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Abstract - This paper investigates the voltage regulation
capability at the point of common coupling (PCC) of a grid-
connected photovoltaic (PV) system combined with a battery
energy storage system (BESS) installed at the consumer level.
Voltage regulation is achieved through the flexible control of the
active and reactive power output of the BESS using a smart
inverter control strategy. A simulation model is developed on the
MATLAB/Simulink platform to evaluate the effectiveness of the
proposed control algorithm under different solar irradiance
conditions. Simulation results demonstrate that the BESS can
effectively regulate voltage by supplying or absorbing reactive
and active power, thereby maintaining the PCC voltage within
acceptable limits. This study highlights the potential of PV-BESS
systems to provide localized ancillary services and enhance
voltage stability in low-voltage distribution networks.
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1. Introduction

In conventional distribution networks, voltage
regulation is mainly achieved through transformer tap-
changing operations and capacitor bank switching.
However, with the increasing penetration of renewable
energy sources, such as photovoltaic (PV) systems and
wind power, distribution networks are facing growing
voltage-related challenges, including overvoltage, voltage
sag, and voltage fluctuations, due to the intermittent and
uncertain nature of these resources. Traditional voltage
regulation solutions can no longer effectively meet
operational requirements in modern power grid
environments [1], [2]. Recent studies have shown that
smart inverters, which interface distributed energy
resources with the power grid, not only convert direct
current into alternating current but also provide voltage
regulation support for distribution networks in a flexible,
rapid, and controlled manner [3].

IEEE Standard 1547-2018 [4] recommends the use of
smart inverters with voltage and reactive power control
functions to connect distributed energy resources to the
power grid. In recent years, numerous studies on control
methods and algorithms for PV inverters aimed at enhancing
voltage regulation capability in distribution networks have
been published. In particular, [5] proposes a two-stage
Volt/Var control strategy based on the Affinely Adjustable
Robust Counterpart method to mitigate overvoltage issues

Tém tit - Bai bao nay nghién ciru kha ning diéu chinh dién ap tai
diém ddu ndi ludi cia mot hé thong dién mit troi (PV) két hop véi
hé théng luu trit ning luong bang pin (BESS) 1ép dit tai ho tiéu thu.
Viée didu chinh dién ap duoc thuc hién bang cach diéu khién linh
hoat cong suét tac dung va cong sudt phan khang dau ra cia hé
théng BESS thong qua diéu khién bd nghich lwu théng minh. Mo
hinh mé phéng duoc xdy dung trén nén taing MATLAB/Simulink
nham dénh gia hi¢u qua cua thuat toan diéu khién d3 dé xuét voi
cac diéu kién buc xa mat troi khac nhau. Két qua mo phong cho
thiy hé théng BESS c6 kha ning diéu chinh dién ap hiéu qua bing
cach cung cap hodc tidu thu cong sudt phan khang/cong suit tac
dung, tir d6 duy tri dién ap tai diém d4u ndi trong giéi han cho phép.
Nghién ctru ndy cho thiy kha ning ctia hé thbng PV-BESS trong
viéc tham gia cung cép c4c dich vu phu tro tai chd va nang cao do
n dinh dién 4p trén ludi dién phan phdi ha ap.

Tir khéa - Bo nghich luu théng minh; dién mat troi; diéu khién
cong suat phan khang; diéu khién dién ap; pin luu trit.

caused by the integration of photovoltaic systems into
distribution networks. The paper in [6] develops a two-stage
optimal Volt/Var control strategy that coordinates
conventional power control devices with the operation of
smart inverters in distribution networks with high PV
penetration. To optimize the effectiveness of Volt/Var
control for PV inverters, the study in [7] proposes a multi-
objective hierarchical coordination method based on droop
control, which enables simultancous adjustment of the
reactive power setpoints of centralized inverters and the
droop control parameters of local controllers, thereby
reducing the average nodal voltage deviation and power
losses in the network. The study in [8] proposes a Volt/Var-
based voltage control strategy for PV inverters to mitigate
voltage drop issues in distribution grids with integrated PV
systems under shading conditions. However, employing PV
inverters for voltage regulation may reduce the active power
delivered by the PV system.

Battery energy storage systems (BESSs) have become a
feasible option for consumers equipped with PV systems for
smoothing the fluctuating power output of PV systems,
enhancing local self-consumption, and reducing the cost of
electricity purchased from the grid [9]. In addition, PV-BESS
systems can also participate in the provision of ancillary
services, such as peak load shaving, line loading reduction,
and especially voltage regulation services in distribution
networks [10], [11]. The functionality of smart inverters and
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the interoperability of BESSs have been verified in [12].
Accordingly, the smart inverter of a BESS can provide grid-
support functions similar to those of the smart inverter of a PV
system. In [13], a control strategy combining centralized
control and local control of PV and BESS inverters over
different time scales is proposed to satisfy voltage limit
requirements and reduce power losses in the network. An
optimal control method for the smart inverters of both PV and
BESS systems to improve the hosting capacity of PV sources
connected to the grid is presented in [14].

This paper proposes a voltage control strategy at the
point of common coupling (PCC) through the control of the
reactive and active power of the BESS in a PV-BESS
system configuration installed at the consumer level.

2. System model and control strategy
2.1. System model

Consider a rooftop photovoltaic (PV) system combined
with a battery energy storage system (BESS) supplying
power to a load. The system is connected to the low-
voltage distribution grid at the point of common coupling,
as illustrated in Figure 1.
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Figure 1. PV-BESS system model

The PV panels are connected to the PCC through two
converters: a DC-DC converter operating in maximum
power point tracking (MPPT) mode, and a subsequent DC-
AC inverter that maintains a stable DC-link voltage
between the output of the DC-DC converter and the input
of the inverter. The BESS is connected to the grid through
a smart inverter, allowing simultaneous control of active
and reactive power, thereby supporting voltage regulation
at the PCC and enhancing the voltage stability of the
distribution network.

2.2. Control strategy

To maximize the power generated from the PV
system, the PV inverter operates in maximum power point
tracking (MPPT) mode. Voltage regulation at the PCC is
performed through the control of the smart inverter of the
BESS. The control strategy is designed to maintain the
voltage at the PCC within the permissible range,
satisfying voltage quality requirements according to the
technical standards of low-voltage distribution networks.
The principle diagram of the smart inverter control is
illustrated in Figure 2.

The voltage control strategy for the BESS inverter is
developed based on two independent components: reactive
power control according to the Volt-Var characteristic and
active power regulation. The measured current and voltage

signals at the PCC are used to calculate the active power Pyeas
and reactive power OQneqs- These values are fed into the active
power regulation block and the reactive power regulation
block to perform the corresponding control functions.
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Figure 2. Principle diagram of smart inverter control

Voltage regulation is carried out through reactive
power control by comparing the measured reactive power
Onmeas With the reference reactive power Oy, where Qs is
calculated according to Equation (1).

[ Qmax; Vpcc(t) < Vmin
V, = Voo (®)
. 2 ' Qmax; Vmin < Vpcc(t) <V

Vl - Vmin
Qref(t) = 0; V< Vpcc(t) <V, (1)
Voo (£) — V.
_Wi_z ) Qmax; VZ < Vpcc(t) < th
Vinax — V2
_Qmax; Vpcc(t) > Vmax

where Oy is the maximum reactive power capability that
the inverter can generate or absorb; V; and V> are the limits
of the inverter deadband; Vun and V.. are the minimum
and maximum permissible voltages at the PCC,
respectively; and Vy(?) is the voltage at the PCC at time t.

The voltage control characteristic based on the reactive
power of the BESS is described in Figure 3 [15]. According
to this characteristic, when the voltage at the PCC is lower
than the preset voltage threshold ¥, the BESS inverter
generates reactive power to support voltage rise.
Conversely, when the voltage at the PCC exceeds the
preset value V>, the BESS absorbs reactive power to limit
the voltage increase, contributing to maintaining the grid
voltage within the permissible range. When the voltage
exceeds Vmax or falls below Vmin, the reactive power
reaches the limit Qmax due to the power constraint of the
inverter. Therefore, although the voltage continues to
increase or decrease, the reactive power cannot increase
further and remains in a saturated state.
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Figure 3. Voltage control characteristic based on
the reactive power of the smart inverter
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The reactive power error is expressed as:

€g = Qref = Qmeas ()
This power error is passed through a PI controller to
generate the reference current iy..r for controlling the g-axis
voltage in the dq reference frame, ensuring a fast and
accurate response according to the requirements of the
Volt-Var characteristic. It should be noted that reactive
power does not change the stored energy in the battery
system; therefore, ideally, it does not affect the state of
charge (SoC) of the BESS. However, under practical
conditions, reactive power exchange still causes a certain
amount of loss in the inverter and auxiliary components,
resulting in a very small decrease in SoC over time.

When the voltage at the PCC increases because the power
generated by the PV system exceeds the load demand, the
surplus power is prioritized for charging the BESS through the
active power regulation block. This charging process helps
reduce the amount of surplus power injected into the grid,
thereby reducing the power flow on the line and limiting
overvoltage at the point of common coupling. However, the
BESS charging power is constrained by the state of charge
(SoC) and the inverter power rating. Once the SoC reaches its
upper limit or the inverter output reaches its rated capacity, the
ability to absorb excess power becomes limited, and voltage
regulation then mainly relies on reactive power control.

3. Simulation results and discussion

To evaluate the effectiveness of the proposed control
method, a system model is developed and simulated on the
MATLAB/Simulink platform. The system consists of a PV
source with an installed capacity of 1000 kWp, a BESS
with a capacity of 1000 kWh and a maximum
charging/discharging capability of 300 kW. The smart
inverter has a maximum reactive power regulation
capability of £300 kVAr. The load connected at the PCC
has an active power of 750 kW and a reactive power of 200
kVAr. The grid is simulated with a rated voltage of 400 V.
The initial state of charge of the BESS (SoC) is assumed to
be 70%. The simulation is carried out with three solar
irradiance levels representing different operating
conditions: 650 W/m?, 150 W/m?, and 1000 W/m?>.

When the BESS does not participate in voltage
regulation, the simulation results shown in Figures 4 and 5
indicate that the grid supplies the power deficit whenever
the PV output is lower than the load demand.
Consequently, the voltage at the PCC decreases and
remains below the nominal grid voltage in most operating
periods. This is due to the increase in power flow from the
grid when the output power of the PV system decreases,
combined with the equivalent impedance of the grid at the
point of common coupling, resulting in a significant
voltage drop, especially under weak-grid conditions.
Conversely, when the PV output power exceeds the load
demand, the surplus power is fed back into the grid,
causing the voltage at the PCC to increase. Specifically,
when solar irradiance decreases from 650 W/m? to
150 W/m?, the PCC voltage drops from 0.998 pu to 0.957
pu. When solar irradiance increases to 1000 W/m?, the
voltage rises to 1.013 pu, as shown in Figure 5.
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Figure 5. Voltage at the PCC when
the BESS does not participate in voltage regulation
In the case where the BESS participates in voltage
regulation, the simulation results clearly demonstrate a
significant improvement in voltage quality, as shown in
Figure 6 and Figure 7.
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Figure 6. System power at the PCC when
the BESS participates in voltage regulation
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Figure 7. Voltage at the PCC when
the BESS participates in voltage regulation
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During the time interval from 0 to 1 s, since the PV
power is lower than the load demand, the system
continues to draw power from the grid, while the BESS is
not activated because the voltage remains within the
deadband range. From 1 to 5 s, due to a sharp decrease in
solar irradiance, the PV output power decreases
significantly, causing the voltage at the PCC to fall below
the low-voltage threshold V;. The BESS inverter is
activated and generates approximately 108 kVAr of
reactive power to raise the voltage to 0.968 pu and
maintain it stably at this level.

At 5 s, the solar irradiance increases abruptly, causing
the PV output power to exceed the load power, and the
voltage at the PCC rises above the rated voltage value. At
this point, the BESS stops generating reactive power and
switches to active power charging mode to absorb the
surplus power from the PV system. As a result, the reverse
power flow to the grid becomes zero, and the voltage is
regulated back to the rated value.

A comparison between the two cases, with and
without BESS control participation, shows that the
proposed control method significantly reduces the
voltage fluctuation range at the PCC, from approximately
0.957-1.013 pu to 0.968—1.000 pu. This demonstrates
the effectiveness of the coordinated active and reactive
power control strategy of the BESS in maintaining grid
voltage stability under variations in renewable energy
sources or loads.

4. Conclusion

This paper has presented and verified a control
strategy that combines the active and reactive power of a
PV-BESS system to regulate the voltage at the PCC with
the low-voltage grid. In this strategy, the PV system
operates in MPPT mode to optimize generated energy,
while the BESS is flexibly controlled through a smart
inverter capable of charging/discharging active power
and regulating reactive power according to actual
operating conditions.

Simulation results obtained using
MATLAB/Simulink under different solar irradiance
conditions have demonstrated the effectiveness of the
proposed control strategy. The BESS is capable of
responding rapidly to variations in generated power and
voltage at the PCC by generating reactive power when the
voltage is low and charging active power when the
voltage is high. As a result, it contributes to maintaining
the grid voltage within permissible limits and enhancing
the stability of the distribution system.

This control strategy demonstrates practical application
potential in distributed power systems integrated with
renewable energy sources and storage systems, particularly
in the context of increasing PV penetration in low-voltage
distribution systems.
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APPENDIX
Table 1. Threshold voltage values in the simulation
Voltage Values (pu)
Vmin 0.95
Vi 0.98
Va 1.02
Vinax 105
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