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Abstract

This book is devoted to unique developments in the field of computer mod-
eling of aerospace engineering. The book describes the original conceptual 
models of amphibious aircraft, ground-effect vehicles, hydrofoil vessels, 
from the idea to the full implementation. The developed models are pre-
sented with the design of passenger compartments and are actually ready 
for implementation in the aircraft industry. The originality of the concepts 
bases on biological prototypes, they are ergonomic, multifunctional and 
beautiful. The aerodynamic layout of prospective convertible land and 
ship-based aircrafts of vertical and short takeoff-landing is presented. The 
development of the original model of the unmanned aerial vehicle embod-
ied in the material is described; the results of full-scale experiments are 
presented. The technology of modeling aerospace simulators based on the 
virtual reality environment with technical vision devices is considered.

The book is intended for researchers and developers in the area of aero-
space industry, for aircraft designers and engineering students.
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Preface

In today’s world it is difficult to imagine a person’s life without business 
trips or travelling. Aircraft are often used for this purpose, which is not a 
surprise. The beauty of the surrounding dark blue sky and the clouds float-
ing below can hardly leave anyone indifferent at an altitude of ten thousand 
kilometers. Outside the window, the weather is not very changeable, while 
there may be a thunderstorm, rain or snow on the ground. Aviation attracts 
not only with high speed and speed of flights, it is used in many areas of 
daily life. Due to the high maneuverability, versatility, it can be used for 
civilian, military purposes, for rescue operations, and in extinguishing for-
est fires. It is for these purposes that amphibious aircraft are the most effec-
tive; they are also indispensable for search and rescue operations at sea. In 
many coastal countries, coastal hydroaviation is very important; in island 
countries it is simply irreplaceable. Therefore, the design of hydroaviation 
and amphibious aircraft remain relevant. 

The first Chapter of this book is devoted to the use of computer model-
ing in aircraft construction. The process of designing a conceptually new 
aircraft “Chiroptera” based on bionic forms is described. Also the con-
ceptual design of the new “Lotos” car is considered. When creating the 
concept of the car body design, bionic shape of lotus petals was used. For 
clarity, the scenes of toned three-dimensional models of simulated objects 
are rendered.

The second Chapter presents a three-dimensional modeling of existing 
amphibious aircraft Be-200, Be-103, as well as “Lapwing” concept, “Water 
Strider” ground-effect vehicle, and “Afalina” hydrofoil vessel. The process 
of designing passenger cabins of aircraft is described. The second Chapter 
also considers computer simulation of “Sesarma” autonomous mobile 
robotic system. The renderer is selected and the light sources are installed 
and the final scenes of realistic rendering are shown.

The third Chapter discusses the various types of aerodynamic lay-
outs and possible applications of modern and advanced convertible land 
and ship-based aircrafts of vertical and shortened takeoff and landing. 



xvi Preface

The concepts and requirements for convertible high-speed aircrafts with 
cryogenic, hybrid diesel-electric and turboprop power units are presented.

The fourth Chapter presents a conceptual model of a multifunctional 
amphibious aircraft. Brief technical characteristics, visual range and his-
torical aspects of the aircraft creation are presented. The prototype of the 
amphibious aircraft concept was “Consolidated PBY-5A Catalina”, a mod-
ification of the amphibious aircraft of the fifties. In addition to the use for 
travel and outdoor activities, this aircraft can be used in many other utili-
tarian purposes.

The fifth Chapter discusses the features of the formation of a mathemat-
ical model of an unmanned aerial vehicle with an elliptical wing. In order 
to create a mathematical model of object control, a number of full-scale 
models of the unmanned vehicle were created. The results of flight tests of 
large-scale models of the device are given, characteristic features of man-
agement are outlined. 

The sixth Chapter discusses the technology of planning and implemen-
tation of geometric support of simulator-modeling computer systems that 
operate on the basis of virtual reality. The basic elements of rational dis-
cretization of complex technical objects described by curves and surfaces 
are given. The software architecture of the simulator-modeling complex 
with channels of rendering of the virtual environment and technical vision 
is described.

Prof. Iftikhar B. Abbasov
Editor
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Computer Simulation in Aircraft

Iftikhar B. Abbasov*

Southern Federal University, Engineering Technological Academy,  

Department of Engineering Graphics and Computer Design,  

Taganrog, Russia

Abstract
The first chapter is devoted to the use of computer simulation in aircraft construc-
tion. The process of designing a conceptually new aircraft based on bionic forms is 
described. Presents search visual and graphical solutions of the developed model. 
Three-dimensional modeling of the structural parts of the aircraft was carried out 
according to draft designs. To simulate three-dimensional surfaces, the Koons 
method is used. The issues of solid-state modeling of a space rocket using the 
lofting method and the Be-200 amphibious aircraft were also considered. Also 
considered is the conceptual design of the new car. When creating the concept of a 
car body design, a bionic shape of lotus petals is used. Prototypes of car body con-
tours are designed as draft designs. For three-dimensional modeling of structural 
parts of the car, polygonal extrusion method was applied. A three-dimensional 
computer model of the developed car concept is presented. For clarity, scenes are 
presented rendering of shaded three-dimensional models of simulated objects.

Keywords: Conceptual model, flight of bats, three-dimensional modelling, 
aircraft, car, bionics

1.1 Simulation of Aircraft

To simulate a certain aircraft [1, 34], the graphic system of three-dimensional 
modeling Mechanical Desktop is used. In this system, it is possible to carry 
out modeling of both technical objects and elements of the interior or land-
scape. To create three-dimensional models, the following commands are  

Email: iftikhar_abbasov@mail.ru



2 Computer Modeling in the Aerospace Industry

used: _extrude_ (extrusion), _revolve_ (rotation), _sweep_ (bending) and 
_loft_ (lofting). The simplest and most obvious of the 3D commands is the 
_extrude_ command. To create a three-dimensional body, a profile sketch is 
extruded along the third axis for a distance equal to a given body thickness. 
The profile can be extruded in any direction or in two directions at once 
(the so-called extrusion from the middle plane). The transformation of the 
sketch into a three-dimensional model is carried out after some restrictions 
are imposed on it. The process of imposing restrictions includes creating a 
profile or imposing dimensional restrictions.

Creating a model consists of several stages:

- at the first stage, we determine the sequence of creation of 
structural parts and the corresponding methods for this;

- at the second stage we carry out the general assembly and 
completion of the device as a whole;

- at the third stage, to create a realistic model, we perform ton-
ing and final rendering of the model of the aircraft.

At the first stage, we will create an aircraft wing in the form of an oblique 
wedge surface. To do this, we draw profiles of the wing on the working 
planes, and the creation of the wing itself is carried out by the loft method 
(the method of supporting sections). In the three-dimensional mechanical 
modeling system Mechanical Desktop, the loft method is implemented using 
the _loft_ command. First we create two working planes and build wing pro-
files on them, then we translate each figure into a profile, that is, we impose 
restrictions. After selecting the _loft_ command, we indicate the wing pro-
files in succession to the request. We create the second wing using the mirror 
reflection of the built wing and place them along the future fuselage.

At the second stage, to create the fuselage, we again select the same 
method of support sections. In this case, the support sections can play the 
role of guide frames. The result of the construction of the fuselage support 
sections (four) with wings is presented in the form of a frame model in 
Fig. 1.1.

Using the _loft_ command, we build the fuselage surface, and to create 
a jet engine nozzle, we use the _extrude_ command using the subtraction 
method. Then, to create realistic scenes of a three-dimensional model, 
we assign textures and light sources. Next we select the background for 
the scene as a photograph of the Earth from orbit. The rendering scene 
is shown in Fig. 1.2. It should be noted that this scene can be modeled in 
other three-dimensional systems; however, this graphic system allows you 
to make the design documentation of the object. 
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1.2 Simulation of Rocket

Let’s create a solid model of a rocket using the lofting method [35, 36] in 
the AutoCAD graphic system. To use the loft method, you must create the 
initial path of the loft and the cross-section in the form of flat figures. In 
the top view, with the help of two-dimensional primitives, it is necessary 
to construct rocket cross-sectional figures; in the front view, the axis of 
the rocket height is constructed. Further, the cross-section figures will be 
mixed to the necessary heights, as in Fig. 1.3.

Z

X
Y

Fig. 1.1 The three-dimensional wireframe model aircraft.

Fig. 1.2 Scene of rendering of the aircraft from the Earth’s orbit.
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In the three-dimensional view, using the Solid\Loft command, the sec-
tion shapes in height are alternately selected, and the appropriate anti- 
aliasing mode is selected from the Loft Setting dialog box. Fig. 1.4 shows 
the rendering of a shaded model of a rocket created by the loft method 
against the background of the Earth.

Fig. 1.3 Plane figures for lofting.

Fig. 1.4 Rendering of a shaded solid model of a rocket.
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1.3 Modeling of Streamlined Surfaces

With the help of the graphic system Mechanical Desktop, you can model 
objects with streamlined surfaces. As such objects, their natural coun-
terparts are most often used, and in our case a streamlined underwa-
ter object in the form of a stingray (the so-called “black devil”) will be  
modeled [37].

To simulate the surface of the “black devil”, the method of creating sur-
faces with several generators was used (Fig. 1.5). In the three- dimensional 
system of Mechanical Desktop with the help of the _edgesurf_  command, 
you can build unusual surfaces defined by four generating objects.  
Segments, arcs, splines, and polylines can act as generators. By the com-
mand _edgesurf_ a polygonal network is created – the surface of Coons, 
i.e., surface defined by four faces.

The image of the stingray in the form of a flat spline was inscribed in the 
dimensional rectangle. Then a dimensional prism was created on the basis of 
a rectangle; the prism in turn was divided into smaller prisms. In accordance 
with the image of the stingray, three-dimensional splines were inscribed into 
these prisms. The body of the slope was divided into several sections, and the 
wings were mainly built on the whole three-dimensional splines. As a result, 
a complete object was created by connecting different fragments.

Further, material was assigned to create realistic scenes of a three- 
dimensional model, and light sources were adjusted. Blue chrome was 
chosen as the basis for the material of the surface of the stingray. Taking 
into account the specific environmental conditions, the main color, shad-
ows, color of reflection, smoothness of the surface, transparency were cor-
rected. For the reflected color and for the unevenness of the surface, an 
additional text. map from a separate image was used. After assigning the 
material, the background was selected as a photograph of an underwater 
landscape. The rendering scene is shown in Fig. 1.6. 

ZX

Y

Fig. 1.5 Three-dimensional wireframe model of “Black Devil”.
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1.4 Simulation of the Be-200 Amphibious Aircraft

The issues of three-dimensional modeling of the Be-200 amphibious air-
craft [2], developed by the Beriev Taganrog Aviation Scientific-Technical 
Complex are considered. AutoCAD graphical system is used for simula-
tion. The three-dimensional model of an amphibian can be created using 
solid modeling. This will require some source material in the form of 
dimensional drawings (Fig. 1.7) and photos of the object being modeled 
(Fig. 1.8).

To model the aircraft, we divide it into its component parts: fuselage 
(boat), wing, tail, engines, stabilizers. When modeling, the loft method is 

Fig. 1.6 Rendering of scene with the “Black Devil”.

Z

X
Y

Fig. 1.7 Flat boat shapes based on drawings.
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mainly used. For technological reasons, this is the most suitable method 
used in both aircraft manufacturing and shipbuilding. Fuselage frames are 
used as flat sections; the accuracy of the model will depend on their number.

Flat sections can be built on the basis of the spline, and it is necessary 
to distribute them along the length of the boat. The wing and the tail sec-
tion are constructed in a similar way. Engines and stabilizers are created by 
rotating out of a polyline. Fig. 1.9 shows the result of modeling the struc-
tural parts of an amphibian based on the original flat forms. 

Fig. 1.10 presents a theoretical drawing of an amphibian aircraft, which 
was automatically built on the basis of the parametric model created. For 

Fig. 1.8 Takeoff of the amphibious aircraft Be-200 from the water.

ZX

Y

Fig. 1.9 Structural parts of an amphibious aircraft.
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the development of this design document the graphic system Mechanical 
Desktop (Autodesk Inventor) was used, which is a three-dimensional 
add-on of the AutoCAD system.

Fig. 1.11 shows a solid model of an amphibian in the Realistic display 
mode. Fig. 1.12 presents the rendering of the scene of the amphibian. 

3200

8
9

0
0

1
0

 1
0

0

32 700

Z

X

Y

Z

X Y

Fig. 1.10 Theoretical drawing based on parametrical model.

Fig. 1.11 Solid shaded amphibian model. 
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1.5 Conceptual Model of Aircraft “Chiroptera”

Day by day, the necessity of visual demonstration of industrial products 
under development in different spheres of human activity has been increas-
ing. It is justified from an economic point of view. State-of-the-art technolo-
gies of computer modeling and designing enable us to achieve results which 
engineers could not even dream of a couple of decades ago [3].

Issues of aircraft state-of-the-art technologies of computer modeling 
and design application are actual. Let’s consider some of the modern lit-
erature references in this sphere. The article [4] describes specific features 
of modern software tools implementation for design objectives. New soft-
ware possibilities of aircraft structure development are described. 

The article [5] is concerned with aircraft conceptual design where birds 
wing aerodynamic properties are taken into account. In papers [6, 7] the 
design of economical-to-operate passenger aircraft issues are considered. 

The article [8] is concerned with conceptual design of passenger tail-
less airplane. Different aerodynamic configurations are presented and ana-
lyzed. In the paper [9] the conceptual design properties of new generation 
supersonic aircraft with original arrangement of landing gears and fuel 
tank are given. 

This paper is concerned with 3D computer modeling of new aircraft 
concept. For aircraft modeling the Koons surfaces method (or Edge Mesh) 
is used. This method enables the creation of curvilinear streamlined sur-
faces based on four closed arbitrary 3D splines. Based on analysis of air 

Fig. 1.12 Rendering of a scene from an amphibian aircraft. 
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environment natural forms renfering imagery, the aerodynamic charac-
teristics of the only flying mammals – chiroptera seemed to be attractive. 
Skin stretched between their fingers looks like Koons surfaces built per 
Edge Mesh. 

Wing-handed animals (Chiroptera) – from Greek language χείρ – cheir 
(hand), πτερόν –  pteron (wing) [10]. Chiroptera is the only placental 
mammal able for active flight. They are divided into two suborders: fruit 
bats and bats. They are widely spread geographically (except tundra and 
polar regions). Their main way of travel is a flapping flight. It enables 
them to use biological resources inaccessible for other mammals. In 
general, chiroptera feed on insects, small vertebrata, fish and fruits as 
well. They are active in evening shades and nights; in daylight time they 
hide in different shelters. That’s why in many cultures chiroptera, espe-
cially bats, have a bad reputation and are associated with evil magic and 
witchcraft.

Speed of their flight depends on wing shape [11]. Relatively high speeds 
are typical for lunkers who have long arrow-headed wings. Flapping flight 
for chiropteras is typical but some representatives use hovering and gliding 
flight. In flight at high speeds the birds can change their wings’ length and 
square and chiropteras can’t bend wing without all membrane releasing. 
However, in contrast to birds they can freely change wing profile outline.

In the history of world aviation the first attempts to create aircraft were 
connected with imitation of bird flight. The first time aircraft with a wing 
like bats was created was by French engineer Clément Ader (1841–1925) 
[12]. His aerostatic machine was a tailless monoplane without vertical 
fin. Fuselage and wing frames were manufactured of bamboo silk-fabric 
covered. The aircraft was equipped with two pusher propellers with four 
blades, each of which was fitted with a steam engine. He called his air-
craft “Eole” in honor of the ancient Greek Olympian Eolus (Fig. 1.13). In 
October 1890, Ader tried to fly on Eole, which took off and flew about 50 m.  

Fig. 1.13 Aircraft K. Adère “Eole” [10].
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However, because of the absence of lateral controls he failed to perform 
a full flight. But it was the first self-moving flight in history, carried out 
13 years’ prior to the Wright brothers’ flight.

Aircraft conceptual development starts from the creative search stage: 
choice of style, composite approach, sketch creation, future model draw 
[13, 14]. In Fig. 1.14 the sketches of natural bionic forms and variants of 
creative search are shown. High-speed aircraft is assumed to be modeled 
and therefore as a final variant the construction with extended arrow-
headed wing was chosen (Fig. 1.15, left side).

Further, the chosen sketch is modified based on aerodynamic operat-
ing characteristics and ergonomic requirements. After that the stage of 
3D modeling based on detailed design takes place. In this work, graphic 

Fig. 1.14 Variant of creative search.

Fig. 1.15 Original plane forms of aircraft surface.
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modeling system AutoCAD will be used. Nowadays there are a fair num-
ber of 3D modeling graphic systems and CAD system. Graphic system 
AutoCAD enables not only the creation of correct drawings, it can also 
carry out 3D surface, solid modeling and create realistic rendering. It 
should be noted that the author has considered the issues of amphibian 
aircraft 3D computer modeling in his papers [15, 38]. In the paper [38] the 
issues of amphibian aircraft conceptual design based on bionic forms were 
described.

To apply Koons method it is necessary to build overall 3D box [16]. 3D 
box is constructed by means of rectangle extrusion to some height. On 
each side edge of 3D box the curvelinear spline per closed loop is con-
structed (Fig. 1.15, right side, below). With the help of command Edge 
Mesh the constructed splines are pointed step by step, resulting in a 
smoothed curved surface.

While creating aircraft it is necessary to analyze the commands of 
surface modeling available as well as possibilities to design components 
of the object under modeling. We decompose aircraft (based on air-
frame axis): airframe upper and lower surface, vertical fin surface and 
engine surface. For better aerodynamic properties the aircraft airframe 
should be streamlined and for its creation the method of Edge Mesh 
will be used. Tail unit and engine nozzles can be created with command 
Ruled Mesh.

With the help of 3D box, the half of streamlined body along its axis is 
created. To create a triangle outline of the body upper part it is necessary 
to shift one of the closed spline peaks inside 3D box. Using Mirror tool, the 
wing splines mirrored copies are constructed. Original flatness for tail unit 
and nozzle is constructed in the form of polylines and a spline. The result 
of preparatory work to create aircraft surface in the form of flat splines and 
polylines is shown in Fig. 1.15.

Prior to performing 3D modeling let’s consider design features of the 
aircraft model under development. Aircraft aerodynamic configuration 
pertains to “flying wing” type (without fuselage). As for arrangement, 
it is a monoplane; wing geometry in plan view is a variety of delta wing 
“ogival” type [17, 18]. Nowadays monoplane configuration with different 
wing arrangement is usually used. Delta wing is used mostly for super-
sonic aircraft. In comparison with straight wings they have a drag at cruise 
mode and are able to use wing inner volumes more effectively. Aircraft has 
no horizontal tail (tailless); vertical tail is a twin-finned one. Power plant 
consists of two turbojet engines located in vertical stabilizer section of the 
body. Landing gear configuration is supposed to be tricycle nose wheel 
landing gear.
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In order to create aircraft 3D surface, the body’s left and right parts are 
generated step by step with the help of Edge Mesh command. With the 
help of command Ruled Mesh the tail part and engines nozzles are created. 
The result of generation in three orthogonal and isometric projections is 
presented in Fig. 1.16. If necessary the body’s original plane figures can be 
corrected for aircraft aerodynamic characteristics. 

Further, in order to create accurate rendering scene it is necessary to 
assign the materials and determine lighting. The work with materials 
consists of two stages: adding (creating) new materials to drawing and 
material binding to scene objects. Creation of appropriate materials 
is an important part of shading process because the final result con-
siderably depends on this. The material, in its turn, interrelates with 
lighting; object color affects specular reflection. In AutoCAD graphic 
system there is a big choice of materials; they can be edited or new ones 
created [16]. 

Notwithstanding that 3D models are more accurate than 2D ones they 
don’t look natural; they lack real colors, shadows, lighting. Shading enables 
us to generate an accurate image of a 3D scene based on different optical 
effects. In Fig. 1.17 rendering scenes of aircraft “Chiroptera,” shaded sur-
faces during cruising flight and target run are shown (Fig. 1.18). Design 
documentation can be also created in graphic system AutoCAD based on 
3D model developed.

In conclusion it can be noted that in this paper the issues of new aircraft 
3D modeling concept from creative sketches to accurate rendering were 
considered.

Z
XY

Fig. 1.16 3D surface model of aircraft in projections.



14 Computer Modeling in the Aerospace Industry

1.6 Conceptual Design of “Lotos” Motorcar

Today there are a lot of automotive giants in the world that produce new 
ranges of transportation with new technologies and possibilities each 
year. The companies embody the best solutions proposed by the design-
ers. Design is the very beginning in the modern automotive industry. Each 

Fig. 1.17 Rendering of “Chiroptera” aircraft conceptual model (cruising model).

Fig. 1.18 Rendering of “Chiroptera” aircraft conceptual model (target run).
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part of the car – from symbol to steering wheel – is carefully designed 
in the creative hands of the designers. It is body concept that gives birth 
to internal characteristics of the vehicle. The vehicle’s outlook defines its 
“character”.

Among the existing works on conceptual design we would like to note 
the articles [19, 20]. These works examine the importance of the sketch-
ing stage in the process of conceptual design of vehicles. Article [21] is 
dedicated to motorcar conceptual design; the stages of sketching, three- 
dimensional computer-aided modeling and final rendering of the scene are 
provided. The issues of initial stage of conceptual designing are described 
in detail in the book [22]. Provided there is the methodological basis of 
idea generation stage and determination of initial requirements for future 
structure.

This work is dedicated to three-dimensional computer-aided modeling 
of new vehicle concept. It should be noted that the issues of computer-aided 
modeling of airborne transportation means were reviewed by the authors 
in the works [15, 23]. The work [23] proposes conceptual visual-graphical 
solutions of new aircraft on the basis of bionic forms analysis.

The process of conceptual designing and modeling of transportation 
means takes several stages. At the first stage the sketch is created and a 
future model general view is drawn: composition solution; proportion of 
component parts relative to each other; main stylistic solutions. The con-
cept of future prototype is chosen on the basis of analysis of natural forms 
visualization.

The concept of developed model design was determined by the lotus 
flower. Lotus (lat. nelumbo) refers to the kind of dicotyledonous plants, 
the only representative of the Nelumbonaceae family [24, 25]. Considering 
that the car design was inspired by this nice flower, the vehicle’s outlook 
reveals the bionic form of lotus petals. In the culture of many ancient civ-
ilizations lotus signified immortality and the Divine, regeneration and the 
Sun, exhaustless energy and spiritual power.

When we talk about the automotive industry, people have different 
associations; for some people cars are quick, for other people they are 
compact, and for yet others they are spacious. But the first and basic 
thing is the company and its mark that is directly associated with the car. 
If we think about such trademarks as Lamborghini and Ferrari, we imag-
ine their symbols at once in the form of a bull for the first and a horse for 
the second, and both animals are depicted in rather dynamic aspects. The 
success of many companies depends much upon the good quality design 
that predetermines the success due to recognition. Fig. 1.19 provides the 
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sketches of initial bionic forms and variants of creative quest of graphical 
symbol.

Many modern car makers have series with special characteristics. We 
are interested in series of fast high-performance cars that are powerful 
and graceful, such as: Maserati Quattroporte, Audi A7, BMW 5-series, 
Jaguar XF, Lexus LS [26]. These very models are close to “Lotos” model by 
ideology.

At the next stage the model is drawn with reference to man’s biometric 
parameters considering the requirements of ergonomics. Fig. 1.20 shows 

Fig. 1.19 Creative quest.

Fig. 1.20 Final variant of vehicle sketsh.
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the final variant of future model sketch. Then the stage of modeling on 
the basis of the sketch project begins [27, 28]. In this work the graphical 
system of three-dimensional modeling 3ds Max will be used for modeling. 
3ds Max graphical system is a flexible and multiplex software product that 
provides the user with a wide scope of operations [29].

Polygonal extrusion method is used for car model creation. Ortho
graphic schematic drawings of conceptual model are located on projecting 
planes, as in Fig. 1.21. Object surface is created according to the car body 
projection.

Initially all component parts of the model are faceted (Fig. 1.21). The 
abilities of 3ds Max graphical system allow smoothing faceted objects 
by various methods. One of the variants is the application of smoothing 
method NURMS (Non-Uniform Rational Mesh Smooth). When car struc-
tural parts are constructed, the smoothing of polygons surfaces is per-
formed (Fig. 1.22).

The next step of designing is shading and rendering of constructed 
three-dimensional model. The process of material assigning to separate 
structural parts of the vehicle is made on the level of polygons. When the 
operations are fulfilled, one can obtain a finished model for further ren-
dering via realistic models of lighting. Integrated V-Ray module is used for 

Fig. 1.21 Construction of body 3D model on the base of sketches.
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Fig. 1.22 Three-dimensional smoothed surface of body.

Fig. 1.23 Rendering of “Lotos” conceptual model.

Fig. 1.24 Rendering of “Lotos” conceptual model.
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rendering. Fig. 1.23 and Fig. 1.24 show final rendering scenes of shaded 
conceptual model of “Lotos” motorcar [30, 31].

Manufacturing of items and objects in our environment starts with 
the development of concept, prototype creation [32, 33]. In the result of 
modeling we can say that the concept of “Lotos” with the help of mod-
ern modeling systems was realized, starting from sketches to realistic 
rendering.
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Abstract
The second chapter presents 3D computational modeling of amphibious aircrafts 
Be-200, Be-103. Hereby the process of amphibious aircraft components phased 
modeling is presented. Examines issues regarding computational modeling of 
multipurpose passenger amphibian aircrafts Be-200, “Lapwing” cabin interior. 
Here different concepts of cabin layout are introduced: economy variant; com-
fortable layout; with coupe-type seating; corporate variant with berths. Objects 
interior is designed on the basis of ergonomic principles. For cabin computational 
modeling the 3ds Max graphic system is used. Objects modeling is carried out by 
means of Spline Extrude, Polygon Extrude methods. In course of scenes shading, 
the materials assignment is performed at the level of sub-objects. Scenes of realis-
tic rendering of various aircraft cabin layouts are introduced.

This is dedicated to computational modeling of the conceptually new amphib-
ious aircraft “Lapwing”. Based on the analysis of bionical forms of operational 
medium, the visual and graphical solutions of the developed model are provided. 
Sketch drawings considering the requirements of ergonomics are provided; 
a sketch of amphibious aircraft 3D model is created. Based on sketch projects 
the stage-by-stage 3D modeling of amphibious aircraft structural parts was 
performed.

This chapter is devoted to computer modeling of conceptually new ekranoplan 
“Water Strider” and design of its passenger salon, from the sketch to ready model. 
In the works features of this type of transport are noted and a review of the cur-
rent state of the market of small-size ekranoplan of different function is made. 
Publications concerning a research and model operation of the vessels using 
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wing-in-ground effect during flight are described. The concept of a new ekrano-
plan on the basis of a biological prototype from the operation environment is 
offered; visual and graphic solutions of the developed model are provided. Outline 
drawings, the key operational parameters of an ekranoplan are presented, and a 
stage-by-stage three-dimensional model of design parts of the vessel is carried out. 
Explicitly, stages of modeling of a passenger seat, creation and assignment of mate-
rials when shading a scene are considered, characteristics of sources of lighting, 
feature of rendering process are specified. The final scenes of realistic rendering 
are presented: rise of an ekranoplan, an interior of passenger salon, the coastal 
landing module for an ekranoplan.

A prototype hydrofoil “Afalina” was developed; the main features of this type of 
vessel and their multifunctionality are described; the design process is presented 
starting from the concept to the final rendering of the finished model.

This chapter is dedicated to computer modeling of the autonomous mobile 
robotic system “Sesarma”. The review of publications and analogues is performed; 
the structure diagram and design of the developed robotic system are presented. 
The search for robot body concept is carried out, the process of setting and assign-
ment of materials based on polygonal model elements is described. Renderer is 
selected and light sources are installed, and final scenes of scene rendering with 
robot are shown. 

Keywords: Computer modeling, amphibious aircraft, ekranoplan, hydrofoil, 
bionics, mobile robot, ergonomics, cabin interior

2.1 From the History of World Civil Aviation

2.1.1 Introduction

Civil aviation has been developing at a high pace. Aircraft, unlike the other 
means of transportation, allow their passengers to save time when cover-
ing any distance. In Russia, with its vast distances between the business 
and cultural centers, civil aviation plays an exclusive role. Its condition has 
significant influence on economic efficiency.

It should be noted that the rivers and lakes in Russia have traditionally 
been of special importance, not only as transportation routes, but also as 
the routes of public settlement and development of new territories. Nearly 
all the big cities are built on river banks. With this amount of water areas 
available, it is most reasonable to use them as a transportation network.

Little by little the development of civil aviation reduced the necessity of 
passenger transportation by water. And yet we still have inhabited areas 
reachable solely by waterways. This is where hydroaviation comes to the 
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aid of the people. As for the hydroplane, its application is limited by the 
water area, while the amphibious aircraft can be operated both from the 
water area and the earth.

It was historically predetermined that the hydroaviation development 
and application concept in Russia and in most developed countries would 
diverge from mainstream aviation. Industrially developed regions with their 
vast airfield infrastructure do not require the application of water-based flying 
vehicles or amphibians. They are more expensive and complicated in terms 
of operation and maintenance. In many countries, hydroaviation is mostly 
used as an exotic means of transportation for the purpose of tourism and 
recreation. Due to this, hydroplanes, amphibious aircraft and wing-in-ground 
effect vehicles constitute an insignificant part of the world aviation fleet.

As of today, many aviation companies deal with the development of 
hydroplanes. Major among them are Canada’s Canadair, Japan’s Shin Meiwa, 
China’s Harbin Hafei Airbus and the Beriev Aircraft Company, Russia. The 
Beriev Aircraft Company has a 70-year experience in hydroplane develop-
ment and deservedly occupies the leading position in world hydroaviation. 

This paper briefly describes the history of hydroplane development by 
the Beriev Aircraft Company. Further, it reviews the issues of 3D computer 
modeling of amphibious aircraft Bе-200 and Bе-103, introducing the main 
stages of 3D computer modeling. The paper reviews their structural pecu-
liarities and describes the amphibious aircraft major parts modeling pro-
cess using different methods. Shading and material assignment are done at 
the sub-object level. The paper represents also the realistic rendering of the 
amphibious aircraft 3D models.

2.1.2 Historical Stages of Hydroaviation Development 
by the Beriev Aircraft Company

In 1920 the Soviet state, despite the civil war, created seadromes and sea 
aviation schools in Peterhof, Nizhni Novgorod, Samara, Nikolaev and 
Odessa. The following home-made aircraft were created: МR-1, RОМ-1, 
МR-5, POМ-1, TB-1а, MDR-3, MBR-2, КОR-1. The basic seaplanes МMR-
317, МDR-301, КОRР-3, Che-2, МТB-2, and others made an important 
contribution during the Great Patriotic War [1].

Soviet hydroaviation was greatly influenced by the famous aircraft 
designer А.N. Tupolev. Along with the development of land-based aircraft, 
he conducted activities on the creation of hydroplanes: АNT-8; АNT-22, 
АNТ-27. The last hydroplane designed by Tupolev Design Bureau was the 
sea flying boat АNТ-44 (tested in 1937). 
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In 1934 Central Design Bureau of Seaplanes Manufacturing headed by 
Georgy M. Beriev as the Chief Designer was set up in Taganrog at the avi-
ation plant facilities [2]. The Design Bureau started its activity with the 
serial production of hydroplane МBR-2. Both cargo and passenger ver-
sions were constructed: МP-1 and МP-1Т. These aircraft became the basic 
representatives of sea aviation in Russia.

After the liberation of Taganrog from the German troops, hydroplane 
construction was resumed. In 1944 hydroplane LL-143 was put into pro-
duction, in 1946 long-range hydroplane Be-6 (Fig. 2.1.1) was developed 
[3]. In 1948 light amphibian Be-8 was developed, constructed and under-
went flight testing (Fig. 2.1.2).

The development of jet aviation raised the issue of constructing an air-
craft with turbo-jet engines, and such an aircraft was developed in 1952. Jet 
flying boat R-1 (Fig. 2.1.3) got off the ground for the first time that year [4].

Fig. 2.1.1 Hydroplane Bе-6.

Fig. 2.1.2 Light amphibian Be-8.
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In 1961 an aircraft with turbo-jet engines, Bе-10, was represented (Fig. 
2.1.4). This hydroplane made a sensation in the world. It set up 12 world 
records including the speed record of 912 km/h.

In 1960 hydroplane Bе-12 (Fig. 2.1.5) passed the tests, and was put into 
serial production later, in 1963 (the Chief Designer was A.K. Konstantinov). 
The amphibious aircraft А-40 “Albatross” (Fig. 2.1.6) made its maiden 
flight in 1986. This is the world’s largest amphibious aircraft distinguished 
by unique flight performance and seaworthiness characteristics; it set up 
144 world records. 

In 1989 Beriev Design Bureau started working (the Chief Designer was 
G.S. Panatov) on the creation of multipurpose amphibious aircraft Bе-200 

Fig. 2.1.3 Jet flying boat R-1.

Fig. 2.1.4 Flying boat Bе-10.
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(Fig. 2.1.7). The experience of А-40 hydroplane development was widely 
used in its designing. Bе-200 prototype made its first flight in 1998 [5]. In 
June 1999, it was exhibited at Le Bourget air show [2].

Externally Bе-200 resembles the scaled-down А-40 (the length and the 
wing span are 25% less, the takeoff mass is twice smaller). The amphibian 
operation is not limited to the high-class airfields, which makes it irre-
placeable in the Far North, Siberia and the Far East regions. The basic func-
tionality of Bе-200 is forest fire-fighting. 

Fig. 2.1.5 Flying boat Bе-12.

Fig. 2.1.6 Amphibious aircraft А-40 “Albatross”.
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In 1998, after passing the tests, the light amphibious aircraft Be-103 (Fig. 
2.1.8), intended for the transportation of 5-6 persons, was represented. The 
aircraft is distinguished by an uncommon, for this class of aircraft, layout: 
monoplane with a low-mounted water-displacing and hydroplaning wing. 
The aircraft is designed for short air routes in coastal and island states. 

To date, a number of modifications of this new amphibian have been 
developed in addition to the basic passenger version. Bе-103 can be used 
for passengers, mail and small-cargo transportation, fire-fighting surveil-
lance, patrol and ecologic monitoring of water areas, rendering first medi-
cal aid, and search-and-rescue operations.

Fig. 2.1.7 Amphibious aircraft Be-200 takeoff from shallow water surface.

Fig. 2.1.8 Amphibious aircraft Bе-103.
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2.2 Computational Modeling of Multipurpose 
Amphibious Aircraft Be-200

2.2.1 Introduction

Day by day the necessity for visual images of projected industrial prod-
ucts in different spheres of human activity increases. From the economical 
point of view it is justified. State-of-the-art technologies of computational 
modeling and design enable the achievement of results which engineers 
could not even dream of just 20 years ago [6]. 

Application of modeling state-of-the-art technologies for aircraft 
designing is of interest at this time. Let’s scrutinize certain current articles 
dedicated to the computer modeling of airplanes. In the paper [7] the issue 
regarding high-precision software tools implementation for design pro-
cess optimization is considered. Capabilities of new software when aircraft 
structure designing are described. 

The paper [8] is dedicated to aerodynamic configuration of hypersonic 
transport conceptual design based on multipurpose optimization of struc-
ture. In papers [9, 10] the issues regarding cost-effective subsonic pas-
senger aircraft development are considered. The paper [11] is dedicated 
to conceptual design of aircraft where bird wings aerodynamic quality is 
taken into account. 

In the paper [12] the development of wing geometry design based on its 
flexibility and effective aerodynamic load is carried out. Here, the effect of 
different materials on the wing structure stiffness is described. The issues 
of airplane designing based on the conic lofting-based software are investi-
gated in the article [13], which performed the design of the wing geometry 
and examined its aerodynamic properties. 

Software for parameter designing of the airplane aerodynamic surfaces 
is introduced in the article [14]. The streamlined and curved structural 
members are generated on the basis of surfaces NURBS. The feasibilities 
of special software for designing of different airplane configuration are set 
forth in article [15]. The proposed configuration design tool could be espe-
cially efficient when automation, flexibility and rapid changes of geometry 
are required in a short time and with low computational resources.

It is to be noted that in the past decades the necessity for emergency- 
rescue aviation appeared. In conditions of natural disaster, technogenic 
catastrophes it is impossible to manage without aviation emergency sup-
port. Along with land-based aviation, amphibious aircraft are used with 
increasing frequency. As an example we can provide fire sea planes [1], 
which are essential during the extinguishing of huge forest areas. 
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This paper is dedicated to computer-based 3D modeling of amphibious 
aircraft Be-200 developed by Beriev Aircraft Company (Fig. 2.1.7). The 
Be-200 aircraft design process was started in 1990 on the basis of amphibi-
ous aircraft А-40 “Albatross”. Be-200 differs from it with less size. the proj-
ect was introduced for the first time in 1991 during the Paris aerospace 
exhibition.

Amphibious aircraft Be-200 configurations are as follows: firefighting, 
passenger and cargo transportation. A fire aircraft is equipped with water 
tanks with total capacity of 12 m3, the filling of which is carried out in 
gliding mode over water surface by means of water scoops located behind 
the boat step [2].

The tanks’ lower portions are provided with automatically opening 
doors to drop water. With takeoff weight 37 200 kg the aircraft is capable of 
carrying up to 12 000 kg of water to a fire located at a distance of 100 km 
from the airdrome and 10 km from the basin. Amphibious aircraft Be-200 
wing span is 32.78 m, length 32.05 m, height 8.9 m, fuselage maximum 
diameter 2.86 m, air crew 2 persons. Maximum cruise speed at altitude 
8000 m is 710 km/h, distance of takeoff from water is 1000 m. 

2.2.2 Modeling Methods and Stages

Currently there are a fair number of 3D modeling graphic systems and 
CAD system. For amphibious aircraft modeling we will use 3D modeling 
graphic system 3ds Max. Along with many 3D modeling graphic systems 
3ds Max practically enables to develop designs of any complexity. Graphic 
system 3ds Max is a versatile software product. It cooperates with many 
engineering applications providing a wide work scope for the designer 
[16].

In order to start the work, initial data like drawings, figures, layout pro-
jections of the object under modeling are required (Fig. 2.2.1). Further, 
three mutually perpendicular planes are created in graphic system 3ds Max 
with projection images on them (Fig. 2.2.2) [17]. 

To develop 3D model there are some methods, one of which is a polygo-
nal extrude. In 3ds Max graphic system polygonal modeling has a number 
of special features. For more precise modeling of fuselage (boat) lines we 
mentally split fuselage along fore-and-aft axis. Sections received are placed 
in scene according to drawing (Fig. 2.2.3).

Graphics-oriented system 3ds Max contains various types of editable 
objects; among these is Editable Poly. This object includes the following 
sub-objects: vertex; segment; border; polygon; element. Polygon sub-object 
level is chosen for application of Extrude method. The content of the 
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method is in a consequential extruding of the selected polygons longwise 
of their own standard part. Besides, to make work easier, one can be car-
ried out with one half along fore-and-aft axis of the future object (in our 
case it is the right half, and the left one will be automatically built at the 
final stage) [18]. 

The number of polygons should remain constant over the whole model; 
thus the work starts from cylindrical work with a definite number of 
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Fig. 2.2.1 Orthogonal projections of amphibious aircraft Be-200.

Fig. 2.2.2 Construction of mutually perpendicular planes.
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segments. Fuselage extruding on the basis of supporting sections is shown 
in Fig. 2.2.4. Upon application of the command Extrude the obtained 
increment of basic object should edit manually taking into account the 
orthography contours. Hand finishing is to be carried out at the level of 
vertex sub-object, because this is a time-consuming process and requires 

(a)

(b)

(c)

Fig. 2.2.3 Supporting sections arrangement of fuselage.

Fig. 2.2.4 Sequential polygonal extrude of fuselage.
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constant coordination of all planes simultaneously. Gradual wing surface 
extrusion is shown in Fig. 2.2.5.

All model components are created similarly: engine body, tail unit, sta-
bilizer’s float (Fig. 2.2.6). Further, the mirror image reproduction of the 
constructed model half is performed with use of command Symmetry 
taken from a list of accessible modifiers. The detailed final working out 
of airplane structure is carried out at the final stage [19, 20], the result of 
simulation is given in Fig. 2.2.7.

1. 2. 3.

4. 5.

Fig. 2.2.5 Gradual wing surface extrusion.

Fig. 2.2.6 Sequential polygonal extrude of engine and stabilizers shaping.
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2.2.3 Shading of 3D Model

Objects surrounding us have essential properties, which identify their 
appearance. To get the actual photographic images in graphics-oriented 
system 3ds Max the choice of material and customization of its main prop-
erties are to be the defining ones. Hereafter, for the sake of rendering, the 
V-RAY rendering unit will be used. It’s stipulated with use of materials 
VRayMtl type. 

Window of Editor Materials VRayMtl differs from the standard one. 
Let’s scrutinize the possibilities of this edit program in terms of creation of 
the fuselage surface material. One of the significant material parameters is 
its main color (diffusive color); here the body color is white. Under the icon 
Diffuse there is a window Reflect, which is responsible for the reflection 
properties of the material chosen. Black means that material is nonreflec-
tive, whereas white means the full reflection. In this case to create the effect 
of the painted glossy finish it’s required that the degree of surface reflection 
would depend on the review angle (Fresnel effect). The Falloff procedural 
is used to receive the same (Fig. 2.2.8). 

Reflection glossiness parameter affects the material accurateness as 
well. During change of reflection glossiness parameter value from 1.0 to 
0.9 and reflections become fuzzy (Fig. 2.2.9). The same effect permits the 
creation on the surface of very small noise of finish in the form of inequal-
ity, scratches. 

Fig. 2.2.7 3D model of amphibious aircraft Be-200 assembly.
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2.2.4 Rendering of 3D Model

The important detail of any scene is lighting. In general, in almost all 
scenes one of two types of lighting is used – natural and artificial. The best 
way to create natural lighting is to use lights radiating one-way parallel 
rays of light. This type of lighting can be created through directional light. 
Generally, artificial lighting is created by means of few lights with low 
intensity. 

Scene objects can be rendered with different degrees of precision. In 
graphic system 3ds Max several layout engines are used: for objects view in 
viewport, for materials sketches view and for finite picture getting. These 
engines enable to find trading time for quality. Graphic system 3ds Max 
has a module for rendering but the capabilities of standard visualizer do 
not provide a real picture. Module V-RAY was used for rendering of this 
work. Its high possibilities enable the receiving of a more precision picture.

Fig. 2.2.8 Use of falloff procedural card for reflect parameter.

Fig. 2.2.9 Fuselage material in the window Editor Materials.
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(a)

(b)

(c)

Fig. 2.2.10 Rendering of shaded amphibious aircraft Be-200 model.
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The principle of V-RAY work is in indirect illumination; it’s related to 
the algorithm of modern rendering modules. Indirect illumination is an 
object’s lighting only by diffusely reflected light from other objects without 
a direct one from the direct light source. For receiving of further actual 
photographic images, the scene along with airplane model was created 
and set in a certain manner. On renderings the illusion is created that 
the airplane is in the dark hangar with spotlight lighting on the ceiling  
(Fig. 2.2.10, (a), (b), (c)). This result was received due to the installation of 
several light sources V-RAY Light above the model. Daylight is missing in 
the scene, but the indirect illumination algorithm permits the avoidance of 
the dark areas of the image without usage of additional illumination of the 
model underneath.

2.2.5 Conclusion

It will be noted that in this modeling the possibilities of the current 3D 
simulation graphic system were used. Modeling methods used in the cre-
ation of 3D objects are to be the well-known ones. The described method 
is not considered to be an exclusive one for solving of the design prob-
lems. These objects could be created with the use of other methods as well. 
Choice of modeling method depends on the possibility of software and 
designer’s preference. 

As a result of developments carried out it can be noted that rendering 
scenes of amphibious aircraft Be-200 3D model are considerably photo-
realistic and provide rendering of the object designed.

2.3 Computational Modeling of Passenger 
Amphibian Aircraft Be-200 Cabin Interior

2.3.1 Introduction

In countries with continuous waters, hydroaviation can make a good 
contribution. In modern economic conditions the development of civil 
hydroaviation becomes prospective. In spite of world wars, the develop-
ment of the civil aircraft industry continued throughout the 20th century. 
During this time aircraft design was improving, the necessity of increas-
ing passenger capacity was growing, and ferry time was declining. With 
relation to fuselage design, the main trends of shape forming were devel-
oped already by the 1960s. Since that time fuselage shape and contours 
have remained the same in general. Therefore at the present time works 
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regarding fuel consumption, cabin noise, and aircraft structures weight 
reduction are carried out.

In Russia the main developer of hydroaviation is a Beriev Aircraft 
Company, Taganrog. In 1990, the Beriev Aircraft Company started the 
amphibian aircraft Be-200 designing (Fig. 2.3.1) [2]. Initially the project 
was introduced in 1991 during Aeroshow in Paris.

Features of amphibian aircraft Be-200 3D computational modeling 
were examined in papers [18, 21]. In the paper [22] the process of the 
said aircraft phase modeling is described, and variants of developed 
model rendering introduced (Fig. 2.3.2). This paper is concerned with 
passenger amphibian aircraft Be-200 cabin layout and computational 
modeling. To date, Be-200 passenger version offered by the manufac-
turer is at the design stage [2]. The authors of this paper propose new 
original concepts of the passenger cabin layout intended to satisfy dif-
ferent demands. 

Aircraft cabin design issues remain important for civil aviation. 
Some aspects of cabin design and passengers comfort during flight are 
described in papers [23, 24]. In paper [25] the future passenger air-
craft cabin design concepts are reviewed. Different issues of aircraft 
cabin optimal layout on the basis of current design specifications are 
described. 

A rather detailed description of these issues in the paper [26] should be 
noted. This book is concerned with fuselage configurations, their advantages 
and disadvantages. Practical recommendations regarding cabin designing 
based on fuselage structure and ergonomic norms are introduced. 

Fig. 2.3.1 Amphibian aircraft Be-200 takeoff from water.
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2.3.2 Variants of Cabin Layout

Inner space designing of any type of transport starts with tasks definition: 
purpose of development and operation conditions. Thereon hangs the gen-
eral architecture of the future project. When designing passenger trans-
port, there are a number of key points: organization of passenger seats, 
lavatory, galley and cargo compartment availability and configuration 
[27]. In this case, volume and overall dimension is limited but sufficient for 
comfort use. Ergonomic requirements to passenger chairs, lavatories and 
other objects should be taken into account. 

Amphibian aircraft Be-200 has the following versions: firefighting, 
passenger, cargo [2]. Wing span of amphibian aircraft Be-200 is 32.78 m, 
length 32.05 m, height 8.9 m, fuselage maximum diameter 2.86 m, crew 2 
persons.

In our case the task is to convert the current structure of amphibian 
aircraft Be-200 into a variant of a comfortable passenger cabin. For this 
purpose it is necessary to organize space, meeting all necessary require-
ments, both aesthetical and practical. Materials hygienic properties used in 
decoration also should be taken into account. In-flight injury prevention 
depends on correct ergonomics. 

We will start aircraft cabin designing from the development of layout 
diagram which is defined upon the task assigned. The suggested commer-
cial variant of the passenger aircraft has a capacity for 72 passengers and 
4 crew members [28]. This variant of cabin provides maximum number 
of passenger seats without loss of comfort for any particular passenger  
(Fig. 2.3.3). It should be noted that this layout of the passenger cabin 

Fig. 2.3.2 Amphibian aircraft Be-200 computational model rendering.
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was developed by the manufacturer, and yet this design has not been 
implemented. 

For this layout diagram, there are several possible variants of passenger 
chairs organization in cabin: standard and maximum commodious. In this 
case, chairs are forward-facing, in two rows with an aisle between them 
(Fig. 2.3.4).

For coupe layout diagram the chairs are located facing each other with 
folding table possibility (Fig. 2.3.5). Number of passengers – 56, crew and 
servitorial staff – 4 (Fig. 2.3.6). 

Making comparison with railway transport, the variant of cabin com-
mercial layout of enhanced comfort can be noted. It provides passengers 
accommodation in individual berths with minimum set of equipment 
required: sleeping place, compartments for passenger cabin baggage, mul-
timedia equipment (TV, Wi-Fi). 

A more comfortable layout version that accommodates fewer pas-
sengers but provides higher comfort is proposed for review below. This 

Fig. 2.3.3 Layout scheme of aircraft cabin economical variant.
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Fig. 2.3.4 Aircraft cabin cross-section diagram.
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layout stipulates the location of seats in one row along the aircraft sides  
(Fig. 2.3.7).

This layout solution allows the accommodation of three lavatory units, 
one for the crew, and two for the passengers, mini galley-unit, and a bar. 
The number of passengers to be accommodated amounts to 22, plus three 
crew members, including a flight attendant. Fig. 2.3.8 shows the fuselage 
cross-section and a passenger seat configuration to give an idea about the 
cabin dimensions.

Enlargement of the seat dimensions allows location of two rows of 
seats with a comfortable aisle between them. Together with the enlarge-
ment of transverse distance, it is proposed to increase the longitudinal 
pitch between the seats in order to provide additional comfort (Fig. 2.3.8). 
The distance between the seats enables transformation of every seat into 
a comfortable sleeper seat. Such cabin layout allows accommodation of 
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Fig. 2.3.6 Chairs layout in cabin, coupe-type variant.

Fig. 2.3.7 Layout scheme of aircraft cabin comfortable variant.

Fig. 2.3.5 Layout scheme of chairs with coupe-type location.



 Conceptual Modeling of Amphibian Aircrafts 43

individual ventilation and temperature control panels and of a multimedia 
unit for headset connection.

Besides passenger variant the corporate variant with VIP-cabin provid-
ing the availability of separate apartments is possible. This layout includes a 
separate lavatory along with shower cabin, comfortable and wide bed, and 
a room for meetings as well. This variant can be manufactured both for 
businessmen and for top public officials (Fig. 2.3.9).

2.3.3 Aircraft Cabin Modeling

For fuselage and cabin realistic model creation, we will use layout dia-
grams, section views, and cross-sectional views of the future hull devel-
oped earlier. 3D computational modeling of the cabin will be created with 
the help of 3ds Max graphic system. 3ds Max graphic system is a univer-
sal tool of modeling and alongside many other 3D systems enables the 
development of projects of any complexity [16]. In our case we will create 
fuselage lines on the basis of splines extrusion method Spline Extrude 
(Fig. 2.3.10). 
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Fig. 2.3.8 Fuselage cross section and seat ergonomic parameters.

Fig. 2.3.9 Layout scheme of VIP-cabin.
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For detailed elaboration, the cabin main elements are to be created sepa-
rately from the whole scene. Modeled elements are arranged over cabin by 
means of duplicating. All cabin elements are created the same way: com-
partments for passenger cabin baggage, stationary lighting units and gas-
per fans (Fig. 2.3.11).

During flight, a chair is very important for a passenger. It is created on 
the basis of ergonomics and regulatory requirements. Comfort is often the 
most important factor for a definite type of traveller. Sometimes passen-
gers spend two-thirds of the day travelling, and in this case chair design 
must emphasize comfort—the alternative is likely to produce the misery 
of back pain. For passenger chair modeling the Polygon Extrude method 
is used. 

In Fig. 2.3.12 the successive steps of chair modeling are shown. This 
paper covers several versions of a passenger chair configuration subject to 
the cabin layout comfort level. Fig. 2.3.12 represents successive steps of a 
chair modeling for the cabin version with face-to-face seats arrangement. 
The chair model is further elaborated and improved, and at the final stage 
it is smoothed with modifier Smooth (Fig. 2.3.13). 

Fig. 2.3.10 Successive steps of cabin modeling.

Fig. 2.3.11 Lighting units and gasper fans.
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2.3.4 Shading of Aircraft Cabin Objects

Before final rendering of the scene it is necessary to prepare objects for 
shading, create corresponding texture and material. For more detailed 
shading we divide chair model into component parts by means of com-
mand Element (Fig. 2.3.13). Further we create material for chair uphol-
stery, assign it to corresponding elements of the model. As for style the 
chair upholstery consists of two colors. Bottom, back and head cushion are 
alike in colour, and the rest parts are of another color (Fig. 2.3.14).

For correct mapping of upholstery texture we apply modifier UVW 
Map. We apply this modifier in mode Box, that enables to stretch and 
compress texture in three planes. We carry out similar actions with the 
second chair and further we need to multiply and arrange them over the 
cabin. 

Fig. 2.3.12 Chair modeling successive steps by means of Polygon Extrude method.

Fig. 2.3.13 Chair preparation for shading.
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Fig. 2.3.15 shows a passenger chair configuration for a comfortable 
cabin layout. The upholstery of this chair combines two different materials, 
whose appropriation is made at the elements level. 

At the next stage, we distribute passenger chairs all over the cabin along 
the longitudinal axis in accordance with the layout diagram. For this pur-
pose the graphic system 3ds Max has a convenient command Array. This 
command enables the assignment of offset value of the next copies relative 
to each other in all three planes simultaneously. We define optimal distance 

Fig. 2.3.14 Texture assignment to chair upholstery.

Fig. 2.3.15 Texture assignment to comfortable chair upholstery.
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between chairs in accordance with layout drawings selected. Further we 
assign materials to the rest of the objects of the aircraft cabin interior.

2.3.5 Rendering of Aircraft Cabin

When creating a realistic model, lighting is a rather important detail. For 
lighting, usually natural or artificial light sources are used. In graphic sys-
tem 3ds Max there are some rendering methods. However, external ren-
dering module V-Ray creates reasonably realistic renderings. It is based on 
indirect light method when objects are illuminated diffusely with reflected 
light. In Fig. 2.3.16, 17 conceptual rendering of amphibian aircraft Be-200 
different cabin variants are presented: coupe-type configuration and con-
figuration of enhanced comfort with separate berths.

Fig. 2.3.17 Conceptual rendering of amphibian aircraft Be-200 cabin of enhanced 
comfort with separate berths.

Fig.  2.3.16 Conceptual rendering of coupe configuration aircraft cabin.
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In Fig. 2.3.18 realistic rendering scenes of economic variant of amphib-
ian aircraft Be-200 passenger cabin layout are shown. 

Fig. 2.3.19 represents the realistic rendering scenes of Be-200 
amphibian passenger cabin comfortable layout (based on the scheme in  
Fig. 2.3.7). 

2.3.6 Conclusion

Due to developments carried out it ought to be noted that for current 
structure of amphibian aircraft Be-200 different philosophies of passen-
ger cabin layout were developed. Herewith the authors suggest new orig-
inal concepts of passenger cabin layout intended for various purposes. 
The suggested concepts have been not only designed, but developed to the 
3D-model with realistic rendering. 3D modeling of interior objects was 

Fig. 2.3.18 Rendering of economic variant of amphibian aircraft Be-200 passenger cabin.
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carried out on the basis of well-known methods. The given scenes of pas-
senger cabin realistic rendering give visual presentation about the future 
of the industrial product. Modern tools of computational modeling make 
it possible for designers to examine projects of future products in different 
variants until their real creation. 

Fig. 2.3.19 Rendering of comfortable variant of amphibian aircraft Be-200 passenger 
cabin.
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2.4 Computational Modeling of Amphibious Aircraft 
Be-103

2.4.1 Introduction

Hydroaviation is effectively used at water areas located all over the world 
that are hard to reach by other means of transport. An amphibious aircraft 
may use either ground runways and inland water bodies or offshore zones 
for takeoff and landing. This feature belongs to the universal qualities of 
amphibious aircraft. This work is dedicated to aspects of Be-103 amphib-
ious aircraft 3D computational modeling. This aircraft was developed by 
Beriyev Aircraft Company.

Modeling state-of-the-art technologies are traditionally applied for air-
craft designing. The Paper [14] describes the parametric designing of air-
craft aerofoil surfaces with the software based on smooth surfaces.

The paper [7] is dedicated to aspects of high-precision software tools to 
be implemented to optimize the design process when developing an air-
craft design. The paper [13] describes particularities of the aircraft design 
based on the lofting method. Quite a detailed description of modern auto-
mated design systems is given in the book [29]. Particularities of prelimi-
nary and conceptual aircraft design are given as well.

Designing of Be-103, the light amphibious aircraft, began in the early 
1990s at Beriev Aircraft Company [2] (Fig. 2.4.1). The main objective of 
the project was to create multipurpose amphibious aircraft for local air-
lines. A low skimming foil was the distinctive feature of this project. Such 
configuration gave an essential benefit in stability while moving on the 
water during the takeoff and landing, and increase of the wing lift force 
due to the screen effect. Through other analogs found worldwide we can 
mark Airmaster Avalon-680, an amphibious flying boat produced in the 

Fig. 2.4.1 Be-103 amphibious aircraft.
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USA, and Do-24, an amphibious aircraft produced by German company 
Dornier Seastar [30].

Be-103, the light, multipurpose amphibious aircraft, may be effectively 
used in coastal zones, on rivers and lakes. The aircraft is a low-wing mono-
plane that has vertical and horizontal tail plane and tricycle landing gear 
with a nose wheel. To ensure its floodability, the boat and the wing of the 
aircraft are divided into compartments by watertight partitions. The land-
ing gear compartments are also separated from the internal case of the boat 
by watertight walls.

The power plant consists of two piston engines mounted on the horizontal 
pylons on both sides of the body. The low-wing scheme creates a considerable 
screen effect while taking off and landing, and allows the gliding on the step 
and trailing edges, located in the centre of the wing, at the same time.

Aircraft sea worthiness is sufficient to withstand the roughness up to 
two points (wave height to 0.5 m). The aircraft can be operated on bodies 
of water as long as their depth is not less than 1.5 m and the length is not 
less than 600 m, and on the ground airfields. Maximum takeoff weight of 
Be-103 amphibious aircraft is 2270 kg, maximum cruise speed is 240 km/h 
[2]. The aircraft can take 4-5 passengers or cargo of 385 kg. In addition 
to passenger-and-freight configuration the following options are available: 
sanitary, environmental monitoring of water areas, fire-prevention moni-
toring of forest, agricultural.

2.4.2 Modeling Methods and Stages

To develop the 3D-model of amphibious aircraft you can use various soft-
ware products and modeling methods. In this work we will use capabilities 
of the 3D graphic modeling system, 3ds Max. The graphic system, 3ds Max, 
is a type of versatile tool that can interact with many CAD systems [16].

To describe the complete three-dimensional simulation procedure, the 
flow chart of the main design stages is provided in Fig. 2.4.3: 

- preparation of initial projections drawings (Fig. 2.4.4);
- development of three-dimensional projection planes; 
- stage-by-stage modeling of the structural parts of the 

amphibian aircraft;
- assembly of the final three-dimensional model;
- creating and assignment of the materials and textures 

(shading);
- selection and installation of the light sources; 
- rendering of the overall scene.
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To create the preliminary design, a set of graphic information should be 
available in the form of photos (Fig. 2.4.1) and drawings of object modeled 
(Fig. 2.4.2). Be-103 amphibious aircraft has the following overall dimen-
sions: wingspan = 12.72 m, length = 10.56 m, height of 3.76 m. The pro-
cesses of 3D-modelling starts from creation of three perpendicular planes, 
then the images of projection drawings (Fig. 2.4.3) are placed in these 
planes [18, 31]. This method was tested during the computational model-
ing of Be-200 amphibious aircraft [21].

To create a model of the body surface, we will use a method of polygonal 
extrusion. We will also create a half of the model along the longitudinal 
axis, taking into consideration the object’s symmetry; this will simplify the 
process. In this case we will create the right half of the model; the left one 
will be made automatically at the final stage.

At the first stage of modeling you should create an initial polygon. The 
polygon then becomes a starting point for the entire body. Further you 

Fig. 2.4.2 Be-103 orthogonal projections.
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Fig. 2.4.3 Flow chart of the main design stages.
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should consistently replicate a side of the polygon; this stage is carried out 
by repeated visible body projection. The result of construction is shown in 
the Fig. 2.4.5. While extruding the sides it is important to keep the constant 
number of polygons along the body to avoid further problems related with 
geometry and subsequent finishing of the model. Therefore at the initial 
stage we must specify the minimum quantity of polygon sides, because 

Fig. 2.4.4 Creation of three mutually perpendicular planes.

Fig. 2.4.5 Creation of initial polygon in the forebode.
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it is easier to add the required number of additional sides than to delete 
existent sides if an inadequate number is met.

At the next stage we will replicate the contours of the aircraft body (see 
Fig. 2.4.6) applying the method of sequential extrusion to the group of 
polygons and subsequent projections alignment. While increasing the 
number of polygons moving along the body axis, you must collate the 
extrusion process with aircraft projections in all three planes.

As you approach the end of the body, a grid density increases, keep-
ing a constant number of polygons in a section but reducing the distance 
between tops. The end of the afterbody is closed by the polygon, then the 
initial faceted model is smoothed with the use of respective command. The 
obtained model is not quite a body yet; it is only a workpiece to obtain all 
the other parts and components thereafter by polygon extruding method 
(see Fig. 2.4.7).

Before selecting a number of polygons in the tail unit, it is required to 
review the aircraft projection from above (see Fig. 2.4.8, on the left). We 
will use these polygons as initial ones to make the vertical tail plane of 
future aircraft. The vertical plane consists of two main components, the 
leading and trailing edge and it is a rudder at the same time. The tail unit 
is simulated with the use of the polygonal extrusion method according to 
aircraft projections (see Fig. 2.4.8).

Fig. 2.4.6 Sequential body extrusion.
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Cut the horizontal stabilizer mounting socket contour in the certain 
point of the tail unit plane with Cut tool (see Fig. 2.4.9). Then you can start 
sequential polygon extrusion; the result is shown in Fig. 2.4.9.

When the tail unit has been simulated, we begin the simulation of wing, 
another important part of the future aircraft. The wing of the aircraft has 
a complex profile as it carries the aircraft while gliding, and acts as the 
screen, increasing the lift force at the time of taking off from water surface.

The future wing is simulated from the body. The modeling procedure is 
similar to one used for modeling of the tail unit. Select a number of poly-
gons on the lateral surface to replicate the contours of the wing mounting 
pad (see Fig. 2.4.10). As a result we will get the polygons used for subsequent  

Fig. 2.4.7 Result body extrusion after smoothing.

Fig. 2.4.8 Sequential extrusion of tail unit.
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wing extrusion. Extrude the wing surface the same way, replicating the 
contour of the wing projection (see Fig. 2.4.11).

All the remained aircraft components, e.g., engine (Fig. 2.4.12), the 
rotor blades, and landing gear are created the same way.

At the following stage the model geometry is finished and the aircraft 
is assembled from its components: body with wing and tail unit, engine 
pylon (strut), engine cover and rotor (Fig. 2.4.13) [19, 20]. Moreover, there 
are illumination lights on the wing and tail. Detailing of the body implies 
modeling of a wind screen and side windows. The wing together with rud-
der and horizontal stabilizer is to be detailed more precisely as well.

In the end of the modeling stage, you must reflect the half of the plane 
relative to the longitudinal axis (Fig. 2.4.14).

2.4.3 Shading of 3D-Model

To get real photographic images in graphic-oriented system 3ds Max, the 
correct selection of materials and customization of its main properties are 

Fig. 2.4.9 Sequential extrusion of horizontal stabilizer.

Fig. 2.4.10 Consecutive extrusion of wing.
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Fig. 2.4.11 Aircraft body with tail unit and wing.

Fig. 2.4.12 Creation of engine cover.

Fig. 2.4.13 Connection of engine cover with the rotor blades.
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to be the depending ones. The V-Ray external rendering unit will be used 
for rendering, and the use of materials of VRayMtl-type library is stipu-
lated. The key parameter of material is the main color of it (diffusive color); 
the reflection properties are to be specified as well.

Materials to be assigned for different body parts at the Element sub-
level of Editable Poly object (Fig. 2.4.15, on the left). Elements are selected 
one-by-one and assigned the previously made and adjusted materials with 
Editor Material tool (Fig. 2.4.15, on the right).

2.4.4 Rendering of 3D-Model

Lighting is an important process of any 3D-scene that takes quite a lot of 
time. Commonly two types of lighting are used for this purpose – natural 
and artificial lighting. The graphic-oriented system 3ds Max has standard 
rendering modules, but their capabilities do not provide the real photo-
graphic image. V-Ray module provides the better image. Sources imitating 
indirect lighting are used in the scene.

In a scene the sources imitating indirect lighting are established. In 
this mode the objects are illuminated by light that is diffusely reflected 
from other objects; direct light from the direct light source does not fall 
on the object. Respective light sources were further applied to the scene 
and adjusted. See Fig. 2.4.16 for preliminary rendering of the aircraft 
3D-model. See Fig. 17 a and b for photographic rendering of Be-103 
shaded model.

Fig. 2.4.14 Final assembly of Be-103 model.
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Fig. 2.4.15 Materials assignment on the Element sub-level.

Fig. 2.4.16 Preliminary rendering of Be-103 3D model.
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2.4.5 Conclusion

Aspects of Be-103 amphibious aircraft 3D computation modeling were 
reviewed herein. An amphibious aircraft has essential advantages when 
used in extended coastal water areas, internal reservoirs. No doubt that 
advanced design and modeling of amphibious aircrafts is an actual target 
in the development of hydroaviation.

In our case state-of-the-art graphic-oriented systems of 3D compu-
tation modeling were used for modeling. Choice of specific modeling 
method and respective instruments is mainly dependent on the design-
er’s preferences. Resuming the performed developments, we may note 
that the rendering scenes of Be-103 amphibious aircraft 3D modeling 
are considerably realistic and they provide visualization of the object 
designed.

2.5 Conceptual Model of “Lapwing” Amphibious 
Aircraft

2.5.1 Introduction 

Today hydroaviation is actively used in different fields, starting from 
fire-fighting and effective-rescue operations up to passenger traffic. The 
issues of applying modern technologies of modeling for aircraft design-
ing are challenging. The most important stage is the development of a 
preliminary concept of transportation means. Let us review some of the 
modern literary sources in this field. The article [11] is dedicated to con-
ceptual designing of aircraft, where aerodynamic properties of bird wings 
are considered. The works [9, 10] study the issues of designing economical 
passenger aircraft.

Fig. 2.4.17 Rendering of Be-103 shaded model.Q6
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The article [32] is dedicated to conceptual designing of passenger air-
craft of “flying wing” type. There provided and analyzed are the different 
variants of aerodynamic configurations. The work [33] contains the pecu-
liarities of conceptual designing of a new generation of supersonic aircraft 
with original arrangement of landing gear and fuel tank. The article [7] 
describes the peculiarities of implementing modern program tools for the 
purposes of designing. There described are the possibilities of a new pro-
gram for aircraft structure development. The issues of conceptual design-
ing initial stage are described in detail in book [34]. There provided is the 
methodological basis of idea generation stages and determination of initial 
requirements for future structure. The book [29] contains the peculiarities 
of preliminary and conceptual designing of aircraft. Modern systems of 
automated designing are described in detail.

This work is dedicated to three-dimensional computer-aided modeling 
of new concepts of amphibious aircraft. It is supposed that the developed 
model will be in the middle segment of the hydroaviation market. As a 
result of an amphibious aircraft market review we can remark the follow-
ing aircraft of low passenger capacity up to 25 persons: Be-103 produced 
by Beriev Aircraft Company [website of Beriev, 2016], flying amphibious 
boat Airmaster Avalon-680, produced in the USA, and amphibious aircraft 
Do-24, produced by German company Dornier Seastar [35]. For the devel-
oped model the crew will consist of 2 persons; the passenger compartment 
can contain up to 24 passengers.

It is necessary to note that the issues of computer-aided modeling of 
aircraft were studied by the authors in the works [18, 21]. The work [36] 
provides conceptual visual and graphical solutions of new aircraft based on 
bionical forms analysis.

2.5.2 Concept Development 

In every field of our life, everything in our environment is the product 
of human thought. The manufacturing of these subjects and objects starts 
from concept development, the creation of a prototype of the future item 
[27, 37]. If earlier rather large expenses and materials were required for this 
purpose, then today in the era of computer-aided technologies this task is 
simplified; there is no limit for the designers’ ideas and imagination.

The process of conceptual development and modeling of transportation 
means takes several stages. At the first stage the sketch is created, the gen-
eral view of the future model is drawn: compositional solution; proportion 
of component parts relative to each other; main style solutions [38, 39]. 
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Based on the analysis of natural shapes rendering, the concept of future 
prototype is selected.

In the course of concept development there used is the method of 
designing based on bionical forms. Mammals, fish and birds can provide 
the designer with interesting visual solutions. At that aircraft fuselage, 
and mainly the flying boat one, shall meet the requirements of aero- and 
hydrodynamics at the same time. That is why the designers have the task 
of searching for a compromise. In the course of a creative search of aircraft 
outlines some visual and graphical solutions were found, the base of which 
became natural biological forms living in this environment (Fig. 2.5.1-4).

Based on the analysis of natural forms rendering of off-shore strips 
the bird lapwing (northern lapwing) was selected. The northern lapwing 
(vanellus vanellus in Latin) is a small bird of the dotterel family; it lives 
in water ponds and has good flying properties; during mating season the 
males attract the females by air games (Fig. 2.5.5) [40]. The black-and-
white color of its coat will be used for three-dimensional model shading in 
future. Fig. 2.5.6 provides preliminary design, sketches of the future item 
forms.

Then the model is drawn in detail with reference to medium dimen-
sions, in which the item is planned for operation, biometric parameters of 
a man considering the requirements of ergonomics (Fig. 2.5.7, 8) [41, 42].

Fig. 2.5.1 Blue whale and sketch of amphibious aircraft fuselage.
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Fig. 2.5.3 Mackerel and sketch of amphibious aircraft fuselage.

Fig. 2.5.2 Finback whale and sketch of amphibious aircraft fuselage.
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Fig. 2.5.4 “Flying fish” in natural living conditions and sketch of amphibious aircraft fuselage.

Fig. 2.5.5 Lapwing bird.
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Fig. 2.5.6 Preliminary sketch.
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Fig. 2.5.7 Left board view of prototype.
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Fig. 2.5.8 Prototype reference to anthropometric and ergonomic requirements.
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The base of future hydro-aircraft “Lapwing” concept is a water-borne 
wing capable of glissading on three points (step, left and right rear edges 
of center wing). Such a scheme is very advantageous for stable movement 
on the water at takeoff and landing regimes and increase of seaworthiness. 
Low location of the wing relative to the boat creates increase of elevating 
force due to ground effect at takeoff and landing, allows simplifying and 
lightening the structure of the aircraft (Fig. 2.5.9).

The dimensions of the prototype body shall consider the requirements 
of future interior and tasks on cargo containers arrangement. Wing span is 
18.5 m, aircraft length is 16.9 m, height is 4.87 m.
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Fig. 2.5.9 Front view and top view of amphibious aircraft prototype.
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Fuselage structure can be done from aluminum alloys with the applica-
tion of composite materials. In the top part of the fuselage there are power 
elements on the base of solar batteries for partial power supply to the air-
craft’s onboard network. The aircraft wing has all-metal structure; it has 
trapezoidal shape with root extensions; it consists of a center wing and 
two removable panels. On the wing end there are winglets and tips that 
are designed for increasing effective wing span and lifting force. For the 
provision of resistance to flooding the wing is separated by waterproof par-
titions to sections.

Vertical tail fins are single-fin, cantilever. In the top part of the fin 
there is a controllable stabilizing fin. Landing gear is three-leg type, the 
diameter of the rear leg tires is larger than the front one. The power unit 
consists of two turbojet engines located on the pylons close to the fuse-
lage tail part.

For the cargo-carrying variant the increase of fuselage length by 1 m is 
provided with the help of an insert. It aims to locate the cargo door with 
dimension 1700 х 1700 mm along the right board. The crew consists of 2 
persons (as for business class variant one steward is added). The passenger 
compartment can contain up to 26 passengers; in the cargo-carrying vari-
ant 4 LD2 containers are provided.

Fig. 2.5.10 provides a shaded sketch of a three-dimensional model of 
amphibious aircraft. The aircraft is designed for use at short-distance lines 

Fig. 2.5.10 Shaded sketch of three-dimensional model of amphibious aircraft.
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in different regions of the world, in regions with a large number of riv-
ers, lakes, and shallow water ponds that are hard-to-reach for other types 
of transport. It can be used for transportation of passengers, cargoes, 
fire-fighting supervision, patrolling, ecological control of water areas, pro-
vision of emergency medical care, rendering emergency-rescue works, rest 
and tourism.

2.5.3 3D Modeling of Amphibious Aircraft “Lapwing”

Modeling of amphibious aircraft structure shall be done with the help of a 
graphic system of three-dimensional modeling – 3ds Max. The graphic sys-
tem 3ds Max allows working with drawings made in other graphic packages, 
thus extending the possibilities of the designer [16]. Three-dimensional 
models of amphibious aircraft can be created by different methods, one of 
which is the method of polygonal extrude. For this method the modeling 
starts from creating three perpendicular planes with aircraft projections 
located on them.

For fuselage modeling there is the polygon based on Plane primitive ele-
ment with the number of segments at Х and Y axes equal to 1. Later this 
primitive element shall be transferred into Editable Poly object. According 
to fuselage projection the object surface is created by sequential duplica-
tion of one of the polygon planes (Fig. 2.5.11). At that body half is created 
for construction convenience with consideration of model longitudinal 
symmetry.

In the course of planes extruding it is necessary to maintain a constant 
number of polygons along the whole fuselage in order to prevent problems 

Fig. 2.5.11 Sequential extrude of fuselage polygons.
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with geometry and further modification of the model. Then the aircraft 
body is created by the method of sequential extrusion of a group of poly-
gons followed by projects adjustment (Fig. 2.5.12).

The received result is the base for the fuselage; the other structural parts 
of the aircraft are extruded by similar method: tail fins, wing, engine pylon, 
engine body, lifting propeller (Fig. 2.5.13, 14, 15) [19, 20]. The wing has 
a complicated profile, because it plays the lifting role for the aircraft in 
glissading mode and works as the screen increasing the lifting force in the 
moment of takeoff from a water surface.

Fig. 2.5.12 Model control in front view.

Fig. 2.5.13 Fuselage body blank.
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At the next stage, model geometry is modified. Fuselage modification 
supposes modeling of transparency and side windows. The wing together 
with steering control and horizontal stabilizer is also designed in detail.

Initially all model component parts are faceted. The capabilities of 
3ds Max graphic system allow smoothing faceted objects by different 

Fig. 2.5.14 Creation of tail fins.

Fig. 2.5.15 Engine body with carrying pylon.
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methods. One of the variants is the application of smoothing method 
NURMS (Non Uniform Rational Mesh Smooth). When surfaces are 
smoothed the second mirror-like longitudinal half of the aircraft is con-
structed (Fig. 2.5.16).

2.5.4 Shading and Rendering of 3D Model of “Lapwing” 
Amphibious Aircraft

The next step of designing is shading and rendering of the constructed 
model. The process of materials rendering to fuselage separate parts is 
done at the level of polygons.

After all performed operations we can obtain a finished model for fur-
ther rendering with the help of realistic models of lighting (Fig. 2.5.17). 
Integrated V-Ray module is used for scene rendering. Fig. 2.5.18 a, b, c, 
shows final rendering scene of shaded model of “Lapwing” amphibious 
aircraft.

As a result we can note that the developed three-dimensional con-
ceptual model of amphibious aircraft is performed from creative idea to 
photorealistic rendering. 

Fig. 2.5.16 Assembly of aircraft body half.
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(a)

Fig. 2.5.17 Assembled three-dimensional model with rendered materials.
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(b)

(c)

Fig. 2.5.18 Rendering of “Lapwing” amphibious aircraft conceptual model.
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2.6 Computational Modeling of the Cabin Interior 
of the Conceptual Model of Amphibian Aircraft 
“Lapwing”

2.6.1 Introduction

At present, the development of tourism in the shelf zones of the World 
Ocean requires small civil hydroaviation. At the same time there are mod-
els of business class aircraft, which were specially designed for private or 
administrative purposes. The modern aircraft market of this class is repre-
sented by a number of airlines that are leaders in their class. Among them, 
we can mention Dassault Aviation, which has model Dassault Falcon 
900 [30]. The Dassault Falcon 900 provides its passengers not only with 
an enhanced level of comfort, but also with a luxurious interior. Of the 
Russian aircraft, the Yak-40 model can be noted; along with numerous 
modifications it has an administrative configuration for the first persons 
of the state. Small-sized vessels with a capacity of up to 7 people include 
the Be-103 amphibian aircraft manufactured by the BERIEV Aircraft 
Company [2]. This light, multipurpose amphibian is designed for use in 
coastal shelf areas.

When designing the interior of the cabin, the requirements of ergonom-
ics and comfort in conditions of confined space are essential. Given the 
special importance of these parameters in the development of the interior 
of the passenger cabin of airplanes, let us consider some references devoted 
to this topic. The problem of reducing noise, creating a microclimate in the 
passenger cabin is the problem of current importance, and a lot of research 
has been devoted to this subject. The work [43] is devoted to the creation 
of comfortable climatic conditions for the interior design of the passenger 
cabin of the airplane. The temperature effect and ventilation effect on com-
fort conditions for passengers was taken into account. In the paper [44], 
the problem of minimizing noise in the passenger cabin is considered. The 
design of the passenger compartment and the convenience of passengers 
during the flight are discussed in [23, 24]. 

The work [45] is devoted to formulating the peculiarities of the practical 
development of the cabin interior design, choosing methods, and creat-
ing recommendations for the implementation of project design concepts 
based on hypotheses. The article [25] considers the concepts of the design 
of the cabins of future passenger aircraft. Various aspects of the optimum 
configuration of the cabin of the aircraft based on the existing technical 
design requirements are described. The chapter of the book [26] discusses 
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the development of various configurations of the fuselage pointing out 
their advantages and disadvantages. Practical recommendations on cabin 
and cockpit cabin design taking into account the design of the fuselage and 
ergonomic standards are made. Modern trends in the design of cabins and 
interiors are presented in detail on the site [46]. The requirements of the 
design of the layout of the cabin taking into account the comfort and safety 
of the passengers are presented in work [47]. 

When designing the interior, the comfort of passengers is often linked 
to the design of the seat. The article [48] deals with the development of 
passenger seat construction in accordance with safety and durability stan-
dards. The results of the strength testing of a passenger seat under dynamic 
loads in the airplane cabin are discussed. According to the findings pre-
sented in paper [49], the sensation of comfort is mainly associated with 
passenger experience in the passenger seat. The article [50] describes the 
features of the design of the passenger seat in the interior design of the 
aircraft cabin.

The review [51] is devoted to revealing the factors influencing the sensation 
of comfort and discomfort of passenger seats. According to the conclusions 
of this review, the relationships between the anthropometric parameters of a 
human body and positions occupied in the passenger seat are the determin-
ing factors. In a recent paper [113], the issues of taking comfort into account 
on the basis of a passenger survey for the design of a comfortable airplane 
interior have been considered. The parameters of the passenger’s personal 
space when sitting in the passenger seat have been taken into account as the 
dominant factors. According to the results of the review of the literature, it 
can be noted that when designing the interior of a passenger cabin, not only 
aesthetic qualities are needed, but special attention should be paid to the 
requirements of ergonomics and comfort. 

2.6.2 The Concept of the Amphibian Aircraft “Lapwing”

The conceptual model of the new amphibian aircraft “Lapwing” was pre-
sented by the authors in the paper [52]. Based on the bionic forms, visually 
graphic solutions for the layout of the amphibian aircraft were created. The 
concept of the amphibian aircraft was named after the lapwing bird, which 
lives in ponds and makes a virtuosic air game during the mating season. 
Its black-and-white color of feathering was also used in the shading of the 
three-dimensional model of the amphibian aircraft. 

This paper discusses the conceptual solutions for the layout of the inte-
rior of the amphibian aircraft “Lapwing”, the step-by-step creation of the 
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passenger compartment from the drawing to the three-dimensional model. 
The novelty of the article lies in the development of original layouts, taking 
into account the operational purpose, the creation of an ergonomic model 
of a new comfortable passenger seat and a cozy interior of the amphibian 
aircraft cabin. For the passenger modification of the amphibian aircraft 
Be-200 the interior design issues were considered by the authors in [21]. 

The intended purpose of the amphibian aircraft “Lapwing” is both 
administrative exploitation and the transportation of officials of state 
institutions and commercial organizations. Aircraft of this class have a 
passenger cabin, which can accommodate from 6 to 10 people. The work 
of administrative aircraft has a constant character, which helps them to 
perform operatively. Such aircraft are used by private persons for personal 
flights, transportation of employees and partners. Today, the term “busi-
ness jet” is used to refer to aircraft of this class; the word “jet” means only 
jet engines, but machines with turboprop or piston engines can be used as 
an administrative aircraft too. 

The concept of the layout of the amphibian aircraft “Lapwing” is based 
on the water-swinging wing with the possibility of gliding at three points 
(redan, right and left rear edges of the center section). This arrangement 
has the advantage of the stability of motion on the water at takeoff and 
landing modes and in the increase of seaworthiness. The low wing position 
increases the lifting force due to the screen effect on takeoff and landing, 
which makes it possible to simplify and facilitate the design of the aircraft.

Fig. 2.6.1 shows a sketch of the model of the amphibian aircraft with 
reference to the operating environment, the wingspan is 18.5 m, the length 
of the aircraft is 16.9 m, and the height is 4.87 m. The dimensions of the 
prototype fuselage are designed taking into account the requirements of 
the future interior and with space for the placement of freight containers. 
Fig. 2.6.2 shows the prototype drawings of the amphibian aircraft tied to 
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Fig. 2.6.1 View of the prototype from the left side (Fig. 2.5.7.).
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anthropometric parameters, taking into account the requirements of ergo-
nomics [41, 42]. It is proposed that the developing model would occupy the 
middle segment in the hydroaviation market; the crew will consist of 2 peo-
ple, and up to 9 passengers can be accommodated in the passenger cabin.

2.6.3 Layout Concepts

The development of any internal space of the aircraft must begin with a 
new scheme. The design of the cabin of the aircraft, unlike the interior of 
residential or public premises, is limited primarily by the dimensions of 
the fuselage and the overall layout of the aircraft. In this case, the designer 
needs to organize a space that corresponds to all the necessary ergonomic 
and anthropometric requirements [19, 38, 53]. Along with aesthetics and 
utility, one should also take into account the hygienic properties of materi-
als for interior design. Trauma safety in flight also depends on the compe-
tent ergonomics of the interior of the cabin. 

At the stage of searching for the cabin interior concept, you should ana-
lyze the layout and arrangement of the equipment, work out several options 
for layout, depending on the purpose of the aircraft, taking into account 
ergonomics. Let’s consider a number of layout solutions for the interior space 
of the aircraft, designed to carry 8-10 passengers. The layout of the passen-
ger compartment with passenger seats located in the direction of movement 
is shown in Fig. 2.6.3; there is a mini-bar with soft drinks in cabin, and a 
restroom is located in the bow section. Such arrangement of the cabin allows 
placing comfortable seats with an individual media unit, if necessary; the 
seats take an ergonomic position for comfortable sleep during the flight.

Lack of time is forcing businessmen to conduct business meetings or 
briefings, both during parking and in flight. For this purpose, the seats 
might be placed in face-to-face position with a table between them, for con-
venience (Fig. 2.6.4). In addition, we can suggest a layout that will divide 
the cabin of the aircraft into two compartments for individual meetings 
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Fig. 2.6.2 Linking the fuselage to anthropometric and ergonomic requirements.
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and negotiations. This arrangement will allow, if necessary, the seats to be 
transformed into sleeping places (Fig. 2.6.5).

The layout solution affects not only placement in horizontal directions, 
but also vertically. Fuselage contours provide for maximum use of internal 
space with external compactness [47] (Fig. 2.6.6). In the design process, it 
is necessary to work out the dimensions of the elements of the passenger 
compartment and passenger seat, taking into account the anthropometric 
parameters [50]. 

2.6.4 Development of a Passenger Seat

Development of the seat begins with a detailed drawing that takes into 
account ergonomic requirements and human parameters (Fig. 2.6.7), the 

Fig. 2.6.3 Arrangement of the cabin in two types with the placement of seats in the 
direction of movement.

Fig. 2.6.4 The layout of the cabin divided into two compartments for work.
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length of the seat is assumed to be 1.258 m, height – 1.211 m, width – 0.732 m.  
The body of the seat is made in the form of a bucket; the angle of the seat 
backrest makes it convenient to spend many hours in flight. This drawing 
will be the basis for three-dimensional modeling of the passenger seat in 
the future.

For computer modeling of the interior of the amphibian aircraft cabin, 
the graphic system 3ds Max is used [16]. Modeling of interior objects can 
be done in several ways, one of which is the method of sequential extrusion 
of polygons (Polygon Extrude). This method allows you to more accurately 
track the coordinates of the polygon vertices in the modeling process based 
on a two-dimensional drawing. As a result of multiple repetition of the 
Polygon Extrude operation, half of the seat model is created for further 
processing. The seat has a vertical axis, the axis of symmetry, which allows 
making a mirror half.

Fig. 2.6.5 Transformation of passenger seats into sleeping places for a cabin with two 
compartments.
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Fig. 2.6.6 A cross-section of the cabin with the main dimensions.
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At the next stage, the geometry of the model is being refined; initially 
it has a faceted surface (Fig. 2.6.8, left). The capabilities of the 3ds Max 
graphics system make it possible to smooth the model in various ways. 
One of these methods is to convert the Editable Poly model to objects of 
the NURMS subdivision type [54]. The result of applying this command 
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Fig. 2.6.7 Drawing a conceptual model of a passenger seat.

Fig. 2.6.8 Primary faceted model and final assembly of the passenger seat.
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significantly improves the appearance of the model (Fig. 2.6.8, right). 
Before proceeding to the assembly stage, the armrests of the passenger-fat 
seat are being modified.

2.6.5 Modeling of the Cabin Interior

Next, all other interior objects of the aircraft cabin are created. When mak-
ing a realistic model of the fuselage, the developed plans, cuts and sections 
of the future fuselage are used. The main fuselage contours were performed 
on the basis of the Spline Extrude method.

In the next stage, the seats are distributed along the longitudinal axis 
in the cabin. For this, the 3ds Max graphics system has a convenient tool 
called Array. The tool window allows you to set the offset value of subse-
quent copies relative to each other, and in all three planes simultaneously. 
At the final stage, all the interior objects of the future model are assembled 
(Fig. 2.6.9). To maintain the accuracy of the alignment, you should use 
object snapping, and then you need to go to the materials setup and to the 
scene lighting setup. 

2.6.6 Assignment of Materials and Rendering of the Scene

The objects around us have important properties that determine their 
appearance. To make photorealistic images, it is essential to make a right 
choice of material and setting of its basic properties, including lighting. 

Fig. 2.6.9 Final interior assembly.
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These realistic parameters can be provided by the external rendering mod-
ule V-Ray, so the material library VRayMtl is used to render objects. One 
of the important parameters of the material is its basic color (diffuse color). 
To make a realistic simulation of the seat, you need to apply materials to it 
at the sub-object level. The process of materials application begins with the 
partitioning of the model at the Element level of the Editable Poly object.

Fig. 2.6.10 shows the process of creating a seat arm material using the 
material editor. By displaying a sample of material (Fig. 2.6.10, left), it can 
be determined that the armrests will simulate the surface of the lacquered 
redwood.

Fig. 2.6.11 shows the scene of rendering of the passenger seat with the 
assigned materials. Objects of the scene can be visualized with varying 
degrees of accuracy. The graphics system 3ds Max uses several rendering 
mechanisms: to examine objects in the projection window, to view the 
sketches of the materials and to obtain the final image. These mechanisms 
allow us to find a compromise between the speed of rendering and the 
quality of the image. Fig. 2.6.12 shows the scene of rendering of the interior 
of the cabin of amphibian aircraft after the arrangement of seats, and the 
restroom is shown in the bow part.

The external rendering module V-Ray is based on the creation of indirect 
lighting; this method is used by many of the modern rendering modules. 
Indirect illumination implies the illumination of a scene only by diffuse 
reflected light from other objects, without the participation of a direct ray 
of light from an immediate source of light. In Fig. 2.6.13 there is the final 
stage of rendering of the toned interior model of cabin of the amphibian 
aircraft “Lapwing”.

Fig. 2.6.10 The process of assigning material to individual seat model polygons.
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2.6.7 Usability and Comfort Cabin Interior

In connection with the special importance of the requirements of usability 
and comfort, we will describe the proposed convenience criteria for the 
interior design of the airplane cabin. Each detail of interior finish is aimed 
at creating maximum comfort for passengers. Thus, the interior surface 
of the cabin is lined with synthetic incombustible materials of light, soft 

Fig. 2.6.11 Rendering of the conceptual model of the passenger seat with the assigned 
materials.

Fig. 2.6.12 Final rendering of the cabin on the top view.
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tones that do not cause passenger fatigue during the flight and create the 
impression of spaciousness [24]. Armrests are made with wooden inserts, 
faced with decorative fiberglass. The floor is covered with a synthetic car-
pet; the windows are equipped with curtains-light filters. Materials used in 
the finish meet the requirements of a fire hazard for the interior design of 
the airplane cabin.

Passenger seats are not only aesthetic and beautiful but also comfort-
able. The dimensions of the seats, their proportions, as well as the prop-
erly selected profile of the seat and the backrest, reduce passenger fatigue 
during a long flight [49]. Chair backs, as usual, can be deflected back, so a 
passenger can take a comfortable pose, and in the case of a rough landing, 
the chairs can also lean forward. This feature of the seat design protects 
passengers seated in the back from bruises.

The chairs are made in the form of a single-seat block. The blocks of the 
left and right sides of the cabin are made in a reflected form and have a 
similar attachment to the floor rails; there are pockets for storing individ-
ual lifejackets when flying over water areas and safety-belts. The minimal 
step of installation of armchairs is 1m. The backrest of the chair in its orig-
inal position is inclined to back from the vertical by an angle of 15°, and 
by means of the adjustment mechanism, it can be deflected back from the 
initial position by another 25° with fixation of the intermediate positions.

Mechanisms for deflecting and fixing backs of the seats are mounted on 
the extreme armrests. When you press the button, you can deflect the seat 
back into the desired position; when the button is released, the backrest is 

Fig. 2.6.13 The final rendering of the passenger compartment of the amphibian aircraft 
“Lapwing”.
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fixed in the deflected position. When the button is pressed again, the spring 
acting on the lever returns the backrest to its original position. The arm-
rests of the chair do not recline; for the convenience of service of the inte-
rior, backrests recline on seats, and seat pads rise up to a vertical position. 
The seat framework, which is the main element of the chair, consists of two 
pipes, on which legs of the chair and supports for installation of armrests, 
backrests, seats, and levers of folding tables are mounted.

There are solid shelves for small items along the two sides; on the lower 
surface of the shelves, there are individual passenger service units, on 
which adjustable individual ventilation nozzles, adjustable reading lamps, 
and flight attendant call buttons are mounted. The cabins are well lit by 
the ceiling lights. At night flights, when the general lighting is off and the 
telltale light—a light bias behind the top panel—remains, a passenger can 
switch on one of the three adjustable lamps located above his or her head 
on the individual passenger service unit. 

2.6.8 Conclusion

In conclusion, it can be noted that passenger comfort criteria remain one 
of the most important parameters when designing an interior of an air-
plane cabin. While this condition must be met, we should not forget about 
the space limitations. In this paper, we made an attempt to create a concept 
for the ergonomic interior of a light aircraft of the business jet class. In this 
article we proposed original layout schemes for a salon of different opera-
tional purposes, an ergonomic model of a comfortable passenger seat, and 
a cozy interior of the amphibian aircraft cabin was designed. As a result of 
developments, it can be noted that the resulting photorealistic rendering of 
the interior of the passenger compartment can visually show the interior 
design features of the future aircraft. 

2.7 Conceptual Model and Interior Design 
“Water Strider” Ekranoplan 

2.7.1 Introduction

Now there is the fissile operation of the continental shelf, areas with 
stretched water areas, also polar regions with special climatic conditions. 
For these purposes mobile, efficient vehicles for various purposes, both 
on water and on land are required. These tasks can be quite solvable by 
means of vehicles on the basis of wing-in-ground effect. Such ships are 
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called ekranoplan or Wing-in-Ground craft. They fill a technological gap 
between planes and surface ships. Historically the most developed technol-
ogy of practical development of these vessels was created in Russia, which 
explains the use of the name (ekranoplan) [1, 55].

It is possible to point to the advantages of the ekranoplan: high profit-
ability and load-carrying capacity at the expense of a padding body force 
of wing-in-ground effect; low-visibility because of low flight altitude; use 
for snow-covered Arctic plains without the need for basing infrastructure, 
is enough water area or the flat land area. But they have also shortcomings: 
the control of the ekranoplan demands specific skills from the crew; they 
have a low maneuverability; it can meet obstacles (birds or shallow vessels) 
on airway that complicate navigation. 

Ekranoplan-amphibians have larger prospects in the field of rescue of 
people who were injured by disaster at sea. Rescue ekranoplan can splash 
down, and the whole medical center for ensuring help for the wounded can 
be placed onboard. Also they can be applied to transportation of passen-
gers, freights, fire-prevention supervision, patrol, environmental control 
of water areas, rendering of urgent medical care, providing a wrecking, 
rest and tourism. It can be noted that the leading sea powers planned pro-
duction of special large ekranoplans for transportation of goods for a long 
distance on transoceanic open spaces.

In this work the concept of a small-size ekranoplan-amphibian (aerody-
namic ground-effect craft) is considered for use on lines of small extent in 
various regions of the world, in regions with a large number of rivers, lakes, 
and shallow waters which are remote for other means of transport. The 
concept includes development, both bionic configuration of contours of the 
vessel, and an internal interior of passenger salon and basing infrastructure 
options, beginning from sketches to the finished three- dimensional model. 
This concept is original, is based on historical experience of creation of 
ekranoplan with use of the modern technologies of projection and use of 
perspective materials.

The existing modern small-size ekranoplan use often not only the 
screen mode; they can also fly at larger heights in the form of the aero-
dynamic ground-effect craft with properties of amphibians, seaplanes and 
high-speed boats. Let’s consider the review of analogs and the current state 
of the world market of small-size ekranoplans.

2.7.2 Review of Ekranoplans

The ESKA-1 aerodynamic ground-effect craft (the rescue amphibian boat) 
(Russia) was developed by the engineer Grunin E.P. in 1973 for rescue 
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operations on water (Fig. 2.7.1) [114]. Aerodynamic configuration uses 
wing-in-ground effect and is based on A. Lippish’s projects. For transver-
sal stability, wings on the ends have the aerodynamic ledges located at an 
angle and equipped with removable ailerons. Horizontal tail plumage is 
established behind the wing at the most remote distance. The crew consists 
of two people, the scope of a wing is 6.90 m, length of 7.80 m, the cruiser 
speed of 100 km/h, flight altitude in the mode of the screen from 0.3 to 1.5 
m. Now the given configuration is often used by modern producers in the 
different countries [55].

Volga-2 is the first ekranoplan in Russia of civil appointment, developed 
by designer V. Dementiev (from Alekseev’s design bureau); the first flight 
took place in 1984 (Fig. 2.7.2) [56]. It falls into a class of river crafts on the 
dynamic airbag. Volga-2 has the streamline housing equipped with an air 
wing, vertical and horizontal stabilizers with wheels of the direction and 
pitch, inflatable pneumocylinders – the floats installed from below on a 
housing and side skegs. It is intended for eight passengers and one crew 
member, a range of a wing of 8 m, length of 11 m, flight altitude in the 
mode of the screen of 0.5 - 0.8 m, the cruiser speed of 120 km/h, range up 
to 500 km. The ekranoplan is designed for high-speed passenger traffic, the 
fissile tourism, business trips, and rescue operations. Landing of passen-
gers can be made from not equipped coast or the mooring.

Passenger ekranoplan “Aquaglide-5” developed by ATTK-INVEST 
(Russia) represents a small passenger vehicle. It is intended for transpor-
tation of five passengers with a speed up to 170 km/h apart up to 450 km 

Fig. 2.7.1 ESKA-1 aerodynamic ground-effect craft.
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(Fig. 2.7.3, at the left) [57]. Length of an ekranoplan is 10.66 m, width of 5.9 m,  
height of 3.35 m and a housing, consists of a wing with flaps, terminating 
parts of wings (skegs), the fin with rudders, the stabilizer. As an engine 
installation, the eight-cylinder petrol engine of Mercedes-Benz is used, the 
four-blade air screws located on each side can turn concerning the hous-
ing on a corner up to 60 degrees. Ranges of application of the ekranoplan: 
tourism, transportation of passengers, coast guard, rescue operations, 
environmental control. In Fig. 2.7.3, the interior of passenger salon is also 
presented on the right.

In 2004 design bureau “Nebo plus more” (Russia) developed the 
24-seater “Burevestnik-24” (Petrel-24), aerodynamic ground-effect craft 
with a useful load of 3.5 t and flying range up to 2000 km (Fig. 2.7.4) [115]. 
These vessels have three modes of movement; at a speed of 30 km/h the 

Fig. 2.7.2 Ekranoplan Volga-2.

Fig. 2.7.3 Passenger ekranoplan “Aquaglide-5” and interior of salon.
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vessel floats on water as the regular boat, on 120 km/h  the vessel begins to 
glide, reducing contact with water. And at a speed of 240 km/h rises over 
water thanks to the effect of wing-in-ground.

Ekranoplan WIG craft of CYG-11 developed by the Chinese firm 
Hainan Yingge Wing together with Russian engineers (“Ivolga” (Oriole) 
EK-12P project), can transport 10 passengers and two flight crews (Fig. 
2.7.5) [58]. Configuration is based on the scheme of a catamaran and sea-
plane on the airbag. Length of the ekranoplan is 13 m, wing span of 15.6 m,  

Fig. 2.7.4 “Burevestnik-24” aerodynamic ground-effect craft.

Fig. 2.7.5 Patrol ekranoplan CYG-11.
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speed of flight is 175 km/h, flight altitude of 3 m. The device is operated in 
the Chinese island province of Hainan in tourist, rescue areas, especially 
for sightseeing tours at sea.

Ekranoplan AirFish 8 developed by Wigetworks Private Limited 
(Wigetworks), was registered in Singapore in 2004 (Fig. 2.7.6) [59]. AirFish 
8 is 8-10-seater ekranoplan with wing span of 15.0 m, length of 17.2 m, 
the speed of 180 km/h, flight altitude in the screen mode is up to 1 m. It 
is intended for management of two crew members and transportation of 
eight passengers for tourism and development of coastal infrastructure.

The Airfoil Development GmbH company (AFD) was founded in 
1997 for development and production of ekranoplan [60]. Ekranoplan 
Hoverwing 20 is conceptual model with parameters: the maximum num-
ber of passengers is 23 persons, the maximal speed is 190 km/h, flying 
range of 900 km, length is 11.5 m, width is 11 m. In Fig. 2.7.7 the concep-
tual model of an ekranoplan Hoverwing 20 and the interior of passenger 
salon are presented.

Ekranoplan Flarecraft was developed by Flarecraft firm of the same 
name in 1997, the speed of flight of 150 km/h, flight altitude in the mode 
the screen up to 0.3 m over water, three persons containment (Fig. 2.7.8) is 
manufactured of composite materials [61].

Ekranoplan ARON-7 is developed by the South Korean company Aron 
Flying Ship Ltd. for rescue and military purposes (Fig. 2.7.9) [62]. The 

Fig. 2.7.6 Ekranoplan AirFish 8.
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ekranoplan can be located near coastal bases and quickly be applied to 
carrying out sea patrol. Ekranoplan (M50 version) has wing span of 12 m, 
length of 10 m, crew of 2 people, flight speed up to 200 km/h, flying range 
of 800 km.

In the presented review of ekranoplans generally small-size vessels of 
various producers who use the different modes of operation, both sea 
boats, and planes of amphibians were described. Let’s consider also the 

Fig. 2.7.7 Conceptual model of an ekranoplan Hoverwing 20 and interior of the salon.

Fig. 2.7.8 Ekranoplan Flarecraft.
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review of the modern publications devoted to research and development 
of ekranoplans.

2.7.3 Review of Publications

In the work [63] criteria and methods of synthesis of control systems for 
a heavy ekranoplan are described. The results received in the different 
countries and the prospects of creation of ekranoplan with autopilots are 
presented. Control algorithms have essential distinction at projection of 
small and larger ekranoplans. Ekranoplans, after the solution of a number 
of problems of the theory and practice of development, can apply for the 
essential sector of the market of high-speed vehicles.

The work [64] is devoted to digital modeling of aerodynamic character-
istics of WIG craft with the engine (Power augmented ram PAR). The air-
flow blown from the engine accelerates a stream around the upper surface 
and strengthens it near a trailing edge of a wing. The simplified half of the 
model is applied for modeling thanks to symmetry.

In the work [65] aerodynamic characteristics of the WIG craft model of 
the ship are experimentally investigated. In a wind tunnel different config-
urations of the composite wing are checked: with trailer plates and without 
them. The wing-in-ground effect and existence of trailer plates increase 
coefficient of raising of a wing with a low flight altitude. Use of the WIG 
crafts is ambitious technology which will help to reduce costs of routine 
shipping in the future. 

The work purpose [66] is the review of research and development of WIG 
craft technology of the ships. History and prospects of WIG craft technol-
ogy, concrete vehicles, projects and ranges of application are considered. 

Fig. 2.7.9 Patrol ekranoplan ARON-7.
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Special attention is paid to aerodynamics of wing-in-ground effect, its 
mathematical model operation and stability of longitudinal motion. The 
questions bound to rules of classification, safety and certification are con-
sidered in more detail.

The article [67] is devoted to projection of a four-seater ekranoplan, and 
several options of the vessel are considered. As a result of the review, the 
inverse delta visible configuration which meets the requirements of design 
in the best way was chosen. The ship model was created, a test inspection of 
an aerodynamics of a design was carried out. As the key parameter of effec-
tiveness of flight the criterion of decrease of length of a strip of takeoff is 
set. In the work [68] are investigated aerodynamic characteristics and also 
dynamics and stability of longitudinal flight of the WIG ship for improve-
ment of the vessel’s design.

The book [55] is devoted to the review of WIG technologies of effects 
and the historical review of theories and also approaches on development 
of WIG craft of the ships. In the book the following questions are con-
sidered: concepts of the WIG ships; stability, aerodynamic characteristics, 
power, quality and maneuverability and also the pilot studies; materials 
and designs, power supply, choice of engine installations; designs of the 
WIG ships, from the plane to design of the sea vessel, specifics of design 
of the concept of the WIG ships. Also the prospects of development of 
developments of the WIG ships are discussed, the principle of WIG can be 
applied to broad speed range and environmental conditions, that will lead 
to the fact that in the world of aircrafts both gliders and jet airliners will 
be used.

2.7.4 Concept of an Ekranoplan of “Water Strider”

For development of the idea of the concept the analysis of a visual num-
ber of inhabitants of water coastal water areas was carried out. The water 
strider, an insect with an original way of movement on water, was as a result 
chosen. Water striders (in Latin - Gerridae) (water strider) – falls into a 
family of semi-coleopterous insects from a suborder of bugs (Heteroptera) 
(Fig. 2.7.10) [69].

There are about 700 types of water striders. They live on a water surface 
and are considered to be the most widespread species in Europe. A rou-
tine pond water strider (Gerris lacustris) can fly by means of wings between 
reservoirs. The body and tips of the legs of a water strider are covered with 
rigid nonwettable hairs thanks to what they are adapted for, sliding on water. 
More short forward legs are used to hold a catch; the average pair of legs is 
used as rowing, and the back pair of legs control a water strider movement.
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In addition to good eyesight, a water strider also transfers and obtains 
information through fluctuations of the water surface. Such interaction is 
used also by males when searching for a female for pairing. Tiny hairs on 
the legs provide both a hydrophobic surface and a larger surface area to 
distribute the weight over water. As a result, water striders often move on a 
water surface with a speed about a meter per second.

Creation of new objects or products usually begins with development of 
the concept, creation of a prototype of future product [27, 37]. In a time of 
computer technologies this task becomes for a designer rather attractive, 
tempting for the imagination. At the beginning, the sketch, a portrayal of 
a future model, its composition, stylistic decision [38, 53] is created [39]. 
Then on the basis of the analysis of a visual number of natural forms the 
corresponding concept of future product is chosen. 

It would be desirable to note that on this methodology in work [52] 
the original concept of the “Lapwing” amphibian was presented by the 
authors, and in the work [70] the concept of configuration of an inte-
rior of passenger inside of the amphibian, from the sketch to the ready 
three-dimensional model was described. In the course of working on ves-
sel contours sketches natural forms were used, tracings of a contour of 
a water strider. Visual searching of a graphic image of an ekranoplan is 
given in Fig. 2.7.11.

The aircraft fuselage and furthermore the flying boat at the same time has 
to meet the requirements of aerodynamics and hydrodynamics. Therefore, 
the designer has to consider these features. The result of creative search 
work in creation of the space-spatial decision is presented in Fig. 2.7.12.

Fig. 2.7.10 Water strider.
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Fig. 2.7.11 Visual searching of a graphic image of the “Water Strider” ekranoplan.

Fig. 2.7.12 Sketches of contours of an ekranoplan of “Water Strider”.
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2.7.5 Configuration of the Concept of an Ekranoplan

Concepts of an ekranoplan of “Water Strider” are the cornerstone of some 
technology solutions. The glider of an ekranoplan consists of the follow-
ing constituents: cases, wing with flaps, skegs, rudders, stabilizers [19, 20]. 
The main designs of a glider are made of corrosion-resistant materials and 
alloys as the marine environment is rather aggressive for many metals. A 
power set of a glider (frames, stringers, ribs, walls) are made of composite 
material. The wing of an ekranoplan of an all-metal design has the trape-
zoid form of the inverse sweep with root flows (Fig. 2.7.13), consists of a 
center wing and two side consoles which are coming to an end of 4 section 
flap floats. Wing tips are served for increase in an efficient range of a wing 
and allow increasing lengthening of a wing, almost without changing at the 
same time its span. Vertical and horizontal stabilizers, rudders are located 
on side floats. For maneuvering the rudder in the tail of the center wing 
is provided in the mode of a gliding. In Fig. 2.7.13 projective types of an 
ekranoplan with overall dimensions are presented.

The sizes of a housing have to consider ergonomic requirements of 
future interior and task of accommodation of passengers [41, 42]. The 
wing span is 8.8 m, length of the plane is 8.3 m, height is 2.7 m. The crew 
consists of one person, in a passenger cabin are four passengers, and in the 
tail of the fuselage the small luggage compartment can be accommodated. 
The distinctiveness of an ekranoplan is the existence of panoramic glazing, 
which is made of athermal glass that allows increasing the review, both 
for passengers, and for the pilot. The engine installation is realized by two 
turbojets, which are located on poles closer to a tail part of the fuselage. 
Proceeding from the sizes of the wing chord dimensions, it is possible to 
note that flight altitude in the mode of the screen will be up to 0.5 m over 
water. Ekranoplan can be applied to transportation of passengers, patrol, 
environmental control of water areas, rendering urgent medical care, pro-
viding a wrecking, rest and tourism.

2.7.6 Stages of Modeling

After development of the drawing we pass to stage-by-stage modeling of 
an ekranoplan. For creation of three-dimensional computer model there 
are many various graphic systems. In our case we will use the most com-
prehensive graphic system of three-dimensional modeling 3ds Max, which 
has ample opportunities on modeling and photorealistic rendering [71]. 
The created model for further development can be exported to graphic 
CAD, the computer-aided engineering system.
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For creation of a three-dimensional model of an ekranoplan it is 
possible to use several methods, but process begins with the available 
schematical projections of the modelled object. On three mutually per-
pendicular planes projective drawings are placed, and creation of an 
object is carried out by rather visual teaching method of a polygonal 
extrusion. As the tentative polygon, the three-dimensional primitive 
Plane from which the fuselage and constituents of the ship is created is 
used. According to a method of a serial polygonal extrusion it is neces-
sary to keep the constant number of polygons along all fuselage, for an 
exception of problems with geometry and a possibility of further com-
pletion of model. Therefore, we create the minimum quantity of poly-
gons initially; later, at a shortcoming, they can be added by a section 
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Fig. 2.7.13 Projective types of an ekranoplan with overall dimensions.
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method the operation Slice polygon. The process of an extrusion is 
strictly controlled in compliance to drawings of contours of the fuselage 
on all three planes.

In Fig. 2.7.14 the initial preparation of model of the fuselage is presented; 
other parts of the model will also be squeezed out from this preparation. 
Then we pass to creation of the following important part of the future ship, 
the wing. 

The wing of this plane has the composite profile as it carries out the 
bearing role for the plane in the mode of a gliding and it works as the 
screen, increasing lift force at the time of takeoff from the water surface. 
The same way, separately, the bearing pole of the engine and the engine 
(Fig. 2.7.15) is carried out.

The design of an ekranoplan includes, besides the fuselage and the bear-
ing wing, side floats. Vertical stabilizers which perform the function of ver-
tical plumage of the plane are integrated into cases of floats. Modeling of a 
housing of a float is carried out by an extrusion on a contour of the general 
view of a product (Fig. 2.7.16).

At the following stage we carry out operational development of geom-
etry of objects, we smooth all constituents of future model by NURMS 
subdivision method within the Editable poly frames; the result of appli-
cation of this function considerably improves the appearance of an initial 
angular form of preparation [54]. Then the stage of assembly of the plane 
from constituents follows. The pole (rack) for the engine and a motor 
case join the fuselage with a wing and tail plumage. In addition, on a 
wing and tail plumage marker lights settle down. Specification of the 

Fig. 2.7.14 Preparation of future fuselage.
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fuselage means modeling of wind glazing and side windows. The wing 
along with a wheel of management and the horizontal stabilizer is also 
exposed to more careful detailing. Thanks to symmetry of a design of the 
ship, the process of modeling is conducted with one half of an ekranoplan 
(Fig. 2.7.17).

Fig. 2.7.15 Modeling of engine.

Fig. 2.7.16 The finished model of a side float.
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To create a complete conceived ekranoplan, we supplement the scene 
with the second half relative to the longitudinal axis. The result of the final 
model of the ekranoplan is shown in Fig. 2.7.18.

2.7.7 Shading and Rendering of Model 

The following stage concludes turning of model for the subsequent render-
ing. To assign materials for design parts of a housing, we begin the process 

Fig. 2.7.17 Smoothed model half of a housing.

Fig. 2.7.18 Assembling all components of the ekranoplan model.
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of selection of necessary elements at the level of editing polygons, in turn 
appropriating earlier adjusted materials to model constituents. In our case 
for receiving photorealistic rendering the choice of material and control 
of its main properties, taking into account irradiating, is carried out by 
means of the external module of rendering for 3ds by Max V-Ray from the 
ChaosGroup developer. Therefore, for shading of objects the library of the 
materials VRayMtl will be used.

Details of the process of creation of materials and installation of irra-
diating will be considered in the section of rendering of an interior of an 
ekranoplan. Rendering of a scene with ekranoplan “Water Strider” in the 
gliding mode is presented in Fig. 2.7.19. In this drawing the photorealistic 
model of an ekranoplan is rather visually shown during takeoff over the 
water surface; it is also possible to analyze configuration of external con-
tours of the ship. For development of the complete complex of the model 
of an ekranoplan further we will pass to the development of an interior of 
the passenger salon. 

2.7.8 Development of an Interior and Passenger Chair

In spite of the fact that an ekranoplan is intended for flight over average 
distances, questions of ergonomics and comfort of an interior of the pas-
senger salon remain important [26]. Also it is necessary to consider the 
fire danger of materials of finishing at projection of an interior of a cabin. 

Fig. 2.7.19 Rendering of an ekranoplan “Water Strider” in the gliding mode.
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For creation of a realistic and reliable model of the fuselage we will use 
the drawing with cuts, sections of future case which is presented in Fig. 
2.7.20.

Modeling of separate elements of the salon is executed also by the 
method of a polygonal extrusion. This configuration of salon with one 
crew member and four passengers allowed the placing of individual con-
trol panels of blowing, adjustment of temperature and the block for con-
nection of multimedia of devices through a garniture. The passenger chairs 
deserve special attention; they are executed taking into account ergonom-
ics and normative requirements, and their convenience sometimes is the 
major factor in the choice of the vehicle. Development of a chair begins 
with sketches, the ergonomic scheme of a chair (Fig. 2.7.21) with anthro-
pometric parameters [50] further is developed [47]. Serial stages of model 
operation of a chair are presented by the method of a polygonal extrusion 
in Fig. 2.7.22.
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Fig. 2.7.21 Ergonomic scheme of a chair.
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Fig. 2.7.20 The drawing of salon of an ekranoplan in a section.
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Further specification of a configuration and operational development of 
the model of a chair is made, and at a final stage we use the Smooth mod-
ifier for smoothing of polygons. According to the scheme of configuration 
of the salon it is necessary to copy and distribute chairs. The convenient 
Array team is used for this purpose. The window of this order allows to set 
values of shift of the subsequent copies relative to each other, on all three 
planes simultaneously. In Fig. 2.7.23 the closing configuration of the salon 

Fig. 2.7.22 Stage-by-stage creation of model of a chair.

Fig. 2.7.23 Configuration of salon of an ekranoplan.
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of an ekranoplan is presented; after that we will pass to stages of assign-
ment of materials and rendering.

2.7.9 Creation of Materials and Rendering of an Interior

Considering that for rendering the V-Ray module is used, this visualizer 
demands application and control of the materials from VRayMtl library. 
Settings of material are in a roll of Basic parameters of the editor of materi-
als (Fig. 2.7.24). During creation of a scene of an interior of the salon of an 
ekranoplan, several materials with the reference parameters were applied. 
In the option Diffuse (Fig. 2.7.24), the color of the surface dispelling or 
diffuse color which is reflected is set. The editor of materials can choose 
simple monochromatic color for the Diffuse parameter or use the textural 
card. In our case we use the textures imitating finishing materials; it is 
leather, velour, rubber.

The following roll for control of properties of material is Reflection. As 
is already clear from the name, this roll sets the reflecting properties of 
material. All surfaces in the world around have the reflecting properties. 
If to choose purely black color, then it deprives the surface of material of 
reflections; white, on the contrary, does completely reflecting. All inter-
mediate values of gray color influence reflection force. In a window it is 
possible to set values from 0 to 255, and it means to receive material with 
the reflecting ability of 50%, it is necessary to establish value 128.

Fig. 2.7.24 Roll of basic parameters of the Editor of the materials VRayMtl.
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Except control of above-mentioned parameters, we adjust the invoice of 
material of chairs; for the card of a relief Bump we use the same texture, as 
in the Diffuse option, but only the image in gray tones (Fig. 2.7.25).

Other materials are created the same way, except materials of fabric 
upholsteries, reflection at such materials is practically absent. One of such 
materials is the valor’s upholstery of panels between chairs. Use of mate-
rials to model is made at the level of the respective grounds. In the course 
of model operation, polygons for the corresponding materials (Fig. 2.7.26) 

Fig. 2.7.25 Control of parameter of a relief Bump of the material VRayMtl.

Fig. 2.7.26 Use of materials to chair model.



106 Computer Modeling in the Aerospace Industry

were provided in advance. It is possible to use the modifier taking into 
account UVW Map geometry to correct display of texture of upholstery. 
This modifier is used in the Box mode that allows stretching or squeezing 
texture in all three planes.

For a terminating miscalculation of a scene and receiving photorealistic 
rendering, the module of rendering V-Ray gives the user many opportuni-
ties. This process is quite variable: various materials, various geometry of 
models and an environment in a scene, influence quality of final rendering 
and time of a miscalculation of process. For high-quality display of model 
to rendering, it is necessary to establish light sources. The algorithm of 
global illumination V-Ray gives access to a number of means of lighting. 
Global illumination of GI Environment allows to adjust a luminescence 
of a surrounding medium. In this scene of a luminescence of the envi-
ronment it is not enough; therefore for better lighting we will place light 
sources of VrayLight of the Plane type, light from this source spreads in the 
direction of an arrow (Fig. 2.7.27).

It is possible to configure key parameters of a light source for a specific 
objective: Intensity – intensity of a source; Temperature – its color tem-
perature in kelvins; Cast shadows – sets the mode of a deletion of shadows. 
After control of necessary parameters the scene with an interior of salon of 
an ekranoplan, which is presented in Fig. 2.7.28 and Fig. 2.7.29, was ren-
dered. As a result of its development it is possible to note that the submitted 

Fig. 2.7.27 Placement of a light source of VrayLight in a scene.
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concept of configuration of salon and its model operation allows the cre-
ation of quite comfortable modification of the salon of an ekranoplan.

As infrastructure of sea basing, in Fig. 2.7.30 the scene of rendering with 
the module of landing of passengers for an ekranoplan of “Water Strider” 
for development of tourism and voyages is presented.

2.7.10 Conclusion

In conclusion it is possible to note that in this work the concept of the 
water vehicle of an ekranoplan of “Water Strider” was presented, begin-
ning from the initial idea, sketches before development of terminating 
three-dimensional model with projection of an interior of salon [72]. This 
concept is ready for realization in geographical regions with branched 

Fig. 2.7.28 Rendering of salon of an ekranoplan “Water Strider” with the pilot’s cabin.

Fig. 2.7.29 Rendering of salon of an ekranoplan “Water Strider”.
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water basins for development of regional tourism. However, there is a wish 
to note that aero hydrodynamic configuration of an ekranoplan can be cor-
rected after assessment of flight characteristics.

Despite the fact that ekranoplan as a type of transport has not found 
its deserved place in the sector of the tourism industry or patrol of coastal 
water areas so far, undoubtedly its advantages with new technological mate-
rials and engine installations will still be demanded. Ekranoplan (Wing-
in-Ground craft) move on water at much higher speeds than ships and are 
more effective over water than planes. One more of its advantages is its abil-
ity to fly up in any place from the surface of the sea without the need for a 
runway. Thanks to the excellent and unique properties uniting possibilities 
of the boat and the plane, ekranoplans have the prospect of rapid and effi-
cient growth among the new generation of sea transport systems.

2.8 Design of Multifunctional Hydrofoil “Afalina”

2.8.1 Introduction

The leading coastal countries of the world need to create and build new 
vehicles for the development of their economies. Complex logistical tasks 
for many developed countries have been solved using various types of infra-
structure. These tasks include air transportation, land rail links, highways 
and the country’s vast water network. The task of delivering passengers and 
cargo in a short time over long distances, however, remains urgent. 

This paper presents the process of creating a design concept for a mul-
tifunctional hydrofoil. The idea of this project is to create a universal 

Fig. 2.7.30 Rendering of a scene with the landing module of an ekranoplan “Water 
Strider”.
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multifunctional platform, on the basis of which various configurations can 
be applied as soon as possible, depending on the purpose of the transport 
vessel.

In the middle of the last century, vessels with dynamic principles of sup-
port were developed in Russia. For this purpose, the wing effect was used 
to move over the surface of the water; they were called hydrofoil vessels 
and ekranoplans. These vessels use the general principle of movement – 
raising the hull above the water with the help of wings, which makes it pos-
sible to reduce water resistance to the movement of the vessel and, thereby, 
significantly increase the speed of movement.

The hydrofoils are vessels that use the lifting forces that arise when 
water flows along the surface of the wing. A hydrofoil vessel is a type of 
high-speed vessel using the effect of a submerged hydrofoil (the Alekseev 
effect). The Alekseev underwater wing consists of two main horizontal 
bearing planes—one in front and one in the rear [73, 116]. The “wings” 
are submerged in such a way that the ship’s hull is above the water while 
it is moving, which allows the ship to go much faster, since water is more 
than a thousand times denser than air [117]. Initially, hydrofoil vessels 
were attached to small hulls and had mostly experimental interest. Today, 
several large hydrofoil passenger ferries are operating around the world, 
which are economically sound and are used mainly in the coastal countries 
of Europe, in Canada and in Russia. These modern vessels remain effec-
tive, as they have good seaworthy characteristics and therefore are used for 
commercial cargo transportation.

2.8.2 Research Overview

Consider some modern publications in this field and conceptual models 
of ships with underwater wings. In the work [74] mathematical models of 
the movement and stability of hovercraft and hydrofoils are considered. A 
mathematical model was developed in [75] to optimize vessel stability fac-
tors to prevent overturning and increase the maneuverability of a hydrofoil 
vessel at high speeds. For these purposes, the proposed model offers the 
use of mobile wing technology.

The work [76] is devoted to the optimization of the basic elements of 
high-speed catamarans with hydrofoils at the design stage; their advan-
tages and disadvantages are also analyzed. The aim of the work [77] is to 
improve the performance of the displacement catamaran on hydrofoil with 
a wind power plant. The hydrodynamic model is based on the Reynolds-
Navier-Stokes equations (RANS). The calculation results showed energy 
savings when using the technology of underwater wings. 
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In [78], the hydrodynamic characteristics of hydrofoil vessels are inves-
tigated using the discrete vortex method. A method of mathematical 
modeling of the dynamics of the movement of a hydrofoil for calculat-
ing resistance, landing, stability, controllability and strength is proposed. 
In [118], the turbulent flow around hydrofoil vessels is investigated, and 
the averaged Navier-Stokes method is used for modeling. The calculation 
results are compared with experimental data.

The paper [79] presents an analytical review of the historical experience 
of operating ships on hydrofoils, and describes their current state and pros-
pects for the development of the fleet of cruise ships. Original sketches and 
models of hydrofoil ships Alekseeva are presented on the site [80].

Consider the modern models of these vessels, which are developed by the 
Nizhny Novgorod Central Design Bureau for hydrofoil vessels named after 
R.Ye. Alekseev (CDB for Hydrofoil). These ships include the marine pas-
senger hydrofoil ship “Comet 120M”, created in 2017 [73] (Fig. 2.8.1, left). 
It is intended for high-speed passenger transportation during the day in 
salons with aircraft seats. This is a single-deck vessel, with a  diesel-reducer 
power plant, the length of the overall m 35.2 m, the number of passengers 
120 people. It provides the movement of the vessel in the wing mode with 
a wave height of up to 2.0 m and a wind of up to 4 points on the Beaufort 
scale. 

It is also possible to note the small-seating river passenger hydrofoil 
“Valdai 45R”, which was created in 2017 [73] (Fig. 2.8.1, right), overall 
length is 21.3 m, the number of passengers is 45 people. The movement of 
the vessel in the wing mode is provided at a wave height of up to 0.7 m and 
a wind of up to 2 points on the Beaufort scale at a speed of 45 km/h.

The project of a large passenger marine hydrofoil “Cyclone 250M” was 
developed by the Alekseev Central Design Bureau [73]. The vessel will 
have a length of 42 m, and carry up to 320 people on board. The power 
plant of two engines will provide speeds of up to 55 knots (101 km/h) and 

Fig. 2.8.1 Ships on the hydrofoil “Comet 120M” “Valdai 45R”.
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a cruising range of 700 miles (1,300 km). Promising areas of operation of 
the “Cyclone 250M” are: Southeast Asia, the Russian Far East, the Baltic 
and Black Seas, and the Caspian Sea. With a wind of up to 4 points, a wave 
height of up to 3.5 m ensured the safe navigation of the vessel in a displace-
ment mode. 

The article [81] presents an interdisciplinary design method for a 
conceptual model of a large-sized high-speed hydrofoil. This method is 
used to determine the maximum lift force at high speeds. The paper [82] 
describes the economical river high-speed vessels of the new generation 
“Strela M1”, developed by the Krylov Research Center, the number of pas-
sengers is 60 people, the speed is up to 50 km/h for use in sparsely popu-
lated areas.

The work [83] presents the results of full-scale tests of the model of a 
hydrofoil ship. The model was equipped with two lifting and stabilizing 
front wings. The purpose of the work [84] was the development and cre-
ation of a prototype hydrofoil ship compatible with a conventional sailing 
boat. Using mathematical modeling, the design of the vessel was refined 
and a prototype was built.

The work [85] is devoted to building a hydrofoil vessel, which combines 
the simplicity of classical designs and modern innovative developments 
(Fig. 2.8.2, left). The vessel is equipped with aluminum front hydrofoils of 
the V-shaped configuration and aft T-shaped configuration. In the work 
[86] a light motor boat with underwater wings on electric batteries is pre-
sented (Fig. 2.8.2, right). The absence of emissions allows it to be used in 
places where water transport on gas is prohibited. The hull of the ship is 
made of composite materials; the C-shaped legs on hydrofoils are made of 
aluminum alloy. Inside, the ship has an ergonomic high-class cabin with 
all basic functions, the steering wheel is designed in the style of Formula 
1 with a color touch screen, and passenger seats are designed for comfort 
and visibility during the cruise. 

Fig. 2.8.2 Experimental layout of a hydrofoil vessel [85] and a light motorboat [86].
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2.8.3 Development of the Concept

Let us proceed to the development of the design concept of the vessel. 
For this, on the basis of an associative array (Fig. 2.8.3), sketches of hull 
lines and forms as a whole were developed. In the process of the work, it is 
necessary to adhere to the requirements of ergonomics and functionality 
[41, 42], based on these requirements, some visual solutions were found of 
various configurations. 

The results of the search for spatial solutions are presented in the 
sketches (Fig. 2.8.4). 

As a result of the analysis of the vessel’s exploitation environment, a 
dolphin was chosen as a biological prototype, and the project was named 
“Afalina”. A bottle-nosed dolphin, an afalina or a large dolphin, is a spe-
cies of dolphin, a cetacean group, that belongs to marine mammals [119]. 
The bottlenose dolphin usually does not exceed 3 m, the weight is 300 
kg, their moderately developed “beak” is clearly limited from the convex 
fronto-nasal pillow, the body is dark-brown from above, light-colored  
from below. 

The design concept is planned for coastal sea cruises; therefore the 
design length of the proposed vessel will be 44.3 m, width 13.7 m, the ves-
sel is designed to carry 100-150 passengers, depending on the configura-
tion of the cabin, cruising speed up to 100 km/h (Fig. 2.8.5). The vessel 
has entrances on the sides and aft, and it is equipped with hermetic doors 
and rescue rafts. According to the concept, the hull is a monoblock with 
surges at the stern. Floods form compartments for power plants, along 
with the left- and right-side tanks for fuel are assumed. The power plant is 

Fig. 2.8.3 Associative series to create a design concept.
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Fig. 2.8.5 Ship projections with overall dimensions.

Fig. 2.8.4 Sketches of the prototype ship.
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represented by three motors – right, left and center. In the cargo configura-
tion, the hull is a rectangular cabin and cargo hold. In the case of using the 
vessel as a cargo, the upper passenger module is removed.

2.8.4 Ship Modeling

Previously, the implementation of models in a real project took a lot of 
time and effort; today, in the digital age, digital assistants come to the aid 
of specialists in the form of software systems and 3D printing of the lay-
out. Along with many 3D modeling programs, 3D Studio Max allows you 
to develop projects of almost any complexity [120]. This graphic system 
allows you to work with drawings made in other graphic packages, thereby 
giving the user plenty of room to work. To create a three-dimensional 
model, you can use several methods that require the construction of sche-
matic projections of a simulated object [71]. The modeling process begins 
with the creation of three perpendicular planes, with images of projections 
placed on them.

Next, create a set of sections of the fuselage, which are placed along the 
axis of symmetry. A spatial grid is formed on the basis of these sections. 
The next step is to create a surface on the basis of the created grid (Fig. 
2.8.6). The constructed grid in the process of finishing the model is slightly 
edited; all the component parts of the vessel are worked through in the 
same way, with subsequent adjustment by projections.

The unification of the modules allows you to change the destination of 
the vessel, the cargo-and-passenger version represents the vessel on the 
principle of a sea ferry, on which the lower deck is used for vehicles or 
other cargo, and the upper deck is passenger (Fig. 2.8.7). As intended, the 
vessel can be used as a floating medical center for the needs of rescue ser-
vices, and it is also possible that the armed forces can use it to quickly 
transfer personnel and equipment.

For the rescue configuration, a mobile hospital module is installed in 
place of the passenger module; a cargo module is used for the cargo version 
(Fig. 2.8.8). The power structure is a U-shaped scheme, closed at the stern 
lifting ramp for loading vehicles on board. 

It should be noted that the feature of this project is the combination of 
the classic single-hull fuselage scheme with elements of a trimaran. This 
allows you to increase the stability of the vessel at low speeds, besides this 
three-point layout is based on the tunnel effect, which is created by the 
front part of the hull with two floats. The use of modular layout allows you 
to increase the versatility of the vehicle and makes it economically advan-
tageous to operate.
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2.8.5 Shading and Rendering of the Model

After assembling all the component parts of the model, it is necessary to set 
up and assign materials, and set the stage lighting for the final rendering 
of the prototype. To create photorealistic rendering of 3ds Max, an exter-
nal rendering module V-Ray is used. This renderer requires the use and 
customization of its library of materials VRayMtl, which differ from the 
standard materials of the program itself. When creating the model, several 
materials with characteristic parameters were applied. Fig. 2.8.9 shows the 
process of creating a varnished coating of the material of the upper deck.

For rendering the scene and receiving photo-realistic images, the V-Ray 
renderer has many settings. This process is rather variable; different mate-
rials, different geometry of models and environments in the scene affect 

Fig. 2.8.6 The result of the creation of a three-dimensional model of the vessel.
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the rendering time and the quality of rendering. In Figure 2.8.10, at the top 
are rendering of flat views behind and in front of the ship model; at the 
bottom of the figure is a three-dimensional view of the model showing the 
design features of the hydrofoil ship. The result of the final rendering of 
the ship model after the graphic processing in the operating environment 
is shown in Fig. 2.8.11.

Fig. 2.8.7 Passenger/cargo layout.
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Fig. 2.8.9 Creating a VRayMtl material in the material editor.

Fig. 2.8.8 Cargo layout.
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Fig. 2.8.10 Three-dimensional views of the model of the hydrofoil “Afalina”.

Fig. 2.8.11 Photorealistic rendering of the hydrofoil model “Afalina” in the exploitation 
environment during a sea cruise.
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2.8.6 Conclusion

The results presented in this paper on the development of a prototype 
hydrofoil are mainly theoretical. The paper presents the development of 
hydrofoil ship “Afalina”, ranging from concept to the final rendering of the 
finished model. Similarly, an ekranoplan, a hydrofoil vessel, is designed for 
high-speed delivery of passengers or other cargo within the coastal waters. 
The advantages of these vessels include their excellent seaworthy charac-
teristics, multifunctionality and profitability.

2.9 Autonomous Mobile Robotic System “Sesarma”

2.9.1 Introduction

At present the robotic systems in human life have actual meaning, more 
than ever. In many fields of our life robotic systems of different degrees 
of complexity are used as assistants. In the majority of cases robots come 
to the aid of man where access for people is impossible or is connected 
with defined life and health risks. Many developed countries conduct 
investigations on the development of mobile robots for different purposes. 
At present in the processing field meaningful results have been achieved 
connected with the creation of high-power onboard computers, compact 
executive mechanisms and intelligent sensors. The modern algorithms use 
high-speed information processing methods when controlling motion, 
both of single mobile robotic systems, and within a group. 

In this paper we review the design and the carrying out of computer mod-
eling of autonomous four-wheel mobile robotic system to solve different 
tasks. When solving tasks in the field of industrial design the preliminary 
elaboration and selection of design of the product body are rational. The 
developed mobile robotic system has a three-level control system and can 
operate within a group when moving under data incompleteness conditions, 
in the nondeterministic medium. Let us consider some review of the recent 
research in this field and the current analogues of the created robotic system.

2.9.2 Review of Publications

The paper [87] is dedicated to the analysis of the current state of global 
trends in the area of creation of the small-size robot support facilities of 
different assignment. The basic principles and development prospects of 
mobile mini-robots are highlighted. The paper [88] presents an overview 
of research in the field of autonomous mobile robot control, including the 
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possibility of using the principles of interpretive navigation to improve 
self-containment of multifunctional mobile robotic systems of radiological 
“MRK-2” and “RTK-08” surveillance (Research Institute of Robotics and 
Engineering Cybernetics, Saint-Petersburg). 

The article [89] describes the problems of motion control of the mobile 
robot in the nondeterministic media by the potential field method. The 
review article [90] presents the analysis of research results in the field 
of mobile robot route planning based on the classical and evolutionary 
approach. The review of the control tasks without centralized coordination 
on the basis of the various algorithms is investigated in the article [91]. 
In the book [92] the modern methods of group control of mobile objects 
in uncertain environments are considered. The methods of group control 
using fuzzy logic and unstable modes are described.

The article [93] describes the main methods related to modular and 
reconfigurable mobile robotics. Structural modular morphology allows 
adaptation to the unstructured real environment. In comparison with 
crawler and wheeled robots, walking robots are more effective when mov-
ing along tough terrain. The article [94] considers the kinematic scheme of 
the executive mechanism of the octopod based on the biological prototype 
of the crab skeleton.

The aim of the paper [95] is to analyze the current state and development 
prospects of robotic systems for military purposes. The paper [96] investi-
gates the problematic issues of the development of the autonomous ground-
based robotic systems for special purposes for high-precision navigation.

Interaction of the mobile robots within the group is of great practical 
importance. The paper [97] is dedicated to modeling and analysis of col-
lective biological systems in relation to the behavior of a swarm of mobile 
robots. The paper [98] presents an overview of the work on robotic research 
in development of swarm robotic systems for the real environment. The 
review of the papers on research of soft robotics with deformable bodies is 
given in the article [99]. In the papers [100] and [101] the review and pros-
pects of research on the process of production of sensors and applications 
for soft biomimetical fish robots are considered.

2.9.3 Review of the Analogues

We also note some analogue use of the developed mobile robotic system. 
Four-wheeled mini robot Nerva LG (weight 4 kg) of company Nexter 
Robotics (France) is designed for remote surveillance of the environment 
[102]. Multipurpose compact FirstLook robots (weight 2.4 kg), SUGV 
(13.5 kg), PackBot (weight 18 kg) are developed by iRobot company (USA) 



 Conceptual Modeling of Amphibian Aircrafts 121

for the tasks of countering self-made explosive devices and detection of 
potential hazards during military operation execution [103].

Throwable multipurpose mini robots are sufficiently relevant. Mini 
robot Yule (weight 0.6 kg) is developed by the Central Research Institute of 
Robotics and Engineering Cybernetics (Russia) [104]. It can conduct discreet 
remote audio-video observance in the field and urban infrastructure condi-
tions. Throwable three-wheeled mini robot Pocketboot (0.85 kg) of Novatig 
(Switzerland) is designed for remote surveillance of the environment [103].

Small-scale four-wheeled robot MTGR (weight 9.4 kg) is developed by 
Roboteam (Israel) and designed for mine clearance of explosive objects, 
surveillance, detection of chemical, bacteriological or radiation contam-
ination. Compact robot on the tracked chassis DAGU (weight 10 kg) is 
developed by General Robotics (Israel) and designed for surveillance, 
assault operations. Walking robot CLOOS (weight 69.4 kg), is manufac-
tured by the company Autonomous Solutions Inc. (USA) to search for 
mines and inspection of hazardous materials [103].

The mobile robotic systems “Cross-country vehicle TMZ” (weight 35 
kg) and “Varan” (weight 185 kg) are designed for remote visual surveil-
lance, search and disposal of explosive devices; they are developed by 
the Research Institute of Special Engineering of Moscow State Technical 
University after N.E. Bauman [105]. Robotic platform Warrior (weight 
226.8 kg), iRobot (USA) is designed to move potentially hazardous objects, 
clearing the path, extinguishing fire or surveillance [104]. Multifunctional 
robotic crawler system “Platform-M” (weight 800 kg), is developed by the 
Scientific Research Institute of Technology; “Progress” is designed for sur-
veillance and combat operations [103].

2.9.4 Robot Structure

The structure of the developed robotic system in the assembly is shown in 
Fig. 2.9.1. The base platform of the system has the following characteristics: 
length – 360 mm, width – 225 mm, height – 200 mm, continuous work 
time without recharging – 1 hour, maximum motion speed – 10 km/hour, 
minimum speed – 1cm/sec, weight – 3 kg. 

The block diagram of the mobile robotic system with a three-level 
control system is shown in Fig. 2.9.2 [106, 107]. The lower level consists 
of four wheels, electric motors with encoders, motor power drivers and 
servo control microcontrollers. Microcontrollers function as adaptive 
proportional-integral-differential controllers Arduino Nano.

The mid-level microcontroller collects and pre-processes environ-
mental information. The following units are connected to the mid-level 
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Fig. 2.9.1 Structure of the mobile robotic system.
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microcontroller: accelerometer; gyroscope; compass; four infrared dis-
tance sensors; ultrasonic distance sensor and GPS sensor. At this level, 
there are also directing servo drives and cameras that are guided by this 
microcontroller.

The upper level controls the robot and is based on Raspberry PI3 mini-
computer [108]. The minicomputer implements data transfer protocols: 
Bluetooth, Ethernet, Wi-Fi. The robot camera gives the possibility of imple-
menting artificial vision; all the levels are interconnected by data commu-
nications protocols. The mid-level microcontroller is associated with the 
upper-level microcomputer by UART protocol (Universal asynchronous 
receiver/transmitter). This connection allows avoiding malfunctions at 
different signal levels. The mid-level and lower-level microcontrollers 
are interconnected by protocol I2C or TWI, this provides minimum data 
exchange rate.

2.9.5 Modeling Concept 

Let us proceed to development of the computer three-dimensional model 
of the robotic system and its outer body lines based on the operating 
conditions. It is necessary to develop variants of the robot body with the 
upper platform, where the cargo compartment or the arm of manipulator 
will be located. The authors have experience in solving industrial design 
tasks in the field of mechanical engineering and hydroaviation [70, 109].

First, the schematic structural design of the robot’s internal platform 
is carried out on the basis of the overall dimensions and layout design 
of the components. Further, in the process of searching for the lines of 
the outer body of the robot, the associative series of biological prototypes 
was analyzed, and some visual solutions were found [39, 41]. The Figure 
2.9.3 shows variants of the visual search based on the arthropod crayfish 
and crabs. Later on the set of sketches will determine the style and color 
scheme of the future product; red mangrove crab Sesarma [110, 111] was 
chosen as a biological prototype. The crab is a representative of arthropods, 
a class of crustaceans; it has 5 pairs of limbs, the front pair has the form 
of powerful claws. With the loss of one of them, a new claw overgrows, so 
often in nature claws are asymmetric. Because of the overall claws crabs 
usually move backwards or sideways.

2.9.6 Modeling Stages

As a result of the stage-by-stage search taking functionality and aesthetics 
into account, one of the variants of the volumetric solution closely meeting 
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the requirements of the technical specification was worked out (Fig. 2.9.4, 
below).

The body shall be not only aesthetic, but also practical, preventing 
ingress of the foreign objects and dust into the inner part of the robot. 
In addition to the above tasks, the body plays the role of the bearer of 

Fig. 2.9.3 Variants of visual searching for the body lines.

Fig. 2.9.4 Three-dimensional search models of the future body.
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identity – corporate identity. The body contains visual information about 
the developer’s company; it can be painted in corporate colors, or acquire 
camouflage color for some special tasks.

The final version of the body lines is dictated by the modern trends 
in the transport design and ergonomics. Plastic material is used for the 
body; gloss coating of the material can be replaced by more  practical – 
matte one. The body structure consists of four parts (Fig. 2.9.5). The 
central part forms the frontal part of the body and the platform for 
the manipulator. Two symmetrical halves on the right and left, have 
the holes for infrared sensors; the rear lower cover closes down the wheels  
partly.

At the next development stage, a three-dimensional computer model 
of the body prototype is created. The variety of software products of 
two-dimensional and three-dimensional graphics allows implementing 
various design ideas. First, you need to have two-dimensional drawings, 
diagrams or photos, which are then exported to the universal formats 
for further processing in three-dimensional space. DWG is one of these 
formats; we will use the graphics system 3ds Max [54, 71] as a program 
of three-dimensional modeling. This software product along with other 
methods allows creating models through High-Poly (high polygonal) 

Fig. 2.9.5 Robot body assembly scheme.
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modeling. Due to this the lines of the model will not have the faceted view, 
but a more streamlined shape.

To create a realistic model of the body in the graphic system 3ds Max 
the projections, cuts and sections of the future body are used. The standard 
scheme of High-Poly modeling consists of gradual increasing in the level 
of detail of the three-dimensional object:

• the first level is basic and represents the approximate shape 
of the object;

• the base shape is refined typically by adding chamfers and 
curves at the second level;

• the third level is the final one; distinct detail of the object is 
performed through application of smoothing plugins.

Further refinement and fine tuning of the body model is made; at the 
final stage TurboSmooth modifier is used for the final smoothing (Fig. 
2.9.6). 

2.9.7 Creation and Assignment of Materials

Further it is necessary to configure the model to create and apply mate-
rials. The methods of creating the materials are determined by the sub-
sequent method of scene rendering. The external rendering unit V-Ray 

Fig. 2.9.6 High polygonal grid of body model.
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from ChaosGroup will be applied to create realistic rendering in the 3ds 
Max graphics system. This software package contains many parameters 
allowing controlling the quality of scene rendering and countdown time. 
The renderer requires the use and configuration of its own set of VRayMtl 
materials, which is different from standard materials. 

The material setting is carried out in the basic parameters roll of the 
material editor. When creating a scene with a robot model, several materi-
als with characteristic parameters were applied. Before assigning the mate-
rials, divide the three-dimensional model into the component elements. 
Then create the material to simulate plastic and apply it to the appropriate 
elements. 

Let’s consider the main parameters of the created material (Fig. 2.9.7):

- Diffuse roll is the color of the surface dispersion, diffuse 
color or just the basic color of the object surface. To do this 
you can choose a simple solid color or use texture. In our 
case, we choose without texture, imitating white plastic.

- Next roll is Reflection adjusting the reflective properties of 
the material. Surfaces in the surrounding space have differ-
ent reflective properties. If 100% black color is selected in 
this window, it deprives the surface of the material of reflec-
tions; white, on the contrary, makes it completely reflective.  
All the intermediate values of grey color determine reflec-
tion intensity.

Fig. 2.9.7 Dialog box for setting of the material reflection.
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-  It is necessary to pay attention to the following parameter of 
setting of reflection and transmission of Fresnel IOR (index 
of refraction); this is the Fresnel’s coefficient which depends 
on refraction of light rays.

The rest of the materials in this scene are set up in the same way. 
Separately it is worth noting the setting of the material for the inscriptions 
on the robot body. In this case, the texture based on the bitmap image of 
the company logo is applied as diffuse color in the Diffuse roll. Assignment 
of materials occurs at the level of polygons, with preliminary allocation of 
the corresponding group. 

2.9.8 Lighting Installation and Rendering

At the next stage the adjustment, setting of lighting parameters with subse-
quent rendering is performed. Graphic modeling systems use two types of 
lighting: artificial (lamps) and natural (sky and sun light). The most real-
istic renderings are obtained by combining them; this lighting option is 
called mixed or combined.

The used renderer VRay is quite popular software, different from the ana-
logues with quality and speed. For our stage we will simulate studio lighting 
(artificial). To do this place the robot model on the base without a clear hori-
zon line (the base plane smoothly passes into the background plane). Then we 
get a soft background on which the created robot model is located (Fig. 2.9.8).

Modeling of the artificial lighting is carried out by installing of two 
equivalent VRay-Light sources from the opposite sides. This allows getting 

Fig. 2.9.8 Creation of environment scene for rendering.
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glare on the model surface necessary for realistic rendering. To adjust the 
shooting angle, a camera is installed; the results of the final scene rendering 
with the robot model are shown in Fig. 2.9.9.

2.9.9 Conclusion

In conclusion, it may be noted that in this paper the design was described 
and computer modeling of the developed mobile robotic system was car-
ried out [112]. It can be used both for industrial and educational purposes. 
As a result of modeling, aesthetic and functional body was created, which 
emphasizes the main purpose of this product. The process of the prelimi-
nary prototyping makes possible rational selection and justification of the 
design of the robotic system before its production. 
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Abstract
The third chapter considers various types of aerodynamic configurations and pos-
sible areas of application of modern and perpective convertible aircrafts of short 
and vertical takeoff and landing, both land and ship-based. The possibilities of 
creating new types of rotary-wing high-speed air transport constructed on the 
basis of well-known and well-established designs of helicopters and airplanes are 
shown. The concepts and preli*minary tactical and technical requirements for 
heavy, medium and light convertible high-speed aircraft with cryogenic, lique-
fied natural gas driven, and hybrid diesel-electric and turboprop powerplants are 
presented.
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3.1 Introduction

From the moment of the creation of the first aircraft heavier than air, and 
all along the way of their further improvement, the question of efficiency 
and the possibility of their use in various flight regimes has remained open. 
The growth of flight speeds and altitudes is associated with the deteriora-
tion of the takeoff and landing characteristics of the aircraft − an increase 
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in the length of the takeoff run during takeoff and the inclease of runway 
while landing. The ability of aircraft to move quickly in space is important, 
but their takeoff and landing capabilities are no longer meeting modern 
requirements. The problem of using an aircraft from the water is partially 
solved by amphibious aircraft, vertical landing and takeoff or a short take-
off are available to helicopters. Currently, they are being replaced by con-
vertible rotary-wing aircraft (CRWA) of vertical takeoff and landing, the 
mastering of which is a quite prospective task [1–4].

The efficiency of using helicopters is limited by the speed of their flight 
(300 km/h on average), so it becomes necessary to resort to  higher-speed 
aircraft—convertible rotary-wing aircraft, known as converters and having 
the same aerodynamic configuration as regular aircraft. Convertiplanes 
can take off and land from any unprepared sites and a long runway is not 
needed.

3.2 Hydro Convertiplane is the New Opportunity  
for Modern Aviation

The high thrust-to-weight ratio of amphibious jet aircraft causes a certain 
range of problems. For their effective operation, it is required to exclude 
the ingress of exhaust gases of lifting engines into the air inlets in order 
to avoid reducing thrust and surging of the latter. During vertical takeoff 
and landing, bypass turbofan engines (BTE) due to the impact of hot jets 
of their gases create problems associated with erosion and destruction of 
the landing pad, which requires its durable thermal insulation coating [5]. 
The new approach to the development of ship platforms and any surface 
of  the  earth today is the use of not traditional jet aircraft, vertical take-
off and landing (VTOL) amphibians and amphibian helicopters, but more 
multifunctional hydro convertiplanes (HCP).

The modular approach to the HCP concept is attractive for creating on 
its basis a transport convertible rotary-wing aircraft used as a helicopter, 
an amphibious aircraft and a wing-in-ground-effect-craft. Combined with 
general approaches and reasons preventing the creation of a HCP, a number 
of convertiplane models constructed in the USA are being analyzed, where 
there is a considerable experience in their creation and operation [6].

One of the layouts of HCP (see Fig. 3.1) with the combination of heli-
copter and airplane flight modes is an aerodynamic high-profile scheme 
using three-beam tail and four tandem-mounted rotors in the rotary annu-
lar channels, as well as “composite wing” layouts, providing maximum pro-
tection for rotors and engines from ingress of sea water [7].
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The arrangement shown in Fig. 3.2. may be used for land and naval 
applications.

The large thrust-to-weight ratio of the three-engine powerplant of HCP, 
combined with a decrease in the unit load on the power, significantly 
increases the service life and also makes it possible to distinguish its range 
of basic versions from the CRWA of naval aviation. For example, type 1 – 
search and rescue HCP, type 2 and type 3 – transport HCP (see Table 3.1).

The widespread use of convertiplanes for the needs of civil aviation is 
currently limited to contradictive requirements for their powerplant. The 
thrust on vertical takeoff, landing or hovering modes should be greater 
than the weight of the aircraft, and when flying at cruising speed, the thrust 
reaches only 18-22% of takeoff weight or 30-40% of available power.

Therefore, a large thrust-to-weight ratio of the convertible rotary-wing 
aircraft from 1.25 to 1.75 in its total weight inevitably increases the 

Fig. 3.1 Hydro convertiplane.
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proportion of the weight of the powerplant [8]. At the same time, the share 
of fuel and the time for which it is consumed decreases, which increases 
the specific fuel consumption.

Other factors hindering the use of convertible rotary-wing aircraft are 
the low relative thrust of their powerplants (PP), the low cruising flight 
speed of 450-600 km/h [8], their low profitability with considerable operat-
ing costs. To increase the efficiency of cruise flight at subsonic speeds, it is 
necessary to increase the relative thrust. The increased relative thrust allows 
making a cruise flight with more complete utilization of the PP thrust and 
with a lower specific fuel consumption. But with increasing cruise speed, 
aerodynamic drag increases and more horizontal thrust is required [9].

The creation of PP, having two MEs and one BTE, will significantly 
increase the speed of the HCP flight. Additional mechanically driven BTE 

Fig. 3.2 Convertiplane.
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Table 3.1 Preliminary summary technical requirements for HCP.

No. Parameters

Values

Type 1 Type 2 Type 3

1. Dimensions:

Fuselage length, m 13.8 19.8 19.8

Height at chassis, m 4.8 6.2 6.2

wing span with annular 
channels, m

14.8 20.8 20.8

wing area with annular 
channels, m2

27.84 52.55 52.55

2. Powerplant (PP):

2. main engine (ME), model TV2-117A TV7-117V TV7-117V

2.1 total power, hp 1,500 × 2 2,800 × 2 2,800 × 3

2.2 additional engine (BTE), 
model

AL-55 AL-55 –

2.3 additional takeoff thrust, 
kgf

2,000 × 1 2,000 × 2 –

3. Masses and loads:

3.1 normal with vertical 
takeoff, kg

7,000 13,360 13,090

3.2 short takeoff, kg 8,600 16,360 16,090

3.3 normal payload, people/(t) 2 + 14 / (1.6) 2 + 28 / (3.0) 2 + 28 / (3.0)

3.4 empty, kg 3,950 7,810 7,540

4. Fuel capacity, kg 1,450 2,550 2,550

5. Diameter of three-bladed 
rotors, m 

2.37 3.27 3.25

6. Rotor disk area, m2 17.63 33.57 33,16

(Continued)
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Table 3.1 Preliminary summary technical requirements for HCP. (Continued)

No. Parameters

Values

Type 1 Type 2 Type 3

7. The rotation speed of 
three-bladed rotors:

vertical lift, rpm
cruise flight, rpm

2,590
2,080

2,080
1,670

2,080
1,670

8. Specific load on the rotor 
disk area, kgf/m2

397.05 397.97 398.46

9. Specific load on power, 
kgf/hp

1.56 1.56 1.56

10. Specific load on the wing 
with a maximum takeoff 
weight according to p. 
3.2, kgf/m2

308.91 311.32 306.18

11. Flight performance:

The 1st cruise speed at 
40% of the available 
capacity of the ME, 
km/h

640 680 640

The 2nd cruise speed on 
the airplane mode 
during the 1st ME + 
BTE operation, km/h

820 860 –

maximum speed, km/h 840 880 690

practical ceiling, m 6,000 8,000 8,000

takeoff distance at 
running landing/
during takeoff with a 
short takeoff, m

120/80 150/100 180/120
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transmitting most of the available power to the rotors in the hover modes, 
and provide an increase in the vertical lifting thrust. After disconnecting 
the BTE from rotors and only due to the joint thrust of the rotors and their 
reactive marching thrust on aircraft flight modes, there is a possibility to 
increase the flight speed of the HCP to 880 km/h (see Table 3.1, the com-
parison of Type 2 and Type 3).

A lift fan provides approximately 50% of the thrust required for hover 
flight [10]. Therefore, the creation for high-speed HCP (Type 1 and Type 2) 
of such a BTE with a deflectable nozzle, equipped with a mechanical drive, 
transferring part of the power from its rotor to the rotors in the rotary 
annular channels, will allow it to achieve efficiency of its single PP (Type 3). 
This is explained by the fact that an optimal ratio is established between the 
horizontal marching and vertical lifting rods by combining engines with 
good cost effectiveness (HCP + BTE) into a combined PP. At the same 
time, the HCP will perform cruising flight in the mode close to the maxi-
mum, and, therefore, it will have a rather low specific fuel consumption [9].

3.3 Peculiarities of Control of the Vertical Takeoff 
and Landing Aircraft in the Transitional 
and Hovering Mode

One of the directions of development of modern aviation has become ver-
tical takeoff and landing aircrafts (VTOL aircrafts). Such aircrafts do not 
need extensive runways and can take off and land from limited sites and in 
cramped urban-based spaces [11].

The static rotor thrust can be increased by surrounding the rotors of the 
multiple-rotor VTOL aircrafts by annular channels [7, 11, 12]. Due to the 
annular channels, an intensive increase in wave resistance is postponed until 
the tip of the rotor blade ends reaches 280–290 m/s and the static thrust 
increases. Behind these rotors, an air jet is formed, which has great energy, 
which makes it possible to install efficient aerodynamic steering surfaces at 
the exit of the annular channels. The annular channels create additional bear-
ing surfaces that increase the lift force of the wing and make it possible to 
increase safety, eliminating the possibility of contact of foreign objects with 
cantilever rotors. They also reduce noise exposure in comparison with rotors 
without annular channels. Channel rotors with steering surfaces at the exit of 
the annular channels simplify the longitudinal and transverse controls on the 
hover modes, as well as the course control. This will allow the use of rotors 
without cyclic step change and reduce the weight of the structure [6, 7, 13].
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The aerodynamic control of VTOL aircrafts in the hover mode is not 
effective because of the low translational speed of the aircraft.VTOL aircraft 
requires additional aircrafts to create control accelerations and moments 
around axes connected with the aircraft, for example, to make a turn in 
the horizontal plane (Fig. 3.3). With the help of these control actions, the 
tasks of stabilization, maneuvering, balancing and flight control along the 
vertical are solved [11, 14].

When performing, for example, the right bank with a twin-rotor VTOL 
aircraft (see Fig. 3.4) the main rotor on the axis line receives a negative 
increment of the flow velocity ΔV yr rot , respectively, the left main 
rotor receives a positive increment ΔV yl rot , here  − bank angle. In 
this case, the right main rotor receives a positive increment thrust ΔF

r
, 

and the left main rotor receives negative increment −ΔF
l
. Thus, the rota-

tional movement around the linear axis is counteracted by a moment 
of forces around the same axis, proportional to the angular velocity of 
rotation will be [11]:

 ΔL = −y
rot

(ΔF
r
 – ΔF

l
), 

Where y
rot

 − distance from the longitudinal axis of a VTOL aircraft to the 
rotor axis.

y
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Fig. 3.3 Control forces and moments affecting VTOL aircrafts on the mode of vertical 
takeoff, landing and hovering.



Development of Schemes of Convertiplanes 145

An important problem is the failure of the engine during the hover-
ing mode of VTOL aircrafts, especially with eccentrically located engines. 
The question arises whether there will be enough vertical reserve for the 
remaining engines in order to maintain the hover mode. Total power N of 
the powerplant with n turboprop engines with power N0 each is equal to:

 N = n N0. 

The symmetry of the lifting forces due to the interconnection of the 
rotors through the shaft system can be maintained when one engine fails 
without the need to turn off the engine symmetrical to it, as in the case of 
VTOL with turbofan engines. The power rest N

rest
 divided by the normal 

total power N
Σ
, taking into account the emergency power increase, char-

acterized by the coefficient k in the event of a single engine failure [11], is 
reported to be equal to:

 N

N

n

n
krest 1 .

 
When a single engine fails, the thrust generated by the rotors decreases 

to a lesser extent than the remaining power of the remaining engines, as 
the rotor of the failed engine, due to the transmission connecting the rotors 
of all the engines, rotates and creates lifting thrust. Taking into account the 
well-known formula of N.E. Zhukovskiy for the rotor thrust:

 F = (33.25 η0 DN)2/3, 

where F – the rotor thrust;
 D – the diameter of the rotor;
 N – power on the motor shaft;
 η0 – efficiency factor of the rotor.

–ΔFl ΔFr

ΔVrΔVl

yrot yrot

L

y

.

Fig. 3.4 Increment of the speed of the flow incident on the rotors during rotation of the 
VTOL aircraft around the longitudinal axis [11].
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For the emergency balance of thrust, normalized by the value of the 
total thrust F

Σ
 = n F0 until the moment of failure, taking into account the 

constancy η0:

 

F

F

N

N

n

n
krest rest

2 3 2 3
1

/ /

.
 

For the VTOL aircraft of the multipurpose cryogenic convertiplane 
type (MCCP) [13] (Fig. 3.5), with the number of PP engines 2, 3 and 
4 respectively, the redistribution of thrust and PP engine power can be 
determined, with the maximum forcing speed of each engine k being 
equal to 1.1 taking into account the possibility of emergency forcing 
thrust by 10% (see Table 3.2).

Considering that 

 F
Σ
 = ε · m

A
 · g,  

where ε – the thrust-weight ratio;
    m

A
 g – the weight of VTOL aircraft.

The emergency remaining thrust will be:

 
F

n

n
k m grest A

1
2 3/

.
 

Required stock of the engine, taken into account when choosing the 
engine (ε   εn):

 
n

n

k n( )
.

/

1

2 3

 
At present, the practical use of VTOL aircraft for civil aviation is limited 

by the conflicting requirements for their PP: thrust generated in the modes 
of vertical takeoff, landing or hovering must be greater than its weight. At 
the same time, a large thrust-weight ratio from 1.12 to 1.36 in the total 
weight of the VTOL aircraft does not inevitably increase the weight share 
of the PP. This makes it possible to achieve an acceptable specific load on 
capacity and to ensure a significant increase in the service life. Therefore, 
for more economical cruising at subsonic speeds the relative thrust should 
be increased, allowing the performance of cruise flight with fuller use of 
the PP thrust and lower specific fuel consumption.
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Fig. 3.5 The layout of the MCCP with twin-engine PP [13].

Table 3.2 Redistribution of thrust and engine power, according to the type of 
VTOL aircraft with synchronized rotor drive system in case of a single engine 
failure.

Number of engines, n 2 3 4

The coefficient of 
emergency engine 
forcing, k

1.0 1.1 1.0 1.1 1.0 1.1

N
rest

/NΣ 0.50 0.55 0.67 0.73 0.75 0.83

F
rest

/FΣ 0.63 0.67 0.76 0.81 0.83 0.88

Thrust-weight ratio of 
VTOL aircraft є

1.12 1.23 1.15 1.27 1.24 1.36

Required thrust-weight 
ratio єn

1.78 1.84 1.51 1.56 1.50 1.55
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3.4 Problems of Stability and Controllability 
of Hydro Convertiplane with Tandem-Mounted 
Rotors in Rotary Annular Channels

When basing the HCP on water, it is necessary to ensure the protection of 
their engines and rotors from the ingress of sea water, as well as the stability 
of such a aircraft with a combination of its hydrodynamic, seaworthy and 
amphibious characteristics [15]. Horizontal HCP flight can occur in close 
proximity to the water surface or a flat piece of ground (screen) using the 
screen effect, which is formed at low altitudes due to the increase in lift and 
decrease in wing resistance [7].

The conducted studies [16, 17] of the conditions for ensuring the static 
and dynamic stability of the HCP with four tandem-mounted rotors in 
the rotary annular channels showed the following. The composite wing 
should have a developed center section, a slight elongation and a slight 
negative transverse V, as well as high-lying horizontal console. On con-
soles, which are practically unaffected by a screen, effective mechanization 
and front rotors in the rotary annular channels can be used. Horizontal 
tail should be sufficiently effective and taken out of the zone of influence 
of the screen.

Three-beam tail and automatic control systems with synchronous 
deflection of the front and rear (inter-beam) annular channels in opposite 
directions should ensure sufficient longitudinal stabilization and stability 
on the transition modes from screen to free flight and back.

Flight of the HCP near the screen is stable only in a limited range. To 
expand this range and when flying over a wavy screen, controls should be 
provided for stabilizing the HCP both in angle of attack and in height.

The most rational location of the center of gravity of the HCP with the 
front and rear rotors of the same diameter is the midpoint between their 
rotational annular channels. If the center of gravity between the rotors is 
shifted more than by 5–7% of the distance between the rotors, then unac-
ceptable losses of vertical thrust in the hover mode appear, as well as an 
increase in the weight of the gearbox due to the unfavorable power distri-
bution between the rotors [8].

The total area of the fins of the three-beam tail can be less due to the 
rotors in the annular canals, behind which an air jet is formed, which has 
high energy that makes it possible to install effective aerodynamic steering 
surfaces behind them in the course control mode [7].

Conventional three- and four-bladed rotors in rotary annular chan-
nels have high efficiency both in conditions of vertical takeoff, landing 
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and hovering (up to 85%), and in cruising flight at subsonic speeds (up to 
80–87%) [8]. Thus, if rotor sizes in the rotary annular channel and the load 
on rotor disk area are not limited by the HCP construction, the high levels 
of thrust are reached as under static conditions (at hover, for example), and 
in cruising flight conditions.

The tandem arrangement of the rotors in the rotary annular channels 
meets the requirements for providing the necessary control points in the 
hanging mode without using a complex rotor with a cyclic pitch change or 
auxiliary control systems (antitorque tail rotor). Longitudinal controlla-
bility is provided by means of differentiated changes in the angle of instal-
lation of the front and rear rotors. The transversal control is provided by 
increasing the angle of installation of the blade for the front and rear rotors 
on one side of the HCP and for reducing the angles of installation of the 
blade for the front and rear rotors on the other. The system of increasing 
the stability of the HCP in pitch and roll should exclude the influence of 
the emerging instability along one axis on the stability along other axes [7].

The rotors located along the diagonal have the same direction of rota-
tion and the yaw moment can be reached by small deviations of the axes 
of the rotors. For example, if the angle of deviation is measured from the 
direction of flight, then the angle of rotation of the front rotors can be equal 
to 94°, and the rear rotors to 85°. As shown in Fig. 3.6, the yaw moment M

y
 

T4

T3

T2

T1
My

Fig. 3.6 Control moments arising along the vertical axis of the three-beam HCP.
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occurs if the blade installation angle and, therefore, the power increases on 
two rotors and simultaneously decreases on the other two rotors [9]. The 
full yaw moment is formed as a result of the interaction of the horizontal 
rotor thrust components that create the unfolding moment.

With this system, track control along the course is provided without 
changing the pitch, roll or vertical thrust. A yaw control system of the HCP 
with tandem-mounted rotors can reduce the vertical thrust by about 1%, 
but it does not degrade the acceptable characteristics of its stability and con-
trollability. And if additional power is required to control the course, this 
problem can be solved by increasing the angles of rotation of the rotors [9].

Considered as a whole, the tandem arrangement of the rotors in the 
rotary annular canals has good flight characteristics and handling char-
acteristics required for an aircraft used as a helicopter, a plane, and a 
wing-in-ground-effect-craft.

In order to reach the best characteristics of the HCP at the vertical takeoff 
and during a transient flight mode, it is necessary to make maximum use of 
the available power of the engines, taking into account the possibility of fail-
ure of one of them. The required number of engines, taking into account the 
failure of one of them with a total thrust-weight ratio of 1.1 to 1.3, should 
be three [8]. This means that it is necessary to select such HCP, the failure of 
one of them will only reduce the propulsion of the powerplant without loss 
of controllability and a noticeable decrease in the load on the rotor disk area 
and on the wing, which should be significant for high-speed HCP.

3.5 Cryogenic Turboelectric Aircrafts are a Good 
Solution for Short-Range and Takeoff Hybrid 
Airline Complexes

The experience of operating jet passenger aircraft showed that the volume 
of air traffic increases due to an increase in traffic on local airlines. But 
neither purely freight nor purely passenger regional convertiplanes with 
takeoff and landing within the city limits can be used profitably. To solve 
this problem, it is necessary to use a special transport system for local air-
lines, created on the basis of high-speed MCCP of the vertical and landing 
(VTOL) and short takeoff and landing (STOL) [18, 19].

According to experts’ estimates [20], the MCCP on liquefied natural gas 
will, on average, allow a 2.5-fold decrease in fuel costs and a reduction in 
direct operating costs by 4–5% per flight hour. This increases the reliability 
and stability of control in transient flight regimes, which allows to improve 
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the corkrotor characteristics and reduce the loss of aerodynamic quality for 
MCCP balancing by up to 20%. The anterior horizontal tail works in con-
junction with the wing and creates additional lift and unloads the wing [13].

To eliminate the known drawbacks of jet passenger aircraft in Europe 
and the United States, electric and aircraft construction companies have 
joined forces and are already conducting research on new generations of 
electric airplanes based on electric motors powered by fuel cells based on 
hybrid lithium-ion batteries having a fast (within half an hour) recharge 
time. Such electric airplanes of the new generation will be noticeably qui-
eter than traditional analogs and have the ability to perform STOL [21].

Extensive operational requirements for hybrid aircraft of the new gen-
eration will lead to the development of a number of models of unmanned 
and cryogenic turboelectric aircrafts. The creation of such aircrafts using 
parallel-serial hybrid technology with a gas turbine engine (GTE), working 
on jet fuel and liquefied natural gas, and an electric motor-generator will 
double the horizontal thrust-to-weight ratio [22].

A feature of the use of parallel-serial hybrid power drive technology in 
a cryogenic turbo-electric aircraft is the scalability, which allows to create 
light medium-range aircraft with a seating capacity of 30 and 48 people 
[18]. Moreover, such an aircraft with a total fuel efficiency of 10.6 g/pass·km 
can have three electric motors with a peak power of 1,400 kW (nominal 
770 kW) each and a cryogenic gas turbine engine for liquefied natural gas 
of the type PK-65VF (power 1100 hp). Creation of a more powerful PP 
using parallel-serial hybrid technology with three peak electric motors with 
a rated power of 4540/2500 kW each and a cryogenic gas turbine engine for 
liquefied natural gas (with a capacity of 2,800 hp) allows to master a medi-
um-range aircraft for 110 passengers.

Liquefied natural gas will improve operational performance and indica-
tors of transport and environmental efficiency, including achieving (when 
performing the STOL) fuel efficiency of 10.8-11.2 g/pass·km [20].

The development of conceptual approaches requires the promotion 
of innovative aircraft development projects based on technical solutions 
[4, 12, 23]. Their implementation will allow the mastering of a number of 
models of light and medium convertible high-speed helicopters with turbo 
diesel and gas turbine engines in the PP. Innovative aircraft of this kind can 
perform a vertical or short takeoff/landing (Fig. 3.7). Mastering of such 
aircrafts will allow the vertical takeoff at normal takeoff load and short 
takeoff with an overload of 6%−13% more of the normal takeoff weight, 
while ensuring the required flight range.

To eliminate or reduce the impact of the shortcomings inherent in a 
number of recently developed twin-rotor longitudinal helicopters with a 
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pushing rotor, diesel PP can be used arranged on a parallel-serial hybrid 
technology [24], that will allow a cruise flight for 4 or 6 hours, respectively, 
when performing a vertical or short takeoff/landing [4].

On the basis of a helicopter with two longitudinal rotors it is possible to 
master a diesel-electric lightweight convertible high-speed helicopter with 
a takeoff weight of 900 and 1,040 kg and to carry 0.2 and 0.3 tons of cargo 
at a range of up to 1,760 and 2,800 km, respectively, when performing ver-
tical and short takeoff/landing. The increase in flight time and generating 
capacity for electric supply is achieved by using the energy of the incoming 
flow, due to a multimode hybrid PP with reversible electric motors gen-
erators. During cruising flight, they receive energy from the incoming air 
flow in the course of electric wind generators; they rotate from two auto-
grating main rotors. This should allow the achievement of flight time up 
to 3 hours when performing vertical and 5 hours when performing short 
takeoff/landing.

This parallel-serial hybrid PP has front and aft reversible electromotors- 
generators for power supply and two electric motors with a total peak/rated 
power of 50/28 and 22/12 kW and 50/23 kW, respectively. It is equipped 

Fig. 3.7 Aerodynamic scheme of light and medium convertible speed helicopters [4].
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with generator turbo diesel engines, which can provide another 66 and 
44 kW to the main rotors of the longitudinal group. 

A battery weighing about 224 kg (33% of the mass of an empty aircraft) 
will allow a short takeoff and landing to reach a flight range of 390 km at 
a cruising speed of 385 km/h. When the battery charge drops to 25% of 
the maximum value, the turbodiesel engine will turn on and, rotating the 
reversible front electric motor-generator, in flight will feed the accumu-
lator along with the aft reversible electric motor-generators, the rotating 
main rotor from the incident flow.

According to the forecasts of specialists [6, 20, 25, 26], not only high-
speed and combined helicopters, but also transformed rotary-wing aircraft 
of the new generation will have the greatest value in the converted helicop-
ter aircraft that are airplane-like convertible rotor aircrafts and converti-
planes. The foregoing suggests the real possibility of mastering the heavy 
convertible rotor aircrafts and convertiplanes (HCVP) of the new genera-
tion in the near future (Fig. 3.8).

Fig. 3.8 High-speed HCVP in a longitudinal-transverse performance arrangement of 
rotors X2+2.
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The most relevant in modern conditions may be the priority mastering 
of HCVP-80 (Type 1.1) with D-12V type engines (N = 5,500×2) and rotors 
in cantilever rotary annular canals (see Table 3.3). Since larger main rotors, 
for example, HCVP-80 in its flight configuration of a helicopter and rotor 
aircraft, are designed to create lift, the translational motion in horizontal 
flight is largely provided by cantilever rotors in rotary annular channels.

On helicopter flight modes, such a four-rotor main carrier with a mul-
timode aerodynamic control system and cantilever main rotors providing 
additional lift force allows for the implementation of the technology of 
VTOL and STOL, while this aircraft has 6–7% less fuselage length with 
rotors and has less overall dimensions when VTOL is fulfilled.

This will save space for the takeoff site; therefore such HCVP versions 
with larger main rotors and cantilever rotors in the rotary annular chan-
nels have a minimum takeoff platform and the maximum ratio of payload 
to the length of the takeoff platform when performing VTOL.

Extensive operational requirements for convertible rotary-wing aircrafts 
of the new generation will lead to the creation of HCVP that can compete 
with high-speed helicopters, as well as provide three specific flight modes: 
helicopter, rotary-wing and gyroplane. The last two modes make it possible 
to reach cruising speeds on these safe flight modes of 550 and 620 km/h, 
respectively.

3.6 Conclusion

Aircraft of the traditional aerodynamic layout need large aerodromes that 
should be carried far beyond the city limits. And the time required for a trip 
from the city to the aerodrome and from the aerodrome to the city can be 
commensurate or even longer than the flight time itself. The task of creating 
convertible helicopters-airplanes that could carry out a vertical takeoff and 
landing on limited-size sites within the city boundaries, becomes urgent.

A feature of convertible helicopters is the management of vertical take-
off and landing modes and transient modes, when the aerodynamic con-
trol surfaces are inefficient. Their power plant must provide vertical thrust, 
exceeding in size the takeoff weight of the aircraft. This requires the cre-
ation of more economical and sophisticated gas turbine engines. The tra-
ditional aerodynamic scheme of such aircraft, in which the main lift force 
is created by the wing, being the main aerodynamic carrier surface, has a 
rather large specific load on the wing (about 460–525 kg/m2), which will 
increase in proportion to the increase in size. This is confirmed by compar-
ison with the traditional schemes of turboprop aircraft.
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Table 3.3 Preliminary tactical and technical characteristics for multiple-rotor 
HCVP.

No. Parameters

Values

Type 1.1 Type 1.2 Type 1.3

1. Sizes according to the 
arrangement type:

HCVP-80 HCVP-120 HCVP-165

1.1 length with main 
rotors/fuselage, m

36.56 / 22.3 44.86 / 27.4 52.0 / 32.86

1.2 total height on chassis 
at VTOL, m 

6.5 7.5 8.1

1.3 wing span with 
annular channels, m 

18.0 22.0 23.67

1.4 wing area with annular 
channels, m2

54.0 80.66 93.34

1.5 folded wing span, m 9.8 11.8 12.7

1.6 min takeoff area with 
VTOL, m2

658 986 1230

1.7 parking ramp, m2 218 323 417

1.8 specific takeoff 
opportunity − 
relation of 
paragraph 3.3/
paragraph 1.5 at 
VTOL, kg/m2

12.16 12,19 13.41

2. The powerplant with 
two turboshaft 
engines of “Motor-
SICH” OJSC, model

D-12V D-136 D-27

2.1 total power, hp 7,500 × 2 11,400 × 2 14,000 × 2

2.2 thrust-weight ratio 
under paragraph 3.1, 
kgf/kg

1.44 1.44 1.44

(Continued)
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Table 3.3 Preliminary tactical and technical characteristics for multiple-rotor 
HCVP. (Continued)

No. Parameters

Values

Type 1.1 Type 1.2 Type 1.3

3. Masses and loads 
(power on main 
rotor):

(11,250) (18,240) (21,000)

3.1 normal at the vertical 
takeoff, kg

33,000 50,160 61,600

3.2 at the short takeoff, kg 38,700 59,760 72,800

3.3 normal payload at 
the takeoff under 
para. 3.1/para. 3.2, 
people (t) 

3 + 80 (8.0)/
 3 + 96 (12)

3 + 120 (12)/
 3 + 130 (19)

3 + 162 (16.5)/
 3 + 162 (25)

3.5 empty kg 19,500 29,960 36,800

3.6 fuel supply according 
to para. 3.1/para. 
3.2, t 

5.2 / 6.9 7.9 / 10.5 8.0 / 10.7

4. Rotor diameter: 

4.1 diameter of larger 
main rotors (D), m

17.2 × 2 21.21 × 2 23.52 × 2

4.2 diameter of smaller 
rotors (d) in rotary 
annular channels, m

4.5 × 2 5.5 × 2 6.1 × 2

4.3 Rotor disk area, m2 496.25 753.77 926.92

4.4 The rotation speed of 
the smaller rotors:

at the vertical takeoff, 
min-1

during cruising flight, 
min-1

1,225
980

1,000
800

900
720

5. Criterion para. 9.3 at 
the VTOL, t·km

13,500 21,600 29,700

(Continued)
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The fleet of cryogenic turbo-electric airplanes on liquefied natural gas 
will improve operational performance, transport and environmental per-
formance, as well as achieve (when performing STOL) fuel efficiency of 
10.8-11.2 g/pass·km.

Table 3.3 Preliminary tactical and technical characteristics for multiple-rotor 
HCVP. (Continued)

No. Parameters

Values

Type 1.1 Type 1.2 Type 1.3

6. The specific load on the 
rotor disk area under 
para. 3.1, kg/m2

66.5 66.5 66.46

7. Specific load on 
power, kg/hp

2.2 2.2 2.2

8. The specific load 
on the wing with 
takeoff weight 
under para. 3.2 kg/
m2

716.7 740.9 780.0

9. Flight performance:

9.1 cruising speed at 25% 
of the available 
power of PP, km / h 

620 580 550

9.2 maximum speed, km/h 650 610 580

9.3 flight time under para. 
3.1/para. 3.2, h 

4.0/6.0 4.0/6.0 4.0/6.0

9.4 the length of the flight 
under para. 3.1/para. 
3.2, km 

2,560/3,720 2,320/3,480 2,200/3,300

9.5 service ceiling, m 8,300 7,900 7,600

9.6 duration of hover, h 0.6 0.6 0.6

9.7 takeoff distance when 
landing at the ground 
roll/short take-off, m

135/90 150/100 165/110
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Light and medium models make up more than 80% of the entire heli-
copter fleet; therefore, local convertible air carriers will be interested in 
 medium-sized convertible vertical or short takeoff and landing aircrafts, 
which can carry at least 24 passengers with a cruising speed of 500-650 km/h 
 and flight altitude up to 8,000 m on routes up to 1,300 km long with take-
off and landing within the city.
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Abstract
The fourth chapter introduces the conceptual model of a multifunctional amphib-
ious plane. The brief technical characteristics, visual imagery and historical 
aspects of the plane creation are given. Rendering of the future model is given. 
Consolidated PBY-5A Catalina, a modification of an amphibious plane of the 
1950s, became the prototype of the amphibious plane concept. In addition to use 
for travel and outdoor activities, this plane can be applied in many other utilitarian 
purposes.

Keywords: Amphibious plane, conceptual design, prototype, computer simulation, 
rendering

4.1 Introduction, Historical Stages

Conceptual modeling is applied in all areas of industrial design today. 
This paper presents a conceptual model for a multifunctional amphibi-
ous plane. The historical review of the “Consolidated PBY Catalina” plane, 
which served as the prototype for the development of the design of a new 
multifunctional amphibious plane (Fig. 4.1), is presented.

At the beginning of the 1930s, the American firm Consolidated Air-
Craft began developing a new patrol bomber to intercept sea convoys in 
the event of war in the Pacific, to the order of militaries. The work was led 
by engineer Isaac Laddon. According to the technical requirements of the 
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new patrol flying boat, it was to significantly expand the fleet’s ability to 
conduct long-range maritime reconnaissance. The plane essentially had to 
be a flying boat and an amphibian at the same time. Equipped with two 
engines, an all-metal monoplane-parasol, in aerodynamic terms the plane 
was a monoplane with a wing raised above the fuselage-boat on a volumi-
nous pylon [1–3]. The calculated characteristics of the model in many of 
their parameters exceeded the task. Tests showed that the flight data of the 
new hydroplane exceed the most optimistic expectations: the flight range 
reached 6,900 km, the maximum speed - 275 km/h, the service ceiling - 
5,760 m.

The plane was built in the United States at the plants Consolidated 
(San Diego, New Orleans) and NAF (Philadelphia), in Canada at Boeing 
(Vancouver) and Canadian Vickers (since 1944 – Canadair, Montreal), and 
in the Soviet Union. In October 1936, deliveries of the Catalina produc-
tion planes began. Production continued until 1945; the firm Consolidated 
produced 2,394 planes. In the USSR, the factory number 31 in Taganrog, 
where 27 units were produced became the place of production. The pro-
cessing of the drawings and other technical documentation, as well as the 
management of the launch into the series, were entrusted to the experi-
mental design office of Georgiy Mikhailovich Beriev [4, 5].

In February 1937, to familiarize themselves with the production and 
acceptance of documentation and equipment, a group of plant special-
ists and design bureaus were sent to the plant in San Diego (USA), which 
produced a PBY-1 hydroplane. Part of the planes transferred to civil avia-
tion were named MP-7. The USSR received three planes “Catalina” as the 

Fig. 4.1 Amphibious plane Consolidated PBY Catalina, a prototype of the developed 
model.
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samples used for the licensed production. In May 1938, the first subma-
rine with the American Wright Cyclone GR-1820-G3 engines was built. 
Factory tests began on June 3; the plane had good stability on all oper-
ational flight modes, which allowed it to quickly master it. In January 
1939, the serial construction of a flying boat under the designation THP 
(Transport Hydroplane) began (Fig. 4.2) [6, 20].

Unlike the American prototype, the modifications of the THP were 
equipped with various engines of domestic production. The plane was a 
twin-engine flying boat of metal construction – a strut-off monoplane with 
a high wing. The wing was installed above the fuselage on a streamlined 
pylon. The hull of the boat was relatively wide, low and rounded at the top. 
The fuselage was divided into five duralumin waterproof bulkheads with 
hermetic hatches for passage into six isolated compartments. This ensured 
buoyancy in case of damage to the cladding of the bottom of one or even 
several compartments.

In the bow there were hatches for the anchor and mooring cable. The 
crew of the hydroplane consisted of two pilots, navigating officer, radio 
operator, flight mechanic and two gunners. The plane had a rather compli-
cated and time-consuming design. For this reason, as well as in connection 
with the organization of the mass production of the Che-2 (MDR-6) flying 
boat of I.V. Chetverikov (Fig. 4.3), the production of the THP was discon-
tinued at the end of 1940 [6, 20].

The Catalina plane was recognized by the Soviet Union as better than 
its counterparts created by its own designers, and built under license 
during the war. Moreover, by the end of the war, Catalina was produced 
in many new versions and sold better than new designs. The number of 
built Catalinas was greater than any other flying-boats or hydroplanes in 
history.

Airplanes exported to the UK, from the end of February 1940, were 
refined by the Cairds Yard (Greenock), Scottish Aviation (Prestwick) and 

Fig. 4.2 THP Hydroplane.
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Saunders Row (Bomeris) plants. During the revision, radars, impulse 
searchlights and instruments of English production were installed, redan 
was reinforced. English hydroplanes “Catalina” began to be used in the 
Atlantic in March 1941. On April 29, the Catalina Second World War fly-
ing boat sank its first enemy submarine. In May, they participated in the 
hunt for the German battleship “Bismarck”, directing ships and planes to 
it. At the same time, they were first attracted to escorting convoys from 
America [2, 4].

In 1942–43, the British Air Force used flying boats of this type in the 
northern and southern parts of the Atlantic, in the Mediterranean, Indian 
Ocean and Arctic waters as long-distance reconnaissance planes. The 
planes carried out rescue work. In Southeast Asia, hydroplanes were used 
to put ground mines. Since the autumn of 1939, American planes began 
systematically patrolling the 200-mile zone along the Atlantic coast of the 
USA, and then practically the entire shipping route to England. In the 
Pacific, the Black Cat squadron became famous–they used the Catalina for 
night strikes on Japanese ships.

Canadian planes basically provided protection from submarines in the 
North Atlantic. Dutch planes 28-5MN from January to March 1942 were 
fighting against the Japanese, then were evacuated to Australia and Ceylon. 
Australian and New Zealand cars fought in the Pacific before the defeat 
of Japan.

The plane was removed from production in the USSR in November 1940, 
in Canada in May 1945, in the USA in September 1945. These machines 
were taken off in Canada in the autumn of 1945, in the UK at the end of 
1946, in Australia in 1953, and in New Zealand in December 1956. In the 
USA they flew in the fleet aviation until 1949 (they were in reserve until 
January 1957), in the Air Force until January 1953, and in the Coast Guard 
until April 1954.

In the Soviet Union, the last hydroplane of this type was operated in the 
Northern Fleet until the autumn of 1945. In polar aviation, they served 

Fig. 4.3 Hydroplane of I. V. Chetverikov Che-2 (MDR-6).
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until mid-1948; the civilian one, the MP-7, flew until 1949. Since 1952, 
the flying boats of the Second World War of American manufacture began 
to be replaced by the Be-6 hydroplanes (Fig. 4.4). They flew in the Baltic 
Fleet until May 1954, on the Black Sea until October 1955, and in the 
Pacific until August 1957. In civil aviation, the last cars in the Far East were 
 written off in 1958.

After the end of World War II, the Catalina amphibious planes were 
put into service in Argentina, Brazil, Denmark, the Dominican Republic, 
Israel, Colombia, Indonesia, Mexico, the Netherlands, Norway, Peru, 
France, Sweden, and Japan. The Dutch cars participated in the colonial war 
in Indonesia in 1946–1948, the Israeli cars in the war with Egypt in 1956. 
The last combat operation for the Catalina hydroplanes was an operation 
in Cochinos Bay in April 1961.The last combat operation for the Catalina 
hydroplanes was an operation in Cochinos Bay in April 1961.

The enormous popularity of the plane among the military during 
the war years was due in large part to its simplicity and reliability. This 
is what causes the same popularity of a hydroplane among civilian users. 
Numerous modifications of the plane made it indispensable in peacetime. 
Thus, the disarmed plane, capable of taking off from any suitable reservoir, 
delivered people and goods, for example, to Alaska and to the Amazon 
delta. The recipe for success in a civilian “old women” hydroplane, is  simple: 
dismantle the entire military arsenal, install passenger seats and now it is 
a universal passenger liner, which is time-tested. It can perform passenger 
and freight transport, meteorology, fire patrols, fire extinguishing, a mobile 
research laboratory and many peaceful tasks.

The first civilian PBY was sold in 1937 to the American Museum of 
Natural History for an expedition to New Guinea by Dr. Erchbold and 
was given the name GUBA (the Papuan “severe storm” serial number  - 
NC 777). But it was bought up by the Soviet government for a large-scale 
operation to search for the crew of Levanevsky, who disappeared during 

Fig. 4.4 Be-6 Hydroplane.
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a transpolar flight (Fig. 4.5). PBY-4 is a modification, the plane of which 
were received by blisters on onboard rifle installations, which later became 
the “brand name” of “Catalina”.

After the war, a large number of Catalinas became available in the 
market of decommissioned military equipment, where they were will-
ingly bought by operators of charter and cargo airlines. After the dis-
mantling of weapons, reservations and parts of the radio equipment, 
the plane’s carrying capacity increased significantly. In addition, retired 
patrol cars could be used with improvised runways and bodies of 
suitable size, which was a significant plus for their new owners. The 
“Catalinas” were widely used for passenger traffic in the Caribbean and 
Alaska, but their main task was still the delivery of goods and people to 
remote and hard-to-reach places.

The Consolidated PBY-6A Catalina flying boat acted as a research plane 
for the team of researchers led by Jacques-Yves Cousteau (Fig. 4.6). In 1967,  

Fig. 4.5 Amphibious plane PBY Catalina with tail number NC 777.

Fig. 4.6 Research amphibious plane of Jacques-Yves Cousteau’s team.
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Cousteau along with his father became a member of the famous expedi-
tion Calypso, whose goal was to film sharks living in the Red Sea and the 
Indian Ocean.

4.2 Concept

The design of the Catalina allows you to use it in almost any conditions, 
both with and without an equipped airfield, using the surface of a reservoir. 
In 1950, one of the modifications of the Consolidated PBY-5A Catalina was 
a flying yacht (Fig. 4.7)–a flying yacht or an amphibious plane, depending 
on preferences.

Inventor Glen Odekirk saw in these machines a new future for his idea. 
He thought of airplanes as the embodiment of chic, glamour, luxury and 
elitism. “An airplane is just a vehicle in which you move from point A to 
point B.,” Odekirk said in an interview in 1953, “the difference is only in 
the level of comfort. Therefore, I decided to create a truly unique plane 
in which a person could even live in comfort.” The main innovation of 

Fig. 4.7 Advertising photo in LIFE journal, with an elite flying yacht.
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his flying amphibious plane was high noise isolation. The 4-inch thick 
fiberglass needed $265,000 at the rate of those years. Today it is an even 
more impressive amount. This price did not include installation and main-
tenance. And in combination with other operating costs, this flying lux-
ury became unattainable even for millionaires. There were eight sleeping 
berths: three double beds and two single beds. Next to each bed there was 
a personal light, radio, air conditioning hole and a telephone. In addition, 
a TV was built into the plane. On board there was a shower with hot and 
cold water, and a toilet, a small galley with white porcelain and stainless 
steel, a stove, an oven, a fridge and a freezer.

It was the idea of a flying yacht that formed the basis for the develop-
ment of the design concept of a multipurpose amphibious plane. It should 
be a flying yacht that can accommodate a small group of people for an 
active holiday and has all the necessary amenities on board [7, 8]. In addi-
tion to the use in travelling and active rest, this plane can be applied in 
other purposes, including passenger transportation on local hard acces-
sible roads, ambulance vehicles and transport for medical personnel as a 
mobile medical office, fire extinguishing and territory patrol, search and 
rescue operations.

The design of the model being developed is similar to the Catalina: a 
monoplane with a wing raised above the fuselage-boat on a voluminous 
pylon in which the exit to the upper deck is located. The tail is single-fin. 
The main wing of a trapezoidal shape. The wing is equipped with a mech-
anization system, the deck above the main building is made in the form of 
wooden flooring [9, 10]. Exit to the deck is through the central pylon from 
the lower cabin. There is also an access to the main wing from the deck. 
The powerplant is represented by two turbo-screw engines. To get to the 
ground from the water, the plane is equipped with a landing gear at three 
points.

The development of the design concept involves the elaboration of cabin 
layout schemes. This article discusses the passenger cabin layout (Fig. 4.8)  
with four rows of seats with a center passage, this layout accommodates 
28-30 passengers [11, 12].

The cabin has a toilet and luggage compartment, access to which is 
opened through the rear hatch. The cabin height is assumed to be 2 m, 
which will allow passengers to move freely around the cabin (Fig. 4.9). The 
rows of seats are placed on the right and left sides on the podiums [13].

As a result of a sketchy search for the image of the future vessel, a 
number of solutions were found [10, 14]. The volumetric-spatial solu-
tion is presented in sketches (Figs. 4.10, 4.11). Compared with the pro-
totype, the projected model has become larger. Keeping proportions, 



Design of a Multifunctional Amphibious Plane 169

Fig. 4.8 Layout diagram of a passenger modified hydroplane.

Fig. 4.9 Profile drawing of the plane cabin.

Fig. 4.10 The proportions of the new model and prototype. Side view.
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Fig. 4.11 The proportions of the new model and prototype. Front view.
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the dimensions of the model were increased. Preserving proportions 
allowed to stick to the external silhouette as the prototype of the con-
cept model.

The increase in size is aimed to accommodate a comfortable cabin, and 
everything necessary for passenger comfort [15]. The length of the fuselage 
is 25.4 m; wingspan is 35.1 m. Height from ground level to the top of the 
tail unit is 7.25 m. A general view of the new model in comparison with the 
prototype is shown on the picture (Fig. 4.12).

4.3 3D Modeling

Along with many 3D modeling packages, 3D Studio Max allows the devel-
opment of projects of almost any complexity [16]. The 3D Studio Max 
graphics system allows working with drawings made in other graphics 
packages, thereby providing the user with a lot of work space [17]. To cre-
ate a three-dimensional model, there are a number of methods. To begin 
work, schematic projections are required [18] of the object being mod-
eled. The modeling process begins with the creation of three perpendicular 
planes, with images of projections placed on them.

Next, a set of fuselage sections is created. These sections are placed 
along the axis of symmetry. A spatial grid is formed on the basis of these 
sections. The next step is to create a surface based on the created grid. 
The main fuselage lines are based on the Edit Poly polygon modeling. 
Extrude modifier is a gradual increment of the model along one or another 
coordinate axis.

Fig. 4.12 The proportions of the new model and prototype. General view.
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The software package 3D Studio Max along with other methods allows 
the creation of models using High-Poly modeling. In order for the edges 
of the model not to have a faceted appearance, it is necessary that the poly-
gons be small and the surface of the object consists of small planes; it is 
possible to observe this in the Wireframe grid view mode (Fig. 4.13).

To create a realistic and reliable model of the body in the program 3D 
Studio Max, plans and sectional views of the future body can be used. The 
standard scheme of High-Poly modeling occurs with a gradual increase in 
the level of detail of the 3d object:

• the first level is basic, and represents the overall shape of the 
object;

• at the second level, the base shape is refined, usually by add-
ing chamfers;

• the third level is the final, it produces a clear detail of the 
object, usually through the use of smoothing plug-ins.

Then the case model is corrected and refined, and the TurboSmooth 
modifier is applied at the final stage. This algorithm is applied to all com-
ponents of the plane: the fuselage, center section, tail, and side floats. To 
speed up and simplify the work, the model is simulated and assembled 
from one of the halves along the longitudinal axis of symmetry. The mirror 
half is created using the Mirror reflection method.

4.4 Application of Materials, Rendering

The next step is to configure the model for the application of materials and 
create them. The V-Ray visualizer from ChaosGroup was used to create the 

Fig. 4.13 Grid density in wireframe view mode.
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rendering. This software package contains a lot of parameters that allow 
control of the quality of the scene rendering. The visualizer requires the use 
and configuration of its VRayMtl shaders (materials) other than the stan-
dard ones. VRayMtl is the main, most used and versatile material from all 
offered by ChaosGroup [19]. Material settings are in the Basic parameters 
rollout. When creating a scene with an airplane model, several materials 
with characteristic parameters were applied.

On the first stage we break the model into component parts of 
Element. The second stage is the creation of a material for imitation of 
plastic and applying it to the corresponding elements. Consider the basic 
parameters: The first rollout is Diffuse (color of the surface diffusion or 
diffuse color or just the main color). VRayMtl allows you to select a 
simple solid color for the Diffuse parameter or use a texture (map). In 
our case, we work, without texture, imitating painted metal. The sec-
ond phase is a creation of plastic material for simulating and applying 
it to the respective n Elem there. The next rollout is the Reflection. As 
the name implies, this rollout contains reflective material properties. All 
surfaces in the world have reflective properties. If 100% black is chosen 
in this window, this deprives the surface of the material of reflections, 
white, on the contrary, makes it completely reflective. All intermediate 
gray values affect the power of reflections. The color slider in 3D Studio 
Max contains values from 0 to 255, and this means that to get a material 
with a reflectivity of 50%, you need to set the value to 128. In addition, 
you need to pay attention to the Fresnel IOR (index of refraction) set-
ting. Fresnel IOR – Fresnel reflection coefficient (in other words, simply 
Fresnel reflections). This is a property that all objects in the world have. 
The essence of the effect lies in the fact that the larger the angle at which 
we look at the object, the weaker the reflections (Fig. 4.14).

The remaining materials for our plane are configured in the same way. 
We should also note the setting of the material of the upper deck with 
the texture of wood. In this case, the wooden flooring texture is used as 
a map for the Diffuse parameter. This is a previously prepared jpg file 
(Fig. 4.15).

The application of materials to the model occurs at the appropriate 
polygons. In the process of modeling, special polygons were foreseen 
for the corresponding materials. The further process is to sequentially 
select groups of polygons and apply the appropriate material to them. 
The next step is to set the parameters for lighting and final rendering 
of the object. Lighting is divided into two types: artificial (lamps) and 
natural (light from the sky and the sun). The most beautiful renderings 
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are obtained by combining them. This lighting option is called mixed or 
combined. In order to make the image truly realistic, an external ren-
der program (visualizer) is used. VRay is the most popular program. 
This render remains the most popular, due to the fact that the most 
advanced methods are used in its calculations. It is based on the Monte-
Carlo method. A method in which the process of lighting a 3d scene is 
modeled using a random value generator. Moreover, this program has 
additional technical advantages, giving it faster calculations, compared 
with comparables.

Fig. 4.14 An example of setting the material in the program dialog box.

Fig. 4.15 An example of setting the material of the upper deck.
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For our task, we will simulate studio lighting (artificial). To do this, 
a plane model is placed on the base without an obvious horizon line 
(the plane of the base smoothly passes into the plane behind). Thus, we 
will get  a soft background, on which our model will be demonstrated  
(Fig. 4.16).

The presence of sources is the most important thing in our task. It should 
be noted that the number of light sources is individual in each new case; 
to simulate artificial lighting, at least two equivalent VRay-Light sources 
are necessary. Thus, we will surely get those very highlights on the surface 
of the objects, which is necessary for the naturalism of the final rendering. 
In the case of rendering of an amphibious plane, it is necessary to obtain a 
model image in the environment. The presence of a water surface is neces-
sary for the final rendering (Fig. 4.17).

Getting to the final stage of our work, a number of points should 
be noted. For the final rendering, it is necessary to install cameras that 
will avoid some errors and in many respects shorten the working time. 
It is necessary to adjust the position of the camera and observe some 
rules of photography, for example, the rule of thirds. This rule assumes 
that the image should be divided into nine equal parts, and important 
elements of the composition should be placed along the intersections 
to create more interest than the central object. Fig. 4.17 a, b, c, show 
the final rendering of the scene with the new plane in the operating  
environment.

Fig. 4.16 An example of setting up materials and lighting of the scene with a model.
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(a)

(b)

(c)

Fig. 4.17 Rendering of the plane model in the natural environment.
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4.5 Conclusion

In conclusion, it can be noted that this paper presented the concept of a 
new multipurpose amphibious plane, which was based on the Consolidated 
PBY-5A Catalina prototype. The design process from the sketches to the 
final development of the final three-dimensional model and photo- realistic 
rendering is presented. This concept of amphibious aircraft is more spa-
cious and can be indispensable as a multipurpose vehicle for the tourism 
industry and coastal waters patrols.
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Abstract
The fifth chapter discusses the features of the formation of a mathematical model 
of an unmanned aircraft (UA) with elliptical wing. It is shown that such UAs 
occupy an intermediate niche between the UAs of the traditional aircraft scheme 
and the multirotor type UAs. Greater energy efficiency was achieved compared 
to multirotor type UAs and lower minimum flight speeds compared to UAs of 
traditional scheme. However, features of the formation of control and disturbing 
moments lead to the need for adaptive changes in the cost of the rudders depend-
ing on the flight speed and the value of the instantaneous angle of attack of the 
UA. The analytical method of research, as well as CFD-modeling are complex and 
do not provide sufficiently accurate results for the formation of a mathematical 
model. As a possible solution of the problem, the black box method is used. In 
order to collect the data needed to create a mathematical model of the control 
object using the black box method, a number of full-scale UA models with an 
elliptical wing were created; two versions of a special onboard recording device 
for recording and saving flight data were developed. Decryption of the informa-
tion received is performed in a program created in the Matlab environment. The 
results of flight tests of scale models of UAs with elliptical wing are given. The 
mathematical model adaptation was performed according to the experimental 
data using the machine learning methodology, and the characteristic features of 
the control were identified. 

*Corresponding author: ssin@mail.ru 
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5.1 Introduction 

In recent years, a qualitative leap in the development of unmanned air-
craft throughout the world can be observed. The relevance of research in 
this area is beyond doubt, since unmanned aircrafts (UAs) have proven 
to be cost-effective and effective means of solving problems of aerial pho-
tography, mapping, environmental monitoring, and several others. The 
possibility of using UAs in emergency areas without risking the life of the 
operator is also attractive. In the modern engineering community, a trend 
has emerged to develop and study new types of aerodynamic schemes 
for aircraft, a reflection of which is a number of published works [1, 2]. 
New concepts of aerodynamic configurations are needed to optimize the 
properties of the device to the area of its use, while the availability of the 
developers of modern hardware and software design, debugging and ver-
ification of onboard radio-electronic systems allows the exploration and 
application of schemes not previously used in connection with the com-
plexity of management. 

In this sense, the choice of the elliptical shape of the UA wing depends 
on the specifics of its aerodynamic properties, which could not be better 
suited for solving the problem of aerial photography of the area remote 
from the point of basing. These properties consist in the possibility of 
implementing two flight modes: fast and energy efficient, necessary to 
get to a destination, and steady slow to make high-quality photography 
of the point of interest. At the same time, the specificity of the aerody-
namics of an elliptical wing determines a number of control features of 
such an apparatus that need to be studied.

5.2 Research Objective

The objective of this research work is to create a flight control system for 
UA with an elliptical wing with the ability to maintain a given speed, flight 
direction and attitude. The purpose of the first stage of research and devel-
opment is to study the characteristic features of the behavior of UA with 
an elliptical wing in the air and its reactions to control actions. Previous 
patent researches showed the presence of similar developments, but no 
complete analogs were found.
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The scientific novelty of the research topic consists not only in obtain-
ing the laws of controlling the apparatus of a non-standard aerodynamic 
scheme, but also in developing a methodology for solving such problems 
on the basis of the model-oriented approach.

5.3 Research Technique

The analytical method of research, as well as CFD modeling, do not provide 
sufficiently accurate results for the formation of a mathematical model and, 
therefore, the control laws [3]. The solution in this case is the application of 
the black box method, when instead of studying the properties and interre-
lationships of the system’s components, its reaction to changing conditions 
as a whole is studied. In this case, changing conditions should be understood 
as control commands from the ground control of a human operator, and the 
reaction is the change in the position of the unmanned aircraft in space [4].

Literature analysis showed the widespread use of the black box method 
for solving the problem of studying the behavior of non-stationary objects, 
for which a special on-board recording device (BRD) was assembled on 
the basis of an Arduino Uno debug board with an AtMega328 microcon-
troller. The evaluation of the output reactions of the UA was carried out 
using data from the accelerometer ADXL 325. The data from the input and 
output of the system is recorded on the SD card [5, 6].

After writing and debugging code based on the standard Arduino Uno 
libraries, the BRD was reassembled around the Arduino Mini Pro, which 
is more suitable for placing onboard a UA due to its small size and weight. 
Fig. 5.1 shows an example of a timing diagram of signals recorded by the 
BRD during flight tests. At this stage, the need to introduce an additional 
sensitive element into the system was revealed – a gyroscope, without which 
it is extremely difficult to correctly determine the spatial position of the UA. 

5.4 Hardware Implementation

For the further development of the project, a second version of the BRD 
was developed on the STM32F 4 platform. The need to change the hard-
ware platform was caused by the inability to simultaneously poll sensitive 
elements by interrupting and recording the received data on a solid-state 
drive. In addition, the expansion of the functionality of the BRD to the 
control system involves the installation of a real-time operating sys-
tem (RTOS), while the Arduino Mini Pro does not provide sufficient 
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performance for this [5, 6]. The following elements were used as sensitive 
elements: a 3-axis accelerometer LIS302DL and a 3-axis angular velocity 
sensor (DLS) L3GD4200, connected via an I2C interface (see Fig. 5.2).

Sensor readings and data on control signals from the ground operator’s 
console are stored in text format on the SD card. At this stage, all flight tests 
were conducted in manual control mode. 

Then, MBee-868-2 868 MHz radio module was installed on the BRD 
for use in wireless data transmission and control systems, industrial 
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Fig. 5.1 Graphic representation of raw flight information.

Fig. 5.2 General view of the recording device based on STM32F4.
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telemetry and security systems. After writing the appropriate PC host 
program, this made it possible to obtain onboard sensor readings during 
flight tests in real time.

The MBee-868-2 modules are based on the System Instruments-on-Chip 
family of CC430 chips from Texas Instruments and support the 6LoWPAN 
and SimpliciTI protocols. The used frequency range, and high output power 
provides stable communication at a distance of tens of kilometers in the line of 
sight, allowing you to deploy systems without installing additional repeaters.

5.5 The Program Research Part

With he increasing complexity of the project it became necessary to attract 
more advanced technologies for writing and debugging the program part. 
At this stage, the Model-Oriented Design Toolkit (MOS) was mastered and 
applied [7]. 

This approach is characterized by a high degree of visualization of signal 
processing and the design of complex control systems. At the heart of the 
development process is a systemic behavioral model consisting of block 
diagrams, text programs and other graphical elements, which is essentially 
an executable specification used for designing, analyzing, simulating, auto-
matically generating and verifying the project code throughout the devel-
opment process. Thus, to create the program part of the second version of 
the BRD, the Matlab/Simulink package was used, which implemented the 
MOS paradigm (see Fig. 5.3) [8].

Using the system model as a specification provided the following 
benefits:

- testing, refining and retesting of the project during the entire 
development process;

- the possibility of simulating and validating the code of the 
BRD program before the microcontroller firmware;

- the possibility of representing the entire system as a hierar-
chical structure;

- automatic code generation from the system model, which 
reduces the number of errors and significantly speeds up the 
development and debugging process;

- the ability to quickly edit and adapt models;
- creation of embedded software (software) and applications 

for a personal computer used as a ground control station in 
a single development environment (see Fig. 5.4 and 5.5).
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It should be noted that when creating the BRD system model, not only 
libraries provided by MathWorks were used, but developed by third-party 
companies (Aimagin — RapidSTM and Waijung Blockset libraries) [9], 
including developers of electronic components (STM - STM32- Mat Target, 
PIC - Microchip-Simulink Blockset). The use of MOS allowed a reduction 
in the final development time and debugging of the joint operation of the 
onboard and ground parts of the system [10].

5.6 Studies of the Behavior of an Unmanned Aircraft 
with an Elliptical Wing

The elliptical wing shape of the UA was chosen due to its specific aerody-
namic properties [1, 11]. Its advantage over the classical aircraft scheme 
is the possibility of stable flight at ultra-low speeds. However, it is much 
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Fig. 5.3 General view of the model of functioning of the onboard recording device of the 
UA, built on the principles of MOS.
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more energy efficient than a multirotor. On the other hand, the specificity 
of the aerodynamics of an elliptical wing requires research to form correct 
control laws for such UAs [4].

When purging a virtual model of the selected type of UA in the XFLR5 
wind tunnel emulator program, it was found that at a speed of 4 m/s and 
angles of attack up to 100 , the wing flute is 120 (see Fig. 5.6), and the total 
aerodynamic force moment, applied in focus, is negative, which indicates 
the likely appearance of a dive moment during takeoff. The results of the 
change in the flux at a constant speed and different angles of attack of the 
wing are shown in Fig. 5.6–5.8.

During the flight tests, an increased sensitivity of this aerodynamic 
scheme to the pitch channel control, relative to the roll channel, was 
detected, as well as a pronounced dive moment, especially noticeable 
during takeoff [4].
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Fig. 5.5 The subsystem for determining the altitude of the flight of the UA according to 
the pressure sensor.

Fig. 5.6 Wing flow slant at a speed of 4 m/s and an angle of 100.

Fig. 5.7 Wing flow slant at a speed of 4 m/s and an angle of 10o.
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5.7 Experimental Studies of the UA Behavior

1. To optimize energy consumption in the mode of small hor-
izontal flight speeds with large angles of attack, the power 
plant was chosen taking into account the use of a large- 
diameter propeller. For one of the studied UAs, the diam-
eter of the propeller was 65% of the wing span (see Fig. 
5.9) [5, 6]. This unit was subject to “twisting”, especially at 
the time of takeoff. To compensate for the torque, an adap-
tive control over the roll channel relative to the horizontal 
speed of the UA was used (see Fig. 5.9).

2. The UA with an elliptical wing has two flight modes: FFF 
(Forward Fast Flight) and FSF (Forward Slow Flight). For 
FFF, the power requirement is 25%. For the FSF, this figure 

Fig. 5.8 Wing flow slant at a speed of 4 m/s and an angle of 20o.

Fig. 5.9 Compensation of the torque generated by the propeller of a single-engine UA 
with an elliptical wing, by deflecting the air rudders.
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is (35%–65%), which is much lower than that of multirotor 
systems (at least 100%).

3. The moments that are formed due to the difference of the 
center of mass and pressure become insufficient for parry-
ing the possible effects on pitch. As a result, the device in the 
sense of pitch control becomes neutral, and then statically 
unstable. Such a situation is especially dangerous in the pres-
ence of unsteady disturbing moments.

4. The controllability of the roll channel is neutral, but with 
decreasing speed the control torque decreases. The solution 
to this problem is to increase the area of aerodynamic con-
trol surfaces, which necessitates adaptive control due to the 
redundancy of the moment in flight mode FFF.

5. Forced airflow control surfaces showed the effectiveness of 
this solution. In Fig. 5.10 the interposition of aerodynamic 
control surfaces and power units are shown.

It should be borne in mind that the LA model is not ideally smooth; 
therefore, the aerodynamic control surfaces operate in a noise air flow. 
Additional high-frequency effect on the rudders has a disturbed flow from 
the screws of the propulsion system [4].

Fig. 5.10 Location of UA elevons with elliptical wing.
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5.8 Processing and Analysis of Data Obtained  
during Flight Tests

Flight tests, accompanied by the fixation of telemetry, are necessary to 
identify features of the control apparatus and the subsequent identification 
of the mathematical model of its behavior. Flight information processing 
was carried out on a PC using specially created software.

To determine the pitch and roll angles based on accelerometer readings, 
the following ratios were used [8]:

 arctan
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A A
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x z
2 2

 (5.1)

 arctan
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x y
2 2
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The constant component was compensated. Fig. 5.11 shows example of 
the representation of the processed flight information.

In the first versions of the BRD, the flight information was recorded 
only on the built-in SD card and processed in the laboratory. In the last 
modification, the option of data transmission over the air channel to the 
ground station was added to the BRD. In addition to the rapid detection 
of data recording problems, this made flight tests more informative due to 
the possibility of observing telemetry in real time, but required processing 
of host programs [4].

To determine the spatial position of the UA, the accelerometer read-
ings (see Fig. 5.12) were used in conjunction with the angular velocity 
data. For this purpose, the system uses a three-axis angular velocity sensor 
(CRS). Integration of the angular velocity sensor (TLS) over time gives 
the corresponding angles, but the result always has a certain trend due 
to the accumulation of integration error (Fig. 5.13). Accounting for inte-
gration errors allows the normalization of the data on angular velocities 
(Fig. 5.14).

To filter the data, a first-order digital inertial link with coefficient α = 0.02 
was used. The use of accelerometer and TLS data in combination with the  
use of a complementary filter with a coefficient K = 0.05 allowed us to 
determine the required angular position of the aircraft in space with the 
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Fig. 5.13 The result of integrating CRS data.
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Fig. 5.14 The data on the angular velocity with the trend
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required accuracy, therefore, the response of the system under investiga-
tion to control actions (see Fig. 5.15.). Validation of the data interpretation 
was carried out using time synchronization of the obtained graphs with 
video recording of UA flight.

For the formation of a mathematical model, it is necessary to supple-
ment these data with information on the height and linear velocity of 
flight. As mentioned above, the new version of the flight data processing 
program was created in the basis of model-based design, and provides for 
the collection and analysis of flight data in quasi-real time.

The “to file” block allows you to save flight data in a file with the .mat 
extension for further analysis, and building graphs of the change in the 
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angular position of the UA during the flight can be done with a few clicks 
(an example is in Fig. 5.16).

5.9 Formation of a Mathematical Model of UA  
with Elliptical Wing

Within this R&D, two classical control problems are solved: the stabiliza-
tion problem and the navigation problem [12]. A mathematical model of 
the control object is necessary to predict its response to control actions and 
environmental changes. To identify a mathematical model, two approaches 
are considered: analytical, based on Newton’s second law, and the black box 
method, which makes it possible to approximate the transfer function of 
the system using experimental data.

5.10 Mathematical Model of UA in Analytical Form

The basis of the study of the motion of objects in the macrocosm is Newton’s 
second law. Speaking of body movement, it implies its movement in space 
and in time relative to the reference system. Taking the mechanical model 
of a UA as an absolutely solid body with constant mass, the motion will be 
described by the following equations [13]:

 
m

dV

dt
F

dK

dt
M

;

;
 (5.3)

where V  – vector of speed of movement; F  – total vector of exter-
nal forces acting on the UA; m – UA mass; M  – total vector of external 
force moments. The system (5.3), presented in vector form, determines the 
change in the kinematic parameters of the UAV motion under the action 
of specified external forces. Studies of the flight conditions of the UA, its 
stability and controllability are carried out with the help of the system of 
differential equations (5.4), which can be considered as its mathematical 
model.
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Let us rewrite the first 3 equations of the system (5.4), by writing and 
transferring the forces acting on the aircraft to the left side:

Here is a vector C  is a set of aerodynamic forces acting on the device, 
FT   is engine generated thrust. Such a mathematical model is common for 
aircraft, in which the lift force is created by a wing. Wing geometrydeter-
mines vector C, the values of which for devices with non-standard geome-
try should be estimated by blowing in the wind tunnel.

5.11 Obtaining a Mathematical Model Using 
the “Black Box” Method

To implement the black box method, the Matlab extension of the System 
Identification Toolbox (Fig. 5.17) was used [13]. With it, an attempt was 
made to obtain the transfer function of the system through the pitch chan-
nel using experimental data obtained by the switchgear.

Fig. 5.18 shows a fragment of the timing diagram of the pitch angle 
change, and Fig. 5.19 shows the corresponding control action. The result 
of the System Identification Toolbox program is shown in Fig. 5.20. This 
extension allows us not only to make an assessment of the transfer func-
tion, but also to assess the degree of its coincidence with the prototype. The 
prototype is a real change in the pitch angle, which was registered by the 
onboard equipment.

The analytical form of the transfer characteristics in the pitch channel 
was determined for several cases.

The transfer function of the channel pitch UA with an elliptical wing 
with a coincidence of 91.95% is:

 f
z z

z z
pitch

0 03395 0 01893
1 2 819 3 506

1 2

1 2
. .

. . 2 233 0 54943 4. .z z
 (5.6)

The transfer function of the UA pitch channel with an elliptical wing 
with a coincidence of 90.47%:

 f
z

z z z
pitch

0 003168
1 2 886 2 846 0 9601

1

1 2 3
.

. . .
 (5.7)
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Fig. 5.18 Diagram of changes in the pitch angle of the UA.

Fig. 5.17 View system independence toolbox subroutine.
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Fig. 5.19 Diagram of changes in the impact on the investigated UA.
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The transfer function of the UA pitch channel with an elliptical wing 
with a coincidence of 89.16%:

 f
s s

s s
pitch

3 363 32 2 146 2
8 531 57 37 27 3

2

3 2
. . .

. . . 55
 (5.8)

5.12 Mathematical Model Based on Linear Regression

The UA under study is made according to the tailless scheme, for which the 
critical problem is control over the pitch channel [5, 6], so the study was 
focused in this area.

An unmanned aircraft is a complex non-linear system operating in a 
weakly deterministic medium, and therefore its analytical description 
presents a known complexity. Fortunately, the development of modern 
computing and numerical analysis contributed to the development of a 
whole class of methods called “machine learning methods” [15], which 
involve adapting the model by “learning” on empirical data. At the first 
stage, a second-order linear regression model was tested:

 Pitchangle = A × X, (5.9)

where A− model coefficient vector, X− input parameter vector:
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Fig. 5.20 The result of determining the transfer function of the pitch channel.
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(5.10)

where Leftel – the angle of the left elevon; Rightel – the angle of the right 
elevon; Thr – gas; V – ground speed; H – flight altitude.

The training sample was formed from data collected during flight tests; 
training of the model was carried out by the gradient descent method; 
to accelerate the gradient descent, all parameters (including polynomial) 
were normalized in accordance with formula (5.11): 

 x
x x

x
H max( )

 (5.11)

In addition to the loss function, the coefficient of determination (4) was 
used to control the model’s quality:
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The better the model describes the data, the closer the value R2 to 1. 
Fig. 5.21 compares the pitch angle log and the model forecast.

Table 5.1 shows the values of the coefficients of the model.
The dependence in Fig. 5.21 demonstrates the correlation with the 

real log data, but does not take into account all their features. Thus, the 
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Fig. 5.21 Pitch angle prediction using a linear regression model (R2 = 0.6).

Таble 5.1 The values of the coefficients of a linear regression model of the 
second order after denormalization.
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first approximation of the mathematical model for the pitch channel was 
obtained.

5.13 Mathematical Model Based on Multilayer 
Perceptron

Models based on artificial neural networks (NN), have proven them-
selves in describing data with a complex non-linear structure. The choice 
of architecture and metaparameters of the neural network, as a rule, has 
a heuristic character. Neural networks with five neurons in the first layer 
were considered that corresponded to the data of the right elevon, left ele-
von, the position of the gas knob, the velocity relative to the ground and 
the height; one hidden layer and one neuron in the output layer. Table 5.2 
presents data on the standard deviation of the model prediction from real 
data and the coefficient of determination (4) for NN, which has 10 neurons 
in the hidden layer with different learning methods.

The Levenberg-Marquard method [15] in this case allowed achieving 
the best quality of the data approximation. At the same time, the accu-
racy of the forecast was not much higher than that achieved using a linear 
regression model. Since the presence of a prototype UA together with the 
onboard recorder made it possible to collect any required amount of data, 
it was possible to follow the path of increasing the number of neurons in 
the hidden layer without the danger of retraining the network.

Table 5.3 presents data for NN, trained by the Levenberg-Markvard 
method, with 10, 25 and 50 neurons in the hidden layer. The value of the 
coefficient of determination achieved for the NN, which has 50 hidden 
neurons, indicates a very high quality of the approximation of data by a 
neural network.

Fig. 5.22 shows the time diagram to which the real log data is compared 
with the output from the NN.

Table 5.2 Indicators of quality of data approximation with different methods of 
teaching NN.

 

Levenberg-

Marquardt Bayes method

Conjugate 

gradient method

SKO 2.847 2.99 3.16

R2 0.67 0.598 0.5626
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In Fig. 5.22, it is clear that the model indeed quite accurately approxi-
mates real data. Emissions at some points, the nature of which is currently 
not clear, are surprising. Probably, they are associated with errors in writ-
ing input parameters. Since the emissions are pulsed, at this stage it is pos-
sible to eliminate them with a digital filter.

5.14 PID Controller Setup

For the convenience of tuning the PID controller, the obtained mathemat-
ical model of the UAV was exported via the pitch channel to Simulink, 
where the system model was assembled (Fig. 5.23).

At the entrances responsible for the gas channel, the speeds and alti-
tude of the flight were given constant values, the initial initialization 
of the rudders was fed to the mechanization control channel [14]. The 
output of the system was compared with the desired angular position, 

Table 5.3 Indicators of quality approximation of data at different sizes of the 
hidden layer.

The number 

of hidden 

neurons 10 25 50

SKO 2.847 1.9247 1.11

R2 0.67 0.858 0.9549
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Fig. 5.22 Pitch angle forecast using the neural network model (R2 = 0.95).
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the result was fed to the PID controller unit, the output values of which 
were limited to approximate real values. For convenience of debugging, 
values from the feedback line were fed to the system through the Data 
Store block.

The coefficients of the PID controller, which provide the best stability 
without overshooting with the minimum reaction time (Fig. 5.24), are pre-
sented in Fig. 5.25.

5.15 Flight Emulation for Primary Quality Control 
of the Regulator

The initial assessment of the quality of the controller was carried out using 
a flight simulator. This made it possible to avoid damage to the existing 
prototype UA with an elliptical wing. The following requirements were 
made for flight simulator programs:

- the ability to create your own computer model of the aircraft;
- the ability to interact with Matlab/Simulink.

Two simulators met these requirements: FlightGear and X-Plane. 
Simulink has a unit that provides communication with FlightGear. The 
interaction of the X-Plane flight simulator with Matlab is possible after 
installing additional free libraries distributed by the user community. For 
interconnecting flight simulators with the simulation environment, the 
UDP protocol was used.

The choice was made in favor of the X-Plane program, since the built- 
in Plane Maker tool has a graphical interface and allows you to create mod-
els of complex shape, which is extremely important, and in the case of a 
circular wing, it is not feasible with the parametric description adopted in 
JSBSim used in the development of FlightGear simulator models. 

X-Plane differs from other simulators using the blade element theory 
developed to evaluate the behavior of the propeller. Each element of the 
aircraft is divided into small sub-elements (see Fig. 5.26–5.29), for which 
the existing aerodynamic forces and moments are calculated, then they 
are all added up to obtain a general result. This approach applies to all ele-
ments that create lift.

The advantage of this method compared to models using pre-calcu-
lated data arrays is that the X-Plane simulator itself simulates the behav-
ior of the aircraft, based on data about the geometry, mass, location and 



204 Computer Modeling in the Aerospace Industry

Fig. 5.27 Model of UA with elliptical wing, created for the X-Plain flight simulator: top 
view.

Dist: 2.13ft

Y

Z

Fig. 5.28 Model of UA with elliptical wing, created for the X-Plain flight simulator: side 
view.

Fig. 5.26 UA model with elliptical wing, designed for the X-Plain flight simulator: front 
view.
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characteristics of engines. In addition, among the X-Plane there are super-
critical flight regimes, which are especially important in this research. 

Fig. 5.30 shows the model of the control system for the pitch channel. 
The block “Get data from XPlane 1” receives data on the pitch angle, then 
a comparison with the desired value occurs, then the result goes to the PID 
controller. The block “Send to XPlane” sends data to the flight simulator. 
On Fig. 5.31 screenshots of the flight simulation of UAs are presented.

5.16 Conclusion

In the process of studying the controllability of UA with elliptical wing, its 
own flight data collection and storage system was developed based on the 
modern high-performance microcontroller STM32f407. Flight data is not 
only stored on a flash-card, but also transmitted in real time via a separate 
radio channel. The onboard recording device also included a barometric 
altitude sensor, a GPS module, and a differential air pressure sensor.

For the development of hardware and software tools, a model-based 
approach based on Matlab/Simulink was used, which made it possible to 
simplify the development of both embedded and computer-used software. 
The use of this approach also allowed us to create a number of programs 
for analyzing flight data.

The flight tests of the prototype UA with an elliptical wing made it possi-
ble to determine the characteristic features of the behavior such as:

- stable flight at positive values of the angle of attack of the 
wing from 50 to 450;

- control damping along the roll channel relative to the pitch 
channel;

Fig. 5.29 General view of the model.
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- a strong relation between UA centering and roll damping;
- it was revealed that with a decrease in thrust and non- 

interference in the control process, the aircraft lowers its 
nose, picks up speed and self-stabilizes;

- increased sensitivity of control over the pitch channel in the 
case of giving the rudders from themselves, with positive 
values of the angle of attack close to zero.

To solve the problem of identifying the features of UA control with the sub-
sequent identification of its mathematical model, a program was created that 
implements the collection, storage, analysis and display of flight data in real 
(quasi-real) time. In the process of research, a mathematical model of the air-
craft was selected and substantiated in an analytical form, but without addi-
tional studies of aerodynamic coefficients, it can only give a general idea of the 
behavior of the UA and does not take into account the specific features of the  
wing geometry.

To determine the characteristics of controllability in the pitch chan-
nel that is critical for this type of UA, it was applied using the black box 

Fig. 5.31 Screenshots of UA flight simulation.
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method and as a result, transfer functions were obtained. Next, the math-
ematical model was adapted from experimental data using machine learn-
ing methodology. As a result, the presence of a model, with high accuracy, 
describing the control object, made it possible to correctly set up the reg-
ulator, thus synthesizing the desired control law, which takes into account 
the specific behavior of the control object under study.

Verification of the synthesized control law was carried out by computer 
simulation of the flight in the XPlane environment using the computer 
model of the UA with an elliptical wing specially created in the Plane Maker 
editor. It should be noted that the computer model really demonstrated 
similar features of behavior in the air and reactions to control actions, as 
was the prototype.
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Abstract
The sixth chapter considers the technology of planning and implementing geomet-
ric support for simulator-modeling computer complexes operating on the basis of 
the virtual reality environment. The main elements of geometric algorithms for 
rational discretization (polygonization) of complex technical objects described by 
curved lines and surfaces are given. The main criteria for the quality of modeling 
are static and dynamic realism of objects and the provision of real-time display. 
The following describes the software architecture of the simulator complex with 
visualization channels of the virtual environment and technical vision. The final 
part presents examples of the complex functioning when conducting training ses-
sions in the form of visual rows of the virtual modeling space.

Keywords: Virtual reality, discretization, simulation, frame information capacity, 
curves and surfaces, manipulator, polygonization, training and modeling stand

6.1 Introduction

The scientific and technical field of creating computer systems for simulat-
ing the virtual reality environment (SVR) is very diverse and includes such 
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areas as: software and hardware tools for processing graphic images and 
their visualization, technical tools for implementing relevant processes, 
geometric issues of building objects and transforming them into discrete 
form, etc. No less extensive is the list of SVR applications – from computer 
games and advertising to industrial design and training equipment.

Theoretical and applied scientific work in the field of simulator engi-
neering is aimed at studying issues related to simulation computer model-
ing; for example, for ground preparation of cosmonauts for extravehicular 
activities of EVA on the international space station ISS [1]. The informa-
tional basis of such systems is the creation of interactive planning tools and 
visual monitoring of the cosmonaut’s activity at EVA process [2]. These 
issues are related to improving the efficiency and safety of the EVA frame-
works, as well as to the training and simulations of the robotic equipment 
RNS cosmonauts-operators.

The need for these studies is conditioned upon the difficulty of prepar-
ing astronauts to perform EVA tasks, due to a number of reasons, the main 
of which are the following:

– need to create training conditions as close as possible to the 
conditions of performing actual operations;

– need to work out abnormal situations in the EVA process;
– complexity of configuration, multimodular ISS;
– inability to train astronauts using real equipment in full and 

in the desired configuration;
– use of robotic maintenance systems;
– application of remote control technologies for robotic com-

plexes, etc.

Simulator technologies have now been formed in the successfully devel-
oping branch of the global industry [20, 21, 22, 23].

The scale of the tasks related to the development of the SVR for space 
simulator is reflected by the image of a real ISS (Fig. 6.1) and one of the 
types of equipment on its surface – the RTS of the European Aerospace 
Agency of the ERA type (Fig. 6.2). 

You can also note the widespread use of modern simulators in the 
training of pilots. The work [3] describes the development of a highly 
efficient simulator, which is widely used in the modern aerospace 
industry based on a virtual verification system. The instruction set 
architecture feature is studied; a high-performance graphics proces-
sor is used to improve performance. The work [4] is devoted to the 
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development of visualization acceleration methods for the simulator. 
The adaptive selection scheme is implemented on the basis of the OSG 
Windows library; the acceptable rendering speed is increased with-
out attracting additional computational costs. The work [5] explores 
the task of creating a database for unforeseen spacecraft operation 

Fig. 6.1 Image of the international space station.

Fig. 6.2 Space station equipment.
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scenarios. Contingencies would include terminating I thrust transmis-
sion of the explosion and debris, vector control loss, reversals, etc. The 
risk analysis of the impact of emergency scenarios on the life expec-
tancy of unguided suborbital carrier rockets was carried out. 

Work on the creation of hardware and software for the formation of the 
environment in the form of SVR and modeling the actions of the cosmo-
naut operator when working with RTS are intensively carried out in Russia 
and abroad. The components of visual modeling systems are developed 
using virtual reality tools (a system for creating three-dimensional images, 
a system for creating surround sound, a system for simulating interac-
tion with objects of virtual reality, including touching objects, grabbing, 
throwing, etc.), virtual reality helmets, electronic gloves, mobile platforms 
(3-6 degrees of freedom), systems of formation of the panoramic image, 
holographic displays, etc. Complex simulators and system models are also 
developed.

Among the Russian developers of simulators for the aerospace industry, 
a number of organizations stand out, the results of which are:

– integrated simulator of the Russian segment of the interna-
tional space station, providing training for astronauts in the 
interiors of the first two orbital modules of the Russian seg-
ment of the ISS;

– visualization system of the TEHNO procedural simulator 
for the formation of the visual environment of the virtual 
reality of the K-50 helicopter simulator;

– the training stand of the crews of the international space sta-
tion using elements of the virtual reality of Atlas Aerospace;

– integrated simulator of the Russian ISS segment; training 
class on the program of the international space station (Yuri 
Gagarin Cosmonaut Training Center) and others.

The modern level of development of hardware and software, achieve-
ments in the field of ergonomics and psychology makes it possible to use 
models applied to information and advising systems that imitate the prop-
erties characteristic of human mental activity, as well as its perceptions, 
and, therefore, to consider the interaction between man and computer 
tasks in the paradigm of modeling systems of hybrid intelligence [2]. The 
quality of functioning of such systems largely depends on how the hard-
ware, software, interface, etc., are consistent with human capabilities. At 
the same time, this is not about a person in general, but about a specific 
professional working in a particular subject area [6].
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The proposed algorithms and programs for shaping the SVR were 
experimentally investigated in the development of simulation technologies 
for the activities of the cosmonaut-operator, and also tested in a number of 
articles published in foreign and domestic publications [7–9].

The specificity of the geometric problems of the synthesis of SVR in rela-
tion to the traditional areas of applications of applied geometry is reduced 
to the following main distinguishing features [7, 10, 11]:

– integration (complexity), arising from the need to model 
not only objects but also processes. Moreover, processes are 
understood as the dynamics of objects, and the dynamics of 
the entire virtual scene;

– a high degree of dependence of the applied synthesis tech-
nologies efficiency and tools on the hardware used in com-
putational processing and visualization;

– the requirement to represent the entire set of information 
and control information flows in a discrete form, and the dis-
cretization parameters are due not only and not so much to 
the metric characteristics of the objects, but to the time inter-
vals determined by the hardware environment. In this case, 
the main factor of realism is the reality of the time scale.

The most acute problem of combining high realism of the displayed 
scenes with the required rendering speed in real time is faced by the devel-
opers of the SVR in the aviation and space industries, due to the high techni-
cal complexity of the simulated objects and systems. Modern requirements 
for the visual component of SVR involve the formation of a full-color image 
with a high, real-time, rate of at least 22 frames/sec. with photorealism.

Figure 6.3 illustrates the structure of the main factors influencing the degree 
of visual and dynamic realism of virtual objects. It should be noted that at the 
present stage of development of computer technologies in the field of SVR 
synthesis, analytical methods of image synthesis are the most developed.

The main geometric and technological methods for improving the SVR 
realism:

– minimization of the discrete representation of curvilinear 
objects;

– optimization of discretization nodes placement;
– the use of detail levels of objects depending on the distance 

of observation;
– constructing curves directly in the modeling space;
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– fast algorithms for sorting and rendering polygons and 
textures;

– fast algorithms for implementing the dynamics of the behav-
ior of objects;

– adaptability of geometric algorithms to parallel computing 
processes.

Analysis of the entire set of tasks related to the synthesis of the SVR 
allows us to single out the following main geometric problems [7]:

– minimization of geometric information on the objects of 
complex nature, provided that they provide sufficient real-
ism of their computer virtual images;

– real-time display of dynamic processes in SVR, including 
the dynamics of changes in the shape and position of mod-
eling objects;

– the development of the concept of end-to-end sampling of 
geometric and graphic information, ensuring maximum auto-
mation of all stages of its preparation, processing and storage 
– the so-called total systems of discrete geometric modeling.

6.2 Methods of Applied Geometry in Solving 
Problems of Simulation Modeling in SVR

Geometric and dynamic realism of objects and processes of SVR is largely 
determined by the accuracy of the discrete representation of objects and 
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Fig. 6.3 The main factors that determine the realism of objects.
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the speed of rendering graphic information. Despite the constant increase 
in the computational and graphical powers of modern computer graphics, 
the influence of the size of graphic data streams on the provision of real-
time modeling and visualization of SVR remains noticeable.

As a rule, virtual objects are estimated by the number of polygons, which 
in turn is derivative from the dimension of discrete frames of curves and 
surfaces. Obviously, it is necessary to strive for optimization (in our case, 
minimization) of these dimensions.

Structuring the problem of ensuring the realism of the visual compo-
nent of the SVR with the aim of formulating and setting specific tasks in 
terms of applied geometry is possible. However, to increase the efficiency 
of the expected solutions, it is necessary to formulate and accept the basic 
hypothesis of discrete geometric modeling – the existence of not only the 
rational from an engineering point of view, but also a discrete representa-
tion optimal in the absolute geometric sense of curvilinear forms [12].

6.2.1 Optimum Discretization of Curved Lines

In recent decades, the classical technological chain in the design, pre-
sentation, and reproduction of objects of complex geometric nature has 
been formed in applied geometry. In a generalized form, the sequence of 
operations is schematically depicted in Figure 6.4. The diagram as a whole 
reflects the technology of processing geometric information for complex 
technical surfaces. An important distinctive feature of this technology is 
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Fig. 6.4 Optimum discretization of curved lines.
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the use of metric parameters δ and δ*, determining the quality of approx-
imation and reproduction of geometric prototypes. Such a scheme is jus-
tified if high demands are placed on the objects to be processed on the 
accuracy of design and reproduction (production of precision engineering 
products, instrument making, etc.). 

For the SVR modeling, another factor comes to the fore – the degree of 
realism of virtual objects and scenes. Analysis of researches in the field of 
model synthesis allows us to schematically reflect the structure of the main 
factors ensuring the realism of SVR. The following main directions of geo-
metric studies can be formulated [7]:

– minimization of the discrete representation of curvilinear 
objects;

– optimization of discretization nodes placement;
– the use of detail levels of objects depending on the distance 

of observation;
– constructing spatial curves directly in the modeling space;
– fast algorithms for sorting and rendering polygons and 

textures;
– adaptability of geometric algorithms to parallel computing 

processes.

The problem of optimizing the discrete representation of curves is as 
follows. Classical and metrically oriented discretization (for example, by 
the deflection arrow δ) depending on the chosen direction, in the gen-
eral case gives different results (Fig. 6.5). The reason for the discrepancy 
between the results of discretization in different directions is obvious, 
while it should be noted that δ* and δ** also obtained unequal and redun-
dant in accuracy. And most importantly – the nodes 1 and 2 in both cases 
are not rational, which can be noted even visually. It can be argued that the 
nodes of such frameworks are not equal to each other in their geometrical 
informative significance.
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A

δ

δ* B A Bδ**

1
2

δ
δ

(b)

Fig. 6.5 Results of discretization.
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At the polygonization of virtual objects, it is necessary to solve this prob-
lem in a different formulation. Namely, to place the discretization nodes at 
a predetermined number of them. Naturally, with the traditional approach, 
the problem becomes nonlinear and computationally difficult to solve, and 
in the case of a spatial curve, it is generally unsolvable. 

At finding minimizing discretization, it is first of all necessary to strive 
to preserve, to the maximum extent, the geometric properties. Therefore, as 
criteria for the proximity of two curves, we should consider those variants 
that have a differential-geometric meaning. We will rely on the concept of 
isogeometric approximation, when the measure of closeness of partition-
ing intervals is understood to mean the degree of deviation of the integral 
set of differential characteristics of the maximum permissible order. An 
isogeometric approximation is introduced for functions of one and two 
variables on the basis of considering the set of points of change of the sign 
of derivatives. To approximate the function y

1
(x) by function y2(x) this is 

equivalent to using the variance characteristics
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Let us specify the criteria of proximity – h
i
, having set the following 

requirements:

– the “proximity” characteristic of two objects must be effec-
tively computable;

– the set of characteristics should be complete, that is, include 
a set of parameters sufficient for the application;

– the measure of deviation for each characteristic should have 
a fairly clear, practically applicable character.

It is known that, up to movement, the spatial curve is determined by 
curvature and torsion, and the surface is determined by the coefficients 
of the first and second quadratic forms; however, the direct use of these 
parameters as characteristics of proximity of curves or surfaces is problem-
atic due to computational complexity and lack of clarity.

The task of finding the optimal discrete frame of a curve can be formu-
lated in two versions:

Suppose we know some method of recovery curve, which allows for a 
given set of points T

1
, T

2
,…,T

N
 build some interpolating curve f2, satisfying 

the chosen criterion of proximity with the original prototype. Is there an 



220 Computer Modeling in the Aerospace Industry

extremum (in the sense of minimum) of the number N? The enhanced 
version of the problem is the addition of the question of the solution 
uniqueness. 

On the basis of these two problems, it is easy to formulate the general 
problem of optimality of point frames of curves from the standpoint of 
applied geometry, where the criteria for the proximity of graphic images 
and prototypes are most important. Variational calculus suggests that for 
a given N for an arc of a regular curve there is an optimal allocation of 
discretization nodes, but an analytical (or numerical) solution of such a 
problem reduces to integrating some minimizing functional.

The task of approaching an arc by a regular and monotonic curve with 
a broken line in general form reduces to the following problem. Among 
the curves y = f(x), belonging to the class C(1) on the interval [a, b] and sat-
isfying the condition y(a) = m, y(b) = n, find the one that implements the 
minimum functionality
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From the variational calculus it is known that for an arc of any regular 
curve y = f(x), we can always find such a broken line P, passing through the 
points A(a, m) and B(b, n), which will differ from the curve arbitrarily little 
as a deflection d and the angular coefficient of the tangent at any point of 
the interval. In other words, for a broken line P, functional value I{P} will 
be different from I{f(x)} arbitrarily small.

Conversely, for any broken line P, passing through the points A and B, 
such a valid curve can be built y = f(x), passing through the vertices of the 
broken line, which is the value of the functional I{f(x)} will also differ arbi-
trarily from I{P}.

Suppose g was the exact lower limit of the functional values I{f(x)} on 
the set of all admissible curves. Then the following could be stated:

1) there is such a sequence of broken lines {P
n
}, passing 

through  the points A(a, m) и B(b, n), что limI{P
n
}=g, 

при n   ∞;
2) for each broken line P

i
, passing through the points A and B, 

inequality I{P
i
}≥ g,

  
is made, that is a number g is the exact 

lower bound of values I{P}.
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Let a minimizing sequence of broken lines be constructed. If a solution 
to the problem in question exists, then we can expect that the constructed 
sequence of broken lines converges to this solution. But the last conclusion 
will be valid only if the minimizing sequence of broken lines converges to 
an admissible curve, that is, if there is a possibility of passing to the limit 
under the integral sign, that is, that

 g = lim I{P
n
} = I{lim P

n
}, at n  ∞. 

There is an obvious process of building a minimizing sequence of bro-
ken lines. Suppose P

n
 is a required broken line, having n vertices in points 

A1(x1, y1), A2(x2, y2),…, A
n
(x

n
, y

n
) and passing through the points A and B, 

and it is necessary to fulfill the condition that all nodes are located within 
the interval, that is, a < x1 < x2 … < x

n
 < b.

Since on the interval [x
i
, x

i+1] broken line element can be written as
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After integration we find I{P
n
} as a function 2n of variables. If the num-

bers are determined x
1
, y

1
, x

2
, y

2
,…,x

n
, y

n
 to the extent that the functional 

I{x1, y1, x2, y2,…,xn, yn} reaches a minimum, then the sequence of broken 
lines P

n
 will be minimizing one.

6.2.2 Curve Integral Model

In differential geometry, it is possible to identify the relationship of a curve 
with a graphical representation of the parameters defining its shape. For 
a spatial curve, by analogy with the natural equations of its task, you can 
put in a one-to-one correspondence a graphical representation of its full 
 curvature, since, according to the Lamé’s Theorem K(s)2 = k(s)2 + τ(s)2, 
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where k(s) is a curvature, τ(s) is torsion of a curve [13]. Then the following 
definition can be formulated.

Definition IMC integral curve model K, specified in natural parameter-
ization on the interval [s

1
, s

2
], called the compartment of a ruled surface 

with the plane of parallelism Okτ and two directing lines: a segment [s
1
, s

2
] 

and line K(s) of the full curvature (Fig. 6.6).

6.2.3 Methods for Assessing the Information Capacity of 
Discrete Curve Frames 

To implement a qualitative assessment of discrete skeletons of curves, we 
introduce the concept of their information capacity in terms of informa-
tion theory.

For a fixed number N points, distributed in space end area D, the 
Crofton’s Theorem, based on the Lebesgue measure m(E) on distribution 
of a random number of points in a Euclidean space with a Poisson distri-
bution with average λm(E), where λ – is a constant. For a finite number 
of points, the Lebesgue measure will be equal to {m(D)}2, where D – is a 
subdomain of measurable space E [14].

Suppose we need to calculate the probability of an event that the figure 
R is formed by the N points, has the property, determined only by their 
mutual disposition, but not relative position R and D, invariance proper-
ties with respect to translation and rotation operations. As such proper-
ties assume the condition, that the distance between any two points does 
not exceed a certain predetermined value ρ. Then the probability of p, that 
meets the condition is equal to
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Fig. 6.6 Curve integral model.
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where m*(R) is the Lebesgue measure of the set R corresponding to the 
imposed condition.

When constructing contour points, the condition is almost always sat-
isfied that the indexing of the skeleton nodes is such that for any current 
point the previous and subsequent ones are the closest. Based on this, it can 
be confirmed, that for a finite set of unindexed points {R}, when imposing 
the condition of minimality of the distance when choosing a subsequent 
point, one can always obtain the law of indexation, which has the property 
of uniqueness and convergence, that is, the ordering of all points of a given 
set. Naturally, it is also necessary to specify that the procedures for imple-
menting the ambiguity of said indexation (two or more equidistant points 
from the current point), namely, for the current point R

i
 the following is 

assigned such a point R
j
, which has the closest point R

j+1
, which, in turn, 

is the nearest to the point R
i
. When sequentially joining indexed points, 

an unclosed spatial broken line without self-intersections will always be 
obtained.

The stability of a multipoint system shall be understood as its ability to 
respond to external influences. In our case, this is a change in the position 
of a point, or several points. The equilibrium state for some indexed set of 
points {A

i
} of the dimension N, is estimated by the value of the functional 

deviation U

 U = u({x
i
}, {y

i
}, {z

i
}) 

from initial value U
0
, when introducing into consideration some pertur-

bations from the set ({δxi},{δyi},{δzi}). The system is stable according to 
Liapunov, if in the presence of a perturbation, the magnitude UI stays close 
to the value U({x

i
}

0
,{y

i
}

0
,{z

i
}

0
) with a given rate ξ. The initial conditions for 

introducing the concept of stability of a point frame are as follows:

– two points in space uniquely define a straight line (as a 
 special case of a curve); any number of points belong-
ing to this straight line cannot improve its task, since it is 
already the limit. The information capacity of such a frame 
is maximal;

– the points located at the vertices of the tetrahedron (on the 
plane — at the vertices of an equilateral triangle) or a cube 
correspond to another limiting variant of the point set, since 
no indexing algorithm will allow us to construct a contin-
uous smooth curve. The information capacity of such a 
framework is minimal (Figure 6.7).
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Let us introduce the concept of sustainability U of open point frame, 
which is estimated by a functional of the form [12]:

 
U max

B C

LN

( ) - ,1
 

where B – cut length A A min A Ai i
K

k k1 1 1 ,  for all k = [1 : N];
C – cut length A A min A Ai i

K
k k1 1 ,  for all k = [1 : N-1];

L – cut length A
i−1

A
i+1

, for all k = [2 : N-1].

This functionality is built with two limitations: the number of points 
cannot be less than 3, and the value (B + C) must exceed L. The fail-
ure of the last condition corresponds to the cases when the point con-
figuration under study determines the object ambiguously, in other 
words, when U < 0 the system is unstable and the state of the object 
(the shape of the curve interpolating this point frame) does not reflect. 
For a steady state configuration, the value of the functional U must be 
between 0 to U

max
: 
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Information capacity T of the point frame is defined as T = log
2
(U) (bit).

6.2.4 Optimal Discretization Based on Integral Curve Model

Suppose γ : I  Rn- is a regular curve. Parameter change (reparameteriza-
tion) is a display h : J  I, satisfying the following requirements:

2

5 4

3

6
7

1 8

2

1 3

4

Fig. 6.7 Location of points.
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- h- smoothly, that is all derivatives h(i)(s) exist for all s  J; 
- h (s)≠0 at no s  J; s JÎ ;
- h(J) = I, 

h - bijection J on I, therefore, there is an inverse mapping h-1 : J  I.
It is important to note that an affine scaling operation is a special case of 

reparameterization.
Display of h is a diffeomorphism in the categories of differential geom-

etry. This concept can be associated with the concept of equivalent arcs of 
smooth curves.

Suggestion 1. Two arcs of a smooth curve are equivalent if there is a 
bijection – a mapping h, possessing the property of a diffeomorphism. Up 
to the operation of translation and scaling, the equivalence of arcs deter-
mines the equality of their spherical indicatrices of tangent and integral 
conic curvatures.

Corollary 1. The arc of a smooth curve and its equidistant are 
equivalent.

Corollary 2. Equivalent arcs of the curve of constant curvature 
and torsion are equal.

Corollary 3. Equivalent helical arcs are similar (equal to scaling 
accuracy).

Corollary 4. Arcs of a curve with a conic curvature equal to zero 
are equivalent if their integral total curvatures are equal.

IMC division into equal figures leads to the problem of nonlinear geo-
metric programming, since only for cylindrical helixes and hyperbolic spi-
rals do the results of dividing curvature and torsion graphs with equal area 
figures coincide with the result of dividing the integral curvature of the 
curve (Fig. 6.8; 6.9).

T
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τ

S

Fig. 6.8 Discretization methods.
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In general, with an error of order h4(0) arcs of a smooth curve are equiv-
alent if their integral cones of curvature and torsion are equal, that is, the 
integral total curvatures are equal [9].

The inscribed spatial broken line of a generalized helix, given in natural 
parametrization on the interval [s

1
, s

2
], highlighting equivalent arcs on a 

curve, is determined by the expression

 

P
j

K s dsj

s

s

1

1
( )

1

2

,

 

where j - the dimension of the discrete frame;
K(s) - full curvature of the curve;
P

j
 - integral (full) curvature of the extracted arc of the subinterval.

Geometric interpretation of the method: with an error h3(0) the next 
split point is located as the intersection point of the curve by a cone of 
rotation with an angle while forming P

j
 and the axis coinciding with the 

current tangent t
i
 (6.10).
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Fig. 6.9 Discretization methods.
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Fig. 6.10 Geometric interpretation.
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Suggestion 2. For a given N discretization of R* a broken line L is optimal 
if T max T R L

R
N
j

N
*

, * .{ }

Given the introduced concept of informativeness of the frame T we can 
formulate the signs of geometrically optimal discretization as follows.

Suggestion 3. The dotted frame of the curve is geometrically optimal if, 
for a given discretization parameter N he has the maximum amount of 
information T, and when removing any of the internal nodes, the informa-
tion content of the frame is reduced by the same value.

Let us show the fundamental difference between the optimal discretiza-
tion of a curve using the example of a flat monotone curve, which does not 
reduce the generality of the method. 

Discretization by IMC has the property of additivity and uniqueness. 
Since for a given N=3 (in (Fig. 6.11) the integral model is divided into 3 
trapeziums of equal area), as a result of which the discretization presented 
on Fig. 6.12 is shown.

The results of the analysis of the information capacity of the three vari-
ants of the framework of a single curve with the alternate removal of inter-
nal nodes are given in Table 6.1.

The experimental data show that the information content of the frame-
work in Figure 6.12 is distributed more evenly between the nodes than in 
the frames of Figure 6.5.

To estimate the informativeness of the framework of a flat smooth 
curve, an equilateral triangle was used as a simplex (corresponding to zero 
information capacity). For the two-dimensional case (surface), a tetrahe-
dron should be used as a simplex, as the minimum spatial configuration. 

k

A 1 2A B

s

Fig. 6.11 Integral model.

A

1
2

B

Fig. 6.12 Discretization of the curve.
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In this case, the absolute will be the configuration when the vertex of the 
tetrahedron belongs to the base plane.

As an example, consider the frame {A
m,n

} of the compartment of 
 surface  dimension [M×N], namely: m = 1,2,3;n = 1,…, N, where m is 
the number of frame lines; N is the number of points in the line. Then 
 information capacity I of such a configuration is determined by the 
 formula [15].
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Where S is area of a triangle with vertices An
m  (n - frame node on the 

line m).
An experiment on a control curvilinear surface with an average value of 

the Gaussian curvature showed:

– dimension frame [3 × 13] has information capacity I = 8,3; 
– thinned frame of the same dimension surface [3 × 7]– I = 2,6;
– thinned frame of the same dimension surface [3 × 3]– I = 0,8.

The last assessment reflects the fact of violation of the reliable display by 
the discrete frame of the geometric characteristics of the object.

From a methodological point of view, it can be stated that the geomet-
ric tools at the algorithmic level are basically formed, it allows to imple-
ment all the steps of the synthesis and visualization of the SVR (Fig. 6.13) 
fundamentally different from the traditional one (see Fig. 6.4). For the 

Table 6.1 The information content of the three options for the frame of one curve.

Frame 

Full 

information 

capacity of 

the frame

Information 

capacity 

without 

node 1

Information 

capacity 

without 

node 2

Average 

dispersion 

of nodes 

information 

capacity

Fig. 65a 3.38 1.45 2.12 19%

Fig. 6.5b 4.22 1.36 2.27 21%

Fig. 6.12 4.84 1.84 2.33 11%
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computerization of the total polygonization technology, it is necessary to 
have the appropriate software and hardware in the form of a specialized 
graphic editor-modeler [7]. 

6.3 Purposes and Objectives of the Extravehicular 
Activity of the RTS Cosmonaut Operator on the 
ISS in Open Space, Technology of Computer 
Simulation in the Virtual Reality Environment

6.3.1 Extravehicular Activity of the RTS Cosmonaut Operator

The extravehicular activity (EVA) of an astronaut operator in outer space 
means different missions, where each begins with the exit from ISS through 
the airlock chamber, the implementation of the planned sequence of oper-
ations and ends with the return to the ISS (Figure 6.14). Each individual 
operation using the RTS is a sequence of astronaut movements (without 
moving its center of mass) and the mechanism controlled by it. Some of the 
missions allow execution in both normal and abnormal modes.

The EVA Operations Library contains the following main groups of 
 scenarios for performing actions of the cosmonaut-operator.

1 group. Simple operations performed without the use of any instru-
ments, tools, technical means:

– movement from the starting point located on the ISS surface 
to the target end point along a predetermined path;

Construction of

integral models of the

curves

Graphical model

of the object

Texturing and

visualization of the

object

Modeling an

object in a

polygon format

Piecewise linear

curve models

Degree of

geometric

similarity

Discretization by a

given dimension N

a)

d)

c)

a) b)

Fig. 6.13 Object synthesis technology.
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– visual inspection of the outer surface of the ISS, but for the 
case when the points of the trajectory are located at the sta-
tion in order to search for a given object on it, malfunctions, 
etc.;

– practicing skills of maneuvering, targeting, assessing own 
orientation;

and etc.
2 group. Complex operations performed using the tools:

– delivery of the specified tool at hand (set of tools) to the 
specified point

– work as a given tool to achieve the goal;
– inspection of the surface of an ISS or its individual modules 

using one of the means of technical vision: a television cam-
era, a movie camera, a thermal imager, a laser range finder, 
an infra-visor, etc.;

and etc.
3 group. Complex operations using robotic tools and control systems, 

for example, interactive control of a robotic manipulator.
Figure 6.15 presents a general view of the virtual simulation EVA space 

of the RTS cosmonaut-operator.
The managerial and control functions of the cosmonaut operator in 

relation to RTS are determined depending on the possible modes of his 
work [2]:

ERA

Fig. 6.14 Tasks of the cosmonaut-operator.
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– the supervisory mode, in which the system functions auto-
matically in accordance with the training program recorded 
in the onboard control mini-computer (MC), the astronaut 
operator must assess the correct functioning of the system, 
record the execution of sequential operations and the pro-
gram as a whole;

– interactive mode, which is a backup in relation to the super-
visor; the operator, using the controls and the displayed 
information, controls with the help of virtual models of con-
trol panels of the RTSMC which informs the operator about 
dangerous situations and generates “instructions” for coun-
tering these situations;

– the auto-sequence mode, in which some operations are 
performed programmatically in an automatic mode, and 
intermediate operations must be performed either by the 
operator or by using another technical tool under the super-
vision of a training instructor;

– control mode by degrees of mobility, where the astronaut 
operator can set fixed values, for example, the angular veloc-
ities of turns in specified RTS hinges or the “step-by-step” 
control mode, in which the movements of the manipulator’s 
working elements are specified in the form of fixed steps in 
degrees of mobility.

Fig. 6.15 General view of the virtual space.
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6.3.2 Technologies of Methodical and Hardware-Software 
Implementation of a Cosmonaut-Operator’s Simulator

The operations of monitoring and tracking in the EVA process are carried 
out with the help of cameras installed both on the surface of the ISS and 
on the manipulator itself. In the virtual environment of a two- computer 
 trainings simulator (TMS), in addition to these features, there are also 
observation modes from an arbitrary external point of the simulation 
space and from a point located on the cosmonaut’s helmet (auto-tracking 
mode) (Figure 6.16).

Figure 6.17 presents an example of displaying the dynamic model of a 
helicopter in the working area of the simulation space – “auto tracking” in 
two observation modes: on the left is a wide field of view; on the right is a 
narrow field of view.

Manual mode of the RTS control is performed by an astronaut located 
in the basket of a mobile workplace or on the surface of the ISS using a 
fixed manipulator control panel located in the ISS in cases where auto-
matic mode is impossible (abnormal situations) or dangerous. The remote 
control system provides on-line manual control of the RTS in the event 
that an astronaut operator is located on the ISS surface and must be fully 
functional and user-friendly.

Internal

coordinate system
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the outside point

The axis of sight

for the astronaut

The center of sight in the

mode of «auto escort»
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Fig. 6.16 Observation modes.



Geometric Modeling of Dynamic Objects 233

In order to increase the reliability and safety of activities and the produc-
tivity of the work, the cosmonaut-operator should have duplicate channels 
of tracking, management and control of EVA. The most technologically 
advanced are remote technical means of autonomous implementation of 
EVA using. 

A reliable and safe positioning method for ERA is the pre-simulation of 
EVA in virtual space. In this case, the virtual scene visible from an arbitrary 
(interactively controlled) outer point of space is displayed on the astro-
naut’s stereo monitors (virtual reality helmet goggles).

When displaying the EVA work area, continuous analysis is performed 
to perform the necessary monitoring and evaluation of the quality of oper-
ations. In order to control the areas of safe movement of the working bod-
ies of ERA, a method of current visualization of dimensional translucent 
spheres is applied (Fig. 6.18).

The task of target designation is to determine and define in three- 
dimensional space the location of the point that is the target of the move-
ment of ERA. Targeting in the real environment EVA as an independent 
operation at any time of the exercise is carried out on the basis of the tar-
geting process. Figure 6.19 presents one of the targeting options in a virtual 
environment.

Fig. 6.20 presents the main stages of target designation and controlled 
movement of the payload (cosmonaut in the basket), its subsequent spatial 
orientation and the output of the current spatial coordinates on the work-
ing display of the cosmonaut operator.

The orientation error in a spatial coordinate grid with a cell of 1 meter 
in size does not exceed 0.5 meter. The increase of orientation accuracy is 

Fig. 6.17 Different fields of view.
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Fig. 6.18 Control of displacement zones.

Fig. 6.19 Targeting option.
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possible, but not more than up to 0.25 meters, which is associated with 
the level of error of the three-dimensional graphic modeling of ERA 
kinematics.

In all states of the working window, you can work in one of two lan-
guages: Russian or English (Russian by default). Figure 6.21 shows a win-
dow in English version.

Managing the ERA manipulator model is possible in one of two options:

– using the virtual model of the autonomous control panel of 
the manipulator (see Fig. 6.21).

– keyboard of a personal computer on which the operator 
interface is installed.

6.3.3 Dynamic Virtual Model of the Manipulator

The virtual model of ERA manipulator is a graphical model of a real 
manipulator of a medium degree of detail (metric positioning accuracy – 
no more than 10 cm, angular – no more than 1 degree). 

X: 0.00 Y: –7.50 Z: 6.50

X: –1.00 Y: –5.00 Z: 8.00

(a)

(c)

(b)

(d)

Fig. 6.20 Target designation stages.
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The virtual model takes into account the characteristics and functionality 
of a real manipulator, the implementation of which is carried out through:

– use of information expert system;
– the calculation of the angular velocities and working angles 

of the drives is carried out in the software package of math-
ematical modeling “Euler 4” [16].

After specifying the end point-target for moving the ERA handpiece in 
space, the software device analyzes the received coordinates and reports 
messages about the possibility/impossibility of moving the manipulator 
(the geometrical dimensions of the manipulator and working reach are 
taken into account, the maximum operating angles of the drives and the 
kinematics of the manipulator, 3-dimensional coordinates of the material, 
working and end point, the presence of obstacles in the path of the manip-
ulator, etc.). Two modes of manipulator control are assumed: automatic 
and manual.

The ERA electromechanical manipulator consists of two identical sec-
tions (phalanx A and phalanx B), which are connected by the rotational 
hinge “elbow”. The articulation model is presented in Figure 6.22.

Real ERA manipulator is a non-rigid construction, which significantly 
affects its dynamic characteristics when performing TVA operations, the 
overall length of the manipulator is 1180 cm.

Fig. 6.21 Visualization window.
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Dynamic realism of the virtual model of the manipulator is provided 
by the implementation of damped oscillatory movements of the end point 
depending on the current length of the manipulator and the angular veloc-
ity. Oscillations are modeled in the resulting plane of the total motion vec-
tor of the end point.

Fig. 6.23 shows the result of the display of the dynamics of ERA 
 manipulator at start and braking after rotation at the elbow joint (angular 
velocity – 1 degree/sec., angle of rotation – 40 degree).

In the process of performing most missions and EVA operations using 
RTS, the working space is viewed using four television cameras mounted 
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Fig. 6.22 Manipulator structure.

Fig. 6.23 Manipulator driving dynamics.
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on the pharynx of the ERA manipulator (6.24). The images from the cam-
eras control the dynamics of the movement of the structural elements of 
the manipulator.

Fig. 6.25 shows images obtained from each of the cameras in the pro-
cess of a complex (in several planes) movements of the manipulator: a- TV 
camera 1; b- TV camera 2; c- TV camera 3; d- TV camera 4.

Fig. 6.26 shows the scheme of binding ERA to the local coordinate sys-
tem 0

ISS
xyz ISS centered at 0

ISS
(0;0;0). At the initial time, the manipulator 

extends along the axis 01z and is rotated around this axis so that the point 
05 lies in the plane 01yz, that there we no increments around the x-axis at 
any of the points 0i and Ki.

Also in Fig. 6.26 an additional local coordinate system 0
ERA

 xyz is 
shown. In this case, the coordinate axes are collinear and aligned with the 
axes 0

ISS
 xyz.

Fig. 6.27 shows the transfers of the local coordinate system at specified 
points of rotation. Fig. 6.28 shows the length of manipulator joints and 
rotation angles of its joints, and the position of cameras. The notations 
given in these figures are: 

– 0
ISS

 - the origin center of the local ISS coordinate system;
– 01 - the point of rigid binding of the manipulator to the ISS 

surface is characterized by the coordinate of the binding 
point 01(x1 ; y1 ; z1);

– 02, 08 - phalanx roll points A and phalanges B accordingly, 
they have one degree of freedom - rotation around the axis  
02 y and 08 y;
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Fig. 6.24 Camera location.



Geometric Modeling of Dynamic Objects 239

– 03, 07 - yawing points of phalanx A and B phalanges accord-
ingly have one degree of freedom - rotation around the axis 
02y and 08y; – 04, 06- Phalanx pitch points A and B phalanges have one 
degree of freedom - rotation around the axis 04x and 06x; 

– 05 - the point of rotation of the “elbow” hinge, has one degree 
of freedom (rotation around the axis 05z).

6.3.4 Software Technologies for the Formation of Dynamic 
Models of the Editor-Modeler

For geometric design, editing or simplifying graphical objects and mod-
els in a graphical environment World Up modeler is used World Up 
Modeler.

The main commands of the language describing the model behavior of 
the scene (angles are given in degrees (float), positions in meters (float), 
time in seconds (long):

(a)

(c)

(b)

(d)

Fig. 6.25 Images from different cameras.
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– SET X Y Z Th Ph Gm - set the coordinates and angles of the 
object;

– HIDE - hide the object;
– SETPOS X Y Z - set only the position of the object;
– SETANGLE Th Ph Gm - set the angles of the object;
– SETSPEED sX sY sZ - set the speed in the vector representation;
– SETROTATION sTH sPH sGM - set the speed of turns in the 

corners;
– MOVETO dX dY dZ - move a relative distance;
– ROTATETO dTH dGM dPH - turn by relative angles;
– ROTATE sTH sPH sGM Time - rotate the object over time 

Time, with the specified speed;
– MOVE sX sY sZ Time - move the object over time Time, with 

the specified speed;
– COMPLEXMOVE sX sY sZ sTH sPH sGM Time - rotate and 

move the object over time Time, with the specified speed;
– WAIT Time - wait for the specified time (it makes sense after 

the command HIDE); 
– GOTO Operator Number - go to the operator with the speci-

fied number. Creates run loops;
– LINEMOVE Speed Time - move at the specified speed in the 

current direction for the specified time;
– ZOOM Number - set the parameter of the lens of the 

observer;
– END - stop processing the object.

Fig. 6.29 shows the working window of the graphic editor-modeler in 
the process of designing a polygonal drone model.

6.4 Experimental Studies of the Functional 
Completeness of TMS Graphics and Software

6.4.1 Information and Functional Power of the TMS Visualizer

The information state of the visualizer is determined by three parameters 
(by analogy with a physical object in the three-dimensional coordinate sys-
tem of Fig. 6.30.

– the amount of geometric information of the static SVR 
object model – axis A,
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Fig. 6.30 Information state of the visualizer.

Fig. 6.29 Graphic editor window.
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– dynamics of behavior (movement) of all moving models – 
axis A:

– the dynamics of the behavior (movement) of the observer – 
axis C.

Vertical axis A Displays the amount of geometric information contained 
in the static layout of the modeling space. Naturally, the amount of this 
type of information depends on the number of objects in the modeling 
space and their structural, geometric complexity.

The amount of information processed by the visualizer also depends on 
the dynamic characteristics of the objects and the observer. Moreover, this 
dependence will increase in proportion to the increase in the speed and 
complexity of the movements of the observed objects [17].

Specifically, the value of the function A- there is a total amount of geo-
metric information of all elements of the modeling layout.

Informational state I the visualizer can be represented by the value of 
a view function I = f

1
{A, B, C}, and A×B×C can be used as a quantitative 

characteristic – the integrated information power of the modeling space.
The functional space of the visualizer in terms of visualization tasks is 

determined mainly by three characteristics:

– the volume and complexity of the simulated artificial noise 
and effects: surface textures, object transformations, spe-
cial effects of artificial lighting, smoke, fire, noise, made by 
means of technical vision, etc. – axis L.

– the volume and complexity of the simulated natural noise 
and effects: imitation of weather conditions, the results of 
natural lighting, etc. – axis M.

– type of observation, modes of operation of the optical sys-
tem means of vision: resolution, focal length, zoom ratio, 
etc. – axis K.

By analogy with the informational assessment functional capacity F, the 
visualizer is defined as F = f2{K, L, M}. The process of modeling can be 
represented as the process of “immersion” of space I into space F, which 
is reflected in the strategy of the chosen scheme of passing the geometric 
information and framing the synthesized images.

The outlined scheme of the formal representation of the information 
and functional spaces of the visualizer allows, on the one hand, to quantify 
its performance, and on the other hand, to reflect its specific state, in terms 
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of the completeness of loading its computational and graphical resources, 
namely in the form of the functional V = f4{I, F}.

Based on the developed specialized compiler (programming in the envi-
ronment WatcomC10) and memory models (float), when working in 32-bit 
DOS-processor safe mode (using the extender DOS/4GW), that is, ensur-
ing linear addressing and access to all installed memory without the use 
of protocols EMS and XMS, use standard VESA and drivers UNIVBE2/0, 
which provides sufficient independence for the purity of the experiment 
on the type of video adapter) a set of experiments was carried out. The pur-
pose of the experiments is to identify for the visualizer the threshold values 
of the information power of dynamic scenes at which there is a qualitative 
reduction in the level of realism SVR by criterion of speed.

Fig. 6.31 shows a fragment of a video sequence of experiments evaluat-
ing the performance of a visualizer with a virtual model of an aircraft (AU) 
(amphibious aircraft Бе-200).

Figures 6.32–34 in the form of three-dimensional graphs show sepa-
rate results of the experiment, namely, for scenes containing one dynamic 
object (AC) with details – 1200 polygons) with different background and 
landscape powers (from 0 to 5000 polygons). Figure 6.35 shows a general-
ized graph of the performance of the visualizer for three types of detailing 
of a dynamic virtual model AC with a constant information power of the 
background and landscape – 2000 polygons. The experiments were carried 
out with the use of designer texture for AC and landscape, which, as the 
experiment showed, significantly slowed down the work of the visualizer.

6.4.2 An Example of a Simulator of a Typical Flight Mission at 
Solar Battery Installation 

1. operation. The gripping mechanism of the ERA manipulator 
to connect the solar array.

2. operation. Using the remote control of the manipulator, 
deliver the solar cell unit to the docking zone on the farm of 
the habitable laboratory module.

Fig. 6.31 Video series of the virtual model.
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3. operation. Dock the solar cell using the docking station on 
the ISS farm.

4. operation. Uncover solar panels.
5. operation. Return the working bodies of the ERA manipula-

tor to its original state.
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Fig. 6.36 shows keyframes of visualization of the scenario of the speci-
fied mission. Observation mode – from a virtual external fixed point of the 
modeling space. The observation distance from an external point is about 
80 meters, and the field of view is wide.

Fig. 6.37 shows the frames of the operation of installing a solar battery 
using the TV camera 4 optical sight mounted on ERA.
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(a)

(c) (d)

(e) (f)

(b)

Fig. 6.36 Visualization keyframes. 
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6.4.3 The Technology of Testing Emergency Situations

For software implementation of emergency situations in the TMS environ-
ment, it is necessary to implement the modeling and visualization of the 
following situations:

– the occurrence of collisions (intersections) of the trajectory 
of movement of individual elements of the manipulator and 
structural elements of the ISS.

– failure of any of the switches, buttons or scoreboards on the 
control panel when the control signal is applied;

– failure of any of the engines when giving a signal from the 
control panel.

The simulator instructor interface provides the ability to enter the listed 
failures or their combination, and the archiving subsystem automatically 
registers them. 

Geometrically, the problem of collision modeling is reduced to deter-
mining the possible points of intersection of the trajectories of movement 
of the working bodies of the manipulator with ISS. At the same time, two 
variants of collisions are possible [5, 8]:

– intersection of ISS surface and a straight line. At the same 
time, one or both ends of the segment move in space along 
independent circles, which is caused by the design features 
of the ERA electromechanical manipulator.

– the intersection of the ISS surface (or its virtual model) 
and the trajectory of the point (the working point of the 

(a) (b)

Fig. 6.37 Solar panel installation.
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manipulator or a sphere simulating the oscillation region of 
this point). In this case, the point moves in space along a 
complex trajectory, which is a superposition of curves lying 
on spheres, which is due to the design features of the ERA 
manipulator.

Table 6.2 presents several ERA-ISS collision options.
When implementing the above algorithm for solving the collision prob-

lem directly in a graphical environment visualizing the EVA virtual space 
of the cosmonaut operator, it is necessary to take into account the peculiar-
ities of the presentation of all virtual objects in the used visualizer. Let us 
consider this problem on the example of a software-graphic solution of the 
problem of intersecting (touching) the ISS surface of one of the phalanges 
of the ERA manipulator.

During the operation of the manipulator, it is necessary to track the 
rotation of its elements in world coordinates. At the same time, the posi-
tion of the current sighting axis “B” is fixed, and the objects “A” (elbow 
ERA) and “C” (phalanx ERA) can make independent movements (Figure 
6.38).

In the modeling space, we have scene objects (polygons of graphic 
virtual objects) with known coordinates of the vertices of polygonal 
meshes with normals. Also known current coefficient display screen. 
Thus, it is possible to artificially cover the ISS model with a certain shell, 
increasing for this the display coefficient by some relative value propor-
tional to the metric safety distance of the trajectory of the “C” object 
being developed.

After that, it is possible to automatically determine the distances from 
the analyzed points of the manipulator to the polygons of objects using the 
following procedure:

bool intersect_triangle_line(Cvector3 v1, // triangle tops
Cvector3 v2,  
Cvector3 v3, 
Cvector3 n,      // triangle normal
Cvector3 p1,    // first end of the segment
Cvector3 p2,    // second end of the segment
Cvector3 & pc,  // return point of intersection
// calculate the distance between the ends of the segment and 

the plane triangle
float r1 = n&(p1-v1);
float r2 = n&(p2-v1);
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// if both ends of the segment are on the same side of the plane,
then the segment does not intersect the polygon
if (f1_sgn(r1) ==f1_sgn(r2) ) return FALSE;
// calculate the point of intersection of the segment with the 

polygon
Cvector3 ip = (p1 + ((p2 - p1)*(-r1 / (r2 - r1))));
// check the fact of finding the intersection point inside the 

triangle
if( (((v2 - v1)^(ip - v1)) & n) <=0) return FALSE;
if( (((v3 - v2)^(ip - v2)) & n) <=0) return FALSE;
if( (((v1 - v3)^(ip - v3)) & n) <=0) return FALSE;
pc = ip; return TRUE;
Dot Product u Cross Product,
int f1_sgn(const float &amp; k);  //f1_sgn – function to calculate 

the sign of the result
{
if (k > 0) return 1;
if (k < 0) return - 1;
return 0; 
}

To determine collisions, it is necessary to check the intersection of each 
ERA element with each polygon of other models. To increase the speed at 
the initial stage, the intersection of two most dimensional links with ISS 
polygons is checked. The intersection with the polygonal cylindrical model 
ISS is also analyzed. The radii of the cylinders of the polygonal cylindrical 
model are larger than the radius of the ISS surface since it is necessary to 
take into account the magnitude of the possible ERA oscillations during 
movement.

The problem of ensuring security during the execution of EVA is 
reduced, first of all, to the task of guaranteed prevention of any collisions 

«C»

«A»«B»

Graphical model ISS

Fig. 6.38 Motion in the coordinate system.
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of the working bodies of the ERA manipulator and the ISS surface. This 
can be achieved with the help of the technology of preliminary working 
out of the necessary trajectory of movement.

Fig. 6.39 shows the individual frames of the interactive search session 
for the safe movement of the manipulator to a given target point (high-
lighted in red). During the session, a protocol of control commands is gen-
erated that provide a safe trajectory. 

In training sessions, only abnormal situations are worked out, where the 
possibility of performing EVA remains. The most characteristic of them 
are the occurrence of collisions and failures of one or several manipulator 
engines (no more than 4, with the exception of the “knee” engine).

The theoretical basis of work in abnormal conditions is the theory of 
rotations around the coordinate Cartesian axes, namely, the theory of Euler 
angles. In general, this theory reflects the possibility of replacing three 
independent rotations of the vector around the coordinate axes (u

1
, u

2
, u

3
) 

two independent rotations (Euler angles). The result will be the same resul-
tant position of the vector [18].

(a)

(c)

(b)

(d)

Fig. 6.39 Frames of interactive motion search.
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6.4.4 Experimental Search for a Safe Trajectory of 
ERA Movement

The search technology of safe EVA, in accordance with the previously adopted 
algorithm in the TMS environment, contains the following main steps [19].

1. Determination of the current state of the manipulator, the 
position of all the engines according to the last generated 
time diagram and state board.

2. Setting the target point using one of the available virtual tar-
geting methods: along the coordinate axes of the local coor-
dinate system in Fig. 6.40 or with the help of an auxiliary 
spatial coordinate grid.

3. The preliminary formation of a rational trajectory of move-
ment of the working point of the manipulator and the iden-
tification of points of collisions (Fig. 6.41). In case of their 
absence, the manipulator moves in the automatic control 
mode. The figure shows the trajectory of a yellow intermit-
tent curve. The point of collision is a red sphere. The state 
panel displays the manipulator parameters corresponding to 
the collision point. To determine collision points, equidis-
tant cylinders are called for the required ISS model elements.

Fig. 6.40 Target point setting.
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The manipulator moves to the first point of collision in the automatic 
control mode (sequential operation of two engines with display of posi-
tioning on the display) (Fig. 6.42). 

The search for a safe trajectory of the manipulator in manual mode at 
the point of the second (output) collision or at some valid point on the 
originally defined trajectory of movement at the end point is presented in 
Fig. 6.43. The control was carried out using a virtual simulator of the con-
trol panel displayed on the working window. 

At the same time, an automatic formation of a time diagram (protocol) 
of engine operation is performed. After finding an acceptable ERA motion 
path, the manipulator motion program is generated automatically.

6.5 Conclusion

Scientifically, the main hypothesis, which is the basis of the total discret-
ization technology, on the existence of geometrically optimal discretiza-
tion of curves, was confirmed. The implementation of such a discretization 
became possible due to the introduction of the concept in the theory of 

Fig. 6.41 Definition of a rational trajectory.
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Fig. 6.43 Search for a safe trajectory. 

Fig. 6.42 Selection of the motion of the manipulator
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representation of curves – an integral model of a curve. A new approach to 
solving problems of modeling curved lines and surfaces was substantiated, 
formulated and implemented, namely, the discrete-integral method, the 
result of which is a discrete (polygonal) framework.

Even the narrowing of the application domain did not affect the vast-
ness and complexity of the SVR modeling problem with a high degree of 
realism. The work clearly illustrates the possibilities of geometric modeling 
as a scientific research apparatus and as a tool for experimental research. 
Practical confirmation of the effectiveness of the second direction is the 
developed editor-modeler, which, in addition to the indicated use, has 
practical value as a software complex for the synthesis and visualization of 
SVR applied to professional simulators.

In the future, the developed software, such as the virtual designator 
mechanism, 3D - model development technology, the use of multiple con-
trol channels of the RTS, the auxiliary object protection system using the 
virtual shell, the debugging of the control mechanism on the virtual model, 
will enable the formation of a complete modeling software environment. 
This environment will include an editor for setting the RTS operation 
mode and checking the movement path on a virtual model in animation 
mode. All this in a complex will allow us to realize the “multi-layered” 
principle of management organization, when the developed control com-
mands can be refined in the process of animated modeling of the trajectory 
of the movement. 

The subsystems of artificial intelligence also require further development 
in relation to the subject area under consideration, namely, the creation of 
self-learning and self-developing simulation training and simulator envi-
ronments for professional human-machine system operators. 

The modern level of development of mechanics and technology allows 
the creation of a number of complex mechanisms that make it possible 
to carry out a complex of various operations with unprecedented speed, 
ease, and efficiency. However, there is a problem of development and safe 
operation of such systems in very diverse areas of human activity, since 
managing them is a fairly important matter, and any mistake can lead to 
irreversible consequences. Thus, the training of personnel for the opera-
tion of complex systems, for the practicing complex, abnormal or emer-
gency situations becomes a top priority. The use of simulators is the most 
optimal way to solve these tasks, but only if they correspond to the modern 
level of development of graphic software and hardware.
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Short take-off, 158
Simulation modeling, 212, 217, 259
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Simulink, 181, 184, 185, 202, 204, 
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Smooth, 17, 44, 50, 71, 80, 98, 103, 
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Solar panels, 246
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Space simulator, 213
Spacecraft, 215
Specifications, 39
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Stringers, 96
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Supersonic aircraft, 19, 12, 61
Surface modeling, 12
Surface ships, 86
System Identification Toolbox, 196

Tail rotor, 150
Take-off weight, 158, 159, 160
Tandem arrangement, 150, 151
Target point, 254, 253
Technical vision, 212, 231, 244
Textures, 2, 51, 104, 217, 219, 244
Theoretical drawing, 7, 8
Thermal, 139, 231
Thinned frame, 229
Thrust-weight ratio, 147, 148, 151, 156
Transmission, 128, 146, 187, 190, 215
Turbojet engines, 12, 67
TurboSmooth modifier, 126, 172

Unmanned aerial vehicle, 209
UVW Map, 45, 106

Ventilation, 43, 74, 85
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Waterproof, 67, 164
Whale, 62, 63
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Wingspan, 52, 76, 170
Wireframe model, 3, 5

Yaw moment, 150, 151
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