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Abstract. This paper investigates the translational oscillatory motion of a single-degree-of-
freedom thin plate under variable airflow conditions, including wind gusts, harmonic flow, and
airflow with random parameters. The proposed airflow device is designed as a swing pendulum,
where the plate is connected to a fixed base by two identical cranks, with a power generator
attached to the end of one crank axle. The rotary motion of the cranks due to airflow is evaluated
using an energy dissipation parameter. The interaction between the airflow and the plate
undergoing translational (i.e., non-rotational) motion is studied numerically through computer
simulations, applying the principle of superposition. In this approach, the fast chaotic motion of
air particles (Brownian motion) is separated from the slower flow motion. The modeling
incorporates the concept of pressure (downwind) and suction (upwind) zones for a rigid body
immersed in an airflow. The analytical formulas derived from these calculations are then used to
analyze the motion of the electromechanical system. System parameters are optimized, using
generated power as the evaluation criterion. Numerical results confirm the feasibility and
efficiency of the proposed wind energy system under non-stationary airflow conditions. The
device is suitable for installation in open fields, on building rooftops, along highways, or in
tunnels. It is environmentally friendly and poses no harm to people.
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1. Introduction

Wind energy is now a key source of renewable power, driving the development of large wind
farms and gaining popularity in residential, small business, and agricultural applications for
decentralized energy production. Large turbines convert airflow into mechanical energy through
radial blades on a central rotor [1]. Small turbine designs vary, making the optimization of energy
capture essential for efficiency [2]-[5]. However, in both large and medium-sized turbines, high
tip velocities lead to noise, vibrations, and stress at attachment points, often causing damage [6].
Small systems that harness variable wind-induced vibrations have also been developed [7]-[9].

A review of existing research shows that analyzing airflow dynamics with moving objects
involves complex, large-scale computations. To simplify this, an approximate analytical method
has been introduced to study interactions between airflow and moving flat blades [10]. This
method enables the synthesis and optimization of airflow energy conversion systems without
requiring complex space-time programming procedures [11], [12]. The present study investigates
the use of a two-crank and flat-plate design of airflow device with non-periodic oscillations to
generate power from unsteady flow, applying the previously mentioned approximate theory [10].

2. Description of the model of air flow energy harvesting equipment
The air flow energy harvesting device is designed as a swing pendulum (Fig. 1) consisting of
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two identical cranks 1 and 2, connected to a thin rectangular ABDE plate 3. The cranks rotate
around parallel axes O1-O4 and O2-O3. Since both cranks have the same length L and remain
parallel, the plate 3 moves translationally, with all points sharing the same velocity V. = Lw,
where w is the angular velocity of the cranks and I is the velocity of the plate’s center C. An air
flow of variable modulus V;, and direction acts on the plate, whose orientation in the fixed
reference system Oxyz is defined by the angles a, 5, y.

Here, the Oz axis is vertical, parallel to the gravitational force mg. The inclination of plate 3
at an angle § from the vertical is determined by the fact that the axis 02-O3 is either lower or
higher than the axis O1-04. This mechanical system has one degree of freedom, described by the
angle ¢. Air flow energy is harvested by a generator 4 located at the end of crank 1. To analyze
dynamics of the proposed structure, the differential equation of motion for the angle ¢ must be
formulated. In deriving this differential equation, the approximate space-time analysis method
[10]-[12] is beneficial. The application of this method to describe the motion is discussed in the
next section.

E V0-cos(y)

Vi V0-cos(B)

<

4 V0-cos(ar)

Fig. 1. The air flow energy harvesting device: Oxyz —  Fig. 2. Airflow and plate interaction forces: n —
inertial coordinate system; 1 — cranc with generator; 2  plate normal; Vn and Fn — relative velocity and
— second cranc; 3 — flat plate; 4 — generator; V, — air interaction force, respectively, in the direction of the
flow velocity; L — length of crank arms; V, — plate normal n; Q — the component of the force Fn, that is
centre velocity; w — angular velocity of cranks parallel to the velocity V. of the center C

3. Equation of motion of an electromechanical system

For the considered system with one degree of freedom (coordinate ¢, Figs. 1-2), the
differential equation of motion can be derived using the theorem on the change of kinetic energy
[13]:

dT

7 = R+ Po+ Pug + P, (1

where T is a kinetic energy, P,, is a power of air flow and plate interactions, P is a power of direct
current generator, Py, is a power of gravity forces, Py is a power of resistance forces.
Separate components of Eq. (1) can be presented in the following form:

B, =0QLg, 2
Pg = —(Cy — C; - [¢)]) - sign(¢) - ¢, 3)
Py = —(myL +m.L.)g¢ - sin(p), 4)
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Pr = [=C2" (9)°sign(@) = Cy- sign(9) = €, 419, )
T = E (]pr + 2]c0y +]GOy) ’ (fﬁ)z, (6)

where Q is the component of the interaction force Fn between the air flow and the plate along the
velocity V. (Fig. 2), L is the length of the crank arm, ¢ is the angular velocity of the crank, and C,,
C; are constants used in the generator power calculations [14]. Other parameters include: m,, —
mass of the plate, m, — mass of one crank, Lc — the radial coordinate of the crank’s center of mass.
Constants C,, C3 and C, correspond to the square, dry and linear friction forces, respectively. Jpcy
represents the moment of inertia of the plate about the center axis Cy, while J.o, and Jso,
represent the moments of inertia of the crank and generator masses about the axis of rotation Oy.

The components Q of the interaction normal force Fn are determined as follows [10]-[12].
First, the projection Vn of the relative velocity between the fluid flow V; and the plate velocity
Vc = L¢ onto the plate normal n is calculated (Fig. 2):

cos(a)) (cos(8)
Vn=V,-n—L-¢-cos(§—¢)="V,{cos(B) { 0 }—L-(p-cos(S—(p)
cos(y)) \sin(8)
= V, - [cos(a) - cos(8) + cos(y) - sin(8)] — L - ¢ - cos (8 — ¢).

(7

Next, the forces Fn acting along the normal are determined as a function of the square of the
relative normal velocity Vn:

Fn = (14 C)pAV,* - sign(V,), (8)

where € = (0.25-0.5) is a constant [10], p is an air density, 4 is an area of plate, sign(}},) = +1.
Afterward, the component Q is calculated (Fig. 2), as shown here:

Q = Fn-cos(§ — ). 9
Using Egs. (1-9), the following differential equation of motion for the plate is derived:

dZ
(]pr + 2]c0y +]GOy)) d—t(f =
={(1+ CO)pA [V, [cos(a) - cos(8) + cos(y) - sin(8)] — L - cos(S — ¢)]? (10)
-sign(V,)} - cos(6 — @) - L + {—(Co — C; - [¢]) - sign(¢)}

+{=(mpL + m.L.) - g - sin(@)} + {—C, - (¢)? - sign(¢) — C; - sign(¢) — C, - ¢}.

Using Eq. (10), various problems related to the analysis and optimization of the described
system under variable airflow conditions can be solved. Some of them are discussed below.

4. Analysis of free oscillations of the plate

Under real conditions, free oscillations of the plate can occur due to the impact of individual
airflow pulses, such as wind gusts. The motion of the plate is analyzed from rest (¢ = 0, ¢ = 0)
assuming a single pulse action along the Ox axis, as described by the following equation:

n cos(a = 0)
Vo = v, - sin(pt) - (0.5 — 0.5 - sign (t — —)) {cos(B=m-271) . (11)
cos(y=m-271)
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The results of the numerical modeling are shown in Figs. 3-6, with the following system and
excitation parameters: Jpcy + 2 Jeoy + Jooy = 12.167 kg'm?* C = 0.5; p= 125 kg'm?;
A=1m*% L=1m; Lc= 05 m; my,= 10 kg; m, = 0.2 kg; vy = 20 m's"; @ = 0 rad;
B =m2"rad; y = n-2"' rad; § = 0,707 rad; C, = 0; C; = —80 kg'm?-s?-rad”'; C, = 0; C3 = 0;
C,=0;p=16rad s

§ 8 -2
t[s] @ [rad]
Fig. 3. Single air flow pulse with a durationt =2s  Fig. 4. Total angular velocity w of the cranks and
and a maximum velocity of vy = 20 m's™! generator as a function of the angle ¢
300 60
M _ L
[Nm] ~ [W] %0
100 1
20 T 1
FEF P Pl
- 10 W 2 @ 6, 8
£ [s] [ [s]
Fig. 5. The moment M generated by the air flow Fig. 6. The resulting generated power P
as a function of time t, with the plates as a function of time t (P4, = 508 W)

in a back-and-forth oscillating motion

The following conclusions can be drawn from the modeling results (Figs. 3-6):

1) The developed methodology enables the modeling of plate oscillations in a varying airflow.

2) The developed model allows determining the power generated by the air flow, the maximum
value of which is large enough for a plate area of one square meter, i.e. about 500 W.

3) The single air pulse interaction model demonstrates that the proposed theory can be applied
to the analysis of various types of air flow-plate interactions.

Some examples of stationary motion are discussed here below.

5. Harmonic air flow effect analysis

Harmonic airflow excitation is described by the following equation:

1
Vo = vg - sin(pt) {0} (12)
0

Computer simulation results for the case of harmonic airflow excitation in accordance with
Eq. (12) are presented in Figs. 7-8. The modeling results lead to the following conclusions:

1) The periodic movement of the system occurred rapidly, appearing within the first oscillation
cycle (Fig. 7).

2) Periodic oscillations occur with asymmetric “fluttering” within the range of
—1rad < ¢ <2rad.

The power output (Fig. 8), with a peak value of approximately 770 W, confirms that the
proposed device can efficiently harvest energy from stationary (harmonic) air flow.
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Fig. 7. Motion in phase plane (¢, w) Fig. 8. Change in generated power P

over time t (Ppgx = 770 W)
6. Analysis of the effect of air flow with parameters randomly varying in time

To evaluate the performance of the device and confirm the effectiveness of the calculation
method, the action of air flow with a random amplitude and frequency was additionally analyzed:

1
Vo =v-[14+0,5-rnd(1)]-sin{p[1 + 0,1 -rnd(1)]t}- {0} (13)
0

For the previously used system parameters (see section 4), examples of computer simulation
results for the random airflow Eq. (13) are presented in Figs. 9-10.

The following conclusions can be drawn from the computer modeling results:

1) The proposed design for energy extraction from air flow is capable to operate under
excitations with random parameters.

2) The quasi-periodic movement of the system occurred rapidly, appearing within the first
oscillation cycle (Fig. 9).

3) The modeling results confirm that the device operates more efficiently with varying random
air flows than with stationary harmonic ones (compare Fig. 8 and Fig. 10).

4 1500
o | AN | 2,

[rad/s] ‘\/ , Iwi 1000-
- 0 1 2 B

i — ' 500,

=6 B W B 8
¢ [rad] t[s]
Fig. 9. Motion in phase plane (¢, w) Fig. 10. Change in generated power P

over time t (Pyg, =1456 W)
7. Conclusions

1) The novelty of this study lies in applying an approximate analytical method for space-time
analysis to investigate the interaction between airflow and a moving plate, determining the plate’s
motion. Developed by the authors [10], [12], this approach uses the concept of pressure and
suction zones around a rigid body in airflow. The interaction is described by changes in
momentum in differential form, and dynamic analysis is conducted via the numerical solution of
a simplified second-order differential equation with constant parameters, avoiding complex
space-time programming.

2) The applicability of the proposed method for analyzing airflow-rigid body interactions is
confirmed by experiments involving thin plates and physical models of airflow devices conducted
in the Armstrong Subsonic wind tunnel (the results of these experiments are detailed in [12]).

3) A new airflow energy harvesting device, designed as a swing pendulum, is proposed and
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validated through computer modeling under non-stationary airflow conditions (gusts, harmonic
flow, random airflow). Its efficiency, based on maximum power output, ranges from 600 W to
1500 W. Future research will focus on experimental validation using a device prototype.

4) The proposed device can be used to harness power from a non-stationary airflow in open
spaces, as well as in tunnels, along highways, and other areas where airflow is due to heavy traffic.
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