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Abstract

Losses are an important parameter of considerdtiomitigation and thereby enhancing the Available
Transfer Capability of Power Systems. Loss mitmatis a two stage process — the first stage is the
Planning phase and the second stage is the Opwhkpbase. The paper discusses briefly the Planning
phase activities. The various methods of mitigathiglosses in the Operational phase have beearegs

in the paper with emphasis on one technique — tbgilite Alternating Current Transmission System
devices. The Flexible Alternating Current TransioissSystem Devices are the latest power electronics
devices by which losses can be reduced and tramsfeability enhanced. Thyristor Control Series
Compensator is used to reduce losses. The methedted on IEEE 9 bus, 14 Bus and 30 bus systeds a
validated. Results have been presented and adalyzkis paper.

Keywords: Available Transfer Capability, B- Loss CoefficienBexible Alternating Current Transmission
Systems, Thyristor Controlled Series Compensator.

1. Introduction

The primary objective of Power Systems design ioperate the systems economically at maximum
efficiency and supply power on demand to variowsdlgenters with high reliability. The rising eléctr
power demand in the 21st- century, has called &structuring of the electric power system. The
restructuring is in two aspects — one is the teminaspect and the other the Management aspect. As
regards the technical aspect the power systemexpanding in size to meet the huge power demand and
are complex due to advancement of technology sadHydrid-Generation, FACTS (Flexible Alternative
Current Transmission Systems) etc. Management dewpthe deregulation of the power utility indystr

is resulting in significant regulatory changes. &gration has paved a path for the re-birth ofrittisted
energy resources and continually emerging new dffidult issues of concern in the operation of powe
systems. In addition to modern power systems bhighly interconnected over long distances to carry
power from the sources to loads, there is an ecanoeason also. The interconnected systems bdngefit
(a) exploiting load diversity (b) sharing of gertera reserves and (c) economy gained from the dise o
large efficient units without sacrificing relialtili Additionally, in deregulated circumstances loé power
system, it has already become possible for thel tharty such as independent power producers and
customers to access the transmission network faelitg. Under the above condition, it becomes more
and more important to enhance the reliability & power system. An aspect of interest here is ifyiny

the loss accurately and adopting measures to nimirtiie loss, thereby resulting in improved power
transfer capability. The electric power transmissfficiency-enhancing actions and technologiefuohe:

« Distributed generation/Micro grids » Undergnal distribution lines.

« Intelligent grid design.  Energy storageides.

* Three phase design for distribution « Ground wire loss reduction techniques.
« Distribution loss reduction via distribution aatation. « Power factor improvement.

eHigher transmission operating voltages. Power electronic transfers

» Reduction of overall Transmission and Distribatteansformer Mega Volt-Ampere.
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India’s electricity grid has the highest transmassand distribution losses in the world — a whopg27%.
This is attributed to technical losses (grid’s fitééncies) and theft. Hencéosses have always been a
subject of interest to study.

The paper presents the interest of the authorsstusising few Planning techniques and determirtieg t
losses in the transmission system under varioudittons and presenting an effective method of ratfitg
losses to enhance Available Transfer Capability.

The rest of the paper is organized as follows:i8e@. — Losses in Power System, Section 3. Manageém
of Technical Losses, Section 4. Mathematical Madglf Technical Losses, Section 5. FACTS Devices
and its Implementation, Section 6. is Case Study lanSection 7. Results and Discussion have been
presented. Conclusions in Section 8..

2. Lossesin Power System

Losses in simple terms may be stated as the diiferdetween the power generated and the power
received.

Pioss = Ps— Rk 1)

where Py, = Total Losses &P = Power Generated rEB Power Received

2.1 Categorization of Losses

The losses are broadly classified into two categori

i. Technical Losses:

The technical losses are internal to the Poweesysind occur due to the components in the systagy T
occur naturally and consist mainly of power diss8ga in electrical system components such as
transmission and distribution lines, transformdrs €echnical losses are a function of the systesigth
parameters and the dynamic state of the powermyStechnical losses can be controlled by two method
i) By proper design of the system parameters sactliameter of the conductor, length of the conducto
selection of the right material, operation voltage This is an activity of the Planning Stage.

ii) Controlling the parameters during power syst@meration by use of devices such as FACTS etc.ihis
an activity of the Controlling Stage.

ii. Non-Technical L osses
Non-technical losses are caused by actions exterihe power system and consist primarily of eleity
theft, non-payment by customers, and errors inw@aaiog and record-keeping.

3. Management of Technical L osses

Management of Technical Losses is a two stagespeoc
1. Planning Stage 2. Monitoring, Control and Menhance Stage.
The stages are shown in Figure 1.

3.1 Planning to Minimize L osses

The Technical losses can be calculated based amathieal properties of components in the poweresyst
resistance, reactance, capacitance, voltage, ¢uaed power, which are routinely calculated byityti
companies as a way to specify what components eadbed to the system, in order to reduce losss an
improve the voltage levels and efficiency. Transiois losses in the network constitute economic loss
providing no benefits. Transmission losses aretcoed as a loss of revenue by the utility. The nitage

of each of these losses needs to be accuratelyagstl and practical steps taken to minimize thewmF
the utility perspective, transmission losses neebd reduced to their optimal level. Before we hemi
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discuss the various steps in the planning of désiga power system that should operate with mimimu
losses, let us visit the major reasons for techioszes.

As per TERI (The Energy and Resources Institute) nfajor reasons for high technical losses in our
country are due to inadequate planning: Inadegimaestment on transmission and distribution (T&D),
particularly in sub-transmission and distributidihile the desired investment ratio between germrati
and T&D should be 1:1, during the period 1956 deicreased to 1:0.45. Low investment has resirted
overloading of the distribution system without coemaurate strengthening and augmentation. Haphazard
growths of sub-transmission and distribution systeith the short-term objective of extension of powe
supply to new areas, large scale rural electrificathrough long 11kV(Kilo Volt) and Low Tension().T
lines, Too many stages of transformations, Impréped management, Inadequate reactive compensation,
Poor quality of equipment used in agricultural pimgpin rural areas, Cooler, air-conditioners and
industrial loads in urban areas. To overcome thevaldrawbacks, the various Modern Methods and
Technology developed being implemented are: Implaation of rigid standards for various equipment
such as transformers, High Voltage Direct Curremangmission (HVDG)Placemenbf FACTS Devices,
Gas Insulated Sub-Station (GJSYuperconductors, Wide Area Monitoring System (WAMS)d
Supervisory Control and Data Acquisitig@CADA).Planning also involves computation of terious
losses for the design system parameters of resistagactance and capacitance of lines, operatittgges

etc . This is discussed in the next section.

3.2 Monitoring, Control and Maintenance of the Electric Power Transmission Grid

Monitoring of the Electrical Power System requiresording of the various system parameters such as
voltages, current, line flows, loads and generatind status of the various equipmedntrolling requires
determining the deviation of the operating paransei®m the standard and initiating corrective @usi. In

the context of the paper subject of study, we ardetermine the losses and power flows on the wario
transmission lines at base state and after takimgective action, and thereby compute the redudiion
losses. The corrective action taken is placementhef FACTS device, Thyristor Controlled Series
Capacitors (TCSC) in the lines having maximum &cpewer loss.

4. Mathematical M odeling of Technical L osses

4.1 Fundamental method

Technical losses in power systems mean power lasseged by physical properties of componentdhin t
power systems’ infrastructure. A common exampleseth power loss is proportional to the resistance
(R) of the wire and the square of the currentq]) [

Pioss = RI? )

For a system which delivers a certain amount of ggo®), over a particular voltageVj, the current
flowing through the cables is given by

P

I=v. ©)

Thus, the power lost in the lines is

P, RP?

-Pfrrss =RI'= R( ?) = V—2 (4)

Therefore, the power lost is proportional to theig&nce and inversely proportional to the squérhe
voltage. Because of this relationship, it is fa\afle to transmit energy at voltages as high asiges3his
reduces the current and thus the power lost darargsmission. Thus High Voltage DC (HVDC) is used t
transmit large amounts of power over long distararefor interconnections between asynchronous grids
When electrical energy is required to be transmhitheer very long distances, it can be more econalnic
transmit using direct current (DC) instead of algging current (AC). For a long transmission litee
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value of the smaller losses, and reduced construcdst of a DC line, can offset the additionalt cafs
converter stations at each end of the line. Alstigh AC voltages significant amounts of energy kst
due to corona discharge, the capacitance betweaseplor, in the case of buried cables, betweerephas
and the soil or water in which the cable is burigihce the power flow through an HVDC link is ditlgc
controllable, HVDC links are sometimes used withigrid to stabilize the grid against control prole
with the AC energy flow. One prominent example wéls a transmission line is the Pacific Intertiesliecl

in the Western United States. The two important enedechnologies to boost efficiency of transmissio
are HVDC and FACTS. A study has been conducted Bn914 Bus and 30 Bus system to determine the
effect of FACTS devices in particular TCSC on ijetion of losses ii) extent of loss reduction.

4.2 B-Coefficients

Another interesting method is the B-Loss coeffitserB-Coefficients are the widely used conventional
method to calculate the incremental losses. Theo&sLCoefficients express transmission losses as a
function of the outputs of all generation plantsieTB matrix loss formula was originally introducied
early 1950 as a practical method for loss calcuteti Consider a simple three-phase radial trangmiss
line between two points of generating/source awcdiving/load as illustrated by Figure 2. We canuoted

the line loss as:

2

Pos = 317 R (5)
- Pe
| ! | ~ (V3)vg cos @, ©6)

Vg is the magnitude of the generated voltage (linkAg)
cospg is the generator power factor

Combining the above two equations we have:

Pross =T (P6?) @

| vg|2cos? 2.
Assuming fixed generator voltage and power faetercan write the losses as:
Ploss = B PG2 8

Losses are thus approximated as a second ordetidinraf generation. If a second power generation is
present to supply the load as shown in the figuneeXan express the transmission losses as adarafti
the two plant loadings. Losses can now be expreasgéae equation:

R =R B11+2R FB) >+PBo 9)
We refer toB as the loss coefficient. The simplest form of élg@ationis called George’s formula,which is
given by:

P = an:l 22:1 BB By (10)

Pm, Pn is the power generation from all sources

The B coefficientsare not truly constant but vary with unit loadingsansmission losses become a major
factor to be considered when it is needed to trénskectric energy over long distances or in theecaf

relatively low load density over a vast area. Théva power losses may amount to 20 to 30 % ofl tota
generation in some situations. Finally we find dilat the real power losses are the function of the
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generation and B-loss coefficient. Varying the gatiens to fulfill the power demand would change th
losses accordingly. If we will be able to minimitee B-losses, we will reduce the total losses dslmss
coefficient is a function of resistances, voltagesl power factors at each system state, while the
resistances are the physical properties of thepewgmt and they are constant, improving the voltageld
minimize the B-loss coefficient.

5. FACTS Devices and Its I mplementation

The power electronic based FACTS have been dew#lapd used as economical and efficient means to
control the power transfer in the interconnected #ahsmission systems. The benefit brought about by
FACTS includes improvement of system dynamic batraand thus enhancement of system reliability. The
benefits due to FACTS controllers are many. Thegtrifoute to optimal system operation by reducing
power losses and improving voltage profile. The eodlow in critical lines can be enhanced as the
operating margins can be reduced due to fast dtatiiiity. In general, the power carrying capacditylines

can be increased to values up to the thermal lirfitgposed by current carrying capacity of the
conductors). The transient stability limit is inased thereby improving dynamic security of theesyséind
reducing the incidence of blackouts caused by ciisgaoutages. The steady state or small signallisgab
region can be increased by providing auxiliary #itdhg controllers to damp low frequency osciltais.
FACTS controllers such as TCSC can counter thelgnotof Sub-synchronous Resonance (SSR). The
problem of voltage fluctuations and in particuldgnamic over-voltages can be overcome by FACTS
controllers. However, their main function is to trmhpower flows [2]. Provided optimally locatedAETS
devices are capable of increasing the system Ibditlydoo. These aspects are playing an increaaimg)
major role in the operation and control of competippower systems.

5.1 Modeling of FACTS Devices

Table 1 lists the several types of existing angppsed FACTS devices. These types are termed ApdBCa
here for convenience [3]. Figure 4. depicts thekbldiagram of the FACTS devices (a) TCSC (b) TCPST
(c) UPFC (d) SVC. As shown in Fig.4, the reactantehe line can be changed by TCSC. The afore-
mentioned FACTS devices can be applied to contlpower flow by changing the parameters of power
systems so that the power flow can be optimized §#jreover, in a multi machine network according to
the different utilization of generation units, bgeuof FACTS, the generation costs can also be eeduc

5.2 Practical Implementation of TCSC

Series compensation, in its classical appearara®,bken in commercial use since the 1960s. From its
basic mechanism, a number of benefits are attanablcontributing to reduction of losses and é@ase of

the power transmission capability of new or exgtiransmission circuits. The rated value of TCS@ is
function of the reactance of the transmission lieere it is located. In power transmission appioce,

the degree of compensation is usually chosen soerewh the range 0.7 t0 0.2 X e

In India, two TCSCs have been installed on the RelarRaipur twin circuit 400 kV power transmission
inter-connector between the Eastern and Westelionge@f the grid. The length of the inter-connedtor
412 km. The main purpose of this major AC interfoector is to enable export of surplus energy from t
Eastern to the Western regions of India during rabroperating conditions, and also during continggsic
The TCSCs are located at the Raipur end of the.line

The TCSCs enable damping of inter-area power aficils between the regions, which would otherwise
have constituted a limitation on power transferra¥e inter-connector. Dynamic simulations perfodme
during the design stage, and subsequently confirmhéde commissioning and testing stage, have prove
the effectiveness of the Raipur TCSC as powerlasicih dampers.

6. Case Study
6.10ptimal Location of TCSC Based On Real Power Loss
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The static conditions are considered here for thegment of FACTS devices in the power system. The
objectives for device placement may be one of tilewing: 1. Reduction in the real power loss of a
particular line.2. Reduction in the total systeralrpower loss 3. Reduction in the total system treac
power loss. 4. Maximum relief of congestion in thgstem. For the first objective the line with the
maximum power loss may be considered for placenséntCSC. Methods based on the sensitivity
approach may be used for the next three objectiNebe objective of FACTS device placement is to
provide maximum relief of congestion, the deviceaynbe placed in the most congested lines or,
alternatively, in locations determined by trial-sgwor.

6.2 Proposed Approach

Power Flow studies were carried out by using Powerld Simulator and MATLAB. First Base Case data
was obtained for 9 — Bus, 14-Bus and 30 — Bus.@he-Line diagram of 9-Bus and 14-Bus Test systems
is depictedn Figure 5 and 6 respectively. The lines having mmaxn losses were identified. TCSC FACTS
device was placed in these lines. TCSC was implésddoy increasing the reactance of the line by 20 %
70%. .After placing of TCSC power flow data wasaibéd and compared with the base case values. The
percentage reduction of losses was computed. Buttseare analyzed and discussed below.

7. Results and Discussions

1) The Power Flow study converged in 0.14sec WRETFS as compared to without FACTS. 2) Objective
Function Value is reduced by 1.31 $/8). For the 9 — Bus System Total MW Loss before plaaanof
FACTS Devices is 10.6MW.The transmission lineAmstn buses 5 and 6 is having the maximum Loss of
7.6MW. Hence, TCSC was placed in the line betweesed 5 and 6. Total MW Loss after placement of
FACTS Devices is 9.9MW and the loss in the transiois Line between buses 5 and 6 is reduced to
6.3MW. Thus the total Loss reduction is 6.6%, witacement of FACTS Devices. The inductive reactance
between 75% and 20% of the line reactance respdgtivere considered. In 14 Bus System line between
buses 1 to 2 is having maximum MW loss. Hence 68T FACTS device was placed in this particular
line; and the reduction in losses was observedetd . In Case Study of 30 Bus Systalso the lines
having maximum losses were identified and TCSCeqaadhe lines identified were between buses 1-3, 2-
4, 2-6, 24-25, 25-27. The real Power Loss reduactias 9.4%. 4) The Table 2 below shows the peagent
loss reduction with FACTS devices. 5) The grapthefLosses Vs Line No of 9 — Bus is depicted iruFég
7.5) The graph of the Losses Vs Line No30f— Bus in Figure 8.

8. Conclusion

FACTS devices have proved an effective method fossLreduction .The effectiveness of TCSC is
demonstrated on IEEE 9 bus, 14 bus system and 88 {HEE Power Systems. The main conclusions of
the paper are: i) The time of convergence is i§s8he placement of Facts devices enhances reyAfeC

and mitigates real power loss. iii) The simple aticbct method of placing TCSC in the lines having

maximum power loss has shown effective resultess reduction and enhancing ATC.
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Figure 2 Radial Line with One Generation Figure 3 Radial System with One Additional
@eation
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Figure B Bus System Losses Before and after PlacingTiAC
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TABLE 1 TYPES OF FACTS DEVICE MODELS

Type Parameter FACTS
Designation Controlled Devices
Type A Series P and Q UPFC
Type B Series P TCSC,phase
angle regulator
Type C Series Q SVC,STATCON

Table 2 % Loss Reduction with FACTS

Power System Real Power Loss
Reduction

9-Bus 6.6%

14-Bus 17%

30-Bus 9.4%
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