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Energy Storage Options for Voltage Support in
Low-Voltage Grids with High Penetration of
Photovoltaic

Francesco Marra, Y. Tarek Fawzy, Thorsten Biilo and Bostjan Blazi¢

Abstract— The generation of power by photovoltaic (PV)
systems is constantly increasing in low-voltage (LV)
distribution grids, in line with the European environmental
targets. To cope with the effects on grid voltage profiles during
high generation and low demand periods, new solutions need to
be established. In the long term, these solutions should also aim
to allow further more PV installed capacity, while meeting the
power quality requirements. In this paper, different concepts
of energy storage are proposed to ensure the voltage quality
requirements in a LV grid with high PV penetration. The
proposed storage concepts can cooperate with reactive power
methods and can be used to avoid grid reinforcement and
active power curtailment. For the study, a residential LV grid
with high share of PV generation is used. Simulation results
show substantial benefits for the LV feeders operation, as well
as an increased potential for local consumption.

Index Terms— Active distribution grids, energy storage, low
voltage grids, reactive power control, voltage rise mitigation

1. INTRODUCTION

HE renewable energy sector has experienced a large
growth in the last decade. The need of fulfilling the
European environmental targets [1] aiming for an increased
sustainability have led to important advances in solar
technologies. Lately, these advances are also pushed by the
research on smart grids on active distribution networks [2].
Especially LV grids have seen in the last few years an
exponential increase of PV installations at the residential
level. Increasing the PV penetration is a fundamental target
which however poses new challenges for the operation of
distribution grids [3]-[4]. One of the issues to cope with is
the grid voltage variation along a LV feeder, due to high
generation and low demand periods [5]. Historically, LV
grids have been planned to deliver unidirectional power to
the loads. With distributed generation such as PV, the
situation of power flow inversion is more likely to happen
[6]. This can lead to overvoltage problems at the PV
generator point of connection (PCC) that in extreme cases
requires the curtailment of active power [7]. The European
power quality standard EN 50160 states that during each
period of one week, 95% of the 10-minutes average voltage
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values shall be within the range of U, +/- 10%, where U, is
the nominal voltage [8]. Central coordination and local
voltage support approaches have been described by
Carvalho et A/l in [9] to deal with voltage variations. The
first one can provide voltage support, using a
communication infrastructure for the real time monitoring
and the coordination of individual PV generators. An
example is the use of controllable tap-changer 10/0.4 kV
transformers to adjust the voltage setting as required;
however, this adjustment changes the operational condition
of all LV feeders supplied by the same transformer. Also,
the voltage adjustment is only possible if the grid is
equipped with such transformers, which is rather uncommon
in the real case.

Local methods based on reactive power for voltage
control have been the most used so far, as they are
implemented on each PV inverter that can work
independently [10]-[11].

Reactive power methods do not necessarily require a
supervisory control and communication, as the single PV
inverters are able to adapt in real time to the actual local
voltage situation [12], however, the amount of reactive
power needed for voltage support will considerably rise up
with the PV penetration, thus the rethinking of solutions
including storage for voltage support is necessary [13].

Storage solutions can play an important role in relation to
the national electricity tariff systems of the different
European countries [14]. Considering the case of Germany,
the “self-consumption” tariff (EEG) is already applied from
2009 to the residential PV sector [15]. Though the self-
consumption act is planned to be amended, a general
incentive for private consumption will persist [16].

The need of storage for grid support will lead to a higher
synergy between PV power and electricity consumers,
giving the opportunity of self-consumption.

In this paper, different storage concepts for mitigating
voltage variations in LV grid feeders with high PV
penetration are proposed. The investigations are performed
with a simulation study using the model of a highly PV-
penetrated LV grid, which is a demonstration site within the
Meta PV project [12]. The model comprises existing PV
systems and additional storage systems.

II. SYSTEM MODEL

The fundamental building blocks of a PV system are: the
PV array, composed of single PV cells made of
semiconducting materials and a PV inverter that converts
the power from the PV array into grid-compatible electric



power. To cope with the excess of PV power generation and
low load in LV feeders, in this paper, the standard PV
system is enhanced with storage system concepts. One
concept is that a storage system can provide voltage support
for the whole feeder from a strategically defined location; a
second concept relies instead on a number of storage
systems to achieve the same target, for example, one storage
system on location with PV.

A. LV Grid Analysis

During high generation and low demand conditions, the
active power injected in a feeder can cause voltage rise
above the allowed limits, according to [9] and this can be
expressed by (2) and (3):

AU = (R-P +X-0)/V, )
P =7F,-F &)

where R and X are the cable resistance and reactance at a
certain distance from the transformer, P and Q the active
and reactive power exchanged at the PCC, V; the base grid
voltage. Voltage sensitivity analysis can be used for
estimating the voltage variation due to active power
injection at a certain location. A voltage sensitivity matrix
for a grid feeder can be derived for active and reactive
power by solving nonlinear load flow equations using the
Newton—Raphson algorithm [11]. The same matrix can be
used to identify critical locations in relation to
load/generation conditions. The most remote node in the
feeder, presents the highest sensitivity value, thus it is the
most critical location for active power injection in relation to
voltage variation.

For mitigating voltage rise problems in a LV grid feeder
with PV, various reactive power methods have been already
implemented at each PV inverter interface and have been
introduced in large scale field tests. The following are the
main ones [10]:

a) fixed cos ¢ (power factor)

b) cos @(Ppy): power factor as a function of the active
power (Ppy) fed into the grid

c) fixed Q (reactive power)

d) Q(U): reactive power as a function of the voltage at
the PCC.

The effectiveness of such methods has been proven and
different performances in relation to grid losses and
components loading are observable [10]. One of the
limitations is that many existing PV installations are not
capable of reactive power consumption. The additional
utilization of storage systems is an effective approach to
reduce voltage rise problems.

In this paper, storage solutions for voltage support and
their possible combination with reactive power are being
investigated with respect to their effectiveness and their
operational requirements.

B. Energy Storage Systems

Lately, a wide range of energy storage technologies have
been investigated by several researches to cope with the
intermittency of renewable energy resources (RES). These
include electrochemical batteries with various chemistries,
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supercapacitors, compressed air energy storage, flywheels
and others [18]. In this paper, battery-based energy storage
systems are assumed for providing voltage support in LV
grids. The performance comparison of different battery
chemistries, such as energy-to-weight ratio, self-discharge
rate and charge/discharge efficiency are out of the scope of
the present work, therefore they are not treated.

The charge and discharge equations of a battery system
are shown in (4) and (5) [17], where P, is the discharging
power of the battery and P. is the charging power; E is the
energy stored in the battery at time #; At is the duration time
of each interval. The two coefficients 7, and 7. are the
discharge and charge efficiencies respectively.

E(t+At)=E(@t)-At-P, /17, 4)
E(t+At)=E({)+At-P -n, (%)

The operation of the battery system should also take into
account power and energy constraints.

The power limits of a battery system can be described by
(6) and (7):

0< P ()< P™ (©)
0<P(1)<P™ (7

The same power limits are important for sizing the power
converters of the battery system. The storage power ramp
rates are therefore generically described by (6) and (7). In
this paper, the symbol P is used to represent the power
flow, including the two phases of charge and discharge.

The energy limits of a battery system can be described by
(®):

E,, <E()<E,, ®)

where E,;, and E,,, are the minimum and maximum energy
levels stored in the battery respectively. The energy limits,
or state of charge limits (SOC), can be set according to the
storage application and to the battery technology, however,
in this paper, we will refer to (8) as the usable energy
window of the storage system, regardless of the optimal
energy management of a particular type of battery.

III. PROBLEM FORMULATION

Considering (2), the idea is to introduce in the expression
the component P; which represents the storage power by the
energy storage system. Therefore, it is possible to rewrite (2)
into (9) where the nodal exchanged power P is, this time,
the combination of the load power P;, the generated power
Ppy and storage power P;, as indicated in (10):

AU = (R-P* +X-0)/7, 9)
’ (10)

P =P j PL - PS

With the main target of investigating on storage solutions,
emphasis is given to the active power component P’ rather
than Q in (9). Furthermore, the cooperation of storage and
reactive power methods is also investigated, assuming
different scenarios for reactive power.

In a LV feeder with high penetration of PV, the
integration of storage for voltage support can be performed
from a single location, or by multiple storage systems at
different locations. The first strategy proposed in this paper



identifies a centralized storage concept, while the second
strategy defines a distributed storage concept.

Considering the voltage limit V., in a LV feeder, a
storage system should be activated in order not to reach the
limit in any of the feeder’s nodes.

A. Solution Algorithm

Considering the different locations on which the storage
system can be integrated and the voltage sensitivity matrix
in Table IV, it is possible to calculate the storage power that
lowers the nodal voltages below the limit. The main
problem is to identify the minimum storage power P, that
meets the voltage target, according to centralized and
distributed concepts. This can be implemented with the
storage participation in different locations in the grid, or
with multiple storage participation. Fig. 1 shows the
algorithm proposed in this paper.

The proposed solution is a linear problem. This algorithm
is implemented in Matlab and results are checked with
PowerFactory load flow simulations. The algorithm can be
summarized as follows:

1) Enter the LV grid model under study, with worst
case load/generation conditions on each node

2) Run the load flow grid simulation

3) Identify the critical node/s where the voltage is
above Vi

4) Add a combination of storage in the LV feeder

5) Solve the objective function for P; which is to find

Run load flow grid
simulation

v

Find critical node with
voltage above V.«

v

e )
Insert storage on location

X i=[1,n] )

r

( )
Identify storage power Py
N Y,

V < Vmax

Fig. 1. Proposed method for storage planning

the minimum power that keeps the critical voltage
below Vi ax

6) If V > V. update P; using P, = Py + AP and go
back to step 5

7) Go back to step 4, set
configuration, repeat step 5 and 6.

another storage

The step 7 is repeated until all possible combinations of
storage locations are covered, including the cases of
multiple storages at the different nodes.

IV. CASE STUDY

The algorithm implementation and performance
assessment is performed for a LV grid with high PV
penetration, Fig. 7, with main parameters in Table I. The PV
penetration per feeder, which is defined as the ratio of PV
installed capacity over the feeder capacity, is indicated in
Table II.

TABLE I
LV GRID PARAMETERS
Grid type Urban
Transformer 630 kVA
Feeders nr. 9
Feeder capacity (average) 195 kVA
Cables R/X (average) 4.6
Number of households 271
PV installed capacity (kW) 143.23 kW
Grid topology Radial
TABLE II

FEEDERS CHARACTERISTICS

Feeder No. of No. of PV PV PV penetr.

households sources power/kW %

2 2 0 0 0

3 41 2 10.38 5.3

4 36 2 8.80 4.5

5 19 0 0 0

6 18 3 11.10 5.7

9 48 9 39.67 20.3

10 15 2 8.80 4.5

11 33 9 42.60 21.8

12 52 5 21.88 11.22

A. Identification of Critical Node

From the voltage sensitivity analysis performed on the
grid, node 7 in the feeder LS11 of Fig. 2 is found the most
critical location in the grid. The voltage sensitivity to active
power matrix for feeder LS11 is shown in Table III.

TABLE IIT
VOLTAGE SENSITIVITY MATRIX

dv/dP
p.u/MW 1 2 3 4 5 6 7
1 0.37 0.36 0.37 0.35 0.35 0.34 0.34
2 0.37 0.72 0.36 0.71 0.71 0.69 0.72
3 0.36 0.36 0.76 0.35 0.35 0.34 0.35
4 0.36 0.72 0.36 0.91 0.91 0.88 0.88
5 0.36 0.72 0.36 0.89 1.35 0.71 0.69
6 0.36 0.71 0.36 0.91 0.89 0.98 0.98
7 0.36 0.71 0.35 0.89 0.68 0.88 1.51

Using 6-days measurements-based load/generation
profiles, representing the worst case scenario of high
generation and low load conditions, gives the voltage
profiles of Fig. 3. The voltages on the nodes with PV, 2, 4, 5
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Fig. 2. Single line diagram of feeder 11

and 7, are displayed respectively, emphasizing voltage rise
and unbalance problems.

To evaluate the storage requirements for voltage rise
mitigation in the feeder, under the described scenario, the
two concepts of centralized and distributed storage are
investigated.

B. Centralized Storage

The first concept addressed is centralized storage (CS);
this is implemented by placing a single storage unit on a
feeder node. With this concept, only one storage device is
present in the feeder, providing the voltage support function
required.

The control of the storage under the CS concept is
according to P; = f (U), where U is the most critical nodal
voltage in the feeder. In this case study, three different
scenarios are investigated for the CS concept: CS1, storage
on node 2; CS2, storage on node 4; CS3, storage on node 7.

The proposed algorithm in Fig. 1 is used to estimate the
power requirement for the different options.

C. Distributed storage

The second investigated concept is the distributed
multiple storage concept (DS). With this concept, a storage
device is integrated at each PV location in the feeder. In
relation to the algorithm of Fig. 1, the DS concept
corresponds to the combination of storage power Pg; by all
nodes with PV that leads to a voltage below V. in the
whole feeder. The control of the storage devices under the
DS concept is done according to Ps; = f (Ppy). Assuming the
case of all PV inverters with same nominal power and same
solar radiation, the storage contribution Ps; from each
storage device would be also the same for all. The DS
scenario proposed prioritizes the equal participation from all
PV power producers.

D. Combined Storage and Reactive Power

From the two main storage concepts, three variants are
studied that consider the reactive power combination with
the energy storage systems. The investigated combined
storage and reactive power options are as follows:

- CS3 concept with all PV inverters working with fixed
PF =0.95 (CS3 — distr. Q)

- CS3 concept with reactive power capability, all PV
inverters with PF = 1 (CS3 with Q)

- DS concept with all PV inverters working with
PF =0.95, (DS with Q)

The power factor PF is defined as [13]:

P

PF =—=cos (11)
S 4

where P is the real power flow (in watts), S is the apparent
power flow (in volt-amperes, VA) and ¢ is the angle
difference between the voltage and current waveforms on a
given phase. The power factor is continuously variable
between 0 and 1 and in this case study it indicates a
component that consumes reactive power (in VAr).

51.14
a

N

””””””””””””””” V4

Phase A
V7

V2,V4,V5,V7

V2,V4,V5,V7 (p.u.)

Fig. 3. Phase voltages on feeder 11 with PV without voltage support



V. SIMULATION RESULTS

Dynamic grid simulations are performed for the LV
feeder with the different storage options. The results for the
6" day are summarized in Table IV. During the 6™ day, a
worst case scenario occurs in relation to low load and high
generation conditions. In Fig. 4, the storage power for CS1,
CS2, CS3 and DS are depicted for the 6-days interval. It is
evident that placing a CS on node 7, CS3, leads to a
minimum aggregated power and energy requirement, while
a minimum device power and energy level is obtainable
with the DS concept.

The results of combined storage and reactive power
options are depicted for the 6™ day in Table V. The
comparison with the “only” storage options is given in Fig.
5 and Fig. 6, where the CS3 and DS results are depicted as a
reference. With all PV inverters consuming reactive power,
the storage power and energy levels are significantly
reduced in both concepts of DS and CS. In Fig. 5 and 6, this
is particularly evident for the options named “DS with Q”
and “CS3 — distr. Q”.

TABLE IV
SUMMARY OF STORAGE RESULTS

Storage Total Ps Ps/device Total E E/device
option (kw) (kw) (kwh) (kwh)
CS1 11.1 11.1 30.2 30.2
CS2 4.75 4.75 12 12
CS3 3 3 7 7
DS 4.2 0.9 10.2 2.5
TABLE V

COMBINED STORAGE AND REACTIVE POWER RESULTS

Storage Tc:sal Ps/device Total E E/device
option (kW) (kw) (kWh) (kWh)
DS with Q 4.5 0.5 2.7 0.3
CS3 distr. Q 1.9 1.9 1.0 1.0
CS3 withQ 2.8 2.8 4.1 4.1

With a CS option providing a fixed amount of reactive
power, “CS with Q”, the storage power and energy are
decreased accordingly. For this case study, Q is chosen of 1
kVAr, which is the level or reactive power obtainable with a
PF of 0.95 and active power Ps of 3 kW (which is the CS3
power requirement).

The energy levels of the storage devices under the
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Fig. 5. Storage device power for all options
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Fig. 6. Storage device energy for all options

different concepts can be put in relation to local
consumption. In particular, under the DS concept, local
consumption is possible in such a way that the energy stored
for voltage support can be used by PV system owners to
supply any domestic appliances, during off-generation
hours. On this point, there is space for further investigations.

VI. CONCLUSIONS

In this paper, different storage planning options for LV
grids with high share of PV have been proposed.

Distributed storage solutions at each PV location have
shown that a relatively small power and energy are needed
to provide voltage support, securing voltage quality
according to standard EN 50160.

The identification of the best location under the
centralized storage concept is solved with an iterative
method, based on voltage sensitivity analysis. A CS option
at the end of the feeder is found as the option with minimum
power/energy requirement for voltage support.

To minimize storage power and energy for CS and DS, all

Dﬁ
[y
8]

Fig. 4. Storage device power for the CS and DS
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storage options can cooperate with reactive power methods
at the PV interface. Having all PV inverters operating at the
constant power factor of 0.95 has shown to significantly
lower the required storage power and energy levels.

The storage solutions proposed can potentially relieve the

DSOs from voltage quality concerns due to high PV
generation and low demand periods. Furthermore, the
deployment of such storage solutions would limit the
practice of power curtailment, thus allowing an increased
PV penetration. The discharging phase of the storages,
which is not treated in this work, offers the opportunity of
self-consumption in the centralized and distributed concept.
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