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Abstract

To improve the reliability and efficiency of the distribution system, an important tool is re-
quired, named as Distribution automation (DA). It includes many applications such as distribu-
tion network reconfiguration, network optimization, state-estimation, reactive power management,
short-circuit analysis etc. In this thesis, one of the application of DA, namely, short-circuit anal-
ysis of distribution network, is explored. Short-circuit analysis is an important tool for analyzing
the system behavior (system voltage profile and currents) under the short-circuit conditions. Mod-
ernize distribution systems have some inherent features, such as radial as well as weakly meshed
configurations with several thousands of nodes, untransposed lines, multiphase line sections, un-
balanced loads, integrated various types of Distributed Generations (DGs) at any locations etc.
Therefore, it becomes necessary to develop the short-circuit analysis algorithm for the distribution
network which considers all these special features of the system in the short-circuit study.

The information provided by the short circuit studies can be used for real-time applications,
such as distribution adaptive relay coordination and settings when feeder reconfiguration is per-
formed automatically and identification of fault locations. The results of short-circuit studies can
also be used for the selection of ratings of the protective equipments. It can also be used for the
selection of appropriate size of the fault current limiters (required in the network to limit the fault
current to a safer value).

Nowadays, the distribution systems are changing from one source supplying structure into
multi-source supplying structure with participations of distributed generations (DGs). Both con-
ventional and renewable energy resources can energize the DG units. Technologies, based on
conventional energy resources, include internal-combustion engines, reciprocating engines, gas
turbines, fuel cells, micro-turbines and batteries, while renewable energy technologies included
photovoltaic energy conversion system (solar PVs), wind energy conversion systems, small hydro
systems, biomass systems, solar-thermal electric systems and geothermal systems. There are so
many advantages of the integration of DGs into the distribution network. DG provides an alter-
native for satisfying the increasing load demand in the network without the need of expansion
of distribution system. DG improves the system efficiency by enhancing the system voltage pro-

file and minimizing the number of required voltage regulators and capacitors and reducing feeder



power losses.

However, the integration of a large number of DGs into the network introduces so many chal-
lenges. One of the problem mentioned in the literature is the violation of original settings of the
protective equipments during the short-circuit conditions because of the introduction of additional
DG fault current into the network. Generally, the protective devices are designed based on the fault
current analysis of the original system without DGs. When DGs are added to the system, they also
contribute to the fault current in addition to the grid current. Therefore, the fault current sensed by
the protective devices is greater than the original fault current from the grid. It might be possible
that the protective devices can get damaged due to this excessive fault current. 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. Therefore, the
appropriate short-circuit analysis algorithm is required for the analysis of unbalanced distribution

network considering DGs under the fault conditions.

In the literature, initially the classical symmetrical component based approach was used for the
short-circuit analysis of distribution system. In this approach the phase quantities of the voltage,
current and impedances in the distribution system are first converted into their respective positive,
negative and zero sequence components and then the short-circuit calculations are performed on
these components separately. This approach is advantageous only when all the three sequence
components are decoupled from each other. But in case of distribution system, this condition is not
true as the mutual impedances between the phases of distribution lines are not equal (since the dis-
tribution lines are untransposed). Therefore, the results obtained by this approach are erroneous.
To overcome this problem, the phase component based approach was introduced in the litera-
ture. In this approach, the short-circuit calculations are directly performed on phase components.
Some of the phase component based short-circuit analysis methods are based on the concepts of
Thevenin equivalent impedance and bus admittance matrices of the systems, while some are based
on [BIBC] (Bus injection to branch current) and [BCBYV] (branch current to bus voltage) ma-
trices of the system. In most of these methods, it has been assumed that the load currents are
negligible as compared to the fault currents. Therefore, the load currents have been ignored in the

calculations of short-circuit currents.

Also, the short-circuit analysis methods for the unbalanced distribution system considering
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the effect of DGs are also available in the literature. In these methods, the contribution of DGs
into the fault current have been considered during the short-circuit calculations. Generally, the
inverter based DG models have been considered in these studies. The appropriate inverter control
strategies have been applied to the IBDGs during the faults. Most of these methods are based on
dq — 0 sequence component based approach and have carried out only the time domain simulation
studies for the analysis of short-circuit faults. However, sequence component based fault analysis
methods are not suitable for unbalanced distribution network with single and two phase lines and
for distribution lines with unequal mutual impedances. Also, the available short-circuit analysis
methods for the unbalanced distribution system with IBDGs have not considered the loads during
short-circuit calculations. Hence, the accurate and the efficient short-circuit analysis algorithm
is required for the unbalanced distribution system which also includes the effect of loads in the

short-circuit calculations.

Initially, the short-circuit analysis method, for the unbalanced radial as well weakly meshed
distribution system has been developed which considers the effect of loads during short-circuit
calculations. The proposed method is based on bus admittance matrix of the system. It is a single
iteration method and hence is a less time consuming. This method can also be applicable for
the analysis of multiple faults in the distribution system. To demonstrates the accuracy and the
effectiveness of the proposed method, it has been tested on modified IEEE 123-bus radial and
weakly meshed test distribution system. Subsequently, the proposed method has been extended for
the short-circuit analysis of unbalanced distribution system considering IBDGs. Since, with the
inclusions of IBDGs in the distribution system, the KCL equations of the network become non-
linear. Hence, to solve these set of non-linear equations, the Newton-Raphson based numerical
method has been applied. In this method, initially the current control strategy of the inverters
has been applied to the IBDGs and perform the short-circuit calculations to obtain the values of
bus voltages, branch currents and inverter currents under the fault conditions. Next, on the basis
of obtained values of inverter bus voltages magnitudes, appropriate voltage control strategy has
also been applied to the IBDGs and recalculate the voltages and currents under the short-circuit
conditions. To validate the proposed method, various short-circuit faults have been simulated on
modified IEEE 123-bus test system. Analysis of multiple faults has also been performed on the

same test system using the proposed method.
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Further, a novel load flow analysis method for the unbalanced distribution system considering
various three-phase transformer models and IBDGs is proposed in this work. The nodal admit-
tance matrix based transformer models (p.u.) have been considered in this approach. This method
is based on [BIBC| and [BCBV] matrices of the distribution network. Two modes of operation of
IBDGs, namely ”Constant active power mode” and “Power and voltage control mode”, have been
considered in this approach. The proposed method is applicable for the radial as well as weakly
meshed distribution systems. The singularity problem for particular types of transformer connec-
tions such as, star-grounded/delta (Y g — A), star/delta (Y — A), delta/star (A — Y), delta/delta
(A — A) connections etc., has also been addressed in this method. Next, the short-circuit anal-
ysis method has been developed for the distribution system considering three-phase transformer
models and IBDGs. It is also a Newton-Raphson based approach. The proposed method has been
tested on modified IEEE 123-bus test system and the obtained results have been compared with
the results obtained by the PSCAD/EMTDC simulink software. A case of multiple faults has also

been simulated on the same test system using the proposed method.

Furthermore, the method for the load flow analysis of unbalanced three-phase four wire multi-
grounded radial distribution system has been proposed in this thesis. This method is also based
on [BIBC] and [ BCBV| matrices of the network. Separate [BIBC| and [BCBV]| matrices have
been developed for phase, neutral and ground currents and bus voltages. Well established Car-
son’s formula has been used for the calculation of line impedances of three-phase four wire multi-
grounded distribution system. A case of isolated neutral has also been simulated using the proposed
method. The proposed method has been tested on two different systems, modified three-phase four
wire multigrounded IEEE 34-bus and IEEE 123-bus distribution systems. Subsequently, two dif-
ferent short-circuit analysis methods have been proposed for three-phase four wire multigrounded
distribution system. One of the proposed method is based on [BIBC] and [BCBV] matrices of
the system, while the other one is based on bus admittance matrix [Ypys of the system. Both of
these methods have also considered the effect of loads during the short-circuit calculations. The

results obtained by these methods show their accuracy and effectiveness.

Finally, the load flow and short-circuit analysis methods have been developed for the three-
phase four wire multigrounded distribution system considering three-phase transformer models

and IBDGs. These methods have been developed separately for two different configurations of
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transformer models, first one is Delta/Star-grounded (A-Y) and the second one is Star-grounded/Star-
grounded (Y,-Y}). First, the load flow analysis method, based on [BIBC] and [ BCBV| matrices,
has been developed for the two different transformer configurations. Next, two different short-
circuit analysis methods (one is [BIBC| and [BCBV| matrices based, while the other one is bus
admittance matrix [Ypyus] based method) for both the transformer models have been developed.
Again, the current control mode of operation of IBDGs has been considered during the short-
circuit analysis. Both of the proposed short-circuit analysis methods uses the Newton-Raphson
based technique. The results obtained by the proposed methods have been compared with the re-
sults obtained by PSCAD/EMTDC simulink software which show the accuracy of the proposed

methods.
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Chapter 1

Introduction

Abstract

Short-circuit analysis is an important tool for analyzing the behavior of power system under the
fault conditions. The short-circuit studies provide the values of fault currents flowing in the system
which helps in specifying the short time ratings of the system components and the design of required
protective schemes. It is also used for estimating the size of fault current limiters, required in the

system to limit the short-circuit currents to a safer value.

1.1 Overview

URING normal operating conditions, the currents through the elements of a power system
D are well within their specified values. When a fault occurs in a system, the currents far
in excess of normal values usually start flowing through network elements. These excessively
high currents, if not interrupted or limited, can cause serious damage to the equipments [1[]. The
occurrence of fault affects reliability, security, and energy quality of the system.

According to ANSI/IEEE Std. 100-1992 [2], a ’fault” may be defined as, ”A physical condition
that causes a device, a component, or an element to fail to perform in a required manner, for
example, a short circuit or a broken wire. A fault almost always involves a short circuit between
energized phase conductors or between phases and ground. A fault may be bolted connection or
may have some impedance in the fault connection”.

The term “fault” is often used synonymously with the term “’short-circuit” defined as (according
to ANSI/IEEE Std. 100-1992 [2]), ”An abnormal connection (including an arc) of relatively low
impedance, whether made accidentally or intentionally, between two points of different potential”.

An electric power system consists of generators, transformers, transmission lines, distribution
lines, and consumer equipments (loads). The system must be protected against flow of heavy short-

circuit currents by disconnecting the faulty section of the system by means of protective relays and



circuit breakers. The short-circuit current will be many times greater than the normal circuit current
and if the circuit is not opened and the current is not interrupted quickly, then extensive damage
can occur. To protect the power system from adverse affects of short-circuits, it is important to
estimate or calculate the value of prospective current likely to occur under short circuit conditions
and ensure that the protective devices provided to interrupt that current are properly rated to with-
stand the fault current and interrupt it timely. The severity of the fault depends on the location of
short-circuit, the path taken by the fault current, fault impedance, system impedance and system
voltage level [3]. In order to maintain the continuity of power supply to all customers which is
the basic purpose of a power system, all faulted parts must be isolated from the system by the
protection schemes [2].

Power system faults can be categorized as [1]] -:

1. Symmetrical or balanced faults (all the phases are equally affected by the fault):

a) Three phase short-circuit fault (LLL), b) Three-phase to ground short-circuit fault (LLLG),

2. Unsymmetrical or unbalanced faults (balanced state of the network is disturbed):

a) Shunt type faults -: (i) Single-line-to-ground (SLG) fault, (ii) Line-to-Line (LL) fault, (iii)
Double-line-to-ground (LLG) fault,

b) Series type faults -: (i) Open conductor fault.

Since, the distribution systems are unbalanced in nature (due to single and two phase lines, un-
balanced loads and untransposed feeders) in normal operating conditions, all the type of faults are

considered as unsymmetrical faults in case of distribution system.

The process of evaluating the system voltages and currents under different types of short-
circuits is called short-circuit analysis [1]. The information provided by short-circuit analysis study
can be used to specify the necessary safety measures and the design of the required protection sys-
tem. The short-circuit analysis helps in the selection of appropriate type and size of protective
equipments and coordinating their settings [2]. It can also be helpful in the estimation of the size
of the protective reactors or fault current limiters which may be required to be inserted in the sys-
tem to limit short-circuit currents to a safe value which is not beyond the withstand capability of

the installed circuit-breakers.

Integration of Distributed Generation (DG) to the grid improves the system efficiency (by im-

proving the system voltage profile) and reliability [4-21]]. The DGs deliver electrical energy with
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low carbon emission and also help to reduce the feeder loading and system losses [22-24]. Gener-
ally, Inverter Based Distributed Generations (IBDGs) such as, fuel cell, wind power, solar photo-
voltaic (SPV), micro-turbines etc. [25-30] are used in the distribution system. However, integration
of a DG to a distribution system increases the fault level of the system as it contributes to the fault
current during a fault [[31-36]. A single small DG unit may not contribute much to the fault current,
but the contributions of many small units may cause malfunctioning of protective devices due to
increased fault current [37]. Hence, with the integration of DG, short-circuit currents may change
from time to time due to the variation in generation of DG. Therefore, there is always a need for
a suitable fault analysis method that can take the DG integration into account for estimating the

short-circuit current.

1.2 Literature review
1.2.1 Short-circuit analysis of three-phase three wire distribution system

Two approaches are commonly used in the industry for analyzing short circuit faults in Distribution
systems [38]]
1. Classical symmetrical component based approach,

2. Phase variable approach,

1. Classical symmetrical component based approach -:

In symmetrical component method, the elements in the distribution system are represented by
their positive, negative, and zero sequence equivalent circuits [39-41]. Fault analysis method us-
ing symmetrical components [39] uses a modeling approach for single and two phase lines in fault
calculation based on symmetrical components. In this approach, single and two phase lines are
presented as equivalent three phase lines by using dummy lines and dummy nodes for the pur-
pose of the fault calculation. The voltage drop across dummy line is zero as there is no coupling
between the dummy line and the other actual phases of the line, and the current injections at the
dummy node is neglected. An error analysis of the symmetrical components based fault analysis
methods has been performed for IEEE 13-bus, 34-bus, and 123-bus systems in [40]]. Symmetrical
component method takes the assumption that the mutual impedances between all the phases are

equal. This assumption, which is not true in case of distribution system, introduces an error in the
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values of fault currents in distribution systems. In this paper, all major type of faults, symmetrical
and unsymmetrical, are considered at each bus and the results obtained from symmetrical compo-
nent and three phase model approaches are compared. The maximum error obtained in all types of
fault is 8.53%, which is substantial and cannot be neglected. It is also shown that these errors are
independent of the size of the system, but are dependent on the degree of unbalance present in the
system. A Fortescue short-circuit computation (SCC) method based on symmetrical components
transformation of three-phase, two-phase and single-phase system has been proposed in [41]. It is
based on Fortescue nodal admittance matrix of the network. The proposed method has resolved
the problems occurred in symmetrical component based method due to unbalanced nature of dis-
tribution system and untransposed lines. In this method, first, the equivalent Fortescue Thevenin
impedance matrix is obtained at the fault point (by deactivating all the active sources and injecting
a unity current, one at a time, at each of the phases of Fortescue node) and next, the fault current
is calculated with the help of current injection method. However, these methods [39-41]] have not

considered the effect of loads during the short-circuit calculations.

2. Phase variable approach -:

In phase variable method, the elements in the distribution system are represented in the phase
domain by their corresponding three phase impedance or admittance matrices [42-56[]. The method
of triangular factorization of [Y},s] matrix to simulate different faults is presented in [42]. Mod-
els of Co-generator (induction or synchronous generators) and three phase transformer are also
included in the test system. The method has been applied to balanced, unbalanced, radial and
meshed type distribution networks. A linear graph based network modeling approach to form the
admittance matrix (that relates the bus voltages to the injected bus currents) has been proposed
in [43]]. In this approach, the fault analysis has been carried out in both time and frequency do-
main. A relatively smaller 16-bus meshed distribution system with one non-utility generator and
one large induction machine load model has been used to demonstrate the steps of the proposed
method. A hybrid compensation based short-circuit analysis method is proposed in [44]]. In this
method two algorithms namely, Distribution power flow (DISFLO) and Distribution short circuit
analysis (DISCA) are utilized. DISFLO is used to solve the load flow for radial and weakly meshed

distribution system in phase domain. DISCA is then used to simulate various types of faults, single
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as well as simultaneous faults. Two different lateral and load equivalent compensation based ap-
proaches [435]] have been proposed for the short circuit analysis of radial distribution networks. In
this work, Initial Condition Boundary Matching (ICBM) method is used for the analysis of short
circuit faults. The algorithm has been tested on two unbalanced (20-bus and 394-bus) distribution

system.

A method that generalizes both backward-forward and short circuit hybrid compensation proce-
dure for performing the short circuit analysis of four wire distribution network is proposed in [46].
It has been applied to a 29-bus real-life four-wire, three-phase LV (low-voltage) feeder and IEEE-
34 bus four-wire, three-phase MV (medium-voltage) feeder. The short circuit analysis methods,
based on two relationship matrices namely, [ BIBC| and [BCBV], have been proposed for radial
and meshed distribution systems in [47]] and [48], respectively. The [BIBC| matrix represents the
relationship between injected bus current and branch currents, while the [BCBV| matrix gives the
relationship between branch current and bus voltages. Various short-circuit fault cases have been
simulated on 11.4 kV test feeder of Taiwan Power Company using the proposed method. The short
circuit analysis approach [47] has been extended in [49] to include the effect of Distributed Gen-
eration (DG) in the radial distribution system network. The DG model used in this work is similar
to the synchronous generator model used in short-circuit studies [S0]. The method has been exten-
sively tested on different systems under different fault conditions. The effect of fault impedance on
the unbalanced faulted distribution system has been described in the short-circuit analysis method
given in [51]. This method is based on bus impedance matrix [Zys] of the network which includes
the effect of fault impedances in the short-circuit calculations. Various short-circuit studies have
been performed on IEEE 13-bus test feeder with different values of fault impedances to show its

effect on system voltages and currents.

A fault analysis with hybrid compensation method, based on relationship matrices [Bj]| (bus in-
jection ot branch current) and [Zy _ ] (branch current to bus voltage), has been proposed in [52].
Different short-circuit and open conductor fault cases have been simulated using this method for
different test systems, with synchronous generator as DG model. A fault analysis algorithm, pro-
posed in [53], includes the effect of fault resistance in the calculation of fault currents for both
radial as well as weakly meshed distribution networks. In this method first the fault resistance is

calculated and then the modified bus impedance matrix is obtained which includes the effect of
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calculated fault resistance. A novel short-circuit analysis method has been presented in [54] to
analyze different types of faults in the unbalanced distribution system. It is a hybrid compensa-
tion based method which includes the effects of microturbine generation (MTG) as a distributed
generator (DG). In this paper, modeling of a MTG has been carried out in both islanded and grid-
connected modes of operation. A 8-bus MG distribution system feeder is used as a test system
which consists of a grid, a static switch, an MTG, a battery energy storage system (BESS), and
photovoltaic arrays. A model-based fault diagnosis scheme has been designed in [55]], which is
capable of real time detection of all types of faults in the distribution network. In this paper a lin-
ear dynamical-fault dependent state space model of Single Machine Infinite BUS (SMIB) power
system has been derived which is capable of capturing the dynamics of the complete system over
full time scale and therefore is suitable for the fault studies of any kind of fault. A multiphase
short-circuit analysis method based on the concept of selected inversion algorithm called Sellnv
has been proposed in [56]. First, the Thevenin equivalent impedance has been obtained at the fault
point with the help of augmented nodal admittance matrix. Next, the short-circuit currents are

calculated with the help of obtained Thevenin equivalent impedance at fault bus.

However, most of these short-circuit analysis methods have not included the effect of loads

during the short-circuit calculations, which may give less accurate results.

1.2.2 Short-circuit analysis of three-phase three wire distribution system with inverter based

Distributed Generations (IBDGs) and three-phase transformer models

Integration of distributed generation (DG) to the grid improves the system efficiency and reliability.
However, the integration of DG to a distribution system increases the fault level of the system as
it contributes to the fault current during a fault. To overcome the above discussed problem, two
schemes have been proposed in the literature. The first scheme recommends the disconnection
of all the DGs present in the system during faults before the operation of protective devices [S7]],
while the second scheme proposes to restrict the fault current contribution from DGs to a safer
value, so that all the protective devices present in the system function properly [58-65]]. This can
be achieved by incorporating a control strategy in the inverter of the IBDGs to limit its current
during fault conditions. First scheme has a drawback that for every sustained as well as temporary

fault, all DGs will be first disconnected from the grid and subsequently would be synchronized
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with the grid after fault clearance. Disconnection of DGs also causes a voltage dip in the system.

Hence, the second scheme [58-65] is preferred nowadays.

In [58H65]], for considering the IBDGs in fault analysis, an IBDG has been modeled in sequence
component frame to represent the operation of the inverter in current control mode. The model
of the current controlled inverter is based on dg-O control schemes. In this scheme, the phase
components of the inverter current from IBDG are first converted into dq-0 sequence components
and a control scheme is provided for controlling these dq-0 components. The effectiveness of these
control techniques have been demonstrated through time-domain simulation studies carried out on
MATLAB/SIMULINK environment [66]. In [67], an experimental setup for fault analysis with
dg-0 control scheme for inverter has been implemented. However, these dg-0 component based
fault analysis methods have only been carried out in the time domain simulation studies and been

tested only on the small size distribution systems.

In [68]], a conventional fault analysis method, based on system admittance matrix, that also in-
cludes the inverter interfaced Distributed Generators (IIDGs), has been proposed. In this scheme,
it is assumed that the IIDG is operating in its voltage control mode during the faults. The contri-
bution of I[IDGs during the sub transient and transient period of the fault has also been analyzed.
In [54,69]] a short-circuit analysis method with micro turbine generation (MTG) system has been
proposed, for both islanded and grid connected mode. This method is based on two matrices;
BIBC (Bus injection to branch current) and BCBV (Branch current to bus voltage) [70]. A
fault analysis method with multiple grid connected photovoltaic (PV) inverters has been developed
in [71] which utilizes symmetrical component of impedances. In [72], a short-circuit calcula-
tions (SCC) method, based on superposition theorem, is developed which can incorporate different
types of DG models (Synchronous DG, Induction DG, Double fed induction generator (DFIG) and
IBDG) during the fault current calculations.

However, these analytical and dg-O0 component based short-circuit analysis algorithms with
DGs have also not considered the effect of loads during the calculations of fault current, branch
currents and bus voltages under the short-circuit conditions.

In [[54,58-65167,/69,71}72], the short-circuit analysis has been performed for the distribution
system with IBDGs only. While, in actual practice, the IBDGs are connected to the grid through a

step down transformer [73,74]]. Therefore, it becomes necessary to incorporate various three-phase
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transformer models in load flow as well as short-circuit studies of distribution network [73,74].

Different load flow analysis methods based on forward/backward sweep approach to incor-
porate three phase transformer models in the distribution network are available in the literature
[73L75-79]. In [73]], the three-phase power flow approach, for integrated three wire and four wire
multi-grounded LV distribution network with rooftop solar PV, has been developed. The proposed
method has incorporated Delta/Star configuration of the transformer in the load flow analysis of LV
distribution system. The method proposed in [[75]] has developed the models for various transformer
configurations in terms of voltage and current based equations. But the drawback of this method
is that for each transformer configuration of different vector group, separate current and voltage
equations are formed, which is a lengthy procedure. In [76], only the model of an ungrounded star-
delta transformer has been developed and incorporated in the proposed load flow analysis method.
It uses the current and voltage equation based model of transformer (the equations are presented in
a matrix form). Therefore, it also requires separate voltage and current equation based models for

different vector groups of transformers.

In [[77]] and [[78]], nodal admittance matrix based transformer models have been used in the load
flow analysis methods. Nodal admittance matrix models of various transformer configurations
with different vector groups are given in [80]. These methods also resolve the singularity prob-
lem, occurring in backward/forward sweep algorithm based load flow method, for particular types
of transformer connections such as, star-grounded/delta (Y g — A), star/delta (Y — A), delta/star
(A —Y), delta/delta (A — A) connections etc. In [77] actual nodal admittance matrix model is
used, while in [[78]], the per unit nodal admittance matrix model is used. Modified augmented nodal
analysis (MANA) based approach has been developed in [79]. In this method, a single matrix is
formed which is used for both the backward and forward sweep operations. The BIBC/BCBV
matrix based approach has been developed in [81] for the load flow solution of balanced distribu-
tion system with phase-shifting transformer model. The PI-equivalent model of the tap changing
single-phase transformer has been used and incorporated in the load flow equations. But the draw-

back of this method is that it is only applicable to the balanced three-phase distribution systems.

Different short-circuit analysis methods of distribution system with transformer models are
available in the literature [[76}82,/83]. In [76], the ungrounded star-delta configuration of trans-

former is used in short-circuit analysis method. This method is based on Thevenin equivalent
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impedance matrix of the system. This method is only applicable to a particular type of trans-
former model. The short-circuit analysis method developed in [82]] is based on admittance matrix
based approach. The current and voltage equation based transformer models are used in [82]. In
this method, first the connection matrices are formed for various transformer configurations and
then these matrices are incorporated in the admittance matrix model of the network for carrying
out short-circuit calculations. The admittance summation method, which is a sequence compo-
nent based approach, is used for the short-circuit calculations with three-winding and two winding
transformer models in [83]. Admittance summation matrix has been formed by the summation of

sequence component of transformer admittances, load admittances and fault admittance.

However, most of these available load flow and short-circuit analysis methods of unbalanced
distribution systems in the literature have not considered the IBDGs and three-phase transformer

models simultaneously.

1.2.3 Load flow and short-circuit analysis of three-phase four wire multigrounded distribu-

tion system

For three-phase three wire unbalanced distribution systems, various load flow [70./75-79,84-120]
and short-circuit analysis [39-49,51-55,58-65,68,76,82,83, 121-127] methods have been pro-
posed. Most of the distribution systems are unbalanced in nature and are located in high density
load areas, these systems can be highly meshed. Under these circumstances, the three-phase four
wire multigrounded configuration has been largely adopted, due to smaller installation costs and
better sensitivities for fault protection, when compared with three phase three wire configura-
tion [128,|129]. In the literature, various load flow analysis methods have been developed for the

three phase four wire multigrounded distribution systems [[128-135].

A backward/forward technique based load flow analysis method for the three-phase four wire
radial distribution system network has been proposed in [[128]]. Two different cases have been dis-
cussed in this work, namely, i) isolated neutral and ii) without neutral. The method has been im-
plemented on two test systems; i) IEEE 34-bus MV (Medium Voltage) test feeder and ii) LV (Low
Voltage)-29 bus test feeder. In [129,|130], the four conductor current injection method (FCIM)
has been proposed for the load flow analysis of three-phase four wire distribution network. This

method is based on Newton-Raphson technique in rectangular form to solve the set of non-linear
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current injection equations. The proposed methodology has been tested on practical distribution
feeder in Brazil as well as on IEEE 4 and 34-bus test feeders. In [131]], the time domain studies
have been performed for the analysis of multi-grounded three-phase four wire distribution system.
A full-scale model of a multi-grounded four-wire unbalanced distribution system was developed
using P-Spice. The effect of neutral and grounding has also been observed on the sample system

in this work.

In [132], a backward/forward technique based power flow algorithm has been developed for
the single wire and three wire distribution network with earth return (DNER). The method has
been tested on IEEE 34-bus test feeder, with different types of load models. In [[133]], the back-
ward/forward sweep approach based load flow analysis method for the three phase four wire dis-
tribution system with micro wind generation has been proposed. The modeled test network used
in this work consists of a section of LV (urban) distribution network (Ireland) incorporating 74 do-
mestic homes facilitated by 10 mini-pillar connections. In [[134]], the power flow method, based on
backward/forward approach, for three-phase four wire distribution system with protective multiple
earthing (PME), during an open neutral condition is developed. In addition to this, the return cur-
rent flow is also modeled with the help of nodal analysis of the network formed by the open neutral
wire, assumed earth wire and grounding electrodes. In [[135], the asymmetrical three-phase (with
neutral) power flow problem, based on correction current injection methodology, has been devel-
oped for unbalanced multiple-grounded 4 wire distribution systems. The proposed method is based
on formulation of admittance matrix of the system. The proposed methodology has also incorpo-
rated voltage dependent load models and distributed generation models of micro wind generation

and solar PV generation systems.

Various short-circuit analysis methods are also available in the literature for the three-phase
four wire unbalanced distribution network [136,/137]. The current injection based short-circuit
analysis method has been developed in [136] for the mutliphase electrical distribution system. The
Newton-Raphson based technique has been used in the proposed method. A nodal admittance
matrix based transformer model has also been considered in the short-circuit calculations. The
proposed method has been tested on IEEE 4-bus, 13-bus and NEV (Neutral to earth voltages) test
systems to demonstrate its efficiency. In [137], the short-circuit analysis method, for the com-

putation of phase to earth currents for various short-circuit faults in unbalanced multi-wire radial
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distribution model, has been developed. The proposed method is based on the analysis of unbal-
anced multi-wire line model using Kirchhoffs laws and linear equation solving techniques. It uses

the tableau analysis technique to solve the set of linear KCL equations.

1.3 Motivation

In the literature, the loads are usually neglected in the calculation of fault currents, branch currents
and bus voltages under the fault conditions. However, in [[82,83138]] it has been indicated that the
load model can be critical in short circuit analysis. To investigate the effect of loads on the short-
circuit behavior of a distribution system, two types of fault cases (SLG and LLG) for different test
systems have been simulated on PSCAD/EMTDC [139] platform. Table[I.T|shows the fault current
supplied by source considering loads (/,,;) and neglecting loads (/). It can be observed that,
Iy 1s always more than I,,,;. Furthermore, the difference in the values increases with the system
size. In general, as the real distribution systems are quite large as compared to the test systems
considered, this difference can be quite substantial and influence the rating of the protective devices
installed at the substation. Hence, it is important to consider the effect of loads in the short-circuit

calculations.

Also in the literature, most of the fault analysis methods of distribution system with IBDGs are
based on dg-0 sequence component approach and on time domain simulation studies. However,
these methods have only considered the current control mode of operation of inverter under the
short-circuit conditions. Most of the analytical methods available in the literature for short-circuit
analysis of distribution system with IBDGs and three-phase transformer models (simultaneously)

have not considered the loads during short-circuit calculations.

In the literature, different load flow analysis methods for three phase four wire distribution
systems was developed. Most of the developed methods are based on backward/forward approach.
The developed algorithms in these methods are only applicable to the following distribution sys-
tems; i) three-phase four wire Distribution system with isolated neutral (without ground conduc-
tor), ii) three-phase four wire Distribution system with ground return (without neutral conduc-
tor), and iii) three-phase four wire Distribution system with zero neutral to ground or grounding
impedance (i.e. neutral at all the buses are short-circuited to their respective local ground). There-

fore, these developed methods have not considered all the cases of three-phase four wire multi-
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Table 1.1: Case study to observe the effect of load currents in fault analysis

System Fault type | Fault at bus no. | Faulty phase | [, (KA) g0 (kA) Error (%)
SLG a 1.9106 1.8657 2.35
7-Bus [48] 5
LLG aand b 3.0552 3.0101 1.48
SLG a 2.8126 2.6842 4.6
IEEE 13-Bus [140] 675
LLG aand b 4.3864 4.307 1.81
SLG a 1.3045 1.2234 6.22
IEEE 37-Bus [140] 724
LLG aand b 1.4444 1.3687 5.24
SLG a 1.7288 1.5537 10.12
IEEE 123-Bus [140] 95
LLG aand b 2.1468 1.9563 8.87

grounded distribution system. A case of three-phase four wire multigrounded distribution system
through grounding resistance has not been discussed in the literature.

The available short-circuit analysis methods for three-phase four wire multigrounded distribu-
tion systems have not considered the IBDGs. The synchronous generator based DG model has
only been used in the available short-circuit studies. Also, these methods have not considered the
effect of loads in the short-circuit analysis of three-phase four wire distribution system with ground

return.
1.4 Contribution of the author

Motivated by the above lacuna, the following studies have been carried out in this thesis,

e Development of a short-circuit analysis method for the unbalanced distribution system con-

sidering loads. The proposed method is based on admittance matrix [Ypys| of the system.

e Formulation of a short-circuit analysis algorithm for the unbalanced radial as well as weakly
meshed distribution network with inverter based Distributed Generation (IBDG) considering
loads. The current control and voltage control modes of operation of the inverter have been

considered during the short-circuit calculations.

e Development of load flow and short-circuit analysis methods for the unbalanced distribu-
tion network incorporating three-phase transformer models and IBDGs. First, the load flow
analysis method, based on [BIBC] and [BCBV] matrices of the system, has been proposed

which incorporates the three-phase transformer models and IBDGs. Next, the short-circuit
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analysis method based on Newton-Raphson technique has been developed for the unbalanced

distribution system with three-phase transformer models and IBDGs.

e Development of load flow and short-circuit analysis methods for the unbalanced three-phase
four wire multigrounded radial distribution system. First, the load flow analysis method,
based on [BIBC] and [BCBV| matrices of the system, has been developed. Next, two
different short-circuit analysis methods, one based on [BIBC| and [BCBV| matrices of the

system and the other one based on [Y,s] matrix of the system, have been proposed.

e Development of load flow method (based on [BIBC]| and [BCBV| matrices) and two dif-
ferent short-circuit analysis methods (one based on [BIBC] and [BCBV| matrices and next
one based on [Yps] matrix) for the unbalanced three-phase four wire multigrounded radial
distribution system which incorporate three-phase transformer models and IBDGs. Two dif-
ferent transformer configurations, namely Delta/Star-grounded (A-Y}) and Star-grounded/Star-

grounded (Y,-Y,), have been considered in both load flow and short-circuit studies.
1.5 Thesis organization

Apart from this chapter, there are six more chapters in this thesis. Chapter 2, describes the short-
circuit analysis method for the unbalanced radial as well weakly meshed distribution system. In
Chapter[3] short-circuit analysis method for the unbalanced distribution system with inverter based
Distributed Generation (IBDG) is presented. Load flow and short-circuit analysis methods for
the unbalanced distribution system considering three-phase transformer models and IBDGs are
presented in Chapter ] In Chapter 5] the load flow and short-circuit analysis methods for the un-
balanced three-phase four wire multigrounded radial distribution system are presented. In Chapter
[0} load flow and short-circuit analysis methods for the three-phase four wire multigrounded distri-
bution system with two different three-phase transformer models (Delta/Star-grounded (A-Y)) and
Star-grounded/Star-grounded (Y,-Y})) and IBDGs are presented. Lastly, Chapter [/|lists the major
conclusions of this work as well as the future scope of work.

In this thesis all simulation studies have been carried out in PSCAD/EMTDC simulink software
[139] and MATLAB 12a [66].

In the next chapter, a procedure for the short-circuit analysis of unbalanced radial and weakly

meshed distribution system considering loads is described.
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Chapter 2

Short-circuit analysis of unbalanced Distribution

system considering loads

Abstract

This chapter proposes an efficient and accurate short-circuit fault analysis method for balanced
and unbalanced distribution system considering the effect of loads. The proposed method is based
on bus admittance matrix [Yypys| of the distribution system. This method is applicable to both
radial as well as meshed distribution system. The developed method is implemented on modi-
fied IEEE 123-bus radial as well as meshed distribution system. Comparison of the test results
obtained by the proposed method with those obtained by time-domain simulation studies using

PSCAD/EMTDC software establishes the accuracy of the proposed method.

2.1 Introduction

HORT-circuit analysis is an essential tool for determining the short-circuit-current rating of
S the protective devices and different substation equipments to be installed in a distribution
system as well as for co-ordination of the protective devices. Most of the available short-circuit
analysis methods [42-49,52,54,/141-143]] in the literature have assumed that the load currents are
negligible as compared to the fault currents. Therefore, it is assumed that only the fault current
is flowing in the system under the fault conditions, which is not the practical situation. However,
in [82/83,/138] it is indicated that the load model can be critical in short circuit analysis. In this
chapter, a technique for short-circuit analysis is proposed which is based on bus admittance matrix
[Ypus] of the distribution network, considering the loads during short-circuit calculations.
This chapter is organized as follows. Section [2.2] describes the formulation of the proposed
short-circuit analysis method for unbalanced radial as well as meshed distribution system. The

main results of this chapter are presented in Section[2.3]and finally Section[2.4] highlights the main
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conclusions of this chapter.
2.2 Short-circuit analysis of unbalanced distribution system considering loads
2.2.1 System modeling

Let us consider a three phase, unbalanced radial distribution system having n; bus and m;, lines, as
shown in Fig. 2.1] The system has (m; — 2) three phase lines, one two phase and one single phase
line. Distribution line between buses ¢ and g is a two phase line, while that between buses g and h
is a single phase line. Bus 1 is the substation bus and V2,V?, and V¢ are the voltages of phase a, b
aa  zbb
¢ Zz‘j s

. . : zab zbc
between buses ¢ and j, respectively. Zii's Ziss

and c, respectively, of this bus. Z,

s and Z;7 are the self impedances of phases a, b and c of line

and zj¥ are the mutual impedances between phases a
and b, b and ¢, and a and c of line between buses 7 and j, respectively. The line impedance matrix

between buses ¢ and j is given as,

saa zab  zac

Zzabc _ | —pa  Sbb  Zbe

TR 5 (2.1)
Zca Zcb Zee

i i i

where, z}! = Z[7; p,q = a,b,¢; p # q. The line admittance matrix between buses 7 and j can be

calculated as,
s vy
-1
cab 3 750a 27 7;0C
yire = e = g g g 2.2)
u U v
The loads have been modelled as constant impedance obtained from pre-fault conditions. These

load models can be easily included in the [Y4,,s| matrix of the network. The load impedance and

load admittance are given as,

_ %%
1
g, = — 2.4

In egs. (2.3) and (2.4), z¥, and 7%, are the equivalent load impedance and load admittance of phase

p (p = a, b, c) of i bus respectively, V¥ and I? are the voltage and injected load current of phase
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p(p=a,b, c)at i’ bus respectively, obtained from the load flow solution. The load admittance,
calculated in eq. (2.4), is subsequently included in the [Yy,s] matrix of the distribution network

to consider the effect of loads on short-circuit calculations. The load admittance matrix at bus ¢ is

given as,
Yia 0 0
yae=10 &, 0 (2.5)
0 0 yjy

Applying Kirchhoff’s Current Law (KCL) at bus 2 in Fig. we get,
yis®- (V3" = VEP) + 933°. (V3" = V5™) 4+ 734°. V3™ = 0

—abc —abc —abc\ yrabc —abc y7rabc __ —abc yrabc
(¥i2° +¥23° +¥24°) Vo ¢ — ¥33°. V5™ = §12°. V&

NERCENE CA R 26
where Y53° = (§13° + ¥38° + ¥3d°);  Y33° = —¥55°.
— _ _ _ T — _ _ — T
vabe — [Vsa 174 Vsc} ;o Vabe — [Vra Vb Vf] ; where, r = 2, 3.
Next, applying KCL at bus 7, we get,

Yiboy) VEPS) + Yabe VePe 4 Yab vab 4 yabe Vabe — 0 @2.7)
i Uiy ) i
where Y0 = — | gbo gho| = [Ygﬂ Land VP — [VQG ng] '
0 0

Similarly the KCL equations at bus ¢ (two phase) and bus h (single phase) are given in eqs. (2.8))
and (2.9), respectively as,

YR Ve + YR VEP 4+ Y3, Vi =0 (2.8)
Y5, V2 + Y2, Vi =0 (2.9)
here V2, — — || = [ga " ana V2 — [y
where Y, = — 0 —[th} , an h—[vh}.

Therefore, the KCL equations for an unbalanced distribution system (having « three phase, v two

phase and w single phase buses) can be expressed in the matrix form as,
Yiu| - [V] = 1] (2.10)
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where

. . _ _ _ _
¥32° Y3u© Yatut1) Y2 lutv) Y utv+1) Y S wtvw)
. o _ _ _ _
Y33° Yia© YE?.,JA) Yﬁ?mrv) Ys(u+v+1) Y§<u+v+w)
v Pa v Pa v Pa v Pa v P v P
Yiut1)2 Y(ut1)u Y1) (ut1) Yut1)utv) Y (ut1)(utv+1) Y (1) (vt w)
[Ybus] = . . . .
v Pa v Pa v Pa v Pa v P v P
Yutv)2 Y (utviu Y utvy(ut1) Y utv) (utv) Y utv) (utv1) Y (utv) (utvtw)
v P v P v P v P v P v P
Ylutvin)z Yiutvinu ¥ (utv1)(ut1) Yutvintv) ¥ (utvii)(utv+i) Y utvtn) (utvtw)
v P v P v P v P v P v P
LY (utviw)2 Y(utviwin ¥ (utvtw)(ut) Y(utviw)@tv) ¥ (utvw)(utvii) Y utvtw) (utvrw)
T
V]I = \/abc \/abc /P4 \/Pad \/P \/P .
v = |V Vabe YP4 WP R e
T
— Sabc y7abc
1] [ym vzbe 0 0 00 00

The elements of the [Yp,,s] matrix for the unbalanced distribution system (having u three phase, v

two phase and w single phase buses) can be calculated as

Vil = U U e U Uiy o Ul T Ui rory T Tlaorw) + Vi
Vit = g g b G Uy T U

Vi = -

vhe = g, @2.11)

where i=2, ..., u; j=1,...,u;j # i; p=a, b, c; g=a, b, c; p # q for u three phase buses,
i=(u+1), ..., (u+v); j=(u+1), ..., (u+v); 5 # i; p=(a,b) or (b,c) or (¢, a); ¢=(a,b) or
(b, c)or (c,a); p# q for v two phase buses,

i=(u+v+1), ..., (u+v+w);j=(u+v+l),...,(u+v+w);j #i;pand ¢ = (a or b or ¢,
for w single phase buses.

Hence, the sizes of the [Ypys| matrix, [V] and [I] vectors for an unbalanced distribution system
having u three phase, v two phase and w single phase buses, are ((3u + 2v + w) — 3) x ((3u +
20+w) —3), ((Bu+2v+w) —3) x Land ((3u+2v+w) — 3) x 1, respectively. Once the [Ypus]
matrix is formed for the given distribution network, the phase voltages at all the buses can easily
be calculated by eq. (2.10). The branch current between bus 7 and j are then calculated using eq.
(2.12) as,

(2.12)

Rabc| — |sabc \/abc \/abc
By = [sie] - [Vive - Vs
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Now, most of the elements of [Y1,,s] matrix are zero as there are a maximum of two or three
connections at each bus. Hence the sparsity based technique has been used in this work for matrix
operations. With the above modelling approach in place, we are now ready to discuss the method

of short-circuit calculations for unsymmetrical faults.
2.2.2 Single line-to-ground fault (SLG)

Let us consider an SLG fault through fault impedance z; on phase a of bus 7, as shown in Fig.
2.2(a) [144). In this figure, I%, I%, and I, are the load currents of phases a, b, and ¢ of bus i

respectively. The fault current in the faulted phase a is given as,

T4 =2 =g v (2.13)

where @:%;

Applying KCL at phase a of bus ¢, we get

}_/;%a“_/Qa +}_/;‘62Lb"_/2b+ ...... +}7i?a“7ia 4o +}7i((13+v+w)‘_i((lu+v+w) +gf-‘_/ia =0

}_/;ga.‘_/éz + }751)“7212 +oeeee + (Y;(im + gf)“?ia o + E%ﬁ-l—v—i—w)‘ _i((lu-‘rv-‘rw) =0 (214)
From eq. (2.14), it is evident that only the diagonal element of the i row of phase a of [Yipus]

matrix is modified. Hence, the modified element of the [Y,,s] matrix due to SLG fault is given as,
yaee _yaa Uy (2.15)

Once the elements of the [Yy,s| matrix are updated, the bus voltages for SLG fault are calculated
using eq. (2.10) with the updated [Ypyus| matrix. The fault current and the branch currents under
the fault condition are then calculated using eqs. (2.13)) and (2.12) respectively.

2.2.3 Double and three line-to-ground faults (LLG and LLLG)

If an LLG fault occurs between phases a and b of bus ¢ through a fault impedance z;, as shown in

Fig. @Kb) [144]], the fault currents in both the faulted phases are calculated as,

_ Ve _ Vb _
o= —g.ve b =21t — g5y 2.16
if Ef Yr-Vis Ly Zf Yr-Vi ( )

The total fault current is then calculated as,
It = It + I (2.17)
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Figure 2.2: Unsymmetrical Short-circuit faults, (a) SLG fault, (b) LLG fault, (c)
LLLG fault, (d) LL fault

The KCL equations at phases a and b of bus ¢ are given in egs. and respectively,

VELVE VSV 4 A (V) Vo Vil Vitirorn = 0 (218)
\ba Y/a \/ [ / \/ — [/ b [/
Yo Ve Y Vet (V) V4 Y0 ) Vi) = O (2.19)

Hence, the modified elements of [Yy,ys] matrix due to LLG fault are given as,
Ve o =Y+ iy (2.20a)

v L =YP g, (2.20b)

-new
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Similarly if an LLLG fault occurs on bus 4 through a fault impedance Z; (as shown in Fig. [2.2(c)

[[144]), the fault currents are then calculated as,
V. _ _ V. _ - ; _
I = =gV Iy =— =gV I =——=i.Vf (2.21)
The total fault current is therefore calculated as,
Ttotal TQ 7b TC

The modified elements of [Y,ys]) matrix for LLLG fault are given as,

Vi =Y+ g (2.23a)
}/;lz)bnew = }7zlz)b + gf (2.23b)
Vi ew = Yl + Uy (2.23¢)

2.2.4 Line-to-line fault (LL)

When an LL fault occurs between phases a and b of bus 4 through a fault impedance z (as shown
in Fig. [2.2(d) [144]), the fault currents in both the faulted phases are calculated as,

- ve-vh oo _
It = % g (Ve =V = —I;’f (2.24)

The KCL equations at phases a and b of bus ¢ are given in eqs. (2.25) and (2.26) respectively,

Y Ve + YV e + (Y +4p) V4 (Y =) Ve + Y siw) Viturorw = 0
(2.25)
VR VYV et (V=) Vi (V400 V4 Y0 Vi = 0(226)

Due to the LL fault, the following elements of the [Y,,s] matrix will be updated as,

Vi ew = V" + Uy (2.272)
Yitew = Yi" — g (2.27b)
Yitew = Yi" = Uy (2.27¢)
Vi ew = Y + 5 (2.27d)

The bus voltages for LL fault are calculated first using eq. (2.10) with the above modifications
in [Ypys] matrix, and then the fault currents and branch currents under the fault condition are

calculated using eqs. (2.24)) and (2.12)), respectively.
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Since the proposed method is based on bus admittance matrix [Yyys] formulation, hence it can
be easily applied to meshed distribution system also.

The following are the steps of the proposed method for simulating any type of fault:

1. Run base case load flow.

2. Calculate the equivalent load impedances at each bus using the load flow solutions.

3. Formulate the bus admittance matrix for the given network including the load impedances.

4. Modify the elements of bus admittance matrix corresponding to the type of fault occurring

in the system as discussed above.

5. Calculate the fault currents, bus voltages and feeder currents under the fault condition for the

given type of fault.

2.3 Test results and discussions

The IEEE 123-bus (modified) radial system, as shown in Fig. [2.3] has been used to validate the
proposed short-circuit analysis method. In the original system, four buses have been used for
connecting switches. These four switch buses have been omitted in the modified system. The
proposed method has been implemented in MATLAB environment and the results have also been
compared with those obtained by [BIBC| matrix based method [48] and time domain simulation
studies carried out using PSCAD/EMTDC. The shunt capacitances in this system have also been

neglected.
2.3.1 Results of IEEE 123-bus (modified) system (radial system)

The following cases have been simulated on the IEEE 123-bus (modified) system to demonstrate
the validity of the proposed method:

Case 1. A single line-to-ground fault in phase a of bus 98 with a fault impedance z; = 0.1 + 0.0%
p-u.

Case 2. A double line-to-ground fault between phases a and b of bus 98 with a fault impedance
Zy=0.140.02 p.u.

Case 3. A three line-to-ground fault at bus 98 with a fault impedance z; = 0.1 4 0.07 p.u.
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Figure 2.3: The IEEE 123-bus (modified) system

Case 4. A line-to-line fault between phases a and b of bus 98 with a fault impedance z; = 0.14-0.0%
p.u.

Fig. shows the source current (/) of phase a for various type of faults at bus 98 obtained
from PSCAD/EMTDC simulation study, proposed technique and [BIBC] matrix based technique
[48]]. Tt shows that the values of source current corresponding to the proposed method and PSCAD
simulation are very close to each other, while the source current corresponding to [BIBC] matrix
based technique are appreciably lower than these two values. Detailed results of all the above cases
using proposed technique and PSCAD simulations are shown in Table 2.1 The results obtained
using [BIBC| matrix based method have also been included in Table for comparison with
PSCAD/EMTDC simulation results. [BIBC] matrix based technique, however assumes that the
load currents are negligible as compared to the fault current and can be neglected during short-
circuit analysis. Further, the % error in the calculated values obtained by the proposed method and
the [BIBC] matrix based method (with respect to the results obtained from PSCAD/EMTDC taken
as benchmark) are also shown in Table As can be seen in Table maximum % error in both
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Figure 2.4: Source current during various type of faults for IEEE 123-bus (mod-
ified) radial system using PSCAD/EMTDC, proposed technique and [BIBC]

matrix based technique

source and fault current calculation occurs in SLG fault, which is the type of fault most frequently
occurring in distribution systems. In Table the maximum error in the fault current (/) at fault
point is 1.814% and 0.0036% in the [BIBC] matrix based technique and in proposed technique
respectively, while the maximum error in source current (/,) calculation during fault is 10.12% and
0.0035% in the [BIBC| matrix technique and in proposed technique respectively. Also for LLG,
LLLG and L-L faults, the error present in the source current (/) is greater than 5% in the [BIBC]
matrix based technique, as shown in Table @ This is due to non-considerations of loads during
short-circuit calculations. The maximum error is highest in the fault current calculations of phase
a as compared to other two phases for all kinds of faults. This can be attributed to the fact that
phase « of the system is loaded more as compared to the other two phases. Table [2.1] thus shows
that the proposed method gives much more accurate estimate of currents during fault than [BIBC]

matrix based method which does not consider loads during faults.

Fig. 2.5 shows that for Z; = 0.001 + 0.000¢ p.u., the maximum difference in the branch fault
current magnitude between the loaded and unloaded condition (maz|[B{*2? — Bge°ad]|) increases
as the fault location shifts away from the supply point towards the far end for SLG (a — g) fault.
This is due to the increase in the number of connected loads in the fault path when the fault location
moves towards the far end from the substation. For example, when an SLG (a — g) fault occurs

at bus 8 (which is near to the substation as shown in Fig. with Z = 0.001 + 0.0007 p.u., the
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Table 2.1: Error Analysis of proposed technique and [BIBC] matrix based
technique with respect to PSCAD/EMTDC simulation study for IEEE 123-bus

(modified) radial system

Fault current at fault point (/) % Error in (/) Current drawn from the supply (/) % Error in (/,)
PSCAD Proposed [BIBC] Proposed [BIBC] PSCAD Proposed [BIBC] Proposed [BIBC]

case  Fault type | phase
simulation Technique Technique | Technique Technique | simulation Technique Technique | Technique Technique

(kA) (kA) [48](kA) (%) [48](%) (kA) (kA) [48](kA) (%) [48](%)
1 SLG (a-g) a 158245 158251  1.55374 | 000327  1.81423 | 172870  1.72871  1.55372 0.0032 10.1206
a 1.98333 198339 195631 | 0.00298  1.36218 | 2.14671  2.14680  1.95630 0.0029 8.8719
2 LLG (ab-g)
b 22031 222316 221379 | 000327 041822 | 231211 231220 221370 0.0032 42542
a 234810 234814 232713 | 000313  0.89145 | 250340 250350  2.32710 0.0031 7.0445

3 LLLG (abc-g) b 2.33890 2.33892 2.32467 0.00308 0.60631 2.43850 2.43860 2.32460 0.0030 4.6703
c 2.43336 2.43344 2.42075 0.00306 0.51846 2.56380 2.56390 2.42070 0.0030 5.5821
a 2.26815 2.26824 2.24762 0.00326 0.90548 2.44250 2.44251 2.24760 0.0032 7.9791
b 2.26815 2.26824 2.24762 0.0036 0.90514 2.31300 231310 2.24760 0.0035 2.8298

4 L-L (a-b)

voltages (line to ground) at all the buses which are downstream to the bus 8 are almost equal to
zero, as shown in Fig. [2.6(a). On the other hand, when an SLG (a — g) fault occurs at bus 118
(which is at the far end of the system as shown in Fig. [2.3)) with the same fault impedance, the
voltages at all the buses which are upstream to bus 118 have considerable values (as shown in Fig.
[2.6(a)), which will cause some load currents to flow at these buses. Because of these load currents,
the maximum difference in the branch currents between the loaded and unloaded condition is more
for far end faults as compared to near end faults, as shown in Fig. @ The branch currents in all
the lines for both the cases for zZ; = 0.001 + 0.000¢ p.u. are shown in Fig. [2.7(a).

With a zy = 0.1 + 0.07 p.u., the maximum error in branch currents occurs when the fault is at
bus 8 instead of bus 118. It can be explained with the help of Fig. [2.6(b), which gives the voltage
profiles for SLG (a — g) fault occurring at bus 8 and bus 118 under the loaded condition, with
Zs = 0.1 4 0.07 p.u. For an SLG (a — ¢) fault at bus 8, due to high fault impedance the voltages
at all the buses downstream to the bus 8 are approximately fixed at 1.86 kV (line to ground), while
for the fault at bus 118, the voltages are decreasing from the substation end to the fault point as
shown in Fig. [2.6(b). For near end faults, a higher voltage (equal to the voltage at the faulted bus)
is maintained over the entire system downstream to the faulted bus (as shown in Fig. 2.6(b)). As a
result higher load currents flow in the system even under faulted condition. This causes larger error
in the branch current estimation for near end fault as compared to the far end fault. The branch

currents for both the cases are shown in Fig. [2.7(b) with z; = 0.1 + 0.07 p.u.
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Figure 2.5: Maximum difference in branch current (between loaded and un-

loaded condition) at different fault locations in IEEE 123-bus (modified) radial

system for SLG (a — g) fault

Table 2.2: List of loop branches added in IEEE 123-bus (modified) radial system

Line impedance
From Bus To Bus Length (ft.) type
configuration
33 54 675 3-¢ 1
37 69 700 3-¢ 2

Fig. [2.8 shows the variation of the difference in branch currents between the loaded and un-
loaded condition with the load increment factor for different fault impedances for an SLG (a — g)
fault at bus 8. The difference in branch currents between the loaded and unloaded condition in-
creases with the increase in loading conditions as shown in Fig. Therefore, as the load grows
in the future, the difference in branch currents between the loaded and unloaded condition will also

increase, which may necessitate enhancing the rating of the components and protective equipments

installed in the branches.

2.3.2 Results of IEEE 123-bus (modified) system (meshed system)

The IEEE 123-bus system shown in Fig. [2.3] has been modified to a meshed system by adding
two loop branches in it. The details of these branches are given in Table [140]. The four

cases, as described in Subsection [2.3.1] have also been simulated on the modified meshed system

27



N
3
)

3} N
1 1
P
-
-
.-
-

Bus Voltage (line to ground, kV)
g
1

= = = SLG fault at bus no. — 8
—— SLG fault at bus no. — 118

A

25+

-
- (31 N
1 1 1

Bus Voltage (line to ground, kV)
o
o

1
40 60 80 100 120

- = = SLG fault at bus no. — 8
—— SLG fault at bus no. — 118

20

T 1
40 60 80 100 120
Bus No.

(b)

Figure 2.6: Voltage profiles of IEEE 123-bus (modified) radial system under

loaded condition, (a) zy = 0.001 + 0.000¢ p.u., (b) zy = 0.1 + 0.07 p.u.

to demonstrate the validity of the proposed method for meshed network. In Fig. the source
current (/) of phase a during various type of faults at bus 98 using PSCAD/EMTDC simulation,
proposed technique and [BIBC] matrix based technique are shown. Similar to the observations
in radial system, the values of source current corresponding to the proposed method and PSCAD
simulation are very close to each other, while the source current corresponding to [BIBC] matrix

based technique are appreciably lower than these two values.

The results for PSCAD simulation and proposed technique are given in Table 2.3 The results
obtained using [BIBC| matrix based technique have also been included in Table [2.3|for compari-

son with PSCAD/EMTDC simulation results. The maximum error in fault current (/) and source
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loaded condition, (a) zy = 0.001 + 0.000¢ p.u., (b) zy = 0.1 + 0.07 p.u.

current (/) calculation using the proposed technique is 0.0034%, and 0.0037% respectively while
those obtained using [BIBC] matrix based technique are 1.531% and 9.422% respectively. This

shows the accuracy of the proposed method for meshed distribution network also.

Fig. [2.10] shows the variation of the difference in branch currents between the loaded and
unloaded condition versus the fault locations, for SLG (a— g) fault with different fault impedances.
Similar to the radial system, this difference increases with the increase in fault distance from the

source end for zZy = 0.001 +0.0007 p.u.. On the other hand, for z; = 0.1+ 0.0 p.u., the maximum
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ified) meshed system using PSCAD/EMTDC, proposed technique and [BIBC]|

matrix based technique

difference in branch current (between the loaded and unloaded condition) was observed for the
fault occurring near the substation end, which can be explained with the help of Fig. [2.11(a) and
2.11{b) (which show voltage profiles for SLG (a — g) fault, with z; = 0.001 + 0.0004 p.u., at bus
8 and bus 118 under loaded condition), in the similar way as described in the previous subsection

for the radial system.
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Table 2.3: Error Analysis of proposed technique and [BIBC] matrix based

technique with respect to PSCAD/EMTDC simulation study for IEEE 123-bus

(modified) meshed system

Fault current at fault point (/)

% Error in (/)

Current drawn from the supply (/)

% Error in (/,)

Fault location (bus no.)

PSCAD Proposed [BIBC] Proposed [BIBC] PSCAD Proposed [BIBC] Proposed [BIBC]
case  Fault type | phase
simulation Technique Technique | Technique Technique | simulation Technique Technique | Technique Technique
(kA) (kA) 148)(kA) (%) [48)(%) (kA) (kA) 148](kA) (%) [48](%)
1 SLG (a-g) a 1.71263 1.71268 1.68640 0.00335 1.53148 1.86182 1.86188 1.68640 0.00307 9.42221
a 2.11558 2.11565 2.09099 0.00298 1.16260 2.27984 2.27990 2.09099 0.00279 8.28357
2 LLG (ab-g)
b 2.38578 2.38585 2.37736 0.00312 0.35279 2.47873 2.47882 2.37736 0.00347 4.08965
a 2.51549 2.51557 2.49636 0.00306 0.76084 2.67420 2.67428 2.49636 0.00289 6.65032
3 LLLG (abc-g) b 2.50127 2.50135 2.48911 0.00293 0.48606 2.60365 2.60373 248911 0.00328 4.39900
c 2.58187 2.58194 2.57152 0.00274 0.40087 2.71661 2.71671 2.57152 0.00347 5.34103
. b a 2.4606 2.46067 2.44163 0.00318 0.77082 2.63352 2.63360 2.44163 0.00303 7.28632
L-L (a-b)
b 2.46059 2.46067 2.44163 0.00348 0.77053 2.51049 2.51059 2.44163 0.00375 2.74310
0.18 -
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= = = = for z¢ = 0.001 + 0.0007 P.u.
& 0.16 o 7o — ;
g for z¢ = 0.1+ 0.07 p.u.
= 0.15 -
S 0.14
=
=1
£ 0.13 o
=]
3
= 0.12
E
S 0.11
=]
g 0.1 4 /
=
£ 009 1 i — -
= -
P ,
S0  mTTTTee—e L .t
T T T T T 1
0 20 40 60 80 100 120

Figure 2.10: Maximum difference in branch current (between loaded and un-

loaded condition) at different fault locations in IEEE 123-bus (modified) meshed

system for SLG (a — g) fault

The branch currents for two different cases ((a) z; = 0.001+0.000z p.u., and (b) zy = 0.1+0.017

p.u.) for SLG fault (a — g) at bus 8 and bus 118 under loaded condition are shown in Figs.

[2.12(a) and [2.12|(b) respectively. In Fig. 2.13] the maximum difference in the branch fault current

magnitude between the loaded and unloaded condition (maz|[Bj°*? — Bpe'ead]|) has been plotted

against load increment factor for SLG (a — g) fault at bus 8 with different fault impedances. This

shows that the error increases with increase in the loading conditions.

The proposed method has also been tested for simultaneous faults in the system. Two simul-
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Figure 2.11: Voltage profiles of IEEE 123-bus (modified) meshed system under
loaded condition, (a) zy = 0.001 + 0.0007 p.u., (b) zy = 0.1 + 0.0z p.u.

taneous faults, namely, SLG (¢ — ¢) and LLG (ab — ¢) have been applied to the IEEE 123-bus
(modified) system at bus 98 and bus 119 respectively. Simulation results using PSCAD/EMTDC,
proposed method and [BIBC] matrix based technique are shown in Table The maximum
error present in the fault current (/) using proposed technique and [BIBC] matrix based tech-
nique with respect to PSCAD/EMTDC results are 0.00843% and 2.56546% respectively for radial
system, and are 0.00849% and 2.21657% respectively for meshed system. Similarly, the maxi-
mum error in source current (/) are 0.00495% and 6.81383% for radial system, and 0.00491%
and 5.26910% for meshed system.

The above results show the effectiveness of the proposed fault analysis method. The results

presented show that for better accuracy in the results, the load currents should be considered dur-
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Figure 2.12: Branch currents of IEEE 123-bus (modified) meshed system under

loaded condition, (a) zy = 0.001 + 0.000% p.u., (b) zy = 0.1 + 0.0z p.u.

2.4 Conclusion

ing short-circuit calculations. The maximum error present in the proposed technique for both radial
as well as meshed system is less than the 0.004% for single faults and 0.0085% for multiple simul-
taneous faults (benchmarked against the PSCAD results). Thus, the given fault analysis technique

is suitable for both radial as well as meshed distribution system.

In this chapter, an efficient and accurate short-circuit analysis method has been proposed for un-
balanced radial and weakly meshed distribution systems. This method is also applicable for the
analysis of multiple faults (simultaneous occurrence of more than one type of fault) in the distri-

bution system. The proposed method has been tested on modified IEEE 123-bus radial as well as
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loaded condition) in IEEE 123-bus (modified) meshed system with load incre-

ment factor for SLG (a — ¢) fault at bus 8

Table 2.4: Error Analysis of proposed technique and [BIBC] matrix based tech-
nique with respect to PSCAD/EMTDC simulation study for multiple faults for
IEEE 123-bus system

Fault current at fault point (1 ;) % Error in (I ;) Current drawn from the supply (/) % Error in (I,)
Fault Fault PSCAD Proposed [BIBC] Proposed [BIBC] PSCAD Proposed [BIBC] Proposed [BIBC]
Topology Phase
type bus imulation | Techniq Techniq Technique | Techniq! imulation | Techniq Techniq Techniq Techniq
(kA) (kA) [48](kA) (%) 148](%) (kA) (kA) 148](kA) (%) [48](%)
SLG (a-g) 98 a 1.15336 1.15337 1.12377 0.00127 2.56546
Radial 2.77414 2.77427 2.58511 0.00495 6.81383
LLG (ab-g) | 119 a 1.55736 1.55749 1.53028 0.00843 1.73898
SLG (a-g) 98 a 1.27526 1.27527 1.24699 0.00139 2.21657
Meshed 3.04142 3.04143 2.85545 0.00491 5.26910
LLG (ab-g) | 119 a 1.70904 1.70918 1.68256 0.00849 1.54927

meshed distribution test system. Test results of the proposed method have also been compared with
the [BIBC| matrix based technique and PSCAD/EMTDC software results. Small values of errors
show the accuracy and effectiveness of the proposed method. Further, the results of this work
show that, with increase in the loading condition of the system, it may be necessary to upgrade the
ratings of the components and protective equipments installed in the branches.

In the next chapter, an algorithm for the short-circuit analysis of unbalanced distribution sys-

tem with Inverter based distribution generation (IBDG) is described considering different types of

loads.
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Chapter 3

Short-circuit analysis of unbalanced radial and
meshed distribution system with inverter based

Distributed Generation (IBDG)

Abstract

The fault current contribution of inverter based DGs (IBDGs) may affect the operation of protective
devices present in the system. Hence, it is necessary to consider the presence of IBDGs in short-
circuit analysis of distribution system. A short-circuit analysis method for unbalanced distribution
system with IBDG, incorporating different voltage dependent control modes, is proposed in this
chapter. The proposed method has been implemented on modified IEEE 123-bus radial as well as
meshed distribution network and the obtained results have been compared with the results obtained
by the time domain simulation studies carried out using PSCAD/EMTDC software. Comparison

of the results shows the accuracy of the proposed technique.

3.1 Introduction

NITIALLY the distribution system were designed in such a way that power would always flow
I from the grid substation to the load end [[145]. But the integration of distributed generation
(DG) into the grid has changed this scenario. Nowadays, DGs are used in the distribution system
to improve the system voltage profile and to reduce feeder loading [146]. Generally, the DGs used
in the system are inverter based DGs. However, the integration of DG increases the fault level
of the system as it contributes to the fault current during a fault. This may cause maloperation
of protective equipments. Therefore, it becomes necessary to analyze the system with DG under
the fault conditions. Different short-circuit analysis methods for distribution system with IBDGs
are available in the literature [58-65]]. These methods are based on the current control strategy of

the inverter during short-circuit conditions. In this chapter, an analytical approach for the short-
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circuit analysis of distribution system with IBDGs is proposed which also incorporates the inverter
control strategy. In this control mode, the IBDGs operate at zero power factor (leading) under
fault conditions to deliver reactive power to the system for supporting the bus voltages under fault
conditions.

This chapter is organized as follows. Section describes the formulation of the proposed
short-circuit analysis method for unbalanced radial as well as meshed distribution system incorpo-
rating IBDGs during short-circuit calculations. The main results of this chapter are presented in

Section[3.3|and finally Section [3.4] highlights the main conclusions of this chapter.
3.2 Short-circuit analysis of unbalanced distribution system with IBDG
3.2.1 System modeling with IBDG

In this work, it is assumed that the IBDGs are operating at unity power factor under normal oper-
ating conditions. Further, it is also assumed that the IBDGs operate in zero power factor (leading)
under fault conditions [[63},65] to deliver reactive power to the system (to improve the system volt-
age profile during the fault). The short-circuit current contribution by the IBDG is limited to the
short-circuit current capacity of the switching devices (1:""), by operating the inverter in a constant
current mode [63/65]. A three phase inverter, with separate control scheme for each phase, is used
to integrate the DG with the grid through a step down transformer.

Let us consider an unbalanced distribution system with an IBDG connected to the n'* bus of the
system through a step down transformer, as shown in Fig[3.1] The distribution system is assumed
to have u three phase, v two phase and w single phase buses. It is assumed that the total no. of
loads (balanced as well as unbalanced) connected to the system is nld. Two different types of loads
have been considered in this work: constant power and voltage dependent loads. The polynomial

voltage dependent load model (Z 1 P model) [147] is described by egs. (3.1a) and (3.1D) as,

2
1% (VN LV ,
cho) :FZ(VO) +FI(VO> + Fy, (3.1b)

where P and () are the active and reactive load power, respectively, and V' is the magnitude of
the terminal voltage. V,, P, and (), are the nominal values of voltage, active and reactive power,

respectively. F' and F are the fractional constants, and the subscripts *;’, ’;” and ’p’ represent
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Figure 3.1: An unbalanced distribution system with inverter based DG (IBDG)

constant impedance, constant current and constant power loads, respectively. The pre-fault bus
voltages of the unbalanced distribution network (shown in Fig are calculated using distribution
system load flow (DSLF) [70]. In DSLF, IBDG is considered to inject a complex power S%, , ateach
phase p (p = a, b, ¢) of the inverter bus under normal operating conditions where Sgg = Pg,’g +70.0;
Py , denoting the real power injected by IBDG at phase p. In each iteration of DSLF, the load power
consumed by the voltage dependent loads is updated using eq. (3.1)). The pre-fault inverter current

is then calculated using the values of bus voltages obtained from DSLF as,

-1
TJabc _ |_ab \7abc \7abc
Iinv - [Z? C:| (Vinv,st - Vn ) (32)
saa zab zac
e Ry R

e —_ —_ e T . . .
where I2Pc= [[.a Jb e } ; [ngc]= zf“ sz zfc is the transformer impedance matrix.

nv mnu mnu mnv

~Cca

~CC
2t

%z
Vabe . and VAP© are the three phase voltage Vectotrs of ihe inverter bus and n'" bus, obtained from
the load flow solutions, respectively. Next, all the loads are converted to constant impedance loads
using pre-fault DSLF solution. Now, KCL equations are written for all the buses of the system
except IBDG bus and substation bus. These KCL equations can then be expressed in the matrix
form as,

o] V] = [
The details of the bus admittance matrix [Ypys), bus voltage vector [V] and current injection vector

[I] are given in eq. (2.10) of Subsection of Chapter 2 The sizes of the [Ypys| matrix, [V]
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and [I] vectors for an unbalanced distribution system having u three phase, v two phase and w
single phase buses, are ((3u + 2v +w) — 3) X ((3u+2v + w) — 3), ((3u+2v+w) — 3) x 1 and
((3u + 2v +w) — 3) x 1, respectively (as described in Subsection of Chapter [2). Now, if an
IBDG is connected at n' bus of the system, only the elements of [Y}yus] matrix corresponding to

bus n (location of IBDG) will be modified as,

Yabe = yabe | gabe (3.4)

1 _
where, §2P¢ (transformer admittance matrix) = [ztabc} and Y2P¢ is the (3 x 3) sub-matrix (cor-
responding to bus n) of the [Yyus| matrix. The vector [I] will also be modified to [I,,,] (comprising

of both the substation injected current and the current injected by the IBDGs) and is given as,

_ _ T
L] = [yiﬂgcvgbc oo gEbeVEbe L 0 - 0 o] (3.5)

inv,st

In eq. lb it is to be noted that the term (2> V2<,,) occupies the position (3(n — 1) 4 1) to

(3(n — 1) + 3) in vector [I,,,], corresponding to the IBDG location (n'" bus) in the distribution
_ 4T

system. Also in eq. ll Vabe — [VS“ Vo VSC} is the three phase sub-station bus voltage

vector and y35¢ is the line admittance matrix between substation bus and bus 2 (which is directly

connected to substation bus through a line impedance z35¢

3.2.2 Short-circuit calculations

For the initial estimation of short-circuit currents, the fault analysis method, as discussed in Section
2.2]of Chapter 2] is used. In this method, the elements of the [Y1,,s] matrix is modified correspond-
ing to the type of fault occurring in the system. The details of the modified elements of the [Y s
matrix for different type of unsymmetrical faults in the distribution system are given in Subsections

to [2.2.4] of Chapter[2] The bus voltages under the fault conditions are then calculated using
eq. as,

Yiousm] [V] = [T (3.6)
where [Ypus.m] is the modified bus admittance matrix which incorporates eq. (3.4) and modified
elements of [Y1,us] matrix corresponding to the type of fault occurring in the system, and [I,,] is

the modified source current injection vector given in eq. (3.5)). It is to be noted that initially during

fault analysis, the inverter is represented as a constant three phase voltage source (having a voltage
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abc

of Vf‘f‘fst behind a transformer impedance matrix [z} ]) Subsequently, the initial estimate of

inverter current under the fault condition is calculated as,

inv,f.est — inv, st

Tabe [ngc} N (Vabc Vabc) 3.7)

where \_/'abc is the three phase voltage vector of the n'" bus under the fault condition. Depending

Tabc

upon the magnitude of Ilnv f st

there can be two possible cases of inverter operation during fault
as discussed below:
Case 1: If | mvfest| < I (p=a,b,c)

sc

If the magnitude of estimated inverter current | I”

ino. f.cs¢| under the fault condition for each phase

(p = a, b, ¢), calculated using eq. (3.7), is less than the short-circuit capacity of the inverter (7:"%),
then the bus voltages calculated using eq. (3.6) are the final values of the bus voltages of the
system under the fault condition. Once the bus voltages are obtained, the fault currents and branch

currents under the fault conditions are calculated using the fault analysis method given in Section

[2.2]of Chapter 2]

Case 2: If |17 > [ (p=a, or b, or c)

inv, f, est‘ sc

In this case, the estimated inverter current magnitude of the inverter under the fault condition
is restricted to its short-circuit capacity (I"V), by operating the inverter in constant current control
mode [63,|65]]. Hence the inverter current under the fault condition is given as,
P

inv,f T | nv, f

|Z0P =TT =a,b,c (3.8)

inv,f T inv f7

where U s 1s the unknown inverter current angle corresponding to phase p under the fault con-
dition. To solve for these unknown angles, it is assumed that, ¥2b¢. = T 5t Habc [63,/65]], where

inv,f —

T
Oab" = [0“ s 0P oo f] is the three phase voltage angle vector of the n" bus under the fault

inv,f —

condition (where the IBDG is connected) and ¥2Pc. = [‘I’mv s \IJM g we f] T.

The bus voltages along with the unknown current angles under the fault condition can be cal-
culated by solving the KCL equations of the system (written at all buses and for all phases of the
system, except the substation bus and inverter bus of IBDG).

Consider any bus k at which no IBDG is connected. Assume that the set of three phase buses
directly connected to bus k is 7}, set of two phase buses directly connected to phase A of bus

k is ”T,.” (two phase buses would always be connected to phase h and another phase ) and the
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set of single phase buses directly connected to bus k& and phase h is ”S,;”. Hence, the real and

imaginary parts of the KCL equation corresponding to phase / of bus £ can be written as,

Real part
Z V[ VEcos(0F + o) + Y Y (Y IV |cos(6F + ¢4p))
bl p
+ Z > VIV lcos(6; + ¢1) + > VMV |cos(6; + ¢iz)
beTwr T beSpk
- Z T | [VZ[cos (82 + ¢12) = 0= f 1) (V. 0) (3.92)
Imaginary part
Z VPV sin(6h + dye) + Y Y (Vi [[VP |sin(6] + ¢1p)
beThr P
+ Z S VIV Isin(8; + okp) + Y [V lIViPsin(6) + o4p)
bl T beSp
=D GENVP sin(82 + 6i2) = 0= [y (V. 6) (3.9b)
p
where k = 2,--- |-+ my, (n, is the number of buses), k # n; h = (a, b, ¢) for three phase buses;

h = (a and b), or (b and c¢), or (c and a) for two phase buses; h = (a or b or ¢) for single phase
buses; p = (a,b,c); and r = (a and b), or (b and ¢), or (c and a). 7 is the element of line
admittance matrix between bus k and substation bus s between phase h and p, and qﬁZf is the angle
of 5,7

Similarly, consider bus n at which an IBDG is connected through a transformer. Assume that
the set of three phase buses directly connected to bus n is ”1},,”, set of two phase buses directly
connected to phase h of bus n is ”7T,,,” (two phase buses would always be connected to phase h
and another phase r) and the set of single phase buses directly connected to bus n and phase A is
”Spn”. Hence, the real and imaginary parts of the KCL equation corresponding to phase A of bus

n can be written as,
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Real part

Z Y| |VP|cos(02 + ¢l Z Z ([Y 21| ViP |cos(6F + ')
P

beThn P

+ Y VIV cos(By + dhn) + > [Vt Vi |eos (67 + ¢lp)

beTwn T bGSpn
Z |GE2|[VP[cos (67 + ¢hP) — IimPcos(90° + 0%) = 0 = fl,_,, . (V,0) (3.10a)
Imaginary part
Z Y| |VP|sin (6P + Z Z ([YP1|VP | sin (67 + o))
p bEThn p
YN YAV Isin(0; + ¢l) + Y YAV sin(0F + oln)
beTwn T beSpn
- Z T2 IV2 |sin(0F + ¢r2) — L2 sin(90° + 03) = 0 = £, 1);,(V.0)  (3.10b)

Hence, for an unbalanced distribution system having u three phase, v two phase and w single phase
buses, there is a total of 2(3u+ 2v+w — 3) non-linear equations. These equations are given in polar
form. It is to be noted that the rectangluar form of these equations are also non-linear. To solve
these non-linear equations, numerical method such as Gauss-Siedel or Newton-Raphson method,
can be used. In this work, Newton-Raphson method has been used as Gauss-Siedel method [59]

requires large execution time as shown later. The set of non-linear equations is given as,

fﬁre(VvZavVva" ,Vfb,é’“ eb . 79&,) =0
*) nb7 *) ng

F (VS VL Ve 05,05, .00) = 0

f(enbfl),re(véa?véa' |7 Ha eb K ) =0

v ny’ YV ng
fﬂim(VQa’VQb?' ,V,fb,ea eb . ’Hﬁb) =0
ff,im(véav ‘/Qbu' 7Vrfb7 ea eb . 7ebe> =0

f(znb—l),im(‘/Zav‘/Zbu' 7Vnéb,6a eb .., 0t ) = 0

Vg

(3.11)
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where n, = v+ v+ w and { = a, or b, or c. The above set of equations are solved using

Newton-Raphson method as,

AV J1
Af Js
where AV and A6 are the correction vectors calculated at
T
a b 4 .
AV = |:A‘/2(t)7A‘/2(t)7 y T ’Aan(t)] ’
A = [Agg(t) A AQM} !
) ) ) I Ny

Af ea1 and Afjag are the mismatch vectors calculated at

T
_ a(t) b(t) o) .
Afpent = [_ [0 gt T
T
. — a(t) b(t) £(t)
Af1mag - [_ 1,im> _f1,im7 R R _f(nb—l),im
J1,J2, J3 and J4 are the sub-matrices of the Jacobian matrix [J], and are given as,
At e Ot e
ovy ovy
8-}0:{7,7‘6 8ff,7“e
8freal ovy 8V2b
1= 5y
af‘(enbfl),re 6f(£nb71),7'5
Vg vy
[ o Off e
D02 905
8f1b,7‘e 8f{7,re
Ofreal 203 203
J2= =5
af(gnbfl),re af(znbfl),re
063 065
8fil,i7n 8ff,i7n
Vg vy
af{),zm af{),zm
Ofimag avg avy
Js = 5y
af(enbfl),im af(enbfl),im
ovy ovy
8ff,zm 8fil,zm
063 065
b b
8fl,im. 6fl,im.
HMimag 203 26}
Ja="5
8f(znb—1),im 8f(enb—l),i'm
203 065

-1

Jo
Ja

tth
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Afl'eal

2fth

A fimag

i ve
L
vt
8f{),'re
0
Ban

¢
af(nbfl),re
v

8f(gnb—l),im

1
0%,

iteration and hence given as,

iteration and are given as,

(3.12)



Elements of Jacobian matrix [J] (with no IBDG connected in the system) are calculated as,

8 P

aﬁ = Y21, cos(09 + @Y, ) (3.13a)
a p

a;;“e = Y2 Visin(0! + 677, ) (3.13b)
a p

8{/’;” = Y(Ii’q szn(@q—}-gﬁ”l ) (3.13c¢)
a flm

50" = =Y, Vicos(0] + ¢, 1) (3.13d)

wherei =1,2,...,(ny — 1); 7 = 2,3, ...,np; p, g = a, or b or c. If an IBDG is connected at n'" bus

of the distribution system, the following elements of the Jacobian matrix [J] will be modified as,

afpn— re afpn— re i
% - % + T sin(90° + 69) (3.14a)
ofr A
(n—1),im (n—1),im 1nv o
S = g~ Lieos(90°+02) (3.14b)

where p,q = a, b, c.

In eq. (3.12)), the dimension of all the four sub-matrices (J1, J2, J3, J4) for an unbalanced
distribution system (having u three phase, v two phase and w single phase buses) is (3u + 2v +
w—3) X (3u+2v+w—3) and that of the Jacobian matrix [J] is 2(3u+2v+w—3) x 2(3u+2v+w—3).

The elements of [Ypus.m] in €q. , corresponding to the voltage dependent load buses,
are also modified at each iteration. The load admittances of the voltage dependent load buses

are replaced with their new calculated values in each iteration. Hence, the modified elements of

[Ybus.m), corresponding to the voltage dependent load buses, at ¢ iteration are given as,
Yo = Yo+ =i it > Lp=ab.e (3.15)

where vd is the voltage dependent load bus. gﬁét) is the load admittance of phase p of vd™ bus
calculated at t** iteration, and is given as,

J . pr) 4 Ap®\ "
gf((it) _ vd . [p(t) — Ud_ +1de (316)

—p(t—1)7 “vd t—1
vy vy

where P’ CE and Q%) b/ are the active and reactive load power calculated at phase p of vd"" bus using
eq. ll at ' iteration, respectively and (*) stands for complex conjugate. I fjo(l) is the injected

load current of phase p of vd™" bus, calculated at " iteration.
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Initial guess for solving eq. (3.11)) is taken as the solution of fault analysis method as obtained
by solving eq. li with the inverter bus voltage set at V2P¢_ . Once the bus voltages under the

inv st*

fault condition are calculated by solving eq. (3.11)), the fault current and branch currents under
the fault condition are recalculated by the fault analysis method given in Section [2.2) of Chapter 2|

Hence, the inverter bus voltage under the fault condition is calculated as,

rab {7abc | Jabc -ab
V?nvcf == Vﬁyfc + IianC’fZ;'—;l ¢ (3. 17)
Similarly, if there are nd-no. of IBDGs with their short-circuit switching capacities as 1

sc,1°
Iy, ..., I . and connected at different buses (DGypus 1, DGous.2, --.s DGhus na) Of the system, the

sc,20 2 “se,nd?

following elements of the Jacobian matrix [J] will be modified as,

4 P
af(dg—l)vre o f(dg—l),re + Iinv sin(90° + Qq ) (3 183.)
893 - aegg sc,it dg '
g new
ofr ' ofr . '
(dg—1),im (dg—1),im mnu o q
—_— — — " 90° + ¢ 3.18b
(%gg new aecqlg SC’“COS( + dg) ( )

where dg = (DGyys i, DGrys2, s DGpusna); 10 =1,2,...,nd; p = a,b, cand g = p.

3.2.2.1 Steps of algorithm for proposed short circuit analysis method of a distribution system

with IBDG

In the literature, depending upon the terminal voltage, the IBDG is operated under different control
modes [148,(149]. The steps for the proposed method for different control modes of inverter are

given as,

1. Run base case DSLF with IBDG connected in the system and obtain pre-fault inverter bus

voltage, Vabe

inv,st-

2. Convert all types of loads (constant P() and voltage dependent loads) into constant impedance

loads and form the [Ypy,s| matrix of the system.

3. Modify the bus admittance matrix [Ypys) to include the effect of transformer as in eq.
and further modify it corresponding to the type of fault occurring in the system (as given in
Subsections[2.2.2]to[2.2.4]of Chapter[2)) to obtain [Yus m] matrix. Also, the current injection
vector [I] is modified to (L, using eq. (3.5).
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4. Find the initial estimate of bus voltages under the fault condition by solving eq. and
estimate the inverter currents 7

inv fests (D = @, b, ¢) of all nd-no. of IBDGs present in the
network from eq. (3.7).

5. Check whether |17, ;| < T, (p = a, b, ¢) for all IBDGs in the system. The three possible

My sc

cases arc:

Case (A): If | IV, ; .., < T2, (p = a, D, c) for all nd-no. of IBDGs, then go to step 6, else

n sc ?

Case (B) If |jzpnv,f7est

, (p = a,b,c) of all nd-no. of IBDGs are greater than their correspond-
ing short-circuit current capacities, then solve the set of non-linear equations (eq. (3.11])

with 7

inv, f

= I /(5 403, ), (0 = a,b, c) for all IBDGs (Boost mode operation) using the

proposed method and obtain the final values of bus voltages under the fault condition and go

to step 6, else

Case (C): If out of nd-no. of IBDGs, for kd-no. of IBDGs |I},,, , ..,| < Ii2, (p = a,b, ) and

wm sc

for the remaining (nd — kd)-no. of IBDGs |17, ;.| > T2, (p = a,b,c), then set I, =

mn sc v

I /(5 + 6045 ), (p = a,b,c), for (nd — kd)-no. of IBDGs, while for kd-no. of IBDGs

dg,f
set Igbe, = Tabe, 1. and carry out one iteration of solution of eq. (3.11), and obtain the

bus voltages under the fault condition. Compute the mismatch = max[| Afyeal|, | Afimag]]-
If mismatch < e (tolerance), go to step 6, else estimate the inverter current fgm FLests (p =
a, b, c) using eq. with new calculated bus voltages under the fault condition, for all
IBDGs, and check the condition |17, . .| < 112, (p = a,b,c) for these IBDGs and go to

appropriate case of step 5.

6. Using the above obtained bus voltages under the fault condition, calculate the inverter bus

voltages under the fault condition using eq. (3.17). Initialize the iteration count k& = 0.
7. k=k+ 1.

8. Depending upon the terminal voltage, the IBDG is operated under different modes as follows

[148,149]:

(@) If (min(|VaPe.|) < 0.45 p.u.) or (maz(|VaPS.|) > 1.2 p.u.), then IBDG will be dis-

inv,f inv,f

connected (”Cut-off mode™) and hence, the inverter current of IBDG is set as, I2P¢. =

inv,f —
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(b)

(c)

(d)

(e

0.0 + 50.0.

If (0.45 < min(|V2Pe.|) < 0.88 p.u.) and (maz(|V2PS,|) < 1.0 p.u.), then IBDG will

inv, inv,

operate in ”"Boost mode”, and hence the inverter current of IBDG is set as, I Pm] ;=

];Z”Z(Hsg,f + %), (p=a,b,c).

If (min(|V2b<.|) > 0.45 p.u.) and (maz(|V2P<.|) > 1.1 p.u.), then IBDG will op-

inv, inv,

erate in ”Absorb mode”, and hence the inverter current of IBDG is set as, I” =

inv, f
I;Z”Z(Hsg’f - %), (p=a,b,c).

If (0.45 < man(|[VaPe.|) < 0.88 p.u.) and (1.0 < maz(|VaP<|) < 1.1 p.u.), then

inv, inv,

IBDG will continue to operate in the same control mode as in the previous iteration.
This hysteresis band is provided to prevent the IBDG from toggling frequently between

”boost mode” and “absorb mode”.

If (min(|V2b<,.]) > 0.88 p.u.) and (maz(|V2P<,|) < 1.1 p.u.), then IBDG will operate

inv, inv,
in ”Active-power injection mode” and hence, the inverter current of IBDG is set as,
=1

inv, f is the inverter bus voltage of p'* phase

— PP
Ly = W (p=a,b,c), where

inv,f

of IBDG, calculated in (k — 1) iteration.

9. Solve the set of non-linear equations (eq. (3.11])) with the above discussed voltage control

10.

11.

strategies for all IBDGs for k' iteration using the proposed method and obtain the bus

voltages under the fault condition. Also compute the mismatch.

If mismatch < e (tolerance), go to the next step, else calculate the new inverter bus voltages

for all IBDGs under the fault condition using eq. (3.17) and go to step 7.

Using the above obtained bus voltages, calculate the fault current and branch currents under
the fault condition following the procedure given in Section [2.2]of Chapter[2] Also calculate
the inverter bus voltages under the fault condition using eq. (3.17).

The overall flow-chart of the proposed fault analysis method is shown in Fig

3.3 Test results and discussions

The effectiveness of the developed method has been investigated on the modified IEEE 123-bus un-

balanced distribution system in radial as well as weakly meshed configuration (as given in Section
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occurred in the system, and modify [I] Carry out the solution of eq . (3.11) with
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Calculate inverter bus the mismatch
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Calculate initial estimate of bus
_ voltages and inverter currents
I2Pe ¢ oot Of all nd-no. of IBGDs
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T

inv
inv,f,est‘ < Isc
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For kd-no. of IBDGs with [T, ¢ st < 1"
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‘ inv,f,est‘ > sc set I?nv.f = I;LWZ<% + egg,f); (p=a,b,c)
(p=a,b,c) Carry out one iteration of solution of eq.(3.11),and
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mismatch. Also estimate the new inverter

”
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v

Calculate post fault inverter bus <
voltages using eq. (3.17)

A A

Figure 3.2: Flow-chart of the proposed fault analysis method
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Table 3.1: Details of the IBDGs installed in the modified IEEE 123-bus unbal-

anced distribution system

IBDG location | IBDG installed capacity, P, | Short-circuit capacity, /"
IBDG No. (Bus No.) (per phase) (kW) (per phase) (Amp)
N 20 140 29.062
N - 105 21.796
N 75 140 29.062
s o5 175 36.327
5 104 140 29.062

of Chapter [2)). In this system, five different sized inverter based DGs have been assumed to be
connected at different buses through three phase transformers (Y g-Y ¢), having an equivalent reac-
tance of 0.2042 ()/phase. The total installed capacity of IBDGs is taken as 20% of the total system
load (active power load). Short-circuit current capacity of these inverter based DGs are assumed to
be 150% of the rated inverter current. Detailed informations of these IBDGs are given in Table
The proposed method has been implemented in MATLAB environment [66] with a tolerance limit
(6) of 1.0 x 107'2. For validating the developed method, the time-domain simulation study of the
entire system has also been carried out using PSCAD/EMTDC software [[139]. For verifying the
correctness of the calculated values of inverter currents of IBDGs by the proposed method, these
calculated currents have been represented as constant current sources in time domain simulation

study.

3.3.1 Results of modified IEEE 123-bus unbalanced radial distribution system

In this work, two different scenarios have been considered as described below:

Scenario 1: For this scenario, it is assumed that the IBDG control scheme is not dependent
on the terminal voltage (i.e. the algorithm terminates after Step-6). An SLG fault in phase a of
bus 105, with a fault impedance z; = 0.001+0.000% p.u. (the minimum value of fault impedance
permissible in PSCAD/EMTDC software, used for comparison purpose), has been assumed in
this case. In the first step, the inverter currents (IZh¢; ) of all the five IBDGs have been calcu-

lated by assuming that the post fault inverter bus voltages (\_f?f\ﬁf) of all IBDGs are maintained at

their pre-fault values (V2abe ). The calculated currents are given in Table @ The table shows

inv,s
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Table 3.2: Results for SLG(a-g) fault in modified IEEE 123-bus radial distribu-

tion system with IBDGs for scenario 1

Initial estimate of inverter current, If, . ..., (Amp) final value of inverter current, (Amp) final value of injected DG power
PG No. when Vibe, = Vibe Iebe, = I Z(5 + 632%) (@D ) (capacitive reactive power) (kVAR)

Phase-a Phase-b Phase-c Phase-a Phase-b Phase-c Phase-a | Phase-b Phase-c
1. 625.900£-68.56° | 10.513£-74.47° | 63.256/121.46° | 29.062/89.38° | 29.062/-36.65° | 29.062/214.26° | 144.865 | 227.206 222.112
2. 427.844£-60.68° | 42.868£108.97° | 106.964£117.64° | 21.796£89.33° | 21.796£-36.65° | 21.796.£214.22° | 108.618 | 170.403 166.466
3. 4570.482-79.15° | 521.317/-70.35° | 528.456/-69.55° | 29.062/88.10° | 29.062/-45.12° | 29.062/222.40° | 28.396 | 257.107 249.672
4. 1424.11£-62.99° | 140.687/103.40° | 272.567/111.54° | 36.327/88.16° | 36.327/-45.40° | 36.327/222.21° | 36.657 | 321.819 313.583
5. 2835.95/-71.83° | 36.012/9.06° 60.464264.58° | 29.062/85.69° | 29.062/-45.95° | 29.062/223.32° | 15.066 | 261.312 253.703

that, the magnitude of inverter currents (\

Tflb c

inv,

£ ost D of all the IBDGs are greater than their short-

circuit current capacities, given in Table 3.1 Hence, according to [63]/65], the magnitudes of
inverter currents of all the phases are to be maintained at their short-circuit current capacities
(|[fnv,f|: 1"

ovop = a,b, c) and their angles are maintained in such a way that all IBDGs will de-
liver reactive power to the system during the short-circuit condition (¥

P _
inv,f T

S +05, 50 =a,b,0).
With this strategy (Case (B) of Step-5), the bus voltages, branch currents, fault current and all the

inverter currents under the fault conditions are recalculated using the proposed short-circuit anal-

abc
inv,f

ysis method. The calculated values of inverter currents (I£)°.) and injected powers by all IBDGs
under the fault condition are given in Table @ The fault current (/;) and source current (/) in
phase a for this case using the proposed method and PSCAD/EMTDC simulation are given in Table
The rms values of /¢ and I, are measured with the help of "RMS Meter” in PSCAD/EMTDC
software. The % error in the calculated values of I; and I, with respect to the values obtained
by PSCAD/EMTDC simulation are 0.00369% and 0.00375%, respectively, as shown in Table[3.3]
The above results show that the values of I and I, calculated by the proposed method are very

close to the values obtained by the PSCAD/EMTDC software, thereby validating the proposed

method.

Different fault cases namely, LLG (ab-g), LLLG (abc-g), and LL (a-b) fault with Z; = 0.001+0.0007
p.u., have also been simulated at bus 105 in the same system, using the proposed technique and
PSCAD/EMTDC software. Detailed results of these cases are given in Table[3.3] The % error in I
and [, for all the fault cases, obtained by the proposed technique with respect to PSCAD/EMTDC
simulation study are also given in Table The maximum % error in the calculated fault current

and the source current are 0.00496% and 0.00381%, respectively. These results again demonstrate
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Table 3.3: Error analysis of proposed technique (scenario 1) with respect to

PSCAD/EMTDC simulations

Fault current at fault point (/) Current drawn from the supply (/)
Fault type | phase PSCAD Proposed % Error in [ ; PSCAD Proposed % Error in [
simulation (kA) | technique (kA) simulation (kA) technique (kA)

SLG (a-g) a 2.86046 2.86057 0.00369 2.80928 2.80939 0.00375
LLG (ab-g) a 4.16862 4.16882 0.00496 4.15497 4.15499 0.00039
b 4.30873 4.30889 0.00367 4.20519 4.20535 0.00369
LLLG (abc-g) a 4.55136 4.55153 0.00367 4.49842 4.49859 0.00371
b 4.84518 4.84536 0.00364 4.77608 4.77626 0.00368
c 4.84245 4.84263 0.00368 4.77293 4.77311 0.00373
L-L (a-b) a 4.06311 4.06325 0.00359 4.20943 4.20958 0.00363
b 4.06311 4.06325 0.00359 3.95193 3.95208 0.00381

the accuracy of the proposed method. Table also shows that, the fault current (/) is always
greater than the current drawn from the supply (/) for all types of faults, except for the LL fault.
This is due to the current contributions from the IBDGs to the fault current. For LL (a-b) fault, the
source current is more than the fault current, as the voltage profile of faulty phase for LL fault is
much better than the profile for other types of faults, as shown in Fig Hence, the load currents
are more in case of LL fault and therefore the current drawn from the source is higher as compared
to the other fault cases. The voltage profiles for phase a, obtained by the proposed short-circuit
analysis method and PSCAD/EMTDC simulation studies, for SLG and LL faults at bus-105 are
shown in Fig From this figure, it is observed that the voltage profiles obtained by these two
methods are very close to each other which further validates the accuracy of the proposed method.

The above fault cases have also been simulated with voltage dependent loads. The polynomial
load model (ZIP model) is used as voltage dependent load model, as given in eq. (G.I). It
is assumed that the loads at bus 49 and 50 are ’residential ZIP load model’, at bus 51 and 68
are “commercial ZI P load model’, and the load at bus 79 is ’industrial ZIP load model’. The
fractional constants in eq. for various load compositions are given in [147]]. The rms values
of Iy and I, for various fault cases using the proposed method and PSCAD/EMTDC simulation
are shown in Fig[3.5] A good agreement between the two results again establishes the accuracy of

the proposed method.

Table|3.4|gives the comparison between the performance of Gauss-seidel (GS) [59] and the pro-
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Figure 3.3: Voltage profile for different unsymmetrical short-circuit faults in

scenario 1

Table 3.4: Comparison between Gauss-Seidel and Proposed method

SLG (a-g) Fault analysis
Method
I; (Amp) | I, (Amp) | Iteration | Execution time (sec)
Gauss-Siedel [59] | 2860.58 | 2809.51 4769 37671.859
Proposed 2860.57 | 2809.39 6 1.253

posed Newton-Raphson (NR) method for analyzing an SLG-fault (a-g fault, with z; =0.001+0.0007
p.u.) at bus 105, with the tolerance limit of 1.0 x 10~%. From Table it can be observed that
the number of iterations and execution time taken by the GS method are much higher than those
of proposed NR method. It is to be noted that in this study, the effect of terminal voltages on
the IBDG control scheme has not been considered as the primary focus here is to compare the

convergence rate of GS and NR methods.

Scenario 2: In all the above case studies, the voltage dependency of the IBDG control schemes
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Figure 3.4: Voltage profile for SLG and LL faults using proposed method (sce-
nario 1) and PSCAD/EMTDC simulation

m PSCAD H PSCAD
m Proposed Method 60 B Proposed Method
= o B3 33 SERCE o s 29 g8 NN NN 0o
£ f o <0 <0 o0nm nwn < < < < 0O
G s0 B8 82 92 <¥Y <Y 3% 32 Tso 88 |] o+ SR 23
f—y O oo cQo 9o ~ <+ I < oo
< < S —~ ™o
R0 — 4.0
() N
~ -
h~] =
g 15} ]
Clt)3.0- g::3.0
5
3)
310- o 20 1
= 2
3 10 2 10
o n
0.0 0.0

a b, @ b ¢y a b,

SLG LLG LLLG LL SLG LLG LLLG LL
phase —» phase —>»

a by b ¢, 2 by

a,

4

(a) (b)

Figure 3.5: (a) Fault current (/) (b) Source current (/) for different fault cases
in modified IEEE 123 bus radial distribution system with IBDGs and with volt-
age dependent loads using proposed method (scenario 1) and PSCAD/EMTDC

simulation

has been neglected. For this scenario, it is now assumed that the control of IBDG is dependent on
the terminal voltages (i.e. the algorithm (given in Subsection [3.2.2.1) follows all the 11 steps).
An SLG fault in phase a of bus 105, with a fault impedance zy = 0.001+0.0007 p.u. has been
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Table 3.5: Intermediate and final post-fault inverter bus voltages and injected
power by IBDGs for SLG(a-g) fault at bus 105, with zy = 0.001+0.0007 p.u., in

scenario 2

Intermediate post-fault inverter | Intermediate post- Final post-fault inverter Control mode | Final post-fault
IBDG Location
bus voltage magnitude (p.u.) fault injected power | bus voltage magnitude (p.u.) | of operation | injected power

(bus No.) Phase-a | Phase-b Phase-c by IBDG (kVA) Phase-a | Phase-b | Phase-c of IBDG by IBDG (kVA)
20 0.69181 | 1.08503 1.06071 0.0 +;594.2 0.69148 | 1.07990 | 1.05196 Boost 0.0+;591.2
25 0.69161 | 1.08503 1.05995 0.0 +,445.5 0.69128 | 1.07989 | 1.05121 Boost 0.0 +/443.3
75 0.13561 | 1.22783 1.19232 0.0+,535.2 - Cut-off 0.0+,0.0
98 0.14005 | 1.22949 1.19802 0.0+j672.1 - Cut-off 0.0+;0.0
104 0.07195 | 1.24791 1.21157 0.0 +5530.1 - Cut-off 0.0+,0.0

assumed. The intermediate inverter bus voltage magnitude (obtained after Step 6 of the algorithm)
for all IBDGs under the fault condition are shown in columns 2-4 of Table The intermediate
power injected by the IBDGs (again obtained after Step 6 of the algorithm) are shown in column
5 of Table [3.5] Following steps 8-10 of the algorithm, IBDGs at bus no. 20 and 25 are operated
in ”boost mode”, while the remaining three IBDGs have been disconnected from the system. The
final terminal voltages of the IBDGs and the reactive power exchanged by the IBDGs under the
fault condition are shown in columns 6-8 and column 10 of Table [3.5] respectively. The final
inverter bus voltages under the fault condition, corresponding to the IBDGs located at bus No. 75,
98 and 104, are not shown in columns 6-8 of Table since, under fault condition, these IBDGs

have been disconnected from the system.

Different fault cases at bus 105 with the fault impedance of z; = 0.001+0.000: p.u., have
also been simulated using the proposed method considering voltage dependency of IBDG control
scheme (i.e. the algorithm follows all 11 steps). The values of I; and I, for various fault cases
using the proposed method and PSCAD/EMTDC simulations are shown in Table It can be
observed from the table that the results obtained by proposed method match very well with the
results obtained by the PSCAD/EMTDC simulation studies. Also, the control mode operation of

the IBDGs for various fault cases are shown in column 5 of Table

To further investigate the performance of the proposed method, another SLG fault at phase a of
bus 27 has been considered with a fault impedance of zy = 0.5+0.0 7 p.u. The intermediate inverter

bus voltages and reactive power supplied by IBDGs (obtained after Step 6) are shown in columns
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Table 3.6: Results for different unsymmetrical short-circuit faults at bus 105,
with zy = 0.001+0.0007 p.u., using proposed technique (scenario 2) and
PSCAD/EMTDC simulation

Fault current at faulty point (/) Control mode Current drawn from the supply (/)
Fault type | phase PSCAD Proposed operation of PSCAD Proposed
simulation (kA) | technique (kA) IBDG simulation (kA) technique (kA)
Boost-: IBDG No. 1,2
SLG (a-g) a 2.82626 2.82636 2.85887 2.85897
Cut-off-: IBDG No. 3,4,5
a 4.10159 4.10173 Boost-: IBDG No. 1,2 4.15671 4.15687
LLG (ab-g)
b 4.24456 4.24472 Cut-off-: IBDG No. 3,4,5 4.23236 4.23252
a 4.47645 4.47662 Boost-: IBDG No. 1,2 4.50819 4.50835
LLLG (abc-g) b 4.77868 4.77886 Cut-off-: IBDG No. 3,4,5 4.78431 4.78448
c 4.76778 4.76795 4.78114 4.78132
a 4.06311 4.06325 4.20943 4.20958
L-L (a-b) Boost-: All IBDGs
b 4.06311 4.06325 3.95193 3.95208

2-5 of Table On following steps 8-10 of the proposed algorithm, it is observed that none of the
IBDGs gets disconnected and all of them operate in different control modes, as depicted in column
9 of this table. The final inverter bus voltages and the complex power injection of the IBDGs are

shown in columns 6-8 and column 10 of Table respectively.

Other types of faults (SLG, LLG, LLLG and LL) at bus 27, with zy = 0.5+0.0 7 p.u. have
also been considered for the validation of proposed method with voltage dependency of the IBDG
control scheme (follow all 11 steps of the algorithm). The values of I; and I, for various fault cases
obtained from the proposed method and PSCAD/EMTDC simulations are given in Table The
results show the accuracy of proposed method. The control mode operation of IBDGs in various

fault cases are also given in column 5 of Table[3.§]

3.3.2 Results of modified IEEE 123-bus unbalanced weakly meshed distribution system

The proposed technique has also been applied to a modified IEEE 123-bus unbalanced meshed
distribution system to validate its performance further. Two loop branches have been added in
the modified IEEE 123-bus radial distribution system to convert it into a weakly meshed network.
Details of these loop branches are given in Table (as given in Table[2.2]of Chapter [2)). For this

case also, two scenarios, as described in Subsection[3.3.1] have been considered.
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Table 3.7: Intermediate and final post-fault inverter bus voltages and injected

power by IBDGs for SLG(a-g) fault at bus 27, with zy = 0.5+0.0: p.u., in sce-

nario 2

IBDG Location Intermediate post-fault inverter | Intermediate post- Final post-fault inverter Control mode | Final post-fault
bus voltage magnitude (p.u.) fault injected power | bus voltage magnitude (p.u.) | of operation | injected power
(bus No.) Phase-a | Phase-b Phase-c by IBDG (kVA) Phase-a | Phase-b | Phase-c of IBDG by IBDG (kVA)

20 0.87261 | 1.09702 | 0.97237 0.0+j616.1 0.86910 | 1.08685 | 0.96325 Boost 0.0+;611.3

25 0.84564 | 1.11967 | 0.96230 0.0 +,459.8 0.83767 | 1.10417 | 0.94826 Absorb 0.0-,;453.9

75 0.91893 | 1.06472 | 0.98882 0.0 +,622.4 0.90758 | 1.04623 | 0.97192 | Active-Power 420.0+; 0.0

98 0.92196 | 1.06762 | 0.99364 0.0+, 780.9 0.90728 | 1.04522 | 0.97375 | Active-Power 525.0+;0.0

104 0.92139 | 1.06737 | 0.99081 0.0+ 623.9 0.90861 | 1.04726 | 0.97247 | Active-Power 420.0+; 0.0

Table 3.8: Results for different unsymmetrical short-circuit faults at bus 27, with

Zy =0.540.07 p.u., using proposed technique (scenario 2) and PSCAD/EMTDC

simulation
Fault current at faulty point (I ;) Control mode Current drawn from the supply (/)
Fault type | phase PSCAD Proposed operation of PSCAD Proposed
simulation (kA) | technique (kA) IBDG simulation (kA) technique (kA)
Boost-: IBDG No. 1
SLG (a-g) a 1.14819 1.14821 Absorb-: IBDG No. 2 1.27429 1.27431
Active Power-: IBDG No. 3,4,5
a 1.09574 1.09576 Boost-: IBDG No. 1,2 1.21054 1.21057
LLG (ab-g)
b 1.30304 1.30306 Active Power-: IBDG No. 34,5 1.36701 1.36684
a 1.22991 1.22993 1.32318 1.32321
LLLG (abc-g) b 1.25960 1.25962 Active Power-: All IBDGs 1.28658 1.28660
c 1.22359 1.22361 1.28351 1.28354
a 1.91324 1.91328 Boost-: IBDG No. 1,2 2.01891 2.01895
b (b) b 1.91324 1.91328 Active Power-: IBDG No. 34,5 1.95163 1.95167

Scenario 1: An SLG fault in phase a of bus 105, with a fault impedance z; = 0.001+0.000:
p-u., has been simulated in this weakly meshed distribution network. In this case, the effect of the

terminal voltages on the IBDG control scheme has been neglected. The values of inverter currents

(iabc ) for all IBDGs, with Vabe, = Vabe  are given in Table m As can be seen from this

inv.f est inv,f — inv,st?

table, the magnitude of inverter current of all IBDGs are greater than their respective short-circuit
current capacities. Therefore, magnitudes of currents of all IBDGs for all phases are maintained

]inv

sc

at their short-circuit current capacities, i.e. |f£w7 fl= p =abcand V) . =T +0

inv, f
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Table 3.9: List of loop branches in IEEE 123 bus (modified) meshed distribution

system
Line impedance
From Bus | To Bus | Length (ft.) | type
configuration
33 54 675 3-¢ 1
37 69 700 3-¢ 2

Table 3.10: Results for SLG(a-g) fault in modified IEEE 123 bus meshed dis-

tribution system with IBDGs for scenario 1

DG N, | nitial estimate of inverter current, T ¢ s (Amp) final value of inverter current, (Amp) final value of injected DG power
when Vare, — Vabe | Teoe, = I8 /(5 + 050%) (0 ) (capacitive reactive power) (kVAR)
Phase-a Phase-b Phase-c Phase-a Phase-b Phase-c | Phase-a | Phase-b |  Phase-c
1 1059.297/-61.35° | 20.004£-37.62° 39.6504£84.11° | 29.062/85.29° | 29.062/-38.30° | 29.062/217.14° | 118.319 | 237.120 225.328
2| 770959/-5452° | 72.738/109.67° | 126.082/110.66° | 21.796/85.10° | 21.796/-38.36° | 21.796/217.17° | 88.129 | 177.951 168.937
3 | 4367.750/-80.14° | 532.475/-70.09° | 525.664/-70.78° | 29.062/90.81° | 29.062/-44.70° | 29.062/222.07° | 33.081 | 255.820 | 248381
4 | 1357327/-63.987 | 126.706/99.34° | 256.673/110.70° | 36.327/90.89° | 36.327/-44.98° | 36.327./221.88° | 42.546 | 320200 | ~ 311.984
5 | 2784.754/-72.24° | 52.202/-10.26° | 53.185/49.30° | 29.062/88.60° | 20.062/-45.62° | 20.062/223.19° | 17.454 | 260.773 | 252748
Table 3.11: Error analysis of proposed technique (scenario 1) with respect to
PSCAD/EMTDC simulations for different unsymmetrical short-circuit faults at
bus 105 in modified IEEE 123 bus meshed distribution system
Fault current at faulty point (I y) Current drawn from the supply (/)
Fault type | phase PSCAD Proposed % Error in [ ¢ PSCAD Proposed % Error in [
simulation (kA) | technique (kA) simulation (kA) | technique (kA)
SLG (a-g) a 3.34325 3.34321 0.00117 3.29116 3.29109 0.00207
LLG (ab-g) a 4.85853 4.85863 0.00197 4.84181 4.84187 0.00141
b 5.04491 5.04518 0.00529 4.94486 4.94509 0.00474
LLLG (abc-g) a 5.30347 5.30368 0.00400 5.25076 5.25095 0.00356
b 5.66491 5.66514 0.00404 5.59847 5.59866 0.00341
c 5.56995 5.57020 0.00463 5.50492 5.50510 0.00335
L-L (a-b) a 4.76031 4.76051 0.00418 4.90908 4.90921 0.00254
b 4.76031 4.76051 0.00418 4.64714 4.64737 0.00496

p = a,b, c, during short-circuit calculations. The inverter current and DG injected power of all

IBDGs under the fault condition are given in Table [3.10
Different fault cases, as discussed in Subsection[3.3.1] have also been simulated on the modified
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Figure 3.6: Voltage profile of phase a for modified IEEE 123-bus meshed dis-

tribution system for different unsymmetrical short-circuit faults in scenario 1

weakly meshed distribution network. Detailed results of theses cases obtained by the proposed
technique and PSCAD/EMTDC simulation study are given in Table [3.11] The maximum % error
obtained in calculated values of I; and I, are 0.00529% and 0.00496%, respectively, as shown
in Table m in boldface. Except for the LL fault, the fault current at the fault point in all other
fault cases are higher than the current drawn from the source due to the contribution of IBDGs to
the fault current, as shown in Table @ On the other hand, for LL fault, the voltage profile of
faulty phase of the meshed distribution system is much better than the profile for the other fault
cases, as shown in Fig @ As a result, the load currents and hence the source current are larger,
in case of LL fault, as compared to other fault cases. Fig[3.7] shows the voltage profile of phase a
of the network for SLG(a-g) and LL(a-b) faults at bus 105 obtained by the proposed method and
PSCAD/EMTDC simulation study.

To further validate the accuracy of the proposed method, various fault cases have also been

simulated with voltage dependent loads. The results of I; and I, for these fault cases using the
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Figure 3.7: Voltage profile of phase a for modified IEEE 123 bus meshed distri-
bution system for SLG and LL fault using proposed technique (scenario 1) and

PSCAD/EMTDC simulation

proposed method and PSCAD/EMTDC simulation are given in Fig [3.8] which shows that the
values of Iy and I, for different faults calculated by the proposed method are very close to the
values obtained by the PSCAD/EMTDC software.

Scenario 2: An SLG fault, with a fault impedance of Z; = 0.5+0.0 ¢ p.u., at phase a of bus
27 has been assumed for the analysis of meshed distribution system as a representative case. The
intermediate inverter bus voltages and reactive power supplied by IBDGs (obtained after Step 6)
are shown in columns 2-5 of Table [3.12] Following steps 8-10 of the proposed algorithm, it is
observed that none of the IBDGs gets disconnected and all of them operate in different control
modes, as shown in column 9 of this table. The final inverter bus voltages and the complex power
injections of the IBDGs are shown in columns 6-8 and column 10 of Table[3.12] respectively. Other
types of short-circuit faults at bus 27, with zy = 0.5+0.0 % p.u. have also been considered in this
scenario and their results are shown in Table m Table shows the values of I; and I, for
various fault cases obtained from the proposed method (following all the 11 steps of the algorithm)
and PSCAD/EMTDC simulations. The obtained results reaffirm the accuracy of proposed method.
The control mode operation of IBDGs in various fault cases are also given in column 5 of Table
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Figure 3.8: (a) Fault current (Iy) (b) Source current (/) for different fault
cases in modified IEEE 123 bus meshed distribution system with IBDGs
and with voltage dependent loads using proposed method (scenario 1) and
PSCAD/EMTDC simulation
Table 3.12: Intermediate and final post fault inverter bus voltages and injected
power by IBDGs for SLG(a-g) fault at bus 27, with z; = 0.5+0.0¢ p.u., in sce-
nario 2 in modified IEEE 123-bus meshed distribution system
Intermediate post-fault inverter | Intermediate post- Final post-fault inverter Control mode | Final post-fault
IBDG Location
bus voltage magnitude (p.u.) | fault injected power | bus voltage magnitude (p.u.) | of operation | injected power
(bus No.) Phase-a | Phase-b Phase-c by IBDG (kVA) Phase-a | Phase-b | Phase-c of IBDG by IBDG (kVA)
20 0.87901 | 1.09321 | 0.97496 0.0+ 617.1 0.87519 | 1.08180 | 0.96503 Boost 0.0+;611.9
25 0.85633 | 1.11200 | 0.96599 0.0+ 460.8 0.84806 | 1.09543 | 0.95124 Absorb 0.0 - j 454.6
75 0.91009 | 1.07760 | 0.97976 0.0 +j621.4 0.90151 | 1.06050 | 0.96442 | Active-Power | 420.0+;0.0
98 0.91300 | 1.08058 | 0.98461 0.0 +;779.5 0.90124 | 1.05942 | 0.96627 | Active-Power | 525.0+;0.0
104 0.91252 | 1.08033 | 0.98173 0.0+ 622.9 0.90258 | 1.06153 | 0.96493 | Active-Power | 420.0+;0.0
3.3.3 Results of multiple fault analysis of modified IEEE 123-bus unbalanced distribution
system

The proposed short-circuit analysis method is also applicable for the study of multiple faults in

distribution systems. To illustrate this, two simultaneous faults— SLG (a-g) and LLG (bc-g) with

a fault impedance of z; = 0.001+0.0007 p.u., have been considered in the modified IEEE-123 bus
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Table 3.13: Results for different unsymmetrical short-circuit faults at bus

27, with zy = 0.5+0.07 p.u., using proposed technique (scenario 2) and

PSCAD/EMTDC simulation in modified IEEE 123-bus meshed distribution

system
Fault current at faulty point (I ;) Control mode Current drawn from the supply (/)
Fault type | phase PSCAD Proposed operation of PSCAD Proposed
simulation (kA) | technique (kA) IBDG simulation (kA) technique (kA)
Boost-: IBDG No. 1
SLG (a-g) a 1.16509 1.16514 Absorb-: IBDG No. 2 1.28696 1.28686
Active Power-: IBDG No. 3,4,5
a 1.11402 1.11406 Boost-: IBDG No. 1,2 1.22401 1.22391
LLG (ab-g)
b 1.31017 1.31024 Active Power-: IBDG No. 34,5 1.37229 1.37217
a 1.23525 1.23531 1.32606 1.32592
LLLG (abc-g) b 1.26726 1.26732 Active Power-: All IBDGs 1.29159 1.29146
c 1.23834 1.23844 1.29534 1.29521
a 1.95338 1.95348 2.15022 2.15020
L-L (a-b) Boost-: All IBDGs
b 1.95338 1.95348 1.98269 1.98261
Table 3.14: Error analysis of Proposed technique (scenario 1) with respect to
PSCAD/EMTDC simulations for multiple faults in modified IEEE 123-bus dis-
tribution system
Fault current at fault point (/) Current drawn from the supply (/)
Topology | Fault type | Fault Bus | phase PSCAD Proposed % Error in [ PSCAD Proposed % Error in [
simulation (kA) | technique (kA) simulation (kA) technique (kA)
SLG (a-g) 42 a 4.56902 4.56873 0.00638 4.54249 4.54221 0.00630
Radial b 4.47217 4.47231 0.00630 4.45261 4.45275 0.00306
LLG (bc-g) 105
c 4.55042 4.55058 0.00348 4.44856 4.44871 0.00346
SLG (a-g) 40 a 5.62519 5.62492 0.00480 5.58930 5.58891 0.00689
Meshed b 5.40171 5.40187 0.00285 5.38270 5.38281 0.00196
LLG (bc-g) 105
c 5.24333 5.24355 0.00427 5.15016 5.15031 0.00303

radial as well as weakly meshed distribution system at bus 42 and bus 105 respectively and the

obtained results are shown in Table [3.14] Again, in these cases, the voltage dependency of the

IBDG control scheme has not been considered (scenario 1). The maximum % error in [; and I,

with respect to the values obtained by the PSCAD/EMTDC simulation study for this case (multiple

fault) are 0.00638% and 0.00630% respectively for radial distribution system and 0.00480% and

0.00689% respectively, for meshed distribution system, as given in Table [3.14] Further, the above
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Table 3.15: Error analysis of Proposed technique (scenario 2) with respect to
PSCAD/EMTDC simulations for multiple faults in modified IEEE 123-bus dis-

tribution system

Fault current at faulty point (/) Current drawn from the supply (/)
Topology | Fault type | Fault Bus | phase PSCAD Proposed % Error in [ ; PSCAD Proposed % Error in [
simulation (kA) | technique (kA) simulation (kA) technique (kA)
SLG (a-g) 42 a 1.19156 1.19155 0.00083 1.33830 1.33831 0.00075
Radial b 1.09616 1.09618 0.00182 1.18194 1.18195 0.00085
LLG (bc-g) 105
c 1.23046 1.23048 0.00163 1.35074 1.35076 0.00148
SLG (a-g) 42 a 1.21777 1.21779 0.00164 1.36772 1.36767 0.00366
Meshed b 1.15233 1.15236 0.00260 1.23818 1.23811 0.00565
LLG (bc-g) 105
c 1.22933 1.22936 0.00244 1.34925 1.34912 0.00963

given multiple fault cases, with a fault impedance of z; = 0.5+0.07 p.u., have also been simulated
using the proposed method with voltage dependency of IBDG control scheme (scenario 2) and the
results are shown in Table In this control scheme, two IBDGs (located at bus 20 and 25)
operate in “active-power mode”, while the remaining three IBDGs (located at bus 75, 98 and 104)
operate in ”boost mode” in both radial and meshed distribution systems. The maximum % error
in Iy and I,, with respect to the values obtained by the PSCAD/EMTDC simulation study for this
case are 0.00182% and 0.00260% respectively for radial distribution system and 0.00148% and
0.00963% respectively, for meshed distribution system, as shown in Table [3.15] These results also
establish the accuracy of the proposed short-circuit analysis method for radial and weakly meshed

distribution system in the presence of IBDGs.

3.3.4 General discussion of the results

From Tables and [3.12] it is observed that the total three phase injected

power supplied by i* DG (S%pgfse,i = 1,2,---,5) is more than its three phase power rating
(Spg,,t =1,2,--- ,5) but less than k& x Sp¢,, where k is the factor at which the fault current from

the inverter is limited, e.g. £ = 1.5 in this work. Also, according to amended IEEE Standard 1547,
the maximum fault clearing time in a distribution system can be up to 21 sec. [[148]. Accordingly,

from the intermediate post fault and final post fault injected power values (shown in Tables [3.1]

and [3.12)), it can be concluded that the inverters need to have a short-time rating

of at least k times the normal steady state rating for a period of at least 21 sec.

Before concluding this chapter, it is worthwhile to note the importance of including IBDGs in
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Table 3.16: Maximum % deviation, with respect to 'no IBDG’ case

IBDGs penetration level

Fault 20% of total load power 40% of total load power
bus | Maximum % deviation in /; | Maximum % deviation in /, | Maximum % deviation in /; | Maximum % deviation in I,
20 0.56 (LLLG) 1.60 (SLG) 1.10 (LLLG) 3.19 (SLG)
44 1.03 (LLLG) 2.55 (SLG) 2.27 (LLLG) 5.06 (SLG)
54 1.14 (LLLG) 4.33 (SLG) 2.28 (LLLG) 8.56 (SLG)
98 1.41 (LLG) 4.97 (SLG) 2.80 (LLG) 9.87 (SLG)
118 1.51 (SLG) 5.30 (SLG) 2.98 (SLG) 10.28 (SLG)

the short-circuit calculation. It is already mentioned in the literature that the presence of IBDGs
in the system may cause malfunctioning of protective devices due to the contribution of IBDGs to

the fault current [|37]].

The maximum percentage deviation in /¢ and I, with respect to the case of 'no IBDGS’ in
the system, for different fault cases with different penetration level of IBDGs in modified IEEE
123-bus unbalanced radial distribution system for scenario 1, are shown in Table @ From the
table, it is observed that, as the penetration level of IBDGs increase, the percentage deviation in [
and /; also increases. Thus, it becomes necessary to include IBDGs in short-circuit calculation to

ensure proper co-ordination of protective equipments.

Apart from protective device co-ordination, the values of steady state fault currents on each
bus of the distribution system network are also required for probabilistic fault analysis and for
optimum placement of fault current limiters. For these studies, repeated simulations are required
by changing the fault locations. In PSCAD/EMTDC software, it takes a significant amount of time
for carrying out repeated time domain simulation studies by changing the fault locations. Further,
the fault studies of the large distribution system can not be performed using PSCAD/EMTDC
software due to the node limitations in this software. However, in the proposed approach, such

studies can be performed much more quickly.

3.4 Conclusion

An efficient and accurate analytical short-circuit analysis method for radial and meshed distribution
system with IBDG, has been introduced in this chapter. Based on the detailed studies carried out

in this work, following conclusions can be drawn:
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e The developed methodology is general enough to consider any type of load including Z 1P
loads and is also quite accurate. It is also capable of including voltage dependent control

modes of IBDGs.

e With increasing penetration of IBDG, the deviation in the source current and fault current

increases, which may require recoordination of the existing protective schemes.

In the next chapter, the algorithms for the load flow and short-circuit analysis of unbalanced
radial as well as meshed distribution system with various three phase transformer models and

Inverter based distribution generations (IBDGs) are discussed.
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Chapter 4
Load flow and short-circuit analysis of unbalanced
distribution system with three phase transformer

models and inverter based Distributed Generations

Abstract

Chapter 4| proposes a load flow and short-circuit analysis method for unbalanced distribution
system incorporating three-phase transformer models and inverter based distributed generation
(IBDG). Initially the load flow method of an unbalanced distribution system is developed which
incorporates the mathematical model of a three phase transformer of any vector group and differ-
ent modes of operation of IBDG. The fault analysis method with transformer models and IBDGs
is also developed subsequently in this chapter. The results obtained from the proposed method
have been compared with the time domain simulation studies carried out using PSCAD/EMTDC

software to verify the accuracy of the proposed method.

4.1 Introduction

RANSFORMERS are generally used in the distribution system to step down the voltage of
T the distribution system to the customer utility voltage level [[75]. They are also used for
connecting the inverter based distributed generations (IBDGs) to the grid [73]. Hence, it becomes
necessary to incorporate various three phase distribution transformer models in the load flow and
short-circuit studies of distribution system. Different load flow analysis methods based on for-
ward/backward sweep approach to incorporate three phase transformer models in the distribution
network are available in the literature [/5-79]. In this chapter, a direct method of load flow analysis
of distribution system [[70] has been extended to incorporate three phase transformer models and
different modes of operation of IBDGs. The singularity problem (in transformer nodal admittance

matrix) encountered in certain transformer configurations has also been addressed in this chapter.
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Subsequently, a method for short-circuit analysis of distribution system, considering three phase
transformer models and IBDGs, has also been developed in this chapter.

This chapter is organized as follows. Section §.2] describes the formulation of the proposed
load-flow analysis method for unbalanced radial as well as meshed distribution system incorpo-
rating three phase transformer models and IBDGs. Section describes the formulation of the
proposed short-circuit analysis method for unbalanced radial as well as meshed distribution sys-
tem incorporating IBDGs. The main results of this chapter are presented in Section 4.4 and finally
Section 4.5 highlights the main conclusions of this chapter.

4.2 Load flow analysis of an unbalanced distribution system with transformer model and

IBDG

In the proposed work, three-phase transformer model has been incorporated in the direct approach
for the distribution system load flow analysis [70]. The phase component based nodal admittance
matrix model (p.u.) for different distribution transformer configurations have been considered. The

nodal admittance matrix based three phase distribution transformer model (p.u.) is given as [78],

| Y Y o A% A%
p PP p p [YT] p 4.1)

I, Y, Yol |Vs V.,
where Y, Yps, Y and Y are the sub-matrices, of size (3 x 3) each, of the transformer nodal
admittance matrix Y. V, and Vj are the three-phase line to neutral voltage vectors, whereas
I, and I are the three-phase injection current vectors at the primary and secondary sides of the
transformer, respectively. The direct approach for distribution system load flow analysis, with
different models of transformer configurations, for radial as well as meshed distribution systems

are given in the following sub-sections.
4.2.1 Radial distribution system

Let us consider an unbalanced radial distribution system, as shown in Fig[d.T| Let us assume that,
two step down transformers 7 and 75, are connected between buses i and j, and buses k and [/ of
the distribution network of Fig. respectively.

The nodal equations for the transformers are given as

abc abc abc abc abc

ITLP _ Vi _ Ypval Ypsle Vi 4 2
=Yy |- = : (4.2)

abc 1 abc abc abc abc

IT17S Vj YSP,Tl YSS,Tl V.i
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abc abc abc abc abc
I va Y Y va

T2,p pp,T ps, T2

be | [YTJ ' be| b be | b 4.3
apc apc apc abc abc
ITz,s Vl Ysp,Tz Yss,Tz Vl

where, If}t;‘fp and I"‘bC are the three phase line current vectors on primary and secondary side of
transformer 77, respectively, whereas Iabc and Iabc are the three phase line current vectors on
primary and secondary side of transformer 75, respectively. Y, and Y, are the admittance ma-
trices (corresponding to the type of the transformer connection) of size (6 x 6) of the transformers
Ty and Ty, respectively. Y325 , Y325 . Y204 and Y3P§, are the sub-matrices of size (3 x 3)

of the admittance matrix Y, of transformer 77. Similarly, Y2P%. . Yabs. . Y2Pq and Y205,
are the sub-matrices of size (3 x 3) of the admittance matrix Y, of transformer 7. V;’bc, VJ‘.’bC,

Vabe and V2P< are the three-phase voltage vectors of the buses i, j, k and [, respectively.

Now, the branch current vectors B3P, B3¢, B2 and BEPS of the system shown in Fig. [4.1]

can be expressed in terms of equivalent bus injection current vectors as,

Bi* = B+ I3+ - + P+ IR, + - + Bt + IR,
Babc — Iabc R Iabc + Iabc S Ia c + Iabc
2 3d T1 p Ta,p (44)
Bibf = T+ I8,
abc abc abc
B - Ikd + ITz,p

where I55¢, Iabe, 12Pc and I25¢ are the three phase equivalent bus injection current vectors at buses
2, 3, 7 and k, respectively. The equivalent bus injection current at any phase ¢ (¢ = a or b or ¢) of

it" bus (_flfld) is calculated as [[70]],

(SN Py QL
n= () = (B

where, S, is the complex load power at phase g of i*" bus, P, and Q?, are the active and reactive
load power at phase ¢ of i bus, respectively, V;? is the voltage at phase ¢ of i** bus and symbol

(*) stands for complex conjugate operator.

Similarly, the currents in the secondary side of transformers 77 and 75 (I‘,}‘;Cs and Iabc ), can be
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expressed in terms of equivalent bus injection current vectors as,

IS, = —I° where IR = —Iob¢ (4.6a)
I, Iyl | Ima| |1

s = || == 1| = [1ha| — | 0 (4.6b)
I3, Iy 0 0

where I7;, I}};, I} ; and I, are the equivalent bus injection currents at phase ¢ (¢ = a or b or c)
of buses j (inverter bus), /, m and n, respectively; If‘ff is the three phase inverter current vector

injected by the IBDG. Therefore, the branch current vectors of the system, shown in Fig. @.1] can

be expressed in terms of equivalent bus injection current vectors in the matrix form as,

[B] = [BIBCSm} [IL] + [TIBCTm} [ITP] 4.7)
where,
Isxs Isxz -+ Isxs Osxz - Izxz Osxs  Oszx2  Osx1
03><3 I3><3 U I3><3 03><3 Tt I3><3 03><3 03><2 03><1
O3x3 0O3x3 -+ Isxz 0Os3xz -+ O3x3 Oszxz Ozx2 Oszx1
O3x3 O3x3 -+ O3xz —Izxz -+ O3xz Oszxz3 Osx2 0351
[BIBCsm}

03><3 03><3 T 03><3 O3><3 e I3><3 03><3 O3><2 03><1
O3x3 O3x3 -+ O3x3 Ozxz -+ O3xz3 —I3zxz —Isx2 —Isx1
02><3 02><3 e 02><3 02><3 Tt 02><3 02><3 I2><2 I2><1
_01><3 01><3 01><3 01><3 01><3 01><3 01><2 I1><1 ]
- T

T Isxz Isxz -+ Isxsz Osxz -+ Oszx3z Oszxz Oszx2 0341

[TIBCr,| =
B _13><3 I3><3 Tt O3><3 03><3 e I3><3 03><3 03><2 03><1
|:B- — -B:ilbc ngc .. B?bf I%‘bc . :Bibc1 I%bc B?b B2 }T
J L 1— 1,8 — 2,8 m
- - T
L) - [ omr o omeome o omEomeomom
- - T
| = my

where, 1,,, «n. denotes (n, x n.) identity matrix and Oy« denotes (n, x n.) null matrix. Here,

n, = 3 for 3-¢ k' branch current vector (B2P°), n, = 2 for 2-¢ k' branch current vector (B2P
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or BP¢ or B2°), n, = 1 for 1-¢ k' branch current vector (B2 or BP or Bf). The value of n,
will depend on the number of phases of the branch connected at the receiving end of k" branch.
n. = 3, if a three-phase branch is connected, n. = 2, if a two-phase branch is connected and
n. = 1, if a single-phase branch is connected. [BIBCSm] is the "Bus injection to Branch current
system matrix” and [TIBCTm] is the "Transformer inclusion to Branch current matrix”. [IL]
is the equivalent bus injection current vector. [ITJ is the primary side current vector of all the

transformers present in the system. Further, [Iy ] in eq. (4.7), can be expressed in terms of bus

voltages using eqs. (4.2) and (4.3)) as,

Iz,) = [Yirans) Vo] (48)
where,
|:Ytran5:| = Osxs Osxa - Y;E?Tl Yggf':rl T O3x3 033 Osx2 Oszx1
Osxs Osxs = Osxz  Oaxs - Ypoi, Y5, Oscz O3
|:Vbus:| — [ngc ngc L Viabc VJg;\bc . Vﬁbc Vf‘bc V?r? Vﬁ} T

Therefore, eq. (4.7) can be rewritten using eq. as,
[B} = [BIBCSm] [IL} + [TIBC’Tm} [Vbus} (4.9)

where,

[TIBC’Tm] = [TIBCTm} [Ytrans]

Further, it is assumed that the generalized unbalanced radial distribution system considered has u
three-phase, v two-phase, w single-phase buses and nt number of transformers. This generalized
system will be considered throughout this chapter. The sizes of [BIBCgy,|, [TIBCrm], [Ytrans]
and [TIBCY,, ] matrices for this system will be (3u + 2v + w — 3) x (3u + 2v +w — 3), (3u +
20+ w —3) x (3nt), (3nt) x (Bu+2v+w —3) and (3u+ 2v +w — 3) X (Bu + 2v + w — 3),
respectively.

The voltages at 374, it" and k*" buses can be described in terms of branch currents as,

abc __ abc abcpabce abcpabce
abc __ abc abcpabce abcpabce abc abc

Vi = Vi7" =23 BT — 293" By — oo — 2570, BiT (4.11)
abc abc abcpabce abcpabce abc abc

Vi = Vi7" -z Byt — 2By — - - Z(k—l)kBk—l (4.12)
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where, V&P is the three-phase voltage vector of the sub-station bus and z

abc

abc

abc
12°, 253, 2(;%); and

abc

(1) are the line impedance matrices of the lines between buses 1 and 2, buses 2 and 3, buses

(¢ — 1) and 7, and buses (k — 1) and k, respectively.

Similarly, the voltages at buses j and [ (where the secondary windings of the transformers 77 and

T, are connected) can be obtained from eqs. (4.2) and (4.3) as,

abc
vebe =y

vite = Y

abc —1/tabc
ss, Tq (I

abc —1/tabce
ss, T (I

T1,s

Ta,s

_ Yabc

Sp7T1

o Yabc

sp,T2

vibe)

vibe)

(4.13a)
(4.13b)

Therefore, the bus voltages of the system, shown in Fig. 1] can be expressed in terms of branch

currents in the matrix form as,

where,
BCBVTm] =
i b
_Z?QC O3x3
e
e
abc abc
Ay
abc abc
—A2212 —A2 Zos
b b
where,

Vo] =[] [v.] + [BeBVs, | [B]

O3x3

O3x3

abc
“Z(i-1)i

b
—A1z( %)
O3x3
O3x3
033

O3x3

O3x3

O3x3

O3x3

abc —1
Yss,T1

O3x3
O3x3
033

O3x3

_Yabc

ss, T1

_Yabc

ss, T2

_Yab

ss, T2

a
ss, T2
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lea

O3x3

O3x3

O3x3

033

abc
“Z(k-1)k

_A2Zabc

(k—1)k

—A3Zab

(k—1)k

_A4Z?k—1)k

_lYabc

Sp7T1 ;

_lYabc

sp, T2’

-1y ab

sp, T2

sp,Tz2"

O3x3

O3x3

03x3

O3x3

O3x3

Yabc -

ss, To

Yab

ss, Ta

'Y'a

ss, To

-1

O3x2

03x2

03x2

O3x2

(4.14)

03x1

03><1

03><1

O3x1




I3x3

I3x3

I3x3

_Yabc _lYabc Vla
o] = | R[] v = [

I3X3

_Yabc _1Yabc

ss, T2 sp,T2

_Yab _1Yab

ss, T2 sp, T2

S S T

SS,Tz Sp7T2_

The size of [BCBV | ("Branch current to bus voltage matrix with transformer”) and [C] matri-
ces for the considered system will be (3u+2v+w—3) X (3u+2v+w—3) and (3u+2v+w—3) x(3),

respectively.

Further, eq. can be rewritten using eq. @) as,
Viw| =[] [V] + [DLF] 1] (4.15)
whete,
] = [t [menve,] [recy, || [c]:

[DLF} = {{I— [BCBVTm] [TIBc’TmH1“BCBVTm].[BIBCSmH}

where, M is an identity matrix of size (3u + 2v +w — 3) x (3u + 2v +w — 3).

In Fig. 21, is the equivalent load impedance of phase ¢ (¢ = a or b or ¢) at bus i (i =

1,2, ...,n), calculated using the results of the above discussed DSLF.

4.2.1.1 Algorithm for generation of [BIBCg,,] and [TIBCr,,| matrices for radial distribu-

tion system

Step 1. Initialize the [BIBCg,,] and [TIBCr,,| matrices as null matrices of size (3u + 2v 4+ w —
3) X (Bu+2v+w —3) and (3u + 2v 4+ w — 3) x (3nt), respectively.

72



Step 2. If k" line section (LY), having p phases, is connected between buses ¢ and j, then

(). [BIBCsm(l..j)| = [BIBCsu(l..i)

xp) (pxp)

(M)[Bﬂﬁhm%dﬂ - hhwm

(pxp)
where [, =1,2,--- (k—1); [I] is an identity matrix of size (p x p) and p = 3 for 3-¢, p = 2 for
2-¢, p = 1 for 1-¢ line section.

Step 3. If a three-phase transformer '’ is connected at the k'" line section between buses 7 and 7,

then
() |TIBCon(L.)], = |[BIBCsm(li)]
(ZZ). [BIBCSm(k,])} (3x3) - |:I:| (3x3)
where, [y =1,2,--- ,(k—1), t =1or2or--- nt, depending on the transformer number, and [I]

is an identity matrix of size (3 x 3).
Step 4. Repeat Steps 2 and 3 until all line sections and the transformers are included in [ BIBCg,]

and [TIBCr,,| matrices.

4.2.1.2 Algorithm for generation of [ BCBVr,,] and [C] matrices for radial distribution sys-

tem

Step 1. Initialize [ BCBV 1y, matrix as a null matrix of size (3u+2v+w —3) X (3u+2v+w—3).

100
abc
Initialize [C] matrix as follows: (@) for three-phase bus, [Ci]( : =10 1 0]; (b) for two
3x3
0 01
pg 1 0 0 ]
phase bus, [CZ] = , where pq = (a, b) or (b,c) or (c,a); (c) for single phase bus,
(2x3) 010
[CZ}I; : = [1 0 0], where p = (a or b or ¢); i = bus number. The size of [C] matrix is
1x3

(Bu+2v+w—3) x 3.

Step 2. If k' line section (LY), having p phases, is connected between buses 4 and j, then

). [BCBVpw (1) — [BCBVu (i1, :
() [ T <j ): (pxp) - T (Z )}(pxp)
it). |BCBVrm(j, k = |zaPc ;
(i) [ (] ): (pxp) :Z” ](pxp)

i) (gL = [ci.,

i) (G, = leaw)],
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saa zab zac

where [, = 1,2,--- ,(k —1); p = 3 and [zﬁbc] = |zba b0 zbe| for 3-¢; p = 2 and
ij (3x3) i i iJ
zca zcb  zce
799 9
abc =" Y|, where(q,r)=(a,b)or(b,c)or(ca), for 2-¢; zland[ﬁbc] =
[ZIJ szz) 24 g @)= (@bor b car(e,o) vp “

i iJ
z99|, where ¢ = a or b or ¢, for 1-¢ line section.
()

Step 3. If a three-phase transformer 't’ is connected at the k" line section between buses i and j,

then
N . | - abc—1 abci| |: , i| .
(Z) [BCBVTm(]a ls)_ (3x3) [Yss,t 'Yspfﬁ * BCBVTm(Z’ ls) (3x3)
; ~1
.. . — abc .
(ii). [BCBVTm<j, k)| (33) |:Yss,t:| (3x3)
i) . | _ abc—1 abc:| |: y :|
(Z”) [C<]7 ls)_ (3x3) [Yss,t 'YSp’t i C(Z7ZS) (3x3)
where [y, =1,2,--+ (k—1); t =1or2or--- nt depending on the transformer number.

Step 4. Repeat Steps 2 and 3 until all line sections and the transformers are included in [ BCBV ]

and [C] matrices.

4.2.2 Meshed distribution system

Let us consider a meshed distribution system with switch *S” in close position in Fig. A new
branch is thus added between buses 2 and [ and its branch current is denoted as B2P¢ . The matrices

[BIBCSm} and [TIBCTm} in eq. (4.7) will be modified with the addition of new mesh current
Babe [70] in the network. Hence, eq. (4.7) can be modified for the meshed distribution network

as,
B h mesh 416
e | = BIBCzh| pove | * [TBCRet| i, | (4.16)
where,
T
N Isxs Isxs -+ Isxs Osxs -+ Oszxs Osxs Osx2 O3x1 | Osxs
[TIBCRe"| -
Isxs Isxz -+ Osxs Osxz -+ Isxz Osxs Isx2 0O3x1 | Osxs

74



[BIBcg;ffh} =

I3><3 I3><3 o I3><3 03><3 e I3><3 03><3 03><2 03><1 I3><3

03><3 I3><3 e I3><3 03><3 e I3><3 O3><3 03><2 03><1 03><3

03><3 03><3 Tt I3><3 03><3 e 03><3 03><3 03><2 03><1 O3><3

03><3 03><3 o 03><3 _I3><3 e 03><3 03><3 03><2 03><1 03><3

O3x3 03x3 -+ Osxsz O3xz -+ Isxg Ozxz Ozx2 O3y 03x3

03><3 03><3 o 03><3 03><3 e 03><3 _I3><3 _I3><2 _13><1 I3><3

02><3 02><3 e 02><3 02><3 e 02><3 O2><3 I2><2 I2><1 02><3

01><3 01><3 01><3 01><3 01><3 01><3 01><2 Il><1 01><3
|03x3 Osxg -+ Oszxz Osxz - Osxg 03x3 Osxz Osxs Isxs |

Similarly, eq. (4.9) can also be modified for the meshed distribution network as,

B /mesh Vbus
— [BIBCZS| + [Ty 4.17)
Biow Biow "
Now, applying KVL equation for the loop (with switch *S” closed in Fig. {. 1)), we have,
ByPZghe + -+ By ZiCy + ViRe - ViPe - BeZare = 0 (4.18)

Hence, eq. (4.14) can be modified for the meshed distribution system with the inclusion of eq.
@.18) as,

Vius C B
— mesh
= Vq| + | BCBVr 4.19)
0 Cmesh m Babc
new
where,
BCBVysh| =
Tm
[ —z35° O3x3 O3x3 O3x3 O3x3 O3x3 O3x2  Ogx1 03x3 ]
b b
—z33°¢ —z53° O3x3 033 O3x3 O3x3 O3x2  O3x1 O3x3
b b b
—z35° —253° e —2(;2%); On B O3x3 O3x3 O3x2  Ozx1 O3x3
-1
—A1288°  —A1z38° - —Az®PY YRS e O3x3 O3x3 O3x2  Ozx1 O3x3
b b b
—z33° —253° O3x3 O3x3 201k O3x3 O3x2  0Oszx1 O3x3
b b b be -1
—A2z35° —Az233° .- O3x3 O3x3 o =AY YT, O3x2 Ozx1 O3x3
b b b b -1 b
—Agzis —Agz33 - O2x3 O2x3 e —ABEy e YT, —zim  O2x1 O2x3
-1 b
—Aazfy;  —Agzs - O1x3 O1x3 o —Aazl e YT, ~Zim " Z%mn O1x3
b b b be -1 b
| —A5z33° —Apz53° - O3x3 O3x3 o TARE S YT, O3x2  O3x1 —z57° ]
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13X3

I3><3

I3><3

_Yabc - 1Y'abr:

ss, T1 sp,T1

- : — |Cmen]

Cmesh

I3><3

_Yabc - 1Yabc

ss,Ta sp,T2

_Yab _1Yab

ss, T2 sp, T2

-Ya . lYs

ss,To sp,T2

abc —lvrabc
_1 + YSS7T2 Ysp7T2_

where, Ag = (1 + Y2Pg, ~tyabe

ss,To sp,T2
Similarly, eq. (4.15)) can also be modified for the meshed distribution network as,

’

Vbus C IL
= C/mesh |:Vsi| + |:DLFmeShi| B b (420)
0 hew
where,
C’ . - 11 C

-1
[DLFmesh] = { {I — [BCBV%‘;S“] [TIBC’T“‘;S"] ] { [BCBV%‘;SI‘} : [BIBC?.ES}I] ] }
Now, equation (4.20) can be further rewritten as,

Vius C M; M," I
T [v} TE t 4.21)
0 C M, M, | |Bzbe

Equation (4.21]) can be further solved by Kron’s reduction method to obtain the bus voltages of the

meshed distribution network as,

[Vbus; = [C’ - MfMglc’"’es“] [V] + [Ml — M2TMg1M2] [IL]

!

Vius| = |Chew| [V| + [DLFue] 1] 422)

!

where [Chey] = [C— My Mz C"™"| and [DLFye] = [M; — Ma"M; M, |.
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The sizes of [BIBCZesh|, [TIBCResh|, [BCBVESh| and [C™Meh] matrices for the consid-
ered system with m, no. of meshes will be (3u + 2v + w — 3+ 3my) X (3u+ 2v +w — 3+ 3my),
(Bu + 2v +w — 3+ 3my) x (3nt), (3u~+ 2v +w — 3+ 3my) X (3u+ 2v + w — 3 + 3m,) and

(3u + 2v 4+ w — 3+ 3m;) x (3), respectively.
4.2.2.1 Algorithm for generation of [BIBCZ2°*"| and [TIBC}E"| matrices for meshed distri-

bution system

Step 1. Initialize the [BIBCEesh] and [TIBCES"] matrices as null matrices of size (3u + 2v +
w — 3+ 3ms) X (3u+ 2v+w — 3+ 3my) and (3u + 2v + w — 3 4 3my) X (3nt), respectively.

Step 2. If k™ line section (LY), having p phases, is connected between buses 4 and j, then

(4). [BIBC?&S}‘(ZS,J')](W) = [BIBCg’r;elsh(ls,i) (po);
(i). [BIBCglrﬁSh(kJ)](pxp) = M(px,,)

where [, =1,2,--- (k—1); [I] is an identity matrix of size (p x p) and p = 3 for 3-¢, p = 2 for
2-¢, p = 1 for 1-¢ line section.

Step 3. If a three-phase transformer '’ is connected at the k" line section between buses 7 and 7,

then
, mesh — mesh : .
(). |TIBCRSh (L, 1)| s BIBCZS"(1,, i) .
\7 mesh . —
(7). [BIBCS“‘ (k’J)} (3x3) [I} (3x3)
where, [ =1,2,--- ,(k—1), t =1or2or--- nt, depending on the transformer number, and [I]

is an identity matrix of size (3 x 3).
Step 4. If a three-phase branch L2P°, connected between buses 7 and j generates a mesh in the

system, then

(). [BBCZSM (.| = [BIBOZSGL)|, - |[BIBCZSNG.],
(i4). [BIBC‘;;Sh(k,k)Lgxs) = M(ng)

where [y =1,2,--- [ (k—1).
Step 5. Repeat Steps 2, 3 and 4 until all the line sections and the transformers are included in

[BIBCZ*sh] and [TIBCEeP| matrices of the meshed distribution system.
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4.2.2.2 Algorithm for generation of [BCBV}Eesh| and [C™eh] matrices for meshed distribu-

new

tion system

Step 1. Initialize [BCBV}Eesh] matrix as a null matrix of size (3u + 2v +w — 3 + 3m) x (3u +

abc
20 +w — 3 + 3my). Initialize [C™] matrix as follows: (a) for three-phase bus, [CmeSh] =

new new; | (3y3)
1 00
pq 1 00
0 1 0/;(b)fortwo phase bus, [Cnéesh] = , where pq = (a, b) or (b, ¢) or (¢, a);
neWi | (2x3) 010
0 0 1
p
(c) for single phase bus, [Cnme%flh} 1) = [1 0 ()] , where p = (a or b or ¢); ¢ = bus number; (d)
*1(1x3
1 00
abe
for ms no. of meshes present in the system, [Cnmeevihm ]( : =10 1 0}. The size of [Cnme"ih]
S 1 (3% 3
0 0 1

matrix is (3u + 2v + w — 3 4 3my) x 3.

Step 2. If k™" line section (LY), having p phases, is connected between buses 4 and j, then

(). |BCBVESh(1)| = [BeBVEmSRL)|
: (po) : (p><p)
). BCvaesh ke — ?L.bc] ;
( ) [ Tm (.77 ): (pxp) :Zl_] (pxD)
). [Cmesh N = |Cmesh l}
( ) new (-.77 )_ (po) L new (/L ) (po)
zie 7z
where [, = 1,2,--- ,(k —1); p = 3 and [z%bc] - = zf]a zfjb ijc for 3-¢; p = 2 and
X
b1
799 9
[z%bc} oz ;q ;T , where (¢, 7) = (a,b) or (b, c) or (¢, a), for 2-¢; p = 1 and [z%bc] e

iJ iJ
7z99|, where ¢ = a or b or ¢, for 1-¢ line section.
()

Step 3. If a three-phase transformer '’ is connected at the k'" line section between buses 7 and 7,

then
M mesh ; ] = — abc—1 abc} [ mesh } :
(Z) [BCBVTm (Juls)_ (3x3) |:Yss,t 'YSp,t * BCBVTm (Z7ls> (3><3),
- —1

- mesh ; = abc :

(12). [BCBVTm <J’k)_ (3x3) [Yssvt}(gxs)’
i), mesh / - | - _ abc—1 abCi| |: mesh (; }
(7i1) [Cnew (],ls)_ (3x3) [YSS’t Y5 ¢ | Coen (i, 1) (3x3)
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where [, =1,2,--- ,(k—1); t =1or2or--- nt depending on the transformer number.
Step 4. If a three-phase branch L2P¢, connected between buses 7 and j generates a mesh in the

system, then

: mesh ] = mesh ; - mesh )
(2)- [BCBVTm (k, ZS)- (3x3) [BCBVT““ g ls)} (3x3) [BCBVT“‘ U lsﬂ (3x3)
i mesh = — |gabc ;
(i7). [BCBVTm (k, k:) (3x3) [Zk }(3x3) ;
c. mesh — mesh (; — mesh
(Z/LZ)' [Cnew (k7 lS)_ (3><3) |:Cnew (Z’ ZS)] (3><3) [Cnew (j’ ZS)] (3><3)

Step 5. Repeat Steps 2, 3 and 4 until all line sections and transformers are included in [BCBV2esh]

and [C™esh]| matrices of the meshed distribution system.

4.2.3 Singularity problem and its solution

Let us assume that the transformer 77, in Fig. is a star grounded/delta (Y, D-1) transformer.

The nodal admittance matrix (p.u.) of this transformer is given as,

1 1
1 0 0 ~-% 7 0
1 1
0 1 0 0 -% 7
1 1
Yo = 3 0 0 1 = 0 -
1 9 L 2 _1 1
V3 V3 3 3 3
1 _1 12 1
V3 V3 3 3 3
0 L 1 12
L V3 V3 3 3 3
’VYabcT ‘ Yag(’:r—‘
= p: "b’ (4.23)
[vebs | e |

where y; is the per unit transformer leakage admittance. Now, to calculate transformer secondary
side bus voltage Vj‘bc, using eq. (4.13), the inversion of sub-matrix Ygsl}‘li is required. Eq. (4.23)
shows that the sub-matrix Y;‘S'?Ej_«, for a (Y, D-1) transformer, is a singular matrix. To overcome
this singularity problem, the method given in [[78]] is followed. Initially, the sequence component
voltage of transformer secondary side bus j (le-abc), that contains only the positive and negative

sequence components, is calculated as,

V;abc — V.]?bc o V.?abc (424)
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where V2P¢ and V"¢ are the actual j'* bus voltage and zero sequence component of ;" bus
voltage vector, respectively. Therefore, eq. (4.13)) for the j™ bus voltage can be rewritten (using

eq. @.24)) as,

Yabc (V;abc + V?abc) _ (I%}T:s . Yabc Viabc> (425)

ss,T1 sp,T1

Since, VJpabC.Yabc = 0 [78], (for all transformers having singular Yg’:% matrix), eq. |b can

ss,T1

be rewritten as,

YaPs Vb = (10, — Yabg, ViPe) (4.26)

ss, T sp,T1

Since VJfabC does not contain any zero sequence component,
11 1o (4.27)

Combined egs. (4.26) and (#.27), we get,

Y% Ve = (I8 — Y 2% Vi) (4.28)
where,
2 -1 -1 -1 0 1
'abc Yt 'abc Yt 'abc T 7b T
eo=w |2 1Y =% 1 -1 o adighs=[n 1 o
1 1 1 0 0 0

Hence the sum of positive and negative sequence components of j* bus voltage (ijabc) is
calculated using eq. . The zero sequence component of the j* bus voltage (V}"“bc) can
be neglected [78], as in common practice, the single-phase to ground loads are connected to the
ungrounded side of transformer in the distribution utility system [78]] and therefore the zero se-
quence currents in transformer are very small as compared to the load currents. Hence, the actual
voltage of transformer secondary side bus j (Vj?‘bc) is obtained as the sum of positive and negative

sequence component voltages at ;%" bus.
4.2.4 IBDG model for the load flow

In general, the IBDGs are connected to the distribution system through a step-up distribution trans-
former. Hence, let us consider an IBDG is connected to bus j of the distribution system shown in
Fig. Two different modes of IBDG have been considered in the proposed distribution system

load flow, as,
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1. Constant active power mode- In this mode, IBDG operates in the constant active power
injection mode (unity power factor mode). In this case, the IBDG directly feeds power
to the grid irrespective of the voltage magnitude at its terminal. Hence the total injected
complex power by the IBDG at inverter bus ;s, Sahe = P3h° + jQ3h°: where P3¢ =
[ng Pl Pdg] ,Qabe = [ng Q" Qgg] . Pj,and Qf, (¢ = a or b or c) are the active
and reactive power generated by the IBDG at phase ¢ of inverter bus, respectively. In this

T
mode, only the active power is injected by the IBDG, i.e. Qabc = [0 0 0] . Also, the

inverter current in ¢** phase (I7],,) in this mode is calculated as,

_ Sq * Pq+'_q * Pq+'0.0 *

inuv inv inv

where, V2 is the ¢ phase voltage of inverter bus.

mu

2. Power and voltage control (PV) mode- In this mode, the inverter bus (where an IBDG is
connected) is treated as a PV-bus. In this case, the IBDG also injects the required reactive
power to the utility grid to maintain the inverter bus voltage magnitude at its pre-specified
value. The calculation of required reactive power is performed by using the PV node sensitiv-
ity matrix based method, given in [90]. Hence the total complex power injected by the IBDG,
at inverter bus, in this mode is, S3h° = P3>° + jQ3%°; where Q3¢ = Qs @, QQQ]T
Q! dg (¢ = aor bor c) is the required reactive power injection by the IBDG at phase ¢ to
maintain the voltage magnitude of the ¢*" phase of inverter bus at its pre-specified value. In
each iteration, Qabc is calculated for all IBDGs and the condition Qmm < Qg < Qg
(g = a,b,c) is checked, where Qmm and (Jy;** are the minimum and maximum reactive
power generation limits of the IBDG. For any IBDG, if Q¢ g < min at any iteration , then
ng (g = a, b, c) will be fixed at Qmm and if ng > Q" then Qd (g = a,b,c) will be
fixed at (g™, and in both cases IBDG bus will be treated as a P(Q) bus in that particular
iteration. Otherwise, if the condition Qmm < Q! iy < Qig" (¢ = a,b,¢) is true, then the
IBDG will continue to operate in PV bus mode in the next iteration. The inverter current in

th phase (I,) in this mode is calculated as,
I = (5"9 ) = (Pdg;—]@dg) (9= a,b,c) (4.30)

muv mu
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4.3 Short-circuit analysis of an unbalanced distribution system with transformer modeling

With the help of the proposed DSLEF, the injected load currents and the voltages at each bus of the
distribution system are calculated. Subsequently, the equivalent load impedances at each bus can
be calculated. For example, the equivalent load impedance at any phase ¢ (¢ = a, b, ¢) of bus i of
the system, shown in Fig. 4.1] can be calculated as
zl = (‘;—5); q=(a,b,c) (4.31)
id
where, V,? and I, are the voltage and equivalent injection current at phase ¢ of i*" bus, obtained
from DSLEF, respectively. Also, the inverter current of the IBDG, as shown in Fig. 4.1] is calculated
using eq. as
P = IS = (Y30, ViPe + Y205, Vibe) (4.32)

inv sp,T1 ss, T1

Now, the KCL equations for all the buses of the system, except the inverter bus (j) (used for the
connection of IBDG) and the substation bus, are written in the matrix form as (from eq. (2.10) of
Subsection of Chapter [2),

Yous| [V] = [1 (4.33)

Details of the [Ypus), [V] and [I] are given in eq. (2.10) of Subsection of Chapter 2| If a
transformer ‘7%, with its nodal admittance matrix model of eq. (4.3)), is connected between bus &
and bus [ of the distribution system, as shown in Fig. then the following elements of the [Yus)

matrix will be modified as,

YRS ew = Yip© + Y20 (4.34a)
Yl tew = YRPC + Y205, (4.34b)
Yiotew = YRO©+ Y205, (4.34¢)
Yibe, = YiPo + Y25, (4.34d)

Similarly, if an IBDG transformer °7}’ (used for the connection of IBDG to the grid) is connected
between bus ¢ and j (inverter bus) of the distribution system, as shown in Fig. the following

elements of the [Ypyus| matrix will be modified as,

Yﬁbc — Yﬁbc + Yabc (435)

pp;T1
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Also, due to the connection of IBDG, the current vector [I] will be modified to [L,] as explained
in eq. (3.5)) of Subsection [3.2.1| of Chapter [3] and is given as,

T
[Im]: yzi\lz)cVZbc ... yabc ysabc 0O --- 0 0 (4.36)

ps,T1 ¥ inv,st

where V2P¢ s the three-phase inverter bus voltage vector, obtained from the DSLF. In Fig @,

inv,s
7" bus of the system is treated as an inverter bus and hence Vi<, = V3P V2be is the j bus
voltage vector, obtained from DSLF.

Now, for the short-circuit calculations, the [Yyyus| matrix is further modified to [Ypus.m], cor-
responding to the type of fault occurring in the system (as described in eq. (3.6) of Subsection
of Chapter [3). Hence, the initial estimate of the bus voltages under the fault conditions are

calculated as (as given in eq. (3.6) of Subsection [3.2.2] of Chapter [3),

[Ybus,m} [V] = [Im} (4.37)
Also, the initial estimate of inverter current under the fault condition is calculated as,

abc :Iabc — (Yabc VﬁPC—FYabC ngc ) (438)

inv.f est Tie.8 sp,T1 ss,T1 ¥ inv,st

where, Vi'fac is the estimated i'" bus three phase voltage vector and I?};‘;S is the estimated sec-
ondary side three phase current vector of transformer 77 under the fault conditions.

Next compare the magnitude of estimated inverter current with its short-circuit capacity (1),
and
@) If |]_fm7 festl S T2V (g = a, b, ¢), then the bus voltages calculated using eq. are the final

sc

values of the bus voltages under the fault conditions (as discussed in Subsection [3.2.2] of Chapter

B).

(ii) If |1}, ;ootl > T2275 (¢ = a, or b, or ¢), then the inverter will operate in constant current mode

inv.festl = 1se’3 (¢ = a,b,c)) and the fault currents, bus voltages and branch currents under

the fault conditions will be obtained using the fault analysis method given in Subsection [3.2.2] of

Chapter 3]
4.4 Test results and discussions

To validate the proposed load flow and short-circuit analysis methods, the IEEE 123-bus modified

test system [ 146] has been used. Five different sized IBDGs have been considered in this system.
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The detailed information of these IBDGs is given in Table These IBDGs are connected at
different buses of the test system, as shown in column 2 of Table .1] The total installed capacity
of IBDGs is considered as 25% of the total active power load in the system. The short-circuit
capacity of each IBDG is assumed to be 150% of the rated inverter current of individual IBDGs.
The injected reactive power limits of the IBDGs are shown in column 5 of Table In this study,
it is assumed that all IBDGs are operating at unity power factor when they operate in the “constant
power mode” and at 0.85 power factor leading when they operate in ”PV bus mode”, in the pre-
fault conditions. These IBDGs are connected to the system grid through three-phase step down
transformers, named as IBDG transformers, with their turns ratio assumed as 4.16/0.480 kV. It is
also assumed that the primary side windings of the transformer are connected to the three phase bus
of the grid, while the secondary side windings are connected to the IBDG. These transformers can
be of different vector groups. In this study, Delta/Star-grounded (A — Y,) and Star-grounded/Star-
grounded (Y, — Y)) types of step down transformers have been assumed [[150,|151]. The nodal

admittance matrix model (p.u.) of the AY,-1 and Y} Y}-0 transformers are given as [80],

2 1 1 1 1 g ]
3 3 3 33
12 1 g _1 1
3 3 3 33
112 L g 1
Yroayy=w| > P V3 V3 (4.39)
(Y1) L L 1 0 0
V3 V3
1 1
5 -5 0 0 1 0
1 1
o 5 -5 0 01
1 0 0 -1 0 0
0 1 0 0 -1 0
O 0 1 0 0 -1
YT(YngO) =Yt (4.40)
-1 0 0 1 0 0
0 -1 0 0 1 0
0 0O -1 0 0 1

where y; is an equivalent transformer leakage admittance in p.u.. In this paper, the value of y; is
assumed as (0.000 — j16.952) p.u. [146]. MATLAB environment has been used to implement the
proposed method with a tolerance limit (¢) of 1.0 x 107!, Further for checking the accuracy of

the proposed method, the obtained results have been compared to the results obtained from time
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Table 4.1: Details of the IBDGs installed in the IEEE 123-bus modified test

system
IBDG installed Short-circuit IBDG Reactive
IBDG No. | IBDG location capacity, Py, current capacity, /7" power limits
(Bus No.) (per phase) (kW) (per phase) (Amp) (per phase) (kVAR)
L. 20 140 251.87 -86.52 < Qgg1 < 86.52
2. 25 105 188.90 -64.89 < Qgq,2 < 64.89
3. 75 140 251.87 -86.52 < Qgq,3 < 86.52
4. 98 175 314.84 -108.15 < Qgga < 108.15
5. 104 280 503.74 -173.03 < Qg5 < 173.03

domain simulation studies carried out using PSCAD/EMTDC software [139]. All the IBDGs have
been represented as a constant current source in the time domain simulation study using the current

values calculated by the proposed method.

4.4.1 Results for radial test distribution system

In this study, following two cases have been simulated using the proposed load flow method :
Case 1: Delta/Star-grounded (AY}-1) transformers are used with all five IBDGs (as given in Table
4.1)

Case 2: Star-grounded/Star-grounded (Y,Y;-0) transformers are used with all five IBDGs (as given

in Table [@.T])
4.4.1.1 Results of load flow studies

Two modes of operation of IBDG has been considered in the above two given cases. In Mode 1,
IBDG is operating in ”Constant active power mode”, while in Mode 2, IBDG is operating in "PV
mode”. The phase a calculated complex power injected by the IBDGs corresponding to Mode 1
and Mode 2 operations for both cases are shown in columns 2-3 and 6-7 of Table 4.2} respectively.
This table shows that, in Mode-1 operation, only active power is injected by the IBDGs to the grid.
On the other hand, in Mode-2 operation, to improve the system voltage profile, required amount
of reactive power has also been injected (along with active power) by the IBDGs to the grid. The
calculated inverter currents of all IBDGs (phase @) in Mode 1 and Mode 2 operations for both

the cases are shown in columns 4-5 and 8-9 of Table 4.2] respectively. The magnitude of inverter
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Table 4.2: Injected power by the IBDGs and Inverter currents of phase a in

Mode 1 and Mode 2 operation of IBDGs, for case 1 and case 2, of radial test

distribution system under normal operating conditions

IBDG No.

AY1- IBDG transformer configuration

Y, Y 0- IBDG transformer configuration

Injected Power (kVA)

Inverter Current (Amp)

Injected Power (kVA)

Inverter Current (Amp)

Mode 1

Mode 2

Mode 1

Mode 2

Mode 1

Mode 2

Mode 1

Mode 2

140.00-500.00

140.00-786.52

169.40/£-30.00°

198.16£-61.93°

140.00-500.00

140.00-786.52

170.05£-0.17°

198.97/-32.11°

105.00-500.00

105.00-564.89

127.08.£-30.02°

148.66/-61.96°

105.00-3500.00

105.00-564.89

127.56£-0.21°

149.25/-32.15°

140.00-500.00

140.00-786.52

170.18.£-29.89°

198.31£-61.91°

140.00-500.00

140.00-786.52

170.83£-0.07°

199.10£-32.11°

175.00-500.00

175.00-5104.83

212.63/£-29.77°

245.25/-61.03°

175.00-500.00

175.00-5104.76

213.67£0.11°

246.39/-31.17°

W B W

280.00-500.00

280.00-579.81

339.88£-29.58°

349.88/-45.78°

280.00-500.00

280.00-579.34

341.04£0.26°

350.96/-15.89°

currents in Mode 2 is greater than in Mode 1, due to the extra capacitive reactive power injection
in Mode 2.

The voltage profiles of phase a of the test distribution system, obtained by the proposed load
flow method for Mode 1 and Mode 2 operation of IBDGs, for the two given cases are shown in
Figs. 4.2(a) and (b), respectively. These figures show that, as expected, the voltage profiles in
Mode 2 operation of IBDGs are much better than in Mode 1 operation for both the cases, due to
the injection of capacitive reactive power.

The voltage profiles of phase a in Mode 1 operation of the IBDGs for the two cases have
also been obtained by the PSCAD/EMTDC simulation studies and are shown in Figs. {.3(a) and
(b), respectively, along with the voltage profiles obtained by the proposed method. These figures
show that, the voltage profiles obtained by the proposed method in both the cases are very close
to the voltage profiles obtained from the PSCAD/EMTDC simulation studies, which validates the

accuracy of the proposed load flow method.

4.4.1.2 Results of short-circuit studies

In this work, again two different scenarios have been considered (as described in Subsection
of Chapter [3)),

Scenario 1: In this scenario, it is assumed that the IBDG control scheme is not dependent on the
inverter bus terminal voltage,

Scenario 2: In this scenario, it is assumed that the IBDG control scheme is dependent on the

inverter bus terminal voltage.
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Figure 4.2: Voltage profile of phase a for radial test system with (a) AY,-1

(Case 1) and (b) Y,Y,-0 (Case 2) IBDG transformers under normal operating

conditions
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Figure 4.3: Voltage profile of phase a for radial test system with (a) AY|-1

(Case 1) and (b) Y,Y,-0 (Case 2) IBDG transformers, using proposed technique

and PSCAD/EMTDC simulation under normal operating conditions

An SLG fault in phase a of bus 105, with a fault impedance z; = 0.001+0.000¢ p.u. has been

assumed for the two given cases (Case 1 and 2). In the first step, the inverter currents (I"‘bc ) of
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Table 4.3: Results for SLG(a-g) fault in modified IEEE 123-bus radial distribu-

tion system with IBDGs and AY,-1 IBDG transformers (Case 1) for scenario

1

IBDG | Initial estimate of inverter current, I, ., (KA) final value of inverter current, (kA) final value of injected

location when Vibe, = Vabe Igbe, = Il Z(Z + 070) IBDG power (kVAR)
(bus No.) Phase-a Phase-b Phase-c Phase-a Phase-b Phase-c Phase-a | Phase-b | Phase-c
20 1.5042-60.52° | 1.134£122.15° | 0.374/111.43° | 0.252/-124.64° | 0.252/122.93° | 0.252/-1.78° | 188.760 | 192.886 | 212.189
25 1.169£-54.38° | 0.879£128.78% | 0.294/116.24° | 0.189£-124.67° | 0.189£122.91° | 0.189£-1.82° | 141.493 | 144.626 | 159.121
75 7.424/-75.12° | 7.184/104.73° | 0.238£109.06° | 0.252/-133.84° | 0.252/130.99° | 0.252/-2.47° | 155.730 | 160.992 | 213.515
98 3.165/-58.10° | 2.8042122.97° | 0.363/113.66° | 0.315/-133.98° | 0.3152130.73° | 0.315£-2.64° | 195.703 | 202.120 | 267.824
104 5.345£-66.42° | 4.942/114.47° | 0.407£102.72° | 0.504£-135.16° | 0.504£132.00° | 0.504£-2.58° | 307.352 | 317.670 | 430.224

all the five IBDGs have been estimated (for scenario 1) by assuming that the inverter bus voltages

under the fault condition (Vf‘gﬁf) of all IBDGs are maintained at their pre-fault values (Vf‘rf’\ﬁst).

The calculated currents for the two cases are given in Tables 4.3 and respectively. Both the

abc
inv f.est

tables show that, the magnitude of inverter currents (| |) of all the IBDGs are greater than
their short-circuit current capacities, given in Table .1] Hence, according to the inverter control

strategy (as discussed in Case 2 of Subsection of Chapter [3), the magnitudes of inverter

p |:
inv,f

currents of all the phases are to be limited to their short-circuit current capacities (|I Imv p=

a,b, c) and their angles are maintained in such a way that all IBDGs will deliver reactive power to

P _

the system during the short-circuit condition (W . = 3

+ 0gg ¢ P = @, b, c). With this strategy,
the inverter currents (I?;"ﬁf) and the injected powers by all IBDGs under the fault conditions for
both the cases are recalculated using the short-circuit analysis method (as given in Subsection[3.2.2]
of Chapter [3)) and their values for the two cases (for scenario 1) are given in Tables 4.3 and [4.4]

respectively.

The results for SLG fault in phase a of bus 105, with a fault impedance zy = 0.001+0.0001 p.u.,
for the two given cases (for the scenarios 1 and 2) are shown in Tables 4.5|and 4.6] respectively.
The intermediate inverter bus voltage magnitude, obtained in scenario 1, for all IBDGs under the
fault condition for the two cases are shown in columns 2-4 of Tables 4.5 and [4.6] respectively.
The intermediate power injected by the IBDGs, obtained in scenario 1, for the two cases are also
shown in column 5 of Tables and respectively. Following the steps 7-11 of the algorithm
described in Subsection of Chapter (3| for case 1, the IBDGs at bus no. 20 and 25 are
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Table 4.4: Results for SLG(a-g) fault in modified IEEE 123-bus radial distribu-

tion system with IBDGs and Y, Y,;-0 IBDG transformers (Case 2) for scenario

1
IBDG | Initial estimate of inverter current, I2°. .. (kA) final value of inverter current, (kA) final value of injected
location when Vibe, = Vabe Iebee = Iinv Z(5 + 050ce) IBDG power (kVAR)
(bus No.) Phase-a Phase-b Phase-c Phase-a Phase-b Phase-c Phase-a | Phase-b | Phase-c
20 5.435/-68.35° | 0.091£-74.26° | 0.5482121.63° | 0.252/-90.64° | 0.252/143.24° | 0.252/34.25° | 144.87 | 227.54 | 222.69
25 3.715£-60.47° | 0.372£109.18° | 0.9282117.82° | 0.189.£-90.69° | 0.189/143.23° | 0.189/34.21° | 108.623 | 170.653 | 166.899

75 39.687£-78.94° | 4.526/-70.13° | 4.589./-69.33° | 0.252/-91.99° | 0.252/134.62° | 0.252/£42.35° | 28.438 | 258.278 | 251.257
98 12.366£-62.78° | 1.222/103.59° | 2.366£111.74° | 0.315£-91.93° | 0.315£134.34° | 0.315£42.16° | 36.710 | 323.282 | 315.566
104 24.678£-71.24° | 0.246£-22.85° | 0.635£77.57° | 0.504£-95.45° | 0.504£133.67° | 0.504£43.23° | 32.137 | 527.681 | 513.274

Table 4.5: Intermediate (after scenario 1) and final (after scenario 2) inverter
bus voltages and injected power by IBDGs for SLG(a-g) fault at bus 105, with
Zy =0.001+0.0007 p.u., for Case 1

IBDG Location Intermediate inverter bus Intermediate Final inverter bus Control mode | Final injected
voltage magnitude (p.u.) injected power voltage magnitude (p.u.) of operation | power by IBDG
(bus No.) Phase-a | Phase-b | Phase-c | by IBDG (kVA) | Phase-a | Phase-b | Phase-c of IBDG (kVA)

20 0.90143 | 0.92114 | 1.01332 | 0.0+,593.8 0.89609 | 0.91586 | 1.00702 | Active-power 420.0+ 0.0
25 0.90094 | 0.92089 | 1.01319 | 0.0+,445.3 0.89590 | 0.91583 | 1.00706 | Active-power 315.0+;0.0
75 0.74370 | 0.76883 | 1.01966 | 0.0+, 530.2 0.74220 | 0.76757 | 1.01741 Boost 0.0+529.2
98 0.74767 | 0.77219 | 1.02321 0.0 +j 665.6 0.74617 | 0.77094 | 1.02096 Boost 0.0 +; 664.3
104 0.73389 | 0.75853 | 1.02728 | 0.0+,;1055.2 | 0.73242 | 0.75728 | 1.02503 Boost 0.0+, 1053.2

operated in “active power mode” in scenario 2, while the remaining three IBDGs are operated in
”boost mode” (as shown in column 9 of Table [4.5)). However, in case 2, the IBDGs at bus no. 20
and 25 are operated in ’boost mode”, while the remaining three IBDGs have been disconnected
from the system (as shown in column 9 of Table {.6)). The final terminal voltages of the IBDGs
and the reactive power exchanged by the IBDGs under the fault condition (in scenario 2) for the
two given cases are shown in columns 6-8 and column 10 of Tables and [4.6] respectively. The
final inverter bus voltages under the fault condition in case 2, corresponding to the IBDGs located
at bus No. 75, 98 and 104, are not shown in columns 6-8 of Table [4.6] since these IBDGs have

been disconnected from the system.

Various short-circuit studies for two different scenarios have also been performed using the
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Table 4.6: Intermediate (after scenario 1) and final (after scenario 2) inverter
bus voltages and injected power by IBDGs for SLG(a-g) fault at bus 105, with
Zy =0.001+0.000: p.u., for Case 2

IBDG Location Intermediate inverter bus Intermediate Final inverter bus Control mode | Final injected
voltage magnitude (p.u.) injected power voltage magnitude (p.u.) of operation | power by IBDG
(bus No.) Phase-a | Phase-b | Phase-c | by IBDG (kVA) | Phase-a | Phase-b | Phase-c of IBDG (kVA)
20 0.69185 | 1.08663 | 1.06347 | 0.0+, 595.1 0.69150 | 1.07993 | 1.05198 Boost 0.0+,591.2
25 0.69165 | 1.08662 | 1.06272 | 0.0 +;446.2 0.69130 | 1.07992 | 1.05123 Boost 0.0 +;443.3
75 0.13581 | 1.23342 | 1.19989 | 0.0+,537.9 - Cut-off 0.0+;0.0
98 0.14025 | 1.23508 | 1.20560 | 0.0+, 675.6 - Cut-off 0.0+;0.0
104 0.07674 | 1.25999 | 1.22558 | 0.0+, 1073.1 - Cut-off 0.0+;0.0

proposed short-circuit analysis method. The following unsymmetrical short-circuit faults have

been simulated on the study system for the two given cases:

1. A single line-to-ground (SLG) fault in phase a of bus 105 with a fault impedance z; =
0.001 + 0.000i p.u.

2. A double line-to-ground (LLG) fault between phases a and b of bus 105 with a fault impedance
z¢ = 0.001 + 0.000i p.u.

3. A three line-to-ground (LLLG) fault at bus 105 with a fault impedance z; = 0.001 + 0.000i
p.u.

4. A line-to-line (LL) fault between phases a and b of bus 105 with a fault impedance z; =
0.001 4 0.000i

The results for the above mentioned short-circuit studies in scenario 1 have been tabulated in
Tables and @ The fault current (/;) and the source current (/) values for various short-
circuit faults obtained from the proposed method for case 1 are given in columns 4 and 7 of Table
respectively. The above fault cases have also been simulated using PSCAD/EMTDC time
domain simulation software and the obtained fault current and the source current values are given
in columns 3 and 6 of Table respectively. The % error in calculated I and I, by the proposed
method with respect to the PSCAD/EMTDC results are given in columns 5 and 8 of Table

respectively. The maximum % errors in calculated /; and I, values are 0.00393% and 0.00370%,
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Table 4.7: Error analysis of proposed method with respect to PSCAD/EMTDC
simulation studies for various short-circuit faults at bus 105 (in scenario 1) in

radial test system with AY,-1 IBDG transformers (Case 1)

Fault current at fault point (I ;) Current drawn from the supply (/)
Fault type | phase PSCAD Proposed % Error in [ ¢ PSCAD Proposed % Error in [
simulation (kA) | technique (kA) simulation (kA) | technique (kA)

SLG (a-g) a 2.86610 2.86621 0.00393 2.82871 2.82881 0.00356
LLG (ab-g) a 4.14499 4.14515 0.00379 4.16210 4.16225 0.00364
b 4.29691 4.29707 0.00386 4.20435 4.20450 0.00369
LLLG (abc-g) a 4.55015 4.55033 0.00387 4.49900 4.49916 0.00362
b 4.85051 4.85069 0.00382 4.77458 4.77475 0.00359
c 4.83822 4.83840 0.00387 4.77407 4.77424 0.00366
L-L (a-b) a 4.09535 4.09550 0.00383 4.18227 4.18242 0.00370
b 4.09535 4.09550 0.00383 3.96802 3.96816 0.00356

Table 4.8: Error analysis of proposed method with respect to PSCAD/EMTDC
simulation studies for various short-circuit faults at bus 105 (in scenario 1) in

radial test system with Y Y,-0 IBDG transformers (Case 2)

Fault current at fault point (/) Current drawn from the supply (/)
Fault type | phase PSCAD Proposed % Error in [ ¢ PSCAD Proposed % Error in [,
simulation (kA) | technique (kA) simulation (kA) technique (kA)

SLG (a-g) a 2.86046 2.86057 0.00387 2.80929 2.80939 0.00344
LLG (ab-g) a 4.16867 4.16882 0.00381 4.15484 4.15499 0.00358
b 4.30872 4.30889 0.00396 4.20520 4.20533 0.00363
LLLG (abc-g) a 4.55135 4.55150 0.00389 4.49843 4.49853 0.00362
b 4.84517 4.84532 0.00382 4.77608 4.77622 0.00361
c 4.84244 4.84260 0.00391 4.77294 4.77318 0.00366
L-L (a-b) a 4.06310 4.06321 0.00366 4.20942 4.20950 0.00372
b 4.06310 4.06321 0.00366 3.95194 3.95203 0.00359

respectively. Similarly, the values of I; and I for various short-circuit studies obtained by the
proposed method and the PSCAD/EMTDC simulation study for case 2, are shown in Table §.8]
The maximum % errors in the estimated values of /¢ and I, obtained from the proposed method,
with respect to PSCAD/EMTDC software results are 0.00396% and 0.00372%, as shown in Table
4.8 respectively. These small values of errors establish that the proposed short circuit analysis

method is quite accurate.

91



Table 4.9: Results for different short-circuit faults at bus 105, with z; =
0.001+0.000¢ p.u., using proposed technique (scenario 2) and PSCAD/EMTDC

simulation for Case 1

Fault current at fault point (/) Control mode Current drawn from the supply (/)
Fault type | phase PSCAD Proposed operation of PSCAD Proposed
simulation (kA) | technique (kA) IBDG simulation (kA) | technique (kA)
Active power-: IBDG No. 1,2
SLG (a-g) a 2.86197 2.86208 2.85252 2.85264
Boost-: IBDG No. 3,4,5
a 4.10039 4.10055 Boost-: IBDG No. 1,2 4.15976 4.15992
LLG (ab-g)
b 4.24428 4.24445 Cut-off-: IBDG No. 3.4,5 4.23276 4.23292
a 4.47628 4.47645 Boost-: IBDG No. 1,2 4.50857 4.50874
LLLG (abc-g) b 4.77909 4.77928 Cut-off-: IBDG No. 3,4,5 4.78340 4.78358
c 4.76754 476773 4.78172 4.78190
a 4.04999 4.05014 Boost-: IBDG No. 1,2 4.16139 4.16155
L-L (a-b)
b 4.04999 4.05014 Cut-off-: IBDG No. 3,4,5 4.00209 4.00224

The above mentioned short-circuit studies have also been simulated for the two given cases in
scenario 2 using the proposed method. The results for the two cases are shown in Tables 4.9 and
M.T0| respectively. The results of the above short-circuit studies in scenario 2 for both the cases
have also been obtained from the PSCAD/EMTDC simulation studies and are given in Tables 4.9
and respectively. It can be observed from the tables, that the results obtained by proposed
method match very well with the results obtained by the PSCAD/EMTDC simulation studies.
Also, the control mode operation of the IBDGs for various fault studies for both the cases are

shown in column 5 of Tables [4.9|and [4.10] respectively.

4.4.2 Results for weakly meshed test distribution system

To validate the performance of the proposed method for the meshed networks, the IEEE 123-bus
modified meshed distribution system has been used [146]]. In this work, again the following two
cases have been considered :

Case 1: Delta/Star-grounded (AY,-1) transformers used with all five IBDGs

Case 2: Star-grounded/Star-grounded (Y,Y-0) transformers used with all five IBDGs.
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Table 4.10: Results for different short-circuit faults at bus 105, with zy =
0.001+0.000¢ p.u., using proposed technique (scenario 2) and PSCAD/EMTDC

simulation for Case 2

Fault current at fault point (/) Control mode Current drawn from the supply (/)
Fault type | phase PSCAD Proposed operation of PSCAD Proposed
simulation (kA) | technique (kA) IBDG simulation (kA) technique (kA)
Boost-: IBDG No. 1,2
SLG (a-g) a 2.82625 2.82636 2.85886 2.85897
Cut-off-: IBDG No. 3,4,5
a 4.10157 4.10173 Boost-: IBDG No. 1,2 4.15670 4.15686
LLG (ab-g)
b 4.24454 4.24471 Cut-off-: IBDG No. 34,5 4.23235 4.23251
a 4.47644 4.47661 Boost-: IBDG No. 1,2 4.50819 4.50835
LLLG (abc-g) b 4.77867 4.77886 Cut-off-: IBDG No. 34,5 478430 478448
c 4.76778 4.76795 478114 478132
a 4.04969 4.04984 4.16413 4.16428
L-L (a-b) Boost-: All IBDGs
b 4.04969 4.04984 4.00094 4.00108

4.4.2.1 Results of load flow studies

Two modes of operation of IBDG, as discussed in previous subsection, have also been considered
in this study. The results of load flow for Mode 1 and Mode 2 operations of IBDGs for the two
cases are shown in Table In Mode 2 operation of IBDGs, the required capacitive reactive
power is also injected (in conjunction with the active power) by the IBDGs, as shown in columns
3 and 7 of Table .T1] This results in a higher magnitude of inverter currents in Mode 2 operation
of IBDGs as compared to Mode 1 operation of IBDGs, as shown in columns 4-5 and 8-9 of Table
4.11

The voltage profiles for phase a of the meshed distribution network, corresponding to Mode
1 and Mode 2 operation of IBDGs for the two given cases, are shown in Figs. [.4(a) and (b),
respectively. These figures show that the voltage profiles in Mode 2 operation are better than in
Mode 1 operation of IBDGs. This is due to the injection of capacitive reactive power by the IBDG

to the grid.

To validate the accuracy of the proposed method for the meshed network, the voltage profiles
for phase a of the test system obtained by the proposed method in Mode 1 operation of IBDGs for
both the cases have been plotted along with the voltage profiles obtained from the PSCAD/EMTDC
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Table 4.11: Injected power by the IBDGs and Inverter currents of phase a in

Mode 1 and Mode 2 operation of IBDGs, for case 1 and case 2, of weakly

meshed test distribution system

AY,1- IBDG transformer configuration

Y;Y0- IBDG transformer configuration

IBDG No.

Injected Power (kVA)

Inverter Current (Amp)

Injected Power (kVA)

Inverter Current (Amp)

Mode 1

Mode 2

Mode 1

Mode 2

Mode 1

Mode 2

Mode 1

Mode 2

—

140.00-500.00

140.00-786.52

169.56 £-29.99°

198.27/-61.92°

140.00-700.00

140.00-586.52

170.13£-0.17°

199.00£-32.10°

105.00-500.00

105.00-764.89

127.24/-30.02°

148.78£-61.95°

105.00-500.00

105.00-564.89

127.66£-0.22°

149.32/-32.15°

140.00-;00.00

140.00-786.51

169.76£-29.90°

198.23/-61.91°

140.00-500.00

140.00-786.52

170.61£-0.08°

199.19/-32.09°

175.00-;00.00

175.00-791.80

212.11£-29.78°

237.53/-57.77°

175.00-700.00

175.00-591.78

213.40£0.01°

238.89/-27.91°

[V SN N IS I S}

280.00-500.00

280.00-571.18

339.04£-29.59°

347.10£-44.13°

280.00-700.00

280.00-570.36

340.60£0.25°

348.39/-14.15°
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Figure 4.4: Voltage profile of phase a for meshed test system with (a) AY}-1
(Case 1) and (b) Y,Y,-0 (Case 2) IBDG transformers under normal operating

conditions

simulation studies, as shown in Figs. [.5(a) and (b), respectively. These figures show that the

voltage profiles obtained from the proposed method and PSCAD/EMTDC simulation study are

very close to each other.

4.4.2.2 Results of short-circuit studies

Again, for the meshed distribution test system, an SLG fault in phase a of bus 105, with a fault

impedance zy = 0.001+0.000z p.u. has been assumed. The SLG fault has been simulated using the

94



24 ==+ Proposed Method 24 === Proposed Method

2.39 A m— DSCAD 2.39 = PSCAD
s - 2.38 ®A2'38-
o i o i
é g 2.37 § g 2.37
g 2.36 1 f; -~ 2.36 1
© g o g
o 3 2.35 o B 235;
25 25
S S 234 - S 2 2.34
> o > o
2.5 2331 2 g 233
A= R~
2.32 A 2.32 1
2.31 1 2.31 1
23 L] T T T T T 23 L] 1 L] L] L] L)
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Bus No. Bus No.

(a) (b)

Figure 4.5: Voltage profile of phase a for meshed test system with (a) AY,-1
(Case 1) and (b) Y, Y,;-0 (Case 2) IBDG transformers, using proposed technique

and PSCAD/EMTDC simulation under normal operating conditions

proposed short-circuit analysis method for the two given cases (Case 1 and 2). In the first step, the
initial estimate of inverter currents ( ?f‘;ff’est) of all the five IBDGs has been obtained under the
fault condition. The estimated values of inverter currents for the two cases are given in Tablesd.12]
and respectively. Both the tables show that, the magnitude of inverter currents (| f‘r'f‘if’est ]) of
all the IBDGs are greater than their short-circuit current capacities, given in Table 4.1l Hence, the
inverter control strategy, as discussed in Case 2 of Subsection[3.2.2] of Chapter 3] has been applied

and the inverter currents (I2°,) and the injected powers by all IBDGs under the fault conditions

inv,

for both the cases are recalculated using the proposed short-circuit analysis method. The obtained

values of inverter currents and the injected powers by the IBDGs for the two cases are given in

Tables {.12] and 4.13] respectively.

The results for SLG fault in phase a of bus 105, with a fault impedance z; = 0.001+0.000: p.u.,
in two different scenarios for the two given cases are shown in Tables and respectively.
The intermediate inverter bus voltage magnitude, obtained in scenario 1, for all IBDGs under the
fault condition for the two cases are shown in columns 2-4 of Tables [4.14] and {4.15] respectively.
The intermediate power injected by the IBDGs, obtained in scenario 1, for the two cases are also

shown in column 5 of Tables and[4.15] respectively. For case 1, all the IBDGs are operated in
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Table 4.12: Results for SLG(a-g) fault in modified IEEE 123-bus meshed distri-

bution system with IBDGs and AY,-1 IBDG transformers (Case 1) for scenario

1
IBDG Initial estimate of inverter current, Ii‘l’f_’fvest, (kA) final value of inverter current, (kA) final value of injected
location when Vibe, = vabe Iebe, = I /(5 + 070c,) IBDG power (kVAR)
(bus No.) Phase-a Phase-b Phase-c Phase-a Phase-b Phase-c Phase-a | Phase-b | Phase-c
20 2.450/-56.21° | 2.132/126.24° | 0.332£107.94° | 0.252/-126.93° | 0.252/123.85° | 0.252/-1.85° | 182.668 | 184.058 | 212.316
25 1.986/-50.43° | 1.726/131.76° | 0.268/115.39° | 0.189£-127.04° | 0.189£123.85° | 0.189£-1.89° | 136.768 | 137.767 | 159.170
75 7.824/-75.39° | 7.564/104.46° | 0.259£109.22° | 0.252/-133.17° | 0.252/130.89° | 0.252/-2.40° | 156.337 | 162.640 | 213.442
98 3.328/-58.40° | 2.950£122.53° | 0.381£114.50° | 0.315£-133.31° | 0.315£130.64° | 0.315£-2.57° | 196.462 | 204.184 | 267.733
104 5.761/-66.35° | 5.349/114.48° | 0.417/103.03° | 0.504/£-134.75° | 0.504/132.03° | 0.504/-2.50° | 307.648 | 319.341 | 430.020
Table 4.13: Results for SLG(a-g) fault in modified IEEE 123-bus meshed distri-
bution system with IBDGs and Y, Y,-0 IBDG transformers (Case 2) for scenario
1
IBDG Initial estimate of inverter current, If‘lf‘f_f_’est, (kA) final value of inverter current, (kA) final value of injected
location when Vibe, — Vibe | Igbe, = I /(5 + Ofnse) IBDG power (kVAR)
(bus No.) Phase-a Phase-b Phase-c Phase-a Phase-b Phase-c Phase-a | Phase-b | Phase-c
20 9.189/-61.17° | 0.183£-36.87° | 0.324/84.88° | 0.252/-94.73° | 0.252/141.59° | 0.252/37.14° | 118.323 | 237.577 | 226.032
25 6.678£-54.31° | 0.626£108.27° | 1.076£111.57° | 0.189£-94.92° | 0.189/141.52° | 0.189/37.17° | 88.133 | 178.298 | 169.469
75 37.943/-79.96° | 4.614/-70.04° | 4.547/-70.42° | 0.252/-89.27° | 0.252/135.08° | 0.252/42.01° | 33.123 | 256.743 | 249.701
98 11.794£-63.81° | 1.101£99.76° | 2.236/110.77° | 0.315£-89.18° | 0.315£134.80° | 0.315£41.82° | 42.600 | 321.342 | 313.635
104 24.242/-71.68° | 0.423£-32.17° | 0.551£67.00° | 0.504£-92.26° | 0.504/134.03° | 0.504243.09° | 36.948 | 526.037 | 510.840

”boost mode” (as shown in column 9 of Table 4.14). However, in case 2, the IBDGs at bus no. 20
and 25 are operated in “absorb mode”, while the remaining three IBDGs have been disconnected
from the system (as shown in column 9 of Table @.15)). The final terminal voltages of the IBDGs
and the reactive power exchanged by the IBDGs under the fault condition (in scenario 2) for the
two given cases are shown in columns 6-8 and column 10 of Tables [4.14] and {.T5] respectively.
The final inverter bus voltages under the fault condition in case 2, corresponding to the IBDGs
located at bus No. 75, 98 and 104, are not shown in columns 6-8 of Table since these IBDGs

have been disconnected from the system.

Various short-circuit studies, as given in the Subsection 4.4.1], have also been performed on
meshed distribution network in scenario 1 using the proposed short-circuit analysis method. The

results obtained in these studies for the two given cases are shown in Tables and4.17| respec-
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Table 4.14: Intermediate (after scenario 1) and final (after scenario 2) inverter
bus voltages and injected power by IBDGs for SLG(a-g) fault at bus 105, with
Zy = 0.001+0.000: p.u., for Case 1 of meshed system

IBDG Location Intermediate inverter bus Intermediate Final inverter bus Control mode | Final injected
voltage magnitude (p.u.) injected power voltage magnitude (p.u.) of operation | power by IBDG
(bus No.) Phase-a | Phase-b | Phase-c | by IBDG (kVA) | Phase-a | Phase-b | Phase-c of IBDG (kVA)

20 0.87234 | 0.87898 | 1.01393 0.0+,579.0 0.87234 | 0.87898 | 1.01393 Boost 0.0 +,579.0
25 0.87085 | 0.87722 | 1.01350 | 0.0 +;433.7 0.87085 | 0.87722 | 1.01350 Boost 0.0 +j433.7
75 0.74659 | 0.77670 | 1.01930 | 0.0+;532.4 0.74659 | 0.77670 | 1.01930 Boost 0.0+,532.4
98 0.75057 | 0.78007 | 1.02286 | 0.0+, 668.4 0.75057 | 0.78007 | 1.02286 Boost 0.0 +j 668.4
104 0.73459 | 0.76251 | 1.02679 | 0.0+, 1057.0 | 0.73459 | 0.76251 | 1.02679 Boost 0.0 +;1057.0

Table 4.15: Intermediate (after scenario 1) and final (after scenario 2) inverter
bus voltages and injected power by IBDGs for SLG(a-g) fault at bus 105, with
Zy = 0.001+0.000: p.u., for Case 2 of meshed system

IBDG Location Intermediate inverter bus Intermediate Final inverter bus Control mode | Final injected
voltage magnitude (p.u.) injected power voltage magnitude (p.u.) of operation | power by IBDG
(bus No.) Phase-a | Phase-b | Phase-c | by IBDG (kVA) | Phase-a | Phase-b | Phase-c of IBDG (kVA)
20 0.56506 | 1.13456 | 1.07943 0.0+,581.9 0.55484 | 1.11034 | 1.04878 Absorb 0.0-;568.3
25 0.56118 | 1.13529 | 1.07908 | 0.0 +,435.9 0.55143 | 1.11103 | 1.04845 Absorb 0.0 -;425.7
75 0.15818 | 1.22609 | 1.19246 | 0.0+, 539.6 - Cut-off 0.0+;0.0
98 0.16275 | 1.22767 | 1.19822 | 0.0+, 677.6 - Cut-off 0.0+;0.0
104 0.08822 | 1.25606 | 1.21977 | 0.0+, 1073.8 - Cut-off 0.0+;0.0

tively. The results for these studies have also been obtained from the PSCAD/EMTDC simulation
studies and are given in Tables [4.16] and The maximum % errors in calculated values of I
and [, with respect to PSCAD/EMTDC results for case 1 are 0.00381% and 0.00365%, respec-
tively, as shown in Table Similarly, for case 2, the maximum % errors in calculated values
of Iy and I with respect to PSCAD/EMTDC results are 0.00380% and 0.00361%, respectively, as
shown in Table These results again demonstrate the accuracy of the proposed method for the

meshed distribution network.

The above mentioned short-circuit studies, as given in Subsection 4.4.1] have also been simu-
lated for the two given cases in scenario 2 using the proposed method. The results for the two cases

are shown in Tables and [4.19] respectively. The results of the above short-circuit studies in
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Table 4.16: Error analysis of proposed method with respect to PSCAD/EMTDC
simulations for various short-circuit faults at bus 105 (in scenario 1) in meshed

test system with AY,-1 IBDG transformers (Case 1)

Fault current at fault point (I ;) Current drawn from the supply (/)
Fault type | phase PSCAD Proposed % Error in [ ¢ PSCAD Proposed % Error in [
simulation (kA) | technique (kA) simulation (kA) | technique (kA)

SLG (a-g) a 3.34798 3.34811 0.00381 3.31014 3.31026 0.00351
LLG (ab-g) a 4.83345 4.83363 0.00368 4.84971 4.84988 0.00357
b 5.03444 5.03462 0.00372 4.94387 4.94404 0.00350
LLLG (abc-g) a 5.30245 5.30265 0.00375 5.25127 5.25145 0.00354
b 5.67069 5.67090 0.00372 5.59680 5.59700 0.00352
c 5.56508 5.56529 0.00378 5.50631 5.50651 0.00359
L-L (a-b) a 4.79106 4.79124 0.00378 4.87704 4.87722 0.00365
b 4.79106 4.79124 0.00378 4.66616 4.66632 0.00348

Table 4.17: Error analysis of proposed method with respect to PSCAD/EMTDC
simulations for various short-circuit faults at bus 105 (in scenario 1) in meshed

test system with Y Y,-0 IBDG transformers (Case 2)

Fault current at fault point (/) Current drawn from the supply (/)
Fault type | phase PSCAD Proposed % Error in [ ¢ PSCAD Proposed % Error in [,
simulation (kA) | technique (kA) simulation (kA) technique (kA)

SLG (a-g) a 3.34304 3.34317 0.00380 3.29092 3.29103 0.00341
LLG (ab-g) a 4.85843 4.85861 0.00371 4.84168 4.84185 0.00349
b 5.04501 5.04520 0.00380 4.94493 4.94510 0.00353
LLLG (abc-g) a 5.30349 5.30369 0.00377 5.25076 5.25094 0.00352
b 5.66494 5.66515 0.00371 5.59846 5.59866 0.00353
c 5.57001 5.57022 0.00380 5.50490 5.50510 0.00358
L-L (a-b) a 4.76035 4.76052 0.00358 4.90901 4.90919 0.00361
b 4.76035 4.76052 0.00358 4.64722 4.64739 0.00354

scenario 2 for both the cases are also obtained from the PSCAD/EMTDC simulation studies and are
given in Tables and respectively. It can be observed from the tables, that the results ob-
tained by the proposed method match very well with the results obtained by the PSCAD/EMTDC
simulation studies. Also, the control mode operation of the IBDGs for various fault studies for

both the cases are shown in column 5 of Tables .18 and {.19] respectively.
The proposed short-circuit analysis method is also suitable for the analysis of multiple faults in
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Table 4.18: Results for different unsymmetrical short-circuit faults at bus
105, with zy = 0.001+0.000% p.u., using proposed technique (scenario 2) and
PSCAD/EMTDC simulation for Case 1 of meshed system

Fault current at fault point (/) Control mode Current drawn from the supply (/)
Fault type | phase PSCAD Proposed operation of PSCAD Proposed
simulation (kA) | technique (kA) IBDG simulation (kA) technique (kA)
SLG (a-g) a 3.34798 3.34811 Boost-: IBDG No. 1-5 3.31013 3.31025
a 4.79077 4.79095 Boost-: IBDG No. 1,2 4.84791 4.84809
LLG (ab-g)
b 498211 4.98229 Cut-off-: IBDG No. 3,4,5 4.97458 4.97476
a 5.23038 5.23058 Boost-: IBDG No. 1,2 5.26281 5.26301
LLLG (abc-g) b 5.60069 5.60090 Cut-off-: IBDG No. 3,4,5 5.60762 5.60782
c 5.49611 5.49632 5.51536 5.51557
b a 4.74673 4.74691 Boost-: IBDG No. 1,2 4.85591 4.85609
L-L (a-
b 4.74673 4.74691 Cut-off-: IBDG No. 3,4,5 4.70357 4.70375
Table 4.19: Results for different unsymmetrical short-circuit faults at bus
105, with zy = 0.001+0.000% p.u., using proposed technique (scenario 2) and
PSCAD/EMTDC simulation for Case 2 of meshed system
Fault current at fault point (1 ;) Control mode Current drawn from the supply (/)
Fault type | phase PSCAD Proposed operation of PSCAD Proposed
simulation (kA) | technique (kA) IBDG simulation (kA) | technique (kA)
Absorb-: IBDG No. 1,2
SLG (a-g) a 3.28923 3.28936 3.40710 3.40723
Cut-off-: IBDG No. 3,4,5
a 4.76009 4.76027 Absorb-: IBDG No. 1,2 4.88073 4.88091
LLG (ab-g)
b 4.94979 4.94998 Cut-off-: IBDG No. 3,4,5 5.03674 5.03693
a 5.23054 5.23073 Boost-: IBDG No. 1,2 5.26246 5.26266
LLLG (abc-g) b 5.59998 5.60018 Cut-off-: IBDG No. 3,4,5 5.60855 5.60876
c 5.49665 5.49686 5.51467 5.51488
a 4.74585 4.74602 4.86168 4.86185
L-L (a-b) Boost-: All IBDGs
b 4.74585 4.74602 4.70011 4.70028

radial as well as meshed distribution system. Two simultaneous faults, SLG (a-g) and LLG (bc-g)
with a fault impedance 2y = 0.001 + 0.000i p.u. have been simulated at bus 105 and 86, in radial
as well as weakly meshed IEEE 123-bus distribution network for scenario 1, respectively. The

results obtained from the proposed method and PSCAD/EMTDC simulation studies, are presented
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Table 4.20: Error analysis of proposed technique with respect to
PSCAD/EMTDC simulations for multiple faults (in scenario 1) in test distri-
bution system with IBDGs and AY}-1 IBDG transformer

Fault current at fault point (/) Current drawn from the supply (/)
Topology | Fault type | Fault Bus | phase PSCAD Proposed % Error in [ ; PSCAD Proposed % Error in [
simulation (kA) | technique (kA) simulation (kA) technique (kA)

SLG (a-g) 105 a 3.67374 3.67388 0.00381 3.63104 3.63117 0.00358

Radial b 3.07239 3.07251 0.00390 3.03567 3.03578 0.00362
LLG (bc-g) 86

c 3.10273 3.10285 0.00386 3.04584 3.04595 0.00361

SLG (a-g) 105 a 4.19367 4.19382 0.00357 4.15080 4.15094 0.00337

Meshed b 3.37286 3.37299 0.00385 3.34201 3.34213 0.00359
LLG (bc-g) 86

c 3.39329 3.39342 0.00383 3.33861 3.33872 0.00329

in Table In this case, AY,-1 transformers have been used with all the IBDGs. The maximum
% errors in the value of I for radial and meshed distribution system are 0.00390% and 0.00385%,
respectively, as shown in Table @ Further, the maximum % errors in the value of I, for radial
and meshed distribution system are 0.00361% and 0.00359%, respectively, as shown in Table 4.20
Again, these small values of errors establish the accuracy of the proposed short-circuit analysis

method.
4.5 Conclusion

In this chapter, accurate and efficient distribution system load flow and short-circuit analysis meth-
ods have been developed. The proposed methods are capable of incorporating various transformer
models of different vector groups. These methods are also applicable to the analysis of multiple
faults in radial as well as meshed distribution systems. The obtained results have been compared
with the results of time domain simulation studies obtained using PSCAD/EMTDC simulation
software. A good agreement in the results of the two methods establishes the accuracy of the
proposed methods.

In the next chapter, the algorithms for the load flow and short-circuit analysis of the three phase

four wire unbalanced radial distribution system with ground return are discussed.
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Chapter 5
Load flow and short-circuit analysis of unbalanced
three phase four wire multigrounded radial

distribution system

Abstract

In this chapter, a new method for load flow and short-circuit analysis of an unbalanced three phase
four wire multigrounded distribution system is proposed. Initially, a load flow method, based on
[BIBC] (”Bus injection to branch current”) and [BCBV] (”Branch current to bus voltage”)
matrices of the system is proposed. Later on, in this chapter, two different short-circuit analysis
methods, one based on [BIBC] and [BCBV] matrices of the system and the other one based
on [Ybus] matrix, are discussed. The proposed load flow and short-circuit methods have been
tested on two test systems; i) modified unbalanced three phase four wire multigrounded IEEE
34-bus test system and ii) unbalanced three phase four wire multigrounded IEEE 123-bus test
system. To validate the effectiveness of proposed methods, the results of modified IEEE 34-bus test
system have been compared with the results of time domain simulation studies carried out using

the PSCAD/EMTDC software.

5.1 Introduction

HE three phase four wire distribution networks are commonly used in power distribution
T systems. It has been observed that a three phase four wire distribution system has more
sensitivity towards the protection of various ground faults than a three phase three wire system
[128]. The return current in neutral wire, under normal operating conditions, is mainly due to the
unbalanced loads and unbalanced structure of distribution system. Sometimes, the neutral currents
may be higher than the phase currents due to large unbalance in loads [128]]. Also, the neutral in

the distribution network plays an important role in safety and power quality problems [[152-156]. It
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is also a common practice to ground the neutral points directly or through a grounding impedance
[128,/153,/157]]. Hence, to calculate the neutral and ground currents in the system under normal
operating conditions, load flow analysis of three phase four wire multigrounded distribution system
is required. In the literature, most of the load flow analysis methods of three phase four wire
multigrounded system are based on backward/forward approach [90,|128]. In this chapter, the
direct approach of the load flow analysis of three phase three wire system has been modified for
the analysis of three phase four wire multigrounded system. Further, in this chapter, two different
short-circuit analysis methods for three phase four wire multigrounded distribution system are
described.

This chapter is organized as follows. Section [5.2] describes the formulation of the proposed
load flow analysis method for three phase four wire multigrounded distribution system. Section
describes the formulation of two proposed short-circuit analysis methods for three phase four
wire multigrounded distribution system. The main results of this chapter are presented in Section

[5.4and finally Section [5.5/highlights the main conclusions of this chapter.

5.2 Load flow analysis of unbalanced three phase four wire multigrounded radial distribution

system

Let us consider an unbalanced three phase four wire multigrounded radial distribution system
having n; bus and m, lines, as shown in Fig. The system has (m;, — 2) three-phase lines,
one two-phase line and one single-phase line. Each line section has its own neutral and fictitious
ground (representing ground return) wires. The line section between buses [ and m has two phases
(phases a and b) while the line section between buses m and n; has only one phase (phase a). Bus
1 represents the substation bus having its voltages as V¢, V? and V¢ corresponding to the phases
a, b and c, respectively. The impedance matrix of the three phase five wire line section between
buses 7 and j [Z%bcng}, is given as,

I S R

sba  zbb  gbe  sbn by

] ij ij ij ij

[Z;bcng] = |zp z7 zZ% Z OZ7 | (5.1
zoe b oze oz
EA 7z zZr 2
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P9 __ Z4p. _ . . zaa zbb sce :
where z;; = Z;7; p,q = a, b,c,n,qg; p# q; zZii', zj7 and zi7 are the self impedances of phases a,

b and c of the line section between buses ¢ and j; Z{Lj" and ij" are the self impedances of neutral

wire and ground wire of the line section between buses ¢ and j, respectively. Similarly, Efjb, Efjc
and ijc are the mutual impedances between phases a and b, b and ¢, and a and c of the line

section between buses 7 and j, respectively. Also, Efj” is the mutual impedance between phase p
(p = a, b, ¢) and neutral wire of the line section between buses 7 and 7; ijg is the mutual impedance
between phase p (p = a, b, ¢) and ground wire of the line section between buses ¢ and j; ijg is the
mutual impedances between neutral wire and ground wire of the line section between buses ¢ and
j. Similarly, the line impedance matrices of two phase line (having phases a and b) [Zﬁlr’lng} and

single phase line (having phase a only) [Z328 | are given as,

saa zab  zan
Fim  Rlm Flm

saa san sag
sba  zbb  sbn by Fmny  Fmng - Fminy
abn fim  Rlm “lm RPlm
o | = ;|zane | = |zna oz zng (5.2)
Im —na =nb  =nn =ng mny mny mng mny

Rim  *lm  “lm Zlm _ga _gn g9
_ga  —gb —gn = Zmnb Zmnb Zmnb
Zlm zlm Zlm Zlm_

The complex injected load power S?, at any phase p of bus ¢ (assuming that the load is connected
between phase p (p = a, b, ¢) and neutral bus n; at i** bus location) is given as, gf = ]53; +7 Qfd.
PP and %, are the real and reactive load power injections at p'" phase of bus i. Therefore, the

equivalent bus injection current /7, at any phase p of bus i is calculated as,

) s» \" (PP +i0r\
Ly = (‘Vp Zdvn> = ( &ier j‘%d'> ;(p=aorborc) (5.3)

where, V7 and V" are the voltages of phase p and neutral bus n; at i bus location, respectively.
The symbol (*) denotes the complex conjugate operator. In Fig. 7" is the neutral to ground
impedance between neutral bus n; and ground bus g; (neutral grounding impedance) at i*" bus
location and I is the neutral to ground current at i*" bus location.

The proposed load flow analysis method is based on [BIBC] (bus injection to branch current)
and [BCBV] (branch current to bus voltage) matrices of the system [70]. [BIBC| matrix gives
the relationship between branch currents and the equivalent bus injection currents of the system,

while [BCBV| matrix gives the relationship between branch currents and the bus voltages of the
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system. The formulation of theses matrices for the load flow solution of a three phase four wire

multigrounded distribution system (Fig. [5.1), is carried out in the following subsections.

5.2.1 Formulation of [BIBC] matrix

The [BIBC] matrix has been developed separately for the phase currents, neutral currents and
ground currents of the system shown in Fig. The detailed formulation of [BIBC] matrix for

each current is as follows :

5.2.1.1 Formulation of [BIBC] matrix for phase currents [B,]

The phase branch currents of the distribution system can be obtained in terms of equivalent bus
injection currents [IL} , by applying KCL equations at each phase (a, b, ¢) of all the buses in the
system, except the substation bus. The branch currents of phases a, b and c of all the line sections

in Fig. [5.1can be expressed in terms of equivalent injection currents as,

Bl = Dyt Iyt + L+ g+ g+ Iy + I + I
Bl = Dg+ DLyt + Tyt D+ 4 D+ T+ L

Bf = I+ I+ + I+ Ly + -+ Iy + Iy

By = I+ + L+ Ly+ o+ L+ D+ Iy + I

By = g+ 4 ly+ Lyt 4 Ba+ Ty + g

By = I+ +Iy+ I+ + I+ I

qu = I_qu
sz = ]_](')d

Blb = [_gzd
Bﬁn = ]_,‘jbd 5.4)
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Therefore, the phase branch currents can be expressed in the matrix form as,

B,| = [BIBC, | |1 (5.5)
where
T
B, =Bt B Bi - Bt B! B - B By By B B! By
T
DO L7 AR D (P SPRN N (N N (O (A (0
9a 9b 9e .. je b e .. @ b e me mb g
100 - 100 1001 0 1]
o 10010 0100 1 0
001 001 0010 0 0
e 0 0o 100 0000 0 0
I 01 0 0000 0 0
Bmc,] = 0 0 0 00 1 0000 0 0
e |0 00 00 0 100 1 0 1
O 00 0 0100 1 0
w0 0 0 00 0 0010 0 0
R 00 0 000 1 0 1
el o 0o 00 0 0000 1 0
w00 0 00 0 0000 0 1|

where [B,] is the phase branch current vector, [Ir] is the equivalent bus injection current vector and
[BIBC,] is the bus injection to phase branch current matrix. In [BIBC,,| matrix, the row num-
bers 1¢,1°, - -, m? correspond to the phase branches, while the column numbers 2%,2°, ...  n,®
correspond to the phase buses of the system. Further, it is assumed that the considered four
wire multigrounded radial distribution system has u three-phase, v two-phase, w single-phase,

(u + v + w) neutral and (v + v + w) ground buses. This generalized system will be con-

sidered throughout this chapter. The size of [BIBC,| matrix for this system will therefore be
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(Bu+2v+w—3) x (Bu+2v+w — 3). Eq. shows that, the [BIBC,,] matrix is an upper
triangular matrix which contains zeros and ones only.

Development of algorithm for generation of [BIBC,] matrix :

Step 1. Consider an unbalanced three phase four wire multigrounded distribution system, having u
three-phase, v two phase and w single phase buses. Initialize the [BIBC| matrix as a null matrix
of size (3u + 2v+w — 3) X (3u+ 2v + w — 3).

Step 2. If a line section L{"#, having p phases, neutral n and ground g, is connected between buses
7 and j, then

(i). hﬂBCd&jﬂ@ - hﬂBCﬂ%@L !

xp) pXp)

(i). |BIBC, (k. j)| = 1 (ox0)

(pxp)

where [, =1,2,--- (k—1); [I] is an identity matrix of size (p x p) and p = 3 for 3-¢, p = 2 for
2-¢, p = 1 for 1-¢ line section.

Step 3. Repeat Step 2 until all the line sections are included in [BIBC,| matrix.
5.2.1.2 Formulation of [BIBC] matrix for neutral currents [Bn]

The neutral currents of the three phase four wire multigrounded distribution system can be ex-
pressed in terms of equivalent injection currents and the neutral to ground currents of the system,
by applying KCL equations at all the neutral buses in the system, except the neutral bus at the
substation location. For example, the neutral currents B, Bg, BZ-", B,?, Bl" and B;;g of the system

shown in Fig. [5.T|can be written as,

S T T T T T R N R
R TR R P R R D SR R SR AL A
+ L9404+ L+ [+ 19+ 1Y
Bp =l By Ty T T T T By Ty Iy Ty
= La— Iy =Ty =TIy =Ly — g = g + LY 4+ L+ T+ LY
+ LY L+ LY
B = _@@d_f;?d_j;d+jjﬂ9 (5.6)
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Therefore, the neutral currents of the system can be expressed in the matrix form as,

where

[BIBCPH} =

—lig =Dy — Iy — Ing = Ing — Lna + I + L7+ 1Y

Ta
_Imd —

—Lpa 15

7b Ta m m
Imd - Inbd + Img + Ini,q

[Bn] = — [BIBCPH] [IL] + [BIBCg] [Ing}

20 2b
1 -1
on 0
" 0
2 0
m 0
m" O
[BIBCg} =

1

27'L

qng

3ng
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_ T
By
T
1]
np
1t c me
-1 -1 -1
-1 -1 -1
0O 0 O
-1 -1 -1
0O 0 -1
0O 0 O
nbng
1
1
0
1
1
1

(5.7)
(5.8)
mb  ny®
-1 -1
-1 -1
0 0
-1 -1
-1 -1
0 -1




Here [B,,] is the neutral current vector and [I,.¢] is the neutral to ground current vector. The
[BIBC,,,,] matrix gives the relationship between neutral currents and the equivalent bus injec-
tion currents of the system. In [BIBC,,,] matrix, the row numbers 17,2",--- /m™ correspond
to the neutral branches, while the column numbers 2¢,2°, - - -, n,® correspond to the phase buses
of the system. The [BIBC,] matrix gives the relationship between neutral currents and neutral
to ground currents of the system. In [BIBC,| matrix, the row numbers 17,2",---  /m™ corre-
spond to the neutral branches, while the column numbers 2™9, 3™ ... n,"9 correspond to the
neutral to ground branches of the system. Hence, for the radial distribution system considered, the
sizes of [BIBC,,,| and [BIBC,| matrices will be (v + v+ w — 1) x (3u + 2v + w — 3) and
(u+v+w—1)x (u+v+w — 1), respectively.

Development of Algorithms for generation of [BIBC,,,| and [BIBC,] matrices:

Step 1. Initialize the [BIBC,,,,| and [BIBC,] matrices as null matrices of the sizes (v + v +w —
D)x Bu+2v+w—3)and (u+v+w—1) X (u+ v+ w — 1), respectively.

Step 2. (a). If k™" line section LY™8, having p phases, neutral n and ground g, is connected between
buses ¢ and 7, then

(). |BIBCum(l.j)| = |BIBCu(l.i)|

(1xp) (1xp)

(i1). [BIBCpn(kr, J )} - M (1xp)

(1xp)

where [y =1,2,--- [ (k—1); [I] is an identity matrix of size (1 x p) and p = 3 for 3-¢, p = 2 for
2-¢, p = 1 for 1-¢ line section.
(b). If k' line section LY, having p phases, neutral n and ground g, is connected between buses

7 and j, then
(). |BIBC,(..j)] = [BIBC,(.0)]:
(ii). |BIBC4(k.j)| = 1

where [y, =1,2,--- (k—1).
Step 3. Repeat Step 2 until all the line sections are included in [BIBC,,,] and [BIBC,| matrices.
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5.2.1.3 Formulation of [BIBC| matrix for ground currents [B,|

The ground currents of the three phase four wire multigrounded distribution system can be obtained
in terms of neutral to ground currents (I;'?, i = 1,--- ,m;), by applying KCL equations at all the
ground buses of the system, except the ground bus at the substation location. For example, the

ground currents BY, By, BY, B}, B} and BY, of the system shown in Fig. can be expressed as,

Bl = L' L I =LY = [ [ = I — L

By = —I9— = I9—T9— [9[9— [19 [T

B =

B = —I—1I'9—1 Bl=—['9—['9 BY=—I9 (5.9)

Hence, the ground currents of the system can be written in the matrix form as,
B,| = - [BIBC,| |L,| (5.10)

5.2.2 Formulation of [BCBV| matrix

The [BCBV| matrix needs to be developed separately for the voltages of phase buses, neutral
buses and ground buses of the distribution system shown in Fig. [5.1] The detailed formulations of

these matrices are given as follows :
5.2.2.1 Formulation of [BCBV| matrices for the voltages of phase buses [Vp]

The voltages of phase buses can be described in terms of phase branch currents, neutral currents

and ground currents of the system, by applying KVL equations in the given system as,
Vi = Ve - Bizs — Bz - Bizis - By - Biz
Vi =V Bisty — Byt — Bists — Bizty — Bl
Vi = Ve — Bisig — Bizgh — Bists — BUs — Bizi
‘_/a — ‘_/a . Bazaa Bbzab Bczac anan ngag . Bazaa Bbzab BcZac
3 s 1712 1712 1712 1412 1712 2423 2723 2723
— By 7y — Bizo3
‘73b = ng - B?Elfg BbZlQ szi’g - B?E?Z Bg,212 Bgzg’g Bbz23 nggg
—Byz3; — Bz

(5.11)
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__Y/cC na —ca b=
=Vy — Biz5 — B 212

DN =Cn g =
—Byzy5 — B 5 Zo5

_ Y/a a=aa b
Vit — lez lez

nan
2793

a = (I
B 1215 —

g zag
2793 —

b
B 212

- B
o

n =bn g
BZ23 BZ23 cc e

a zca
1712 —

B

Ve-B Bz —

RN =—Cn
2793 —

a zaa
- B 1219 —

9 z¢9
2793 —

Bb

Ve

g5
- B 223

bbb
1712 —

- B

gzbg
2793 —

b=
- B 212

— Biz

g5
- B 223

azaa
1712 —

93
— Bjz3] —

Ve - B Bz —

nan
2793

_Ba saa

Bb ab B

7

a zba b
= 8212 Bz12

g zbg

n zbn
2793 —

_Bz R93 — B

bbb
1 ”lm —

b=
- B ,212

Ba ba B B

aaa
1712

B

ny

g sag
27293 —

B

DN =an
—ByZy —

b=ab

a zaa
1”lm —

_Bl Rlm — B

Bczfg B?ng Bgz12 Bgzgg Bbz23 Bczgg
Bzt — Brzig — Bizig — Bysss — Blagh — Bzt
- — Bzl — BYZY — Bzl — Bz — Bz
Bczlg anm BgZ12 Baz2§ Bbz23 BCZ2§
— Bzl — BY — Besle — Bral — BYzY
Bfzs — Byziy — BYz — Bizs; — Byzgs — Bszs;
—Eﬁ—@ﬁ—@%—@ﬁ—@ﬁ
BCZ?S anlz Bgzu B“z§3 Bb223 5255
-— Bizip — Byziy — Bizii — BRay — Bizy
By — Brayy — Bz — Byzys — Byzy — Bsz
- — Bz - Bizy — Bz - Bz — Bl
BCZ12 anlg - Bngg BaZ23 Bb223 525(5
- Bizi — Blzy — Bizii — Bizil — Biz]
Bizs — Bz, — BY# — Byzsy — Byzss — Bszss
-— Biz — Bz — Bizip — Bzl — Bz
[ Zim — Bl 2
B¢zt — Brabn — B9z — Byzse — BYzh — BSzbs
12 12 1712 23 23 23
— Bizy — By — Bizy — Bray — BlEY
n bn Biqzlbgl
Bizs — Bzt — By =z — Byzsy — Byzss — Bszss
-— Bizip — Brzyy — Bizii — BrEy — Blzy
I'Zim — Bz — By 2, — Bz, — Bz, (5.12)

Therefore, the voltages of phase buses of the distribution system can be expressed in the matrix

form as,

v,] = [v.] - [pesy

o| [Bs] - [BCBV,.| [B.] - [BCBV,,| [B,]

(5.13)
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where,

[BCBV,,,| =

[BCBVpg] =
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gag zab zac ... 9 0 0 --- 0 0O O O 0O 0

sba  zbb  zbe
212 212 212 AR O 0 O M O O 0 0 O 0
sca zcb  zcc
212 Z12 212 R 0 0 O A 0 O 0 0 O 0
saa zab zac saa zab zac
2 2 s e 2 oz ... 00 0 0 0 0
Zg Zy Zy - oz oz oze - 00 0 0 0 0
BCBV,| = .
Hg b A5 o 0000 - o 0 0 0
zba  Zb zbe 0 0 0 Zoa oz 0 0 0
Z19 2‘133 zi5 0 0 O Zi z,gl; zZy 0 0 0
saa zab zac saa zab zac zaa  zab
12 R12 *12 0O 0 0 2020 2 Zm w0
sba  zbb  zbe sba zbb  zbc  zba  zbb
212 12”12 0O 0 0 20 20 2 Zm w0
saa zab zac saa zab zac zaa zab  zaa
| 712 <12 *12 0 0 0 R B R I
T
— ‘/a /b Y/¢ ... Y/a {/b Y/¢ ... Y/a /b {/c¢ /e /b {/a .
/ST 7R R PP (R PN 1O (L (A (R O
_ _ _ _ _ _ _ _ _ T
[VSS] — |:Vsa Vsb V;C . V'Sa Vsb Vsc Vsa V'Sb V;c V'Sa Vsb ‘/sai| :

In the above, [V ] is the voltage vector of phase buses and [V is the voltage vector of the substa-
tion bus. The substation phase voltages V¢, V. and V¢ are assumed to be balanced. The [BCBV,]
matrix gives the relationship between the voltages of phase buses and the phase branch currents of
the system, [BCBV ,,,| matrix gives the relationship between the voltages of phase buses and neu-
tral currents of the system while [ BCBV .| matrix gives the relationship between the voltages of
phase buses and ground currents of the system. Hence, for the considered unbalanced three phase
four wire multigrounded radial distribution system, the sizes of the [ BCBV,], [BCBV,,] and
[BCBV | matrices will be (3u+2v+w—3) x (3u+2v+w—3), (Bu+2v+w—3) x (u+v+w—1)
and (3u +2v +w — 3) X (u+ v+ w — 1), respectively.
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Development of algorithms for generation of [ BCBV,|, [BCBV,,| and [BCBV .| matri-
ces:

Step 1. Initialize the [BCBV,], [BCBV,,] and [BCBV | matrices as null matrices of the
sizes (Bu+2v+w —3) X Bu+2v+w—3), Bu+2v+w—3)x (u+v+w-—1) and
(3u+2v +w — 3) X (u+ v+ w — 1), respectively.

Step 2. (a). If k™" line section LY™8, having p phases, neutral n and ground g, is connected between

buses ¢ and j, then

(). |BCBV,(.1,)] - [BCBV,(i.1)]
(pxp) (pxp)
i), [BCBV, (k)| = [ap]
(i) [ ol )(pxp) %ij (pxp)
Zie 20z
wherel, = 1,2,--- ,(k—1);p=3and [z?.bc} = [zba b0 zbe| for 3-¢; p = 2 and [z?.bc]
U J3x3 vty Ty U Joxo
Zr Z0 Oz
799 v
=Y Y|,where, (q,7) = (a,b) or (b, c) or (c,a) for 2-¢; p = 1 and [zfibc} = [Zf’f],Where,
ZTQ 27‘7‘ 1x1

i “ij
q = (a or bor ¢) for 1-¢ line section.

(b). If k' line section LY, having p phases, neutral n and ground g, is connected between buses

i and j, then
(i). |[BCBV,n(jit,)] oy = [BCBV,,4(i.1,)| )
.. - pu— qn
(ZZ). [BCBVpn(ja k)] (px1) [Zij i| (px1)
zZy zan
where [, = 1,2,--- ,(k—1); p = 3 and [zﬂ“} = | zbn | for 3-¢; p = 2 and [zﬂn] B
§ J3x1 i Y J2x2 zon
Zii ’
el |z
or | “|or| " | for2-¢;p=1and [Zﬂn} - [an} of [an} o [zm} for 1-¢ fine section.
zen zen U lix1 * “ Y

%] (%
(c). If k™ line section LY™, having p phases, neutral n and ground g, is connected between
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buses 7 and 7, then

() [BCBVy(il)| = [BCBVu(i.l)]
(ZZ>. [BCBVpg(j’ k)] (px1) |:Zij i| (px1)
2%(] 799
where [y = 1,2,--- ,(k—1); p = 3 and [zﬂg} = | z%9| for 3-¢; p = 2 and [zﬂg} ="
Y 13x1 . N lox2 by
7% "
ij
509 799
or | V|or| Y| for2-¢;p=1and [zﬂg] = [599} or [2’.’9] or [2?9} for 1-¢ line section.
Zlc]g Ezcjg U |1x1 1] 1] 1)

Step 3. Repeat Step 2 until all the line sections are included in the [BCBV,], [ BCBV,,]| and
[BCBV | matrices.

5.2.2.2 Formulation of [BCBV| matrices for neutral bus voltages [V ,]

The neutral bus voltages V;?, V7", VJ" V", V™ and Vn’z of the system, shown in Fig. can be

obtained by applying KVL equations at the neutral branches of the system and are given as,

Vi =V = Bzl — Bizyy — Bizls — Bizy — Bizy

Vit =V — Bizly — Blzl) — Bizls — Brzyy — Bzl — Byzy§ — Bizhy — Bszys
~Byzpy — Bizy

V= V' = Bizy — Byzly — Bzl — Byl — Bizl — Byzyy — Bz — Bsz
—Byzpy — Bz — - — Bizy - Blzy — Bzl — Bz — Bz

V=V = Bizy — Bizy — Bizls — Byl — Bizy — Bz — Bia — Bizys
—Byzyy — Bizys — - — Bizi — Biay — Bizy — Bz — Blzy

Vi = V" = Bzl — Bizyy — Bizly — Biay — Bizf — Byzyy — Byzyy — Bizgy
—Byzpy — Byzy — - — Bizy — Blzy — Bizy — Bial — Blzy — Biz,

b=nb nznn g =
_Bl Rlm — Bz Rlm — B Zim
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n __ Y/n na =na nb=nb nCc=nc DN =nn ng =ng Da =na
Vn,, = V' = Bizly — Biz]y — BiZiy — Bi'Ziy — Biz;5 — ByZsg
RN =nn ng =ng nDa-na b -nb DC =Nnc DN =nn
—ByZy3 — ByZys — -+ — Bpzy — Brzy — Bz — Bz
_pbznb _ pnznn _ pgzNg  pa zna . pPnoznn g sNg
Bl Zlim Bl “im Bl “im Bmzmnb Bmzmnb Bmzmnb

- B

b=nb
2793

DC=nc
— B3z,

ng =ng na =na
— Byzy — Bz,

(5.14)

Hence, the neutral bus voltages of the distribution system can be expressed in the matrix form as,

where,
BCBV,,| =
Zna znb Znc
12 12?12
zna znb znc
212 R12 %12
Zna znb Zne
12 12 “12
Zna an Zne
12 12 ~12
zna znb znc
212 R12 *12
zna znb znc
212 k12 %12
BCBVH] =
znn
Z15 0
znn znn
212 23
znn znn
212 %23
znn znn
212 %23
znn znn
212 %23
znn znn
| “12 %23

0

~na
%23

zna
%23

znha

223

~na

%93

~na
%23

Fnn
v

0

=nb
223

%23

=nb
223

snb
223

=nb
223

0

~nc
%93

znc
%23

znc
2923

znc
%93

~nc
%93

znn
2kl
znn
2kl

znn

2kl

0

nn
“lm

-nn
“lm

(%]

0 0 0 0 0
0 0 0 0 0
na znb znc
S 0 0 0
=na znb znc
0 0 ki PRl Rk
zna znb znc
0 0 Rkl Rkl RR
zna znb znc
0 0 2kl Rkl *R
[BCBV,,| =
0 2?29 0 0
sng  zng
0 212 %93 0
sng  zng sng
01 %12 %23 Zij
)
sng  zng
0 Z15  Zo3 0
~ng =ng
0 Z15 23 0
snn sng sng
Zmny, | “12 #23 0
(/N (/N n (/N Y/
Vo VP W
[ N (/1 N  /
V. Vi | %

Va| = [Va] = [BCBV,,| [B,| - [BeBV,| [B,] - [BCBV,,] [B,]

(5.15)

0 0

0 0

0 0

0 0

Zna an 0

Im Im

Z Fim Zin |
0 0 0
0 0 0
0 0 0
Zid 00
zZi oz 0
40 50




[V,] is the neutral bus voltage vector and [V,| is a column vector that contains only the value of
neutral bus voltage (V) at the location of grid substation. In general, it is assumed that the neutral
bus at substation end is perfectly grounded. Therefore, the value of V" is assumed to be zero. The
[BCBV ;] matrix gives the relationship between neutral bus voltages and phase branch currents,
[BCBV,,| matrix gives the relationship between neutral bus voltages and neutral currents, and
[BCBV,,¢| matrix gives the relationship between neutral bus voltages and ground currents of the
system. For the considered unbalanced three phase four wire multigrounded radial distribution
system, the sizes of the [ BCBV,,;,|, [ BCBV,] and [BCBV,,,| matrices will be (v + v + w —
)xBu+2v+w—3), (u+v+w—1)x (u+v+w—1)and (u+v+w—1) X (u+v+w-—1),
respectively.

Development of algorithms for generation of BCBV,,;|, [ BCBV,| and [BCBV,,,| matrices:
Step 1. Consider an unbalanced three phase four wire multigrounded distribution system, having
u three-phase, v two-phase, w single-phase, (u 4+ v + w) neutral and (u + v 4+ w) ground buses.
Initialize the [ BCBV,,;,], [BCBV,,| and [BCBV | matrices as null matrices of the sizes (u +
v+w—1)x Bu+2v+w—-3), (u+v+w—1)x (u+v+w—1)and (u+v+w—1)x (u+v+w—1),
respectively.

Step 2. (a). If k™" line section LY™8, having p phases, neutral n and ground g, is connected between

buses 7 and 7, then

(). [BCBV.(il)]| = [BOBVWGiL)]

XD) (1xp)

(i1). |BCBV,p(j. k)| = [

(1xp) i } (1xp)

where, [, =1,2,--- ,(k—1);p =3 and [quL - [zga 2%” 2:;0] for 3-¢; p = 2 and [z;q]l ,
X X

— | sna znb snb  znc sna  znc —h* — nq — | zna snb snc
i ayfor [z or [ sy torzerp = vand [ae] = [ae] or [27] or []
for 1-¢ line section.

(b). If k' line section LY, having p phases, neutral n and ground g, is connected between buses

7 and j, then
(). |BCBV.(.L)| = |BCBV.(i.L)|:
(id). [BCBVn(j,k:)} =
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where [y, =1,2,--- ,(k—1);
(c). If k" line section Lﬁng , having p phases, neutral n and ground g, is connected between buses

7 and 7, then

(). |[BCBVog(i,l)| = |[BOBV,(i.L)
(i), [BCBV.(i.h)] = =

where [y, =1,2,--- [ (k—1);
Step 3. Repeat Step 2 until all the line sections are included in the [BCBV,,,|,[BCBV,,] and
[BCBV,,¢| matrices.

5.2.2.3 Formulation of [BCBV| matrices for ground bus voltages [V|

The ground bus voltages V;, Vi, V, V/?, V¢ and V¢ of the system shown in Fig. can be
obtained by applying KVL equations at the fictitious ground branches of the system and are given

as,

‘729 = Vg Ba212 B1Z12 szilg B{‘zf; szilg

‘_/39 = ‘_/g B(ll Zig — Bbz12 Bf Ziy — B? Zly — 39212 BQQ Zoy — Bbz23 Bg Zoy — B; Zoy
—Byz%

V9 =VI— Biz9 — Bz — RIS — BrEY — BIZY — B9ESS — BYEY — BSESS — BRES
—Byzf — - — Bizly — Bzl — B{z — Bz — BIZ)

‘_/lg = ‘_/g B? Ziy — Bbz12 Bf Ziy — BIL Zly — 39212 Bg Zoy — Bb7523 Bg Zoy — B; Z53
—Bizg — - - Bizly — Bizy — Bzl — Bpzl) — Bl

Vn% V BaZlQ Bb212 szfg Bn212 31212 Bazzs BSZSS Bgz% Bgz%:?
—B{z — - — Bizly — Byzl — Bzl — Bpzly — Bzl — Bz — Bz,

n gn 9=
B B sz

9 _ a=9a b gb c3 nzgn RY 599 Ra 59 b cs nzgn
V V Bl 12 - B 1712 — B 212 B 1219 — Biz13 — ByZzys — B 223 B 223 B 2723
9 =99 a=ga czgc DN =gn ng =99 na=9a b=
_32223 T Bkzkl Bkzkl Bkzkl — Byzy — Bpzyg — Bz, - B sz
—BrzI" _ BIz99 _ Baz9a _ prz9n  _ BY 599 (5.16)
l “lm 1 “lm m~~mny m~mny m~mny .
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Hence, the neutral bus voltages of the distribution system can be expressed in the matrix form as,

Vo] = [Vie| - [BeBV,| [B,] - [BCBV| [B.] - [BeBV,| [B,] 617

where,
BCBVgp} =
20 ziig Z o0 0 0 -~ 0 0 0 -~ 0 0 0 0 0 0
z9a  zgb sgc oga ogb o oge g g ... 0 0 0 0 0 0

%12 *l2 Rl2 23 <23 <33

—ga —gb _gc _ga _gb _gc -ga —gb _gc

Fl2 Fl2 f12 23 f23 *23 T Ry Fij Fij o 0 0 0 0 0
—ga —gb _gc _ga _gb _gc —ga —gb _gc

Zlg Zlp Zly Zyz Fyz Zpy - 00 0 e ZgoZy oz 0 0 0
sg9a  -gb  -gc  -na  zgb  Sgc s9a  -gb  -gc  —ga  _gb

Ziy Ziy Zla Zy3 Fyy Zpz o0 0000 - Zy Zy Zy oz, Zp, 0
_ga -gb _gc _ga _gb _gc —ga -gb _gc _ga _gb _ga
Zly Zlp Flg Faz Fyz Faz o0 0 00 e Zy By Iy Zy, Z, Znm

BCBVgn] = BCBV,| =
2y 0 -~ 0 - 0 0 0 0 - 0 - 0 0 0
Sgn  =gn 599 599
Z12 Z23 M 0 cte 0 O 0 212 Z23 A 0 cte 0 0 0
Zgn  =gn ~gn =99 599 >99
Zig Zyg ot Zyo o 0 0 0 _ Ziy Zyz v Zyo o 0 0 0
)
Zgn  ogn ~gn 299 599 £99
#Hyo#gy - 0 - 20 0 29z - 0 - 270 0
Zgn  —gn sgn ogn 299 599 $99 599
Zig Zaz v 0 3y Zn, 0 Zig Zy o 0 e gy Z, 0
Zgn  =gn g ogn —gn 599 599 599 599 99
IS T U R A |72 By o 00 e Zg Z, Zam |
o B I
= 9 g ... g ... 9 g g
Vel = [ v ve v vs)
L B . qr
[ng] = [ng ng - ng - ng ng ng} .

Here, [V,] is the ground bus voltage vector and [Vg] is a column vector that contains only the

value of ground bus voltage (V) at the location of grid substation. In general, it is assumed that
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the potential of ground bus at substation end is zero. The [BCBV,,| matrix gives the relation-
ship between ground bus voltages and phase branch currents, [ BCBVy,,| gives the relationship
between ground bus voltages and neutral currents and [BCBV,| matrix gives the relationship
between ground bus voltages and ground currents of the system. For the considered three phase
four wire multigrounded radial distribution system, the sizes of the [ BCBV,|, [BCBVy,| and
[BCBV,| matrices will be (u+v+w—1) X (3u+2v+w—3), (u+v+w—1)x (u+v+w-—1)
and (u +v+w —1) X (u+ v+ w — 1), respectively.

Development of Algorithms for generation of [BCBV,,|, [BCBVy,| and [BCBV,| matri-
ces:

Step 1. Initialize the [ BCBVy,|, [BCBVy,| and [BCBV,| matrices as null matrices of the sizes
(ut+v+w—1)x (Bu+2v+w—3), (u+v+w—1) X (u+v+w—1) and (u+v+w—1) x (u+v+w—1),
respectively.

Step 2. (a). If k" line section LY™®, having p phases, neutral n and ground g, is connected between

buses 7 and 7, then

(i). [BCBVgp(j,zs)](lxp) - [BCBVgp(i,ls)](lxp);
(i4). [BCBVgp(j,k)](lxp) ~ [zigf](lxp)

iJ ij i ij

=39 39| or [39° 39¢| or |39% 39¢| for 2-¢; p = 1 and |28 = [29%| or |z9°| or |z9¢| for
[zw zl]} z; Z; zi % ;5 p e I z; z;

where, [ =1,2,--- ,(k—1); p= 3 and [z.g.q] = [29.“ z9b 5«"?} for 3-¢; p = 2 and [qu]
U 11x3 1x2

1-¢ line section.
(b). If k' line section LY™®, having p phases, neutral n and ground g, is connected between buses

¢ and 7, then

(). [BCBV@m(il)| = [BCBV(iL)]:

(ii). |BCBVg(ih)| = 2

where [y, =1,2,--- (k—1);

(). If k™ line section LY™€, having p phases, neutral n and ground g, is connected between buses
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7 and j, then
(). [BCBV,(.1)| = [BCBV,(i.1,)|:
(i) [BCBV,(i.k)| = 2

where [y, =1,2,--- ,(k—1);

Step 3. Repeat Step 2 until all the line sections are included in the [BCBV,,|,[BCBV,,| and
[BCBV,]| matrices.

The branch currents and the bus voltages of various phases, neutral and ground of the system

can now be summarized as,

[Bp} = [BIBCP} [IL} (5.18)
[Bn] = — [BIBCPH] [IL] + [BIBCg] [Ing} (5.19)
[Bg} = — [BIBcg] [Ing] (5.20)

V.| = [v| - [BeBV,| [B,] - [BCBV,.| [B.] - [BCBV,| [B.] 21

Va| = |[Va| - [BeBV,,| [B,| - [BeBV,| [B.| - [BCBV,,| B, 522

Vo] = [Vie| - [BeBV,| [B,] - [BCBV.| [B.] - [BeBV,| [B,] 629

The voltages of phase buses of the three phase four wire multigrounded radial distribution

system can be rewritten using eqs. (5.18)-(2I) as,
Vo] = [Vi| - [DLR| 1] - [DLF] [1,] (5.24)
where,
DLF,| = |BCBV, | |BIBC,| - [BCBV,,| |BIBC,,|
IDLF,| = { IBCBV,.| - [BCBV,,| } BIBC, |

Similarly, the neutral bus voltages of a three phase four wire multigrounded radial distribution

system can be rewritten using egs. (5.18)-(5.20) and (5.22) as,

v =[] - e 1] - [our. o

121



| IDLF,| = |BCBV,,| |BIBG,| - |BCBV,| |BIBC,|
[DLF,| = { IBCBV, | - [BCBV,,| } BIBC, |

Next, the ground bus voltages of a three phase four wire multigrounded radial distribution

system can be rewritten using eqs. (5.18)-(5.20) and (5.23)) as,

[Vg] - [ng] - [DLFs] M - [DLFG] [Ing} (5.26)

where,

[DLFE,} = [BCBVgp] [BIBCP] - [BCBVgn} [BIBCPH]

[DLFJ = { [BCBVgn} - [BCBVg] } [BIBCg]

Now, the voltage drop between neutral bus voltages and ground bus voltages of the system can

be expressed as,

e
ZrR = -V

ZrR = V-V

ZrR = -

Zmr = Vr— v

Znrpee = yr e (5.27)

The voltage drops between neutral bus and ground bus can be written in the matrix form as,

|Zoge| [Tng| = [Va] = V] (5.28)

where, [Zng,] is a diagonal neutral to ground impedance matrix and is given as,
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Z3 0 0 0 0 0
0z 0 0 0 0
0 0 Z 0o 0 0
Zngx] = :
0 0 - 0 - ZM 0 0
0 O --- 0 --- 0 Z;ngr 0
0 0O -+ 0 - 0 0z

The size of [Zyg,], for the system considered, willbe (v +v +w — 1) x (u+v+w — 1).

Now, from egs. (5.23)), (5.26) and (5.28)),

][] = { [V~ (o83 1] - [oes] 1]} { v - 0rs] ]
- Jourd/ 1]}

1ue] = [2ene] " { [Veo] = [Vae] + [ [pome] - [prm] [ 0]} 20

. Zenc| = [Zu| + [DLF.] - [DLE]

Next, eliminating the neutral to ground currents [I } from the expression of the voltages of

phase bus (eq. (5.24)) by using eq. (5.29)), we obtain,

i) =[] oo ] - e { fane] *{[v] - [v] [
- [DLF3]] i }}

0 0 P O 4 e

ng

where,

Fuve] =[] [Z0ne]
|Fipi| = |DLF] +{ DLF, | [ZFNG]_l HDLF5] - |DLFy| ”
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Also, eliminate the neutral to ground currents from the expression of neutral bus voltages (eq.

(5.25))) by using eq. (5.29) as,
V] = [Va] - [ou] 0] - [pre { [zexe] " { [Vr] <[] + | [o17]
- foe | [ })

[Vn} B [F%n] [Vsn} - {Fzgg} [ng] - [FZPLD] [IL} (5.31)
| Fan| = [1] - |DLE] [ZFNG]_1
[Fage| = — [DLF| [Zenc|

[FZPLD] = [DLF3] —i—{ [DLF4] [ZFNG] - “DLFS] - |:DLF3:| }}

where, M is an identity matrix of the size (v + v +w — 1) X (u + v + w — 1) for the system
considered.

Next, eliminating the neutral to ground currents from the expression of ground bus voltages

(eq. (5.26)) by using eq. (5.29), we obtain,
Vil = [Va] ~ [Drs] [1u] - [DLra] { [Zonc] " { [V] ~ [vid] # | [p18]
- [DLF;;H L) }}

Vel = [Fass] [Ve] = [Pann] [Van] ~ [Pavun ] 12 532

where,

[Puee] = 1] + [DLro] [2eno]
[Punn] = - [pLFo] [Zonc]
|Fapin| = |DLF] +{ DLF,| [ZFNG]l HDLFE,] - |DLFy| H

where, M is an identity matrix of the size (v + v +w — 1) X (u + v + w — 1) for the system
considered.
The sizes of various [BIBC| and [BCBV] matrices developed for the considered three phase

four wire multigrounded radial distribution system are summarized in Table
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Table 5.1: Sizes of various [BIBC] and [BCBV] matrices of the unbalanced

three-phase four wire multigrounded distribution system

Matrix Size Matrix Size

[BIBC,| | Bu+2v+w—3)xBu+2v+w—3) | [BIBCpy| | (u+v+w—1)xBu+2v+w —3)
[BIBCy] (ut+tv+w—1)xBu+2v+w—-3) | [BCBVy | (u+v+w—1)x(u+v+w-—1)
[BCBV,,] (u+v+w—Dx(ut+v+w-—1) [BCBV,,] | (u+v+w—1)x(u+v+w-—1)
[BCBV,p] | Bu+2v+w—3)xBu+2v+w—3) | BCBV,] | (u+v+w—1)x3u+2v+w-—23)
[BCBV,g] | Bu+2v+w—-3)x(u+v+w—1) | [BCBVg] | (u+v+w—-1)x(u+v+w-—1)
[BCBVg,| | Bu+2v+w—-3)x(u+v+w—1) | [BCBV,] | (u+v+w—-1)x(u+v+w-—1)

Steps of algorithm for the load flow analysis of unbalanced three phase four wire multigrounded

radial distribution system

. Initialize the [BIBCP], [BIBCPH}, [BIBCg}, [BCBVP}, [BCBVpn], [BCBVpg},
[BCBV,;,], [BCBV,], [BCBV,,|, [BCBV,]|, [BCBVy,] and [BCBV,]| matrices
of the three phase four wire multigrounded distribution system as null matrices. The sizes of

various matrices for the distribution system considered have been tabulated in Table [5.1]
. Generate all these matrices as described in Subsections [5.2.1]and[5.2.2]

. Set the iteration counter £k = 0. Also, set the initial values of all phase a bus voltages at
1.0/0° p.u., phase b bus voltages at 1.0/—120° p.u., phase c bus voltages at 1.0/120° p.u. and
all neutral and ground bus voltages at (0.0 + 50.0) p.u. throughout the system.

. Calculate the equivalent bus injection currents [IL} " at all the phase buses of the system

using eq. (5.3).
Ck=k+1

. Calculate the voltages of phase bus, neutral bus and ground bus ([V]*, [V,]* and [Vg]*) of

the system using eqs. (5.30)-(5.32).
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7. Calculate the error (¢),

e:max<

8. If € > tolerance(1.0 x 10712), go to step else go to the next step.

[Vi]" = [V

9. The obtained values of the voltages [V ], [V,] and [V] are the final values.

5.3 Short-circuit analysis of unbalanced three phase four wire multigrounded radial distri-

bution system

In this work, two different methods are proposed for the short-circuit analysis of an unbalanced
three phase four wire multigrounded distribution system. Relevant expressions have been derived
for calculating the fault currents for various short-circuit faults, such as SLG, LLG, LLLG and LL.
One of the proposed method is based on [BIBC] and [BCBV | matrices of the system, while the
other one is based on [Ybus] matrix of the system. Both the methods are discussed in details in

the following sub-sections.
5.3.1 Method 1: [BIBC} matrix based short-circuit analysis method

Initially, the load flow analysis of the unbalanced three phase four wire multigrounded distribution
system with ground return is performed, using the proposed load flow method to obtain the voltage
and the equivalent bus injection current at each phase bus of the system. Next, all the loads are
converted into equivalent load impedances using the pre-fault load flow results. For example, the
equivalent load impedance at p'" phase of i bus can be calculated as,

(V= Vi")

1

B= U = (e (5:33)
id

where, V¥ and V" are the p'* phase voltage and neutral bus voltage at i bus location obtained
from the pre-fault load flow results, respectively. I_ﬁl is the equivalent injection current at p** phase
of i*" bus, estimated from the pre-fault load flow solution. Now, consider the different short-circuit

faults as follows :

(a) Single line-to-ground (SLG) fault
Let us assume that an SLG fault occurs between phase a and the local ground g; at 5 bus

through a fault impedance z;, as shown in Fig. a) [158], and the fault current I_J? is flowing
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Figure 5.2: Unsymmetrical short-circuit faults, (a) SLG fault, (b) LLG fault, (c)

LLLG fault, (d) LL fault

P
_
a =a
jd I_]‘i ilzjd _
— b i
T
7 =b
I]d Zjd
B
C
TP
C =C
jd LI%jd
Ui
~Zngr
Zj
B — g]
J If
B — a D —
e
a _ 5a
jd I]'i ilzjd
D —— b D —
b E]
b
I3q Zja
— e
T’
C =C
jd L1%jd
— "y
zm
J
B gj

127

(d)



from phase a to the ground g;. Therefore, only the phase and the ground currents of the system
will get modified due to the SLG fault. The modified phase branch currents (only of the faulted

phase i.e., phase a) can be written as,

Bly = DLy+ I+ + Lyt Lyt L+ Ly + Ing + Iy g + I}
Bs; = Iyt + Lyt g+ Ly + Iy + Iy + L g+ IF

Bl = Lt 1

Bz,f = [_l(il—i_fgmd—i_fsbd

Bﬁf = Ing+1n,

Hence, the modified phase branch currents due to SLG fault can be expressed in the matrix form

as,

Byi| = |BIBG,| |1 + [BIBC, | 1] (535)
where,
[BIBCfp}Z[BIBCP(:,ff)}:[l 00 --100--00000 O}T;[If}:]—?

Here, [BIBCfp] matrix for an SLG fault is a column vector of [BIBCP] matrix corresponding
to the faulted phase q (here, ¢ = a) of the faulted bus f, (here, f, = j) and [If} is a fault current
vector. The size of [BIBCfp} matrix for SLG fault, for an unbalanced three phase four wire
multigrounded distribution system considered, will be (3u + 2v +w — 3) x 1.

Similarly, the modified ground currents due to SLG fault can be written as,

B, = -L'-LY— - I ~L[Y— - = [~ [V = [}V — I} — I}

BY, = I} 0. [ [9_[_]s

By = —I'-1I;

Bl = —I"-L})—IL?

BY, = [

B, = —I (5.36)
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Hence, the modified ground currents can be expressed in the matrix form as,

[Bgf] =— [BIBCg} [Ing} — [BIBCfg] [If} (5.37)
where,
T
|:BIBCfg:| = [BIBCg(:, g‘g)} = [1 1 -1 --- 00 O}
Here, [BIBCfg} matrix for an SLG fault is a column vector of [BIBCg} matrix corresponding

to the neutral to ground connection (ng) of faulted bus (f,). For a fault at % bus (f, = j),
[BIBCfg} = [BIBCfg(:, jng)] as obtained from the definition of [BIBCg} given in eq. .
The size of [BIBCfg} matrix will be (v +v +w — 1) x 1.
Rewriting the eqs. (5.21)-(5.23)) for the voltages of phase buses, neutral buses and ground buses
under the fault conditions (due to SLG fault), we obtain
Vo] = [Va| = [BCBV,| [Boi| - [BOBV,.| [B.] - [BeBV,,| B 538)

Vai| = [Vin| = [BCBV.,| [Bys| - [BCBVL] [B.| - [BCBV.| [Bus|  539)

Vee| = |[Vie| = [BCBV,| [Boi| - [BOBVL [B.] - [BCBV,| B  G40)
Therefore, the expressions for voltages of phase buses, neutral buses and ground buses can be

rewritten using eqs. (5.33)), (5.37) and (5.38))-(5.40) as,

Voe| = [Va| - [DLEy| 1] - DL [1,] - [DFE,| |1 (5.41)

Vas| = |Va| = |DLFs) || - [DLE] |L,| - [DFF] [1 (5.42)

:Vg,f_ = :ng} - [DLFE,: :IL} - :DLFG: :Ing} - :DFFg: [If: (5.43)
where,

[DFF,| = |BCBV,| |BIBC;,| - |[BCBV,,| [BIBCy,]

IDFF,| = |BCBV,,| [BIBC,| - |[BCBV,,| [BIBC,]
IDFF,| = |BCBV,,| [BIBC,| - [BCBV,] [BIBC,]

The neutral to ground currents under the fault conditions are then calculated using the neutral and

ground bus voltages under fault conditions with the help of eqgs. (5.28)), (5.42)) and (5.43)) as,

2] [1] = { [vr] - [P20s] 1] - [pres] 1] - o] [1] |
- {[va - [pee] (1] - o [r.] - [ores] 1] |
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] = [zone] { [Va] - [ve] + | [DLES] - [DLE] | [1]
+ [[DFF;;] — [DFFz}] |:If:| } (5.44)
) Zenc] = [Zow] + [DLE.] - [DLE] |
é}; (ltgi;’joajges of phase buses, neutral buses and ground buses are recalculated using egs.
Vo [52] [ { ][]} - ][] - o ] 55
Vae] = [Famn] [Von] = [Fass] [V = [Faro] [12] = [DEFa] 1] 596)
Vot = [Fose] [Va] = [Fonn] [Van] = [Fupro] [12] = [pEws, | [1] - 547

where, matrices |:F1ng:|’ FipLp|» [FZnn]’ F2gg:|’ FZPLD]’ |:F3gg:|’ [F3nn] and [F.?.PLD]
have already been defined in eqgs. (5.30)-(5.32) and

- . - - - R — - . - -
DFF,,| = |DFF;| + |DLF;| |Zprnc { DFF3| — |DFF, }

- . - . - o -1 - . - .
DFF,,| = |DFF;| + |DLF,| |Zgng { DFF3| — |DFF, }

. - - - . o - - -1 - - o -
DFF3,| = |DFF3| + |DLFg| |Zrng { DFF3| — |[DFF, }
For an SLG fault at phase a of ;' bus with a fault impedance Z, as shown in Fig. a), the

voltage equation at fault bus can be written as,
— J0 __ Y/Q {79
2l =Viy = Vis (5.48)

where, V]“f and Vj?f are the voltages of phase a and ground g; at fault bus j under the fault con-

ditions, respectively. Substituting the values of VJ“f and Vj?f from eqs. (]5.45[) and (15.47[) into eq.

(5.48)), with an assumption that the neutral and ground buses at the substation end are perfectly
grounded (i.e. at zero potential; VS” =0, ‘_/Sg = 0), and writing the resultant equation in a matrix

form, we obtain

2] [1:] = Vo= [Fueo(i )] 1] = [DFFw( 1] [1] + [Fapeo(os. )] [L]
+ |DFFsu(gp. 1) K] (5.49)
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where, for SLG fault (at phase a of j" bus), [Zf] = Z5; [FlPLD( i )} represents the row vector
of matrix [FIPLD} corresponding to the faulty phase ¢ (here, ¢ = a) of fault bus f;, (here, f, = 7);
[DFFln( 1, 1)] represents the row vector of matrix [DFFM} corresponding to the faulty phase
q of fault bus f3; [F3PLD (94, )} represents the row vector of matrix [F3PLD] corresponding to
the ground gy, at the location of fault bus f3; [DFan( af, 1)} represents the row vector of matrix

[DFF%} corresponding to the ground gy, at the location of fault bus f3.

Hence, the fault current [If} is obtained from eq. (5.49) as,

[If] - [ZFl] 71‘7: - [F{gPLD] [IL} (5.50)

where,
Ze| = |2]+ [DFFw(7.1)] — [DFFa(05.1)

[F{lstpm} = [Zm] h { [FlpLD(ff, 3)} - [FsPLD(gfba 1)] }
(b) Double line-to-ground (LLG) fault
Let us consider an LLG fault between phases a and b, and the local ground g; at 5% bus location
through a fault impedance z, as shown in Fig. b) [158]. The two fault currents /¢ and I% are
flowing from phases a and b to the ground g; at ;' bus, respectively. The modified phase branch
currents (of faulty phases a and b) due to LLG fault in Fig. [5.2(b), can be written as,
B, = Igy+Is+-+ILy+ L+ + Ly + I+ L+ I+ 1§
Biy = Dyt Iyt + L+ Lg++ L+ Iy + L+
B, = Igg+- -+ Iy+ g+ -+ Ly + L+ Loy + Iy + 1§
Byy = Dyt + Lyt Lyt + Ly + Ly + Ly + 1
bty = Tt I
Bl = Di+T)
Bg,f = I+ 1I0,+ I_s;,d
By = Iny+1Iy,

BZf — jg@d"i_jﬁbd

Bly = I
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The phase branch currents under fault conditions can be written in a matrix form as,

B,¢| = |BIBG,| || + [BIBC,, | 1] (5.52)
where,
By - BIBG,(;, /) T: 100 --100-000000]
BIBG,(;, /) 010 --010--000000
v = [r 0]

Here, [BIB Cfp} matrix for a LLG fault contains column vectors of [BIB Cp] matrix correspond-
ing to the faulty phases ¢; and ¢» (here, ¢; = a, g2 = b) of the fault bus f, (here, f, = j). The size
of [BIBCfp] matrix for LLG fault will be (3u + 2v + w — 3) x 2.

The modified ground currents due to LLG fault, as shown in Fig. b), can be written as,

Bf, = A P (A PR A [ (i R

Bg,f — _jgg_..._Lﬂg_j]ﬂg_,,,_j;bg__flng_j%g_fsbg_j;_f?

Bly = —I"=Ij-1Iy

B, = —I—1¢-1I% Biy=-Li-17 B =-I? (5.53)

Hence, the ground currents due to LLG fault can be expressed in a matrix form as,

[Bgyf] =— [BIBCg} [Ing} - [BIBCfg} [If} (5.54)
where,
T T
[BIBC ]: BIBCq(:,g5)| (1 1 - 1 - 000
®l o IBIBC,(:, g5 11 -1 .-000

Here, [BIBCfg} is a sub-matrix of [BIBCg] matrix and contains two identical column vectors
(due to LLG fault) corresponding to the ground bus gy, of fault bus f; (here, f, = j). The size of
[BIBcfg} matrix for LLG fault will be (u+v+w —1) x 2. Once, the [BIBCfP} and [BIBcfg]
matrices are formed for LLG fault, the voltages of phase buses, neutral buses and ground buses

under the fault conditions are then calculated by using eqs. (5.45)-(5.47).
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For an LLG fault at phases a and b of %" bus through a fault impedance z;, as shown in Fig.

[5.2(b), the voltage equations at the fault bus can be written as,

zply = Vi =V,
Sl = V-1, 559

where, 17]“f and Vf’f are the voltages of phase a and b of fault bus 7 under fault conditions, respec-
tively; Vj?f is the ground bus voltage under fault conditions at fault location (bus j). Substituting

the values of \7]af Vj{’f and ‘7jg  from egs. (15.45[) and (]5.47[) nto eq. 1i with an assumption that

the neutral and ground buses at the substation end are perfectly grounded (i.e. at zero potential;

VI =0, V9 = 0), and writing it in the matrix form, we obtain,
_Vs“ F e DFF.,.(f*,:
z] ] - oA 1 B N

vy Fipo(f7,:) DFF1. (/)

N Fsprp(9y,. 1) [IL:| N

DFF3,(gy,,:) [I }
f
| FspLp (95, )

DFF3n(gy,,:)

(5.56)

z
where, for an LLG fault (at phases a and b of j** bus), [Zf} = |7 ; [FlPLD( i )} and

Zf
[FlPLD( 22 )] are the row vectors of matrix [FlPLD} corresponding to the faulty phases ¢;
and ¢- (here, ¢ = a, ¢ = b) of faulted bus f, (here, f, = j), respectively; [DFFIH( 517;)]
and [DFFIH( 22 )} are the row vectors of matrix [DFFln} corresponding to the faulty phases
¢1 and ¢, of faulted bus f,, respectively; [FSPLD(gfb: )] is the row vector of matrix [F3PLD]

corresponding to the ground gy, at the location of faulted bus f;; [DFan( 9, )} is the row vector

of matrix [DFan] corresponding to the ground gy, at the location of faulted bus f,. Hence, the

fault current [If] for an LLG fault is obtained from eq. (5.56)) as,

a

[If} - [ZFl] R ‘—/Sb N [F{gPLD} [IL] (5.57)

s

where,

DFFln( Ijh, 3) DFF3n(gf ) :)
[ZFJ - [Zf] T a2 b
DFFy,(f2,:) DFF3,(gy,,:)
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-1 Fipo(fi):) Fspip(9y,,:
[F{gPLD} - [Zm] ' Us ~- |’ (95:)
Fipro (£ ) Fsprp(95,, 1)
(c¢) Triple line-to-ground (LLLG) fault

Let us now consider an LLLG fault between all the phases a, b and ¢, and the local ground g;
at 7' bus location through a fault impedance Zz;, as shown in Fig. c) [158]. The fault currents
1%, I} and I§ are flowing from phases a, b and c to the ground g; at j'* bus, respectively. The phase

branch currents (of faulty phases a, b and c) due to LLLG fault in Fig. c), can be written as,

By = Iy+Iy++ Iy + Lyt + Ly + Ly + Ly + I g+ 17
By = DLyt I+ + g+ L+ + L+ Iy + La + 1

Biy = Lyt Lyt + Lyt Gyt Ty + Iy + 1

By = Iyt A I+ I+ I+ I+ 10+ 10+ I8
By = j§d+”'+jz‘bd+ljl?d+' A R+ I+ I+ 1

Byy = Ig+-+ I+ L+ + g+ I+ I

By = I+1¢

By = L,+1;

B, = ;415
By = Jf;lﬂa + I8,

Bli, = ]_l(ii
Blb,f = I,
Bry = Ina (5.58)
The phase branch currents due to LLLG fault can be written in a matrix form as,
B,¢| = |BIBC,| 1| + |BIBCy, | 1] (5.59)
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where,

T T

BIBC, (-, /') 100 --100--000000

BIBCy,| = [BIBG,(/)| = (010 - 010 - 000000 :;
BIBC, (-, /") 001 --001--000000

T

| = B oK.
Here, [BIBCfP} matrix for an LLLG fault contains column vectors of [BIBCP} matrix corre-
sponding to the faulty phases ¢, ¢» and g3 (here, g1 = a, g2 = b, g3 = c) of the faulted bus f;, (here,

fo = 7). The size of the [BIBCfp} matrix for a LLLG fault, will be (3u + 2v + w — 3) x 3.

The ground currents due to LLLG fault, as shown in Fig. @Kc), can be written as,

B, = ~LY-L9—  —I'-I"— . -9 [0 [ [ ° T
Bj; = ~LY— - —LY—[Y— - — LY~ [0 — I}9 — Iy — I} — I

Bly = —I'—1If-I; =1

Bl = —LY-LY-1L7

Bl; = —I;} =LY

Bhy = —L} (5.60)

Hence, the modified ground currents due to LLLG fault can be expressed in the matrix form as,

[B&f] = - [BIBCg} [Ing} — [BIBCfg] [If} (5.61)
where,
- T T
BIBCg(:,gfb) 11 -1 - 000
[BIBCfg] = |BIBCq(:,94)| =11 1 -+ 1 -+~ 000
BIBC,(:,9y,) 11 -1 -~ 000
Here, [BIBCfg] 18 a sub-matrix of [BIBCg_ matrix and contains three identical column vectors

(due to LLLG fault) corresponding to the ground bus gy, of faulted bus f, (here, f, = j). The
size of [BIBCfg] matrix for an LLLG fault, will be (v + v + w — 1) x 3. Once, the [BIBCfp]
and [BIBCfg} matrices are formed for LLLG fault, the voltages of phase buses, neutral buses and
ground buses under the fault conditions are then calculated using eqgs. (5.45)-(5.47).
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For an LLLG fault at " bus through a fault impedance Z;, as shown in Fig. c), the voltage

equations at fault bus can be written as,

Zly = Vi =V,
S _ b T
zply = Vi =V
il o= Vip =V (5.62)

where, X7j‘ff, \_/]bf and X_/ch are the voltages of phases a, b and c of fault bus j under the fault condi-

tions, respectively. 17j?f is the ground bus voltage at the fault location (bus j) under fault conditions.

Substituting the values of \7j‘ff, V;}, V]Cf and \7j?f from egs. 1D and li into eq. 1D with

an assumption that the neutral and ground buses at the substation end are perfectly grounded (i.e at

zero potential; VS” =0, ng = 0), and writing the resultant equation in the matrix form, we obtain,

Ve Fipo (/") DFF1n(fy",:)
[Zf] [If] = |V¥| — |Fipp(f?,) [IL] — | DFF1.(f;)7,:) [If}
Ve FipLo (/") DFF1n(f3",7)
FspLp(97,, ) DFF3u(gy,,:)
+ |Farun(gs.)| [Iu| + |DFFan(gs. )| [T] (5.63)
|FspLp(9y,:7) DFF3u(gy,,:)
Zr 0 0-
where, for an LLLG fault (at j* bus), [Zf} =10 z 0] [FlPLD(ffl,:)}, [F1PLD(ffZ,Z)]
0 0 zf
and |:F1PLD( 1 )} are the row vectors of matrix [F1PLD: corresponding to the faulty phases

q1,» q2 and g3 (here, g1 = a, ¢ = b, ¢ = c) of faulted bus f, (here, f, = 7), respectively;
[DFFln( 2 ;)}, [DFFIH( 22 )] and [DFFln( 22 )} are the row vectors of matrix [DFFIH]
corresponding to the faulty phases ¢;, ¢» and g3 of faulted bus f;, respectively; [F3PLD(gf,,, )} is
the row vector of matrix [F?,PLD} corresponding to the ground gy, at the location of faulted bus

fos [DFF:,,n(gbe )} is the row vector of matrix [DFF%} corresponding to the ground gy, at the

location of faulted bus f;,. Hence, the fault current [If} for LLLG fault is obtained from eq. (5.63
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as,

where,

[If‘i| = [Zm]_l Vel — [F{étpw} [IL] (5.64)

DFF1,(f,:) DFF3,(94,,:)

Ze:| = |Z]+ |DFEL(f7.)| = |DFFaa(gy,.)
DFF1.(f%,:) DFF3,(9s,,:)

) Fipro(fy' 1) F3pLp(9s,, )

[F{ZPLD} = |:ZF1]7 Fipp(f3?,:)| — |FspLp(9y,,:)
Fiptn(f)°,:) FspLp (95, )

(d) Line-to-line (LL) fault

Let us consider an LL fault occurred between phases a and b of j* bus through a fault

impedance zy, as shown in Fig. d) [158]. The fault current [ ¢ 1s flowing from phase a to

b at ' bus. Hence, only the phase branch currents will be modified due to LL fault. The phase

branch currents (of faulty phase a and b) due to LL fault, as shown in Fig. [5.2(d), can be written

as,

I+ Ig+ -+ L+ L+ -+ Ly + I+ Ly + I g+ 1§
B+ L+ + I+ D+ + R+ Iy + 1y — I
Id+ _|_Id_|_[]{1d_|_,.._|_I_gd+l_l%_|_[ad_|_[ad_|_[f

Lyt Ly Lyt -+ Iy + Iy + Iy — 1

I+ 1%
I, —If
I+ I+ I g
I+ 10,

Ing+ jﬁbd
b
Imd

]a

nyd

(5.65)
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The phase branch currents due to LL fault can be written in the matrix form as,

[Bp,f} = [BIBCP] [IL} - [BIBcfp] [If}

where,

{BIBCfp = [1 ~10 -~ 1 =10

] - (1)

T
OOOOOO};

- [BIBCP(:, ) — BIBC,(:, f2)

The size of [BIBCfp- matrix for LL fault will be (3u + 2v + w — 3) x 1.
Rewriting the eqgs. (5.21)-(5.23)) for the voltages of phase buses, neutral buses and ground buses

under the fault conditions (due to LL fault) as,

Vo = [va] - [BBY,] [Byd] - [BeBv,.] [B.] - [BeBv,] [B,]

Va| = [Van| = [BCBV.,| [B,¢| - [BCBV,| B,
\

Substituting the values of [Bn}, [Bg} and [Bp’f] from egs.

[ I

5.19),

5.20

and

- [BcBV,,| |B]

W [Benvy) [, - [Bov, [B] - [ponv.] [e,]

5.66

(5.66)

(5.67)

into eqs.

(5.67)-(5.69) and rewriting the expressions for the voltages of phase buses, neutral buses and

ground buses under the fault conditions, we obtain,

Ve = [vi] - 18] [1] - [prre] 1] -
Vae| = [Van] = [DLPS] [1] - [DLR 1] -
Vo] = [va] - [P 1] - [pree] ] -
where,
[DFFJ = [BCBVP] [BIBcfp}
[DFF;} = [BCBVHP} [BIBCfp]
[DFF;,} = [BCBVgp] [BIBCfp}
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Now, the neutral to ground currents are calculated with the help of neutral and ground bus voltages

under the fault conditions using eqs. (5.28), (5.71) and (5.72) as,

el ] = {[v2] - e 1] - [oed 1] - [ore] 1]}
~{[vd - [oe] 1] - [oums] 1] - [ore ]}

] = [zee] { [Vi] - [vie] + | [2r:] - D] | 1]
+ “DFF;] - [DFF;H [If] } (5.73)

Now, substituting the value of [Ing} from eq. (5.73) to the eqs. (5.70)-(5.72)) for recalculating the

voltages of phase buses, neutral buses and ground buses under fault conditions, we obtain,

[Vp,f] - [V} - [Flng} { [Vsn} - [ng} } - [Flpm} [IL: - [DFF’M} :If] (5.74)

Vo] = [P [V~ [Ps] [v] - oo 1]~ e ] 6579

Vie] = [Fae) [Vas] = [Faua| [Van] = [Farin] [1] - [DFES] [1] 70

- - - - - - - _71 - - - -
DFF,, | = |DFF,| + |DLF;| |Zrnc { DFF;| — |DFF, }
- - - . - 4 - 1 =1 - /_ - /_
DFF, | = |DFF,| + |DLF,| |Zrnc { DFF;| — |DFF, }

!

- - ~ . - 4 -~ 1 =1 - - - -
DFF;,| = |DFF;| + |DLFg| |Zrne { DFF,| — |DFF, }

For an LL fault at phases a and b of j bus through a fault impedance z;, as shown in Fig.

@d), the voltage equation at fault bus can be written as,
ol = Vig =V (5.77)

where, \7]‘1f and \7]bf are the voltages of phase a and b at fault bus j under the fault conditions,

respectively. Substituting the values of V% and V}; from eq. (5.74) into eq. (5.77), with an
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assumption that the neutral and ground buses at the substation end are perfectly grounded (i.e. at

zero potential; ‘78" =0, ng = 0), and writing the resultant equation in the matrix form, we obtain,

[Zf] [If} = V- [F1PLD(f1?1, )} [IL] — [DFF’M( o 1)] [If} — ‘_/Sb
+ [FlPLD(ffgﬂ)} [IL] + [DFFin(fl??,l)] [If] (5.78)

where, for LL fault (at phase a and b of j* bus), [Zf] = Zy; [F1PLD(ffl, )} and [FlpLD(ff2, )]
are the row vectors of matrix [FlPLD] corresponding to the faulty phases ¢; and g (here, ¢; = a,

g2 = b) of faulted bus f, (here, f, = j), respectively; [DFF'ln( o 1)] and [DFF'ln( 02 1)] are
the row vectors of matrix [DFF'IH] corresponding to the faulty phases ¢; and ¢, of faulted bus f;,

respectively. Hence, the fault current [If] is obtained from eq. (5.78) as,

1] = 2] 5 72) - [etie] 1]
where,
[ZFJ = [zf] + [DFF;H( 51,1)} - [DFF;H( 52,1)}

[F{TPLD} - [ZFJ _1{ [FlpLD(f’?l’ )} B [FIPLD(f’;D’ )} }

Steps of algorithm for [BIBC] matrix based short-circuit analysis method for an unbalanced

three phase four wire multigrounded radial distribution system

1. Run the base case power flow of three phase four wire multigrounded system using the

proposed load flow method as discussed in Section [5.2|of this chapter.
2. Convert all PQ)-loads into constant impedance loads using the obtained load flow solution.

3. If a ground fault (SLG, LLG, LLLG) occurs in the system, then formulate [BIBCfp],
[BIBCfg} and [Zf] matrices corresponding to the type of fault occurring in the system.

If the fault is a line to line (LL) fault, then formulate only [BIBCy,| and [Z¢] matrices.

4. Set iteration counter £ = (0. Also, set the values of voltages of phase buses, neutral buses
and ground buses, and equivalent bus injection currents equal to the values obtained from

pre-fault load flow solution.
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10.

11.

k
. Calculate the fault current [If] using eq. (5.50) for SLG fault, eq. (5.57) for LLG fault, eq.

for LLLG fault and eq. (5.79) for LL fault.
k=k+1

Calculate the voltages of phase buses, neutral buses and ground buses ([Vp¢]¥, [V¢]* and
[Vg’f]k) of the system under the fault conditions, using eqgs. lHi for ground faults
(SLG, LLG, LLLG) and using eqgs. (5.74)-(5.76) for LL fault, respectively.

. Calculate the error (€),

€ = max (‘ Vol — [Vpel*!

) ’[Vn,f]k - [Vn,f]kil

, '[Vg,f]’“ - Ve

)

. If € > tolerance(1.0 x 107!2), go to the next step, else go to step[11]

Calculate the values of equivalent bus injection currents at all the phase buses of the system.
The equivalent bus injection current at any phase p of i'" bus at k" iteration under the fault

. =\ .
condition ([, ;) is calculated as,
_ Kk —
_ VP —vn
k
="t );p=aorbore)
“id

where, ‘7ip pand \Z”f are the voltages at phase p and neutral n; of i*" bus under fault conditions,

respectively. Z7, is an equivalent load impedance at phase p of i" bus. Now, go to step

The obtained values of [V ¢], [Vint], [Vgr| and [I¢] are the final values of voltages under

the fault conditions and fault current, respectively.

The overall flow-chart of the proposed [BIBC| matrix based short-circuit analysis method is
shown in Fig. [5.3]

5.3.2 Method 2: [Y},,s] matrix based short-circuit analysis method

In this method, first the loads at all the phase buses of the three phase four wire multigrounded

distribution system are converted into equivalent load impedances (as given in eq. (5.33))) with the

help of proposed DSLF solution. Next, to form the bus admittance matrix [Ybus} of the system,

141



Calculate the error (g),

Run Base case power flow X . K » . -
[Vl ~[Vpsl [[Vasl -[Vas] [[Vgsl [Vl

;::mux[

)

A

Convert all PQ-loads into constant
impedance loads using obtained load

flow solution

A 4

Formulate [BIBCsp], [BIBCsg] and [Zs]
matrices corresponding to the type of

Calculate equivalent bus
fault occurring in the system

injection currents,

y Zi
EZ' i =2, .., no. of phase buses

A

Calculate fault current [If],
SLG fault -: eq. (5.48)
LLG fault -: eq. (5.55) <

LLLG fault -: eq. (5.62)
LL fault -: eq. (5.77)

A 4

k+1

A 4

=
]

Calculate the voltages of phase buses,
neutral buses and ground buses ([Vp,],
[Vns] and [Vgg]) of the system under the

fault conditions,

(SLG, LLG, LLLG) -: egs. (5.43)-(5.45),

(LL) -: eq. (5.72)-(5.74)

Figure 5.3: Flow-chart of the proposed [BIBC| matrix based short-circuit anal-

ysis method

the equivalent load admittances are then calculated at all the buses. For example, equivalent load
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admittance at any phase p of bus : is calculated as,

L1
Yia = z—pd = m; (p=a,b,c) (5.80)

where, 77, is an equivalent load impedance of p'* phase of i*" bus, V? and V" are the p'" phase
and neutral bus voltage at i*" bus location, 7, is the equivalent injection current at p'* phase of "
bus, obtained from the DSLF solution. Now, the line admittance matrix of the line section between

buses 7 and j is calculated as,

aa Hab  Sac  san 509

Yii  Yi; Yij Yy Y

~ba bbb  bc —bn  =bg
Y Y5 Yy Yy Yy

-1
—abcng | _abeng — | sca  scb e sen o €O
ij - |:Zij } |\ Y5 Y5 Y Yii Y (5.81)

—-na ;nb snc snn 719

yz] yzg yz] yzg yU

—ga -—gb -—gc —gn —gg

| Y Y Y Yo Yij |

pq __

where, 7 = §i}; p,q = a,b,c,n,g; p # q.

To obtain the [Ybus} matrix of the unbalanced three phase four wire multigrounded distribu-
tion system, as shown in Fig. Kirchhoff’s Current Law (KCL) equations are required at all the
phase, neutral and ground buses of the system. Let us consider the KCL equation at phase a of bus

2 of the system shown in Fig. with an assumption that V* = 0 and V¢ = 0 as,
Jis (Vs = V) + 5 (Ve = V) + 555 (V5 = V) + 515 V5" + Vs + g5, (Vs — V')
55 (Vs = Vi) + g5 (Ve — Vi) + 055 (Vs — Vi) + 955 (V3" — V") + 95§ (VY — V)
=0
(75 + o3 + Jsa)Va' + (51 + J5s) Ve + (G5 + 55)V5 + (533 + s — Usa) V' + (513
VS — 55 Vs — UasVs — UssVe — B Va' — BodVE = UiV + ULV +usVE (5.82)
Similarly, the KCL equations at phases b and ¢ of 2" bus are given in eqs. (5.83) and (5.84),

respectively as,

(508 + o) V" + (U5 + Uos + o Vs + (935 + 055) Vs + (0 + 9o — 9o Vo' + (953

—bg\ 1/ —bay/a —bb Y, —bcy/c —bny n —bg; —bayra — —bcy/c
+ o) V5 —933% —ygg%b—yg?)v}) —?/12)3‘/5 — Uga V5’ :ylﬁ s +y11;gvs +?/lf2 s (5.83)
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(755 + 755) Vs + (Fis + J5) Ve + (s + s + 55" Vs + (553 + s — 75") V' + (413
+s)VS — 55V — U5sVs — UssVs — UssVa' — BV = JsV + JVe + Ve (5.84)
Also, the KCL equations at neutral n, and ground g, at the location of 2"¢ bus are expressed in

eqs. (5.83)) and (5.86)), respectively as,
(U5 + 055 — Usa) Vs + (U1s + Uy — Goa) Vo' + (Uis + Uss — Usa) Vs + (Y13 + Uss' + Usq + Uoa
05+ B )Va + (Urs + Uny — 557 )V — Uas Vi — gsa V) — sV — sVt — gag Vi =

GVE+ vy + gisve (5.85)

_ga —_ga\yra _gb —gb\ 17 _gc —_geNyre —_gn —_gn —_ngr\yrn _ _
(s + U35 )\Vs' + (s + U35) Vs + (715 + 55) Vs + (7l + uss — 5 )V + (45 + v55
—NGT\ Y/ —gayra —gby; —gcyyc _ —gnyrn 997/ —gayra | —gby; —gcy e
TV — G Vi — U3V — sV — i V' — gsVE = s VE+ gV + sV (5.86)

where, 757"

= ﬁ, 759" is the neutral to ground impedance between neutral n, and ground g, at
the location of 2"? bus of the system shown in Fig. Therefore, the KCL equations at bus 2 can

be expressed in the matrix form using eqs. (5.82)-(5.86) as,

Yoo MEVEPE | YRReneyEPens — yabengy abe (5.87)
where,
Y3558 =
(795 + 755 +750) (715 + 753) (735 +955) (U5 + 055 — U30) (G5 + Uny)
s +98) @S+ +uk)  OhsHws) WU —vh) W+
(555 + %) (055 +753) (G55 + 055+ Usa) (U5 + 055 — Usa) (U5 + 53)
(T1s + U35 — U50) (Ui + 55 — Pba) (15 + U35 — U5a) (Ui + 055 + 054 (G5 + oy
g+ s T 97 —7)
(5 + %) (75 + U33) (s +985) s+ o8 — w7 (i + v
] +77)
T
g5 ms T g Ui .
YIS = g YR gt g g g gis| VI = Ve V2V

—ac be  sce —nc 79¢€
Y12 Y2 Y12 Y2 Yie
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abcng = b T - *gT abcng = b T — *gT
NS I (O R O T R Al 7 R R A A

Similarly, the KCL equations at three-phase bus j, two-phase bus m and single-phase bus n,; are

given in eqs. (5.88)), (5.89) and (5.90), respectively, as,

Y;bcngviabcng + Y;bcngv?bcng -0 (588)
bn bcn n n n n
Yo BV L YRRVt 4 YIS Vane = 0 (5.89)
an abn an, ang __
yans yabne | yang yangs _ ) (5.90)
where, Y;bcng _ _—jaibcng;
e + 752 U use (5" = ¥5a) v5i
—ba = . —bc —bn . —b
gl (T3 + T0a) Tk (5 — T5a) y;l
abeng —ca e —cc —c cn e e
ij - Yii yj? (yji + yjd) (yji - yjd) ng
(5 — JSa) (ﬂﬁb - Qfd) W5 = Y5a) (G5 + Y5+ ﬂ?d +95a +977) (W —9;7")
—ga —gb —gc —gn —ngr — —ngr
T It vl; @5 =) (@5 +9;7")
(Wit + Uiy + Tma) T (Wt + Ty, = Uma) Uit + Ui,
—ba . . —bn = —b
Uit W + Uma) Wit — Ua) Ut
bn, —na —na —a —n — —-nn —nn —a —n, —n —ngr
Y;anmg = (yml + Ymny — ymd) (ymbl - ygzd) (yml + Ymny, + Ymd (ym% + ymgnb - ymg )
Hma + U + Un")
—ga —ga —gb —gn —=gn —ngr - = —ngr
(Gt + Ui, Vit (Ut + Vi, = Ud") - Wi + Vi, + U |
(ggz,gm + gzbd) (gg?m - ggbd) gggm
none = | Ui = Unya) - Wni + Upa +907) (U — U507
Ynom (Yorm — Und") (Y58, + Und")
i o Ui Gyn O iy, Uy Ui
—ba  bb —b —bg —na =N =N,
Yablng _ Ymi Ymu yw?l Ymi 0 . Yangb _ y?rmb ym?zb ymgnb _ |:Yal‘lg ]T
m —na n —nn N Pomn —ga —gn - npm
Ymi ymbl Ymi mgl 0 ygnnb ygnnb ygiqnb
—ga  —gb —gn  —
Y [0 0 0|
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T
Vaang [Va Vvib ‘72‘6 V;n ‘729:| Vabcng [Va ‘7jb ‘7]'0 V’jn ‘7]9:|

T T T
vibens — [V“ vk ve un \7,9] Ve = [Vn‘i Vo Vi Vn%] Vn,® = [‘7% Vi ng]

Hence, the generalized KCL equations for the unbalanced three phase four wire multigrounded

distribution system, having u three-phase, v two-phase, w single-phase, (u + v + w) neutral and

(u + v + w) ground buses, can be expressed in the matrix form as,

o] - I

where,
B ben, ben n n
Y;ZC & Y;uc & ‘Z)(qufl) Y‘Z)(qufv)
yabceng yabeng yPang pang
u2 uu u(u+1) u(utv)
pang pang qung qung
(ut1)2 (u+D)u (ut1)(ut1) (ut1)(utv)
[¥oue] = : : : :
pang pang pang pang
(utv)2 Y<u+v>u Ylutv)ut) Y utv)(utv)
ypne yPpng yPng
(utv+1)2 Yibvinu  Ylutvt1)(uin) (utv+1) (utv)
| Ylabvan2 YiEvinu  Ylatvinury) Yty 1) (utv)
— abceng abcng pang pang
v = |vs ya vrang vrans
— abcng y7abce
[I] [(YS vzbe)y 0 0 0 0 0

The elements of the [Ybus} matrix are calculated as,

Vil = g un e G+ iy T

Vo= gty o+
+ > 7
pl
Zgg = yzl +y +

T Uy

Vi Ty T

YR = gl g +y(u+l>+---+@’?i+v>

A O (W o
= Yy

(23

Yiziag = yzl +y + - +y +y(u+1)+
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-+ yz(quv) + y (u+v+1) +-

+ Q?(Zﬂ) + ??(Z+v+1) +

+ gf(ZHrv) + gf(gquv+1) +-

png
Yo (ugv+1)

png
Y i (utvt1)

png
Y (ut1) (utv1)

png
Y (utv)(utvii)
ang
(atv+1) (utv+1)

png
Y (utv+n (utvt1)

png
V (u+v+1)

o

—pn
T yz(u—l—v) + yi(u+v+1) t+-o

-+ (u+u) + gf(i+v+l) +ot

+ g?(?t—l—v—l-w) + Y;

-t y (u+v+w) + Yi

png
Y (ut 1) (utvtw)

png
Y vy (utvtw)
ang
(utv+1) (utvrw)

png
Y (utvn (utvtw) |

(5.91)

png
Yo (ugv4w)

png
Y o (utvw)

png
V(u+v+w)

-+ y (u+v+w) + gfd

—ngr

—ngr

—pn —p
Yi i(utvtw) Yia
P9 __\9p
Y i(utvtw) Yv”



Y;'?g - gzﬁlg + gzgg +o Tt g?ug + g?(iﬂ) +- g?(i-&-v) + g?(i-i—v—i—l) +eet g?(ZJerrw) - g?gr
= Y9
PP __ =pp. ynn __ _ =nn, 99 __ —99.
Y;j = Y Y;j = Y5 s Y;j = Y5
Pq —pq. ypn . _=pn _ Yynp. \yPY P9 _ 9P M9 . ang _ Nygn
Y;j = Y Y;j = 7Y = Y;j ; Y;j = Y = Y;'j ; Yij = 7Yy = Yz‘j
(5.92)
where =2, ..., u; j=1,...,u; 7 #i;pland p = a,b,c; ¢ = a,b,c; p # q for u three phase

buses,

i=(u+1), ..., (u+v); j=(utl), ..., (u+v);5 # i; pland p = (a,b) or (b,c) or (¢, a); ¢ =
(a,b)or (b, c)or(c,a); p# q for v two phase buses,

i=(u+ov+1), ..., (u+v+w);j=(u+v+1),...,(u+v+w);7 #i;pl,pand ¢ = aorbor
¢, for w single phase buses. n and g stand for neutral and ground.

Therefore, the size of [Ybus] matrix for an unbalanced three phase four wire multigrounded
distribution system considered, is (5u + 4v + 3w — 5) X (bu + 4v + 3w — 5). Once the [Ybus]
matrix of an unbalanced three phase four wire multigrounded distribution system is formed, various
unsymmetrical short-circuit faults can be analyzed as follows :

(a) Single line-to-ground (SLG) fault

Let us consider an SLG fault between phase a and the local ground g; at j* bus location

through a fault impedance Z, as shown in Fig. a) [158]]. The fault current I ¢ 1s flowing from

phase a to the ground g; at j™ bus and is calculated as,

TaQ (V?f B ng) = ({/a [/

L (5.93)
where, §; = %; Ve, and ij’f are the voltages of phase a and ground g; of ;' bus under the
fault conditions, respectively. The KCL equation at faulty phase a of faulted bus j, under the fault

condition can be written as,

Vi Vg oo 2 Y3 Vol o A YR Vi e A VPV o Y ) Vikor) s

\ag g U Iy =
_|_ o« e + }/](u+v+w)"/v(u+v+w)7f + yf‘(‘/;’lf - V]mf) - O

Vi Va4 4 VIV b+ (V) Vi + -+ (VT —0p) VI 4 -

i Y;‘%Z-&-v-&-w)“/(z-i-v—kw),f ot Y}?Z+v+w)"/(i+v+w)vf =0 (594)
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Similarly, the KCL equation at ground g; of faulted bus j, under the fault condition, is written as,

90 Y/7a 99 Y/9 90 Y/a 99 Y9 9@ /a
Yo Vot 4 Y Vo o 2 Y5 Vi o+ Y50V o Yy Viwkorw) s

+ ... +Yﬂi+v+w)"/(i+v+w)vf - lgf(v;?f o fo) =0

VE Vit V4 (= ) Vg oo+ (O 4 ) Vo
\ga [/a 99 (/9 —
A Yooy Visrorw.r T T Y Vierosw.s =0 (5.93)

Hence, the following elements of the [Ybus] matrix will be modified due to SLG fault :

\aa _ yraa — . Va9 __yvag —
Yiitnew = Yii TUf Yijnew = Y5 — Ys
\9a _ \ga — . V99 _ 99 =
Yiimew = Y5 =Uss Yijnew = Y5 + s (5.96)

The bus voltages are then calculated, under the fault condition, using eq. (5.91) with the help of
modified bus admittance matrix. Also, the branch current of any three-phase line section between

buses ¢ and 7 under fault conditions is calculated as,

abcn _ abcn abcn abcn
[B g} N [y-- g] [Vi,f & — Vi g} (5.97)

ij,f ij
where, V:?Cng and Vi?cng are the voltage vectors of the buses 7 and j under the fault conditions,
respectively.
(b) Double line-to-ground (LLG) fault
Let us assume that an LLG fault occurs between phases a and b, and the local ground g; at gt
bus location through a fault impedance Z¢, as shown in Fig. b) [158]]. The fault currents [ 7 and

I_j‘c are flowing from phases a and b to the ground g; at j*" bus, respectively and are calculated as,

(‘%?f_vj?f> = (1] I/
= == =0 (Vi = Vi)

) Ve —vey

o= 2 g v (5.98)

2f

where, V%, V7, and V?, are the voltages of phases a and b, and ground g; of ;" bus under the

I =

fault conditions, respectively. The KCL equations at phases a and b, and ground g; of faulted bus

J, under the fault condition, are given in eqs. (5.99)-(5.101), respectively, as,
Vi Vap o A VE Vo (V5 4y Vi 4+ (V7 =) Vi 4+

i Y}%Z-&-v-&-w)“/(z-i-v—kw),f +oee Tt Y;?Z+v+w)"/(i+v+w),f

=0 (5.99)
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Sba Tra by T Sbb -\ T Sbg o\ D
Ve Vel A VI Vo b (V7 + ) Vi 4+ (V) = 0) Vi £

v ba r ra b (/ —
ot Yoo Viatorw), s T Yj(i+v+w)'v(i+v+w),f =0 (5.100)

v 9a Yra \/ [/ v ga — { 7a  gb — [/ \
VRS e VRV e (0 = a) Vi + O ) Vi o (0

+200)Vi H Yiturorwy Veroros T F Yo Vitorw,s =0 (>-101)

Therefore, the following elements of the [Ybus] matrix will be modified due to LLG fault :

View = Y 05 Viinew = V55 + Uy
View = Y5 =05 Y few = Y5 =0
Vs = V8 =0 Vffoow = Vi = 0
Y = Y421 (5.102)

(c) Triple line-to-ground (LLLG) fault

Let us consider an LLLG fault between all the phases a, b and ¢, and the local ground g, at
7™ bus location through a fault impedance Z;, as shown in Fig. c) [158]. The fault currents
fj%, f]’Z and ffc are flowing from phases a, b and c to the ground g; at 4" bus, respectively and are

calculated as,

If = 22— =gV = V)

zf -])
o —vy
b of S = b
I = 2 % 2= =g (Vi = V)
TC (V?f B V?f) — [7C [/
Iy = jz—fj = (Vi = Viip) (5.103)

where, Vj?f, Vj{’f, Vjcf and ij’f are the voltages of phases a, b and ¢, and ground g; of j”‘ bus under
the fault conditions, respectively. The KCL equations at phases a, b and ¢, and ground g; of faulted
bus j, under the fault condition, are given in eqgs. (5.104)-(5.107), respectively, as,

VI e b VR o (G gV (1) V)

st Yj%z—&-v—kw)"/(z—i-v—i-w),f +oeet Y;'ag V

(utv4w)” (Z—i—v—l—w),f =0 (5104)

Trba Tra Ry obb |~ \ b obg N\
Vg Vol + oo+ Y Voo 2 (V7 +0p) Vi o+ (Y = 0p) Vo

ba  ra b ¥ o
ot Y;'(u—l—v-‘rw)"/(u-i-v-i-w),f ot }/;‘(i+v+w)"/(i+v+w),f =0 (5.105)
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Vi Vgt iVt 4 (V5 +0) Vi 4+ (VG = 0p) Vi +

2 Yoo Voo T Y Virorw,s =0 (5-106)

e a o o o -
VRV + YV o+ (V7 = 0p) Vi + (V] = 3p). Vi + (Y
_gf)'vj?f +oo Tt (}759 + 3gf)'vj?f ot }7jg(z+v+w)"7((ll¢+v+w),f T

99 (/9
+Y;’(u+v+w) Vv(querw),f

_ 0 (5.107)

Therefore, the following elements of the [Ybus] matrix will be modified due to LLLG fault :

Vitew = Vi 05 Viinew = Y5j + 05 Vi ew =i + 0y
Yiew = Y5 =05 Vi ew = V5, = 5 Vi = Y57 = 0
Vvew = V5 =05 Vo = V8 = 053 Ve = Vi = 0
Ve = Y43 (5.108)

(d) Line-to-line (LL) fault
Let us assume that an LL fault occurs between phases a and b of j* bus through a fault
impedance Zzy, as shown in Fig. d) [158]. The fault current [ ¢ 1s flowing from phase a to

b at j*" bus and are calculated as,

Ta (‘70‘ B Vb ) — [(Y/a [/
rp = L2l g e -V (5.109)

<f
where, V% and V?, are the voltages of phases a and b of ;" bus under the fault conditions, respec-

tively. The KCL equations at phases a and b of faulted bus j, under the fault condition, are given

in egs. (5.110), and (5.111]), respectively, as,
v aa Y7a A9 Y/ \/aa = (/a \ab — 4% a9 Y/
Yig' Vo o+ YVl Volp b (V5 - 90) Vil + (V57 = p) Vi -+ YV

+oeeees + ij%i-i—v—i—w)“/(?t-&-v-&-w),f +oet }/;'(Ei+v+w)"/v(i+v+w),f =0 (5.110)

ba Yra b9 1, \~ba —\ T/a ¥ — N\ T/ b9 Y,
ViVl o A Vi Ve (V= ) Vi + (V7 + 00 Vi o+ YV

v ba 7a b 1/ —
SR + }/j(u—i-v—i-w)"/(u-&-v%—w),f +-t }/j(i—i-v—i-w)"/(i—&-v-i-wyf =0 G.111)

Therefore, the following elements of the [Ybus] matrix will be modified due to LL fault :

\aa _ \aa — . yvab __ vab —
Yiimew = Yij" U5 Yijlnew =Yi5' — Uy
Vi = Vi Ve =T 45 5.112)

150



First, the bus voltages for an LL fault are calculated using eq. (5.91) with the above modification

in [Ybus] matrix. Next, the branch currents under the fault conditions and fault current are then

calculated using egs. (5.97) and (5.109), respectively.

Steps of algorithm for |Yyus| matrix based short-circuit analysis method for an unbalanced

three phase four wire multigrounded radial distribution system

1. Run the base case power flow of an unbalanced three phase four wire multigrounded dis-
tribution system using the proposed load flow method as discussed in Section [5.2] of this

chapter.

2. Convert all PQ)-loads into constant impedance loads using the obtained pre-fault load flow

solution.

3. Formulate the [Ybus] matrix of the distribution system using the above discussed formula-

tion.

4. Modify [Ybus] matrix corresponding to the type of fault occurring in the system, using eq.

(5.96) for SLG fault, eq. (5.102) for LLG fault, eq. (5.108) for LLLG fault and eq. (5.112)

for LL fault.

5. Calculate the bus voltages of the distribution system under the fault condition using eq.

with the modified [Ybus] matrix.

6. Calculate fault currents using eq. (5.93) for SLG, eq. for LLG, eq. (5.103) for LLLG
and eq. (5.109) for LL fault. Also calculate post fault branch currents using the eq. (5.97).

5.4 Test results and discussions

To investigate the accuracy of the proposed load flow and short-circuit analysis methods, two
different three phase four wire multigrounded test systems have been used in this study. The first
system is IEEE 34-bus node test feeder located in Arizona and the second one is IEEE 123-bus
node test feeder. Details of these test feeders are given in [[159]. To calculate the primitive self and

mutual line impedances of these test systems, Carson’s formula [[160] has been used in this study.
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The primitive self impedances of the three phase four wire multigrounded system are calculated

as,

_ . D ‘

Zoo = (ra+714)+ jwk lnD Q/mile (5.113)
D

Zw = (rp+rq) + jwk lnDe Q/mile (5.114)

sb

D

Zee = (re+rg) + jwk lnDe Q/mile (5.115)
D

Zon = (rn+1q) + jwk lnD Q/mile (5.116)

where, 7,, 13, r. and 1, are the resistances in {2/mile of the phase conductors a, b, ¢ and neutral
conductor n, respectively. 7, is the earth resistance and is calculated as 1y = 1.588 x 1073 f
Q2 /mile [160], where f is the frequency in Hz. According to the Carson’s line model, the quantity
D, is calculated as, D, = 2160 Xx \/p/_f ft, where p is the ground resistivity. wk is the inductance
multiplying constant and its value for 60 Hz frequency system is 0.12134 mule [160]. D4, Dy,
Dy, and Dy, are the Geometric Mean Radii (GMR) of the phase conductors a, b, ¢ and neutral
conductor n, in feet, respectively. Similarly, the primitive line to line mutual impedances of the

three phase four wire multigrounded system are calculated as,

D

Zap = Tq+ jwk lnD6 Q/mile (5.117)
ab

_ . D, .

Zpe = Tq+ jwk lnD Q/mile (5.118)
be

_ . D, .

Zae = Tq+ jwk lnD Q/mile (5.119)

_ . D, ,

Zon = T4+ jwk lnD— Q/mile, (p=a,b,c) (5.120)
pn

where, D,,, D, and D, are the distances between the centers of the conductors a and b, b and
c and a and c, in feet, respectively. D,, is the distance between the center of phase conductor
p (p = a,b,c) and neutral conductor n, also in feet. Now, the primitive self and mutual ground

impedances are calculated as [[128]],

Zgg = (m* x 107%f) — 5(0.0386 x 87 x 107*f) —|—j<47r x 1074 f x lnm> Q/km
(5.121)

D
Zpg = j(27r x 1074F x lnﬂ> Q/km, (p=a,b,c) (5.122)
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D,
Zng :j(% x 1074 f x In 9) Q/km (5.123)

p

!
where, 7,4 is the self ground impedance. Z,, is the mutual phase to ground impedance between

phase conductor p (p = a, b, ¢) and ground g; Z,, is the mutual neutral to ground impedance be-
tween neutral conductor n and ground g. D, is the distances between the centers of the phase
conductor p (p = a,b, c) and ground g¢; D,, is the distances between the centers of neutral con-
ductor n and ground g. The shunt capacitances, voltage regulators and transformers in both test
systems have not been considered in this study. The proposed load flow and short-circuit analysis

methods have been implemented in MATLAB environment with a tolerance limit (€) of 1.0 x 10712,
5.4.1 Results of modified three phase four wire multigrounded IEEE 34-bus test system
5.4.1.1 Results of load flow studies

The bus numbers of the original IEEE 34-bus test system have been renumbered for this work and

the details of renumbering are given in Appendix [A] The neutral to ground impedance in this test

system is assumed as 0.2 2 [128]]. The line impedances of the test system are calculated using the

Carson’s formula [[160]. For example, consider a line section-3 of length 32230 feet between buses

3 and 4. According to the line-data information given in [159]], the phase and neutral conductors

used for the line section-3 are of type "ACSR, 1/0 with spacing ID-500”. Hence, for this line

configuration [161],

re =1y =7e =1y = 1.12Q/mile; Dy, = Dg, = Ds. = Dg,, = 0.00446 ft

f=60Hz,p =100 Q-m,ry = 0.09528 Q/mile, D, = 2788.55 ft

Dy, = 2.50 ft, Dye =4.50 ft,D,. = 7.0 ft

D, =5.66 ft, Dy, =4.27 ft,D., = 5.0 ft

Doy = Dyg = Dy = 28.0 ft, Dypg = 24.0 ft

Therefore, the calculated line impedance matrix of line section-3 is given as

-7.42 +79.89 0.58 +55.20 0.58 + j4.43 0.58 + j4.59 0.00 + 50.70
0.58 +75.20 7.42+ 59.89 0.58 4+ 74.76 0.58 4+ 34.80 0.00 + 50.70

Z50 8 = 0.58 + j4.43 0.58 + j4.76 7.42+9.89 0.58 +4.68 0.00 + j0.70|

0.58 +74.59 0.58 +74.80 0.58 +4.68 7.42+ 79.88 0.00 + 50.64

_0.00 +70.70 0.00 + 50.70 0.00 + 70.70 0.00 + j0.64 0.58 + j4.35

T (5.124)
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Similarly, the line impedance matrices of all other line sections of the modified IEEE 34-bus test
system have been obtained by using Carson’s formula. The base voltage and base volt-amperes of

the modified IEEE 34-bus test system are assumed as 24.9 kV and 2500 MVA, respectively.

In this study, the load flow analysis of the test system has been performed by using the pro-
posed method and the results have been compared with those obtained by [Ybus] matrix based
method [135] and the time domain simulation studies carried out using PSCAD/EMTDC soft-
ware. In [Ybus] matrix based method [[135]], the bus admittance matrix for the three-phase four
wire distribution system with ground return has been developed in the same manner as that of the
three-phase three wire system. In each iteration of this method, the load admittances at all the

buses will be recalculated by using the updated values of bus voltages.

The bar graph for the bus voltage of phase a, of modified IEEE 34-bus test system, has been
obtained by the proposed method and plotted along with the bus voltage values obtained by the
[Ybus] matrix based method and PSCAD/EMTDC simulation studies, as shown in Fig. The
figure shows that the results obtained by the proposed method are very close to the results of
the [Ypus| matrix method and PSCAD/EMTDC studies, which establishes the accuracy of the
proposed method. Similarly, the bar graphs of the neutral bus and ground bus voltages obtained by
the proposed method, [Ybus] matrix method and PSCAD/EMTDC simulation are also shown in
Figs. [5.5and [5.6] respectively. A good match between the results obtained by these three methods

demonstrates the correctness of the proposed approach.

The current in phase a, neutral wire and ground for the modified IEEE 34-bus test system
calculated by the proposed load flow method are plotted in Figs. 5.9, respectively. The
values of these three currents have also been obtained by the [Ybus] matrix based method and
PSCAD/EMTDC simulation studies, and are plotted along with the results of proposed method in
Figs. A close matching of the current values as observed in these figures validates the
accuracy of the proposed method. Also, from Figs. [5.8]and[5.9] it is observed that the neutral and
ground sections of branches 9 and 10 carry highest values of neutral and ground currents, respec-
tively. This can be explained with the help of Fig. [5.10] The bus nos. 10, 11 and 12 of the IEEE
34-bus test system are single phase buses (having phase a only) and are heavily loaded. Due to
this, the load bus currents 1%, ¢, and 1%, injected into the neutral buses 119, n1; and 1, have

high values. As a result, the neutral currents (By, BT, BI), neutral to ground currents (11, Y,
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Figure 5.4: Voltage profile of phase a of modified IEEE 34-bus test system
using proposed [BIBC] technique, [Ybus] technique and PSCAD/EMTDC

simulation under the normal operating conditions
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Figure 5.5: Voltage profile of neutral bus of modified IEEE 34-bus test system
using proposed [BIBC] technique, [Ybus] technique and PSCAD/EMTDC

simulation under normal operating conditions

I13) and ground currents (B3, BY,, BY,) are also carrying high values, as shown in Fig. Asa
result, the voltages of neutral buses (n1; and n15) and ground buses (g;; and g15) of the system are

also very high, as shown in Figs. [5.5and [5.6]
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Figure 5.7: Branch current of phase a of modified IEEE 34-bus test system
using proposed [BIBC] technique, [Ypys| technique and PSCAD/EMTDC

simulation under normal operating conditions

A case of isolated neutral has also been simulated on modified three phase four wire multi-
grounded IEEE 34-bus test system using the proposed method. In this case, there is no physical
connection between the neutral buses and the ground buses in the system, that is, the neutral to

ground impedance at all the buses is very high (ideally infinite). Also, the fifth row and fifth
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[BIBC] technique, [Ybus] technique and PSCAD/EMTDC simulation under

normal operating conditions

column of three-phase line impedance matrix, fourth row and fourth column of two-phase line
impedance matrix and third row and third column of single phase line impedance matrix contain
all zero elements. The neutral bus voltage profiles of the test system for ’isolated neutral” (without
ground return) and “grounded neutral” (with ground return) cases are shown in Fig. [5.11[(a). The

figure shows that the values of neutral voltages at all the buses in “isolated neutral” case are higher
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Figure 5.11: (a) Neutral bus voltage profile, (b) Neutral current of modified

IEEE 34-bus test system in “isolated neutral” and “grounded neutral” cases un-

der normal operating conditions

than the ”grounded neutral” case. This is due to the fact that, the return path for load currents in
’isolated neutral case” is only through the neutral wire, whereas in “grounded neutral” case the
injected load currents are divided in two paths, one part flowing through the neutral wire and the
other through the ground wire. Therefore, the values of neutral currents in “isolated neutral” case
are higher than in ”grounded neutral” case, as shown in Fig. [5.11[(b), and hence, the values of

neutral bus voltages in “isolated neutral” case are higher.

The value of maximum ground bus voltage and maximum ground current in modified IEEE

159



w
N
o

0.03295 4

w
o
o

0.03290 A

0.03285 4

w
wn
o

0.03280 A

w
'S
o

0.03275 A

current (Amp)
g

0.03270 A

Maximum ground bus
voltage (kV)
Maximum ground

w
)
o

0.03265 A

@w
=
o

0.03260

0.00 0.10 0.20 0.50 0.80 1.00 0.00 0.10 0.20 0.50 0.80 1.00
Grounding resistance Grounding resistance
(ohm) (ohm)

(a) (b)
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in modified IEEE 34-bus test system for various grounding resistance under

normal operating condition

34-bus test system under normal operating condition, for various grounding resistance are plotted
in Fig. [5.12a) and (b). The figure shows that, with the increase in grounding resistance, the value
of maximum ground bus voltage as well as maximum ground current in the system decreases (as
shown in Fig. [5.12)a)). This is due to the fact that, with the increase in grounding resistance, the
value of neutral to ground current in the system decreases and as a result the value of ground wire

currents and hence the ground bus voltages of the system decreases (as shown in Fig. [5.12(b)).

5.4.1.2 Results of short-circuit studies

For investigating the efficacy of the proposed short-circuit analysis methods ([BIBC} matrix
based method and [Ypys] matrix based method), following short-circuit faults have been simu-
lated on modified three phase four wire multigrounded IEEE 34-bus test system.

Case 1. A single line-to-ground fault in phase a of bus 28 with a fault impedance z¢ = 0.001+0.000:
p-u.

Case 2. A double line-to-ground fault between phases a and b of bus 28 with a fault impedance z;
=0.001+0.0007 p.u.

Case 3. A three line-to-ground fault at bus 28 with a fault impedance z; = 0.001+0.000: p.u.
Case 4. A line-to-line fault between phases a and b of bus 28 with a fault impedance z; =

0.00140.0007 p.u.

Detailed results of these fault studies, by using the proposed methods and time domain simula-
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Table 5.2: Error Analysis of proposed [BIBC]| matrix based technique and
[Ypus| matrix based technique with respect to PSCAD/EMTDC simulation
study for modified three phase four wire multigrounded IEEE 34-bus radial test

system

Fault current at fault point (I ;) % Error in (/) Current drawn from the supply (/) % Error in (1)

PSCAD [BIBC] [Yius) [BIBC] [Yius] PSCAD [BIBC] [Yius) [BIBC] [Yius]
case Fault type phase
simulation Technique Technique | Technique Technique | simulation Technique Technique | Technique Technique

(Amp) (Amp) (Amp) (%) (%) (Amp) (Amp) (Amp) (%) (%)

1 SLG (a-g) a 151.382 151.392 151.392 0.00698 0.00698 154.425 154.434 154.434 0.00611 0.00611

a 196.795 196.790 196.790 0.00237 0.00237 200.059 200.053 200.053 0.00250 0.00250

2 | LLG (ab-g)
b 247393 247411 247411 | 0.00730  0.00730 | 249.824  249.851  249.851 | 0.00888  0.00888

a 235.769 235.779 235.779 0.00439 0.00439 239.174 239.184 239.184 0.00434 0.00434

3 | LLLG (abc-g) b 255.303 255.320 255.320 0.00651 0.00651 257.922 257.939 257.939 0.00645 0.00645

c 247.310 247.325 247.325 0.00583 0.00583 249.089 249.103 249.103 0.00582 0.00582

a 217.701 217.702 217.702 0.00037 0.00037 220.540 220.542 220.542 0.00024 0.00024

4 L-L (a-b)

b 217.701 217.702 217.702 0.00037 0.00037 220.333 220.359 220.359 0.00712 0.00712

tion studies carried out using the PSCAD/EMTDC software, are given in Table@ The calculated
values of fault currents (/) and source currents (/) for all types of faults obtained by the proposed
[BIBC] matrix based method and [Y4,,s] matrix based method are identical, validating the cor-
rectness of the proposed methods. The maximum % errors in the calculated values of (/) and (1),
obtained from the proposed short-circuit analysis methods, with respect to the PSCAD/EMTDC
simulation results are 0.00730% and 0.00888%, respectively, as shown in Table [5.2| These ex-
tremely small values of errors establish that the proposed methods are sufficiently accurate.

The phase a bus voltage, neutral bus voltage and ground bus voltage, for an SLG fault at phase
a of bus 28 with fault impedance of z; = 0.001+0.000: p.u., obtained by the proposed short-circuit
analysis methods ([BIBC] matrix based and [Y1,ys] matrix based methods ), are shown in the bar
graphs of Figs. [5.13}{5.15] respectively. The values of these voltages are also obtained by the time
domain simulation studies carried out using the PSCAD/EMTDC software and are plotted along
with the results of proposed methods, as shown in Figs. 5.15| respectively. A comparison
of these plots shows that the values of bus voltages obtained by the proposed methods are very
close to the values obtained by the PSCAD/EMTDC simulation studies, which again validates the
accuracy of the proposed short-circuit analysis methods.

In Fig. [5.16(a), the ground bus voltage profile is plotted for various ground faults (SLG, LLG
and LLLG) at bus 28 with a fault impedance of z; = 0.001+0.000% p.u.. The plot shows that the
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Figure 5.14: Voltage profile of neutral bus, for an SLG fault (a-g) at bus 28, of
modified IEEE 34-bus test system using proposed [BIBC} technique, [Ybus}
technique and PSCAD/EMTDC simulation

highest ground bus voltages occur for SLG fault followed by LLG fault while the lowest values
are observed for LLLG fault. This is due to the fact that the fault current injected into the fault
point at ground bus is the phasor sum of the three phase fault current and its value (I §+ I ]IZ + 15 =

—0.34 4 75.83 Amp = 5.839/93.31° Amp) is smallest for LLLG fault, followed by the injected
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Figure 5.15: Voltage profile of ground bus, for an SLG fault (a-g) at bus 28, of
modified IEEE 34-bus test system using proposed [BIBC] technique, [Ybus]
technique and PSCAD/EMTDC simulation

fault current corresponding to LLG fault (.7]‘} + ]_Jli = —50.20 — 592.94 Amp = 105.634/—118.37°
Amp) with SLG fault injecting highest current (/¢ = 98.21 — j115.21 Amp = 151.392/—49.55°
Amp) into the ground at the fault bus location. Therefore, the currents flowing through ground
from fault point to the substation ground are highest for SLG fault followed by LLG fault and
smallest for LLLG fault, as shown in[5.16(b). As a result, the ground bus voltages are highest for
SLG fault with LLLG fault resulting in lowest ground bus voltages. From Fig. [5.16(b), it is also
observed that the value of ground current at certain branches of the test system (such as branch nos.
4,9—-11,13,17, 20, 22, 28 — 32) are nearly equal to zero. It is due to the fact that these branches are
not present in the path of fault current returning through ground from fault point to the substation

ground, as shown in Fig. [5.17]

Under fault conditions (for SLG, LLG and LLLG fault), as the neutral to ground resistance
increases, the ground current as well as the ground bus voltage at the fault point increases, as can
be observed in Figs. a)-( f). This is due to the fact that as neutral to ground resistance is
increased, fault current flowing through the ground wire increases and the current in the neutral

wire decreases.
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5.4.2 Results of modified three phase four wire multigrounded IEEE 123-bus test system
5.4.2.1 Results of load flow studies

The bus numbers of IEEE 123-bus system have also been renumbered in this study and the details
of the modified test system are given in Appendix [Bl The value of ground resistivity (p) and

grounding resistance in this study has been considered as 100 2-m and 0.2 €2 [128]], respectively.
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Figure 5.17: Path of the fault current for an SLG fault (a — g) at bus 28 in IEEE

34-bus test system

The base voltage and base volt-amperes of this test system are assumed as 4.16 kV and 5.0 MVA,
respectively. The line impedance matrices of this system have also been calculated using the
Carson’s formula [160]. For example, the line impedance matrix of the line section-7 (phase
conductor is of type "ACSR, 336.4, 26 /7" and neutral conductor is of type "ACSR, 4/0, 6/1” with
spacing ID-500) between buses 2 and 8 of modified IEEE 123-bus test system is given as,

0.023 + j0.080  0.005 + j0.049 0.005 + 50.041 0.005 + j0.043 0.000 + j0.007)

0.005 + j0.049 0.023 + j0.080 0.005 4 50.044 0.005 + j0.045 0.000 + j0.007
250" = 10.005 4 j0.041 0.005 + j0.044 0.023 + j0.080 0.005 + j0.044 0.000 + 50.007|
0.005 + j0.043 0.005 + j0.045 0.005 + 50.044 0.040 4 ;0.088 0.000 + ;0.006

10.000 + 70.007 0.000 +50.007 0.000 + 70.007 0.000 +-70.006 0.005 + 70.041
(5.125)

The load flow analysis of this test system has been performed by using the proposed method and the results
have been compared with those obtained by [Ybus] matrix based method. The time domain simulation
study of this system could not be performed with the available version of PSCAD/EMTDC software due to
the node limitations.

The voltage profile of phase a of modified IEEE 123-bus test system has been obtained by the proposed
method and is plotted along with the voltage profile obtained by the [Ybus] matrix based method, as shown
in Fig. [5.19] The voltage profiles of neutral bus and ground bus of the test system have also been obtained
by the proposed load flow method and are plotted along with the profiles obtained by the [Ybus} matrix
based method, as shown in Figs. [5.20}5.21] respectively. These figures show that the results obtained by
the proposed method are very close to the results of the [Ybus} matrix method and this demonstrates the
correctness of the proposed method.

The values of phase branch, neutral and ground currents of the modified IEEE 123-bus test system
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calculated by the proposed load flow method are plotted along with the values calculated by the [Ybus]

matrix method, as shown in Figs. [5.22}{5.24] respectively. The values of currents as obtained by the two

methods exactly match which further validate the accuracy of the proposed methods.

The case of isolated neutral in modified three phase four wire IEEE 123-bus test system has also been

simulated using the proposed load flow method. The neutral voltage profiles of the test system for “’isolated
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Figure 5.22: Branch current of phase a of modified IEEE 123-bus test system
using proposed [BIBC] technique and [Ybus] technique under normal oper-

ating conditions

neutral” (without ground return) and ”grounded neutral” (with ground return) case are shown in Fig. @ka).
The values of neutral voltages at all the buses in “isolated neutral” case are higher than the “grounded

neutral” case, as shown in Fig. [5.25(a) for the same reasons as explained for IEEE 34-bus system earlier.
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Figure 5.23: Neutral current of modified IEEE 123-bus test system using pro-

posed [BIBC] technique and [Ybus] technique under normal operating con-

ditions
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Figure 5.24: Ground current of modified IEEE 123 bus-test system using pro-

posed [BIBC] technique and [Yhys] technique under normal operating con-
ditions
5.4.2.2 Results of short-circuit studies

To demonstrate the effectiveness of the proposed short-circuit analysis methods ([BIBC] matrix based

method and [Ypys] matrix based method), various short-circuit faults have been simulated on this test

system, as given below
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Figure 5.25: (a) Neutral bus voltage profile, (b) Neutral current of modified
IEEE 123-bus test system in “isolated neutral” and “grounded neutral” cases

under the normal operating conditions

Case 1. A single line-to-ground fault in phase a of bus 105 with a fault impedance z;y = 0.001+0.000¢ p.u.
Case 2. A double line-to-ground fault between phases a and b of bus 105 with a fault impedance z; =
0.001+0.000¢ p.u.

Case 3. A three line-to-ground fault at bus 105 with a fault impedance z; = 0.001+0.0007 p.u.

Case 4. A line-to-line fault between phases a and b of bus 105 with a fault impedance z;y = 0.001+0.0007

p.u.
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Table 5.3: Results of the proposed short-circuit analysis methods for modified

three phase four wire multigrounded IEEE 123-bus radial test system

Fault current at fault point (/) | Current drawn from the supply (/)
[BIBC] [Yius) [BIBC] [Ybus|
case | Fault type | phase
Technique Technique Technique Technique
(kA) (kA) (kA) (kA)
1 SLG (a-g) a 2.43464 2.43464 2.51994 2.51994
a 4.34788 4.34788 4.44839 4.44839
2 LLG (ab-g)
b 4.56175 4.56175 4.59517 4.59517
a 4.48914 4.48914 4.57605 4.57605
3 | LLLG (abc-g) b 5.16022 5.16022 5.20549 5.20549
c 4.44568 4.44568 4.50437 4.50437
a 4.39293 4.39293 4.52483 4.52483
4 L-L (a-b)
b 4.39293 4.39293 4.39725 4.39725

The results for the above given fault cases obtained by the proposed short-circuit methods are given in
Table[5.3] The calculated values of fault currents (Iy) and source currents () for all type of faults obtained
by the proposed [BIBC] method are exactly equal to the values obtained by [Y,ys] method, as shown in

Table[5.3] which establishes the accuracy of the proposed methods.

The voltage profiles of phase a bus voltage, neutral bus voltage and ground bus voltage of this test
system, for an SLG fault at phase a of bus 105 with fault impedance of z; = 0.001+0.0007 p.u., obtained by
the proposed short-circuit analysis methods, are shown in Figs. [5.26}{5.28] respectively. These figures again

demonstrate the correctness of the proposed short-circuit methods.

In Fig. [5.29(a), the ground bus voltage profile is plotted for various ground faults (SLG, LLG and
LLLG) at bus-105 with a fault impedance of zy = 0.001+0.0007 p.u.. The plot shows that the highest ground
bus voltages occur for SLG fault followed by LLG fault whereas, the lowest values are observed for LLLG
fault. This is due to the fact that the fault current injected into the fault point at ground bus is the phasor sum
of the three phase fault current and its value (I_j‘i + .7]13 + I_J? = —0.04 + j0.13 kA = 0.138/77.28° Amp) is
smallest for LLLG fault, followed by the injected fault current of LLG fault (I ¢+ I = —1.05 — j1.33 kA
= 1.694/—128.26° kA) with SLG fault injecting highest current (1% = 1.01 — j2.21 kA = 2.435/—65.40°
kA) into the ground at the fault bus location. Therefore, the currents flowing through ground from fault point
to the substation ground are highest for SLG fault followed by LLG fault and smallest for LLLG fault, as
shown in[5.29(b). As a result, the ground bus voltages are highest for SLG fault with LLLG fault resulting
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Figure 5.27: Voltage profile of neutral bus, for an SLG fault (a-g) at bus 105,
of modified IEEE 123-bus test system using proposed [BIBC] technique and

[Ybus| technique

in lowest ground bus voltages. From Fig. [5.29(b), it is also observed that the value of ground current at
certain branches (such as branch nos. 2 — 5,9 — 13,17 — 53,81 — 97 and 106 — 118) of the test system

are nearly equal to zero. It is due to the fact that these branches are not present in the path of fault current
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returning through ground from fault point to the substation ground.

5.5 Conclusion

In this chapter, initially, a method for carrying out load flow analysis of an unbalanced three phase four wire
multigrounded radial distribution system has been developed. The proposed load flow method is based on
[BIBC] and [BCBV] matrices of the system. Separate [BIBC| matrix has been developed for phase
branch, neutral and ground currents while, individual [BCBV] matrix has been developed for the voltages
of phase buses, neutral buses and ground buses of the system. The results of the proposed load flow method
have been compared with those obtained by [Ybus] matrix based method and time domain simulation
studies carried out using PSCAD/EMTDC software for a modified three phase four wire multigrounded
IEEE 34-bus test system. A close match of the results of the three methods establishes the accuracy of the
developed methods. However, the results of large system (modified three phase four wire multigrounded
IEEE 123-bus test system) obtained by the proposed load flow method have only been compared with the
results of [Ybus] matrix based method, due to the node limitations in PSCAD/EMTDC software.
Subsequently, short-circuit analysis methods of unbalanced three phase four wire multigrounded radial
distribution system have also been developed. Two different short-circuit methods have been developed, one
is based on [BIBC] and [BCBV] matrices of the system, while the other one is based on [Ybus] matrix
of the system. The results of short-circuit analysis of modified three phase four wire multigrounded IEEE

34-bus test system obtained by using the proposed methods ([BIBC] matrix based and [Ybus] matrix
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Figure 5.29: (a) Voltage profile of ground bus, (b) Ground current, for various

ground faults at bus 105, of modified IEEE 123-bus test system

based) have also been compared with the results obtained by the PSCAD/EMTDC software. Again, for the
large test system, the results of proposed [BIBC] matrix based short-circuit analysis method have been
only compared with the results of [Ybus] matrix based method due to the limited capability of the available
PSCAD/EMTDC software. A good match between the obtained results demonstrate the effectiveness and
accuracy of the proposed methods.

In the next chapter, algorithms for the load flow and short-circuit analysis methods for the unbalanced
three phase four wire multigrounded distribution system incorporating IBDGs and various IBDG transform-

ers have been developed.
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Chapter 6

Load flow and short-circuit analysis of unbalanced
three phase four wire multigrounded radial
distribution system incorporating IBDG and

transformer models

Abstract

In this chapter, load flow and short-circuit analysis methods have been developed for the unbalanced three
phase four wire multigrounded distribution system for two different cases as. These cases are: (i) with
IBDG and A-Yy IBDG transformer, and (ii) with IBDG and Yy-Y4 IBDG transformer. The load flow anal-
ysis method in both the cases is based on [BIBC|/[BCBV| matrices of the system. The short-circuit
analysis methods for the two cases are based on [BIBC|/[BCBV] matrices and [Yvus| matrix of the
system. The proposed load flow and short-circuit analysis methods have been implemented on two test sys-
tems, namely, modified IEEE 34-bus test system and modified IEEE 123-bus test system. The results of the
modified IEEE 34-bus test system obtained by the proposed methods have been compared with the results
of PSCAD/EMTDC software to validate the accuracy of the developed methods. For the larger test system
(modified IEEE 123-bus system), the results obtained by the proposed [BIBC|/[BCBV| matrices based
method have only been compared with the results obtained by [Y pus] matrix based method, due to limited

capability of the available PSCAD/EMTDC software.

6.1 Introduction

NTEGRATION of distributed generation (DG) to grid improves the system efficiency and reliabil-
I ity [146[]. The most commonly used DGs are inverter based distributed generations (IBDGs) in dis-
tribution system. It has been observed from the literature that, mostly the analysis of distribution network
in the presence of IBDGs is on three phase system [37,58-65,(68]]. But nowadays, three phase four wire

multigrounded distribution networks are commonly used in the power distribution system [[128]]. Therefore,
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it becomes necessary to analyze the three phase four wire multigrounded distribution networks with IBDGs
present in the network. In this chapter, the direct approach of the load flow analysis of three phase four wire
system, as discussed in Chapter[5] has been extended for the analysis of three phase four wire multigrounded
distribution networks with IBDGs and IBDG transformers (used to connect the IBDG to the grid). Further,
in this chapter, two different short-circuit analysis methods have been developed for three phase four wire
multigrounded distribution networks in the presence of IBDGs and IBDG transformers. Two different vec-
tor group of IBDG transformers have been considered in the proposed load flow and short-circuit analysis
methods, namely : i) A-Y, IBDG transformer, ii) Y g-Y,; IBDG transformer.

This chapter is organized as follows. Section [6.2] describes the formulations of proposed load flow and
short-circuit analysis methods for three phase four wire multigrounded distribution system in the presence
of IBDG and A-Y, IBDG transformer. Section [6.3|describes the formulations of proposed load flow and
short-circuit analysis methods for three phase four wire multigrounded distribution system in the presence
of IBDG and Y-Y, IBDG transformer. The main results of this chapter are presented in Section and

finally Section [6.5]highlights the main conclusions of this chapter.

6.2 Three phase four wire multigrounded radial distribution system in the presence of IBDG

and A-Y, IBDG transformer

Let us consider an unbalanced three phase four wire multigrounded distribution system with IBDG, as
shown in Fig. The IBDG is connected at 5 bus through a step-down A-Y, IBDG transformer. It is
assumed that the primary side (high voltage side) winding of the transformer is delta connected, while the
secondary side winding is star connected with ground return [[150}|151]]. It is assumed that the star point
of the transformer secondary is solidly grounded. Therefore, the secondary currents of the transformer are
circulating between the IBDG and the transformer secondary windings. The phase component based nodal

admittance matrix model (p.u.) of the transformer is used in this work and is given as

Iabc Yabc Yabc Vabc Vabc V_abc
Tp| _ pp,T psT | Tp| _ [Yabc] Tp| _ [Yabc] J 6.1)
abc abc abc abc T abc T abc

IT,s Ysp,T Yss,T VT,s VT,S Vinv

where Yg'gfir, Y;E,(':r’ Ysr'f& and Y;’:% are the sub-matrices, of size (3 x 3) each, of the transformer nodal
admittance matrix Y%bc. V%'f’g and V?FE’; are the three phase voltage vectors of the primary and secondary
sides of the transformers, respectively. Vj?‘bc and V?fvc are the three phase voltage vectors at j** bus and
inverter bus (¢nv), respectively. If“l{’g and I%E’SC are the three phase injection current vectors at the primary

and secondary sides of the transformer, respectively.
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6.2.1 Load flow analysis with Delta/Star-grounded (A-Y,) IBDG transformer for the connec-
tion of IBDG

The proposed load flow analysis method of unbalanced three phase four wire multigrounded radial distri-
bution system with IBDG is based on [BIBC} and [BCBV} matrices of the system. In this method, it is
assumed that the IBDG is operating in ”Constant active power mode” (by operating at unity power factor)
under steady state conditions. The IBDG is connected to the grid through a step-down transformer (namely
”IBDG transformer”). In this section, Delta/Star-grounded (A-Y;) configuration of IBDG transformer has
been considered. The formulation of [BIBC] and [BCBV] matrices for the proposed load flow method

is given in the following subsections.

6.2.1.1 Formulation of [BIBC] matrix

By applying KCL equation at each phase bus (excluding substation bus and inverter bus) of the distribution
system shown in Fig. the currents in the phase branches of the distribution system can be obtained in
terms of equivalent bus injection currents. The branch currents of phases a, b and ¢ of all line sections in

Fig. [6.1| can be expressed in terms of equivalent bus injection currents as,

Bf = DLyt Igt -+ L+ Lyt I+ oo+ I + 1y + Do + g
Bl = Dg+Dg+-+ Lyt La+Iry+ 4 B+ T+ T

Bf = Lg+I+ -+ I+ L+ 15, + -+ I+ I

By = Ly+- 4T+ Dy+ 13, + -+ I+ I+ Iy + 10 4

By = I+ + L+ Do+ Ipp+ o+ B+ Ty + Ing

BS = Igy+-+Ig+ g+ 1, + -+ g+ I

B¢ —= jg(‘ld"i'j%,p
B = jjbd"i_j%p

B = jjgd"i_j%,p

By = I_zil‘Ff:ﬁLd‘Ff:ﬁbd

By = Ijy+1Ing

Bi = Iy

Bf = I_ﬁszFI_g,,d

Bl = I B = I (6.2)
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Therefore, the currents of the phase branches can be expressed in the matrix form as,

[Bp} = {BIBCP} [IL} + [TIBCTm} [ITP} (6.3)

where, details of {BIBCP] matrix have already been discussed in eq. (5.5) of Subsection|5.2.1.1{of Chapter
and

_ -T T
BIBC,(:, Tya) TP 00 .--10O0 .- 00UO0TO0TO0OTPO
[TIBCTm} = BIBC,(:, Tpb) =010 - 010 -- 0000 0 0Of ;s
| BIBC,(:, Tho) | 001 --001:000000
r_ B 1T
|:IT,pj| - _I%’p Igvp I%,P_ ’

The [TIBCTm} matrix contains column vectors of [BIBCP] matrix corresponding to the phases a, b and
c of the transformer bus 7; (where the three phase primary windings of the transformer are connected and
in Fig. [6.1) T}, = j). Further, it is assumed that the system considered has w three-phase, v two-phase, w
single-phase, (u + v + w) neutral and (u + v + w) ground buses with nt number of IBDG transformers.
This generalized system will be considered throughout this chapter. The size of [TIB CTm} matrix for this
system will therefore be (3u + 2v + w — 3) x 3nt.

Now, there is no physical connection between the neutral as well as ground buses of the system and
IBDG transformer and the inverter current is confined only to the secondary winding of IBDG transformer.
Therefore, the neutral and ground currents for the distribution system shown in Fig. [6.1] (with IBDG and
A-Y, IBDG transformer) are exactly same as the neutral and ground currents of system shown in Fig.
[5.1] (without IBDG and IBDG transformer) and are given as (from eqs. (5.8) and (5.10) of Chapter [5

respectively),

[Bn} = - [BIBCPH] {IL} + [BIBCg} {Ing} 6.4)

[Bg} = - [BIBCg} {Ing] (6.5)

The matrices {BIBCpn} and [BIBCg] have already been defined in eq. 1) of Subsection [5.2.1.2| of
Chapter 3]
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6.2.1.2 Formulation of [BCBV] matrix

The voltages of the phase buses (except inverter bus), neutral buses and ground buses of the distribution

system shown in Fig. can be calculated using eqs. (5.21)-(5.23) of Chapter 5] respectively, as,

[Vp} = [VSS} - [BCBVP} [Bp} - [BCBVPH] [Bn} - [BCBVpg] [Bg} (6.6)
V] = [V - [BOBV.) [B] - [BeBV.] [B.] - [BeBV.| [B] @)
Vol = [Va] - [BCBVa) By - [BoBVL] [B] - [BoBv,| [B] 69

The details of [BCBVp], [BCBVPH], [BCBVpg], [BCBVnp], [BCBVH], [BCBVng], [BCBVgp],
[BCBVyg,| and [BCBV,]| matrices have already been described in egs. - of subsections
of Chapter[5] Also, the inverter bus voltage of the system considered, is calculated using eq.
as,

Vine = Y5 (18 - YpE VE©Y) (6.9)

mv

From Fig. 6.1} I3P¢ = I28P¢ where I2P€ is the three-phase inverter current vector.

inv ’ inv

The voltages of the phase buses of the distribution system can be recalculated using egs. (6.3))-(6.6) as,

Vo] = [Va| - [BCBV,] { BIBG,| [1p| + | TIBCy | [Ir,) } - |BCBV,,| {

- [BIBCpn} [IL} + [BIBcg} [Ing} } - [BCBVpg} { -~ [BIBCg} [Ing} }

Vo] = vl - o] 1] - o6rs] ] - [t )] 60

where, [DLFJ and [DLFJ matrices have already been described in eq. (5.24) of Chapterand

[DLFru,| = [BCBV,| [TIBO]
Similarly, the neutral bus voltages can be recalculated using eqs. 3)-(63) and (&7) as,
Va] = [Va| - [BCBV,,] { BIBG,| 1| + | TIBC 1| [Lr,) } - BBV, {
~ |BIBC| [1] + [BIBC,] |1 } - [BeBV,| { ~ [BIBC, | [Lg }

[Vn} = [Vsn] - [DLF;,,} [IL] - [DLF;J [Ing} - [DLFTmn} [IT,p} 6.11)

where, [DLF3} and [DLF 4} matrices have already been defined in (eq. |5.25)) of Chapterand

[DLFTmn} = [BCBVHP} [TIBCTm}
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Also, the ground bus voltages of the system considered, can be recalculated using egs. (6.3)-(6.5) and

as,

V| = [Vie| - [BCBV,,) { BIBG,| [1p| + | TIBCry | [Ir,) } - [BCBV,.| {

- [BIBCPH} [IL} + [BIBCg} [Ing} } - [BCBVg} { -~ [BIBCg} [Ing} }

v = o] - o185 ] - [pL20] 1] - [pLEr ] 6

where, [DLF5} and [DLF(J matrices have already defined in eq. (5.26)) of Chapterand

{DLFng} = [BCBVgp} [TIBCTm}

Now, the voltage drops between neutral buses and ground buses are calculated using eq. (5.28)) of Chapter ]

o] ] - [ - [

Now, from egs. (6.10), (6.11)) and (6.13)), the neutral to ground current [Ing] is calculated as,

1] = [zonc] " { [Var] - [Va] [ [28] - [pU]| 0] 4 [DLPR ] 10,] } 6139

where, ZFNG] matrix has already been defined in eq. (5.29) of Chapterand

—

DLFrm] = [DLFrm,] - [DLFrm]

Therefore, the voltages of the phase buses (except inverter bus), neutral buses and ground buses can be

obtained using eqs. (6.10)-(6.12) and (6.14) as,

[Vp] - [VSS} N [Flng} { [Vsn] - [ng} } - :FlPLD: :IL: - :Fle: :IT,p: (6.15)
{Vn} - [ann} [Vsn} - [F2gg} [ng} - :FZPLD: :IL: - :Fsz: :IT’p: (6.16)
[Vg} = [Fsgg: [ng} - |:F3nn:| |:Vsn:| - :FSPLD: :IL: — :F3Tm: :ITP: (6.17)

where,

_Fle_ = _DLF2_ _ZFNG_ _DLFngn_ + _DLFTmp_

_Fsz_ - _DLF4_ _ZFNG_ _DLFngn_ + _DLFTmn_

_F3Tm_ = _DLFG_ _ZFNG_ _DLFngn_ + _DLFng_



Steps of algorithm for the load flow analysis of unbalanced three phase four wire multigrounded radial

distribution system in the presence of IBDG and A-Y, IBDG transformer

1. Initialize and then generate the [BIBC] matrices for the phase, neutral and ground currents, and

[BCBV} matrices for the voltages of phase buses, neutral buses and ground buses.

2. Set the iteration counter k& = 0. Also, set the values of all phase a bus voltages at (1.0 + 50.0) p.u.,
phase b bus voltages at (—0.500 — j0.866) p.u., phase ¢ bus voltages at (—0.500 + j0.866) p.u. and

all neutral and ground bus voltages at (0.0 + j0.0) p.u. throughout the system.

3. Calculate the equivalent bus injection currents [IL} ¥ at all the phase buses of the system using eq.
(5.3) of Chapter@ Also, calculate the inverter current of the IBDG as,
B B S’P * PP 4 jQP *
Ly =1Tps = <—dg> = (dg— dg) ;. (p=a,b,c)
BN Vin
where, 5’5 . is the complex power injected by the IBDG at phase p of inverter bus; Pé’g and ng are
the active and reactive power generated by the IBDG at phase p of inverter bus, respectively; Vﬁw is

the p** phase voltage of inverter bus.
k
4. Calculate the primary winding currents [I%,b;} of the IBDG transformer by using eq. (6.1)).
5. k=k+ 1

6. Calculate the voltages of phase buses, neutral buses and ground buses ([Vp]*, [Va]* and [Vg]*) of

k
the system using eqs. (6.15)-(6.17). Also, calculate the inverter bus voltage [Vfﬂo‘f} of the IBDG by
using eq. (6.9).

7. Calculate the error (€),

e = maa |[Vplt - [Vl

8. If € > tolerance(1.0 x 10712), then go to step else go to the next step.

9. The obtained values of the voltages [V ], [Vy] and [V ] are the final values of load flow solution and

stop the simulation.
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6.2.2 Short-circuit analysis of unbalanced three phase four wire multigrounded radial distri-

bution system in the presence of IBDG and A-Y, IBDG transformer

In this chapter, two different short-circuit analysis methods have been proposed. One of the proposed method
is based on [BIBC] and [BCBV] matrices, while the other one is a [Ybus] matrix based approach. Both

these methods are discussed in details in the following sub-sections.

6.2.2.1 Method 1: [BIBC| matrix based method

From the load flow analysis of the distribution system (using the proposed load flow method), the equivalent
load impedances are calculated at all phase buses (except inverter bus) of the system using eq. (5.33) of

Chapter@ Now, different short-circuit faults are discussed as follows,

(a) Single line-to-ground (SLG) fault

Let us assume that an SLG fault occurs between the phase a and the local ground g; at I*" bus location
through a fault impedance zy, as shown in Fig. a), and the fault current I' J‘% is flowing from phase a to the
ground g; at " bus. Therefore, only the phase and the ground currents of the system will get modified due

to the SLG fault. The modified phase branch currents (only of phase a) due to SLG fault, can be written as,
By = Igg+Ly+- -+ I+ Ly + 15, + -+ Iy + Iy + Iy + I g+ I}
Bsp = Iig+ -+ Tlg+Lg+ It + o+ g+ I+ Ing + g + 15
Bl = Lat Ity
By = T+ Tna+ Lna+1f
Blcff = Ina+ fgbd
Bt = I (6.18)

Hence, the modified phase branch currents due to SLG fault can be expressed in the matrix form as,

Bps| = [BIBC,| (1] + [TIBCrm| [Ir,] + [BIBCS | || (6.19)

where,

[BIBCfp]I[BIBCP(:,ff)}:[l o0--00SO0.-12000O0 0:|T;|:If:|:I}I

Definition of {BIBCfp} matrix for an SLG fault (faulted bus f;, = [, and faulted phase ¢ = «) is given in
eq. (5.33)) of Chapter[5}
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Figure 6.2: Unsymmetrical short-circuit faults, (a) SLG fault, (b) LLG fault, (c)

LLLG fault, (d) LL fault
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Similarly, the modified ground currents due to SLG fault can be written as,

BY, = —I9-I— D99 [ [ [9— I¢

Bg’f = _jgg_..._fglg_fjﬂg_..._jgg_jlng_j;%ng_jgf_j?

By = I

Bl = —LY-I7-L7-1f

Bly = —I;) L}

Bfn,f = —f;’{f (6.20)

Hence, the modified ground currents due to SLG fault can be expressed in the matrix form as,

[Bg,f} = - [BIBCg] {Ing} - [BIBcfg} [If} (6.21)

where,

[BIBCfg}Z[BIBcg(:,gfb)}z[l 1 -~ 0 -~ 10 O]T

[BIBCfg} matrix for an SLG fault has already been defined in eq. (5.37) of Chapter

Therefore, the voltages of phase buses under the fault conditions are calculated using the modified phase

branch and ground currents (using eq. (6.6)) as,
[Vp’f} = [VSS} - [BCBVP} [Bpﬁf} - [BCBVPH} [Bn} - [BCBVpg} [Bg,f] (6.22)

The phase bus voltages under the fault conditions are recalculated using eqgs. (6.4), (6.19), (6.21) and (6.22))

Vee| = [Vi| - [BCBVY,] { BIBG,| 1| + [TIBC | Iz, + [BIBCy [1] }
- [BCBV,) { ~ [BIBC| [1] + [BIBC, | [Lg] } - [BCBV,,] {
~ |BIBG,| 1| - [BIBCy| |1 }
v = ] - 500 1] - [958 f] - [p08] ] - [ore ] 629

[DFFl] = [BCBVP} |:BIBCfp:| - [BCBVpg} |:BIBCfg:|

Similarly, the neutral bus and ground bus voltages under the fault conditions are calculated using eqgs.

©.4), (6.7), (6.8), (6.19) and (6.21) as,
Vo] = [Var] - o8] 1] - [p1] 1] - [0 [10,] - [ors] ] 626
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V] = Vo] - [0 1] - [0L20] 1] - [PLEr ][] - (o8] 1] 629
| [DFFZ} = [BCBVnp} |:BIBCfp:| - [BCBVng} [BIBCfgj|
|:DFF3:| = [BCBVgp} |:BIBCfp:| — [BCBVg] |:BIBCfg:|

Now, the neutral to ground currents under the fault conditions are calculated using the voltages of neutral

buses and ground buses (using eqs. (6.13)), (6.24) and (6.23))) as,

1] = [zexc] " { [Vao] - [Vae] + | [DLro] - [ps] | 1] + [DrPr, ] 1)

+ [ [DFFs| — |DFF,| ] 1] } (6.26)
Therefore, the voltages of phase buses, neutral buses and ground buses under the fault conditions are ob-

tained using eqs. (6.23)-(6.26) as,

Vor] = [Va] = [Fuoe] { [Var] = [Vie] | = [Fron] ] - [Fava] 1] - [pPRs] 11

S0 T S N 0 T 1 O O o [ 5

Viee] = [Fase] [Vas] = [Pana] [Ven] = [Para | 1] = [Pom] [t = [DPF] [1] 629

where,

- - - - - - - ._1 - - - -
DFF,,| = |DFF,| + |DLFs| |Zrne { DFF;| — |DFF, }

- - - - - - - __1 - - - -
DFan = DFF2 + DLF4 ZFNG { DFF3 - DFF2 }

- - - . - - __1 - - - -
DFan = DFF3 + DLF6 ZFNG { DFF3 - DFF2 }

Now, the voltage equation at fault bus is written as,

If =V -V (6.30)
where, ‘_/l“f and ‘_/l:qf are the voltages of phase a and ground ¢ at fault bus [, respectively. Substitute the
values of V}% and V;%; from egs. (6.27) and (6.29) into eq. (6.30), with an assumption that the neutral and

ground buses at the substation end are perfectly grounded (i.e. at zero potential; V. = 0, ViJ = 0), and

express it in the matrix form as,

2 (1] = V= [Faeen (0] (1] = [Purm 0] (1] = (PR GE ) [1
+ [F3PLD(gfb,i)} [IL} + [Fng(gfb,:)} [ITJ,} + {DFFgm(gfb,l)} |:If:| (6.31)
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where, for SLG fault (at phase a of I" bus), [Zf} = Zf; [FIPLD (f, )] represents the row vector of matrix
|:F1PLD} corresponding to the faulty phase p (here, ¢ = a) of faulted bus f;, (here, f, = 0); [Fle( I, )]
represents the row vector of matrix [Fle} corresponding to the faulty phase ¢ (here, ¢ = a) of faulted
bus f3; [DFFln( fl? , 1)} represents the row vector of matrix [DFFM} corresponding to the faulty phase
p of faulted bus f; [F3PLD(gfb> )} represents the row vector of matrix [F3PLD} corresponding to the
ground gy, at the location of faulted bus fj; [F3Tm(gfb7 )} represents the row vector of matrix [F3Tm]
corresponding to the ground g, at the location of faulted bus fv; |DFF3, ( Gy 1)} represents the row vector

of matrix [DFF&J corresponding to the ground g, at the location of faulted bus f;.

Hence, the fault current [If} is obtained from eq. (6.31) as,

o] - i ] ] 6
where,
Zp1| = |2Z| + [DFFu(f1.1)| - [DFFsa(gs, 1))
[F{lg,tpLD: = :ZFl}l{ [F1PLD(ff,i)] - {F3PLD(gfba:)} }
Fllina] = [20a] { [Frnmt.0] - [Fonmon0] |

Once the value of fault current [If] is obtained, the initial estimates of voltages of phase buses (except
inverter bus), neutral buses and ground buses under the fault condition are obtained using eqgs. (6.27)-(6.29).
Also, the initial estimate of inverter current for an SLG fault (at phase a of I bus in the system) is obtained

with the help of calculated bus voltages and eq. as,

fvifest = Yopm ViFS + YR VIR (6.33)

inv, sp, T inv,st

where, VJ?‘?C is the estimated three-phase voltage vector of j*" bus (where an IBDG is connected through
a step-down A-Y, IBDG transformer) under the fault conditions; V?r?vcst is the three-phase inverter bus

voltage vector obtained from the steady state load flow solution.

abc
inv,f est’

during fault as discussed in Subsection [3.2.2] of Chapter [3]

Now, depending upon the magnitude of I there can be two possible cases of inverter operation

Case 1: If \ffm’ fﬁst\ < I (short-circuit current capacity of the inverter); (p = a, b, ¢)

If the magnitude of inverter current |/’ fm’ fe ;| for each phase, calculated using eq. (6.33), is less than
the short-circuit capacity of the inverter (1:%?), then the voltages of phase buses, neutral buses and ground
buses calculated using eqs. (6.27)-(6.29) are the final values of the voltages of the system under the fault

conditions.
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Case 2: If [I7 festl > I (p = a, or b, or c)
In this case, the magnitude of the inverter current is restricted to its short-circuit capacity (I%%), b

operating the inverter in constant current control mode (as discussed in Subsection [3.2.2] of Chapter [3)).

Hence the inverter current under the fault conditions is given as,

I’Lpnv J ‘ nv f‘lqjmv - Ilm}l\l’fm) f7 (p =a,b, C) (6.34)

where ¥? inv.f is the unknown inverter current angle corresponding to phase p under the fault conditions. To

solve for these unknown angles, it is assumed that, \Ilf‘rf’vcf =5+ Habcf (as discussed in Subsection of

mv

Chapter , where Hiﬁ’vcf is the three phase voltage angle vector of the inverter bus under the fault conditions,

abc

T T
— abc _
Wit = [\pmv f v 5 Y, f} s = [agm) f 0. b O, f] . This is done so as to ensure that
the inverter injects reactive power only during fault conditions.
Hence with this inverter control strategy, the inverter bus voltage along with the unknown current angles

under the fault conditions can be calculated by solving eq. (6.33). Rewriting eq. (6.33)) for phase a as,

LW,y =1 J(5 408, ) = 2(110%‘7]‘?1‘ + Vi Vi + Yar Vi + Yl Vi + Y Vi,

inv, f

(7
inv, f

Yool Vil /(030 + 05 ;) + \YabTHVbﬂ (9?£,T + 600 )+ Y| IVEg| /(05 7+ 65 )
/(QGGT + gznv f) |}7:90;3,T| “7117)11),”/ eabT + 07,77,1} f) ‘ ss, TH inv, f (GU«CT + aznv f)
—I )5+ 6%, ) =0 (6.35)

| ssT|| inv, f

The real and imaginary part of eq. (6.35)) for phase a can be written as,
Real Part

Y3 [Vl cos (0% 1 + 02 1) + [V [V ;|cos(055 1 + 05 1) + [Yacr| [V lcos (025 1 + 605 ;) +
‘K(‘IS?TH‘?#LU,JC‘COS(GGGT + eznv f) ‘ ss THKm; f‘COS(GSST + emv f) +

‘ ss TH inv f‘cos(eacT + e'mv f) IéZLUCOS( + emv f) =0

b b
7(’16(| inv f| ’V;m} f| | inv,f gnuf?einv,f’einv,f) (636)

Imaginary Part
b b
Viir Vi lsin(8sg.r + 05 ) + [V p|[V) s |sin(@op + 63 ) + Y| [Vi gl sin(@e 7 + 65 ) +

|K%?T|“7i?1v,f|8in(0aaT + Gznv f) ‘K(;,T"‘va f‘Sin(eabT + eznv f) +

D_/s(z?T‘ "Z‘%v,f‘sz’n(GaCT + ezm) f) I;szzn< + e'mv f) =0

b
G;n(‘ inv f| | inv,f 1 | mv,f‘?Ognv,f?ginv,ﬂeinv,f) (637)
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Similarly, the real and imaginary parts of eq. (6.35) for phase b are given as,
Real Part

Vi [Viyleos(6o o + 65 ) + 1Yoy plV) sleos (82, 7+ 65 1) + Yoyl | Vi pleos(85, 1 + 65, 4) +
| ss T|| inv f‘cos(ebaT + eznv f) ‘YbbTH inv f‘cos(ebbT + emv f) +

b .
‘Y CTH inv f‘COS( ng + e'mv f) I;ZWCOS(z + 0?m;,f> =0

b b b
:fre(| mvf| ’V;m}f| | znvf|> ?nuf?einv,fﬁefnv,f) (638)

Imaginary Part
b b bb bb b b
Vi Vi lsin(8% 1 + 05 ) + Yoy 2 |[V7 s |sin(65 o + 63 ) + Yoy |Vl sin(6 7 + 65 ) +
b
|Y aTH inv f|82n( s(slT + eznv f) | ss TH inv f‘SZTL( ss, T +0mv f) +

b
‘Y CTH inv f‘SZTL( ss, T + eznv f) IZM}SZ”( + e'mv f) =0

b ¥ b
fm(‘ inv f| | v, f ’|V;'(T:w,f‘7 gnv,ﬂeinuf?gim),f) (639)

Also, the real and imaginary part of eq. (6.35) for phase c are given as,
Real Part

Yirrl[Viyleos(65 o + 65 ) + Yy |V sleos b5, 7+ 65 1) + Yl Vi pleos(85y, 1 + 65 4) +
| sT||‘/7,?wf|COS( gT+92nvf) |YCbT|| znvf|cos( 5T+027wf)+

T[T lcos(0% 1+ 0, ) — zﬁ%w< +@mf)—o

b
_fre(‘ zm}f| ’ znvf| | v, f |7 gnv,f’eirw,fﬂeinv,f) (6.40)

Imaginary Part
Yiir Vi lsin(85 0 + 65 ) + (Vg 0 |[V7 s |sin(0gp o + 63 ) + Yyl Vil sin(Os 7 + 65 ) +
| sT|H/z?wf|52n( (51T+927wf) | sT|| znvf|82n(ecsT+07,m)f)+

Vg [T i (0 1+ 0, ) — Pman( +@mf)—o

:fzcm(‘ znvf| | mv,f7|_i$wf‘7 nv, fr mwf’ezrwf) (641)

Hence, for the unbalanced three-phase four wire multigrounded radial distribution system having nt
number of A-Y, IBDG transformers, there is a total of 6nt non-linear equations. To solve these non-linear

equations, Newton-Raphson method has been used in this work. The set of non-linear equations for the
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system shown in Fig. with one A-Y, IBDG transformer is given as,

re (Vi 11\ Vi £ Vo s O 3 O 5 O ) = O
Fon (Vi o Vi £ Vi 11 0%y 2 Oy 12 05 ) = 0
£ (Vi LV 1 Vi £l O 12 O 3 O ) = O
P (Vi o Vi £ Vi f 1 0%y 52 Oy 5, 05 ) = 0
Fe (Vi s TV b1 Vil £l O 52 O 3 O ) = O
o (Vino £, HZ-?w,fL Vi £ 1> O s e?m),f: O, ) =0 (6.42)

The above set of non-linear equations, for calculating the unknown inverter bus voltage magnitudes and their

respective phase angles, are solved using Newton-Raphson method as,

-1
AVinv,f . J1 J2 Afreal (6 43)
Aeinv,f J3 J4 Afimag
where AV, ¢ and Abiy,y ¢ are the correction vectors calculated at " iteration. Hence,
() Ay 1"
X _ a c .
AVan’f o |:A‘/im),f7 A‘/z‘nv,f’ A‘/;nv,f:| ’
T
. — a(t) b(t) c(t)
A(glnv,f [Aeinv,f’ AGZ.m,f, Aeim}’f
Af,cal and Afy,,e are the mismatch vectors calculated at ' jteration and are given as
(0 _ b0 _ ]
— a Cc .
Afreal = |:_f're 7_f7'e ;_f're } >
T
. — a(t) b(t) c(t)
Aflmag - [_fzm ) _fim ) _fim :
J1,J2, J3 and J4 are the sub-matrices of the Jacobian matrix [J], and are given as,
Ofre Ifre off. | [_ofn off. ofse |
a"zgzv,f‘ 8"77.1;171 f‘ a“?zt;zxu,f| 89?”“’7}6 805711) f 89’5”“‘77}0
g, = Mrea _ | o, o, ot | g e | op  oph ofh,
- - \/a Y/ b \/C — - a anb C
8Vinv,f a"/inv,f‘ dl‘/inv,f‘ a‘Vinu,f| ’ 80inv7f 89inv,f deinv,f 89inv,f
Ofre Ofre Offe Offe Ofre Ofre
—aﬂ/ﬂzv,f‘ 6"/;I;Lv,f‘ a“éil'u,f'— —89’?71U»f 692'bnv,f 807?”“’7}0—
[_0ff, Ofim Of | [_0ffn Ofim Offn ]
8"7ﬂnv,f‘ alf/;l?nv,f‘ 6“—/£Lv,f| 80;17“)7f aefnv,f 80‘1:7“17](
3y — imag _ | _ofl, b A Ofimag _ | o2, osh,  ofh,
OVinv £ Vo sl Vi, sl OVE, 41| Dbinv £ Oy 080, p iy
Ofim Ofim Ofim Ofim Ofim Ofim
_a“/ﬂnv’f‘ alv;l?nv’f‘ 8“63},1},f|_ 89?7“1,}‘ aefn»uyf 80§7L11,f_
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Elements of Jacobian matrix [J] are calculated as,

) P
8| - ‘ = | 55 T|COS(0qu + emv f)
inv, f
ofk -
001 = = _’Y;I;?THV;%U f"%n(equ + emv f)
inv,f Ip#q
O fr , —
agpre = _’YsI;pTH inv f"%n(eppT + eznv f) + I?Cw‘%n< + gzm) f>
v, f
Gfp = ,
a| ‘ = D/;Z;?T‘Szn(ezs)qT + Hmv,f)
inv, f
of”
g, = el o + 0hg)
ok .
oo° - | 55 T| |V:L'I:w,f|cos(0ppT + emv f) I;?UCOS< + aznv f)
inv, f

where p,q = a, b, c. The size of Jacobian matrix [J] is (6 x 6) and its all four sub-matrices (J1, Ja, J3
and J4) is (3 x 3) for one A-Y, IBDG transformer. Hence, for nt number of IBDG transformers in the
system, there is total nt number of Jacobian matrices [J } which will be required to calculate the values of
their inverter bus voltages under the fault conditions. With the help of calculated inverter bus voltages, the
primary winding currents of IBDG transformer under the fault conditions are calculated by using eq. (6.1).
Therefore, the new value of fault current is calculated by eq. (6.32). Similarly, new values of voltages of
phase buses, neutral buses and ground buses under the fault conditions are also calculated (with the help of

obtained new values of fault current and primary winding currents of IBDG transformer) by eqs. (6.27)-

(©-29.

(b) Double line-to-ground (LLG) fault

Let us consider an LLG fault between phases a and b, and the local ground g; at I*"* bus location through

a fault impedance zy, as shown in Fig. b). The two fault currents f‘; and [ J‘% are flowing from phases a

lth

and b to the ground g; at I*" bus, respectively. The modified phase branch currents (of phases a and b) due

to LLG fault in Fig. [6.2(b), can be written as,

By = I+ I+ -+ Iy+ Ly + I, + -+ Ly + Iy + Ly + I g+ 1}
BY; = DBy+ DL+ 4+ I+ D+ I+ + g+ I+ Iy + I

BS; = I+ A I+ I+ I+ + I+ Iy + T8 + 10+ 19
BS; = Dyt I+ o+ I, + + Iy + Iy + I g+ 1%
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By = L+ It

Bl; = Lu+lIr,

By = Ify+1Ing+ 15 .+ 1}
By = Ip+1h,+1;

Bfl,f = I_gld"i_l_gbd;

Bly = Ing
Be s o= 10, (6.44)

The above equations can be put in the matrix form as,

By¢| = |BIBG, | |IL| + [TIBC1m| |Ir,| + |BIBCs, | 1] (6.45)
where,
BiBcy] - BIBC,(;, f") T_ 100 --000--10000 0 T‘
L IBBC,G )| 010000 010000
u] = [ o]

Definition of [BIB Cfp} matrix for LLG fault (faulted bus f; = [, and faulted phases g1 = a and g2 = b) is

given in eq. (5.52)) of Chapter[5]
The modified ground currents due to LLG fault, as shown in Fig. [6.2b), can be written as,

By, = _j;lg_jgzg__.._fz?lg_j;zg__.._jgg_jlng_j%g_fgbg_f?_j:?
Bgyf — _I‘gg_..._jing_j]ﬂg_,,__jgg_flng_jglg_jgbg_f?_j?

By = D75

By = ~I-Iy-Iy

By = —L7-IL}

Bry = 1 (6.46)

Hence, the modified ground currents due to LLG fault can be expressed in the matrix form as,

[Bgvf} = — [BIBCg] [Ing} - [BIBCfg} [If} (6.47)
where,
T T
[BIBC ]: BIBCg(:,g7,){ _ |1 1 -+ 0 =+ 100
=l |BIBG, (., g5,) 11 -0 - 100
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[BIBCfg} matrix for LLG fault has already been defined in eq. (5.54) of Chapter The voltage equations

for the phase buses, neutral buses and ground buses for LLG fault will remain same as given in case of SLG

fault (egs. (6.27)-(6.29)) .
For an LLG fault at phases a and b of [*" bus through a fault impedance Z » as shown in Fig. b), the

voltage equations at faulted bus can be written as,

oI = Vi = Vi

gly = VY=V (6.48)
where, Vl“f and t7l?f are the voltages of phases a and b of fault bus / under the fault conditions, respectively;
t_/]r? ¥ is the ground bus voltage under the fault conditions at fault location. Substitute the values of t_/j“ , t_/f’ I
and ng 7 from eqs. and li into eq. , with an assumption that the neutral and ground buses at

the substation end are perfectly grounded (i.e. at zero potential; V* = 0, Vi = 0), and expressing it in the

matrix form as,

lu] = (1] [Fmm o ] et ) PR

1744 Firp(f,) Firm(f7,:) DFF1,(f",:)

F3pLp(94,,:
N (9£,01) [IL} N
| FapLD (9£,1)

F3Tm(gfbv :) DFF3n(gfb7 :) [I }
f

_DFan(gfb7 )

:IT,p} - (6.49)

Fstm (gfb7 :)

z¢ 0
where, for an LLG fault (at phases a and b of [*" bus), [Zf} — |7 ; [Fle(fl(;h ) )} and [Fle(fg;D, )]
zf

are the row vectors of matrix {Fle} corresponding to the faulty phases ¢; and g (here, g1 = a, g3 =

b) of faulted bus f; (here, f, = ), respectively; [F3Tm(9fb> )} represents the row vector of matrix
[F?,Tm} corresponding to the ground gy, at the location of faulted bus f;. The matrices {FIPLD( £, )} ,

[FlPLD(fgla 2)]’ [DFFrn(fq17 2)]’ [DFFrn(f‘p, 1)}’ [F3PLD(9fb73)}’ [FSPLD(gfba 2)]9 |:DFF3n(gfb7 2)]’
[DFan(g o )} for LLG fault have already been defined in eq. (5.56) of Chapter Hence, the fault cur-

rent [If} for an LLG fault is obtained from eq. (6.49) as,

-1 |Ve
[If} - [ZFJ VSI, B [F{QPLD} [IL} - [F{ng] [IT,p] (6.50)
S
where, [Zpl] and {F{ZPLD} matrices for LLG fault have already been defined in eq. (5.57) of Chapter
and
“1 ) [Firm(fy'2) Farm(9y,,:)
flt _ b . b
|:F13Tm} = [ZFI]

Fle(fl;pa :) F3Tm(gfb7 :)
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The initial estimate of fault currents for LL.G fault is obtained from the eq. (with the help of pre-fault
load flow solution). Once, the value of fault current is obtained, the initial estimate of voltages of phase bus,
neutral bus and ground bus of the system under the fault conditions would be obtained by eqgs. (6.27)-(6.29).
The initial estimate of inverter current under the fault conditions is then obtained by eq. (6.33). Depending
upon the magnitude of estimated inverter current, appropriate inverter control strategy will be applied to

obtain the final solution under the fault conditions, as discussed previously for the SLG fault.

(c) Triple line-to-ground (LLLG) fault

Ith bus

Let us consider an LLLG fault between all the phases a, b and ¢, and the local ground g; at
location through a fault impedance zy, as shown in Fig. c). The fault currents I¢, I JIZ and I ; are flowing
from phases a, b and ¢ to the ground g; at [*" bus, respectively. The modified phase branch currents (of

phases a, b and ¢) due to LLLG fault in Fig. [6.2(c), can be written as,

Bl ¢ = Iy +I5g+- -+ Ly+ Ly + 1, + -+ I+ I+ Ig + I g + 1§

BYy = Dy+DLg+ 4+ D+ I+ + Dy + Ly + g + 1
By = Dat+Isa+ -+ Tg+ L+ Iy + -+ T+ Tig + I

By = Ijy+ -+ Ly + Ly If, + -+ g+ Ly + Lng + I g+ If
By; = Dy+- 4D+ Dy+ Iy, +- 4+ Lg+ L+ Ly + 1
BS; = Iyt + I+ L+ I, + -+ Iy + Iy + I

Bl = Ly+1Ir,

By = Iy+1p,

Bip = LatIn,
By, = I+, + 10+ 1%
Byy = Iy+Ing+1j
Biy = Tt

Bla:f — fwald—i_fgbd

sz,f = Iy
_Zuf = ‘gbd (6.51)

The above mentioned equations can be put in the matrix form as,
|:Bp,fj| = [BIBCP} [IL} + [TIBCTm] {ITP} + |:BIBCfpi| |:Ifi| (6.52)
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where,

T T

BIBC,(:, fi") 100 ---00O0-.---1000O00O0O0
|:BIBCfp:| = |BIBGy(;, f?)| =010 --- 000 - 01000 0f ;

BIBC,(, f*) oo01-.---00SO0.--001000O0

[If} = [If Iy If} :

The [BIB Cfp} matrix for a LLLG fault has already been described in eq. (5.59) of Chapter

The modified ground currents due to LLLG fault, as shown in Fig. [6.2](c), can be written as,

Bif — _j;bg_jglg_..._f;lg_j;}g_,“_I’lztg_jlng_fgzg_jgbg_f?_f?_j;
33,f = —fgg_..._[?9_jjﬂg_..._j]?g_jl"g_jglg_jgbg_j?_j?_f;

Bl = L' Ip-Tp- T,

Bl = ~I°-Ly-ILy

By = —Ij -1

Bg%f = -1 (6.53)

Hence, the modified ground currents due to LLLG fault can be expressed in the matrix form as,

Bae] = - [B18Gy) [1e] - [BBCY] 1] 65
where,
T T
BIBCq,(:,9+,) 11 .- 0 -1 00
[BIBCfg] = |BIBCg(:,95) =1 1 -~ 0 --- 1 0 0
BIBCg(:,gy,) 11 .0 .-+~ 1 00

Definition of [BIBCfg} matrix for LLLG fault has already been given in eq. (5.61) of Chapter The

voltage equations for the phase buses, neutral buses and ground buses for LLLG fault will be same as given

in case of SLG fault (egs. (6.27}(6.29)) .
The voltage equations at fault bus can be written as,
Sl = V-V
gl = Vi =V
Iy = VG-V (6.55)
where, V%, V}; and V}’; are the voltages of phases a, b and ¢ of fault bus / under the fault conditions,

respectively. Vlgf is the ground bus voltage at the fault location under the fault conditions. Substituting
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the values of Vl‘ff, ‘_/llff, ‘_/lcf and Vlf’f from eqgs. li and 1| into eq. li with an assumption that
the neutral and ground buses at the substation end are perfectly grounded (i.e. at zero potential; V* = 0,

VJ = 0), and writing it in the matrix form, we obtain,

Vo Fipip(f,:) Fitm(f,:) DFFn(f,:)
[Zf} [If} = V2| = |FipLp(f%,2) [IL} — |Firm(fy",2) _IT7p] — |DFFa(f?,2) [If}
_VSC Firp(f2,:) Firm(f?,:) DFF1,(f",:)
F3pLp(95,:2) Fsrm(9y,,:) DFF3x(gy,.1)
+  |FapLp(95,,:) [IL} + | F3tm(95,,:) [IT,p} + |DFF3a(g5,,:) [If} (6.56)
| FspLp(95,,1) F3tm(gy,,:) | DFF34(95,.1)
if 0 0
where, for an LLLG fault (at jth bus), [Zf} =10 z 0f; [Fle(fgl,;)}, [Fle(ng,:)] and
0 O zZf

[Fle( 1, )] are the row vectors of matrix [Fle} corresponding to the faulty phases g1, g2 and
g3 (here, g1 = a, ¢ = b, g3 = c¢) of faulted bus f; (here, f, = [), respectively; [FSTm(gfb,;)]
is the row vector of matrix [FSTm} corresponding to the ground gy, at the location of faulted bus fj;

The matrices |Fipro (/. )| |Fipeo (/)]s [Fipeo(f. )]s [DFFu(. 5], |[DEFw(f2,5)].
[DFFln(fq37 ;)}, [ngLD (9f, )] and [DFan(gfb, )} for LLLG fault have already been described in

eq. of Chapter 5]
Hence, the fault current [If} for LLLG fault is obtained from eq. (6.56) as,

[If} = |:ZF1:|_1 Vol - [F{gPLD] [IL} - [F{ng] |:IT,p] (6.57)

where, [ZFJ and [F{?PLD} matrices for LLLG fault have already been defined in eq. (5.64])) of Chapter

and
B Firm (/. 1) Farm(9s,,:)
[F{ng} - [ZFI] Firm(fy% )| = |FaTm(9s,,)
Firm(f,:) Farm(9y,,:)
The initial estimate of fault currents for LLLG fault is then obtained from the eq. (with the help of

pre-fault load flow solution). Once, the value of fault current is obtained, the initial estimate of voltages

under the fault conditions are calculated by eqs. (6.27)-(6.29). The initial estimate of inverter current under
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the fault conditions is calculated next using eq. (6.33). The appropriate inverter control strategy is then

applied, depending upon the magnitude of estimated inverter current, to obtain the final solution under the

fault conditions (as discussed in SLG fault).

(d) Line-to-line (LL) fault

Let us consider an LL fault between phases a and b of

I*" bus through a fault impedance Z t, as shown

in Fig. d). The fault current fj‘% is flowing from phase a to b at [** bus. Hence, only the phase branch

currents will be modified due to LL fault. The modified phase branch currents (of phase a and b) due to LL

fault in Fig. [6.2]d), can be written as,

na
]‘7f
B%hf

B3y

g+ I+ + Ly + I+ 15, + -+ g+ Iy + g + I g+ If
B+ Byt o+ Iy + Iy + Iy + o+ Ty + Iy + Iy — I
g+ + Ly + Ly + I+ + g+ Iy + Ig + I g + 1§
Byt o+ I+ D+ Iy, + -+ Iy + Iy + 1Dy — I

f?d+f%7p

jjl?d"i_jfbf,p

I+ g + I, g + 1%

Iy + Ipg — 17

I+ 1

Iy

’;;b d (6.58)

The above mentioned equations can be put in the matrix form as,

where,

Bps| = [BIBC,| (L] + [TIBCrm| [Ir,] + [BIBCS | || (6.59)

T
[BIBCfp:|:[1—10"'000“'1—10000};

— [BIBC,(, /) - BIBG, (. £)]

u] = [n]

The [BIBCfp} matrix for an LL fault has already been defined in eq. (5.66)) of Chapter
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Now, the voltages of phase bus, neutral bus and ground bus under the fault conditions (using eqs. (6.6)-

(6.8)) are calculated using the modified phase branch currents as obtained in eq. (6.59) as,
[prf_ = [VSS] - _DLFl_ _IL_ - _DLFz_ _Ing_ - _DLFTmp_ [IT,p] - _DFFll_ [If_ (6.60)

Vug| = |Ven| = [DLFs| || - |DLFY| L] - |[DLFrm, | [1r,| - [DFF,| 1] 66D

[Vg,f_ = [ng} — |DLF5| |Iy,| — |DLFg| |Ing| — [DLF1pm,| [IT,p} — |DFF} [If_ (6.62)

where,
[DFF'I] = {BCBVP} [BIBCfp}
[DFF;] = [BCBVHP} [BIBCfp}
[DFF;,] = [BCBVgp] [BIBCfp}

Now, the neutral to ground currents under the fault conditions are calculated with the help of neutral and

ground bus voltages under the fault conditions using eqs. (6.13)), (6.61) and (6.62) as,

Zus] 1] = { [Van] - [P2Fo] [1] - D8] 1] - [DEF ] [10,] - [Pr ] [1] ]
- { [Vl - [orrs] (0] - o] 1] - [pEPr] [ir,] - [pFE:] 1] |

] = [zoc] " [Vl - [V] + | o] - [p2rs] | 1] + DR 1]

+ “DFF;] - [DFF;” [If} } (6.63)

Now, substituting the value of {Ing] from eq. (6.63) to eqs. (6.60)- (6.62) to recalculate the voltages of

phase, neutral and ground buses under the fault conditions as,

Vor] = [V = [Fuae] { [Var] = [Vie] | = [Fron] ] - [Fava] [1r,] - [pP3,] 1

) = ] ] ] ] )] - e ][] ] 9

Viee] = [Faue] [Vas] ~ [Pana] [Ven] = [Paran] 1] = [For] [imp] - [P [1] 660

where,

[DFF’IH: [DFF’J + [DLFZ} [ZFNG}l{ [DFF':J - [DFF'Z} }

/

[DFFZ} + {DLFJ [ZFNG

[DFF’2n

|
—
w)
!
ot
el
|
o
!
=S|
N
——
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IDFF},| = [DFF,| + |DLF| [ZFNG}_l{ IDFF,| - [DFF,| }

The voltage equation at fault bus is written as,
lf = Vi = Viy (6.67)

where, Vl“f and W’f are the voltages of phase a and b at fault bus [, respectively. Substituting the values of
Vl?f and Vlbf from eq. (6.64) into eq. (6.67), with an assumption that the neutral and ground buses at the

substation end are perfectly grounded (i.e. VS” =0,VI = 0), and write it in the matrix form as,

2] (] = V= [Fapon (o] (1] - [Pram(o)] (1] - [DFFLGE ] 1]
— V2 [Frpro (0] ] + [Frzm ()| [Trp] + |DEFY, (72,1 1]
(6.68)

where, for LL fault (at phase a and b of [*" bus), {Zf] = Zf; [FlPLD( i )] and [F1PLD(f£2, )} are
the row vectors of matrix [FlPLD} corresponding to the faulty phases g1 and g2 (here, g1 = a, g2 = b) of
faulted bus f, (here, f, = j), respectively; [Fle( 1?17 )} and [Fle( 12127 )] are the row vectors of matrix
[Fle} corresponding to the faulty phases ¢; and g of faulted bus f3, respectively; {DFF'IH( 51’ 1)] and

[DFF’ln( be27 1)} are the row vectors of matrix [DFF'IIJ corresponding to the faulty phases ¢; and ¢o of

faulted bus f3, respectively. Hence, the fault current [If} is obtained from eq. (6.68) as,

1] = 2] 0 00 [Flipn) (1]~ [l [in) 6.69)
where,
Zei| = |2+ |DFF,, (2. 1)] - [DFF), (7, 1)
[F{lltpLD: = :ZFI}_I{ [FIPLD( fl,i)} - [F1PLD( 52,1)} }
Plirn] =[] { [Promt 0] = [Purmt )] }

Once, the initial estimate of fault current is made by using eq. (6.69) (with the help of pre-fault load flow
solution), the bus voltages and inverter current under the fault conditions are then estimated by using egs.

(6.64)-(6.66) and (6.33), respectively. Again, depending upon the magnitude of estimated inverter current,

appropriate control strategy of inverter will be applied to obtain the final solution for an LL fault (as dis-

cussed in SLG fault).
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Steps of algorithm for [BIBC} matrix based short-circuit analysis method for an unbalanced three phase

SJour wire multigrounded radial distribution system in the presence of IBDG and A-Y, IBDG transformer

1. Run the base case power flow of three phase four wire multigrounded system in the presence of IBDG
and A-Y, IBDG transformer using the proposed load flow method as discussed in Section of

this chapter.
2. Convert all PQ-loads into constant impedance loads using the obtained load flow solution.

3. Ifa ground fault (SLG, LLG, LLLG) occurs in the system, then formulate [BIB Cfp] R [BIBCfg] and
[Zf] matrices corresponding to the type of fault occurring in the system using the proposed [BIBC]
matrix based short-circuit analysis method. If a line to line (LL) fault occurs, then formulate only
[BIBCfp] and [Zf] matrices.

4. Set iteration counter k£ = (. Also, set the values of voltages of phase bus, neutral bus and ground bus,

k

k
equivalent injection currents [IL} and transformer primary winding currents [IT p} equal to the

values obtained from the pre-fault load flow solutions.

k
5. Calculate the fault current [If] using eq. (6.32) for SLG fault, eq. (6.50) for LLG fault, eq. (6.57
for LLLG fault and eq. (6.69) for LL fault.

6. Increment the iteration counter by one, £k = k 4 1. Calculate the voltages of phase buses, neutral

buses and ground buses ([Vp ¢]*, [V ¢]" and [V ¢]*) of the system under the fault conditions, using

eqs. (6.27)-(6.29), for ground faults and using eqs. (6.64)-(6.66), for LL fault, respectively.

Igbc

7. Calculate the inverter current I 7

¢ ost Of the IBDG under fault conditions using the transformer
nodal admittance matrix based current equation as given in eq. (6.1)) (with the new values of voltages

under the fault conditions as obtained in previous step).

8. Check the condition, whether |7

inv, f,est

| < I (p = a, b, c) for all IBDGs in the system. The three

sc

possible cases are:

Case (A): If |I?

inv, f,est

| < I, (p = a,b,c) for all nd - no. of IBDGs, then go to step , else

sc

Case (B): If |17 v.festl (P =a,b,c) of all nd - no. of IBDGs are greater than their corresponding

m

short-circuit current capacities, then operate the inverter of all the IBDGs in constant current mode

with, I? . = [ f% + Qfmh 8 (p = a, b, c) and calculate the inverter bus voltages under the fault

> Yinu, f sc
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10.

11.

12.

conditions (Vfﬁ"ff) using the Newton-Raphson method as discussed in Subsection [6.2.2.1[(a) and go

to step 9] else

Case (C): If out of nd - no. of IBDGs, for kd - no. of IBDGs |I},, , | < I, (p = a,b,c)
and for the remaining (nd — kd) - no. of IBDGs |17, festl > I (p = a,b,c), then set [2%¢ . =

in sc inv,f —
I /(% + Hfm’f), (p = a,b,c) for (nd — kd) - no. of IBDGs, while for kd - no. of IBDGs set
I?I'f‘ﬁf = I?I'f‘ﬁf’est and calculate the inverter bus voltages under the fault conditions (V?f\if), for

(nd — kd) - no. of IBDGs, using the Newton-Raphson method as discussed in Subsection a)

and go to step 9]

. Calculate the transformer primary winding currents and equivalent injection currents at all the phase

buses under the fault conditions as,

abc __ abc abc abc abc
ITypvf - Ypp,TVT,p,f + Yps,T inv,f

_ VP —yn
Ifd:<“f_p”f>; (p=a,orb orc); (i=2,---,m)
Zid

where, Vf 7 and Vi"f are the voltages at phase p and neutral n of i*" bus under fault conditions,

respectively. Ef 4 1s an equivalent load impedance at phase p of ith bus.

Calculate the error (¢),

e:max(

If € < tolerance(1.0 x 10~12), then go to the next step, else go to step

k k—1 k—1 k k—1

Vorl" = [Voul ' |[Var]" = [Vae 7| [[Vas]* — [Va]

) )

)

The obtained values of voltages [V ¢], [V ¢| and [V ¢] are the final post-fault values of the voltages

and stop the simulation..

The overall flow-chart of the proposed [BIBC] matrix based short-circuit analysis method with IBDG and
A-Y, IBDG transformer is shown in Fig[6.3]

6.2.2.2 Method 2: [Y1,,s| matrix based method

The proposed short-circuit analysis method is based on the [Ybus] matrix of the distribution system. To

obtain the [Ybus} matrix of the system, KCL equations are required at all the phase (except inverter bus),

neutral and ground buses of the system. The details of KCL equations at all the buses (except at inverter

bus) of the unbalanced three phase four wire multigrounded distribution system have already been described

in eqgs. (5.82)-(5.92) of Subsection of Chapter With the addition of IBDG at j** bus of the system,
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Figure 6.3: Flow-chart of the proposed [BIBC] matrix based short-circuit

analysis method in the presence of IBDG and A-Y, IBDG transformer

through a A-Y,; IBDG transformer, the KCL equation at 4" bus of the system shown in Fig. will be

modified as,

abcngy rabeng abcngyrabeng v rabeng abcng
YPEVIPOE 4 YOy IbenE — y e Vinvat (6.70)

bcng abcng abcng
here, Y3, =Y. Y
WRETE, X jj new Ji + PP, T(a_vy)’
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- o ~ - - o ~ -
Yoo Yopr Yppr 00 Yosor Yoo Ypsr 00
b \bb b b \7bb b
Yoor Yopr Yppr 0 0 Yosr Ypor Ypsr 00
abcng — | vca \cb N cc abcng — |veca v cb \cc .
PP Ta-vg) — [TppT Yopor Yppr 0 0] ps;Ta-vg) | “psT Yoor Yper 0 0F5
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
abcng — b — T . . .
Vinv7st = [va,st V:L'nv,st Ve V.5t 0 0| is the inverter bus voltage vector, obtained from pre-fault

steady state load flow solution. As mutual coupling has been considered only between primary and sec-

abcng and Yabcng

ondary phases of IBDG transformer, the rows and columns of matrices Ypp7T(A7Yg) Ps.T(A vg)’

corresponding to neutral and ground buses, are zero. Also, the neutral point of the IBDG is solidly grounded

abcng

inv st » corresponding to

(as shown in Fig. , therefore, the elements of the inverter bus voltage vector V
the neutral and ground buses, are zero. The KCL equations of the system (except at the inverter bus) shown

in Fig. [6.1] can then be written in the matrix form as,

|:Ybus,Tm} : M = [I] (6.71)

The size of {Ybu&Tm} matrix for the unbalanced three-phase four wire multigrounded distribution system
with IBDG is exactly same as for the system without IBDG. Once, the {Ybus,Tm:| matrix of the system
is formed, the elements of this matrix will be modified corresponding to the type of fault occurring in the
system. The procedure of modifying the elements of [Ybus,Tm] matrix, for different type of unsymmetrical
faults is similar to the procedure given in the Subsections @ka)—(d) of Chapter E} Therefore, the initial
value of bus voltages under the fault conditions are then calculated by using eq. with the modified

bus admittance matrix. The initial estimate of inverter current under the fault conditions is then made as,

abc _ wabc yrabc abc yrabc
inv,f est — Ysp,T‘/j,f + Yss,T inv,st (6.72)
Now, depending upon the magnitude of I?r'f‘f,ﬂest, there can be two possible cases of inverter operation

during fault as discussed in Subsection of Chapter (3]

Case 1: If |1V | < I'™ (short-circuit current capacity of the inverter); (p = a,b,c)

inv, f,est

If the magnitude of estimated inverter current | I’ ipm)’ fe ;| for each phase (p = a, b, ¢), calculated using
eq. (6.72), is less than the short-circuit capacity of the inverter (I:%?), then the estimated voltages of phase
buses, neutral buses and ground buses are the final values of the voltages of the system under the fault

conditions.
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Case 2: If |1}, ;.| > Ii2"; (p=a, or b, or c)
In this case, the estimated inverter current magnitude of the inverter is restricted to its short-circuit
capacity (1), by operating the inverter in constant current control mode (as discussed in Subsection

of Chapter[3)). Hence the post fault inverter current is given as,

wo =

inv,f — 1Tinu, f

290, =TI W0 s (p=a,bc) 6.73)

inv, f

where UP

ino, f is the unknown inverter current angle corresponding to phase ’p’ under the fault conditions.

To solve these unknown angles, it is assumed that, \Il?r'f"if =3+ G?f‘ﬁf, where Qf‘r'f’vff is the three phase
voltage angle vector of the inverter bus under the fault conditions. With the unknown inverter current angles
(\Ilfﬁ"ff) the set of KCL equations of the distribution system (eq. ) become non-linear equations.
To solve these set of non-linear equations to obtain the values of bus voltages under the fault conditions,
numerical method (Newton Raphson method) is been used in this work. The details of the Newton-Raphson
method for the unbalanced three-phase distribution system with IBDG is given in Subsection [3.2.2]of Chap-
ter[3] This method can also be applicable to the unbalanced three-phase four wire multigrounded distribution
system with IBDG. Hence, the voltages of phase buses, neutral buses and ground buses of the unbalanced

distribution system under the fault conditions, with the above given inverter control strategy, have been ob-

tained by the method proposed in Subsection [3.2.2]of Chapter 3]

Steps of algorithm for [Ybus] matrix based short-circuit analysis method for the unbalanced three phase

Sfour wire multigrounded radial distribution system in the presence of IBDG and A-Y, IBDG transformer

1. Run the base case power flow of the unbalanced three phase four wire multigrounded distribution
system with IBDG and A-Y, IBDG transformer, using the proposed load flow method as discussed
in Section of this chapter.

2. Convert all PQ-loads into constant impedance loads using the obtained pre-fault load flow solution.

3. Formulate the [Ybus;rm} matrix of the unbalanced three phase four wire multigrounded system with

IBDG and A-Y, IBDG transformer, using the formulation discussed in Subsection[6.2.2.2}

4. Modify [Ybuszm] matrix corresponding to the type of fault occurring in the system, using eq. ll
for SLG fault, eq. (5.102) for LLG fault, eq. (5.108) for LLLG fault and eq. (5.1T2) for LL fault
given in Chapter 5]

5. Calculate the values of bus voltages under the fault conditions using eq. with the modified

[Ybuszm] matrix.
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inv,

6. Calculate the inverter current I?‘bcf ost Of the IBDG under fault conditions using eq. li

n sc

7. Check the condition, whether |7 . | < I%; (p = a,b,c), for all IBDGs. The three possible

cases arc:

Case (A): If | I}, ;.| < I.2", (p = a,b,c) for all nd - no. of IBDGs, then go to step 6, else

Case (B): If |1V festl» (P = a,b,c) of all nd - no. of IBDGs are greater than their corresponding
short-circuit current capacities, then operate the inverter in constant current mode with I? =

inv, f

[inv (5 +6%., ) (p=a,b,c) for all IBDGs and recalculate the bus voltages of the system under

inv, f

the fault conditions using the Newton-Raphson method given in Subsection [3.2.2] of Chapter [3] and
go to step[8] else

Case (C): If out of nd - no. of IBDGs, for kd - no. of IBDGs |.7f v fest| < I, (p = a,b,c)

n

and for the remaining (nd — kd) - no. of IBDGs |If,, .| > Iit", (p = a,b,c), then set I},

in sc inv, f =
I /(% + Hfm’f), (p = a,b,c) for (nd — kd) - no. of IBDGs, while for kd - no. of IBDGs set

Tgbc f = iabc

bl v f.est and recalculate the bus voltages of the system under the fault conditions using the

Newton-Raphson method given in subsection [3.2.2] of Chapter [3]and go to step [§]

8. Calculate fault currents using eq. (5.93) for SLG, eq. (5.98) for LLG, eq. (5.103) for LLLG and eq.
(5.109) for LL fault of Chapter[5] Also calculate branch currents under the fault conditions using eq.

(5.97) of Chapter[5]

6.3 Three phase four wire multigrounded radial distribution system with IBDG and Y,-Y)
IBDG transformer

The unbalanced three-phase four wire multigrounded distribution system with IBDG and Y,-Y, IBDG trans-
former is shown in Fig. In this system, an IBDG is connected at j** bus of the system through a step-
down Y g-Y g IBDG transformer. The primary as well as secondary windings of IBDG transformer are star
connected with ground return (through local ground) [151]. The neutral point on the primary side of the
IBDG transformer is connected to the local ground g; at j th bus (where primary windings of the the IBDG
transformer are connected) through an impedance thp (grounding impedance on primary side of the IBDG
transformer). Again, it is assumed that the star point of the IBDG is solidly grounded, the inverter current
of the IBDG is confined only to the secondary winding of the IBDG transformer. The grounding impedance
on the secondary side of the IBDG transformer is ths (connected between the neutral and ground on the

secondary side of the IBDG transformer, as shown in Fig. [6.4). Hence, the neutral to ground currents on the
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Figure 6.4: An unbalanced three phase four wire multigrounded radial distribu-

tion system with IBDG and Y,-Y, IBDG transformer
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primary and secondary side of the IBDG transformer are given as,

I_'%p = I_%,p + j%,p + ‘f%p

I_iq“,s I_%,s + f%s + I_’%s - Izanv + Izbnv + I_icnv (674)
The nodal admittance matrix based model of the transformer, given in eq. (6.I), is only applicable to the
case where the neutral point on the primary and secondary side of the transformer is perfectly grounded, and

is at zero potential. But in this case, the voltage at the neutral point on primary as well as secondary side of

the transformer is calculated as,
‘_/,Itl’p - Z I% thp(ITp+ITp +ITp) + Vg

.7
Vie = Zpslf, = Zgs(Iy + Iy + i) (6.75)

Therefore, the nodal admittance matrix of Y,-Y; transformer, connected to an unbalanced three-phase four
wire multigrounded distribution system, will be modified as discussed next.

Let us consider the Y,-Y,-0 configuration of the IBDG transformer, as shown in Fig. The currents in
the primary and secondary windings of the Y;-Y;-0 transformer can be written as,

Primary winding currents
j’%,p = yt[(v'lg,p - V{},p) - (qu,s - V'IT},S)]

jz%p = yt[(vﬂé,p - Vﬁp) - (VTQ,S - V'ﬁs)]

j%,p = yt[(vﬂg,p - Vﬁp) - (vﬁs - Vﬁs)] (6.76)
Secondary winding currents
f%,s = _j%,p = _yt[(v’lg,p - Vjtl,p) - (Vig,s - V;},s)]
fg“,s = _jg,p = _yt[(f/’]é,p - V{},p) - (VYIZ,S - ‘7’17},5)]
f%,s = _j%,p = _yt[(v - VTp) (VYQ,S - vﬁs)] (6.77)

The egs. and (6.77) combined can be put in the matrix form as,

12, ] (1 0 0o | -1 0o o [vg] 1 | 1

I, 0 1 0 0 -1 0| |V}, —1 1

Tl [0 0 L 00 S Ve L LY, (6.78)
Iy -1 0 0 10 0] |VE 1| =1 |VE,

I, 0 -1 0 0 1 0| Vg, 1 -1

5, | 0 0 -1 | 0 0 1] /[Vf, |1 —1]
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abc abc abc abc n n n

IT,p _ Ypp,T Yps,T VT,p + Ypp,T Yps,T VT,p (6.79)
abc abc abc abc n n n

IT,s Ysp,T Yss,T VT,s Ysp,T Yss,T VT,S

Therefore, the modified nodal admittance matrix based current equation of Y,-Y, IBDG transformer, shown

in Fig. [6.4] can be written as,

abc abc abc abc n n n

IT,p — Ypp,T Yps,T VJ' + Ypp,T Yps,T VT,p (6.80)
abc abc abc abc n n n

Iinv Ysp,T Yss,T Vinv Ysp,T Yss,T VT,S

6.3.1 Load flow analysis with Star-grounded/Star-grounded (Y;-Y,) IBDG transformer for
the connection of IBDG

The proposed load flow method for the unbalanced three-phase four wire multigrounded distribution system
in the presence of IBDG and Y;-Y, IBDG transformer is also based on [BIBC] and [BCBV] matrices of

the system, as discussed in the previous section.

6.3.1.1 Formulation of [BIBC] matrices

The currents of the phase branches of the distribution system can be obtained in terms of equivalent injection
currents, by applying KCL equation at each phase bus (excluding substation bus and inverter bus) of the
distribution system shown in Fig. [6.4] The currents of the phase branches can be written as (similar to the

current equations given in eq. (6.2)) for the case of A-Y; IBDG transformer),
B,] = [BIBG,| 1] + [TIBO [1r,| (6:81)

As there is no physical connection between the neutral bus of the system (at the location of j** bus)
and of the IBDG transformer, the neutral currents for the distribution system shown in Fig. [6.4] (with IBDG
and Y-Y, IBDG transformer) are exactly same as the neutral currents of system shown in Fig. (without

IBDG and IBDG transformer) and are given as (from eq. of Chapter[5)),

[Bn} = - [BIBCPH] {IL} + [BIBCg} {Ing} (6.82)

From Fig. [6.4] it is observed that the neutral point at the primary side of the IBDG transformer is connected

to the ground bus g; at j th bus through an impedance of thp. Therefore, the modification in ground currents
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of the system are given as,

B = —_fgg__fgg_,..__fz?"‘g_I]ﬂg_-_,__f:g__flng_fg%g_mf_f%p

By = —fgg_..._j;lg_j]ng_..._jgg_jlng_mg_l—gf_l—%p

R

Bi = Ry I

B = Ly Iy

B = I (6.83)
By| =~ [BIBC,| [1g] - [BIBC,r [1.r (6.84)

where, [BIBCg} matrix has already been described in eq. tb of Subsections|5.2.1.3|of Chapter and

{BIBCgT} = [BIBCg(:,Tbg)} = [1 1.1 -+ 00 O}T
Ter| = =T, + T, I,

The [BIBCgT] matrix contains column vector of {BIBCg} matrix corresponding to the ground g at the
location of transformer bus 7} (in Fig. Ty = 7). The size of [BIBCgT} matrix for an unbalanced
three phase four wire multigrounded distribution system, having w three-phase, v two-phase, w single-
phase, (u + v + w) neutral and (u + v + w) ground buses with n¢ number of IBDG transformers, will be
(u+v+w-—1) xnt.

Now, the voltage equations of the phase buses, neutral buses and ground buses are similar to the case of

A-Y,; IBDG transformer is used in the distribution system, as given in Subsection [6.2.1.2] (egs. (6.6)-(6.8)).

Therefore, the voltages of phase buses, neutral buses and ground buses are calculated with the help of eqgs.

©6)-©3). (31, ©32) and (6:89) as,

Vo] = [Vas| = [DLE | [1L] = [DLF,] L] - [DLFrm, | [Iz,] — [DLFer, | L] ©389)

[Vn = Vsn} — |DLF; IL} — |DLF4| |Ing| — |DLFpm, | |Irp| — |DLFGr, | [Tgr| (6.86)

|:Vg_ = _ng] - _DLF5_ _IL] - _DLFG_ _Ing_ - _DLFng_ _IT,p_ - _DLFGTg_ _IgT_ (687)

[DLFGTP] =- [BCBVpg} [BIBCgT}
[DLFGTH] =- [BCBVpn} [BIBch}

[DLFGTJ = - [BCBVg} [BIBCgT}

209



The neutral to ground current [Ing] is then calculated using eqs. (6.13)), (6.86) and (6.87

] = [Zena] " { [Va] = [V + | [prrs] - [ | [1] + [LEp,,] [12,)
+ |DLFer,,] [IgT}} (6.88)
o [DLFer,] - [DLrer,| - [DLrer,

Therefore, the voltages of the phase buses (except inverter bus), neutral buses and ground buses can be

obtained using egs. (6.85)-(6.88) as,

Vo] = [Var] ] { [Van] = [Vie] | = [Prrun] [1] - [Fum] 1] = [Prc] [

(6.89)

Va| = [Faun] [Ven| = [Fage| [Ves| = [Fapin] 1] = [Form] [12p] = [Face [1er] 690

V| = [Pass] [Vas] ~ [Pamn] [Vn| = [Fapro] [ 1] = [Fomn] [1ma] = [Faca] [1er] 000

_FlGT_ = _DLFz_ _ZFNG_ _DLFGTgn_ + _DLFGTP_

_F2GT_ - _DLF4_ _ZFNG_ _DLFGTgn_ + _DLFGTH_

- . - 1-1
Fsgr| = |DLF¢| |Zrng |

DLFgr,,| + |DLFGr,

The inverter bus voltage of the system shown in Fig. [6.4]is calculated using eq. (6.80) as,

abpc a C_]‘ apc apc apc n n n n
Vibe = YaPg (I3 — YA VEPe — Y2 o VR — YR Vi) (6.92)

inv inv p, S,

Steps of algorithm for the load flow analysis of unbalanced three phase four wire multigrounded radial

distribution system in the presence of IBDG and Y,-Y, IBDG transformer

1. Initialize and then generate the [BIBC} matrices for the phase branch, neutral and ground cur-
rents, and [BCBV] matrices for the voltages of phase buses, neutral buses and ground buses of the
unbalanced three-phase four wire multigrounded distribution system with IBDG and Y,-Y, IBDG

transformer.

2. Set the iteration counter £ = 0. Also, set the values of all phase a bus voltages at (1.0 + j0.0) p.u.,
phase b bus voltages at (—0.500 — j0.866) p.u., phase ¢ bus voltages at (—0.500 + 50.866) p.u. and

all neutral and ground bus voltages at (0.0 + 70.0) p.u. throughout the system.
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. Calculate the equivalent bus injection currents [IL} " at all the phase buses of the system using eq.

(5.3) of Chapter[5] Also, calculate the inverter current of the IBDG as,

P - = Sgg " _ ng +jQZQ
inv — “T,s Vp o V{} - Vp _ Vj?}
»S )8

mnuv inv

>*; (p=a,bc)

where, S% , is the complex power injected by the IBDG at phase p of inverter bus; Py , and QY , are the

active and reactive power generated by the IBDG at phase p of inverter bus, respectively; V? ' is the

inv
p'" phase voltage of inverter bus; Vﬁ < 18 the neutral bus voltage on the secondary side of the IBDG

transformer.

k
. Calculate the primary winding currents [I%b;} of the Y,-Y, IBDG transformer by using eq. (6.80).

. k=k+1.

. Calculate the voltages of phase buses, neutral buses and ground buses ([Vp]¥, [Va]¥ and [Vg]*)
of the system using eqs. (6.89)-(6.91). Also, calculate the neutral bus voltages on the primary and

_ _ k
secondary side of the transformer (V7 , and V7' ) using eq. (6.75). The inverter bus voltage {Vf‘f‘f}

of the IBDG is then calculated by using eq. (6.92).

. Calculate the error (¢),

. If € > tolerance(1.0 x 10~'2), then go to step else go to the next step.

. The obtained values of the voltages [Vp], [Vn] and [Vg] are the final values of the load flow

solution.

6.3.2 Short-circuit analysis of unbalanced three phase four wire multigrounded radial distri-

bution system with IBDG and Y,-Y, IBDG transformer

Two different short-circuit analysis methods have been proposed for the unbalanced three phase four wire

multigrounded distribution system with IBDG and Y,-Y;, IBDG transformer. One of the proposed method

is based on [BIBC] and [BCBV]| matrices of the system, while the other one is based on | Ypys] matrix

of the system. Both the methods are discussed in details in the following sub-sections.
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6.3.2.1 Method 1: [BIBC| matrix based method

Different short-circuit faults are discussed in the following subsections.
(a) Single line-to-ground (SLG) fault

Let us assume that an SLG fault occurs between the phase a and the local ground g; at I*" bus location
through a fault impedance 2y, as shown in Fig. a) [158], and the fault current 1:]‘? is flowing from phase

lth

a to the ground g; at ['"* bus. Therefore, the phase branch current due to SLG fault can be calculated as

(similar to the case discussed in Subsection a) for A-Y, IBDG transformer)

[Bp,f} = [BIBCP} [IL] - [TIBCTm] [IT,p} + [BIBcfp} [If} (6.93)

where, definition of [BIBCfp] matrix for an SLG fault has already been given in eq. (6.19) of Subsection
6.2.2.1(a). Now, the modified ground currents due to SLG fault at phase @ of the I** bus of the system, as

shown in Fig. can be written as,

BY, = D90 I [ [0 19 YO

Bgf = _fglg_..._fzﬁg_fyg_..._j:g_flng_jglg_jnzl Ig _If

Biy = ~L'-1z,

B, = —I-Iy -T2 -1

Bly = —Ii - I}
Bry = —I (6.94)

Hence, the modified ground currents due to SLG fault can be expressed in the matrix form as,

[Bgﬁf} = — [BIBCg} [Ing} - [BIBCgT] [IgT] - [BIBCfg} [If} (6.95)

where, definition of [BIBCfg} matrix for an SLG fault has already been given in eq. (6.21]) of Subsection

[6.2.2.1(a).

Therefore, the voltages of phase buses, neutral buses and ground buses under the fault conditions are

calculated using the modified phase and ground currents (using eqgs. (6.4),(6.6)-(6.8), (6.93) and (6.99)) as,

Vel = [va] - [0 1] - [p182] 1] - [pLEr ] 1] - [, 1]
- _DFFI] |:Ifi| (6.96)
Var| = [Vao] - [PFs] [1] = [DLR] [10g] - [DLFr | [l ] - [PLFGr, ] 1]
-~ |DFFRy |1 (6.97)
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Vo = [Vl - o] 1] - [o180] ] - [pLEr) fi] - L, 1]
- [DFF;,,] [If} (6.98)

where, [DFFJ , [DFFz} and [DFF3] matrices for an SLG fault have already been defined in egs. (6.23)-
(6.25).

Now, the neutral to ground currents are calculated using the voltages of neutral buses and ground buses

under the fault condition (using eqs. (6.13)), and (6.98)) as,
o] = (2] { [Vao] = [Ve] + | [prs] = [prs] | 1] = [orrr, | 1]

+ [DLFGTgn} [IgT} + HDFFg} - [DFF2” [If] } (6.99)

Therefore, the voltages of phase buses, neutral buses and ground buses under the fault conditions are ob-

tained using egs. (6.96)-(6.99) as,

[Vor = [Va] = [Fue] { [Var] = [¥ae] | = [Faeu] 1] = [Pua] [1n,] - [Prca] 1]

- {DFFM} [If} (6.100)
Voe] = [Fam] HVEJ} [ Fase] [Vee] ~ [Fapen] [12] = [Fama] [120] = [Pac] [1er]
Var] = F} []VT}} Famn] [Veo] = [Parr] [12] = [Pamn] [12] ~ [Facr] 1]

where, matrices [DFFIH}, [DFF%} and [DFF%} for an SLG fault have already been defined in egs.
(6.27)-(6.29).

Now, the voltage equation at fault bus is written as,

szg = Vl?f — Vl?f (6.103)

where, V}“f and Vlg  are the voltages of phase a and ground g at fault bus [, respectively. Substituting the
values of V}% and V/?; from egs. (6.100) and (6.102) into eq. (6.103), with an assumption that the neutral

and ground buses at the substation end are perfectly grounded (i.e. at zero potential; V* = 0, Vi = 0), and

writing it in the matrix form as,

2] [1] = v~ [P (s.0)] (1] - [Fram(7.9] [nn] ~ [Frn(rt, 0] [Tea]
DFFun(.1)] 1] + [Farenon.)] [f2] + [Parm(os:9)] [l

+ [F3GT(gfb,:)} [IgT} + [DFF;,,n(gfb,l)} [If} (6.104)

213



where, for SLG fault (at phase a of I** bus), [FlGT( I )] represents the row vector of matrix [FIGT]
corresponding to the faulty phase ¢ (here, ¢ = a) of faulted bus f; (here, fp = 1); [F3GT (94, )] represents
the row vector of matrix [F3GT} corresponding to the ground gy, at the location of faulted bus fj; rest of

the matrices for an SLG fault have already been defined in Subsection a).

Hence, the fault current [If} is obtained from eq. (6.104) as,

{If] - {ZFl}_l Vi - [F{gPLD] [IL} - [F{ng] |:IT,p:| - [F{gGT} [IgT} (6.105)
where, [ZFJ ) [F{QPLD} and [F{ng] matrices for an SLG fault have already been described in eq.

(6.32)) of subsection a) and

Pl = [zm}_l{ Fiar(f.9)] = [Fser(on. )] }

Once the value of fault current [If} is estimated from eq. (6.105) (with the help of pre-fault load flow

solution), the initial values of voltages of phase buses (except inverter bus), neutral buses and ground buses
under the fault conditions are calculated using eqs. (6.100)-(6.102). Also, the initial estimate of inverter
current for an SLG fault (at phase a of I*" bus in the system shown in Fig. is obtained with the help of
calculated bus voltages and eq. (6.80) as,

S st = VARG VRS + YIPGVERS VB, o VR Lo+ YR VR (6106)

inv.f est sp,T inv, sp,T

where, VJ?}"C is the estimated three phase voltage vector of j* bus (where an IBDG is connected through
a step-down Y-Y, IBDG transformer) under the fault conditions; Vi, ¢ is the estimated voltage vector of

neutral bus at the primary side of IBDG transformer under the fault conditions; V?bcst is the inverter bus

inv,

voltage vector obtained from the steady state load flow solution; V7. _ ., is the neutral bus voltage vector on

the secondary side of IBDG transformer obtained from the steady state load flow solution.

abc
inv, f est’

during fault as discussed in Subsection [6.2.2.1fa),

Now, depending upon the magnitude of I there can be two possible cases of inverter operation

Case L If |1}, ;.| < I2Y5 (p=a,b,0)

n sc

. . . 7p
If the magnitude of estimated inverter current | I inv. f.es

;| for each phase, calculated using eq. (6.106), is
less than the short-circuit capacity of the inverter (1:7%), then the voltages of phase buses, neutral buses and
ground buses calculated using eqs. (6.100)-(6.102) are the final values of the voltages of the system under

the fault conditions.

Case 2: If | I}, .| > Ii2"; (p=a, or b, or ¢)

n sc
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In this case, the magnitude of inverter current is restricted to its short-circuit capacity (1:"?), by oper-
ating the inverter in constant current control mode (similar to the case discussed in Subsection [6.2.2.1fa)).
Hence the inverter current under the fault conditions is given as,

Vid

inv, f =

TESRVA (OIS JAVA U (p=a,b,c) (6.107)

inv, f in'u,f;

where U?

ino, f is the unknown inverter current angle corresponding to phase ’p’ under the fault conditions.

To solve for these unknown angles, it is assumed that, ¥2P¢ . — 3+ 62be  where H?bcf is the three phase

inv,f — inv,f? inv,

voltage angle vector of the inverter bus under the fault conditions. Therefore,

Ly =1 [5 + Oy (0=ab0) (6.108)

Hence with this inverter control strategy (eq. (6.108)), the inverter bus voltage along with the unknown
current angles under the fault conditions can be calculated by solving the eq. (6.106). To solve the non-linear
equation (eq. (6.106)), Newton Raphson method, as discussed in Subsection [6.2.2.1](a), has also been used
here. Once, the inverter bus voltages under the fault conditions are obtained, the primary winding currents
of the IBDG transformer under the fault conditions would be calculated using eq. (6.80). Also, the neutral
to ground currents on primary and secondary side of the IBDG transformer would be calculated using eq.

(6.74). Therefore, the final solution of bus voltages under the fault conditions are then calculated using the

eqs. (ET00)-(ET0D)

(b) Double line-to-ground (LLG) fault

Let us assume that an LLG fault occurs between phases a and b, and the local ground g; at the location
of I*" bus through a fault impedance Zy, as shown in Fig. b) [158]. The fault currents fJ‘} and f? are
flowing from phases a and b to the ground g; at " bus, respectively. Therefore, the modified phase branch

currents and ground currents of the system due to LLG fault are given as,

[prf} = [BIBCP} [IL} + [TIBCTm} [IT,p} + [BIBCfp] [If} (6.109)

[Bg,f} = - [BIBCg} [Ing} - [BIBCgT} [IgT] - [BIBCfg} [If} (6.110)

where, definitions of [BIBCfp} and [BIBCfg] matrices for an LLG fault have already been given in egs.
(6.43) and of Subsection [6.2.2.1b), respectively. The bus voltages for LLG fault are then estimated
by egs. (6.100)-(6.102). Now, the voltage equations for an LLG fault at fault bus can be written as,

I = Vi = Vi

gly = VY=V (6.111)
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Hence, the fault current [If} for an LL.G fault can be obtained from eqs. (6.100), (6.102)) and (6.111)) as,

[/a

] = [zoo] || - [Flben] (1] - [Pl [on] - [Flice] [1a] - 6112

s

where, [ZFJ , {F{?PLD} and {F{?Tm} matrices for LLG fault have already been defined in eq. (6.50) of
Subsection[6.2.2.1(b) and

Ficr(f,:) Faar(gy,,:)

Hence, the initial estimate of fault currents for an LLG fault is obtained from the eq. (6.112)) (with the help

} - [ZFI} - FlGT(qul’ ) Fsar(95,:3)

of pre-fault load flow solution) and rest of the procedure to obtain the final solution for an LLG fault is

similar to the procedure described in Subsection [6.3.2.1](a) for SLG fault.

(c) Triple line-to-ground (LLLG) fault

Let us consider an LLLG fault between all the a, b and ¢ phases, and the local ground g; at I*" bus
through a fault impedance Zy, as shown in Fig. c) [158]. The fault currents I, I} and I§ are flowing
from phases a, b and c to the ground g; at [*" bus, respectively. Therefore, the modified phase branch currents

and ground currents of the system due to LLLG fault can be written as,

[prf} = [BIBCP} [IL} + [TIBCTm} [IT,p} + [BIBCfp] [If} (6.113)

[Bgvf} = - [BIBCg} [Ing} - [BIBCgT} [IgT] - [BIBCfg} [If} (6.114)

where, definitions of [BIBCfp] and [BIB Cfg} matrices for an LLLG fault have already been given in eqs.
(6.52) and (6.54) of Subsection[6.2.2.1|(c), respectively. The bus voltages for LLLG fault are then estimated
by eqgs. (6.100)-(6.102). The voltage equations for an LLLG fault at fault bus can be written as,

Iy = V-V
_ b b O
ol = Vip =V

ol = VG-V (6.115)

Hence, the fault current [If- for an LLLG fault is obtained from eqs. (6.100), (6.102) and (6.115) as,

x| = [ZFl]il Vo = [ ] [In] = [Pl [Tee] = [Flier] [Lx]  ©116)
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where, [ZFJ , [Ff it } and [Ff i } matrices for LLLG fault have already been defined in eq. (6.57

13PLD 13Tm
of Subsection [6.2.2.1|c) and
) Fiar(f',:) Fsar(9s,,:)
z - _
[F{JGT} = [ZFJ Fier(f®,:)| = |Faar(9s,,:)
Ficr(f®,:) Fsar(gy,,:)

Hence, the initial estimate of fault currents for LLLG fault is obtained from the eq. (6.116) (with the help of
pre-fault load flow solution) and rest of the procedure to obtain the final solution for LLLG fault is same as

described in Subsection[6.3.2.1fa) for SLG fault.

(d) Line-to-line (LL) fault
Let us consider an LL fault occurs between phases a and b of [*" bus through a fault impedance Z f»as
shown in Fig. d) [158]. The fault current I' J‘} is flowing from phase a to b at [*" bus. Hence, only the

phase branch currents will modify due to LL fault and can be written as,

Bps| = [BIBC,| (1] + [TIBCrm| [Ir,] + [BIBCS | [I] 6.117)

where, definition of [BIBCfp} matrix for an LL fault has already been given in eq. (6.59) of Subsection

d), respectively.

The voltages of phase bus, neutral bus and ground bus under the fault conditions are calculated using

the modified phase branch currents as obtained in eq. as,

Voe| = [Ve| = [PLF [12] = DL [t0g] = [DLF 1, | 120] = [DLFGx, | [T

- _DFF'I] [If} (6.118)
Vo] = [Vl } _D}LFs] 1] - [PLRd] [tng] - [DLP1w, | [12,] - [DLFGr | 122
Var] = [Vl ] ﬁD}LFs} 1] = [P [1ug] - [DLrw, | [12,] - [DrFer, | [10r]

where, [DFF'J , [DFF;} and [DFF’?’} matrices for an LL fault have already been defined in egs. (6.60)-
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The neutral to ground current under the fault conditions is then calculated by using eqgs. (6.13)), (6.119) and
(6.120) as,
-1
1] = [zenc] " { [Vao] - [Vae] + | [PLro] - D] | 1] ¢ [DPr ] 1)

+ [DLFGTgn} [IgT} + HDFF;} - [DFF’ZH [If] } (6.121)

Therefore, the voltages of phase, neutral and ground buses under the fault conditions are then recalculated

using eqs. (6.118))-(6.121)) as,

Vor = [Va] = [Fuoe] { [Vor] = [Vae] | = [Faeu] 1] - [Pu] [1e,)

[FlGT} [IgT} - [DFF'IH] [If} (6.122)

Vol = [Fam] [Vo] = [Fage] [Vig] = [Fapan] [10] = [Farm] [12,
- _FzGT] [IgT] - [DFF'%} [If} (6.123)

Var| = [Foua] [Voe] = [Fanm] [Van] = [Fopr] [12] = [Furm] [1r, |
~ |Fser| [Igr| - |DFFS,| L] (6.124)

where, [DFF'ln] , [DFF;IJ and [DFF&H} matrices for an LL fault have already been defined in egs.
(6.64)-(6.66).

The voltage equation for an LL fault at fault bus can be written as,

Iy = VY-V (6.125)

Therefore, the fault current [If} for an LL fault is calculated using eqs. (6.122)) and (6.125)) as,

[If:| = [Zm]_l (Ve —vh) - [F{lltpLD} [IL] - [F{me} [IT,p} — [F{?GT} [IT,p] (6.126)

where, [ZFl], [F{?PLD] and [F{lltTm] matrices for an LL fault have already been defined in eq. (6.69

and

[F{?GT} = [ZFl}_l{ [FlGT(fglﬂ)} - [FlGT<fz?2a3)} }

The matrices [FIGT( o )} and [F1GT( 22 )} are the row vectors of matrix [FIGT] corresponding to

the faulty phases ¢ and p» of faulted bus f; (here, f, =1, q1 = a, g2 = b), respectively. Therefore, the initial
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estimate of fault current is calculated by using eq. (with the help of pre-fault load flow solution) and

rest of the procedure, to obtain the final solution under the LL fault, is similar to the procedure discussed in

Subsection[6.3.2.1fa) for SLG fault.

Steps of algorithm for [BIBC] matrix based short-circuit analysis method for the unbalanced three
phase four wire multigrounded radial distribution system in the presence of IBDG and Y,-Y, IBDG

transformer

1. Run the base case power flow of three phase four wire multigrounded system in the presence of IBDG
and Y,-Y, IBDG transformer using the proposed load flow method as discussed in Subsection m

of this chapter.
2. Convert all PQ-loads into constant impedance loads using the obtained load flow solution.

3. If a ground fault (SLG, LLG, LLLG) occurs in the system, then formulate [BIBCyg;,|, [BIBCy |
and [Zf] matrices corresponding to the type of fault occurring in the system using the proposed
[BIBC] and [BCBV] matrices based short-circuit analysis method. If a line to line (LL) fault

occurs, then formulate only [BIBCfp] and [Zf] matrices.

4. Set iteration counter k = (0. Also, set the values of voltages of phase bus, neutral bus and ground bus,
k - k
equivalent injection currents [IL} and transformer primary winding currents |Ip ,| equal to the

values obtained from the pre-fault load flow solutions.

k
5. Calculate the fault current [If} using eq. (6.105) for SLG fault, eq. (6.112) for LLG fault, eq.
(6.116)) for LLLG fault and eq. (6.126) for LL fault.

6. Increment the iteration counter by one, k = k+-1. Calculate the voltages of phase buses, neutral buses

and ground buses ([Vp’f] k, [Vnyf] k and [Vg,f] k) of the system under the fault conditions, using

eqs. (6.100)-(6.102), for ground faults and using eqs. (6.122))-(6.124)), for LL fault, respectively.

7. Calculate the inverter current I;ﬁ’vcf of the IBDG under fault conditions using the transformer nodal

admittance matrix based current equation as given in eq. (6.80) (with the new values of bus voltages

under the fault conditions as obtained in previous step).

8. Check the condition, whether |I7,, . ,[ < I2#%; (p = a, b, ¢) for all IBDGs in the system. The three

n sc

possible cases are:

Case (A): If |17 < I (p=a,b,c) forall nd - no. of IBDGs, then go to step , else

m},f,est| — “sc
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Case (B): If |I? v.testl (P =a,b,c) of all nd - no. of IBDGs are greater than their corresponding

wm
short-circuit current capacities, then operate the inverter of all the IBDGs in constant current mode
with, ffnm ;= I f% + anv, e (p = a,b,c) and calculate the inverter bus voltages under the fault

conditions (Vﬁf"ff) using the Newton-Raphson method as discussed in Subsection [6.2.2.1(a). Also,

calculate the neutral bus voltages (Vﬁp and VT’f ;) on primary as well as secondary side of the IBDG
transformers using eq. and go to step[9] else

Case (C): If out of nd - no. of IBDGs, for kd - no. of IBDGs |ffm fest| < I;"C“’, (p = a,b,c)

and for the remaining (nd — kd) - no. of IBDGs |I” > 12, (p = a,b,c), thenset I}, =

inv, f,es sc i
Imv /(% + Hfm’f), (p = a,b,c) for (nd — kd) - no. of IBDGs, while for kd - no. of IBDGs set
If‘rf’\f’f = I?rf"if’est and calculate the inverter bus voltages under the fault conditions (Vf‘fjf), for

(nd — kd) - no. of IBDGs, using the Newton-Raphson method as discussed in Subsection a).
Also, calculate the neutral bus voltages (Vﬁp and V{{s) on primary as well as secondary side of the

IBDG transformers using eq. and go to step[9]

9. Calculate the transformer primary winding currents and equivalent bus injection currents at all the

phase buses under the fault conditions as,

abc __ wrabc abc abc yrabc n n n n
It = Ypopo Vgt YpsTVinve + Ypp,oVTp + YpsTVTs

_ VP, —yn
Ifd:<%f_p%f>; (p=a, orb, orc); (i=2,---,np)

Zid
where, ‘7ip 7 and ‘Z‘nf are the voltages at phase p and neutral n of i** bus under fault conditions,

respectively. ZZP 4 1s an equivalent load impedance at phase p of it" bus.

10. Calculate the error (¢),

e—max(

11. If € < tolerance(1.0 x 10712), then go to the next step, else go to step

[Vp,f] £ - [Vp,f

12. The obtained values of voltages [vaf] , [anf] and [Vgi] are the final values of the voltages under

the fault condition and stop the simulation..

The overall flow-chart of the proposed [BIBC} matrix based short-circuit analysis method with IBDG and
Yy-Y, IBDG transformer is shown in Fig[6.5]
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Figure 6.5: Flow-chart of the proposed [BIBC] matrix based short-circuit

Calculate the error (),

k-1

Vol Vel | [Vl - [Vl | Vel - Ve

)

()

analysis method with IBDG and Y;-Y,;, IBDG transformer

6.3.2.2 Method 2: [Y4,,s| matrix based method

The details of KCL equations at all the buses (except at inverter bus) of unbalanced three-phase four wire

multigrounded distribution system have already been described in egs. (5.82)-(5.92)) of Subsection [5.3.2] of
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Chapter With the addition of IBDG at j*” bus of the system, through a Y,-Y, IBDG transformer, the KCL
equation at j** bus of the system shown in Fig. Will be modified as,

abcngy rabeng abcngy rabeng n n _ _~yabeng abcng  ~</n n
in Vi + ij,new Vj + YPP»deVTJ) - Yps,T(yg_Yg)Vinv,st ps,deVT,s,st
(6.127)
abcng bcng abcng
where, ij,new - ij + YppyT(Yg*Yg) ’
[vraa v ab \ac i [raa v ab \ac i
pp, T Y;’P7T Ypp,T 0 0 ps, T Yps,T Y;)S,T 0 0
v ba \/bb v be v ba ybb v be
};va }/;7]?7,1—‘ vava 0 0 YVpS,T )/;S,T }/])S7T 0 0
abcng — | ~rea rch e abcng — |yca v cb \/cc :
PP T(vg—vg) Ypp,T Ypp,T Ypp,T 0 03 Ps,Tivg_vg) Yps,T Yps,T }/;)S,T 0 05
0 0 0 0 0 0 0 0 00
0 0 0 0 Yy 0 0 0 0 0
n = T n - T
Ypp,de =l-y -y -y 0 — gtp:| ) Yps,de = [yt vyt O Ygts]
Yy = o1 Vige = =1 V2Pens _ |y Vo Ve 00 ! is an inverter bus voltage vector
gtp Zgtp’ gts Zgts® ~ Inv,st inv,st inv,st inv,st

and Vi o o = V:ﬁ,s,st is neutral bus voltage on the secondary side of the transformer, obtained from pre-
fault steady state load flow solution. As mutual coupling has been considered only between primary and

secondary phases of IBDG transformer, the entries of mutual admittances between phases and neutral, and

abcng and Yabcng

between phases and ground in matrices Ypp,T(Yg,yg> P5.Tivg ve)

, are zero. Also, the neutral point
of the IBDG is solidly grounded (as shown in Fig. [6.4), therefore, the elements of the inverter bus voltage

Vfibcng

vector Vi, oot

corresponding to the neutral and ground buses, are zero. A new neutral bus on primary
side of the IBDG transformer has also been introduced in the system (due to connection of neutral bus on
primary side of (Y,-Y,) IBDG transformer to the ground bus at the location of 4% system bus), the KCL

equation is also applied on this bus as,
Yo (Vit, = V) =19, = I, + I}, + If, (6.128)
Now, the eq. (6.128) can be rewritten using eq. as,
Yoo (Vity = V) = Vi + 0V + 0 Vi — 0Vt — Vi — 0tV — 3uiVity + 30 Vi
— Vi = V) — VS - YoV + Ygp + 3u0) Vit = =y Vi — UV — ytVin + 3V, (6.129)

Therefore, the KCL equations (combined eqs. (5.82)-(5.92)), (6.127) and (6.129)) of the system (except at

the inverter bus) can then be written in the matrix form as,

| Yiusmm] - [V] = [1] (6.130)
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The size of [Ybus,Tm} matrix for the unbalanced distribution system considered is (5u + 4v + 3w + nt —
5) x (bu + 4v + 3w + nt — 5). Once, the {Ybuszm} matrix of the system has been formed, rest of the
formulation for various short-circuit faults is exactly similar to the formulation given in Subsection [6.2.2.2]

for the case with A—Yg IBDG transformer.

6.4 Test results and discussions

To investigate the accuracy of the proposed load flow and short-circuit analysis method, two different three
phase four wire multigrounded test systems, with IBDGs and IBDG transformers have been used in this
study. The first test system is modified IEEE 34-bus test feeder and the second one is modified IEEE 123-
bus test feeder. Details of these systems are given in Section [5.4] of Chapter [5] The proposed load flow and
short-circuit analysis methods have been implemented in MATLAB environment with a tolerance limit (e)

of 1.0 x 1012,

6.4.1 Results of test systems with IBDGs and A-Y, IBDG transformers

In this subsection, A-Y; type of IBDG transformer has been used for the connection of IBDG to the grid.
The AY,-1 IBDG transformer is used in this work and its nodal admittance matrix model (p.u.) is given

as [80],

2 1 1 _1 1
3 3 3 V3 V3
12 1 g 1 1
3 3 3 33
1121 g L
Yray,-n=w| - P 7 ¥ V3 (6.131)
L 0 X 1 0 0
1 1
L X 0 0 1 0
1 1
I v S N

where, y; is an equivalent transformer leakage admittance in p.u. and its value is assumed as (0.000—16.927)
p.u. [146]. It is a step down transformer with its turns ratio assumed as 24.9/0.480 kV for the modified IEEE
34-bus test system and as 4.16/0.480 kV for the modified IEEE 123-bus test system..

6.4.1.1 Results of modified three phase four wire multigrounded IEEE 34-bus test system in
the presence of IBDGs and A-Y, IBDG transformers

(a). Results of load flow studies
Three different sized IBDGs have been considered in this system and their detailed informations are
given in Table @ These IBDGs are connected at different buses of the system, as shown in column 2 of

Table The total installed capacity of IBDGs is considered as 20% of total active power load [[146] in
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Table 6.1: Details of the IBDGs installed in the modified IEEE 34-bus test sys-

tem
IBDG installed Short-circuit
IBDG No. | IBDG location capacity, Py, current capacity, /"’
(Bus No.) (per phase) (kW) (per phase) (Amp)
1. 16 53 95.26
2. 25 53 95.26
3. 30 71 127.02

the system and is given in column 3 of Table The short-circuit current capacity (1:"?) of each IBDG is
assumed as 150% of the rated inverter current [[146]. The value of I for various IBDGs is given in column
4 of Table[6.1] It is also assumed that all IBDGs are operating at unity power factor under normal operating
condition. The load flow analysis of the test system has been performed by using the proposed method (as
discussed in subsection [6.2.1] for A-Y; IBDG transformer). The results obtained by the proposed method
have been compared with those obtained by the [Yys] matrix based method [[135]], which also incorporates
the nodal admittance matrix of the transformer in system admittance matrix, and the time domain simulation

studies carried out using PSCAD/EMTDC software.

The bar graph for the bus voltage of phase a of the test system with IBDGs, has been obtained by the
proposed method and plotted along with the bus voltage values obtained by the [Ybus] matrix based method
and PSCAD/EMTDC simulation studies, as shown in Fig. The figure shows that the results obtained
by the proposed method are very close to the results of the [Ybus] matrix method and PSCAD/EMTDC
studies, which establishes the accuracy of the proposed method. Similarly, the bar graphs of the neutral bus
and ground bus voltages obtained by the proposed method, [Ybus] matrix method and PSCAD/EMTDC
simulation are also shown in Figs. and respectively. A good match between the results obtained by

these three methods demonstrates the correctness of the proposed approach.

The current in the phase a, neutral wire and ground for the given test system calculated by the proposed
load flow method are plotted in Figs. [6.9H6.11] respectively. The values of these three currents have also
been obtained by the [Ybus] matrix based method and PSCAD/EMTDC simulation studies, and are plotted
along with the results of proposed method in Figs. A close matching of the current values, as
observed in these figures, again validates the accuracy of the proposed method. It can also be observed form

Figs. and [6.11] that the neutral and ground sections of branches 9 and 10 carry highest value of neutral
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Figure 6.6: Voltage profile of phase a of modified IEEE 34-bus test system in
the presence of IBDG and A-Y; IBDG transformer using proposed [BIBC}
technique, [Ypus| technique and PSCAD/EMTDC simulation under normal
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Figure 6.7: Voltage profile of neutral bus of modified IEEE 34-bus test system
in the presence of IBDG and A-Y, IBDG transformer using proposed [BIBC]
technique, [Ybus] technique and PSCAD/EMTDC simulation under normal

operating conditions

and ground currents, respectively. The reason for this has already been explained in Subsection [5.4.1] of

Chapter 5]

The inverter currents (If‘l?‘f) and the inverter bus voltages (V2P) calculated by the proposed [BIBC]

mv
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Figure 6.9: Branch current of phase a of modified IEEE 34-bus test system in
the presence of IBDG and A-Y; IBDG transformer using proposed [BIBC]
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operating conditions

matrix based method and the [Ypys] matrix based method are shown in Tables[6.2]and[6.3] respectively. The

values of (Iiar'l"f) and (Vf‘;’c) of all IBDGs obtained by the proposed method are exactly equal to the values

v
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Figure 6.11: Ground current of modified IEEE 34-bus test system in the pres-
ence of IBDG and A-Y, IBDG transformer using proposed [BIBC] tech-
nique, [Ybus] technique and PSCAD/EMTDC simulation under normal op-

erating conditions

obtained by the [Ypys) matrix based method, which again establish the accuracy of the proposed method.
Since, all IBDGs are operating at unity power factor under the normal operating conditions, the phase angles

of inverter currents and the inverter bus voltages are same, as shown in Tables[6.2]and [6.3]
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Table 6.2: Inverter currents of modified IEEE 34-bus test system in the presence

of IBDGs and A-Y, IBDG transformers under normal operating conditions

IBDG Inverter current, I22° (Amp)
location [BIBC] Technique [Ybus] Technique
(Bus No.) Phase a Phase b Phase ¢ Phase a Phase b Phase ¢

16 65.71£-29.73° | 65.57£-149.58° | 65.48.£90.23° | 65.71£-29.73° | 65.57£-149.58° | 65.48.£90.23°
25 66.54/-29.51° | 66.31£-149.41° | 66.32£90.37° | 66.54£-29.51° | 66.31/£-149.41° | 66.32.£90.37°
30 88.72/-29.47° | 88.41/-149.37° | 88.43290.40° | 88.72/-29.47° | 88.41/-149.37° | 88.43..90.40°

Table 6.3: Inverter bus voltages of modified IEEE 34-bus test system in the

presence of IBDGs and A-Y,, IBDG transformers under normal operating con-

ditions
IBDG Inverter bus voltage, V2b¢ (kV)
location [BIBC] Technique [Ypus] Technique
(Bus No.) Phase a Phase b Phase ¢ Phase a Phase b Phase ¢

16 0.2678£-29.73° | 0.2684£-149.58° | 0.2688£90.23° | 0.2678£-29.73° | 0.2684.£-149.58° | 0.2688£90.23°
25 0.2645£-29.51° | 0.2654£-149.41° | 0.2654.90.37° | 0.2645£-29.51° | 0.2654£-149.41° | 0.2654.£90.37°
30 0.26452-29.47° | 0.2654/-149.37° | 0.2654290.40° | 0.2645/-29.47° | 0.2654/-149.37° | 0.2654£90.40°

A case of isolated neutral has also been simulated on the given test system with IBDGs using the pro-
posed method. The neutral bus voltage profiles of the test system for “isolated neutral” and “grounded
neutral” cases are shown in Fig. [0.12[(a). The values of neutral voltages at all the buses in "isolated neutral”
case are higher than the ”grounded neutral” case. This is due to the fact that, the return path for load currents
in “isolated neutral case” is only through the neutral wire, whereas in ”grounded neutral” case the injected
load currents are divided in two paths, one through the neutral wire and the other through the ground wire.
Therefore, the values of neutral currents in isolated neutral” case are higher than in ”grounded neutral”
case, as shown in Fig. @kb), and hence, the values of neutral bus voltages in “’isolated neutral” case are

higher.

The value of maximum ground bus voltage and maximum ground current in the test system under
normal operating condition, for various grounding resistance are plotted in Fig. [6.13((a) and (b). The figure
shows that, with the increase in grounding resistance, the value of maximum ground bus voltage as well as
maximum ground current in the system decreases (as shown in Fig. [6.13]a)). This is due to the fact that,

with the increase in grounding resistance, the value of neutral to ground current in the system decreases and
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Figure 6.12: (a) Neutral bus voltage profile, (b) Neutral current of modified
IEEE 34-bus test system in the presence of IBDG and A-Y, IBDG transformer
in “isolated neutral” and “grounded neutral” cases under normal operating con-

ditions

as a result the value of ground wire currents and hence the ground bus voltages of the system decreases (as

shown in Fig. [6.13|b)).

(b). Results of short-circuit studies

For investigating the efficacy of the proposed short-circuit analysis methods ([ BIBC| and [BCBV]

matrices based method and [Y ] matrix based method) for the case with A-Y; IBDG transformer, an SLG
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in modified IEEE 34-bus test system in the presence of IBDG and A-Y, IBDG

transformer for various grounding resistance under normal operating condition

fault in phase a of bus 28, with a fault impedance zy = 0.001 + 0.000¢ p.u. has been simulated. In the

first step, the inverter currents (I?"D"f ost) Of all the three IBDGs have been calculated by assuming that the

inv,

inverter bus voltages of all IBDGs under the fault conditions are maintained at their pre-fault values i.e.,

V;ﬂ["f’f = Vf‘rf"f’f,st. The calculated values of the inverter currents obtained by both proposed methods are

given in columns 2-4 of Tables [6.4] and [6.5] respectively. These tables show that the magnitude of inverter

currents of all IBDGs are greater than their short-circuit current capacities (1:%?). Hence, according to the

proposed methods, the magnitudes of inverter currents of all the phases are to be maintained at their short-

circuit current capacities (|I D f |= 1" p=a,b,c ) and their angles are maintained in such a way that all
IBDGs will deliver reactive power to the system during the short-circuit condition i.e., \Ilfm’ F= 5+ an v, f?

p = a, b, c. With this strategy, the fault current, the bus voltages and the inverter currents of all IBDGs under
the fault conditions are recalculated using the proposed short-circuit analysis methods. The final values of
inverter currents and injected powers (capacitive reactive power) by all IBDGs, obtained by the two proposed
methods, are shown in columns 5-10 of Tables[6.4]and [6.5] respectively. It is also observed from these tables
that the final values of inverter currents and injected powers by the IBDGs obtained by the two proposed
methods are identical, which again validates the accuracy of the proposed methods. The fault current (/)
and source current (/) in phase « for this case using the proposed methods and PSCAD/EMTDC simulation
studies are given in Table @ The % error in the calculated values of Iy and I, with respect to the values

obtained by PSCAD/EMTDC simulation study are 0.00693% and 0.00580%, respectively, as shown in Table
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Table 6.4: Results for SLG(a-g) fault at bus 28 in modified three phase four

wire multigrounded IEEE 34-bus radial test system in the presence of IBDGs

and A-Y, IBDG transformers using proposed [BIBC] method

IBDG | Initial estimate of inverter current, Iiar‘."f_’ﬁest, (kA) final value of inverter current, (kA) final value of injected
location when Vibe, = Vabe Iebe, = I0v Z(5 + 030¢,) IBDG power (kVAR)
(bus No.) Phase-a Phase-b Phase-c Phase-a Phase-b Phase-c Phase-a | Phase-b | Phase-c

16 11.3634-107.36° | 10.789£68.57° | 0.974/124.51° | 0.0953£-125.76° | 0.0953/130.62° | 0.0953/-1.82° | 59.205 | 66.553 | 77.932
25 16.3652-109.74° | 15.651£66.35° | 1.303£125.06° | 0.09532-128.23° | 0.0953£137.28° | 0.0953/-2.37° | 50.230 | 62.837 | 77.267
30 16.340/-109.65° | 15.604266.40° | 1.319£124.52° | 0.1270£-128.23° | 0.1270£137.22° | 0.1270£-2.38° | 67.102 | 83.855 | 103.079

Table 6.5: Results for SLG(a-g) fault at bus 28 in modified three phase four

wire multigrounded IEEE 34-bus radial test system in the presence of IBDGs

and A-Y, IBDG transformers using proposed [Yys] method

IBDG | Initial estimate of inverter current, I;‘,f"f_fvest, (kA) final value of inverter current, (kA) final value of injected
location when V;‘,}"ff =Viabe Iebe, = Iiw /(3 + 02bcy) IBDG power (kVAR)
(bus No.) Phase-a Phase-b Phase-c Phase-a Phase-b Phase-c Phase-a | Phase-b | Phase-c

16 1.3082-42.46° | 1.254/139.18° | 0.0648£103.76° | 0.09534-125.76° | 0.0953£130.62° | 0.0953£-1.82° | 59.205 | 66.553 | 77.932
25 2.931/-71.68° | 2.818£107.19° | 0.1260£134.24° | 0.0953/-128.23° | 0.0953£137.28° | 0.0953£-2.37° | 50.230 | 62.837 | 77.267
30 2.775/-65.52° | 2.661/113.74° | 0.1189/130.80° | 0.1270£-128.23° | 0.1270£137.22° | 0.1270£-2.38° | 67.102 | 83.855 | 103.079

The above results show that the values of ¢ and I calculated by both the proposed methods are very
close to the values obtained by the PSCAD/EMTDC software, thereby validating the proposed methods.

Different fault cases namely, LLG (ab-g), LLLG (abc-g), and LL (a-b) fault with zy = 0.001+0.0001 p.u.,
have also been simulated at bus 28 in the same system using the proposed methods and PSCAD/EMTDC
software. The calculated values of fault currents (/) and source currents (/) for all type of faults obtained
by the proposed methods and PSCAD/EMTDC simulation study are given in Table The maximum %
errors in the calculated values of (I7) and (/), obtained from the proposed short-circuit analysis methods,
with respect to the PSCAD/EMTDC simulation results are 0.00737% and 0.00716%, respectively. These
extremely small values of errors establish that the proposed methods are sufficiently accurate.

The phase a bus voltage, neutral bus voltage and ground bus voltage of the test system with IBDGs and
A-Y, IBDG transformers, for an SLG fault at phase a of bus 28 with fault impedance of z; = 0.001+0.0007
p.u., obtained by using the proposed short-circuit analysis methods ([BIBC] matrix based and [Y pys] ma-
trix based methods ), are shown in the bar graphs of Figs. |6.1416.16| respectively. The values of these
voltages are also obtained by the time domain simulation studies carried out using the PSCAD/EMTDC

software and are plotted along with the results of proposed methods, as shown in Figs. [6.14}{6.16| respec-
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Table 6.6: Error Analysis of proposed [BIBC]| matrix based technique and

[Ypus| matrix based technique with respect to PSCAD/EMTDC simulation

study for modified three phase four wire multigrounded IEEE 34-bus radial test

system in the presence of IBDGs and A-Y, IBDG transformers

Fault current at fault point (I ;)

% Error in (/)

Current drawn from the supply (/)

% Error in (1)

PSCAD [BIBC] [Yius) [BIBC] [Yius] PSCAD [BIBC] [Yius) [BIBC] [Yius]
case Fault type phase
simulation Technique Technique | Technique Technique | simulation Technique Technique | Technique Technique
(Amp) (Amp) (Amp) (%) (%) (Amp) (Amp) (Amp) (%) (%)
1 SLG (a-g) a 152.924 152.935 152.935 0.00693 0.00693 151.643 151.652 151.652 0.00580 0.00580
) G (b a 197.496 197.491 197.491 0.00258 0.00258 200.957 200.952 200.952 0.00241 0.00241
LLG (ab-g)
¢ b 249.527 249.545 249.545 0.00737 0.00737 247.833 247.841 247.841 0.00327 0.00327
a 237.856 237.866 237.866 0.00423 0.00423 238.910 238.921 238.921 0.00438 0.00438
3 | LLLG (abc-g) b 257.485 257.501 257.501 0.00634 0.00634 257.661 257.678 257.678 0.00647 0.00647
c 249.728 249.743 249.743 0.00578 0.00578 248.803 248.818 248.818 0.00577 0.00577
. LL @ab) a 219.068 219.069 219.069 0.00038 0.00038 223.237 223.238 223.238 0.00062 0.00062
L (a-]
b 219.068 219.069 219.069 0.00038 0.00038 217.150 217.165 217.165 0.00716 0.00716
16
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Figure 6.14: Voltage profile of phase a, for an SLG fault (a-g) at bus 28,

of modified IEEE 34-bus test system in the presence of IBDG and A-Y,

IBDG transformer using proposed [BIBC] technique, [Ybus] technique and
PSCAD/EMTDC simulation

tively. A comparison of these plots shows that the values of bus voltages obtained by proposed methods

are very close to the values obtained by the PSCAD/EMTDC simulation studies, which again validates the

accuracy of the proposed short-circuit analysis methods.

In Fig. [6.17(a), the ground bus voltage profile is plotted for various ground faults (SLG, LLG and
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Figure 6.15: Voltage profile of neutral bus, for an SLG fault (a-g) at bus
28, of modified IEEE 34-bus test system in the presence of IBDG and A-Y
IBDG transformer using proposed [BIBC] technique, [Ypys] technique and
PSCAD/EMTDC simulation
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Figure 6.16: Voltage profile of ground bus, for an SLG fault (a-g) at bus
28, of modified IEEE 34-bus test system in the presence of IBDG and A-Y),
IBDG transformer using proposed [BIBC] technique, [Ybus] technique and
PSCAD/EMTDC simulation

LLLG) at bus 28 with a fault impedance of zy = 0.001+0.0007 p.u.. The plot shows that the highest ground
bus voltages occur for SLG fault followed by LLG fault while the lowest values are observed for LLLG

fault. This is due to the fact that the fault current injected into the fault point at ground bus is the phasor sum

233



Table 6.7: Details of the IBDGs installed in the modified IEEE 123-bus distri-

bution system

IBDG location | IBDG installed capacity, P,, | Short-circuit capacity, I
IBDG No.
(Bus No.) (per phase) (kW) (per phase) (Amp)
1. 20 140 251.87
2. 25 105 188.90
3. 75 140 251.87
4. 98 175 314.84
5. 104 140 251.87

of the three phase fault currents and its value (/¢ + I + I§ = —0.32 4 j5.82 Amp = 5.831/93.19° Amp)
is smallest for LLLG fault, followed by the injected fault current of LLG fault (I§ + I} = —52.99 — j93.10
Amp = 107.126/—119.64° Amp) with SLG fault injecting highest current (I¢ = 97.08 — j118.17 Amp
= 152.935/—50.59° Amp) into the ground at the fault bus location. Therefore, the currents flowing through
ground from fault point to the substation ground are highest for SLG fault followed by LLG fault and
smallest for LLLG fault, as shown in[6.17(b). As a result, the ground bus voltages are highest for SLG fault
with LLLG fault resulting in lowest ground bus voltages. From Fig. [6.17(b), it is also observed that the value
of ground current at certain branches of the test system (like branch nos. 4,9 — 11,13, 17, 20, 22, 28 — 32)
are nearly equal to zero. It is due the fact, that these branches are not present in the path of fault current
returning through ground from fault point to the substation ground.

Under fault conditions (for SLG, LLG and LLLG fault), as the neutral to ground resistance increases,
the ground current as well as the ground bus voltage at the fault point increases, as can be observed in Figs.
[6.18(a)-(f). This is due to the fact that as neutral to ground resistance is increased, fault current flowing

through the ground wire increases and the current in the neutral wire decreases.

6.4.1.2 Results of modified three phase four wire multigrounded IEEE 123-bus test system in
the presence of IBDGs and A-Y, IBDG transformers

(a). Results of load flow studies

Five different sized IBDGs have been considered in this test system and their detailed informations are
given in Table These IBDGs are connected at different buses of the system, as shown in column 2 of
Table The total installed capacity and the short-circuit current capacity (I7*¥) of IBDGs are shown in

column 3-4 of Table[6.7] respectively.

The load flow analysis of the given test system with IBDGs has been performed by using the proposed
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Figure 6.17: (a) Voltage profile of ground bus, (b) Ground current, for various
ground faults at bus 28, of modified IEEE 34-bus test system in the presence of
IBDG and A-Y, IBDG transformer

method. The results obtained by the proposed load flow analysis method have been compared with those

obtained by the [Ypys] matrix based method.

The voltage profile of phase a, neutral bus and ground bus of the test system obtained by the proposed

load flow method and [Ypys] matrix based method are shown in Figs. 6.21}, respectively. A good
match between the results obtained by these two methods again demonstrates the perfectness of the proposed

approach.

The current in the phase a, neutral wire and ground for the given test system calculated by the proposed
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Figure 6.18: Ground bus voltage and ground current at fault point in modified
IEEE 34-bus test system in the presence of IBDG and A-Y, IBDG transformer
for various grounding resistance under SLG fault (@) and (b), LLG fault (¢) and
(d) and LLLG fault (e) and (f)

load flow method and [Ybus] matrix based method are plotted in Figs. (6.22 , respectively. A close

matching of the current values, obtained by the two methods, as observed in these figures again validates

the accuracy of the proposed method.
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Figure 6.20: Voltage profile of neutral bus of modified IEEE 123-bus test system

in the presence of IBDG and A-Y, IBDG transformer using proposed [BIBC]

technique and [Ybus] technique under normal operating conditions

The inverter currents (If‘r'f’\f) and the inverter bus voltages (Vfﬁ"f) calculated by the proposed [BIBC|

matrix based method and the [Ypys] matrix based method are shown in Tables[6.8]and[6.9] respectively. The

values of (I2P€) and (V2be

obtained by the [Ypyus] matrix based method, which again establish the accuracy of the proposed method.

The phase angles of inverter currents and the inverter bus voltages are same (as shown in Tables [6.8] and

) of all IBDGs obtained by the proposed method are exactly equal to the values
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Figure 6.21: Voltage profile of ground bus of modified IEEE 123-bus test system
in the presence of IBDG and A-Y, IBDG transformer using proposed [BIBC]

technique and [Ybus} technique under normal operating conditions

e BIBC
,5140 1 ¢ Ybus

=N
o

Branch current of phase ¢ (Am
'S ©
o o

4

Figure 6.22: Branch current of phase a of modified IEEE 123-bus test system
in the presence of IBDG and A-Y, IBDG transformer using proposed [BIBC]

technique and [Ybus] technique under normal operating conditions

[6.9) it is due to the fact that all the IBDGs are operating at unity power factor under the normal operating

conditions.

A case of isolated neutral has also been simulated on the considered test system using the proposed

load flow method. The neutral bus voltage profiles and the neutral wire currents of the test system for
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Figure 6.24: Ground current of modified IEEE 123 bus-test system in the pres-
ence of IBDG and A-Y, IBDG transformer using proposed [BIB C] technique

and [Ybus} technique under normal operating conditions

“isolated neutral” and ”grounded neutral” cases are shown in Figs. [6.25(a) and (b), respectively. The values
of voltages at all the neutral buses in “isolated neutral” case are higher than the ”grounded neutral” case (as
shown in Fig. [6.25](a)) for the same reasons as explained for modified IEEE 34-bus test system earlier.

(b). Results of short-circuit studies

To further investigate the effectiveness of the two proposed short-circuit analysis methods ([BIBC]
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Table 6.8: Inverter currents of modified IEEE 123-bus test system in the pres-

ence of IBDGs and A-Y; IBDG transformers under normal operating conditions

IBDG Inverter current, 122 (Amp)
location [BIBC] Technique [Yius] Technique
(Bus No.) Phase a Phase b Phase ¢ Phase a Phase b Phase ¢
20 169.54/-30.09° | 169.482-149.85° | 168.90£90.01° | 169.54/-30.09° | 169.48/-149.85° | 168.90£90.01°
25 127.19£-30.11° | 127.12/£-149.86° | 126.67/89.99° | 127.19£-30.11° | 127.12/-149.86° | 126.67£89.99°
75 170.52£-30.07° | 170.23£-149.77° | 169.61£89.99° | 170.52£-30.07° | 170.23£-149.77° | 169.61/89.99°
98 213.04£-29.92° | 212.752-149.66° | 212.07.£90.14° | 213.04£-29.92° | 212.75/-149.66° | 212.07.£90.14°
104 170.36£-29.97° | 170.06£-149.69° | 169.49.290.08° | 170.36£-29.97° | 170.06£-149.69° | 169.49.290.08°
Table 6.9: Inverter bus voltages of modified IEEE 123-bus test system in the
presence of IBDGs and A-Y, IBDG transformers under normal operating con-
ditions
IBDG Inverter bus voltage, V2b¢ (kV)
location [BIBC] Technique [Ypus] Technique
(Bus No.) Phase a Phase b Phase ¢ Phase a Phase b Phase ¢
20 0.27452-30.09° | 0.2746.£-149.85° | 0.2755£90.01° | 0.2745/-30.09° | 0.2746£-149.85° | 0.2755£90.01°
25 0.2744£-30.11° | 0.2745/£-149.86° | 0.2755£89.99° | 0.2744£-30.11° | 0.2745/-149.86° | 0.27554£89.99°
75 0.2729.£-30.07° | 0.2734£-149.77° | 0.2744./89.99° | 0.2729.£-30.07° | 0.2734£-149.77° | 0.2744.£89.99°
98 0.2730£-29.92° | 0.2734£-149.66° | 0.2743./90.14° | 0.2730£-29.92° | 0.2734£-149.66° | 0.2743.£90.14°
104 0.2731£-29.97° | 0.2736/£-149.69° | 0.2745290.08° | 0.2731/£-29.97° | 0.2736/-149.69° | 0.2745290.08°

matrix based method and [Yypy,s] matrix based method), an SLG fault in phase a of bus 105, with a fault

impedance z; = 0.001 + 0.0007 p.u. has been simulated. In the initial step, the inverter currents (I?‘bcf’est)

inv,

of all the five IBDGs have been calculated by assuming that the inverter bus voltages of all IBDGs under
— Vabc

inv f st

abc

inv £ The calculated values

the fault conditions are maintained at their pre-fault values i.e., V
of the inverter currents obtained by both proposed methods are given in columns 2-4 of Tables [6.10| and
6.11] respectively. These values show that the magnitude of inverter currents of all IBDGs are greater than
their short-circuit current capacities (I:%?). Therefore, the fault current, the bus voltages and the inverter
currents of all IBDGs under the fault conditions are recalculated with the appropriate inverter current control

strategy as discussed in the proposed short-circuit analysis methods. The final values of inverter currents

and injected powers (capacitive reactive power) by all IBDGs, obtained by the two proposed methods, are
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IEEE 123-bus test system in the presence of IBDG and A-Y, IBDG transformer
in “isolated neutral” and “grounded neutral” cases under normal operating con-

ditions

shown in columns 5-10 of Tables [6.10] and [6.TT] respectively. It can also be observed from these tables that
the final values of inverter currents and injected powers by the IBDGs obtained by both the methods are
identical, which again validates the accuracy of the proposed methods. The fault current (/) and source
current (I,) in phase a for this case using the proposed methods are given in Table[6.12] The above results
show that the values of I; and I calculated by both the proposed methods are identical, thereby validating

the proposed short-circuit analysis methods.
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Table 6.10: Results for SLG(a-g) fault at bus 105 in modified three phase four

wire multigrounded IEEE 123-bus radial test system in the presence of IBDGs

and A-Y, IBDG transformers using proposed [BIBC] method

IBDG | Initial estimate of inverter current, I23%¢ £ ost> (KA) final value of inverter current, (kA) final value of injected
location when Vibe, = vabe | Iebe, = I0vZ(5 + 030¢,) IBDG power (kVAR)
(bus No.) Phase-a Phase-b Phase-c Phase-a Phase-b Phase-c Phase-a | Phase-b | Phase-c
20 10.0754£-89.01° | 8.524/87.27° | 1.661/110.37° | 0.2519/£-124.12° | 0.2519£122.37° | 0.2519£-1.56° | 191.492 | 194.504 | 211.608
25 10.0532-89.22° | 8.548487.03° | 1.621/110.89° | 0.1889.£-124.17° | 0.1889.£122.34° | 0.1889£-1.59° | 143.554 | 145.819 | 158.686
75 28.172£-89.55° | 24.126£86.65° | 4.397/111.73° | 0.2519£-132.60° | 0.2519£128.51° | 0.25194£-3.58° | 161.352 | 168.936 | 214.695
98 28.200£-89.47° | 24.118£86.74° | 4.427/111.55° | 0.3148£-132.78° | 0.31482128.28° | 0.31482-3.71° | 202.830 | 211.821 | 269.323
104 30.249£-89.57° | 25.913£86.62° | 4.714£111.77° | 0.2519£-133.78° | 0.2519£129.31° | 0.25194£-3.80° | 158.618 | 166.493 | 215.550
Table 6.11: Results for SLG(a-g) fault at bus 105 in modified three phase four
wire multigrounded IEEE 123-bus radial test system in the presence of IBDGs
and A-Y, IBDG transformers using proposed [Yy,s| method
IBDG | Initial estimate of inverter current, I?:‘f_’fwest, (kA) final value of inverter current, (kA) final value of injected
location when Vibe, = Vabe | Iebe, = II" Z(5 + 6030%%) IBDG power (kVAR)
(bus No.) Phase-a Phase-b Phase-c Phase-a Phase-b Phase-c Phase-a | Phase-b | Phase-c
20 1.105£-59.28° | 0.934/125.42° | 0.190£97.10° | 0.2519£-124.12° | 0.2519£122.37° | 0.2519£-1.56° | 191.492 | 194.504 | 211.608
25 0.8284£-53.54° | 0.726£131.88° | 0.125£93.31° | 0.1889£-124.17° | 0.1889£122.34° | 0.1889/-1.59° | 143.554 | 145.819 | 158.686
75 6.391£-72.75° | 5.742/105.77° | 0.665£120.02° | 0.2519/£-132.60° | 0.2519£128.51° | 0.2519/-3.58° | 161.352 | 168.936 | 214.695
98 2.635/-56.46° | 2.465/125.59° | 0.191£95.99° | 0.31482-132.78° | 0.3148£128.28° | 0.3148£-3.71° | 202.830 | 211.821 | 269.323
104 4.539£-65.04° | 4.191£114.55° | 0.348£119.70° | 0.2519/£-133.78° | 0.2519£129.31° | 0.2519/£-3.80° | 158.618 | 166.493 | 215.550

Different fault cases namely, LLG (ab-g), LLLG (abc-g), and LL (a-b) fault with zy = 0.001+0.0007

p-u., have also been simulated at bus 105 of the same system using the proposed methods. The calculated

values of fault currents (1) and source currents (I) for all types of faults obtained by the proposed methods

are given in Table It can be observed from the table that the values obtained by the proposed [BIBC]

method are exactly equal to the values obtained by the [Ypys] method, which again establishes the accuracy

of the proposed methods.

The voltage profiles of phase a bus voltage, neutral bus voltage and ground bus voltage of the modified

IEEE 123-bus test system, for an SLG fault at phase a of bus 105 with fault impedance of z; = 0.001+0.000¢

p.u., obtained by using the proposed short-circuit analysis methods, are shown in Figs. respec-

tively. It can be observed, from these figures, that the results obtained from these two methods are identical

and this again demonstrates the correctness of the proposed short-circuit methods.

In Fig. a), the ground bus voltage profile is plotted for various ground faults (SLG, LLG and
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Table 6.12: Results of the proposed short-circuit analysis methods for modified
three phase four wire multigrounded IEEE 123-bus radial test system in the
presence of IBDGs and A-Y, IBDG transformers

Fault current at fault point (/;) | Current drawn from the supply (/)
[BIBC] [Ybus| [BIBC] [Ybus|
case | Fault type | phase
Technique Technique Technique Technique
(kA) (kA) (kA) (kA)
1 SLG (a-g) a 2.47555 2.47555 2.44377 2.44377
a 4.40065 4.40065 4.43822 4.43822
2 LLG (ab-g)
b 4.62304 4.62304 4.52799 4.52799
a 4.56943 4.56943 4.53893 4.53893
3 | LLLG (abc-g) b 5.24708 5.24708 5.16524 5.16524
c 4.53549 4.53549 4.46304 4.46304
a 4.44763 4.44763 4.53721 4.53721
4 L-L (a-b)
b 4.44763 4.44763 4.32394 4.32394
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Figure 6.26: Voltage profile of phase a, for an SLG fault (a-g) at bus 105, of
modified IEEE 123-bus test system in the presence of IBDG and A-Y, IBDG

transformer using proposed [BIBC] technique and [Ypys| technique

LLLG) at bus 105 with a fault impedance of z; = 0.001+0.000¢ p.u.. The plot shows that the highest ground

bus voltages occur for SLG fault followed by LLG fault while the lowest values are observed for LLLG

fault. This is due to the fact that the fault current injected into the fault point at ground bus is the phasor

243



e==BIBC

+ Ybus

5" SLG

H N O MN =N MN I OMN AN MNMN =N MmN =N MmN
— -

Figure 6.27: Voltage profile of neutral bus, for an SLG fault (a-g) at bus 105, of
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Figure 6.28: Voltage profile of ground bus, for an SLG fault (a-g) at bus 105, of
modified IEEE 123-bus test system in the presence of IBDG and A-Y, IBDG

transformer using proposed [BIBC] technique and [Ybus] technique

sum of the three phase fault currents and its value (14 + I} 4 1§ = 0.03 + j0.14 kKA = 0.138/77.17° kA) is
smallest for LLLG fault, followed by the injected fault current of LLG fault (I' i+ I% = —1.09 — j1.35 kA
= 1.736/—128.87° kA) with SLG fault injecting highest current (fjﬁ = 1.00 — 52.26 kA = 2.476/—66.08°

kA) into the ground at the fault bus location. Therefore, the currents flowing through ground from fault point
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to the substation ground are highest for SLG fault followed by LLG fault and smallest for LLLG fault, as
shown in[6.29(b). As a result, the ground bus voltages are highest for SLG fault with LLLG fault resulting in
lowest ground bus voltages. From Fig. [6.29(b), it is also observed that the value of ground current at certain
branches of the test system (like branch nos. 2 — 5,9 — 13,17 — 53,81 — 97 and 106 — 118) are nearly equal
to zero. It is due to the fact, that these branches are not present in the path of fault current returning through

ground from fault point to the substation ground.
6.4.2 Results of test systems with IBDGs and Y-Y, IBDG transformers

In this subsection, Y,Y,-0 type of IBDG transformer is used for the connection of IBDG to the grid and its

nodal admittance matrix model (p.u.) is given as [[80],

1 0 0 -1 0 0

0O 1 0 0 -1 0

O 0 1 0 0 -1

Yr(v,v,0) = ¥ (6.132)
1 0 0 1 0 0

0 -1 0 0 1 0

0o 0 -1 0 o0 1

where, the value of y; is assumed as (0.000 — 16.927) p.u. It is a step down transformer with its turns ratio
assumed as 24.9/0.480 kV for the modified IEEE 34-bus test system and as 4.16,/0.480 kV for the modified
IEEE 123-bus test system. The value of grounding impedances on primary and secondary side of the IBDG
transformer (thp and ths) is assumed as 0.2 {2, equal to the value of neutral to ground impedance of the

test system .

6.4.2.1 Results of modified three phase four wire multigrounded IEEE 34-bus test system in
the presence of IBDGs and Y,-Y, IBDGs transformers

(a). Results of load flow studies

Three different sized IBDGs have also been considered in this test system and their detailed informations
are given in Table It is assumed that all IBDGs are operating at unity power factor under normal
operating condition. The load flow analysis of this test system has been performed by using the proposed
method (as discussed in Subsection[6.3.T|for Y,-Y; IBDG transformer). The results obtained by the proposed
method have been compared with those obtained by the [Yps] matrix based method and the time domain
simulation studies carried out using PSCAD/EMTDC software.

The bar graph for the phase a bus voltages, neutral bus voltages and ground bus voltages of the test sys-

tem with IBDGs, have been obtained by the proposed method, [Ybus] matrix method and PSCAD/EMTDC
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Figure 6.29: (a) Voltage profile of ground bus, (b) Ground current, for various
ground faults at bus 105, of modified IEEE 123-bus test system in the presence

of IBDG and A-Y, IBDG transformer

simulation studies, and are shown in Figs. [6.30H6.32] These figures show that the results obtained by the
proposed method are very close to the results of the [Ybus] matrix method and PSCAD/EMTDC simulation

studies, which demonstrates the correctness of the proposed approach.
The currents in the phase a, neutral wire and ground for the considered test system calculated by the

proposed load flow method are plotted in Figs. [6.33}{6.35] respectively. The values of these three currents
have also been obtained by the [Ybus] matrix based method and PSCAD/EMTDC simulation studies, and
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Figure 6.30: Voltage profile of phase a of modified IEEE 34-bus test system in
the presence of IBDG and Y-Y; IBDG transformer using proposed [BIBC]
technique, [Ybus] technique and PSCAD/EMTDC simulation under normal
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Figure 6.31: Voltage profile of neutral bus of modified IEEE 34-bus test system
in the presence of IBDG and Y,;-Y,; IBDG transformer using proposed [BIB C]
technique, [Ypus| technique and PSCAD/EMTDC simulation under normal

operating conditions

are plotted along with the results of proposed method in Figs. [6.33}6.35] A close matching of the current
values, obtained by the three methods, as observed in these figures again validates the accuracy of the

proposed method.
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Figure 6.32: Voltage profile of ground bus of modified IEEE 34-bus test system
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Figure 6.33: Branch current of phase a of modified IEEE 34-bus test system in
the presence of IBDG and Y,-Y, IBDG transformer using proposed [BIBC]
technique, [Ypyus| technique and PSCAD/EMTDC simulation under normal
operating conditions

The inverter currents (I22¢) and the inverter bus voltages (V2P) calculated by the proposed [BIBC]

mv mv

matrix based method and the [Ys] matrix based method are shown in Tables and [6.14] respectively.
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Figure 6.35: Ground current of modified IEEE 34-bus test system in the pres-

ence of IBDG and Y,-Y; IBDG transformer using proposed [BIBC] tech-

nique, [Ybus] technique and PSCAD/EMTDC simulation under normal op-

erating conditions
The values of (I?f‘f) and (V?IE’VC) of all IBDGs obtained by the proposed method are exactly equal to the
values obtained by the [Ypys] matrix based method, which again establishes the accuracy of the proposed

method. Also, the phase angles of inverter currents and the inverter bus voltages are same, since all IBDGs
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Table 6.13: Inverter currents of modified IEEE 34-bus test system in the pres-

ence of IBDG and Y;-Y, IBDG transformers under normal operating conditions

IBDG Inverter current, I2>° (Amp)
location [BIBC] Technique [Ybus] Technique
(Bus No.) Phase a Phase b Phase ¢ Phase a Phase b Phase ¢
16 65.81£0.2765° | 65.30£-119.69° | 65.65£120.33° | 65.81£0.2765° | 65.30£-119.69° | 65.652120.33°
25 66.42/0.5403° | 66.20£-119.46° | 66.552120.38° | 66.4220.5403° | 66.20£-119.46° | 66.552120.38°
30 88.55£0.5740° | 88.284-119.43° | 88.74£120.41° | 88.55£0.5740° | 88.28£-119.43° | 88.74/120.41°
Table 6.14: Inverter bus voltages of modified IEEE 34-bus test system in the
presence of IBDG and Y,-Y, IBDG transformers under normal operating con-
ditions
IBDG Inverter bus voltage, V2 (Amp)
location [BIBC] Technique [Ypus] Technique
(Bus No.) Phase a Phase b Phase ¢ Phase a Phase b Phase ¢
16 0.2674£0.2765° | 0.2695/-119.69° | 0.2681/120.33° | 0.2674£0.2765° | 0.2695/-119.69° | 0.2681£120.33°
25 0.2650£0.5403° | 0.2659£-119.46° | 0.26452120.38° | 0.2650£0.5403° | 0.2659/-119.46° | 0.26452120.38°
30 0.2650£0.5740° | 0.26582£-119.43° | 0.2645£120.41° | 0.2650£0.5740° | 0.2658£-119.43° | 0.2645£120.41°

are operating at unity power factor under the normal operating conditions.

A case of isolated neutral has also been simulated on the considered test system with IBDGs and Y-
Y, IBDG transformers, using the proposed method. The neutral bus voltage profiles and neutral currents
of the test system for “isolated neutral” and “grounded neutral” cases are shown in Figs. [6.36(a) and (b),
respectively. The values of neutral voltages at all the buses in “isolated neutral” case are higher than the
”grounded neutral” case for the same reasons as explained for modified IEEE 34-bus test system with A-Y}
IBDG transformer case earlier.

The value of maximum ground bus voltage and maximum ground current in the test system under
normal operating condition, for various grounding resistance are plotted in Fig. [6.37((a) and (b). The figure
shows that, with the increase in grounding resistance, the value of maximum ground bus voltage as well as
maximum ground current in the system decreases (as shown in Fig. [6.37(a)). This is due to the fact that,
with the increase in grounding resistance, the value of neutral to ground current in the system decreases and

as a result the value of ground wire currents and hence the ground bus voltages of the system decreases (as

shown in Fig. b)).
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Figure 6.36: (a) Neutral bus voltage profile, (b) Neutral current of modified
IEEE 34-bus test system in the presence of IBDG and Y,-Y,; IBDG transformer

in “isolated neutral” and “grounded neutral” cases under normal operating con-

(b). Results of short-circuit studies

efficacy of the proposed short-circuit analysis methods ([BIBC| matrix based
method and [Ypys] matrix based method ) for the case with Y,-Y, IBDG transformer, an SLG fault in phase

a of bus 28, with a fault impedance zy = 0.001 + 0.0007 p.u. has been simulated. The initial values of the

inverter currents (I2P€. _ ) of all the IBDGs, under the fault conditions, have been calculated by assuming
that the inverter bus voltages of all IBDGs are maintained at their pre-fault values i.e., Vi) 7¢
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Figure 6.37: (a) Maximum ground bus voltage, (b) Maximum ground current,
in modified IEEE 34-bus test system in the presence of IBDG and Y,-Y, IBDG

transformer for various grounding resistance under normal operating condition

The calculated values of the inverter currents obtained by two proposed methods are given in columns 2-
4 of Tables [6.15] and [6.16] respectively. These tables show that the magnitude of inverter currents of all
IBDGs are greater than their short-circuit current capacities. Hence, according to the proposed methods, the
magnitudes of inverter currents of all the phases are to be maintained at their short-circuit current capacities
(|7 . /1= I p = a,b,c ) and their angles are maintained in such a way that all IBDGs will deliver

reactive power to the system during the short-circuit condition i.e., \I'fm], ;= 5+ anv, PP = a b, c.

With this strategy, the fault current, the bus voltages and the inverter currents of all IBDGs under the fault

conditions are recalculated using the proposed short-circuit analysis methods.

The final values of inverter currents and injected powers by all IBDGs, obtained by both the proposed
methods, are shown in columns 5-10 of Tables [6.15]and [6.16] respectively. From both the tables, it can be
observed that the final values of inverter currents and injected powers by the IBDGs obtained by both the
methods are identical, which again validates the accuracy of the proposed methods. The fault current (/)
and source current (/) in phase « for this case using the proposed methods and PSCAD/EMTDC simulation
studies are given in Table The % error in the calculated values of ¢ and I with respect to the values
obtained by PSCAD/EMTDC simulation studies are 0.00665% and 0.00817%, respectively, as shown in
Table The above results show that the values of Iy and I calculated by both the proposed methods
are very close to the values obtained by the PSCAD/EMTDC software, thereby validating the proposed

methods.

Different fault cases namely, LLG (ab-g), LLLG (abc-g), and LL (a-b) fault with zZy = 0.001+0.000: p.u.,

have also been simulated at bus 28 in the same system using the proposed methods and PSCAD/EMTDC
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Table 6.15: Results for SLG(a-g) fault at bus 28 in modified three phase four

wire multigrounded IEEE 34-bus radial test system in the presence of IBDGs

and Y;-Y; IBDG transformers using proposed [BIBC| method

IBDG Initial estimate of inverter current, I2%, ., (kA) final value of inverter current, (kA) final value of injected
location when Vibe, = Vibe | Igbee = I £(3 + 07bc,) IBDG power (kVAR)
(bus No.) Phase-a Phase-b Phase-c Phase-a Phase-b Phase-c Phase-a | Phase-b | Phase-c

16 26.912/-92.81° | 10.966/-59.87° | 9.285/-60.67° | 0.0953/-94.69° | 0.09532140.45° | 0.0953/45.64° | 24.64 99.15 83.16
25 37.833/-95.14° | 14.867£-59.80° | 12.620£-60.67° | 0.0953£-95.25° | 0.09532138.08° | 0.0953.250.99° 2.85 106.69 85.69
30 37.767£-95.10° | 14.856/-59.87° | 12.579/-60.67° | 0.1270£-95.01° | 0.1270£138.08° | 0.1270£50.93° 4.05 14220 | 114.29

Table 6.16: Results for SLG(a-g) fault at bus 28 in modified three phase four

wire multigrounded IEEE 34-bus radial test system in the presence of IBDGs

and Yy-Y, IBDG transformers using proposed [Ypys] method

IBDG Initial estimate of inverter current, I3%¢, ., (kA) final value of inverter current, (kA) final value of injected
location when Vibe, = vibe Iebe, = I1v /(2 4 025<,) IBDG power (kVAR)
(bus No.) Phase-a Phase-b Phase-c Phase-a Phase-b Phase-c Phase-a | Phase-b | Phase-c

16 11.089£-55.39° | 2.459/169.31° | 2.241/170.07° | 0.09532-94.69° | 0.09532140.45° | 0.0953245.64° | 24.64 99.15 83.16
25 29.901£-81.41° | 1.918£-141.61° | 2.052/-150.52° | 0.0953£-95.25° | 0.0953£138.08° | 0.0953250.99° 2.85 106.69 85.69
30 26.567/-76.12° | 2.083£173.53° | 2.263/173.97° | 0.1270£-95.01° | 0.1270£138.08° | 0.1270£50.93° 4.05 14220 | 114.29

software. The calculated values of fault currents (/) and source currents (/) for all type of faults obtained
by the proposed methods and PSCAD/EMTDC simulation studies are given in Table[6.17] The maximum %
errors in the calculated values of (If) and (1), obtained from the proposed short-circuit analysis methods,
with respect to the PSCAD/EMTDC simulation results are 0.00741% and 0.00817%, respectively. These
extremely small values of errors establish that the proposed methods are sufficiently accurate.

The phase a bus voltage, neutral bus voltage and ground bus voltage of the considered test system,
for an SLG fault at phase a of bus 28 with fault impedance of z; = 0.001+0.000¢ p.u., obtained by using
the proposed short-circuit analysis methods ([BIBC] matrix based and [Yhys] matrix based methods), are
shown in the bar graphs of Figs. [6.38}6.40} respectively. The values of these voltages are also obtained by
the time domain simulation studies carried out using the PSCAD/EMTDC software and are plotted along
with the results of proposed methods, as shown in Figs. respectively. A comparison of these plots
shows that the values of bus voltages obtained by proposed methods are very close to the values obtained
by the PSCAD/EMTDC simulation studies, which again validates the accuracy of the proposed short-circuit
analysis methods.

In Fig. a), the ground bus voltage profile is plotted for various ground faults (SLG, LLG and
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Table 6.17: Error Analysis of proposed [BIBC] matrix based technique and

[Ypus| matrix based technique with respect to PSCAD/EMTDC simulation

study for modified three phase four wire multigrounded IEEE 34-bus radial test

system in the presence of IBDGs and Y,-Y, IBDG transformers

Fault current at fault point (I ;) % Error in (/) Current drawn from the supply (/) % Error in (1)
PSCAD [BIBC] [Yius) [BIBC] [Yius] PSCAD [BIBC] [Yius) [BIBC] [Yius]
case Fault type phase
simulation Technique Technique | Technique Technique | simulation Technique Technique | Technique Technique
(Amp) (Amp) (Amp) (%) (%) (Amp) (Amp) (Amp) (%) (%)
1 SLG (a-g) a 151.627 151.637 151.637 0.00665 0.00665 150.284 150.296 150.296 0.00817 0.00817
) G (b a 198.477 198.466 198.466 0.00537 0.00537 200.698 200.695 200.695 0.00136 0.00136
LLG (ab-g)
£ b 249.579 249.598 249.598 0.00741 0.00741 248.082 248.101 248.101 0.00702 0.00702
a 237.883 237.891 237.891 0.00333 0.00333 238.906 238.918 238918 0.00519 0.00519
3 | LLLG (abc-g) b 257.463 257.481 257.481 0.00663 0.00663 257.664 257.680 257.680 0.00623 0.00623
c 249.725 249.738 249.738 0.00545 0.00545 248.802 248.817 248.817 0.00593 0.00593
. LL @ab) a 218.132 218.133 218.133 0.00010 0.00010 225.227 225.231 225.231 0.00157 0.00157
L (a-]
b 218.132 218.133 218.133 0.00010 0.00010 215.224 215.239 215.239 0.00666 0.00666
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Figure 6.38: Voltage profile of phase a, for an SLG fault (a-g) at bus 28,

of modified IEEE 34-bus test system in the presence of IBDG and Y,-Y,

IBDG transformer using proposed [BIBC] technique, [Ybus] technique and

PSCAD/EMTDC simulation

LLLG) at bus 28 with a fault impedance of zy = 0.001+0.000¢ p.u.. From this plot, again it can be observed

that the highest ground bus voltages occurs for SLG fault followed by LLG fault while the lowest values

are observed for LLLG fault. This is due to the fact that the fault current injected into the fault point at

ground bus is the phasor sum of the three phase fault currents and its value (f}' + 1 ? + I = —0.27 + j5.79
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Figure 6.40: Voltage profile of ground bus, for an SLG fault (a-g) at bus

28, of modified IEEE 34-bus test system in the presence of IBDG and Y,-Y

IBDG transformer using proposed [BIBC] technique, [Ybus] technique and

PSCAD/EMTDC simulation

Amp = 5.794/92.66° Amp) is smallest for LLLG fault, followed by the injected fault current of LLG fault
(I_jﬁ + f‘?‘ = —52.58 — j92.17 Amp = 106.108/—119.70° Amp) with SLG fault injecting highest current
(I¢ = 95.66 — j117.66 Amp = 151.637/—50.89° Amp) into the ground at the fault bus location. Therefore,
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Figure 6.41: (a) Voltage profile of ground bus, (b) Ground current, for various

ground faults at bus 28, of modified IEEE 34-bus test system in the presence of
IBDG and Y,-Y, IBDG transformer

the currents flowing through ground from fault point to the substation ground are highest for SLG fault
followed by LLG fault and smallest for LLLG fault, as shown in [6.41(b). As a result, the ground bus

voltages are highest for SLG fault with LLLG fault resulting in lowest ground bus voltages.

6.4.2.2 Results of modified three phase four wire multigrounded IEEE 123-bus test system in
the presence of IBDGs and Y-Y, IBDG transformers

(a). Results of load flow studies
Five different sized IBDGs have also been considered in this test system with IBDGs and Y,-Y, IBDG

transformers and their detailed informations are given in Table

256



e=BIBC
~—2.40 4 ¢ Ybus

- N O MO O DO QAN LN O MO N1 T O N
— N NN T TN NN 00 N~ IN©® ® oo O

101
104
112
115
118

0 69

Figure 6.42: Voltage profile of phase a of modified IEEE 123-bus test system in
the presence of IBDG and Y-Y; IBDG transformer using proposed [BIBC]

technique and [Ybus} technique under normal operating conditions

The load flow analysis of the given test system has been performed by using the proposed method. The
results obtained by the proposed load flow analysis method have been compared with those obtained by the

[Ybus) matrix based method.

The voltage profile of phase a, neutral bus and ground bus of the test system with IBDGs and Y,-Y,
IBDG transformers obtained by the proposed load flow method and [Ybus] matrix method are shown in
Figs. 6.44] respectively. A good match between the results obtained by these two methods again

demonstrates the accuracy of the proposed approach.

Also, the current in the phase a, neutral and ground branches of the test system with Y -Y, IBDG
transformers, calculated by the proposed load flow method and [Ybus] matrix based method are plotted
in Figs. 6.477| respectively. A close match of the current values, obtained from the two methods, as

observed in these figures again validates the accuracy of the proposed method.

The inverter currents (If‘;"f) and the inverter bus voltages (Vﬁ?‘f) calculated by the proposed [BIBC]

matrix based method and the [Y1,,s] matrix based method are shown in Tables and respectively.
The values of (If‘l'f'vc) and (Vﬁ?‘f) of all IBDGs obtained by the proposed method are exactly equal to the
values obtained by the [Ypys] matrix based method, which again establishes the accuracy of the proposed
method. The phase angles of inverter currents and the inverter bus voltages are same (as shown in Tables

[6.18] and [6.19) due to the fact that all the IBDGs are operating at unity power factor under the normal

operating conditions.
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Figure 6.44: Voltage profile of ground bus of modified IEEE 123-bus test system
in the presence of IBDG and Y,-Y,, IBDG transformer using proposed [BIB C]

technique and [Ybus} technique under normal operating conditions

A case of isolated neutral has also been simulated on the given test system using the proposed load flow
method. The neutral bus voltage profiles and the neutral wire currents of the test system for "isolated neutral”
and “grounded neutral” cases are shown in Figs. [6.48]a) and (b), respectively. The values of voltages at all
the neutral buses in isolated neutral” case are higher than the ”grounded neutral” case (as shown in Fig.

[6.48|(a)) for the same reasons as explained for modified IEEE 34-bus test system earlier.
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Figure 6.46: Neutral current of modified IEEE 123-bus test system in the pres-
ence of IBDG and Y-Y, IBDG transformer using proposed [BIB C] technique

and [Ybus] technique under normal operating conditions

(b). Results of short-circuit studies

To carry out investigation to verify the effectiveness of the proposed short-circuit analysis methods
([BIBC] and [BCBYV| matrices based method and [Ys) matrix based method), an SLG fault in phase

a of bus 105, with a fault impedance z;y = 0.001 + 0.000% p.u. has been simulated. In the initial step,
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Table 6.18: Inverter currents of modified IEEE 123-bus test system in the pres-

ence of IBDGs and Y,-Y, IBDG transformers under normal operating condi-

tions
IBDG Inverter current, 12> (Amp)

location [BIBC] Technique [Yius] Technique

(Bus No.) Phase a Phase b Phase ¢ Phase a Phase b Phase ¢
20 170.30£-0.26° | 168.05£-119.90° | 169.60£120.22° | 170.30£-0.26° | 168.05£-119.90° | 169.60£120.22°
25 127.76£-0.30° | 125.982-119.89° | 127.27.£120.21° | 127.76£-0.30° | 125.98/£-119.89° | 127.27/120.21°
75 171.292-0.26° | 168.46/-119.85° | 170.65£120.25° | 171.29£-0.26° | 168.46/-119.85° | 170.65£120.25°
98 214.14£-0.08° | 210.72£-119.79° | 213.05£120.43° | 214.14/-0.08° | 210.72/£-119.79° | 213.05£120.43°
104 171.094-0.18° | 168.32£-119.76° | 170.54£120.35° | 171.09£-0.18° | 168.32/-119.76° | 170.54£120.35°

the inverter currents (I?ll’vcf est) Of all the five IBDGs have been calculated by assuming that the inverter
bus voltages of all IBDGs under the fault conditions are maintained at their pre-fault values i.e., V&b,

— Vabc

inv,fst*

columns 2-4 of Tables and[6.21] respectively. These values show that the magnitude of inverter currents

The calculated values of the inverter currents obtained by two proposed methods are given in
of all IBDGs are greater than their short-circuit current capacities (I:*V). Therefore, the fault current, the

bus voltages and the inverter currents of all IBDGs under the fault conditions are recalculated with the

appropriate inverter current control strategy, as discussed in the proposed short-circuit analysis methods.
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Table 6.19: Inverter bus voltages of modified IEEE 123-bus test system in the

presence of IBDGs and Y,-Y,, IBDG transformers under normal operating con-

ditions
IBDG Inverter bus voltage, V2b¢ (kV)
location [BIBC] Technique [Ypus] Technique
(Bus No.) Phase a Phase b Phase ¢ Phase a Phase b Phase ¢
20 0.2732/-0.26° | 0.27694-119.90° | 0.2744/120.22° | 0.2732/-0.26° | 0.2769/-119.90° | 0.2744£120.22°
25 0.2732/-0.30° | 0.2770£-119.89° | 0.2742/120.21° | 0.2732/-0.30° | 0.2770£-119.89° | 0.2742/120.21°
75 0.2717£-0.26° | 0.2762£-119.85° | 0.2727/120.25° | 0.2717£-0.26° | 0.2762/-119.85° | 0.2727£120.25°
98 0.2716£-0.08° | 0.2760£-119.79° | 0.2730£120.43° | 0.2716/£-0.08° | 0.2760/£-119.79° | 0.2730£120.43°
104 0.2720£-0.18° | 0.2765£-119.76° | 0.2729./120.35° | 0.2720£-0.18° | 0.2765/-119.76° | 0.2729/120.35°
Table 6.20: Results for SLG(a-g) fault at bus 105 in modified three phase four
wire multigrounded IEEE 123-bus radial test system in the presence of IBDGs
and Yy-Y, IBDG transformers using proposed [BIBC] method
IBDG Initial estimate of inverter current, I3%¢, ., (kA) final value of inverter current, (kA) final value of injected
location when Vibe, = vibe Iebe, = I1v /(3 4 025<,) IBDG power (kVAR)
(bus No.) Phase-a Phase-b Phase-c Phase-a Phase-b Phase-c Phase-a | Phase-b | Phase-c
20 23.307£-90.44° | 8.568/-86.52° | 5.875/-94.72° | 0.2519/-89.83° | 0.2519£142.49° | 0.2519£34.47° | 148.13 | 226.26 | 225.00
25 23.299/-90.54° | 8.525/-86.34° | 5.902/-94.47° | 0.1889£-90.00° | 0.1889.£142.56° | 0.1889/34.44° | 111.06 169.68 168.63
75 66.1332-90.66° | 24.460/-86.08° | 17.366£-93.80° | 0.2519/-82.08° | 0.25194131.77° | 0.2519£42.05° | 34.49 264.96 | 257.98
98 65.6082-90.67° | 23.941/-86.18° | 16.800£-94.19° | 0.3148/-80.42° | 0.3148/131.64° | 0.3148241.28° | 47.12 328.86 | 322.64
104 71.254/-90.70° | 26.491/-86.19° | 18.893/-93.86° | 0.2519£-72.61° | 0.25192130.47° | 0.2519242.77° | 20.50 271.14 | 263.72

The final values of inverter currents and injected powers by all IBDGs, obtained by both the proposed
methods, are shown in columns 5-10 of Tables and respectively. From both the tables, again it
can be observed that the final values of inverter currents and injected powers by the IBDGs obtained by both
the methods are identical, which again validates the accuracy of the proposed methods. The fault current
(I) and source current (I,) in phase a for this case using the proposed methods are given in Table
The above results show that the values of Iy and I, calculated by both the proposed methods are identical,
thereby validating the proposed short-circuit analysis methods.

Different fault cases namely, LLG (ab-g), LLLG (abc-g), and LL (a-b) fault with Zy = 0.001+0.0007
p-u., have also been simulated at bus 105 in the same system using the proposed methods. The calculated
values of fault currents (1) and source currents (/) for all type of faults obtained by the proposed methods

are given in Table It can be observed from the table that the values obtained by the proposed [BIBC]
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IEEE 123-bus test system in the presence of IBDG and Y-Y,, IBDG transformer
in “isolated neutral” and “grounded neutral” cases under normal operating con-

ditions

method are exactly equal to the values obtained by the [Yyus] method, which again establishes the accuracy
of the proposed methods.

The voltage profiles of phase a bus voltage, neutral bus voltage and ground bus voltage of the consid-
ered test system with IBDGs and Y-Y, IBDG transformers, for an SLG fault at phase a of bus 105 with
fault impedance of z;y = 0.001+0.0007 p.u., obtained by using the proposed short-circuit analysis methods
([BIBC] matrix based and [Ypys] matrix based methods ), are shown in Figs. respectively.

These figures again demonstrate the correctness of the proposed short-circuit methods.
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Table 6.21: Results for SLG(a-g) fault at bus 105 in modified three phase four

wire multigrounded IEEE 123-bus radial test system in the presence of IBDGs

and Yy-Y, IBDG transformers using proposed [Ypys] method

IBDG Initial estimate of inverter current, I2%, ., (kA) final value of inverter current, (kA) final value of injected
location when Vibe, = Vibe | Igbee = I £(3 + 07bc,) IBDG power (kVAR)
(bus No.) Phase-a Phase-b Phase-c Phase-a Phase-b Phase-c Phase-a | Phase-b | Phase-c

20 17.329/-81.24° | 15.450£-84.69° | 15.131£-84.77° | 0.2519£-89.83° | 0.2519£142.49° | 0.2519/34.47° | 148.13 | 226.26 | 225.00
25 16.910£-80.61° | 15.540£-83.80° | 15.347/-83.78° | 0.1889£-90.00° | 0.1889£142.56° | 0.1889£34.44° | 111.06 | 169.68 | 168.63
75 54.652/-84.82° | 42.011/£-88.55° | 40.898£-89.50° | 0.2519/-82.08° | 0.2519£131.77° | 0.2519£42.05° | 34.49 | 264.96 | 257.98
98 44.492/-84.78° | 39.810£-88.90° | 39.569/-88.86° | 0.3148£-80.42° | 0.3148/131.64° | 0.3148£41.28° | 47.12 | 328.86 | 322.64
104 52.772/-85.08° | 44.010£-89.53° | 43.537/-89.91° | 0.2519/£-72.61° | 0.2519£130.47° | 0.2519£42.77° | 20.50 | 271.14 | 263.72

Table 6.22: Results of proposed short-circuit analysis methods for modified
three phase four wire multigrounded IEEE 123-bus radial test system in the

presence of IBDGs and Y,-Y,, IBDG transformers

Fault current at fault point (/) | Current drawn from the supply (/,)
[BIBC] [Yius) [BIBC] [Yius)
case | Fault type | phase
Technique Technique Technique Technique
(kA) (kA) (kA) (kA)
1 SLG (a-g) a 2.47361 2.47361 242218 242218
a 4.40322 4.40322 4.43376 4.43376
2 LLG (ab-g)
b 4.63930 4.63930 4.52809 4.52809
a 4.56958 4.56958 4.53906 4.53906
3 | LLLG (abc-g) b 5.24557 5.24557 5.16540 5.16540
c 4.53662 4.53662 4.46277 4.46277
a 441444 4.41444 4.57222 4.57222
4 L-L (a-b)
b 4.41444 4.41444 4.29969 4.29969

The ground bus voltage profile for various ground faults (SLG, LLG and LLLG) at bus 105 with a fault
impedance of z;y = 0.001+0.0004 p.u. is plotted in Fig. @a). It shows that the highest ground bus voltages
occurs for SLG fault followed by LLG fault while the lowest values are observed for LLLG fault. This is
due to the fact that the fault current injected into the fault point at ground bus is the phasor sum of the three
phase fault currents and its value (I' ]‘? +1 JIZ +1 JCc = 0.03+70.14 kA = 0.142/77.28° kA) is smallest for LLLG
fault, followed by the injected fault current of LLG fault (I’; + 1% = —1.11 — j1.36 kA = 1.757/—129.30°
kA) with SLG fault injecting highest current (I' 7 =1.02—-72.25 kA = 2.474/-65.48° kA) into the ground
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transformer using proposed [BIBC] technique and [Ypys| technique

at the fault bus location. Therefore, the currents flowing through ground from fault point to the substation
ground are highest for SLG fault followed by LLG fault and smallest for LLLG fault, as shown in [6.52]b).
As a result, the ground bus voltages are highest for SLG fault with LLLG fault resulting in lowest ground
bus voltages. From Fig. [6.52(b), it is also observed that the value of ground current at certain branches of

the test system (such as branch nos. 2 — 5,9 — 13,17 — 53,81 — 97 and 106 — 118) are nearly equal to zero.
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It is due to the fact, that these branches are not present in the path of fault current returning through ground

from fault point to the substation ground.

6.5 Conclusion

In this chapter, the efficient and accurate load flow and short-circuit analysis methods for an unbalanced
three phase four wire multigrounded radial distribution system with IBDGs and IBDG transformers have
been developed. Two different vector groups of the transformer models have been considered in this work,
namely, Delta/star-grounded (A-Y;) and star-grounded/star-grounded (Y;-Y) transformer. The nodal ad-
mittance matrix based model of both the transformers has been considered in this work [[80]]. The proposed
load flow method is based on [BIBC] and [BCBV| matrices of the system. The results of the proposed
load flow analysis method have been compared with the [Ypyus] matrix based method and time domain
simulation studies carried out using PSCAD/EMTDC software for a modified three phase four wire multi-
grounded IEEE 34-bus test system with IBDGs and IBDG transformers. The results of these three methods
show the accuracy of the developed method. The proposed load flow method has also been implemented
on large system (modified three phase four wire multigrounded IEEE 123-bus test system) with IBDGs and
IBDG transformers and the results have only been compared with the results of [Ypy,s] matrix based method,

due to the node limitations in available PSCAD/EMTDC software.

Two different short-circuit analysis methods for an unbalanced three phase four wire multigrounded

radial distribution system with IBDGs and IBDG transformers (one is [BIBC] matrix based method and
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next one is [Ypys) matrix based method) with appropriate inverter control strategy of the IBDGs have also

been developed in this chapter. The results of short-circuit analysis of modified IEEE 34-bus test system

obtained by using proposed methods have been compared with the

software. However, for the large system, the results of proposed [BIBC] matrix based method have only

been compared with the results of proposed [Ypys] matrix based method. A very close matching of the

obtained results establishes the accuracy of the proposed methods.

In the next chapter, the main conclusions of the thesis and suggestions for extending this work are

presented.

266

test system in the presence

results obtained by the PSCAD/EMTDC



Chapter 7

Conclusions and scope of further works

This chapter summarizes the major findings of the work presented in this thesis and suggests directions for
further investigations in the short-circuit analysis of the three-phase three wire and three-phase four wire

unbalanced distribution systems.

7.1 Conclusions

Based on the work reported in this thesis, the following conclusions are drawn:

e The algorithm developed for the short-circuit analysis of unbalanced radial as well weakly meshed
distribution system considering loads is based on admittance matrix of the network. The obtained
results show that the method is quite accurate and effective. It is also applicable for the analysis of

multiple faults in the network.

e The method proposed for the short-circuit analysis of distribution system with IBDGs is considered
the current controlled mode of operation of IBDGs during the short-circuit calculations. The method
is based on Newton-Raphson based technique to solve the non-linear KCL equations of the system.
It is also capable of including voltage dependent control modes of IBDGs under the short-circuit
conditions. This method is also capable of incorporating the voltage dependent load models (Z1 P-

loads) in the fault calculations.

o The efficient and accurate load flow analysis method is developed in this work for the unbalanced
distribution system which incorporates three-phase transformer models (of any vector group) and
IBDGs simultaneously. Two modes of operation have been considered for the IBDGs, namely, i).
Constant active power mode, ii). Power and Voltage control (PV) mode. Singularity problem for

particular type of transformer configurations has also been addressed in the proposed method.

o The short-circuit analysis method for the unbalanced distribution system with three-phase transformer
models and IBDGs is also developed in this thesis. The results obtained by the proposed method have
been compared with the results of time domain simulation studies carried out using PSCAD/EMTDC

simulink software. These results establish the accuracy of the proposed method.
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e The load flow analysis method, based on [BIBC| and [BCBV] matrices of the system, has been
developed for the three-phase four wire unbalanced radial distribution system with ground return.
Separate [BCBV] and [BIBC| matrices have been developed for the phase, neutral and ground bus
voltages and currents. Two different short-circuit analysis methods, one is based on [BIBC] and
[BCBV] matrices of the system and the other one is based on [Ypys| matrix of the system, have
also been developed for the three-phase four wire distribution system with ground return. The results

obtained by these methods demonstrate their accuracy and effectiveness.

e The load flow (based on [BIBC] and [BCBV| matrices of the system) and short-circuit analysis
methods (one is based on [BIBC] and [BCBV] matrices of the system and the other one is based on
[Ybus) matrix of the system) for the three-phase four wire distribution system with ground return with
IBDGs and three-phase transformer models have been developed in this work. Two different config-
urations of the transformer models have been considered in this work, one is Delta/star-grounded (A-
Y,) and next one is star-grounded/star-grounded (Y;-Y;) transformer model. Separate load flow and
short-circuit analysis methods have been developed for both the transformer models. The proposed
methods have been tested on two different test systems, first is modified IEEE 34-bus three-phase four
wire distribution system with ground return, and second one is modified IEEE 123-bus three-phase
four wire distribution system with ground return. The obtained results establish the effectiveness and

correctness of the proposed methods.

7.2 Scope of further Works

e The proposed load flow and short-circuit analysis methods for the three-phase four wire distribution
system with ground return have been developed only for the radial systems. The proposed method-

ologies can also be modified for the weakly meshed distribution networks.

e The load flow and short-circuit methodologies have been developed only for the three-phase four
wire radial distribution system with ground return with IBDGs and IBDG transformers. It can also

be extended for a three-phase four wire weakly meshed distribution network.

e The three-phase transformer models have only been used with the IBDGs in the proposed method-
ologies of the three-phase four wire radial distribution system with ground return, i.e. the transformer
models used in the system have only been connected at the end nodes of the network. The proposed

methodologies can be modified for the transformers connected anywhere in the network.
e The short-circuit algorithms for three-phase four wire systems considers constant power load models
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only. These methodologies can also be extended to include non-linear load models like, Z1 P loads

(voltage dependent load models).

269



270



Publications from the research work

1. A.Mathur, V. Pant, B. Das, ”Unsymmetrical short-circuit analysis for distribution system considering
loads,” International Journal of Electrical Power & Energy Systems, vol.70, pp.27-38, September
2015.

2. A.Mathur, B. Das, V. Pant, “Fault analysis of unbalanced radial and meshed distribution system with
Inverter based Distributed generation (IBDG),” International Journal of Electrical Power & Energy

Systems, vol.85, pp.164-177, February 2017.

271



272



Bibliography

(1]
(2]
(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

J. J. G. Stevenson Jr. WD., Power System Analysis. McGraw-Hill, 1994.
“IEEE Standard definitions for power switchgear,” IEEE std C37 100-1992, 1992.

S. P. Valsan and K. S. Swarup, “High-speed fault classification in power lines: Theory and FPGA-
based implementation,” IEEE Transactions on Industrial Electronics, vol. 56, no. 5, pp. 1793-1800,
May 2009.

W. Sinsukthavorn, E. Ortjohann, A. Mohd, N. Hamsic, and D. Morton, “Control strategy for
three/four-wire-inverter-based distributed generation,” IEEE Transactions on Industrial Electronics,

vol. 59, no. 10, pp. 3890-3899, October 2012.

P. S. Georgilakis and N. D. Hatziargyriou, “Optimal distributed generation placement in power dis-
tribution networks: Models, methods, and future research,” IEEE Transactions on Power Systems,

vol. 28, no. 3, pp. 3420-3428, August 2013.

E. Pouresmaeil, C. Miguel-Espinar, M. Massot-Campos, D. Montesinos-Miracle, and O. Gomis-
Bellmunt, “A control technique for integration of DG units to the electrical networks,” IEEE Trans-

actions on Industrial Electronics, vol. 60, no. 7, pp. 2881-2893, July 2013.

J. Barr and R. Majumder, “Integration of distributed generation in the Volt/VAR management system
for active distribution networks,” IEEE Transactions on Smart Grid, vol. 6, no. 2, pp. 576-586, March
2015.

L. Zhang, W. Tang, Y. Liu, and T. Lv, “Multiobjective optimization and decision-making for DG
planning considering benefits between distribution company and DGs owner,” International Journal

of Electrical Power & Energy Systems, vol. 73, no. Supplement C, pp. 465 — 474, December 2015.

K. K. Vanukuru, J. V. Rao, S. R. Davu, and A. Ramisetti, “Fuzzy control based APF with DG in-
tegration for power quality improvement in disribution system,” in 2016 International Conference

on Signal Processing, Communication, Power and Embedded System (SCOPES), October 2016, pp.
1410-1417.

J. Xiao, Z. Zhang, L. Bai, and H. Liang, “Determination of the optimal installation site and capacity
of battery energy storage system in distribution network integrated with distributed generation,” IET

Generation, Transmission & Distribution, vol. 10, no. 3, pp. 601-607, March 2016.

273



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

H. Xing, H. Cheng, Y. Zhang, and P. Zeng, “Active distribution network expansion planning integrat-
ing dispersed energy storage systems,” IET Generation, Transmission & Distribution, vol. 10, no. 3,

pp. 638-644, March 2016.

H. Zhan, C. Wang, Y. Wang, X. Yang, X. Zhang, C. Wu, and Y. Chen, “Relay protection coordination
integrated optimal placement and sizing of distributed generation sources in distribution networks,”

IEEE Transactions on Smart Grid, vol. 7, no. 1, pp. 55-65, January 2016.

T. Adefarati and R. C. Bansal, “Integration of renewable distributed generators into the distribution

system: a review,” IET Renewable Power Generation, vol. 10, no. 7, pp. 873-884, July 2016.

W. Pan, S. C. Dhulipala, and A. S. Bretas, “A distributed approach for DG integration and power
quality management in railway power systems,” in 2017 IEEE International Conference on Environ-
ment and Electrical Engineering and 2017 IEEE Industrial and Commercial Power Systems Europe

(EEEIC /I CPS Europe), June 2017, pp. 1-6.

C. Lin, W. Wu, B. Zhang, B. Wang, W. Zheng, and Z. Li, “Decentralized reactive power optimization
method for transmission and distribution networks accommodating large-scale DG integration,” IEEE

Transactions on Sustainable Energy, vol. 8, no. 1, pp. 363-373, January 2017.

N. K. Meena, A. Swarnkar, N. Gupta, and K. R. Niazi, “Multi-objective Taguchi approach for optimal
DG integration in distribution systems,” IET Generation, Transmission & Distribution, vol. 11, no. 9,

pp- 2418-2428, July 2017.

N. C. Koutsoukis, D. O. Siagkas, P. S. Georgilakis, and N. D. Hatziargyriou, “Online reconfiguration
of active distribution networks for maximum integration of distributed generation,” IEEE Transac-

tions on Automation Science and Engineering, vol. 14, no. 2, pp. 437448, April 2017.

M. Ali, R. J. Millar, and M. Lehtonen, “A framework to split the benefits of DR between wind
integration and network management,” IEEE Transactions on Power Systems, vol. PP, no. 99, pp.

1-1, June 2017.

S. Lei, Y. Hou, F. Qiu, and J. Yan, “Identification of critical switches for integrating renewable dis-
tributed generation by dynamic network reconfiguration,” IEEE Transactions on Sustainable Energy,

vol. 9, no. 1, pp. 420-432, January 2018.

C. Wang, K. Yuan, P. Li, B. Jiao, and G. Song, “A projective integration method for transient stability
assessment of power systems with a high penetration of distributed generation,” IEEE Transactions

on Smart Grid, vol. 9, no. 1, pp. 386-395, January 2018.

274



[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

W. El-Khattam and M. Salama, “Distributed generation technologies, definitions and benefits,” Elec-

tric Power Systems Research, vol. 71, no. 2, pp. 119 — 128, October 2004.

S. Kotamarty, S. Khushalani, and N. Schulz, “Impact of distributed generation on distribution con-
tingency analysis,” Electric Power Systems Research, vol. 78, no. 9, pp. 1537 — 1545, September
2008.

T. N. Shukla, S. P. Singh, V. Srinivasarao, and K. B. Naik, “Optimal sizing of distributed generation
placed on radial distribution systems,” Electric Power Components and Systems, vol. 38, no. 3, pp.

260-274, January 2010.

N. Jain, S. Singh, and S. Srivastava, “Pso based placement of multiple wind dgs and capacitors
utilizing probabilistic load flow model,” Swarm and Evolutionary Computation, vol. 19, pp. 15 — 24,

December 2014.

N. Jain, S. N. Singh, and S. C. Srivastava, “A generalized approach for DG planning and viability
analysis under market scenario,” IEEE Transactions on Industrial Electronics, vol. 60, no. 11, pp.

5075-5085, November 2013.

B. Singh and S. N. Singh, “Reactive capability limitations of doubly-fed induction generators,” Elec-

tric Power Components and Systems, vol. 37, no. 4, pp. 427-440, March 2009.

B. Singh, E. Kyriakides, and S. N. Singh, “Intelligent control of grid connected unified doubly-fed
induction generator,” in IEEE PES General Meeting, July 2010, pp. 1-7.

T. Gzel and M. H. Hocaoglu, “An analytical method for the sizing and siting of distributed generators

in radial systems,” Electric Power Systems Research, vol. 79, no. 6, pp. 912 — 918, June 2009.

A. K. Srivastava, A. A. Kumar, and N. N. Schulz, “Impact of distributed generations with energy

storage devices on the electric grid,” IEEE Systems Journal, vol. 6, no. 1, pp. 110-117, March 2012.

B. Singh and S. Singh, “Development of grid connection requirements for wind power generators in

india,” Renewable and Sustainable Energy Reviews, vol. 15, no. 3, pp. 1669 — 1674, April 2011.

R. Ciric, H. Nouri, and V. Terzija, “Impact of distributed generators on arcing faults in distribution

networks,” IET Generation, Transmission & Distribution, vol. 5, no. 5, pp. 596-601, May 2011.

A. Keane, L. F. Ochoa, C. L. T. Borges, G. W. Ault, A. D. Alarcon-Rodriguez, R. A. F. Currie,
F. Pilo, C. Dent, and G. P. Harrison, “State-of-the-art techniques and challenges ahead for distributed
generation planning and optimization,” IEEE Transactions on Power Systems, vol. 28, no. 2, pp.

1493-1502, May 2013.

275



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

N. K. Roy and H. R. Pota, “Current status and issues of concern for the integration of distributed
generation into electricity networks,” IEEE Systems Journal, vol. 9, no. 3, pp. 933-944, September
2015.

N. K. Roy, H. R. Pota, and M. A. Mahmud, “DG integration issues in unbalanced multi-phase dis-
tribution networks,” in 2016 Australasian Universities Power Engineering Conference (AUPEC),

September 2016, pp. 1-5.

P. Mohammadi and S. Mehraeen, “Challenges of PV integration in low-voltage secondary networks,”

IEEE Transactions on Power Delivery, vol. 32, no. 1, pp. 525-535, February 2017.

Z.Liu, C. Su, H. K. Hidalen, and Z. Chen, “A multiagent system-based protection and control scheme
for distribution system with distributed-generation integration,” IEEE Transactions on Power Deliv-

ery, vol. 32, no. 1, pp. 536545, February 2017.

A. Naiem, Y. Hegazy, A. Abdelaziz, and M. Elsharkawy, “A classification technique for recloser-
fuse coordination in distribution systems with distributed generation,” IEEE Transactions on Power

Delivery, vol. 27, no. 1, pp. 176-185, January 2012.

S. M. Halpin and L. L. Grigsby, “A comparison of fault calculation procedures for industrial power
distribution systems: the past, the present, and the future,” in Proceedings of the IEEE International

Conference on Industrial Technology, 1994, December 1994, pp. 842—-846.

M. Abdel-Akher and K. Nor, “Fault analysis of multiphase distribution systems using symmetrical

components,” IEEE Transactions on Power Delivery, vol. 25, no. 4, pp. 2931-2939, October 2010.

K. Gampa, S. Vemprala, and S. Brahma, “Errors in fault analysis of power distribution systems using
sequence components approach,” in 2010 IEEE PES Transmission and Distribution Conference and
Exposition, April 2010, pp. 1-6.

R. A.Jabr and I. Dafi, “A fortescue approach for real-time short circuit computation in multiphase dis-
tribution networks,” IEEE Transactions on Power Systems, vol. 30, no. 6, pp. 3276-3285, November
2015.

T. Chen, M.-S. Chen, W.-J. Lee, P. Kotas, and P. Van Olinda, “Distribution system short circuit
analysis-a rigid approach,” in Conference Proceedings Power Industry Computer Application Con-
ference, 1991., May 1991, pp. 22-28.

S. Halpin, L. Grigsby, C. Gross, and R. Nelms, “An improved fault analysis algorithm for unbalanced

multi-phase power distribution systems,” IEEE Transactions on Power Delivery,, vol. 9, no. 3, pp.

1332-1338, July 1994.

276



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

X. Zhang, F. Soudi, D. Shirmohammadi, and C. Cheng, “A distribution short circuit analysis approach
using hybrid compensation method,” IEEE Transactions on Power Systems, vol. 10, no. 4, pp. 2053—
2059, November 1995.

Y. Mao and K. Miu, “Radial distribution system short circuit analysis with lateral and load equiv-
alencing: solution algorithms and numerical results,” in IEEE Power Engineering Society Summer

Meeting, 2000, vol. 1, 2000, pp. 449-453.

R. Ciric, L. Ochoa, A. Padilla-Feltrin, and H. Nouri, “Fault analysis in four-wire distribution net-
works,” IEE Proceedings-Generation, Transmission and Distribution, vol. 152, no. 6, pp. 977-982,
November 2005.

J. H. Teng, “Fast short circuit analysis method for unbalanced distribution systems,” in I[EEE Power
Engineering Society General Meeting, 2003, vol. 1, July 2003, pp. 240-245.

——, “Unsymmetrical short-circuit fault analysis for weakly meshed distribution systems,” IEEE
Transactions on Power Systems, vol. 25, no. 1, pp. 96-105, February 2010.

——, “Systematic short-circuit-analysis method for unbalanced distribution systems,” IEE
Proceedings-Generation, Transmission and Distribution,, vol. 152, no. 4, pp. 549-555, July 2005.

T. H. Chen, M. S. Chen, T. Inoue, P. Kotas, and E. A. Chebli, “Three-phase cogenerator and trans-
former models for distribution system analysis,” IEEE Transactions on Power Delivery, vol. 6, no. 4,
pp. 1671-1681, October 1991.

M. C.R. Paz, R. G. Ferraz, A. S. Bretas, and R. C. Leborgne, “System unbalance and fault impedance
effect on faulted distribution networks,” Computers & Mathematics with Applications, vol. 60, no. 4,
pp- 1105 —-1114, 2010.

W. M. Lin and T. C. Ou, “Unbalanced distribution network fault analysis with hybrid compensation,”
IET Generation, Transmission & Distribution, vol. 5, no. 1, pp. 92-100, January 2011.

A. D. Filomena, M. Resener, R. H. Salim, and A. S. Bretas, “Distribution systems fault analysis

considering fault resistance estimation,” International Journal of Electrical Power & Energy Systems,

vol. 33, no. 7, pp. 1326-1335, September 2011.

T. C. Ou, “A novel unsymmetrical faults analysis for microgrid distribution systems,” International
Journal of Electrical Power & Energy Systems, vol. 43, no. 1, pp. 1017-1024, December 2012.
S. Saha, M. Aldeen, and C. Tan, “Unsymmetrical fault diagnosis in transmission/distribution net-

works,” International Journal of Electrical Power & Energy Systems, vol. 45, no. 1, pp. 252 — 263,
February 2013.

277



[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

J. S. Lacroix, 1. Kocar, and M. Belletlte, “Accelerated computation of multiphase short circuit sum-
mary for unbalanced distribution systems using the concept of selected inversion,” IEEE Transactions

on Power Systems, vol. 28, no. 2, pp. 1515-1522, May 2013.

J. Tailor and A. Osman, “Restoration of fuse-recloser coordination in distribution system with high
DG penetration,” in IEEE Power and Energy Society General Meeting - Conversion and Delivery of
Electrical Energy in the 21st Century, 2008, July 2008, pp. 1-8.

C. Plet, M. Graovac, T. Green, and R. Iravani, “Fault response of grid-connected inverter dominated

networks,” in IEEE Power and Energy Society General Meeting, 2010, July 2010, pp. 1-8.

C. A. Plet and T. C. Green, “Fault response of inverter interfaced distributed generators in grid-
connected applications,” Electric Power Systems Research, vol. 106, no. 0, pp. 21 — 28, January

2014.

P. Rodriguez, A. Timbus, R. Teodorescu, M. Liserre, and F. Blaabjerg, “Flexible active power con-
trol of distributed power generation systems during grid faults,” IEEE Transactions on Industrial

Electronics, vol. 54, no. 5, pp. 2583-2592, October 2007.

A. Camacho, M. Castilla, J. Miret, J. Vasquez, and E. Alarcon-Gallo, “Flexible voltage support con-
trol for three-phase distributed generation inverters under grid fault,” IEEE Transactions on Industrial

Electronics, vol. 60, no. 4, pp. 1429-1441, April 2013.

J. Miret, M. Castilla, A. Camacho, L. Garcia de Vicuna, and J. Matas, “Control scheme for photo-
voltaic three-phase inverters to minimize peak currents during unbalanced grid-voltage sags,” IEEE

Transactions on Power Electronics, vol. 27, no. 10, pp. 4262-4271, October 2012.

Q. Wang, N. Zhou, and L. Ye, “Fault analysis for distribution networks with current-controlled three-
phase inverter-interfaced distributed generators,” IEEE Transactions on Power Delivery, vol. 30,

no. 3, pp. 1532-1542, June 2015.

N. Nimpitiwan, G. Heydt, R. Ayyanar, and S. Suryanarayanan, “Fault current contribution from syn-
chronous machine and inverter based distributed generators,” IEEE Transactions on Power Delivery,

vol. 22, no. 1, pp. 634-641, January 2007.

E. Ebrahimi, M. J. Sanjari, and G. B. Gharehpetian, “Control of three-phase inverter-based (DG)
system during fault condition without changing protection coordination,” International Journal of

Electrical Power & Energy Systems, vol. 63, no. 0, pp. 814 — 823, December 2014.

MATLAB, Mathworks inc., Massachusetts, USA, Version R2012a.

278



[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

A. Darwish, A. Abdel-Khalik, A. Elserougi, S. Ahmed, and A. Massoud, “Fault current contribu-
tion scenarios for grid-connected voltage source inverter-based distributed generation with an (LCL)

filter,” Electric Power Systems Research, vol. 104, no. 0, pp. 93 — 103, November 2013.

M. Baran and I. El-Markaby, “Fault analysis on distribution feeders with distributed generators,”

IEEE Transactions on Power Systems, vol. 20, no. 4, pp. 1757-1764, November 2005.

T. C. Ou, “Ground fault current analysis with a direct building algorithm for microgrid distribution,”
International Journal of Electrical Power & Energy Systems, vol. 53, no. 0, pp. 867-875, December
2013.

J.-H. Teng, “A direct approach for distribution system load flow solutions,” IEEE Transactions on

Power Delivery, vol. 18, no. 3, pp. 882-887, July 2003.

A. P. Moura, J. P. Lopes, A. A. de Moura, J. Sumaili, and C. Moreira, “(IMICV) fault analysis
method with multiple (PV) grid-connected inverters for distribution systems,” Electric Power Systems

Research, vol. 119, no. 0, pp. 119 — 125, February 2015.

L. Strezoski, M. Prica, and K. A. Loparo, “Generalized delta-circuit concept for integration of dis-
tributed generators in online short-circuit calculations,” IEEE Transactions on Power Systems, vol. 32,

no. 4, pp. 3237-3245, July 2017.

M. J. E. Alam, K. M. Muttaqi, and D. Sutanto, “A three-phase power flow approach for integrated
3-wire MV and 4-wire multigrounded LV networks with rooftop solar PV,” IEEE Transactions on

Power Systems, vol. 28, no. 2, pp. 1728-1737, May 2013.

M. Coppo, F. Bignucolo, and R. Turri, “Generalised transformer modelling for power flow calculation
in multi-phase unbalanced networks,” IET Generation, Transmission & Distribution, vol. 11, no. 15,

pp- 3843-3852, November 2017.

M. E. Baran and E. A. Staton, “Distribution transformer models for branch current based feeder

analysis,” IEEE Transactions on Power Systems, vol. 12, no. 2, pp. 698-703, May 1997.

W. H. Kersting, W. H. Phillips, and W. Carr, “A new approach to modeling three-phase transformer
connections,” in 1998 Rural Electric Power Conference Presented at 42nd Annual Conference, April

1998, pp. b21-1-8.

Z. Wang, F. Chen, and J. Li, “Implementing transformer nodal admittance matrices into back-
ward/forward sweep-based power flow analysis for unbalanced radial distribution systems,” IEEE

Transactions on Power Systems, vol. 19, no. 4, pp. 1831-1836, November 2004.

279



[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

P. Xiao, D. C. Yu, and W. Yan, “A unified three-phase transformer model for distribution load flow

calculations,” IEEE Transactions on Power Systems, vol. 21, no. 1, pp. 153—-159, February 2006.

I. Kocar and J. S. Lacroix, “Implementation of a modified augmented nodal analysis based trans-
former model into the backward forward sweep solver,” IEEE Transactions on Power Systems,

vol. 27, no. 2, pp. 663-670, May 2012.
G. J. Wakileh, Power Systems Harmonics, fundamentals, analysis and filter design. Springer, 2001.

J. M. Cano, M. R. R. Mojumdar, J. G. Norniella, and G. A. Orcajo, “Phase shifting transformer model
for direct approach power flow studies,” International Journal of Electrical Power & Energy Systems,

vol. 91, pp. 71 — 79, October 2017.

A. Tan, W. H. Liu, and D. Shirmohammadi, “Transformer and load modeling in short circuit analysis
for distribution systems,” IEEE Transactions on Power Systems, vol. 12, no. 3, pp. 1315-1322, August
1997.

M. Todorovski and D. Rajicic, “Handling three-winding transformers and loads in short circuit anal-
ysis by the admittance summation method,” IEEE Transactions on Power Systems, vol. 18, no. 3, pp.

993-1000, August 2003.

D. Das, D. Kothari, and A. Kalam, “Simple and efficient method for load flow solution of radial
distribution networks,” International Journal of Electrical Power & Energy Systems, vol. 17, no. 5,

pp- 335 — 346, October 1995.

R. Broadwater, A. Chandrasekaran, C. Huddleston, and A. Khan, “Power flow analysis of unbalanced
multiphase radial distribution systems,” Electric Power Systems Research, vol. 14, no. 1, pp. 23 — 33,

February 1988.

T. H. Chen, M. S. Chen, K. J. Hwang, P. Kotas, and E. A. Chebli, “Distribution system power flow
analysis-a rigid approach,” IEEE Transactions on Power Delivery, vol. 6, no. 3, pp. 1146-1152, July
1991.

S. Ghosh and D. Das, “Method for load-flow solution of radial distribution networks,” IEE Proceed-

ings - Generation, Transmission and Distribution, vol. 146, no. 6, pp. 641-648, November 1999.

G. X. Luo and A. Semlyen, “Efficient load flow for large weakly meshed networks,” IEEE Transac-
tions on Power Systems, vol. 5, no. 4, pp. 1309-1316, November 1990.

Y. Zhu and K. Tomsovic, “Adaptive power flow method for distribution systems with dispersed gen-

eration,” IEEE Transactions on Power Delivery, vol. 17, no. 3, pp. 822-827, July 2002.

280



[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

C. S. Cheng and D. Shirmohammadi, “A three-phase power flow method for real-time distribution

system analysis,” IEEE Transactions on Power Systems, vol. 10, no. 2, pp. 671-679, May 1995.

A. G. Expsito and E. R. Ramos, “Reliable load flow technique for radial distribution networks,” IEEE

Transactions on Power Systems, vol. 14, no. 3, pp. 1063—-1069, August 1999.

E. Bompard, E. Carpaneto, G. Chicco, and R. Napoli, “Convergence of the backward/forward sweep
method for the load-flow analysis of radial distribution systems,” International Journal of Electrical

Power & Energy Systems, vol. 22, no. 7, pp. 521 — 530, October 2000.

U. Eminoglu and M. H. Hocaoglu, “A new power flow method for radial distribution systems includ-
ing voltage dependent load models,” Electric Power Systems Research, vol. 76, no. 1, pp. 106 — 114,
September 2005.

G. W. Chang, S. Y. Chu, and H. L. Wang, “An improved backward/forward sweep load flow algorithm
for radial distribution systems,” IEEE Transactions on Power Systems, vol. 22, no. 2, pp. 882-884,
May 2007.

A. Augugliaro, L. Dusonchet, S. Favuzza, M. Ippolito, and E. R. Sanseverino, “A backward sweep
method for power flow solution in distribution networks,” International Journal of Electrical Power

& Energy Systems, vol. 32, no. 4, pp. 271 — 280, May 2010.

A. Mahmoudi and S. H. Hosseinian, “Direct solution of distribution system load flow using for-
ward/backward sweep,” in 2011 19th Iranian Conference on Electrical Engineering, May 2011, pp.
1-6.

W.-M. Lin, Y.-S. Su, H.-C. Chin, and J.-H. Teng, “Three-phase unbalanced distribution power flow
solutions with minimum data preparation,” IEEE Transactions on Power Systems, vol. 14, no. 3, pp.

1178-1183, August 1999.

X. Yang, S. P. Carullo, K. Miu, and C. O. Nwankpa, “Reconfigurable distribution automation and
control laboratory: Multiphase, radial power flow experiment,” IEEE Transactions on Power Systems,

vol. 20, no. 3, pp. 1207-1214, August 2005.

S. Khushalani, J. M. Solanki, and N. N. Schulz, “Development of three-phase unbalanced power flow
using PV and PQ models for distributed generation and study of the impact of DG models,” IEEE

Transactions on Power Systems, vol. 22, no. 3, pp. 1019-1025, August 2007.

J. C. M. Vieira, W. Freitas, and A. Morelato, “Phase-decoupled method for three-phase power-flow
analysis of unbalanced distribution systems,” IEE Proceedings - Generation, Transmission and Dis-

tribution, vol. 151, no. 5, pp. 568-574, September 2004.

281



[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

M. Z. Kamh and R. Iravani, “Unbalanced model and power-flow analysis of microgrids and active
distribution systems,” IEEE Transactions on Power Delivery, vol. 25, no. 4, pp. 2851-2858, October
2010.

B. M. Kalesar and A. R. Seifi, “Fuzzy load flow in balanced and unbalanced radial distribution sys-
tems incorporating composite load model,” International Journal of Electrical Power & Energy Sys-

tems, vol. 32, no. 1, pp. 17 — 23, January 2010.

J. H. Teng, “Modelling distributed generations in three-phase distribution load flow,” IET Generation,
Transmission & Distribution, vol. 2, no. 3, pp. 330-340, May 2008.

H. D. Chiang, T. Q. Zhao, J. J. Deng, and K. Koyanagi, “Homotopy-enhanced power flow methods
for general distribution networks with distributed generators,” IEEE Transactions on Power Systems,

vol. 29, no. 1, pp. 93-100, January 2014.

P. Arboleya, C. Gonzlez-Morn, and M. Coto, “Unbalanced power flow in distribution systems with
embedded transformers using the complex theory in «30; stationary reference frame,” IEEE Trans-

actions on Power Systems, vol. 29, no. 3, pp. 1012-1022, May 2014.

M. Z. Kamh and R. Iravani, “A unified three-phase power-flow analysis model for electronically
coupled distributed energy resources,” IEEE Transactions on Power Delivery, vol. 26, no. 2, pp.
899-909, April 2011.

Y. Ju, W. Wu, B. Zhang, and H. Sun, “An extension of FBS three-phase power flow for handling PV
nodes in active distribution networks,” IEEE Transactions on Smart Grid, vol. 5, no. 4, pp. 1547—
1555, July 2014.

A.J. G.Mena and J. A. M. Garcia, “An approximate power flow for distribution systems,” IEEFE Latin
America Transactions, vol. 12, no. 8, pp. 1432-1440, December 2014.

A. Garces, “A linear three-phase load flow for power distribution systems,” IEEE Transactions on
Power Systems, vol. 31, no. 1, pp. 827-828, January 2016.

I. Dafi, H. T. Neisius, M. Gilles, S. Henselmeyer, and V. Landerberger, “Three-phase power flow in
distribution networks using fortescue transformation,” IEEE Transactions on Power Systems, vol. 28,
no. 2, pp. 1027-1034, May 2013.

H. Sun, D. Nikovski, T. Ohno, T. Takano, and Y. Kojima, “A fast and robust load flow method for
distribution systems with distributed generations,” Energy Procedia, vol. 12, no. Supplement C, pp.

236 — 244, September 2011, the Proceedings of International Conference on Smart Grid and Clean
Energy Technologies (ICSGCE) 2011.

282



[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

I. Kocar, J. Mahseredjian, U. Karaagac, G. Soykan, and O. Saad, “Multiphase load-flow solution for
large-scale distribution systems using MANA,” IEEE Transactions on Power Delivery, vol. 29, no. 2,

pp. 908-915, April 2014.

H. Hooshyar and L. Vanfretti, “Power flow solution for multiphase unbalanced distribution networks
with high penetration of photovoltaics,” in 2013 8th International Conference on Electrical and Elec-

tronics Engineering (ELECO), November 2013, pp. 167-171.

H. Li, Y. Jin, A. Zhang, X. Shen, C. Li, and B. Kong, “An improved hybrid load flow calculation
algorithm for weakly-meshed power distribution system,” International Journal of Electrical Power

& Energy Systems, vol. 74, no. Supplement C, pp. 437 — 445, January 2016.

M. Shakarami, H. Beiranvand, A. Beiranvand, and E. Sharifipour, “A recursive power flow method
for radial distribution networks: Analysis, solvability and convergence,” International Journal of

Electrical Power & Energy Systems, vol. 86, no. Supplement C, pp. 71 — 80, March 2017.

U. Ghatak and V. Mukherjee, “An improved load flow technique based on load current injection for
modern distribution system,” International Journal of Electrical Power & Energy Systems, vol. 84,

no. Supplement C, pp. 168 — 181, January 2017.

H. Ahmadi, J. R. Mart, and A. von Meier, “A linear power flow formulation for three-phase distri-
bution systems,” IEEE Transactions on Power Systems, vol. 31, no. 6, pp. 5012-5021, November
2016.

K. Mahmoud and N. Yorino, “Robust quadratic-based BFS power flow method for multi-phase dis-
tribution systems,” IET Generation, Transmission & Distribution, vol. 10, no. 9, pp. 2240-2250, June
2016.

M. Afsari, S. P. Singh, G. S. Raju, and G. K. Rao, “A fast power flow solution of radial distribution
networks,” Electric Power Components and Systems, vol. 30, no. 10, pp. 1065-1074, November 2002.
S. Khushalani and N. Schulz, “Unbalanced distribution power flow with distributed generation,” in
200572006 IEEE/PES Transmission and Distribution Conference and Exhibition, May 2006, pp. 301-
306.

R. K. Gajbhiye, B. Gopi, P. Kulkarni, and S. A. Soman, “Computationally efficient methodology for
analysis of faulted power systems with series-compensated transmission lines: A phase coordinate
approach,” IEEE Transactions on Power Delivery, vol. 23, no. 2, pp. 873-880, April 2008.

M. P. Selvan and K. S. Swarup, “Unbalanced distribution system short circuit analysis 2014 an object-

oriented approach,” in TENCON 2008 - 2008 IEEE Region 10 Conference, November 2008, pp. 1-6.

283



[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

E. Makram, M. Bou-Rabee, and A. Girgis, “Three-phase modeling of unbalanced distribution systems
during open conductors and/or shunt fault conditions using the bus impedance matrix,” Electric Power

Systems Research, vol. 13, no. 3, pp. 173 — 183, December 1987.

E. B. Makram and A. A. Girgis, “A fault-induced transient analysis of unbalanced distribution systems
with harmonic distortion,” Electric Power Systems Research, vol. 17, no. 2, pp. 89 — 99, September

1989.

N. Rajaei, M. H. Ahmed, M. M. A. Salama, and R. K. Varma, “Analysis of fault current contribu-
tion from inverter based distributed generation,” in 2014 IEEE PES General Meeting — Conference
Exposition, July 2014, pp. 1-5.

N. Rajaei, M. Ahmed, M. Salama, and R. Varma, “Fault current management using inverter-based

distributed generators in smart grids,” in 2015 IEEE Power Energy Society General Meeting, July
2015, pp. 1-1.

N. Rajaei and M. M. A. Salama, “Management of fault current contribution of synchronous dgs using

inverter-based dgs,” IEEE Transactions on Smart Grid, vol. 6, no. 6, pp. 3073-3081, November 2015.

R. M. Ciric, A. P. Feltrin, and L. F. Ochoa, “Power flow in four-wire distribution networks-general

approach,” IEEE Transactions on Power Systems, vol. 18, no. 4, pp. 1283-1290, November 2003.

D. R. R. Penido, L. R. de Araujo, S. Carneiro, J. L. R. Pereira, and P. A. N. Garcia, “Three-phase
power flow based on four-conductor current injection method for unbalanced distribution networks,”

IEEFE Transactions on Power Systems, vol. 23, no. 2, pp. 494-503, May 2008.

M. Monfared, A. M. Daryani, and M. Abedi, “Three phase asymmetrical load flow for four-wire
distribution networks,” in 2006 IEEE PES Power Systems Conference and Exposition, October 2006,
pp- 1899-1903.

T.-H. Chen and W.-C. Yang, “Analysis of multi-grounded four-wire distribution systems considering
the neutral grounding,” in PICA 2001. Innovative Computing for Power - Electric Energy Meets the
Market. 22nd IEEE Power Engineering Society. International Conference on Power Industry Com-

puter Applications (Cat. No.0ICH37195), May 2001, pp. 393-396.

R. M. Ciric, L. F. Ochoa, and A. Padilha, “Power flow in distribution networks with earth return,”

International Journal of Electrical Power & Energy Systems, vol. 26, no. 5, pp. 373 — 380, June 2004.

K. M. Sunderland and M. F. Conlon, “4-wire load flow analysis of a representative urban network
incoprating SSEG,” in 2012 47th International Universities Power Engineering Conference (UPEC),
September 2012, pp. 1-6.

284



[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

C. D. Halevidis and E. I. Koufakis, “Power flow in PME distribution systems during an open neutral

condition,” IEEE Transactions on Power Systems, vol. 28, no. 2, pp. 1083-1092, May 2013.

K. Sunderland, M. Coppo, M. Conlon, and R. Turri, “A correction current injection method for power
flow analysis of unbalanced multiple-grounded 4-wire distribution networks,” Electric Power Systems

Research, vol. 132, no. Supplement C, pp. 30 — 38, March 2016.

D. R. R. Penido, L. R. de Araujo, and M. de Carvalho Filho, “An enhanced tool for fault analysis in
multiphase electrical systems,” International Journal of Electrical Power & Energy Systems, vol. 75,

no. Supplement C, pp. 215 — 225, February 2016.

J. Klucznik, “Earth wires currents calculation by tableau analysis,” Electric Power Systems Research,

vol. 151, no. Supplement C, pp. 329 — 337, October 2017.

H. Hooshyar and M. Baran, “Fault analysis on distribution feeders with high penetration of PV sys-

tems,” IEEE Transactions on Power Systems, vol. 28, no. 3, pp. 2890-2896, August 2013.
“Available online, https://hvdc.ca/pscad/, "pscad/emtdc,” x4 (4.3) ed: Manitoba hvdc research center.”
“Available online, "http://ewh.ieee.org/soc/pes/dsacom/testfeeders/”, ieee pes.”

W. Kersting and W. Phillips, “Distribution system short circuit analysis,” in Proceedings of the 25th
Intersociety Energy Conversion Engineering Conference, 1990. IECEC-90., vol. 1, August 1990, pp.
310-315.

——, “Distribution feeder line models,” in 1994 Papers Presented at the 38th Annual Conference

Rural Electric Power Conference, April 1994, pp. A4/1-A4/8.

B. A. and W. Xu, “Analysis of faulted power systems by phase coordinates,” IEEE Transaction on
Power Delivery,, vol. 13, no. 2, pp. 587-595, April 1998.

G. W. Stagg and E.-A. A. H., Computer method in Power system Analysis, T. (Japan), Ed. McGraw-
Hill Kogakusha Ltd., 1968.

R. A. Walling, R. Saint, R. C. Dugan, J. Burke, and L. A. Kojovic, “Summary of distributed resources
impact on power delivery systems,” IEEE Transactions on Power Delivery, vol. 23, no. 3, pp. 1636—

1644, July 2008.

A. Mathur, B. Das, and V. Pant, “Fault analysis of unbalanced radial and meshed distribution sys-
tem with inverter based distributed generation IBDG),” International Journal of Electrical Power &

Energy Systems, vol. 85, no. Supplement C, pp. 164 — 177, February 2017.

285



[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

J. Marti, H. Ahmadi, and L. Bashualdo, “Linear power-flow formulation based on a voltage-
dependent load model,” IEEE Transactions on Power Delivery, vol. 28, no. 3, pp. 1682-1690, July
2013.

“IEEE Standard for interconnecting distributed resources with electric power systems - amendment

1,” IEEE Std 1547a-2014 (Amendment to IEEE Std 1547-2003), pp. 1-16, May 2014.

A. Camacho, M. Castilla, J. Miret, R. Guzman, and A. Borrell, “Reactive power control for distributed
generation power plants to comply with voltage limits during grid faults,” IEEE Transactions on

Power Electronics, vol. 29, no. 11, pp. 6224-6234, November 2014.

W. S. Moon, J. S. Hur, and J. C. Kim, “A protection of interconnection transformer for DG in korea
distribution power system,” in 2012 IEEE Power and Energy Society General Meeting, July 2012,
pp. 1-5.

E. Weisgerber, P. K. Sen, and K. Malmedal, “Application guidelines for transformer connection and
grounding for distributed generation: An update,” in 2013 IEEE IAS Electrical Safety Workshop,
March 2013, pp. 99-104.

J. C. Balda, A. R. Oliva, D. W. McNabb, and R. D. Richardson, “Measurements of neutral currents
and voltages on a distribution feeder,” IEEE Transactions on Power Delivery, vol. 12, no. 4, pp.

1799-1804, October 1997.

J. C. Das and R. H. Osman, “Grounding of AC and DC low-voltage and medium-voltage drive sys-
tems,” IEEE Transactions on Industry Applications, vol. 34, no. 1, pp. 205-216, January 1998.

“IEEE Recommended practice for grounding of industrial and commercial power systems,” IEEE Std

142-1991, pp. 1-240, June 1992.

T. A. Short, J. R. Stewart, D. R. Smith, J. O’Brien, and K. Hampton, “Five-wire distribution system
demonstration project,” IEEE Transactions on Power Delivery, vol. 17, no. 2, pp. 649-654, April
2002.

D. R. R. Penido, L. R. Araujo, J. L. R. Pereira, P. A. N. Garcia, and S. Carneiro, “Four wire newton-
raphson power flow based on the current injection method,” in I[EEE PES Power Systems Conference

and Exposition, 2004, October 2004, pp. vol. 1 239-242,

L. R. de Araujo, D. R. R. Penido, S. Carneiro, and J. L. R. Pereira, “A study of neutral conductors and
grounding impacts on the load-flow solutions of unbalanced distribution systems,” IEEE Transactions

on Power Systems, vol. 31, no. 5, pp. 3684-3692, September 2016.

286



[158] A.Mathur, V. Pant, and B. Das, “Unsymmetrical short-circuit analysis for distribution system consid-
ering loads,” International Journal of Electrical Power & Energy Systems, vol. 70, no. Supplement
C, pp. 27 — 38, September 2015.

[159] “Distribution test feeders,” https://ewh.ieee.org/soc/pes/dsacom/testfeeders/.

[160] P. M. ANDERSON, Analysis of Faulted Power Systems. Wiley Interscience IEEE, 1973.

[161] W. H. Kersting, ‘“Radial distribution test feeders,” in 2001 IEEE Power Engineering Society Winter
Meeting. Conference Proceedings, vol. 2, 2001, pp. 908-912.

287



288



Appendix A

Modified IEEE 34-Bus three-phase four wire multigrounded

Distribution System

Table A.1: Line Data

From Bus To Bus
Actual Modified Actual Modified Line configuration Length (ft)
Bus No. Bus No. Bus No. Bus No.
800 1 802 2 300 2580
802 2 806 3 300 1730
806 3 808 4 300 32230
808 4 810 5 303 5804
808 4 812 6 300 37500
812 6 814 7 300 29730
814 7 850 8 301 10
850 8 816 9 301 310
816 9 818 10 302 1710
818 10 820 11 302 48150
820 11 820 12 302 13740
816 9 824 13 301 10210
824 13 826 14 303 3030
824 13 828 15 301 840
828 15 830 16 301 20440
830 16 854 17 301 520
854 17 856 18 303 23330
854 17 852 19 301 36830
852 19 832 20 301 10
888 20 890 21 300 10560
832 20 858 22 301 4900
858 22 864 23 302 1620
858 22 834 24 301 5830
834 24 842 25 301 280
842 25 844 26 301 1350
844 26 846 27 301 3640
846 27 848 28 301 530
834 24 860 29 301 2020
860 29 836 30 301 2680
834 30 842 31 301 280
862 31 838 32 304 4860
836 30 840 33 301 860
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Table A.2: Load Data

Bus No. P Qa Py, Qv Pe Qe
(kW) (kVAR) (kW) (kVAR) (kW) (kVAR)
1 0.0 0.0 0.0 0.0 0.0 0.0
2 0.0 0.0 15.5 7.5 12.5 7.0
3 0.0 0.0 15.5 7.5 12.5 7.0
4 0.0 0.0 8.0 4.0 0.0 0.0
5 0.0 0.0 8.0 4.0 0.0 0.0
6 0.0 0.0 0.0 0.0 0.0 0.0
7 0.0 0.0 0.0 0.0 0.0 0.0
8 0.0 0.0 0.0 0.0 0.0 0.0
9 0.0 0.0 2.5 1.0 0.0 0.0
10 17.0 8.5 0.0 0.0 0.0 0.0
11 84.5 435 0.0 0.0 0.0 0.0
12 67.5 35.0 0.0 0.0 0.0 0.0
13 0.0 0.0 225 11.0 2.0 1.0
14 0.0 0.0 20.0 10.0 0.0 0.0
15 3.5 1.5 0.0 0.0 2.0 1.0
16 13.5 6.5 12.0 6.0 25.0 10.0
17 0.0 0.0 2.0 1.0 0.0 0.0
18 0.0 0.0 0.0 0.0 0.0 0.0
19 0.0 0.0 0.0 0.0 0.0 0.0
20 3.5 15 1.0 0.5 3.0 L5
21 150.0 75.0 150.0 75.0 150.0 75.0
22 6.5 3.0 8.5 4.5 9.5 5.0
23 1.0 0.5 0.0 0.0 0.0 0.0
24 10.0 5.0 17.5 9.0 61.5 31.0
25 4.5 2.5 0.0 0.0 0.0 0.0
26 139.5 107.5 147.5 111.0 145.0 110.5
27 0.0 0.0 24.0 115 0.0 0.0
28 20.0 16.0 31.5 21.5 20.0 16.0
29 43.0 27.5 35.0 24.0 96.0 54.5
30 24.0 12.0 16.0 8.5 21.0 11.0
31 0.0 0.0 14.0 7.0 0.0 0.0
32 0.0 0.0 14.0 7.0 0.0 0.0
33 18.0 115 20.0 12,5 9.0 7.0
Table A.3: Overhead Line Configurations
Configuration Phasing Phase Conductor Neutral Conductor Spacing ID
(ACSR) (ACSR)
300 ABCN 1/0 1/0 500
301 ABCN #2 6/1 #2 6/1 500
302 AN #4 6/1 #4 6/1 510
303 BN #4 6/1 #4 6/1 510
304 BN #2 6/1 #2 6/1 510
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Appendix B

Modified IEEE 123-Bus three-phase four wire multigrounded

Distribution System

Table B.1: Line Data

From Bus To Bus
Actual Modified Actual Modified Line configuration Length (ft)
Bus No. Bus No. Bus No. Bus No.

149 1 1 2 1 400
1 2 2 3 10 175
1 2 3 4 11 250
3 4 4 5 11 200
3 4 5 6 11 325
5 6 6 7 11 250
1 2 7 8 1 300
7 8 8 9 1 200
8 9 9 10 9 225
9 10 14 11 9 425
14 11 11 12 9 250
14 11 10 13 9 250
8 9 12 14 10 225
8 9 13 15 1 300
13 15 34 16 11 150

34 16 15 17 11 100
15 17 17 18 11 350
15 17 16 19 11 375
13 15 18 20 2 825
18 20 19 21 9 250
19 21 20 22 9 325
18 20 21 23 2 300

21 23 22 24 10 525

21 23 23 25 2 250

23 25 24 26 11 550

23 25 25 27 2 275

25 27 26 28 7 350

26 28 27 29 7 275

25 27 28 30 2 200

28 30 29 31 2 300

29 31 30 32 2 350
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From Bus To Bus
Actual Modified Actual Modified Line configuration Length (ft)
Bus No. Bus No. Bus No. Bus No.
30 32 250 33 2 200
26 28 31 34 11 225
31 34 32 35 11 300
27 29 33 36 9 500
135 20 35 37 4 375
35 37 36 38 8 650
36 38 37 39 9 300
36 38 38 40 10 250
38 40 39 41 10 325
35 37 40 42 1 250
40 42 41 43 11 325
40 42 42 44 1 250
42 44 43 45 10 500
42 44 44 46 1 200
44 46 45 47 9 200
45 47 46 48 9 300
44 46 47 49 1 250
47 49 48 50 4 150
47 49 49 51 4 250
49 51 50 52 4 250
50 52 51 53 4 250
51 53 151 54 4 500
152 15 52 55 1 400
52 55 53 56 1 200
53 56 54 57 1 125
54 57 55 58 1 275
55 58 56 59 1 275
54 57 57 60 3 350
57 60 58 61 10 250
58 61 59 62 10 250
57 60 60 63 3 750
60 63 61 64 5 550
60 63 62 65 12 250
62 65 63 66 12 175
63 66 64 67 12 350
64 67 65 68 12 425
65 68 66 69 12 325
160 63 67 70 6 350
67 70 68 71 9 200
68 71 69 72 9 275
69 72 70 73 9 325
70 73 71 74 9 275
67 70 72 75 3 275
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From Bus To Bus
Actual Modified Actual Modified Line configuration Length (ft)
Bus No. Bus No. Bus No. Bus No.
72 75 73 76 11 275
73 76 74 77 11 350
74 77 75 78 11 400
72 75 76 79 3 200
76 79 71 80 6 400
77 80 78 81 6 100
78 81 79 82 [§ 225
78 81 80 83 [§ 475
80 83 81 84 6 475
81 84 82 85 6 250
82 85 83 86 6 250
81 84 84 87 11 675
84 87 85 88 11 475
76 79 86 89 3 700
86 89 87 90 6 450
87 90 88 91 9 175
87 90 89 92 6 275
89 92 90 93 10 225
89 92 91 94 6 225
91 94 92 95 11 300
91 94 93 96 [§ 225
93 96 94 97 9 275
93 96 95 98 6 300
95 98 96 99 10 200
67 70 97 100 3 250
97 100 98 101 3 275
98 101 99 102 3 550
99 102 100 103 3 300
100 103 450 104 3 800
197 100 101 105 3 250
101 105 102 106 11 225
102 106 103 107 11 325
103 107 104 108 11 700
101 105 105 109 3 275
105 109 106 110 10 225
106 110 107 111 10 575
105 109 108 112 3 325
108 112 109 113 9 450
109 113 110 114 9 300
110 114 111 115 9 575
110 114 112 116 9 125
112 116 113 117 9 525
113 117 114 118 9 325
108 112 300 119 3 1000
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Table B.2: Load Data
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Bus No. P, Qa P, Qb P, Qc
(kW) (kVAR) (kW) (kVAR) (kW) (kVAR)

91 40 20 0 0 0 0
92 0 0 0 0 0 0
93 0 0 40 20 0 0
94 0 0 0 0
95 0 0 40 20
96 0 0

97 40 20

98 0 0 20 10 0 0
99 20 10

100 0 0

101 40 20 0 0

102 0 0 40 20

103 0 0 0 0 40 20

104 0 0 0 0

105 0 0 0 0

106 0 0 0 0 20 10

107 0 0 0 0 40 20

108 0 0 0 0 40 20

109 0 0 0 0 0 0

110 0 0 40 20 0 0

111 0 0 40 20 0 0

112 0 0 0 0

113 40 20 0 0 0 0

114 0 0 0 0 0 0

115 20 10 0 0 0 0

116 20 10 0 0 0 0

117 40 20 0 0 0 0

118 20 10 0 0 0 0

119 0 0 0 0 0 0

Table B.3: Overhead Line Configurations
Configuration Phasing Phase Conductor Neutral Conductor Spacing ID
(ACSR) (ACSR)

1 ABCN 336, 400 26/7 4/0 6/1 500
2 ABCN 336, 400 26/7 4/0 6/1 500
3 ABCN 336, 400 26/7 40 6/1 500
4 ABCN 336, 400 26/7 4/0 6/1 500
5 ABCN 336, 400 26/7 4/0 6/1 500
6 ABCN 336, 400 26/7 4/0 6/1 500
7 ACN 336, 400 26/7 4/0 6/1 505
8 ABN 336, 400 26/7 4/0 6/1 505
9 AN 1/0 1/0 510
10 BN 1/0 1/0 510
11 CN 1/0 1/0 510
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