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Abstract. In modern power grids, the integration of renewable energy sources such as wind power is crucial
to achieving sustainable energy goals. However, the intermittent nature of renewable energy generation
creates grid stability issues, particularly with the stabilization of the DC link voltage in systems using
Permanent Magnet Synchronous Generators (PMSGs). This paper investigates the effectiveness of a boost
converter combined with Neural Network Control (NNC) trained by Sliding Mode Control (SMC) in
managing voltage fluctuations. To achieve this, we implement both control strategies on a LAUNCHXL-
F28069M DSP board using Processor-In-the-Loop (PIL) techniques, enabling a direct comparison of their
dynamic and computational performance. While NNC-based control shows superior adaptability and
responsiveness, it consumes more computational resources than SMC, particularly in terms of execution
time and power consumption. This study provides an overview of the trade-offs between resource
consumption and performance, offering a clearer understanding of control strategies for optimizing
renewable energy management in embedded systems.
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1 Introduction

The integration of renewable energy sources into
power systems has become increasingly important in the
face of global challenges related to climate change,
energy security, and the growing exploitation of fossil
fuels [1]. This transition to renewable energies aims not
only to reduce greenhouse gas emissions but also to
diversify energy supplies, enhance energy security, and
promote economic development in local communities
[3]. Among the various renewable energy sources, wind
power has proved to be one of the most promising due to
its wide availability and scalability potential [2]. As
countries work to achieve ambitious sustainable
development objectives, the role of wind power is set to
grow considerably, requiring improvements in the
efficiency and reliability of the power electronic systems
that facilitate its integration into existing grids.

Wind energy conversion systems (WECS) are
essential for converting the wind’s kinetic energy into
electrical energy [4]. These systems often use permanent
magnet synchronous generators (PMSGs), which offer
several advantages, including high efficiency, compact
size, and reduced maintenance requirements compared to
doubly-fed induction generators (DFIG) [5]. However,
integrating PMSGs into power grids presents challenges,
particularly with the importance of stabilizing the DC
link voltage, which is crucial for maintaining optimum
grid-side inverter performance [6]. The DC link acts as a
bridge between the generator and the inverter, enabling a
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smooth transfer of energy and regulating voltage levels.
Fluctuations in the DC link voltage can lead to instability
of the inverter output, resulting in poor power quality and
potentially affecting the overall reliability of the power
system [6].

One of the most critical issues facing wind power
systems is the intermittent and fluctuating nature of
renewable energy production [7]. Wind power
generation is inherently variable due to changes in wind
speed, wind direction, and turbulence. These fluctuations
can cause significant problems for grid stability,
requiring the implementation of effective control
strategies to manage voltage fluctuations and ensure
robust system performance [7]. Various control
strategies have been developed to meet these challenges,
with Sliding Mode Control (SMC) being one of the most
widely adopted methods [8].

SMC offers robustness to system disturbances,
making it an appropriate choice for applications where
uncertainty and variability are predominant. SMC works
by adjusting the control input to drive the system state
towards a predefined sliding surface, ensuring stable
operation despite external disturbances. This control
method has been successfully applied in many power
electronics applications, demonstrating its effectiveness
in improving system stability and performance [8].

The increasing complexity of power grids has
resulted in a growing interest in adaptive control
methods, particularly those based on Neural Network
Controls (NNCs) [9]. NNCs have attracted attention due
to their ability to learn and adapt to varying system
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parameters, enabling them to effectively manage the
dynamic nature of wind power generation [10]. These
networks can model complex nonlinear relationships
between input and output variables, improving control
performance in situations where traditional methods may
prove ineffective [10]. The focus is on the computational
burden, particularly in terms of execution time and
power consumption, when these control methods are
implemented on DSP boards.

Many studies have explored the role of various
control strategies in stabilizing the DC link voltage for
PMSG systems [11,12,13]. Research indicates that SMC,
in particular, can effectively handle voltage fluctuations
in dynamic environments, making it a suitable choice for
the control of PMSG-based wind power systems [14].
Additionally, adaptive control using NNCs has been
applied in various fields of power electronics, showing
potential for improving system performance in dynamic
environments [15]. However, the computational
complexity of NNC-based control, particularly in real-
time applications on DSP platforms, has not yet been
fully addressed, necessitating further research into its
practicality.

In [16], to evaluate the computational efficiency and
dynamic performance of the proposed control methods,
a boost converter is used to regulate the DC link voltage
in a wind power system. The choice of a boost converter
is based on its ability to increase the input voltage,
helping to maintain the desired DC link voltage despite
fluctuations in wind power generation. The use of a boost
converter in combination with NN-based adaptive
controllers presents a promising approach to improving
the stability and performance of wind energy systems.

This work will involve the use of SMC to train
adaptive NN-based controllers, which will then be
compared with traditional SMC methods. Dynamic
performance is a very important aspect of this study, as
it refers to the efficiency with which the control system
responds to changes or disturbances in real time. In
power electronics and renewable energy systems,
dynamic performance includes the system's ability to
adapt to fluctuations in wind power generation, to
maintain stability in the event of sudden load changes,
and to manage non-linearities. The responsiveness of the
boost converter, controlled by SMC or NNC, to these
fluctuations is essential for evaluating system stability
and performance. In addition, minimizing overshoot,
settling time, and ensuring rapid restoration after
disturbances are essential elements of dynamic
performance. The primary objective is to evaluate the
performance of NN-based control compared with SMC,
particularly in terms of responsiveness, adaptability, and
energy efficiency. Key performance metrics, such as
execution time and energy consumption were measured
to assess the computational overhead and dynamic
performance introduced by NNC-based controllers.

This paper is organized as follows: the second section
covers the design and mathematical analysis of the
DC/DC power converter in continuous conduction mode.
The third section presents the modeling of the converter.
The fourth section describes the proposed control
strategies. The fifth section provides an overview of the
PIL testing. The sixth section presents the results of
implementing SMC and Adaptive NNC using the PIL

technique. Finally, concluding remarks and suggestions
for future research are discussed in the last section.

2 Sizing of boost converter

In renewable energy systems, like wind power
applications, the management and regulation of the
output voltage is very important. This is usually done
using a conventional non-isolated boost converter, as
shown in Figure 1. The boost converter consists of
several essential components, including a DC voltage
source (Vin), a controlled switch (S), an inductor (L), a
diode (D), a filter capacitor (C) and a load, as shown in
Figure 2. Our study will focus on the converter's
performance in continuous conduction mode (CCM),
examining different operational states as a function of

the position of the S switch.
*

PWM Signal

Fig. 1. Boost converter integration in wind turbine system.
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Fig. 2. Electrical schematic of the DC/DC boost converter.

The ripple current Al is typically set to 10% of the
current passing through the inductor L [17]. The duty
cycle (a) of the power converter is determined using the
formula (1) where V;, and Vg, represent the input
voltage and the output voltage of the converter,
respectively:

Vour = Vi
o=—"— €Y)
Vout

The value of L is determined using the expression

below (2), where f is the switching frequency.
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a X Vin

L=—— 2
fx Al @)

For the capacitor C, its value is calculated as:
a X Iout
=—— 3

f X AVt ®

Where AV, represent the ripple output voltage,
typically 1% of V,; [17] and 1, is the current passing
through the load.

Table 1 shows the main parameters of the DC/DC
boost converter used in this study [18]. These parameters
are essential for boosting the input voltage to the desired
output voltage level.

Table 1. Main parameters of the DC/DC boost converter

Parameter Value
Vin 12v
Vout 24V

C 600 uF
L 220 uH
F 45 kHz
R 100 O

3 Modeling of boost converter

A boost power converter is a type of converters that
boosts the input dc voltage. To understand its operation,
we analyze its states when the switch is ON (closed) and
OFF (Open).

when the switch is ON:
di, _ 1

G L Vin (4)
dVout _ 1 Vout
(%) ©
And when the switch is OFF:
di, 1
E = E * (Vi - Vout) (6)
dVout 1 ( Vout) ;
helihdeh _ 7
a ¢ TR @

The state equations for a boost converter during ON
state can be given as equation (8) where i}, represent
inductor current:

di,

dt 0 0 iy, !
= 1 [ ]+ LV 8
dVout [ 0 _E Vout (]; m ( )
dt

And when the switch S is OFF, the state equations
can be written as follows:

diy 0 —% _

dt | _ I - |v

dvout| = ll 1 J V) * LV )
dt C RC

In order to obtain a converter model over a switching
period, the state-space averaging technique is used. This
technique is based on replacing the state space that
approximates the circuit's behavior over the entire period
T with a state space that captures the circuit's dynamics
accurately over a single switching period [19]. The
resulting modified averaged model derived from this
technique, is represented by the following formula:

A=A Xxa+A,(1—a) (10)
B=B; Xa+B,(1—a) (11)
Al, A2, Bl and B2 can be writing as:
i -1
0 0 0 T
A= 0 __1 A, = 1 -1 (12)
L~ RC - —
IC RC
1 (1
B, =L B,=|L (13)
L0 L0

Using Eq. (10) and Eq. (11) to get the average space
state model of the power converter over the entire period
T.

L T P C R} 1
dt L 1p, P
= + Vi 14
dVout 1-owo 1 [Vout] é‘] in (19
dt C " RC

The state vector is defined as:

x = [i, Vout]T (15)
The equation (15) can be presented as follows:

x = Ax+ BV}, (16)

Y = Nx 17

Where Y represent the output vector and:

0 0w .
— L — |7 —
A=l 1 B_LL)] N=[0 1]
C RC
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4 Controller design

4.1 Sliding mode control

Sliding mode control (SMC) is a robust non-linear
control strategy for managing the complex dynamics of
variable-structure  systems. It offers important
advantages by guaranteeing system stability and
robustness, even in the face of large parameter variations.
The SMC approach comprises two  distinct
methodologies. This paper focuses on the approach
mode, in which the control law is designed to steer the
state of the system along a predetermined trajectory in
state space, thus achieving the desired system behavior
in a finite amount of time [20].

The state variables of the system are given as:

Vier — (Beta * V1)
X1
X =|[Xz[ = dt(

X
3 f Veef — (Beta * V) dt

Vref - (BEta * Vout)) (18)

X1, X, and X3 represent the voltage error, the
derivative of the error, and the integral of the error,
respectively. Vi.rand Beta represent the reference
voltage and the voltage divider ratio relative to the
converter output. According to equations (8), (9) and
(15), equation (18) can be re-expressed as follows:

Vier — (Beta * Voup)

Xq
(Bet *Vou) Bet _
X = [Xo| = [T oo + o S (Veer — Vi@ dt | (19)
Xs fvref — (Beta * Vout) dt

The control system's state equations in vector space can
be expressed as follows:

0510 ¢ © RC LC (20)
%, 0

e 0 1 0]x 0

. 1 ] 1 |X1 :| (Beta * Vout) (Beta * Vin)
2 |+ -

1 0 0

X3

The switching function is indicated by the SMC law
as shown below:

(1, y>0
”_{0, y< 0 @D

Where y represents the instantaneous state trajectory,
defined as:

Y = X10(1 + X20(2 + X3O(3 = ]TX (22)
This equation represents the sliding coefficients.
Where: JT = [ a; a3]

To operate the switch S in a converter using Pulse
Width Modulation (PWM), a control signal Vc is
compared with a sawtooth reference signal Vr. The
sawtooth waveform has a linear ramp that rises gradually
and then falls sharply, making this comparison effective
for establishing the desired duty cycle of the PWM
signal, as shown in Figure 3. This comparison produces

an equivalent control signal ueq. which is then processed
by a PWM modulator to produce the duty cycle. The
resulting duty cycle determines the ON/OFF time ratio
of the switch S.

y =]TAX + ]TBﬁeq =0 (23)

Where  Tigq = —[J7B]7}JTAX (24)

al 1
Beta = L * (@ - R_C)I a3 * L*C * (Vref — Beta * Vo) 25
€ a2 * Beta(Voue — Vin) @5

Uy =
ed Beta * (Vout - in)

For the equation (25), 0 <U.q <1 by taking into account:
Ueg = 1 —Ueq (26)

Equation (25) can be described briefly as follows:

—IcxBetaxLx* (E—R)+a3;;*c*(Vref — Beta*Vqyyt)+Beta*(Vout—Vin)

Ueq = Beta*(Vout—Vin) (2 7)

Where 0 <u,, < 1
In a similar expression:

_ —KPy*ic+KP,(Vye—BetaxV,, ) +Betax (Vo —Vin) (28)

ueq Beta(vout_vin)
Ve
0< Ugq =7-< 1 (29)
al 1
Where KP, = Beta * (5 - E)

KPZ:Z—z*L*c

Vr = Beta * (Vy,r — Vip)

B
S 2 SIIIENE
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i

Fig. 3 Simulation model of the controlled system with SMC.

4.2 Neural Network Controller

Artificial Neural Networks (ANNs) are recognized
for their ability to solve complex problems without
needing detailed system information. They learn the
relationship between input and output variables through
previously recorded data and can effectively handle
large, complex systems with numerous parameters.
Trained ANNs can approximate arbitrary input-output
mappings. In our system, we use the same inputs as
Sliding Mode Control (SMC)—specifically, Ic, Vin,
Vout and Vref—to train our model, which outputs the
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duty cycle as shown in Figure 4. This output is then used
to control the boost converter after converte it to a PWM
signal. We utilize 16 hidden neurons and the Levenberg-
Marquardt training algorithm for our model.

NNC

Furctn g Neural Network

Fig. 4. Simulation model of the controlled system with NNC.

5 Processor-In-The-Loop testing

Processor-in-the-loop (PIL) prototyping employed in
this work is a very effective technique that bridges the
gap between virtual simulations and real-world system
implementation. It enables control algorithms executed
on a physical DSP board to be verified and validated
before being integrated into a real electrical system. As
shown in Figure 5, The value of PIL prototyping lies in
confirming the accuracy of digital control
implementations on real microcontrollers, while the
power components are simultaneously simulated by a
computer. This means that the control part is executed on
the board, while the power part is simulated in
Matlab/Simulink.

Control Part
LAUNCHXL F28069M DSP board

1 oy ‘up ssynduy safjonyuo)

(=]
=
£
3
5
°
g
5
£
a
=4
g
3
3

Power Circuit Part
Matlab/Simulink Platform

Fig. 5. The representation of the PIL co-simulation setup.

The proposed controllers SMC and NNC were
validated using a Processor-in-the-Loop (PIL) test,
which utilized MATLAB/Simulink software and the
LAUNCHXL-F28069M DSP board, as shown in Figure
6). In this study, the PIL technique is applied to the
LAUNCHXL-F28069M board in the following way:
first, a control algorithm subsystem is created in
Matlab/Simulink to interface with the DSP board,
enabling the integrated control algorithm to be executed.
The DSP board is then selected as the target model, with
the inputs and outputs of the control system defined. The
control algorithm is built and uploaded to the DSP board.
A USB communication link is set up between the DSP
board and Simulink, along with an appropriate time step

configuration. Finally, the control model is transferred to
the DSP board, with Matlab/Simulink generating the
necessary programming code. The control algorithm on
the DSP board is then used to run the system via the
Matlab/Simulink platform.

PIL Simulation

/ USB Cable

. LAUNCHXL-F28069M
e DSP board

Fig. 6. Processor in the loop platform.

6 Results and discussion

6.1. Dynamic performance results

To evaluate the controller's dynamic performance,
key measures are used: output voltage response shows
how the voltage adjusts over time, peak overshoot
percentage measures the maximum deviation before
stabilization, stabilization time evaluates how quickly
stabilization takes after a disturbance, and MAPE (Mean
Absolute Percentage FError) expresses errors as a
percentage of actual values.

MAPE = = BN - |Zouet| 5 100 (30)

toN

Vout

The Processor-in-the-Loop  (PIL)  simulation
compares the voltage regulation of a boost converter
using Sliding Mode Control (SMC) and a Neural
Network controller (NNC) trained with SMC. Figure 6
illustrates the input voltage, while Figures 7 and 8 show
the performance outcomes, respectively. Both
controllers operate on the LAUNCHXL-F28069M DSP
board, with the power circuit simulated in
Matlab/Simulink. The results show minimal differences,
utilizing a variable input voltage profile from a wind
turbine and a load change from 100 Q to 70 Q at 0.08 s.

2
St

/

Time (5)

Fig. 7. Input voltage profile.
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Fig. 8. Output voltage response using SMC.

—Vout NNC
= =Vrel

2406

Voltage (V)
= b

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Time (s)

Fig. 9. Output voltage response using NNC.

The comparison between Sliding Mode Control
(SMC) and Neural Network Control (NNC) shows that
SMC achieves a lower maximum overshoot of 0.49%
compared to 0.91% for NNC, meaning it better limits
deviations beyond the desired value. However, NNC
outperforms SMC in settling time, reaching stability
faster at 3.95 ms versus 5.15 ms for SMC. Additionally,
NNC has a slightly lower Mean Absolute Percentage
Error (MAPE) of 0.37% compared to 0.42% for SMC,
indicating more accurate overall performance.

Table 2. The comparative results of dynamic performance

using the PIL method
Metric SMC NNC
Maximum 0.49 % 0.91 %
overshoot
Settling time 5.15ms 3.95 ms
MAPE 0.42 % 0.37%

6.2. Computational performance results

To identify the optimal controller for hardware
implementation, the computational performance and
resource utilization of Sliding Mode Control (SMC) and
Neural Network Control (NNC) were compared based on
execution time and power consumption. Simulations
using PIL technique on a DSP board showed that SMC

has a shorter execution time (1.43 ps on hardware, 0.76
pus in simulation) compared to NNC (1.93 ps on
hardware, 1.7 ps in simulation). SMC also consumed less
power (1.30 W) than NNC (1.45 W), making it more
suitable for energy-efficient and fast-response
applications. Table 3 below summarizes the
computational performance of each controller.

Average Execution Time (us)

LAUNCHXL-F28069M Laptop

Fig. 10. Execution time of each controller.

145

0.60

Average Power Consumption (W)

Idle SMC NNC

Fig. 11. Power consumption of each controller.

Table 3. Comparative results of computational performance
of controllers using PIL

Metric SMC NNC

Execution time (DSP) 1.43 ps 1.93 ps

Execution time

(Laptop) 0.76 us 1.7 ps

Power consumption 1.30 W 1.45W

7 Conclusion

The present study evaluated the performance of
Sliding Mode Control (SMC) and neural network control
(NNC) for boost DC/DC converters in wind power
systems using permanent magnet synchronous
generators (PMSGs). The SMC showed superior
dynamic performance, with lower maximum overshoot
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(0.49%) and slightly longer settling time (5.15 ms), as
well as lower error measurements (MAPE: 0.42%). On
the other hand, NNC has a higher maximum overshoot
(0.91%) but a faster settling time (3.95 ms), with slightly
better error performance (MAPE: 0.37%). In terms of
computational performance, the SMC demonstrated
greater efficiency, with shorter execution times on DSP
platforms (1.43 us) and laptops (0.76 ps), as well as
lower power consumption (1.30 W). In contrast, NNCs,
while showing adaptability in dynamic performance, had
longer execution times on DSPs (1.93 ps) and laptops
(1.7 ps), with higher power consumption (1.45 W).
Processor-in-the-loop (PIL) validation confirmed these
results, showing that the SMC offers better
computational and power efficiency, making it more
suitable for real-time applications on resource-
constrained platforms such as DSP boards. However,
NNCs demonstrated better adaptability and faster system
response, highlighting their potential for applications
that require rapid adjustments to changing system
conditions. Future research should focus on reducing the
computational requirements of NNCs while maintaining
their adaptive capabilities. In addition, hybrid control
strategies combining the dynamic performance of SMCs
and the adaptability of NNCs could further enhance the
efficiency and reliability of power conversion systems in
renewable energy applications.
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