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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.

7

«+ 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 ¢

maximum power point tracking (MPPT) method was employed to further reduce costs and inc
and observe" (P&O) MPPT technique was utilized, enabling operation at the maximum po
wind speed data or an aerodynamic model of the turbine. The speed and power data requi
from the three-phase generator variables using the double second-order generalized integr,
FLL) algorithm. The performance of a 1.5 kW WECS was analyzed through simulai
results are presented. The analysis revealed that the designed system achieved @n
the efficiency of the resonant converter was measured to be 90% for the low
findings demonstrate that the proposed system offers a significant improve
reliable and cost-effective operation of small-scale WECS, with an average s

varying wind conditions.

Keywords: Wind energy, soft switching, pulse density mo@lation,
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maksimum gii¢ noktg

iciency of 97%. Furthermore,
d 93% for other wind speeds. These

m effigiency of approximately 90-93% across
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nerji Verimliliginin
ahtarlama Kontroli ile
rilmesi

Oz

zaymdirmek ve sebekeden bagimsiz, kiiglik 6lgekli bir riizgar enerjisi doniigiim

ikinci dereceden genellestirilmis integrator tabanli frekans kilitlemeli dongii (DSOGI-FLL)
generator degiskenlerinden tiiretilmistir. Powersim'de (PSIM) gerceklestirilen simiilasyonlar

maliyetli caligmasini sagladigini1 gostermektedir.

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

1. INTRODUCTION

The integration of wind energy with technical
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

*Sorumlu Yazar (Corresponding Author)
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achieving energy self-sufficiency. These systems,
specifically designed for residential, agricultural, and
small-scale uses, enhance local energy production while
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
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 thg
components, making resonant converters a favora®
choice for high-performance applications. In [17
researchers implemented an LCC resonant conver,
high-voltage DC transmission in WECS, aghi
power control through variable frequency con
similar study [18], researchers employegd the
frequency method to analyze power
voltage direct current (HVDC) sy!

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 inturn
controls the output voltage. The design of driver and
magnetic circuits is made easier when ting at a fixed
frequency. However, under li itions, the
system may lose soft swi@i ]. Unlike
the other methods mentimn modulation
is a way to control po
resonant frequency
makes soft switching
conditions. Thi

le load range. This
er all designed load

selectively eliminates certain
igve power control [23-25].

Il power WECS using permanent
generator (PMSG) is designed in

operation at the MPP is achieved through
ontrol. The SRC's power regulation is carried
ing the PDM method, which enhances the system's
ency 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.



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,

Wind
Turbine

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.
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Figure 1. Proposefl WECS®Iockpiagram.

2.1. Wind Turbine and PMSG Model

Equation (1) is used to calculate the mechanic

that the wind turbine obtains from the win€. Equat
defines the tip speed ratio of the turbine (1) 3gd Equation
(3) expresses the variation of the power
coefficient [27].

ower

1
P =2 PAVC, (4) )
= Znfe v
V,
i
Cp(i, —0.4/3—5Je % +0.00684
©)

1
4 A+0088 p*+1

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/m?), "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.

e 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
2. The resonant frequency (f,) is determined in
accordance with Equation (4) [30].
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Figure 2. SRDC and equivalent circuit
When the switching frequency (f;,,) equals the £, ﬁ?

circuit's impedance is minimized. To facilitate th
analysis of the SRC, the circuit structure provided i
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The quality factor (Q) and the time constant (z) of the
SRC are respectively presented in Equations (6) and (7).
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2.3. PDM Based Power Control

The PDM is based on controlling th
periodically omitting some pulses wit
group [31]. In the PDM met
resonant current along

age, +Vqc. In Mode-I1,
nd S, are off. The output
ode-111 corresponds to the pulse
- During this mode, S; and Sy
ondugting, S; and S; are in the off state.
is#7ero, and the resonant current (i,)
d oscillatory behavior. The envelope
e i, in the figure represents its oscillatory
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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.

Pulse Density (D)
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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 1 °

P ==V, cos(0) - [ i (at °

0

2
P = ;Vdc I €OS(0) 8
p_p [Jou, 7[l-€

mTOT

Phase Detector

period is selected to be significantly less than t of the
SRC (T « 1), P isdirectly correlated to the square of the
D, as defined by Equation (9).

limP =P, D? 9)
When the PDM period is significantly larger than the t
of the SRC (T > 1), P exhibits a linear relationship with
the D. [32].
limP=P,D

T

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 specific enables more
precise MPPT compared to 16-patt
lengths. However, increasing th

(10)

amplitude  of

phenomenon may
(electromagnetic int and RFI (radio frequency
is#llvantages, alternative

the switching frequency

irregular

jtions are employed to ascertain the values of
C,. However, during the application, the actual
ant frequency of the circuit may be different from
alculated 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.

Low Pass Filter

Voltage Controlled Oscillator

i = C BLOCK
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Figure 5. Resonant frequency PLL algorithm



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. 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. Th®
mechanical speed and power information obtained fron
DSOGI-FLL constitute the P&O algorithm's inp
variables. The P&O changes the D value of the t
operate the WECS system at MPP.

3.1. DSOGI-FLL

Figure 6 shows the DSOGI-FLL str
components are obtained by C

alues of the
instantaneous
is expressed by
> and ' qv’ " are
equency error S|gnals are
. The adjustable gain value
ponse and filtering ability of the
[34]. The closed loop transfer

angular frequency c

n rn nw__r n

) v,

(12). D(sogry(sY1s a band-pass filter and Q(sogr)(s) is a
low-pass filter [35].

ko's

D(SOGI)a,ﬁ (S) = V:: (S) = 2 1 ka's+m? (11)
qv', K"
Q(soel)a,ﬂ (S) = . (S) = (12)

s’ +ko's+w”

(13)

relationship between the value of ' and w
determines the sign of the frequency error values e,, , and
"ey g 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].

ko

n 2 N 2

2 (v.) +() |
With the DSOGI-FLL structure, the electrical frequency
' 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)

(15)

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 a and
B components. The instantaneous active power of the
fundamental component is calculated by applying the p-
g 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.
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3.2. P&O MPPT

In the proposed P&O method, the estimated generator ~ The tran
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 @.’
algorithm is represented by the D value of the resona

ed povjer by the resonant converter to the
i to the square of D, as expressed in

© has a corresponding MPP. The P&O
edjusts the D value by increasing or decreasing

converter. dgording to changes in power and speed, thus
plaining the system’s operation at the MPP. The
( smer ) 5 change in the D value, denoted as AD, represents the step
sample é size of the algorithm [39-41]. To boost the efficiency and
Power (P) and Speed (3)| | 5 performance of the system when there are sudden
G = variations in wind speed, the AD value is utilized in a
o A e e variable step way. Proposed P&O algorithm is shown in
Figure 8.
dP>0
4. SIMULATION RESULTS
This article analyzes a sensorless control system
(220 g < designed for a wind turbine employing a direct-drive 1.5
v N kW PMSG. The simulation assessments were conducted
using Powersim software. The novelty of the study lies
dP>5 <dP<-5 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
ds>5 > been chosen due to its ability to operate independently of
V% D=(Dﬁ turbine parameters. The proposed power converter and

control algorithm play a critical role in enhancing the

Y
N E
Y
Ay D=(0-AD) D=(0-AD) b-o@any]  ENETOY efficienpy, operational performance, reliability,
and power density of the WECS. The results demonstrate
that the proposed control strategy responds quickly and

DN accurately to changes in wind speed, maximizing energy

P_old =P production, efficiency and system reliability. Table 2

=2 presents the parameters of the SRC, DSOGI-FLL, PDM

and PSIM_. Th_e simulation model prepared in PSIM is
presented in Figure 9.

Figure 8. Variable step size P&O
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ates the system's ability to track the
ing wind speed conditions. The MPPT

Parameter Symbol  Value Unit ? activates at 0.2 seconds into the simulation,

whi¥@ the’generator operates without load prior to this.
Resonant inductor L, 15 The gstimated mechanical angular speed of the generator
#) and the electrical output power data obtained from
Resonant capacitor C 105 nE the DSOGI-FLL algorithm are fed into the P&O. The
A P&O modifies the D value of the SRC by monitoring
Load R 70 Q variations in power and speed to ensure the system
h\é functions at the MPP. The turbine’s mechanical output
power (P_turbin mechanical out) is calculated from the
Resonant frequency kHz product of the instantaneous speed (w,,) and torque (T,,,)
- measured from the turbine shaft
Quality factor - (P_turbin_mechanical_out = w,, * T, ). The maximum
power output for specified wind speeds of the wind
PDM Pattern Regular - turbine is referred to as P_turbin_max. Figure 11 (a)
denotes the power value estimated from the DSOGI-FLL
32 - algorithm as Estimated_Power (P_soci). The generator's
| average output power is measured using a three-phase
foamp 20 kHz 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
DSOGI-FLL wo constant ®o 100 Rads  the generator rotor shaft is denoted as Actual Mechanical
speed. Figure 11 (b) presents detailed steady-state views
of power and speed error values.

k 1.4142 -

DSOGI-FLL T constant r 230 -
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Figure 11. Plots comparing the real power and speed values with the estimated values
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Figure 12. Inverter output voltage and resonant current.



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.

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 switche
have maintained soft switching conditions across th
entire wind speed profile. Furthermore, the sensorle
control method employed in the designed s
eliminates the need for auxiliary sensors, whichgeduc
hardware costs and minimizes system compl@i
streamlining the design process and eliminating
sensor calibration issues. This cost-effe
particularly advantageous for
applications, where budget cons
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