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1.1 Distributed Generation and its Role in Electric Power System

Over the last two decades, the share of distributed generation (DG) in power
systems has been gradually increasing. Now-a-days, DG (also known as dispersed
generation or embedded generation) has become an important and integral part of
power system. According to the definitions found in the available literature [1]-[3]
DG ideally can be defined as generating units of small capacities (typically ranging
from less than a kW to tens of MW) customarily installed at the consumers’ site or in
the distribution network. Introduction of DG in distribution system can provide a
number of benefits [1]-[5] which can provide answers to the problems being faced by
traditional power systems. In traditional power systems, power is usually generated in
large, centralized power stations which are normally located far away from the
consumers. The bulk amount of power generated in these power plants require to be
transmitted through transmission networks to suitable load centers and then to be
distributed among the consumers by distribution networks. Ever-increasing demand of
electric power necessitates time to time expansion of generation and transmission
capacity. This requires installation of new generating stations or capacity
enhancement of the existing ones along with installation of new transmission lines for
transmission capacity enhancement to evacuate the increased generated power.
Majority of the large conventional power plants are fossil-fuel fired plants.
Enhancement of fossil-fuel fired generation has been facing serious challenges due to
two reasons. Firstly, the fossil reserve is alarmingly diminishing, and, in addition to
that, these plants emits excessive amount of pollutant gases. Growing public
awareness in environmental pollution and demand for pollution free atmosphere has
resulted in severe restrictions on growth of this type of power plants. Moreover,
transmission network expansion is also facing problem due to strong public objection
against land acquisition by power sector to find right of way for installation of new
lines. The, ever-increasing demand of electric power without sufficient transmission
and generation enhancement adversely affects the reliability, security and power
quality of a power system. DG can provide answers to all these problems. As DG
units are placed directly in the distribution network, therefore close to the consumers,
their deployment contributes to reduction in network power loss. In addition it
improves the voltage profile, enhances the system reliability and security, improves

power quality and relieves transmission and distribution congestion. It also gives
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opportunity for deferral of new investments and thereby provides the most cost-
effective measure in power industry to enhance loading capability. These benefits
along with liberalization of electricity market have been the major driving force
behind the rapid advancement in DG technology and its application. Electricity
market liberalization policy has opened up scopes for the privately owned small
generation companies to participate in the market. In addition to that, significant
advancement in renewable energy technology such as PV solar, wind turbine etc. and
availability of these technologies for development of small capacity generating units
has provided huge impetus for these private companies to come forward to play

important roles in today’s power system.
1.2 Different Types of DG

Some types of DG units employ synchronous generators while more widely
used versions are based on various renewable resources as such units do not emit
pollutant gases and therefore are environment friendly. Diesel generator, micro-
turbine and gas turbine are examples of synchronous generator base DG. These units
are directly connected to the grid. Solar Photovoltaic (PV), mini/micro hydro, wind
turbine, fuel cell, geothermal and biomass are examples of renewable based DG units.
These units require power electronic inverters for their connection to the power

network. Majority of the renewable based DG units use 3-phase inverters for this

purpose.

1.3 Modeling of DG in Load Flow Study

As DG has become an important and integral part of electric power generation,
proper modeling of the DG units and integrating those models in distribution load
flow algorithm have become extremely necessary. Modeling of DGs for 3-phase
distribution load flow have been discussed in [6]-[10] in details. DG units are

operated in one of the following modes:

1) P-Q mode: Fixed (specified) real and reactive power outputs (i.e. fixed active

power output at a specified power factor).

i1) P-V mode: Fixed (specified) active power output at a specified terminal voltage.
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In the context of load flow study, the DG nodes in the first case can be
represented as P-Q nodes, whereas, in the second case, they are required to be
represented as P-V nodes. The total 3-phase active and reactive power of a DG unit
are specified when it is set to operate in P-Q mode. In case the DG unit is operated in
P-V mode, total 3-phase active power, along with the positive sequence terminal
voltage or the average of the terminal voltage magnitudes of the three phases are

specified.
1.4 Three-phase Distribution Load Flow

Three-phase load flow study is essential in analysis, operation and planning of
3-phase power systems under unbalanced condition. Several 3-phase load flow
methods based on traditional Newton-Raphson [11]-[12], Fast Decoupled [13] and
sequence component [14 ]-[17] techniques have been reported in the literature. The
loading of a distribution network is usually unbalanced due to the presence of a
number of unequal single-phase loads connected to different phases. In addition to
that, distribution networks generally possess special network structure. These systems
are usually radial or weakly meshed, and possess high R/X ratio. These networks are
inherently unbalanced due to their multiphase nature and nonsymmetrical spacing of
the conductors of 3-phase line segments. Because of these factors, the traditional
methods based on Newton-Raphson (N-R) or Fast decoupled formulation, which are
suitable for the general meshed topology of a typical transmission network, generally
encounter convergence difficulties for distribution network. The sequence component
based methods, on the other hand, are not applicable for distribution systems because
of unbalanced nature of these networks. Three-phase load flow programs capable of
taking into consideration the above mentioned characteristics are therefore necessary

for distribution systems.

Several 3-phase load flow methods, specifically designed for distribution
system analysis, have been developed and reported in the literature[18]-[46]. The

proposed methods can be broadly divided into the following categories:

- Newton-Raphson [N-R] based methods (including Fast Decoupled version).
- Gauss based methods.

- Direct iterative methods.
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The conventional N-R or fast decoupled methods often fail to converge for
distribution networks for the reasons already mentioned above. In addition to that a
common shortcoming of these methods is that the Jacobian matrix is required to be
updated in each iteration. Moreover, the Jacobian can not be decoupled because of
high R/X ratio of the distribution lines. This necessitates modifications in the N-R and
fast decoupled methods to make these methods suitable for solving load flow for
radial networks. Some attempts have been reported [18] to overcome these

difficulties.

A fast decoupled methodology has been reported [19] for unbalanced radial
distribution networks. This method utilizes the radial structure of these networks to
reduce the number of equations and unknowns, and the decoupling numerical
property to reduce the amount of computation. In addition, the Jacobian matrix is
approximated by a constant triangular matrix. All these factors make the proposed
method significantly faster than the traditional N-R and fast decoupled method.
However, the authors have not considered the case of P-V bus in their study. In
addition to that, this methods orders the ‘lateral’ instead of the ‘nodes’ into layers to
reduce the problem size. However, such ordering makes the method efficient for a
given topology, but it may add some overhead if the topology of the network is
changed frequently, which is quite common in case of distribution networks because

of switching operation.

A three phase fast decoupled load flow for distribution systems is reported in
[20] which also suggests some modifications in the conventional method to achieve

faster solution and good convergence property.

A modified Newton method has been proposed in [21] for load flow analysis of
radial distribution system. In this methodology the Jacobian matrix is expressed in the
form of UDU" which has identical topology to that of the nodal admittance matrix. U
is a constant upper triangular matrix depending solely on system topology and D is a
block diagonal matrix resulting from the radial structure and special characteristics of
distribution networks. Only the elements of D are required to be updated in each
iteration. With this formulation, LU factorization and forward/backward substitution

is replaced by backward/forward sweeps on radial feeders with equivalent
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impedances. Thus the possibility of occurrence of an ill-condition associated with the
Jacobian matrix and its LU factors is avoided. The method is capable of achieving of
robust convergence and high efficiency. The proposed method is aimed for single
phase radial system. Also presence of DGs has not been considered. However, the
authors have given some suggestions on possible steps for extending the method for
systems with loops (meshed network), to include DGs (both P-Q and P-V model), and

for unbalanced 3-phases systems.

An N-R based 3-phase load flow formulation is presented in [22] where the
Jacobian matrix is presented in complex form, but some simplifications are introduced

by neglecting the component resulting from voltage changes.

In [23] a new 3-phase N-R load flow formulation based on current injection has
been proposed. The current injection equations are written in rectangular coordinate
and bus admittance matrix Yp,s of order 6n (n is the number of buses in the system)
consists of n number of 6x6 blocks. The off-diagonal elements are identical to the
corresponding elements of Yy,s. Only a few elements of 6x6 diagonal blocks require
to be updated in each iteration. For systems having no voltage specified bus except for
the slack bus (Grid substation bus), only one-third elements of the diagonal blocks of
the Jacobian matrix require to be recalculated. The elements of the off-diagonal
blocks remain constant. When P-V buses are considered, in addition to the block
diagonal elements corresponding P-Q buses, the half of the non-zero elements of the

columns corresponding to the P-V buses are to be recalculated in each iteration.

In the above approaches, equations for all the three phases are solved in a
coupled manner. This requires handling of large matrices, and therefore, large amount
of computations are required for solving the 3-phase flow. To overcome this obstacle,
a phase-decoupled load flow using branch currents in rectangular for as state variables
and an N-R algorithm is proposed in [24]. In this approach, a constant Jacobian matrix

is used to improve the execution speed of the load flow program.

Among the Gauss based methods, the most well-known and widely used
approach is the implicit Zy,s Gauss method [25]. This approach uses the sparse
bifactored Yy, matrix and current injection model to solve the network equations and
exhibits a good convergence rate. The solution method is optimally ordered triangular

factorization Yp,s method (implicit Z,,s Gauss method) which not only takes
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advantages of the high sparsity of the distribution network equations, but also has a
very good convergence characteristics for distribution load flow problems. The
convergence rate is highly dependent on the number of P-V buses present in the
system. If the only voltage specified bus is the slack bus, the rate of convergence is

comparable to the N-R method.

In the above methods the full Yy, matrix is required to be factorized into lower
and upper triangular matrices, which is quite time consuming particularly for large-
scale distribution networks. In [26], a solution method is proposed in which, the LU
factorization, Gaussian elimination, inverse of the full Yy, matrix or Jacobian matrix,
and complicated Zy,s building process can be avoided. By using the corresponding
incidence matrix, the load flow can be solve without the need for the complex
processes, still all advantages of the implicit Z,s Gauss approach can be achieved.

However, DG has not been considered in the study.

In [27], the authors have proposed a 3-phase load flow methodology in which
each phase is modeled in a decoupled (i.e., phase decoupled) way and, therefore, each
phase can be solved separately and independently. The solution method is implicit
Zys Gauss with implicit factorization of the sparse Yy, matrix for each phase. The
approach significantly reduces the amount of computation. This approach exhibits

vary good accuracy and convergence property.

In recent years, the direct iterative methods [26]-[39] have become the most
popular load flow methods for distribution systems. These methods are specific to
radial structure of distribution networks and takes maximum advantage of the special
topology of these networks. One of the most commonly used technique uses the
backward/forward sweep based iterative algorithms. In [28], the iterative algorithm
consists of three steps, which are nodal current calculation, backward sweep to get the
line section currents and forward sweep to update nodal voltages and power flow have
been used different authors [29], [30] to improve the efficiency of the
backward/forward sweep based load flow technique. In [31], the authors have applied
a fact decoupled Newton update for backward sweep. The ladder solution process
uses many sub-iterations on the laterals. Sophisticated numbering and ordering along
with improved search technique have been used by some authors [32] for

improvement of backward/forward load flow method.
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A compensation based technique with break point impedance matrix is
proposed in [33] to make the sweep based method applicable to weakly meshed
networks. In the first step, the radial portion of the network is solved using usual
backward/forward sweep technique. Then, in the second step, the meshes are solved
using nodal current injection compensation. Authors in [34] have presented an
efficient formation of the compensation matrix and handling of P-V nodes. The
method described in [33] is developed on a single phase model. In [35], the authors
have extended the method of [33] from its single phase version to 3-phase one. The
idea of breakpoint voltage compensation in employed successfully to eliminate the
voltage mismatches at P-V nodes, thus making the method capable for handling DGs

in P-V mode of operation.

In [36], the authors have presented a 3-phase unbalanced load flow algorithm
with the choice of modeling DG as P-Q or P-V node. The method is based on
backward/forward sweep technique and applicable for radial structure. This program
is capable of handling multiple source nodes. The authors in [37] have introduced

some revisions in the work reported in [36] to extend it for shipboard power system.

In some approaches, the authors have applied the direct iterative method in
conjunction with basic graph theory and inject current technique to develop more
systematic approach and to achieve better convergence, efficiency and reliability.
Two such very similar approaches are reported in [38] and [39]. In [38], a direct
approach for 3-phase distribution load flow solution has been proposed based on the
bus-injection to bus-current (BIBC) matrix and the branch-current to bus-voltage
(BCBV) matrix which can be formed simply from observations, to obtain the load
flow solution, only the BIBC matrix, the BCBV matrix, and a simple matrix
manipulation are necessary. As a result, the time consuming LU factorization and
forward/backward sweep substitution will no longer necessary. The treatment of
weakly meshed networks are also included in the study. However, treatments for P-V
nodes have not been included in this study. However, the inclusion of P-V models of
DG in this load flow formulation has been presented in [8]. The authors in [39] have
used the branch frame of reference to apply direct iterative method. Because of the
radial topology of distribution networks, the corresponding branch impedance matrix
Zgr is identical to the primitive impedance matrix and, therefore, Zgr can be obtained

directly as identical to the primitive impedance matrix and thus, the time consuming
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Zpr building process is avoided. By the proposed methodology, only the branch-path
incidence matrix is required which can be obtained directly from the network
topology. With the current injection compensation technique, the proposed method
can be easily extended to weakly meshed networks. However, no consideration for

inclusion of P-V nodes has been given in this study.

The above survey is not being claimed to be an exhaustive one on this subject.
Many more papers in this area are available in the literature. However, the
methodologies used in those papers are primarily similar to those discussed above,
with some variations and modifications introduced as attempts for achieving various

improvements. Some of the significant documents of these studies are available in

[40]-[46].
1.5 Scope of work undertaken in this Thesis

The goal of this thesis is to perform studies on some issues related to proper

planning and operation of DGs in distribution systems.

Load flow analysis is one of the most valuable part of planning and operation of
power systems. Because of the reasons mentioned earlier in section 1.1, distribution
networks are inherently unbalanced, and these systems usually operate at relatively
high degree of unbalanced loading. This necessitates application of 3-phase load flow
analysis for appropriate studies and investigations. To study the impacts of DGs on
distribution system operation, DG models are required to be included in the load flow
programs. A brief literature review on the available methods of 3-phase distribution
load flow has been presented in section 1.4. There, in those studies, the authors have
used the P-Q model and the P-V model of DGs as described in section 1.3, and
accordingly, the DG-connected buses are represented as P-Q buses or as P-V buses

(voltage specified buses) depending on the mode of operation of the DG.

All the load flow methods mentioned in section 1.4 require the equivalent
current injection to be calculated for each phase of every node in the network. This, in
turn, requires the values of P and Q be known for each phase of every node. For load
buses, this is not a problem because these values are specified, and hence known for
those buses. But for generator buses (DG-connected buses), the situation is different.

The output P and Q of the individual phases of a 3-phase DG unit can neither be
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controlled nor be specified separately. Only total 3-phase values of these quantities
can be specified for such units. For a DG unit set to operate in P-Q mode, total 3-
phase values of P and Q are specified, and when it operates in P-V mode, total 3-
phase value of P along with the terminal voltage magnitude (average of the three
phases or the positive sequence value) are specified. For the analysis of balanced
operation it does not pose any difficulty as the total 3-phase output of a DG unit is
known to be divided equally (1/3 of the 3-phase value) between its three phases. But,
for analysis of unbalanced operation, this assumption is not valid because under such
circumstance, the output power from the three phases of a DG unit are more likely to
be unequal though their summation should be equal to the specified total 3-phase
value. So, necessary steps are required to be taken in the solution process so that P
and Q output of a DG unit can be properly distributed among its three phases. In the
available load flow methods, any measure for inclusion of this factor in the solution

process is not evident.

Another factor for concern is that, without some extension of the DG model and
some additional computational steps, the presently available load flow solutions with
the existing DG models can not ensure a balanced 3-phase internal voltage for the DG
units. Such balance in the internal voltage is an essential operational requirement
which must be fulfilled by a 3-phase load flow solution. If the DG unit is a
synchronous machine, this requirement arises due to its design and the voltage control
method adopted. For inverter based DG units, such requirement arises where

symmetrical 3-phase switching is employed for the inverters.

In [9], the authors have presented a current injection model for co-generators
based on Norton’s equivalent. This model is inherently capable of maintaining
balance in the internal voltage of the generators. But application of this model has not
been found in the existing load flow methods. Moreover, this model is capable of
handling P-Q type DGs only. No consideration for handling DGs operated in P-V

mode has been presented in this study.

In this thesis, two different methods of load flow have been proposed for 3-
phase distribution systems to alleviate the above two problems. Both the methods

apply an extended DG model that includes its internal impedance and internal node in
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addition to the terminal nodes usually represented as P-Q node or P-V node.

Accordingly the network dimension is increased to incorporate the DG internal node.

In chapter 2, a Particle Swarm Optimization (PSO) [56] based method is
presented in which the PSO loop is used to take necessary corrective actions for
achieving internal voltage balance. In every PSO loop, direct approach load flow is
solved with the input received from the PSO loop. The proposed method is capable of
handling both P-Q model and P-V model of DG with provision for switching from P-

V mode to P-Q mode when necessary.

In chapter 3, a modified approach is presented to include the DG models in the
direct approach load flow program. In this approach, the iteration of the direct
approach load flow starts by assigning a balanced voltage to the internal node along
with P and Q to each phase of that node. In every iteration, the node voltages
(including the DG internal nodes) are updated followed by corrections of P and Q at
the internal nodes. The iteration criteria are modified accordingly. Like the previous
method, this method also can handle both P-Q model and P-V model of DG with

provision for switching from P-V mode to P-Q mode if necessary.

Both the methodologies presented in chapter 2 and chapter 3 are quite general
and can be implemented with any of the direct iterative load flow methods mentioned

in section 1.4.

Chapter 4 and chapter 5 deal with the problem of ‘partial overloading” of
generators in power systems. Partial overloading of a generator is a condition in
which one or two of the three phases of the generator get overloaded even if the total
3-phase power output of the generator is within its rated capacity. In this context, per
phase capacity is taken as 1/3 of the total 3-phase capacity of the generator. Power
systems are normally designed based on the assumption of balanced operating
conditions. However, in real situations, power systems are often subjected to
unbalanced operating conditions. Such conditions in a power system may give rise to
partial overloading of its generators. Partial overloading of generators beyond certain
allowable limits is undesirable and must be avoided. This problem is of more serious
concern for distribution systems as these systems frequently operate with high degree
of unbalance in loading. Introduction of DGs into today’s distribution systems has

made these systems highly susceptible to the problem of partial overloading. Proper
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attention to this issue is required in analysis, operation and planning of these systems.

No evidence of such study is available in the existing literature.

In chapter 4, a load flow technique based on N-R algorithm has been proposed
to deal with the problem. Necessary modifications are introduced in the N-R
algorithm to impose constraint on the maximum loading limit of individual phases of
the generators (DGs). However, as discussed earlier, N-R method is not reliable for
distribution load flow solution. It is therefore necessary to develop distribution load
flow program capable of taking into consideration the constraint on the maximum
allowable per phase loading. Chapter 5 presents such methodology based on the load

flow technique proposed in chapter 3.

It has already been mentioned in section 1.1 that introduction of DG in
distribution system can provide several benefits. But to derive those benefits to the
maximum extent, proper planning for DG location and size is necessary.
Inappropriate selection of DG size and location may lead to deterioration of system
performance. Reduction in network power loss is one of the most desirable benefits
that can be achieved from proper DG planning. The problem of network power loss
minimization by proper selection of DG size and location has been addressed by a
number of researchers. Some significant among those studies can be found in
[47]-[55]. In these studies, different optimization methods have been used to find
optimal size and location of DG that minimizes network power loss. Different
constraints such as network power balance, maximum DG size, maximum and
minimum voltage limit etc. have been considered. But these studies do not consider
partial overloading for finding the optimal solution. In chapter 6, an investigation has
been done on the effect of considering the partial overloading constraints on the
solution of the problem of DG sizing and sitting for distribution network loss
minimization. PSO has been employed to find the minimum-loss solution whereas the
load flow technique presented in chapter 5 has been applied to obtain the network

power loss for different size and location of DG.

In chapter 7, a conclusion has been drawn on the findings from the
investigations carried out under this thesis. A brief note on further scope of studies is

also included.
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The direct approach load flow has been repeatedly used in the studies performed
in this thesis. Therefore, a brief introduction of it has been given in Appendix-I.
Appendix-II presents a derivation of the expression for DG active power correction
used in chapter 3. A brief introduction to PSO algorithm is furnished in Appendix-III
as a ready reference to chapter 2 and chapter 6. Three different benchmark
distribution networks- IEEE 13 node Test feeder, 25 node URDN Feeder, and IEEE
37 node Test feeder have been used to present the results of the studies performed in
this thesis. The line diagram of the three networks are given in Appendix-IV while the

network data and load data are furnished respectively in [58], [59] and [60].
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CHAPTER 2

A PSO Based 3-Phase Load Flow for DG
Integrated Distribution System

@uthine of the chapter
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2.2 The Proposed Methodology
2.3 The Flowchart
2.4 Test Results

2.5 Chapter Summery
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2.1 Introduction

As mentioned in section 1.4, the existing methods of incorporating DG models
in 3-phase distribution load flow suffer from limitations as these method can neither
properly take into account the unequal loading of the three phases of the DG units
under unbalanced operating condition nor can ensure the balance in the 3-phase
internal voltage of the generators. This chapter presents a PSO based methodology for
the solution of 3-phase load flow for distribution system incorporating DG units.
Direct approach load flow (Appendix-I) has been coordinated with PSO

(Appendix-III) to mitigate the above mentioned problems.
2.2 The Proposed Methodology

The proposed 3-phase load flow methodology consists of two computation
loops - an inner loop embedded in an outer loop. These two loops work in the

following manner:

The inner loop: The inner loop receives multiple set of input data from the outer
loop, solves load flow with each set, and sends the results back to the outer loop. Each
set of input data consists of active power (P) and reactive power (Q) for the DG units
modeled as P-Q nodes, and active power (P) and terminal voltage magnitude (V1) for
the DG units modeled as P-V nodes for the three phases of each DG unit. The values
of P and Q for the three phases of each load bus are specified, and hence, known. The
inner loop uses the direct approach method (Appendix-I) to solve the load flow in the

following manner:

For k™ iteration of the inner loop,
[av] =[DLF][I] @2.1)
and V] =[v,]-[av] 2.2)

where, [V] is the node voltage vector.

[Vo] is a vector whose every element is equal to the grid (substation) bus voltage.

[Z] is the node injected current vector.
[DLF|=[BCBV || BIBC]

[BCBV] and [BIBC] are defined in Appendix-I.
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The injected current for each of the three phases of the i node can be obtained in k™

iteration as follows.

P JQ,’

Lp

where, p=a, b, c indicates the phase.

For the load buses, E’p and Ql’ , are specified, whereas, these values for DG

units modeled as P-Q nodes are set by the outer loop in its 7" iteration, and supplied

to the inner loop to solve the load flow. For DG units modeled as P-V nodes, the

values of P’ and ‘V,Jp are set by the outer loop. However, to calculate I;,, O/ i

required. Therefore, for the P-V nodes, Q’ , 1s required to be calculated in every
iteration of the inner loop to obtain I . Denoting the value of Q,’ , in the k™ iteration

by in the first iteration of the inner loop (k =1), Q’ ', 1s set equal to zero for

i p s
each phase of those DG units, or, can be set to any arbitrarily chosen values. The

starting voltages for the P-Q buses are taken as balanced 1.0 p.u. For the P-V buses,

balanced voltages with magnitude ‘\/,.fp‘are taken. At the end of each iteration, the
values of Q’ ,are updated (to be used in the next iteration) as

ikl ik ik
Qij,p - Qij,p +AQiJ.p (24)

where, AQ{Z‘ =Vif’[’7"“ (Z[X . ]) is the required correction [8].

v =l (vl

[Xg] = Imag (diag [DLEi])

DLF; is the (3x3) element of DLF corresponding to the i bus. V’ is the latest
value of V;, calculated using equations (2.1), (2.2) and (2.3).
}S g, Vieg,

max

The inner loop iteration continues until AV, Max{” W . ‘

, where g, is the set of P-V nodes, and at the same time, convergence in the values of
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all other node voltages is obtained according to the criteria,

k k-1
Vi, =V, ‘Sg. Here, €

is a pre-specified tolerance. The final values of the node voltages for every set of

input data are passed on to the outer loop.

The outer loop: The outer loop, in each iteration, runs a PSO program
(Appendix-III) to set the values of the elements of each particle of the swarm. In this
problem, a particle represents a set of input data for the load flow to be executed by

the inner loop, and consists of the following elements:

Pl.,p ; Vie g
g, Vieg,Cg
|V|ip ; Vieg Cg

where, g is the set of nodes connected to DG units,
8, 18 the set of nodes connected to DG units operating in P-Q mode,

g, 1s the set of P-V nodes.

and g,,Ugv=g

In each iteration of the outer loop, the values of all the particles of the swarm
(for a swarm size S, S no. of such particles) are passed on to the inner loop which
generates load flow solutions with each particle. In the first iteration of the outer loop,

the elements of the particles are chosen as follows:

P;,and Q;, are selected randomly such that

P,=> P. Vieg (2.5)
p=a,b,c
and 0,= 2,0, Vieg, (2.6)
p=ab,c
where, P, and O, respectively, represent the specified total 3-phase active

and reactive power output of the corresponding DG unit.

‘V,.! »|» Vi€ g, are chosen randomly so that
2 )
__ p=ab.c
|V spi - T (27)

if the average of the magnitudes is specified,
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otherwise, |V

valV |+l

(2.8)

spi

1
==V

if the positive sequence voltage is specified.

After getting back the load flow solutions from the inner loop, the outer loop
first calculates the internal voltages of the DG units corresponding to every load flow
solution, and updates the local and global best as per the PSO methodology. The

updation of local bests and global best is done on the basis of the following objective

function:
J=kfi+kf, (2.9)
where, =X (B |+ Bl - 5]) 2.10)
f=3 (0~ 9, 120 +]g —g, ~120)) 2.11)
i=1

and k,,k, are appropriate weighting factors (k;=0.02, k,=0.98).

f; is to ensure that |E,-,a| = |Ei,h| = |Ei,c and f, is to ensure that @, = ¢ -120°

,a

and @ =9, +120” for each i; i=1,2,3,...,¢. Under these desired conditions, both

f,and f, should be equal to zero.

The internal voltages E, , = |Ei’a

£, E, = |Ei,b|4¢i,b and E . = |Ei,c

£, of
the three phases of the i" DG unit, are calculated from the load flow results in the
following manner:
E,p:Vi,p"'Zili,p (2.12)
where, 1, =(P - jQ,-,,,)/ V., is the current in each phase of the i" DG unit

(i=1,2,3,...,2) and Z; is the impedance per phase of the DG unit.

Thus, the minimum value that f (and hence, the global best) can attain, is zero

when a balanced 3-phase internal voltage is achieved.

If the global best obtained is not within some prescribed tolerance, the elements

of the particles are updated by the PSO, and passed on to the inner loop to generate
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new load flow results. The PSO parameters used for the updation are w=0.8, ¢;=0.12,

c;=1.2. The quantities w, c¢; and c; are defined in [57].

However, before passing the updated values of the elements to the inner loop,
those values are normalized in the following manner so that the updated elements

satisfy the requirement given in (2.5)-(2.8).

P
P, =<5 XP, (2.13)
P 14
S,
Q.,= QQ” xQ,, (2.14)
> Lp
v.,|= V. X3V, (2.15)
2.
if the average of the magnitudes is specified.
Vi
‘Vi’p‘ - HV +a‘V,, +a’ ‘V. X3|V P (2.16)

if the positive sequence voltage is specified.

2.3 The Flowchart

The computational flowchart for the PSO based proposed load flow is shown in

Fig.2.1
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Fig.2.1 Flow chart for the proposed 3-phase load flow.
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2.4 Test Results

The proposed methodology has been tested on IEEE 13 node distribution
network, 25 node URDN and IEEE 37 node distribution network. The schematic
single line diagrams of the systems are shown respectively in Fig.A-1, Fig.A-2 and
Fig.A-3 in Appendix-IV. The network and load data of the systems are available
respectively in [58], [59] and [60]. In this study, the voltage regulator at bus 650 in
IEEE 13 node and bus 799 in IEEE 37 node distribution feeder has been excluded.
The networks are augmented by connecting the internal nodes of the DG units to the
respective phases of the DG terminal buses through an internal impedance of realistic
value (Zin= 0.014+0.5 Q/Phase). The DG internal buses (3-phase) are denoted in
Fig.A-1, Fig.A-2 and Fig.A-3 as INT. Bus no. 650, 1 and 799 are the grid-buses of the
IEEE 13node, 25 node URDN and IEEE 37 feeders respectively and has been taken

as the slack buses for the solution of load flow problem.

The distributed load along line 632-671 of the IEEE 13 bus network has been

considered as lumped loads in the following manner [36]:

1. At one-fourth length of the line from sending node, i.e. node 632, two

third of the load is connected. For this, a dummy node is created.
2. One third load is connected at the receiving node, i.e. node 671.

The following case studies have been undertaken. The detailed results are
shown only for the bus voltages for Case 1, and given in Table 1 and Table 2. For
other results, only the relevant parts have been shown. The phase angles have been

expressed with respect to the grid bus voltages.

Case 1: A 3-phase DG unit of 1.5 MW rating is connected at bus no. 671of IEEE 13
node feeder and operated in P-V (voltage control) mode with a specified positive

sequence terminal voltage magnitude of 1.0 p.u.. No Q-limit is considered.

Table 1 shows the results obtained with previously suggested approach [8 ], [37]
for including DG model in the load flow in which the total 3-phase power output of
the DG unit is assumed equally divided among the three phases of the unit. From the
results it is found that the solution does not furnish a balanced internal voltage of the

generating unit. Also the total 3-phase output power of the DG unit is equally shared
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by the three phases which is not natural in the prevailing unbalanced operating

condition.

Table 2 shows the corresponding values obtained when the proposed

modification was applied. From the table it is found that the internal voltage of the

DG unit is balanced. Moreover, the total 3-phase power output is unequally

distributed over the three phases of the unit which is quite natural in the prevailing

operating condition.

Table 1 Results with previously suggested approach for including DG model in the

load flow
a) The voltage profile
Voltage magnitude (p.u.) Voltage Phase angle (Degrees)
Bus No.
V. Vi V. 0, (T 0.
650 1 1 1 0 -120 120
632 0.988 1.0134 0.9785 -2.13 -120.79 118.236
633 0.9849 1.0115 0.9758 -2.199 -120.84 118.232
634 0.9601 0.9926 0.9562 -2.923 -121.32 117.712
645 - 1.0042 0.9765 -- -120.98 118.264
646 - 1.0025 0.9744 -- -121.05 118.311
671 0.9861 1.0455 0.9684 -4.414 -120.44 117.001
692 0.9861 1.0455 0.9684 -4.414 -120.44 117.001
675 0.9798 1.0477 0.9664 -4.673 -120.6 117.005
684 0.9841 - 0.9663 -4.437 -- 116.893
611 - - 0.9643 -- -- 116.738
652 0.9783 - -- -4.359 -- --
680 0.9861 1.0455 0.9684 -4.414 -120.44 117.001
INT 1.0335 1.0901 1.0167 -2.028 -118.31 119.471
b) Power balance
Active Power (MW) Reactive Power (MVAR)
P, Py P, Total P Q. Q, Q. Total Q
Grid Power | 0.7344 | 0.4609 | 0.8187 | 2.0139 | 0.0798 | -0.1589 | 0.0492 | -0.0298
DG Power 0.5000 | 0.5000 [ 0.5000 | 1.5000 | 0.519 | 0.519 | 0.519 1.557
Total Gen. 1.2344 [ 0.9609 | 1.3187 | 3.5139 | 0.5988 | 0.3601 | 0.5682 | 1.5272
Total load 1.2164 | 0.9621 | 1.2875 | 3.466 | 0.5406 | 0.3326 | 0.5288 | 1.402
Loss 0.018 | -0.0012 | 0.0312 | 0.0479 | 0.0581 | 0.0274 | 0.0393 [ 0.1249
Zggihﬁ%ﬁg} 1.2344 | 0.9609 | 1.3187 | 3.5139 | 0.5987 | 0.36 | 0.5681 | 1.5269
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Table 2 Results with the proposed modification applied for considering DG model in
the load flow

a) The voltage profile
Voltage magnitude (p.u.) Voltage Phase angle (Degrees)
Bus No.

V. Vi Ve 0. Oy 0.
650 1 1 1 0 -120 120
632 0.9937 0.9929 0.9937 -1.26 -121.65 118.323
633 0.9906 0.9909 0.991 -1.328 -121.7 118.318
634 0.9659 0.9716 0.9717 -2.043 -122.21 117.815
645 -- 0.9834 0.9919 - -121.84 118.346
646 -- 0.9817 0.9898 - -121.92 118.391
671 0.9962 1.0056 0.9982 -2.681 -122.11 117.223
692 0.9962 1.0056 0.9982 -2.681 -122.11 117.223
675 0.9899 1.0078 0.9963 -2.931 -122.28 117.23
684 0.9942 -- 0.9962 -2.705 - 117.122
611 -- -- 0.9942 - - 116.977
652 0.9885 -- - -2.629 - -
680 0.9962 1.0056 0.9982 -2.681 -122.11 117.223
INT 1.0159 1.0159 1.0159 -1.725 -121.73 118.275

b) Power balance

Active Power (MW) Reactive Power (MVAR)

P, Py P, Total P Q. Q, Q. Total Q

Grid Power | 0.637 | 0.725 | 0.645 2.006 -0.089 | 0.009 | -0.033 -0.113
DG Power 0.598 | 0.246 | 0.656 1.500 0.663 [ 0.356 | 0.594 1.613
Total Gen. 1.234 | 0971 | 1.301 3.506 0.574 | 0.365 [ 0.56 1.499
Total load 1.216 | 0.962 | 1.287 3.466 0.541 | 0.333 [ 0.529 1.402
Loss 0.018 | 0.009 | 0.013 0.04 0.033 [ 0.032 | 0.032 0.097

Total Power

. 1.234 | 0971 | 1.301 3.506 0.574 | 0.365 | 0.560 1.499
consumption

Case 2: A 3-phase DG unit of 1.5 MW and 1.2 MVAR rating is connected at bus no.
671 of IEEE 13 node feeder and operated in P-Q mode.

Table 3 shows the results obtained with previously suggested approach for
including DG model in the load flow. From the results it is found that the internal
voltage of the generator is not balanced and the total 3-phase output power of the DG
unit is equally shared by the three phases.

Table 4 shows the corresponding values obtained when the proposed

modification was applied. It is found that the internal voltage of the DG unit is
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balanced and the total 3-phase power output is unequally distributed over the three

phases of the unit which is quite expected in the prevailing situation.

Table 3 Results with previously suggested approach for including DG model in the

load flow
a) The voltage profile
Voltage magnitude (p.u.) Voltage Phase angle (Degrees)
Bus No.
V. Vi V. 0. O 0.
650 1.0000 1.0000 1.0000 0.000 -120.00 120.00
671 0.9769 1.0368 0.9583 -4.218 -120.39 117.19
680 0.9769 1.0368 0.9583 -4.218 -120.39 117.19
INT 1.0142 1.0719 0.9964 -1.751 -118.19 119.75
b) Power balance
Active Power (MW) Reactive Power (MVAR)
P, Py P, Total P Q. Q, Q. Total Q
Grid Power | 0.7317 | 0.4618 | 0.8196 | 2.0132 | 0.1993 | -0.0465 | 0.17  0.3228
DG Power 0.5000 | 0.5000 | 0.5000 [ 1.5000 | 0.400 | 0.400 | 0.400 1.200
Total Gen. 1.2317 | 0.9618 | 1.3196 | 3.5132 | 0.5993 | 0.3535 0.57 1.5228
Total load 1.2164 | 0.9621 | 1.2875 | 3.466 | 0.5406 | 0.3326 | 0.5288  1.402
Loss 0.0153 | -0.0003 | 0.0321 | 0.0472 | 0.0586 [ 0.0208 | 0.0411 0.1205
Total Power 1 5317 1 09618 | 1.3196 | 3.5132 | 0.5991 | 0.3534 | 0.5699 1.5225
consumption

Table 4 Results with the proposed modification applied for considering DG in the

load flow
a) The voltage profile
Voltage magnitude (p.u.) Voltage Phase angle (Degrees)
Bus No. V. Vi V. 0, 0, 0,
650 1.0000 1.0000 1.0000 0.00 -120.00 12000
671 0.9962 1.0056 0.9982 -2.68 -122.11 117.22
680 0.9962 1.0056 0.9982 -2.68 -122.11 117.22
INT 1.0159 1.0159 1.0159 -1.73 -121.73 118.28
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b) Power balance

Active Power (MW) Reactive Power (MVAR)

P, Py P, Total P Q. Q, Q. Total Q
Grid Power | 0.637 | 0.725 | 0.645 | 2.006 | -0.089 | 0.009 | -0.033 | -0.113
DG Power | 0.598 | 0.246 | 0.656 1.5 0.663 | 0356 | 0.594 | 1.613
Total Gen. | 1.234 | 0971 | 1.301 | 3.506 | 0.574 | 0365 | 056 | 1.499
Totalload | 1.216 | 0962 | 1.287 | 3.466 | 0541 | 0333 | 0529 | 1.402
Loss 0.018 | 0.009 | 0.013 | 004 | 0033 |0032] 0032 | 0.097
ZS;ZL;%‘ZZ; 1234 | 0971 | 1301 | 3506 | 0574 | 0365 | 0.56 1.499

Case 3: A 3-phase DG unit of 1000 kW rating is connected at bus no. 12 of the 25

node URDN feeder and operated in P-V mode. A voltage regulation scheme is

assumed to maintain the average magnitude of the terminal voltages of the three

phases at a specified value of 1.0 p.u..

Table 5 shows the results obtained with previously suggested approach for

including DG model in the load flow and Table 6 shows the corresponding values

obtained when the proposed modification was applied. The results are now

self-explanatory.

Table 5 Results with previously suggested approach for including DG model in the

load flow
a) The voltage profile
Voltage magnitude (p.u.) Voltage Phase angle (Degrees)
Bus No.
Va Vb Vc ea eb Gc

1 1.0000 1.0000 1.0000 0.00 -120.00 120.00

12 1.0000 1.0000 1.0000 -1.55 -121.50 118.68

25 0.9653 0.9676 0.9719 -0.72 -120.59 119.22
INT 1.0385 1.0402 1.0371 0.00 -119.95 120.24
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b) Power balance

Active Power (kW) Reactive Power (kVAR)

P, Py P, Total P Q. Qs Q. Total Q
Grid Power | 767.31 | 777.91 | 771.67 | 2316.89 | 387.5 | 373.77 | 410.12 | 1171.38
DG Power | 333.33 | 333.33 | 333.33 | 1000.00 | 433.14 | 453.07 | 416.63 | 1302.84
Total Gen. | 1100.65 | 1111.25 | 1105 | 3316.89 | 820.64 | 826.85 | 826.74 | 2474.22
Totalload | 1073.3 | 1083.3 | 1083.3 | 3239.9 | 792.0 | 801.0 | 800.0 | 2393.0
Loss 2735 | 2795 | 217 | 7699 | 28.64 | 2585 | 2674 | 81.22
Zggihﬁ%ﬁg} 1100.65 | 1111.25 | 1105 | 3316.89 | 820.64 | 826.85 | 826.74 | 2474.22

Table 6 Results with the proposed modification applied for considering DG model in

the load flow
a) The voltage profile
Voltage magnitude (p.u.) Voltage Phase angle (Degrees)
Bus No.
Va Vb Vc ea eb 9c
1 1.0000 1.0000 1.0000 0.00 -120.00 120.00
12 1.0004 0.9990 1.0006 -1.49 -121.47 118.57
25 0.9653 0.9673 0.9721 -0.70 -120.59 119.20
INT 1.0386 1.0386 1.0386 0.09 -119.91 120.09
b) Power balance
Active Power (kW) Reactive Power (kVAR)
P, Py P, Total P Q. Qs Q. Total Q
Grid Power | 761.65 | 776.93 | 777.71 | 2316.29 | 389.96 | 381.18 | 398.95 | 1170.10
DG Power 338.58 | 334.04 | 327.39 | 1000.00 | 430.26 | 445.45 | 428.00 | 1303.71
Total Gen. 1100.23 | 1110.96 | 1105.10 | 3316.29 | 820.22 | 826.63 | 826.95 | 2473.81
Total load 1073.30 | 1083.30 | 1083.30 | 3239.90 | 792.00 | 801.00 | 800.00 | 2393.00
Loss 26.93 27.66 21.80 76.39 | 28.22 | 25.63 | 26.95 | 80.81
Total Power 416093 | 1110.96 | 1105.10 | 3316.29 | 820.22 | 826.63 | 826.95 | 2473.81
consumption

Case 4: Two 3-phase DG units rated at 800 kW & 600kW and the average terminal

voltages (average of the voltages of the three phases) specified at 0.98 p.u. & 0.99 p.u.

are connected at bus nos. 10 & 24 of 25 node URDN feeder.

Table 7 shows the results obtained with previously suggested approach for

including DG model in the load flow whereas Table 8 shows the corresponding values
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obtained when the proposed modification was applied. The results are now

self-explanatory.

Table 7 Results with previously suggested approach for including DG model in the

load flow
a) The voltage profile
B Voltage magnitude (p.u.) Voltage Phase angle (Degree)
us no.
V. V, V. 0, 0y 0.
1 1.0000 1.0000 1.0000 0.00 -120.00 120.00
10 0.9797 0.9784 0.9819 -0.66 -120.53 119.32
24 0.9886 0.9889 0.9924 -0.76 -120.70 119.24
INT1 1.0030 1.0017 1.0051 0.66 -119.20 120.63
INT2 1.0111 1.0114 1.0149 0.21 -119.73 120.20
b) Power balance
Active Power (kW) Reactive Power (kVAR)
P, Py P, Total P Q. Q Q. Total Q
Grid Power 622.43 | 633.44 | 630.04 | 1885.91 | 302.31 | 310.24 | 310.20 | 922.74
DGI1 Power | 266.67 | 266.67 | 266.67 | 800.00 | 254.85 | 254.82 | 254.90 | 764.56
DG2 Power | 200.00 | 200.00 | 200.00 | 600.00 | 251.02 | 251.02 | 251.08 | 753.12
Total Gen. 1089.10 | 1100.11 | 1096.71 | 3285.91 | 808.18 | 816.08 | 816.18 | 2440.42
Total load 1073.30 | 1083.30 | 1083.30 | 3239.90 | 792.00 | 801.00 | 800.00 | 2393.00
Loss 15.80 16.80 13.41 46.01 16.17 | 15.08 | 16.18 47.43
Total Power 11529 10| 1100.10 | 1096.71 | 3285.91 | 808.17 | 816.08 | 816.18 | 2440.43
consumption

Table 8 Results with the proposed modification applied for considering DG model in

the load flow
a) The voltage profile

Bus No. Voltage magnitude (p.u.) Voltage Phase angle (Degrees)

Va Vb Vc ea eb ec
1 1.0000 1.0000 1.0000 0.00 -120.00 120.00
10 0.9801 0.9790 0.9809 -0.65 -120.60 119.38
24 0.9894 0.9894 0.9912 -0.76 -120.72 119.28
INT1 1.0033 1.0033 1.0033 0.70 -119.30 120.70
INT2 1.0125 1.0125 1.0125 0.23 -119.77 120.23
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b) Power balance

Active Power (kW) Reactive Power (kVAR)

P, P, Total P Q. Qp Q. Total Q
Grid Power | 611.74 | 641.02 | 633.18 | 1885.95 | 296.53 | 292.48 | 332.87 | 921.88
DGI1 Power | 271.39 | 261.83 | 266.78 | 800 |253.52|265.74 | 245.59 | 764.85
DG2 Power | 205.74 | 197.26 600 | 257.85|257.79 | 237.92 | 753.56
Total Gen. | 1088.88 | 1100.11 | 1096.96 | 3285.95 | 807.9 | 816.01 | 816.38 | 2440.29
Total load 10733 | 1083.3 | 1083.3 | 32399 | 792 | 801 | 800 | 2393
Loss 1558 | 1681 | 13.66 | 46.05 | 159 | 15.01 | 1638 | 47.29
Zg’;i;%‘gf; 1088.88 | 1100.11 | 1096.96 | 3285.95 | 807.9 | 816.01 | 816.38 | 2440.29

Case 5: A 3-phase DG unit of 1000 kW is connected at bus no. 12 of 25 node URDN

feeder and operated in P-V mode with the max Q-limit of 650 kVAR and an average

voltage specified at 1.0 p.u.

Table 9 shows the results with the proposed modified approach. From the results

it is found that as Q-limit exceeds, the unit is run in P-Q mode with Q value set at

650 kVAR . It can now be found in the Table that the terminal voltage (average of the

three phases) of the generator can no longer be maintained at the specified value of

1.0 p.u. and its magnitude is now 0.9834 p.u. The balance in the internal voltage is

maintained in this case.

Table 9 Results with the proposed modification applied for considering DG model in

the load flow
a) The voltage profile
Voltage magnitude (p.u.) Voltage Phase angle (Degrees)
Bus No.
Va Vb Vc ea eb Gc

1 1.0000 1.0000 1.0000 0.00 -120.00 120.00

12 0.9832 0.9825 0.9844 -0.23 -120.18 119.78

25 0.9613 0.9637 0.9683 -0.55 -120.43 119.33
INT 1.0035 1.0035 1.0035 1.45 -118.55 121.45
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b) Power balance

Active Power (kW) Reactive Power (kVAR)

P, Py P, Total P Q. Qs Q. Total Q
Grid Power | 761.84 | 783.18 | 767.62 | 2312.64 | 603.34 | 600.52 | 623.20 | 1827.06
DG Power | 337.17 | 326.55 | 336.28 | 1000.00 | 217.99 | 226.92 | 205.09 | 650.00
Total Gen. | 1099.01 | 1109.73 | 1103.90 | 3312.64 | 821.33 | 827.44 | 828.29 | 2477.06
Total load | 1073.30 | 1083.30 | 1083.30 | 3239.90 | 792.00 | 801.00 | 800.00 | 2393.00
Loss 2571 | 2643 | 2060 | 7274 | 2933 | 26.44 | 28.29 | 84.06
ZS;ZL;%‘ZZ; 1099.01 | 1109.73 | 1103.90 | 3312.64 | 821.33 | 827.44 | 828.29 | 2477.06

Case 6: A 3-phase DG unit of 1350 kW rating is connected at bus no. 708 of IEEE 37
bus network. A voltage regulation scheme is assumed to maintain the average
magnitude of the terminal voltages of the three phases at a specified value of 1.0 p.u.
(P-V mode of operation). Results with the proposed modification applied for

considering DG model in the load flow have been presented in Table 10.

Table 10 Results with the proposed modification applied for considering DG model

in the load flow

a) The voltage profile
Voltage Magnitude (p.u.) Voltage Phase angle (Degrees)
Bus No.
Va Vb Vc ea eb eC
INT 1.0170 1.0170 1.0170 -28.57 -148.57 91.43
799 1.0000 1.0000 1.0000 -30.00 -150.00 90.00
708 0.9970 1.0010 1.0030 -30.27 -149.99 89.65
b) Power generation
Active Power (kW) Reactive Power (KVAR
Pa Pb Pc Total P Qa Qb Qc
Grid Power 395.37 | 277.19 | 44340 | 111595 | 252.54 | 127.07 89.31
DG Power 466.87 | 394.09 | 489.05 | 1350.00 | 298.17 | 233.75 | 202.70
Total Gen. 862.23 | 671.28 | 932.44 | 2465.95 | 550.71 | 360.81 | 292.01

Page 29




2.5 Chapter Summary

This chapter has proposed a PSO based methodology for 3-phase distribution
load flow with DG units present in the system to eliminate the limitations of the
existing methods as mentioned in section 1.4. The results of application of the
proposed load flow on benchmark distribution systems have been presented. The

results validate the claim made by the present researcher.
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CHAPTER 3

A Modified Approach for Inclusion of
Distributed Generator Models in 3-phase
Distribution Load Flow
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3.1 Introduction

In this chapter a new methodology is proposed for inclusion of DG models in
3-phase distribution load flow to eliminate the limitations (section 1.4) of the existing
methods of incorporating DG models in distribution load flow. The proposed
methodology utilizes the direct approach load flow method, a brief description of
which is presented in Appendix-I. The direct approach load flow is originally
formulated for conventional distribution networks where only load buses are present.
The quantities P;, and Q;, in equation (A-5) of Appendix-I, are specified for the load
buses. But, with DG units present in the network, the situation will not be the same
because output of 3-phase DG units cannot be specified for individual phases under
unbalanced operating condition. Modifications have been proposed in this work for
both P-Q model and P-V model of DG. In this context, it may be noted that the
convergence criterion (A-6) given in Appendix-I is applicable only for load buses.
Separate criteria are required for DG buses. The criteria to be used for PQ model and
PV model are presented. The load flow iteration continues until all the convergence

criteria are satisfied simultaneously.

3.2 The Proposed Modifications

The formulation of the problem requires that the network be augmented by
connecting the DG internal nodes to the respective terminal nodes through respective
internal impedances. The sizes of [B], [1], [V], [Vo], [BCBV] and [BIBC], defined in
Appendix-I, therefore, need to be augmented accordingly to include the internal

nodes.

3.2.1 Proposed modifications for P-Q model of DG

In the proposed approach, instead of considering the DG output as the injected
power at its terminal node, the internal power generated in the DG unit is assigned as
injected power at its internal node. The DG terminal node is treated as a load node
with the connected load as the injected power at that node. If no load is present, the

injected power is taken as zero.
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The iteration of the direct approach load flow is started with allocating the
specified 3-phase active power and reactive power equally to each phase of the DG

internal node.

Thus, for the I* iteration (k=1),
PGk.p - Psp and Qé.p - Qsp
where, p=a, b, cindicates the phase.

k 1s the iteration number.

Pk

., and Qé,p indicate, respectively, the active and reactive power at the

different phases of the DG internal node at the start of k™ iteration.
Psp = P3xp /3 and Qsp = QSsp/3

P

%y and O, - are the total 3-phase active and reactive power specified for the DG

unit.

In every iteration, after updating the node voltages (including the internal node)

as described in Appendix-I, the following convergence criteria are to be checked:

j<¢g

_ ‘ ErH

pos

() Mar{|E;"
(ii) Max{A, B} < &,
(111) Max{C, D} <ég,

where, &, & and &, are the respective tolerances.

Ek +1

pos

is that of the

‘Eﬁ“‘ is the magnitude of the updated internal voltage and

corresponding positive sequence voltage.

A: §ak+l_é‘:+l _120 ,and B:‘é;)k-%—l_é‘fﬂ_lzo‘

o [lf *!indicates the angle of the updated internal voltage of different phases.
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C:‘P

k+1
3sp - f;g

and D:‘Q3SP—Q§: .

Q§+1=Zf;’i ;1 and Q) =ZQ§:,1 are respectively the total 3-phase active and
p

38
p

k+1

reactive power output of the DG, and Pg’ﬁ:f and Q, ', indicate respectively the active and

reactive power output of different phases of the DG, obtained with the updated values

of its terminal voltage V"' in the following manner:
e+ )" gk
P =Re{ (V) 16, (3.1a)

K+l _ k)" 7k
o —Im{(Vg,; ) Ia,p} (3.1b)
where, 1 é , 18 the generator current per phase.

Criteria (i) and (ii) are checked to achieve a balanced internal voltage, and (iii)
is used to ensure that the specified 3-phase output, P3,, and Qj3,,, are obtained at the

generator terminal.

Before going to the next iteration (if necessary), the values of active power and
reactive power at the internal node are updated as follows to include the effect of
internal active and reactive power losses of the DG unit, and also to include the

correction terms necessary to obtain a balance in the 3-phase internal node voltages.

2
P =P +CI3+R(1L,) + AP (3.2)
+ + 2 ¥
Ot =0+ D3+ X (15,) +AQ5" (3.3)
where, R is the generator internal resistance per phase.

X is the generator internal reactance per phase.

k+1 k+1 sel :
AP, and AQ,', are additional correction terms.

k+1

AF;’, s obtained from the angle mismatch of internal voltage using equation

(A-11) of Appendix-II as follows:
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—k+1

AP =P, ASL" (3.4)

where, AS = (5]‘+1 - )

pos

S s angle of the positive sequence component of the updated internal

pos

voltage.

k+1
P, 1is the synchronizing power co-efficient.

AQ(’_‘;; is calculated from the mismatch in the magnitudes of the internal

voltages as follows [8]:

+ + -1
AQ;" =AE" (2X,) (3.5)

G.,p

2
where, AEl’j+1 = ‘E"“ )

pos

2
k+1
£,

X, is formed by retaining only the imaginary part of the diagonal terms of the DLF

matrix corresponding to the internal node.
3.2.2 Proposed modifications for P-V model of DG

For a DG unit operated in P-V mode, 3-phase active power and either the
magnitude of the positive sequence terminal voltage or the average magnitude of the
three phase voltages at the terminal are required to be specified. In the present work,
the specified active power is allocated equally to each phase of the DG internal node
at the start of load flow iteration. A starting voltage equal to the specified voltage may
be taken. An initial guess for the reactive power (allocated equally to three phases of
the internal node) is required to start the iteration. Any suitable arbitrary value may be
chosen for the initial guess. However, if any reactive power limit is specified then the

arbitrary value chosen should be within that limit.

In each iteration, after the node voltages are updated, it is checked whether é‘ ; !

is within the specified limit, i.e., Q_ <O < where Q. and Q_ are the

min — =3¢ max °
minimum and maximum limit respectively. This step is, however, required only when

such limit exists.
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If Qﬁ; is within the specified limit or if no such limit is specified, the following

convergence criteria are checked:

k+1
V

8

-V

sp

k+1
—‘E

pos

2

<

1) Max{ MaxH E’;“
P

(ii) Max{A,B} <&,

e+l
B, =B

(iif) <&,

V., is the specified terminal voltage magnitude. ng“ is the magnitude of the
positive sequence component of the updated terminal voltage when positive sequence
voltage is specified. When the average of the voltage magnitude is specified, ng“ is

the average of the magnitudes of the three phase voltages at the terminal. All the

remaining quantities in the above three criteria are defined in Section 3.2.1.

Before going to the next iteration, the active power and reactive power at the
internal node are updated. The updation of active power takes place exactly in similar
manner as it is done for P-Q model, i.e., using equation (3.2) and (3.4). The updation

of reactive power is done with the help of two correction terms as given in equation

(3.6).
05, =05, +AQ,, +AQ;, (3.6)

AQ;{;,] is the correction term required to compensate for the mismatch between

the magnitudes of the updated terminal voltage and the specified voltage, and is given

by
AQ = AVH(2x,) (3.7)

2
where, AV =V — ‘ng 1" is the mismatch voltage.

X, is formed by taking the imaginary part of the diagonal terms of the DLF matrix

corresponding to generator terminal node.
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AQ(/;T;, can be obtained from equation (3.5).

If Qé‘g ' is not within the specified limit, the step for convergence checking is

skipped, and PGk;,l and Qckfll, are determined for the next iteration. Pck;l is calculated

with the help of equations (3.2) and (3.4)as before, but equation (3.5) , (3.6) and

(3.7)are not used to calculate Qé‘;; in this case. Instead, Qé‘;; is set equal to Q]m/ 3,

where O, =0, or O depending on the limit violated. In the next and subsequent
iterations, the DG unit is treated as a DG in P-Q mode with O, set equal to Q... but
with a difference. In this case, an additional step has to be introduced in every
iteration for checking whether ‘ngﬂ‘ >V, if maximum Q-limit (Q,,, ) violation had

taken place or whether ‘V;H‘ <V_, if minimum Q-limit (Q ) violation had taken

place. If either of the two conditions occur, then, from the next iteration, the DG is

again converted into P-V mode.
3.2.3 The flowchart

The computational flowchart for the load flow incorporating the proposed DG
models is presented in Fig.3.1. All the symbols used in the flowchart have been

defined in Section 3.2.1 and 3.2.2.
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START

Augment the network to include the internal nodes of the DGs
v

Form [BIBC|,[ BCBV |and [ DLF | using ref [38]
v

| Set iteration count, k=1 |

Assign P , and oL ,to DG internal nodes and set initial node

voltages V* as described in Section 3.2.1 and 3.2.2

A4
Update all the node voltages
v

For all the DGs converted from P-V to P-Q mode, check whether
k+1 . k+1 .
|Vg >‘/5P lfQB.vp = Qmax Or’ |Vg <‘/S[) if Q3xp = Qmin
v

If either of the two conditions occurs convert the DG into P-V mode again

v

Calculate Pf;l and Q;{;l for all the DGs

Is there any DG in P-V mode
with specified O-limit?

Identify all those DGs and NO
Check whether v

Qmin S Q3k;—1 S Qmax fOr them

Check all the convergence criteria

YES l

Is convergence
reached?

Kl
Is Q3; within limit

for all such DGs?

Show results
STOP

For the DGs with Q-limit violation, set
0, - atrespective O or Q .

depending on the limit violated o ol
7 Calculate £ and Q)
Calculate PGk;l and set Qg; =Q,,.,/3 and v
Set k=k+1
change the mode of those DGs from P-V to P-O

Fig.3.1. The computational flowchart.
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3.3 Case Studies

The developed methodology has been tested on IEEE 13 node distribution
network, 25 node URDN and IEEE 37 node distribution network. The schematic
single line diagrams of the systems are shown respectively in Fig.A-1, Fig.A-2 and
Fig.A-3 in Appendix-IV. The network and load data of the systems are available
respectively in [58], [59] and [60]. The voltage regulator at bus 650 in IEEE 13 node
and bus 799 in IEEE 37 node distribution feeder has not been considered in the study.
The networks are augmented by connecting the DG internal nodes to the respective
phases of the generator terminal buses through the internal impedances (i.e. Zi=
0.01+0.5 ©Q/Phase). A realistic value for Z;, has been chosen. The DG internal buses
(3-phase) are denoted in Fig.A-1, Fig. A-2 and Fig.A-3 as INT. Bus no. 650, 1 and
799 are the grid-buses of the IEEE 13 node, 25 node URDN and IEEE 37 feeders
respectively and has been taken as the slack buses in the load flow studies. The
distributed load along line 632-671 of the IEEE 13 bus network has been considered

as lumped loads in the following manner [36]:

1. At one-fourth length of the line from sending node, i.e. node 632, two third of

the load is connected. For this, a dummy node is created.

2. One third load is connected at the receiving node, i.e. node 671.

The following case studies have been done. The detailed results are shown
only for the voltage profile for Case 1 and given in Table 1 and Table 2. For other
results, only the relevant parts have been shown. The phase angles have been

expressed with respect to the grid bus voltages.

Case 1: A 3-phase DG unit with its internal node designated as INT, is connected at
bus no. 671 of IEEE 13 node network. It is operated in P-Q mode with a specified
power output of 1890 kW and 915 kVAR.

Table 1 shows the results of load flow executed with previously reported
method [8 ], [37 ] for including DG models in the study. From the results it is found
that the active and reactive power outputs of the generating unit are same for all three
phases which is unrealistic in unbalanced operating condition. Moreover, balance in

the internal voltage of the DG unit is not obtained in the solution.
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Table 2 shows the corresponding values obtained when the proposed

modification was applied. From the table it is found that the DG output power (both

active and reactive) is unevenly distributed over the three phases of the unit while

internal voltage of the DG unit is balanced.

Table 1 Results with previously suggested approach for considering DG in the load

flow
a) The voltage profile
Voltage Magnitude (p.u.) Voltage Phase Angle (Degree)
Bus No.
\A Vi V. 0. 05 0.
650 1.0000 1.0000 1.0000 0.00 -120.00 120.00
632 0.9826 1.0058 0.9720 -1.64 -120.47 118.73
633 0.9795 1.0038 0.9692 -1.71 -120.51 118.72
634 0.9545 0.9848 0.9495 -2.44 -121.00 118.20
645 -- 0.9965 0.9700 -- -120.65 118.76
646 -- 0.9948 0.9679 - -120.73 118.80
671 0.9747 1.0305 0.9550 -3.45 -119.78 118.00
692 0.9747 1.0305 0.9550 -3.45 -119.78 118.00
675 0.9683 1.0327 0.9530 -3.71 -119.95 118.00
684 0.9726 -- 0.9529 -3.47 - 117.89
611 -- -- 0.9509 -- -- 117.73
652 0.9668 -- - -3.39 - --
680 0.9747 1.0305 0.9550 -3.45 -119.78 118.00
INT 1.0303 1.0827 1.0119 1.58 -115.26 123.22
b) Power balance
Active Power (kW) Reactive Power (kVAR)
P, P, P, Total P Q. Qb Qc Total Q
Grid Power | 59597 | 335.73 | 682.79 | 1614.48 | 279.80 | 42.61 | 254.89 | 577.30
DG Power 630.00 | 630.00 | 630.00 | 1890.00 | 305.00 | 305.00 | 305.00 [ 915.00
Total load 1216.41 | 962.11 | 1287.48 | 3466.00 | 540.57 | 332.60 | 528.82 | 1402.00
Loss 9.56 3.62 25.30 38.48 44.22 15.01 31.07 90.30
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Table 2 Results with the proposed modification applied for considering DG in the

load flow
a) The voltage profile
Voltage Magnitude (p.u.) Voltage Phase Angle (Degree)
Bus No.
V., V, V. 0. Op 0.
650 1.0000 1.0000 1.0000 0.00 -120.00 120.00
632 0.9869 0.9856 0.9864 -0.80 -121.22 118.78
633 0.9837 0.9836 0.9837 -0.87 -121.27 118.77
634 0.9589 0.9641 0.9643 -1.60 -121.79 118.26
645 -- 0.9761 0.9845 -- -121.42 118.80
646 -- 0.9743 0.9825 - -121.50 118.85
671 0.9860 0.9864 0.9849 -1.04 -121.23 118.57
692 0.9823 0.9909 0.9833 -1.78 -121.25 118.13
675 0.9759 0.9932 0.9814 -2.03 -121.43 118.14
684 0.9803 - 0.9813 -1.80 - 118.03
611 -- -- 0.9793 -- -- 117.88
652 0.9745 - - -1.72 -- --
680 0.9823 0.9909 0.9833 -1.78 -121.25 118.13
INT 0.9950 0.9950 0.9950 -0.58 -120.58 119.42

b) Power balance

Active Power (kW) Reactive Power (kVAR)

P, Py P, Total P Q. Qp Qc Total Q

Grid Power 513.6 | 566.47 [ 526.72 | 1606.8 | 153.28 | 223.78 | 175.65 | 399.43
DG Power 716.11 | 403.83 | 770.06 | 1890 | 410.58 [ 130.62 [ 373.8 915
Total load 1216.41 | 962.11 | 1287.48 | 3466 | 540.57 | 332.6 | 528.82 [ 1401.99
Loss 13.31 8.2 9.3 30.8 23.29 21.8 20.63 65.72

Case 2: The DG unit considered in Case 1 is operated in P-V mode with specified
power output of 1890 kW and a specified positive sequence terminal voltage

magnitude of 1.0 p.u.. No Q-limit is considered.

Table 3 shows the results with previously suggested approach for considering
DG in the load flow, whereas, Table 4 shows the same obtained with the proposed

modified approach. The results are now self-explanatory.
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Table 3 Results with previously suggested approach for considering DG in the load

flow
a) The voltage profile
Bus N Voltage Magnitude (p.u.) Voltage Phase Angle (Degree)
s No.
4 v, Vi 2 0, 0, 0.
650 1.0000 1.0000 1.0000 0.00 -120.00 120.00
671 0.9885 1.0429 0.9697 -3.74 -119.85 117.70
INT 1.0333 1.0848 1.0151 -0.72 -117.13 120.83
b) Power balance
Active Power (kW) Reactive Power (kVAR)
P, Py P, Total P Q. Q Qc Total Q
Grid Power | 599.12 | 334.06 | 6809 | 1614.08 | 101.9 | -121.17 | 77.146 57.88
DG Power 630.0 630.0 630.0 1890.0 | 480.99 | 476.91 | 478.67 | 1436.56
Total load 1216.41 | 962.11 | 1287.48 3466 540.57 | 332.6 | 528.82 1402
Loss 12.71 1.95 23.42 38.08 42.32 23.13 26.99 92.44

Table 4 Results with the proposed modified approach for considering DG in the load

flow
a) The voltage profile
Voltage Magnitude (p.u.) Voltage Phase Angle (Degree)
Bus No.
V, Vi V. 0, 0, 6.
650 1 1 1 0 -120 120
671 0.9926 1.0145 0.9931 -32.28 -151.13 87.72
INT 1.0541 1.0541 1.0541 -29.38 -149.38 90.62
b) Power balance
Active Power (kW) Reactive Power (kVAR)
P, Py P, Total P Q. Q Qc Total Q
Grid Power | 508.00 [ 516.63 | 578.50 | 1603.13 | 16.02 | -16.75 | 10.45 9.73
DG Power | 719.83 [ 450.24 | 719.93 | 1890.00 | 545.55 | 368.11 | 540.06 | 1453.72
Total load | 1216.41 | 962.11 | 1287.48 | 3466.00 | 540.57 | 332.60 | 528.82 | 1402.00
Loss 11.42 4.76 10.95 27.13 21.00 | 18.76 | 21.69 61.45

Case 3: Two 3-phase DG units, DG1 and DG2, are connected at bus no. 12 and 15

respectively of URDN 25 node network. DGI1 is operated in P-Q mode with a

specified output of 500 kW and 200 kVAR, whereas DG2 is operated in P-V mode
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with specified power output of 1000 kW and a specified positive sequence terminal

voltage magnitude of 1.0 p.u.. No Q-limit is considered for this unit.

Table 5 shows the results obtained with proposed modified approach. It is to be
observed that for DG2 (operating in P-V mode), the terminal voltage of the three
phases result in a specified positive sequence magnitude of 1.0 p.u.. Other aspects are

now self-explanatory.

Table S Results obtained with the proposed modified approach for including DG in
the load flow

a) The voltage profile

Bus No. Voltage Magnitude (p.u.) Voltage Phase Angle (Degree)
V., Vi V. 0, O 0.
1 1.0000 1.0000 1.0000 0.00 -120.00 120.00
12 0.9894 0.9886 0.9899 -0.56 -120.53 119.45
15 1.0003 0.9997 1.0000 -1.07 -121.06 118.97
INT1 0.9981 0.9981 0.9981 0.23 -119.77 120.23
INT2 1.0471 1.0471 1.0471 0.08 -119.92 120.08

b) Power balance

Active Power (kW) Reactive Power (kVAR)

P, Py P, Total P Q. Q, Qc Total Q

Grid Power | 584.80 | 600.59 | 601.15 | 1786.54 | 274.59 | 264.55 | 282.04 | 821.19
DG1 Power | 168.50 | 165.51 | 165.99 | 500.00 | 64.80 [ 75.06 | 60.14 | 200.00
DG2 Power | 336.53 | 334.35 | 329.12 [ 1000.00 | 470.57 | 477.78 | 474.76 | 1423.12
Total load 1073.30 | 1083.30 | 1083.30 | 3239.90 | 792.00 | 801.00 | 800.00 | 2393.00
Loss 16.53 17.15 12.96 46.64 | 1796 | 16.39 | 16.95 51.30

Case 4: Both the DG units mentioned in Case 3 are operated in P-V mode with a
specified positive sequence terminal voltage magnitude of 1.0 p.u.. DGI1 has a
specified power output of 500 kW with a Q limit of 300 kVAR and DG2 has a
specified power output of 1000 kW with a Q limit of 1500 kVAR.

Table 6 shows the results obtained with proposed modified approach. It is to be
observed that, for DG2, the reactive power output is within limit; hence, the specified
terminal voltage (positive sequence value) is maintained. But in case of DGI, the

reactive power output crosses its upper limit to maintain the specified terminal
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voltage. So the reactive power output is fixed at the upper limit, and the specified

terminal voltage can no longer be maintained.

Table 6 Results obtained with the proposed modified approach for including DG in

the load flow
a) The voltage profile
Voltage Magnitude (p.u.) Voltage Phase Angle (Degree)
Bus No.
V. Vy V. 0., 0y 0.
1 1.0000 1.0000 1.0000 0.00 -120.00 120.00
12 0.9912 0.9902 0.9915 -0.69 -120.66 119.33
15 1.0003 0.9997 1.0001 -1.06 -121.05 118.97
INT1 1.0027 1.0027 1.0027 0.06 -119.94 120.06
INT2 1.0451 1.0451 1.0451 0.11 -119.89 120.11
b) Power balance
Active Power (kW) Reactive Power (kVAR)
P, Py P, Total P Q. Qs Qc Total Q
Grid Power | 584.34 | 599.63 | 601.16 | 1785.13 | 264.79 | 254.43 | 271.45 | 790.67
DGI1 Power | 168.62 | 166.19 | 165.20 | 500.00 | 97.62 | 108.39 | 93.99 [ 300.00
DG2 Power | 336.40 | 334.13 | 329.47 | 1000.00 | 447.15 | 454.20 | 451.11 | 1352.45
Total load 1073.30 | 1083.30 | 1083.30 | 3239.90 | 792.00 | 801.00 | 800.00 | 2393.00
Loss 16.06 16.65 12.52 45.23 17.57 | 16.02 | 16.54 50.13

Case 5: A DG unit of 1350 kW rating is connected at bus no. 708 of IEEE 37 bus

network. A voltage regulation scheme is assumed to maintain the average magnitude

of the terminal voltages of the three phases at a specified value of 1.0 p.u. (P-V mode

of operation). No Q limit is considered.

Table 7 and Table 8 show the results obtained with proposed modified approach along

with that obtained by the conventional N-R 3-phase load flow method and also the

PSO based method presented in the previous chapter. From the Tables presented for

the three different approaches it is seen that the three methods produces almost

identical results.
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Table 7 Voltage magnitude & phase angle obtained by the three different load flow

methods
a) Load Flow with the proposed modified approach
Voltage magnitude (p.u) Voltage Phase Angle (Degree)
Bus No.
Vv, \ V. 0. Oy O
INT 1.0170 1.0170 1.0170 -28.57 -148.57 91.43
799 1.0000 1.0000 1.0000 -30.00 -150.00 90.00
708 0.9960 1.0010 1.0030 -30.28 -150.01 89.65
b) N-R Load Flow
Bus N Voltage magnitude (p.u) Voltage Phase Angle (Degree)
us No.
Va Vb Va Vb Va Vb
INT 1.0169 1.0169 1.0169 -28.57 -148.57 91.43
799 1.0000 1.0000 1.0000 -30.00 -150.00 90.00
708 0.9964 1.0009 1.0027 -30.28 -150.01 89.65
c¢) Load flow with PSO based approach
Voltage magnitude (p.u) Voltage Phase Angle (Degree)
Bus No.
V., Vi V. 0, 05 0.
INT 1.0170 1.0170 1.0170 -28.57 -148.57 91.43
799 1.0000 1.0000 1.0000 -30.00 -150.00 90.00
708 0.9960 1.0010 1.0030 -30.28 -150.01 89.65
Table 8 Power balance obtained by the three different load flow methods
a) Load flow with the proposed modified approach
Active power (kW) Reactive power (kVAR)
Pa Pb Pc Total P Qa Qb Qc
Grid Power 399.04 | 281.91 447.01 | 1127.96 | 249.66 | 125.14 89.38
DG Power 467.50 | 394.07 | 488.43 | 1350.00 | 301.91 [ 237.07 | 206.24
Total load 859.06 [ 670.59 | 927.35 | 2457.00 | 548.58 [ 360.90 | 291.52
Loss 7.48 5.40 8.08 20.96 4.95 3.29 6.08
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b) N-R Load Flow

Active power (kW) Reactive power (kVAR)
P, P, P Total P Q. Qp Q.
Grid Power 399.69 281.8 447.08 | 1128.55 276.8 144.39 113.4
DG Power 467.1 394.38 488.49 1350.0 | 296.72 233.4 202.14
Total load 859.06 670.59 927.35 2457.0 | 548.58 360.9 291.52
Loss 7.73 5.59 8.22 21.54 24.93 16.89 24.02
c¢) Load flow with PSO based approach
Active power (kW) Reactive power (kVAR)
P. Py P, Total P Q. Q Q.
Grid Power 399.04 28191 447.01 | 1127.96 | 249.66 125.14 89.38
DG Power 467.50 394.07 488.43 | 1350.00 | 301.91 237.07 | 206.24
Total load 859.06 670.59 927.35 | 2457.00 | 548.58 | 360.90 | 291.52
Loss 7.48 5.40 8.08 20.96 4.95 3.29 6.08

Case 6: The generator considered in Case 5 is operated in P-Q mode with P and Q
specified at 1350 kW and 745.22kV AR respectively and connected at bus no. 708 of
IEEE 37 bus network.

Table 9 and Table 10 show the results obtained with the load flow methods

considered in Case 5.

Table 9 Voltage magnitude & phase angle obtained by different load flow methods

a) Load Flow with proposed modified approach

Bus No. Voltage magnitude (p.u.) Voltage Phase Angle (Degree)

V. Vb Ve 0, By 0.
INT 1.0170 1.0170 1.0170 -28.57 -148.57 91.43
799 1.0000 1.0000 1.0000 -30.00 -150.00 90.00
708 0.9960 1.0010 1.0030 -30.28 -150.01 89.65

b) N-R Load Flow
Voltage magnitude (p.u) Voltage Phase Angle (Degree)
Bus No.

V. Vs V. 0. 0 0.
INT 1.01690 1.01690 1.01690 -28.57 -148.57 91.43
799 1.00000 1.00000 1.00000 -30.00 -150.00 90.00
708 0.99640 1.00090 1.00270 -30.28 -150.01 89.65
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c¢) Load flow with PSO based approach

Bus No. Voltage magnitude (p.u) Voltage Phase Angle (Degree)
\'A Vi V. 0, 0y 0.
INT 1.0170 1.0170 1.0170 -28.57 -148.57 91.43
799 1.0000 1.0000 1.0000 -30.00 -150.00 90.00
708 0.9960 1.0010 1.0030 -30.28 -150.01 89.65

Table 10 Power balance obtained by the three different load flow methods

a) Load flow with proposed modified approach

Active power (kW) Reactive power (kVAR)
P, P, P, Total P Q. Qp Q.
Grid Power 399.04 | 28191 447.01 1127.96 249.66 125.14 89.38
DG Power 467.50 | 394.07 | 488.43 1350.00 301.91 237.07 206.24
Total load 859.06 | 670.59 | 927.35 2457.00 548.58 360.90 | 291.52
Loss 7.48 5.40 8.08 20.96 4.95 3.29 6.08

b) N-R Load Flow

Active power (kW) Reactive power (kVAR)

P, Py P, Total P Q. Qs Q.
Grid Power 399.69 281.80 447.08 1128.55 276.80 144.39 113.40
DG Power 467.10 394.38 488.49 1350.00 | 296.72 | 233.40 | 202.14
Total load 859.06 670.59 927.35 2457.00 | 548.58 360.90 | 291.52
Loss 7.73 5.59 8.22 21.54 24.93 16.89 24.02

c¢) Load flow with PSO based approach

Active power (kW) Reactive power (kVAR)
P, Py, P Total P Q. Qp Q.
Grid Power 399.04 281.91 447.01 1127.96 | 249.66 125.14 89.38
DG Power 467.50 394.07 488.43 1350.00 | 301.91 237.07 | 206.24
Total load 859.06 670.59 927.35 2457.00 | 548.58 360.90 | 291.52
Loss 7.48 5.40 8.08 20.96 4.95 3.29 6.08

3.4 Chapter Summary

This chapter has proposed an improved methodology for inclusion of 3-phase
DG models in distribution load flow formulations. Both P-Q model and P-V model of
DG units have been considered and the corresponding convergence criteria have been
established. The uneven division of loads among the three phases of a DG unit in

unbalanced operating condition can be properly taken into consideration by the
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suggested method and the internal voltage balance of the generator is also maintained
in the solution. Results for a number of case studies with different operating
conditions for IEEE 13 node, IEEE 37 node and 25 node URDN networks have been
presented. The results show that the proposed methodology can provide realistic
solution of 3-phase distribution load flow in the presence of both P-Q model and P-V
model of DG units.
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4.1 Introduction

In this chapter, a methodology is proposed for more effective planning and
operation of power systems subjected to unbalanced operating conditions. With the
help of the proposed method, occurrence of any partial overloading of the generators
in the system can be avoided and the generators can be operated within their safe
loading limits at all conditions of unbalanced operation. The problem of partial
overloading of generators has been introduced in section 1.4 of chapter 1. The
presented methodology utilizes conventional N-R 3-phase load flow and is based on a
modification in the necessary/ suitable/ appropriate constraint Equation.

4.2 Brief Review of N-R 3-Phase Load Flow
N-R based 3-phase load flow is well documented in the literature [11], [12].As

the present work is based on the formulation suggested in the above references, this
section presents a brief review of N-R 3-phase load flow, particularly highlighting the

formulation adopted in those references.

The main objective of 3-phase load flow is to obtain the magnitudes and angles
of voltages of all the three phases at each bus in a 3-phase network corresponding to
specified system conditions. Typically, twelve variables are attached to each 3-phase
bus. They include injected active and reactive power, as well as voltage magnitude
and the angle of each of its three phases. Six of these variables should be specified or
be known, leading to six constraints in the form of six equations to be solved for the
remaining six unknowns for each 3-phase bus. An iterative solution is required since
the constraint equations are non-linear. The N-R load flow requires mismatches
between the specified values and the calculated values in each iteration is to be related
linearly with the required changes or corrections in the values of the unknown

quantities with the help of Jacobian matrix as follows

AM =JAX 4.1
AX =[J™ |AM
where, for a network having n number of 3-phase buses,
AM =[AM . AM,....AM, | (4.2)
is the mismatch vector or error vector, and

AX =[AX,,AX,....AX, | (4.3)
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is the vector of changes or correction vector.

The constraints, however, are different for different types of buses. For the slack
bus, the voltage magnitude and phase angle are specified and the angle is usually
taken as zero, and the angles of all other voltages are given with respect to the voltage

phasor of this bus. No constraints are attached to this bus.

For the load buses, the injected active and reactive power for each of the three
phases of this type of bus is specified separately. The six quantities to be determined
for these buses are the voltage magnitudes and phase angles of the three phases. The
following active and reactive power balance equations constitute the six constraints

for these buses.

Assuming the i" bus to be a load bus,

PY=> Pf (4.4)
B

and Q::,- = Z 04 4.5)
j=1i

where,

Br =V Y | V(G cos(87 ~6" )+ B sin(67 -6/ ))

k=ab,c
~VE(G™ cos(8 -6 )+ B sin(67 -6} (4.6)
and

i
k=a,b,c

o =V~ Z [Vik (G;"< sin(@f’ —@k)—B:’k cos(@l.“ A ))
v} (G*sin(6"-6")- B cos(ef—ej))} 4.7)

(a=a, b, ¢ for three phases).

The six mismatches are as follows,

AP* =Py —> P, (4.8)
1 j=1i
and AQ"=0Q% - 0. (4.9)
j=li

Then, for the i bus, the (6x1) mismatch vector is as follows

AM, =[ AP*,AP" AP, AQ? AQ" AQS | (4.10)
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and the (6x1) correction vector is given as

4.11)

AX —{AH*‘ Agh age AV AVE AVY }T

A4

The above-mentioned formulation for slack bus and load bus is quite general for

N-R 3-phase load flow, and has been used in [11], [12].

For the generator buses, the total injected 3-phase active power is specified. A
specification on voltage magnitude is also imposed depending on the voltage control
scheme adopted for the generator. These two specified quantities give rise to two
constraints only. The remaining four constraints are derived, making use of the fact
that the three internal voltages of the generator are balanced in magnitude and phase
because of the balanced design of its windings. The same is also true for the 3-phase
inverter based on DGs where due to symmetrical switching, the three phase voltages
of the inverter remains balanced. Traditionally, the six unknowns for generator bus

are the 3-phase terminal voltage magnitudes and their phase angles.

In the formulation adopted in [12] in addition to these six quantities, the
magnitude of the internal induced voltage and the angle of any one of its phases are
introduced as unknown quantities to meet the requirement for maintaining balanced
condition of the internal voltages. This results in a total of eight unknowns assigned to
each generator bus requiring eight quantities to be specified for generating eight
constraints. These specified quantities are active and reactive loads (both will be zero
if no load is connected to the bus) at each phase of the generator terminal, the total
3-phase active power output of the generator, and the generator terminal voltage

magnitude (i.e., the voltage regulator setting).

Accordingly, the eight constraints for the generator buses can be expressed as follows:

Assuming that the i bus is a generator bus,

P = > PP (4.12)
R I
0 =2 0/-0¢ (4.13)
j=l#i
B, =F, (4.14)
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and v, =f(VVhve) (4.15)

1

where P and Q7 are as defined in (4.6) and(4.7), and

Py =VE, [gl. cos(é‘i"’ —Q“)—bl. sin(@“ —Q-“)]-(V,-a )2 g (4.16)

2

Q% =V “E,| b cos(d — 8 )+ g sin (57 -67) |-(vi*) b, @17

P.= > P (4.18)

a=ab,c

f (V-a, -b,VC) depends on the voltage regulation scheme adopted in the generator.

1 1

The corresponding mismatches are as follows:

APF =P =Y Py pe (4.19)
fvt
AQf =0Q" - Zl oF +0¢ (4.20)
faret
AR, =P, —F, 4.21)
and AV, =V, — f(V3V2 V). (4.22)

Then, for the i/ bus, the (8x1) mismatch vector is given by
AM, =[ AP* AP" AP®,AQ! . AQ" . AQS AP, AV, | (4.23)

and the correction vector will be as follows:

ﬁE b c a r
AX, =| A6, AE",AG, ,-’A‘E ,A‘f ,M,.,AV; (4.24)
E VOV 4

i i

The Jacobian J comprises block matrices J;; of proper dimensions.

When i bus is a load bus, Jij1s a(6x6) block (shown below as J;) if j is also a

load bus, and J;;is a (6x8) block (shown below as J>) if j is a generator bus.
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OP‘ OP; OP' OP . OP' . 0P
i i i i Va ij Vb ij '
96" 06, 96° oV ' oV’ ' ovS '

1 l 1 l l 1

oP’ 9P’ oP’ oP’ oP’ oP’

ij ij ij ij yra lJVb y ye

00° 096" 96° ove ' vt ' v !

1 1 1 1 1 1

oP; OP; 0P’ OP/ oP; oF;

Y Y J U a J b [}

J ~ aela aelb aelc a‘/la i a‘/l}; i a‘/lc i
|agy ag; ag; ag . 90y , 905 .
ye Lyb =Ly

00" 96 96° V. ' 9v' ' ovS !
aQ: anJb anJb anf Va anjb Vb aQ: Vc
06° 96’ o065 ove ' aV) ' v
anj an; an; anj Va an; Vb anj Vc
106" 068’ 967 oV ' oV’ ' oV

(9P OP‘ OFR' OF! oP‘  9P'  9P' P’

ij i a i b i c ij i a

00° 98’ 96° OE‘ ' v’ 9ve ' 98 oV '

L L L L 1 1 1 L

oP; OP/ 0P’ OF; oP;

gy T i ra i ybo TG ye T T yya

00" 096" 096° OE' " oV’ ' ove ' 98 oV

1 L L

OP; OP’ OP OF; oP;

a ij Vb ij Vc ij ij Va

,_|oe o9& S oET v vt a5 v

2 a a a a a a a a
0 0 A0 A, 90, 0. 0 0,

06" 3¢/ 06 oE, ' V' ave ' 35 v’
o00; 90; 90 9Q; ., 90 , 90 . 90 9Q;
aeia aelb aelc aEla y a‘/,b /) avc i aé‘ a‘/ia i

aQLj an( anL an; E“ aﬁvh anj Ve an; aﬁva

196" 96" 96° OE' ' ov' ' 9ve ' 35 ove |

L L 1

If i bus is a generator bus, then J;; is a (8x8) block (shown below as J3) if j is
also a generator bus, and Jj; is a (8x6) block (shown below as Jy) if j is a load bus. J;

will be zero block of proper dimension if bus i and bus j are not directly connected.
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4.3 The Proposed Methodology

As already mentioned the proposed method is based on a modification in the
conventional formulation of N-R 3-phase load flow. The suggested modification is
associated with the constraint equation (4.18), and must be introduced if during
planning or operation any partial overloading is detected from the results of load flow

by any existing method.

On detection of partial overloading, the generators in a system are divided into
two categories—one category includes the generators, which are loaded within safe
limits, and the other category includes those that violate such limits. The generators
belonging to the second category will be called “critical generators” and the phase of
a critical generator that exceeds the maximum limit of active power per phase will be

termed as “critical phase.”

When two phases of a generator are simultaneously overloaded, the phase with
higher loading will be considered as the critical phase. If two phases are equally
overloaded, then any one of them should be selected as the critical phase. After
detection of the critical generators and their critical phases, the constraint on total 3-
phase active power output Equation (4.18) attached to each of the critical generators
will be replaced by the following equation (assuming the i™ bus to be a critical

generator bus):
i =k (4.25)
where, Pélr = maX[PGﬂ , (a=a,b,c indicates 3 phases).

VB [ cos(67 - 0) - sin (8 -7 |- (v

G i

(4.26)

The superscript “cr” indicates critical phase and PGcrp ‘is the specified active

power output of the critical phase. This means that on detection of any partial
overloading, the constraint on the total 3-phase active power output associated with
each critical generator should be replaced by the constraint on the output of the
critical phase, which should now be specified at its maximum limit of loading per

phase.
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In other words, instead of specifying the total 3-phase active power output, the
output of the critical phases of the critical generators is specified. Thus, the active
power output of the critical phases can be restricted to their respective upper limits if
the specified values are set to those limits. The other two phases of the critical
generators will remain under-loaded in such conditions. However, if two phases of a
critical generator are simultaneously overloaded, the proposed load flow with the one
with higher loading as the critical phase may generate a solution where the other
phase still remains overloaded. In that case, the modified load flow has to be run

again with the overloaded phase taken as the critical phase.
The corresponding mismatch equation will be given by

AP(:r = }}i —PGCir, (4.27)

It is to be noted that as per reference [12], the 7" row of Jij is a full row if the i
bus is a generator bus, and corresponds to the mismatch in the total 3-phase power
output of the generator. In the proposed method, the corresponding row represents the

mismatch in the power output of the critical phase of the generator. In this case, it is
not a full row. Only the elements corresponding to V., €7, ¢;, and E; will be

nonzero.

4.3.1 The Flowchart

The methodology is presented in the form of a flow chart shown in Fig.4.1.

Page 57



START

Perform conventional
3-phase load flow

Any partial overloading
of generators?

Identify the critical generators
and their critical phases

\

Introduce the proposed modification for the
critical generators and run the load flow

Reset critical
phases

Do the critical
phases remain the maximum
loaded phases?

Fix the set points of the
generators accordingly

;

Display results

END

Fig.4.1. Flow chart of the proposed methodology.
4.4 Case studies

The efficacy of the proposed methodology has been tested on the IEEE 37 node
distribution feeder network shown in Appendix IV. In this study, the voltage regulator
at bus 799 (the grid bus) of the network has not been considered. The network is
augmented by employing DG units and connecting the DG internal nodes to the

respective phases of the generator terminal buses through the internal impedances.
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The Ypys 1s modified accordingly. The DG internal node (3-phase) is denoted as INT.
The grid bus has been taken as the slack or swing bus for the load flow solutions. The
phase angles are expressed with respect to the slack bus line-to-line voltages in all
cases. For conciseness, only the relevant parts of the results have been shown for all

cases.

Three case studies have been conducted as follows:
Case 1: A DG unit (3-phase synchronous generator) of 1350 kW rating is connected at
bus 708 of the IEEE 37 network.

Table 1 shows the results obtained with conventional N-R 3-phase load flow.
For brevity, the results pertaining only to the relevant buses (799, 708, and INT) have
been shown. To maximize the utilization of DG power, its total 3-phase active power
output is specified at 1350 kW (rated capacity). A voltage regulation scheme is
assumed to maintain the average magnitude of the terminal voltages of the three
phases at a specified value of 1.0 p.u. From the results we find that both phase-a and
phase-c of the DG unit are overloaded (P,=467.10kW, P.=485.49kW) as they exceed
the per phase kW rating (which is 1350/3=450kW) of the DG, though the total 3-
phase output (P,+Pp+P.) of the DG unit is almost 1350kW.

Table 1 Results of conventional N-R 3-phaseload flow with total 3-phase power
output specified at 1350 kW (its total 3-phase rating)

a) The voltage profile
Voltage magnitude (p.u.) Voltage Phase angle(Degrees)
Bus No.
Va Vb VC ea eb ec
799 1.0000 1.0000 1.0000 -30.000 -150.000 90.000
708 0.9965 1.0009 1.0027 -30.264 -149.994 89.662
INT 1.0169 1.0169 1.0169 -28.566 -148.566 91.434
b) Power balance
Active Power (kW) Reactive Power (kVAR)
P, Py P. Total P Q. Q, Q. Total Q
Grid Power | 394.42 | 277.73 | 441.08 | 1113.22 | 251.03 | 127.98 | 90.52 | 469.53
DG Power 467.10 | 394.38 | 488.49 | 1349.98 | 296.72 | 233.40 | 202.14 | 732.26
Total Gen. 861.52 | 672.11 | 929.57 | 2463.20 | 547.74 | 361.38 | 292.66 | 1201.79
Total load 859.06 | 670.59 | 927.35 | 2457.00 | 548.58 | 360.90 | 291.52 | 1201.00
Loss 2.46 1.52 2.22 6.20 -0.83 0.48 1.15 0.79

Page 59




Table 2 shows the corresponding values obtained when the proposed
modification was applied. The load flow was run taking phase-c of the DG unit as the
critical phase as it is the maximum loaded phase as obtained from the conventional
load flow. The kW output of this phase of the DG unit was specified at 450kW (per
phase kW rating of the DG unit). A similar specification on voltage magnitude was
assumed. From Table 2 it is found that the maximum loaded phase (phase-c) is
delivering 450kW. The total 3-phase output of the DG unit is 1234.4kW, which
should be considered as the maximum allowable 3-phase kW output under the
operating condition considered. The DG unit must be run with its output setting fixed
at 1234.4kW to get the maximum kW output under the given operating condition
without overloading any of its phases. Table 3 shows the results (obtained by
conventional load flow) of running the DG unit at the given operating condition with
its output set at 1234.4kW. From Table 2 and Table 3, it is found that the various

voltages and active and reactive powers are same in the two Tables.

Table 2 Results of the proposed method with the critical phase power output of the
DG unit specified at 450 kW

a) The voltage profile
Voltage Magnitude (p.u) Voltage Phase angle (Degrees)
Bus No.
V. Vs V. 0, 0 0.
799 1.000 1.000 1.000 -30.00 -150.00 90.00
708 0.996 1.001 1.003 -30.50 -150.22 89.43
INT 1.0198 1.0198 1.0198 -28.94 -148.94 91.06

b) Power balance

Active Power (kW) Reactive Power (kVAR)

P, Py P. Total P Q. Qp Q. Total Q

Grid Power | 431.12 | 318.62 | 480.19 | 1229.93 | 203.28 | 80.43 | 47.11 330.82
DG Power 430.92 | 353.48 | 450.00 | 1234.40 | 344.86 | 281.03 | 246.17 | 872.06
Total Gen. 862.04 | 672.11 | 930.19 | 2464.33 | 548.14 | 361.46 | 293.28 | 1202.88
Total load 859.06 | 670.59 | 927.35 | 2457.00 | 548.58 | 360.90 | 291.52 | 1201.00
Loss 2.98 1.52 2.83 7.33 -0.44 0.56 1.76 1.88
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Table 3 Results of conventional load flow with total 3-phase power of the DG unit
specified at 1234.4 kW

a) The voltage profile
Voltage Magnitude (p.u) Voltage Phase angle (Degrees)
Bus No.
V. Vs V. 0, 0 0.
799 1.000 1.000 1.000 -30.00 -150.00 90.00
708 0.996 1.001 1.003 -30.50 -150.22 89.43
INT 1.0198 1.0198 1.0198 -28.94 -148.94 91.06

b) Power balance

Active Power (kW) Reactive Power (kVAR)

P, Py P. Total P Q. Q, Q. Total Q

Grid Power 431.14 | 318.65 | 480.21 | 1230.00 | 203.27 | 80.42 | 47.10 | 330.82
DG Power 430.90 | 353.47 | 449.98 | 1234.40 | 344.86 | 281.04 | 246.18 | 872.06
Total Gen. 862.04 | 672.12 | 930.19 | 2464.40 | 548.13 | 361.46 | 293.28 | 1202.88

Total load 859.06 | 670.59 | 927.35 | 2457.00 | 548.58 | 360.90 | 291.52 | 1201.00
Loss 2.98 1.53 2.84 7.40 -0.45 0.56 1.76 1.88

Case 2: Two DG units of rating 600kW (DG1) and 750kW (DG?2) are installed at bus
720 and bus 708 of the IEEE 37 network, respectively. Results are shown in Table4,
Table5 and

Table 6.

Table 4 shows the results of conventional load flow with both DG units
operating at their full 3-phase kW capacity. At this condition, phase-b and phase-c of
DGI1 are overloaded, while for DG2, phase-a and phase-c have become overloaded.
For both DG units, phase-c is taken as the critical phase (the overloaded phase with
higher loading) for the load flow with the proposed modification. The c-phase output
of DG1 was specified at 200kW and that of DG2 was specified at 250kW. From the
corresponding results, given in Table 5, it is found that the maximum allowable
3-phase output for DG1 and DG2 are 562.13kW and 643.43kW, respectively under
the given operating condition. Table 6 shows the results of running the system at the
given operating condition with the set point of DG1 and DG2 fixed at 562.13 kW and
643.43 kW, respectively. From Table 5 and Table 6, it is found that the various

voltages and active and reactive powers are the same in the two Tables.
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Table 4 Results of conventional load flow with two DG units with their 3-Phase

power output specified at 600 kW and 750 kW

Power balance

Active Power (kW) Reactive Power (kVAR)

P, P, P. Total P Q. Q Q. Total Q
Grid Power | 401.11 | 285.35 | 435.01 | 1121.47 | 16.86 | -88.60 | -132.55 | -204.29
DGI1 Power | 183.32 | 204.24 | 212.44 | 600.00 | 126.39 | 103.56 | 132.66 362.61
DG2 Power | 280.21 | 184.21 | 285.57 | 750.00 | 407.25 | 346.31 | 294.43 | 1047.99
Total Gen. 864.65 | 673.81 | 933.02 | 2471.47 | 550.50 | 361.27 | 294.54 | 1206.31
Total load 859.06 | 670.59 | 927.35 | 2457.00 | 548.58 | 360.90 | 291.52 | 1201.00
Loss 5.59 3.22 5.67 14.47 1.92 0.36 3.02 5.31

Table 5 Results of the proposed method with the critical phase power output of the
two DG units specified at 200 kW and 250 kW

Power balance

Active Power (kW) Reactive Power (kVAR)

P, Py P. Total P Q. Q, Q. Total Q
Grid Power 447.84 | 338.32 | 484.81 | 1270.96 | -41.40 | -146.03 | -184.25 | -371.68
DG1 Power 171.69 | 190.44 | 200.00 | 562.13 | 141.08 | 117.79 | 145.07 403.95
DG2 Power | 247.02 | 146.41 | 250.00 | 643.43 | 452.23 | 390.73 | 335.49 | 1178.44
Total Gen. 866.56 | 675.16 | 934.81 | 2476.53 | 551.91 | 362.48 | 296.32 | 1210.71
Total load 859.06 | 670.59 | 927.35 | 2457.00 | 548.58 | 360.90 | 291.52 | 1201.00
Loss 7.50 4.58 7.45 19.53 3.33 1.58 4.80 9.71

Table 6 Results of conventional load flow with 3-phase power output of the two DG
units specified at 562.13 kW and 643.43kW

Power balance

Active Power (kW) Reactive Power (kVAR)

P, Py P, Total P Q. Q Q. Total Q
Grid Power | 447.84 | 338.32 | 484.81 | 1270.96 | -41.40 | -146.03 | -184.25 | -371.69
DGI Power | 171.70 | 190.44 | 200.00 | 562.13 | 141.10 | 117.81 145.09 404.00
DG2 Power | 247.02 | 146.41 | 250.00 | 643.43 | 452.21 | 390.71 | 335.47 | 1178.39
Total Gen. 866.56 | 675.16 | 934.80 | 2476.53 | 551.90 | 362.48 | 296.32 | 1210.70
Total load 859.06 | 670.59 | 927.35 | 2457.00 | 548.58 | 360.90 | 291.52 | 1201.00
Loss 7.50 4.58 7.45 19.53 3.33 1.58 4.80 9.70

Case 3: Conventional load flow is run with the 3-phase output of DG-1 specified at

S00kW (much lower than its rating) and that of DG2 specified at its rated value
750kW connected at bus 720 and bus 708 of the IEEE 37 network.
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From the corresponding results, shown in Table 7, it is found that while the kW
loading of each of the three phases of DG1 are within the limit of 200kW, phase-a and
phase-c of DG2 are overloaded. DG2 was then taken as the critical generator with its
c-phase as the critical phase for which the output was specified at 250kW. A hybrid
load flow was run with the proposed modification applied for DG2 only while
retaining the conventional formulation for DG1. Table 8 shows the corresponding
results. From the results, it is found that the maximum allowable 3-phase output of
DG?2 under the given condition is only 642.52kW. The conventional load flow was
then run with the output of DGI set at S00kW and that of DG2 set at 642.52kW. The

corresponding results shown in Table 9 corroborates with those in Table 8.

Table 7 Results of conventional load flow with 3-phase power output of the two DG
units specified at 500 kW and750 kW

Power balance

Active Power (kW) Reactive Power (kVAR)

P, Py P. Total P Q. Qb Q. Total Q

Grid Power 43291 | 321.36 | 469.16 | 1223.43 | -26.25 | -131.35 | -171.38 | -328.98
DG1 Power 151.95 | 169.60 | 178.45 | 500.00 | 176.85 | 154.65 | 180.29 | 511.79
DG2 Power | 280.36 | 183.58 | 286.06 | 750.00 | 400.35 | 338.63 | 286.34 | 1025.31
Total Gen. 865.22 | 674.54 | 933.67 | 2473.43 | 550.94 | 361.93 | 295.25 | 1208.12

Total load 859.06 | 670.59 | 927.35 | 2457.00 | 548.58 | 360.90 | 291.52 | 1201.00
Loss 6.16 3.95 6.31 16.43 2.37 1.02 3.73 7.12

Table 8 Results of hybrid Load flow with the 3-phase power output of DG-1 specified
at 500 kW and phase-c output of DG2 specified at 250 kW

Power balance

Active Power (kW) Reactive Power (kVAR)

P, Py P, Total P Q. Qs Q. Total Q

Grid Power | 467.98 | 361.11 | 506.42 | 1335.51 | -68.53 | -172.92 | -208.66 | -450.11
DG1 Power | 152.21 | 168.91 | 178.88 | 500.00 | 172.46 | 149.56 | 174.69 | 496.70
DG2 Power | 246.83 | 145.69 | 250.00 | 642.52 | 448.34 | 386.35 | 330.83 | 1165.52
Total Gen. | 867.02 | 675.71 | 935.29 | 2478.03 | 552.27 | 362.99 | 296.86 | 1212.11

Total load 859.06 | 670.59 | 927.35 | 2457.00 | 548.58 | 360.90 | 291.52 | 1201.00
Loss 7.97 5.13 7.94 21.03 3.69 2.09 5.34 11.11
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Table 9 Results of conventional load flow with 3-phase power output of the two DG

units specified at 500 kW and 642.52 kW

Power balance
Active Power (kW) Reactive Power (kVAR)

P, Py P. Total P Q. Q Q. Total Q
Grid Power | 467.99 | 361.12 | 506.42 | 1335.53 | -68.54 | -172.93 | -208.67 | -450.14
DGI1 Power | 152.21 | 168.91 | 178.88 | 500.00 | 172.46 | 149.56 | 174.69 496.70
DG2 Power | 246.83 | 145.69 | 250.00 | 642.52 | 448.35 | 386.36 | 330.84 | 1165.54
Total Gen. 867.02 | 675.71 | 935.29 | 2478.03 | 552.27 | 362.99 | 296.85 | 1212.11
Total load 859.06 | 670.59 | 927.35 | 2457.00 | 548.58 | 360.90 | 291.52 | 1201.00
Loss 7.97 5.13 7.94 21.03 3.69 2.09 5.34 11.11
4.5 Chapter Summary

This chapter has presented a methodology for a more effective operation and

planning of power systems under unbalanced operating conditions. The methodology

is based on a modification in the N-R based 3-phase load flow. With the introduction

of the suggested modification, limits on the output of the maximum loaded phase of a

generator can be imposed. As a result, safe loading limit (total 3-phase) and the

corresponding output set point of the generators can be determined so that partial

overloading of the generators under unbalanced operating conditions can be avoided.

Results for a number of case studies demonstrate the efficacy of the suggested

methodology.
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5.1 Introduction

In the previous chapter, a methodology based on conventional N-R 3-phase
load flow was proposed to determine safe loading limit of generators in the network to
eliminate partial overloading of them under unbalanced operating condition. The
problem of partial overloading of generators has been introduced in section 1.5 of
chapter 1. Conventional N-R load flow method frequently encounters convergence
difficulties in case of distribution networks due to the special characteristics of such
networks as mentioned in section 1.4 of chapter 1. It is therefore necessary to device a
methodology to consider partial overloading issue in distribution load flow problem.
In this chapter, a methodology is suggested based on a modification in the formulation
presented in the previous chapter for incorporating DG models indirect approach load

flow.

5.2 Proposed Methodology

A methodology to incorporate DG models in direct approach load flow has been
presented in Chapter 3 where, in every iteration, equation (3.2) is used to update the
active power at the internal node of the DG unit before going to the next iteration in
order to include the effect of internal active power losses of the unit, and also to
include the correction terms necessary to obtain a balance in the 3-phase internal node
voltages. Equation (3.2) is reproduced below for ready-reference and given in

equation no. (5.1).
+ + 2 +
P =P +CI3+R(1),) +APS (5.1)

Inwhich  C=|p,-PY"

P,

3y 18 the total 3-phase active power specified for the DG unit.

3’21:26; ;1 is the total 3-phase active power output of the DG unit, and P;;l
p

indicates the active power output of different phases of the DG unit, obtained with the
updated values of its terminal voltage V;;l at the end of k™ iteration.
The approach suggested in this chapter modifies the expression of C to make it

applicable for dealing with the issue of partial overloading. The modified expression

is given in equation (5.2).
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C=|P —3><max(Pk“)

" 3sp g.p

(5.2)

5.3 Case Studies

The efficacy of the proposed methodology has been tested on the IEEE 37 node
distribution feeder network and 25 node URDN. The schematic single line diagrams
of the two systems are shown in Appendix IV. In this study, the voltage regulator at
bus 799 of the IEEE 37 node network has not been considered. The two networks are
augmented by employing DG units and connecting the DG internal nodes to the
respective phases of the generator terminal buses through the internal impedances.
The DG internal bus (3-phase) is denoted as INT. Bus 799 and bus 1 are the grid
buses of the two systems, and have been taken as the slack buses for the load flow

solutions.

Three case studies have been conducted as follows:

Case 1: A DG unit of 1350 kW rating is connected at bus 708 of IEEE 37 Feeder and
operated in P-V mode with the average magnitude of the terminal voltages of the

three phases maintained at a specified value of 1.0 p.u.

From Table lof the previous chapter it is found that if the DG unit is operated
with its total 3-phase capacity of 1350 kW, the maximum loaded phase (phase-c) of
the DG unit delivers 488.59 kW which exceeds the per phase limit of (1350/3)=450
kW. Here, Table 1(furnished below) shows the results of incorporating the proposed
modification (equation (5.5)) in the direct approach load flow with phase-c output set
at 450 kW. The total 3-phase output of the DG unit is now 1234.4 kW, which should
be considered as the maximum allowable 3-phase kW output of the DG unit under the
operating condition considered. The DG unit must be run with its output setting fixed
at 1234.4 kW to get the maximum kW output under the given operating condition

without overloading any of its phases.
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Table 1 Results of incorporating the suggested modification in the direct approach

load flow with the critical phase power output of the DG unit specified at 450kW

a) The voltage profile
Voltage Magnitude (p.u.) Voltage Phase Angle (degrees)
Bus No.
V, Vs V. 0. 05 0.
INT 1.0198 1.0198 1.0198 -28.94 -148.94 91.06
799 1.0000 1.0000 1.0000 -30.00 -150.00 90.00
708 0.9963 1.0009 1.0029 -30.51 -150.22 89.42

b) Power balance

Active Power (kW) Reactive Power (kVAR)

P, P, P, Total P Q. Q, Q. Total Q

Grid Power | 431.12 | 318.63 | 480.19 | 1229.93 | 203.28 | 80.43 | 47.11 | 330.82
DG Power | 430.92 | 353.49 | 450.00 | 1234.40 | 344.86 | 281.03 | 246.17 | 872.06
Total Gen. 862.04 | 672.11 | 930.19 | 2464.33 | 548.14 | 361.46 | 293.28 | 1202.88
Total load 859.06 | 670.59 | 927.35 | 2457 | 548.58 | 360.9 | 291.52 1201
Loss 2.98 1.52 2.84 7.33 -0.44 0.56 1.76 1.88

Case 2: Two DG units of total 3-phase rating of 600 kW (DG1) and 750 kW (DG2)
are installed respectively at bus 720 and bus 708 of IEEE 37 node Feeder.

It has been shown previously (Table 4 of chapter 4)that when the two DG
units operate at their full 3-phase kW capacity phase-b and phase-c of DGI are
overloaded, while for DG2, phase-a and phase-c have become overloaded. For both
DG units, phase-c is taken as the critical phase. Table 2 given below shows the results
of adopting the proposed modification in the load flow with c-phase output of DG1
specified at 200 kW and that of DG2 specified at 250 kW. To keep focus on the main
aspect of the results, only active and reactive power output of the generators are
shown. It is found that the maximum allowable 3-phase output for DG1 and DG2 are
562.13 kW and 643.43 kW respectively, under the given operating condition. Hence,
to get the maximum kW output from the two generating units without causing any
partial overloading at the given operating condition, the system should run with set

point of DG1 and DG2 fixed at 562.13 kW and 643.43 kW, respectively.
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Table 2 Results of adopting the suggested modification in the direct approach load
flow with the critical phase power output of DG1 and DG2 specified respectively at
200 kW and 250 kW

Power balance

Active Power (kW) Reactive Power (kVAR)

P, P, P, Total P Q. Qb Q. Total Q

Grid Power | 447.84 | 338.32 | 484.81 | 1270.96 | -41.40 | -146.0 | -184.3 | -371.68
DGI1 Power | 171.70 | 190.44 | 200.00 | 562.13 | 141.08 [ 117.79 | 145.08 | 403.95
DG2 Power | 247.03 | 146.41 | 250.00 | 643.43 | 452.23 | 390.73 | 335.49 | 1178.44
Total Gen. 860.56 | 675.16 | 934.81 | 2476.53 | 551.91 | 362.49 | 296.31 | 1210.71
Total load 859.06 | 670.59 | 927.35 | 2457.00 | 548.58 | 360.90 | 291.52 | 1201.00
Loss 7.50 4.57 7.46 19.53 3.33 1.59 4.79 9.71

Case 3: The system considered in case 2 is operated with the 3-phase output of DG1
set at 500 kW (much lower than its rating) and that of DG2 specified at its rated value
750 kW.

In Table 7 of the previous chapter it is found that while the kW loading of each
of the three phases of DG1 are within the limit of 200 kW, phase-a and phase-c of
DGQG2 are overloaded. DG2 was then taken as the critical generator with its c-phase as
the critical phase for which the output was specified at 250 kW. A hybrid load flow
was run with the proposed modification applied for DG2 only while the formulation
used in chapter 3 is retained for DG1. Table 3 given below shows the corresponding
results. From the results, it is found that the maximum allowable 3-phase output of
DG?2 under the given condition is only 642.52 kW. That means, under the given
operating condition with DG1 operated at 500 kW, DG2 should be operated with its
set point fixed at 642.52 kW to get the maximum possible output from it without

causing partial overloading of the unit.
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Table 3 Results with the 3-phase power output of DG-1 specified at 500 kW and that
of DG-2 critical phase power specified at 250 kW

Power balance

Active Power (kW) Reactive Power (kVAR)

P, P, P, Total P Q. Qp Q. Total Q

Grid Power | 467.98 | 361.11 | 506.42 | 1335.51 | -68.53 | -172.92 | -208.66 | -450.11
DG1 Power | 152.21 | 168.91 | 178.88 | 500.00 | 172.46 | 149.56 | 174.69 | 496.70
DG2 Power | 246.83 | 145.69 | 250.00 | 642.52 | 448.34 | 386.35 | 330.83 | 1165.52
Total Gen. 867.03 | 675.71 | 935.30 | 2478.03 | 552.27 | 362.99 | 296.86 | 1212.12
Total load 859.06 | 670.59 | 927.35 | 2457.00 | 548.58 | 360.90 | 291.52 | 1201.00
Loss 7.97 5.12 7.94 21.03 3.69 2.09 5.34 11.11

54 Chapter Summary

This chapter has dealt with the problem of taking into consideration the issue of
elimination of generator partial overloading while solving direct approach load flow.
Modification necessary in the formulation given in chapter 3 to incorporate DG
models in direct approach load flow has been presented and applied in case studies.
Three case studies have been undertaken. The results demonstrate the effectiveness of

the proposed method.
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6.1 Introduction

In this chapter the problem of optimal sitting and sizing of DG has been
addressed. The objective is to find the proper size and location of DG in distribution
network that minimizes the power loss in the network. The problem has been
formulated as an optimization problem where PSO technique [56] is used to find the
optimal solution that furnishes the required size and bus location of the DG. The PSO
in this application utilizes load flow program as ancillary for the computation of
network power loss. Two different types of studies have been undertaken. In one type,
kVAR support along with the DG has been considered. The load flow used in this
study for calculating the network power loss employs the approach suggested by
earlier authors [8], [37] for inclusion of DG models. No consideration of constraint on
partial overloading limit has been considered. In the second type, modified approach
for load flow proposed in this thesis has been applied for loss calculation. Imposition
of partial overloading limit was considered. The main objective of this study was to
investigate the effect of introducing any limit on partial overloading of DG on the

solution of the sitting and sizing problem.

6.2 Problem Formulation

The problem is posed as an optimization problem where the power loss in a
distribution network is minimized by manipulating the DG size and location. So, the
network power loss is the objective function in the problem, and DG size and location
constitute the control (manipulating) variables.
6.2.1 The objective function

Bus voltages and branch currents in a distribution network vary with the size

and location of DG units in the network. Consequently the total network power loss

which is equal to the sum of the branch power losses, is a function of DG size and

location.
Thus,
total _loss = f(P,,0Q,,N ) for DG operating in P-Q mode 6.1)
total _loss = f(P,,N,) for DG operating in P-V mode (6.2)
where,

total_ loss indicates total network power loss

total _loss = Z Branch _losses (6.3)

Page 72



Branch _loss = ‘real {(Branch _input)—(Branch _ output)}‘ (6.4)
Branch _input = (V,, xb, +V,xb, +V,_xb) (6.5)
Branch _output =V, xb, +V, xb, +V,_xb_) (6.6)
Vieo Vs and V. are sending end voltages and V,, V,, and V,. are receiving end
voltages of the three phases a, b, ¢ of the branch.
b,, by, and b, are the branch currents.
P, and Q, are respectively the active and reactive power output of DG
N, 1is bus location of the DG.
For a given loading condition of a network, and specified values of P, Q,
(Q, 1s specified for P-Q bus only and not for P-V bus) and N, , the total network
power loss can be obtained from distributed load flow results. So, the function f in
equation (6.1) is an implicit function of Py, Qg N, (or simply P, N,).
6.2.2 The Constraints
The constraints reflect the limits on physical devices in the power system. They

are given by

Pgmin S Pg S Pgmax (67)
ngin S Qg S ngax (68)

where Pgip and Py are, respectively, the minimum and maximum limits of DG
active power. Qgpin and Qgpax are, respectively, the minimum and maximum limits of
DG reactive power.

6.3 Solution methodology adopted

The proposed methodology uses PSO technique (Appendix-III) to solve the
optimization problem. To calculate the loss for different values of the manipulating
variables (P,, Qg N, ), the PSO algorithm calls a distribution load flow routine. In this
study, the direct approach load flow (Appendix-I) has been applied. The proposed
approach consists of two computing loops — an inner loop embedded in an outer loop.
The outer loop, in each iteration, runs a PSO program to set the values of the elements
of each particle of the swarm. In this study, a particle represents a set of input data
(the manipulating variables) for the load flow to be executed by the inner loop, and
consists of
DG size: P, (within range of its limits) for PV mode

P, O ¢ (within range of their limits) for PQ mode
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DG location: N, the bus at which the DG is placed

In each PSO loop, the values of all the particles of the swarm are passed on to
the inner loop which generates load flow solution with each particle. After getting
back the load flow solutions from the inner loop, the outer loop calculates the network
power loss corresponding to every load flow solution. The network power loss is used

as fitness function (objective function) for the present study. The purpose of the PSO
program is to find min (f(Pg,Qg,Ng)) .

At the end of each PSO loop, the position (the last local best) and velocity of
each particle along with the global best position are updated by the process given in
Appendix-I for the next iteration. The process continues until convergence is reach as
per the predefined criteria.

6.4 Case studies and results

The proposed method has been tested on the IEEE-37 node test feeder
(Appendix-IV). Two types of studies have been undertaken. In the first type, the
effect of DG placement along with kVAR support on loss minimization is
investigated. In the related studies, previously proposed method [8],[37] has been
followed to consider DG models in load flow solution. Only P-Q model of DG has
been considered in the study. In the first case, only the effect of balanced and
unbalanced kVAR support is investigated without the presence of any DG in the
network. Table 1 shows the results with balanced support. The optimal balanced
kVAR size, loss with kVAR support, loss saving with KVAR support and loss saving
per unit KVAR support for each bus are given in the Table. The result shows that bus
no. 709 is the location for kVAR support to obtain minimum loss (maximum loss
saving) and bus no. 740 is the location for getting best loss saving per unit kVAR

support.
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Table 1 Optimal reduction in losses by balanced 3-phase kVAR support at different

buses
Optimal kVAR . . .
(Qi=Qv=Q.) support (kW) (kW) support

799 No support 60.575 . .

701 419.878 55.347 5.228 0.004151
702 368.716 53.551 7.024 0.006350
705 207.442 56.341 4.234 0.006803
712 164.352 57.157 3.418 0.006931
742 149.901 57.308 3.267 0.007264
713 285.838 54.585 5.990 0.006985
704 222.287 55.399 5.176 0.007762
714 202.537 55.735 4.840 0.007966
718 134.711 57.194 3.381 0.008365
720 169.264 56.175 4.400 0.008664
707 113.073 57.206 3.368 0.009930
724 84.125 57.963 2.612 0.010348
722 107.517 57.295 3.280 0.010168
706 138.055 56.948 3.627 0.008757
725 118.592 57.429 3.146 0.008843
703 295.934 53.353 7.221 0.008134
727 230.702 54.665 5.910 0.008539
744 204.414 55.217 5.358 0.008736
729 161.821 56.228 4.347 0.008955
728 175.681 55.879 4.696 0.008909
730 241.599 53.241 7.334 0.010119
709 230.718 53.226 7.349 0.010618
731 183.189 54.656 5919 0.010770
708 218.874 53.311 7.264 0.011062
732 175.721 54.688 5.887 0.011167
733 203.758 53.321 7.254 0.011867
734 185.422 53.451 7.123 0.012806
710 146.456 54.749 5.826 0.013260
736 94.951 56.664 3911 0.013730
735 135.361 55.142 5.433 0.013378
737 164.484 53.806 6.769 0.013718
738 153.318 54.141 6.433 0.013987
711 141.989 54.539 6.036 0.014170
740 132.128 54.910 5.665 0.014291
741 131.148 54.954 5.621 0.014287
775 105.070 57.339 3.236 0.010267

Table 2 illustrates the effect of unbalanced kVAR support and shows that the

bus no. 730 is DG location for minimum loss (maximum loss saving) whereas bus no.
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740 is the position for best loss saving per unit kVAR support. The corresponding
optimal kVAR sizes are therefore Qa=316.33, Q,=247.80, Q.=158.72 and Q,=168.16,
Qp=150.71, Q.=79.04.

Table 2 Optimal reduction in losses by unbalanced 3-phase kVAR support at different

buses
Optimal size of kVAR Support Loss with Loss saving Loss sav.mg
Bus o KVAR 1 i kvAaR | Perunit
0, ‘ 0O, ‘ 0. support kVAR
(kVAR) (kW) | SUPPOrt W) ot
799 No support 60.575 . .
701 607.25 391.26 261.95 54.535 6.040 0.0048
702 505.29 353.75 248.76 52.704 7.871 0.0071
705 288.29 183.87 150.27 55.841 4.734 0.0076
712 232.83 14291 117.70 56.703 3.872 0.0078
742 201.25 127.21 118.00 57.003 3.571 0.0080
713 379.51 264.93 213.42 54.026 6.549 0.0076
704 282.39 201.43 182.99 55.076 5.499 0.0082
714 254.12 183.54 168.31 55.460 5.115 0.0084
718 164.96 126.96 110.91 57.039 3.536 0.0088
720 210.58 142.54 153.75 55.943 4.632 0.0091
707 134.27 84.13 119.48 57.021 3.554 0.0105
724 96.79 60.61 93.92 57.803 2.772 0.0110
722 125.50 78.95 116.55 57.108 3.467 0.0108
706 170.80 115.30 127.52 56.762 3.813 0.0092
725 146.83 97.60 110.94 57.266 3.309 0.0093
703 399.62 303.77 188.74 52.409 8.166 0.0092
727 310.21 237.60 147.72 53.917 6.658 0.0096
744 270.58 212.05 133.74 54.585 5.990 0.0097
729 212.59 167.15 106.35 55.737 4.837 0.0100
728 232.49 181.15 115.92 55.341 5.234 0.0099
730 316.33 247.80 158.72 52.384 8.191 0.0113
709 299.41 238.68 152.41 52.395 8.180 0.0118
731 234.07 185.59 128.17 54.092 6.483 0.0118
708 284.08 235.83 139.96 52.413 8.162 0.0124
732 231.15 187.59 110.78 53.925 6.650 0.0126
733 261.01 221.34 130.09 52.439 8.136 0.0133
734 236.46 206.78 115.66 52.529 8.046 0.0144
710 190.23 159.60 91.06 53.987 6.588 0.0149
736 121.86 98.51 63.57 56.266 4.309 0.0152
735 177.43 146.74 83.23 54.404 6.171 0.0151
737 206.09 186.81 101.70 52.918 7.657 0.0155
738 191.78 176.93 93.39 53.260 7.315 0.0158
711 179.13 162.56 86.04 53.690 6.885 0.0161
740 168.16 150.71 79.04 54.087 6.487 0.0163
741 166.09 147.58 80.25 54.174 6.401 0.0162
775 148.51 109.11 59.30 56.845 3.730 0.0118

Table 3 exhibits the effect of using both DG (with balanced active and reactive

power output) and balanced kVAR support. The results shows that bus no. 709 is the
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location where DG should be placed along with kVAR source for maximum loss

reduction and bus no.741is the location fo rbest loss saving per unit KVA support.

Table 3 optimal reduction in losses by both DG and balanced 3-phase kVAR support

at different buses

Optimal DG size

Loss

DG placed Loss with saving with ].“OSS
at bus no. P=Py=P. 0.=0y=0. bG DG SavIng per
(kW) (kVAR) (kW) (kW) unit kKVA

799 No support 60.575 . .

701 873.89 247.93 34.732 26.439 0.0097
702 776.66 216.78 25.373 35.799 0.0148
705 442.36 123.57 39.050 22.121 0.0161
712 351.58 97.27 43.171 18.001 0.0164
742 310.89 89.83 43.953 17.219 0.0177
713 605.19 169.25 30.363 30.809 0.0163
704 472.84 134.34 34.260 26.912 0.0182
714 424.29 121.44 35.994 25.178 0.0190
718 279.79 80.12 43.304 17.868 0.0205
720 360.23 105.34 38.106 23.066 0.0205
707 241.42 75.72 43.100 18.072 0.0238
724 172.69 55.88 46.967 14.204 0.0261
722 224.65 71.46 43.570 17.602 0.0249
706 294.53 86.35 42.000 19.172 0.0208
725 253.41 74.78 44.418 16.753 0.0211
703 636.43 170.44 23.552 37.620 0.0190
727 497.85 132.48 30.271 30.901 0.0200
744 441.86 116.92 33.098 28.074 0.0205
729 344.92 91.61 38.262 22.910 0.0214
728 380.45 100.80 36.465 24.707 0.0209
730 501.60 132.61 23.275 37.897 0.0243
709 478.59 125.88 23.202 37.970 0.0256
731 382.59 101.38 30.178 30.994 0.0261
708 474.10 121.92 23.503 37.669 0.0257
732 383.32 98.22 30.350 30.822 0.0260
733 431.84 110.28 23.686 37.486 0.0280
734 402.82 101.30 24.360 36.812 0.0295
710 321.06 81.20 30.706 30.466 0.0307
736 199.90 52.31 40.257 20.915 0.0337
735 297.50 74.99 32.674 28.498 0.0310
737 349.36 86.75 26.208 34.964 0.0324
738 335.02 82.68 27.832 33.340 0.0322
711 310.99 76.49 29.821 31.351 0.0326
740 290.16 71.21 31.657 29.515 0.0329
741 280.37 68.89 31.921 29.251 0.0338
775 229.05 64.85 43.687 17.484 0.0245

Table 4 illustrates optimal DG with unbalanced kVAR support, loss saving with

DG support and loss saving per unit DG (kVA) support, and shows that the bus

no.741has the best loss saving per unit kVA support.
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Table 4 optimal reduction in losses by balanced 3-phase DG in co-ordination with
unbalanced KVar support at different buses

DG Optimal size of DG & Reactive Support Loss saving with Loss
placed at P.=Py=P. Qa ‘ O ‘ Q. DG &kVAR Sjljiltnlf\lf)zr
bus no. (kW) (kVAR) support (kW) suppport

799 No support . .

701 855.23 526.74 384.67 339.17 27.318 0.010
702 762.94 448.13 349.68 308.53 37.160 0.015
705 437.75 274.19 184.81 173.00 22918 0.016
712 348.55 225.29 144.19 133.36 18.661 0.016
742 308.02 187.68 127.53 129.86 17.581 0.017
713 597.55 352.01 263.85 249.47 31.915 0.016
704 468.82 270.32 201.95 206.72 27.660 0.018
714 420.61 239.08 183.77 186.91 25.813 0.018
718 277.86 155.26 127.01 120.18 18.176 0.020
720 358.22 206.62 143.41 169.65 23.480 0.020
707 240.86 135.07 85.35 129.63 17.987 0.022
724 172.10 92.48 62.34 97.10 13.929 0.024
722 224.03 122.69 80.53 123.70 17.455 0.023
706 293.21 169.54 116.31 140.26 19.414 0.020
725 252.46 146.67 98.64 121.48 16.872 0.020
703 625.79 359.31 303.36 236.27 39.384 0.019
727 491.28 288.26 239.00 178.14 32.433 0.020
744 436.73 255.01 213.92 158.53 29.462 0.020
729 341.27 199.43 167.32 122.80 23.975 0.021
728 376.71 222.14 183.38 135.30 25.893 0.021
730 493.40 280.15 242.67 185.61 39.942 0.024
709 471.25 266.38 233.51 176.35 40.075 0.026
731 377.88 213.07 183.54 145.67 32.553 0.026
708 469.27 269.97 239.69 163.56 40.067 0.026
732 380.27 223.94 192.15 128.07 32.808 0.026
733 426.89 242.06 220.42 149.21 39.940 0.028
734 399.77 228.39 211.98 132.40 39.482 0.030
710 319.35 187.38 165.30 103.26 32.625 0.031
736 198.48 114.70 97.77 70.07 21.971 0.033
735 296.06 175.69 152.39 94.14 30.537 0.031
737 346.19 193.91 186.39 115.03 37.579 0.033
738 333.22 187.84 182.98 106.06 35.971 0.032
711 309.59 176.66 168.81 97.50 33.865 0.033
740 289.02 166.65 156.94 89.40 31.899 0.033
741 278.26 158.81 148.58 90.67 31.510 0.034
775 229.02 152.40 117.78 73.01 18.443 0.024
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The second type of study is done to investigate the effect of considering the
constraint on partial overloading of DGs on the solution of the problem of optimal DG
placement for loss minimization in distribution network. In this study, unlike the
studies of the first type, the modified load flow proposed in chapter 3 is used when no
partial overloading constraint is considered, and the load flow described in chapter 4 is
applied when the problem is solved with partial overloading constraint considered. No
additional kVAR support has been considered. IEEE 37 node network has been used

for the case studies.

The results of the study without taking into account any constraint on partial
overloading is shown in Table 5 for the significant buses only while a list of optimal
solution for all the buses is given in Table 7.The positive sequence terminal voltage of
the DG was specified at 1.0 p.u.. From Table 7 it is observed that bus no. 733 is the
optimal DG location, and 1310kW is the optimal size. The corresponding value of loss
is 20.5kW.From Table 5 per phase loading of the DG is found to be P,=457.7kW, P,=
378.0kW, P.= 474.3kW. It is obvious that partial overloading has taken place in phase-
a and phase-c of the DG as their loading has exceeded the allowable limit of per phase

loading (1310/3 = 436.67 kW)

Table 5 Optimal size and location of DG without partial overloading

a) The voltage profile
Voltage Magnitude (p.u.) Voltage Phase Angle (Degree)
Bus No.
Va Vb VC ea 9b eC
799 1.000 1.000 1.000 -30.0 -150.0 90.0
733 0.996 1.001 1.003 -30.2 -149.9 89.7
INT 1.015 1.015 1.015 -28.6 -148.6 91.4

b) Power balance

Active Power (kW) Reactive Power (kVAR)

P, Py P. Total P Q. Qb Qc Total Q

Grid Power | 404.3 293 458.1 11554 | 280.6 | 1523 | 121.6 554.5
DG Power | 457.7 378 474.3 1310 | 2699 | 208.7 | 170.3 648.9
Total load | 855.1 665.7 924.1 | 24449 | 547.7 | 359.7 | 287.7 1195.1
Loss 6.9 53 8.3 20.5 2.8 1.3 4.3 8.4
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Table 6 shows the corresponding results for the significant buses with partial
overloading constraint considered in the study. A list of optimal solution for all the
buses is given in Table 7 which reveals that bus no. 733 is the optimal DG location and
1430kW is the optimal size. The corresponding loss is 20.5kW. However, from Table
6 it is found that the DG can be loaded only up to 1317.2 kW (total 3-phase) because at
this loading, the maximum loaded phase (phase-c) reaches the per phase limit of

(1430/3) =476.7 kW.

Table 6 Optimal size and location of DG with partial overloading is imposed

a) The voltage profile
Bus No. Voltage Magnitude (p.u.) Voltage Phase Angle (Degree)
\A Vi V. 0, Op 0.
799 1 1 1 -30 -150 90
733 0.996 1.001 1.003 -30.2 -149.9 89.7
INT 1.015 1.015 1.015 -28.5 -148.5 91.5

b) Power balance

Active Power (kW) Reactive Power (kVAR)

P, Py P, Total P Q. Q Qc Total Q

Grid Power | 402.1 | 290.5 | 455.7 1148.2 2837 | 1554 | 1244 563.5
DG Power 460 380.6 | 476.7 1317.2 266.8 | 205.6 | 1675 639.9
Total load 855.1 | 665.7 | 924.1 24449 5477 | 359.7 | 287.7 1195.1
Loss 7 53 8.2 20.5 2.8 1.3 4.2 8.3

Table 7 shows the results of optimal DG sizes at all the buses of IEEE 37 node

network with and without partial over loading constraint imposed.
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Table 7 Optimal sizes of DG at all the buses with and without partial over loading

DG bus Without partial over loading With partial over loading
DG size (kW) Total loss(kW) DG size(kW) Total loss(kW)

799 - - - -
701 2500 3491 2500 34.96
702 2240 24.58 2340 24.58
705 1390 38.91 1500 38.91
712 1140 43.29 1260 43.29
742 1080 44.45 1180 44.45
713 1750 29.53 1850 29.53
704 1430 34.03 1510 34.03
714 1340 35.92 1420 35.92
718 950 43.91 1030 43.91
720 1110 38.36 1180 38.36
707 780 44.15 820 44.15
724 600 48.24 650 48.23
722 750 44.64 790 44.64
706 910 42.53 980 42.53
725 800 45.17 870 45.17
703 1830 21.68 1940 21.68
727 1490 28.69 1600 28.69
744 1330 31.73 1430 31.73
729 1110 37.43 1200 37.44
728 1180 35.44 1270 35.44
730 1560 20.81 1660 20.85
709 1490 20.61 1600 20.62
731 1210 28.47 1310 28.47
708 1390 20.55 1510 20.55
732 1160 28.02 1280 28.02
733 1310 20.5 1430 20.50
734 1190 20.8 1300 20.80
710 980 27.93 1080 27.93
736 680 39.27 740 39.28
735 920 30.08 1020 30.08
737 1070 22.48 1170 22.48
738 1000 24.12 1110 24.12
711 930 26.27 1030 26.27
740 880 28.3 980 28.30
741 870 28.64 970 28.64
775 710 49.78 780 49.78

Now a load flow is solved with a DG of 1310 kW rating installed at bus no. 733.
The specified positive sequence terminal voltage of the DG is 1.0p.u..With partial

overloading limit imposed, the DG can now be loaded upto 1194.71 kW only as, at this
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loading, the maximum loaded phase (phase-c) reaches the per phase limit of 436,67
kW. Table 8 shows the corresponding results. The resulting loss is also much higher in

this case.

Table 8 Load flow results with DG of 1310 kW capacity installed at Bus no.733.

a) The voltage profile
Voltage Magnitude (p.u.) Voltage Phase Angle (Degree)
Bus No.
Va Vb Vc ea eb eC
799 1 1 1 30.00 -90.00 150.00
733 0.997 1.004 0.999 29.62 -90.45 149.26
INT 1.021 1.021 1.021 30.91 -89.09 150.91

b) Power balance

Active power (kW) Reactive power (kKVAR)

P, Py P, Total P Q. Qp Q.
Swing bus | 448.45 | 336.93 | 499.53 | 1284.91 185.40 61.17 30.95
DG 41892 | 339.12 | 436.67 | 1194.71 | 366.77 | 301.23 | 265.52
Total Gen | 867.37 | 676.05 | 936.20 [ 2479.62 | 552.18 | 362.40 | 296.47
Total Load | 855.06 | 665.74 | 924.11 | 244490 | 547.70 | 359.70 | 287.70
Loss 12.31 10.32 12.09 34.72 4.48 2.70 8.77

6.5 Chapter Summary

The important problem of optimal sizing and sitting of DG units to minimize the
network power loss in distribution network has been addressed in this chapter. The
problem has been solved taking into account the partial overloading constraint to
demonstrate its effect on the optimal DG placement and the resulting loss. The results
of the study have shown that with partial overloading limit considered, higher DG size
is required to achieve same amount of loss reduction. If DG of same size is used then
with the DG operated with partial over loading limit imposed can be loaded up to a
much lower value than its full capacity and loss reduction is less compared to that
achieved with the DG operated without the constraint, but a safer operation of the DG

ensured.

Page 82




CHAPTER 7

CONCLUSIONS AND FURTHER SCOPE OF

STUDIES

Outline of the chapter

7.1 Conclusions

7.2 Future scope of studies
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7.1 CONCLUSIONS

1. The present research work has focused on some issues on optimal planning
and operation of DGs in unbalanced distribution networks. Three-phase
distribution load flow analysis plays an extremely important role in the studies
related to such problems. The existing methods for considering models in 3-
phase distribution load flow programs suffer from several limitations. In
chapter 2 and chapter 3 of this thesis, two methods have been proposed to
overcome those limitations. Efficacy of the two methods have been shown by

necessary results on some benchmark distribution systems.

2. Distribution systems usually operate at relative high degree of unbalanced
condition, and are, therefore, prone to the problem of partial over loading of its
DGs. According to the existing literature, no attention has been given so far to
this problem. In this thesis the term ‘partial overloading’ has been defined and
the problem has been explored in detail in chapter 4 and chapter 5.The
methodologies are based on load flow calculation with appropriate
modifications introduced in the formulations to impose limits on the output of
the maximum loaded phase of DG units. In chapter 4, a N-R load flow based
methodology is presented, while in chapter 5, a method more suitable for
distribution system has been proposed which is based on the load flow
formulation presented in chapter 3. The outcome of these studies enables the
power system planners and operators to determine the maximum loading
limits of the DGs units in the system without causing partial overloading of
those units. Thus, these studies will be helpful for planning and operation by

the distribution network operators for safe operation of DGs in the system.

3. The important problem of optimal sizing and sitting of DG units to minimize
the network power loss in distribution network has been addressed in chapter
6. This problem was previously addressed by a number of researchers. But in
this thesis, the problem has been solved taking into account the partial
overloading constraint to demonstrate its effect on the optimal DG placement
and the resulting loss. The results of the study have shown that with partial

overloading constraint considered, higher DG size is required to achieve the
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same benefit in terms of loss reduction. Thus the same benefit in loss
reduction is achieved at the cost of higher capital expenditure. If DG of same
size is used with and without imposition of partial over loading limit, then in
case of operation with partial over loading limit, the DG can be loaded upto a
lower value . In that case higher loss takes place but it provides the benefit of

safer operation of the DG.

7.2 FUTURE SCOPE OF STUDIES

1.

In the present studies related to partial overloading, only the active power
loading of the generators (DGs) has been considered. However, more
appropriate variable to be considered will be the armature current in each
phase of the DGs. Further study is therefore required to modify the
formulation of the problem to consider current over loading instead of active
power over loading.

In this thesis, the studies done on partial overloading generate solutions that
give the safe loading limits of the DGs for a given loading condition only.
Accordingly, the optimal DG planning considering partial overloading has
been carried out for the given loading condition. The problem can be extended
for energy minimization (instead of loss minimization) over some planning

period.
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Appendix-1
A Brief Introduction to Direct Approach load flow

The direct approach load flow uses two constant matrices, [BIBC] and [BCBV]
to update the node voltages in each iteration [38]. The relation between branch

currents and bus injected currents can be established as follows
[B]=[BIBC][I] (A-1)

where, [B] and [[] are, respectively, the vectors of branch currents and bus injected

currents.

The relation between bus voltages and branch currents can be given by
[V]=[v,]-[B15C] ] (A2)
where,

[V] is the vector of bus voltages.

[Vo] is a vector where all entries are equal to the slack bus voltage.
From equation (A-1) & (A-2)
[V]=[V,]-[BCBV][BIBC][I]
=[Vol-[DLF][1] (A-3)
where,

[DLF|=[BCBV|[BIBC]

The node voltage vector can be updated in each iteration with the help of

equation (A-3) as follows
(vt ]=v]-[pLF][1*] (A-4)

where [I*] is obtained by calculating the node injected current for each of the three

phases.
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For the i,, node, the current is given by

P, +j0,)

ip
Here, k indicates k™ iteration.
p=a, b, ¢ indicates the phases.
P and Q, respectively, indicates active and reactive power.
After each iteration, convergence is checked using the following relation
Max|[V*" -V < e
where,

€ is the specified tolerence.
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Appendix-I1
DG Active Power Correction

The active power and reactive power flowing in any of the phases of a 3-phase

DG from its internal node to its terminal node are given by equations (A-6) and (A-7)

as follows

P=EV[Gcos(5-6)+Bsin(5-6)] (A-6)
Q=EV[Gsin(§-6)—Bcos(5-6)] (A-T)
where,

P and Q indicate active power and reactive power respectively.

E indicates the internal voltage magnitude of the concerned phase.
V indicates the terminal voltage magnitude of the concerned phase.
o0 indicates the angle of the internal voltage of the concerned phase.
6 indicates the angle of the terminal voltage of the concerned phase.
G is the conductance per phase of the DG

B is the susceptance per phase of the DG

The resistance of a generator is significantly less than its reactance, hence,
neglecting G in equations (A-6) and (A-7) these two can be converted into the

following form.

P=EV|[Bsin(5-6)] (A-8)

Q=EV[-Bcos(5-6)] (A-9)
Now,

oP

35 EVBcos(d-0)
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oP —
Z-p A-10
5 ( )

where,

P is called the synchronizing power co-efficient.

For any small changes in J, the corresponding change in P can be obtained as

AP = PAS (A-11)
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Appendix-IT11

A Brief Introduction to PSO Algorithm

PSO is an evolutionary optimization technique developed by Kennedy and
Eberhart in 1995 [56]. It is inspired by social behavior of fish schooling and bird
flocking and has gained popularity owing to its easy implementation and a faster

convergence rate than the traditional evolutionary algorithms [57].

The PSO algorithm starts with a swarm of particles, where position ‘y’ and
velocity ‘v' of each particle are randomly initialized for a size of population ‘pop’ in
the search space. The search for optimal position is carried out by updating the

velocities and positions of the particles iteratively using the following expressions:

k

vit'=w*vE + ¢ *rand, *(pbestik —yik)+c2 *rand, *(gbestik —yf) (A-12)

k+1

=y (A-13)

where, v, = velocity of the i" particle

y, = position of the i" particle

i=1,2,..., pop

¢, =cognitive constant

¢, =social constant

w = inertial weight of particle

k =current iteration number.

The search of swarm is focused towards the particle best positions ‘pbest’ (also
called local best positions), which generates the minimum value of the objective
function (also called fitness function) attained by each individual particle. The search
continues for the entire population size. Finally, the global best position ‘gbest’ is

obtained from the best value of ‘pbest’ positions that gives the global minimum of the

objective function.
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Appendix-1V

Line diagrams of the three phase Networks

a) IEEE 13 Node Test Feeder [58].
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Fig. A-1 Line diagram of IEEE 13 Node Test Feeder

Network and load data are available in reference [58].
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b) 25 bus Unbalanced Radial Distribution Network (URDN ) [59]
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Fig. A-2 Line diagram of 25 Node URDN Feeder

Network and load data are available in reference [59].
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¢) IEEE 37 Node Test Feeder [60]
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Fig. A-3 Line diagram of IEEE 37 Node Test Feeder

Network and load data are available in reference [60].
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