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Abstract

Distributed generator (DG) connection to power systems has attained special atten-
tion in recent years because it provides a number of operational and economic benefits
for both utilities and customers. On the downside, the connection of many deregulated
power generation units introduces new challenges to utility sectors. One of the most criti-
cal drawbacks of DG installations in power systems can be observed during a fault, when
the additional DG fault current violates the original settings of protection systems. Pro-
tective devices installed in the system are designed based on the fault current analysis
performed for the original system without DGs. When DGs are added, the current seen
by protective devices will be different from the values originally specified. The change in
the level of fault currents may alter the operation time of protective devices and disturb
the coordination between primary and secondary protective devices. Consequently, serious
protection problems may occur in the presence of DGs. On the other hand, many types
of DGs that produce a dc voltage or a variable ac voltage require power electronic (PE)
interfaces in order to connect to the power system. While these PE interfaces are used to
control the active and reactive power injected to the system during normal operation, they
are usually left idle during fault condition. The novel idea of this work is to employ the idle
PE interface of inverter based distributed generators (IBDG) to manage the fault current
flows through the power system. The scheme is based on utilizing the available current and
voltage phasor information from smart meters and applying the necessary control actions
to operate the IBDGs as fault current management (FCM) units. This FCM operation
eases the distribution and protection system constraints on new DGs connections. From
short circuit point of view, DGs with larger capacity can be connected to any location in
the system without affecting the fault current magnitude. This operation also eliminates
the need to disconnect DGs during each temporary fault. Moreover, the need to upgrade
protective devices is reduced.

From the two controllable parameters of IBDGs current, the current magnitude and
current phase angle, the current phase angle is employed to manage the contribution of DGs
to the total fault current without deactivating them. Three zones of FCM operation are
defined for IBDGs by changing their current phase angle: zones A, B, and C. The reference
current phase angle that enables the FCM operation is calculated for zone B operation when
only IBDGs exist in the system. The FCM operation and the reference current phase angle
are then extended for zone C operation in order to manage the contribution of other types
of DGs, such as synchronous DGs, to the fault current.

In another part of this work, two power flow based fault analysis techniques are de-
veloped to explore the behavior of IBDGs during fault conditions. In both, the buses
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with IBDGs are modeled either as PQ buses or constant current (I) buses, based on their
contribution to the fault current. The backward-forward sweep algorithm is used to solve
the load flow problem for radial systems during fault conditions. On the other hand, the
Newton-Raphson (NR) power flow algorithm is modified for fault analysis of loop systems
with IBDGs. In the modified NR algorithm, current formulations rather than conventional
power formulations are developed for nodes with constant current IBDGs, thus permitting
mismatches in the real and imaginary components of the current to be obtained in addition
to the conventional active and reactive power mismatches

The last part of this work introduces an algorithm for constructing protection zones
with FCM capability in loop systems. The algorithm is developed in three steps, and deals
with both synchronous DGs and IBDGs in the system. The method used for calculating
the reference phase angle that enables the FCM operation is modified for the case of system
buses with multiple lines connected to them. Further phasor calculations and illustrations
are developed to show how the FCM can be applied for loop systems.

Different test systems, including the IEEE 33-bus system and IEEE 30-bus system,
are used to validate the proposed FCM operation and the models for fault analysis. The
simulations are performed with PSCAD software, OpenDSS, and MATLAB. The results
show the effectiveness of the novel FCM technique in managing the fault current seen by
protective devices in power systems, and the capability of the proposed power flow based
methods to analyze the behavior of IBDGs during fault conditions.
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Chapter 1

Introduction

1.1 General Overview

The presence of distributed generators (DGs) has changed the traditional centralized struc-
ture of power systems into deregulated sectors with more focus on the customer side. As a
flexible source of power generation, DGs are at the center of attention from both the utility
sector and individual customers. Despite the extensive presence of these generation units
in power systems, no universally accepted definition has yet been presented for them [1]-[4].
However, there are certain common aspects such as power rating, location and technology
that should be taken into account when investigating their operation [2], [4].

The rapidly growing number of DGs in power systems is mainly due to their capability
to provide operational benefits for the power system and to enhance power quality. Some
of the main advantages of DGs are [1], [4]-[7]:

• Environmental benefits

• Reduction in transmission and distribution (T&D) network expansion

• Voltage profile improvement

• Power loss improvement

• Peak load shaving

• Reliability
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On the downside, the presence of DGs increases the complexity of power systems. Al-
though DGs have the potential to improve the voltage profile in distribution systems, their
misplacement can cause a voltage drop or an over-voltage in some points of the system
[5],[7]. Moreover, many forms of DGs produce a dc voltage or a variable frequency ac
voltage. Therefore, power electronic (PE) interfaces are required to convert the produced
voltages to the desired ac voltage. The presence of these conversion units may introduce
additional harmonics to the system [8]. However, the most critical drawback of DG instal-
lation in power systems is seen during faults when the additional fault current contribution
of DGs violates the original settings of protection systems. This thesis introduces a novel
method for controlling the contribution of DGs in fault currents so as to manage the total
fault current in the system and thereby restore the original protection scheme.

1.2 Research Motivation

Protective devices installed in the system are designed based on fault current analysis
performed for the original system with no DGs. When DGs are added to the system, they
will contribute to the fault current. Hence, the fault current flowing through protective
devices alters from the values they were originally designed to accommodate. Depending
on the type, rating, and location of DGs, they may affect the amount of fault current
going through the protective devices. In today’s power systems, with their high number of
installed DGs, the contribution of these extra generation units to fault currents is capable
of increasing or decreasing the total fault current and the fault current within protective
devices beyond the values originally specified. The change in the level of fault current
may alter the operation time of protective devices and disturb the coordination between
primary and secondary protective devices. Moreover, connection of DG units to power
systems causes the bidirectional flow of fault currents in the systems. Protective devices
not originally designed to deal with fault currents in both directions may trip mistakenly
and reduce the reliability of the protection system.

From the above discussion, the necessity of a reliable solution to protection problems
caused in the presence of DGs is evident. The main focus of the solution should be on
maintaining the fault current seen by protective devices at a level close to the original value
they were originally designed for. More flexible operation is obtained when it is possible to
manage the fault current through the power system in a wider range below and above the
original fault current. Accomplishing this task solves a major part of protection problems
associated with DGs.

Many studies have been carried out to address the protection problems associated with
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DGs. The main protection problem discussed in the literature is the increase of fault
current going through protective devices in the presence of DGs. Some researchers have
proposed to replacing the existing protective devices with new ones designed for the new
configuration of power system with DGs. Another set of solutions, which forms the basis of
this research, tries to minimize the contribution of DGs in fault currents. These solutions
are usually based on the ability of fault current limiters (FCL) in reducing the fault current.
It is shown in the literature that solid state FCLs (SS-FCL), which benefit from the fast
operation of semiconductor switches, are able to effectively control the current passing
through them [9], [10]. Fast and effective operation of solid state switches can be employed
in order to control the fault current through the power system in the presence of DGs.

Distributed generation technologies such as wind turbines (WT) produce a variable
frequency ac voltage, whereas direct energy conversion sources such as fuel cells (FC)
or photovoltaic (PV) sources produce dc voltage at their output terminal. Hence, PE
interfaces are required to connect these generation units to the utility grid [11]. The
building block of these PE interfaces are semiconductor switches that can be utilized during
fault conditions for the purpose of fault current control.

According to IEEE std 1547 [12], all DGs should be disconnected during fault condi-
tions. Even if DGs are allowed to be kept connected to the system, in many cases they
are turned off by their protection system when the contribution of the DGs exceeds the
safe operation limit of solid state switches. Hence, many of the PE interfaces of DGs are
left unused during fault periods. These idle PE interfaces are capable of controlling the
current passing through them, based on the operation of their solid state switches. Hence,
it is expected that by properly controlling PE interface of DGs during fault conditions,
the fault current contribution of DGs and consequently the fault current flowing through
the power system will be manageable. The need for an effective fault current management
(FCM) operation during fault conditions, and the potential of PE interfaces of DGs to
manage fault currents, are the main motivations of this research work.

Moreover, in current solutions, either a FCL should be placed at the connection point
of each DG, or the original protective devices should be replaced with newly designed
ones. However, PE interfaces of inverted based distributed generators (IBDG) are already
installed in systems to control the contribution of IBDGs to the power system during
normal operation. Hence, by adding an extra control operation for fault conditions, the
same interface can be used to manage fault currents in power systems. Therefore, it
is expected that applying the proposed methodology will provide a more efficient fault
current control operation for power systems with installed DGs.

Another point that makes the proposed FCM operation superior to currently available
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solutions is its potential to manage fault currents in remote locations. The proposed FCM
technique manages fault currents through the power system instead of locally reducing the
fault current magnitude. This fault current control can also be achieved on neighboring
feeders to the FCM unit. To the best of the author’s knowledge, this is a unique characteris-
tic of the proposed FCM technique, which has not been addressed in any related literature.
Moreover, many types of DGs do not require power electronic interfaces to connect to the
system. Synchronous DGs are one common type of DGs that are directly connected to
the system. Hence, IBDGs are the only controllable type of DGs existing in the system.
Consequently, the IBDGs operating as FCM units are responsible for managing excessive
fault currents that they themselves have not necessarily generated.

1.3 Research Objectives

The main objective behind this thesis is to mitigate the protection problems caused by the
increased level of fault current flows through protective devices in the presence of DGs. In
order to accomplish this goal, IBDGs, the assets of power systems which are normally left
idle during fault condition, are utilized as FCM units to manage the fault current in local
and remote locations. Accordingly, the objectives of this research can be summarized as
follows:

Objective 1

The primary objective of this research is to develop an FCM technique to utilize the PE
interface of IBDGs for the purpose of fault current control in power systems. As they
employ semiconductor switches in their structure, and are equipped with flexible control
units, IBDG are expected to have the capability of managing the fault current through the
system.

Objective 2

The challenging part of FCM operation is to manage the fault current through the system
without disconnecting or reducing the current magnitude of IBDGs. Hence, when operating
IBDGs as FCM units during a fault, they should be kept connected to the system while
their contribution to the fault current and consequently the fault current seen by the
protective devices in the system are managed.
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Objective 3

Another important objective is to utilize IBDGs to manage the contribution of directly
connected DGs in fault currents. As mentioned earlier, only some types of DG technologies
require PE interfaces at their connection point to the grid. Other types of DGs, such as
synchronous DGs, are directly connected to power systems and as a result there is no
control for their operation during faults. If IBDGs are properly controlled, they should
be able to manage the fault current contribution of directly connected DGs in addition to
their own fault current.

Objective 4

This thesis also aims to develop comprehensive fault analysis techniques to model the be-
havior of IBDGs during fault condition. Operating IBDGs as FCM units and not reducing
their current magnitudes allows the modeling of IBDGs as constant current sources during
fault condition. The model of IBDGs operating as FCM units can then be incorporated in
conventional fault analysis methods.

Objective 5

One final goals is to construct protection zones with FCM capability for large loop systems.
In large power systems, it might not be necessary to operate all IBDGs as FCM units. The
technique can be justified by the self-healing characteristic of smart grids so that only the
IBDGs that disturb the short circuit capacity condition of the system are responsible for
mitigating the problem they have caused. Detailed analyses should be performed in order
to assign the most beneficial operation to PE based DGs.

1.4 Thesis Outline

The remainder of this thesis is organized as follows:

Chapter 2 presents a detailed study on protection problems associated with DGs. A com-
prehensive literature review explore the performance of different types of DGs during fault
condition, and the effect of DG type and location on the fault current seen by the protec-
tive devices.
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Chapter 3 presents the novel concept of FCM operation during fault conditions. The
phasor relations and formulations for FCM operation are developed in the presence of one
IBDG and extended to the case of multiple IBDGs in a system. The reference current
phase angle required for FCM operation is calculated through phasor relations of fault cur-
rent elements and validated mathematically. Simulation results are preformed to validate
the proposed FCM operation in radial systems and in the presence of IBDGs.

Chapter 4 introduces a novel technique that uses IBDGs as FCM units for directly con-
nected DGs such as synchronous DGs. Three zones of operation are defined for IBDGs
by changing their current phase angle. The FCM operation proposed in Chapter 3 is ex-
tended to the case when synchronous DGs exist in the system. Three factors affecting the
FCM operation of synchronous DGs are explained in detail. PSCAD simulations are used
to show the capability of IBDGs in managing their own fault current as well as the fault
current contribution of synchronous DGs.

Chapter 5 presents two power-flow-based fault analysis algorithms to investigate the behav-
ior of IBDGs during fault conditions. A backward-forward based algorithm is used for the
fault analysis of radial systems in the presence of IBDGs. The Newton-Raphson power flow
algorithm is also modified to accommodate the constant current model of IBDGs during
fault conditions. Both algorithms are developed in MATLAB and the results are validated.

Chapter 6 introduces a novel algorithm for constructing protection zones with FCM ca-
pability in loop systems. The algorithm is developed in two steps, and deals with both
synchronous DGs and IBDGs in the system. The method used for calculating the reference
phase angle that enables the FCM operation is modified for the case of system buses with
multiple lines connected to them. Further calculations and illustrations are developed to
show how the FCM operation can be applied for loop systems. The algorithm is developed
in MATLAB and the results are presented.

Chapter 7 presents the thesis conclusions, contributions, and directions for future work.
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Chapter 2

Background and Literature Review

2.1 Introduction

Distributed generators are currently in the center of attention from both utility sector
and individual customers as a more flexible source of power generation. Despite their
undeniable benefits, the increasing presence of DGs in power system has introduced new
challenges which should be carefully addressed in order to gain the benefits of DGs to its
full extent. One of the most critical drawbacks can be observed during a fault, when the
additional DG fault current violates the original settings of protection systems. Protective
devices are designed based on the fault current analysis of the original system without
DGs. When DGs are added to the system, they contribute to the fault current in addition
to the grid current so that the fault current detected by the protective devices is different
from the original fault current fed by the the main source. As a result, the operation of
protective devices installed in the system may be disturbed and the reliability of protection
system is reduced.

Overcoming these protection problems clearly requires a reliable solution. A variety of
methods have been proposed for diminishing the effects of DGs on fault current magni-
tude and for providing reliable protection in the presence of DGs. According to [12] all
DGs should be disconnected from the power system at the moment of fault detection. As
a result, the system returns to its fundamental structure when a fault happens and the
protection devices will be able to clear the fault effectively. However, disconnection of DGs
for every temporary fault reduces system reliability and increases possibility of synchro-
nization problems during reconnection of these units. Hence, a new series of solutions have
been proposed which do not necessarily require the DG units to be disconnected. Gen-
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erally, these solutions can be categorized into two main groups. The first set of solutions
try to solve the protection problems associated with DGs without changing the existing
structure of the protection system. Fault current limiters are used during faults so that
the DG contribution is limited and the conventional protection system can clear the fault.
The second group of solutions are proposed by the researchers who believe that the con-
ventional protection systems are not able to provide a safe operation in the presence of
DGs and new protection schemes are necessary for distribution systems with DGs. Some
of the solutions proposed by this group of researchers are to modify the relay coordination
curves, use microprocessor based reclosers, or equip the system with communication based
devices.

Another important factor about DGs is their operation and modeling during fault
condition. Distributed generators can be divided into three main groups: synchronous
generators, induction generators and PE based DGs. Depending on the type of DG, its
response in fault condition varies. While there is no control on the operation of synchronous
and induction generators during fault condition, PE based DGs can be controlled to operate
in the desired manner. Based on the operational mode of the DG, different control methods
can be used for power electronic based DGs. However, each method has its own advantages
and disadvantages which should be considered when designing controllers.

In this thesis, the PE interfaces of IBDGs are employed to manage the fault current
contribution of DGs in the system. The method relies on the capability of semiconductor
switches to respond quickly to sudden changes [13], a feature already demonstrated in
SS-FCL applications. Consequently, a part of this literature review presents a detailed
study on the effects of DGs on protection systems. The current solutions, including the
use of FCLs, are investigated to compare the performance of the proposed method with
the current practices. Moreover, since the method is based on the operation of PE based
DGs, the characteristics of this type of DGs, and its control operation during normal and
fault condition are investigated.

The rest of this chapter is organized as follows. Section 2.2 presents a detailed study
on protection problems associated with DGs. Section 2.3 and Section 2.4 describe compre-
hensive literature reviews on the techniques available for the protection of power systems
in presence of DGs. Section 2.5 explores the performance of different types of DGs during
fault condition, and the effect of DG type and location on the fault current seen by the
protective devices. Different types of current control techniques used for voltage source
inverters are discussed in Section 2.8. A summary of the chapter is given in section 2.9.
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2.2 Protection Problems in Presence of DGs

Presence of DGs in power system affects the conventional protection system. In the fol-
lowing subsections, protection problems associated with DGs are explored in details:

2.2.1 Impact on short circuit level

When DGs are added to the system, they contribute to the fault current in addition to the
grid current. As a result, the fault current detected by the protective devices is greater than
the original fault current from the main source. In this case, if the fault current contributed
by the main source is close to the rating of switch gears, addition of DG currents increases
the fault current beyond the rating of protective devices, which can cause serious protection
problems [14]. Even if the increase in fault current does not exceed the rating of installed
devices, coordination of the primary and secondary protective devices may be disturbed
due to excessive DG fault currents [15].

2.2.2 Loss of coordination

Presence of DGs may affect the coordination of protective devices installed in the system.
This impact of DGs is discussed in more details for three types of coordination:

Fuse-Fuse coordination

Connection of DGs may affect the coordination between fuses installed in the system. Each
fuse curve has two characteristics: minimum melting (MM) and total clearing (TC). In
order for two fuses installed in a radial system to coordinate, the TC characteristic of
the primary fuse should be below the MM characteristic of the secondary fuse with an
acceptable time margin.

Consider the system shown in Figure 2.1. For a fault in section DE, F2 and F3 should
coordinate accordingly. Due to presence of the DG in the system, fault current seen by
F2 would be more than the fault current seen by F3. On the other hand, when a fault
happens in section BC, the fault current going through F3 would be more than the fault
current seen by F2. Coordination curves for these two fuses are shown in Figure 2.2. For
the downstream fault in section DE, the coordination holds if the fault current does not
increase beyond the fuse curve. For the upstream fault in section BC, however, a margin
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Figure 2.1: Part of a radial system [16]

Figure 2.2: Coordination curves for two fuses installed in a distribution system [16]

exists. If the fault current seen by F3 is increased beyond this margin, F3 operates before
F2 and coordination holds. On the other hand, if the fault current difference between F3

and F2 is less than the margin, F2 operates first and the coordination is lost [16].
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Fuse-Recloser coordination

Presence of DGs may disturb the fuse-recloser coordination in power systems. Figure 2.3
shows part of a system where the Recloser and Fuse should coordinate for any fault on the
Feeder [15], [16]. Recloser has two operation characteristics: slow and fast. For the fuse-
recloser coordination, first, recloser should operate twice in its fast operation mode and
de-energize the system. If the fault persists after the second operation, fault is permanent,
and fuse should clear it. Recloser provides backup for the fuse with its slow operation
mode.

Figure 2.3: Part of a distribution system protected by a fuse and recloser [15],[16]

Figure 2.4: Coordination curve for fuse and recloser [16]
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Figure 2.4 shows coordination curve for the Fuse-Recloser combination shown in Fig-
ure 2.3. When there is no DG installed in the system the fault currents seen by the two
devices are the same. Hence, in order for the fuse and recloser to coordinate, fault current
should vary between Ifmin

and Ifmax . When the DG is installed, the fault current seen
by the fuse would be more than the fault current seen by the recloser. Therefore, there
would be a current margin for these two protective devices to operate properly. If the fault
current difference between the fuse and recloser goes beyond this margin, fuse operates
first and the coordination is lost [16].

Relay-Relay Coordination

Similar to the previous two cases, the presence of DGs in power systems, and their contri-
bution to fault currents, can affect the coordination between the protective relays installed
in the system. Consider the system shown in Figure 2.5. With no DG installed in the
system, fault current is fed only by the grid. As a result, the fault current going through
all the three relays would be the same. The three protective relays are designed to coor-
dinate for any fault in the system. For example, for a fault on Line3, R3 should operate
first followed by R2 and R1. On the other hand, for a fault on line1, only R1 will see
the fault current and no fault current goes through R2 and R3. When DGs are added,
these new sources will also contribute to the fault current. Hence, the fault current seen
by the relays would not be the same. For a fault in line3, R3 will see the maximum fault
current followed by R2 and R1. In this case if the fault current seen by the relays exceeds
the relay curves, then coordination is lost. For the case that fault current remains inside
the allowable range, coordination holds as long as the coordination time interval (CTI)
between the relay curves is not disturbed. In order to have the desired coordination for a
fault in Line1, R2 should operate before R3. In this case, since R2 sees more fault current
than R3, there would be a coordination margin. This margin is shown in Figure 2.6 [16].
If the disparity in fault currents seen by the two relays exceeds the margin, coordination
holds and R2 operates before R3; otherwise, the coordination is lost.

2.2.3 Bi-directionality issue

Distributed generators may cause bi-directionality issues in protection systems, and conse-
quently disrupt a healthy part of the system [15]. This issue is more common in distribution
systems where two feeders are fed from one common source. Consider the system shown in
Figure 2.7 where two parallel feeders are connected to the grid. When DG is not connected
to the system, any fault that happens on either of the two feeders is fed only from the grid.
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Figure 2.5: Part of a distribution system protected with three inverse time over current
relays [16]

Figure 2.6: Coordination curves for three inverse time over current relays [16]

As a result only the protective devices on the faulty feeder will see the fault current. When
the DG unit is connected on Feeder2, for a fault on Feeder1, both grid and DG contribute
to the fault current. As a result, R2 will also see the fault current coming from the DG
unit. In this case, if R2 has a faster response time than R1, a healthy part of the system
will be disconnected unnecessarily.

2.2.4 Loss of sensitivity

Presence of DGs in the system may affect the ability of protective relays to see the fault
[15],[17]. This effect is illustrated in Figure 2.8. When DG is not installed in the system, the
fault current is fed only by the grid. The substation relay is designed to see the minimum
fault current coming from the grid. When DG is connected to the system, both DG and
the grid feed the fault. Contribution of DG to the fault current depends on its size, type
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Figure 2.7: Bi-directionality issue in distribution system with DG [15]

and the fault-to-source impedance. As a result, existence of DG in the system may reduce
the fault current drawn from the grid which affects the reach of the main feeder relay.
Hence, it is possible that a fault on the feeder goes undetected until it damages a larger
area of the system [15].

Figure 2.8: Loss of sensitivity in distribution system with DG [17]

2.3 Application of Fault Current Limiters

Fault current limiters, which are connected in series with the power line, limit the current
during a fault while showing no effect in normal operation of the system. Depending on
the technology used, FCLs are divided into two main categories [18]:

• Passive FCLs (PFCLs)

• Solid State FCLs
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Current limiting reactors (CLR) and supperconducting fault current limiters (SFCL)
are the most common types of passive FCLs [19],[20]. Although simple and cheap to
use, current limiting reactors cause voltage drop during normal operation of the system
[18]. On the other hand, SFCLs are capable of introducing a large impedance in faulty
condition while showing no effect in normal operation of the system. Supperconducting
FCLs operation can be divided into three modes [19]: In normal operation of the system
when the current density and temperature of the device is less than the superconductor
critical value, the SFCL stays in superconducting mode and shows resistance of zero. When
a fault happens in the system, the current density exceeds the superconductor critical
current density and its resistance increases rapidly. Fault current is limited as a result of
this sudden increase. The third mode of operation is the recovery process. Superconducting
FCLs heat up during the limiting mode of operation. Since they are connected in series
to the line, it is necessary to cool them down instantly to the temperature where they
would work as superconductor with negligible resistance [20]. This recovery time can be
considered as the main concern for SFCLs use. Noe et. al. [19] states that the recovery
time depends on the size and material of the superconductor and varies from 1 second to
few seconds for thin films and remains below 1 minute for big superconductors. Depending
on their structure, SFCLs can be further divided into resistive-SFCL (RSFCL) [19] and
inductive-SFCLs (ISFCL) [19], [21]. However, due to its simplicity, the resistive type SFCL
is the preferred type of SFCL [21].

Solid state FCLs use the advanced switching technology to limit the fault current. This
type of FCLs can be further divided into two groups: resonance based FCLs [22], [23] and
impedance switch in FCLs [24]-[26]. Resonance based FCLs limit the fault current by using
thyristor switches and introducing a parallel resonant LC circuit into the system. There
are different possible switching arrangements for this type of FCLs. However, the basic
operation of all configurations is similar. In all cases, the LC circuit of the resonance based
FCL is tuned to the power frequency and show minimum impedance in line. When a fault
happens, the switches separate (add) a capacitor or inductor from (to) the system. As a
result, the new LC circuit is no more tuned to the power frequency, and a large impedance
is introduced to the system.

Impedance switch in FCL operates by introducing a large impedance in series with the
power line when a fault happens. In normal operation, the current goes through a set of
Gate-Turn-Off (GTO) thyristor switches which are connected in parallel to the limiting
impedance. At the moment of fault detection, the GTO switches are blocked which forces
the current to go through the high impedance. Disadvantage of this type of FCLs is
its switching losses during normal operation. In order to overcome this problem a more
advance SS-FCL is introduced in [18],[26]. This type of FCL can be a better choice to limit
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the fault current contribution of DGs. Since it uses mechanical switches, there would be
no losses during normal operation of the system [18].

2.3.1 Application of Solid-State Fault Current Limiters

In the recent years, FCLs have been widely used by researchers as a potential device to
attenuate the effects of DGs during fault condition. Tang. et. al [18] suggested to use a
hybrid SS-FCL [26] in series with DGs to minimize their contribution in fault current. The
DGs connected to the system are synchronous generator which have high contribution in
fault current. It is shown through three sets of simulations that the connection of FCLs at
DG buses can minimize the contribution of DGs in fault current, improve the stability of
synchronous machines, and reduce the effects of DGs on coordination of over current (OC)
relays. Same type of FCL is used in [27]. However, in this paper transient fault currents
are used to coordinate the relays in a distribution system with installed DGs. Transient
currents of synchronous generators are considered, and it is shown through simulations
that the hybrid SS-FCL is capable of limiting the steady state fault current. However,
due to fault detection delay and operation time of FCLs, OC relays see the fault current
for the first few cycles. Hence, it is possible that the coordination between OC relays is
disrupted if transient currents are considered instead of steady state currents. In order to
investigate the performance of relays for transient currents, the detection time delay and
switching effects of FCL are considered for relay settings. Moreover, the dynamic model
of inverse time overcurrent relays which is explained in [28] is used. Simulation results
show that when transient currents are applied to OC relays designed based on steady state
currents, the coordination between some of the primary and back up relays are lost. On
the other hand, when the relays are designed based on transient currents, all of the relay
pairs coordinate properly during transient time.

In [29] different misscoordination problems caused in presence of distributed generators
are reviewed. The effectiveness of a SS-FCL to restore the original protection scheme of
power systems is investigated. It is discussed that the SS-FCLs installed at the connection
point of DGs, are capable of restoring the original protection scheme. Same type of SS-FCL
is used in [30],[31] to diminish the contribution of DGs to the fault current. In these two
studies genetic algorithm is used to obtain the optimal location, number and size of the
SS-FCLs in order to minimize the number of protective devices that should be replaced.
Hence, a fitness function is defined and minimized to obtain these optimal variables. This
function includes number and cost of protective devices that should be replaced as well
as the number of SS-FCLs which are necessary to restore the original protection scheme.
Performance of the algorithm is examined for different numbers of SS-FCLs. Comparing
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Figure 2.9: Distribution system with installed SFCL [32]

the results, it is concluded that optimal location and number of SS-FCLs highly depend
on their price. As the price of SS-FCLs decreases the optimal numbers calculated for these
units increases.
Although SS-FCL has shown promising performances in minimizing the fault current con-
tribution of DGs, they have the main drawback of high cost which is hardly mentioned
in the related literature. In a system with high number of DGs, in order to restore the
original protection coordination, it is required to install one FCL for each DG which is
not considered as a cost effective solution and may diminish the economical advantages of
DGs.

2.3.2 Application of Superconducting Fault Current Limiters

In order to complete the study on the effects of FCLs on limiting the fault current contribu-
tion of DGs, performance of SFCLs is also investigated in the presence of DGs. Compared
to SS-FCLs, SFCLs are more commonly suggested in the literature for the application of
DGs. In [32] a SFCL is used to limit the contribution of a DG to the fault current, and to
improve the instantaneous voltage sag resulting from the excessive fault current. In this
paper the SFCL is not installed at the connection point of the DG. As shown in Figure 2.9
the output terminal of the faulty distribution subsystems is chosen as the installation point.
The FCL is able to limit the fault current contribution of the DG effectively, and improve
the voltage sag. However, in the presence of FCL, the total fault current is reduced to a
level below the original fault current. This is expected since the SFCL is installed at a
location where it would limit the fault current contribution from both the grid and DG.
As a result of this limitation, the operation time of the circuit breaker on the faulty line is
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increased to a value twice its original tripping time. Moreover, since the SFCL is installed
on the faulty feeder, the circuit breaker on the healthy feeder still sees the fault current
coming from the DG. This may cause bi-directionality issue if this circuit breaker has a
faster response characteristics. From the result of this paper it can be concluded that the
location of FCLs should be chosen properly so that the original operation of the system is
not affected. The best location is at the connection point of DGs to the grid, so that only
the contribution of DGs into the fault current is limited.

Effects of SFCLs are also investigated for the purpose of excessive fault current man-
agement in a distribution system with connected wind farms [33]. For this study, a SFCL
is installed at the connection point of a wind farm to a distribution system. It is shown
that the SFCL is capable of limiting the steady state current as well as the peak value of
fault current. A short circuit reduction ratio of 70% is obtained in the first half a cycle. In
[34] the effects of FCLs is studied from a different point of view. It is shown that FCLs can
affect the optimal sizing of wind-turbine generators. A resistive SFCL consists of n series
connected SFCL is used for this study. Figure 2.10 shows how the presence of resistive
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Figure 2.10: Effect of WTG system and SFCL on CTI [34]

SFCL can enhance the CTI between two overcurrent relays connected to the system, and
increase the optimal size of wind turbine generators (WTG). When a wind turbine gener-
ator is installed to the test system, the CTI is reduced from ∆t1 to ∆t4 which is smaller
than the desired CTI, ∆t3. This means that the initial size of WTG should be reduced
in order to keep the CTI within the desired range. However, when the SFCL is installed
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between the WTG and the distribution feeder, the CTI is increased from ∆t4 to ∆t2 which
is more than ∆t3. Hence, with the SFCL installed in the system, there is no need to reduce
the size of the WTG in order to meet the original coordination requirements.

Same type of FCL is used in [35] to evaluate the effects of FCLs on fault current
magnitude, rotor speed, terminal voltage and output active power of a WTG. With no
FCL in the system, when a fault happens, the rotor speed of WTGs increases, and it takes
a long time until the original value is restored after the fault clearance. Moreover, there
is a significant voltage drop at the WTG terminal and large oscillations happen in the
active output power. On the contrary, when a FCL is installed in the system, the rotor
speed remains stable and the voltage drop improves significantly. Furthermore, no large
oscillations appear at the output active power of the WTG. The FCL can also reduce the
fault current fed by the WTG, and helps with restoring the original OC relay coordination
scheme.

In [36], it is shown through simulations that the presence of DGs disrupts the coordi-
nation between some of the primary and secondary OC relays installed in a looped power
delivery system. This means that the coordination time interval between the primary and
secondary OC relays goes below the required CTI, or in a worse case the backup relay
operates before the primary one. In exploring the performance of two types of FCLs, in-
ductive SFCL and resistive SFCL, installed in series with the DG units, it is argued that
the minimum impedance of FCL depends on the capacity, number, and location of DGs
as well as the fault location. The minimum impedance of FCL provides an acceptable
CTI between the primary and secondary relay, and hence an iterative approach is adopted
to calculate the minimum FCL impedance. During this process the impedance of FCL is
increased till CTI for all sets of primary and backup relays meet the minimum CTI value.
Simulation results show that when the FCL impedance increases, the coordination time
interval between the primary and backup relays increases. Moreover the results show that
the resistive FCLs are able to restore the original protection scheme with a much smaller
impedance value compared to inductive FCLs. In another work [37], the location and size
of FCLs are considered as two important factors affecting their performance. Different
locations for FCLs are examined, and the authors concluded that in order to obtain the
most proper coordination between the relays, FCLs should be installed close to the newly
installed DGs.

The reliability of a SFCL is examined in [38]. It is shown that SFCLs are capable
of tolerating high load currents without transitions to the limiting mode. Moreover, it is
explored through simulations that while the SFCLs limit the current effectively during a
fault, they maintain as superconductors for inrush currents. In [39] a novel dual FCL is
proposed to limit the fault current contribution of DGs, depending on the fault location.
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The fault current limiter is connected at the connection point of DG and consists of two
limiters, FCLDG and FCLGrid. FCLDG is responsible to operate for faults at the local bus
while FCLGrid limits the fault current contribution of DG for a fault on the grid side. Fault
locations are categorized depending on the fault current direction seen by the two current
sensors connected with each FCL. If sensors see the fault current in different directions,
fault is detected at the local bus otherwise it is categorized as a grid side fault. Each FCL
consists of a superconducting element in parallel with a power switch. When a fault is
detected, first both FCLs operate in limiting mode due the excessive fault current seen by
the superconducting elements. Then, depending on the fault location, a signal is sent to
the appropriate power switch to close and bypass its superconducting element. As a result
of this operation, the fault current contribution of the DG unit is only limited for a fault
on the local bus. On the other hand, for a fault on the grid side, DG is able to feed the
local load.

A new idea is proposed in [40] to protect looped distribution systems in both grid
connected and islanded mode operation using FCLs. In this work, unlike all other papers
presented so far, FCLs are installed in series with the utilities to limit their fault current
contribution when the system operates in grid connected mode. In fact, the relays are
designed to coordinate in islanded mode of operation. In grid connected mode, the FCLs
connected in series with the grids limit their contribution to the fault current. As a result,
same relay settings can be used in both modes of operation. Optimization algorithms
are used to obtain the optimal relay settings as well as the FCL impedance which gives
satisfactory performance in both modes of operation. It is shown through simulations that
using the optimal settings for the relays and FCLs, relays can successfully operate in both
modes of operation.

From the presented surveys it can be concluded that SFCLs are able to limit the fault
current contribution of DGs. However, this type of FCL has the main drawback of long
recovery time. As mentioned earlier, SFCLs should be cooled down instantaneously in
order to avoid any resulted voltage drop in the power line where they are connected. This
process takes time and requires special equipments. Moreover, SFCLs are not direction
sensitive and limit the fault current in both direction which is not the desired operation
in all cases [18]. For an effective and safe operation of protection system, it is required to
install at least one SFCL for each DG. This might not be an economical solution especially
in large systems with high number of connected DGs.
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2.4 Application of Other Protection Schemes

Some authors have proposed to replace the conventional protection devices with more
advanced ones in order to provide safe protection operation in the presence of DGs. One
of the primary works in this area is proposed by the authors of [41]. In this work, the
fuse-recloser coordination problem is investigated in presence of DGs. The authors suggest
to replace the installed reclosers with microprocessor based reclosers which have the ability
to store multiple curves, and allow the suitable curves to be chosen for each operation. It
is shown that for the system under study, the fault current seen by the fuse would be
more than the fault current going through the recloser if DGs are connected to the system.
Hence, a ratio of fuse current to the recloser current is used to modify the recloser curve.
This modification shifts the recloser curve to coordinate with the fuse in a new current
range. However, the DGs should be disconnected after the first operation of recloser. So, it
is necessary to modify the curves according to the new structure of the system. A similar
idea is proposed in [42]. The only difference is the use of a non-adaptive method. In
order to have one common scheme for all conditions of DGs, it is suggested to choose the
minimum and maximum fault currents so that the curves coordinate in a wider range. As
a result, the minimum fault current is calculated when the DG is disconnected from the
system, and the maximum fault current is calculated when it is connected. The fuse and
recloser curves are coordinated in the obtained range. Presence of the DG increases the fuse
current above the recloser current. Hence, the recloser fast curve is revised using the fuse
to recloser ratio (FRR), and the new revised curve is programmed in the microprocessor
based recloser. This revised curve is used for coordination purposes even when the DG is
disconnected after the first operation of recloser.

A new inverse time admittance (ITA) relay is proposed in [43]-[45]. The inverse time
overcurrent tripping characteristic is used for the relay tripping time. However, instead of
the multiple of pickup current used in the tripping formula, a new factor called normalized
admittance is used. This factor is defined as the ratio of measured admittance by the relay
to the zone pickup admittance. The measured admittance is calculated using the current
and voltage seen at relay location while the relay pickup current and its corresponding
voltage are used to calculate the pickup admittance. Since the proposed admittance relay
uses multiples of relay pickup current and voltage, its performance does not depend on
fault current seen by the relay. The test results for this relay shows an acceptable per-
formance in clearing the fault in both radial and meshed distribution systems. However,
performance of the relay depends on the normalized admittance which is a function of
measured admittance. In order to have an effective relay with correct tripping time, it is
necessary to measure voltage and current at relay point correctly.
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An adaptive protection scheme is proposed in [46]. The solution is proposed to minimize
the effects of DGs on reducing the reach of the substation OC relays. It is discussed that
the presence of DGs in distribution system can reduce the capability of feeder’s relay to
see the fault. As a result, time operation of substation relay which is usually an inverse
time overcurrent relay increases. In order to solve this problem, it is proposed to modify
the pickup current of the relay depending on the DG contribution. This means the pickup
current of the substation relay should decrease when fault current contribution of DGs
increases. For this purpose, the DG is modeled, and the fault current seen by the substation
relay is estimated in the presence of the DG. Therefore, pickup current of the substation
relays is modified accordingly. The authors also note that if the DG is disconnected during
the fault period, the proposed approach can still work. It is argued that when the DG is
disconnected from the system, the fault current drawn from the grid and as a result the
current seen by the substation relay increase. Hence, it takes less time for the relay to trip.

Another approach is proposed in [47] for protection of two radial feeders connected in
parallel. It is discussed that DG units should stay connected in order to achieve the full
benefits of distributed generation. As a result, it is proposed to keep IBDGs connected
during a fault. Considering the maximum output current of the inverter, the output voltage
yielding this current is obtained. In order to limit the output current below its maximum
value, a safety margin is deducted from the calculated voltage. A voltage based detection
method is used to sense the current direction. Fault detection modules are installed in
the system to detect the direction of fault current and enable the selective protection
scheme. Depending on the detected fault zone, the fault detection modules operates after
a time delay. As a result of this coordination, the minimum faulty section of the system
is disconnected for in zone faults. For out zone faults, time delays are set so that the
maximum part of the healthy system continue to operate in islanded mode.

In [48] it is proposed to use microprocessor-based relays to protect a low voltage mi-
crogrid in both grid connected and islanded mode of operation. The proposed protection
scheme is not a communication based method but it relies on capabilities of microprocessor-
based relays to choose between different functional modules. Since it is not economical to
replace all the available protective devices with new circuit breakers/relays only some of the
fuses would be changed. This would include fuses installed at the beginning of secondary
mains (SM), and the fuse connected at the interface point of microgrid to the utility grid
are replaced by microprocessor based relays. All other network fuses are kept without any
modification. The proposed microgrid protection relays (MPR) and interface microgrid
protection relays (IMPR) consist of three main protection modules: grid-connected mode
block, islanded mode block and high impedance fault (HIF) protection block. In islanded
mode, a definite time grading method in combination with fault detection and directional
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elements are used for protection purposes. In order to avoid false tripping in case of a
fault on neighbor feeder, directional elements should be incorporated in the MPRs. For
grid connected mode of operation, the method proposed in [41] and [42] is used to make
the protective devices coordinate in the new ranges of fault current. Moreover, for HIFs
detection, the method suggested in [49] is adopted and incorporated in the MPRs. The
proposed method shows that in islanded mode of operation, the MPRs are the primary
relays which reacts to a fault. Since the fault current level is low in this mode of operation,
it takes a long time for fuses to operate. In this situation, the MPRs installed on healthy
feeders operate after a time delay as the backup protection for the main MPR. In grid con-
nected mode of operation, it is shown that appropriate fuse trips first and the respective
MPR operates as the backup. Also, the IMPR operates with a longer time delay as the
second backup followed by other MPRs installed at the healthy feeders.

Protective relaying approaches which are based on communication between the elements
of power system have gained more attention as a solution for protection problems associated
with DGs. Brahma and Girgis [50] tackled the problem from this point of view. It is
discussed in the paper that it is not reliable to disconnect all DGs in the system for each
temporary fault. As a result it is proposed to divide the system into zones of operation
where each zone has a balance between the number of DGs and connected loads. Since in
this approach the zones may operate in islanding mode during fault condition, at least one
DG in each zone should have load frequency control capability. Zones are separated using
breakers. These breakers should be capable of disconnecting and reconnecting the zone
upon receiving signal from the main relay. The main relay is located at the substation
and is responsible to detect the fault, identify the type of fault and faulted zone. When
the faulted zone is identified, the relay sends a tripping signal to appropriate breakers
to disconnect the zone and the DGs connected to the zone. The main challenge in this
approach is to distinguish the faulty zone. For this purpose data related to load flow and
short circuit analysis of the system is required. Also, the fault current contribution from
all available sources in the system for different types of fault happening at each system bus
should be available. It is discussed in the paper that the fault current contribution from a
source to a fault happening on a line would lie between the fault current contribution from
the same source to the same type of fault happening at buses connected to the line. In
order to check the persistence of the fault, the main relay sends a reclosing signal to one of
the zone forming breaker specified for reclosing operation. The current contribution from
all generation units are monitored continuously, so if the fault persists after the reclosing
operation, it would be detected quickly and the signal is sent to the zone forming breaker
to disconnect the zone. On the other hand, if the fault disappears, closing signal is sent to
zone forming breakers one by one to connect the zone to the system. As discussed in the
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paper the accuracy of the method depends on the number of DGs connected to the system
and their level of penetration. The essential part of this approach is to spot the faulty zone.
When a low number DGs are installed in the system the possibility of incorrect detection
increases and as a result the accuracy of the approach lessens.

In [51] it is suggested to use the IEC 61850 standard to provide appropriate communi-
cation between the relays and generation units. The proposed method is based on commu-
nication between a microgrid central protection unit (MCPU), the relays and generation
units. The operating currents of relays and fault current direction are the information ob-
tained by continuous monitoring of relays. The fault current seen by each relay is obtained
as follows:

Irelay = (IfaultGRID ∗ OperatingMode) +
m∑
i=1

(Ki ∗ IfaultDGi
∗ StatusDGi) (2.1)

where IfaultGRID presents the fault current contribution from the grid. IfaultDG is the fault
current contribution from each DG which depends on the type of DG. ”OperatingMode”
and ”StatusDGi” show the status of microgrid and DGs respectively. Ki is the impact
factor of ith DG on a relay. This value varies between 0 to 1 depending on the closeness
of the DG to a relay. In order to guarantee the coordinated operation of relays a selective
level is associated to each relay. As a result of this selective level each relay operates after
a time delay. When current flowing through a relay exceeds the relay operating current, a
fault detected signal is sent to the MCPU. If the fault is not cleared by other relays in the
time delay, a signal is sent to the relay to open and clear the fault. In a similar work [52],
authors propose to use inverters with FCL ability as the interface of DGs to the power
system. Hence, when a fault happens, the output current of inverter based DGs are limited
to a predetermined value, IfaultDG. In this case since the output current of DGs are known,
they can be stored in CPU and there is no need for communication lines between the DG
units and the CPU. In [53], the authors proposed a control strategy to reduce the output
current of IBDGs during fault condition based on the severity of voltage sag experienced
by each IBDG. However, in these methods, in order to decrease the contribution of IBDGs
to zero, the inverter current magnitude should be so small that it would be equivalent to
deactivating the inverter. In [54] performance of a solid-state switch-based field discharge
circuit in controlling the output current of synchronous DGs is investigated. The method
is able to reduce the contribution of synchronous DG in fault current, however, it requires
modification of the internal circuit of installed synchronous DGs which might not be a
feasible solution in all situations.
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An adaptive agent based protection scheme is discussed in [55]. The approach is based
on communication between the protective relays, DGs and other equipments of power sys-
tem such as circuit breakers (CB) and current transformers (CT). The proposed multiagent
protection scheme consists of three main groups of agents: DG agents, relay agents and
equipment agents. A communication protocol allows the agents which are allocated in
different locations of power system to communicate with each other. The CB and CT
agents provide local information for relay agents and operate the local equipments. Relay
agents receive necessary information from DG and equipment agents to protect the system.
Moreover, the coordination strategies suitable for different system configuration are set in
the relay agents. The relays have the updated information from other agents in the system,
so they adapt themselves with the new configuration and choose the proper coordination
scheme to clear a fault.

Microprocessor-based directional relays are used in [56] to provide an adaptive protec-
tion scheme in presence of DGs. Use of relays with different tripping characteristics can be
planned depending on the system structure. In addition to the grid connected and islanded
mode of operation, the case when fault current changes due to disconnection of one DG is
also considered. The forward relays have two tripping characteristic, one for grid connected
mode and one for islanded mode of operation. On the other hand, the reverse relays have
also two characteristic, one for the case all DGs are in place and one for the situation that
one of the DG units is disconnected. The status of the grid is detected using an islanding
detection method.

The authors of [57] also believe that the traditional protection equipments are not able
to properly deal with the protection problems that occurs in presence of DGs. Conse-
quently, the concept of agent based protection system is introduced. The wavelet com-
ponents of load current and voltage are analyzed using the wavelet transform. The fault
current is detected by feeding the obtained spectral components into a neural network. The
fuzzy cluster analysis is used to classify all relays in a line which is protected by a relay
agent into two groups depending on their energy spectral. The fault location is identified
by comparing these group structures. Information are transferred between the relay agents
and other equipments and fault is cleared by proper relays.

Digital relays are used in [58] to protect the microgrid with the help of a phasor mea-
surement unit (PMU). It is proposed to use the differential protection scheme to detect
the faults. The relays connected on the sides of a transmission line should communicate
to clear a fault. For relays installed on short lines the communication between the relays
takes a short time, so there is no need for a synchronization unit. However, for long dis-
tance transmission lines a PMU is required to have time synchronized measurements. If
the primary relays fail to operate, a tripping signal is sent to the adjacent relays to operate
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as backup for primary relays. Moreover, in case of relay or communication link failure, an
alert is sent to the relays indicating that the differential protection scheme is lost and the
relays should operate based on the comparative voltage protection scheme.

An agent based approach is discussed in [59] where the distribution system is divided
into separate sections. The proposed protection system is a communication based method
where the installed agent relay should communicate with each other based on the received
signal from the CTs. The CBs are responsible to open the faulted section upon receiving
signal from the agent relays. Agent relays use the fault current direction to categorize the
faults as either internal or external faults. When a fault happens in the system, first it
is categorized by the relays as either an internal or external fault. In case of an internal
fault, the agent relay at the busbar is capable to detect the fault without communicating
with other relays. For external faults, the relay communicate with its neighbor relays and
the relays connected to the faulted section will clear the fault.

Many of the proposed solutions in this area are able to provide a reliable protection
operation in presence of DGs. However, these solutions either require replacement of all the
protective devices with new ones or changing the entire protection system. Either way, the
solutions are not appropriate for the existing power system with high number of protective
devices. Modifying the current distribution systems using the new designed protection
schemes would be too costly and may diminish the economical benefits of distributed
generation. Hence, more economical solutions are necessary to provide the safe operation
of protection systems in presence of DGs.

2.5 Modeling and Control of DGs

The behavior of DGs during fault condition and their contribution in the fault vary de-
pending on the type of DG. In general, DGs can be divided into three main categories:
synchronous machine DGs, induction machine DGs and PE based DGs. Synchronous gen-
erators are conventional DGs which are used to employ the traditional energy resources
such as diesel and gas engines or hydro units [15]. Induction generator are commonly used
with WT. On the other hand, PE based DGs are used to connect the nontraditional en-
ergy resources such as PV, FCs or WTs to the power system. These renewable resources
produce a dc voltage or a variable frequency ac voltage and require PE interface to connect
to the ac power system [15], [60].

Table 2.1 shows the fault current contribution of different DG technologies [5], [61].
Synchronous DGs provide a greater contribution to a fault current than do IBDGs. While
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Table 2.1: Fault current contribution from DGs with different technologies [5],[61]

Types of DG Fault current contribution(as a percentage of rated current)
Inverter Based DG 100-400%(duration depends on inverter control strategy)

Synchronous Generators 500-1000% (first few cycles) and thenreduce to 200-400%
Induction Generators 500-1000% (first few cycles) and then reduce to 0

an IBDG fault current is limited to two to three times its rated current, synchronous
DGs can contribute about four to five times their rated current. It should be noted that
IBDGs feed the fault as long as the fault current remains below the maximum current
limit of their inverters. This is the case for remote faults where fault current level is not
very high [62]. If the fault current contribution of IBDGs exceed their current threshold,
the inverter interfaces are disconnected to avoid any damages to the transistor switches
[15],[62],[63]. Hence, in order to avoid damage to the PE interfaces of IBDGs, the fault
current contribution of these units should be kept below the tripping threshold of inverter
interfaces.

In the following sections, a brief description is given on the operation of two common
types of DGs during fault condition.

2.5.1 Synchronous Generators

Synchronous generators are used to generate electrical energy from high power turbines
such as gas, steam and hydro. Using these generators the mechanical energy of high power
resources are converted to electrical voltages at power frequency [13]. These generators can
be modeled as a voltage source in series with an equivalent impedance [15],[64]. When a
fault happens, the internal voltage of generator decays in time while the internal impedance
remains constant representing the machine physical characteristic. However, in order to
simplify the operation of synchronous generator in fault situation, same results can be
obtained if it is assumed that the generator voltage remains constant and the internal
impedance increases by time [65].

Figure 2.11 shows the fault current contribution of a synchronous generator for a fault
at its terminal [15]. As can be seen, the current consists of both ac and dc components in
the first few cycles. Presence of dc component in fault current prevents the sudden change
of current in the inductive circuits. When a fault happens, the ac current increases rapidly.
However due to the presence of inductive element in the circuit, the total current cannot
vary instantaneously. As a result, the dc component of the fault current is produced to
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Figure 2.11: Fault current contribution of synchronous generators [15]

compensate for this rapid increase of ac current. The dc component of fault current is at
its maximum level in the first cycle and decay to zero depending on the resistance and
inductance of the circuit. As a result, the current becomes symmetrical around zero when
the dc component disappears [65].

The symmetrical ac component of fault current varies as time passes. In the first few
cycles, the symmetrical fault current is at its maximum value and decreases rapidly. This
period is called sub-transient period. After this period, the fault current continues to
decrease in the transient period with a much lower rate till it reaches a steady state value.
After this moment, the fault current remains constant implying steady state condition [64].
The symmetrical component of fault current can be obtained as follow [64]:

I(t) = (I
′′ − I ′)e

−t

T
′′ + (I

′ − Iss)e
−t

T
′ + Iss (2.2)

where:

Iss =
V

Xs

(2.3)

In (2.2) I
′′
, I
′

and Iss are the sub-transient, transient and steady state currents. T
′′

and T
′

represent the sub-transient and transient time constants. Also, V is the per-phase internal
generated voltage of the generator and Xs is the synchronous reactance.
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2.5.2 Power Electronic Based Distributed Generators

Many types of renewable energy resources such as FCs, PV systems and WTs require power
electronics as an interface to power system [13],[15]. Depending on the type of generated
power, dc or ac, the interface can consist of an inverter or a rectifier and an inverter [13].
In order to simplify the analysis, here it is assumed that a constant dc voltage is provided
at the input of the inverter and the rest of the analysis is focused on the grid-side converter
[66],[67].

There are two types of inverters: current source inverters (CSI) and voltage source
inverters (VSI). Since distributed generation resources can be simulated as voltage sources,
VSI are commonly used as their interface to the grid [15]. Voltage source inverters can be
further divided into two categories: voltage controlled VSI (VC-VSI) and current controlled
VSI (CC-VSI) [15],[68].

Voltage controlled VSI

In VC-VSIs, the output voltage of the inverter is the control variable. Mimicking the
operation of synchronous generators, the output active and reactive power of VC-VSIs
can be controlled by manipulating the magnitude and phase angle of the output voltage
[15],[69]. Voltage controlled VSIs are able to provide voltage support to the load. In this
mode of operation where the voltage magnitude of the inverter is kept constant, the only
controllable parameter is the power angle. Hence, unity power factor is obtained only at
a specific grid voltage and power flow condition depends on the maximum limit of power
angle, size of coupling inductor and the load. Another disadvantage of VC-VSI is that
decoupled active and reactive power control is not possible [68]. Moreover, the quality of
power in VC-VSI highly depends on the grid voltage quality [15],[69].

VC-VSI can be modeled as a voltage source in series with the coupling impedance.
Peak value of the fundamental phase voltage of VC-VSI, V̂1, can be obtained as follows
[15],[70]:

V̂1 =
m.Vdc

2
(2.4)

where m is modulation index of pulse width modulation (PWM) inverter and Vdc is the dc
side voltage.
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Current Controlled VSI

In current-controlled VSI, the output power of the inverter is controlled by manipulating
the current injected to the grid [15]. Current controlled VSI can be modeled as a current
source in parallel with an equivalent impedance [68],[15]. This modeling is possible since
the current controllers in CC-VSI are usually designed with a high bandwidth. Therefore,
in a control frequency range which is much less than the controller bandwidth, current
controller has a gain close to unity and the CC-VSI can be modeled as a current source
within its bandwidth.

Compared to VC-VSIs, a higher quality of power can be obtained in current control
mode of operation since the current is less affected by the grid voltage [15]. Moreover, in
CC-VSI the active and reactive output powers are decoupled since the output current of the
inverter is controlled independently from the grid voltage [68]. Due to these advantages,
CC-VSIs are considered in this work as the interface of DGs.

2.6 Modeling of Inverter Based DGs for Fault Anal-

ysis

As discussed in Section 2.4, advanced solutions have been proposed in recent years to keep
DGs connected to the system while limit their contribution in fault currents. In properly
employing these methods, there is an inevitable need to model the behavior of DGs under
fault conditions. The behavior of synchronous DGs under fault conditions is well known
[65]. However, the behavior of IBDGs during fault conditions is mainly dominated by their
control units. When a fault happens in a power system, in order to avoid any damages
to the semiconductor devices, the VSIs are automatically disconnected when their fault
current exceeds 100%-400% of the rated current [5],[61]. In order keep IBDGs connected
to the system, the current contribution of these units should be limited to a value below
the tripping threshold of their inverter interfaces. Hence, with the increasing number of
IBDGs in power systems, it is necessary to investigate the behavior of this type of DGs
for fault analysis. A number of methods have been proposed in recent years to facilitate
the fault analysis in systems with high penetration of IBDGs. It is shown in [60] that
the fault current contribution from synchronous based DGs is noticeably higher than the
fault current contribution of IBDGs. A dynamic simulation technique based on state space
representation of the system is used to analyze the effects of IBDGs; however, no detailed
discussion on the modeling and control procedure of IBDGs is presented. In [62], the
authors proposed a step-by-step method to include IBDGs in conventional fault analysis
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techniques. Although the method is capable of estimating the IBDG current, it cannot be
easily generalized for all system configurations, requires high computational calculations,
and depends on many system assumptions. A reduced converter model based on switching
function concept is proposed in [71]. Although, the results point out a limited current
contribution from IBDGs during the fault condition, neither the operation of the controller
for generating this contribution, nor the type of modelings are mentioned. In [72], a double
loop current controller is presented to control the output current of IBDGs that feed the
fault with a rated current. However, the method is examined on a single IBDG, and the
criteria for defining the output current of the inverter are not defined. References [73]-[75]
are based on the idea of modeling IBDGs as constant current sources during fault condition.
While [75] proposes a model for islanded IBDGs under fault condition, [73] and [74] focus
on the behavior of IBDGs in grid connected fault conditions. In [73], the effect of a single
IBDG during fault condition is investigated, and the unit is modeled as a constant current
source in this situation. In [74] a system with multiple IBDGs is considered and a load flow
based technique is used to find the contribution of each DG to fault current. In this case,
IBDGs are modeled either as PQ generators or as constant current sources, based on their
contributions in fault currents. Although this method is conceptually correct, the authors
used Gauss-Seidel load flow solution, which is not a recommended load flow technique for
weak meshed radial systems.

2.7 Effect of DG Location on the Fault Current Seen

by Protective Devices

As discussed in subsection 2.5.1 and subsection 2.5.2, the fault current contribution of DGs
varies based on the type of DG. Additionally, the location of DGs affects the fault current
seen by the protective devices installed in the system.

2.7.1 Effect of IBDGs Location

The effect of DG location has been analyzed in depth in [53] for the case of IBDGs.
Consider the system shown in Figure 2.12. For a fault at F1, when no IBDG is connected
to the system, the fault currents flowing through the two relays, R1 and R2, are equal to
the fault current fed by the grid:

IR1 = IR2 = Is =
E

Znet + Z1 + Z2 +Rflt

(2.5)
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Figure 2.12: Equivalent model of a distribution system with an IBDG for a downstream
fault [53]

where Z1 and Z2 are the equivalent impedance of the lines from the substation to the point
of common coupling (PCC) and from the PCC to the fault respectively. The voltage source
is E, and Znet presents the equivalent model of the network upstream the substation. The
fault impedance is represented by Rflt.

When the IBDG is connected to the system, it affects the fault current seen by R1 and
R2. The IBDG is modeled as a constant current source during fault conditions. Depending
on the location of DG in respect of the fault location and substation, from the total fault
current contribution of IBDG, IIBDG, a part goes towards the fault, IIBDG2 , and a part
flows in the other part of the system, IIBDG1 . IIBDG1 and IIBDG2 are calculated as in [53]:

IIBDG1 = IIBDG.
Z2 + Zflt

Znet + Z1 + Z2 + Zflt
= IIBDG.ZEq1

IIBDG2 = IIBDG.
Z1 + Znet

Znet + Z1 + Z2 + Zflt
= IIBDG.ZEq2 = IIBDG.(1− ZEq1)

(2.6)

Consequently, the fault current seen by R1 and R2 can be calculated as in [53]:

IR1 = Is − IIBDG1 =
E

Znet + Z1 + Z2 +Rflt

− IIBDG.
Z2 + Zflt

Znet + Z1 + Z2 + Zflt
(2.7)

IR2 = Is + IIBDG2 =
E

Znet + Z1 + Z2 +Rflt

+ IIBDG.
Z1 + Znet

Znet + Z1 + Z2 + Zflt
(2.8)
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The increase in the fault current seen by R2 and the decrease in the fault current seen by
R1 depends on Znet, Z1, Z2 and Zflt. For the faults happening close to the IBDG when
(Z2+Rflt)�(Z1+Rnet), ZEq1 will be a small value and IIBDG1 can be ignored. In this case
the fault currents seen by R1 and R2 are obtained as [53]:

IR1 ≈ Is =
E

Znet + Z1 + Z2 +Rflt

(2.9)

IR2 ≈ Is + IIBDG =
E

Znet + Z1 + Z2 +Rflt

+ IIBDG (2.10)

On the other hand, in large networks when the IBDG is located farther from the fault
location, the equivalent line impedance from the fault location to the IBDG is considerable
((Z1+Rnet)�(Z2+Rflt)). As a result, the fault current seen by R1 and R2 are obtained as
[53]:

IR1 ≈ Is − IIBDG =
E

Znet + Z1 + Z2 +Rflt

− IIBDG (2.11)

IR2 ≈ Is =
E

Znet + Z1 + Z2 +Rflt

(2.12)

Placement of IBDGs anywhere between Z1 and Z2 results in fault currents with values
between those of the above mentioned extreme cases.

2.7.2 Effect of Synchronous DGs

The same type of calculation is possible for the case of synchronous DGs. Consider the
system shown in Figure 2.13 where a synchronous DG with the inductance of X’ is con-
nected in place of the IBDG. For the same fault F1, the fault currents contributed by the
grid and synchronous DG are respectively calculated as:

IsDG
=
E

Z ′

ISynch =
ESynch
Z ′′

(2.13)
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Figure 2.13: Equivalent model of a distribution system with a synchronous DG for a
downstream fault

where:

Z ′ =
X ′ × (Z2 +Rf )

X ′ + Z2 +Rf

+ Z1 + ZNet

Z ′′ =
(Z1 + ZNet)× (Z2 +Rf )

Z1 + ZNet + Z2 +Rf

+X ′
(2.14)

Comparing the equivalent impedance of the line seen by the grid when no synchronous
DG is connected to the system, with the one calculated in the presence of synchronous
DG, shows that:

X ′ × (Z2 +Rflt)

X ′ + Z2 +Rflt

+ Z1 + ZNet < Z2 +Rflt + Z1 + Znet (2.15)

Hence, the fault current contributed by the grid is increased when the synchronous DG is
connected to the system:

IsDG
> Is (2.16)

On the other hand, the portions of synchronous DG fault current flows in each part of
the system are calculated as:

ISynch1 = ISynch.
Z2 + Zflt

Znet + Z1 + Z2 + Zflt
= ISynch.ZEq1

ISynch2 = ISynch.
Z1 + Znet

Znet + Z1 + Z2 + Zflt
= ISynch.ZEq2 = ISynch.(1− ZEq1)

(2.17)
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where ISynch1 and ISynch2 are the portions of ISynch that flow towards the network and the
grid respectively.

Consequently, the fault currents seen by R1 and R2 are calculated as:

IR1 = IsDG
− ISynch1 (2.18)

IR2 = IsDG
+ ISynch2 (2.19)

As a result, compared to the case without the synchronous DG, the fault current seen
by R2 is increased when the synchronous DG is added to the system. On the other hand,
the fault current seen by R1 depends on the fault current contributed by the grid and the
portion of DG fault current which flows towards the grid, ISynch1 . If the increase in the
fault current contributed by the grid is more than ISynch1 , the fault current seen by R2 will
increase, otherwise, it will decrease.

2.8 Current Control Methods

Sinusoidal pulse width modulation (SPWM) is a common modulation technique used for
voltage source inverters. In this type of modulation technique the switching commands of
the inverter are produced by comparing a high frequency triangle waveform with a sinu-
soidal control signal. The frequency of the control signal is set to the desired fundamental
frequency while its amplitude is used to modulate the switching duty ratio [70]. Sinusoidal
pulse width modulated voltage source inverters (PWM-VSI) are used in conjunction with
different types of linear and nonlinear controllers [76]. Although nonlinear controllers such
as fuzzy logic (FL) based types show promising performance for application of VSIs, their
implementation is more complex than the linear controllers. As a result, linear controllers
are used in this work for both normal and fault condition.

Proportional integral (PI) regulators implemented in abc frame have been used as the
traditional current regulators for PWM-VSIs. Although this type of controller has a long
history of use for this application, its performance is degraded by steady state current
magnitude errors and phase shift [77]-[79]. The steady state error is due to the fact that
in abs frame, the controller operates on ac quantities and the PI regulator is not capable
of introducing an infinite gain on non-zero frequencies [79],[80]. In contrast to natural
frame regulators, synchronously rotating frame PI regulators are able to regulate the out-
put current of PWM-VSIs with zero steady state error [78],[79]. For Synchronous frame
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computation, the ac quantities in natural frame are converted to dc quantities using the
following transformation [81]:

[
id
iq

]
=

2

3
.

[
cos(θ) cos(θ − 2.π

3
) cos(θ + 2.π

3
)

sin(θ) sin(θ − 2.π
3

) sin(θ + 2.π
3

)

]
.

iaib
ic

 (2.20)

As a result, the PI controller is able to introduce an infinite gain on the obtained dc
quantities [79],[82].

The main drawback of the synchronous frame PI regulator is the need for a complex
transformation between the natural and synchronous frame. To implement the synchronous
frame PI regulators in rotating coordinate, the output currents of VSIs, which are ac quan-
tities in natural frame, are converted to d-q synchronous frame quantities. On the other
hand, after manipulation of dc quantities, the output current of PI regulators is transferred
back to ac quantities in natural frame [76],[77]. This high amount of mathematical com-
putation can be considered as the main drawback of synchronous PI regulators working in
rotating frame. Another drawback is that single phase analysis and control is not possible
using this controller. Even the abc frame representation of the rotating frame PI regulator
introduced in [67] is not suitable for independent control of phases, due to the presence
of off-diagonal terms in the controller matrix. Due to such off-diagonal terms, the phase
quantities are functions of both corresponding and non corresponding phase errors [67].

In order to overcome this problem, a new controller, called P+Resonance controller, is
proposed in [80]. This controller, (2.21), makes it possible to control the phase currents of
VSIs independent of each other while zero steady state error is achieved in each phase.

VaVb
Vc

 =

KP + KIs
s2+ω2

0
0 0

0 KP + KIs
s2+ω2

0
0

0 0 KP + KIs
s2+ω2

0

 .
EaEb
Ec

 (2.21)

where Vabc indicates the three phase voltage commands of the inverter, Eabc shows the error
fed to the controller, and ω0 is the operating frequency. As can be seen, the P+Resonance
controller is able to achieve zero steady state error for ac quantities due to its infinite
gain at ω0. Also, the off-diagonal terms of zero show the independency between the phase
signals.
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2.9 Summary

This chapter has presented a comprehensive study on the background related to this re-
search. A detailed study is performed on the protection problems observed in the presence
of DGs. Operation of conventional protection systems in the presence of DGs is studied,
and their performance deficiencies are explained. Different solutions that have been offered
to overcome the protection problem associated with DGs are outlined. It is explained that
all solutions require either the addition of extra elements to the system or changes to the
structure of protection systems. In fact, based on current solutions, fundamental modi-
fications are necessary for protection systems, which sometimes diminish the economical
benefits of DGs. The performance of DGs during fault conditions is investigated, and the
effects of DG type and location on the fault current seen by the protective devices are
discussed. Since the research presented in this thesis is based on the operation of IBDGs
during fault condition, this type of DG is studied in more detail, and different methods
used to control these units are investigated.
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Chapter 3

Fault Current Management in Radial
Systems with Inverter Based
Distributed Generators

3.1 Introduction

Inverter based distributed generators have been used for various power applications such
as unified power flow controller (UPFC), active power filter (APF) and static synchronous
compensator (STATCOM). However, to the author’s best knowledge, no work has been
reported in the literature to use IBDGs for FCM in power systems. In this chapter the
novel idea of FCM operation is presented for radial systems with IBDGs. The idea is to
employ IBDGs, the assets which are normally left idle during fault conditions, to manage
the total fault current magnitude. The scheme is based on utilizing the available current
and voltage phasor information from smart meters and applying the necessary control
actions to operate the IBDGs in the FCM mode.

As discussed in the previous chapter, at the point of connection to a power system, many
DGs require PE interfaces. During normal operation of power system, these PE interfaces
have the potential to control the injected active and reactive power to the system, feed a
local load, regulate the voltage or eliminate the current harmonics. On the other hand,
in order for the original protection system to operate accurately during fault conditions,
the IEEE std 1547 requires all DG units to be disconnected from the power system. This
condition forces the DGs to be disconnected from the power system for every temporary
fault. Such a response decreases the reliability of the system.
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It should be noted that the response of IBDGs to a fault depends on the amount of
fault current going through the PE interface. The current contribution of IBDGs in a fault
varies based on the severity of the fault and its closeness to the unit. For less severe faults
or for faults at farther locations, IBDGs can be kept connected to the system as long as
their current contribution does not exceed the current rating of their interface inverter. In
case of a severe fault close to the IBDG, the protection system of the PE interface trips
the DG due to the excessive level of fault current.

The novel idea is to employ the IBDGs, which are normally left idle during fault condi-
tions, to manage the total fault current magnitude by controlling their current contribution
in the fault. For this purpose the IBDGs are kept connected to the system during a fault
and their current magnitude is limited to a value below the tripping level of the connected
inverters. To fulfil the FCM operation, the other controllable parameter of IBDGs, current
phase angle, is chosen as the means of managing the total fault current magnitude. The
reference phase angle which enables the FCM operation is calculated based on the relation
between the fault current elements and their phase angles. The calculated reference phase
angle is then extended for radial systems with multiple IBDGs.

By accomplishing this task, not only IBDGs are kept connected to the system, but the
total fault current magnitude is also managed in the system. Moreover, there would be a
minimum need to upgrade the protective devices which were designed for normal opera-
tion of the power system without IBDGs. Another advantage of the proposed protection
methodology is the capability of PE interfaces to respond quickly to sudden changes in
the system [13]. This capability of PE interfaces makes them a suitable choice for FCM.
Furthermore, the proposed FCM methodology does not limit the contribution of DGs,
but manages the total fault current by controlling the contribution of IBDGs. Hence, the
method gives more flexibility on the amount of fault current reduction by IBDGs.

The rest of this chapter is organized as follows. Section 3.2 provides a basic introduction
to the modeling and control of IBDG PE interfaces during normal and fault operation.
Section 3.3 explains the concept of FCM using IBDGs and presents a method for calculating
the reference current phase angle required for FCM operation. The phasor relations among
the fault current elements are mathematically solved, and the results are used to validate
the proposed phase angle calculation method in the following section. Section 3.4 provides
the validation of the phase angle calculation method for a system with one IBDG. The
effectiveness of FCM operation is also examined based on the IEEE 33-bus system for
multiple IBDGs. A summary is provided in Section 3.5.
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3.2 Control and Modeling of IBDG PE Interfaces

In order to simplify the operation of IBDGs during normal and faulty conditions, it is
assumed that a constant dc voltage is provided on dc side of the inverter irrespective
of the type of connected distributed energy system [67]. Hence, only grid side of DG
power electronic interface is considered for the study. The inverter interface is modeled
as a typical CC-VSI [83] with an L-filter connected on its ac side. The filter is used to
attenuate high order current harmonics caused by high switching frequency of inverters
while low frequency current harmonics are eliminated through a sinusoidal PWM scheme.
Since the IBDG PE interfaces are modeled as CC-VSIs in both normal and fault conditions,
the modulation parameters of the PWM modulator are set using a current control loop
based on the inverter current references. During normal operation of the system, current
references are updated continuously in order to control output power of the inverter. When
a fault happens in the system, the control system is triggered with a signal from the fault
detection unit. In this situation, the IBDGs change their operation to FCM units and
manage the fault current based on the new references calculated for the fault condition.

Moreover, choice of controller plays an important role in regulating the output current
of VSIs. In this work synchronous PI regulators are chosen for normal operation to regulate
the PWM-VSI output current with a zero steady state error. Same type of controller can
be used for balanced fault situations. However, it is suggested to use a P+Resonance
controller [80] for unbalance fault situations if the control operation is intended to perform
for each phase in abc frame. This controller makes it possible to control three phases of
output current independently while zero steady state error is achieved in each phase. In
case of poor transient response of P+Resonance regulator, next controller choice will be a
PCI regulator as proposed in [82].

As mentioned in Section 2.8, for synchronous frame computation, the ac quantities in
a natural frame are converted to dc quantities using the following transformation [81]:

[
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cos(θ) cos(θ − 2.π

3 ) cos(θ + 2.π
3 )

sin(θ) sin(θ − 2.π
3 ) sin(θ + 2.π

3 )

]
.
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 (3.1)

As a result, the PI controller can introduce an infinite gain for the dc quantities obtained.

Since the IBDG PE interfaces are modeled as CC-VSIs in both normal and fault con-
ditions, the modulation parameters of the PWM modulator are set using a current control
loop based on the inverter current references. For this purpose, the d-axis and q-axis
components of the inverter output current are compared with the corresponding current
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references, and the difference is fed into a simple PI regulator. With consideration of the
voltage drop across the inverter output filter, the inverter voltage components are obtained
in d-q frame that rotates synchronously with the angular speed of the grid ω, as follows:

vq = Riq + L
diq
dt

+ Lωid + vpccq (3.2)

vd = Rid + L
did
dt
− Lωiq + vpccd (3.3)

where vd, vq, id, and iq are the d-axis and q-axis components of the inverter output voltage
and current, respectively; vpccd and vpccq are the d-axis and q-axis components of voltage
at the point where the inverter is connected to the grid; and R and L are the output filter
components.

As shown in Figure 3.1, the d-axis and q-axis current components of inverter output
current are compared with the corresponding current references and the difference is fed
to a simple PI regulator. The steady state d-axis and q-axis components of the inverter
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Figure 3.1: Current controller block diagram [84]

control voltage can be obtained in frequency domain as follow [84], [85]:

Vref−q = RIq + LωId + Vpccq +Kp(Iref−q − Iq) +Ki(
Iref−q − Iq

s
) (3.4)

Vref−d = RId − LωIq + Vpccd +Kp(Iref−d − Id) +Ki(
Iref−d − Id

s
) (3.5)

where Kp and Ki are the proportional and integral gains of PI controller.
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3.2.1 Normal Operation

During normal operation, the IBDGs can be controlled to operate either as a PQ or PV
generator. The PQ mode at unity power factor is chosen in this work since based on
IEEE std. 1547, DGs are expected to operate at unity power factor and are not allowed to
regulate the voltage at their point of common coupling [86]. However, the mode of operation
of the IBDG during normal condition is independent of its FCM operation during fault
condition. To operate the IBDG as PQ generators during normal operation, the active
and reactive power injection of these units are controlled using the CC-VSI interface. The
d-axis and q-axis components of the IBDG output current are separately controlled to
follow their reference values, irefd and irefq . These two components of the IBDG current
are responsible to provide the desired active and reactive power injected by the unit.

Active and reactive components of power can be represented in terms of d-axis and
q-axis components of voltage at the PCC and injected currents [83]:

p =
3

2
(vpccdid + vpccq iq) (3.6)

q =
3

2
(vpccq id − vpccdiq) (3.7)

Choosing the d-axis component of voltage aligned with the grid voltage angular position,
d-axis and q-axis voltage components are obtained as: vpccd = Vpcc and vpccq = 0.

To provide the desired operation at unity power factor, the d-axis and q-axis compo-
nents of the current references are obtained:

irefd =
2

3

Pref
vpccd

(3.8)

irefq = 0 (3.9)

where Pref is the active power reference which is considered as a constant value for a
period of operation, during normal and fault condition [87]. This reference power can be
either provided by the utilities, in case of energy storages, or determined by the control
unit of dc-dc converter of connected PE interfaces to track the maximum power point of
renewable resources. It should be noted that, in the later case, in order to guarantee the
system stability, the speed at which Pref is provided by the maximum power point tracker
(MPPT) should be much lower than the speed of current control loop [87].
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3.2.2 Operation during Fault Condition

When a fault is detected, IBDG operation is modified in order to manage the total system
fault current. The idea is to keep IBDGs connected to the system during a fault and employ
them to manage the excessive fault current contribution of DGs. Similar control strategies
are employed for IBDGs during both normal and fault conditions. The only discrepancies
are the current references of the CC-VSIs applied to the system. When a fault is detected
in the system, current and voltage information available from the smart meters is used to
calculate the magnitude and phase angle of the IBDG reference current, which enables the
desired FCM operation. The d-axis and q-axis components of the reference current during
the fault condition can therefore be obtained as follows:

irefd = Îsin(φ) (3.10)

irefq = Îcos(φ) (3.11)

where Î is the magnitude of the IBDG reference current that is normally kept below the
current threshold of the PE switches, and φ is the reference current phase angle, which is
the main IBDG control parameter for the FCM operation.

It should be noted that in order to avoid damage to the PE interfaces the magnitude
of current references is limited to the rating of semiconductor switches. Given by inverter
manufacturer, the current rating of semiconductor switches vary from 1 to 4 times the rated
current [5], [88] with the most common values are reported as 2-3 times the rated current
[89], [90]. With a constant current magnitude, the current phase angle is the controllable
parameter that determines the IBDG contribution.

3.3 Fault Current Management in Radial Systems

For the purposes of FCM using IBDGs, it is assumed that IBDGs are kept connected to
the system during a fault and that their contribution in fault current is limited to a value
below the tripping level of the connected VSIs. The total fault current then consists of the
grid contribution plus the contribution from all IBDGs. Since the only controllable sources
of fault current are IBDGs, the operation of these units is modified at the moment of fault
detection. To this end, current references that result in a manageable fault current should
be obtained.

The output current of inverter has two controllable parameters: current magnitude and
current phase angle. Decreasing the current magnitude of the inverter output reduces the
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Figure 3.2: Fault current waveforms for θDG = 0◦
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Figure 3.3: Fault current waveforms for θDG = 70◦

contribution of IBDG in total fault current. However, in order to decrease this contribution
to zero, the inverter current magnitude should be reduced to a very small value that it is
equivalent to deactivating the inverter. Moreover, in best case scenario when the inverter
current magnitude is reduced to a value close to zero, the contribution of IBDG in total
fault current is eliminated. However, it is not possible to reduce fault current below the
grid current or eliminate the effects of synchronous DGs by controlling inverter current
magnitude. The other controllable parameter of the IBDG current, current phase angle,
must therefore be employed in order to manage its contribution to the total fault current
without deactivating the PE interface.

Assuming a constant magnitude for IBDG current, its effect on the total fault current
depends on the current phase angle. The worst case scenario happens when the IBDG
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Figure 3.4: Fault current waveforms for θDG = 103◦

generates a current with the same phase angle as the grid current. Figure 3.2 illustrates
this situation when the peak moments of the grid current and IBDG current happen
simultaneously and as a result the maximum peak for the fault current is created. The
effects of IBDG current on total fault current reduces when the peak moments of the
contributing currents diverges. This scenario is shown in Figure 3.3. As can be seen, by
changing the IBDG current phase angle to 70◦, the peak values of the grid current and
IBDG current are diverged. As a result, the total fault current is reduced. Based on the
same idea, it is expected that there would be a current phase angle for the IBDG that, in
contribution with the grid current would result in a fault current peak value equal to the
grid current peak value. Figure 3.4 illustrates this scenario in which by using a proper phase
angle for IBDG current, its contribution to the total fault current is effectively neutralized.
It should be noted that the FCM operation is possible when the IBDG contributes to the
fault current in addition to the grid current. In other words, it is required to have at least
one current added to the IBDG current in order to be able to control the total fault current
in the system. In situations where the DG current is the only element of fault current,
modifying the current phase angle does not have any effect on fault current magnitude,
given that reducing the current magnitude is required. However, an IBDG by itself should
not cause a protection problem as the fault current contribution of this unit is limited.

Figure 3.5 depicts the current phasor diagram for a fault condition during which an
IBDG contributes to the fault current in addition to the grid current. It is clear from the
phasor diagram that the contribution of IBDG current shifts the total fault current away
from its original value i.e., the grid current. As discussed, by manipulating the phase angle
of the IBDG current it is possible to control the total fault current to be very close to
the grid current. It is expected that an IBDG operating as a FCM unit would be able
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Figure 3.5: Phasor illustration of fault current elements with and without FCM

to control the fault current in three zones of operation. These three fault current control
zones of IBDGs can be expressed as follows:

• Zone A: Iflt−New < Iflt & Iflt−New > Is−flt

• Zone B: Iflt−New < Iflt & Iflt−New = Is−flt

• Zone C: Iflt−New < Iflt & Iflt−New < Is−flt

Zone B gives the boundary condition which separates the other two regions. When
only IBDGs are connected to the system, working in zone B results in a fault current that
has the same magnitude as the grid current, Is−flt. As indicated in Figure 3.5, when a
fault occurs, if the inverter output current is equal to the vector shown at location B, the
fault current (Iflt) and the contribution from the grid (Is−flt) would be equal in magnitude
because they are radiuses of a circle. Consequently, with no reduction in the IBDG current
magnitude, a current phase angle would exist that results in a minimum IBDG contribution
to the total fault current. The primary task thus becomes the determination of the IBDG
current phase angle that results in Iflt−New and Is−flt being radii of a circle. If the phase
angle of IBDG current is set to follow a value less than the boundary condition, the total
fault current would be more than the fault current contribution from the grid meaning an
operation in region A. On the other hand, when the reference phase angle is larger than
the boundary condition, the system operates in zone C, which results in a fault current
that is less than the grid current. This operation zone is the desirable one for systems with
both synchronous DGs and IBDGs and will be discussed in Chapter 4.
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Figure 3.6: Phasor illustration of the IBDG current for FCM operation

3.3.1 Phase Angle Calculation Method

Successful management of the fault current requires determination of the reference current
phase angle that enables the desired operation. The reference current phase angle which
enables the FCM operation is calculated for a fault during which an IBDG contributes to
the fault current in addition to the grid current. The FCM operation is then extended
for the case where multiple IBDGs are installed in the radial system and the case where
synchronous DGs exist in the system.

Consider the gray isosceles triangle shown in Figure 3.6. The smallest side of triangle
makes the angle δB with the horizontal line. As can be seen, this angle is the desired phase
angle for IBDG operation in zone B if its current magnitude is reduced to IDG−New1. It
can be shown that if this angle is set as the reference phase angle for the current injected
by IBDG, the total fault current magnitude is reduced to a value close to the magnitude
of grid current.

Angle δB can be calculated using sets of equations that are true for isosceles triangles.
Consider the isosceles triangle as shown in Figure 3.7. The two equal angles of the isosceles
triangle, X, can be calculated as functions of θflt and θs:

α + 2X = 180 =⇒ X =
180− α

2
=⇒ X =

180− |θs − θflt|
2

(3.12)

where α is the angle between θflt and θs.
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Figure 3.7: Isosceles triangle

Thus, δB can be found, as follows:

δB +X + θs = 180 =⇒ δB = 180−X − θs =⇒ δB = 180− 180− |θs − θflt|
2

− |θs| (3.13)

Moreover, the inverter current magnitude corresponding to the calculated δB can be
obtained based on the fact that in isosceles triangles the height of triangle divides the base
side in half.

cos(X) =
āb

ōa
=⇒ āb = ōa.cos(X)⇒ ÎIBDG = 2.Îs.cos(X) (3.14)

where ab is half the base of the isosceles triangle, and oa is one of the equal sides.

With the reduced current magnitude, the total fault current is limited to the exact
value of the grid current. However, it is shown in this work that without reducing the
inverter current magnitude and only by manipulating the current phase angle, the total
fault current would be reduced to a value very close to that of the grid current magnitude.

3.3.2 Validation of the Proposed Phase Angle Calculation Method

To validate the proposed method, the phasor relation between the fault current elements
can be solved mathematically. With one IBDG, the total fault current consists of the grid
contribution plus that of the IBDG. The phasor relation between the elements of the fault
current can generally be written as:

~Iflt = ~Is + ~IIBDG (3.15)
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or in complex exponential form of:

Îflt.e
jθflt = Îs.e

jθs + ÎIBDG.e
jθIBDG (3.16)

where Îflt, Îs, ÎIBDG are the fault current, grid current and IBDG current magnitudes
respectively; θflt, θs and θIBDG are the respective phase angles associated with the fault
current, grid current and IBDG current elements.

When the total fault current has the same magnitude as the grid current, then Îflt = Îs
and Eq. 3.16 can be written as:

Îs.cos(θflt) = Îs.cos(θs) + ÎIBDG.cos(θIBDG)

Îs.sin(θflt) = Îs.sin(θs) + ÎIBDG.sin(θIBDG)
(3.17)

Solving the above equations for two unknown variables, θIBDG and θflt, the desired
phase angle for FCM operation of the IBDG is obtained as:

θIBDG = θs + cos−1(
−IDG
2.Is

) (3.18)

In a similar fashion, when multiple IBDGs are added to the system, Eq. 3.17 can be
written as:

Îs.cos(θflt) = Îs.cos(θs) +
n∑
i=1

ÎDGi
.cos(θDGi

)

Îs.sin(θflt) = Îs.sin(θs) +
n∑
i=1

ÎDGi
.sin(θDGi

)

(3.19)

where n indicates the number of IBDGs installed in the system.

As can be seen, when more than one IBDG is installed in the system, the phasor relation
between the fault current elements becomes increasingly complex and the desired IBDGs
current phase angles cannot be easily calculated. Moreover, calculating the reference phase
angle using the above equation is not an easy task due to the presence of the cos−1 term
which is hard to calculate in practice.

3.3.3 Current References for Multiple IBDGs

When multiple IBDGs are installed the contribution of each unit in fault current depends
on its proximity to the fault. In this case, the effects of multiple IBDGs are automatically
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considered in the FCM formulations as both the fault current magnitude and phase angle
are changed by the contribution of these units. In this situation, fault current contributions
of all IBDGs are summed to a single vector which is added to the grid current. The
calculated δB value can be used as the reference current phase angle for all IBDGs. Another
point is that it might not be necessary to operate all IBDGs as FCM units. Hence, among
all the IBDGs installed in the system, the ones chosen to operate as FCM units should be
controlled according to the reference current phase angle. As a result of this operation, it
is expected that the total fault current will be reduced to a value much less than the fault
current level obtained without FCM operation.

Another technique which can be applied for the case of multiple IBDGs is to control
each unit to manage the fault current locally at its own bus. In general, for this operation
each IBDG manages the fault current at its own bus so that the fault current magnitude
would be equal before and after the bus. In this case, fault current phase angle, θflt, in
(3.13) is substituted with the phase angle of the current going out of the bus with IBDG,
and the grid current phase angle, θs, is replaced with the phase angle of the current injected
to the bus.

Since in radial systems there is one grid point only and a large portion of the fault
current is fed by the grid, the IBDGs which are connected to feeders other than the faulty
feeder affect the fault current phase angle less than the ones connected to the faulty feeder.
Hence, it is expected that using (3.13) with θflt and θs would solve the problem in radial
systems, and there is no need to modify the formulation. However, the second technique
should be used for loop systems where there are multiple grid points and there are buses
with more than two lines connected to them. This operation for loop systems will be
discussed in more detail in Chapter 6.

3.3.4 Phase Angle Measurement in Smart Grids

As shown in (3.13), the reference current phase angle, δ, is calculated as a function of the
phase difference between the grid current and fault current. Since the FCM operation is
defined for smart grids, the scheme utilizes the smart grid communication and metering
infrastructure to manage the fault current. Transition of the existing centrally controlled
electric power systems to smart grids enables the continuous monitoring and control of
power system elements. Owing to the advanced metering and communication infrastructure
of smart grids, realtime current and voltage information, including the magnitudes and
phase angles from all system buses, are available to control different assets of the power
system. Smart grids hence have a self-healing feature where the available information from
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different points of the grid makes it possible to detect the abnormal conditions and take
the necessary control actions. In this regard, the current and voltage phasor information
communicated between the smart meters and the control units enables the FCM operation
during fault condition. Based on the received data, the fault location is detected, the
reference current phase angle for FCM operation is calculated, and the signals are sent to
the IBDGs which are assigned to operate as FCM units.

However, the scheme can also be used for systems which do not have the necessary
monitoring equipment. Synchronous PMUs offer a practical means of obtaining the real-
time current phase angles required in (3.13). Using a synchronization signal received from
the GPS satellite, PMUs installed at different locations of the power system are able to
provide simultaneous phasor measurement of current and voltage waveforms [91]. Providing
the system phasor information, presence of PMUs in power systems is beneficial for many
other power applications such as protection, control and power system monitoring [92].
Regardless, it should be noted that placing PMUs at every bus of the power system is
not necessary. Hence, the best possible locations which results in minimum number of
PMU installations while providing enough current information for FCM operation should
be determined in advance.

When current phasors are not available, fault current phase angle can be evaluated for
faults at different locations of the system. It is expected that for faults happening in a
region, fault current phase angle will vary over a very narrow range. Hence, by conducting
an off line study on the system, fault current phase angles can be obtained for use during
the FCM operations.

Moreover, performance of the system can be examined for a range of possible fault
current phase angles. It can be shown that FCM units can still reduce the total fault
current effectively even if a possible range is used instead of the exact fault current phase
angle. This is true because variation of fault current phase angle in (3.13) does not directly
affect the calculated δB. In fact, contribution of fault current phase angle in δB is reduced
due to presence of the 180◦ term and the grid current phase angle. By varying the fault
current phase angle between 0◦ to 180◦, a possible range for |θs − θflt| and consequently
for δB can be obtained. Variation of the current phase angle around δ will result in
different total fault current magnitudes. However, as explained in Section 3.3 for small
phase variations around δB, total fault current magnitude will vary either in zone A or in
zone C which, in both cases, results in a total fault current less than than the original fault
current magnitude.

A sensitivity index, as the one shown in (3.20), can be a good measure to observe the
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variation of total fault current from its desired value for different values of δB.

SIIflt =
Iflt − Ifltref

Ifltref
.100% (3.20)

3.4 Simulation Results

In order to investigate the effectiveness of the FCM technique and to evaluate the accuracy
of the calculated reference phase angle, the operation is first evaluated on a balanced 3-
bus system with one IBDG only. The validation technique explained in Section 3.3.2 is
used to evaluate the accuracy of (3.13) in calculating the reference current phase angle for
FCM operation. In order to evaluate the reliability of the FCM operation, and to assess
the FCM operation for the case the exact value of the fault current phase angle is not
known, sensitivity of fault current magnitude is examined for a typical error of 10% in the
fault current phase angle. The results confirm the accuracy of the calculation method and
the effectiveness of the FCM technique. In the next step, the FCM technique is applied
on the IEEE 33-bus system with multiple IBDGs. The results prove the success of the
FCM technique in managing the fault current magnitude in radial systems with multiple
IBDGs. Investigating the time operation of an inverse time over current relay connected
on the faulty feeder of the system, shown the effectiveness of the method in bringing back
the normal operation of protective devices. The effect of the FCM technique on the voltage
profile at the PCC of IBDGs, and on the power level of these units are shown. Moreover,
the effect of communication time delay on the FCM operation of IBDGs is investigated.

3.4.1 Simulation Results for the 3-bus System

Figure 4.1 shows the 3-bus system adopted in this study to evaluate the accuracy of the
proposed phase angle calculation method for FCM. This system is a balanced system with
an IBDG on its bus 2 which is connected to the grid through a 3-phase CC-VSI and used
to feed a local load. R and L represent the resistance and inductance of the ac-side filter,
respectively; Rl and Ll represent the respective line resistance and inductance; Rs and
Ls are the respective gird resistance and inductance; Vpcc is the voltage at the connection
point of inverter; and Vdc is the dc-link voltage. The system parameters are shown in
Table 3.1. Performance of the system during fault condition is evaluated by applying a
3-Phase balanced fault at load bus.
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Figure 3.8: System configuration the 3-bus test system

Table 3.1: System Parameters

Rs 1 [ohms]
Ls 0.0025 [H]
Rl 0.02 [ohms]
Ll 0.00001 [H]
R 0.0097 [ohms]
L 0.02 [H]

During normal operation of the system, IBDG operates as a PQ generator at unity
power factor. the d-axis and q-axis components of current references are obtained consid-
ering unity power factor operation of the IBDG:

iref−d =
2

3

Pref
vpccd

(3.21)

iref−q = 0 (3.22)

where Pref is the active power reference (0.03 MVA) and vsd is the d-axis component of
voltage at the PCC.

Fault Response without FCM Operation

Figure 3.9 shows the localized fault current when the IBDG does not operate as an FCM
unit. It is evident that the contribution of the IBDG increases the total fault current at
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the fault location to more than the normal level when the grid is the only source feeding
the fault.
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Figure 3.9: Phase a fault current without FCM operation (3-bus system)

In order to protect the switching interface of IBDG its current magnitude is limited
to a value below the rating of semiconductor switches. The limit of 3.5 times the rated
current is primarily chosen for the reference current in order to show the effectiveness
of the proposed FCM operation even for IBDGs with higher than normal fault current
contribution capability. In another words, the purpose of choosing this high value is to
express the independency of the proposed method on IBDG current magnitude.

As discussed, there would be a phase angle for the IBDG current which in contribution
with the grid current would result in a fault current magnitude equal to grid current mag-
nitude. With this phase angle which enables the FCM operation the IBDG will contribute
to the fault current, but its contribution does not affect the total fault current magnitude.

Fault Response with FCM Operation

When IBDG operates as a FCM unit, current reference of the CC-VSI is modified at the
moment of fault detection. Similar to normal operation, the magnitude of the reference
current is limited to a value equal or less than 3.5 times the rated of inverter while current
phase angle is modified according to the desired operation region. In this case study since
there is one IBDG only, the FCM operation is performed in zone B.

Figure 3.10 shows the calculated reference phase angle obtained from (3.13) and the
resulting FCM operation for phase a of the fault current elements. As can be seen, when
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the calculated reference phase angle of δ applied, the fault current magnitude is managed
so that it equals the grid current magnitude.

To validate the accuracy of the phase angle calculation method, the results were com-
pared with those obtained when (3.18) is used for calculating the reference phase angle.
Figure 3.11 shows the phase angle calculated and the resulting FCM operation for this
scenario. A comparison of the two calculated phase angles reveals that the reference phase
angle obtained from the phase angle calculation method tracks the angle obtained by solv-
ing the phasor equations with a negligible error of 0.7%. As a result, a closely similar
FCM operation is obtained using either of the two calculated phase angles. It can thus be
concluded that the phase angle calculation method accurately determines the phase angle
required for efficient FCM. The results also prove the effectiveness of the FCM technique
for managing the fault current without reducing the DG current magnitude.

In order to better show the independency of the obtained result on IBDG current
magnitude another case study has been presented where the maximum current magnitude
of twice the rated current is chosen for IBDG, and the resulted fault current magnitude
is compared with the one obtained in the first case study. Figure 3.12 the result for this
scenario. It can be seen that the total fault current magnitude is managed to the same
value, independent of the IBDG current magnitude.

Operation in Region A

Figure 3.13 shows FCM operation in zone A for two different phase angles. This operation
is achieved by deducting two constant phase angles of 10◦ and 20◦ from the reference phase
angle calculated for operation in Zone B, δB. For both cases the total fault current is
reduced to a value higher than the grid current but less than the original fault current
magnitude, Iflt < Iflt−New < Is−flt. However, the reduction in fault current magnitude is
higher when a value of 10◦ is deducted from the boundary value which means when the
phase angle is closer to δB.

Operation in Region C

Operation of IBDGs as FCM units in zone C is investigated for two phase angles. In this
case, two constant phase angles of 10◦ and 20◦ are added to the reference phase angle
calculated for zone B operation, δB. Figure 3.14 shows the performance of the FCM unit
in zone C for these two phase angles. As can be seen for both cases, the total fault current
is reduced to a value below the grid current. Moreover, it is evident that a larger phase
angle will result in a higher reduction in the total fault current magnitude.
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Figure 3.10: Fault current management using the proposed phase angle calculation method
a) Calculated phase angle b) Phase a of Iflt, Is, IIBDG
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Figure 3.11: Fault current management using the validation method a) Calculated phase
angle b) Phase a of Iflt, Is, IIBDG
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Figure 3.12: Phase a fault current - FCM operation with the IBDG contribution of twice
the rated current

Comparison of the FCM Operation in zones A, B and C

Figure 3.15 compares the proposed FCM operation in three zone of A, B and C. In this
case, for operation in region A/C, a constant value of 20◦ is subtracted from/added to δB.
As can be seen, in all three cases, the fault current magnitude is successfully managed to
a value below the fault current seen without FCM operation. The output current of the
IBDG is shown in Figure 3.16 for operation in three zones. It is clear that the current
magnitude of the IBDG is kept constant in all cases. This proves that the FCM operation
obtained in all three cases is a result of phase angle control of IBDG current.

Sensitivity Analysis for FCM Operation

In order to evaluate the reliability of the FCM operation and to examine its performance in
case the exact value of fault current is not known, sensitivity of fault current magnitude is
examined for a typical error of 10% in the calculated fault current phase angle. Considering
(3.13), the reference current phase angle for FCM, δB, is a function of θs and θflt. The grid
current phase angle, θs, is a known quantity and for the 3-bus system shown in Figure 4.1,
this phase angle is obtained as −167◦ during fault condition. Assuming a ±10% error for
fault current phase angle, the possible range for δB is obtained as:

− 102◦ − 10◦ ≤ θflt ≤ −102◦ + 10◦ =⇒ 40◦ ≤ δ ≤ 50◦ (3.23)

It is shown that the calculated δ value is not affected significantly by the measurement
errors in fault current phase angle. This is mainly because δB is not directly proportional
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Figure 3.13: Simulation results for operation in region A a) θIBDG = δ-10 b) θIBDG = δ-20
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Figure 3.14: Simulation results for operation in region C a) θIBDG = δ+10 b) θIBDG =
δ+20
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Figure 3.15: Comparison of fault current magnitude for three ranges of FCM operation
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Figure 3.16: Comparison of IBDG current magnitude for three ranges of FCM operation
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Figure 3.17: Current sensitivity for ±10% error in θflt (3-bus system)

to θflt, and the presence of other elements in (3.13) reduces the effects of fault current
phase angle errors on δB.
Figure 3.17 compares the fault current magnitude for four different scenarios: when there
is no FCM operation, with the exact value of θflt, and with θflt ± 10% error. As can be
seen in this figure, even with an error of 10% in fault current phase angle, FCM unit is
able to effectively reduce the total fault current magnitude.

3.4.2 Simulation Results for Multiple IBDGs

The IEEE 33-Bus distribution system was chosen for the investigation of the effectiveness
of the proposed FCM operation in a larger system with multiple IBDGs. This network is a
3-phase balanced system at a nominal voltage of 12.66 kV. The load data and distribution
line information can be found in [93]. As shown in Figure 3.18, five IBDGs are connected to
the system at buses 7, 13, 19, 23, and 26. Distributed generators are represented at 0.408
kV, connected to the distribution system through five 0.408/12.66 kV ∆-Y g transformers.
All five IBDGs operate at unity power factor and in total provide 60% of the required power
of the system. Current and voltage phasor information from all system buses, including
the faulty bus, are used to calculate the phase angle required for FCM operation.

The IBDG FCM operation was verified for a 3-phase fault occurrence on bus 27 at
t = 0.22 s. Figure 4.6 shows the total fault current and the contribution from all available
generation units when the IBDGs continue normal operation during the applied fault. As
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Figure 3.18: IEEE 33-Bus distribution system

can be seen, the IBDGs contribution results in a total fault current greater than the current
seen when no IBDG is installed in the system. As in the previous case, performance of the
proposed FCM operation is first examined for IBDGs with maximum current contribution
of 3.5 the rated current. Next, the maximum current contribution of IBDGs is reduced to
twice their rated current, and it is shown that independent of the IBDGs current magnitude,
the proposed FCM operation manges the total fault current to the same level.

When IBDGs function as FCM units, their operation is modified following the moment
of fault, and the phase angle calculated for FCM operation is therefore fed into the system
as the IBDG reference current phase angle. For this case study, the current references for
all IBDGs are modified. However, since the IBDGs which are closer to fault location have
the highest contribution into fault current, they are the main units which are responsible
for managing the fault current. Hence, a subset of IBDGs can also be selected to operate
as FCM units.

Figure 3.20 illustrates the fault currents that result when IBDGs operate as FCM units.
As can be seen, for a fault at bus 27, the total fault current is limited to a value almost
identical to the fault current observed when there is no IBDG installed in the system. The
fault current obtained in this case follows the primary fault current with a negligible error
of 0.38%. The output currents of the five installed IBDGs are also shown in Figure 3.20.
The IBDG current magnitude is clearly kept at the same level as it is without FCM. Hence,
the IBDG current phase angle is the only factor that ensures the total fault current equals
the grid current.
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Figure 3.19: Fault current contribution from generation units - IBDGs contribute 3.5 times
their rated current a) Iflt and Is b) Iinv1 , Iinv2 , Iinv3 , Iinv4 , Iinv5

64



0.18 0.2 0.22 0.24 0.26 0.28 0.3

-3

-2

-1

0

1

2

3

4

Time (Sec)

C
u
rr

e
n
t 
(k

A
)

 

 

I
flt
 - no DG

I
flt
 - with DG - FCM

(a)

0.18 0.2 0.22 0.24 0.26 0.28 0.3
-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

Time (Sec)

C
u
rr

e
n
t 
(k

A
)

 

 

I
inv

1

I
inv

2

I
inv

3

I
inv

4

I
inv

5

(b)

Figure 3.20: Operation of IBDGs as FCM units - IBDGs contribute 3.5 times their rated
current a) Iflt and Is b) Iinv1 , Iinv2 , Iinv3 , Iinv4 , Iinv5
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In order to better show the independency of the FCM operation on current magnitude
of IBDGs, the maximum current contribution of these units is reduced to twice their rated
current. Figure 3.21 shows that even though the IBDGs have lower current magnitudes,
the total fault current is managed to the same level as before.

Figure 3.22 and Figure 3.23 show snapshots of voltage and power at the point of common
coupling of each IBDG for the case they continue their normal operation and when they
operate as FCM units. As can be seen, with the applied changes in the current phase angle
of IBDGs during fault condition, their output power changes. The voltage at the point of
common coupling of IBDGs express the similarity of fault situation for the two scenarios.

Effects of Time Delay on FCM Operation

In the simulation results shown in Figure 3.20 there is a delay of 10 ms for the fault to
be detected and the new current references to be updated. The output current of inverter
tracks the new current references 10 ms after this time. It should be noted that although
the total applied time delay is negligible, any further increase in fault current magnitude
does not affect the FCM operation. The reason for this is that by the time new references
are set (20 ms after the fault) the first cycle of current is passed, and the fault current is
managed in the second cycle after the fault occurrence. Hence, any increase in the applied
time delay does not affect the effectiveness of the proposed FCM operation. In order to
further investigate the effect of time delay on FCM scheme, another case study has been
presented. In this case study, the new current references are applied with a time delay of
150 ms. Figure 3.24 illustrates the resulting fault current magnitude. It can be seen that
at the moment when new references are applied, fault current is managed to a value very
close to the grid current.

Effects of IBDGs Power Level on FCM Operation

As mentioned before, the four installed DG provide 60% of the required load of the system.
All IBDGs operate at unity power factor. IBDG1 and IBDG2 each has the output power
of 0.97 MW, IBDG3 and IBDG4 provides 0.045 MW, and IBDG5 generates 0.18 MW. The
operation of proposed FCM technique is however independent of the IBDGs output power.
Figure 3.25 compares the managed fault current magnitude for two different power level
of IBDG1: 0.97 MW and 1.5 MW. It is clear that the fault current magnitude is managed
to the same level when IBDGs operate as FCM units independent of the power level of
IBDG1.
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Figure 3.21: Operation of IBDGs as FCM units - IBDGs contribute twice of their rated
current a) Iflt and Is b) Iinv1 , Iinv2 , Iinv3 , Iinv4 , Iinv5
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Figure 3.22: Active power and voltage at PCC - No FCM a) Output power b) Vpcc
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Figure 3.23: Active power and voltage at PCC - FCM a) Output power b) Vpcc

69



0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
0

0.5

1

1.5

2

2.5

3

Time (Sec)

C
u
rr

e
n
t 
(k

A
)

 

 

I
flt
 - no DG

I
flt
 - with DG - FCM

FCM after 150 ms 

Figure 3.24: Effect of time delay of 150 ms on fault current magnitude

Effects of FCM Technique on Operation of Protective Devices

Presence of IBDGs increases the fault current seen by the protective devices and may
violate the time operation of these units. In order to clarify this point, an inverse time
overcorrect relay is connected on line 26-27 of the system in Figure 3.18, and the time
operation of this relay is examined for three scenarios: When there is no IBDG connected
to the system; When 5 IBDGs are connected to the system but none of them operate
as FCM unit; When 5 IBDGs are connected to the system and operate as FCM units
during the fault. Simulation results demonstrate that when there is no IBDG connected
to the system, the relay operates at 0.319 sec. When 5 IBDGs are connected, due to their
contribution in fault current, the operation time of relay is decreased to 0.292 sec. On
the other hand, when IBDGs operate as FCM units, the time operation of the relay is
increased to 0.318 sec which is very close to the operation time of relay when there was no
IBDG connected to the system.

FCM for Single Phase Faults

Since three-phase balanced faults are considered in this work, the FCM technique is de-
veloped for one phase only. Same formulations can be extended for single phase faults
in two ways; First, the fault current in each phase can be managed independently in abc
coordinate. To implement this method in abc coordinate other types of stationary frame
controllers such as P-Resonant regulators [80] are required to avoid the steady state error
associated with PI regulators. In another approach, the unbalanced phase components
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Figure 3.25: Effects of IBDGs power level on FCM operation a) FCM result when PIBDG1 =
0.97MW b) FCM result when PIBDG1 = 1.5MW
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of the current can be converted into three balanced positive, negative, and zero sequence
components. Hence, the fault current can be managed in dq frame for each balanced
sequence.

3.5 Summary

This chapter has proposed a novel technique of using IBDGs as FCM units. For this
operation, when a fault is detected in the system, the function of the IBDGs is modified
from that of PQ generators to that of FCM units by changing the IBDG current phase
angle. The reference current phase angle, which enables the FCM operation, is calculated
for a system with one IBDG and extended for the case multiple DGs in the system. The
phasor illustration of fault current elements, in the presence of one IBDG, is used to
calculate the reference phase angle required for FCM operation as a function of grid current
and fault current phase angles. The calculated phase angle is validated mathematically.
Also explained is how to extend the FCM operation when multiple IBDGs exist in the
system. Current and voltage phasor information from all system buses, including the
faulty bus, are used to calculate the phase angle required for FCM operation. However, it
is also shown that the method is capable of managing the fault current in systems where the
phasor information is not available on a regular basis. The proposed operation is examined
on two test systems: a 3 bus test system with a single IBDG, and IEEE 33-bus system
with 5 IBDGs. The results show that the proposed algorithm is capable of managing the
fault current to a value close to the grid current. A negligible error of 0.38% in the case of
the IEEE 33 bus system proves the capability of the method in maintaining the currents
flowing through protective devices at their original values.
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Chapter 4

Fault Current Management in Radial
Systems with Inverter Based DGs
and Synchronous DGs

4.1 Introduction

The fault current contribution of a DG unit varies depending on the type of DG [40],
[60]: synchronous DGs provide a greater contribution to a fault current than do IBDGs.
While an IBDG fault current is limited to two to three times the rated current of the unit,
synchronous DGs can contribute about four to five times their rated current [5],[88]-[90].
When synchronous DGs are added to systems designed to work without DGs, they are thus
considered to be the primary source of protection problems. The zone B FCM operation
explained in Chapter 3 is capable of managing fault currents contributed by IBDGs but
does not function effectively when synchronous DGs are added.

As explained in Section 3.3.1, the FCM operation in zone C results in a fault current
less than the grid current. When both IBDGs and synchronous DGs exists in the system,
by operating IBDGs as FCM units in zone C, the current gap generated between the
grid current and the total fault current can be used for managing the contribution of the
synchronous DGs. In this case, the current and voltage information available from smart
meters enables the acquisition of appropriate zone C reference current phase angle for
managing the contribution of synchronous DGs, which can then be fed to the IBDGs.
Unlike zone B operation, the FCM operation in zone C is dependant on the IBDG current
magnitude. However, unlike what is generally expected, the IBDGs with higher current
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ratings or the ones which are closer to the fault location have higher contribution in the
fault current, and are more effective units in managing the fault current contribution of
synchronous DGs connected to the system. Moreover, it is shown in this chapter that more
effective FCM operation is obtained in presence of synchronous DGs with higher numbers
of IBDGs and with a larger reference current phase angle in zone C.

The operation in zone C would resolve the main protection problem arising from the
connection of synchronous DGs, which would enable both synchronous DGs and IBDGs
to be kept connected to the system during fault conditions without incurring associated
increases in the magnitude of the fault current. Consequently, there would be minimum
need to add current limiting devices or change the existing protection system in presence
of DGs. Moreover, the protection system constraints associated with connection of new
DGs could be relaxed.

The rest of this chapter is organized as follows. Section 4.2 presents the proposed FCM
operation for managing the fault current contribution of synchronous DGs. Section 4.3
describes the factors affecting the FCM operation of synchronous DGs in zone C. The
effectiveness of the proposed FCM scheme for addressing the contribution of synchronous
DGs is examined on the IEEE 33-bus; the simulation results are presented in section 4.4.
A summary is provided in section 4.5

4.2 Fault Current Management of Synchronous DGs

using IBDGs

In a system with multiple DGs, the total fault current consists of the grid current plus the
contribution from all DGs. Of the two common types of DGs, IBDGs and synchronous
DGs, IBDGs are the only controllable sources of fault currents. Therefore, the operation of
these units can be modified during fault conditions in order to manage the contribution of
synchronous DGs. The inverter output current has two controllable parameters: current
magnitude and current phase angle. Although decreasing the magnitude of the IBDG
current reduces the contribution of these units to the fault current, it does not provide the
flexibility required for the management of the synchronous DG contribution. In fact, in
the best case scenario, when the magnitude of the inverter current is reduced to a value
close to zero, the IBDG contribution to the total fault current is eliminated. However, it is
not possible to eliminate the effects of synchronous DGs by controlling the inverter current
magnitude. Therefore, a novel concept introduced in this chapter to employ the IBDG
current phase angle as a control parameter for managing the synchronous DG contribution,
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which makes it possible to manage the total fault current over a wide range.

SDGSDGI 
IBDGIBDGI  fltfltI 

ssI 

Figure 4.1: Simple radial system with a synchronous DG and an IBDG

Consider the system shown in Figure 4.1. As explained in Chapter 3, for the case
the synchronous DG is not connected to the system, the fault current consists of the
contribution from the IBDG in addition to the grid current. If the phase angle of the
IBDG current is changed, while its magnitude is kept constant, it is possible to manage
the total fault current around the grid current. When the synchronous DG is added to
the system, it is considered to be the primary source of protection problems by providing
more than twice the fault current contribution of IBDGs. As a result the FCM operation
in zone B which is explained in Chapter 3 does not function adequately when synchronous
DGs are added. Hence zone C FCM operation is proposed for IBDG when synchronous
DGs exist in the system.

An examination of the current waveforms illustrated in Figure 4.2 provides further
clarification of the three zones of FCM operation. Figure 4.2(a) shows the maximum fault
current obtained when the IBDG generates a current that has the same phase angle as
the grid current. Separating the peak values of the contributing currents can reduce the
magnitude of the total fault current. Hence, Figure 4.2(b), illustrates the zone B phase
angle for the IBDG that, in combination with the grid current phase angle, neutralizes
the effect of the IBDG on the fault current. Further increases in the phase angle of the
IBDG current makes it possible to decrease the total fault current to a value below that
of the grid current. This scenario is shown in Figure 4.2(c). In fact, considering only
the fault current contribution of the IBDG and the grid, it is shown in Figure 4.3 that
there is a range of phase angle for the IBDG that in combination with the grid current
decreases the total fault current to a value below that of the grid current. For this zone,
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the current gap generated between the grid current and the total fault current can be
used for managing the contribution of the synchronous DG while keeping it connected
to the system during the fault condition. The three zones of FCM operation and the
proposed technique for managing the fault current of synchronous DGs can be further
clarified through consideration of the phasor relation between the elements of the fault
current for the system shown in Figure 4.1 when synchronous DG is not connected. As can
be seen in Figure 4.4, due to the contribution of the IBDG, the total fault current deviates
from its original value, which is the grid current. However, manipulating the phase angle
of the IBDG current neutralizes the effect of the IBDG, and more importantly, enables
the management of the contribution of the synchronous DGs to the total fault current. As
shown in Figure 4.4, keeping the magnitude of the IBDG current constant and changing
its phase angle permit the introduction of three zones of FCM operation. Working in all
three FCM operating control zones results in a fault current that is less than the total
fault current, Iflt. Zone B represents the boundary condition that separates the other two
zones. As shown in Chapter 3 when only IBDGs are connected to the system, working in
zone B results in a fault current that has the same magnitude as the grid current, Is-flt. If
the phase angle of the IBDG current is set to correspond to a value less than that of the
boundary condition, the total fault current would be greater than the grid contribution to
the fault current, indicating an operation in zone A. When the reference phase angle is
larger than the boundary condition, the system operates in zone C, which results in a fault
current that is less than the grid current. Depending on the amount of the reduction in
the fault current in zone C, the current gap generated between the reduced fault current
and the grid current can be used in order to manage the synchronous DG contribution to
the current. This operation zone is the desirable one for systems with both synchronous
DGs and IBDGs.

4.2.1 Calculation of the Phase Angle for Zone C Operation

As explained in Section 3.3, to manage the synchronous DG contribution to the fault
current, IBDGs should operate as FCM units in zone C. To this end, the phase angle
required for zone B operation is first determined from Eq. 3.13, and a positive constant
value, ∆, is then added to the phase angle that has been calculated in order to establish
region C operation:

φ = δB + ∆ (4.1)

Applying the calculated φ as the reference IBDG current phase angle enables the manage-
ment of the contribution of the synchronous DGs to the fault current.
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Figure 4.2: Effect of the IBDG current phase angle on the fault current for
(a) θIBDG = 0◦; (b) θIBDG = 103◦; (c) θIBDG = 130◦
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4.3 Three Factors That Affect the FCM of Synchronous

DGs in zone C

Fault current management of synchronous DGs is achieved by operating the IBDGs as
FCM units in zone C. The proposed operation in region C depends on three factors, which
are illustrated in Figure 4.5. First, the amount of the reduction in the total fault current
depends on the constant phase angle that is added to the zone B reference phase angle.
Figure 4.5(a) reveals that the addition of a larger phase angle, ∆2, to the zone B reference
phase angle, δB, reduces the total fault current even further, which means that greater
current contributions from synchronous DGs can be compensated if the IBDGs operating
in zone C have larger current phase angles. The second important factor is the number of
IBDGs that operate as FCM units in zone C. For DGs located at similar positions relative
to the fault, the fault current contribution from synchronous DGs is greater than that
from IBDGs with similar ratings. The correct number of IBDGs should thus be assigned
to each synchronous DG for the successful management of its contribution to the fault
current. This point is illustrated in Figure 4.5(b), in which three IBDGs are assigned to
operate as FCM units in zone C. As can be seen, the total fault current is reduced to a
value less than the one obtained through the operation of two IBDGs as FCM units. An
additional factor that affects the current gap generated by the zone C operation of the
IBDGs is the magnitude of the current of the IBDGs operating as FCM units. IBDGs that
contribute more to the current create a greater reduction in the total fault current. In fact,
for zone C operation, the IBDGs with higher current ratings or the ones that are closer to
the fault location are more effective in keeping synchronous DGs connected to the system.
Figure 4.5(c) illustrates the effect of this factor.

4.4 Simulation Results

The ability of IBDGs to manage the current contribution of synchronous DGs is examined
by adding a synchronous DG to bus 6 of the test system used in section 3.4.2. Figure 3.18
shows the test system with the DGs connected: one synchronous DG is connected to bus
6, and five IBDGs are connected to buses 7, 12, 19, 23, and 26 through five 0.48/12.66 kV
∆-Y g transformers. Similar to the previous case, all five IBDGs operate at a unity power
factor and, in total, provide 60% of the power required by the system. The synchronous DG
provides 1.2 MVA at a 0.9 PF. The effectiveness of the proposed operation was examined
for a three-phase fault at bus 27.
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Figure 4.5: Visual representation of the factors affecting FCM in region C: (a) constant
phase angle added to δB (b) number of IBDGs operating as FCM units in region C (c)
current magnitude of IBDG
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To manage the synchronous DG contribution to the fault current, IBDGs are controlled
so that they operate in zone C during fault conditions. To achieve this goal, the first step
entails the use of current and voltage phasor information from the system buses for the
calculation of the phase angle required for zone B operation: δB. In the next step, a
positive constant value, ∆, is added to the zone B phase angle in order to determine
the current phase angle for zone C operation: φ. The calculated phase angle, φ, is then
applied as the reference phase angle of the IBDGs that are responsible for managing the
fault current contribution of the synchronous DGs. For all studies the current magnitude
of IBDGs is kept at a constant level below the tripping threshold of interface inverters.
In order to show the effectiveness of the proposed method for IBDGs with lower ratings,
the contribution from the IBDGs is limited to twice of their rated current. With the
current magnitude of DGs being constant, the only factor which manages the fault current
contribution of synchronous DG is the current phase angles of IBDGs. The effects of
the three factors discussed in section 4.3 with respect to the synchronous DG current
management are investigated. All tests are performed using the PSCAD software. The
results are presented in the following subsections:

4.4.1 Fault Current Management of Synchronous DGs in zone C
for ∆ = 30◦, and ∆ = 60◦

To verify the effectiveness of the technique proposed for managing the fault current contri-
bution of synchronous DGs, a three-phase fault was applied at bus 27, and the magnitude
of the total fault current was compared for two scenarios: with and without the proposed
FCM technique. The total fault current and the DG contribution are shown in Figure 4.6
for the case in which the IBDGs continue normal operation during the fault condition.
Due to the contribution of the IBDGs and the synchronous DG, the magnitude of the total
fault current is clearly much greater than when no DG is connected to the system, with the
largest contribution being from the synchronous DG. As can be seen in Figure 4.6(b) the
contribution of this unit is more than twice that of IBDG1 and IBDG2, which are closest to
the fault location. As mentioned before, the fault current contribution of IBDGs is limited
to twice their rated current.

To manage the contribution of the synchronous DG, the operation of IBDG1 and IBDG2

is modified at the moment of fault detection, and the phase angle calculated for zone C
operation is therefore fed into the system as the IBDG reference current phase angle. The
effectiveness of the proposed technique for managing the contribution of the synchronous
DGs is examined for two different phase angles in region C. In the first case, a phase angle of
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Figure 4.6: Fault current elements without FCM: (a) fault current (Iflt) (b) IIBDG1 , IIBDG2 ,
IIBDG3 , IIBDG4 , IIBDG5 , Isynch
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∆ = 30◦ is added to the reference phase angle calculated for zone B. Figure 4.7 illustrates
the results for this scenario. It is clear that by having ∆ = 30◦ and operating IBDG1

and IBDG2 in zone C, not only is their contribution to the fault current neutralized, but
the contribution of the synchronous DG to the fault current is also significantly reduced.
Figure 4.7(b) clearly shows that the magnitude of all DG currents is kept at the level
indicated in Figure 4.6(b). Hence, the only parameter managing the contribution of the
synchronous DG current is the current phase angle of IBDG1 and IBDG2.
The contribution of the synchronous DG can be further reduced by increasing the IBDG
operating phase angle. To examine this scenario, a phase angle of ∆ = 60◦ is added
to the zone B reference phase angle: δB. Figure 4.8 shows the total fault current and
the contribution to the fault current from all DGs for this case. The contribution of the
synchronous DG has been successfully compensated through the application of the new
reference current phase angle for the IBDGs: the total fault has been managed so that it
is in accord with a value very close to that of the grid current. A comparison of Figure 4.6
and Figure 4.8 clearly reveals that the magnitudes of the DG currents are kept at a level
identical to the ones exhibited without the FCM operation. These results demonstrate
that changing only the phase angle of the IBDGs current, without reducing the current
magnitude of DGs, enables the management of the synchronous DG contribution to fault
currents. It should be noted that in both case studies presented in Figure 4.7 and Figure 4.8,
a time delay of 20 milliseconds is considered for the current elements to follow the new
references for fault condition. As a result of this time delay, the first cycle of fault current
is passed and the fault current is managed in the subsequent cycles. However, if the system
is equipped with fast fault location detection algorithms, the proposed technique is able to
catch the first current peak. The result for this scenario is illustrated in Figure 4.9.

4.4.2 Effects of the Number of IBDGs on FCM Operation of
Synchronous DGs in Zone C for ∆ = 60◦

As mentioned in section 4.3, the number of IBDGs that are operating in zone C affects the
fault current management of the synchronous DGs. To test the validity of this statement,
the total fault current resulting from the FCM operation of IBDG1 and IBDG2 is compared
with that produced when only IBDG1 operates as a zone C FCM unit. The results are
shown in Figure 4.10. For both scenarios, the reference phase angle applied to the IBDGs is
δB+60◦. As can be seen, when both IBDG1 and IBDG2 operate as zone C FCM units, the
reduction in the total fault current is greater than with only one IBDG. The contribution
of synchronous DGs to the fault current can therefore be managed more effectively if a
larger number of IBDGs operate as FCM units in zone C.
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Figure 4.7: Fault current elements for zone C operation with ∆ = 30◦: (a) fault current
(Iflt) (b) IIBDG1 , IIBDG2 , IIBDG3 , IIBDG4 , IIBDG5 , Isynch
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Figure 4.8: Fault current elements for zone C operation with ∆ = 60◦: (a) fault current
(Iflt) (b) IIBDG1 , IIBDG2 , IIBDG3 , IIBDG4 , IIBDG5 , Isynch
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Figure 4.9: Fault current (Iflt) for zone C operation with ∆ = 60◦ without time delay
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Figure 4.10: Total fault current resulting from the FCM operation of different numbers of
IBDGs in zone C with ∆=60◦
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4.4.3 Effects of the Magnitude of the IBDG Current on FCM
Operation of Synchronous DGs in Zone C

In both of the previous case studies, the management of the synchronous DG current is
performed solely through the modification of the IBDG reference phase angle. The current
magnitude, which is the other controllable parameter of IBDG, was kept below twice the
normal IBDG current in order to protect the switching interface. However, as mentioned in
section 4.3, when the IBDGs are operating in zone C, in contrast to the usual case, a greater
IBDG current magnitude results in a lower total fault current. In other words, IBDGs with
higher current capacities are able to manage the contribution from synchronous DGs more
effectively. To illustrate the effects of the IBDG current magnitude on the FCM operation
of synchronous DGs, two scenarios were compared. For both scenarios, IBDG1 and IBDG2

are controlled so that they operate as FCM units in zone C. In the first case, the magnitude
of the IBDG current is limited to 1.5 times the normal IBDG current in order to protect
the PE interfaces. The second scenario is based on the assumption that the IBDG inverter
interfaces are able to tolerate greater current contributions from DGs, so their current
magnitude is limited to three times their rated current.
A comparison of the results obtained from these case studies is shown in Figure 4.11. As
can be seen, the total fault current is reduced to a lower value when the magnitude of the
IBDG current increases. It can thus be concluded that IBDGs that have higher current
capacities are more effective for managing the contribution of synchronous DGs to fault
current.

4.5 Summary

This chapter has presented a novel technique for managing the fault current contribution
of synchronous DGs using IBDGs already existing in a system. The proposed operation is
based on the technique proposed in Chapter 3. It is shown that changing the IBDG current
phase angle enables the definition of three IBDG operation zones during the fault condition:
zones A, B and C. It was determined that operation in zone C produces the desired fault
current management of synchronous DGs. In this zone, the effectiveness of the operation
depends on three factors: the IBDG current magnitude, the phase angle of the IBDG
current, and the number of IBDGs operating in zone C. Three sets of simulations have
explored the effects of these factors on the management of the synchronous DG contribution
to the fault current. IBDGs with higher current capacities are shown to effectively manage
the contribution of synchronous DGs. Moreover, as the reference current phase angle of
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Figure 4.11: Total fault current resulting from the FCM operation of IBDG1 and IBDG2

in zone C with ∆=60◦ and different current magnitudes: 1.5 times the IBDG rated current
and 3 times the IBDG rated current

zone C IBDGs increases, the IBDGs can manage a greater current contribution from the
synchronous DGs. It is also shown that an enhanced reduction in the total fault current
is obtained if the number of IBDGs assigned to the management of the synchronous DG
contribution is increased. The IEEE 33-bus system was chosen as the test system. From
the simulation results, it can be concluded that IBDGs are able to manage their own fault
current in addition to the fault current contribution of synchronous DGs. As a result, the
proposed operating technique makes it possible to keep all DGs connected to the system
during fault conditions if existing IBDGs are utilized for the management of the total fault
current.
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Chapter 5

Short Circuit Analysis for Radial and
Loop Systems with Inverter Based
Distributed Generators

5.1 Introduction

As explained in Chapters 3 and 4, for the purpose of FCM operation, IBDGs are kept
connected to the system during a fault, while their current phase angle is employed to
manage the total fault current magnitude. Even if the FCM operation is not performed
during fault conditions, the behavior of IBDGs is mainly dominated by their control unit.
During fault conditions, if the IBDGs are not severely affected by the fault and their fault
current remains below the short circuit capacity of the inverter interfaces, they can continue
their normal operation and be modeled as PQ generators in fault analysis. On the other
hand, the fault current magnitude of the IBDGs located in close proximity to the fault
location and thus are affected severely by the fault is limited to a value below the tripping
threshold of the inverter interfaces. With the limited fault current contribution, IBDGs
should be modeled as constant current sources in fault analysis. A consequent need thus
exists for fault analysis methods that can facilitate operational studies of power systems
in presence of IBDGs.

In this chapter, two power flow based fault analysis methods are developed for radial
and loop power systems containing IBDGs. For both cases, IBDGs are initially considered
as PQ generators in fault analysis, and the voltage profile of the system is obtained. Having
the system voltage profile and the power references of the IBDGs, the current contributions
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of these units are calculated. If the current contribution of an IBDG is higher than its
current threshold, the IBDG will be modeled as a constant current source in the fault
analysis. Considering the IBDG as a constant current source, the fault analysis is repeated
again and the new voltage profile of the system is obtained. This process is repeated until
it is clear that there is no IBDG to be converted to constant current source.

The backward-forward sweep algorithm is used to solve the load flow problem for ra-
dial systems during fault conditions. This load flow method is more convenient for weakly
meshed distribution systems. In such cases, the current of IBDGs is added to the nodal
current equation in the backward sweep. The fault is treated as a load with a small resis-
tance connected to the system, while its current is considered in the nodal current equation.
On the other hand, the Newton-Raphson (NR) power flow algorithm is modified for fault
analysis of loop systems with IBDGs. For this purpose, in addition to the conventional
PQ and PV nodes, a new type of node called the constant current node (I node) has been
defined in the Newton-Raphson algorithm. This novel modified Newton-Raphson power
flow algorithm enables the inclusion of both power and current elements in one matrix,
thus eliminating the need to represent the I nodes in terms of their equivalent powers. As
a result, the proposed modified NR method is able to overcome the inadequacy of the con-
ventional NR algorithm in considering constant current nodes in the formulation. In order
to extend the modified NR algorithm to fault conditions, a 3-phase fault is considered as
a phase-to-ground impedance at the faulty bus when calculating the Ybus matrix.

The rest of this chapter is organized as follows. Section 5.2 presents the backward-
forward based fault analysis algorithm proposed for radial systems with IBDGs. Section 5.3
describes the new modified NR power flow algorithm employed for power flow analysis of
loop systems with constant current nodes, and fault analysis of loop systems in presence of
IBDGs. The algorithm is explained along with the development of the modified Jacobian
matrix for both instances: constant current loads and constant current sources. Section 5.4
describes the validation of the proposed algorithms, using two test systems that enables
an examination of both radial and loop systems. A summary is provided in section 5.6.

5.2 Backward-Forward Sweep Based Fault Analysis

Model for Radial Systems with IBDGs

This section proposes a power flow based technique is for analyzing the fault response of
radial systems in the presence of IBDGs. The backward-forward sweep algorithm is used
to solve the load flow problem during fault conditions. This load flow method is more
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convenient for weakly meshed distribution systems. The loads are modeled as constant
impedances during fault conditions. The solution will help to determine which IBDG
operates as a constant current source with the maximum allowable current threshold.

The majority of radial distribution system power flow algorithms use the backward-
forward sweep method. In the backward sweep, the line current or the power flows from
the extremities to the root are summed. The forward sweep is a voltage drop calculation,
providing updates to the voltage profile, based on the current estimates of the backward
sweep [94].

Backward Sweep: the nodal current in iteration k, at node i, normally is calculated as:

Iki = (
Si

V k−1
i

)∗ + YiV
k−1
i ∀i = 1, 2, ..., n (5.1)

where, Yi is the shunt branch of the feeder (if any). In (5.1), the loads are modeled as
constant PQ load type. However, in faulty conditions, the loads are modeled as constant
impedances. The nodal current equation should be modified as follows:

Iki = (
V k−1
i

ZL
) + YiV

k−1
i ∀i = 1, 2, ..., n (5.2)

If there is an IBDG connected to the node, i, the IBDG current contribution is calcu-
lated from its Pref and Qref as in:

IkIBDGi
= (

SIBDG

V k−1
i

)∗ (5.3)

In the iterations, if the IIBDG calculated from (5.3) exceeds the IIBDG current threshold,
the PQ model for IBDG is replaced with a constant current source. In both cases, the
nodal current equation at busses that include IBDGs should have an added term for the
contribution of IBDGs as follows:

Iki = (
V k−1
i

ZL
)∗ + YiV

k−1
i − IkIBDGi

∀i = 1, 2, ..., n (5.4)

At the faulty bus, the nodal current equation must include the fault current (Ifault)
which can be calculated as:

Ikflt =
V k−1
i

Rfi
(5.5)
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where Rf is the fault resistance. In this case, at the fault bus, the nodal current equation
is as follows:

Iki = (
V k−1
i

ZL
)∗ + YiV

k−1
i − IkIBDGi

+ Iflt ∀i = 1, 2, ..., n (5.6)

In iteration k, starting from the branches that are connected to end nodes and moving
towards the branches connected to the substation node, the current in branch L, given by
IL, is calculated as:

IkL = Iki +
∑
m∈L

Im ∀L = n, n− 1, ..., 1 (5.7)

where Im is the sum of the currents in all branches connected to bus i.

Forward Sweep: Nodal voltages are updated in a forward sweep from branches con-
nected to substation nodes toward the end nodes. For each branch L, the voltage at node i
is calculated using the updated voltage at the previous node and branch currents calculated
in the preceding backward sweep, as follows:

V k
i = V k

h − ZLIkL ∀i = 1, 2, ..., n (5.8)

where ZL is the series impedance of branch L. All the backward and forward steps are
repeated until convergence is achieved.

5.3 Modified Newton-Raphson Based Fault Analysis

Model for Loop Systems with IBDGs

In this section, a novel power flow based method is proposed for the fault analysis of loop
systems in the presence of IBDGs. For this purpose, first, the NR algorithm is modified
to incorporate the model of constant current nodes, i.e., constant current sources and
constant current loads, in terms of their current elements. In the next step, the modified
NR power flow algorithm is used for the fault analysis of loop systems with IBDGs. The
result identifies those IBDGs that are severely affected and have their current contribution
limited by their interface inverters as a consequence.
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5.3.1 Modified Newton Raphson Algorithm for Power Flow of
Loop Systems with Constant Current Sources

The proposed power flow method entails the modification of the NR algorithm in order
to establish a precise model of the I nodes while also incorporating consideration of PV
and PQ nodes. This new formulation produces the same convergence characteristics as a
conventional NR power flow solution for PQ and PV buses, however, the algorithm exhibits
superior ability with respect to meeting convergence criteria for buses that have constant
current loads/sources. For this purpose, the Jacobian matrix is changed so that it indicates
the linearized relationship between small changes in the bus voltage magnitude and phase
angle, on the one hand, and small changes in the real and imaginary part of the current, on
the other, as well as their relationship with active and reactive power. For the derivation
of the current formulations, constant current nodes are divided into two general groups:
nodes with constant current loads and nodes with constant current sources. The Jacobian
matrix is then altered according to the type of constant current node.

Basic Power Formulations for Typical PQ and PV Nodes

For a typical power system with n buses, the current injected into bus i of the system can
be obtained from [95]:

Ii =
n∑
j=1

YijVj (5.9)

where Yij is the bus admittance matrix of the system, which can be written as |Yij|∠θij in
polar form. The expression for the bus-injected current can be written in polar form as
follows:

Ii =
n∑
j=1

|Yij ||Vj |∠θij + δj (5.10)

where δj is the corresponding phase angle of the voltage at bus j.

The resulting complex power expression for typical PQ and PV nodes can then be
obtained as:

Pi − jQi = |Vi|∠δi
n∑
j=1

|Yij ||Vj |∠θij + δj (5.11)
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The active and reactive power expression for PQ nodes and the active power for PV
nodes can thus be found respectively from:

Pi =
n∑
j=1

|Vi||Vj ||Yij |cos(θij − δi + δj) (5.12)

Qi = −
n∑
j=1

|Vi||Vj ||Yij |sin(θij − δi + δj) (5.13)

Current Formulations for I Nodes

As with PV and PQ buses, for constant current nodes, the injected current is calculated
from (5.10). However, for these types of nodes with constant current loads or sources,
the load current or the source-generated current is the element of interest. For buses with
constant current loads, the load current is represented by the negative of the injected
current. For this case, the following relation exists between the current elements of the
node:

ILi = −Ii (5.14)

where ILi
is the load current at bus i.

For system buses with constant current sources, if a load is connected to the bus with
a constant current source, the following relation exists between the current elements of the
bus:

IGi = Ii + Ili (5.15)

where IGi
is the current generated by the current source at bus i and Ili is the current

absorbed by the PQ load at bus i.

It is clear that if no load is connected to the bus in this case, Ili is eliminated, and the
current generated by the source will be equal to the injected current.

For the load current and source current, substituting the corresponding terms for Ii
and Ili , enables the expressions obtained in (5.14) and (5.15), to be written respectively
as:

ILi = −
n∑
j=1

|Yij ||Vj |∠(θij + δj) (5.16)

IGi =
n∑
j=1

|Yij ||Vj |∠(θij + δj) + |SLi

Vi
|∠(δi − θL) (5.17)
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where SLi
the load complex power at bus i and θL is the load phase angle.

Each of the expressions shown in (5.16) and (5.17) can be rearranged in the form of
their real and imaginary components. Consequently, depending on whether the constant
current node is a constant current load or a constant current source, two current equations
result for each node.

For nodes with constant current loads, the respective real and imaginary current com-
ponents can be determined as follows:

ILRi
= |ILi

|cos(γi)

= −
n∑
j=1

|Yij||Vj|cos(θij + δj)
(5.18)

ILIi = |ILi
|sin(γi)

= −
n∑
j=1

|Yij||Vj|sin(θij + δj)
(5.19)

where ILRi
and ILIi are the real and imaginary components of the constant load current

at bus i, and γi is the corresponding phase angle of this current.

In a similar manner, two components are produced for each node that has a constant
current source:

IGRi
= |IGi

|cos(γ′i)

=
n∑
j=1

|Yij||Vj|cos(θij + δj) + |SLi

Vi
|cos(δi − θL)

(5.20)

IGIi = |IGi
|sin(γ′i)

=
n∑
j=1

|Yij||Vj|sin(θij + δj) + |SLi

Vi
|sin(δi − θL)

(5.21)

where IGRi
and IGIi are the real and imaginary components of the current generated by the

constant current source at bus i, and γ′i is the corresponding phase angle of this current.

Bus power and current nonlinear expressions for the PQ, PV, and I nodes can thus be
obtained in terms of voltage magnitudes and phase angles.
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Modifications to the Newton-Raphson Power Flow Algorithm

The modified Jacobian matrix includes the real and imaginary components of the constant
current at the current nodes in addition to the active and reactive components of the power
at the PQ and PV nodes. This matrix is obtained by expanding the Taylor series of power
and current equations around an initial estimate of the solution for the voltage magnitude
and angle, with the higher-order terms of the series being neglected. The result is a system
of linear relations that correlate the small changes in voltage magnitude and phase angle
with the small changes in the active and reactive power of the PQ nodes, the active power
of the PV nodes, and the real and imaginary components of the constant current at the I
nodes.

The modified Jacobian matrix for a system with constant current nodes is shown in
(5.22). This equation is written for the general case in which ∆IcnstR and ∆IcnstI are
expressions that denote the small changes in the real and imaginary constant current
components at the I nodes. In fact, Icnst is either the current of the constant current
load at the I nodes specified in (5.16) or the current of the constant current source shown
in (5.17). In (5.22), J1, J2, J3 and J4 are the elements of the Jacobian matrix that are
conventionally used to indicate the linear relationship between the small changes in active
and reactive power and the small changes in voltage magnitude and phase angle. Four
new components J5, J6, J7 and J8 have been added to the original Jacobian matrix to
accommodate the existence of the constant I nodes. These four elements express the
partial derivatives of the real and imaginary components of the generated current or the
load current at the I buses with respect to voltage magnitude and phase angle.

∆P
∆Q

∆IcnstR
∆IcnstI

 =


J1 J2
J3 J4
J5 J6
J7 J8

[ ∆δ
∆|V |

]
(5.22)

If bus 1 is considered the slack bus J5, J6, J7 and J8 are defined as follows:

J5 =


∂IcnstR2

∂δ2

(k)

· · ·
∂IcnstR2

∂δn

(k)

...
. . .

...
∂IcnstRn

∂δ2

(k)

· · · ∂IcnstRn

∂δn

(k)

 (5.23)
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J6 =


∂IcnstR2

∂|V |2

(k)

· · ·
∂IcnstR2

∂|V |n

(k)

...
. . .

...
∂IcnstRn

∂|V |2

(k)

· · · ∂IcnstRn

∂|V |n

(k)

 (5.24)

J7 =


∂IcnstI2

∂δ2

(k)

· · ·
∂IcnstI2

∂δn

(k)

...
. . .

...
∂IcnstIn

∂δ2

(k)

· · · ∂IcnstIn

∂δn

(k)

 (5.25)

J8 =


∂IcnstI2

∂|V |2

(k)

· · ·
∂IcnstI2

∂|V |n

(k)

...
. . .

...
∂IcnstIn

∂|V |2

(k)

· · · ∂IcnstIn

∂|V |n

(k)

 (5.26)

The new elements of the Jacobian matrix can then be derived separately for constant
current loads and constant current sources.

On the other hand, the power and current mismatches at PQ, PV, and I buses can be
determined from the following expressions:

∆P
(k)
i = P

(sp)
i − P (k)

i

∆Q
(k)
i = Q

(sp)
i −Q(k)

i

∆I
(k)
cnstRi

= I
(sp)
cnstRi

− I(k)
cnstRi

∆I
(k)
cnstIi

= I
(sp)
cnstIi

− I(k)
cnstIi

(5.27)

where, P
(sp)
i , Q

(sp)
i , are the specified active and reactive power values at bus i; I

(sp)
cnstRi

and

I
(sp)
cnstIi

are the values of the real and imaginary constant current components specified at

the I bus i; P
(k)
i , Q

(k)
i are the active and reactive power values calculated at bus i; and

I
(k)
cnstRi

and I
(k)
cnstIi

are the real and imaginary components of the current calculated at bus
i. The superscript k denotes the number of the iteration.

A more detailed expression of the modified Jacobian matrix is shown in (5.28). Given
the modified Jacobian matrix and the power and current mismatches, (5.28) can be used
to find the voltage magnitude and phase angle mismatch for each iteration. It should
noted that each bus can be modeled only as one of the three bus types: PV, PQ, or I.
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∆P
(k)
2
...

∆P
(k)
n

∆Q
(k)
2

...

∆Q
(k)
n

∆I
(k)
cnstR2
...

∆I
(k)
cnstRn

∆I
(k)
cnstI2
...

∆I
(k)
cnstIn



=



∂P2
∂δ2

(k) · · · ∂P2
∂δn

(k) ∂P2
∂|V |2

(k) · · · ∂P2
∂|V |n

(k)

...
. . .

...
...

. . .
...

∂Pn
∂δ2

(k) · · · ∂Pn
∂δn

(k) ∂Pn
∂|V |2

(k) · · · ∂Pn
∂|V |n

(k)

∂Q2

∂δ2

(k) · · · ∂Q2

∂δn

(k) ∂Q2

∂|V |2
(k) · · · ∂Q2

∂|V |n
(k)

...
. . .

...
...

. . .
...

∂Qn

∂δ2

(k) · · · ∂Qn

∂δn

(k) ∂Qn

∂|V |2
(k) · · · ∂Qn

∂|V |n
(k)

∂IcnstR2
∂δ2

(k)

· · ·
∂IcnstR2
∂δn

(k) ∂IcnstR2
∂|V |2

(k)

· · ·
∂IcnstR2
∂|V |n

(k)

...
. . .

...
...

. . .
...

∂IcnstRn
∂δ2

(k)
· · · ∂IcnstRn

∂δn

(k) ∂IcnstRn
∂|V |2

(k)
· · · ∂IcnstRn

∂|V |n

(k)

∂IcnstI2
∂δ2

(k)

· · ·
∂IcnstI2
∂δn

(k) ∂IcnstI2
∂|V |2

(k)

· · ·
∂IcnstI2
∂|V |n

(k)

...
. . .

...
...

. . .
...

∂IcnstIn
∂δ2

(k)
· · · ∂IcnstIn

∂δn

(k) ∂IcnstIn
∂|V |2

(k)
· · · ∂IcnstIn

∂|V |n

(k)





∆δ
(k)
2
...

∆δ
(k)
n

∆|V (k)
2 |
...

∆|V (k)|
n



(5.28)
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Accordingly, in (5.28), the subscripts are modified so that each bus is represented only by
one set of formulation in the algorithm. The new estimates for bus voltage magnitude and
phase angle can consequently be calculated as follows:

δ
(k+1)
i = δ

(k)
i + ∆δ

(k)
i

|V (k+1)
i | = |V (k)

i |+ ∆|V (k)
i |

(5.29)

Calculation of the Jacobian Matrix Elements for Constant Current Loads

In the case of constant current loads, the elements J5, J6, J7 and J8 express the partial
derivatives of the real and imaginary components of the load current at the I buses with
respect to voltage magnitude and phase angle. For this case, the respective diagonal and
off-diagonal elements of J5, J6, J7 and J8 can be calculated as follows:

∂ILRi

∂δi
= |Vi||Yii|sin(θii + δi)

∂ILRi

∂δj
= |Vj||Yij|sin(θij + δj) j 6= i

(5.30)

∂ILRi

∂|Vi|
= −|Yii|cos(θii + δi)

∂ILRi

∂|Vj|
= −|Yij|cos(θij + δj) j 6= i

(5.31)

∂ILIi
∂δi

= −|Vi||Yii|cos(θii + δi)

∂ILIi
∂δj

= −|Vj||Yij|cos(θij + δj) j 6= i
(5.32)

∂ILIi
∂|Vi|

= −|Yii|sin(θii + δi)

∂ILIi
∂|Vj|

= −|Yij|sin(θij + δj) j 6= i

(5.33)

respectively.
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Calculation of the Jacobian Matrix Elements for Constant Current Sources

In the case of constant current sources, the elements J5, J6, J7 and J8 express the partial
derivatives of the real and imaginary components of the source current at the I buses with
respect to voltage magnitude and phase angle. For this case, the respective diagonal and
off-diagonal elements of J5, J6, J7 and J8 can be found as follows:

∂IGRi

∂δi
= −|Vi||Yii|sin(θii + δi)− |

SLi

Vi
|sin(δi − θL)

∂IGRi

∂δj
= −|Vj||Yij|sin(θij + δj) j 6= i

(5.34)

∂IGRi

∂|Vi|
= |Yii|cos(θii + δi)− |

SLi

V 2
i

|cos(δi − θL)

∂IGRi

∂|Vj|
= |Yij|cos(θij + δj) j 6= i
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∂δi

= |Vi||Yii|cos(θii + δi) + |SLi

Vi
|cos(δi − θload)

∂IGIi
∂δj

= |Vj||Yij|cos(θij + δj) j 6= i
(5.36)

∂IGIi
∂|Vi|

= |Yii|sin(θii + δi)− |
SLi

V 2
i

|sin(δi − θload)

∂IGIi
∂|Vj|

= |Yij|sin(θij + δj) j 6= i

(5.37)

5.3.2 Fault Analysis Using the Modified NR Algorithm

For fault analysis, fault impedance is considered as a phase to ground impedance at the
faulty bus of the system when calculating the Ybus matrix. The IBDGs are initially mod-
eled as PQ generators in the power flow analysis so as to obtain the primary voltage profile
of the system. Having the system voltage profile and the power references of the IBDGs,
the current contributions of these units are calculated. If the fault current contribution of
an IBDG is less than the current threshold of its PE interface, the unit is modeled as a
PQ generator. On the other hand, if the current contribution of the IBDG increases be-
yond the rating of the inverter interface, it is limited to a predefined value and the IBDG
is modeled as a constant current source. The fault analysis algorithm is repeated if the
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mode of operation of any of the IBDGs is changed to constant current source mode. The
modified NR algorithm is used for fault analysis of the system in the presence of constant
current IBDGs.

5.4 Simulation Results

5.4.1 Validation of Modified Newton-Raphson Power Flow Al-
gorithm

Two test systems were used to verify the accuracy of the proposed modified NR algorithm
in the presence of constant current loads and constant current sources. A 3-bus balanced
system was used for the validation of the new algorithm for the case of constant current
loads. The second test system, the IEEE 30-bus loop system, was used for the validation
of the proposed algorithm on a more complicated system and with several constant current
sources. The results produced by the proposed modified NR method were then compared
with those obtained when the equivalent power references of the constant current nodes are
used in the conventional NR power flow algorithm (power-based method). A comparison of
the voltage, power, and current components resulting from the two methods demonstrates
the superiority of the modified NR method with respect to meeting the convergence criteria
for buses that have constant current loads/sources.

Power Flow Result for the 3-Bus System

The 3-bus test system shown in Figure 5.1 is a simple balanced system that served as
a means of examining the accuracy of the proposed modified NR method for calculating
constant current loads. Bus 1 of the system is considered the slack bus operating with a
voltage magnitude of 1 pu and a phase angle of 0◦. A constant current load is connected to
bus 2. The real and imaginary components of the load current are rated at 0.1 pu and -0.02
pu, respectively. A 3-phase PQ load of 0.19 pu with a power factor of 0.96 is connected to
bus 3. The line information for this system is provided in Table 5.1.

The goal of calculating the power flow is to determine a voltage profile of the system that
also complies with the values specified for the constant current and PQ loads. Equations
(5.30), (5.31), (5.32) and (5.33) were used for calculating the current elements of the
modified Jacobian matrix. Power and current mismatches were then found for each PQ
and I constant load. The power flow solution converged after three iterations. The power
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Figure 5.1: 3-bus test system.

Table 5.1: Line information for the 3-bus system

Line R(pu) L(pu)
L12 0.03 0.035
L13 0.02 0.03
L23 0.015 0.02

flow results obtained using the modified NR method are shown in Table 5.2. It is clear
that the real and imaginary components of the load current at bus 2 (constant current load
bus) and the active and reactive powers of the load at bus 3 (PQ load bus) reach their
specified values with an accuracy of 10−5.

To demonstrate the accuracy of the modified Newton-Raphson method, the results ob-
tained using this method were compared with those produced by the power-based method.
For this purpose, bus 2 is assumed to operate at 1∠0◦ pu. Employing this voltage and
based on the specified value of the load current at bus 2, the corresponding active and
reactive components of the load complex power are calculated to be 10 MW and 2 MVAr,
respectively. The calculated power values are used in the conventional power flow algo-
rithm as the values specified for the load power at bus 2. The results for this case are
listed in Table 5.3. A comparison of the results shown in Table 5.2 and Table 5.3 reveals
that not only can the proposed modified NR method provide a voltage profile identical
to the one produced by the conventional power flow method, but it also guarantees the
achievement of the levels specified for the current components at the constant current load
bus (bus 2). As can be seen in Table 5.3, while the active and reactive power components
of the PQ load at bus 3 reach their specified values, errors of 0.2% and 1% in the real and
imaginary current components are evident with respect to the constant current load at bus
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2. The reason for this discrepancy in the load current is that the value of the bus voltage
chosen as the initial guess for this scenario (V2 = 1∠0◦ pu) differs from the actual bus 2
voltage. In this case, because the test system is small, the initial voltage chosen for bus
2 is close to the actual bus voltage obtained from the power flow solution. As indicated
in the following subsection, for larger systems, if the initial value diverges from the actual
bus voltage, the final result for the load current will also differ from the desired value. It
is clear that the power-based method that relies on a conventional power flow algorithm
performs well only if the exact bus voltage value is used for the calculation of the active
and reactive power components at the constant current node. However, since the voltages
are calculated simultaneously, it is impossible for the exact value of the bus voltage to be
available for use in the calculation of the corresponding power elements at the constant
current bus. For this reason, the conventional power flow algorithm is incapable of provid-
ing accurate current information when constant current loads are connected to the system.

Table 5.2: Power flow results produced by the modified newton-raphson method for the
3-bus system

Bus |V |(pu) θv(
◦) PL(MW) QL(MVAr) ILR(pu) ILI(pu)

1 1 0 0 0 0 0
2 0.9979 −0.1010 9.9829 1.9783 0.1000 −0.0200
3 0.9988 −0.0622 0.1824 0.0532 0.0018 −0.0005

Table 5.3: Power flow results produced by the power-based method for the 3-bus system

Bus |V |(pu) θv(
◦) PL(MW) QL(MVAr) ILR(pu) ILI(pu)

1 1 0 0 0 0 0
2 0.9979 −0.1010 10 2 0.1002 −0.0202
3 0.9988 −0.0622 0.1824 0.0532 0.0018 −0.0005

Power Flow Result for the 30-Bus System

The IEEE 30-bus system illustrated in Figure 5.2 was used for the investigation of the
effectiveness of the proposed modified power flow algorithm in a more complicated system
with a variety of node types. The system is a balanced 3-phase system with two nominal
bus voltages: 11 kV, 132 kV, and 33 kV. The load data and line information for this system
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can be found in [96]. The system has 24 PQ buses, five PV buses, and one bus that is
designated as the slack bus. Ten DGs are also connected to the system, four of which are
considered to be constant current sources. Table 5.4 lists the details about the location
and ratings of these four current sources. The other six DGs are connected to the system
at buses 3, 10, 14, 15, 18 and 29, with each providing 10 MVA at unity PF.
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Figure 5.2: IEEE 30-bus test system with different types of DGs

The proposed modified NR power flow algorithm for the 30-bus system was developed
using MATLAB, and the results obtained from its implementation are shown in Table 5.5.
As can be seen, when the power flow solution converges, both the constant current gen-
erators and the PQ generators reach their desired values. These findings mean that the
proposed modified power flow method guarantees identical convergence characteristics for
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Table 5.4: Locations and current ratings of the constant current sources connected to the
30-bus system

Bus IGR(pu) IGI(pu)
12 0.09 0.007
17 0.06 0.007
22 0.11 −0.008
24 0.093 −0.03

PQ generators and constant current generators, the former in terms of power mismatches
and the latter in terms of current mismatches. The results obtained show that the constant
current generators connected at buses 12, 17, 22, and 24 achieve their specified current with
an accuracy of 10−5. Figure 5.3 and Figure 5.4 show the real and imaginary components of
the current for the constant current generators; all of the current components reach their
specified values within four iterations as the solution converges.
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Figure 5.3: Real current components for the constant current generators at buses 12, 17,
22, and 24.

To demonstrate the superiority of the modified NR method, the power-based method
introduced in subsection 5.4.1 was used to acquire the power flow solution for the 30-bus
system. For this purpose, a voltage of 1∠0◦ is assumed for the buses that have constant
current generators. Based on the desired current values for these generators, their cor-
responding active and reactive power components are determined. The nodes are then
considered as normal PQ generators, and the calculated power components are used in
the conventional NR analysis. The power flow results obtained for this scenario are shown
in Table 5.6. To facilitate the evaluation of the current elements of the constant current
nodes, the real and imaginary current components at the buses are in color in Table 5.5
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Table 5.5: Power flow results produced by the modified Newton-Raphson method for the
30-bus system with PQ and I constant generators

Bus |V | θv(angle) PG QG IGR IGI
(pu) (◦) (MW) (MVAr) (pu) (pu)

1 1.0600 0.0000 155.436 1.021 1.466 −0.010
2 1.0430 −3.2425 40.000 28.367 0.368 −0.293
3 1.0298 −3.9107 10.000 0.000 0.097 −0.007
4 1.0209 −4.9813 0.000 −0.000 −0.000 −0.000
5 1.0100 −10.6928 −0.000 33.878 −0.062 −0.330
6 1.0169 −6.2758 −0.000 −0.000 0.000 −0.000
7 1.0063 −8.6087 0.000 −0.000 0.000 −0.000
8 1.0100 −6.8375 0.000 16.672 −0.020 −0.164
9 1.0458 −6.5566 0.000 0.000 0.000 −0.000
10 1.0299 −6.7066 10.000 −0.000 0.096 −0.011
11 1.0820 −6.5566 0.000 18.830 −0.020 −0.173
12 1.0547 −6.4317 9.350 −1.797 0.090 0.007
13 1.0710 −6.4317 0.000 12.491 −0.013 −0.116
14 1.0484 −6.1812 10.000 −0.000 0.095 −0.010
15 1.0392 −6.3822 10.000 0.000 0.096 −0.011
16 1.0374 −6.6932 −0.000 −0.000 −0.000 −0.000
17 1.0273 −6.7020 6.038 −1.434 0.060 0.007
18 1.0304 −6.4253 10.000 −0.000 0.096 −0.011
19 1.0221 −6.9597 −0.000 0.000 −0.000 −0.000
20 1.0232 −6.9519 −0.000 0.000 −0.000 −0.000
21 1.0197 −6.9728 0.000 0.000 −0.000 −0.000
22 1.0303 −6.0729 11.357 −0.379 0.110 −0.008
23 1.0211 −6.8985 −0.000 −0.000 −0.000 −0.000
24 1.0206 −6.3976 9.774 1.985 0.093 −0.030
25 1.0175 −7.0828 −0.000 −0.000 −0.000 −0.000
26 0.9998 −7.5023 −0.000 −0.000 −0.000 −0.000
27 1.0246 −7.2459 0.000 −0.000 0.000 −0.000
28 1.0159 −6.5119 −0.000 −0.000 0.000 −0.000
29 1.0205 −6.8170 10.000 −0.000 0.097 −0.012
30 1.0025 −8.3890 −0.000 −0.000 −0.000 −0.000
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Table 5.6: Power flow results produced by the Power-Based method for the 30-bus system
with PQ and I constant generators

Bus |V | θv(angle) PG QG IGR IGI
(pu) (◦) (MW) (MVAr) (pu) (pu)

1 1.0600 0.0000 156.691 0.545 1.478 −0.005
2 1.0430 −3.2677 40.000 28.096 0.368 −0.291
3 1.0301 −3.9578 10.000 0.000 0.097 −0.007
4 1.0212 −5.03970 0.000 0.000 0.000 −0.00
5 1.0100 −10.7331 −0.000 33.704 −0.062 −0.328
6 1.0172 −6.3410 0.000 0.000 0.000 −0.000
7 1.0065 −8.6635 0.000 0.000 −0.000 −0.000
8 1.0100 −6.8980 0.000 15.693 −0.019 −0.154
9 1.0473 −6.6657 0.000 0.000 −0.000 −0.000
10 1.0327 −6.8387 10.000 −0.000 0.096 −0.012
11 1.0820 −6.6657 0.000 18.071 −0.019 −0.166
12 1.0565 −6.5377 9.000 −0.700 0.085 −0.003
13 1.0710 −6.5377 −0.000 11.106 −0.012 −0.103
14 1.0504 −6.2936 10.000 −0.000 0.095 −0.010
15 1.0414 −6.5044 10.000 −0.000 0.095 −0.011
16 1.0399 −6.8166 −0.000 −0.000 −0.000 −0.000
17 1.0305 −6.8420 6.000 −0.700 0.059 −0.000
18 1.0329 −6.5514 10.000 0.000 0.096 −0.011
19 1.0247 −7.0856 −0.000 0.000 −0.000 −0.000
20 1.0259 −7.0792 −0.000 −0.000 −0.000 −0.000
21 1.0227 −7.1143 0.000 0.000 −0.000 −0.000
22 1.0345 −6.2911 11.000 0.800 0.105 −0.019
23 1.0241 −7.0440 0.000 −0.000 −0.000 −0.000
24 1.0248 −6.6217 9.300 3.000 0.087 −0.040
25 1.0206 −7.2284 0.000 0.000 −0.000 −0.000
26 1.0029 −7.6453 −0.000 −0.000 −0.000 −0.000
27 1.0268 −7.3465 0.000 0.000 0.000 −0.000
28 1.0164 −6.5834 0.000 0.000 0.000 −0.000
29 1.0228 −6.9195 10.000 0.000 0.097 −0.012
30 1.0048 −8.4844 0.000 0.000 −0.000 −0.000
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Figure 5.4: Imaginary current components for the constant current generators at buses 12,
17, 22, and 24.

and Table 5.6. When the current elements of buses 12, 17, 22, 24 are compared with
their desirable values as listed in Table 5.4, the conventional power flow solution is clearly
deficient with respect to achieving the target levels for the current components of the con-
stant current generators. The errors are 5.5%, 1.7%, 4.5% and 6.4% in real components,
and 142.8%, 100%, −137.5% and −33.3% in the imaginary components of the generator
currents at buses 12, 17, 22, and 24, respectively. The inability of the conventional power
flow algorithm to provide correct current information arises from the fact that the voltages
assumed for the current generator buses are not good approximations of the actual bus
voltages. In other words, a voltage of 1∠0◦ is not close enough to a voltage that guarantees
the desired currents at the constant current generator buses (e.g., 1.0537∠−9.4841◦ at bus
12).

5.5 Simulation Results for the Fault Analysis Based

Power Flow Algorithms

Two test systems are used to verify the accuracy of the proposed power flow based fault
analysis algorithms for radial and loop systems in the presence of constant current IB-
DGs. The Canadian Urban Benchmark Distribution System is used for validation of the
backward-forward based fault analysis algorithm in radial systems. The PSCAD/EMTDC
software is used to validate the results produced for this scenario. The second test system,
the IEEE 30-bus loop system, is used for the validation of the NR based fault analysis
algorithm with several IBDGs. The simulation results of this algorithm are compared with
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those obtained from the OpenDSS software. For both of the algorithms, comparison of the
fault current contribution of IBDGs demonstrate the accuracy of the proposed methods in
exploring the behavior of IBDGs during fault conditions.

Simulation Results for the Backward-Forward Based Fault Analysis Method

The Canadian Urban Benchmark Distribution System [40] is used to investigate the ef-
fectiveness of the backward-forward based fault analysis technique. The test system is a
3-phase balanced system at the nominal voltage of 12.47 kV. As shown in Figure 5.5, four
IBDGs are connected to the system at buses 4, 5, 6, 9. Inverter based DGs are connected
through four 12.47kV/480 V transformers, and each provides 1 MVA at unity power factor.

Figure 5.5: Canadian Urban Benchmark Distribution System

The backward-forward based fault analysis technique is used to investigate the current
contribution of IBDGs for a balanced fault with Rf = 0.48Ω at bus 5. For accurate
system modeling, all connected loads are considered as constant impedances in the proposed
algorithm. A current threshold of 0.11 kA, which is slightly less than twice the rated current
of IBDGs, is assigned to each unit so as to guarantee the safe operation of PE interfaces.
Table 5.7 compares the current contribution of IBDGs obtained from the proposed load
flow based technique with the ones obtained from the PSCAD software. As can be seen,
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the backward-forward based technique is able to provide a very good approximation of
the IBDG currents. It is also clear that the IBDG2, which is located at bus 5, the faulty
bus, has reached the defined current threshold and should consequently be considered as
a constant current IBDG.

Table 5.7: Simulation results for the Canadian Urban Benchmark Distribution System

Load Flow Based Technique PSCAD
IBDG1 0.094 kA 0.099 kA
IBDG2 0.110 kA 0.115 kA
IBDG3 0.063 kA 0.065 kA
IBDG4 0.063 kA 0.065 kA

Simulation Results for the NR Based Fault Analysis Method

The IEEE 30-bus system illustrated in Figure 5.6 is used to investigate the effectiveness of
the proposed modified NR based algorithm in performing fault analysis for loop systems
with PQ, PV and I nodes. The system is a balanced 3-phase system with three nominal
bus voltages: 132 kV, 33 kV, and 11 kV. The load data and line information for this system
can be found in [96]. The system has 24 PQ buses, five PV buses, and one bus that is
designated as the slack bus. Ten IBDGs are also connected to the system at buses 3, 10,
12, 14, 15, 17, 18, 22, 24 and 29. Table 5.8 shows the current threshold of the 10 IBDGs.

Table 5.8: Current threshold of IBDGs

Bus IBDG Current
3 IBDG1 0.41 pu
10 IBDG2 0.51 pu
12 IBDG3 0.51 pu
14 IBDG4 0.3 pu
15 IBDG5 0.4 pu
17 IBDG6 0.51 pu
18 IBDG7 0.2 pu
22 IBDG8 0.4 pu
24 IBDG9 0.44 pu
29 IBDG10 0.4 pu
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Figure 5.6: IEEE 30-bus test system.

The accuracy of the method is examined for a 3-phase fault at bus 15. The proposed
modified NR based fault analysis algorithm was developed using MATLAB. The IBDGs
are initially modeled as PQ generators and the primary voltage profile of the system is
obtained. Table 5.9 provides the fault current contribution of the ten IBDGs obtained
from the implementation of the NR based fault analysis algorithm when IBDGs operate as
PQ generators. The results show that, of the 10 IBDGs connected to the system, the ones
connected to buses 14, 15, 18, and 24 have fault current contributions higher than their
assigned thresholds, and as a result, their buses are considered as I nodes in the modified
NR algorithm. The algorithm is repeated with the new constant current nodes, and the
results obtained for this scenario are shown in Table 5.10. As can be seen, the fault current
contributions of IBDG14, IBDG15, IBDG18, and IBDG24 are controlled to their specified
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threshold shown in Table 5.8. As the fault current contribution of none of the other IBDGs
increases beyond its threshold there is no need to repeat the fault analysis algorithm and
the results are considered to be the final values.

Table 5.9: Current contribution of IBDGs when operating as PQ generators - modified NR
algorithm

Bus IBDG Current
3 IBDG1 0.22 pu
10 IBDG2 0.35 pu
12 IBDG3 0.4 pu
14 IBDG4 0.37 pu
15 IBDG5 1.41 pu
17 IBDG6 0.36 pu
18 IBDG7 0.34 pu
22 IBDG8 0.3 pu
24 IBDG9 0.46 pu
29 IBDG10 0.25 pu

Table 5.10: Current contribution of IBDGs when IBDG14, IBDG15, IBDG18, and IBDG24

operate as constant current sources - modified NR algorithm

Bus IBDG Current
3 IBDG1 0.22 pu
10 IBDG2 0.38 pu
12 IBDG3 0.43 pu
14 IBDG4 0.3 pu
15 IBDG5 0.4 pu
17 IBDG6 0.39 pu
18 IBDG7 0.2 pu
22 IBDG8 0.33 pu
24 IBDG9 0.44 pu
29 IBDG10 0.27 pu

To demonstrate the accuracy of the NR based fault analysis method, the same fault
condition is simulated with OpenDSS on the 30-bus system with the connected IBDGs.
Results of this implementation are shown in Table 5.11. The IBDGs are initially modeled
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as PQ buses. The voltage profile of the systems and the fault current contribution of the
IBDGs are obtained. As shown, IBDG14, IBDG15, IBDG18, and IBDG22 have fault current
contributions higher then the specified thresholds. It is clear that the results obtained for
the fault current contribution of IBDGs are in agreement with what is calculated by the
modified NR algorithm. When IBDGs with high fault current contributions are detected,
the models of these units are converted to the type with limited current contributions, and
the short circuit analysis is repeated. Comparing the results shown in Table 5.10 with
the ones obtained from the OpenDSS software, Table 5.11, show the effectiveness of the
modified NR based algorithm in estimating the fault current contribution of IBDGs in loop
systems

Table 5.11: Current contribution of IBDGs when IBDGs are modeled as PQ nodes
and when IBDG14, IBDG15, IBDG18, and IBDG24 have limited current contributions -
OpenDSS results

Bus IBDG IBDGs as PQ buses IBDGs with limited current
(pu) (pu)

3 IBDG1 0.2174 0.22
10 IBDG2 0.3469 0.36
12 IBDG3 0.4013 0.42
14 IBDG4 0.3695 0.3
15 IBDG5 1.403 0.4
17 IBDG6 0.3596 0.37
18 IBDG7 0.3325 0.2
22 IBDG8 0.2956 0.31
24 IBDG9 0.4526 0.43
29 IBDG10 0.2506 0.26

5.6 Summary

This chapter has presented two power flow based methods for analyzing the behavior of
IBDGs during fault condition in radial and loop systems. In both, IBDGs are initially
modeled as PQ generators during fault condition. If their current contribution exceeds the
predefined threshold levels set for each IBDG, the currents will be limited to the level safe
for IBDG protection and the models are converted to constant current sources. The fault
is treated as a load with a small resistance connected to the system, while its current is

113



considered in the nodal current equation. The backward-forward sweep algorithm is used
to solve the load flow problem for radial systems during fault conditions. In this case, the
current of IBDGs is added to the nodal current equation in the backward sweep. On the
other hand, the Newton-Raphson power flow algorithm is modified for fault analysis of
loop systems with IBDGs. In the modified Newton-Raphson algorithm, buses with IBDGs
are modeled as either PQ nodes or constant current (I) nodes. In the novel NR based
fault analysis algorithm, current formulations rather than conventional power formulations
are developed for constant current sources. This approach permits mismatches in the
real and imaginary components of the current at the I nodes to be obtained in addition
to the conventional active and reactive power mismatches. This novel modified Newton-
Raphson power flow algorithm enables the inclusion of both models of IBDGs, PQ nodes
or I nodes, in one matrix, thus eliminating the need to represent the I nodes in terms of
their equivalent powers. Two case studies are developed to investigate the effectiveness
of the developed algorithms for fault analysis of radial and loop systems in the presence
of IBDGs. The Canadian Urban Benchmark Distribution System is used for validation
of the backward-forward based fault analysis algorithm in radial systems. The algorithm
is developed in MATLAB, and the results are compared with the ones obtained from the
implementation of the system in PSCAD/EMTDC software. The second test system, the
IEEE 30-bus loop system, is used to examine the modified NR power flow algorithm and
the NR based fault analysis algorithm with several IBDGs. The algorithm is developed in
MATLAB and the results are validated with the use of a power based method incase of
power flow analysis, and with OpenDSS simulations results in case of fault analysis. The
simulation results show the effectiveness of the algorithms in performing fault analysis in
the presence of IBDGs for radial and loop systems.
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Chapter 6

Construction of Protection Zones
with Self-Healing Capability in Loop
Systems

6.1 Introduction

This chapter presents an algorithm for constructing protection zones with fault current
management capability for fault conditions in loop systems which have high penetrations
of IBDGs and synchronous DGs. The idea of FCM operation defined for IBDGs and
synchronous DGs in Chapters 3 and 4 is used as the basis of this operation. Having a
large power system, the contribution of DGs in fault currents varies depending on their
closeness to the fault location. Hence, there is no need to operate all IBDGs as FCM
units. A more optimized operation is obtained if for each fault location, a zone called the
protection zone is found, and only the IBDGs that are located in the zone are controlled
to operate as FCM units. In other words, for each fault location, the proposed algorithm
divides the system into two sectors: 1) the protection zone, which includes the faulty sector;
The IBDGs inside this zone are the ones affected by the fault, and are the main elements
of the fault current management algorithm; 2) the healthy sector, which can operate in
islanded mode. The DGs in this sector can continue feeding their local loads in islanded
mode. It should be noted that the focus of this work is to propose an algorithm that
constructs protection zones with self fault current management capability. Any algorithm
available for construction and operation of the islanded sectors can work in parallel with
the proposed algorithm for the healthy sectors.
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The proposed algorithm for constructing protection zones in loop systems consists of
two main steps. First, all the paths from the grid points to the fault location are identified.
This step is required because in the FCM operation, the grid current is considered to be
the reference current based on which the fault current is controlled. In the second step,
the IBDGs located on the fault current paths are selected as the potential FCM units.
From these IBDG, the ones which are affected by the fault, and thus their fault currents
are kept below the tripping threshold of their inverter interfaces, operate as FCM units.
The current paths from the grid points to the fault location, and the IBDGs selected as
FCM units, determine the boundaries of protection zones. All the IBDGs located outside
the protection zone can continue their operation and feed their local loads if operated in
islanded mode. One other factor to be considered when doing FCM operations in loop
systems is the calculation of reference phase angle required for the FCM operation. As
shown in (3.13), the reference phase angle calculated for the FCM in zone B, δB, is a
function of the grid current phase angle, θs, and the fault current, θflt. However, in loop
systems where there are multiple grid points, it is not possible to consider one single phase
angle as the grid current phase angle. Hence, it is proposed that each IBDG manages the
fault current locally at the bus it is connected to.

This chapter is organized as follows: Section 6.2 presents the algorithm proposed for
constructing protection zones with FCM capability. Section 6.3 describes the modifications
required for implementation of FCM operation on loop systems. Simulation results are
presented in section 6.4. Section 6.5 presents possible reasons for errors in the results of
FCM operation in loop systems. A summary is provided in section 6.6.

6.2 Construction of Protection Zones

The idea of the protection zone is proposed to gain more optimized FCM operation in
large systems with numerous DGs. As mentioned, not all DGs contribute to the fault
current equally, and hence it is not necessary to operate them all as FCM units. Many
DGs located far from the fault point are not affected by the fault and their contribution
to the fault does not cause a serious protection problem. Hence, the idea is to find an
optimized algorithm to manage the fault current in large power systems with DGs. The
steps that should be taken to construct the protection zones are shown in Figure 6.1. As
shown, there are three important factors to be considered when constructing the protection
zones with FCM capability: determination of the FCM current paths, selection of the FCM
units, and the identification of FCM zone. These Steps are explained in detail in the next
three subsections:
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CURRENT PATHS 
I.  All the paths from all grid points to 
the fault are found 

FCM UNITS 
I. IBDGs on the paths are detected 
 

II.   From the DGs on the path, those 
affecting the operation of the 
protection system are selected as 
FCM units  

Are there synchronous DGs on 
                  the paths ?  

YES 
• The FCM units 
operate in Zone C  

NO 
• The FCM units 
operate in Zone B  

Figure 6.1: Construction of protection zones in loop systems

6.2.1 Paths of Protection

Inverter based DGs are able to manage their own fault current and the fault current
contribution of synchronous DGs by operating as FCM units in zone B or zone C. For
this operation, the phase angle of IBDGs is modified at the moment of fault detection.
As shown in (3.13) and (4.1), the formulas used to calculate the reference phase angles
for zone B and zone C operation are functions of the grid current phase angle and fault
current phase angle. In radial systems, there is only one grid point for the system. Hence,
for any fault location, there is only one current path from the grid to the fault. On the
other hand, in loop systems, there is more than one grid point connection. Additionally,
for each grid point, depending on the line impedances, there will be multiple fault current
paths. Hence, in order to perform an effective FCM operation in loop systems, all the
current paths from the grid points should be carefully examined for each fault location.
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As can be seen in Figure 6.1, the first step in constructing protection zones is to find all
the possible current paths from the grid points to the fault location. For this purpose the
power system is considered as a network with N numbers of nodes (buses). Considering
each line impedance as its weight, Dijkstra’s algorithm is used to find the first M paths
with the lowest total weight from the source node (grid) to the destination node (fault
bus). Assuming a large value for M, the algorithm gives all the available paths from a grid
point to the fault location. Depending on the system size, the system configuration and
the line impedances, there will be several paths from each grid point to a fault location.
This operation is repeated for each grid point to find all the current paths for a specific
fault location. These current paths are the outputs of the first step of the protection zone
construction algorithm.

6.2.2 Selection of FCM Units

The purpose of the second step is to select the IBDGs that should operate as FCM units.
For a specific fault location, not all IBDGs are located on the current paths from the grid
points to the fault. Since the FCM operation is performed based on the grid current phase
angle, the IBDGs which are not on the current paths from the grids to the fault are not
included in the protection zone. Hence, in the second step, first, the IBDGs which are
on the current paths from the grids to the fault location are selected. Next, from these
IBDGs, the ones affected by the fault current and having high fault current contributions,
are chosen to operate as the FCM units. In other words, from the IBDGs which are on
the current paths, the ones that have a fault current contribution higher than a predefined
threshold and increase the current beyond the short circuit capacity of the system, are
responsible to mitigate the problem they have caused by operating as FCM units. Hence,
when the IBDGs on the paths are determined, the ones with a fault current contribution
more than twice their current rating are selected. The current magnitude of these IBDGs
is limited to 1.2 times their current rating to protect their interface, and their phase angle
is modified according to the desired operation of the FCM units, either in zone B or zone
C.

6.2.3 Zone of Operation for FCM Units

Depending on the location and number of synchronous DGs that exist in the system, the
IBDGs selected as FCM units operate in zone B or zone C. As mentioned in Chapter 4,
since the current contribution of IBDGs is limited by the protection system of their inverter
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interfaces, these units contribute less than synchronous DGs in the fault current. Hence,
FCM units should operate in zone C when synchronous DGs exist on their current paths. In
addition, more than one IBDG is required to operate as an FCM unit for each synchronous
DG. However, the number of FCM units required for the FCM of each synchronous DG,
and the phase angle of ∆ added to δB for each unit, depends on the location of synchronous
DGs and IBDGs and the current ratings of those IBDGs. As an example, if the synchronous
DGs are located far from the fault location, they are not affected by the fault severely,
and hence, their contribution in the fault current might not much higher than that of the
IBDGs. On the other hand, on a current path, if a synchronous DG is located closer to
the fault location than an IBDG, its fault current contribution is significantly higher than
the IBDGs’, and consequently, multiple IBDGs are required to manage its fault current.
Moreover, a larger phase angle ∆ must be added to δB.

6.3 Calculation of FCM Phase Angle for Loop Sys-

tems

The reference phase angles required for FCM operation in zone B and C, calculated in
Chapter 3 and 4, are presented as:

δB = 180−
180− |θs − θflt|

2
− |θs| (6.1)

δC = δB + ∆ (6.2)

As can be seen, the phase angle δB, and consequently δC , are functions of the grid
current and the fault current phase angles. These phase angles are proposed based on the
topology and configuration of radial systems. In radial systems, for any fault, there is one
grid current path only, and as a result, the grid current phase angle, θs, can be simply
measured. On the other hand, for loop systems, since there is more than one grid point, it
is not possible to find the source of the current detected by a relay, and as a result, the grid
current phase angle required for calculating the reference phase angle of FCM operation
cannot be measured directly. Even if there is one grid point only, there are multiple current
paths from the grid point to the fault, and the relays installed on a path see only a part of
the fault current fed by the grid, based on the impedance of their path. To overcome this
problem, it is purposed that IBDGs manage the fault current locally at the bus they are
connected to.
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6.3.1 Local Management of Fault Currents

For the purpose of FCM operation in loop systems, it is proposed that each IBDG manages
its fault current contribution and the contribution from the synchronous DGs on the same
path, locally. In order to clarify this operation, consider a single bus of the IEEE 30-bus
loop system, as shown in Figure 6.2. Locally managing the fault current means that the
IBDG installed on bus 3 manages the fault current seen by the relay R3,4 to be equal to
the fault current seen by R1,3. When synchronous DGs exist on the path, the desired
operation is to manage the fault current seen by R3,4 so that it is less the one seen by
R1,3. The current gap generated in this case is used to compensate for the extra fault
current contribution of synchronous DGs. This a simple operation, which can be applied
by substituting the θs phase angle in (6.1) with the phase angle of the current injected to
the bus with IBDG (θ1,3 in Figure 6.2), and θflt with the phase angle of the current going
out of the bus with the IBDG (θ3,4 in Figure 6.2).

4,3R 4,34,3I 
3,13,1I 

Bus 3 

3,1R

Figure 6.2: Example of a bus with one line going in and one coming out of

The operation becomes more complicated for the buses that have multiple lines con-
nected to them. Bus 12 in Figure 6.3 shows an example of such buses. For this type of
bus, the FCM operation can be performed on the total fault current going into the bus
and the total fault current coming out of the bus. For a given bus, the line currents with
positive real component are considered as the currents injected to the bus, and the ones
with negative real components are the currents coming out of the bus. The total fault
current injected into the bus and the total of the fault current coming out the bus are
obtained by the vector summation of the individual currents.

For the bus 12 example shown in Figure 6.3, the injected currents are I4,12, I13,12, and
the currents coming out the bus are I12,15, I12,16 and I12,14. Hence, the total fault current
going into the bus and the total fault current coming out of the bus 12 are obtained as:

Iin12∠θin12 = I4,12∠θ4,12 + I13,12∠θ13,12

Iout12∠θout12 = I12,15∠θ12,15 + I12,16∠θ12,16 + I12,14∠θ12,14

(6.3)
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12,4R

12,13R

14,12R

15,12R

16,12R 16,1216,12I 

15,1215,12I 

14,1214,12I 

12,1312,13I 

12,412,4I 

Bus 12 

Figure 6.3: Example of a bus with multiple lines

In this case, the grid current phase angle, θs, in (6.1) is substituted with the phase
angle of the total fault current injected into the bus with the IBDG (θin5 in (6.3)), and
θflt is substituted with the phase angle of the total current coming out of the bus with the
IBDG (θout5 in (6.3)).

Another point should be considered: since there are multiple lines connected to the
bus in this case, the FCM operation is performed on the total fault current going into and
coming out of the bus with the IBDG. Hence, it is expected that the magnitude of the total
fault current going out of the bus with IBDG is managed to a value equal to the magnitude
of the total fault current injected in to the bus. However, the fault current seen on each
line might not be at the exact same level as it was when there was no DG connected to
the system.

6.4 Simulation Results

The IEEE 30-bus system shown in Figure 6.4 is used for the validation of the proposed
algorithm on a loop system with different types of DGs. The load data and line information
can be found in [96]. Two case studies are proposed here to investigate the effectiveness
of the proposed algorithm in constructing protection zones with fault current management
capability. The first study is for the case where IBDGs and synchronous DGs exist in the
system, and the second is for the case when only IBDGs exist in the system.
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Figure 6.4: IEEE 30-bus test system

6.4.1 Validation Results for the IEEE 30-bus System with IB-
DGs and Synchronous DGs

It is assumed that 10 DGs are connected to the IEEE 30-bus system, of which two are
synchronous DGs and eight others are IBDGs. The location and the power ratings of these
10 DGs are shown in Table 6.1. The system is connected to the grid from 6 points: buses
1, 2, 5, 8, 11 and 13.

For a three-phase balanced fault at bus 15, Table 6.2 compares the total fault current
and the fault current seen on lines connected to buses 12, 14, 18, 23, and 15 for three
scenarios: when there is no DG connected to the system, when DGs are connected to the
system but there is no FCM operation, and when DGs are connected to the system and
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Table 6.1: Location and power ratings of the IBDGs and synchronous DGs connected to
the 30-bus system

DG Type Location Power Ratings Power Factor
DG1 IBDG Bus 3 15 MVA 1
DG2 IBDG Bus 7 15 MVA 1
DG3 IBDG Bus 12 20 MVA 1
DG4 IBDG Bus 14 20 MVA 1
DG5 IBDG Bus 19 20 MVA 1
DG6 IBDG Bus 22 25 MVA 1
DG7 IBDG Bus 23 20 MVA 1
DG8 IBDG Bus 29 20 MVA 1
DG9 Synch DG Bus 4 20 MVA 1
DG10 Synch DG Bus 24 35 MVA 1

the proposed algorithm is applied to construct the protection zone and manage the fault
current. It should be noted that bus 15 is the fault bus, and buses 12, 14, 18, and 23 are
chosen as examples of DG buses with two or multiple current lines connected to them.

As can be seen, for all the system buses shown in Table 6.2, when there is no DG
connected to the system the fault current entering each bus is equal to the fault current
going out of the bus. When DGs are connected to the system, the total fault current
going out of the buses with DGs are higher than the total fault current injected into them.
The difference between the currents injected into these buses and the currents going out
of them is because of the current contribution of the DGs connected to them. As shown
in Table 6.2, since bus 18 has no DG connected to it, the fault current injected into this
bus is equal to the bus current going out of it. However, the total fault current seen by
the protective devices connected to this bus, in the presence of DGs, is higher than the
current seen when no DG is connected to the system. The fault current seen by protective
devices installed on lines 23-15 and 24-23 increases when DGs are connected to the system.
Not only that, but it is also shown in Table 6.2 that because of the current contribution of
DG7 the fault current going out of bus 23, I23−15, is higher than the fault current injected
into this bus, I24−23. On the other hand, as seen in Table 6.2 when DGs are connected to
the system, the total fault current injected into bus 14 is lower than that when DGs are
not connected. This reduction in the fault current can be justified by the explanation in
section 2.7. It is also shown that with the current contribution of DG4 at bus 14, the fault
current going out of this bus has a higher magnitude than that current injected into this
bus.
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Table 6.2: Fault currents seen on lines connected to buses 12, 14, 18, 23, and 15 for a
3-phase fault at bus 15

Current (pu) Current (pu) Current (pu)
no DG installed with DG but no FCM operation with DG and FCM operation

I15,23 0.7418∠ 1.9623 1.162∠1.9469 0.9825∠1.8794
I24,23 0.7418∠-1.1793 0.9212∠-1.2606 1.0166∠-1.4896
I15,18 0.8094∠ 1.9171 0.9945∠ 2.105 0.8236∠2.0982
I19,18 0.8094∠-1.2245 0.9945∠-1.0366 0.8236∠-1.0434
I12,14 0.6606∠ -1.383 0.5745∠-1.142 0.6367∠ -1.3969
I15,14 0.6606∠1.7586 0.7976∠2.0576 0.6131∠2.1074
I4,12 2.3696∠ -0.8506 2.1535∠-0.8309 2.2482∠ -0.9111
I13,12 1.9004∠-2.5691 1.1824∠-2.3773 1.4941∠ -2.4205
I14,12 0.6606∠1.7586 0.5745∠ 1.9996 0.6367∠ 1.7447
I15,12 2.5789∠1.5815 2.7043∠1.8253 2.4850∠1.7536
I16,12 0.4738∠-0.6872 0.5042∠-0.7075 0.4558∠ -0.8189
IIn12 2.8381∠-0.8234 2.6546∠-0.8075 2.7024∠ -0.8956
IOut12 2.8087∠2.2427 2.9212∠2.2231 2.6796∠ 2.2504
Iflt 4.7281 5.6217 4.8491

Column 3 of Table 6.2 shows the results when the algorithm explained in section 6.2 is
used to construct the protection zone for the fault applied at bus 15. For this operation,
first, all the paths from the grid points to the faulty bus, bus 15, are found. In the second
step, the IBDGs located on the current paths from the grid points to the fault point are
detected. For the applied fault at bus 15, all the IBDGs except from DG8 at bus 29 are
detected as the ones on the current paths. From these IBDGs, IBDG12, IBDG14, IBDG19,
IBDG22, and IBDG23 which have a fault current contribution more than 1.2 times of their
rated current, are selected as FCM units. Since, synchronous DGs exist in the system,
the FCM units are operated in zone C to manage the fault current contributed by the
synchronous DGs in addition to their own fault current. For this purpose, a ∆ value of
20◦ is added to the reference phase angle calculated for the FCM operation in zone B, δB.

The results show the capability of the proposed algorithm in constructing an effective
protection zone and consequently managing the fault current contributed by the DGs. To
better show the effectiveness of the proposed algorithm, the percentage error of the fault
current seen by the protective devices located on the lines connected to the faulty bus
are compared for three different fault locations: bus 15, bus 16, and bus 10. Table 6.3,
Table 6.4 and Table 6.5 compare the percentage errors of the fault current seen by the
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protective relays for the case when there is no FCM operation, and the case when the
proposed algorithm is used to construct the protection zones, and the selected IBDGs
operate as FCM units.

Table 6.3: Comparison of the fault current seen on the faulty lines for a fault at bus 15
(IBDG12, IBDG14, IBDG19, IBDG22 and IBDG23 operate as FCM units)

% error % error
with DGs but no FCM operation with DGs and FCM operation

I12,15 4.8606 -2.9388
I14,15 20.7435 -13.1481
I18,15 22.8650 -1.5894
I23,15 56.6444 27.0261

Table 6.4: Comparison of the fault current seen on the faulty lines for a fault at bus 16
(IBDG12, IBDG22 operate as FCM units)

% error % error
with DGs but no FCM operation with DGs and FCM operation

I12,16 7.8628 -1.5480
I17,16 8.8153 1.9123

Table 6.5: Comparison of the fault current seen on the faulty lines for a fault at bus 10
(IBDG19, IBDG22, IBDG23 operate as FCM units)

% error % error
with DGs but no FCM operation with DGs and FCM operation

I6,10 3.0577 4.6106
I9,10 -3.3436 -1.9597
I17,10 15.7773 11.0770
I20,10 47.0377 21.9734
I21,10 106.0192 57.0192
I22,10 105.9793 56.9888

It is clear from the results shown in the above three tables that the proposed algorithm
is capable of managing the fault current seen by the protective devices. For most of the
cases, the percentage error, which is calculated based on the fault current seen by the
protective devices in the original system without DGs, is improved noticeably when the
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proposed algorithm is applied and the selected IBDGs operate as FCM units. However,
errors still occur in some of the measurements. Possible reasons for errors in the results of
FCM operation are explained in section 6.5.

6.4.2 Validation Results for the IEEE 30-bus System with IB-
DGs

In this case, it is assumed that only 10 IBDGs are connected to the IEEE 30-bus system
and no synchronous DGs exist in the system. The location and ratings of IBDGs are shown
in Table 6.6.

Table 6.6: Location and power ratings of the IBDGs connected to the 30-bus system

DG Type Location Power Ratings Power Factor
DG1 IBDG Bus 3 15 MVA 1
DG2 IBDG Bus 4 20 MVA 1
DG3 IBDG Bus 7 15 MVA 1
DG4 IBDG Bus 12 20 MVA 1
DG5 IBDG Bus 14 20 MVA 1
DG6 IBDG Bus 19 20 MVA 1
DG7 IBDG Bus 22 25 MVA 1
DG8 IBDG Bus 23 20 MVA 1
DG9 IBDG Bus 24 35 MVA 1
DG10 IBDG Bus 29 20 MVA 1

Table 6.7 compares the total fault current and the fault current seen on lines connected
to buses 12, 14, 18, 23, and 15 for three scenarios when a three-phase balanced fault is
applied at bus 15. When IBDGs are connected to the system, the fault current seen by some
of the protective devices increases, while the current seen by some others decrease. The
reason for the increased and decreased fault current in the presence of IBDGs is explained in
section 2.7. The third column shows the results for the case when the proposed algorithm
is used to construct the protection zone, and the selected IBDGs are operated as FCM
units. The operation shows effective management of fault current for buses with two lines
connected to them. As shown, in presence of IBDGs and without the proposed FCM
operation, the total fault current injected to bus 12 is reduced to a value below the level
observed without IBDGs. Hence, when the protection zone algorithm is applied, the FCM
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unit connected to bus 12 is operated in zone C to increase the fault current to a higher
value.

Table 6.7: Fault currents seen on lines connected to buses 12, 14, 18, 23, and 15 for a
3-phase fault at bus 15

Current (pu) Current (pu) Current (pu)
no DG installed with DG but no FCM operation with DG and FCM operation

I15,23 0.7418∠ 1.9623 1.1183∠2.4581 0.8523∠2.6171
I24,23 0.7418∠-1.1793 0.8926∠-0.7248 0.8422∠-0.7958
I15,18 0.8094∠ 1.9171 0.9146∠2.3361 0.7243∠2.3786
I19,18 0.8094∠-1.2245 0.9146∠-0.8055 0.7243∠-0.7630
I12,14 0.6606∠ -1.383 0.5336∠-1.0585 0.6202∠ -1.2732
I15,14 0.6606∠1.7586 0.7516∠2.1810 0.6022∠2.2401
I4,12 2.3696∠ -0.8506 1.9035∠-0.6504 1.8946∠ -0.7276
I13,12 1.9004∠-2.5691 1.4524∠-2.2016 1.6007∠-2.1989
I14,12 0.6606∠1.7586 0.5336∠ 2.0831 0.6298∠ 1.8707
I15,12 2.5789∠1.5815 2.5411∠1.9316 2.4690∠1.8812
I16,12 0.4738∠-0.6872 0.5058∠-0.3264 0.4116∠ -0.2507
IIn12 2.8381∠-0.8234 2.3885∠-0.5829 2.2682∠-0.6442
IOut12 2.8087∠2.2427 2.6170∠2.4497 2.5069∠2.4192
Iflt 4.7281 5.1963 4.4104

Table 6.8, Table 6.9, and Table 6.10 compare the percentage error in the fault current
seen by protective devices installed on the faulty lines for three fault locations: bus 15, bus
16 and bus 10. With the proposed operation, the errors decrease, and the fault currents
seen by protective devices on the faulty lines get closer to the values they were originally
designed for. However, as observed in the first case study, the proposed algorithm for loop
systems in the presence of IBDGs is not capable of reducing the fault current error to zero.
Possible reasons for the errors in FCM operation are explained in the next subsection.

6.5 Problems associated with FCM operation in loop

systems

It is clear from the results of the above two case studies that for the loop systems, the
proposed FCM operation manages the fault current seen by the protective devices with a
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Table 6.8: Comparison of the fault current seen on the faulty lines for a fault at bus 15
(IBDG12, IBDG14, IBDG19, IBDG22, IBDG23 and IBDG24 operate as FCM units)

% error % error
with DGs but no FCM operation with DGs and FCM operation

I12,15 -1.4667 -4.2630
I14,15 13.7702 -7.3875
I18,15 12.9952 -10.3882
I23,15 50.7513 15.0606

Table 6.9: Comparison of the fault current seen on the faulty lines for a fault at bus 16
(IBDG12, IBDG14 and IBDG22 operate as FCM units)

% error % error
with DGs but no FCM operation with DGs and FCM operation

I12,16 4.9068 -1.5450
I17,16 5.3348 -2.0322

Table 6.10: Comparison of the fault current seen on the faulty lines for a fault at bus 10
(IBDG19, IBDG22, IBDG23 and IBDG24 operate as FCM units)

% error % error
with DGs but no FCM operation with DGs and FCM operation

I6,10 -11.2766 -15.2272
I9,10 -10.7777 -11.7134
I17,10 6.8064 0.0426
I20,10 44.4493 27.2093
I21,10 121.7794 75.1750
I22,10 121.7364 75.1411

higher percentage of error, compared to the case of radial systems. The following points
make the FCM operation more complicated in loop systems in presence of IBDGs and
synchronous DGs.

• Depending on the location and rating of IBDGs, their connection to power systems
can decrease the fault current seen by some of the protective devices. This effect is
observed more commonly in loop systems than in radial ones.

• Loop systems, have multiple grid connection points, making FCM operation more

128



complicated as there is more than one path from each grid connection to the fault.

• Unlike radial systems, loop systems have many system buses with more than two lines
connected to them. As a result, the modified method proposed in subsection 6.3.1
should be used to calculate the reference current phase angle required for the FCM
operation. Hence, for these system buses, the FCM operation is in fact performed
on the total fault current entering and existing the bus, and not on each line current
individually. Using this approximate method increases the error of the proposed
operation.

• Because of the structure of loop systems, there are multiple current paths from the
grid points to the fault location. The current paths with smaller impedances are
selected to carry the largest portion of the grid currents contribution. When DGs
are connected to the system, they also contribute to the fault current. Moreover,
depending on the type of DG, their connection may change the total impedance seen
from each grid point. Hence, when DGs are connected to the system, the currents
entering or existing each bus may have different directions from the case where DGs
are not connected to the system. This point should be considered when performing
the FCM operation in loop systems.

6.6 Summary

This chapter has developed a novel algorithm for constructing protection zones with FCM
capability in loop systems. The algorithm is developed in two steps: 1) all the current
paths from the grid points to the fault bus are obtained; 2) the IBDGs located on the fault
current paths are selected, and the ones containing a fault current higher than a predefined
threshold level are chosen as FCM. The method used for calculating the reference phase
angle that enables the FCM operation is modified for the case of system buses with multiple
lines connected to them. The algorithm and the proposed operation are tested on the IEEE
30-bus system for two scenarios: one with both IBDGs and synchronous DGs in the system,
and one with only IBDGs connected to the system. The results of the algorithm show that
connection of IBDGs and synchronous DGs to the loop systems can cause the current seen
by protective devices to deviate from the level they are designed for. By implementing
the proposed protection zone algorithm and operating IBDGs as FCM units, the fault
current seen by the protective devices are improved by getting closer to the level they were
originally designed for. The percentage errors of the currents seen by protective devices
are calculated based on the original currents they were designed to accommodate with no
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DG connected to the system. The calculated percentage errors improve considerably when
the proposed algorithm is applied and the selected IBDGs operate as FCM units. On the
other hand, the results also show that the proposed FCM operation in loop systems is not
capable of reducing the fault current error to zero as it does in radial systems. Possible
reasons for errors in the results of FCM operation in loop systems are discussed in detail.
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Chapter 7

Conclusions

7.1 Summary and Conclusions

The main objective of the research presented in this thesis is to manage the fault current
flows through systems using IBDGs. To achieve this objective, a novel technique is devel-
oped to utilize IBDGs as FCM units during fault condition. Accordingly, when a fault is
detected in the system, the function of IBDGs is modified from that of PQ generators to
that of FCM units, by changing the current injected by IBDGs into the system.

For the purposes of FCM using IBDGs, it is assumed that IBDGs are kept connected
to the system during a fault and that their contribution to the fault current is limited to
a value below the tripping level of the connected PE interfaces. Of the two controllable
parameters of the IBDG output current, current magnitude and current phase angle, the
current phase angle is chosen as the means of controlling the fault current magnitude. This
reference current phase angle is calculated based on the relation between the fault current
elements and their phase angles. The phase angle is calculated for the case of one IBDG
existing in the system, and extended for the situation where multiple IBDGs are installed
in the system. The results of the case study simulations prove the effectiveness of the FCM
units in radial systems and in the presence of multiple IBDGs. In order to evaluate the
reliability of the FCM operation, the sensitivity of fault current magnitude is examined for
a typical error of 10% in the calculated fault current phase angle for the 3-bus test system.
The results of this study show that even with an error of 10% in the fault current phase
angle, the FCM unit is able to effectively reduce the total fault current magnitude.

The idea of FCM is extended, and IBDGs are employed to manage the fault current
contribution of synchronous DGs. It is shown that keeping the magnitude of the IBDG’s
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current constant and changing its phase angle permits the introduction of three zones of
FCM operation: zones A, B, and C. Zone B gives the boundary condition which separates
the other two regions. When only IBDGs are connected to the system, working in zone
B results in a fault current that has the same magnitude as the original fault current. If
the phase angle of IBDG current is set to follow a value less than the boundary condition,
zone B, the total fault current would be more than the original fault current meaning an
operation in region A. On the other hand, when the reference phase angle is larger than the
boundary condition, the system operates in zone C, which results in a fault current that
is less than the initial current without DGs. Depending on the amount of fault current
reduction in zone C, the current gap generated between the reduced fault current and the
original current can be used to manage the synchronous DG contribution to the current.
Three factors that affect the operation of FCM units in zone C are discussed in detail. The
simulation results of this operation, show the capability of IBDGs in managing their own
fault current as well as the fault current contribution of directly connected DGs.

To explore the implementation of the FCM technique in large loop systems, two mod-
els, backward-forward based fault analysis method and modified NR based algorithm, are
developed to perform short circuit analysis in the presence of IBDGs. For both, the buses
with IBDGs connected to them are modeled as either PQ nodes or I nodes, depending
on their fault current contribution. The backward-forward sweep algorithm is developed
for the fault analysis of radial systems in the the presence of DGs. The NR algorithm is
also modified to accommodate the model of IBDGs as constant current sources in terms of
their current elements. The novel modified NR based fault analysis algorithm enables the
inclusion of both power and current elements in one matrix, thus eliminating the need to
represent the constant current IBDGs in terms of their equivalent powers. The test results
show the effectiveness of both the algorithms in modeling of IBDGs during fault analysis.

Using the developed power flow based fault analysis algorithms, the proposed FCM
operation is examined on loop systems as well. The structures of loop systems are more
complicated than those of radial systems. Loop systems are connected to the grid from
more than one point and, depending on the location of DGs and the fault, the fault currents
flow in different paths in the system. Moreover, in the presence of DGs, the fault currents
injected by the grids will be different from those injected when DGs are not connected to
the system. These complexities are considered when the FCM operation is implemented
for loop systems. In large systems, not all IBDGs contribute equally to the fault current.
Hence, by selecting the units that have contribution higher than a specified value, a more
optimized FCM operation can be performed in large systems. The last part of this thesis
introduces a novel algorithm for constructing protection zones with FCM capability in loop
systems. For this case, the IBDGs inside this zone are the ones affected by the fault, and
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are the main elements of the FCM algorithm. The algorithm is constructed in two steps
and deals with both IBDGs and synchronous DGs. The method used for calculating the
reference current phase angle for FCM operation in radial systems is extended for the case of
system buses with multiple lines connected to them. Further calculations and illustrations
are developed to show how the FCM operation can be applied for loop systems. The
simulation results demonstrate the capability of the proposed algorithm in constructing
protection zones with FCM capability in loop systems.

7.2 Contributions

The main contributions of this thesis are as follows:

1. A novel FCM technique is successfully developed to manage the fault current flows
through the system using IBDGs. In this work, for the first time, IBDGs, the assets of
power systems which are normally left idle during fault condition, are utilized as FCM
units to manage the fault current in local and remote locations. As an important
result of this novel operation, the distribution and protection system constraints on
new IBDG connections are eased. From a short circuit point of view, IBDGs with
larger capacity can be connected to any location in the system without affecting the
fault current magnitude. Another outcome of this operation is the elimination of the
need to disconnect IBDGs for each temporary fault. Moreover, the need to upgrade
protective devices in the presence of IBDGs is reduced.

2. A fault current control scheme is created to address the incorporation of directly
connected DGs, i.e., synchronous DGs, in conjunction with IBDGs. A new zone of
operation is identified, and a control strategy is developed to use existing IBDGs to
enable the current management of synchronous DGs. The factors affect the FCM
operation of synchronous DGs are studied in detail and the following conclusions are
drown:
a) IBDGs with higher current capacity are more effective units in managing the fault
current of synchronous DGs.
b) Higher current contribution from synchronous DGs can be managed as the refer-
ence current phase angle of zone C IBDGs increases.
c) As opposed to current practice, this novel method encourages connection of more
and more IBDGs in order to enhance the current management of synchronous DGs
in fault current.
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3. Comprehensive power flow based fault analysis techniques are developed to model
the behavior of IBDGs as constant current sources during fault condition for radial
and loop systems. These techniques are the backward-forward based fault analysis
method and the modified NR based algorithm. While the backward-forward power
flow is able to accommodate the model of constant current sources easily, the NR
algorithm is modified to accommodate constant current sources in terms of their
current elements as apposed to power elements. For the modified NR based fault
analysis algorithm, current formulations rather than conventional power formulations
are developed for constant current IBDGs. This task permits mismatches in the
real and imaginary components of the current at I nodes to be obtained as well as
conventional active and reactive power mismatches. Hence, the method enables the
inclusion of both power and current elements in one matrix, thus eliminating the
need to represent the constant current IBDGs in terms of their equivalent powers.

4. A novel technique is developed to construct protection zones with FCM capability.
Using this technique only the IBDGs that disturb the short circuit capacity condition
of the system are responsible to mitigate the problem they have caused. This action
will enhance the self-healing characteristic of the system.

5. A modified version of FCM operation is developed to manage the fault current con-
tribution of DGs in loop systems using IBDGs. The application of FCM on loop
systems requires more calculations and considerations. Unlike radial systems, loop
systems have system buses with more than two lines connected to them. Hence, the
FCM is modified to be applicable for cases where multiple lines connected to a bus.

7.3 Future Work

Based on the research presented in this thesis, the following subjects are suggested for
future studies:

1. The analysis presented in this thesis is for balanced conditions. However, the pro-
posed scheme can be extended for unbalanced faults, either by managing each phase
independently in abc frame, or by regulating the positive and negative sequence cur-
rent separately in d-q frame.

2. The contribution of DGs in the fault current varies depending on their type and
location. Simulation results show that if only IBDGs exist in loop systems there are
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short comings in the application of the FCM operation. Future studies shold address
the deficiencies of this operation.

3. The FCM operation manages the fault current seen by protective devices to a level
close to that of the original fault current they were designed for. More detailed
studies can be performed to investigate the effect of the proposed algorithm on the
coordination of protective devices in radial and loop systems.
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