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Abstract

The need for fault ride-through (FRT) capability is not yet documented for the low
voltage connected DG. The realization that an increase in the capacity of installed DG power
in the specific voltage level can trigger disconnection, in case of transmission faults, of
massive amounts of power from DG and jeopardize system stability is forming.

In order to investigate the response of low voltage distribution systems with high
penetration of PVs, in case of a fault in the transmission system, a complex network model is
created consisting of different voltage levels, from eHV (220 kV) to LV (400 V). This model is
implemented as a benchmark system with DG capacities chosen to match the German
network. Also an elaborate PV model is used to simulate different behaviours during and
after fault and assist in examining the impact of different sensitivity factors on network
stability. The problem is analysed through root mean square (RMS) stability simulations
performed on the models of the network and the DG. The projected year that this study
takes place is 2022 and the DG capacity is chosen for that year. The commercially available
DlgSilent PowerFactory software version 14.1 is used to carry out these simulations.

A sensitivity analysis is performed for different control modes of the PV that range from
disconnection in the event of a fault to full dynamic network support during fault. Also
different pre-fault states of the network are used to examine the effect of the state of the
network in the results; these states vary from normal top-down power flow to full reverse
power flow when PVs are at full capacity. Moreover the effect of delayed post-fault active
power recovery of the LV connected DG is discussed.

The conclusions and analysis show the importance of introducing FRT criteria even for
low voltage connected DG and give an insight on the behaviour of the system under the
circumstances described. The differences between control modes are affecting stability of
the system and the various phenomena that take place are analysed and explained. Finally
corrective steps that need to be taken in order to avoid future stability problems for the
network are outlined and justified and recommendations for future grid connection
requirements for low voltage installed DG are given.
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List of definitions

Short-term interruption

Short (for less than 2 seconds) disconnection of a wind turbine generator from the grid -
via a circuit breaker or power electronics of the machine’s stator - until the fault has been
cleared followed by fast restoration of pre-fault power output; used to be relevant for WTG
design of specific manufacturers [2].

Short-circuit ratio

The ratio of the transmission system’s three-phase short-circuit MVA, divided by the
rated MW of the variable generation plant [3].

Active sign convention

Also mentioned as generation convention or producer-oriented, because positive power
refers to production of power. Positive current exits the higher voltage (+) of an element.

Reverse power flow

The phenomenon of producing power in a lower voltage level and transporting this
power to a higher voltage level through the network.

Voltage dip-depth

The difference of the voltage value at a specific element (busbar, connection point, etc.)
immediately after a fault occurred and the lower boundary of the admissible voltage band at
that element.

Maximum power point tracking

Search algorithms implemented in photovoltaic (PV) power park modules, which allow
optimal power tracking for different weather conditions and also can consider effects like
shading of PV panels.

Fault ride-through

Voltage control in the event of fault in the high and extra-high voltage network that
results in voltage dip in the medium and low voltage network aiming at avoiding
unintentional disconnection of large power in-feed. That means that generating facilities
must be able in technical terms:

¢ not to disconnect from the network in the event of network faults [4], [5].
Low voltage ride-through

The ability of the power generating module to ride-through events of under-voltages at
PCC for defined time periods.
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Dynamic network support

Voltage control in the event of faults in the high and extra-high voltage network that
result in voltage dips in the medium and low voltage network aiming at avoiding
unintentional disconnection of large power in-feed. That means that generating facilities
must be able in technical terms:

* not to disconnect from the network in the event of network faults,
* to support the network voltage during a network fault by feeding a reactive current
into the network,

e not to extract from the medium voltage network after fault clearance more
inductive reactive power than prior to the occurrence of the fault [4], [5].

Dead band

Dead band is the range through which an input can be varied without initiating an
observable response. Dead band is usually expressed in percent of span. The dead band is
used in aRCl control to determine the insensitivity of the control towards voltage changes.
[Own definition]
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Chapter 1 : Introduction

1.1 Background

Traditionally the power system transports power from the power generating facilities to
consumers, both industrial and residential. It is common practice to classify the transmission
network into the following subsystems: transmission system, sub-transmission system,
distribution system [6]. The transmission system interconnects all major generation and
main load centres in the system. It forms the backbone of the integrated power system and
is operated at the highest voltage levels (typically in Europe, 150 kV and above). Power is
transmitted to transmission substations where the voltages are stepped down to the sub-
transmission level (typically in Europe, 110kV). The sub-transmission system is the
intermediate system that transfers power from the transmission to the distribution system
and feeds large industrial customers. Finally the distribution system is the last stage of
energy transfer and delivers power to the individual customers. Voltages in primary
distribution feeders range from 4 kV to 34.5 kV and deliver power to small industrial
customers whilst the secondary feeders supply residential and commercial customers at
240V [6].

This type of hierarchical power system structure can be defined as a vertically operated
power system as described in [7]. This working principle, however, has been changing and
will further change in the future. Local distributed generation (DG) sources are introduced in
the network, mainly due to the integration of renewable sources. In general, DG can be
defined as electric power generation within distribution networks or on the customer side of
the network [8]. The power rating of these sources has large variation and many of them are
connected on the sub-transmission and distribution networks; even some at the secondary
feeders of the distribution network, i.e. photovoltaic (PV) on roofs.

A direct effect of the implementation of DG in the distribution grid is that electrical
power is generated closer to the load which will affect the local power flow and as the
penetration level of DG increases; the total amount of generated electric power can exceed
the total connected load. This phenomenon will eventually lead to exporting electrical
power to neighbouring distribution grids and will convert the power system into a
horizontally operated one [7], as it can be seen in Figure 1.1 . The phenomenon of producing
power in a lower voltage level and transporting this power to a higher voltage level through
the network is called reverse power flow (RPF) and in countries with regionally high
penetration of renewables, such as Germany, it is already in effect. In Figure 1.2 RPF is seen
at a substation of the German distribution network.



Figure 1.1: Horizontally operated power system [own representation based on 7]
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Figure 1.2: Reverse power flow in substation in a Germany [9]
1.2 Problem Definition

This transition from a vertically to a horizontally operated power system holds many
potential challenges for the security and stability of energy transfer. An important challenge
is the behaviour of the protective system in case of a fault, and also the load and generation
balance in case of massive disconnection of DG. In general the behaviour of such a system
must be thoroughly investigated under all possible circumstances to ensure proper
operation.

An interesting case is a severe fault, i.e. system fault, loss of generation or circuit
contingency, in the transmission level at a very high in-feed of DG power into the grid. The
behaviour of the system for a serious disturbance during reverse power flow (RPF) is of
special interest. The scenario mentioned above will result in a voltage dip that will propagate
to the distribution system and might trigger the disconnection of connected DG in different
voltage levels depending on their fault ride through (FRT) capabilities and therefore pose a
threat to system stability. Network codes (sets of rules that apply to one or more parts of
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the energy sector and provide for agreements by relevant network operators on various
technical requirements [12]) for DG generators varies for different voltage levels and the FRT
requirements are already applied for the high and medium voltage levels but not for the low
voltage connected DGs [10-12].

The need for FRT capability is not yet documented for the low voltage distribution
system but a lot of discussions already refer to the possibility of including FRT capabilities
even for type A generators, that is power generating modules with a connection point below
110 kV and maximum capacity of 0.8 kW or less [13].The realization that an increase in the
capacity of installed DG power in the specific voltage level can trigger disconnection, in case
of transmission faults, of massive amounts of power from DG and jeopardize system stability
is forming.

Numerous organizations are starting to consider FRT important for lower voltage levels
and smaller generators, amongst them the VDE Association for Electrical, Electronic and
Information Technologies e.V, the European Network of Transmission System Operators for
electricity (ENTSO-e) and the European Committee for Electro-technical Standardization
(CENELEC) [14-18].

1.3 Objective and Research Questions

The objective of this thesis is to investigate the response of low voltage distribution
systems with high penetration of PV in case of a fault in the transmission system and define
a FRT voltage curve appropriate to low voltage connected PV.

The research questions are:

e If current requirements are applied will the system stay within reasonable stability
boundaries? Or will it be lead to instability?

e If so, what are the necessary measures that the TSOs and/or DSOs need to take in
order to avoid this possibility? Is FRT capability important and relevant for the low
voltage distribution system?

e What are the critical power flow situations that would lead LV connected DG
to disconnect in case of transmission and sub-transmission faults?

e What is the sensitivity of the voltage, during fault, in low-voltage networks
with large amounts of generation from LV connected DG installations w.r.t.
network topology and behaviour of the PV installation?

e Which amendments to interconnection standards (grid codes) of DG in low-
voltage networks are recommended?

1.4 Research Approach

The problem will be analysed through root mean square (RMS) stability simulations
performed on appropriate models of the network and the DG. The projected year that this
study takes place will be 2022 and the DG capacity will be chosen for that year. The model
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will be implemented as a benchmark system with DG capacities chosen to match the
German network. The commercially available DigSilent PowerFactory software version 14.1
will be used to carry out these simulations. Furthermore a sensitivity analysis will be
performed w.r.t. load, generation and behaviour of PV to transmission system faults.
Selected simulation results will be presented in graphs and analysed. These results will
provide the basis for implications on grid connection requirements for low voltage
connected DG’s and finally recommendations for future grid connection requirements for
low voltage installed DG will be given.

A good candidate for a case study is a network that has, regionally, a high penetration of
DG. In our case the German network, which has been pioneered in renewable integration
and has a major amount of photovoltaic installed power in the low voltage distribution
network will be considered. The following graphs (Figure 1.3, Figure 1.4) are indicative of the
development of installed PV power over the last decade and the foreseen development
based on a linear projection. Numerous reasons have led the increase of solar PV plants
capacity over the last 15 years. Most significant reasons are cost reduction of PV modules,
market incentives for electricity production, social awareness about global warming etc.
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Figure 1.3: Installed PV power in Germany (1998-2012) [19]

From these graphs it is clear that PV deployment has been massive in the German
network: The installed photovoltaic capacity in Germany on the 31% of January 2013 was
32,663 Mwp according to [20]. Moreover by the end of 2010, approximately 80% of
cumulative installed photovoltaic (PV) capacity, roughly 14 GW, was connected to the low
voltage distribution level, as reported by [21]. The high penetration of PV in the German
network justifies the choice of this network for this study.

The conclusions that will be drawn from this research will not only be restricted to the
specific network but to all networks that share similar characteristics and have a high
amount of installed DG power. The choice of benchmark networks used ensures that all
other network characteristics will be similar to most of the European networks.
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Figure 1.4: Projected progress in installed PV power in the German grid (2013-2017) [22]
1.5 Outline of the Thesis

Chapter 1 gives an introduction to the study topic. In this chapter the background for the
research topic is explained, and the objective and research questions of the thesis are
stated.

In Chapter 2 the literature survey is presented. The important, for this study, power
system stability issues are explained, and an analytical research on current grid codes is
presented. The impact of FRT criteria on line and generation protection is discussed as well
as the current state of photovoltaic system inverters.

In Chapter 3 the test system used for this study is presented. The modelling approach of
different networks for different voltage levels is explained. The analytical model of the
PVPPM is presented along with all the additions for FRT capability. Finally the WPP model
and the modelling of the loads are described.

In Chapter 4 the case study and the simulation results are presented. The scenarios for
the installed DG capacity of the system are presented. The choice of sensitivity factors that
formulate the different study cases is justified and the sensitivity factors are explained. The
presentation and analysis of results for different study cases follows.

Finally, in Chapter 5 the conclusions drawn from the results are discussed. Also
recommendations for further research are proposed. The general findings of the research
are presented first and then the implications for German grid codes and the German
network are presented. The recommendations for future work close this chapter.






Chapter 2 : Literature Survey

2.1 Power System Stability

Power systems stability is the ability of an electric power system, for a given initial
operating condition, to regain a state of operating equilibrium after being subjected to a
physical disturbance, with most system variables bounded so that practically the entire
system remains intact [23].

In order to understand in depth the term power system stability, it is important to have
an overview of the operating states of a power system as seen in Figure 2.10.

Normal

e \\

Restorative ——————=e{ Alert

T 1]

In extremis (= LEmergency |

Figure 2.1: Power system operating states [6]

The five operational states of the power system are: normal, alert, emergency, in
extremis, and restorative. In the normal state, all system variables are within the normal
range and the system is able to withstand a contingency with no overloading of equipment.
The alert state is the same as the normal state but a possible contingency can cause
problems in the network. If a sufficiently severe disturbance occurs when the system is in
the alert state then the emergency state is entered, where voltages at many buses are low
and/or equipment loadings exceed short-term emergency ratings. Then emergency control
actions take place: fault clearing, excitation control, generation tripping, generation run-
back, HVDC modulation, and load curtailment. If the above measures are ineffective, the
system is in extremis; the result is cascading outages and possibly a shut-down of a major
portion of the system.

Control actions, such as load shedding and controlled system separation, are aimed at
saving as much of the system as possible from a widespread blackout. Finally the restorative
state is reached when actions aim at connecting all the system and restoring the problems
[6]. The state we are interested in is the emergency state and how to define correctly FRT
criteria in order to avoid moving into the in extremis state.

Therefore for our modelling, fault clearing time and fast control actions are relevant to
describe the situation during and immediately after a fault. We propose classifying the
stability studied in this thesis as large disturbance voltage stability for the transient fault
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response of the system. We are interested in checking whether bus voltages are kept within
limits in order to avoid major loss of DG generation due to under voltage protection during a
fault. The study period is short term and can reach up to tens of second if the post-fault
system is included. This classification is shown in Figure 2.2, where the relation between a
short term study period and large disturbance voltage stability is shown.

Power System

Stability
Rotor Angle Frequency Voltage
Stability Stability Stability
Small-Disturbance Transient Large- . Small-
Angle Stability Stability Disturbance Disturbance
Voltage Stability Voltage Stability
———— e L
‘ Short Term ‘ Long Term ‘

Figure 2.2: Power system stability classification [23]

Most definitions for voltage stability refer to longer time frames and incorporate the
response of OLTCs (On-Load Tap Changers) and generator field-current limiters [6]. However
transient stability refers to the short transient period but deals mainly with rotor angle
stability and not voltage profiles. “Solid-state inverters do not behave like rotating
generators. Solid-state inverters have no inertia in their output and can respond
immediately to changes in the ac power system.” [24]. Based on this claim we can say that
the lack of inertia of an inverter may be the reason why we cannot easily classify our stability
issue. However the classification of stability that is based on [6, 23] in our study is large
disturbance voltage stability.

On the other hand DGs ability to solve network problems has been debated for
distribution networks. Unfortunately, the distribution system operator (DSO) has no control
or influence on DG location and size below a certain limit. Nevertheless, DG placement
impacts critically the operation of the distribution network. Inappropriate DG placement
may increase system losses and network capital and operating costs. On the contrary,
optimal DG placement can improve network performance in terms of voltage profile, reduce
flows and system losses, and improve power quality and reliability of supply [25].

There are more benefits that DGs can offer in terms of power system stability. If power
electronic converter (PEC) coupled DG’s are disconnected from the network during fault,
then maximum rotor acceleration is restricted and thus transient stability is benefited. On
the other hand large penetration levels of DG result in imbalance of load and production
during fault if the same practice is followed, resulting in poor frequency and voltage stability.
However, keeping the DG connected can help damp out oscillations faster post-fault due to
the immediate reaction of the PEC that is not bound by its inertia, which can supply reactive
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power during fault and contribute to the fault current. In contrast to electrical machines the
short circuit current of a PEC is limited by its protection and exceeds the nominal current
only slightly [26]. All these results are presented in [27].

To mitigate the effect of DG on power system stability grid operators have defined fault
ride-through criteria for DG (see section 2.2). These criteria are already in effect for power
plants connected to higher voltage levels but now also become operational for DG
connected to distribution grids. Fault ride-through criteria define for what voltage dips with
specific duration the DG have to stay connected to the grid. Depending on the size of the
DG-unit the fault ride-through criteria can also require additional grid support, such as
voltage and frequency support, during and after a disturbance.

2.2 Grid Codes and Fault Ride-Through Requirements - Status Quo

An important feature of grid connected power generating facilities is the Fault Ride-
Through (FRT) or Low Voltage Ride-Through (LVRT) capability, defined in [1] specifically for
PVs as the: PV inverters' capability of remaining connected to the grid in the event of grid
failures, of not supplying any active power during a grid fault, and of delivering active power
directly after clearing the fault, thus stabilizing the grid”. Secondly there is the capability of
injecting an additional reactive current into the grid in case of grid fault, with the purpose to
provide voltage support during fault conditions.

Some German grid codes (GC) have already specific requests for inverter coupled DG’s.
These requirements have arisen from the large penetration of PV technology in the German
grid. The way DG was regarded by TSO’S in the past was as a passive component; thus not
allowed to take any type of action during fault. However more contemporary grid codes
change this view and introduce FRT criteria for PV plants connected to the MV (since 2009)
[5] sub-transmission network and transmission network (since 2007) [28]. Within these
codes solar plants need to be able to sustain certain amount of voltage dips for specific time
frames without disconnecting from the grid. The basic type of requirement is provided as a
voltage versus time graph at the grid connection point for a generating facility depicting the
behaviour of a system within certain areas of the limiting voltage curves, an example can
be seen in Figure 2.3 [28]. An alternative approach is presented at [3] where a different type
of curve for voltage profiles that defines FRT requirements is presented. The cumulative
severity-duration type of specification is more closely associated with the actual stresses on
equipment and the actual behaviour of many protective relays [3].

Besides meeting the specifications for FRT curves during the fault period there is a
requirement for solar plants to provide additional reactive current injection in order to aid in
maintaining the voltage profile of the network. Maintaining the voltage profile of the
network by limiting the dip-depth is desirable during a fault because it prevents
disconnection of old generation plants (e.g. wind farms) that are not able to ride through a
fault and in general limits the severity of the fault as seen by all power generating facilities.

In the German GC for medium voltage networks, entering into force on April 1%, 2011,
PV plants have to be capable to participate in complete dynamic network support during
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grid faults [29]. Complete dynamic network supports is defined as voltage control in the
event of faults in the high and extra-high voltage network that result in voltage dips in the
medium and low voltage networks aiming at avoiding unintentional disconnection of large
feed-in power, and thus network collapse. That means that generating facilities must be able
in technical terms:

e Not to disconnect from the network in the event of network faults

e To support the network voltage during a network fault by feeding a reactive current
into the network,

e Not to extract from the medium voltage network after fault clearance more
inductive reactive power than prior to the occurrence of the fault [10], [5].

The voltage profiles in the following figures refer to a type Il generating unit [28],
defined as all generator units that are not synchronous generators directly connected to the
network.

In Figure 2.3 the MV voltage FRT requirements are shown in novel graphs based on the
technical guideline for generating plants connected to the medium-voltage network by the
German Association of Energy and Water Industries (BDEW) [5]. The requirements specify
that voltage dips with values above the red dashed line must not lead to instability or to
disconnection of the generator from the network. In the area between the two red lines
generating units should pass through the fault without disconnecting from the network.
Furthermore, in consultation with the network operator, a short-term interruption (STI)
from the network is allowed if the generating plant can be resynchronized within 2 seconds,
at the latest, after disconnecting. The STI term was originally used for a wind turbine
generator (WTG) of specific manufacturers where the generator concept used a crow-bar at
the stator [2]. After resynchronization, the active power must be increased with a gradient
of at least 10 % of the nominal capacity per second. Below borderline 2, a short-term
disconnection of the generator may be carried out with longer reconnection times and lower
gradients of the active power in comparison with the previous case. Below the blue line no
requirements for FRT apply.

Voltage in pu Type-II generator MV
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Figure 2.3: FRT requirements for type Il generators in the German MV network
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In Figure 2.4 the respective HV FRT requirements are shown based on [28]. The green,
yellow and grey areas correspond to the same requirements presented for the MV network.
The area between 1.5 and 2.4 seconds corresponds to stepwise tripping of the faulted
generators within the plant. The main difference, however, is the lack of the blue line and,
therefore, the HV FRT requirements are slightly stricter than the MV FRT requirements.
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Figure 2.4: FRT requirements for type Il generators in the German HV network

Therefore in the MV and HV networks FRT criteria are already in effect for DG. However
that does not hold true for the LV distribution network. In the LV network DG units are
required to intentionally disconnect from the grid during a dip. The two most relevant and
important standards are the IEEE-Std. 1547 that was created in 2003, and the VDE-AR-N
4105-Std. from 2011. Both of these standards require a mandatory disconnection of LV
connected DG during fault. The disconnection is based on the OR logic, by monitoring all
phases separately, if one phase is below the voltage threshold set from the protection
device then the module disconnects [10, 11].

The fundamental drivers for these standards were many. An important concern was the
possible interference of the DG units with the protection schemes of the network. Another
reason is the sensitivity to over-currents and over-voltages by the power electronic
converters (PECs) coupling the DG units to the network [26]. Furthermore these standards
were created at a time when high penetration of DG was not envisioned. Therefore as
observed in [30] the mandatory disconnection requirement negatively impacts bulk system
reliability in a high DG penetration scenario-where excessive loss of generation might result
in system instability. Moreover certain categories of DG, e.g. PV, can use the reactive power
capability that the power electronics converter (PEC) provides to ensure minimum deviation
in their voltage profile at the point of common coupling (PCC),- point in the public network
closest to the customer system to which further customer systems are connected or can be
connected [10],- however based on IEEE-1547 standards DG may not change their reactive
power output in direct response to the magnitude of the voltage [31].

At this point it is good to observe that these standards are merely guidelines that need
to be revised and reconsidered continuously to be kept up to date. The hypothesis that in
networks with a large DG penetration level the disconnection of all DG units can cause
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serious problems as it may result in a large power generation deficit and in stability
problems is worthy of investigation. In addition a draft of the ENTSO-E Network Code
“Requirements for All Generators” included a requirement even for type A units, which are
generating units with 0.8 KW rating or more connected in 110 KV or lower voltage level, not
to trip in vast numbers simultaneously in response to a single fault at the highest voltage
level [13]. Even though this opinion of the ENTSO-E did not become part of the final Network
Code, it reveals the need for a deeper insight. Furthermore in [15] ENTSO-E welcomes the
intention of CENELEC to introduce a FRT requirement for generators connected at medium
and low voltages (>16A/phase), which would also extend to include type A generators.
Furthermore CENELEC states that the industry is ready for this requirement as many
technologies have this capability already. Finally new requirements of FRT for PV systems
connected to a single phase on the -200V- low voltage distribution feeder were recently
investigated and proposed to cope with expected future large penetration. This analysis
occurred as part of Japanese research governmental program contracted with the NEDO,
Japan’s largest public R&D management organization [32].

2.3 Impact of Fault Ride-Through and Additional Reactive Current
Injection During Fault on Line and Generation Protection

When defining new requirements for network connected devices it is very important to
take into account the impact these measures will have on the device itself and the whole
network. This section focuses on the latter. Important parts of the network are the
protection devices and schemes used to ensure proper function of the network during
faults. In order to understand the impact of these criteria on the protection system of the
network a better understanding of how protection devices work is needed.

On the distribution level simple protective schemes are used and their operation focuses
on the detection of a fault current significantly larger than the nominal current of the grid
components [7]. The protection relays used for such a task are the over-current relays. To
operate this relay only the current has to be measured. When the current exceeds the set
limit, it triggers a trip signal that is sent to the circuit breaker disconnecting the faulted line.
However, different relay characteristics based on the principle of operation can be
developed by varying pick-up current and time response of the device. Two important
features of the protective system are selectivity and sensitivity. Meaning that the protective
system must be sensitive enough to faults but also disconnect the least part of the network
needed to clear a fault without interfering with the healthy part of the network. For that
reason, most protective systems overcurrent relays have to be coordinated with other
protection devices [7].

It is not in the focus of this Thesis to go into lengths analysing the protection
mechanisms but rather to provide a fundamental insight of the principle of operation in
order to assist in the understanding of the interference of the FRT and reactive current
injection of the DG units on protection. However the most important protection schemes
are explained:
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e Re-closure fuse coordination

Based on over-current relays that are commonly used on overhead lines where brief
interruption and quick reconnection is desirable due to non-permanent faults, e.g.
lightning.

e Differential protection

Two current quantities are measured on either side of a protected element. If the
currents are not equal then the element is disconnected, examples of elements for the
use of this protection device are transformers and bus bars. A drawback of this
protection mechanism is the need for a communication channel to compare the current
guantities. When the distances between the current transformers are large, as it would
hold for transmission lines, this can lead to high costs.

e Distance protection

A protection device is used which makes use of the linear relation between U and I.
Voltage and current are measured in order to calculate impedance. A change in the ratio
indicates a physical alteration in the existing circuit and thus it is de-energized [7] .

For readers that wish to learn more on protection, chapter 3.4 from [7] has a description
of a protective system for simple radial and meshed grids indicative of European grids.

The added requirement that is already incorporated into the MV and HV grid codes of
Germany is the additional reactive current injection (aRCl) from DG generators during a
fault. The fundamental concept behind this requirement is that due to the high X/R ratio of
the transmission and distribution networks, reactive current raises the voltage level of the
network. As seen in [33] the higher the X/R ratio the reactive current contributes more to
raising the network voltage. The concept can be easily demonstrated through a simply radial
network representation as shown in Figure 2.5.

73— 06 )
=2 —]
I load

Figure 2.5: DG connected to the grid-importance of impedance in aRCI

Assume that during the pre-fault period active power is pushed into the transmission
system by the aggregated DG and in order to limit the voltage rise DG is consuming reactive
power. During a fault inside the transmission network the voltage of the bus bar is lowered
significantly by the propagation of the voltage dip to the distribution system. In order to
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raise the voltage a reactive current component additional to the pre-fault value is provided
by the DG and, therefore, the total reactive current consumed at the bus bar is decreased
and can even become negative, i.e. reactive power is fed into the network. Therefore the
reactive current that is passing through the reactance of the lines is raising the voltage levels
at bus-bars between the fault and the PCC. The requirements for aRCl are shown in Figure
2.6.

According to this requirement DG generators have to supply at least 1.0 p.u. reactive
current when the voltage falls below 50 %. A dead band of 10 % is introduced to avoid
undesirable control actions [34] and to prevent conflicts with power factor control during
steady state.
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Figure 2.6: Reactive current support during fault [34]

After explaining the principles of protection and introducing aRCl we have all the tools to
understand the reason FRT requirements can disrupt the current protection mechanisms.
Integration of DG not only alters the power flow but will also change the fault currents in the
distribution grid. These changing fault currents can affect proper operation of the current
protective system. The three main issues we can identify are false tripping, blinding of
protection and reverse fault currents.

For these reasons the standard practice, up to a few years back, taken by grid operators
was to demand immediate disconnection of the DG-units in case of a fault or short-circuit.
Immediate disconnection of DG-units restore the distribution grid to a grid with only one
source of supply and the protective system can function as it was implemented to do so
during the design stage of the distribution grid [7]. The under-voltage protection of the DG
would disconnect them from the network, however due to the large penetration level of DG
this practice is not applicable any more for the HV and MV networks. False tripping can
occur in case of a faulted feeder when DG connected to this or adjacent feeders can
contribute to the fault current and as a result, the protective system of the respective feeder
would unnecessary disconnect healthy feeders. The schematic representation of Figure 2.7
can assist in understanding this phenomenon. The DG located on the adjacent feeder of the
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faulted one feeds current to the fault location. This current can exceed the pickup current of
the DG feeder protection and disconnect the healthy (DG) feeder.

Ik.gnd

Figure 2.7: False tripping [7]

Blinding of protection can also occur in some situations as it is seen in Figure 2.8. The
fault occurs in location 1, and due to the fault current provided by the DG the grid
contribution to the fault current can stay undetected by the overcurrent relay in the
beginning of the feeder thus failing to disconnect the faulted feeder from the rest of the

Rec | Q E li gen JLL 2

_______ ___ v.; ||
Ih.u:iﬂ Faul 1

[

Figure 2.8: Blinding of protection [7]

network.

The previous issues while valid are out of the scope of this thesis as they are referring to
faults on the distribution level, while we are considering faults on the transmission level.
However there are a lot of proposed solutions to overcome these issues and interested
readers can find these solutions in [7, 24]. Morren [33] even disagrees with the statement
that DG can prevent the proper operation of the feeder protection and proves that
converter based DG can limit their current during a fault and, hence, minimize the influence
on the network protection. The issue that is relevant for this Thesis is the reverse power flow
during fault that can disrupt the protective system.

In radial distribution grids normally there is only one source of supply and application of
overcurrent relays as protection devices are prevalent. However, selective protection with
overcurrent relays of distribution grids with a meshed structure, or when bi-directional fault
currents occur can cause undesired disconnection of circuits. To provide proper protection
of these grid structures and cope with bi-directional fault currents a directional element has
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to be added to the overcurrent relay. This directional element determines the direction of
the power flow in the associated distribution feeder. The power flow direction is determined
with a reference signal which is often a voltage.

These relays will issue a trip signal to the circuit breaker when both the direction setting
and the current pick-up value are met. So these relays are set in the same manner as simple
overcurrent relays but also a specific direction is chosen. By using two relay set ups, each for
different direction, for each line the protective system can be adapted to handle bi-
directional currents while ensuring sensitivity and selectivity. This adaptation is adequate to
ensure that transmission faults with FRT criteria for DG on the LV distribution system will not
disrupt the protective mechanisms of the network [7].

2.4 Photovoltaic Systems - Current Settings and Operational
Performance

2.4.1 Equation of a PV array

The energy captured from a PV array is proportional to the irradiance and depends upon
the location of the operating point of the solar panels. The formula that describes the
relationship between current and voltage in a PV array is given (Equation 2-1).

Voo, —Rs -1
I=ny - Lp—n, g (exp (u) — 1) Equation 2-1 [35]
ng - Vr

With 'V,

pv: PV array output voltage

Ipv: PV array output current

ng: Number of panels in series
n,: Number of panels in parallel
I4 : Dark saturation current

Rg: Cell series resistance

Ipn: Photo-generated current
Vr: Junction thermal voltage

In Figure 2.9 a graphic representation of this formula for a given temperature and
irradiance is depicted. The operating point in this curve can be shifted and the power
production is changed accordingly.
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Figure 2.9: PV array current-voltage curve with power output [35]

2.4.2 Modelling of a PV system

For maximization of produced power the usual practice is to use an algorithm that shifts
the operating point of the curve of Figure 2.9. The algorithm is called maximum power point
tracking (MPPT) and it is applied on the DC/DC converter that connects the output of the PV
panels to the DC/AC inverter that is used for grid connection. This set-up is called a two
stage PV systems, which is a PV system with a DC/DC converter and a DC/AC inverter. In one
stage PV systems (only inverter) this function is performed by the DC/AC inverter. This
algorithm is modulating the frequency of the switching elements inside the DC/DC converter
to regulate the DC link voltage.

The phase locked loop (PLL) algorithm that is implemented on the DC/AC inverter is of
great importance to the PV grid connection. This is because it must guarantee the
synchronization of the inverter voltage vector with the grid voltage vector, through the
detection of its phase angle. The grid voltages are the input into the algorithm and they are
transformed into synchronous reference frame by means of the abc / dq transformation
module. The phase locking is realized by controlling the d-voltage component to be zero. Uy
is compared with its reference value and with a Pl regulator the value of grid frequency is
calculated. After the integration of the grid frequency, the voltage angle is obtained.
Nowadays, the PLL technique is the state-of-the-art method to extract the phase angle of
the grid voltages [1].

A representation of the state-of-the-art PV inverter system can be seen in Figure 2.10. It
uses both PLL and MPPT algorithms. Concerning LVRT capability, we must consider that the
main reasons for inverter disconnection during voltage dips are excessive DC voltage,
overcurrent due to low voltage (in constant P operation), and loss of synchronism [1]. In
particular, overcurrent occurs because the DC link voltage control s generally designed to
keep the DC voltage equal to the reference (MPP). In this way, the active power is always
constant resulting in distorted current when the voltage is unbalanced. However modern
inverters are capable of enforcing FRT without encountering problems.
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Figure 2.10: PV inverter system[32]

In our modelling of the PV inverter we are going to use a DigSILENT PowerFactory model
developed by Samadi [36]. In the paper by Samadi the model is validated in comparison with
a PSCAD model to ensure that the results from an average modelling program such as
PowerFactory do not have any significant difference with an EMT model. The PLL algorithm
and the MPPT are included, as well as active and reactive power control. More details for
the model will be discussed later on.

In general the protection mechanisms that disconnect the DG in low voltage distribution
networks are under and over voltage (and also frequency) protection. It is within the scope
of the modelling to represent the protection mechanisms that disconnect the PV plant from
the network, also known as generation protection. The timings according to the VDE-AR-N
4105 standard for low voltage connected generators are presented in Table 2.1.

V<0,8xVn <0,1s 0,1s
V>1,1xVn <0,1s 0,1s
F<47,5 Hz <0,1s 0,1s
F>51,5 Hz <0,1s 0,1s

Table 2.1: Timing for tripping of generation protection [10]

When we apply the standards used nowadays, the protection is set to disconnect DG
from the network in the event of a fault based on Table 2.1 values. But when FRT criteria are
developed these values have to be adapted to ensure that the protection devices do not
disconnect the DG from the network before a set time.

Furthermore the existence of a DC/DC converter will not be modelled because, although
it is part of the DG interface with the network, its dynamic response is so fast that it can be
ignored without a problem. Typical response times are in the order of 5 ms as known from
discussions with SMA and TU Braunschweig [37].

Finally it is worth noticing that in [32], results have shown that post-fault there are some
inverters that disconnect due to under voltage of the DC link. As explained in [32], this
phenomenon occurs at voltage recovery due to rapid ac voltage rise at PCC resulting in a DC
under-voltage. However the discussions with SMA and TU Braunschweig revealed that for
the European PV market portfolio such behaviour is not relevant.
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2.5 Types of Faults

The faults we are considering in this thesis are transmission system faults. These faults
occur at the HV network and the related voltage dip may propagate throughout the sub-
transmission and distribution network. A voltage dip propagation results in an under voltage
in the bus bars of the low voltage connected DG, whose behaviour we wish to investigate
under fault. The clearance time (CT) of the fault in the HV network is very small. Values
between 90 and 120 ms are common [7], however to ensure a proper safety margin and
based on the existing FRT curves a value of 150 ms for CT is chosen in the simulations.

The types of faults that we will consider are only symmetric three phase faults which are
the most severe ones from the network perspective. These types of faults are also easier to
study given that we have a three phase PV system model. Also the propagation of the
voltage through different transformers does not affect the voltage profile in these types of
faults.

2.6 Conclusions

In this chapter the literature survey was presented. The nature of the investigation in
terms of network stability was explained, also the current grid code standards were analysed
as well as the current state of PV inverters technology. The importance of protection scheme
choice was analysed and the possibility of interference with DG behaviour in case of a fault.
Finally the reasoning for the choice of type of fault study is presented.
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Chapter 3 : Test System and Distributed Generation Modelling

3.1 Introduction

In this chapter the modelling approach of the study is explained and a detailed review of
all components of the test system is included. Initially, the structure of the test system
comprising of different voltage levels is presented. This setup allows for a systemic approach
and analysis of photovoltaic power park modules (PVPPM) contribution to system
performance and stability. The second essential component is a realistic model of a PVPPM
with adequate control functionalities able to perform different levels of dynamic voltage
support. This model will aid in understanding and evaluating the impact of low voltage
connected, inverter-coupled, generators contribution to system stability during transmission
faults. The wind power plant (WPP) used is also described as well as load and line modelling.

3.2 Structure of the Test System

The structure of the test system is presented in Figure 3.1. The different voltage levels
are marked from the extra-high voltage (eHV) network (blue) to the low voltage (LV)
network (green).

p

220 kV extra-high \
and high voltage

transmission system

N
A

110 kV high voltage
sub-transmission system

\ J
/ 20 kV medium voltage \
distribution system
0.4 kV low voltage
distribution system \

Figure 3.1: Structure of the Test System

The eHV network (220 kV) has one connection point (two transformers) to a HV
transmission ring (110 kV). This transmission ring connects to six identical MV networks.
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Each one of them connects to two LV networks. This structure represents a complex
multilevel system approach to resemble an actual power system.

Each voltage level encompasses various types of elements including synchronous
generators, loads and distributed generation (DG). Loads are present in all voltage levels
whereas synchronous generators are only placed on the eHV network. WPPs are placed in
the High Voltage (HV) and Medium Voltage (MV) networks and PVPPM'’s in the MV and LV
networks. Existing Cigré benchmark networks are used to create this system and will be
presented in paragraph 3.2.In general the test system is used to create a combination of
networks (lines, loads, transformers) with synchronous and/or distributed generation.

The aim is to investigate how the low voltage connected PVPPM controls will affect
system stability following a network fault in the transmission system. The added value of
using such a complicated network is the expectation to be able to recognise more realistic
interactions that are present in an actual network rather than focus on the fundamental
relationships between different components.

3.3 System levels

3.3.1 IEEE 39-Bus, 10-Machines new England network

The eHV network chosen for this study is a DIgSILENT PowerFactory model of the 39-bus
10-machines New England network validated by IEEE, for stability controlled performance
[38]. The single line diagram of the network is shown in Figure 3.2.

The network has 10 generators connected in different busbars (BB) via step up
transformers. The nominal frequency was 60 Hz. Voltage level of the received network was
originally 345 kV but was changed into 220 kV and 50 Hz in order to resemble the German
transmission system. The voltage at the generation buses is 22 kV. The connection point
with the under laying integrated HV, MV, LV network is placed at BB 8 (blue arrows) via two
150 MVA transformers.

The connection point for the HV network was chosen after short circuit power (SC)
calculations. The SC capacity of a busbar is the product of the magnitude of the pre-fault
voltage and fault current. It is a measure of the strength of the system at that connection
point and, therefore, of the ability to retain its voltage under system faults; on the other
hand, the busbar with the lowest SC capacity will be the one affected the most by the
response of the distribution system. In order to consider the worst case, the weakest BB is
chosen. The most important parameters of the network are presented in Table 3.1, more
details can be found in Appendix A.
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Figure 3.2: IEEE 39-bus, 10-machine New England test system [39]

5960 MVA
(excluding slack
generator)

6 097 MW

0.915 inductive

6 000 MVA

3.3.2 Typical German sub-transmission 110 kV ring network

Table 3.1: eHV important data overview

The HV network, Figure 3.3, is a 110 kV sub-transmission ring implemented according to

[40]. It represents a typical sub-transmission level of the German network consisting of six

buses. Every bus connects to a different MV network through two transformers with

25 MVA of capacity each. Buses three and five are connected to the eHV network via the

three-winding transformers. Buses two and six have a WPP connected each, the ratings of

which are given in Table 3.2. The analytical data for this network can be seen in Appendix B.

3

50 MW

5

50 MW

Table 3.2: HV Wind Power Parks Ratings
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Figure 3.3: 110 kV Sub-transmission ring [40]

3.3.3 CIGRE medium voltage benchmark network

The MV network used in this study was chosen after an extensive comparison of
different systems presented in literature [41-47]. The Cigré medium voltage (MV)
distribution benchmark network is derived from a physical MV network in southern
Germany, which supplies a small town and the surrounding rural area. Due to the focus of
this thesis on the German situation and the previous use of this system in DG integration
studies the Cigré MV benchmark was chosen, Figure 3.4, as presented in [47].

The network consists of 14 nodes with a rated voltage level of 20 kV. It is connected to
the HV network through two 110/20 kV transformers of 25 MVA capacity. Each of the six MV
network ,clones” used in this study connect to a different busbar of the HV network. The
line modelling along with the load modelling and values of installed capacity were
implemented based on the [47]. The details can be found in Appendix C.

In each of the MV networks one wind power plant is connected at busbars 8 and 9
respectively and two photovoltaic power plants are connected on each of busbars 6 and 12.
The ratings and connection points are shown in Table 3.3. The choice for the installed power
of the DG followed a statistical analysis of data from the German situation [48].
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Figure 3.4: Cigré MV Network [47]

8 10 MW 6 120 KW

9 6 MW 12 3700 KW

Table 3.3: MV Wind Power Parks and Photovoltaic Power Plants Ratings

Some of the MV loads need to be replaced by LV networks in order to be able to include
low voltage connected PVPPM and loads. The choice of loads to be replaced needs to ensure
validity for the results without over-complicating the structure of the system. BB’s 1 and 10
of the MV networks are connected to a LV network each, creating one connection point
close to the transformer and one deep in the MV voltage network. This strategy allows
mitigation of the risk of bias in the results, while ensuring a reasonable level of complexity
for the network topology. The connection was done by replacing the loads on the specific
BBs with the LV systems. Scaling took place, as it will be explained in section 3.3.4, in order
to maintain the power profile of the MV network as described in [47]. Details for the
modelling of the network can also be found in the Appendix C.
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3.3.4 CIGRE low voltage benchmark system

3.3.4.1 Simplifications

The Cigré low voltage (LV) benchmark network is used in this study, Figure 3.5. The
network consists of three radial feeders representing the residential loads, the industrial and
the commercial ones. On the residential feeder, at junction nodes R1 and R15, one PVPPM is
included. The size of the PVPPMs was based on statistical data of the German network and
the values are presented in Table 3.4. The network is modelled based on the [47].
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Figure 3.5: Cigré LV benchmark network [47]

The LV network is ,cloned” twelve times and it is connected to busbars 1 and 10 of every
one of the six MV network as mentioned in the previous paragraph. In order to keep the MV
load constant the residential part of the low voltage network needs to match the residential
load on the MV busbar and the same holds for the industrial/commercial part of the

network.

R1 10 kW

R15 5 kw

Table 3.4: LV Photovoltaic Power Plants Rating

This procedure leads to the following results: ,clones” of the low voltage network
connected to busbar 1 of every MV network include a scaling of the residential feeder by 38
times and of the commercial/industrial feeder by 15 times. The scaling procedure includes
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the rating of the transformer, the installed load and the line current capacity. Also in the
residential part of the network the output power of the PVPPM’s is scaled accordingly. For
the ,clones” of the LV network connected to busbar 10 no scaling is necessary but the
commercial feeder is removed in order to match the industrial MV load. The details of the
network modelling can be found in the Appendix D along with the scaling manual for the
PVPPM model [49], Appendix G.

Residential X* 38 1
Industrial - 15 1
Commercial - 15 -

Table 3.5: Scaling factors for lines, loads, transformers and PVPPM ratings per MV network node for all
types of LV networks.

*X marks the type of LV network that includes PVPPM, in this case only residential.

3.3.4.2 Kron transformation (for overhead lines, cables)

The line modelling for the low voltage system was done in a detailed fashion. Two
different types of lines are used based on the type of LV network. The commercial network
consists of overhead lines and the residential and industrial network of underground cables.
The modelling for each type is presented below, the parameters and values can be found in
Appendix D.

Overhead Lines

For modelling power lines a number of modelling approaches are available in the
commercial modelling software used (DigSILENT PowerFactory v14.1). The most suitable for
overhead lines is the so-called Typtow and Typcon elements [50]. The Typtow element
allows the user to define the zero sequence and positive sequence reactance and resistance
of the line as well as the number of line circuits that are included in the overhead
transmission system. It does not give the option of including a neutral wire whilst the Cigré
LV benchmark network data is given with a neutral wire configuration and is a 4-wire
network. To solve this issue the Kron reduced impedance matrices were used, that take into
account the neutral contribution on the phase impedance. Inside the Typtow element a
conductor type must be defined, the Typcon element. The electrical parameters needed for
defining this element were available from the Cigré report, all except the dc resistance of the
wire at 20° Celsius. These values were acquired from the IEC 60287 [51]. An overview of the
electrical parameters used can be found in Appendix D.

Underground cables

For the modelling of underground cables another element type was used. The TypLne
element is used which allows the modelling of the neutral wire and therefore the
parameters given in the primitive admittance matrix were used [47]. The capacitance of the
cables was not considered due to the small lengths of the cables, as instructed in the
benchmark report [47].
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3.4 Distributed Generation Modelling

3.4.1 Photovoltaic power Park module (PVPPM)

3.4.1.1 Existing model (DC side, DC/AC inverter control)

As stated in section 2.4, the model used to represent the PVPPM originates from a
publication of Samadi [36]. This PVPPM, as presented in the single line diagram of Figure 3.6,
consists of the dc current source representing the PV array, the dc-link capacitor and the
voltages source converter (VSC). It is a three phase single-stage PVPPM connected through a
transformer to the distribution grid.

PWM Converter
. T

F iy . S

LV {0)

== N

DC Link| 4718V
® o VSC Terminal PCC
- T 180 V 400 V
J

~ 10

=

(G

DC-Chopper DC capacitor

Curmrent Source

Figure 3.6: PVPPM components [36]

The setup of the model is presented in Figure 3.7. The PV array seen consists of solar
cells which are, combined in series and in parallel to form PV modules, which in turn are
interfaced to form solar panels that are also connected to form the PV array. Finally the end
product, the PV array, has adequate voltage and power for grid connection.

The description of the operation of the model follows: The dc output power of the PV
array is fed to the dc link, where a parallel connected capacitor is used to stabilize the
voltage. The voltage source converter (VSC) inverts the current and voltage waveforms to
connect to the ac side. The VSC terminals are connected to the point of common coupling
(PCC) via the interface reactor, and a step-up transformer. The transformer serves two
purposes: it provides an isolated ground for the PVPPM and it raises the voltage level to
match the voltage of the ac network. The shunt capacitor on the ac side in combination with
the inductance of the transformer and interface reactor forms a filter that absorbs any
undesired current harmonics. The PLL algorithm is used to synchronize the control system
with the grid frequency by a transformation from the a/b/c-reference frame to a d/g-frame
reference.
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Figure 3.7: PVPPM system set up [36]

The model is equipped with a variety of control functionalities. The ones relevant for this
study will be explained in this chapter. The d-axis and g-axis are decoupled through the PLL
and therefore active (d) and reactive power (q) control are as well.

The active power control strategy is done through controlling the dc link voltage. The
reference set-point is calculated through the PV equation (Equation 2-1) and then is
perturbed by the maximum power point tracker (MPPT) to find the PV operation point with
maximum efficiency, the knee of the V-I curve of the PV. The error signal between the set-
point and the actual value is fed to a Pl controller that calculates the d-axis current. The
equation can be seen below.

1
I<Ug =K- (1 + ﬁ) . (Udcref — Udc) Equation 3-1[36]

gdref

In this study the dynamic power factor scheme is used for steady-state reactive power
control, as proposed by German grid connection requirements [10]. The calculated reactive
power reference set-point is compared with the reactive power output and the deviation
signal is fed to a Pl controller that calculates the g-axis current of the VSC. The reactive
power set-point calculation is done based on the power factor. By measuring the active
power output and applying the characteristic presented in Figure 3.8 the target power factor
is calculated. By applying Equation 3-2 the reactive power set-point is calculated. Therefore
when the PVPPM is exporting maximum active power then it is also consuming reactive
power in order to lower the voltage at the PCC.

Equation 3-2
_ 1) q

Qref = PZ'(

cos? ¢
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Figure 3.8: Power factor relative to active power output [36]

3.4.1.2 Network fault control modes and extensions

This section describes extensions of the PVPPM model necessary for a realistic
representation of voltage ride-through (LVRT) behavior. The stability simulations performed
in the present study are based on rms (average value), positive-sequence models because
the focus lies on the power system behaviour rather than specific issues of PV systems or
converter designs, therefore some simplifications will also be included.
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b
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0 150 3 000 Timeinms

Figure 3.9: Typical voltage rms value plot divided into time periods of the network fault

The network fault response of PVPPMs can be differentiated into three time periods as
defined in Figure 3.9. The pre-fault period spans from the start of the simulation until the
occurrence of the fault. In this time period the pre-existing pre-fault controller is used and
all system variables are in steady state. The fault period starts with the fault occurrence and
ends with the fault clearance; it is characterized by heavy transients. In this time frame four
different control modes are added to the PVPPM as explained below. The post-fault period
follows the fault period and depending on the choice of control mode can either use the pre-
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fault controller or disconnect the PVPPM from the network . In addition during that last
period a new control strategy is introduced that will be explained below.

In order to show the overview of the control functionalities available in the PVPPM, the
state diagram of Figure 3.10 is presented.
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Figure 3.10: State Diagram of PVPPM control

As depicted in the diagram, the pre-fault state is the starting point of the simulation. The
pre-fault controller function is described in 3.4.1.1. The second state of the system is the
fault state in which four different control modes are possible.If the control mode is set to
No-LVRT then a voltage drops below 0.8 p.u. will move the system to the No-LVRT. For all
other control settings the voltage boundary of 0.9 p.u. is used for state transition. When a
state transition is energized the pre-fault controller is decoupled from the system. The pre-
fault controller may again be coupled with the system post-fault depending on the choice of
control mode.The four control modes during the fault state are described in the following
paragraphs.

Business as usual (no-LVRT)

As described in section 2.2 the PVPPM installations in the low voltage network are
currently not able to ride-through low voltages (non-LVRT). So as seen in Figure 3.11 when a
fault in the network results in the voltage at the PCC of a PV installation to drop below 0.8
p.u. then the under voltage protection is triggered and with a maximum time delay of 0.2
seconds the plant is disconnected from the network. Furthermore after voltage recovery,
within 60 seconds the plant is reconnected to the network [10]. This control functionality is
available in some of the PVPPM used for this study and represents the behaviour of PV
installations commissioned until 2012.
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Figure 3.11: No-LVRT requirement for type A generators, power generating modules with a connection
point below 110 kV and maximum Capacity of 0.8 kW or less [13] by Forum network technology / network
operation (VDE) [10]

The control setting chosen for modelling the undervoltage protection sets the voltage
boundary at the PCC at 0.8 p.u. resulting in termination of active and reactive power
exchange with the network for 60 seconds, should the voltage drop below this boundary.
The time delay for the protection relay response is 0.1 s.This value is chosen as to fullfill the
requirement of disconnection within 0.2 s without being borderline compliant. Figure 3.12
demonstrates this operation for type A generators, which are power generating modules
with a connection point below 110 kV and maximum Capacity of 0.8 kW or less [13].
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Figure 3.12: D-axis and g-axis currents of a PV Power Plant set for No-LVRT during fault
Source: own simulation
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The d-axis and g-axis currents of a PVPPM are depicted during a fault. The fault occurs at
t= 0 s and within 0.1 s the PVPPM ceases power exchange with the network. The rise in
active current during the first 100 ms of the fault is due to the response of the pre-fault
controller trying to balance the ac/dc power imbalance at the terminals of the inverter
caused by the voltage drop at the ac side. The corresponding drop in reactive current is also
the response of the pre-fault controller applying the dynamic power factor control strategy.

Zero power mode

The zero power mode (ZPM) is a fault ride-through (FRT) mode during which the power
generating module does not in-feed any power (active or reactive) into the network. This
control mode is desired by many distribution system operators (DSO) to avoid conflicts of
DG with network protection [5]. Therefore when the voltage drops below 0.9 p.u. at the PCC
then the VSC of the PVPPM stops any power exchange with the network while staying
connected. The difference with the status quo is that by staying connected with the network
the PLL synchronization algorithm is applied continuously and as soon as the voltage is
restored, the active power of the PVPPM recovers instantaneously and therefore is not
disturbing the active power balance post-fault by staying disconnected.

In that way the ZPM is providing service to the network post-fault by reconnecting
faster and taking part in the restoration of the power balance. This control strategy is
implemented during the fault by blocking the inverter switches and directing the power
production from the PVPPM to the dc chopper. By doing so, the power is dissipated over the
series ‘dump’ resistance of the chopper. It can, therefore, be concluded that this control
mode is implemented mainly during fault but the service to the grid is manifested during the
post-fault behaviour of the system.

Controller: Id_ref
Controller: lq_ref

Figure 3.13: D-axis and g-axis currents of a PV Power Plant set for ZPM during fault
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In Figure 3.13 the d-axis and g-axis currents of the PVPPM'’s inverter are shown. The

fault occurs at t= 0 s and the controller is driving the power exchange/currents to zero.
After fault clearance, 150 ms later, the pre-fault controller is coupled with the network and
the currents return to the pre-fault set-points. No delay is implemented in the recovery of
active power in order not to interact with the pre-fault controller. The voltage, not shown, is
recovering immediately and enables the fast response of the controller. The difference
between the No-LVRT and ZPM is evident by comparing Figure 3.12 and Figure 3.13. The
zero power exchange is achieved in less time as the controller is faster than the protection
relay. Also the ripples seen at fault restoration are due to the voltage oscillation post-fault
that triggers the action of the steady state controller.

Additional reactive current injection (aRCI)

Another requirement for applying dynamic network support during fault, as defined by
the German grid connection requirements [5], is the additional injection of current during
fault to assist in raising the voltage at the PCC. Usually this additional current depends on
the type of network the DG is connected to. Therefore when medium voltage or high voltage
networks are considered the current is purely reactive as the networks X/R ratio is high and
the strongest impact in raising the voltage can be achieved by injecting an additional
reactive current component.

Prior to the fault the inverter of the PVPPM is injecting active and reactive power into
the grid which corresponds to the active and reactive current. The vector sum of those
currents forms the total current injected into the grid. During fault it is desirable to maintain
the pre-fault operating point and inject an additional reactive current component.

As soon as the fault is detected, the inputs to the pre-fault controller are frozen to the
pre-fault values. Then an additional proportional controller is added to the output of the PI
g-axis current controller. The additional controller uses the deviation of the ac voltage to
raise the g-axis current. The equations for the reactive and active current are shown in
Equation 3-3 and Equation 3-4, respectively. The gain parameter K is adjustable. The total
current is then passed through a limiter to ensure that the current capacity of the inverter is
not exceeded. For the limiter a value of 1.1 p.u. is used for the sum of the currents. In case
the set-points are exceeding the capacity then the d-axis current is scaled down in order to
remain within the inverter capacity. The scaling function of the limiter can be seen in
Equation 3-4. dV, is the deviation of the voltage from the nominal value in p.u. where db is
the deadband around the voltage deviation.

I + K, -M-de |—db), I, . <I

[q - Apre—fault 1q dVac AC ’ darcr — ‘max Equation 3-3

aRCI

Imax' IqaRC, > Imax
2 2

I _ {( Idpre—fault’ Imax = \/Idpre—fault + [CIaRCI Equation 3-4
darcr —

) Imax® = 1g.ner’s Imax < |1 SR

t max darcr ’ max dpre-fault daRcCI
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After fault clearance the state of the controller is unchanged until the voltage recovers
to 0.9 p.u. at the PCC. After that point the additional controller is disabled and the pre-fault
controller takes over. A small adjustment follows, before the pre-fault controller returns to
the point of operation prior to the fault. Figure 3.14 depicts the process described.

1.1

0,6

0,0

Controller: Id_ref
Controller: Iq_ref

Figure 3.14: D-axis and g-axis currents of a PVPPM set for aRCl during fault

Mixed additional reactive & active current injection

The final control functionality implemented for the fault period is the mixed aR&ACI.
This control option is similar to the aRCl, while the additional component of the current also
has an active part. The reason for this addition stems from the X/R ratio of the low voltage
network that can be lower than one unlike the MV or HV guide. This translates into active
current having a dominant impact on the voltage support. The additional current is injected
at an adjustable angle between active and reactive current.

The pre-fault controller values of the d-axis and g-axis currents are frozen as described
in 3.4.1.2. During fault a proportional controller is added for both active and reactive
current. The reactive and active current equations are Equation 3-5 and Equation 3-6,
respectively. The addition in both equations is the cosine and sinus terms, which take care of
the angle of injection if the same K factor is used (Kjq = Kjq)-

|dVacl : ,
Lgureac = {qure—fault + [K,q -m ~(|dVycl — db)| - sin@ ¢ - Scaler Equation 3-5
I =11 Kia 242l vl - ab)| - cos o) Scal Equation 3-6
dareact = apre—faure T | K1a WAC (IdVscl = db)| - cos cater quation 3~
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The equation for the scaling can be seen in Equation 3-7. The graphical explanation for
the scaling procedure is presented in Figure 3.15.
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Figure 3.15: Inverter d-axis and g-axis current diagrams for presenting scaling scheme

The initial set-point for both active and reactive current is marked in the graph with the
blue arrow, from that starting point there is an additional directional current component
added to the total current that stems from the fault proportional controllers (orange arrow).
If the total current of the inverter exceeds the inverter’s capacity, scaling is taking place. The
magnitude of the total current is intercepted with the corresponding straight line from the
origin of the two axes. Moving on that line the set-point is shifted until it is inside the
capability limit of the inverter. With this scaling technique the current set-point is shifted
during the fault period until the angle between the y axis and the straight line connecting
the origin and the current set-point can reach the maximum of the additional current
injecting angle, whilst staying within the capability limits of the inverter.

The same procedure can be seen in Figure 3.16 for the same angle (45°) as presented in
Figure 3.15. The fault occurs at t= 0 s and is cleared 150 ms later. The voltage drop at the
PCC determines if the maximum angle will be reached. In this case the current is not
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exceeding the limit of the inverter (1.1 p.u.) and therefore the final angle differs from the
injection angle.
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Controller: Id_ref
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Figure 3.16: D-axis and g-axis currents of a PVPPM set for aR&ACI during fault

Delayed post-fault active power recovery

The final control strategy added to the model is the post-fault active power recovery.
The restoration of the active power post-fault value at the end of the fault-period to the
pre-fault active power set-point is achieved through a ramp with a specific inclination. The
German grid connection requirements ask for a restoration of active power to the pre fault
state with a 20 % increase of active power every second until the pre fault active power is
reached [28]. This control strategy is implemented with a filter function. The response of the
controller is almost immediate in providing the pre-fault set-point. This response is filtered
through the tracker by a first order filter function with the required time delay to achieve
the ramp features required. The ramp is activated post-fault and deactivated when the pre-
fault active power is reached. The tracker equations can be seen below (Equation 3-8,
Equation 3-9).

( 0.2, Id_i < Idpre—fault
Fx) = , Post—fault =1

' lai = Kstowr lai>la,
Xtracker = { ( ali xtracker) stowr  la_i dpre—fault Equation 3-8
k (Id_i - xtracker) *Krqse, Post — fault #1
)i Xtracker» Post — fault =1 '
do ™ Iy, Post— fault # 1 Equation 3-9

The format that the equations are presented is the state space, and the final output
comes from Equation 3-9. The condition Post — fault is a boolean term which, if true,
indicates that the system is within the post-fault period. This condition is true for 5 seconds
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after the fault in order to ensure that the d-axis current will be restored to the pre-fault
value even if we are in the worst case (5 seconds needed for 0-1 pu, with 20 % raise per
second). The value 0.2 is chosen as the specified rate of increase. The K values for the fast
and slow trackers are 10* and 10° respectively. The results are shown in Figure 3.17 as
implemented by the PVPPM modelled. The fault is cleared at 2.15 s and then the delay in
active power restoration affects the reactive power as well as it is a function of active power
(Equation 3-2).

1'°—k___7_#___;.__-4"fj'
08— - e oo S — :
| | - E E
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Figure 3.17: D-axis and g-axis current in aRACI with delayed active power recovery

DC-Chopper

[32] reports undesired disconnection of PVPPMs during or after network faults triggered
by the internal dc circuit protection, even if the PVPPMs were supposed to perform LVRT, as
follows. The dc link voltage initially rises during a fault on the ac side of the PVPPM due to
the active power imbalance between the ac and dc side of the voltage source converter. The
controller responds by increasing the ac current and thereby tries to restore the active
power balance. However, the current limits of the inverter may be reached before an active
power balance can be restored and that ultimately leads to a further increase of the dc
voltage. This behaviour is reversed in the post-fault period. The ac voltage is recovered
almost instantly at fault clearance without giving the controller sufficient time to reduce the
ac side current to its pre-fault level. The result is an active power imbalance between the ac
and dc side of the inverter. Since the active power flow through the grid side converter is
larger than the one from the dc source, the dc capacitor is discharged, i.e. the dc voltage
decreases. In certain cases the dc voltage may drop below the minimum allowed value and
that would trigger the internal dc circuit protection to disconnect the PVPPM from the
network.
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Discussions between TU Delft with Laudahn (TU Braunschweig) indicated that such
issues are unlikely to occur for PVPPM inverters sold on the German market [37]. Proprietary
control strategies of the grid side converter and/or dc-dc converter would take care of
levelling the dc voltage within the allowable voltage band and prevent disconnection of
PVPPMs during or after network faults due to the internal dc circuit protection.

The active power is controlled by adjusting the dc link voltage and the reactive power is
calculated via the dynamic power factor approach, as described in section 3.4.1.1. Thus it is
obvious that the dc link voltage is an important parameter for controlling the PV behaviour.
The importance of the dc voltage is further stressed by the constraints imposed by the
protection of the PVPPM. If the dc voltage exceeds certain limits the protection relay will
disconnect the PVPPM from the grid. Therefore in order to be able to safely apply any
control scheme during fault we must ensure that the dc link voltage will stay within certain
limits.

Given the power system focus of the present study and the lack of information regarding
different proprietary control strategies for PVPPMs, simplifcations in the modelling of the
PVPPMs are required and justified. Originating from the detailed representation of both the
dc and ac sides of a PVPPM [36] and aiming at a stable operation during and after network
faults while disregarding any specific and potentially proprietary control strategies, an active
dc chopper in the dc circuit is assumed during LVRT operation and for a certain time after
voltage recovery. The chopper comprises of two anti-parallel diodes connected to the dc bus
and in series to a voltage source behind an impedance (see Figure 3.6). For steady-state
operation no chopper is assumed. The chopper keeps the dc voltage at the pre-fault value
during the fault. For an adjustable time after fault clearance it is assumed to continue
operation which further prevents undesired dc voltage fluctuations post-fault.

Reactive current time performance

Another addition to the PVPPM model is the compliance with the reactive current time
performance as required by German grid codes and presented in Figure 3.18. The step
response defined by German grid codes is the marginally accepted behaviour of a generator
performing a control induced change in its current/power set-point. Therefore every PVPPM
that has to connect to the German grid must prove that the step response to a change of the
current set-point can be performed within the margins specified in Figure 3.18. In detail,
90 % of the final set-point value must be achieved within 30 ms (rise time) and the final
signal must be settled between 90 % and 120 % of the final value within 60 ms (settling time)
[52].
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Figure 3.18: German grid step response [52]

The PVPPM model was already complying with these requirements. However it is
unrealistic to consider that all the installed PVPPM’s have a very fast response as they were
installed in the past and therefore it could be that they do not comply to these
requirements. In order to ensure that the model is realistic and it considers the worst case
rather than the best a filter was implemented so that the step response requirement is met
marginally. For the implementation of the filter a first order function was used as it is shown
in Equation 3-10 and Equation 3-11. The parameter tuning was done with a heuristic
approach in order to achieve the delays of 30 ms and 60 ms for each set-point percentage.
The variable fault is a boolean which is true only during the fault period. The diagrams
presented for all the control modes include this filter.

e _ K- (Idi — xfilter) Equation 3-10
filter T

L lg, fault#1 Equation
0 7 | Xpitter, fault =1 3-11

3.4.2 Wind turbine generators

The WPPs models used in this study originate from [40]. The models for WPPs used
consist of:

e Doubly-fed asynchronous generators (DFAG), and
e Full-converter generators (FCG).

The WPP connected in each of the six MV networks consist of both type of generators.
The 10 MW WPP consists of a 6 MW aggregated FCG generator and a 4 MW aggregated
DFAG generator. The smaller 6 MW WPP consists of a 4 MW aggregated FCG generator and
a 2 MW aggregated DFAG generator.
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All WPPs are able to ride through faults and inject reactive current to the network in the
event of a fault. The type of fault control applied to these WPPs is the additional reactive
current injection (aRCl) control mode similar to the PVPPMs. The gain is set at 2 and this
behaviour is in compliance with current grid codes for MV and HV connected DG [5],[28].
The modelling details of the WPPs will not be discussed as they are not in the focus of this
thesis but rather support the realistic representation of the German network. However
details in the mode of operation of these models can be found in [53] for the DFAG model
and in [54] for the FCG model as they are both based on the corresponding PowerFactory
templates.

3.5 Load Modelling

Through an extensive literature survey on load modelling, it became clear that the
model structure of the load and the identification of the load parameters is an important
factor in stability studies [55], [56—62]. Different load model structures may make stability
study results totally different [55].

A load can be modelled as either static, dynamic or aggregated. A static load model
describes the relation of the active and reactive power at any time with the voltage and/or
frequency at the same instant of time [56]. A static load can have either a polynomial (ZIP) or
exponential form. On the other hand, a dynamic load model expresses this relation as a
function of the voltage and/or frequency time history, including normally the present
moment [56]. Dynamic load models can be represented by induction motor models or input-
output models that are based on differential equations [55]. The aggregated load combines
both modelling types by a percentage split between dynamic and static load.

PowerFactory provides a variety of options to model loads. For the static load model
both polynomial and exponential load modelling is possible. Also the model can be part
dynamic and part static where the dynamic part can be based on linear or non-linear second
order differential equations. Finally there is always the option to use an induction motor in
order to represent dynamic load [62]. However the parameter identification for load
modelling is a difficult and time consuming procedure that stems from statistical analysis of
historical data combined with optimization algorithms for curve fitting. The choice of
parameters for this study is done based on the work of [55, 63] and [64]. The frequency
dependent part of the load is ignored.

For the static part of the load the polynomial (ZIP) approach is presented first. In this
approach the load can be classified into constant power, constant current and constant
impedance load, depending on the power relation to the voltage [56]. As it can be seen in
Equation 3-12 and Equation 3-13 for constant impedance load, the power dependence on
voltage is quadratic, for a constant current it is linear, and for a constant power, the power is
independent of changes in voltage.

2

4 |4
Pzip = Py [ap . (V) + bp - (7) +(1—ap— bp)] Equation 3-12
0 o
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|4 %4
Qzp =Qo- [aQ . (7) + by - (7) +(1-ap-— bQ)] Equation 3-13
o o

For the exponential approach Equation 3-14 and Equation 3-15 give the active and
reactive power dependency of the load on voltage as found in [65]. For this thesis the
exponential approach was chosen as parameters for exponentially modelled loads for
different voltage levels and type of networks were easier to be found.

V e_aP
Pexp = P0 . [ap . (7> Equation 3-14
o J
1% e_aQ
Qexp = Qo . [aQ . (7) Equation 3-15
o

The values for load parameter chosen for each type of network are presented in
Table 3.6. The eHV static load parameters presented are taken from [64] and for the rest of
the loads from [63].

Suburban Rural | Residential | Industrial | Commercial
1.0 1.0 1.0 1.0 1.0 1.0
1.0 1.7 1.4 1.7 0.8 4
1.0 1.0 1.0 1.0 1.0 1.0
3.2 4.7 5.5 4.7 4.5 5.5

Table 3.6: Exponential Load Parameters

For the dynamic part of the load the non-linear differential equation model of DIgSILENT
PowerFactory is available (Equation 3-16, Equation 3-17) [62]. As it can be seen the voltage
deviation from 1 p.u. plays a role in the installed power which is time dependent. However
in this study no consideration of dynamic load will take place as it would further complicate
the study and parameters for time constants are difficult to find.

=(dv,. - —Kp-v tS Ty . 0 . i
Payn = | dVyc 145 Tapm + 1] %ayn - B Equation 3-16
K,, +s T,
=(qy, -~ " 1]).09 . Equation 3-17
Qdyn < ac 1+s- Tdyn /Odyn Qr quation

3.6 Conclusions

Concluding the modelling chapter, an overview of the study network structure was given
and every voltage level was explained in more detail. The components included in the study
network were identified and the modelling procedure was described. The PVPPM model was
presented in detail along with all the control functionalities that were included for the
purpose of the simulations to be performed in Chapter 4. The WPP models were briefly
mentioned as well as load modelling and choices made.
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Chapter 4 : Case study and Sensitivity Analysis

4.1 Introduction

In this chapter the structure of the case studies is explained in detail. The principles of
operation of the study system are defined and a general outlook of the study is given.
Moreover the choice of sensitivity factors that formulate the case studies is explained and
justified and finally selected results are presented and analysed. The results presented are
the most important as a selection had to be made due to the volume of cases analysed.

4.2 System Conditions

4.2.1 General overview of the system

The test system described in Chapter 3 is used to simulate transmission system faults
and investigate the system performance under different conditions. The parameters that are
not varied under different case studies are presented in this section.

The location of the fault is placed at the middle of line 9 of the eHV network (see Figure
3.2). The choice of the fault location is made in order to ensure that the fault is close to the
busbar that connects the eHV network with the sub-transmission and distribution system
also due to the low short-circuit ratio of that location to ensure a severe voltage drop. The
fault duration is chosen to be 150 ms in accordance with the findings of the literature survey
presented in section 2.5. The fault occurs at 0 s and is cleared 150 ms later. The type of fault
that will be analysed is a three-phase fault with no fault impedance. This type of fault is
chosen in order to investigate the most severe case that would bring the system closer to
instability. The details of the fault location and duration are presented in Table 4.1.

150 ms (0-150 ms)
0 Ohm

2.5 km
Table 4.1: Details of fault event

Furthermore due to the use of different load and generation profiles for the starting
point of the simulation, the positions of the transformer tap-changers need to be defined. In
order to ensure a proper initial voltage for all busbars of the network in all load and
generation cases the following strategy was devised.

The eHV/HV transformers are equipped with automatic tap-changing and regulate the
secondary-side busbar, in this case the busbar of the HV network they are connected to, at a
target voltage of 1.0 p.u. The HV/MV transformers use remote voltage control, and regulate
busbar number 10 of the MV network (see Figure 3.4), at a target voltage of 1.0 p.u. Finally
the MV/LV transformers are not equipped with automatic tap changers but have manual tap
changers. Therefore for the starting point of the simulation the residential LV network
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transformers fix their tap changers in order to ensure a remote target voltage of 1.0 p.u. in
terminal R15 of the LV network (see Figure 3.5). The transformers of the LV industrial and
commercial networks regulate the LV connected busbar with a target voltage at 1.0 p.u. All
transformers equipped with automatic tap changers have a time constant of 20s for
changing their taps as a response to a change of voltage at their respective control node.
The scheme for transformer tap changers can be seen in Table 4.2.

HV 03/05 | MV 10 MV 12 R15 c1/nn
1p.u. 1p.u. 1p.u. 1p.u. 1p.u.
20s 20 sec 20 sec - -

+/-16 +/-16 +/-16 +/-2 +/-2
0.625% 0.625% 0.625% 2.5% 2.5%

Table 4.2: Details of transformers tap changing strategy

With regard to the behaviour of DG installations and in order to respect the already
defined German grid codes, the MV connected PVPPMs and the respective HV and MV
connected WPPs are equipped with FRT capability and additional reactive current injection
during fault. In this way a more realistic approach equivalent to today’s behaviour of the
German system is modelled. Also in the LV network part, the old PVPPMs installations are
not able to perform FRT and disconnect in the event of a fault to model the already existing
PVPPMs that are connected up to 2012 and are not able to ride through a fault.

PVPPMs connected to the LV network after 2012 and up to 2022 are given the option of
FRT and current injection during a fault. Those are the PVPPMs that will change their
respective control in the control mode variations that will be explained in section 4.3.2.

Finally in the event of a transmission system fault the shortage of active and reactive
power of the network is covered by generator 2 of the eHV network which is modelled as a
slack generator (see Figure 3.2).

4.2.2 Scenarios for installed PV capacity

This study is performed as a possible scenario for the year 2022. Therefore the system is
modelled for the year 2022 but 2012 DG installations are also considered. In the year 2012
the system already includes the DG connected today that are compliant with current grid
codes. In the year 2022 an additional projected installed capacity of PVPPMs is added in the
LV and MV networks. The details for the network at each year are explained below.

In the 2012 German scenario the total installed capacity of PVPPMs per MV network
was 7 640 kW. As it can be seen in Table 3.3 the sizes of PV installations for the rural and
suburban part of the MV network are 120 kW and 3 700 kW respectively. So in order to
match the capacities with the total size of the installed PVPPMs, two of each size of PVPPMs
where connected in their respective network. For simplification of the study an aggregate
model of 240 kW was created for the suburban part of the MV network and an aggregate
model of 7 400 kW for the rural part of the MV network. The connection points of the two
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PVPPMs are busbar 6 for the suburban part of the MV network and busbar 12 for the rural
part. These PVPPMs are able to ride through a fault and provide reactive current with a gain
factor of 2 as demanded by German grid codes [5]. For the MV and HV connected WPPs the
ratings and connection points are kept the same as described in Table 3.2 and Table 3.3. The
same FRT and reactive current injection controls are included for the WPPs as well.

06 suburban 240 kW 09 suburban 6 000 kW
12 rural 7 400 kW 08 suburban 10 000 kW
Total Total

(6 MV Networks) CBELY (6 MV Networks) Eolioh

Table 4.3: MV connected DG installed powers and connection points for the 2012 scenario.

For the LV connected PVPPMs the total installed capacity per LV network was 180 kW. In
2012 the sizes of the LV connected PVPPMs can be seen in Table 3.4. In order to match the
capacities with the size of installed PVPPMs, 12 installations of 10 kW and 12 installations of
5 kW are chosen per LV network. The aggregating procedure outcome is a PVPPM of 120 kW
of installed power connected in busbar R1 of the LV network and a PVPPM of 60 kW
installed power connected in node R15 of the LV network (see Figure 3.5).

The LV network connected to MV busbar 10 has this installed capacity of PVPPMs,
however the aggregate LV network connected to busbar 1 of the MV network is additionally
scaled by a factor of 38 for the residential part of the network. Therefore the PVPPM’s
connected at that LV network are also scaled by that factor delivering an aggregate PVPPM
of 4 560 kW installed power connected at busbar R1 and an aggregate PVPPM of 2 280 kW
installed power in node R15 of the LV network connected in MV busbar 1. The final DG
connected installations for the 2012 scenario can be seen in Table 4.4.

R1 01 10 kW 12 38 4560 kW
R15 01 5 kW 12 38 2 280 kW
R1 10 10 kW 12 1 120 kKW
R15 10 5 kW 12 1 60 kW
V] - ; ; ; 42120 kW

(12 LV networks)

Table 4.4: Installed power of LV connected PVPPMs with their corresponding connection point for the
2012 scenario

Furthermore LV connected PVPPMs for the 2012 scenario abides by current German grid
codes [10] that ask for mandatory disconnection in the event of a fault. The disconnection
time is chosen to be 100 ms after the occurrence of the fault in order to represent the worst
case.

In the 2022 scenario the installed synchronous generation, WPPs and load are kept the
same as in 2012. The installed capacity of PVPPMs in the MV and LV networks is doubled in
comparison to the 2012 scenario presented in Table 4.4. So all busbars and nodes of the
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network that were connected to a PVPPM of a certain rating in the 2012 scenario, are in the
2022 scenario connected to two PVPPMs of the same rating. The newly installed PVPPMs are
able to perform different control strategies whilst the ones connected in 2012 cannot ride
through fault. Doubling the installed PV capacity in both the MV and LV network over 10
years is a realistic assumption as it can be seen in the literature survey chapter for the
projected growth of PVPPMs installed capacity in Germany.

In Figure 4.1 the installed load and DG production can be seen for all the MV and LV
networks in the 2022 scenario. Due to having an aggregated and a single LV network
connected to different busbars of the MV network their installed loads and productions are
presented separately. The load and production of the eHV and HV networks are shown in
Table 4.5. The HV network has no load.

272
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Generation
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Figure 4.1: Installed load and DG generation in the 2022 Scenario for the HV/MV/LV networks

6 097 MW 5960 MW 100 MW

Table 4.5: Installed Load and Production in the eHV network

4.3 Sensitivity Factors

4.3.1 Load/ Generation profile

The first sensitivity factor presented is the load and generation profile. Namely as
explained before the system has a fixed installed generation and load power. However in
different periods of time only a part of the load is actually connected to the network due to
the time varying needs of consumers. Also renewable based DG power output is dependent
on solar irradiation for PVPPMs and wind speed for WPPs. Therefore only a part of the
installed power of DG is actually fed to the network at different times. Synchronous
generation also takes into account the needs of the network in terms of active and reactive
power and produces the rest of the power needed.
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The aim is to define three pre-fault operating points for the network, based on load
consumption and PVPPMs production. The load can be either at 1 p.u. when in the high load
case or at 0.5 p.u. at the low load case as seen in Table 4.6. Similarly the irradiation is at the
corresponding value to produce 1 p.u. active power output from the PVPPMs in the high
generation case and is halved so that PVPPMs produce 0.5 p.u. active power in the low
generation case (Table 4.6). WPP production is considered the same for all cases and is fixed
at 1 p.u. for all WPPs. The three pre-fault operating points of the network are created by
varying the load and generation cases. Each of them creates a different power flow as it will
be explained in the next three sections.

High Load 1 High Generation 1

Low Load 0.5 Low Generation 0.5
Table 4.6: Multipliers for installed load and PVPPMs power output for setting up of load cases

4.3.1.1 Base case unidirectional power flow

By using a factor of 1 for installed load (high load) and 0.5 for installed PVPPMs power
output (low generation) the load and distributed generation profile seen in Figure 4.2 is
realised. As it can be seen the DG in the MV and LV networks are not able to cover the load
demand within their respective voltage levels and the 100 MW of power that the HV
network can provide also does not cover the total load demand. Hence the power remaining
will be provided by the eHV network. This load/generation profile will therefore create a
vertical power flow inside the study network stemming from the eHV network down to all LV
networks. So in this case the system’s pre-fault condition will be a unidirectional power flow
as seen in Figure 4.3,

_ 184
200 Generation
100 +~ 5 _
o W Load
0 —— ' o — ® Wind
MW p

400 ¥ a Lv FY
200 +~ | Load
-300

Figure 4.2: Load and DG generation for HV/MV/LV networks for Base case power flow
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Figure 4.3: Unidirectional power flow from eHV to LV network at Base Case

4.3.1.2 Partial (MV and HV) reverse power flow

By using a factor of 0.5 p.u. for peak load (low load) and 0.5 for installed PVPPMs power
output (low generation) the load and distributed generation profile seen in Figure 4.4 is
realised.

184
200
150 Generation
100 M Load
50 - 1 - mWind
WiNY. 0 - , ’ mPV
-1.5
50 - alV LV
-100
Load
1150 —

Figure 4.4: Load and DG generation for HV/MV/LV networks for HV and MV reverse power flow

As it can be seen the DG in the LV networks are not able to cover the load demand
within their respective voltage levels, contrary to the MV networks that even have a surplus
of power. The 49 MW of excess power in the MV networks are enough to cover the almost
18 MW of shortage in the LV networks and export power towards the HV level. The HV
network having no installed load will export active power towards the eHV network. This
load/generation profile will therefore create a split reverse power flow inside the study
network, resulting in reverse power flow from the MV and HV voltage levels as seen in
Figure 4.5.

-48 -



0.4 kV

kv

20kv

T

110 kv

-

Reverse power
flow HV/MV

0.4

<H, <H,

: L*‘.»

L

%

A

%

e

o

network

220kv

Figure 4.5: Split reverse power flow from MV and HV to eHV network

4.3.1.3 Complete (LV to HV) reverse power flow

By using a factor of 0.5 p.u. for peak load (low load) and 1 p.u. for installed PVPPMs
power output (high generation) the load and distributed generation profile seen in Figure
4.6 is realised. As it can be seen the DG in the LV and MV networks are able to cover the
load demand within their respective voltage levels and export the excess of active power to

the HV network. The HV network having no installed load will export active power towards

the eHV network. This load/generation profile will therefore create a full reverse power flow

inside the study network, resulting in a reverse power flow from the LV, MV and HV

networks towards the eHV network, as seen in Figure 4.7.
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Figure 4.6:Load and DG generation for HV/MV/LV networks for LV to eHV reverse power flow
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Figure 4.7: Full reverse power flow from LV to eHV network
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4.3.2 Network fault control mode settings

The PVPPM'’s network fault control settings that are explained in section 3.4.1.2 are
applicable only to the low voltage connected PVPPMs installed after 2012. The sensitivity
towards the behaviour of PVPPMs during and after the fault is applied by changing the
control strategy followed by the aforementioned PVPPMs between no-LVRT (no Low Voltage
Ride Through), ZPM (Zero Power Mode), aRCl (additional Reactive Current Injection) and
aRACI (additional Reactive and Active Current Injection).

Also the option of delayed post-fault active power recovery can be implemented in any
of the three control modes except for the no-LVRT. In total this allows for seven different
control modes that will aid in understanding the sensitivity of the voltage in the LV network
based on the behaviour of the PVPPMs during and shortly after fault and the benefit of
applying dynamic voltage support at the LV level through the LV connected DG.

For the case of aRACI the choice of angle for injecting the mixture of active and reactive
current during the fault is based on the network impedance angle seen from the PCC (point
of common coupling) of each LV connected PVPPM. The possible four different locations of
the connection point of PVPPMs in the low voltage network are shown in Table 4.7 with
their respective angle for performing aRACI.

01/R1 77°
01/R15 26°
10/R1 73°
10/R15 15°

Table 4.7: Connection points of PVPPMs in the network and angle of aRACI chosen for each point

4.3.3 Overview of sensitivity cases

Base Case X X X X X X X
Split
Reverse X X X X X X X
Power flow
Reverse
Power flow X X % X X X X

Table 4.8: The study cases formed by varying the sensitivity factors of load cases and PVPPM's control modes
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The final overview of sensitivities that stems from the variation of the pre-fault network
set-point (load case) and the variation of the control strategy followed by PVPPMs
connected in the LV network after 2012 forms the final 21 study cases (Table 4.8).

Due to the high number of study cases only one load case will be presented fully and
then comparative graphs will be shown between different control modes and power flow
scenarios. The results for the study cases not presented here are included in the Appendix F.
Also for the cases with delayed post-fault active power recovery only an overview of the
effect of this control strategy will be presented through selected graphs.

4.4 Presentation and Analysis of Results

Four cases will be presented in this section. The structure of presenting and analysing
the results is kept the same throughout the cases. The voltages at different busbars of the
low voltage network are presented and then with the aid of supporting graphs the analysis
of the voltage pattern takes place. Firstly the no-LVRT control scenario for the base case,
normal load flow, will be presented as it shows the projected state of the network if German
grid codes stay unchanged until 2022. Following this case the comparative results for all
control scenarios, besides the ones’ with dAPR, in the base case will be presented to
demonstrate the effect of different control modes on the voltage profile. The third case is
going to be a comparative case between all control modes for the LV to eHV reverse power
flow scenario. Finally the effect of delayed active power recovery will be presented.

4.4.1 Base Case with no-LVRT

In the base case the simulation starts from a pre-fault state of top-down power flow
from the eHV to the LV network. This case represents the most commonly experienced
power flow state of the network nowadays. The parameters that usually ensure a vertical
power flow are a high load demand and a low active power in-feed from DG connected to
the distribution network.

4.4.1.1 Presentation of results

In this scenario a three phase fault is triggered at O's in line 9 of the eHV network and
150 ms later the fault is cleared. HV and MV connected DG abide with the current grid code
requirements (GCR) and inject reactive current during the fault to support the voltage. LV
connected PVPPMs abide with the LV GCR and disconnect from the network 100 ms after
the fault is detected via the voltage drop at the PCC. Also in this case MV and LV connected
PVPPMs are producing at half of rated active power output due to the assumed irradiation
at the time of the fault. During this period of 100 ms the pre-fault controller of the PVPPMs
is operational.

In Figure 4.8 the voltage profiles of all busbars of the eHV network are seen. The fault
causes different voltage dips at different locations in the eHV network depending on the
distance from the fault and the short-circuit ratio of each location. As it can be seen the
range of voltage drop varies from 0.1 p.u. to almost 0.8 p.u.
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Figure 4.8: Voltage in p.u. at all busbars of the eHV network (different colours represent different busbars)

The fault at busbar 8 of the eHV network, where the distribution system is connected, is
the red line of the graph and the voltage dip at that point reaches down to 0.4 p.u. Due to
the reactive current injection during fault there is a rise in the voltage in that period but it is
not significant. Then the disconnection of the PVPPMs at 100 ms causes a slight voltage
decrease, and at 150 ms the fault is cleared and the voltage is restored at a slightly lower
steady state value than the pre-fault.

The oscillation of the voltage is caused by the oscillation in the in-feed of active and
reactive power by the synchronous generators of the eHV network. This behaviour is typical
of SG after faults.

For the LV connected PVPPMs there are four different positions in which they can
connect. Every one of the six MV networks of the test system is connected to 2 LV networks;
one at busbar 1 and the other at busbar 10 of the MV network (see Figure 3.4). Each of the
two LV networks has two connection points for PVPPMs, one at busbar R1 and one at node
R15 of the LV network. Due to the similarity in the behaviour of the two different LV
networks only the voltage profile of the LV networks connected to busbar 1 of the MV
networks will be presented. The rest can be found in Appendix F.

Firstly, in Figure 4.9, the voltage profile of busbar R1 of the LV network connected to MV
busbar 1 is depicted for all MV networks in different colours.
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Figure 4.9: Voltages in p.u. at busbar R1 of the low voltage networks connected to busbar 1 of the MV
networks with R/X ratio 4.4 (different colours indicate different MV networks)

As seen the starting point of the voltage is at 1 p.u in all networks. At the occurrence of
the fault the voltage drops to 0.46 p.u. and then for the first 100 ms of the fault period it is
being raised to 0.54 p.u. At 100 ms a second voltage plateau is depicted lowering the voltage
marginally above 0.5 p.u. It should be noted that the voltage traces are very similar among
the 6 MV networks.

Finally at 150 ms the fault is cleared and the voltage rises close to the pre-fault value.
However, even though the swing of the voltage that is seen post-fault complicates the
graph, the steady state voltage post-fault will be slightly lower than the pre-fault starting
point. The total loss of active power per aggregate LV network is in the order of 7 MW or
approximately 35 % of their peak load (see Table 4.4).

In Figure 4.10 the voltage profile of node R15 of the same MV-connected LV network as
the previous graph is shown. The same pattern of behaviour as in Figure 4.9 is depicted. The
pre-fault voltage is almost at 1 p.u. and at fault occurrence the voltage drops to 0.48 p.u.
The voltage is then raised during the first 100 ms of the fault to the value of 0.56 p.u. In
addition, at 100 ms a voltage plateau at 0.48 p.u. is noticed. At 150 ms the fault is cleared
and the voltage is raised slightly above 0.9 p.u. Then the voltage oscillates due to the
oscillation of the synchronous generators of the eHV network.
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Figure 4.10: Voltages in p.u. at busbar R15 of the low voltage networks connected to busbar 1 of the MV
networks with R/X ratio 0.43 (different colours indicate different MV networks)

4.4.1.2 Analysis of results

Firstly in Figure 4.9, the starting point of the voltage is at 1 p.u. due to the remote
control option of the MV/HV transformers. As explained before the MV/HV transformers of
the MV suburban network target busbar 10 of the MV network. Since the highest load of the
MV suburban network is located at busbar 1 the power flow inside the MV network is
directed to bus bar 1 and the corresponding voltage drop lowers the voltage at that busbar
and consequently at the LV network that is connected to that specific busbar. In the same
figure the voltage rise seen during the fault is an outcome of the reactive current injection
performed by the MV and HV connected DGs. Even though there is no reactive current
injection inside the LV network the voltage is raised as the voltage of the corresponding MV
busbar is raised.

At 100 ms the voltage dip seen is an outcome of the disconnection of PVPPMs in the LV
network. The active power that the PVPPMs were injecting into the network during the first
100 ms of the fault is now lost. This power is provided from the MV network and creates a
larger voltage drop over the impedance of the MV lines and the MV to LV transformer in
order to supply the load.

This phenomenon is also noticeable in Figure 4.11 where the active power exchange
over the MV/LV transformer can be seen for this LV network. At 100 ms a raise in the active
power in-feed from the MV to LV network is seen as a response to the loss of the PVPPMs
active power production. The blue line indicates the areas of normal power flow and reverse
power flow.
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Figure 4.11: Active Power exchange over one of the 38 parallel 500 kVA MV/LV transformers connected to
busbar 1 of the MV network in p.u. (different colours indicate different MV networks, base value 500 kVA)
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Figure 4.12: Active power output of all 38 parallel LV connected PVPPMs connected to busbar R1 of the LV
network connected to MV busbar 1, in p.u. with an aggregated base value of 4 560 kVA

Finally the decrease in the post-fault voltage as compared with the pre-fault value is also
explained by Figure 4.11. In this figure the post-fault active power received from the MV
network is raised, from 0.4 p.u. to about 0.8 p.u., to cover the deficit of active power inside
the LV network caused by the PVPPMs disconnection. This rise in active power received from
the MV network results in a slightly higher voltage drop over the transformer, lowering the
voltage at busbar R1 and in a significantly higher voltage drop over the LV cables resulting in
a lower voltage at node R15.
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In Figure 4.10 the voltage profile of node R15 of the examined LV network shows
differences as compared to Figure 4.9 of busbar R1. The main difference is that the voltage
drop at the occurrence of the fault is slightly smaller, due to the longer distance from the
fault location as node R15 is situated deeper in the LV network. Also the voltage at node R15
is raised higher as compared to busbar R1 during the first 100 ms of the fault due to the
active current injection performed by the PVPPM of the LV network, which keeps a certain
amount of active power in-feed during the first 100 ms of the fault (Figure 4.12) prior to
disconnecting.

Furthermore the disconnection of the PVPPMs causes a larger voltage dip and a lower
post-fault voltage as compared to Figure 4.9. The reason for both these behaviours is the
fact that the PVPPM is connected deeper into the LV network and experiences the combined
loss of active power in-feed from the PVPPM connected higher in the LV network at R1 and
its own loss. Also this power needs to be provided by the MV network causing an even
higher voltage drop than before due to the low X/R ratio of the lines inside the LV network.
This state is prolonged post-fault as PVPPMs stay disconnected and therefore the voltage
remains at a lower value as compared to the pre-fault one.

Figure 4.13 shows the reactive power exchange over the MV/LV transformer connected
at busbar 1 of the MV network in p.u. The rating of the transformer is 500 kVA and the
positive sign is attributed to a power flow from the MV to the LV level. As seen the pre-fault
and post-fault states are the same as no PVPPM was consuming or producing any reactive
power pre-fault. During fault, the voltage drop lowers the reactive power consumption of
the voltage-dependent loads and the reactive power losses over the lines. In general the
reactive power exchange did not have any important influence in this load case.
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Figure 4.13: Reactive Power exchange over one of the 38 parallel 500 kVA MV/LV transformers connected
in busbar 1 of the MV network in p.u. (different colours indicate different MV networks, base value 500 kVA)
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Finally it is worth noticing that the fault created a voltage drop down to 0.4 p.u. in the
eHV busbar 8, however the LV network inside the distribution system connected to busbar 8
experienced a voltage drop to 0.5 p.u. and in the case of the LV networks connected to
busbar 10 of the MV network to 0.6 p.u. (as this is located even further from the fault
location). This shows the high retained voltage in the LV networks during a transmission
system fault.

Also this fault created a loss in photovoltaic power in-feed of 42 MW (see Figure 4.2)
which corresponds to 35 % of the peak load of all LV networks. If every busbar of the eHV
network had an identical distribution system attached to it the same fault would potentially
cause a loss of 1 600 MW of photovoltaic active power!

4.4.2 Comparison between no-LVRT/ZPM/aRCI/aRACI for the base case

4.4.2.1 Presentation of results

After presenting the no-LVRT base case and performing an analysis of the results, a
comparison between the four basic control modes for this load case is presented. In this
comparison only the voltage profiles of the LV network connected to busbar 1 of the MV
network are presented as they are similar to the other LV network.

In Figure 4.14 the voltage profile at busbar R1 of the LV network connected to MV
busbar 1, for all different control modes is shown. The different control cases are depicted
with different colours as explained in the graph. In the left side of the graph the fault period
is enlarged for facilitating the analysis of the results.

The starting voltage for all control cases is 0.97 p.u., at 0 s the fault occurs and drives the
voltage down to approximately 0.46 p.u. for all cases. However it is notable that in the ZPM
(green line) case the voltage drops even lower (0.44 p.u.). During the first 100 ms of the fault
the voltage rises in all cases but with a different slope. The rise is greater in the case of aRCl
(blue line) followed closely by aRACI (black line), both of these cases achieve a voltage of
almost 0.58p.u. The ZPM exhibits the lowest rise in voltage as well as the no-LVRT (red line)
which manage to raise the voltage to only 0.54 p.u. whereas the other control modes rise to
0.58 p.u. At 100 ms a second voltage plateau is seen for all cases. Post-fault the voltage stays
at lower level with respect to the pre-fault value in all cases and even lower in the no-LVRT
case.
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Figure 4.14: Voltages in p.u. at busbar R1 of the low voltage networks connected at busbar 1 of the MV
networks with R/X ratio 4.4 for four different control modes

In Figure 4.15 the voltage at node R15 of the low voltage network connected to busbar 1
of the MV network is presented. Again the same pattern is seen, with the voltage starting
point slightly lower than in Figure 4.14. The voltage drop at fault occurrence reaches 0.48
p.u., and in the case of ZPM (green line), 0.46 p.u. In the first 100 ms of the fault the rise in
voltage is steeper for the aRACI reaching almost 0.6 p.u. while, aRCl (blue line) also has a
steep slope, followed by no-LVRT (red line) at 0.56 p.u. and the least rise in voltage is
exhibited by ZPM where the voltage is 0.53 p.u. At 100 ms the voltage exhibits a plateau in
all cases but as seen in the graph the ZPM and no-LVRT drop below 0.5 p.u. whereas aRCl
and aRACI stay higher.

Post-fault the voltage is lower in all cases compared to the pre-fault, however the no-
LVRT case has a significantly lower voltage than the rest of the cases. The ZPM case keeps
the same voltage as no-LVRT until 0.7 s and then the voltage rises to match up with the
other controlled cases. It is important to notice that during the first 550ms after fault
clearance the voltage in ZPM and no-LVRT stays below 0.9 p.u.
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Figure 4.15: Voltages in p.u. at busbar R15 of the low voltage networks connected at busbar 1 of the MV
network with R/X ratio 0.43 for four different control modes

4.4.2.2 Analysis of results

As seen in Figure 4.14 for the ZPM (green line) the voltage drop is lower at the
occurrence of the fault (0.44 p.u.) with regard to the other control modes (0.46 p.u.). Also
the voltage during the fault is marginally lower for the ZPM case (0.54 p.u.) relative to the
no-LVRT (red line) and significantly lower if compared with the aRCl (black line) and aRACI
(blue line), 0.58 p.u. This behaviour of the ZPM control case can be explained from Figure
4.16 and Figure 4.17.

In Figure 4.16 the active power exchange over the MV/LV 500 kVA transformer can be
seen for all control cases. As seen in this graph at the occurrence of the fault the ZPM curve
(green line) stays higher than the rest except for the aRCl curve (blue line). This means that
for the first 100 ms the PVPPMs of the LV network stop any active power exchange with the
network and therefore this power is now provided by the MV network creating a larger
voltage drop over the transformers and lines, thus lowering the voltage even further. In the
case of no-LVRT (red line) the PVPPMs produce some active power for the first period of the
fault and therefore less power is required from the MV network, making the voltage drop
smaller. In this figure the aRACI case (black line) is injecting active current at the same level
as the no-LVRT case whilst aRCl (green line) far less as the limiters are enabled after 50 ms
due to reactive current injection priority during fault.
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Figure 4.16: Active Power exchange over one of the 38 parallel 500 kVA MV/LV transformers connected in
busbar 1 of the MV network for all MV networks in p.u. for all control cases ( base value 500 kVA)

At the disconnection of the PVPPMs at 100 ms ZPM and no-LVRT are at the exact same
level as in both case at that time no PVPPMs are producing any active power in the LV
network. For the aRCl also active power production is low but there is some, as half of the
PVPPMs are still connected. Finally the aRACI produces the most active power of all control
modes during fault.

The pattern seen in Figure 4.16 would lead to a higher voltage during fault for the no-
LVRT and aRACI, however, the voltage profile of Figure 4.14 is measured close to the MV/LV
distribution transformer and the X/R ratio of the network at that point is higher than 1 due
to the reactive nature of the lines of the MV network. Therefore reactive power exchange
over the transformer will influence the voltage profile stronger than active power.

In Figure 4.17 the reactive power exchange over the MV/LV 500 kVA transformer is
depicted for all control modes. Pre-fault the LV network is consuming reactive power, which
due to the voltage drop at the occurrence of the fault is lowered significantly.
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Figure 4.17: Reactive Power exchange over one of the 38 parallel 500 KVA MV/LV transformers connected
in busbar 1 of the MV network for all MV networks in p.u. for all control cases (base value 500 kVA)

For the aRCl and aRACI it is lowered further and eventually reversed due to the 2022
connected PVPPMs which inject reactive current to support the voltage.

The disconnection of the PVPPMs at 100 ms lowers the voltage of the network which in
turn slightly decreases the consumption of reactive power of the LV network. In total the
active power and reactive power graphs of the transformers show that during the fault only
aRCl and aRACI inject reactive power to the network while aRACI and no-LVRT inject active
power until they disconnect. The outcome of this procedure is a higher voltage during fault
for the control modes that inject reactive power and only slight differences for the active
power injection proving the role of the high X/R ratio at busbar R1 of the low voltage
network.

Finally for the post-fault time frame in Figure 4.14 all control modes have a lower post-
fault voltage due to the active power loss of the disconnected PVPPMs and in the case of no-
LVRT the voltage is slightly lower due to double the loss of active power as in this case all LV
connected PVPPMs disconnect from the network. However the difference is not very
significant as active power lost is replaced by the MV network and for busbar R1 the losses
are not very large due to the short distance from production and high X/R ratio of the
network at that busbar.

The results differ for Figure 4.15, as the post-fault voltage is lower in all cases and
furthermore the no-LVRT case has a voltage lower by 0.05 p.u. relative to the other cases,
stressing the importance of the loss of active power on the voltage, deep inside the LV
network that have a longer distance from production and a low X/R ratio.

In the ZPM case the post-fault voltage stays also at the levels of the no-LVRT up until
0.7 s when it rises to the level of the other control modes. The reason for this behaviour is
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that the voltage threshold for deactivating ZPM (0.9 p.u.) is not reached at fault clearance.
Hence the ZPM is applied also post-fault and therefore until 0.63 s when the voltage reaches
0.9 p.u. PVPPMs are not exchanging any active or reactive power with the network similarly
to the behaviour of no-LVRT. The outcome of this behaviour is also seen in Figure 4.16,
where the active power drawn by the MV network is higher post-fault for the ZPM but lower
than no-LVRT as only the PVPPMs connected to node R15 (where the voltage recovers
slower) are applying the control mode post-fault. By contrast, the PVPPMs connected at
busbar R1 are already producing the pre-fault power at fault clearance as the voltage
threshold is met at that busbar.

ZPM has the lowest voltage during the first 100 ms of the fault as it injects no active
power, no-LVRT is second worse as it injects only active and no reactive power and aRACI
raises the voltage by 0.1 p.u., which is significant during the fault as it injects both active and
reactive power with the same angle as the network impedance in node R15.

The conclusions of this analysis are that the no-LVRT causes under-voltages post-fault in
the low voltage network which are more severe deeper inside the network where the X/R
ratio is smaller. About one third of the peak load is lost in generation which seems
unacceptable from a system perspective.

This behaviour is corrected by all other control modes due to fast post-fault
reconnection of the PVPPMs. While ZPM allows for fast reconnection of PVPPM post-fault in
principle this reconnection might be delayed due to delayed voltage recovery. This would be
unacceptable for a power system with low inertia.

Finally aRCl and aRACI are by far the superior control modes for raising the voltage
during fault, as seen in all figures, and have a similar effect to the voltage close to the
transformer, but deeper inside the network aRACI shows better results. Disregarding
detrimental effects on network protection, they are the preferred control modes.

4.4.3 Comparison between no-LVRT/ZPM/aRCI/aRACI in the case of full
reverse power flow

4.4.3.1 Presentation of results

After presenting the comparison between control modes for the base case, the
corresponding comparative results for all control modes in full reverse power flow (fRPF) of
the network will be presented.

In Figure 4.18 the voltage at busbar R1 of the LV network connected to MV busbar 1 is
shown for all control scenarios. The voltage starts at 0.97 p.u. As it is depicted the voltage
drops down to 0.41 p.u. at the moment of fault occurrence for all control modes except for
ZPM where it drops to 0.38 p.u. During the first 100 ms of the fault there is a steep voltage
rise that leads the voltage to 0.56 p.u. in aRCl and 0.52 p.u. in the no-LVRT case. The
differences between cases are small but as it can be seen in the enlarged part of the figure,
the strongest influence on the voltage during the first 100 ms of the fault is applied by aRCl,
followed by aRACI, ZPM and finally last is no-LVRT. After the first 100 ms of the fault, the
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disconnection of the LV connected PVPPMs is triggered resulting in a voltage rise for all
control modes, a rather unintuitive behaviour based on the results of the normal power
flow. In this 50 ms time frame voltage support between control modes follows the same
order as for the first 100 ms of the fault. At fault clearance the voltage rises to a higher value
than the pre-fault for all cases. The most significant difference between pre-fault and post-
fault voltage is noticed in the no-LVRT case. The rest of the cases have similar post-fault
voltages.
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Figure 4.18: Voltages in p.u. at busbar R1 of the low voltage networks connected at busbar 1 of the MV
networks with R/X ratio 4.4 for four different control modes in fRPF
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Figure 4.19: Voltage in p.u. at busbar R1 of the low voltage network connected at busbar 10 of the MV
networks with R/X ratio 4.4 for four different control modes in fRPF
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In Figure 4.19 the voltage of busbar R1 of the corresponding LV network connected in
busbar 10 of the MV network is shown. As seen the behaviour is similar to the previous
graph with the only difference of a higher retained voltage during the fault due to the
location of this busbar deeper into the MV network and further from the fault. However this
results in higher post-fault voltages values that in the no-LVRT case reach the overvoltage
limit of 1.1 p.u. Then disconnection of loads and production is triggered and the simulation
at that point could not converge anymore as the system was led to instability.

In Figure 4.20 the voltage profile at busbar R15 of the LV network connected to busbar 1
of the MV network is presented. A difference in the behaviour of the voltage curves relative
to Figure 4.18 is noticed. The voltage drop is not as deep as in Figure 4.18, and the voltage
rise during the fault is significantly higher leading the voltage to a value of 0.64 p.u. in the
aRACI case.

Also the difference between the control cases in raising the voltage during the fault is
more pronounced. Moreover in the ZPM case the voltage increases less than the other cases
(0.57 p.u.) and in the aRACI the most, contrary to the voltage profile of busbar R1.
Furthermore the disconnection of PVPPMs at 100 ms causes a voltage drop instead of an
increase, and post-fault the voltage returns to the pre-fault operating point. The no-LVRT
case depicts a slightly lower voltage post-fault in comparison with the other cases but the
difference is not as pronounced as in Figure 4.18.
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Figure 4.20: Voltages in p.u. at busbar R15 of the low voltage networks connected at busbar 1 of the MV
networks with R/X ratio 0.43 for four different control modes in fRPF

4.4.3.2 Analysis of results

The results presented in the previous section will be analysed in this section with the aid
of Figure 4.21 and Figure 4.22 that depict the active and reactive power exchange over the
MV/LV transformer for all control cases. It is important to notice for the analysis that due to
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PVPPMs producing active power at 1 p.u., in order for the network to enter reverse power
flow, they also consume reactive power pre-fault due to their dynamic power factor control
as explained in section 3.4.1. This behaviour is apparent also from Figure 4.22 where the
pre-fault point has a very high reactive power consumption if compared with the base case
(Figure 4.13).The behaviours will be analysed first for the fault period and then for the post-
fault.

For the fault period ZPM exhibits the lowest voltage dip at the moment of fault
occurrence both in Figure 4.18 and Figure 4.20. That behaviour can be explained as the 2022
PVPPMs that perform the ZPM control strategy at the occurrence of the fault drive the
active power production to zero faster than in the no-LVRT case as deducted from Figure
4.21. The loss of active power production that needs to be replaced from active power from
the MV network causes a larger voltage drop due to the losses over the larger impedance
that stands between production and load. Also ZPM shows the lowest voltage for the first
100 ms of the fault in Figure 4.20, but only the second lowest after no-LVRT in Figure 4.18.
This behaviour is the combined effect of ZPM providing the least active current injection
during fault (Figure 4.21) and the second largest reactive power consumption (Figure 4.22).
Due to the high X/R ratio of the LV network at busbar R1 reactive power consumption is a
more crucial factor in lowering the voltage than the rise caused by active current injection
and therefore the no-LVRT that consumes the higher reactive power during the fault has the
lowest voltage profile. At node R15 of the LV network the X/R ratio is below 1 and hence
active power is more influential to the voltage. Hence, ZPM which injects less active power
than other control modes during the first 100 ms of the fault has the lowest voltage (Figure
4.21).
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Figure 4.21: Active Power exchange over one of the 38 parallel 500 kVA MV/LV transformers connected in
busbar 1 of the MV network in p.u. for all control cases in fRPF (base value 500 kVA)
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For the first 100 ms of the fault period the aRCl strategy, which injects the highest
reactive current and the second highest active current shows the best performance at
busbar R1 of the LV network (Figure 4.18) that has a high X/R ratio. At busbar R15 of the LV
network (Figure 4.20) that has a low X/R ratio aRACI exhibits the higher voltage rise as it
injects the most active current and the second highest reactive current.

Disconnection of the PVPPMs at 100 ms results in a significant loss of active power
(Figure 4.21) that leads the network into normal power flow in the cases of no-LVRT and
ZPM. However, the disconnection of the PVPPMs and the loss of reactive power
consumption performed by them, lead to an excess of reactive power that is now exported
to the MV network (Figure 4.22). Besides the loss of consumption of reactive power there is
also some production of reactive power due to the capacitive nature of the lines. That is why
we see export of reactive power to the MV level even in ZPM (green line) where the PVPPMs
do not produce any reactive power.
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Figure 4.22: Reactive Power exchange over one of the 38 parallel 500 kVA MV/LV transformers connected
in busbar 1 of the MV network in p.u. for all control cases in fRPF (base value 500 kVA)

The combined effect of these two phenomena that have opposing effects: the loss of
active power leads to a voltage drop and the excess of reactive power to a voltage increase
affects in a different way busbars R1 an R15 of the LV network. The difference in X/R ratio
leads the voltage at busbar R1 to rise (Figure 4.18), due to the higher influence of reactive
power, and the voltage at node R15 to drop, due to the higher influence of active power
(Figure 4.20).

For the post-fault period the voltage behaviour is again affected differently by active and
reactive power. Post-fault reconnection of the PVPPMs in all control modes except for the
no-LVRT results in less active power consumption from the LV network, and creates a slightly
higher voltage post-fault at node R15 (Figure 4.20). However, the reconnection of PVPPMs
creates a higher reactive power consumption for all control modes except the no-LVRT that
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result, in a lower post-fault voltage for those modes at busbar R1 (Figure 4.18) . In general
there is an increase in the post-fault voltage mostly at busbar R1 due to the 2012 PVPPMs
that disconnected and lowered the post-fault reactive power consumption as compared to
the pre-fault one.

Therefore the interaction between dynamic power factor control and obligatory
disconnection during fault can lead to over-voltages. Also the pre-fault voltage drop
compensation by transformer tap-changers can raise the post-fault voltage value due to the
different voltage profile of the network post-fault.

4.4.4 Effect of pre-fault starting point

4.4.4.1 Presentation of results

The voltage drop during the fault is also affected by the pre-fault starting point of the
network. In order to present this effect the ZPM control case was chosen for all three
different power flows as seen in Figure 4.23.
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Figure 4.23: Voltages in p.u. at busbar R1 of the low voltage networks connected at busbar 1 of the MV
networks with R/X ratio 4.4 during ZPM for all load cases
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In this figure the voltage at busbar R1 of the LV network connected to MV busbar 1 is
shown. The voltage at the occurrence of the fault is different for all load cases as well as the
depth of the dip. The second plateau appears as a voltage decrease for the base case (red
line) and the sRPF (green line) and as a voltage increase for the fRPF (blue line). Post-fault
the voltage stays lower than the pre-fault for the base case and sRPF but in the fRPF it stays
significantly higher.

In Figure 4.24 the voltage at node R15 of the LV network connected to MV busbar 1 is
shown for all load cases. In this figure the pre-fault voltage is different for all load cases as
well but not the same way as in Figure 4.23. During the fault the voltage support is more
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intense in the fRPF case and post-fault the voltage stays at different levels in all load case. At
0.66 s in the base case there is a vertical rise in the voltage.
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Figure 4.24: Voltages in p.u. at node R15 of the low voltage networks connected at busbar 1 of the MV
networks with R/X ratio 0.43 during ZPM for all load cases

4.4.4.2 Analysis of results

In order to analyse the results between different load cases, the effect of the tap-
changers must be removed. By subtracting from the pre-fault voltage of every load case the
voltage at the fault the absolute voltage dip can be compared in order to see in which case
the voltage drop was the worse at busbar R1 (Figure 4.23). In the fRPF the absolute voltage
drop was 0.568 p.u, in the sRPF it was 0.516 p.u. and in the base case it was 0.522 p.u.

So the worst voltage drop was experienced at fRPF where at the instance of the fault the
reactive power exchange over the transformer dropped by 0.4 p.u. (Figure 4.22). In the base
case where the voltage drop was smaller the reactive power exchange over the transformer
dropped by 0.18 p.u. (Figure 4.17) and in the sRPF by less than 0.1 p.u. (Appendix F). As the
short circuit voltage of the MV/LV transformer is 4.1%, the voltage drop is proportional to
the voltage drop caused over the transformer impedance due to the reactive and active
power loss at the instance of the fault. Therefore this graph aids in understanding the
reasoning for the differences in voltage drop between different load cases. The behaviour
post-fault is already explained by previous cases.

In Figure 4.24 the important thinks to note are that pre-fault the higher voltage (1.011
p.u.) is seen for the fRPF, second higher for sRPF (0.975 p.u.) and the lowest for the base
case (0.961 p.u.). This is happening due to the difference in power flow direction between
cases. In the fRPF and sRPF the power flows from node R15 to busbar R1 and that is why the
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voltage is higher in these cases in the R15 node. For the base case the flow is from busbar R1
to node R15.

The second important finding of this graph is that in the base case at 0.66 s the impact of
ZPM delayed switchover from fault to normal operating control mode on the voltage can be
seen. Due to the lower voltage of that case and the fact that in ZPM during fault there is no
support on the voltage, at fault clearance, the voltage fails to ascend higher than 0.9 p.u.
The threshold for returning to normal operating condition is not met and the PVs stay in
fault mode having no active or reactive power exchange with the network. Therefore with
no active power boosting the voltage in the post-fault period stays low until at 0.66 s the
threshold is met and the PVs return to the normal operating state. Then the voltage is raised
significantly due to the active power in-feed of the PVs.

4.4.5 Effect of delayed active power recovery (dAPR)

In order to demonstrate the effect of delayed active power recovery (dAPR) on the
voltage profile of the LV network two cases will be compared with the corresponding cases
including dAPR. The choice of cases aims to showcase the extent of the influence of dAPR.
For this reason results will be presented for the ZPM case in comparison with ZPM with
dAPR for the base case and the LV to HV reverse power flow. Then the results from those
two cases will be analysed.

4.4.5.1 Presentation of results
Base Case

In Figure 4.25 the voltage profile of busbar R1 of the LV network connected to busbar 10
of the MV network is presented for the case with ZPM and the case with ZPM and delayed
active power recovery (dAPR) during a normal power flow. The choice of ZPM as the control
mode for presenting the effect of dAPR, is based on dAPR addition showing the most
difference in results as active power drop during fault is the greatest between the three
other control modes.

As explained in section 3.4.1.2, the dAPR is applied post-fault and, therefore, the effect
of enabling the dAPR can only be seen post-fault. As seen in Figure 4.25 the voltage profile
shows minor differences between the case with dAPR (green line) which stays slightly lower
at fault restoration from the case without dAPR (red line).
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Figure 4.25: Voltage in p.u. at busbar R1 of the low voltage network connected to busbar 10 of the MV
network for ZPM with and without delayed active power recovery

The case is different in Figure 4.26 where the voltage profile at node R15 inside the
same LV network is shown for both cases. Here the difference in the post-fault voltage is
close to 0.05 p.u. and the effect of delaying the return to active power lowers the voltage
post-fault enough to keep the fault state of the PVPPMs until 0.6 s when the voltage rises
above the threshold of 0.9 p.u.
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Figure 4.26: Voltage in p.u. at busbar R15 of the low voltage network connected to busbar 10 of the MV
network for ZPM with and without delayed active power recovery
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LV to HV RPF

The same control case, ZPM, is chosen to present the performance of dAPR in the case
of full reverse power flow (fRPF) from the LV network to the eHV network. In Figure 4.27 the
voltage at busbar R1 of the LV connected to busbar 10 of the MV network is presented, for
ZPM (red line) and ZPM with dAPR (green line). The rise of the voltage in this load flow
scenario, post-fault, is higher in the case with dAPR. More importantly, whilst in the case of
ZPM the voltage stays lower and avoids reaching the high voltage threshold of 1.1 p.u., in
the case with dAPR the threshold is met and further disconnections are triggered forcing the
simulation to stop.
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Figure 4.27: Voltage in p.u. at busbar R1 of the low voltage network connected to busbar 10 of the MV
network for ZPM with and without delayed active power recovery in fRPF

In Figure 4.28 the voltage profile at busbar R15 inside the LV network connected to
busbar 10 of the MV network for reverse power flow for both control scenarios is presented.
After fault restoration at 150 ms the voltage in the ZPM (red line) case has a higher value
than in the case with dAPR (green line), but the difference is marginal and much less than in
Figure 4.27. Also here the simulation for ZPM with dAPR ends before 0.9 s.
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Figure 4.28: Voltage in p.u. at busbar R15 of the low voltage network connected to busbar 10 of the MV
network for ZPM with and without delayed active power recovery in fRPF

4.4.5.2 Analysis of results
Base Case

In Figure 4.25 and Figure 4.26 the lower voltage of the case with dAPR is due to the
delayed active power recovery post-fault. Only part of the active power of the 2022
connected PVPPMs is injected in the case with dAPR and therefore the rest of the active
power provided by the MV network causes a larger voltage drop over the transformers and
lines.

This effect is less intense in busbar R1, due to the small distance from the MV network
and the high X/R ratio at that point of the network that minimizes the effect of active power
on the voltage. However it is more apparent in node R15 (Figure 4.26) due to the longer
distance of this node from the MV network and the low X/R ratio inside the LV network that
increases the influence of active power on the voltage. Thus the addition of dAPR creates a
significant difference in the voltage post-fault that increases the severity of the fault.

It is concluded that in the base case (normal power flow) dAPR creates under-voltages
post-fault that worsen the state of the network stability.

LV to HV RPF

In Figure 4.27 and Figure 4.28 the results for the influence of dAPR on fRPF are much
different than in the base case. This behaviour can be explained by the state of the PVPPMs
in the full reverse power flow case. In this case the PVPPMs, pre-fault, are producing active
power at 1 p.u. and therefore consume reactive power in order to keep a power factor of
0.9 inductive as described in section 3.4.1.1. In the ZPM, active power production during
fault drops to zero and so does reactive power consumption. Hence post-fault if active
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power recovery is delayed so is reactive power consumption. This behaviour creates a deficit
of active power post-fault and an excess of reactive power, since PVPPMs don’t consume
reactive power as pre-fault. The combined effect of these two components raises the
voltage in busbar R1 due to the low X/R ratio which favours the effect of reactive power over
active on the voltage. This eventually creates post-fault over-voltages that lead the system
to further disconnections of production and load.

In Figure 4.28, the effect is reversed as at node R15 the X/R ratio is below 1, and
therefore the active power deficit has a stronger influence on the voltage than the excess of
reactive power. The previously described conditions apply as well but the end result is
different, as the voltage in the case with dAPR is lower than the case with instantaneous
active power recovery due to the delay of active power in-feed by the 2022 PVPPMs
lowering the voltage. However due to the excess of reactive power at the network this effect
is milder and the voltage drop is barely noticeable.

It is concluded that in the fRPF case the effect of APR is creating over-voltages higher in
the LV network while connection points deep in the LV network slightly reduces the over-
voltages created.

4.5 Conclusions

In this chapter the main simulation results of this thesis were presented, for a number of
specific system conditions and control modes. First the test system was presented, with an
argumentation for the choice of DG capacity that reflect the level of PV penetration for
Germany in 2022. A thorough description of the sensitivity factors that helped build the
study cases was given. Finally the results for the most important cases were presented and
analysed in depth. The conclusions of this analysis will be presented in the next chapter.
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Chapter 5 : Conclusions and Future Research

5.1 Introduction

In this chapter the conclusions of this thesis will be presented. The general
recommendations, based on the findings of the study, regarding the sensitivity of the
voltage dip-depth in LV networks with high penetration of DG will be presented. Also, the
impact of reverse power flow will be discussed with a focus on the consequences for the
post-fault period. Furthermore, the recommendations for different control modes will be
mentioned, as well as the relevance of delayed post-fault active power recovery. The
correlation between the results and the German network will be analysed and finally,
recommendations for future research will be proposed.

5.2 Conclusions

5.2.1 Voltage dip-depth sensitivity in LV networks with high penetration of
PV

The results presented in this study depend, to a certain extent, on the particular
network topology and are only applicable for the chosen DG penetration levels. Only
balanced transmission system faults were studied, as they are the most severe type of faults.
The main conclusions for the voltage sensitivity in LV networks with high penetration of PVs
during transmission system faults, will be presented in bullet points and analysed below.

e Retained voltage at the LV network is higher as compared to other voltage levels during
fault. Higher power in-feed during fault from LV connected DG is therefore possible.

As seen from the results, the retained voltage in the LV network, during a fault, stays 0.1
to 0.2 p.u. higher as compared to the eHV busbar connected to the distribution network
(BB 8). Therefore, current in-feed during the fault results in higher power, due to the higher
retained voltage at the LV network. Of course, the dip in voltage also controls the amount of
current that the DG injects. Hence, the total contribution can be the same above a certain
voltage in both locations.

e The depth of the voltage dip is sensitive to loss of production of both active and reactive
power at the instance of the fault.

At the first ms after the occurrence of the fault the amount of active and reactive power
lost instantaneously has an impact on the voltage drop, as seen especially in the case of
ZPM. In this case, the loss of active and reactive power is maximized due to the propriety
control strategy resulting in the lowest voltage drop during the fault. Therefore, a good
approach would be to try and keep the loss of active and reactive power at fault occurrence
as low as possible to minimize the voltage drop.
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e Voltage support from LV connected DG, during fault, can increase the voltage
significantly.

As seen from the results, the cases with aRCl or aRACI provide strong support to the
voltage during fault. Also, in these cases the voltage profile of the network is higher as
compared to the cases where all LV connected PV disconnect by 0.1 p.u or more. This finding
also proves the importance of providing reactive and active current support to the network
in case of a fault.

e Active current injection during fault has a more profound effect than reactive current
injection in supporting the voltage, deep inside the LV network.

The aRACI control strategy used showed improved voltage support as compared to the
aRCl strategy when applied deep inside the LV network. The reason for the high influence of
active power on the voltage is due to the low X/R ratio of the LV network. Therefore, it is
safe to assume that this type of support is relevant for the DG connected deep inside the LV
network and should be preferred over the aRCl.

e Reactive current injection, during fault, performs better in supporting the voltage closer
to the MV/LV transformer of the LV network.

The aRCl control strategy proposed, achieved the best voltage support as compared to
the rest of the strategies when applied close to the transformer of the LV network. The
reason for the high influence of reactive power on the voltage is due to the high X/R ratio of
the LV network close to the MV/LV transformer. Therefore, this type of support is effective
for the DGs connected close to the MV/LV transformer.

e During normal power flow or MV to HV reverse power flow, disconnection of PVs in the
event of a transmission system fault create a significant voltage drop, during the fault,
throughout the network.

The loss of active power during normal power flow or partial reverse power flow from
MV to HV level, creates a voltage dip which is more intense inside the LV network than in
other busbars of the system. This voltage dip is created as an imminent result of the loss of
DG active power at the disconnection moment of DG. The active power lost from LV
connected DG is now provided by the higher voltage level resulting in a lower voltage, due to
an increased voltage drop over the lines and transformers of the network. This effect is
stronger inside the LV network, as the distance is longer and the lines have a higher
resistance resulting in a larger voltage drop. The second voltage plateau should be
considered in a possible FRT curve to specify if the voltage dip is deeper at the occurrence of
the fault or at the disconnection of the DG. Of course, this will depend on the amount of LV
connected DG.

e Disconnection of PVs in the event of a transmission system fault creates a significant
voltage drop, during the fault, inside the LV network. However, close to the MV/LV
transformer and in the rest of the network, during LV to HV full reverse power flow, the
disconnection of PVs results in the voltage being raised.
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The disconnection of PVs in the case of full reverse power flow creates a deficit of active
power and an excess of reactive power, as LV connected PVs were consuming reactive
power pre-fault. The final outcome is a voltage rise at the points of the network with a high
X/R ratio and a voltage dip at the points of the network with a low X/R ratio.

e Impact of X/R ratio of the LV network is influential when performing voltage support.

As seen from the results, the impedance angle of the network at the DG connection
points plays an important role in the influence of reactive and active power on the voltage.
Therefore, it should be taken into account when performing voltage support.

e Post-fault reconnection of the PVs benefits the voltage profile significantly in all cases.

Post-fault under-voltages in the base case and in MV to HV reverse power flow are lower
if current practices are followed and PVs do not reconnect immediately to the network. In
the LV to HV reverse power flow, post-fault over-voltages are higher if current practices are
followed and PVs don’t reconnect immediately to the network.

5.2.2 Impact of reverse power flow

In the case of reverse power flow the results were very different than in the other load
flow cases, for all control modes. The results from reverse power flow are also linked with
the PVs producing maximum active power and therefore, consuming reactive power during
the pre-fault period. The results for the fRPF would change if the PVs’ steady state dynamic
power factor control was different.

The joined effect of loss of active power and loss of reactive power consumption is the
main trigger for the difference in results. The voltage support during fault boosts the voltage
higher in the reverse power flow case. Post-fault the voltage stays significantly higher than
pre-fault due to the excess of reactive power in the network, caused by the PV
disconnection.

The impact of reverse power flow is, in essence, the impact of the PVPPM pre-fault
reactive power consumption that creates post-fault over-voltages and alters the behaviour
of the network during the fault.

Also, another factor that plays a role in the post-fault behaviour of the voltage is the
effect of the tap-changers of the transformers. Pre-fault tap-changers are set to compensate
for the voltage drop over the lines, but due to the different load flow state of the system
post-fault their settings are further boosting the over-voltage of the network.

5.2.3 Recommendations for network fault control modes

The network fault control modes used in this study were compared with the current
standards for disconnection of the low voltage connected DGs. Their performance varied,
but in general showed improvement regarding voltage support and system voltage stability.
In the event of a system fault, the application of current standards would lead to a loss of
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42-84 MW of active power in-feed, representing 35-70 % of LV peak load. These values
would be halved by applying any of the control modes presented.

Specifically, the first control mode used, ZPM, as compared with the no-LVRT, decreased
the voltage further at the occurrence of the fault and during the fault supported the voltage
slightly less in the base case and MV to HV reverse power flow. On the positive side, it
supported the voltage more during LV to HV reverse power flow close to the MV/LV
transformer, and post-fault kept the voltage closer to the pre-fault value. It is an
improvement with respect to the no-LVRT mode only regarding the post-fault behaviour of
the system voltage. During fault it performs worse than the no-LVRT mode in supporting the
voltage, with few exceptions. Also, it can lead to delayed voltage recovery, as seen in the
results for node R15, deep inside the LV network in the base case.

The second mode used, aRCl, as compared with the no-LVRT, helps in supporting the
voltage profile during fault in all cases. The voltage support during fault was always 0.05 p.u.
or more, higher than the no-LVRT mode and 0.07 p.u. higher than in ZPM. The influence of
aRCl on the voltage was stronger closer to the MV/LV transformer due to the higher X/R
ratio of the network. This fault mode also improved the voltage post-fault in all load flow
scenarios better than the no-LVRT mode. In total the aRCl control strategy would be
beneficial for the network in the event of a transmission system fault, if it was applied to the
DG’s connected closer to the MV/LV transformer in the low voltage network.

Finally, the aRACI strategy showed improved voltage support during the fault with values
similar to the aRCl case. In the case of low voltage connected DG, deep inside the LV
network the performance was even better than aRCl as the X/R ratio of the network, at that
point, was below 1 and active current injection was more influential to the voltage than
reactive current. Post-fault, as in all control cases, the voltage was benefited by the
reconnection to the network of the 2022 connected PVPPMs. This control mode would be
very beneficial to the network, if applied to the DG connected deeper inside the LV network.
However, the possibility of interference with network protection should be investigated,
even though the literature survey done in this thesis suggests that it is not an issue.

5.2.4 Relevance of delayed, post-fault, active power recovery

The addition of delayed active power recovery post-fault (dAPR) was investigated for the
post-fault behaviour of the voltage in all control cases. Due to the nature of aRCl and aRACI
that kept the same, if not higher, active current in-feed to the network during fault, the
application of dAPR was rarely activated, in those control cases. This behaviour can be
explained through the condition for performing dAPR: active current in-feed of DG at fault
restoration must be lower than the pre-fault one.

In the case of ZPM however this requirement was met and the behaviour of dAPR was
analysed. As seen from the results of section 4.4.5, dAPR is mostly inhibiting, post-fault,
restoration of the voltage. In the base case and MV to HV reverse power flow, the general
post-fault under-voltage is worsened with the addition of dAPR. DAPR lowers the active
power in-feed of DG at fault restoration and, consequently, increases the power extracted
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from the MV network and the voltage drop it induces. This behaviour can lead to PVPPMs
staying in fault mode longer than without dAPR.

In the LV to MV full reverse power flow, the post-fault over-voltage is typically raised
even more with the addition of dAPR, as the PVs delay their reactive power consumption
post-fault and therefore, the excess of reactive power is higher and raises the voltage more.

As a general conclusion, the effect of dAPR in the low voltage network in terms of
voltage stability is negative in all cases as it leads to post-fault under-voltages or over-
voltages. From a voltage stability point of view it should not be included in future LV
connected DG.

5.2.5 Considerations on the applicability of the results to the German
network

The modelling structure of the test system used in this study was based on the German
network and the behaviour of installed DG was modelled based on the grid codes of
Germany. However some aspects of the modelling are not 100 % representative of typical
German distribution networks. The major difference between this study and the German
network is that installed load data were taken from the Cigré benchmark reports rather than
from statistical data of the German network. The reason was the unavailability of German
load data during the modelling phase. However, most benchmark reports used are based on
existing German networks and consequently, certain resemblance for the load data is
expected.

Therefore, it is not safe to assume that this network describes in detail the behaviour of
the German network, but rather that it gives the outline of its response to a network fault.
Another point of difference is that no dynamic load was considered in this study, only static
load.

Nevertheless some general conclusions can be drawn for the German network based on
this study:

e German grid codes amendment point: Steady state reactive power consumption of
PVPPMs combined with disconnection at fault leads to post-fault over voltages in
reverse power flow.

The LV grid codes of Germany stipulate that during steady state operation of the
network, installed PVPPMs of the LV network are obliged to consume reactive power at full
active power output in order to maintain a power factor of 0.9 inductive in case of
installations larger than 13.8 KVA and 0.95 in case of installations smaller than 13.8 KVA [10].
This requirement is based on avoiding over-voltages at the PCC of PVPPMs, due to high
active power in-feed. Furthermore in the same publication by VDE-FNN low voltage
connected PVPPMs are required to disconnect from the network in the event of a network
fault that, would lower the voltage at the PCC below 0.8 p.u. [10].

The combination of these two requirements, as seen from the results of this study,
creates post-fault over-voltages in the network as the reactive power consumption from
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PVPPMs is not applied post-fault, due to the disconnection. Consequently, the excess of
reactive power in the network creates over-voltages up to 1.1 p.u. that lead to unstable
post-fault behavior and may disconnect further load and production from the grid. This
behavior is an outcome of the combined effect of these grid codes that hinder the network
response in the event of a fault during reverse power flow and degrade the stability of the
system.

As seen in the results chapter, when the requirement for reactive power consumption is
withdrawn, post-fault behavior of the network is benefited and system stability is favored.
Therefore, it is recommended that the relevant grid codes should be revised within a
reasonable time-frame in order to ensure that this behavior is avoided. The final outcome of
this procedure will depend on more factors than voltage stability and it will need further
research and understanding of the benefits and pitfalls that a proposed solution will
introduce. However, it is a finding of this study that the current grid codes hinder system
stability under specific circumstances and that this issue should be investigated and
resolved.

e Retained voltage at LV network nodes is high during fault and that allows for support.

As already explained in the general conclusions, the retained voltage in the LV network
during a fault is high and that makes the LV network a strategic location for current injection
during the fault in order to support the voltage. This is an added benefit of using voltage
support in the LV network.

e Post-fault reconnection benefits the voltage significantly.

Post-fault reconnection of the DG has a positive effect in the voltage in all load cases. In
normal power flow or MV to HV reverse power flow the under-voltage seen post-fault is
significantly raised in case of reconnection of DG. In the case of LV to HV reverse power flow
the general overvoltage seen post-fault is lowered in case of DG, post-fault, reconnection
due to DGs resuming reactive power consumption. So regardless of the fault control mode
followed, post-fault reconnection has a positive effect on the voltage stability of the network
and should be considered for setting future grid code requirements.

e  FRT criteria for LV networks are relevant and may need to be adjusted depending on DG
location.

The general result of applying FRT control modes is a significant voltage support during
fault and post-fault. The feasibility of such an addition should be investigated further, but
the benefit for the voltage profile of the network is significant and therefore, makes FRT
requirements relevant. Specifically, the aRCl strategy shows the best results for voltage
support for DG connected near the MV/LV transformer and aRACI for DG connected deeper
inside the LV network.
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5.3 Recommendations for Future Research

For future research there are a number of topics that seem interesting for continuing
the work done on this thesis:

e Use of this network as a validation model for aggregated network structures.

The network structure created in this study is elaborate and rather complicated in the
attempt made to resemble an actual network with different voltage levels. Of course
creating such a structure is time consuming and also delays simulations and makes the
system harder to work with. A good way of taking advantage of this work is the creation of
an equivalent aggregate distribution system that can prove easier to work with and validate
the results of this system with the detailed system presented in this study. This would also
overcome the limitation of the present model that has only one distribution grid connected
at eHV busbar 8.

e Include load data from German network and a percentage of dynamic load.

An addition to this study that would make results even more relevant for the German
network is introducing load data for installed loads that stem from statistical analysis of the
German network. Also the use of dynamic load for a percentage of the installed load would
ensure higher accuracy of the results and would also make the network more realistic.

e Perform sensitivity on fault location.

The number of sensitivity factors is numerous for this study. An interesting choice would
be to vary the fault location in order to study the importance of voltage support from LV
connected generators during faults that are very severe or very mild to the distribution
system connected on a specific busbar of the eHV network.

e Perform sensitivity on SC power of transmission system.

Short circuit power of the transmission system is very important in assessing the
contribution of the LV network to the fault. A sensitivity analysis should be performed with
different unit commitment at eHV level depending on the power flow case.

e Use of additional distribution systems.

Another interesting addition is the use of more distribution grid structures like the one
used in this study connected to different eHV busbars so that the total contribution in the
voltage profile can be examined. This would also make the system more realistic because in
reality almost all busbars have distribution networks connected to them. This option can be
combined with the use of aggregated distribution networks in order to speed-up the
simulation process.

e Further work on DG models.

The modelling of DG in this study was very detailed but some simplifications needed to
be made like the introduction of the chopper on the dc side of the PV inverter. There is
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always space for improvement in the modelling of DG in order to ensure more detailed
behaviour that could give insight to the interactions between the network and DG.

e Impact on distribution network protection.

Finally an issue with the contribution of LV connected DG during a fault is the response
of protection mechanisms of the DG itself and of the network. As seen in the literature
survey this issue is mostly seen in case of faults within the respective LV or MV distribution
network but it is worthwhile to investigate interference of DG FRT with network protection.

e Investigate behaviour for other type of faults.

Phase-to-phase-faults, two-phase-to-earth-faults and phase-to-earth-faults require
considering the effect of transformers on the type of fault. Based on [66] transformers can
be classified in three main categories regarding voltage dip propagation.

e Transformers that do not affect the voltage dip. This holds for (YnYn) transformer.
Both windings are star configured and grounded.

e Transformers that remove the zero-sequence voltage, such as a star-star (Yy) (one
or more star points are not grounded), delta-delta (Dd) or delta-zigzag (Dz)
winding configuration.

e Transformers that swap line and phase voltages. In this category star-delta(Yd),
delta-star (Dy), or a star-zigzag (Yz) winding configuration transformers are
included.

For example of different voltage dips propagating through a (Yd) transformer see [67].

Based on the specific transformation by Yd transformers, the effect of a two-phase-to-
earth-fault would be the most severe for the voltage dip as the voltage drops below the
lower boundary (0.8 p.u.) for normal operation in all three phases. Next follows the phase-
to-earth-faults with only two phases below the limit and finally the phase-to-phase-faults
where only one phase voltage is below the normal operating limit. Depending on the type of
transformers used additional faults will be prioritized based on severity.
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Appendix A IEEE 39-Bus, 10-Machine New England Test System

In this appendix the details of modelling the eHV network based on [38] are presented.

Positive sequence resistance | Positive sequence reactance
(Ohm/km) (Ohm/km)

TL 01-02 1.852 21.742
TL 01-39 0.529 13.225
TL 02-03 0.688 7.988
TL 02-25 3.703 4.549
TL 03-04 0.688 11.268
TL 03-18 0.582 7.036
TL 04-05 0.423 6.771
TL 04-14 0.423 6.824
TL 05-06 0.106 1.375
TL 05-08 0.423 5.925
TL 06-07 0.318 4.867
TL 06-11 0.370 4.338
TL 07-08 0.212 2.433
TL 08-09 1.217 19.203
TL 09-39 0.529 13.225
TL10-11 0.212 2.275
TL10-13 0.212 2.275
TL13-14 0.476 5.343
TL 14-15 0.952 11.479
TL15-16 0.476 4.973
TL16-17 0.370 4.708
TL 16-19 0.846 10.316
TL16-21 0.423 7.142
TL 16-24 0.159 3.121
TL17-18 0.370 4.338
TL17-27 0.688 9.152
TL 21-22 0.423 7.406
TL 22-23 0.317 5.078
TL 23-24 1.164 18.515
TL 25-26 1.693 17.087
TL 26-27 0.740 7.776
TL 26-28 2.275 25.075
TL 26-29 3.015 33.063
TL 28-29 0.740 7.988

Table A.1: Line parameters for the eHV network

Lines
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Busbar of Load
L03 322 24
L04 500 184
L07 233.8 84
L8 522 176
L12 7.5 88
L15 320 153

L16 329 323
158 30
628 103
274 115
2475 84.6
308.6 -92.2

224 47.2
L26 139 17
281 75.5
206 276
283.5 26.9

9.2 4.6
1104 250

Table A.2: Load parameters of eHV network

Generator Apparent Power | Power Factor
I ] i S S
o1 ] 1013.24 0.99 0.020 0.019
(go2 | 658.13 0.92 0.295 0.282
(gos 694.16 0.94 0.250 0.237
(goa | 644.21 0.98 0.262 0.258
(gos 536.03 0.95 0.670 0.620
(goe | 692.28 0.94 0.254 0.241
572.45 0.98 0.295 0.292
(gos 540.38 1.00 0.290 0.280
(Gos 831.81 1.00 0.211 0.205
(Glo 300.30 0.83 0.100 0.069

Table A.3: Apparent power and power factor for load flow initialization of eHV synchronous generators
for normal power flow scenario, also d and q axis reactance in p.u.
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Appendix B Typical German Sub-Transmission 110 kV Ring
System

In this appendix the details of modelling the HV network based on [40] are presented.

Line type Positive sequence resistance | Positive sequence reactance
(Ohm/km) (Ohm/km)

110kV 150 MVA OHL 0.020449 0.086273

Table B.1: Parameters of line type of the HV network

HV-L01 01-02 20 110KV 150 MVA OHL
HV-L02 02-03 20 110kV 150 MVA OHL
HV-L03 03-04 20 110KV 150 MVA OHL
HV-L04 04-05 30 110kV 150 MVA OHL
HV-L05 05-06 20 110KV 150 MVA OHL

HV-LO6 06-01 20 110kV 150 MVA OHL
Table B.2: Length and type of the HV networks lines

Busbars Rated Voltage levels | Vector Group SC voltage
Power

Trafo-1 eHV-08 150 MVA 220/110/20kV  Yd0/Yd0/DD11 10%/10%/10%
HV-03
Trafo-2 eHV-08 150 MVA 220/110/20kV  Yd0/Yd0/DD11 10%/10%/10%
HV-05

Transformers

Table B.3: Parameters of eHV to HV transformers
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Appendix C CIGRE Medium Voltage Benchmark System

In this appendix the details of modelling the MV network based on [47] are presented.

Line Node Conductor m“““ Installation
segment from- | ID

- = [Qkm]  [@km] [pShm] [Qkm] [Qkm] [uSkm] [km]

P 2 0501 0716  47.493 0817 1598  47.493  2.82 Underground
B 5 2 0501 0716  47.493  0.817 1598  47.493  4.42  Underground
[ 34 2 0501 0716  47.493  0.817 1598  47.493 0.61 Underground
[ as 2 0501 0716  47.493 0.817 1598  47.493  0.56 Underground
[ 56 2 0.501 0716  47.493 0817 1598  47.493 154 Underground
[ 67 2 0.501 0716  47.493 0817 1598  47.493  0.24  Underground
7-8 2 0501 0716  47.493 0.817 1598  47.493  1.67 Underground
[ 9 2 0.501 0716  47.493 0817 1598  47.493 032 Underground
[ 210 2 0.501 0716  47.493 0.817 1598  47.493  0.77 Underground
i 1011 (2 0501 0716  47.493  0.817 1598  47.493 033  Underground
i 11a 2 0.501 0716  47.493 0817 1598  47.493  0.49 Underground
120 2 0.501 0716  47.493 0.817 1598  47.493 130 Underground
e 1213 1 0510 0366 1280 0658 1.611 1280  4.89 Overhead
Frm 1314 1 0510 0366 1280 0658 1.611 1280  2.99 Overhead
o s 1 0510 0366 1.280 0658 1.611 1280  2.00 Overhead

Table C.1: Line parameters of MV network

Transformers Node |Connection [Vi  [v2  [ztr  [Srated

to [kV] [kV] [Q] [MVA]
HV/MV Sub- MV-01 3-ph Dyn1 110 20 0.016+j1.92 25
urban

HV/MV Rural MV-12 3-ph Dyn1l 110 20 0.016+j1.92 25
Table C.2: HV/MV transformer parameters

“
Residential Commercial/Industrial ~Residential Commercial/Industrial
| 15300 5100 0.98 0.95
B 285 265 0.97 0.85
4 ] 445 0.97
(5 750 0.97
6 | 565 0.97
90 0.85
B 605 0.97
(9 675 0.85
(10 | 490 80 0.97 0.85
340 0.97
. 15300 5280 0.98 0.95
EN 40 0.85
(14 | 215 390 0.97 0.85

Table C.3: Load parameters of MV network
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Appendix D CIGRE Low Voltage Benchmark System

In this appendix the details of modelling the LV network based on [47] are presented.

Line Node Conductor Installation
segment from-to ID

1] R1-R2 UG1 35

2 ] R2-R3 UG1 35 UG 3-ph
E R3-R4 UG1 35 UG 3-ph
4 ] R4-R5 UG1 35 UG 3-ph
5 ] R5-R6 UG1 35 UG 3-ph
6 ] R6-R7 UG1 35 UG 3-ph
R7-R8 UG1 35 UG 3-ph
B R8-R9 UG1 35 UG 3-ph
1 R9RI10 UG1 35 UG 3-ph
. R3R11 UG3 30 UG 3-ph
R4-R12 UG3 35 UG 3-ph
. R12-R13 UG3 35 UG 3-ph
= Ri3-R14 UG3 35 UG 3-ph
. R14R15 UG3 30 UG 3-ph
5| ReR16 UG3 30 UG 3-ph
G R9R17 UG3 30 UG 3-ph
R10-R18 UG3 30 UG 3-ph

Table D.1: Line parameters of LV residential network

Conductor | Type Number R'ac at
ID of 50°C

[mm? LS [em] [Q/km]  [ecm] [m] [m]

(oH1 Y 70 19 1.05 0491  0.398 8 0.3
loH2 | 25 7 063 1320 0228 8 0.3
(oH3 | 16 7 051 2016  0.185 8 0.3

Table D.2: Conductor parameters for overhead lines of the LV network

Conductor | Type Number
ID of
strands

[mm?] [em] [Q/km]  [ecm]

ST NAXY 240 1 1.75 0.162 0.634 0.9
DR NAXY 150 1 1.38 0.265 0.501 0.9
Gl NAXY 50 1 0.80 0.822 0.289 0.9

Table D.3: Conductor parameters for underground cables of the LV network
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Line Node Conductor Installation
[m]
1] c1-C2 OH1 30 OH 3-ph
(2 ] C2-C3 OH1 30 OH 3-ph
E C3-C4 OH1 30 OH 3-ph
4 ] C4-C5 OH1 30 OH 3-ph
5 C5-C6 OH1 30 OH 3-ph
6 ] C6-C7 OH1 30 OH 3-ph
C7-C8 OH1 30 OH 3-ph
E C8-C9 OH1 30 OH 3-ph
| c3c0 OH2 30 OH 3-ph
o cwocn OH2 30 OH 3-ph
e e OH3 30 OH 3-ph
. cuc3 OH3 30 OH 3-ph
e cioc4 OH3 30 OH 3-ph
N  cscis OH2 30 OH 3-ph
5 c1sc16 OH2 30 OH 3-ph
| cisciv OH3 30 OH 3-ph
C16-C18 OH3 30 OH 3-ph
s OH3 30 OH 3-ph
B o9 OH3 30 OH 3-ph

Table D.4: Line parameters of LV commercial network

Line Conductor Installation
segment ID

[m]

(1 [ UG2 200 UG 3-ph

Table D.5: Line parameters of LV industrial network
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Conductor
ID/Installation

A

B

Phase Impedance matrix after Kron reduction [Q/km]

c

UG1 / 3-ph 0.287 +j0.167 0.121+j0.110  0.125 +j0.070
0.121 +j0.110 0.279+j0.203  0.121+j0.110
0.125 +j0.070 0.121+j0.110  0.287 +j0.167
UG2/3-ph 0.455 + j0.204 0.185+j0.146  0.190 +j0.107
0.185 +j0.146 0.444 +j0.238  0.185+j0.146
0.190 +j0.107 0.185+j0.146  0.455 +j0.204
UG3 / 3-ph 1.152 +j0.458 0.321+j0.390  0.330+j0.359
0.321 +j0.390 1.134+j0.477  0.321+j0.390

OH1 / 3-ph

OH2 / 3-ph

OH3 / 3-ph

O ®m®>O®EE>OE>O®EE>OE>O®R>D>

0.330 +j0.359
0.616 +j0.588
0.131 +0.306
0.141 +0.245
1.457 +j0.728
0.143 +j0.417
0.152 +j0.367
2.137 +j0.776
0.125 +j0.453
0.133 +j0.406

0.321 +j0.390
0.131+ j0.306
0.628 +j0.566
0.147 +j0.276
0.143 +j0.417
1.469 +j0.720
0.159 + j0.405
0.125 +j0.453
2.146 +j0.771
0.138 +j0.447

1.152 +j0.458
0.141 +j0.245
0.147 +j0.276
0.650 +j0.527
0.152 +j0.367
0.159 +j0.405
1.490 +j0.704
0.133 +j0.406
0.138 +j0.447
2.163 +0.762

Table D.6: Phase Impedance matrix after Kron reduction of all three phase lines in the LV network

Transformers Node Connection (Vi  [v2  [ztr [ Srated |
HOREEE vl vl [0 [kVA]
RO-RL  3-phDynl 20 0.4 0.032+j0.0128 500
Industrial ~ |DEEE 3-phDynl 20 0.4 0.0107+j0.0427 150
CO-C1  3-phDynl 20 0.4 0.0053+j0.0213 300

Table D.7: MV to LV transformer parameters

_ Apparent Power, S [kVA] Power Factor, pf
RT 200

0.95

R11 15 0.95
R1S 52 0.95
Rt6 | 55 0.95
35 0.95
R18 00000 47 0.95
E 100 0.85
120 0.90

20 0.90

jci3 00| 20 0.90
cu 0| 25 0.90
25 0.90

jci8 000000 8 0.90
16 0.90

8 0.90

Table D.8: Load parameters of all LV loads
-95-



Appendix E Transformer Tap Changers Positions

The tap changer positions of the HV to MV and MV to LV transformers are shown
in the table below for all load cases.

Transformers Tap changer positions Additional

Normal Power MV to eHV LV to eHV = -

Flow reverse power reverse power = -
flow flow
110/20 kV sub- -2 -9 -2/-1 0.625 %
110/20 kV rural 7 4 11 0.625 %
MV/LV (MV -2 -2 -2 2.5%
01)
MV/LV (MV 0 0 0 2.5%

10)

Table E.1: Tap changer positions of transformers per load case
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Appendix F Results

The results for all cases are presented in the following on double pages. The structure of
the plots is described in the following two pages. The same structure is used for all cases.
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e The voltage at the various busbars (in p.u.):

all eHV busbars

all HV busbars

MV busbar 01

LV busbar R1
(connected to MV
busbar 01)

MV busbar 08

MV busbar 06

LV busbar R1
(connected to MV
busbar 10)

MV busbar 09

MV busbar 10

LV node R15
(connected to MV
busbar 01)

MV busbar 12

LV node R15
(connected to MV
busbar 10)

Table F.1: Schematic representation of voltage results

MV busbars 08 and 09 are interesting because the WPP of the MV network are
connected there. Also MV busbars 01, 10 are important because LV networks are connected

on those busbars. MV busbars 06, 12 are the connection points of PVs in the MV network.

Finally all the LV nodes and busbars are connection points of PVs.

e The power exchange over the transformers graphs:

Active power over
all eHV transformers
in p.u. with a base
value of 100 MVA.

Active power over
eHV/HV transformers
in p.u. with a base
value of 150 MVA.

Active power over
HV/MV sub-urban
transformers in p.u.
with a base value of
25 MVA.

Active power over
MV/LV transformers
connected in MV
busbar 01 in p.u. with
a base value of

19 MVA.
Reactive power over Reactive power over Reactive power over Reactive power over
all eHV transformers eHV/HV transformers | HV/MV sub-urban MV/LV transformers

in p.u. with a base
value of 100 MVA.

in p.u. with a base
value of 150 MVA.

transformers in p.u.
with a base value of
25 MVA.

connected in MV
busbar 01 in p.u. with
a base value of

19 MVA.
[unused] [unused] Active power over Active power over
HV/MV rural MV/LV transformers
transformers in p.u. connected in MV
with a base value of busbar 10 in p.u. with
25 MVA. a base value of
0.5 MVA.
[unused] [unused] Reactive power over Reactive power over
HV/MV rural MV/LV transformers

transformers in p.u.
with a base value of
25 MVA.

connected in MV
busbar 10 in p.u. with
a base value of

0.5 MVA.

Table F.2: Schematic representation of transformers power exchange results
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e The power output of the SG and DG graphs:

Active power of all
eHV generators in
MVA.

Active power of all
MV PV connected in
MV busbar 06 in p.u.
with base power of
240 kVA.

Active power of all

LV PV connected in LV
busbar R1 (Connected
to MV busbar 01) in
p.u. with base power
of 4 560 kVA.

Active power of all

LV PV connected in LV
busbar R1 (Connected
to MV busbar 10) in
p.u. with base power
of 120 kVA.

Reactive power of all
eHV generators in
MVA.

Reactive power of all
MV PV connected in
MV busbar 06 in p.u.
with base power of
240 kVA.

Reactive power of all
LV PV connected in LV
busbar R1 (Connected
to MV busbar 01) in
p.u. with base power
of 4 560 kVA.

Reactive power of all
LV PV connected in LV
busbar R1 (Connected
to MV busbar 10) in
p.u. with base power
of 120 kVA.

Active power of all HV
and MV WPP in p.u.
with rated base power
for each WPP.

Active power of all
MV PV connected in
MV busbar 12 in p.u.
with base power of
7 400 kVA.

Active power of all

LV PV connected in LV
node R15 (Connected
to MV busbar 01) in
p.u. with base power
of 2 280 kVA.

Active power of all

LV PV connected in LV
node R15 (Connected
to MV busbar 10) in
p.u. with base power
of 60 kVA.

Reactive power of all
HV and MV WPP in
p.u. with rated base
power for each WPP.

Reactive power of all
MV PV connected in
MV busbar 12 in p.u.
with base power of
7 400 kVA.

Reactive power of all
LV PV connected in LV
node R15 (Connected
to MV busbar 01) in
p.u. with base power
of 2 280 kVA.

Reactive power of all
LV PV connected in LV
node R15 (Connected
to MV busbar 10) in
p.u. with base power
of 60 kVA.

Table F.3: Schematic representation of DG and SG power output results

e The direct and quadrature axis currents of PV systems:

[unused] Direct axis | Direct axis | Direct axis
current of all MV PV | current of all LV PV | current of all LV PV
connected in MV | connected in LV | connected in Lv
busbar 06 of all MV | busbar R1 of LV | busbar R1 of LV
networks in p.u. networks connected at | networks connected at
MV busbar 01 in p.u. MV busbar 10 in p.u.
[unused] Quadrature axis | Quadrature axis | Quadrature axis
current of all MV PV | current of all LV PV | current of all LV PV
connected in MV | connected in LV | connected in Lv
busbar 06 of all MV | busbar R1 of LV | busbar R1 of LV
networks in p.u. networks connected at | networks connected at
MV busbar 01 in p.u. MV busbar 10 in p.u.
[unused] Direct axis | Direct axis | Direct axis
current of all MV PV | current of all LV PV | current of all LV PV
connected in MV | connected in LV node | connected in LV node
busbar 12 of all MV | R15 of LV networks | R15 of LV networks
networks in p.u. connected at MV | connected at MV
busbar 01 in p.u. busbar 10 in p.u.
[unused] Quadrature axis | Quadrature axis | Quadrature axis

current of all MV PV
connected in MV
busbar 12 of all MV
networks in p.u.

current of all LV PV
connected in LV node
R15 of LV networks
connected at MV
busbar 01 in p.u.

current of all LV PV
connected in LV node
R15 of LV networks
connected at MV
busbar 10 in p.u.

Table F.4: Schematic representation of DG and SG power output results
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Base case No-LVRT

e Voltages
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e Power exchange over the transformers

3.0 12 12 12
0.0 08 08 08
-3.0 FEITN 0.4 0.4 0.4 -
6.0 S ————— 0.0 it -0.0
o r [ [
9.0 0.4 0.4 0.4
ool L L ] PP I N O P O ogll L I 1.1, PP I O N N S
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
2.0 frp 08 08 0.8
0.0 06 06 06
20 = 03 03[ 03
40 0.1 0.1 0.1 b=t
6.0 0.2 0.2 0.2
goll ol 1 11, oall e Lol 11, oall o L 1 11 oall o ol 11,
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
1.1 1.1 12 12
1.0 1.0 08 08
0.9 0.9 04 04l
08 08 0.0 -0.0
07 07 0.4 0.4
ol L 11 1. P P N O S ogll L 1 1. 1, ogll Lol 11,
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
1.1 1.1 08 0.8
1.0 1.0 06 06
0.9 0.9 03 03
08 08 0.1 0.1
07 07 0.2 0.2
ogll L o1 1. gl Lol 1. oall o L 1 1 oall o Lol 1

00 03 06 09 12[s]15

00 03 06 09 12[s]15

00 03 06 09 12[s]15

00 03 06 09 12[s]15

-100 -



e Power production of DG and SG
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e Direct and quadrature axis currents of PV systems
1.1 1.2 1.2 1.2
10 1.0 1.0 1.0
09f 08 0.8 0.8
0.9 06 06 06
08 0.4 04 = 0.4 M=
07} 0.2 02 02
opll— L L. L. 1. ool Ll L. [ . 1. 0.0 0.0
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2][s]15 00 03 06 09 1.2[s]1.5 00 03 06 09 12][s]1.5
1.1 06 06 06
10} 0.4 0.4 0.4
09 0.1 0.1 0.1
09} 0.1 0.1 0.1
08 03 03 03
07} 06 06 06
opll— L L. I . 1. oglll L. I . 1. oglletl o L. I 1. ol Il L. I . 1.
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2][s]15 00 03 06 09 1.2[s]1.5 00 03 06 09 12][s]1.5
1.1 1.2 1.2 1.2
10 [ 1.0 1.0 1.0
oof 08 08 0.8
0.9 06 06 06
08 0.4 - 0.4 [ 0.4 =
07} 0.2 Y= i 02 02
opll— L L. L. 1. ool Ll L. [ 1. 0.0 0.0
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2][s]15 00 03 06 09 1.2[s]1.5 00 03 06 09 12][s]1.5
1.1 06 06 06
10f 04 04 04
oof 0.1 0.1 0.1
0.9 0.1 0.1 0.1
08f 03 03 03
orf 06 0.6 0.6
Y L ol o L. . ol L. .

00 03 06 09 1.2][s]15

00 03 06 09 12[s]15

00 03 06 09 1.2][s]15

00 03 06 09 12[s]15

-101 -



Base case ZPM

e Voltages
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20 0.8 0.8 0.8
0.0 : 06 06 06
20F = == | 03 A 0.3 03
40 0.1 0.1 0.1 et
6.0 0.2 -] 0.2 02
e B L oatl L L 1. .
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
1.1 1.1 1.2 1.2
1.0 1.0 0.8 0.8
0.9 0.9 04 0.4
0.8 0.8 0.0 0.0
07 07 04 04
ol L | . 1. ol L. 1. 1. T Y
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
1.1 1.1 0.8 0.8
1.0 1.0 06 06
09 09 03 03
0.8 0.8 0.1 0.1
07 07 0.2 02
ol L | . I, ol L. 1. 1. L a1 1. I
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
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e Power production of DG and SG
2100. 12 12 12
1750. o~ | 10 10} 10}
1400. 7/ 08f 08f 08f
1050. /i 06 06 06
700 BN | 04[}-f 04 04f
350. e~ | 02¢ 02f ﬂ” 02t
0.0 sl ool L. . 1. 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1500. 06 06 06
1250. 04f 04f 04
1000, | 02f 02f 02f
750. -0.0F -0.0F -0.0F
500. H 02 02 -0.2
250. | 04 Ff 04 Ff -04f
0.0 oeb—L L L. 1.1} ggll 1.1 . I .l. 0pb—l L. 1. 1.
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
12 12 12 12
10F 10f 10f 10F
08f 08f 08f 08}
0.6 0.6 0.6 06
0.4 H 04f = 04f 04f
0.2 0.2 Haf=—t—— 0.2 0.2
oobl Ll L. . 1. oot Lo L. 1. ool ool
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
06 06 06 06
04f 04f [ 04f 04f
0.2 0.2 0.2 02
004 00 0.0 Ff -00Ff
02 02f 02f 02}
04 04f 04f 04}
B e e B o oLl L. L. 1. ol Lo L
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
e Direct and quadrature axis currents of PV systems
1.4 12 12 12
1.0f 1.0 1.0 1.0
09 0.8 0.8 0.8
09f 06 0.6 0.6
0.8 0.4 0.4 ] 0.4
orf 02 02 | 0.2
0.6 00 0.0 0.0
00 03 06 09 12][s]1.5 00 03 06 09 12[s]15 00 03 06 09 12][s]1.5 00 03 06 09 12[s]15
11 06 0.6 0.6
10f 0.4 0.4 0.4
oof 0.1 0.1 0.1
0.9 0.1 -0.1 0.1
08 0.3 03 03
orf -0.6 0.6 0.6
ol 1 1. 1. ol L. L. 1. ogll L L. 1. 1. ogll L L. L. 1.
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
1.4 12 12 12
10F 1.0 1.0 1.0
09} 0.8 0.8 0.8
09 06 0.6 0.6
08f 04 0.4 9 0.4
0.7 0.2 HfpE=—" 0.2 0.2
ol b L. L 1. oot L L. 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
1.4 06 06 06
10} 04 0.4 0.4
oof 0.1 0.1 0.1
0.9 0.1 ] 0.1 0.1
08f 03 03 03
orf -06 06 06
ol L. L. 0l L. L. ogll—l L. L. gl L. L.

00 03 06 09 12[s]1.5

00 03 06 09 12[s]15

00 03 06 09 12[s]1.5

00 03 06 09 12[s]15
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Base case aRCI

e Voltages

12 L | 12r 12} 12}
1.0 == E— | 10} 1.0 F 10k
081 08| 08| i 0.8}
0.6 Fi— 0.6 0.6 06
04f 04f 04f 04f
0.2 H=d 02f 02f 02f
0ot 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]1.5 00 03 06 09 12[s]15
121 12} 12} 12}
1.0f 10 oy 10 5y 10f
08} 08 08 08
06f 06} 06} 06f
04f 04f 04f 04f
02f 0.2} 0.2} 02}
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
12t 12} 12} 12}
10F 10 Fy 10 -y 10
08f 08f 08f 08f
06f 06} 06} 06f
04Ff 04 F 04 F 0.4
02f 02f 02f 02f
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
12t 12} 12} 12}
1.0f 10} 10F 10F
08f 08f 08f 08f
06f 06} 06} 06f
04f 04Ff 04Ff 04Ff
02f 02f 02f 02f
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12 15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
e Power exchange over the transformers
3.0 12 12 12
A r r F
0.0 0.8 0.8 0.8
3.0 E o 0.4 0.4 0.4
6.0 === | 0.0 =~ 0.0 A 0.0
o F [ [
-9.0 - : -0.4 -0.4 -0.4
-12.0 0.8 0.8 -0.8
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
2.0 pr—-7 08 08 0.8
0.0 0.6 0.6 06
o L A a e [
20F — 035 03] 03
4.0 0.1 0.1 0.1
-6.0 0.2 0.2 -0.2
goll o Lol 1 1, oall e Lol 11, oall o L1 1 1 04 L
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
14 14 12 1.2
1.0 1.0 0.8 0.8
0.9 0.9 0.4 0.4
0.8 0.8 -0.0 -0.0
07 07 -0.4 -0.4
ol Ll 1. ol Lol 1. 1. P I O O P O A 08 L
00 03 06 09 12[s]1.5 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
14 14 0.8 0.8
1.0 1.0 06 0.6
0.9 0.9 03 03
0.8 0.8 0.1 0.1
07 07 0.2 -0.2
ol Lol vl 1. ol Lol 1 1. oall o Lol 1 1 04 Ll
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
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e Power production of DG and SG
R100. 1.2 1.2 1.2
1750. o~ 10} 10} 10}
1400. 7 08f 08f 08f
1050. /i 06 06 06
700 BN | 04[1f 04 - 0411
350. s~ = | 0.2 0.2 02
0.0 e M ool Lo L. | . 1. 0.0 L2 00tk
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
1500. 06 06 06
1250. ~ 04f 04f 04f
1000, | 02f 02f 02f
750. =3 -0.0F -0.0F -0.0F
500. =t -0.2 -0.2 0.2
250. S 04 04 04
0.0 — =1 P AR R OO 1 Y S i oeb— L. 1. 1.
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
1.2 1.2 1.2 1.2
1.0 10 [ 10 [ 10 [
08f 08f 08f 08}
06 06 06 06
04f 04 - 04 -f 04
02f 02f ; 02f | 02}
ool L L | . 1. ool Lo L | 1. 0ol 00k {
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
06 06 06 06
04f 04f 04f 04f
02 02 02 0.2
0.0F 0.0} 0.0} 00F
0.2 ~ 02 02 02
04 F 04 F 04 F 04Ff
0.6L e paTH ol L. L. 1. T e
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
e Direct and quadrature axis currents of PV systems
1.1 1.2 1.2 1.2
10 [ 1.0 1.0 1.0
09} 08 0.8 0.8
09f 06 0.6 0.6
0.8 0.4 0.4 [ 0.4
orf 02 0.2 H 0.2
06 0.0 0.0 L 0.0
00 03 06 09 12[s]1.5 00 03 06 09 1.2[s]15 00 03 06 09 12[s]1.5 00 03 06 09 1.2]s]15
1.1 06 06 06
10 [ 0.4 0.4 0.4
oof 0.1 0.1 0.1
0.9 0.1 0.1 0.1
08 03 0.3 0.3
orf -0.6 0.6 0.6
op bl L L. L. 1. ol Ll L. I . 1. ogllol o Lo I 1. oglll L. I . 1.
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
1.1 1.2 1.2 1.2
10 [ 1.0 1.0 1.0
09} 0.8 08 0.8
09} 06 06 06
08f 04 . 04 FRf 0.4 BrTe
07 02 T 02 [ 02
opll— L L. I . 1. ool Ll L. [ . 1. 0.0 L 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
1.1 06 06 06
10} 04 0.4 0.4
oof 0.1 0.1 0.1
0.9 0.1 0.1 0.1
08f 03 03 03
orf 06 0.6 0.6
oL L. . ol L. I, gl Il L. . gl Il L. .

00 03 06 09 12[s]1.5

00 03 06 09 12[s]15

00 03 06 09 12[s]1.5

00 03 06 09 12[s]15
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Base case aRACI

e Voltages
12 L | 12r 12} 12}
1.0 M= E— | 10} 1.0 F 10k
081 08| 08| I' 0.8} I’
0.6 Fi— 0.6 0.6 06
04f 04f 04f 04f
0.2 =t 02f 02f 02f
0ot 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]1.5 00 03 06 09 12[s]15
121 12} 12} 12}
1.0 1.0 1.0 1.0
08} 08 f 08 { 08 {
06f 06} 06} 06f
04f 04f 04f 04f
02f 0.2} 0.2} 02}
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
12t 12} 12} 12}
1.0 1.0 1.0 1.0
i Hf d il I
08f 08f 08f 08 f1-{
06f 06} 06} 06f
04Ff 04 F 04 F 0.4
02f 02f 02f 02f
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
12t 12} 12} 12}
1.0f 10} 10F 10F
o8f 08} 08} o8 H-f
06f 06} 06} 06f
04f 04Ff 04Ff 04Ff
02f 02f 02f 02f
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12 15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
e Power exchange over the transformers
3.0 12 12 1.2
F— r r F
0.0 08 08 08
3.0 h’\\~ 0.4 04 = 0.4 -1
6.0 e | 0.0 =t 0.0 A 0.0
o r [ [
-9.0 - : -0.4 -0.4 04
-12.0 0.8 0.8 -0.8
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
2.0 -7 08 08 08
F I [ [
0.0 06 06 06
2.0 — == | 03 _ 0.3 e 0.3
4.0 0.1 0.1 0.1 -1
-6.0 -0.2 -0.2 -0.2
goll o Lol 1 1, oall o Lol 1 1, oall o L1 1 1 oLl ‘
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
1.1 1.1 12 1.2
1.0 1.0 08 08
0.9 0.9 04 0.4 1
08 08 -0.0 -0.0
07 07 -0.4 -04
ol Ll 1. ol Lol 1. 1. P I O O P O A 08l ‘
00 03 06 09 12[s]1.5 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
1.1 1.1 08 08
1.0 1.0 06 06
09 09 03 03
08 08 0.1 0.1 e
07 07 -0.2 02
ol Lol vl 1. ol Lol 1 1. oall o Lol 1 1 04l ‘
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
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e Power production of DG and SG
2100. 12 12 1.2
1750. | 10} 10} 10}
1400. 08 08 08
1050. 06} 06} 06}
700. 04 A 04 0.4 =
350. 02f 02 021
0.0 oobl»Il o L. I . [ 0.0 0.0
00 03 06 09 12][s]15 00 03 06 09 12][s]15 00 03 06 09 12[s]15
1500. 06} 06} 06}
1250. 04 04 04
1000, | i 02f 02f ”l 02f
750. =3 -0.0F -0.0F -0.0F
500. 02} 02f 02f
250. =<_—_— |-04 -0.4 -0.4
0.0 — =1 P RS RN OO 1 S i oeb— L. 1. 1.
00 03 06 09 12][s]15 00 03 06 09 12][s]15 00 03 06 09 12][s]15 00 03 06 09 12[s]15
12 12 12 12
10F 10} 10} 10}
08f 08f 08f 08}
06 06 0.6 -4 06
0.4 0.4 F = 5 0.4 4 0.4
0.2 0.2 (H | : 0.2 0.2
ool L L. 1 . 1. ool L L. I . 1. 0ol l 0ol I
00 03 06 09 12][s]15 00 03 06 09 12][s]15 00 03 06 09 12][s]15 00 03 06 09 12[s]15
06 06 06 06
04f 04f 04f 04f
02 02 02 02
00k 00 F 00 F -0.0Ff
0.2 7 0.2} 0.2} 02}
04f 04l 04Ff 04f
06k e I ol LI [ ol LI . B
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
e Direct and quadrature axis currents of PV systems
1.1 12 12 12
10} 1.0 1.0 1.0
09 08 08 08
09f 06 0.6 0.6
0.8 0.4 0.4 [ 0.4 =
orf 02 0.2 0.2
06 0.0 0.0 0.0
00 03 06 09 12[s]1.5 00 03 06 09 1.2[s]15 00 03 06 09 12[s]1.5 00 03 06 09 1.2]s]15
1.1 06 06 06
10} 04 04 04
oof 0.1 0.1 0.1
09 -0.1 -0.1 -0.1
08 0.3 03 03
orf -0.6 0.6 0.6
ol L L. 1. ol L L L. 1. ogll L L L. 1. ogbl L L L. L.
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
1.1 1.2 12 12
10} 1.0 10 10
09f 08 08 08
09f 06 06 - 06
08f 04 o 045 04
0.7 0.2 ; 0.2 0.2
L . e ool L. L. L. 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
1.1 06 06 06
10} 04 0.4 0.4
oof 0.1 0.1 0.1
09 0.1 0.1 F 0.1 =
08f -03 03 03
orf 06 06 06
L - B ol b L L. 1. oL L. 1.
00 03 06 09 12[s]1.5 00 03 06 09 1.2[s]15 00 03 06 09 12[s]1.5 00 03 06 09 1.2]s]15
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Base case ZPM with delayed APR (3 s period)

Voltages

12} 12} 12}
1.0 e 1.0 L 1.0
0.8 | 0.8 f 08
0.6 [ 0.6 06
04Ff 04Ff 04Ff
0.2} 0.2} 02f
) 0.0 0.0 0.0
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 18 241[s]3.0
121 12} 12} 12}
10f 1.0 e 1.0 st 1.0 il
08} 0.8 08 08
06f 06 f 06 f 06
04f 04f 04f 04f
02f 0.2} 0.2} 02}
0.0 0.0 0.0 0.0
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241[s]3.0
12t 12} 12} 12}
1.0 1.0 Lt 1.0 Lt 1.0
[ 1 1 ] L
08} 081 08 0.8 T i“
06f 06 f 06 f 06 f
04Ff 04 04 0.4
02f 02f 02f 02f
0.0 0.0 0.0 0.0
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241[s]3.0
12t 12} 12} 12}
1.0f 10} 1.0 ezt~ 10—t
o8f 08} 08} 08} r
06f 06} 06 f 06
04f 04f 04Ff 04Ff
02f 02f 02f 02f
0.0 0.0 0.0 0.0
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241[s]3.0
e Power exchange over the transformers
3.0 ] 12 12 12
§ [ [ [
0.0 < — 08 08 08 Lo
3.0 1 N 0.4 0.4 0a k[
H N L ' ,J—_—’—\__ L
-6.0 BFES: S | 00T -0.0 i -0.0
9.0 FAAT— 04 04 0.4
IR P N S H 08 N R R 08 1 08 N I T
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241][s]3.0
2.0 ‘ ——— | 08 08 08
00 ST | 06 06 08
20T S | 03 0.3 e 0.3
4.0 U 0.1 0.1 01 U
6.0 0.2 0.2 0.2
[P AN R S R 04 N R R 04 1 04 N I O
-0.1 0.5 1.1 1.8 241s] 3.0 -0.1 0.5 1.1 1.8 241[s]3.0 -0.1 0.5 1.1 1.8 241[s]3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
1.1 1.1 12 12
1.0 1.0 0.8 0.8 —
0.9 0.9 04 PI 0.4 Vr-
08 08 0.0 -0.0
07 07 0.4 0.4
PP A N N A 06 N R R 08 1 08 N N T
-0.1 0.5 1.1 1.8 241s] 3.0 -0.1 0.5 1.1 1.8 241s]3.0 -0.1 0.5 1.1 1.8 241s]3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
1.1 1.1 08 0.8
1.0 1.0 06 06
0.9 0.9 03 03
08 08 0.1 i 0.1 U
07 07 0.2 0.2
PP A N N A 06 N R R 04 1 04 N N R
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241[s]3.0
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e Power production of DG and SG

R100. 1.2 1.2 1.2
1750. F 10 [ 10 [ 10 [
1400. 08 08 08
1050. 0.6 “ 06f 06}
700. 04 04 04 L
350. 02 i 02 *H et 0.2 'i - et
0.0 ool o L. L. 1. 0.0 L& 0.0 Ol
-0.1 . . K 241s] 3.0 -0.1 0.5 1.1 1.8 241[s]3.0 -0.1 0.5 1.1 1.8 241[s]3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
1500. 06 06 06
1250. | 04l 04l 04
1000. 02f 02f 02f
750. [14 -0.0F -0.0F -00F
500. He|7 0.2 0.2 02
250. 1 >~1—\;_:_‘ -04f -04f 04}
0.0 = o111 o1l 1. oeb—l L1 1.
-0.1 0.5 1.1 1.8 241s] 3.0 -0.1 0.5 1.1 1.8 241[s]3.0 -0.1 0.5 1.1 1.8 241[s]3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
1.2 1.2 1.2 1.2
1.0 frpaci 10 [ 10 [ 10 [
08 08f 08f 08}
06 06 06 06
04f 04— 04 1 | 04
02f 0.2 HF 021 // 02 ——
ool L L 1. I, ool L Lo 1. 1. 00l ] 0.0 0Ll
-0.1 0.5 1.1 1.8 241s] 3.0 -0.1 0.5 1.1 1.8 241s]3.0 -0.1 0.5 1.1 1.8 241s]3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
06 06 06 06
04f 04f 04f 04f
02 02 02 0.2
0.0F 0.0} 0.0} 00 F -
0.2 02 02 02
04 F 04 F 04 F 04Ff
ot L. I . I ol L 1 . I ol L L. 1. ol L. 1. 1.
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241[s]3.0
e Direct and quadrature axis currents of PV systems
1.1 1.2 1.2 1.2
10 [ 1.0 10 [ 1.0
09 0.8 08| 0.8
09f 06 06 f 06
0.8 04 04 —— 04 —
orf 02 02} 02
06— ——1— — 0.0 —1—~ —_— ‘ 0.0 Pl 0.0 Pt
-0.1 05 1.1 1.8 241[s] 3.0 -0.1 05 1.1 18 24([s]3.0 0.1 05 1.1 18 24][s]3.0 -0.1 05 1.1 18 24([s]3.0
11} 06 0.6 06
1.0 04 04 04
oof 0.1 01} 0.1
09f 0.1 01 F 0.1
08 03 03 03
orf 0.6 06} 0.6
06 038 038 038
-0.1 05 1.1 1.8 241[s] 3.0 -0.1 05 1.1 18 24([s]3.0 0.1 05 1.1 18 24][s]3.0 -0.1 05 1.1 18 24([s]3.0
11} 1.2 12} 1.2
10} 1.0 10} 1.0
09f 08 08} 08
09f 06 06} 06
08} 0.4 —}é/ 0.4 L~ | 04 //
07 02 02 02 -
061 0.0 00l = el 0.0 =
-0.1 05 1.1 1.8 241[s] 3.0 -0.1 05 1.1 18 24([s]3.0 0.1 05 1.1 18 24][s]3.0 -0.1 05 1.1 18 24([s]3.0
11} 06 0.6 06
10} 04 04f 04
09f 0.1 0.1 0.1 -
0.9 0.1 0.1 0.1
08f 03 03f 03
orf 06 0.6 f 06
T e e ogl—L L L. B e e e ogl—Lb 1L .
-0.1 0.5 1.1 1.8 241s] 3.0 -0.1 0.5 1.1 1.8 2.4 [s] 3.0 -0.1 0.5 1.1 1.8 2.4 [s] 3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
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Base case aRCI with delayed APR (3 s period)

e Voltages

1.2 ompmm—p—y | 12 F 12} 12}
1.0 7[R 1.0 friete 10F =
08 08 08} r 08} r_
0.6 [ 06 06 06
04f 04Ff 04Ff 04f
020 02} 02} 02f
0.0 0.0 0.0 0.0
0.1 05 11 1.8 24([s]3.0 01 05 11 1.8 24][s]3.0 01 05 11 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0
12} 12} 12} 12}
10} 1.0 1 e 1.0 frcb= 10 e
08} 08 08 08}
06f 06 f 06 f 06 ]
04f 04f 04f 04f
02f 02} 02} 02}
0.0 0.0 0.0 0.0
0.1 05 11 1.8 24([s]3.0 01 05 11 1.8 24][s]3.0 01 05 11 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0
12} 12} 12} 12}
10} 1.0 f e 1.0 1 e 105
08} 08} 08} 08} l‘—
06f 06 f 06 f 0.6 [
04f 04 04} 04
02f 02f 02f 02f
0.0 0.0 0.0 0.0
0.1 05 11 1.8 24[s]3.0 01 05 11 1.8 24][s]3.0 01 05 11 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0
12} 12} 12} 12}
1.0 1.0 1.0 [yt 1.0 b
08f 08} 0.8 08 H—
06f 06f 06 06
04f 04f 04F 04t
02f 02} 02} 02}
0.0 0.0 0.0 0.0
01 05 11 1.8 24[s]3.0 01 05 11 1.8 24 30 01 05 11 1.8 24[s]3.0 01 05 141 1.8 24[s]3.0

e Power exchange over the transformers

3.0 1.2 1.2 1.2
0.0 - 0.8 0.8 08
3.0H L\//- 04 04 04 b
a FL t l. ——— b
6.0 R — 0.0 A" 0.0 3 0.0
F e 0.4 0.4 0.4
0.8 0.8 038
8  24[s]3.0 01 05 11 1.8 24[s]3.0 01 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0
1 | 08 08 0.8
= | 06 06 06
Eeme=== | (3 0.3 P 0.3
I [ n—
0.1 0.1 0.1
H [ J
0.2 0.2 02
. oal L L 11 oal L L 11 oal L 1 1 1.
8  24[s]3.0 01 05 11 1.8 24[s]3.0 01 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0
1.1 1.1 1.2 1.2
1.0 1.0 0.8 08
0.9 0.9 0.4 "”’\ 04—
0.8 0.8 -0.0 0.0
07 07 0.4 04
PP S R S A A el L L 1. 1. ogl L. L 1. 1. sl L 1 1 . 1.
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241[s]3.0
1.1 1.1 08 08
1.0 1.0 06 06
0.9 0.9 03 — 03
0.8 0.8 ol 0.1 1Ur—
07 07 0.2 02
PP S R S N A oelo Lo Ll 1. oalo Lo 11 oal L L 11
-0.1 0.5 1.1 1.8 241s] 3.0 -0.1 0.5 1.1 1.8 241s]3.0 -0.1 0.5 1.1 1.8 241s]3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
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e Power production of DG and SG

R100. 1.2 1.2 1.2
1750. F 10 [ 10 [ 10 [
1400. 08 08 08
1050. 06} 06f 06}
700. 0.4 1_, 0.4 ‘i ] 0.4 “h,
350. 0.2 0.2 e 0.2 i
0.0 ool o L . 1 . I 0.0 00k
-0.1 . . K 241s] 3.0 -0.1 0.5 1.1 1.8 241[s]3.0 -0.1 0.5 1.1 1.8 241[s]3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
1500. 06 06 06
1250. | 04l 04l 04
1000. 0.2 :I 02f 02f
750. |14 -0.0F 0.0 f -0.0f
500. 0.2 0.2 02
250. 04 04 04
0.0 oL}l Ll Il 1. oeb—l L1 1.
-0.1 0.5 1.1 1.8 241s] 3.0 -0.1 0.5 1.1 1.8 241[s]3.0 -0.1 0.5 1.1 1.8 241[s]3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
1.2 1.2 1.2 1.2
Ry —— 10 [ 10 [ 10 [
08 08f 08f 08}
06 06 06 06
04f 04 1——7 04 [} 04 [H=—=—
02} 02 :'. } 02 W 0.2 T
ool L 1 . 1 . 1. ool L o I . 1 . 1. 0.0 0.0
-0.1 0.5 1.1 1.8 241s] 3.0 -0.1 0.5 1.1 1.8 241s]3.0 -0.1 0.5 1.1 1.8 241s]3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
06 06 06 06
04f 04f 04f 04f
02 02 02 0.2
-0.0Y -0.0f -0.0f 00f
02F 0.2 0.2 02
-04F i -04f -04f 04f
e ol L L 1. ol L . 1 . 1. ol L. 1. 1.
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241[s]3.0
e Direct and quadrature axis currents of PV systems
1.1 1.2 1.2 1.2
10 [ 1.0 10 [ 1.0
09 0.8 08| 0.8
09f 06 06 f 06
0.8 0.4 0.4 T2 0.4
orf 02 02} 02
opb~t L. 1. oot L. L. 1. 0.0 0.0
-0.1 05 1.1 1.8 241[s] 3.0 -0.1 05 1.1 18 24([s]3.0 0.1 05 1.1 18 24][s]3.0 -0.1 05 1.1 18 24([s]3.0
11} 06 0.6 06
1.0 04 04 04
oof 0.1 01} 0.1
09f 0.1 01 f 0.1
08 03 03 03
orf 0.6 06} 0.6
06 038 038 038
-0.1 05 1.1 1.8 241[s] 3.0 -0.1 05 1.1 18 24([s]3.0 0.1 05 1.1 18 24][s]3.0 -0.1 05 1.1 18 24([s]3.0
11} 1.2 12} 1.2
10} 1.0 10} 1.0
09f 08 08} 08
09f 06 06} 06
08| 04 p,r 0.4 04
orf 02 ff 02 V 02
06 0.0 0.0 0.0
-0.1 05 1.1 1.8 241[s] 3.0 -0.1 05 1.1 18 24([s]3.0 0.1 05 1.1 18 24][s]3.0 -0.1 05 1.1 18 24([s]3.0
11} 06 0.6 06
10} 04 04f 04
09f 0.1 0.1 0.1
0.9 0.1 0.1 0.1
08f 03 03f 03
orf 06 0.6 f 06
opb~_t L L. 1. ogl—~L L. L. 1. ogl—»_t Ll L. ogl»~t L. L. 1.
-0.1 0.5 1.1 1.8 241s] 3.0 -0.1 0.5 1.1 1.8 2.4 [s] 3.0 -0.1 0.5 1.1 1.8 2.4 [s] 3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
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Base case aRACI with delayed APR (3 s period)

e Voltages

12} 12} 12}
1.0 freet 10F 1.0 oo
08 08} r’ 08} lr-
06} 06} 06}
04Ff 04Ff 04f
02} 02} 02f
. 0.0 0.0 0.0
-0.1 0.5 1.1 1.8 241[s] 3.0 -0.1 05 1.1 1.8 24[s]3.0 -0.1 05 1.1 1.8 24[s]3.0 -0.1 05 1.1 1.8 2.4 [s] 3.0
12} 12} 12} 12}
10} 10 fret= 1.0 frecb—= 1.0 e
08} 08 08 08}
06f 06 f 06 f 06 ]
04f 04f 04f 04f
02f 02} 02} 02}
0.0 0.0 0.0 0.0
-0.1 0.5 1.1 1.8 241[s] 3.0 -0.1 05 1.1 1.8 24[s]3.0 -0.1 05 1.1 1.8 24[s]13.0 -0.1 05 1.1 1.8 2.4 [s] 3.0
12} 12} 12} 12}
10} 10f r_./ 1.0 frmecb==] 105
08} 08} 08} 08} lr-
06f 06 f 06 f 06
04f 04 04} 04
02f 02f 02f 02f
0.0 0.0 0.0 0.0
-0.1 0.5 1.1 1.8 241[s] 3.0 -0.1 05 1.1 1.8 24[s]3.0 -0.1 05 1.1 1.8 24[s]3.0 -0.1 05 1.1 1.8 2.4 [s] 3.0
12} 12} 12} 12}
10} 10f 1.0 b= 1.0 froofoee
08f 08} 0.8 08 [H—
06f 06f 06 06
04f 04f 04F 04t
02f 02} 02} 02}
0.0 0.0 0.0 0.0
-0.1 0.5 1.1 1.8 241[s] 3.0 -0.1 05 1.1 1.8 2.4 3.0 -0.1 05 1.1 1.8 24[s]3.0 -0.1 05 1.1 1.8 2.4 [s] 3.0

e Power exchange over the transformers

3.0 12 12 1.2
0.0 — 0.8 0.8 0.8
-30'L\_//- 04 04 04 =
e — L b= '
6.0 fHH 0.0 0.0 A -0.0
F e 0.4 0.4 0.4
0.8 0.8 0.8
8 24[5]3.0 01 05 11 1.8 24[s]3.0 01 05 14 18 24[s]3.0 01 05 14 18 24[s]3.0
— | 08 0.8 08
= | 06 06 06
Eem=== | (3 0.3 = 0.3
[ I nr——
01 01 01 i
0.2 0.2 0.2
o oal L L 11 oal Lol 10 oal L oL 10
8 24[5]3.0 01 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0
1.1 1.1 12 1.2
1.0 1.0 0.8 0.8
0.9 0.9 0.4 1]" 0.4 pf=
0.8 0.8 0.0 0.0
07 07 04 04
PP N R S B oel L. L. 1.1, gl Ll 10, gl L 10
-0.1 0.5 1.1 1.8 241[s] 3.0 -0.1 05 1.1 1.8 24[s]3.0 -0.1 05 1.1 1.8 24[s]13.0 -0.1 05 1.1 1.8 2.4 [s] 3.0
1.1 1.1 0.8 0.8
10 10 06 06
0.9 0.9 03 — 03
0.8 0.8 ol 0.1 U_
07 07 02 02
PP S SR S B PP S R R N oal ol 10 oalo Lol 10
-0.1 0.5 1.1 1.8 241s] 3.0 -0.1 0.5 1.1 1.8 241s]3.0 -0.1 0.5 1.1 1.8 241s]3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
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e Power production of DG and SG

2100. 12 12 12
1750. | 10f 10f 10}
1400. 08} 08} 08}
1050. 06} 06f 0.6 —
700. 0.4 1" 04 fH=— 0.4 f}
350. 02f 02 02
0.0 ool L L. 1. oo 00
-0.1 . . . 24[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 18 24]s]3.0 0.1 05 1.1 18 241]s]3.0
1500. 06 06 06
1250. | 04f 04f 04f
1000. 0.2 :I 0.2 q 02f
750. |14 -0.0F -0.0f -00F
500. A 0.2 0.2 -0.2
250. 1 -04f -04f 04}
0.0 oL}l Ll Il 1. oeb—l L1 1.
-01 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 18 241]s]3.0
12 12 12 12
1.0 frpch=- 10f 10f 10}
08 08f 08f 08}
06} 0.6 06 - 06
0.4 0.4 [} 0.4 04
02k 02 :L } 02 02l =
ool Il L L. 1. ool L L. 1. pya! 0ol ‘
-01 05 1.1 1.8 24[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 18 241]s]3.0
06 06 06 06
04f 04f 04f 04f
0.2 0.2 0.2 02
-0.0Y -0.0f 0.0 :d oofd
02F 0.2 02 0.2
-04F i -04f -04f 04f
0Ll . 1. oel—L L1 1. o6l L1 1. 06—l L. L. 1.
0.1 05 11 1.8 24[s]3.0 01 05 11 1.8 24][s]3.0 01 05 11 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0
e Direct and quadrature axis currents of PV systems
1.4 12 12 12
10f 1.0 10f 1.0
09} 08 08| 08
09f 06 06 f 06
08 04 04 0.4 I
orf 02 02} 02
ogl——— 1l L 1. ool L1 1. 00 00
0.1 05 1.1 1.8 24 30 0.1 05 11 1.8 241[s]3.0 01 05 11 1.8 24][s]3.0 0.1 05 11 1.8 241]s] 3.0
11} 06 0.6 06
1.0 04 04 04
oof 0.1 01} 0.1
09f -0.1 0.1 F -0.1
08 -0.3 -0.3 -0.3
orf -0.6 06} -0.6
06 -0.8 -0.8 -0.8
0.1 05 1.1 1.8 24[s]3.0 0.1 05 141 1.8 241[s]3.0 01 05 11 1.8 24][s]3.0 0.1 05 11 1.8 241]s] 3.0
11} 12 12} 12
10} 1.0 10} 1.0
09f 08 08} 08
09f 06 06 H} 0.6 H]
08f 04 L 04F 04
07 02 k 02 02 Hlemseeee
06l 00 00l 00 .
0.1 05 1.1 1.8 24[s]3.0 0.1 05 11 1.8 241[s]3.0 01 05 11 1.8 24][s]3.0 0.1 05 11 1.8  241]s] 3.0
11} 06 0.6 06
10} 04 04f 04
09f 0.1 0.1 0.1
0.9 -0.1 -0.1 g 0.1 N
08f 03 03f 03
orf -0.6 0.6 f -0.6
og——— 1 L1 ol ——l—t1 1L L. ol 1 L. ogl—t— 1. L.
-01 05 1.1 1.8 24[s] 3.0 -01 05 1.1 18 24([s]3.0 0.1 05 1.1 18 24([s]3.0 -01 05 1.1 18 24([s]3.0
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SRPF No-LVRT

e Voltages

1.2 D12 1.2 1.2
1.0 == —— | 10 10 10
0.8 H= 08f 08Ff 08Ff
0.6 i 0.6 0.6 0.6
04} 0.4 - 04f 04}
0.2 Hd 02f 02f 02f
00U 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.2 1.2 1.2 1.2
10} 10F 10} 10}
08 08 08 0.8
06 06 06 06 [
04f 04l 04l 04
02f 02f 02f 02f
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.2 1.2 1.2 1.2
1.0 1.0 F 1.0 F 1.0 L
08} 08 08 08
06 06 06 lrJ 06 [
04f 04l 04l 04l
02} 02f 02f 02f
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.2 1.2 1.2 1.2
1.0 10 1.0 F 1.0 F
08} 08 08 08
06 06 06 06 [
04F 04 04 04
02f 02} 02} 02}
0oL 0oL 0oL 00tk
00 03 06 09 12[s]15 00 03 06 09 12 15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
e Power exchange over the transformers
3.0 e | 12 1.2 1.2
0.0 FEr——— 0.8 0.8 08
23,0 HY — 0.4 0.4 0.4
6.0 B == | 00 0.0 -0.0
all; - [ [ [
9.0 - 04 04 04
-12.0 0.8 0.8 038
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
20— | 08 08 0.8
0.0 ___% 0.6 0.6 06
20 T 03 03
4.0 0.1 0.1 0.1
6.0 0.2 0.2 02
oL L. L. 1. L 04 - 04 -
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.1 1.1 1.2 1.2
1.0 1.0 0.8 08
0.9 0.9 0.4 0.4
0.8 0.8 -0.0 0.0
07 07 0.4 04
opbll L L. | . I, opll L L. L. 1. 0.8 - 038 -
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.1 1.1 08 08
1.0 1.0 06 06
0.9 0.9 03 03
0.8 0.8 0.1 0.1
07 07 0.2 H 02
el L L. [, opll Lo L. L. 1. 04 . 04 -
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
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e Power production of DG and SG
2100. 12t 12 12t
1750. 1.0 1.0 1.0
1400. //-\ 08f 0.8 08f
1050. 06 06 06
700. %"LN\ 04 -1 0.4 0.4
350. == | 02 0.2 02}
S = s s s v A o U PO AN A R 8 ot 21 0o LLL
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
1500. 06 06 06
1250. = 04f 0.4 04f
1000. 02f 02 02f
750. [ -0.0f -0.0 00f
500. |- 0.2 0.2 0.2
250. % 04f 0.4 04f
0.0 L loeb—L L L. 1.1} gl 1.1 I . I. oeb— L. 1. 1.
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
12 12 12 1.2
1.0 10 [ 10 [ 10 [
08f 08f 08f 08}
06 06 06 06
0.4 H 04 [t 04f 04f
0.2 0.2 Hz ; : 0.2 0.2
ool L L | . 1. ool Lo L | .1, 0ol I 00k I
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
06 06 06 06
04f 04f [ 04f 04f
02 02 02 0.2
0.0 H 00 F 0.0} 0.0 F
021~ 0.2Ff 0.2f 02Ff
04 F 04 F 04 F 04Ff
0.6L e paTH ol L. L. 1. T e
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
e Direct and quadrature axis currents of PV systems
1.1 1.2 12 12
10 [ 1.0 1.0 1.0
09} 08 0.8 0.8
09f 06 0.6 0.6
0.8 0.4 0.4 =7 0.4 [==
orf 02 0.2 0.2
06 0.0 0.0 0.0
00 03 06 09 12[s]1.5 00 03 06 09 1.2[s]15 00 03 06 09 12[s]1.5 00 03 06 09 1.2]s]15
1.1 06 06 06
10 [ 0.4 0.4 0.4
oof 0.1 0.1 0.1
0.9 0.1 F] -0.1 -0.1
08 03 0.3 0.3
orf -0.6 0.6 0.6
opbll—L L. L. 1. ol L L. 1L . 1. ogll L. L . 1. 1. ogll—L L . L. 1.
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
1.1 1.2 12 12
10 [ 1.0 1.0 1.0
09} 0.8 08 0.8
09} 06 06 06
08f 0.4 B B 0.4 == 0.4
07 02 HF~= 02 02
opll— L L. I . 1. ool L L. I 1. 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
1.1 06 06 06
10} 04 0.4 0.4
09 f 0.1 0.1 0.1
0.9 = 0.1 0.1
08f 03 03 03
orf 06 06 06
oebll—L L. L. 1. ogbll—L L. L. 1. ogll L L . 1. 1. ogbl—L L . L. 1.
00 03 06 09 12[s]1.5 00 03 06 09 1.2[s]15 00 03 06 09 12[s]1.5 00 03 06 09 1.2]s]15
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SRPF ZPM

e Voltages

121 L | 12r 12} 12}
108 — | 10} 1.0 10k
0.8 = 08 08 I' 08
0.6 iy 0.6 0.6 06
04f 04f 04f 04f
0.2 Hd 02f 02f 02f
0ot 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]1.5 00 03 06 09 12[s]15
121 12} 12} 12}
1.0f 10 -y 10 5y 105
08} 08 08 08 -]
06f 06} 06 ;PJ 06f
04f 04f 04f 04f
02f 0.2} 0.2} 02}
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
12t 12} 12} 12}
10F 10 Fy 10 -y 10f
08f 08f 08f 08f
06f 06} 06 ;FJ 06f
04Ff 04 F 04 F 0.4
02f 02f 02f 02f
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
12t 12} 12} 12}
1.0f 10} 10F 10
08f 08f 08f 08f
06f 06} 06} 06f
04f 04Ff 04Ff 04Ff
02f 02f 02f 02f
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12 15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
e Power exchange over the transformers
3.0 ey | 12 12 12
L L L L L
0.0 0.8 0.8 0.8
5 [ [ [
-3.0 0.4 0.4 0.4 [
6.0 & ‘ -0.0 -0.0 4 0.0 -
u [ [ [
-9.0 . -0.4 -0.4 -0.4
-12.0 0.8 0.8 -0.8
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
20 1 - | 08 08 0.8
[ | [ I [
0.0 y_% 06| 06| 06|
2.0 = | 03 03 03
4.0 H 0.1 0.1 0.1
-6.0 0.2 0.2 -0.2
goll o Lol 1 1, 8 i N O N O A 04l L oall o L1 |
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
14 14 12 1.2
1.0 1.0 0.8 0.8
0.9 0.9 0.4 0.4
0.8 0.8 -0.0 -0.0
07 07 -0.4 -0.4
ol Ll 1. ol Lol 1. 1. gLl L gl L1 [,
00 03 06 09 12[s]1.5 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
14 14 0.8 0.8
1.0 1.0 06 0.6
0.9 0.9 03 03
0.8 0.8 0.1 l 0.1
07 07 02 -0.2
ol Lol vl 1. ol Lol 1 1. 04l Ll oall o Lol |,
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
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e Power production of DG and SG
2100. 1 12} 12} 12
1750. 1.0 1.0 1.0
1400. //-\ 08f 08f 08
1050. 06 06 06
700, EREES——— | 04 -1 04 0.4
350. N == | 02 0.2 ﬂH 0.2
0.0 e o P Y R R O O ool 0o tAl
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1500. 06 06 06
1250. o 04f 04f 04f
1000, | 02f 02f 02f
750. 3 -0.0F -0.0F -0.0F
500. H= 0.2 0.2 -0.2
250. % 04 04 04
0.0 oeb——LL L. 1.1} ggll 1.1 . I .l. oeb— L. 1. 1.
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
12 12 12 12
10F 10f 10f 1.0F
08f 08f 08f 08}
0.6 0.6 0.6 06
0.4 H 04 [t == 04f 04f
0.2 0.2 = ; : 0.2 0.2
ool L L. 1. ool Lo L. . 1. 00 LAl 00 LAl
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
06 06 06 06
04f 04f r 04f 04f
0.2 0.2 0.2 02
-0.0E oo | o0 f -0.0F -00F
-0.2f f/’_ -0.2f -0.2f 02f
0.4 0.4 0.4 -0.4
060 sl B o oLl L. L. 1. ol Lo L
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
e Direct and quadrature axis currents of PV systems
1.4 12 12 12
1.0f 1.0 1.0 1.0
09 0.8 0.8 0.8
09f 06 0.6 0.6
0.8 0.4 0.4 FFH— 0.4
orf 02 02 H H 0.2
0.6 00 0.0 0.0
00 03 06 09 12][s]1.5 00 03 06 09 12[s]15 00 03 06 09 12][s]1.5 00 03 06 09 12[s]15
11 06 0.6 0.6
10f 0.4 0.4 0.4
oof 0.1 0.1 0.1
0.9 -0.1 -0.1 -0.1
08 0.3 03 03
orf -0.6 0.6 0.6
ol 1 1. 1. ol L. L. 1. ogll L L. 1. 1. ogll L L. L. 1.
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
1.4 12 12 12
10F 1.0 1.0 1.0
09} 0.8 0.8 0.8
09 06 0.6 0.6
08f 04 b 0.4 04
07 02 HF= 0.2 0.2
ol b L. L 1. ool L L. 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
1.4 06 06 06
10} 04 0.4 0.4
oof 0.1 0.1 0.1
0.9 -0.1 0.1 0.1
08f 03 03 03
orf -06 06 06
ol L. L. ol L L. ogll—l L. L. gl L. L.

00 03 06 09 12[s]1.5

00 03 06 09 12[s]15

00 03 06 09 12[s]1.5

00 03 06 09 12[s]15
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SRPF aRC(I

e Voltages

121 L | 12r 12} 12}
108 E—— | 10f 1.0 10k
0.8 = 08 0.8 08} l’
0.6 iy 0.6 0.6 06
04f 04f 04f 04f
0.2 H=d 02f 02f 02f
0ot 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]1.5 00 03 06 09 12[s]15
121 12} 12} 12}
1.0f 1o 10f 105y
08} 08 08 08
06f 06} 06} 06f
04f 04f 04f 04f
02f 0.2} 0.2} 02}
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
12t 12} 12} 12}
10F 10 -y 10F 10f
08f 08f 08f 08f lf
06f 06} 06} 06f
04Ff 04 F 04 F 0.4
02f 02f 02f 02f
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
12t 12} 12} 12}
1.0f 10} 10F 10y
08f 08f 08f 08f
06f 06} 06} 06f
04f 04Ff 04Ff 04Ff
02f 02f 02f 02f
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12 15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
e Power exchange over the transformers
3.0 ey | 12 12 12
L L L L L
0.0 0.8 0.8 0.8
3.0 FI o 0.4 0.4 0.4
6.0 5 = | -00 -0.0 -0.0
u [ [ [
-9.0 .~ -0.4 -0.4 04
-12.0 0.8 0.8 -0.8
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
20} 08 08 0.8
0.0 0.6 0.6 06
2.0 03 03 03
4.0 0.1 0.1 0.1
-6.0 -0.2 g 0.2 -0.2
goll o Lol 1 1, oall e Lol 1 1, 04 L oall o Lol 11
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
14 14 12 1.2
1.0 1.0 0.8 0.8
0.9 0.9 0.4 0.4
0.8 0.8 0.0 0.0 [=F
07 07 -0.4 -0.4
ol Ll 1. ol Lol 1. 1. 08 L ogll o Lol 1 1,
00 03 06 09 12[s]1.5 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
14 14 0.8 0.8
1.0 1.0 06 0.6
0.9 0.9 03 03
0.8 0.8 0.1 0.1
07 07 0.2 i 02
ol Lol vl 1. ol Lol 1 1. 04 Ll oall o Lo Ll 1
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
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e Power production of DG and SG
2100. 1 12} 12} 1.2
1750. 1.0 1.0 1.0
1400. //-\ 08f 08f 08
1050. 0.6 0.6 06
700, B ——— | 04 M- 0.4 [ 0.4 [1-f
350. N == | 02 0.2 i+ 0.2
0.0 P e o P Y R R N O ool oo bLL
00 03 06 09 12][s]15 00 03 06 09 12][s]15 00 03 06 09 12][s]15 00 03 06 09 12[s]15
1500. 0.6 0.6 06
1250. o 04f 04f 0.4
1000, | 02f 02f 02
750. 3 -0.0F -0.0F -0.0
500. H= 0.2 0.2 0.2
250. @ 04} 04} -0.4
0.0 oeb——LL L. 1.1} ggll 1.1 . I .l. oeb— L. 1. 1.
00 03 06 09 12][s]15 00 03 06 09 12][s]15 00 03 06 09 12][s]15 00 03 06 09 12[s]15
12 12 12 12
10F 10f 10f 1.0
08f 08f 08f 08
06 0.6 06 06
04} 04 ;Fff' 04 [t 04[-f
0.2 0.2 | 0.2 0.2
ool L L. 1. oolb Lo L. L. 1. 00 LIVE 00 LLL
00 03 06 09 12][s]15 00 03 06 09 12][s]15 00 03 06 09 12][s]15 00 03 06 09 12[s]15
0.6 0.6 0.6 06
04f 04f 04f 0.4
02 02 02 02
-0.0E o | o0 f -0.0F -0.0
-0.2f f/’_ -0.2f -0.2f 0.2
-0.4 -0.4 -0.4 -0.4
060 sl B o oLl L. L. 1. ol Lo L
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
e Direct and quadrature axis currents of PV systems
11 12 12 12
1.0f 1.0 1.0 1.0
09 0.8 0.8 0.8
09f 06 0.6 0.6
0.8 0.4 0.4 FFH— 0.4
orf 02 0.2 H 0.2
0.6 0.0 0ot 0.0
00 03 06 09 12][s]1.5 00 03 06 09 12[s]15 00 03 06 09 12][s]1.5 00 03 06 09 12[s]15
11 06 06 0.6
10f 0.4 0.4 0.4
oof 0.1 0.1 0.1
0.9 -0.1 -0.1 -0.1
08 0.3 03 03
orf -0.6 0.6 0.6
ol b Lo L 1. osbe ol L B e e B e e
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
11 12 12 12
10F 1.0 1.0 1.0
09} 0.8 0.8 0.8
09f 06 0.6 0.6
0.8 0.4 = 0.4 " 0.4
07 02 02 H 02
ol b L. L 1. ool L L. 0ot 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
11 06 0.6 0.6
10} 04 0.4 0.4
oof 0.1 0.1 0.1
0.9 -0.1 -0.1 -0.1
08f 03 03 03
orf -06 06 06
ol b Lo L 1. ol L ol L ol L
00 03 06 09 12][s]1.5 00 03 06 09 12[s]15 00 03 06 09 12][s]1.5 00 03 06 09 12[s]15
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SRPF aRACI

e Voltages

121 L | 12r 12} 12}
108 E——— | 10f 1.0 10k
0.8 = 08 0.8 08} i
0.6 iy 0.6 0.6 06
04f 04f 04f 04f
0.2 H=t 02f 02f 02f
00U 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
121 12} 12} 12}
1.0 1.0 1.0 1.0
08} 08 f 08 08 f
06f 06} 06} 06f
04f 04f 04f 04f
02f 0.2} 0.2} 02}
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
12t 12} 12} 12}
10F 10F [ 10F 10f
08f 08f 08f 08f {
06f 06} 06} 06f
04Ff 04 F 04 F 0.4
02f 02f 02f 02f
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
12t 12} 12} 12}
1.0f 10} 10F 10F f
08f 08f 08f 08f
06f 06} 06} 06f
04f 04Ff 04Ff 04Ff
02f 02f 02f 02f
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12 15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
e Power exchange over the transformers
3.0 | 1.2 12 12
L L L L L
0.0 08 08 0.8
3.0 0.4 0.4 0.4
6.0 5 = | 0.0 0.0 0.0 e
- e [ [ [
9.0 L 0.4 0.4 0.4
-12.0 0.8 0.8 0.8
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
2.0 1 | 08 08 08
o | [ [ [
0.0 — _% 06 06 06|
e — ——t
2.0 —= | 03 03 03
4.0 j 0.1 0.1 0.1
6.0 0.2 0.2 0.2
goll o Lol 1 1, oall e Lol 11, 04 . oall o L1 |
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.1 1.1 12 12
1.0 1.0 08 0.8
0.9 0.9 04 04
08 08 0.0 0.0 Fr
07 07 0.4 0.4
ol Ll 1. ol Lol 1. 1. 08 . gl L1 [,
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.1 1.1 08 08
1.0 1.0 06 06
0.9 0.9 03 03
08 08 0.1 0.1
07 07 0.2 02
ol Lol vl 1. ol Lol 1 1. 04 Sl oall o Lol |,
00 03 06 09 12][s]15 00 03 06 09 12][s]15 00 03 06 09 12][s]15 00 03 06 09 12[s]15
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Power production of DG and SG

2100. 1 12} 12} 12}
1750. 1.0 1.0 1.0
1400. | ,/-\ 08 08 08
1050. £ 06} 06} 0.6 -
700. == | 04[}-F 0.4 [1-f 0.4 [l
350. —— | 02} 027 021
0.0 s S (Y O S AU R 0.0 00
1.2[s]1.5 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1500. 06} 06} 06}
1250. 04 04 04
1000, | i 02f n‘ 02f ”‘ 02f
750. 3 -0.0F -0.0F -0.0F
500. H= 0.2 0.2 -0.2
250. % 04 04 04
0.0 oeb——LL L. 1.1} ggll 1.1 . I .l. oeb— L. 1. 1.
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
12 12 12 12
10F 10f 10f 1.0F
08f 08f 08f 08}
0.6 0.6 0.6 06
04l 04 o™ 0.4 [ o4 Y.
02} 02f 02} 02 i
oobl Ll L. | . 1. ool Lo L. 1. 0.0 00
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
06 06 06 06
04 e 04f 04f 04f
02} 02f 02f 02f
0.0 ——— -0.0f 0.0 Ay
02 F+ 0.2 02 0.2
-04F | -04f -04f 04f
06 v el L 1. 1. ool L. 1. 1. ol L 1. 1.
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
e Direct and quadrature axis currents of PV systems
1.4 12 12 12
1.0f 1.0 1.0 1.0
09 0.8 0.8 0.8
09f 06 0.6 0.6
0.8 0.4 0.4 [ 0.4 =
orf 02 0.2 0.2
0.6 00 0.0 0.0
00 03 06 09 12][s]1.5 00 03 06 09 12[s]15 00 03 06 09 12][s]1.5 00 03 06 09 12[s]15
11 06 0.6 0.6
10f 0.4 0.4 0.4
oof 0.1 0.1 0.1
0.9 -0.1 -0.1 -0.1
08 0.3 03 03
orf -0.6 0.6 0.6
ol 1 1. 1. ol L. L. 1. ogll L L. 1. 1. ogll L L. L. 1.
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
1.4 12 12 12
10F 1.0 1.0 1.0
09} 0.8 0.8 0.8
09f 06 06 [ 06 -
0.8 0.4 — 0.4 5 0.4 P
0.7 0.2 ; 0.2 0.2
ol b L. L 1. oot L L. 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
1.4 06 06 06
10} 04 0.4 0.4
oof 0.1 0.1 01 H—&
09 0.1 -0.1 0.1
08f -0.3 03 03
orf -06 06 06
oglll L. 1. 1. ol L. 1. 1. gl L. 1. 1. gl L. 1. 1.
00 03 06 09 12][s]1.5 00 03 06 09 12[s]15 00 03 06 09 12][s]1.5 00 03 06 09 12[s]15
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sRPF ZPM with delayed APR (3 s period)

e Voltages

121 12} 12} 12}
108 N —— 10 f 1.0 10k
0.8 = 08 08 I' 08
0.6 iy 0.6 0.6 06
04f 04f 04f 04f
0.2 Hd 02f 02f 02f
0ot 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]1.5 00 03 06 09 12[s]15
121 12} 12} 12}
1.0f 10 10 5y 10f
08} 08 08 08 ]
06f 06} 06 ;%—l 06f
04f 04f 04f 04f
02f 0.2} 0.2} 02}
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
12t 12} 12} 12}
10F 10 -y 10 -y 10f
08f 08f 08f 08f
06f 06} 06 ;L»-l 06f
04Ff 04 F 04 F 0.4
02f 02f 02f 02f
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
12t 12} 12} 12}
1.0f 10} 10F 10F
08f 08f 08f 08f
06f 06} 06} 06f
04f 04Ff 04Ff 04Ff
02f 02f 02f 02f
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12 15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
e Power exchange over the transformers
3.0 ey | 12 12 12
e / I F b
0.0 0.8 0.8 0.8
== 0.4 0.4 0.4
6.0 B == | 00 0.0 H -0.0 v
u [ [ [
-9.0 o -0.4 -0.4 04
-12.0 0.8 0.8 -0.8
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
20 1 - | 08 08 0.8
0.0 a@ 06| 06| 06|
2.0 == | 03 03 03
4.0 H 0.1 0.1 0.1
-6.0 0.2 0.2 -0.2
goll o Lol 1 1, 8 i N O N O A 04l L 04 L
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
14 14 12 1.2
1.0 1.0 0.8 0.8
0.9 0.9 0.4 0.4
0.8 0.8 -0.0 -0.0
07 07 -0.4 -0.4
ol Ll 1. ol Lol 1. 1. gLl L 08 L
00 03 06 09 12[s]1.5 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
14 14 0.8 0.8
1.0 1.0 06 0.6
0.9 0.9 03 03
0.8 0.8 0.1 l 0.1
07 07 0.2 i 02
ol Lol vl 1. ol Lol 1 1. 04l Ll 04 Ll
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
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e Power production of DG and SG

2100. 12} 12} 12}
1750. 1.0 1.0 1.0
1400. | //\\ 08 08 08
1050. N | 0s ' 06f 06}
700. =7 | o4f} 0.4 0.4 -
350. [\t = | ¥ 02 " 02 //
oot LT 1.1 1)l L 1.l .1. 0.0 Ll 0.0 s
-0.1 0.5 1.1 1.8 241s] 3.0 -0.1 0.5 1.1 1.8 241[s]3.0 -0.1 0.5 1.1 1.8 241[s]3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
1500. 06 06 06
1250. | 04l 04l 04
1000. 02f 02f 02f
750. [ -0.0F -0.0F -00F
500. ] 0.2 0.2 02
250. . — | 04l 04 04
0.0 o111 o1l 1. oeb—L Ll 1.
-0.1 0.5 1.1 1.8 241s] 3.0 -0.1 0.5 1.1 1.8 241[s]3.0 -0.1 0.5 1.1 1.8 241[s]3.0 0.0 0.2 04 0.6 0.8[s] 1.0
1.2 1.2 1.2 1.2
1.0 10 [ 10 [ 10 [
08 08f 08f 08}
06 06 06 06
0.4 0.4 1——/’ 04 ff 0.4
02} 0.2 0 ; 02 H L — 0.2 i —
ool L 1 1. 1. ool Lo L L. | . 0.0 Dl 0.0 =]
-0.1 0.5 1.1 1.8 241s] 3.0 -0.1 0.5 1.1 1.8 241s]3.0 -0.1 0.5 1.1 1.8 241s]3.0 0.0 0.2 04 0.6 0.8[s] 1.0
06 06 06 06
04f 04f 04f 04f
02 02 02 0.2
0.0F 0.0} 0.0} 00 F
02fF 02 02 02
-04F | -04f -04f 04f
ol L. I . 1. ol L 1 . I ol L L. 1. ol L. 1. 1.
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241[s]3.0
e Direct and quadrature axis currents of PV systems
1.1 1.2 1.2 1.2
10 [ 1.0 1.0 1.0
09 08 0.8 0.8
09f 06 0.6 0.6
0.8 04 fy 04 _—— 04 —
orf 02 0.2 0.2
06 0.0 0.0 Ul 0.0 Wl
-0.1 05 1.1 1.8 2.41[s] 3.0 -0.1 05 1.1 1.8 241[s]3.0 0.1 05 1.1 18 24][s]3.0 -0.1 05 1.1 1.8 241[s] 3.0
1.1 06 06 06
10 [ 0.4 0.4 0.4
oof 0.1 0.1 0.1
0.9 0.1 0.1 0.1
08 03 0.3 0.3
orf -0.6 0.6 0.6
oplt 1. L. 1. ol L o L . I . 1. oglt L . I . 1. oglt L . 1L . 1.
01 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0 041 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0
1.6 1.2 1.2 1.2
12 1.0 1.0 1.0
08 0.8 08 0.8
04l 06 06 06
0of 04 iz 04 - 04 —
-0.4 0.2 0.2 = 0.2
ogll Il L. I . 1. ool Ll L 1. 1. 0.0 Ul 0.0 Al
00 03 06 09 12 15 01 05 14 18 24[s]3.0 01 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0
1.1 06 06 06
10} 04 0.4 0.4
oof 0.1 0.1 0.1
0.9 0.1 0.1 0.1
08f 03 03 03
orf 06 0.6 0.6
ol It 1. L. 1. oglL L . I . 1. oglt L . L. 1. ogl—t L . 1L . I.
-0.1 05 1.1 1.8 2.41[s] 3.0 -0.1 05 1.1 1.8 241[s]3.0 0.1 05 1.1 18 24][s]3.0 -0.1 05 11 1.8 241[s] 3.0
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sRPF aRCI with delayed APR (3 s period)

e Voltages
12 L | 12) 121 121
1.0 =S pum | 4 [ 1.0 — 10
08 08} 08 lr"' i
0.6 i 06 06t 06
0.4} 04f 04f 04f
02l 02f 02f 02f
0.0 0.0 0.0 00
0.1 05 11 1.8 24([s]3.0 01 05 11 1.8 24][s]3.0 01 05 11 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0
121 12t 12t 12t
1.0 1.0 1.0 =] 1.0
08f 08 08 08 -
06} 06f 06f 06f
04} 04f 04f 04f
02f 02f 02f 02f
0.0 0.0 0.0 00
0.1 05 11 1.8 24([s]3.0 01 05 11 1.8 24][s]3.0 01 05 11 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0
121 121 12t 12t
10} 10f 1.0 === 1.0 frmbom
08} 08} 08} 08f r—
06} 06f 06f 06f
04f 04f 04f 04f
02} 02f 02f 02f
0.0 0.0 0.0 00
0.1 05 11 1.8 24[s]3.0 01 05 11 1.8 24][s]3.0 01 05 11 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0
121 12t 12t 12t
1.0 1.0 1.0 e 1.0
08} 08f 08} 08} [~
06} 06f 06f 06f
04f 04f 04f 04f
02} 02f 02f 02f
0.0 0.0 0.0 00
01 05 11 1.8 24[s]3.0 01 05 11 1.8 24 30 01 05 11 1.8 24[s]3.0 01 05 141 1.8 24[s]3.0
e Power exchange over the transformers
3.0 12 12 12
0.0 — 08 08 08
-3.0 '”L\//'\' 04 04 04 -
60 éwgg&: 00 00 00 pt
9.0 FAATE 044 04 0.4
-12.0 0.8 0.8 -0.8
0.1 05 11 1.8 24([s]3.0 01 05 11 1.8 24][s]3.0 01 05 11 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0
20 ; —— | 08 08 08
e ————— 2 06 06
2.0 = == | 03 0.3 0.3
4.0 8 0.1 0.1 011
6.0 02 0.2 -0.2
80 A S N 04 N oal L oL 11 oal L 1 1 1.
01 05 11 1.8 24([s]3.0 01 05 11 1.8 24][s]3.0 01 05 11 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0
11 11 12 12
1.0 1.0 08 08
0.9 0.9 04 04
08 08 00 M -0.0 fif
07 07 -0.4 -0.4
06 A S N 06 N ogl L. L 1. 1. sl L 1 1 . 1.
01 05 11 1.8 24([s]3.0 01 05 11 1.8 24][s]3.0 01 05 11 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0
11 11 08 08
1.0 1.0 0.6 06
0.9 0.9 03 03
08 08 0.1 -” 01
07 07 024 -0.2
06 N P 06 N oalo Lo 11 oal L L 11
-01 05 1.1 1.8 24[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 18 241]s]3.0
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e Power production of DG and SG
2100. 12} 12} 12}
1750. 1.0 1.0 1.0
1400. [ //\\ 08| 08 08
1050. N | 0s ' 06f 06}
700. === | s 1" 04f 0.4 “h,
350. e\ ‘ 02 02 M7 02
oot LT L. 11}l L L. L. 1. 0.0t 0oLl
-01 05 1.1 1.8 24[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 18 24]s]3.0 0.1 05 1.1 18 241]s]3.0
1500. 06 06 06
1250. | 04f 04f 04
1000. 0.2 :I 02f 02f
750. [ -0.0F 0.0 f -0.0f
500. 0.2 0.2 -0.2
250. A — | -04Ff 04 Ff -04f
0.0 oL}l Ll Il 1. oeb—l L1 1.
-01 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 18 241]s]3.0
12 12 12 12
1.0 10f 10f 1.0F
08 08f 08f 08}
0.6 0.6 0.6 06
04 0.4 ;t—— 04f} 0.4 "h,'_"
02} 02 fif 02 #é 021
ool Il L L. 1. ool L L1 0.0 00
-01 05 1.1 1.8 24[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 18 241]s]3.0
06 06 06 06
04f 04f 04f 04f
0.2 0.2 0.2 02
004 S — Y 0.0 f -00F
02 02} 02} 02f
-04F | -04f -04f 04f
oLl .1 oel—L L1 1. o6l L1 1. 06—l L. L. 1.
0.1 05 11 1.8 24[s]3.0 01 05 11 1.8 24][s]3.0 01 05 11 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0
e Direct and quadrature axis currents of PV systems
1.4 12 12 12
1.0f 1.0 1.0 1.0
09f 0.8 0.8 0.8
09f 06 0.6 0.6
0.8 0.4 f¥ 0.4 [ = 0.4 ¥
orf 02 0.2 0.2
06 00 0.0 0.0
0.1 05 1.1 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0 01 05 1.1 1.8 24][s]3.0 0.1 05 11 1.8 24][s]3.0
11 06 0.6 0.6
10f 0.4 0.4 0.4
oof 0.1 0.1 0.1
0.9 -0.1 -0.1 -0.1
08 0.3 03 03
orf -0.6 0.6 0.6
e 08l L1 1. ol L1 1. ol —L L. 1 . 1.
01 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0 041 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0
1.4 12 12 12
10f 1.0 1.0 1.0
09} 0.8 0.8 0.8
09f 06 0.6 0.6
0.8 0.4 0.4 11 0.4
07} 02 [ 02 %;" 02
gl L1 ool »_ L L. 1. 0.0 | 0.0
01 05 11 18 24[s]3.0 01 05 14 18 24[s]3.0 01 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0
1.4 06 06 06
10} 04 0.4 0.4
oof 0.1 0.1 0.1
0.9 -0.1 0.1 0.1
08f 03 03 03
orf -06 06 06
ogl——l L L 1. 0gl—L L1 1. ogl—Ll L1 1. ogl—L L1 . 1.
0.1 05 1.1 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0 01 05 1.1 1.8 24][s]3.0 01 05 11 1.8 24][s]3.0
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sRPF aRACI with delayed APR (3 s period)

e Voltages

Y | 12p 12p 12¢
1.0 - p | 4§ [l 1.0 — 10 b
08 08} 08 lr" 08}
0.6 i 06 06t 06
0.4 f 04} 04} 04}
02l 02f 02f 02f
0.0 0.0 0.0 00
0.1 05 11 1.8 24([s]3.0 01 05 11 1.8 24][s]3.0 01 05 11 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0
12 12¢ 12¢ 121
10f 1.0 f e 1.0 f s 10}
08} 08} 08} 08}
06} 06| 06| 06
04} 04} 04} 04}
02} 02f 02f 02f
0.0 0.0 0.0 00
0.1 05 11 1.8 24([s]3.0 01 05 11 1.8 24][s]3.0 01 05 11 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0
12 121 12¢ 121
10 10 1.0 ] 1.0 —
08} 08} 08} 08} f‘
06} 06| 06| 06}
04} 04f 04f 04f
02} 02} 02} 02}
0.0 0.0 0.0 00
0.1 05 11 1.8 24[s]3.0 01 05 11 1.8 24][s]3.0 01 05 11 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0
12 121 121 121
10 10 10 e 1.0 ——
08} 08f 08} 08} [
06} 06} 06} 06}
04f 04} 04} 04f
02} 02} 02} 02}
0.0 0.0 0.0 00
01 05 11 1.8 24[s]3.0 01 05 11 1.8 24 30 01 05 11 1.8 24[s]3.0 01 05 141 1.8 24[s]3.0
e Power exchange over the transformers
3.0 12 12 12
7S I I I
0.0 — 08 08 08
arm\//\~’ 04 04 04
60 éwég&: 00 00 00
9.0 FAAT= 044 04 0.4
-12.0 0.8 0.8 08
0.1 05 11 1.8 24([s]3.0 01 05 11 1.8 24][s]3.0 01 05 11 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0
20 ; - | 08 08 08
C [ [ [
YT S ==——" 0.6 06
2.0 = = | 03 0.3 0.3
40U a11 0.1 01y
6.0 0.2 0.2 0.2
ol L 10 oal L L 11 oal Lol 10 oal L 11
01 05 11 1.8 24([s]3.0 01 05 11 1.8 24][s]3.0 01 05 11 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0
1.1 1.1 12 12
10 10 08 08
09 09 04 04
08 08 0.0 M 00 fg
07 07 -0.4 -0.4
PP N R S B oel L. L. 1.1, gl Ll 10, gl L 1 1.
01 05 11 1.8 24([s]3.0 01 05 11 1.8 24][s]3.0 01 05 11 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0
1.1 1.1 08 08
10 10 06 06
09 09 03 03
08 08 0.1 1| 01 ff
07 07 02y 0.2
PP S SR S B PP S R R N oal ol 10 [Py S A N
-01 05 1.1 1.8 24[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 18 241]s]3.0
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e Power production of DG and SG
2100. 12} 12} 12}
1750. 10 1.0 1.0
1400. //\\ 08f 08f 08f
1050. N | 06 0.6 0.6
700. H #Eé 0.4 f‘F 04 [H=—F— 0.4 f}
350. P\t ‘ 021 021 027
oot Lt L. 1 1) gl L L. L. 1. oot 00
-0.1 0.5 1.1 1.8 241s] 3.0 -0.1 0.5 1.1 8 241[s]3.0 -0.1 0.5 1.1 1.8 241[s]3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
1500. 06 06 06
1250. |- 04f 04f 0af
1000. 0.2 :I 0.2 q 02f
750. [ -0.0F -0.0F -00F
500. [ -0.2 -0.2 -02
250. & —i | -04f 04 Ff 04}
0.0 oL}l Ll Il 1. oeb—l L1 1.
-0.1 0.5 1.1 1.8 241s] 3.0 -0.1 0.5 1.1 1.8 241[s]3.0 -0.1 0.5 1.1 1.8 241[s]3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
12 12 12 12
10F 10} 10} 10}
08 08f 08f 08}
06 06 06 06
04l 04 1——7 = 0.4 [y 04
02f 02 'r } 02 th 02
ool L. L I . I ool L. L . I . | 0.0'| 00l
-0.1 0.5 1.1 1.8 241s] 3.0 -0.1 0.5 1.1 1.8 241s]3.0 -0.1 0.5 1.1 1.8 241s]3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
06 06 06 06
04f 04f 04f 04f
02 02 02 02
-0.0H 0.0 F 00 004
02F 0.2} 0.2} 02}
-04F | -04f -04f 04f
ol L. 1. ot L. 1. B e ol bl L Ll
-0.1 05 1.1 1.8 24][s]3.0 0.1 05 1.1 1.8 24][s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241[s]3.0
e Direct and quadrature axis currents of PV systems
1.1 12 12 12
10} 1.0 1.0 1.0
09f 08 08 08
09f 06 0.6 0.6
08 04y 04 0.4 B4
orf 02 0.2 0.2
06 0.0 00 00
-0.1 05 1.1 18 24][s]3.0 01 05 141 18 24([s]3.0 0.1 05 1.1 18 24][s]3.0 01 05 141 1.8 241]s] 3.0
1.1 06 06 06
10} 04 04 04
oof 0.1 0.1 0.1
09 0.1 -0.1 -0.1 i
038 0.3 03 03
orf 06 0.6 0.6
ol L L. 1. B ogldb o L Ll ogbt L L1
01 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0 041 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0
1.1 1.2 12 12
10} 1.0 10 10
09f 08 08 08
09f 06 06 ,"'l 06
08f 04— 04 04
0.7 0.2 : 0.2 0.2
L ool Il L L. 1. 0.0 0.0
01 05 11 18 24[s]3.0 01 05 14 18 24[s]3.0 01 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0
1.1 06 06 06
10} 04 0.4 0.4
oof 0.1 0.1 0.1
09 0.1 0.1 Hd 01N
08f -03 03 03
orf 06 06 06
06 T ot L1 08l L L T
-0.1 05 1.1 18 24][s]3.0 01 05 11 18 24][s]3.0 0.1 05 1.1 18 24][s]3.0 01 05 141 1.8 241[s] 3.0
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fRPF No-LVRT (no convergence after 0.9 s)

e Voltages
12 12 12 12
1.0»LL —— 10} 10 | —— =
08 H= 08f 08Ff 08Ff
0.6 H— 06} 06} 06}
0.4} 04f 04f 04f
0.2 Hed 02f 02f 02f
0ot 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]1.5 00 03 06 09 12[s]15
121 12t 12t 12t
10} 10F 10F 10}
08f 08f 08f 08f
06} 06f 06f 06f
0.4} 04f 04f 04f
02f 02f 02f 02f
0.0 0.0 0.0 00
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
12¢ 12¢ 12¢ 12t
10} 10F 10F 10f
08} 08f 08f 08f
06} 06f 06f 06f
04f 04f 04f 04f
02} 02f 02f 02f
0.0 0.0 0.0 00
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
121 12t 12t 12t
10} 10} 10F 1.0
08} 08f 08f 08f
06} 06f 06f 06f
04f 04f 04f 04f
02} 02f 02f 02f
0.0 0.0 0.0 00
00 03 06 09 12[s]15 00 03 06 09 12 15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
e Power exchange over the transformers
3.0 12 12 12
[ [ [ [
0.0 F— 08 08 08
= I I I
3.0 PR 04 04 04 T
6.0 B 0.0 0.0 4 -0.0 ]
00 AT 0.4 0.4 0.4
-12.0 0.8 0.8 -0.8
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
2.0 pr—— 08 08 08
0.0 Efm———— 06 06 06
205 = 0.3 0.3 0.3
4.0 0.1 0.1 0.1 =
6.0 02 0.2 -0.2
ol L L. 1. 1. 7 A O N S oall 1T o4l L
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
11 11 12 12
1.0 1.0 08 08
0.9 0.9 04 04 1
08 08 0.0 -0.0
L L ™ :_"J
07 07 -0.4 -0.4
oell L. 1. 1.1, oell L.l 1.1, ogll 1 L 1 1. o8l L
00 03 06 09 12[s]1.5 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
11 11 08 08
1.0 1.0 0.6 06
0.9 0.9 03 03
08 08 0.1 0.1 -1
07 07 0.2 -0.2
ol vl 1. 1. PP N PO SO N % 0 R O N 04l o
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
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e Power production of DG and SG
2100. 12 12 12
1750. | 10 10f 1.0F
1400. p 08f 08f 08f
1050. 06 06 06
700, s 04f 04f 04f
350. ; 02 02 02
= s i R oobb—Lo L. ool — oot L
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1500. 06 06 06
1250. 04f 04f 04f
1000, | 02f 02f 02f
750. [ -0.0f 00— 00f
500. - == 02} 02} 02}
250, E%' -04 -04 0.4
0.0 s e =L L. oetl L L L. 1. L R e
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
12 12 12 12
10F 10f 10 F 10F
08f 08f 08f 08}
06 06 06 06
0.4 lB 04Ff 04Ff 04}
02 H 02f 02f 02}
oobl Ll L. | . 1. ool b L . 1. ool L 0ol L
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
06 06 06 06
04f 04f 04f 04f
02 jq 02} 02} 02}
00 b 00} 00} 00}
02 - 0.2 0.2 0.2
04Ff 04 F 04 F -04F
0605 pe b et . oel L L.l oeblb L
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
e Direct and quadrature axis currents of PV systems
11 12 12 12
10} 1.0 e 1.0 b 1.0 |-
09 08 08 08
09f 06 0.6 0.6
08 04 04 04
orf 02 0.2 0.2
06 00 0.0 0.0
00 03 06 09 12][s]1.5 00 03 06 09 12[s]15 00 03 06 09 12][s]1.5 00 03 06 09 12[s]15
1.1 06 06 06
10f 04 B 04 04
oof 0.1 01 s 0.1 =
0.9 -0.1 -0.1 -0.1
08} 03 03 03
orf -0.6 0.6 0.6
ogbl—L L. sl Ll B e e sl bl
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
11 12 12 12
10f 1.0 1.0 1.0
I = ™  ———
0.9 08 08 08
09f 06 06 06
08f 04 04 04
07 02 02 02
ogbl—L L. ool I 1. I 0.0 s 0.0 s
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
11 06 06 06
10} 0.4 [ 0.4 0.4
09 f 0.1 0.1 [ 0.1
09 -0.1 -0.1 -0.1
08f 03 03 03
orf 0.6 06 06
ogbl—L L. bl L L gl L gl Ll
00 03 06 09 12][s]1.5 00 03 06 09 12[s]15 00 03 06 09 12][s]1.5 00 03 06 09 12[s]15
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fRPF ZPM

e Voltages

1.2 1.2 1.2
10} 10 | =
08f 08Ff 08Ff
06 06 0.6 [}
04l 04l 04
02f 02f 02f
0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.2 1.2 1.2 1.2
10} 10F 10F 10}
08 08 08 0.8
06 06 06 06 [
04f 04l 04l 04
02f 02f 02f 02f
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.2 1.2 1.2 1.2
1.0 1.0 F 1.0 F 1.0 F
08} 08 08 08
06} 06f 06f 06f =
04 04 04 04
02} 02f 02f 02f
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.2 1.2 1.2 1.2
1.0 10 1.0 F 1.0 A
08} 08 08 08
06 06 06 06 [
04F 04 04 04
02f 02} 02} 02}
0oL 0oL 0oL 00tk
00 03 06 09 12[s]15 00 03 06 09 12 15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
e Power exchange over the transformers
3.0 ey | 12 1.2 1.2
0.0 =— e 0.8 0.8 0.8
-3.0 H == | 04 04 04
he—
6.0 F=p= S— 00 00 00 (J
0.0 PN | 04 ] 0.4 04
-12.0 0.8 0.8 038
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
20 | o8 08 0.8
0.0 0.6 0.6 [ 0.6
205 — 0.3 0.3 0.3
4.0 0.1 0.1 Q1~J
6.0 0.2 0.2 02
oL L. L. 1. L L a1 1.
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.1 1.1 1.2 1.2
1.0 1.0 0.8 08
0.9 0.9 0.4 0.4
08| 08 0.0 [+ OD;f
07 07 0.4 04
opbll L L. | . I, opll L L. L. 1. L B
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.1 1.1 08 08
1.0 1.0 06 06
0.9 0.9 03 03
0.8 0.8 0.1 01‘4
07 07 0.2 02
el L L. [, opll Lo L. L. 1. L B
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
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e Power production of DG and SG
2100. 12t 12t 12t
1750. 1.0 1.0 1.0
1400. //\ 08f 08f 08f
1050. 06 06 06
700 = —— | 04 04 |- 04l
350. S e == | 027 02 02
0.0 TR ) I L 0.0 0.0
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
1500. 06 06 06
1250. | 04l 04l 04
1000, | 02f 02f 02f
750. [ -0.0f -0.0f 00f
500. HA 0.2 0.2 0.2
250. ﬁ === | 4] 04f 04
0.0 = | T oL T T T eI T T T
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
12 12 12 1.2
1.0k 1.0 1.0 F 1.0
08f 08f 08f 08}
06 06 0.6 s 06
041 04l 04l 04l
02f 02f 02f 02}
ool L L. L. |, ool L L. 1. |, 0ol 00k
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
06 06 06 06
04f 04f 04f 04f
02 02 02 0.2
0.0 H -00Ff 0.0 00
02 0.2Ff 0.2f 02Ff
04 F 0.4 F 0.4 F 04 F
06tk SR R N el T T oL [ [ . T. oL L[ . [ . [
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
e Direct and quadrature axis currents of PV systems
1.1 1.2 12 12
10} 1.0 - 1.0 £k 1.0 [
0.9 0.8 0.8 0.8
09f 06 0.6 0.6
0.8 0.4 0.4 0.4
orf 02 0.2 0.2
06 0.0 0.0 0.0
00 03 06 09 12[s]1.5 00 03 06 09 1.2[s]15 00 03 06 09 12[s]1.5 00 03 06 09 1.2]s]15
1.1 06 06 06
10} 0.4 [ 0.4 f 0.4 f
09 f 0.1 0.1 et 0.1 Haf
0.9 -0.1 -0.1 -0.1
08 03 0.3 0.3
orf -0.6 0.6 0.6
ol L. 1. 1. ol L L. 1. 1. ogll L. L. 1. 1. ogll—L L L. 1.
00 03 06 09 12[s]1.5 00 03 06 09 12[s]15 00 03 06 09 12[s]1.5 00 03 06 09 12[]15
1.1 1.2 12 12
10 [ 1.0 1.0 1.0
09f 0.8 0.8 [ 0.8 [
09} 06 06 06
08f 04 04 04
07 0.2 02 02
opll— L L. 1. 1. ool L L. [ . 1. 0.0 0.0
00 03 06 09 12[s]1.5 00 03 06 09 12[s]15 00 03 06 09 12[s]1.5 00 03 06 09 12[]15
1.1 06 06 06
10} 0.4 [ 04 - 0.4
09 f 0.1 0.1 [\ 0.1 -
0.9 0.1 0.1 0.1
08f 03 03 03
orf 06 06 06
obll—L L. 1. 1. ogbll—L L. L. 1. ogll—L L. 1. 1. ogbl—L L L. 1.
00 03 06 09 12[s]1.5 00 03 06 09 1.2[s]15 00 03 06 09 12[s]1.5 00 03 06 09 1.2]s]15
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fRPF aRCI

e Voltages

1.2 1.2 1.2
10} 10} 10
08f 08Ff 08Ff
06 06 06
04l 04l 04
02f 02f 02f
0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.2 1.2 1.2 1.2
10} 10F , 10F f 10}
08 08 08 0.8
06 06 06 06 [
04f 04l 04l 04
02f 02f 02f 02f
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.2 1.2 1.2 1.2
1.0 1.0 F f 1.0 F f 1.0 F
08} 08 08 08
06 06 06 06 [
04f 04l 04l 04l
02} 02f 02f 02f
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.2 1.2 1.2 1.2
1.0 10 1.0 F 10F
08} 08 08 08
06 06 06 06 [
04F 04 04 04
02f 02} 02} 02}
0oL 0oL 0oL 00tk
00 03 06 09 12[s]15 00 03 06 09 12 15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
e Power exchange over the transformers
30 5 12} 12} 12}
0.0 0.8 0.8 08
3.0 P —=== | o4 04 04
6.0 Se——== | 0.0 0.0 0.0 J
90N~ | 04 04} 04
-12.0 0.8 0.8 038
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
20 08 08 0.8
0.0 06 06 06
2.0 03 03 03
4.0 0.1 0.1 0.1
6.0 0.2 0.2 02
oL L. L. 1. L L 04 -
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.1 1.1 1.2 1.2
1.0 1.0 0.8 08
0.9 0.9 0.4 0.4
08| 08 00— 0.0 7
07 07 0.4 04
opbll L L. | . I, opll L L. L. 1. L 038 -
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.1 1.1 08 08
1.0 1.0 06 06
0.9 0.9 03 03
0.8 0.8 0.1 0.1
07 07 0.2 02
el L L. [, opll Lo L. L. 1. L 04 -
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
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e Power production of DG and SG
2100. 12t 12 12t
1750. 1.0 1.0 1.0
1400. //-\ 08f [ 08 08f J’
1050. 06 06 06
700. C %‘* 04l 0.4 04l
350. S St Jﬁ 02f 02 02f
0.0 TR I A L 0.0 0.0
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
1500. 06 06 06
1250. - 04f 0.4 04f
1000. 02f 02 02f
750. [ -0.0f -0.0f 00f
500. [ 0.2 0.2 0.2
250. | = 04Ff 04F 04 f
0.0 L | gL T T T o LT T T T 06— T T T
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
12 12 12 1.2
10F 10f 10} 10} (
08} 08} 08} 08 -
06 06 06 06
04f 04l 04l 04l
02f 02f 02f 02}
ool L L. L. |, ool L L. 1. |, 0ol 00k
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
06 06 06 06
04f 04f 04f 04f
02 02 02 0.2
0.0k 00 0.0 00
02— 02 02 02
-04F [ 0.4 F 0.4 F 04F
06 SR R N e C——L . [T T. oL [ [ . T. ot —L L[ . [ . [
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
e Direct and quadrature axis currents of PV systems
11p 1.2 12 12
10} 1.0 - 1.0 heac 1.0 -
0.9 0.8 0.8 0.8
09f 06 0.6 0.6
0.8 0.4 0.4 0.4
orf 02 0.2 0.2
06 0.0 0.0 0.0
00 03 06 09 12[s]1.5 00 03 06 09 1.2[s]15 00 03 06 09 12[s]1.5 00 03 06 09 1.2]s]15
1.1 06 06 06
10 [ 0.4 0.4 0.4
oof 0.1 0.1 01 HA
0.9 -0.1 -0.1 -0.1
08 03 0.3 0.3
orf -0.6 0.6 0.6
ol L. 1. 1. ol L L. 1. 1. ogll L. L. 1. 1. ogll—L L L. 1.
00 03 06 09 12[s]1.5 00 03 06 09 12[s]15 00 03 06 09 12[s]1.5 00 03 06 09 12[]15
1.1 1.2 12 12
10 [ 1.0 1.0 1.0
09} 0.8 08 0.8
09} 06 06 06
08f 04 04 04
07 0.2 02 02
opll— L L. 1. 1. ool L L. [ . 1. 0.0 0.0
00 03 06 09 12[s]1.5 00 03 06 09 12[s]15 00 03 06 09 12[s]1.5 00 03 06 09 12[]15
1.1 06 06 06
10} 04 0.4 0.4
09 f 0.1 01 -3 0.1 HY
0.9 0.1 0.1 0.1
08f 03 03 03
orf 06 06 06
oebl—L L. L. ogbl—L L . 1. ogll LI . 1. ogbl—L L. 1.

00 03 06 09 12[s]1.5

00 03 06 09 12[s]15

00 03 06 09 12[s]1.5

00 03 06 09 12[s]15
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fRPF aRACI

e Voltages

1.2 1.2 1.2
10} 10} 10
08f 08Ff 08Ff
06 06 06
04l 04l 04
02f 02f 02f
0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.2 1.2 1.2 1.2
10} 10F f 10F f 10} I
08 08 08 0.8
06 06 06 06 [
04f 04l 04l 04
02f 02f 02f 02f
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.2 1.2 1.2 1.2
1.0 1.0 F f 1.0 F f 1.0 F
08} 08 08 08
06 06 06 06 [
04f 04l 04l 04l
02} 02f 02f 02f
0.0 0.0 0.0 0.0
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.2 1.2 1.2 1.2
1.0 10 1.0 F 10F f
08} 08 08 08
06 06 06 06 [
04F 04 04 04
02f 02} 02} 02}
0oL 0oL 0oL 00tk
00 03 06 09 12[s]15 00 03 06 09 12 15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
e Power exchange over the transformers
30 §> 12} 12} 12}
0.0 0.8 0.8 08
3.0 ER —== | o4 04 04
6.0 Se——== | 0.0 0.0 0.0 J
90N~ | 04 04} 04
-12.0 0.8 0.8 038
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
20 08 08 0.8
0.0 06 06 06
2.0 03 03 03
4.0 0.1 0.1 0.1 {
6.0 0.2 0.2 02
oL L. L. 1. L L oqll L L 1. .
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.1 1.1 1.2 1.2
1.0 1.0 0.8 08
0.9 0.9 0.4 0.4
0.8 0.8 -0.0 0.0
orf orl 04 04 Yy
opbll L L. | . I, opll L L. L. 1. L ol L L L. .
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12][s]15
1.1 1.1 08 08
1.0 1.0 06 06
0.9 0.9 03 03
0.8 0.8 0.1 0.1 .,(
07 07 0.2 02
el L L. [, opll Lo L. L. 1. L o4l L L L. .
00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5 00 03 06 09 1.2[s]1.5
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e Power production of DG and SG

2100. 1.2 12 12
1750. 1.0 1.0 - 1.0
1400. [ //-\ o8 HH- 0.8 J, o8 [
1050. | 06 06 [HE 06
\—#—-‘
700. ; = — | 04 0.4 0.4
350. & A | 02 02 02
ool T N v PSP i P N O S 00 00
00 03 06 09 12[s]15 00 03 06 09 1.2[s]15 00 03 06 09 12[s]1.5 00 03 06 09 1.2][s]15
1500. 06 06 06
1250, [~ 04 04 04
1000. 02 02 02
750. |- -0.0 0.0 0.0
500. e -02 -0.2 -0.2
250. — 04 04 04
0.0 | gl ISP o s s s PSP cn s s s
00 03 06 09 12[s]1.5 00 03 06 09 1.2[s]15 00 03 06 09 12[s]1.5 00 03 06 09 1.2]s]15
12} 1.2 12 12
10f 1.0 Lo T 1.0
08f 08 08 038
06f 06 06 06
04 H 04 04 04
02 H 02 02 02
A S N S A A N R N N 00 00
00 03 06 09 12[s]1.5 00 03 06 09 1.2[s]15 00 03 06 09 12[s]1.5 00 03 06 09 1.2][s]15
06} 06 06 06
04f 04 04 04
02f 02 02 02
-0.0 -0.0 00 -y -0.0
-0.2 - 02 02 | 02 \
041 -0.4 0.4 0.4 H—
06 P S R PSS e e s PSP o e s s PSS ot s s s
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
e Direct and quadrature axis currents of PV systems
11¢ 1.2 12 12
1.0 1.0 1.0 & 1.0 -
09f 08 038 08
oof 06 06 06
08f 04 04 04
orf 02 02 02
oell L 1 1 1. PP i P N O R 00 00
00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15 00 03 06 09 12[s]15
11t 06 06 06
10} 04 04 04
09f 0.1 0.1 01 HA
09f -0.1 0.1 0.1
08f -0.3 03 03
orf 06 06 06
ol I 1 1 1. S 2 O O S S i R N S P 2 O N S
00 03 06 09 12[s]1.5 00 03 06 09 1.2[s]15 00 03 06 09 12[s]1.5 00 03 06 09 1.2]s]15
11} 1.2 12 12
10} 10 1.0 H 10 H
09 0.8 0.8 0.8
09f 06 06 06
08f 04 04 04
orf 02 02 02
P i S N S O A N S N N 00 00
00 03 06 09 12[s]1.5 00 03 06 09 1.2[s]15 00 03 06 09 12[s]1.5 00 03 06 09 1.2]s]15
11} 06 06 06
10} 04 04 "‘ 04 - f
0.9 r 0.1 0.1 —t{f 0.1 —+
oof -0.1 -0.1 -0.1
08f 0.3 03 03
orf -06 06 06
PP N R A [P N N S S S N S [ N N S

00 03 06 09 12[s]15

00 03 06 09 12[s]15

00 03 06 09 12[s]15

00 03 06 09 12[s]15
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fRPF ZPM with delayed APR (3 s period, no convergence after 0.9 s)

e Voltages

1.2 1.2 1.2 1.2
1.0 10} 1.0 [resh— 10F
0.8 0.8 08 f 08f
06 06 06 06
0.4 04f 04f 04f
0.2 02f 02f 02f
0.0 0.0 0.0 0.0
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 18 241[s]3.0
1.2 1.2 1.2 1.2
10} 10 10 = 10 =
08 08 08 0.8
06 06| 06| 06|
04f 04f 04f 04f
02f 02f 02f 02f
0.0 0.0 0.0 0.0
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241[s]3.0
1.2 1.2 1.2 1.2
10F 10 T 10 b 10F
08} 08 08 08
06 06| 06| 06|
04f 04l 04l 04l
02f 02f 02f 02}
0ol 00l 00l 00l
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241[s]3.0
1.2 1.2 1.2 1.2
10 10 10 H =" 10 F—"
08} 08 08 08
06 06 06| 06 |-
04F 04 04 04
02f 02} 02} 02}
00L 00L 00L 00L
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24 3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241[s]3.0

e Power exchange over the transformers

3.0 12 12 12
0.0 0.8 0.8 0.8
3.0 '”'\/’ 0.4 0.4 0.4 "
6.0 #%%E 0.0 0.0 ;____ 0.0 f
0.0 AL 04 A 0.4 0.4
-12.0 08 08 0.8
-0.1 05 1.1 1.8 24][s]3.0 0.1 05 1.1 1.8 24][s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241][s]3.0
2.0 0.8 0.8 0.8
0.0 = 0.6 0.6 0.6
2.0 = 0.3 0.3 — 0.3 l
4.0 U 0.1 0.1 0.4 ==
6.0 02 0.2 0.2
8.0 ‘ ‘ ‘ ‘ 04 ‘ ‘ ‘ ‘ 04 ‘ ‘ ‘ ‘ 04 L ‘ ‘ ‘ ‘
-0.1 05 1.1 1.8 24][s]3.0 0.1 05 1.1 1.8 24][s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241[s]3.0
1.1 1.1 1.2 12
1.0 1.0 0.8 0.8
0.9 0.9 0.4 0.4 "
0.8 0.8 0.0 0.0
[ [ Lt ;r
0.7 0.7 04 0.4
0.6 L ‘ ‘ ‘ ‘ 06 L ‘ ‘ ‘ ‘ 08 ‘ ‘ ‘ ‘ 08 L ‘ ‘ ‘ ‘
-0.1 05 1.1 1.8 24][s]3.0 0.1 05 1.1 1.8 24][s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241[s]3.0
1.1 1.1 0.8 0.8
1.0 1.0 0.6 0.6
0.9 0.9 0.3 0.3
0.8 0.8 0.1 0.1 ==
0.7 0.7 02 0.2
0.6 L ‘ ‘ ‘ ‘ 06 L ‘ ‘ ‘ ‘ 04 ‘ ‘ ‘ ‘ 04 L ‘ ‘ ‘ ‘
-0.1 0.5 1.1 1.8 241s] 3.0 -0.1 0.5 1.1 1.8 241s]3.0 -0.1 0.5 1.1 1.8 241s]3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
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Power production of DG and SG

2100. | 12 12 12
1750. | 10f 10F 10f
1400. | 08 f 08 08
1050. | .JZ 06} 06 06
700. % 0.4 04y 0.4
350. N 0.2} 02 [ 02}
- I o 0 O A A P
-01 05 1.1 1.8 24[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 18 24]s]3.0 0.1 05 1.1 18 241]s]3.0
1500. 06 06 06
1250. | 04f 04f 04f
1000. f 0.2f 0.2f 02f
750. [ 0.0 0.0 0.0
500. AN 021 0.2 0.2 41
250. > -0.4 -0.4 -0.4
00 N ol 1 .1 . 1. [P S RN S R PP ol I E S
-01 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 18 241]s]3.0
121 12} 12} 12}
10 ' 10f 10F 1o
0.8 f 0.8 08 08 it
06 06 f 06 i
0.4 f 0.4 f 0.4 f 04 i
02 02 02 02
[ t F i~ r ~
0.0 N S R PP S R E H 0.0 Ll N 0.0 L= N
-01 05 1.1 1.8 24[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 18 241]s]3.0
06 06 06 06
04Ff 04 04 0.4
0.2f 02f 02f 02f
-0.0 - -00Ff -00Ff -00Ff
-0.2f 02} 0.2 0.2 [
04 -0.4 — -0.4 -0.4
06 N S R PP i s S N [P s N S R PP P I N S
0.1 05 11 1.8 24[s]3.0 01 05 11 1.8 24][s]3.0 01 05 11 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0
e Direct and quadrature axis currents of PV systems
11} 12 12 12
10} 1.0 10 1.0
09f 08— o8 i 0.8 'ﬁ
09r 0.6 0.6 " 0.6 “
08f 0.4 04l o4 fi
07 02 02 02
L "
06 0.0 0.0 L 0.0 L
0.1 05 1.1 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0 01 05 1.1 1.8 24][s]3.0 0.1 05 11 1.8 24][s]3.0
11} 0.6 06 06
10} 04 04 ft 04t
09 0.1 0.1 —h_ 0.1 Jd_
09f -0.1 -0.1 -0.1
08f -0.3 0.3 0.3
0.7} -0.6 -0.6 -0.6
06 N R R ol L L1 1. ol Lol 1.0, ol L L 1 1.
01 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0
12} 12 12 12
08f 1.0 1.0 1.0
04| 08— 08 'ﬁ 08 "I'i
00f 06 0 os i
0.4 0.4 04 f 04 fi
0.8 0.2 02 02
L L
o S I S O O O [ D= O A S IS 5 - O R
01 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0
18} 06 0.6 0.6
15| 0.4 0.4 [} 0.4 7
12} 0.1 0.1 h_ 0.1 h_
09f -0.1 -0.1 -0.1
0.6 -0.3 03 03
03} -0.6 -06 -06
00 N N R ogl L L1 1. ol Lol 1.1, ol L L 1 1.
0.1 05 1.1 1.8 24[s]3.0 01 05 11 1.8 24[s]3.0 01 05 1.1 1.8 24][s]3.0 01 05 11 1.8 24][s]3.0
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fRPF aRCI with delayed APR (3 s period)

Voltages

1.2 |12 1.2
10} | 1.0 ot 1.0k
08 08 08
06 06 06
04 04 [ 04 [
02f 02f 02f
. 0.0 0.0 0.0
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 18 241[s]3.0
1.2 1.2 1.2 1.2
10f 10T 10 =] 10} |
08 08 08 0.8
06} 06 06 06
04f 04 04 04
02f 02f 02f 02f
0.0 0.0 0.0 0.0
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241[s]3.0
1.2 1.2 1.2 1.2
10Ff 1.0 = 1.0 = 1.0F
08} 08 08 08
06 06 06 06
04f 04l 04l 04l
02} 02f 02f 02f
0.0 0.0 0.0 0.0
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241[s]3.0
1.2 1.2 1.2 1.2
10} 10} 10F 10F I'_/'
0.8 0.8 08 0.8
06 06 06 06 [
04F 04 04 04
02f 02} 02} 02}
00k 00kl 00kl 0.0k
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24 3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241[s]3.0
e Power exchange over the transformers
3.0 =] 1.2 1.2 1.2
0.0 P 1 | s 0.8 0.8
-3.0 '”'\//—'\—j 04 04 04
6.0 #%égﬁ | 00 0.0 0.0
0.0 A" 0.4 14 -0.4 [} -0.4
-12.0 0.8 0.8 038
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241][s]3.0
20 T | 08 08 0.8
0.0 == | 06 06 06
20 o= | (3 0.3 0.3
4.0 iy o1f o1f 01
6.0 0.2 0.2 02
8.0 L 04 e 04 e 04 .
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241[s]3.0
1.1 1.1 1.2 1.2
1.0 1.0 0.8 08
0.9 0.9 0.4 0.4
08| 08 -0.0 0.0 f
07 07 0.4 04
06 L 06 e 0.8 e 038 .
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241[s]3.0
1.1 1.1 08 08
1.0 1.0 06 06
0.9 0.9 03 03
0.8 0.8 0.1 0.1
07 07 0.2 02
06 e 06 e 04 e 04 -
-0.1 0.5 1.1 1.8 241s] 3.0 -0.1 0.5 1.1 1.8 241s]3.0 -0.1 0.5 1.1 1.8 241s]3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
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e Power production of DG and SG
R100. 1.2 1.2 1.2
1750. [ 10f 1.0 =1 10
1400. 08 [ 08 08 [
1050. 06 f 06 f 06
700. 04f 04f 04f
350. 02 02 02
0.0 ool o L . 1 . I 00k 00k
-0.1 1.8 241s] 3.0 -0.1 0.5 1.1 1.8 241[s]3.0 -0.1 0.5 1.1 1.8 241[s]3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
1500. 06 06 06
1250. | 04l 04l 04
1000. 02f 0.2 "I 02f
750. 5 -00Ff 00 0.0 ﬂ
500. 0.2 0.2 02
250. N 04F 04 L: 0.4 J ll
0.0 L | 06— L - ..6 LT T 06— —t
-0.1 0.5 1.1 1.8 241s] 3.0 -0.1 0.5 1.1 1.8 241[s]3.0 -0.1 0.5 1.1 1.8 241[s]3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
1.2 1.2 1.2 1.2
1.0 1.0 f 1.0 V| 1.0 '|
08 08 08 08
06 06 06 06
04f 04 04l 04l
02f 02f 02f 02}
00k PR ool L L . 1 .| 00k 00k
-0.1 0.5 1.1 1.8 241s] 3.0 -0.1 0.5 1.1 1.8 241s]3.0 -0.1 0.5 1.1 1.8 241s]3.0 -0.1 0.5 1.1 1.8 2.41s] 3.0
06 06 06 06
04f 04f 04f 04f
02} 02f 02 ‘I 02f
0.0 0.0 0.0 h 0.0
-0.2f 02} 0.2 f i 02
0.4 0.4 0.4 Pt 04
0.61- e L 1 ol . L . 1. 0.6 L= = —— ol T T . [
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 1.8 241[s]3.0
e Direct and quadrature axis currents of PV systems
1.1 1.2 1.2 1.2 ‘
10 [ 1.0 1.0 1.0 i
09 08 = 0.8 0.8
09f 06 0.6 0.6
0.8 04 04 04
orf 02 0.2 0.2
06 0.0 0.0 0.0
-0.1 05 1.1 18 24][s]3.0 -0.1 05 1.1 1.8 241[s]3.0 0.1 05 1.1 18 24][s]3.0 -0.1 05 1.1 1.8 241]s] 3.0
1.1 06 06 06 ‘ ‘
10 [ 0.4 04 HE 04f : ‘
oof 0.1 0.1 0.1 H
0.9 0.1 -0.1 -0.1 U'
08 03 0.3 0.3
orf -0.6 0.6 0.6
06 T ol L L . I . 1. 0.8 T oglt L . L. 1.
01 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0 041 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0
1.1 1.2 1.2 1.2
10 [ 1.0 1.0 1.0
09f 0.8 08 0.8
09} 06 06 06
08f 04 04 04
07 0.2 02 02
06k T ool L o I . 1. 0.0 0.0
01 05 11 18 24[s]3.0 01 05 14 18 24[s]3.0 01 05 11 18 24[s]3.0 01 05 11 18 24[s]3.0
1.1 06 06 06
10} 04 04T 04
oof 0.1 0.1 H 0.1 -H
091 -0.1 0.1 Li 0.1 4
08f 03 03N 0.3
orf 06 0.6 0.6
06 L L e 0.8 T oglt L . L. 1.
-0.1 05 1.1 18 24][s]3.0 -0.1 05 1.1 1.8 241[s]3.0 0.1 05 1.1 18 24][s]3.0 -0.1 05 11 1.8 241[s] 3.0
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fRPF aRACI with delayed APR (3 s period)

Voltages

1.2 1.2 1.2
10} 1.0 Fzzhoam 10F
08 08 08
06 06 06
04 04 [ 04 [
02f 02f 02f
. 0.0 0.0 0.0
-0.1 05 1.1 1.8 241[s] 3.0 0.1 05 1.1 1.8 24[s]3.0 0.1 05 1.1 1.8 24]s]3.0 0.1 05 1.1 18 241[s]3.0
1.2 1.2 1.2 1.2
10f 10 T 10 =] 10}
08 08 08 0.8
06} 06 06 06
04f 04 04 04
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e Power exchange over the transformers
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e Power production of DG and SG
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e Direct and quadrature axis currents of PV systems
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Appendix G PowerFactory Lessons Learned

Scaling the PV Template

e Through DSL Parameters to create templates of different rating

1. Changes in Network Parameters
=  PWM Converter
e Basic Data/ Rated Power
Multiply the 0.0112 of the 10 kW by the times of scaling

e Load Flow/ Reactive Power set point
Use the reactive power capability limit (negative) with a

capability limit of 0.4324107 p.u.

e Load Flow/ Reactive Power set point
Use the desired value

= Current source
e Nominal Current
Divide active power set point by the product of the dc

voltage with the maximum module current and the number
of parallel modules.

= Upgrade lines and transformers accordingly inside the template
= PQ measurement block inside Composite model

e Rating according to user
1 MVA for 10 kW and proportionally

2. Changes in DSL parameters inside the DSL Models
= DSL PV module
® Scale number of parallel modules n;, to match Ppy pase

e Base current Ppy page

IPV,base = ICS,base =Ny IPV,panel

with Ppy pase: Base current of PV system
Icspase:  Base current of DC current source

Ipy panel: Current of one PV panel (determined by other PV module

parameters)
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Through parallel machines to upscale the instance of the template

1. Changes in Network Parameters
=  PWM Converter-Lines-Transformers
e Parallel Machines/Parallel Lines/Parallel Transformers
All this elements inside the template take the multiplier

in the corresponding field.

= Current source-Capacitor
e Nominal Current/Capacitance
Multiply by the number of parallel machines.

= PQ measurement block inside Composite model
e Rating according to user
Multiply the rating by number of parallel machines.
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Data management

e Itis highly recommended to use a consistent naming convention for all relevant
elements right from the beginning of the project setup.
e The following naming convention seems to be ideal:

#eHV-node_#HV-node_#MV-node_#LV-node_#Type #DATE/#MODE_#COUNT
where
o #eHV-node_#HV-node_#MV-node_#LV-node_ indicates to which node in
which (distribution) system the element is connected to (non-applicable
voltage levels will be replaced by two underscores (instead of 2-digit
number)); this is of special importance if all voltage levels are modelled;
example eHV-08_HV-02_MV-01_LV-R01_TERM_01 means
= LV terminal 01 of
= LV network connected to MV terminal 01 of
= MV network connected to HV terminal 02 of
=  HV network connected to eHV terminal 08 of
= the transmission system
o For edge elements both connection points are included in the name.
Example with a MV line: eHV-08_HV-02_MV-01-02_LINE
= This means the line is connected between MV nodes 01 and 02
o Since transformers connect two different voltage levels, they have the
connection points including voltage level in their name, example: eHV-
08_HV-02_MV-02_TO01-LV-01_TO1 TRF
= This means the transformer is connected between the (first)
Terminal at node 02 in the MV system and the (first) Terminal at
node 01 in the corresponding LV system
o #Type = PVPPM / WPPM (WPPM_DFIG / WPPM_FC) / SGCHP / SGCONV /
STATLD (static load) / DYNLD (dynamic load) / LINE / TERM / SWITCH / TRF
#DATE = OLD / NEW / specific-year (if desired)
#MODE = PF100 / PFO95 / PFPOW / LVRT / aRCl (for old generators, this
indicates their settings (PF100/095/POW gives the power factor settings —
constant or based on the active power)
o H#COUNT = 2-digit number for duplicates

Steady state Short-circuit calculations

e Short-circuit duration (break time) seems not to make any difference in results.
e S/C calculation fails to provide SHC impedances (X, R, Z) at FCWTG terminals.
e S/C calculation results into higher Sk’ values at all terminals if FCWTG is put out of
operation.
e Complete method
o superpositions the pre-fault values but is not a standardised method.
o Does not calculate iy
e Network impedance angle is called phiz
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Particularities of Static generator (ElImGenstat)

e The sign convention for P and Q of a static generator is unintuitive.
e VDE-AR-N 4105 uses the passive (consumer oriented) sign convention (P < 0 for
generation) as follows:

Effect Sign of Q Sign of lg | Operation Reactive power
(P<0) (Id<0) exchange with
grid
Voltage Q>0 (pos.) Ig<0 Under- Inductive
decreases (neg.) excited
Voltage Q<0 (neg.) Ig>0 Over-excited | capacitive
increase (pos.)

Table G.1: Passive sign convention

e ElmGenstat uses the active (generator oriented) sign convention (P> 0 for
generation) as follows:

Effect Sign of Q Sign of Ig | Operation Reactive power
(P>0) (1d > 0) exchange with
grid
Voltage Q<0 (neg.) Ig>0 J. capacitive
decreases (pos.)
Voltage Q>0 (pos.) Ig<0 J. Inductive
increase (neg.)

Table G.2: Active sign convention

Substation particularities

e The substation has a second voltage setting next to the one on the basic data tab.
The additional voltage setting is named ‘Nominal Voltage’ (Unom) and can be found
by right-clicking the substation in the data manager (by going into the grid) and then
‘Edit’. The nominal voltage can be changed by clicking the ‘Set Nominal Voltage’
button. N.B. If a transformer is connected to the substation this is the voltage that
the transformer sees.

Project collaboration

e The following function can be used to copy all external references of a project into
it. Please be aware that this functionality is still under test so there is a possibility of
unexpected results. Therefore, remember to export the project first as a backup.

1. Deactivate the project.

2. Focus on the project by making sure it is selected in the left hand pane of
the datamanager.

3. press the input window icon on the data manager and type the following
into the command line which appears: _test/cpex (from “copy external
references)

4. Runthe command that appears. Note, that the underscore is important
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You should find a reference folder is included in the project which contains all
the external references and you should find that your project's objects link to the
new folder.

Source: DIgGSILENT Support answer on August 15, 2013

User friendliness

e Once an element window is open, you can select other elements of the same class
and show their parameters in the previously opened windows.

Hotline Q&A

e What is the relevance of “Level” is DSL models?

The level of the model representation is only important when using or changing
old models. For new created models the highest level should always be used. For
macros, this option does not have any impact, because the level of the highest block
is important, i.e. the controller definition. Then as summary the level is related with
the version on which the model was created, then when the model is used in newer
versions PF recognized and “create” the compatibility; the higher the level, the
newer the version with which was created. Our recommendation in this regard is do
not change the level setting of a model, more even if the model is taken from other
version library or it was a model built by someone else.

e How to change the number of ticks (major/minor) in VisPlots?

There is no official way to change the step size of the axis of a plot. But there is a
trick that may be helpful although its results will be applied to the complete virtual
instrument panel and not only for one plot.

- First you have to create a new style by using the function Style -> create new
style in the right mouse button menu.

- The new style could be found in the project folder Settings -> Styles.

- Right click in the plot and select style>>edit style. This will force PowerFactory
to create the axis objects that you edit in the data manager in the next step.

- Find the style in the data manager: you should find a folder in the project:
Settings -> Styles -> Your style -> VisPlot. The VisPlot folder includes the axis objects.

- If you display the flexible data of the axis by pressing the 'detail mode class
select' icon and select axis objects, you should find a variable "Number of Main
Ticks". This variable cannot be changed directly because it is greyed out.

- If you open the "Input Window" (icon in the data manager) you could enter the
command "xAxis:mTicks=N" (where N is the number of major ticks required).

e Flag “a-stable” always applies on lower-level models inside?
The option A-stable algorithm enabled at advanced options page of Calculation
of Initial Conditions menu applies for all models used.
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What does it mean in OPF (optimal power flow) When “the model is unbounded”?
(How to find out what to debug?)
This message appears only in the DC OPF if the LP has no unique solution (i.e.
infinite valid solutions) and the target function can have unconstrained high values.
This can be the case if you defined not enough limits.

Example: There are two generators, a cheap and an expensive. The OPF should
minimize the cost. The LP will increase the cheap and decrease the expensive. If
there is no limit for the active power the cheap will go to infinity and the expensive
to -infinity. You need more generators and/or load constrains.

What reasons can there be that a DSL model cannot be edited?

It is quite a general question. If you mean you cannot edit it because it is
'protected’, then the reason might be that the DSL model you are trying to modify is
the one in the global library, which can only be modified directly by the
administrator. In this case you should make a copy of the model in your project
library, and then you should be able to make modifications.

What is a IntVariant element for DPL for? (What is the difference between variants

and variations?)

The function IntVariant is used in older versions of the software, where the
changes in the system were recorded in a "System Stage", however now the changes
are stored in Variations and Operations Scenarios depending of the type of
modification.

This change was done in 14.0, so, since you have version 14.1, please ignore the
IntVariant methods.
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