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Abstract. The increasing penetration of photovoltaic (PV)
systems and electric vehicles in low-voltage distiion
networks (LVDNSs) has intensified voltage regulaticimallenges
due to bidirectional power flows and limited netwdlexibility.
Conventional solutions based on infrastructure ceogment or
centralized control are often costly and complexiéploy. This
paper analyzes a local voltage control strategy élploits the
inherent capabilities of PV inverters to providdtage support in
LVDNs with high PV penetration. The proposed apploeelies
solely on local measurements, eliminating commuitna
requirements, and employs reactive power contral, avhen
necessary, active power modulation to maintainagas within
regulatory limits. Simulation results under reprdagve
operating conditions demonstrate the effectiveness the
proposed local control in mitigating overvoltagesile reducing
active power curtailment.
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1. Introduction

The increasing electrification of society and trensition
toward low-carbon energy systems have driven thgela
scale integration of distributed renewable enemgyrees,
particularly photovoltaic (PV) systems, togethethwihe
rapid adoption of electric vehicles (EVs). As aulgsa
significant share of both electricity generationdan
consumption has shifted toward low-voltage disthiiu
networks (LVDNSs), which were not originally desighto
operate under these emerging conditions [1], &], [

LVDNs exhibit distinctive electrical characteristjc
including a high resistance-to-reactance (R/X)oralibng
radial feeders, and a high diversity of single-ghbsads.
Under these conditions, the increasing penetratién
distributed generation introduces bidirectional poflows
that significantly affect voltage profiles alongetfeeders.
During periods of high PV generation and low demand
reverse power flow toward the substation can lead t
overvoltage events [4]. Conversely, during evening
nighttime hours, the coincidence of residential dechand

simultaneous EV charging may cause severe voltage

drops, in some cases exceeding the limits estaioligly

the EN50160 standard [5], [6]. Several studies have
identified uncoordinated EV charging as a majorreeu

of stress for LVDNSs, particularly in urban areashahigh
user concentration [7], [8],[9].

Conventional voltage mitigation has relied on
infrastructure  reinforcement, including conductor
upgrades, additional feeders, and transformer

replacement [10], [11]. However, high investmenstep
long implementation times, and environmental andato
constraints have driven research toward more flexib
solutions based on advanced control, power eleicspn
and active management of distributed energy ressurc
[12].

Active Power Curtailment (APC) is widely used to
mitigate overvoltages in networks with high PV and
BESS penetration [13], but it introduces econorogsés
and fairness concerns, particularly for users adde
ends [14]. To address these limitations, both edintd
Optimal Power Flow (OPF)-based approaches [15]] [16
and distributed, adaptive strategies have beenogeap
[17], [18]. Reactive Power Control (RPC), particlja
through Volt/Var schemes, offers voltage regulation
without reducing active power generation, althoutgh
effectiveness is limited by inverter capacity arte t
resistive nature of LVDNs [18], [19], [20]. Combihe
active—reactive power control (ARPC) schemes imgrov
the trade-off between voltage regulation and chnent
losses when properly tuned [21], [22].

At the substation level, On-Load Tap Changers (O£)TC
remain widely used but face limitations under reeer
power flows and phase unbalances [23],[24]. Coaiteith
schemes combining OLTCs with inverters, BESS, and
EVs, as well as faster electronic OLTC variantsyeha
been proposed to enhance performance [25].

Voltage control developed by smart inverters can be
based on external control signals sent from a remot
dispatch, or can use predefined and typically diicaged
curves requiring only local measurements. Locatags



control does not require communications and coultieitio
increase hosting capacity without great investments

The main objective of this work is to analyse thmpact of A. VoltVar Control

high photovoltaic (PV) generation penetration onCINs Volt/Var control regulates voltage by absorbing or
and to evaluate how the application of local vadtag injecting reactive power as a function of the logaltage
control schemes based on different PV inverter robnt magnitude. This strategy reduces overvoltage ciomdit
modes can mitigate overvoltage issues and affect without curtailing active power generation; howevies

renewable energy integration. To this end, a reprasive effectiveness is limited by the available reactpever
European LV distribution network has been usedsgess margin of the inverter, which may be insufficientder
the effectiveness and limitations of local invettased high PV penetration.

voltage control strategies. Simulations have beened
using OpenDSS, while MATLAB has been employed for
data processing, post-analysis, and result visatiia. Voltage (V)
This co-simulation framework enables a detailedetim
domain assessment oetwork behaviour under realistic
operating conditions.

270

265 -

2. Methodology 260 |

The study has been conducted on the IEEE European L R
Voltage Test Feeder, which represents a typicabjean b
LV distribution network. The feeder comprises 904e | s
segments, 50 single-phase loads, and a mediungeotta

Time | min} - = Al

low-voltage (MV/LV) transformer rated at 0.8 MVAh& = ~_— & pyvcelNo.
selected test system allows the evaluation of gelta LA
behaviour under realistic topology, impedance Fig. 1. Voltage of PVCells

characteristics, and phase unbalance conditions.

Photovoltaic generation is integrated at each load .. qw
connection point, resulting in a total of 55 PVtarand a

penetration level of 100%. Each PV system has edrat 5
maximum power of 4kW, an inverter of 4.8 kVA and is
modelled using realistic irradiance and temperature
profiles, enabling accurate representation of P\fpuatu 3
variability throughout the day.

OpenDSS has been controlled via a COM interface fro 1.
MATLAB, allowing automated execution of time-series
simulations and systematic modification of inveentrol 150"
parameters. Daily simulations have been performed a

24-hour horizon with a one-minute time resolution,
capturing both steady-state and fast voltage vanst 20 pv CellNo.
caused by PV generation dynamics.

Fig 2. Active Power of the PV Cells

3. Control Strategies and results

Simulation results reveal several challenges aataxti
with high PV penetration in LV distribution netwark 3
These include significant voltage rise during pesicof

high solar irradiance, reverse power flow towara th 1
distribution transformer, and pronounced voltage 2
variability due to fast irradiance changes causgaloud
transients. Together, these phenomena impose tathni
limits on renewable energy integration and higHlige 4
need for effective voltage control strategies.

Reactive Power (kVA)
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In this section, the performance of several locs P e S _— @
inverter control mechanisms is assessed and conhpare (o e 40
Consider the time scale represent a day and isnset e };/ PV Cell No.

minutes, “0” being 00:00 and 144 corresponding3bQ.
Fig 3. Reactive Power of the PV Cells



It is observed that photovoltaic generators consume
reactive power in order to try to reduce the PVegator
voltage, since priority is given to maintainingiaetpower
as a function of voltage. During the central hoofshe
day, when PV generation is higher and thereforéagels
are higher, it is observed that reactive power gonion
decreases. The reason is that, as can be seeg.lnr3i
when the voltage rises to a defined value, the ripve
control acts and reduces that voltage by increasimg
consumption of generated reactive power. In thig, wae
value of the reverse power flow delivered to thal gs
reduced, without modifying the generated active gow

Regarding the voltage at the different buses im#tevork,

it decreases relative to the standard voltage éotams
higher, reaching 264 V, and the voltage unbalance
continues to be below 2%.

B. Volt/Watt Control

Volt/Watt control reduces active power output whén
voltage exceeds a predefined threshold. This method
highly effective in mitigating overvoltages and erisg
compliance with voltage limits, but it directly paizes
renewable energy production by curtailing PV getiena
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Fig 5. Active Power of the PV Cells
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Fig 6. Reactive Power of the PV Cells

As can be seen on Fig.4-6, the voltage unbalanderun
this control mode is significantly reduced (0.02%),
remaining well below the allowable Ilimit (2%).

Furthermore, the voltage magnitude at all busegssta
within the permitted range, with the highest reeard

value being 251 V (below the 253 V threshold).

C. Dynamic Reactive Current Control

Dynamic reactive current control responds to rapid
voltage variations by injecting or absorbing reaeti
current as a function of the voltage change. Wtiiis
strategy effectively reduces voltage oscillationsd a
improves dynamic performance, it does not address
sustained overvoltage conditions.

With this control mode, both the voltage unbalancd

the voltage magnitude at each bus increase. Altndlg
unbalance remains below 2%, reaching up to 0.6%, th
voltages rise to as high as 265 V, exceeding the
regulatory limit, as seen in Fig.7-9.
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Fig 9. Reactive Power of the PV Cells

D. Watt/Power Factor (Watt/PF) Control

Watt/PF control adjusts the inverter power factsr &
function of active power output, increasing reaetpower
consumption at high generation levels. Althoughs thi
approach contributes to partial voltage reductibrdoes
not fully prevent overvoltages in scenarios witlyhigh
PV penetration.
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Fig 12. Reactive Power of the PV Cells

With this type of control, the reactive power igustied

to maintain a power factor as a function of theegated
active power. This strategy modifies the level edative
power exchanged by the inverter: at low active powe
generation, a small amount of reactive power isdtgd,
while beyond a certain active power threshold the
inverter starts absorbing reactive power up to.1 pu

However, since the inverter operates with activevgro
priority, it cannot fully reach this limit, whichxglains

the observed reduction in reactive power absorption
during peak generation hours. Nevertheless, asbean
observed in Fig.10-12, the voltages at all busazex
the regulatory limits, with a maximum voltage of628.

The maximum voltage unbalance reaches 0.8%, wkich i
still below the 2% threshold.

E. Watt/VVar Control

Watt/Var control establishes a direct relationdbgween
active and reactive power output. This strategy can
reduce voltage levels more effectively than Watt/PF
control but typically requires inverter oversizing
provide sufficient reactive power capability.
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It can be observed in Fig.13-15, that under thistrod
mode, modifying both active and reactive power oegu
the voltage at the PV terminal. In this case, fi§jois
given to active power production so a decreasehin t
reactive power is obtained during the middle hafrghe
day.

4. Conclusion

This paper has analyzed the effectiveness of difitelocal
PV inverter control strategies for voltage reguaatiin
low-voltage distribution networks with high photdtzic

penetration. The results confirm that, in the abseof
active control, LVDNs are unable to accommodatén hig
levels of distributed generation without violating
statutory voltage limits. Severe overvoltage cdodig
were observed, with phase voltages reaching upsov2
significantly exceeding the limits established BY/BNE
50160, together with pronounced reverse power flows
during periods of high PV generation.

Among the evaluated strategies, reactive power€base
controls such as Volt/Var, Dynamic Reactive Current
Watt/PF, and Watt/Var contribute to partial voltage
mitigation and reduced voltage fluctuations. These
approaches alone are generally insufficient to enfull
compliance with voltage standards under peak géoara
conditions, particularly in networks with high Rf4tios
and pronounced phase unbalance if priority is giten
active power production and the inverter does rateh
enough capability to provide the required reactivever.

In contrast, active power—based strategies, edpecia
Volt/Watt control, proved effective in maintaining
voltages within regulatory limits. Nevertheless,isth

improvement is achieved at the expense of actiwveepo

curtailment, leading to reduced energy efficienad a

limited renewable energy utilization.

The comparative analysis highlights a fundamemnsald-

off between voltage compliance and PV energy
harvesting when relying exclusively on local ineert
control. While reactive power modulation can delag
onset of overvoltages, active power curtailmentaies
necessary in heavily constrained scenarios. These
findings indicate that no single local control &gy can
provide an optimal solution across all operating
conditions.

Overall, the results emphasize the need for hyhrid
adaptive control schemes that combine reactive and
active power capabilities, potentially complementad
coordination among neighboring inverters. Furtheemo
the optimal selection and tuning of control strégsg
must explicitly account for network topology, line
impedances, and phase unbalance to ensure robdist an
efficient voltage regulation in future low-voltage
distribution networks.
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