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Abstract: A virtual power plant (VPP) can be defined as the integration of decentralized units into
one centralized control system. A VPP consists of generation sources and energy storage units. In this
article, based on real measurements, the charging and discharging characteristics of the battery energy
storage system (BESS) were determined, which represents a key element of the experimental virtual
power plant operating in the power system in Poland. The characteristics were determined using
synchronous measurements of the power of charge and discharge of the storage and the state of
charge (SoC). The analyzed private network also includes a hydroelectric power plant (HPP) and
loads. The article also examines the impact of charging and discharging characteristics of the BESS
on its operation, analyzing the behavior of the storage unit for the given operation plans. The last
element of the analysis is to control the power flow in the private network. The operation of the VPP
for the given scenario of power flow control was examined. The aim of the scenario is to adjust the
load of the private network to the level set by the function. The tests of power flow are carried out
on the day on which the maximum power demand occurred. The analysis was performed for four
cases: a constant value limitation when the HPP is in operation and when it is not, and two limits set
by function during normal operation of the HPP. Thus, the article deals not only with the issue of
determining the actual characteristics of charging and discharging the storage unit, but also their
impact on the operation of the entire VPP.

Keywords: virtual power plant (VPP); distributed energy resources (DER); battery energy storage
systems (BESS); power systems; smart grids

1. Introduction

VPP is defined as an integration of generators and energy storage systems (ESS). The characteristic
features of a VPP include [1]:

• All the components included in the VPP participate in the energy market as one entity;
• The basic power generators in the VPP are distributed energy resources (DER);
• Electricity consumers in a VPP with DER are called prosumers;
• The prosumers can act as both loads and generators.
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The main advantages of a VPP are environmental protection, high efficiency, synergy, interactivity,
and balance [2].

In the literature, the most frequently discussed topics related to VPP are:

• Topics associated with reducing the peak loads;
• Topics associated with power flow management;
• Topics associated with power quality (frequency, voltage);
• Economy-related topics (costs and profits);
• Energy storage related topics.

1.1. Peak Loads Reduction, Power Flow Management

Due to the constantly growing demand for electricity, the importance of the issue of reducing peak
loads is increasing. On the one hand, there is the possibility of building a conventional power plant that
will work to reduce peak loads, but this is an expensive solution, causing additional carbon dioxide
emissions. On the other hand, there is a continuous increase of renewable energy sources in the power
system. Intelligent management of such sources in cooperation with energy storage is an effective way
to reduce peak loads. The solution for such an integration is a virtual power plant presented in [3].
The application of the VPP to reduce load peaks was also presented in [4]. The authors of the paper
achieved a reduction of load peaks by finding an optimal operating plan for the ESS. The optimization
method was heuristic and the obtained solution was then corrected using genetic algorithm.

One of the difficulties that can be encountered in the case of central management of DER facilities,
which are located in different parts of the system, is the power flow management. The problem is
described in detail in [5]. The authors of the study proposed an algorithm to optimize the power flow.
In general, the topic of power flow optimization is the subject of many interesting studies. In [6],
optimal power flow is achieved by optimizing the installed PV capacity and the ESS parameters.
Optimization is based on the power flow scenario and was performed using particle swarm optimization
algorithm. The results of [7] show optimal power flow for VPP with two levels of DER integration.
The first level includes wind power plants and HPPs. The power generated is dispatched directly to
the grid. The second level is PV and the generated power is consumed in the VPP. The proposed model
is then applied to an actual VPP in Aragon (Spain).

1.2. Power Quality, Electric Vehicles and Economy

The integration of DER within a VPP not only serves to reduce load peaks or to optimize power
flow. In [8], an interesting issue was raised, in which electric vehicles (EV) are connected within a
VPP. Using the energy stored in EVs, the aim is to improve the network frequency response. A similar
problem is presented in [9], where the authors of the paper examined the possibility of using a VPP for
frequency control in the power system, in which the solar thermal system, wind turbine generator,
and electric vehicles have a large share.

The use of EVs in a VPP has been very popular recently. In [10], the use of electric vehicle demand
response to reduce operating costs and improve the reliability of the power system with a large share
of variable renewable sources and electric vehicles is shown. The study was based on the example of
Jeju Island, located in South Korea. Furthermore, reducing operating costs and maximizing profits
in a VPP is also the subject of many interesting studies. For example, the authors of [11] focus on
the problem of maximizing the operating profit of a virtual power plant. Part of this VPP is based
on pumped storage HPP, whose work plan consists of the objective function discussed in the article.
Another example is presented in a study in Western Australia, in which the authors present an analysis
of a VPP profitability [12]. This VPP consists of, among others, a solar power plant, anadium redox
flow battery, and a heat pump for hot water systems. The model analyzed in the article also allows
to control some devices, e.g., washing machines, dishwashers, and dryers, located in apartments,
which are also part of the VPP. Another example where operational costs were minimized is [13].
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The optimization was performed for IEEE 30 and the IEEE 57 bus test cases. Power flow was optimized
using mixed integer distributed ant colony optimization.

A VPP may contain more than one type of power plant using renewable energy sources (RES). It is
possible to use one power plant to support the operation of another, as presented in [14], which details
a case study of a VPP located on the island of Crete, Greece. Additional, unused energy produced by
wind power plants is used to pump water in HPPs.

1.3. Storage of Electric Energy

In the era of the rapid development of renewable energy, a major technological challenge is the
efficient storage of electric energy [15]. Depending on the way the energy is stored, the energy storage
facilities can be classified into [16]:

• Electrochemical (batteries, flow batteries, hydrogen);
• Electromagnetic (electric, magnetic);
• Thermodynamic (pressure, heat);
• Mechanical (gravity, kinetic).

Among the energy storage devices, chemical batteries are increasingly used in the professional
power industry [17]. The desired characteristics of batteries are high energy density, high charging and
discharging power, and a long life cycle. Other aspects are also important, for example, methods to
determine the state of charge and the possibility of recycling [18].

Currently, research on BESS facilities is focused on their optimal distribution, system location,
e.g., to minimize power loss [19], or to improve frequency [20]. A large part of the research is also
devoted to the use of BESS devices to improve energy quality parameters [21,22]. In [23], the authors
analyze an economically interesting case of using old BESS from EVs as a stationary energy storage
system. Studies on the performance of BESS are mostly focused on the diagnosis of the condition of
the storage unit. In [24], the health condition of the BESS is analyzed based on parameters related to
the capacity, internal resistance, and voltage in the open circuit of the battery. This system is located
in a laboratory in Choco, Colombia. The study in [25] focuses on the performance of the power
conversion system performance among four topologies and on estimating the SoC of a lithium-ion
cell by combining two methods: Coulomb and open circuit voltage measurement. The study in [26]
focuses on testing the reliability of BESS, based on Markov models. The BESS models focus on the
electrochemical model, the analytical model, and the substitute circuit model [27,28].

To our best knowledge, there is a shortage of publications analyzing the actual characteristics of
charging and discharging of BESS facilities, as well as models based on these characteristics, especially in
the power systems industry. The publications written so far focus on the study of single battery cells,
like [29], where the discharge voltages are tested depending on aging levels. The analysis is carried
out for lithium nickel–cobalt–manganese-oxide battery cell. The charging and discharging voltages are
also tested in [30]. The study presents charging and discharging voltages for different charging rates.
This test was also carried out for lithium nickel-cobalt-manganese-oxide battery. However, the tests
are also not carried out on BESS but on a single battery. Research close to applications in the power
system industry was conducted in [31]. Although the study was not performed for BESS located in the
power grid, it was performed for EV, which are operating in the distribution grid.

The main contributions of the article include:

1. Analyzing the operation of the actual BESS. The BESS is located in a VPP in Poland;
2. Determining the actual charging and discharging characteristics of the BESS;
3. Using the determined characteristics to create the BESS model;
4. Investigating the possibility of controlling the BESS.

The rest of the article has the following structure. Section 2 presents and discusses the most
frequently used technologies and parameters of BESSs used in VPPs. Attention was paid to the issues
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of appropriate control of energy storage units and the importance of the charging and discharging
characteristics of such facilities. Section 3 presents the results. The structure of the examined VPP.
The methodology of determining the actual charging and discharging characteristics of the BESS
located in the analyzed VPP. The actual charging and discharging characteristics of the BESS were
determined. It was also checked how the determined characteristics performed when the storage
facility followed a given operational plan. The analysis was completed by examining the operation of
the VPP for a given scenario of power flow control on the day with the highest demand. The presented
scenario realizes the adjustment of the VPP operation to a given curve. The study was carried out
for four cases: adjustment of the power consumed from the distribution system to a given level for
normal power plant operation; adjustment of the same to a given level in case of lack of power plant
operation; adjustment of the power consumed from the grid to two curves set as a function for normal
power plant operation. Section 4 contains a discussion of the results obtained. Section 5 finishes with
the conclusions.

2. Battery Energy Storage System

Lithium-ion batteries are most commonly used in BESSs [18,32]. This type of battery is
recommended for long-term use due to its high energy density of 100–250 Wh/kg, high power
density of 230–340 W/kg, and long lifetime of 500–6000 cycles [33]. The disadvantages of a lithium-ion
battery include its high cost and the need to use a ventilation system to ensure the cooling of the
batteries. The battery requires a built-in controller to ensure that each cell operates correctly within
the specified voltage, temperature, and current range during charging and discharging. To optimize
the operation of the battery, the cell controller communicates with the battery management system
(BMS) [33,34].

The battery management system provides many functions. In power system applications, this is
very important because the battery usually operates under difficult conditions. The BMS must react
to external conditions that can cause damage. An important function of the BMS is to determine the
SoC of the battery. The BMS monitors and calculates the SoC of each battery cell. SoC is also used to
determine the end of charging and discharging cycles [35]. Excessive charging and discharging is often
the cause of a battery failure; therefore, the BMS is designed to keep the battery in its operating range
to deliver the required power, and to receive energy without overcharging the cells [33,34].

Especially the charging and discharging speed of the BESS is influenced by:

• Construction;
• State of charge (SoC);
• Temperature.

These factors are described in detail in [34]. For the selected BESS type, it is possible to determine
the dependence of charging (discharging) power based on the SoC [36]. In this case, the charging
(discharging) speed is determined by power expressed in [W] or by a relative value in relation to the
rated power of the storage unit. The SoC can be defined as energy in [Wh] or as a relative value in
relation to the storage capacity.

It should be noted that these characteristics have a double meaning. Firstly, they determine the
operating limitations introduced by the manufacturer, depending on the design, and secondly, they can
be a tool to control the operation of the storage unit by the system operator [32]. In the latter case,
the characteristic parameters must not exceed the limits specified by the manufacturer.

Characteristics of the dependence of the charging and discharging power of the storage facility on
the state of charge are the basic dependencies required to properly control the BESS [37]. An example
of the actual characteristics of a BESS equipped with lithium-ion batteries and supervised by the BMS
is shown in Figure 1. The shape of the characteristics depends on the technical limitations of the
batteries, the manufacturing technology, operating temperature, degree of usage, and the way the
BESS is controlled and managed by the BMS [38,39].
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Figure 1. Dependence of the storage unit power on the state of charge (SoC).

3. Results

The chapter is divided into six subchapters. The first part is a description of the VPP in which
the analyzed energy storage is located. Then, the methodology for determining the charging and
discharging characteristics of the energy storage is discussed. The next part is the determination of the
characteristics based on actual measurements. Then, the analysis of the influence of the characteristics
of the BESS on VPP operation. The chapter ends with the analysis of the operation of the private
network, in which the VPP operates for a given power flow control scenario for four cases. The analysis
is performed for the day of the year with the highest peak demand.

3.1. Virtual Power Plant

In a modern power system, virtual power plants are solutions equipped with efficient and safe
power flow control systems. VPPs are equipped with power generators and storage facilities. A VPP in
connection with local electricity consumers creates a private network [40]. These devices are equipped
with controllers, usually, they are power-electronic converters allowing power control. Most often such
networks are connected to a public distribution network. An appropriate strategy of energy storage in
the BESS allows for optimal use of the electrical energy generated locally [41].

The virtual power plant, designed to simulate the power flow, was designed on the basis of a
simplified scheme of the power system in which the VPP operates in Poland. The private network
consists of the hydroelectric power plant, load (including the power plant’s own needs), and the BESS.
Figure 2 presents a diagram of the dispersed control network connected to the distribution grid.

The regulations governing the operation of the electricity market must take into account the
characteristics of the operation of the power system, such as the need to ensure a continuous balance
of supply and demand and reliable system operation [42,43]. On the other hand, until recently, it was
assumed that there was no possibility of storing energy immediately, which resulted in low energy
price flexibility and limited generation flexibility. The development of DER, microgrid systems in
which large BESS and VPP structures operate is currently of decisive importance in the transformations
taking place in the modern power system.

Therefore, experimental research of the VPP for different power flow control approaches allows to
verify the assumptions, scenarios, and algorithms.

The BESS, which is a part of the experimental VPP, is of key importance for the effective operation
of the system in this case. Therefore, it seems necessary to point out the potential possibilities of using
the storage in experimental research.



Energies 2020, 13, 6670 6 of 22

Energies 2020, 13, x FOR PEER REVIEW 6 of 23 

 

 
Figure 2. Diagram of the analyzed active grid. PG—power generation, PL—load, PSY—power 
distribution system, PST—BESS. 

The regulations governing the operation of the electricity market must take into account the 
characteristics of the operation of the power system, such as the need to ensure a continuous balance 
of supply and demand and reliable system operation [42,43]. On the other hand, until recently, it was 
assumed that there was no possibility of storing energy immediately, which resulted in low energy 
price flexibility and limited generation flexibility. The development of DER, microgrid systems in 
which large BESS and VPP structures operate is currently of decisive importance in the 
transformations taking place in the modern power system. 

Therefore, experimental research of the VPP for different power flow control approaches allows 
to verify the assumptions, scenarios, and algorithms. 

The BESS, which is a part of the experimental VPP, is of key importance for the effective 
operation of the system in this case. Therefore, it seems necessary to point out the potential 
possibilities of using the storage in experimental research. 

3.2. Experimental Determination of BESS Characteristics 

One of the practical ways of utilizing BESS in the private network and as an important resource 
of a VPP may be to experimentally determine the characteristics of storage operation. Knowledge of 
the basic technical limitations of the installation related to the power of charging and discharging the 
storage, which is also associated with the speed of response to changes in covering the power demand 
and response to changes in local generation, is the basis for proper and effective control within the 
VPP. The adopted and proven method of measuring the characteristics of the energy storage 
operation will be able to be used in other installations of this type. The obtained results will allow for 
correct and optimal use of the VPP resources. 

An effective method of determining the BESS characteristics may be the use of measurements 
during the storage facility operation. The prerequisite is access to the synchronized recording of the 
storage unit’s charging and discharging power, the SoC, and, if possible, the operating temperature 
of the batteries. As shown in [31], with a large number of measurements, it is possible to try to 
determine the actual operating characteristics of BESS. The boundary areas of such determined 
characteristics at many points of the storage facility operation can then be approximated by the 
polynomial function. 

GENERATION 

110 kV 

20 kV 

LOAD

STORAGE
500 kW 
500 kWh 

PL

PSY

PG

PST
AC/DC

AC/DC

T
115/22kV

25MVA

T
20/10kV
1,6 MVA

550kW

G G

550kW

20 kV 

10 kV 

SYSTEM

Figure 2. Diagram of the analyzed active grid. PG—power generation, PL—load, PSY—power
distribution system, PST—BESS.

3.2. Experimental Determination of BESS Characteristics

One of the practical ways of utilizing BESS in the private network and as an important resource
of a VPP may be to experimentally determine the characteristics of storage operation. Knowledge of
the basic technical limitations of the installation related to the power of charging and discharging the
storage, which is also associated with the speed of response to changes in covering the power demand
and response to changes in local generation, is the basis for proper and effective control within the VPP.
The adopted and proven method of measuring the characteristics of the energy storage operation will
be able to be used in other installations of this type. The obtained results will allow for correct and
optimal use of the VPP resources.

An effective method of determining the BESS characteristics may be the use of measurements
during the storage facility operation. The prerequisite is access to the synchronized recording of the
storage unit’s charging and discharging power, the SoC, and, if possible, the operating temperature of
the batteries. As shown in [31], with a large number of measurements, it is possible to try to determine
the actual operating characteristics of BESS. The boundary areas of such determined characteristics at
many points of the storage facility operation can then be approximated by the polynomial function.

The proposed way of determining points of the storage characteristics on the basis of current
registrations is schematically presented in Figure 3. With the synchronous measurement of the storage
power P, (P+ for charging, P− for discharging) and SoC, it is possible to determine points of BESS
characteristics for selected points of time.

Based on the technical documentation of the BESS control and parameter monitoring systems,
assumptions have been made about performing measurements of the examined storage.

• The tested energy storage is treated as a uniform unit. This means that the internal design,
the number, and layout of the battery unit connections, as well as the supervisory and security
systems and algorithms are omitted. All technological limitations and those resulting from BMS
procedures are taken into account by the characteristics of the storage unit operation.

• The maximum power of charging and discharging BESS is 500 kW.
• The storage can be charged to a maximum of 100% SoC (500 kWh) and discharged to a minimum

of 20% SoC (100 kWh). The limitation of the discharge results from the warranty provisions.
• Charging the storage unit with full power is only possible during the operation of the HPP, so the

test time with charging sequences can be a maximum of 3 h.



Energies 2020, 13, 6670 7 of 22

• Due to the parameters of the control systems implemented in the VPP, the changes in the storage
unit’s operating schedule (charging and discharging power changes) can be performed with a
minimum step of 5 min.

• Measurement of the electric parameters of the storage unit, such as: charging and discharging
power, SoC, voltage, and current can be performed with a step of minimum 1 min (data recorded
in the BMS system).

• The average temperature of the batteries and the ambient temperature is recorded in a 15 min
step. Initially, it is assumed that the storage unit, thanks to the temperature monitoring of the
batteries by the BMS, operates within the permissible range, thus limiting the influence of the
temperature on the charging and discharging characteristics.
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3.3. Results of Short Term Tests for the Identification of the Actual Charging and Discharging Characteristics
of BESS

The characteristics were determined using samples measured at 1 min intervals, obtaining a set of
points describing the characteristics. The measurements are shown in Figure 4.
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Then the obtained results, for the extreme values, were approximated with the polynomial
function, obtaining the characteristics presented in Figure 5.
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Figure 6. Determined charging and discharging characteristics of the BESS based on 1 min data.

The obtained shape of the characteristics approximately corresponds to the shape of typical
characteristics of a storage unit based on chemical batteries, as shown in Figure 1. The difference is the
used range of the storage unit’s state of charge, which indicates that the unit has not been discharged
below 30% SoC. Additionally, the charge and discharge power of the accumulator does not exceed 80%
of the rated power.

Using the 1 min data, a map of “attendance” of the storage unit’s operating states, shown in
Figure 7, was also drawn up. The map allows to check what is the most frequently used power range
and what is the SoC at that time.

The map closely correlates with the charging and discharging characteristics of the storage unit.
The range of work of the storage depicted on the map is within the range of work defined by the
characteristics. In addition, when analyzing the map, it can be seen that the BESS usually works with
SoC in the range 90–100%. However, it rarely works at a low SoC level, within 40%.



Energies 2020, 13, 6670 9 of 22

Energies 2020, 13, x FOR PEER REVIEW 9 of 23 

 

  
Figure 6. Determined charging and discharging characteristics of the BESS based on 1 min data. 

The obtained shape of the characteristics approximately corresponds to the shape of typical 
characteristics of a storage unit based on chemical batteries, as shown in Figure 1. The difference is 
the used range of the storage unit’s state of charge, which indicates that the unit has not been 
discharged below 30% SoC. Additionally, the charge and discharge power of the accumulator does 
not exceed 80% of the rated power. 

Using the 1 min data, a map of “attendance” of the storage unit’s operating states, shown in 
Figure 7, was also drawn up. The map allows to check what is the most frequently used power range 
and what is the SoC at that time. 

 

 
Figure 7. Map of “attendance” of the storage unit operation states during charging (A) and 
discharging (B) for 1 min data; the color scale represents a value proportional to the operation time in 
the P and SoC range. 

The map closely correlates with the charging and discharging characteristics of the storage unit. 
The range of work of the storage depicted on the map is within the range of work defined by the 
characteristics. In addition, when analyzing the map, it can be seen that the BESS usually works with 
SoC in the range 90–100%. However, it rarely works at a low SoC level, within 40%. 

Using 1 min data, the dependence of the storage power on the operation plan was also checked 
(Figure 8). The points where the BESS worked according to the plan are on a straight line, inclined at 
45°. Deviations from this line show the difference between the setpoint and actual storage power. 
Measurements also show that the system only applied the storage power at levels 50 kW apart. 

−500

−400

−300

−200

−100

0

100

200

300

400

500

P
 [k

W
]

20 40 60 80

SOC [%]

100

charging
discharging

Figure 7. Map of “attendance” of the storage unit operation states during charging (A) and discharging
(B) for 1 min data; the color scale represents a value proportional to the operation time in the P and
SoC range.

Using 1 min data, the dependence of the storage power on the operation plan was also checked
(Figure 8). The points where the BESS worked according to the plan are on a straight line, inclined
at 45◦. Deviations from this line show the difference between the setpoint and actual storage power.
Measurements also show that the system only applied the storage power at levels 50 kW apart.Energies 2020, 13, x FOR PEER REVIEW 10 of 23 
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Figure 8. Dependence of storage power on the operation plan.

3.4. Control of the Charging and Discharging Power of the BESS for the Assumed Operation Plan

This chapter presents the results for two operation plans. The first operation plan is shown in
Figure 9 and the simulation results are shown in Figure 10. The second operation plan is shown in
Figure 11, while the results are presented in Figure 12. The capacity of the 500 kWh storage device and
its rated power of 500 kW corresponds to the parameters of the BESS storage device under test.

The conducted simulations allow to determine the changes in the power of the storage unit and
the SoC over time for the determined real characteristics.

The analysis was performed for two storage operation plans, presented in Figures 9 and 11.
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Figure 9. Set operation plan of the BESS.

For the presented plan (Figure 9), the operation of the storage device, resulting from its charging
and discharging characteristics, is presented in Figure 10.

It can be seen that, initially, the storage facility works according to the plan. The difference occurs
after approx. 1.3 h, despite the assumed constant performance, the storage unit gradually reduces the
charging power to 0 kW. Then, after about 1.7 h, the storage facility does not increase the discharge
power to 500 kW, but to about 250 kW.Energies 2020, 13, x FOR PEER REVIEW 11 of 23 
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Figure 10. Operation resulting from the charging and discharging characteristics of the BESS with the
real characteristics; change of energy accumulated in the BESS over time (A); change of BESS charging
and discharging power over time (B).

A similar analysis was performed for the work plan presented in Figure 11.
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Figure 11. Set operation plan of the BESS.

For the presented plan (Figure 11), the operation of the storage device, resulting from its charging
and discharging characteristics (Figure 12), is presented.

As before, the storage unit initially works according to the operation plan, the difference occurs
after approx. 0.6 h. The storage starts to reduce the discharge power faster than the plan would
have resulted. In about 0.9 h, the facility reaches a lower maximum charging power than planned.
After approx. 1.3 h, the unit’s output is around 0 kW.
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The difference between the operation plan and the actual operation of the storage device is most
visible in the case of a low SoC (about 200 kWh).
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Figure 12. Operation resulting from the charging and discharging characteristics of the BESS with the
real characteristics; change of energy accumulated in the BESS over time (A); change of BESS charging
and discharging power over time (B).

3.5. Controlling the BESS in the Private Network

The main objectives of the VPP systems concern the economic aspects related to electricity trading.
The VPP control algorithms provide for charging the storage facility at low energy prices from the
distribution system and discharging and selling energy at peak demand at high prices.

However, technical issues cannot be overlooked when planning such solutions. For example,
the voltage levels (slow and fast voltage changes) at all points of the distribution network should be
within the range allowed by the standards. The same applies to current values in lines and transformer
windings. Issues concerning the operation of the BESS itself are also important.

The impact of the VPP on the power system can be examined by analyzing the power flows.
The daily analysis should give an answer to the question whether the changes of voltages and currents
in the network caused by the generation and storage control are within acceptable limits.

Simulations of the operation of the 0.5 MWh BESS with the permissible voltage changes at the PCC
site were carried out. The actual measurements of power demand by local loads were used, as well as
measurements of power generation in the hydroelectric power plant. The diagram of the analyzed
private network is presented in Figure 2. For the analysis, the characteristic day with the maximum
power demand in the 110 kV/SN station was selected. The power flow simulation was conducted
using the DC power flow method, which only takes into account only active power. This approach is
often used in developmental analyses, with high data uncertainty [44–47].

The storage control scenario (Figure 13) is based on the technical aspect of reducing the power
taken from the distribution system to a given level. The demand of local electricity consumers for
power exceeding the preset margin should be covered from the local generation and from the BESS.
This is one of the possible scenarios for controlling the storage unit. The comprehensive scenario
should make optimal use of the energy of the BESS both for technical and economic reasons related to
the costs of operating the equipment and current prices on the energy market.

The algorithm works with a given step, using measurement or forecast of power generation, load,
and current SoC. The simulations assume average values on a ten minutes step basis. The basis for
operation of the algorithm is to check in the first step the sum sign of power generation and load. As a
result, it is possible to determine whether the generator itself can cover the demand locally. In the
next steps, the algorithm chooses such power of discharging or charging the energy storage so that the
energy exchange between the private network and the system remains at the set level.
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Figure 13. Storage control algorithm, PG—power generation (positive), PL—load (negative),
PSS—storage charging power (negative), PDS—storage discharging power (positive), EST—storage
energy, PM—set level of power exchange between the private network and the distribution system.

The values of power and energy required to control the BESS are forecast (PG—power generation,
PL—load) and measured (EST—storage energy, i.e., SoC). The storage charging or discharging power
(PST) is determined as the amount set to the energy storage controller. The algorithm takes into account
the limitations resulting from the characteristics of the storage facility operation (PSS—permissible
power to charge the storage facility, PDS—permissible power to discharge the storage facility).
The characteristics introduce limits to the storage power depending on the SoC. The discharge power
decreases as the energy in the storage unit decreases to a zero value with a set minimum stored energy.
Changing the shape of the characteristics enables regulation of the BESS power depending on the
parameters of the active network. System power (PSY) is the excess or deficit of power while performing
power balancing in the private network. As an objective function for the scenario, the power exchange
between the private network and the distribution grid (PM) is set. System power (PSY) tries to match
this level in subsequent steps.

It is not necessary to directly indicate the intervals for the variables used by the algorithm,
because the limitations result directly from the adopted characteristics of the storage unit operation
(e.g., at maximum SoC, the charging power reaches zero). Therefore, it is important to correctly define
the energy storage performance.

For the analysis of the impact of the VPP on the conditions of power grid operation, the day on
which the maximum power demand in the 110 kV/SN station occurs was selected, that is 19 January 2017.

3.6. Analysis of Power Flow for the Day of Maximum Demand in 110 kV/SN Station (19 January 2017)

The presented analysis covers 19 January 2017—the hydroelectric power plant operates with a
power of 1 MW between 14:00 and 19:00 and the load peak is between 06:00 and 11:00. In the private
network, there is a BESS with a nominal power of 500 kW and a capacity of 500 kWh. The profile of
generation and load on that day is shown in Figure 14. Four scenarios of the private network operation
have been considered:

• Power exchange margin with the external grid at the level of 400 kW, during normal operation of
the HPP (Figures 15 and 16);

• Power exchange margin with the external grid at 400 kW and no HPP operation (Figures 17 and 18);
• Power exchange margin with the external grid set according to the curve, variable from 300 kW to

600 kW, in normal operation of the HPP (Figures 19 and 20);
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• Power exchange margin with the external grid set according to the step curve, between −400 kW
and 400 kW, in normal operation of the HPP (Figures 21 and 22).

The operation of the private network with a storage facility with the actual charging and
discharging characteristics was examined.Energies 2020, 13, x FOR PEER REVIEW 14 of 23 
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Figure 14. Power generation—PG and load PL in the private network for 19 January 2017.

In the first step, the power flow in the private network for power generation and load was checked
(Figure 14), using a scenario (Figure 13) that reduces the exchange power between the private and
the distribution grid to a set level of 400 kW for a grid with a storage unit with real characteristics
(Figures 15 and 16).
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Figure 15. Results of the simulation of the operation of the private network with the BESS with real
characteristics for the set exchange power PM 400 kW; PSY—exchange power with the distribution
grid and PL—load.
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Figure 16. Results of the simulation of the operation of the private network with the BESS with real
characteristics for a set exchange power of PM 400 kW; change of energy accumulated in the BESS
over time.

Analyzing Figure 15, it can be seen that the power taken from the distribution grid is at a set margin
from 00:00 to about 05:00 and then for an hour, about 19:00 to 20:00. From 05:00 to about 13:00 and
from 20:00 to 00:00, the power demand is covered from the distribution grid. Between 13:00 and 19:00,
there is a decrease in the power taken from the network due to the operation of the HPP. The operation
of the private network is reflected in the diagram of the change of energy accumulated in the storage
device in time (Figure 16), it can be seen that the storage device operates mainly between 00:00 and
05:00 and between 19:00 and 20:00, i.e., when the network takes the power from the distribution system
by a given margin.

In the next step, it was checked how the grid will be handled in the same scenario if the HPP is
not in operation. The results are shown in Figures 17 and 18.
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Figure 17. Results of the simulation of the operation of the private network with the BESS with real
characteristics for the set PM 400 kW exchange power in the absence of generation; PSY—exchange
power with the distribution grid and PL—load.
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Figure 18. Results of the simulation of the operation of the private network with the BESS with real
characteristics for the set PM 400 kW exchange power in the absence of generation; change of energy
accumulated in the BESS over time.

As in the previous analysis, from 00:00 to 05:00, the private network works with a margin setpoint
power (Figure 17). For the rest of the simulation time, the power of the demand is covered by the
distribution system, except for a few minutes around 20:00. The profile of the VPP operation is also
visible on the graph of energy stored in the storage unit in time (Figure 18). The storage device operates
between 00:00 and 05:00. Between 05:00 and 20:00, the SoC does not change. Around 20:00, the storage
unit discharges to 180 kWh.

In the next step, the power flow for the private network was checked if the power margin is set as
a function between 300–600 kW (Figures 19 and 20).
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Figure 19. Results of the simulation of the operation of the private network with the BESS with real
characteristics for the set exchange power according to the curve, variable in the range PM 300–600 kW;
PSY—exchange power with the distribution grid and PL—load.
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Figure 20. Results of the simulation of the operation of the private network with the BESS with real
characteristics for the set exchange power according to the curve, variable in the range PM 300–600 kW;
change of energy accumulated in the BESS over time.

In the case under consideration, the private network works with a power value of the setpoint by
a margin between 00:00 and 01:00, between 04:00 and 05:00, between 13:00 and 14:00 and between
19:00 and 20:00 (Figure 19). The nature of the operation of the private network can be seen on the
diagram of the change of energy accumulated in the storage unit in time (Figure 20). In the analyzed
case, while the network is working on the given margin, the storage unit is charged or discharged.
The exception is the hours from 13:00 to 19:00, when the profile of the private network operation is
dictated by the operation of the HPP.

The last scenario considered was to check the power flow for the private network if the power
margin is set as a step function between −400 and 400 kW (Figures 21 and 22).
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Figure 21. Results of the simulation of the operation of the private network with the BESS with real
characteristics for the power margin PM set as a step function between−400 and 400 kW; PSY—exchange
power with the distribution grid and PL—load.
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If the margin is set as a step function, the network runs at the set level from 00:00 to about 03:00,
then up to about 13:00 the demand is covered by the distribution system (Figure 21). Between 13:00
and 20:00, the power taken from the distribution network is reduced due to the operation of the HPP.
From 20:00 to 0:00, the demand is again covered by the distribution system. In the diagram of the
change of energy accumulated in the BESS over time (Figure 22), it is possible to see the charging and
discharging of the BESS between hours 00:00 and 03:00—the operation of the network at the set level
and the discharging and charging of the BESS between 14:00 and 17:00—the influence of the operation
of the HPP.

Table 1 shows a summary of the operation of the private network, for different scenarios with a
BESS with real characteristics (Figures 15–22). The table shows the time for which the private network
works exactly on a given margin. The data ARE shown in percentage of when the power exchange
with the grid maintains the set margin to the total simulation time.

Table 1. The time for which the private network works on a given margin.

PM = Const.
PM = 400 kW

PM = Const.
PM = 400 kW

PG = 0 kW

PM , Const.
PM ∈ [300, 600] kW

PM , Const.
PM ∈ [−400, 400] kW

operating time at a
given level 28.97% 24.14% 13.79% 18.62%

For the longest percentage of the time, the private network operates on a preset margin, when it is
set to a straight line with a constant value of 400 kW (28.97% of simulation time). The shortest one,
when it is set with the function between 300–600 kW (13.79% of the simulation time). For the same
margin, 400 kW, the difference between a scenario where the HPP operated from 14:00 to 19:00 and a
scenario where the HPP did not operate is about 5% of simulation time. For the margin set by the step
curve, it was maintained for 18.62% of the simulation time.

The advantage of the applied scenario may be the value of energy transmitted to the distribution
system, which in this case is much smaller. Taking into account the significant length of the line
connecting the storage and the HPP with the distribution system, lower power transferred to the
distribution system guarantees lower power losses.
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4. Discussion

In the fast-growing field of electricity storage, tests are necessary to ensure their efficient operation
and minimize the risk of failure. The development of new standards and guidelines for the energy
storage devices to be delivered to the customer is a continuous process, and documents are constantly
growing. As standard, energy storage facilities are tested according to [48]:

• IEC 61427, IEC 62133, IEC 62619;
• UL 1642, UL 1973, UL 9540A;
• IEEE 1547, IEEE P2030.3.

In particular, IEC 61427 [49] describes the exact procedure of the test, introducing the
“standard cyclic test” and defines on this basis the performance characteristics of the storage. The IEC
61427 standard [49] defines a special method for identifying the parameters of a battery that works
with a RES. The standard test protocol assumes an elevated temperature (40 ◦C) and a series of cycles
that mimic the photovoltaic system. The energy storage test procedure consists of shallow cycles at
low SoC and shallow cycles at high SoC. The test carries out 50 cycles with 30% depth of discharge
(between 5% and 35% SoC), followed by 100 cycles between 75% and 100% SoC. After 150 cycles,
the parameters are measured. The test lasts about 50 days and the total BESS test period requires 3
to 10 tests, which take 5 to 16 months to complete, despite increasing the operating temperature of
the batteries to 40 ◦C, in order to speed up degradation and thus reduce the test time. The article
proposes an alternative way to identify the BESS characteristics by using synchronous recording of
power, BESS charge level, and temperature of the batteries during normal use of the storage. This is of
particular importance at a time when there are limitations in performing tests on industrial facilities.

The article presents an algorithm of control in the active network using active power balances
to determine the value of the power of the energy storage at a given value of power exchanged
with the distribution network. The algorithm assumes that the exchange power should be constant
and its value should depend on the average power of local consumers and generation equipment.
Such an assumption, for technical reasons, has a number of advantages related to generation efficiency,
power supply reliability, and energy quality. In the case of weather-dependent uncontrollable sources
(photovoltaic sources and wind turbines) or with limited controllability (water turbines), it may be
difficult to maintain exchange capacity between the active and the distribution grid. Therefore, it is
possible to set the exchange capacity value at a level determined by a function. Such a function may
depend on the seasons or weather forecasts. Another objective function of the VPP control scenario may
be economic aspects. Then, the level of exchange power will be variable and will depend, for example,
on exchange prices or balancing market prices resulting from the economic forecasting model.

Charging and discharging characteristics were introduced into the BESS control algorithm.
The characteristics introduce limits to the power of the BESS depending on the SoC. The shape of the
characteristics results from the technology of storage of energy in the device and system limitations
introduced by the manufacturer. Typical charging characteristics of a chemical storage facility based
on lithium-ion technology are presented in Figure 1.

The course of charging (discharging) characteristics is conditioned by physical and chemical
changes inside the battery cells. Such charging characteristics are designed to ensure the safety of the
battery and maintain maximum capacity of the cell even after many cycles of operation.

Storage facilities that use other energy storage technology, e.g., supercapacitors, fuel cells,
kinetic storage units, pumped-storage power plants are characterized by different power dependence
on the degree of charge.

In this work, the simulation of power flow control in the active network for the selected scenario
was carried out using the direct-current distribution method. Such an approach is often used in the
first step for design analyses. The obtained results allow to generally determine the way of operation
of the separate system for the proposed control algorithm. Target analyses should also include reactive
power distribution. Therefore, it is justified to test the AC model. The possibility of generating reactive
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power in HPP systems and the BESS allows to regulate voltage levels in network nodes. Additionally,
the reactive power of local consumers should be compensated in order to obtain the required power
factor at the point of connection of the active network to the parent network.

In the private (local) network, the power flow control scenarios should provide for increased
generation and discharge of the energy storage in the morning peaks, while in relation to global
demand, generation and discharge of the storage should be increased in the evening peaks.

The task of the VPP operator is therefore to select and optimize the method. In the VPP control
scenarios, the best economic result is always preferred; however, this is not always related only to
energy market activities. Conducted experiments in the actual network may answer the questions to
what extent one should engage in the energy market and ancillary services.

5. Conclusions

In the article, the method of experimental determination of charging and discharging characteristics
of the BESS located in a real VPP in Poland is presented. However, the presented methodology can also
be applied to other BESS, including ESS based on other technologies. Based on the determined charging
and discharging characteristics, the BESS model was established. Such a methodology for determining
the BESS model can also be applied to the BESS located in the microgrids or in the distribution system
in general.

The article checks how, for the given scenario of power flow control, the private network will be
preserved when a storage device with real characteristics is installed in it. The analysis was performed
for the day when the maximum demand occurred (19th January).

The usefulness of the scenario on the technical market can be twofold. The first concerns the
adoption of an appropriate control strategy and selection of devices already at the stage of designing
the private network (microgrid) and the VPP, the second is related to the application of the VPP concept
to the existing infrastructure. In the first case, greater savings are possible at the investment stage,
in the second case, based on intelligent control algorithms, power flow (current) can be controlled and
reduced, which in consequence may have a positive impact on network equipment, such as electrical
equipment operating in the distribution network which when subject to current exposure, results
in aging, wear and tear and damage. The overloading of current circuits and equipment contacts
leads to excessive heating, which accelerates corrosion processes, reduces their mechanical strength,
and weakens the electrical strength of insulation. The processes of equipment insulation degradation
due to the flow of large currents are associated with changes in the physical properties of the insulation
material and chemical changes in the long term.

The considered private network consists of VPP, BESS and a generator. Using the correct power flow
scenario, it is possible to ensure optimal operation of a private network connected to the distribution grid.
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