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Abstract

This paper presents a novel flexibility management system to handle short-term power deviations generated by intrin-
sic variability in generation and demand, and behind-the-meter flexibility provision in a close-to-real-time framework
(30-second intervals). The proposed system employs an adaptive autoregression algorithm as a short-term forecast of
energy exchange to the grid and a cost-benefit analysis to adjust the power setpoints of the energy devices by means of
redispatching and unit reassignment modules. Experimental case studies are conducted in the PVZEN microgrid laboratory
to validate the proposed system, testing critical scenarios and diverse flexibility requests. The results confirm the optimal
management of the power deviations and the techno-economic feasibility of flexibility supply with real-world equipment,
reducing the total operation cost from 11% to 85% compared to the baseline scenario. Finally, findings of previous stud-
ies based on simulations are verified experimentally, validating the influence of variables such as sample frequency, aging

cost models, and flexibility price.
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- Experimental case

Introduction

The growing penetration of renewable energy sources into
the electricity generation mix requires increasing levels of
flexibility in the power system [, 2]. Such flexibility is
defined as the ability to adapt to ongoing volatility in gener-
ation and demand in a technically and economically viable
way [3]. Considering the meter and the Point of Interconnec-
tion (POI), flexibility is addressed from two perspectives,
front-of-meter [4], and behind-the-meter [5]. In the first
one, external agents such as Distribution System Operator
(DSO) or balance responsible party, seek to directly modu-
late the power output of the energy assets to supply flex-
ibility services [6]. For instance, studies have evaluated the
flexibility of front-of-meter photovoltaic plants [7] or bat-
tery energy storage systems [8] connected to T&D network
to provide diverse ancillary services to the grid. Conversely,
the behind-the-meter flexibility is managed by end-users, or
by an aggregator on their behalf [9], to optimize the user’s
electricity consumption. This optimization is centered on
a specific energy asset or all available Distributed Energy
Resources (DERs). The most common DERs are Electric
Vehicle (EV), stationary batteries, Photovoltaic Panels (PV),
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controllable loads (water heaters, air conditioning systems,
and other programmable or deferrable appliances), among
others. The aggregator is a recent actor in the power system,
which aims to accumulate enough flexible capacities from
end-users to participate in energy markets on behalf of its
stakeholders.

For behind-the-meter flexibility, energy management and
control can be raised from two approaches: power man-
agement [10-13], and flexibility management [14-16]. In
general, these approaches differ in their objective functions.
First, energy resource optimization revolves around reduc-
ing electricity costs and generating revenue through lower
electricity prices or by utilizing excess renewable energy.
Second, the provision of flexibility services seeks specific
incomes based on its own capabilities to reduce or increase
consumption and the needs of electricity sector stakehold-
ers. Here, flexibility is usually characterized by the behavior
of a flexible electrical parameter. Positive and negative flex-
ibility are defined as the increase or reduction of an electric
variable during a time period [17].

The provision of the behind-the-meter flexibility
involves diverse steps, starting with its proper quantifica-
tion and characterization. In prosumer cases, for example,
a methodology based on the load shedding is proposed in
[18] to calculate the flexibility potential. In the literature,
multiple methods are available for various energy sectors,
assets, and normative environments. Later, this flexibility
potential must then be transformed into flexibility offers that
can be traded on local [19] and [20] national energy markets
as flexibility (ancillary) services. A procedure to solve this
offering cost-efficient problem is shown in [21] for house-
holds with PV on their roof. Approved offers arrive at the
energy management and control system to be executed in
real-time.

In the context of electric microgrids, the control archi-
tecture must be adapted to handle flexibility requests, from
external agents and internal actors appropriately. According
to [22] and [23], two control levels must be executed during
a microgrid’s steady-state grid-connected operation mode.
First, a high-level control is the Energy Management Sys-
tem (EMS), which produces an optimal power scheduling of
the microgrid energy assets for long-term horizons, distrib-
uting power setpoints each medium time slot, hourly, half-
hourly, or quarter-hourly [13]. Secondly, a low-level control
also generates power setpoints for the assets, in terms of
seconds or minutes, within the EMS’s time slots. Here, the
main objective is to control real-time power deviations to
avoid critical situations, such as energy injection into the
grid or exceeding the maximum threshold power, and mini-
mize the electricity bill.

In the literature, several authors have presented diverse
low-level control systems for microgrids to manage
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close-to-real-time power and energy. However, their time
horizon, frequency sample, forecasting period, or calculat-
ing time is under 10 minutes, 15 minutes, or even one hour.
In addition, most of these management systems are tested on
a simulation platform, where relevant considerations, such
as the required time to receive, process, and communicate
information to the assets, aging costs of storage devices,
and real-time deviations in generation and demand, among
others, are often overlooked. Therefore, this work deep-
ens the proposal realized in [24], about a novel close-to-
real-time (30-second-interval-based) energy management
system named Flexibility Management System (FLEMS),
complementing and unifying its control and optimization
architecture, as well as testing its effectiveness in an experi-
mental case study. In this work, savings from 11% to 85%
are yielded in the energy bill, and providing flexibility to the
network successfully.

The remainder of the paper is organized as follows: Sec-
tion 2 shows a short review on close-to-real-time energy
management system. Section 3 delves into the control struc-
ture and mathematical formulation of the proposed FLEMS.
A description of the PVZEN microgrid laboratory is per-
formed in Section 4. Three case studies on power control
and flexibility supply, along with their results are presented
in Sections 5 and 6, respectively. Finally, conclusions and
future work are exposed in Section 7.

Review on Close-to-real-time Energy
Management System

According to the literature, there are two approaches to
manage and control energy in microgrids: power manage-
ment and flexibility provision. Regarding management
approaches, research articles focused on power manage-
ment aim to generate an optimal energy dispatch plan,
composed of power setpoints for DERs (e.g., stationary
batteries), based on generation and weather forecasts, con-
sumption patterns, and energy prices, among others factors.
[10] and [25] generate an optimal power dispatch through
hourly setpoints for the next 24 hours. [13] and [26] go fur-
ther and propose an EMS with setpoints every 15 minutes
and incorporate environmental parameters and the aging
model of storage equipment, achieving savings from 30%
to 50 % of the end-user’s electricity bill. Meanwhile, [11]
proposes a management system that acts quickly (seconds)
to correct short perturbations, returning to the initial power
scheduling.

On the other hand, works focusing on the flexibility pro-
vision seek to determine new power setpoints for DERs
that enable the fulfillment of power or energy requirements,
according to the load and generation forecasts, real-time
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power dispatch, aggregator instructions, and trade power tech-
niques, among others. [14] delves into load forecast models to
improve the accuracy of power setpoints, aiming to increase
feasibility and hence, more flexibility. [12] studies the maxi-
mization of the ramping capacity of the microgrid, in 10-min-
ute periods, to provide it as flexibility to the aggregator. At the
same time, [5] proposes a peer-to-peer market-based control
strategy to trade power between prosumers and supply flex-
ibility at the point of connection in a coordinated manner.

Works in [12, 15], and [16] attempt to tackle the two
management approaches together, in a two-stage or hierar-
chical system. The minimum required response time is 10
minutes at best, but it could be achieved in 30 minutes or
even hours. All the above-mentioned works employ a sim-
ulation platform to validate and obtain their results. Con-
versely, [16, 27], and [28] use real equipment but without
considering any flexibility request, as they focus on the
stability of hybrid microgrids and optimization of the plug-
and-play system for EVs, respectively. Table 1 summarizes
the review of energy management systems for microgrids
with DERs mentioned in this section.

It is important to highlight that there are multiple testbeds
and laboratory platforms to carry out simulations, emula-
tions or experiments with real equipments for microgrids,
according to the literature. Four levels are defined by [29]
according to use of aggregation software globally (Level 1),
or by emulation groups (i.e, generation, storage and loads)
(Level 2), each DER and its components (Level 3), or spe-
cific electric variable (Level 4). On the other hand, three dif-
ferent microgrid configurations are identified in the previous
works, which depends on the type of central bus, direct
current (serie), alternate current (parallel) or both using a
switching mechanism (switch) [30].

At the same vein, each DERs has diverse mathematical
models to simulate its behavior, emulation levels to mimic

Table 1 Review on close-to-real-time energy management system

the performance of a real resource and real setups, which
can be classified at the same levels as for microgrid emula-
tion. For the sake of summarize, Table 2 show a review of
the microgrid emulation testbeds and its configurations in
the literature, including the emulation levels of the DERs
implemented in each reference.

In conclusion, the PVZEN microgrid laboratory enables
the execution of experiments with real-world equipment,
ensuring proper performance, quality, and reliability among
the set of microgrid testbeds, leveraging tangible genera-
tion, conversion, control, and communication energy assets.

According to the above-presented literature review, the
main contributions of the present work is to handle both
power management and flexibility provision in a unified
way (as seen in Table 1) for a close-to-real-time framework
(seconds), employs real-world equipment in a qualified
microgrid laboratory to validate the feasibility of its techni-
cal and economic implementation (as shown in Table 2) ,
and the particular emphasis given to the Cost-Benefit Anal-
ysis (CBA), which plays a central role in assessing the prac-
tical relevance and advantages of the proposed approach.

Flexibility Management System

The goal of the proposed flexibility management system is
to find the cost-optimal solution that reduce the extra costs
incurred for real-time power deviations while complying
with the flexibility provision. To do that, this work raises
an unified management approach, which consists of two
information and process flows, as illustrated in Fig. 1. The
proposal is linked to the IEEE Standards, which define the
specifications of microgrid controllers, classifying them
into high- and low-level controllers, EMS and FLEMS,
respectively.

Timeframe Approach Case Study
Ref. [s] [min] [hr] Power Manage- ment Flexibility provision Unified Simula-tion Emula- tion Real-world equipment
[5] X X X X
[10] X X X
[11] X X X
[12] X X X X
[14] X X X
[13] X X X
[15] X X X X
[27] X X X
[16] X X X X
[28] X X X
[25] X X X
[26] X X X
[24] X X X X
[Present work] X X X
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Table 2 Review on microgrid emulation testbeds
DER Microgrid config

Ref. Case Study Emulation Level Battery PV EV Load Series Paralel Switch
[5] Simulation 1 3 3 - 1 X
[10] Simulation 3 1 1 4 1 X
[11] Simulation 3 1 3 3 X
[12] Simulation 1 1 1 - 1 X
[14] Simulation 1 1 1 - 1 X
[13] Simulation 3 3 3 3 3 X
[15] Simulation 3 3 - 3 3 X
[27] Real 3 Real Real Real 3 X
[16] Real 1 1 1 1 X
[28] Real 3 Real Real Real X
[25] Simulation 1 1 1 - 1 X
[26] Simulation 3 3 3 - 3 X
[24] Emulation 3 3 3 3 3 X
[Present work] Real 3 Real Real 3 Real X

Fig. 1 Flexibility management system
flowchart

On the one hand, the Power Management Module
(PMM) encompasses an optimal procedure to calculate
and preserve the optimal power program (orange). This
module is carried out by FLEMS taking into account the
optimal energy programm, generated by EMS, for the
assets on a rolling horizon (e.g., 1 day), composed of a
series of power setpoints commonly divided into time
intervals (7)) of 15 minutes (96 values) or 30 minutes (48
values). The EMS considers multiple parameters, such
as the historical and forecast energy generation of the
DERs, electricity consumption and price, State of Charge
(SoC), battery’s power, and energy requirements of the
EV charging sessions [13]. Such optimal scheduling is
transmitted both to the FLEMS to establish some refer-
ence values in the activation submodule and DERs via
inverter.

On the other hand, the Flexibility Programming Mod-
ule (FPM) entails a strategy to handle long, medium, and
short flexibility requests, which involves the aggregator,
EMS, and FLEMS (green). The accepted offers are sent
from aggregator to the EMS to update its optimal energy
program. Unlike PMM, FPM aims to provide behind-the-
meter flexibility by controlling extra costs and power devia-
tions that occur in real-time. FPM can move away from the
EMS power optimum schedule towards a local optimum,

@ Springer

but seeks to return to EMS’s schedule since it represents the
overall power optimum. Thus, the control and management
system combines energy optimization for the end-user and
cost-effective flexibility provision.

The unified management approach starts with a pair
of activation submodules, which have the same structure
but with modifications in the corresponding algorithms
to add some technical and economic aspects to the flex-
ibility disposal, which will be discussed in the following
sections. Later, three submodules are stringed, Adative
Autoregression Algorithm (ARA), CBA, and redispatch-
ing and unit recomitment submodules, to predict the real-
time state of assets, evaluate the cost-optimal solution
and ajust the solution to the particular restrictions. These
submodules will be addressed in the next sections. The
final power setpoints are communicated to the DERs to
be executed in real-time. Finally, when the deviations
are very large and exceed the FLEMS capacity, a report
is sent to the EMS and aggregator so that the corrective
actions can be taken.

Activation Submodules

The activation submodules are responsible for defin-
ing the reference power values of the DERs based on
the optimal points received from EMS. They also calcu-
late the power absorbed from the grid at the POI and the
expected consumption, as well as the initial values of the
associated cost for Operation and Maintenance (O&M)
for battery (Com?®) and EV (Com$’), aging cost for
battery (Cagb®) and EV (Cagf?), and PV curtailment
cost Curl’”. The term ¢ represents the FLEMS’s sample
time. Later, the calculation of the costs are based on real-
time power measurements. If a flexibility requirement
is received P flx;, an auxiliary binary variable Rflx; is
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activated to indicate the flexibility provision to the sub-
sequent submodules. This study focuses on the technical
and experimental reliability of the behind-the-meter flex-
ibility provision. Therefore, requirements managed by
FLEMS will always be assumed to be previously agreed
upon and accepted offers.

In addition, the activation submodules also apply the Traf-
fic Line Concept (TLC) [31], which prioritizes instructions
(power management, flexibility supply, or other operation
modes) depending on the real-time power balance. When
the grid is operating normally (green light), the energy mar-
ket operation takes priority, preferring the economic savings
of prosumers. System operators, aggregators, or prosumers
can temporarily require flexibility to avoid unstable grid sta-
tus or provide an ancillary service (yellow light). Whereby
the flexible behavior of consumers must seek reliability
over the economic benefit of optimizing consumption or
existing generation. In unstable permanent grid states (red
light), system operator can override contracts, take con-
trol of energy assets, and execute emergency actions. For
this study, the activation submodules move between green
and yellow states in response to the receipt of a flexibility
request.

Finally, the zero-injection constraint is challenging not
only in terms of flexibility but also for any DER-based
energy management system. Currently, there are three
main solutions for zero-injection in on-grid inverters.
The first solution involves a sub-metering scheme applied
in the control and communication systems to measure
energy consumption in real-time [32]. The meter detects
any energy injection and notifies the inverter, which must
adjust the output power of its DGs accordingly. This solu-
tion relies on robust and efficient communication systems.
The second approach typically involves using minimum
or reserve power, particularly in commercial applications
[33], where it prefers to buy energy from the grid rather
than risk a penalty for exceeding the minimum power.
Defining an appropriate power amortization rate is essen-
tial. This rate should consider factors such as consumption
variability, penalties, maximum power limits, the flexibil-
ity of energy assets, and electricity prices. Lastly, a control
system based on per-phase control is utilized, especially in
three-phase systems, to monitor the average power among
the three phases [34]. When one phase’s power is lower
than the others, that phase becomes the reference point,
and the inverter manages the remaining phases to align
with this baseline value.

For this work, the issue of zero-injection is addressed
through a power reserve ratio [32]. The power rate is
included in this submodule and is equal to 5% of the maxi-
mum power, in other words, 95 W, which is a proper value
for residential prosumers according to [35].

Adaptive Autoregression Algorithm Submodule

The Adaptive Autoregression Algorithm (ARA), the central
axis of this submodule, is used as a short-term forecasting
method to predict the electricity consumption to the grid at the
POI. ARA averages the deviations of the past values concern-
ing the optimal reference values from EMS, generating a cor-
rection factor for the next optimal value in the next time slot.
The Algorithm 1 summarizes the steps and functioning of
the ARA submodule. The inputs are the real-time measured
power at time ¢-n (P, forecasted power at time ¢ done at

time s by EMS (PFM5), forecasted power at time ¢-n done
at time t-s by EMS (PFS5_ 1y and weight coefficients .

n,

The coefficients ,, model the impact of past deviations on
the forecast. These coefficients are part of intelligent fore-
casting methods, which have proven to be more efficient
and accurate than statistical or persistence methods [36].
Currently, support vector machines (SVN) and artificial
neural networks (ANN) are the most widely used machine
learning algorithms for calculating these types of coeffi-
cients related to consumption behavior. For example, SVNs
are used to predict the coefficients of the autoregressive
part of a easonal autoregressive integrated moving average
(SARIMA) model to predict energy consumption based on
1- to 2-year datasets [37]. In general, such coefficients are
found utilizing historical data about consumption behavior,
error series, and indexes of accuracy, among others factors.
In fact, the training process is not the subject of this study
and can be further explored in future work.

On the other hand, ARA determines a penalty if the
power forecasted by FLEMS surpasses the allowed maxi-
mum or minimum powers. These penalties are transmitted
to the CBA submodule to include them in the cost-benefit
analysis.

Algorithm 1 Adaptive autoregression ARA.

ivae pEMS pRT EMS
Requ"e' Pt,s ’ Ptfn’ Pns Pt—n,s—n
Ensure: P,‘fflEMS
1: Record historical data to feed a train procedure
: Calculate ¢, for n =1, ..., min(N, s)
,FLEMS
: Pm_1 <« fromEq1l, for r =1, ... , T

2

3

4:if PIEEMS < Py then
5:  apply Penaltyyi,
6: else

7. if PIEIMS 5 Py then
8 apply Penalty,qx

9: else

10:  endif

11: end if

12: return P, LEMS

PP , Penaltyyin, Penaltymy,x

The mathematical formulation of ARA algorithm,
based on [38, 39], is expressed in Eq. 1, where PfE5MS

@ Springer



13 Page 6 of 20

Smart Grids and Sustainable Energy (2026) 11:13

corresponds to the forecasted power at time ¢ done at time
t-1, s is the EMS time execution, N is the number of previ-
ous time intervals.

min(N,s) PRT
PFLE'IWS _ PE‘IWS § t—n 1
t,t—1 t,s mzn(N, S)( — Pn PtE_%‘tS_s) ( )

Cost-benefit Analysis Submodule

After forecasting power at POIs using the ARA, FLEMS
employs a Cost-Benefit Analysis (CBA) to find adjust-
ment powers for each DER that minimize the extra costs
associated with deviations between forecast and actual val-
ues [24]. CBA estimates all costs and revenues associated
with real-time power dispatch and flexibility provision and
compares them with the forecast values found by EMS and
FLEMS in the ARA submodule.

The Algorithm 2 summarizes the CBA stages. The extra
cost is estimated by multiplying the Italian market tariff
scheme for residential households, X, with the total power
deviation, which is calculated as the difference between
the powers predicted by FLEMS, ngflE MS “and EMS,

,EMS ,FLEMS
Pt s . H > Pt,tfl

are found in Algorithm 1.

, Penaltymin, Penaltymaz, Xt

Algorithm 2 Cost benefit analysis CBA.

Require: P, tF_LlEMS, Penaltyyin, Penaltyyax, X; <«

from Algorithm 1, for 7 =1, ......, T
Ensure: MINIMIZE min f(t) costs function
1: Curf®, Comb®, Cagh®, Com¢’, Cagt®

1, ..., T
2: Calculate: C,FLEMS, Ct,b‘”, Ctbfort=1,..,T
3: Solve eq 2 <« Nonlinear programming solver.

4: return Pbat;FLEMS, Pev;FLEMS, Ppoi,’FLEMS

«~— Eq.49 fort =

Costs and revenues are calculated with the Eq. 2-5.

. T JFLEMS JEMS
min Y, (P, - P + Pflay

Rflz,) * X, + CFLEMS _ T ¢10,  Rflz,) @
With,

CHEEMS = Ot + Ot + Curf” 3)
Ct;* = Com;™* + Cag;"" (4)
Ct{" = Comi® + Cag;” ®)

Here, this work incorporates the flexibility variables, power
(P flxy), binary variable (R flx;), and flexibility incomes
(I flz4) into the equations in [24] to analyze the profitabil-
ity of flexibility provision. X, is the Italian market tariff

@ Springer

scheme for residential households. The behind-the-meter
flexibility costs are established as the difference between
the total flexibility expenses, C/ZEM3 and the incomes,
Iflx,. The flexibility price is determined by DSO or
aggregator through contractual agreements or energy mar-
kets. The price of the flexibility offer, per kWh, must be
adequately reckoned in future works for capacity, avail-

ability, and energy delivered. The obtained results are the

adjustment powers for the energy assets Pbat;FLEMS,

Pey;FLEM S, Ppoi’tFLEMS, which must be added or sub-

tracted from the power set-points issued by the EMS.

The Eq. 2 describes the objective function of a Mixed-
Integer Nonlinear Programming (MINLP) problem, which
is used to optimize the adjustment power of each DER. For
instance, FLEMS could determine, from an economic dis-
patch standpoint, whether a power deviation due to reduced
photovoltaic production is offset by increased grid con-
sumption, increased battery discharge, or a reduction in the
duration of the EV charging session. The Eq. 3 - 5 outline
the O&M cost for battery (Com?e) and EV (Com$?), aging
cost for battery (Cag?®") and EV (Cagf®), and PV curtail-
ment cost Cur?”.

Regards to CFLEMS 3 quadratic cost models is imple-
mented to calculate O&M cost of the storage devices such
as battery and EV. The Eq. 6 describe the mathematical for-
mulation for this model.

Comy g = ac.* (P)*+c¢ (6)

Where, P, is the real-time active power of ESS for discharg-
ing and charging, a. and ¢ are quadratic and independent
parameters defined by [40]. Eq. 7-9 outline the formulation
for the aging cost model applied in this work, which cor-
responds with the Aging Cost Model 1 (ACM1). ACMI is
selected due to the higher savings it offers compared to other
models. This model is based on the aging effect of a particu-
lar cycle in relation to the nominal cycle recommended by
manufacturer (Ahfss), where O, X, Ciife, 1K soct and
I,om are rated capacity in Ah, market price, life cycle, mea-
sured current at given SOCt, and nominal current of energy
storage device, respectively.

Ahy
Cager = X % — 7
gt,1 O+ Clife @)
1 T
Ah, = 7 */ o(IKi soct) * Tk dt ®)
0
T

ST Ik, dt
o(lkisoct) = ~p—— 9
T T Lo dt ®
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Redispatching and Unit Recommitment Submodule

The Redispatching and Unit Recommitment Module (RUM)
is designed to address critical conditions that may require
adjusting the DER’s power set-point profiles to resolve
issues such as voltage violations, reactive power dispatch-
ing, planned and unplanned islanding, reconnection, black
start, and short-term flexibility requests. Given these sce-
narios, the ARA and CBA optimization modules need to be
updated in real-time dispatching to reflect the new condi-
tions. This study will focus specifically on the management
of short-term flexibility requests concerning the maximum
and minimum power exchanges at POI.

The RUM utilizes the same objective function described
in the Section 3.3. This function aims to minimize energy
costs and cost overruns during real-time dispatching, taking
into account that the power set-point profiles of some DERs
are fixed and predetermined within the CBA. Additionally,
constraints are updated to ensure flexibility provision in
spite of these changes. The updated CBA is solved using a
restricted non-linear multivariate function library from Mat-
lab® (finincon function) [41].

Fig. 2 Real-world equipment of the PVZEN microgrid laboratory.
Batteries and inverters (right side), and PV panels (left side)

Fig.3 Single-line diagram of the
PVZEN microgrid laboratory.

PVZEN Microgrid Laboratory
Description of the Laboratory Equipment

The PVZEN laboratory [42] is equipped with three PV gen-
erators; their combined nominal poweris 11.1 kWp, utilizing
mono-crystalline silicon modules rated at 370 Wp and with
21.4% efficiency. The arrays are installed under non-optimal
conditions, with azimuth angles deviating from the ideal
southern orientation, and a fixed tilt angle of approximately
10°, representative of typical rooftop installations. Specifi-
cally, the PV generators include: one array of 12 modules
(rated power, Ppeqr=4.44 kW) oriented at —64° (SE), one
array of 6 modules (Ppeqr=2.22 kW) at 116° (North-West),
and a third array of 12 modules (Ppeqr=4.44 kW) split into
two sub-arrays with the same respective orientations. Figure
2 shows the PVZEN real-world equipment.

A scheme of the main components of the PVZEN labora-
tory, including the three units and their connection to the
grid, is represented in Fig. 3.

Each one of the three prosumers is equipped with lith-
ium-ion batteries, with a nominal energy capacity, C'5=9.6

43

Cg=9.6 kWh

[ Pacn
pz PPV == PL Q
A —|A _'

Inv. 3
Ppeak =
4.44 kWp 1 Py
Cg=9.6 kWh Cg=9.6 kWh
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kWh per prosumer [43]. The batteries operate at 48 V with
a charge capacity of 50 Ah, supporting a maximum one-
minute current of 100 A, and a Depth of Discharge (DoD)
of 90%. Power conversion is handled by a 5 kW bidirec-
tional converter per each prosumer, capable of both grid-
connected and off-grid operation.

In Fig. 4,the internal architecture of the off-grid inverter
is illustrated, highlighting the bidirectional conversion stage
that interfaces the battery bank, the photovoltaic inputs and
the AC terminals. The diagram shows the variables in each
inverter. Pac_rn, Pr, Ppy, Pp represents the power from
the grid, loads, PV and battery, respectively. The embed-
ded Energy Manager supervises the operating mode of the
inverter, coordinating the power flows among PV generation,
battery charging and load supply. The system also includes
a monitoring unit capable of providing instantaneous power
measurements and historical energy data, enabling real-time
supervision of the overall microgrid operation [44]. The AC
interface operates at 230 Vrms, 50 Hz.

In addition to the photovoltaic, storage and conversion
units, the PVZEN microgrid includes a programmable
electrical load emulator used to reproduce the consump-
tion patterns of residential end-users. The load emulator is
composed of resistive elements with forced-air cooling and
can be remotely controlled via Modbus. Each load channel
can dissipate up to 4 kW, allowing the laboratory to repro-
duce realistic demand profiles such as those of heat pumps
or time-varying household appliances. The power absorp-
tion of each channel is continuously monitored and logged
together with the rest of the DER measurements, ensuring
consistency with the EMS and FLEMS control loops. To
provide a consolidated overview of all the relevant devices
in the experimental setup, Table 3 summarizes the key
electrical parameters of the microgrid’s main components,
including the photovoltaic panels, battery units, off-grid
inverters and programmable loads.

Pac-in I

MPPT L

1
pc /| @|DC

=) ¢
Pev be g AC P.

Controller

$-

Fig. 4 Internal schematic of the inverter
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Table 3 Electrical specifications of the PV modules, charge control-
ler, storage units, inverters and programmable loads in the PVZEN
microgrid

Component Parameter Value

PV modules — STC parameters
Maximum power Prmax 370 W
MPP voltage Vinpp 37.0V
MPP current Impp 10.01 A
Open-circuit voltage Vo 428V
Short-circuit current Isc 10.82 A
Efficiency mod 21.4%
Power tolerance 0~ +3%

PV modules — Operating conditions
Temperature range —40°C ~

+90°C

Max system voltage 1000 V
Max series fuse rating 20 A

PV modules — Temperature coefficients
NOCT 44 +3°C
Power coefficient —0.30%/°C
Voltage coefficient —0.24%/°C

Current coefficient
PV charge controller (MPPT)

+0.037%/°C

Battery voltage 48V
Number of MPPT inputs 4
Max module current (per 13A
channel)
Open-circuit module voltage 180V
Max input power per 900 W
channel
Total PV input power 4.6 kW
Efficiency 97.2%
Self-consumption 12 mA
Battery storage units
Nominal capacity 9.6 kWh
(8.64 usable)
Nominal voltage 48V
Max discharge current 100 A
Round-trip efficiency 94-96%
BMS update interval 0.5-1.0 s
Off-grid inverter
Nominal output power Pout 5000 VA
Max output power 10000 VA
Battery voltage 48V
Output voltage 230V
Output frequency 50 Hz
Overload threshold 85%
Efficiency n 95%
Load emulator
Number of units 3
Max power per unit ~4 kW
Cooling Forced-air
Control interface Modbus
Logging interval ls
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Description of the Data Acquisition, Processing, and
Control System

The PVZEN laboratory is equipped with a multilayer
data acquisition, processing, and control infrastructure
designed to provide reliable monitoring and to enable real-
time interaction with both the EMS and the FLEMS (Fig.
5). All devices communicate using the MODBUS TCP/IP
protocol over a dedicated local Ethernet network, while
lower-level field connections rely on MODBUS RTU over
RS-485 links. A supervisory software module continuously
polls the inverters, battery systems, and load emulators,
retrieves their registers, organizes the raw measurements,
and stores them in a structured SQL database hosted on a
server located inside the laboratory. The communication
parameters have been configured to ensure stable acquisi-
tion timing; MODBUS RTU operates at 9600 bps, a baud
rate widely used in industrial settings because it offers a
robust trade-off between noise immunity and throughput,
especially over shielded RS-485 cabling. Since the distance
between laboratory components is limited to several tens of
meters, this configuration ensures almost error-free com-
munication without requiring repeaters or line-conditioning
devices [45]. MODBUS TCP/IP polling is executed with a
I-second refresh cycle, matching the sampling rate of the
power analyzers and enabling unified time stamping across
all data streams.

In addition to internal measurements, an external acquisi-
tion module periodically retrieves environmental data such
as irradiance measurements, weather forecasts, and histori-
cal datasets from sources such as PVGIS [46]. All internal
and external data streams are merged into a unified dataset
used by the analytics and control software. This software
layer performs data filtering, aggregation, synchronization,
and preprocessing, generating the inputs required for both
the EMS forecasting routines and the real-time optimiza-
tion executed by FLEMS. A core feature of the system is
its closed-loop control capability. After processing the
available measurements, the control module computes set-
points for inverters, battery units, and load emulators, and
transmits them back to the physical devices via MODBUS

Modbus
Meters in the DIAT’.‘ sl DATABASE
community Collection -
system S
- sSoLs
g0 o MuSECY p
Other GPI e
PV converters § rafana
l;;:.c\ﬂm DATA (e.g. sQL f ‘SOL
Loads emulators meteo

f DATA elaboration
orecast, and PV converters -

PVGIS, etc) batteries control
|

Fig. 5 Architecture of data collection and microgrid management in
the PVZEN laboratory

TCP/IP. Experimental characterization of the sensing—deci-
sion—actuation loop confirms that the end-to-end response
time is well below the 30-second control interval adopted
by FLEMS. Further details on the timing performance
and related measurements are provided in Section 6. This
ensures that the physical microgrid remains fully synchro-
nized. To support real-time supervision and the computation
of key performance indicators, all relevant measurements
are also streamed to a Grafana-based monitoring environ-
ment [47]. This provides continuous visualization of the
microgrid’s operating conditions, including power flows,
SoC evolution, environmental variables, and system-level
KPIs.

Case Studies
Description

Using the energy assets installed in the PVZEN microgrid
laboratory, three experimental case studies have been
designed to test the proper functioning of the management
system proposed in this work. The first two case studies ana-
lyze the operation of a single prosumer under critical condi-
tions for power management (Case Study 1) and flexibility
provision (Case Study 2). The third case study evaluates the
coordinated behavior of the three prosumers, as an energy
community, for flexibility supply (Case Study 3).

The inverter power optimizer serves as a reference for
comparing the decisions made by FLEMS, as the inverter
solves the power flow in real-time, thereby assuming the last
received power set points. This optimizer, by default, seeks
to reduce the energy consumption of the grid as much as
possible, even injecting electricity into the grid. For all case
studies, three events could occur due to variability of elec-
tricity consumption and generation, which are as follows:

e PV Curtailment: FLEMS establishes a limit of 500 Wh
as tolerable solar curtailment due to forecast deviations
in PV production. When this limit is exceeded, FLEMS
reformulates the power set-point for PV panels.

e Unexpected EV Charging session: An unexpected EV
charging session is scheduled at various times. FLEMS
optimizes the associated cost overrun, avoiding surpass-
ing the redefined maximum power at POI (1900 W).

e Undesired active power exchange with the network:
Possible energy injections into the grid could take place
during the analyzed period, according to the variation of
the inflexible consumption and real-time PV production.

Finally, FLEMS’s parameters have been selected as a refer-
ence case, for which PVZEN’s microgrid will be executed
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for all case studies. This reference scenario facilitates
comparison of results across different case studies. These
parameters are summarized in Table 4.

Methodology

Figure 6 summarizes the experiment execution process
used to configure the case studies. Initially, EMS is exe-
cuted at time #-s. EMS produces optimal power setpoints
for DERs in quarter-hourly intervals for the next day,
considering the approved medium/long-term flexibility
request from an external agent (e.g., an aggregator) and
its optimization variables (electricity price, pollutant emis-
sions, etc.). Such power setpoints are sent to PVZEN’s
inverters and the FLEMS through the data collection sys-
tem shown in Fig. 5. Inverters update their energy program
for each DER.

A period before real-time execution (¢-7), invert-
ers solve the current power flow according to EMS set-
points, manufacturer criteria, and real-time measurement.
Meanwhile, FLEMS reads the real-time values, receives
the agreed-upon short-term flexibility request, and pro-
duces the adjustment powers to minimize extra costs and
guarantee the flexibility provision. Later, FLEMS and

Table 4 FLEMS’s reference parameters for PVZEN’s microgrid

Definition Value

Sample time t=30s

EMS’s time intervals T = 15 minutes
Number of measured past values N =3

EMS’s execution time s>>N
Weight coefficients pon=1,

for n =1,.,min(N, S)

Cost function Quadratic formula

Aging Cost Model ACMLI [24]

ACM1’s quadratic factor ac=2€/kW?

ACM1’s lineal factor c=1€

Maximum power at POI Priaz= 1900 W

Power amortization rate for zero injection Pzero=5%

Power reserve for zero injection Pres =95W

Penalty for exceeding the max power Penmaz = 1.4064 €/
kWh

Penpin = 2 €/kWh
Pene, = 5 €/kWh

Penalty for surpassing the min power

Penalty for energy not supplied (EV)

Fig.6 A schematic of the experi-
ment execution process
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inverters unify the power setpoints, which are registered
in the inverters for real-time power dispatch (#). Ulti-
mately, if the real-time situation exceeds FLEMS’ adjust-
ment capacities, a report is generated for the aggregator
or DSO to inform them about the situation and explore
possible solutions.

Lastly, continuous monitoring of power quality, includ-
ing voltage and frequency variations, as well as harmonic
distortions in voltage and current, is performed during the
execution period of each experimental test. The objective
of this verification is to identify potential impacts on power
quality resulting from actions taken by the energy manage-
ment systems (EMS and FLEMS), which could limit the
effectiveness of management decisions.

Single Prosumer
Case Study 1

From the PVZEN microgrid laboratory, Inverter 1 (Unit
1) is used as a single-family prosumer. The EV charging
sessions are programmed using the virtual building
available in the PVZEN lab, which utilizes information
collected from DataPort Inc. Street 2022 for residential
prosumers [48]. For this case study, the hypothetical
contracted power is 1.9 kW, impeding any sell-back
electricity to the grid. For CBA, the Italian dynamic
electricity tariff is applied, neglecting its power term
value and taxes. EMS was executed at 16:00 the day
before the FLEMS execution, conserving the condition
s >> N, where s corresponds with time before real-time
when EMS was executed, and N is the collected time
before real-time according to the number of past values
used by FLEMS.

Case Study 2

Like Case Study 1, Unit 1 is configured as a low-voltage
AC residential prosumer. To test the flexibility capabilities
of FLEMS, positive and negative flexibility offers have
been prepared in accordance with the EMS’s forecasts and
flexibility potential. Before the delivery time of flexibil-
ity, such offers must be previously identified, informed,
traded, and approved by EMS, aggregator, or external
agent. Consequently, these stages are often overlooked,
as it is assumed they are successfully completed when
FLEMS receives manageable offers. FLEMS’s reference
parameters are applied in this case, aggregating an award
rate for flexibility supplied equal to 2 €/kWh for positive
and negative offers, according to [49]. The maximum and
minimum DoD come flexible if there is an active flexibil-
ity request.
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Energy Community
Case Study 3

Here, the three single inverters are combined to reproduce
three single grid-connected prosumers as three single-family
energy community. This case study aims to prove the effec-
tiveness of FLEMS in managing flexibility requirements.
Each inverter receives a request to either reduce or augment
its consumption to the grid, based on the real-time condi-
tions of the inverters. The profits for flexibility provision

~ Inverter power flow
Reading Inputs FLEMS

(SQL-FLEMS) optimization Ve - ~
08 25 15.6 8.4

| Time (second)
v v
Real-time Writing Power J

measurements  Setpoints (FLEMS-SQL)

Remaininig time

| 16:59:30 17:00:00
t-1 t

Fig. 7 Net time required for managing power of PVZEN microgrid

were estimated at 2 €/kW as a reference price, according
to [49]. Again, scheduled and unexpected EV charging
sessions are lined up through virtual buildings. The ARA
parameters and cost models details correspond with the val-
ues defined for Case Study 1 for each inverter.

Results

The results presented in this Section were obtained dur-
ing an experimental activity conducted over a four-month
period, during which several experiments were performed
under different operating conditions and flexibility requests.
Among the entire dataset, the time frames reported in Fig-
ures 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, and 19 were
selected as representative examples, since they capture the
most critical situations and illustrate the effectiveness of the
proposed approach. For the sake of simplicity, only these
relevant intervals are presented and discussed in detail.
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Fig. 8 Case study 1: FLEMS power adjustments for energy assets
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Fig.9 Case study 1: Real-time battery power comparison
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Fig. 10 Case study 1: Real-time power exchange comparison at POI
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Fig. 12 Case study 2: Real-time battery power comparison.

@ Springer



Smart Grids and Sustainable Energy

(2026) 11:13

Page 13 of 20

13

....Ppoi;'.‘l.EMS : RT power by FLEMS ----Ppoi:z';;Ms : Forecasted power by FLEMS —Ppoi, .- Minimum power limit
—Ppoi:;.l‘f : RT power by Inverter - Ppoigzﬁj : Forecasted power by EMS —Pﬂexreq: Flexibility request
PInfRT : RT inflexible consumption - PpoiMax : Maximum power limit
2000 T i
PO )
1500 ST TP 2 -
< 1000 I = -
@ 500 .
3
¢
o ()] R |1 (57T ) Ll o i T i s 7
-500 - i .
-1000 ‘ L 1 ! L
13:45 14:00 14:15 14:30 14:45
Time (s) Oct 18, 2024
Fig. 13 Case study 2: Real-time power exchange comparison at POI under flexibility provision scenario
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Fig. 14 Case study 3: Real-time battery power comparison in Unit 1

---anoi;'.‘l.EMS : RT power by FLEMS ----Ppoi?c‘ftMs : Forecasted power by FLEMS —Ppoi,. - Minimum power limit
—Ppoi:;‘.‘; : RT power by Inverter - Ppoi:fc“';f : Forecasted power by EMS —Pflex ., : Flexibility request

PInfRT : RT inflexible consumption 7Pp0iMax : Maximum power limit

Power [W]

Fig. 15 Case study

2000~

-1000

1
13:00
Oct 18, 2024

1 1 1
12:00 12:15 12:45

3: Real-time power exchange comparison at POI under flexibility provision scenario in Unit 1

@ Springer



13 Page 14 of 20 Smart Grids and Sustainable Energy (2026) 11:13

----Pbat::jEMS : Power adj value by FLEMS - Pbatgxf : Forecasted power by EMS
- PbatR.r : RT power - SOCbat: RT SOC
T T T T T 40
35
S ' -
2 1 X
@ : 130 =
8 % 1 O
a -1500 - 155y 1 9
§ 1 5 \ = 1 125
-2000 - | N I
o, \—-\ [
2500 0000 Y WLlee—mmlaeass BT = e St Al 8 Xl
2500 B =7 l20
-3000 - | | L -----
12:00 1245 12:30 12:45 13:00
Time (s) Oct 18, 2024

Fig. 16 Case study 3: Real-time battery power comparison in Unit 2
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Fig. 17 Case study 3: Real-time power exchange comparison at POI under flexibility provision scenario in Unit 2
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Fig. 18 Case study 3: Real-time battery power comparison in Unit 3
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Fig. 19 Case study 3: Real-time power exchange comparison at POI under flexibility provision scenario in Unit 3

As a departure point, the FLEMS sampling rate was set
at 30 s to avoid measurement overlaps caused by implicit
latency for data reading and writing, communication,
recording, and processing. These latencies directly depend
data management, transmission and processing systems of
the PVZEN microgrid laboratory. In this way, the experi-
mentally observed time rates are summarized in Fig. 7, and
defined as follows:

e Power flow solution by inverter: 0.8 s.
Recording real-time measurements on database: 2.5 s.
Transmission and reading of input data from SQL data-
base to FLEMS: 1.2 s.

e Execution of the FLEMS’s optimization: 15.6 s.

e Transmission and reading of input data from FLEMS to
SQL database: 1.5 s.

e Remaining time before power flow solution: 8.4 s.

It is worth mentioning that the EMS operates daily at
16:00, after the electricity price is known, and the trans-
mission of the set points for the following 24 hours takes,
on average, approximately 42 minutes, using the same
communication, transmission, and information manage-
ment structure (SQL).

Single Prosumer

Case study 1 analyzes the FLEMS’s behavior under the
intrinsic volatility of consumption and DG, as well as unex-
pected events related to close-to-real-time power dispatch.
Besides, it examines the FLEMS’s response to an approved
flexibility requirement within the same context of energy
uncertainty. As a reminder, EMS previously generated an
optimal energy program for each asset for all case studies.
This schedule involves the previous forecasting process of

electricity consumption and PV production, expected EV
charging sessions, electricity prices, and validated flexibil-
ity offers.

Power Management (Case study 1)

Regarding the study of the optimal operation of a single
prosumer, Fig. 8 shows the power adjustments for energy
assets generated by FLEMS. Here, FLEMS adjusts the
EMS’s power setpoints according to the total deviation
power (Ptotal) as defined in Section 3.3. Initially, there is
a power deviation at the POI, caused mainly by an excess
of PV energy in relation to the EMS’s forecasting (about
140 W) and real-time production (about 320 W). To avoid
energy injections to the grid, especially when the EMS
forecasted power is equal to the minimum allowed power
(Fig. 10, solid red line, Ppoiarin), FLEMS charges the
battery from 16:46:07 to 16:49:47 to a maximum of 231
W (Fig. 8, solid orange line, Pbat,q;), taking into account
that battery’s SOC is within the operational range, from
20% to 90% (Fig.9, dashed purple line, SOCj,:). At the
same time, FLEMS accounts for the PV curtailment until
16:48:47 when it reaches 500 Wh, where FLEMS sets a new
power setpoint at 312 W (Fig. 8, solid blue line, Ppv). From
16:49:47 to 16:52:17, FLEMS discharges the battery at 42
W according to the new PV power and inflexible consump-
tion (Fig. 10, solid yellow line, Pin frr).

An unexpected EV charging session occurs at 16:49:47.
However, it is only reflected on the inflexible consump-
tion curve at 16:52:17 due to delays in power switching
in the resistance bank and the required time to register the
new power setpoint in the inverter. With the EV’s connec-
tion, the inflexible consumption suppers the 1900 W (Fig.
10, solid red line, Ppoijs,,). Due to the application of a
penalty for exceeding the maximum power (2€/kWh), the
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current state of the battery’s SoC (88%), and a previous
discharge approximately the same power at present time
frame, FLEMS decides discharging the battery at 34 W
until 17:00:47 whenever the PV excess persists and the real-
time power at POI (Fig. 10, dotted blue line, Ppoig%EMS )
remains below of the maximum allowed power.

Figure 9 displays the real-time power of the battery dur-
ing the resolution time. A relevant point here is the inverter’s
behavior in front of real-time power variations, as a com-
parison between FLEMS and inverter helps evaluate the
FLEMS’ performance. Initially, the inverter discharges and
charges the battery (dashed blue line, Pbatrr) around its
forecasted power by EMS (dashed red line, PbatEX5). In
the face of the EV charging session, the inverter discharges
the battery, reducing the electricity demand to 246 W until
the end of the analyzed time. As shown in Fig. 10, the
inverter permits injections into the grid, surpassing the
minimum power limit (solid blue line, Ppoil}?), especially
during the first six minutes. Conversely, FLEMS avoids any
power injection in relation to the forecasted power at POI
(dotted purple line, PpoillEMSY and follows the EMS
power setpoints to diminish the battery degradation.

The total cost raised by FLEMS and EMS’s execution is
lower (0.01 €) than the allocated cost forecasted by EMS
(0.079 €) or real-time total cost without FLEMS (0.082 €).
This is mainly due to curtailment of photovoltaic output,
exceeding the facility power thresholds, rejection of the EV
charging session, and changes in battery usage patterns.

Flexibility Provision (Case study 2)

Figures 11, 12, and 13 expose the results of case study 2
related to flexibility management in a prosumer. As in the
previous section, Fig. 11 presents the adjustments to the
EMS’s power setpoints done by FLEMS during the set time
(from 13:48:13 to 14:47:42 on October 18, 2024). The pro-
grammed flexibility request is a positive requirement of 800
W, i.e. an increase in consumption (Fig. 13, solid green line,
P flex,cq). Initially, FLEMS increases the battery charging
power (Fig. 11, solid orange line, Pbat,q;) predefined by
EMS (Fig. 12, dashed red line, PbatZM5), from 660 W to
1722 W until 13:55:43. Accelerating the charging session of
the battery is possible due to an energy excess of the PV that
achieves maximum levels of 1900 W at 13:55:13 in rela-
tion to the forecasted production by EMS (972 W), as well
as because the battery’s SOC is within the working range
(Fig. 13, dashed purple line, PpoiLlEMS) At the same
time, FLEMS modifies the PV power setpoint (1026 W)
at 13:49:13, as solar overproduction is higher than the PV
curtailment rate. All of these adjustments aim at the accom-
plishment of the flexibility request, which is fulfilled with
some difficulty at 13:52:13 due to an influx of PV energy
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and the inflexible consumption reduction (Fig. 13, dotted
blue line, PpoibZEMS) Conversely, to surpass this critical
period, the inverter injects energy into the grid (491 W) for
2 minutes, much longer than the FLEMS (Fig. 13, solid blue
line, Ppoill’).

As planned, an unexpected EV charging session starts at
13:54:13 (Fig. 13, solid yellow line, Pin frr). This EV’s
connection is authorized by FLEMS, adjusting the battery
charging point to the predicted value by EMS, setting it to
660 W to stabilize electricity consumption around the flex-
ibility requirement value. Later, FLEMS conserves the bat-
tery power setpoint from EMS until the end of the set time
due to stability in the energy balance between the persistent
PV energy excess, unexpected EV charging sessions, inflex-
ible consumption and flexibility requests, except for two
instances. Such instances occur when FLEMS must shift
the EMS battery power (192 W) at 14:22:13 and 14:47:12,
avoiding to exceed the maximum power (1900 W). These
energy imbalances are caused by a decrease in PV produc-
tion below the production predicted by EMS. For the same
situation, the inverter continuously varies the battery power,
attempting to reduce overall energy costs but violating the
flexibility guideline and wearing out the battery with half-
cycles of charge and discharge, especially at 14:06:43 and
14:21:13. Besides, the inverter moves away from the opti-
mal points defined by EMS, which could cause additional
costs in other time periods where a certain level of battery’s
SOC is required because of high electricity prices.

At last, the total cost associated with the FLEMS’s man-
agement is 0.06 €for the 15-minutes under analysis. The
costs estimated by EMS previously and real-time incurred
costs without FLEMS’s intervention are 0.41 €and 0.42
€, respectively. The above represents a saving of 85.36%.
Enabling EV connectivity, managing excess PV production,
and providing efficient behind-the-meter flexibility are key
contributors to these savings. For the sake for comparison,
current studies show that consumers can save between 10%
and 20% on their electricity costs by arbitrage with com-
petitive pricing, or demand management [50] (i.e, 4.5% in
datacenters). Savings of 65% are achieve with energy man-
agement with transactive energy trading mechanism with-
out real-time response or even 130% if the retributions for
ancillary services to the grid are proper designed [51] (Case
1 and 2, respectively). Therefore, FLEMS enable increase
potential savings and benefits.

Energy Community (Case study 3)

An energy community, formed by three inverters from the
PVZEN laboratory microgrid, manages positive and nega-
tive offers assigned according to their batteries’ SOC and
predicted powers by EMS. A positive offer of 800 W is



Smart Grids and Sustainable Energy (2026) 11:13

Page 17 0f 20 13

assigned to Unit 1 (Fig. 15, solid green line, P flex,,).
Units 2 and 3 receive a negative offer of -400 W (Figs. 17
and 19, solid green line, P flex,.,) during the time frame
(from 11:59:41 to 13:08:33 of October 18th, 2024). As
stated above, these offers are assigned, assuming they have
been correctly estimated, planned, and traded. Additionally,
EV charging sessions are neglected in this case study.

Initially, Fig. 14 shows the battery power comparison in
real-time for Unit 1. FLEMS maintains the battery’s power
setpoints done by EMS (dashed red line, PbatZ ) until
12:29:07 because the increase of power consumed from
the grid is generated by a decrease in PV generation to the
same extent, taking into account the inflexible consumption
(Fig. 15, solid yellow line, Pin frr). The above-mentioned
is confirmed by the real-time battery power behavior exe-
cuted by the inverter (Fig. 14, dashed blue line, Pbatgrr).
From 12:29:07 to 12:39:03, two high peaks of PV genera-
tion occur (2820 W and 2757 W) with a duration of 7 and
3 minutes, respectively. Therefore, the electricity from the
grid is reduced drastically. In consequence, FLEMS charges
the battery at a higher power rate to follow the flexibil-
ity setpoint, given that the current battery’s SOC (dashed
purple line, SOCYq;) is less than the maximum one (95%).
Both the inverter and FLEMS can not refrain from inject-
ing energy into the grid, but FLEMS quickly restores the
flexibility mandate. Later, FLEMS maintains the power set-
point determined by EMS until the end of the timeframe.
The average power consumed from the grid with FLEMS
was 830 W, above the FLEMS requirement.

Units 2 and 3 also experience the same initial drop in
PV generation. Here, FLEMS must deviate from the power
setpoint predicted by EMS and discharge the battery until
2453 W and 3389 W, respectively (Figs. 16 and 18, solid

FLEMS

green line, Pbat, ).These battery discharges must be

increased according to the increase in the inflexible load
and EMS power setpoints, 335 W and 663 W, respectively
(Figs. 16 and 18, dashed red line, PbatES5) . The inverter
proceeds in the same way as FLEMS, discharging the bat-
tery (Figs. 16 and 18, dashed blue line, Pbatrr) aggres-
sively. As a result of FLEMS’s decisions, the POI’s powers
of Units 3 and 2 range around -400 W from 11:59:41 to
12:12:07 approximately. Meanwhile, such powers are mov-
ing away from the flexibility requirement by inverter, since
it does not discharge the battery at the necessary power
rate (especially in Unit 2) as shown in Figs. 17 and 19.
Due to continuing PV generation deviation and the subse-
quent aggressive battery discharging, Unit 3 achieves the
minimum SOC determined by the inverter (above 20%),
which implies stopping the battery discharge and ignoring
the flexibility requirement. This also occurs in Unit 2 but at
12:59:38. Conversely, FLEMS allows batteries to continue

discharging at a higher DoD according to their CBA, where
the additional aging cost is taken into account. In the con-
text of flexibility requests, FLEMS changes the maximum
DoD from 20% to 5%, thereby avoiding complete discharge
of the battery. The two photovoltaic overgeneration peaks
are resolved by FLEMS by reducing the battery discharge
power, keeping the energy consumed from the grid within
the flexibility limit. Finally, the average powers consumed
from the grid of Units 2 and 3 with FLEMS were -368 W
and -355 W, respectively.

Regarding the total operational cost associated with the
energy community and flexibility requests, Table 5 sum-
marizes the costs recorded in cases where the EMS power
guidelines had been followed, power deviations had been
allowed without FLEMS action, and FLEMS had been
involved. Experimentally, FLEMS is key to accomplish
the flexibility requirements. As shown in Table 5, FLEMS
reduces the overall cost by approximately 11.59%. Taking
into account that savings of 4.3% to 10.2% are obtained
through load shifting under different pricing-based demand
response programs [52] and up to 30% in energy communi-
ties with an internal energy exchange cost integrated into
energy community systems [53], FLEMS could be posi-
tioned as a potential savings maximizer. However, its most
significant benefits are provided by individual participants.

Power Quality Assessment

Despite being outside the scope of this work, a short power
quality analysis was carried out on the AC bus to evaluate
the harmonic distortion under different operating condi-
tions of the PVZEN microgrid. Voltage and current wave-
forms were acquired at high resolution and processed
through FFT-based harmonic decomposition following the
guidelines of IEC 61000-4-7, using portable instrumenta-
tion, which specifications are available in [54]. Despite the
presence of non-linear loads—primarily the programmable
resistive emulator and the electronic equipment connected
to the auxiliary lines (electronic switches) —the voltage
at the inverter outputs consistently exhibited high power
quality.

Across all operating scenarios, the Total Harmonic Dis-
tortion of voltage (THDy,) remained in the narrow range
of 2.1-2.4%, well below the 8% limit typically prescribed
for low-voltage systems. This behavior highlights the

Table 5 Total operational cost for case study 3

Unit EMS (€) Without FLEMS (€) FLEMS (€)
1 0.031 0.036 0.076
2 0.018 0.09 0.108
3 0.029 0.259 0.161
Total 0.078 0.385 0.345

@ Springer
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capability of the off-grid inverters to maintain a stable and
clean AC waveform both in grid-connected and isolated
operation.

As expected, the Total Harmonic Distortion of current
(THD;) measured on the three monitored lines was signifi-
cantly higher, with typical values of approximately 107%,
75% and 45%, respectively. These values arise from the
switching behavior of the load emulator and from the pres-
ence of non-linear server power supplies, rather than from
any limitation of the inverter or the microgrid infrastruc-
ture. Throughout the measurement campaigns, no evidence
of harmful harmonic propagation or resonance phenomena
was observed, and the power quality remained stable over
prolonged periods of operation.

Conclusion

A close-to-real-time (30-second intervals) flexibility man-
agement system, based on a unified management approach,
was implemented to control and manage the real-time
power deviations and the behind-the-meter flexibility of a
single prosumer and an energy community, composed of
real-world photovoltaic panels, lithium batteries, and invert-
ers operating within the PVZEN microgrid laboratory at
Politecnico di Torino. The experimental results presented in
this work demonstrate that FLEMS is capable of minimiz-
ing the overall energy cost, while reliably and safely provid-
ing flexibility services to external agents.

In the case of single prosumer operation, experimen-
tal campaigns resulted in cost savings ranging from 81%
to 85% during two distinct time intervals characterized by
extreme energy imbalance. Concerning the operation of the
entire community—comprising three prosumers—the com-
parison between different energy management strategies
revealed a total cost reduction of approximately 12% during
the analyzed time frame, which was affected by photovol-
taic overproduction and underproduction, as well as vari-
ability in inflexible demand.

Additionally, this work introduces new parameters into
the CBA to consider the costs and revenues associated
with providing flexibility. More generally, the experimen-
tal results successfully validate several findings previ-
ously reported in [24], which were based on simulations
and emulations. Specifically, the sensitivity of the adaptive
autoregression algorithm (ARA) to parameters such as sam-
pling time and the number of historical values, as well as
the influence of cost models for O&M, aging, and penalty
terms, was confirmed under real operating conditions.

A comparative analysis between the performance of
FLEMS and the standard inverter operation shows that
FLEMS reduces energy injections into the grid, mitigates

@ Springer

battery micro-cycling, and lowers aging-related degradation
costs. Additionally, FLEMS enables the integration of unex-
pected electric vehicle (EV) charging sessions without incur-
ring extra costs. According to the implemented algorithms,
FLEMS consistently prioritizes the optimal energy schedule
generated by the Energy Management System (EMS), which
is considered a local optimum within the overall optimiza-
tion framework. This approach reduces medium- and long-
term deviations, as EMS accounts for all relevant variables
and constraints over extended time horizons.

Finally, all energy management systems are subject to a
minimum latency required to acquire measurements, trans-
mit and process data, and subsequently dispatch updated
power setpoints to energy assets. This latency primarily
depends on the communication infrastructure and the com-
putational burden of the optimization routine. In the con-
figuration analyzed in this work, the minimum required time
for the complete FLEMS operation was found to be under
22 s. As part of future work, the authors could investigate
the feasibility of operating the system with shorter sampling
intervals to enhance cost savings further.
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