Downloaded from orbit.dtu.dk on: nov. 19, 2021

DTU DTU Library

i

PVNET.dk - Final Report

Yang, Guangya; Kjeer, Sgren Baekhgj; Frederiksen, Kenn H. B.; Ipsen, Hans Henrik ; Refshauge, Rasmus
Hayrup

Publication date:
2016

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Yang, G., Kjeer, S. B., Frederiksen, K. H. B., Ipsen, H. H., & Refshauge, R. H. (2016). PVNET.dk - Final Report.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
¢ You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://orbit.dtu.dk/en/publications/12d43358-973d-445e-aead-5193f8b0d084

f‘l

FORSK’ngL

( ) u.n BORNHOLMS
ENERGIMIDT L ENERGI&FORSYNING

i

PVNET final report

PV integration studies

Guangya Yang, Sgren Baekhgj Kjeer, Kenn H. B. Frederiksen, Hans Henrik
Ipsen, Rasmus Hgyrup Refshauge

Version: november 2014 1



Contents

1.1 PROJECT DETAILS

1.2 SHORT DESCRIPTION OF PROJECT OBJECTIVE AND RESULTS
1.3 EXECUTIVE SUMMARY

1.4 PROJECT OBJECTIVES

WPO SYSTEM ARCHITECTURE AND COMMUNICATION

WP21 PV SYSTEM OPERATION STUDIES

WP2 DYNAMIC ANALYSIS AND STABILITY SUPPORT

WP3 TESTING AND EXPERIMENTAL SETUP

WP4 DEMONSTRATION AND SOLUTION EVALUATION

1.5 PROJECT RESULTS AND DISSEMINATION OF RESULTS
1.5.1 VOLTAGE CHARACTERISTICS AT LV NETWORKS

1.5.2 GRID IMPEDANCE MODELLING

1.5.3 SOLAR PV SYSTEM AND ITS CONTROL FUNCTIONALITY
1.5.4 VOLTAGE RISE CONTROL VIA ACTIVE POWER

1.5.5 VOLTAGE CONTROL VIA REACTIVE POWER

1.5.6 ACTIVE POWER CONTROL CASE STUDY

1.5.7 REACTIVE POWER CONTROL CASE STUDY

1.5.8 SUMMARY OF VOLTAGE RISE CONTROL METHODS
1.5.9 TRANSFORMER LOADING WITH RESPECT TO PV PENETRATION
1.5.10 COMMUNICATION OF PV INVERTERS

1.6 UTILIZATION OF PROJECT RESULTS

1.7 PROJECT CONCLUSION AND PERSPECTIVE

2. REFERENCES

10

14

15

17

18

20

24

24

26

33

34

36

37

37

43

Version: november 2014



1.1 Project details

Application of Smart Grid in Photovoltaic
Systems — PVNET.dk
ForskEL 10698

Project title

Project identification (pro-
gram abbrev. and file)

Name of the programme ForskEL

which has funded the pro-
ject

. . Danfoss Solar Inverters
Project managing compa-

ny/institution (name and

address) Technical University of Denmark

. Danfoss Solar Inverters
Project partners

Technical University of Denmark
Energimidt

Bornholms Energi & Forsyning
26843626 (DSI), 30060946 (DTU)

CVR (central business register)

31 August 2016

Date for submission

1.2 Short description of project objective and results

The motivation of the project is to study how to increase the penetration level of
solar PV systems into the current Danish distribution network. With exploitation of
the state of the art of converter grid management functions, the project also stud-
ies the effects and feasibility of implementation in real distribution network. This is
done by examining qualitatively and quantitatively different types of grid voltage
control functions, applying inverter communication functionalities and introducing
new ancillary services that can be provided by the solar photovoltaic (solar PV) sys-
tems.

The project contributes to higher deployment of solar PV plants into the current
distribution grids, in particular residential grids, to postpone or avoid inconvenience
to the grid or provide positive support to the operation. The impact and benefits of
solar PV systems are more disclosed to both the operators and the public. The re-
search can provide valuable analysis, solar PV data, testing facilities, and hardware
platform in respect to the upper mentioned topics enabling a smooth integration of
solar PV systems in networks. The practices in the project can be used as a sample
to the grids who are ambitious in solar PV deployment, and would like to actively
integrate solar PV systems into operation, taking advantage of the inverter technol-
ogy which could help grid stability and management.
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1.3 Executive summary

As traditional fossil-fuelled energy has drawbacks of greenhouse gas emission and
air pollution that imposes on the global environment, the necessity of using new
forms of generation has been realised and confirmed. In 2007, EU commission set
the '20-20-20' targets which defines the goal of 20% EU energy consumption com-
ing from renewable resources in 2020. This high level of renewable portfolio stand-
ard, and the cost reduction of renewable energy technologies are driving the re-
newable energy development. As a reliable source, energy from solar photovoltaics
(solar PVs) is able to provide a significant share of electricity demand where a steep
growth of application has been seen and will likely take place in the near future.

The potential impacts from solar PV on the operation of the electricity grid, espe-
cially distribution grids, must be investigated for further adoption. The existing grid
has seen the growth of rapid demand increase in the last decade, and will be fur-
ther populated by the new forms of renewable resources, such as rooftop solar PV
plants. Traditionally the grid capacity and security are mainly reinforced by con-
structing new lines, however, it is restricted by economic and regulatory issues. To
mitigate the grid impact from renewable resources meanwhile fulfil the high stand-
ard renewable goal, current initiatives on smart grid technologies may be an alter-
native.

The project lasted for more than 5 years therefore there are many activities in rela-
tion to solar PV integration were implemented. The main efforts of the project can
be summarised into the following,
1. Grid impact study of solar PV systems focusing on the grid voltage impact,
which is seen as a key limiting factor in weak low voltage grids;
2. Exploiting the grid management functions of solar PV inverters to verify the
effectiveness of voltage control;
3. Explore the potential combination of solar PV with other technologies, espe-
cially storage devices, to enhance the distribution grid controllability;
4. Utilize the communication capability of solar PV inverters to broaden the
monitoring system of distribution grid operator;
The first three items form the main body of research activities while the last bullet
is on demonstration.

The activities in PVNET.dk project cannot survive alone without support from other
smart grid projects that take place meantime. For example, PV Island Bornholm
(PVIB) project [1], where the objective is to roll out solar PV systems on the island
of Bornholm to reach about 10% solar PV power (of the peak load) in the island,
provides PVNET the access to the solar PV plants in Bornholm for demonstration
purposes. EcoGrid EU project [2], is a large scale EU project which set to study and
demonstrate market based control for demand side management. Similar project as
PVNET in the EU scale is MetaPV [3], which shows how solar PV can support the
grid actively on a large scale in historically grown distribution networks.

The consortium is formed by:
— Centre for Electric Power and Energy, Technical University of Denmark
(DTU);
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— Danfoss Solar Inverters (DSI);
— EnergiMidt A/S (EMDT)
— Bornholms Energi & Forsyning A/S (BEF)

The key contributions and findings of the project are,
— Voltage control functions from solar PV inverters can help the voltage quality
of the LV grid especially at the end of the feeder.

— For providing the grid services, there is a clear improvement when the con-
trol settings are optimized;

— Residential inverter measurements can be used as additional inputs for grid
monitoring, however communication protocols are not fully in place, and the
need for this can be more materialised for the attention of distribution grid
operators;

— The need and potential of combining with storage technologies is seen as
key to enable very high level of penetration of the solar energy.

— The resent Danfoss MLX solar PV inverter includes many new ancillary func-
tions, developed during the PVNET project.

1.4 Project objectives
The initial project description starts from the motivation of study the full impact of
solar PV systems in a modern grid, with all different kinds of issues including power
balance, grid modelling and stability analysis [4],

e Prototype system

Carry out the modelling of prototype distribution systems/feeders with high pene-
tration of solar PVs as well as other different types of distributed energy resources,
to support the steady-state and dynamic study of system behaviours under regu-
lated and deregulated environment.

e Grid operation studies

Study the operation impacts of solar PVs on the distribution and low voltage grids,
without and with the presence of other renewable resources and demand, e.g. Elec-
tric vehicles, under different generation/load scenarios, both on the balancing issue
includes the balance of power and energy based on solar PVs penetration levels,
and planning issues.

e Stability impact

Study the dynamic behaviour both of the solar PVs power systems and the grid im-
pact from solar PVs, the interactions among solar PVs and thermal units, and other
distributed energy resources by exploitation of the state-of-the-art inverter tech-
nology to support the system stability on different stability issues.

All the studies serve the common objective of the project that is to explore the limit
of the current grid for solar PV energy adoption, and investigate how the functions
of inverter itself can help with the process, and the potential of extending the ser-
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vices to a larger level. The objective is achieved through the five work packages
that are summarised in the following Figure 1,

Phase 1 Phase 3
T | o I
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| ! | |
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| | | |
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i > i wp3 | I
' | | |

Figure 1. lllustration of the relations between Suggested work packages

WPO System Architecture and Communication

This work package was not initially planned however found to be extreme important
to the project. The work package was set out to find out what could be the need of
communication capability of inverters in the future operation. Different stakeholders
were contacted when designing the system architecture and communication stand-
ards to ensure compatibility to the EcoGrid EU project.

The project come up with the following architecture that eventually lead to a solar
PV virtual power plant (VPP),

10 kV (~]1 [~] [~]

Ve il
1

Tstlevel | PV | | PV | | PV |
Agent

2nd level
Agent

Figure 2. Assumed system layout, where each house/home has up to a few solar PV invert-
ers. The PV systems are controlled by a local agent, 1st level agent, which communicates
with the neighboring agents in case of a ring-network and also communicates with the 2nd
level agent.

Such architecture is from commercialization point of view. By the time of discussion
(2012-2013), a commonly agreed communication and information model for solar
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PV inverters were far from convergence. From the project point of view, there are
two threads to be followed

1. For demonstration purposes, since there is no commercially available solu-
tion, therefore to implement such system, a viable solution is to use the cur-
rent communication capability of DSI inverters and develop a communication
interface for the inverter, so that the data from inverters can be polled from
external command through the firewall. This task is taken by DTU;

2. From the commercialization point of view, DSI continues to search for com-
mercially available communication and information model (eventually Sun-
spec) and develop the inverter control manager (acting as agent in Figure
2).

The communication interface developed by DTU will be rolled out in industrial PCs
which is installed next to the solar PV inverters. The lessons learnt from the WP and
demonstration includes,

1. To communicate with the inverter in a local network from world wide web
needs to breach the cyber security of the local network, which can be a big
obstacle;

2. Customer contacts are important in implementing new technologies into the
existing solar PV plants;

3. Agreements between the solar PV plant owners and the project need to be
first in place for the project to have the access to the solar PV inverters;

4. The demonstration site was planned in the area with high solar PV penetra-
tions, however, such place may not have DSI inverters;

The project eventually overcome all the issues to have the demonstration in place
in real system, though after much longer time than expected.

WP1 PV System Operation Studies
WP1 aims at carrying out studies in the current grid and providing technical inputs
and suggestions for the solar PV integration towards large share of solar PVs in the
system with the presence of the other distributed energy resources. In the project
result, various work was carried out in this work package on different aspects of
solar PV systems. Details can be further sought in the dissemination results. In this
report, the main contribution to this work package can be summarized into four
main topics,

1. Voltage rise mitigation for solar PV systems;

2. Design and cooperation of solar PV and storage systems;

3. Exploitation of solar PV inverter ancillary services;

4. Hosting capacity of solar PV in distribution grids;

All the studies in the project are based on the energy system of BEF, which is given
in Figure 3. The island of Bornholm is situated at the south of Sweden with 28 000
customers (of the grid company, not inhabitants). The total yearly consumption is
about 268 GWh with 55 MW peak load. The network has a voltage level of
60/10/0.4 kV with multiple substations. There is a sea cable connected to Sweden
through a 60/132 kV transformer, which enables the system operating in either
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interconnected or island mode. The island has a high share of wind with 30 MW
installed capacity, and are equipped with nearly 7.9 MW solar PV power currently.
This makes the island attractive for renewable energy and smart grid studies and
demonstration. PVNET.dk project exploits the advantage by both study and demon-
stration.

BORNHOLM ENERGY SYSTEM

District hest plants

Districl heal starage lank

;i 6 District heat plants - binmess

Power plants - biogas

2 -
i § 150 control wom
Substations
i
e T ——
=l Pawer grid - 1060 kY
()] pistit heting aren
[ s

Figure 3. Bornholm energy system

Among others the combination of solar PVs and storage is seen as the most effec-
tive way for solar PVs integration, as the presence of storage devices significantly
enhance the flexibility and efficiency of solar PVs operation. The storage can be
possibly stationary batteries, electric vehicles, or heating facilitates. A coordinated
control among the solar PVs and other energy resources with different types of
storage devices are necessary which is seen as an essential task for grid integra-
tion.

WP2 Dynamic Analysis and Stability Support

WP2 aims to provide a prototype model of distribution grid with solar PV systems as
well as other distributed energy resources, and apply to dynamic study of the Born-
holm system with high solar PV penetration.

As the research activities starts towards the distribution grid development, initia-
tives have been taken to develop a generic distribution grid model on the low volt-
age (LV) and/or medium voltage levels, as to a). simplify and generalise the studies
performed, b). avoid disclosing secrecy information from distribution operators, c).
streamline the results. In this project, dependent on different voltage levels, the
prototyping task is broken down into the following three parts,

1. The highest voltage level of distribution grid. This is the 60 kV system with a
circular topology, as shown in Figure 3. To preserve the fundamental net-
work characteristics, no simplification is made on the topology. Parameters
of transmission lines and transformers are changed slightly and used in the
model for secrecy. As the main generation units (synchronous machines) lo-
cated geographically close to each other, it is possible to aggregate them by
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a single synchronous generator. The equivalent generator model is validated
by applying symmetrical faults in the network.

2. For medium voltage level, the network contains thousands of components,
including lines, transformers, and wind turbines. Since it is mostly radial op-
eration, therefore the system is mainly finding the typical length and param-
eters of the feeder.

3. For the low voltage network level, one of the largest LV feeders in BEF with
low LV transformer’s capacity (relative to the rest) is found and used in the
studies. Since solar PV issues so far take place in the residential network,
therefore this system is used frequently in overall studies.

Dynamic study is focus on time series simulation of the voltage/frequency respons-
es, small signal stability and volt/VAR compensation to the transmission grid. The
study is based on Nordic32 system with a few synchronous power plants replaced
by solar power plants with similar capacity.

WP3 Testing and Experimental Setup

The part of the work contributes to test the inverter functions in the lab and estab-
lish a solar PV integrating and testing lab in the PowerlabDK of DTU [5]. The work is
also for developing and testing the communication interface before used in the BEF
grid. The work comprises three parts,

1. Testing of inverter ancillary service functions
This part of work is testing the power control functions of inverters with respect to
power functions,
e Reactive power control functions, a). reactive power set point, b). reactive
power as a function of terminal voltage Q(U), c¢). Power factor as a function
active power PF(P);

e Active power functions: a). Active power efficiency, b). Active power set
point control, c). Active power output as a function of frequency, P(f);

Figure 4 describes the main setup of the testing system in the PowerlabDK. The
main power source is a 4-qudrant amplifier that can provide the required voltage
signals for the response of inverters. A DC power supply is used that can provide
the characteristics of solar panels for testing the MPPT tracking of the inverter.
Labcells in the system serve as busbars that provide measurements and intercon-
nection.

The solar PV system installed in the project situated close to PowerlabDK contains 3
DSI solar PV inverters with total capacity of 26 kW. The solar PV inverters are of
type Triple Lynx Pro +, which has various grid interactive functions that can serve
the need of the project.

Version: november 2014 9



Figure 4. Testing system configuration

2. Installation of measurement system in BEF network
One of activities in the early phase of the project is to set up a measurement sys-
tem in Bornholm at MV and LV levels using high quality measurement devices for
monitoring the 3-phase voltages and currents from different renewable resources.
The measurement unit has high sampling rate with waveform recording and GPS
synchronisation capability, which can be used for both power quality monitoring and
wide area control studies. The target is to roll out this type of measurement devices
on Bornholm to all the steam generator units feeders, the 60/10KV stations feeders
connected to wind farms and solar PV plants, the terminal of large solar PV plants,
and the transmission line to Sweden. The measurements are transmitted near real
time to a remote server located at DTU through Ethernet.

Eventually 10 ELSPEC metering devices [6] are installed in the system with high-
resolution power quality measurements collected into the database at DTU Pow-
erLab. The system has been running very well since it is in operation. The locations
of the ELSPEC are in the wind power plant terminals, solar plant terminals, central
connection links and power stations.

Besides the above two parts, a professional weather station for meteorological
measurements is built within the project that provides inputs to solar PV forecasting
tools.

WP4 Demonstration and Solution Evaluation

WP4 contributes to the implementation and evaluation of the methods and func-
tions for PVs integration conforming to the EU goal. The work package contains the
following steps,

1. Development of communication interface
The communication interface is developed on the protocol developed by DSI, which
enables external software communicate with the inverter by obtaining the meas-
urements and sending control signals. The communication interface will be installed
in a small industrial PC, where the PC will be installed next to the inverter. The
whole system architecture is given in Figure 5, which shows that

Version: november 2014 10
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Figure 5. Communication system setup

The Danfoss inverter has an auxiliary capability for monitoring with time-stamped
real/reactive power outputs, voltage/currents, frequency, etc. The measurements
can be used for grid monitoring, and as inputs for solar forecasting.

2. Roll out the solution in agreed sites in BEF grid;

This part is non-technical part of the project, however requires most of the effort to
be achieved.

Due to the ongoing PVIB phase 1-3 projects on Bornholm a large amount of distrib-
uted solar PV plants have been installed on the Island. The PVNET project tried to
identify the spots in the BEF grid with very high penetration of solar PV. Even
though that more than 5 MWp at that time was installed on Bornholm we found no
place where the hosting capacity on a 0.4/10 kV transformer was much above
40%.

At the same time we were looking for areas with inverters from DSI since the soft-
ware for control to be used in the project was made for DSI inverters. Due to
changes in the net-metering support scheme during the project period and some
tax issues related to private persons receiving subsidy for their solar PV systems
the process of identifying grid nodes/areas with high amount of solar PV was de-
layed.

The table below displays shows the 20 transformer stations with the most solar PV
installed. The hosting capacity is calculated as the relation between transformer
power and installed solar PV power B/A [%0].

STATION NR. A B B/A PV
(TRANSFORMER) |  [KVArransroruer] [=KWpeak] [%] | INSTALLATIONS.
546 100 40,2 40,2 7
637 50 16 32 3
401 50 13,6 27,2 3
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84 100 27,1 27,1 5
459 400 100 25 1
302 100 24,8 24,8 5
324 50 12 24 2
645 50 12 24 2
649 50 12 24 2
652 50 12 24 2
751 50 12 24 2
737 50 11 22 2
932 50 11 22 2
728 50 10,5 21 2
697 200 40,4 20,2 7
9 30 6 20 1
399 50 10 20 2
639 50 10 20 2
726 50 10 20 2
738 50 10 20 2

As showed in the table station 546 is the transformer with the highest amount of
solar PV installed. The power ration is above 40%. The map of the area is given in

Figure 6.

Figure 6. Location of PV plants at station 546.

In close collaboration with the PVIB project we investigated the possibility of in-
stalling more solar PV in this area with the potential to have a high percentage of
solar PV installed. At the end we concluded that no more solar PV would be installed

in this area within the time period of the PVNET project.

At the end we ended up using 2 solar PV systems that was installed at the Munici-
pality of Bornholm. The systems have a total of 63 kWp installed and where grid

connected through 6 inverters.
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Plant information
— Rgnne idreetshal
Torneveerksvej 1, 3700 Rgnne
3 x Danfoss 15 kW inverter
— Kildebakken
Kildesgardsvej 19, 3770 Allinge
3 Danfoss 6kW inverter

The inverters were prepared for the control from DTU and access to the Municipally
Ethernet and firewall was established after some challenges due to all the security
setup. Depending on the application, future communication with key solar inverters
for grid service purposes the options could be either through a direct fiber line to an
inverter or through a RTU, while for general generation data collection then the task
is to find a solution where the existing communication channel can be used, without
affecting the security of the existing system

The system where tested in field and accessible from external for maintenance and
error handling and we validated the effectiveness of the solution. The last part of
the work that involves data quality checking from the server.

An envisaged future operation of residential solar PV systems from the project is
illustrated in Figure 7. The solar PV system, together with storage devices, are co-
ordinatively controlled by an intelligent smart house management system. The
management system should be able to communicate with external operators, for
example virtual power plants, distribution grid operator, or retailer, etc.

Virtual power plant,
Distribution system operator, [
Retailer, ...

Smart house management system

Househould demand

Figure 7. Envisaged future residential solar PV system operation
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1.5 Project results and dissemination of results

Solar energy is the most important natural energy source to the world. The total
solar energy absorbed by Earth’s atmosphere, oceans and land masses is approxi-
mately 3850 000 exajoules (EJ) per year, which means one hour of the energy
from the sun is nearly 10 times of the total world consumption in 2013 [7]. Solar
photovoltaic power generation utilises solar panels comprised of a number of solar
cells containing a photovoltaic material. Driven by the advancement of the genera-
tion technology and the ever decreasing technology cost, as well as the increase of
electricity prices, a steep deployment of solar PV has been seen in recent years.
The installation capacity worldwide increased nearly 10 times since 2009, and
reached 227 GW in 2015 [8], which is after hydro and wind power, the third most
important renewable energy source in terms of installed capacity [9]. According to
recently published reports by the United Nations Environment Program (UNEP) in
2016, 56% of the investment in renewable energy worldwide flew into solar with
continuous increase of new investment over the last 3 years [10].

In Denmark, though wind energy has been a primary focus area of the government,
it has seen a fast deployment of solar PV in the last two years. With only total 16.7
MW installed by 2011, the capacity increases to 392 MW by the end of 2012, and
approximately 800 MW today. The trend is foreseen to be continuous in the next
few years, especially for the small- and medium-sized PV plants, given the ever
increasing electricity price and decreasing technology cost.

Followed by solar PV adoption is grid integration. With high amount of solar PV in-
stalled, the variable solar PV outputs bring issues on the security of supply, espe-
cially due to the network constraints. A large part of the installation takes place in
the low voltage (LV) residential areas, where the grids are not initially prepared for
interconnecting large amount of generation units to feedback into the system. Is-
sues such as voltage, congestion, efficiency, are emerging. Two main alternatives
are available for those issues, network reinforcement and smart grid technologies.
The solution of network reinforcement may involve large change of the network
including the LV substations and cables, which are not a favoured solution by the
utilities as to its cost and inflexibility, since conventional planning is based on the
worst case scenario and the flexibility of the network operation is not modelled. On
the contrary, the recent development in smart grid technologies, featured by the
application of information and communications technology (ICT), advanced meter-
ing infrastructure, demand side management and virtual power plants, provides
other possibilities to mitigate the solar PV impact. Several projects have been
launched in EU in recent years to investigate these opportunities [11].

The ever increasing solar PV capacity naturally substitutes the traditional fossil-
fuelled generation plants. Those traditional plants, besides supplying the demand,
deliver various ancillary services to maintain the operational security. With the in-
creasing of solar PV in the system, the operational services delivered by those tra-
ditional plants, consequently, are transferred to the new PV plants. On the other
hand, thanks to the recent advancement of solar inverter technologies, solar PV is
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able to provide system services by varying power outputs under different condi-
tions.

The results given in the section focuses on important solar PV integration issues in
the current distribution network.

e Voltage rise problem and mitigation control methods;

e Other grid impacts;

The content presented here represents a higher level abstraction of the work mate-
rialised in the project. Details can be sought from the dissemination list.

1.5.1 Voltage characteristics at LV networks

Voltage control is a critical issue for large scale PV integration in the LV grids. The
resistivity of the residential LV grids makes the voltage control differs from high
voltage (HV) transmission systems.

Considering a simple network as shown in Figure 8, ignoring the shunt capacitors of
the system, in HV system, the magnitude of the resistance is much smaller than
the reactance, whilst it is an opposite situation in LV grids. In Figure 8, considering

receiving end voltage vector \/T is at standard position, the expression of the volt-
age drop across the line is
AV =i (R+ jx):[mj (R+ jX)
VT
_ PR +QX T PX -QR
V; V;

@

In HV systems, as to the high X/R ratios, the voltage drop can be expressed by ig-
noring the resistance effect,

A\/zQ—X+jﬂ,and ‘A\/‘zQ—X )
Vv, V. v,

T T
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Figure 8. Comparing the voltage drop characteristics at HV transmission and LV grid due to
X/R ratios

where ‘AV‘ can be approximated by ignoring the effect of imaginary component

I:’X/VT . In LV systems, due to the lower X/R ratios, the effect of resistance is no
longer negligible, and the assumptions taken for HV systems are no longer valid.
This difference is also illustrated in Figure 8. Ignoring the imaginary part of (1),

‘AV‘ in LV system may be approximated by

AV = % 3)

The total derivative of ‘AV‘ with respect to power transfer is

. G‘AV" G‘A\/‘ R X
d‘AV‘=—dP+—dQ=—dP+—dQ (4)
oP oQ V.V,
From Eq. (4), it can be seen that an increment of active power transmission will
automatically increase voltage difference; while by applying negative reactive pow-
er increment, this voltage magnitude difference may be reduced. For a system with
solar PV installations, the solar PV inverter can be seen as the generator at the

sending end in Figure 8 system with voltage \/S , while the receiving end is the up-

stream system. If solar PV is injecting power into the system, ignoring the losses
on the line, the power is the same seen at the receiving end, thus the discussion
above explains exactly the voltage rise issue and the possible control strategies.

In general, the impedance in Figure 8 system can be viewed as Thevenin imped-
ance seen from the solar PV inverter, together with the receiving end it represents
the system side. To mitigate the voltage rise issue at the sending end, assuming Z

and system side voltage \/T constant, two ways can be seen from Egs. (3)-(4): ®

Reduce active power generation; @ Increase reactive power consumption.
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The effectiveness of each method is however dependent on the X/R ratio of the
Thevenin impedance, which can be seen from Eq. (4). The actual voltage difference
across the line is dependent also on the actual values of X and R, as shown in Eq.
(3). In order to design proper control strategy, it is of interest to study the
Thevenin impedance of the distribution systems to design or select proper control
methods.

1.5.2 Grid impedance modelling

A large portion of installed solar PVs is situated at residential grids. At this level, the
system components include the LV feeder, solar PV plants, loads, and a LV trans-
former and upstream system. LV grid, including the LV transformer, may be mod-
elled as detailed as possible to study the solar PV impact under both balanced and
unbalanced situations.

The upstream system, since it usually has much larger capacity than the LV grid,
can be simplified by Thevenin equivalent, where a method to obtain the impedance
is Z-bus matrix, the inverse matrix of the admittance matrix. Given a system with n

buses, the relation between the bus voltages V and current injection I is,

_le Zli Zln |1 V1
Zy - Ly o L, I‘i = vi )
_Zn1 Zni Znn__l.n_ _vn_

The diagonal element Zii represents the network impedance seen from the bus i. It

is worth noting that compared to load flow calculations, the admittance matrix here
should also consider the internal impedances of generators and loads if possible.
This method can also be extended to unbalanced system analysis where each phase
is calculated separately. As a static method, the accuracy is restrained due to the
ever-changing system operating conditions.

Another method to obtain the Thevenin impedance is measurement based, where
the system impedance is approximated by measuring the local voltage difference
via varying load levels [12]. Though the method is easy to implement, it is often
inapplicable to be applied to study large amount of solar PV installations in a distri-
bution system due to the enormous number.

With an estimated grid impedance, a LV grid with solar PV system can be modelled
as shown in Figure 9.
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Figure 9. An example LV system with solar PV

1.5.3 Solar PV system and its control functionality

Dynamic model of solar PV plants are required in modelling the solar PV controls.
Solar PV system can be seen as a controlled voltage source with variable imped-
ances through which the current flowing out from the PV inverter is controlled (or a
controlled power/current source in general terms). Different control strategies have
been developed in solar PV inverters through controlling the current outputs. De-
pending on the objective of study, the operation of solar PV inverter can be either
modelled in detail including the modelling of inner current loop, phase locker loop,
pulse width modulation, and switching on/off of power electronics components such
as IGBTs for EMT simulations; or simplified into a controlled current source in a
system representing the active/reactive power characteristics for RMS simulations.
Figure 10 shows an example structure of a standard solar PV system.

Voltage measurement

=

3z

L) e

= - o
Active/Reactive 3
Current T
Command

\ 4

Electrical Simplified
control converter E—»
model model

P, Q generation

Power Order‘k

T
MPPT model
User written

Electric power

Weather info
(Solar irridiance,

l Freq. Mea.

temperature, etc)

Figure 10. Example model structure of a solar PV system

In Figure 10, the electric control system includes the active and reactive power con-
trol loops. Current inverter manufacturing standards have defined the basic electric
characteristics for grid connectivity that inverters are capable of [12] [13] [14]. The
grid connection requirements are further elaborated on the basis of inverter control
functionality by different countries. For active power control, a key requirement is
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the power/frequency responses, where inverters are required to reduce their pro-
duction when the system frequency is over a threshold. As an example, BDEW re-
quires PV inverter to reduce the power output at a rate of 40%/Hz when the fre-
quency is between 50.2Hz and 51.5Hz, while recover the production when the fre-
quency back to 50.05Hz [15], as shown in Figure 11. Similar requirements are late-
ly included in the Danish technical recommendations for solar PV (TF 3.2.1 and TF
3.2.2).

P.[kW] BDEW 2008 and HV
/ \ Frequency stability
1000—— | : -~ control function,
| on Grid \u OnGrid | Medium and high voltage
gool H—— L e |
: : . 50,2Hz— f,,,
ool | 1 : AP : | _40% reduction AP =20R, 50Hz
48071 — — _:' T T A — : Range: 50,2 < ft< 51,5 Hz
400 | X AP = Active power decrese or increase
'__IOff Giité : : : offerid Pwm= Frozen active power value
200 | | | fgia = actual grid frequency
H+———- >ty
47 | 48 49 50, 51,5
47,50

Figure 11. Frequency response requirements from PV inverters

Inverters above certain capacity are required to have reactive power capabilities
[14] [16]. ENTSO-E newly redefines the network codes on the requirements of
generation power plants, which indicates the PQ operational region, as the inner
envelop shown in Figure 12.

V/p.u.
Fixed Outer Envelope
1.100 +
| I |
1.050 -
| |
. | Voltage Range |
1.000 - f |
_ a >
! ijmax Range I
0.950 o l
| |
| Inner Envelope |
0.900 - e e —————————————
QJIIera!(
0.850 I I I I I I I I I U I I I I I I I I I I I I L I Ll L
[=] [=] o o (] o (=] (=] (] o o o o (=]
(=] (=] =] o [=] =] (=] (=] o o (=] (=] o o
o 0 < ™ N = = = N @ < 0 @ ~
Leading power factor Lagging power factor

Figure 12. Operating PQ envelop

Inverters can have the following reactive power functions,
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- Fixed reactive power setpoint;

= Fixed power factor setpoint;

= Power factor (PF) as a function of active power PF(P), or voltage PF(U);
« Reactive power as a function of voltage Q(U);

Inverters with small capacity may only have setpoint control capability, while larger
units are usually capable of all the four control functions. Examples of PF(P) and
Q(U) curves are shown in Figure 13. It is worth mentioning that the exact shape of
the curve may be defined according to different situations. As shown in Figure 13
Q(U) curve, instead of a single droop, an additional point [Ux, Qx] could be added
to the lower part of the curve to differentiate the responses of the PV plants whose
terminal voltages are close to the reference with the plants whose voltages are
higher. This balances the reactive power contributions from the PV plants close to
the LV transformers and the plants at the far end of the feeder.

cosd ) Q,
cos¢y —m———4—————( — — = K== [— =
. | |
2
| |
g
g | |
o
. |
= |Umin Udmin[ Ure{
QU
g | | |
@
g | | |
> | | I
cos ¢, | [ Qamin |
| |

ﬁ Deadband —%
Figure 13. Example control curve for PF(P) and Q(U).

Grid connection requirements also define inverter characteristics under abnormal
low voltage situations such as grid faults. For certain studies in protection and dy-
namic voltage support, this feature should also be included in the inverter electric
control model.

During the project, a PF(U) control scheme was developed and implemented into an
inverter and tested, see Figure 14.

1.5.4 Voltage rise control via active power

An obvious method to mitigate the voltage rise is via reducing the active power
injection to the grid. As LV feeders usually have R/X ratio higher than 1 by Eq. (4),
the active power method is more efficient than reactive power for voltage regula-
tion purposes [17]. Among the various technologies proposed in literature, the
basic ideas are two,

1) local consumption increase;

2) Solar PV power curtailment.

The local consumption can be adjusted through introduction of demand side man-
agement or components such as storage systems. As solar PV power curtailment is
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not a favourable method for the loss of energy but also financially losses compared
with other solutions, the discussion is hence focus on the first option.
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Figure 14. Example control curve for PF(U) [18].

1.5.4.1 Solar PV with electrical energy storage systems

By applying electrical energy storage systems (EESS), solar PV plant output can be
reduced through EESS charging during the peak production period, thereby keeping
the LV feeder voltage stable. The energy stored by EESS can be used later to sup-
ply the demand. In addition, EESS can smooth out the PV power fluctuations and
provide operational reserves to the system. Various commercial solutions as such
have been developed in the market at the moment.

The implementation models of EESS at a LV feeder can be,

1) Decentralised storage systems installed together with PV plants. This mostly
takes place at residential PV systems, and various home storage systems have
been shown in the market;

2) Centralised storage station for the whole LV feeder. Such system could be owned
by grid operator or mainly used for grid services;

3) Mix of above two possibilities.

Nevertheless, the main technical question of using EESS for voltage regulation is to
determine the charging power for voltage regulation purposes. The project have
found that the most efficient place of EESS is at the end of the feeder, where the
required charging power of EESS is minimal.

A mathematical formulation using mixed-integer optimisation for charging power
minimisation is
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where P. , Vi are the charging power and voltage of the feeder bus i where storage

system interconnects. The integer variable makes the formulation applicable either
for operation, determination of minimum charging power; or planning, determina-
tion of locations of storage systems. To check the voltage constraint, it usually
needs solving nonlinear power flow equations to obtain voltage magnitudes. In the
project, this constraint is simplified by a set of linear equations using first order
Taylor expansion between voltage and power injection,

V- re @)=V T ) @

oP '0Q L AQ

where |V |, is the voltage magnitude at the base case. The first order derivatives

can be obtained from inverse matrix of the last iteration Jacobian in Newton-
Raphson load flow calculations.

With EESS the PV outputs can be reduced at a desired level. As seen from Figure
15, suppose a PV unit with the maximum output power of 4 kW with a perfect
weather condition, to curtail the power output at 3350 W, theoretically the mini-
mum EESS size is 1 kWh. To curtail the output power at 2170 W, the required EESS
increases to 10 kWh. Technically, the energy requirement of storage systems is
related to the PV generation, implementation models and operational strategy. Siz-
ing of EESS involves optimisation across multiple time scales with different criteria,
and different solutions can hereby result.

4,000
A: 1 kWh EESS
B: 10 kWh EESS
3350 :
S B
= 2170
o
3
3]
o
% 10 _ 15 20
Time [Hour]

Figure 15. Energy requirements of EESS with PV systems.
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1.5.4.2 Solar PV with electric vehicles
An emerging demand in LV grids is electric vehicles (EVs). EVs can work as a stor-
age device when connected to the grid.

The project demonstrates that EV charging, which first may appear as an additional
load to the grid, can be used as an effective storage solution. In grids with PV, EVs
represent a unique opportunity, as not only they can locally consume part of the
produced PV energy, yet this energy reduces the charging energy from the grid and
gives additional travel range for EV drivers. For example, an average size EV with a
24 kWh battery, the charging process can show an additional demand of about 3.7
kW with a single—phase charging option. EV charging, with coordination to PV gen-
eration, can help to mitigate the voltage issues.

PV and EV have great potential to be incorporated in different ways. For house
charging, a simple solution could be modulating the EV charging power by the grid
voltage, where EVs apply more charging power when PV production and voltage are
high while opposite when production and voltage are low. If the EV charging is reg-
ulated by aggregator, then more advanced control strategy should be applied
through ICT infrastructure. For residential charging, a higher number of EVs is re-
quired to obtain equivalent voltage rise mitigation effects when the charging loca-
tion is close to the LV transformer. On the contrary, smaller charging load is re-
quired with a station locates near the feeder end.

If we consider a public charging station, with the possibility to accommodate the
parallel charging of several vehicles, this can be ideally seen as a grid-connected
battery; the charging load due EV parallel charging can cope with high PV genera-
tion, by activation from a centralized position. The study performed in the project
shows that a radial feeder can be able to accommodate more PV without the need
of grid reinforcement, but only with coordinated EV charging.

However, the use of EV charging for voltage regulation corresponds to a particular
type of active power management, which necessarily relies on EV availability and
the uncertainty on solar irradiation. Such uncertainty can be mitigated by the num-
ber of EVs under a feeder, as a few driving pattern analysis shown in literature
found that the availability of EVs is high during the mid-day when people started
working, which is sync with the time when PVs are in high production. For individual
cases, due to the orientation of PVs, the production curve can differ.

With the use of controlled charging, a new figure, the one of a local EV fleet opera-
tor, can make effective use of the EV load, by handling locally statistical information
such as daily EV charging patterns and PV generation forecasts. Grid operator may
buy the service from the fleet operator for voltage regulation to avoid voltage
rise/reduction issues. How much exactly the grid should pay for such service is a
question of cost/benefit analysis and proper defined requirements of the service.
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1.5.5 Voltage control via reactive power

Reactive power is another option for voltage regulation. Unlike active power, reac-
tive power method exploits the capability of inverters without need of additional
devices for voltage regulation. Though may not as efficient as active power method
at LV grids, it could be more in favour of the stakeholders as neither PV production
curtailment nor additional investment is required. However, as additional reactive
power could induce additional reactive current in the grid, additional grid losses
may result especially at high PV penetration levels [19].

Inverters above certain size are capable to provide reactive power even when reach
the nominal active power output [16]. The inverters can be set either individually
by empirical approaches, or by certain coordination. Both cases are testified in the
project. The characteristics of reactive power provision are defined by the selected
control method and its parameter settings.

The setting of reactive power control can be dependent on the PV production and
the resulted voltage. Considering the possible extra losses in the network as well as
possible congestion issues, the objective of coordination can be a compromise of
the three objectives,

min f = Cl (VI _Vref )2 + sz I:)Ioss + C3Z(Si - Simax )2 (8)

where V; and V,, are the voltages at the i-th PV plant terminal and preferred volt-

age, respectively. Vref can be set according to the LV transformer tap position, and

usually is 1 pu. P represents the total power losses in the system. S, and S,

0ss

represent the actual flow and the maximum flow on the i-th section of a LV feeder.

C,. C, and C, are coefficients of each objective.

Subject to Eq. (8), the performance of different control settings should be evaluat-
ed under different PV production and load scenarios, and time series simulation or
sequential load flow analysis may be required to obtain a general performance of
the settings. The above formulation can be deployed to tune the parameter set-
tings, while the setting that provides overall best performance should be selected.
In implementation, by the above formula, a group of PV inverters can thus be coor-
dinated and run together as a 'Solar Virtual Power Plant’ to realise voltage regula-
tion at a LV feeder, or even a larger distribution area.

1.5.6 Active power control case study

A comparison of using active and reactive power for voltage regulation is done us-

ing an example grid from with 33 households and 9 roof-mounted PVs, as shown in
Figure 16. The results build on the work presented in [20]. Time series simulations
are performed based on 1-year generation and load profiles, highlighting the need

of voltage regulation in 98 days.

Version: november 2014 24



Busbar voltage
1.04 p.u.

240m

4x120mm?

1

3

200m
4x95mm?

320m
4x95mm25

200m
4x95mm?

2

o

FORSK

EL

150m

4 4x150mm?
40m 320m
95mm? 95mm?

0 VB
¥ HUEYOY

PV4 PV5 PV6 PV7 PV8 PVS

6
L
L3

Figure 16. An example system used in study

Figure 17 shows the minimum required active power reduction at the different loca-
tions, related to the charging power from EESS or the number of EVs considering
3.7 as normal EV charging power. The results verify again that the most efficient
place for voltage regulation is at the end of the LV feeder, where the least amount
of storage (active) power is required.
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Figure 17. The required storage power and corresponding number of EVs.

The required active power in Figure 17 considers only one place at each time for
voltage regulation. Therefore, the values represent the maximum power required at
each bus. If more than one bus along the feeder are possible for supplying voltage
regulation, the minimum required active power at each bus will be less the value

given. The determination of the energy level of EESS varies from different opera-
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tional strategies. In reality, planning of EESS will be a compromise between eco-
nomic and technical considerations, while voltage regulation is one of the benefits

obtainable from EESS.

For comparison, similar simulation is also performed using reactive power control to
achieve the voltage regulation, as shown in Figure 18, where the least reactive
power capacity is obtained at different locations. Similar as active power, the most
efficient place for reactive power compensation is at the end of the feeder. Compar-
ing to the active power results, it can be seen that the amount of required reactive
power is approximately 3 times more than active power, which corresponds to the
R/X ratio of the grid. Please remember, that modern solar PV inverters already of-
fers the possibility of reactive power control for this purpose.
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Figure 18. Comparing required active and reactive power for voltage control

1.5.7 Reactive power control case study

An example case is implemented on a LV grid from Danish island Bornholm. The
grid contains 71 households with two LV feeders supplied by one MV/LV 100 kVA
transformer.

The two feeders, feeder 1 & 2, contain 52 and 19 consumers respectively, with an

interconnection cable in between. The interconnector enhances the reliability of the
supply and opens under normal operation. The grid topology and households loca-
tions are shown in Figure 19.

The case studies include two parts. The first part of the study uses typical settings
of PF(P) and Q(U) functions without any optimisation, where in the second part the
parameters of PF(P) and Q(U) are optimised. Finally the results are compared. The
first case study aims to compare the PF(P) and Q(U) methods in a general situation
at different PV penetration levels with 1-year production and consumption data sets
used in time-series simulations. The second study illustrates a simple coordination
of reactive power control to achieve a set of optimal parameter values given typical
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production and consumption values of the feeder. The two study results are not
comparable as different datasets used, however it provides a general idea of how to
choose different controls under different situations.
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Figure 19. Testing system topology and load connections.
The definition of PV penetration used here is,
S
Lo, = 2" 2 100% (9)

loads~'r

where S, .5 rePresents the installed PV power under the feeder, n is the

loads
number of customers down the feeder, in this case is 71. S, is an estimated maxi-

mum PV power at the feeder. In Denmark, a usual installation size for non-
commercial residential users is around 5 kVA, therefore, by Eq. (9), 100% PV pene-
tration means all the users in the grid have 5 kVA PV installed, corresponding to
355 kVA. The studied penetration levels range from 0 to 60% in step of 10%o, cor-
responding to PV installation from 0 kVA to 3 kVA at each household.
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1.5.7.1 Without coordination

The data for setting up time-series simulation include PV production and residential
user consumption. The electrical energy consumption of a residential household in
Denmark is obtained from a typical year at total energy consumption of 3.44 MWh.
The PV generation is formulated considering the worst scenario, where all the hous-
es are assuming inclining 45° south for most possible solar production. A typical
production curve of 1 kWp PV is used as a reference to obtain the hourly production
data for one year. The production curves are scaled to represent different penetra-

tion levels.

Consumption [pu)
(rated to the maximum recorded value)
o

S
18 18

Hour of the day

West

I

South

Figure 20. Orientation of house.

-
g2 4 7 — /2

4 2

Figure 21. Electrical energy consumption over one year for a typical Danish residence.
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Figure 22. Yearly synthesized PV production data for Braedstrup, Denmark, of a 1 kWp PV
plant

The parameters of reactive power control are listed in Table 1. Simulation results
from the two types of controls are given from Figure 23-Figure 26. From Figure 23
and Figure 24, it can be found that feeder 1 is more likely to have voltage issue
than feeder 2, and the PV penetration level given default PF(P) can maximally reach
30% to 35% percent considering all the households install same amount of PV.
With Q(U) method, the voltage is better regulated and the penetration level can go

up to 50% without any voltage problem.

Apparently, the advantage of Q(U) over

PF(P) comes from more reactive power contributions to the voltage regulation, and

hence induce more system losses.

Reactive power control mode | Parameters according to Figure 13
PF(P) cos g1 = 0, cos ¢2=0.95
Q(U) Udmin=0.98, Udmax=1.02, Urer=1
Table 1. Reactive power control parameters
Trafo 100 KVA. PE(P)
1.25

Voltage [pu]

NI <=
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0 5 10
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[PV Penetration:60 %o

15 20

Bus number (ordered by distance to transformer)

Figure 23. Maximum voltages at different levels of PV penetration along feeder 1 via PF(P).
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Figure 24. Maximum voltages at different levels of PV penetration along feeder 2 via PF(P).
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Figure 25. Maximum voltages at different levels of PV penetration along feeder 1 via Q(U).
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Figure 26. Maximum voltages of different levels of PV penetration along feeder 2 via Q(U).
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A general conclusion can be, given low penetration of PV installations where voltage
is not major concerns, PF(P) method can be more appropriate choice over Q(U).
This is due to the fact that with low penetration of PVs, the voltage does not fluctu-
ate much on the LV feeder, therefore the effectiveness of Q(U) is not as good as
PF(P).

1.5.7.2 With coordination

To coordinate the control parameters according to Eq. (8), nonlinear optimisation
technique is required to tune the parameters. In this work, the problem is solved
via Genetic Algorithms (GA), where the parameters of the controllers are tuned
based on the below objective function,

i 6,0, 46T R+ AV Q7 12057

where the first and second items represent the voltage deviation and power losses
respectively. The last three items penalise the over-limit of voltage, reactive power
generation, and line flow. The optimisation variables for PF(P) and Q(U) are given in
Table 2.

(10)

0ss

Reactive power control mode
PF(P)
Q)

Parameters according to Figure 13
COS @1, COS @2
Udmin, Udmax, Ux, Qx

Table 2. Optimisation variables

As the voltage, power losses in Eq. (10) are instantaneous quantities, to evaluate
the control parameter efficiency over a time period, certain procedure of evaluation
is required,

Step 1. Import solar production and load scenarios performing time series simula-
tions, export the results on bus voltages, power losses, line flows, reactive power
outputs from solar plants, at a given time resolution;

Step 2. Find out the worst voltage value, and the calculate the accumulated energy
loss over the simulation period;

Step 3. Evaluate the variable over limits by using the worst values during the
simulation;

Step 4. Calculate the objective function;

Since the studies with coordination is done separately by different partners where
the input solar PV data and consumption is not exactly the same. However the level
of PV penetrations are defined in the same way which makes the increasing of PV
installation have similar effects as previous case. The results from the coordinated
case are listed in Table 3. The voltage profiles along the feeder are shown from Fig-
ure 27-Figure 30.

PV
inst.

10%
cosg(P | Q)

20%
cosg(P | Q)

30%
cosg(P | Q)

40%
cosg(P | Q)

50%
cosg(P | Q)

60%
cosg(P | Q)
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) ) ) ) ) )
cosp | 0.986 0.974 0.961 0.960 0.964 0.961
1
cosp | -0.941 -0.923 -0.946 -0.941 -0.958 -0.944
2
Usmin 0.96 0.96 0.97 0.96 0.96 0.96
1 0 9 0 1 2
Ubmax 1.02 1.02 1.02 1.02 1.02 1.02
1 1 1 0 0 1
Uk 1.04 1.04 1.04 1.04 1.04 1.04
5 5 5 5 5 6
OX - - - - - -
0.24 0.27 0.29 0.22 0.27 0.28
4 4 0 2 7 2
Table 3. Optimisation results of the parameter values.
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Figure 27. Maximum voltages at different levels of PV penetration along feeder 1 via PF(P).
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Figure 28. Maximum voltages at different levels of PV penetration along feeder 2 via PF(P).
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Figure 29. Maximum voltages at different levels of PV penetration along feeder 1 via Q(U).
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Figure 30. Maximum voltages at different levels of PV penetration along feeder 2 via Q(U).

Shown from Figure 27, with the coordination, the PF(P) method can merely control
the voltages within the safety band when PV goes up to 60% penetration level.
Q(U) method still outperforms the PF(P), which gives same effect as in the previous
case without coordination.

As mentioned before, the results from the two cases are not fully one to one com-
parable, as to different assumptions and scenarios taken in the studies. However, in
terms of the voltage rise issue, both cases comprehend a scenario in which PV gen-
eration is high and demand is low. It concludes that the coordination of reactive
power control parameters can efficiently increase the PV penetration level than
without coordination. This can be more an issue when the PV penetration level is up
to a certain degree.

1.5.8 Summary of voltage rise control methods
Voltage control is one of the urgent issues in distributions system for solar PV inte-
gration. Many LV networks are designed decades ago, and were not prepared to

accommodate the large amount of power flowing feeding into the grid.
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It has to be mentioned that the discussed methods are originally designated to 3-
phase systems, though the same concepts are also well applicable to single-phase
distribution networks. However, more sophisticated controls can be developed
based on the solutions discussions here. For example, it is not uncommon to see
that overvoltage in a 3-phase LV system only occurs at one phase, instead of all
phases, due to significant amount of single-phase PV systems installed. In that
case, control should be designed to balance the usage of the three phases, instead
of simply reacting upon an average voltage of the 3 phases.

1.5.9 Transformer loading with respect to PV penetration

The loading of transformer can be affected by the PV penetration level as well as
the voltage control methods. Figure 31 illustrates a general trend of yearly trans-
former overloading with respect to the increasing PV penetration level. The increas-
ing of transformer overloading shows nonlinear characteristics with respect to the
PV penetration. At low penetration levels, the transformer loading situation will not
be affected by the PV, which assigns with the design principles of the current grids.
With increasing penetration levels, there could be a sharp increase of the trans-
former overloading due to amount of active power generation as well as increased
reactive power consumed by the inverters. But this will not be an issues as long
that the total power from the solar PV plants are below the nominal value of the
transformer.
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Figure 31. Yearly transformer overload situation with respect to the increasing PV penetra-
tion on a 100 kVA transformer. Note: Data is based on the studies in PVNET.dk project [21].

This problem can also be reflected from grid loss analysis. Studies in [19] [22]

show that the grid losses can be reduced in general at low penetration levels until
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reach a critical penetration level. Afterwards the grid losses will increase more rap-
idly regardless of the control methods used, as shown in Figure 32.

Finally, the economic value of change in transformer life time and cable losses is
accessed and depicted in Figure 33. The critical point is found to be approximately
60 — 70 % of the transformer size, e.g. 60 — 70 kWp on a 100 kVA transformer.

A

Critical point

N

Feeder energy losses I’R

Penetration level

Figure 32. The developing of grid losses with respect to PV penetration level.
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Figure 33: Annual value of solar PV systems in a residential distribution grid, fed by a 100
kVA transformer. The lower plot is a zoom of the upper [21].
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1.5.10 Communication of PV inverters

Communication is essential to enable advanced power management functions from
distributed PV plants. With slight addition cost, PV inverters will be able to ex-
change information with external devices through communication networks such as
Ethernet, and hence the monitoring and control functions of PV inverters can be
made accessible remotely. For example, system operators can poll the electric
measurements from PV inverters to monitor the grid conditions, or send out control
settings, eg active/reactive power set-points, cos¢ set point, tripping signal to PV
plants for advanced operational functions.

Inverter manufacturers are interested in communication features to their devices to
better fit in the current smart grid initiatives. On the other hand, communication is
going to be part of the grid connection requirements in Europe [23]. Manufacturers
often have their own communication protocols and data formats, standardisation is
important to have a common information model to ensure the interoperability and
plug-and-play of PV plants. Current initiatives include IEC 61850-5 [24], and IEC
61850-90-7 which has been mapped into the Sunspec communication profile [25],
etc.

In the project we tried to develop the communication interface with Danfoss invert-
ers, where a snapshot of the data collected from inverters is given in Figure 34. The
system is not working as expected, since there are lots of IT and protocol issues
that could not be find out due to lack of standardization.

From the project we found that communication is an urgent issue for fully utilizing
the existing functions of PV inverters. By the time of the reporting, many PV invert-
ers have chosen open data protocol Sunspec Alliance to enhance the interoperabil-
ity. This will be one of the essential problems in future in case if grid operators
would like to use the inverter data for grid monitoring and observability.

ULk ULz UL PP P WR WR R Powem WR VSR Qo R VAR Cos(@)
W Time Ul UL UL L2 L3 L TCR T S TE B T BT B L2 L3 Fmean  FL1 FL2 FL3 adj max Qe leadorisg Cos#]  lesdorisg

Figure 34. System developed in the project polling data from inverters at Bornholm.

1.5.10.1 Regulatory issues for PV integration

Some of the lesson learned in this project is the need for specific codes and stand-
ards for commination and communication language if the utility sector wants to use
inverters in direct regulation and control of the grid.
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The IEC 61850-90-7 Technical Report has been mapped in to the Sunspec Alliance
Inverter Control profile and is ready to be applied. During the project, the Danish
Technical Requirements TF 3.2.1 and TF3.2.2 was updated to accommodate the
Sunspec profile.

When starting controlling and regulate inverters owned by private customer”s and
investors clear rules have to be set up in this respect. This could be issues such as
value of the inverter service beyond energy, compensation of loss of energy etc.

1.6 Utilization of project results
The project results will serve as basis for a number of activities.

The reactive power function of inverters is testified in the project. Further the func-
tions can be utilized by grid operators for volt-var regulation.

Knowledge used in DSI — The knowledge obtained during the PVNET project was
used to design the ancillary functions and controller for the MLX inverters, such that
the MLX inverters are fully compliant with the IEC 61850-90-7. This would not have
been possible without the PVNET project.

Knowledge used at @stkraft — set up a model for purchasing reactive power form
solar PV in future.

Knowledge used in EnergiMidt — new projects, potential new solutions for PV sys-
tem operation.

Grid operators should utilize the functions of inverters for power quality enhance-
ment.

The PV testing platform will serve as educational resources for the students who
would like to learn the connectivity of PV inverters and operation of microgrid.

The lessons learnt from the project will be used for PV integration training courses
for practical applications.

The research results of the project can serve as background for further studies,
student projects, etc.

1.7 Project conclusion and perspective

The global trend on PV energy adoption will continue in the next few years. The
ever-decreasing cost of PV systems will accelerate the process. Currently, grid op-
erators, both at transmission and distribution levels, have seen opportunities for
utilising PV systems to solve different kinds of grid issues.

However, in many countries, utilities of electric distribution grids are reluctant to
have large amounts of PV energy, and far from exploiting the current PV system
technology for operational security. The functionalities of PV inverters, though
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many are required by the grid operators, are still only considered “nice to have,”
instead of “essential to have.” The opportunities provided from the current PV tech-
nologies need to be further turned into general solutions to aid the PV integration.

Our work shows that the distribution network operator can actually save cost by
having a certain amount of solar PV in their networks (60 — 70 % of transformer
size). This originates from lower losses in the infrastructure and to some extend
also lower consumption of life time of the transformers.

Utilities must realise that the grids under operation will have different characteris-
tics than the previous. This change calls for new operational practices in terms of
operation and control. Operational tools are to be developed for the distribution
system operators to enable them proactively operate the grids to mitigate the pos-
sible risks and adapt to the new situation.

The current power electronic technologies enable PV plants operate flexibly in elec-
tric grids. Most PV systems currently installed, however, have relatively smaller
sizes than other power plants. This jeopardizes the control efficacy of individual PV
systems. The present results, however, are focus on utilising the control of PV sys-
tems for solving local issues, than providing services to the entire grids.

Provided by standardised communication capabilities of PV plants, an important
R&D issue is the design advanced control strategies and algorithms for integrating
the control effects of many PV systems, and/or with other decentralised systems, to
improve the control efficacy and reliability. Especially an hassle-free setup of “the
last mile” of communication, based on already communication infrastructure at the
customers, without compromising cyber security.

Electric grids are planned to meet the changes from generation and demand based
on prediction of operational scenarios in the future. In order to determine a cost-
effective solution for reinforcement, operational scenarios need to be further devel-
oped with more PV plants with account for the control capabilities from PV and oth-
er emerging technologies.

The technical solutions developed for PV systems will not work well in reality with-
out economic or social incentives. New market mechanisms are required to foster
the development of technical solutions as well as the implementation.

The gap between the opportunities that PV system can bring and a fully integration
needs to be filled up before larger PV energy adoption. The process requires inte-
gration of the progress on technical, economical and regulatory sides.
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