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Abstract

This research focuses on analysis of photovoltaic (PV) based active generator in
microgrid and its utilization in not only for operational planning of the power system
but also for instantaneous power flow management in the smart grid environment. The
application of this system is part of a solution on handling a large scale deployment of
grid connected distributed generators, especially PV system. By implementing the PV
based active generator, it will be very flexible able to manage the power delivery from
the active generator sources (e.g. PV system, energy storage technologies, active power
conditioning devices). In Southern Norway, a smart village Skarpnes is developed for
ZEBs. These ZEBs have Building Integrated Photovoltaic (BIPV) system. The energy
efficient housing development should consider that a building should produce the same
amount of electrical energy as its annual requirements (i.e. ZEB). In future, ZEBs are
going to play a significant role in the upcoming smart grid development due to their
contribution on the on-site electrical generation, energy storage, demand side
management etc. In this work the main objective is to evaluate the usefulness of ZEBs
for load matching with BIPV generation profiles and grid interaction analysis. Impact
of BIPV system has been investigated on the distributed network power flow as well as
on protection and protective relays analysis. Furthermore, techno-economic analysis of
BIPV system is presented which will be useful to the utility for developing new business
models as well as demand side management (DSM) strategies and for decentralized
energy storage. The real operational results of a year are analyzed for annual energy
balance with on-site BIPV generation and local load. This work provides quantitative
analysis of various grid interaction parameters suitable to describe energy performance
of the BIPV. The load matching and grid interaction parameters are calculated for a
house to find relationship of BIPV generation and building load. The loss of load
probability is analyzed for fulfilling the local load at desired reliability level. Results of
this work are going to be useful for developing DSM strategies and energy storage as
well as import/export energy to the grid. This work will be beneficial for future planning
of the distributed network when the BIPV penetrations are going to increase.
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Chapter

Introduction

his dissertation will cover the photovoltaic (PV) based active generator.
TThe system comprises of a PV system, battery storage, and power

electronics power converter devices. The purpose of this project is to
analyze PV based active generator in micro-grid and its utilization in operational
planning of the power system in a smart grid environment. In order to integrate
micro-grid level power management system (EMS) with the centralized EMS,
several functions may need proper consideration such as photovoltaic (PV)
energy availability, local load consumption and local energy storage
availability.

A future smart grid power system network will serve as a dynamic
network for bi-directional power flows, linking widely distributed small
capacity renewable energy systems (e.g. PV) at consumer level, distribution
networks and centralized higher-capacity power generators. It will facilitate
active participation of customer choice for energy production and demand
management, and will provide real-time information on the performance and
optimal operation of the power system network. Many challenges lay ahead in
achieving the smart grid network vision. The integration of intermittent
renewable energy and other efficient distributed energy resources into existing
and future electricity networks represents significant technical and economic
challenges. The widespread development of such systems requires a thorough
analysis of all technical and commercial aspects of renewable energy sources
and other decentralized generation units in the distribution network [1]. A Smart
Grid research and technology development effort has to harmonize with
expansion of the power system infrastructure, the information and
communications infrastructure with modern actuators, and integration of new



monitoring and control applications. These developments are forcing to
redesign the power system operation and control [2, 3]. To facilitate higher
penetration integration of intermittent renewable energy sources, the EMS of
renewable energy sources need to be based on active generator approach.

At present, most of the world-wide grid connected PV systems are
operating at maximum power points and not contributing effectively towards
the energy management in the power system network [4]. Many studies have
been made on techno-economic optimum sizing of standalone (off-grid) PV
system [1, 5, 6]. Unless properly managed and controlled, large scale
deployment of grid connected PV generators may create problems such as
voltage fluctuations, frequency deviations, power quality in the power system
network, change in fault currents and protections settings etc. These problems
are becoming critical for maintaining the power system stability and control. A
solution to some of these problems is the unique concept of PV based active
generator. Active generators will be very flexible and able to manage the power
delivery as used to be in conventional generator system. This active generator
includes the PV array with combination of energy storage technologies and
proper power conditioning devices. Figure 1 in the next chapter shows the block
diagram of PV based active generator. It is essential to develop unique
configurations of the PV based active generator, for delivering the required
power in the micro-grid network.

The PV array output is nature dependent and therefore the PV power
output predictability is important for operational planning of the micro-grid as
well as for centralized generators. PV array output forecasting as well as load
forecasting is critical for EMS. The PV power predictions can be adapted more
and more accurately by means of predictive models [7]. Markov chain method,
artificial neural network, autoregressive and a few more mathematical models
are forecasting models used nowadays. The forecasting methodology is required
to be incorporated in the EMS in order to make sure that the loop of energy
supply will be ongoing and the system stability should be maintained within the
prescribed power system network limits.

In power system network, power quality is very important. Due to PV
power output fluctuations, there are some chances for power quality
disturbances e.g. voltage transients due to intermittency, harmonics, active and
reactive power management, power delivery angles etc. In the conventional grid
connected PV generators, hybrid filters are used to improve the power quality



[8]. But for multiple PV based active generators (e.g. group of buildings with
BIPV), the power quality issues require more analysis.

Higher penetrations of distributed generators may create different
possibilities of faults, not only in the micro-grid network but at the higher
voltage power system network as well. Fault detection and the isolation
mechanism are very important for the power system operation. It is needed to
analyze the fault protection system for example fault current levels, relay
settings and fault clearing time in the micro-grid environment by considering
the PV based active generators [8-10]. The grid may be disconnected during
fault or any unwanted events and abnormal conditions at the micro-grid
network, thus islanding effect may occur in micro-grid. It will create many
problems for grid operation and safety issues. In such type of situations, micro-
grid EMS has to be intelligent for effectively managing the power flows within
the micro-grid by considering not only voltage and frequency fluctuations but
also taking into accounts the safety by using different protection standards [11,
12]. These standards are used to make sure that the PV based active generator
grid connections are safe and not going to harm either equipment or personnel.
By using these protection standards, the utilities company can envisage the
impact of the control strategies of the connection, which includes the
performance of voltage deviations, power quality and harmonics.

This research is focusing on the implementations of EMS for a PV based
active generator that is connected at micro-grid level in a smart grid
environment. In order to integrate micro grid level EMS with the centralized
EMS, several functions such as of PV output, local load profile and local energy
storage availability may need proper consideration for upgrading the centralized
EMS as well as developing new business models for the utility. In this project,
the concept of the PV based active generator, the building integrated PV (BIPV)
system performance, the grid interaction indicators, operational planning of PV
based active generator, and fault analysis in distributed generators are being
studied.

1.1 Objectives and Scope

This research focuses on analysis of PV based active generator in microgrid
and its utilization in operational planning of the power system in smart grid
environment. Impact of PV based active generator is investigated on the
distributed network protection and protective relays. Development of energy
efficient housing is progressing around the world and most of these houses will



be integrated with PV system. In this work, the real operational results of a
BIPV house are analyzed for annual energy balance and to provide quantitative
analysis of various grid interaction parameters. Furthermore, techno-economic
analysis of BIPV system is presented which will be useful to the utility for
developing new business models as well as demand side management (DSM)
strategies and for decentralized energy storage. Based on these, the research is
divided in following topics:

1)

2)

3)

PV based active generator fundamental

This active generator has the capacity to support frequency control and
instantaneous power balance. The grid operator adjusts the power dispatch
of generators according to power demand fluctuations. PV based active
generators can be used as load following generators in the same manner as
other power dispatch generators. This new type of distribution system,
based on active generator(s), needs new innovative management and
operation strategies for increasing the penetration of intermittent renewable
energy systems. The considered PV based active generator has three units,
I.e., PV array, battery storage and super capacitor. For this research work,
the management and operation approaches of PV based active generators
are discussed.

Local power management system for PV based active generation for
micro-grid management

The proposed architecture of the PV based active generator which can meet
the load demand while compensating the intermittent nature of the PV
power generation is executed by using a random aggregated load from 30
houses. This is to control the active and reactive power demand of a set of
AC loads connected with the grid connected PV based active generator with
respect to the voltage and frequency stability.

Application of PV based active generator

An example of PV based active generator application will be presented.
Skarpnes smart house is an example on how the PV based active generator
act in a common environment. However, the application on battery storage
is still in a trial mode, where there is still lack of information. This project
is a pilot project of a ZEB. The energy required in this project will be
partially supplied from the PV arrays on the rooftops. It is connected to
conventional grid and has a capability of exporting surplus energy



especially in summer. The mismatch loads and generation is calculated to
determine the condition of the project.

4) Fault analysis in micro-grid network with PV based active generator

There will be few major issues regarding the protection in the micro-grid
network with higher penetration of distributed generators. Fault currents in
amicro-grid are not similar to faults in a conventional grid system. In micro-
grid network, there are limitations on protection system due to the islanding
operation mode. Also the fault clearing time is important for micro-grid
stability and operation. In this work, the fault analysis of the PV based
active generators in the micro-grid network will be analyzed with the power
flow analysis and protective device behavior.

1.2 Thesis Outline

Chapter 1
This chapter consists of a brief introduction of the thesis and the objectives are

presented.

Chapter 2

The introduction and definition of PV based active generator as the main idea
of this thesis is presented. Literature review and state of the art on how PV based
active generator might change the distributed generators in conventional grid is
reported.

Chapter 3

In this chapter, the architecture of a PV based active generator which can
provide active and reactive power while maintaining the frequency and the
voltage stability with grid constraints is presented. With the proposed
architecture, the load demand to the grid is reduced and the power flow is
managed using a hierarchical approach with stateflow analysis and droop
characteristics.

Chapter 4

The application of PV based active generator is presented here. The main
concept of the active generator has been executed in the Skarpnes smart house
ZEB. The definition of ZEB for this particular project and the data from one of
the house has been selected to be examined and discussed.



Chapter 5

With a penetration of PV in DG, what are the effects of the power flow, voltage
and how the protective device will act in a case of fault? This will be answered
in chapter 5. A simulation using PowerFactory Digsilent ® is used to see the
effect.

Chapter 6
Chapter 6 summarizes the inputs from this work and recommends further
investigation that can be done based on this work.

1.3 List of Publications

Journal article under review: A.N Azmi, M.L Kolhe, Grid Interaction
Performance Evaluation of Zero Energy Building (ZEB) in the Southern
Norway, ‘Energy and Buildings’ (Elsevier), ISSN: 0378-7788, 2016.

Book Chapter: “PV System Design for Off-Grid Applications,” in Solar
Photovoltaic System Applications, A guidebook for off-grid electrification,
Springer International Publishing, pp: 49-84, 2015 DOI: 10.1007/978-3-319-
14663-8_3, Online ISBN: 978-3-319-14663-8
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Chapter

Photovoltaic Based Active Generator®

At present, most of the world-wide grid connected PV systems are operating
at maximum power points and not contributing effectively towards the
energy management in the power system network [4]. There are many studies
on techno-economic optimum sizing of standalone (off-grid) PV system [5, 13-
16]. Unless properly managed and controlled, large scale deployment of grid
connected PV generators may create problems; voltage fluctuations, frequency
deviations, power quality problems in the power system network, changes in
fault currents and protections settings, and congestion in distributed network.
These problems are becoming critical for maintaining the power system stability
and control. A solution to these problems is the concept of active generator. The
active generators will be very flexible and able to manage the power delivery as
used to be in conventional generator system. This active generator includes the
PV array with combination of energy storage technologies and proper power
conditioning devices.

2.1 Introduction

PV array output is nature dependent and therefore the PV power output
predictability is important for operational planning of the micro-grid as well as
centralized generators. The PV array output forecasting as well as load
forecasting is critical for energy management system (EMS). PV power
predictions can be adapted more and more accurately by means of predictive
models [7]. Markov chain method, artificial neural network, autoregressive and
a few more mathematical models are forecasting models used nowadays. The

! Modified from the paper published and presented in a peer reviewed conference.
IEEE International Symposium on Advanced Topics in Electrical Engineering (ATEE
2015), Bucharest, Romania. DOI: 10.1109/ATEE.2015.7133914, Pp 812-815, 2015



forecasting methodology is required to incorporate in EMS in order to make
sure that the loop of energy supply would be on-going and the system stability
should be maintained within the prescribed power system network limits.

In power system network, the power quality is significant. Due to PV
power output fluctuations; there are some chances for power quality
disturbances e.g. voltage transients due to intermittency, harmonics, active and
reactive power management, power delivery angles etc. In conventional grid
connected PV generators, hybrid filters are used to improve the power quality
[8]. But for multiple PV based active generators (e.g. group of buildings with
BIPV), the power quality issues require more analysis. It seems like analyses on
fault protection system is needed due to there will be some unknown situations
that might occur and interrupting the power flow on the grid and reducing the
efficiency of the grid performance.

The higher penetrations of distributed generators are going to create
different possibilities of the faults not only in the micro-grid network but at
higher voltage power system network. Fault detection and isolation mechanism
Is compulsory for power system operation. It is needed to analyses the fault
protection system for instance: fault current levels, relay settings and fault
clearing time in the micro-grid environment by considering the existence of PV
based active generators [9]. During fault or any unwanted events and abnormal
conditions at the micro-grid network, the grid may be disconnected, and
islanding effect may occur in micro-grid. It will create many problems towards
the grid operation and safety issues. In such situations, micro-grid EMS has to
be intelligent for effectively managing the power flows within the micro-grid
by considering not only voltage and frequency fluctuations but also taking into
accounts the safety by using different protection standards [11, 17]. These
standards are used to make sure that the PV based active generator and grid
connections are safe and not going to harm either equipment or personnel. By
using these protection standards, the utilities company can envisage the impact
of the control strategies of the connection; which includes the performance of
voltage deviations, power quality and harmonics.

2.2 Overview of PV based Active Generator

PV based active generator is a systems that comprise of PV array with a
battery storage system with a capacity of storing energy for a long and short
term for local usage [18]. From this definition, it can be conclude that this
system will be able to generate, store and release energy as long as the electricity



is needed. This can be done with a proper hierarchical monitoring and energy
management system. Figure 2.1 shows exactly the system [3].

PV Active Generator

DC Bus Grid
DC
T L .
PVs = DC 2

A

I

I

I

Batteries € L5 DC €

: DC

1

1

1

I

: P . DC
Supercapacitors (€ >
percap . DC

I

I

I

I

I

I

I

1

o = - -___)

M
|
I
I
I
I
1

Droop controller
Microgrid
Controller

Figure 2.1 Scheme of PV based active generator

Power management is crucial to control the whole energy flow in the PV based
active generator. As discussed in [19], the author put an emphasize on the power
management algorithm on the active PV station with a battery storage. Four
hierarchical positions have been introduced and each level has its own task, as
shown in Figure 2.2. These PV based active generator is expected to offers a
new flexibilities to the consumer and operator and will be a new dimension of
generating electricity through clean energy. This system will be operated in a
microgrid environment and will have a lot more parameters that need to be
considered.
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Figure 2.2 PV generator control level

The author stated that the main disadvantage for this system is the
stochastic output for solar radiation and the output energy is really dependent
on the weather. In order to solve this problem the PV based active generator is
introduced by the author. This basic concept of PV based active generator is
then discussed in the next paper which is discussed further on the application of
PV based active generator and the dimension in the environmental and
economical point of view [18, 20].

The system is connected to the battery storage and or supercapacitors and
which is then is coupled with choppers and connected to the existing grid
(microgrid). With the combination of battery and supercapacitors, it will
increase the system efficiency as the battery will be able to store and release
energy gradually, while supercapacitor effectively acts as storage device with
very high power density. For a complete PV active based generator, a set of
battery bank connected in a combination series-parallel in order to provide
desired power to the system. The additional supercapacitor will provide a fast
response energy storage device that can reduce the effect of short term
fluctuations of PV output and will enhance the whole system [21].

The combination of battery storage and supercapacitor will be able to
smooth the output from the PV array since it will be fluctuate. For a renewable
energy application, the battery storage system will be operated under the partial
state of charge duty (PSOC) [22]. In this condition, the battery or
supercapacitors will be partially discharge at all time, in order to make sure the
system will be able to absorb or discharging power to the grid as it is needed
[23]. To charge the supercapacitor, a few methods as discussed in [24] can be
used. In this reference, the writers are discussing on the supercapacitor charging
efficiency of PV system. Based on simulation that has been done, constant
power charging mode is better for charging supercapacitor in PV environment.

11



However, it is not proven that it will be suit to the microgrid environment yet.
For a dynamic equation of supercapacitor, can be seen as;

c,oV, 1[/1—d
—_— — T — —_— -_ 2.1
w dt R, [( d )Vdc Ve] (21)

Where:

Ce = capacitance value

Re = series resistance of supercapacitor
Ve = supercapacitor voltage

d =dutycycle.

The duty cycle implemented in the system is proportional and integration
controller (PI).

2.3 PV Based Active Generator in Microgrid
Environment

Microgrid is a system that operates at low voltage and has a few
distributed energy resources (PV, wind, geothermal etc.) With proper energy
management and systematic supervision microgrid can be a new dimension of
generating and transmitting energy to the load. PV based active generator can
be integrated into microgrid and it has been done in Kytnos Island and
Mannheim-Wallstadt [18]. It needs a good supervision from the utility operator
to make sure it will well operate. Energy supervision for the whole system is
compulsory and in [25], the author has divided the system into two different
parts: (i) central energy management of the microgrid and (ii) supervision for
the active generator. On the microgrid side, the operator needs to manage the
energy between source and load. This will includes the active and reactive
power, frequency regulation, voltage fluctuations and etc.

From [25] and [20] the author has initiate a strategic framework of
executing PV based active generator in a smart grid environment with more
consideration and rules. Both have been considered on the long term energy
management and short term power balancing this duration of time in monitoring
the EMS in smart grid environment is presented in Figure 2.3. In [20] the same
approach has been used and the optimization on the environmental and
economic criteria has been develop. It is based on 24 hours of PV prediction.
The author in [18] describes on the long term operational planning for energy
management of a microgrid. In this paper, the author presented a microgrid

12



system with a source from a three gas turbines and PV based active generator.
The microgrid central energy management system (MCEMYS) is executed. This
system has a different task and parameters such as dealing with the
environmental effect, forecasting energy, power prediction, and deal with the
power market. Based on all these crucial parameters the microgrid system can
be organized properly and the output of the system will be much more efficient
and clean.

Day Hour Second Millisecond
Electricity Load High Energy
Market Management Density S‘roriige

: Power
Energy Production |:> : |:>
—

Energy Production Power
Balancing

Program
Load Production Prediction Battery Energy Power
Forecasting Storage Availability

Figure 2.1 Timing classifications for EMS [20]

2.4 Battery Storage and Supercapacitor (Storage
System)

Battery storage sizing is very important. There are 3 main parameters that
need to be considering for every installation of battery storage system. The
depth of discharge (DOD), state of charge (SOC), state of health (SOH), battery
capacity, maximum battery charge and discharge power and the utility rating
type [26]. Battery storage systems are being progressively used in distributed
renewable energy generation nowadays. With the existence of supercapacitors,
the effectiveness of the storage system will be much more reliable to be used in
the near future. With the combination of battery and supercapacitors, it will
increase the system efficiency as the battery will be able to store and release
energy gradually, while supercapacitor effectively acts as storage device with
very high power density. For a complete PV active based generator, a set of
battery bank connected in a combination series-parallel in order to provide
desired power to the system. The additional supercapacitor will provide a fast
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response energy storage device that can reduce the effect of short term
fluctuations of PV output and will enhance the whole system [21].

Basically the total produced power from the system is a total power
generated from the PV, battery and supercapacitor.

Pr=Ppy + Pg + Psc (2.2)
Where;
Pr : Total power
Ppv : PV power
Ps : Battery power
Psc : Supercapacitor power

There are a lot of research has been done for the battery storage system for PV
generator. The battery dynamic equation can be represents as [27];

‘% = P(t) (2.3)

Where Eg represent the amount of electricity stored at t time and Ps is
the charging or discharging rate. This should be integrating with the
supercapacitor to make sure that both of this storage system can be used and
compatible to each other. In [25] the author focus on using the optimal use of
batteries. There are several relevant resources regarding the optimization of
batteries for PV. The author from [28] has proposed a battery model specifically
useful for the stand-alone photovoltaic applications. Seven different levels of
working zone and zone conditions has been proposed; saturation zone,
overcharge zone, charge zone, changing from charge to discharge or vice versa,
discharge zone, over discharge and exhaustion. As can be seen in Figure 2.4,
the working condition is depends on the voltage and current that went through
the battery. This is a sample of a 2V battery.
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Figure 2.4 Battery working zone conditions [28]

The Fraunhofer-Institute for Solar Energy Systems (ISE) has developed
a new generation of battery-management system for renewable energy system
[29]. For a conventional renewable energy system, the battery often operated at
the low state of charge that resulting the decreasing lifetime of the battery. By
implementing a battery management system (BMS) system on the renewable
energy system it improves the storage lifetime and reliability of batteries in the
system and thus reduces maintenance and lifetime costs considerably. Vallve.
X, Graillot and friends in [30] discussed on three basic facts on installation of
storage system to a grid connected PV system. First argument is the storage
system can undoubtedly improve the security of supply to the whole system;
however the grid quality is the main issue. The existing grid is aging and the
possibilities of interruption are high. Second; the addition of storage function
might increase the performance ratio of PV generator. The third fact is large
penetration of PV will definitely not be able to cover the whole load
consumptions. PV source can be able to supply at least some part of overall
energy consumed by specific load. These facts may lead the utility company or
customer to consider on the battery and supercapacitor as a main storage
structure for future housing development.

The battery storage system for PV integration is also discussed further in
[31-35]. The authors in these papers discusses on the main topic related to
connection of PV system to the microgrid; frequency control, voltage stability
and energy storage smoothing control. These parameters are significant for a
PV based active generator, since it is compulsory to get a very efficient system
to make sure it can be implemented in the real system. A smoothing control
method for reducing output power fluctuations and regulating battery state of
charge (SOC) under typical condition is proposed. VVoltage control and active
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power control algorithm for centralized battery storage system is already
proposed in [36].

Table 2.1 Comparison between different types of batteries [35]

Storage Power Discharge Suitable efficiency lifetime
ratings time Storage years cycles
duration
PHS 100- 1-24hr hrs-months 70-80 >50 >15,000
5000
CAES 5-300 1-24hr hrs-months 41-75 >25 >10,000
FES 0-0.25 sec-hr sec-mins 80-90 15-20  104-107
Lead Acid 0-20 sec-hr mins-days 75-90 3-15 250-
1500
NiCd 0-40 sec-hr mins-days 60-80 5-20 1500-
3000
Li-ion 0-0.1 min-hr mins-days 65-75 5-100 600-
1200
NaS 0.05-8 sec-hr sec-hrs 70-85 10-15 2500-
4500
VRB 0.03-3 sec-10hr  hrs-months 60-75 5-20 >10,000
ZnBr 0.05-2 sec-10hr  hrs-months 65-75 5-10 1000-
3650
Fuel cell 0-50 sec-24hr+  hrs-months 34-44 10-30  103-104
Supercapacitor  0-0.3 msec-1hr sec-hrs 85-98 4-12 104-105
SMES 0.1-10 msec-8sec  mins-hrs 75-80 - -

There are a lot of new inventions on the storage system to fit in the new grid
system or microgrid. As discussed in [35] and based on evidence in [34] and
[37] the utilization of VRB in microgrid has abundance of chance. Based on
Table 2.1, the comparison is between five different types of energy storage;
mechanical, electrochemical, chemical, electromagnet and thermal type.
Pumped hydro storage (PHS), compressed air energy storage (CAES) and
flywheel energy storage (FES) is considered as mechanical type of energy
storage. Lead acid, Nickel-Cadmium (NiCd), Lithium-ion (Li-ion), Sodium
sulfur (NaS), Vanadium Redox battery (VRB) and Zinc Bromide (ZnBr) is an
electrochemical type of storage. Fuel cell is categorized as chemical type of
storage, while Supercapacitor is an electromagnetic type of energy storage.
Superconducting magnetic energy storage (SEMS) is a thermal type of storage,
where it consists of superconductive coil, power conditioning system,
refrigerator and vacuum.

This energy storage is differentiated according to their capacity of storing

the energy, efficiency and lifetime. There are types of storage that has a very
promising cycle of life, hence it is too expensive to be partnered with a quite
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expensive PV array, this might increase the whole cost and lower the return of
investment (ROI) period.

2.5 Energy Management in Microgrid
Environment

For a better power delivery, the most crucial part is on the energy
management side. Theoretically, it might look simple, yet it is tough. In
microgrid connection, other than findings a new alternative optimization criteria
and exploration of the fluctuations effect, energy management options is
important to be modeled so that a reliable energy with better efficiency can be
delivered without any failure to customer [38]. A deterministic energy
management algorithm for a PV based active generator in Microgrid
environment need to be set up for proper supervision.

Based on Figure 2.1, the PV based active generator will be coupled via a
DC bus and will be connected to the microgrid through a three phase inverter.
This will be connected and controlled by a microgrid controller through a droop
controller for primary frequency control. A basic requirement for satisfactory
operation of power system is the PV based active generator needs to maintain
the nominal frequency of the grid (50Hz or 60Hz). The rules of thumb for
frequency control are it depends on active power (P), while voltage is based on
reactive power (Q). Thus, for better energy management for PV based active
generator, a proper droop controller that will manage the voltage and frequency
variation is a must. In [20, 25] and [18] has been discussing on the droop
controller for PV based active generator in microgrid.

For PV based active generator, it will not engage any inertia of the
mechanical system since there will be no kinetic energy involve during
generating electricity from PV array. Then we can expect there will be no abrupt
changes on the frequency. However, load changes might lead to significant
frequency changes that might affect the whole system. It is vital to manage this
kind of problems to make sure that PV based active generator in the microgrid
can operate efficiently. In [20], the writer discuss on the managing the
microgrid management which can be classified into two timing scale;
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Table 2.2 Timing classification for energy management system in microgrid

Long Term Short Term
v Electricity market v Voltage control
v Load forecasting v Frequency control
v Renewable energy production v Dynamic storage availability
v Load management v Power capability
v Energy storage availability

These are the things that need to be monitored and analyzed. For a grid
connected PV based active generator, the network operators need reliable and
robust PV energy output forecasting system in operational planning. PV array
output depends not only on the incident solar radiation but also on the operating
cell temperature as well as shading effect and its operating points. Therefore a
proper forecasting methodology is required for predicting the PV array output.
It is important to identify the pattern of the historical data set for predicting the
output [39]. There are a lot of work has been done in this matter. Most of
researchers are using artificial neural network (ANN) trained by identifying the
pattern of the historical data set with genetic algorithm (GA) for predicting the
PV array energy output. This can be very helpful to generate enough power for
PV based active generator.

2.6 Discussion

Based on the timing classification that has been mention in Figure 2.3,
power quality of the generation needs to be monitored closely and it is also
important in power system analysis. The widespread uses of distributed
generators are creating many power quality issues. It may lead to the multiple
harmonics, voltage fluctuations, unstable operation in the power system
network [40]. It will also create major issues for designing of fault protection
system. The total harmonic distortion in the micro-grid environment by using
PV Dbased active generator will be studied. Also the analyses of frequency
deviations will be considered for sharing the load between the distributed
generators in the micro-grid environment by considering frequency — droop
characteristics. It will be useful in developing some strategies in the EMS for
load sharing among active generators in micro-grid.

Last but not least is the capability of the microgrid system that supplied

by the PV based active generator to withstand with fault. There will be few
major issues regarding the protection in the micro-grid network with higher
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penetration of distributed generators. Fault currents in an islanded mode based
micro-grid are not going to be similar as fault occurs in a conventional grid
system. Therefore it is impossible to use the same methods for isolating the
faults of the conventional grid system in the micro-grid system [10]. In micro-
grid network, there are limitations on protection system due to the islanding
operation mode. Also the fault clearing time is important for micro-grid stability
and operation. It is needed to include control signals of the protection
mechanism in the EMS [6]. Fault analysis of the PV based active generators in
the micro-grid network need to be analyzed in both islanded as well as grid
connected modes since there are no standards or rules on this matter up to now.

2.7 Conclusion

The utilization of PV as a source of electricity is something that needs to
be emphasizing now. The dependencies on the conventional way of generating
energy via ‘unclean’ source and method needs to be minimize. PV based active
generator can be a new way of generating energy in the future. It will be clean
and very promising. Since this type of generator needs a good energy storage
system, battery system with Supercapacitor will be a great combination. Battery
storage with the appearance of Supercapacitor will increase the system
efficiency as the battery will be able to store and release energy gradually, while
Supercapacitor effectively acts as storage device with very high power density.

For a better management in the micro-grid level, a new method of
managing the energy needs to be implemented. The crucial part is to maintain
the frequency and for this, a droop controller that will be connected with the
micro-grid and the PV based active generator needs to be develop. On the
energy management side, the PV forecasting, power quality concern and fault
Issues needs to be foresee. Forecasting the PV energy needs to be done to make
sure there will be no shortage of power during operation, and if there is a power
shortage, there should be a plan to overcome this problem (buying power from
the conventional grid).

In order to provide reliable energy, the grid operator should monitor the
grid power quality (harmonics, voltage variations). This is to avoid any
deficiency to the consumer and this may lead to fault. Since in micro-grid
environment there are probability on the islanding effect and this might as well
affected the PV based active generator, avoiding fault is something that the
operator needs to consider. Since the PV based generator has a promising future,
there should be more research on the energy storage side and on the PV cells.
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The impact of higher efficiency on PV cells and minimizing cost for a battery
will have a significant impact to this new type of clean generator.
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Chapter

Photovoltaic Based Active

g] Generator:
Aggregated Power Control System
Using Stateflow Analysis?

his chapter focuses on architecture of energy management system for
integration of PV based active generator with local load and grid. It
considers two basic questions:

M How to manage power distribution among PV array, super-capacitor
and battery?

(i)  How to reduce stress on the power distribution system during peak
hours i.e. demand side management?

The control system for power management in the PV based active generator is
using the Stateflow® model. Basically this method is often used to model a
logic controller for dynamic outputs. Using this method, an algorithm of power
management that includes PV array, battery storage system with super-
capacitors and converters for their integration is presented. The Stateflow® is
the event-based modeling toolbox in MATLAB and it is used to model logic for
dynamically control of the energy management system. The algorithm is able

2 Modified from the paper published and presented in a peer reviewed conference.
11th IEEE International Conference on Power Electronics and Drive Systems
(PEDS2015) Sydney, Australia. DOI: 10.1109/PEDS.2015.7203433, Pp 93-97, 2015.
And in International Workshop on Integration of Solar Power into Power Systemes,
London, UK. ISBN 978-3-9813870-8-7. Pp 302-308, 2014.
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to control the energy usage in a PV based active generator in order to maximize
the utilization of the battery storage and super-capacitors for managing the load
locally and also in demand side management. But in this work Stateflow®
model is used for energy management in PV based active generator.

3.1 Introduction

The basic structure for PV based active generator is given in Figure 2.1
and system components have been characterized in Stateflow® modeling. This
power generation units comprises of PV arrays, batteries and super-capacitor
units as storage system, DC-DC boost and buck-boost converters and an
inverter. The PV array and storage system are integrated on a common DC bus
through proper DC-DC converters. The energy storage system can also be used
as a power fluctuate compensator for improving power quality under dynamic
conditions. A coordinated use of storage units with PV array must be properly
designed in order to work it as an active generator. This active generator unit is
connected to the grid through a DC-AC inverter in parallel to the local load. It
will also help in demand side management and energy buying / selling to the
grid. In this work, these multi-source units are modelled in the MATLAB® /
Simulink environment.

This simulates architecture for a grid connected PV based active
generator that controls the active and reactive load demand while maintaining
the frequency and the voltage stability within the system. The system
architecture is designed in such a way that the load demand is achieved using
the maximum available PV generated power. The grid and the energy storage
including the battery and supercapacitor provide power to the loads when the
maximum available PV generated power is not sufficient to meet the load
demand. The total reactive power demand is achieved using the energy storage.
This is has been considered in mathematical analysis and simulation. In order
to analyze the system, these scopes are considered:

e Modeling the PV generation system is for maximum power operation PV
generation system is required to provide the available maximum power
to the loads with unity power factor. The PV integration system does not
involve in controlling the active and reactive power.

e Modelling the energy storage integration for compensation of
intermittent nature of PV generation.

e Integration of PV based AG into the grid. Power demand of the AC loads
is partially achieved using the PV generated power and the energy
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storage. The remaining power demand of the load should be taken from
the grid according to a demand limit imposed by the utility.

3.2 Tier Control System

Tier control is selected for this system as it contains multi-power sources
— PV, batteries, supercapacitor, and grid. In order to meet the load demand,
proper power sharing among these sources is the ultimate task to be achieved.
The four levels of the tier control approach are listed as:

Supercapacitor

Supercapacitor Supercapacitor

Converters in
Grid
connection

. * . * . .
Tier 1 Tier 2 Tier 3 Tier 4
PV a SCpV a Convcle)r\t/ers in
Converters in
— —— Battery =31 SCBattery =i Batteries
unction ;
Control Dispatch
SC Converters in
—> —>
—> —>

Grid SC AC-DC-AC

The first 2 tiers (Tier 1* and Tier 2*) identified as the main driven systems since
each layer contains several mutually exclusive modes or states. The transitions
among these states take place according to some logics associated with the
system parameters. The other levels are selection levels based on logics that
have been identified initially. Details function on each level can be defines in
Table 3.1:

Table 3.1 Functions on each level in the Tier control system

Tier 1 | Decides working mode for the PV based active generator by taking the
limits imposed by the utility, power ratings of each storage units, current
load demand and the available PV generated power into account.

Tier 2 | Checks the state of each power source and enables the suitable power
sources for dispatching the power according to the load demand while
providing the required reference values of the active power, reactive
power, frequency and the grid voltage to the next level.

Tier 3 | Calculates the required direct and quadrature axis current references
(id;ref ; ig:ref ) foOr the next level

Tier 4 | PWM signal is generated in the VSI control system

to switch the converters
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3.2.1 Tier 1: Function control

This stage decides the working mode for whole active generator system. The
demand side management is taken into consideration to keep the power flow
from the grid to the active generator in a controllable manner. This approach
helps to control the peak demand which in consequence leads to maintain the
stability within the grid without affecting the power fluctuations in the active
generator side. In-order to accomplish an optimal load management and control
with demand side management from the available power sources in the AG,
limits imposed by the utility is employed in an event driven fashion to reduce
the grid stresses. Figure 3.1 explains in a flow chart diagram, the function
diagram flow for PV based active generator.

We do consider 3 different function controls for this tier. It is explained details
in Table 3.2.

Y A 4

PPV PBat PSC

P > Pge >
SC,max SC
Pev > Pev min Pe
SC,min

bat,max > Pbat >
I:>ba1,min

Disconnected Stand-alone

\ 4 Y

Grid |
Connected

1 Return '

Figure 3.1 Flow chart of function control of PV based active generator

\ 4
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Table 3.2 Different function controls for PV based active generator

Disconnected

Stand-alone

Grid connected

«Power source cannot be

accessed due to their
power shares are out of
the allowable working
range.

To maintain the stable
operation, all the sources
is disconnected from the
active generator system
which in consequence
leads to disconnect the
load from the supply.

«If the power taken from
the grid exceeds the
prescribed limit
especially at transients
or high power surges,
the grid should be
disconnected to maintain
the stable operation
within the grid.

«If the power shares of
each storage unit and the
PV array are within the
corresponding minimum
and maximum power
limits, standalone mode
is activated.

In this mode all power
sources are available and
accessible except the
grid.

+Grid is connected to
active generator as the
power flow from the
grid is below the grid
constraints.

*No peak power demand
to the grid. Apart from
demand limit imposed
by the utility, the power
ratings of each storage
units are taken into

*All  the multi-power
sources are accessible
for power dispatching to
meet the load demand

To execute this, transition logics is developed based on conditions that has been
set initially. This logic is part of the stateflow analysis. The implementation of
this tier is based on:

Table 3.3 State transition logics for tier 1: Function control

State Logics
Transition
T [ (Pgrid>Pgrid,max) & & (Pbat>Pbat,min) && (Pbat<Pbat,max) & &(Psc,max>Psc)
&&(Psc>Psc,min)&&(va>va,min)]
T2 [ (Pgrid<Pgrid,max) & & (Pbat>Phbat,min) && (Pbat<Pbat,max) & &(Psc,max>Psc)
&&(Psc>Psc,min)&&(va>va,min)]
Ts [{ (Pbat<Pbat,min)||(Pbat>Pbat max) } &&{ (Psc,max<Psc)||(Psc<Psc,min) }
&&(PpV<va,min]
Ts [{ (Pbat<Ppat,min)||(Pbat>Pbat max) } &&{ (Psc,max<Psc)||(Psc<Psc,min) }
&&(va<va,min]
Where:
Poat : the current power delivery of the battery.
Pbat, min and Ppat, max ~ : minimum and the maximum power level of the battery
Psc : the current power delivery of the SC

Psc, minand Psc, max - minimum and the maximum power level of the SC
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va

va, min
Pgrid
Pgrid, max

T, (
Grid Connected )L Stand-alone
T2

. current power generation of the PV array

: minimum power generation of the PV array
: current power delivery from the grid

: maximum power delivery of the grid

Disconnected

Figure 3.2 State transitional diagram

3.2.2 Tier 2: Power dispatch

This is where selected power sources will dispatch power to the system. This
will base on Tier 1, hence considering state of charge (SOC) of the storage
system, power generated by the PV and source from the grid. As to do this
correctly, to make sure that the system is safe and the load will be supplied,
power dispatching from PV array, energy storage system and power from the
grid needs to be controlled. This is done by using stateflow analysis. This
subsection will discuss further on controlling source from three different

sources.

Power Dispatch

a. PVv

b. Energy Storage

c. Grid
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a. PV

Power flow for PV output should be in unidirectional to avoid any
unnecessary effect towards the power electronic devices and this is not the
purpose of PV based active generator systems. Once PV generation
becoming low, it should be disconnected from the systems to avoid reverse
power flow. Then, introduction of two different modes for PV array, which
are:

(i) Maximum power point tracking (MPPT) state :
PV panel is available and accessible for load sharing

(i) Disconnected state:
PV array is disconnected from the AC bus

The selection of either of these modes can be represented in the following
flowchart:

Yes No
MPPT Ppv,mi

Disconnected

\ 4

:“ Return \,:

Figure 3.3 Flowchart for power dispatch in PV array

This process is then interpreted into stateflow command with the state
transition logics. This logic is between transferring the command either on
MPPT or disconnected state:

Table 3.4 State transition logics for PV array

State Logics
Transition
T1 [Ppv > Ppv min]
T2 [Ppv < Ppv,min]
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Where:

Ppv : current power generation of the PV array
Ppv, min : minimum power generation of the PV array

Ts (
MPPT Disconnected
) T, )L

Figure 3.4 State transitional diagram for PV array

b. Energy Storage

PV based active generator’s active power (P) and reactive power (Q) is
controlled by the energy storage system. This comprise of battery and super
capacitors. Three different states need to be considered; Dispatch state,
maximum state and minimum state.

( Start ’

SOC,;i, < SOC, No

< SOCrax

Yes No

SOC, >SOCpax

Dispatch Max Min

\ 4

Figure 3.5 Flow chart for power dispatch control for energy storage
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It begins with the state of charge for either battery or super capacitor (SOCy)
within the limit - SOCmin < SOCx < SOCmax it will directly go to the dispatch
mode. The storage system will provide power to the load until the SOC is
lower or equal to minimum percent (SOCx =<SOCin). Once the SOC is out
of allowable range, it will be on the maximum or minimum state. When it is
come to a specific state, it gives the required set values for active and reactive
power dispatching and the reference values for the frequency and voltage
control in PFC stage. At the Max state, it tends only discharging and at the
Min state for charging.

T T T T

Dispatch

Figure 3.6 State transitional diagram for storage system

Table 3.5 State transition logics for PV array

State Transition Logics
T1 [SOCx < SOCmax]
T2 [SOCx > SOCmax]
Ts [SOCx > SOCmin]
T4 [SOCx < SOCmin]
Where;
SOCx - current state of charge of the source x
SOCmax, SOCmin ~ : Maximum and minimum state of charge of the
source X
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c. Grid

In PV based active generator system, AC-DC-AC link is used to get the
power from the grid according to the demand side. When the power deliveries
from the PV array and the energy storage are not sufficient to meet the load
demand, grid supplies the power to the AC load which is connected with the
AC bus. It will be in a controlled way through the AC-DC-AC link. Therefore
AC-DC-AC link decides the operating state of the AC-DC-AC link based on
the time. In this work, two different demand limits are considered for power
dispatching from the grid. The flow chart of the AC/DC/AC link is shown.

Time

Time < T_peak

Peak Off peak

Figure 3.7 Flow chart for power dispatch control for grid connection

3.2.3 Tier 3: Power flow control

Active and reactive power in PV based active generator should be managed
properly from three different sources (PV, energy storage and grid system). PV
will inject active power (P) to the AC bus, while energy storage will controls P
and reactive power (Q) into the AC loads. Thus controlling P and Q maintaining
voltage stability and frequency control is necessary at this level.

P and Q are controlled by using voltage source inverter (VSI) controllers at both
storage units (battery and supercapacitor). Then the main function of this
hierarchical stage is calculating the required reference values for the pulse width
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modulation (PWM) switching control of VSIs in the centralized energy storage
based on the control parameters received from the tier 3 (power control) levels.

PQ theory also known as Park® transformation is used to extract fundamental
component of the grid voltage. In this work P and Q of VSI is expressed as;

P = vg4iq + v4iq (3.1)
Q = vgiyg — Vyiy (3.2)
Where;
Va = Vo
V=0

Vo is voltage phase (magnitude) in symmetrical 3 phase circuit. Therefore it can
be seen that P and Q of a VSI can be controlled independently using (i, iq)
components. The required reference values for the Park current components
(iayref, igref ) are calculated using the active and reactive power controllers.

Park transformation is used to transform stationary voltage or current reference
frame (V,Vp or lg,1p ) to a rotating voltage or current reference frame (Vq,Vq Or
lg,1g). In a mathematical form it can be define as:

Va cosf sinf] [Va

[vq] B [— sinf cos 9] ' [vﬁ] (33)
The frequency of a system is dependent on the P. Small changes in P will affect
the frequency of a simple system. While for Q, it will affect the voltage drop in
a system if it is too much reactive power flowing around in the network. This
might lead to excess heating and will end with a catastrophic event to a single
transmission. Both of these unstable events are corrected with the
implementation of VSI.

3 park’s transformation is also known as direct-quadrature-zero transformation (dq0).
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Power Flow Control

|
| |
a. b.
Active Power controller Reactive Power controller
with Frequency Stability with Voltage Stability

a. Active power controller with frequency stability

Frequency Control Loop

g . . T . . . . . . . . . . . T . T . . . . . . . T T . T . B g

‘l
1
i
i
)
—>(+
i
l
1
|
}

--------------------------------------------------------------------

,
f'; \\\‘
I 1
1 1
: |
] 1
I .

: Iq, ref DI P oct E
| < < controtter &—(3)<—] <
i M P pu !
: !
: :
l‘ E
b +

_______________________________________________________________________

Figure 3.8 Active power controller block diagram

VSI will provide a stable active power while maintaining the frequency
stability. Frequency droop characteristics need to be implemented with the
active power controller. Droop controller can be defines as;

Changes in frequency

" Changes in active power (3.4)

f
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f=Jo+ke(P=F) (3.5)

Where;
P, Po . Active power delivery at set point
f, fo - Grid frequency and nominal frequency
ke : frequency droop value

The required changes in active power to maintain the frequency is given as:

With the dynamic frequency changes of the system, the frequency steady state
error will not be zero (Af |steaay state # 0) Since the frequency droop control is
proportional.

From Figure 3.8, the equation can be represents as:
1
APref(S) =P, + kaf(s) + Af(s)(kp + T_S) (3.7)
L

This equation explains how equation (3.5) is altered with additional of
proportional-integral (PI) controller in the droop controller.

b. Reactive power controller with voltage stability

To control the voltage stability while delivering reactive power to the system
through VSI. Theoretically, in a synchronous generator when the reactive power
delivered is increased, reduction of voltage terminal can be seen. However with
voltage droop controller, the excitation control will adjust so that the terminal
voltage magnitudes remain the same as nominal grid voltage. This relationship
can be seen as an:

Changes in voltage

= 3.8
Y Changes in reactive power (38)
v =1, +k,(Q— Qo) (3.9)
Where;
Q, Qo : Reactive power delivery at set point
V, Vo : Grid voltage and nominal voltage
Ky - voltage droop value

By incorporating the droop controller and reactive power controller, stable
reactive power and voltage can be delivered to the system. Figure 3.9 shows the
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reactive power controller with voltage stability block diagram, where voltage
control and reactive power is connected together.
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Figure 3.9 Reactive power controller block diagram
P1 controller is used with voltage droop and it can be seen in Figure 3.9 and can
be expressed as:

1
AQyef(S) = Q, + k, AV + AV (ky, + _T-s) (3.10)
4

3.2.4 Tier 4: Switching control

Switching controls for PV, storage system and input from grid can be determine
by looking into PWM switching controls of the 3¢ VSIs from the 3 main
sources. This level will generate correct PWM switching to trigger the VSIs to
supply the P and Q to the system. In this sub section, PWM switching controls
for a. PV, b. Energy storage and c. Grid.
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Switching Control of VSI

a.Pv b. Energy Storage c. Grid
a. PV
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Figure 3.10 VSI control for PV system in PV based active generator

Main element has been numbered 1-4. These are the backbone of this
particular system for PV array, to make sure P and Q can be delivered
without compromise stability of frequency and voltage.

Table 3.6 Main parts of PV Switching control for PV based active generator

(1) Park’s components and Phased locked loop (PLL)

- Measured line voltage and current waveforms at the point of common
coupling (PCC) with the AC bus converted into Park components (vg; vq and
ig; Ig) in p.u values.

- PLL is used in this subsystem for synchronization and it gives the phase
angle (ot) of the grid voltage.

(2) DC voltage control loop

- Provides reference value to Park’s components

- To generate required PWM signals for DC-AC 3¢ VSI

(3) Current control loop

- To keep DC bus voltage at specific value to extract the maximum power

(4) PWM generation
- Generates required PWM signals
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b. Energy storage

Three main subsystems needed in energy storage switching control.
Compared to the system for PV switching control, voltage control loop is
not needed, since iq,ref and iq,ref is taken from Power Control (Tier 3) output.
The bidirectional power flow for the storage allows the storage to be charge
using power from the grid.

Battery /
Supercapacitor
:l: > Feedback
DC . Controller @
[~
DC .
I LY
i E Vd,ref & Vg,ref
) PWM e abc <
1
AR = o
3p AC ’ . .
i Id,ref
™~ .| Phase angle N abc i Current
v 71 3pvandi dqo _? Control Loop Ig,ref
1
ACBus ' @ 4

Figure 3.11 Block diagram of the switching control for the energy storage
system

Based on Figure 3.11, the three main subsystems are illustrated and the
same functions are expected as in PV switching control. The numbered
block defined as:

(1) Park’s components and Phased locked loop (PLL)
(2) Current control loop
(3) PWM generation

c. Grid

AC-DC-AC link is the connection between the electrical grid and active
generator. This link will allowed the power dispatch according to the limits
that been imposed by the utility provider.
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Figure 3.12 Block diagram of the switching control for the Grid (AC-DC-AC Link)

At DC link in PV generation side, PWM switching control is used to maintain
the constant voltage. This can be seen at no. 4, where generated signal from
parks component based on vq and vq will trigger PWM signal and to the DC-AC
block. Based on the demand limit, DC-AC converter generates the required AC
voltage signal for the AC bus of the PV based AG using frequency droop
characteristics. All four blocks are defined as:

(1) Frequency control

(2) Park’s components and Phased locked loop (PLL)
(3) Voltage control loop

(4) PWM generation

Except of frequency control, the rest has been explained in PV switching
control. Equation 3.4 is used to decide the system frequency in frequency
control block.

3.3 Test System and Base Scenario

In previous section, the architecture and the load management control of
the PV based active generator has been discussed. In this section, the simulation
is executed based on individual power response (P and Q) and based on the load
demand and the capability of maintaining the voltage stability, frequency
constancy and power quality within both the PV based active generator and

conventional electrical grid is discussed. For this test system, the dynamically
fluctuate real power (P), reactive power (Q) and the global tilted irradiance
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(GTI) used are as below. This test is based on an aggregated load from 30 houses
in the same area. Skarpnes smart house project initially proposed of 17 single-
detached houses and 20 flats, and we do expect by using an estimation of 30
houses may give a good result for the system to operate.

The active power of the variable load is varied from 0 to 300kW as in
Figure 3.13. The reactive power of the fixed load is set at 50 kVar, and the
reactive power of the variable load is varied from 0 to 60 kVar. This can be seen
in Figure 3.14. In PV based active generator, PV array is considered as the main
source of power and it is operated at the maximum power point (MPP). In the
simulation model, 200 kWp of PV array is considered. The PV array and the
maximum power point tracker (MPPT) together are modeled as a variable
current source. The PV current at the MPP is calculated using the GTI shown in

Figure 3.15. These test parameters (P, Q and GTI) is based on 12 seconds of
time.
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Figure 3.13 Active power (P) for variable load required for system test

T T T \

0 | | | |
0 2 4 6 8 10 12
Time [s]

Figure 3.14 Reactive power (Q) for variable load required for system test
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Figure 3.15 Global tilted irradiance (GTI) required for variable load for system
test

3.3.1 Active and reactive power load demand

PV based active generator make sure that the P and Q is shared among
the available source, with the priority is given to PV. This power transfer
executed while maintaining the frequency and voltage.

3.3.1.1 Active Power Load Demand

For P it begins at the initial point (O second) and the P demand is in blue, while
the limitation that pre-set is in green. During the whole 12 second, the PV, grid,
battery, supercapacitor supplying energy to the load accordingly with respect to
the demand limit that has been imposed. Based on Figure 3.16, the processes
are given in the following order:

(a) The system experiences a very short period of transients and becomes
stable approximately after 0:35 second. During the transient period, grid
power exceeds its maximum limit and the system switches to the Stand-
alone mode as responses of the battery and the supercapacitor are within
their allowable power range. After some time it switches back to the Grid
connected mode as the centralized energy storage is continuing the
power dispatching.

(b) PV array injects the maximum available power to the system. At PV
generated power is around 30 kW, generated power is not sufficient to
meet the load demand, however with a gradual increment of PV power
and input from other sources, the load demand is supplied.
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(c) In the first 5 second the system runs with an imposed limit of 200kW.
Then, it is increased to 300 kW and the active power share from the grid
is increased as well.

(d) During 6.50 second to the 7" second, the PV power becomes zero and it
turns to the disconnected mode for preventing the reverse power entering
to the PV array. In the meantime, the active power (P) share of both
battery and the supercapacitor increase to meet the load demand.
Supercapacitor takes the large portion of active power sharing compared
to the battery due to its fast dynamic nature.
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Figure 3.16 Active load demand sharing among the multi-sources in PV based active
generator

3.3.1.2 Reactive Power Load Demand

PV source will only inject the P power to the system, hence the rest of the
sources (battery, supercapacitor and DC link in the AC-DC-AC link) have to
supply Q needed in load demand. Figure 3.17 shows the reactive load demand
sharing among different sources:

(a) Between 0 second and approximately 0.35 second, the system is in a
short transient before it become stable after that.

Large shares of is supplied by the DC link of the AC-DC-AC link followed by
the supercapacitor and battery storage. The DC link is supplying power in an
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uncontrollable manner. Oscillations seen in Figure 3.17 are a proof of this.
Supercapacitor plays it role faster than the battery due to its fast dynamic
response. The energy storage injects reactive power while maintaining the
voltage stability within the system.
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Figure 3.17 Reactive load demand sharing among the multi-sources in PV based
Active Generator

3.3.2 Active and reactive power response for multi power sources

This section will discuss on the individual P and Q response, in order to
study the voltage and frequency stability in the system. As for PV source, the
only power response is P, while for supercapacitor, battery and grid will
includes P and Q response.

3.3.2.1 Active power (P) response for PV

On the same axis, the irradiance and output power of PV is plotted. By using
the Synchronous Reference Frame Converter (SRFC) in the VSI, it will only
consider the injection of maximum available power to the AC bus of the active
generator system [11]. It is noticed the output power do not have any significant
different to the irradiance input. This can be seen in Figure 3.18
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Figure 3.18 Active power response for PV in PV based active generator

3.3.2.2 Active power (P) and reactive power (Q) response for
supercapacitor

Fast and dynamic fluctuations of supercapacitor in providing P and Q to the
system makes it the most efficient source of providing needed power to the load.
Supercapacitor plays the major role as can be seen in previous section in
providing the P and Q. From Figure 3.19 and Figure 3.20, it can be seen that
both P and Q injects the power accordingly to the system. It is due to
controllable injection of the P and Q while maintaining voltage and frequency
in the system.

From previous section, in Tier 3: Power flow control, the reference P and Q are
determined here by considering the frequency and voltage stability. Then at Tier
4: Switching control, the SRFC generates required PWM signals to the VSI in
the supercapacitor system through feedback and feed-forward control strategies
(Figure 3.11).
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Figure 3.19 Active power (P) demand for supercapacitor in PV based active
generator
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Figure 3.20 Reactive power (Q) demand for supercapacitor in PV based active
generator

3.3.2.3 Active power (P) and reactive power (Q) response for battery

For long term storage, battery system is the most reliable source and it act as a
power compensator in the PV based active generator system. Based on Figure
3.14, the same process as in supercapacitor will take place. Both Tier 3 and Tier
4 will be the main layers that will make sure that P and Q references are measure
and calculated with reference to the voltage and frequency stability. SRFC will
generates signal that requires PWM signal to VVSI based on reference power.

Figure 3.21 and Figure 3.22 shows the P and Q reaction for battery system. It
indicates that on earlier second there are transient happening on the system,
before it is stable. The signals oscillates hence relatively are in order.
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Figure 3.21 Active Power (P) response of the battery system in PV based active
generator
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Figure 3.22 Reactive Power (Q) response of the battery system in PV based active
generator
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3.3.2.4 Active power (P) and reactive power (Q) response for grid

The conventional grid system and PV based active generator are isolated by the
DC link and connected by AC-DC-AC link. Figure 3.23 and Figure 3.24
illustrates the active power (P) response on the grid and on the AC-DC-AC link,
while Figure 3.25 and Figure 3.26 shows the reactive power (Q) response on
both grid and the AC-DC-AC link. It can be seen that for both at the grid or at
the link, the power is below the demand limits line (orange).
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Figure 3.23 Active Power (P) response of the grid
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Figure 3.24 Active Power (P) response of the AC-DC-AC link

The grid system does not provide any reactive power (Q) to the PV based active
generator scheme as can be seen in Figure 3.25. At the DC link supplies required
reactive power (Q) as can be seen in Figure 3.26.
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Figure 3.25 Reactive Power (Q) response of the grid
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Figure 3.26 Reactive Power (Q) response of the AC-DC-AC link

3.3.3 Frequency and voltage stability

The main control strategy for PV based active generator is to ensure that
the voltage stability and frequency is within the acceptable limits. This is to
make sure that the system is ready to be connected to the conventional grid
based on ‘plug and play’ concept.

Since the system is isolated from the grid through AC-DC-AC link, the
grid parameters are not affected by the fluctuations on the active generator side.
Figure 3.27 illustrates the RMS voltage at the AC bus for PV based active
generator for all phases. All phases are in-phase and expected transient occurs
at the beginning.
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Figure 3.27 RMS voltage of the AC bus for PV based active generator
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Allowable frequency fluctuation for a system is = 5%. Based on Figure 3.28, it
Is within the allowable range of fluctuations.
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Figure 3.28 Frequency of the AC bus for PV based active generator
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The grid voltage and frequency is not affected at all once it is connected to the
PV based active generator. Figure 3.29 illustrates the unaffected grid RMS

voltage while Figure 3.30 shows that the frequency did not change much with
the connection to the PV based active generator.
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Figure 3.29 Grid RMS voltage
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Figure 3.30 Grid frequency

Based on the test scheme that has been done using simulation, it proof
penetration of PV produced power into the grid system. This can be a plug and
play system that will not harm the existing grid lines. The controlling part of PV
based active generator plays a major role in managing and controlling the active

(P) and reactive (Q) power while maintaining the stability of voltage and
frequency.
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3.4 Discussion

This research is to develop PV based active generator architecture and its
control strategies to meet the load demand based on the sources availability. The
active power (P) and reactive power (Q) from the load demand has been
managed with respect to the voltage and frequency stability. This has been done
by using a hierarchical control approach using stateflow analysis with droop
characteristics.

The overall control system has been developed as a hierarchical system
with stateflow control and droop characteristics. The hierarchical control
approach is suitable for this type of real time power management systems as it
helps not only in managing and controlling the power flow but also helps in
maintaining the safety and stability within the system. The top most level (Tier
1) selects the appropriate working mode based on the rated power values and
the grid constraints considering the whole system as a unit. The subsequent
layers concern the individual units of the active generator system. It helps to
keep the SOCs of the centralized energy storage units at a relatively high values
because system switches the energy storage elements between charging and
discharging modes.

The implementation of droop characteristics along with the feedback
control maintains the frequency and voltage stability at acceptable levels. Since
the AC coupled structure is used for the PV based active generator along with a
AC-DC-AC link, individual three sub systems can be identified which are
having their own PWM switching control implemented using different
topologies of current mode and voltage mode control of VSI. For this particular
work, the PV array is considered as the main source of energy and it should
inject maximum available energy to the system. The simulation results prove
that the SRFC with DC voltage regulator implemented in the PWM switching
control layer gives acceptable achievement of maximum power operation of the
PV array. Tier 2 (Power dispatch) layer plays a major role in keeping the SOC
of the energy storage units at a high value which leads to maintain the active
generator system availability for the continuous operation. By using an AC-DC-
AC link, the system isolation (transformer isolation and DC link isolation) is
achieved in addition to demand side management control.

The centralized energy storage elements decide their power shares at Tier

3 (power flow control) based on the frequency and voltage stability to
compensate the power fluctuations caused by PV generation. The method of
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deciding the individual component of power sharing at lower layers helps to
maintain the frequency and voltage stability within the system rather doing it at
the top layers as in the conventional case.

Based on a 12 seconds testing time, the simulation based on the random
data has been executed. The test is to make sure that the P and Q for the load is
fully satisfied by any of the available source with a priority is given to the PV
source. The test in the last section prove that the capability of the proposed
architecture for managing and controlling both active and reactive power while
maintaining the frequency and voltage stability within the system. The load
demand to the grid can be effectively reduced by increasing the penetration of
PV power as active generator systems with the help of hierarchical control
strategies.

3.5 Conclusion

Four tiers hierarchical that have been introduced (Tier 1: Function
control, Tier 2: Power dispatch, Tier 3: Power flow control and Tier 4:
Switching control) to fully control the PV based active generator. Each of the
tier will act accordingly depends on the availability of the sources. This is to
make sure that the load demands is fulfill and the system does not exceeding the
grid restrictions. Based on a different control methodologies on different
sources, the load will be supplied effectively matching the source readiness and
at the same time prohibit any unnecessary problems (voltage and frequency
variations). It can be concluded that the developed architecture which provides
the active power (P) and reactive power (Q) to meet the load demand helps in
improving the power system dynamics and control, in addition helping on the
demand side management.
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Chapter g

Grid Interaction Performance
2% Evaluation of Zero Energy Building
(ZEB) in the Southern Norway

he energy efficient housing development should consider that a building

should produce the same amount of electrical energy as its annual
requirements (i.e zero energy building (ZEB)). In future ZEBs are going to play
a significant role in the upcoming smart grid development due to their
contribution on on-site electrical generation, energy storage, demand side
management etc. In Southern Norway, a smart village Skarpnes is developed
for ZEBs. These ZEBs have Building Integrated Photovoltaic (BIPV) system.
In this work the main objective is to evaluate the usefulness of ZEBs for load
matching with BIPV generation profiles and grid interaction analysis. The real
operational results of a year are analyzed for annual energy balance with on-site
BIPV generation and local load. This work provides quantitative analysis of
various grid interaction parameters suitable to describe energy performance of
the BIPV. The load matching and grid interaction parameters are calculated for
a house to find relationship of BIPV generation and building load. The loss of
load probability is analyzed and it will be useful for finding an additional
capacity for fulfilling the local load at desired reliability level. Results of this
work are going to be useful for developing demand side management strategies
and energy storage as well as import/export energy to the grid. This work will
be beneficial for future planning of the distributed network when the BIPV
penetrations are going to increase.
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Nomenclature

BTS
Coys(t)
Go(t)
&(t)
Gi(t)
ggross(t)
gnet(t)
Sdc(t)
Se(t)
Si
lgross(1)
Inet(i)
e(t)
d(t)
T

e

d

net
PVnet
t

t1

t2

W

|

|net
€design
lesd
CCst
P load

Y generation

LOLP
GM
CUF
DR
PRcf

: Building technical system

: Building technical systems energy losses (excluding storage)
: Generation energy losses

. Storage energy losses

: Load energy losses (e.g.: distribution losses)
: Gross on-site generation

: Net on-site generation

: Discharging storage energy

: Charging storage energy

. Internal storage energy

: Gross load

: Net load

: Exported

: Delivered

: Time

: Exported energy

: Delivered energy

: Net exported energy

: On-site generation

: Evaluation period

. Start of the evaluation period

: End of the evaluation period

: Weighting factor

: Load

: Net load

: Designed capacity

: On-site energy supply-demand index
: Rated capacity credit factor

: Load cover factor

: Generation cover factor

: Loss of load probability

: Generation multiple

: Capacity utilization factor

: Dimensioning rate

: Power reduction capacity factor
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4.1 Introduction

In future ZEBs are going to play a significant role in the upcoming smart
grid due to building integrated distributed generators, energy storage, and
demand side management. In southern Norway, a smart village Skarpnes is
developed and at this moment five single family houses are built as per passive
houses standards NS3700 [41]. In Southern Norway, a group of on-grid zero
energy and zero energy building (ZEB) area with roof-mounted PV systems are
developed at Skarpnes, near Arendal. Skarpnes is a small village located at 58.4°
north and 8.7° east. The project is a zero energy building (ZEB) pilot project
that has been executed by the local authority and is expected to be completed in
four years’ time. It is developed by Skanska Norge and it is a pilot project of
The Research Center on Zero Emission Building and in the Norwegian
‘Lavenergiprogrammet’ for evaluation of homes with low energy demand
(EBLE). The actual definition of a ZEB in this project is referring to a building
that produces the same amount of energy as its own demand during the
operation period of a year [42]. This project location is at the southern coastline
of Norway, the weather is sunny and mild with an annual mean temperature of
7.8°C, with annual solar radiation 2.43 kWh/m?/day of horizontal global solar
irradiation. The solar radiation varies significantly throughout the year and in
summer it can typically reach up to almost 6 kWh/m?/day [43].

The electrical energy required in this project will be partially supplied
from the PV arrays on the rooftops. For heating purposes, initial plan was the
heat pumps and solar thermal collectors to be used in combination with ground
heat exchangers, however this has been changed. It is expected that the annual
electrical energy generated from all of the rooftop PV arrays should be sufficient
to cover the total annual electrical demands of the houses. This project is
providing real operational results and they are going to contribute for future
building construction planning and design based on ZEBs. Results will be useful
not only to the utilities for developing new business models for better energy
efficiency measures but also to the urban planner and building designer [44].
Performance evaluation of ZEBs will also help in finding appropriate
distributed energy storage as well as in distributed network planning and
expansion. The results from this smart village may also help in analyzing the
needs of traditional houses, where smart grid solutions and distributed
generation units may get installed in future. Techno-economic analysis is also
needed for grid expansion planning and some of the result form this specific
project may be useful for doing energy business and policy analysis for future
energy system [45].

51



4.2 Skarpnes Smart Village: Zero Energy Building
Project

This Skarpnes smart village project (Figure 4.1) is based on minimizing
housing energy demand through the building energy efficiency and utilizing the
local PV generation. These five houses are developed as ZEBs with roof
mounted building integrated PV (BIPV) system. These houses have been
occupied and started collecting energy consumption and production with power
quality data. This project is going to help on further investigation on load flow
analysis in the distributed network on introduction of energy efficient buildings
with roof mounted PV systems. Results from this project are going to be useful
for doing load matching and grid interaction of such type of buildings with
distributed network.

Figure 4.1 House C6 in the Skarpnes Smart house project

In this work, a house C6 is selected for doing performance analysis as
well as load matching with grid interaction. This house is a single house with
an area of 154 m?. It is build facing south and Figure 4.2 shows the PV array
installation on rooftop, facing to the southwest. The technical parameters of the
C6 house are given in the Table 4.1. The usable roof area for C6 is 57.43 m?,
however the PV array is only covered 39.9 m? of this roof. Specifications of the
PV modules are given in Table 4.2. Table 4.3 shows configuration of the PV
array for this specific house C6.
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Figure 4.2 House (C6) with the PV array is facing southwest

Table 4.1 Characteristics of Skarpnes smart village house C6

Characteristic Value
Increased installed PV (factor of 4.5) | 7.36 kWp
Building area 154m?
Designed capacity 16kW
Technologies PV array

Table 4.2 Sunpower SPR 230NE-BLK-I

Peak Power (Pmax) 230 W
Cell Efficiency (1) 22.7%
Panel Efficiency (1)) 18.5 %
Rated Voltage (Vimpp) 405V
Rated Current (Impp) 5.68 A
Open-Circuit voltage (Voc) 48.2 V
Short-Circuit current (Is) 6.05 A
Max system voltage 600 V

Table 4.3 Overview of the installed peak capacity and PV production.

Usable Roof (south facing) Sunpower - SPR 230 NE-BLK-I
Length  Width Area | Strings  Modules module Capacity
(m) (m) (m?) area (m?) (kWp)
12.2 4.7 57.43 2 16 39.9 7.36

4.2.1 Electrical load used in designing of Skarpnes project house

Skarpnes smart village house C6 is considered in this study. C6 is
representing a typical Norwegian house with common appliances those have
been commonly used in other houses. Due to some engineering issues, it has
been challenging to monitor power consumption of power intensive loads in C6
house and ratification process for monitoring their power consumption is
continuing. In it, typical power appliances which are going to be monitored are:
Heat pump, Ventilation system, Circulation pumps, Fan convector. Annual
energy needs, used in planning, of a typical house of 154 m? area is given in
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Table 4.4. It is considered in the design that the annual total energy consumption
Is approximately 12 MWh, where around 5.2 MWh represent electrical needs
and 6.9 MWh are thermal requirements. This energy usage includes basic needs
for a typical house such as lighting and heating [43].

Table 4.4 Energy fraction for planning C6 house [43]

Energy Purpose Specific Energy Energy Needs
(KWh/m? yr) (kWh)
Space heating 14.9 2294.6
Hot water 29.8 4589.2
Fans 4.4 6776
Pumps 0.3 46.2
Lighting 11.4 1755.6
Technical Equipment 17.5 2695
Total net energy 78.3 12058.2

For energy saving and improved efficiency in the zero-energy houses in
Skarpnes, few additional measures are considered. The installation of LED
lighting to replace the conventional lighting system will obviously reduce the
energy consumption. Initially the heating was planned to be provided by a solar
thermal collector system and ground heat from 160 meters of underground
pipes, but this proposal has been withdrawn by the developers.

ZEBs will be part of upcoming smart grid with its role as integrating with
the grid as distributed generator as well as load balancing. As the existing power
system network has hierarchical arrangement with unidirectional power flow,
consequently grid interaction analysis of such type of ZEBs is important for
further planning and enhancement of the grid. Analysis of grid integration and
load matching of ZEBs with seasonal variation will be useful in the framework
of the smart cities planning [46].

4.2.2 BIPV Energy output for C6 House

The installed PV array on C6 can produce nearly 7 MWh energy
annually. This is close enough for estimated/approximately annual electricity
consumption of a typical house. Therefore, this house can be considered as ZEB.
The PV array output is continuously monitored and the hourly PV electrical
energy production (of C6 house) for a year (September 2015 — August 2016) is
given in Figure 4.3. It is observed that there are big variations with intermittency
of PV production ranging from 0 kWh to 6.5 kWh hourly. The lowest PV
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production is in the month of December and house may have more electricity
demand in this month.
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Figure 4.3 Hourly PV electrical energy in 12 months
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The monthly PV generation is calculated and given in Figure 4.4. It is observed
that the PV production is relatively low during winter months in November,
December and January. This is due to the short day length and the snow fall.
Cumulative energy for these three months is 295.75 kWh, which is not even half
of the monthly output of May. In May, almost 1110 kWh is generated from the
PV array. The daily PV production for December is given in Figure 4.5. In May
as can be seen in Figure 4.6, the energy generated from the array is the highest
among other months. The highest is at 6.41 kWh on May 16th at 1400 hours.

Figure 4.4 Total PV generation monthly.
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Figure 4.5 PV generation profile, December 2015.
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Figure 4.6 PV generation profile, May 2016.

4.2.3 Real time annual load curve for C6 house

The instrumentations have been organized to measure the real time
power of various power intensive loads of the house. But due to some
engineering problems, installations of these meters have to be rectified. The
overall real time net power consumption of the house is monitored through the
ELSPEC power quality instrument and it can provide the measurements at
minimum of 20 p sec [47]. In this work, total hourly net power consumption of
the house is collected through ELSPEC and it is given in Figure 4.7 for 12
months (September 2015 - August 2016). It is observed that the highest net
demand is coming in the mid of February with net hourly energy demand of 7
MWh and in the month of December, the minimum net power consumption is
1000 kWh for whole month due to continuous heating demand of the house.
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Figure 4.7 Electric load curve for the C6

A typical winter time weekend net real time load curve and a typical weekday
net load curve are given in Figure 4.8 and Figure 4.9 respectively. It is observed
there is substantial difference on net load patterns for both weekday and
weekend. Net peak occurrence timings as well as minimum net load occurrence
timing are quite different. Therefore, the grid interaction on weekdays and
weekend are going to be different and they also depend on the user behavior as
well as weather conditions, physical characteristics of dwellings, types of
appliances and user occupancy [48] [49].
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Figure 4.8 Daily net load curve on typical weekend during winter season

57



December 16th 2015 (Weekday)
2400

— Load Consumption
777010 S S S S S S SO S S NURSOE SO SUSUN S SR NS SUSSN (SRR N Bttt Average Winter

2000

1800

1600 a3
/ P R S S
1400 - Yo e p> ._
iy i - e,
AR i RN — o, - o,
1200 A \ i :
7 \ i o o
______ I A i 3
1000 3 ./ ik

800

Wh

600

0 1 2 3 4 5 6 7 8 9 10 1" 12 13 14 15 16 17 18 19 20 21 22 23
Hours

Figure 4.9 Daily net load curve on typical weekdays during winter season

In southern Norway the month of July is considered as summer vacation
period. Therefore, real time net load profile of July for typical weekday and
typical weekend are considered. It is observed that for C6 house, throughout
summer month (June to August), the hourly average minimum load is 970 W
and maximum 1587 W. The hourly average load profile for weekday and
weekend, during summer month, are also given in Figure 4.10 and Figure 4.11
respectively.

July 3rd 2016 (Weekend)
2800

T T T

2600 — Load Consumption |
------- Average Summer

2400 \

2200

2000 \\
1800 \
1600

£ e N ; I\ e\
1000 o N o _\ = / XL
e , fyr

/

400

200

0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23
Hours

Figure 4.10 Daily net load curve on typical weekend during summer season
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Figure 4.11 Daily net load curve on typical weekday during summer season

4.3 Mismatching of real time load with the on-site
PV generation

The real time hourly PV production (Figure 4.3) and the hourly load
consumption (Figure 4.7) are analyzed for finding the net export/import of
hourly real time energy from the grid and it is reported in Figure 4.12. The
maximum export of the energy happens on June 21% at 1700 hours and the
maximum import occurs on February 29" at 0600hours.
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Figure 4.12 Net export/import of hourly real time energy

The hourly net energy from the grid is analyzed on monthly basis to measure
monthly energy taken from the grid and supplied to the grid (Table 4.5). Also
the on-site monthly PV measured production as well as the C6 monthly
measured energy consumption are given in the Table 4.5. It is observed during
May 2016 the monthly PV productions are high, therefore the energy has been
exported to the grid. In the month of January the PV production is the lowest
compared to other months, hence the demand is the highest. The monthly PV
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energy production is varied from < 3% (in January) to 125% (in May) with
reference to the monthly total electrical energy consumption. The mismatching
of the monthly energy export and import of C6 is analyzed and it is noticed that
maximum export is 29% with reference to PV production in the month of July.
However, in the month of January the PV production is the lowest, therefore the
import of 3232% of energy with reference to PV production can be seen. With
the reference to the monthly energy consumption of C6, the variation of C6
energy supply and requirement to/from the grid are analyzed; and it is found
that the monthly energy supplied by the house to the grid is from 41.2% and
monthly energy required by the house from the grid is 97%.

Table 4.5 Summary of monthly net energy and PV generation

Energy Energy Mismatch PV Consumption
Month IN ouT Production
(kWh) (kWh) (kWh) (kWh) (kWh)
September | 448.65 507.62 -58.97 660.249 601.27
October 603.05 228.39 374.66 369.83 744.49
November | 688.09 95.02 593.07 193.54 786.61
December | 823.10 22.53 800.57 67.949 868.52
January | 1119.88 12.23 1107.65 34.264 1141.92
February | 815.31 203.10 612.22 380.361 992.58
March 778.87 348.65 430.22 529.974 960.20
April 568.44 507.43 61.01 798.582 859.59
May 640.03 863.61 -223.58 1108.23 884.65
June 448.08 680.98 -232.90 1027.64 794.74
July 416.52 734.57 -318.05 1090.63 772.58
August 594.29 535.44 58.85 870.97 929.82
Annual 7943.07 | 4739.56 7132.22 10335.73
Total
Average | 662.026 | 394.964 594.352 861.414

It was expected that typical house in Skarpnes smart village should
produce on-site PV generation approximately equal to the electrical energy
consumption of the house annually. For this typical year, the on-site annual PV
production of C6 house is lower than the annual electrical consumption (Figure
4.13). Deviation of annual (September 2015 — August 2016) exported and
imported energy of C6 with reference to net zero line, is given in Figure 4.14
and due to changing weather patterns it may vary. Load consumption as well
as the PV production will vary and may depend on the climatic conditions as
well as change in user behavior, load pattern, home energy management
system[50]. The energy efficient loads and home energy management system
may help in reducing annual energy consumption and matching with PV
production.
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Figure 4.14 C6 final energy balance

4.4 Grid Interaction Indicators of BIPV

Quantitative analysis of near net ZEB is important for investigating on-
site energy generation with reference to local load [51]. Quantitative grid
interaction refers the energy import/export between ZEB and distribution
network. This investigation is going to help for understanding load matching
with on-site PV generation and profile of supplying power to the grid [52]. In
this section, grid interaction indicators are explained and they are used in
subsequent sections.

In this work load matching with PV generation and grid integration for a

year are analyzed for this C6 ZEB. IEA Task 40 [53] has emphasized the
importance of grid interaction of the ZEB and presented a sketch for energy
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flows in ZEB. If the building is equipped with PV, solar thermal and smart
energy meter then its typical energy flows will be as given in Figure 4.15.

meter

[~ Storage

Gross\llload
gt |

Net load

Figure 4.15 Energy flows for a typical ZEB

The energy delivery for ZEB can be represents in an equation form. The end
expression is the net exported energy (net). A general energy flows for a typical
ZEB, considered all on-site generations, losses, storage and grid interactions, is:

as;

Gret (1) + d(t) = Ly () + [2 losses] + e(t) + . (4.2)
where the cumulative losses (X losses) that have been taken as:
Coys(t) . Building technical systems energy losses (excluding
storage)
&s(t) : Storage energy losses
<i(t) : Load energy losses (e.g.: distribution losses)

While for storage system (S) and the gross load (lgross), the equation considered
are:

S = S0 = Sa0®) = (O + 5 (4.2)
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lgross(t) = Lyt (t) + ¢ (2) (4.3

So, by integrate equation (4.1) with respect to equation (4.2) and equation (4.3),
between times ranges from t1 to t2, (4.1) may be represents as:

ft () + f "4

2

[+ [ s+ [ e @a)

%) 2
t1

+ | ¢.(t) +AS;

%)

For ASi = 0,

j o+ [ am
t2 t2 . 4.5)

= fttllnet(t)+flé(t) +ft e(t)

2

By simplifying equation (4.5), the net exported energy is:
net (t) = e(t) —d(t) (4.6)
4.4.1 On-site energy supply-demand index (resq)

This index (resq) is defined as the ratio of cumulative energy supplied by on-site
generation to the load during a specific time period. If this index is higher, the
coincident among the on-site generation and load is superior. This index is
express as:

ft’;l PV (t)dt

ft’;l I(t)dt
If at the site local energy storage have been used, then this relation needs to be
modified considering the on-site generation, energy storage power flow
including losses and load variation during the specified time period.it can be
define as:

4.7)

Tesd =

f:[PV(t) + Storage (t) — losses(t)]dt
ot

(4.8)

Tesd,storage =
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4.4.2 Rated capacity credit factor (CCs)

On-site BIPV generation varies from time to time with weather
conditions. As the penetration of on-site BIPV increases intermittent output is
going to become important feature of distributed network. It will impact
capacity amount which is required for meeting the peak demand and also on the
operation of the generators. The net export load profile can be used for
analyzing the impact of BIPV on network capacity. The difference between the
peaks of the load duration curve with net load export curve represents the BIPV
contribution. This BIPV contribution to the local load can be express as
percentage of the rated installed BIPV capacity.

4.4.3 Load and generation cover factor (Yicad and Ygeneration)

The building integrated PV system is contributing to fulfil the local load
and reducing the demand on the grid. It can be quantified as cover factor(s) and
can be referenced with the on-site load and generation. Load cover factor is
expressed as the ratio of local demand supplied by on-site PV generation to the
local load during the specific time period. Similarly generation cover factor is
expressed as the ratio of local demand supplied by on-site PV generation to the
on-site PV generation during the specific time period.

[ min[PV (), 1(t)]dt

y = (4.9
road [ idt
f[; min[PV (¢), 1(t)]dt
Ygeneration = (4.10)

f:; PV (t)dt

The factor min[PV (t), L(t)] is representing the load supplied by the on-site
PV generation at particular time, taking into account minimum value of PV
generation or load.

Load cover factor: quantifies the local demand supplied by PV and
during daytime with more PV output, this factor is going to increase and can
reach up to a maximum value. While installing the PV system, with local load
consideration, the load cover factor should be considered to have as maximum
as possible. The maximum load cover factor will depend on the day length and
PV production time period. The maximum load cover factor is more useful for
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doing analysis over daily, monthly or yearly time period and it can be expressed
as:

sunrise
(t1,t2) _ fsunset [l(t)]dt

yload,max - t

ft; [(t)dt

(4.11)

The analysis of load cover factor and generation cover factor are going to help
in understanding the role of home energy management system (HEMS) for time
shift able power intensive domestic loads [50]. These cover factors are useful in
managing operation of power intensive non-critical loads with reference to the
on-site PV generation.

4.4.4 Loss of load probability (LOLP)

In the electrical energy system, loss of load probability (LOLP) is useful
for finding the system of availability. The BIPV system, the LOLP can be
express as the time which on-site PV generation is not able to fulfil the local
demand, and therefore how often the required energy should be provided by the
grid. It can be expressed as:

t2
dt

tz - tl
LOLP analysis is useful for determining the amount of capacity which will be

needed for fulfilling the desired reliability level of domestic load.
445 Generation multiple (GM)

The generation multiple [54], has been used for relating the capacity of on-site
PV generation with the total load of the house which has been used in the design
study. It is defined as ratio of generation capacity to designed load of the house.

_ rated PV capacity
GMpy )1 =

(4.13)

rated or designed peak load

Generation multiple information is useful for power system network planning
on estimating the on-site peak PV generation compared to peak load. This factor
may help in designing operational strategies for HEMS. The GM can be
configured by considering delivering energy profiles to the grid and acquiring
energy from the grid. The GM can be expressed using the delivering (e(t)) and
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acquiring energy (d(t)) profiles using maximum power values from these
profiles.

_ beak[e(t)]
GMe/d "~ peak [a(t)] (4'14)

4.4.6 Net energy export and range

While designing the BIPV with considered designed load profile, the net export
energy (edesign) iS analyzed and it can be used for normalizing the on-site net
energy export to the grid with designed value. It can be expressed as:

net(t)

net(t)norm = (4.15)

€design

Net energy export profile can be considered for doing further analysis of GM.
With reference to the energy export profile, the GM analysis can be done
through the maximum (peak) of export profile and the minimum of it. It can be
calculated as:

max|net(t)|

GMnet(lOO/O) = (4.16)

min|net (t)|

The net energy export profile can be studied using percentile of maximum and
minimum power values. The net energy export profile curve can be configured
as load duration curve for doing further sensitivity analysis. In this analysis, the
changes of the peak values (power) of the export energy as well as of
reducing/changing input values (power) from the grid can be investigated.
Reduction to the grid export and load peak reduction can be reviewed using the
net exported of the load duration curve. This investigation can help in finding
the scope of HEMS for peak shaving in the load side. Variation in the peak
export power to the grid and also in the peak demand from the grid can be used
for understanding the range which may be useful for power system network
planning. The GM with variation of export peak (Pyp) and reduction in peak
demand (Pdown) can be analyzed using:

|netp
up (4.17)

GMnet(Pup/Pdown) = |net |
Pgown
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4.4.7 Capacity utilization factor (CUF)

The capacity utilization factor is considered as the ratio of actual net energy of
the house to the maximum possible energy based on designed capacity. Net
energy exchange with grid can be analyzed with the design value of peak
capacity of the grid connection (edgesign).

fttlzlnet(t)ldt

CUF = (4.18)
edesign- (tz - tl)

4.4.8 Dimensioning rate (DR)

The maximum absolute net power profile value at a particular time with
reference to the designed capacity of the house can be expressed as
dimensioning rate (DR).

R max[|net(t)|]

(4.19)
edesign
DR can be used for analyzing the capacity of power reduction from the grid.

This analysis may be useful for considering different control strategies for
domestic power reductions scenarios on the grid. It can be quantified as power
reduction capacity factor and expressed as:

PRy =1-DR (4.20)

If the house is not having on-site generation then accordingly the power
reduction capacity factor can be modified.

4.5 Performance Evaluation and Grid Interaction
of C6 house

Previously, in most of the studies the load matching analysis and grid
interaction of on-site generation of ZEBs have been out of scope. Annual energy
load profile of the house is going to describe the energy performance with peak
demands. The importance of load matching analysis and grid interaction is
increasing due to development in more complex dynamic energy systems with
increasing penetration of renewable energy sources, energy storage, demand
side management, and smart metering.

In power system analysis of BIPV system, the maximum power
delivered/received to/from the grid information is very important from

67



distributed network planning/expansion. From the grid point of view, net ZEB
analysis is necessary to analyze the peak demand from the grid especially in the
winter month which will be similar to the other houses. This information is
useful for finding the requirements of additional network capacity as well as
generation capacity. Therefore, the ZEB quantitative analyses of load matching
and grid interactions are important [55].

In this work, Skarpnes smart village houses are monitored for PV
generation profiles with load consumption and also the load matching analysis
and grid interaction of on-site generation. Main interest of balancing power with
local on-site generation with the electricity grid is to increase the grid efficiency.
The main focus is to not only analyzing PV on-site production but also the
impact of such type of buildings on grid power quality. However, with large
penetration of such type of buildings to the grid may contribute to the power
quality as well as power management problems. It is important to analyze the
real operational performance of BIPV through grid interaction indicators, which
will help in making future planning of the distributed network when the BIPV
penetrations are going to increase.

The C6 single family house has been monitored for the power quality
using ELSPEC investigator, and PV production SMA power conditioning
device. Details of the C6 house are given in the Table 1. Throughout this section,
guantitative indicators analysis of grid interaction and load matching are
presented. These indicators are vital to be analyzed for a ZEB to see the
performance of energy exchange between the BIPV and grid. Various grid
interactions and load matching parameters are explained in previous section.
These parameters are analyzed considering the real time operational data of C6
house. These analyses are going to be useful for distributed network planning
and expansion.

4.5.1 Analysis of Load duration curve and cover factors

It is essential to analyze the load distribution which will help in
dimensioning cables and transformers for avoiding overloading as well as
keeping the voltage regulation within the prescribe limit. For increasing
penetration of BIPVs, injected power to the grid may create considerable
concerns on power flows direction, voltage fluctuations, local losses, power
system dynamics stability and control.
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The analysis of ZEBs is going to help the distributed network planner to
consider housing loads and on-site PV generation for handling the highest load
demand and the highest injected power to the grid. It is also going to help the
network planner on getting correlation between on-site PV generation with load
and weather conditions. In future there may be requirements from the network
operators to BIPV to operate as an active generator for frequency control as well
as use the time of used (TOU) electrical pricing for reducing the peak demand
(DSM).

The hourly load power consumption of the C6 house is given in the
Figure 8 for a year (September 2015 till August 2016). It is noticed that the
highest load demand is occurring in the mid of February with hourly energy
demand of 7MWh. It is seen that the continuous interplay among on-site PV
generation and the local load is resulting with import/export of energy with grid.
This hourly load profile (Figure 4.7) is used for plotting the load duration curve
(Figure 4.16). Similarly the hourly profile of the on-site PV generation for a
year is given in the Figure 4.4.

This hourly PV generation is used for plotting generation duration curve.
In the duration curves, the maximum hourly demand value load/generation
considered (load has taken as negative and generation is taken as positive, but
plotting considered individual peak values at starting of the curve). The
contribution of net hourly power profile for a year from the grid with reference
to the on-site PV generation and load is measured through ELSPEC investigator
(Figure 4.7). This net grid contribution is plotted as duration curve (Figure
4.16). Graphical representations of load, PV generation, net contribution from
the grid in the duration curve is useful in understanding supplied and exported
highest values from the grid. The duration when the house is supplying or taking
energy to and from the grid can be measured from the duration curve. From
September 2015 to August 2016, it is observed from Figure 4.17 that the net
export of the energy is around 2008 hours (4739.56 kwWh) and for the remaining
period of the year the energy is being imported from the grid (7493.07 kWh).
This net energy contribution from grid can help in doing further analysis for
finding the appropriate energy storage capacity for seasonal variations.
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Figure 4.16 Net exported energy for house C6
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Figure 4.17 Load duration curve for generation, load and net exported energy for C6

Based on year load consumption and PV profiles, the CCs for C6 house
Is at 80% and it may vary due to considerable variation of the weather. This CCs
analysis with probability distribution can help on finding capacity credit
calculation to estimate additional capacity required for maintaining system
competency in the presence of BIPV.

The annual cumulative energy produced by the on-site PV system is
quantified with referenced to the annual cumulative load for the same time
period. Quantification factor is defined as on-site energy supply-demand index
(resa) equation (4.7), and for C6 house from September 2015 to August 2016, it
Is 0.8932. This index should have higher values to ensure better coincident with
on-site PV generation and the load. It is necessary to evaluate the effectiveness
of BIPV with reference to the load for reducing the grid dependency. This
evaluation can be quantified using load cover factor and generation cover factor,
which are explained in previous section in equation (4.9) and equation (4.10).
In evaluating the load cover factor, during the specific time period the minimum
value of on-site PV generation or the load is taken into account with reference
to the load consumption during the specific time. Similarly the generation cover
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factor is evaluated with reference to the power generation during the specific
time.

In this study of this C6 house, the load cover factor is analyzed on an
hourly basis and illustrated in Figure 4.18 and Figure 4.19, and generation cover
factor is in Figure 4.20 and Figure 4.21. There is significant seasonal variation
in both y load and y generation and these factors may help for demand side
management. This is going to benefit the utility provider and consumer to plan
and understanding in managing the power supply. The daily average of load
cover factor and generation cover factor is analyzed and given in Table 4.6 and
Table 4.7. Through these tables the seasonal variation of the load and the
generation can be used for creating local demand side management profiles.
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Figure 4.20 Mean hourly generation cover factor (September 2015 — February 2016)
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Figure 4.21 Mean hourly generation cover factor (March 2016 — August 2016)

For the first six months, it covers winter season (November - January).
v load diagram shows that in December 2015 and January 2016 there are no
significant peaks compared to other months in the same Figure (Figure 4.18).
The lowest peak recorded in January at 0.1770. This result tells us that the
dependency to the grid is so high on January and on daily average is 3.05%
(0.305) of load demand is covered by PV production. This can be seen from
Table 6. For a clear comparison, for y load = 1, the building energy is self-
sufficient.

The rest of the months September, October, November and February the
percentage of both factors (y load and y generation), change quite significantly.
This can be seen through mean daily cover factor as in Table 4.6 (shaded
columns is winter season). It has been mention earlier that, by adding storage
system, the ratio of both factors will be better. Other option is adding geothermal
storage system that can be utilized as a heating source.
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Table 4.6 Mean daily cover factors for C6 (September 2015 — February 2016)

Sept Oct Nov Dec Jan Feb

2015 2015 2015 2015 2016 2016
vy load 0.4190 | 0.3237 0.2148 0.0854 0.0305 0.279
y generation | 0.6150 | 0.7850 0.9066 1.000 1.000 0.8453

Table 4.7 Mean daily cover factors for C6 (March 2016 — August 2016)

March April May June July Aug

2016 2016 2016 2016 2016 2016
v load 0.3679 0.4412 | 0.5053 | 0.5368 0.5380 | 0.4688
Y generation 0.8150 0.7151 | 0.6820 0.6821 0.6540 0.7243

For the other six months (March 2016 — August 2016), this includes
summer season. Based on Table 4.7, the changes for y load is not that much
compared to the value in Table 4.6. During summer months (orange shaded
columns), with the longer day and good solar radiation, the load consumption
will be supplied by the on-site generation and it can export the energy surplus
to the grid, especially at noon. This pattern can be seen in Figure 4.20 and Figure
4.21. Based on Skarpnes energy output in 2016 May and July recorded the
highest value. Figure 4.21 explains this phenomenon. The mean generation
cover factor for both of these months recorded at the plotted curvature.
Significant variations for both factors along the year can be seen. For example
v load is varies from 3.05% to 53.8%, while for y generation it is from 61.5% to
100%. Based on the energy summary given in Table 4.8, and compared with
Figure 4.20 and Figure 4.21 (Mean hourly generation cover factor), we can see
the substantial effect on the curvature of y generation on the months where the
energy mismatch occurred.

Table 4.8 Energy mismatch summary for selected month where there are power
delivered to the grid from on-site generation

Energy | Energy | Mismatch PV Consumption
Month IN ouT Production
(kwh) (kwh) (kwh) (kwWh) (kWh)
September 2015 | 448.65 | 507.62 -58.97 660.249 601.27
May 2016 640.03 | 863.61 | -223.58 1108.23 884.65
June 2016 448.08 | 680.98 | -232.90 1027.64 794.74
July 2016 416.52 | 73457 | -318.05 1090.63 772.58
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4.5.2 Analysis on Loss of Load probability

In order to find the quantitative value on the performance of generated
energy on-site compared to the load consumption, the loss of load probability
factor (LOLP) can be used. LOLP is explained in previous section and
expressed through equation (4.12). LOLP suggests how of the on-site BIPV
supply does not meet the local demand. Annual LOLP for C6 house is calculated
and given in Table 4.9. Also, the annual values of load cover factor and supply
cover factor are presented together with the LOLP. For this house 35% time of
the year, the load is not covered by BIPV generation. Since this is just a
numerical ratio and it is not providing further information on exact amount of
electricity supply. However, based on the cumulative real-time data from
ELSPEC, the result signifies the LOLP ratio. PV production for the whole 12
months is 7.132 MWh, while the load consumption is 10.33 MWh. The energy
deficit calculated is 37%: means that this is the amount the load is not covered
by the on-site generation.

Table 4.9 Annual grid interactions parameters for C6 house

Parameter C6
lesd 0.893
LOLP 0.354
Annual y load 0.3512
Annual y generation 0.7809
GMepvi 0.9390
GMe/q 0.854

4.5.3 Analysis on Generation Multiple

Once the building is connected to the conventional electrical grid, utility
provider, and ancillary services needs to make sure the connection is ‘healthy’.
The needs of knowing generation multiple (GM) is crucial. Generation multiple
(GM) is explained in previous section and expressed as in equation (4.13). In
order to verify the effectiveness of generation strategies with respect to the grid
operation, the GM can be very valuable information. For C6, the calculated GM
15 (0.939). The GMpvyis around unity, which means that the peak PV production
Is approximately equal to the designed peak load. The same pattern of values
can be seen for GMe/q. For C6 the ratio is 0.854 as can be seen in Table 4.9.

The different GM ratios are analyzed with considerable design ranges
using percentile values of supplied time of net exported energy. This has been
explained in previous section and expressed in equation (4.16). To describe the
nature of the data from all calculations and comparison that has been done,
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statistical analysis on GM can be executed. This is a good method to explore
the relation of the data. This is a ratio of higher percentile to the lower percentile
and expressed as in equation (4.17). This ratio is to see the performance of each
ratio in statistical approach. Higher percentile used are 99, 95, 90 and 75, while
lower percentile considered are: 1, 5, 10, and 25. Graphically, this means:

Reducing on the grid export Less power from grid

| 9 | 95 | 90| 75 | | 1 | 5 | 10] 25

The result for this statistical analysis is presented in Table 4.10. This parameter
is to find the changes of the peak power values of the export energy as well as
of reducing or changing input power values from the grid. For power system
network planning, variation in the peak export power to the grid and also in the
peak demand from the grid can be used.

4.5.4 Analysis on Capacity Utilization Factor and Dimensioning Rate

Capacity utilization factor (CUF) for C6 house has been calculated based on the
ratio of actual net energy of the house to the possible energy on the designed
capacity. This parameter is as important as the Dimensioning rate (DR) factor.
This factor is considered as maximum total net power profile value at a certain
defined timeframe with reference to the designed capacity. This parameter may
be useful for considering different control strategies for domestic power
reductions scenarios on the grid. The CUF and DR for C6 house is calculated
by using (4.18) and equation (4.19) and the results are as seen in Table 4.10.
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Table 4.10 GM parameters for 3 different buildings

Values and ranges C6

€design (kW) 16

loadnorm 0.432
PVnorm 0406
Netnorm,min -3.879
netnorm,max 3.713
GMhet, 10000 0.957
GMhet, 9911 1.774
GMnet, 95/5 2.259
GMhnet, 9010 1.923
GMhet, 75/25 0.173
GMnet, 9910 0.808
GMhet, 95/0 0.609
GMhet, 9010 0.418
CUF 0.023
DR 0.015

4.6 Performance Comparison of C6 House
(Norway) with Flamingo House (FH) and
Energy Flex House (EFH) of Denmark

The grid interactions and load matching comparison with other such type
of buildings are important. In ref [54], analysis of these parameters for some of
the European buildings are reported. Among them the two buildings (i.e.
Flamingo house (Taulov) —FH, Energy Flex house (Taastrup) — EFH) are used
for making comparison with the Skarpnes ZEB. In this section, all of the grid
indicators and load factors that have been evaluated and discussed in the
previous subchapter are compared with these two buildings located in the
Denmark at Taulov and Taastrup.

4.6.1 Flamingo house (Taulov) -FH

This single family house was built in 2008 and the hourly result collected and
compared is based on 1 hour resolution 2012 data. It is not a ZEB house; hence
it was built with a PV array, geothermal and solar thermal. The in and out energy
is being monitored since February 2009. This is a private owned house. The
details are as in Table 4.11.
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Table 4.11 Flamingo house basic characteristics

Characteristic Value
Initial installed PV 2.0 kWp
Increased installed PV (factor of 4.5) | 10.0 kWp
Building area 166m?
Designed capacity 10kW

Technologies

PV/ Heat pump and Solar thermal

4.6.2 Energy Flex house (Taastrup) — EFH

This building begins its operation by autumn 2009. With a 12 minutes resolution
of data, this building is considered a typical design of Danish single family
house. It was built with PV array on top of the roof and heat pumps and solar
thermal as a source of heat. The data recorded for this building is excluded the
electric vehicle usage and basic parameter of this building is as in Table 4.12.
This is a test facility for the ‘Green lab for energy Efficient Buildings’
(GLEEB). It is owned by the Danish Technological Institutes.

Table 4.12 EF house basic characteristics

Characteristic Value

Initial installed PV 10.6 kWp

Building area (double storied) 216 m?

Designed capacity 25.2kW

Technologies PV/ Heat pump and Solar thermal

Based on the normalized load for all buildings, EFH has the lowest with
only 0.249, while for C6 it is 0.432 and FH is 0.526. For EFH with the lower
load requirement and larger building size (216m?) and greater installed PV area
(60m?), the result looks convincing compared to the other two dwellings. For
PV output, based on the normalized values, FH location looks promising with
1.040 contrasted with normalized values for C6 (0.406) and EFH (0.361). Based
on this, both buildings in Denmark is way ahead of C6. Even with a lower
normalized PV values, EFH installed PV area is higher than in C6. These
differences give a significant impact on other calculations based on the data for
all buildings. Based on this, we can measure the maximum and minimum values
for the buildings. Net exported basically is energy in subtracted with energy out.
This value is important to see the energy flows and energy balance. It seems
like in C6, energy flows in and out is extremely high. The result is as seen as in
Table 4.13.

Comparing GMret1000 C6, FH and EFH, the value for the houses in
Denmark scores a ratio of >1.0. For a real ZEB, the GM should have the ratio
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of energy in and out at least 1.0. FH is a non-ZEB house; initial ratio for FH
initially was 0.268. The data for this house has been generated artificially and
the PV capacity has been increase by the factor of 4.5. Thus, the new output
shows the GM for this house is reaching ZEB status. By doing rough
calculation, C6 may increase the generation multiple ratio by increasing the PV
installed capacity to 10kWp to at least achieve 1.0 GM ratio. By varies the
higher and lower percentile for each of the building output, we may know the
performance of the net exported energy. From Table 4.13, for FH and EFH we
can see the decreasing trend, as we reduce the export power to the grid.
However, for C6 the there is no specific trends. By delivering power to the grid
at 95% and 5% of power from the grid, the ratio reaches up to 2.259. It indicates
that at that ratio, the probability of power exchange from the grid to the house
and vice versa is the highest. Hypothetically, when the lower percentile is zero,
there is no peak shaving happening. For GMnet,9910, GMnet, 990 and GMet 9010 it 1S
a calculation based on C6 data on what are the ratio if the buildings is only using
on-site energy with different value of higher percentile (99, 95 and 90). The
lower the grid export values, the lower the ratio goes. Similar trends occur on
FH and EFH. Since both are ZEB, the ratio is rather lower than the non-ZEB
results (C6).

Table 4.13 Comparison of parameters between 3 different cases

Parameter C6 FH EFH
LOLP 0.354 0.701 0717
CF 0.023 0.151 0.069
DR 0.015 0.725 0.345
GMpyv 0.939 1.967 1.449
GMeyq 0.854 1.377 1.398
€design (kW) 16 10 25.2
loadnorm 0.432 0.526 0.249
PVhorm 0.406 1.040 0.361
NEethorm,min -3.879 -0.526 -0.247
Netnorm,max 3.713 0.7245 0.345
GMret, 10010 0.957 1.377 1.398
GMhet, 9911 1.774 2.174 1.845
GMnet, 9555 2.259 1.990 1.779
GMhret, 90/10 1.923 1.539 1.500
GMhet, 75/25 0.173 0.451 0.213
GMnet, 9910 0.808 1.223 1.228
GMhet, 95/0 0.609 0.950 0.897
GMnet, 9010 0.418 0.670 0.605
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4.7 Techno-economic analysis of ZEB house

Other important variable that needs to be understood is techno- economic
assessment. It is required prior to executing any project. For the house in
Skarpnes, main supply of electrical energy is the grid and the PV array installed
on the roof. For a residential BIPV system, 45% of the capital cost of PV
systems is coming from the hardware (modules, inverter, racking), while 44%
is based on soft cost (engineering, procurement and construction) and 11% is
for installation and labor cost [56]. As per 2015 the variable and its prices can
be concluded as below (Table 14). This is based on National Renewable Energy
laboratory (NREL) reports, November 2015 [20]. The price varies according to
the region and countries; however this can be used as a base price.

With the high initial cost of developing BIPV, it is expected that the
return of investment (ROI) will be longer. The payback period of this project
based on results [3] is 21 years, assuming that the energy price is static and that
the price of PV panel and installation will be decreasing by 2.1 % every year.
This period will vary depending on the fluctuations of energy price from the
grid and the price of PV systems, which is expected to continue to decrease in
the near future.

Analysis has been done with a few estimation and assumptions in order
to evaluate the economic feasibility of the project. It is important to know the
net present cost (Cnrc) of the project [43]. Cnpc values will define the project
acceptability in terms of investment, and consider the variance in current value
of the future investment. Positive Cnec values are an indicator of a potentially
feasible project.

The following equation has been used to calculate:

CTAC
Cnpe = ——— ,

NPC CRF(i,N) (4 21)
Where Cnpc is the total net present cost, Crac is the total annualized cost, and
CRF,ny is the capital recovery factor. To get the it, the following equation [43]
applies;

I(1+ )V

CRFL,N = (1 n i)N—l

(4.22)

80



where i is the annual interest rate or the discount rate and N is the number of
years. From HOMER simulation the NPC value in this case study is NOK
173,579 (=USD 20,624)* and the levelized cost of energy (LCOE) is NOK 1.59
(=USD 0.189) per kWh. Operating cost (Cyperqting) IS defined as the annualized
all costs (Cann,totat) Minus the initial capital cost (Canncap). It can be represented
by the equation:

Coperating = Cann,total - Cann,cap (4-23)

Analysis is done based on 25 years of system lifetime. In the analysis, it is
assumed that all prices are escalating at the same rate, and where ‘annual real
interest rate’ is used rather than the ‘nominal interest rate’ [57].

The energy price will significantly change the whole economic
assessment. This depends on type of fuels, transmission and distribution system
and regulations from different regulators. In Norway it is controlled and
basically it is unchanged due to increase in the tax on the consumption of
electricity. The energy price is based on Norwegian energy price available in
Statistics Norway. The energy price is relatively flat throughout the day. There
is no time of use (TOU) price allocated for Norwegian energy pricing, hence
there is no concern for the customer to particularly running appliances according
to peak and off-peak price.

4.8 Discussion and Conclusion

The Skarpnes residential development is initially expected to
demonstrate zero energy and zero emission building. This is done by trying to
implement the conventional technologies, hence in an innovative manner so that
the building will be an optimal solution for a so-called zero energy building.
This is with regard to energy production, tenant comfort and energy utilization.

The smart house is located at the southern part of Norway, where it has
most sunshine days in Norway. Initial plan is to monitor the production and
consumption of a group of houses at the similar area, hence this is far from
occurring. However based on few houses that has been build and connected to
the sensors and advanced smart meters, daily, weekly and annual load profile
can be captured, thus the plan on developing a new business model that can
benefits the energy provider and consumer [58].

4USD 1.00 = NOK 8.42
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Real time PV output monitoring is the crucial parameters in this work.
Based on the data collected from house C6 rooftop PV array, the energy output
can be determined. Mismatch data for one year (September 2015 — August
2016) has been captured and calculated to see the C6 hose performance.
Imported energy to and from the grid as well as the load profile for C6 is
concluded. Based on all of this data, the house condition, the performance of
the house can be seen through energy mismatch plot (Figure 4.13) and this is
based on the measured data from Figure 4.13. Based on this Figure, it seems
like C6 is in an ‘unhealthy’ for ZEB conditions.

The load matching index, load duration curve and grid interaction index
have been analyzed for grid integration of the ZEB. The result for C6 house
shows that the building has its capability of imported energy to the grid during
summer. This is based on load cover factor and generation cover factor results.
These have been presented thoroughly in graphical method (Figure 4.17, Figure
4.18, Figure 4.19 and Figure 4.20) and in a table form (Table 4.6 and Table 4.7).
The load and generation cover factor is a quantified value with reference to the
on-site generation and the load.

The loss of load probability factor has been evaluated to see the
performance of on-site energy generation. C6 house has a fairly good ratio,
where the score is 35%. Then, calculation on generation multiple (GM) for the
building is executed to relate the on-site generation result with reference to the
local demand. For C6 house, the GMpv is around unity, which tells us that the
peak demand is almost equal to the designed peak load. While for GMeq the
result is at 0.854, which is relatively good. Based on statistical method of
calculation, different GM ratio can be calculated. By varying the input and
output energy, the house and grid interaction can be verified (Table 4.10).
Capacity utilization factor and dimensioning rate for the house has been
analyzed. Both of this parameter is crucial for consideration of different control
strategies for the ZEB and to implement the HEMS.

To see the Skarpnes smart house performance in the real world,
comparison with another two different buildings (i.e. Flamingo house (FH) and
Energy flex house (EFH)) in Denmark has been considered. C6 house, Flamingo
house (FH) and Energy flex house (EFH) is being compared based on the similar
parameters. Based on the output as exhibited in Table 4.13, C6 is in a good
position in achieving ZEB status if only there are several modifications are
made. Location wise, installation of solar thermal collectors will definitely help
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in achieving zero. Battery storage is another innovative invention that might
lead C6 towards achieving ZEB status.

Achieving ZEB goal, which is an environment of energy balance is rather
ambitious. Assuming all electric appliances is in a good state and very energy
efficient is one challenge that the project owner needs to confront. Other than
that, primary concern is the house owner lifestyle, as this might give a huge
impact on the output. Initial plan to use geothermal energy as a solution of
thermal heating might be a good solution for the house to achieve ZEB status.
Electrical energy consumption during winter will be ridiculously high, by using
natural thermal energy might save a lot. The existence of electric vehicles might
lead into negative energy balance to the house and the energy mismatch might
change a lot. For a pilot project, this is a good start as researchers may use this
Skarpnes Smart Village project as benchmarks to achieve ZEB status and better
energy mismatch.
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Chapter

Impact of Increasing Penetration of
s} Photovoltaic (PV) Systems on
Distribution Feeders>

his chapter investigates impact of increasing photovoltaic (PV) penetration

on distribution feeders. The main focus of this work is on ‘how different
amount of PV systems can influence the protective devices in the distribution
feeder’. Roles of PV systems in a feeder have been analyzed considering 3¢
fault, fault location and protective devices (PDs) settings (e.g. time of PDs
operation before a fault gets cleared by it). It is also emphasizing on ‘how the
penetration of PV can affect voltage quality / unbalance in the distribution
feeder’. The considered distribution feeders are supplying domestic area and
therefore loading on different phases are unbalanced. The voltage quality at
different nodes is analyzed not only due to domestic load distribution but also
due to integrated PV systems output variations. The results show that increasing
PV penetration can escalate PDs’ operating time during 3¢ faults. This work has
been carried out using DigSilent PowerFactory®. The system is representation
of a huge system of PV based active generator without storage system.

5 Modified from the paper published and presented in a peer review conference. IEEE
International Conference on Smart Grid and Clean Energy Technologies (2015
ICSGCE), Offenburg, Germany. DOI: 10.1109/ICSGCE.2015.7454271, Pp: 70-74, 2015.
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5.1 Introduction

Large scale penetration of intermittent renewable energy sources (e.g.
PV systems) and other distributed generators in the smart grid environment
require the development of a load dispatching methodology by considering not
only the active inertia of the power system but also using frequency-droop
characteristics like conventional generators approach. The integration of
intermittent renewable energy and other efficient distributed energy resources
into existing and future electricity networks represents significant technical and
economic challenges. The widespread development of such systems requires a
thorough analysis of all technical and commercial aspects of renewable energy
sources and other decentralized generation units in the distribution network. In
power system network, the power quality is very important. Due to PV power
output fluctuations; there are some chances for power quality disturbances e.g.
voltage transients due to intermittency, harmonics, active and reactive power
management, power delivery angles and a lot more reasons. In the conventional
grid connected PV generators, hybrid filters are used to improve the power
quality [59]. However, for multiple PV based active generators (e.g. group of
buildings with BIPV), the power quality issues require more detailed analysis.
Also it is important to analyze the fault protection system [60].

The higher penetrations of distributed generators are going to create
different possibilities of the faults not only in the micro-grid network, but also
at the higher voltage power system network. Fault detection and isolation
mechanism is very important for power system operation. It is needed to analyze
the fault protection system under increasing penetration of PV systems (e.g.
fault current levels, relay settings, fault clearing time in the micro-grid
environment). During fault or any unwanted events and abnormal conditions at
the micro-grid network, the grid may be disconnected, and islanding effect may
occur in micro-grid [43]. Fault currents in an islanded mode based micro-grid
are not going to be similar as fault occurs in a conventional grid system.
Therefore methods for isolating the faults of the conventional grid system are
needed modification in the micro-grid system [1]. In a micro-grid network, there
are limitations on protection system due to the islanding operation mode. Also
the fault clearing time is important for micro-grid stability, operation and safety.
It is needed to include/coordinate control signals of the protection mechanism
in the EMS of micro grid. In this work, the fault analysis of the PV systems in
the micro-grid network are analyzed in both islanded as well as grid connected
modes.
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Examination on the effects of high diffusion PVs on a distribution
feeder’s protection and operation is reported in [4]. Increasing penetration of
PV systems on a feeder will affect the voltage variation due to change in solar
radiations. In this work, the considered distribution network topology is based
on [61]. This work is using DigSilent PowerFactory® simulation software. It
has the ability for doing load flow calculations with integration of PV systems,
electromagnetic transients and as well as transient events during abnormal
operation of the distributed network.

5.2 Distribution feeder modelling

The grid system modelled in PowerFactory® is represented as a single
line diagram, which is given in Figure A26 (Appendix A) and it is based on
[61]. The load symbol in the figure is representing a group of houses. Each PV
system in its lumps a number of separate PV modules connected in parallel as
an aggregated PV system. The rating of each PV module is equal to the peak of
the load and it is represented as:

Ppv,peak = Pload peak (5.1)

The considered network has three voltage levels: (i) external grid at 69 kViine-
line, (11) distribution feeders 12 kViine-line, and (iit) domestic buildings 0.24 KV/ine-
ground. 1IN this distribution network, considered loads are domestic and PV
systems are connected in a single phase and thus, the system is going to be
unbalanced. In the PowerFactory® software the following load parameters for
a private home are used: peak load of 1.14 kW with power factor 0.95 lagging.
Based on equation (1), each house’s PV system rating has taken as 1.14 kW.

5.3 Power flow analysis

The power flow calculations are studied for considered distribution
network topology (Figure A26) for following some scenarios (Table 5.1). The
variation of loads between 50% and 100% are considered, and PV system
outputs variations are considered from 0% to 100% based on PV availability.
These scenarios may change in real conditions, but considered scenarios are
going to provide some information on voltage quality of the network. Legends
of these scenarios are given in Table 5.1 and they are referred in Figure 5.1,
Figure 5.2 and Figure 5.3 for each phase voltages.
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Table 5.1 Some Scenarios for Variation of Load and PV

Scenario | Load (%) | PV (%) Legend
1 100 0 —_ -
2 100 50 ---------------------
3 50 50
4 50 100 —
5 50 0 - —

5.3.1 Distribution feeder voltage level and balance

In this section the investigation on how the voltage levels are affected by

PV is simulated. The distribution feeders are unbalanced and the voltage levels
must be within the limits that has been decided by TSO (transmission system
operator) and based on the PDs capabilities. Based on Table 5.1, voltage levels
are plotted for node 1 to node 16 (refer: Figure 5.1 for node identification), to
see how the voltage level varies in each phase for different scenarios.

The voltage variation that occurs as seen in Fig. 2, Fig. 3 and Fig.4 is an

expected problem due to PV penetration into distribution feeders. For future
simulation work, reactive compensation device (e.g STATCOM) will be
included to overcome huge voltage variation and reverse power flow problem

[62].
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Figure 5.3 Phase a voltage magnitude for the system nodes

It can be seen that when Ppv = Pioad VOItage curves are almost flat and the losses
Is quite small. However, with no PV (PV = 0%) the voltage is dropping along
the line. Hence, with no PV (PV = 0%), the losses are quite high. In phase c, the
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voltage drop significantly at node no: 7, with the voltage p.u is less than 0.7.

54 Photovoltaic Operation and Protection
Devices- Relay

In this section the influence of PVs on fault current simulation and
protection devices (PDs) are investigated. At first the documentation of the
modelled PDs are presented, then some simulations are performed to see how
the PDs perform considering various levels of PV generation with the fault
current analysis. Three different positions of protection devices are evaluated.
There are standards used for fault calculations by International Electrotechnical
Commission (IEC), Verband der Elektrotechnik (VDE), Institute of Electrical
and Electronics Engineers (IEEE), British standards (BS) and American
National Standards Institute (ANSI). Here are the lists of standards [63] that are
available to calculate short circuit currents;

1) 1EC 60909-2001

2) VDE 0102:2002-07

3) IEEE 141-1993

4) ANSI C37.010.1999

5) ANSI C37.5

6) BS 7639:1993

7) BS EN 60909-0:2016 which replaces (1)

For this particular chapter, IEC 60909-2001 is used. This is referred to the
selection in the DigSilent PowerFactory® [63].

5.4.1 Protection Device

There are four main protection devices in the system. These devices are
breakers or switches that are supervised by over current relays. Fig. 1 shows the
position of each of the PD. Based on this figure, there are two PDs for each
feeder. At this point the PVs are set to 0% generation and the loads are at 100
%. This simulation is to see the amount of rated currents that will flow through
the PDs. Thus, all PVs are set to be ‘off’ and an unbalanced power flow
algorithm is simulated. The results can be seen in Table II.

89



Table 5.2 Maximum currents flowing through PDs under normal conditions

Protection Device Current (A)
PD 1-1 605
PD 1-2 196
PD 2-1 571
PD 2-2 184

The scheme for the Over Current Relays (OCR) in PowerFactory® is developed
from 5 working blocks (refer: Figure 5.4). The current are measured by a current
transformer (CT). The CT will be given a rated value, corresponding to the
currents in the recent power flow (refer: Table 5.2). In the blocks labelled ‘I >’
and ‘I >>’, the maximum allowed current magnitude for the PDs are set. Time
limit for the current are also set, for the duration that the system can endure the
currents before the breaker gets activated. If current with magnitude of larger
than ‘I >>’ are flowing to the PD, the switch will disconnect and isolate the
respective line. ‘I >’ will only respond to fault that are smaller amount but
continuous over some time.
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Figure 5.4 PowerFactory ® Over current relay scheme

The parameters given in the over current relay can be seen in Table 5.3:

Table 5.3 Over current relay parameters for Circuit breakers

Response Magnitude (pu) | Time (s)
Slow response (I >) 1.2 1
Fast response (1>>) 2 0.02

These parameters are used for relays. It can be seen from Table Il1 if the current
magnitude are 20 % above rated, for a time larger than 1 second, the PD will
disconnect the respective branch from the grid. Under abnormal conditions
where the current is larger than 2.0 p.u, fast response will be executed.
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5.4.2 PV Protection

For a PV system that connected in parallel with the electric utility, there
are special recommendations made by the IEEE standards committee. This is to
ensure the safety of workforces, utility system operations and equipment
protection [64]. Based on the IEEE Std 929-2000 (IEEE Recommended Practice
for Utility Interface of Photovoltaic (PV) Systems), the response time to
abnormal changes for any voltage disturbance can be define as:

Table 5.3 Protection scheme for a domestic PV array

Voltage* Max trip time
V<60 6 cycles
60<V<106 120 cycles
106<V<132 Normal Operation
132<V<165 120 cycles
165V 2 cycles

*Based on a system voltage assume at nominal 120V

The protection scheme for PV array in PowerFactory ® is given with 3
parameters that can be change. Switch-off threshold, switch-on threshold and
switch —on delay. The switch ‘off” value is set as 0.5 p.u and the switch ‘on’
value as 0.9 p.u. Hence, the PV gets disconnected if the PV terminal voltage is
below 0.5 p.u in 0.010s. The protection scheme will reconnect the PV
automatically according to the Switch-on Delay time.

5.5 Analysis on fault

For this paper, the fault analysis has been done only at node 4 (refer Fig.
1). In Table V the fault scenario parameters are given. The fault resistance in
transmission lines can be calculated by using different model of arc resistance
[65]. The common equation that has been used as based equation is the
Warrington equation:

o _ (28707.35x1)

i ; (5.2)
Where:
Ri = Arc resistance (Q)
L = Arc length (m)

| = RMS value of fault current
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This equation is derived from the Warrington’s test with an assumption of bad
measurement was omitted. The weakness of this model is that the range of arc
current is below 1kA which is low and new formula introduced by V.Terzija
and Koglin [66, 67]. Since then, a few others expression has been introduced to
find the real magnitude of arc current. The parameter that has been used in this
simulation is based on Table 5.4, this is based on data from [61].

Table 5.4 Fault resistance parameter (at node 4)

Phase Fault resistance (Rf)
3 0
3 0.11
1 0
1 0.17

A short circuit event is created for each scenario. Then the RMS analyses are
simulated. The idea is to see if the level of solar radiation will have an impact
on the PD response time. Based on Fig. 6, it shows that solar radiation has an
impact on how fast the PD disconnects during fault. Hence, the time variation
is quite small.
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Figure 5.5 Effects of PVs on the operating time of PD at node 4
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For a 3¢ fault with Rf of 0 Q, the operating time is increasing from 21.36
millisecond (msec) to approximately 21.4 msec. The most significant rise can
be seen for 3¢ fault with Rf of 0.11 Q. It grows from 21.47 msec to nearly 21.70
msec. This variation is rather small, however in protection system, every micro-
second is vital [68]. There are obvious impacts on PV based on fault current
magnitude. This can be simulated by applying a fault at one of the branch (refer
Fig. 1).

During fault, the PD will react automatically. Figure 5.6 shows the p.u
voltage drops down significantly after the PD is activated. During the fault
occur, PV 1(refer Figure A26) will shut down. Figure 5.7 shows that fault
current is almost 5 kA before it is drop to OA once the PD system is activated.
The same pattern of voltage and current parameter is anticipated on the other
PV system in the same distribution system. Nevertheless, with a large number
of PV connection throughout the distribution feeders, the vast effect should be
expected and the most common thing is fault current transients in distributed
generation will have initial high “subtransient component” [69]. Further work
will consider more nodes in the distribution feeders and comparisons between
faults in a conventional feeders and distributed generation with a great number
of PV systems will be executed.

I I I
0.30
0.1116 0.1546 0.1976 0.2406 0.2836 Is] 0.3266

Figure 5.6 Voltage at Node 1 during fault (voltage in pu versus time in sec)
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Figure 5.7 Current from PV at Node 1 during fault (current in KA versus time in sec)

5.6 Conclusions

Power quality is important in power system analysis. The widespread
uses of distributed generators (DGs) are creating many power quality issues. It
may lead to the multiple harmonics, voltage fluctuations, and unstable operation
in the power system network. This work has considered into the most important
thing in DGs, the fault analysis. High PV penetration into the distribution
system will give a huge impact to the protection system. The existence of PV
array in a huge quantity in a system may prejudice the grid safety in terms of
protection scheme and safety. Based on the simulation, the results show that
high penetration PVs will give a significant impact on voltage profile. It will
also affect the overall system protections. Fig. 2, Fig. 3 and Fig. 4 is the
comparison of the per-unit voltage under different system of operating at a
different node. The highest p.u voltage is happening in scenario 4, where the
PV generation exceeds the load. This result may vary if the PV array output is
taken into account, meaning that for a different geographical location, it might
affect the PV array output.

Based on IEEE Standards 929-2000, PV systems protection scheme
needs to be monitored so that the response time will meet the regulation within
the range. The PDs and all protection devices need to act as the standards. In
PowerFactory® settings, the result in Figure 5.6 and Figure 5.7 can be seen with
a total shut down after fault. As for future work, the impact of the high
penetration of DGs especially PV in a transmission lines can be simulate in a
different load profile with a different season (winter or summer). Purpose of this
work is to get understanding of increasing PV systems and to replace the
network topology using local Norwegian distribution network parameters,
which will be reported in further work.
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Chapterﬂ

ﬂ Conclusion

PV based active generator is an active solution for the increasing penetration
of PV into the conventional grid system. Thus, this dissertation has
presented an ideas on PV based active generator, its application on Skarpnes
smart house project, power management for short term and power balancing in
a circuit and protective scheme on the system. This is somehow covers many of
the pertinent issues on the PV based active generator to be implemented in the
real world.

Chapter 2 has presented analysis of PV based active generator in
microgrid. Its utilization is discussed for operational planning of the power
system and also for instantaneous power flow management in the smart grid
environment. The application of this system is part of a solution on handling a
large scale deployment of grid connected distributed generators, especially PV
system. By implementing the PV based active generator, it will be very flexible
able to manage the power delivery from the active generator sources (e.g. PV
system, energy storage technologies, active power conditioning devices).

PV based active generator architecture and its control strategies have
been discussed in Chapter 3. They can be implemented into managing the power
while maintaining the reliable supply to the load. The active and reactive
component has been managed and controlled by using a hierarchical control
approach. Based on the simulation, PV based active generator is able to manage
power locally by taking grid constraints into consideration. The developed
architecture can provide the active and reactive power to meet the load demand
reliably and at the same time improving the power system operation as well as
helping demand side management. The analysis shows that synchronous
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reference frame converter with DC voltage regulator can be implemented in the
PWM switching control layer for giving acceptable achievement.

The usefulness of ZEBs for load matching with BIPV generation profiles
and grid interaction analysis are presented in Chapter 4. In this chapter the real
operational results of a year from a ZEB house of Skarpnes smart house project
are analyzed for annual energy balance with on-site PV generation and local
load. The load matching index, load duration curve and grid interaction index
have been evaluated for the grid integration of the ZEB. The loss of load
probability factor has been assessed to see the performance and it will be useful
for finding an additional capacity of PV as well as energy storage for fulfilling
the local load at desired reliability level. The generation multiple with different
percentile of net energy are investigated, which will be useful for DSM as well
as energy storage capacity. Performance evaluation of a ZEB from Southern
Norway is compared with two different buildings from Denmark.

Impact of increasing PV penetration in distributed network on power
flow as well as fault analysis is discussed in Chapter 5. Fault execution in certain
areas is investigated for protection devices settings, where a large number of PV
source are connected in distributed network. Also, voltage quality at different
nodes is analyzed not only due to domestic load distribution but also due to
BIPV systems output variations. The results are analyzed by considering for 3¢
fault, fault location and protective devices (PDs) settings.

The most significant contribution of this dissertation is on the PV based
active generator as a tertiary source to be connected to a conventional electrical
grid system. Given the available technology nowadays, there is no doubt that
this system may turn into a huge thing one day with a proper design, higher
equipment efficiency, and better planning. The on-going problems are the
expenses of implementing PV array with battery and supercapacitor. The price
is still outstandingly high and the return of investment and payback period is
stretched long. Hence, with a proper planning and as the technology is
expanding, it is possible to make the system worth to implement and providing
efficient energy.
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6.1

This

Scope for Further Work

research will be more interesting to be extended further.

Recommendations for future research are divided into several parts. There are:

It would be interesting to integrate the Skarpnes smart house project with
the active demand side management. By combining the DSM and storage
system in the ZEB might give a better output on grid interactions
parameter and the ZEB performance will be increased. Based on the data
that exist from the Skarpnes project can be used to get the proper
dimension for storage system. By doing this, the consumer and utility
can expect the maximization of self-consumption energy and reducing
the dependency on the grid.

Based on the higher level logical control used in stateflow analysis of PV
based active generator, by implementing this system to the house with
some additional controller on the demand side, an efficient clean energy
can be utilized. New analysis based on this can be done which might
benefits the consumer and utility.

To improve the power quality and reduce the system harmonics in the
power controlling system, proper tuning or designing LC filters for
minimizing the impact of harmonics/unbalance current in the neutral is
required. And also more robust control techniques can be used for power
flow control with system stability analysis. This will contribute for a
better controlling method.
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Appendix A : Data Tables and
Graphs

Table A1 Summary of solar radiation data (global horizontal) per month from
different sources.

PVGIS Helio-Clim3  Meteornorm
(Wh/m2/day) (Wh/m2/day) (Wh/m2/day)

January 326 582 333
February 865 1096 767
March 1830 2516 2300
April 3300 4668 3900
May 4610 5214 5533
June 5200 6086 6033
July 4850 5541 5767
August 3650 4503 4267
September 2330 2841 2633
October 1110 1361 1267
November 436 491 433
December 219 329 233
Total 28726 35228 33466
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Figure A1 Summary solar radiation data per month from different sources.
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Table A2 Cover factors for Sept 2015 to Feb 2016

September 2015 October 2015 November 2015 December 2015 January 2016 February 2016
yload | ysupply | yload | ysupply | yload | ysupply | yload | ysupply | yload | ysupply | yload | ysupply

00:00 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
01:00 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
02:00 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
03:00 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
04:00 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
05:00 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
06:00 | 0.0066 1.0000 0.0032 1.0000 0.0000 0.0000 0.0000 0.0000
07:00 | 0.0655 1.0000 0.0261 1.0000 0.0008 1.0000 0.0000 0.0000 0.0052 1.0000
08:00 | 0.2503 1.0000 0.1119 1.0000 0.0386 1.0000 0.0004 1.0000 0.0010 1.0000 0.0496 1.0000
09:00 | 0.6887 1.0000 0.3963 1.0000 0.2895 1.0000 0.0501 1.0000 0.0196 1.0000 0.3330 1.0000
10:00 | 1.0000 0.6810 0.7748 1.0000 0.8003 1.0000 0.2722 1.0000 0.0645 1.0000 0.7025 1.0000
11:00 | 1.0000 0.3694 1.0000 0.7568 1.0000 0.8214 0.4089 1.0000 0.1039 1.0000 1.0000 0.9063
12:00 | 1.0000 0.2576 1.0000 0.5434 1.0000 0.6143 0.5668 1.0000 0.1770 1.0000 1.0000 0.6361
13:00 | 1.0000 0.2554 1.0000 0.4812 1.0000 0.6307 0.5900 1.0000 0.1606 1.0000 1.0000 0.4674
14:00 | 1.0000 0.1748 1.0000 0.3639 0.8963 1.0000 0.1580 1.0000 0.1390 1.0000 1.0000 0.5895
15:00 | 1.0000 0.1457 1.0000 0.3874 0.1280 1.0000 0.0031 1.0000 0.0642 1.0000 1.0000 0.6992
16:00 | 1.0000 0.1563 1.0000 0.6727 0.0007 1.0000 0.0000 0.0014 1.0000 0.5946 1.0000
17:00 | 1.0000 0.3107 0.5224 1.0000 0.0000 0.0000 0.0000 0.0170 1.0000
18:00 | 1.0000 0.8737 0.0200 1.0000 0.0000 0.0000 0.0000 0.0000
19:00 | 0.0439 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000
20:00 | 0.0001 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000
21:00 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
22:00 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
23:00 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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Table A3 Cover factors for March 2015 to August 2016

March 2016 April 2016 May 2016 June 2016 July 2016 August 2016
yload | ysupply | yload | ysupply | yload | ysupply | yload | ysupply | yload | ysupply | yload | ysupply

00:00 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

01:00 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

02:00 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

03:00 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

04:00 | 0.0000 0.0000 0.0009 1.0000 0.0240 1.0000 0.0064 1.0000 0.0000

05:00 | 0.0000 0.0017 1.0000 0.0804 1.0000 0.1698 1.0000 0.1115 1.0000 0.0096 1.0000
06:00 | 0.0174 1.0000 0.0778 1.0000 0.1932 1.0000 0.3776 1.0000 0.3084 1.0000 0.1316 1.0000
07:00 | 0.0683 1.0000 0.1658 1.0000 0.2901 1.0000 0.2969 1.0000 0.3558 1.0000 0.1952 1.0000
08:00 | 0.2355 1.0000 0.3435 1.0000 0.6949 1.0000 0.5066 1.0000 0.5987 1.0000 0.3415 1.0000
09:00 | 0.6306 1.0000 0.6754 1.0000 1.0000 0.5033 1.0000 0.8923 1.0000 0.8679 0.5871 1.0000
10:00 | 0.9396 1.0000 1.0000 0.7194 1.0000 0.3286 1.0000 0.5331 1.0000 0.5071 1.0000 0.7663
11:00 | 1.0000 0.6541 1.0000 0.5019 1.0000 0.2459 1.0000 0.3849 1.0000 0.3525 1.0000 0.5785
12:00 | 1.0000 0.5425 1.0000 0.3354 1.0000 0.2967 1.0000 0.2965 1.0000 0.3667 1.0000 0.4218
13:00 | 1.0000 0.4767 1.0000 0.3207 1.0000 0.2193 1.0000 0.2736 1.0000 0.2900 1.0000 0.4306
14:00 | 1.0000 0.4557 1.0000 0.3396 1.0000 0.2215 1.0000 0.2365 1.0000 0.2744 1.0000 0.3745
15:00 | 1.0000 0.4491 1.0000 0.4033 1.0000 0.2265 1.0000 0.2584 1.0000 0.2347 1.0000 0.3760
16:00 | 1.0000 0.6469 1.0000 0.4044 1.0000 0.3129 1.0000 0.3123 1.0000 0.2063 1.0000 0.3673
17:00 | 0.6091 1.0000 1.0000 0.4749 1.0000 0.3927 1.0000 0.4393 1.0000 0.2601 1.0000 0.4316
18:00 | 0.2192 1.0000 1.0000 0.9422 1.0000 0.5561 1.0000 0.4990 1.0000 0.4591 1.0000 0.5670
19:00 | 0.1021 1.0000 0.3105 1.0000 0.7260 1.0000 1.0000 0.8337 1.0000 0.6070 0.9368 1.0000
20:00 | 0.0084 1.0000 0.0136 1.0000 0.1319 1.0000 0.4554 1.0000 0.4934 1.0000 0.0484 1.0000
21:00 | 0.0000 0.0000 0.0094 1.0000 0.0514 1.0000 0.0386 1.0000 0.0009 1.0000
22:00 | 0.0000 0.0000 0.0000 0.0009 1.0000 0.0001 1.0000 0.0000

23:00 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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3.5

PV profiles hourly
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Figure A2 September 2015 hourly PV profile
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Figure A3 October 2015 hourly PV profile
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Figure A4 November 2015 hourly PV profile
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Figure A5 December 2015 hourly PV profile
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Figure A6 January 2016 hourly PV profile
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Figure A7 February 2016 hourly PV profile
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Figure A8 March 2016 hourly PV profile
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Figure A9 April 2016 hourly PV profile
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Figure A10 May 2016 hourly PV profile
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June 2016
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Figure A1l June 2016 hourly PV profile

July 2016
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Figure A12 July 2016 hourly PV profile
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Figure A13 August 2016 hourly PV profile
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Figure A15 October 2015 hourly load profile
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Figure A16 November 2015 hourly load profile
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Figure A17 December 2015 hourly load profile
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Figure A18 January 2016 hourly load profile
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Figure A19 February 2016 hourly load profile
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Figure A20 March 2016 hourly load profile
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Figure A21 April 2016 hourly load profile
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Figure A22 May 2016 hourly load profile
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June 2016
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Figure A23 June 2016 hourly load profile
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Table A4 Building properties according to NS 3700 vs Skarpnes building

properties [42]

Properties NS3700 Skarpnes
Total glass — window and door area (BRA) <20 % of n/a
heated area
U-value walls [W/m? K]* <0.15 0.12
U-value roof [W/m? K] ! <0.13 0.08
U-value floor to ground and to open space <0.15 0.09
[W/m? K]?
U-value glass/windows/doors [W/m? K] * <0.80 <0.80
Specific cold bridge value [W/m? K] ! <0.03 n/a
Air tightness [1/h]?! <0.6 0.6 (@50 Pa)
Heat recovery system [%6]* > 80 85
Specific fan power in ventilation system, <15 1.5
SFP-factor [KW/(m?® s)]
Ventilation air flow rate [m3 /hm?]? >1.2 n/a
Maximum heat loss number [W/(m2 K)] 3 0.6 n/a
Based on (NS3700):
! Table 5
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Figure A26 Single line diagram with node reference of distribution feeders in
PowerFactory® environment
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Primary Frequency Control through Grid
Connected Photovoltaic Active Generator

Aimie Nazmuin Azmi
Faeulty of Enmineenng & Science and FEE
University of Agder and UTeM

Horway and Malaysia
Absrracr—the penetration: of grid conmected
photovoltaic (FV)  systems  are  imcreasing

exponentially due to govermment policies / climate
legislations etc and they involve large fluctuations of
the frequency, power and woltage inm the grid At
present, grid commected PV systems are operating at
mazmum power poinfs. Active gemerator has the
capacity to support frequency control, instantaneous
power balance. The grid operator adjusts the power
dispatch of gemerators according to power demand
fluctuations. FV based active generator (with
embedded energy storage units) can be nsed as load
following generator as other power dispaich
gemerators. This new fype of distribuwton system,
bazed om active zemerators, needs Dew inmovafive
management and operation sirategies for imcreasing
the penmeiration of imtermittent renewable energy
systems. Im this paper, a FV based active generator
with integrated storage umits is proposed to provide
frequency regulation and power balance for power
system stability. A coordinated uwie of FV source with
storage umits is meeded to make it as a PV active
gemerator. A proper coordination between storage
mmits amd PV source muost be designed within the
energy availability at sources. The system value cam
be imcreased significantly for the grid operation
becanse thiz active zemerator can be able to provide
active / reactive power balance with frequency control
! regulation. Im this worle a strategy for short term
power balancinz and frequency comfrel based on PV
somrce and emergy storage umits’ coordination are
discmssed. This sirategy is based on conventional grid
operation of synchronow: zenerator and it is nsing the
frequency droop characteristics amd the wvirfoal
moment of inertia of the PV based active generator. In
thiz stratezy energy storage units charging
discharging cycles is conmsidered to increase the Life
time of the storage units and the role of hybrid active
zeperator for power system stability at micro zrid
level

I. INTRODUCTION

PV system 15 mereasmg rapudly worldwide and
haz the potential to become a major sowce of
renewable energy mm the whan emvironment
Compared to other sowces, PV systems offer
reduced economme costs and  improved
emvronmental performance due fo s zemo
emussions and almost mantenance free nature.
However, =zince PV ensrgy 15 dependent on the
wezather condibion, the power controllng part wall
be shgbily complex. Tradihonal PV system wall

The first auther Aimée Nazmin Asmi would ke to acknowledze
the findine suppon eceived fom Universiti Telmikal Malaysia
Melaka (UTeM) to carry ot his PRD programs at University of
Apdier, Norway
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mvolve the delivery of power direct to the load or
gznd. The latest mrovation on FV system 15 through
achve gemerator. Thiz system will mehde the
battery storage system or ulfracapacitor or both and
will be connected direct to wverter wia DIC-DHC
converter. Fizure 1 show the PV based active
generator block diazram.
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Figure I. PV based active peneratar block diapram

Thas PV based active generator mmst confinually
manage the fluctuations of the load and output
power of the PV field to mainfain the nonunal
frequency of the pnd (30 Hz or 60 Hz). This 15 2
basic requrement for the safisfactory operation of
power system The mules of thumb for frequency
confrol are it depends on active power (F), while
voltage 15 based on reachve power (). For a great
operation of gnd system, 1t 15 crumal to keep the
frequency and voltage close to thew nomanal values.

The goal of frequency conirol 15 fo mamtain the
synchronous operatten of the symclhronous
generator In the system and to maintam the power
balance By using droop controller thus can be solve
Basic firequency confrol wall be based on energy
and mertia. Frequency dewviaton 15 dependent on
the wmertia of the system and 1t 15 expected when the
frequency deviation exceeds the pre-defined it
it will be adjust by the droop controller. Common
droop controller equations are:



f=fa—kp(P—F) @
—v(@ —Qa) 3)

f, and V), are the base frequency and valtage while
P, and ), are the temporary set pomts for the real
and reactive power of the system In the droop
confrol mechanmism it has the mberent trade-off
between actrve power shamng and frequency
aceurzcy. This wall dewiate the frequency value
from 1ts nomunal valwe. Thus, if 15 deswable to
restore a controller that would restore the frequency
to 1ts nomumal value [1].

V=%

Figure 1.

Ciroop controllar characteristic plat

From the droop equation (1) and equation (2}, the
droop controller charactenistic can be plot as seen 1n
Figure 2. The real power on the load mmcrease, the
droop controller will allow the system to regulate to
1tz mafial frequency value.

It 15 obvious that for a FV active generator, it
will not mvolve the merha of the mechamieal
system which will abruptly change the frequency.
However, load changes mught lead fo some
sigmificant frequency changes in the whele system.
Fuwthermore, mnhke the synchronous generator,
lack of control over primary power source 1mposes
a ngd ot to the active power that been imjected
to the gnd [2].

In this paper, battery storage system and
ultracapacitor 15 proposed to be used as pnmary
frequency control. Then, droop confroller will be
mhoducing as a medium to regulate frequency for
PV based acoive generator. A ‘mmrer’ charactenishc
of synchronous generator will be used to mumic the
exact operafion and play:s 2 sinmlar rele as the
kinefic enevgy inm the PV based active generator
system that mught solve the unstable frequency
problems 1n proposed gnd comnected PV based
active generator.

I. BATTERY STORAGE AND ULTRACAPACTTOR

Battery energy storage svstems are mereasingly
bmngusedmthe mtegahxmufP". system and gnd.
Battery storage with the appearance of
ultracapacitor will mncrease the system efficiency as
the battery wall be able to store and release energy
gradually, while ultacapacitor effectively act as
storage device with very lugh power densitv. For a
complete FV active based generator, a set of battery
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bank connected m a combmation series-parallel m

order to provide deswed power to the system The

addifional ultracapeitor will prowide a fast response

energy storage device that can reduced the effect of

short term fluctuzfions of PV oufput and wall

enhance the whole system [3]. The dyvnamme of

ultrzcapacitor can be seen from an equation:
CedVe _ 1 [f1-d
=) v -] @

Where:

. = capacitance value

. = senes resistance of ultracapacitor

V. =ulfracapacitor voltage

d = duty cycle.

The duty cvele 15 implemented the proportional and
mtegration contraller (PT).

For a better oufput for the PV based active
generator, battery storage system simng 15 crucial.
There are a few parameters that peed to be
considenng determimng the battery simng for the
system.  Those parameters are; the depth of
discharge (DOD)), state of cha:rge I:SU{'} state of
health (SOH), battery capacity, maxinmm battery
charge and discharme power and the uhbty rating
type [4]. DOD defines as the lower and upper limits
of the battery 50C whale S0H 15 the ment
condition of a certain battery compares to its imtal
condihons. The battery that 1= smifable 15 the
bthmim-ion for its good hfstime performance and
high energy density.

Battery and ulbacapacitor wall  enables

smoothing fluctuations for solar amay generation

unats. Battery as a storage system are capable to
absorb and delivernng both real (P) and reactive
power ()} with sub second respomse. For a
renewable energy application, the battery storage
system will be operated under the parhal state of
charge duty (PSOC) [3]. In this condihon the
battery or ultracapacitors will be partially discharge
at all time in order to make sure the system wll be
able to absorb or discharging power to the prid as it
15 neadad [6].

These storage elements are really impeortant
since for a primary voltage and frequency control,
this can be used to balance the energy between the
distributed penerztion wunits and the storage
elements. For systems that complete with a storage

system, the frequency droop equation can be
represenfing as:
@ = e, —5 (P —E) (5)
Where:
= frequency droop coefficient

a
B =level of charge (p.uj



Clearly, the storage svstem for PV based active
generator will provide a fast response and proper
power and frequency balancmg for the system.

II. FREQUENCY RESPONSE ANALYSIS

For small and low-veltage systems, the
frequency deviation will not be harmful for the
whole system However, based on the BS EN
50160:2000 (Table I) the frequency deviahon of
public electnerty supphed by public dismbution
systems must be within the range of 49.5 Hz to 50.5
Hz for a lugh veltage system with buge amount of
loads. Smee frequency variation mught zive an
adverse effect onfo the whole system 1t 15
important to control it For a pnmary frequency
confrol through gnd connected photoveoltzie active
generator, this system will oy to embed the battery
storage svstem wath ultracapacifor to cootrol the
frequency when 1f crosses certmn threshold as
stated in BS EN 50160:2000.

For a primary frequency control for the znd
comnected photovelizic  active  generator, the

strategy begins with consideration of basic merha
equation that mught lead to the mmplementation of
the whole controller info the system. Fundamental
of basic mertia equation 1s:

I=hmr? (&)
Where b 15 mertial constant, m 15 the mass and r 15
the distance betwesn axis and rotafion angle Vital
parameter for grid commected photovoltmc actve
generator svstem 15 the regulated mertial constant
where 1t can be defined as:

k= stored kinetlc energy
- VA rating

M

For a complex system with one or more connected
generator that has been mpped, the kinefic equation
can be outlined as (asswmung that this wall lead to
the frequency varation):

: ®

I‘ - _L(—'Efl'l.rﬂ'd.tﬁ'!' T&Iﬂﬂé)&
.

And it can be simphfied as:

—{generator rating)f

k= 2Fu[%|:-}

)

Where:

m, = system angnlar speed
F. =power balance after tp
f =system frequency

It can be deternune that for a small power system
scheme, the smaller the k value will be [5].

The battery and ulfracapoitor storage system
will started to act once the frequency 15 over or

119

under the rated value. Droop response from battery
storage system will use the proportonal confrol to
dive the whole system and lead the system to 1tz
equitbriom  condition. The relafionship betwresn
frequency and power as in Figure 3 can be seen that
for every frequency drop the real power needs to be
supphed by the battery storage system and
ultrzcapacitor. It wills goes vice versa for an over
rated frequency.

In order for the batferv storage system and
ultrzcapacitor to confrol the process, battery SO0,
DOD and power density parameter 15 crahcal

i
A

Ja-

> P

Fimme 3. Feal power and frequency relationship [7)

IV. FREQUENCY DROC® CONTROLLER AND EEAL
POWEFR. REGULATION

Dhroop confroller in PV baszed active generator
will be able to act a5 a3 pnmary confroller for any
dismuphion that mught affect the frequency nomunal
value, Cwvently, there 1= o regulstons or
requirement to  provide frequency  regulation
services to the power system [3]. However, with the
mereasing  penetration of renewable generzstion
especially PV amay, the impact on frequency
regulation will be sizmificant Prnepally, the
typical values of the frequency droop 15 100% of
mereasing power for any reducng of frequency
betwreen 3% to 5% of the actual values [9].

Basically for a comvenfional frequency droop
confrol for PV amay with storage system, the
uradiance and temperature or the PV cells wnll
affected the operatmg condibons of the droop
controller. The controller will act when the
frequency falls from £, to £ This mdicates that there
are chanzes happeming in load and mewe active
power 15 needed (Figure 3). This 1= where the
appearance of synchronous generstor parameters 13
needed and to do such thing, the system nesds to
immtate the synchronous generator.

In order for the system fo pmiowes the actual
operations of svochronous generstor, a fake
synchronons generator will be embedded as a
confroller in the system This 15 done by emulate
the swing equation of synchronous generator with
the new equation, bazed on the droop controller



charactensties [10]. The fequency droop
mecham=m can be executed based on Fizure 4.

Virmal angular speed and the nomumal
frequency value from gnd are compared before
multphed with gan. This equaton mvelving the
total forgque (A1) and apgular frequency (AL
changes where it can be define as the droop
coefficient for the whole svstem that muzht affect
the outpui frequency. There are three basic
synchronons generators parameters that are vital m
the svstem real power (F), reactive power ((J) and
the electromagnetic torque which is labeled as (7).
These parameters are caleulated based on sumphfied
lazmng  power factor phaser diagram  for
synchronous generator (Fizure 5.

| Ol d argeelar |

i

Vimad
argmlar feg

Figume 5. Simplified lagging power factor phasor diagram for
mehronous generator.

sy
V.  SYSTEM UNDER STUDY

Figwe 3 show the proposed system for
Primary frequency confrol through gnd connected
photoveltaie  actve generator. The controllers’
equation can be expressed as:

wrep =7 (B = B) 43— wgtawy  (10)
This equation 15 analyzed on its performance based
on the dynapmes and steady-state Both of thess

performances are cructal to meke =ure that the
system can be implemented i fiurther works.

Eouanon (3) can be rewnite as a power svstem
measurement for a low pass-filter analvsis:

i M

Flrat+l]
Where P* and o® denotes as a2 perfurbed value of
real power and frequency. For a steady-state
performance, the controller frequency 15 equal to

(11
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the snd frequency; hence by companng equation
(6) and (7) there are smimmlantes. However, if may
be a shght different due to vanzhons m the
confroller parameters if 1t 15 connected to the real
system. For a meal system, damping control 1s
required to rum the controller smoothly.
VI CONCLUSION

Control and operahon ensrgy storage In
relation to the power svstem 15 2 izl Is=ue
nowadays as the penetration of phutmnlizuc system
and others renewable energy sowrces imio the
markst Bazed on this paper a PV based actrve
generator with mtegrated storage umts 15 proposaed
to provide frequency regulanon and power balance
for power svstemn stabulity. 4 proper ground work
for coordimation between storage umits FV sowrce
and generator has been discussed. The frequency
droop charactenstics and the wwhiz]l moment of
mernz of the PV based active generator 15 presented
su;lp-l:urradhrvaquahm that wall be used for future
desipn of prmary frequency confrol for gnd
comnected photoveltzic active generator,
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Absiract — The application of residential photoveltaic (FV)
systems is imcreasing rapidly worldwide. In Southern Norway,
a group of on-grid smart homses with embedded FV systems,
solar thermal collectors, and geothermal heat pomps are onder
development at Skarpnes. In this paper, performance amalysis
based on simulations of an on-grid residential bowse with FV
systemn located at Skarpmes is presented This project is
expected to demonstrate zere emergy and zerc emission
honzing in Morway. Thiz paper discusses a theoretical study of
home enersy consumption with electricity production for a
single homse from a FV system, incduding simuolations of
irradiation conditions and tilt angles, and of the FV system’s
levelized energy cost compared with average grid energy price.
The results show that an annmal zero-energy budzet for
electrical meeds could be achieved, and that under certain
assumptions the system may be economically feasible

Keywords - Smart howse, Photovoltaic system (PV),
Building energy, Solar energy

I INTRODUCTION

Buldmz mtegrated (BIFV) and roof-mounted
photovoltale systeme are increasmg rapidly worldwide and
hawve the potenfizl to become a major conmbutor of
renewzble energy m the whan emaronment. Compared to
centralized FV plants, BIPV systems may offer reduced
economuc costs and improved emaronmental performance [1,
2]. The use of remdential PV systems can be econcmucally
viable also in the Mordic countries, and especially mn surmy
areas such as Southern MNorway [3, 4]. In Southern Norway, a
group of on-gnid zero energy and zero-emussion housing area
with roof-mounted PV systems, solar thermal collectors, and
geothermal beat pumps (borehols heat exchangers) are under
development at Skarpnes. The proposed project 15 a zem
energy pilot project that has been approved by the local
authonty and 15 expected to be completed m fowr years’ tume,
with residents moving in to the first houses in 2014, It wall be
developed by Skanska Norge and is a pilot project in The
Fesearch Center on Zero Emussion Building (ZEB) and m
the Morwegian ‘Lavensrgiprogrammer’ for evaluation of
homes with low energy demand (EBLE) [5]. The definition
of a2 zero enerzy bwlding in this project is referng to a
bulding that produces the same amount of energzy as its own
demand dwing the operation period of a year. The electicity
use for appliances 1s not included n the net energy balance
account.
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The energy required in this project wall be partally
supplied from the PV amays on the rooftops. For heating
purposes, heat pumps and selar thermal collectors wall be
uzed in combinaton with borehole heat exchangers. Based
on prelimnary system specifications, the developer i=
planning to install 2 PV ama of around 45 m” on the mof of
each single house umit. The FV amay mstallation is gomg to
affect the cost of development of smart houses. It is expected
that the epergy generated from all of the rooftop PV arravs
should be sufficient to cover the total anmual electical neads
for the housing development. This project will zive results
for the specific siuation i the local remon and collect
extensive data from field measurements. Results from the
project will be helpful in finding the future optimal mox of
storage, local energy generation and gnd power in zero
energy houses.

The results may also belp in analvzing the needs of
tradifional houses where smart gnd solufions and distmbuted
generafion umits may get mstalled m futwe. Skarpnes 15 a
small vallage located at 38.4° porth and 8.77 east. Based on
results from PVsyst simmlzton it wall receive an ammual
average 243 kWh'm'/day of honzontal global solar
pradiation. The solar radiatbon wvanes significantly
throughout the year and n swmmer it can typically reach up
to almost 6 kWhm’/day [3, 4].

The techno-economic analysis and evaluation of a FV
system 15 the main requiement for its probiferation m amy
application [6] In tlus paper, a techno-economue
performance analysis of a smart house with PV system
located at Skarpnes 15 presented. The PV system
performance 15 influenced by incident solar radiaton, hlt
angle of the modules, and also by any parfial shading that
can be caused by swrounding objects. It 1s however assumed
here that the housing development will not be significantly
affected by shading This paper discusses a study of home
energy consumphon and local PV alecticity production with
levelized energy cost and gid energy price companson
These analy=es have been done by usmg the HOMEF. [7] and
PWeyst [8] software packages. These results wall be
compared with the real operational data omce the smart
houses are 1n operation. HOMEFR. and PVsyst are sizing tools
soffware, which help the user fo execute a sinmlafion tfo
explore techno-economic performance analysis.



This paper 15 orgamzed as follows: Sechon I provides a
discussion on the electrical load consumption (profils) of a
typical bouse in Norway. Other vital parameters inchuded are
the PV panel parameters and the solar radiation profile.
Section IIT presents the techno-economic analysis, focusing
on the energy generation per month and the cost mvolved
Section IV provides conclusions drawn fiom the obtained
smmulation results.

I DATACOLIECTION

A. Dwpical load prafile:

The smart houses, which are under development at
Skarpnes (Morway), aregpmgmbebmltbasednnﬂnm
energy and zero emission concepts. The development is
complying N5 3700 standard In this paper, the estmated
loailsbasednnahasmh:mmgqumrmntmﬂaasm
of 154 m®. Typical daily load profile for a standard house
inchidmg basic electrical needs and heating 15 presented m
Figure 1. This 15 the average datz based on [16] and [17]. As
this kouse will be heated by a heat pump and solar thermal
collector system, the elechecrty consumption required for
house heating wall be less than for a traditional Morwegian
home. The electricity usage patterns vary with tme of day,
seasons and weather conditons. Realistic seasonal / daily
load profiles will be considered in finther studies for doing
more accurate paformance analysis of the system Keal
operational results will be collected over a few years and
compared with the sipmlated results.

13 15 17 1% 1

1 3 5 7 8 1 23

Hours

Figme 1: Daily load profile for a typical house. based on [16,17].

EB. Solar Resources at Skarpnes

In the case studied here_ the solar panels wall be mounted at a
fixed filt angle of 30° and facmg due south The achual
houses wall have different onentations, facmg either to the
south-west or south-east Based on the predicted solar
iradiance at Skarpnes, the potenfial of wsing solar as a
sowrce of electieity and heat 15 pronusing. Fizure 2 shows
the simmlation results from 3 different sowces - meteronorm,
PVGIS website and PVsyst simulation. Based on the average
value of these three datzbases, Skarpmes has an average
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anmuzl insclation of 284 kWh'm®/day on a 30° filted roo
facing due south As expected during mid-winter (Dhec) thy
solar radiztion is as low as 031 KWh'm®/day (meteronorm
and it is expected that the house will use the electricity fron
the grid during winter, and will be able to sell the electicit
generated from the FV system to the grnid m summer.

Solar Radiation at Skarpnes
54
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Figure 1: Average solar mdiation at Skarpnes, bassd on meteonom, PVGT
and PWsyst sinmlations for 307 tilted to the south.

Figure 3 shows the anmial solar path at Skarpnes, basa
on FVsyst simulation. The longest day in summer will hawv
around 17.8 hours of sunshine, and 22 December marks th
shortest period of sunshime in Skarpnes.
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Figure 3: Solar path diapramme fior Skarpnes from PV Syst simulaton.

For the house studied here the PV tilt angle 15 fixed 2
30° due to the angle of the tilted roof. In this article, we alw
consider the possibihities of other tilt angles for maamizm,
meident solar radiation. Figure 4 shows the average ammua
solar msolation for different tilt angles, based on results fron
PWsyst. OPT 15 the tilt angle for anmial mecamwum cufpu
Thiz tilt angle 13 39° and during Jammary-March am
September-December, it results in slightly higher inciden
solar radiation However, the difference 15 relatrvely smal
and the chosen rooftop angle is close to the optmum angle o
terms of the energy output from the PV amay.




II RESULTS AND DISCUSSION

A Electric Energy Prafile of the System

PV anay selection is cructal for the developer m order to
get lugh efficlency of cufput power when the available area
iz bmuted For simmlabion pwposes, a tfotal of 28
polyerystalline sihcon modules, each 230 W, are assumed to
mru'anareaufﬁmlfuead:hﬂuse.fhem@mbedmm
generation of electnerty from this PV amay iz 6353
EWh'vear.

TABLEI Ewercy weens Fos SmaLy Houss m Siarrwes [18]

Speafic Epergy Energy Neads

Energy Purpose (W) (WE)
Space heating 133 058
Hot waner ng 4500
Fans 44 678
Punps 13 197
Lighting 83 1446
Technical Equipment 175 2712
Ventlation Cooling (cooling 06 o4
coils) )
Total pet energy 76.2 11794

Table 1 shows the energy peeds for a small house with a 154
m” area. It is expected that the zmmual total energy consumed
is approcamately 118 MWh, where around 6.1 MWh
represent electrical needs and 57 MWh are thermal
requirements. This energy usage includes basic needs for a
typical house such as lighting and heating. For energy
saving and improved efficiency in the =arc-energy houses in
Skarpnes, there are 2 few additional measures that will be
considered. The installation of LED lighting to replace the
conventional lighting system will reduce the energy
consumption. Heating will be provided by a solar collector
system and ground heat from 160 meters of underground

3
e |
o
E
z
= 3
=
g
|
E 1

1]

an Feb Pdar Apr By un il Aug e H P D
T T TG0 TR ——3 ——OPT

pipes. Thicker msulation and 3-layered glass windows wall
reduce heat losses.
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Figure 5: Monthly ensrgy penerated from the PV rooftop system (based o

From HOMEFR smmlation, the bar chat i Figme §
shows that it is expected that the 45 m® FV rooftop system
will be able to supply a maxmwum of 0.83 MWh in June and
0.80 MWh Fuly, and a mimmum of around (.38 MWh dunng
December and Jamary. There 15 some deviation between the
monthly imadiahon dismbution results from FPWaysi
simlations and the monthly energy productton from
HOMEER, especially mud-winter. It 15 posaible that this could
be due to different metecrological reference data used by the
two software programs, and this will be further investigated.

The totzl enerzy generated based on the HOMER
simmlation 15 6.4 MWhfyr. Compared with the electneal
needs displayed in Table I of approcamately 6.1 MWhiyr, 1
shows that the Skarpnes house should be zble to fulfill the
requirement for a zero-energy hulding smee all electrical
needs may be covered by the PV system. The mest importani
thing m this work 15 to see the ability of the honse o generate
electncity for domestic usage and 1ts capacity to sell the
electicity back to the operator in the energy consumer-

Figure 4 Average solar insolation for different filt angles of the solar roof, where 39° is the optimum angls
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B, Economic Assessment

For this section, the values and fimures that have been
used do not reflect the exact Skarpnes housing project but are
estimations done by the wmiter wath a few assumphions m
order to evaluate the economue feasibility of the project. In
this section the most important parameter is the net present
cost (MPC). NPC values will define the project acceptability
n terms of investment, and consider the varance m cwrent
ﬁluenfﬂ:mﬁmmtmt Positive NPC values are an
indicator of a potentially feasible project [13]. The following
equation has been used to caleulate NPC [14]:

Crac

CRE,,

Crpe = {1

where Cype 15 the fotal net present cost, Crac 15 the fotal
annualized cost, and CFF () 1= the capital recovery factor.
To get the capital recovery factor, the following equation
applies;

il+0"
(1+ I-}.'l—]

where i 15 the annual mierest rate or the discount rate and V'
15 the number of years. From HOMER simmulation the NPC
valne in this case study 1= NOK 212 (USD 3.6) and the
levelized cost of energy (LCOE) is NOK 0.29 (USD 0.05)
per KkWh. Operating cost 15 defined as the annuahized all costs
(Cannunar) mumus the inshial capifal cost (Couy ) It can be
represented by the equation

CRF,, = , @

C

apara-u'n-g=c

e iogad

~Cpmp

’ (3
All simmlations are mades based on 25 years of hfetme. For
HOMER, there are assumphions that already pre-set in the
software, where 1t 15 assumed that zll prices escalate at the
same rate, and where “annuzl real interest rate” 15 used rather
than the ‘nominal mierest rate” [14].
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Figure 6 shows companson of LCOE of PV generated
electncal energy and monthly average market grid price. The
gnd price depends on the dynamics of the energy market. In
this figure the price for PW+Grid 15 a levelized price by using
the average price of the energy, while the grid energy price is
2 monthly average price collected from Mord Pool' website.
Both prices are excludmg tax and VAT. Average tax and
VAT price based on 2012 statishes on average 15 17 % of the
total energy price that the consumer needs to pay per month
[16]. For this simmlafion pwpose, the energy price for
PWV+Gmnd 15 considered as a flat rate, whereas the actual
energy rate will fluctuate around this average wvalue with
maximmm valies during winter and momirmm values dunng
ST,

The Payback period of this project based on the
simmlation 15 21 vears, assuming that the energy price 1s
stafic and that the price of PV panel and installafion will be
decreasmg by 2.1 % every year. This penod will vary
depending on the fuctuations of enerzy price from the gnd
and the price of FV systems, which 15 expected to confinue to
decrease in the near fiuture.

C.  Dhscussion

From simulations and caleulations, it 15 obvious that the
mplementation of PV system 15 costly and it has many years
of rehum of mwvestment. Mevertheless, the result shows that
the pavback penod 1z shorter than the expected Lifetime of
the system and on-grid PV systems may have a good fuhare
m MNorway since the cost of PV systems is expected to
confinue fo decrease For fuhwe amalysis, the load profiles
will be updated with real data fiom measwrements at
Skarpnes and will provide valuable insights mto the behavior
and performance of zero-energy houses of the future This
will give important feedback to the wheole smulation, energy
price and payvback period analysis for the system.

Towards the wear 2020, the antficipated ‘nearly zero-
energy’ standards will start fo take place. This project wall
contmbute knowledge for futuwe buildng construction based
on environmental friendly and sustainable energy. After the
constructon of this project 15 completed, the exact result
based on data from actual inhabited houses can be genarated
Ths will gmde the energy provider to develop new business
models for better energy efficiency measures and improved
design processes,

W CONCLUSION

In this paper, a roof-mounfed residential PV system based
on site data from Skarpnes in Southern Morway has been
studied From simmlations and the predicted anmal average
solar mradiance at Skarpnes, the result of local energy
generation has been presented A techno-econonuc analysis
has been performed by using the HOMEE and PWVsyst

! Mond Pocl 5 2 kading power marioet i Eeope: and the biggest = the workd, &
oparates i Morsay, Dezmenk, Sreden, Finland, Estonia and Littooania.



simulation tools. Typical load profiles for a household’s
energy consumption and the avermge electricity price have
been used to evaluate the planned smart houses at Skarpnes
with a size of 154 m’ This smdy found that the total
elaciricity that can be zenerated from a 45 m® PV system
with an average efficiency of 15 % is around & MWhfvear.
Since the houses in Skapnes will be connected to the zad,
each of the houses will sell the energy generated to the zad,
with net export dunng sumumer months and pet impert during
winter months. The companson of the PV system's levelized
energy cost with grid energy price is estimated to have a
payback period of 21 years based on assumptons that the
energy price is static and that the price of PV panel and
mstallation will be decreasing by 2.1 % every year. This
shows that the project may become economically feazible,
smee the payback peniod 15 less than the assumed system
Lifetinee of 25 years.
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Abstract— -Battery energy storage systems are likely to have
substantial influence in small scale grid connected building
integrated photoveltaic (FV) system Grid combected PV
system with proper storage techoologies and power
conditioning devices can also work as an active generator for
controllable dispatch of active and reactive power. The
importance of power conditioning devices and energy storage
technologies has been increasing due to implementation of
foture intellizent / smart grid technologies for power dispatch,
demand side management, and peak load reduction. Thiz work
presents a typical annual techono-economic analysis of a grid
connected PV system with differemt possibiliies of battery
energy storage capacifies. It will also demonstrate the impact
of FV penetration and battery storage on energy production.
The assessment criteria imvolve net presemt value, levelized
energy cost produoction from PV system, renewable fraction as
well a: contribution from'to grid for folfiling the residential
electrical energy requirements. A fypical emergy storage
capacity is going to be determined by taldng into acconnt daily
PV produoction with referemce to the daily load profile. It is
going to consider different battery enersy storage capacities,
with referemce to a typical value, for doing techno-ecomomic
amalysis. In this study, a typical annwal load profile of Sonthern
MNorway region is considered for a distinctive planned building
integrated PV system. A basic Norwegian house with the size of
154 m’ and 45 m" of FV area is used The results of this work
will be very nseful for planning of inchosion of battery energy
storage systems for grid commected building integrated FV
system in smart grid environment especially in Norway.

Eeywords-Barery storage, photovoltalc, barery capacity, cost
I INTRODUCTION

TABLE I. EXAMPLES OF RECEIVED SOLAR RADIATION AND ENERGY

CORSUMPTION
Annual received solar radiation by the | 7.51-107 EWh
earth

Annual global epergy use 1.40-10"KkWh
Annual received solar radiatien im | 200-10" EWR
Norway

Annual eperEy use in Norway 3.12=10" KWh
A | insolafion in Kristansand ca 1.0 kWhim®
Annnal eperzy nse, passivebomse ca 0T EWhm®
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Believing in the future of solar power 15 the motrvation of
the analy=1s which has been done m this paper. The mereased
energy consumption globally and of the problem wath
conventional fossile emergy  sowces that lead o
emvironmental 1ssues, has brought attenfion to the utilizahion
of renewable energy and especially solar power. Table I
shows numencal examples on the encnmous solar radiation
resowrce available and the potential for its utlization Based
on local Morwegian data for total energy usage [1], 1t is
obviously that armual received solar radiation is more than
enough to supply energy throughout the country. Based on
this fact, research on fully utilizing the solar resowrce is
neadad.

This paper will discuss an analysis of a photovoltaic
system i1n typical Norwegian house m Southern part of
Norway. The coordmates of the town Enstiansand have been
used m collecting the imradiation datz, and the Skarpnes' zero
energy village project description 1s the backzround study
for this analyzas. The recommended PV filt angle for the
regon 15 about 35°-40°, and the chosen tilt angle m this
project simmlafion 15 38°. By domg a repetition simmilafion in
HOMER? and using solar imadiation result from FVGIS®, the
output of the whole project has been evaluated By takmng
mto account the economcal prospect of the project, 5 KW
PV capacity is chosen i this case stady.

Smee the system 15 designed for domestic residence, the
roof area requred for PV should not be larger than 50 m’,
unless the owner of the property iz willing to buwld a
standalone PV system in the home compound Hewever, for
any mstallation of PV system the user needs to considar the
storage system Apart from considening gnd storage, this can
be battery storage or a series of batteries with ultracapacitors.

With the existence of the storage system. undoubtedly it
will improve the secunty of supply for the whole system
However, the biggest challenge 15 ot s6ll lugh cost with 2
short lifetime. Based on the daly load profile of a typical
Norwezian residential home and the available solar radiation,

! hettp: e skarpes-mullis no
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different capacity of battery storage system ranging from
20% up to 160% has been simmlated This simmlation is
based on two extreme days, the 28% of Jamary and the 21%
of July, representative of mid-winter and mud-summer
respectively. For this parbeular work, the lead acid battery is
chosen. With different selections of the battery capacity it is
clear that the resalt will be affected.

When evaluating the overall system
economucsconsidenny the mawmum PV battery lifehme of
around 7-15 wears [1] wath respect to charging and
discharging it will end up with a sigmficant cost. Therefore,
proper sizing of the battery for a gnd connected PV system 1s
essential to 3 have a mminmm operating cost with a ugher
ufilization efficiency. This 15 the challenge for a researcher. It
15 neaded to discover an optimal value for the battery energy
storage size such that the total operation cost remams at a
mmimmn. If the battery size is larger or smaller than the
ophmal battery size, the total operation cost 15 Increased.
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Figwme 1 show the average load profile of the residence of a
typical Morwegian home with a size of 154 m®. The load
profile for pud-winter (January) and pud-summer (July) 1s
plotted. Average daily consumption for the summer day is
039 kW whale for the winter day it 15 2.58 kW. Obviously,
the electricity usage patterns vary with time of day, seasons
and weather condifions. The awverage daily energy
consumption throughout the year is 2.07 kW. On average,
the difference between these two seasons is almost 52 %, It
is a sigmficant amount with a large impact on the system
design. Therefore, proper system sizing 15 pecessary in order
to supply energy efficiently and at monimmim cost.
m EMERGY STORAGE

Energy storages can be classified in fouwr man
categonies: Electrical, Chemucal, Electromechanical and
Mechamical. Each of these types have the same puwrpose with
different method of operation. Energy storage offers a broad
range of approaches on controlling the power system umits
and it 15 able to create flexibilities in an electnical network.
For renewable energy systems, generally three major types
of lead acid battery are being used Those are: AGM
batteries, flooded type and gelled electrolyte sealed [2].
Each of these batteries has its own benefit that mmght be

used for a different type of installahion. For a proper
development of a renewable energy system battery sizing 1s
cructal by considering battery parameters.

There are fouwr main parameters that need fo be
considered for every mstallabion of battery storage system
These are battery capacity, state of charge (S0C), charging
and discharging rates, and battery efficiency [3]. By
considerng all of these crucial parameters, battery sizing
and method to optimize the battery size can be achieved.

TABLEIl Ineut ParameTers Fos BaTTery

Variable Notation Value
coefficient Fi 3=l
Mmimmm state of charee SOC 0%
Maximom state of charge S0 80 %
Self-dischargine factor a 2.5% per month
Minimom charging discharging K 10 hewars:
PV imverter effioency T 7%
inverter effidency . 2%
Battery charging efficiency [T 80 %
Battery discharzing effidency - 0%
Nominal battery voltage ¥ v
Sampling time interval At 1 hour
Capital recovery factor CRF 0.1233
EReal imterest rafe i 4% per anmim
Inverter Lifefime N 10 years
Battery imverter cost 5606 EW
Battery investment cost rate 200 'kWh
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Table II shows battery parameters that are used m thos
study. The above menfioned parameters are kept constant
while smulation 15 done for different nomunal battery
capacibies. For battery sizing pwposes, load caleulations
need to be taken into consideration. Then, the days of
autonomy for the battery to be operated needs to be
determined  Based on the following battery equations, and
by refenning to Table II, the cumulatrve battery capacity loss
can be calculated Then this will lead to battery hiffshme
calculations and the cost and nomunal battery capacities.

SOC(d. ) = S0C(d.t - A% (- @)+ Mg
(1

Discharging,

SOC(d, 1) = 50C(d.1— Ayx(l-a)+

@

where,

Cna : Usable battery capacity (Ah)

Poc bw  : ChargeThscharge rate of the battery (kW)

Then, the cummlatrve battery capacity loss at the charging
and discharging process of the battery can be deternuned.

P:x?.nm(ﬂ',-f)
C, (d.0F

Fig parld. 1)
Hmsdng: CMr(d? tj ¥



Claer w1 = A} = Z Py o AL, Fre padd.f) <0
L [ € (.11, P, >0
3)
where,

Chrssoemi “Cummlative battery capacity loss (KWh)

The battery capacity loss at any given time can be
determmed by;

Cons 1) = Cloy v 00— Cppg g (.1 1) 4
where,
Choss : Battery capactty loss (KWh)

The maximmum battery charge rate at DC side 15 given by;
Cogeld. 1) = F

P parcten (0.8} = Po gy ot (6, ) =
(5
IV PHOTOVOLTAIC DATA

The typical PV production data 1s based on Global Tilted
Imadiance (GTT) measurement in Enstiansand area (38.15%,
8.00%) math a 358° hlting angle. This 1s measured through the
vear for 365 days. Several factors such as cloud cowver,
pollution and ground reflectionsmay mfluence the
nradiation levels.
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Figme 2. Awerage hourly imdiation profile in summer (Tuly) and winter
(Jamuary)

From Figure 2, it can be seen that the nradiance on a
specific date in July (21* July) mves sigmificantly high
iradiance values due to summer season. On 28% of Jamary,
when it is winter and the ambient temperature is between -4
to 2°C, the maxammm nradiance is seen at 12:00.

The equation for cutput energy from the PV panels i1s:

E=4w¥nH=PR ()
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Where:
: energy (KWh)
- PV panels active area (m”)

: anmmal average solar radiation on panels (shading
15 not mchded)

- yeld¥e

- performance ratio.

For this specific simmlation the parameters for the F1

system has been identified as:
TAELEIII. Inrur Parasmerers For PV svsTeMs

e e

PV system size {KW) 3
type Fixed-roof mount
DC-to-AC derate factor 0.78
Tilt angle{deg) 378
Derating factor &l
Lifetime (years) 0
FV area (m") M5
V ANALYSIS

In this section, two types of anzly=is has been executed
One analysiz on (A) winter conditions and (B) summe
conditons, and one analysis on (C) operational cost an
benefits. The two representative days for the winter am
summer seasons show significant variation, asseen from th
daily PV msolation and the way the enerzy 15 bemng use
(load profile). The energy price will also show vanation. Fo
this simulation, the author intentionally selected a flat rate o
USD 0.05/ EWh for usage of energy. If there 15 a Feed-u
Taniff (FiT) scheme, the consumer will gain benefits fron
this scheme, preferrably executed with the implementatio:
of mmport and export energy prices. Up to this date, there 1
no such scheme implemented m Norway.

A Analysis for Winter (January 28%)

During winter, the solar insolation 1s low as shown 1
Figure 2. For this particular paper, the author has chose
Tapuary 28" as a reference for a winter day. Based on Figur
1, the highest load consumption will be durmg 20:00 t
21:00, wihnle the lowest 15 between 02:00 and 03:00 where ;
ranges between 198kW to 346kW. When the BV
production profile 15 plotted together with battery storag
charge/discharge rates based on the load profile for Jamar
28" the output can be seen in Fizumre 3. This simmlation i
based on a battery capacity of 1200 Ah wath the hfetime o
13 years. On thos parficular date, the highest PV msolation 1
at 12:00 with the GTI almost 430 Whim'.

Figure 3 shows the sequence of power transfar on typica
winter day. It can be seen that the house 15 dependent on th
power gan from the gnd, with a very mimmum mput fron
PV power and battery storage. Approcamately from 12:00 t
15:00, where the solar radiation i1s sufficlently high it 1
possible to charge the battery storage system, whule the loa
15 still supphied by power from the gnd. Duning this perio
of time the power from PV 15 just enough to recharge th



storage system. The battery then wall be used the next
momming. In this parbeular system, it 15 possible fo charge
the storage system by using power from the gnd.

= s h ) .IJM '-..__.l "I. I-'I

; ™, - Il'nl JIII I."',V \_/A\ 2 Illl_ |'II ‘V\
:, v =
E W L Egrd
E: 2 . — —

| i
A
A A

| —
“a 5 o 1= = =
Hear of the day{hry
Figure 3. Powsr mansfar saquence of the PV -storage systam on 28%
Tammary {winter)

For four different values of batterv capacity (Ah), the
output of the power sequence 15 displayed 1n Fizure 5. This
fizure shows battery capacity of 500 Ah 700 Ah %00 Ah
and 1200 Ab that has been zimmlated Based on these
different values, it can be seen that a battery capacity at
1200 Ah wall provide more power with higher cost
compared to other capacities (refer Table IT for battery
parameters). Equations in Secton III are uwsed to find the
optmum battery capacity to use in the system, tzken into
consideration the battery SO and battery capacity loss.

B. Analyzis for Summer (July 217}

In mid-Tuly, the solar insclation rose up te 950 Whim®,
as can be seen from Figure 2. Dnng this season, the load
profile iz reduced nearly 34 %. The reduction of energy
usage durmg this period 15 lmked to the warmer
temperatures and reduced heating demand. Accordmng to
weather observations® during this period, the temperafure
vanes from around 19°C to 28°C with an average wind
speed of 3 m's.

Figure 4 shows the power transfer sequence for the miven
summer day in July. The dependency on the power from
grid 15 mmch less compared to Fizure 3 dunng wanter.
However there 15 some mterval of fime when the load wall
be 100 % dependent on the mnd, 1 e during mght and i the
early moming.
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By simmulating four different battery capacifies, Figure ¢
shows the power output from PV vs power from battery. T
15 comparad to the power needed to supply the load. It »
noticeable that with the high PV power output, the battery 1
less needed However, it 15 crucial to make sure that the
battery storage 15 chargaing and dischargimg within the limy
at all ime. With the battery capacity of 1200 Ah, the flow o
the power remains smooth with fluetuations of charging and
discharging process throughout the day. By using 500 Ah
TO0 Ah and 900 Ah a different curve of power cutput wil
result. The lower the capacty, the lower the costs wall be
but by usng equation (1), (2), (4) and (3), it 15 more cos
effictent to use 1200 Ak compared to other capacifies.

C. Operational Cost and Benefits

nd connected PV system wath storage system can give
good benefits m terms of operational cost. The major cos
that is related to this system 15 the cost of purchasing
electricity and the cost of battery capacity loss, which 1
related to the discharging process. To defermine the batten
capactty loss during any paricular hour that the systen
operates, that the followng equation 15 used [4];

Cl'm.'i(dr'r} * BI.HHL‘H_I?E'-‘

B d.n=
L 1) == )
Where,
BCI .. : Cost of battery capacity loss (3)
i e—— : Investment cost rate of the battery
(LWL

In this section the most important parameter 1s the ne
present cost (NPC). NPC wvalues will define the projec
acceptzbility i ferms of mmvestment, and consider the
vanance m cwrent value of the fitwre investment. Positrve
MPC values are an mdicator of a potenhally feasible project
The following equation has been used to calenlate WPC [3]:



(8)

By domg simmlation m HOMEE, the NPC that this
system has is $62,320, which is relatively high The cost of
energy for every kWh ($%kWE) is $0.291. Al sinulations
are made based on 25 vears of hfetime For HOMEE, there
are assumphions that already pre-set in the softerare, where 1t
15 assumed that all pnces escalate at the same rate, and
where ‘anmmzl real interest rate’ is used rather than the
‘nominal mterest rate”.

TABLE IV. ELECTRICAL Sumamasy FOR THE SYSTEM

Production EWhAyr S
PV array 4433 4
Grid purchases 14,358 16
Total 18,703 100

Based on Table IV, the electncal fraction of the whole
system can be determined. 24 % of total energy used in the
house iz from renewable energy while the rest is from the
gnd. This means that most of the time, the house will use
the energy purchased from the grid This is idlustated in
Figure 7, which shows the monthly average electic PV
production and gnd supplied power dunng the whole year.
With the renewable frachion estimated at 0.24, this system 15
feazible to be used.
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Figme 7. Monthly average slectric producton

For this simmlation, a flat rate pnce of power purchased
from the zrid has been used. The energy market m MNorway
15 dependent on the dynamic energy market prices from
Mard Pool®. Thus, the price that should be considerad will
nchide tax and VAT price. Average tax and VAT price
based on 2012 statistics on awerage is 17 % of the total
energy price that the consumer needs to pay per month [6].

VI CONCLUSION

5Nu'ﬂ?m]:knhﬂdin;puwnmh¢iu]!m‘upﬂmdﬂnﬁmﬂhhmdﬂ.]l
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In this paper a typical anmal techno-sconomic analysic
of a grid connected PV system with different possibilifies of
battery energy storage capacities has been presented. The
simmlafion for different battery capacities for 2 seasons
winter and summer, has been presented in section V. For z
house of 154 m®, the suwitable battery storage that will smi
well 15 approxmmately at 1200 Ah This storage system wal
efficiently work dunng supwmer and wmber, with large
vanation in msolabion. With an anomal production from the
PV system at 4,435 kWh and gnid purchase at 14,358 kKWh
this system met the entire electrical load (refer Fizure 3 anc
Fizure 4) needed. By wsing HOMEE. the NPC and COE ha:
been calculated. It 15 expected that the NPC can be reducec
if the exact energy price per KWh is used mstead of the
assumed flat rate. In the pear futwe, the storage price v
expected to decrease. This can reduce the capital cost for the
whole system For future work, exact price of energy 1
HNorway will be taken account and the system will stmulated
for a larger range of load profiles and with different types o
households.
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Absrract — At present, most of the grid connected
photoveltaic (PV) systems are operating at mazrimmm power
points and injecting power in uncontrolled way. Thuos, active
generator will be a good solufion to support instantameous
power balance, frequency control and maintaining the power
quality with controllable power imjection. This mew mode of
active zemerator needs innovative power management. The
new proposed energy control system for active generator mizht
help to manage the energy within the micro-grid environment.
In thiz werk, the focuos is to manage the energy among the PV
based active gemerator, load and interconmected grid amd
energy confroller architecture for that purpoese is presented. Lt
considers availability of the solar resonrces, storage system and
load requirements. If there is lack of emergy from the active
generator, then the grid supplie: remaining emergy. For
architecture of energy controller, Stateflow & model is nzed. It
uses available energy mformatiom from PV array, battery
storage with super-capacitors amd load requirements for
manazing the energy flow and it provides control sizmals to the
power conditioning devices, which are wsed for integrating the
sources. The presented energy management alzorithm will be
useful for the fofure smart grid sy:stem and also for building
imtegrated PV based active generator system and demand side
management.

Eeywords—PV aciive generator, stafeflow; energy controller

I INTRODUCTION

Distributed ganerators (DGs) in electnical network ought
be very helpful for reducing the demand on the conventional
power generators. Cme of the promunent sources for
renewable energy sources 15 the PV system. However, there
are problems related to the deployment of PV system due to
their stochastic nature. Standalone PV system wath battery
storage system 15 well studied for thew optmum sizing
configurations based on load requirements [1]. To overcome
this, PV Tbased active generator concept can be
implemented. PV based active generator (with embedded
energy storage umts) can be used as load following
generator as other controllable power dispatch gensrators [2,
3] This mew type of dismbuton system, based on achve
generators, needs new Innovative management and
operation strategies for increasing the penetration of
intermittent renewable energy systems e.g. PV system. The
energy sources and loads are heterogeneous and it 1s needed
to have real fime management through active generator in
coordmation with gnd at load end and it will also improve
the epergy efficiency. Energy management system mm PV
based active generator 15 a co-ordination of produced FV

energy with the energy storage systems (together wat
battery and super-capacitors) and load requirements. )
battery controller for distmbuted energy system is presente
in [4], but it has not considered PV and super-capacitor. |
proper controller / algorithm are needed for controlling th
energy flow among PV amray, battery, and super-capacito
with load requirements.

Thiz paper focuses on architectore of energ
management system for mtegration of PV based achw
zenerator with local load and grid. It considers two basi
questions: (1) How to manage energy distribution among B
array, super-capacitor and battery? (1) How to reduce stres
on the power distmbubon system durmg peak howrs 1+
demand side management? These poants are considered 1
thiz paper. The control system for energy management 1
the PV based achwve generator 15 using the Stateflowd
model. Basically this method 15 often used to model a lom
confroller for dynamic outputs. Using this methed, a
algerithm of energy management that mecludes PV amray
battery storage system with super-capacitors and converte:
for thew mtegration i1z presented. The Stateflow® iz th
event-based modehing toolbox in MATLAB and it 15 used ¢
model logic for dypamweally control of the energ
management system. The algonmthm 15 able to confrol th
energy usage in a PV based achive generator in order t
maximize the uwhilization of the battery storage and supe:
capacitors for managing the load locally and also in deman
side management. This work 15 based on vef [5] and 1t ha
used Petri-nets analysis. But in this werk Stateflow® mod:
15 used for energy management m PV based achiv
zenerator.

O. PVBASED ACTIVE GENERATOR
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Figure 1. Basic struchure of the PV based active generator
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Figure 2. MATL AR Simulink desizn on PV based active gensrator

The basic structure for PV based active generator is
grven 1n Fig | and system components have been
characterized 1 Stateflow® meodehng. Thiz power
generation units compnses of PV amays, batteries and
super-capacitor umits as storage system, DIC-DC boost
converters and an mverter. The FV array and storage system
are mtegrated on a commeon DC bus through proper DC-DC
converters. The energy storage system can also be used as a
power fluctuate compensator for improving power guality
under dynamic conditions. A coordinated use of storage
unats with PV array must be properly designed in order to
work 1t as an active generator. This active generator unit is
connected to the gnid through a DC-AC inverter in parallel
to the local load. It wnll also help m demand =ide
management and snpergy buying / selling to the gnd.

In this work, these multi-source unts are modellad in the
MATLAB® / Sinmlink environment These models are
integrated and their parameters are given in Section II. In
Fig 2, battery storage system 1s labelled as Mo 1, super-
capacttor is labelled as Mo 2 and the PV aray 15 labelled as
Mo 3, while No 4 15 the grid reference.

oI COMPONENT MODELLING
The power generation umts mn this system comprses of
four core modules: Energy storage, PV amray, DC-DC
comverters, and DC-AC inverter. Each of these components
needs fanctions and parameters. The component parameters
are taken from [5].

A. Storage System
For long-term energy storage, the battenes are
considered. A special operafion management for battery
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charging and discharzing strategies and knowledge of
battery state of charge (S50C) 15 pecessary. The ageing
mechamsm of the battery may result from many factors and
it may affect the operational performance of the battenes
[6]. In this work, the battery operatons based on
performance factors are not considered and they will be
considered in further work. For this woik, a simple battery
model 15 used from MATLAB/Simulink. The battery

parameters are given in Table I:

TABILEL PARAMETERS FOR BATTERY
Parameters Diata
Wominal Voltage 144V
Pated Capacity 30440
Initial State Of Charge 100%%
Fully Chareed Voltage 155.8V
Wominal Discharge Current 13.9v
Internal B esistance 0.028
Capacity(Ab)@Nominal Voltage 11.53AR
Exponential zone[Voltage. Capacity] [146.6W 02AR)

The storage system meludes super-capacttor. In this work,
the aging factors of super-capacitor have not been
considered. The super-capacitor parameters are given in
Table II:

TABLEIL ParaMETERS FOR SUPERCAPACITOR
Parameters Diata
Rated capacitance 198F
Equivalent [« series resisance 11x1070
Fared valtage 1500
Surze voltaze 155V
Mumber of series capacitors 2
Mumber of parallsl capacitors 4
Initial voltage 8%
Leakage cuorent Sull~A
Operating temperatura{Calsinz) 15




Mid
normal = 1;
empty = {;

full = .

Min lax
normal = 0 normal =
ematy = 1; smpty = 9;

Full =0 full =1

Figure 3. Stateflow diagram of the battery management system

For load management purposes, three condifions have bean
adapted in the smmulation: maximum, mid and mimpewm
conditons (Fig. 3). The energy storage system 1is
represented for battery as Py, and for super-capacitor as P,
The battery 1= at normal mode if (Pug e = Poa™ Propuwd
while for “full’ condition it 15 at (Pra = Pragmes)- It 15 defined
as “empty’ if (Puy= Phye) - Basically, the flow of process
15 representing the digital signal as either 1 for available or 0
for not availlable. As shown m Figwe 3, for 2 four
transitions which are; Pi: Poy = Phgune P2t Pha ™ Prayme Py
Piat = Prasan - 30d Py Poy = Py The same model 13
applied to super-capacitor.

E. PV Array and Inpur

PV module that 15 used in this paper 15 BP 3160N. 18 PV
modules are used to supply energy to the system. The
technical data 1s given in Table III:

TABLE Il ParasmeETER FOR PV MODULE
Electrical data Parameters
Mominal output Py, 160 W
Max. Voltage system 1000 WV
Mominal Voltage Vg, 351V
Nominal ourrent L, 4554
Open circuit voltage V. 41V
Short circuit cusrent L, 454
Muoduls conversion efficiency 127%

To analyse the output of the developed system, it is
necessary to know the PV aray output. The PV amay output
depends on the mncident solar radiation, temperature and PV
array parameters. In this work, the solar radiation data of
Enstiansand (Latitade: 58° 15" 3521" W, Longitude: 8° 00
2497" E) is used. A sample time peniod of few hours from
the last day of May 15 selected as mnput for the PV amray. The
sample time pertod from 11:00 to 13:00 15 taken and the
global filted pradiance {(GTT) data for this penod i1z as
belowr:

TABLE IV. GTIDATA OM 3 1™ pay 2012
Time GTL(Wim’) Time GTL{Wim?)
10-56:00 9T 13:11:00 801
11:10:00 77 13:26:00 821
11:26:00 74 13:41:00 704
11:41:00 03 13-56:00 805
11:56:00 860 14:11:00 785
12:11:00 863 14:26:00 761
12:26:00 827 14:41:00 m
12:41:00 782 14-56:00 L]
12:56:00 73 15:11:00 638
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From thus table, the approximate output power cam b
determine by:

Pey=CGITxnxd (1
Where;
(e : Global Titled Imadiation
n : Efficiency of the solar panel
A : Papel area

And the approximate output is on 31% May 2012 from 10:5
to 15:11 in 15 munutes interval has been given in Figure 4.

PV panel will be represented as Ppy and in this work; th
simmlation has been done into 2 different situations:

1) (Pp==P ) and (Puy=Prw) md (Pu=P, )
2} Pp=P g or (Phui=Prucuin) oF (Poc =Prc puic)

g

£

slar g geoductionfw|
g E

w
=

Time|hour|
Figure 4. Cratput power Fom PV

P &g 15 a power required by the load In the first situation
the PV power 15 more than the requred power, and th
storage system 1s in a good capacity. The second conditior
give an mmpression of the conditions where the pows
available from PV 1z lower than the required power.

IV. MODELLING ALGORTITHM

Balery Fie
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Micclsl
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Liirscaparitor p
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Warking mode in Stave-Tlra
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Fizure 5. Stateflow algorithm flow diazram



Three different conditions have been tested Mode 1
refars to the condihon where the battery and super-capacitor
are ready to use (Premis™ P~ Phagmes 30d Pocma < Pocs
Pic s, In this mode, FV array can supply power to load as
well as to energy storage system.

Phat
Fsc

Figure §. Power flow in Meds 1
The exchanged power of capacitor which belongs to input
voltage of DCDC wwverter 15 Ppe. This power 13
disintegrated in 2 terms: Ppy oy indicates the capacitor is
loaded and Py (s represents the capacitor is unloaded. The
power flow is shown in Fig 6.

In Mode 2, the conditions are: super-capacitor and
battery are fully charged (Pue= Puo gy and Poc= Py ge) and
the produced PV power iz higher than the reference power
(Ppy = Py, At this mode the power preduchon from PV
needs to be controlled. This need to be done to make sure
that the storage system 15 not overcharged as it may shorten
the Lifstime.

In this mode there 15 excess power from PV amray that
needs to be limited. Since the super-capacitor and battery
are fully charged, excess power will be not accepted. 5o in
this working mode the storage umits are sefup n stand by
condition, and can be represented in:
P_|5m_mn= P_l'bat_reﬂ= P_.cx_rm: 0 2
In addiion, PV amay has gaired more power than the
required power P_,.. All these reasons make 1t crucial to
lint solar power produchon mn thys particular mode. Thus,
the required power must be equal as solar power in
reference. It 15 poszible to supply the excess power to the

Mode 3 refers to condifions where the battenes and
super-capacitor are charging smece both power sources are
too low to deliver power. No power 15 supplied to the gnd.
Battenies and super-capacitor are charged Thess working
modes are embedded in the system as given in Figure 5.

In thiz working mode, the solar power production is
mnsufficient. At the same tume, supercapacitor and batteries
are empty. This 15 the reason of the pnonty of power
delivery from PV panels 15 given to supercapacitor and
batteries for charging. As a result of this, the gnd is
supplving the load and charging battery and super-capacitor

V. RESULTS AND DISCUSSION

Overall Stateflow® design of this whole system is given
m Figure 2. This mcludes all modes that have been
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discussed m the previous sections. For thus work the
simlation result are only based on Mode 1. Figure 7 shows
tvpical load requirement for 4 howrs on 31% Maw 2012.
Maximum load requirement 15 6000 Watt while the lowesi
us 2000 Wait. The simulation results for battery, super-
capacitor and PV power contnbuhons for the mentioned
load are given mn Figure 8. In all these diagrams, 0 poini
from time offset sigmifies the measwrement of testing time
starts from 11:00, and 1t will last 4 bows till 15:00. In the
begmning of the first bour shows that the total power
production from battery and PV amray is not enough to meei
the requirement from the load With the compensation from
supercapacitor, the problem has been solved. This resuli
proves that the generated power reaches the required power
needed.

Tiza
-

Figurs 7. Load power requirement from 10-56 untdl 15:11

VI. SUMMARY AND FURTHER WORE

In thiz work, an overall power management system for a
simple disinbuted geperator, which includes storages
(battery and super-capacitor) and PV amay has been
presented.  Conirel strategy has been developed m
Stateflow® m MATLAB. Hierarchical control algonthm 15
utilized to orgamize and 1dentfy the level of control system.
Dnfferent modes of working methods are presented The
states of every power sowrce are modelled in Stateflow®
and simulated. Later, the power management system selects
the relevant working mode and computes the power
reference for each sowrce. The active electne power has
been considered. Other discussed operafing modes with gnd
interaction will be considerad as further work taking a day
load profile.
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Abstract— An active generator has the capacity to support
frequency control and instantaneous power balance, The grid
operator adjusts the power dispatch of generators according to
power demand fluctuations. Photovoltaic (PV) bhased active
generators can be vsed as load following generators in the same
manner as other power dispatch generators. This new type of
distribution system, based on active generator(s), needs new
innovative management and operation strategies for increasing
the penetration of intermitient renew able energy systems, The
considered PV based active generator has three units, Le., PV
array, battery storage and super capacitor. In this review
paper, the management and operation approaches of PV based
active generators are discussed.

Keywords: Photovoltaic (PV); Adive generator; Microgrid;
Smart Grid

L. INTRODUCTION

At present, most of the world-wide grid connected
photovoltaic (PV) systems are operating at maximum power
points and not contributing effectively towards the energy
management in the power system network. Unless properly
managed and controlled. large scale deployment of gnid
connected PV generators may create problems such as
voltage fluctuations, frequency deviations, power quality
problems in the power system network, changes in fault
currents and protecions settings, and congestion in the
distributed network. A solution to these problems is the
concept of active generators. The active generators will be
very flexible and able to manage the power delivery as in a
conventional generator system. This active generator includes
the PV array with combination of energy storage technologies
and proper power conditioning devices. The PV array output
is weather dependent and therefore the PV power output
predictability is important for operational plamming of the
micro-grid as well as centralized generators. In conventional
grid connected PV generators, hybrid fillers are used to
improve the power guality [1]. But for multiple PV based
active generators (e.g., a group of buildings with BIPY), the
power quality issues require more analysis. Evaluation of
fault protection systems will be needed to account for
unknown situations that might interrupt the energy flow on
the grid and reduce the efficiency of the grid perfformance.

I, OvERVIEW OF PV BASED ACTIVE GENERATOR

A PV based active generator is a system comprising of a
PV array and a battery storage system with a capacity of
storing energy both for long and short term local usage (long

OTE-1-4799-T514-X15331.00 ©2015 IEEE

term: storage period in weeks or month. Short term: hour
and days) [2]. The system should be able to generate, stop
and release energy as long as the electricity is neede
depending on the system sizing and house daily load. Thi
can be done with a proper hierarchical monitoring and energ
management system. Figure 1 shows such a system. Powe
management 1s crucial to control the whole energy flow in th
PV based active generator. As discussed in [3], the author
put an emphasis on the power management algorithm o
active PV station with a batlery storage. Four hierarchics
positions have been introduced and each level has its ow:
task, as shown in Figure 2. This PV based active generator i
expected to offer mew flexibilities to the consumer am
operator. The system will be operated in a micro-gm
environment and will have parameters that need to b
considered such as frequency. voltage, storage capacities amn
PV forecasting.

B Agtive Genernion

/ DO Bus \ Grid
| PV 4 e
¥
' -
H nDC -~
Batéfies : . i -i—i-'l,.- AC b
1
1 1
[ | i
1 . -~
Ulmacapacitars -i:—o—n-;a: 2 e -
i L
: b Land
1 1 1
' ' [
1 1 ]

Droop Frm o= mm s s o Mg
IE '““'“"“'7-_ Goamdler

Fig. 1. Scheme of a PV based active generator
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Fig. 2. Control levels of 2 PV based active generator

It has been observed that main disadvantage for thi
system is the stochastic nature of solar radiation and PV arra
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output In order to solve this problem, the PV based active
generator has been introduced. Further discussion on
applications, environmental and economic aspects may be
found in [2, 4]. For a complete PV active based generator, a
set of battery banks are connected in a series-parallel
combination in order to provide desired power to the system.
The additional ultra-capacitor will provide a fast response
energy storage device that can reduce the effect of short term
fluctuations of PV output and quick power delivery and it will
enhance power quality of the whole system [5]. For such type
of PV system, the batiery storage system will be operated
under the partial stale of charge duty (PSOC) [6]. In this
condition, the battery will be partially discharged at all times,
in order to make sure the system will be able to absorb or
discharge power to the grid as it is needed [7]. To charge-
discharge the ultra-capacitor, a few methods as discussed in
[8] can be wsed. Based on simulation results, the latter
reference [8] found that constant power charging mode is
preferred for charging ultra-capacitors in a PV system.
However. it is not yet proven that this strategy will be suitable
for a micro-grid system. It needs momre investigation and in
our further work it will be reported.

M. PV BASED ACTIVE GENERATOR IN A MICRO-GRID
ENVIRONMENT

A micro-grid is a system that operates at low voltage and
has one or more distributed energy resources for electricity
production (e.g. PV, wind turbines, micro-turbines, etc.) With
proper energy management and systematic supervision, a
micro-grid can be an effective new way of generating and
transmitting energy near to the load. Examples of PV based
active generators inte grated into the micro-grid can be found
in Kytnos Island and Mannheim-Wallstadt [2]. Energy
supervision and management for the whole system is
compulsory, and the authors in [9] have divided the system
into two different parts: (i) central energy management of the
micro-grid, and {i1) supervision and management of the active
generator. On the micro-grid side. the operator needs to
manage energy between the sources and load. This includes
the active and reactive powers, frequency regulation, and
voltage fluctuations. It has been noticed in [4] and [9] that a
strategic framework of executing PV based active generators
in a smart grid environment with more rules considering the
long term energy management and the short erm power
balancing. In [4] the optimization of environmental and
economic criteria have been developed on 24 hours of PV
prediction. Reference [2] has provided long term operational
planning for energy management of a micro-grid. It has
presented a micro-gnd system with energy sources from three
gas turbines and a PV based active generator and a micro-grid
central energy management system (MCEMS) has been given
with parameters that include environmental effects, long erm
energy and short term power prediction, and energy market.
Based on all of these crucial parameters, the micro-grid
system need to be organized properly and the output of the
system can be optimised for more efficient and
environmentally friendly operation.

IV. BATTERY STORAGE AND ULTRA-CAPACITOR (ENERGY
STORAGE SYSTEM)

Battery storage systems are being progressively used ir
distributed remewable energy generation. With the additional
introduction of ultra-capacitors in the near future, the
effectiveness and reliability of the energy storage systems
will be improved. The combinations of battery and ultra-
capacitors will increase the system efficiency as the battery
will be able to store and release energy gradually. In [9], the
authors evaluate the optimal wse of batteries for PV, and ir
[10] a battery model is proposed that is specifically useful fo
stand-alone PV applications. In it seven different levels of
working zone and zone conditions are proposed: saturatior
zone, overcharge zone, charge zone, changing from charge
discharge or vice versa, discharge zone, over discharge. anc
exhaustion.

Vallvie et al. [11] has discussed three basic aspects of the
installation of storage for grid conmected PV systems. The
first argument concerns the fact that the storage system car
undoubtedly improve the security of supply for the whok
system, however, the power quality 1s the main issue. Second
the addition of storage units may increase the performance of
the PV generator for controlling the power flow. The thirc
aspect concerns the fact that even with large penetration of
PV, it will not be possible to cover the whole loac
consumption, but the PV source can supply at least some par
of the overall energy consumption by some loads. These facts
may lead the utility company or customer(s) to consider the
battery and ultra-capacitor system as a main storage structure
for future housing development in order to integrate PV
system as well as play role in demand side management. The
battery storage system for PV integration is also discussec
in[12], [13] and [14]. The authors in these papers have
discussed the power quality issues related to the integration of
PV systems in the micro-grid, Le.. frequency control, voltage
stability, and enmergy storage smoothing control. These
parameters are very important for implementing controllec
power flows from a PV based active generator.

Several new technologies have been proposed for energy
storage system to fit into the grid or micro-grid The
utilization of Vanadium Redox Battery (VRB) is a gooc
solution, As discussed in [15] and based on evidences
reported in [16] and [17]. the utilization of VREB in micro-
grds is considered to have high potential for successful
integration. The comparisons between different types of
batteries are given in Table 1.

V. ENERGY MANAGEMENT IN MICRO-ORID
ENV IRONMENT

In a micro-grid connection, other than finding new
alternative optimization criteria and exploration of the power
fluctuation effects, it is important to model energy
management options so that a reliable energy supply with
improved efficiency can be delivered without any failure o
customer [18]. A deterministic energy managemen
algorithm for a PV based active genmerator in a micro-gric
environment needs to be set up for proper supervision. Based
on Figure 1, the PV based active generator will be coupled
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TABLEL

COMPARISON BETWEEN DIFFERENT TYPES OF BATTERIES FOR IMPLEMENTA TION WITH PV BASED ACTIVE GENERATOR IN MICRO-GRIDE.

Parameter/ Technology Li-ion Ma § Lead-Acid VRE Flow Batery
Energy density [17] Average High Low Low Varies (lower
than Li-ion)
Efficiency High {mear 100%) High {- 92%) B5% - B5% 6G0% - B5%
Litecycle S00- 10007 200-3007 Hizh
Toxcity MNon-toxic Highly Sulphuric acids in Mo fire harard Low toxicity
(electrolyle may Corrosive the lead is highly Mo highly reactive
be_harmiuly COMTOsive or loxic substances
Cost High {above - High Low High Low on
R600) (up scaling) average
(depends on
type of
chemical)
Crther High operation Requires e gular Inde pendent energy High power
lemperature maintenance and power rating and capacity
(heating process More complicaied for load
needed) technology levelling in grid
sysiem

via a DC bus and it will be connected to the micro-grid
through a three phase inventer. This will be connected and
controlled by a micro-gnd controller through a droop
controller for primary frequency control.

A basic requirement for satisfactory operation of power
system is that the PV based active generator needs to
maintain the nominal frequency of the grid (50 Hz or 60 Hz)
within the standard threshold limit of £0.02 Hz [19]. The
rule of thumb for frequency control is that it depends on the
active power (P), whereas voltage control is based on
reactive power (Q). In [2]. [4 9], the droop controller for a
PV based active pgenerator in a micro-gnd has been
discussed, and it does not engage any inertia of mechanical
systems since there is mo kinetic energy involved durning
ekectricity generation from the PV array [20] As load
changes might lead to significant frequency changes that can
affect the whole system, it is vital to manage the frequency
control aspect to ensure efficient operation of the micro-grid.
In [4]. the authors have discussed micro-grid management in
terms of two timing scales; long term and short term. Long
term in this micro-grid management is defined as days and
hour while for short term, it is outlined in a seconds and
milliseconds. The parameter of this iming classification can
be seen in Table IL

TABLE IL TivisG CLASSIFECATION FOR ENFRGY MANAGEMENT
SYSTEM IN MICRO-GRID
Long Term Ehort Term
- Electricity market - Voltage controd
- Load forecasting - Frequency control
- Renewable energy production - Dynamic storage availability
- Load management - Power capability
- Energy storage availability

For a grid connected PV based active generator, the network
operators need a reliable and robust PV energy output
forecasting system for operational planning purposes.
Therefore, a proper forecasting methodology is required for
predicting the PV array output. One approach can be based

on identification of patterns in historical data sets for
predicting the future output, see for instance [21]. A lot of
work has been done in this area, where researchers are using
different methods to predict the PV array energy output. The
continuous development in this area will be very helpful tc
achieve increased implementation and energy generatior
share of PV based active generators in the main grid as well
as in local micro-grids.

VI  ConcrLusion

This paper has reviewed the PV based active generator ir
combination with battery storage and ultracapacitors. Active
generator may increase the overall system efficiency as the
battery will be able to store and release emergy gradually,
while the ultra-capacitor can act as a storage device of high
power density with fast response times for effective power
management and delivery. Different types of battery
technologies have been compared. and it is observed thal
Vanadium Redox Battery looks promising for the near future
application in PV based active generators. On the energy
management side, the PV forecasting methods, controllec
power (active & reactive) delivery, power quality
management and potential fault issues needs to be taken intc
account. Since the PV based generator has a promising future
for increasing its penetration and it will be having greate:
impact on the green energy market. The continuous researck
on both the energy storage side and PV system will be
important to ensure high power quality, reliability, and cosl
for this new type of clean energy generator.
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Abstrad—Thizs paper investigates impact of increasing
photovoltaic (PY) penetration on distribution feeders. The main
focuws of this work is on “how PY systems penctration can
influence operation of the protective devices in the distribution
feeder?". PV systems® impact, in a distribution feeder, for 34 fault
has been analyzed. It comsiders fault lecation and protective
devices (PDs) settings (e.g. time of PDs operation before a fanlt
pgets cleared by it This paper is also emphasiz@ing on “how the
penetration of PY can affect voltape quality / unbalance in the
distribution feeder”. The considered distribution feeders are
supplying residential network and therefore loading on different
phases are going to be wnbalanced. The woltage quality at
different noedes is analyzed, mot only doe to domestic load
distribution, but also due to output variations from integrated FY
systems. The obtained results show that increasing PV
penctration can escalate PDs" operational time during 34 faults.
This work has been carried out using Dighilent PowerF actory®.

Keywords-photove ltgic; devices;
PowerFacory®

S le; progection

L INTRODUCTION

Large scale penetration of intermittent renewable energy
sources (eg. PV svstems) and other distributed generators in the
smart grid environment require the development of a load
dispatching methodology by considering not only the active
inertia of the power system but also using frequency-droop
characteristics like conventional generators approach. The
integration of intermittent renewable energy and other efficient
distributed energy resources into existing and fiture electricity
networks represents significant technical and economic
challenges. The widespread development of such svstems
requires a thorough analysis of all technical and commercial
aspects of renewable energy sources and other decentralized
generation units in the distribution network. In power svstem
network, the power quality is very important. Due to PV power
output flucmations; there are some chances for power quality
disturbances eg voltage tansients due to intermittency,
harmonics, active and reactive power management. power
delivery angles and a lot more reasons. In the conventional grid
connected PV generators, hyvbrid filters are used to improve the
power quality [1]. However, for maltiple PV based active
generators (eg. group of buildings with BIPV), the power
quality issues require more detailed analvsis. Also it s
important to analyze the fault protection system [2].

The higher penetrations of distributed generators are going
to create different possibilities of the faults not only in the
micro-grid network, but also at the higher voltage power svatem

network. Fault detection and isolation mechanism is ven
important for power system operation. It is needed to analyva
the fault protection svstem under increasing penetration of PV
svstems (eg. fault current levels. relay settings. fnlt clearing
time in the micro-grid environment). Dunng fault o an
unwanted events and abnormal conditions at the micro-gri
netwark, the grid may be disconnected, and islanding effec
may cccur in micro-grid [3]. Fault currents inan islanded modk
based micro-grid are not going o be similar as fanlt occwrs in
conventional grid svstem. Therefore methods for isolating the
faults of the conventional grid svstem are needed modification
in the micro-grid svstem [4]. In a micro-grid network. there an
limitations on protection system due to the islanding operatio
mode. Also the fault clearing time is important for micro-gri
stability, operation and safety. It is needed to include/coordinats
control signals of the protection mechanism in the EMS o
micro grid. In this work, the fault analvsis of the PV svstems o
the micro-grid network are analvzed in both islanded as well &
erid connected modes.

Examination on the effects of high diffusion PVs on :
distribution feeder’s protection and operation is reported in [4]
Increasing penetration of PV svstems on a feeder will affect the
voltage variation due to change in solar radiations. In this work
the considered distribution network topology 8 based on [5]
This work is using DigSilent PowerFactorv® simulation
software. It has the ability for doing load flow calculations witl
integration of PV systems, electromagnetic tansients and &
well as transient events during abnommal operation of the
distributed network.

M.  DisTrisUToN FEEDER MODELLING

The prid system modelled in PowerFactorv® is represente
as a single line diagram, which is given in Fig. 1 and it is base
oft [5]. The load svmbal in the figure is representing a group o
houses. Each PV svstem in its lnmps a number of separate PV
modules connected in parallel as an agprepated PV system. The
rating of each PV module is equal to the peak of the load and i
is represented as:

Povpeic = Piad pesic (1

The considered network has three voltage levels: (i) externa
erid at 69 KV, e (1i) distribution feeders 12 KV gy g and (iii
domestic buildings 024 kV g, grapmq. [n this distribution networl
considered loads are domestic and PV systems are connected i
a single phase and thus, the svstem is going to be unbalanced.
the PowerFactorv® software the follow ing load parameters fo
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a private home are used: peak load of 1.14 KW with power
factor 0.95 lagging. Based on equation (1), each house’s FV

i i
$

swstem rating has taken as 1.14 KW,
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. PowEeR FLOW ANALYSIS

The power flow calculations are studied for considered
distribution network topology (Fig. 1) for following some
scenarios (Table I). The vanation of loads between 50% and
10F% are considered, and PV svstem outputs varations are
considered from 0% to 100% based on PV availability. These
scenarios may change in real conditions, but considered
scenarios are poing to provide some information on voltage
quality of the network. Legends of these scenarios are given in
Table [ and they are referred in Fig. 2, Fig. 3 and Fig, 4 for each
phase voltages.

TABLE L S0MESCEN ARICE FOR VARIATION OF LOAD AND PV

Soenario Loicsad (%) PV (% Liegend
1 100 [1] ——
2 100 S0 | -------
3 ] ] —
4 1] 0] — ===
5 ] 1]

A Diseribution Feeder Voltage Level and Balance

In this section the investipation on how the voltape levels
are affected by PV is simulated. The distribution feeders are
unbalanced and the voltage levels must be within the lim its that
has been decided by TSO (transmission system operator) and
based on the PDs capabilities. Based on Table 1. voltage levels
are plotted for node 1 to node 16 (refer Fig. 1 for node
identification), to see how the voltage level varies in each phase
for different scenarios.

The voltage variation that occurs as seen in Fig. 2, Fig. 3 and
Fig 4 is an expected problem doe to PV penetmtion into
distribution feeders. For future simulation wodk, reactive
compensation device (e.g STATCOM) will be included to
overcome hupe voltage varation amd reverse power flow

problem [6].
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It can be seen that when Ppy = Py voltage curves are
almost flat and the losses is quite small. However, with no PV
(PV = (Pa) the voltage is dropping along the line. Hence, with
no PV (PV = 0%), the losses are quite high. In phase c, the
voltage drop significantly at node no. 7, with the voltage pu. is
less than 0L7.

IV. PDs anDPVS OPERATION

In this section the influence of P¥s on PDs are investigated.
At first the documentation of the modelled PDs are presented,
then simulations are performed to see how the PDs perform,
based on a single node in the distribution feeders. Four different
positions of PDs are evaluated. These devices are breakers o
switches that are supervised by over current relays.

A, Protection Device

There are four main prolection devices inthe system. These
devices are breakers or switches that are supervised by over
current relays. Fig. 1 shows the position of each of the PD.

Based on this fipure. there are two PDs for each feeder. At
this point the PVs are set to 0% genemtion and the loads are at
100 %. This simulation is to see the amount of mted currents
that will flow through the PDs. Thus, all PVs are set to be “off

and an unbalanced powe

r flow alporithm is simulated The

resulis can be seen in Table 11

TABLE 1L Maxpaiog CURRENTS FLOWING THROUGH PLS LMDER MORMAL

Crmpmmices
Prodection device Current (4)
PLy 1-1 a5
PLy 1-2 198
PLy 2-1 571
POy 22 184

The scheme for the Ower Current Relavs (OCR) in
PowerFactory® is developed from 5 working blocks (refer: Fig
5). The current are measured by a current transformer {(CT). The
CT will be given a rated value, corresponding to the currents in
the recent power flow (refer: table IT). In the blocks labelled 1>
and ‘T >, the maximum allowed current magnitude for the
PDs are set. Time limit for the current are also set, for the
duration that the system can endure the currents before the
breaker pets activated. If current with magnitude of larger than
I == are flowing to the PD, the switch will disconnect and
isolate the respective line. *1>" will only respond to fault that
are smaller amount but continuous over some ime.

o
nek g L -
1

om B Megmue i
E P I 5

Figume 5. PowerFaciory @ Ower cument relay scheme.

The parameters given in the over current relay can be seen
in Table ITI:

TAHBLE L Over CURRENT RELAY PARAMETERS FOR CIROUT BREAKERS

|_Repomse Magnimde (pu) Time (5)
Show resaponas (1) 1.2 1
Faal responia (12) 2 (L2

These parameters are used for relavs. It @n be seen from
Table III if the current magnitude are 20 % above mted. for a
time larger than 1 second, the PD will disconnect the respective
branch from the grid. Under abnormal conditions where the
current is larger than 2.0 pou., fist response will be executed.

B PV Sysiem

For a PV system that connected in parallel with the electric
utility, there are special recommendations made by the IEEE
standarnds committee. This is to ensure the safety of workforces,
utility svstem operations and equipment protection [7]. Based
on the IEEE 5td 9292000 (IEEE Recommended Practice for
Utility Interface of Photovoltaic (PV) Syvstems), the response
time to abnormal changes for any voltage disturbance can be
define as:

TABLE IV PROTETION SCHEME FOR A MBS TIC PV ARRAY

Vollage* Max trip time
Wil 6 cycles
Ak <106 120 eyehes
106y <132 Marmal Chperation

132V <165 120 eyeles

1652V 2 gycles
*Baged on a system volape msome o nomial 120V

The protection scheme for PV array in PowerF actory ® is
given with 3 parameters that can be change. Switch-off
threshold, switch-on threshold and switch —on delay. The
switch “off” value is set as 0.5 pu. and the switch “on’ value as
0.9 p.u. Hence, the PV gets disconnected if the PV temminal
voltage is below 0.5 pa. in 00105 The protection scheme will
reconnect the PV awomatically according to the Switch-on
Delay time.

V. AnaLvsisonFauLT

For this paper, the fault analvsis has been done only at node
4 (refer Fig. 1). In Tahle V the fault scenarfio parameters are
given. The fault resistance in transmission lines can be
calculated by using different model of arc resistance [8] The
common equation that has been used as based equation is the
Warrington equation:
R={(28T0T35 = L)/ T (2

where:

R, =Am resistance (£2)

L =Amw length (m)

I =RMS value of fanlt current

This equation is derfved from the Warrington’s test with an
assumption of bad measurement was omitted. The weakness of
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this model is that the range of arc current is below 1kA which is
low and new formula introduced by Terzijaand Koglin [9], [10].
Since then, a few others expression has been introduced to find
the real magnitude of arc current. The parameter that has been
used in this simulation is based on Table V, this is based on data
from [5]

TABLE V_FALLT RE\STANCE PARAMETER (AT MODE 4 )

Phase Fauli resistance (RN
3 [i]
3 011
1 1]
1 017

0LOHT

Qe

Qs

214

BNFIER 5 =

=
= ool -
noHi = =
00T = -
[ilinlic o =
o CT T T T
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Figme &. Effects of PVs on the operating time of PD &t node 4

A shont circuilt event is created for each scenario. Then the
RMS analyses are simulated The idea is to see if the level of
solar radiation will have an impact on the PD response time.
Based on Fig. 6. it shows that solar radiation has an impact on
how fast the PD discomnects during fault. Hence, the time
variation is quite small.

For a 3¢ fanlt with Rf of 0 £, the operating time is
increasing from 21.36 millisecond (msec) to approximately
21.4 msec. The most significant rise can be seen for 3¢ fauk
with Rf of 0.11 L1 It grows from 2147 msec to neady 21.70
msec. This variation is rather small, however In protection
system, every micro-second is vital [11] There are obvious
impacts on PV based on fault current magnitude. This can be
simulated by applving a faultat one of the branch (refer Fig. 1)

During fault, the PD will react automatically. Fig. 7 shows
the p.n voltage drops down significantly after the PD is
activated Dunng the fault occur. PV I{refer Fig. 1) will shut
down. Fig. & shows that fanlt current is almost 5 kA before it is
drop to A once the PD system is activated. The same pattern of
voltape and current parameter is anticipated on the other PV
syatem in the same distribution system. Mevertheless. with a
large number of PV connection throughout the distibution
feeders, the vast effect should be expected and the most
common thing s fault current transients in distibuted
generation will have initial high “subtransient component” [ 12].
Further work will consider more nodes in the distibution
feeders and comparisons between faults in a conventional
feeders and distributed genemtion with a great mumber of PV
svstems will be executed.

s L
[1E A am 23 T

Figure 7. Voliage s Mode 1 during fsuli (volisge in pu versos time in sec)

T

2
[ oS [ [ oM [r

Figure 8 Cument from PV at Node 1 during Ssoll {eoment in kA verim time in
a8C )

VL ConCLUSION

Power quality is important in power svstem anabvsis. The
widespread uses of distributed generators (DGs) are creating
many power guality issues. It may lead to the multiple
harmonics, voltage Mucations, and unstable operation in the
power system network. This work has considered into the most
important thing in DGs, the fault analvsis. High PV penetration
into the distribution svstem will give a huge impact to the
protection svstem. The existence of PV array in a huge quantity
in a system may prejudice the grid safety in terms of protection
scheme and safetv. Based on the simulation, the results show
that high peretation PVs will give a significant impact on
voltage profile. [twill also affect the overall system protections.
Fig. 2, Fig. 3 and Fig. 4 is the comparison of the per-unit voltage
under different system of operating at a different node. The
highest pu voltage is happening in scenario 4, where the PV
generation exceeds the load This result may vary if the PV
array output s taken into account, meaning that for a different
geographical location, it might affect the PV array output.

Based on IEEE Standards 929-2000, PV svstems protection
scheme needs to be monitored so that the response time will
meet the regulation within the range. The PDs and all protection
devices need to act as the standards. In Pow e actorvE settings,
the result in Fig. 7 and Fig. 8 can be seen with a total shut down
after fault. As for future work, the impact of the high
penetration of DGs especially PV in a transmission lines can be
simulate in a different load profile with a different season
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(winter or summer). Purpose of this work is to pget
understanding of increasing PV svstems and 1o replace the
network topology using kocal Norwegian distribution network
parameters, which will be reported in further worke
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