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Abstract. The article presents the determination of oscillation parameters
of the rotor-screw vehicle during motion on rough terrain. The study
presented the dynamics of off-road vehicle movement. The dependence of
the vehicle vibration characteristics on the mover geometry and suspension
parameters was found. The experiment with the vehicle was performed.
Analysis of the research results allows to conclude that the use of the
suspension increases speed of the rotary-screw vehicle by 1.5 - 2.5 times.
The developed model and obtained results will be useful in design of all-
terrain vehicles.

1 Introduction

The task of transforming the Arctic region into a leading strategic resource base of the country
with a developed transport infrastructure is enshrined in "Foundations of the State Policy of
the Russian Federation in the Arctic until 2020". At the same time, due to low density of the
population and small volumes of freight traffic, the creation and development of a wide
network of roads and railways in this area seems impractical. Therefore, the main task of
ensuring high mobility of the population can be solved only with the all-terrain vehicles.

Currently, there are about 100 types of all-terrain vehicles in the world capable of carrying
out transport and technological operations in the Arctic all year round. However, the
movement on unprepared surface causes health disorder of passengers and rapid deterioration
of the vehicle. In addition, the vibrations of all-terrain vehicle is a source of increased
structural noise during the movement. If a lot of scientific research is devoted to oscillation
of the most common types of movers, such as wheeled and tracked [1,2,3,4], then due
attention has not been paid to the problems of oscillations of the rotary-screw mover. This
fact is primarily due to the fact that the rotary-screw mover was considered as a technological
mover that moves at low speeds [5,6,7]. Therefore, the study of the rotary-screw mover
interaction with the supporting surface is an important scientific task for vibration reduction
of the vehicle.
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2 Methods

It is proposed to consider the oscillations of the body of the rotary-screw vehicle, arising from
the vertical and angular movements of the rotors during motion on uneven ground [8,
9,10,11,12]. The disturbing forces from the rotors are transmitted through the suspension to
the body of the vehicle, which makes forced vertical and longitudinal-angular oscillations.
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Fig. 1. Modeling of the rotary-screw vehicle  Fig. 2. To the determination of the moment from
body oscillation the gravity force of the rotary-screw vehicle body

The longitudinal angular oscillations of the body can be described using the differential
equation of the rotational moment of the body movement relative to the swing axis of the
rotors O [13,14,15,16] (Fig. 1)

Jop=Mg —cl’p—kLgp, (1)

where (0, (P , (p — respectively, angular displacement, velocity and acceleration of the

body relative to the rotors (in the moving coordinate system X,0:Y)); Jo — the moment of
inertia of the body relative to the axis of swing of the rotors Oi; ¢ — stiffness of the elastic
element; k — shock absorber coefficient; L — installation distance of the suspension from the

swing axis Oy; M Gk ~ moment of gravity of the body Gk relative to the axis of swing.

Mg, =GCkly cosyg +Gkly sinyy. )

where /g, and Iy — horizontal and vertical ordinates from the swing axis to the center of
gravity of the body.

The moment of gravity of the body Gk (Fig. 2) relative to the swing axis is found by the
formula:

Mg =GyL,

The angular movement of the body relative to the rotors is associated with the absolute

angular movement of the body yx and the angular movement of the rotors Bp in the
coordinates of the fixed reference system XOY

Ve =@+ Bp. 4)
Then
Mg, =Gkl singcos Sp +Ggly cosgsin fp +

G (singcos Bp +cos psin Bp )
kv (cos g cos fBp —singsin Sp)
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The value of the body angular movement relative to the body size is small, because the
movement of the rotary-screw vehicle is considered in areas devoid of irregularities of
considerable size. Therefore, it's possible to take:

sinp~¢@, cose~1,sinPBp =PBp, COSPp =1, 1-Ppo=1l, (6
then the expression of the moment of gravity of the body Gk relative to the swing axis
can be written:

Mg, =Gilp@cosBp +Gyly sinBp +Gichyo° +2Gyly oBp + Gichy B3 ()

After substituting this expression into equation (1), we finally get

$+Rp+So—QBpp=ABS + BBy (8)
where
R:g S:CLZ_GKIH A:GKIV B:GKIH Q:@
\]0 -]0 ‘]O ‘]0 \]0

The resulting linear inhomogeneous differential equation of the second order is
transformed into a system of two differential equations of the first order
(i)l =@, 9)
. 2
¢ =—Repy —S¢p; +QBpep; + ABp + BBp,

The system is solved by the Runge-Kutta numerical method.
The result of the solution is the dependence of the angular displacement and the velocity

of the body relative to the rotors on the time - (p(t) R ([)(t) , and the calculated acceleration

(t).

In the following, angular displacement, velocity and acceleration of the body can be
found.

Yk =Bp +¢, Yk =Bp +¢- (10)
Then, on the basis of (8), the equation of the own (free) oscillations of the machine body
at Bp = 0 can be written:

$+Rp+Sp=0, (11)
natural frequency of relative angular oscillations of the body:
5
o = (5 -0,25R?f (12)

or substituting S and R we get:
wy = [(cL ? —Gyl,)) 351 —0,253,2k2L* |

A real solution to this equation exists for S > r.

An increase in smoothness is movement is possible if the natural frequency of the
structures does not coincide with the prevailing perturbation frequencies and is outside the
range of oscillations unfavorable for the human body. Achieve this with change of G, /i or
Jo is difficult, because these parameters are determined by technological processes for which
the vehicle is designed. However, the stiffness of the elastic element c, the drag coefficient £
and the installation location of the suspension L (distances from the axis of swing to the
suspension) can vary over a wide range. At the next stage of the research, the influence of
the body and suspension parameters on the natural frequency will be considered.

The relative vertical movement of the rotors and the body can be expressed through the
relative angular displacement. After substitution of the resulting expressions in the
expression (8) we will get the proof that mutual angular and vertical oscillations have the
same natural frequency. Therefore, for the frequency analysis of the transfer function, it is
sufficient to use one type of oscillation.

5

(13)
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Then, based on the angular displacement we calculate the vertical displacement of the
body gravity center. If the coordinates of the center of gravity and the angle of inclination are
known, the coordinates of any point of the vehicle can be calculated.

The previously obtained values of the vertical displacement of the rotors gravity center

Y;T and the rotors angular displacement 3p will be represented as the input of the dynamic

rotor-body system whose output is the displacement (acceleration) of the body.

3 Results.

The obtained research results were applied in practice in the form of the prototype of the
rotary-screw all-terrain vehicle with active suspension system. [ToxydeHHbIe pe3ynbTaThl
HCCIIeJOBaHHH TO3BOJIMIIM pa3paboTaTk M MpUMEHUTH Ha npaktuke The works were carried
out as part of the federal target program “Research and development in priority areas of
development of the scientific and technological complex of Russia for 2014-2020” No.
14.577.21.0222 on the topic “Creating an experimental model of an amphibious autonomous
transport and technological complex with intelligent control and navigation system for year-
round reconnaissance drilling on the Arctic shelf'. Patent purity of these decisions is
confirmed by registered utility models Ne RU 516 990 U1 u RU 15 185 U1 [17,18,19]. Figure
3 presents the general view of the vehicle.

The results of the tests indicate that increasing the height of the snow has little effect on
the power distribution over frequencies. When the height of snow changes from 0.3 to 0.6 m,
and from 0.6 to 1.0 m, the redistribution of power between the peaks at medium and high
frequencies is about 14%.

Fig. 3. Realized concept of the active suspension system

Increasing the snow height to a greater extent reduces the amplitude over the entire
frequency range — the peak power at medium frequencies decreases by a factor of 5 as the
average height of the snow increases from 0.3 to 0.6 and 1.5 times with an increase from 0.6
to 1.0; peak power at high frequencies, respectively - 4.2 and 1.8 times. In such way, the
choice of the motion route will play a great role for smooth running during relocation of the
rotary-screw vehicles from one object to another. In this case, the magnitude of the
accelerations (the amplitude of the spectrum) with increasing snow depth changes more than
the frequency composition of the accelerations.
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For the generality of the results in the calculations, the angular displacement was taken to
consist of a static value corresponding to the initial deformation of the elastic element under

the action of body gravity oT and the dynamic component, changing during movement
9, (1)

O(1) = Pcr + 9, (1) (14)

The presence of a time-independent quantity ()., gives the spectrum a component with

a multiplier f ~1, where f— the frequency. It explains the increase in the spectral densities of

the accelerations of the body at the near-zero frequency.

From the data obtained, we can conclude that as the suspension stiffness decreases, the
peak of the transfer function shifts to the left, and with the suspension stiffness 39,2x10° N/m
becomes zero (¢ o =0)- At the same time in the last expression:

(cL? —Gyl,,)J;" = 0,253 ;2K >L" . (15)

In this case, the module transfer function is equal to 1, the suspension is blocked by a
shock absorber, the rotors and the vehicle body oscillate as one body. A similar phenomenon
(suspension blocking) occurs at high resistances of shock absorbers.

The result of the developed mathematical model is determination of the displacement,
speed and acceleration of the rotary-screw vehicle body, which served as the basis for
developing recommendations for the rotary-screw vehicle design.

4 Conclusion.

Performed according to the method, studies of oscillations and smoothness of the rotary-
screw vehicles, taking into account the regulatory requirements given in [20,21] are presented
in Figure 4. The figure shows the height of the snow and the speed of movement at which the
mean square value of the vertical accelerations of the center of gravity will be on the border
of the zone of negative influence on the human body (boundary of the warning zone,
according to GOST 31191.1-2004 (ISO 2631-1: 1997 [20]). The obtained results do not
contradict other regulatory documents governing the level of vibration exposure in humans
[21-24].
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Fig. 4. Dependence of the limiting speeds of the rotary-screw vehicle on the average snow height.
Where: 1a- movement of a vehicle with suspension over a rough terrain; 1b — movement of a vehicle
with suspension over rugged terrain; 2a — movement of a vehicle without suspension over a rough
terrain; 2b — movement of a vehicle without suspension over rugged terrain.

The evaluation of the motion smoothness showed that by installing the suspension, it is
possible: to provide a level of comfort when driving on certain types of snow-covered terrain;
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increase the speed limit to ensure the performance of work in 1.5 ... 2.5 times, depending on
the conditions of movement on snowy terrain. This work is a continuation of scientific
research conducted in the Nizhny Novgorod scientific school of all-terrain vehicles and the
scientific school of BMSTU in recent years [25-28].
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