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Abstract. The increasing integration of renewable energy sources into industrial power systems requires
optimized operating strategies to ensure power quality, reliability and energy efficiency. This paper presents
the experimental and simulation-based analysis of an industrial microgrid integrating a 120 kW photovoltaic
system, an 80 kW diesel generator, a 250 kVA transformer station and a 120 kV Ar automatic reactive power
compensation unit. Five operating regimes were investigated: grid supply without compensation, grid supply
with compensation, photovoltaic-assisted operation, combined photovoltaic and reactive compensation
regime, and islanded operation with diesel backup. Experimental measurements performed in real operating
conditions show that photovoltaic generation reduced grid power demand by up to 70-75 kW under
favorable irradiation conditions. Reactive power compensation improved the power factor from
approximately 0.82 to values close to 0.98, significantly reducing transformer loading and reactive power
exchange with the utility grid. A detailed dynamic model of the microgrid was developed in
MATLAB/Simulink-Simscape Electrical to validate the experimental results under on-grid and off-grid
conditions. The optimized regime, combining photovoltaic generation and reactive compensation,
demonstrated improved resilience, enhanced voltage stability and reduced diesel generator loading in
islanded mode. The proposed methodology provides a practical framework for optimization of industrial
microgrids aiming at decarbonization and operational efficiency.

The integration of photovoltaic systems in industrial
microgrids contributes to reducing dependency on the
utility grid and lowering carbon emissions.
Nevertheless, PV generation is inherently intermittent
and strongly dependent on solar irradiance conditions.
Consequently, the interaction between PV generation,
grid supply and local diesel backup sources must be
carefully analyzed to ensure stable and optimized
operation under both grid-connected (on-grid) and

1 Introduction

The accelerated transition toward sustainable energy
systems and the increasing penetration of renewable
energy sources are reshaping the operational paradigms
of modern power systems. Industrial consumers,
characterized by high and variable energy demand, are
increasingly adopting local generation solutions such as
photovoltaic (PV) systems and backup diesel generators

in order to reduce operational costs, improve reliability
and contribute to decarbonization objectives. However,
the integration of distributed generation into existing
industrial networks introduces new technical challenges
related to power quality, voltage stability, reactive
power management and system resilience.

Industrial microgrids represent an effective solution
for managing local generation, storage and controllable
loads within a defined electrical boundary. Unlike
conventional distribution systems, industrial microgrids
must operate under highly dynamic load conditions,
including frequent motor starts, nonlinear loads, and
inductive equipment that significantly affect the power
factor and reactive power exchange. In such
environments, improper reactive power management
may lead to transformer overloading, increased losses
and reduced voltage stability.
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islanded (off-grid) modes.

Reactive power compensation plays a crucial role in
improving power factor and reducing apparent power
demand at the point of common coupling. In industrial
systems dominated by inductive loads, the absence of
proper compensation may significantly increase reactive
power circulation, leading to higher thermal stress in
transformers and conductors. Therefore, coordinated
operation of photovoltaic generation and automatic
reactive power compensation units becomes essential
for achieving optimized microgrid performance.

Although numerous studies address microgrid
modelling and control strategies, many contributions
remain purely simulation-based, with limited validation
through experimental measurements under real
industrial conditions. There is a lack of detailed
comparative analyses evaluating multiple operating
regimes of industrial microgrids integrating renewable
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generation, diesel backup and reactive power
compensation simultaneously.

The proposed approach provides a practical
framework for optimization of industrial microgrids,
supporting enhanced resilience, improved power quality
and reduced carbon footprint in energy-intensive
industrial environments.

2 Industrial microgrid architecture

The analyzed system is an industrial low-voltage
microgrid designed to supply a manufacturing facility
characterized by variable and predominantly inductive
electrical loads. The microgrid integrates multiple
energy sources and compensation devices and is
connected to the public distribution network through a
single point of common coupling (PCC). The main
objective of the architecture is to ensure reliable power
supply, improved power quality and optimized
operating conditions under both grid-connected and
islanded modes.

The core element of the microgrid is a 250 kVA
transformer station, which supplies the internal low-
voltage distribution network of the facility. The
transformer is subjected to variable loading conditions
due to fluctuating industrial demand, operation of large
electric motors and intermittent renewable generation.
Therefore, monitoring transformer loading and apparent
power demand is essential for assessing system
performance.

A photovoltaic generation system with an installed
capacity of 120 kW is integrated into the microgrid
through three three-phase grid-connected inverters. The
PV system is primarily intended for self-consumption,
reducing active power drawn from the utility grid during
periods of favorable solar irradiance. Depending on
operating conditions, the photovoltaic system may
significantly alter power flow directions within the
microgrid, affecting both active and reactive power
exchange at the PCC.

To ensure supply continuity during grid outages or
abnormal operating conditions, the microgrid is
equipped with an 80 kW diesel generator, which
operates as a controllable and dispatchable energy
source. The generator enables islanded operation of the
microgrid, supplying critical loads and supporting
system stability when disconnected from the utility grid.
Automatic transfer between grid-connected and
islanded modes is performed to minimize supply
interruptions.

Given the predominance of inductive industrial
loads, the microgrid includes a 120 kVAr automatic
reactive power compensation unit based on capacitor
banks controlled by a power factor regulator. The
compensation system dynamically adjusts reactive
power injection in order to maintain the power factor
within acceptable limits and reduce reactive power
circulation through the transformer and the utility grid.

Figure 1 illustrates the simplified architecture of the
industrial microgrid, highlighting the interaction
between the utility grid, transformer station,

photovoltaic generation, diesel backup source and
reactive power compensation unit. The centralized
configuration allows coordinated operation of all
components, facilitating experimental analysis and
dynamic modeling.

This architecture enables the investigation of
multiple operating regimes, including grid-only supply,
compensated and non-compensated modes,

photovoltaic-assisted operation, and islanded operation
with diesel generation. The selected configuration
represents a typical industrial microgrid layout and
provides a relevant basis for experimental validation and
optimization studies.
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Fig. 1. Simplified architecture of the industrial microgrid with
PV generation, diesel backup and reactive power
compensation [2]

3 Energy management strategy and
operating regimes

3.1 Power balance and operating objectives

The industrial microgrid under study operates in both
grid-connected and islanded modes and includes
photovoltaic generation, a diesel backup generator and
an automatic reactive power compensation unit. From
an operational standpoint, the main technical objective
is to ensure a continuous supply to industrial loads while
improving power quality and reducing unnecessary
reactive power exchange at the point of common
coupling (PCC). A key challenge in industrial
environments is the predominance of inductive loads,
which results in reduced power factor and increased
apparent power loading of the transformer.

For the grid-connected (on-grid) mode, the active
power balance at the PCC can be expressed in a
simplified form as:

Pr(8)=Pgia(1)+Prv(t)+Ppac(?), )]

where: Pi(?) is the total active power demand of the
industrial load, Pgrid(?) is the active power imported from
the utility grid, Ppv(¢) is the PV active power injected
into the internal bus, and Ppg(?) is the diesel generator
active power contribution (typically Ppg(f)=0 (during
normal on-grid operation).

Similarly, the reactive power balance at the PCC can
be written as:
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OL(O=Ogrid(1) T Ocomp(?), 2

where: Qui(f) is the reactive power demand of the
industrial load, Qgid(?) is the reactive power exchange
with the utility grid, and Qcomp(?) is the reactive power
injected by the compensation unit.

In this study, the compensation system is designed to
reduce QOgria(f) by providing capacitive reactive power
locally, thus improving the overall power factor and
reducing transformer apparent power loading.

Based on the above formulation, the operating goal
in on-grid mode can be expressed as a practical
optimization criterion:

mind=w1 Pgid(£) +w2|Qgria(£)|, 3)

subject to operational constraints such as acceptable
power factor limits and equipment ratings. This
objective reflects the desired reduction of imported
active power through PV self-consumption and the
minimization of reactive power exchange through
compensation. Similar power-balance formulations and
the relevance of considering both active and reactive
power flows have been emphasized in recent microgrid
energy management literature, especially for industrial
loads with low power factor.

3.2 Definition of operating regimes

To evaluate the microgrid performance and identify an

optimized operating configuration, five representative

operating regimes were defined and investigated
experimentally and through simulation:

e Regime R1 - Grid supply without reactive
compensation (baseline). The industrial facility is
supplied only from the utility grid, while the
compensation unit is disconnected. This regime
highlights the impact of inductive loads on reactive
power exchange and power factor degradation.

e Regime R2 - Grid supply with reactive
compensation. The facility is supplied from the grid
and the automatic compensation unit is enabled. The
comparison between R1 and R2 quantifies the
improvements in power factor and reductions in
transformer apparent power demand due to reactive
power support.

e Regime R3 - PV-assisted operation without reactive
compensation. The PV system is connected and
operates in self-consumption mode while the
compensation unit remains disabled. This regime
isolates the effect of PV generation on reducing
imported active power, without altering the reactive
power profile.

e Regime R4 - PV-assisted operation with reactive
compensation (optimized on-grid regime). Both PV
generation and reactive compensation are active.
This regime represents the expected optimal on-grid
configuration, combining reduced Pgria and
minimized Qgria, which leads to improved efficiency
and power quality.

e Regime RS - Islanded operation with diesel
generator backup. The microgrid is disconnected
from the utility grid and the diesel generator
becomes the primary source. The PV system may
contribute depending on irradiance conditions, while
reactive compensation supports voltage stability and
power quality under islanded operation. The
relevance of maintaining stable transitions and
efficient diesel operation in islanded microgrids has
been addressed in recent studies.

3.3 Measurement indicators

For each regime, the following key indicators are used
to quantify microgrid performance:

e TImported active power from the grid Pgrid (kW);

e Reactive power exchange Qgrid (kVAr);

e Power factor at the PCC (PF);

e Apparent power loading of the transformer St

(kVA);

e PV utilization level (self-consumed PV power vs.
available PV power);

e Diesel generator loading level during islanded
operation.

These indicators allow a consistent comparison
between regimes and provide a quantitative basis for
selecting the optimized configuration. The next section
presents the experimental results, followed by dynamic
validation using MATLAB/Simulink-Simscape
Electrical.

4 Experimental results and

comparative analysis

4.1 Measurement setup and data acquisition

Experimental measurements were conducted at the point
of common coupling (PCC) of the industrial microgrid
under real operating conditions. Electrical parameters
including active power, reactive power, apparent power,
voltage, current and power factor were recorded using a
three-phase power quality analyzer installed at the main
low-voltage distribution board.

The measurements were performed for the five
operating regimes defined in Section 3. Each regime
was maintained for a sufficient duration to ensure
steady-state operating conditions. The photovoltaic
output power was monitored through the inverter
interface, while the reactive power compensation steps
were recorded from the automatic capacitor bank
controller.

The diesel generator parameters during islanded
operation were monitored via the generator control
panel, including active power output and loading
percentage.

4.2 Comparative analysis of operating regimes

Table 1 summarizes the main measured parameters for
all operating regimes.
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Table 1 — Comparative performance of operating regimes

Regime Pgrid| Qgrid PF |ST (kVA)|Observations
(kW) | (kVAr)
R1 —Grid, no |~<100 [High ~0.88— |High Baseline case
compensation 0.90
R2-Grid+ (=100 |Low ~0.98 |Reduced |Improved PF
compensation
R3-PVonly (=27 [Moderate [~0.90 |Reduced |Reduced
Perid

R4 -PV + ~25 |Very low |~0.98 |Minimum |Optimal on-
compensation grid
RS —Island - |Internal |=0.98 |Generator |DG supplied
mode dependent

To provide a clearer visualization of the on-grid
behavior, the total active power imported from the
public grid for all grid-connected regimes is presented
in Figure 2.
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Fig. 2. Total Active Power Imported from Grid (On-Grid)

4.3 Effect of reactive power compensation

The transition from Regime R1 to Regime R2 highlights
the impact of reactive power compensation. Without
compensation (R1), the industrial load exhibited a
reduced power factor of approximately [PFri], leading
to increased reactive power exchange with the utility
grid and higher apparent power loading of the
transformer.

When the compensation unit was activated (R2), the
power factor improved to approximately [PFr:], while
reactive power exchange with the grid decreased
significantly from [Qri] kVAr to [Qr2] kVAr.

The improvement in power factor can be quantified
as:

APFZPFRz-PFm (4)

This improvement resulted in a reduction of
transformer apparent power loading from [SR1] kVA to
[SR2] kVA, decreasing thermal stress and improving
system efficiency.

Putere activa [kW]

Invertor 1 Invertor 2 Invertor 3

Fig. 3. Power generated by the photovoltaic installation with
and without reactive power compensation station

4.4 Impact of photovoltaic integration

The introduction of photovoltaic generation (R3 and R4)
significantly reduced the imported active power from
the grid.

Under favorable irradiation conditions, the PV
system delivered between 70-75 kW of active power,
reducing the grid power demand accordingly.

The reduction in grid power can be expressed as:

APygria= Pgria R1-Pgrid r3 )

In Regime R4 (PV + compensation), the combined
effect of reduced active power import and minimized
reactive power exchange resulted in the lowest apparent
power loading of the transformer.

This regime demonstrated the most balanced
operation under grid-connected conditions.

4.5 Islanded operation and Diesel generator
performance

In Regime RS, the microgrid operated in islanded mode,
with the diesel generator supplying the load demand.
The PV system contributed when irradiation was
available, reducing the required diesel power.

The diesel generator loading was maintained within
a stable operational range of approximately
[DG load %], ensuring efficient fuel consumption and
avoiding low-load operation, which is typically
associated with reduced efficiency and increased
maintenance costs.

Reactive power compensation remained active
during islanded operation, supporting voltage stability
and preventing excessive reactive loading of the diesel
generator.

As shown in Figure 4:

e without PV and without compensation, generator
power reached approximately 38 kW;

e with compensation active, generator power
decreased to approximately 32 kW;

e with both PV and compensation active, generator
loading dropped to approximately 13 kW.

This corresponds to a reduction of more than 60%
compared to the uncompensated case.
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Diesel Generator Active Power (Off-Grid)

Diesel Generator Active Power (kW)

Off-Grid Operating Regime

Fig. 4. Diesel generator active power under different off-grid
operating regimes.

The diesel generator loading was maintained within
a stable operational range, avoiding low-load operation
and improving fuel efficiency.

Reactive power compensation remained active
during islanded operation, supporting voltage stability
and preventing excessive reactive loading of the diesel
generator.

4.6 Identification of the optimal operating
regime

Based on the experimental results, Regime R4 (PV +
reactive compensation) demonstrated the most
advantageous performance under grid-connected
conditions due to:

e Significant reduction in imported active power

(=75% reduction);
e  Near-unity power factor;
e Reduced transformer apparent power loading;
e Improved overall system efficiency.

The islanded regime (RS) confirmed the resilience
capability of the microgrid, ensuring continuity of
supply during grid outages.

These findings validate the effectiveness of
coordinated operation between photovoltaic generation
and reactive power compensation in industrial
microgrids.

5 Dynamic modeling and simulation
validation

5.1 Simulation purpose and objectives

The numerical simulation of the industrial microgrid
aims to (I) validate the experimental observations
reported in Section 4 and (I) evaluate operating
scenarios that are difficult to test in real operation (e.g.,
abrupt irradiance changes, off-grid transients, and
compensation extremes). The main objectives are:
reproducing the real microgrid structure, analyzing
active/reactive power flows, assessing voltage/current
behavior at key nodes, quantifying the influence of
reactive power compensation on the power factor, and

evaluating performance in both grid-connected and
islanded modes in order to identify energetically optimal
and power-quality compliant regimes.

5.2 Modeled microgrid configuration

A low-voltage industrial microgrid model was
developed in MATLAB/Simulink-Simscape Electrical.
The simulated architecture follows the real system
structure and includes: a 250 kVA (10 kV/0.4 kV)
transformer interface to the utility grid, a 120 kW PV
plant composed of three 40 kW three-phase inverters, an
80 kW diesel generator for islanded/backup operation, a
120 kVAr automatic reactive power compensation unit,
and a three-phase industrial load (variable demand).

5.3 Off-grid Simscape model structure

The islanded-mode (off-grid) model is built to
reproduce the physical structure and dynamic
interaction between PV generation, diesel generator,
load, and control/measurement blocks. The overall off-
grid Simscape implementation is shown in Figure 5. The
industrial load is represented using a three-phase
parallel RLC block (Y-grounded).

The PV plant is based on SunPower SPR-415E-
WHT-D modules, configured as 7 series modules per
string and 42 parallel strings, which supports high DC
voltage and high current required by the hybrid PV-
diesel configuration.
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Fig. 5. Off-grid microgrid model in Simscape

5.4 Off-grid dynamic response to irradiance
variations

To assess dynamic stability, the irradiance profile was
varied in steps from nominal (~1000 W/m?) to reduced
levels (~200 W/m? and ~100 W/m?), emulating cloud
passages. The irradiance profile, DC-link voltage
response, and PV generated power are shown in Figure
6. (a—c). In nominal conditions, the DC-link voltage
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remains near 560-570 V; during severe irradiance
reduction, the DC-link voltage temporarily decreases
(down to ~320-350 V), followed by rapid recovery when
irradiance returns. PV power follows irradiance with
fast MPPT response, showing switching-related ripple
but correct tracking of the mean power.

0 1 2 3 4 5 6
)

Fig. 6. Oftf-grid response: (a) irradiance profile, (b) DC-link
voltage, (c) PV power.

The active power sharing between sources is
illustrated in Figure 7. When PV power decreases, the
diesel generator increases its output to maintain power
balance; when PV recovers, diesel power decreases
correspondingly, confirming the generator’s role as
balancing source for frequency and active power in
islanded operation.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

L
o 1 2 a a

Fig. 7. Oft-grid active power shéring: PV power, diesel
generator power, and load power.

5.5 On-grid model and dynamic behavior

For grid-connected operation, the microgrid is
synchronized to the utility grid, which acts as a stiff
voltage/frequency reference. The on-grid Simscape
model is presented in Figure 8.

Irradiance variations similar to the off-grid case were
applied; the corresponding irradiance, DC-link voltage
and PV power evolution is shown in Figure 9. In on-grid
mode, the grid automatically balances the power
deficit/surplus: when PV power decreases, imported
active power increases, and vice versa.

The exchange of active and reactive power with the
utility grid without local compensation is illustrated in
Figure 10, showing sustained reactive power demand
from the grid due to inductive loads.

When the compensation unit is enabled, reactive
power exchange is reduced close to zero (Q = 0 kVar
after the initial transient), while active power exchange
remains moderate and can become negative (export)
when PV generation exceeds load.
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Fig. 8. On-grid microgrid model in Simscape.
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Fig. 9. On-grid response: irradiance, DC-link voltage, PV
power.

Fig. 10. The active and reactive power variation, 1-Active
power; 2- Reactive power

6 Conclusions

This study evaluated the optimization of an industrial

microgrid integrating PV generation, reactive power

compensation, and diesel backup. Experimental results
demonstrate that:

e Power Quality: Compensation improved the power
factor from 0.90 to 0.98, significantly reducing
transformer stress and thermal loading.

e Grid Dependency: PV integration emerged as the
primary driver for efficiency, delivering up to 75 kW
and reducing active power import by approximately
75%.

e Islanded Efficiency: In off-grid mode, coordinated
PV and reactive compensation slashed diesel
generator loading by over 60% (from 38 kW to 13
kW), drastically improving fuel economy.
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Ultimately, the optimal synergy between renewable
generation and reactive power management (Regime
R4) ensures superior energy efficiency, system stability,
and resilience. This strategy offers a scalable solution
for industrial applications with high inductive demand
and variable loads.
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