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Abstract. The authors’ research on the application of vibrating motors in technology, technologies and everyday
life is continued. Unlike previous studies on the movement of an object over the dry surface of another object, the
movement in fluid (water, air) is analyzed here. The movement in the vertical plane of the object, which on the
outside consists of a monolithic body with wide wings, is considered. Inside this first object is a vibrator or a
second moving object controlled by mechatronics. A simplified movement of an object is considered, in which the
rotation around the center of mass does not take place, which imposes additional rules for the synthesis of the
system design. The motion is described by two second-order differential equations, which take into account: -
gravity interaction; - buoyancy or the Archimedes’ principle; - the forces of interaction between the hull and the
fluid, which depend on the square of the absolute speed of the translational movement of the hull; - similar wing
interaction force; - law of relative motion control of vibrator; In addition, the possibility of mechatronic motion
control by changing the angle of the wings towards the body has been used. The obtained differential equations
are analyzed numerically at different internal vibrator motion laws. In addition, the soaring motion of the object,
which depends on the control of the wing angle, as well as the additional motion of the fluid flow, have been
studied. The research results are illustrated with phase coordinate graphs. The results obtained in the work can be
used for the analysis, optimization and synthesis of new flying and soaring objects.
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Introduction

In technics, technological processes and nature, people often encounter soaring objects. It takes
place under water, on the surface of the water and in the air. For example, under the water there is gliding
of fish and also slip of the submarine, a water skier or a wake board moves on the surface of the water,

but birds and airplanes fly (Fig. 1-3).

Fig. 1. Gliding of objects under Fig. 2. Movement of objects Fig. 3. Gliding of objects
water on the water surface in the air

When analyzing the different movements of these objects, it is important to note that their
interaction with fluid is very complex. The main problem is that both - the object itself and the interaction
fluid — are in motion. In this way, a mechanical system with an infinite number of degrees of freedom
must be studied, using approximate analytical or numerical methods. It should be noted here that the
usual formula for describing fluid dynamics with drag and lift coefficients is well applicable in cases of
stationary motion [1-3], where speeds of movement and areas of interaction are constant over time.
However, in cases of non-stationary movements, such as when a bird flaps its wings or other parameters
of the interaction change, a work-intensive space-time calculation program should be used [4]. Our work
will show how to apply an indicative analytical theory using the formulas of classical mechanics [5-6].
As for the shapes and parameters of different soaring objects, they must be considered separately and
analyzed in the calculations. For example, some important questions about aircraft parameters and bird
wing parameters are addressed in articles [7-13]. Accordingly, the analysis and synthesis of real motion
of flying objects can be found, for example, in articles [14; 15]. Various studies on the kinematics of
insects in terms of flight efficiency and optimization issues can be found, for example, in [16].

These studies can be used in micro air vehicles, where low energy consumption is required at
relatively high power output.Here, our further analysis will look at some of the main cases of object
soaring motion. This will make it possible to understand and apply the proposed analytical method in
the analysis of the motion of these special objects.
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Materials and methods

1. Model and analysis method for movement in a vertical plane

We start the study of the motion in a fluid with a simple movement, when the object moves
vertically upwards (Fig. 4).
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Fig. 4. Model of movement in the vertical plane: 1 — central mass; 2 — movable flat plate;
3 — internally driven actuator; 4 - internal flexible suspension

The differential equations of motion of a given system of two degrees of freedom (2DOF) in a fixed
reference system are as follows (1), (2 [5]):

ml- 1= Al—ml-g —bl-(y1)*-sign(y1) —[c12- (y1— y2) +b12-(y1-y2)]-Q; (1)

+[c12- (y1-y2) +b12- (Y1~ y2)]+Q),

were  ml, m2 — mases of bodies 1 and 2;
y1,¥2,y1,y2,y1,y2 —accelerations, velocities and displacement of bodies;

Al, A2 —forces of Archimedes’ principle;

g — free fall acceleration;

p — fluid density;

L, B — length and width of the thin plate;

Q — internal excitation force;

b1, b2, b12 — external and internal damping coefficients;
c12 — linear spring stiffness;

k — plate area exchange constant.

Accordingly, for long plate C=0.5 [6; 7]. It is important to note the fact that the differential
equation of the mechatronic system (2) parameter k switches the interaction area. It roughly imitates the
bird’s wings.

The movement of the vertical motion in the fluid was simulated (Al = ~0; A2 = ~0) at the following
parameters (System SI): m1=0.2; m2=0.05 ¢g=9.81; c12=2000; bl1=25-10% b2=0.25;
b12 =0.0001; k = 0.5.

Accordingly, the actuator interaction Q was adopted as biharmonic, in the form:

Q=A:[sin(w-t)+1-sin(2-w-t+ )],
where A=98.1,w=314;1=1;,¢=0,5nt—time.
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Some modeling results are shown in Fig. (2-5), where movement starts from the rest position,
accordingly, that is: x1(0)=0; x2(0)=0.
Here it is interesting to note the fact that at the beginning the mass m1 is falling down, but further

begins ascending. Of course, as it is understandable, flight to the top is not possible with all parameters.
It depends on m1 and m2 relations (big or small).
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Fig. 5. Mass m1 vertical movement Fig. 6. Mass m2 vertical movement
as a function of time as a function of time
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Fig. 7. Mass m1 motion illustration Fig. 8. Mass m2 motion illustration
in phase plane in phase plane

2. Mathematic model of plane soaring movement in a vertical plane

Model of plane soaring movement is shown in Fig. 9. Consider the case where the internal actuator
3 (Fig. 1) kinematically provides the relative displacement

]

given to the mass m2 against the mass ml. In the moving reference system xCly (Fig. 9), the
electromechanical system then again has two degrees of freedom of movement (2DOF), which are
described by the following two differential equations (3) in vector form [5]:

(ml+m2)~{&}=—m1.{§}.{c?s(¢’) —sin(@}+
Y2 j| |sin(p) cos(p)

(ALt A2){%}—(m1+ m2)-g-{%}+N {%((;;)} @)

where {—} is a two-dimensional vector, and { } is a matrix.
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Here N is the normal force of the interaction between the body m2 and the fluid, directed
perpendicular to the soaring plane x and equals (4):

N =p-L-B-CO-(Vy)?-sign(Vy), (4)

where for a symmetrical triangular prism with the wing angle g (Fig. 9) the coefficent CO equals

CO=[cos(B3-(0.5+0.5-sign(V,))J* +C, 5)

and Vy is a fluid relative velocity projection to plate normal (6) (Fig. 10.)

VN :VO.Sin(y—q))—XZ-Sin(q))—YZ-COS((p), (6)

where v0 — velocity of the wind flow acting on the mass m2 at an angle y to the horizon.

Thus, the description of the soaring motion of a 2DOF mechanical system must integrate two vector
equations (3) at a given initial conditions.

Y
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Fig. 9. Plane soaring model Fig. 10. Calculation of a fluid relative
velocity Vn .

3.  Object motion analysis with computer modellingUncontrolled soaring movement of a
triangular prism

The obtained systems of equations were used to validate the application of the following flapping
and soaring object motion models:

e passive flat wing object soaring with the angle ¢ = -z-107 in the vertical plane (Fig. 11);

e soaring of a flat wing object at the steering angle ¢ = -z-10-(1 + sin(z-101-t)) in a vertical
plane (Fig. 12);

e (c) soaring flight of a controlled object by means of wing vibrations (Fig. 13).
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Fig. 11. Trajectory of passive flat wing object soaring: a — motion from rest position;
b — motion with given velocity ahead, then soaring back as boomerang.
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Fig. 12. Soaring of a flat wing object at Fig. 13. Soaring flight of a controlled
harmonica controlled angle: object by means of wing vibrations
¢ = -m-10-(1 + sin(z-101-t)) and wind action:

¢ =-7-10"%; x = 0.05- sin(100-7-t + 7/2);
y =0.1-sin(100-7-t + 0); VO=2; y=0

Results and discussion

The motion of a plate or triangle system can be described by an integral-differential equation, which
is integrated and transformed into a normal nonlinear second-order differential equation. The obtained
two equations can be numerically integrated at the given function of the given flow velocity. The
proposed analytical method of calculation can be applied in the analysis of the movement of various
soaring and flapping objects, including: the flight of insects or birds in the air; underwater object soaring
motion analysis; studying the soaring motion of objects over the water surface. This article is a
continuation of the latest works of the authors’ team in fluid mechanics, where the motion of objects in
still or moving fluid is studied [6; 7]. The work differs from previous studies by the moving object is
not being connected to a fixed base but soaring in space. The work shows the advantages of the proposed
new method over the conventional method of using drag coefficients. For example, the drag force
method requires prior knowledge of the experimental drag and lift coefficients at each point in time.

The proposed method considers these coefficients during the motion from equations in which the
projection of the relative velocity on the normal direction of the plane is analytically found. In this way,
the given research offers a new method for studying practical tasks in technology, nature and everyday
life, where it is possible to analytically describe the surface of the flying object with space - time
equations. Examples of the application of the theory are the analysis and explanation of such movements
as: bird (albatross, gull) gliding, boomerang flight, paper plane flight, analysis of the movement of new
winged drones.

Conclusions

1. Classical mechanical formulas for the change of the moment of movement of a fluid interacting
with a flat surface or triangle form are used to obtain the differential equation of motion of a flat
soaring motion.

2. ldeas of soaring motion synthesis are offered, if the system parameters can be changed with
mechatronic systems.

3. Anapproximate method of fluid interaction description is shown and used, which has its advantages
in the synthesis of systems versus space-time numerical calculation methods.
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