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Abstract: Due to a rising share of renewable energy sources on the production side and electrifica-
tion of transport and heating on the consumption side, the efficient management of flexibility in
distribution networks is crucial for ensuring optimal operation and utilization of resources. Nowa-
days, the sensitivity-based approach is mainly used in medium-voltage (MV) networks for regulat-
ing voltage profiles with reactive power of distributed energy resources (DER). The main disad-
vantage of the simplified sensitivity-based method is its inaccuracy in case of a high deviation of the
network voltage from the nominal values. Furthermore, it was also noted that despite the fact that
the method is well described in the literature, there is a lack of systematic approach to its implemen-
tation in real-life applications. Thus, the main objective of this paper is to address this disadvantage
and to propose an algorithm designed to calculate required consumer flexibility in near real-time to
ensure distribution grid operation within operational criteria. In the first part of the paper, network
state, including line loading and node voltages, is assessed to determine distribution network node
capacity. By analyzing the sensitivity of network busbars to changes in consumption and produc-
tion, our algorithm effectively identifies the most efficient nodes and facilitates strategic decision-
making for resource allocation. We demonstrate the effectiveness of our approach through simula-
tions of real-world distribution network data, highlighting its ability to enhance network flexibility
and improve resource utilization. Leveraging sensitivity coefficients, the algorithm enables flexible
consumption and production management across various scenarios, supporting the transition to a

more dynamic and efficient power system.
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1. Introduction

The long-term vision of the European Union assumes a climate-neutral economy by
2050 that will require a significant reduction in emissions. The power system is facing
major changes resulting from the integration of renewable energy sources (RES), electrifi-
cation of transportation, decreasing costs of energy storage systems, increasing share of
heat pumps, and other trends involving traditionally passive consumers [1]. These
changes have strong effects on low-voltage (LV) distribution networks that were tradi-
tionally designed as passive consumer networks with assumed load flow from the supply
point (most commonly MV/LV transformer substation) to end consumers [2]. However,
the new conditions in the power system are not limited only to LV segments of the distri-
bution network but also appear at the MV and high-voltage (HV) levels [3,4].

The aim of modern power grid planners is to enable the connection of RES, large
consumers, and those that fall into both categories. Accordingly, planners will need to
upgrade networks using a traditional planning approach primarily involving reinforce-
ment of network elements (e.g., increasing line sizes, installing transformers with higher
nominal power) to operate within operational criteria such as thermal loading, voltage
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deviation, or line losses [5]. This can lead to cost escalation and underutilization of newly
installed elements since the network operates outside of the permitted operational area
only in a small amount of time. This would also mean that the network is lightly loaded
and oversized most of the time and not planned cost-efficiently.

Alternatively, the flexibility potential of electricity consumption and production can
be considered [6-9]. The transformation process of the power system brings an entirely
new role to the traditionally passive electricity consumers who now become active users
and key players in the power system. Active users or prosumers can, through their own
production sources and by adjusting their consumption using technologies such as heat
pumps, electric vehicles, and battery energy storage systems, positively influence the con-
ditions in the distribution network [10,11]. However, the uncontrolled and uncoordinated
operation of these new devices in the grid may lead to undesired operational states that
fail to comply with the planned network conditions. This may lead to issues in the opera-
tion of the power system and disruptions in electricity supply [12,13].

Increased flexibility in electricity consumption and generation provided by active us-
ers is a crucial characteristic for reliable and efficient operation of the future power system.
Furthermore, by considering flexibility, distribution planners can avoid oversizing the
network [6]. Flexibility services offer clear benefits for distribution network operators in
terms of voltage regulation and congestion management, enhancing the ability to inte-
grate DERs, heat pumps, and electric vehicles. Flexibility could also be used to force the
system to operate continuously at the optimal operating condition such as the minimal
voltage deviation or minimal power losses at given economical limitations. These services
can provide modern concepts of managing the distribution network such as coordinated
voltage regulation in addition to traditional sources like large power plants and active
users adjusting their generation or consumption [14]. Additionally, active users create op-
portunities for aggregators (flexibility operators) who offer services to various stakehold-
ers in the electric power system. The flexibility can, for example, be utilized by balancing
responsible parties (BRPs) to balance their portfolios or by the transmission system oper-
ator for system services [15].

To determine the impact of each consumer on a specific nodal voltage, a method
based on sensitivity coefficients can be used. This method identifies the consumer that has
the greatest influence on the selected nodal voltage. The classical sensitivity theory used
for calculations in HV networks for primary and secondary regulation is based on the
Jacobian matrix, which reveals the relationship between nodal voltages (amplitude and
phase angle) and the injection of active and reactive power at the node [16].

The voltage regulation method based on the matrix of sensitivity coefficients is
widely used at the MV level, where flexibility was primarily provided by solar power
plants with their reactive power injection [16-21]. Reactive power control of DERs in [17]
is formulated as an optimization problem where sensitivity analysis is used for linearizing
the system around its operating points. In DZafi¢ et al. [18] presented the sensitivity matrix
approach for modeling the interaction between the local controllers, such as load tap-
changing transformers, switchable shunt capacitors, and distributed generation, through
the distribution system. To control the node voltages regulating the reactive power ex-
changed between the network and the dispersed generators, Brenna et al. suggested a
method based on sensitivity theory, which is demonstrated in [16]. The voltage unbalance
factor sensitivity matrix is mathematically developed and analyzed with respect to varia-
tions in three-phase voltages and, consequently, 3-phase unbalanced load demand by Kim
in [19]. Wang et al. presented a fast sensitivity method for determining line loss and node
voltages in an active distribution network, based on quadratic sensitivity line loss (QSLL)
and linear sensitivity node voltages (LSNV) models [20]. To select the buses targeted for
demand response deployment and determine the approximate value of voltage reduction
or increase brought on by specific demand response, a voltage-load sensitivity matrix was
created in [21].
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Sensitivity-based methods are more and more used for voltage regulation in low-
voltage distribution networks [22,23]. To aggregate an existing distribution system into a
cluster of virtual microgrids, a new model of LV distribution systems with DERs has been
presented in [22]. The model is based on a linearized formulation of both the MV/LV sup-
plying system and the branch flow equations. Zhang et al. in [23] propose an accurate
improved sensitivity matrix calculation method for hybrid alternating current/direct cur-
rent (AC/DC) low-voltage distribution networks with a three-phase four-wire structure
that considers shunt admittance and is based on the three-phase four-wire ABCD param-
eters. The sensitivity calculation is simplified by the presented ABCD parameters of the
feeders, which consider the coupling effect between phases and the neutral line.

In recent years, a larger number of smart meters have been installed in the distribu-
tion network [24]. Advanced smart meters enable remote data collection, where 15-min
interval measurements from the previous day are transferred to the database daily, and
near real-time data transfer [25]. Consequently, smart meters can provide data that can
serve as input for the flexibility management algorithm. This includes the participation of
prosumers in voltage control and congestion management in the grid and providing flex-
ibility for system service. This requires determining the state of the distribution network
based on knowledge of line loadings and nodal voltages. Once the current network state
is known, it is possible to calculate the hosting capacity of the network or distribution
network node capacity (DNNC), which represents the maximum allowable consumption
or generation at a specific node without violating voltage or thermal limits. This calcula-
tion is particularly challenging when considering voltage limits because load changes at
a specific node affect the voltage conditions of neighboring nodes. On one hand, this
means that we need to ensure that adjustment of consumption at one node does not lead
to operational limit violations in the network. On the other hand, it implies that we can
influence the conditions at one node by adjusting consumption at neighboring nodes.

In this paper, we introduce an innovative algorithm specifically designed to calculate
consumer flexibility in real-time applications, ensuring the distribution grid operates
within operational criteria. This development represents a significant step forward in the
field, particularly in the context of the increasing integration of advanced smart meters
within the distribution network. Our research addresses two major limitations identified
in the existing literature. First, we tackle the issue of time consumption, a critical barrier
for algorithms intended for near real-time applications. The proposed solution in the pa-
per offers an efficient approach that significantly reduces computational time without
compromising accuracy. Second, we address the lack of a holistic approach in existing
methodologies, which often treat network operations in isolation rather than as a contin-
uous system. Our algorithm considers the interdependencies between the consumption
and production sides and ensures that the network operation remains within the opera-
tional criteria, marking a substantial improvement over existing solutions.

2. Basis for the Development of the DNNC Algorithm

The algorithm for management of demand and generation flexibility in power distri-
bution networks consists of several steps summarized below. The algorithm synchronizes
the role of the network operator and aggregator. DNNC algorithm runs on the side of the
network operator which invokes the need for flexibility available in the aggregator’s port-
folio. The key steps are network modeling based on geographic information system (GIS)
data, which is performed only once, data acquisition from smart meters, filtering, valida-
tion, and analysis of measurement data, as well as appropriate actions based on data anal-
ysis. If the network is operating within the operational criteria the algorithm calculates
the DNNC for every network node. This enables the utilization of system services while
taking into account the network’s operational criteria. However, if the network operating
does not satisfy the operational criteria, the necessary flexibility of demand or generation
that will ensure the network will again operate within the operational criteria is calcu-
lated. These steps are explained in more detail in the following subsections. The basic
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sensitivity theory is explained in Section 2.1. Then, in Section 3 the operation of the algo-
rithm when the network operates outside and within the operational criteria is described.

2.1. Problem Formulation and Improved Usage of Sensitivity Theory in LV Networks

Relationships between the nodal voltages and the nodal power injections are mathe-
matically represented by the following matrix expression [16]:

a1 5] (5] _1[[1] 0] [ o
o1l ~{[2e) fogy| o1 tullise1)
Ud AT
- ) ) B
a a9

where [AV] and [A9] represents the nodal voltage magnitudes and phase variations cor-
responding to the nodal active or reactive injections [AP*] and [AQ"]. Equation (2) repre-
sents the sensitivity matrix.

Equations (1) and (2) can then be rewritten in a compact form:

[aet] = [} ®

Equation (3) can be simplified considering the fact that in radial networks only the
voltage magnitude is needed to control the nodal voltages [16]. Consequently, the part
with the phase angle can be omitted.

Differences between magnitudes of nodal voltages and the voltage E, in aradial net-
work can be described with Equation (4):

Voi = Ey — Ej, 4)

where E, is the phase voltage at the LV busbar of the MV/LV transformer (where E, =
V,/V3), and E; represents the phase voltage at i-th node. In radial networks, the voltage
drop is equal to the sum of voltage differences across all connected nodes between the LV
busbar and the i-th node, which can be mathematically described with Equation (5).

Voi = Z Uap » ®)

where Uy, is the voltage drop between adjacent nodes in the radial network between the
LV busbar of the MV/LV transformer and the selected node i. The voltage magnitude at
any node is therefore a function of the active and reactive components of currents:

Uap = Rap “ lap = €0S Pap + Xap * Lap * SIN Qgp, 6)

where Ry, and X, are the resistance and reactance of the line connecting nodes a and b,
I4p is the current of that line, and cos¢,;, is the power factor. Equation (6) can now be

multiplied by Z—Z, where U, is the voltage at node b:

Rap Lap = €OS @qp - Uy + Xap * Lgp * SiN Qg - Uy =Rab'Pb + Xap - Qp

U., =
ab Ub Ub

@)
P, and Q, are now the sum of the active and reactive power of node b and all
downstream nodes with respect to node b. Brenna et al. assume that nodal voltages are
typically close to the nominal voltage of the network [16]. Equation (7) can then be sim-
plified by replacing the voltage U, with the nominal voltage Ejy:

Rab'Pb+Xab'QbzRab'Pb—}'Xab'Qb

U.. =
ab Ub EN

©)
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However, this assumption is not necessarily true for LV radial distribution networks,
as the need for flexibility arises when the maximum or minimum voltage in the network
is 10% higher or lower than the voltage at the LV busbar of the MV/LV transformer. Ad-
ditionally, the impedance of the MV/LV transformer in the LV network can not be ne-
glected. An improvement of this method and its usage is described in the following sub-
section.

By utilizing Equations (5) and (8), it can be inferred that the voltage drops between
the LV busbar of the MV/LV transformer and the selected node i depends on the sum of
active and reactive powers of all the loads and generators connected to node i in the net-
work topology. Additionally, Equations (9) and (10) define the total active and reactive
power impacting the network at node i:

APi — Pii‘n _ Piout, (9)

AQ; = Q" — @™, (10)

where the index above the variable indicates the power flowing into node i (in) and the
power flowing out of node i (out). Now, the equation (5) can be reformulated and ex-
pressed as:

—yn 9V, n 0V,
AV, = Zj:la_P]_ AP + X5, 20, AQ;, (11)
where the terms % and % represent the difference in voltage that will occur at node i
]

i
due to variations in the active and reactive power at node j. The entire system can be de-

scribed in matrix form with Equations (12) and (13):

oPy 0P, dPy,
av,
[Sp] = |5p, , (12)
ov, ovy
op, aP,
9Q1 0Q 9Qn
av,
[Sol = [0 (13)
ova o
L0Q1 0Qn

Meanwhile, the individual elements of the sensitivity matrix can be expressed as:

M Ry

(Sp)ij o T B (14)
_i_ Xy

(SQ)ij - 20, N (15)

where Rj; and Xj; are the sum of resistances and reactances of the lines according to the
network topology.

In the previous literature, the authors did not consider the effect of the MV/LV trans-
former. The MV/LV transformer impedance should be considered, which means the final
form of the individual elements of the sensitivity matrix is:

av; Rjj
()i =55 = = (5 + Re(Zra), (16)

(SQ)ij = Z_gl == (z_: + [m(ZTR))- 17)
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As described before, the term U, in Equation (8) is replaced with the term Ey, intro-
ducing an error in calculation results when the voltage difference in the network arises.
Based on experience from the distribution system operators (DSOs) the maximum or min-
imum voltage in the network can deviate for more than 10% from Ey. To minimize the
computational error, we propose an implementation of a while loop until the desired tol-
erance of results is achieved. The proposed flow chart is presented in Figure 1.

Obtain information about
observed bushar voltages in
network

v

Determine observed bushar
sensitivity coefficients

v

Calculate available or needed

Set desired busbar flexibition of consumption or
voltage point production at observed
bushar
Perform load flow calculations NO

v

Obtain information about
obzerved bushbar voltages in
network

YES
v

Mew operating points of
individual devices

Figure 1. Minimalization of the computational error.

Sensitivity Theory Use Case Example

For a better understanding, a simple example of a matrix system of sensitivity coeffi-
cients is presented below for a simple LV radial network, depicted in Figure 2. P and Q
represent active and reactive power injections in a given node indicated with the letter N.
R and X embody line resistance and reactance, respectively. MV/LV TR is a transformer,
which transforms voltage from MV level to LV level.

MV
network

MV

R4,X4

MVILV TR @ |
N4

LV

R2,X2 R3,X3

N2

< R1.X1
Z

<
2

P P2,Q2 P3,Q3

92

Figure 2. Simplified LV radial network.
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Firstly, the voltage deviation caused by individual elements in the network is repre-
sented in matrix form as:

oV, AV, avy  avy- oV, av, oV,  aVy-
OP. dP oP dP. a [7] [7] [7]
AVy av;L avz avz av;} AP a% agi agj 61?2 AQ,
av,| _on ae o om||an|  [oe se: der oa| |20, ,
M| Tlom ov ove owllap|Tlaw ow ove onf|ags| (18)
AV4 oP; 0P, 0P3 0P, AP4 Q7 0Qy 0Q3 aQ AQ4
v, av, av, av, v, v, av, av,
lop, op, op; 0P, 001 20, 00; 00]

By considering expressions (14) and (15), the matrix of sensitivity coefficients for the
active and reactive components can be rewritten as:

[Ry Ry Ry Ry

5= 2[R RitRe  RitR, R, +R,
P e\ |R, R,+R, R,+R,+Rs R, +R,
R, Ry,+R, R,+R, R +R,+R,

+ Re(Ztr) |, (19)

1 Xl Xl +X2 Xl +X2 Xl +X2

(_X1 X3 X X1 \|
[Sa] = _E\ X, X +X, Nu+X+Xs X +x, | T Mm@l (0

X, X, +X, Xi+X, Xi+X,+X,

The sensitivity coefficients obtained from expressions (19) and (20) indicate which
loads have a greater impact on the voltage change at a specific node (for the same power
change). For the first node, all sensitivity coefficients have equal values, meaning that the
power change of any load will have an equal impact on the voltage at node 1. For the
second node, it is evident that the loads at nodes 2, 3, and 4 have a greater influence on
the voltage change at node 2 compared to node 1. The voltage at node 3 will be most
affected by the power change of the load at that node, which is mathematically repre-
sented with expression (21). The same applies to node 4, where the voltage will be most
affected by the change in load power at node 4.

v, R
oP,  Ey

Vs Ry +R,

0B By 1)
Vs Ry +R,+Rs
P, En

oV, R, +R,

oP,  En

From expression (22) it is also evident that the change in load power at node 2 has an
equal influence on the voltage at nodes 3 and 4.

apP, Ex )
P, Ex

3. Flexibility and Distribution Network’s Operating Criteria

Flexibility can be primarily utilized in the operation of LV networks when the net-
work operates outside of the set or standard required operating conditions, such as mini-
mal voltage, maximal voltage, or transformer loading. The consideration of flexibility in
the planning phase is described in [6]. When flexibility is applied in the operation phase
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we follow the process described in Figure 3. The first three steps are always the same.
Then, based on the network conditions, one of the two proposed subprocesses is executed.
The subprocesses are described in more detail below.

Start

v

GIS database —)| Network modeling |

Smart meters installed in

T Data acquisition |

v

Filtering, validation, and
analysis of measurement
data

n n \‘
Execution time <1s

Are the conditions
in the distribution network
within operational

NO YES

\ 4 \ 4

Subprocess 2 Subprocess 1

Figure 3. Proposed flowchart when the flexibility is used in the operation phase.

When the conditions in the network are not within operational criteria, Subprocess 1
is executed. The detailed flowchart of Subprocess 1 is presented in Figure 4. Based on
measurement analysis, the busbar with the largest voltage deviation is identified. Then,
the row of sensitivity coefficients corresponding to that busbar is extracted from the sen-
sitivity coefficient matrix. Considering the information about devices (users) that can pro-
vide flexibility, the coefficients are sorted from the highest to the lowest. This way, the
maximum impact on voltage with the minimum power change will be achieved. Once the
necessary power change is determined, based on the coefficient, load flow calculations are
performed using the pandapower library [26]. This provides the algorithm with infor-
mation about the busbars voltages after the flexibility is provided. As described in the
previous subsection, due to the complexity of the calculation, the term U, in Equation (7)
is replaced with the term Ey, introducing a computational error that is resolved by itera-
tive calculation until the desired tolerance of results is achieved. If a single device cannot
provide sufficient flexibility, the device with the second-highest coefficient is selected, etc.
Additionally, the information about the activation of individual devices is stored, thereby
updating the availability of devices in near real-time. The result of the algorithm is the
new operating points of individual devices.

In a case when the distribution network operates within operating criteria, devices
can utilize their flexibility to provide system services for other power system stakeholders.
Subprocess 2 which is presented in Figure 5, is similar to the one described before. The
main difference is that in this case, the distribution network node capacity, i.e., maximal
nodal powers that still allow network operation within operational limits, is determined.
The algorithm selects the highest coefficient value for each busbar. Once the allowable
power change in consumption, based on the coefficient, is determined, load flow calcula-
tions are performed using the pandapower library, which, as described in the previous
subsection, eliminates computational errors that arise from the use of the simplified sen-
sitivity coefficient matrix.
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’ GIS database H

Network modeling ‘

v

Smart meters installed in
network

Data acquisition }_)analysis of measurement data
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Filtering, validation, and

busbar voltages in network

Are voltages inside
voltage margin and
tolerance?
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Is there any
available device with
flexibility?

YES

A 4

Mew operating points of
individual devices

NO-

v

A 4
Determine busbar sensitivity
coefficients

alculate necessary flexibition
of selected device

Obtain information about
busbar voltages in network

(—{Perform load flow calculations

Figure 4. Algorithm flowchart when distribution network (DN) is operating outside operating cri-

teria.

‘ GIS database H

Network modeling

v

Smart meters installed in
network

Data acquisition

Filtering, validation, and
analysis of measurement data

Obtain information about
busbar voltages in network

= flexibility
calculated for

YES

node capacity

Distribution network

” !

Obtain information about
busbar voltages in network

Determine busbar sensitivity
coefficients

T

v

Calculate available flexibition

Perform load flow calculations}(—

of consumption at bushar

Figure 5. Algorithm flowchart when DN is operating inside operating criteria.

4. Application Example

To illustrate the practical implementation of the proposed method and to evaluate its
efficiency, the analysis is demonstrated on a real LV distribution network model, which is
also used as a pilot site to test the proposed method in an actual operating LV distribution
network. A simplified scheme of the analyzed system is shown in Figure 6.



Energies 2024, 17, 1783

10 of 17

—0)— MvV TR

® MNode
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B mMvnetwork

2.5 26 6 Consumer

v

Figure 6. Single line diagram of the modeled low-voltage distribution network.

4.1. Network Data

As can be observed from Figure 6, there is one 20/0.4 kV transformer (MV/LV TR),
which is supplying the LV network and is not overloaded in the current state. There are
six photovoltaics (PVs) installed in the network (two at node 19), which can provide flex-
ibility in case of overvoltages. For demonstrational purposes, three additional battery stor-
age systems were deployed at three PV sites. One battery storage system has a capacity of
12 kWh and a peak power of 5 kW. A total of 26 consumers are connected to the network
(two consumers are connected to busses 2, 9, 12, 20, and 28). The network consists of 28
lines, which are described in detail in Appendix A in Table A1 among other network pa-
rameters.

4.2. Simulation Results

The analysis of the voltage regulation was performed according to the algorithm,
presented in Section 3. Two scenarios were simulated. In the first scenario, only the six
PVs provide needed flexibility, by setting their active power setpoints based on sensitivity
matrix coefficients. The second scenario represents the possibility of using flexibility when
DN is working inside operational criteria. Distribution network node capacities are calcu-
lated using the sensitivity theory. The operating criteria in all three scenarios are specified
so that all nodal voltages remain within the range of [1.0-1.035] p.u., while the current
must not exceed the thermal limits of network elements. The selected range of nodal volt-
ages is for the sake of a more adequate representation of the usage of the method. The
voltage set point of the external grid, which represents the MV part of the network, is set
to 1.03 p.u.
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4.2.1. First Scenario

In the first scenario, the sensitivity coefficient method is used to define new working
points for individual solar power plants. The objective was to maximize the cumulative
active power generation of all PVs while considering the existing network infrastructure
limits. In other words, this sum represents the network’s hosting capacity. Additionally,
the viability of the method was defined by two metrics:

1. Whether the network operated within operating criteria after determining the new
active power set points of individual PV.
2. The required computational time of the method.

Tables 1 and 2 present the results of the initial state of the network and the state of
the network after setting the new active power set points of the PVs. In scenario 1, the
active power set point of all consumers was set to 2 kW, while their reactive power was
set to 0 kVAr. The initial active power set point of all solar power plants was set to 20 kW.
Table 1 displays individual active power set points of PVs and the sum of all these set
points, while Table 2 presents the simulation results, combining data on transformer
power, minimum and maximum voltages in the network, and the highest value of line
current amplitudes. The index of PV in Table 1 indicates the node where the PV system is
installed. For the sensitivity coefficient method, Table 2 also includes the time it took for
the method to return the results.

Table 1. Individual active power set points of PVs and the sum of active power of PVs in kW in
scenario 1.

Ppy 19 Ppyi9  Ppy2s Ppvzs Ppyis Ppvie  IP
Initial state 20.0 20.0 20.0 20.0 20.0 20.0 120.0
Method with sens. coef. 19.0 20.0 20.0 94 0,0 12.8 8.2

Table 2. Simulation results in scenario 1.

Str/p-u. Viin /p-u. V max/p-u. I max/pP-u t/s
Initial state 0.65 1.028 1.055 0.29 /
Method with sens. coef. 0.28 1.027 1.035 0.28 1

According to the results given in Table 2, it can be observed that the operating criteria
were violated in the initial state of the network, as the maximum voltage in the network
reached 1.055 p.u. This means that some actions need to be performed in the network,
which involved reducing the active power output of the solar power plants, where we
obtained new setpoints for PVs using the sensitivity coefficients-based method.

Based on the results in Table 2, we can assert that the method was successful since
the maximum voltage is now 1.035 p.u., which means that we are at the upper limit of the
operating criteria. At the same time, this point represents the network’s hosting capacity
at the given moment. This implies that the presented configuration of active power set
points for PVs obtained with this method will ensure the maximum power generation of
the solar power plants while adhering to the set operating criteria. The time complexity of
the presented method is very low, as indicated in the last column of Table 2. This means
that this method can be applied in applications that operate near real-time.

Figure 7 shows the voltage conditions throughout the entire network in the initial
state and at the state after the PVs active power curtailment. From Figure 7 we can see that
the highest voltages occur at terminals 17, 18, and 19, where there is a significant injection
of power generated by PVs electrically far from the transformer. Without the executed
maneuver, the distribution operator would have to conventionally reinforce the network
to address these issues. Figure 7 also visually illustrates the normalization of conditions
in the network, which operates within the set operating criteria after the maneuver.
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Figure 7. Grid simulation result visualization. (a) visualizes the voltage results obtained from sim-
ulation in the initial conditions. (b) visualizes the voltage results obtained from simulation after
maneuver was performed.

4.2.2. Second Scenario

As mentioned in Section 2, providing flexibility when the power distribution network
operates within operational criteria could represent a potential for implementing system
services such as tertiary or secondary frequency control (aFRR and mFRR services). For
this purpose, the node capacity of the power distribution network is calculated. Calcula-
tions are once again computed using the sensitivity coefficients method. This method is
suitable for applications operating in near real-time. The analyzed network and opera-
tional criteria remain the same as in Section 4.2.1. The active power at all consumption
points was initially set to 2 kW, while reactive power was set to 0 kVAr.

The results are visualized in the form of a heat map in Figure 8. Since we can only
change the active power at the consumption points of the low-voltage network, only their
nodal capacities are shown. The analysis revealed that the consumer 1 in Figure 8 has the
smallest nodal connection capacity. Here, the limiting factor was the minimum allowed
voltage value. It is clearly visible from the map that nodes electrically close to the trans-
former have the same node capacity. The rated power of the transformer was set as the
limiting factor. In absolute terms, this means that in the analyzed scenario, the lowest node
connection capacity is 22 kW, while the highest value is 48 kW. Due to the algorithm’s
speed, node connection capacities could be updated in a very short time interval, enabling
the aggregator to provide system services, and ensuring that the power distribution net-
work operates within operational criteria.
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Figure 8. Calculated node capacity result visualization when power distribution network is operat-
ing inside operating criteria.

5. Conclusions

The main objective of this paper is to propose the design of the algorithm for manag-
ing the flexibility of consumption and production in distribution networks based on the
sensitivity coefficients method. Modern low-voltage distribution networks are facing sig-
nificant challenges due to the introduction of previously unknown types of loads, such as
electric vehicles or heat pumps, and the increasing share of renewable energy sources,
especially solar energy. To ensure that networks will operate within desired operational
criteria in the future, information about the hosting capacity of individual networks and
nodes is necessary. The concept of hosting capacity, considering the operational limita-
tions of the distribution network, has been used in the field of electrical engineering for
some time. However, in most cases, it is used only for the planning of distribution net-
works. The sensitivity coefficients method has been recognized as a potential method for
designing an algorithm for managing the flexibility of consumption and production
within power distribution network operations.

The functionality of such an algorithm was simulated on a real low-voltage distribu-
tion network model. To model the network and calculate power flows, an open-source
library pandapower was used, implemented in the Python 3.10 programming language.
Data from the real network model received in the form of a GIS database, were organized
and connected to the mathematical model of the network. Then the sensitivity coefficients
method was implemented in the Python programming language.

The case study presents only the PV generation management because in the demo
site aggregator can only control the generation of PV systems and battery energy systems
so that the bus voltages do not exceed the set maximum limits. The initial algorithm was
then upgraded to be able to control also the load demand and to be used for determining
DNNC as described in Section 3.

In the first scenario of the algorithm test, the network operation state was set outside
of the operational limits. The success of the method was determined by two criteria. The
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first criterion was whether the network operated within the operational criteria after set-
ting new operating points for individual PVs. The second criterion represented the time
needed to calculate the new operating points for PVs. The simulation results show that
sensitivity-based methods, by setting new operating points, ensured that the network op-
erates within the set operational criteria. The sensitivity coefficients method obtained
these points in a very short time, which is a crucial feature for implementation in applica-
tions operating in near real-time.

The second part of the test represented a scenario where the network operates within
the set operational criteria. In this part, the goal was to determine the maximum power
change at each node while still maintaining the network within the operational limits. The
sensitivity coefficients method was used for this purpose, and the result was a map show-
ing the parts of the network where a higher power change is possible.

This model is already being implemented and in the testing phase on the virtual ma-
chine inside DSO Elektro Gorenjska IT architecture. The model is sampling voltage, cur-
rent, and power injections with a 1-min resolution. An operator can set the desired net-
work maximum voltage setpoint. Based on that setpoint, needed flexibility is calculated
and sent in a standardized XML format to the aggregator who activates battery storage or
sets active power setpoint of PVs. The standard format also enables the usage of flexibility
on the demand side. Due to the low calculation time, computations using the proposed
algorithm can handle the 1-min sampling rate. Standardized XML format enables usage
of this model also after the end of the demo project. Our model is not load type sensitive
since DSO can also manually set the maximum active power change in one node based on
its evidence or experience. This approach enables DSO can combine flexibility from dif-
ferent aggregators and different load types since the model returns needed flexibility per
node and not per device. That also means that aggregators are responsible for all load
operations.

This algorithm will serve as a basis for implementing flexibility services within a
demo project in a Slovenian LV distribution network. The overall objective of this project
is the creation of a local flexibility market platform, which will enable the exploitation of
the network customer’s flexibility for distribution network operation and for the provision
of services to other power system stakeholders. This approach will result in an increase in
the network hosting capacity and asset utilization, reducing substantially the costs for
network reinforcement.
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Appendix A

Table Al. Low-voltage distribution network parameters.

Component Parameter Value Component Parameter Value
5 100 kVA R 0.443 ohm/km
MV/LV TR U 4% Line 15 @22-17 X 0.080 ohm/km
Pre L73 kw ! 0.234 km
Un 20/0.4 kV '
R 0.442 ohm/km R 0.868 ohm/km
Line 1 @3-2 X 0.079 ohm/km | Line 16 @17-18 X 0.083 ohm/km
l 0.223 km l 0.025 km
R 0.442 ohm/km R 0.868 ohm/km
Line 2 @4-3 X 0.079 ohm/km | Line 17 @17-19 X 0.083 ohm/km
l 0.055 km l 0.028 km
R 0.442 ohm/km R 0.443 ohm/km
Line 3 @4-5 X 0.079 ohm/km | Line 18 @6-20 X 0.082 ohm/km
l 0.228 km l 0.037 km
R 0.125 ohm/km R 0.443 ohm/km
Line 4 @6-4 X 0.079 ohm/km Line 19 @6-21 X 0.082 ohm/km
l 0.0.149 km l 0.046 km
R 0.443 ohm/km R 0.125 ohm/km
Line 5 @6-7 X 0.082 ohm/km | Line 20 @22-6 X 0.079 ohm/km
l 0.069 km l 0.098 km
R 0.442 ohm/km R 0.442 ohm/km
Line 6 @22-29 X 0.079 ohm/km | Line 21 @22-23 X 0.079 ohm/km
l 0.005 km l 0.043 km
R 0.443 ohm/km R 0.442 ohm/km
Line 7 @6-9 X 0.082 ohm/km | Line 22 @23-24 X 0.079 ohm/km
l 0.176 km l 0.004 km
R 3.03 ohm/km R 0.442 ohm/km
Line 8 @8-10 X 0.1 ohm/km Line 23 @24-25 X 0.079 ohm/km
l 0.032 km l 0.004 km
R 0.443 ohm/km R 0.868 ohm/km
Line 9 @6-11 X 0.082 ohm/km | Line 24 @25-26 X 0.083 ohm/km
l 0.057 km l 0.026 km
R 0.641 ohm/km R 0.443 ohm/km
Line 10 @11-12 X 0.080 ohm/km | Line 25 @22-27 X 0.082 ohm/km
l 0.059 km l 0.047 km
R 0.641 ohm/km R 0.442 ohm/km
Line 11 @12-13 X 0.083 ohm/km | Line 26 @22-28 X 0.079 ohm/km
l 0.042 km l 0.018 km
R 0.442 ohm/km R 0.442 ohm/km
Line 12 @13-14 X 0.079 ohm/km | Line 27 @22-30 X 0.079 ohm/km
l 0.032 km l 0.035 km
R 0.442 ohm/km R 0.868 ohm/km
Line 13 @14-15 X 0.079 ohm/km Line 28 @22-8 X 0.083 ohm/km
l 0.031 km l 0.049 km
R 0.442 ohm/km
Line 14 @15-16 X 0.079 ohm/km
l

0.018 km
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