainty as a major obstacle and negative 
feature will undoubtedly prevail in the near future as the 
main unresolved problem because of such level of technical 
solutions. Development and implementation of fuzzy sys-
tems like the examples of successful applications of expert 
and decision-making support systems in marine technologies 
demonstrate potential opportunities [36]. Even though the 
latter is accompanied by an unconditional transition from 
homogeneous networks to neural networks with fractional 
mechanisms of structure generation [37], the problems of 
uncertainty and the complications introducing discontinui-
ties of the time derivative of the input values do not become 
exhausted. Simultaneously with fuzzy regulators, it is neces-
sary to introduce mobile control of discrete levels along with 
self-testing [38]. A special role in this will be given to the 
neuron-fuzzy observer. The work project [39] is an exemplary 
prototype of its implementation and which will also require 
narrowing of libraries of fuzzy analytic computer models for 
operations with fuzzy asymmetric numbers [40]. Simplicity 
of software development based on introduction of fuzzy 
multiple regulators and practical control of acceleration 
and lifting force of such drones were demonstrated in [41]. 
However, despite the overall efficiency of fuzzy multiple 
control of one vehicle, solution of the problem of nonlinear 
dynamics remains the main unresolved problem for control 
of a group of vehicles, especially when they are working in 
a rank [18]. This solution, notwithstanding development of 
analytical tools [42] and the analytical method of recurrent 
approximation having ever proved efficiency for various 
technical and biological systems [43] is hindered by non-ana-
lyticity of membership functions as is confirmed in [44, 45].  
Combination of advantages of two paradigms of which the 
first is based on a fuzzy multiple approach and the second 
on an analytic representation of information flows [12] is  
a law-governed logically grounded problem [46]. Develop-
ment of the mentioned line of designing systems for con-
trolling mobile collective cyber-structures with the use of 
special calibration tools will become effective [47].

However, joint implementation of analytic and fuzzy set 
methods encounters non-analyticity and non-differentiation 
of membership functions. Besides, application is complicated 
namely by the form of merge and intersection operations in 
working out solution of equations and equation systems by 
analytical methods [41].

3. The aim and objectives of the study

This study objective is enhancing efficiency of the ma-
thematical apparatus of operations with fuzzy sets which will 
provide analytical formation of the magnitude of control ac-
tion on the basis of optimal choice of a nonlinear model path, 
task and external perturbations with taking into account 
uncertainty.

To achieve the goal, the following tasks had to be solved:
– to construct an algorithm for correcting parameters of 

an optimal path;
– to form control actions in conditions of existing hydro-

dynamic model of drone;
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– to introduce new operations with fuzzy sets in a form of 
operators resulting in images forming continuous functions 
that admit operations of the classical mathematical analysis 
including differentiation.

4. Optimization of the motion path

Minimization of the time taken for travel between two 
given points will be presented in a three-dimensional space as 
one of the optimization problems (Fig. 1) as follows:
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Fig.	1.	Diagram	of	optimal	CUV	motion	path

The Euler equation for a parametric task of motion  
along OY and OZ axes for this problem will be reduced to the 
differential equation:
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or to an equation system which will take the following form 
after differentiation and algebraic transformations:
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It should be noted that division of motion into two 
mutually orthogonal uniformly accelerated motions in two 
mutually orthogonal planes is ensured if:
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where c is an arbitrary function independent neither of x 
coordinate nor the time which will conventionally be called  

the c constant. Under these conditions, it follows from (3) 
that ′′ = ′′y cz . The latter simplifies understanding of its phy-
sical content as a scale of accelerations in Y and Z axes. In 
addition, this result shows that if a connection between two 
transverse derivatives of the velocity vector module in two 
orthogonal directions as a scale of magnitude «c» and effect 
of the forces that connect other derivatives of coordinates in 
these directions with a scale of the same magnitude «c» are en-
sured in the path, then such path minimizes total travel time.

Thus, a transition was made that has reduced the number 
of variables to three while removing an explicit dependence 
on time but providing a minimum time when moving to a new  
position. The latter will allow us to use the video stream 
images only according to analysis of the terrain features [19] 
with taking no account of time in accordance with practical 
requirements [20].

Parameters should be adjusted using the c constant cho-
sen during design with taking into account the diagram of 
switching motors when maneuvering, the angle of inclination 
of propeller axles and the equations of constraints formed 
from (3). It is experimentally refined at the stage of run-
ning-in tests by calibrating spatial motion of the CUV and the 
equilibrium conditions described in detail, e. g. in [14–17].

5. Formation of control actions  
to complement the transformed model of the  

vehicle motion 

It was proved in [14–17] that thrust of one propeller 
takes the form:
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where CT is the thrust factor; ω, n, d are angular velocity, 
rotational frequency and propeller diameter, respectively. 
The thrust factor depends on design features of the propeller 
itself, its step and the flow striking angle. The propeller cha-
racteristics are significantly improved by the use of a nose 
cap. The total thrust:
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The total moment determined by the propeller thrust:
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where ri  is the radius vector that defines position of the 
force application point relative to the center of the connected 
coordinate system. The latter is equivalent to the moment 
created by different rotation speeds of pairs of diametrically 
opposed propellers:
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Control forces are created by motors, elevators, roll-pitch 
systems, stern cap, etc. The calculation algorithms are well 
described in [3–8] and are not the subject of this study.

The control forces and moments generated by propel-
lers can be calculated from formulas (4)–(6) taking into 
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account resulting angles of roll and pitch and equations of 
motion [14] or as recurrent sequences [8].

6. Formation of additional operations with membership 
functions and their properties

Examples of application of fuzzy rules to control of 
airborne crewless vehicles with four propellers have been 
demonstrated in [41]. At the same time, the choice of discrete 
values of membership functions in accordance with dynamic 
properties of vehicles and external influences remains an 
unresolved problem. Besides, formation of the membership 
functions themselves and their application in calculation of 
optimal effects is complicated because they are discontinuous 
and analytic functions. It is such a discrete representation 
being at first sight a simplification that leads to nonanalytical 
conclusions and growth of the volume of rules formed and re-
quires correction in formation of different types of rules [32].  
The latter justifies expediency of introducing a new set of 
elementary operations with fuzzy sets.

In connection with the above, introduce three operations 
with fuzzy sets.

Assume that the normal fuzzy sets A and B are set by ana-
lytic membership functions mА(х) and mВ(х) in the normalized 
space of real numbers in the range from 0 to 1, i. e. х∈[0,1].

Enter the operation of complement.
Definition 1. An operation denoted by inversion sign 

mАD(х) and calculated as mАD(х) = 1–mА(х) is called the com-
plement of the defined fuzzy set A and the membership func-
tion mА(х) of which is given in a numerical set in a normed 
space of real numbers in the interval х∈[0,1].

Enter the transformed union operation.
Definition 2. An operation conditionally denoted as 

mTAÈB(х) which is a complement to the algebraic product of 
complements mA(х) and mВ(х) is called the transformed union 
of the fuzzy sets A and B set by membership functions mА(х) 
аnd mВ(х) in the universal number set x, in the normed space 
of real numbers in the range х∈[0,1]. It can be denoted by 
the inversion of mАD(х)∙mВD(х), or calculated as mTAÈB(х) =  
= 1–mАD(х)∙mВD(х).

Theorem 1. If two normal fuzzy sets are set in the inter-
val of existence of a numerical set for which membership 
functions are specified analytically, then the complement to 
the algebraic product constructed for inversions has a lower 
limit which is the largest value selected from values of the 
membership functions.

Proving. As is known by definition for normal sets, ap-
plication of the complement operation at the point х∈[0,1]  
gives a segment from the ordinate of the value of the mem-
bership function to one which is 0 £ mAD(х) £ 1, 0 £ mВD(х) £ 1. 
Then, if mA(x*) ³ mB(x*) at an arbitrary point x*, then 
mAD(x*) £ mBD(x*) and mAD(x*) ∙mBD(x*) £ mBD(x*). In the op-
posite case, if mA(x*) £ mB(x*) at an arbitrary point x*, then 
mAD(x*) ³ mBD(x*) and mAD(x*) ∙ mBD(x*) £ mAD(x*). Thus, the 
segment equal to the product of complements is smaller than 
the smaller value in both cases and its supplement will then 
be greater than the greater of two values of the membership 
function at that point. Write the latter as:

TA B AD BD

A B A B

x x x

x x x x
È ( ) = − ( )⋅ ( ) =

= ( ) + ( ) − ( )⋅ ( )
m m m

m m m m

1
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Let us introduce the transformed operation of intersection.

Definition 3. An operation which is conventionally de-
noted by mТАÇB(х) and which is an algebraic product of mА(x) 
and mВ(х) or which is calculated as mТАÇB(х) = mА(x)∙mВ(х) is 
called the transformed intersection of fuzzy sets A and B de-
fined and specified as mА(х) and mВ(х) in the numerical set x 
in the normed space of real numbers in the interval of х∈[0,1].

Theorem 2. If two normal fuzzy sets are specified in the 
interval of existence of a numerical set for which membership 
functions are specified analytically, then the smallest value is 
the upper limit of the product mТАÇB(х).

Proving. Prove that the conventional operation of inter-
section yields the result that is the upper limit for the intro-
duced operation by definition 3. By conventional definition 
of the intersection operation,

mАÇB(х) = mА(x)ÇmВ(х) = min[mА(x); mВ(х)], 

then if mА(x*) £ mВ(x*) at an arbitrary point x*, then:

min[mА(x*); mВ(x*)] = mА(x*). 

By the introduced definition,

mТАÇB(x*) = mА(x*) ∙mВ(x*). 

From which always in the conditions of normality of 
fuzzy sets, since:

mВ(x*) £ 1, 

then

mТАÇB(x*) = mА(x*)∙mВ(x*) £ mА(x*) = mА(x*)ÇmВ(x*). 

Since in the case when mВ(x*) £ mА(x*) at an arbitrary 
point x*, the second multiplier of the product is less than or 
equal to one, the product is less than the least value, that is:

mТАÇB(x*) = mА(x*)∙mВ(x*) £ mB(x*) = mА(x*)ÇmВ(x*).

Thus, if analytic membership functions are applied, then 
operations with them form analytic membership functions as 
well. In addition, the intersection operation is defined as the 
upper limit of the operation by its new definition and if the 
normalization operation is additionally applied,

mТАÇB(x*) = mА(x*)∙mВ(x*)/sup(mА(x*)∙mВ(x*)), 

then the set will be normal.

7. Simulation of choice of the propeller axle rotation 
speed during the CUV motion and discussion of the 

results obtained

A quadrocopter contains four motors, so to realize control 
of such a vehicle, windings of all four motors should be powe-
red with amplified voltages i simultaneously coordinated by 
the microcontroller [41]. Since the minimum and maximum 
angular velocities are known as ratings for all motors, it is 
advisable to use four input parameters (acceleration, speed, 
displacement and lifting power) and four output parameters 
(speed of rotation of all four propellers). The propeller dia-
meter is chosen according to the nominal axle rotation speed, 
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n, which develops power N of the first propeller provided that 
the lifting force R and the weight mg are equal. The second 
propeller axle rotates in an opposite direction with the same 
(by modulus) speed. The plane of the third and fourth motor 
axles is oriented at an angle Θ varying from 60° to 90° and 
the angle of inclination to the vertical plane, XOY, is fixed 
(Ψ = 35.3125°). For these notations, the c constant will be 
determined as follows:

c
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and its value will belong to the interval of с∈[0.5, 2]  
at conditions and values of the Ψ∈[0°, 35.312°],  
Θ∈[30°, 90°] angles.

To simulate choice of the propeller axle rotation 
speed during the CUV motion, define the concept of 
membership functions.

Definition 4. The membership function the propel-
ler axle rotation speed to the range of values that can 
be realized by this motor has the form:

mi(x*) = (x*
i–nimin)/(nimax–nimin). 

Definition 5. The membership function of the pro-
peller axle rotation speed to the range of values that 
provide accelerated motion of the vehicle with mass m 
at acceleration ax in the direction of the X axis has the 
form: msx(x*,t) = max/Rx.

Definition 6. The membership function of the pro-
peller axle rotation speed to the range of values that 
will ensure an equilibrium value of the lift force, Ry, will 
look like msy(x*) = 1–Ry/mg.

Definition 7. The membership function of the pro-
peller shaft rotation speed to the range of values 
that will provide mechanical power N for economi-
cal consumption of electric energy  has the form: 
msηy(x*) = Ν/İŮ.

Data about CUV are given in Table 1 and influence 
of membership functions on the choice of the propeller 
axle rotation speed during the CUV motion is given in 
Table 2.

Columns 2–6 of Table 2 contain data on relative 
frequency of rotation and membership functions calcu-
lated from definitions 4–7:

– belonging of the propeller axle rotation speed to 
the values that can be realized by the motor, mi(ns/nmax);

– thrust which provides accelerated motion of the 
CUV according to ratings, msx(x*, t);

– lifting force which provides an excess of lifting 
force, msy(x*);

– the propeller axle rotation speed which provides 
mechanical power at an economic consumption of elec-
tric energy.

Column 7 of Table 2 contains values of the mem-
bership function, mn(ns/nmax) calculated by definition 3 
which makes it possible to find the best value of the 
membership function mn(ns/nmax) = 0.2114 and rela-
tive velocity ns/nmax = 0.9. These values simultaneously 

satisfy the demand for advantage according to the indica-
ted four signs (marked in bold). Such results undoubtedly 
demonstrate advantages of the new intersection operation. 

For analysis of influence of the с constant at various va-
lues of inclination angles, Θ and Ψ, of motor shafts, analogical 
calculations were performed. Their results are generalized in 
Table 3.

Table	1

Characteristics	of	the	CUV

No.
Mass, 
m, kg

Propeller 
diameter 

d, m

Minimum 
angle speed 
ωmin,, rad/s

Maximum 
angle speed 
ωmax,, rad/s

Rotor iner-
tia moment 

Ј, kgm2

Power 
N, W

1 3.2 0.2 100 300 1.2⋅10–4 50

Table	2

Influence	of	the	membership	functions	on	the	choice		
of	the	propeller	axle	rotation	speed	during	the	CUV	motion	

s
с = 2

ns/nmax mi(ns/nmax) msx(x*, t) msy(x*) msηy(x*) mn(ns/nmax)

1 0.55 0 0.891403594 0 0.3 0

2 0.6 0.07496252 0.932203799 0 0.33 0

3 0.65 0.14992504 0.960259111 0 0.43 0

4 0.7 0.22488756 0.978548858 0 0.6 0

5 0.75 0.29985007 0.989655121 0.125 0.7 0.026

6 0.8 0.37481259 0.995762737 0.28 0.88 0.092

7 0.85 0.44977511 0.998659304 0.445 0.89 0.1779

8 0.9 0.52473763 0.999735171 0.62 0.65 0.2114

9 0.95 0.59970015 0.999983448 0.805 0.35 0.169

10 1 0.67466267 1 1 0.2 0.1349

Table	3

Influence	of	design	parameters	of	propellers	on	speed	of	rotation	
of	their	axles	during	the	CUV	motion

No. Θ, deg. Ψ, deg. с mn(ns/nmax) ns/nmax

1 90 35.313 0.495284 0.2896 0.895

2 70 35.313 0.738054 0.2896 0.895

3 60 35.313 0.906597 0.2895 0.895

4 40 35.313 1.461445 0.2894 0.895

5 30 35.313 1.994753 0.2893 0.895

6 90 25.313 0.496515 0.2896 0.895

7 70 25.313 0.684171 0.2896 0.895

8 60 25.313 0.820499 0.2895 0.895

9 40 25.313 1.28279 0.2894 0.895

10 30 25.313 1.734821 0.2894 0.895

11 71 32.05 0.719693 0.2896 0.895

12 40 32.05 1.410461 0.2894 0.895



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774 4/4 ( 94 ) 2018

48

As the data in Table 3 show, values of the membership 
function and relative velocity practically do not vary and are 
independent of the magnitude of the c constant. In their turn, 
design constraints imposed on variation of the Θ and Ψ ang-
les enable narrowing of the range of choosing design values 
of the с constant c ∈[0.71, 1.41]. The latter reduces deviation 
of the Θ and Ψ angles during maneuvers and thus improves 
shooting conditions for the camera. As it was demonstrated 
by practical application of operations introduced by defini-
tions 1–3, analyticity of operator expressions in conditions of 
analyticity of membership functions themselves allows sim-
plification of the algorithm for calculating relative frequency. 
This is especially true in the problems of finding optimal 
time and formation of the motion path or as a solution of the 
strategic problem of optimization [12]. Thus, practical possi-
bility of simultaneous application of the theory of fuzzy sets 
and classical methods of analysis of problems of nonlinear 
dynamics was demonstrated.

8. Discussion of the results obtained in the study  
of applicability of methods of fuzzy sets and classical 

mathematical analysis

Simulation of choice of relative propeller axle rotation 
frequency ensuring spatial vehicle motion according to 
the transformed models [8] and by means of formation of 
membership functions for control actions according to the 
definitions 1–3 was performed. The results of choosing the 
propeller axle rotation speed at a coordinated pairwise motor 
actuation have demonstrated simplicity and stability of algo-
rithms. Under conditions of choice of the c∈[0,5, 2] constant, 
practically decoupled motions are realizable. For example, 
the Θ angle is practically unlimited (Θ∈[30°, 90°], Table 3) 
at a fixed Ψ = 35.312°.

Maximum speed of the vehicle, resolution and speed 
of the camera used for navigation form requirements to 
reduction of deviation of the Θ and Ψ angles. As a result 
of calculations, it can be seen that the range of choosing 
the c∈[0.5, 2] constant can be narrowed to the interval of 
c ∈[0.71, 1.41]. At such reduction, the design constraints for 
the range of change the Θ and Ψ angles become less tight (at 
Ψ∈[32°, 35°] the angle Θ∈[40°, 71°]). It is this nar rowing 
that improves working conditions of the cameras and de-
sign requirements to technical and economic indicators. 
Obviously, the opportunity that opens due to simultaneous 
minimization of time and separation of control of mutually 
orthogonal motions is an advantage and a positive result 

of the study. Besides, it should be noted that analyticity of 
the operators with which the transformed intersection and 
combination operations are specified and the properties of 
the chain rule of differentiation determines differentiation 
of the result of its action.

It should be noted that realization of the mentioned 
advantages of the new list of operations is achieved only in 
conditions of construction of membership functions as the 
only analytical expressions satisfying condition of continuity 
and differentiation. The latter is the main problem of further 
studies.

At the same time, it is a major obstacle, since the problem 
of finding a single universal expression of the law within the 
entire range of definition approaching the set of value points 
and absolutely precisely passes through individual points is 
the problem of agreement. In fact, it is a question of necessity 
of agreement of contradictions that cannot be agreed because 
of their nature.

In addition, analyticity of the membership functions will 
make it possible to use additional fuzzy descriptions of not 
fully described objects which in turn will enable statement of 
the problem of coordination and synthesis of control actions 
in simulation of functioning of individual mobile cybersys-
tem sections.

9. Conclusions

1. An algorithm of correcting parameters of an optimal 
path was constructed as a solution of the problem of mini-
mum time. It establishes conditions ensuring separation of 
motions and limitation of operation of motor drives through 
introduction of the (c∈[0.5, 2]) constant.

2. The formed control actions (forces and moments) to-
gether with the nonlinear hydrodynamic model of the CUV 
and the system of new operations and definitions of the mem-
bership functions make it possible to implement fast-acting 
algorithms of choosing the propeller axle rotation speed in  
a control with a feedback video communication and nar-
rowing the range of variation of the Θ and Ψ angles by means 
of a two-fold narrowing of the range of choice of the с con-
stant (c∈[0.71, 1.41] for modern navigation cameras).

3. The proposed new forms of operation with fuzzy sets 
defined in the normalized space in the range of real num-
bers [0, 1] are analytic and admit the operations of classical 
mathematical analysis in conditions of analyticity of the 
introduced membership functions (definitions (4)–(7)) in 
the range of [0, 1]. 
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