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Distribution systems are changing from one-source supplying structure into multi-
source supplying structure with participations of distributed generations. The strong
increase in number of renewable-based generating plants, with the advanced control
technology, impulses their role in power systems. Using a package of an
asynchronous generator along with an inverter to synchronize the output with the
power system is an upward tendency for generating units in these plants. Such
generating unit is known as an inverter-based distributed generation. Besides, many
combined heat and power plants using synchronous generators are still used in power
systems and named synchronous machine-based distributed generation. From
distributed generation’s owner perspectives, the renewable energy should be
exploited; hence, the installation capacity of the distributed generation is expected to
be as large as possible. However, the installation of distributed generation may violate
system operating limits such as substation and line capacities, voltage limits and
causes other impacts dealing with protection system operation.

This thesis considers typical problems such as system operating limits, reach
reduction of utility relay, and fault ride through requirement from distribution system
operators in order to maximize distributed generation’s installation. Fault responses of
the inverter-based distributed generation to a fault in the network are characterized
with consideration of fault ride through requirement of the distribution system
operators. Based on the obtained characteristics, a new model of the inverter-based
distributed generation is proposed. This model is convenient for an adaptive fault
calculation algorithm which is to estimate fault currents in the system for setting and
checking the operation of protection system. This fault calculation algorithm is then
employed by an algorithm proposed for maximizing distributed generation. The IEEE
34 Node Test Feeder is then used to illustrate the effectiveness of the algorithm in
determining the maximum distributed generation installed in this system.
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CHAPTER |
INTRODUCTION

This chapter starts with identifying the problem to solve in the thesis. Then,
research objectives, scopes, and methodologies are announced as a thesis direction.
Lastly, thesis organization is introduced with a brief overview of all chapters.

1.1 Problem Identification

The term distributed generation (DG) indicates all small electric power generators
ranging in capacity from 15 to 10,000 kW, connected to power systems to provide
electric power to electrical consumers [1]. Obviously, a DG is small in size compared
to a conventional generator, whose size is about hundreds of megawatts, in power
systems. Furthermore, a DG is distributed in electrical grids because the use of
renewable energy resources is difficult for centrally dispatching and planning. Thus,
DGs are usually connected to medium or low voltage systems which cover a huge
load area and directly supply to customers.

From DG’s owner perspectives, the renewable energy should be mostly exploited,;
hence, DG capacity is generally expected to be as large as possible. However, a new
DG installation brings about difficulties to the utility under a technical view. When a
DG is planned to be installed, the distribution network, to which the DG is connected,
was designed already. In addition, the network is conventionally in a one-source
supplying topology. As a result, a DG interconnection changes the existing network
topology at which operation and protection schemes are originally compatible. This
incompatibility produces technical resistances for DG implementation. In order to
overcome these resistances, the first task is to evaluate the impacts of DG on the
present network to which it is connected. Solutions to resolve the detrimental impacts
resulted from DG connection are then required. So far, many evaluated impacts and
solutions have been relevant to voltage regulation, protection operation, and system
reconfiguration [2], [3]. A typical protection impact is relay reach reduction which
always occurs at any DG capacity. This problem has been analyzed in [4], [5]
considering the participation of synchronous machine-based distributed generation
(SBDG) in distribution networks. Maximization of SBDG with consideration of
system operating limits and reach reduction of relays was discussed in [6].
Nevertheless, there has been less concern about inverter-based distributed generation
(IBDG). This motivates DG maximization in this paper thesis to be considered with



not only the system operating limits but also the relay reach reduction problem caused
by the installation of both SBDG and IBDG.

In order to evaluate the reach reduction of utility relay, fault currents through that
relay should be estimated; and hence, fault calculation is needed. Unfortunately, the
conventional fault calculation technique is no longer used for this purpose due to the
difference in modeling an IBDG from an SBDG. Some researches negotiate this
problem by neglecting the fault current from the IBDG with an assumption that the
IBDG current is very small compared with the SBDG current and the IBDG is
isolated very fast after the fault occurrence [2], [3]. In fact, the response of an IBDG
to a fault occurring in the utility system, which contributes in the total fault current, is
influenced by the inverter control system. In addition, this control system is designed
to comply with the requirement of Distribution System Operators (DSOs). Recent grid
codes require DGs to remain connected to the network and to support the voltage
during fault, usually named Fault Ride Through (FRT) requirement. It is therefore
reasonable to discuss FRT for analyzing impacts of DG on relay reach. A new
technique for calculating fault current in a distribution system with both SBDG and
IBDG is an auxiliary solution moving forward to resolving advanced problems of
DG’s installation.

From the above discussion, this thesis considers typical problems including system
operating limits, reach reduction of utility relay, and FRT requirement in order to
maximize DG’s installation in a distribution network.

1.2 Scopes
Scopes of this thesis are:

— Characterization of the behavior of distribution networks with IBDG’s
participation in a fault event.

— Fault calculation in distribution networks with IBDG

— The paper only considers the protection of the main feeder of the
distribution network

— Maximization of DG installation under the condition of predefined DG
location.

1.3 Objectives
There are three objectives expected to be achieved as follows.

— To propose an adaptive fault calculation algorithm for a distribution
network with SBDG and IBDG.



— To analyze impacts of SBDG and IBDG on utility relay reach.
— To propose an algorithm for maximization of DG installation in distribution
network.

1.4 Methodology
Research in this thesis employs simulation and comparison techniques as follows.
1.4.1 Simulation Technique

This thesis contains three simulations performed in Matlab environment [7] with
integration of MATPOWER program [8].

The first simulation is to simulate the operation of a grid-connected IBDG under
system fault condition. A typical control system is selected for the IBDG in this
simulation. The Simulink Tool in Matlab/Simulink is then employed to capture the
time-variant fault responses of the IBDG. The responses are then characterized so as
to model the IBDG for fault calculation.

The second simulation is to illustrate the operation of an adaptive fault calculation
algorithm. This algorithm is based on a power flow technique which determines line
power flows, bus voltages and line currents in a sequence network connection. Results
obtained from this algorithm are utilized to check the operation of relays and bus
voltage limits during faults.

The last simulation is to illustrate the operation of DG maximization algorithm.
This simulation is performed on the IEEE 34 Node Test Feeder with DGs. Results
from the second simulation are utilized by this algorithm.

1.4.2 Comparison Technique

Comparison technique is used to validate the proposed algorithms. For validating
the adaptive fault calculation algorithm, two comparisons are performed: the first one
is between results from the proposed calculation algorithm and the conventional fault
calculation in a reference textbook; the second one is between results from a Simulink
simulation and the proposed fault calculation algorithm. In order to validate the DG
maximization algorithm, its result is compared with the result from a sensitivity-based
algorithm that is robust and reliable.

1.5 Thesis Structure

The rest of the thesis is organized into the following chapters.



Chapter 2 starts with a literature review on using renewable energy resources in
power systems and classification of DGs with a focus on the IBDG. Then, a literature
of DG impacts on the operation of the protection system is reviewed with a focus on
the reach reduction problem. Some grid codes for interconnecting DG to power
systems are then briefly presented. At the end of this chapter, previous researches on
DG maximization are summarized to clarify the novelty of the solution in this thesis.

Chapter 3 shows more details in the control system of the IBDG including the
insight of its transformation, computation and control blocks. Fault response of the
IBDG is analyzed and characterized so as to build an IBDG model compatible with
fault calculation for setting protective devices. The IBDG model is then employed by
an adaptive algorithm to calculate the fault currents in a system with IBDGs.

Chapter 4 proposes algorithms to maximize DG with consideration of FRT
requirement and utility relay reach reduction. Sensitivity-based and Tabu search
methods are the fundamental of these algorithms.

Chapter 5 validates the proposed fault calculation algorithm in Chapter 3 by
comparing fault currents from the conventional fault calculation with respective
currents from the proposed algorithm in a system without IBDGs. The time-variant
currents obtained from a Matlab/Simulink simulation are then used to validate the
proposed algorithm in a system with IBDGs.

Chapter 6 presents applications of the DG maximization algorithms in Chapter
4.Three case studies are performed to illustrate the effectiveness of each algorithm.
Then, a comparison between these two algorithms is the basis to determine which one
is better to suggest utility and DG developers.

Chapter 7 concludes the thesis, states the thesis’s contributions, and outlines
recommendations.



CHAPTER I

INTEGRATION OF RENEWABLE ENERGY RESOURCES INTO POWER
SYSTEMS

This chapter is a summary on using renewable energy resources in power systems,
classification of DGs with the focus on the IBDG, and impacts of DG on the operation
of the protection system. A brief review of connection requirements from some recent
grid codes for interconnecting DG to power systems is also presented. The end of this
chapter is a literature review of DG maximization in distribution systems.

2.1 Usage of Renewable Energy in Power Systems

Renewable energy comes from the sun, wind, hydro, tide, etc. Even that there are
some problems in using these energies such as high cost and intermittent output, they
are attractive and tend to be expanded in the scale of use. This is because the increase
in electrical demand and the accelerated scramble for energy resources have caused
the hike in fossil prices. Some facts and figures are summarized in this section.

2.1.1 Solar Energy

Most common modern type of solar conversion is implemented in solar farms
which have millions of connected solar cells. The grid-connected centralized applica-
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Figure 2.1 Changes in the amount of photovoltaic power generation penetration,
system prices and the cost of power generation in Japan [9]



tions grew to comprise 35% of the grid-connected cumulative installed capacity in
2008 [9]. This is the reflection of the development market for utility-scale PV power
systems in a number of countries. Solar cost has fallen with the rapid increase in
photovoltaic power generations and advances in introduction as illustrated in Figure
2.1. The international comparison of photovoltaic power generation in 2008 is shown

in Table 2.1.

Table 2.1 International comparison of photovoltaic power generation [10]

Capacity of the facility

Number Country
MW %

1 Germany 5,340 39.8
2 Spain 3,354 25.0
3 Japan 2,144 16.0
4 us 1,169 8.7
5 Italy 458 3.4
6 South Korea 358 2.7
7 France 180 1.3
8 Australia 105 0.8
9 Portugal 68 0.5
10 Netherlands 57 0.4
11 Switzerland 48 0.4
12 Canada 33 0.2
13 Austria 32 0.2
14 UK 23 0.2
15 Mexico 22 0.2
16 Malaysia 9 0.1
17 Norway 8 0.1
18 Sweden 8 0.1
19 Turkey 4 0.0
20 Denmark 3 0.0
21 Israel 3 0.0

World total 13,426 100




2.1.2 Wind Energy

Wind power is produced much in the US, Germany, and Spain. Figure 2.2
illustrates the international comparison of the amount of wind power introduced as of
the end of 2008. In Japan, a production amount of 1,880 MW of wind power had been
introduced at the end of 2008, ranked no.13 in the world with 1.6% [10]. However,
after Fukushima disaster in 2011, the energy policy of Japan has been expected to
focus on renewable energy. Besides, better conditions are necessary to decrease the
cost of wind and solar production.
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Figure 2.2 International comparison of the amount of introduced wind power [10]
2.1.3 Other Renewable Energy

Other renewable energies such as tidal power, geothermal energy, biomass, and
ocean wave energy have been developed but the utilized amount has been limited in
power systems. The barrier includes high installation cost compared to solar and wind
energies or comes from the electric cycle demand difference. That is, maximum
potential output sometimes coincides with peak demand but at other times minimum
output does [3].

Machines used to convert the aforementioned energy into electrical energy are
usually distributed generations. These generators are based on various technologies



including rotating machines and power electronic converters, which are summarized
in the following section.

2.2 Distributed Generation Technologies

Because of the constraints in geographical availability of the renewable resources,
generators powered from these sources (except large scale hydro and large offshore
and onshore wind farms) are typically much smaller than the fossil fueled and nuclear
powered generators dominating in the current power systems. Practically, small
generators are usually connected to medium and low voltage networks. Such
generation is known as distributed or dispersed generation.

2.2.1 Definition and Classification

A DG is known as a small-scale electric generator, typically smaller than 10 MVA,
located next to or connected to the load being served either with or without an electric
grid interconnection [1], [3].

In order to evaluate the impacts of DG on fault currents, the DG technologies can
be categorized clearly into four types [11]:

- Synchronous generators

- Induction generators

- Doubly-fed induction generators

- Inverters and Static power converters

Their structures and operations are discussed in more details with the focus on the
inverter and static power converters as follows.

2.2.2 Synchronous Generators

A DG which is based on a synchronous generator is known as an SBDG. An
SBDG is excited by a field excitation system, which is supplied by a separate
generator set. Therefore, an SBDG can run either stand-alone or interconnected to
power systems. Additionally, such generator supplies high sustained current to a near
fault.

Primary energy of an SBDG may come from various types. SBDGs most often use
some forms of fossil fuel with a reciprocating piston engine, a gas turbine, or a steam
turbine. However, fossil fuel is not renewable. In a renewable-based generating plant,
some forms of primary energy resources require to be burnt before feeding an SBDG.
They may be garbage, animal waste (methane) and biomass. An SBDG may be
employed in a solar thermal power generation where solar thermal energy is used to



transform water into steam to drive a steam turbine. SBDGs may be applied in wind-
powered generation but it is not popular. The largest constraint here is that
synchronous generators require very constant rotational speed, which is difficult to
meet for wind turbines.

2.2.3 Induction Generators

An induction generator, a type of asynchronous machine, requires an external
source to provide the magnetizing current to establish the magnetic field across the air
gap between the rotor and the stator. An induction generator always operates in
parallel with a power system. Generally, when a fault occurs in the power system,
causing low voltage at the generator terminal, an induction generator cannot supply
electric power. Hence, the contributed current drops down dramatically after the fault.

Induction generators are used in micro hydro and wind power plants. The former is
due to advantages such as availability, low cost, and robustness at varying rotor speed.
The latter is because induction generators can be easily installed on the gearbox and
operated at varying rotor speed. In such application, the generator is driven by wind
turbines and not governed directly by the synchronous frequency rotational speed. In
order to synchronize with the connected power system, a static power converter
system may be interposed between the generator and the power system.

2.2.4 Doubly-fed Induction Generators

A Doubly-fed Induction Generator (DFIG) is an induction generator with a
multiphase wound rotor and a multiphase slip ring assembly with brushes for
accessing to the rotor windings.

DFIGs are mostly used in wind power plants because these generators can operate
well with various wind speed range. The rotor currents are controlled by power
converters instead of simply induced by the stator magnetic field, as being the case of
a simple induction generator. The rotor current is controlled so that the sum of the
apparent rotation of the rotor magnetic field, with respect to the rotor, plus the
physical speed is always at the synchronous speed of the power system frequency.
The physical rotational speed of the generator can be varied over a wide range — both
faster and slower than the synchronous speed. When the rotor rotates faster than the
synchronous speed, the direction of real power flow is out of the rotor, into the rotor
side converter, through the dc link, and through the line-side converter to the power
system. When it rotates at a speed less than the synchronous speed, the direction of
real power flow is back into the rotor.
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2.2.5 Inverter-based Distributed Generations

There are many generators that do not generate the synchronous voltage with the
power system to which they are connected. Their outputs may be dc (PV cells, storage
batteries, dc generator) or non-synchronous ac (asynchronous generators and
synchronous generators running at non-synchronous speed). To synchronize with the
power system, an inverter or a static power converter is used to convert those outputs
into voltage and current compatible with the power system.

Packages consisting of generators and inverters or static power converters are
known as IBDGs. They are more and more widely used for exploiting renewable
energy in power systems due to many advantages as follows.

- Energy conversion by power electronic devices such as diodes,
transistors, and thyristors has higher efficiency and reliability
compared with the one by rotating machinery.

- An IBDG has fast response because it has almost no inertia. The power
factor of this generator can be controlled ranging from -1 to 1.

- The fast computation afforded by microprocessors in IBDG packages
is convenient for measurements, communications and protection
coordinations.

- The current output is easily limited by the control system.

The main disadvantage of IBDG is relevant to semiconductor devices such as Gate
Turn-off Thyristor (GTO), Emitter Turn-off Thyristor (ETO), and Insulated Gate
Bipolar Transistor (IGBT) in the power converter section. These devices possess a
limited flowing current because of the thermal limit. In addition, these devices are
expensive.

The advantage of limiting current ability may be useful for some cases of fault in
the power system. However, it turns to be a disadvantage for the associated protective
device to detect and clear faults because the difference between fault current
contributed by the inverter in fault cases and the full load current is not a large
amount. This is one of the problems causing the difficulty in IBDG application.

Recently, advancements in power electronic technologies have created new
opportunities in the design of inverters. Most of them use Pulse-Width Modulation
(PWM) for controlling the firing angle of IGBTSs. This type of inverter is known as
PWM switched inverter. For more advanced control systems, the Space Vector Pulse-



11

Width Modulation (SVPWM) is employed instead of the PWM [12]. A simulation of
the operation of this inverter type will be performed in Chapter 3.

A typical structure of an IBDG is depicted in Figure 2.3. It consists of a control
system, whose inputs require voltages and currents at the inverter terminal and the
PCC, a modulation generator, an inverter, and a filter circuit [13]-[15]. The primary
energy is converted into the electrical energy in the fashion of dc voltage directly by
PV cells, storage batteries, or indirectly by a package of power generators and
converters. All primary energy sources are assumed to be represented by an
equivalent dc source. An inverter converts the dc voltage of this source into an ac
voltage at the appropriate frequency and magnitude, as specified by the power system.
The inverter is controlled by signals from a PWM or SVPWM generator. The
reference signal for this generator is produced by a controller.
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(1)-Power generators and converters (9)-Controller
(2)-PV cells (10)-Inverter
(3)-Storage batteries (11)-Filter
(4)-Equivalent DC source (12)-Interconnection system
(5)-Input capacitor (13)-Coupling reactance
(6)-Gate signals (14)-PCC
(7)-PWM/SVPWM generator (15)-Power system

(8)-Reference signals

Figure 2.3 A typical IBDG structure
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The control system inputs include voltages and currents at the inverter terminal, dc
voltage of inverter, voltage at the PCC, and reference values. Generally, the control
system generates reference signals to the input of the PWM/SVPWM generator. In
some cases, it also controls the dc voltage input of the inverter.

2.3 Problems of Utility Protection System with DG Interconnection

The presence of DG on a feeder affects the existing protection system by
introducing new fault current from the DG source. It causes the fault current through
protective devices to not only flow in bi-direction but also increase in its level.
Impacts of DG on protection system are reviewed in this section.

2.3.1 Impact Review [4], [16]-[19]

The installation of DGs causes the fault currents in the whole system to be
changed. Particularly, this installation reduces the current flowing from the substation
through the protective device in comparison with the case before installing DG. This
is a source of the reach reduction problem of relays due to DG penetration. Other
impacts that may occur in protection systems deal with reclosing, protection
coordination, and false tripping of protective devices.

2.3.1.1 Reach Reduction

As shown in Figure 2.4, utility breaker and recloser are set to “see” a certain
distance down the radial feeder. This is sometimes referred to as the “reach” of the
device. The reach is determined by the minimum fault current that the device can
detect. As an example, when a DG is present between the recloser and the fault as
shown in Figure 2.4, fault currents at the relaying points (both the utility and recloser
sides) will decrease in comparison with the fault currents before adding DG.
Therefore, both relays will react as if the fault is further down the feeder, outside their
protection zones, and consequently they will not operate. This problem is defined as
the reach reduction of relay, and will be discussed in more details in Chapter 4.



13

(1)-Utility breaker (5)-Fault resistance Ryayit

(2)-Recloser (6)-Normal reach of utility breaker

(3)-Distributed generation relay

(4)-DG infeed (7)-Normal reach of recloser relay

(8)-Reduce reach due to DG infeed

Figure 2.4 Representation of protection reach reduction

2.3.1.2 Protection Coordination

Another impact of DG is about the protection coordination. Figure 2.5 presents the
case that the recloser-fuse may face the coordination problem in the fuse saving
scheme. Operating characteristics of the recloser and the fuse are typically set in the
fashion as shown in Figure 2.6. Inside the range between the minimum and the
maximum current, the fast curve of recloser (recloser F) lies below the fuse minimum
melting (fuse MM) and the slow curve of recloser (recloser S) lies above the total
clearing curve of fuse (fuse TC).

_O® _®,
(4) Rfault

(1)-Utility breaker (4)-Distributed generation
(2)-Recloser (5)-Recloser current
(3)-Fuse (6)-Fuse current

Figure 2.5 Fault currents with DG infeed
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Figure 2.6 Impact of DG on Recloser — Fuse coordination

Before installing DG in the system, the current flowing through the recloser and
the fuse are nearly the same for a fault occurring behind the fuse. The recloser-fuse
coordination is set so that this fault current is always between the minimum and
maximum current as shown in Figure 2.6. Thus, the recloser will open first with the
fast curve (Recloser F) and then reclose after a preset time. If the fault is not
temporary, the fuse will melt to de-energize the fault with the back-up of recloser
using the slow curve (Recloser S). However, with the penetration of DG, the fault
current through the fuse in this case is larger than the recloser current. If the fuse
current is out of the margin in Figure 2.5, the coordination will be lost.

2.3.1.3 False Tripping

The presence of DG as the second source in the system, which is primarily
designed for only one source supply (the utility source), brings the possibility for bi-
directional fault currents. This can cause the false tripping as illustrated in Figure 2.7.
For a fault occurring in the feeder protected by the utility breaker 2, only this breaker
should operate to separate the faulted feeder. Nevertheless, the DG infeed may trigger
the utility breaker 1 to operate, causing the unfaulted feeder to be cut off from the
system source.
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Figure 2.7 False tripping due to DG infeed

2.3.1.4 Reclosing

The last impact reviewed here is the utility reclosing. Utility reclosing and DG are
fundamentally incompatible. There must be sufficient time between shots of the
recloser or reclosing function device for the fault arc to dissipate and clear. This
means that any DG on the system must detect the presence of the fault and be
disconnected early in the reclosing interval. Otherwise, the fault continues as
indicated. If DG cannot be disconnected due to any reasons, the unsynchronization
problem may cause DG or the utility to be damaged when the recloser energizes the
feeder again.

2.3.2 Discussion on Interconnection Transformer [20]-[22]

There are various transformer winding connections to fulfill various needs such as
handling single phase loads, simplifying ground relaying, saving the insulation cost,
and minimizing ferroresonance and harmonic problems [20]. To interconnect DG to
utility systems, many transformer connection types have been proposed [21], [22].
Each of them has advantages and disadvantages. However, it is accepted that a
connection type can be used extensively for interconnecting DG, if its disadvantages
can be eliminated or mitigated. For instance, the grounded wye (utility)-delta (DG)
transformer as depicted in Figure 2.8 is one of the applicable types. Its advantages and
eliminable disadvantages are analyzed as follows.
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Figure 2.8 Grounded wye-delta transformer for connecting the DG to utility system

Advantages:

- The delta winding blocks triplen harmonics from the generator and prevents
the sensing of utility relay in response to an internal generator ground fault.

- Protection at the DG side can detect ground faults on the utility system side.

- The effectively grounded system condition may be provided during the
unintentional islanding modes.

Disadvantages:

- The transformer is considered as a grounded source. Thus, the ground fault
current through the utility relay may be reduced that causes the relay’s
sensitivity to be degraded. Furthermore, the transformer may encounter high
fault currents due to the bolted ground faults.

- Although triplen harmonic currents in the utility system from harmonic
sources cannot pass through the transformer, they tend to circulate through the
wye winding with the grounded neutral point, contributing to transformer
heating.

A reactor is normally added in the neutral point of the grounded wye winding so as
to eliminate these disadvantages. This reactor can limit ground fault currents,
unbalanced currents, and harmonic currents. If its reactance is sized properly, the
corresponding transformer can provide an effectively grounded source. However, the
ground overcurrent function of DG relay should be maintained to enable the ability of
detecting ground faults on the utility side. Thus, a careful analysis on the proper size
of grounding reactance along with the increase of DG size is performed in Chapter 4.
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2.4 Network Connection Requirements

A document about the description of connection condition for a power plant or a
load is usually announced by a country in the world and known as the grid code.
Before going to summarize some grid codes, a connection standard published by the
IEEE committee is analyzed as an international grid code. Then, grid codes from
Vietnam, Denmark, Ireland, and Germany are summarized in order to bring the
research closer to the industrial applications.

2.4.1 General Requirements
2.4.1.1 |EEE Standard 1547™-2003 [11]

IEEE Std.1547™-2003 establishes criteria and requirements for interconnection of
distributed resources to electric power systems. It provides a uniform standard and
requirements relevant to the performance, operation, testing, safety considerations,
and maintenance of the interconnection. This standard covers all DG technologies
with aggregate capacity of 10 MVA or less at the PCC. Some clauses in this standard
relevant to this thesis are as follows.

— The grounding scheme of the interconnection shall not cause overvoltages
that exceed the rating of the equipment connected to the power system and
shall not disrupt the coordination of the ground fault protection on that
system. This clause will be followed in Chapter 4 according to which the
grounding scheme is discussed and the maximization of DG considers the
operation of the ground fault protection.

— The DG unit shall cease to energize the power system for faults on the
system circuit to which it is connected. In case of reclosing coordination,
the cessation is performed prior to reclosure by the system. If the island is
not planned (unintentional island), the DG shall detect the island and cease
to energize the power system within 2 seconds of the formation of an
island. This is the reason why the fault detection of DG should detect all
faults in the system as fast as possible as discussed in Chapter 4.

— The protection functions of the interconnection system shall detect the
effective (rms) or fundamental frequency value of each phase-to-phase
voltage, except where the transformer connecting the local system to the
utility system is a grounded wye-wye configuration, or single-phase
installation, the phase-to-neutral voltage shall be detected.
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IEEE Std.1547™-2003 requires voltage protection of the interconnection system to
protect the utility system from faults (undervoltage protection) and potentially
damaging overvoltage that can occur in an unintentional island. This requirement
should be used for DG which is in current-limited control mode such as IBDG as
discussed later. The response of interconnection system to abnormal voltages is
detailed in Table 2.2.

Table 2.2 Interconnection system response to abnormal voltages [11]

Voltage range Clearing time
(% of the nominal system voltage) (s)
V <50 0.16
50<V <0.88 2.00
110<V <120 1.00
V>120 0.16

2.4.1.2 Vietnam Circular [24]

The Ministry of Industry and Trade of Vietnam issued Circular No. 32 / 2010/TT-
BCT on electricity distribution systems. The circular states regulations for developing
and operating the distribution systems, requirements and procedures for
interconnecting a load or a source to the distribution system. The requirements for
measuring at the PCC are also stated. Here, some clauses relevant to the DG
interconnection requirements are summarized. Most of them are stated in Chapter 5 of
this circular. Clause 43 in this chapter states the particular requirements for an
interconnected DG.

— The grounding scheme of the DG interconnection system is required to
follow the scheme of the utility system to which it is connected.

— Under normal operation conditions of the system less than 110 kV, the
negative-sequence voltage at the PCC is required to be less than 5% of the
nominal voltage.

— The circuit breaker of the interconnection system is required to coordinate
with the recloser of the utility system to ensure that the DG must be
isolated at least after the utility recloser opens at the first time. The isolation
state must be maintained until the utility system is restored successfully.
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2.4.2 Fault Ride Through Requirement

Until recently, most DGs installed in the system were small in size and are
connected at medium voltage networks. The proportion of DG capacity to the total
amount of system generation capacity was still small. As a result, technical
requirements for connection in most countries are simple so that they do require the
DG to be disconnected from the utility system whenever a fault occurs in the utility
system as introduced in Section 2.4.1. That is, the DG must retain separated until the
utility system is restored successfully.

The situation has started to change with the strong increase in the number of
renewable-based generating plants and the advanced control technology. The
renewable-based DG should make a contribution to network support in not only
normal operation but also transient conditions. Therefore, these generating plants
must stay connected in the event of network disturbances and contribute a dynamic
support to the utility system if possible. The capability of passing through the fault or
other disturbances, which cause the voltage change at the PCC, without being
disconnected from the network, is called the fault ride through (FRT) capability.
Some documents concentrate on the voltage dips caused by disturbances and state this
in more details as the low voltage ride through (LVRT) capability.

Many countries have added the FRT requirement into national grid codes such as
Germany, Denmark, Scotland, Spain, Ireland, UK, Canada and USA. Some national
grid codes, e.g. Denmark, German, and Ireland have specific FRT requirement for
distribution networks as well as transmission ones while the others have focus only on
the transmission level. Up to now, most FRT requirements have been stated for wind
turbines because of their high proportion capacity to the total system generation
capacity. These requirements are possible to be extended to cover other generating
plants if their capacity increases so that the effect on the system stability is significant.
In fact, the technical requirement of Germany for generating plants’ connection to and
parallel operation with the medium voltage networks [29] covers all renewable-based
generating plants. For instance, they include wind energy, hydro power, co-generation
units, and PV plants. The requirements for non-synchronous machine-based
generators receive more concerns because the characteristics of these generators are
complicated and different from those of synchronous machines, which are well
understood by system operators. The FRT requirement includes two subrequirements:
(1) remaining connected requirement following a voltage-time characteristic and (2)
supporting network voltage during fault. They are summarized as follows.
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2.4.2.1 Voltage time characteristic
Danish Grid Code [25]

According to the specifications stated in Danish grid code for wind turbines
connected to grids with voltages below 100 kV, the wind turbines must remain
connected during grid faults as shown in Figure 2.9. Wind turbines must not be
disconnected from the grid during voltage dips that is not less than 0.2 p.u. for the
first 100 ms after the fault. With a linear time axis, the curve section between 0.1 and
0.75 seconds is a straight line.

Some special situations in which the wind turbines must not be disconnected from
the grid are:

— Case of 3-phase short-circuit: Must not be disconnected if the short-circuit
lasts less than 100 ms.

— Case of 2-phase short-circuit with/without earth fault: Must not be
disconnected if the short-circuit lasts less than 100 ms and followed by a
new short-circuit from 300 ms to 500 ms later, also lasting 100 ms.

Voltage, p.u.
1.4 t=0 i cccce@ st
The voltage must not enter this area
1.2 | Must disconnect
1.10 p.u. L
1.0 { Normal P 1.06 pu.
Operation 0.90 p.u.
0.81 Must not 0.75 p.u.
disconnect
0.6 1
0.4- May disconnect A Must t
0.20 p.u. isconnec
0.2
O J ) ) ) )
0.01 0.1 075 1 10 ~ 100
Time, s

Figure 2.9 Danish requirement concerning disconnection in the event of voltage dips
[25]
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Irish Grid Code [26]

Wind farm power stations in Ireland are categorized into five types based on their
connection types and the voltage level as shown in Figure 2.10 and explained in more
details in Table 2.3.

110 kV 110 kV 110 kv
Pccg L
38/20/10 kV 38/20/10 kv 38/20/10 kV
PCC i3
- Load
Type A Type B Type C
38 kV 110 kV

20/10 kV 38/20/10 kV

Line

Load
Type D Type E

Figure 2.10 Irish connection type classifications for wind farms [26]

Table 2.3 Description of Irish connection type classifications for wind farm [26]

Type Specifications
A The connection is performed at 110kV to a DSO operated 110kV bus
bar.
B The connection is performed at a distribution system voltage (< 38 kV)

to a dedicated Wind Farm Power Station(s) transmission station. There
are no load customers connected to the DSO operated 38/20/10 kV
busbar.

C The connection to the distribution system is performed via a dedicated
feeder, into an existing 110kV station.

D The connection to the distribution system is performed via a dedicated
38kV, 20kV, or 10kV feeder into an existing 38kV distribution station.

E The connection is performed at an existing distribution line with load.

Types B, C, D, and E Wind Farm Power Stations shall remain connected to the
Distribution System for voltage dips on any or all phases, where the distribution
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system phase voltage measured at the PCC remains above the heavy black line in
Figure 2.11.

Type A Wind Farm Power Stations shall remain connected to the distribution
system for voltage dips on any or all phases, where the distribution system phase
voltage measured at the PCC remains above the heavy black line in Figure 2.12.

U/U,
90% )

80% -

15% 1
ms

T T
0150 625 1000 3000

Figure 2.11 Irish FRT requirements for Type B, C, D, E wind farms [26]

U/U,
90%-

15%

150 625 1000 3000 °

(@)

Figure 2.12 Irish FRT requirements for Type A wind farms [26]
German Grid Code [27]-[29]

In Germany, based on the Transmission Code 2007 [27] and the Grid code for
extra high voltage [28], similar requirements concerning the grid-supporting electrical
behavior of distributed generators have been transferred to the medium voltage
network [29]. General requirements are as the following technical terms.
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e not to be disconnected from the network in the event of network faults

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

e not to extract from the medium voltage network after fault clearance more
inductive reactive power than prior to the occurrence of the fault

These requirements apply to all types of short-circuits (i.e. single-phase, two-phase
and three-phase short-circuits). The objective here is to prevent large power system
collapse when a sudden power loss challenges the limited primary reserve for
frequency stabilization.

Due to the different characteristic of fault current contribution, a distinction is
made between type-1 and type-2 generating plants. A type-1 generating unit exists if a
synchronous generator is directly (only through the generator transformer) connected
to the network. The others are type-2 generating units.

Concerning type-1 plants, they must remain connected to the network if the voltage
drops at the value above the borderline in Figure 2.13.

lower value of the

Uy voltage range (90%U,)
E .'-o“ .............................
70% ' - 0T TSN e,
: [}
]
45% v
[}
' [}
I T e
' [
%150 700 1500 3.000 Gmeinms
Moment of fault occurence

Figure 2.13 Borderline of the voltage profile at the PCC of a type-1 generating plant
[29]

For type-2 generating plants, the voltage profile in Figure 2.14 is applied to the
requirement of dynamic network support as the following technical terms.

e Generating units must not disconnect from the network in the event of
voltage drops to 0 % U, of a duration < 150 ms.

e |f the voltage drops at values below 30% of U, there are no requirements
addressing that generating plants have to remain connected to the network.
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e Any short-circuits or voltage drops due to disturbances must not lead to
instability or to a disconnection of the generating facility from the network
above the borderline 1 in Figure 2.14.

e |If the voltage drops at values above the borderline 2 and below the
borderline 1, generating units shall pass through the fault without
disconnecting from the network. Feed-in of a short-circuit current during
that time is to be agreed with the network operator. In consultation with the
network operator, it is permissible to shift the borderline 2 if the generating
plant’s connection concept requires doing so. Also in consultation with the
network operator, a short-time disconnection from the network is
permissible if the generating plant can be resynchronized in 2 seconds, at
the latest, after the beginning of the short-time disconnection. After
resynchronization, the active power must be increased with a gradient of at
least 10% of the nominal capacity per second.

e Below the borderline 2, a short-time disconnection of the generating plant
may be carried out in any case. Prolonged resynchronization times and
lower gradients of the active power increase after resynchronization as
compared to those admissible above the borderline 2 are permitted if they
are agreed with the network operator.

lower value of the

UUe Boderline 1 EBoderIiQe 2 (may be shifted) voltage range (90%U,)
100% I

\

is always permitted

30% E — ‘.‘;‘-._._A.._._
15l ' no requ[rements to remain
' grid connected
4 } } } >
150 700 1,500 3,000 time inms

oment of fault occurence

Figure 2.14 Borderline of the voltage profile at the PCC of a type-2 generating plant
[29]
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2.4.2.2 Dynamic network support

After the fault identification, the generating plant may be required to provide the
network support by providing reactive power. The required reactive power is defined
by a function of voltage drop. Generally, this support is expected to be maximum
allowed by the plant’s technology.

The Irish grid code requires wind farms a current defined as follows.

e Active power is provided in proportion to retained voltage.

e Reactive current is maximized but not exceeding wind farm limits.

e The maximization of reactive current shall continue for at least 600ms or
until the distribution system voltage recovers to within the normal
operational range of the distribution system.

The wind farm power station shall provide at least 90% of its maximum available
active power as quickly as the technology allows and in any event within 1 second of
the distribution system voltage recovering to the normal operating range.

The German grid code requires the dynamic voltage support clearer than the Irish
one. The generating facilities must support the network voltage during a voltage drop
by means of additional reactive current (of the positive sequence of the fundamental).
To this end, voltage control according to Figure 2.15 shall be activated in the event of
a voltage drop of more than 10% of the effective value of the generator voltage. This
voltage control must ensure the supply of a reactive current at the low-voltage side of
the generator transformer with a contribution of at least 2% of the rated current per
percent of the voltage drop (k > 2). The facility must be capable of feeding the
required reactive current within 20 ms into the network (control response time). If
required, it must be possible to supply reactive current of at least 100% of the rated
current. After the return of the voltage to the dead band range, voltage control must be
maintained at least over additional 500 ms according to the given characteristic.
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Figure 2.15 Required reactive current [29]
ki= M >2 (2.2
AV Vy
where Alg =1lg -1y and AV =V -V,
Explanations:
Vn: nominal voltage Vo: voltage prior to disturbance

V: instantaneous voltage (during the disturbance) Iy: nominal current
Igo: reactive current prior to disturbance Ig: reactive current

It can be seen that the function range to meet the requirements of the grid code
causes the renewable-based generating plants to be adapted in sizing, controlling, and
protecting. Besides that, the occurrence of the additionally reactive current ranging
from 0 to 100 percent of the rated current (may be larger if possible) is a challenge for
calculating the short-circuit current in the system during the fault. This problem will
be solved in Chapter 3 by an adaptive fault calculation algorithm.

2.5 Maximization of DG in Distribution Systems

Many researches which discuss about optimal planning and operation of DG have
been published. This section reviews some significant publications on maximization
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of DG in distribution systems. A synthesis is then revealed to be a premise for the
problem formulation in the following chapters.

Loss reduction and system cost are usually the objectives of the optimization
problem. The location and capacity of DG are optimized in [30]-[33]. An
implementation of Tabu Search to optimally allocate the DG is illustrated in [30]
where the authors minimize the power loss under conditions of predefined number of
DGs and their total capacity. The authors in [31] consider the trade-off between loss
minimization and DG capacity maximization. In this research, an ordinal optimization
method is used to specify the locations and capacities of DG; whereas, voltage and
branch flow limits are set as constraints. The preference of DSOs for sitting and sizing
of DG installation is analyzed in [32]. The authors examine the effect of network
regulations on the optimal connection of new DG with consideration of voltage and
line capacity limits. The optimal DG unit’s size, power factor, and location is
determined in [33] by employing an artificial bee colony algorithm with an objective
function of loss minimization subject to voltage and line limits. The optimum of DG
capacity is also discussed in [34]-[38]. The effect of energy resources categories are
taken into account in [34] and [35] by considering the load factor of each DG,
meaning that the available DG capacity is allocated based on the amount of energy
that is delivered. Another approach of single/multiple objective optimal power flow is
used in [36] and [37]. The authors in [36] simulate how the incentives of the DSOs
and DG developers affect their choice of DG capacity within the limits of the existing
network. The limits include costs of DG connection, losses, and network deferral. The
optimal accommodation of DG is determined in [37] with a multi-period AC power
flow. The connection cost and the availability of energy resource are also considered
in [38] where the authors present a methodology which maximizes the amount of
energy that may be reaped from a given area. A synthesis of these works is that the
objective function is about loss reduction or system cost and the constraints consider
simple system parameters including voltage and line capacity limits. In addition, all
DGs models are embedded in a cost function and load factor is used to draw the
difference among DG technologies. DG models and constraints of these works may
lack the information of DG installation’s impacts which have been reviewed in
Section 2.3.

Researches in [39]-[42] focus on technical aspects of DG’s installation. The
authors in [39] propose analytical methods to predict allowable distributed generation
resources on a radial distribution feeder before voltage harmonic limits are exceeded.
The final result is a determination of allowable penetration levels of distributed
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generation resources for a range of distribution feeders. The harmonic problem is
combined with the protection coordination limits in [40] to determine the maximum
DG penetration level. The authors consider both SBDG and IBDG so that the
objective function is proposed to maximize DG penetration level from both types of
DG units, taking into account power balance constraints, bus voltage limits, total and
individual harmonic distortion limits specified by the standard, over-current relay
operating time limits, and protection coordination constraints. Besides, a method to
find the threshold value of the DG capacity, beyond which recloser-fuse coordination
is lost, is proposed in [41] to prevent the reliability degradation. In addition, the
maximum amount of DG that may be installed without requiring major changes in the
existing electric power system is determined in [42]. The authors show that
conductor’s ampacity and voltage rises are limiting factors that manifest themselves
under different conditions. It can be seen that although these researches focus on the
technical impacts of DG on the network, the important impact of relay reach reduction
is not concerned and most of concerned impacts are evaluated with the SBDG.

The above shortcomings are taken into consideration in this thesis in order to
determine the maximum allowable DG. Besides, recent network requirements in
Section 2.4 are necessary to be updated to the research. Particularly, Chapter 3 takes
the FRT requirement into an adaptive fault calculation. Then, it is employed in DG
maximization algorithms in Chapter 4.

2.6 Summary of Chapter 2

Involving challenges of unstable outputs, high costs and installation constraints,
renewable energy has been introduced through various measures to reach a certain
amount. Most common utilized renewable energies are from the sunlight and the
wind. All DG technologies for energy conversion have been reviewed in this chapter.
The focus is placed on the conversion of renewable energy into electrical energy
using IBDGs.

This chapter shows that DG impacts on utility systems must be taken into account
before connecting DG. Utility protection systems may need new settings or upgrading
with proper devices. However, the investment cost may be significant. Another
solution is to limit the fault current supplied by DG. This requires careful research
efforts on the mentioned impacts. This thesis concentrates on the reach reduction
problem since it affects all relays in the system excluding the one of DG.

The IEEE Std. 1547™-2003, the Circular of electricity distribution system of
Vietnam and some other national grid codes are summarized in this chapter. The new
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requirement about FRT capability from European countries is considered carefully. It
consists of two main requirements: riding through the fault and supporting network
voltage. Taking grid codes into consideration brings the research closer to practical
situations. Thus, results of the research in this thesis will be more acceptable and
applicable to real works.



CHAPTER 11

FAULT CURRENT CALCULATION IN DISTRIBUTION SYSTEMS WITH
IBDGs

Despite being required, according to the IEEE standard [11], to physically fast
disconnect IBDGs from the grid in a fault event, IBDGs are reasonably accounted in
fault current calculation to catch up with the FRT requirements in some new grid
codes as introduced in Chapter 2. These grid codes require an IBDG to have a
capability of passing through a fault signed by voltage at the PCC. As such, the IBDG
continues to feed current during a fault instead of fast shutting down and isolating
itself.

There have been considerable efforts directed to the development of solution
models and algorithm for synchronous, induction and doubly-fed induction generators
with great success and wide application [43]-[46]. However, comparatively fewer
solutions have been developed for IBDGs. In addition, most publications concerning
IBDGs have not received a high unanimity. Some authors proposed a model and an
algorithm to capture the fault response of IBDG during the fault period but they did
not concern the control system of IBDG [47]. Such algorithm is not convenient to
build a calculation tool for protective device setting that needs the flexibility for many
fault cases. The fault response in the time-variant curve fashion of an IBDG has a
similar limitation [48]-[50]. Some authors derived IBDG models for fault calculation
with deep insight on the transfer functions of the control system [51]. Unfortunately,
those models are suitable for an inverter-only microgrid instead of a grid with parallel
operations of the IBDGs and the utility source. Therefore, the growing need of both
DG owners and distribution utilities for more complete studies has motivated the
development of solutions to calculate the fault current in the system with IBDGs.

The objective of this chapter is to propose an accurate fault current calculation
method in a system with IBDGs serving for DG impact evaluation and protective
device settings of both utility’s and DG’s protection systems. The chapter is organized
as follows. Fault response of an IBDG is firstly explored in Section 3.1 in order to
model this generator for a fault calculation method. Based on this model, Section 3.2
proposes an adaptive algorithm to calculate the fault current in distribution networks
with IBDGs.
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3.1 IBDG Model for Fault Calculation

A typical structure of an IBDG consists of a control system, whose inputs are
voltages and currents at the inverter terminal and the PCC, a modulation generator, an
inverter, and a filter circuit as introduced in Chapter 2. There are several modulation
techniques for inverter power supply such as pulse width modulation (PWM), pulse
density modulation, and pulse frequency modulation. The most successful, for the
voltage source inverter case, is the PWM. Compared to other approaches, the PWM
offers significant advantages, for instance in terms of ease of implementation,
constant frequency inverter operation and immediate demodulation by means of
simple low-pass filters [12]. The PWM technique is usually implemented by space
vector modulation (SVPWM) in three phase switching converters. The inverter in this
thesis is assumed to be controlled by signals from a PWM generator.

3.1.1 Control System of an IBDG

Generally, a capacitor is installed at the inverter input. This capacitor maintains the
dc voltage input of the inverter during a short transient. Thus, the dc voltage is
assumed to be constant throughout the fault calculation [48]. Additionally, the
controller of the inverter regulates the output complex power around a desired set
point. Among many control techniques [52], [53], a control system is implemented in
the Natural Reference Frame (NRF) can be accepted [51], [54]-[55]. Figure 3.1
depicts a schematic diagram of an IBDG with a three-phase three-leg inverter of that
control system. Details of the vector transformation are in Appendix A.



32

+ I LC filter Pref"'jQref
inv ) Bus p
Vdc > VY- LG N NV PN IPY
J 1BDG | L 1
- current) Cs
PWM > = Grid
U abe Three-phase three-leg
PWM, ref inverter
Current |«
controller | N
Ii%t\)/(,:ref Iidn(\]/ ref ) Iinv,dq linv,abc
<
abc Current Power Ip.dq abe Ip.abe
dgo limiter controller Voda | dqo Vp.abe
3 —®
e A qu f I <
inv,rer ,iim
Pref T T Qref QI
PLL [«

Figure 3.1 General control system of a grid-connected IBDG

The output LC filter is at the terminal of the inverter to filter out the undesired
switching frequency components from the output current spectrum. The inclusion of
the LC filter makes the controller design and controller parameters adjustment more
difficult. However, empirical parameters are selected for the filter in this research,
since the design of the LC filter is out of the scope of this research.

Assume that the IBDG is connected to Bus p of a power system. The power
injected into Bus p is desired to be around a set point (Prer, Qrer). After transforming
output currents (linvane, Ipanc) and voltage (Vpan) from abc coordinates into dqo
coordinates, they are used to perform the reference inverter output current 1%%,, o by
the power controller. This current is then retransformed into abc coordinates. All
transformations use the fundamental frequency generated from the voltage at the
IBDG terminal by a Phase-Locked Loop (PLL) to synchronize the inverter outputs
with the grid. Using (1*®ret, livabe: Vpabe), the current controller generates the
reference input voltage U sy rer for the PWM generator which controls switching
signals of the inverter to create the desired output power. More details of control
system components are discussed as follows.
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3.1.1.1 Power Controller

The reference current given by (3.1) is computed in the Synchronous Reference
Frame (SRF) by using output power set point and feedback voltage. This equation is
explained in Appendix A.

1 V

T o
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p,ref

VS l:Pref }
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2
3 —Vg Qref
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where Vdp, V9, are the d-axis components of the phase-to-ground voltage in peak value
at Bus p; Idp,ref and 1%, rer are components of the current in peak value injected to Bus p
in corresponding to three-phase reference power (Prer, Qrer). Figure 3.2 represents a
schematic diagram of the power controller in the SRF.

The reference value of the inverter current 1%, ref is computed from the reference
current injected into Bus p and the current flowing through the filter capacitor.
Additionally, in order to limit the power controller bandwidth and to filter out
harmonic content from the voltage and current spectrum (under unbalanced
conditions), a low-pass filter is employed. The filter cut-off frequency f. must provide
both sufficient suppression of voltage harmonics and unbalance and quick enough
response of power control loop [48]. Assuming the first order low-pass filter is used,
the reference output of the power controller is determined by (3.2).
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Vg
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Figure 3.2 Schematic diagram of the power controller

With the selected filter, components that have frequency of 2w in 1%%,, r caused by
the negative-sequence are filtered out. The zero-sequence components are not
considered here because a three-phase three-leg inverter is used. Thus, the output
signals of the power controller are clean dc derived from positive-sequences of Vp anc,
lpabc, and ™. This result is important for modeling the IBDG under an
unsymmetrical fault condition as discussed later.
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3.1.1.2 Current Limiter

Due to the thermal limit of semiconductor devices, inverters are usually designed
to supply a maximum current of typically less than twice their nominal values in the
event of a network fault [2], [49], [56]-[58]. This limitation can be implemented by
using the current limiter in the SRF as illustrated in Figure 3.3. Under normal
conditions, the switch is closed on the normal position N. When a fault occurs, as
soon as liny rer reaches the limit Iy in the saturation block, the switch is closed on the
limited position L by the switching signals to pass a saturated current I sar through
the switch. The switch goes back to N after the fault is cleared and the system is
recovered to normal operating condition [54].
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Figure 3.3 Schematic diagram of the current limiter in the SRF

The saturated current I o IS Selected so that the inverter is sufficient to supply
without exceeding its capability. The simplest method is to cut off the active power
Prer. The IBDG supplies only reactive power to the system. The current liny sat thus can
be defined by operation (3.3).

linv,sat = Kl(a/p _90) (3.3)

where dyy, is the phase of the IBDG terminal voltage Vp, and & is a constant. Equation
(3.3) indicates that linsa 1ags Vp by &. Therefore, the IBDG injects reactive power
into the system if 0 < @ < w. Magnitude K must be less than the thermal limit of
inverter, i.e. 2 p.u. in IBDG rating. However, most generating plants set K to 1 p.u.
that is the rated current of the IBDG. The formulation of I;n, st in @bc coordinates uses
the phase obtained from a PLL and is explained later.
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3.1.1.3 Current Controller

The control in the NRF is straightforward for understanding and implementing.
Although the PI controller has a poor control performance with sinusoidal control
signals, the zero steady-state error is still achieved in using P+Resonant (PR)
regulators with k, and ki parameters. The transfer function of a PR regulator is defined
as (3.4) [59].

2kiS

82+a)2

Gpr =kp + (3.4)

The first term in (3.4) is a proportional gain that is in the same way as in the Pl
controller. The second term is a second order generalized integrator which achieves
very high gain in a narrow band center around the frequency w. Therefore, w is
usually called resonant frequency. In this paper, it is the fundamental frequency (2750
rad/s). The output of the PR regulator and the feed-forward voltage Vpanc are then
summed up to form reference voltages for the SVPWM generator as depicted in
Figure 3.4.

abc U abc
inv, ref 2k:s SVPWM ,ref
Gpp =k, + i
PR p 2 2 abc
| abe S"+tw \Vi
inv p

Figure 3.4 Schematic diagram of the current controller

3.1.1.4 Phase-Locked Loop (PLL)

A PLL is utilized to synchronize the inverter output with the grid. Generally, the
PLL tracks the positive-sequence voltage at the connected bus (Bus p) as depicted in
Figure 3.5. All transformations inside the control system refer to this voltage. As an
example, the saturated current with a predefined magnitude K inside the current
limiter can be generated by a circuit in Figure 3.6. The low-pass filter (LPF) is to
eliminate the all high frequency signals occupying in V*®,. The cut-off frequency is
generally 5 Hz. This means, a signal with frequency higher than 5 Hz is filtered out.
As a result, V', after the LPF includes purely dc signals that reflect the positive-
sequence component of the voltage V.
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Figure 3.5 Tracking IBDG terminal voltage by PLL
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Figure 3.6 Formulation of the saturated current

In Figure 3.6, & must be from 0 to m/2 so that the voltage V, leads linsa and the
IBDG does not absorb the active power. This formulation satisfies (3.3). If the IBDG
is switched to the current source, an amount of reactive power will be injected into the
grid.

3.1.2 Fault Response of an IBDG

When a fault occurs in the utility system, voltages at the faulty phases decrease.
The IBDG terminal voltages changes and may be unbalanced. Thus, inverter currents
are changed to maintain the desired power output. However, the IBDG control system
only responds to the positive-sequence components due to the low-pass filter inside
the power controller as explained in Section 3.1.1, causing the power output to be
controlled around the set value based on the positive-sequence voltage and current.

Changes of the voltage at the connecting bus (Bus p in Figure 3.1) under fault
condition mainly depend on the type, location, impedance of fault, and line
parameters. For example, a three phase fault with high impedance is simulated to
cause the phase voltages at the terminal of the IBDG to dip 11.58% compared to the
prefault voltage as seen in Figure 3.7. Before the fault, the IBDG current is 0.96 p.u.
that is a little lower than the rated current. After the fault, the IBDG current increases
to 1.09 p.u., i.e. 12.6% instead of 11.58%. This difference can be explained by using
(3.5), which is the equation of the expected current contributed from IBDG.
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P i
ref jQref +ja)Cpr (3.5)

Iinv,ref =
p

where (Pret + JQrer) IS the reference power; V, is the line voltage at Bus p with all
variables in per unit. The last term in (3.5) is the current flowing out through the filter
capacitor (capacitive current). This current depends on the voltage at Bus p. The
IBDG current in Figure 3.8 increases 12.6% instead of 11.58% to compensate the
capacitive current. Therefore, the output power is controlled around the set value
(0.91 p.u.) as shown in Figure 3.9 where the reactive power is set to be zero.
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Figure 3.8 IBDG responses to a 3F-under limit
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Figure 3.9 Output power of IBDG during a 3F-under limit

The IBDG current includes rich positive-sequence components resulting in well
balanced phase currents despite any unsymmetrical fault in the network. Figures 3.10
and 3.11 show another example of IBDG fault responses to a SLGF. In Figure 3.10,
the voltage at phase A dips 21.05%; whereas, the voltage dip of the corresponding
positive-sequence voltage is smaller with 7.37% as in Figure 3.11; the IBDG phase
current increases 8.33% from the prefault value as in Figure 3.12 and the
corresponding positive-sequence current increases 8.33% as well.
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Figure 3.10 IBDG terminal voltage during a SLGF-under limit
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Figure 3.12 IBDG responses to a SLGF-under limit

If the changes of V, involving high lin, et from (3.5) cause the corresponding dq
components to reach the limit liyes in Figure 3.3, the IBDG current will be forced to
be at a predefined current even the output power is not around the set point. This case
is illustrated from Figure 3.13 to 3.15. When a three-phase fault (3F) occurs with low
fault impedance, the phase voltage drops. This drop causes the IBDG current to
increase until it reaches the limits of lies=1.5 p.u. at time t=0.336 seconds. The IBDG
is switched to the current source mode with liny sa=1 p.u. (in IBDG rating) The IBDG
terminal voltage is stable as of 52% of the rated voltage. Obviously, the generated
active power cannot go back to the set value of 0.91 p.u. as in Figure 3.15.
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As discussed in Chapter 2, the dynamic voltage support is required when the IBDG
rides through the fault. The saturated current li,, sa: Can be adjusted so that it lags the
terminal voltage V, by m/2. This means, & = m/2. In fact, the response in Figure 3.15
partly satisfies the support requirement because an amount of reactive power is
injected to system after the IBDG is switched to current source of liy sat. If this current
IS set so that linvsat = |liBDG rated| £(vp-1/2), i.€. the fully reactive current, the active
power will decrease to zero. An example of fully reactive current support is illustrated
in Figures 3.16. A DLGF causes the IBDG to be switched to current source that is
controlled so that the current lags the terminal voltage by n/2. The reactive power
increases from 0 p.u. to a stable value of 0.53 p.u.; whereas, the active power
decreases from 0.91 p.u (prefault value) to zero.
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Figure 3.16 Output power of IBDG during a DLGF-fully reactive current

Some important conclusions about the fault response of the selected IBDG in this
section can be listed here:

— An IBDG may remain connected to the system after a fault occurs due to the FRT
requirement

— The transient period is short (3-4 cycles)

— The steady state period is established after the transient period

— Magnitudes of IBDG currents range from 0 to the limit (<2 p.u.)

— IBDG current includes most of positive-sequence component; components due to
the harmonics can be neglected

— The IBDG current may be fully reactive to satisfy the FRT requirement
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— The output power is constant after a few cycles in both cases of the IBDG
current: (1) under the limit and (2) at the limit

3.1.3 A Simple IBDG Model

From the conclusions at the end of Section 3.1.2, the short transient period can be
neglected in the fault calculation for setting protective devices. Therefore, an IBDG is
simply represented as a constant PQ source or a constant current source depending on
the relation between linyrer @and linres as illustrated in Figure 3.17. This model is
explained as follows.

Pret + JQrer Q N Grid

Switch '—o | Busp
Yes """""" » ~~tfe
L Fault &
Iinv,satg% —l— Cs Bus k
NG/

Figure 3.17 Model for IBDG under fault condition

When a fault occurs, an IBDG is modeled as a constant PQ source in the positive-
sequence network (position N). The comparison between linyrer and linres in the
positive-sequence values instead of phase values is acceptable because the control
system filters out other components before pushing them to the current limiter as
shown in Figures 3.1 and 3.2. In case of exceeding the threshold liyres, the model of
IBDG is switched to the position L and a constant current lin, sat iS injected into Bus p
instead of the constant PQ. In addition, the capacitor of the filter is connected in
parallel with the constant current source liny sat.

Providing that the dynamic network support requirement is considered, the IBDG
is controlled to inject a fully reactive current lin, sat into the utility system to satisfy the
DSOs requirement. Consequently, the IBDG is only modeled by the dependant
current source in parallel with the filter capacitor C:. The saturated current can be
defined by (3.6).

linv,sat = |!1BDG,rated \4(% _‘90) (3.6)

where 0 < 6 < /2; ligpe rated 1S the rated current of the IBDG. In case of fully reactive
support, & = n/2.
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Although the FRT requirement requires the reactive current injected to Bus p, the
current controlled before the capacitor C; as in Figure 3.17 can be acceptable. This is
because the difference between current before and after the C; is small. The inclusion
of C; in the model is to reflect more accurately the operation of the IBDG.

3.2 An Adaptive Algorithm for Fault Calculation

This section proposes an adaptive algorithm to calculate fault currents in a power
system with IBDGs. The algorithm is based on the philosophy of the conventional
fault calculation which uses the Thevenin’s theorem and the bus impedance matrix
[43]-[45]. It should be repeated that an IBDG is not modeled as a circuit of an
independent constant voltage source in series with an impedance that has represented
a synchronous generator conventionally. The Thevenin’s theorem and the
superposition method thus cannot be applied on the positive-sequence network [60].
However, they can be used in the negative and zero-sequence networks because the
selected IBDG does not support these sequence currents as concluded in Section
3.1.2.

Similarly to the conventional fault calculation technique, the adaptive algorithm is
demonstrated firstly with a three-phase balanced fault calculation. The calculation
technique for an unbalanced fault is then developed by using the concepts of
symmetrical components and the technique for the three-phase balanced fault
calculation.

3.2.1 Algorithm for Three-phase Balanced Fault Calculation

The conventional fault calculation uses the Thevenin’s theorem with the
assumption that all voltage sources are independent. The superposition method can be
applied to determine the fault voltage from the prefault voltage and the change in the
network voltage caused by the current through the added branch (fault impedance).
Nevertheless, a constant PQ source as a model of an IBDG is not an independent
current or voltage source, causing the above method to be no longer to be applied and
some adaptations are necessary here.

The proposed algorithm is performed on conventional system representations
except the IBDG model. The faulty power system is represented in per-phase model
as shown in Figure 3.18. Section 3.1.2 concluded that the steady-state period of the
IBDG fault response was established very fast after the fault instant for all cases. In
addition, the power balanced state was also established during the fault.
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Figure 3.18 Network representations for 3F calculation

Applying Kirchhoff Current Law, the current entering Bus p (p = 1, ..., n) is equal
to the sum of all currents from other buses in the system as given by (3.7) where Y is
the element of the bus admittance matrix.

n
= Z‘iquvq 3.7)
q:

On the other hand, the entering current is specified by the total power entering to
Bus p and the voltage at Bus p can be estimated by (3.8) where subscript (*) denotes
the conjugate operator.

P iQp
p_ *
Vo

| (3.8)

Expressing (3.7) in polar form and substituting for I, in (3.8) to form (3.9) where
Ypq<Bpq 1S the polar form of an element of the bus admittance matrix Ypys.

n
Pp‘jQp:’Vp‘l‘fsp%’vquypqvaq+5q) (3.9)

The active and reactive power entering to Bus p can be obtained by separating the
real and imaginary parts of (3.9). They are expressed by (3.10) and (3.11).

n
Po ZqZ:‘i’VpHVqHqu\COS(qu ~5,+3) (3.10)
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n
Qp Z—E’VpHVqHqu‘Si”(epq‘5p+5<1) (3.11)

Nonlinear equations (3.10) and (3.11) can be solved by using iterative techniques
such as Gauss-Seidel and Newton-Raphson. Because of the quadratic convergence,
Newton-Raphson method is mathematically superior to the Gauss-Seidel method and
is less prone to divergence with ill-conditioned problems. The equations are therefore
represented in a form to be solved by using Newton-Raphson method (power flow-
based technique).

Mathematically, (3.10) and (3.11) comprise 2n independent nonlinear equations for
an n-bus system. Each bus has four variables: P,, Qp, [Vp|, and d,. Thus, there are 4n
variables in 2n independent equations. In order to make these equations resolvable,
the number of variables for each bus should be reduced to two. Practically, a bus in
any power systems falls into one of the three types: load bus (P and Q are known),
voltage-controlled bus (P and |V| are known), and slack bus (V| and ¢ are known). The
slack bus physically makes up the difference between the scheduled loads and
generated power that are caused by losses in the network. Generally, there is only one
slack bus needed in a power system. If the system has more than one slack bus, the
power flow solution can be still reached because the number of variables is still equal
to the number of equations (2n). This situation occurs in this research when an SBDG
is modeled as a constant voltage source (including both magnitude and angle) and an
impedance. Thus, the bus between the voltage source and the impedance is treated as
one slack bus exclusive of another one from the transmission system source
representation.

Expanding (3.10) and (3.11) in Taylor’s series around the initial estimate [6(0),
V(0)] and neglecting all higher order terms result in a set of linear equations. The
partial derivatives of (3.10) and (3.11) evaluated at Ady(k) and A[Vp(K)| form elements
of Jacobian matrix J = [J1, J2; Js3, J4] as given by (3.12). Elements of submatrices J;,
Ja, J3, and J4 can be found in any power systems textbooks.

(AP AQ] =3[as AM[] (3.12)

For slack buses, both voltage magnitudes and voltage angles are known. As a
result, the equations involving (AP, Ad), (AQ, AV), and the corresponding columns of
the Jacobian matrix are eliminated. For voltage-controlled buses, the voltage
magnitudes are known and the corresponding rows and columns are eliminated as
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well. Therefore, if there are s slack buses and m voltage-controlled buses in the
systems, there are (nxs) active power constraints and (nxsxm) reactive power
constraints.

An IBDG bus is treated as a PQ bus during fault if the reference current of the
inverter does not exceed the threshold current. The entering power can be estimated
by using (3.10)-(3.11). For exceeding situation, the IBDG is switched to a current
source of 1,™*®" with constant magnitude. The phase of this current depends on the
phase of the terminal voltage so that the reactive power of the IBDG must be injected
into the system. In practice, the phase of 1,™** is adjusted by the control system until
1,"*" lags the terminal voltage by an expected angle, i.e. & in Section 3.1. However,
in the algorithm being proposed here, the process is simpler as follows.

The phase a, of 1,™*" is assumed to satisfy the reactive current requirement so
that o, = &, - €bp Where 6 is the phase of the terminal voltage Vp and 6y, is the leading
angle. Equation (3.8) can be rewritten as (3.13) where the generated power of the
IBDG is no longer included in the entering power (P, + jQp) in the first term.

(3.13)

I mv,sat‘é

Equation (3.13) is updated to (3.10) with 1,™** to form (3.14).
Py i, :M\é_apévaq\z(am+5q)_MH|;,nvysat\4ap_5p) (3.14)
Substituting ap = &, - Gy in (3.14) to obtain (3.15),
Pp—jQp:‘Vp‘4—5p§’\/qHqu‘4(9pq+5q)—’\/pHILnV’Sat‘L—HOp (3.15)

The entering power at Bus p is estimated by (3.16)-(3.17) by separating the real
and imaginary parts of (3.15).

z’VpH al[¥oa] 05(8pq ~ 5+ 6 )~V 15 cos b, (3.26)
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Q=3 Vo Vo[V oalsin(Bpq = 8p + 6 )=Vl [1[sincp  (3.17)
g=1

Obviously, the IBDG representation as a current source causes the diagonal
elements of submatrices J, and J4 to be changed as shown in (3.18)-(3.19).

Diagonal elements of the submatrix J,:

| inv,sat
p

oP n
—P Zy\/pHYpp‘cosepp + ’VqHqu‘cos(Hpq —Sp+3q)— cos 6y,
oV G=p

(3.18)

Diagonal elements of the submatrix Ja:

oQ : ) i
Wp‘ = ~2Vp Y| sin B, = 3 Vg [Vpqsin (Gpq = + ) -
0 q=p

I:D“V'sat‘sin fop (3.19)

The power mismatches APy(k) and AQp(K) are the algebraic differences between
the scheduled power comprising the scheduled generated and load power and the
estimated values obtained from (3.10)-(3.11) or (3.16)-(3.17). If the maximum power
mismatch is less than a specified accuracy ¢, voltage vector V(k) is the expected
solution. If not, the linear simultaneous equation (3.12) is now solved directly to
obtain the corrections of the voltage magnitude A|V,(k)| and the angle Ady(k). The bus
voltages are updated by these corrections. Note that these updates are not applied to
slack buses for both voltage magnitudes and angles and voltage-controlled buses for
the voltage magnitudes. Then, a new iteration is performed with V,(k+1) starting from
(3.10)-(3.11) and (3.16)-(3.17).

The above process is diagrammatized in Figure 3.19. It is similar to a power flow
algorithm based on the Newton-Raphson iterative technique. The differences are the
formation of Yy, and the update with the capacitor C;, and then, changes in diagonal
elements of the Jacobian matrix. Using iterative technique is a major adaptation
compared to the conventional fault calculation which employs the Thevenin’s
theorem and the superposition method. At the IBDG bus, the reference current lipy ref
is computed at every iteration using (3.5). Once it reaches the threshold, the PQ
source at Bus p is switched to the constant current source with the injected current
linvsat- IN that case, a new branch occurs (the filter capacitor C¢) in the model of the
IBDG as seen in Figure 3.18 causing a change in the system configuration. Thus, the
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algorithm must restart. The bus admittance matrix Yy, is updated with the occurrence
of C;. The maximum restarting number is equal to the number of IBDGs occupied in
the system.

Per phase representation

v
Formation of admittance matrix Y,

3 |
Update Ypys

A
Initial solution

T
N Mark the bus with
new current source

New current source?

Power mismatch calculation

Power flow Yes| Stop
converges? Bus voltage

Jacobian matrix calculation

v
| Update solution |
) I

Figure 3.19 Algorithm for the adaptive balanced fault calculation

Results of the program comprise voltages at all buses. Line current vectors can be
computed by using (3.20) that is the same as the equation in the conventional method.

n,-(F)zv‘(F)z_ijV"(F) (3.20)

where z;; is the impedance of line ij.
3.2.2 Algorithm for Unbalanced Fault Calculation

A sequence network connection circuited from positive, negative, and zero-
sequence networks is performed similarly to the conventional fault calculation with
some modifications. This network is treated in the same way as the system in Figure
3.18. However, the added branch is the equivalent impedance Z.q of the circuit
including the negative and zero-sequence networks instead of only Zs; the network
per-phase representation is replaced by the positive-sequence network.
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The value of equivalent impedance Ze is determined according to the fault type as
depicted in Figure 3.20 and detailed in Table 3.1. In case of a 3F, it is equal to Z;
whereas, in case of an unbalanced fault, it is the equivalent impedance of the circuit
comprising the negative and zero-sequence impedances occupying in the sequence
network connection. For instance, Ze, for a single line-to-ground is a sum of negative,
zero-sequence Thevenin impedances, and three times of the fault impedance.

In order to calculate the unbalanced fault, the algorithm for balanced fault
calculation is adjusted for determining positive-sequence voltages at all buses as
depicted in Figure 3.21. The sequence currents at the faulted bus are obtained from
the positive-sequence voltage V', as summarized in Table 3.2.

Because the IBDG does not support the negative and zero-sequence currents as
mentioned in Section 3.1.2, it will not appear in these sequence networks. Therefore,
the negative and zero-sequence voltages are computed from the corresponding
sequence current at the faulted bus using (3.21) where z%%, come from the zero and
negative-sequence impedance matrices; 1% come from Table 3.2. The sequence
components of line currents are then obtained from the corresponding voltage using
(3.22) where 2 are the zero, positive, and negative impedance of line ij.

Ye=o=7.210? (3.21)

01,2 1
I0,1,2_Vi : (F)‘Vj()lz(':)
ij - 012

ij

(3.22)
Z
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Table 3.1 Determination of equivalent impedance at the faulted bus

Fault types Equivalent impedance, Zeq
SLGF Z2 +2Z9 +3Z;

DLGF v (z,?k +32Z; )/(sz +28 +32Z; )
LLF Zig +Zs

Sequence network connection

v
Equivalent impedance Z,
v
Formation of admittance matrix Ypys
< |
Initial solution Update Ypus

?
Mark the bus with
new current source

A 4

New current source?

Power mismatch
calculation

Jacobian matrix y
calculation Positive-sequence
voltage

[ Update solution | | End program.
|

A

Figure 3.21 Algorithm for the adaptive unbalanced fault calculation

Table 3.2 Determination of sequence currents at the faulted bus

Fault types Negative-sequence current, |2 Zero-sequence current, 1°
SLGF 1P=1"=V'/Zeq 1°=1"= V!/Zq
DLGF 1’= — V4 | Z% 1°= — V4 / (Z%+3Z¢)

LLF 1°= —I'= —V4Y/Z 1°=0
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3. 3 Summary of Chapter 3

This chapter explores the fault response of a selected IBDG with consideration of
the FRT requirement including the capability of remaining connected and reactive
current support during a fault. A simple model is proposed based on the analysis of
the response. The model is then utilized by an adaptive fault calculation algorithm
using Newton-Raphson iterative technique. This algorithm is executed in a modified
sequence-network connection. Some adaptations compared to the conventional fault
calculation are the employment of power flow-based algorithm, the formation of Yy,
the update in Yy, with the capacitor C;, and changes in diagonal elements of the
Jacobian matrix. The validation of the proposed algorithm will be illustrated in
Chapter 5.



CHAPTER IV

MAXIMUM ALLOWABLE DISTRIBUTED GENERATION WITH
CONSIDERATON OF FAULT RIDE THROUGH REQUIREMENT AND
UTILITY PROTECTION SYSTEM

This chapter proposes algorithms to determine the maximum allowable distributed
generation. The reach reduction of utility relay is emphasized so that it becomes a
constraint in combination with system operating limits to maximize the DG as
mentioned in Chapter 2. In order to analyze the effects of DG on the protection reach
reduction, both the “phase” and “ground” faults are included. This involves the
consideration of DG transformer connection. Section 2.3.2 has already analyzed this
issue and proposed the grounded wye-delta transformer for connecting DG to the
utility system. This chapter firstly analyzes the utility relay reach reduction in Section
4.1 in more details than the discussion in Section 2.3.1.1. Then, the temporary
overvoltage problem, which may occur if a part of the system is unintentionally
islanded, is captured in Section 4.2. Lastly, Section 4.3 develops a practical and robust
algorithm for maximizing DG by employing a sensitivity-based method. This method
gradually increases the size of DG until the constraints of system operating limits and
protection reach reduction are violated. In order to extend the method for several
DGs, a multi-variable optimization problem is formulated and resolved by employing
Tabu search algorithm as presented at the end of this chapter.

4.1 Analysis of DG Impacts on Utility Relay Reach

The protection reach reduction problem, as introduced in Chapter 2, occurs at any
DG size. It increases the tripping time of relays. In the worst case, overcurrent-based
protective devices are blind, meaning that they cannot detect a fault in the protected
area and take its responsibility.

4.1.1 SBDG Impact on Utility Relay Reach
4.1.1.1 Reach Reduction of Phase Overcurrent Function (POF) (3F and LLF)

Figure 4.1 (a) illustrates a network representation of a simple system with one
source represented by impedance Z;. When a three phase fault occurs at Bus 3, the
condition can be simulated with a Thevenin voltage or a prefault voltage, V3(0),
connected in series with a fault impedance, Z;, at Bus 3. The fault current flowing
through the source (system substation) is calculated by (4.1).
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(a) (b) (©)

Figure 4.1 Equivalent networks of simple system

V5 (0
|y, = 5(0) (4.1)
Ly + 2y + Lo+ 25

where V3(0) indicates the prefault voltage at Bus 3, and Z: indicates the fault
impedance.

Figure 4.1 (b) and (c) represent the equivalent networks after installing a new
source (SBDG) represented by impedance Z,., at Buses 2 and 3, respectively. The
fault currents flowing through the substation are given by (4.2) and (4.3), respectively.

I = 5(0) (42)
Zi+Zip+Zpg + 21 +(Zg +ZZ3)(21+212)/ZneW
.. V3 (0
1o = 3(0) (4.3)

Zl+212+223+Zf +Zf (Zl+ZlZ +ZZ3)/ZHEW

where V'3(0) and V"3(0) indicate prefault voltages at Bus 3 after the new source is
added into Buses 2 and 3, respectively.

It is evident that adding a new source usually results in reduction of fault current
flowing through the old source (utility substation). The smaller the new source
impedance is, the more the reduction is. However, the current flowing through the
substation does not depend on SBDG impedance when a fault occurs at the terminal
of the new source with zero fault impedance as in Figure 4.1 (c). In case the SBDG
impedance is large enough, the reduction amount will be small so that the utility relay
is still able to sense the fault. This means the relay sensitivity, represented by the ratio
of fault current through the relay to the corresponding relay pick-up current, is high
enough (larger than 1) for the relay to operate. This can be achieved by limiting the
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SBDG size because of the inverse relationship between the SBDG size and its
transient reactance.

In practice, setting of utility relay, i.e. the POF, is based on the current under the
maximum load condition. Before adding the SBDG, this current can be estimated
from a load flow program with the maximum system load condition. Settings of the
SBDG relay are based on the current generated at the nominal SBDG power. Thus,
the pick-up current of the SBDG relay will increase if the generator size increases.
Figure 4.2 illustrates the relation between the generator size and the pick-up current of
its relay. In order to detect a fault successfully, the sensitivity of utility relay must be
higher than one. This is obtained if the SBDG size is smaller than the SBDGax as
shown in Figure 4.2.

Fault current (A)

SBDG size (MW)

Figure 4.2 Impact of DG size on the POF

4.1.1.2 Reach Reduction of Ground Overcurrent Function (GOF) (SLGF and
DLGF)

The analysis of SBDG impacts on GOF is based on the changes of residual current,
which is equal to three times of zero-sequence current in each phase. The connection
and grounding types of the interconnection transformer should be taken into account.
The grounded wye (utility)-delta (SBDG) transformer is assumed to be used as
discussed in Chapter 2. Generally, impacts on GOF are the same as the one analyzed
in Section 4.1.1.1. However, in the case of ground faults, the zero-sequence
impedance at the SBDG side plays an important role and needs clarifying. This
impedance can be varied by adjusting the value of grounding reactance (or neutral
reactance) at the wye winding’s neutral point of the interconnecting transformer. That
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is, the residual current through the interconnection transformer’s neutral point
decreases in proportion to the grounding reactance. Similarly to the POF, as the
residual fault current from the SBDG is smaller, the reduction amount of utility
residual current is also smaller. Consequently, this can help transformer and other
devices avoid encountering a high fault current. However, if the residual current
through the SBDG relay is lower than the pick-up current, the fault will not be
detected.

4.1.2 IBDG Impact on Utility Relay Reach

Model of an IBDG depends on how it responds to voltage drops at the PCC.
Chapter 3 has selected a control system so that the IBDG responds to only the positive-
sequence voltage at the PCC to keep the power output constant and the current from
the IBDG will be always symmetrical. The IBDG controls its output current so that the
expected power based on the positive-sequence component of voltage and current is
obtained. If the reference current, which is estimated by the expected power and the
positive-sequence voltage at the IBDG terminal during fault, exceeds a threshold value
lihres, the IBDG is switched to constant current mode as represented in Chapter 3. The
predefined current lin sst In this mode is to protect the power electronic components
from thermal damage. Providing that the dynamic network support requirement is
considered, a modified model depicted in Figure 4.3 can be used. Under fault
condition, the IBDG is controlled to inject a fully reactive current liny ot into the utility
system to satisfy the DSOs’ requirement. Consequently, the IBDG is only modeled by
the dependant current source in parallel with the filter capacitor C:.

Impact of IBDG on utility relay reach reduction can be predicted by using the
model in Figure 4.3. There is a particular amount of reactive power injected to the
system during fault. This injection partly compensates the reactive power demand in
the system and causes the voltage higher than that of system without the IBDG.
Consequently, the current through the utility breaker of the substation source is lower
than that of system without the IBDG. Similarly to the analysis in Section 4.1.1, the
reduction shortens the protected area set for the utility relay. However, the reduction
may be not large because the injected reactive power is small compared to the demand
during fault.
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Figure 4.3 Modified model of an IBDG with network support requirement
4.2 Analysis of Temporary Overvoltage Problem

In case of an effectively grounded system, the coefficient of grounding (COG),
which is the ratio of line-to-ground power-frequency voltage on a healthy phase at a
selected location during a SLGF, to the line-to-line power-frequency voltage at that
selected position with the fault removed, is less than or equal to 80% [61], [62]. As a
result, the insulation cost is cut down by the phase-to-ground voltage level at the
designing stage.

If the ground fault is contributed by only the utility system or both the utility
system and the DG, the overvoltage may be insignificant because of the effective
grounding mode. However, in some cases, the unintentional islanding occurs when a
portion of the distribution system becomes electrically isolated from the remainder of
the system. Under this condition, the isolated system is still energized by the DG.
With the wye winding grounded through a reactance as shown in Figure 2.8, the
overvoltage may be significantly high. Unfortunately, the minimum operating time of
the protection system and the circuit breakers is typically longer than the overvoltage
withstanding capability of utilized devices such as string insulators which are
designed for the effectively grounded system. Although Section 2.3.2 proposes to use
a grounding reactance, here, it must be limited in size. However, as long as the fault
calculation program has been executed, the line-to-ground overvoltage under fault
condition is easily achieved. In most cases, the fault is de-energized and this
overvoltage is temporary. Suppose that the line-to-ground voltage with the fault
removed is 1 p.u. and the maximum acceptable COG is 80%, then the corresponding
temporary overvoltage (TOV) will be 1.39 p.u.

In summary, the DG impacts on the relay reach reduction and the TOV problem
must be considered before a DG is installed in a power system. They will be taken
into account in building up the DG maximization algorithms later.
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4.3 Sensitivity-based Method for Maximizing SBDG

As mentioned earlier, adding SBDG may cause confusion to the relay in operation.
In addition, system operating limits and the TOV limit due to ground faults should be
considered. The following sections will firstly formulate a maximization problem
before constraints of system operating limits, POF, GOF, and TOV are combined to
build up an algorithm. The algorithm increases the SBDG size step by step
(sensitivity-based) until a maximum value of Psgpg is found.

4.3.1 Formulation of Maximization Problem

Objective function:

Max: Psgpg (44)

Subject to:
{Q(PSBDG):O (4.5)
h(Psgpe: Xn ) >0 (4.6)

The equality constraint (4.5) contains power flow equation; whereas the inequality
constraint (4.6) contains system operating limits and the reach reduction of relays.

4.3.2 Constraints of System Operating Limits

Adding SBDG will change power flows in the utility system. It may cause some
distribution lines and the substation transformer to be overloaded or bus voltages to
exceed the limits. Constraints of system operating limits include all equalities and
inequalities from (4.7) to (4.11).

SBDG capacity:
Ssepemin < Ssepc < SseDGmax (4.7)

Power flow equation:

T |J1 J3 T
[aP ... aQ] _Lz JJ[A@ . AM|] (4.8)
Substation capacity:
|Ssub|S Ssub,max (49)

Line capacity:
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<38

S| < (4.10)

mn,max

Bus voltage:
Vimin <Vi < Vimax (4.11)
4.3.3 POF Constraints

In Figure 4.4, the SBDG is increased in size from the minimum value step by step.
In each step, the constraints of system operating limits and POF must be satisfied. If
not, the iteration stops then the maximum SBDG size is determined. To identify
whether the constraints of POF are satisfied, both three-phase and line-to-line faults
are applied sequentially at each bus inside the required protected area. As long as the
utility and SBDG relays can detect all faults, these constraints are satisfied.

System data input, SBDG capacity limits
Increasing step APsgpc

PN

h 4

Set pick-up values

System operating
limits are satisfied?

Yes
| Faulttypes |
le
| Faultatbusi |
POF constraints are satisfied?
Yes
No Next bus
Yes

Next fault type

N
The last fault type?
Yes

Figure 4.4 Algorithm to maximize DG considering POF

Psspc=Psepc*+4Psspc

Regarding Section 4.1, POF constraints are to remain the normal operations of both
utility and SBDG relays in POF:
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Utility relay: utitityrelay Igtigiﬂg'ay (4.12)
SBDG relay: A (4.13)
4.3.4 GOF Constraints

The maximum DG obtained from Figure 4.4 ensures to remain the operation of the
POF. However, the GOF of utility relay may not sense the ground faults inside the
required protected area. As mentioned in Chapter 2, a grounding reactance should be
installed at the SBDG transformer’s neutral point. This impedance plays the part of
parallel impedance with the existing zero-sequence impedance at the SBDG side.
Consequently, the relay at the SBDG side will sense the smaller fault current while
the fault current through the utility relay will be less reduced as well. Generally, this
reactance is expected to be as low as possible for cutting down the investment and
operation cost.

By increasing step by step the grounding reactance, Xy, and applying ground faults
at all buses sequentially inside the required protected area, the first Xy, at which both
the utility and the SBDG relays can sense the fault, is the minimum reactance. Figure
4.5 illustrates the algorithm to determine the minimum grounding reactance. If Xy is
stepped forward from Xymin, the ground fault current through SBDG relay decreases
and may become lower than the pick-up current for the SBDG relay to detect the
fault. Therefore, the reactance is limited by the constraints of the GOF of SBDG
relay. The algorithm for determining Xymax is shown in Figure 4.6.

4.3.5 TOV Constraints

Regarding Section 4.3.4 if Xy is too large, TOV may exceed the limitation of 1.39
p.u. Therefore, the maximum acceptable grounding reactance, Xnmax, Must be
specified. The algorithm for determining Xymax under the islanding condition is similar
to the algorithm in Figure 4.6 but the GOF constraints checking block is replaced by
the TOV checking block given by (4.14) and the number of faulted buses depends on
the section where the islanding occurs. Moreover, Xy in this algorithm starts from
zero instead of Xnmin in Figure 4.6.

TOVi<1.39 p.u. (4.14)
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Figure 4.5 Determination of Xnmin under ground fault conditions

Xnmin; Increasing step 4Xy
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Xn < Xn(upper limit)
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Figure 4.6 Determination of Xymax under ground fault conditions
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4.3.6 Summary of Sensitivity-based Algorithm

The algorithm for determining Psgpemax @long with an acceptable range of Xy can
be summarized in Figure 4.7. At each value of Psgpg, constraints of system operating
limits are checked first. If these constraints are satisfied, the POF and GOF constraints
are analyzed to determine Psgpemax and an acceptable range of Xy. Lastly, Xnmax IS
adjusted lower after the TOV constraint check.

System data input, Minimum SBDG

Constraints from
system operating limits are satisfied?

No End

program
Phase fault analysis — Psgpemax
- |
Ground fault analysis —Xnmin, XNmax Psepemac=
PSBDGmax'A IDSBDG
- No
Can find Xy\? >
Yes
Unintentional islanding analysis, Xymax

<

PSBDG:PSBDGmaXa XNmin SXN SXNmax

Figure 4.7 Algorithm to determine the optimal SBDG size

4.4 Tabu Search for Maximizing DG

The sensitivity-based method is suitable for one variable, i.e., one DG unit. In more
practical situations, this method consumes much time for solving multi-variable
optimization problems, i.e., several DG units. To reduce the running time, the number
of checking points should be cut down. This problem can be resolved by Tabu search
method [63]-[65]. The problem in Section 4.3 is reformed in another objective
function formulation where all DG units are variables and the total size is expected to
be maximized.

4.4.1 Maximization of SBDG Using Tabu Search

The problem in Section 4.3 is reformed as follows.
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4.4.1.1 Optimization Problem Reformulation

Objective function

n
i=1

In (4.15), n is the total number of SBDG units installed in the system. The
objective function in Section 4.3 is the case of n = 1.
Constraints
All constraints can be summarized from Section 4.3 as shown in (4.7)-(4.11) and
(4.16)-(4.18):
- Constraints of system operating limits: (4.7)-(4.11).
- Constraints under fault condition:
Utility relay: Alysitiy = lauttutitity — lpick-up,utitity > O (4.16)
faultutility = f(Psepe, Xn)
SBDG relay: Alsgpe = lfault s8p6) — lpick-up (s8pe) > 0 (4.17)
Itaurt, seoe = 91(Psepe, Xn), lpick-up, seoe = 92(Psepc)
Overvoltage due to ground faults: TOV = h(Psgpg, Xn) < 1.39 p.u. (4.18)
4.4.1.2 Tabu search algorithm

Important aspects including neighborhood generation, moving attributes,
diversification, and stopping criteria of the Tabu search algorithm proposed in [63]-
[65] are analyzed in this section.

a. Neighborhoods definition

It is assumed that each DG is operated at the constant power factor mode. The Spg

is therefore represented by the active power Pps. From a current point Pg,, a
neighborhood Ppeigh can be defined by (4.19).

Preigh = Feur +S.%AP (4.19)

where AP = [APj] is the incremental amount vector of DG size, i = 1...n and the

operator (.*) indicates the product of two elements which have the same position in
two matrices. The vector s = [s;j], which has the same size as AP, must be non-zero to
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adjust P Each element s; has one of three values: -1, 0, and +1. A random generator
is employed to generate all elements of the vector s.

b. Moving attributes

After Npeigh neighborhoods are generated, they are sorted in a descending order
based on their objective function values. Neighborhoods in the new order are named
candidate list. Then, the searching process moves to the top of the list and checks the
constraints at that element. If all constraints are not satisfied, the searching process
moves downward to the next element until it reaches an element that satisfies all
constraints.

In order to prevent the algorithm from going back to the rejected neighborhoods
after moving to the best one, a short-term memory is utilized in the form of the Tabu
list. The list keeps all rejected neighborhoods for a particular iteration number, which
is named Tabu tenure. For instance, if the tenure is set to 10, an element of the Tabu
list is released after 10 consecutive iterations. Once being released, the element is
ready to be selected as a candidate in the next iteration.

The flexibility to choose a good move may be improved by adding an aspiration
criteria function. If a candidate configuration is in the Tabu list but satisfies the
aspiration criterion, its Tabu status can be overridden. In this section, the aspiration
criterion is defined as the best value of the objective function. That means, when a a
vector Ppg is likely to be the best neighborhood of the current point but being realized
as a Tabu element, the objective function value is evaluated for this point. If the
obtained value is less than the current best value, the Ppg is chosen to be a new
solution.

c. Diversification

The searching process is diagnosed with falling in a trap of local optimum if at
least one of the following symptoms occurs.

1. After a specific number of consecutive iterations, e.g. countya=10, the current
optimum has not been updated by a better one. A variable count is increased by 1
whenever a current optimum is not updated. Otherwise, it is reset to zero.

2. There is no feasible candidate to update the current solution. A case for this
symptom to occur is when all generated neighborhoods do not satisfy the constraints
or they are Tabu elements and do not satisfy the aspiration criteria at the same time.
Whenever a diversification is performed, the variable count is reset to zero.
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A diversified moving technique assists the searching process in escaping the trap.
The simplest method is to force the searching direction to move to a neighborhood
that does not follow the chosen moving attributes. For instance, a new point is
generated randomly to become an initial solution. Then, the searching process
continues following the moving attributes in Section (b) until it falls into another trap
of local optimum.

d. Stopping criteria

The searching algorithm stops when the total number of iterations exceeds a
specific value, e.g., itnax=100. The last best solution is assumed to be the global
optimum, i.e. the final solution of the optimization problem. The it,ax setting affects
noticeably on the number of diversifications, hence, the possibility to arrive at the
global optimum. Although a huge iteration number brings higher possibility of
reaching the global optimum, it requires higher computational cost as well. Therefore,
the limit of the iteration number depends on each optimization problem and is usually
selected empirically.

e. Flow chart of the algorithm

Figure 4.8 illustrates a flow chart of the Tabu search algorithm for SBDG
maximization. The algorithm starts with an initial solution that satisfies all constraints
(4.7)-(4.11) and (4.16)-(4.18). The current solution is now set to the initial one and so
is the current best optimum. A set of s is then generated randomly to create Npeign
neighborhoods of the current solution. The candidate list is formed based on the
objective function values (4.15) of those neighborhoods: These values are sorted in a
descending order. The corresponding index is used to order of the neighborhoods to
form the candidate list. Starting from the top element of the candidate list, all
constraints are checked. The first element at which all constraints are satisfied is
selected as the best neighborhood to update the current solution.

The Tabu status and the aspiration criterion are checked before updating the
current solution, which is the best neighborhood. Rejected neighborhoods are then
added into the Tabu list. The objective function value of the current solution f(Xcyr) is
compared to the one of the current best optimum f(xpest) as the following logic.

{ if f(Xcur) > f(Xbest) then
Update the current best solution: Xpest = Xcur;
Reset the consecutive not updating times: count = 0;

else Increase the consecutive not updating times: count = count + 1
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end }
The diversification is then checked as the following logic.

{if count > countyay then

Diversification: x¢,r = random(Ppg);

Reset the consecutive not updating times: count = 0;
else Increase the iteration index: it =it +1
end }

The above process is repeated until it > itnax. The last “current best solution” is
assumed to be the global optimum: Xopt = Xoest.

It can be seen that for each value of vector Ppg = Ppemax in Figure 4.8, there may
be a grounding reactance vector Xy that can assist the vector Ppg in satisfying
constraints. This is because fault currents and TOV are affected by Xy as shown in
(4.16)-(4.18). The question is how much the Xy should be to assist the Ppg. If we
assumed that the small grounding reactance is better for savings such as the
investment and maintenance cost, Xy should be minimized. The Tabu search
algorithm continues to be applied to determine the minimum Xy that can aid the
expected Ppg in satisfying constraints. This algorithm is illustrated in Figure 4.9.
There are two situations as follows.

1. Xy does not exist: This means the expected Ppg is too high. The output of the
block “Satisfy constraints” in Figure 4.8 is “No”. The next point of the
candidate list is thus selected to repeat looking for another Xy.

2. A vector Xy = [Xyi] is found: Xy; is the grounding reactance at the transformer
neutral point of DG;. The output of the block “Satisfy constraints” in Figure
4.81is “Yes”.

The block “Does [Ppg, Xn] satisfy constraints?” is explored in Figure 4.10 where
all constraints of system operating limits, POF, GOF, and TOV are checked. This
process comprises two steps: (1) running load flow for the system operating limits
constraints and (2) calculating fault current for the reach reduction constraint. A
conventional fault calculation program is employed at this step to estimate phase and
residual currents flowing through the utility relay and the SBDG relays, and then, bus
voltages in unintentional islanding. The currents are compared to the respective
overcurrent pick-up values for testing operation of relays; the bus voltages are
compared to 1.39 p.u. to check the TOV limit given by (4.18).
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Figure 4.8 General algorithm for SBDG maximization using Tabu search
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Figure 4.10 Algorithm inside the block “Does [Psgps, Xn] satisfy constraints?”

4.4.1.3 Application to the case of one SBDG

This section is to validate the proposed Tabu search algorithm. It can be seen that
the sensitivity-based algorithm in Section 4.3 is reliable because the searching process
visits all feasible point from the Ssgpgmin t0 the Ssgpemax. The point having the
maximum SBDG is selected as the optimum point so that all constraints are satisfied.
The result obtained by using the sensitivity-based algorithm is the reference to
validate the Tabu search algorithm as follows.

The maximum SBDG achieved from the Tabu search is expected to be the same as
the one from the sensitivity-based algorithm in Section 4.3 in the case of n = 1 (one
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SBDG unit). The expected result here is (Psepcmax: Xnmin) from Section 4. 3. In this
case, s, Psepg, and Xy are scalar.

The Tabu search algorithm have not shown its advantage in one variable
optimization compared to the sensitivity-based one as explained as follows. Assuming
that both algorithm start searching at the same initial solution and the Tabu search
algorithm generate one neighborhood at each iteration, the needed number of searched
points to reach the maximum SBDG is the same for both algorithm. However, whilst
the sensitivity one can stop immediately after reaching the maximum point, the Tabu
search must continue until the ity iterations finishes.

4.4.1.4 Maximization of multiple SBDGs

The effectiveness of the algorithm in Figure 4.8 manifested in this section is about
multiple SBDGs. For instance, in case a system has 2 SBDGs and each DG has N
possible discreted values. The total number of combinations is 2N2. Obviously, the
sensitivity-based algorithm consumes much time to visit all combinations and select
the best one. The Tabu search algorithm does not go though all combinations of DG,
hence reduces the computational cost. This advantage is presented clearer if the
number of variables, i.e. DGs, is higher. However, the case study in Chapter 6
evaluates 2 SBDGs case in order to easier observe and illustrate the searching process.

4.4.2 Maximization of SBDG and IBDG Using Tabu Search

This Section considers the case that the FRT capability is required by the
distribution system operator. As discussed in Chapter 3, Section 3.2, a voltage-based
function is supplemented to the interconnection protection system of the SBDG. The
IBDG in this case remains connected to the utility system during fault calculation and
it operates in a current control mode to meet the requirement of reactive current
support from the distribution system operator as discussed in Chapter 2.

Obijective function

n
Max :Pog = Y Pog ; (4.20)
i1

In (4.20), n is the total number of DG units installed in the system. In case one
SBDG and one IBDG are planned to be installed in the system, n = 2 and (4.20) is
detailed by (4.21).

Max : Pog = Psgpg *+ Pigpc (4.21)
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Constraints

Limits of IBDG size are added into the system operating limits constraints and
given by (4.22).

SigpGmin < Siepc < SiBDG max (4.22)

Due to the FRT requirement, constraints of fault condition are adjusted as in (4.23).

Utility relay:

{Alutility =1 fault,utility — I pick—up,uility >0
(4.23)

Ifault,utility S\ (PSBDG,PIBDG’ XN)

SBDG relay:

Overcurrent function:

Alsgpg = | fauit,s8pc — ! pick-up,sepe >0
| tauit, s8D6 = gl(PSBDG,PIBDG’ XN ) (4.24)

| pick—up,sBDG = 92 (PSBDG )

Overvoltage due to ground faults:

where i is the bus index in the islanding system.
Algorithm

The algorithms in Section 4.4.1 are still applicable here with some adjustments.
Firstly, the constraint of IBDG relay overcurrent function is removed. Secondly, the
TOV constraint is necessary for an islanding system with SBDG and/or IBDG. For an
islanding system with IBDG only, there is no TOV problem because the IBDG is not
a voltage source under fault condition as mentioned in Chapter 3. In addition, the
proposed fault calculation program in Chapter 3 must be used because the IBDG
participates in the faulted utility system.

Generally, the algorithm in Figure 4.8 is applicable to an unbalanced system. The
unbalance requires new power flow and fault calculation algorithms inside the block
“Satisfy constraints”. If an unbalanced system is concerned, for instance, including

one-phase DG, the obtained maximum allowable DG may decrease compared to the
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case of balanced system. One reason is the overburdened line connecting the DG to
the remainder of system. Obviously, auxiliary methodologies are needed for power
flow and fault calculation algorithms to make the algorithm in Figure 4.13 applicable.
Nevertheless, unbalance issue is out of scope of this thesis.

4.5 Summary of Chapter 4

This chapter proposed algorithms to maximize DG installed in a utility system.
There are two techniques including sensitivity-based and Tabu search-based
algorithms. These algorithms took the DG impacts on a utility system into account in
three cases: one SBDG, two SBDGs, and one SBDG one IBDG. These impacts were
accounted as constraints of system operating limits and relay reach. The sensitivity-
based algorithm was proposed to provide a reliable result in case a system with one
SBDG. This result is the reference to confirm the accuracy of the Tabu search-based
algorithm. After validating, the Tabu search-based algorithm was applied to determine
the maximum allowable SBDG and IBDG in case the system with more than one DG.
Chapter 6 will show a case study of the proposed algorithms on the IEEE 34 Node test
Feeder.



CHAPTER YV
VALIDATION OF THE ADAPTIVE FAULT CALCULATION

The adaptive fault calculation in Chapter 3 is validated here. Firstly, the proposed
algorithm is applied to a system without IBDG in Section 5.1. Results are then
compared to those obtained from the conventional fault calculation algorithm.
Secondly, a time-variant simulation is performed in Section 5.2 to validate the
algorithm for another system with IBDG. In this section, Matlab/Simulink tools are
utilized for simulating the tested system.

5.1 Validation by Conventional Fault Calculation

A three-bus system in Chapter 10 of [44] is used to compare the proposed fault
calculation algorithm with the conventional one. Diagram of this system is depicted in
Figure 5.1 where each generator is represented by an emf behind a transient reactance.
The neutral of each generator is grounded through a current-limiting reactor of 0.25/3
per unit on 100 MVA base. The system data expressed in per unit is tabulated in
Table 5.1. The generators are running on no-load at their rated voltage and rated
frequency with their emfs in phase. The fault currents are required to be calculated in
four cases of fault at Bus 3 with the fault impedance Z; = j0.1 p.u.: a three-phase fault,
a SLGF, a line-to-line fault, and a DLGF. However, if voltages obtained from both
methods are identical, line currents will be the same because they are computed by the
same equations from the corresponding voltages. Therefore, the results are shown in
voltages instead of currents. The sequence impedance networks of this system are

illustrated in Figure 5.2.

w A
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Tl T2
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e

3

Figure 5.1 Diagram of the simple system in [44]



74

Table 5.1 System data of the simple system for the validation by the conventional
fault calculation [44]

ltem Base MVA Voltage rating XLpu o Xipu o X% pu
G, 100 20 kv 0.15 0.15 0.05
G, 100 20 kV 0.15 0.15 0.05
T, 100 20/220 kV 0.10 0.10 0.10
T, 100 20/220 kv 0.10 0.10 0.10
Ly 100 220 kv 0.125 0.125 0.30
Lis 100 220 kv 0.15 0.15 0.35
Los 100 220 kV 0.25 0.25 0.7125

j0.25

j0.05  j0.0

(a) Positive-sequence network (b) Negative-sequence network (c) Zero-sequence network
Figure 5.2 Sequence networks of the system in [44]

The conventional algorithm uses the symmetrical components method such that a
faulted system is split into three sequence networks: positive, negative, and zero. Each
network is reduced into a Thevenin’s equivalent circuit as viewed from the faulted
bus. Changes in bus voltages are obtained by applying Thevenin’s theorem. Bus
voltages during the fault are obtained by superposition of the prefault bus voltages
and changes in the bus voltages. The prefault bus voltages may be obtained from the
results of the power flow solution. Here, load and resistance are neglected, thus, the
prefault voltages at all buses are 1 p.u. The calculated bus voltage magnitudes
obtained by using the conventional fault calculation are summarized in Table 5.2.

In order to make the system in Figure 5.1 compatible with the proposed fault
calculation method, the respective positive-sequence impedance diagram under fault
condition is represented as a fashion in Figure 5.3. In this diagram, two terminals of
the voltage sources that represent the two generators are treated as slack buses in a
power flow program. The negative and zero-sequence impedance diagrams are the
same as the representations in the conventional method (Figure 5.2 (b) and (c)). The
value of the equivalent impedance Z. is determined in corresponding to the fault type
as explained in Table 3.1. In the case of a three-phase fault, Z¢, is the same as the fault
impedance; whereas, In the case of an unbalanced fault, Z¢q is the equivalent
impedance of the circuit comprising the Thevenin negative and zero-sequence
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following the sequence network connection at the faulted bus (Bus 3). The sequence

network connection is represented in Figure 5.3.
Slack bus Slack bus
j0.15 j0.15

jo. 10 jO 125 j0.10
Load bus Jl_ _2L Load bus
j0.15 j0.25
Load bus

Equivalent
impedance Zeg

Figure 5.3 Sequence network connection of the system in [44] for applying the
adaptive fault calculation

In the case of a three-phase fault, the bus voltages are obtained directly from
running the proposed algorithm in Figure 3.14. For an unbalanced fault, the positive-
sequence voltages at all buses instead of phase voltages are obtained by the algorithm
in Figure 3.16. Then, the sequence components of current at the faulted bus are
determined as explained in Table 3.2. From the negative and zero-sequence currents
at the faulted bus, the corresponding sequence voltages at all buses are determined by
using (3.17). Lastly, phase voltages are obtained from superposing three sequence
components. Results of the proposed fault calculation program are listed in Table 5.3.

Phase voltages obtained from the proposed fault calculation algorithm in Table 5.3
are very close to voltages obtained from the conventional method [44] in Table 5.2.
Consequently, the currents obtained from both of them are close to each other. As a
result, the proposed fault calculation algorithm is validated by the conventional
method for a system without IBDG. It is also concluded here that the proposed fault
calculation algorithm can replace the conventional one for fault calculation in all
cases.



76

Table 5.2 Bus voltages obtained from the conventional fault calculation method [44]

Bus 1 2 3

Fault Load 0 0 0

types
voltage ! ) g

3F Phase A 0.5938 0.6250 0.3125
Phase A 0.6330.20° 0.7207.2£0° 0.2752.20°

SLGF Phase B 1.0046./-120.45° 0.9757.,/-117.43° 1.0647./-125.56°
Phase C  1.0046./+120.45° 0.9757./+117.43° 1.0647./+125.56°
Phase A 1.0° 1.20° 1.0°

LLF Phase B 0.6720./-138.07° 0.6939./-136.10° 0.5251./-162.21°
Phase C  0.6720/+138.07° 0.6939./+136.10° 0.5251./+162.21°
Phase A 1.0066.20° 0.9638.20° 1.0855.20°

DLGF  PhaseB  0.5088./-135.86° 0.5470./-136.70°  0.1974./+180°
Phase C  0.5088./+135.86° 0.5470./+136.70°  0.1974./+180°
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Table 5.3 Bus voltages obtained from the proposed fault calculation algorithm

Fault . Bus 1 2 3
types a Load 0 0 0
3F  j0.1000 Phase A 0.5938 0.6250 0.3125
Vi 0.8800 0.8892 0.7969
1% 0 0 -j0.9230
V2 -0.1200 -0.1108 -0.2031
SLGF jo.8634  \° -0.1213 —0.0576 -0.3170
Phase A 0.6387.20° 0.7208.£0° 0.2768.£0°
Phase B 1,-120.06°  0.9745/-117.29° 1.0615/-123.11°
Phase C  1£+120.06°  0.9745,+117.29° 1.0615./+123.11°
v 0.7593 0.7778 0.5926
I* 0 0 -j1.8519
V2 0.2407 0.2222 0.4074
LLF  jo.3200 V° 0 0 0
Phase A 1.0° 120° 120°
Phase B 0.6721./-138.07° 0.6939./-136.10° 0.5251./-162.22°
Phase C 0.6721,+138.07° 0.6939./+136.10° 0.5251./+162.22°
Vi 0.6614 0.6874 0.4269
I* 0 0 —j2.6046
V2 0.2523 0.2329 0.4269
DLGF jo.1639  \° 0.0872 0.0414 0.2279
Phase A 120° 0.9617.20° 1.0817.2£0°
Phase B 0.5120,/-136.22° 0.5747/-136.77°  0.1990./+180°
Phase C 0.5120,/+136.22° 0.5747£+136.77°  0.1990.+180°

5.2 Validation by Matlab/Simulink Simulation

In this section, a simulation in Matlab/Simulink environment is applied to show the
changes of fault currents due to the interconnection of IBDG with a simple system
depicted in Figure 5.4. Then, the algorithm proposed in Chapter 3 is utilized to
determine the fault current. Results from this application will be compared with the
time-variant results from the Simulink simulation in two cases: the inverter current
does not reach the limit (lres) and reaches the limit causing the IBDG to be switched
to the current source mode. The simple system has one IBDG connected to Bus 4,
which is a low voltage bus of a step up transformer. The details of this system are as

follows.
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System parameters:

— Grid: Vi=6 kV, Zsc,grid =0Q, Zline1= 0.72 + j2.7 Q, Ziine2 = 0.5%XZjine1, Pload
+ jQloaa = 1 +j0.5 MVA

— Transformer: 0.80 MVA, 6kV/380V, Yn/D11, R = 0.002 p.u, X = 0.08 p.u
(in transformer rating).

— IBDG: Syom=0.55 MVA, Pt = 0.5 MW, Qret = 0 MVAT, lthres = 1.5 p.u,,
linvsat = 1 p.u., (in IBDG rating), C; = 900 pF, L = 0.85 mH, f, = 5 Hz,
Ki=2000, K, = 6000.

~ : 6 kV
Ilnv A Prif:JQref | % | Line 1 |
_ ~ 2
= (IBDG L 4| 380V/6kV/ 1| e
IBDG current) 1 system

—_ Line 2

= 33— .
= I PIoad"'JQIoad

A

Figure 5.4 Simple system with an IBDG
5.2.1 Results from Matlab/Simulink Simulation

The Simulink is employed to simulate the system in Figure 5.4. The simulated
model contains three blocks: power system, control system, and measurement blocks.
Details of the model are in Appendix B.

5.2.1.1 Power system model in Simulink

The IBDG has a control system in a similar structure to the selected one in Chapter
3. Four main elements inside the Simulink model are line, transformer, transmission
system, and load. They are represented as follows.

A line is simply represented by an impedance. This impedance is simulated by a
resistor in series with a reactor. Their parameters are in Ohm and Henry, respectively.
In order to convert the reactance X of the reactor into the corresponding inductance L,
the power frequency f=50 Hz should be used. Therefore, lines 1 and 2 are simulated
by (Rlinel =0.72 Q; Liines = 8.66-3 H) and (R”neg =0.36 Q;: Lijine2 = 4.3e-3 H)

The transformer in this power system is a two winding transformer. The low
voltage winding is connected in delta and the high voltage one is connected in
grounded-wye. The YnD11 connection indicates that the voltage at the delta winding
leads the respective one at the wye winding by 30 degrees. The parameters in
transformer rating of each winding is R=0.001 p.u. and L=0.004 p.u. The selected
connection can mitigate the effect of the voltage drop, which is caused by a SLGF on
the high voltage side, on the operation of the IBDG as illustrated later on.

The transmission system is assumed to be infinitive. This means, the short-circuit
impedance of the system is Zsgria = 0 Q. In another word, voltage at Bus 1 is
remained 1.20° p.u. during both normal operation and fault condition.

Load is represented by a constant impedance to reflect the change of load power
following the change of voltage. The voltage used to convert the constant power



79

model into constant impedance is generally the nominal voltage. However, the
voltage obtained from a power flow program under prefault condition can model the
load with higher accuracy than using the nominal voltage.

5.2.1.2 Prefault condition

Voltages at Buses 2, 3, and 4 are obtained from a power flow program for prefault
condition. Load under this condition is modeled as a constant power of 1+j0.5 MVA.
Results in phase-phase rms value are as follows.

— BUS 2: Vapre = 5.65.2-1.64° kV
— Bus 3: Vape = 5.46.£-3.82° kV
—  Bus 4: Vape = 357.9631.59° V

Voltage at load bus 3 is 5.46./-3.815° kVrms. The respective load impedance is
23.8493+j11.9246 Q. Thus, it is represented in Simulink by a circuit comprising a
resistor Rjoad = 23.8493 Q in series with an inductor Ljoag = 0.038 H.

5.2.1.3 SLGF-under limit case
Attimet=2s, a SLGF occurs at Bus 3 through a ground impedance Z; = 0.2 Q.

Figure 5.5 illustrates faults current at the fault point before and after installing the
IBDG at Bus 4. It can be seen that the fault currents at the faulted bus (Bus 3) are
higher after installing IBDG, i.e. 1,266 A compared to 1,145 A. The increase is 121 A
or 10.57%. The peak values of fault currents after installing IBDG are 1,755 A
occurring in the first cycle from the fault instant. Currents become stable very fast
after that moment.

2000

: X
1,266 A 5
S

g | i S S e

1000

al
o
o

Fault current (A)
o

00 ENRUN S I SN U 6 R G, O N 0 1 A W

-1000

-1500

]
2.15 2.2
---------- After installing IBDG

Figure 5.5 Fault current changes due to IBDG’s installation - SLGF with Z; = 0.2 Q

During this unbalanced fault period, currents contributed by the IBDG are still
almost symmetrical. The the peak phase value after the fault is 1,480 A rising from
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1,140 A at the prefault instant (29.82% increase) as shown in Figure 5.6. This is
because the IBDG responds only the positive-sequence component and generates the
respective symmetrical current.

In Figure 5.7, voltage at phase A on the high voltage side is 2 kV, meaning that the
drop is 59.16 % of the nominal voltage. Due to the effect of the YnD11, voltages at
phases A and C drop instead of phase A. The drop is 35.54%, i.e lower than that on
the high voltage side. Therefore, the reference current has not reached the limit lyes =
1,772.66 A (peak value). Consequently, the power output is still maintained at 0.5
MW during the fault as shown in Figure 5.8.

2000 19,8206 s = |
1500 [~ A A ANARNARARAANERAANAER

1000 g
500 -
0
-500
-1000 A AREA A A EA LR AN ST
4800 | oY FVVIVVRAVVRVURVY

-2000 i ‘ ! ‘
2 2.05 2.1 2.15 2.2
Fault i@: Time (s)
= = = = Phase A Phase B —— Phase C
Figure 5.6 Currents from IBDG during a SLGF with Zs=0.2 Q

IBDG current (A)
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@ S EAE REIRAGLE AELEE REVE AhE ASVECASIE AflE
o 10004 §EHYF IS pFE PRIV E YR LEY 1AL
] H E H 5 -~ = x| - >z ] F = 5
= -200fft-£- 3 W) Pl A el S ) R D) WAL
> goolU¥V_ VMV MY LWV VoM A
> 2.05 21 2.15 22
Fault instant Time (s)
» = = = Phase A Phase B — Phase C

Figure 5.7 Voltages on two sides of the transformer during a SLGF with Z;=0.2 Q
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Figure 5.8 IBDG power output based on positive-sequence components during a
SLGF with Z¢= 0.2 Q

Table 5.4 summarizes results of voltages and currents obtained from Simulink
simulation of the SLGF case so as to easily compare with those from the proposed
fault calculation algorithm which will be used later.

Table 5.4 Peak voltages and currents obtained from Simulink-SLGF case

Bus 2 Bus 3 Bus 4
Pos.-seq. voltages 3,555./-0.85° 2,865./-4.18° 225./34.50°
Phase A 1,869.,-3° 254/-70° 206.,52°
IBDG current Fault current
Pos.-seq. currents 1,474.6./36.52° -
Phase A 1,474.6./36.52° 1,266.2-70°

5.2.1.4 Double line-to-ground fault-over limit case

In the case of a DLGF (phases B and C) through Z; = 0.2 Q, a big dip at phases B
and C of the IBDG terminal voltage (Bus 4) occurs. The drop of voltage causes the
reference current to increase until it reaches the limit lyes = 1,772.66 A (peak value)
and passes the limit at time t = 2.06 s. The IBDG is switched to the current source
mode causing the IBDG current becomes constant immediately after that with the
value of linsat = 1,181.77 A (peak value) as shown in Figure 5.9. The phase of the
IBDG current lags the phase of the positive-sequence component of the IBDG
terminal voltage by 90°. This lagging phase satisfies the FRT requirement as
discussed in Chapters 2 and 3.

Similarly to the SLGF case, the voltage characteristics at Buses 4 and 2 are not in
the same waveform as illustrated in Figure 5.10 because of the transformer connection



82

of YnD11. Both voltages at phases B and C at Bus 2 that is on the high voltage side of
the transformer decrease due to the fault. At Bus 4, which is on the low voltage side
of the transformer, the voltage dip at Phase B is bigger than that at phases A and C
whose voltages are almost the same as 225 V. Thus, the phase shift caused by the
transformer connection should be taken into consideration at the stage of forming the
bus admittance matrix for running the proposed algorithm.

The fault currents at the faulted bus in this case are shown in Figure 5.10 where the
peak value of the current at Phase B and C are 1,311.25 and 1,228.25 A, respectively.
Because the IBDG is controlled in current mode, the power output is no longer
maintained the predefined value of 0.5 MW as shown in Figure 5.11. In addition, the
90° phase lagging of the IBDG current causes the active power output to become zero
and the reactive one to increase to 0.34 MVAr.

2000
1500

< 1000
500 |-
0
-500
-1000
-1500
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= = = = Phase A Phase B —— Phase C
Figure 5.9 Currents from IBDG duringa DLGF Z; =0.2 Q
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Figure 5.10 Voltages at Buses 2 and 4 during a DLGF Z; = 0.2 Q
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Figure 5.12 IBDG power output based on positive-sequence components during a
DLGF with Z;=0.2 Q

Table 5.5 summarizes results of voltages and currents obtained from the Simulink
simulation of the DLGF case so as to easily compare with those from the proposed
fault calculation algorithm which will be used later.

Table 5.5 Peak voltages and currents obtained from Simulink-DLGF case

Pos.-seq. voltages
Phase A

Phase B

Pos.-seq. currents
Phase A

Phase B

Bus 2 Bus 3 Bus 4
2,6382-3.88° 1,414.,-9.4° 185./25.93°
4,266./-3.88° 4119.3,-593°  216.9,11.4°

1,672£-131.6°

282.57,108.1° 125.19.-91.5°

IBDG current

Fault current

1,777.6.2-64.24°
1,777.6.2-64.24°

1,777.6.2-64.24°

0

1,308.,162°

5.2.2 Results from the Proposed Fault Calculation Algorithm

In order to determine the equivalent impedance Z¢q for running the proposed
algorithm, the system in Figure 5.4 is represented in the fashions of negative and zero-
sequence networks as in Figure 5.13. For easily comparing with the results from the
simulation in Section 5.2.1, the load is also modeled as a constant impedance with
respect to the prefault voltage obtained from a power flow program.
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Figure 5.13 Sequence networks of the simple system with the installation of an IBDG

It is assumed that all sequence impedances are identical for each system
component as the following calculation. All values are expressed in per unit with:
baseMVA = 1 MVA, base voltage on the high voltage side: basekV = 6 kV; base
voltage on the low voltage side: baseV = 380 V.

Zhasekv=basekV?/baseMVA=6%/1=36 Q)
Zbasev=baseV’/baseMVA=0.380%/1=0.1444 O
lbassv=baseMVAx10%/(\3xbasekV) = 1x10%/(\3x6) = 96.225 A
Z%ine1= ZYiner= Zjiner= (0.7200 + 2.7000i)/36 = 0.0200 + j0.0750 p.u.
Z%ine2= ZYine2= Z%iine2= (0.3600 + 1.3500i) = 0.0100 + j0.0375 p.u.
ZC%ans= Z trans= Z%trans= (0.002 + j0.08)x1/0.8 = 0.0025 + jO.1 p.u.

Run power flow with S3=1+j0.5 — V5= 0.910/ -3.815° p.u.

Z°%0a6= ZY10ad= Z210a0= [V3|4/S 10ag = 0.6625 + j0.3312 p.u.

Zci= [ C) 1 Zpasev = [ 1/(21x50x900x107%)]/0.1444 = —j24.4929 p.u.
linvsat =S nom/(V3xV " 18p6)= 0.55x10%/(V3%380) = 835.64 A (rms value).
lthres = 1.5linvsat = 1,253.49 A (rms value).

The equivalent negative and zero-sequence impedances of the system viewed from
Bus 3 are (0.0376 +j0.0979) p.u. and (0.0219 + j0.0739) p.u., respectively. According
to the sequence network connection in Figure 3.20, these two impedances and three
times of the fault impedance (3Zs) can be replaced by an equivalent impedance Zeq =
0.0761 + j0.1718 p.u for the SLGF case and Z¢q = 0.0194 + j0.0423 p.u for the DLGF
case. The equivalent impedance is connected to the faulted bus (Bus 3) in the
positive-sequence network as illustrated in Figure 5.14 for applying the proposed fault
calculation algorithm.
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Figure 5.14 Modified sequence network connection during fault of the test system
with IBDG

In both cases of fault, the connection of YnD11 is taken into account by a complex
tap setting value a = e for the positive-sequence component and a = &/ for the
negative-sequence component. The tap setting indicates that the positive-sequence
component of delta voltage leads the positive-sequence component of Y voltage by 30
degrees; whereas, the negative-sequence component of delta voltage lags the one of Y
voltage by 30 degrees. These tap setting values are inputted in the data to formulate
the bus admittance matrix Yy,s of the modified sequence network connection in Figure
5.14.

In the case of the SLGF, the reference current from IBDG (through the filter
inductance) does not reach the limit lgres. The power output is maintained at the
reference value of 0.5 MW. Thus, the IBDG current can be estimated from the
positive-sequence voltage at Bus 4 by using (3.5).

During the DLGF, the IBDG is switched to the current source mode with linysat =
835.64 A rms (or 1,181.77 A peak value) at the second iteration. The algorithm
restarts and updates C; to the bus admittance matrix Yyus. The solution is reached after
new 7 iterations. After the algorithm converges, the phase of lin sar automatically lags
the positive-sequence voltage at Bus 4 by 90 degrees. The power output during this
fault case is no longer maintained at 0.5 MW.

Currents at the faulted bus (Bus 3) are computed from the positive-sequence
voltage at Bus 3 according to Table 3.2. Peak values of fault current I in Ampere are
obtained by multiplying the corresponding per unit value by the base value of
96.225V2 A.

Summary of results from fault calculation for SLGF and DLGF are in Tables 5.6
and 5.7, respectively. Comparing the results from the simulation in Section 5.2.1 and
the proposed fault calculation algorithm in Section 5.2.2, fault currents, bus voltages,
and currents contributed from IBDG obtained by using the proposed algorithm listed
in Tables 5.6-5.7 and the respective results from the Simulink simulation listed in
Tables 5.4-5.5 are in close proximity. The proposed fault calculation algorithm is
therefore used for all calculations hereinafter.
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In Table 5.6:
s> V rad

oy =7 e o g 4y QI2BTL0006 _ o616, jo.4171p.0
Vipos —iXc 0.7237.2-0.6046" —24.4929

12

— 1. =(0.5516+ j0.4171) % :1,485.9437.10 A
inv = ( j ) 38085

Vapos _ 0.5845.2-0.0721
Zo, 0.0761 +j0.1718

|2 =423,-70.2264° A

=1.0523 - j2.9271 p.u.

o
I
il
I
o
I

S12=1t
The negative-sequence impedance between Buses 3 and 4 is:
7%3,=0.0543+j0.0440, p.u.

Negative-sequence voltage at Bus 4: V%4=0-1%-Z3,=-0.1859+j0.1128 p.u.
Other sequence voltages at Bus 4: \V%=0 p.u., V14=0.7237.£0.6046™ p.u.

Therefore, phase A of the voltage at Bus 4 is V44=0.6652.20.9076 p.u.

In Table 5.7:

The IBDG is switched to the current source linsat With the phase specified by the
phase of the positive-sequence voltage at Bus 4.

liny = Vinvsat Z (&) apos =71 2) = 835.64\/54(25.98940 —900) =1181.77£-64.0106° A
Sequence components of the fault current are determined according to Table 3.2.
~Vips  —0.2886.-0.1640

. —-1.0792+j3.2893=3.4618./1.8878™ p.u.
2%,+3Z : 2
BT 00219+ ]0.0739+3x

0
Ir

Vipos  0.2886./ —0.1640

. =1.6322-j5.9852 = 6.2038./ ~1.3046"™ p.u.
Zo,  0.0194+0.0423

1
I

€q

—V3p0s  —0.2886.2—0.1640

pos _ : =-0.5541 + 2.6953i = 2.7516./1.7735™ p.u.
72 0.0376+j0.0979

2
Ir

Negative-sequence voltage at Bus 4: V%4=0-1%Z3,= 0.1486 - j0.1221 p.u.



Table 5.6 Results from the program using the proposed algorithm —SLGF case

Voltages Bus 2 Bus 3 Bus 4
p.u.  0.7253/-0.0144"  0.5845.-0.0721"™¢  0.7237.£0.6046"™
Pos.-seq. component, 24,5415 /34,641
Vpeak 3,553.2/-0.8251°  2,863.5./-4.1310° ' o
0 Current source at Bus 4:
No
p.uU. 0.3814./-0.0506™  0.0518./-1.2265™  0.6652.20.9076"™
Phase A 253.7671/
0 . N 0
Vpeak 1,868.5./-2.8992 AN 206.379./52.0003
Fault current
Current IBDG current
IOF IlF IZF
Seq. comp. A peak 1,485.9.,37.1° 423./-70.2264° 423./-70.2264° 423./-70.2264°
Phase current A peak 1,485.9.,37.1° 1,269./-70.2°
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Table 5.7 Results from the program using the proposed algorithm -DLGF case

Voltages Bus 2 Bus 3 Bus 4
p.u. 0.5384./-0.0673™ 0.2886./-0.1640™ 0.5958./0.4536"
Pos.-seq. component,
V peak 2,637.6./-3.856° 1,413.8./-9.3965° 184.8581./25.9894°
rad rad rad
ohace A p.u. 0.8704./-0.0652" 0.8406./-0.1031"™ 0.6982.70.2004" Current source at
V peak 4,264.3/-3.7° 4,117.9/5.9° 216.6162./11.4831° Bus 4: Yes
p.u. 0.3416./-2.2939™¢ 0.0577./1.8882" 0.4047 /-1.5961™
Phase B
V peak 1,673.7£-131.4° 282.6.,108.2° 125.5671./-91.4514°
Fault current
Current IBDG current
I I 1%
p.u. - 3.4618.,1.8878™ 6.2038.2-1.3046™ 2.7516.£1.7735™
Seg. comp.
Apeak  1,181.77£-64.0106°  471.0911,108.1834°  844.2299.,-74.7622°  2.7516.£1.7735™
p.u. - 0
Phase A
Apeak  1,181.77./-64.0106° 0
Phase B p.u. - 9.6286.,2.8203™
Apeak  1,181.77./-64.0106° 1,310.3/161.6°
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5.3 Summary of Chapter 5

This chapter has validated the proposed fault calculation algorithm successfully by
the comparisons with the conventional algorithm for a system without IBDG and the
time-variant simulation for a simple system with IBDG. Results obtained from the
proposed algorithm and those from the reference are close in proximity. The
algorithm is convenient for calculating fault currents with all fault types. Calculated
fault currents can be used to set parameters of protective devices and to check their
protection capability. Chapter 6 utilizes this fault calculation algorithm under an
optimization algorithm umbrella.



CHAPTER VI
APPLICATIONS OF THE DG MAXIMIZATION ALGORITHM

This chapter applies algorithms in Chapter 4 on a real distribution system to show
their effectiveness. A power distribution circuit, or feeder, is typically supplied
through a single circuit breaker or recloser located at the supplying substation. It is
divided into some zones by other line reclosers, automatic sectionalizing devices, and
fuses that operate after counting current interruptions within a predefined time period.
Along the main feeder, there are some load taps off the main distribution line, called
laterals. These laterals are usually protected by line reclosers or fuses at the point
where they tap off the main feeder. The IEEE 34 Node Test feeder, which is an actual
feeder located in Arizona, USA, is employed in this chapter. This system is
characterized originally by a long feeder with unbalanced loads including both spot
and distributed loads. Besides, there are two in-line regulators required to maintain
good voltage profile as well as some shunt capacitors [50]. However, for simply
applying the proposed algorithm, the test feeder is simplified as explained in
Appendix C. In this chapter, a balance system with spot loads is considered.

6.1 Impacts of SBDG and IBDG on the Utility Relay Reach Reduction

As discussed in Chapter 2, adding DG causes fault currents to be changed. Hence,
the operation of protection system may be affected. This section uses the IEEE 34
Node Test Feeder to illustrate how the fault currents are changed and the protection
system is affected. An SBDG is assumed to be connected to Bus 15 and an IBDG is
connected to Bus 32 via grounded wye-delta transformers as shown in Figure 6.1.
Parameters of these DGs are listed as follows.

SBDG parameters

The transient reactance and the zero-sequence reactance are assumed in machine
rating:

- Nominal voltage: 480 V

- Transient reactance: Xiranssepg = 0.2 p.u.

- Zero-sequence reactance: Xosgpc = 0.05 p.u.
- Power factor: pf = 0.9.

IBDG parameters

- The reference power output is Pt = 0.75 MW, Qret = 0 MVA.
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Figure 6.1 IEEE 34 Node Test Feeder with one SBDG and one IBDG

- Current contributed by the IBDG is limited at lines = 1.5 p.u. (in IBDG rating).

- The the overcurrent is estimated, the IBDG contributed a saturated current at
linvsat = 1.5 p.u. (in IBDG rating).

- Parameters of the output filter are C¢= 900 uF and Ly = 0.85mH. The filter cut-
off frequency is f. = 5 Hz.

6.1.1 Protection System Settings

A utility relay is placed at the starting point of the feeder (Bus 1). The relay
includes the overcurrent function whose inverse time phase/ground overcurrent
functions (51/51N) are set to be the main protection. The required protected area for
utility relay covers Buses 2, 5, 12, 14, 15, 18, 24, 29, 32, and 34, which are the
outermost buses. In order to protect the interconnection transformer and the SBDG,
another overcurrent relay is located at the PCC. It is assumed that the IBDG and its
related facilities are protected by electronic-based devices. Thus, the protection is not
concerned here.

Phase overcurrent function settings

The pick-up current for the POF is set so that the relay can distinguish the
difference between fault current and maximum load current to operate correctly. The
simplest method is to set the pick-up current to be larger than the maximum load
current by an acceptable factor. The setting here used the factor K = 2.3 as
recommended by IEEE standard [67].

— For utility relay: the maximum load current is 0.81 p.u. (from the load flow
program before adding the SBDG). Therefore, the utility relay pick-up
current is 2.3x0.81=1.86 p.u.
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— For the SBDG relay: the maximum load current is based on the maximum
power generated by the SBDG (Psgpg) and its power factor (p.f.) with the
terminal voltage is 1 p.u. Thus, the relay pick-up current can be set by (6.1).

|phase_pick-up(SBDG):2.3xPSBDglpf (61)

Ground overcurrent function settings

The pick-up current for the GOF is set to be 0.35 times of the POF pick-up current
[67].

— For the utility relay: lground_pick-up(utility) = 0.35x1.86 = 0.65 p.u.
— For the SBDG relay:

6.1.2 Fault Currents and the Operation of Protection System

Assuming the size of SBDG connected to Bus 15 is Pmax = 1.2 MW. Table 6.1
records the fault currents including both phase current (Iphase) and residual current
(Ires) flowing through the utility relay when a SLGF occurs with a fault impedance Z;
= 20 Q in the required protected area. The operation of the utility relay is easily
performed using the ratio of fault current to the pick-up current (or the relay
sensitivity). In this calculation, the wye winding neutral point of the interconnection
transformer is grounded solidly to the earth (grounding reactance is zero).

Before adding the SBDG, the utility relay can detect the fault occurring inside the
required protected area defined by the set of Buses {2, 5, 12, 14, 15, 18, 24, 29, 32,
34}. When the single line to ground fault occurs at one of the buses {24, 29, 32, 34},
neither POF nor GOF of utility relay can sense the fault. This is because the
installation of the SBDG and the interconnection transformer created new flowing
paths for fault currents. As a result, sensitivities of utility relay reduce to be less than
1, causing the fault to be undetected.

During the transient period, which usually lasts from 0.5 to 2 seconds after the fault
instant, an SBDG can be modeled as a voltage source connected in series with an
impedance. This impedance represents the transient reactance of the SBDG. At a
larger size of the SBDG, the respective transient reactance is smaller and vice versa.
Therefore, the fault current from the SBDG is higher if its size is larger, causing
current flowing through the utility relay to be smaller. Installation of a large SBDG
causes significant reduction in the reach of the utility relay as illustrated in Figure.
6.2.



Table 6.1 Fault current changes and the operation of the protection system

Faulted bus
Case Function
2 5 12 14 15 18 24 29 32 34
lnase: PU. 875 584 276 361 367 282 260 247 248 242
Without SBDG, Il pu. 811 501 180 256 261 179 146 135 135 131
Pick-up values:
orclg6py,  Dwelbeor 471 314 148 194 197 152 140 133 133 130
lbeor=065p.U. e 1248 771 277 393 401 275 225 208 208 201
Detection Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
lnese: PU. 756 485 169 276 287 172 146 135 135 131
With SBDG, les pU. 773 455 094 136 139 076 057 052 052 050
Pick-up values:
wor=186py,  efleor 407 261 091 149 154 093 078 073 073 071
lpeor=0.65pU. | n e 1189 700 145 209 213 116 088 080 080 0.77
Detection Yes Yes Yes Yes Yes Yes No No No No

¥6
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In Figure 6.2, the reductions of both phase and residual currents from Bus 1 to Bus
2, which are also the fault currents through the utility relay, increase when the SBDG
increases from 0 MW (system without SBDG) to 2 MW in size. It can be seen that
when the SBDG exceeds 0.6 MW, the POF cannot detect the fault but the utility relay
still senses the fault with the GOF. When the SBDG exceeds 1.5 MW, both of the two
functions cannot sense the fault and the feeder is no longer protected successfully.
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|
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SBDG size, MW

Figure 6.2 Utility relay current changes due to a SLGF at Bus 29

The utility relay reach reduction is manifested through consequently testing a
SLGF from Bus 1 to Bus 34 as shown in Figure 6.3. The utility relay can protect the
whole feeder before installing the SBDG except Buses 21 and 22. These two buses
are covered by the protective devices at the XFM-1 substation. After installing a 2
MW SBDG, the protection zone is reduced from Bus 34 to Bus 20 as in Figure 6.4. At
Bus 34, both phase and residual currents through the utility relay are lower than the
respective overcurrent pick-up values, causing the relay to be blind to the fault. This
illustration is the evidence for the necessity of the consideration of the utility reach
reduction as a constraint in maximizing the SBDG size later on.
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Figure 6.4 Utility relay reach after installing SBDG = 2MW (SLGF case)
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As discussed in Chapter 2, the IBDG installation also presents impact on the
reduction of utility relay reach even that the change is small. For instance, when a
three-phase fault is assumed to occur at Bus 29 through the impedance of 20 Q, Table
6.2 shows the reduction of the fault current through the utility relay in percent of that
fault current before installing IBDG. The IBDG is assumed to operate at the
maximum active power output and unity power factor mode before the fault. It can be
seen that the larger the IBDG is, the higher the reduction becomes in this case.
Although the highest reduction in this fault case is quite small, it still has an effect on
the total maximum DG which is determined by the reach reduction constraint.

Impacts of IBDG installation on the reach of the utility relay is prominent if the
GOF is considered. This is because the IBDG installation requires an interconnection
transformer. In the case of the delta-grounded-wye winding transformer, a new path
for the zero-sequence current to flow is created. The larger IBDG size means a
smaller impedance in per unit of the system base. Thus, the zero-sequence current
flowing through the utility relay tend to decrease if a larger IBDG is installed.
Although the reduction in case of three-phase fault is small, a SLGF case can
illustrate larger reduction in the residual current flowing through the utility relay as
shown in Table 6.2.

Table 6.2 Reduction of fault current through the utility relay due to the IBDG’s

installation
Fault case Items Without IBDG With IBDG

IBDG size, MW - 0.5 1.0 15 2.0
U“"tytre'ay 2.01 200 289 288 288

3F at Bus 29 current, p.u.
Reduction, % - 034 069 1.03 1.03

Utility relay
SLGF at Bus current, p.u, 1.67 1.14 0.85 0.68 0.57
29 Reduction, % - 31.74 49.10 59.28 65.87

6.2 SBDG Maximization

This section proposes a method to determine the maximum DG added to Bus 15
along with a grounding reactance at the wye winding’s neutral point of the
interconnection transformer subject to maintaining the relay sensitivity greater than 1.
The sensitivity-based algorithm is firstly applied to show the validity of the concept.
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Then, the Tabu search algorithm is used to illustrate its advantages in the multi-
variable optimization.

6.2.1 SBDG Maximization Using the Sensitivity-based Algorithm

The method presented in Chapter 4 is applied here. Constraints from the system
operating limits are added into the POF constraints. The analysis here follows the
order of appearance discussed in Chapter 4.

6.2.1.1 Phase Overcurrent Function (POF) Analysis
Constraints of system operating limits

The SBDG capacity is limited to the range of 0 to 2.5 MVA and the SBDG is
modeled as a constant PQ source in load flow program with a constant power factor
of 0.9. The substation transformer capacity is 2.5 MVA and the line capacity is 2
MVA throughout the test system. Bus voltages are limited from 0.95 p.u. to 1.05 p.u.

POF constraints

The fault impedance is 20 Q. Pick-up currents for the utility and SBDG relays are
the same as those computed in Section 6.1. For illustration, a three-phase fault at Bus
29 is used.

Figure 6.5 illustrates the changes of phase currents through the utility breaker (Line
1-2 in Figure 6.1) and the SBDG breaker at the PCC (Bus 15). It can be seen that the
fault current through the utility relay decreases while the fault current through the
SBDG relay increases. From this figure, when the SBDG size reaches 1.2 MW, the
fault current flowing through the utility breaker is lower than the pick-up value, or the
protection is lost. Thus, to remain the reach of utility relay for three-phase fault at Bus
29, the SBDG size must be less than 1.2 MW, i.e. Psgpgmax=1.1 MW if 4Psgpc=0.1
MW.
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Figure 6.5 Phase current changes

After both the three-phase and line-to-line faults are applied to all buses
sequentially inside the required protection area, the SBDG size of 1.1 MW is the
maximum value that can be installed at Bus 15 subject to maintaining the POF
function of the utility relay.

6.2.1.2 Ground Overcurrent Function (GOF) Analysis

The maximum SBDG from the POF analysis is used to obtain Xy as the flow chart
depicted in Figure 4.6. Firstly, the value of Xy is increased with the incremental
amount AXy = 0.1 Q. The first value of Xy at which the residual current through the
utility breaker is greater than the ground overcurrent pick-up value of utility relay
(0.65 p.u. as computed in Section 6.1) is accepted as Xnmin. Secondly, Figure 4.7 is
applied to obtain Xymax.

Figure 6.6 illustrates the changes of residual currents, which are used to compare
with the GOF pick-up values, through the utility and SBDG relays versus the
reactance grounding when a single line to ground fault occurs at Bus 29. According to
this figure, the residual current at the utility breaker is less than the pick-up current
until Xy reaches a value of 1.5 Q; whereas, the residual current at the SBDG side
decreases following the increase of Xy. After Xy reaches the value of 105 Q, the
residual current becomes lower than the GOF pick-up value of the SBDG relay.
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Figure 6.7 illustrates the changes of phase currents in this case and shows that
when a single line to ground fault occurs at Bus 29, the POF of utility relay cannot
detect the fault because lphase/lppor < 1. For the SBDG relay, although the GOF
cannot detect the fault when Xy is greater than 105 Q (Figure 6.6), it still senses the
fault with the POF as in Figure 6.7. Thus, for a SLGF at Bus 29, the grounding
reactance must be greater than 1.5 Q and smaller than the designed limit of the reactor
that is 150 Q.

When both the single and DLGFs are applied to all buses sequentially inside the
required protection area, in correspondence to the 1.1 MW SBDG, Xy must be in a
range of 2 to 150 Q.

6.2.1.3 Temporary Overvoltage (TOV) Analysis Under Islanding Condition

As discussed in Chapter 4, the inequality (4.16) is checked with the ground faults
under the unintentional islanding condition. Simulation results show that the TOV
depends much on the zero-sequence impedance viewed from the faulted bus
(Thevenin impedance). As a result, not only Xy but also the equivalent load
impedance can affect the TOV. Under the light load condition, the islanding system
has a higher TOV than the one in system under the full load condition as shown in
Figure 6.8, which illustrates the unfaulted phase voltage at Bus 15 when a single line
to ground fault occurs at this bus.

1.8 : '
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16 Effective grounding limit 50% load conditigg____
15
14

1.3

Phase voltages (p.u.)

1.2

1.1

1

0.9

0 74 50 86 100 150

Xn (Q

Figure 6.8 TOV under different load conditions
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Due to the effective grounding limit, voltage of the unfaulted phase should not be
greater than 1.39 p.u. If the full load condition is taken for limiting Xy, 86 Q is the
maximum reactance that ensures the effectively grounded condition for the system
under the unintentional islanding condition.

As a summary after using the sensitivity-based algorithm, the maximum SBDG
size that can be installed in the system at Bus 15 is 1.1 MW. A grounding reactance
having the value ranging from 2 to 86 Q should be used to mitigate the operation of
the protective devices.

6.2.2 SBDG Maximization Using the Tabu Search Algorithm
6.2.2.1 Verification of the Tabu Search Algorithm

The initial point (starting point) is assumed to be the minimum value of SBDG
active power (0.1 MW). From the starting point, the Tabu search algorithm generates
its neighborhoods and selects the best one based on the objective function value. The
selected neighborhood then turns to be a new starting point in the next iteration. The
searching process stops when there are no better neighborhoods. That is, one local
optimum point may be found. In order to reinforce the possibility of reaching the
global optimum, a diversification technique is applied. For instance, the iteration goes
back to the initial point to form a new searching path. It may go to another local
optimum point. The program stops after a certain number of iterations. For the
discussing problem, after the first five iterations, the maximum point of 1.1 MW is
achieved as illustrated in Figure 6.9. Then, the searching process is diversified. After
another process of five iterations, the point of 1.1 MW is still found and the algorithm
stops. The best maximum point is accepted as 1.1 MW. With this value, another Tabu
search as mentioned in Section 4.4 is applied to minimize Xy. The result is 2 Q and
this value is the same as Xymin Obtained from the sensitivity-based algorithm
introduced in Section 6.2.1.

On the other hand, the sensitivity-based method moved from the initial point (0.1
MW) to the final result (1.1 MW) discretely with an increasing step of 0.1 MW. At
each SBDG level, the grounding reactance was changed from zero to Xnmax (Figures
4.6 and 4.7) for checking. If Xymax and the upper design limit of the grounding
reactance are identical, the calculation time may be longer.
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Figure 6.9 Moving process in the 1* five iterations of Tabu search

It can be summarized that although the sensitivity-based method and the Tabu
search method give the same result from the same initial point, the latter reaches the
optimum point faster than the former does. This summary is more significant in the
case of the optimization problem with multi variable, i.e. several SBDG units.

6.2.2.2 Tabu Search Application in a Multi-variable Optimization Problem

In this section, the Tabu search algorithm is employed to solve a multi-variable
optimization problem, e.g. 2 variables. Assuming another SBDG is installed at Bus
32, the objective function (4.17) has n = 2. In this application, Ppg1 and Ppg, are
searched at the same time. The grounding reactance is also minimized by using the
Tabu search algorithm. The result from the program shows that the total maximum
installed power is 1.5 MW. Figure 6.10 represents the relation between power from
the SBDG units, [Psgpc1; Psepc2], and the grounding reactance [Xnmin1; Xnmin2]- I
Xnmin 1S Set as a priority to maximize SBDG, from Figure 6.10, the maximum size for
SBDGs is [0.4, 1.1] MW which is corresponding to the minimum grounding reactance
of [0, 2.1] Q.
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Figure 6.10 Minimization of Xy with respect to Psgpcmax

6.3 SBDG and IBDG Maximization

The SBDG at Bus 32 in Section 6.2.2 is replaced by an IBDG. The fault current
supported from the IBDG is not far from its rated current so that the protection system
of the IBDG employs other methods to detect abnormal conditions. One of them uses
voltage at the PCC (Bus 32). As a result, the grounding reactance is not concerned for
installing at the neutral point of the IBDG interconnection transformer. The protection
system of the SBDG still uses the overcurrent scheme as the main function. In a fault
event, both SBDG and IBDG are required the FRT capability mentioned in Chapter 2.
Additionally, the dynamic network support is also required for the IBDG as discussed
in Chapters 2 and 3. The optimization algorithm utilized in Section 6.2 is possible to
be used here with an integration of the fault calculation algorithm in Chapter 3.

There is a maximum IBDG in corresponding to a specific SBDG for installing in
the test system in order to satisfy the system operating limits constraints. Table 6.3
lists such 11 pairs of (SBDG, IBDG) without the consideration of the utility relay
reach constraint. The total maximum size ranges from 1.8 to 2.3 MW. If the IBDG is
large, e.g., 2 MW, the corresponding maximum SBDG will be small, i.e., 0.3 MW,
and vice versa.

The maximization algorithm starts with a random selection of DG capacity (Psspc
= 0.1 MW, Pigpg = 0.2 MW) as an initial point. From this point, a neighborhood is
created by varying the discrete capacity of each DG. In this case study, DG capacity is
varied discretely with the step 0.1 MW. Therfore, if the radius is chosen as R; = 3, the
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furthest neighborhood is (3x0.1 = 0.3 MW) far from the standing point. For instance,
in Figure 6.11, there are 12 neighborhoods being generated from the standing point.
Whenever a move is selected, the point at the opposite direction (the previous point)
is added into the Tabu list.

In order to determine the maximum allowable DG, all types of fault (3F, SLGF,
DLGF, and LLF) are sequentially applied to each bus in the system (from Bus 1 to
Bus 34) for each checking point (Psgpc, Pispc) as the algorithm illustrated in Chapter
4. The adaptive fault current calculation is applied to calculate the fault currents for
checking the operation of the utility relay. In each iteration, a point becomes the local
optimum if there are no any better neighborhoods around it. Figure 6.12 illustrates a
trace through local optimums. The optimum (Psgpg = 0.3 MW, Pjgpg = 2 MW) is
reached from the initial point (Psgpg = 0.1 MW, Pigpc = 0.2 MW) after going through
eight local optimums.

Table 6.3 Maximum DGs installed in the system for system operating limits

constraints (without utility relay reach constraint)
DG Generation, MW

Pssog 03 05 06 07 08 10 12 14 15 16 17
Pisoc 2 18 15 14 12 10 07 05 03 02 01
Sum 23 23 21 21 20 20 19 19 18 18 18

SBDG, MW
0.% 0.2\\ 0.3\\ 0.4§ 05 .. 2
0.1 s \ \\\\
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i \ N 3
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Figure 6.11 An example of neighborhoods generation
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Figure 6.12 A path from the initial point to the optimum point

The final result shows that the maximum allowable DG is 2.3 MW at which
(Psepemax = 0.3 MW, Pigpemax = 2 MW). According to Table 6.3, although the pair
(Psspc = 0.5 MW, Pjgpe = 1.8 MW) has the sum of 2.3 MW, it is not the maximum
allowable DG. The reason is that the reach reduction constraint is not satisfied at this
point. That is, the utility relay cannot sense a SLGF at Bus 34 with both phase and
ground overcurrent functions. It should be noted that the maximum allowable DG is
found as a sum of all DG capacities. However, the proposed algorithm in this paper
can identify exactly the allowable capacity for each DG.

6.4 Summary of Chapter 6

This chapter used the algorithms in Chapter 4 and tested them with IEEE test
system. Impacts of DGs on the utility system were illustrated: SBDG caused the reach
reduction for the utility overcurrent relay, causing a part of the feeder to become
unprotected; whereas, IBDG had remarkable effects on utility relay reach reduction.
By comparing with the sensitivity-based algorithm, which is more reliable, the Tabu
search algorithm was verified successfully in case of one variable optimization. The
Tabu search algorithm was then extended to multi-variable optimization for a system
with SBDG and IBDG. The maximum installation capacities of DGs obtained from
the proposed algorithms assure the capability of detecting faults for the utility relay
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under the impacts DGs on fault current considering the fault ride through requirement.
The system operating parameters are set in optimization constraints so that these
parameters can be maintained within the limited ranges during the normal operation
of the system with the maximum installed DGs.



CHAPTER VII
CONCLUSION AND RECOMMENDATIONS

7.1 General Conclusion

This thesis proposes an algorithm for DG maximization in distribution networks.
The maximum installation capacity of DG obtained from the proposed algorithm
assures the capability of detecting faults for the utility relay under the impacts DGs on
fault current considering the fault ride through requirement. The system operating
parameters including substation transformer capacity, bus voltages, and line currents
are maintained inside the allowable bounds during the normal operation of the system
with the identified maximum installed DG. The algorithm considers a set of DGs,
which are expected to be installed in the system, at the same time. After installing
these DGs, if another DG is expected to integrate to the system, it has to follow the
condition of the system including the installed DGs.

This thesis also proposes an adaptive fault calculation algorithm for a distribution
network with SBDG and IBDG in order to assist the DG maximization algorithm in
estimating fault currents in the system. Time-variant response of an IBDG to a fault
occurring in the network to which it is connected is analyzed. With the proposed
control system for the inverter of the IBDG, the current output of the inverter purely
symmetrical in corresponding to the positive-sequence voltage at the connection point
of the IBDG. The transient duration in the fault response lasts a few cycles and can be
neglected in fault analysis. If the power output is controlled to be constant, the IBDG
can be represented by a constant PQ or current source in a balanced and symmetrical
system for fault calculation. Bus voltages and line currents are solved by employing
Newton Raphson algorithm. The fault calculation algorithm proposed in this thesis is
practical and fast applicable. This algorithm can replace the conventional fault
calculation for a system without IBDG. But more importantly, it can be applicable in
a system with IBDG.

Impacts of SBDG and IBDG on utility relay reach have been analyzed in the
thesis: SBDG causes the prominent reach reduction for the utility overcurrent relay,
causing a part of the feeder to become unprotected; whereas, IBDG has remarkable
effects on utility relay reach reduction. These impacts are necessarily to be taken into
account in practice to prevent unexpected effects of DG on the operation of the utility
protection system. This thesis shows that the utility relay is aided in reaching the
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required bus in the system if a proper DG size is used. Besides, other auxiliary
assistance can be used such as suitable grounding reactance and interconnection
transformer. If saving cost is preferred, the grounding reactance can be minimized by
the proposed DG maximization algorithm in this thesis.

The algorithm for DG maximization can be applicable in a smart grid. Providing
that the settings of protective devices can be adjusted following the changes of load
and system configuration, the maximum allowable DG obtained from the algorithm is
a reference for the distribution system operators to accept/refuse the connection of
DG. In this case, the decision can be generated from adjusting the input of the DG
maximization algorithm to take the changes of system configuration, load condition,
and DG location.

7.2 Recommendations

1. Maximization of DG should consider more impacts of DG installation such as
protection coordination and false tripping problem. The Tabu search algorithm
is still suitable but other methods may be more efficient.

2. In practice, not only the IBDG control system in this thesis but also other
method is employed to control the IBDG. Thus, the fault response of the IBDG
may be different causing the different model for fault calculation. It is a
challenge to propose a general model suitable for all control systems.

3. In case of other control mode of the IBDG such as voltage control mode, the
fault response of the IBDG may be different from what presented in this thesis.
In that case, a new model should be created.
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APPENDIX A
VECTOR TRANSFORMATION

In order to reduce the order of the mathematical model of a quantity in a three-
phase electrical system simpler without any loss of information, the frame
transformation is employed. Two fundamental tools are o and dqgo transformations.

Al. The af Transformation

Voltages and currents in three-phase balanced system are ideal sinusoidal as in
(A1)

v, (1) =V sin(wt +0)

v (1) =V Sin(a)t+t9—2?ﬁj (A1)

v (t)=V sin(a)t+¢9+2§j

Converting to af representation:

o .3 V3]
0y (1) 22 [o(v)
=5 1 -2 2w
v, (t) 1 1 1 v (t)
Fa=a
V sin(at +06)

Ua(t)=g|:0 B ﬁ} vsin(a)tw—%”j =Z{_§VJZCOS(M+9)§”(—2{)

3

Vsin(a)t+6?+2§j

=V cos(mt +_¢9)

Vsin(wt+0)
uﬂ(t):g[l = —1} Vsin(a)t+6?—2—ﬂ) =
3 2 2 3

Vsin(a)t+0+2?”j
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=§Vcos(a)t+0)+£—%Vj25in(a)t+0)cos(_27”j . =V sin(awt+0)

v, (t) =§V %[sin(a)t+6’)+sin(a)t+9—2§j+sin(wt+9+2§ﬂ =0
b A
v, (t)=V cos(awt+0)
vg (1) =V sin(wt+06) (A.2)
Uy (t) =0
C

ay

Figure Al. Representation of abc and «f coordinates
A2. Park’s Transformation

The dgo coordinates are obtained from the transformation as in (A.3).

sin(awt) sin(wt—z—”j sin(a)t+2—7zj )
3 3 Vsin(awt+6)

, g , , V cos(8)
Vg |== cos(cot) cos(a)t——”j cos(wt+—”} Vsin(a)t+0——”j = Vsin(@)
3 3 3 3 0
Yo 1 1 1 . 27
i E E E : Vsm(wt+49+?j_
(A3)

Three-phase power representation in dgo coordinates (for balanced system only):

P =3V el c0s(6, —a,):gVI cos(6, —6{,)=§(VI cosd, cos@, +VlIsing, sing, )

—>P=g(vd|d+vq|q) (A4)

3, . 3, : 3
Q=3I sin(6, —@,):E(w sin@, cosd, —VI cosd, sing, ) — Q =5(vd|q ~Vglg)

(A.5)
From (A.4) and (A.5):

S el

q
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APPENDIX C
IEEE 34 NODE TEST FEEDER DATA

C.1 Practical Simplification for Fault Calculation
The IEEE 34 node test feeder is simplified with the following assumptions:

1. Neglect the two voltage regulator for load flow and fault calculation.

2. All 1 phase laterals are replaced by the three phase laterals with the same
lengths and the configuration code is 301.

3. The three phase sections are assumed to be transposed by taking the self
and mutual impedances respectively.

4. The unbalanced phase loads in each three phase sections are summed up
and taken as three phase balanced loads. The loads on laterals are replaced
by the spot three phase load at the end of the lateral with the same power in
total.

C.1.1 The First Two Assumptions

The simplified feeder is presented on one phase basis as in Figure C.1. All the
nodes are renumbered from 1 to 34.

29

28

27

Transmissio
n system

Figure C. 1 The simplified IEEE 34 Node Test Feeder

C.1.2 The Third Assumption

The third assumption is to calculate sequence impedance of three phase lines [59].
The symmetrical component transformation matrix As can be used to convert the
phase impedance matrix Za, into the symmetrical component impedance matrix Zo;,
as (C.1)
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Zaa Zan Zac 11 1 1 11
Zabe =| Zba Zbb Znc A=|1 a° a As_1=§ 1 a a
Zea Zep Zec 1 a a? 1 a° a
—j2zl3

a=¢e

Zoo Zo1 Zo2
1
Zoip=A "Lanc*A =210 Z11 ‘a2 (C.1)
Zyg Zy1 Ly

The diagonal terms of Zy,, are the sequence impedances of the line such that Zyy =
zero sequence impedance, Z;; = positive sequence impedance, and Z,, = negative
sequence impedance.

The off-diagonal terms represent the mutual coupling between sequences. Because
all lines are assumed to be transposed, the phase impedance matrix Za,. is modified
with the following notes:

— The three diagonal terms are identical.

— The mutual couplings between phases (off-diagonal terms of Zgn) are
identical. Consequently, the off-diagonal terms of the sequence impedance
matrix Zo1, become zero from (C.1).

The usual procedure is to set the three diagonal terms of Zan. equal to the average
of the diagonal terms of the original phase impedance matrix. A similar way is
applied to determine the off-diagonal terms. Thus, the self and mutual impedances, Z
and Z, are defined as (C.2)

1 1
Zq :g(zaa"'zbb"'zcc) Zm :é(zab"'zbc"'zca) (C2)
The phase impedance matrix is now defined as (C.3).
ZS Zm Zm
Zabe =| Zm Zs Zn (C.3)
Zo Zm  Zs

Then the sequence impedances can be determined directly from (C.3) as shown in
(C.4).

ZOO = ZS + sz le = 222 = ZS - Zm (C4)
All the off-diagonal terms are zero.
Configuration code 300 has the original parameters as shown in Table C.1.
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Table C.1 Line configuration Code 300 — Z & B matrices before changes

Z (R +jX) in ohms per mile B in micro Siemens per
mile

1.3368 1.3343 0.2101 0.5779 0.2130 0.5015 5.3350 - -
1.5313 0.9943

1.3238 1.3569 0.2066 0.4591 5.0979 -
0.6212

1.3294 1.3471 4.8880

The self impedance is computed by averaging three diagonal terms in Z matrix:

7 = %(z%l +Zpp +Zee) = %(1.3368 +j1.3343+1.3238 + j1.3569+1.3294 + j1.3471)

—1.33+j1.3461

The mutual impedance is computed by averaging three off-diagonal terms in Z
matrix:

Z = %(zab +Zpe+Zca) = é(0.2101+j0.5779+0.2130+jO.5015+0.2066+j0.4591)

=0.2099 +j0.51283
Thus, the sequence impedances are:

29 = Zg + 22, =1.7498+j2.3718

: Q/mile
21 =1y =14 — 7, =1.1201 +j0.83327

Configuration code 301 has the original parameters as shown in Table C.2.
Table C.2 Line configuration Code 301 — Z & B matrices before changes

Z (R +jX) in ohms per mile B in micro Siemens per
mile

1.9300 1.4115 0.2327 0.6442 0.2359 0.5691 5.1207 - -
1.4364 0.9402

19157 1.4281 0.2288 0.5238 49055 -
0.5951

1.9219 1.4209 4.7154

The corresponding sequence impedances are:



7y = 2.3875+j2.5782
z, =1, =1.6901+j0.8411
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Q/mile

Thus, sequence impedances of all lines in the system can be determined and shown
in Table C.3.

Table C.3 Line sequence impedances in Ohm

Line Segment Data

Sequence components (€2)

Node A Node B Length(ﬁ.)conﬁg' Siml?' o “ “
code Config. Ro Xo R, X, R, X,
800 802 2580 300 300 0.8550 1.1589 0.5473 0.4072 0.5473 0.4072
802 806 1730 300 300 0.5733 0.7771 0.3670 0.2730 0.3670 0.2730
806 808 32230 300 300 10.681114.4779 6.8373 5.0864 6.8373 5.0864
808 810 5804 303 301 2.6244 2.8341 1.8578 0.9246 1.8578 0.9246
808 812 37500 300 300 12.427616.8452 7.9553 5.9181 7.9553 5.9181
812 814 29730 300 300 9.8526 13.3549 6.3069 4.6919 6.3069 4.6919
814 850 10 301 301 0.0045 0.0049 0.0032 0.0016 0.0032 0.0016
816 818 1710 302 301 0.7732 0.8350 0.5474 0.2724 0.5474 0.2724
816 824 10210 301 301 4.6167 4.9855 3.2682 1.6264 3.2682 1.6264
818 820 48150 302 301 21.772423.511415.41267.670315.41267.6703
820 822 13740 302 301 6.2129 6.7092 4.3981 2.1888 4.3981 2.1888
824 826 3030 303 301 1.3701 1.4795 0.9699 0.4827 0.9699 0.4827
824 828 840 301 301 0.3798 0.4102 0.2689 0.1338 0.2689 0.1338
828 830 20440 301 301 9.2425 9.9808 6.5427 3.2561 6.5427 3.2561
830 854 520 301 301 0.2351 0.2539 0.1664 0.0828 0.1664 0.0828
832 858 4900 301 301 2.2157 2.3926 1.5685 0.7806 1.5685 0.7806
832 888 0 XFM-1 XFM-1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
834 860 2020 301 301 0.9134 0.9864 0.6466 0.3218 0.6466 0.3218
834 842 280 301 301 0.1266 0.1367 0.0896 0.0446 0.0896 0.0446
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Node A Node B Length(ft.)

Line Segment Data

Config. Simp.

Sequence components (€2)

Z, Z, Z,

code Config. Ro X, R, Ro X, R,
836 840 860 301 301  0.3889 0.4199 0.2753 0.1370 0.2753 0.1370
836 862 280 301 301  0.1266 0.1367 0.0896 0.0446 0.0896 0.0446
842 844 1350 301 301 0.6104 0.6592 0.4321 0.2151 0.4321 0.2151
844 846 3640 301 301 1.6459 1.7774 1.1651 0.5798 1.1651 0.5798
846 848 530 301 301  0.2397 0.2588 0.1697 0.0844 0.1697 0.0844
850 816 310 301 301 0.1402 0.1514 0.0992 0.0494 0.0992 0.0494
852 832 10 301 301  0.0045 0.0049 0.0032 0.0016 0.0032 0.0016
854 856 23330 303 301  10.549311.3919 7.4678 3.7165 7.4678 3.7165
854 852 36830 301 301  16.653717.983911.78915.867011.78915.8670
858 864 1620 302 301  0.7325 0.7910 0.5186 0.2581 0.5186 0.2581
858 834 5830 301 301 2.6362 2.8468 1.8662 0.9287 1.8662 0.9287
860 836 2680 301 301 1.2118 1.3086 0.8579 0.4269 0.8579 0.4269
862 838 4860 304 301 2.1976 2.3731 1.5557 0.7742 1.5557 0.7742
888 890 10560 300 300 3.4996 4.7436 2.2402 1.6665 2.2402 1.6665

The data in medium voltage system are converted into per unit system with the
baseMVA=2.5 and the basekV=24.9. Results are shown in Table C.4 with the
renumbered buses.

ZbaseMVl =

24.92

=248 Q

The data of line 888-890 (Line 21-22 in the renumbered bus system) are converted
into the per unit system with the baseMVA=2.5, basekV=4.16.

ZbaseMV 2=

2
4.167 6.9222 Q



Table C.4 Line sequence impedances in per unit
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Line Sequence components (Conf. 300, 301), pu.
Segment Zoasemvi = 248.004 Q
Node A Node B Ro Xo R1 X1 R2 X2

1 2 0.003448 0.004673 0.002207 0.001642 0.002207 0.001642
2 3 0.002312 0.003134 0.00148 0.001101 0.00148 0.001101
3 4 0.043068 0.058378 0.027569 0.020509 0.027569 0.020509
4 5 0.010582 0.011428 0.007491 0.003728 0.007491 0.003728
4 6 0.05011 0.067923 0.032077 0.023863 0.032077 0.023863
6 7 0.039727 0.053849 0.025431 0.018919 0.025431 0.018919
7 8 1.82E-05 1.97E-05 1.29E-05 6.42E-06 1.29E-05 6.42E-06
9 10 0.003118 0.003367 0.002207 0.001098 0.002207 0.001098
9 13 0.018616 0.020102 0.013178 0.006558 0.013178 0.006558
10 11 0.08779 0.094803 0.062146 0.030928 0.062146 0.030928
11 12 0.025052 0.027053 0.017734 0.008826 0.017734 0.008826
13 14 0.005525 0.005966 0.003911 0.001946 0.003911 0.001946
13 15 0.001532 0.001654 0.001084 0.00054 0.001084 0.00054
15 16 0.037268 0.040244 0.026382 0.013129 0.026382 0.013129
16 17 0.000948 0.001024 0.000671 0.000334 0.000671 0.000334
20 23 0.008934 0.009648 0.006324 0.003147 0.006324 0.003147
20 21 0 0 0 0 0 0
25 30 0.003683 0.003977 0.002607 0.001297 0.002607 0.001297
25 26 0.000511 0.000551 0.000361 0.00018 0.000361 0.00018
31 32 0.001568 0.001693 0.00111 0.000552 0.00111 0.000552
31 33 0.000511 0.000551 0.000361 0.00018 0.000361 0.00018
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Line Sequence components (Conf. 300, 301), pu.

Segment Zoasemvi = 248.004 Q

Node A NodeB Node A NodeB NodeA NodeB NodeA NodeB
26 27 0.002461 0.002658 0.001742 0.000867 0.001742 0.000867
27 28 0.006637 0.007167 0.004698 0.002338 0.004698 0.002338
28 29  0.000966 0.001044 0.000684 0.00034 0.000684 0.00034
8 9 0.000565 0.00061 0.0004 0.000199 0.0004 0.000199
19 20 1.82E-05 1.97E-05 1.29E-05 6.42E-06 1.29E-05 6.42E-06
17 18 0.042537 0.045934 0.030112 0.014985 0.030112 0.014985
17 19 0.067151 0.072515 0.047536 0.023657 0.047536 0.023657
23 24 0.002954 0.00319 0.002091 0.001041 0.002091 0.001041
23 25 0.01063 0.011479 0.007525 0.003745 0.007525 0.003745
30 31 0.004886 0.005277 0.003459 0.001721 0.003459 0.001721
33 34 0.008861 0.009569 0.006273 0.003122 0.006273 0.003122
21 22 0.505562 0.685273 0.323625 0.240747 0.323625 0.240747

C.1.3 The Fourth Assumption for Distributed Loads

The load data of the original test feeder includes uniformly distributed loads in
some phases. Simplifying such loads to “spot” loads can be performed by assuming
that the main feeder of the distribution system is balanced and fully transposed in
three phases with distributed, single/two phase loads being lumped at the end of each
section. Thus all loads are replaced by their equivalent balanced three phase loads as
in Table C.5.



Table C.5 Lumped model of loads
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Spot Loads Lumped Model (balanced three phase)
Node Load Ph-1 Ph-1 Ph-2 Ph-2 Ph-3 Ph-3
Node New node kW kVAr
Model kW kVAr kW kVAr kW kVAr
860 Y-PQ 20 16 20 16 20 16 860 30 60 48
840 Y-l 9 7 9 7 9 7 840 32 27 21
844 Y-z 135 105 135 105 135 105 844 27 405 315
848 D-PQ 20 16 20 16 20 16 848 28 60 48
890 D-I 150 75 150 75 150 75 890 22 450 225
830 D-Zz 10 5 10 5 25 10 830 16 45 20
Total 344 224 344 224 359 229 Total 1047 677
Distributed Loads Lumped model (3 phase)
Node Node Load Ph-1 Ph-1 Ph-2 Ph-2 Ph-3 Ph-3 End New Lumped Load
A B Model kW kVAr kW kVAr kW kVAr Node node kW  kVAr
802 806 Y-PQ O 0 30 15 25 14 806 3 55 29
808 810 Y-l 0 0 16 8 0 0 810 5 16 8
818 820 Y-Zz 34 17 0 0 0 0 820 11 34 17
820 822 Y-PQ 135 70 0 0 0 0 822 12 135 70
816 824 D-I 0 0 5 2 0 0 824 13 ) 2
824 826 Y-l 0 0 40 20 0 0 82 14 40 20
824 828 Y-PQ O 0 0 0 4 2 828 15 4 2
828 830 Y-PQ 7 3 0 0 0 0 830 16 7 3
854 856 Y-PQ O 0 4 2 0 0 85 18 4 2
832 858 D-Z 7 3 2 1 6 3 858 23 15 7
858 864 Y-PQ 2 1 0 0 0 0 864 24 2 1
858 834 D-PQ 4 2 15 8 13 7 834 25 32 17
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Distributed Loads

Lumped model (3 phase)

Node Node Node Node Node Node Node Node Node Node Node Node Node
A B A B A B A B A B A B A
834 860 D-Z 16 8 20 10 110 55 860 30 146 73
860 836 D-PQ 30 15 10 6 42 22 836 31 82 43
836 840 D-1 18 9 22 11 0 0 840 32 40 20
862 838 Y-PQ O 0 28 14 0 0 838 34 28 14
842 844 Y-PQ 9 5 0 0 0 0 844 27 9 5
844 846 Y-PQ O 0 25 12 20 11 846 28 45 23
846 848 Y-PQ O 0 23 11 0 0 848 29 23 11
Total 262 133 240 120 220 114 Total 722 367
Load data in simplified system are summarized in Table C.6.
Table C.6 Load data in IEEE 34 Node Test Feeder
Node kw KVAr

3 55 29

5 16 8

11 34 17

12 135 70

13 5 2

14 40 20

15 4 2

16 7+45=52 3+20=23

18 4 2

23 15 7

24 2 1
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Node kw KVAr
25 32 17
30 146+60=206 73+48=121
31 82 43
32 40+27=67 20+21=41
34 28 14
27 9+405=414 5+315=320
28 45+60=105 23+48=71
29 23 11
22 450 225
Total 1769 1044

The symmetrical components of equivalent load impedances are determined by
using the symmetrical component transformation matrix. In case of balanced load:

In=0—>20=21=25=Zp0ad
where Zj0a4 Can be obtained by converting the constant power into constant impedance

at the nominal voltage.

C.2 Other Data for Fault Analysis

C.2.1 Shunt Capacitors

Node Ph-A Ph-B Ph-C  Newnode Total S=P+jQ
kVAr kVAr KVAr KVAr kVA
844 100 100 100 27 300 -j300
848 150 150 150 29 450 -j450
Total 250 250 250 750 -j750

The impedance of capacitors:
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2 2 .
z&" = VBVE_ 249N j2066.7 Q — 784 = TI00T__jg 533,
S j300kVA 248
2 2 .
788 NOVE 2OV ooy poe 023864 oo
$  j450kVA 248

However, in load flow program (such as MATPOWER), a capacitor is modeled as
a shunt element whose admittance at bus i is given as:

Yin = Ot + bl
gsh IS in MW (consumed) and bg, is in MVAr (injected) at a nominal voltage
magnitude of 1.0 p.u and angle of zero. Thus, the first capacitor is modeled at bus 27

with Bs=0.3 (MVAr). The second capacitor is modeled at bus 29 with Bs=0.45
(MVA).

C.2.2 System Source
C.2.2.1 Transmission system

The three-phase short circuit MVA on the 69 kV bus of the substation is 1000
MVA at an angle of 85 degrees. The positive and negative sequence impedance of the
source:

. 2 5MVA
v?2 1ooo(cos 850 _isin 850) MVA
Sbase

ZS]_ = ZSZ = =0.0002 +0.0025i p.u.

Due to the delta winding, the system zero sequence impedance is not seen from the
low side transformer terminal.

C.2.2.2 Synchronous machine based distributed generator
Power factor = 0.9 = constant
P=0-+10 MW
V =480V X4 =0.2 pu Xo = 0.05 pu
Convert to new system base: baseMVA=2.5, basekV=24.9

2 *
X4 =0.2pu X[ VbaseDG J y Spasesystem _ 0.0001858
da=0. _

* *
basesystem ShaseDG SpbG

2 _x
Xo=0.05pu x( VbaseDG j y Spasesystem _ 4.6451e-005
0 N ' =

* *
Vbasesystem SbaseDG S DG
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C.2.2.3 Transformer
Substation transformer

The positive, negative and zero-sequence impedance of the substation transformer
(69 kV base, 2.5 MVA base):

Zl = ZZ = ZO =0.01+ JOO8 p.u
DG transformer

The rating of DG transformer is determined in depending on DG rating with the
step of 0.25 MVA

The positive, negative and zero-sequence impedances of DG transformer are
assumed to be (1.5% + 1i*8%). They must be converted into system base.

XFM-1 transformer
The positive, negative and zero-sequence impedance of the substation transformer:

2
Zy =275 =27 =(0.019+ j0.0408) x (&j X (Ej =0.0950 + j0.2040
24.9 0.5
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