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Abstract: A significant challenge for the DSO (Distribution System Operator) will be to choose the
optimum strategy for flexibility service in the LV area with high RES (renewable energy sources)
penetration. To this end, a representative LV grid operated in Poland was selected for analysis. Three
research scenarios with RES generation were presented in the range of 1-8 kW for the power factor
from 0.9 to 1. The grid PV capacity was determined for four load profiles. Based on this factor,
optimum RES volume management service types were determined. Under the flexibility service,
the proposed power conversion services and active RES operations for DSO were proposed. The
research was conducted using the Matlab and PowerWorld Simulator environment. Optimum active
power values were obtained for the RES generation function for single and dual operation systems of
the power conversion system. In future, the knowledge in the field of grid capacity will enable the
DSO to increase the operating efficiency of the LV grid. It will enable the optimum use of the RES
generation maximisation function and proper strategy selection. It will improve the energy efficiency
of the power input through the MV /LV node.

Keywords: grid feeding; energy storage; PV; flexibility service; optimisation model

1. Introduction

The European Union strategy presented in the European Green Deal aims at reducing
greenhouse gas emissions by at least 55% by 2030 [1]. The set target will be attained among
other things by installing renewable energy sources, while improving the energy efficiency.
The direction to de-carbonise the power generation sector has already been accepted by
the member states, including Poland. One of the main premises of the transformation
process is action intended to protect the planet and human health. The validity of the
assumed transformation path is confirmed by section VI of the IPCC report (AR6) [2],
which indicates that global warming of 1.5-2 deg C/F can be stopped by quick greenhouse
gas reduction.

The commonly observed mega-trend towards the development of prosumer power
generation in Poland is confirmed by the statistics in the reports presented by the President
of Energy Regulatory Office [3], who point to the significant dynamics of the year-to-year
increase in new installations. The dynamics of the increase in prosumer microinstallations
was approximately 191% in the period of 2018/2019 and approximately 202% in the
period of 2019/2020. Due to the availability of subsidies and financial support for such
projects, territorial units work with the residents to de-carbonise the urban and suburban
sections of the LV grid. The electricity supply and consumption balance for end consumers
changes locally.

At the national level, Poland’s energy policy until 2040 predicts a fivefold increase
in the number of prosumers by 2030, relative to the current condition. In addition, the
number of energy-sustainable areas will increase at the local level [4]. It is predicted that
microgrids will be formed based on separated sections of the LV grid. The power and
electrical energy settlement for end consumers will be shifted to local balance areas as the
local dispersed generation capacity increases.
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It should be noted that the photovoltaic panel technology changes at the same time.
At present, manufacturers are introducing to the market a new type of panel in bifacial
technology [5-7], with higher capacity levels (500-670 kWp) than previous types, defined
as ultra-high power modules. This will provide the prosumers with higher generation
capacities, often exceeding their momentary power requirements.

The process of power generation sector transformation through dispersed power
generation changes the operating characteristics of the LV grid [8,9], to which these sources
are connected. This phenomenon has at least two new contexts. The first context is the
technical adjustment of the LV grid and the second context is the current balancing of
the demand and the supply according to the established quality of service parameters.
The European Commission has identified the need to manage these contexts. It defined
the mitigation tool as energy grid flexibility and addressed it in art. 32 of chapter IV of
Directive 944/2019 [10]. This enabled the DSO to apply a freely selected strategy (demand
size response, storage system, etc.), depending on the context of the LV grid operation.

Considering the above-listed factors changing the existent LV grid operation, this
research was motivated by the need to develop and describe the possible strategies for
the DSO in the area. At present, the authors of the paper point to two possible technical
solutions. The first solution is centralised and consists in using power converter systems
as energy storage systems (ESS) in the grid operation system on the DSO side [11-15], as
part of the infrastructure. In this solution, there is no description of a particular location for
grid connection (beginning, middle, end of the LV grid) and the number of such systems as
ESS. These considerations are exclusively connected with a single specific test case. The
second solution is decentralised and consists in using power conversion systems with
energy storage systems at the consumer (prosumers) [16-20]. The use of dispersed ESS
systems depends on the times of response to the service of the ESS user [21] and /or the
availability of the ESS systems at the given adjustment moment [22]. At the given moment,
each ESS features different parameters: Capacity, power, ramp, rate, cycle time [23]. The
flexibility of this service is negligible, including the control/adjustment capacity on the
side of the DSO. Therefore, the authors of this paper identified the research problem in the
form of the selection of the strategy for the LB grid based on a measurable factor. The grid
PV capacity indicator was selected [24-26] for the LV grid operating in Poland. The power
flow throughput limits of the LV grid were the subject of this research and the resulting
evaluation, positive or negative, is a proposal for strategy development by the DSO.

2. Materials and Methods
2.1. Research Problem

The basic assumption of the research is the absorption of the maximum output of
electrical energy generation of all PV sources in the LV grid, without applying restrictions
to micro-producers. The role of the DSO is to use the available grid flexibility utilities to:

1.  Maintain the voltage value at the individual connection points (0.9+1.1)-U,, as per
EN 50160 [27,28].

2. Reduce the impact of the energy flow towards the LV grid [8,29-31].

3. Reduce the ML/LV transformer overload during PV generation [11,30-32].

The authors of the paper assumed the research hypothesis that flexibility service rating
exists, connected with the prosumer and generation load profile. The rating was built on
the basis of the cost index [33,34] (unit power price of the converter system, number of ESS
in relation to the existing PV inverters) and effective grid regulation. The obtained results
are presented in Section 4. The ultimate purpose was to provide the DSO with a proposal
including effective service flexibility strategies in accordance with the process presented in
Figure 1.
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tasks that the DSO would perform in the future [10].

2.2. Research Object

Figure 1. Launch the grid LV flexibility service.

The light beige colour was used to mark the tasks that the DSO currently performed
in the distribution service provision process. The dark brown colour was used to mark the

The DSO infrastructure of the LV grid selected for research purposes was typical of
suburban areas of agglomerations, to which new dispersed energy sources were connected
systematically. The LV grid is radial and overhead, with two feeders (F1 and F2). The bus
is made using a wire with a section of 70 mm?; this results directly from the DSO standard
in Poland [35]. The LV grid diagram is presented in Figure 2. The LV grid is connected
with 23 consumer/prosumers with the connection power of 11 kW. Figure 2 shows the
distances of the individual sections of the F1 and F2 bus (unit: Meter, e.g., —45—between
the power poles Nr 51-1 and Nr S1-2).
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Figure 2. Diagram of the research LV grid.

The technical specifications of the analysed grid were specified in Tables 1-3. The
technical specifications were extracted from the LV line design and supplemented with
catalogue specifications.

Table 1. Technical specifications of the overhead line [36].

AsXSn LV 50 mm? 70 mm?

R [Q)/km] 0.641 0.443

X [Q2/km] 0.085 0.083
SAXKA MV 50 mm?

R [Q)/km] 0.641 -

X [Q2/km] 0.144 -

Table 2. Technical specifications of the transformer.

Power Rate 63 kVA
Voltage rate MV /LV 15.75/0.4 kV
Winding configuration Dyn5
No load loss 0.81 kW
Load loss 1.2 kW
Impedance 4.5%

Table 3. Distances between the MV/LV transformer and the connection points (only data per
consumer /connection point).

Connector Number Feeder1 Feeder 2
[km] (Name) [km] (Name)
1 0.066 (1.01) 0.077 (2.01)
2 0.068 (1.02) 0.120 (2.02)
3 0.10 (1.03) 0.174 (2.03)
4 0.150 (1.04) 0.18 (2.04)
5 0.155 (1.05) 0.509 (2.05)
6 0.160 (1.06) 0.592 (2.06)
7 0.247 (1.07) 0.599 (2.07)
8 0.257 (1.08) 0.604 (2.08)
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Table 3. Cont.

Connector Number Feeder1 Feeder2
[km] (Name) [km] (Name)
9 0.261 (1.09) 0.716 (2.09)
10 0.262 (1.10) 0.768 (2.10)
11 0.354 (1.11) -
12 0.402 (1.12) -
13 0.453 (1.13) -

The total length of LV line for feeder 1 = 0.427 km, for feeder 2 = 0.732 km.

2.3. Boundary Conditions for Simulations

Research works were conducted based on specifications of the actual LV grid in
Central Poland (Tables 1-3). To this end, the Matlab environment was used, integrated
through dedicated scripts with the PowerWorld Simulator environment (Figure 3). Power
distribution for the given condition, for each connection point, was calculated in accordance
with the following formula (Equations (1) and (2)) [22,37].

N

Pi(Vi, Vj, 0k, 0;) = Y|Vl [Vi|(Gyj cos(64;) + By;sin(6kj)) ¢))
=
N

Qi (Vi Vj, 6k, 6;) = Y | Vil |V;|(Gy; sin(64;) — By cos(6y;)) )
j=1

where:

Pr—active power at bus k;

Qy—reactive power at bus k;

Viy—Voltage magnitude at bus k;

V;i—Voltage magnitude at bus j;

Gr—Mutual conductance between buses k and j;

Byj—Mutual susceptance between buses k and j;

6i—Voltage angle difference between buses k and j;

One of the most important components for the development of proper evaluation of
LV grid operation with a large number of PV generators is proper selection of the P; load
model by the consumer/prosumers. The consumer profiles used in simulation are selected
to include the broadest possible range of cases possible under the given conditions, the
most extreme for the LV grid operation [38]. In addition, P; has a direct impact on the
LV grid operation, balancing or not the current/present generation profile—Pg.. The four
selected profiles P; are presented in Table 4.

Table 4. Load profiles used in power distribution simulations.

1. Simultaneity factor for peak power demand in accordance

with the Polish standard
SEP-E-002, Figure 4a

2. Right skewed
Figure 4c,e

distribution exponential function f(x) = a

3. Left skewed
Figure 4d,f

distribution exponential function f(x) = x

Profile P; Name Feeder 1 Feeder 2
SF 3.27 kW 3.78 kW
RS n=13 n=10
. Y, P =4251kW Y, P =378kW
n n
LS n=13 n=10
. Y, P =4251kW Y, P =378kW
n n
RD <0.5-2.5> kW <0.5-2.5> kW

4. Random data, Figure 4b
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Figure 3. Section of the LV grid (Figure 1) implemented in the PowerWorld environment.

The generation PV profiles Py, for Central Poland are the production hours from 9 am
to 6 pm within prosumer load demand Pj, in the same time [39]. The value P; on the side
of prosumers is different for period: (A) Saturday-Sunday/holiday, (B) Monday-Friday.
Generally, P; in the LV grid is stochastic. Therefore, an attempt was made to define the
boundary conditions so that they contain the largest number of solutions corresponding
to the real P; profile. The first three profiles—SF, RS, LS—correspond to period A. With
this end in view, defined load with a constant value (SF) was calculated in accordance with
the standard SEP-E-002 (power connection 11 kW). The other two profiles, RS and LS, are
unequal loads. There are differences at the beginning and end of the circuit F1 and F2.
This has been described mathematically (Table 4). The fourth profile (Table 4.4) is typical
loads for period B, where the profile is developed based on small household appliances
(refrigerator) and electronics in stand-by mode.
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L L L L L L '

4 6 8 10 12 14
Connector number
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Figure 4. Cont.
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Figure 4. Distribution of load profiles: (a) SR; (b) RS; (c) LS F1; (d) RD F1; (e) LS F2; (f) RD F2.

The apparent power distribution in the LV grid for each of the described profiles P;
were simulated for Pg. in the range of 1 kW to 8 kW and tracking of 0.25 kW. Since the LV
grid, despite the high R/X ratio [37], does not operate in pure resistance mode (PV power
electronic system operation) [40], PV generation is simulated for the power factor (p.f.)
from 0.9 to 1. The encountered voltage asymmetry in the LV grid was eliminated by the
four-wire power conversion system, controlled independently for each phase [41,42]. In
the research, this fact was omitted as negligible; phases F1 and F2 can be considered as
technically separate and controlled independently.

2.4. Scenarios

The boundary conditions described in the previous section as components of data
input for the research were framed in three research scenarios. In addition, the operating
system of the LV grid (Figure 1) is supplemented with ESS operating in the grid feeding
mode [43] (Figure 5).

The operation of the LV grid with ESS was controlled by the inputs P (active power)
and Q (reactive power) of the power converter system (Figure 5) to achieve the objectives
described in Section 2.1 (Numbers 1-3).
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)
00—

Q | - Controller ‘

Figure 5. Control system—Grid Feeding.

The first research scenario is the evaluation of the grid PV capacity for LV, the “AS
IS” condition analysis. The input data values Py. and P; were searched for the LV grid,
where the voltage requirement of 1.1 Un is not met. In addition, power flows towards MV
through the transformer were checked.

The second research scenario was implemented using ESS in the operation system,
Figure 6a. The analysis covered the LV grid and its operating characteristics with the
boundary conditions described in Section 2.3 to define the values of P and Q for ESS.
Location at one point of the grid—the MV /LV station (Figure 6a).

Part of the MV grid Part of the MV grid
MV -15.75kV MV - 15.75 kV
K i—phase 3-wire 3-phase 3-wire
LV-0.4kV LV-04kV
7y 3-phase 4-wire 3-phase 4-wire
| I Feeder 2 Feeder 1
Feeder 2 Feeder 1 | A A |
S1 o’ S2 S1
L_HQ'IT £ = =
Tﬁﬂﬁ Eﬂﬁ
(a) (b)

Figure 6. Scenario with grid feeding as: (a) 1-ESS; (b) 2-ESS.

The third research scenario was implemented using two ESS systems: S1 and S2
in the operation system, Figure 6b. The analysis covered the LV grid and its operating
characteristics with the boundary conditions described in Section 2.3 to define the values
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of P1, P2 and Q1, Q2 for 51 and S2 (Figure 6b). The location of the ESS in the depth of the
LV grid is based on the data of scenario no. 1.

3. Results

By iterative power flow analysis in the dedicated LV grid, within the scope of three
scenarios and four load profiles, the answer was obtained in the field of grid PV capacity.
Developed results presented in Table 5. Based on them, a non-linear function was devel-
oped, described in three dimensions f(x, y, z) where: x—distance from the MV /LV station
(distance); y—values of PV current generation (Pg.); z—voltage at the given node (U p.u..).
It should be emphasized that the results in Table 5 are the maximum values of PV power
generation for which the Un = 1.1 condition is met for each node in the LV grid.

Table 5. Capacity Grid for four load profiles.

Capacity Grid SF RS LS RD

Feeder 1, cosf(¢) = 1.00 for PV <8 kW <8 kW <8 kW 7.5 kW

Feeder 2, cosf(¢) = 1.00 for PV

Feeder 1, cosf(¢) = 0.95 for PV

Feeder 2, cosf(¢) = 0.95 for PV

Feeder 1, cosf(¢) = 0.90 for PV

Feeder 2, cosf(¢) = 0.90 for PV
The values presented in Table 5 are the starting point for the regulation of power converter systems (power
tracking) in accordance with the diagram in Figure 5. The obtained grid PV capacity results will also be the basis
for the evaluation of the strategy selection on the DSO side. Green: Grid PV capacity values that do not require
adjustment for a given load profile; red: Those cases of LV network operation that require a response from the
DSO; yellow: Result values are shown for little regulation adjustment.

Analytical research was carried out in two ways. The first track of works was carried
out in the field of searching for a grid PV capacity for one value of the maximum RES
generation capacity per every node. The second course was carried out by the optimal grid
PV capacity values for all nodes (different values of RES per node). Below is a mathematical
model for the second track.

The purpose of the research is to maximise RES generation. Therefore, the objec-
tive function is grid PV capacity measured by the maximum generation value of P at
cos(@) = const., for which the voltage requirements for the electrical energy supply are
met. For the purposes of optimisation of the objective function f(x, y, z), the equations of
Karush-Kuhn-Tucker [44,45] for non-linear programming algorithms were used, following
the formulae (Equations (3)—(6)) [46]:

max

x € R" = f(x) (3)
L(x,u,0) = f(x) + iyigxx) n fith(x), @
i= j=
VR4 Y Vi) + Y AV (x) =0, )
i=1 j=1

Qi(x) <0, fori=1,...,m
hi =0, forj=1,...,r (6)
uigi(x) =0, fori=1,....,m.
The objective function has two limits: g;—in the RES power range (Pq); h;—in the 1.1
p.U. value range for each node (U per unit).

3.1. The First Scenario

The first scenario is dedicated to the evaluation of grid PV capacity without flexibility
service. It clearly indicates the limits, at which the given feeder (F1 and F2) achieves the
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maximum operating values. In addition, Figure 6 presents the results of optimisation of
RES operation. However, Figure 5 presents the operation profile of the MV /LV transformer
in this type of grid.

3.1.1. Grid PV Capacity

In Table 5, the max Py, values obtained for each P; profile were listed. At the same
time, reactive power from the RES side was input at connection points.

3.1.2. Optimisation of the Non-Linear Function

In Figure 7, only for P; = SR (limited due to the number of possible diagrams), optimum
RES generation values were presented for each connection point as a function of the
distance. These are the optimum values of grid PV capacity per node. The analysis points
to the limits for the individual feeders and individual nodes. This points to the potential
ESS connection point in the depth of the grid, the minimum value of the function in the
given distance range.

3.1.3. Operation Balance for the MV /LV Transformer

For the load profile of P; = SR, as in the previous sub-section, power inputs through
the MV/LV station were determined as a function of RES generation increase. Figure 8
shows how the power input from the MV grid to the LV grid changes the vector to LV to
MV. The process is completed regardless of the type of load profile and p.f., in connection
with the increase of the RES generation value (Pg).

12 - 12 e Optimal Data
e Optimal Data Fit curve
11.5 Fit curve
= 11}
— 11 2
2 =2
=~ —_
% 10.5 g 10
g 10 §4
8‘ 80 9|
0 o
g 95
9t 8L
8.5 : - - . ) 0 0.2 0.4 0.6 0.8
0 0.1 0.2 0.3 0.4 0.5 Distance [km]
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8.5 ¢
gl e Optimal Data e Optimal Data
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z z 75)
i 751 §
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Figure 7. Cont.
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Figure 7. Optimisation results for SR: (a) F1, p.f. =1; (b) F2, p.f. =1; (c) F1, p.f. = 0.95; (d) Figure 2. p.f. =0.95; (e) F1, p.f. =

0.9; () F2, p.£. = 0.9.

100 : T T T T T T
Rated transformer power A+
Rated transformer power A-
50 - Permitted to exceed 30% A+ |
Permitted to exceed 30% A-

-100

Transformer apparent power [kVA]

2150 L s . . \ \ . . .

P, kW]
Figure 8. Operation profile of the MV/LV transformer as a function of RES generation increase (Pgc).

Therefore, the selection of transformer power at high RES penetration is important.
Nominal service operation with PV requires re-selection of the transformer power or in
addition requires the use of flexibility service.

3.1.4. Reactive Power during PV Generation

The requirements for PV inverters on the side of the DSO are p.f. = 1. Due to the
quality of the power electronic systems used by the prosumers, deviations from this value
exist. Notwithstanding, this type of operation in case of small P; power values does not
serve its purpose in terms of grid PV capacity (Table 5).

The second method is active collaboration with the prosumers for reactive power
consumption from the LV grid. Reactive power could be managed by PV inverters in the
p-f. range of 0.9-1. This will reduce the RES production, but at the same time it will enable
the prosumer to provide service to the DSO. Below is presented the most demanding case:
P;=RD and p.f. = 0.9, the results of the described prosumer service. Figure 9 features the
RMS value of the nodal voltage for the two feeders—blue, while red states restriction level
for node 1.1 Un.
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Figure 9. The voltage value distribution at connection points, with reactive power consumption by RES: (a) RD, p.f. = 0.9
for F1; (b) RD, p.f. = 0.9 for F2.
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The conducted research proved that in this case, regardless of the load profile, and for
RES generation in the range of (1 : 8) kW, there is no voltage excess at node points. This is
the most effective method; however, it depends on a third party.

3.2. The Second Scenario

The second scenario is dedicated to the evaluation of the required capacity of the
power conversion system for voltage condition adjustment at nodes. The operation system
is presented in Figure 6a. The volume of data collected for S1 at the given P; depends on
the grid PV capacity (Table 5). Figures 10-12 present the active power values P for 51, with
identification of the function S1 = f(Py).

Figure 10. S1, p.f. = 1: (a) All figures for 51; (b) SR; (c) LS; (d) RD.
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In accordance with the obtained results (Table 5), only three load profiles are subject
to power input adjustment. Adjusted R-square (R?) for SR =1 (small data volume), R? for
LS = 0.9997, R? for RD = 0.999.

In accordance with the obtained results (Table 5), four load profiles are subject to
power input adjustment. R? for SR = 0.9993, R? for PS = 1, R? for LS = 0.9998, R? for
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Figure 11. S1, p.f. = 0.95: (a) All figures for S1; (b) SR; (c) PS; (d) LS; (e) RD.
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Figure 12. S1, p.f. = 0.9: (a) All figures for S1; (b) SR; (c) PS; (d) LS; (e) RD.

In accordance with the obtained results (Table 5), four load profiles are subject to
power input adjustment. R? for SR = 0.998, R? for PS = 0.9996, R? for LS = 0.9997, R? for
RD = 0.9997. The application of only S1 for operation adjustment only is to maintain the
voltage conditions with active power from 2.5 kW to 201.5 kW.

3.3. The Third Scenario

The third scenario is dedicated to the evaluation of the required capacity for two
power conversion systems for voltage condition adjustment at nodes, independent of F1
and F2. The operation system is presented in Figure 6b. Two ESS systems: 51 and 52 are
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connected in the depth of the LV grid. For F1, it is the node No. 52_10_2 (Figure 2); for F2
it is the node No. S1_7 (Figure 2). The volume of data collected for S1 at the given load
profile depends on the grid PV capacity (Table 5). Due to the collected data volume, the
results are presented in tables (Tables 6-8).

Table 6. Results for S1 and S2, p.f. = 1.

Load Profile/Pgc (kW) 575 6.0 625 65 675 70 725 75 775 8.0
SR

S1 (kW) - - - - - - - - 0 0

S2 (kW) - - - - - - - - 05 25
LS

S1 (kW) - - - - - 0 0 0 0 0

S2 (kW) - - - - - 15 40 60 85 110
RD

S1 (kW) 0 0 0 0 0 0 0 0 0 20

S2 (kW) 15 40 60 80 100 125 145 165 190 21.0

R? for SR S2 = 1 (small data volume), R? for LS S2 = 0.9982; R? for RD S1 = 0.9997; RD S2 = 0.9994. On average,
approximately 40% smaller active power is required to control the LV grid if two, not one, ESS systems are used.
In extreme cases (Pgc = 8 kW), even approximately 90% smaller.

Table 7. Results for S1 and S2, p.f. = 0.95.

Load Profile/Pgc (kW) 575 6.0 625 65 675 70 725 75 775 8.0
SR

S1 (kW) -0 0 05 30 50 75 100 120 145

S2 (kW) - 25 55 70 95 120 135 155 180 200
515 (W) 0 0 05 35 60 85
52 (W) T T T 10 40 65 85 110 130
LS

S1 (kW) 0 20 45 70 90 115 140 165 185 21

S2 (kW) 65 90 110 130 150 175 195 215 235 255
RD

S1 (kW) 35 55 80 105 130 155 175 200 225 245

S2 (kW) 155 180 195 215 235 255 27.5 300 320 340

R? for SR S1 = 0.9991, S2 = 0.9967; R? for LS S1 = 0.9995, S2= 0.9994; R? for PS S1 = 0.9968, S2 = 0.9762; R? for RD
S1 =0.9995, RD S2 = 0.9972.

Table 8. Results for S1 and S2, p.f. =0.9.

Load Profile/Pgc (kW) 575 6.0 625 65 675 70 725 75 775 8.0
SR

S1 (kW) 1.5 3.5 6.0 85 105 135 16.0 185 205 23.0

S2 (kW) 6.0 85 100 125 145 165 185 205 230 250
RS

S1 (kW) - 0.0 1.0 35 6.0 9.0 115 145 175 205

S2 (kW) - 1.5 4.0 6.0 80 105 125 145 170 195
LS

S1 (kW) 7.0 95 115 140 165 190 215 240 260 285

S2 (kW) 11.5 135 155 175 195 220 240 260 28.0 305
RD

S1 (kW) 100 125 150 175 200 220 245 275 300 335

S2 (kW) 190 215 235 255 275 300 315 330 360 375

R? for SR S1 = 0.9989, S2 = 0.986; R? for LS S1 = 0.9994, S2= 0.9988; R for PS S1 = 0.9986, S2 = 0.9989; R? for RD
S1 =0.9985, RD S2 = 0.9985.
4. Discussion

The collected simulation data clearly indicate that the consumer load profile with
simultaneous RES generation has a direct impact on the grid PV capacity (Table 5). Based
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on the completed mathematical power flow simulation in the LV grid, in different research
scenarios, it should be ascertained that the control (maintenance of the voltage value of
1.1 Un) and efficient balance optimisation (Figure 5) of the grid are possible. The research
indicates that there is no single method of flexibility service. Proper selection of the method
depends on the effective grid regulation and profitability (capex and/or opex) and the day
of the week (confirmed hypothesis—Section 2.1). These above-mentioned items will build
a method rating for a given area of the grid.

Table 9 lists flexibility service proposals according to the load profile type (Table 4).
It also represents a method rating using a colour and mark (+, —, +/—). Green is used to
mark the types of service that provides technical efficiency at the lowest cost per service.
Yellow is used to mark the services that do not provide the full range of LV grid adjustment
and/or that may have a high cost per service. Red is used to mark the services that do not
provide LV grid adjustment and/or are too expensive [47,48].

Table 9. Proposed flexibility service rating.

Type of Flexibility Service SF RS
PV inverter
Inverter parameters
+ +
power factor =1,
Additional requirements in Networks Codes DSO.
PV inverter
. . + +
Reactive power consumption,
One ESS system +— +
central installation, connected with main bus
Two ESS systems + +
Storage systems installed in the depth of the grid
DSR
. . . . . +— + +
signals calling for an increase in power consumption
Hybrid
+/— +— + +

bundling services

In addition, the research indicates a quasi-linear (laboratory confirmation required)
relationship between the P and jQ of RES generation, and the P and jQ of the power conver-
sion system S1 and/or S2. There is an error connected with non-linearity, measured by the
indicator of function alignment with measurement data, adjusted R-square statistic, which
is close to 1 (descriptions under Tables 6-8). The error results only from the precision of ESS
control by power increase in 0.25 kW increments [49]. The simplest and cheapest service
method is the maintenance of the p.f. close to 1 by RES or reactive power consumption
by the inverter [50,51]. The developed results (data) will be used in the future to build
machine learning for the purposes of power and voltage regulation in the LV grid [52-54].

5. Conclusions

There is still need for research works on bridging the gap between power generation
based on end consumer supplied from central generation units and power generation based
on local RES. The assumed research hypothesis (section research problem) was confirmed
by the results obtained in dedicated scenarios (Tables 5-8, Figures 7-12). The basic task of
the future DSO is to prepare the bus LV grid—the minimum section of 70 mm?2—for the
mega-process that is RES growth in the grid. In addition, the accumulation of knowledge
of the load profile and generation is necessary for the development of grid PV capacity, as
well as future strategies of dedicated services.

Proper selection of the MV /LV transformer with ESS remains an extremely important
issue. Even constant PV generation at the level of 3.5 kW in the investigated LV grid
resulted in the change of the power flow direction. The services proposed in Table 9
directly contribute to the transformer load balance, but full coverage of the power flow
towards MV will only be possible in connection with ESS.
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