A

(/ () eneaable %ﬁ(fyy, Environment, and -((%/v}//(fr Q)//(///Zy. /(//://r//(// (REE&PQJ)
1SSN:3020-531X

&

==

Volume 26, July 2026

Assessment of L ocal Photovoltaic I nverter Control Strategies and
transfor mer tap control for Voltage Regulation in Low-Voltage
Distribution Networks

O. Abarratedi, E. Torre$, D.M. Larruskain, V. Valverdé, I. Zamora

! Bilbao School of Engineering, EHU
C/ Rafael Moreno Pitxitxi 2. +34 94 601 4971, oihane.abarrategui@ehu.eus

Abstract. The increasing penetration of photovoltaic (PV)
systems and electric vehicles in low-voltage distribution
networks (LVDNs) has intensified voltage regulation
challenges due to bidirectional power flows and limited
network flexibility. Conventional solutions based on
infrastructure reinforcement or centralized control are often
costly and complex to deploy. This paper analyzes a local
voltage control strategy that exploits the inherent capabilities of
PV inverters to provide voltage support in LVDNs with high
PV penetration. The proposed approach relies solely on local
measurements, eliminating communication requirements, and
employs reactive power control and, when necessary, active
power modulation to maintain voltages within regulatory limits.
Simulation results under representative operating conditions
demonstrate the effectiveness of the proposed local control in
mitigating overvoltages while reducing active power
curtailment. The combination with transformer tap control
enables performance of voltage regulation.

Key words. Low-voltage distribution networks,
Photovoltaic inverters, Voltage control, Reactive power
control, Active power curtailment, Distributed Energy
Resources.

1. Introduction

The increasing electrification of society and the transition
toward low-carbon energy systems have driven the large-
scale integration of distributed renewable energy sources,
particularly photovoltaic (PV) systems, together with the
rapid adoption of electric vehicles (EVs). As a result, a
significant share of both electricity generation and
consumption has shifted toward low-voltage distribution
networks (LVDNSs), which were not originally designed
to operate under these emerging conditions [1], [2], [3].

LVDNs exhibit distinctive electrical characteristics,

including a high resistance-to-reactance (R/X) ratio, long
radial feeders, and a high diversity of single-phase loads.
Under these conditions, the increasing penetration of
distributed generation introduces bidirectional power
flows that significantly affect voltage profiles along the

feeders. During periods of high PV generation and low
demand, reverse power flow toward the substation can
lead to overvoltage events [4]. Conversely, during

evening or nighttime hours, the coincidence of residential
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demand and simultaneous EV charging may cause severe
voltage drops, in some cases exceeding the limits
established by the EN50160 standard [5], [6]. Several
studies have identified uncoordinated EV charging as a
major source of stress for LVDNSs, particularly in urban
areas with high 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 investment costs,

long implementation times, and environmental and social

constraints have driven research toward more flexible

solutions based on advanced control, power electronics,
and active management of distributed energy resources
[12].

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

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

Voltage control developed by smart inverters can be
based on external control signals sent from a remote
dispatch, or can use predefined and typically droop-based
curves requiring only local measurements. Local voltage
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control does not require communications and contribute
to increase hosting capacity without great investments. A. Volt/Var Control

Volt/Var control regulates voltage by absorbing or
injecting reactive power as a function of the local voltage
magnitude. This strategy reduces overvoltage conditions
without curtailing active power generation; however, its
effectiveness is limited by the available reactive power
margin of the inverter, which may be insufficient under
high PV penetration.

The main objective of this work is to analyse the impact
of high photovoltaic (PV) generation penetration on
LVDNs and to evaluate how the application of local
voltage control schemes based on different PV inverter
control modes can mitigate overvoltage issues and affect
renewable energy integration. To this end, a
representative European LV distribution network has
been used to assess the effectiveness and limitations of
local inverter-based voltage control strategies.
Simulations have been done using OpenDSS, while

MATLAB has been employed for data processing, post- Voltage (V)
analysis, and result visualization. This co-simulation
framework enables a detailed time-domain assessment of 270
network behaviour under realistic operating conditions. 265 |
260 - |
2585 1
2. Methodology 250 |
The study has been conducted on the IEEE European By
Low Voltage Test Feeder, which represents a typical 240 v L
European LV distribution network. The feeder comprises 150 ki |
905 line segments, 50 single-phase loads, and a medium- 0l = B4
voltage to low-voltage (MV/LV) transformer rated at 0.8 Time (min) " e -
MVA. The selected test system allows the evaluation of = “ PV CellNo.

voltage behaviour under realistic topology, impedance

characteristics, and phase unbalance conditions. Fig. 1. Voltage of PVCells

Photovoltaic generation is integrated at each load
connection point, resulting in a total of 55 PV units and a Powts )
penetration level of 100%. Each PV system has a rated
maximum power of 4kW, an inverter of 4.8 kVA and is
modelled using realistic irradiance and temperature 4
profiles, enabling accurate representation of PV output
variability throughout the day.

OpenDSS has been controlled via a COM interface from
MATLAB, allowing automated execution of time-series
simulations and systematic modification of inverter 0.l
control parameters. Daily simulations have been o
performed over a 24-hour horizon with a one-minute

time resolution, capturing both steady-state and fast
voltage variations caused by PV generation dynamics.

PV Cell No.

Fig 2. Active Power of the PV Cells
3. Inverter Control Strategies

Simulation results reveal several challenges associated — Reactive Power (kva)
with high PV penetration in LV distribution networks.
These include significant voltage rise during periods of 0 ‘ w H
. . . |

high solar irradiance, reverse power flow toward the - I “ ‘ ‘IH H ‘M
distribution transformer, and pronounced voltage ‘ H \| !

variability due to fast irradiance changes caused by cloud ‘
transients. Together, these phenomena impose technical 4
limits on renewable energy integration and highlight the

need for effective voltage control strategies.

-5l
In this section, the performance of several local PV L
inverter control mechanisms is assessed and compared. oo
Consider the time scale represent a day and is set every Time (min) )
10 minutes, “0” being 00:00 and 144 corresponding to 0 0 PV CellRe.
23:59. Fig 3. Reactive Power of the PV Cells
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It is observed that photovoltaic generators consume
reactive power in order to try to reduce the PV generator
voltage, since priority is given to maintaining active

power as a function of voltage. During the central hours
of the day, when PV generation is higher and therefore
voltages are higher, it is observed that reactive power

consumption decreases. The reason is that, as can be seen

in Fig.1-3, when the voltage rises to a defined value, the
inverter control acts and reduces that voltage by
increasing the consumption of generated reactive power.
In this way, the value of the reverse power flow delivered
to the grid is reduced, without modifying the generated
active power.

Regarding the voltage at the different buses in the
network, it decreases relative to the standard voltage but
remains higher, reaching 264 V, and the voltage
unbalance continues to be below 2%.

B. Volt/Watt Control

Volt/Watt control reduces active power output when the
voltage exceeds a predefined threshold. This method is
highly effective in mitigating overvoltages and ensuring
compliance with voltage limits, but it directly penalizes

renewable energy production by curtailing PV
generation.
Voltage (V)
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Fig 4. Voltage 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 unbalance under
this control mode is significantly reduced (0.02%),
remaining well below the allowable limit (2%).
Furthermore, the voltage magnitude at all buses stays
within the permitted range, with the highest recorded
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 reactive
current as a function of the voltage change. While this
strategy effectively reduces voltage oscillations and
improves dynamic performance, it does not address
sustained overvoltage conditions.

With this control mode, both the voltage unbalance and
the voltage magnitude at each bus increase. Although the
unbalance remains below 2%, reaching up to 0.6%, the
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 factor as a
function of active power output, increasing reactive
power consumption at high generation levels. Although
this approach contributes to partial voltage reduction, it
does not fully prevent overvoltages in scenarios with
very high PV penetration.
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Fig 12. Reactive Power of the PV Cells

With this type of control, the reactive power is adjusted

to maintain a power factor as a function of the generated
active power. This strategy modifies the level of reactive

power exchanged by the inverter: at low active power
generation, a small amount of reactive power is injected,
while beyond a certain active power threshold the

inverter starts absorbing reactive power up to 1 pu.

However, since the inverter operates with active power
priority, it cannot fully reach this limit, which explains

the observed reduction in reactive power absorption
during peak generation hours. Nevertheless, as can be
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observed in Fig.10-12, the voltages at all buses exceed
the regulatory limits, with a maximum voltage of 266 V.
The maximum voltage unbalance reaches 0.8%, which is
still below the 2% threshold.

E. Watt/VVar Control

Watt/Var control establishes a direct relationship
between active and reactive power output. This strategy
can reduce voltage levels more effectively than Watt/PF
control but typically requires inverter oversizing to
provide sufficient reactive power capability.
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Fig 13. Voltage of the PV Cells
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Fig 15. Reactive Power of the PV Cells

It can be observed in Fig.13-15, that under this control
mode, modifying both active and reactive power reduces
the voltage at the PV terminal. In this case, priority is
given to active power production so a decrease in the
reactive power is obtained during the middle hours of the
day.

4. Combined Inverter and Transformer Tap
Control Strategy

In low-voltage networks with high penetration of
photovoltaic generation, the control performed of
inverters may be insufficient and/or produce excessive
curtailment of photovoltaic generation. However, the
coordination with the tap control of the MV/LV
transformer at the secondary substation provides
enhanced voltage regulation along the whole feeder and
reduces curtailed photovoltaic generation. In addition, the
coordination between smart inverter control and
transformer tap control will enable to take advantage of
the local response of smart inverters and the overall
voltage regulation obtained by changing the turns-ratio.
In this section, the performance of the combination of
transformer tap control with some of the local PV
inverter control strategies is shown. With that purpose, a
tap changer at the low voltage winding of the transformer
has been considered, with five taps that enable changing
the tap ratio from 0.95 to 1.05 p.u. in order to keep
voltage at remote prosumer below the threshold of 253
V.

A. Volt/Var and OLTC control

In the case of Volt/Var strategy, the reduction in the

transformer tap improves the voltage distribution in the

whole network. As a result of the voltage improvement,

the reactive power injection from inverters is also

modified. In this case, the change in the reactive power is
not much noticeable because a high-voltage scenario
even without photovoltaic generation has been

considered.
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B. Volt/Watt and OLTC control

In the case of the Volt/Watt strategy, the inverter does
not inject reactive power, but the curtailment in the active
power from the inverter is now partially compensated by
the action of the transformer tap control, which decreases

a tap to decrease voltages in central hours. As a result,

inverters inject more active power. However, in this case
the improvement in the active power is moderate because
a high-voltage scenario even without photovoltaic
generation has been considered.
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4. Conclusion

This paper has analyzed the effectiveness of different
local PV inverter control strategies for voltage regulation
in low-voltage distribution networks with high
photovoltaic penetration. The results confirm that, in the
absence of active control, LVDNs are unable to
accommodate high levels of distributed generation
without violating statutory voltage limits. Severe
overvoltage conditions were observed, with phase
voltages reaching up to 265 V, significantly exceeding
the limits established by EN/UNE 50160, together with
pronounced reverse power flows during periods of high
PV generation.

Among the evaluated strategies, reactive power—based

controls such as Volt/Var, Dynamic Reactive Current,
Watt/PF, and Watt/VVar contribute to partial voltage
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mitigation and reduced voltage fluctuations. These
approaches alone are generally insufficient to ensure full
compliance with voltage standards under peak generation
conditions, particularly in networks with high R/X ratios
and pronounced phase unbalance if priority is given to
active power production and the inverter does not have
enough capability to provide the required reactive power.
In contrast, active power—based strategies, especially
Volt/Watt control, proved effective in maintaining
voltages within regulatory limits. Nevertheless, this
improvement is achieved at the expense of active power
curtailment, leading to reduced energy efficiency and
limited renewable energy utilization.

The comparative analysis highlights a fundamental trade-
off between voltage compliance and PV energy

harvesting when relying exclusively on local inverter

control. While reactive power modulation can delay the

onset of overvoltages, active power curtailment remains
necessary in heavily constrained scenarios. These
findings indicate that no single local control strategy can
provide an optimal solution across all operating

conditions. Overall, the results emphasize the need for
hybrid and adaptive control schemes that combine
reactive and active power capabilities, potentially

complemented by coordination among neighboring

inverters. Furthermore, the optimal selection and tuning
of control strategies must explicitly account for network

topology, line impedances, and phase unbalance to
ensure robust and efficient voltage regulation in future
low-voltage distribution networks.

Acknowledgement

The authors gratefully acknowledge the support from the
Basque Government (GISEL research group 1T1522-22)
and Elkartek 2025 project SAGE (KK-2025/00093)

References

[1] E. Mulenga, M. H. J. Bollen, and N. Etherden, ‘A

review of hosting capacity quantification methods for

photovoltaics in low-voltage distribution grids’, International

Journal of Electrical Power & Energy Systems, vol. 115, p.
105445, Feb. 2020, doi: 10.1016/j.ijepes.2019.105445.

[2] I. B. Majeed and N. I. Nwulu, ‘Reverse Power Flow

Due to Solar Photovoltaic in the Low Voltage Network’, IEEE

Access, vol. 11, pp. 44741-44758, 2023, doi:

10.1109/ACCESS.2023.3273483.

[3] A. Gulraiz et al., ‘Impact of photovoltaic ingress on

the performance and stability of low voltage Grid-Connected
Microgrids’, Results in Engineering, vol. 26, p. 105030, Jun.
2025, doi: 10.1016/j.rineng.2025.105030.

[4] J. Barros, M. de Apraiz, and R. I. Diego, ‘A review of

international limits for rapid voltage changes in public

distribution networks’, Renewable and Sustainable Energy
Reviews, vol. 144, p. 110966, Jul. 2021, doi:

10.1016/j.rser.2021.110966.

[5] G. Town, S. Taghizadeh, S. Deilami, G. Town, S.

Taghizadeh, and S. Deilami, ‘Review of Fast Charging for
Electrified Transport: Demand, Technology, Systems, and

Planning’, Energies, vol. 15, no. 4, Feb. 2022, doi:
10.3390/en15041276.
[6] M. A. S. T. Ireshika, R. Lliuyacc-Blas, P. Kepplinger,

M. A. S. T. lIreshika, R. Lliuyacc-Blas, and P. Kepplinger,
‘Voltage-Based Droop Control of Electric Vehicles in

https://doi.org/10.24084/reepqj26-286 229

Distribution Grids under Different Charging Power Levels’,
Energies, vol. 14, no. 13, Jun. 2021, doi: 10.3390/en14133905.
[7] Y. Dai et al., ‘Building-related electric vehicle
charging behaviors and energy consumption patterns: An
urban-scale analysis’, Transportation Research Part D:
Transport and Environment, vol. 141, p. 104663, Apr. 2025,
doi: 10.1016/j.trd.2025.104663.

[8] C. S. Sivanadipatham, A. Kumar Singh, P. Kumar,
and S. Niwas Singh, ‘A Comprehensive Decentralized Control
Framework for Balanced and Reliable Residential EV
Charging’, IEEE Transactions on Transportation Electrification,
vol. 11, no. 6, pp. 13014-13028, Dec. 2025, doi:
10.1109/TTE.2025.3595261.

[9] T. Giri, B. Paneru, N. Bhattarai, J. Chaudhary, B.
Paneru, and R. Poudyal, ‘Enhancing EV charging in Nepal:
Strategic sizing and placement of solar — Powered battery
system in Byasi Feeder’, Renewable Energy, vol. 256, p.
124145, Jan. 2026, doi: 10.1016/j.renene.2025.124145.

[10] Q. Shi et al., ‘Network reconfiguration and distributed
energy resource scheduling for improved distribution system
resilience’, International Journal of Electrical Power & Energy
Systems, vol. 124, p. 106355, Jan. 2021, doi:
10.1016/j.ijepes.2020.106355.

[11] S. Candas, B. Reveron Baecker, A. Mohapatra, and T.
Hamacher, ‘Optimization-based framework for low-voltage
grid reinforcement assessment under various levels of
flexibility and coordination’, Applied Energy, vol. 343, p.
121147, Aug. 2023, doi: 10.1016/j.apenergy.2023.121147.

[12] R. Wu and S. Liu, ‘Multi-Objective Optimization for
Distribution Network Reconfiguration With Reactive Power
Optimization of New Energy and EVs’, IEEE Access, vol. 11,
pp. 10664-10674, 2023, doi: 10.1109/ACCESS.2023.3241228.
[13] Z. Zhang, Y. Mishra, C. Dou, D. Yue, B. Zhang, and
Y.-C. Tian, ‘Steady-State Voltage Regulation With Reduced
Photovoltaic Power Curtailment’, IEEE Journal of
Photovoltaics, vol. 10, no. 6, pp. 1853-1863, Nov. 2020, doi:
10.1109/JPHOTOV.2020.3026139.

[14] P. P. Vergara, M. Salazar, T. T. Mai, P. H. Nguyen,
and H. Slootweg, ‘A comprehensive assessment of PV inverters
operating with droop control for overvoltage mitigation in LV
distribution networks’, Renewable Energy, vol. 159, pp. 172—
183, Oct. 2020, doi: 10.1016/j.renene.2020.05.151.

[15] M. Z. Liu et al., ‘On the Fairness of PV Curtailment
Schemes in Residential Distribution Networks’, IEEE
Transactions on Smart Grid, vol. 11, no. 5, pp. 4502-4512, Sep.
2020, doi: 10.1109/TSG.2020.2983771.

[16] S. Mohammadi, V.-H. Bui, and W. Su, ‘A Novel
Topology Recovery Method for Low Voltage Distribution
Networks’, in 2025 IEEE Power & Energy Society General
Meeting (PESGM), Jul. 2025, pp. 1-5. doi:
10.1109/PESGM52009.2025.11225097.

[17] L. Wang, R. Yan, F. Bai, T. Saha, and K. Wang, ‘A
Distributed Inter-Phase Coordination Algorithm for Voltage
Control With Unbalanced PV Integration in LV Systems’, IEEE
Transactions on Sustainable Energy, vol. 11, no. 4, pp. 2687—
2697, Oct. 2020, doi: 10.1109/TSTE.2020.2970214.

[18] D. Gebbran, S. Mhanna, Y. Ma, A. C. Chapman, and
G. Verbg, ‘Fair coordination of distributed energy resources
with Volt-Var control and PV curtailment’, Applied Energy,

vol. 286, p. 116546, Mar. 2021, doi:
10.1016/j.apenergy.2021.116546.
[19] X. Wang et al., ‘Distributed Nodal Voltage

Regulation Method for Low-Voltage Distribution Networks by
Sharing PV System Reactive Power’, Energies, vol. 16, no. 1,
Dec. 2022, doi: 10.3390/en16010357.

[20] 0. Gandhi, C. D. Rodriguez-Gallegos, W. Zhang, T.
Reindl, and D. Srinivasan, ‘Levelised cost of PV integration for
distribution networks’, Renewable and Sustainable Energy
Reviews, wvol. 169, p. 112922, Nov. 2022, doi:
10.1016/j.rser.2022.112922.

REE&PQJ, Volume 26, July 2026



[21] A. S. J. Hassan et al., ‘A Sensitivity Matrix Approach
Using Two-Stage Optimization for Voltage Regulation of LV
Networks with High PV Penetration’, Energies, vol. 14, no. 20,
Oct. 2021, doi: 10.3390/en14206596.

[22] M. V. Jain, M. Soni, B. J. Pandya, P. J. Parmar, and
P. Sompura, ‘Innovative pathways to voltage profile
enhancement: a review of emerging strategies’, in Parul
University International Conference on Engineering and
Technology 2025 (PiCET 2025), May 2025, pp. 517-524. doi:
10.1049/icp.2025.1341.

[23] M. Nakamura, S. Yoshizawa, H. Ishii, and Y.
Hayashi, ‘Advanced voltage control method for improving the
voltage quality of low-voltage distribution networks with
photovoltaic penetrations’, Energy Inform, vol. 4, no. 2, p. 31,
Sep. 2021, doi: 10.1186/s42162-021-00149-5.

[24] L. Guo et al., ‘Topology and Parameter Identification
of Three-Phase Low-Voltage Distribution Network and Voltage
Control Strategy Based on User Smart Meter Measurements: A
Data-Driven Approach’, IEEE Transactions on Instrumentation
and Measurement, vol. 74, pp. 1-13, 2025, doi:
10.1109/TIM.2025.3585219.

[25] W. Ma, W. Wang, Z. Chen, and R. Hu, ‘A centralized
voltage regulation method for distribution networks containing
high penetrations of photovoltaic power’, International Journal
of Electrical Power & Energy Systems, vol. 129, p. 106852, Jul.
2021, doi: 10.1016/j.ijepes.2021.106852.

https://doi.org/10.24084/reepqj26-286 230

REE&PQJ, Volume 26, July 2026





