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ABSTRACT

Objective of power system operation is to meet the demand at all the locations within power
network economically and reliably. The traditional electric power generation systems utilize the
conventional energy resources, such as fossil fuels, hydro, nuclear etc. for electricity generation.
The operation of such traditional generation systems is based on centralized control utility
generators. These generators deliver power to the widely dispersed users through an extensive
transmission and distribution network. In the present environment, the justification for the large
central-station plants is weakening, due to depleting conventional resources, increased
transmission and distribution costs, deregulation trends, heightened environmental concerns,
and technological advancements. Distributed Generations (DGs), a term commonly used for
small-scale generations, offer solution to many of these new challenges. DGs are also referred
to as ‘Embedded Generations’ or ‘Disperse Generations’. CIGRE define DG as the generating
plant with a maximum capacity of less than 100MW, which is usually connected to the
distribution networks and that are neither centrally planned nor dispatched. There are many
definitions of DG in the literature as it depends upon the many technologies and many
applications in different environment. Presently, numbers of DG technologies are available in
the market and few are still in the research and development stage. Some currently available
technologies are reciprocating engines, micro turbines, combustion gas turbines, fuel cells,
photovoltaic, and wind turbines. During the last few years, the penetration of DG in the power
distribution systems has been increasing rapidly in many parts of the world. As the penetration
of distributed generation is increasing in the distribution network, it is no more passive in nature
and its characteristics is becoming similar to an active transmission network. Therefore, it is in
the best interest of all the players involved to allocate them in an optimal way such that it could
increase reliability, reduce system losses and hence improve the voltage profile while serving
the primary goal of power injection. It is evident that any loss reduction is beneficial to
distribution utilities, which is generally the entity responsibility to keep the losses at low level.
Loss reduction is therefore most important factor to be considered in planning and operation of
DG.

In this work, different types of DGs based on their capability of injecting real and/or
reactive power have been proposed to be placed in a planned manner into the distribution
systems. The developed methodologies will be helpful to the developing countries like India, for

integrating DG into the electrical systems for improvement in the system performance and for



mitigation of the power deficiency. The availability of quality supply of electricity is very crucial
for the sustained growth of a country. Presently, India is in power deficient state, the average
power deficiency is nearly 12.2% of peak demand. In the developing countries like India, DGs
may widely be used to supply electric loads in integration with the grid. Some of the factors that
must be taken into account in the planning process of expanding distribution system with DG
are: the capacity of DG unit, best location and technology, the network connection, capacity of
existing system, protection schemes, among others. Different methodologies and tools have
been developed to identify optimal places to install DG capacity and its size. These
methodologies are based on: knowledge-based approaches, optimization programs or heuristic
techniques. The computer aided techniques have been employed for the purpose of
mathematical modeling and implementation of the various approaches for the optimal
placement of DGs in order to reduce losses and the improvement in voltage profiles.
References reveal that many heuristic techniques like genetic algorithm (GA), tabu search
algorithm, ant colony search algorithm and fuzzy logic have been used for optimal placement of
DG, which requires extended computational time, and large memory size. Naturally, a more
efficient approach is the need of the hour. Therefore, an analytical method and the application of
particle swarm optimization (PSO) technique have been proposed in the present work for
optimal placement of DGs to minimize the system losses, improvement in voltage profile and
maximization of benefits. The PSO technique is computationally efficient and is a metaheuristic
as it makes few or no assumptions about the problem being optimized and can search very
large spaces of candidate solutions. It does not require that the optimization problem be
differentiable as is required by classical optimization methods. Considerable amount of work on
the sizing and siting of DGs have been reported in the literature, however some of the research
gaps need attention of the researchers. Analytical methodology, PSO based algorithm and
hybrid approaches have been applied to different configurations of DGs in different distribution
systems. The results obtained have been compared for the validation of the proposed
approaches.

Optimal placement of DG units in the distribution systems reduces the energy losses,
improves the voltage profile, releases the transmission capacity, decreases equipment stress,
and defers transmission and distribution upgrades. For even a small distribution network, the
selection of the best DG allocation plan among the different possibilities needs computationally
arduous efforts. Least loss method is one of the criteria to select the appropriate bus for DG
placement, consequently, to reduce the search space and thus, to save the computational time

to attain an optimal solution. To cater this requirement, an analytical approach has been



developed for calculating the optimal size and location of type-I DGs in radial distribution
system. The developed algorithm has been successfully applied to a 33-bus and 69-bus
distribution test systems. The obtained results have been compared with the results obtained
using PSO technigue and loss sensitivity approach.

The proper allocation of DG units in distribution system plays a important role in
achieving economical, technical, and qualitative benefits. Depending on their location, DG units
may improve or worsen the system performance. The reduction of real power losses,
improvement in voltage profile, diminution of harmonic pollution, enhancement in reliability, and
deferral of network upgrade have been reported as the primary aims for DG placement in the
literature. Most of these DG allocation techniques are well suited to allocate DGs injecting real
power output. Since these existing techniques, do not incorporate the integration of type-l1 DG in
reactive power compensated network. In this work optimal placement of type-I DG is integrated
in reactive power compensated network in distribution systems. The reactive power of the
network is compensated by the optimal placement of Capacitor. An analytical approach has
been developed in this work to determine the optimal size, location and optimal power factor to
achieve the objective by compensating the active and reactive powers. The objective function,
considering the real power system loss has been minimized. The constraints on power flow
equations, on bus voltages, on line loadings, and on sizes of DG and Capacitor have been
considered. As distributed generation is defined as the generation of electricity by facilities that
are sufficiently smaller than the central generating plants so to allow interconnection at nearly
any point in a power system. The maximum DG installed capacity limits have been considered
as 30%. The proposed approach has been applied to a 33-bus distribution test system, and also
to a 69-bus distribution test system. In the proposed work, optimal power factor of DG has also
been evaluated, and the effect of variation of power factor on the system losses has been
analyzed. The results of the analytical approach have been compared with the results obtained
based on other approaches like PSO and GA. As the capital cost of Capacitor is too less as
compared to capital cost of DG. The integration of type-lI DG in reactive power compensated
network provides more economy to the system.

The existing literature reveals that, the optimal placement of the DG in the distribution
systems is for reduction of power losses, Improvement in system voltage profile, maximization
of DG capacity, minimization of investment and diminution of harmonic pollution. The optimal
placement of different types of DGs i.e., type-I DG, type-Il DG, type-lll DG and type-1V DG in the
distribution system have not been given due consideration in the techniques reported. Hence, a

realistic mathematical approach considering different types of DGs has been proposed here.



Therefore, in this work suitable mathematical formulations have been developed for the optimal
placement of different types of DG sources with various system constraints to minimize the
system losses. The PSO based algorithm has been developed for the proposed approach and
the obtained results are also verified with analytical approach results.

Most of the optimal placement techniques to allocate multiple DGs use heuristic
approach only, and do not take the advantage of analytical approach. The analytical techniques
may not be appropriate for optimal placements of multiple DGs alone. To fill this void, a hybrid
approach has been developed in this work for optimal placement of multiple DGs of multiple
types. In this approach the sizes of multiple DGs are evaluated at each bus and the optimal
locations and power factor are determined by PSO technique. The objective function has been
minimized under operating constraints. The proposed hybrid approach is tested on 33-bus and
69-bus test systems and the obtained results are compared with the results obtained using
PSO.

The distribution system planners effort to supply economical and reliable electric power
to the customer. It is important to design, operate and maintain the power system with lowest
cost and highest benefit. Loss reduction and improvement in voltage profile are two important
goals for electrical distribution companies. These companies work on various technologies and
optimization programs to achieve economic benefits. They provide electricity with high quality
and also prevent interruptions in distribution systems. The impact of DG on system operation
depends highly on its location in the distribution system. Installation of DGs at improper
locations would lead to increase in energy loss and loading of distribution feeders. For this
reason, an optimization method must be used to find optimal DG location and size considering
the costs and benefits to the customer and the utility. Optimal DG placement is a multivariable
optimization problem with different operating constraints on DG in distribution system.
Therefore, mathematical formulations for optimal sizing and siting of DGs and Capacitors in the
distribution systems have also been developed in this work. The cost of electricity sold to the
electricity market, loss reduction revenue, operating costs of DGs, constraints on number of
DGs and Capacitors, maintenance costs and the payback period have been considered in this
optimization. The developed formulation is a mixed-integer non-linear optimization problem and

their solution has been obtained by a hybrid technique based on PSO approach.

The various contributions made through this work are summarized as follows:



An analytical approach has been developed for optimal placement of type-I DG in the
distribution system and the obtained results are compared with PSO technique and
loss sensitivity approach results to validate the developed algorithm,

An analytical approach has been presented for optimal placement of type-l DG in
reactive power compensated networks in a distribution system. The optimal power
factor has also been considered in this work,

A PSO based algorithm has been proposed for optimal placement of different types of
DGs sources i.e., type-l DG, type-ll DG, type-lll DG and type-IV DG in the distribution
system and the results are validated with analytical approach,

An hybrid approach consisting of analytical method and PSO technique has been
developed for optimal allocation of the multiple DG units in the distribution networks,
comparison has been made with the developed PSO algorithm,

An objective function has been developed for the cost benefit analysis for DG
placement in distribution network. This objective function has been maximized using
PSO technique for the profit, taking the initial costs, operating costs, maintenance costs
of DGs and Capacitors, cost of grid power, cost of DG power, present worth factor and

payback period into consideration.
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CHAPTER -1

INTRODUCTION

1.1 OVERVIEW

The objective of power system operation is to meet the demand at all the locations within
power network as economically and reliably as possible. The traditional electric power
generation systems utilize the conventional energy resources, such as fossil fuels, hydro,
nuclear etc. for electricity generation. The operation of such traditional generation systems is
based on centralized control utility generators. These generators deliver power to widely
dispersed users through an extensive transmission and distribution network. In the present
environment, the justification for large central-station plants is weakening due to depleting
conventional resources, increased transmission and distribution costs, deregulation trends,
heightened environmental concerns, and technological advancements. Distributed Generation
(DG), a term commonly used for small-scale generations, offer solution to many of these new
challenges. Recent developments in small renewable/clean generation technologies such as
wind turbines, photovoltaic, fuel cells, micro turbines and so on has drawn distribution utilities’
attention to possible changes in the distribution system infrastructure and policy by deploying
DG in distribution systems.

DG includes small generators, ranging from few kilowatts to megawatts, scattered
throughout the power system, to provide the electric power to the consumer. The DGs are
located either at utility’s site or customer’s site, or at on isolated site that is not connected to the
network. CIGRE define DG as the generating plant with a maximum capacity of less than
100MW, which is usually connected to the distribution networks and that are neither centrally
planned nor dispatched [28]. Other organization like, EPRI has defined the range as few
kilowatts up to 50MW. Ackermann et al. [150] have given the definition of DG as: “DG is an
electric power generation source connected directly to the distribution network or on the
customer side of the meter.” Considering the different definitions, it is evident that the meaning
of DG is small-scale electricity generation.

The share of DG in power systems has been increasing in the last few years and it
would further increase in near future because of the reasons stated earlier. Moreover, the
policy initiatives taken to promote the DG throughout the world also indicate that the percentage

of share will grow rapidly. There are number of DG technologies available and few of them are



still in research and development stage. Currently some available technologies are reciprocating
engines, combustion gas turbines, fuel cells, photovoltaic, and wind turbines. Each one of these
technologies has its own benefits and limitations. Among all the DGs, gas turbines and diesel
engines make up most of the capacity installed. Simultaneously, the new DG technology like
micro turbine is being introduced and an older one like reciprocating engines is being improved

[166]. Fuel cells have also attracted the attention of researchers.

1.2 MOTIVATION FOR THE PRESENT WORK

India is one of the fastest growing economics and has out of the highest development
rate in the world. The availability of quality supply of electricity is very crucial for the sustained
growth of the country. Electricity demand in India has been increasing rapidly, and generating
capacity has grown manifold from 1,712 MW in 1950 to more than 211,766.22 MW today,
though still representing only 860.72 kWh per capita per year. This per capita figure is expected
to almost triple by 2020, with 6.3% annual growth. Presently, the country is in power deficient
state, the average power deficiency is nearly 12.2% of peak demand. All the provinces are
facing the power deficiency, in provinces like UP, MP, Maharashtra, Bihar, and Punjab; it is
more than 20 percent. The power deficient situation of the country results in power cuts,
blackouts, etc. Further, due to the changing weather conditions throughout the year, the amount
of electric heating and cooling load is very high, which causes the high demand of electricity
during these seasons. The establishment of large sized central power plants require huge
amount of investment and long term planning. The environmental issues associated with
nuclear and thermal power plants have made the conditions further challenging. The above-
mentioned causes make the distribution generation from fuel cells, wind turbines, photovoltaic,
and small/ micro hydro plants and gas/diesel generators compulsory for the continuous growth

of the country under prevailing conditions.

1.3 CENTRAL VERSUS DISTRIBUTED GENERATION

The bulk of electric power used worldwide is produced at central station power plants,
most of them utilizing large, fossil-fuel combustion or nuclear boilers to produce steam that
derives steam turbine generators. The maximum power output of the majority of these central
station generators is between 150 MW and 1200 MW. This makes them relatively large, in term
the physical size and the facilities requirements, and often making site selection and

procurement a real challenge. To keep pace with the growing power demand, low cost and



quick solution is required. DG fulfills both the aspects and is being utilized extensively in today’s

power system.

1.4AADVANTAGES OF DG INTIGERATION INTO POWER SYSTEMS

DG has several other advantages that make them attractive in some or all
circumstances. Again, the value of these advantages varies from one situation to another, and

given as follows:

1.4.1 Economical Benefits of DGs Integration
The economic benefits of DG integration can be summarized in following points as:
1. Installation of DG units near the load centers defers the necessity for:
e Construction of new substations or expansion of existing ones,
e Extension of new transmission lines to energize new substations,
2. Integration of DGs improves the system efficiency by:
e Reducing the feeder power loss and minimizing the cost of losses,
e Enhancing the system voltage profile and minimizing the number of
required voltage regulators and capacitors,
o Decreasing the loading on existing electric equipments, minimizing their
maintenance costs, and increasing their service lives.
3. The planning of DG is considered as a short-term investment approach from the
point of view of capital investment due to:
e Low capital cost,
e Paying the revenue and benefits back in a short period of time,
e Requiring less time for installation (varying between a month and few
years depending on the technology and size of DG).
4. Integration of DGs in distribution system minimizes the investment risk due to

reduced capital costs and less installation time.

1.4.2 Operational Benefits of DGs Integration

Various operational benefits of DG integration are as follows:

1. DGs deliver safe, clean, reliable, and efficient electrical energy with no or low
emissions,
2. DGs integration in the distribution system reduces the number of electric

elements (substations, transformers, feeders, capacitors, regulators, protective



1.5

devices, and control circuits) in the network, which in turn, leads to minimization
of number of possibilities as well as randomness of faults and outage
occurrences,
DGs directly provide power in the vicinity of the loads and help in reducing the
loadings on feeders,
DGs with their modern power electronic interface devices can be interconnected
to the grid to meet power quality, reliability, and voltage profile requirements,
DG units can be operated for:

e Peak load shaving to minimizing the required centralized reserve power,

e Stand-by generation in case of electric utility failure,
Customer- owned DGs can help customer by providing some portion of their
demands during peak load periods and by feeding the excess power to the grid
during the light load periods. This way, they can get some revenue back from the

electric utility.

DISADVANTAGES OF DG INTEGRATION

Inspite of several significant advantages of DG integration, the following may be the

negative impacts on the system:

1.6

1.

DGs may adversely affect the system stability,

Integration of DG may disturb the co-ordination and rating of existing devices,

DG units may increase the fault current levels of the system depending on their
locations,

Use of invertors with asynchronous DG sources for interconnection, may inject
harmonics into the system,

The capital cost per KW-installed power of DG is higher as compared to large

central plants,

RENEWABLE ENERGY AS DG

The integration of DGs in power networks in India have been improved significantly in

past few years. However, this requires more concern for the growth of the country. India is

blessed with abundant solar energy equivalent to 5000 trillion kWh/yr besides several indirect

forms of solar energy manifesting as hydro power, ocean energy, wind energy, bio-energy etc.

Table 1.1 gives renewable energy potential in India [111, 110, and 42] and actual progress

achieved up to the year 2012.



Table 1.1 Renewable Energy Potential in India

Energy source Estimated Potential Cumulative
Installed capacity/ number

Wind power 45,000 MW 18321.10 MW
Small Hydro 15,000 MW 3464.59 MW
(upto 25 MW)
Biomass Power 16,000 MW 1242.60 MW
Bagasse Cogeneration 3,500 MW 2199.33 MW
Waste to energy 2,700 MW 93.68 MW
Solar Power (SPV) - 1047.16 MW
Family size Biogas Plants 12 million 45.45 Lakh
Solar street lighting system - 1,19,634 nos.
Home lighting system - 6,03,307 nos.
Solar Lanterns ~  —mee 7, 97,344 nos.
Solar photovoltaic power 2.92 MWp
plants
Solar water heating systems 140 million m? 5.63 Million m? of
of collector area collector area
Solar photovoltaic pumps - 7334 nos.
Biomass gasifiers - 153.04 MW

Though the figures seem to be impressive, the contribution of renewable energy has not
been significant. One of the constraints is low budgetary allocations (less than 1% of energy
sector). Renewable energy programs are specially designed to meet the growing energy needs
in rural areas for promoting decentralized and hybrid development so as to stem growing
migration of rural population to urban areas in search of better living condition. Renewable
sources already contribute to about 5% of the total power generating capacity in the country.
Prospects for renewable are steadily improving in India (% of total installed capacity is expected
to be 10% by 2020).



1.7 LITERATURE REVIEW

The area of optimal DGs placement is quite vast and consequently, the available
references in this area are also extensive. The aim of this thesis is to perform comprehensive
study of some of the problems related to the optimal sizing and siting of DGs in the distribution
system to reduce the real power loss, improve the voltage profile and maximize the benefits.
Available literature on various aspects of optimal placement and sizing of different types of DGs
in the distribution system has been discussed as follows:

In the past decade, much effort has been contributed to solve the optimal capacitor
placement problem by utilizing different algorithms and considering different objectives. The
capacitors have been widely used in power system to reduce the power losses, improve the
voltage sag, and increase the distribution feeder capacity. Capacitors provide reactive power
required to low power factor loads, thereby decreasing the line current that reduces the active
power loss (I°R) of the line and therefore considered as a type of DG that generate reactive
power. The capacitor placement problem could naturally be formulated as a mixed integer
optimization problem. Various algorithms are used to solve the problem. For example, heuristic
constructive algorithm has been presented in [66], in which the integer variables are
represented by sigmoid function. Another heuristic method has been adopted to obtain a near
optimal solution for realistic sized systems, with an objective of minimizing harmonic levels,
losses and capacitor costs [20]. This method has been extended to take unbalanced load into
consideration in [51]. Ant colony search algorithm has been used in [23] to study the optimal
placement of capacitor as well as the optimal feeder reconfiguration problem in the distribution
system. Various objectives have been proposed for the optimal placement of capacitor. The
objective function of minimizing the economic cost subject to voltage limits, sizes of installed
capacitors at each bus, and power quality limits of harmonics has been considered in [90]. The
impacts of capacitor placement on distribution system reliability have been considered in [4] by
defining two objective functions. The first one is the sum of reliability cost and investment cost,
and the second one is the sum of reliability cost, cost of losses and investment cost. Mixed
integer non-linear programming has been suggested by D. O. Leonardo et al. [33] for capacitor
placement as well as for reconfiguration in order to achieve the objective of minimum energy
loss operation of a radial distribution network. M.A.S. Masoum et al. [99] applied GA to minimize
the cost of power loss and capacitor bank. The solution has been achieved considering various
constraints like voltage limit, number and size of capacitors. J.V. Schmill [73] presented the well-
known 2/3 rule for the placement of capacitor assuming a uniform load on a uniform distribution

feeder. Neagle et al. [117] presented loss reduction achieved by one capacitor bank placed



along the feeder considering uniformly distributed loads, uniformly decreasing loads and equally
peak distributed loaded feeders. R.F. Cork [131] studied the effect of fixed capacitors in a radial
distribution network with distributed loads for the reduction in energy loss. H. Dura [59]
considered the capacitor sizes as discrete variables and employed dynamic programming,
whereas Grainger et al. [71] developed a nonlinear programming based method in which
capacitor location and capacity were expressed as continuous variables and they also
formulated the capacitor placement and voltage regulation problem by proposed decoupled
solution methodology for general distribution system [75]. Baran and Wu [84, 85] presented a
method using mixed integer programming for the optimal placement of capacitor. Sundharajan
and Pahwa [149] proposed the genetic algorithm approach to determine the optimal placement
of capacitors, based on the mechanism of natural selection. Various other artificial intelligence
techniques such as fuzzy logic, PSO and ant colony optimizations have also been used as tools
for solving optimal capacitor allocation [34, 146, 148 and 163] to minimize the system loss,
improvement in voltage profiles and other economic benefits. Recently, S.P. Singh et al. [148]
employed the optimal placement of capacitors both switched and variable in the distribution
system to minimize the real power loss and maximize the saving using PSO technique.

The available reference on various aspects of optimal placement and sizing of DGs in
the distribution system reveal the use of various algorithms to solve the problem. An analytical
method has been proposed in [112], to calculate the optimum size of DG at each bus in a
primary distribution system, and to identify the best location corresponding to the optimum size
of DG for the reduction in real power losses of the network. The real power loss formula has
been used to find the optimal size of DG. The authors also determined the loss sensitivity factor
to determine the best location for the placement of DG. However, optimal placement of the DG
by this approach violates the standard minimum service voltage limit and the DG injects only the
real power. An analytical expression has been developed in [25] that determine the optimal
location of DG in a radial network for minimizing power distribution loss. Uniformly, centrally,
and increasingly distributed load profiles with time invariant and time varying loads have been
considered to solve the problem. T. Gozel et al. [152] also used the analytical approach to
determine the optimal size and location by loss sensitivity factor, based on equivalent current
injection technique without the use of admittance matrix for different types of loads i.e. constant
power, constant current and constant impedance loads. Gandomkar et al. [87] minimized the
network power losses by locating the DG units at selected nodes in the distribution or sub-
transmission systems. Bhowmik et al. [1] developed an analytical method to predict allowable

distribution resources in a radial feeder in order to limit the voltage harmonics. Griffin et al. [153]



presented an iterative algorithm to determine the near optimal placement of DGs in a power
grid. An analytical method has been proposed for the allocation of DG units in the distribution
systems. Kashem et al. [96] presented an analytical approach to minimize power loss in the
distribution system by optimizing the size, location and operating point of DGs. They have
considered two load characteristics: constant impedance load and constant current load. D.
Thukaram et al. [37] presented the optimal placement of DG using relative electrical distance
between the DG and the load point to minimize the power loss. A. Kazemi et al. [6] also
determined the best size and location of DG in the distribution networks to reduce the real
power losses by using analytical approach similar as used in [112]. G. Tuba et al. [55] found the
optimal size and location of DG to minimize the system losses by using analytical expressions
for uniform, centrally and increasing load models for the placement of single DG. Popovic et al.
[40] and Greatbanks et al. [74] presented an iterative methodology using loss sensitivity and
voltage sensitivity analysis of power flow equations to identify the best locations for placing DGs
in the distribution network. Seon-Ju Ahn et al. [145] presented the placement of multiple DGs in
a microgrid by the control of active power and frequency of the generated power. The authors
proposed the various control modes and configurations of DGs and resulted that feeder flow
control mode is more efficient with proper modification as compared to unit output-power control
for proper sharing of power within the permissible frequency range of the system. D. Q. Hung et
al. [45] determined the optimal size and optimal location of different types of DGs i.e. DGs
capable of injecting real power, reactive power and both real power and reactive powers by
analytical approach to minimize the losses and improve the voltage profile. The work has been
extended in [44] to determine the optimal placement of different types of multiple DGs by
improved analytical (IA) method which minimizes the power distribution loss and improves the
voltage profile. The authors also determined the optimal power factor at which the power is
generated by the DG. P. Mahat et al. [119] have presented simulation study for the optimal
location and size of wind turbine DG in the primary distribution network.

In some of the approaches reported in litrature, Genetic algorithm (GA) has been applied
to determine the optimal size and site of DGs to improve the power system performance. G.P.
Harrison et al. [57] presented a hybrid method to find the best combination of sites for
connecting a predefined number of DGs within the distribution network. The GA has been
applied to search a large range of combinations of locations, employing optimal power flow to
define available capacity for each combination. Using GA based technique; Kuri et al. [21]
proposed a multi-objective formulation for optimal sizing and positioning of DGs in the

distribution system. R.K. Singh et al. [132] also have determined the optimal size and location of



DG, based on nodal pricing benefit, loss reduction, and voltage improvement. The voltage rise
issues have taken into consideration and it has been observed that a small capacity DG which
is optimally placed gives more benefits as compared to a large capacity DG which is not
optimally placed. The authors in [133], determined the optimal size and location of multiple DGs
for increasing, centrally and uniform distributed loads for radial and networked systems. V.
Kumar et al. [159] applied GA for the optimal placement of DG in the compensated distribution
network for the complete restoration the system under cold load pick up (CLPU) condition. The
operation of DGs conserves load diversity during outage period. The placement of DG during
CLPU reduces the total demand of the system significantly, also improves the voltage profile
and reliability of the network. Caire et al. [126] determined the system voltage drop and number
of DGs in the distribution system along with voltage sensitivity indices. Refs [26, 157] presented
the GA based methodologies to determine the optimal placement of DGs to minimize the real
power loss and maximizing the benefits in terms of energy savings by reduction in active power
loss. C. Tautiva et al. [24] determined the optimal placement and size of DG by taking the
energy losses, voltage profile, reliability and initial investment, operating cost, price of electricity,
cost of losses and energy not supplied into consideration and observed that reduction in loss is
maximum, when the DG is installed at remote bus bars for maximum benefits. D. Singh et al.
[35] presented the penetration of DG in the distribution company for maximization of profit and
minimization of energy system losses with time varying loads and taking various constraints of
the system into consideration. The authors in [36] placed the optimal size of DG at optimal
location in the distribution system based on real and reactive power indices with different load
models and MVA capacity. They used the voltage profile indices for the improvement of MVA
capacity and voltage profile of the system, and observed the effects of load models on the
optimal size and location of DG. For minimizing the system losses, Mardaneh et al. [92]
developed GA based algorithm to optimize the location and the size of DGs for a distribution
network in order to minimize the cost associated with the active and reactive generations of the
DGs. Celli et al. [52] applied GA for the optimal sizing and siting of DGs in the distribution
networks, considering technical constraints like feeder capacity limits, feeder voltage profile, and
short circuit current in the network. Decision theory based heuristic optimization algorithm has
been used to handle the uncertainties associated with the DG penetration. Celli et al. [53]
developed the multi-objective formulation to achieve the best balance among cost of network
upgrading, cost of purchased energy, cost of energy losses, and cost of energy not supplied. M.
Mohammadi et al. [94] developed the optimal deign of microgrid consisting of PV, fuel cell,

battery banks and DGs under hybrid electricity market to maximize the net present worth and



observed that the net present worth decreases in hybrid electricity market compared to
electricity pool market.

The particle swarm optimization (PSO) has also been exploited as a search tool to
minimize the system losses as reported many authors. El-Zonkoly et al. [14] determined the
optimal placement of multiple DGs using PSO technique as a multiobjective function taking the
various indices like real and reactive power loss indices, voltage profile, MVA capacity and
short-circuit level indices into consideration to achieve the desired objective. W. Krueasuk et al.
[168] determined the optimal size and location of different types of DGs i.e. DG producing real
power, producing reactive power and the DG producing real power and in turn absorbing
reactive power in the distribution system for the reduction in real power losses. M.P. Lalitha et
al. [106] and M. F. AlHajri et al. [102] determined the optimal size of DG at optimal location for
the minimization of network power losses and improvement in the voltage profile taking the
constraints of the system into account. P. Phonrattanasak [120] applied PSO technigue to
determine the optimal size and location of DG to minimize the economic cost and emission
pollutants and it is observed that the economic cost and emission cost decreases when the
number of DG increases. Carpinelli et al. [50] solved a multi-objective problem to minimize the
cost of energy losses, the voltage profile indices, and the total harmonic distortion indices at all
the system buses. El-Zonkoly et al. [13] also formulated the multiobjective function taking the
various indices like real and reactive power loss indices, voltage profile, MVA capacity and
short-circuit level indices to achieve the desired objective by the optimal placement of multiple
DGs using PSO based technique.

In some other references, heuristic approaches like fuzzy-logic, ant colony algorithm,
hybrid approaches have also been reported. El-Khattam et al. [167] proposed a heuristic
approach for DG capacity investment under competitive electricity market auction as well as
fixed bilateral contact scenario. The optimal sizing and siting decisions for DG capacity has
been obtained through a cost-benefit analysis approach from the perspective of a distribution
company. R.A. Jabr and B.C. Pal [129] proposed the ordinal optimisation method for the
placement of multiple DGs to minimize the loss and maximize the DGs capacities. S. Ghosh et
al. [138] determined the optimum size and location of DG by using simple approach; the authors
take the weights of energy loss and cost of DG. The weights have been changed to achieve the
objective. M.R. Haghifam et al. [108] used fuzzy variables in the minimization of the cost taking
the initial cost, operating cost, maintenance cost and cost of losses into consideration. The
various technical constraints like risk of voltage violation, loading constraints and economic

constraints due to uncertainty in electricity market price, have been taken into account. H.



Falaghi et al. [60] developed an ant colony optimization (ACO) based algorithm to minimize the
cost taking the initial investment on DGs, operating cost, maintenance cost, electricity price of
market, inflation rate, interest rate, present worth factor over the described planning period.
Authors in [48] have utilized the ABC algorithm to determine the optimal size and sites of DG’s
and capacitor combinations. Their work included the two load scenarios at predetermined power
factor. M.F. Akorede et al. [100] determined the optimal location and size of DG to maximize the
system loading and profit for the distribution company using GA with fuzzy controller. They also
observed the viability of DG when the upgradation of the substation and feeders is required due
to the increase in load. M.H. Moradi et al. [104] determined the optimal location of DG by the
application of GA and optimal size of DG with PSO technique to minimize the real power loss
and improve the voltage profile of the system. M. M. Elnashar et al. [91] determined the
optimum sitting and sizing of a large DG in mesh connected distribution system. They have
given the different importance to voltage profile and power loss by giving them different weights.
A.K. Singh et al. [12] presented the integration of various types of renewable DGs in the
distribution system to minimize the cost of each source and combination of different types of
DGs. The authors have determined the optimal locations for different types of DGs sources
using mixed integer non-linear programming to minimize the objective function. A. Keane et al.
[7] employed linear programming technique to optimize the location of DGs in the distribution
networks. They maximized the total DG capacity considering the technical constraints applied
on voltage profile, line loadings, equipment ratings, and faults levels. Y.M. Atwa et al. [171]
presented the optimal placement of wind DGs in the distribution system to minimize the annual
energy losses using generation-load model. The optimization problem has been solved by using
mixed integer non-linear programming in GAMS software considering various system
constraints. N. Khalesi et al. [116] presented the optimal placement of DGs for the improvement
in system reliability by using dynamic programming with the consideration of different load
models. Rahman et al. [155] presented an evolutionary programming based technique. The
sensitivities of voltage stability with respect to change in injected active and reactive power at
load buses have been consider to identifying the suitable location for DG placement. M.
Ahmadigorji et al. [83, 82] presented the optimal placement of DG in the system using forward
dynamic programming to maximize the benefit to the consumers and electric utility by taking
various operational constraints. D. Gautum et al. [29, 30] used OPF based on locational
marginal price and consumer payment, taking the marginal loss component and a congestion
component into account for social welfare and net profit maximization. It was observed that the

high penetration of DG leads to less benefit for DG owner.



Some other approaches have also been used for DG placement. An iteration algorithm
has been used by H. Hedayati et al. [61], in which power flow is adopted to decide the most
sensitive bus to voltage collapse with maximum loading for DG installation. The Objective
functions are constituted for the reduction in the power loss, increase in power transfer capacity
and the maximization of loading, and increase in voltage stability margins. M.F. Akorede et al.
[100] installed the optimal size of DG in the existing system to maximize the system loading and
profit to the distribution company for a particular period. It was observed that penetration of DG
is more cost effective than the expansion of substation and feeder facilities to meet the
increasing demand of the consumers. B. Tyagi et al. [22] determined the optimal placement of
reactive power sources based on technical and economic criteria. The authors determined the
optimal location based on loss sensitivity index and taking few top ranked load bus for economic

analysis to minimize the objective function.

1.8 OBJECTIVES AND AUTHOR’S CONTRIBUTION

Many researches have investigated and analyzed the impacts of DG placement in the
distribution system on various measures of system performance, such as voltage profile,
regulation, power losses, system stability and cost benefits. The optimal placement of DG in
distribution systems offers several technical and economic benefits to utilities and customers,
such as reduced line and transformer losses, improved system voltage profile, reduced central
generating station reserve requirements, relieved transmission and distribution congestion,
improved system reliability, enhanced power quality, deferred transformer and transmission line
upgrades, extended equipment maintenance intervals, reduced environmental impacts and an
overall improvement of system efficiency. At the same time, however, placement of DGs does
not always guarantee an enhanced system performance. Depending on the size, location and
penetration level, DG may have negative impacts on energy losses, voltage regulation, system
reliability, power quality, and system stability. On the basis of generated power DG’s can be
characterized into different types as [45]:

Type I: DG capable of injecting real power only, like photovoltaic, fuel cells etc. are the
good examples of Type-1 DG,

Type Il: DG capable of injecting reactive power only to improve the voltage profile fall in
Type-1l DG, e.g. kvar compensator, synchronous compensator, capacitors etc.

Type lll: DG capable of injecting both real and reactive power, e.g. synchronous

generators,



Type IV: DG capable of injecting real but consuming reactive power, e.g. induction
generators used with turbines.

Most of the approaches presented so far to formulate the optimal placement problem
of DG are considering only the type-l DGs. In the present work all the four types of DGs are
considered for their optimal placement. Different methodologies and approaches have been
developed to identify optimal location to install DG with optimal size. These methodologies are
based on: mathematical analysis and search techniques. The computer aided formulations have
been made for the purpose of mathematical modeling and implementation of the various
approaches for the optimal placement of DGs in order to reduce losses and the improvement in
voltage profiles.

References reveal that many heuristic techniques like genetic algorithm (GA), tabu
search algorithm, ant colony search algorithm and fuzzy algorithm have been used for optimal
placement of DG. Therefore the application of efficient search approach is the need for the
solution of such optimization problems. Therefore, particle swarm optimization (PSO) based
technique have been applied in this thesis for the optimal placement of DGs to minimize the
losses and improvement in voltage profile and system performance. The PSO technique is
computationally efficient and is a metaheuristic as it makes few or no assumptions about the
problem being optimized and can search very large space of candidate solutions. The
comparisons of obtained results with those obtained by analytical method validate the use of
PSO based algorithm for the optimal placement of DGs in the distribution system. A PSO based
technique has been proposed for determining the optimal size and location of DGs in radial
distribution system. The developed algorithm has been applied, to 33-bus and 69-bus
distribution test systems. The obtained results have been compared with the analytical
approach results in terms of optimal size, location and reduction in line losses.

As reported in the literature, most of these DG integration techniques are well suited to
allocate DGs with real power output i.e., Type-I DGs. The references focusing on the integration
of type-I DG along with reactive compensating devices like capacitors are few [48, 89, 95, 137,
and159]. Hence, the problem, regarding the optimal allocation of type-l1 DG in reactive power
compensated distribution systems, still requires adequate attention. Mostly, the reactive power
of the network is compensated by the optimal placement of type-Il DG (capacitor). In this work
the simultaneously placement of type-l1 and type-Il DGs in distribution systems is addressed.
PSO based algorithm has been developed to find the optimal size and locations of type-I and
type-ll DGs to minimize the real power loss with the consideration of the various system

constraints. An analytical approach has also been proposed in this work to determine the



optimal size and location, and optimal power factor to achieve the objective. The objective
function for finding the real power loss has been minimized. The constraints on power flow
equations, on bus voltages, on line loadings, and on sizes of type-l and type-ll DGs have also
been taken into account. As distributed generation is defined as the generation of electricity by
facilities that are sufficiently smaller than the central generating plants so to allow
interconnection at nearly any point in a power system. Hence, in the present work the total
installed capacity of type-l and type-1l DGs in the network have been limited to less than 30% of
substation rated capacity to maintain the concept of DG against centralized generation and the
sizes of type-l and type-lIl DGs are taken as per standard rating available in the market. The
optimal power factor of DG has also been evaluated, and the effect of variation of power factor
on the system losses has also been analyzed. The proposed approach has been illustrated on
33-bus and 69-bus power distribution systems. The results obtained have been compared with
the existing approach in terms of optimal size, location and reduction in line losses.

On the basis of availability of natural energy sources like wind energy, hydro energy,
solar energy etc., the different type of electric power generator are installed. These different
types of generators involve different costs and benefits. The proposed work exploits the
diversity of generation by the optimal placement of type-IV DG used in wind turbines. It is
evident from literature that, in the problem of DG placement the optimization has been
performed for reduction in power losses, Improvement in system voltage profile, maximization of
benefits, minimization of investment cost. However, the optimal placement of type-IV DGs in the
distribution system has not been given due consideration in the reported work. Some of the
references have addressed the placement of different types of DGs [12, 44, 45, 113 and 119].
Therefore, in this thesis suitable mathematical formulations have been developed for the optimal
placement of type-IlV DG sources to minimize the system losses with various system
constraints. The PSO based algorithm has been developed for the proposed approach and the
results obtained are also verified with the results of analytical approach.

The analytical approaches [26, 44, 129, 133, and 157] reported in literature have some
limitations. These approaches are not suitable for large sizes power networks because of their
mathematical complexity. The multiple DGs are placed in iterations, placing one DG in each
iteration, which may not lead to an optimal solution. The heuristic based approaches are more
suitable to determine the optimal size and location of multiple DGs in a larger system. A hybrid
approach has been proposed in this thesis for optimal placement of multiple DGs which exploits
the advantages of both analytical and heuristic approaches. In this approach the sizes of

multiple DGs are evaluate at each bus by analytical method while the optimal locations and



power factor are determined by application of PSO technique. The various operating constraints
e.g. power flow equations, voltage limits, line current carrying capacities are taken into account.
The proposed hybrid approach is tested on 33-bus and 69-bus test systems and the results
obtained are compared with the results obtained with other approaches.

Distribution system planners effort to supply economical and reliable electric supply to
customers [24, 35, 50, 53, 82, 83, 92, 94, 100, 101, 113, 116, 120, 132, 138, 148, 167]. It is
important to design, operate and maintain reliable power systems with lowest cost and highest
benefit. Loss reduction and improvement in voltage profile are two important goals for electrical
distribution companies. The companies need various technologies and optimization programs to
bring these economic benefits. The electricity is supplied with high quality and reliability and
also prevents interruptions in the power supply. On the other hand, the cost involved in DG
placement and operation is also reduced by proper reactive power compensation. For this
reason, an optimization method has been presented to find the optimal location and size of DG
considering the costs and benefits to the customers and the utility. Optimal placement of DG is
a multivariable optimization problem with different operating constraints. Therefore,
mathematical formulations for optimal sizing and siting of DGs and capacitors in the distribution
systems have also been developed in this thesis. The cost of electricity sold to the electricity
market, loss reduction revenue, operating costs and maintenance costs of DGs and capacitors,
constraints on number of DGs and capacitors and their sizes to maintain the concept of
distributed generation, and the time period in which the total cost occurred can be recovered
have been taken as constraints. The developed formulation is a mixed-integer non-linear

optimization problem and their solution has been obtained by PSO based technique.

1.9 ORGANIZATION OF THE THESIS

The present thesis has been organized into seven chapters and the work included in
each chapter has been presented in the following sequence:

Chapter-1 the current chapter, gives an overview of distributed generation, presents
detailed literature review on the problems towards the problem area and the objective taken in
this work, and finally, outlines the organization of the present thesis.

Chapter-2 deals with the development of analytical approach for the optimal placement
of type-l DG in the distribution system taking the system constraints into account and the results
obtained are validated with a proposed PSO algorithm results.

Chapter-3 describes a mathematical formulation developed for optimal placement of

type-1 DG and type-ll DG in power network. The reactive power of the network is compensated



by the optimal placement of type-Il DG. The sizes of DGs are evaluated with and without size
limit. The optimal power factor has also been evaluated.

Chapter-4 presents the optimal placement of type-lll DG. A hybrid approach has been
proposed that utilizes the feature of both, the analytical and the PSO approach. The optimal
power factors are also evaluated. The optimal placement of DGs are determined with and
without size limit.

Chapter-5 proposes the placement of type-1V DG for the integration of non-conventional
energy sources like wind turbine. Both the developed approaches, analytical and PSO are
applied for determining the optimal size and sites.

Chapter-6 describes the mathematical formulations for the optimal placement of real
power and reactive power sources in distribution networks for maximization of benefits. The
initial installation cost, operating and maintenance costs of DGs and capacitors, cost of grid
power have been taken into account. The involved costs have been evaluated considering
interest rate paid, inflation rate for the described planning period.

Chapter-7 concludes the work contained in the main body of the thesis and presents the

suggestions for the future work.



CHAPTER -2

OPTIMAL PLACEMENT OF TYPE-I DGs

2.1 INTRODUCTION

During the last few years the penetration of DG in the power distribution systems has
been increasing rapidly in many parts of the world. As the penetration of distributed generation
is increasing in the distribution network, it is no more passive in nature and its characteristics is
becoming similar to an active transmission network. Therefore, it is in the best interest of all the
players involved to allocate them in an optimal way such that it will reduce power distribution
loss, improve the voltage profile and hence increase system reliability, while serving the primary
goal of power injection.

There are many approaches for deciding the optimum sizing and siting of DG units in
distribution systems. Some of the factors that must be taken into account in the planning
process of expanding distribution system with DG are: the capacity of DG unit, best location and
technology, the network connection, capacity of existing system, protection schemes, among
others. Different methodologies and tools have been developed to identify optimal places to
install DG and its size. These methodologies are based on analytical tools, optimization
programs or heuristic techniques. Much effort has been contributed to solve the optimal DG
placement problem, utilizing different algorithms and considering different objectives.

In the past decade, much effort has been contributed to solve the optimal DG placement
problem, utilizing different algorithms and considering different objectives. The DG placement
problem could naturally be formulated as a mixed integer nonlinear optimization problem.
Various algorithms have been used to solve the optimal problem considering real power loss as
the objective function. An analytical method has been proposed in [1, 6, 25, 44, 45, 49, 55, 96,
112, 152] to decide the optimal allocation of DG, in radial as well as in mashed systems, to
minimize real power losses. Genetic algorithms (GA) [26, 35, 52, 92, 100, 126, 132, 133, 157,
159, 160], PSO techniques [9, 13, 14, 102, 104, 106, 113, 115, 120, 148, 168], and other
heuristic approaches [7, 37, 40, 48, 60, 68, 74, 78, 83, 108, 116, 128, 129, 155, 167, 171] have
also been applied to determine the optimal size of DG to minimize the system losses. All the
approaches differ from each other by way of their problem formulation and/or the problem
solution methods employed. An analytical approach [112] has been proposed to calculate the

optimum size of DG at each bus of the primary distribution system and to identify the best



location corresponding to the optimum size of DG for reduction in real power loss of the
network. However, the optimal placement of DG by this approach violates the voltage
constraints of the system. D.Q. Hung et al. [45] determined the optimal size and optimal location
of different types of DGs by analytical approach. In this work, the authors have exploited the
DG, capable of injecting real and reactive power. Authors in [44] have also determined the
optimal placement of different types of multiple DGs by improved analytical method to minimize
the power distribution loss and improvement in voltage profile.

PSO based techniques have also been applied to minimize the system losses as
reported in the literature. W. Krueasuk et al. [168] determined the optimal size and location of
different types of DGs in the distribution system for the reduction in real power loss using PSO
technique. M. F. AlHajri et al. [102] determined the optimal size of DG at optimal location by
using PSO technique for minimization of network power loss and improvement in the voltage
profile taking the constraints of the system into account. Recently, S.P. Singh et al. [148]
employed the optimal placement of DGs in the distribution system to minimize the real power
loss and maximize the saving using PSO technique.

In the present work, analytical approach, and PSO based technique have been applied
for the optimal placement of type-1 DG units in the distribution systems. DGs supplying only real
power have been considered for the placement. Two power distribution networks, 33-bus and
69-bus, have been used for the illustration purpose. The results obtained from analytical and
PSO approaches have been compared. A significant reduction in losses and improvement in

voltage profile have been observed.

2.2 LOCATION AND SIZING ISSUES

The placement of DG plays an important role in minimizing the losses. Fig. 2.1 shows a
three dimension plot of typical power loss versus size of DG at each bus in the 69-bus
distribution test system for the given loading conditions [84]. From the figure, it is clear that at a
particular bus, as the size of DG increases the loss also decreases and at a particular value of
size, the loss reaches to its minimum. If the size of DG is further increased, the losses starts to
increase and it may overshoot the losses of the base case. It is also observed from the figure
that the location of DG plays an important role in minimizing the losses. Therefore, it can be
concluded that for a given characteristics of the distribution system, it is not advisable to install
the DG of any size in the network. The size of DG at most should be such that it does not
increase the line losses and also does not violate other required operating constraints. Any

attempt to install high capacity DG with the purpose of exporting power beyond the substation



(reverse flow of power though distribution substation), may lead to very high losses and failure
of protection schemes designed for radial networks [112]. Thus without reinforcement of the

system, the use of
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Figure 2.1: Effect of size and location of DG on system loss

high capacity DG may lead to excessive power flow through small-sized conductors and hence
results in higher losses and may causes protection collapse. In the following section,

determination of the optimal location and size of type-I DG has been explained.

2.3 PROBLEM FORMULATION

This section deals with the problem formulation for finding the optimal size and location
of type-l DG and defines various constraints associated with different standard operational

limits.

2.3.1 Objective Function

The objective of the current DG placement problem is to minimize the power distribution
losses in the network. In this chapter, the Exact Loss formula [47] as given by (2.1) has been

used to evaluate the real power losses of the system. The objective function is given by,

P, = z Z[“U’(Pipj +QiQ;) + Bij (QiF; — PiQj)] @1

i -

N
=1 ]:1



2.3.2 Constraints

There are certain standard limits for the parameters defined for the proper operation of
the power system. These limits/constraints are required to be satisfied.

(a) Constraint on power flow eguations

The power flow equations of the network should be satisfied, which can be written as:

N
Pgi — Ppi = Z ViVi[Gij cos(8; — ;) + By sin(8; — &;)] Vi=123,....N (2.2)
j=1
N
Qgi — Qp; = Z ViV;[Gij sin(6; — ;) — Byj cos(8; — 6;)] vi=123,....N (2.3)
j=1

(b) Constraint on bus voltage magnitude

The inclusion of DG may cause either over-voltage or under-voltage in the distribution
system, which is undesirable. Hence, the voltage magnitude at each bus of the system is
restricted by lower and upper limits. This constraint can be given as:

Vimin S Vi £ Vinax (2.4)
Where,
V, = Voltage magnitude at i" bus, Vie N
N = Number of buses in the system,
Vmin = Minimum voltage limit,
Vimax = Maximum voltage limit.

The American National Standards Institute (ANSI) standard C84.1-1989 has stipulated
that voltage variations in a distribution system should be controlled within the range of -13% to
7% [18]. In this work, the allowable voltage limits are considered as + 5%.

(c) Constraints on line current

In transmission and distribution systems, each line or branch is designed to carry a
certain amount of maximum current, which is termed as ‘Thermal Limit’. Loading a line beyond
its thermal limit can cause severe damage to the line. Hence, the planner must make sure that
the line loading limits are not violated due to integration of DGs. The constraints on line loadings

can be given as:

I; < [Rated Vi € Np, (2.5)



Where,

I Current flow in i branch,

N

o Number of branches in the system,

[Rated = Current permissible for i"" branch.
2.3.3 Assumptions

The following assumptions have been made in the solution of current problem of
placement of type-I DG in distribution systems:

l. The bus loading given in the data are considered as peak load,

II.  Type-l1 DG can deliver only active power.

2.4 PROPOSED APPROACHES

The optimal placement of type-lI DG is proposed in two ways, first by the application of
the analytical approach and then using the PSO based approach. Although, the analytical
approach gives exact optimal solution, but in a large system it takes more computational time
since it calculates the size of DG at each bus. It is not suitable for placement of multiple DGs as
the size of next DG may not be optimal for loss minimization. Hence, in a larger system,
heuristic approaches are more suitable for finding the location and size of DG. PSO is a
metaheuristic as it makes few or no assumptions about the problem being optimized and can

search very large spaces of candidate solutions.

2.4.1 Analytical Approach

Consider a N bus distribution system. The total real power loss in the system is given by

(2.2).
N
P, = Z[“ij(Pin +QiQ;) + Bij(QiP; — P.Q;)]
i=1j=1
Where,
aijj = VRigj COS(5i - 8]) (26)
Bi; = VRVf] sin(8; — &;) (2.7)
and

Zij =7+ jx;  Zy isi" rowand J" column element of [Zy,] matrix  (2.8)

Z;;- Impendence of the line between bus i and bus j,



r;;- Resistance of the line between bus i and bus j,

x;j- Reactance of the line between bus i and bus j,

V;- Voltage magnitude at bus i,

V;- Voltage magnitude at bus |,

6;-Voltage angle at bus i,

d;-Voltage angle at bus j,

P; & Q; are active and reactive power injections at bus i,
P; & Q; are active and reactive power injections at bus j.

The total power loss against real power injection is a parabolic function and at the point of

minimum loss, the rate of change of loss with respect to injected power becomes zero.

ap, $
op, = 2uibit 2;(0&'11’1' —B;Q;) =0 (2:9)
ji
It follows that
[~ ]
P; = —ilz“(“iﬂ’j - ﬁiij)l (2.10)
@jj |j=1 JI
J#i
This is given as
P; = Pgi — Pp; (2.11)

Where,

P;;- Power generated at bus i,
Pp;- Power delivered at bus i.

If Ppg; is the real power generation from type-I DG placed at bus i, then

Py = Ppgi — Pp; (2.12)
and
1 [N
Ppgi = Pp; — o Z(aijpj - Bi;Q)) (2.13)
123 ]=1
i



Equation (2.13) gives the amount of active power that is to be supplied by type-lI DG at bus i, for
the loss to be minimum. Any size of type-I DG other than Pj¢; placed at bus i, will lead to higher
loss. The optimal size of type-I DG can be determined by satisfying the system constraints for
each bus. The bus with the DG of determined size and satisfying all the constraints is the

optimal location for the placement of DG.

2.4.1.1 Computational Procedure

Following is the computational flow involved in determining the optimal size and optimal
location of type-I1 DG by analytical approach in a distribution system.
Step 1: Calculate the base case loss using distribution load flow based on backward
sweep-forward sweep method as given in the Appendix-B.
Step 2: Find the base case loss using (2.1).
Step 3: Find the size of type-lI DG at each bus except the reference bus using (2.13) for
minimum distribution loss.
Step 4: Check constraint violation after the placement of DG, determined in step 3, at
each bus.
Step 5: Select the bus for minimum loss while satisfying all the constraints for the
placement of DG, i.e. the optimal location.
Step 6: Run the load flow with the type-I DG of optimal size placed at the optimal
location.
Step 7: Calculate the reduction in real power loss after placement of the type-I DG.
The analytical approach provides exact optimal solution however, requires the evaluation of
each bus for the placement and may be suitable for a smaller network. The heuristic based
approaches are more suitable to determine the optimal size and location of DGs in a larger
system. Therefore a search is required for dealing with large networks. In this thesis PSO has

been used for searching the optimal solution.

2.5 PARTICLE SWARM OPTIMIZATION

Particle swarm optimization (PSO) is a population-based optimization method first
proposed by Kennedy and Eberhart in 1995, inspired by social behavior of bird flocking or fish
schooling [72]. The PSO as an optimization tool provides a population-based search procedure
in which individuals called particles change their position (state) with time. In a PSO system,
particles fly around in a multidimensional search space. During flight, each particle adjusts its

position according to its own experience (This value is called Pbest), and according to the



experience of a neighboring particle (This value is called Gbest), made use of the best position
encountered by itself and its neighbor as shown in Fig. 2.2. This modification can be
represented by the concept of velocity. In PSO algorithm, particle swarm consists of n particles,
and the position of each particle stands for the potential solution in d-dimensional space. The
particles change its condition according to the following three principles:

() Inertia,

(i) Change the condition according to its most optimist particle,

(iii) Change the condition according to the swarm’s most optimist particle.

P
P
S
-
/
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Figure 2.2 Concept of a searching point by PSO

The velocity of each particle can be modified by the following equation:

vEit = wvfy + ¢yrand x (pbestiy — s5&) + c,rand x (gbest;q — s&) (2.14)
Using the above equation, a certain velocity, which gradually gets close to pbest and
gbest can be calculated. The current position (searching point in the solution space) can be

modified by the following equation:

Skl = sk + vk, i=12..,n, (2.15)
d=12,..,m
Where,
sk is current searching point,
s¥!  is modified searching point,

v is current velocity,



Valle is modified velocity of agent i,

Vpbest is velocity based on pbest, ,

Vgbest is velocity based on gbest,

n is number of particles in a group,

m is number of members in a particle,
pbest; is pbest of agent i,

gbest; is gbest of the group,

Wi is weight function for velocity of agent i,
Ci is weight coefficients for each term.

An Inertia weight w is a proportional agent that is related with the speed of last time. The
influence that the last speed has on the current speed can be controlled by inertia weights. The
bigger w is, the bigger the PSO’s searching ability for the whole is, and the smaller w is, the
bigger the PSO’s searching ability for the partial. Generally, w is equal to 1, so at the later
period of the several generations, there is a lack of the searching ability for the partial.
Experimental results show that PSO has the biggest speed of convergence when w is between
0.8 and 1.2. While experimenting, w is confined from 0.9 to 0.4 according to the linear decrease,
which makes PSO search for the bigger space at the beginning and locate the position quickly
where there is the most optimist solution. As w is decreasing, the speed of the particle will also
slow down to search for the delicate partial. The method quickens the speed of the
convergence, and the function of the PSO is improved. When the problem that is to be solved is
very complex, this method makes PSO’s searching ability for the whole at the later period after
several generation is not adequate, the most optimist solution cannot be found, so the inertia
weights can be used to work out the problem. The following weight function is used:

Wmax — Wmin k

(2.16)

W; = Wmax — [
Where,

Wmin @Nnd Wnmax are the minimum and maximum weights respectively and k and kqax are the
current and maximum iteration. Appropriate value ranges for C; and C, are 1 to 2, but 2 is the
most appropriate in many cases. Appropriate values for Wy, and wna are 0.4 and 0.9 [130]

respectively.



2.5.1 Stopping Criteria

There can be many kinds of stopping criteria. Four of those ways to determine stopping

criteria are given below.

1. Set a maximum number of iterations after which it has to stop which depends upon

the number of variables the problem, complexity of the objective function and

number of particles of the PSO being implemented.

2. Stop when change in pbest from the previous iteration to the current iteration is

below a certain value ¢ or taken as zero.

3. Stop when change in particle from the previous iteration to the current iteration is

below a certain value ¢.

4. Stop if Gbest is not changing for a particular number of iterations.

2.5.2 General PSO Algorithm

The PSO-based approach for minimizing the fithess takes the following steps:

Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Step 7:

Randomly generate an initial population (array) of particles (particle consist of
all the variable parameters that are needed to be varied) with random positions
and velocities on dimensions in the solution space. Set the iteration counter k =
1.

Calculate fitness of each particle using objective function.

For each particle, compare its objective value with the individual best. If the
objective value is lower than Pbest, set this value as the current Pbest, and
record the corresponding particle position.

Choose the particle associated with the minimum individual best Pbest of all
particles, and set the value of this Pbest as the current overall best Gbest.
Update the weight, velocity and position of particle using equation (2.16), (2.14)
and (2.15) respectively.

If the iteration number reaches the maximum limit, go to Step 7. Otherwise, set
iteration index k = k + 1, and go back to Step 2.

Print out the optimal solution to the target problem.

2.5.3 Advantages of Particle Swarm Optimization

The followings are the advantages of particle swarm optimization:

>

PSO algorithm is based on the swarm intelligence. It can be used for both

research and engineering use,



» There is no overlapping and mutation calculation in PSO algorithm. The search
can be carried out by the speed of the particle. For the development of several
generations, only the most optimist particle can transmit information onto the
other particles, and the researching speed is very fast,

» The calculations in PSO algorithm are very simple as compared with the others,
it has the larger optimization ability and can be completed easily,

» PSO adopts the real number code, and it is decided directly by the solution. The
number of the dimension is equal to the constant of the solution.

2.5.4 Disadvantages of Particle Swarm Optimization

The disadvantages of particle swarm optimization are:
» The PSO algorithm suffers from the partial optimism, which causes the less exact
at the regulation of its speed and the direction,
» It cannot solve the scattered problems,
» The algorithm cannot solve the problems of non-coordinate system, such as
solution to the energy field and the moving rules of the particles in the energy
field.

2.6 PSO BASED APPROACH FOR TYPE-I DG PLACEMENT

Consider the i particle in an n-dimensional vector is represented as:
Xi = (%01, %02, Xi 3, e v oo oee X)) (2.17)

Where x; ,, is the variable of the objective function to be optimized. In the present work the

numbers of particles are taken as 10 and the dimension of search space is 2 (DG location and
DG size).

2.6.1 Proposed PSO Algorithm

The PSO based approach for solving the problem of optimal placement of type-l1 DG to
minimize the loss takes the following steps:
Step 1. Input the line and bus data, and the bus voltage limits.
Step 2: Calculate the loss using distribution load flow.
Step 3: Generates randomly an initial population (array) of particles with random
positions and velocities on dimensions (size of DG and location of DG) in the

solution space. Set the iteration counter k = 0.



Step 4: For each patrticle if the bus voltage is within the limits as given above, evaluate
the total loss in equation (2.1). Otherwise, that particle is infeasible.

Step 5: For each particle, compare its objective value with the individual best. If the
objective value is lower than Pbest, set this value as the current Pbest, and
record the corresponding particle position.

Step 6: Choose the particle associated with the minimum individual best Pbest of all
particles, and set the value of this Pbest as the current overall best Gbest.

Step7: Update the weights, velocity and position of particle using (2.16), (2.14) and
(2.15) respectively.

Step 8: If the iteration number reaches the maximum limit, go to Step 9. Else, update
iteration index k = k + 1, and go back to Step 4.

Step 9: Print out the optimal solution to the target problem. The best position includes
the optimal location and size of type-I DG and the corresponding fitness value

representing the minimum total real power loss.

2.7 RESULTS AND DISCUSSION

Both the approaches, analytical and PSO have been applied on two different power
distribution test systems. A computer software program has been developed for the proposed
analytical approach, and PSO based technique in MATLAB environment.

12.66 kV, 33-Bus Distribution System
The first system is 33-bus radial distribution systems with total load of 3.72 MW and 2.3
MVAr [97] with Beaver conductors. The schematic diagram for 12.66 kV, 33-bus distribution

system is depicted in Fig. A.1, while the relevant data are presented in Table A.1 of APPENDIX-
A. This system is fed by a sub-station at bus number 1 (Fig. A.1).

Based on the analytical expressions (2.13), the size of type-lI DG is calculated at each
bus of the test system as shown in Fig. 2.3. By placing the size of DG at the respective bus as
obtained from (2.13), the total power losses of the system are calculated and results are shown
in Fig. 2.4.
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Figure 2.3: Optimum size of type-lI DG at each bus for 33 bus system
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Figure 2.4: Total Power Loss with appropriate size of type-I DG at respective bus for 33 bus
system

The bus having the least power loss is the optimal location for the placement of DG. From the
Fig. 2.4, it is observed that bus no. 6 having the minimum total power loss after the placement of
type-I DG. Hence, bus number 6 is the optimal location. The optimal size of DG is determined
by taking the system constraints into consideration. The reduction in line losses are 45.4% with
the placement of 3.15 MW DG at bus number 6, as shown in Table 2.1.

The reduction in line losses by the proposed PSO technique is also 45.4% with the
placement of 3.15 MW DG size at bus 6 as shown in Table 2.1. It is observed that the reduction

in line loss, optimal size and location obtained by the PSO approach are same, as verified by
the analytical approach.



Table 2.1: Power loss with and without DG for 33-bus system

Method Optimum Optimum DG size WPEwer loss (KW)
location (MW) ithout | \ith G
DG
Analytical approach Bus 6 3.15 210.97 115.2
PSO technique Bus 6 3.15 210.97 115.1

The voltage at the buses 6-18, and 26-33 violates the minimum allowable voltage limit
before the installation of DG. The voltage profile of the system improves after the optimal
placement of type-I DG as shown in Table 2.2.

Table 2.2: Bus voltage before and after the placement of type-lI DG of 33-bus system

Bus Number Bus Voltage p.u. Bus Number Bus Voltage p.u.

Before DG After DG Before DG After DG
1 1.0000 1.0000 18 0.9038 0.9501
2 0.9970 0.9989 19 0.9965 0.9984
3 0.9829 0.9948 20 0.9929 0.9984
4 0.9754 0.9948 21 0.9922 0.9941
5 0.9679 0.9951 22 0.9916 0.9935
6 0.9495 0.9933 23 0.9793 0.9913
7 0.9459 0.9901 24 0.9726 0.9847
8 0.9323 0.9771 25 0.9693 0.9814
9 0.9259 0.9711 26 0.9475 0.9914
10 0.9201 0.9655 27 0.9449 0.9840
11 0.9192 0.9647 28 0.9335 0.9780
12 0.9177 0.9633 29 0.9253 0.9702
13 0.9115 0.9579 30 0.9218 0.9667
14 0.9092 0.9553 31 0.9176 0.9628
15 0.9078 0.9539 32 0.9167 0.9620
16 0.9064 0.9526 33 0.9164 0.9617
17 0.9044 0.9507

12.66 kV, 69-Bus Distribution System
The second test system is a 69-bus radial distribution system having total load of 3.80 MW
and 2.69 MVAr [84] with Beaver conductors. The single line diagram for 12.66 kV, 69-bus




distribution system is depicted in Fig. A.2, while the relevant data is presented in Table A.2 of
APPENDIX-A. This system is supplied by a sub-station connected at bus humber 1 (Fig. A.2).
Based on the analytical expression, the size of type-I DG is calculated at each bus of
69-bus system for the loss to be minimum and Fig. 2.5 shows the size of DG at each bus. The
total power loss of the system is determined after the placement of type-I DG for each bus. The

bus having the least power loss is the optimal location for the placement of DG.
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Figure 2.5: Optimum size of type-lI DG at each bus for 69-bus system

0.24¢ T T T T T T T T T T T T
0.221-

0.2
0.18

0.16

Loss in MW

0.14

0.12

0.1

r r L L r L L r L L = L
6 11 16 21 26 31 36 41 46 51 56 61 66 70
Bus Number

0.08°
1

Figure 2.6: Total Power Loss with appropriate size of type-I DG at respective bus for 69 bus
system

From the Fig. 2.6, it is observed that bus number 61 having the minimum power loss.

Hence, bus 61 is the optimal location for the placement of DG. The reduction in power loss by



both the analytical approach and PSO technique are 62.9%. i.e., both the approaches results
exactly same reduction in line loss by the placement of same size of DG at same location as

shown in Table 2.3.

Table 2.3: Power loss with and without DG for 69-bus system

Method Optimum Optimum DG size Power loss (KW)
location (MW) Without DG | With DG
Analytical approach Bus 61 1.81 225 83.4
PSO technique Bus 61 1.81 225 83.4

Table 2.4 shows the voltage at each bus of the network before and after the installation
of DG. It is observed that the voltage profile improves at these buses after the optimal
placement of type-I DG.

Table 2.4: Bus voltage before and after the placement of type-I DG of 69-bus system

Bus Number Bus Voltage p.u. Bus Number Bus Voltage p.u.

Before DG After DG Before DG After DG
1 1.0000 1.0000 36 0.9999 0.9999
2 1.0000 1.0000 37 0.9997 0.9998
3 0.9999 0.9999 38 0.9996 0.9996
4 0.9998 0.9999 39 0.9995 0.9996
5 0.9990 0.9994 40 0.9995 0.9996
6 0.9901 0.9950 41 0.9988 0.9989
7 0.9808 0.9904 42 0.9986 0.9986
8 0.9786 0.9893 43 0.9985 0.9985
9 0.9774 0.9888 44 0.9985 0.9985
10 0.9724 0.9838 45 0.9984 0.9984
11 0.9713 0.9827 46 0.9984 0.9984
12 0.9682 0.9796 47 0.9998 0.9998
13 0.9652 0.9767 48 0.9985 0.9986
14 0.9623 0.9738 49 0.9947 0.9947
15 0.9595 0.9710 50 0.9941 0.9942
16 0.9589 0.9705 51 0.9785 0.9893
17 0.9580 0.9696 52 0.9785 0.9893
18 0.9580 0.9696 53 0.9747 0.9881
19 0.9576 0.9691 54 0.9714 0.9874
20 0.9573 0.9688 55 0.9669 0.9864
21 0.9568 0.9683 56 0.9626 0.9855
22 0.9568 0.9683 57 0.9400 0.9824




23 0.9567 0.9683 58 0.9289 0.9809
24 0.9565 0.9681 59 0.9246 0.9803
25 0.9564 0.9679 60 0.9196 0.9799
26 0.9563 0.9679 61 0.9122 0.9787
27 0.9563 0.9678 62 0.9119 0.9784
28 0.9999 0.9999 63 0.9115 0.9781
29 0.9999 0.9999 64 0.9096 0.9763
30 0.9997 0.9997 65 0.9090 0.9758
31 0.9997 0.9997 66 0.9713 0.9827
32 0.9996 0.9996 67 0.9713 0.9827
33 0.9993 0.9994 68 0.9678 0.9773
34 0.9990 0.9990 69 0.9678 0.9773
35 0.9989 0.9990

2.8 CONCLUSION

Optimal placement of type-I DG plays an important role for maximizing the total real power loss
reduction and improvement in the voltage profile of the systems. The analytical approach
provides exact optimal solution however, these approaches are not suitable for large sizes
power networks because of their mathematical complexity. Therefore, the heuristic based
approaches are more suitable to determine the optimal size and location of DGs in a larger

system.




CHAPTER -3

OPTIMAL PLACEMENT OF TYPE-I AND TYPE-II DG IN
DISTRIBUTION NETWORK

3.1 INTRODUCTION

In the previous chapter an algorithm for optimal placement of type-l1 DG injecting real
power by different approaches has been studied to minimize the real power loss and
enhancement in voltage profile of the radial distribution system. This chapter deals with a
methodology, for optimal placement of type-I DG and type-ll DG in the network. Capacitor is
considered as type-Il DG. The reactive power is compensated by the optimal placement of type-
Il DG in order to enhance the system performance. As the placement of type-I and type-Il DGs
not only minimize the active power loss and enhancement of the voltage profile of the
distribution system to the great extent but also minimize the size of type-I DG, which provides
more economical solution for loss reduction.

The proper allocation of DG units in distribution system plays a decisive role in achieving
economical, technical, and qualitative benefits. Depending on their location, DG units may
improve or worsen the system performance. The reduction of real power losses, improvement in
voltage profile, diminution of harmonic pollution, enhancement in reliability, and deferral of
network upgrade have been reported as the primary aims for DG placement in the literature.
These DG allocation techniques are well suited to allocate type-l DGs injecting real power
output and however do not have explored the advantage of type-ll DG for reactive power
compensation in power distribution network. In this chapter, optimal placement of type-I DG and
type-ll DGs are integrated together in distribution systems. The type-ll DG placed provides
reactive power compensation. The analytical approach and PSO based algorithm have been
proposed in this thesis to determine the optimal size, location and optimal power factor to
achieve the objective by compensating the active and reactive powers. The objective function,
considering the real power system loss has been minimized. The constraints on power flow
equations, bus voltages, line loadings, and on sizes of type-l DG and type-ll DGs have also
been considered. As distributed generation is defined as the generation of electricity by facilities
that are sufficiently smaller than the central generating plants, so to allow interconnection at any

point in a power system. There is no defined limit on the amount of generation through DG. The



maximum DG installed capacity limits have been considered as 30% and 50% in [165] and
[158] respectively. Hence, In this work the total installed capacity of DGs in the network has
been limited to less than 30% of substation rated capacity [165] to maintain the concept of DG
against centralized generation and the sizes of DGs are such that which are easily available in
the market.

Besides, several optimization tools, including artificial intelligence techniques are
proposed for achieving the optimal placement of DG in the power distribution systems for loss
reduction can be listed as, analytical approaches [1, 6, 44, 45, 49, 55, 96, 112, 151,152], fuzzy-
GA method [79, 16], genetic algorithm and Hereford Ranch algorithm [76, 87], the genetic
algorithm [10, 21, 24, 26, 57, 94, 126, 132, 157, 159, 160], improved tabu search [38, 93, 124],
ant colony search algorithm [27, 67], and PSO techniques [5, 14, 15, 104, 107, 109, 113, 115,
120, 140-142, 148, 164, 161]. Optimal placement of type-ll DG for loss reduction, a well-known
2/3 rule has been presented in [73] for uniformly distributed loads. Many researchers have
applied other techniques such as fuzzy expert system [65], and dynamic programming [154] for
finding the best locations for the placement of type-ll DG to reduce losses. Most of the
approaches presented so far model the optimal placement of type-l and type-ll DG
independently. In this chapter, optimal placement of type-I and type-Il DG is integrated into

distribution systems.

3.2 PROBLEM FORMULATION

The problem of placement of type-l and type-Il DG is to determine the optimal size and
locations of type-l and type-ll DGs to minimize the desired objective function as given in (2.1),
while meeting the system constraints. The type-ll DG integration provides reactive power
compensation. In this case all constraints described in section 2.3.2 in chapter-2 are

considered.

J

N N
Min P, = z Z[ai,-(PiP,- +0Q,Q;) + Bij(Q:P; — Q)]
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3.2.1 Assumptions

The following assumptions have been made in solving the current optimization problem.
i. Type-1 DG can inject only active power,
ii. Type-ll DG can inject only reactive power,

iii. The sizing and locations for DGs placement are determined at constant
load condition in the network.



3.3 PROPOSED APPROACHES

The problem formulated above for the placement of type-lI and type-Il DG have been
solved by the following two approaches, proposed in this work.
() Analytical approach
(i) PSO based approach

The analytical approach provides exact optimal solution however, requires the evaluation of
each bus for the placement and may be suitable for a smaller network. Therefore, PSO based

approach has also been used which can be applied even for large networks.

3.3.1 Analytical Approach

The total power loss in power system is represented by “Exact Loss” formula as given by
(2.1) in chapter-2. For minimum losses, the rate of change of real power losses with respect to
injected real power becomes zero, which provides the size of type-lI DG at each bus for the loss
to be minimum and is given by (2.13). Similarly for reactive power injection, for minimum losses,

the rate of change of losses with respect to injected reactive power becomes zero.

Therefore,

oP
aQL 20,0, + Zz(aUQ] +BiP) =0 3.1)
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It follows that
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Where,

Q¢i- reactive power generations of generators at bus i,

Qp;- reactive load demand at bus i.

If Qpgiis the reactive power generation from type-Il DG placed at bus i, then



Q; = Qpgi — Opi 34)

(3.5)
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Equations (2.13) and (3.5) give the amount of active and reactive powers to be supplied by
type-1 DG and type-ll DG at bus i, for the loss to be minimum. The optimal sizes of type-I and
type-ll DGs can be determined by satisfying the considered system constraints. The bus, at
which the total power loss comes to be minimum after the placement of type-1 and type-Il DGs
while satisfying the constraints, will be the optimal location for type-1 and type-Il DG placement.
Optimal locations for type-I and type-Il DGs may be same or different. If the optimal locations for
both the sources are same, then the power factor of power injection may be considered as
optimal power factor [45] and is given as:

PDGl'

fPDGiZ +QDGi2

The following is the computational flow involved to determine the optimal size and location of

OPF =

(3.6)

type-1 and type-Il DGs.

Step 1:  Run load flow for base case.

Step 2:  Find the base case loss using (2.1).

Step 3: Find the size of type-1 and type-ll DGs at each bus except the reference bus,
using (2.13) and (3.5) for the minimum distribution loss.

Step 4: Check constraint violation after the placement of type-l and type-ll DGs
determined in step 3.

Step 5: Select the bus for minimum loss while satisfying all the constraints.

Step 6: Calculate optimal power factor using (3.6), if type-l and type-ll DGs are
placed at same bus.

Step 7: Evaluate the reduction in real power loss after the placement of optimal sizes

of type-1 and type-1l DGs at optimal locations.



3.3.2 Proposed PSO Based Approach

PSO algorithm discussed in section 2.5 has been modified in this work to include the
type-1l DG as reactive power source. The dimension of search space is taken as 4 (locations of
type-1 and type-ll DG and sizes of type-I and type-ll DG). Fitness function for PSO algorithm is
taken, as given by (2.1) and the constraints are taken as explained in sections 2.3.2. The flow

chart of the modified PSO algorithm is given in Fig. 3.1.
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Figure 3.1 Optimal placement of type-I DG and type-Il DG using PSO




3.3.3 Results and Discussion

The proposed methodology as described in section 3.3 has been tested on 33-bus, and 69-
bus systems. The relevant data is presented in Table A.1 and Table A.2 of APPENDIX-A. The
base voltage for both the test systems is 12.66 kV. The summary of base case load flow results
for both the test systems is given in Table 3.1.

Table 3.1: Summary of the 33-bus and 69-bus base case

Test System 33-Bus 69-Bus
2 kW loss 211 225

2 kVAr loss 143 102.2

[Vinin|,p-U. 0.9038 0.9092
[Vpax|p-U 1.0000 1.0000

For optimal placement of type-l and type-ll DG, two cases are considered in this work. In
the first case, both the sources can be placed anywhere in the network and those locations
where the active power distribution loss is minimum are the optimal locations. In second case,
both the sources are placed at the same bus and the bus where the loss is minimum has been

considered as the optimal location. Results of both the cases are given in the following sections.

Case-l: Type-l and Type-Ill DG placed at different location

In this case, type-l and type-ll DG can be placed at any location in the network. The
significant reduction in real power distribution loss has been observed. Analytical approach and
PSO based technique described in section 3.3 have been used to determine the optimal
locations and sizes for type-l and type-ll DG. In 33-bus system optimal location for type-l1 DG by
both the approaches is bus number 6 while for type-ll DG, optimal location is 30. The reduction
in real power loss by PSO approach are slightly higher than the analytical approach with slight
change in the sizes of DGs as given in Table 3.2 for the 33-bus test system. The reduction in
real power losses are 72.72% and 72.29% by analytical approach and PSO approach
respectively. The slight change in the sizes of DGs and reduction in real power losses are due
to heuristic nature of PSO.

In 69-bus system optimal location for both the type-l1 and type-ll DG is same, bus
number 61. The reduction in real power loss and the sizes of type-I and type-Il DG obtained by
PSO approach are exactly same as compared to analytical approach results as shown in Table
3.2.



Table 3.2: Type-l and Type-ll DG at different locations by analytical and PSO approach

Installed DG size
. Power
System Approach Location
DG Type (MW) (MVAT) loss (kW)
Without
DG 211
33-bus . Type-1 & Il 6 2.483
system Analytical DGs 30 1223 58.51
Type-1 & Il 6 2.532
PSO DGs 30 1256 | °o%
Without
DG 225
69-bus | Anaiytical | TYPe! &1 61 1.808 1.292 23.19
system DGs
PSO Type-l &1i 61 1.808 1.292 24.19
DGs

The improvement in minimum voltage for both the system has been observed as 0.049
p.u. and 0.063 p.u. by the placement of type-l and type-Il DGs for 33-bus and 69-bus test
system respectively and is shown in Fig 3.2 and Fig. 3.3 respectively.

T T T T T T
[ ] Type-l and Type-ll DGs at diff. locations

[ IBasecase wltage

102 [ [ [ [ [ [ [ [ [ [

0.98— —

0.96 — s

Voltage p.u.

0.94 — -

[

09—
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 34
Bus Number

Figure 3.2 Voltage profile before and after placement of Type-I and Type-Il DGs of 33- bus
system
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Figure 3.3 Voltage profile before and after placement of Type-1 and Type-Il DGs of 69-bus

system

Case-ll: Type-l and Type-Il DG placed at same location

In this case active power and reactive power generations from type-l and type-ll DGs are
placed at the same bus. Table 3.3 shows the real power loss reduction for both the test systems
are 67.82% and 89.7%, respectively, by both the analytical and PSO approaches. The
negligible change in the reduction of line losses is observed with the small changes in the sizes
of DGs due to heuristic nature of PSO algorithm. The improvement in |Vin| has been observed

as 0.053 p.u. and 0.063 p.u. for 33-bus and 69-bus test systems respectively.

Table 3.3: Type-l and Type-ll DG at same locations by analytical and PSO approach

System Installed DG size
Approach | o Type Location ) vAY Ioz:v(vlfer)
W‘E,'}‘;’“t 211
25’;?6“”? Analytical | YRS & 6 2.49 1.72 67.95
pso | TYRe] &l 6 253 1.26 67.95
WE*E“ 225
Sgs'f)euni Analytical | YRE1 &N |6y 1.81 1.29 23.19
PSO Type-l &1l 61 1.83 1.30 24.17
DGs




If the locations of type-l and type-ll DGs are same then either the two DGs (one of type-l and
other of type-Il) or single type-lll DG (Satisfying the active and reactive power requirement) can
be placed at this location. If the reactive power is more than the reactive rating of type-lll DG,

then an additional type-Il DG with type-lll DG can be used.

3.4 TYPE-I AND TYPE-II DG WITH SIZE CONSTRAINT

As seen from the results, the sizes of type-l and type-1l DGs are so large as compared to
the system load. Therefore to maintain the concept of distribution generation the sizes of type-I
and type-ll DGs are restricted to some limit. Hence, in this work, the total installed capacity of
type-lI and type-ll DGs in the network has been limited to less than 30% of substation rated
capacity [165] to maintain the concept of DG against centralized generation. For optimal
placement of type-l and type-ll DG, again two cases are considered in this work. In the first
case, both the sources can be placed anywhere in the network. In second case, both the
sources are placed at the same bus. At this location power factor will also be optimal. The sizes
of type-I DG in kW and type-ll DG in kVAr are considered in the steps of 100, which are easily
available in the market. The placement of type-I and type-lIl DG considering the size constraint
has been solved by the analytical approach and PSO based approach.

3.4.1 Analytical Approach

The analytical approach as described in section 3.3.1 has been used along with an

additional size constraint as described below.

e The total installed capacity of type-I DG and type-Il DG in the network has been limited
to less than 30% of substation rated capacity to maintain the concept of DG against
centralized generation [165].

Stypeinc < 0.30Sr,_, (3.7)

Stypering = 0.30S7,,... (3.8)
Where, Stype1pg @and Stypen1pg are the capacities of type-l and type-Il DGs and Sy is the rated

capacity of the substation.

Case-l Type-1 DG and Type-Ill DG placed at different location

In this case, type-l DG and type-ll DG can be placed at any location in the network.
Analytical approach described in section 3.3.1 has been used to determine the optimal location
and size for type-1 DG and type-ll DGs. In 33-bus system optimal location for type-lI DG is bus

number 8 while for type-1l DG, optimal location is 30. In 69-bus system optimal location for both



the type-l and type-ll DG is same, bus number 61. The results for both the test systems are
given in Table 3.4. The reduction in real power losses are 66.74% and 87.91% for the 33-bus

and the 69-bus test systems respectively.
Table 3.4: Type-l DG and Type-Il DG at different locations by analytical approach

Test System 33-Bus 69-Bus

Type-1 DG 1500 kW, placed at bus 8 1500 kW, placed at bus 61
Type-ll DG 900 kVAr, placed at bus 30 1200 kVAr, placed at bus 61
2 kW loss 70.17 27.2

2 kVAr loss 49.1 17.4

[Vininl,p-U. 0.9547 0.9702

[Vinax|,p-U 1.0000 1.0000

The improvement in minimum voltage for both the system has been observed as 0.051
p.u. and 0.061 p.u. respectively. The voltage profile improvement of 33-bus system and 69-bus

test system are shown in Fig 3.4 and Fig. 3.5 respectively.
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Figure 3.4 Voltage profile with type-l and type-Il DG placed at different locations for 33-bus system
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Figure 3.5 Voltage profile with type-I and type-ll DG placed at different locations for 69-bus system




Case-ll Type-1 DG and Type-ll DG placed at same location

In this case active power and reactive power generations from type-I DG and type-ll DG
may be coupled. Table 3.5 shows the real power loss reduction for both the test systems are
64.15% and 87.91%, respectively. The improvement in |V,| has been observed as 0.0362 p.u.
and 0.061 p.u. for 33-bus and 69-bus test systems respectively. For both the cases, the
placement of type-I DG and type-1l DG in 69-bus test system is same, so the loss reduction and

voltage profile improvement remains unaffected.

Table 3.5: Type-I DG and Type-ll DG placed at same locations by analytical approach

Test System 33-Bus 69-Bus

Type-I DG 1500 kW, placed at bus 30 1500 kW, placed at bus 61
Type-ll DG 900 kVAr, placed at bus 30 | 1200 kVAr, placed at bus 61
> kW loss 75.65 27.2

> kVAr loss 56.13 174

Optimal P.f. (Leading) 0.86 0.78

[Vininl,P-U. 0.9400 0.9702

[Vinax|,p-U 1.0000 1.0000

The voltage profile improvement of 33-bus system is shown in Fig 3.6 and for 69-bus

system the voltage profile remains same as shown in Fig. 3.5.
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Figure 3.6 Voltage profile with type-I and type-ll DGs placed at same location for 33-bus
system

For this case, the generated active and reactive powers can be used for the calculation

of optimal power factor (p.f.). The calculated optimal power factors for 33 and 69-bus systems

are 0.86 leading and 0.78 leading respectively as shown in Table 3.5. The change in total real



power loss with respect to variation in p.f. is shown in Fig.3.7 for 33-bus system. If active and
reactive power generations from type-I DG and type-ll DG are kept constant, then the total
power losses are minimum at 0.86 leading power factor of the combination, which is considered
optimal power factor. Fig.3.8 also shows the similar variation in real power loss with the

variation in p.f. for 69-bus test system.
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Figure 3.7 Change in total real power loss with the variation in p.f. for 33-bus system
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3.4.2 PSO Based Approach

The proposed PSO based approach has been applied on the same test systems as
described in section 3.3.1.1 to illustrate the optimal placement of type-l and type-ll DGs
considering the size constraints to minimize the power distribution loss. Similar to analytical
approach, both the cases when type-I DG and type-ll DG are placed on same bus and on
different buses have been considered. The total active power losses without any type-l1 DG and

type-ll DG are 211 kW and 225 kW in 33-bus and 69-bus test systems respectively.

Case-l Type-I DG and Type-Il DG placed at different location

In this case, type-I DG and type-ll DG are placed at different locations. The significant
reduction in real power distribution loss has been observed. The results for both the test
systems are given in Table 3.6. The reduction in real power losses are 66.74% and 87.91% for
the 33-bus and the 69-bus test systems respectively, which verify the results obtained by
analytical approach as given in Table 3.4. The improvement in voltage profiles for both test

systems is also same as in the case of analytical approach and is shown in Fig.3.4 and Fig.3.5.

Table 3.6: Type-1 DG and Type-Il DG at different locations by PSO approach

Test System 33-Bus 69-Bus

Type-1 DG 1500 kW, placed at bus 8 1500 kW, placed at bus 61
Type-1l DG 900 kVAr, placed at bus 30 1200 kVAr, placed at bus 61
2 kW loss 70.17 27.2

> kVAr loss 49.1 174

[Vinin|,p-U. 0.9547 0.9702

[Vinax|,p-U 1.0000 1.0000

Case-ll Type-1 DG and Type-ll DG placed at same location

In this case type-l DG and type-ll DG are placed at same location. Table 3.7 shows the
real power loss reduction for both the test systems. The power factor calculated using the
optimal sizes of type-I and type-ll DG placed on the same bus, has been considered as optimal
power factor. The improvement in |Vin| has been observed as 0.036 p.u. and 0.061 p.u. for 33-
bus and 69-bus test systems respectively. The voltage profile improvement of 33-bus system is
shown in Fig 3.6 and for 69-bus system is shown in Fig. 3.5, which are same as in case of
analytical approach. The improvement in results in terms of loss reduction by PSO based and

analytical approach are also same.



Table 3.7: Type-I DG and Type-ll DG placed at same locations by PSO approach

Test System 33-Bus 69-Bus

Type-1 DG 1500 kW, placed at bus 30 1500 kW, placed at bus 61
Type-Il DG 900 kVAr, placed at bus 30 | 1200 kVAr, placed at bus 61
2 kW loss 75.65 27.2

2 kVAr loss 56.13 17.4

Optimal P.f. (Leading) 0.86 0.78

|Vininl,p-U. 0.9400 0.9702

[Vinax|,p-U 1.0000 1.0000

It is concluded from the above discussion that integration of type-l and type-ll DG not only
compensate active and reactive power of the network but also reduces the size of DG to a great
extent. In chapter-2, the size of type-l DG comes to be very large (3.15 MW), whereas in this
work the size of type-l DG is only 1.5 MW under the same voltage and line constraints for 33-

bus system to minimize the real power distribution loss.

3.5 CONCLUSION

In this chapter, the application of analytical and PSO based approach have been
proposed for finding the optimal location and size of type-l and type-ll DG in power network. The
objective function has been minimized with the consideration of various operational constraints.
The two cases, when the type-l and type-ll DG are placed on the same bus and on different
buses have been studied. The placement of type-l and type-ll DG considering the size
constraint has also been considered in this work to maintain the concept of distributed
generation. The sizes of type-lI DG in kW and type-ll DG in kVAr are considered in the steps of
100, which are easily available in the market. Optimal placement of type-l and type-ll DG
improves the voltage profile of the system. Placement of type-l and type-ll DG at different
optimal locations further minimize the losses. The placement of type-l and type-Il DG reduces
the required size of type-l DG to a great extent. The cost of type-Il DG is much less than the

cost of type-1 DG, which provides more economy to the solution for loss reduction.



CHAPTER -4

OPTIMAL PLACEMENT OF MULTIPLE DGs OF TYPE-I, TYPE-
I AND TYPE-III

4.1 INTRODUCTION

In the previous chapter, analytical and PSO based approaches have been applied for
the optimal placement of type-1 DG and type-Il DG sources. However, only one unit of DG of
each was considered for the placement. In this chapter, a hybrid approach has been proposed
for the placement of more than one unit of type-Ill DGs.

The distributed or decentralized generation units connected to local distribution systems
are not dispatchable by central operator, but they can have a significant impact on the power
flow, stability, voltage profile, reliability, short circuit level and quality of power supply for
customers and electricity suppliers. Optimization techniques have been employed for generation
allocation in power network, allowing for the best allocation of the DG. There are many
approaches for deciding the optimal sizing and siting of DG units in distribution systems. Some
of the factors that must be taken into account in the planning process of expanding distribution
system with DG are: the number and capacity of DG units, best location and technology, the
network connection, capacity of existing system, protection schemes, among others. Different
methodologies and approaches have been developed to identify optimal places to install DG
capacity on case to case basis. These methodologies are based on analytical tools, optimization
programs or heuristic techniques. Most of them find the optimal allocation and size of single DG
in order to reduce losses and improve voltage profiles [1, 6, 11, 37, 45, 49, 54, 55, 70, 74, 92,
96, 105, 119, 121, 122, 126, 142, 148, 156, 160, 162, and 164]. Others include the placement of
multiple DGs with artificial intelligence-based optimization methods [58, 101, 139, 165, and 172]
and a few go with analytical approach [26, 44, 133, 129, and 157].

Most of the optimal placement techniques to allocate multiple DGs use heuristic
approach only, and do not take the advantage of analytical approach. The analytical
approaches may not be appropriate for optimal placements of multiple DGs alone. A hybrid
approach has been proposed in the present work for optimal placement of multiple DGs of type-
lll. In this chapter, hybridization of analytical method and heuristic search for the optimal
placement of multiple type-Ill DGs in power distribution network for reduction of power loss has

been proposed. In this approach, the sizes of DGs are evaluated at each bus by analytical



method while the locations are determined by PSO based technique. The objective function has
been minimized under operating constraints. The improvements in bus voltage profile and
optimal power factor of the DGs have also been observed. The present work develops the
comprehensive formula by extending the analytical expression presented in [112, 44], and a
PSO based hybrid technique has been proposed to identify best locations to achieve the
desired objective. In addition to the hybrid approach nested PSO formulation for determining
sizes and locations of DGs has been developed. Both the approaches are tested on 33-bus test
system and the obtained results are compared.

4.2 PROBLEM FORMULATION

In section 3.3.1 of chapter-3, an analytical method was described to determine the size
of a type-l and type-lIl DGs which can work at a certain power factor. The same concept has
been improvised in [45] to formulate a method for placing multiple numbers of DGs of similar
characteristics. This is a mathematical based method which is applied for DGs that can
generate power at a power factor (p.f.) other than unity power factor. In this method a
mathematical approach is given to find the sizes of DGs but optimal locations and optimal p.f.s
are found using PSO. This method can be used for DGs which can run at variable p.f. or a
particular fixed p.f.

4.2.1 Sizing at Various Locations
Assuming a;; = (sign) tan (cos‘1 [PFDGk,D, the reactive power output of DG, where k;is

the bus number of it" DG. i=1,2,3,........ n, where n is the number of DGs to be

placed. Therefore,
QDGki = akiPDle. (41)

In which

. {+1: DG injecting Reactive Power
SN = 1-1:D6 consuming Reactive power

PFpg, is the power factor of DG at kf" bus of it" DG. The active and reactive power injected at

bus k;, where DG is located, are given by (4.2) and (4.3), respectively,

Pki = PDGki _PDki (42)



Q; = QDGki - QDkl. = akiPDGki - QDkl. . (4.3)

Substituting (4.2) and (4.3) into (2.1), the power loss equation is written as

oS5 () )0

.. (4.4)
i=1j=1|+Bij ((akiPDGki - QDki) P — (PDGkL. - PDki) Qj)
Differentiating P, w.r.t. PDle
AklklpDle + AkzklpDsz + -+ AkiklpDGki + -+ AknklpDGkn = By,
Differentiating P, w.r.t. PDsz
Ak, Po6y + Ak, Pogy o+ Ak, Pogy + 0+ Akyk,Pogy = B,
Similarly Differentiating P, w.r.t. Ppg,
AklkiPDle + AkzkiPDsz + et AkikiPDGki +ot AknkiPDGkn = By,
There will be n equations with n variables. These equations can be written as
[Poglnx1 = [Alnxn X [Blnxi .. (4.5)

Where,
T
[PDG]nX1=[PDGk1 PDGki PDGkn]

{a’kiki(l + Cl]zci) lf ki = k]
App. =
klk] akikj (1 + akiakj) + Bkikj (aki— akj) lf ki * k]

akiki (PDki + akiQDki)

. zn: Ak ; (PDk]. + akiQij)
_ j=1 ~Brk; (Qij— akiPij)
i j#i (in k)
Al Aeik; (Pij + akiQij)
i

=1 _Bkikj (Qij_ akiPij)
J*kq,ko,.ky

_|_




The proposed method for calculating optimum sizes is Multivariable Optimization technique
[143]. From (4.5) the optimal sizes of multiple DGs at each bus can be calculated for the losses

to be minimum.

4.2.2 Selecting Optimal Locations and Power Factor

For single DG placement, the number of combinations of buses possible is the total
number of buses in the system. So it was simple to calculate DG size and to evaluate the loss at
every bus. But when it comes to determine combination of N buses in the same network for
nDGs the number of combinations possible are "C, where, n is number of DGs and N is number
of buses in the network. So a search technique or a heuristic method needs to be implemented
to find optimal location. The optimal location for the placement of multiple DGs is determined by
using PSO technique taking the location as the variable and optimal power factor of each
optimal DG is also calculated by PSO technique taking the p.f. as the another variable.

4.2.3 Proposed Algorithm

The proposed approach has been developed to determine the optimal sizes and locations
of multiple type-lll DGs, and is given step by step in the following.

Step 1: Input line and bus data, and bus voltage limits.

Step 2: Calculate the loss using distribution load flow.

Step 3: Randomly generates an initial population (array) of particles with random
positions and velocities on dimensions (Location of DGs and p.f of DGS) in the
solution space. Set the iteration counter k = 0.

Step 4: For each particle, calculate the sizes of DGs using (4.5).

Step 5: If the bus voltage is within the limits as given, evaluate the total loss using (2.1).
Otherwise, that particle is infeasible.

Step 5: For each particle, compare its objective value with the individual best. If the
objective value is lower than Pbest, set this value as the current Pbest, and
record the corresponding particle position.

Step 6: Choose the particle associated with the minimum individual best Pbest of all
particles, and set the value of this Pbest as the current overall best Gbest.

Step 7: Update the weight, velocity and position of particle using (2.16), (2.14) and (2.15)
respectively.

Step 8: If the iteration number reaches the maximum limit, go to Step 9. Otherwise, set

iteration index k = k + 1, and go back to Step 4.



Step 9: Print out the optimal solution to the target problem. The best position includes the
optimal locations and size of DG and the corresponding fithess value

representing the minimum total real power loss.

4.2.4 Results

Table 4.1 shows the optimal placement of multiple type-lll DGs with optimal power
factors at optimal locations to minimize the power losses by proposed approach for a 33-bus
network. The sizes of type-lll DGs are determined by analytical approach and optimal locations
and p.f. by the application of PSO approach. The reduction in real power losses are 67.82% for
the placement of single type-lll DG. For two DG and three DGs placements, the reductions in
losses are 86.44%, and 94.45%. As the number of DG units is increased, the loss reduction

becomes more effective.

Table 4.1: Multiple Type-Illl DGs with optimal power p.f. for
33 bus distribution system

Case Bus number DG Capacity | Power factor | Power loss
(MW) (p.f) (kW)
Without
DG 211
1 DG 6 2.4999 0.8236 67.9
13 0.9445 0.9083
2DG 28.6
30 1.0917 0.7241
13 0.7884 0.9028
3DG 24 1.0666 0.8991 11.7
30 1.0267 0.7136

4.3 Hybrid Approach for Multiple Type-Ill DGs

This section proposes a better way to find optimal power factor for type-lll DGs. This
method can be implemented to find any combination of different types of DGs. Both the cases
were formulated and simulated in this section. The derivation for the sizes of type-I DGs and
type-ll DGs is described below. Consider the exact loss formula given by (2.1) and reproduced

below.



N N
P, = ZZ[%(PL-Pj +Q:Q;) + Bi;(Q:iF; — Pi0;)]
=1

j=1
Let n be the total number of DGs of (Type-l) and k;, ks........ k., be their locations and
PDle,PDGkZ, .....PDGknbe their respective size that are to be placed in a network containing

N buses.
Let m be the total number of DGs (Type-Il) and Iy I,........ I be their locations and

QDGll, QDGIZ’ .....QDGlmbe their respective size that are to be placed in a network containing

N number of buses.

If PDle,PDsz, wr e oee. Ppg,, @re the real power generation from the DG placed at buses
ki Ko ooonooe Kk, then injected real powers are
[Py = Poci,, = Poy, | oo v oo oo [Py = Pogie. = Py | (4.6)

Similarly, injected reactive powers are

(01, = Qocy, = @y | e e [ @ = Qo6 — Qo ] (47)

Differentiating P, w.r.t Py

N
opP;
9P, 2%k Proy +2 Z (@, P = By jQj) = O (4.8)
1 j=1
J#ky
or
ety Pre, + Qi iy Pre, -+ F @i i Prey, — Brey1, @y — Brey1, @ty - — By, Qi
N
= - Z (@, P = BrajQy) (4.9)
j=1
jEky Kk
J#ELLL, I,

Similarly, differentiating P,w.r.t P,

P,
0Py,

N
= 20k, Pr, +2 Z (“knjpj - .Bkanj) =0 (4.10)
Jj=1
j#kn



or

@i ke, Pre, + Qi Prey -+ Qi P, — Bty @1y, — Brey1, Quy o — By, Qi
N
= - z (@i Py = BrniQ)) (4.11)
j=1
J#Ek1kz,. kn
J# g edm

Differentiating P, w.r.t @,

oP S
L
—an = Za’llllQll + 2 Z(allej + .Blle]) =0 (412)
1 j=1
J#El

or

Bk, P, + Buiky Prey -+ Buk, Pr,, + @11, Q1 + @10, Q-+ @1, Q1
N

= - Z (a1,P; + Br,jQ)) (4.13)

j=1
j#ky kg kn
J#ElLL,

Similarly, differentiating P,w.r.t @, .

N
oP,
= 2001, Oy, 2 Z (e1,,iP; + Br,jQj) = 0 (4.14)
a0, =
J#lm

or

Bk, Py + Bioie, Prey  + Bioiey Py, + @11, @y + 1,1, Q, o+ @11, Qr
N

== Z (@1,,iP; + BijQ)) (415)

=1
J#EK1 K, ky
JET I -

The above equations can be rearranged as:



[ Ok k,  Fkqk, Ok, _ﬁklll _ﬁkllz
Akyky  Akzky ey kn _.Bkzll _.Bkzlz
aknkl aknkz Ak ke _,Bknll _ﬁknlz
.Bllkl Bllkz ,Bllkn a2,
Bk, Bk, Bk, Aty Ayl
| Bipkey, Bk, Bk, Al Al,
Where
N
By, = Z (@i Py = BrijQs);
=1
JEK K,y
JEL Ll
and
N
Cli = Z (aliij + ﬂliij);
j=1
j£k1, kg, kn
JEL Ll
Let
[ Ok ke,  Pkqk, Ak, kn,
Qhegley  Xkaky ®eyken
a a
[[All]nxn [A12]nxm — fnky Tz Tenen
[Az1]mxn  [A22]mxm Bk, Bk, Biky,
Bk,  Biyk, Bi,k,
| Bioky  Bink, Bikn

Therefore, equation (4.16) can be written as

—Breyt 1[ Pry ]
—Bryiy || Pr,
~Brentyn || Prer |
a1, Qy
Xyl Qi
almlm J -le_
i=12,.... n
i=12,.... m
—Bry, —Pr,,
_ﬁkzll _ﬁkzlz
—Brnt, Bl
Auy Ay,
Py PR PY P
a1 O,

[[All]nxn nxm] [[ ]nx1‘ [Bki]nxﬂ
[A21]mxn lmxm [Qll 1 [Cli]mxl
[Pki]nxl _ [All]nxn nxm - [ k]nxl
or [[Qli]mxj - [[A21]m><n mxm [[Cll mxl‘
[Aiilnxn  [Arzlnxm |7 [[A11]  [A72]
et [[A211mxn [Azzlmsm) [[A’u] [A'zz]]

Therefore

—ﬂkllm'

—Brylm

_Bknlm
0.’11
alz

ln

lin

Al

(4.16)

(4.17)

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)



[Pki]nxl = [A11]nxn [Bk,-]nx1 + [Al2]nxm [Cli]mxl (4.23)
and

[Qli]mxl = [A%1]mxn [Bki]nx1 + [A2]mxm [Cli]mxl (4.24)
Hence, the active power injected at bus k;, can be evaluated as given below

[PDG,q]nX1 =[Pe] .+ [Po] (4.25)
Where Py, is the active power demand at bus k;, and

[QDGli]mxl = [Qli]mxl + [Qp,] (4.26)

Where @p, is the reactive power demand at bus ;.

Equation (4.25) gives the size of Type-l DG at ki”‘ bus and (4.26) gives the size of Type-Il DG

at ;" bus for the loss to be minimum.

4.3.1 Optimal Locations

As discussed earlier, the number of combinations is too large for evaluating all the
combinations. So a search technique is used for determining optimal location. The optimal
location for the placement of multiple DGs is determined by using PSO technigue taking the

location as the variable.
Note: Fortype-1 DG, k; #; Vj; Fortype-2 DG (i.e. capacitor), [; #k;V j;
For type-3 DG, k; =;

4.3.2 Optimal Power Factor
Optimal power factor is determined using (4.25) and (4.26) in case of k; = [;. Therefore

optimal power factor can be evaluated as

PDGi

’PDGi2 + QDGi2

PFDGi:

(4.27)



4.3.3 Computational Procedure

The PSO-based hybrid approach for solving the optimal placement of multiple DGs

problem to minimize the loss takes the following steps:

Step 1:
Step 2:

Step 3:

Step 4.

Step 5:

Step 6:

Step 7:

Step 8:

Step 9:

Step 10:

Input line and bus data, and bus voltage limits.

Calculate the loss using distribution load flow based on backward sweep-forward
sweep method.

Randomly generates an initial population (array) of particles with random
positions and velocities on dimensions (Locations of type-l DGs & Locations of
type-Il DGs) in the solution space. Set the iteration counter k = 0.

For each particle, calculate the sizes of Ppg, and Qpg, using (4.25) and (4.26).

If the bus voltage is within the limits as given, evaluate the total loss using (2.1).
Otherwise, that particle is infeasible.

For each particle, apply compare its objective value with the individual best. If the
objective value is lower than Pbest, set this value as the current Pbest, and
record the corresponding particle position.

Choose the particle associated with the minimum individual best Pbest of all
particles, and set the value of this Pbest as the current overall best Gbest.
Update the weight, velocity and position of particle using (2.16), (2.14) and (2.15)
respectively.

If the iteration number reaches the maximum limit, go to Step 10. Otherwise, set
iteration index k = k + 1, and go back to Step 3.

Print out the optimal solution to the target problem. The best position includes the
optimal locations and sizes of DG and the corresponding fitness value

representing the minimum total real power loss.

4.3.4 Results

Based

on the proposed approach, optimum sizes of type-l DGs and type-ll DGs are

calculated at various locations for the test system. Table 4.2 shows the optimal placement of

multiple DGs with optimal power factors at optimal locations to minimize the power losses by

hybrid approach in a 33-bus system. The results are obtained by the proposed approach and

are given in Table 4.2. Table 4.2 shows better results than by using the proposed approach

discussed in section 4.2.



Table 4.2 Multiple Type-Ill DG placement by Hybrid approach for 33-bus system

Number . Installed DG size Optimal Power loss
of DGs Location p.f (KW)
(MW) (MVAr) o
1DG 6 2.4908 1.7213 0.8227 67.951

13 0.8286 0.3869 0.9061

2 DGs 28.559
30 1.1141 1.0558 0.7258
13 0.7822 0.3649 0.9062

3 DGs 24 1.0696 0.5164 0.9005 11.763
30 1.0162 1.0074 0.7102

Table 4.3 shows the locations, sizes of the Type-I (DG) and Type-Il (capacitor) DGs and
respective loss in the network when the given combination of DGs is applied simultaneously

considering Ppg, and Qpg, to be independent of each other.



Table 4.3 Multiple Type-l and Type-Il DGs placement for 33 Bus System

No
Capacitors

One
Capacitor

Two
Capacitors

Three
Capacitors

loc

30

12
30

13
24
30

No DG

size

1.23

0.43
1.04

0.36
0.51
1.02

loc

30

12

30

13
24
30

1DG
size

2.49

2.49

1.22

2.49
0.44

1.03

2.49
0.37
0.52

1.01

2 DGs 3DGs
loc size loc size
13 0.83 13 0.79
30 11 24 1.07

30 1.01
13 0.83 14 0.75
30 111 24 1.07
30 1.22 30 1.02

30 1.22
13 0.83 14 0.75
30 111 24 1.07
12 0.44 30 1.03
30 1.04 12 0.44

30 1.04
13 0.83 14 0.75
30 111 24 1.07
13 0.36 30 1.03
24 0.52 13 0.36
30 1.01 24 0.52

30 1.01



4.4 PSO APPROACH

In general certain limits cannot be applied while evaluating the loss using analytical

methods. This methodology was proposed to show that a heuristic method like PSO which can

optimize a problem of any order and with any kind of characteristics including constraints. To

compare the results from Table 4.3 an algorithm was proposed ignoring size limits. The

algorithm was proposed to find the results by considering all the limits. The objective is same as

in all the above cases i.e. to minimize power distribution loss.

4.4.1 Proposed PSO Algorithm

The PSO-based approach for solving the optimal placement of DG problem to minimize

the loss takes the following steps:

Step 1:
Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Step 7:

Step 8:

Step 9:

Input line and bus data, and bus voltage limits.

Calculate the loss using distribution load flow based on backward sweep-
forward sweep method.

Randomly generates an initial population (array) of particles with random
positions and velocities on dimensions (Locations of type-l and type-ll DGs &
Sizes of type-l and type-ll DGS) in the solution space. Set the iteration counter
k=0.

For each particle, find voltage profile after placing the combination. If the bus
voltage is within the limits as given, evaluate the total loss using equation 2.1.
Otherwise, that particle is infeasible so set it to base case.

For each particle, compare its objective value with the individual best. If the
objective value is lower than Pbest, set this value as the current Pbest, and
record the corresponding particle position.

Choose the particle associated with the minimum individual best Pbest of all
particles, and set the value of this Pbest as the current overall best Gbest.
Update the weight, velocity and position of particle using (2.16), (2.14) and
(2.15) respectively.

If the iteration number reaches the maximum limit, go to Step 9. Otherwise, set
iteration index k = k + 1, and go back to Step 4.

Print out the optimal solution to the target problem. The best position includes
the optimal locations and sizes of DG and the corresponding fitness value

representing the minimum total real power loss.



4.4.2 PSO Algorithm Considering Size Constraints

In the proposed PSO algorithm, size constraints are considered to maintain the concept

of DG against the centralized generation as explained in section 3.4 of chapter-3, for solving the

optimal placement of DG problem to minimize the loss takes the following steps:

Step 1:
Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Step 7:

Step 8:

Step 9:

Input line and bus data, and bus voltage limits.

Calculate the loss using distribution load flow based on backward sweep- forward
sweep method.

Randomly generates an initial population (array) of particles with random
positions and velocities on dimensions (Locations of type-lI and type-ll DGs &
Sizes of type-l and type-1l DGs) in the solution space. Set the iteration counter k
=0.

For each particle, scale the size variables in the particles to the size limits of the
network. Find voltage profile after placing the combination. If the bus voltage is
within the limits as given, evaluate the total loss using equation 2.1. Otherwise,
that particle is infeasible so set it to base case.

For each particle, compare its objective value with the individual best. If the
objective value is lower than Pbest, set this value as the current Pbest, and
record the corresponding particle position.

Choose the particle associated with the minimum individual best Pbest of all
particles, and set the value of this Pbest as the current overall best Gbest.
Update the weight, velocity and position of particle using (2.16), (2.14) and (2.15)
respectively.

If the iteration number reaches the maximum limit, go to Step 9. Otherwise, set
iteration index k = k + 1, and go back to Step 4.

Print out the optimal solution to the target problem. The best position includes the
optimal locations and sizes of DG and the corresponding fitness value

representing the minimum total real power loss.

4.4.3 Results

Table 4.4 shows the comparison of multiple placement of DGs by hybrid approach with

PSO based approach and it is seen that placement of DGs by hybrid approach at particular bus

gives the same reduction in losses as given by PSO based approach. It can be observed that

the results obtained by hybrid approach are comparable with PSO approach results.



Table 4.5 shows the results for different combinations of DGs which is very useful for taking a
wise decision to place DGs. It is observed from Table 4.5, that it would be wise to place 2 DGs

and by considering the cost either 1 or 2 capacitors can be placed.

Table 4.4 Comparison of Multiple DGs and Capacitors by Hybrid and
PSO approach

Hybrid approach PSO approach
Capacity Capacity
Cases Bus Lossin | Bus Loss in
No. P Q (kW) No. P Q (kW)
(MW) | (MVAR) (MW) | (MVAR)
case-1 1DG 6 2.4908 111.2 6 2.5902 111.02
case-2 6 2.4829 6 2.5317
1DG.1Ca 58.5 58.45
’ P 30 1.2232 30 1.2558
12 0.4357 12 0.4491
case-32DG, 358081 285 | 13 | 0.8462 28.493
2Cap
30 1.1143 1.0358 30 1.1375 1.0437
6 0.7438 6 0.7264 0
8 0.1874 7 0.3607
10 | 0.3837 10 0.3701
14 0.2485 14 0.298
case-4 5DG, 7575 3796 5.2 16 | 0.399 5.597
5Cap
24 | 0.9536 | 0.4662 25 0.7312 | 0.3777
26 0.2198 30 0.9057
30 0.8803 31 0.7028
31 0.6756




Table 4.5 Multiple DGs placement with size constraints for 33 Bus System

1DG 2 DGs 3 DGs
Loss . Loss . Loss
Loc. Size (in kW) Loc. Size (in KW) Loc. Size (in KW)
14 0.71 10 0.42
No 93.8
. 31 0.79 16 0.38 91.9
Capacnors
31 0.7
10 0.42
31 0.79 45.4 16 0.38
Caoggtor =
P / 30 09 31 0.7
30 0.9
10 0.41
16 0.38
42.3
Two 14 021 31 071 | 406
Capacitors
14 0.21
30 0.69
1.5 14 0.71 10 0.41
14 0.21 31 0.79 16 0.38
66.8
Three 30 0.49 14 0.21 42 31 0.71 104
Capacitors | 35 (5 30 049 14 021
30 0.49
32 0.2

45 PSO with Size Limit and Ceiling Effect

Practical systems have DGs of certain size which are fixed. Till this point all the methods
show continuous values of DG sizes. Ceiling effect is not included in any of the methods. This
method specifically is developed to determine the ceiled sizes of generators for which minimum
losses occur. Sizes of both DG and capacitor are ceiled to upper 100kW of the generation size.

The algorithm for this method is described in the following section.



4.5.1 Proposed Algorithm

Step 1:
Step 2:

Step 3:

Step 4.

Step 5:

Step 6:

Step 7:

Step 8:

Step 9:

Input line and bus data, and bus voltage limits.

Calculate the loss using distribution load flow based on backward sweep-forward
sweep method.

Randomly generates an initial population (array) of particles with random
positions and velocities on dimensions (Locations of DGs & Capacitors and Sizes
of DGs & Capacitors) in the solution space. Set the iteration counter k = 0.

For each particle, scale the size variables in the particles to the size limits of the
network. Ciel the sizes of DG and Capacitor to upperlO0kW and find Voltage
profile after placing the combination. If the bus voltage is within the limits as
given, evaluate the total loss using equation 2.1. Otherwise, that particle is
infeasible so set it to base case loss.

For each particle, compare its objective value with the individual best. If the
objective value is lower than Pbest, set this value as the current Pbest, and
record the corresponding particle position.

Choose the particle associated with the minimum individual best Pbest of all
particles, and set the value of this Pbest as the current overall best Gbest.
Update the weight, velocity and position of particle using (2.16), (2.14) and (2.15)
respectively.

If the iteration number reaches the maximum limit, go to Step 9. Otherwise, set
iteration index k = k + 1, and go back to Step 4.

Print out the optimal solution to the target problem. The best position includes the
optimal locations and sizes of DG and the corresponding fitness value

representing the minimum total real power loss.

45.2 Results

Table 4.6 shows the result of the PSO approach with ceiling on the sizes of DGs and

capacitors in 33 bus network. The sizes of DGs and capacitors obtained are such that which are

standard rating and are easily available in the market. It is observe that there are large

combinations of DGs and capacitors to compensate the active and reactive power of the

network to minimize the power distribution loss. Table-4.6 can be used as a guidance table for

distribution utility.
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approach and the locations are determined by the applications by PSO approach. In this work,
different types of DGs, type-I DG (DG) and type-ll DG (capacitors) are combined together with

different combinations by different approach to minimize the power distribution loss.



CHAPTER -5

OPTIMAL PLACEMENT OF TYPE IV DG

5.1 INTRODUCTION

In the previous chapters an algorithm for optimal placement of DGs injecting real,
injecting reactive power and injecting both real and reactive power has been proposed by
different approaches to minimize the real power loss. In this chapter, analytical approach has
been applied for the placement of type-IV DG for the integration of non-conventional energy
sources like wind turbine. Type-IV DG has different characteristics as compared to other types
of DGs. The type-IV DG supplies real power and in turn absorbs the reactive power. The results
obtained are compared with PSO based approach.

As reported in the literature, various techniques/approaches have been applied for the
optimal allocation of DGs injecting real power [1, 3, 6, 25, 7, 44, 40, 45, 55, 87, 100, 112, 116,
152, 160,], injecting reactive power [2, 4, 20, 23, 34, 51, 71, 73, 85, 86, 90, 99, 117, 146, 149,
163], and injecting both real and reactive powers [45, 119, 147, 169-170]. The approaches
applied for the placement of DGs injecting real power and consuming reactive power are few.
Therefore, it is evident that, the optimal placement of DG injecting real power and consuming
reactive power i.e. type-IlV DG in the distribution system needs more attention. Hence, a

suitable methodology is required for optimal placement of type-IV DG in the system.

5.2 SIZE & SITE ALLOCATION OF TYPE IV DG

Type-1IV DG has different characteristics as compared to other three types of DGs. The
type-IV DG supplies real power and in turn absorbs the reactive power. This work proposes the
application of analytical approach to find the optimal placement of type-IV DG in the primary
distribution system to reduce the real power loss and improvement in voltage profile. The results
are verified with PSO based approach which uses analytical expressions of induction generator
characteristics for proper deployment of the DG unit and the effects on system performance are

also investigated.

5.2.1 Problem Formulation

In this section problem is formulated for finding the optimal size and location of type-IV

DG (e.g. Induction generator) using its characteristic expressions. The induction generator



supplies the real power and in turn absorbs the reactive power [46]. Most of the type-IV DG
have the similar active and reactive power generation characteristics and can be expressed as
(5.1). The solution of the network has been obtained by forward-backward load flow method.
The objective of placement of type-IV DG is to minimize the real power loss and is given by
(2.2).

N N
Minimize P, Z Z i (PP + Q:Q;) + By (Q:P; — P:Q;)]
i=1j=1

The analytical approach and PSO based algorithm have been proposed for determining the
optimal size and location of type-IV DG, and are explained in the following subsections.

5.2.1.1 Analytical Approach

The type-IV DG produces real power and in turn absorbs reactive power. The reactive
power consumed by the DG is a function of active power generated and may be represented by
[110].

Qpe = —(0.5+ Pjg) (5.1)

Substituting (5.1) into (2.1), the power loss equation is written as

N N (Pogi — Pp) Py + (=1 —0.04P%;; — Qp;)P;
Al o 2 + Byj _ _ (5.2)
( 1 —0.04Pp;; QDi)Qj (Ppgi PDi)Qj '

i=1j=1

The total power loss against the injected power is a parabolic function and, at the minimum

losses, the rate of change of losses with respect to injected power becomes zero [112].

daP;

aP——ZA”(P 008PDGLQ])+ZZBU( 0.08Pp; P —Q;) =0 (5.3)
DGi =

]:tz
or

Aii[Ppgi — Ppi + 0.08Pp¢;(0.05 + 0 04P%s; + Qpi)]]

[

| |

|+i(A P, — B;;Q;) — 008PDGLZ(AUQJ+BUP)| (5.4)
l |

Jj=1
j#i Jit



n n
Let X; = Z(Aijpj — Biij); and Y, = Z(Aiin + Biij) (5.5)
=1 J=1

J=i J=*i

Therefore, interms of X; and Y; (5.4) can be written as

0.00324;;P3;; + (X; — AyiPp;) +

=0 (5.6)
Ppci[1.0044;; + 0.084;;,Q0p; — 0.08Y;]

The above equation is a polynomial of P,;; and can be solved to find the size of type-IV DG
(Ppgi) at each location i for the minimum real power loss in the network. The optimal location
can be found by the placement of DG of size as obtained from (5.6), at the considered bus, the
bus at which the total power loss is minimum after the placement of DG and all the constraints
are satisfied will be the optimal location.

5.2.1.1.1 Computational Procedure

Step 1: Run the base case load flow.

Step 2: Find the optimum size of DG for each bus by solving (5.6) and calculate the
reactive power drawn by DG for each bus using (5.1).

Step 3: Compute approximate loss using (2.1) for each bus by placing DG of optimum
size and reactive power drawn by it which is obtained in step 2 for that bus. Inject
the power from DG for that bus and use base case values for state variables.

Step 4: Locate the bus at which the loss is minimum after DG placement. This is the
optimum location for DG.

Step 5: Run load flow with type-IV DG to get the optimal size and location.

5.2.1.2 PSO Based Approach

In the above approach it is required to solve a cubic equation every time which gives
real and complex roots, and also it is difficult to solve this equation. So a PSO approach was
proposed for a faster and more optimized solution. The main objective is to minimize the total

power loss as given in (2.1) while meeting the network constraints.

5.2.1.2.1 PSO Algorithm

The PSO-based approach for solving the optimal placement of type-IV DG problem to

minimize the loss takes the following steps [15]:



Step 1.

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Step 7:

Step 8:

Step 9:

Input line and bus data.

Calculate the loss using distribution load flow based on backward sweep-
forward sweep method.

Randomly generates an initial population (array) of particles with random
positions and velocities on dimensions (Size of DG and Location of DG)
in the solution space. Set the iteration counter k = 0.

For each particle, calculate the Qps; using (5.1) and if the bus voltage is
within the limits, evaluate the total loss in (2.1). Otherwise, that particle is
infeasible so set it to base case.

Compare particles objective value with the individual best. If the objective
value is lower than Pbest, set this value as the current Pbest, and record
the corresponding particle position.

Choose the particle associated with the minimum individual best Pbest of
all particles, and set the value of this Pbest as the current overall best
Gbest.

Update the weight, velocity and position of particle using (2.16), (2.14)
and (2.15) respectively.

If the iteration number reaches the maximum limit, go to Step 9.
Otherwise, set iteration index k = k + 1, and go back to Step 4.

Print out the optimal solution to the target problem. The best position
includes the optimal locations and sizes of type-IlV DG and the
corresponding fitness value representing the minimum total real power

loss.

5.2.2 Results and Discussion

As explained in section 3.3.3, 33-bus and 69-bus distribution systems have been used

for the illustration of the proposed algorithm. The optimum size of type-IV DG determined using

analytical approach at each bus of 33-bus test system and crossponding power loss are shown

in Figs. 5.1 and 5.2 respectively.
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Figure 5.1 Optimum size of DG at various locations for minimum power loss of 33-bus
distribution system
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Figure 5.2 Power distribution loss w.r.t. power injected at each bus of 33 bus system

The bus where the total loss comes to be minimum after the placement of DG will be
optimal location for the placement of type-IV DG. From the Fig. 3.16, it is observed that the
optimal location is bus number 12 with a real power loss of 163.3 kW by analytical approach.

Similarly, Figs. 5.3 and 5.4, show the optimum sizes of type-IV DG w.r.t. power injected at
each bus for the loss to be minimum and power distribution loss crossponding to the optimal
size of DG at that bus for 69-bus system respectively. It is observed that, a type-IV DG
producing 1.43 MW and consuming 0.581 MVAr, when installed at bus No. 56 minimizes the
power distribution loss as shown in Table 5.1. The reductions in real power losses achieved by

both the approaches are nearly same.



Table 5.1 Type-IV DG placement for 33 bus and 69 bus systems by analytical and PSO
approach

Optimum DG size Real Power loss

: (Kw) o
Case Test Optimum % reduction in real
system location Without With power loss
(MW)  (MVAr) DG DG
Analytical 1.52 0.592 211 163.3 22.61%
33 bus Bus 12
PSO 1.52 0.593 211 163.3 22.61%
Analytical 1.43 0.581 225 160.6 28.62%
69 bus Bus 56
PSO 1.44 0.578 225 160.8 28.53%

The optimal sized type-IV DG, injecting real power of 1.52 MW and consuming reactive
power of 0.592 MVAr, is placed at bus number 12, minimizes the real power loss by 22.61%.
The reduction in real power loss are 28.62% by the analytical approach, when the optimal size
of type-IV DG is placed at bus 56 in a 69-bus test system as shown in Table 5.1. The reductions
in real power loss achieved by the application of PSO approach are nearly same as compared
to analytical approach with slight changes in size of DG. This change is due to heuristic nature
of PSO algorithm.
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Figure 5.3 Optimum size of DG at various locations minimum power loss for 69-bus system
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Figure 5.4 Power distribution loss w.r.t. power injected at each bus of 69-bus system

From the Figs. 5.5 and 5.6 it is seen that the significant improvement in the bus voltages
by the placement of type-IV DG in 33-bus and 69-bus test distribution systems respectively by
both the analytical and PSO based approach.
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Figure 5.5 Voltage profile with type-IV DG of 33-bus system by analytical approach
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Figure 5.6 Improvement of voltage profile with type-IV DG of 69-bus system by analytical
approach

5.3 CONCLUSIONS

In this work, type IV DG is considered for optimal placement. Optimal placement problem
has been solved using the analytical approach and the application of PSO based algorithm. The
objective function has been minimized to place type-IV DG with various operational constraints.
The type IV DG, requires special attention due to its special characteristics, as it generates real
power and consumes reactive power. The placement and analysis of type-IV DGs give

guidance for integration of non-conventional energy sources like wind turbine.



CHAPTER -6

COST & BENEFIT BASED DG PLACEMENT

6.1 INTRODUCTION

In the previous chapters, various issues related to optimal placement of DG have been
addressed. In all the cases, the main objective is to minimize the power distribution loss taking
place in distribution system. In this chapter, study has been performed for optimal sizing and
siting of real and reactive power sources in the distribution systems taking various technical and
economic factors in order to maximize the profit for the distribution company.

Generally, distribution system planners make an effort to supply economical and reliable
electric power to the customer. Thus it is important to design, operate and maintain the power
system with lowest cost and highest benefit. Loss reduction and improvement in voltage profile
become two important goals for electrical distribution companies. To achieve this, these
companies work on various technologies and optimization programs to improve the economic
benefits. With advances in technology and restructuring of electric power systems, DGs are
predicted to play an important role in the future. DG sources can be placed in distribution
networks to provide grid reinforcement, reduction in power losses and on-peak operating costs,
improved voltage profiles and load factors and deferring or eliminating system upgrades. The
impact of DG on system operation depends highly on its location in the distribution system.
Installation of DGs at improper locations would lead to an increase in energy loss and loading of
distribution feeders. For these reasons, an optimization method must be used to work out the
optimal DG location and size, keeping in consideration the costs and benefits for both the
customer as well as the utility. Optimal DG placement is a multivariable optimization problem
with different operating constraints on DG in distribution system.

Most of the approaches presented so far that make use of artificial intelligence
algorithms, analytical approaches or load flow approaches to optimize DG placement [1, 8, 19,
25, 44, 45, 50, 52, 62, 77, 81, 88, 96, 112, 118, 121, 122, 134-136, 138, 151] are based on
minimizing power loss. Authors in [1, 6, 25, 44, 45, 55, 64, 87, 96, 112, 119, 151, 152] solve the
problem by analytical approach, employing a combination of genetic algorithm and simulated
annealing [52, 50], genetic algorithm [26, 52, 77, 92, 100, 107, 126, 132, 133, 157, 159], tabu
search method [38, 172, 19], fuzzy approach [16, 79, 90, 118, and 138], load flow approaches
[8, 44, 45, and 112], sequential optimization and [7, 15, 32, 37, 40, 48, 56, 60, 62, 74, 83, 108,



116, 129, 155, 167, 171] other heuristic approaches. Optimal placement of capacitor for real
power loss reduction, has been presented in [2, 4, 20, 23, 33, 34, 51, 59, 65, 66, 71, 73, 85, 86,
90, 99, 117, 124, 127, 131, 144, 146, 149, 154, 163], for uniformly distributed loads. Distribution
system planners effort to supply economical and reliable electric supply to customers [24, 35,
50, 53, 82, 83, 92, 94, 100, 101, 113, 116, 120, 132, 138, 148, 167]. It is important to design,
operate and maintain reliable power systems with lowest cost and highest benefit. Loss
reduction and improvement in voltage profile are two important goals for electrical distribution
companies. The companies need various technologies and optimization programs to bring these
economic benefits.

Most of the research work presented so far modeling the optimal placement of DG or
multiple DGs or Capacitors for minimization of the real power loss. A mathematical formulation
for optimal sizing and siting of DGs and Capacitors in the distribution systems has been
developed in this chapter for maximizing the profit. The various technical and economic factors
such as the cost of electricity sold in the electricity market, loss reduction revenue, operating
costs of DGs, constraints on the number of DGs and Capacitors, maintenance costs and the
payback period have been considered for this optimization. It has been assumed that DGs
generates real power. The developed formulation is a mixed-integer, non-linear optimization

problem and its solution has been obtained by a PSO based approach.

6.2 PROBLEM FORMULATION

In this section, economical benefits and DG and Capacitor costs are submitted and
modeled. It is considered that the companies are responsible for fulfilling the customer demand,
and operation and management of DG installations. All of these responsibilities are focused on
cost reduction and improvement in quality and reliability of customer service. Therefore costs

and benefits of DGs and Capacitors allocation in network can be expressed as follows.

6.2.1 DGs and Capacitors Investments evaluation

Following are the DG and the Capacitor costs used for modeling of a system which

maximizes the benefits of the distribution company.

6.2.1.1 Installation costs
The cost of DG and Capacitor units, investigation fee, site preparation, construction,
monitoring equipment, etc. are included in installation costs. These costs can be formulated as

following equation. All the costs are taken in Indian rupee ().



NDG NCap
C1 = Z KDGi * ICL + z KCapj * IC] (6.1)
i=1 =

Where, i=1,2,3............NDG, number of DGs andj=1,23..........NCap, number of
Capacitors to be placed. Kpg; is the capacity of i" DG in MW and Kcap; is the capacity of i
Capacitor in MVAR. IC; is the initial cost of i" DG in T/MW and IC; is the initial cost of i
Capacitor in I/MVAR.

6.2.1.2 Operating Costs

The operating costs of DG and Capacitor include the costs incurred while producing
electricity for consumers. The operating costs of Capacitors are assumed to be zero. Operating

costs become,

NDG
C2= ) [Kpgi * OCi] + AT (6.2)

i=1

Where, 0C; is the operating cost of i" DG in T¥/MWh and AT is the total number of operating
hours in a year.
If IR is the interest rate and IF the inflation rate, then the present worth factor can be

represented as:

n

Present Worth Factor, Bt = 2 (

t=1

1+ IF\*
) (6.3)

1+1R

Where, n is the total number of year of planning period. The present worth value of operating

cost in a given planning year can be calculated as:

NDG
PWV (C,) = Z[KDGi £ 0C] * AT % Bt (6.4)
i=1
6.2.1.3 Maintenance Cost
Another yearly cost of DGs and Capacitors relates to maintenance cost. Maintenance
costs include the annual mechanical and electrical inquiry and renovation cost. This cost is

independent of placement of DG or Capacitor in the network.



NDG NCap

Cs = | Y (Kot #16) * MCpgi + ) (Keapy * 167) * MCeap, (65)
i=1 =

Where, MCpg; and MCc,y,; are the maintenance costs of i™ DG and jth Capacitor in T. The

present worth value of this annual cost for the planning period is calculated as:

NDG NCap
PWV(C3) = | ) (Kpgi * 1) * MCogi + " (Keapy * 167) * MCeapj | B¢ (66)
i=1 j=1

6.2.2 DGs and Capacitors benefits evaluation

Distribution companies have huge incentive for placing these DGs and Capacitors

optimally in the network. Some of them are summarized in the following section.

6.2.2.1 Active power demand reduction from transmission line

In restructured power system, Distribution Company purchases its power from
transmission grid in order to meet the power demand of the customer. The DGs installed by
distribution utility, are utilized in fulfilling the power demand of its customer and can also be
used to sell the generated power during low demand period. There are certain costs and

benefits associated with DG placement in the network.

Energy sold to the electricity market (Grid) during AT time segment,

NDG
C4_ = z KDGi' AT * EPG (67)

i=1

Where, EP; is the electricity price of grid power in I/kWh. The present worth value of electricity

generated from DG by the distributed company can be calculated as:

NDG
PWV(C,) = z Kpg;. AT % EPg + Bt (6.8)

i=1



6.2.2.2 Loss reduction revenue

Optimal placement of DGs and Capacitors in the distribution system minimizes the real
power loss. This loss reduction is the primary area of concern for Distribution Company aiming
to maximize the profit. The loss reduction revenue in the presence of DGs and Capacitors can

be evaluate as:

NDG NCap

Cs = Z Z ALoss;j. AT * EPg (6.9)

i=1 j=1

Where, ALoss;; is the reduction in real power losses when number of DGs and Capacitors are
placed in the system in kW and EP; is the electricity price of grid in I/kWh. The present worth

value of loss reduction revenue in a planning horizon can be calculated as:

NDG NCap
PWV(Cs) = Z Z ALoss;;. AT » EP; + ¢ (6.10)

i=1 j=1

6.3 OBJECTIVE FUNCTION

In conclusion, cost and benefit view points which have been described in previous
sections are considered in one unique objective function that is formulated below. In this

section, an objective function has been presented for maximization of the profit for distribution

company,
Max Z = Benefits — Investments (6.11)
NDG NCap
i=1 j=1
NDG

= Koge 1C{1 + MCpgz. Y]
i=1
NCap
— z [Kcapj- 1G{1 + MCiqp;. B'}] (6.12)

Jj=1



Subjected to the same constraints as given in (2.2) to (2.5) and (3.7), (3.8) which are reproduce
below.
0] Power flow equations corresponding to both active and reactive power balance

for all the buses, are same as (2.2) and (2.3).

N
P; = Z ViVj[Gij cos(éi — 6j) + Byj sin((Si — (Sj)] vi=123,....N
j=1
N
G = Z ViV;[Gyj sin(8; — ;) — By cos(8; — §;)] Vi=123,....N
j=1

(i) Voltage limits:
The voltage must be kept within standard limits at each bus. Here the voltage

limits are taken as +5% of rated voltage.

V| < V|, < vnex i € buses of the network

(iii) Current limits:
In transmission and distribution systems, each line or branch is designed to carry
a certain amount of maximum current. Loading a line beyond its current limit can
cause severe damage to the line. Hence, the planner must make sure that the
line loading limits are not violated due to integration of DGs. The constraints on

line loadings can be given as:

I; < [Rated Vi € Np,

Where,

I Current flow in i branch,

N

B Number of branches in the system,

[Rated = Current permissible for i"" branch.

(iv) DG constraints:
The total installed capacity of DGs and Capacitors in the network has been
limited to equal to or less than 30% of substation rated capacity to maintain the
concept of DG against centralized generation.
Spe < 0.30Sr,,.,

Scap. < 030574000



Where S; is the rated capacity of the substation.

6.4 COMPUTATIONAL PROCEDURE

A PSO based algorithm as discussed in chapter-2 has been proposed and applied to
maximize the profit to the Distribution Company through the optimal allocation DG and
Capacitor in the distribution system. The brief description of proposed PSO based algorithm is

given in the following section.

6.4.1 PSO based technique

The maximization of profit of Distribution Company, given by (6.12) has been taken as
fitness function in PSO algorithm. The velocity and position of the particles are updated after
each iteration. The sizes of DGs and Capacitors are varied between 0 to 30% of substation
rated capacity of the network. In PSO algorithm the population size of swarms and the number
of iterations are fixed. Randomly generates an initial population (array) of particles with random
positions and velocities on dimensions (Sizes of DGs and Capacitors, Locations of DGs and
Capacitors) in the solution space. Evaluate the fithess function maximizing the profit with
optimal sizes of DGs and Capacitors at optimal locations. PSO is a metaheuristic as it makes
few or no assumptions about the problem being optimized and can search very large spaces of

candidate solutions.

6.4.2 Proposed Optimization algorithm

The PSO based algorithm for the allocation of number of DGs and Capacitors in the
distribution system, taking the constraints into consideration to maximizing the profit to
Distribution Company is described in following steps,

Step 1: Input line data, bus data.

Step 2:  Calculate the loss using exact loss formula (2.1) for base case.

Step 3: Randomly generates an initial population (array) of particles with random positions
and velocities on dimensions (Location of DGs and Capacitors and sizes of DGs and
Capacitors) in the solution space. Set the iteration counter k = 0. For each particle
check all the constraints, if the constraints are satisfied, evaluate the total loss using
(2.1). Otherwise, that particle is infeasible so set it to base case loss.

Step 4: Input DG and Capacitor cost data, number and years of planning.

Step 5: For each particle, compare its objective value (6.12) with the individual best. If the

objective value is higher than Pbest, set this value as the current Pbest, and record



the corresponding particle position. Choose the particle associated with the maximum
individual best Pbest of all particles, and set the value of this Pbest as the current
overall best Gbest.

Step 6: Update the weight, velocity and position of particle using (2.16), (2.14) and (2.15)
respectively.

Step 7:  If the iteration number reaches the maximum limit, go to next step. Otherwise, set
iteration index k = k + 1, and repeat the process.

Step 8:  Print out the optimal solution to the target problem. The best position includes the
optimal sizes of DGs and Capacitors at optimal locations and the corresponding

fitness value representing the maximum profit in a specified time period.

6.5 CASE STUDY

The proposed PSO based algorithm as described in section 6.4.1 has been applied on
the 33 and 69 bus systems as described in APPENDIX-A of Table A.1 and A.2 respectively. The
line diagram of 33-bus, and 69-bus, 12.66 kV distribution network are shown in Fig. A.1 and Fig.
A.2 respectively. The backward-forward sweep load flow method has been used for network
solution in each of the cases.

In the present case study, the available operating hours of DGs operation are
considered as given in [62]. Total number of expected hours available for operation = (1 - .01) x
8760 = 7884 hours. i.e. DG will be available for 7884 hours during the year. The DG unit has
been assumed out of service 10% of the operation time, due to both predicted and unpredicted
(O & M) reasons. Where, 8760 hours are the total number of hours in a year.

In addition, commercial information regarding DGs and Capacitors has been taken from
[25, 100, 138, 159 and 160], and is given below. The electricity price of Grid is considered as %5
per kWh [125]. All the costs are taken in Indian Rupee (3).

DG installation cost, IC; = 25 x 10° I/MW

Capacitor installation cost, IC; = 100 x 10% I/MVAr

DG operational cost, 0C; = 2.5 x 10° I/MWh

Capacitor operational cost, 0C; = 0 I/MVArh

DG maintenance cost, MCp; = (10000+20% of DG installation cost)/ Year

Capacitor maintenance cost, MC¢,,= I (5000+20% of Capacitor installation cost)/ Year

Interest rate, IR = 12.5%

Inflation rate, IF = 9%

Planning Period, n = 10 Years



6.5.1 RESULTS ANALYSIS AND DISCUSSION

The planning of DG and Capacitor placement has been carried out for a planning period
of 10 years. Table-6.1 has been resulted from simulation shows the effect of DG and in a 33-
bus test system. The cost incurred in operation and maintenance is given in the table and

acquired profit during planning period.

Table 6.1: Cost Benefits and Profit in DG and Capacitor placement for 33-bus system

Costs/Benefits Costs ()
Installation cost of DG (%) 375 x 10°
Installation cost of Capacitor (%) 9 x 10
Benefits of loss reduction (%) 4.35x 10’
Sﬁgggs(;)f reduction in purchased 4.99 x 10°
Operational costs of DG (%) 2.49 x 10°
Maintenance cost of DG (%) 6.34 x 10’
Maintenance cost of Capacitor (%) 1.94 x 10°
Total profit (%) 1937.94 x 10°
Size DG and Capacitor 1.5 (MW) 0.9 (MVAr)

Location DG and Capacitor 8 30

Planning period 10 year

Based on the simulation results, Table-6.1 presents the cost benefits and profits in DG
and Capacitor placement by proposed PSO based algorithm. The results obtained shows that
the optimal size of DG and Capacitor comes out to be 1.5 MW and 0.9 MVAr at optimal
locations 8 and 30 respectively in 33-bus test system. With total investment of 375.9 lacks, in
the planning period of 10 years, the total profit comes out to be %1937.94 lacks to the
distribution company. The profit earned by the distribution company is due to the low installation
cost and negligible operational cost of Capacitor. The placement of DG with capacitor minimizes
the power distribution loss to the great extent, which can be seen in the form of loss reduction
benefit of ¥435 lacks for the considered planning period. The time to execute the optimization
problem comes out to be 30.81 second.

It is also observed form the results that the profit to the distribution company comes out
to be ¥315.23 lacks, if alone DG of 1.5 MW is operated for a period of 3 years. The profit to the

distribution utility increases so high, if a capacitor of 0.9 MVAr is operated with DG for the same



time period, i.e. ¥396.62 lacks. Hence, it is concluded that by the small investment of 0.9 lacks
on Capacitor, the profit to the distribution increases to ¥81.39 lacks in a considered time period.
It is also studied that, if both DG and capacitor are operated for two years, the profit to the
distributed utility decreases i.e., ¥143.14 lacks. Hence, it is concluded that a total initial
investment of ¥ 375.9 lacks is recovered within time period of three years.

In order to maximize the objective function, the optimal locations and sizes determined
as 1.5 MW of DG and 1.2 MVAr of Capacitor, placed at same 61 bus. The 10 years of planning
period is considered, in case of 69-bus test system. From the simulated results, it is observed
that with the initial investments of ¥376.2 lacks on DG and Capacitor provides a maximum profit
of 2137.19 lacks to the distribution company in a planning period of 10 years. The installation
cost of Capacitor is very small as compared to DG cost. The capacitor placement with DG has
large impact in minimizing the power distribution loss as shown in Table 6.2. The operational
costs of Capacitor are negligible as compared to operational costs of DG, whereas, the
maintenance costs of capacitor are also very less as compared to DG. The proposed

optimization problem has been executed in a time period of 51.76 seconds.

Table 6.2: Cost Benefits and Profit in DG and Capacitor placement for 69-bus system

Costs/Benefits Costs (%)
Initial investment on DG (%) 375 x 10°
Initial Investment on Capacitor (%) 1.2 x 10°
Benefits of loss reduction () 6.52 x 10’
Sr?eng‘gs(io)f reduction in purchased 4.99 x 10°
Operational costs of DG (%) 2.49 x 10°
Maintenance cost of DG (%) 6.34 x 10’
Maintenance cost of Capacitor (%) 2.45x 10°
Total profit (%) 2137.19 x 10°
Size DG and Capacitor 1.5 (MW) 1.2 (MVAr)

Location DG and Capacitor 61 61

Planning period 10 year

When both DG and a Capacitor of 1.5 MW and 1.2 MVAr are placed at bus 61 provides
a benefit of I462.83 lacks to the distribution utility, if operated for 3 years. If operated for two

years, the profit reduces to ¥191.95 lacks. Hence a total initial investment of ¥376.2 lacks can



be recovered also less than 3 years. It is observed from simulated a result that, with the
installation of Capacitor with DG at optimal location increases the profit to the distribution
company tremendously, i.e. with the small investment on Capacitor installation maximizes the
benefit to the distribution company. As the operational costs of Capacitor are nil and the
maintenance costs of Capacitor are also too low as compared to DG as shown in Table 6.1 and
Table 6.3.

6.6 VOLTAGE PROFILE
The optimal placement of 1.5 MW DG and 0.9 MVAr Capacitor at bus number 8 and 30

respectively improves the bus voltage of 33-bus test system as shown in Fig. 6.1. From the
fig.6.1, it is observed that voltage profile of each bus improves with the optimal placement of DG
and Capacitor as compared to the base case.

In case of 69-bus test system, the base case voltage of each bus improves with the
placement of 1.5 MW DG and 1.2 MVAr Capacitor at bus number 61 as shown in Fig. 6.2. This
is another advantage of capacitor placement in addition to maximize the profit to distribution

owner.
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6.7 CONCLUSION

In this Chapter, PSO based optimization technique has been proposed to determine the
best locations for DG and capacitor in the distribution network with various technical and
economic factors, which results maximizing profit. The problem has been optimized considering
different planning periods. Results show that the installation of capacitor with DG reduces the
loss of the network drastically, that maximize the profit to the distribution company and the initial
investments can be recovered in shorter time period. As the installation and maintenance costs
of capacitor are significantly less as compared to DG costs and operational cost is negligible,
therefore, the installation of DG and capacitor provides more economy to solution.

In addition to the above benefits, the DG along with capacitor placement also provides
improvement in voltage profile of the network buses in allowable limits and decreases the stress

on the line conductors causing increase their life span.



CHAPTER -7

CONCLUSION AND FUTURE SCOPE

7.1 GENERAL

The diminishing fossil fuels, increased transmission and distribution costs, deregulation
trends, global environmental concerns, and technological advancements have led to an upsurge
in awareness for the development and utilization of DGs worldwide. Therefore, the aim of this
thesis has been to study the various issues of optimal placement of DG in detail and develop
the schemes for the solution of the problems associated with optimal placement of DGs. The
developed methodologies will be useful for integrating the DG into the distribution systems. The
proper allocation of DG units in distribution system plays a decisive role in achieving
economical, technical, and qualitative benefits. Depending on their location, DG units may
improve or worsen the system performance. The main conclusions of the present investigation
are summarized below.

In this chapter, the important findings of the work comprising this thesis have been
highlighted and the suggestions for future work in the area of optimal DG placement have been

presented.

7.2 SUMMARY OF SIGNIFICANT FINDINGS

The important contributions of the presented work in the area of optimal placement of
distributed generation in distribution networks can be summarized as follows:

During the last few years, the penetration of DG in the power distribution systems has
been increasing rapidly in many parts of the world. As the penetration of DG is increasing in the
distribution network, it is no more passive in nature and its characteristics is becoming similar to
an active transmission network. Therefore, it is in the best interest of all the players involved to
allocate them in an optimal way such that it could increase reliability, reduce system losses and
hence improve the voltage profile while serving the primary goal of power injection. It is evident
that any loss reduction is beneficial to distribution utilities, which is generally the entity
responsibility to keep the losses at low level. Loss reduction is therefore most important factor to
be considered in planning and operation of the DG.

In this thesis, different types of DGs based on their capability of injecting real and/or

reactive power have been proposed to be placed in a planned manner into the distribution



systems. The developed methodologies will be helpful to the developing countries like India, for
integrating DG into the electrical systems for improvement in the system performance and for
mitigation of the power deficiency. The availability of quality supply of electricity is very crucial
for the sustained growth of a country. Presently, India is in power deficient state, the average
power deficiency is nearly 12.2% of peak demand. The power deficient situation of the country
results in power cuts, blackouts, etc. In the developing countries like India, DGs may widely be
used to supply electric loads in integration with the grid.

Optimal placement of DG units in the distribution systems reduces the energy losses,
improves the voltage profile, releases the transmission capacity, decreases equipment stress,
and defers transmission and distribution upgrades. For even a small distribution network, the
selection of the best DG allocation plan among the different possibilities needs computationally
arduous efforts. Least loss method is one of the criteria to select the appropriate bus for DG
placement, consequently, to reduce the search space and thus, to save the computational time
to attain an optimal solution. To cater this requirement, the analytical approach has been utilized
for determining the optimal size and location of type-I DGs in radial distribution system.

The proposed analytical approach has been tested on a 33-bus and 69-bus distribution
test systems taking the various operating constraints into consideration. Comparing the
obtained results with those obtained by the application of PSO based approach; the following
conclusions have been drawn:

e Optimal placement of type-l DG injecting real power maximizes the reduction in

power distribution losses of the distribution system.

e Optimal allocation of DG also improves the voltage profiles of the system.

e PSO based approach is also useful for the optimal placement of DGs and shows

utility for large networks.

The reduction of real power losses, improvement in voltage profile, and deferral of
network upgrade have been reported as the primary aims for DG placement. Most of these DG
allocation techniques are well suited to allocate DGs injecting real power output. Since these
existing technigques, do not exploit the advantage of reactive power compensated in the
network. In this thesis, optimal placement of type-I DG and type-Il DG has been performed. The
reactive power of the network is compensated by the optimal placement of type-ll DG. An
analytical approach has been proposed in this work to determine the optimal size, location and
optimal power factor to achieve the objective of reduction in power distribution losses by
compensating the active and reactive powers with the incorporation of various operating

constraints. The maximum DG installed capacity limit has been considered as 30% of the total



capacity of the substation to maintain the concept of distributed generation against centralized
generation. The optimal power factor of DG has also been evaluated, and the effect of variation
of power factor on the system losses has been analyzed.

To validate the proposed algorithm, the obtained results have been compared with the
results obtained by the PSO and based approach. By comparison, the following conclusions
have been made:

» Placement of type-I DG and type-ll DG compensate the reactive power that reduces

the size of required DG and losses more significantly,

» Placement of type-l DG and type-lIl DG improves the bus voltage and avoid the

violation of the limit,

» Provides more economy solution for loss reduction, since cost of capacitor is too

less as compared to DG cost.

A suitable mathematical formulation has been developed for the optimal placement of
multiple DG of type-Ill. To explore the advantages of both analytical method and searches, a
hybrid approach has been proposed for the optimal placement of multiple DGs of multiple types.
In this approach, the sizes of multiple DGs are evaluated using the analytical method and the
optimal locations are determined by PSO based technique. The objective function has been
minimized under operating constraints. The proposed hybrid approach is tested on 33-bus and
69-bus test systems and the results obtained are compared. The proposed approach has
following outcomes:

e Allocation of multiple DGs of multiple types reduces the distribution loss
significantly,

o Operation of placed type-lll DG at optimal power factor further reduces the
losses,

e Optimal placement of multiple DGs not only reduces the line losses but also

minimize the required size of DGs.

An analytical approach has been applied for the placement of type-IlV DG for the
integration of non-conventional energy sources like wind turbine. The type IV DG requires
special attention due to its special characteristics, as it generates real power and consumes
reactive power. The placement and analysis of type-IV DGs give guidance for integration of
non-conventional energy sources like wind turbine.

e Integration of type-IV DGs give guidance for non-conventional energy sources

like wind turbine.



The distribution system planners effort to supply economical and reliable electric power to
the customer. It is important to design, operate and maintain the power system with lowest cost
and highest benefit. These companies work on various technologies and optimization programs
to achieve economic benefits as well as to provide high quality uninterrupted supply. Therefore,
the profit optimization has been carried out The inflation has been taken into account by
incorporating present worth factor. Following conclusions have been derived from the obtained
results,:

e Placement of DG and capacitor produce benefits to the utility in the considered
planning period,

¢ Initial investments can be recovered in a short time period,

e The initial investments and maintenance costs of capacitor are too less as
compared to DG costs, hence capacitor placement provide major contribution to
economy,

¢ Installation of DG and capacitor provides more saving to the distribution utility by
producing both the real and reactive power,

e DG and capacitor integration reducing of power flow in conductors, hence

decreases stress on the conductors which increases their life time.

7.3 SCOPE FOR FUTURE RESEARCH

Research and development is a continuous process. Each end of a research work opens
many more avenues for future research. As a consequence of the investigations carried out in
this thesis in the area of optimal placement of distributed generation in distribution systems,
followings are the research ideas that need to be explored further as the future scope of the
presented work:

» The developed analytical approach for the optimal placement of DG can be extended

for congestion management on a real system.

» The optimal placement problem can be extended to renewable energy sources for

sensitivity and reliability improvements.

» Optimal DG placement problem considers only radial distribution systems and
constant power load model. This technique can be extended further to incorporate

voltage dependent load models and meshed structure of distribution systems.

» [Economic dispatch problem of smart grid by the integration of distributed generation



may be explored.

» Distributed generation allocation problem may be extended for service restoration

during power cuts and peak hours.

» DG allocation problem may be extended to see the impact on transient stability of

power system.

» Optimal DG allocation problem may be extended to other FACTS components.

» The considerations on the reliability and power quality of the system have not been
incorporated in placement problems. These shortcomings can be removed in the

further extension of this work.

The subject matter addressed in this thesis is relevant in the energy deficient countries such as

India, and will continue to attract attention.
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APPENDIX-A

12.66 kV, 33-Bus Distribution System
The schematic diagram of a 12.66 kV, 33-bus distribution test system is illustrated in Fig. A.1.

The relevant data for this test system have been acquired from reference [20] and are given in
Table A.1.
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Figure A.1: Single line representation of 12.66 kV, 33-bus distribution system



Table A.1: Branch data and bus data for 12.66 kV, 33-bus distribution system

Bus Number Branch Parameters |Load at Receiving End Bus
Branch | sending | Receiving | Resistance | Reactance Real Reactive
Number | End End (ohm) (ohm) (kW) (kVAR)
1 2 0.0922 0.0470 0.0 0.0
2 2 3 0.4930 0.2511 100.0 60.0
3 3 4 0.3660 0.1864 90.0 40.0
4 4 5 0.3811 0.1941 120.0 80.0
5 5 6 0.8190 0.7070 60.0 30.0
6 6 7 0.1872 0.6188 0.0 20.0
7 7 8 0.7114 0.2351 200.0 100.0
8 8 9 1.0300 0.7400 200.0 100.0
9 9 10 1.0400 0.7400 60.0 20.0
10 10 11 0.1960 0.0650 60.0 20.0
11 11 12 0.3744 0.1238 45.0 30.0
12 12 13 1.4680 1.1550 60.0 35.0
13 13 14 0.5416 0.7129 60.0 35.0
14 14 15 0.5910 0.5260 120.0 80.0
15 15 16 0.7463 0.5450 60.0 10.0
16 16 17 1.2890 1.7210 60.0 20.0
17 17 18 0.7320 0.5740 160.0 20.0
18 2 19 0.1640 0.1565 90.0 40.0
19 19 20 1.5042 1.3554 90.0 40.0
20 20 21 0.4095 0.4784 90.0 40.0
21 21 22 0.7089 0.9373 90.0 40.0
22 3 23 0.4512 0.3083 90.0 40.0
23 23 24 0.8980 0.7091 90.0 50.0
24 24 25 0.8960 0.7011 420.0 200.0
25 6 26 0.2030 0.1034 420.0 200.0
26 26 27 0.2842 0.1447 60.0 25.0
27 27 28 1.0590 0.9337 60.0 25.0
28 28 29 0.8042 0.7006 60.0 20.0
29 29 30 0.5075 0.2585 120.0 70.0
30 30 31 0.9744 0.9630 200.0 600.0
31 31 32 0.3105 0.3619 150.0 70.0
32 32 33 0.3410 0.5302 210.0 100.0




12.66 kV, 69-Bus Distribution System
The single line diagram of a 12.66 kV, 69-bus distribution test system is shown in Fig. A.2. The

necessary data for 12.66 kV, 69-bus distribution test system have been obtained from reference

[21] and are presented in Table A.2.
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Figure A.2: Single line representation of 12.66 kV, 69-bus distribution system



Table A.2: Branch data and bus data for 12.66 kV, 69-bus distribution system

Bus Number Branch Parameters Load at Receiving End Bus
Branch "sending [ Receiving | Resistance | Reactance Real Reactive
Number | gnq End (ohm) (ohm) (kW) (kVAR)
1 1 2 0.0005 0.0012 0.0000 0.0000
2 2 3 0.0005 0.0012 0.0000 0.0000
3 3 4 0.0015 0.0036 0.0000 0.0000
4 4 5 0.0251 0.0294 0.0000 0.0000
5 5 6 0.3660 0.1864 0.8780 0.7200
6 6 7 0.3811 0.1941 13.4550 9.9820
7 7 8 0.0922 0.0470 24.8870 17.8100
8 8 9 0.0493 0.0251 10.0000 7.2080
9 9 10 0.8190 0.2707 9.3330 6.6660
10 10 11 0.1872 0.0619 48.5000 34.6090
11 11 12 0.7114 0.2351 48.5000 34.6090
12 12 13 1.0300 0.3400 2.7100 1.8210
13 13 14 1.0440 0.3450 2.7100 1.8210
14 14 15 1.0580 0.3496 0.0000 0.0000
15 15 16 0.1966 0.0650 15.1760 10.1980
16 16 17 0.3744 0.1238 16.5000 11.7750
17 17 18 0.0047 0.0016 16.5000 11.7750
18 18 19 0.3276 0.1083 0.0000 0.0000
19 19 20 0.2106 0.0696 0.3160 0.2120
20 20 21 0.3416 0.1129 37.9830 27.1000
21 21 22 0.0140 0.0046 1.7620 1.1840
22 22 23 0.1591 0.0526 0.0000 0.0000
23 23 24 0.3463 0.1145 9.3900 6.6700
24 24 25 0.7488 0.2475 0.0000 0.0000
25 25 26 0.3089 0.1021 4.6670 3.3300
26 26 27 0.1732 0.0572 4.6670 3.3300
27 3 28 0.0044 0.0108 8.6670 6.1850
28 28 29 0.0640 0.1565 8.6670 6.1850
29 29 30 0.3978 0.1315 0.0000 0.0000
30 30 31 0.0702 0.0232 0.0000 0.0000
31 31 32 0.3510 0.1160 0.0000 0.0000
32 32 33 0.8390 0.2816 4.5820 3.2600
33 33 34 1.7080 0.5646 6.5010 4.5490




34 34 35 1.4740 0.4873 1.9200 1.2900
35 4 36 0.0034 0.0084 0.0000 0.0000
37 37 38 0.2898 0.7091 28.2260 91.4620
Table A.2: (Continued) Branch data and bus data for 12.66 kV, 69-bus system
38 38 39 0.0822 0.2011 128.2260 91.4620
39 8 40 0.0928 0.0473 13.5120 9.4420
40 40 41 0.3319 0.1114 1.2020 0.8940
41 9 42 0.1740 0.0886 1.4490 1.1620
42 42 43 0.2030 0.1034 8.7870 6.3220
43 43 44 0.2842 0.1447 8.0000 5.7080
44 44 45 0.2813 0.1433 0.0000 0.0000
45 45 46 1.5900 0.5337 0.0000 0.0000
46 46 47 0.7837 0.2630 0.0000 0.0000
47 47 48 0.3042 0.1006 0.6670 24.0250
48 48 49 0.3861 0.1172 0.0000 0.0000
49 49 50 0.5075 0.2585 414.6670 295.9100
50 50 51 0.0974 0.0496 10.6670 7.6120
51 51 52 0.1450 0.0738 0.0000 0.0000
52 52 53 0.7105 0.3619 75.6700 53.8730
53 53 54 1.0410 0.5302 19.6700 13.9120
54 11 55 0.2012 0.0611 6.0000 4.2820
55 55 56 0.0047 0.0014 6.0000 4.2820
56 12 57 0.7394 0.2444 9.3330 6.6600
57 57 58 0.0047 0.0016 9.3330 6.6600
58 3 59 0.0044 0.0108 8.6670 6.1850
59 59 60 0.0640 0.1565 8.6670 6.1850
60 60 61 0.1053 0.1230 0.0000 0.0000
61 61 62 0.0304 0.0355 8.0000 5.7090
62 62 63 0.0018 0.0021 8.0000 5.7090
63 63 64 0.7283 0.8509 0.3920 0.3250
64 64 65 0.3100 0.3623 0.0000 0.0000
65 65 66 0.0410 0.0478 2.0000 1.4270
66 66 67 0.0092 0.0116 0.0000 0.0000
67 67 68 0.1089 0.1373 3.0760 8.7870
68 68 69 0.0009 0.0012 3.0760 8.7870







APPENDIX-B

BACKWARD-FORWARD SWEEP LOAD FLOW METHOD:

Power flow method for solving radial distribution networks, using a multi-port
compensation technique and basic formulations of Kirchhoff's laws. This method has excellent
convergence characteristics and is very robust. A computer program implementing this power
flow solution scheme was developed and successfully applied to several practical distribution
networks with radial structure. This program was successfully used for solving radial distribution
networks. The method can be applied to the solution of both the three-phase (unbalanced) and
single-phase (balanced) representation of the network. In this thesis, however, only the single

phase representation is used.

P’r+jQ’r P'r+jQ’r
K » Ri JXi m J
CY Y YN i
: : : PrrjQFr
Pi+jQ;i P"i#jQ"i P'i+jQ’i
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— 3 e r+jQr

Figure B1: m circuit model of the branch

B.1 Load Flow Equations:

The load flow problem of a single source network can be solved iteratively from two sets
of recursive equations. The recursive equations in backward and forward directions are derived
as follows.

Consider that the branch i in a tree is connected between buses F and T. Bus F is closer
to the root bus. The series impedance and shunt admittance of the branch are (Ri+jX;) and vy,

respectively. The m circuit model of the branch is shown in Fig. B.1.

The active (P/') and reactive (Q;’) power flow through the series impedance of the branch as

shown in Fig. B.1, can be written as:

p!'= PF+ Pk — Pl ..(B.1)



y Vr* yi
Q' = Qf + QF - @ - =5~ .(B.2)

Here, the superscripts L, F and | in P and Q represent the load, flow and injection, respectively.
The flow Pf (QF) is the sum of the active (reactive) power flow through all the downstream
branches that are connected to bus T. The procedure of finding the power injections (P} and
QL) at the LBPs is described in the next Section. The active (P;) and reactive (Q;) power flow

through branch i near bus F can be written as:

_HZ

12
Pl + Qi

Pl = P+ el (B.3)
P"* + Q'*
Q= Qi+ % X (B.4)

Equations (B.3) and (B.4) can be used recursively in a backward direction to find the power flow
through each branch in the tree. The backward direction means the equations are first applied
to the last branch of the tree and proceed in reverse direction until the first branch is reached.
By knowing the power flow through each branch, the voltage magnitude and angle at each bus
can be obtained from another set of recursive equations in a forward direction.

Consider that the angle of voltage at bus F is zero. The complex voltage at bus T, in Fig.

B 1, can be written as.

where

P,= P} (B.5)

! VTZyi
Q= Qi ——— (B.6)

and [; is the current through the series impedance (Ri+jX;). The voltage magnitude and angle at

bus T can be written as:

P_llz_l_ _112
V(@) = [Ve(@?— 2(P{R; + Q[ X;) + ——— (R* + X;%) (B.7)
Vr(i)
5,(0) = 8,(i) — ¢ _1< PiR; + QiX; ) (B.8)
T T R T V@2 — (PR + Q%)) '



Equations (B.7) and (B.8) can be used recursively in a forward direction to find the voltage and

angle, respectively, of all buses in the tree.

Layers Creation or Branch numbering:

The Layers creation process of a network requires the construction of a tree of the
network. The tree is constructed in several layers and it starts at the root bus where the source
is connected [84]. The root bus is the swing or slack bus of the network. The first layer consists
of all branches that are connected to the root bus. The next (second) layer consists of all
branches that are connected to the receiving end bus of the branches in the previous (first) layer
and so on. All branches of the network should be considered in the tree and they should appear
only once. The branch numbering process starts at the first layer. The numbering of branches in
any layer starts only after numbering all the branches in the previous layer. An example for 33

bus network is shown in the Figure B.2.
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Load flow Algorithm (Backward — Forward sweep method):

The iterative sequence of steps followed by the Backward — Forward sweep method is as

following:

Step 1: Divide the Distribution Network into layers as explained in section B.1.

Step 2:  Assume Flat Voltage Profile and set iteration count k = 1.

Step 3: Backward Sweep: Calculate Line flows using equations (B.1) to (B.8) from last
layer to first for all the branches of layers.

Step 4: Forward Sweep: Compute V(i) and §(i) using equations B.7 and B.9.

Step 5: Stopping Criteria: if AP; < &p and AQ; < g then Stop iterations otherwise

increment iteration i.e. k = k+1 and continue Steps 2-4.
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Figure B.3 Flowchart for Backward forward sweep method






