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Abstract

This paper presents an experimental comparative study of four advanced maximum
power point tracking (MPPT) strategies—backstepping, adaptive backstepping, sliding
mode control, and vision-based MPPT —combined with three wireless communication
technologies: IEEE 802.15.4, Wi-Fi, and 3G. The comparison is performed on a distributed
photovoltaic (PV) platform under common power-stage conditions in harmonized irradi-
ance scenarios, including abrupt uniform-irradiance transients and controlled partial
shading patterns. Under uniform irradiance, adaptive backstepping achieved the best
overall dynamic behavior, with the shortest average convergence time of 0.045 s using
IEEE 802.15.4, compared with 0.052 s for Wi-Fi and 0.115 s for 3G, while all tested config-
urations maintained tracking efficiencies above 98.8%. Under partial shading, the ranking
changed substantially: the vision-based MPPT provided the best GMPP-oriented perfor-
mance, reaching the highest tracking success rate and the lowest energy loss. In particular,
its lost energy increased from 0.20% with IEEE 802.15.4 to 0.45% with 3G, whereas con-
ventional backstepping increased from 0.65% to 1.35% over the same communication
range. Latency measurements showed that IEEE 802.15.4 exhibited the lowest median
end-to-end delay and the smallest dispersion, Wi-Fi showed intermediate behavior, and
3G introduced the largest latency and variability. The results demonstrate that MPPT per-
formance in distributed PV systems depends on both the control strategy and the com-
munication architecture and that a unified experimental assessment of both layers is re-
quired to identify the optimal MPPT-communication combination for each operating sce-
nario.

Keywords: maximum power point tracking (MPPT); PV systems; backstepping control;
Sliding mode control; vision-based MPPT; wireless communication networks; wireless
sensor networks (WSN)

1. Introduction

The rapid advancement and widespread deployment of photovoltaic (PV) technol-
ogy have positioned solar energy as a key pillar in the transition toward sustainable en-
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ergy systems. As PV installations operate under dynamic environmental conditions, max-
imizing energy extraction remains a critical challenge. Maximum power point tracking
(MPPT) techniques address this issue by continuously adjusting the operating point de-
spite variations in solar irradiance and temperature [1].

Numerous MPPT methods have been developed, each with specific advantages and
limitations. Classical techniques such as Perturb and Observe (P&O) [2], Incremental Con-
ductance (IncCond) [3], and voltage-based MPPT [4] remain widely adopted because of
their simplicity. However, P&O suffers from steady-state oscillations, IncCond entails
higher computational complexity, and voltage-based approaches offer limited accuracy
under non-standard conditions.

Partial shading is particularly challenging because non-uniform irradiance caused by
clouds, buildings, vegetation, or nearby structures produces multiple local maxima in the
power—voltage (P-V) characteristic [4]. Conventional MPPT techniques may then become
trapped in a local maximum instead of reaching the global maximum power point
(GMPP), resulting in significant power losses [5]. Advanced methods based on Particle
Swarm Optimization (PSO) [6], Genetic Algorithms (GAs) [7], Fuzzy Logic Control (FLC)
[8], and Neural Networks (NNs) [9] improve GMPP localization, but their computational
requirements, parameter tuning, or training needs may limit real-time implementation in
embedded PV converters [10].

Among advanced control-oriented strategies, nonlinear techniques have attracted in-
creasing attention because of their strong theoretical foundations and real-time suitability.
Backstepping control [11,12] uses Lyapunov-based design to ensure fast convergence and
robust tracking. Adaptive backstepping [13,14] extends this framework through online
parameter estimation, improving robustness against model uncertainties and environ-
mental variations. Sliding mode control (SMC) [15,16] provides strong robustness against
disturbances and parameter variations by forcing the system trajectories toward a prede-
fined sliding surface. In parallel, vision-based MPPT methods use image processing to
estimate the irradiance distribution and identify shaded regions, thereby facilitating
GMPP tracking under complex shading patterns [17,18].

These strategies offer different trade-offs in robustness, adaptability, convergence
speed, and implementation complexity. However, their relative performance under dy-
namic irradiance and partial shading has not been sufficiently evaluated using a common
experimental framework.

Wireless communication technologies are also increasingly integrated into PV sys-
tems for real-time data acquisition, remote diagnostics, supervision, and distributed con-
trol. Common alternatives include Wi-Fi, cellular networks, and IEEE 802.15.4-based
wireless sensor networks [19], which differ in data rate, latency, power consumption, re-
liability, scalability, and infrastructure dependency. Wi-Fi provides high data throughput
and low local-area latency at the expense of higher power consumption [20-23]. Cellular
networks such as 3G offer wide-area coverage for geographically dispersed installations
[24,25], whereas IEEE 802.15.4 provides low-power mesh communication for distributed
PV systems with moderate data-rate requirements [12,21,26].

Despite the extensive literature on MPPT algorithms and wireless monitoring archi-
tectures, most studies address control design and communication infrastructure sepa-
rately. Therefore, the combined influence of advanced MPPT strategies and communica-
tion-induced effects—such as latency, reliability, and scalability —on overall PV perfor-
mance remains insufficiently explored, particularly in distributed systems operating un-
der dynamic irradiance and partial shading.

This paper presents a unified experimental comparison of four advanced MPPT strat-
egies—backstepping, adaptive backstepping, sliding mode control, and vision-based
MPPT —combined with three wireless communication technologies: IEEE 802.15.4, Wi-Fi,
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and 3G. The configurations are evaluated using a common PV power stage, harmonized
irradiance scenarios, and common performance indicators to provide practical, design-
oriented criteria for selecting suitable MPPT-communication combinations.

The originality of this work is threefold: (i) it experimentally quantifies the joint in-
fluence of the control strategy and communication layer on MPPT performance; (ii) it
demonstrates that the relative ranking of the MPPT methods is scenario-dependent, with
adaptive backstepping providing the best behavior under uniform irradiance and vision-
based MPPT under partial shading; and (iii) it establishes a direct link between commu-
nication characteristics and control-oriented metrics, including convergence time, track-
ing efficiency, GMPP success rate, lost energy, and latency behavior. Thus, the contribu-
tion is not the proposal of a new individual controller or communication architecture, but
the unified and design-oriented evaluation of both layers in a distributed PV system.

2. Integrated PV System Architecture

This section describes the integrated PV system architecture used to evaluate the pro-
posed MPPT strategies and wireless communication technologies. The architecture is
based on a modular, grid-connected PV system previously developed and experimentally
validated by the authors [12,14,16]. In this study, the PV power stage and test scenarios
were kept unchanged for all experiments, whereas communication-specific acquisition
and control hardware was employed according to each evaluated architecture, and the
MPPT algorithms and wireless communication technologies were systematically varied.
Figure 1 shows the three main subsystems: the Wireless PV Generation System (WPGS),
the Wireless Energy Conversion Unit (WECU), and the Wireless Central Control Unit
(WCCU).
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Figure 1. PV system architecture.
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2.1. Wireless PV Generation System (WPGS)

The WPGS comprises multiple Smart PV Units (SPVUs), each associated with a Wire-
less Conversion Node (WCN). Each SPVU includes a PV array connected to a DC/DC
buck-boost converter and a wireless sensor node. The converter regulates the operating
point of the PV array through MPPT control, while the sensor node acquires electrical
measurements and transmits them to the central control unit. Based on the selected MPPT
strategy, control commands are sent back to the WCN to regulate the converter duty cycle.
The output power of all converters is aggregated on a common DC bus. Detailed electrical
specifications of the PV modules, DC/DC converters, and associated power electronics are
reported in [12,14,16].

2.2. Wireless Energy Conversion Unit (WECU)

The WECU interfaces the common DC bus with the electrical grid and is responsible
for DC/AC power conversion. It consists of a grid-connected inverter equipped with a
wireless sensor node for remote monitoring and control. The inverter control system gen-
erates the required pulse-width modulation (PWM) signals and ensures grid synchroni-
zation through a zero-crossing detection mechanism.

A cascaded control structure based on proportional-integral (PI) controllers regu-
lates the inverter current and DC-link voltage, ensuring stable operation and efficient
power injection into the grid. The inverter hardware and control strategy remained un-
changed throughout all experimental tests.

2.3. Wireless Central Control Unit (WCCU)

The WCCU acts as the coordination and decision-making node of the system. It man-
ages communication with all WPGS and WECU nodes through an IEEE 802.15.4-based
wireless sensor network [27]. The received measurements are processed in real time, and
control actions are generated accordingly. The WCCU implemented the different MPPT
strategies under study —backstepping control, adaptive backstepping, sliding mode con-
trol, and artificial vision-based approaches—previously investigated in [12,14,16,18]. This
centralized architecture enables the systematic evaluation of both control performance
and communication-related effects, such as latency and reliability, and communication-
specific acquisition and control hardware was employed.

In the evaluated architectures, the MPPT algorithms were executed on the corre-
sponding embedded control platform, while the communication layer was used to trans-
mit the measured PV/converter variables to the controller and return the corresponding
duty cycle commands to the power stage. The effective control update periods were 20 ms
for IEEE 802.15.4 and 15-20 ms for the Wi-Fi/3G implementations.

3. Overview of the MPPT Methods Under Comparison

This section presents the advanced MPPT strategies evaluated in this work and
briefly describes their operating principles, implementation requirements, and expected
performance characteristics. All MPPT methods were evaluated on the same distributed
PV power stage and under the same irradiance scenarios; however, communication-spe-
cific embedded hardware was employed depending on the evaluated architecture. This
section aims not to re-derive the control laws in detail but to highlight the key differences
between the selected approaches—backstepping, adaptive backstepping, sliding mode
control, and vision-based MPPT—in terms of robustness, model dependency, computa-
tional burden, and suitability for operation under partial shading conditions.
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The control-oriented formulation is based on the buck-boost converter shown in Fig-
ure 2, together with the main electrical variables considered in the mathematical model
and control design.

Buck-Boost Converter
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Figure 2. Buck-boost DC/DC converter topology used in the PV generation stage.

The converter is rated for a maximum transferred power of 70 W, with an input volt-
age range of 10-70 V and a maximum output voltage of 100 V. It includes 1 mF input and
output capacitors and a 780 uH inductor. The switching stage was implemented using a
CSD19536KCS MOSFET driven by a FOD3180 driver and an MBR10200 diode.

3.1. Backstepping-Based MPPT

The backstepping-based MPPT strategy relies on nonlinear control theory to regulate
the operating point of the PV system by directly controlling the duty cycle of the DC/DC
converter through a Lyapunov-based design, ensuring closed-loop stability and conver-
gence toward the maximum power point under time-varying irradiance. Considering the
input capacitor € and inductor L, the simplified averaged model of the system can be
expressed by Equations (1) and (2).

dv
Co—™ =y = Iy (1)
di
Ly d_tL = Vpy — 1- }/)Up 2)

where vy, is the PV voltage, i,, isthe PV current, i, is the inductor current, v, is the
converter output voltage, and y is the converter duty cycle. The maximum power point
condition is given by Equation (3).

Z%:: =0 3)
where P, = vp,i,, is the power generated by the PV module. The control objective is to
force the PV voltage to track the reference voltage associated with the maximum power
point.

To guarantee global asymptotic stability, the time derivative of the Lyapunov func-
tion (with candidate function V; = %ef) must be negative definite for any nonzero value

of the voltage tracking error epy. This requirement leads to the stabilizing condition
épy = —kpyepy 4)

where kpy > 0 is a design parameter ensuring the convergence of the voltage error to
zero. Based on this condition and the system dynamic model, a virtual control variable
corresponding to the inductor current reference i, . is obtained.
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. k2
V = —kpyepy + ey, |vpd + (Wpy — v,)¥d + €py (%9_1/)70 — kpye;, +

Because the converter duty cycle directly influences the inductor current, a second
feedback loop is introduced, with the tracking error (e;, =i, — i , f). A composite Lya-
punov function (V), including both the PV-voltage and inductor-current errors, is then
defined, and the stability condition in Equation (5) is imposed.

V= —kpyepy — kl-LeizL ®)

with kpy >0 and k;, > 0, the stability of the closed-loop system is guaranteed. Follow-
ing the backstepping procedure, the resulting control law provides the time derivative of
the converter duty cycle as given by Equation (6). The actual duty-cycle value applied to
the converter is obtained by integrating this virtual control signal. A complete derivation
and experimental validation are reported in [12].

1 v, vpyt+,

T

Clk%v . .
i Y —épy T + e, (kpy — kip)y — CiVpy,; + ipy] (6)

ref

This nonlinear formulation enables fast MPP tracking from real-time PV-voltage and
current measurements. However, its performance may be affected by model and param-
eter uncertainties, particularly under partial shading, where multiple local maxima can
occur.

3.2. Adaptive Backstepping MPPT
Adaptive backstepping MPPT extends the conventional backstepping framework by

incorporating online parameter estimation mechanisms. This allows the controller to com-
pensate for uncertainties in system parameters, such as variations in PV characteristics or
converter dynamics, without requiring precise prior knowledge of the model [14]. The
control objective remains the regulation of the converter duty cycle to force the PV output
voltage to track its MPP reference voltage, but the capacitance and inductance are now
treated as uncertain quantities. They are redefined in Equation (7), and an additional pa-
rameter is introduced in Equation (8) to simplify the controller derivation.

1
0=Cugp=1 @)

1
¢—C—1 8)

The first voltage-control step follows the same Lyapunov-based procedure as con-
ventional backstepping and yields the virtual inductor-current reference. The inductor-
current error is subsequently introduced, and a composite Lyapunov function is defined
for the voltage and current dynamics. Imposing the stability condition in Equation (9).

V= —kpyepy — kl-LeizL )

with positive design gains, guarantees closed-loop stability. The resulting expression for
the Lyapunov derivative, incorporating the parameter estimates, is given by Equation
(10).

1.7 re i ire

Href g BV | et (10)
Y Y

From this expression, the controller defining the duty-cycle dynamics can be ob-

tained, where 0 <y < 1, i, ;* 0,and 8, (13, and 1/7 represent the estimated parameters.

The estimation errors are defined as

>

(11)

g —
¢_
¢_

B >
1]

= S
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Additional Lyapunov functions associated with these errors lead to the adaptation
laws, Equations (12) and (13).

PS e 1.JPVrE
6=A (% k2, + Tf> e, (12)
Y= —Tepyye;, (13)

where A and T are positive adaptation gains. Incorporating these laws makes the global
Lyapunov derivative negative definite, ensuring asymptotic convergence while the pa-
rameter estimates are updated online.

The adaptive formulation therefore improves robustness when converter parameters
are not accurately known or vary during operation. This preserves accurate MPP tracking,
avoids excessively conservative controller tuning, and maintains the dynamic response
under changing environmental and operating conditions. This capability is particularly
advantageous in PV systems operating under variable environmental conditions and non-
stationary regimes.

3.3. Sliding Mode Control (SMC) MPPT

Sliding mode control is a nonlinear strategy that forces the system dynamics to
evolve on a predefined sliding surface, providing robustness against structured uncer-
tainties and external disturbances. This property is particularly useful in PV systems sub-
ject to irradiance changes, temperature variations, component aging, and communication-
induced disturbances.

In the developments considered in this work, SMC is applied to the buck-boost con-
verter. Since the buck-boost converter is a non-minimum phase system, the PV voltage
must be controlled through the inductor current. Using the state-space averaged model
under continuous conduction mode (CCM), the converter dynamics are expressed as

. ipy X

==_22 14
=TTy (14)

. X X1 +X
k= —T ATV (15)

. X2 X3 X
=T R ¢! (16)
Xy =Xy — VPVier (17)

where the state vector is defined as

X = [X1, X2, X3, X,]"
with x; = vpy, X, =iy, X3 =vp, and x4 = [ (vpy — Vpy,,.) dt. Here, vpy | y is the reference
voltage associated with the maximum power point. A sliding surface with suitable dy-
namics for this application is defined as

Sx) = ky(xy — Vpy,) + X2 + KaXy (18)

where k; and k, are positive design parameters. The sliding mode exists when the con-
ditions S(x) =0 and S(x) = 0 are satisfied. This surface enables the regulation of the
buck-boost converter input voltage while preserving the desired dynamic performance.

The control law comprises two terms, a corrective term and an equivalent control
term:

Y =Yct Yeq 19)

where the corrective control is defined as
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Ye = —k¢ sgn(S) (20)
with k. > 0, and the equivalent control is obtained by imposing S(x) =0,
as_ 17t as
Yeq = — [& BX] (& (Ax + 8)) (21)

which, for the buck-boost converter, yields
_ _leiPV + C1X3 - kzclLX4

= 22
yeq _leXZ + Cl(Xl + X3) ( )
Thus, the final SMC law becomes
_leiPV + C1X3 - kzclLX4
= -k S 2
y _leXZ + CI(XI + X3) ¢ Sgn( ) ( 3)
Closed-loop convergence is assessed using the Lyapunov candidate function
1
V=-5? 24
: 24)
Its time derivative must satisfy
V=55<0 (25)

which ensures that the switching function is attractive. Based on this condition, the stabil-
ity requirement leads to the constraint
(X1 +%3)Cy

k; <
! x,L

(26)

thereby closing the SMC controller design.

The SMC-based MPPT controls the duty cycle of the DC/DC converter using meas-
urements of PV voltage and current, and its inherent robustness makes it particularly suit-
able for rapidly changing irradiance conditions, partial shading scenarios, and distributed
PV systems affected by communication delays and external perturbations. Once the sys-
tem trajectories reach the sliding surface, the dynamics become insensitive to moderate
parameter variations, which reduces dependence on accurate model tuning and facilitates
practical implementation in real systems. Its discontinuous switching law may neverthe-
less produce chattering, increasing switching losses and device stress. This effect can be
mitigated through suitable sliding-surface design and controller-gain selection. A detailed
implementation and experimental validation are presented in [16].

3.4. Vision-Based GMPP Localization and MPPT

Vision-based MPPT represents a fundamentally different approach compared with
conventional electrical methods, as it incorporates external physical information obtained
directly from the PV generator. Instead of inferring partial shading conditions solely from
aggregated electrical measurements, this method exploits computer vision techniques to
capture and process visual information from the PV array. This enables a spatial charac-
terization of the shading pattern affecting the modules, allowing the control system to
identify the region where the global maximum power point (GMPP) is likely to be located.

The proposed scheme integrates artificial vision as an advanced sensing layer within
the PV control system. A digital camera positioned above the PV generator captures im-
ages covering the entire module surface. These images provide a spatial representation of
the shadow distribution, making it possible to determine not only the presence of partial
shading but also its intensity, extent, and relative position across the modules.

The acquired images undergo region-of-interest selection, RGB-to-HSV conversion,
thresholding, morphological opening, and blob detection. HSV thresholding isolates the
shaded regions, morphological filtering removes noise and isolated pixels, and blob de-
tection identifies significant connected shaded areas.

https://doi.org/10.3390/en19153650
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For each PV module j, a shadow-intensity parameter Ispy; is calculated from the av-

erage gray-level value of the pixels belonging to the shaded blob and can be expressed as
Ispv; = = Yit=1 9 (27)

where n is the number of pixels within the shaded region, and g, represents the gray-
level value of each pixel. The shadow intensity is normalized within the range 0-100,
where 0 corresponds to fully illuminated modules and 100 to maximum shading. The ef-
fective irradiance incident on each module under shading conditions is estimated. The
shadow irradiance Gspy; is obtained from the estimated irradiance G through the ex-
perimentally derived relationship

—0.0306 Isij

GSPV]- =Ge (28)

where G represents the estimated irradiance of the PV generator. When no shading is
detected, the estimated irradiance is used directly; otherwise, the last irradiance value
measured under unshaded conditions is stored in G, and used as a reference value.

The estimated irradiance distribution, together with the electrical measurements, de-
fines a physically consistent voltage interval in which the GMPP is expected. Unlike
global-search or metaheuristic methods, this approach restricts the search region using
the observed shading distribution, thereby reducing the probability of convergence to lo-
cal maxima. Once the candidate region is identified, the vision block provides the theoret-
ical MPP voltage, vs, which is adjusted to obtain the final reference, vry, applied to the
nonlinear DC/DC converter controller.

This functional separation between GMPP localization based on visual perception
and dynamic MPPT based on nonlinear control constitutes a key methodological feature
of the proposed approach. By combining environmental perception with advanced con-
trol techniques, the system is able to react rapidly to changes in shading patterns while
maintaining stable operation and high tracking efficiency.

From an implementation perspective, the algorithm is developed using open-source
computer vision libraries and low-cost webcam devices commonly available in PV instal-
lations. Although the method introduces additional computational requirements and de-
pends on communication bandwidth when visual data are transmitted remotely, it pro-
vides a physically informed and highly effective strategy for GMPP identification. De-
tailed implementation and experimental validation are reported in [18].

Nevertheless, practical deployment entails additional sensing, processing, and
maintenance requirements. Image quality may deteriorate because of dust, rain, fog, or
lens contamination, while real-time embedded processing and raw-image transmission
may impose computational and bandwidth constraints. These limitations can be miti-
gated through local edge processing, protective camera housing, periodic image-based
correction, or hybrid operation in which the visual layer is activated only when partial
shading is detected.

Table 1 summarizes the control principle, model dependency, robustness, partial-
shading capability, convergence speed, computational complexity, and required measure-
ments of the four evaluated strategies. Overall, it highlights the complementary nature of
the evaluated strategies: backstepping-based methods prioritize fast and stable electrical
regulation, sliding mode control emphasizes robustness against uncertainties, and the vi-
sion-based approach provides the strongest GMPP localization capability under partial
shading, although at the expense of higher sensing, computational, and communication
requirements. These expected trade-offs are experimentally assessed in Section 5.
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Table 1. Comparison of the selected MPPT strategies.
Partial Shad- Computa- Required
Model De-
MPPT Strategy Control Principle odel De Robustness ing Capabil- Convergence tional Com- Measure-
pendency . Speed .
ity plexity ments
Nonlinear model- PV voltage
Backstepping based control using High High Medium Fast Medium &
. PV current
Lyapunov stability
Nonlinear adaptive
control with online PV voltage,
A ive B i i high High F High
daptive Backstepping parameter estima- Medium  Very hig ig ast ig PV current
tion
Discontinuous non- PV voltage
Sliding Mode Control  linear control based Low Very high  Medium Fast Medium 8e
1 PV current
on sliding surfaces
Image-based irradi- Images,
Vision-based ance estimation and Low High Very high Medium High PV voltage,
GMPP identification PV current

4. Overview of the Wireless Communication Technologies
Under Comparison

The wireless communication infrastructure analyzed in this work builds upon previ-
ous distributed PV monitoring and control architectures developed and experimentally
validated by the authors [12,23,25]. In earlier studies, Wi-Fi and 3G communication mod-
ules were integrated into PV generation nodes to enable real-time data acquisition and
remote supervision, while IEEE 802.15.4-based wireless sensor networks were imple-
mented to support low-power distributed coordination among multiple PV units [12].

In this study, these communication technologies were not only employed for moni-
toring purposes but also systematically evaluated in terms of their interaction with ad-
vanced MPPT strategies. Their latency, reliability, scalability, and bandwidth characteris-
tics were analyzed under dynamic irradiance and partial shading conditions, treating the
communication layer as an active component influencing system behavior rather than as
a passive data transport mechanism.

4.1. Wi-Fi Communication

Wi-Fi communication was previously integrated by the authors into distributed PV
nodes to support high-frequency data transmission and supervisory control [23]. Its high
data rate and low local-area latency support frequent measurement updates, rapid con-
trol-signal exchange, and the larger data volumes required by vision-based approaches.

However, Wi-Fi networks typically exhibit higher power consumption compared to
low-power wireless sensor networks and may experience congestion or interference in
dense communication environments. While well suited for laboratory-scale and local dis-
tributed PV systems, scalability may become limited as the number of nodes increases.

In the implemented platform, Wi-Fi communication is based on UDP/IP transmission
through a local wireless access point, with an effective sampling period of 15-20 ms. Its
contention-based medium access may introduce moderate latency variability depending
on channel occupancy and traffic conditions.

4.2. 3G Cellular Communication

3G cellular communication was previously employed by the authors for remote mon-
itoring of geographically dispersed PV installations, enabling wide-area connectivity
without the need for local networking infrastructure [25]. Its main advantage lies in its
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extensive coverage; however, network routing and operator-dependent traffic conditions
generally introduce higher and more variable latency than Wi-Fi and IEEE 802.15.4.

In the implemented 3G configuration, data are also transmitted through UDP/IP,
with an effective sampling period of 15-20 ms, but the end-to-end communication path
included the mobile network and operator-dependent routing. As a result, although the
available data rate remains sufficient for supervisory monitoring and measurement trans-
mission, the delay and jitter are significantly higher than in the local wireless architectures,
which may penalize time-sensitive MPPT control tasks.

4.3. IEEE 802.15.4-Based Wireless Sensor Networks

Wireless sensor networks based on the IEEE 802.15.4 standard have been imple-
mented by the authors as a low-power solution for distributed PV generation systems
[12]. These networks support mesh-based communication and enable scalable coordina-
tion among multiple Smart PV Units while maintaining reduced energy consumption at
the node level.

On the implemented platform, measurements were sampled every 20 ms and trans-
mitted in beacon-enabled mode using guaranteed time slots (GTSs), providing bounded
and predictable delay behavior. This synchronized access reduces communication uncer-
tainty and improves timing determinism for closed-loop MPPT operation. IEEE 802.15.4
also provides sufficient bandwidth for the electrical measurements required by the control
algorithms and is suitable for autonomous embedded PV nodes; however, its lower data
rate may constrain high-volume applications such as raw-image transmission in vision-
based architectures.

Table 2 summarizes the implemented communication layers, sampling periods, la-
tency behavior, data rate level, coverage, power consumption, and suitability for the eval-
uated MPPT architectures. Overall, Table 2 shows that Wi-Fi prioritizes bandwidth, 3G
provides wide-area coverage, and IEEE 802.15.4 offers low-power and more deterministic
communication. Their influence on control performance is quantified in Section 5 through
latency measurements and tracking-efficiency analysis.

Table 2. Main characteristics of the evaluated communication technologies.

Implemented Effective
.. Typical  Sam- Power ..., Impact on Real- Suitability for Vi-
Technology Comr::n:atlon Data Rate pling Pe- Latency Coverage Consumption Scalability Time MPPT  sion-Based MPPT
¥ riod
UDP/IP over lo-
Wi-Fi cal wireless ac- High  15-20ms Low (local) Local area High Medium Very suitable Very suitable
cess point
Medium- . Moderate (la-
3G UDP/IP over cel- Medium 15-20 ms High Wide-area Medium High (geo- tency-depend- Moderate
lular network . graphical)
(variable) ent)
Beacon-enabled ~ Low- Low High (mesh- __. . Limited (bandwidth-
[EEE 802154 WSN with GTS Medium 20 ms (predictable) Local/Mesh Low based) Highly suitable constrained)

5. Experimental Methodology and Performance Evaluation Framework

This section presents the experimental methodology adopted to systematically eval-
uate the interaction between the selected MPPT strategies and wireless communication
technologies. All experiments were conducted using the integrated PV architecture intro-
duced in Section 2. The PV power stage, converter parameters, irradiance scenarios, and
evaluation criteria were kept common, whereas the communication-specific sensing, ac-
quisition, and control hardware associated with each implementation is described in Sec-
tion 5.1.
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The evaluation is structured around controlled irradiance variations, partial shading
scenarios, and communication performance measurements. Both control-oriented and
communication-related metrics are considered. Control performance was assessed
through tracking efficiency, convergence time, steady-state behavior, GMPP tracking suc-
cess rate, and lost energy. In parallel, communication characteristics, including latency
and delay variability, were quantified in relation to their influence on control performance
and energy extraction.

5.1. Experimental Platform

The experimental validation was carried out on a laboratory-scale modular distrib-
uted PV platform previously developed and experimentally validated by the authors
[12,14,16,18]. The system integrates a buck-boost DC/DC converter, a DC/AC inverter
stage for grid connection, distributed sensing nodes, and a centralized control unit inter-
connected through wireless communication technologies.

The complete experimental setup is shown in Figure 3. The numbered elements cor-
respond to: (1) the DC/DC buck-boost converter, (2) the sensor node associated with the
Smart PV Unit, (3) the grid-connected inverter stage, (4) the PAN coordinator, and (5) the
SCADA interface. The PV generator consists of three commercial PV modules connected
in series, each rated at 20.1 W under standard test conditions (1000 W/m2, 25 °C), with a
maximum power voltage of 17.5 V and a maximum power current of 1.15 A [18]. The
modules feed a 70 W buck-boost DC/DC converter with an input-voltage range of 10-70
V, a maximum output voltage of 100 V, and an efficiency above 92%. The converter is
driven by a 10-bit PWM signal with switching frequencies between 10 kHz and 30 kHz.
The inverter stage interfaces the common DC bus with the grid and is responsible for the
controlled injection of the power extracted from the PV generator. This DC/AC converter
is associated with the corresponding filtering and protection elements. Its hardware and
control structure were retained throughout the experiments so that the PV power-conver-
sion stage remained common to all tests.

Figure 3. Laboratory-scale experimental platform.
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Two control and acquisition hardware configurations were employed depending on
the communication architecture. For the IEEE 802.15.4-based wireless sensor network,
each Smart PV Unit incorporates a dedicated sensor node composed of an ATmega328P
for signal acquisition and local processing and an ATmegal28RFA1 for communication
management [18]. PV voltage and current measurements are acquired through an external
16-bit MCP3428 ADC. The electrical variables are sampled every 20 ms and transmitted
in beacon-enabled mode using guaranteed time slots. Network synchronization and data
aggregation are handled by a PAN coordinator, also based on the ATmegal28RFA1,
which forwards the measurements to the controller and returns the duty-cycle commands
required for converter regulation [18]. Figure 4 shows the PAN coordinator and the sensor
node.

Figure 4. IEEE 802.15.4 hardware platform: PAN coordinator (left) and sensor node (right).

For the Wi-Fi and 3G scenarios, a dsPIC30F4011-based datalogger equipped with ex-
ternal 18-bit ADS8698 ADCs was employed. Data were transmitted to the remote control
unit through UDP/IP, either via a local wireless access point for Wi-Fi or through a TP-
Link cellular router for 3G. The sampling period was set to 15-20 ms, and the central pro-
cessing unit executed the MPPT algorithms and returned the duty-cycle commands
through the IP-based communication link.

In the vision-based MPPT implementation, a low-cost 8 MP webcam connected to a
Raspberry Pi running OpenCV was used to detect partial shading in real time [18]. The
locally processed images were employed to estimate the irradiance distribution and com-
pute the reference voltage associated with the GMPP. Figure 5 shows the three-module
PV generator and webcam in the upper part and the Raspberry Pi image-processing stage
in the lower part. The vision subsystem provides an additional physical sensing layer,
while the Raspberry Pi performs the local processing before the resulting information is
integrated into the MPPT control loop.

The monitored electrical variables include PV voltage, PV current, and converter in-
put/output variables; the vision-based configuration additionally provides the irradiance
distribution inferred from image processing. Table 3 summarizes the sensing and acqui-
sition chains, including the measured variables, acquisition elements, resolution, sam-
pling frequency, and synchronization role within the control loop.
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Figure 5. Vision-based MPPT implementation using a webcam and Raspberry Pi.

Table 3. Main characteristics of the sensing and acquisition subsystem used in the experimental

platform.
Measured Varia- Configura- Sensor/Acquisition Measure- Resolu- Accurac Sampling Filtering/Syn- Main Role in
ble/Function tion Element ment Range  tion yFrequency chronization  the System
Voltage acquisition Electrical varia-
channel + MCP3428 . Internal filter-  ble used by
PV voltage IEEE 802.15.4 external ADC + AT- 2.048V 16-bit  31.25uV 20 ms ing MPPT control-
mega328P node ler
Current acquisition Electrical varia-
channel + MCP3428 . Internal filter-  ble used by
PV current IEEE 802.15.4 external ADC + AT- 2.048V 16-bit  31.25uV 20 ms ing MPPT control-
mega328P node ler
ter electri-
ConveF o1 electt Local acquisition . Beacon-enabled Local monitor-
cal variables (e.g. node based on AT 16-bit ac- synchronized ing and closed
input/output or in- IEEE 802.15.4 2.048V  quisition 31.25uV 20 ms Y . 8
ductor-related mega328P/AT- chain transmission  loop control
megal28RFA1 with GTS support
measurements)
Voltage acquisition . .
channel + ADS8698 Internal filter Elg:::;dv;rla'
PV voltage Wi-Fi/3G external ADC + 252V 18-bit 9.6 uV 1520 ms in MPPT contr}(])l
dsPIC30F4011 data- 8 o
logger
Current acquisition . .
channel + ADS8698 Internal filter Elg;r::;d";“a‘
PV current Wi-Fi/3G external ADC + 252V 18-bit 9.6 uV 1520 ms in MPPT contr}(])l
dsPIC30F4011 data- 8 o
logger
dsPIC30F4011-
Converter electri bazed(faotalc?gger 18-bit ac- Internal filter Remote moni-
cal variables Wi-Fi/3G with ADS8698 ac- 252V qu1s1t.10n 9.6 uV 1520 ms ing toring and con-
L chain trol support
quisition stage
8 MP webcam + Not di- Real-time iZ?fr? :zflnslerr:-
Irradiance distri- Vision-based = Raspberry Pi+ software-esti- 8 MP im- . Y GMmPP region
. L . . rectly ap- frame ac- chronized soft- .
bution estimation MPPT  OpenCV processing  mated ageinput | . localization
stace plicable quisition  ware pro-
& cessing
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Shaded/unshaded Vision-based thresholding, mor- Scene-de- Software-
region detection MPPT

o .
SV conversion, Not di- Image-pro-

rectly ap- Real-time cessing pipe-
plicable line

Partial-shading
phological opening, pendent based identification

blob detection

As shown in Table 3, the sensing chains are not fully identical across all architectures.
The IEEE 802.15.4 configuration uses an MCP3428-based acquisition node, the Wi-Fi and
3G configurations use a dsPIC30F4011-based datalogger with ADS8698 converters, and
the vision-based configuration incorporates an additional image acquisition and pro-
cessing layer. These differences are explicitly considered as part of each complete imple-
mentation architecture.

A supervisory control and data acquisition (SCADA) interface was implemented for
real-time visualization and structured data logging. Depending on the communication
architecture, it received data through an IEEE 802.15.4 gateway or through the Wi-Fi/3G
UDP/IP links. The interface also allowed the operating mode and MPPT strategy to be
selected during each test. However, the control law was executed by the embedded con-
trol platform associated with each communication architecture; therefore, the SCADA
subsystem acted only as a supervisory and experimental-support layer and did not di-
rectly execute the MPPT algorithm.

The PV power stage, inverter, converter parameters, filtering, and protection ele-
ments were retained throughout the experiments. However, the embedded processing
platforms, acquisition chains, communication protocols, and sampling periods differed
among the evaluated architectures. Consequently, the study should be interpreted as a
comparison of complete MPPT—communication implementation architectures rather than
as an isolated comparison of the communication media. Although part of the observed
differences may reflect the combined influence of protocol, embedded processing, acqui-
sition chain, and sampling rate, the common PV power stage, harmonized irradiance pro-
files, and common evaluation criteria provide a consistent system-level comparison. Table
4 summarizes the main structural differences.

Table 4. Main implementation differences among the evaluated communication architectures.

Item

IEEE 802.15.4 Configuration Wi-Fi Configuration 3G Configuration

Embedded controller

Communication interface
ADC stage
ADC resolution
Sampling period
Network access behavior
Main expected effect

ATmega328P + AT-
megal28RFA1
TEEE 802.15.4 WSN UDP/IP over Wi-Fi UDP/IP over 3G
External MCP3428 External ADS8698 External ADS8698
16-bit 18-bit 18-bit
20 ms 15-20 ms 15-20 ms
Beacon-enabled, GTS Contention-based Operator/network-dependent
Low and bounded latency = Moderate latency and variability Higher latency and variability

dsPIC30F4011 dsPIC30F4011

5.2. Test Scenarios and Experimental Protocol

The experimental campaign was organized into two complementary test groups: (i)
uniform-irradiance dynamics to assess transient tracking behavior, and (ii) partial shading
conditions to evaluate GMPP capability. For each operating condition, the communication
layer was configured using Wi-Fi, 3G, or IEEE 802.15.4, and the resulting control perfor-
mance and communication metrics were recorded simultaneously.

In the uniform-irradiance tests, step-like irradiance changes were intentionally ap-
plied to stress the controllers beyond typical field dynamics, following the rationale used
in the remote-control platform validation [25]. In the partial shading tests, repeatable
shading patterns were imposed on the three-series PV string to generate multi-peak P-V
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characteristics, consistent with the methodology used in the vision-based MPPT valida-
tion [18]. Across all scenarios, measurements of PV voltage and current, converter varia-
bles, and the communication latency associated with the control loop (sensor-to-controller
and controller-to-actuator) were logged for subsequent analysis.

The comparative analysis used the following indicators. Convergence time is the time
required by the MPPT-controlled system to reach and remain within a prescribed neigh-
borhood of the new operating point after an irradiance or shading change. Tracking effi-
ciency is the ratio between the energy extracted by the PV system and the theoretical max-
imum extractable energy over the same interval. GMPP tracking success rate is the per-
centage of partial-shading tests in which the controller converges to the global maximum.
Lost energy is the relative difference between the theoretical GMPP energy and the energy
extracted during the test interval. Latency refers to the end-to-end delay of the control-
loop communication path, while reliability is discussed in terms of communication stabil-
ity and timing consistency during the experimental campaign.

The communication architecture is not treated as a purely observational layer in this
study. Since the evaluated MPPT strategies operate in closed loop, communication timing
directly affects the measurement delivery, control update rate, and duty cycle command
transmission and therefore has a measurable impact on real-time MPPT performance.

5.2.1. Uniform-Irradiance Dynamics (Stress Test)

Abrupt irradiance transitions were applied to evaluate convergence time, steady-
state oscillations, and robustness under fast operating-point changes. Following [25], the
irradiance profile consisted of successive plateaus of 200, 360, 760, 480, and 780 W/m?, each
maintained for a fixed time interval. This profile allows a direct assessment of how quickly
each MPPT method updates its control action and how effectively the DC/DC converter
tracks the commanded operating point under communication constraints. Representative
time-domain responses are shown for selected MPPT-communication combinations,
while aggregated indicators provide the complete comparison.

Figure 6 shows the adaptive backstepping response under the uniform-irradiance
profile using IEEE 802.15.4. Figure 6a depicts the imposed irradiance profile, while Figure
6b presents the corresponding extracted PV power. The controller responds rapidly to
each transition, with limited overshoot and low residual steady-state oscillation. The
measured power levels are consistent with the expected variation in available PV power,
confirming the correct operation of the converter and MPPT controller during the stress
test.

To obtain further insight into the dynamic behavior, Figure 7 presents the internal
response for the same experiment. In Figure 7a, the PV input voltage is compared with
the corresponding reference voltage. The results show that the measured voltage closely
follows the imposed reference throughout all irradiance transitions, with small transient
deviations and negligible steady-state error. This confirms that the controller can regulate
the converter input voltage accurately under abrupt operating-point variations. Figure 7b
shows the corresponding duty cycle evolution. As expected, the control action is adjusted
after each irradiance transition in order to drive the PV generator toward the new maxi-
mum power operating point. Although short transients are observed at the transition in-
stants, the duty cycle rapidly settles to a stable value in each interval, without significant
oscillations or instability. This behavior confirms that the power response in Figure 6 is
achieved through accurate voltage tracking and stable converter actuation.
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Figure 6. Uniform-irradiance dynamic response of the adaptive backstepping MPPT with IEEE

802.15.4 communication: (a) irradiance; (b) extracted PV power.
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Figure 7. Internal dynamic response of the adaptive backstepping MPPT under uniform irradiance
variations with IEEE 802.15.4 communication: (a) PV input voltage and reference voltage; (b) duty

cycle.

For each MPPT-communication configuration, the reported aggregated performance
indicators were obtained from different repeated experiments under the same operating
conditions. The values shown in Figures 8, 9, 13 and 14 correspond to the mean results,
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while the error bars represent the standard deviation associated with the repeated meas-
urements.

Figure 8 compares the average convergence time of the four MPPT strategies for the
three evaluated communication technologies under uniform irradiance step variations.
Adaptive backstepping consistently provides the shortest convergence time, followed by
sliding mode control, conventional backstepping, and the vision-based MPPT. This rank-
ing is preserved for IEEE 802.15.4, Wi-Fi, and 3G, indicating that the intrinsic dynamic
properties of the control algorithm strongly influence the transient response. The superior
behavior of adaptive backstepping is associated with its nonlinear structure and online
parameter adaptation. Sliding mode control also provides a fast response because of its
robustness, whereas conventional backstepping is more sensitive to parameter uncer-
tainty. The vision-based method presents the longest convergence times under uniform
irradiance because its main advantage lies in GMPP localization under partial shading
rather than in minimizing single-peak transient response.
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Figure 8. Comparison of the average convergence time for the four MPPT strategies under the three

evaluated communication technologies. Error bars represent the estimated standard deviation.

The communication architecture also affects convergence speed. IEEE 802.15.4 yields
the lowest average values, Wi-Fi slightly higher values, and 3G the slowest response. This
trend is consistent with the beacon-enabled operation and GTS access of IEEE 802.15.4 and
with the higher delay of 3G. Adaptive backstepping reaches 0.045 s with IEEE 802.15.4,
0.052 s with Wi-Fi, and 0.115 s with 3G, demonstrating that the controller dynamics and
communication timing jointly determine transient performance.

While Figure 8 provides a quantitative comparison of the transient speed through the
average convergence time, the convergence rate alone is not sufficient to assess the overall
MPPT performance. For this reason, Figure 9 complements the previous analysis by com-
paring the tracking efficiency. In agreement with the convergence-time results shown in
Figure 8, adaptive backstepping achieves the highest tracking efficiency, followed by slid-
ing mode control and conventional backstepping, whereas the vision-based MPPT pre-
sents the lowest values under uniform-irradiance conditions. This behavior confirms the
advantage of control strategies designed for fast electrical regulation under single-peak
conditions.
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Regarding the communication layer, IEEE 802.15.4 generally yields the highest track-
ing efficiency, Wi-Fi exhibits slightly lower values, and 3G provides the lowest perfor-
mance in most cases. However, the differences are relatively small, and all evaluated con-
figurations remain above 98.8%. Thus, the uniform-irradiance tests reveal more pro-
nounced differences in convergence speed than in final tracking efficiency.
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Figure 9. Comparison of the tracking efficiency for the four MPPT strategies under the three evalu-
ated communication technologies during uniform irradiance step variations. Error bars represent

the estimated standard deviation.

5.2.2. Partial Shading Scenarios (GMPP Test)

Controlled partial shading patterns were applied to the three series-connected mod-
ules. The selected shading profiles were designed to produce two- and three-peak P-V
characteristics, following the same experimental rationale of [18], where each module may
operate under a different effective irradiance level. The partial shading conditions were
generated under controlled experimental conditions using manually imposed shading
masks to obtain repeatable irradiance mismatch among the three series-connected mod-
ules. Distinct shading patterns were considered in the comparative analysis, including
both two- and three-peak P-V characteristics. In the vision-based configuration, the im-
age-derived shadow intensity was converted into equivalent irradiance values for each
module, providing repeatable and well-defined test conditions [18].

Figure 10 shows representative three-peak and two-peak P-V characteristics. In Fig-
ure 10a, a strong irradiance mismatch generates three peaks, whereas the less severe dis-
tribution in Figure 10b produces two peaks. The experimental and simulated curves show
close agreement, supporting the adopted model. More importantly, the separated local
maxima illustrate that an MPPT algorithm may converge to a non-global operating region
and incur energy losses under partial shading.
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Figure 10. Experimental and simulated multi-peak P-V characteristics under representative partial
shading conditions: (a) three-peak case; (b) two-peak case.

Figures 11 and 12 show representative time-domain responses of the vision-based
MPPT. In Figure 11a, the estimated irradiance of the three PV modules evolves according
to the imposed non-uniform shading pattern, generating successive changes in the oper-
ating conditions of the PV string. Figure 11b shows that the extracted input power follows
its reference, with low steady-state deviation and limited transient mismatch. This con-
firms that the algorithm detects the irradiance redistribution and updates the operating
target under changing multi-peak conditions.
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Figure 11. Representative time-domain response of the vision-based MPPT under partial shading

conditions: (a) estimated irradiance of the three PV modules; (b) input power and reference power.
Figure 12 complements the previous result by showing the internal dynamic re-
sponse of the same experiment. The control signal in Figure 12a is updated after each

shading transition and remains stable within each interval. In Figure 12b, the measured
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input voltage follows the reference while the operating point moves from approximately
45V to 17-18 V, then to 33-34 V, and finally to 19-20 V. This result is particularly relevant,
since it demonstrates that the controller can move the PV system from one local operating
region to another in order to track the voltage associated with the GMPP, instead of re-
maining trapped around a local maximum. The good agreement between V;, and
Vyer confirms the effectiveness of the proposed control strategy in relocating the operating
point under multi-peak conditions.
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Figure 12. Internal dynamic response of the vision-based MPPT under partial shading conditions:

(a) control signal; (b) input voltage and reference voltage.

In contrast to the uniform-irradiance case, Figure 13 shows that the vision-based
MPPT achieves the best overall performance, followed by adaptive backstepping, sliding
mode control, and conventional backstepping. This ranking indicates that, under multi-
peak conditions, the ability to identify the region of the GMPP becomes more relevant
than purely fast transient responses. The spatial information obtained from image pro-
cessing reduces the probability of convergence to local maxima. Adaptive backstepping
remains competitive because of its robust regulation, whereas sliding mode control and
conventional backstepping lack an explicit GMPP-localization mechanism.

From the communication viewpoint, IEEE 802.15.4 provides the highest GMPP track-
ing success rates, Wi-Fi shows slightly lower values, and 3G yields the lowest perfor-
mance. This trend is consistent with the shorter and more predictable timing of IEEE
802.15.4 and the larger delay and variability of 3G. The vision-based approach remains
the best-performing method for all three communication scenarios.

While Figure 13 quantifies the ability of each MPPT strategy to successfully locate the
GMPP under partial shading, the success rate alone does not fully reflect the energetic
impact of tracking errors. For this reason, Figure 14 complements the previous analysis
by comparing the percentage of lost energy for all MPPT-communication combinations.
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three evaluated communication technologies. Error bars represent the estimated standard devia-
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Figure 14. Comparison of the lost energy percentage for the four MPPT strategies under the three
evaluated communication technologies during partial shading conditions. Error bars represent the
estimated standard deviation.

The lost-energy results in Figure 14 are fully consistent with the GMPP success rates
shown in Figure 13. Vision-based MPPT produces the lowest losses, followed by adaptive
backstepping, sliding mode control, and conventional backstepping. This ranking con-
firms that the ability to correctly identify and maintain operation around the GMPP has a
direct impact on the final energy. The superior behavior of the vision-based MPPT is at-
tributed to the additional spatial information provided by the image-processing stage,
which reduces the probability of convergence to local maxima and therefore minimizes
the associated energy losses.

From the communication perspective, IEEE 802.15.4 provides the lowest lost energy
values, Wi-Fi shows slightly higher losses, and 3G exhibits the worst performance for all
MPPT strategies. When moving from IEEE 802.15.4 to 3G, lost energy increases from
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0.20% to 0.45% for the vision-based method and from 0.65% to 1.35% for conventional
backstepping. These values quantify the combined influence of GMPP-localization capa-
bility and communication timing on energy extraction under partial shading.

5.2.3. Communication Performance Characterization

For each communication technology, the end-to-end delay associated with the con-
trol loop was quantified. In the IEEE 802.15.4 WSN, the beacon-enabled superframe with
guaranteed time slots (GTSs) provides bounded latency behavior suitable for closed-loop
control, as previously implemented on the authors’ platform [18]. Wi-Fi is affected by con-
tention-based channel access, whereas 3G includes operator- and network-dependent
routing.

Figure 15 shows the distribution of the end-to-end latency measured for the three
evaluated communication technologies. As expected, IEEE 802.15.4 exhibits the lowest
median latency and smallest dispersion, which is consistent with its synchronized GTS-
based operation and guaranteed time slots implemented in the WSN. Wi-Fi presents
slightly higher latency values and a wider spread, reflecting the variability introduced by
contention-based medium access. By contrast, 3G shows the highest latency levels along-
side the largest variability, which is attributed to the additional network and routing de-
lays inherent to this communication technology. Therefore, IEEE 802.15.4 provides the
most favorable timing characteristics for closed-loop MPPT operation, whereas 3G is the
least suitable.
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Figure 15. End-to-end latency distribution for the three evaluated communication technologies.

Communication delay affects MPPT performance through delayed measurement de-
livery, slower control updates, and delayed duty-cycle transmission. During rapid irradi-
ance or shading changes, these effects reduce the freshness of the control variables and
may increase convergence time, tracking mismatch, and operation away from the GMPP.
The measured latency trends are consistent with the communication characteristics sum-
marized in Table 2 and with the control-performance results reported above.
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6. Discussion

The main contribution of this work is not the isolated validation of a single MPPT
method or a single wireless architecture, but the unified experimental assessment of their
interaction under common distributed PV operating scenarios. The results obtained in this
study confirm that the performance of distributed PV MPPT systems cannot be assessed
solely in terms of controller dynamics or communication latency. Instead, both layers in-
teract and jointly determine the final energy performance. Under uniform irradiance con-
ditions, where the P-V characteristic exhibits a single maximum, the dominant require-
ment is the fast and accurate regulation of the electrical operating point. In this scenario,
adaptive backstepping provides the best overall behavior, reaching an average conver-
gence time of 0.045 s with IEEE 802.15.4, compared with 0.052 s for Wi-Fi and 0.115 s for
3G, while all evaluated configurations maintain tracking efficiencies above 98.8%. These
findings indicate that, under single-peak operating conditions, the dynamic properties of
the nonlinear controller are the main differentiating factor, while communication delay
acts as a secondary but still measurable source of performance degradation.

A different ranking emerges under partial shading conditions. Once the P-V charac-
teristic becomes multi-peak, the key requirement is no longer only rapid convergence, but
also the capability to identify the correct operating region associated with the GMPP. In
this scenario, the vision-based MPPT clearly outperforms the remaining strategies in
terms of GMPP tracking success rate and lost energy, followed by adaptive backstepping,
sliding mode control, and conventional backstepping. This finding is fully consistent with
the physical principle of the vision-based approach: by exploiting spatial information
about the shading distribution, the controller is able to restrict the search region and re-
duce convergence toward local maxima. The energetic relevance of this advantage is di-
rectly reflected in the lost-energy results, which increase from 0.20% to 0.45% for the vi-
sion-based MPPT and from 0.65% to 1.35% for conventional backstepping when moving
from IEEE 802.15.4 to 3G. Therefore, the results show that under partial shading, the abil-
ity to locate the GMPP becomes more important than purely fast electrical transients.

From the communication perspective, IEEE 802.15.4 emerges as the most suitable
technology for closed-loop MPPT operation on the implemented platform. Its advantages
are not limited to lower average delay, but also include lower dispersion, which is critical
in control-oriented applications. The latency characterization confirms that IEEE 802.15.4
exhibits the lowest median end-to-end delay and smallest spread, Wi-Fi occupies an in-
termediate position, and 3G introduces the largest latency and variability. These charac-
teristics are consistent with the convergence, tracking-efficiency, GMPP-success, and lost-
energy trends observed in Section 5, confirming that communication timing directly af-
fects the achievable control quality when the wireless link participates in the closed loop.

An important implication of this study is that no single MPPT strategy should be
regarded as universally optimal. Adaptive backstepping is the most appropriate solution
when the dominant objective is to track quickly and accurately under uniform-irradiance
or rapidly varying, single-peak conditions. By contrast, the vision-based strategy is the
preferred choice when partial shading is frequent and reliable GMPP localization is the
primary design objective. Sliding mode control and conventional backstepping remain
technically attractive because of their robustness and implementation simplicity, but their
comparative advantage becomes narrower when they are evaluated against adaptive es-
timation or external visual sensing. This means that the final selection should be made
based on the expected operating scenario, available sensing infrastructure, acceptable
computational burden, and communication constraints.

This work also suggests practical design guidelines for distributed PV systems. When
local low-power networking is feasible, IEEE 802.15.4 provides the best balance among
determinism, latency, and control support. Wi-Fi remains a viable alternative when higher
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bandwidth is required, especially for architectures that may benefit from richer sensing or
supervisory information, although with a small penalty in timing performance. 3G can
still be useful for remote monitoring and geographically dispersed installations, but its
latency and variability make it less suitable for time-sensitive closed-loop MPPT tasks.
Consequently, the best overall combinations identified here are adaptive backstepping
with IEEE 802.15.4 for uniform-irradiance operation and vision-based MPPT with IEEE
802.15.4 for partial shading scenarios. These findings provide practical design criteria for
distributed PV systems in which control performance and communication behavior must
be considered jointly.

While local MPPT remains the preferred solution in many conventional PV convert-
ers and commercial inverters, communication-assisted architectures are relevant in dis-
tributed PV systems, modular generation units, experimental microgrids, and supervisory
environments where sensing, coordination, or GMPP-oriented decision support relies on
wireless links. The present work is therefore not intended to replace the conventional lo-
cal-MPPT paradigm, but to quantify the influence of communication timing when the
wireless layer is deliberately involved in the sensing—control architecture. The conclusions
should consequently be interpreted for distributed and communication-assisted PV sys-
tems rather than as a direct representation of all conventional PV installations.

Recent studies have demonstrated the growing relevance of IoT-based PV monitor-
ing and wireless-assisted control, although most focus on a single communication tech-
nology or MPPT implementation. Fernandez-Bustamante et al. proposed a centralized
MPPT architecture using LoRa [28], Beltran Castanon et al. developed a low-cost wireless
PV monitoring system [21], and Mimouni et al. reviewed IoT and machine-learning ap-
plications for MPPT, supervision, fault detection, and energy optimization [19]. These
contributions confirm the importance of communication-aware PV architectures but do
not provide a unified experimental cross-comparison of multiple advanced MPPT strate-
gies and wireless technologies under common operating conditions. The present study
addresses this gap by evaluating four MPPT methods and three communication technol-
ogies using harmonized irradiance scenarios and common control- and communication-
oriented metrics.

The results should be interpreted within the adopted experimental framework. First,
validation was performed on a laboratory-scale distributed PV platform based on a three-
module string, which enables controlled comparison but does not fully represent larger
field installations. Second, although the PV power stage and irradiance scenarios were
retained across the tests, the communication architectures employed different embedded
acquisition and control chains. The reported differences therefore represent complete
MPPT-communication implementation architectures rather than the isolated effect of the
communication medium. Third, the communication assessment focused mainly on end-
to-end latency and its effect on control performance; long-term packet loss, large-scale
congestion, cybersecurity, and extended outdoor deployment were beyond the scope of
this work. These limitations define the range within which the reported comparative
trends should be interpreted.

For practical clarity, Table 5 summarizes the relative suitability of the evaluated
MPPT strategies under the main operating scenarios considered in this study. Overall,
Table 5 confirms that the optimal MPPT-communication selection is scenario-dependent:
adaptive backstepping provides the most favorable behavior under uniform irradiance,
whereas the vision-based approach is preferred under partial shading.

https://doi.org/10.3390/en19153650



Energies 2026, 19, 3650

26 of 28

Table 5. Comparative suitability of the evaluated MPPT strategies under the main operating sce-

narios considered in this study.

MPPT Performance  Performance Best Communi-
Under Uniform Under Partial cation Support = Main Strength Main Limitation Recommended Use
Strategy . .
Irradiance Shading Observed
- . Suitable for single-
. More sensitive to uncertain- .
Back Stable nonlinear ties and local-peak trapoin peak operation
. Good Moderate IEEE 802.15.4 control with good p pP . & when moderate
stepping . than the adaptive and vision- .
dynamic response complexity is pre-
based approaches
ferred
Best convergence
Adap- & . . Preferred solution
. speed and highest Does not include explicit . . .
tive . ; L. ... for uniform irradi-
Excellent Good IEEE 802.15.4 tracking quality un- GMPP localization capability .
back- ) . . . . ance and fast single-
. der uniform irradi- under multi-peak conditions .
stepping peak dynamics
ance
Suitable when ro-

. Potentially less smooth be- . .

Sliding Strong robustness . . bustness against dis-

Moderate to . havior and lower GMPP-ori- ¢ .
mode Very good IEEE 802.15.4 and fast transient turbances is a pri-
good ented performance than the . .
control response .. mary design objec-
vision-based approach .
tive
Best GMPP-ori- Higher sensing/computa-

. . . & . 8/ p Preferred solution
Vision- ented behavior and tional requirements and for partial shadin
based Moderate Excellent IEEE 802.15.4 lowest lost energy stronger dependence on im- P . &

. . . and multi-peak op-
MPPT under partial shad- age quality and communica-

eration

ing tion support

7. Conclusions

This paper presents an experimental comparison of four advanced MPPT strate-
gies—backstepping, adaptive backstepping, sliding mode control, and vision-based
MPPT —combined with three wireless communication technologies—IEEE 802.15.4, Wi-
Fi, and 3G—on a distributed PV platform. The results show that MPPT performance de-
pends not only on the control algorithm but also on the timing characteristics of the com-
munication layer.

Under uniform-irradiance conditions, adaptive backstepping achieved the best over-
all performance, providing the shortest convergence times and highest tracking efficiency.
In particular, it reached an average convergence time of 0.045 s with IEEE 802.15.4, com-
pared with 0.052 s for Wi-Fi and 0.115 s for 3G. Under partial shading conditions, the
vision-based MPPT showed the best results in terms of the GMPP tracking success rate
and lost energy, due to its improved capability to identify the correct operating region
under multi-peak P-V characteristics. Its lost energy increased from 0.20% with IEEE
802.15.4 to 0.45% with 3G, whereas conventional backstepping increased from 0.65% to
1.35%. Overall, IEEE 802.15.4 provided the most favorable communication support, Wi-Fi
showed intermediate performance, and 3G was the least suitable option for time-sensitive
closed-loop operation.

The optimal MPPT-communication configuration is therefore scenario-dependent.
Adaptive backstepping combined with IEEE 802.15.4 is the preferred choice when fast and
accurate tracking under uniform irradiance is the primary design objective, whereas vi-
sion-based MPPT combined with IEEE 802.15.4 is more suitable when reliable GMPP lo-
calization under partial shading is required. These conclusions are limited to the labora-
tory-scale three-module platform and the complete MPPT-communication implementa-
tion architectures evaluated under harmonized operating conditions. In conventional PV
systems, communication-induced delays can generally be avoided by executing the MPPT
control loop locally; consequently, the reported communication effects apply specifically
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to distributed and communication-assisted architectures in which the wireless link partic-
ipates in the sensing—control loop.
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