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Energy Efficiency Improvements in Wind Energy Systems via
Sensorless Soft-Switching Control

Highlights
«» Power control based on regular pulse density modulation for a series DC-DC resonant converter.
+» Sensorless MPPT of small-scale WECS.
«» Increasing efficiency by reducing switching losses with soft switching.
Graphical Abstract
This study examines a small-scale direct-drive wind energy conversion system (WECS) operating under soft switching
conditions and utilizing sensorless control.
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Figure. Proposed wind energy conversion system block diagram

Aim
This work aims to minimize switching losses and enhance system efficiency by implementing a resonant converter in

a wind energy conversion system. The article also investigates a sensorless control methodology to reduce costs and
increase the system's reliability.

Design & Methodology

The design process is based on an efficient, reliable, low-cost, and high-power density series resonant converter
that is compatible with the aerodynamic structure of the wind turbine.

Originality

This study makes an important contribution to literature by examining the coordination of sensorless control, soft
switching, and maximum power point tracking in wind energy systems.

Findings

According to the analysis results, it is seen that the overall MPPT efficiency is above 94% and the soft switching
state is maintained in the entire load range.

Conclusion

The analysis results demonstrate the efficient and reliable implementation of the wind energy conversion system
using a PDM-controlled series resonant converter.

Declaration of Ethical Standards
The authors of this article declare that the materials and methods used in this study do not require ethical committee
permission and/or legal-special permission.
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ABSTRACT

This study implements a series resonant converter (SRC) and pulse density modulation (PDM) power control strategies to minimize
switching losses and improve the efficiency of an off-grid, small-scale wind energy conversion system (WECS). Additionally, the
maximum power point tracking (MPPT) method was employed to further reduce costs and increase system reliability. The "perturb
and observe" (P&0O) MPPT technique was utilized, enabling operation at the maximum power point (MPP) without the need for
wind speed data or an aerodynamic model of the turbine. The speed and power data required for the P&O algorithm were derived
from the three-phase generator variables using the double second-order generalized integrator frequency-locked loop (DSOGI-
FLL) algorithm. The performance of a 1.5 kW WECS was analyzed through simulations conducted in Powersim (PSIM), and the
results are presented. The analysis revealed that the designed system achieved an average MPPT efficiency of 97%. Furthermore,
the efficiency of the resonant converter was measured to be 90% for the lowest wind speed and 93% for other wind speeds. These
findings demonstrate that the proposed system offers a significant improvement in overall energy conversion efficiency, ensuring
reliable and cost-effective operation of small-scale WECS, with an average system efficiency of approximately 90-93% across
varying wind conditions.

Keywords: Wind energy, soft switching, pulse density modulation, sensorless control, DSOGI-FLL.

Riizgar Enerjisi Sistemlerinde Enerji Verimliliginin
Sensorsiiz Yumusak Anahtarlama Kontrolii ile
Gelistirilmesi

(074
Bu caligmada, anahtarlama kayiplarin1 en aza indirmek ve sebekeden bagimsiz, kiiglik dlgekli bir riizgar enerjisi doniisiim
sisteminin (REDS) verimliligini artirmak igin bir seri rezonans doniistiiriicii (SRD) ve darbe yogunlugu modiilasyonu (DY M) giig
kontrol stratejileri uygulanmaktadir. Ayrica, maliyetleri daha da diigiirmek ve sistem giivenilirligini artirmak i¢in maksimum gii¢
noktasi izleme (MGNI) yontemi kullanilmistir. Riizgar iz verilerine veya tiirbinin aerodinamik modeline ihtiyag duymadan
maksimum gii¢ noktasinda (MGN) caligmay1 saglayan “degistir ve gozle” (D&G) MGNI teknigi kullanilmistir. D&G algoritmast
icin gerekli iz ve gii¢ verileri, ¢ift ikinci dereceden genellestirilmis integrator tabanli frekans Kilitlemeli dongii (DSOGI-FLL)
algoritmasi kullanilarak ii¢ fazli generatdr degiskenlerinden tiiretilmistir. Powersim'de (PSIM) gergeklestirilen simiilasyonlar
araciligiyla 1,5 kW'lik bir REDS'in performansi analiz edilmis ve sonuglar sunulmustur. Analiz, tasarlanan sistemin ortalama %97
MGNI verimliligi elde ettigini ortaya koymustur. Ayrica, rezonans doniistiiriiciiniin verimliligi en diisiik riizgar hiz1 igin %90 ve
diger riizgar hizlar i¢in %93 olarak dl¢iilmiistiir. Bu bulgular, 6nerilen sistemin genel enerji doniisiim verimliliginde dnemli bir
gelisme sagladigini ve degisen riizgar kosullarinda yaklasik %90-93 ortalama sistem verimliligi ile kiigiik 6lgekli WECS'lerin
giivenilir ve uygun maliyetli caligmasini sagladigin1 géstermektedir.

Anahtar kelimeler: Riizgar enerjisi, yumusak anahtarlama, darbe yogunluk modiilasyonu, sensorsiiz control, DSOGI-FLL.

1. INTRODUCTION
The integration of wind energy with technical

specifically designed for residential, agricultural, and
small-scale uses, enhance local energy production while

improvements establishes it as a significant competitor
among renewable energy sources. Technological
developments have led to enhanced efficiency,
reliability, and economic viability of WECS. Small wind
turbines are specifically engineered for individual use in

distant or off-grid locations, and they play a vital part in
achieving energy self-sufficiency. These systems,

*Sorumlu Yazar (Corresponding Author)
e-posta : tufan.kucuk@bilecik.edu.tr

reducing environmental impact and energy expenses [1-
5].

For rectifying the generator voltage in small-scale
WECS, simple and low-cost solutions such as diode
rectifiers are preferred. In designs employing
uncontrolled rectifiers, boost converter configurations
are commonly utilized to increase generator voltage for
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supplying the DC bus, owing to their straightforward
management and cost-effectiveness [6-9]. In cases where
WECS directly feeds a battery with a low voltage level,
buck converters can be used [10-12]. However, this
design structure can only lower the input voltage, so it
cannot meet load requirements under all wind conditions.
Therefore, especially in battery-supported applications,
buck-boost converters [13-15] and SEPIC converters
[16] are more preferred. All of the converters discussed
operate under hard switching conditions, which involve
instantaneous transitions between on and off states. This
results in increased switching losses, primarily owing to
the substantial overlap of voltage and current during
these transitions, leading to reduced efficieny and
increased thermal stress on the components.
Furthermore, power switches in these converters are
subjected to substantial current and voltage stresses,
which not only increase the thermal load but also degrade
the reliability and lifespan of the system components over
time. Resonant converters operating under soft switching
conditions present a more efficient and reliable
alternative to hard-switching PWM converters. By
reducing switching losses and minimizing switching
stress on power switches, soft switching improves overall
system efficiency and enhances the reliability of the
components, making resonant converters a favorable
choice for high-performance applications. In [17],
researchers implemented an LCC resonant converter for
high-voltage DC transmission in WECS, achieving
power control through variable frequency control. In a
similar study [18], researchers employed the variable
frequency method to analyze power control in high
voltage direct current (HVDC) systems, utilizing LLC
resonant converters and three-phase boost rectifiers. In
[19], a resonant switched capacitor converter used in
HVDC transmission systems under zero-current
switching (ZCS) condition is analyzed. Power control
with variable frequency makes passive circuit elements
difficult to design and does not yield successful results
under all load conditions. Especially under low-load
conditions, resonant converters may transition to hard
switching conditions beyond soft switching conditions. A
study presented in [20] proposes the combined use of
phase shift and variable frequency control methods in a
SRC to mitigate the effects of this negative situation. All
the aforementioned studies have focused on the
realization of power transfer with resonant converters at
constant input voltage, and wind turbine dynamics and
operation of the system at the MPP are excluded. In [21],
a WECS using an LCC resonant converter was proposed,
and in [22], a WECS using an LLC resonant converter
was proposed. Both designs used frequency modulation
for power control, operating the system at MPP for two
different wind speeds, but did not analyze performance
under low load conditions.

Resonant converters utilize various methods for power
control, including frequency modulation, phase shift
modulation, PDM, and hybrid combinations of these
techniques. In frequency modulation, power regulation is

attained through the modulation of the switching
frequency, which in turn causes variations in the gain of
the SRC. The changing switching frequency complicates
the design of magnetic and driver circuits, and depending
on the SRC design, soft switching conditions may not be
achievable under all load conditions. [23].

Phase shift modulation ensures that power is controlled
at a constant switching frequency. This approach,
adjusting the relative phase angle of the two switching
legs, regulates the input voltage of the SRC, which in turn
controls the output voltage. The design of driver and
magnetic circuits is made easier when operating at a fixed
frequency. However, under light load conditions, the
system may lose soft switching capabilities [24]. Unlike
the other methods mentioned, pulse density modulation
is a way to control power that can work at or near the
resonant frequency across the whole load range. This
makes soft switching possible under all designed load
conditions. This method, when implemented with a fixed
switching frequency, selectively eliminates certain
switching pulses to achieve power control [23-25].

In this study, a small power WECS using permanent
magnet synchronous generator (PMSG) is designed in
PSIM with a series resonant DC-DC converter (SRDC).
Moreover, its operation at the MPP is achieved through
sensorless control. The SRC's power regulation is carried
out using the PDM method, which enhances the system's
efficiency and reliability.

The goals and objectives of the study are presented
below.

e This study is to enhance the efficiency of an off-grid,
small-scale WECS by minimizing switching losses.
The proposed system, comprising a PMSG, SRDC,
and a three-phase diode rectifier, is designed to
maintain soft switching conditions across the whole
spectrum of wind speeds. In this framework, the
SRDC is regulated using the PDM power control
method, ensuring the system operates in soft
switching mode at the MPP.

e The designed WECS aims to increase the reliability
of the designed WECS by reducing the electrical
stresses on the SRDC. The PDM method facilitates
zero voltage switching (ZVS) and, by operating at the
resonant frequency across all conditions, also
achieves zero current switching (ZCS).

e The study is to enhance power density while
minimizing the cost of the designed system. An
increase in switching frequency enables a reduction
in the size of passive components.

e The proposed MPPT algorithm is implemented
without the use of wind speed, turbine parameters,
and mechanical speed/position information. This
approach aims to reduce costs and enhance the overall
system performance and reliability.
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2. PROPOSED WECS

The circuit configuration for the proposed small-scale
WECS is presented in Figure 1. The generator employs a
three-phase diode rectifier. Tracking the maximum
power and energy transfer to the load is realized by SRC.
The P&0O MPPT algorithm is chosen to ensure
continuous operation of the system at the MPP under
specified wind speed conditions. Speed and power
information, utilized as input data for the P&O algorithm,

are obtained using the DSOGI-FLL method. By
combining these two algorithms, MPPT can
independently be performed on the turbine's
aerodynamic model. Power control of the SRC is
implemented using the PDM technique. The output
variable of the P&O algorithm determines the pulse
density [26]. Consequently, power control is achieved
under soft-switching conditions, thereby minimizing
switching losses.

Wind L C,
Turbine PMSG [
1 ARSI oy
k i ! i@ S3 ! I
Ci ! a [ : C
= Vdc b Vab = |:] R|_
L|S2 S4 3
A2k |- ; i
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DSOGI-FLL - I\jf"lgl' D Pattern frequency
Pe Selection res PLL
Control

Figure 1. Proposed WECS Block diagram.

2.1. Wind Turbine and PMSG Model

Equation (1) is used to calculate the mechanical power
that the wind turbine obtains from the wind. Equation (2)
defines the tip speed ratio of the turbine (A) and Equation
(3) expresses the variation of the wind turbine power
coefficient [27].

1
PT ZE,OA,V:/C,) (/1) (1)
1= DRy ?)
VW
116 =
C, (% B)=05176| == —0.45-5 |e * +0.00687
4 3)

1 0035
2+0.088 S +1

1
4

The variables in the equations are as follows: "R;"
represents the radius of the wind turbine rotor plane (m),
"p" indicates the air density (kg/m3), "w,," is the turbine
shaft speed (rad/s), "A,." is the area swept by the turbine
blades (m?), "1,," is the wind speed (m/s), and "C," is the
turbine power coefficient. The specifications of the
turbine and PMSG are detailed in Table 1.

Table 1. Wind turbine and PMSG parameters

Parameter Symbol ~ Value  Unit
d-axis inductance Ld 20.5 mH
Radius of the rotor plane Rt 1.25 m
g-axis inductance Lq 20.5 mH
Optimal tip speed ratio Aopt 8.1 rad
Generator rated power Pg 2.5 kw
Number of poles P 10 -
Stator resistance Rs 1.72 Q
Maximum power Cp_max 0.48 -
coefficient

Air density P 1.2 kg/m?3

2.2. SRDC Converter

The SRDC consists of a resonant inductor (L,.), a full
wave rectifier, filter capacitors (C; — C,), full-bridge
inverter (S; — S,) and resonant capacitor C,. The full-
bridge inverter converts the applied direct voltage into a
square wave. A resonant circuit enables the conversion
of the inverter's output current into a sinusoidal form. The
sinusoidal form of the resonant current inherently
possesses zero-crossing moments. When the switching
operation is executed at the zero-crossing points of the
resonant current, zero-current switching (ZCS) may
occur, which minimizing switching losses. The SRDC
and the equivalent inverter scheme are depicted in Figure
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2. The resonant frequency (f,) is determined in
accordance with Equation (4) [30].
1

fo= (4)

" 2nLC,

Vge——

R AV
+Vdc
b i | ¢
i ‘Vdc

(b) Equivalent circuit

D
o

Figure 2. SRDC and equivalent circuit

When the switching frequency (f;,,) equals the f,, the
circuit's impedance is minimized. To facilitate the
analysis of the SRC, the circuit structure provided in
Figure 2 (b) is used. AC equivalent resistance (R') is
defined by Equation (5).

_8R

R'=— ()
T

The quality factor (Q) and the time constant (7) of the
SRC are respectively presented in Equations (6) and (7).
2rf )L, (o)L,
0 ZFtL (@) ©
R R
2R _2L
0] R'

r

U]

2.3. PDM Based Power Control

The PDM is based on controlling the output power by
periodically omitting some pulses within a certain pulse
group [31]. In the PDM method, the behavior of the
resonant current along with the conduction and cut-off
states of the power switches are presented in Figure 3. In
Mode-1, power switches S; and S4 are conducting, while
S and S; are in the off state. The voltage V,,, is equal to
the positive value of the input voltage, +V¢c. In Mode-II,
S, and Sz are on, while S; and S4 are off. The output
voltage equals -Vq.. Mode-I11 corresponds to the pulse
delete duration of PDM. During this mode, S, and S4
switches are conducting, S; and Sz are in the off state.
Therefore, V,, is zero, and the resonant current (i,)
exhibits damped oscillatory behavior. The envelope
surrounding the i, in the figure represents its oscillatory
amplitude and is denoted by iz. The maintenance of
damped oscillation without the resonant current falling to
zero depends on a sufficiently high quality factor (Q >
5).

. I L L —
4 Ir .
N .
Ig — S
Ton Torr
T
Vab
1 1 11 1l
+Vdc | I} 11 |
t
'Vdc

Figure 3. The operating modes of a PDM-controlled resonant converter.

In PDM control, the T,y /T ratio expresses the pulse
density (D), where (T,y) is the total duration of modes |
and Il, and T is the PDM period [31,32]. Figure 4

provides the switching signals and D values for a regular
32-pulse PDM.
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Figure 4. 32 pulse length regular PDM

The determination of the output power for the PDM-
controlled SRC, as shown in Equation (8), depends on the
D and the 7 of the SRC. [31,32].

2 19
P= ;Vdc cos(e)? .[ i (t)dt

0

2
P = ;Vdc I COS(6) (8)
_ Ton.
T _ T ,M ,I
P:Pmax ﬂ+£ :Le—_l_ e T —e 7
T T T
l-e *

Pmax as expressed in Equation (8) depends on the V., the
maximum amplitude of the resonant current (I,,.x) When
D=1 (Toy =T) and the phase angle 6 between the
output voltage and current of the inverter. When the PDM
period is selected to be significantly less than 7 of the
SRC (T « 1), P isdirectly correlated to the square of the
D, as defined by Equation (9).

limP=P_ D’ 9)

T—0

When the PDM period is significantly larger than the t
of the SRC (T > T), P exhibits a linear relationship with
the D. [32].

In the study, a 32-pattern regular PDM method was
utilized for power control of the resonant converter. The
use of a 32-pattern length specifically enables more
precise MPPT compared to 16-pattern and 8-pattern
lengths. However, increasing the pattern length leads to
a reduction in the PDM frequency and an increase in the
amplitude of low-frequency  harmonics.  This
phenomenon may  negatively  impact EMI
(electromagnetic interference) and RFI (radio frequency
interference). To mitigate the disadvantages, alternative
solutions include increasing the switching frequency
when the pattern length is extended or adopting an
irregular PDM method instead of the regular PDM
method.

2.4. PLL Control for Resonant Frequency

Ideal conditions are employed to ascertain the values of
the L, and C,.. However, during the application, the actual
resonant frequency of the circuit may be different from
the calculated resonant frequency. PLL method is used to
ensure that the switching frequency matches the resonant
frequency. The primary function of the PLL circuit is to
ascertain the 8 angle between i,. and V,;, and to adjust the
switching frequency to achieve a value of zero [32].
When the switching frequency aligns with the resonant
frequency, ZCS condition occurs. Figure 5 shows the
PLL block diagram.

3. SENSORLESS CONTROL OF MPPT

Wind and turbine speed information is generally required
for the operation of wind turbines at MPP. These
mechanical sensors, which must be well calibrated and
precise, negatively affect the system cost and reliability.
Among the MPPT methods, the P&O algorithm can
operate the turbine at MPP without depending on the
wind speed information and the parameters of the turbine
aerodynamic model. In the P&O method, which is
performed without the use of mechanical sensors, the
variation of the turbine mechanical speed and power is
determined by utilizing the generator output voltage,
current and power information.

limP=P_D (10)
T—00
Phase Detector Low Pass Filter Voltage Controlled Oscillator
i C BLOCK
' C t sensor &
N, urrenr ieln \
— square wave > ﬁ » Magnitude
generator
PDM
Referance >
» 1D . [Phase Signal
” Q ~|Difference I
ok QF Time
plln 5
Phase Locked Loop (PLL)

Figure 5. Resonant frequency PLL algorithm
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To maintain operation at the MPP, the control variable of
the power converter is adjusted in a specified step
interval, ensuring the system operates at MPP. In case a
diode rectifier is used at the generator output, the
generator current and accordingly the output voltage
contain high order harmonics. This negatively affects the
performance of the P&O algorithm. Due to its easy
implementation and good filtering ability, DSOGI-FLL
is frequently used for grid synchronization in grids with
harmonic distortion [33, 34]. DSOGI-FLL enables the
determination of the fundamental components of
generator output voltages and currents. Additionally, the
FLL structure allows for the determination of the
electrical frequency and, consequently, the mechanical
speed of the generator. The mechanical speed and power
information obtained from DSOGI-FLL constitute the
P&O algorithm's input variables. The P&O changes the
D value of the SRC to operate the WECS system at MPP.

3.1. DSOGI-FLL

Figure 6 shows the DSOGI-FLL structure. The v, and vg
components are obtained by Clarke transformation of
three phase voltage magnitudes (V,,.). These two
voltage magnitudes constitute the input values of the
SOGI quadrature signal generator. The instantaneous
angular frequency calculated by FLL is expressed by
"v'e" and "qv’ " and “v'g” and "qv’ﬁ" are
quadrature output signals. The frequency error signals are
denoted by "e, " and "e, g". The adjustable gain value
that affects the time response and filtering ability of the
SOGI is denoted by "k" [34]. The closed loop transfer
functions of SOGI are provided in Equation (11) and
(12). D(sogr(s) is a band-pass filter and Qsp6n)(S) is a
low-pass filter [35].

n Irn

(0]

Vi, kao's

Disosiya. s (S): Va: (S): 2 +Ko's+m"” (11)
qV'a,ﬂ _ ka)'2

Q(SOGI)a,ﬁ(S) = v, (S) TS k'S +m? 12)

In the FLL block presented in Figure 6, the value T
represents the gain of the FLL. When the fundamental
frequency of the input signal is w, the transfer function
and settling time t, (s, Of the FLL are given by Equation
(13) [35].

o' r 5

Pt Ut (13)
The relationship between the value of ' and w
determines the sign of the frequency error values e,, , and
"e, . The integral controller gain —T' regulates w’ to be
equal to w. In order to regulate the initial conditions of
the frequency synchronization, the constant value w, is

added to the algorithm. FLL gain is normalized by
Equation (14) [36].

kaw
7
() +(v) |
With the DSOGI-FLL structure, the electrical frequency
w' of the generator output voltage is estimated. To
determine the estimated mechanical speed w;,, w'is

divided by the total number of pole pairs p and calculated
as in Equation (15).

(14)

N

0, =% (15)

Vabc

Figure 6. DSOGI-FLL block diagram

(16)
To calculate the fundamental component of the generator
active power, DSOGI is applied to the three phase current
and voltage quantities separately. Positive sequential
components are determined by using the obtained o and
B components. The instantaneous active power of the
fundamental component is calculated by applying the p-
q theory to the obtained positive components [37,38].
The block diagram of the positive-negative sequence
calculation and power estimation algorithms is given in
Figure 7.

3.2. P&O MPPT

In the proposed P&O method, the estimated generator
mechanical speed w;, and the estimated fundamental
component of generator active power (Psoci) are utilized
as input data for the algorithm. The output data of the
algorithm is represented by the D value of the resonant
converter. The transferred power by the resonant
converter to the load is proportional to the square of D,
as expressed in Equation (13). For each specific wind
speed value, the wind turbine has a corresponding MPP.

1248



ENERGY EFFICIENCY IMPROVEMENTS IN WIND ENERGY SYSTEMS VIA SENSORLES... Politeknik Dergisi, 2025; 28(4) : 1243-1254

(—~ 1 =) [
E .

@ 3P0 |

AL DR

=~ T1 —
&) | soc1

\SOGI-a

i's

PNSC-v

J
N Power-SOGI J

Figure 7. DSOGI-FLL and power calculation block diagrams
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Figure 8. Variable step size P&O

The P&O algorithm adjusts the D value by increasing or
decreasing it according to changes in power and speed,

thus maintaining the system’s operation at the MPP. The
change in the D value, denoted as AD, represents the step
size of the algorithm [39-41]. To boost the efficiency and
performance of the system when there are sudden
variations in wind speed, the AD value is utilized in a
variable step way. Proposed P&O algorithm is shown in
Figure 8.

4. SIMULATION RESULTS

This article analyzes a sensorless control system
designed for a wind turbine employing a direct-drive 1.5
kW PMSG. The simulation assessments were conducted
using Powersim software. The novelty of the study lies
in the ability of the power converter to operate under soft
switching conditions across all load conditions, thereby
minimizing switching losses. The P&O for MPPT has
been chosen due to its ability to operate independently of
turbine parameters. The proposed power converter and
control algorithm play a critical role in enhancing the
energy efficiency, operational performance, reliability,
and power density of the WECS. The results demonstrate
that the proposed control strategy responds quickly and
accurately to changes in wind speed, maximizing energy
production, efficiency and system reliability. Table 2
presents the parameters of the SRC, DSOGI-FLL, PDM
and PSIM. The simulation model prepared in PSIM is
presented in Figure 9. Figure 10 demonstrates the
system's ability to track the MPP under varying wind
speed conditions. The MPPT algorithm activates at 0.2
seconds into the simulation, while the generator operates
without load prior to this.
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Figure 9. PSIM simulation model

Table 2. Parameters of SRC, PDM algorithm, DSOGI_FLL
algorithm and PSIM software

Parameter Symbol Value Unit
Resonant inductor L 15 mH
Resonant capacitor Cr 105 nF
Load R 70 Q
Resonant frequency fres 40 kHz
Quality factor Q 6.64 -
PDM Pattern - Regular -
PDM lenght - 32 -
Sampling frequency fsamp 20 kHz
DSOGI-FLL k constant k 1.4142 -
DSOGI-FLL T constant r 230 -
DSOGI-FLL o constant o 100 Rad/s

The estimated mechanical angular speed of the generator
(wyy,) and the electrical output power data obtained from
the DSOGI-FLL algorithm are fed into the P&O. The

P&O modifies the D value of the SRC by monitoring
variations in power and speed to ensure the system
functions at the MPP. The turbine’s mechanical output
power (P_turbin mechanical out) is calculated from the
product of the instantaneous speed (w,,,) and torque (T,,,)
measured from the turbine shaft
(P_turbin_mechanical_out = w,, * T, ). The maximum
power output for specified wind speeds of the wind
turbine is referred to as P_turbin_max. Figure 11 (a)
denotes the power value estimated from the DSOGI-FLL
algorithm as Estimated_Power (P_soci). The generator's
average output power is measured using a three-phase
wattmeter in the simulation and is shown on the graph as
P_generator_electrical_out. The power error
(Power_error) represents the difference between the
actual generator output power and the estimated power.
Similarly, the speed value estimated from the FLL
algorithm, wy,, is shown on the graph as Estimated
mechanical speed, and the angular speed measured from
the generator rotor shaft is denoted as Actual Mechanical
speed. Figure 11 (b) presents detailed steady-state views
of power and speed error values. For wind speeds of 8
m/s, the power error measured is 18.5 W; for 10 m/s, it is
33 W; for 6 m/s, itis 11 W; and for 9 m/s, it is 25 W. The
power error as a percentage of the generator output power
is measured as 2.6%, 2.5%, 3.6%, and 2.5%,
respectively. The speed error values for the same wind
speed profile are measured as 1.03 rad/s, 1 rad/s, 1.02
rad/s, and 1.03 rad/s, respectively. The speed error as a
percentage of the actual mechanical speed is calculated
as 1.8%, 1.3%, 2.3%, and 1.6%, respectively.
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The measurements indicate that the error rates are within
acceptable levels and demonstrate the success of the
DSOGI-FLL algorithm in detecting power and speed
values. Figure 12 illustrates the converter voltage and
current, operating under soft switching conditions across
various wind speeds.

P_turbin_max (watt) P_turbin_mechanical_out (watt)

In the figure, the converter’s output voltage is denoted as
Vab, as illustrated in the circuit structure shown in Figure
2. It is observed that the resonant current maintains a
sinusoidal form at all wind speeds, and the resonant
current reaches zero during the moments of increase or
decrease in Vg, voltage.

P_Load (watt)

1.5k

1.25k
Tk
750 ‘
500 /

250 /

o/

-250

Estimated_Power (watt) P_generator_electrical_out (watt)

1.6k

1.2k i

800 J

s

_J

400

Estimated_mechanical_speed (rad/s)

Actual_Mechanical_speed (rad/s)

80 |

th__

e

Time (s)

@

Figure 11. Plots comparing the real power and speed values with the estimated values

125

1



Tufan Volkan KUCUK, Selim ONCU / POLITEKNIK DERGISI Politeknik Dergisi, 2025; 28(4) : 1243-1254

Power_error

1k y——— pu—— — pm—
500

O S x i "
-500 ¥ I

Speed_error

20
A "
4]
T
-20 F)r/‘ i

-40

60 L) L L

4] 1 2 3 4 5
Time (s)

=

Power_error Power_error Power_error Power_error
10 10
0 s 0
0 0
-10
10 20 5 20
20 -10
40 1s 30
30 20 40
60 |
-40 25 50 ‘
-50 -80 | -30 60 |
09 1 19 2 21 22 2.96 3 3.04 4.44 4.48 4.52 4.56
Time (s) Time (s) Time (s) Time (s)
speed_error
Speed_error Speed_error 5 peed_: , Speed_error
20 R e ——————————
2 ,
1
! 1
0 0
0 0
1 q 1 1
2 2 2 2
3 | -3 | 3 3
09 1 19 2 21 2.2 2.96 3 3.04 4.44 448 452 4.56
Time (5) Time (s) Time (s) Time (s)

(b)

Figure 11. (Cont.) Plots comparing the real power and speed values with the estimated values

wind_speed (m/s)

10
9
8
7
6
|_resonance (Amper) Vab (volt)
400
200
0
-200
-400

0 1 2 3 4 5
Time (s)
Vab

|_resonance Vab I_resonance vab I_resonance

I_resonance
300 400 _
O o e B P B o R 10 = 300 4 200
200 500
5 5 2 100
100 100
0
0 0 0 ° 0
-5 100 -100
o -5 200 -2 -100
-200 ) 300
s T T T T T -300  -10 -400 -4 -200
0.9997 1.9997 2.9992 2.9993
Time (s) Time (s) Time (s)

Figure 12. Inverter output voltage and resonant current.

1252



ENERGY EFFICIENCY IMPROVEMENTS IN WIND ENERGY SYSTEMS VIA SENSORLES... Politeknik Dergisi, 2025; 28(4) : 1243-1254

5. CONCLUSIONS

This study analyzes the operation of a direct-drive WECS
using a PMSG under soft switching conditions. The
proposed method is centered on operating the SRDC at
its resonant frequency by utilizing the PDM technique.
By choosing the f;,, to match the f,., switching of the
power devices at zero current for all wind speeds is
achieved, thereby minimizing switching losses. The
MPPT process for 1.5 kW WECS has been performed
using a sensorless control method, and the simulation
results have been analyzed. The speed and power
information required by the P&O algorithm used for
MPPT was determined using the DSOGI-FLL method.
The average error value of the estimated speed and power
is below then 3%, indicating that the DSOGI-FLL
algorithm's speed and power estimation is very close to
reality. The simulation results present the current and
voltage curves during the switching and isolation states
of the upper and lower power switches. Power switches
have maintained soft switching conditions across the
entire wind speed profile. Furthermore, the sensorless
control method employed in the designed system
eliminates the need for auxiliary sensors, which reduces
hardware costs and minimizes system complexity by
streamlining the design process and eliminating potential
sensor calibration issues. This cost-effective approach is
particularly advantageous for small-power WECS
applications, where budget constraints are critical. The
proposed method also provides a theoretical foundation
and simulation analysis, offering a detailed framework
for operating a small-power WECS with enhanced
efficiency, reliability, and power density.
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