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Abstract—There are various active power curtailment (APC)
approaches to mitigate overvoltage. In PV-rich networks, the
overvoltage happens to be especially at the end of the distribution
feeders. While APC helps maintain voltage within operational
limits, it results in varying degrees of renewable curtailment
for each prosumer. This curtailment increases as the distance
from the transformer grows. Hence, these approaches introduce
unfairness among prosumers. This study proposes an equitable
APC (EAPC) based on the prosumer’s self-consumption rate
(SCR). The method calculates each prosumer’s SCR, compares
it with the precalculated critical SCR, and calculates a fair
share of curtailment for each prosumer. Subsequently, leveraging
the voltage sensitivity matrix obtained from the inverse of
the Jacobian matrix, the new active power injection at the
point of common coupling (PCC) is calculated to mitigate the
overvoltage. To show the effectiveness of the proposed method, a
comparison with three other methods is presented under various
PV penetration levels. The proposed EAPC is less sensitive to the
prosumer’s location and improves fairness among prosumers. In
addition, a battery deployment scenario is analysed considering
the annual supply and demand balance to suppress the extra
curtailment introduced by EAPC without increasing the battery
capacity.

Index Terms—PV systems, active power control, overvoltage
mitigation, Fairness, self-consumption rate.

I. INTRODUCTION

IN recent years, PV systems have emerged as a crucial
component that facilitates global efforts to reduce depen-

dence on fossil fuels and mitigate the adverse impact of
climate change. By harnessing solar energy, PV systems offer
a renewable and abundant source of electricity generation,
thereby decreasing reliance on finite and environmentally
harmful fossil fuel resources. The advantages of PV systems
are manifold, ranging from their ability to generate electricity
without emitting greenhouse gases or other pollutants to their
scalability and modularity for ease of installation, making
them suitable for diverse applications ranging from residential
rooftops to large-scale utility installations. Additionally, PV
systems can contribute to decentralized energy production,
empowering communities to become more self-sufficient and
resilient against disruptions in centralized power grids [1]–[3].

However, despite their numerous benefits, integrating PV
systems into existing power grids poses significant technical
challenges. One of the foremost issues is the intermittency
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of solar energy, which can lead to mismatches between
supply and demand and increase voltage fluctuations within
low-voltage (LV) distribution networks [4]. Furthermore, the
non-dispatchable nature of solar power presents operational
challenges for grid operators. The intermittent generation from
PV systems is compensated with the stable output of con-
ventional power plants to ensure grid stability and reliability.
Additionally, the spatial distribution of PV installations, often
concentrated in areas with high solar irradiance, may result in
voltage rise issues in distribution networks with high PV pen-
etration levels, necessitating careful planning and management
strategies [5], [6]. Moreover, the integration of PV systems into
power grids requires the deployment of advanced monitoring,
control, and communication technologies to facilitate real-time
management of generation and consumption patterns [7].

Conventional power grids were designed to serve the end
users by assuming the unidirectional power flow concept
from the upstream grid to the downstream end users. Nev-
ertheless, deploying distributed PV systems may present a
power flow from the end-users to the upstream grid when
the local supply surpasses the local demand or when the
demand is reduced to the point of overgeneration. Resultant
reverse power flow causes increased voltage and power losses
[8]–[11]. Besides the supply-demand balance, other factors
may also cause overvoltage, especially at the end of the
feeder, such as feeder impedance and network configuration
[12]. In response to such conditions, inverters can take some
action to mitigate overvoltage. Although some smart inverters
can curtail a portion of the generation by the mismatch in
available DC-generated PV and what the inverter delivers to
the grid, generally one of the solutions is to have inverters
programmed to disconnect from the grid temporarily and then
reconnect after a delay when the voltage at the PCC exceeds
the maximum voltage threshold. [13]. However, this frequent
switching can disrupt the smooth operation of the network and
potentially compromise its stability [14]. Therefore, several
control mechanisms were introduced to address the technical
issues and ensure the seamless integration of PV systems into
the power grid.

Utilities are regulating the amount of power injected into the
grid from PV systems by the operators to mitigate overvoltage
issues and maintain grid stability. Such control strategies may
involve reactive power control (such as volt-var) [15]–[18],
active power control (volt-watt) [19]–[22], or both of them
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[23]–[27]. Specifically, deployment of on-load tap changing
transformers, voltage regulators, and grid reinforcement ap-
plications could be applied to address overvoltage problems
[28]–[30]. Reactive power control is based on the relationship
between the reactive power and voltage magnitude in transmis-
sion networks. Unlike transmission networks, LV distribution
networks have a relatively high resistance-to-reactance (R/X)
ratio, making the voltage more sensitive to active power
variations. Hence, reactive power control has a limited impact
on voltage in LV distribution networks and could alleviate
the problem to some extent [31]–[33]. Instead, APC is more
attractive and would still be required given such a high R/X
ratio [24].

The literature is rich in the two APC methods: distributed
APC and centralized APC. Distributed APC methods are
generally droop-based and do not necessitate a communication
infrastructure, simplifying their implementation process signif-
icantly. In contrast, centralized APC involves communication
links. A central unit is responsible for computing active and
reactive power set-points for the inverters and sending real-
time signals. Therefore, centralized approaches require more
intricate and communication connections [25], [34].

Although APC methods can mitigate overvoltage, they
introduce a fairness issue among prosumers based on the
financial benefits due to the radial layout of typical LV
distribution networks, wherein prosumers located farther from
the substation encounter voltage rise during periods of reverse
power flow when supply exceeds demand [35]. Consequently,
APC applies higher degrees of renewable curtailment to pro-
sumers, particularly those at the feeders’ end, thereby reducing
their potential benefits.

In this study, fairness is defined as the capability of the
control method to treat prosumers equitably based on their
power injection into the grid and self-consumption rate (SCR),
irrespective of their location within the network. In other
words, the location of the prosumer within the grid should
not significantly affect the amount of curtailment and should
not be used to penalize the prosumer. Some relevant studies
on APC for overvoltage mitigation are summarized in Table
I.

One of the suggestions to increase fairness is the previous
schemes outlined in [31], [36]–[38] ], which similar to our
work, aim to limit the impact of location on curtailment.
These papers implement a uniform generation limit for all
PV systems, expressed as a percentage of PV’s rated installed
capacity. However, while simple to implement, this approach
may not uphold fairness when assessing the prosumer’s net
demand, potentially curtailing households even if their PV
generation doesn’t contribute to the overvoltage, unlike our
SCR-aware approach. In [56], an egalitarian fairness scheme
is presented. This approach, like ours, aims for an equitable
distribution of curtailment burden. However, it focuses on
curtailing energy equally between customers, which can result
in suboptimal outcomes. It exhibits the worst performance
in terms of curtailment amount when compared to financial
and proportional approaches because it ignores import/export
factors and overlooks customers’ net demand and PV installed
capacity, unlike our method which considers individual SCR

values for a more nuanced assessment. In [20], [25], [50], [51],
the issue of unfair APC is tackled using local control strategies.
While beneficial for minimizing communication infrastructure,
these independent approaches suffer from a lack of coordi-
nation, neglecting the impact of active power injection from
other nodes on voltage rise. This can leads to suboptimal
curtailment decisions due to inadequate observability of the
LVDN. In contrast, our proposed EAPC framework addresses
this limitation by employing a centralized control scheme that
incorporates real-time grid data and individual SCR values,
enabling a coordinated, system-wide approach to equitable
curtailment.

To overcome the coordination issue in local control, a
droop-based APC strategy is introduced in [20], [50]. Similar
to our method, these approaches use a voltage sensitivity
matrix to guide curtailment. However, they utilize unique but
fixed droop parameters for each inverter to ensure fair PV
harvesting, which increases computational complexity and still
relies on potentially inaccurate assumptions about uniform
load profiles. This can cause inequitable curtailment scenarios,
as it does not account for the diverse load profiles of house-
holds connected to the LVDN. Our EAPC method bypasses
these limitations by dynamically adjusting curtailment based
on real-time SCR and grid conditions.

As a solution for the coordinated operation between the
participants, some studies implemented OPF-based centralized
approaches [22], [52], [55]. These centralized approaches, like
ours, benefit from enhanced observability of the LVDN and the
potential for more equitable PV curtailment. However, OPF-
based methods, while powerful, can become computationally
intensive, especially with a large number of DERs in the
LVDN due to the complexity of the optimization process. This
has motivated us to explore alternative methods like EAPC,
which achieve a balance between computational efficiency
and fairness. Other control schemes presented in [53], [54]
use distributed control, offering a compromise between the
simplicity of local methods and the coordination of centralized
schemes. These approaches aim for fairness but often face
similar computational challenges as OPF-based solutions. Fur-
thermore, they may not explicitly consider individual prosumer
behavior like our SCR-aware EAPC method does.

Moreover, to prevent voltage instability, the studies [34],
[39], [40] utilize a voltage sensitivity matrix to determine the
PV power curtailment at each bus, as our method does. These
approaches allow more energy injection into the grid than
the droop-based approach. However, these strategies primarily
consider the location to guide curtailment, disregarding the
prosumer’s SCR and overlooking the reality that a prosumer
who can effectively synchronize their electricity consumption
with solar generation during peak sunlight hours will only con-
tribute minimal power to the grid, which is a key consideration
in our EAPC framework.

Other methods employing fixed feed-in power limits, such
as in [37] and [38], offer a better alternative to APC. However,
while easy to implement, setting these limits without con-
sidering real-time grid dynamics can be problematic. Setting
them too conservatively can result in underutilization of the
full PV potential, while setting them too high can lead to
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TABLE I
SUMMARY OF LITERATURE REVIEW ON APC FOR OVERVOLTAGE MITIGATION

Ref Method Control Scheme Modeling Technique Criteria 1 Criteria 2 Criteria 3 Criteria 4
[20], [25], [50], [51] Droop Local Voltage sensitivity matrix × × ✓ ×
[38] Local and distributed Model-Free × × ✓ ×
[52]

Optimization

Centralized ACOPF ✓ × ✓ ×
[36] Local and centralized QP+Sensitivity - × ✓ ×
[53], [54] Distributed Lagrangian-Based × × ✓ ×
[22] Centralized ACOPF × × ✓ ×
[55] Centralized ACOPF ✓ × ✓ ×

This work Droop Centralized SCR+Voltage sensitivity matrix ✓ ✓ ✓ ✓
* Criteria 1: Diverse load profile, Criteria 2: Incorporate SCR, Criteria 3: Equitable APC, Criteria 4: Location sensitivity analysis

voltage instability. Our EAPC method avoids these pitfalls
by dynamically adjusting curtailment based on actual grid
conditions and individual SCR values.

This study proposes an improved APC control method
based on prosumers’ SCR by leveraging the voltage sensitivity
matrix. The original contributions of this article include the
following:

1) A SCR-based equitable framework for active power cur-
tailment is proposed, which significantly improves the fairness
of prosumers while observing the nodal voltage limits

2) The proposed framework can equitably alleviate the
location impact on energy curtailment leveraging SCR and
the power-voltage sensitivity, even under high PV penetration
levels.

3) The framework can achieve a comparable energy harvest
per year as the dynamic active curtailment method without
increasing BESS capacity.

The rest of this article is organized as follows: section II
explains the issues associated with the existing APC meth-
ods. section III describes the proposed EAPC. section IV
reports the simulation results, including a comparative analysis
between the methods. A discussion on the performance of
APC overvoltage mitigation methods is presented in section
V. Finally, the conclusion is given in section VI.

II. PROBLEM STATEMENT

Several control techniques to address overvoltage mitiga-
tion, such as inverter tripping, fixed feed-in power limitation,
dynamic APC, and a new proposed EAPC, will be discussed
in this paper.

Inverter tripping is one of the overvoltage mitigation meth-
ods where the inverter disconnects from the grid if the voltage
at the PCC exceeds the critical voltage limit and reconnects
after a time delay [31]. Because overvoltage arises at nodes
distant from the transformer, prosumers located at the end
of the feeder are disadvantaged due to their placement [21].
Nonetheless, this control approach operates independently
of communication infrastructure among prosumers, relying
instead on local control and it is performed according to Eq
(1).

Pinj =

 Pexc, Vi < Vcri

0, Vi ≥ Vcri

(1)

where Pinj is the injected power (kW), Pexc is the excess
power (kW), Vi is the voltage at PCC (p.u), and Vcri is the
critical voltage (p.u).

The local PV generation impacts the demand patterns and
might surpass the load several times during the peak generation
periods. The conventional power grids were not planned to
consider feed-in PV power. The main aim of feed-in power
limitation is to increase the PV hosting capacity of the
feeders and enhance the renewable energy mix within the
overall energy landscape. However, the integration of PV can
introduce technical challenges such as voltage fluctuations,
transformer strain, and switcher malfunctions. Consequently,
grid operators either restrict) or PV installation, such as in
Thailand [41] (PV is limited by 15% of rating transformers),
or implement maximum feed-in power limits as a preventative
measure against these potential drawbacks. For instance, the
utility in Germany restricts the power injection by 70% of the
prosumer’s nominal installed PV power [42]. It’s important to
note that feed-in limits do not consider grid dynamics like sup-
ply, demand, or voltage variations; instead, they solely restrict
surplus power. Consequently, this approach may underutilize
renewable energy during specific periods due to unnecessary
curtailment, and it doesn’t ensure operation within the voltage
safety range. This study assumes that prosumers cannot feed
more than 40% of their installed PV capacity into the grid
[43].

Pinj =

 Pexc, Pexc < αPPV nom

αPPV nom, Pexc ≥ αPPV nom

(2)

The feed-in power is calculated according to Eq (2), where
PPV nom is the nominal PV power (kW), and α is the feed-
in coefficient, changing between zero and one. The high R/X
ratio is one of the main factors limiting the reactive power im-
pact on voltage regulation in LV distribution networks. Rather,
the APC is more effective in mitigating the overvoltage.
There are two APC approaches, namely, droop-based APC
and dynamic APC (DAPC). Droop-based APC is desirable
due to its simplicity because it does not demand shared
information between prosumers. Instead, it depends on local
control. However, this method is location-sensitive, causing
unfair energy curtailment among the prosumers [44]. The
curtailment starts when the nodal voltage reaches the threshold
voltage Vth as shown in Eq (3), where m is the droop-
coefficient and is calculated based on Eq (4). The injection is
disabled when the voltage reaches the critical voltage (Vcri).
Dynamic APC (DAPC) is also a centralized approach that aims
to regulate voltage by adjusting the active power output of PV
inverters. Unlike the fixed droop relationship in droop-based
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APC, DAPC determines the amount of curtailment for each
prosumer based on their contribution to the overvoltage. This
is achieved using a voltage sensitivity matrix, which quantifies
the relationship between changes in active power injection at
a specific bus and the resulting voltage changes at all buses in
the network, which will be discussed in the following section.
The mathematical formulation of DAPC is available in [45].

Pinj =

 Pexc, Vi ≤ Vth

Pexc −m (Vi − Vth) , Vth < Vi ≤ Vcri

0, Vi > Vcri

(3)

m =
Pexc

Vcri − Vth
(4)

The IEEE European Low Voltage Test Feeder is considered
a benchmark for the analysis. This is a typical distribution
network in Europe developed by IEEE. The test feeder has
906 nodes with 55 active nodes, as illustrated in Figure 1.
It is assumed that all the customers in this LV distribution

Fig. 1. Single-line diagram of the IEEE European LV distribution Test Feeder,
green dots depict the examined nodes [57].

network are prosumers equipped with PV systems, and the
total installed PV capacity is distributed among the prosumers
based on their demand. The total installed PV capacity and
SCR of each of the 55 prosumer is depicted in Figure 2. PV
capacity varies from 1 kW up to 19.6 kW, and the SCR varies
from 4.9% to 84.1%, with an average of 27.5%. The SCR
is the ratio between the part of the PV generation directly
transferred to the load and the total PV generation, as stated
in Eq (5). Load and PV profiles are obtained from [57], [58].

SCR =

∫ T

t=0
P pv→load
t∫ T

t=0
P pv
t

(5)

where P pv
t = P pv→load

t + P pv→grid
t + P pv→curtailed

t

Maximizing self-consumption is one of the main moti-
vations behind PV installation for residential and industrial
premises. High SCR levels are linked to technical and financial
advantages. According to references [5], [47], a specific SCR
threshold exists below which overvoltage issues arise in the
LV distribution networks. Moreover, Reference [48] highlights
the financial benefits of high SCR for residential end-users.
Moreover, the secure voltage operational range of the LV

distribution network is assumed to be between 0.94 and 1.10
p.u, and the transformer is configured at 1.05 p.u. A power
flow simulation is performed using the time series demand and
PV generation data with a 1-minute resolution by leveraging
Pandapower [49].

Fig. 2. PV installed capacity and SCR of the prosumers.

III. PROPOSED EQUATIBLE APC FRAMEWORK

As discussed in the previous sections, the APC methods
disregard the prosumer’s SCR, resulting in an inequitable
energy curtailment among the prosumers. This study proposes
an EAPC method that aims to enhance fairness among the
prosumers by leveraging the SCR and voltage sensitivity while
preserving the voltage under the critical voltage, Vcri. Pro-
sumers will still adjust their active power at PCC, so their SCR
should be greater than a predefined critical value, SCRcri.
The flowchart of the proposed EAPC method is depicted in
Figure 3. The technique performs power flow calculation and
computes the voltage sensitivity matrix. In the scenario when
the maximum voltage in the network V max

i >V cri
i , each pro-

sumer’s SCRt is calculated and compared to SCRcri which
is computed according to the algorithm in the pseudo-code.
Subsequently, the prosumers SCRt is adjusted by curtailing
the surplus energy. In this way, the prosumers are penalized
based on their SCR, therefore, the prosumers close to the
transformer may experience energy curtailment based on their
SCR. After that, the voltage sensitivity matrix is calculated and
∆Pi is computed and extracted from the prosumer’s energy.
The flowchart is elaborated in the following subsections.

A. Input data

The EAPC implementation algorithm necessitates solar and
load profiles for each prosumer in the network. These profiles,
which can be sourced from either forecast data or historical
data typically obtained from smart meters, serve as inputs
to the algorithm. Additionally, the algorithm requires inputs
including the critical SCR, voltage operation limits, network
configuration, and the desired time resolution.

B. Power flow and voltage sensitivity

The proposed method depends on the sensitivity matrix,
which is the inverse of the power flow Jacobian matrix. This
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matrix is obtained by solving the AC power flow equations
shown in Eqs (6-10).

PGi
− PDi

=

N∑
j=1

Vi.Vj .Yij .cos (θij + δj − δi) , ∀i, j (6)

QGi
−QDi

=

N∑
j=1

Vi.Vj .Yij .sin (θij + δj − δi) , ∀i, j (7)

Iij = |Yij | .
[
V 2
i + V 2

j − 2.Vi.Vj .cos(δj,t − δi)
]1/2

, ∀i, j
(8)

Ploss =

N∑
j=1

I2ij .rij , ∀ i, j (9)

Vmin ≤ Vi ≤ Vmax , ∀ i (10)

The active power flow is described in Eq (6), where PGi and
PGi

are the active supply and active demand in kW at bus i
, respectively. Similarly, the reactive power flow is introduced
in Eq (7), where QGi

and QDi
are the reactive supply and

reactive demand, V i = Vi∠δi is the polar form of voltage at
Bus i, Vi is the voltage magnitude at Bus i, δi is the voltage
angle at Bus i, Yij and θij are the admittance matrix amplitude
and angle between bus i and bus j, respectively. The current
flow between bus i and bus j is given in Eq (8). Meanwhile,
the overall active power loss is calculated by Eq (9), where rij
is the resistance of the line connecting bus i and j. The voltage
operation limits are given in Eq (10), where Vmin, and Vmax

are the voltage lower and upper boundaries, respectively. The
correlation between voltage and power changes can be derived
from the power flow analysis results according to the Newton-
Raphson technique as shown in Eq (11) .[

∆P
∆Q

]
= J .

[
∆δ
∆V

]
=

[
∂P
∂δ

∂P
∂V

∂Q
∂δ

∂Q
∂V

][
∆δ
∆V

]
(11)

[
∆δ
∆V

]
= J−1 .

[
∆P
∆Q

]
=



∂δ2
∂P 2

. . . ∂δ2
∂PN

...
. . .

...
∂δN
∂P 2

. . . ∂δN
∂PN

∂δ2
∂Q2

. . . ∂δ2
∂QN

...
. . .

...
∂δN
∂Q2

. . . ∂δN
∂QN

∂V 2

∂P 2
. . . ∂V 2

∂PN

...
. . .

...
∂V N

∂P 2
. . . ∂V N

∂PN︸ ︷︷ ︸
V sen. at P

∂V 2

∂Q2
. . . ∂V 2

∂QN

...
. . .

...
∂V N

∂Q2
. . . ∂V N

∂QN︸ ︷︷ ︸
V sen. at Q



[
∆P
∆Q

]

(12)

SV =

[
∆δ
dP

∆δ
dQ

∆V
dP

∆V
dQ

]
(13)

The voltage sensitivity matrix quantifies how the changes in
active and reactive power affect voltage magnitude |V | and
voltage angle δ. It is obtained by partial derivative of the

power flow equations and taking the inverse of the Jacobian
matrix, as given in Eqs (12-13). The sensitivity matrix SV

consists of 4 sub-matrices (Sm,n
V ;m=1,2;n=1,2 ), however,

EAPC method particularly utilizes the sub-matrix ∆V
dP because

the voltage is more sensitive to active power variation in LV
distribution network as discussed in the previous sections. Eq
(14) calculates energy curtailment at each bus (∆Pi) and Eq
(15) calculates the droop coefficient (mi).

∆P i =
Vi − V cri

i∑N
i S2,1

V,i

(14)

mi =
∆P i

Vi − V cri
i

(15)

C. Critical self-consumption rate

The SCRcri calculation algorithm comprises three func-
tions. Function 1 computes the SCR of each prosumer using
Eq (5), taking into account the PV and load profiles. Function 2
then receives the SCR from Function 1 and compares it against
a specified threshold. If the SCR is below this threshold,
the prosumer’s energy is curtailed to elevate the SCR to the
required level, and this function returns the difference between
the original and adjusted PV generation. Finally, Function 3
determines SCRcri by identifying the breakpoints from the
energy curtailment data obtained. The first breakpoint occurs
at an SCR of 3%, and the second breakpoint occurs at 12%
as shown in Figure (4). The selection of a critical SCR has
an impact on our two stages of energy curtailment. In the first
stage, curtailment is based on the prosumer’s SCR, while the
second stage considers their voltage sensitivity coefficients.
Setting a high SCR threshold would lead to unnecessary
excessive curtailment. Meanwhile, a low threshold would
disproportionately affect prosumers based on their location-
dependent voltage sensitivities. Hence, an SCR of 3% (for
the network under consideration) is a good choice to create
a balance between ensuring equity and avoiding unnecessary
curtailment.
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Fig. 3. Flow chart of the proposed EAPC.

Algorithm 1 Proposed Algorithm for Calculating the Critical
SCR.

1 : Function1 : Calculate SCR
2: Input : PGi,t

, PDi,t
, N, T

3: For each (i, t) in (N,T )
4: Calculate SCRi,t based on (5)
5: End For
6: Output : SCRi,t

7: Function2 : Calculate Curtailment based on SCR
8: Input : ˇSCR, PGi,t

, PDi,t
, N, T, SCRi,t

9: For each (i, t) in (N,T )
10: If SCRi,t < ˇSCR

11: Pnew
Gi,t

=
PDi,t

1− ˇSCRi,t

12: Else
13: Pnew

Gi,t
= PGi,t

14: End If
15: End For
16: Compute ∈ =

∑T
t

∑N
i (PGi,t

− P
new

Gi,t

)

17: Output : ∈
18: Function3 : Determine SCRcri

19: Input : ŜCR, ∋
20: For ˇSCR in ŜCR
21: ∈ = Function2( ˇSCR)
22: Append ∈ to ∋
23: End For
24: Plot(ŜCR ,∈)
25: Detect SCRcri

26: Output : SCRcri

* ˇSCR : Threshold of SCR; ŜCR : List of SCRs to be
evaluated; ∈ : Energy curtailment; ∋ : Empty list to store ∈.

Energy curtailment resulting from the SCR constraint leads
to an enhancement in voltage profile even before implementing
the sensitivity-matrix-based curtailment. This is because the
total energy injected into the system is decreased. Conse-
quently, when the sensitivity matrix is applied, location-based
penalties are reduced compared to the scenario where the SCR
constraint is neglected.

Fig. 4. Sensitivity of Energy curtailment to SCR.
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IV. PERFORMANCE EVALUATION

This section aims to validate the performance of the pro-
posed EAPC by comparing it with the other overvoltage miti-
gation methods: DAPC, tripping, and feed-in power limitation.
The technical comparison is conducted for a typical clear day,
considering energy curtailment and nodal voltage variations
under different PV penetrations.

A. Energy curtailment considering overall PV generation

Fig. 5. The amount of energy curtailment for a typical clear day

A comparative analysis of four techniques for energy cur-
tailment for a typical clear day is illustrated in Figure 5. The
maximum energy curtailment of 1.7 MWh occurs under the
tripping method because the inverter disconnects from the
PCC when experiencing overvoltage cases; thereby, 56.6%
of the total PV generation is curtailed. The proposed EAPC
and DAPC energy curtailments are 1.05 MWh and 0.9 MWh,
respectively. This correspondence to a curtailment difference
of less than 0.4% when considering the total surplus energy of
44 MWh. As we will discuss later, the feed-in power method
has the minimum energy curtailment; however, this control
method does not guarantee voltage stability for higher PV
penetrations. Furthermore, EAPC and DAPC would achieve
less energy curtailment if the feed-in power limit drops below
40%.

B. Nodal voltage fluctuations

The nodal voltage fluctuations are analysed considering
the base case (no power control) and the other four power
control techniques as shown in Figure 6. Four buses are
selected to display the results while considering their electrical
distance from the substation: Bus 34, Bus 248, Bus 406,
and Bus 899. The smaller the bus number, the closer to the
substation. At Bus 34 (Figure 6. A), the voltage doesn’t exceed
the extreme operation condition (1.1 pu). Thus, the inverter
remains connected to the PCC. However, the voltage drops at
bus 34 due to the inverter tripping at different buses, especially
the ones at the end of the feeder. Furthermore, the maximum
voltage at buses 248, 406, and 899 occurs at noon, and the
highest power injection is associated with Feed-in power,
DAPC, EAPC, and tripping, respectively. Consequently, the
rise in voltage corresponds proportionally to the increase in
power injection. Therefore, it can be inferred that the method

TABLE II
ENERGY CURTAILMENT RATES BY POWER CURTAILMENT METHODS

Method Bus 34 Bus 248 Bus 406 Bus 899
DAPC 8% 58.8% 31.5% 24.3%
EAPC 29.7% 16% 12% 18.3%
Feed-in power 18.6% 6% 17.7% 22.4%
Tripping 0% 21.9% 56.4% 62.2%

exhibiting the highest power injection will also undergo the
most substantial voltage rise. It is worth mentioning that the
voltage rises as the distance from the substation increases.
Therefore, the maximum voltage in the system (1.16 pu) is
recorded at the end of the feeder at bus 899.

C. Energy curtailment considering nodal PV generation

The energy curtailment at the selected buses after applying
power control methods is given in Table II. The total solar
generation at Bus 34 is 40 kWh. After implementing DAPC,
EAPC, feed-in power, and tripping methods, the usable solar
generation has dropped to 36.8 kWh, 28.1 kWh, 32.6 kWh, and
40 kWh. It can be observed from Figure 6 that the voltage at
bus 34 is below V max

i ; thus, the inverter remains connected to
the grid. This case leads to the solar generation at bus 34 being
the same as the base case under the ripping method, without
energy curtailment. At buses 248, 406, and 899; the total
generation is 20.4 kWh, 58.2 kWh, and 100 kWh, respectively.
The curtailed energy at these buses due to DAPC is 58.8%,
31.5%, and 24.3%. When considering the feed-in power limit,
the energy curtailment rates are 18.6%, 6%, 17.7%, and
22.4%, corresponding to total utilizable solar energy of 32.4
kWh, 39 kWh, and 36.4 kWh at bus 248, 406, and 899,
respectively. Furthermore, the usable solar energy used in the
tripping method for the same buses is 16 kWh, 25.4 kWh, and
37.8 kWh, respectively. The prosumers at Bus 248 and 406
maintain a satisfactory SCR value, consistently exceeding the
SCRcri threshold most of the time. Consequently, the EAPC
method demonstrates minimal energy curtailments (16% and
12% of total PV generation) compared to DAPC and tripping
approaches, with most of the curtailment attributable to the
location.

D. Energy curtailment considering location-sensitivity

As the prosumer moves farther from the distribution substa-
tion, more energy is curtailed under DAPC because prosumers
at the end of the feeder are more vulnerable to overvoltage
problems. This phenomenon is observed when changing the
prosumer’s location from near to the substation toward the
end of the feeder, as seen in Table III. The energy curtailment
increases from 8% at the beginning of the feeder to 56.7% at
the end of the feeder. Thus, the usable solar generation starts
from 100% under no control method and declines gradually to
a minimum value of 43.3%. This means that moving Prosumer
1 from bus 34 to bus 899 leads to losing 22.7 kWh of
its energy. On the contrary, energy curtailment rates change
within a tiny range from 29.7% to 30.8% under EAPC. Hence,
it could be stated that the EAPC method is less sensitive to
the prosumer’s site and is more affected by the SCR.
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Fig. 6. The voltage variation after applying control methods at (A) bus 34, (B) bus 248, (C) bus 406, and (D) bus 899.

TABLE III
ENERGY CURTAILMENT RATES CONSIDERING LOCATION SENSITIVITY.

Method Bus 34 Bus 248 Bus 406 Bus 682 Bus 899
DAPC 8% 32% 35.6% 52.6% 56.7%
EAPC 29.7% 29.9% 30.7% 30.8% 30.5%

E. Energy curtailment considering PV penetration

The impact of increasing PV penetrations on energy curtail-
ment is analysed in Figure 7. The Figure has been obtained
by increasing the total installed PV capacity in the distribution
network, running power flow, and calculating the respective
energy curtailment for each method. In area (A), DAPC,
EAPC, and tripping achieved the least energy curtailment.
The tripping method is the simplest and needs no information
shared between participants, so it is recommended that it be
applied for solar-to-demand ratios (PV penetrations) less than
60%. Nonetheless, in area (B), DAPC was associated with the
least energy curtailment; however, the feed-in power limita-
tion method achieved better energy savings than the tripping
method for penetration levels greater than 70%. Feed-in power
limitation outperformed other methods for penetration levels
greater than 90%, as illustrated by area (C). Nevertheless, this
method does not consider voltage stability and might lead to
overvoltage problems in high PV penetrations, as shown in
Fig 8. Additionally, there is a slight difference between DAPC
and EAPC in area (c); however, the merit of EAPC lies in its
fairness compared to DAPC, rendering it more suitable for
implementation at penetration levels higher than 130%. These
results will assist the grid operators in making a wise decision
when selecting the curtailment method. Figure 8 shows the
voltage rise in response to increased PV penetration when
implementing the feed-in power limitation method. Bus 34
does not experience overvoltage problems despite the high
PV penetration levels. On the other hand, as we move further
from the substation, overvoltage occurs at lower penetration

Fig. 7. Comparison of energy curtailment under different solar-to-demand
ratios.

levels. For example, overvoltage occurs for penetration levels
greater than 140%, 110%, and 80% at Bus 248, 406, and
899, respectively. Hence, it can be deduced that this approach
becomes invalid as a power control mechanism beyond a
specific penetration threshold. Instead, it is advisable to adapt
the feed-in power limit according to the fluctuations in supply
and demand.

Fig. 8. Voltage fluctuations for different solar-to-demand ratios under feed-in
power limitation.
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Fig. 9. Energy curtailment under increasing penetration level for a) DAPC and B) EAPC methods.

F. Energy curtailment considering location sensitivity and PV
penetration

To reveal the correlation between energy curtailment and the
prosumer’s location, Prosumer 1 has been relocated from the
vicinity of the substation (Bus 34) towards the terminus of the
feeder (Bus 899) as shown in Figure 9. As mentioned before,
DAPC is highly sensitive to the prosumer’s location in the
network. It can be noticed that despite the massive increase in
the penetration level, the energy curtailment at Bus 34 slightly
increases compared to the energy curtailment at buses further
from the substation, where the energy curtailment increases
dramatically. For instance, under a penetration level of 207%,
the difference between energy curtailment at Bus 34 and 899
is more than 100 kWh. On the other hand, this difference
(illustrated by ∆) is only 18 kWh in the case of EAPC, as
shown in Figure 6.B. Since EAPC is based on SCR, the energy
curtailment at bus 34 when applying EAPC is much higher
than it when applying DAPC. However, the overall energy
curtailment in EAPC is less than that of DAPC. This graph
illustrates the superiority of EAPC over DAPC in terms of
equitable energy curtailment.

G. Energy curtailment considering BESS

As the BESS capacity increases, there is a notable decrease
in energy curtailment till a certain point. Figure 10 illustrates
this consistent trend across all four methods. This phenomenon
can be attributed to the capability of BESS to store surplus en-
ergy and subsequently release it during peak demand periods.
Doing so diminishes the need to curtail energy production,
resulting in a more efficient utilization of resources and
reduced wastage. The difference in energy curtailment between
DAPC and EAPC can be further reduced using BESS, as
shown in the graph. For example, for a BESS capacity of 2.5

MWh, there is about 1.6% energy curtailment decrease when
applying EAPC compared to DAPC. Noteworthy, the capacity
of the Battery Energy Storage System (BESS) is determined
by assessing both annual demand and supply. In the region
under examination, where cloudy or partially cloudy weather
conditions characterize 131 days, the total energy curtailment
experiences a notable decrease. Furthermore, this reduction
in curtailment will be even more pronounced in regions with
greater cloud cover.

Fig. 10. Annual energy curtailment decrement when installing BESS.

H. Comparison with Volt-Var-Watt method for voltage mitiga-
tion

The proposed EAPC method is compared with a local
Volt-Var-Watt method that combines Volt-Var and Volt-Watt
methods. This is primarily due to the following reasons: i)
Limited Impact: The high R/X ratio inherent to the European
LV network model, which is typical of many existing networks
results in voltage being more sensitive to active power vari-
ations compared to reactive power. This significantly limits
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TABLE IV
COMPARATIVE RESULTS OF EAPC AND VOLT-VAR-WATT METHOD

Method Energy curtailment (MWh) Network losses (MWh)
EAPC 1.05 8

Volt-VAr-Watt 0.50 11.5

Volt-Var’s effectiveness, especially during peak PV genera-
tion periods around midday, when demand is typically low.
ii) Potential for Undervoltage: Aggressively adjusting power
factor towards 0.8, especially at lower PV output levels,
can risk causing undervoltage issues closer to the substation.
While some schemes dynamically vary the target PF, this
adds complexity and may not fully resolve the issue. The
Volt-Var-Watt method is implemented in two stages. Firstly,
the power factor is adjusted to cos(ϕ) = 0.8 when the PV
output surpasses 50% of the nominal power based on the
cosϕ(P ) (Volt-Var) control [21], [59]. After that, the droop-
based APC (Vol-Watt) control is implemented according to Eq
(3) to fully ensure overvoltage mitigation. Comparitive results
are reported in table IV. Although the Volt-Var-Watt method
requires less energy curtailment it increases the network losses
by 44% compared to EAPC due to the increased current flow.
It is worth mentioning that a higher size of the solar inverter
is required to operate with a power factor of 0.8, adding
additional expenses to the initial investment of PV systems.
Furthermore, this method fails in equitably curtailing energy,
impacting the distant prosumers more as they experience the
highest voltage along the feeder.

V. DISCUSSION

While this study primarily focuses on developing the EAPC
algorithm, we acknowledge the significance of real-world
feasibility. To provide a preliminary assessment, we consider
the following hardware and communication, and operational
framework aspects and limitations of the active power control
methods.

A. Hardware

Each prosumer’s PV inverter would need capabilities for
setpoint reception, securely receiving digitally encoded active
power setpoints from the DSO, potentially using a protocol
like Modbus TCP/IP or IEC 61850; fast control, adjusting
power output quickly enough to respond to setpoint changes
within a timeframe of 1-5 seconds, depending on grid stability
requirements; and data logging, optional but beneficial for
local storage of recent data (setpoints, output, voltage) to
aid in diagnostics and system robustness if communication
is temporarily lost. DSO control center requires processing
power, a server (or cluster for large networks) with sufficient
computational resources to perform the power flow and EAPC
calculations within the desired 1-minute interval for a network
size comparable to the one studied; and data management
and security, a robust system for secure data aggregation
from smart meters, communication with inverters, and stor-
age/archiving. Cybersecurity considerations are paramount for
such a system.

B. Communication

The centralized nature of EAPC requires a reliable and
low-latency communication link between the DSO’s control
center and each prosumer inverter. Potential technologies
include powerline communications (PLC) leveraging the ex-
isting electrical infrastructure, though bandwidth limitations
and susceptibility to noise might need mitigation; cellular
networks (4G/5G), offering good coverage but potentially
introducing variable latency and cost implications; dedicated
RF Mesh Networks designed for smart grid applications,
balancing reliability with deployment costs; and fiber optic
cable, offering high bandwidth and security, but might only be
feasible for new deployments with existing fiber infrastructure.
Estimating precise bandwidth depends heavily on the data rate
needed for each function. If we assume sending active power
setpoints (e.g., a few bytes) to each inverter every minute,
with additional bandwidth allocated for infrequent parameter
updates and meter data collection, e.g., voltage readings, etc.,
a rough upper bound on communication requirements might
be on the order of 10-50 kbps per prosumer per interval.

C. Operational framework

The proposed EAPC method depends on accurate con-
sumption and generation profiles of prosumers. Smart meters
record consumption profiles remotely, providing the utility
with precise demand power curves. PV generation profiles
can be forecasted using typical generation patterns for each
prosumer, adjusted for weather forecasts. By using these
profiles, utilities can implement EAPC to create active power
setpoints for each prosumer, which is then communicated
to them for the upcoming time period.The concept of the
framework is illustrated in Fig 11.

Fig. 11. Conceptual design of the operational framework for the EAPC
implementation.

D. Limitations of active power control methods

The active power control methods presented in this paper
are effective in mitigating the voltage rise to some extent.
However, each method comes with its drawbacks. DAPC and
tripping methods, in common, introduce unfairness between
the prosumers due to varying curtailments. Table V shows the
comparison of the four methods from different perspectives.
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TABLE V
COMPARISON OF THE POWER CURTAILMENT METHODS

Methods Occurrence of
voltage violation Communication Link Sensitivity to location Monitoring Req. Control Structure

EAPC × ✓ × High Centralized
DAPC × ✓ ✓ High Centralized
Feed-in power ✓ × × Low Local
Tripping × × ✓ Low Local

Unlike DAPC, EAPC is based on SCR which makes it
superior in mitigating the location impact and maintaining
the voltage within the allowed range. However, both methods
require long-range communication and monitoring infrastruc-
ture between prosumers, which might be challenging for the
DSO. However, considering the advancement in smart grid
technologies, implementing these methods is assumed to be
less complex in the near future. On the other hand, Feed-power
and tripping methods are based on local control, making their
implementation more simple. Nevertheless, the main drawback
of the Feed-in power method is that it applies a uniform feed-
in coefficient, leading to unnecessary curtailment. Moreover,
voltage violations might occur under this control method.
Therefore, a dynamic feed-in coefficient must be adopted
to avoid these drawbacks. In contrast, the tripping method
is highly sensitive to the prosumer’s location, putting the
prosumer at the end of the feeders in a disadvantageous
position.

VI. CONCLUSION

While generally, the voltage drop at the end of the LV dis-
tribution networks is expected traditionally; overvoltage issues
arise with the widespread adoption of distributed resources.
Especially in PV-rich distribution networks, conventional so-
lutions to mitigate overvoltage problems introduce unfairness
in the amount of energy curtailment for the prosumers located
at the end of the feeders. However, this paper proposes
a more equitable approach for active power curtailment to
mitigate overvoltage while considering the interaction between
prosumers and the grid. The proposed approach penalizes
the prosumers who fail to satisfy a certain SCR level to
support raising self-consumption locally to lower the impact
on the grid. The proposed method curtails energy based on the
voltage sensitivity matrix that reflects the relation between the
power injection and the bus voltage. A comparative analysis
of the proposed EAPC and three prevalent methods, feed-
in power limitation, inverter tripping, and DAPC, shows that
slightly less energy curtailment occurs for penetration levels
below 60%; thus, the tripping method is desired because of
its simplicity. The feed-in power limitation method does not
preserve voltage safety for PV penetration above 80% because
it does not consider demand and supply interaction. However,
EAPC exhibits reduced sensitivity to the prosumer’s location
within the feeders while effectively alleviating overvoltage
incidents. Additionally, the location sensitivity of EAPC and
DAPC is evaluated by moving one prosumer from the feeder’s
beginning to the end, and the results indicate that only a
4 kWh energy curtailment difference occurred under EAPC.

Meanwhile, this value is 40 kWh under DAPC, resulting in
a ten times higher curtailment due to the location of the
prosumer, proving that EAPC treats prosumers more equitably
than DAPC. The opportunity of leveraging BESS to reduce
energy loss is also examined. The energy curtailment differ-
ence between EAPC and DAPC can be decreased to less than
1.5% annually, without the need to increase the capacity of
the BESS. The proposed method would help the prosumers
manage their active power and encourage them to achieve high
self-consumption. Further research is needed to thoroughly
assess the technological and economic tradeoffs involved in
deploying EAPC in real-world settings, potentially exploring
distributed control strategies to mitigate communication over-
heads.
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