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Abstract

The EU 2030 climate and energy framework has set a mandatory goal
to achieve a renewable energy share in the final energy demand of 32% by
2030. Moreover, in the final National Energy and Climate Plan (NECP) Lux-
embourg has defined its renewable generation share goal at 25% by 2030.
Between 2018 and 2019, three times more photovoltaic (PV) panels were in-
stalled than in the previous years. To achieve the NECP target and to ensure
further smooth integration of PV systems, the PV hosting capacity (HC) of
the grid should be enhanced.

This thesis discusses the common issues and current developments of
HC enhancement and presents three HC enhancement techniques: grid re-
configuration and grid-code modification, extended current droop control and
transformer loading control.

First, the thesis analyzes the potential of grid reconfiguration in HC en-
hancement. For the analysis the grid configurations are divided into meshed
and radial subsets. The grid reconfiguration analysis and HC calculation are
done using pandapower and NetworkX library. The cross-influence and the
location of DG are considered while determining the HC of the grid. The
analysis shows that proper grid configuration selection is important as it can
substantially increase the HC and decrease the average loading in the lines.

Second, the impact of extended current droops on HC enhancement is
investigated. In the designed extended current droops (14(V), 1,(V)), extra
reactive power reserve is made available by changing the droop gain of the
reactive current droop when the overvoltage is not cleared by the existing
reactive power reserve. The simulations proved that the extended current
droops are a viable grid reinforcement strategy which can not only regulate
the voltage at the point of common coupling (PCC), but also relax the trans-
former loading and improve overall voltage and frequency stability. Addition-
ally, oversizing of the inverter increases the reactive power reserve, which in
turn lowers the voltage profile and decreases the amount of curtailed active
power.

Finally, two novel communication-less transformer overloading protection
strategies based on a battery energy storage (BES): transformer protection
droops (TPD) and direct loading control (DLC), are designed and compared.
Both strategies force the PV inverters to curtail their active power output with-
out relying on communication. The strategies have been tested on detailed
models, where the total installed PV power varies between 0.9 to 2 times the



Vi

transformer rating. The static and dynamic performance of the DLC is supe-
rior to the TPD control strategy. DLC is a robust control strategy. It can reduce
the transformer loading by 41%, compared to the grid configuration without
BES and bring the system to the steady-state within 700ms in the worst-case
scenario. It also ensures to keep the system voltages within safe operational
limits. It can be used as a backup active power curtailment solution in the
cases of communication failure in centralized control.
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Chapter 1

Introduction

This chapter presents the motivation behind this thesis and lists the objec-
tives of the work. The scope and structure of the thesis are also presented in
this chapter.

1.1 Motivation

Climate change mitigation is undeniably one of humanity’s most pressing
problems today. To avert global warming in a sustainable manner, a compre-
hensive reduction in greenhouse gas emissions (GHG) is needed. In 2017,
30% of the European Union’s (EU) total GHG emissions were caused by the
energy supply sector [1]. Hence, reorganization of the electrical power sys-
tem from conventional, fossil fuel-based energy generation towards renew-
able energy generation can help to reduce GHG emissions significantly. To
accelerate the reorganization process, in October 2014, the European Coun-
cil (EC) agreed on the 2030 climate and energy framework for the EU, setting
a mandatory goal to achieve a renewable energy share in the final energy
demand of at least 27% by 2030 [2]. Later in September 2020, this goal was
revised and increased to 32% by 2030 [3]. In the final National Energy and
Climate Plan (NECP) Luxembourg has defined its goal for the renewables
share at 25% by 2030 [4]. The relatively high feed-in prices and decreas-
ing system costs for photovoltaic (PV) power generation ([5], [6]) resulted in
increased installation rates over the last decade (Figure 1.1). In 2019, the
total installed solar power capacity in Luxembourg reached 160MW. Between
2018 and 2019, three times more photovoltaic panels were installed than in
previous years. In 2019, a total of 762 photovoltaic installations were con-
nected to the grid.

A notable feature of PV installations is the voltage level of their point of
common coupling (PCC). Even though the majority of the PV systems in
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PV evolution in Luxembourg, 2000-2019
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FIGURE 1.1: PV power evolution in Luxembourg since 2010

Luxembourg are directly connected to the low voltage (LV) level, the medium
voltage (MV) connections are gaining momentum. Since 2018, the Ministry
of Energy and Regional Planning decided to launch calls for tenders for the
construction and operation of new large-scale photovoltaic electricity produc-
tion plants: 14 MW in 2018, 30 MW in 2019, 40 MW planned for 2020 [7].
Thus, a transformation of the power system is on the way.

This transformation process presents new challenges for the distribution
system operator (DSQO), who, according to the grid codes, is responsible to
provide a certain quality of electricity supply to its customers. Reverse power
flows towards the higher voltage levels, during high PV peaks and low loads,
lead to voltage profile rise along the MV feeders as well as possible tem-
porary equipment overloading, which can lead to a violation of the technical
constraints. The basic challenge regarding the grid integration of renewable
energy sources can be synthesized as follows:

* How to keep acceptable voltage levels for all consumers connected to
the power systems?

» How to protect the system elements from overloading?

Unlike the system frequency, which is the same throughout the grid, volt-
ages at different nodes of the grid are different and form a voltage profile,
which is related to the local generation and demand of reactive power at

Number
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a certain time. Reactive power flow can cause significant voltage changes
across the system, which makes necessary to maintain the reactive power
balance between the generation units and the demand points on a zonal ba-
sis. As the reactive power flow causes additional losses in the lines, and is
not easy to transfer over long distances, it has to be generated as near to the
load as it is possible.

According to the grid codes and regulations, the DSOs are requested to
increase the hosting capacity (HC) of the connection point on their own cost
or at the cost of the energy provider, in order to accommodate new PV con-
nections. Usually, the most popular choice of HC improvement are the tradi-
tional measures, such as installation of new transformers and cablings. The
main disadvantages of this approach are the cost intensiveness and difficulty
to predict in advance the further development of PV connections. Based on
the grid development plan of Germany, published in 2012, the necessary grid
reinforcement costs for further renewable energy sources (RES) deployment
in the German grid approximate to 27.5 bin. EUR until 2030 [8]. Based on
their findings, 41.5% of the total costs are linked to grid reinforcement mea-
sures at LV and MV levels, where most of the total PV capacity is currently
installed.

Innovative grid planning and operation strategies are needed to keep the
total extent of grid reinforcement steps as minimal as possible. For example,
the PV plants and battery energy storages (BES) can provide ancillary ser-
vices, such as local voltage support, by using the control capabilities of their
inverters. These additional functionalities can help to reduce the total costs
of PV grid integration in the near future by increasing local hosting capability
for additional generation capacity.

This thesis leads to the discussion of, whether grid-reconfiguration and
local, communication-less voltage control strategies, implemented via PV in-
verters and BES are a technically effective alternative to enhance the hosting
capacity of distribution grids for additional PV installations.

1.2 Thesis Objectives and Scope of the Work

In the previous section, the necessity for alternative technical solutions to
traditional grid reinforcement measures is supported with the background of
steadily increasing PV grid integration costs. The overall research goal of this
thesis is derived out of this general need and summarized below:
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Without involving additional communication technologies, the scope of
technical solutions can be narrowed down to local voltage control strategies,
provided by PV inverters and battery storage systems. The investigations are
carried out for a three-phase balanced MV grid under the consideration of the
current regulatory framework conditions in Germany [9]

The PV plants considered in this thesis are connected over transformers
to the distribution grid at MV level. The work includes design of recommen-
dations for DSOs for grid planning, local voltage control and infrastructure
protection strategy for PV hosting capacity increase. The main aim of the
work is to design a control system which will increase the HC of the grid
and will ensure the steady-state and transient voltage stability of the grid and
enhance the grid voltage profile, by controlling the PV plants and BES.

As the load is always varying, the impedance of the system is changing
continuously. Thus, to fulfill the requirements of the grid codes the controller
needs to be designed for the worst-case scenario.

Another characteristic of solar power plants, that needs to be taken into
consideration, is their intermittent and volatile nature. The power production
of these plants varies over the time, and mostly is below rated power. This
intermittency can be used to benefit the system voltage, by extracting more
reactive power when the generation units are not working at the rated values.
The control system should use this characteristic to enhance the reactive
power support capability of the renewable energy generations.

Voltage collapse and islanding phenomenon are not considered in this
study. But, briefly said, the source of voltage collapse is the lack of reactive
power, linked to the active power flow, and this occurs mainly when the sys-
tem experiences a heavy load [10]. And the islanding phenomenon is more
related to the protection systems, rather than control.

The protection schemes are also out of the scope of this work. For sure, it
is very important to have fast, reliable and well-coordinated protection in the
network, collector bus, and also within the PV plants. Furthermore, these pro-
tection systems have to deal not only with primary system fault currents, but
also abnormal conditions, such as high or low voltage, high or low frequency,
out of synchronism, islanded operation, etc. According to appropriate grid
codes, solar power plants have to be able to handle the most common types
of grid faults without being tripped or damaged [11]-[13]. Thus, the protec-
tion system is considered to be properly designed to avoid any damage in
the grid.

Additionally, the frequency of the grid is considered to be stable and the
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curtailment of active power outputs of the PV plants doesn’t affect the fre-
quency stability of the grid.

1.3 Outline of the Thesis

The thesis is organized into 7 chapters. An overview of the structure is given
in Figure 1.2.

» Chapter 1. Introduction: This chapter presents the motivation behind
this thesis, defines the problem and the possible solution of the prob-
lem. The scope and the structure of the thesis are also presented in
this chapter.

» Chapter 2. State of the Art: This chapter discusses the state of the
art on current grid codes, droop control and hosting capacity improve-
ment. Review of current droop control strategies and common hosting
capacity enhancement measures is presented. The chapter concludes
by defining the research problem and the proposed solutions to solve
them.

* Chapter 3. Modeling and Control: This chapter focuses on the power
system and PV plant modeling and control. The choice of the modeling
and simulation environments is presented. The selected grid model is
presented in details and the assumptions made for further investigation
are justified. The modeling of the PV plant is described in details as
well as the control of the PV inverters.

» Chapter 4. Grid Reconfiguration Analysis: In this chapter an assess-
ment of HC improvement by grid reconfiguration and grid code improve-
ment in a MV grid with meshing possibilities is completed. The grid
reconfiguration analysis is performed for all the possible switch config-
urations. First the grid is transformed into a graph, after which graph
analysis tools are used to assess the configuration. To assess the
cross-influence of DGs and the influence of DG location, four PV plants
connected at different parts of the grid are considered. Also, to assess
the impact of grid code modification on the HC, several PV control case
scenarios are considered. The chapter concludes with a grid recon-
figuration summary showing the connection between the configuration
number, tie-switch configuration and the distribution of HC. This sum-
mary provides the grid operators a reconfiguration degree of freedom to
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safely reconfigure the system in cases of system contingencies, while
keeping the HC within a certain range.

» Chapter 5. Extended Current Droop Control of PV Plants: This chap-
ter presents the extended active and reactive current droops developed
for controlling the output of the PV plants connected in a meshed MV
grid. To assess the load sharing capability, the cross-influence of DGs
and the influence of DG location, four PV plants connected at different
parts of the grid are considered. The static and dynamic performance
of the droops is analyzed. For the assessment of the dynamic per-
formance abrupt load variation is performed to show the superiority of
the proposed droop control over the traditional droops during voltage
fluctuations in the grid.

» Chapter 6. Overloading Control of Substation Transformer: This chap-
ter presents a novel substation transformer overloading prevention strat-
egy. The strategy is meant to protect the transformer during the high
PV/ low load situations via reactive power control using a battery en-
ergy storage connected at the MV side of the substation transformer.
The proposed direct loading control strategy does not depend on any
communication means and is connection failsafe. The proposed strat-
egy is tested on the same meshed network used in the previous chapter
and the performance is compared to the no curtailment case. Addi-
tionally, the influence of the substation transformer power rating on the
system stability and curtailment is analyzed.

» Chapter 7. Conclusions and Outlook: This chapter summarizes the
main achievements of the thesis and discusses possible advances on
the topic.

Introduction State of the art Modeling

Transformer
overloading Summary
protection

Grid reconfiguration Extended current
analysis droops

FIGURE 1.2: Overview of the thesis structure



Chapter 2

State of the Art

This chapter discusses the state of the art on grid PV hosting capacity (HC)
enhancement. The definition of hosting capacity and the review of common
hosting capacity determination and enhancement measures is presented.
The chapter concludes by defining the research problem and the proposed
solutions to solve them.

2.1 Hosting Capacity

The concept of HC was first introduced in 2005 by Bollen et al. [14] to spec-
ify the impacts of increasing DG share in the energy generation mix on the
power grid. Later, Bollen and Hasan [15] defined the HC as the maximum
total installed power of DG that can be accommodated by the grid, above
which the performance of the grid becomes unacceptable. The HC determi-
nation is not a fixed calculation with only one possible result. It depends on
many factors such as the location of the DG [16]-[18], number of DGs [19],
[20], etc. Several limiting indices should be taken into consideration when
calculating the HC. In [15] the HC determination criterion is described using
the limiting index based on which it has been calculated. Etherden et al. [21]
discussed the importance of HC for DSOs and highlighted that the HC should
be calculated for several limiting indices and the lowest HC value should be
chosen as the system HC.

2.1.1 Limiting indices

The negative impacts of high DG penetration levels on the grid have been
studied in many researches [22]-[28]. Here, the main HC limiting indices are
discussed.

The limiting indices of HC, such as overloading, overvoltages, protection
and power quality issues are discussed in [15], [26], [29]. When the DG unit
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power output is higher than the load demand, the excess power is being in-
jected back to the grid. Because of the resulting reverse active power flows,
an overvoltage may happen at the connection bus of the DG in a more resis-
tive grid. In contrary, in more inductive grids, the reverse active power flows
will not affect the voltage levels in the grid as much as the loading of the lines
and transformers, resulting in overloading issues, especially when combined
with the reactive power flow.

Overvoltage

In [24], Shayani et al. examined the impact of high PV penetration on the grid.
The study concluded that the voltage limitations and the continuous maxi-
mum current of the grid components were the main indices that violate the
permissible operational limits during high share of PV production. Based on
the simulations, the authors suggest that PV installations up to twice the total
load power are permissible. They also proposed practical general guidelines
on determination of maximum HC based on the specified limiting indices by
the operator. Furthermore, the authors suggested that the voltage drop with-
out a PV injection and the voltage rise with maximum DG penetration will
have approximately the same value, as presented in the Eq. 2.1.

|A‘/drop| = |A‘/rise| (21)

In [30] Bertini et al. propose a systematic methodology that calculates
the HC, while taking into account the steady state voltage violations and fast
voltage variations. They have tested their approach on a real Italian distri-
bution network using simplified reconfigurable models where several param-
eters like transformer rating, system loading and feeder cross section and
length can be altered. Degner et al. [31] investigates the high PV penetration
in the German LV distribution network while focusing on the overvoltage prob-
lems. The article underlines that the upper voltage limit is usually reached
faster than the thermal loading limits of the distribution system. The authors
concluded that the application of appropriate reactive power control strategy
can increase the system HC by 1,5 to more than 2 times. In [32], Monfredini
et al. investigated the impact of large scale DG integration into distribution
networks at MV level. They underlined that it impacts the voltage profile of
the feeders and increases the risks of overvoltages at the DG connection
bus. The authors also discussed possible voltage improvement techniques
and their impact on the HC.
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In [33], Alalamat investigates the impact of DG penetration on the voltage
profile of the network. The voltage rise at different buses is approximated by
the Eq. 2.2.

AV, = L)+ (Q X) (2.2)
Vil

From Eq. 2.2 we can see that the amount of voltage rise depends on two
terms, (PxR) and (Q*X). The method selection for reducing the voltage rise
depends on which term is more dominant at the connection bus. |V,,| is the
nominal voltage at the connection bus and is defined by the system operator.
It can be adjusted by controlling the tap position of the OLTC transformer
connected upstream. R and X are the resistance and the reactance at the
connection point and are depending on the characterstics of the grid. As the
voltage rise depends on the R and X, one way to reduce the voltage rise
is to reduce the values of R and X. This is done by reinforcing the cables.
However, this solution is not always an economically feasible solution. The
(X/R) ratio is a constant that depends on the characteristics of the grid and
describes the restiveness of the grid. High (X/R) ratio means that the grid is
more inductive and the (@ = X) term is dominant in Eq. 2.2. Thus, to lower
the voltage rise a reactive power control strategy could be a solution. On
the contrary, low (X/R) ratio means that the network is more resistive and
the (P = R) term is dominant in Eq. 2.2. In this case, to lower the voltage
rise an active power control strategy could be a solution. In [34], Collins et
al. studied the influence of active and reactive power control strategies on
the reduction of overvoltage caused by high PV penetration. In [35], Seguin
et al discusses the different impacts of high PV penetration to the planning
of the grid by system operators. They concluded that the overvoltage and
fast voltage variation problems are more frequent and significant when large
amount of PV is connected at the end of a lightly loaded feeders.

Overloading

The overloading of grid components is the next limiting index for DG inte-
gration [36]. With high DG penetration the DG output power can be higher
than the load power at the connected bus, Ppg > P.q- This leads to re-
verse power flows to the upstream network, which may lead to exceeding the
thermal limits of transformers and feeders. Although the grid components
are designed to withstand 100% loading for long periods, DSOs from differ-
ent countries have different limitations for the total DG amount connected to
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the grid [37]. The overloading of the components with high DG penetration
depends on several factors such as the DG location, the loading of the bus
etc. Correct DG connection location selection reduces the feeder losses and
decreases the loading of the transformer. In [26] the authors state that the
best solution is to connect the DG closer to the loads being served. Addition-
ally, the studies in [15], [38] conclude that the integration of DG can minimize
the losses, reduce overall risks, maintain the lifetime of the grid equipment
and improve the thermal loading of the transformers and feeders. The worst-
case scenario, which increases the risk of overloading, happens when the
DG production is at the maximum and the system load is at the minimum
[35].

In [30] Bertini et al. propose a systematic methodology that calculates the
HC, while taking into account the thermal overloading of the components.

From the feeder ampacity perspective, Shayani et al. [24] proposed the
following equation to estimate the maximum DG capacity for a feeder without
exceeding its thermal limits, Eq. 2.3:

PDG = 2% -Pload + (]- - Sload) (23)

where the Ppg is the installed active power of DG in pu, P,.q is the active
power of the load in pu and S;,.q is the apparent power of the load. According
to Eq. 2.3, the installed PV should be enough to supply the active power of
the load, export the same amount of active power to the grid and compensate
for any line loss if the load is below the rated value.

Power quality and Protection

Additional power quality criteria, such as harmonics, imbalances, voltage dips
or flicker can also limit the voltage related hosting capacity of distribution
grids [15]. Moreover, high DG penetration could mask a fault in the system
by providing short-circuit current and impact the protection coordination, set-
points and ratings of interrupting devices, fault detection systems, etc [39].
Since the study is focusing only on overvoltage and overloading issues, these
aspects of high DG penetration impact are excluded from the scope of this
thesis. The reader can refer to the following articles for additional literature on
power quality and protection problems: power quality - [11], [14], [40]-[54],
protection - [38], [55]-[58]
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2.1.2 HC calculation techniques

Various methods have been used in different studies to determine and im-
prove the HC of the distribution grid. These methods mainly differ by the grid
structure, loading profile, location of DG, control strategies and calculation
methods.

Depending on the availability of grid data, studies were completed based
on either generic grid structures [31], [59] or real distribution grid structures
[22], [60], [61]. Variable load profile is considered by Menniti et al. [62] while
presenting their HC determination approach. The authors used mathemati-
cal models to study the relationship between the HC and loading capacity. In
[63], Rossi et al. presented a novel solution for evaluation of the HC consid-
ering the risk of network bottlenecks. They examined DG allocation impact
on the HC by implementing stochastic DG allocation in their approach. The
authors concluded that the HC has to be identified by a probability density
function and not by a single value. Ballanti et al. [16] used a single PV con-
nection point at the furthest bus for the HC assessment. On the contrary
to [16], Quintero-Molina et al. [17] considered three different DG connec-
tion points: head of the feeder, middle of the feeder and end of the feeder.
However, only one DG is connected per assessment scenario and there is
no combination of several DGs connected at different locations. In [64], the
authors assess the techno-economical feasibility of different active and re-
active power control systems in Germany. They concluded that the reactive
power control is effective in increasing the HC. In [65]-[67], the main results
of an ltalian project to enhance the HC of MV grids via advanced control
are demonstrated. Regarding their assessment methodology the studies can
be categorized into those using deterministic approaches (i.e., simulation of
specific scenarios) [31], [60], [61] and those using probabilistic approaches
(e.g., using Monte-Carlo simulations) [22], [59].

2.1.3 HC enhancement techniques

Currently, with the increasing PV installations all over the world, the enhance-
ment of the HC of the grid is one of the important goals for the DSOs [22],
[30], [67]-[69]. Technical solutions enhancing the grid HC are categorized
into three categories in [70]: DSO solutions, prosumer solutions and interac-
tive solutions. Below various enhancement techniques are presented.
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Reactive power control

Voltage rise problems are a dominant limitation for high DG penetration. Re-
active power control is believed to be one of the most effective methods for
tackling the overvoltage problems. Different reactive power control strategies
can be used such as capacitor banks, static VAR compensators (SVC), static
synchronous compensators (STATCOM), static synchronous series compen-
sators (SSSC) and inverter based DGs.

In [71], [72] stochastic mathematical models aiming to maximize the grid
HC are presented. The authors underline that the DG penetration can be
increased and the system losses can be reduced by utilizing reactive power
control and storage systems. They concluded that the proposed models are
suitable for smart grids, where the integration of large-scale DG is preferable.
In [73], Meuser et.al investigated the HC enhancement impact of reactive
power control and improved OLTC tap control. The authors highlighted that
unbalances in reactive power flows may occur with reactive power control
in rural areas. Therefore, it is advised to place the DG near the substa-
tion transformer for balancing reactive power needs. Different reactive power
control methods and their effect on HC enhancement is examined in [74].
In the study, the authors assessed several control techniques, such as fixed
power factor control, P(cos(¢)) and Q(V'). In [75], Seuss et al. examined the
effect of local Volt/VAR control technique on the feeder HC. The study con-
cluded, that the reactive power capabilities of the inverters enhance the HC.
In [76], Ding et al. presented a stochastic analysis of PV penetration. They
concluded that the control of the power factor of the inverter has a positive
impact on HC enhancement.

Active power control

The active power control in cases of high DG penetration is mostly imple-
mented as active power curtailment. The active power is curtailed to match
the load requirements and to keep the grid within the operational limits. Active
power curtailment is mostly implemented in centralized DG stations, where
the DSOs can control the output power of the DG. In [77], Etherden et al.
discuss the impact of active power curtailment on the grid HC enhancement.
In their work, they assess the HC based on the overvoltage and thermal
overloading limiting indices. Additionally, the study emphasizes the role of
advanced communication in the achievement of optimal power curtailment.
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In [78], [79], several case studies for LV and MV networks are presented.
They discuss the impact of active power curtailment and dynamic line rating
in grid HC enhancement. The authors categorize the active power curtail-
ment into hard and soft curtailments. During hard curtailment all the DG
output is curtailed once a limiting index is violated. On contrary, the soft cur-
tailment technique curtails the DG partially. In [80], the fixed power curtail-
ment and Volt/Watt techniques are examined. The study shows that the fixed
curtailment is more efficient than the Volt/Watt control under the worst-case
scenarios. However, the authors highlight that the uncertainties in load profile
and DG penetration make it difficult to choose the most optimum curtailment
technique.

Energy storage

Another technique to enhance the HC of the grid and overcome the over-
voltage resulting from high penetration of DG is the utilization of an energy
storage. Battery energy storage enables mutual decoupling of the demand
and generation. Accurate sizing and allocation of the BES can delay the need
of network reinforcement. The impact of customer-owned and DSO-owned
BES on the grid HC enhancement are investigated in [81]-[91].

In [86], a systematic approach for BES utilization decision making in the
context of HC enhancement is presented. Correct sizing and allocation of the
BES can delay the needed standard reinforcements. In this regard, Etherden
et al. [85] presented a BES sizing methodology based on analytical simu-
lation studies. The authors concluded that BES can increase the grid HC.
However, economic feasibility studies should be conducted. In his study [87],
Poulios investigated the optimal sizing and allocation of BES to increase the
HC of a low voltage grid in Zurich, while taking into account the economic as-
pects. The author concluded that further reduction of BES prices is needed
to get an economically competitive solution. Jayasekara et al. [88] inves-
tigated the optimal BES sizing in MV and LV distribution grids in Western
Australia. A cost-based multi-objective optimization tool was introduced. The
investigations are done for three objectives: voltage regulation, network loss
reduction and peak load reduction. The study concluded that the system con-
figuration, generation profile and loading profile impact the benefits obtained
by the BES. In [89]-[91] the efficient control and utilization of BES and its
impact on the HC enhancement are discussed.
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Network reconfiguration

Network reconfiguration is an efficient technique for grid HC enhancement.

In [92], Capitanescu et al. investigated the impact of network reconfigura-
tion on the grid HC enhancement in active distribution networks (ADN). The
network reconfiguration has been categorized into static and dynamic cate-
gories. In the static reconfiguration, all the reconfiguration is done during the
grid planning stage. In the dynamic one, the reconfigurations are performed
via remotely controlled tie-switches. The study concluded that the static re-
configuration has the potential to significantly increase the HC of the grid, but
the dynamic one can enhance the HC only if sufficient number of remotely
controlled tie-switches are available. The drawbacks of the dynamic reconfig-
uration are the frequent utilization of the tie-switches, which leads to higher
wear and tear costs and the increased risk of tie-switch failure. In real-life
networks with large number of tie-switches the network reconfiguration is a
highly complicated optimization problem.

In [93], Takenobu et al., in order to decrease the time needed for grid re-
configuration analysis to enhance the HC, presented a time-efficient method-
ology, where the optimization problem is divided into small sub-problems
which represent the main reconfiguration problem. The proposed method-
ology has been tested on a real Japanese distribution network consisting of
235 switches. It was successful in finding the global optimum solution in 49 h.
In [94], Fu et al. investigated multi-period reconfiguration to find the minimal
number of switching events to enhance the HC.

However, in most of the studies the impact of grid reconfiguration on the
HC enhancement is considered only for radial configurations [95]-[98].

OLTC control and harmonic mitigation

Control of OLTC tap position and the harmonic mitigation are also viable tech-
niques for grid HC enhancement [52], [99]. However they are out of the scope
of this thesis. The reader can refer to the following articles for additional infor-
mation on OLTC control and harmonic mitigation for HC enhancement: OLTC
control - [100]-[105], harmonic mitigation - [106]—[110].
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2.2 Conclusion

In this section the concept of hosting capacity has been presented, main lim-
iting indices and the state of the art of hosting capacity enhancement tech-
niques have been discussed.

The overvoltage and the thermal overloading of the lines and transformers
are identified as the main limiting indices for evaluating the hosting capacity
of the grid. Reactive power control and active power curtailment are proven
to be one of the main and effective techniques to enhance the hosting ca-
pacity of the grid. If the reactive power control is mostly a locally controlled
strategy via the droops, the active power curtailment mostly depends on a
centralized control, where the curtailment signal is sent by the distribution
system operator. The drawback of such strategies is the dependency on the
communication. The bidirectional connection has also the problems of the cy-
bersecurity, thus one-way communication has been proposed by [111]. Even
though the one-way communication is prone to cyber-attacks, the failure of
the communication and delays in the transmission can pose severe problems
for the stability of the system. Thus, there is a need to have an alternative
solution to curtail the active power output of the PV plants without relying on
the communication, which can be a fail-safe back-up solution.

To overcome the communication problems and to enhance the PV host-
ing capacity of the grid, extended active and reactive current droops are pro-
posed, where 1,(V), I,(V') droops with variable gains are used.

With the emerging promising battery technologies and the decrease of the
battery prices, the interest in battery usage in power systems is increasing.
New opportunities open up to use the capabilities of the battery energy stor-
age for the increase of PV hosting capacity of the grid by using the batteries
not only for peak shaving and overvoltage protection but also for other ancil-
lary services, such as reactive power support and overloading protection.

In order to protect the transformer from overloading via communication-
less active power curtailment, the extended droops are combined with a bat-
tery energy storage to force the inverters to curtail their active power output
in order to decrease the loading of the transformer.
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Chapter 3

Modeling and control

This chapter focuses on the power system and PV plant modeling and con-
trol. The choice of the modeling and simulation environments is presented.
The selected grid model is presented in details and the assumptions made for
further investigation are justified. The modeling and control of the PV plants
is described in details.

3.1 Modeling of the grid

As mentioned in the previous chapters, the research goals of the thesis are to
determine the influence of the grid reconfiguration and grid-code modification
on the HC of the grid, as well as the development of novel control strategies
to protect the grid from possible overvoltages and overloading caused by
integration of PV.

In order to achieve these goals, the power system and the PV plants need
to be modeled, so that the developed solutions can be tested by means of nu-
merical simulations. However, only one model will not be sufficient to achieve
all the goals, as the the problems to be solved differ in their nature and require
assessment and analysis of parameters with different characteristics. Thus,
different types of models need to be used. For example, the HC calculation is
a static analysis problem, where the steady-state performance is of interest.
On the opposite, the overvoltage control via droops and the transformer over-
loading protection require analysis of not only the steady-state performance
of the control but also of the transient performance during the changes in the
system, such as the load changes or the solar irradiance change.

A Luxembourgish medium voltage grid representative model is used as
the basis for the grid model used in the study. The grid model is a derivative
from a previous grid model developed in MATPOWER package within the RE-
DESG FNR project for investigation of reliable operation of the grid protection
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FIGURE 3.1: Base test grid structure.

[57]. The base version of the grid model is presented in the Figure 3.1. It con-
sists of a 65kV high voltage slack bus, two 31MVA 65kV/20kV transformers,
43 medium voltage buses and 44 20kV lines, parameters of which are taken
from CIGRE MV benchmark test model [112] and eight tie-switches, which
allow to change the configuration of the grid and have meshed configura-
tions. In order to model a distributed PV generation in the grid a combination
of different connection locations is selected, four PV plants are connected to
the grid at the buses 17, 22, 31, 42. Different modifications of the presented
grid model are used in the next chapters of this thesis to test and verify the
proposed solutions.

3.1.1 Static modeling

For the grid reconfiguration analysis and HC calculation, the static model of
the grid is made in the Pandapower software package, which is based on
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Python. It is a joint development of the research group Energy Manage-
ment and Power System Operation, University of Kassel and the Department
for Distribution System Operation at the Fraunhofer Institute for Energy Eco-
nomics and Energy System Technology (IEE), Kassel [113].

The pandapower is an easy to use network calculation program package
aimed at automation of analysis and optimization in power systems. It is built
on the data analysis library pandas and the power system analysis toolbox
PYPOWER. Pandapower is mainly used for static analysis of three-phase
power systems.

The main advantages for which pandapower has been chosen are the
faster power flow solver compared to MATPOWER and PYPOWER, and the
possibility of using the Python library NetworkX for graph searches and graph
analysis [113], [114].

The power flow solver of pandapower is based on the Newton-Raphson
method. The solver is an improved, more robust, faster and more user
friendly modification of the PYPOWER solver. Some parts of the pandapower
solver are accelerated using the JIT compiler numba. This makes the pan-
dapower Newton-Raphson significantly faster than the PYPOWER solver from
which it was originally derived [113].

Additionally, pandapower provides the possibility to translate pandapower
networks into NetworkX graphs. Once a network is translated into an abstract
graph, all graph searches implemented in the NetworkX library can be used
to analyze the network structure. Moreover, pandapower also provides some
predefined search algorithms to tackle common graph search problems in
electric networks, such as finding unsupplied buses or identifying buses on
main or secondary network feeders [115], [116].

3.1.2 Dynamic modeling

For the implementation and assessment of the developed droop control and
overloading control strategies, the dynamic model of the grid and the PV plant
are made using the MATLAB Simulink software.

3.2 Modeling and control of the PV plant

This section discusses the structure, the modeling and the control of the PV
plant in MATLAB Simulink.



20 Chapter 3. Modeling and control

PVFEC
Ee irv = v IDCL = ipv
AT Vvv+ pr VDC+—L ’\_/ .
I L Grid
PV Array = DC/DC = DC/AC

FIGURE 3.2: Typical PV plant consisting of two converters and
intermediate DC link.

3.2.1 PV plant

One of the most widespread grid connected PV systems is the two-stage
grid-tied PV power interface. This power interface is chosen because of its
advantages in terms of the modular design and possibility of decoupled con-
trol [117], [118]. The simplified PV plant model consists of the PV array, PV
front-end converter (PVFEC) for DC-DC conversion, the intermediate DC link
(IDCL), and the grid connected converter for DC-AC conversion and power
feed-in to the grid, as shown in Figure 3.2.

The power output of the PV plant is partially characterized by the availabil-
ity of the resources and environmental conditions, namely the solar irradiance
and the temperature of the cell. The dynamic interference of the DC-DC and
DC-AC converters is decoupled by the high capacitance value of the IDCL.
Thus, the DC-DC converter control utilizes a maximum power point tracking
(MPPT) algorithm and is responsible for the maximum power extraction from
the PV panels and injection into the grid, whereas, the DC-AC converter con-
trol regulates the IDCL voltage and provides grid-tied functionality, such as
reactive power support and power quality improvement. In general, the op-
eration of the PV plant includes two DC voltage regulation loops. The first
control loop regulates the PV output voltage to the optimal operating point in
order to extract the maximum available power through the MPPT control of
the DC-DC converter and send it to the IDCL. The second control loop regu-
lates the voltage of the IDCL, thus regulating the amount of active power to be
injected into the grid. The IDCL voltage fluctuates depending on the power
balance between the PV generation and the grid injection by the grid-tied
converter.

3.2.2 Photovoltaic modules

The PV array consists of 5 series connected SunPower SPR-305E-WHT-D
modules per string. The number of parallel strings depends on the total in-
stalled active power of the PV plant. The details of the selected module are
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presented in Table 3.1.

TABLE 3.1: SunPower SPR-305E-WHT-D module data

Maximum Power (W) 305.226
Cells per module 96
Open circuit voltage, Voc (V) 64.2
Short-circuit current, Isc (A) 5.96
MPP voltage (V) 54.7
MPP current (A) 5.58

Temperature coefficient of Voc (%/deg.C) -0.27269
Temperature coefficient of Isc (%/deg.C) 0.061745

The characteristic |-V curves of one PV module for irradiance and cell
temperature variation are presented in Figures 3.3 and 3.4.
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FIGURE 3.3: I-V curve of the SunPower SPR-305E-WHT-D at
a constant cell temperature of 25 °C.

3.2.3 DC-DC Converter and MPPT

A non-isolated DC-DC boost converter is used as the PVFEC because it is
one of the most common converters used due to the voltage step-up require-
ment and its simplicity. According to [117], [118] the boost topology is supe-
rior to the buck in terms of price and better dynamics. The circuit schematics
of the DC-DC boost converter is depicted in Figure 3.5.

An essential component of a PV plant is the MPPT controller, which is
responsible for extracting the maximum possible solar energy [117]. In this
study the MPPT is performed using an "Incremental Conductance + Integral
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FIGURE 3.5: Schematics of the DC-DC converter including the
PV array and boost converter topology.

Regulator" technique. The details of the MPPT controller and the algorithm
will not be discussed in this thesis, since they are out of the scope.

3.2.4 DC-AC Grid-Tied Converter and Control

The DC-AC converter used in the study is a three-level three-phase voltage
source inverter (VSI). The high capacitance intermediate DC link capacitors
are acting as a buffer for the reactive power flow between the inverter and
the grid. Regulation of the DC link capacitor voltage controls the amount of
active power injected to the grid.

The control diagram of the PV inverter is presented in Figure 3.6. The
control consists of an inner current control loop and an outer control loop.
The inner current control loop regulates the dq currents 1; and I, to follow
their reference signals 1. and I,.;. The reference signals are obtained
from the outer loop. During normal operating conditions, the active current
reference I,..s is obtained from the DC link capacitor voltage regulation loop.
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However, during the overvoltages the I, is obtained from the active current
curtailment loop. The reactive current reference I,,.; is obtained from the
reactive current droop control. These outer loop controls will be discussed in
more details in the next chapters of the thesis.

The control diagram also shows the phase locked loop (PLL) and mea-
surements block. This block is responsible for the determination of the syn-
chronizing phase angle and abc to dq reference frame transformations that
are important for the 3-phase inverter system controls. This requires trans-
forming the inverter terminal voltage from abc, Vs(a.), to dq frame, V),
with ensuring 6 = wt in steady state. The three phase voltages are first trans-
formed to the stationary 50 reference frame by using the non-normalized
Clarke transformation. The voltage vector and transformation matrix are ex-
pressed as 3.1 and 3.2, correspondingly.

T
Vs(a) VS(a)
Vsapo) = |vsp) | = |:Toz,80i| VS(b) (3.1)
Us(0) Us(e)
1 1
o |1 T2 T2
Tun] =30 £ % (3.2)
11 1
2 2 2

Neglecting the zero sequence component, the voltage on the «af refer-
ence frame is derived as:

cos(wt + @)
sin(wt + @)

US()

Us(B)

— Vs (3.3)

Vsap) = [

where ¢ represents a reference phase angle and Vy is the voltage magnitude.
The voltage vector is then derived in dg frames as:

US(d)] ) [COS(QS) e Vs(ap) (3.4)

—sin(fs) cos(fs)

Vs(aq) = LS( :
q

where 0, is the rotational transformation angle determined by the PLL.
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Chapter 4

Grid Reconfiguration Analysis

In this chapter, the influence of grid reconfiguration and grid code change on
the PV hosting capacity (HC) improvement of a medium voltage (MV) grid
with meshing possibilities is assessed. The grid reconfiguration analysis is
performed for all the possible switch configurations. First, the grid is trans-
formed into a graph, and then graph analysis tools are used to assess the
configuration. To assess the cross-influence of PVs and the influence of their
location, four PV plants are connected at different parts of the grid. Also, to
assess the impact of grid code modification on the hosting capacity, several
PV inverter control case scenarios are considered. The chapter concludes
with a grid reconfiguration summary showing the connection between the
configuration number, the tie-switch configuration and the distribution of the
PV hosting capacity. This summary provides the grid operators a reconfigu-
ration degree of freedom to safely reconfigure the system in cases of system
contingencies, while keeping the PV hosting capacity of the grid within a cer-
tain range.

4.1 Introduction

As concluded from Chapter 2, the grid reconfiguration and grid code mod-
ification are possible solutions to improve the HC of the grid. Both, the grid
reconfiguration and the grid code modification are considered as low cost or
no cost solutions and should be the first measure to be considered by the
grid operators in order to increase the HC of the grid.

To show the potential of a proper grid reconfiguration, an algorithm has
been developed to analyze the HC of all the possible radial and meshed
configurations. The algorithm permits to consider several DGs connected at
different buses during the HC calculation, on contrary to [16], [17].
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The detailed description of the reconfiguration analysis and HC calcula-
tion algorithms, the implementation of the algorithms on a test-network and
the results of static analysis of the potential of grid reconfiguration and grid
code improvement to increase the HC of the grid are presented in the follow-
ing sections.

4.2 Subset Sorting and Hosting Capacity Calcu-
lation

This section presents analysis of the developed grid reconfiguration and the
HC calculation algorithms.

Since the HC is a static characteristic of a grid, the static model of the
system is chosen for the reconfiguration analysis and the HC determination.
To assess the influence of the grid reconfiguration and grid-code modification
on the HC of the grid an algorithm is developed using the built-in pandapower
tools and several Python libraries.

The algorithm analyzes all the possible grid configurations, sorts them
into meshed and radial groups and calculates the HC. The overview of the
grid reconfiguration analysis algorithm is presented in Figure 4.1.

First, the safe operating conditions of the grid are defined. The limiting
indices for overcurrent and overvoltage are set based on the requirements of
the grid operator.

After the limiting indices are defined, the first grid configuration is selected.
The selected configuration is transformed into a graph by using a built-in pan-
dapower function. This allows the use of python NetworkX graph analysis
library to sort the grid configurations into meshed and radial groups. First,
the grid configuration is checked for the presence of isolated buses by using
pandapower topological search tools. If the configuration has an isolated bus,
then that configuration is discarded, since in the normal operating conditions
all the buses should be energized. If all the buses of the network are properly
energized, the configuration is tested on the presence of cycles by using the
NetworkX graph analysis tools. If the configuration has a cycle in it then it
is labeled as a meshed network, otherwise it is labeled as a radial network.
After the configuration has been labeled, the HC of that configuration is cal-
culated and the next configuration is selected. This process is repeated until
all the switch configurations in the network are analyzed.
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FIGURE 4.1: Subset sorting overview

The crucial part of the reconfiguration analysis algorithm is the HC calcu-
lation, which is presented in more details in Figure 4.2.

In order to determine the HC of the configuration, first the connection
points for the PV plants are defined. Next, the initial values of the HC, active
and reactive power outputs of the PV plants are set to zero. A flag is set for
each PV plant, that will be set to TRUE if there is a violation of limiting indices
at the PCC. Initially all the flags are set to FALSE. Next, the increment steps
for the active and reactive power output of the PV plants are defined.

After the initialization steps are completed, the outputs of all the PV plants
are sequentially increased step by step until all the flags are set to TRUE. In
the first step, the active power output of the first PV plant is increased by
the defined step. After each increment of the active power a power flow
analysis is run to check for violations of the limiting indices. If a violation
is detected and an overvoltage exists and the PV inverter reactive power
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FIGURE 4.2: HC calculation algorithm
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reserve is not reached, the active power output is reset to the previous value
and the reactive power output is increased. Otherwise, in case of overloading
or in absence of reactive power reserve, the active power output is reset to
the previous value and the flag is set to TRUE. In the next steps, the same
procedure is performed for other PV plants until all of them reach the power
output value at which all the flags are set to TRUE. Once all the flags are set
to TRUE, the total output active power of all the PV plants is assigned to the
configuration as the HC limit.

After the HC is calculated for all the configurations, the impact of the re-
configuration is assessed and the distribution of the HC is analyzed to provide
the grid operators with a degree of freedom in reconfiguration while keeping
the integration level of PVs within certain values.

The power flow analysis is done by the pandapower tool using the iterative
Newton-Rhapson solver algorithm with maximum number of iterations of 100.
The used Newton-Rhapson algorithm is a PYPOWER implementation with
Numba accelerations.

4.3 Representative System Case Study

In this section the application of the grid reconfiguration analysis algorithm
on a representative Luxembourg MV network model is presented.

4.3.1 Test Network

The selected test network is a 43-bus 20 kV model representation of the
typical Luxembourgish MV grid structure, developed in the REDESG FNR
project, with reference line parameters defined by CIGRE for MV benchmark
test model. The models developed in the REDESG FNR project have also
been used for investigation of reliable operation of protection equipment [57].
The grid is presented in Figure 4.3. Itis a MV network with meshing possi-
bilities. The network consists of:

» HV supply grid with a short circuit capacity of 300 MVA
* Two 31 MVA 65/20 kV transformers with Ux=12%
* 43 buses

* 44 lines with an average X/R ratio of 1.4
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FIGURE 4.3: Test grid structure

+ Eight tie-switches: TS1 through TS8
» Four PV plants allocated at buses 17, 22, 31 and 42

* No loads

4.3.2 Assumptions
Several assumptions are made for simplifications in this study:

» The grid under study is a balanced three-phase system operating in
steady state with a constant frequency of 50 Hz

+ Limitations from frequency control do not affect the study

» The protection equipment is properly configured for each grid configu-
ration
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4.3.3 Limiting indices

The limiting indices are selected according to the current grid code limita-
tions for normal grid operation [9], [115]. The limiting indices are chosen as
following:

* 1.04 p.u. voltage for overvoltage,
» 100% of rated current for transformer overloading,

* 100% of rated current for line overloading.

4.3.4 Case scenarios

Several cases are taken into account in order to evaluate the influence of the
grid code changes on the improvement of the HC of the grid. These cases
are:

Base case

In the base case, the inverters work in unity power factor mode and inject
only active power. This corresponds to the operation point a on Figure 4.4;

Current grid code case

In this case, the inverters’ operation range is limited within the power fac-
tor range of cos¢ = 0.9, in line with the current VDE AR-4110:2018 grid
codes [9]. Thus, the maximum reactive power is Q.. = 0.484 - P;,s. This
corresponds to the operation point b on Figure 4.4;

Improved grid code case

In this case, when the reactive power capability of the inverter at cos¢ = +0.9
is reached and the voltage limitations are violated, the inverters are forced to
decrease their active power output by up to 20% and keep the same reactive
power value as before the curtailment (point ¢’ on Figure 4.4). In contrary, in
the current grid code case the curtailment of the active power would lead to
a decrease in reactive power reserve of the inverter (point b’ on Figure 4.4).

Keeping the same reactive power reserve level leads to increased reactive
power support compared to the current grid code case and wider power factor
range. Since P, = 0.8 P,,;; and Q421 = 0.484- P, = 0.605- P;, the extended
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FIGURE 4.4: Case studies

power factor value is cos¢ = arctan(Qmaz1/P1) = arctan(0.605) = 0.855.
Thus, the improved grid codes should allow the grid-connected inverters
to work in a wider power factor range when in the active power curtailment
mode.

On the other hand, in order to avoid active power curtailment and at the
same time provide extra reactive power reserve, the plant operators can over-
size their inverters to be able to operate with maximum active power output
at extended power factor range of, cos¢p = +0.855. Thus, when a curtailment
signal is received the operating point of the inverter will move from operating
point b to ¢ and then to ¢’ if curtailment is still needed, instead of immediately
jumping from operating point b to ¢’ (Figure 4.4).

In all the cases, no load situation is considered, since it is the worst pos-
sible load condition for PV integration [119].

4.4 Results

Grid subset analysis is performed the first, based on the algorithm described
in Section 4.2 and Figure 4.1. The results are presented in Table 4.1. We
can see that more than half of all the possible configurations are not valid
configurations, as they have isolated buses. The subset analysis algorithm
automatically ignores the invalid configurations, thus cutting down the running
time by more than 50%.
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TABLE 4.1: Grid subset analysis summary

Configuration Number

Meshed 81
Radial 31
Isolated 144
Total 256
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FIGURE 4.5: HC for each configuration of the meshed subset

To assess the potential HC improvement by means of grid reconfigura-
tion and grid code improvement, HC calculations are performed for all three
cases, as described in Section 4.2 and presented in Figure 4.2. In all the
cases, the increment step value for the active power is taken as 50 kW and
10 kVAr for the reactive power.

The results for grid reconfiguration and grid code improvement analysis
are presented in Figure 4.5 for the meshed configurations and in Figure 4.6
for the radial configurations. The performed subset analysis for the radial
and meshed groups are summarized in Table 4.2 and Table 4.3. From these
tables it can be observed that the binary representation of the configuration
number corresponds to the switch configuration. Thus, by knowing the con-
figuration number the grid operator can easily tell which switches are closed
and which are open.

As presented in the sorted HC distribution plots (Figure 4.7 and Figure
4.8), by just using proper grid configuration the HC can be increased up to 4
times. The grid code improvements suggested in the third case can increase
the HC by an additional 13% compared to the second case for the meshed
subset (Figure 4.7) and by 15% for the radial subset (Figure 4.8). This is
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FIGURE 4.6: HC for each configuration of the radial subset

TABLE 4.2: Sorted radial group switch configurations and HC
for the third case

Index# Conf# TS1 TS2 TS3 TS4 TS5 TS6 TS7 TS8 HC(kW)

1 51 0 0 1 1 0 0 1 1 6400
2 53 0 0 1 1 0 1 0 1 6640
6 83 0 1 0 1 0 0 1 1 6640
19 147 1 0 0 1 0 0 1 1 6640
7 85 0 1 0 1 0 1 0 1 7000
20 149 1 0 0 1 0 1 0 1 7000
3 54 0 0 1 1 0 1 1 0 7200
8 86 0 1 0 1 0 1 1 0 7680
21 150 1 0 0 1 0 1 1 0 7680
5 58 0 0 1 1 1 0 1 0 7720
4 57 0 0 1 1 1 0 0 1 7920
10 90 0 1 0 1 1 0 1 0 8320
23 154 1 0 0 1 1 0 1 0 8320
9 89 0 1 0 1 1 0 0 1 8480
22 153 1 0 0 1 1 0 0 1 8480
17 116 0 1 1 1 0 1 0 0 9880
26 166 1 0 1 0 0 1 1 0 9960
13 102 0 1 1 0 0 1 1 0 10200
30 180 1 0 1 1 0 1 0 0 10240
12 101 0 1 1 0 0 1 0 1 10320
25 165 1 0 1 0 0 1 0 1 10640
29 177 1 0 1 1 0 0 0 1 13080
24 163 1 0 1 0 0 0 1 1 13720
11 99 0 1 1 0 0 0 1 1 13760
16 113 0 1 1 1 0 0 0 1 14080
28 170 1 0 1 0 1 0 1 0 15080
15 106 0 1 1 0 1 0 1 0 15120
27 169 1 0 1 0 1 0 0 1 18520
14 105 0 1 1 0 1 0 0 1 18600
31 184 1 0 1 1 1 0 0 0 18960
18 120 0 1 1 1 1 0 0 0 19040
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FIGURE 4.8: Sorted HC distribution for the radial subset

due to the higher reactive power reserve provided by the oversizing of the in-
verters and subsequent wider power factor range of 0.855 lead/lag compared
to 0.9 lead/lag in the current grid code case.

The proposed changes in the grid codes utilize the grid closer to the max-
imum thermal limits. In the improved grid code case, with the increased
reactive power reserve, the lines and the transformers work closer to their
thermal limits, as it can be seen from the Figure 4.9 - Figure 4.14.

TABLE 4.3: Sorted meshed group switch configurations and HC
for the third case

Index# Conf# TS1 TS2 TS3 TS4 TS5 TS6 TS7 TS8 HC (kW)

4 62 0 0 1 1 1 1 1 0 4920
9 94 0 1 0 1 1 1 1 0 5280
30 158 1 0 0 1 1 1 1 0 5280
56 222 1 1 0 1 1 1 1 0 5280
1 55 0 0 1 1 0 1 1 1 5800
48 211 1 1 0 1 0 0 1 1 6640

Continued on next page
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Table 4.3 — continued from previous page

Index# Conf# TS1 TS2 TS3 TS4 TS5 TS6 TS7 TS8 HC (kW)

6 87 0 1 0 1 0 1 1 1 6720
27 151 1 0 0 1 0 1 1 1 6720
51 215 1 1 0 1 0 1 1 1 6720
49 213 1 1 0 1 0 1 0 1 7000
50 214 1 1 0 1 0 1 1 0 7680
77 251 1 1 1 1 1 0 1 1 7760

8 93 0 1 0 1 1 1 0 1 7920
29 157 1 0 0 1 1 1 0 1 7920
55 221 1 1 0 1 1 1 0 1 7920
53 218 1 1 0 1 1 0 1 0 8320
52 217 1 1 0 1 1 0 0 1 8480

3 61 0 0 1 1 1 1 0 1 8600
21 122 0 1 1 1 1 0 1 0 8600

2 59 0 0 1 1 1 0 1 1 8640

5 63 0 0 1 1 1 1 1 1 8760
10 95 0 1 0 1 1 1 1 1 8920
31 159 1 0 0 1 1 1 1 1 8920
57 223 1 1 0 1 1 1 1 1 8920

7 91 0 1 0 1 1 0 1 1 9280
28 155 1 0 0 1 1 0 1 1 9280
54 219 1 1 0 1 1 0 1 1 9280
22 123 0 1 1 1 1 0 1 1 9440
76 250 1 1 1 1 1 0 1 0 9680
45 189 1 0 1 1 1 1 0 1 9720
39 182 1 0 1 1 0 1 1 0 9760
47 191 1 0 1 1 1 1 1 1 9880
18 118 0 1 1 1 0 1 1 0 9920
40 183 1 0 1 1 0 1 1 1 10160
19 119 0 1 1 1 0 1 1 1 10200
60 230 1 1 1 0 0 1 1 0 10320
32 167 1 0 1 0 0 1 1 1 10400
73 247 1 1 1 1 0 1 1 1 10560
26 127 0 1 1 1 1 1 1 1 10600
70 244 1 1 1 1 0 1 0 0 10600
72 246 1 1 1 1 0 1 1 0 10880
59 229 1 1 1 0 0 1 0 1 11040
24 125 0 1 1 1 1 1 0 1 11120
38 181 1 0 1 1 0 1 0 1 11160
17 117 0 1 1 1 0 1 0 1 11200
37 179 1 0 1 1 0 0 1 1 11360
71 245 1 1 1 1 0 1 0 1 11480
20 121 0 1 1 1 1 0 0 1 11680
41 185 1 0 1 1 1 0 0 1 12040
81 255 1 1 1 1 1 1 1 1 12440
46 190 1 0 1 1 1 1 1 0 12520
16 115 0 1 1 1 0 0 1 1 12600
23 124 0 1 1 1 1 1 0 0 12640
25 126 0 1 1 1 1 1 1 0 12760
43 187 1 0 1 1 1 0 1 1 12760
79 253 1 1 1 1 1 1 0 1 12880
69 243 1 1 1 1 0 0 1 1 13120
80 254 1 1 1 1 1 1 1 0 13200
58 227 1 1 1 0 0 0 1 1 14000
11 103 0 1 1 0 0 1 1 1 14160
61 231 1 1 1 0 0 1 1 1 14200

Continued on next page
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Table 4.3 — continued from previous page

Index# Conf# TS1 TS2 TS3 TS4 TS5 TS6 TS7 TS8 HC (kW)
68 241 1 1 1 1 0 0 0 1 14520
75 249 1 1 1 1 1 0 0 1 14600
42 186 1 0 1 1 1 0 1 0 14920
63 234 1 1 1 0 1 0 1 0 15360
36 175 1 0 1 0 1 1 1 1 16080
15 111 0 1 1 0 1 1 1 1 16160
35 174 1 0 1 0 1 1 1 0 16160
14 110 0 1 1 0 1 1 1 0 16200
66 238 1 1 1 0 1 1 1 0 16240
67 239 1 1 1 0 1 1 1 1 16240
34 173 1 0 1 0 1 1 0 1 16680
65 237 1 1 1 0 1 1 0 1 16720
13 109 0 1 1 0 1 1 0 1 16760
44 188 1 0 1 1 1 1 0 0 16760
78 252 1 1 1 1 1 1 0 0 16760
33 171 1 0 1 0 1 0 1 1 18280
12 107 0 1 1 0 1 0 1 1 18320
64 235 1 1 1 0 1 0 1 1 18560
62 233 1 1 1 0 1 0 0 1 19000
74 248 1 1 1 1 1 0 0 0 19480

Figure 4.13 and Figure 4.14 show that in the improved grid code case,
with the proposed reactive power reserve improvement via curtailment or
oversizing of the inverters, the line loading is a major limitation for the grid in-
tegration of PVs. Also, we observe that for the base case, when the inverters
work at unity power factor, the lines are less loaded in the meshed configu-
rations than in the radial configurations. Although the HC changes are not
significant between meshed and radial subsets for the base case (Figure 4.7
and Figure 4.8), the average loading of the lines decreases from 75.6% to
44.6%. Thus, the selection of meshed configurations is more preferable.

Loading (%)

T T T T T T T T T T T T T T T T 1

Improved grid code case
< Current grid code case
< Base case

10 15 20 25 30

Index number of the configuration

FIGURE 4.9: Transformer Tr1 loading for the meshed subset
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Figure 4.15 and Figure 4.16 present the number of possible configura-
tions for a specified range of HC for each case, for meshed and radial subsets
respectively. As observed, there are more configurations with higher HC in
the meshed subsystem than in the radial subsystem. The average HC of
the meshed subset is 7% higher than the one of the radial subset. Similarly,
the maximum HC of the meshed subset is 2% higher than the one of the
radial subset. These histograms provide the grid operators with a degree
of freedom in reconfiguration during the system contingencies to keep the
integration level within certain values.

4.5 Conclusion

In this chapter, an analysis of PV hosting capacity improvement in a medium
voltage network via grid reconfiguration and grid code improvements is pre-
sented. Grid code improvements, by the means of power factor extension
and PV inverter oversizing proved to considerably increase the hosting ca-
pacity of the system and utilize the grid closer to the designed limits. Meshed
grid configurations are able to decrease the loading of the lines and provide
higher number of configurations with high values of hosting capacity. Us-
ing the versatility of the Pandapower software, it has been shown that grid
reconfiguration analysis should be the first consideration in PV hosting ca-
pacity improvement for the grid operators since it can substantially increase
the hosting capacity and does not require any additional expensive grid rein-
forcement. Additionally, grid reconfiguration degree of freedom is introduced
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as a means to safely reconfigure the system without substantial decrease in
the hosting capacity. In addition, the grid reconfiguration analysis provides
opportunity for an interdisciplinary research on pattern recognition in grid
configuration subsets. For example, finding certain switches which should
always be kept closed in order to accommodate a certain amount of PV.
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Chapter 5

Extended Current Droop Control
of PV Plants

This chapter presents the developed extended active and reactive current
droops for controlling the output of the PV plants connected in a meshed
medium voltage (MV) grid. Four PV plants are connected at different points
of the grid to evaluate the load sharing capability, the cross-influence of PV
plants and the influence of their connection location. The static and dynamic
performance of the droops is analyzed. Abrupt load variation is performed
to assess the dynamic performance of the proposed extended droop con-
trol. The superiority of the extended droops over the traditional droops during
voltage fluctuations in the grid is demonstrated via simulations.

5.1 Droop control

As mentioned in the Chapter 2 the reactive power control and active power
curtailment are one of the main solutions to overcome the overvoltage and
overloading problems when enhancing the HC.

One of the most common control strategies used for controlling the over-
voltages at the connection point is the droop control [120], [121].The droop
control is also being used to ensure proper load sharing and parallel opera-
tion of the inverters in the grid [122], [123]. The advantages of droop control
include the flexibility, high reliability, different power ratings and the absence
of communication [124]-[126]. The droop control has its drawbacks amongst
which are the poor harmonic sharing, coupling inductances, influence of sys-
tem impedance and slow dynamic response [127]-[129]. To overcome the
mentioned drawbacks several solutions have been proposed. Variable virtual
droops have been proposed in [127], [130] to overcome the issues with cou-
pling impedances. To enhance the dynamic response adaptive decentralised
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droops are proposed in [131]. To overcome the problems associated with
the line impedance Lin et al. [132] proposed a decoupled active and reac-
tive power droops, Hanaoka et al. [133] presented reactive current addition to
the droop control. In [134], Liu et al. enhanced droop control is demonstrated
for meshed and radial DC microgrids. The control proposed by the authors
takes into account the effects of communication delay and line impedance
and eliminates the voltage deviation and enhances the load power sharing
accuracy.

5.2 Extended current droops

The grid support capabilities of the inverters are limited by their power rating,
the availability of the primary energy and more limiting, the grid codes. In the
current VDE-AR 4110:2018 grid codes, the reactive power output is limited by
the power factor and depends on the generated active power [9]. As a result,
during sub-nominal active power production the full reactive power capability
of the inverter is not being used (Figure 5.1a).
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FIGURE 5.1: Reactive power capability requirement for PV in-
verters: a - VDE-AR 4110:2018, b - proposed for normal oper-
ation, ¢ - proposed for contingencies
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To overcome the current grid-code limitations and to boost the full usage
of the reactive power support capability of the inverters during system contin-
gencies, new requirements of reactive power capability are proposed (Figure
5.1b, ¢). In the proposed reactive power capability requirement, the reac-
tive power output of the inverter is independent of the active power output,
meaning that the inverters can provide reactive power support at their full re-
active power capacity within the active power range of 0 to 100%. Thus, the
maximum value of the reactive power will be limited only by the total installed
power of the PV inverter (Figure 5.1b). Additionally, in the events of system
contingency, the inverters will be able to provide extra reactive power capac-
ity, if requested by the distribution system operator via centralized control or
defined by the grid codes and local reactive power control scheme (Figure
5.1¢): —0.8 < cosp < 0.8,i.e —0.6 x5 <Q <0.6x%S.

In order to ensure proper load sharing and parallel operation of the in-
verters in the grid, droop control is commonly being used [129], [130], [134],
[135]. Based on the proposed reactive power capability requirement, an im-
proved, extended reactive and active current droops 1,(V)/1,(V') are devel-
oped (Figure 5.2). Compared to the regular droops, as presented in the
VDE-AR 4110 grid code, the proposed reactive current droop increases the
absolute maximum reactive current value when the voltage value is more
than 1.04 p.u. (Eq. (5.1)).

ores] = —25 % 0.436 % Lo * (Vpoe — 1), if Veee < 1.04 pou.
|]q7‘€f| = 0.6 * [ma:ca if VPCC > 1.04 p.Uu.

. (5.1)

In this manner, during full active power production, the power factor limi-
tation of £0.9 is being changed to +0.8 when the voltage is higher than 1.04
p.u.. Thus, providing extra reactive power reserve and eliminating the extra
losses caused by excess reactive power flow compared to regular full-time
power factor +-0.8 operation during normal operating conditions.

The developed extended current droops also comprise active power cur-
tailment (APC) droop where the active power output of the PV plant is being
linearly decreased from 100% to 0%, starting at 1.04 p.u. up to 1.1 p.u.
voltage levels (Eq. (5.2)).
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Lires| = 0.8 % Lpgs, if Vpee < 1.04 pu.

| Lagres| = % * Iaw, if 1.04dpau. < Vpee < 1.1pu. . (5.2)

|Id7“ef| = 0, if VPC’C Z 1.1 p.u.

The combination of the proposed active and reactive current droops has
been applied to the modeled test grid and the performance is compared
with the no droop, regular reactive current droop and regular reactive cur-
rent droop with APC droops cases. The details of the grid configuration and
detailed analysis of the simulation results are presented in the next section.

A

0.8lmax

i 777777777 0.6lmax |
— 0.436max

\ 4

0.96 1.04 1.1 Vv

-0.436lmax |- ]
0.6lmax  [--------

FIGURE 5.2: Extended reactive and active current droops

5.3 Test grid structure and simulation setup

To test the static and dynamic performance of the developed extended cur-
rent droops, a modified version of the grid model used in the Chapter 4 is
used as a test grid for this chapter and modeled in Matlab Simulink. Since the
grid reconfiguration analysis has shown that the transformers have been un-
derloaded compared to the lines and the average loading of the transformer
Tr1 has been less compared to Tr2, a decision was made to remove Tr1 and
to decrease the rated power of Tr2 from 31 MVA to 10 MVA. In this version of
the grid model all the tie-switches are closed and the grid is highly meshed
(Table. 5.1). To assess the cross-influence of PVs and the influence of PV
location, four PV plants and five loads are connected at various points of the
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TABLE 5.1: Tie-switch combination

Tie-switch TSH1 TS2 TS3 TS4
Status Closed Closed Closed Closed
Tie-switch TS5 TS6 TS7 TS8
Status Closed Closed Closed Closed

TABLE 5.2: Load and PV data

Connection bus P [kW] Q [kVAr] Dispatching time
PVs
PV 1 17 400 -300 to 300 No dispatching
PV 2 22 200 -150 to 150 No dispatching
PV 3 31 300 -225 to 225 No dispatching
PV 4 42 100 -75t0 75 No dispatching
Total 1000 -750to 750
Loads
Load 1 17 250 0 Disconnect t=4s
Load2 17 300 0 Disconnect t=2.5s
Load 3 26 272.1  55.2 inductive Disconnect t=4s
Load4 18 0 200 capacitive ~ Connect t=5.5s
Load 5 21 272.1  55.2 inductive Disconnect t=2.5s
Total 1094.2 200, capacitive

110.4, inductive

grid (Figure 5.3). The detailed load and PV parameters are presented in
Table. 5.2.

To test the efficiency of the proposed extended current droops perfor-
mance during grid disturbances and overvoltages, the grid is subjected to
load changes at time points 2.5s, 4s and 5.5s. More specifically the loads
2 and 5 are disconnected at 2.5s to have a partial loading case, the loads 1
and 3 at 4s to have a no load case, and the load 4, which is a capacitive load,
is connected at 5.5s to model a significant voltage rise in the grid.

In order to demonstrate their performance, the developed extended cur-
rent droops are compared with other, more traditional PV control strategies,
namely:

» No droop case: In this case the PV plants are operating at unity power
factor and are injecting only active power.

» Reactive current droop case: In this case the PV plants are also taking
part in the voltage regulation via droops within the power factor range
of £0.9.
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FIGURE 5.3: Test grid model with only one transformer at re-
duced nominal power
+ Reactive current droop + APC case: In this case in addition to the previ-
ous case the active power is curtailed based on the proposed strategy.

» Extended reactive current droop + APC case: In this case the PV plants
operate with the designed extended reactive current droops with active
current curtailment.

5.4 Simulation results

In this section the simulation results are discussed. As mentioned in the
previous section, the loads are being dispatched during the simulation at time
points 2.5s, 4s and 5.5s, in order to have varying voltage levels in the grid and
to test the static and dynamic performance of the proposed extended current
droops. Thus, the simulation can be divided into four parts:

» full load, 0s <t < 2.5s
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* partial load, 2.5s <t < 4s
* noload, 4s <t < 5.5s
 capacitive load, 5.55s <t < 7s

The main goal of the designed extended control is to maintain a lower
voltage profile of the network and decrease the amount of curtailed active
power during overvoltages. As it can be seen from Figure 5.4, the voltages
at the PV connection points and the transformer secondary are lower with
the proposed extended droop control compared with the other cases. This
is mainly due to the fact that the proposed extended reactive current droop
provides extra reactive power reserve at the times when the regular droop is
not able to keep the voltage level below 1.04 p.u..

For the simplicity the performance of the extended droops only for PV1
inverter has been analyzed.

During the full load operation (¢t = 0 — 2.5s) all the control strategies per-
form well to keep the PCC voltage level below 1.04 p.u.. However, the droop
control strategies maintain a lower voltage value because of reactive power
support.

After load 2 and load 5 have been disconnected at ¢t = 2.5s, the no droop
control strategy is no more capable to keep the PCC voltage below 1.04 p.u..
On the contrary, the other three control strategies keep the voltage at PCC
at 1.035 p.u. as they all use the same droop control following the +0.9 power
factor limitation.

At t = 4s load 1 and load 3 are being disconnected in order to have a no
load case and to further increase the voltage level of the grid. In this case,
we can see that the proposed extended current droop control is the only one
to be able to keep the PCC voltage at 1.04 p.u. without curtailing the active
power output (Figure 5.5), as a result of the extra reactive power capability
added by the change of power factor limitation from +0.9 to 4+0.8.

In order to compare the curtailment performance of the proposed ex-
tended current droops with the regular droops, a capacitive load is connected
at bus 18 at ¢t = 5.5s to increase the voltage levels of the grid. As we can see
from Figure 5.4 and Figure 5.5, the extended current droops are able to
keep the lowest voltage and to curtail only 7.9% of the active power output
compared to 13.5% for the regular droop with APC, which is 41.5% less.

We have similar behavior for all other three PV plants connected to the
grid (Figure 5.4 - 5.6). Moreover, the dynamic performance of the extended
current droop control is compared with the other three control strategies. It is
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able to keep the system stable and fast responding, as there are almost no
oscillations and the voltage is settling within 60ms.

The reactive power reserve of the PV inverters has been increased by
37.6% with the use of the proposed extended droops. Thus, the inverters
absorb more reactive power and consequently decrease the reactive power
flow through the substation transformer, hence decreasing the loading of the
transformer (Figure 5.6, Figure 5.8, Figure 5.9). The extended current droop
strategy lowers the loading of the transformer by 23.8% and 3.3% compared
to the no droop and regular droop with APC cases respectively.

Although the frequency stability is outside the scope of this thesis, the
frequency response of the system is shown in Fig 5.10. We can see that the
proposed extended current droop control strategy does not impair the fre-
quency stability of the system. Moreover, in some cases the extended droop
control can reduce the peaks of the frequency spikes during the sudden load
changes.

5.5 Conclusion

The designed extended droop control with active power curtailment is a viable
and non-expensive grid reinforcement strategy which can not only regulate
the voltage at the point of common coupling, but also relax the transformer
loading and improve overall voltage and frequency stability. Additionally, over-
sizing of the inverter by 12.5% compared to the VDE4110:2018 grid codes
can increase the reactive power reserve of the inverters by 37.6% and result
in up to 6.5% more PV injection into the grid compared to the regular droop
case.

Thus, the grid code modification and the extended current droops can be a
cost effective grid reinforcement solution without any change of the hardware
infrastructure.
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Voltage at the Trafo secondary
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FIGURE 5.4: Voltages at the PV PCC and transformer secon-
dary
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Chapter 6

Overloading Control of
Substation Transformer

This chapter presents a comparison of two novel overloading prevention
strategies of substation transformer. The strategies are designed to protect
the transformer during high PV production and low load situations via reactive
power control using a battery energy storage (BES) connected at the MV side
of the substation transformer. The first strategy is based on reactive current
droop control, whereas the second strategy relies on Pl control of the reac-
tive power. The proposed strategies do not depend on any communication
means and are connection fail-safe. The proposed strategies are tested on
a modified version of the meshed network used in the previous chapter. The
hosting capacity (HC) improvement and their static and dynamic performance
are assessed in comparison to the no curtailment case. Additionally, the in-
fluence of the substation transformer power rating on the system stability and
PV output curtailment is analyzed.

6.1 Transformer overloading protection

As mentioned in the Chapter 2, the next limiting factor of the growth of in-
stalled PV capacity is the overloading of lines and transformers. The existing
grids have been designed for a certain range of load and generation with-
out considering the future increase in the number of PV installations and
reverse power flows. The increased PV generation share in the grid can lead
to critical situations, when the current flowing through the transformer may
exceed the nominal value. Moreover, due to the intermittent nature of the
solar irradiation, the output of the PVs can vary, which can lead to critical
situations when PV production peaks can cause a short-term overloading of
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transformer. For example, during low load and high PV production hours over
the day.

One of the common solutions to the transformer overloading problem is
the replacement of the transformer or the reinforcement of the substation
by adding an additional transformer. From the economic point of view this
solution might not be the most cost saving solution.

In this chapter two novel communication-less strategies for transformer
active protection are proposed and compared against each other and no pro-
tection case. These strategies are based on deployment of a BES. The BES
can not only store the excess active power and provide power when needed,
but also provide ancillary grid support services like a flexible alternating cur-
rent transmission system (FACTS) device. For example, BES can act as
a static synchronous compensator (STATCOM) and provide reactive power
support to the grid in addition to the already generated or stored active power
if requested by the grid operator [136], [137]. Both designed strategies use
a modified BES system connected at the transformer secondary side. The
modified BES system is designed not only to shave the active power pro-
duction peaks by charging up and providing active power when needed, but
also it has reserved capacity for the provision of reactive power support to
the grid. The main idea behind both strategies is to force the PV plants to
curtail their active power output by artificially increasing the grid voltage. The
difference between the two strategies is the implementation of BES control.

The detailed description of the strategies and the assessment of their
performance are presented in the next sections.

6.1.1 Transformer protection droops

The main idea of the transformer protection droop (TPD) strategy is to indi-
rectly force the PV inverters to curtail their active power output to protect the
substation transformer from overloading without relying on communication.
Since the PV inverters operate based on I,(V')/1,(V) droops, the only solu-
tion to force them to curtail the active power, without a centralized curtailment
signal, would be to artificially increase the voltage profile of the grid. To do
so, the BES will inject reactive power into the grid based on droops (Eq. 6.1).
The BES starts to inject reactive power when the loading of the transformer
reaches 80%. The injection is done based on the droops and reaches the
maximum value when the transformer loading is at 100%.
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FIGURE 6.1: DLC control structure

Iqref_BES = —Hx% (ITr — 0.8), if ITr > 0.8 p.u.
Iqref_BES = O, if ITT S 0.8 p.u.

6.1.2 Direct loading control

The direct loading control (DLC) strategy works in the same principle as the
TPD. It also injects reactive power to the grid, in order to raise the voltage
profile of the grid and force the I,(V')/1,(V') droop controlled PV inverters to
curtail their active power output. The only difference is the type of control
used for controlling the reactive power output of the BES. On the contrary
to the TPD strategy, the DLC strategy uses a PI controller with integrator
anti windup to control the reactive power output of the BES, Figure 6.1. The
developed DLC strategy, similar to the TPD strategy, is a local control strategy
that does not rely on communication. It only relies on the local measurement
of the current flowing through the transformer secondary winding. The DLC
strategy is activated only when the transformer loading is more than 100%.
After being activated the DLC controls the transformer loading at 100% and
turns off when it is below 100%.

6.2 Test grid structure and simulation setup

A slightly modified version of the grid model used in the Chapter 5 is applied
for assessing the performance of the TPD and DLC strategies and the influ-
ence of the total installed PV power and transformer power rating ratio on
the voltage stability and overloading of the substation transformer. In com-
parison to the grid model used in the Chapter 5, the modified grid model
has a BES system connected at the secondary side of the HV/MV substation
transformer, at bus 2, it has a different load setup and the power rating of the
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FIGURE 6.2: Test grid model

TABLE 6.1: Tie-switch configuration

Tie-switch TSH1 TS2 TS3 TS4
Status Closed Closed Closed Closed
Tie-switch TS5 TS6 TS7 TS8
Status Closed Closed Closed Closed

HV/MV substation transformer is set to 1.25 MVA (Figure 6.2). The grid load
and generation configuration data are presented in Table 6.2.

The simulations are divided into two parts: static and dynamic. In the
static analysis, the influence of the ratio of the total installed PV power and the
substation transformer power rating on the performance of the TPD and DLC
strategies is assessed for different loading conditions. In the dynamic analy-
sis, the focus is on the transient performance of the TPD and DLC strategies
during the sudden load changes. The loading scenarios are presented in
Table 6.3.
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TABLE 6.2: Load and generator data

Connection bus P [kW] Q [kVAr] Dispatching time
Transformer
Tr2 2 1250 No dispatching
Loads
Load 1 17 250 0 Disconnect t=2.5s
Load 2 17 300 0 Disconnect t=1.5s
Load 3 26 272.1  55.2 inductive Disconnect t=2.5s
Load 4 18 300 98 inductive Disconnect t=3.5s
Load 5 21 272.1 55.2 inductive Disconnect t=1.5s
Load 6 35 250 52 inductive Disconnect t=2.5s
Total 1644.2 260.4
TABLE 6.3: Loading scenarios

Scenario Pioad [KW]  Qioaq [KVAI]  Time [s]

Full load 1644.2 260.4 0Oto1.5

Partial load 1 1072.1 205.2 1.5t02.5

Partial load 2 300 98 251t03.5

No load 0 0 3.5t04.5

6.3 Simulation results discussion

In this section the static and dynamic performance of the TPD and DLC
strategies as well as the influence of the transformer rated power on the sta-
bility are analysed.

6.3.1 Static analysis

During the static analysis the total installed PV power is changed in relation to
the substation HV/MV transformer power rating, from 0.9 % Sz ,5 10 2% S7,.5 with
a step of 0.1. Also, the BES is sized to fill the reactive power gap between
the substation transformer and the total installed PV plant reactive power
reserve. The BES reactive power rating is determined the following way

(6.2)

Qprs = 0.6 % (Spy — Stra), 1 fSpy > S
@Bes =0, else.

Four loading scenarios are considered for static analysis: full load, partial
load 1, partial load 2 and no load.
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Full load case

This case corresponds to the time range from 0 seconds to 1.5 seconds,
when all the loads are connected. In this case, the total active load is higher
than the transformer rated power (Table 6.3). Thus, the transformer alone will
not be able to feed all the load and will be overloaded.

As we can see from Figure 6.3, during the full loading case the trans-
former is not being overloaded. In this case, with the increase of the PV
contribution the loading of the transformer is decreasing as the load is being
partially fed by the PV plants and less power flows from the HV grid to the MV
grid through the transformer, Figure 6.3. When the total installed PV power
reaches 1.87 times the transformer rating, the active power flow through the
transformer reverses and flows back to the grid. However, the loading of the
transformer is an absolute value based on the magnitude of the total current
flowing through the transformer and does not depend on the direction of the
power flow, Figure 6.3.

Since there is no overloading of the transformer, the TPD and DLC strate-
gies will not be employed. Thus, we will skip any further analysis of this case
and proceed to the next case, which is the first partial loading case.

Partial load case 1

This case corresponds to the time range from 1.5 seconds to 2.5 seconds,
when loads 2 and 5 are disconnected from the grid. In this scenario the total
load is slightly lower than the rated power of the transformer (Table 6.3).In
this case the transformer alone can feed the load.

As we can see from Figure 6.4, during the first partial loading case, again
the transformer is not being overloaded. With the increase of total installed
PV power the loading of the transformer decreases down to the point where
the installed PV can feed all the loads and compensate the losses in the
system. After this point, the loading of the transformer starts to increase
because of the reverse power flows, Figure 6.4. In this case, the active power
flow reverse happens when the total installed PV power reaches around 1.23
times the transformer rating.

As with the full load case, in this case also there is no overloading of the
transformer and the TPD and DLC strategies will not activate. Thus, we will
skip any further analysis of this case and proceed to the next case, which is
the second partial loading case.
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FIGURE 6.3: Transformer loading and power flow at full load

Partial load case 2

This case represents the time range from 2.5 seconds to 3.5 seconds, when
in addition to the previous case the loads 1, 3 and 6 are disconnected. In this
scenario, the total load is approximately the third of the transformer rating.
The transformer alone can easily handle the load, but with the increase of PV
contribution the reverse power flow can overload it.

As we can see from Figure 6.5, the active power flows from the MV grid
to the HV grid and the transformer loading increases with the increase of
PV contributions. The loading of the transformer crosses the 80% threshold
when the total PV installations are equal to 1.4 times the transformer rated
power. At this point, the TPD control is in action and the BES starts injecting
reactive power into the grid based on the droop equation 6.1, Figure 6.6. On
the contrary to the TPD control strategy, the DLC control strategy acts only
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Transformer reactive power flow, partial load1
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FIGURE 6.4: Transformer loading and power flow at partial
load1

when the transformer loading reaches 100%. In the partial load2 case, this
happens when the total installed PV power reaches 1.7 times the transformer
rated power. From this moment on, the BES starts injecting reactive power
into the grid, in order to control the loading of the transformer at 100%.

The PV inverters start to curtail their active power outputs when the volt-
age at the PCC is more than 1.04 pu, based on the extended droops pre-
sented in chapter 5. As we can see from Figure 6.7, the injection of reactive
power by TPD and DLC increases the voltages at the PV connection buses
above 1.04 pu, whereas without BES the voltages would be decreased. This
in turn forces the PV inverters to curtail their active power output, Figure 6.8.
Both the TPD and DLC control strategies force the inverters to curtail their
active power outputs by 15 to 25% compared to no BES case, when the total
installed PV power is 2 times more than the rated transformer power.
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Transformer reactive power flow, partial load2
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FIGURE 6.5: Transformer loading and power flow at partial
load?2

By increasing the voltage levels the TPD and DLC control strategies also
force the PV inverters to increase their reactive power consumption as de-
fined in the extended droops in Chapter 5, Figure 6.9. On the contrary, with-
out BES deployment the reactive power consumption would increase much
less, due to the decrease of voltages and increase of the total PV installation
amount.

The curtailment of the active power outputs of the PV inverters and the
extra reactive power provision by them change the power flows through the
transformer and change it’s loading. From Figure 6.5 we can notice, that in
the case when the total installed PV is 2 times the transformer power, the
active power flow through the transformer is being decreased by 303 kW and
the reactive power flow is increased by 350 kVAr. However, since the initial
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BES reactive power output, partial load2
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FIGURE 6.6: The reactive power output of BES at partial load2

active power flow through the transformer is significantly higher than the re-
active power flow, a change of the active power flow through the transformer
impacts the transformer loading more than the reactive power flow. Thus, for
the case when the total installed PV is 2 times the transformer power, both
the TPD and DLC control strategies are able to decrease the loading of the
transformer by 20% compared to the configuration without BES, Figure 6.5.
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Voltage at transformer secondary, partial load2
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FIGURE 6.7: The voltages at the PV plants and transformer
secondary at partial load2
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PV4 active power output, partial load2
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FIGURE 6.8: The active power outputs of PV plants at partial
load2
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PV4 reactive power output, partial load2
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FIGURE 6.9: The reactive power outputs of PV plants at partial
load2

No load case

This case corresponds to the time range from 3.5 seconds to 4.5 seconds,
when all the loads are disconnected. Since there are no loads, the loading
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Transformer reactive power flow, no load
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FIGURE 6.10: Transformer loading and power flow at no load

of the transformer is caused only by the reverse power flows because of PV
injections.

As we can see from Figure 6.10, the transformer loading increases with
the increase of PV installations.

As in the previous case, the TPD and DLC control strategies are in ac-
tion when the loading of the transformer reaches the 80% and 100% loading
thresholds respectively. In this case, the thresholds of 80% and 100% are
being broken through when the total installed PV power is respectively 1.2
and 1.4 times the transformer rated power, Figure 6.10.

As we can see from Figure 6.11 and Figure 6.12, similar to the previous
case, the injection of reactive power by TPD and DLC control strategies in-
creases the voltages at the PV connection buses above 1.04 pu, whereas
without BES the voltages would be decreased. This in turn forces the PV
inverters to curtail their active power output, Figure 6.13. Both the TPD and
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BES reactive power output, no load
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FIGURE 6.11: The reactive power output of BES at no load

DLC control strategies force the inverters to curtail their active power outputs
by 28 to 42% compared to no BES case, when the total installed PV power
is 2 times the rated transformer power.

The PV inverters are forced to increase their reactive power absorption as
defined in the extended droops in Chapter 5, Figure 6.14. On the contrary,
without BES deployment the reactive power consumption changes marginally,
due to the decrease of the voltages and increase of the total installed PV
power.

The decrease of the active power flow through the transformer is more
important for the transformer loading than the reactive power flow, as the
active power flowing through the transformer is higher than the reactive one,
Figure 6.10. Thus, even if the absolute change in reactive and active power
flows is the same, the total loading of the transformer has decreased.

As in the previous case, the TPD and DLC strategies change the power
flows through the transformer and change its loading. From Figure 6.10
we can notice, that in the case when the total installed PV is 2 times the
transformer power, the active power flow through the transformer is being de-
creased by 660 kW and the reactive power flow is increased by 380 kVAr.
This leads to a decrease of the loading of the transformer by 41% compared
to the configuration without BES, Figure 6.10.

Both the TPD and DLC strategies prove to be able to decrease the loading
of the transformer by 41% compared to the grid configuration without BES
and to keep the loading of the transformer within the acceptable limits in the
steady-state operation, Figure 6.10.
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Further investigation on dynamic performance and the robustness of the
control strategies is carried out in the dynamic analysis section.

Voltage at transformer secondary, no load

1 1
0.9 1 11 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
Total PV power [p.u.]

FIGURE 6.12: The voltages at PV PCCs at no load
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PV4 active power output, no load
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FIGURE 6.13: The active power outputs of PV plants at no load
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PV4 reactive power output, no load
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FIGURE 6.14: The reactive power outputs of PV plants at no
load

6.3.2 Dynamic analysis

In this section, the dynamic performance of the TPD and DLC strategies is
discussed. In order to test the dynamic performance of the TPD and DLC
strategies, the grid is subject to abrupt load changes. Namely, att = 1.5s load
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2 and 5 are disconnected, att = 2.5s loads 1, 3 and 6 are disconnected and
finally at t = 3.5s the load 4 is disconnected, leading to the no load scenario
which is considered to be the worst case scenario for PV integration.

To examine the dynamic response of the designed TPD and DLC control
strategies, the detailed grid and PV plant models are used. The models are
made and simulated in the Simulink environment.

Transformer loading without BES
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FIGURE 6.15: The dynamic response of the system to the load
change without BES

From the static analysis, we can conclude that only the partial load2 and
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no load cases where the total installed PV power is more than 1.5 times the
transformer rating are of interest. Thus, the dynamic analysis is performed
only for the cases with total installed PV power in the range from 1.5 to 2
times the transformer rating, in the time range of 2.4s to 4.5s. Also, the
static analysis shows that the grid voltages have similar behaviour. Thus, the
dynamic analysis will be focused on the transformer and BES responses.

First, the dynamic performance of the base scenario without a BES is
assessed, Figure 6.15. Except when the total installed PV is twice the trans-
former rating, the system is stable. The voltage for all the cases is kept stable
within normal operating range, with minor spikes during load commutation,
which is within the acceptable limits. However, the transformer is being over-
loaded starting from Spy, = 1.8 % Sy, at partial load2 case and for all the
values of Spy at no load case. When Spy, becomes twice the S7,2, the sys-
tem becomes unstable violating the safe operational limits of the grid.

On the contrary to the system without BES, the TPD control strategy is
designed to be able to keep the system stable when Spy = 2 * S0, Figure
6.16. This is achieved by forcing the inverters to curtail their active power
production and reducing the transformer loading. However, the TPD is not
stable for all the range of the PV injections. Between Spy = (1.7t01.9) % Sppo
the system is unstable after the last load is disconnected at t = 3.5s. Whereas
between Spy = (1.5t01.6) * St,2, even though the system is oscillating, the
oscillations are decreasing over time making the system stable. This behav-
ior of TPD control is due to the characteristics of the droop control and the
detailed technical model simulations for PV plant hardware, as the control
exhibits the cross-influence of the controllers. Also, it can be noticed that
with the increase of PV contribution the rate of the oscillations is decreasing,
which highlights the non-linearity of the system.

To overcome the oscillatory behavior of the TPD control strategy, the DLC
control strategy is presented. As in the TPD control strategy, the DLC con-
trol strategy also injects reactive power into the grid in order to increase the
voltage levels and force the PV plants to curtail their active power output.
However, since the DLC strategy is based on a Pl controller, it can regulate
the loading of the transformer precisely to the referenced value, Figure 6.17.
The injection of extra reactive power to the grid by the DLC control strategy
leads to an increase of voltage levels by around 0.038 pu in the worst case.
As a result, the highest voltage in the grid is at the PV4 PCC at the value
of 1.066 pu, which is within the acceptable operational voltage range of 0.9
- 1.1 pu, Figure 6.12. On the contrary to the TPD strategy, the DLC control
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strategy is able to bring the system to steady-state over the all range of PV
contribution change. In the worst case, the transformer loading settles within
700ms.

A more detailed comparison between the TPD and DLC control strategies
is presented in Figure 6.18, where two PV injection cases are presented,
Spy = 1.5% S0 and Spy = 1.8 Sr,o. In both cases the DLC control strategy
is superior to the TPD strategy, both in terms of settling time and overshoots.

The DLC strategy proved to be a robust control solution to prevent the
overloading of the transformer and enhance the overall system stability.

6.4 Conclusions

Two communication-less transformer loading control strategies are designed
and tested on the detailed model. The designed DLC and TPD control strate-
gies rely only on the local substation transformer current measurements.

The static and dynamic performance of the designed DLC control strategy
is superior to the TPD control strategy, which suffers from the characteristic
of droop control and the cross-influence of the controls of system actors. It is
a robust control strategy that not only ensures avoiding the transformer over-
loading and consequently increasing the HC of the grid, but also enhances
the system stability during abrupt load changes in the grid.

The DLC control strategy is able to decrease the transformer loading by
41%, compared to the grid configuration without BES and to bring the system
to the steady-state within 700ms in the worst case scenario.

Thus, the DLC control strategy is a viable communication-less solution
forcing the inverters to curtail their active power outputs to prevent the trans-
former overloading. It can be used as a communication fail-safe backup ac-
tive power curtailment strategy in the cases when the communication be-
tween the centralized controller and the PV plants is lost.
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Chapter 7

Conclusion

7.1 Summary

The present work has dealt with the technical assessment of chosen hosting
capacity (HC) enhancement strategies. The focus was set on the investiga-
tion of grid reconfiguration, grid code modification, extended current droops
and transformer loading control. The extended current droops and trans-
former loading control strategies rely only on local measurements. Thus,
they are eliminating the dependency on communication as in the central-
ized voltage or power curtailment control strategies. The goal of this thesis
was to present PV HC enhancement methodologies which can be applied by
the grid operators either in the planning stage or during grid expansion and
reinforcement when facing increasing PV penetration. The results highlight
that proper grid reconfiguration, extended droops and transformer overload-
ing prevention via battery energy storage (BES) can significantly increase the
HC of the grid and should be the first consideration of grid operators when a
need of grid reinforcement arises.

Chapter 2 presented the state of the art in HC enhancement. The main
limiting factors of HC enhancement have been discussed. After which a de-
tailed overview of possible HC enhancement techniques has been presented.

Chapter 3 discussed the selected test grid and PV plant models and the
modeling tools. A representative grid model of Luxembourg’s 20kV medium
voltage (MV) grid was developed for investigating the performance of the
developed HC enhancement strategies. Static and dynamic models have
been developed using pandapower and MATLAB Simulink tools accordingly.

Chapter 4 investigated the potential of grid reconfiguration and grid code
modification in HC enhancement. The reconfiguration analysis and the HC
calculation algorithms allow the investigation of the impact of more than one
PV plant at a time. The static grid model developed in pandapower is used
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for reconfiguration analysis and HC calculation. The reconfiguration analy-
sis is performed by using the NetworkX graph analysis library, where the
grid configurations are categorized into meshed and radial groups. After the
categorization, the HC for each meshed and radial configuration has been
calculated using three grid code cases. Grid code improvements via power
factor range extension and oversizing of the PV inverter increased the HC by
13% and 15% for the radial and meshed configurations respectively. It was
shown, that proper grid configuration selection is important as it can substan-
tially increase the HC. Moreover, proper grid reconfiguration helps to reduce
the line loading. The average line loading in meshed configurations is 41%
lower than the one for radial configurations.

Chapter 5 presented an extended strategy for active and reactive current
droops. After discussing some of the recent developments in droop con-
trol, the extended droops were introduced. In the designed extended current
droops, both the active and reactive currents depend on the voltage at the
point of common coupling (PCC), 1,(V), 1,(V'). The designed strategy has
been tested on the dynamic grid model and was assessed regarding the

« controller performance and voltage support capability
* robustness against load change
* HC enhancement

The designed extended droop control with active power curtailment (APC)
proved to be a viable grid reinforcement strategy which can not only regulate
the voltage at the PCC, but also relax the transformer loading and improve
overall voltage and frequency stability. Additionally, oversizing of the inverter
by 12.5% compared to the VDE4110:2018 grid codes can increase the reac-
tive power reserve of the inverters by 37.6%. This increased reactive power
reserve helped to lower the voltage profile of the feeder. Thus, resulting in
curtailment of only 58.2% of the amount curtailed with regular droop control.
Chapter 6 presented a comparison of two novel communication-less trans-
former overloading protection strategies based on a BES: transformer protec-
tion droops (TPD) and direct loading control (DLC). The designed strategies
do not rely on communication and were tested on a modified, detailed dy-
namic grid and PV plant models, where the total installed PV power varies
between 0.9 to 2 times the transformer rating. The DLC control strategy over-
comes the cross-influence of controllers and is superior to the TPD control
strategy. It is a robust control strategy that not only ensured avoiding the



7.2. Outlook 83

transformer overloading and consequently increasing the HC of the grid, but
also enhanced the system stability during abrupt load changes in the grid.
The DLC control strategy decreased the transformer loading by 41%, com-
pared to the grid configuration without BES and brought the system to the
steady-state within 700ms in the worst case scenario. It also ensured to
keep the system voltages within safe operational limits. It can be used as
a communication fail-safe backup active power curtailment strategy in the
cases when the communication between the centralized controller and the
PV plants is lost.

7.2 Outlook

The analysis of the grid reconfiguration show that certain switch patterns
can be extracted that correspond to higher HC values. For large grids with
high amount of tie switches it would be helpful to include data analysis and
pattern recognition algorithms to automatically detect and create a database
of switching sub-pattern configurations for certain ranges of HC.

Furthermore, the HC calculation is a time-intensive procedure. Thus, fur-
ther investigation on more optimized HC calculation algorithms is needed.

As shown in the dynamic analysis section, the design of robust controllers
for BES and PV with always changing grid parameters is a challenging task.
Thus, further investigations are necessary to develop adaptive controllers
that will ensure robust operation during grid parameter changes. Some ex-
amples of such controllers are the automatic gain controllers.
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