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Abstract

As a result of the rapid expansion of photovoltaic (PV) systems in Europe, system operators are faced with challenges caused by
deviations between scheduled and actual power generation more and more often, which increases their balancing requirements
and operational costs. Ensuring schedule compliance has thus become a critical issue for integrating PV into modern electricity
networks. This study introduces and evaluates a novel schedule-oriented control mechanism for dual-axis PV systems, based on
a patented concept. Unlike conventional sun-tracking strategies that maximize irradiance capture, the proposed method intentionally
adjusts module orientation to minimize deviations from day-ahead and intraday schedules. This represents an innovative shift from
generation-maximizing to grid-supportive control, directly addressing system-level balancing needs. The control logic, implemented
in Python, was evaluated on Hungarian datasets combining measured and simulated time series, and all analyses were carried out in
a simulation environment, with field validation planned in future work. Results show that while the mechanism reduces annual energy
yield by around 7% (1164 MWh to 1080 MWh per 1 MWp system), it achieves a >90% reduction in downward regulation requirements
(from 8.0% to 0.8% of annual output). Upward regulation requirements decreased only marginally, as these cannot be effectively

influenced by control interventions. The results demonstrate that the proposed control mechanism substantially improves schedule

compliance while incurring only minor energy yield losses, offering a cost-effective solution for large-scale PV integration.
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1 Introduction

Within the broader context of the energy transition, inter-
mittent renewable energy sources (wind and solar power)
have experienced rapid and sustained growth [1, 2]. Their
integration into modern power systems has been facili-
tated by declining technology costs [3, 4], favorable policy
instruments [5, 6], and improvements in forecasting [7, 8]
and grid integration capabilities [9—11]. In 2024, wind and
solar energy combined accounted for approximately 15%
of global electricity generation, reflecting their increas-
ingly central role in the global energy mix [12].

PV systems, in particular, have demonstrated excep-
tional scalability, modularity, and deployment flexibil-
ity, making them one of the most rapidly expanding tech-
nologies in the global energy portfolio [13, 14]. By early
2025, the cumulative installed PV capacity worldwide
reached approximately 2246 GW [15], reflecting exponen-
tial growth driven by technological innovation [16], cost

reductions in module manufacturing [17], and supportive
policy frameworks such as feed-in tariffs, green certifi-
cates, and auctions [18-20].

The European Union (EU) continues to play a lead-
ing role in global photovoltaic deployment [21, 22], with
installed solar PV capacity rising from 207 GW in 2022 to
272.5 GW in 2023, reaching 338 GW by early 2025 [23].
Based on prevailing policy trajectories and investment
trends, the total EU capacity could expand to between
549 GW and 719 GW by 2028 [24], depending on the
effectiveness of regulatory implementation and the pace of
market development [25, 26].

This trend underscores the growing dominance of large-
scale solar power plants in Europe's solar energy land-
scape, particularly in the context of national grid integra-
tion and energy market participation. These installations
are subject to comprehensive regulatory requirements,
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including the submission of day-ahead and intraday gen-
eration schedules, compliance with real-time dispatch sig-
nals, and participation in balancing markets [27]. In coun-
tries with rising solar penetration, these frameworks aim
to preserve grid stability while integrating variable renew-
able generation [28-30].

The reliable and efficient operation of PV power plants
is governed by a complex interplay of technological
design, environmental conditions, and real-time control
strategies. System performance is fundamentally influ-
enced by the type, material composition, and efficiency
class of the installed PV modules, as well as their deg-
radation characteristics over time. Additionally, critical
site-specific factors — including geographic location, panel
orientation (azimuth), tilt angle, degree of surface soiling,
and dynamic meteorological conditions such as irradi-
ance, temperature, and cloud cover — have a significant
impact on energy yield.

In fixed-tilt PV installations, energy output can be
substantially enhanced by optimizing the angle of incli-
nation and orientation according to local solar geometry.
Suboptimal alignment or neglecting shading impacts may
reduce overall irradiance capture and negatively affect
the plant's capacity factor. These losses not only compro-
mise generation efficiency but also prolong the investment
payback period and reduce long-term return on invest-
ment [31-34]. To mitigate such risks and ensure data-driven
performance management, the integration of advanced
monitoring systems has become a standard component in
modern PV plant infrastructure [35, 36]. These platforms
allow operators to remotely track key performance indica-
tors, detect anomalies, and adjust control logic based on
real-time measurements [37, 38]. Monitoring systems typ-
ically interface with the inverters via embedded commu-
nication ports or external data acquisition units, and are
connected to the Internet through wired (Ethernet) or
wireless (Wi-Fi, GSM, LTE) technologies. Most inverter
manufacturers offer built-in web servers or standardized
communication protocols (e.g., Modbus TCP/IP, MQTT),
enabling seamless remote access for authorized person-
nel [39—41]. Beyond basic fault detection and data log-
ging, advanced monitoring frameworks are increasingly
being used to support higher-level functionalities, such as
grid-supportive control or predictive maintenance. As PV
deployment scales, especially in utility-scale applications,
the role of intelligent, responsive monitoring systems
becomes ever more crucial — not only for maximizing
yield but also for enhancing grid compliance, economic
performance, and operational resilience [42, 43].

Although PV power plants play an ever-increasing role
in today's electric energy systems [44], their regulation
poses a challenge to the optimal management of electric-
ity systems [45, 46].

In order to understand the regulation needs caused by
PV power plants and their scale, it is essential to under-
stand the importance of scheduling. Power plants operat-
ing in the EU that generate electricity for sale are required
to inform the transmission system operator (TSO) of the
expected energy generation in a schedule, typically sub-
mitted by 12:00 a.m. the day before. The temporal reso-
lution of this is 15 or 60 min in the EU, with the stricter
version of 15 min used in Hungary. The task of the TSO
is to operate the electricity network efficiently and safely
and to transmit electric energy in the high-voltage elec-
tricity network in order to ensure the continuity and secu-
rity of power supply. The scheduling obligation requires
power plants to generate electricity at the predetermined
times and in the predetermined quantity and feed it into
the grid. This obligation is essential to ensure the reliabil-
ity and balance of electricity supply. In the event of inac-
curacies in scheduling, market participants in the EU are
obliged to reimburse the costs of imbalances in the energy
system caused by their activities.

In the course of schedule keeping there may be a demand
for both up- and downward regulation. If the actual power
output of a PV power plant falls short of the forecasted
value submitted in the schedule, an upward regulation
requirement arises to compensate for the energy deficit.
Conversely, when the actual production exceeds the sched-
uled forecast, a downward regulation becomes necessary
to prevent grid imbalances. In both cases, the resulting
deviations are subject to financial settlement in the balanc-
ing energy market, typically coordinated and enforced by
the Transmission System Operator (TSO) [47].

An earlier study related to this issue, Zsiboracs
et al. [48], examined the upward and downward regulation
needs of 19 European countries. The research concluded
that the accuracy of PV power plant scheduling varied
from country to country. It was found that the schedules
of PV power plants in Germany and Spain proved to be
more accurate than those of other countries. In addition,
the research revealed that forecasts in some countries, such
as Estonia and Switzerland, showed greater inaccuracies.
Hungary, due to strict regulations, has a relatively accu-
rate PV forecasting mechanism in the field of scheduling.
The results of the study primarily help energy market par-
ticipants and decision-makers understand the limitations
of the accuracy of forecasting methods. In addition, this



information could contribute to improving the economic
efficiency of companies investing in PV power plants
through the use of energy storage and other technologies
such as solar tracking solutions.

To enhance schedule accuracy and compliance in PV
power plants, researchers and system developers are
increasingly exploring innovative control strategies.
Among these, solar tracking technology has emerged as
a promising solution, offering a cost-effective approach to
mitigating both upward and downward regulation needs.
This paper contributes to this field by introducing a pat-
ented control concept (Patent ID: P2300095 [49]) designed
to optimize schedule adherence in PV systems equipped
with solar tracking capabilities.

The control methodology presented in this paper was
formulated as a logical response to Hungary's regula-
tory environment for PV power plants, particularly with
respect to schedule compliance and curtailment capabil-
ities. According to the July 2022 regulations issued by
the Hungarian TSO MAVIR (Hungarian Independent
Transmission Operator Company Ltd.), all newly installed
variable renewable energy units with a nominal capacity
above 50 kVA were required to provide a minimum of 30%
upward and downward regulation capability (automatic
Frequency Restoration Reserve (aFRR)), relative to their
installed capacity. This requirement aimed to address ris-
ing system balancing costs caused by the increasing share
of intermittent solar generation.

However, due to implementation challenges and market
feedback, this obligation was temporarily suspended on
December 16, 2022. Since then, policy discussions have
continued, and according to reports from early 2025, sig-
nificant regulatory changes may be underway. Notably,
a new legislative proposal aims to raise the capacity
threshold for mandatory aFRR compliance to 5 MW.
If enacted, this change would relieve a substantial num-
ber of small- and medium-scale PV plants from the need
to install remote-control and regulation capabilities, effec-
tively removing a significant burden from project develop-
ers and operators. Nevertheless, the debate remains active.
Independent aggregators have expressed concern that such
a change might reduce the volume of controllable capacity
available to the TSO, potentially undermining grid stabil-
ity and system flexibility. They advocate for setting the
threshold at a more moderate level, such as 400 kW, which
would still exempt the smallest systems but preserve the
regulatory function of larger non-household PV installa-
tions. While the future of mandatory aFRR obligations
in Hungary remains uncertain, it is clear that regulatory
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volatility poses challenges to long-term investment secu-
rity and system planning. Still, the ongoing evolution of
the framework underlines the importance of adaptable
technologies and control architectures.

The control concept presented in this paper, supported
by a patent (ID: P2300095 [49]), is designed with flexi-
bility and scalability in mind. It addresses the need for
cost-effective schedule adherence in PV systems equipped
with solar tracking technology. Importantly, it also sup-
ports optional integration into aFRR-based grid services,
should future regulations reintroduce or redefine such obli-
gations. Given the continuing growth in solar PV capacity,
the ability to curtail overproduction and assist in grid bal-
ancing remains a valuable capability. Even if formal aFRR
compliance becomes optional for a broad segment of the
market, being technically prepared for such services offers
strategic advantages in terms of both risk mitigation and
future revenue potential [S0—53].

In order to maximize the annual amount of energy that
PV systems can produce, it is essential to know the climatic
and territorial conditions of a given site, as this information
determines the ideal angle of inclination [54, 55], which
varies between 20° and 50° in Europe [56]. To increase the
efficiency of PV systems, solar tracking is becoming more
and more widespread. Single and dual axis solar track-
ing systems continuously rotate PV modules towards the
sun, resulting in an increase in energy production of up
to 20-50% compared to fixed installations. Single-axis
solutions are typically east-west, while the dual axis solu-
tions can accurately track the position of the Sun [57-59].
As of 2024, approximately 15-25% of newly installed pho-
tovoltaic (PV) power plants employed solar tracking tech-
nology. North America was the largest market, accounting
for 30% of the global share, while Europe was emerging as
the fastest-growing region. The global solar tracker market
was valued at around USD 7.01 billion in 2024 and is pro-
jected to grow to nearly USD 71.81 billion by 2034, reflect-
ing a compound annual growth rate (CAGR) of 26.2% [60].

Solar tracking photovoltaic (PV) systems can be broadly
categorized into active and passive technologies [61-63].
Active tracking systems rely on electromechanical actua-
tors that adjust the orientation of PV modules based on sun
position data or sensor inputs. In contrast, passive tracking
systems utilize thermomechanical mechanisms, typically
involving a compressed fluid with a low boiling point, to
facilitate movement in response to solar heating [62, 64].

Currently, active solar tracking systems dominate the
market, primarily due to their superior real-time accu-
racy and adaptability under varying environmental condi-
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tions [65]. Among solar tracking methodologies, sen-
sor-based control systems are the most commonly imple-
mented. These systems rely on physical principles, such as
differential irradiance detection, to maintain the continu-
ous alignment of PV modules with the brightest point in
the sky. However, recent advancements have introduced
astronomical equation-based and GPS-assisted tracking
systems, which provide a deterministic mechanism for
sun positioning without relying on real-time solar irra-
diance measurements. These approaches are particularly
advantageous in regions characterized by frequent cloud
coverage or high levels of diffuse radiation, where tradi-
tional sensor-based trackers may become unreliable [66].
Although Al-assisted control strategies for solar track-
ing have demonstrated considerable promise in simula-
tion-based studies and pilot-scale implementations (espe-
cially in terms of optimizing energy yield and operational
flexibility), their widespread commercial adoption remains
constrained. The key limiting factors include high system
integration complexity, significant computational require-
ments, limited field validation, and the absence of stan-
dardized deployment frameworks [67].

Despite significant advances in the precision of solar
tracking technologies, current control solutions are gener-
ally not designed to support grid-aligned generation sched-
uling. Most existing systems prioritize the maximization of
solar irradiance capture and energy yield, but lack mech-
anisms for dynamic power modulation in accordance with
day-ahead or intraday dispatch signals issued by system
operators. Recent studies confirm that predictive or sched-
ule-aware control remains largely absent from commer-
cially available and patented tracking systems, which are
primarily optimized for real-time solar alignment rather
than temporal coordination with grid demands [68, 69].

The following section presents a targeted review of
representative commercial products and patented solar
tracking control solutions. This analysis evaluates each
system's ability — or lack thereof — to integrate sched-
ule-adaptive functionality, thereby contextualizing the
relevance and novelty of the control concept proposed in
this study (Table 1 [70-80]).

FUSIONSEEKER (Slovenia) has developed a sun track-
ing control system designed for continuous solar alignment
throughout the day [70]. The system disables motor activ-
ity during cloudy conditions to conserve energy. Its core
functionality is centered on real-time irradiance tracking,
and it does not support any mechanisms for aligning gen-
eration with grid-based scheduling requirements.

Table 1 Summary overview of reviewed solar tracking control

methodologies

System / Patent Main function SCthI.J.IC-

adaptive
FUSIONSEEKER [70] Continuous tracking No
Solar Stalker (Laser Configurable delayed No
Precision Crafts, LLC) [71] tracking

" .

EP2389547A4 [72] Sensor+GPS tracking No

with wind protection

WO02009048879A3 [73] Performance-based No
tracking (sensorless)

Performance-maximizing

US9291696B2 [74] . No
tracking
US20170187327A1 [75] Optimized motor control
(single/dual axis)
US20190072992A1 [76] Forecasting via camera No
system
Irradi loud-
US10554170B2 [77] rradiance/c opd based No
forecasting
IP2014236541 A [78] Battery charge/discharge No
control
+
US10139847B2 [79] PV + battery output No
stabilization
EP3026774B1 [80] Battery.control with No
grid code
Scheduling—Aware” Schedule-adaptive Yes

tracking

“ Note: The Scheduling—Aware control strategy is proposed in the
present study.

The Solar Stalker, developed by Laser Precision Crafts,
LLC (USA) [71], offers both continuous and delayed
sun-tracking modes, with user-configurable delays rang-
ing from 0 to 65 min. During overcast periods, it imple-
ments a phased tracking strategy, orienting PV modules
toward the brightest part of the sky. Despite this adaptive
capability, the system does not include features for dis-
patch coordination or schedule-aware generation control.

Besides the advanced sun-tracking controllers dis-
cussed above, there are also low-cost, mass-produced
dual-axis solar tracking units commercially available
in 2025 (e.g., [81, 82]), which offer only basic function-
ality. These systems perform autonomous full-day solar
tracking from sunrise to sunset based on optical sensors
but lack any form of output modulation, schedule-aware
generation, or grid-dispatch coordination. Their design
focuses on simple mechanical sun alignment rather than
integrated energy management.

The first patent analyzed here, patent EP2389547A4 [72]
describes a system that combines sensor data and GPS
input to continuously track the sun's trajectory. During



cloud cover, the system relies on GPS-based positioning
to continue movement. It also incorporates wind protec-
tion features, adjusting panel orientation dynamically in
strong gusts. While technically robust, the design remains
focused on irradiance optimization and does not support
schedule-aligned power output control.

Patent WO2009048879A3 [73] proposes a sensorless
system that monitors PV module performance data using an
energy collector module to adjust the tracking structure. The
solution performs continuous tracking from sunrise to sun-
set, with the primary objective of maximizing output perfor-
mance. However, it lacks the ability to modulate generation
in coordination with dispatch signals or scheduling plans.

Patent US9291696B2 [74] is similarly centered on
maximizing PV output through continuous sun tracking.
The control logic does not support any schedule-based
modulation or response to grid-oriented requirements,
making it unsuitable for dispatch integration.

Patent US20170187327A1 [75] offers greater mechani-
cal flexibility, allowing optimized motor control for both
single- and dual-axis systems. The control strategy incor-
porates solar position, PV output, and wind speed to guide
movement. However, this solution remains reactive to
environmental conditions only and does not interface with
grid dispatch signals or scheduling protocols.

Patent US20190072992A1 [76] focuses on performance
forecasting, using a camera-based system to detect envi-
ronmental conditions and predict PV generation. While
valuable for operational planning, this technology does
not control solar tracking or manage real-time output and
therefore cannot support schedule optimization.

Patent US10554170B2 [77] employs solar irradiance
and cloud sensors to anticipate generation fluctuations and
evaluate their impact on microgrids and the broader elec-
trical system. Similar to the previous patent, it is designed
for performance estimation rather than active tracking
control and lacks any scheduling-responsive functionality.

Patent JP2014236541A [78] outlines a real-time battery
charging and discharging method linked to PV systems.
The approach aims to enhance energy dispatch flexibility
via storage management. However, it does not alter solar
tracking behavior or allow schedule-aligned generation
control at the PV level.

Patent US10139847B2 [79] also integrates battery energy
storage with PV systems to reduce grid load through opti-
mized production and storage control. Despite this, the
control strategy is based solely on real-time system feed-
back and lacks predictive or schedule-oriented features.
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Patent EP3026774B1 [80] introduces a grid code—com-
pliant control solution for PV-battery systems. The core
objective is to stabilize battery state-of-charge levels by
responding to current network demands. This method
remains reactive and does not incorporate any forecasting
or schedule-aligned operation at the tracking level.

In summary, the reviewed systems collectively reflect
a clear emphasis on real-time sun tracking, environmen-
tal adaptability, and in some cases, integration with stor-
age or forecasting components. However, none of the tech-
nologies analyzed include a control strategy that actively
aligns solar tracking behavior with externally imposed
generation schedules. This underscores the relevance of
developing a novel control framework that enables pho-
tovoltaic systems to meet grid demands not only through
maximal energy capture but also through predictive,
schedule-adaptive active intervention.

2 Materials and methods

2.1 Empirical basis for simulation inputs: findings from
tracking precision analysis

Zsiboracs et al. [83] conducted under real meteorological
conditions in Hungary evaluated the sensitivity of differ-
ent PV technologies — monocrystalline (m-Si), polycrys-
talline (p-Si), and amorphous silicon (a-Si) — to mis-
alignment from the ideal solar tracking position. Using
a high-precision dual-axis tracking system equipped with
a concentrator photovoltaic (CPV) module as a refer-
ence, the study systematically analyzed how deviations
from the optimal focus point (FP) affected the electrical
performance of each PV type. The experimental proto-
col involved controlled angular displacements in both tilt
and azimuthal directions, with module orientation altered
across cardinal and intercardinal directions (N, NW, W,
SW, S, SE, E, NE).

The main objective was to determine the so-called per-
formance insensitivity threshold, defined as the angular
deviation range in which the PV output remains function-
ally unaffected. Results showed that for all three PV tech-
nologies, performance losses were negligible within a 3°
tracking error, regardless of direction. However, beyond
this threshold, the angular sensitivity became both tech-
nology- and direction-dependent. Deviations in NW, SW,
SE, and NE orientations were found to induce the high-
est performance losses. While all technologies exhibited
similar resilience up to moderate misalignments, the per-
formance degradation of amorphous silicon modules
became more pronounced above 20°, indicating a higher
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directional sensitivity compared to crystalline counter-
parts under greater angular deviations.

Building on these findings, the present study focuses
exclusively on m-Si technology, which dominates newly
installed photovoltaic systems across the European Union
due to its high efficiency, durability, and favorable cost-
performance ratio [84].

To represent the relationship between angular mis-
alignment and performance degradation, the study applied
third-degree polynomial regression functions to the mea-
sured m-Si data (Table 1 [70—80]), with separate coef-
ficients derived for each of the eight cardinal and inter-
cardinal orientations (N, NW, W, SW, S, SE, E, NE).
The polynomial form allows for smooth, continuous
approximation of performance changes up to 30° of devi-
ation from the optimal solar vector. The 30° angular limit
was maintained in the current simulation model partly
due to the limitations of the original measurement data-
set, and partly because +£30° represents a typical actuation
range for certain types of commercially available linear
actuators used in dual-axis solar tracking systems. These
polynomial expressions serve as parametric inputs to the
control simulation, forming the empirical foundation for
evaluating schedule-based strategies.

While studies such as Nsengiyumva et al. [85] report
minimal efficiency loss (e.g., <1.5%) at up to 10° of track-
ing error, the previously reported measurements indicate
a more nuanced, direction- and technology-specific deg-
radation pattern — particularly beyond 10°, and markedly
so above 20°.

Accordingly, the simulation framework remains grounded
in locally measured performance curves, ensuring con-
sistency with Hungary's climatic and radiative conditions.
The performance loss of m-Si modules was therefore esti-
mated using the following polynomial expression Eq. (1):

f(x)=a+bxx+cxx’ +dxx’, Q)

where:

*  f(x): estimated relative performance (%) at an angu-
lar deviation x (°) from the focus point (FP);

* a, b, ¢, d: direction-specific polynomial regression
coefficients obtained from third-degree fits to the
measured relative performance data;

* x:angular deviation (in degrees) from the optimal FP.

Table 2 summarizes the regression coefficients corre-
sponding to each cardinal and intercardinal orientation,
obtained from third-degree polynomial fits to measured

Table 2 Polynomial regression coefficients for estimating relative
performance of m-Si PV modules as a function of angular deviation
from the focus point (FP), by direction. (The regression model
is f(x) = a + bx + cx* + dx*, where f(x) is the estimated relative

performance (%) and is the angular deviation (°) from the FP.)"

a (baseline value for

Direction direction-specific fit) b () 40
North 99.9888 0.0504  —0.0145  0.0001
North-West 100.5779 -0.4611  0.0096 —0.0008
West 100.1443 -0.0665 —0.0167  0.0001
South-West 100.0593 —0.0487 —0.0319  0.0002
South 99.9888 0.0504  -0.0145  0.0001
South-East 99.9491 —0.0052  —0.03 0.0003
East 100.338 -0.225  0.0071  —0.0005
North-East 100.2894 —0.2327 —0.0057 —0.0003

“Note: a, b, ¢ and d are direction-specific polynomial regression
coefficients obtained from third-degree fits to the measured relative
performance data.

performance loss data as a function of angular deviation
from the FP.

2.2 Control logic design for schedule-adaptive sun-
tracking PV systems

Most solar tracking systems currently in operation are
active, employing electromechanical actuators controlled
by sensor- or algorithm-based strategies. However, the
primary limitation of existing systems lies in their exclu-
sive focus on maximizing irradiance capture, without
mechanisms for schedule-oriented control or dynamic
output adjustment [86].

The conceptual logic of the control strategy presented in
this section was designed to improve schedule adherence in
sun-tracking PV systems. The new approach is grounded in
the growing importance of schedule-keeping capabilities in
grid-integrated renewable energy systems, particularly under
regulatory frameworks requiring active power control.

To address deviations between forecasted and actual
generation, the proposed method introduces a closed-loop
control cycle capable of dynamically adjusting the mod-
ule orientation. This control loop continuously minimizes
schedule deviations by adapting the sun-tracking trajec-
tory within predefined tolerance limits.

The control logic is structured as a cyclic procedure,
operating at a fixed temporal resolution (e.g., 1-min inter-
vals), and is designed to be integrated into SCADA or
EMS-based supervisory architectures.

Fig. 1 illustrates the control flowchart, based on which
the complete sequence of operations (S1-S12) can be
described in detail. The process begins with SI — initial-



Fig. 1 Schedule-oriented control logic with periodic performance
correction for dual-axis solar tracking PV plants
ization, where the control cycle is automatically started
and repeated at fixed temporal intervals (e.g., 1-min).
In S2 — loading of monitoring data, the system retrieves
the day-ahead and intraday schedules submitted to the
Transmission System Operator (TSO), as well as the actual
generation values recorded by the monitoring system
(e.g., SCADA or EMS). Next, S3 — acquisition of the cur-
rent tracker position provides the actual azimuth and ele-
vation of the PV modules, followed in S4 — solar position
computation by the determination of the Sun's real-time
position using an integrated algorithm (e.g., SPA), which
establishes the reference for orientation and intervention
angle calculation. In S5 — quantification of power devia-
tion, the difference between planned and actual generation
is calculated in both absolute and percentage form, which
is then assessed in S6 — threshold check against a pre-
defined tolerance (e.g., 3%) to avoid unnecessary inter-
ventions caused by natural PV fluctuations. If the thresh-
old is exceeded, the process moves to S7 — suspension of
default tracking and preparation for intervention, switch-
ing from standard dual-axis tracking to schedule-oriented
control. This enables S8 — deflection angle determina-
tion, where the required adjustment is computed consid-
ering the current solar position, actual module orientation,
and mechanical limits, ensuring controlled irradiance
reduction based on pre-recorded module characteristics.
The corresponding commands are executed in S9 — gener-
ation of intervention signals, adjusting the azimuth and/or
tilt of the PV modules. In S10 — re-evaluation of deviation,
the system checks at the next interval whether the devi-
ation has returned within tolerance or whether mechan-
ical limits have been reached. If so, in S11 — sun track-
ing restart command, once the deviation decreases and
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the deflection angle compared to the optimal sun position
is within 3° the cycle is restarted. Finally, S12 — position
stabilization temporarily freezes the orientation (e.g., for
1 min) to avoid excessive actuator movement, after which
the cycle restarts from S2.

As part of the post-processing analysis, the simula-
tion results were examined to quantify how often the sys-
tem experienced two characteristic conditions: persistent
underperformance (when the corrected output remained
below the schedule) and mechanical limit events (when
the actuator reached its mechanical deflection limit and no
further adjustment was possible).

For each control interval, the relationship between cor-
rected and scheduled generation was assessed, classifying
each step as underperformance when the corrected out-
put was lower than the scheduled value, and as mechan-
ical bound when it exceeded the scheduled value despite
active regulation.

The occurrence frequencies were then computed as the
ratio of these cases to the total number of control steps,
expressed as a percentage.

The practical implementation of this control sequence,
along with its mathematical formalization, is presented in
the Results section. The proposed logic was fully developed
and executed in a Python-based environment (3.12.5) [87].

2.3 Data sources and preprocessing
The first dataset was obtained from the ENTSO-E
Transparency Platform (Platform), a public database oper-
ated by European transmission system operators. It con-
tains day-ahead, intraday, and actual generation data for
renewable sources, reported in 15-min resolution and har-
monized across EU member states. For this study, datasets
were retrieved for Hungary's entire portfolio of PV power
plants subject to scheduling obligations, covering the full
year 2024. These data served to quantify deviations between
forecasted and actual generation for fixed-tilt PV systems.
All values were normalized to a nominal capacity of 1 MWp.
The second dataset was generated using the HOMER
Pro simulation software (3.18.4) [88], a widely applied
energy system modeling tool used in the analysis and opti-
mization of renewable-based systems. Based on the geo-
graphical coordinates and climatic conditions of the study
site (Keszthely, Hungary), the HOMER Pro simulation
software (3.18.4) [88] produced generation time series for
a dual-axis tracking PV plant with a nominal capacity of
1 MW. This location corresponds to the site referenced in
Section 2.1 [83], and the previously derived polynomial
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regression functions were used as parametric inputs for
simulating schedule-based control strategies.
The data-preparation workflow consisted of five
sequential steps:
1. interpolation of the simulated HOMER Pro data-
set [88] to 15-min resolution,
2. ratio-based correction against measured ENTSO-E
data with median replacement for outliers,
3. synchronization of the corrected series with sched-
ule data,
4. derivation and capping of the dual-axis schedule
(maximum 960 kW), and
5. consistency check for zero-schedule intervals.

These steps ensured full alignment between simulated
and measured datasets and provided robust inputs for
schedule-based control evaluation. To ensure compatibil-
ity between the two data sources, a series of preprocess-
ing steps was required, as detailed below:

1. Temporal resolution harmonization: the HOMER Pro
simulation software [88] provided hourly time series
(P,HOMER). These data were linearly interpolated to
a 15-min resolution in order to be directly compara-
ble with the schedule (Mf”‘) and actual generation
(P™™) datasets obtained from the Platform, which
are also reported at 15-min intervals. During interpo-
lation, each hourly value was complemented with two
intermediate points, ensuring a continuous time series.

2. Reference-based correction of simulated data: since
the Platform datasets (P™™™) represent actual
power generation, they were considered as reference
values. Accordingly, the HOMER Pro simulated
series (B"™ ) were corrected by calculating, for
each 15-min interval, the ratio between the simu-
lated and the actual Platform values, expressed as:

pHOMER
_ 5
Rt - PPlatform 2 (2)
t
where:

* R :ratio in a given time interval ¢,
P[HOMER

: simulated actual power from HOMER
Pro [88] (MW),

Platform
B

: actual power from the Platform (fixed
system) (MW).
This ratio (R,) expressed the magnitude of devia-

tion between the simulated values (P;HOMER ) and the

PP]atform

) ) The obtained ratios were

actual values (
subsequently grouped by time-of-day segments, and

for each segment a representative "typical" value was

determined, using the median as a robust estimator.
Outliers were defined as those ratios that exceeded
five times, or fell below one-fifth, of the median
value for the corresponding time segment. The appli-
cation of this threshold served as a statistical filter
for extreme deviations, ensuring that the overall
profile of the time series remained realistic. Ratios
exceeding these thresholds typically originated from
the limitations of the simulation model (HOMER
Pro [88]), which, for example, tended to overesti-
mate power generation during morning ramp-up
and evening decline periods compared to the actual
Platform measurements. Such extreme values were
replaced with the median of the respective time seg-
ment, thereby mitigating distortions and eliminating
unrealistic fluctuations from the dataset.

The corrected HOMER Pro [88] time series
(PMOMERm) \was generated by multiplying the
software-simulated performance values (B"™)
with the cleaned and representative ratio ( f(R))), as
defined by the following equation (Eq. (3)):

P{HOMER,wrr — PIHOMER % f(R, )’ (3)

where:

o PUOVER@™ . corrected HOMER Pro [88] simu-
lated actual performance at time 1 (MW),

* f(R): time-of-day—specific cleaned and represen-
tative ratio.

This ensured that the corrected dataset preserved the

general characteristics of the actual system output

while representing a dual-axis configuration.

. Synchronization with schedule data: After the syn-

chronization of the corrected HOMER Pro data-
set [88] (P,HOMER""””) with the fixed system sched-
ule data provided by the Platform (M,ﬁ" ) only those
15-min intervals were retained for which valid sched-
ule values existed. Time periods without scheduled
values (e.g., early morning hours when actual pro-
duction was zero) were excluded.

. Estimation of schedule data for the dual-axis system:

The Platform provides schedule data exclusively for
fixed-tilt systems (Mf”‘ ), which are always linked to
their corresponding actual performance time series
(P™). Since no paired schedule dataset was avail-
able for the dual-axis system, its schedule had to be
derived from the fixed-tilt system schedules. For this
purpose, in each 15-min interval the ratio between
the corrected HOMER Pro [88] dual-axis actual per-
formance (P,d“”[’“’”) and the Platform-based fixed



actual performance (Eﬂ") was calculated. This
ratio is hereinafter denoted as (R,d”"l ) This ratio
(R™') indicates the relative difference in generation
between the dual-axis and the fixed-tilt systems at
a given time, showing whether the dual-axis configu-
ration would have produced a surplus or deficit com-
pared to the fixed system. Accordingly, the dual-axis
schedule (M) was estimated as follows:

dual ,corr
Mtdual — M,ﬁx x t - , (4)
ix
5
M’duu[ — Mtﬁx x thua[ , (5)

where:

o M™": estimated schedule for the dual-axis sys-
tem at time t (MW),

« M : schedule for the fixed-tilt system (Platform)

(MW),

P . corrected HOMER Pro [88] dual-axis

actual performance (MW),
« P™: actual performance of the fixed-tilt system
(Platform) (MW),
e R™: ratio between dual-axis and fixed-tilt
actual performance at time ¢t (MW).
Extreme ratios were replaced with typical values
determined on a time-of-day basis, and an upper cap
of 960 kW was applied, corresponding to the typical
maximum output of a nominal 1 MW PV system.

5. Consistency check: In time intervals where the esti-
mated dual-axis schedule (M) equaled zero,
the corresponding corrected actual performance
(P,"”"I"""") was also set to zero. This ensured that
no situations occurred where the schedule indicated
zero output while the actual data showed positive
generation. This step further improved the consis-
tency and robustness of the dataset.

To confirm the robustness of these preprocessing set-
tings, a brief sensitivity check was performed regard-
ing the interpolation scheme, the median-based outlier
replacement, and the applied capping threshold. This veri-
fication indicated that the methodological choices had only
marginal influence on the overall outcomes.

2.4 Methodology for assessing schedule accuracy and
regulation requirements

In this study, the methodology presented in Zsiboracs
et al. [27] was adopted to evaluate schedule-keeping accu-
racy and to quantify up- and down-regulation requirements.
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The aim of the analysis is to demonstrate how the mecha-
nism developed in the present research can mitigate sched-
ule deviations and thereby reduce regulation needs.

Throughout this section, M, denotes the scheduled

generation, P

P’dual ,mech

the corrected actual generation, and
the mechanism-adjusted actual generation.

The starting point of the analysis was the corrected
dual-axis actual performance dataset (P,d“"l"'“"' ), along
with the corresponding schedule values (M"). For the
assessment of schedule keeping accuracy, however, two
types of actual performance were considered:

* the corrected simulation-based dual-axis actual data

(Ptdual,carr ), and

» the mechanism-adjusted dual-axis actual data intro-

duced in this study (P ),

The average magnitude of the regulation requirement was
quantified using the Mean Absolute Error (MAE) indicator:

I .
M AEdual,crm _ N Z | Mto,h;a/ _ })tiual ,COFY , (6)
i=1

. 1 &
MAEdual,mLch — NZ|MZT40/ _Riual,mech , (7)
i=1

where:
* N:number of observed time intervals,

. Bdual Jmech

: dual-axis actual performance at time ¢,
modified by the mechanism introduced in the present
study (MW).

While MAE provides the overall magnitude of devia-
tions, it does not differentiate their direction. Therefore,
the breakdown of deviations is necessary, since negative
and positive errors are associated with distinct regulatory
costs and market implications. Accordingly, two additional
indicators were introduced:

* The Mean Negative Error (MNE) was introduced to
quantify positive imbalances (actual output > sched-
uled output), corresponding to down-regulation
requirements:

MNEdual,corr — %ZN: min (O, M:f'?al _ Ptiual,corr )’ (8)
i=1

MNEdual,mech — %i min (0, Mf?al _ Ptiua[,mech ) (9)
i=1

e On the other hand, the Mean Positive Error (MPE)
quantifies negative imbalances (actual output <
scheduled output), which translate into up-regulation
requirements:
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MPEal-cor _ z m ax( Mdual Pdual Jcorr )’ (10)

MPEdual,mech — Limax (O, Mﬁ;«a[ _ })rim’h’"""h ) (11)

The two components together yield the total deviation:
MAE =|MNE|+ MPE. (12)

This methodological framework enables the quantifi-
cation of both downward and upward regulation require-
ments for the corrected dual-axis case (M Al poet “’") as

well as for the mechanism-adjusted case (M aal poet ’"“h)
On this basis, it is possible to evaluate to what extent the
proposed mechanism can effectively reduce schedule devi-
ations and the associated balancing energy needs.
Furthermore, the total annual actual energy production
was also calculated for both cases (i.e., without and with
the mechanism) to provide a consistent basis for compar-
ison of schedule deviations in relative terms. The annual

energy production was derived as follows:

N

Edual,uorr — ZPtdua/,corr % At, (13)
t=1
N

Edual,mech — zBdual,mech x At, (14)
t=1

where:

o [Eduleorr: annual actual energy production of the
corrected dual-axis system without the mecha-
nism (MWh),

o [dualmech: annual actual energy production of the dual-
axis system with the mechanism applied (MWh),

e Atz: time step (0.25 h) (h).

3 Results and discussion
3.1 Implementation and mathematical formalization of
the schedule-tracking mechanism
As a result of the present research, the schedule-tracking
mechanism developed by the authors is presented below. The
decision logic was implemented in Python [87], enabling the
automated processing of large time series datasets and the
numerical simulation of the operation of the mechanism.
The purpose of the mechanism is to modify the cor-
rected dual-axis actual performance (P,d“‘”""’") in such
a way that it follows the scheduled values (M) as
closely as possible.
The decision-making process can be mathematically
formalized through the following rules:

1. Exact schedule adherence:

If the corrected actual performance equals the sched-
uled value, no adjustment is required. This case cor-
responds to perfect alignment, where the actual gen-
eration already matches the schedule. Hence, the
mechanism remains inactive:

Edual,mech — Edual,corr’ lf Bdual,corr — Mrdual' (15)

. Deviation within tolerance band:

If the deviation remains smaller than a predefined
relative threshold (g), no intervention is performed.
This band prevents unnecessary adjustments for
small fluctuations that may arise from measurement
noise or natural short-term irradiance variability:

Edual,mech — Edual,carr’ lf |AP/| < gXMldual’ (16)

where:

o AP =P — M deviation between actual
and scheduled performance,

» ¢ predefined tolerance threshold (dimensionless).

. Underperformance (P < M)

The system actively increases the output by reorient-
ing the PV modules toward the optimal solar posi-
tion. Here the mechanism assumes that the deviation
can be compensated by improving the orientation of
the modules. The function f(6,) accounts for the irra-
diance gain achievable through optimal tracking:

P{dual,mech — f(et)XPIdual,cw’r’ lf P;dual,corr < Mtdual’ (17)
where:

* f(0r): power reducing function of the module tilt
angle 0.

. Overproduction (P > M)

The system reduces the output by adjusting the mod-
ules' tilt angle away from the optimal solar position
This intentional detuning reduces generation to avoid
exceeding the scheduled value, ensuring that the plant
does not feed more power than planned into the grid:

I)Idual,mech — f(e[)xl)ldual,curr, lf l)ldual,corr > M[dual. (18)

. Persistent underperformance despite optimal posi-

tioning:

If the scheduled value cannot be achieved even with
optimal module orientation, the actual performance
remains unchanged:

Rdual,mech :Rdual,corr’ 1f Rdua[,curr < Mtdual

A optimal positioning is insufficient

; (19)



where:

+ optimal positioning: denotes the case when mod-
ules are oriented at the optimal solar position.
This case reflects a physical limitation of the system.
Even under full solar tracking, the available irradi-
ance may be insufficient to meet the scheduled out-
put. In such situations, the mechanism cannot further
increase production, and defaults to the corrected actual

performance P““""

without additional adjustment.
6. Compact decision rule:
The above cases can be summarized in the following

unified expression:

Edual Jcorr Ptdual ,COrr Mtdual
Rdual,curr A]), Mtdual
})tduaI,mech — ( Qt )X Edua[,corr Ptdual,corr Mtdual . (20)
( 9[ ) x l)ldual Lcorr I)ldual Lcorr Mtdual

Pdual ,corr
t

Equation (20) provides a compact mathematical
summary of the mechanism. It captures all possible
cases of deviation, ranging from exact compliance
to physical underperformance limits, and formalizes
the corrective logic in a unified framework. This
unified formulation also facilitates implementation
in algorithmic or simulation environments, enabling
its practical application for schedule adherence and
regulation studies.

For reproducibility, a simplified pseudocode repre-
sentation of the control loop is provided in Appendix A,
illustrating the Python-based implementation logic and its
MicroPython-portable structure (1.23.0) [89].

3.2 The design of the newly developed control
procedure

Based on the simulation, the annual actual energy produc-
tion of the corrected dual-axis system (E“““-<") amounted
to 1164 MWh for a nominal installed capacity of | MWp.
This value was used as the reference for normalizing
schedule deviations, thereby enabling the quantification
of the relative magnitude of regulation requirements.

In the case of day-ahead forecasts, the downward reg-
ulation requirement accounted for 8.0% of the annual
energy production. This indicates that during the exam-
ined period, the actual production exceeded the sched-
uled values by this proportion, implying a corresponding
need for downward regulation from the system opera-
tor. At the same time, the upward regulation requirement
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reached 7.9%, reflecting periods when the actual produc-
tion was lower than the scheduled output, thus necessitat-
ing upward regulation reserves.

For intraday forecasts, the downward regulation
requirement was reduced to 7.0% of the annual energy
production. This suggests that short-term forecasts were
more accurate, resulting in fewer deviations caused by
excess production compared to the schedule. Conversely,
the upward regulation requirement remained practically
unchanged at 6.9%, showing that production shortfalls
persisted even with improved forecast accuracy.

Overall, in the case without the mechanism, the simu-
lated annual production of the dual-axis system (E¢-corr)
was characterized by both downward and upward regula-
tion requirements in the range of 7-8% of the total energy.
These findings are consistent with the results reported in
the authors' previous study in Zsiboracs et al. [48], which
reported similar magnitudes of deviations across PV sys-
tems in various ENTSO-E countries (Table 3).

With the application of the mechanism, the corrected
annual energy yield of the dual-axis system (E7almech)
amounted to 1080 MWh, which represents approximately
a 7% reduction compared to the 1164 MWh obtained with-
out the mechanism (E£7'<>"). This reduction is a direct
consequence of the control logic, which in certain periods
deliberately curtailed actual production in order to main-
tain schedule compliance.

The downward regulation requirement decreased sub-
stantially, from 8.0% without the mechanism to 0.8%
with the mechanism in place. This represents a relative
improvement of more than 90%, clearly demonstrating the
effectiveness of the control logic in mitigating schedule
deviations caused by overproduction, thereby minimizing
the magnitude of downward regulation needs.

In contrast, the upward regulation requirement
decreased only marginally, from 6.94% to 6.9%. This neg-
ligible improvement indicates that the mechanism is not
capable of substantially influencing the regulation demand
associated with production shortfalls. This is expected,
as the mechanism is primarily designed to reduce excess
generation, while shortage situations are inherently con-
strained by the available solar irradiance, which cannot be
increased by control interventions.

Overall, the application of the mechanism resulted
in a modest reduction in annual energy yield (approxi-
mately 7%) but significantly enhanced schedule adherence.
Its effectiveness was most evident in reducing downward
regulation requirements, thereby alleviating a major source
of balancing demand for the power system (Table 3).
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Table 3 Annual corrected simulated energy production and schedule
deviations for the dual-axis PV system (1 MWp)

Forecast Without With Relative
type Indicator mechanism  mechanism reduction
P (%) (%) (%)
Daveahead MNE®“" (%) 8.0 0.8 90
ay-ahea

MPE? (%) 79 78 1
Intrad MNE? (%) 7.0 0.4 94
ntraday

MPE%“ (%) 6.9 6.9 0

The indicators shown in Table 3 are defined as follows:

+ MNE}“ : Mean Negative Error expressed as a per-
centage of total annual energy production,

+ MPE%“: Mean Positive Error expressed as a per-
centage of total annual energy production.

Fig. 2 presents scatter plots comparing the scheduled
values (x-axis) and the actual energy production (y-axis)
for the cases without and with the mechanism, under
both day-ahead and intraday forecasts. The diagonal line
represents the hypothetical case of perfect agreement
between schedule and actual values, and deviations can
thus be interpreted relative to this line:

* Day-ahead without the mechanism: the scatter cloud

shows considerable dispersion around the diagonal.
In several cases, the scheduled power output signifi-
cantly deviated from the actual production, espe-
cially at higher generation levels, illustrating the
magnitude of downward regulation requirements.

Day-ahead PV power forecast (MW)
Day-ahead PV power forecast (MW)

0.2 0.4 0.6 0.8 1 12 0 0.2 0.4 0.6 0.8 1

Intraday PV power forecast (MW)

I
©

o
w

o
o

o
=

0.4 0.6 08 1 12
Actual PV power (MW)

Intraday PV power forecast (MW)

02

0.4 0.6
Actual PV power (MW)

0.8 1

(a)

(b)

Fig. 2 Scatter plots of day-ahead and intraday forecast versus actual

dual-axis PV power, with and without the proposed mechanism (1 MWp

reference system): (a) Without mechanism; (b) With mechanism

» Intraday without the mechanism: the scatter cloud is
located closer to the diagonal compared to the day-
ahead case, reflecting the inherently higher accu-
racy of intraday forecasts.

* Day-ahead with the mechanism: the scatter points
cluster more tightly around the diagonal compared
to the case without the mechanism. This indicates,
on the one hand, that the mechanism substantially
mitigated schedule deviations arising from overpro-
duction, and on the other hand, that the more con-
trolled actual energy production resulted in a distri-
bution more closely aligned with the diagonal.

» Intraday with the mechanism: the scatter points clus-
ter even more tightly around the diagonal than in the
day-ahead case with the mechanism, representing
the highest level of accuracy among the four scenar-
ios. While perfect alignment cannot be achieved, the
distribution of points representing scheduled versus
actual values is noticeably narrower compared to
the intraday case without the mechanism, and also
shows a tighter fit relative to the day-ahead case.
This confirms that the mechanism, when combined
with intraday forecasts, provides the most effective
improvement in schedule adherence.

To quantitatively complement Fig. 2 and substantiate
the interpretation of unchanged upward regulation, the
frequency of key control outcomes was analyzed.

In the day-ahead forecast case, persistent underperfor-
mance at optimal orientation occurred in 27.3% of control
intervals, typically under sub-optimal irradiance when
available solar input could not meet the scheduled target.

Mechanical limits (S8—S10) were reached in 6.38%
of intervals, indicating that physical constraints were
encountered during high-irradiance periods where further
curtailment was not feasible.

For the intraday forecast case, persistent underperfor-
mance occurred in 24.3% of intervals, while mechanical
limits were reached in 6.43% of intervals.

The tolerance threshold (g) applied in both simula-
tions was 3%, below which no corrective action was
triggered (S6).

4 Conclusions

This study presented a schedule keeping mechanism
based on a patented concept, designed to mitigate bal-
ancing energy requirements arising from schedule devi-
ations in dual-axis photovoltaic (PV) systems. According
to the results, the proposed solution reduced downward



regulation needs by more than 90%, while annual energy
production decreased by only 7%. This demonstrates that
PV systems equipped with solar tracking can, beyond
optimizing energy production, also provide active flexi-
bility services to the system operator, thereby contribut-
ing to power system stability. At the same time, upward
regulation requirements remained practically unchanged,
indicating that the mechanism is not capable of substan-
tially reducing production shortfalls.

The control logic was initially developed as a deci-
sion-making process, which was then implemented in
Python to verify its feasibility, confirming the viability of
the concept, which was subsequently formalized in the form
of a mathematical model. An additional advantage of the
Python-based implementation is that several of its modules
can be directly transferred to a MicroPython environment,
thus enabling prototype-level real-time control implementa-
tion. In addition to the preprocessing verification described
earlier, minor consistency checks were also carried out to
ensure that the model's main performance indicators (MNE,
MPE, and downward regulation reduction) remained stable
across different parameter configurations and data condi-
tions. No systematic deviations were observed, even during
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Appendix A

Algorithm A1 Simplified pseudocode of the schedule-tracking

control loop

Initialization

1. Load schedule M, measured actual data P, and current tracker
position (6, ¢).

2. Set control interval Az= 1 min.

3. Set tolerance & = 3%.

4. Set mechanical deflection limit = +30°.

Control cycle (for each control step t during the operating period)

5. Read schedule value M, and actual performance P..

6. Compute current solar position (azimuth, elevation).

7. Retrieve actual tracker orientation.

8. Compute deviation AP, =P — M.

9. If[AP] < & x M, then continue default dual-axis tracking and
proceed to the next step.

10.

11.
12.

Suspend default tracking and perform regulation:

10.1 If P < M, (underproduction), apply corrective deflection
toward the optimal position (within £30°).

10.2 Else (overproduction), detune orientation away from the sun
(within £30°) to limit power output.

Recalculate corrected output P #mech,

If deviation < & x M, or the mechanical limit is reached, restart

normal tracking.

13.

Freeze orientation for At

stab

= 1 min and repeat the cycle until the

end of the operating period.
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