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Wind energy capture at constant and variable wind speeds
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Abstract. This paper examines the behaviour of wind systems under both variable and constant wind
speeds over time. It compares the amount of wind energy captured at average and instantaneous wind speeds.
Using the kinetic moment equation, simulations were conducted for constant and variable wind speeds,
highlighting the evolution of mechanical angular speed and captured wind energy. Findings show that, in
the transient regime, the captured wind energy is divided between the electrical energy supplied to the grid
and the mechanical energy of the rotating masses, whereas in the stationary regime, it is entirely reflected
in the electrical energy delivered to the grid. For variable wind speed, the captured energy in the transient
regime is greater than in the constant speed case; however, in the stationary regime, the values become
nearly equal. This study demonstrates that it is possible to control the wind turbine to ensure operation at
the maximum power point by understanding the relationship between the optimal mechanical angular speed
and wind speed. The research provides insights into the grid connection of wind turbines and examines the
impact of initial speed value under variable and constant wind speeds. Consequently, significant awareness
regarding the turbine grid connection process is presented.

1 Introduction

In 2024, 25.4% of the final energy consumed in the
European Union was derived from renewable sources. It
is anticipated that by 2030, 42.5% of electricity
consumption will be generated from renewable sources
[1]. One of the most significant renewable energy
sources is wind energy. In 2024, 19% of the electricity
demand was met by energy produced from wind systems
[2]. It is well known that wind energy has a low cost of
electricity production and does not pollute the
environment. However, the disadvantage of this energy
source lies in its highly random and volatile nature, as
well as the difficulty in predicting wind speed and the
power generated [3]. Consequently, the fluctuating
production of wind energy can lead to a decrease in the
frequency performance of the energy system and may
affect its stability [4].

The wind speed value, V, is a fundamental quantity
that determines the power at the generator and,
consequently, the optimal rotation speed, noprv [5]. For
this reason, an analysis of the behaviour of the wind
system at both average and instantaneous wind speeds is
conducted. Variable wind speeds, ranging from 3 m/s to
25 m/s, are analyzed through simulation to assess the
behaviour of the wind system based on the kinetic
moment equation, as expressed in [7, 8]:

do
JE:MWT -M,, ey
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where o represents the mechanical angular speed,
MAS, at the shaft of the electric generator (EG); J
denotes the equivalent moment of inertia; dw/dt
signifies the time derivative of MAS; Myris the moment
provided by the wind turbine (WT), referenced to the
shaft of the £G; and Mg is the electromagnetic moment
at the shaft of the £G.

By multiplying the equation of angular momentum
by w, the power equation is derived:

do
‘]E'a):BW_PEG @

where Pyr refers to the useful power provided by
WT, measured at the electric generator's shaft, while Prg
denotes the electromagnetic power of the EG. The wind
turbine operates under varying wind speeds over time,
functioning dynamically at variable rotational speeds.
The mathematical model of the wind turbine is used as
in [9]:

[0

v
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with:

Oppyy =23.969-V “)

2. Comparative analysis regarding wind
speed values
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The values of wind speed and angular mechanical speed
unequivocally determine the power of the wind turbine.
The determination of wind turbine power was
accomplished using a mathematical model based on
wind speed and angular mechanical speed.

During the analyzed period, the wind speed
fluctuates as follows:

V(1)=483+2sin(a, 1) = 4.83+2sin(%”zj =25in0.7854-1+4.83
®)

At the initial moment, the value of the wind turbine
power is:

_39.948. 483
PW_,-=6.5566-105(@—1.6688~10*2je P48 (6)
[0

and we consider the mechanical angular speed w(0) with
a value of:

®(0)=100 < @, =23.969-V =115.77 %)

Visualization of the process is obtained by solving
the equation of motion:
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Fig. 1. The temporal variation of mechanical angular velocity.

At an equivalent moment of inertia of J; = 511.92
kg-m? [1], the equation of motion becomes:

511.92%@:}3” -3.3916-10° ®
t

The o fluctuates around the value w* = 197 rad/s
when the power of the electric generator is Prg=3.3916
x 10° W (Figure 1). The captured wind energy is [10,
117

Ey=[By-dt (10)

With an initial mechanical angular speed of w(0) =
100 rad/s, the mechanical angular speed and the
captured wind energy are derived from the system:

v
5119292 5= 6.5566-10° [K—l.6688~10’2je P 1 ~3.3916.10°
dt 10}
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Two variants of wind speed variation are analyzed:

- Variant 1: the wind speed fluctuates over time
around an average value ) =
Vaverage + a-sin(bt) # ct, that is, according to
relation (5):

511.92d—w~a): 6.5566-10° [M—lﬁ%&w’zj
dt o
739.94825”‘ 0.78541+4.83 5
e @ -(25in0.7854t+4.83) -3.3916-10°
®(0)=100
(12)

- Variant 2: the wind speed remains constant over
time and has a value V(t) =
Vavemge = Ct, namely V(t) =4.83 m/s:

T
511.92%)-w:6.5566-105 [@—1.668840*2} P (483) -3.3916-10°
[
o(0)=100

(13)

In variant 2, the mechanical angular speed stabilizes
at w(777)=133.61 rad/s, a value that can also be derived
from the equation:

L
0=6.5566-10° [@—1.6688.104} T (483) -33916.10°
[

®=133.61 rad /s
(14)

2.1. The transitional and stationary regime

In variant 1, the mechanical angular speed is denoted by
o, while in variant 2, it is represented by 2. For the
transient regime, by solving the system of differential
equations (13), the variations of the mechanical angular
velocities are obtained (Figure 2.a), with , the
mechanical angular speed, at V() = 4.83 + 2 sin(w.t),
and the mechanical angular speed at £ stabilizes at V(¢)
=4.83 m/s.

The mechanical angular speed, o, oscillates around
the value of ®*=197 rad/s, while the mechanical angular
velocity Q stabilizes at Q = 133.38 rad/s.
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For the stationary regime, the origin of time is
established at the end of the transitional process, and the
values of the mechanical angular speeds w and Q are
taken to be equal to those at the end of the transitional
process: £(0) = 133.38 rad/s, w(0) = 197 rad/s.

2sin0.7854¢ +4.83

511.92d—m-w: 6.5566-105(
dt [0}

—1.6688-10’2J

30,945 25N 0.78541+4.83
«

e o (25in0.7854r+4.83) ~33916-10°
30943383
51 1.92%.9: 6.556610° (%—1.6688-10’2)3 P (4.83) -3.3916-10°
0(0)=13338
w(0)=197
(16)

It is observed that the mechanical angular speeds w
and @ stabilize at their initial values, specifically Q(0) =
133.38 rad/s and w(0) = 197 rad/s. More precisely, the
mechanical angular velocity @ oscillates around the
value w* = 197 rad/s (Figure 2.b).
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Fig. 2. Variations of mechanical angular speeds: a)
corresponding to the transient regime; b) corresponding to the
stationary regime

3. Comparative analysis from the
perspective of captured energies

By employing the systems of equations (15) and (16),
and denoting £ as the wind energy captured at /' =4.83
m/s, while E represents the wind energy captured at
V'=4.83 + 2sin(0.7854-t) m/s, the transient and steady-
state regimes are analyzed in terms of the energies
captured.

The transient regime lasts for 700 seconds, during
which the captured wind energies are Ey(700) =2.394 x
108 J, obtained at a velocity of ¥ = 4.83 m/s, and £(700)
= 2.4544 x 108 J, captured at a velocity of V' = 4.83 +
2sin(0.7854-t) m/s. The variation is illustrated in Figure
3.a). In the steady-state regime, the origin of time is set
at the conclusion of the transient process. Using the
mathematical model, the following results are obtained:
Eo(222) = 7.5316 x 107 J, E(222) = 7.5343 x 107 J,
Ep(999) =3.3851 x 108 J, £(999) = 3.3884 x 108 J. It is
noted that the energy values are approximately equal in
both scenarios, under conditions of wvariable and
constant wind speed over time (Figure 3.b).
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Fig. 3. Captured wind energy: a) corresponding to the
transient regime; b) corresponding to the stationary regime

In both scenarios (with ¥ = constant and with V' #
constant), the wind energy captured during the transient
regime is reflected in the electrical energy supplied to
the grid, Eeecric, as well as in the variation of the
mechanical energies of the rotating masses. Therefore,
in the transient regime, the mechanical angular
velocities w and Q are altered, and the captured wind
energy is manifested in the electrical energy Eeiecrric
provided to the grid.
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E e [700] = P, -700 =3.3916-10° - 700 = 2.3741-10° J
a7

and in the variation of mechanical energies of masses in
rotational motion:

1 1
=5J-m2 =5-511.92-1972 =9.9336-10° J
(18)

For the case V'=4.83 + 2sin 0.7854-t m/s, it follows
that:

mec

Ey, = E i [700]+ AE,,, =2.3741-10° +9.9336-10° = 2.4734-10° J
(19)

and for the case where the wind speed is constant at V' =
4.83 m/s, the result is:

E, ,=E

e [

(20)

In the stationary regime, the mechanical angular
velocities @ and © remain unchanged, and the wind
energy captured is solely reflected in the electrical
energy supplied to the grid:

E e [999] = P -222=3.3916-10°-999 =3.3882-10° J  (21)

4. Conclusions

The study aimed to analyze the dynamic behavior of the
wind energy system, comprising a wind turbine and an
electric generator, using a mathematical model based on
the equation of kinetic momentum. Simulations were
carried out for two distinct regimes: one with constant
wind speed and the other with time-varying wind speed.
These simulations highlighted the importance of inertia
parameters and the variation of aerodynamic torque in
determining the system's stability and performance.

The results, based on data from wind turbines in
Dobrogea, are as follows:

- Wind energy captured in a transitional state is
reflected in both the electrical energy supplied to the
grid and the variation of mechanical energies of rotating
masses.

- In a stationary regime, the captured wind energy is
reflected solely in the electrical energy supplied to the
grid. In a transient regime, with constant wind speed
over time, the captured wind energy is less than that
captured with variable speed over time.

- In both scenarios — constant and variable wind
speed over time — in a stationary regime, the captured
wind energy has the same value.

The research demonstrates that including dynamic
effects and the equivalent moment of inertia in
modelling provides a more realistic description of the
wind energy conversion process and forms a solid basis
for optimizing the control of modern turbines. Future
research initiatives will involve partnerships with

700]+AE,, =2.3741-10° +%-511.92-133.382 =24196-10° J

companies managing wind farms to enhance
understanding of the generator grid connection process.
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