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ARTICLE INFO ABSTRACT
Keywords: The increasing penetration of Renewable Energy Sources (RES) in distribution networks has led traditional
Renewable integration voltage regulation to their boundaries. In order to develop advanced techniques for voltage control in this new

Transmission system operator (TSO)-
Distribution system operator (DSO)
coordination

context, an adequate and real-time coordination and communication between Transmission System Operators
(TSOs) and Distribution System Operators (DSOs) is needed. In this paper, a decentralized TSO-DSO coordination
Voltage control approach for scheduling and deploying optimal reactive power exchanges in the DSO’s boundary for improved
Reactive power management voltage control in the TSO’s networks is proposed. The proposed approach is implemented via a standardized
Business use case (BUC) standardization Business Use Case (BUC). The interoperability between the TSO, the DSO, and other stakeholders is solved by
designing and developing the BUC within the framework of the International Electrotechnical Commission (IEC)
Common Information Model (CIM) family of standards IEC61970, IEC61968, and IEC62325. In view of the lack
of pilot tests in the field, the proposed standardized BUC is demonstrated on real-world Slovenian TSO’s and
DSO’s networks. The simulation experiments presented in this paper are twofold. On one hand, the proposed
data exchange mechanism based on the standardized BUC demonstrates the feasibility of successfully exchanging
data between the TSO, the DSO, and other stakeholders, such as the Significant Grid Users (SGUs) and Meter
Operators, as a CIM Common Grid Model Exchange Standard (CGMES) format. On the other hand, the capability
of the proposed decentralized TSO-DSO coordination approach to regulate the High Voltage (HV) by managing
the reactive power injected by different RES, such as capacitor banks and different Distributed Generators (DGs),
viz. hydropower, Photovoltaic (PV), and thermal (co-generation) units, is validated via sensitivity and robustness
analyses for different network topologies, DGs’ operating scenarios, and capacitor banks’ sizes and locations. The
simulation results show that the proposed approach can manage DGs toward contributing additional (positive or
negative) reactive power to reduce the voltage deviations in the grid, improve the power quality at the DSO’s
boundary by reducing the flow of reactive power from the TSO’s to the DSO’s networks and vice versa, and keep
the HV voltage within safe values. Unfortunately, this is not the case for the capacitor banks, where the capability
of the proposed approach to manage their injected reactive power to regulate the HV voltage is highly dependent
on their sizes and location, being necessary to be studied on a case-by-case basis.

1. Introduction Changer (OLTC), Switched capacitors (SC), and Step Voltage Regulators
(SVR) have been used for voltage regulation purposes [5]. Nevertheless,

Voltage control in smart grids is crucial toward ensuring the proper the integration of Renewable Energy Sources (RES) to electricity dis-
operation of electrical power equipment reducing transmission losses tribution networks has led these methods to their boundaries. In
and increasing the system’s reliability [1-4]. Traditionally, On Load Tap particular, the voltage variation of Distributed Generators (DGs) is so
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rapid that traditional devices cannot take the correction action at that
pace, causing unpredictable voltage rises in the grid [6]. Several ap-
proaches have been proposed in the literature to regulate voltage in this
new scenario [4-8], being the ones based on reactive power manage-
ment among the most popular ones because of their scalability, effi-
ciency, flexibility, and reliability [9].

Different topologies, viz. local, global, and decentralized ones, can be
used to perform reactive power management for voltage purposes [6]. In
the local architecture, decisions are based only on local data, ignoring
the state of the system, avoiding the need for a complex communication
system. Although being simple, the local architecture usually lacks ac-
curate results. The global architecture, on its part, can achieve better
results than the local one at the expense of an extensive communication
system. The decentralized architecture intends to overcome the tech-
nical issues of the local and global ones. In this approach, each system
operator, namely the Transmission System Operator (TSO) and the
Distribution System Operator (DSO), is responsible for integrating the
RES in its own network, while collaborating in a more common market
[10,11]. In this way, more efficient facilitation of RES services is
allowed, while having fewer communication requirements. Unfortu-
nately, although promising results exist, the industry still exhibits innate
inertia to invest in innovative solutions, such as the decentralized one,
that has a different philosophy. In this line, researchers agree that there
is a great need for more pilot sites and largescale tests in this area [8].

In this paper, a decentralized control approach for scheduling and
deploying optimal reactive power exchanges in primary substations for
improved voltage control in the TSO’s networks is proposed. In order to
do so, it is crucial to ensure adequate and real-time coordination and
communication between the TSO and the DSO. On one hand, the TSO
should be provided with updated information about the distribution grid
state, whereas the DSO needs information to predict such state and make
operational plans toward achieving an effective voltage regulation on
both sides [12-20]. On the other hand, the amount and type of the
needed information to be exchanged should also be determined to avoid
impacting the DSO’s voltage level when the TSO performs reactive
power management actions. In this scenario, several interoperability
challenges arise, being crucial to provide a TSO-DSO coordination
framework capable of understanding the content and the structure of the
data that is necessary to be exchanged to regulate the TSO’s voltage via
the RES management at the DSO’s boundary [21-23].

In order to solve the interoperability issues between the TSO, the
DSO, and other stakeholders, a Common Information Model (CIM) based
approach is proposed in this paper. CIM is a widely accepted concept for
interoperability and integration in modern power systems, allowing to
support object-oriented programming concepts and represent power
system components, toward addressing infrastructure, management,
and operation issues [22,24]. In particular, a Business Use Case (BUC)
approach based on the Smart Grid Architecture Model (SGAM) concept
[15] is used to implement the decentralized TSO-DSO coordination
approach. The proposed standardized BUC is designed based on the
categorization of International Electrotechnical Commission (IEC) SyC
Smart Energy 62,559-2 Edition 1 [25] and developed within the
framework of the IEC CIM family of standards IEC61970, IEC61968, and
IEC62325 [22,24].

Researchers in the field agree that there is a lack of pilot and
benchmark tests in the area of TSO-DSO coordination [26]. In order to
bridge this gap, the proposed BUC is demonstrated on a real-world
Slovenian network model. The demonstration presented in this paper
is twofold. On one hand, data is exchanged as a CIM Common Grid
Model Exchange Standard (CGMES) format between two real Slovenian
TSO’s and DSO’s networks to validate the proposed data exchange
mechanism based on the BUC. On the other hand, the capability of the
proposed decentralized TSO-DSO coordination approach implemented
via the standardized BUC to manage the reactive power injected by the
RES distributed within the boundaries of the DSO for regulating the
voltage at the TSO’s side is evaluated. In particular, sensitivity and
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robustness analyses are conducted by testing the proposed approach
within the context of different reactive power injection scenarios,
including capacitor banks and different types of DGs, such as hydro-
power, Photovoltaics (PV), and thermal (co-generation) units, for
different network topologies, DGs’ operating scenarios, and capacitor
banks’ sizes and locations. The simulation results on a TSO and DSO of
the Slovenian Gorenjska region show that the proposed data format
based on the CIM CGMES standards allows to exchange data successfully
between the TSO, the DSO, and other stakeholders, such as the Signifi-
cant Grid Users (SGUs) and Meter Operators, enabling reactive power
management at the DSO’s boundary for the sake of voltage regulation at
the TSO’s level. In particular, within the proposed TSO-DSO coordina-
tion framework, it has been demonstrated that DGs can be managed
toward contributing additional (positive or negative) reactive power to
reduce the voltage deviations in the grid, improve the power quality at
the DSO’s boundary by reducing the flow of reactive power from the
TSO’s to the DSO’s networks and vice versa, and keep the High Voltage
(HV) within safe values. Unfortunately, this is not the case for the
capacitor banks, where the capability of the proposed approach to
manage their injected reactive power to regulate the HV voltage is
highly dependent on their sizes and location, being necessary to be
studied on a case-by-case basis.

2. State of the art

The increasing amount of DG units connected to the distribution
networks has brought new challenges in terms of voltage control,
leading traditional methods to their limits [6,8]. Authors in [27] have
shown that, within the context of a high RES penetration, voltage rise is
dependent on two main factors, namely voltage unbalance and reverse
Power Flow (PF). In this way, compensating one or another should
support voltage regulation. In [27], the voltage unbalance is canceled by
negative-sequence current injection to reduce the maximum line-to-line
voltage. Results in [27] confirm that the proposed strategy, which pri-
oritizes the voltage unbalance compensation, can solve the voltage rise
problem while improving the power quality by balancing the Point of
Common Coupling (PCC) voltage. In [28], an Energy Storage Unit (ESU)
is proposed to reduce voltage unbalance. Results in [28] show that the
ESU acts as an energy conditioning device to absorb excess power from
the network that is integrated by the RES while being capable of
delivering power to the network when there is an increase in demand.

In general, the approaches based on mitigating voltage unbalance
rather than managing reactive power to regulate voltage tend to be
complex and they often need to be coupled with other control tech-
niques to achieve good results [6]. In [29], both techniques, namely
voltage unbalance mitigation as well as reactive power management, are
combined in a novel voltage control strategy. In particular, voltage is
regulated by increasing the Positive Sequence (PS) voltage and
decreasing the Negative Sequence (NS) voltage as well as injecting a
certain amount of reactive power to restore the PCC voltage. Results in
[29] show that the proposed approach allows supporting the grid
voltage, preventing overvoltage in the DC-link and inverter overcurrent.
In [6], different reactive power control topologies have been used for
voltage regulation in a grid-connected PV system. Results in [6] suggest
that, although during peak hours real power generation and voltage rise
at PCC are maximum, the ability of inverters to provide the required
reactive power is diminished due to the apparent power capability of the
inverter. In this context, a cost-effective and simple solution is to add
other sources of reactive power along with PV inverters during peak
times. In [30], a trust-region framework for coordinating the reactive
power output of wind generators and other reactive controllers for
voltage regulation is proposed. Results in [30] show that proper coor-
dination of reactive power improves the loadability margin, avoiding
the need to operate the wind generators at their maximum reactive
limits for voltage stability purposes.

The need for coordinating TSO and DSO for voltage control in smart
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grids has largely been recognized in the literature [6]. In [31], a
TSO-DSO coordination approach within a service-oriented flexibility
market is proposed for voltage regulation at the edge of the transmission
system. Results of the Greek case study conducted in [31] show that the
proposed TSO-DSO coordination can create financially viable solutions
for TSO to leverage flexibility from distribution grids in order to alle-
viate over-voltages caused by Ferranti. In [32], a novel market-based
TSO-DSO coordination scheme, compatible with existing TSO’s
balancing market operation, is proposed for voltage regulation during
peak demand periods. In particular, although in [32] the DSO is given
priority in using Distributed Energy Resources (DERs) to solve distri-
bution network constraints, there is still significant flexibility for the
TSO even during periods of peak demand and maximum export. Results
of the case studies conducted in [32], demonstrated on a section of a
Great Britain distribution network using high DER growth scenario data
for the year 2030, show that the proposed approach is able to maintain
thermal and voltage limits during periods of peak demand and DER
output.

Despite the recent advances in Information and Communication
Technology (ICT), the envision and design of decentralized TSO-DSO
coordination infrastructures for large-scale implementation to regulate
the voltage at the TSO’s level based on managing reactive power in
distribution networks is still challenging. In the last years, some works
using BUC methodology and ICT to address the TSO-DSO coordination
have been proposed in the literature [33-35]. In [33], ICT techniques
are used to facilitate interoperable, scalable, and secure data exchange
between the TSO and the DSO. In particular, BUCs and System Use Cases
(SUCs) defining different communication scenarios between the TSO,
the DSO, and other market participants, such as SGUs and RES, are
evaluated. Results in [33] show that the proposed ICT-based approach
has the potential to provide greater access and support regarding
cross-border trading and real-time balancing. In [34], a BUC method-
ology is proposed to implement an interoperable communication ar-
chitecture supporting TSO-DSO information exchange. In particular, the
proposed BUC-based approach is utilized for identifying information
exchange requirements, which are materialized through Business Ob-
jects gap analysis against existing standardized IEC CIM profiles. In [35],
a cloud-based approach is proposed to coordinate the bidirectional
communication between the TSO and the DSO regarding market-related
information and data infrastructures. In particular, different access
levels are demonstrated in [35] resorting to the definition of BUCs for a
trusted cloud platform by considering harmonized access processes and
role-based access control for security. Results in [35] show that the
proposed bidirectional communication approach can help to overcome
the technical and logistic challenges appearing when dealing with
different stakeholders starting from the generation side and reaching the
consumption side.

In this paper, a decentralized TSO-DSO coordination approach for
scheduling and deploying optimal reactive power exchanges in the
DSO’s boundary for improved voltage control in the TSO’s networks is
proposed. The challenging interoperability issues between the TSO, the
DSO, and other stakeholders, are addressed by implementing a stan-
dardized BUC based on the categorization of IEC SyC Smart Energy
62559-2 Edition 1 and developed within the framework of the IEC CIM
family of standards IEC61970, IEC61968, and IEC62325. In order to
contribute to the state of the art by providing pilot tests in the area, the
standardized BUC is demonstrated on a real-world Slovenian network
model. The experimental simulations conducted in this paper are
twofold. On one hand, data is exchanged as a CIM CGMES format be-
tween two real Slovenian TSO’s and DSO’s networks to validate the
proposed data exchange mechanism based on the BUC. On the other
hand, the capability of the proposed decentralized TSO-DSO coordina-
tion approach implemented via the standardized BUC to manage the
reactive power injected by the RES distributed within the boundaries of
the DSO for regulating the voltage at the TSO’s side is evaluated. In
particular, sensitivity and robustness analyses are conducted by testing
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the proposed approach within the context of different reactive power
injection scenarios, including capacitor banks and different types of
DGs, such as hydropower, PV, and thermal (co-generation) units, for
different network topologies, DGs’ operating scenarios, and capacitor
banks’ sizes and locations.

3. Scope and methodology

This paper is based on the scope of the TDX-ASSIST' project that aims
to design and develop novel ICT tools and techniques that facilitate
scalable and secure data exchange between TSOs and DSOs. The main
objective of this paper is to propose and evaluate a decentralized TSO-
DSO coordination mechanism for scheduling and deploying optimal
reactive power exchanges in primary substations for improved voltage
control in the TSO’s networks. In this line, it is crucial to determine the
needed information to be exchanged between the TSO and the DSO
toward avoiding impacting the DSO’s voltage level when the TSO per-
forms reactive power management actions. In order to do so, the existing
resources at the DSO capable of supporting the TSO operations are
considered. On one hand, the TSO and DSO should coordinate the
reactive power at each primary substation at different time frames, such
as several hours or days ahead, in operational planning. On the other
hand, the DSO should try to meet the set point using its flexibility assets,
such as capacitor banks, inductances, and storage, as well as defining the
reactive power that can be injected/absorbed by the DGs connected in
the Medium Voltage (MV) network at real-time.

In this paper, a standardized BUC methodology is used to implement
the proposed decentralized TSO-DSO coordination scheme. The data
exchange between the TSO, the DSO, and other stakeholders is based on
the concept of CIM which allows integrating IT systems by means of
common service-oriented architecture. To actually implement such
model and ensure proper interoperability between the TSO, the DSO,
and the stakeholders, the IEC CIM family of standards IEC61970,
IEC61968, and IEC62325 is adopted [22-24]. The proposed approach is
then evaluated within a real-world Slovenian scenario via the stan-
dardized BUC designed based on the IEC SyC Smart Energy 62,559-2,
which is a canonical and well-structured Use Case Methodology tightly
related to SGAM applications. In particular, the BUC is created using an
extension of the Enterprise Architect (EA) called MODSARUS® (EDF
R&D tool) [36], which allows bringing to EA a model-driven approach to
specify unambiguous, interoperable, and vendor-independent smart
grids and energy systems. In this way, a well-structured and standard-
ized methodology, widely used in the field [15,22-25,37-40], based on
standard methods and tools, such as IEC SyC Smart Energy 62559-2a
Use Case Methodology, Unified Modelling Language (UML), and EA, is
used to validate the proposed data modeling and exchange approach.

The performance of the proposed approach is evaluated through
different demonstrations conducted on real TSO’s and DSO’s models
provided by the Slovenian system’s operators Elektro-Slovenija (ELES)?
and Elektro Gorenjska (EG) ,° respectively. The experimental simula-
tions conducted are twofold. On one hand, data is exchanged as a CIM
CGMES format to validate the proposed data exchange mechanism
based on the BUC. On the other hand, the capability of the proposed
decentralized TSO-DSO coordination approach implemented via the
standardized BUC to manage the reactive power injected by the RES
distributed within the boundaries of the DSO for regulating the voltage
at the TSO’s side is evaluated. In particular, sensitivity and robustness
analyses are conducted by testing the proposed approach within the
context of different reactive power injection scenarios, including
capacitor banks and different types of DGs, such as hydropower, PV, and
thermal (co-generation) units, for different network topologies, DGs’

1 http://www.tdx-assist.eu/
2 https://www.eles.si/en/
3 https://www.elektro-gorenjska.si/
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operating scenarios, and capacitor banks’ sizes and locations.
4. Standardized BUC definition

Fig. 1 shows an overview of the proposed standardized BUC. The
business actors of the BUC are the DSO, the TSO, the SGU, and the Meter
Operator. In order to implement the BUC, allowing the DSO to interact
with the TSO (and vice versa) for supporting the voltage at its side, the
following technical pre-requisites should be fulfilled:

e If the TSO sends a P/Q diagram to the DSO (where P and Q stand for
active and reactive power, respectively), the TSO should know the
contracted power with the DSO.

In the TSO-DSO-Meter Operator coordination platform,
following technical issues should be considered:

Grid monitoring is needed for the DSO’s and TSO’s areas. This
monitoring can be provided and installed by a third party such as a
Meter Operator.

All the interactions modes require a mutual common platform be-
tween the DSO, the TSO, and the Meter Operator for the purpose of
data exchange, regarding the voltage measurements and the existing
voltage control tools.

If the DSO disposes the capacitor banks, it should know their oper-
ational state.

SGUs must be equipped with remote terminal units to send their
measurements to the DSO and to receive the Q set points.

The DSO should know the characteristic P/Q of the SGU.

the

The performance of the proposed standardized BUC for the decen-
tralized TSO-DSO coordination is evaluated in terms of the following
Key Performance Indicators (KPIs):

e Track of HV voltage deviation: This KPI measures the average and
maximum HV voltage deviation.

Electric Power Systems Research 213 (2022) 108674

e Track of the RES and DER hosting capacity: This KPI evaluates the
voltage quantity that can be connected to the distribution network.

Finally, it is a well-known fact that several legal aspects should be
considered in order to allow the DSO to manage reactive power injection
within the framework of RES penetration. Nevertheless, this paper is
mainly focused on the technical aspects of the BUC implementation,
being the legal discussion out of its scope.

5. Standardized BUC design

The proposed standardized BUC addresses the coordination mecha-
nism between the TSO and the DSO focusing on reactive power man-
agement for voltage control purposes. In particular, the TSO-DSO
collaboration takes place to support the voltage level on the distribution
network by the TSO, and on the transmission network by the DSO. On
one hand, the proposed collaborative approach is based on the fact that
the energy resources in the DSO can contribute to optimizing the reac-
tive power in the TSO’s network. This requires representing the different
SGUs in the DSO’s network within the operational planning strategy. On
the other hand, the TSO can guarantee voltage set points demanded by
the DSO to avoid or reduce the voltage constraints in the network
managed by the DSO. The BUC is then designed taking into account the
following key aspects:

e Reactive power flexibility assessment in the DSO’s and TSO’s
networks.

e Coordination between the DSO and the TSO in terms of the con-
straints management for the reactive power and voltage control.

e Optimal control of voltage and reactive power sources in power
systems with the presence of DER.

e Exact required information and operational requirements are
exchanged between the stockholders in a timely manner in order to
be able to optimally manage the reactive power and voltage control
in different parts of the grid.

SGU ) SGU Capacitor®)| [=)
Remote characteri- banks (S0
2 Power
Terminal stics operation ey
Unit P/Q point
— 7 r ”
\\ // ’ -7 P -
N / s -
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Fig. 1. Proposed BUC overview.
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6. Standardized BUC mechanism

In this paper, a voluntary scenario, where the DSO agrees with the
TSO participation in voltage control, is considered and analyzed. In this
case, the voltage control tools available at the DSO’s network can be
controlled by the DSO’s control operators upon notification by the TSO
in both real-time and operational planning. Then, the TSO notifies the
DSO regarding the required reactive power value and its duration at
each primary substation at different time frames, such as several hours
or days ahead. The DSO, on its part, tries to achieve the set point
requested by the TSO by activating its flexibilities, viz. OLTCs, capacitor
banks, and reactors. Specifically, in this activation process, the DSO
defines:

e The reactive power that can be absorbed or supplied by the SGU
connected to the MV networks.

e The reactive power that can be injected/absorbed by the capacitor
banks and reactors.

o The adjustment of the OLTC of the transformers to avoid constraints
in the distribution network.

Even if the DSO cannot achieve the set point by following the
described activation process, it will try its best to be as close as possible
to the target. The different steps involved in this scenario are shown in
Fig. 2, and described as follows:

e Step 1- To solve the constraints on its network, the TSO asks the DSO
to respect reactive power set points at a primary substation during a
period of time. These set points are sent during the operational
planning time frame and should include the time of activation.

e Step 2- A list of concerned SGU and DSO-owned flexibilities, such as

OLTCs, capacitor banks, and reactors, is established.

Step 3- The SGU sends the power measurements to the DSO.

Step 4- In real-time, the DSO should define the reactive power set

point for the SGU and the DSO-owned flexibility. In order to do so, it

should know the P/Q diagram and measurements of the SGU, as well
as the operation point of the OLTCs, capacitor banks, and reactors.

Step 5- The SGU applies set point.

e Step 6- The DSO controls the required application of power.

Step 7- The Meter Operator sends the power measurements to the

TSO and DSO.

e Step 8-9: The DSO and TSO,

measurements.

The information exchanged after following the above described steps

is detailed in Table 1.

respectively, monitor the

7. Simulation experiments

In order to practically evaluate the performance of the proposed
decentralized TSO-DSO coordination approach presented in terms of the
standardized BUC developed in Sections 4,5, and 6, different simulation
experiments on a real-world Slovenian transmission and distribution
grid models are conducted. The experimental simulations conducted are
twofold. On one hand, data is exchanged as a CIM CGMES format to
validate the proposed data exchange mechanism based on the BUC. On
the other hand, the capability of the proposed decentralized TSO-DSO
coordination approach implemented via the standardized BUC to
manage the reactive power injected by the RES distributed within the
boundaries of the DSO for regulating the voltage at the TSO’s side is
evaluated. In particular, sensitivity and robustness analyses are con-
ducted by testing the proposed approach within the context of different
reactive power injection scenarios, including capacitor banks and
different types of DGs, such as hydropower, PV, and thermal (co-gen-
eration) units, for different network topologies, DGs’ operating sce-
narios, and capacitor banks’ sizes and locations.
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7.1. Grid models description

The models of the HV and MV networks used to conduct the simu-
lation experiments are based on the Slovenian system operators ELES
and EG, respectively. Figs. 3 and 4 show the considered HV voltage and
MV-Low Voltage (LV) networks, respectively.? The HV network is rep-
resented by the whole Slovenian HV network, including all 110 kV, 220
kV, and 400 kV nodes/bus bars along with their connecting elements,
such as transformers and lines. In addition, the generating units con-
nected to the HV network are also considered. For the MV network, the
grid of Gorenjska region is considered. This grid is modelled using
equivalent nodes in each Transformer Station (TS) as follows. The HV/
MV transformer tap changers hold the voltage on the MV side at a
constant value of 20 kV. Here, it is important to note that, although in
the practice the regulated voltage is usually a bit higher, using a fixed
value of 20 kV has little effect on the simulation results. Each HV/MV
transformer is modelled by an equivalent MV feeder. Although some TSs
connected to larger MV networks can have additional feeders, they
usually have one to three feeders. In this way, each TS is modelled by
one to three feeders. Finally, each feeder is modelled by two equivalent
loads representing the peak consumption in the area, and three gener-
ating units, representing equivalent DGs, viz. hydropower, PV, and
thermal (co-generation) units, from all the sources dispersed in the real
MV network.

7.2. Network topologies description

Two different reactive power sources in the DSO’s MV grid are
considered, namely DGs, including hydropower, PV, and thermal units,
and capacitor banks. In general, the DGs are dispersed in the MV grid,
making it difficult to assess their reactive power contribution to the HV
grid. On the other hand, although capacitor banks can be installed
anywhere in the MV grid, which can limit their nominal power, they are
commonly installed on the MV feeder in the TS. In this paper, the
simulation experiments evaluate the contribution of the DGs and the
capacitor banks installed at the MV side of a particular TS to the voltage
regulation of the HV side at the same TS, for all the TSs in the Gorenjska
region of the Slovenian network.

The injection of additional reactive power into the system raises both
MV and HV side voltages. Since, according to the network model
introduced in Section 7.1, the MV side voltage is regulated to a constant
value (20 kV), the reactive power will mostly influence the HV network
voltage. Three different network topologies are considered to conduct
the simulation experiments toward evaluating the influence of the
different RES in the MV network on the HV network voltage and the
capability of the proposed approach to manage this influence for con-
trolling the HV voltage. These topologies represent the network at its
operational limits, where voltage regulation is significantly needed. In
particular, the three simulated topologies are as follows:

e High consumption and high short-circuit power topology: In this
topology, most of the units and lines are in operation, being the
consumption of about 1800 MW.
Low consumption and lower short-circuit power topology: In this
topology, the consumption is about half of peak consumption (900
MW), and only a limited number of units are in operation. In addi-
tion, some of the parallel 400 kV lines have one system switched off.
e Weak system topology: In this topology, the system is bordering on
its collapse. Some units and lines in the three HV levels (110 kV, 220
kV, and 400 kV) are disconnected after an event. The short-circuit
power in the nodes is, therefore, the lowest.

4 The representative diagrams in Figs. 3 and 4 have been built based on the
real networks. Nevertheless, the real networks have not been included in this
paper since they contain data that are not permitted to be published.
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Fig. 2. TSO notifies the DSO to participate in voltage control.
voltage in the TSO’s network. In particular, a Load Flow (LF) analysis is
Eab}lle 1 dinf " performed based on the existence of these reactive power resources
Xchanged information. (injections) to check their effect on the considered voltage nodes at the
INFO  Type Description BUC From-To HV side shown in Fig. 3, for all the TSs in the Gorenjska region of the
P stage Slovenian system.
INFO  Qset-point  The Q set point is given in Step1  TSO-DSO The input data for the simulations consist of data files containing the
4 terms of Q (MVAr), g p or P/Q - Step6  DSO network topology, impedances, and all other information related to the
diagram (MW/MVAr). Each of s s .
th . DSO’s and TSO’s networks. These input data are then converted to the
ese set points should be -
respected by primary PSS®E format” (.raw data files) which can be imported by the PSS®E
substation and during a software and used for PF simulations.
specific period. A separate Python script oversees and automates all the conducted
IN5F ° Su:lsii_ Q (MVAr) and P (MW). ::zp 3 SM(:‘;?SO simulations by interfacing PSS®E through a library of APIs. In this way,
ments P Operator- the user is allowed to select which of the three topologies described in
TSO Section 7.2 he/she wants to simulate. Each scenario is automated in the
Meter script file. In particular, for each separate simulation, the Python APIs
ggg"amr' call different PSS®E modules. For instance, modules for PF data

7.3. Experimental simulations

Fig. 5 shows the flowchart of the simulations conducted in this paper
for assessing the contribution of the different reactive power sources,
namely DGs and capacitor banks, in the DSO’s network to regulate the

changing that enable changing of line impedances, type of transformer
regulation with taps and power of capacitors, or PF calculation APIs

S https://pssstore.siemens.com,/store;jsessio-
nid=B2E3186B3DC87F2E4E31DE95DE3D62E9?Action=list&Locale=es_
ES&SiteID=sipti&categorylD=4844334200
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which call PF calculation module with a set of parameters. After the PF
calculation is done, the PSS®E stores the results in its output (.out) files.

The simulation loop ends once the calculation for each given
parameter is performed. Then, a data retrieval API collects the results
from the .out files and enables the evaluation and visualization of the
results with ad hoc Python routines.

7.4. Robustness and sensitivity analyses

In this paper, robustness and sensitivity analyses are conducted to
evaluate the capability of the proposed approach to manage the
contribution of the different considered RES, namely DGs, including
hydropower, PV, and thermal (co-generation) units, and capacitor
banks, distributed through the MV grid toward regulating the HV
voltage for the different topologies described in Section 7.2. In order to
do so, the simulation experiments evaluate the individual as well as the
cumulative contribution of the DGs and capacitor banks installed at the
MV side of a particular TS to the voltage regulation of the HV side at the
same TS for all the TSs in the Gorenjska region of the Slovenian system.

In the first place, a sensitivity analysis is conducted to evaluate the
impact of the DGs, including hydropower, PV, and thermal (co-genera-
tion) units, and capacitor banks in the HV voltage for the three different
topologies described in Section 7.2. Then, a robustness analysis is con-
ducted on the same topologies to evaluate to which extent the proposed
decentralized TSO-DSO coordination approach is capable of regulating
the HV voltage under the different simulated scenarios. In the DGs case,
the sensitivity analysis is conducted on the following three different
operating situations to evaluate their influence on the HV voltage:

e No operation (P =0, Q = 0).

e Operation with maximum active power and no reactive power (P =
Pmax, Q = 0).

e Operation with maximum active and reactive power (P = Pmax, Q =
Qmax).

Then, the capability of the proposed approach to keep the HV voltage
controlled in these three operating situations is evaluated through a
robustness analysis.

In the case of the capacitor banks, the sensitivity analysis is con-
ducted to evaluate the impact of varying the value of their main pa-
rameters in the HV voltage, as follows:

e Nominal power (size): The capacitors’ nominal power is increased
with 1Mvar steps from OMvar (capacitor not in operation) to SMvar.
e Locations in the MV network: The capacitors are placed at different
points in the MV network. In this case, a detailed analysis is per-
formed for the Primskovo TS model, placing the capacitors at
different points along the length of both substations’ feeders. This
model includes all MV lines, MV to LV transformers, and LV loads.
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One of the feeders is a long overhead line, whereas the other is a
shorter cable line. MV/LV transformers are distributed along both of
the lines and provide power to consumers, modelled as constant PQ
loads, in the LV network.

7.5. Comparison with similar state of the art approaches

The main features of the decentralized TSO-DSO coordination
approach proposed in this paper rely on specific criteria, and the ob-
tained results are measured based on the effect of different distributed
RES, including DGs, viz. hydropower, PV, and thermal (co-generation)
units and capacitor banks, on the HV voltage. Table 2 compares these
main features with the ones corresponding to similar studies in the state
of the art performing voltage regulation.

All the studies included in Table 2 evaluate, to some extent, the effect
of DGs on the voltage at different points in the grid. Nevertheless, they
differ in several technical aspects. In [41] and [42], the effects of
different DGs are studied on the same network; in [45], these effects are
studied on the distribution network; and in [43], they are studied in the
connection point of distribution grid to transmission PCC. Only [44]
assesses the impact of the DGs on the HV voltage. In this paper, not only
the impact of the DGs on the HV voltage but also the impact of capacitor
banks is analyzed. In addition, the analysis is not limited to track the
effects of the RES installed on the PCC as in the case of [43], but it
considers different operating conditions of the DGs and different sizes
and locations of the capacitor banks in the MV and LV networks.
Moreover, the conducted sensitivity analysis evaluates different loading

scenarios, which reflect the extreme cases of the network, to provide a
clear picture of the voltage profile of the whole network.

In order to mitigate the detected impact of RES on the HV voltage,
this paper introduces a novel approach where a standardized agreement
between the TSO, the DSO, and other stakeholders, such as the SGU and
the Meter Operator, implemented via a BUC, allows to manage the
injected reactive power for voltage regulation purposes. The proposed
BUC is demonstrated on real-world TSO’s and DSO’s networks rather
than on artificial simulated networks, as in the case of [41] and [44]. In
this way, a valuable contribution to the literature is done by providing
benchmark results obtained on a standardized basis and a real-world
network.

8. Results and discussions

In this section, the results of the sensitivity and robustness analyses
performed based on the different simulation experiments described in
Section 7 are presented and discussed.

8.1. Sensitivity analysis of DG reactive power sources

The experimental simulations are conducted taking into account the
different topologies described in Section 7.2 and the different operating
situations described in Section 7.4. To this end, the maximum values of
the active and reactive power of the different DGs distributed in the
studied Slovenian region are calculated based on their measured highest
powers. These values are shown in Table 3. Here, it is important to
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Table 2
Feature comparison with other state of the art approaches performing HV voltage regulation.

Study Used network Effect location Main aim Simulation Methodology KPIs

[41]. IEEE 34-bus test system Same network Evaluate the Connectivity analysis Evaluate voltage

impact of the connection of stability problems
distributed generation on the

voltage

stability problem, active power

loss, and voltage profile

[42]. One-line diagram of local ~ Same network Assessing the impact of DG Sensitivity cases e Minimize the risks of
Massachusetts study tripping on the voltage stability of unintentional islanding.
area. a regional transmission system. o Evaluate voltage stability

problems.

[43]. A modified and extended The connection Considers Operational scenarios such as Examine the possibilities of
model of the existing point of an alternative way of voltage and  Constant Q, P and Constant V. converters of PV panels in
distribution grid in distribution grid reactive power managing and LV and MV grids to control
Germany to transmission discovers possibilities of PV reactive power and voltage

PCC converters in MV and LV grids at the PCC
with a different type of control to
solve this problem of voltage
levels

[44]. A simplified Effect on the HV Studying the effect of increased Two scenarios for additional Analysing the effect of high
model of the EU power networks photovoltaic power generation PV installed penetration of PV
system in the European high voltage capacity have been generation into the HV

transmission network implemented European
grid,

[45]. Distribution of Provincial =~ Distribution Track the effect of Distributed Different loading scenarios: Register and present the
Electricity of Thailand system Generation on Very Long e Case 1: Voltage at lightload  effect of voltage due to

Proposed decentralized
TSO-DSO coordination
approach based on the
standardized BUC

Slovenian TSO’s and
DSO’s networks
HV, MV, and LV

The effect of MV
and LV on the HV

Distribution Line with Automatic
Voltage Regulator

Decentralized TSO-DSO
Coordination for Voltage
Regulation Purposes based on
Renewable Energy Sources
Management.

e Case 2: Voltage at peak load
o Case 3: Power loss at light
load and peak load
Sensitivity and robustness
analyses for different DGs
and capacitor banks within
different loading scenarios

operation of DG and power
loss in long distribution

e Track of HV voltage
deviation

o Track of the RES and DER
hosting capacity

Table 3
Largest measured active and reactive powers of DG units in the EG DSO’s
network (Gorenjska region).

Technology Maximum P (MW) Maximum Q (Mvar)
Hydropower 20.9 7.0

PV 14.6 4.8

Thermal 16.5 5.5

Cumulative 52.0 17.3

highlight that the simulations conducted in this section have been
mainly focused on the simultaneous operation of all the DG sources in
the region of Gorenjska, since it has been found that DGs in individual
TSs have a negligible effect on the surrounding TSs.

e High consumption and high short-circuit power topology:

Fig. 6 shows the effect of DGs on all the nodes in the HV voltage (110
kV) for the highest short-circuit power topology described in Section
7.2, and the three DG conditions listed in Section 7.4, viz. no operation
(black), operation with maximum active power and no reactive power
(blue), and operation with maximum active and reactive power (red). In
particular, Fig. 6 (a) shows the voltage level in the HV network for the
different situations, whereas Fig. 6 (b) shows the relative increment (AU
(%)) of the HV voltage. The results in Fig. 6 (b) show that the active
power increases the voltage in the HV network by about 0.4 kV in all
nodes, while the contribution of the reactive power increments the
voltage by about 0.6 kV, being even higher in some nodes, such as the
one of Bohinj, where the increment is about 0.8 kV. Taking into account
the total voltage increment (in red in Fig. 6), DGs increase the voltage by
1-1.5 kV, which corresponds to 0.4-0.5% and 1-1.4% for purely active
power and reactive power production, respectively. Since the topology
analyzed in this case is associated with the largest powers, which are not

expected to appear simultaneously for all technologies, it can be
assumed that the relative increase of the HV voltage will be substantially
smaller during the real operation.

e Low consumption and lower short-circuit power topology:

The simulation experiments for this topology have shown results that
are very similar to the ones obtained in the case of the high consumption
topology analyzed above. In this line, the same comments stand. Due to
space limitations, the figure showing the effect of DGs on all the nodes in
the HV voltage, in terms of its absolute value as well as its increment, for
the three DG operating conditions, has not been included in the paper.

e Weak system topology:

Fig. 7 shows the effect of DGs for the weak system topology described
in Section 7.2 and the three DG conditions listed in Section 7.4, viz. no
operation (black), operation with maximum active power and no reac-
tive power (blue), and operation with maximum active and reactive
power (red). Since this topology corresponds to a lower short-circuit
power in the network, the effect of active and reactive power in-
jections of DGs on the HV voltages is more significant than in the case
analyzed in Fig. 6. In particular, from Fig. 7 it can be seen that,
compared to the case where no DGs are present (in black in Fig. 7 (a) and
(b)), the operation of DGs can cause an increase in the HV voltage of
2-6%. Finally, it is important to highlight that this is a best-case topol-
ogy, where all the DGs are in simultaneous operation and provide
maximum expected active and reactive power in all TSs.

For the sake of comparison, Fig. 8 shows the relative HV voltage
increase for the three topologies listed in Section 7.2 and analyzed
above, obtained when DGs are operating, either with P = Pmax and Q =
0 (blue) or with P = Pmax, Q = Qmax (red). From Fig. 8, two main
observations can be made:
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Fig. 7. Impact of DGs on 110 kV HV voltages (weak system topology). (a) Voltage level (kV) (b) Relative voltage increments AU (%)

e Regardless of the topology, the influence of the reactive power
injected by DGs on the HV voltage is more significant than the in-
fluence of the active power.

e The influence of the power injected by DGs in the HV voltage is

remarkably more significant in the case of the weak system topology
than in the other two cases.

Based on these observations it can be concluded that the reactive
power injected by the DGs has a significant impact on the HV voltage,
especially within the context of the weak system topology scenario.

10

8.2. Robustness analysis of DG reactive power sources

Based on the simulation results shown in Figs. 6,7, and 8, the capa-
bility of the proposed approach of managing the reactive power
contribution of the different considered DGs and regulating the HV
voltage is evaluated. In particular, this capability is evaluated in terms of
the two KPIs introduced in Section 4. The first KPI analyses the tracking
of voltage deviation, whereas the second one analyses the deviation
between the reactive PF and the required value. According to the results
shown in Figs. 6-8, DGs are capable of contributing additional, either
positive or negative, reactive power to reduce the voltage deviations in
the grid. Moreover, it has been shown that, the weaker the system is, the
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Fig. 8. Relative HV voltage increase with the two different strategies of DG
operations in comparison with the case where no DGs are operating.

more significant the contribution of the DGs can be. In this way, the
power quality can be improved, while keeping the HV voltage within
safe values, by the contribution of DGs. This allows concluding that, in
the analyzed cases, DGs lead to a positive impact on the first KPI. That is
to say, DGs allow reducing the HV voltage deviation, making both MV
and HV systems more secure. In addition, controlling DGs can reduce the
flow of reactive power from the TSO’s to the DSO’s networks and vice
versa, as the DG units supply reactive power demand of loads locally. In
this way, a positive impact is also achieved on the second KPI (deviation
between the reactive PF and the required value).
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8.3. Sensitivity analysis of capacitor banks reactive power sources

8.3.1. Sensitivity analysis regarding nominal power (Size) of capacitor
banks

e High consumption and high short-circuit power topology:

Fig. 9(a) and (b) show the absolute and relative voltage increase,
respectively, at all the nodes in the HV voltage (110 kV) for the highest
short-circuit power topology described in Section 7.2 and different sizes
of capacitor banks (from 1Mvar (yellow) to 5Mvar (red)) installed in the
Trzi¢ TS. From Fig. 9, it can be seen that the influence of the capacitor
banks in the HV voltage increases with their size for all the nodes in the
grid. In addition, in this case, the nodes surrounding the Trzi¢ TS with
installed capacitor banks, experience a greater increase of voltage
compared to other nodes. Nevertheless, even the largest HV voltage
increase, which occurs in the Trzi¢ node where the capacitors are
installed, is low, being less than 0.3%.

e Low consumption and lower short-circuit power topology:

The simulation results for this topology do not differ significantly
from the ones obtained in the case of the high consumption topology
analyzed above. In this line, the same comments stand. Due to space
limitations, the figure showing the absolute and relative voltage increase
at all the nodes in the HV voltage for the different sizes of the capacitor
banks has not been included in the paper.

e Weak system topology:

Fig. 10(a) and (b) show the absolute and relative voltage increase,
respectively, at all the nodes in the HV voltage (110 kV) for the weakest
system topology described in Section 7.2 and different sizes of capacitor
banks (from 1Mvar (yellow) to 5Mvar (red)) installed in the Trzi¢ TS. In
this case, the same behavior of the case analyzed in Fig. 9 can be
observed. The influence of the capacitor banks in the HV voltage in-
creases with their size for all the nodes in the grid, occurring with the
largest one at the Trzi¢ node and the nodes surrounding it. Nevertheless,
compared with the results in Fig 9 corresponding to the high

0.30
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Fig. 9. Voltage changes in the HV network with installation of capacitor bank in Trzi¢ TS (high consumption topology). (a) Absolute voltage increase (kV), (b)

Relative voltage increments AU (%)
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Fig. 10. Voltage change in the HV network with installation of capacitor bank in Trzi¢ TS (weak system topology). (a) Absolute voltage increase (kV), (b) Relative

voltage increments AU (%)

consumption topology, the influence of the capacitor banks in the HV
voltage within the context of the weak system topology is more signif-
icant than in the other topologies, achieving an increment of 1.5%.
Fig. 11 shows the relative HV voltage increase linked to the instal-
lation of a 5Mvar capacitor bank at the MV side of each TS for the three
topologies described in Section 7.2 and analyzed above (high con-
sumption (light blue), low consumption (green), weak system (orange)).
In the case analyzed in Fig. 11, the capacitor banks in the TSs are not
operating simultaneously. The obtained results show that HV voltage
changes are only perceived in a particular TS when the capacitors are
installed in that TS, and not in the surrounding ones. In normal oper-
ating conditions, i.e. the high and low consumption ones, the relative HV
voltage increase does not exceed 0.4%. On the other hand, within the
weak system topology context, the capacitor banks have the most sig-
nificant influence on the Trzi¢ TS, where the capacitors are installed.
This is due to the specific topology of the Trzi¢ TS, which causes this TS

Relative voltage increase with 5 Mvar capacitor bank
installed in individual stations
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Fig. 11. A comparison between the considered three consumption topologies
for the influence of 5Mvar capacitor banks in individual TS.

to have the lowest short-circuit power on its HV side.

Fig. 12 shows the relative HV voltage increase when 5Mvar capacitor
banks are operating in all stated TSs simultaneously for the three to-
pologies described in Section 7.2 and analyzed above (high consumption
(light blue), low consumption (green), weak system (orange)). In this
case, the HV voltage increase in all the network nodes is greater than in
the case where the capacitor banks are installed only in one TS (shown in
Fig. 11). Nevertheless, the relative HV voltage increase for normal
operating conditions, i.e. the high and low consumption topologies, is
still rather small and does not exceed the 2%, being the capacitors’
contribution more significant in the weak topology.

8.3.2. Sensitivity analysis regarding capacitor banks location

The influence of the capacitor banks installed along the two feeders
of the Primskovo TS model, namely the cable and the overhead lines, is
evaluated. Fig. 13 (a) and (b) show the relative HV voltage for four
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Fig. 12. Relative HV voltage increments with 5Mvar capacitor banks installed
simultaneously in all TSs.
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Fig. 13. Relative HV voltage increases with capacitor banks installed along the length of two feeders in Primskovo TS. (a) First feeder (b) Second feeder.

different locations of the capacitors for the first and second feeders,
respectively. The results in Fig. 13 show that the location of the capac-
itors has a minimal influence on the HV voltage. This is due to the fact
that the MV busbars in the TS are regulated to a constant value. Note to
the reader that, according to the network model used for the simulation
experiments described in Section 7.1, the MV network voltage cannot
change, making the additional reactive power generated by the capac-
itors to influence only the HV voltage. On the other hand, simulation
experiments have also shown that the location of the capacitors highly
influences the power losses in the DSO’s grid, being significantly higher
when installing a capacitor at the feeder end (0.8 MW) than when
installing it at the MV feeders in the TS (less than 0.1 MW). This dif-
ference is mainly due to the reactive PF in the lines.

8.4. Robustness analysis of capacitor banks reactive power sources

The robustness of the proposed approach against the different
capacitor banks’ sizes and locations described in Section 7.4 within the
context of the different topologies described in Section 7.2 to keep HV
voltage controlled is evaluated in terms of the two KPIs introduced in
Section 4. Simulation experiments have shown that the proposed
approach can reduce both deviations of reactive PF and deviation of
voltages in the grid when capacitor banks are considered. Nevertheless,
it is important to highlight that, unlike DGs, capacitor banks are only
able to produce and not consume reactive power. In this sense, capaci-
tors cannot be used for reducing/compensating the excesses of reactive
power flowing from the MV to the HV network, which is usually the case
in distribution grids with a large number of cables. Then, the overall
impact of capacitor banks depends on their size and grid topology, being
necessary to be studied in a case-by-case approach.

9. Conclusions

In this paper, a new technology-agnostic approach for a decentral-
ized TSO-DSO coordination capable of scheduling and deploying
optimal reactive power exchanges in the DSO’s boundary for improved
voltage control in the TSO’s networks has been proposed. The proposed
approach was implemented via a well-structured and standardized BUC
designed and developed within the framework of the IEC CIM family of
standards IEC61970, IEC61968, and IEC62325. In order to bridge the
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gap in the literature regarding the lack of pilot tests in the field, the
proposed standardized BUC was demonstrated on real-world Slovenian
TSO’s and DSO’s networks. Although the particular studied grid corre-
sponds to the Slovenian Gorenjska region, the conclusions can be
generalized to any other network since the experimental methodology
followed in this paper is generic, replicable, and free of restrictive
assumptions.

The experimental simulations conducted in this paper allowed to
demonstrate the main pillars of the proposed decentralized TSO-DSO
coordination approach based on the standardized BUC. On one hand,
the proposed data exchange mechanism based on the BUC was validated
by successfully exchanging data between the TSO, the DSO, and the
other stakeholders considered in the BUC, namely the SGU and the
Meter Operator, as a CIM CGMES format. On the other hand, the
capability of the proposed approach to regulate the HV voltage by
managing the reactive power injected by different RES, such as capacitor
banks and the different considered DGs, viz. hydropower, PV, and
thermal (co-generation) units, was validated for different network to-
pologies, DGs’ operating scenarios and capacitor banks’ sizes and lo-
cations. In particular, sensitivity and robustness analyses were
conducted.

The sensitivity analysis based on the experimental results obtained
for the Slovenian TSO and DSO have shown that the DGs studied in this
paper can influence the HV voltage only in a large penetration situation
and when producing high amounts of reactive power. In particular, it
has been observed that their contribution is more significant when the
network is operating in a weakened or even collapsing state. In this
scenario, the robustness analysis showed that DGs are capable of
contributing additional (positive or negative) reactive power to reduce
the voltage deviations in the grid. This allows to conclude that suc-
cessfully managing them based on the decentralized TSO-DSO coordi-
nation approach based on the standardized BUC proposed in this paper
can improve the power quality at the DSO’s boundary, while keeping the
HV voltage within safe values. In addition, by controlling DGs at the
DSO’s boundary, the proposed decentralized approach can reduce the
flow of reactive power from the TSO’s to the DSO’s networks and vice
versa since the DG units supply reactive power demand of loads locally.

Unlike DGs, capacitor banks are only able to produce reactive power,
being not able to reduce or compensate the excesses of reactive power
flowing from the MV to the HV network, which is usually the case in
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distribution grids with a large number of cables. In this context, simu-
lation results have shown that the overall impact of capacitor banks
highly depends on their size and location, being highly advisable to
install them at the MV side of the TS to avoid potential overloading of
lines and to reduce grid losses. In this scenario, the study of the
robustness of the proposed approach to regulate HV voltage by man-
aging the reactive power injected via capacitor banks should be per-
formed on a case-by-case basis.

Finally, it is the authors’ intention to extend the sensitivity and
robustness analyses conducted in this paper to study not only the voltage
profile but also the Optimal PF (OPF) and Economic Dispatch (ED),
considering different aspects, such as power congestion and economic
dispatch, within the context of different RES penetration in the distri-
bution grid. In addition, the feasibility of using forecasting techniques to
predict the impact that the different RES can have on the HV voltage as
well as on the OPF is intended to be evaluated toward using such pre-
dictions for improving the TSO-DSO coordination performance.
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