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Abstract—The integration of photovoltaics (PVs) in low-voltage
(LV) grids is expected to rise within the following years posing
technical challenges to the reliable operation of the electrical
system. To tackle these challenges, distributed energy storage
systems (ESSs) coupled with PVs at prosumer side arise as
a promising solution. Therefore, during the last years several
control schemes have been developed to manage ESSs. To
overcome disadvantages of conventional control strategies, a new
localized control strategy is proposed in this paper. The proposed
control aims to improve voltage profile along distribution feeders,
by mitigating the peaks of the net injected/absorbed power at
prosumers’ point of common coupling. Additionally, the new con-
trol aims to maximize prosumers’ self-consumption. To achieve
peak mitigation at the net power profile, an exponential droop
is introduced that charges/discharges ESSs with different rates
based on the residual power between PV generation and load
demand. Using this droop, ESS charging/discharging power is
exponentially increased as the residual power becomes greater. To
maximize the self-consumption of the installation, an optimization
procedure is developed that properly adjusts the exponential
droop parameters to prosumer’s generation and consumption
profile. The effectiveness of the control strategy is validated by
both simulation and experimental results.

Index Terms—Control strategy, distribution grid, energy stor-
age systems, photovoltaics, self-consumption.

I. INTRODUCTION

EUROPEAN Union (EU) has recently revised the renew-
able energy target through Directive 2018/2001, setting a

new goal for the renewable energy sources (RES) contribution
to the total final energy consumption of 32% until 2030 [1].
Additionally, EU endeavors to transform building stock into
nearly zero energy buildings (NZEB), i.e., buildings which
should cover part of their own energy needs locally utiliz-
ing RES [2]. Among other RES technologies, photovoltaics
(PVs) seem to be the most suitable one to be integrated
with buildings, mostly due to their modular structure. In this
context, a large amount of PVs is expected to be connected
to electrical networks during the following years affecting the
reliable operation of the electrical distribution systems [3], [4].
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High amounts of PV active power injected to the grid,
along with PVs intermittent nature may pose several technical
challenges to the distribution grids [5], [6]. In particular, dis-
tribution system operators (DSOs) may encounter protection
issues [7], overloading of equipment [8] and voltage control
problems [9]. During periods of high production and low
consumption, prosumers installations inject high amounts of
power to the grid, which results in reverse power flow towards
the substation. The reverse power flow may cause congestion
issues and voltage rises above the operational limits, especially
along low-voltage (LV) feeders with increased PV penetration.
Such incidents constitute the main barriers for the further
penetration of PVs in active distribution feeders [10].

Distributed energy storage systems (ESSs) can contribute
efficiently to overvoltage and congestion mitigation in distribu-
tion grids [11]. ESSs can locally store the excess of PV energy,
alleviating in this way reverse power flow and thus over-
voltages and possible congestion along the feeder. Numerous
methods have been proposed in the literature for the control
of distributed ESSs integrated with PVs, including centralized
[12], [13], distributed [14], [15] and local control strategies
[16]–[22]. Although centralized and distributed methods aim
to improve voltage profile and alleviate congestion issues
along feeders with increased PV penetration, they rely on
the constant and uninterruptible communication among central
and/or local storage controllers. Therefore, their efficiency may
not be guaranteed under communication errors.

On the other side, ESS localized control methods do not
require a communication system, constituting a convenient,
and ready to apply, solution for the control of integrated PV
and ESS. The common, business as usual ESS local operation
strategy, incorporated in most prosumer-owned storage sys-
tems, is based on the following simple rule-based control: the
battery module is charged as soon as there is a surplus of PV
power, while the stored energy is discharged when PV power
is insufficient to cover the load demand [16], [17]. Although
this method achieves the maximization of prosumer’s self-
consumption, ESS may be fully charged earlier than peak
PV production [18]. Consequently, overvoltages caused by
high PV power injections during peak PV production are not
tackled. Therefore, this control strategy is not advantageous for
DSOs operating LV feeders with increased PV installations.

To improve the voltage profile along feeders, several local-
ized controls have been proposed in the literature. Specifically,
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PV peak-shaving oriented strategies for ESS management are
introduced in [18] and [19]. They are based on a control
that activates ESS charging mode only when PV power
exceeds a certain threshold. This control scheme is extended
in [20], by the deployment of a new scheme to improve the
discharging process. The above methods alleviate voltage limit
violations, however they cannot guarantee the maximization
of prosumers’ self-consumption. To overcome this drawback,
authors in [21] and [22] proposed strategies with a dymanically
determined threshold based on forecasts, however the impact
of these strategies on the feeder voltage is not evaluated.

Furthermore, the impact on the degradation rate of the
battery has to be considered when evaluating different ESS
control strategies. Several stress factors are responsible for the
battery1 capacity fade, such as the average state of charge
(SoC) during battery cycling, the SoC level during battery
idling, the C-rates, and the depth of discharge (DoD) [23],
[24]. Various operation strategies are examined in [25] proving
that maintaining a low average SoC decelerates the battery ca-
pacity fade. Moreover, the battery lifetime analysis of [26] re-
veals that operating the battery with low charging/discharging
rates prolongs its lifetime. On the other side, reducing dwell
time at high SoC levels has a positive impact on the calendar
aging of the battery [25], [27].

In this paper, a new localized control strategy is introduced
providing benefits for both the prosumers, owning ESSs, and
the DSO. The goal of the control is twofold; it targets (a)
to improve the voltage profile along feeders with increased
PV penetration, and (b) to maximize the self-consumption
of prosumers installation. The impact of the proposed ESS
control method on the grid operation is evaluated over two
LV test networks, while it is compared with other conventional
control methods, proving its superior performance. The appli-
cability of the control is also verified by experimental results.
Considering the effect of the different battery stress factors,
the proposed ESS control strategy seems to be advantageous
for the battery lifespan compared to the previously discussed
localized controls. Specifically, it mainly charges/discharges
the battery with low power rates, and it presents a reduced
idling period at maximum SoC.

The main contributions of the paper are summarized below.

• A new ESS control is developed that improves the voltage
profile of the network alleviating voltage limit violations.

• The introduced control strategy includes an optimiza-
tion procedure that guarantees the maximization of pro-
sumers’ self-consumption.

• A comparative analysis among the proposed approach and
other conventional control schemes is performed proving
its superior efficiency.

• The performance of the proposed methodology under
forecast errors is assessed demonstrating its robustness.

• An investigation is conducted to evaluate the effectiveness
of the proposed control under different ESS installed
capacities.

1The analysis focuses on Li-Ion batteries since they constitute a common
solution for residential ESS applications. However, it is noted that the cyclic
aging mechanisms are dependent on the specific lithium chemistry [23].
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Fig. 1. Schematic diagram of the electrical configuration of the system.

• The proposed control is experimentally tested on a real
PV-and-storage installation, verifying its applicability to
conventional ESS controllers.

The remainder of this paper is as follows; Section II
introduces the proposed control, while Section III presents the
optimization problem formulation for the determination of the
control coefficients. Simulation and experimental results are
discussed in Section IV and V, respectively. Finally, Section
VI discusses further aspects regarding the implementation of
the control, while Section VII concludes the paper.

II. PROPOSED ESS CONTROL STRATEGY

This section describes the mathematical background and
the implementation framework of the developed ESS control
scheme. To enhance the readability, the electrical configuration
of a prosumer equipped with PV and ESS is depicted in Fig. 1.
In this Fig., the main variables used in the rest of the paper are
also introduced. It is worth noticing that the proposed method
can be readily applied to either dc-coupled or ac-coupled PV-
ESS systems. For reasons of simplicity, an ac-coupled system
is considered in the following analysis. The equations of this
Section can be also used when analyzing a dc-coupled system,
if all electrical quantities are expressed in the ac-side.

A. Linear Droop Control

The most well-established ESS local operation strategy
is the maximization of self-consumption (MaxSC) control
scheme [16], [17]. Scope of this scheme is to minimize the
energy exchange between the prosumer and the utility grid by
eliminating power exchange at the PCC at each time instant t.
Hence, it charges/discharges the ESS at a power rate (Pbat(t))
equal to the mismatch between generation and consumption,
i.e., Pdif (t), at time instant t. Particularly, the residual power
Pdif (t) is defined as:

Pdif (t) = Ppv(t)− Pload(t), ∀t ∈ T (1)

where Ppv(t) and Pload(t) denote the PV and load power,
respectively. It is worth mentioning that in MaxSC scheme, the
relationship between Pbat(t) and Pdif (t) is linear, as shown
in Fig. 2 by the red dash-dot line. However, in this way the
ESS is fully charged earlier than the PV peak generation hours
[28]. Similarly, the ESS may be fully discharged before the
evening peak consumption period of typical residential loads.

To avoid the early charge/discharge of the storage system,
a new ESS control method is introduced in this paper, that
defines the ESS power as a function of Pdif (t). The aim
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Fig. 2. ESS power (Pbat(t)) as a function of the mismatch between
generation and consumption (Pdif (t)), defined by the linear and the proposed
exponential droop control.

is to build a droop control that improves the voltage profile
of the network and simultaneously attains a high SCR for
the prosumer. For this purpose, a mathematical function is
required that determines a low ESS power when low residual
power is observed at the PCC, while it drastically augments
ESS power when residual power becomes high. Out of several
investigated mathematical functions, the exponential droop has
been selected due to its superior results. More details about
the investigations are presented in the Appendix.

B. Proposed Exponential Droop Control

As shown in Fig. 2 by the green solid line, the main principle
of the proposed droop control is to increase ESS power
exponentially as Pdif (t) becomes greater. Specifically, ESS is
charged with lower rates during low PV surplus, preserving
ESS capacity availability for the absorption of higher PV
excess power amounts during increased solar irradiation hours.
Similarly, ESS discharging power is set to lower rates when
load demand is limited, thus preserving sufficient energy to
cover peak load power, e.g., during evening hours. In this
way, the proposed control alleviates high power mismatches
between generation and demand, smoothing the power profile
at the PCC with the grid. Following this strategy, the stress
posed to the network by prosumers is reduced, thus improving
the voltage profile of the feeder.

The exponential relationship between ESS power and
Pdif (t) can be mathematically described by (2), where Pexp(t)
corresponds to the proposed exponential curve that defines
ESS power.

Pexp(t) = a(ebPdif (t) − 1), ∀t ∈ T (2)

Here, control coefficients a and b are introduced to properly
adjust the exponential curve of the proposed control to the
specific characteristics of each prosumer, i.e., consumption
and generation profiles of the installation. The coefficients can
obtain either positive or negative values. More details about the
determination of these coefficients are provided in Section II-C
and Section III.

Furthermore, operational limits of the ESS, such as the rated
charging/discharging power are taken into account, formatting
the final piecewise function that can be described by (3), with
the aid of the areas illustrated in Fig. 3:

dif 

bat
max

ba
t 

Fig. 3. Proposed control function for ESS charging/discharging control.
Pbat(t) as a function of the magnitude of Pdif (t).

Pbat(t) =


Pexp(t) (a)
|Pdif (t)| (b) , ∀t ∈ T
Pmax
bat (c)

(3)

where Pbat(t) is the power absorbed or supplied by the ESS at
the ac-side of the installation at each time instant t of a period
T , and Pmax

bat is the maximum charging/discharging power of
the ESS.

The domains of (3), namely (a)-(c), are depicted by the
respective areas of operation in Fig. 3 and are analyzed as
follows:
(a) Pexp(t) ≤ |Pdif (t)| & Pexp(t) ≤ Pmax

bat (t):
Branch (a) of the control function expresses the exponen-
tial relationship between Pdif (t) and Pbat(t).

(b) Pexp(t) > |Pdif (t)| & |Pdif (t)| ≤ Pmax
bat (t):

If Pbat(t) as defined by (3a) is greater than |Pdif (t)|,
the control sets the ESS power at |Pdif (t)|. This part of
the proposed function is used to prevent the ESS from
absorbing/injecting power from/to the grid.

(c) Pexp(t) > Pmax
bat (t) & |Pdif (t)| > Pmax

bat (t):
As long as Pbat(t) calculated in (3a) exceeds ESS nomi-
nal charging/discharging power, ESS power is limited at
Pmax
bat .

It should be emphasized that the developed function for
ESS operation strategy can be utilized to control both the
charging and the discharging process. In the former, it attains
lower power injection to the grid during hours of increased
PV production, while in the latter it prevents peaks in load
demand.

C. Implementation Framework of the Proposed Control

The conceptual framework for the implementation of the
proposed control is demostrated in Fig. 4. The control coeffi-
cients a and b are calculated on a 24-hour basis through the
optimization procedure described in Section III, based on the
day-ahead forecast for PV production and load demand. As
soon as these coefficients are determined, they are forwarded
to the ESS controller and are used during the real-time ESS
control of the next day.

Fig. 5 depicts the real-time control logic by means of a
flowchart. In this Fig., charging and discharging operation
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Fig. 4. Timeline of the proposed control implementation.

modes are analyzed in detail. Initially, the control procedure
selects charging or discharging mode depending on the value
of Pdif (t), as calculated by (1) using the monitored generation
and load power. The control takes into account the maximum
and minimum SoC limits suggested by the battery manufac-
turer. If the SoC value has reached one of these limits due to
the previous control action, ESS remains idle. Otherwise, the
control procedure continues to the next steps to determine the
value of Pbat(t); charging and discharging power are denoted
as P ch

bat(t) and P dch
bat (t), respectively.

The rest of the control procedure similarly applies to charg-
ing and discharging mode. At first, the value of Pexp(t) is
calculated using (2). If this value is lower than the maximum
permissible ESS power (Pmax

bat ) and Pdif (t), then ESS is
charged/discharged at Pexp(t). Otherwise, the ESS power is
limited to the minimum value between Pmax

bat and Pdif (t). As
long as the ESS power has been defined, the control procedure
terminates.

III. OPTIMAL CALCULATION OF THE CONTROL STRATEGY
COEFFICIENTS

The proposed ESS control strategy alleviates the peaks
of the power profile at the PCC, by mitigating high power
mismatch between consumption and PV production, while also
ensuring increased self-consumption. Nevertheless, to achieve
the maximization of self-consumption, control coefficients
a and b should be fine-tuned, according to the individual
characteristics of each prosumer, i.e., PV system and load
power profiles, as well as ESS capacity and operational limits.

An optimization problem is thus formulated to optimally
define a and b coefficients on a daily basis. The control
coefficients for both charging and discharging operation are
updated every 24 hours, based on the day-ahead forecast for
the PV generation and the consumption.

The maximization of self-consumption can be achieved by
minimizing the energy exchange between the prosumer and
the utility grid throughout a 24-hour interval. This can be
mathematically expressed by the minimization of the PCC
active power (Pgrid(t)) at all time instants within the examined
period. The optimization problem is formulated as in (4) -
(19). The objective function that minimizes the sum of power
exchanged with the grid at the PCC at each time instant,
Pgrid(t), is described by (4). The absolute value is used since
Pgrid(t) may acquire both positive and negative values when
power is injected to or absorbed from the grid, respectively.

min
∑
t∈T
|Pgrid(t)| (4)

s.t.

Pgrid(t) = Pdif (t)− P ch
bat(t)s(t) + P dch

bat (t)(1− s(t)) (5)

P ch
bat(t) = k1(t)Pexp(t) + k2(t)Pdif (t) + k3(t)Pmax

bat (6)

P dch
bat (t) = k1(t)Pexp(t)− k2(t)Pdif (t) + k3(t)Pmax

bat (7)

3∑
i=1

ki(t) = 1 (8)

Pexp(t) = ach(ebchPdif (t) − 1)s(t)+

+ adch(ebdchPdif (t) − 1)(1− s(t)) (9)

SoC(t+ 1) = SoC(t) +
ηchP

ch
bat(t)∆t

Ebat
s(t)

− P dch
bat (t)∆t

ηdchEbat
(1− s(t)) (10)

k1(t)Pexp(t) ≤ k1(t)|Pdif (t)| (11)
k1(t)Pexp(t) ≤ k1(t)Pmax

bat (12)
k2(t)|Pdif (t)| < k2(t)Pexp(t) +m (13)
k2(t)|Pdif (t)| ≤ k2(t)Pmax

bat (14)
k3(t)Pmax

bat < k3(t)|Pdif (t)|+m (15)
k3(t)Pmax

bat < k3(t)Pexp(t) +m (16)
SoCmax ≥ SoC(t+ 1) (17)

SoCmin ≤ SoC(t+ 1) (18)

Note that s(t) is an auxiliary binary parameter used to denote
the distinct battery operation modes, while it is defined as in
(19).

s(t) =

{
1 Pdif (t) > 0 (charging mode)
0 Pdif (t) < 0 (discharging mode)

(19)

Equations (5) – (19) are valid for all t within the examined
set of time-steps, T . Power balance at the PCC of the instal-
lation is expressed by (5). By using the auxiliary variable s(t)
simultaneous charging and discharging of ESS is restricted.

Moreover, equality constraints of (6) and (7) constitute
the mathematical representation of the proposed ESS control
method. Specifically, to express the distinct parts of the
control function (3), binary variables k1(t), k2(t), and k3(t)
are introduced under the constraint of (8). In this way, it is
guaranteed that only one of the options in (3) is enabled at
each time instant. It should be mentioned that Pexp(t) denotes
the exponential part of the control function and is calculated
by (9). In particular, ach and bch refer to the charging mode,
whereas adch and bdch are the coefficients corresponding to
the discharging mode.

In addition, the SoC of next time step, t+ 1, is updated by
(10), using the t-th SoC and the energy charged or discharged
within the time interval ∆t between these two time-steps.
Ebat corresponds to the nominal ESS capacity. The efficiency
of the ESS is assumed equal to ηch for charging and ηdch
for discharging operation, while an initial value should be
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Fig. 5. Flowchart of the proposed control logic at one time instant.

set for SoC(1) to declare ESS SoC at the first time instant.
Furthermore, the inequality constraints of (11) - (16) set the
boundary conditions for the branches of the proposed control
function of (3), as described in Section II. Variable m added
in (13) denotes a small positive quantity and is utilized to
guarantee that the equation is valid when k2(t) = 0. For
the same reason, m is introduced in (15) and (16), as well.
Finally, the SoC operational range of ESS is limited by (17)
and (18), where SoCmax and SoCmin denote the maximum
and minimum permissible SoC of the ESS.

IV. VALIDATION VIA SIMULATIONS

This section discusses the numerical results derived from
the simulations on distribution test networks. It evaluates the
performance of the developed ESS control scheme and com-
pares its efficiency with other commonly applied ESS control
strategies. Simulations for small- and large-scale LV network
configurations are conducted to demonstrate the applicability
range of the proposed control.

A. Small-scale network under study

Initially, the performance of the proposed control strategy
is thoroughly evaluated using the small-scale LV network of
Fig. 6. The examined LV network exhibits a high PV pene-
tration rate and it is connected to the medium voltage (MV)
grid via a 20/0.4 kV transformer. Line length and impedance
characteristics, as well as transformer attributes can be found
in [29]. Various prosumer and net consumer installations are
connected to the network, while multiple PV capacities and
consumption profiles are selected. Specifically, three types
of prosumers are considered, representing the cases of low,
medium, and high consumption, with different PV capacities
installed, as shown in Table I. Installations are randomly
placed on the feeder as shown in Fig. 6, while the utilized
consumption and PV production profiles are demonstrated in
Fig. 7 for the period of a day.

TABLE I
CLASSIFICATION OF VARIOUS INSTALLATION TYPES UNDER STUDY.

Installation PV size ESS to PV
capacity ratio

Daily
consumption Pmax

bat

Type A 5 kWp 1.5 kWh/kWp 29 kWh 5 kW
Type B 10 kWp 1.5 kWh/kWp 48 kWh 7.5 kW
Type C 15 kWp 1.5 kWh/kWp 66 kWh 7.5 kW

Net consumer - - 48 kWh -

To evaluate the impact of the proposed methodology, power
flow simulations are conducted with a 15-min time-step using
the tool of [30] and the OpendDSS power flow solver [31].
The proposed control is implemented in Matlab [32]. For
the analysis, ESS to PV capacity ratios and maximum ESS
power of Table I are used. A plain model is adopted to
simulate the ESS operation, that takes into account the battery
charging/discharging power and efficiencies, and the battery
SoC. Minimum and maximum SoC limits are set to 10% and
100%, respectively, allowing a 90% depth of discharge. SoC(1)
is set to SoCmin. It is assumed that ηch = ηdch =

√
ηrt, where

ηrt is the ESS roundtrip efficiency that is considered equal to
90%. The adopted values correspond to typical operational
data provided by Li-Ion batteries manufacturers.

For the determination of the control coefficients of each
examined prosumer type, the mixed-integer non-linear opti-
mization problem of Section III is properly set and solved
in GAMS [33] using the ANTIGONE solver [34]. The mean
execution time of the GAMS process considering all types
of prosumers is 24.029 s on a 64-bit PC equipped with Intel
Core i7-4790 3.6 GHz CPU and a 16 GB RAM. It should be
noted that the optimization problem can be also solved using
metaheuristic methods.
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Fig. 7. Daily active power curves of prosumers: a) normalized PV production,
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B. Impact of the Proposed ESS Control on Grid Operation
and Prosumers’ Self-consumption

The developed ESS control scheme is applied to all pro-
sumers connected to the network under study and simulations
for indicative days are conducted. This subsection comprises
the results of a sunny day for reasons of simplicity. Numerical
results for the case of a cloudy day with low irradiance are
presented in the next subsections. The optimization procedure
of Section III is used to determine the control coefficients; the
optimal values are provided in Table II.

Initially, the effect of the proposed control on the voltage
profile of the feeder is evaluated. As shown in Fig. 8a, without
the use of distributed ESSs, voltage violations are observed at
network nodes, considering the upper and lower voltage limits
of 1.05 and 0.95 pu. It is revealed that with the use of ESS
operated under the proposed control, overvoltage incidents are
efficiently mitigated even at the node with the highest violation
(node 17), as illustrated in Fig. 8b. This is due to the fact that
ESSs locally absorb the high excess power of PVs, limiting
the reverse power flow over the grid lines during the whole
period of high irradiation. Undervoltages are also alleviated as

TABLE II
OPTIMAL CONTROL COEFFICIENTS PER PROSUMER TYPE (SUNNY DAY).

Prosumer type ach adch bch bdch

Type A 1.0000 1.0000 0.2930 -0.3411
Type B 1.0000 0.4304 0.2190 -0.6184
Type C 1.0000 0.8510 0.1765 -0.3382
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Fig. 8. Voltage at indicative network nodes: a) Case with no ESS installed at
prosumers, b) case with ESSs operated under the proposed control strategy.
Upper and lower voltage limits are 1.05 and 0.95 pu, respectively.

TABLE III
PROSUMERS’ SCR UNDER THE PROPOSED ESS CONTROL (SUNNY DAY).

Examined case Type A Type B Type C
No ESSs 44.4% 39.8% 36.7%

Proposed control 65.3% 60.6% 57.5%

ESSs provide the largest portion of energy demanded by the
prosumers during peak load consumption. Further analysis on
the operation of the developed control and the resulted power
profile at the PCC is provided in the next subsection.

Additionally, the use of ESSs coupled with PVs significantly
increases the self-consumption of the prosumers, compared to
the case of standalone PVs. This is verified in Table III, where
the self-consumption rate (SCR) indicator [35] is presented.

C. Comparison with Conventional ESS Control Methods

To highlight the advantages of the developed ESS control
method, the performance of distributed ESSs is evaluated
considering different well-established localized strategies. For
this purpose, the following two control schemes are designed
and examined in this paper:
• MaxSC control: ESS is operated under the most common

control method that aims to maximize prosumer’s self-
consumption [16]. This control strategy exploits a linear
relation between Pbat(t) and Pdif (t).

• PGS control: ESS is operated under a control scheme that
targets to peak generation shaving (PGS) [19]. Specifi-
cally, ESS is charged with the surplus power when PV
generation power exceeds 50% of PV’s peak power. The
control discharges the ESS as soon as PV power is
insufficient to cover load demand.

In both scenarios, maximum ESS power and SoC limits are
respected. The different effects of ESS control schemes on the
feeder and prosumers’ performance are then compared.

The introduced exponential droop control approach is able
to mitigate peak power values observed at the PCC during
high PV generation or load demand. In this way, the stress
posed to the feeder is reduced and thus overvoltage and
undervoltage occurences at feeder nodes are avoided. This
can be easily explained by examining the power profiles at
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Fig. 9. Prosumer type B, Proposed control: a) Power profiles of ESS, PCC,
and Pdif (t), b) ESS SoC. Positive ESS power denotes the charging mode.
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Fig. 10. Prosumer type B, MaxSC control: a) Power profiles of ESS, PCC,
and Pdif (t), b) ESS SoC. Positive ESS power denotes the charging mode.
The arrow indicates the time when the ESS stops absorbing excess power.

prosumers installations. With regards to the time period of PV
production, it is evident from Fig. 9a that ESS charging power
increases as PV excess power (Pdif (t)) becomes greater. This
results in a generation peak shaving, as revealed by the power
profile at PCC around noon; the power injected to the grid is
constantly maintained below 3.3 kW. Note that due to the
exponential droop control, the SoC is gradually increased,
reaching 100% later than peak irradiation period, as depicted
in Fig. 9b.

The distinct performance of ESSs operated under the intro-
duced control may be emphasized when compared to MaxSC
control. In that case, ESS power follows the value of Pdif (t)
and as demonstrated in Fig. 10a is set to zero at 12:30. This
happens since ESS upper SoC has been reached, as illustrated
in Fig. 10b. Therefore, the PV excess power after 12:30 is
injected to the grid, contributing to the increase of reverse
power flow on the feeder. This effect leads to overvoltage
incidents at network nodes.

Moreover, the introduced strategy efficiently controls the
discharging operation. Specifically, by using the new droop
control, the ESS discharging power is increased as load
demand rises during nighttime, as illustrated in Fig. 9a. In this
way, peaks of power demand from the grid are alleviated and
power profile at PCC is maintained below 1 kW throughout the
time period that PV is inactive. This operation is not achieved
when using MaxSC control, since in that case the ESS is
discharged at higher rates. Thus, it is discharged sooner than
in the case of the proposed control, as shown in Fig. 10.
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Fig. 11. Voltage profile at node 17 presenting the highest violation. A
comparison among different ESS control strategies; a) sunny day, and b)
cloudy day.

The effect of these attributes on the feeder voltage are
described below. The voltage at the node with the highest
violation is examined and numerical results are provided
in Fig. 11a for the case of a sunny day. Particularly, it is
shown that MaxSC leads to overvoltages during hours of high
PV production, which are avoided when ESSs are operated
under the proposed control scheme. In contrast, PGS control
effectively attenuates overvoltage incidents, as illustrated in
Fig. 11a, since ESS charging process is activated during the
time period of high PV production, shaving power profile at
PCC throughout that period. However, ESSs may be partially
charged under this operation scheme, and thus be unable to
cover the load during evening peak demand. This results in
voltage drops below the acceptable limit. These issues are
avoided under the proposed control.

The performance of the developed control is also evaluated
considering a cloudy day with intermittent PV production.
Even in this case, the voltage profile is kept within the per-
missible limits, as shown in Fig. 11b. In contrast, MaxSC and
PGS controls do not prevent voltage violations. ESSs operated
under MaxSC control are fully charged before 14:30 resulting
in overvoltage incidents. PGS control cannot guarantee the
sufficient charging of the batteries, resulting in undervoltages
for even a longer period compared to the sunny day.

A key performance indicator (KPI1) is utilized to better
illustrate the advantageous performance of the proposed con-
trol. KPI1 evaluates the frequency of voltage limit violations
along the examined feeder throughout a certain period of time.
Specifically, the KPI1 of n-th node is provided by (20).

KPI1(n) =
1

T

∑
t∈T

an∆t, ∀n ∈ N (20)

Here, T is the examined time period, ∆t is the time-step
used at the simulation and N is the total number of feeder
nodes. Moreover, an is a binary variable that equals to one
when an overvoltage or undervoltage occurs, while otherwise
is set to zero.

The KPI1 factor is calculated for all examined ESS con-
trols over a 24-hour period. Numerical results are depicted
in Fig. 12. It is evident that the use of the proposed control
completely eliminates over- and undervoltages along the whole
feeder for both the cases of a sunny and a cloudy day. On the
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Fig. 13. Prosumers’ SCR; a) sunny day, b) cloudy day.

other hand, voltage limit violations cannot be avoided when
operating the ESSs under MaxSC and PGS control.

Furthermore, the benefits of the exponential droop control
on prosumers’ energy performance are investigated, utilizing
SCR, and results are depicted in Fig. 13. The conducted
assessment reveals that the proposed control outperforms PGS
control strategy, achieving higher SCR both for a sunny and
a cloudy day. On the other hand, the developed control has
similar performance to MaxSC with regards to SCR indicator.
This actually denotes the efficiency of the proposed optimiza-
tion procedure on defining the optimal control coefficients that
lead to the maximum SCR. However, the proposed control
outperforms MaxSC in terms of voltage support capability,
since it eliminates voltage limit violations along the feeder.

D. Performance of the Proposed ESS Control Under Forecast
Error

The developed control strategy optimally determines the
required coefficients based on forecasts. Consequently, the
utilization of ESS will not be ideal when actual power profiles
deviate from the forecasted ones, affecting accordingly the
power at PCC and prosumers’ SCR. In this section, the
performance of the proposed strategy is assessed assuming
different levels of forecast error. First, the coefficients are
determined for a cloudy day based on the power profiles of
Fig. 7. Afterwards, these power profiles are randomly distorted
to represent forecast errors. The distorted profiles are used in
the power flow simulations to derive the effect of forecast error
on the examined network.
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Fig. 14. Voltage at node 17 for a cloudy day under forecast error level of
a) 5%, and b) 15%.
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Fig. 15. Results of the proposed method for a cloudy day. Prosumers’ SCR
under forecast error (FE) of 0% and 15%, and SCR deviation between the
two cases. Deviation due to FE is quantified on the left y-axis, while SCR on
the right y-axis.

The voltage profile of node 17 for a cloudy day is illustrated
in Fig. 14, for a forecast error of ±5% and ±15%. The
effect of MaxSC and PGS controls on the voltage profile is
also depicted for comparison. It is shown that voltage limits
violations are eliminated using the proposed control. Finally,
the effectiveness of the proposed control regarding SCR maxi-
mization under forecast errors is assessed and indicative results
are presented in Fig. 15. The comparison between a perfect
forecast and an error of ±15% shows that prosumers’ SCR are
slightly affected by forecast errors, presenting a mean absolute
deviation rate of 0.8163%.

An in-depth comparative analysis of the infuence of forecast
errors on the effectiveness of MaxSC and the proposed control
provided the numerical results summarized in Table IV. The
mean SCR difference rate between the two strategies is lower
than 1.7 % for all prosumer types, proving that the proposed
control practically ensures, even in cases of considerably high
forecast errors, the maximization of the SCR.

E. Sensitivity Analysis for Different ESS Sizes

This section examines the influence of distributed ESS
capacity on the effectiveness of the proposed control strategy.
A sensitivity analysis is conducted by varying the ESS size of
all prosumers compared to the baseline scenario of Table I, and
new control coefficients are calculated assuming a sunny day.
Power flow simulations are conducted for a single day and the
corresponding results are presented in Fig. 16. To thoroughly
evaluate the impact of the ESS size on the voltage profile of
the network, a new KPI is introduced and is calculated as
follows:
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TABLE IV
PROSUMERS’ SCR (%) UNDER FORECAST ERRORS - RESULTS OF MAXSC AND THE PROPOSED CONTROL.

Forecast error Type A @Node 11 Type B @Node 8 Type C @Node 15
Proposed MaxSC Proposed MaxSC Proposed MaxSC

0 % 84.50 84.74 79.21 79.51 75.10 75.23
5 % 84.37 84.84 78.89 79.48 75.16 75.72
10 % 84.54 85.51 79.05 79.95 74.39 74.62
15 % 83.18 84.13 78.63 80.14 74.30 75.20
20 % 84.41 85.59 79.01 82.35 74.78 74.98

Mean Difference Rate -0.89 % -1.64 % -0.54 %
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Fig. 16. Comparative results among scenarios with different ESS size:
a) KPI2 and b) SCR of prosumers connected to indicative nodes. Size is
varied by ±10% and ±25%.

KPI2(n) =
1

T

∑
t∈T

|V n(t)− V n
nom|

V n
nom

, ∀n ∈ N (21)

KPI2 depicts the mean deviation of the n-th node voltage
V n(t) from the nominal voltage (V n

nom) throughout period T ;
a zero value means that the node voltage is equal to its nominal
value throughout T , while N is the total number of feeder
nodes. In this paper, voltages are expressed in pu and nominal
voltage is considered as 1 pu.

Voltage deviation from the nominal value decreases as the
ESS capacity increases, as shown in Fig. 16a. Additionally,
prosumers’ SCR increases with the ESS size, as illustrated
in Fig. 16b. The results prove that the proposed control can
be efficiently applied to different ESS capacities without
compromizing its initial targets.

F. Validation on a Large-Scale Network

The performance of the proposed control strategy is also
validated on a large-scale network. For this evaluation, the
IEEE European LV test feeder [36] is utilized. 55 three-
phase prosumers are connected to the network. Load profiles
of the test feeder are scaled up by a factor of 5 to create
and study undervoltage incidents. All prosumers are equipped
with PV systems, while PV sizes are randomly selected in
the range of 2.5 kWp and 12.5 kWp with a step of 2.5 kWp.
ESSs are installed in each prosumer with an ESS to PV
capacity ratio of 1.5 kWh/kWp. SoC operational limits and
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Fig. 17. Voltage at indicative nodes of the IEEE LV test feeder: a) Case with
no ESS installed at prosumers, b) case with ESSs operated under the proposed
control strategy.

charging/discharging efficiency of Section IV-A are adopted
for the ESSs.

The control coefficients a and b are defined for all 55
prosumers and power flow simulations are conducted for
a 24-hour period. Voltage profiles in Fig. 17 prove the ef-
fectiveness of the exponential droop control in mitigating
over-/undervoltage incidents. A comparative analysis is also
conducted to assess the advantages of the proposed control
compared to MaxSC and PGS controls. As illustrated in
Fig. 18a, voltage limit violations are eliminated only when the
exponential droop control is applied. Additionally, Fig. 18b
demonstrates that the proposed control achieves high SCR
values, similarly to MaxSC control. The results verify the
efficiency of the proposed control even at large distribution
networks with numerous distributed ESSs.

V. EXPERIMENTAL VALIDATION

A. Test System

To evaluate the applicability of the proposed control under
real conditions, an experiment is conducted on a prosumer
building with a PV and ESS installation. The test system con-
sists of a 10 kWp PV installation ac-coupled with a 7.5 kWh
Li-Ion ESS, the inverter built-in ESS controller, and a remote
computer. The usable capacity of the battery is 6 kWh, the
maximum battery power is 4 kW, while the SoC limits are
between 0% and 95%. The built-in ESS controller is capable
of receiving control signals from external devices.

A Matlab routine is developed and executed on the re-
mote computer to implement the control logic of Fig. 5.
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Fig. 18. Comparative results among MaxSC, PGS, and the proposed control:
a) KPI1 and b) SCR of prosumers connected to indicative nodes of the IEEE
LV test feeder.

Sep 25, 06:00 Sep 25, 12:00 Sep 25, 18:00 Sep 26, 00:00 Sep 26, 06:00

Time (h) 2020

-2

-1

0

1

2

3

4

5

A
C

 p
ow

er
 (

kW
)

0

20

40

60

80

100

So
C

 (
%

)

P
dif

ESS power
Power at PCC
SoC

Fig. 19. Power measured at the ac-side of the ESS inverter, and battery SoC
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The routine receives the required inputs (battery SoC and
power measurements) to derive Pdif , calculates the desired
charging/discharging power and sends the control decision to
the built-in controller. The remote computer and the built-
in controller communicate through the Modbus protocol. The
control coefficients, a and b, are defined based on the pro-
cedure of Fig. 4. In particular, the solar generation forecast of
prosumer’s location and prosumer’s historical demand data are
used, and the optimization process is executed once per day
by the remote computer.

B. Experimental Results

The impact of the proposed control on a real ESS is
demostrated in Fig. 19. The battery is charged with higher
rates when high PV surplus (high Pdif ) is observed, reducing
in this way the injected power at the PCC. Furthermore, ESS
discharging operation efficiently reduced the power absorbed
by the grid to supply prosumer’s demand throughout the
night. The SoC profile illustrates the utilization of the battery
capacity throughout the 24-hour operation.

The ESS power calculated and sent to the ESS built-in
controller by the Matlab routine is juxtaposed with the actual
measured ESS power at the dc-side of the inverter in Fig. 20.
It is evident that the built-in controller responds efficiently
to the control signals and the desired battery output power
is achieved. The results infer that the proposed control is
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Fig. 20. Comparison of the desired dc power calculated by the control routine
(Pbat set) and the real output of the ESS for a 24h operation of the ESS (Pbat

measured).

compatible with and easily applied to conventional battery
controllers that accept external control signals. It has to be
mentioned that load demand is monitored by a smart meter.

VI. DISCUSSION

The practical implementation of the proposed control re-
quires two steps:
Step 1: the determination of the control coefficients at a 24-

hour interval,
Step 2: the real-time determination of the battery output

power based on the exponential droop.
Step 1 can be executed by the DSO and then communicated

to the distributed ESSs controllers. Otherwise, step 1 can be
executed locally, either by using a dedicated computer or
a smart ESS controller, thus eliminating the communication
requirement with the DSO.

Step 2 can be implemented either internally at the battery
controller or using a separate computer device. In the first
case, the battery controller is programmed to operate using
the exponential droop control, while the parameters of the
droop curve are acquired from step 1 on a daily basis. In the
second case, the computer executes both steps and sends the
operating setpoints to the battery controller on a frequent basis,
e.g. 1 min. The latter case is tested in Section V, validating
the applicability of the proposed control even to conventional
ESS controllers. In any case, it is expected that consumption
measurements are available through a smart meter, or are
monitored and stored by the battery controller.

The optimization algorithm requires the day-ahead PV and
demand power profiles for a 24-hour period. Therefore, a
pre-process is needed to acquire these profiles. This process
may be hosted by the device that is responsible for the
implementation of the optimization algorithm (step 1), as
discussed above. The PV power profile is built based on the
solar irradiation and temperature forecast, using day-ahead
horizon forecasting methods [37], [38]. The demand power
profile is constructed based on historical load, taking into
consideration several factors, such as the the type of the day
(working/non-working) and seasonalities [39].

The developed strategy is designed and validated for ESSs
that are integrated with PV systems at prosumer premises.
Since such integrated systems are more often located in LV
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TABLE V
EXAMINED FUNCTIONS.

Function Expression

Power PESS = a
(
Pdif

)b
Logarithmic PESS = a log

(
b Pdif + 1

)2
− 1

Hyperbolic PESS = a

√(
b Pdif + 1

)2
− 1
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Fig. 21. Comparison among different mathematical functions examined for
the developed ESS control strategy: a) Voltage profile of node 17 presenting
the highest violations, b) KPI2 of representative nodes of the network.

distribution networks, this paper focuses on the performance
of the proposed strategy at LV applications. Future work will
further assess the proposed control also in MV networks.

VII. CONCLUSION

In this work, a new control strategy that relies on local
measurements is introduced for the effective management of
ESSs. The objective of the proposed control is twofold; it
aims to improve voltage profile along distribution feeders
by mitigating peaks of the net power profile at prosumer’s
PCC, while at the same time maximizing prosumer’s self-
consumption. To alleviate peaks at the net power profile, a
new exponential droop control is developed. Specifically, the
proposed control charges ESSs with higher rates during high
PV production period, and discharges ESSs with higher rates
when peak load demand occurs. To maximize prosumers’ self-
consumption, an optimization method is proposed for the fine-
tuning of droop control parameters.

The efficiency of the developed strategy is evaluated on
two LV distribution networks with increased PV penetration
and is compared with two other well-established local ESS
control schemes. Based on the simulation results, it can be
derived that the proposed exponential droop control scheme
optimizes the utilization of ESSs, by achieving the mitigation
of voltage limit violations, while simultaneously maximizing
prosumers’ self-consumption. Thus, it outperforms conven-
tional approaches, constituting a reliable alternative solution
for the management of distributed ESSs. Additionally, the
applicability of the proposed control strategy is demonstrated
using experimental results. The associated analysis reveals that
the proposed control can be readily applied using conventional
ESS controllers.

APPENDIX
INVESTIGATION OF VARIOUS FUNCTIONS FOR THE ESS

DROOP CONTROL

Scope of this Section is to investigate the performance of
the exponential droop curve against similar functions. Three
functions are considered, namely power, logarithmic, and
hyperbolic, while the corresponding mathematical expressions
are shown in Table V.

Numerical results of the control performance using the
examined functions are summarized in Fig. 21, for the case of
the network configuration of Fig. 6. It is shown that all func-
tions achieve the desired ESS behavior, however exponential
function provides the voltage profile with the lowest deviation
from the voltage limits, i.e., 0.95 and 1.05 pu. Main differences
among the examined functions are observed during 12:00
and 15:00 (high PV production period), and during 19:00
and 22:00 (high load demand period), as shown in Fig. 21a.
In Fig. 21b, it is proven that exponential function provides
the lowest deviation from the nominal voltage. Regarding
prosumers’ SCR, all investigated functions achieve identical
results. Concluding, the exponential droop curve was selected
since it outperforms the other examined functions in terms of
voltage regulation.
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