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A digital sliding mode control (DSMC) strategy stands as the core proposal of this article to control DC/DC
converters used in wind turbine generator systems. The time-varying nature as well as nonlinearity of wind
energy systems makes conventional linear controllers ineffective for such systems. Due to its capability of
handling parameter variations and eliminating external disturbances, sliding mode control functions best for
wind energy systems. The paper introduces a complete mathematical depiction of wind turbine systems with
DC/DC Buck converters while applying digital sliding mode control for output voltage regulation under
differing wind speed conditions. A combined analysis of controlling signals with output voltage responses
and error system dynamics shows the simulation results of the controller performance. The phase-plane
analysis shows how the system performs under sliding motion operations while verifying its stability
dynamics. System stability remains maintained by the controller throughout wind speed variations but the
paper outlines specific areas for reference tracking and output voltage regulation enhancement. The study
enhances knowledge of strong control methods applied to renewable energy systems by advancing optimal

strategies for utilizing irregular wind power resources.

1. Introduction
1.1. Scientific Background and Need for Innovation

The wind turbine system functions as a sustainable device designed
specifically to transform wind-derived kinetic energy into electricity.
Followed by aerodynamic principles electromagnetism and mechanical
engineering and the conversion procedure takes place [1-3]. The adoption of
wind energy represents one of the most promising renewable power sources
because it exists abundantly and sustainably and the implementation methods
continue to become less costly. The natural volatility and randomness of
wind sources create major operational obstacles for effective electrical
energy generation from wind power. The operation of wind turbine systems
needs powerful control mechanisms to achieve peak performance in
changing wind situations see Figure 1.

The power electronic converters serve as critical elements for generator
interface operations within modern wind energy conversion systems
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Figure 1. Typical configuration of a wind energy conversion system with
PMSG, rectifier, and DC/DC converter [ Zakzuk 2024].

(WECS). Many wind energy conversion systems depend heavily on DC/DC
converters because they allow maximum power point tracking and provide
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voltage regulation. The control techniques used for these convertors
determine the efficiency along with dependability of the entire system [4],
see Figure 2.
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Figure 2 Different converter’s topologies with continuous input current
characteristics.

Wind energy systems present operating challenges for traditional PI
(Proportional -Integral) and PID (Proportional -Integral-Derivative)
controllers because of the following issues:

* Nonlinear dynamics of the wind turbine and power converters

* Wide operating range with varying wind speeds

* Parameter uncertainties and external disturbances

* The power electronic converters operate with a switching mechanism.
Nonlinear control approaches need additional development because their
stable output results apply across various operational conditions [5][6][7]

[81.
1.2. Research Objectives

This research aims to:

1. Construct a digital sliding mode control platform for wind turbine Buck
converter applications

2. An evaluation must be performed for the proposed controller when
operating under different wind conditions

3. Test the controller durability when subjected to varying parameters as

well as disturbances.

4. Compare the performance with conventional control techniques

5. Explore distinct methods to enhance the performance of the controller

system.

The study applies its methods for a small to medium wind turbine systems

that employ DC/DC buck converters yet shows promising compatibility

with bigger system types and various converter designs.

1.3. Literature Review
1.3.1. Wind Energy Conversion Systems

Article [1] Starting from the fundamental principles the article introduces
the wind energy through an explanation of physical operations and
mechanical methods. The article explains how wind power transforms into
turbine rotation while establishing essential factors which influence
transformation effectiveness. Following the basic concepts the text moves
onto a description of windmill components and subsystems. The paper will
analyse the electrical grid interface together with worldwide wind
electricity applications and examines both power generation expenses and

development requirements.

While article [9] develops a self-powered wind energy system based on a
dual-rotation shaft triboelectric nanogenerator (D-TENG) with concentric
construction which can operate effectively from 2.2 to 16 m/s wind speeds.
A wind energy harvesting system combines two TENGs of distinctive
structural parameters to optimize aerodynamics while compensating for
performance between them for better efficiency. The TENG-based system
delivers higher start-up efficiency and stronger power output than an
electromagnetic generator (EMG) thus showing potential for applying
multi-stage harvesting schemes at large scale.

Article [10] focuses on proposing a power control strategy to dampen
aerodynamic loads acting on the turbine shaft of PMSG-based direct-drive
wind energy conversion systems (WECS). It aims to enhance system
stability by utilizing a compensation strategy based on the dc-link capacitor
current to provide positive damping. Additionally, it addresses the
challenge of accurately identifying generator speed oscillations for
effective damping injection.

Article [11] focuses on a PMSG-based WECS with a continuous input
current buck converter. The proposed controller deploys a sensor-less
MPPT algorithm with a variable step P&O control strategy for minimizing
input current ripples which maximizes system reliability and efficiency.

1.3.2. DC/DC Converters in Wind Energy Applications

Article [12]provides an extensive evaluation of power converters in wind
energy conversion systems (WECS) while examining their operational
impacts and control approaches and integration methods.

Article [13] classifies HVCR converters into two categories which include
inductive-based and capacitive-based types followed by a breakdown
analysis into transformer-base and coupled-inductor-based and switched-
capacitor-based and hybrid designs with combined coupled inductors and
switched capacitors. The evaluation together with topological assessment
presented in this paper supports future development of efficient converter
platforms and system optimization. Several types of DC/DC converters
used in wind energy systems include Buck, Boost, Buck-Boost, see Figure
2. Each converter topology presents unique strengths and weaknesses that
make it more suitable for certain applications. Article [14] features a
detailed study about analysis and design dimensions of different DC/DC
converter topologies which include Boost, Cuk, SEPIC, and Zeta
converters. Design elements for DC-DC converters involve component
selection to deliver required converter behaviour and application needs
fulfilment. The evaluation process includes testing major performance
indicators including efficiency together with voltage ripple characteristics
and output regulation and transient response elements. In [15], designed
method for calculating fixed resonant capacitors provides multi-objective
optimization capabilities to achieve both wide input voltage gains and
efficiency improvements in DC-DC converters.

Wind energy applications face a main technical challenge when using
standard Buck converters because these devices generate continuous input
current that creates power ripples and damages the turbine structure. The
problems related to discontinuous input current have been solved through
advanced topologies which introduced continuous input current
characteristics. [3,16].
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1.3.3. Sliding Mode Control Theory

Sliding mode control uses nonlinear control methods to change system
dynamics through application of discontinuous control signals. Through the
control law the system state must move along a pre-defined surface which
is known as the sliding surface. When a system reaches the predefined
surface it shows motivated dynamic practice alongside protection against
changes in system parameters and disturbances from outside sources. In
[17] This paper provides a comparative analysis of two control techniques
employed in DC-DC buck converter systems: the conventional analogue
sliding mode control enhanced with PID , and the modern digital quasi-
sliding mode control based on generalized minimum variance (QSMGMYV)
[18].
A digital control scheme for DC-DC boost converter implementation is
proposed and analyzed in this work. The controller is formulated using a
minimum variance strategy augmented with one-step-delayed disturbance
estimation. The design methodology relies on the input-output
representation of the converter system, forming the basis for the control
algorithm. The output voltage stability is ensured by the controller but the
disturbance estimator enhances converter stability along with steady-state
accuracy across changing input voltages and load resistances. In [19], A
sliding mode controller enables successful position servo system control of
an armature-driven DC servo motor. The SMC design process includes two
essential stages for this particular application.
1. The selection process of a suitable sliding surface must deliver systems
requirements
2. Design procedures create a control mechanism that operates the system
state toward the sliding surface while retaining this position.
Sliding mode control demonstrates beneficial characteristics in different
industrial setups since it enables accurate position control and provides
resistance to disturbances. The traditional SMC produces chattering by
oscillating at high frequencies across the sliding surface because its control
signal contains discontinuities.
In article [20] the phenomenon “chattering” is defined as the observable
behaviour of system oscillations at fixed frequency and absolute amplitude
values during this study. The constant control value during sampling
intervals restricts switching frequency to be equal or less than sampling
frequency thus causing chattering behaviour. Minimal time constants from
real differentiators should be taken seriously when control actions exhibit
discontinuous state functions because they generate oscillations near
surfaces of discontinuity throughout the system state space.

1.4. Research Gap

The investigation for better digital techniques for SMC (sliding Mode
Controller) implementation of DC/DC converters when applied to wind
energy systems is needed. Currently exists for three main elements:

» Comprehensive analysis of digital SMC performance under varying wind
conditions;

* Optimization of controller parameters for improved reference tracking and
disturbance rejection; * Comparative analysis with other advanced control
techniques;

* Practical implementation considerations for real-world applications.

The present research develops digital sliding mode control which analyzes
its performance when implemented on DC/DC Buck converters used for

wind turbines systems.

2. System Modelling
2.1. Wind Turbine Model

Systems known as wind turbines collect power from wind to produce
electricity as usable energy. The physics of operation requires mathematical
models for both prediction of performance and optimization of design along
with understanding of their working principles. Mathematical models
covering simple conceptual structures extend to complex computational
simulation systems.

The analysis addresses wind turbine systems up to the medium range size
that utilize DC/DC Buck converters but may be applicable to various
converter designs and larger system types.

The extraction of power through wind turbines occurs when wind pressure
moves the blades of the turbines. The equation that calculate the extraction
power appears in [16]:

Pexracted =4 x p X V3/2 1

Where: Peuracriea — 1S the extracted power, A- blades, swept area , P- air’s
density V - wind’s speed.
To compare different turbine designs and performance regardless of their
size or the specific wind conditions, we must define the following
measurements:
e Tip-Speed Ratio (A): This compares the speed of the blade tip to the
upstream wind speed, and can be calculated as:

U (a)m xR)

A= -
Vivind Vwind

@
Where: / - is the Tip-Speed Ratio, U - is the speed of the blade tip (m. s'),
w,- is the mechanical angular velocity of the turbine rotor (radians. sec™),
R- is the rotor radius (meters), V4 - is the upstream wind speed (m. s").

e Power Coefficient (C,): The turbine power extraction rate versus total
wind power flowing through its rotor sweep area forms this ratio. The
ratio demonstrates turbine efficiency by converting wind power to
mechanical power so it can be calculated as:

1-04 (; p) )2
~UAX\ A~ Aopt
— 3

pt

Pec,
Cp= mech. o Cp=Cpmax *
0.5% px Ax Vyping

Where: Cp: Power coefficient, representing the efficiency of the turbine in
extracting energy from the wind, Pmech: Mechanical power extracted by
the turbine, measured in watts (W), p: Air density, typically approximately
1.225 kg/m?® at sea level, A: Rotor swept area, calculated as t¥R2, where R
is the rotor radius in meters (m), V: Undisturbed upstream wind speed,
measured in meters per second (m/s)

The maximum theoretical value for Cp is approximately 0.593 (or 16/27),
known as the Betz Limit. Real-world turbines typically achieve Cp values
in the range of 0.4 to 0.5 under optimal conditions.

¢ Thrust Coefficient (CT): This measures the total downstream force
(thrust) exerted by the wind on the turbine structure, relative to the
force available in the wind, and can be calculated as:

T
Cr=————— @
(0.5 XpxXxAXV )
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Where: Cr - is the Thrust Coefficient, 7 - is the thrust force on the turbine

(Newtons).

Each turbine design has an optimal tip-speed ratio where it achieves its

maximum power coefficient. Modern HAWTs typically operate at A values

between 6 and 8.

o Extracted power (Pu) : is equal to the rate of change of kinetic

energy of the wind passing through the disk and can be expressed
as:

Pm=0.5pr7rXR2)(Cp(/l,ﬁ)XVWl-nd3 )
where: p- is the air density (kg. m-*), R - is the blade radius (m).

2.2. PMSG and Rectifier Model

The Permanent Magnet Synchronous Generator (PMSG) facilitates the
conversion of kinetic mechanical energy into usable electrical energy. The
system employs a steady-state model because it simplifies the prediction of
rectified DC voltage after the diode bridge as:

Vic = (3f xE ] -2V (©)

where: E - is the
(E=k, x @), Vi -is the diode forward voltage drop.

back-EMF, proportional to rotor speed

2.3. DC/DC Buck Converter Model

The DC/DC converter is a power supply used for regulating and controlling
electrical energy flow between two DC circuits see Figure 2. The Buck
converter is crucial in wind turbine in case the generator produces a higher
DC voltage than what is required for the downstream components (e.g.,
inverter or energy storage), or when precise power control and MPPT
(Maximum Power Point Tracking) are needed steps down the rectified
voltage to a regulated output voltage. The dynamic equations of the Buck
converter are [21]:

. 1
d’L/dt:z(D*Vin*Voutﬁ (M
out [t =1/C(iL. =Vout [ Rioad )- ®
where: - i, - is the inductor current, - V;, is the input voltage, - V,,, is the
output DC voltage, D - is duty cycle D € {0, 1}, - L - is the inductance, C -
is the output capacitance, - R, - is the load resistance.
2.4. Complete System Model
The complete system model combines the wind turbine, PMSG, rectifier,

and buck converter models. The state variables are:
The system dynamics can be represented as:

dwm/dt:(P—meefB*me/J; 9)
Om

diL/dt:(D*I/in_ out)/L§ (10)
d"out/dtz[iL_%]/CQ 1n

dejpt [dt = Vief =Vout- (12)

The state space model of the Buck converter can be extracted from [17]:

() = Ax(t) + Bu(t);

y(t) = Cx(2).
Where:
& i 01 0
a=|o L oo B=|-BY c=[1 0 0
RC RC
1 0 J 0

where: - w,,. mechanical angular velocity, B- is the friction coefficient, 7,
is the electromagnetic torque, J - is the moment of inertia, - e;,- integral of
voltage error (for control purposes), V,.,— reference voltage.

3. Digital Sliding Mode Controller Design

3.1. Sliding Surface Selection

The switching function of SM control is:

§=81X] +SX5 +853X3 (13)

Where: X1, X2 and X3 denote a voltage error, a voltage error rate, and an
integral of voltage error:

d(Vyetr — BV,
w J.(Vref*ﬂ"o)dt

The equation of sliding surface according to Lyapunov law where:
§=0
The sliding surface is designed to achieve output voltage regulation. A

Xpuck =[X1 X2 X3]= ("rqf'*ﬂ"o)

linear combination of state variables is chosen:
o(x)=51 x (Vref_Vout)"'SZ X if +53 X ejnt (14)

where: - o(x)- sliding surface, Si, Sz, and Ss are the sliding surface
coefficients; - V'ref - is the reference output voltage, eint - is the integral of
the voltage error.

The inclusion of the integral term ensures zero steady-state error, while the
current term improves dynamic response.

So, the control signal Ve from $=0 :

G 1
G

. C
v, :—ﬁL{———}C+LC{C—;}(W€f —~Pvo)+Bro (15)
3.2. Control Law Design

To enforce sliding mode behaviour, a control law is designed such that the
system state is driven toward the sliding surface and kept there. Digitally,
this is achieved by comparing the sliding function with a periodic ramp
signal to generate the switching control input:

Jl (ON) if o >ramp
u=
10 (OFF) if o <ramp

where the ramp signal is generated to achieve a constant switching
frequency.
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4. Simulation Results and Analysis

4.1. Simulation Setup

Digital Sliding Mode Controller (DSMC) evaluation occurs as a complete
simulation process for DC/DC Buck converters operating within wind
turbine energy conversion systems. The use of this simulation setting to
analyse system behaviour changes connected to varying wind conditions
while verifying controller effectiveness in sustaining proper voltage
control.

MATLAB version 2020/Simulink and Python operation as the foundation
for this simulation allows NumPy to process numerical tasks with SciPy
handling differential equation solutions. Using this software suite enables
us to implement detailed simulation models of wind turbine movement and
PMSG and rectified power and buck converter control elements. The
control system operates through discrete time intervals but includes the
characteristics of digital controllers regarding the ADC sampling process
and signal quantization and ramp-based frequency control.

Material from the Matplotlib library functions as the visual tool for
displaying time-domain simulations of wind speed, rotor speed, input and
output voltages, inductor current and error signals. The phase portrait shows
the way both stability conditions and system transient responses of closed-
loop control systems appear.

The simulated disturbance emerges at t = 0.25 s and leads to a sudden
change from wind speed of 8 m/s to 10 m/s. Complete assessments
regarding robustness and dynamic performance emerge from simulation
evaluations which duplicate natural fluctuations detected in wind power
systems.

The design flexibility of simulation testing systems allows us to optimize
sliding mode control methods for renewable energy systems through an
open study framework which benefits from scalable operation.

The block diagram of Buck DC/DC converter with digital sliding mode
controller can be seen in Figure 3 [17].

L

]
IFT A
Switch

C_ Vin

BVo

Viamp -BVo Vrer

Figure 3. Block diagram of Buck converter with digital sliding mode

controller.

Table 2 PMSG Parameters.

Number of pole pairs 4

Stator resistance 0.5Q
Inductance 0.0082 H
Permanent magnet flux 0.175 Wb
Rated power 500 W

Table 3 Buck Converter Parameters.

Input voltage 68-88 V
Output voltage 24V
Inductor 4.7 mH
Output capacitor 10 puF
Input capacitor 100 pF
Load resistance 20Q
Switching frequency 20 kHz
Reference output voltage 24V

Table 4 Controller Parameters.

Si 1

Sz 25

Ss 2
ADC sampling frequency 100 kHz
ADC resolution 10 bits

psmc | *——‘

oum(z)

s
enlz)

Figure 4. Buck DC/DC converter with DSM controller.

Based on the parameters provided in Table 3, simulations are carried out

The proposed control strategy is validated through numerical simulations
using Python with SciPy and NumPy libraries. The simulation parameters

are:

Table 1 Wind Turbine Parameters.

Blade radius 1.5m

Air density 1.225 kg/m®
Maximum power coefficient 0.48
Optimal tip-speed ratio 8.1
Moment of inertia 0.01 kg'm?

Friction coefficient

0.001 N-m-s/rad

using MATLAB/Simulink. A wind speed step increase from 8 m/s to 10
m/s at t = 0.25 s, which corresponds to an input voltage shift from 68 V to
88 V, is applied to evaluate the system response. The resulting output
voltage waveforms and switching signals under both input conditions are
presented in Figures 5 and 6, respectively.

In systems with varying input conditions like wind turbines where wind
speed fluctuations can cause significant variations in generated power. The
DC/DC Buck converter's role is to mitigate these fluctuations, providing a
consistent and usable output voltage for connected loads or storage systems
[22]. This can be seen in Figure 5 with input voltage of 68V.
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Figure 5. The reaction of Buck DC/DC converter with DSM controller,
and switching signal for input voltage 68V.
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Figure 6 The reaction of Buck DC/DC converter with DSM controller,
and switching signal for input voltage 88V.

In Figure 6 the input voltage is raised up to 88V due to the variation of
wind speed but the output still hold to 24V.

4.2. Wind Speed and Rotor Speed Response

The wind speed profile shows a step change from 8 m/s to 10 m/s att=0.25
s. The rotor speed responds to this change, increasing from approximately
8.2 rad/s to 10.5 rad/s. Using the information from above Tables 1- 4 in
Python with SciPy and NumPy libraries we can evaluate the rotor speed
and wind speed as in Figure 7, 8.

4.3. Voltage Regulation Performance

The wind speed modification causes a rise in the input DC voltage because
the generator generates higher power levels. Under disturbances the digital
sliding mode controller strives to preserve the output voltage near its
reference by compensating for this input disturbance.

Simulation results indicate that the controlled output reaches and maintains
a level of 8 V whereas the set reference stands at 24 V. A steady-state error
occurs in the voltage regulation because of this operational condition. The
controller shows difficulties in operation based on the appearance of major
output voltage decreases during wind speed transitions.

4.4 Inductor Current Analysis

The inductor current experiences a sharp rise after the wind speed alteration
while showing periodic spikes whenever there are voltage drops. The
inductor current reaches an average value of 0.42 A after the wind speed
change instead of its previous value of 0.32 A due to increased power
supply from the wind.

4.5 Error Signal and Phase Portrait Analysis

The error signal between reference setting and actual voltage output keeps
a high value which proves the controller struggles to reach the target output
voltage. After wind speed alteration the error diminished but it continued
to remain important see Figure 8.

The Python Matplotlib library enabled the creation of phase portrait data by
showing the ( de/dt ) error change rate on the y-axis and the e error value
on the x-axis throughout simulation time.

A graphical depiction of the state space dynamics appears in Figure 9 from
the phase portrait. A stable system produces the spiral pattern while it
displays oscillatory behaviours during start-up and shutdown states. The
portrait consists of two separate loops which represent the period prior to
wind speed modification and what follows afterward.

The system demonstrates stable behaviour demonstrated through the spiral
shape although it oscillates during transient conditions. The system follows
a different behavioural pattern in each part of the portrait before and after
the wind speed change occurs at t = 0.25s. The controller retains system
stability after the wind speed disturbance but the equilibrium point shows
detectable vibrations which represents additional optimization possibilities
for controller parameters. Accordant bounding of the trajectory
demonstrates that the system stays stable because of wind energy systems'
inherent nonlinear behaviour and external disturbances. This phase portrait
helps visualize the stability and dynamic response of the control system by
showing how the error and its rate of change evolve over time, eventually
converging (or attempting to converge) towards the desired state (zero
error).
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Figure 7: Simulation results showing wind speed, rotor speed, voltages,
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Figure 8: Simulation results showing change in error signal over time.
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Figure 9: Phase portrait showing error vs. change in error, demonstrating
the sliding motion characteristics using a Python script.

5. Discussion

5.1. Controller Performance Evaluation

A digital sliding mode controller keeps the system stable under changing
wind speed conditions according to simulation results. The system reveals
several operational issues during performance analysis.
1. The controller shows an incapability to cancel steady-state error because
output voltage sets at an improper value beneath reference levels. The
strength of integral action in the sliding surface needs further evaluation
because of insufficient performance.
2. Changes in output voltage create periods of deep declines which
deteriorate the regulatory capabilities. The output voltage experiences these
voltage fluctuations at the same times that the controller changes states
which could result from implementation methods or chosen parameters.
3. The output voltage shows inadequate tracking of reference values due to
problems related to current controller parameters or their respective
settings. Even though the controller exhibits certain drawbacks it maintains
several important assets in its operation:

. Stability maintenance despite disturbances;

e The system shows quick reaction upon modifications in its

input;
e  Bounded control action.

5.2 Comparison with Conventional Control Techniques

The article demonstrated that sliding mode control provides better
resistance against parameter variations and disturbances compared to
standard PI or PID controllers even though a direct comparison was not
conducted in this simulation. Some advantages of sliding mode control are
reduced by implementation difficulties which appear during digital
realization. [17].

6. Conclusion

The core objective of this research is to investigate digital sliding mode
control approaches for DC/DC Buck converters in wind turbine
applications. A detailed mathematical model of the system was constructed,
and the proposed controller was implemented and validated using digital
simulation tools. The simulated results verify that the system maintains
stability during changing wind speeds but controller performance must be
improved for achieving better reference tracking and voltage regulation.
The phase portrait evaluation demonstrates both system stability and time-
dependent behaviour of the system.

This research defines the benefits and drawbacks of this control technique
when operating on wind energy systems with their non-linear
characteristics.
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