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Abstract—Energy intermittency in solar-powered embedded
systems threatens Quality of Service (QoS) and system autonomy.
In this study, we address the design of these systems with a formal
co-design approach that provides verifiable guarantees, a critical
advantage over traditional heuristic or predictive methods that
often fail under unpredictable conditions. We use timed automata-
based modeling within Uppaal Stratego to minimize grid reliance
and battery capacity in a typical system, under QoS guarantees.
Our methodology demonstrates that synthesized control strategies
can reduce grid reliance by 58-72%, while an optimized task
scheduling heuristic can decrease required battery capacity by up
to 13% compared to the baseline. Our approach provides a formal
basis for comparing these techniques to inform system design.

Index Terms—Solar powered-embedded systems, energy mini-
mization, Uppaal Stratego, formal modeling, resource allocation

I. INTRODUCTION

Solar-powered embedded systems are increasingly preva-

lent in domains such as the Internet of Things (IoT), urban

monitoring, and edge computing. These systems operate in

environments where energy availability is inherently intermit-

tent, which imposes stringent constraints on both reliability

and Quality of Service (QoS). As highlighted by [1], reduc-

ing energy consumption is a critical factor for extending the

operational autonomy of embedded platforms. Nevertheless,

the inherent variability of weather conditions complicates the

prediction of available energy resources, thereby introducing

uncertainty into system design and operation.

Traditional energy optimization approaches primarily rely on

heuristics or predictive models [2], which lack formal guaran-

tees and often fail under unpredictable weather conditions. For

instance, [3] proposed techniques for batteryless systems; how-

ever, these solutions are highly dependent on hardware architec-

ture and exhibit limited adaptability to dynamic environments.

Similarly, methods based on reactive policies [4] improve task

continuity but do not ensure deadline compliance. Therefore,

new approaches are needed to provide formal guarantees while

addressing energy variability.

This work combines timed automata modeling with statistical

model checking (SMC) and control strategy synthesis, using the

Uppaal Stratego tool-set [5]. This approach aims to guarantee

QoS under fluctuating energy conditions while simultaneously

optimizing energy consumption. It not only provides a sys-

tematic way to handle resource variability but also establishes

a foundation for designing resilient and energy-efficient solar-

powered embedded systems. Finally, it aims to bridge the gap

between theoretical guarantees and practical deployment in

energy-constrained environments.

II. PROPOSED APPROACH

We model a solar-powered embedded system based on

a modular architecture composed of multiple interconnected

computing stations. Each station is equipped with a compute

and energy storage equipment, e.g., a microcontroller and a

battery. The whole system is powered by a solar panel and

employs a Maximum Power Point Tracking (MPPT) algorithm

to maximize energy production. The embedded system model

is composed of the following three components:

• Energy generator: This component produces solar energy

according to weather profiles, e.g., sunny versus cloudy

conditions. It is typically implemented by a solar panel

associated with a suitable MPPT module. The associated

solar panel model generates harvested energy according to

various weather profile parameters.

• Computing station: It executes the tasks realized by

a system, according to different operating modes: Low,
Middle and High. It comprises a local battery module

to store the energy harvested by Energy generator.

Additionally, a station is connected to the utility grid to

enable a secondary energy source when solar energy is

not available. In Grid mode, the station operates on grid

power and adopts a similar energy consumption rate as

the Low mode. to reduce the energy share from the grid.

• Global controller: This module orchestrates the energy

and compute resource allocation to tasks, through work-

load migration and energy transfer between different sta-

tions to maintain QoS. These features are inspired by an

edge data center paradigm such as [6].

We use timed automata to describe the above system model

similarly to [7]. We then use the formal analysis capabilities of

Uppaal Stratego, namely SMC and control strategy synthesis,

to study system design and behavioral configurations that

minimize grid energy consumption while satisfying a QoS

constraint. The latter is defined as the system’s ability to

execute all tasks within a specific deadline time. In addition,

we minimize the overall battery capacity of the system, thereby

reducing its resource cost.

III. EVALUATION AND RESULTS

We conduct experiments on a system composed of nine

interconnected stations, each equipped with a System-on-Chip



(SoC) dissipating a maximum power of 10W [8]. The system

is powered by a 2 m2 solar panel with a conversion efficiency

of 19% and a MPPT. Each station is equipped with one battery

of 200 Wh. Considered weather profiles include sunny, rainy,
cloudy, foggy, and erratic conditions, derived from Open-Meteo

datasets [9]. They offer a diversity of solar irradiation scenarios

that enables the evaluation of the system design relevance under

consideration.

A. Baseline design evaluation w.r.t. QoS constraint

Let us consider the baseline system design defined by the

above parameters. We first evaluate the feasibility of completing

all tasks within one day by the system, regardless of the solar

irradiation conditions. We use a specific SMC query in Uppaal

Stratego to compute the success probability of execution the

corresponding workload within a 1440-minute horizon, i.e., a

full day, as follows:

Pr[<=1440](<> forall (i:id_t) Task[i] == 0)

The obtained probability ranges from 95% to 100%. We fur-

ther validate this trend through 1,000 randomized simulations,

ensuring statistical robustness.

Next, we compute (i) the probability that all stations com-

plete their allocated tasks without relying on the electrical

grid, and (ii) the average grid energy consumption over 1,000

randomized 24-hour simulations. We assess the capacity of the

system to operate autonomously w.r.t. grid energy. For this

purpose, we use the following Uppaal queries:

Pr<=1440 Task[i] == 0 && forall (i:id_t) station(i).b
== 0)

E[<=1440; 1000] (max : sum(i:id_t) station(i).b)

The former query evaluates the probability of successfully

completing all tasks without grid energy, within a range from

40% to 65%. This indicates that the grid remains essential

for the baseline design. The latter query computes the average

consumed grid energy. Figure 1 shows that a sunny day requires

only 14.02 Wh from the grid, whereas other solar irradiation

profiles demand 5–8 times more energy.

B. Design optimization for more grid energy-autonomy

We explore a few techniques for increasing the system au-

tonomy regarding the grid energy through workload scheduling

and battery storage resizing.

First, we consider the control strategy synthesis available in

Uppaal Stratego. The objective is to generate execution scenar-

ios in which the stations execute the tasks while minimizing the

use of grid energy. Applying such control strategies enforces the

system behavior in a way that reduces grid energy consumption.

Figure 1 shows that the expected energy reduction ranges

from 58% to 72% (curve in green color), depending on the

solar profiles. The strategies synthesized by Uppaal Stratego

aim to decrease energy transfer transactions compared with

the baseline scenario. As a result, task migrations become

more frequent. These migrations are prioritized because they

generally appear less energy-expensive than energy transfers,

which incur energy losses.

Fig. 1: Solar profile impact on grid energy and battery sizing.

Next, based on an analysis of energy transfer dynamics, we

evaluate an alternative technique that resizes battery capacity

using a binary search method, combined with the previous

control strategy. This technique relies on increasing the battery

capacity to store more solar energy and reduce dependence

on the grid by compensating for fluctuations in solar energy

production. Our results show that this technique increases the

baseline battery capacity by 1% to 25% (see Figure 1, red

color), depending on solar irradiation profiles, and under the

previous control strategy. In particular, irregular irradiation pro-

files require larger storage margins to ensure service continuity.

The final technique postpones task execution to day-periods

with solar energy production peaks to execute the most de-

manding workloads, thereby limiting costly energy transfers

between stations. This can reduce the required battery storage

as harvested energy is directly consumed by the tasks sched-

uled on purpose. Applying this scheduling technique decreases

battery size from –13% to +13% compared with the baseline

battery capacity (see Figure 1, orange color curve). While task

shifting provides a better battery sizing than binary search under

control strategy, it can degrade QoS, as deferring tasks to match

favorable solar periods may violate deadline constraints. This

is a trade-off to consider carefully for ensuring the operational

viability of the system under stringent QoS constraints.

IV. CONCLUSION

We presented a formal design approach that evaluates some

design issues for solar-powered embedded systems, using sta-

tistical model checking and control strategy synthesis. Control

strategies synthesized with Uppaal Stratego provide strong QoS

guarantees but do not enable the minimization of battery storage

as with a simple heuristic scheduling technique. However,

the latter can yield weaker QoS guarantees. Future work will

investigate how to combine the capabilities of both techniques

to achieve optimal designs.
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for energy-driven computing using statistical model-checking,” in 2021
Design, Automation &. Test in Europe Conference &. Exhibition (DATE),
2021, pp. 980–985.

[8] kontron S&T Group, “Dd3714-v/r mstx industrial series,” https://www.
bicker.de/files/downloads/datenblatt/d3714-x.pdf, 2025, consulté le 11
septembre 2025.

[9] P. Zippenfenig, “Open-meteo.com weather api,” 2023,
doi:10.5281/zenodo.7970649, Creative Commons Attribution 4.0
International. [Online]. Available: https://open-meteo.com


	Select a link below
	Return to Previous View
	Return to Main Menu



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


