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ABSTRACT The paper proposes the implementation of a controlled DC microgrid to supply DC loads
in a plating industry. The plating loads, typically from chromium-based surface coating processes, are
characterized by low voltage (10–20 V) and high currents (5–10 kA). To adopt renewable sources, the
supplying 600 V-DC microgrid is powered by a photovoltaic (PV) system and a Battery Energy Storage
(BES) system. Main aim of the work is to develop a smart strategy to reduce energy consumption, while
lowering electricity costs, and minimizing the current ripple affecting the loads. Since PV systems cannot
provide a continuous power supply, the system also includes an interface with the external AC grid by a
bidirectional DC/AC converter. This hybrid converter allows to feed back the PV energy excess to the grid,
still ensuring electricity supply when needed. The paper wants to provide a technical-economic overview,
from the sizing of PV and BES systems to the voltage control system, including an Energy Management
System (EMS). In particular, the study is aimed at determining the optimal PV system size and BES capacity
size to maximize the Net Present Value (NPV) of investments-originated savings. Industrial electricity load
profiles, PV generation data derived from 18 years of average hourly irradiation, and three years of electricity
price profiles are adopted as optimization inputs. Particularly, the BES power is optimized over a one-year
period to minimize grid energy exchange, with annual cost curves to maximize the NPV. Finally, with the
same MILP approach as sizing, an EMS with real-time control is proposed in the optimization of microgrid
devices, while the DC voltage control system is discussed in detail with tests performed on a Hardware In the
Loop (HIL) platform in some scenarios among equilibrium conditions. The paper aims to make a contribution
to the development of energy management strategies for reducing procurement costs in industries that make
extensive use of DC current, suggesting the entire process, from the optimal calculation of the sizing of the
components, to the daily management of the microgrid with optimized scheduling of the EMS, including the
control system.

INDEX TERMS DC microgrid, electroplating, EMS, galvanic industry, national price, net present value NPV
optimization, optimal size, voltage control system.

NOMENCLATURE
T set of optimization periods t, each of dura-

tion �t .
πexp, πin selling and purchasing energy prices.

Pgrid_ex, Pgrid_in exchange meter power injection - absorp-
tion.

PPV power injection by PV production.
Pload power absorbed by the loads.
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PV size size of the photovoltaic facility.
ES

t shared energy.
PBES_di, PBES_ch discharge and charge BES power.
PBES BES power, limited between

PBES,min , PBES,max .
E BES,max BES capacity.
SOC BES State Of Charge.
ηAC/DC bidirectional grid interface converter effi-

ciency.
ηBES storage charging and discharging effi-

ciency.
C annual cost of electricity.
C(0) annual cost of electricity without PV and

BES system.
CPV total annual cost of electricity with PV,

without BES.
C(BES) total annual cost of electricity with PV and

BES.
CO&M annual cost for operations/maintenance of

PV and BES systems (OPEX).
CPV _SIZE total annual cost of electricity as a function

of the PV size.
SPV _SIZE total annual savings with PV as a function

of PV size.
CBES_SIZE total annual cost of electricity as a function

of BES size.
SBES_SIZE total annual savings with BES as a function

of the BES size.
D degradation rate of the capacity BES.
TPV , TBES is the useful life of the PV/BES system in

years.
CO_PV ,CO_BES initial cost to install PV/BES system

(CAPEX).
r discount rate.

I. INTRODUCTION
Last years, the European Union has implemented a compre-
hensive policy framework to facilitate the energy transition
and the affordable use of electricity. This legislation in-
cludes both ambitious renewable energy targets outlined in
the Renewable Energy Directive II (RED II) [1], and strin-
gent regulations governing energy efficiency and consumption
across all sectors, as well as industrial processes [2]. Under
the “Fit for 55” package, the Energy Efficiency Directive
(EED) [3] establishes binding targets that directly shape in-
dustrial energy strategies. Indeed, it obliges large enterprises
either to implement energy management or to conduct regular
energy audits.

Thanks to the increasing exploitation of renewable energy
sources interfaced with power converters, in urban, residen-
tial, and industrial plans, the possibility of using DC micro-
grids is being taken into consideration more often. In this
context, the DC MGs provide several advantages compared
to AC MGs. To give a short list, it is possible to enumer-
ate improved efficiency, better control, stability, compatibility
with the DC nature of renewables and storage sources, and

TABLE 1. Main Processes Suitable for DC Microgrids [8]

the absence of reactive power and synchronization [4]. On the
other hand, a review on the issues of DC MGs (e.g., architec-
ture, protection, power quality, inertia, communication, and
economic operation) is in [5] to give a complete background
on this technology.

In general, certain industrial processes are particularly
well-suited for controlled DC distribution, forming the ba-
sis of DC MGs [6], [7]. A summary of the most interesting
applications [8] as DC microgrids is in Table 1, where usual
power-voltage values are reported.

Electroplating is one process where DC microgrids are
suggested. This technique is employed to deposit a thin, uni-
form layer of metal onto the surface of metal objects [9].
This galvanic process is commonly used to enhance corrosion
resistance, while improving the aesthetic appeal of artifacts.
This paper investigates on an industrial facility specialized in
chromium-based coatings for steel pipes. The coating process
involves electrolytic deposition, where a DC-polarized elec-
trolysis cell is adopted [9].

To activate the reactions and thus energize the electroplat-
ing tank, generally, an AC/DC rectifier converter is interfaced
to the main supply (400 V/50 Hz). Four primary power supply
types with rectifiers were historically used: 1) variable trans-
formers with rectifier, 2) silicon-controlled rectifier (SCR), 3)
step-down transformer with linear rectifier, and 4) switching
power supply [10]. This type of converter is characterized
by the presence of harmonics on the grid side, large energy
loss, low power factor and high ripple current [11]. In electro-
plating applications, minimizing ripple current is of primary
importance. A stable electroplating bath (i.e., consistent tem-
perature and pH) is indeed essential for achieving high-quality
coatings. By preventing fluctuations in the electrical current
supplied to the bath, the ripple current reduction can con-
tribute in guaranteeing a stable bath. It is thus necessary to
keep the current density injected into the tank as constant
as possible. To achieve high-quality chrome plating, it is
important to apply high current and voltage with minimal
ripple. Consequently, rectifiers in chrome plating must exhibit
lower ripple-higher capacity compared to those in other metal
plating processes [9], [11], [12]. To complete the context, in
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a production facility multiple DC powered electrodeposition
tanks are installed. The latter are typically supplied with volt-
age between 10 V and 20 V and very high currents (from 5 kA
to 10 kA). During the day, the power grid could be powered
using a PV system on the building roof. The employment of
controlled DC MG constitutes the smartest and most efficient
approach to manage a system powered by renewable and
storage [13]. For these types of plants, identifying the optimal
integration of PV system and BES is crucial for maximizing
the Net Present Value (NPV) of investment-originated savings
to have the optimal size.

Although several works have dealt with the sizing of com-
bined PV and Battery Energy Storage (BES) solutions. In [14]
the scheduling and the economic analysis was performed to
determine the size of the BES maximizing mainly the Renew-
able Energy Certificate profit and the System Marginal Price
profit. The paper [15] presents an LP optimization (excluding
integer variables) for the dispatch scheduling and economic
assessment of PV systems coupled with BES; economic per-
formance is assessed through simple payback time and net
savings, rather than NPV maximization. In [16] the authors
propose a multi-objective optimization framework that explic-
itly balances economic performance and investment scale for
BES sizing; the non-convex model generate a Pareto front,
allowing decision-makers to identify trade-offs between prof-
itability and capital intensity.

When adopting a DC microgrid, the efficient operation
relies on the deployment of an Energy Management System
(EMS) [17], [18]. The latter enables the effective integration
of DC-native renewable energy sources and BES systems with
minimal conversion stages and reduced associated losses. To
achieve predefined operational goals, EMSs typically account
for factors such as energy price forecasts, renewable genera-
tion availability, and load prioritization [19]. In the literature,
numerous objective functions (OFs) have been proposed,
with one of the most common focusing on the minimization
of energy procurement costs [20]. To address these opti-
mization problems, different techniques have been employed
(e.g., [21]), among which Mixed-Integer Linear Programming
(MILP) has emerged as a particularly effective and versatile
approach [17].

In the proposed planning framework, PV capacity is opti-
mized prior to BES sizing rather than through a fully joint
PV–BES co-optimization. Assuming that the system is grid-
connected and without curtailment, that the marginal cost of
PV is about zero, that monotonic relationship between PV and
BES capacity (as will be seen later – Fig. 10 – the trend is
linear), that the system is not able to influence the NPV market
price and that BES revenue depends mainly by price volatility,
the sequential PV–BES sizing remains near-optimal. In indus-
trial applications dominated by self-consumption, PV sizing
is primarily driven by load profiles and available installation
constraints, while the marginal economic value of the BES
depends mainly on price volatility and residual surplus energy.
The coupling between optimal PV size and BES value with
joint optimization would substantially increase computational

complexity without yielding materially different sizing out-
comes for the scenarios considered.

A. CONTRIBUTION OF THE PAPER AND METHODOLOGY
This paper investigates the introduction of a DC microgrid
(MG) in industrial environments that already make extensive
use of direct current, such as electroplating plants, an ap-
plication area that, to the authors’ knowledge, has not been
previously addressed in literature. The analysis adopts a com-
prehensive perspective: first, the optimal sizing of generation
unit and the BES is assessed; subsequently, microgrid opera-
tion and energy management system (EMS) control strategies
are evaluated, providing insights relevant to real-time imple-
mentation.

Compared to existing studies, a two-step MILP-based opti-
mization framework is employed for capacity sizing, offering
robustness and transparency for investment-oriented decision-
making. In the first step, annual BES scheduling is optimized
using 18 years of historical PV production data and consid-
ering the National Single Price (NSP) of three representative
years: 2021 (low prices), 2022 (high prices), and 2023 (low
prices). The MILP-based program is developed with the spe-
cific objective of minimizing energy procurement costs. The
resulting operating costs are then used in the second step
to derive and linearize the cost curve, ensuring a convex
optimization problem suitable for economic sizing. This lin-
earized cost-based sizing approach is not commonly adopted
in existing literature. The linearized curve is the input for the
second optimization step which aims to maximize NPV and
choose the corresponding optimal size. Then, a sensitivity
analysis evaluates the impact of load variability (modeled
through multiples of the load standard deviation), discount
rate, and BES degradation over time (assumed linear) on the
optimal storage size. A specific study on the DC voltage
control testifies how the controlled microgrid can proficiently
work both in islanded and interconnected mode. Particular at-
tention is spent on the transition between one operative mode
and the other, when indeed PV and batteries operate properly
for the green supply of the electroplating process. To integrate
day-ahead optimization into the EMS, the same MILP formu-
lation used in Step 1 is adopted, with the time horizon reduced
to 24 hours (96 periods), with the same objective of mini-
mizing the energy procurement cost. In addition, the EMS
employs a hierarchical architecture with day-ahead schedul-
ing and a real-time receding-horizon control layer to correct
forecast deviations in PV generation and load. Corrective ac-
tions adjust BES and grid power setpoints while preserving
long-term economic decisions and system constraints.

The main contributions of this paper can be summarized as
follows:
� The study addresses the integration of a DC microgrid

in electroplating processes, an industrial application that
has not been explicitly investigated in existing PV–BES
literature.

� Sizing methodology: A two-step MILP-based opti-
mization framework is proposed, in which long-term
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FIGURE 1. One line diagram of a standard AC distribution system
containing PV and BES.

operational scheduling is first used to derive cost func-
tions, subsequently embedded in an NPV-based sizing
problem through a linearized formulation.

� Decoupled optimization approach: The separation be-
tween operational scheduling and investment decisions
enables improved computational efficiency and trans-
parency, while maintaining near-optimal sizing results.

� The framework incorporates long-term PV production
data (18 years) and representative market price scenarios
to capture realistic variability.

� The proposed sizing methodology is coherently linked
to a hierarchical EMS architecture, including day-ahead
optimization and a receding-horizon (MPC-like) control
strategy for real-time operation.

� The impact of key parameters, including discount rate,
BES degradation, and load variability, is systematically
evaluated.

� The control architecture is compatible with hardware-in-
the-loop (HIL/CHIL) environments, supporting practical
validation.

The paper structure is in the following. Section II is devoted
to the description of DC MG configurations for considered in-
dustrial process. Section III presents the problem formulation
and the description of the MILP model to optimize the NPV.
Section IV illustrates the results of numerical tests obtained
by NPV optimization. In Section V, DC voltage control and
Typhoon HIL results are discussed. Section VI describes the
MILP model to be included in the EMS and real-time control.
Section VII concludes the paper.

II. DC MICROGRID CONFIGURATION FOR
ELECTROPLATING
As reported in [22] in an electroplating industry the installed
load (i.e., electrodeposition tanks) requires DC low-voltage
high-current. As in Fig. 1, a first idea envisages that such a
load is supplied by both the AC network and also by a PV
system. In this standard distribution, the PV system is thus
connected to the 400 V AC bus through a solar inverter, and
in turn, the AC bus supplies the electroplating tanks through
an AC/DC rectifier. Because of the high current and significant
cost, such rectifiers lack output filtering and therefore produce
a noticeable current ripple [23].

FIGURE 2. One line diagram of the proposed DC distribution system.

Conversely, in the present work a 600 V DC bus intercon-
necting the DC side of converters is proposed constituting
an innovative microgrid system configuration for this kind of
industry. This MG is supplied by the DC output of the hybrid
inverter, normally used to connect to the BES only. Therefore,
it is used to power the DC load, as well as to interface the BES
and internal DC/DC converter (Fig. 2). In other words, this is a
matter of extending the DC output section of the inverter to the
load, wired in parallel with the BES. Two pieces of equipment
(i.e., rectifier and inverter) are thus replaced by a single one,
the solar hybrid inverter. In close proximity to the loads (of
working voltage 10 V to 20 V and current 10 kA), DC/DC
converters will be installed to step-down the voltage to the
required level (Fig. 2). This high-efficiency converter also pro-
vides galvanic isolation between the two voltage levels [24].
The proposed diagram features two DC buses. Firstly, a high
voltage bus (600 V), designed to integrate power generated by
the PV strings into the system and facilitate energy exchange
with the BES. Secondly, a low voltage bus (20 V), dedicated to
supply power to the electrochemical tanks, while minimizing
energy distribution within the factory. For the main DC bus to
interface the BES, the voltage level is assumed to be 600 V,
therefore a typical value of commercially available inverters.
Furthermore, such a value is compatible with the AC grid
voltage, which has a peak value of 556 Vp (400 Vrms).

In electroplating industry, the ripple reduction constitutes
an important target to be attained. A low frequency ripple
can indeed deteriorate the desired output in electroplating
process [25]. In addition to these considerations, the work
in [26], also demonstrates how the filtering arrangement for a
high frequency application (i.e., DC/DC converter) is smaller
in size (−75%) compared to the solutions in low frequency
(i.e., thyristor AC/DC rectifier). This aspect is remarkable
in electroplating [27]. The AC solution (Fig. 1) employs a
conventional three-phase six-pulse bridge rectifier to supply
the electroplating load, whereas the DC solution (Fig. 2)
utilizes a DC-DC converter. The primary advantage of the
DC-DC stage lies in the frequency shift of the ripple com-
ponents. Specifically, a passive rectifier exhibits a dominant
ripple frequency of 6fs [28], which corresponds to 300 Hz
(assuming a 50 Hz supply). In contrast, DC-DC converters
operate at switching frequencies ranging from the kHz scale
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to tens of MHz. While the theoretical voltage ripple factor
for a six-pulse rectifier is approximately 4.2% [29], the cur-
rent ripple in electroplating loads often exceeds 10% without
filtering. This level is unacceptable for high-precision elec-
troplating processes, necessitating bulky filtering components.
Conversely, in DC-DC converters, voltage and current ripples
can be minimized not only through appropriate filter design
but also by adopting specific topologies and control strategies
(e.g., interleaving) to enhance power quality [30]. Specifi-
cally, the current ripple magnitude is inversely proportional
to the switching frequency (i.e., �I = (Vin−Vout )·D

L· fs
) and can

be further reduced below 5% using advanced techniques [31].
Since the quality of the electrochemical deposition depends
directly on the output current, the ripple on the DC side is the
critical performance metric for this application. The proposed
configuration brings some other advantages as expressed in
the following: during daylight, the PV system (by means
of the DC/DC section of the hybrid inverter) can directly
supply the DC bus avoiding a double conversion; at night or
during unfavorable weather, the same hybrid inverter (AC/DC
section) can supply the load by drawing power from the AC
network; therefore, a double conversion is avoided if the BES
inject power. As the high ripple is mainly given by unfiltered
AC/DC rectification [23], a significant reduction in ripple
is reached by excluding the load rectifier from the system.
This proposed configuration also beneficially utilizes widely
available technologies, i.e., hybrid inverters. Secondary loads
(mainly lighting) will be therefore powered in DC to avoid
distributing the AC bus. In general, the introduction of a 600
VDC microgrid in an industrial facility originally designed for
a 400 VAC supply requires careful consideration of standards,
safety, and load compatibility (e.g., IEC 60364 - Low-voltage
electrical installations). In particular, conventional AC light-
ing systems cannot be directly supplied by DC and must be
replaced with DC-compatible luminaires (e.g., IEC 60598 -
Luminaires, IEC 62031 - LED modules for general light-
ing). DC systems also require specific protection devices,
grounding schemes, and arc-fault mitigation strategies, as
fault behavior differs significantly from AC systems (e.g., IEC
60269 - Low-voltage fuses).

The inverters firmware usually controls the PV production
by adopting Maximum Power Point Tracking (MPPT) strat-
egy, thus it ensures the interface with the external AC grid
and regulates BES charge/discharge as a function of the AC
load. In this case, the algorithm also is to be interfaced with
both global EMS and DC loads, with related data for opti-
mally charging/discharging the BES. Although commercial
hybrid inverters and high-power isolated DC/DC converters
are available, their deployment in electroplating plants poses
practical challenges due to the combination of kiloampere-
level currents and very low DC voltages (10–20 V). Individual
converter ratings are typically insufficient for direct kA oper-
ation, requiring extensive parallelization, which complicates
current sharing, thermal management, and busbar design
while amplifying the impact of conduction losses and voltage
drops. In addition, DC fault protection and selectivity at high

FIGURE 3. Hourly profile of the electrical load in 2023.

currents remain challenging and require careful coordination
between upstream hybrid converters and downstream DC/DC
stages. Compared to conventional rectifier-based solutions,
the proposed architecture also increases system coordination
and maintenance complexity, necessitating conservative der-
ating, robust control strategies, and alignment with industrial
reliability and availability requirements.

III. NPV OPTIMIZATION APPROACH
The DC MG is a radial system where PV plant, BES, main
grid and loads are interconnected. The optimization algorithm
aims to first determine the optimal size of PV system that max-
imizes the NPV accounting for plant construction CAPEX.
Subsequently, it defines the optimal size of the BES to maxi-
mize the NPV, factoring in the CAPEX for its acquisition.

A. INPUT DATA
The annual MILP is deterministic and does not explicitly
model stochastic forecasting errors. Long-term uncertainty is
addressed through multi-year PV production data and repre-
sentative market scenarios, enabling robust sizing decisions
that capture interannual variability while providing a stable
basis for investment-oriented optimization. Then, uncertainty
is represented indirectly by using long-term average PV data
and by injecting Gaussian perturbations into the load profile,
complemented by a sensitivity analysis. the following data
will be used to optimize the system.
� The hourly profile of electrical power consumed in 2023

is in Fig. 3. Lacking real measured hourly power con-
sumption data for the specific electroplating factory,
data relating to monthly energy consumption were used.
However, in order to simulate a more realistic scenario
that includes hourly load fluctuations, the variability of
power absorption has been modelled by applying a ran-
dom change to the average active power data, such that
peak power and total energy absorbed are unvaried.

� The profile of the electrical power produced by each
kWp of PV system on the rooftop, inferred by the total
hourly irradiation using PVGIS (from JRC). This eval-
uation is made by considering the average of the last 18
years) related to the site of interest (province of Bologna,
Italy).
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FIGURE 4. NSP hourly profile in 2021, 2022 and 2023.

� The hourly profile of the National Single Price (NSP)
considering the years 2021, 2022 and 2023. These years
are selected to catch two distinct market price regimes
relevant to the analysis: 2021 and 2023 represents a
low-price regime, and 2022 a high-price regime, thereby
enabling a comparative assessment of BES performance
across differing market conditions, as highlighted in
Fig. 4 [32].

The total cost of electricity (sum of the amount of bills) in
the last year taking into account the process. In electroplating,
the pieces to be chromed are immersed in large tanks (electric
loads), the processing takes place in a continuous cycle and in
turn the tanks are loaded and unloaded one at a time. So only
part of the load is variable during the 24 hours. To account
for this variability in load demand, the profile is constructed
by applying a Gaussian noise. In the sensitivity analysis, to
better evaluate the load variability, the effect on the system
is considered by varying the standard deviation between 1
and 5. In addition, additional assumptions are to be put: the
energy injected into the grid is valued at the hourly NSP (the
energy component, on average, makes up 50% of the cost of
the bill); the discount rate is set at 3% and adequate efficiency
for converters and BES is considered. In PV system, a loss of
efficiency equal to −1%/year is considered.

B. OPERATION CONSTRAINTS
Some constraints are assumed as in the following. The DC-bus
power balance is in (1), while the net power exchanged with
the main grid is given by (2) in the cases of imported/exported
power:

Pload + PBES = Pgrid + PPV (1){
Pgrid_in = ηAC/DCPgrid

−Pgrid_ex = Pgrid/ηAC/DC
(2)

The BES power PBES is assumed to be positive during the
charging phase. To avoid simultaneous injection and absorp-
tion of power from the grid in the same period, a binary
variable v is introduced:{

Pgrid_in ≤ v · Pgrid_in_MAX

Pgrid_ex ≤ (1 − v) · Pgrid_ex_MAX
(3)

FIGURE 5. Energy cost as a function of the PV size (from 0 to 500 kWp)
considering NSP of 2021, 2022 and 2023 [22].

C. OPTIMAL PV SIZE
Before calculating the NPV, the energy procurement cost
curve is modeled as a function of PV size, incorporating the
annual marginal savings achieved by progressively increasing
the PV capacity. The cost curve is defined as SPV _SIZE =
C(0) − CPV _SIZE . For each PV size (from 0 to 500 kWp), the
calculation in (4) is thus done:

C =
T∑

t=0

(Pgrid_in, t · πin, t − Pgrid_ex, t · πex, t ) · �t (4)

The resulting cost curve in Fig. 5 is non-linear, making the
optimization system non-linear too. To preserve the linearity
of problem formulation, the cost curve is thus approximated
by using a piecewise linear function:

SPV _SIZE
i

= mi · PVi
SIZE + qi (5)

For each i segment, m slope and q intercept are defined (6):⎧⎨
⎩mi =

(
SPV _SIZE

i+1
− SPV _SIZE

i

)
/
(

PV SIZE
i+1

− PV SIZE
i

)
qi ≤ SSIZE

i
− mi · PV SIZE

i

(6)

Interval constraints are defined to guarantee that SPV_SIZE

remains within the bounds of the active segment. Specifically,
SPV_SIZE must be greater/equal to the lower bound of the active
segment and smaller/equal to the upper bound, as in (7){

SPV _SIZE
i

≥ PV SIZE
i

· bi

SPV _SIZE
i

≤ PV SIZE
i+1

· bi + (1 − bi ) · M
(7)

where b represents a binary variable. To ensure that only one
segment is active at a time, constraint in (8) is imposed:{

SPV _SIZE
i

≤ mi · PV SIZE
i

+ qi + (1 − bi ) · M

SPV _SIZE
i

≥ mi · PV SIZE
i

+ qi − (1 − bi ) · M
(8)

Here, M is a sufficiently large constant (Big-M method) to
ensure that PV size lies in exactly one segment. In (8), the
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following constraint is also added:

N∑
i=0

bi = 1 (9)

The described linearization introduces an approximation
error; however, as demonstrated in the sensitivity analysis, this
error remains within acceptable limits and does not signifi-
cantly affect the results.

By adopting the objective function (OF) in the second step
of the algorithm, the PV size corresponding to the maximum
NPV is found as a function of marginal savings:

max NPV =
T _PV∑
t=0

C(0) − CPV _SIZE (1 − 0.01t ) − CO&M

(1 + r)t − C0_PV

(10)

The optimization is repeated in an iterative way by increas-
ing the PV size with step of 1 kWp. At the end, the algorithm
returns the size that leads to the maximum NPV.

D. OPTIMAL BES SIZE
Once the optimal PV size is identified, an analogous proce-
dure is applied to find the optimal BES size. In this case, the
BES power scheduling is simulated for each BES size and for
one year to get the cost curve, while assuming the determinis-
tic knowledge of prices, load and PV production, considering
the charging/discharging power of BES as decision variables
and minimizing the following OF:

min C =
T∑

t=0

(Pgrid_in, t · πin, t − Pgrid_ex, t · πex, t ) · �t (11)

An example of the BES scheduling for 2023 year is shown
in Fig. 6. Here, PBES is positive during discharging and Pgrid

is positive if absorbed. By starting from the constraints (2)
and (3) related to the exchange with the external grid, addi-
tional constraints for the BES are introduced. As in [20], the
net power exchange with the BES is in (12), whereas binary
variables are included in (13) and (14) to avoid simultaneous
charging and discharging in the same period:

PBES = PBES_chηBES − PBES_di/ηBES (12){
PBES_di ≤ u · PBES_di_MAX

PBES_ch ≤ (1 − u) · PBES_ch_MAX
(13)

SOCt = SOCt−1 + (PBES/E BES,max) · �t (14)

SOC constraint in (14) and its limits, with initial/final val-
ues are included as in the following:

0.1 ≤ SOCt ≤ 1, (15)

[SOC0 = SOCend = 0.5]

In the BES scheduling, no constraints are imposed on the
degradation of the batteries over time. This can lead to a

FIGURE 6. Power scheduling for 2023: (a) annual behavior of the BES
power, grid exchange power, PV power production and power load; (b)
SOC behavior of BES in two weeks; (c) behavior of the BES power, grid
exchange power, PV power production and power load in two weeks [22].

moderate overestimation of BES usage and revenue. This
aspect will be taken into account in the second phase for
NPV optimization by introducing a linear degradation in the
OF (16) [33]. Before calculating the NPV, the cost curve is
modeled as a function of BES size, incorporating savings due
to the introduction of the PV (optimal size) and the annual
marginal savings achieved by progressively increasing the
BES capacity (with step of 5 kWh). This one is defined as
SBES_SIZE=CPV - CBES_SIZE, for each BES size in kWh. Then,
the optimization in (16) is performed:

max NPV =
T _BES∑

t=0

(CPV − CBES_SIZE )(1 − Dt ) − CO&M

(1 + r)t − C0_BES (16)

This leads to optimized costs as a function of various BES
sizes, iterating OF (16) for each BSE size. The coefficient D
is to take into account, from an economic point of view, the
degradation of the BES. Finally, the cost curve is linearized
too, and the algorithm computes the size that maximizes the
NPV.

As the cost curve (Fig. 7) is not linear and (as in the case
of the PV size optimization), the optimization system is non-
linear too and non-convex. Therefore, the same linearization
for the cost curve is performed with the piecewise linear
function procedure indicated in the PV size optimization, as
in Section III-C.

IV. IMPLEMENTATION AND TEST RESULTS
The models have been implemented in Python and tested by
using the library CVXPY [34], [35], and SCIPY [36] as a
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FIGURE 7. Energy cost as a function of the BES size (from 0 to 500 kWp)
considering NSP of 2021, 2022 and 2023 [22].

TABLE 2. NPV Optimization, PV Optimal Size and Costs

solver of the MILP program on a 4.7-GHz Intel-i7 computer
with 16 GB of RAM, running 64-bit Windows 11. All the
calculations refer to a time window of one year, split into 8760
periods of 1 hour each. The results are offered in next tables.

For each of the considered years, results of PV optimal size
along with the corresponding NPV, initial bill costs (without
PV, assumed as a reference) and costs including PV (using
optimal size) are provided in Table 2. The computation is
performed in the PV size interval between 0 and 500 kWp,
assuming CAPEX of 2 k€/kWp (including project, installa-
tion and grid connection), OPEX of 70 €/kWp per year, PV
lifetime TPV = 25 years and converter efficiency ηAC/DC =
0.92. The obtained results are able to show an optimal size
of 326 and 341 kWp in the years 2021 and 2023 respectively,
while the size tends to the full scale in 2022. The NPV in 2022
is also much higher (over 5 times that of the other years).
This is essentially due to the very high NSP in 2022. High
NSP price levels increase revenues from energy sales, largely
offsetting procurement costs and resulting in higher NPVs; in
turn, higher NPVs support the deployment of larger PV capac-
ities. This represents an exceptional price and therefore it will
not be considered. The PV size is then chosen as an average
between 2021 and 2023, thus 334 kWp (i.e., size used in next
steps). The PV size is compatible with the available surface
area on the roof of the factory. The Table 3 provides the results
of the second step optimization. Over the same three years,
important data are represented, thus the NPV corresponding
to the optimal BES size, the starting bill costs (with PV and
without BES, assumed as a reference) and the costs includ-
ing BES. The computation is performed in the BES capacity

TABLE 3. NPV Optimization, BES Optimal Size and Costs

size interval between 0 and 500 kWh, assuming CAPEX of
0.5 k€/kWh (including project and installation), OPEX of 1
k€/year, the BES lifetime equal to TBES=10 years, efficiency
ηAC/DC = 0.92 and BES efficiency ηBES = 0.90. Similar con-
siderations to those of previous case can be repeated for the
choice of optimal BES size. Also in this case, the result for
2022 will not be considered, as it tends to the full scale (500
kWh) due to the very high NSP. The proposed optimal size for
the BES is 270 kWh, that is the average resulting in the two
years (2021 and 2023) with regular prices.

The numerical simulation presented concerns the Italian
market, but the algorithm used is believed to be robust and ap-
plicable to any type of market. Economic signals, which serve
as inputs to the optimization algorithm, implicitly govern the
charging and discharging behavior of the BES through price
differentials. In particular, PV generation is assumed to have
a zero marginal cost, while energy injected into the grid is
remunerated at the wholesale market price (NSP). Conversely,
energy withdrawn from the grid is priced at twice the NSP to
account for system charges, network fees, and taxes. Under
these assumptions, charging the BES using grid electricity
is economically unattractive. As a result, the optimization
naturally prioritizes charging from on-site PV generation and
subsequently discharging to the grid. In scenarios with fixed
tariffs, capacity-based pricing, or negative market prices, the
algorithm still minimizes procurement costs, only the strategy
governing energy exchanges with the grid changes. However,
there may be situations and markets in which the NPV is
negative, and the BES investment is not convenient.

A. SENSITIVITY ANALYSIS
To assess how the NPV and the optimal size of the BES
respond to variations in key input parameters, a sensitivity
analysis was conducted. In particular, the analysis examined
the effects of the discount rate r (ranging from 1% to 5%),
the BES degradation rate D (ranging from 1% to 5%), con-
sidering in OF (16) a drop in revenue due to the loss of
capacity, and the load standard deviation SD (ranging from
1 to 5 from the daily mean). The results are shown in Figs. 8
and 9.

The results indicate that increases in both the discount rate
and the degradation rate led to an almost linear reduction
in the NPV and the optimal BES size. The point at which
the NPV becomes zero, beyond which the investment is no
longer worthwhile, has also been calculated: NPV becomes
zero for r = 11% and D = 9.5%. The variations in the load
standard deviation SD have only a marginal impact on the
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FIGURE 8. NPV sensitivity analysis as a function of discount rate (r),
degradation rate (D) and load standard deviation (SD).

FIGURE 9. Optimal size of the BES sensitivity analysis as a function of
discount rate (r), degradation rate (D) and load standard deviation (SD).

optimal size, which remains nearly constant. This outcome
is expected, as the sizing decision is weakly dependent on
power load variability: the primary role of the BES is to
shift energy from periods of high PV generation to periods
of low or absent generation (e.g., Fig. 6), largely independent
of short-term load fluctuations. Additional simulations were
carried out to assess the impact of the error introduced by
the linearization of the cost curve of the PV and BES. To
this end, progressively finer piecewise linear approximations
were adopted, and the resulting optimal sizes were compared.
Over the capacity range from 0 to 500 kWp (kWh), the cost
function was linearized using segment widths of 10, 1, 0.1,
and 0.05 kWp (kWh), with the finest discretization taken as a
reference for the “exact” cost function. The corresponding re-
sults are reported in Table 4 and show that the approximation
error remains limited, confirming the accuracy of the adopted
linearization approach. With a discount rate of 3% the error
committed is only 0.13% and 0.14% in the case of the PV size
and the BES size respectively.

TABLE 4. Capacity PV and BES Optimization. Deviations Due to
Linearization Cost Curve

FIGURE 10. BES size behavior as a function of PV size.

With regard to the relationship between PV and BES sizing,
the simulations reveal an approximately linear correlation be-
tween the two. When the PV capacity is varied within a ±20%
range around its optimal value, the resulting trend shown in
the following Fig. 10 is obtained.

To assess the robustness of the load profile used in the
model, additional annual load profiles were generated based
on the characteristics of the electroplating process. In par-
ticular, the plating process duration, ON-time period, was
assumed to vary between 1 and 20 hours, depending on the re-
quired coating thickness, while the OFF-time ranged between
1 and 6 hours, reflecting loading and unloading operations.
Multiple synthetic load profiles were constructed by aggregat-
ing the demand of the five electroplating tanks of the factory,
each with different power ratings and operating independently
according to randomly generated ON/OFF cycles within the
specified ranges. The resulting dataset was normalized to pre-
serve the same total annual energy consumption. The results,
reported in Table 5, are consistent with those obtained using
Gaussian noise-based perturbations, confirming the robust-
ness of the proposed modeling approach.

The PV and BES sizing results obtained with different load
profiles are consistent, with maximum deviations of 4.11%
and 4.84%, respectively. This indicates that the optimal sizing
is only weakly influenced by variations in the instantaneous

1614 VOLUME 7, 2026



TABLE 5. Capacity PV and BES Optimization (year 2023) with Different
Profiles Based on Monthly Bill and on Work Cycles

load profile and is primarily determined by the total energy
demand (i.e., the integral of the power over time).

V. DC VOLTAGE CONTROL SYSTEM
The previous analysis primarily focused on the system from
an energy balance perspective, while the control aspects were
not addressed. This section examines the control and coor-
dination strategies of the various power electronic interfaces.
The objective is to ensure stable and flexible operation of the
analyzed power system, as illustrated in Fig. 2. The control
of the DC bus voltage is assigned to the BES converter, since
the battery is capable of both absorbing and supplying power,
thereby maintaining a constant power balance on the DC bus.
Conversely, both the PV and grid-side converters operate un-
der power control. This configuration enables the regulation
of power exchange between the microgrid and the main grid,
providing support during periods of insufficient PV genera-
tion and allowing energy export to the grid in case of excess
production. To ensure that the proposed control strategy can
guarantee stable operation and properly manage the power
balance in the power system, it has been tested in a real-time
capable circuit simulator.

To evaluate the proposed control strategies, a simulation
setup was developed on the Typhoon HIL 604 platform. In this
environment, the power electronic interfaces of the system and
their associated control schemes were modeled in detail. The
power electronics components are emulated with a simulation
time step of 50 μs, while the execution rate of the control tasks
is equal to 100 μs. This setup enables the assessment of the
system’s transient response under various perturbations.

Specifically, two test scenarios were conducted. The first
test analyzes the transition from full PV supply to complete
power supply from the grid. The second test examines the
transition from islanded operation to grid-connected mode,
where the excess generated power is exported to the grid.
The test scenarios analyzed in this work represent ordinary
operating conditions, as the focus of this paper is on the
proposed energy management strategy. Fault conditions or
sudden load losses are therefore outside the scope of this study
and have not been investigated. Nevertheless, considering the
critical role of protection coordination in DC power systems,
this aspect will be addressed in future works. The first test
is illustrated in Fig. 11. The electroplating facility requires a
power demand of 200 kW (purple line in the power transient

FIGURE 11. Switch from PV supply to grid supply: SOC, power and voltage
transients.

FIGURE 12. Switch from islanded mode to energy injected to the grid:
SOC, power and voltage transients.

of Fig. 11). Initially, this load is entirely supplied by the PV
system (blue line). At 1.5 s, the PV system is gradually dis-
connected as solar irradiance decreases, and at 5.5 s, the grid
begins to fully supply the load. During this transient period,
the storage system temporarily supports the load, as indicated
by the SOC shown in the top section of Fig. 11. The DC
bus voltage is also depicted; as shown in the third section of
Fig. 11, the battery effectively maintains a stable bus voltage
throughout the transition.

The second test concerns the transition from islanded to
grid-connected operation, and the corresponding transients
are shown in Fig. 12. The system operates in steady state
with a PV output of 250 kW (blue line in the power tran-
sient of Fig. 12), which is sufficient to supply the 200 kW
load and simultaneously charge the battery. However, since
the battery SOC is already above 70% (red line in Fig. 12),
the excess power can be exported to the grid. Specifically, at
approximately 2 s, 50 kW of surplus power are redirected to
the external grid (orange transient), while the storage system
continues to regulate the DC bus voltage, maintaining an al-
most constant SOC. As in the previous test, the bus voltage
regulation is ensured by the storage system, as shown in the
third section of Fig. 12.
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FIGURE 13. EMS power scheduling for a summer day: behavior of the BES
SOC (upper part) and BES power, grid exchange power, PV power
production and load power (lower part) [8].

FIGURE 14. EMS power scheduling for a winter day: behavior of the BES
SOC (upper part) and BES power, grid exchange power, PV power
production and load power (lower part).

VI. ENERGY MANAGEMENT SYSTEM
From [8], next subsection explains the EMS for the case
under study. The optimization procedure relies on input data
consisting of load profiles and PV production forecasts, both
evaluated one day in advance. Moreover, also the NSP pub-
lished the previous day by the electricity market operator
is utilized. Based on this information, the algorithm sched-
ules BES optimal power for the next day. The proposed
MILP-based optimization adopts the same objective function
(OF) and set of constraints previously defined for the annual
scheduling model. In particular, OF (10) minimizes the cost
of energy exchanged with the main grid, while assuming that
injected energy is sold at the NSP and withdrawn energy is
purchased at a price equal to twice the NSP. The scheduling
horizon spans 24 hours, divided into 96 intervals (�t) of 15
minutes each. The system operates subject to the grid con-
straints defined by (1)–(3) and the BES constraints defined by
(12)–(15). Within this framework, the optimization algorithm
performs day-ahead scheduling of BES power by allocating
dispatch across the 96 time intervals. Figs. 13 and 14 illustrate

the scheduled state of charge (SOC) and power profiles for
two representative days, one in summer and one in winter.

The results are obtained using the optimal BES size deter-
mined by the proposed algorithm. As an example, the load
demand, PV generation, and NSP forecast profiles are shown
for a typical summer day (4 July 2023) and a typical winter
day (9 February 2023) [8]. As in Figs. 13 and 14, the BES
charges not only during periods of PV generation surplus but
also during nighttime hours when electricity prices are lower,
thus showing a key advantage of EMS optimization method.

The proposed EMS adopts a hierarchical control architec-
ture. Day-ahead scheduling is first performed over a 24-hour
horizon using forecasted PV generation and load profiles. To
manage real-time deviations from these forecasts, a receding-
horizon control strategy, conceptually aligned with Model
Predictive Control (MPC), is implemented using the same
optimization model. The optimization problem is periodically
re-solved throughout the day based on updated measurements
and short-term forecasts, while only the first control action is
applied at each iteration [37] [38]. The real-time corrective
layer acts on fast operational variables, such as BES charging
and discharging power and grid exchange, ensuring constraint
satisfaction and mitigating forecast-induced deviations while
preserving the economic optimality of the day-ahead plan.
Long-term decisions, including system sizing and contractual
arrangements, remain unchanged. Short-term uncertainty, in-
cluding forecast errors in PV generation and load demand, is
managed through the receding-horizon EMS, which updates
control actions in real time to ensure feasibility and opera-
tional robustness. The EMS is executed multiple times during
the day to account for variations in PV generation and devi-
ations in the expected state of charge, generating corrective
setpoints for the power management system (PMS) of the
electroplating facility.

Given the adopted control strategy, corrective actions are
limited to defining the power setpoint of the grid-side con-
verter, while the BES converter maintains DC bus voltage
regulation and compensates for deviations from the rated
bus voltage. This tertiary control layer can be integrated
into Typhoon HIL simulations through an external controller,
enabling a controller hardware-in-the-loop (CHIL) configu-
ration [7], [39], [40], [41]. In this setup, the EMS receives
real-time measurements of power setpoints, state-of-charge
values, and PV power output, processes these inputs through
the EMS algorithm, and transmits updated control commands
to the PMS, allowing realistic validation of control strategy
under dynamic operating conditions.

VII. CONCLUSION
This paper investigates the introduction of a DC microgrid
in industrial environments that already make extensive use of
direct current, such as electroplating plants.

In this context the cost savings related to optimized energy
procurement of a DC Microgrid for Electroplating Industry
are discussed. The proposed configuration, based on a com-
mon DC bus interconnecting PV, BES and DC loads, allows
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to interface the DC MG with a commercial solar hybrid in-
verter, then avoiding the expense of additional converters to
the external AC grid. The case study is noteworthy taking
into account the large amount of energy that characterizes
the electroplating galvanic processes of considered factory.
A two steps linear optimization procedure is proposed that
provides optimal of PV and BES sizing to maximize the net
present value of investments savings. Also, the differences and
consequences due to the great swing in national single price
of three reference years are discussed in detail.

The proposed DC microgrid layout is characterized by a
lower initial investment cost, which influences the optimal siz-
ing of PV and BES systems. Moreover, the DC MG solution
can ensure better power quality and efficiency are expected
with respect to standard AC.

Also, the energy management system is explored. The same
MILP structure is consistently used across planning (annual
horizon) and operational (day-ahead and real-time horizon)
levels, enabling methodological coherence between sizing and
EMS implementation. The integration of the sizing procedure
with a hierarchical EMS architecture including receding-
horizon control further strengthens the practical applicability
of the framework.

In the paper, particular attention is spent to highlight
the DC voltage control in the transition among different
operative conditions. A complete test on HIL platform is
detailed to verify the microgrid operation, while providing
voltage/power/SOC of the designed DC microgrid system.
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