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This study provides an experimental validation of two advanced control
methods, sliding mode control (SMC) and fuzzy logic control (FLC) for
regulating the DC bus voltage in a permanent magnet synchronous generator
(PMSG) wind turbine system wusing a boost converter. Initially,
MATLAB/Simulink simulations are used to assess the system's behavior in
an ideal environment, where various operating conditions and disturbances
are modeled to test the robustness of the control algorithms. Subsequently,
real experiments are conducted using a physical prototype of a boost converter
and a LAUNCHXL-F28069M DSP board to evaluate the system's behavior
under real-world scenarios. The evaluation focuses on system stability,
tracking accuracy, and response time under various wind turbine operating
conditions. The experimental results reveal that SMC outperforms FLC in
terms of rapidity, precision, and hardware implementation. Additionally,

Sliding mode control
Wind power systems

SMC offers significant advantages in achieving superior performance metrics,
such as improved dynamic response and enhanced overall system stability,
making it a more effective choice for practical wind energy applications. This
experimental validation simplifies the selection of optimal control strategies
for wind energy systems.
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1. INTRODUCTION

To effectively integrate sustainable energy into power grids, advanced power conversion techniques
optimize energy transfer and ensure grid reliability [1], [2]. Boost power converters address challenges such as
voltage mismatches between renewable sources and grid requirements by increasing source voltages,
improving the efficiency of renewable resources, reducing transmission losses, and enhancing grid reliability
[3]-[6]. The stability of DC-DC boost converters is crucial, particularly in the case of variable input voltages
from wind turbines and solar systems, to ensure reliable performance under a variety of conditions [7]-[10].

Multiple studies explore control techniques for DC-DC power converters. Proportional integral
derivative (PID) controllers provide high precision but are sensitive to input fluctuations [11], [12].
Proportional resonant control (PRC) offers fast response, disturbance resistance, and low computational load,
but has limitations like sensitivity to uncertainties and inapplicability to non-minimum phase systems [13],
[14]. Model predictive control (MPC) ensures rapid response but is sensitive to parameter variations [15].
Neural network-based controllers enhance dynamic performance but require extensive training and are
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computationally intensive [16]. Fuzzy logic control (FLC) uses fuzzy logic to manage uncertainties in
renewable sources, ensuring stability [17], [18]. Sliding mode control (SMC) offers robustness against
uncertainties and disturbances, maintaining stability with rapid voltage tracking [19], [20].

Virtual simulations have made it possible to validate control methods, but differences often appear in
real-world applications. Simulations, which assume ideal conditions, neglect factors such as component
variability, switching losses and temperature effects. It is therefore essential to validate control strategies under
realistic conditions, taking into account environmental variability, disturbances and hardware limitations. This
study aims to validate sliding mode control (SMC) and fuzzy logic control (FLC) under realistic conditions
using a prototype 20 W DC/DC power converter. Tests include variable input voltages (7 V to 11.5 V) and
implementation on the LAUNCHXL-F28069M DSP board.

This paper is structured as, section 2 covers the modeling and sizing of the DC/DC power converter
in continuous conduction mode. Section 3 presents the controller design. Section 4 discusses simulation results,
experimental findings, and comparative analysis. The final section presents concluding remarks and
suggestions for future research.

2. SIZING AND MATHEMATICALE MODELING OF BOOST CONVERTER

A typical example of a non-isolated boost power converter is presented in Figure 1. This architecture
is widely used in renewable energy applications like wind power [21], where the reference output voltage needs
to be tracked and adjusted. The circuit of a DC/DC boost converter presented in Figure 2 includes a DC voltage
source designated by Vin, a controlled switch represented by T, an inductance represented by L, a diode D, a
filter capacitor expressed as C, and a load. We will analyze the operation of the converter in continuous
conduction mode (CCM) by examining the different states based on the conduction of the switch T.

Dc/bC
Converter

Figure 1. Overview of the system studied
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Figure 2. Electrical schematic of boost power converter
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When designing a converter, it is essential to take into account the ripple current Al; , which is usually
set at 10% of the inductor current i;, [22]. The converter's duty cycle a is determined using the formula given
in (1). The inductor value L is determined by the (2) where f represents the switching frequency, V;, and V.
represent respectively the input and output voltage of the converter, while the value of the capacitor C is
calculated as shown in (3), where I, is the current passing through the load. Table 1 summarizes the key
parameters of the DC-DC boost converter. These parameters are calculated using the equations mentioned and
are essential for correctly sizing the converter components.
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The analysis begins by extracting the state-space model for the boost converter, covering its operation
in both ON and OFF modes, where R represents the resistive load. In (4) and (5) describe the system when the
switch T is ON, while in (6) and (7) describe it when the switch T is OFF.
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The state equations for a boost power converter in the ON state can be expressed as in (8), and when the switch
T is OFF, the state equations can be written as in (9).
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Table 1. DC-DC boost converter main parameters

Parameter Value
Vin [7 V-11.5 V]
Vout 12V
C 100 pF
L 220 uH
F 40 kHz
R 100 Q

To derive a converter model over a switching period, the state-space averaging technique is used. This
method involves replacing the state space, which approximates circuit behavior over the whole period, with a
state space that accurately captures circuit dynamics over a single switching period [23]. The resulting modified
averaged model derived from this technique is represented by (10) and (11).

A=A Xa+A,(1—-a) (10)
B=B; Xa+B,(1—a) (11)
Al, A2, B1, and B2 can be written as in (12) and (13).
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Using (10) and (11), we construct the average spatial state model of the converter over the entire period, as
shown in (14).

di _ 1-a)
% 0 L iL l
= L f
dvout 1- 1 Vout + 0 Vln (14)
dt C - RC

The state vector is determined as in (15).

x = [iy, Vourl” (15)
The (15) can be written as in (16) and (17).

X = Ax + BV;, (16)

Y = Mx 17)

0 _{-9 1
Where Y is the output vector and A = B= [

4M=mn
0

3. CONTROLLER DESIGN
3.1. Sliding mode control

Sliding mode control (SMC) has been proven to be a robust non-linear control methodology, capable
of handling the complex dynamics of variable structural systems. It offers significant advantages by assuring
the stability and robustness of the system, even when its parameters fluctuate considerably. The SMC strategy
consists of two distinct approaches [24]. In this paper, we are focusing on the concept of the approach mode
[25] in which the control law is expressed in such a way as to control the state surface of the system in state
space, with the aim of achieving the desired system behavior in a finite time. The system state variables are
shown in (18).

X4 Vrer — (Beta x Vout)

d
X= X2 = | at (Vref - (Beta * Vout)) (18)
X3 fvref - (Beta * Vout) dt

The voltage error, error derivative and error integral are represented by X1, X2 and X3, respectively. The
specified voltage reference and voltage ratio divider to the converter output are indicated by Vref and Beta.
Considering in (8), (9) and (15), in (18) can be reformulated as in (19).

Vrer — (Beta * Vout)
(BetaxVoy) . Bet _
e Le_ca f(vref — Vip)ardt (19)

RC
eref - (Beta * Vout) dt

Xy
X = Xz =
X3

The control system's state equation in vector space is expressed as in (20).

X 0 1 0l (BtV)O(BtV)
. 1 etaxVoy eta*Vin
X, |= [0 —= of|% R (20)
1 11 o oll* 0
The switching function in the SMC law is expressed as in (21).
_ (1L, wheny > 0
- {0, wheny < 0 (21)
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The instantaneous trajectory of the state, represented by y, is defined in (22).
Y = X10(1 + X20(2 + XS(XS = ]TX (22)

The (22) represents the sliding coefficients, where: JT = [a; a; as].

To regulate the switch in a boost converter using pulse width modulation (PWM), a control
mechanism is used where a Vc signal is compared with a sawtooth reference signal Vr. This comparison
effectively determines the desired duty cycle of the PWM signal u.q. The control signal is then processed by
a PWM modulator to convert it into an appropriate duty cycle. This duty cycle directly determines the ON/OFF
time ratio of switch in the system, as shown in Figure 3.

I'=]JTAX + ] Bigq = 0 (23)
Were Giq = —[JTB]!JTAX (24)
- Beta*L*(z—;—%) _ a3xL+C +(Vref - BetaxVout) (25)
Yeq = Beta*(Vout—Vin) az+Beta(Vout—Vin)

In this equation, condition 0 < U4 < 1 is defined by taking into account:
Ugqg =1 -ugq (26)

In (24) can be expressed as (27), and u.4 can be presented by (28):

a3+L+C
az

Beta*(Vout—Vin)

—lc*Beta*L*(Z—;—R—lc)+ *(Vref - BetaxVoy)+Beta*(Vout—Vin)
<

0<ue =

1 @7)

0< g =1-< 1 (28)
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Figure 3. Schematic representation of boost converter using SMC

3.2. Fuzzy logic controller

Unlike conventional approaches, which are often limited by complex mathematical models, FLC is
fundamentally built on linguistic control approaches derived from the knowledge of experts and translated into
an automated decision-making process. This enables FLC to address a wide range of challenging control
problems for which accurate modeling remains difficult to achieve. FLC is a revolutionary control algorithm
that bridges the gap between human expertise and algorithmic control in complex systems [26]. The FLC
controller has three principal components:

— Fuzzification: The transformation of input variables into linguistic variables involves the use of
membership functions (MFs). Triangles and trapezoids are the types of membership functions most
commonly used in the literature.

— Inferences: Generating fuzzified output based on defined rules, using the fuzzified input.

— Defuzzification: Converting fuzzy output into a precise control signal for the converter.
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To adjust the DC/DC converter output voltage using a fuzzy logic controller (FLC), The FLC reads
the output voltage value and calculates the error (e) by comparing the current voltage with the target reference
voltage. It also considers the rate of change of this error (Ae). Based on this data, the FLC uses a table of fuzzy
rules to define the duty cycle a for the pulse width modulation (PWM) signal according to the schematic shown
in Figure 4.

Table 2 displays the fuzzy rule table, which utilizes a set of “If... Then" rules to define the control strategy.
These rules are expressed in natural language, making them easy to comprehend. Each input variable (e and Ae)
and the output variable (a) are characterized using linguistic terms: negative (N), zero (Z), and positive (P).

Table 2. Fuzzy logic rules

€

Ae N Z P
N P P P
Z P Z N
P P N N
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Figure 4. Schematic representation of boost converter using FLC

4. RESULTS ANALYSIS AND DISCUSSION
4.1. Simulation results

To validate the efficiency of the system using SMC and FLC, this section presents simulation results.
Figures 5(a) and 5(b) show the output voltage response of the boost power converter under fuzzy logic control
(FLC) and sliding mode control (SMC) respectively, with a variable input voltage profile and a load varying
from 100 Q to 80 Q at 0.08 s. Both controllers accurately track the 12 V reference voltage, with peak overshoots
of 14.2 % for the FLC and 0.39 % for the SMC. The root mean square error (RMSE) is 0.14 V for the FLC and
0.075 V for the SMC. Despite noticeable overshoots, both regulators show minor deviations from the reference,
which are quickly attenuated by short settling times of 6.4 ms for the FLC and 4.2 ms for the SMC, highlighting
their rapid response capabilities. The mean absolute percentage error (MAPE) also confirms the accuracy of
the FLC (1.12 %) and SMC (0.5 %) in achieving the desired output voltage. Overall, the SMC controller
outperforms the FLC controller in terms of overshoot, settling time, and accuracy.

4.2. Experimental results

The experimental test platform Figure 6 includes a programmable DC power supply to generate an
output voltage profile. In addition, the platform includes a DC-DC boost power converter prototype designed
to regulate output voltage, and a resistive load for testing. The LAUNCHXL-F28069M digital signal processor
(DSP) (board serves as a platform for implementing either SMC or FLC. Signals are then generated by the
board according to the controller selected to drive the DC-DC boost power converter. The various inputs and
outputs demanded by the controller's algorithms, are captured using an LV25-P sensor for voltage detection
and an LTS 25-NP sensor for current detection. Additionally, a Mastech MS8218 multimeter is used to
visualize the output voltage and collect the data. This configuration enables real-time monitoring and data
logging for comprehensive analysis and evaluation of boost power converter performance.

The converter parameters were selected similarly to the simulation study. Figures 7(a) and 7(b)
illustrate a variable input voltage with a load change from 80 Q to 100 Q under FLC and SMC, respectively.
The FLC controller in Figure 7(a) shows an overshoot of 15.77 %, a settling time of 44 ms, a MAPE of 5.5 %,
and an RMSE of 0.66 V. The SMC controller in Figure 7(b) demonstrated a minimum overshoot of 0.48%, a
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settling time of 9 ms, a MAPE of 2.08 %, and an RMSE of 0.25 V relative to the 12 V reference voltage.
Overall, the SMC controller outperforms the FLC controller in terms of overshoot, settling time, and accuracy.
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Figure 5. Simulation results of boost converter response with (a) FLC and (b) SMC
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Figure 6. Experimental test platform setup
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Figure 7. Experimental results of boost converter response with (a) FLC and (b) SMC

5. CONCLUSION

In this paper, we present an experimental validation of sliding mode control (SMC) and fuzzy logic
control (FLC) applied to DC/DC boost power converters to adjust the output voltage produced of wind turbine
systems. Our results demonstrate the advantages of sliding mode control over fuzzy logic control. During
testing conducted on a physical prototype and a DSP board, SMC consistently shows superior performance in
the context of peak overshoot, settling time, and mean absolute percentage error (MAPE). However, it's
important to note that SMC can suffer from "chattering,” which has an impact on component efficiency and
durability. On the other hand, FLC exhibits longer settling times and higher peak overshoots. To maximize the
effectiveness of SMCs in the real world, it is essential to address the phenomenon of chattering, which
negatively affects the performance of the system. Similarly, optimizing FLC parameters or exploring
alternative control strategies can improve its dynamic response and reduce stabilization time. These results
demonstrate the importance of our study for the implementation of effective voltage regulation strategies in
wind energy systems. By addressing the identified challenges and optimizing control strategies, we can further
improve the reliability and performance of wind power systems.
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