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Abstract: The paper includes the analysis of the operation of low-voltage prosumer installation
consisting of receivers and electricity sources and equipped with a 3-phase energy storage system. The
aim of the storage application is the management of active power within the installation to decrease
the total power exchanged with the supplying network and thus reduce energy costs borne by the
prosumer. A solution for the effective implementation of the storage system is presented. Apart from
the active power management performed according to the prosumer’s needs, the storage inverter
provides the ancillary service of voltage regulation in the network according to the requirements
of the network operator. A control strategy involving algorithms for voltage regulation without
prejudice to the prosumer’s interest is described in the paper. Reactive power is used first as a control
signal and if the required voltage effect cannot be reached, then the active power in the controlled
phase is additionally changed and the Energy Storage System (ESS) loading is redistributed in phases
in such a way that the total active power set by the prosumer program remains unchanged. The
efficiency of the control strategy was tested by means of a simulation model in the PSCAD/EMTDC
program. The results of the simulations are presented.

Keywords: voltage regulation in a low-voltage network; prosumer installation; energy storage;

energy management; ancillary services

1. Introduction

The development of energy-generating technologies and the introduction of govern-
ment programs for subsidizing renewable energy sources (RESs) together with attempts to
increase energy efficiency resulted in a growing interest among customers in having their
own power plants. As a consequence, a continuous increase in the number of households
in which RESs have been installed is observed and the structure and operating conditions
of the low-voltage (LV) distribution networks have been changing gradually [1-6].

The most typical sources in prosumer installations are photovoltaic panels (PVs) [2,7-11]
using free solar energy. Randomly varying and nondispatchable power generated by such
sources may result in voltage variations, unacceptable voltage rise in the network nodes
and uncontrolled power flows in the network. Moreover, voltage unbalance may appear
due to the fact that PV sources are in many cases single-phase. These phenomena cause
the deterioration of power quality in the network and, when negative impacts of many
prosumer installations are accumulated, lead to disruptions in the network operation [12].
It should be emphasised that the consequences of poor power quality are borne by all
customers supplied from the network. Under such conditions, the maintenance of proper
network operation with the required power quality (PQ) indices may become a problem for
the network operator and may require that control measures be introduced. Past experience
has shown that overvoltage is a major problem [13-18].

The possibilities of direct voltage regulation in most existing LV distribution networks
are limited and usually involve a gradual change in the voltage transformation ratio of
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distribution transformers using transformer tap changers. As distribution transformers are
usually equipped with off-load tap-changers, online voltage control is not possible. Voltage
regulation is performed periodically after disconnecting a transformer from the network.

The well-known methods of indirect voltage regulation involve the changing of power
flow in the network. Active and reactive power flowing through the network branches
results in a voltage drop on the network impedance and, as a consequence, affects the
voltage level in network nodes. Typical regulation concerns the use of reactive power
which gives the QX/U voltage drop component on the network reactance.

Proposals for indirect voltage regulation involving devices located in prosumer instal-
lations can be found in literature. Publications [19,20] show using PV inverters to change
the reactive power introduced to the network to mitigate the voltage increase at the point
of common coupling (PCC). The reactive power value is dependent on the active power
generated by the PV source and limited by total current carrying capacity of the PV inverter.
In practice, PV inverters operate usually with cosg = 1, so their use for voltage regulation
by changing the reactive power flow in the network is relatively small.

In [21,22] a similar way of the overvoltage reduction caused by PV generation, by
using energy storage systems (ESSs) located in a prosumer installation, has been presented.

It should be noted that voltage regulation only by changing reactive power flow is
appropriate as long as the X/R ratio of the network impedance is relatively high. That is
not the case for LV networks where voltage drop is affected more by active power flow.

Examples of voltage regulation by means of active power can be found in literature.
Article [23] shows the use of controllable inverters that in the first stage of regulation
draw reactive power from the network in order to increase the voltage drop, and if this is
ineffective, in the second stage reduce the generation of active power. Another solution
to reduce overvoltage at the PCC is presented in [24], where the PV source in a prosumer
installation cooperates with an ESS. If the limit voltage is exceeded at the PCC, the ESS is
charged with a specific power, which results in a decrease of the active power transmitted
to the network and at the same time a decrease in the voltage value. It should be noted
that in such systems, PV inverters are prevented from disconnection caused by excessive
voltage increases due to overvoltages, contributing to an increase in the reliability of PV
systems operation.

The option of voltage regulation by changing the active power flow using ESSs may
be applied to distribution networks. Article [25] shows regulation possibilities obtained
by installing ESSs in network nodes together with a central control system which detects
voltage excess beyond limit values, based on which ESSs are charging and discharging.
In the presented proposal, ESSs are only used for regulation purposes. Functions such as
active power management for the optimisation of the network operation are omitted.

A similar way of regulation is presented in [26], where several functionalities, i.e.,
voltage regulation, the management of active power and cost optimization in the network,
have been implemented for all electric energy storage tanks in the prosumer installation.
The above functionalities are implemented by means of active and reactive power genera-
tion/consumption in order of priority. The provision of regulation service interferes with
other functionalities.

In [27], a proposal to support the power network operation by making prosumer
installation ESS infrastructure available for ancillary services is submitted. The prosumer’s
local control focuses on the ESS back-up power supply and island operation as well
as primary frequency control if deviations are detected locally. The network operator,
according to its own criteria, issues commands to the installation in order to realize a specific
service, i.e., network balancing, network voltage regulation, active power management.
These ancillary services have a higher priority; thus, the local control is interfered with by
the operation of energy storage facilities for the operator.

Publication [28] presents a single installation with a PV and an ESS which, according
to the commands from the central controller, performs active power management by
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regulating the value of power exchanged with the grid and the local compensation of
higher harmonics.

Voltage regulation by means of an EV storage system in a prosumer installation
consisting of PV and wind generator systems is proposed in [29]. This publication presents
the effects of active and reactive power changes in local, central and combined control. The
issue of cost management in the prosumer installation is not raised.

The possibility of regulating power flow in the network by means of ESSs in prosumers’
installations is beneficial for the network operator because it may help in maintaining the
required power quality or minimizing active power losses in the network. However, a
prosumer will be more interested in the application of the ESS for his own purposes.
Typically, ESS in a prosumer installation manages active power by storing surplus energy
generated by the PV panels during the periods of low power demand and releasing it
when the local demand is high. In doing so, the storage system becomes a power and
energy buffer, reducing the cost of purchasing energy from the network for the prosumer.
Energy storage devices can similarly benefit all customer installations, even without energy
sources, following a defined schedule of charging and discharging.

Literature presents various ways of optimizing electricity flows in prosumer instal-
lations to increase savings [30-48]. Varying by country in legal regulations for financial
arrangements between the prosumer and the operator, all methods are characterized by
minimising the parameter which is responsible for costs, i.e., 3-phase energy value.

It seems obvious that using the ESS for performing the regulation service for the
network operator is only attractive for the prosumer when this service does not interfere
with the ESS basic application or if appropriate regulations and financial incentives exist. To
the authors” knowledge, there are currently no such systems or control strategies dedicated
to the ESSs in prosumer installations that would combine active power management with
voltage regulation performed as an ancillary service for the network operator, at the same
time ensuring profit for the prosumer. This gap is addressed in this paper.

This paper presents a new method for an effective utilization of 3-phase ESS inverters
in prosumer installations. A strategy for active power management is proposed, according
to which the 3-phase active power schedule (ESS charging and discharging pattern) is
determined. A voltage regulation algorithm is incorporated into the strategy, allowing the
voltage at the PCC to be maintained according to the requirements of the network operator
or the set values imposed by an external control system. The regulation is performed in
individual phases.

It is assumed that reactive power takes priority for regulation purposes. Only if the
required voltage effect cannot be reached by means of reactive power due to the limited
inverter capacity, then the active power in the controlled phase is additionally changed to a
value resulting in the expected voltage regulation effect. The novelty of the method is that
at the same time the ESS active power load is redistributed in phases in such a way that the
total 3-phase active power does not change.

The solution minimizes the use of active power for regulation purposes and com-
pensates for the disruption of local prosumer program, i.e., the ESS inverter additional
service does not interfere with its basic task. This feature of the method is important for
the prosumer who is to participate in the network ancillary services.

The paper is arranged as follows: in Section 2, the strategies for active power and
energy management applied in prosumer installations for energy storage systems are
described; then, in Section 3, the proposed method of the ESS inverter control for voltage
regulation is presented and evaluated in a simple test system; Section 4 contains the results
of simulations illustrating the ESS operation in a prosumer installation and its participation
in a voltage regulation service; the last section includes conclusions.



Energies 2021, 14, 1121

40f21

EPS

s

15kV
100MVA

2. Active Power Management in Prosumer Installations
2.1. Management Strategies

Due to different definitions and legal regulations concerning prosumers [49,50], the
strategies of power management in prosumer installations may vary by location and
depend on the billing principles for prosumers. In Poland, these principles are regulated
by [51] and are based on a system of discounts.

According to law regulations [51], a prosumer is the final customer purchasing electric-
ity on the basis of a comprehensive agreement with the network operator and generating
electricity exclusively from renewable energy sources in a micro installation for his own
use, not related to his business activity. The prosumer is billed for the consumption of
electricity as an ordinary customer, while the energy generated from own source reduces
their energy consumption from the power grid. Any energy that cannot be balanced locally
is introduced to the grid and settled in the form of discounts. This means that for 1 kWh of
energy introduced into the network, the prosumer may take a certain amount of energy
from the network for free, e.g., for power sources not exceeding 10 kWp this amount is
0.8 kWh. It is therefore clear that from the prosumer’s point of view, transferring energy to
the grid can be uneconomical, and an energy management system is needed.

Figure 1 below shows a typical prosumer installation consisting of loads and a PV
system in a single-family house. For a better utilization of energy generated locally by
the PV source and thereby increasing savings from the reduction of the network power
consumption, an ESS is added to the installation.

15kV 0,4kV
L PCC
vl AFl 4x70mm?, 1 km AFl 4x70mm?
() _.: @
P prosumer installation
15,75/0,4kV ]— AT SSer e _U_Jm___ e |
Dy5 | iJ:)CC_/.‘I |
| iz | i_pv i_load i
| e (O
| u_pcc i_load iz E -.3 § |
| ipcc | i_pv 2 2 g
20kW | & n g |
i ; { . \L | B0kwh| ¥ 5w KW | * |
| LOCAL i_ref U M
1 CONTROLLER o LoAD |
| PANELS

| | tgp =04
|

Figure 1. Diagram of the low-voltage (LV) power network with connected prosumer installation (made by authors).

Three schedules of the ESS operation, later called control strategies, were considered
for the ESS, differing in terms of an appropriate schedule for charging and discharging of
the storage tank. These strategies are described below.

2.1.1. Strategy 1

Strategy 1 assumes that the prosumer uses the G12 two-zone tariff for energy billing,
in which the energy price is different in two time zones. The billing is based on the
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measurement of the total active power exchanged with the supplying network. The
strategy leads to the elimination of the energy imported from the network in the high-price
tariff zone. It is therefore assumed that in the low-price tariff zone the electricity demand is
covered by the PV generation as well as the electricity drawn from the network and the
ESS is being charged. Thus, during this time period both energy consumption as well as
energy feeding to the grid are possible.

The value of the ESS charging power is based on the current battery state of charge
(SOC) and the duration of the tariff zone:

Eess (SOC,of — SOC
P, ref_3ph — - ( ’rlt—e’f 0) 1)

where:

Pref 3ph—ESS charging power

Eess—ESS rated capacity

SOC,f—SOC setpoint at the end of the low-price zone
SOCp—initial SOC value at the beginning of the low-price zone
T—duration of low-price tariff zone

During the high-price tariff zone, the ESS is discharged with such a power as to
balance the power in the prosumer installation. Assuming that the power exchanged with
the grid is equal to zero, the ESS reference power results from the equation:

3 3
Pref 3pn = — 2 Pload; — Z Ppv; 2)
i=1 i=1

where:

Pyef_3pn —3-phase ESS charging power

Pload; —load power in phase i

Ppvu;—PV power in phase i

A value of the ESS reference power lower than zero means energy generation to the
grid, while a value higher than zero means energy consumption from the grid.

2.1.2. Strategy 2

The purpose of the ESS working according to Strategy 2 is to maintain a constant
active power exchange rate between prosumer installation and the supply network. A
value of power exchange lower than zero means energy transmitted to the grid, while
power exchange higher than zero means energy consumption from the grid. In order to
ensure continuous operation of the ESS, without long-term, fully charged or discharged
states, it is assumed that the power exchanged with the network corresponds to the average
power of the prosumer plant determined by the following formula:

fot (Z?’Zl Pload; + Y3, val-)dt
t

P, ex_3ph_av = (3)

The average power can be determined on the basis of the archived data or forecasts of
generation and load profiles for a given period of time (e.g., a day). The charging power
of the ESS is derived from the power balance in the installation according to the equation
below. According to the strategy, the power exchanged with the grid is equal to or greater
than zero.

k m
P"efjph = ng3ph,w - Z Ploadi - Z vai (4)
i=1 i=1

where:
Pex, , —3-phase average value of active power of prosumer installation
Phav
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Depending on the relation between the PV source power and load power, the current
power of the ESS can be positive (charging) or negative (discharging).

2.1.3. Strategy 3

Strategy 3 aims to completely eliminate the transmission of electricity to the grid. In
this case, the operation of the ESS is interventional, i.e., the ESS is only loaded when the
power generated by the PV is greater than the current consumption power. It is therefore
assumed that:

0 < Pex < Pexmax )

where:

P.y—3 phase power drawn from the distribution system
Pexmax—the highest value of 3 phase active power drawn from the network

To ensure that the ESS is always ready for operation, it is necessary to maintain the
SOC values within the established limits, beyond which the ESS is discharged or charged
to set values (only when the power exchanged with the network is within limits). The
condition describing the above-mentioned functionality is presented below:

SOC; < SOC < SOG, (6)

where:

SOCy—the SOC upper limit value of the SOCax
S0C1—the SOC lower limit value of the SOC,,,;;,

The implementation of Strategy 3 assumes full use of energy generated by the PV
source for the prosumer needs, i.e., the transmission of energy to the power grid is avoided.

2.2. Modelling and Simulation

The layout of Figure 1 was modelled in the PSCAD/EMTDC environment and several
simulations were performed in order to examine daily active power changes in the instal-
lation and show the effects of the implementation of the power management strategies
presented above. All simulation studies have been conducted using the infrastructure of
the Distributed Generation Laboratory of the Institute of Electrical Power Engineering. All
elements of the prosumer installation and the distribution network have been modelled
with ready-made elements from PSCAD/EMTDC library.

It should be noted that optimizing the battery size for the best economic result is a
separate issue which is beyond the scope of this paper.

The hysteresis method [52,53] was used to control the ESS inverter. Reference currents
introduced into the system are determined based on the ESS charging/discharging power.
The control algorithm of the ESS takes into account the SOC control. The method of
calculating the energy stored in the storage tank and its charge level takes into account
energy losses in the storage.

A series of simulations was carried out using the described model. The three ESS
control strategies were examined and compared with the case of a prosumer installation not
equipped with the ESS. Energy demand profile in the prosumer installation was assumed
on the basis of literature [54] and the profile of the PV generation on the basis of the existing
PV installation of a similar power, located on one of the buildings of Lodz University
of Technology.

Simulation results in Figure 2 show changes in the load power consumption and the
PV power generation for the installation without the ESS and change in the voltage value
at the PCC. In this case, the distribution network is the only balancing element, resulting in
periods of time when power deficit is drawn from the network and periods when surplus
power is introduced to the network. The occurrence of single-phase loads and generating
infrastructure causes power flow in phases in different directions. In phase L1 the active
power surplus is transmitted to the grid, which changes the value of voltage drops and
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increases the voltage in this phase. It should be noted that 1 s of the simulation corresponds
to 1 h of real time.

|
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Figure 2. Daily active power balance and voltage changes at the point of common coupling (PCC) of
the prosumer installation from Figure 1 without the ESS—results of simulation.

Further simulations were performed for the prosumer installation equipped with the
ESS. Figure 3 shows the balance of active power when the control Strategy 1 was applied.
In the initial time period, which corresponded to a low-price tariff zone, i.e., from 0:00
a.m. to 6:00 a.m., the ESS was charged with constant power resulting from Equation (1)
until fully charged. Then, during a high-price tariff zone (from 6:00 a.m. onwards), no
power was imported from the network. During this period, the demand for electricity was
covered by both the PV source and the ESS, which caused the ESS to partially discharge.
When the value of the power generated by the PV source exceeded the load demand, the
surplus energy was accumulated in the ESS, until it was fully charged, i.e., at 12:00 p.m.
From that moment the surplus energy was transferred to the network. From 1:00 p.m.
onwards, the low-price tariff zone applied again, but the ESS still had no capacity to store
any excess energy, so it had to be exported to the network. A gradual decrease in the power
generated by the PV source made it necessary to use energy from the ESS to eliminate the
energy consumption from the network in the high-price tariff zone between 3:00 p.m. and
10:00 p.m. The ESS was discharged until the low-price tariff zone occurred at 10 p.m., at
which point it started charging to the max. SOC value (i.e., 75%).

Changes in the power exchanged with the network resulted in the corresponding
changes of the voltage rms value at the PCC in L1 phase, shown in Figure 3. The small
voltage decreases during low-price tariff zone periods (compared to the voltage values in
Figure 2) is due to the additional load power required to charge the ESS to the max. SOC
level (i.e., 75%).

Figure 4 shows the balance of the active power in the prosumer installation and
changes in the voltage rms value at the PCC with the ESS following Strategy 2. Its aim
is to maintain the value of the active power drawn from the grid at a constant level,
corresponding to the average power of the prosumer installation determined according
to Equation (4). With this method of operation, the energy drawn from the grid and
transferred to the grid are constant throughout the entire analysed period, which guarantees
that the SOC value at the end of the period will be equal to the initial value. Providing
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a constant value of the power drawn from the network results in the stabilization of the

voltage value at the PCC.
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Figure 3. Daily active power balance and voltage changes at the PCC of the prosumer installation

with the ESS implementing Strategy 1—results of simulations.
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Figure 4. Daily active power balance and voltage changes at the PCC of the prosumer installation

with the ESS implementing Strategy 2—results of simulation.

Figure 5 shows the active power balance for the case when Strategy 3 was applied.
From the beginning of the simulation until the moment when a surplus of electricity
resulting from the PV generation occurred, the ESS did not work. From that moment on,
the ESS in line with the assumption of no energy export to the network, stored the surplus
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electricity until the value of the power generated by the PV source was lower than the
power consumption. In the subsequent periods the demand for electricity was covered by
both the PV and ESS. The ESS was discharged to the initial SOC value of 25%. Changes in
the voltage rms value at the PCC resulting from changes in the power consumption from
the networks are slightly lower than for Strategy 1. The voltage decrease at the end of the
simulation is due to the ESS being turned off when the required charge level is reached.

Pload

Pex_3ph

Ppv

Pess |

4
2
0

-4

Power [MW]

-6
12:00AM 6:00 AM 12:00PM 6:00 PM 12:00AM
time

UrmsL1 ——UrmslL2 UrmsL3

NSt i T

0,23
12:00AM 6:00 AM 12:00PM 6:00 PM 12:00 AM
time

Figure 5. Daily active power balance and voltage changes at the PCC of the prosumer installation
with the ESS implementing Strategy 3—results of simulations.

It can be seen from the simulation studies (Figures 2-5) that for the tested installation,
strategies developed for the improvement of active power management did not signifi-
cantly affect the voltage at the PCC. It can be expected that in real prosumer installations,
the voltage in the power generation phase will exceed the set limits. The next chapter
shows how the algorithm involving the prosumer program can be extended to perform
additional control functions dedicated to voltage regulation.

3. Control of the ESS Inverter for Voltage Regulation
3.1. Description

As mentioned before, the aim of the proposed control strategy is to use the ESS inverter
in a prosumer installation to perform voltage regulation simultaneously with the active
power management imposed by the prosumer program.

The principle of regulation is the following. The storage inverter located at the node j
of the feeder can affect the voltage at the node i through the change of voltage drop U
caused by the flow of storage current I = Ip; + jlos through the feeder impedance between
these nodes Z;;. Assuming that no other currents flow through the feeder change, the
voltage drop change A(6Us) can be determined using the following equation:

A(6Us) = Ry Ips + Xij-Igs 7)

where:

Rji—resistance of the feeder between nodes i and j
Xjj—reactance of the feeder between nodes i and j
Ips—active component of the ESS current
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Igs—reactive component of the ESS current

There is a linear relationship between active and reactive current components which
corresponds to a set value of A(6U):

Rjj A(9Us)
Ios = —=L-1
Qs Xij ps + Xij

®)

where:

A(6Ug)—change of voltage drop
Rji—resistance of the feeder between nodes i and j
Xjj—reactance of the feeder between nodes i and j

On the other side, the phase current of the inverter should not exceed the inverter
rated current I;5, thus both current components are linked with the following relationship:

I3, + 1§, < I )

where:

I,,s—rated current of the inverter
Ips—active component of the ESS current
Igs—reactive component of the ESS current

The graphical representation of relationships (8) and (9) is shown in Figure 6. Each
pair of current components defines the inverter current vector, whose module should not
exceed the current rated value. This means that the geometric positions of the ends of the
vector are the area within the circle with the radius I;;. The points marked in red lying on
the straight lines inside the circle satisfy both relationships.

41
Qs
A(BUsy1 < A(dUs)2
las2
N el AU
| Qs1 . ’\\\ ( S)max
\\ \
~ Ips
\\ |
. I* >
Ins \\ Ipst Ips2 /
\.‘ ~ \ \\\_.. - ’/./.

Figure 6. Graphical representation of relationships (8) and (9) (made by authors).



Energies 2021, 14, 1121

11 of 21

Figure 6 illustrates an interdependence between the inverter rated current, its active
and reactive current components and a voltage drop resulting from the current flow in the
feeder. As seen in Figure 6, for the active current Ip; in a single phase of the inverter, the
voltage drop component A(6Us )1 is obtained if the reactive current in this phase is set to
Igs1- If an increase of the voltage drop to A(6Us), is required, then both active and reactive
currents should be increased to Ips and I, respectively.

In accordance with the earlier assumptions, the active component of the ESS current
results from the 3-phase active power set by the prosumer program schedule, which is
evenly distributed into phases. At first, the reactive component is used for the voltage
regulation. The value of this current is determined by a local voltage controller in the
prosumer installation, which tracks the voltage at the PCC and, when a deviation from
the voltage nominal value is detected, forces the reactive current to change so as to cause
an appropriate change of the voltage drop on the feeder reactance. The regulation is
performed in each phase independently because phase voltages at the PCC differ due to
the load current unbalance in the network.

Assuming that the prosumer program takes priority and the ESS active currents cannot
be changed, reactive currents are determined only within the limits defined by the area of
the circle in Figure 6. For this reason, voltage regulation by means of reactive current only
may by ineffective in LV networks with low X/R ratio. The proposed method allows active
current to be included in the voltage regulation without altering the 3-phase active power
of the ESS.

It is permitted to change the ESS active current in a phase in which the voltage
regulation is carried out. If the change of the active current component in one phase is
required from Ips; to Ipsy, then this change is compensated for by appropriate changes in
other phases, i.e., 0.5%(Ips; — Ips2), so that the total active power required by the prosumer
program remains unchanged. If the action is not possible due to currents reaching their
rated values, then the voltage service is stopped and the prosumer program is continued
without interruptions. Maximum regulation capabilities of the inverter are reached when
the current vector moves in a circle to the points of A(J Us ) max 0r A(6Us ) min- The proposed
approach does not reduce the prosumer’s benefits due to the active power management
and at the same time ensures the improvement of voltage at the connection point in the
range possible to obtain.

The effects of voltage regulation using the described methods are evaluated and
compared in the next section.

3.2. Control Effects

Test calculations were performed for the evaluation of the control method described
in Section 3.1 using a simulator of the simplified system shown in Figure 7. The simulator
was developed in the PSCAD/EMTDC environment. Tested control methods were imple-
mented in the Storage Inverter Control block shown in the figure. Block input signals are
the active current Ip;, dependent on the prosumer program and determined in the Pro-
sumer Program block and the reactive current I;, required for the voltage regulation and
determined in the Voltage Controller block. Both quantities are vectors of three elements
corresponding with the three phases of the storage inverter. To check the control range,
signals in one phase only were changed during tests; all other components of the input
vectors were equal to zero.

From the Storage Inverter Control block the components of reference currents I, are
generated for each phase of the storage inverter. Inverter output currents: Is = Ips + jls
follow their references and their flowing through the feeder causes the voltage drop dUsg
on the feeder impedance R + jX (currents flowing from other devices are omitted).

Input signals to the Storage Inverter Control block generated by the PSCAD signal
generators were assumed to be periodical, so as to check the whole range of variations
in the regulation effects. The active current component was a triangular function with a
period of 100 s and the maximum value equal to the inverter rated current 0.015 kA. The
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reactive current component was a triangular function with a period of 1 s. Input signals
were applied only to phase L3 of the inverter and were the same in all tests.

Z=R+jX Prosumer
— N Program

- 0Us — Is=lpstjlas Irer=Ipout+jlaout Storage E_

-¢—p Inverter @ |nverter

Control t | | Voltage
Controller

Energy Storage

Figure 7. Diagram of a test system used for the evaluation of the proposed inverter control method.

Two features were examined during the tests to evaluate the performance of the
method. The first one was to check whether the reference current determined for the
inverter phase L3 ensured that its output current did not exceed its rated value. For this
purpose, a hodograph of the reference current was observed throughout each simulation.
Its components were designated as Ipyys3 and Igeus3- The second examined feature was
the voltage effect achieved for the changes in the active power resulting from the assumed
method. The effect was evaluated on the basis of a graph showing the voltage drop dUg
as a function of the 3-phase inverter power, whose measure was the sum of the reference
current active components Ip,,; (X axis in the drawings) determined for three phases in
the subsequent moments of the simulation. The results of simulation tests are shown in
Figure 8.

The hodographs of the reference current vector for phase L3 have been placed on the
left side in Figure 8 and the voltage drops are on the right side. Figure 8B,C relate to the
case when the change of active power is not permitted, and Figure 8D,E show the results
for the case when the proposed method was applied.

The shape of current hodographs (Figure 8B,D) indicates that the relationship (3) was
met in both cases. A comparison of charts in Figure 8C,E clearly shows a considerably
greater range of voltage changes for the proposed method. It is possible to obtain voltage
drops SU (Y axis in the drawings) in the range of 6Usy,;;,, dUsmax in the controlled phase
without changing the 3-phase inverter power set by the prosumer program. It should be
noted that in the described tests, the ESS currents were the only ones causing the voltage
drop in the feeder. Thus, in this case the change in the voltage drop corresponded to the
voltage variations at the point of connection.
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Figure 8. Results of evaluation tests of the proposed regulation method. (A) reference signals of
active and reactive currents for the inverter; (B) inverter active and reactive current values when
the change of active power is not permitted; (C)—changes of voltage value depending on inverter
active current for the case when the change of active power is not permitted; (D) inverter active and
reactive current values when the change of active power is permitted; (E) changes of voltage value
depending on inverter active current for the case when the change of active power is permitted.
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4. Application of the ESS with the Extended Control Algorithm in a
Prosumer Installation

4.1. Description of Tests

In this section the results of simulations are presented showing the application of the
proposed voltage control method together with the active power management program for
an ESS connected to the prosumer installation in the LV network. A simulator was built in
the PSCAD program for the system shown in Figure 9. The prosumer installation included
a single-phase load device (Load) connected to phase L2, a single-phase photovoltaic source
(PhV) connected to phase L1 and an energy storage with a 3-phase inverter (Storage).

M
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Figure 9. Diagram of the simulator developed in PSCAD/EMTDC environment.

Two tests were carried out for different prosumer programs. In both of them the active
power consumed by the load and the power generated by the PV source changed according
to the assumed profiles. Load devices followed a quasisawtooth consumption profile, e.g.,
from zero to the maximum power of 5 kW and back to zero with the period of changes
equal to 10 s of the simulation time. The PV source followed a quasitrapezoidal generation
profile with the period of changes equal to 30 s. The load reactive powers of both devices
were equal to zero.

It should be noted that the power profiles, deviating from standard profiles, have
been defined specifically for testing. They were intended to show the possible effects of
the storage control, in accordance with the proposed method, when the demand power
changes occur more often than the changes in the generation.

The ESS operated in accordance with the prosumer program, so its active power was
set according to the chosen strategy. Two of the strategies described in Section 2 were
considered: Strategy 1 (Ppros = f(time) in the first test and Strategy 3 (Ppros > 0) in the second
test. Their implementation in the prosumer program resulted in the Pprog power profile
according to which the ESS is controlled. The strategies were selected using the block Two
Input Selector in Figure 9.

During both tests, the reactive power causing the voltage effect was calculated for each
inverter phase separately as a linear function of the voltage deviation from the nominal
value measured at the PCC in that phase.
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The results of tests are presented in Figures 10 and 11 and discussed in the next section.
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Figure 10. Simulation results with the prosumer program Strategy 1. (A) active powers of loads, PV installations and the
prosumer program; (B) rms values of voltages in PCC; (C) inverter reference active power and active power realized by the
inverter; (D) active and reactive power in L2 phase of the inverter.
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Figure 11. Simulation results with the prosumer program Strategy 3. (A) active powers of loads, PV installations and the

prosumer program; (B) rms values of voltages in PCC; (C) inverter reference active power and active power realized by the
inverter; (D) active and reactive power in L2 phase of the inverter.
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4.2. Discussion of the Results

The protfiles of the load active power Pjp,4 and the PV active power Py, are shown
in the upper parts of Figures 10 and 11. In the first test (Figure 10) the simulation period
was divided into equal low tariff and high tariff zones that alternate. The ESS inverter was
turned on after 30 s and up to 120 s performed only active power management consisting
of the execution of active power reference signals calculated for each tariff zone. The
variations of voltage values during this period resulted from the change in active power
balance. It is clearly visible in Figure 10 that after switching the voltage regulation on,
voltage variations in phase L2 (a single-phase load connected to this phase) were reduced.
It influenced the regulation of the phase active powers of the inverter and their departure
from the subsequent set value, which was 1/3 of the Pprog value. Nonetheless, the total
active power Pj,, remained unchanged due to active power compensation in other phases
and corresponded to the set value Pprog (Figure 10C). Voltage regulation ceased at 180 s,
when the inverter active power reached the rated apparent power of 0.01 MVA. As a result,
no reactive current component could be generated in any phase and the inverter had no
available power for further voltage regulation.

In the second test (Figure 11) the inverter was switched on after 30 s. Up to 120 s,
the inverter performed only active power management. After switching on the voltage
regulation, voltage variations in phase L2 decreased but it did not influence the phase
active power of the inverter controlled in accordance with the prosumer strategy. Voltage
reduction was accomplished in the whole simulation because the inverter active power did
not exceed half of its rated apparent power.

Figures 10 and 11 illustrate the operation of the inverter control system. Small voltage
variations are compensated for only by the use of the reactive power in the controlled phase
(Figures 10D and 11D). Major variations additionally need the change of active power in a
given phase and corrections of power in other changes so that the 3-phase power of the
inverter remains equal to the prosumer program. These actions are visible in the phase
active powers of the ESS (marked in blue, green and yellow) in Figures 10C and 11C. In
Figures 10C and 11C, the inverter phase powers in phase L1 and L3 overlap, making the
blue curve invisible. The voltage regulation stops when the storage inverter is fully loaded
because of the selected prosumer program (Figures 10B and 11B).

The presented research has shown that all considered control strategies applied to the
ESS in the prosumer installation may improve the utilization of energy generated by the
PV source for local purposes. The choice of a strategy optimal for the prosumer requires
knowledge about electricity tariffs as well as consumption and generation power profiles
of the load equipment and energy sources. It also includes the selection of inverter power
and energy storage capacity as well as the calculation of investment costs. The selection
of the best investment variant may be made on the basis of the results of simulation tests
mapping the operation of all equipment in the prosumer’s installation and calculating both
the operating and fixed costs of the tested variant. However, the ESS applied for managing
the active power in the prosumer installation only to bring benefits to the prosumer leaves
the problem of excessive voltage values at the PCC out of control. Even if the transmission
of energy to the network is eliminated, the voltage value may still be beyond permissible
limits and the voltage quality in individual phases may not be acceptable.

It has been demonstrated that with the additional control proposed in the paper and
applied to the ESS installation, the voltage problem can be mitigated without compromising
the effects of the prosumer program. While the ESS prioritizes the strategy selected by
the prosumer following a set schedule of charging and discharging, the network service is
provided by using the available power of the ESS inverter.

The simulations have shown a case where the reactive power control alone is not
sufficient. The use of both reactive and active power by interfering with the local algorithm
of the active power management proved necessary.
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5. Conclusions

In the face of the constantly increasing power of PV installations, the negative influence
of prosumers is no longer an expectation but reality. Installations intended to bring savings
for investors and relieve the burden on the professional power industry cause interruption
of the PV installation operation, reverse power flows and result in the deterioration of
power quality. It is now necessary to transform prosumer installations into active regulatory
tools, enabling the compensation of the negative impact of PV. This article offers one of the
possibilities to maintain a full PV generation potential while providing voltage control in
the network by using the ESS in the prosumer installation. The proposed control algorithm
enables disturbance-free operation of the ESS for the prosumer with simultaneous voltage
regulation capability.

The novelty proposed in this article is the method of compensating for the active
power loss in the phase where the voltage is regulated by the remaining phases, so that
the 3-phase energy exchanged with the grid remains unchanged. Simulation studies have
proven that the value of 3-phase energy exchanged with the grid is unchanged despite the
use of active power in one of the phases for voltage regulation purposes.

The presented approach is beneficial for the prosumer both from the economic (cost
reduction) and technical (overvoltage mitigation and preventing the PV inverter from
disconnection) point of view. It is also beneficial for the network operator as a means to
help maintain the required power quality. The regulation service should be performed on
a market basis.

It is worth noting that many prosumers in the network may already be equipped
with a storage installation. If the controllers suggested in this paper are implemented,
the regulation service for the distribution network can be provided at no additional cost,
assuming that the service is realized without interfering with the prosumer’s own manage-
ment strategies.

The proposed method is particularly suitable for low-voltage networks, character-
ized by the load unbalance resulting from single-phase loads and sources installed in
prosumer/consumer installations. As the control system distributes the active power
generated by the prosumer program into three phases, the method makes it possible to
compensate for the current and voltage unbalance as an indirect effect.

Further development of the presented method may include extending the local al-
gorithm of active power management to reactive power management and power quality
improvement while implementing voltage regulation in several prosumer installations in a
coordinated manner.
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