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Selected voltage control methods in LV local distribution grids
with high penetration of PV

Abstract. The growth in new prosumer electricity generators (especially PV) has led to problems with power quality in the low-voltage (LV)
distribution network. The main problems occur with the increase of the voltage value above the normative values. This may result in damage to
electrical household appliances. The inverters connecting the energy source with the power grid are also switched off. In the scientific literature there
can be find a lot of articles describing this problem as well as methods to solve it. The article present selected ways of reducing the voltage of the LV
distribution network which are the result of the authors' own research. The results show the use of an energy storage (ES) prototype (100 kW and
100 kWh) to provide voltage regulation services with active and reactive power. Then, the idea of using static compensators or hybrid transformers
to regulate the voltage in the LV network by generating additional compensation voltage is presented. The last part of the article concerns the
proposal of increasing electricity consumption during the occurrence of a large generation from prosumer installations (demand response). The
results of the analysis show that by increasing the demand for energy, the value of the voltage in the grid can be reduced as well as by increasing
the amount of energy fed into the grid from renewable energy sources.

Streszczenie. Rozwdj nowych prosumenckich generatoréw energii elektrycznej (zwtaszcza PV) doprowad?zit do probleméw z jakoScig energii w sieci
dystrybucyjnej niskiego napiecia (NN). Gtéwne problemy pojawiajg sie przy wzro$cie wartosci napiecia powyzej wartosci normatywnych. Moze to
spowodowac uszkodzenie elektrycznych urzadzen gospodarstwa domowego. Wyitgczane sg réwniez falowniki taczgce zrédfo energii z siecig
elektroenergetyczng. W literaturze naukowej mozna znalez¢ wiele artykutow opisujgcych ten problem oraz metody jego rozwigzania. W artykule
przedstawiono wybrane sposoby obnizenia napiecia sieci dystrybucyjnej nn bedgce wynikiem badan autoréw. Wyniki pokazujg wykorzystanie
prototypu magazynu energii (ME) (100 kW i 100 kWh) do realizacji ustug regulacji napiecia mocg czynng i bierng. Nastepnie przedstawiono idee
wykorzystania kompensatoréw statycznych lub transformatoréw hybrydowych do regulacji napiecia w sieci nn poprzez generowanie dodatkowego
napiecia kompensacyjnego. Ostatnia cze$¢ artykutu dotyczy propozycji zwigkszenia zuzycia energii elektrycznej w okresie wystepowania duzej
generacji z instalacji prosumenckich (odbiér energii). Wyniki analizy wskazujg, ze poprzez zwigkszenie zapotrzebowania na energie mozna
zmniejszy¢ warto$c¢ napiecia w sieci oraz zwiekszy¢ ilo$¢ energii wprowadzanej do sieci z odnawialnych zrédet energii. (Wybrane metody regulacji

napiecia w lokalnych sieciach dystrybucyjnych niskiego napiecia o duzej penetracji PV)
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Introduction

Contemporary LV power grids not only provide
electricity to the end user, but are also designed to receive
energy from local, prosumer distributed energy sources
(DES) [1]. As the process of changing the paradigm of the
operation of the LV distribution system has been quite rapid
in its implementation, the distribution network has not
adequately adapted to the new tasks. The new reality has
created various technical problems. These problems
include overvoltages, rapid voltage fluctuations, voltage
harmonics, protection coordination problems and backflows
of energy into the medium voltage grid. The presented
issues result mainly from excess energy in local balancing
areas. This phenomenon causes local voltage to increases
in the network above the normative values Vn+10% [2]. The
problem of the excessive voltage level in the LV grid can be
solved by rebuilding the grid by using larger cable
diameters with lower impedance and using shorter lengths
of radial lines. This is a very expensive and time-consuming
solution. In addition, investment costs are passed on to
distribution system operators. Another solution to prevent
the increase in voltage is the use of local, distributed energy
storage (ES) systems (also in the form of electric vehicles)
which would accumulate excess energy production from
DES [3]. This is a solution more and more often considered
by distribution network operators as well as the owners of
installations with renewable energy sources (RES). In
addition, the ES could return the stored energy during high
demand for energy during peak system load hours. The
costs of investing in ES facilities could be divided between
distribution system operators, prosumers, and additional
participants in the system services market. Another
technical solution for the voltage regulation in the LV

network is the use of transformers with taps where a step
voltage regulation is possible. Most often it is a manual
adjustment applied seasonally. This could already find
solutions for automatic change of transformer taps, the so-
called on-load tap changer for OLTC distribution
transformers [4]. Hybrid transformer systems [5] as well as
static compensators for voltage changes [6] can be used for
smooth voltage regulation in the network. These solutions
are not fully and commercially available and are currently
considered only in scientific research. Nevertheless, these
solutions provide great flexibility in regulating voltage
changes in the LV grid. An interesting solution for voltage
regulation in distribution networks is the so-called demand
regulation [7]. The scientific literature describes many
concepts of controlling the demand for electricity with the
use of intelligent household appliances, electrical and
thermal ES systems and other electrical devices.

This article will be a short review of selected methods of
voltage regulation in a low-voltage distribution network, the
changes of which are caused by variable or excessive
generation of energy from renewable energy sources.
Below there is discussion of the exemplary results of
research on the ES system for voltage regulation with active
and reactive power, which are the result of a project
implemented jointly with the local energy distributor Enea
Operator [8]. In the next chapter selected concepts of hybrid
transformers and static voltage compensators will be
presented. Exemplary results showing the possibilities of
this type of system will be presented. The last topic will be
voltage regulation by increasing the network load during
high energy generation from RES. The presented results of
the authors’ research will concern the concept of using
intelligent home devices.
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Energy storage

As part of the project [8], a prototype ES with a power of
100 kW and a capacity of 100 kWh, and in Valve Regulated
Lead Acid (VRLA) technology (Fig. 1a) was created. This
prototype was tested in both laboratory and real-life
conditions. It was connected to the LV distribution network
at the transformer station. The integration of the batteries
with the LV distribution network was carried out using a
power electronic converter made in the (SiC) technology. In
the control of the power electronic converter, the algorithm
for regulating the voltage of the power grid with the active
and reactive power generated by the energy storage
system has been implemented [9-12]. In the verification
tests of the active and reactive power voltage control
algorithm, voltage parameters in the power grid at the
energy storage terminals were recorded. The power quality
analyzer PQ-Box 150/200 for measurements was used. The
results of voltage regulation for regulation both with and
without active and reactive power were performed on the
same day of the week (Fig. 1b). It is obvious that it is
impossible to obtain identical operating conditions for the
power system. Measuring voltage parameters on the same
day of the week (presented results refer to Thursday) will
give some approximation of comparable system operating
conditions. Instantaneous network voltage values may
exceed the set values which results from the dynamics of
the control algorithm. There is a clear reduction in voltage
fluctuations when the control algorithm is turned on [11]. In
the power system without the regulation service turned on,
the voltages reached values even above 250 V. The
minimum voltages dropped to 238 V.

setting voltage level

Fig.1. Voltage regulation using ES: a) interior of a container with an
energy storage with a capacity of 100 kW, 100 kWh made in VRLA
technology, b) voltage change in the LV distribution network with
and without an energy storage providing the network voltage
regulation service

The details of changes in the grid voltage value are
shown in the box plot in Fig. 2. A boxplot contains
information about the location, dispersion, and shape of the
data distribution. The box contains the first (Q1) and the
third (Q3) quartiles. The points between the first and third
quartiles represent 50% of the scores, and the median
represents the middle of the scores. The median does not
have to lie in the middle of the box. In addition, the
minimum and maximum values are marked on the chart.
The boxplot for the results with the compensation algorithm
enabled indicates that the span between the voltage values
was 238 V to 248 V. The span of the box, however, is 241.5
V to 245.8 V. The median was 243.5 V. For the results
without compensation, the span the voltage results was
from 238.2 V to 251.5 V and the box value was from 241.5

V to 247 V. The median was 244.1 volts. The presented
results indicate the effectiveness of the applied voltage
regulation with the use of energy storage.

1, [V]
& —
2504 H 4

248L

2461

244}

242

240

238k —_ —t
I L

with regulation  without regulation

Fig.2. Box plot of voltage variation in the power grid, with and
without the active and reactive power voltage control algorithm

Hybrid transformers and static voltage compensators

Another concept of voltage regulation in the network,
compensation and voltage fluctuations is the use of hybrid
transformers (HT) installed in a typical distribution station
[5], [13] - [15]. The HT concepts are so far described in
scientific articles as systems with high regulatory potential.
They consist of an electromagnetic transformer that works
with an AC/AC power electronic converter with PWM
modulation. Fig. 3 shows single-phase implementations of
two HT configuration concepts with a serial converter. In
Fig. 3a, any AC/AC converter that regulates the root mean
square (RMS) value of the voltage can be used as a power
electronic converter. These can be frequency converters
(back-to-back [5], matrix converter (MC) [14], [15]) or
AC/AC voltage controllers [6], [13]. Fig. 3b also shows the
scheme of the HT concept with a series power electronic
converter with an additional battery energy storage. An
additional DC energy storage is used to support the
compensation process. An HT can be switched on
anywhere in the power grid, but the most sensible solution
is to replace classic substation transformers with the HT.

a)
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Fig.3. The single-phase realizations of the HT configurations: a)
series AC/AC converter with galvanic separation, b) series with
AC/DC/AC converter and additional DC energy storage element
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Fig.4. The MPC of the HT with MC with minimalization of the output
voltage tracking error and input reactive power

One of the HT concepts is the topology with the MC
[14], [15]. Using the MC, it is possible to compensate for
both symmetrical and asymmetrical voltage changes as well
as harmonic distortions. It is also obvious that the grid
voltage can be regulated in situations where the voltage is
too high as a result of large generation of energy from RES.
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Fig. 5. Results of compensations of electric power grid voltage fluctuation using the HT with the MC and MPC control

The model predictive control (MPC) scheme for the
proposed HT with MC is shown in Fig. 4. To illustrate the
beneficial properties of the HT with the MC (Fig. 4), test
results of the system are shown in Fig. 5. As can be seen in
Fig. 5, the load voltage is kept at a constant amplitude
without harmonic distortion, despite large variations in the
main voltage. As already mentioned, voltage regulation can
also be implemented using static compensators. Then it can
be used anywhere on the power grid. An example of a
selected AC voltage compensator topology using a bipolar
AC chopper is shown in Fig. 6 [16]. These compensators
have quite complex control strategies, but they can
compensate for large voltage dips in one phase. In addition,
they can be used to regulate long-term voltage and
compensate for fast-changing voltage fluctuations. This
article only shows the topology concept without analysing it
in detail.
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Fig. 6. Diagram of the three-phase voltage compensator with a .

bipolar AC/AC chopper

Energy management with smart home appliances

The concept of using and integrating smart home
appliances (SHA) in the local low voltage balancing of the
distribution grid in order to counteract the increase and
decrease of voltage in the network is widely discussed in
various scientific articles. Such concepts are still at the
stage of theoretical consideration and prototype testing due
to the lack of many household devices with free remote
access to their regulation or activation. The emergence of
the Internet of Things (IoT) technology may lead to a
breakthrough in the use of home devices in regulating the
load of the power system. Nevertheless, the first IoT
applications in the SHA are focused on increasing the
comfort and elasticity of using a given device. From the
point of view of power system load regulation, the SHA
should have the functionality of reacting to signals from the
environment (remote control signals) and operating
conditions - e.g., to the voltage level in the network.
Therefore, the concept of a smart device suggests that
smart devices not only perform their main functionality in a
user-defined manner, but also autonomously respond to the
environmental conditions in which they work.

Appropriate SHA control can bring the following benefits
to the power system: balancing the supply of energy
generated by RES to reduce transmission losses and thus

increase the energy efficiency of the system; regulating the
grid voltage and thus improving the reliability of the system
and the devices operating in it; increasing the production
from RES by not switching off the photovoltaic inverters
under high voltage conditions in the power grid. It should be
emphasized that to achieve these goals, the use of the SHA
will require users to change their usage behaviour.

Works [17] — [19] propose to manage the work of the
SHA through an algorithm called Elastic Energy
Management (EEM). Various functionalities of the SHA
operation were defined, which were controlled by an
external signal from the central unit or based on the
measurement of the voltage in the grid. These
functionalities were related to limiting power consumption,
pauses in operation or shifting the activation time [17]. All
these functionalities have been saved in the EEM algorithm,
where a database of devices and their ability to change
power during operation should be created. The algorithm
was implemented in the Raspberry Pl device, which was
controlled by a Programmable AC Load device (Fig. 7).
During the test, the power was changed according with the
settings and the number of simulated devices. The EEM
algorithm changed the power of the devices until they
reached the set limit of the mains voltage. Reaching the set
voltage was associated with an increase (Fig. 8a) or
decrease (Fig. 8b) in the grid load, which resulted in a
change in the voltage drop on the line impedance.
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Fig. 7. Schematic diagram of experimental setup of using SHA for
regulation of voltage in electric power grid

While reducing the load on the line may be related to the
shutdown of certain low-priority devices, increasing the load
is not so simple. Devices must be defined that can be
switched on freely or are prepared for operation in advance
by the user [18]. The first group includes all battery devices
(electric vehicles, laptops, tablets, telephones, etc.), whose
chargers can be activated by an external signal. In addition,
these can be water heating devices or ventilation and
cooling devices. The second group consists of devices such
as a washing machine, dishwasher, electric cooker. They
are prepared by users for operation, and they can be
activated by an external signal from the central control unit,
which will send appropriate information about the RES
generation. The use of the second group of home
appliances will involve a change in the habits of users, as
the activities can be permitted to be performed when the
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appropriate conditions for generating energy occur. It is
obvious that the user will be able to freely change the
settings of these devices so that their use corresponds to
current needs. All work is focused on ensuring user comfort.
In this case, the user has decisive roles. A decision may be
made to switch the system to fully autonomous mode or
manually. Some users will obviously use the autonomous
mode most often, which will provide financial benefits (e.g.,
reduction of electricity bills). For a selected group of users,
i.e., those with greater technological awareness, the manual
or semi-manual mode will allow for better adjustment to
their needs. Regardless of the target group of users, it
would be required from the front-end side of the system to
ensure that it was user friendly and responsive.

C
100 150 200 250 300 0 50 100 150 200
Measurement number Measuremen! number

Fig.8. Voltage changes in the power grid due to load changes,
which is the effect of the EEM algorithm: a) increasing load power,
b) reducing load power
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Conclusions

The article presents selected methods of the voltage
regulation in the LV distribution network, the changes of
which are caused by variable or excessive generation of
energy from RES. There has been presented the discussion
of exemplary results of the research on methods of the
voltage regulation in a power grid with an ES system, HT
and static voltage compensators, as well as by increasing
the grid load during the production of large energy from
RES with the use of smart home appliances.

The research results on a mature technological method
of voltage regulation with the use of the ES are also
presented. Voltage regulation can be achieved by
controlling the active and reactive power generated by the
power electronic converter connected to the ES. Similar
results can be achieved by controlling the reactive power of
solar inverters [19], or by using parallel reactive power
compensators. The other proposals presented in the article
are, for now, only scientific concepts. Nevertheless, it
should be noted that the application of all three proposals
could significantly improve the operation of the power
system when too much energy is generated from RES.
More detailed studies must be carried out considering the
simultaneous operation of all the proposed methods.
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