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ABSTRACT 

 

An adequate reactive power provision is one of the major concerns in a recent competitive 

electricity market, which is taken care by the Independent System Operator (ISO) in order 

to maintain the reliable, economical and secure operation of the power system. The voltage 

and reactive power are strongly coupled and hence the reactive power is essential to 

maintain the system voltage. Therefore, optimal reactive power dispatch and pricing 

services have always been of great interest to researchers as well as system operators 

especially after the restructuring of the power industry. 

Reactive power pricing methods in different countries have been reviewed. Index based 

reactive power pricing method is proposed and it is compared with the current reactive 

power pricing method in India. The concept of L-index based pricing has also been 

demonstrated on IEEE 57 bus system. 

The research work is focused on optimal reactive power dispatch scheduling, optimal 

reactive power pricing with the objectives of active power transmission loss minimization, 

bus voltage deviation minimization and L index minimization as well as development of 

competitive reactive power market mechanism based on uniform auction mechanism and 

pay as bid method. 

The Grey Wolf Optimization (GWO) method is applied to solve the optimal reactive power 

dispatch problem. A more improved optimization algorithm called Hybrid Grey Wolf 

Optimization (HGWO) has been used to find global minima. The results obtained by GWO 

and HGWO are compared with other methods of optimization mentioned in literature. The 

proposed approach is applied to IEEE 30 and IEEE 118 bus systems, the optimal values of 

the control variables and generator reactive power schedule has been obtained for 

performance analysis. 

The competitive reactive power market is developed with an objective function of the total 

payment minimization.  The generators and synchronous condensers are required to submit 

the reactive power offer (bids) and the ISO undertake a market-auction based on uniform 

pricing mechanism and compare it with pay as bid mechanism. The concept has been 

demonstrated on IEEE 30 and 118 bus test systems. 
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CHAPTER 1. INTRODUCTION 

1 

 

CHAPTER 1 

INTRODUCTION 

1.1 INTRODUCTION 

Systems of electric power throughout the world are moving toward markets of deregulated 

electricity. In those power system operations, voltage control and reactive power is one of 

the necessary ancillary services. These ancillary services ensure proper profile of voltage 

magnitude with the help of reactive power absorption or injection. The existence of reactive 

power is most crucial in the following areas: 

 

 Reactive power load requirement fulfillment. 

 Controlling magnitude of bus voltage throughout a system. 

 Decreasing the power loss of transmission network. 

 Relieving the congestion of transmission. 

 Provide sufficient reserve to ensure the secure operation of power system. 

1.2          RESTRUCTURED POWER SYSTEMS 

The process of restructuring of power system has taken different formats in different parts 

of the world. Also, the reasons for power sector to adopt the reforms vary from country to 

country. For the developed countries, introduction of competition to achieve social welfare 

was probably the most important reason. On the other hand, the developing countries 

mainly banked on the capacity addition through entry of private players. It is observed that 

neither, there is one reason for driving deregulation of power industry nor is there a single 

objective of the same. 

The restructuring process starts with the unbundling of the originally vertically integrated 

utility. This essentially leads to separate the activities involved in an integrated power 

system leading to creation of functional partition amongst them. For example, the 

unbundling of power industry involves separating transmission activity from the generation 

activity. Further, distribution can be separated from transmission. Thus, these three 

mutually exclusive functions are created and there are separate entities or companies that 

control these functions. Then, the competition can be introduced in the generation activity 
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by allowing other private participants in this segment. In contrast to the vertically integrated 

case where all the generation is owned by the same utility, there is a scope for private 

players to sell their generation at competitive prices. The generators owned by the earlier 

vertically integrated utility will then compete with these private generators. The 

transmission sector being a natural monopoly is most unlikely to have competing players 

in the sector. This is because for natural monopolies like transmission companies, the 

business becomes profitable only when output is large enough. In contrast to the vertically 

integrated utility structure, it can be seen that there are many alternative paths along which 

the money flows. It is evident that there are many more other entities present, apart from 

the vertically integrated utility and the customers. It should be noted that there can be many 

more versions of deregulated structure 

The introduction of deregulation has introduced several new entities in the electricity 

market place and has simultaneously redefined the scope of activities of many of the 

existing players. Variations exist across market structures over how each entity is 

particularly defined and over what role it plays in the system. However, on a broad level, 

the following entities can be identified 

 Genco (Generating Company): Genco is an owner-operator of one or more 

generators that runs them and bids the power into the competitive marketplace. 

Genco sells energy at its sites in the same manner that a coal mining company might 

sell coal in bulk at its mine 

 Transco (Transmission Company): Transco moves power in bulk quantities from 

where it is produced to where it is consumed. The Transco owns and maintains the 

transmission facilities, and may perform many of the management and engineering 

functions required to ensure the smooth running of the system. In some deregulated 

industries, the Transco owns and maintains the transmission lines under the 

monopoly, but does not operate them. That is done by Independent System Operator 

(ISO). The Transco is paid for the use of its lines 

 Discom (Distribution Company): It is the owner-operator of the local power 

delivery system, which delivers power to individual businesses and homeowners. 

In some places, the local distribution function is combined with retail function, i.e. 

to buy wholesale electricity either through the spot market or through direct 

contracts with Gencos and supply electricity to the end use customers. In many other 

cases, however, the Discom does not sell the power. It only owns and operates the 
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local distribution system, and obtains its revenue by wheeling electric power 

through its network 

 Resco (Retail Energy Service Company): It is the retailer of electric power. Many 

of these will be the retail departments of the former vertically integrated utilities. A 

Resco buys power from Gencos and sells it directly to the consumers. Resco does 

not own any electricity network physical assets 

 Market Operator: Market operator provides a platform for the buyers and sellers to 

sell and buy the electricity. It runs a computer program that matches bids and offers 

of sellers and buyers. The market settlement process is the responsibility of the 

market operator. The market operator typically runs a day-ahead market. The near-

real-time market, if any, is administered by the system operator 

 System Operator (SO): The SO is an entity entrusted with the responsibility of 

ensuring the reliability and security of the entire system. It is an independent 

authority and does not participate in the electricity market trades. It usually does not 

own generating resources, except for some reserve capacity in certain cases. In order 

to maintain the system security and reliability, the SO procures various services 

such as supply of emergency reserves, or reactive power from other entities in the 

system. In some countries, SO also owns the transmission network. The SO in these 

systems is generally called as Transmission System Operator (TSO). In the case of 

a SO being completely neutral of every other activity except coordinate, control and 

monitor the system, it is generally called as Independent System Operator (ISO) 

 Customers: A customer is an entity, consuming electricity. In a completely 

deregulated market where retail sector is also open for competition, the end 

customer has several options for buying electricity. It may choose to buy electricity 

from the spot market by bidding for purchase, or may buy directly from a Genco or 

even from the local retailing service company. On the other hand, in the markets 

where competition exists only at the wholesale level, only the large customers have 

privilege of choosing their supplier 

 

1.3           CLASSIFICATION OF ANCILLARY SERVICES 

Ancillary services are defined as all those activities on the interconnected grid that are 

necessary to support the transmission of power while maintaining reliable operation and 

ensuring the required degree of quality and safety. 
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The North American Electric Reliability Council (NREC) along with Electric Power 

Research Institute (EPRI) has identified 12 functions as ancillary services. 

 Regulation: The use of generation or load to maintain minute-to-minute generation-

load balance within the control area. 

 Load Following: This service refers to load-generation balance towards end of a 

scheduling period. 

 Energy Imbalance: The use of generation to meet the hour-to-hour and daily 

variations in load. 

 Operating Reserve (Spinning): The provision of unloaded generating capacity that 

is synchronized to the grid and can immediately respond to correct for generation-

load imbalances, caused by generation and /or transmission outages and that is fully 

available for several minutes. 

 Operating Reserve (Supplemental): The provision of generating capacity and 

curtailable load to correct for generation-load imbalances, caused by generation and 

/or transmission outages, and that is fully available for several minutes. However, 

unlike spinning reserves, supplemental reserve is not required to respond 

immediately. 

 Backup Supply: This service consists of supply guarantee contracted by generators 

with other generators or with electrical systems, to ensure they are able to supply 

their consumers in case of scheduled or unscheduled unavailability. 

 System Control: This activity can be compared with the functions of the brain in the 

human body. System control is all about control area operator functions that 

schedule generation and transactions and control generation in real time to maintain 

generation load balance. 

 Dynamic Scheduling: It includes real-time metering, telemetering along with 

computer software and hardware to virtually transfer some or all of generator’s 

output or a customer’s load from one control area to another. 

 Reactive Power and Voltage Control Support: The injection or absorption of 

reactive power from generators or capacitors to maintain system voltages within 

required ranges. 

 Real Power Transmission Losses: This service is necessary to compensate for the 

difference existing between energy supplied to the network by the generator and the 

energy taken from the network by the consumer. 
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 Network Stability Services from Generation Sources: Maintenance and use of 

special equipment (e.g., PSS, dynamic braking resistances) to maintain secure 

transmission system. 

 System Black Start Capability: The ability of generating unit to proceed from a 

shutdown condition to an operating condition without assistance from the grid and 

then to energize the grid to help other units start after a blackout occurs 

 

 

1.4           REACTIVE POWER AS AN IMPORTANT ANCILLARY 

SERVICE 

In current structures of deregulations in power industry, the reactive power and services of 

voltage control are recognized as most crucial ancillary services. The role of reactive power 

is very important and needs to be regulated to support uninterrupted power supply. The 

transmission system is to be improvised in such a way that the voltage does not drop below 

the specified level, which in turn improves the capability of power transfer. So, the reactive 

power needs to support the voltage such that proper power transfer takes place thereby, 

minimizes losses.  

 

As per the Report 2005 of FERC [1] the reactive power and voltage control, where 

generation sources (i.e. reactive power providers) help maintain a proper transmission line 

voltage, is a necessary ancillary service to retain the power system reliability and security. 

These services would provide voltage monitoring and reactive power, which is distributed 

from initial transmission activity (i.e. utility of real power or energy). So that, a different 

market of contest for these support services of reactive power should be structured and 

identified as an ancillary market of reactive power.  The ISO is the organization trusted to 

give ancillary utilities of reactive power through business transactions with the help of 

suppliers of reactive power utility. In a contest environment, the ancillary utility of reactive 

power would be carefully monitored by the  ISO so that the requirements of power  system  

and objectives of the market  are  successfully attained. 

The capability to assist voltage defines the capability to generate reactive power when 

falling of voltage occurs. The existence of voltage assistance represents how fast an entity 

can alter its consumption or supply of reactive power. Naturally, support of reactive power 

is partitioned into two classes: dynamic and static[1]. A complete explanation regarding 
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these entities of reactive power may be identified in Report 2005 of FERC [1]. The entities 

of reactive power support which are static like capacitors doesn’t have any real maintenance 

of the output of reactive power as a result to the voltage of system. Alternatively, the entities 

of reactive power support which are dynamic are able to adjust their throughput relating to 

the limits which are pre-set as a result to the changing voltages of the system. The entities 

of reactive power which are dynamic are the quick response entities like synchronous 

condensers, synchronous generators, static compensators (STATCOM), Flexible AC 

Transmission Systems (FACTS) combining static VAR compensators (SVC). At end, a 

complex argument occurs:  which form of reactive power supports should be assumed as 

the ancillary services of reliable reactive power? 

 

The compensation of reactive power was started with basic capacitors, which led to the 

advent of adjustable capacitors for adjustment of voltage. Devices such as synchronous 

generators, synchronous condensers, and capacitors, SVC, STATCOM and DSTATCOM 

are being widely used to contribute to the reactive power support and voltage profile. 

Capacitors were widely used in the days where the advent of power electronic devices had 

not taken place. The recent advent of the power electronic devices has given rise to better 

reactive power support and voltage compensation. The basic characteristics of these 

reactive power support and voltage control device are summarized and are given in Table 

1.1 
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TABLE 1.1. Features of various types of voltage control devices [1] 

Type of 

Equipment 

 

Response 

Speed 

Ability to Support Voltage Cost

s 

Ability Availability Disruption 

Capital 

Cost 

(per KVAr) 

Cost of 

Operation 

Cost of 

Opportunity 

 

 

Generator 

 

Speed 

Outstanding 

short- term 

capacity 

 

Low 

 

Low 

 

Difficult to 

separate 

 

High 

 

Yes 

 

Synchronous 

Condenser 

 

Speed 

Outstanding, 

short- term 

capacity 

 

Low 

 

Low 

 

$30-35 

 

High 

 

No 

 

Capacitor 

 

Slow 

Poor, drops 

with V2 

 

High 

 

High 

 

$8-10 

 

Very low 

 

No 

Static VAR 

Compensator 

 

Speed 

Poor, drops 

with V2 

 

High 

 

Low 

 

$45-50 

 

Middle 

 

No 

 

STATCOM 

 

Speed 

Good, 

Decrease 

with V2 

 

High 

 

Low 

 

$50-55 

 

Middle 

 

No 

Distributed 

Generations 

 

Speed 

Good, 

Decrease 

with V2 

Low Low 
Difficult to 

deviate 
 

High 

 

Yes 

 

Considering Order 888 of FERC [2] and White Paper of NERC on Standards Proposed for 

Services of Interconnection [3]-[4], it is fairly accompanied that, only reactive power 

support provided by synchronous generators is identified as an ancillary utility and is 

qualified to receive economic compensations. For example, currently in North America, 

only generators which are synchronous for reactive power provisions ware compensated 

related to NERC's Operating Policy 10  and also relating to the suggestions given in Order 

888 of FERC [2] Nevertheless, these market policies which are restricted are presently 

under analysis, because it can be eventually questioned that with the excess flexible market 

rules for a market of reactive power ancillary utility, there would be more contest because 

of a growing number of utility providers. These flexible market rules for the ancillary 

market of reactive power will leads reduction in reactive power prices, and improved 

system reliability and security. 
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In the olden days, the problems on previous market policies are also focused at many 

discussions and forums throughout the world, number of arguments and suggestions have 

come. A remarkable and elaborated analysis regarding the use of various providers of 

reactive power may be identified in the present Report 2005 of FERC [1]. In this report, it 

is concluded that the ISO may also consider other sources of reactive power supply in 

competitive electricity markets [1]. Considering these analysis it is necessary to experiment 

how other providers of reactive power, like FACTS controllers and capacitor banks could 

involve in the ancillary utility markets of reactive power to assist and grow a fully 

competitive reactive power market. It is necessary to mention that this problem particularly 

is not analyzed in this research, because the features of the resources of reactive power 

make them essentially varying from generators; thus, suitable rules will be needed to 

estimate how these resources can be properly compensated for providing reactive energy 

as an ancillary service. As a result, in the work represented in this research, only reactive 

power from generators which are synchronous is assumed as an ancillary utility, relating to 

the available NERC and FERC regulation. 

 

Moreover according to FERC Report 2005 [1], the market design for the reactive power 

ancillary services should align financial compensation and incentives with desired 

outcomes to ensure that adequate reactive power is available and produced in the right 

locations in order to maintain reliability and meet load at the lowest reasonable cost. Some 

have  a  different  view  –  that  independent  generators  should  be  obligated  to  provide  

a specified  minimum  capability  to  produce  reactive  power  without  compensation  as  

a condition of interconnecting to the grid, but we think that this view will not encourage 

optimal investment and production of reactive power.  

If independent generators aren’t paid for providing reactive power capability, some may 

elect not to enter the market, and some existing generators may elect to retire sooner than 

if payments were made. As a result, the Report 2005 of FERC [1] given the following 

suggestions: Suppliers of reactive power should be financially compensated for providing 

reactive power and reactive power capability.  Similarly, once capability payments are 

received, capability tests for reactive power should be a routine part of reliability procedures 

and penalties should be assessed for test failures. 

The market rules should allow greater compensation for reactive power capability having 

greater quality and value, just as they do for real power operating reserves. For example, 

reactive power capability from dynamic sources is more valuable than from static sources, 
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because dynamic sources can adjust their production or consumption of reactive power 

much more quickly when needed to maintain voltage and, thus, prevent a voltage collapse. 

Thus, reactive capability from dynamic sources should be paid more than capability from 

static sources at the same location. This is consistent with the policy of paying higher prices 

for faster-response (and thus, higher quality) operating reserves for real power. 

 

Nevertheless, reactive power which is really generated or used at a specified area and period 

has the similar value whether it is given by a dynamic or static source. Hence, the cost 

tackled by all providers of reactive power in a day-before market at a specified area and 

period should be equal, without considering the sources of energy.  This rule is static with 

the framework succeeded in markets of spot auction for real power in ISO markets, where 

all providers at a given time and location are made payment to the similar price for their 

production of real power. 

 

1.5           INTERNATIONAL REACTIVE POWER MARKET POLICIES 

This section describes an analysis of available management policies of reactive power 

including with marketing policies in some of markets of electricity throughout the world, 

adding those in Wales and England, Nordic Countries, United States, Australia, India.  

 

1.5.1 Wales and England (UK) 

The National Grid Company (NGC), like the ISO, arranges the tenders of reactive support 

services. The generator bid reactive power support includes capacity (price per MVAr and 

quantity on offer) and utilization (MVAr-h price curve) components. The bidder that is 

selected is paid for both the capacity and utilization components through annual bilateral 

contracts with NGC. 

 

The Grid Code places a minimum obligation on all generating units, with a power 

generating capacity more than 50 MW, to provide a basic (mandatory) reactive power 

service. So as to accept payment for these services, the generators should join into a system 

of tendering or Default Payment Mechanism (DPM). This system contains either an 

Enhanced Reactive Power Service (ERPS) or Obligatory Reactive Power Service (ORPS). 

As an encouragement for generators to join into the system of tendering, the DPM 
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introduced ratio of utilization to capability as 20:80 in 1997/98 when the policy was 

beginning and was then amended increasing to 0:100 until the April 2000. In other words, 

the generators can quote particular costs for utilization and capability relative to ERPS or 

ORPS. The analysis for tenders have been held every six months since 1997 and the ninth 

tender round was for agreements with an effect from 1st April, 2002. The biddings are for 

providing a service of reactive power for a time period of one year or high. 

 

The cost of providing reactive power services is currently recovered by National Grid via 

use of system charge in the balancing mechanism. The cost of reactive power contracts are 

recovered by National Grid via the daily Incentive Balancing Cost (IBC). These are the cost 

that National Grid is incentivized to manage and are the basis upon which incentive 

payment to (or from) National Grid is calculated. The reactive power contracts costs are 

included in the daily BSCCA (Balancing Service Contract Costs Allocation) that is a 

component of IBC. 

 

1.5.2 United States (US) 

 

The NYISO (New York Independent System Operator) is responsible for the transmission 

system operations in the New York State. In transmission system operations NYISO is 

needed to acquire services of reactive power from producers. Services of reactive power 

are stated as ancillary utilities and as a result eligible for payments for providing such type 

of services. So as to qualify for payments, providers of services of voltage support must 

give a utility that have an Automatic Voltage Regulator (AVR) and has qualified reactive 

capability testing of power in relation with the NYISO rules and regulations and procedures. 

The NYISO orders the providers to operate within the capability limits of their tested 

reactive energy. The program of support services of voltage is the accountability of NYISO 

and the owners of transmission. The owners of transmission are responsible for the private 

maintenance of support of reactive power. The NYISO gives support services of reactive 

power at price of embedded cost. The support cost of reactive power includes: 

 The total annual embedded cost for payment. 

 Any applicable lost opportunity cost to provide reactive power service. 
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 Total of prior year payments to suppliers of reactive power service less the total of 

payments received by the NYISO from transmission customers in the prior year for 

reactive power service. 

 

1.5.3 Nordic Electricity Market (Norway, Sweden, Finland and Denmark) 

In Norway, the generators are paid for reactive power service if only the generators operate 

at a power factor beyond the mandatory operating range of 0.92 lagging to 0.98 leading. 

 

In Sweden, the market is not organized for reactive energy but reactive energy utility is 

given on a compulsory ground and there is no proposal for economic compensation given 

to the suppliers of this utility.  The reactive power alteration on the nationwide grid is 

monitored by commands from the “Svenska Kraftnät”, the ISO of Swedish. It is suggested 

that reactive energy flow in middle of various partitions of the grid were assigned near to 

zero. The ISO having the access to provide reactive power through spinning generator 

interconnected directly to the nationwide grid. 

 

In Finland, Fingrid is responsible for the maintenance of adequate reactive power reserves. 

This is done through the use of its own resources and also by acquiring reactive power 

reserves from Independent parties. Now this provision becomes mandatory. As per the 

guidelines, generators of more than 10 MVA rating are required to maintain reactive power 

reserves during the normal state of the power system. 

 

1.5.4 Australia 

In Australia, the NEMMCO (National Electricity Market Management Company Limited) 

an ISO is responsible for reactive power provision same as NYISO. With regard to the 

reactive  power  provision,  the  scheduled  generators  are  required  to  provide  obligatory 

reactive power provision and the generator receives no payment. 

 

The supply of a transmission of network utility needs support of reactive power; so that the 

Transmission Network Service Providers (TNSP) compulsorily provide a remarkable 

volume of reactive energy assistance so as to guarantee such a supply. The reactive energy 

assistance given by TNSP is existing to NEMMCO to use it freely without payment. 
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NEMMCO will use all compulsory generators reactive energy assistance and all TNSP 

reactive energy assistances so as to control the Power System security. Where NEMMCO 

requires additional reactive power support it is procured via a contract tender process. 

Providers of those power utilities are given payment by NEMMCO as below: 

 

Generators: Compensation fee+ Availability. 

 

Synchronous Compensators: Enabling fee+ Availability. 

 

Availability cost is associated to the provider’s preparedness in giving the utility. Fee 

compensation is associated to availability cost to a provider. Fee of enabling is associated 

to the starting of the utility by a provider. The NEMMCO mandates that generators provide 

reactive power in the power factor range of 0.9 lagging to 0.93 leading. If a generator 

operates in a power factor beyond this range then it will be compensated financially based 

on the lost opportunity cost. 

 

1.5.5 India 

 

According to the CERC (Central Electricity Regulatory Commission) Notification 

No.L/68(84)/2006-CERC (14th March, 2006), the beneficiaries are expected to provide 

local VAr compensation/generation such that they do not draw VArs from the EHV grid, 

particularly under low-voltage condition. However, considering the present limitations, this 

is not being insisted upon. Instead, to discourage VAr drawl by beneficiaries, VAr exchange 

with Inter State Transmission System (ISTS) shall be priced as follows: 

 

 The Beneficiary pays for VAr drawl when voltage at the metering point is below 

97% 

 The Beneficiary gets paid for VAr return when voltage is below 97% 

 The  Beneficiary  gets  paid  for  VAr  drawl  when  voltage  is  above  103%  Indian 

Electricity Grid Code (IEGC)  

 The Beneficiary pays for VAr return when voltage is above 103% 
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The charges of reactive power support are user-specific. According to CERC Approach 

Paper on Formulating Pricing Methodology for Inter-State Transmission in India, (May 15, 

2009), CERC imposes a 5 paisa/kVArh (~$1/MVArh) price on reactive power in over-

voltage and under-voltage conditions (1.03 < voltage < 0.97).   Table 1.2 presents a snapshot 

of reactive pricing schemes and proposals for Indian states. 

 

Table 1.2. Reactive Energy pricing proposals and schemes in various states in India 

 

 

  

State Reactive Energy Price proposals 

 
 
 

 

Gujarat
[6]

 

Tariff for reactive energy drawl by Bagasse based 

cogeneration shall be the same as that for solar or wind 

generators, which is as under: 

• 10 paisa/ kVArh: For the drawl of reactive energy at 

10% or less of the net energy exported. 

• 25 paisa/kVArh: For the drawl of reactive energy at 

more than 10% of the net active energy exported 

 

 

Haryana
[7]

 

Charging@5paisa/unit for reactive Energy  on services for 

drawl at voltages less than 97% of the common voltages and 

for injection of reactive power at voltages greater than103% 

of the usual level. 

 
 

 
Maharashtra

[8]
 

The Bombay Electric Supply and Transport (BEST)has carry 

out a method, in which there was an extra fee on kVArh listed 

contrary to charge of penalty on low p.f.At the time1996-

97,BEST initiated a fee of double-metered depending on kWh 

and kVArh meter readings for voltages of class LT 

customers. The fees on kVArh reading were approximately 

40-50%of the fees on the kWh bill. 

 
 
 

 

Orissa
[9]

 

Cost at 6.00 paisa/kVArh for reactive Energy  for FY2010-11 

inline with the orders on date 06.04.2009 by  Commission in 

CaseNo.22/2009 on Charges of Reactive Power for FY2009-

10 and related to Clause1.7 of “Orissa Grid Code 2006” which 

means that the cost for Reactive power costs will be 

5paisa/kVArh since 14.06.2006 onwards and will be increased 
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  at 0.25 paisa/kVArh each year thereafter, until they will be 

reviewed by OERC( Orissa Electricity Regulatory 

Commission). 

 
 

 
TamilNadu[10]

 

Cost of 5 paisa/kVArh for Reactive energy from1-4-2006 by 

increasing amount of 0.25 paisa/kVArh each year thereafter. 

The current policy designates costs of reactive power at 6 

paisa/kVArh.The authority interests to accept the IEGC and 

so that prescribes 5.75 paisa/kVArh as on1-4-2009 and 

increased by 0.25 paisa/kVArh each year thereafter. 

 
 
 

 
Uttar 

Pradesh
[11]

 

If the power factor of a consumer is leading and is within the 

range of 0.95-1.00 then for 

tariff application purposes the same shall be treated as unity. 

However, if the leading power factor was below 0.95 (lead) 

then the consumer was to be billed as per the kVAh reading 

indicated by the meter. The cutoff of 0.95 (lead) was 

consciously adopted by the Commission because below 

0.95(lead) the reactive compensation of the consumer may 

relax the grid slightly but at the same time it may cause 

localized over-voltages that may endanger the surrounding 

system. 
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1.6           RESEARCH MOTIVATION  

From the brief review of utility practices in the previous section, it is clear that there is no 

fully developed structure for competition or pricing of reactive power services in any 

system. Moreover there is no unified framework, universally acceptable, for reactive power 

management practices that have developed post-deregulation. In some cases the pricing is 

based on fixed contractual payments, and in other cases based on gross system usage 

(embedded cost), while in other markets there is no mechanism for payments. Even the 

classification of the obligatory reactive power band is quite an ad hoc process that varies 

across ISOs without following any well-defined criterion, apart from the operator’s 

experience. Moreover, the ISOs do not have any well-defined optimal reactive power 

dispatch system in their operational portfolio that could create an optimal provision of 

reactive power service considering all the issues arising from competition. 

New policy solutions and market structures need to be proposed that fit into the new shift 

of paradigm of operation of the power system which is the main motivation behind the 

research work. In a competitive electricity market, the objective of the ISO should be to 

provide reactive power ancillary services from possible service providers at the least cost, 

while ensuring a secure operation of the power system. Appropriate pricing structures and 

payment mechanisms, which effectively reflect the cost components associated with 

reactive power production, have been analyzed in the research work. 

1.7            RESEARCH OBJECTIVES AND SCOPE OF THE WORK 

The following are the main objectives and scope behind the present research work: 

 To study current reactive power pricing policies adopted in different countries 

including Indian power system and propose more efficient, voltage stability index 

based technique. 

 To develop optimal reactive power dispatch algorithm for transmission line active 

power loss minimization using grey wolf optimization method. 

 To propose hybrid grey wolf optimization technique for fast convergence and batter 

values of objective functions. 

 To perform comparative analysis of optimal reactive power pricing with three 

different objective functions, loss minimization, voltage deviation minimization and 

L-index minimization. 

 To develop a competitive reactive power market model based on uniform price 

auction mechanism and compare it with pay as bid mechanism. 
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Scope of the work is limited to as follows: 

 Pricing technique has been analyzed from the ISO and the grid operation perspective 

 Steady state analysis of the power system has been done in whole research work 

 Reactive power pricing is analyzed for reactive power support provided by 

synchronous generators and synchronous condensers in the power system (grid). 

 Independent system operator is the sole authority for procuring these ancillary 

services 

1.8           ORGANIZTION OF THE THESIS 

The work carried out in this thesis has been presented broadly in eight chapters. The present 

chapter provides a general introduction about the thesis. 

Chapter 2: This chapter presents a detail survey about different reactive power pricing 

techniques. A brief review of various reactive power market models and optimization 

techniques has also been done. 

Chapter 3: In this chapter the current reactive power pricing technique based on regulated 

rate has been reviewed and L-index based pricing technique has been proposed. The 

concept has been demonstrated and compared on IEEE 57 bus systems. 

Chapter 4: It is very essential to use all the available resources in optimum manner so, in 

this chapter generalized optimization framework has been discussed. The optimization 

techniques GWO and HGWO, used in the research work have been described in detail. 

Chapter 5: In this chapter optimal reactive power dispatch schedules have been obtained 

with the objective of transmission line active power loss minimization using GWO and 

HGWO method. The concept has been implemented on IEEE 30 bus and IEEE 118 bus 

systems under different power systems operating conditions. 

Chapter 6: In this chapter optimal reactive power costs have been calculated for reactive 

power provided by the generators considering three different objective functions. The 

concept has been demonstrated on IEEE 30 bus systems. 

Chapter 7: In this chapter competitive reactive power market model has been proposed. The 

market has been cleared based on uniform market clearing method and pay as bid method. 

Chapter 8: This chapter summarizes the work presented in the thesis and suggesting 

possible direction for future work. 
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CHAPTER 2 

LITERATURE SURVEY 

2.1 INTRODUCTION 

The reactive power management was considered strictly as a technical issue and dealt 

in a centralized way of planning in the erstwhile vertically integrated utility 

structure.  The dispatching problems of reactive power were solved with an objective of 

transmission line real power loss minimization [12][13] or through the loadability 

maximization of the system [14], related to different constraints of power system like 

balances of reactive and active power, limits of bus voltage, and limits of power 

generation. These formal dispatch methods of reactive power [12]-[15] do not assume 

the price obtained by the operator of the system for the needed provision of reactive 

power. One of the reasons was that, in a vertically integrated system, all generators were 

under the direct ownership and control of the central operator, and hence reactive 

power payments were bundled in the energy price. However, after the liberalization of 

electricity markets, reactive power has been recognized as an ancillary service and 

hence, to be purchased separately by the ISO [15]. 

 

In early 1990s, with the beginning of restructuring in electric power industry, several 

researchers started looking more seriously at pricing both real and reactive power in an 

economically efficient way. In the starting literature [16]-[17] of electricity markets 

which are restructured, more concern has been put to the growth of an efficient and 

suitable pricing scheme for reactive power. Siddiqi and Baughman [17] have produced 

an initial discussion that continuous cost evaluation of reactive and real power should be 

a suitable approach for the growth of markets of electricity since the truth that reactive 

and real powers are tightly coupled. Hogan [18] has argued that electricity markets 

explicitly need to include prices for reactive power because there was no simple 

relationship between real and reactive power and also, the reactive power prices can be 

significant. 
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2.2 REACTIVE POWER PRICING TECHNIQUES 

In late 1990’s, after the introduction of deregulation and subsequent restructuring of 

power system, the researchers started to view the reactive power management problem 

in both the perspectives: Technical and Economical. At the beginning, Chattopadhyay 

[19] have proposed a centralized framework to study the problems of planning of reactive 

power with its cost. A clear bus-oriented cost-benefit analysis (CBA) method is 

suggested which consists of resolving an updated optimized power flow problem (OPF) 

recursively. A two-part reactive power spot-pricing scheme is formulated, by which the 

investment and operational costs can be recovered by the utility. Papalexpoulos and Hao 

[20] have defined the economic and technical problems in estimating structure of pricing 

of reactive power for an environment which is open-access, and also few features of 

reactive power which should be assumed for the growth and strategy of a frame work in 

accordance to the reactive power management besides pricing. Some of the complex 

problems such as reserves of reactive power, inductive and capacitive reactive power, 

static and dynamic reactive power, capacity of reactive power and production cost of 

reactive power, allocation of joint cost for reactive power are also explained. Weber et 

al. [21] have introduced a simulation based reactive power pricing mechanism in spot 

market environment by making a simple modification in the standard OPF in order to 

simulate the spot markets for real and reactive power. To attain this, load models which 

are price-dependent were introduced for reactive and real power. Ma et al. [22] have 

presented a flexible and efficient decoupled OPF-based approach for real-time 

calculation of price signals for active and reactive power that enables network security 

to become an element in the pricing process. The influences of thermal and voltage 

limits, as estimates of system protection, on the structure of pricing are examined. 

Momoh and Zhu [23] have described an approach to analyze estimating of reactive 

power and selection of VAr source utilizing process of analysis which is hierarchical, 

and produced a cost structure to give control and service of reactive power depending on 

the OPF method. Zhu and Momoh [24] have also suggested a centralized method for 

control and pricing of reactive power by partitioning it into parts which are both static 

and variable. The static part is the operational price of service of reactive power. The 

variable part of reactive power price is determined based on capability and contributions 

to the improvement of system performance such as security, reliability and economics. 

Hawary and Muchayi [25] have produced a synopsis of some of the algorithmic 
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structures that were advised for reactive power pricing. The rates of pricing are 

depending on marginal costing experimented utilizing some changes of OPF algorithmic 

structures. 

Gil et al. [15] in 2000, have addressed various issues related to reactive power market 

such as procurement, remuneration and charging of reactive power services based on 

long-term bids associated with internal losses of reactive control equipment. A pool 

based reactive market model based on marginal pricing theory is presented to clarify the 

principles to remunerate the suppliers and to charge the consumers of the reactive power 

services. Moreover, a possible organization of two different reactive markets are 

considered: i) a reactive energy market based on spot prices, and ii) a reactive capacity 

market based on a reactive regulating capacity payment. Zhong and Bhattacharya [27] 

in year 2001, , have proposed a reactive bid structure in the context of a competitive 

reactive power market. Based on the reactive power price offers and technical 

constraints, a two-tier approach is developed to determine the most beneficial reactive  

power  contracts  for  the  ISO  using  the  maximization  of  a  societal  advantage 

function The reactive capability curve is used to determine opportunity cost for a 

generator and uncertainty in reactive demand and reactive bids are dealt through Monte 

Carlo simulations. 

Luizda Silva [28] have advised that disbursements for generators which are working as 

compensators in synchronous mode should be measured depending on the time of 

operation and utilization of real power, instead of production or consumption of reactive 

power. It is argued that the reactive power sources such as capacitors and on-load tap 

changers should be considered as part of the transmission network and not as ancillary 

services providers. 

 

In year 2002, Bhattacharya and Zhong [29] have addressed a contesting market for 

services of reactive power and produced a market settlement of system-wide framework 

depending on unique pricing auctions. The disbursement technique depending on unique 

pricing is generated for the services of reactive power from the synchronous condensers 

and generators. Additionally, an agreement-oriented programming approach is advised 

to minimize the objectives like real power loss, contracted transactions deviation and 

payment to reactive power production devices according to bid price. An attainable 

reactive quotation structure is grown confirming to capability of a reactive generator and 

modeled inside an OPF model. Gross [30] have investigated the different prices of 
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absorption/ production of reactive power by a generator, recognizing the most superior 

price feature.  The opportunity cost was recognized as superior feature of the structure 

of the cost of reactive power, which arrives when the generator attains its capability 

curve and is needed to optimize its generation of real power so as to fulfill the 

requirement of reactive power. 

 

Hao [31], in year 2003, has presented market-based solution for managing reactive 

power services using three distinct features: Obligating generation facilities to provide 

reactive services in proportion to their active power output; Optimizing and integrating 

the reactive procurement with market operation for least-cost solution; and taking into 

account the interactions of active and reactive powers for accurate calculation of the lost 

opportunity costs of generators. Chattopadhyay [32] have addressed on the spot costing-

based technique aimed at market of reactive power which considers assistances done by 

generators for giving reactive power to attain the present necessity and also for acquiring 

‘reserve’ of reactive power to monitor the voltage stability of the system to handle the 

contingency of potential growth. 

Zhong [33], in year 2004, has addressed a local contesting buying and selling scenario 

for reactive energy sources regarding degree of independent Voltage Control Areas 

(VCAs) depending on the conception of distance of electricity inside a generating power 

system. The described market of reactive power is established on unique price auctions, 

utilizing a changed minimal design of power-flow. 

 

Paucar and Rider [34] have presented a methodology for calculating active and reactive 

power marginal prices by adopting a synchronous generators steady-state model with 

nonlinear reactive power limits in a modified OPF, and solved by a sequential linear 

programming technique enhanced by a modified predictor–corrector interior-point 

method. Chung [35] have advised a price- dependent reactive power estimation, which 

can combine the optimization of cost of reactive power and the issue of voltage 

protection into OPF by utilizing Sequential Quadratic Programming (SQP). Xie [36] 

have described division of spot-price utilizing methods of nonlinear minimization 

interior point. Xu and Wang [37] have addressed an approach of estimating the optimized 

volume of reactive power needed from generators. 
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In year 2005, Federal Energy Regulatory Commission (FERC) have documented the 

usage of reactive power and their problems related to voltage support and outlined 

different aspects related to the acquisition activities and cost estimation rules for reactive 

power. FERC also produced some wide spread advices to propose these issues and 

responsibilities for reliable and secure operation of power system.  

 

El-Samahy [38], in year 2006, have presented a unified framework for reactive power  

management,  in  which,  active  and  reactive  power  markets  are  decoupled,  and 

proposed the division of reactive power management problem in two levels: Reactive 

power procurement and Reactive power dispatch. 

 

Xu [39], in year 2007, have produced an assessment technique depending on risk 

analysis and voltage sensitivity from the outlook of voltage regulations. Sood [40] have 

addressed a minimal model of generalization that dispatches reactive power in the 

domain including privately agreed multilateral and bilateral contracts by increasing 

societal advantage to estimate the Locational Marginal Pricing (LMP). Pirayesh [41] 

have addressed a practical method for reactive power evaluation utilizing a protection-

oriented minimization approach. 

 

In year 2008, El-Samahy [42] have proposed a reactive power procurement model and 

argued that the reactive power services should be procured on seasonal (long term) basis. 

The reactive power procurement problem is formulated as a two-step optimization 

process: The first step consists of the determination of the marginal benefits of reactive 

power with respect to system security, which are then used in the second step to 

maximize a reactive power societal advantage function considering bids from service 

providers. Frías  [43] have proposed another comprehensive market approach for the 

procurement of the reactive power service. This approach identifies and weights the four 

different costs related with reactive power (i.e. VAR) procurement such as  purchase of 

VAR capacity, generation re-dispatch to supply reactive power, energy losses and 

penalties for poor voltage quality and non-supplied energy, mainly in case of system 

contingencies.  

 

Yu [44] have suggested another model based on AC-DC optimal reactive power flow 

(ORPF) with the generator capability limits. This model minimizes the total cost of 
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generator reactive and real power outputs paid by an independent transmission company. 

The generator operation area is divided into four parts with each one having a different 

capacity and opportunity costs of reactive outputs. Feng [45] have developed the must-

run indices to analyze the market power problem for reactive power from both network 

and market aspects. Moreover, the issues of reactive power must-run capacity are 

investigated in power system operations and electricity markets In Ref. [45]-[46], some 

methods are suggested for the measurement and assessment of market power possessed 

by potential reactive power suppliers by virtue of their strategic location in the power 

system. 

 

 

2.3 SURVEY ON REACTIVE POWER MARKET 

Chitkara [47], in 2009, have described a mathematical structure to reproduce the crucial 

activities of generators providing reactive power while assuming the schedule of system 

operators and the market activities for a monopoly contest. In Ref. [48]-[49], Rabiee et 

al. have argued that the seasonal market for reactive power encounters couple of 

problems; Firstly, the reactive power consumption of system is volatile that its 

forecasting over a season becomes very hard; Secondly, the reactive power requirement 

of system strongly depends on the loading condition of network. Hence, the day-ahead 

reactive power market models are advocated instead of a seasonal market model as 

suggested in [42]. In Ref. [49][50][51], different dual energy and clearing market models 

of reactive power are addressed, which deliver both schedules of reactive and real power 

in the competitive electricity market environment.. 

 

Canizares. [52], in year 2010, have redefined the reactive power dispatch 

problem by considering both the technical and economic aspects in competitive 

electricity market. Moreover, the reactive power dispatch model is developed that seeks 

to minimize the total reactive power payment burden on ISO.  Canizares and Tamimi 

[53] have presented a comparative investigation of various representations of reactive 

power limits in maximum loadability, real and reactive power market studies and also 

reviewed previously proposed OPF models for these types of analysis. Amjady [54] 

have developed a day-ahead reactive power market clearing scheme based on pay-as-

bid mechanism which implicitly considers the local nature of reactive power during 
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the clearing of reactive power market. Amjady et al. [55] have also presented another 

stochastic model for a day-ahead reactive power market which considered the 

uncertainty of generating units in the form of system contingencies while clearing the 

reactive market. 

 

Khazali et al. [56], in 2011, have developed a fuzzy adaptive PSO (FAPSO) based 

approach for clearing the reactive power market. The objective functions such as total 

payment function, voltage stability and voltage deviation are optimized by 

transforming them to membership functions and then a pseudogoal function is derived 

to express a unique objective function. De and Goswami [57] have proposed a circuit 

theory-based method to identify the different reactive power sources and allocates the 

amount of reactive power provided to different sources by using an improved Y-bus 

technique. Vyjayanthi and Thukaram [58] have presented a detailed analysis of all the 

reactive power sources and sinks scattered throughout the  transmission system under 

normal and contingency conditions. Reddy et al. [59] have developed the multi-

objective reactive power market clearing approach to optimize various objective 

functions such as total payment function, total real power loss, load served and voltage 

stability enhancement index.. 

 

Shaloudegi et al. [60], in 2012, have proposed a new locational marginal pricing 

(LMP) method based on remunerating distribution generation (DG) units for their 

participation in reduced amount of energy losses in distribution systems brought 

about by participation of all DG units in supplying demand. Recently, Sarkar and 

Khaparde [61], in 2013, have also suggested an OPF framework to determine two 

dimensional LMPs under the scarcity of  reactive  power.  In contrast to classical 

OPF models, this OPF model also recognizes the dependence of the level of reactive 

power consumption on the level of active power consumption. 

. 

2.4 OPTIMISATION TECHNIQUES BASED ON AI 

To obtain reactive power dispatch schedule and competitive reactive power market 

mechanism an appropriate optimization technique need to be adopted. Computational 

intelligence and Artificial intelligence are inter related and consist different mechanisms 
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to solve complex, multi variable, multi objective based difficulties in various scenarios. 

CI focusses on resolving mechanisms itself to yield acceptable solutions, while AI 

focuses on the outcome of the problem instead of the solving mechanism [62]. CI 

incorporates many mechanisms based on artificial neural networks (ANN) [63], 

evolutionary computation (EC) [64] along with swarm intelligence (SI) [65] etc. EC and 

related evolutionary algorithms (EAs) are rising rapidly employing CI to explain 

optimization-based problems.  

 

EC algorithms are encouraged by genetic evolution and natural selection techniques. The 

evolutionary computation algorithms also named as population-based algorithms starts 

with a process of initialization of population. The population is then made to go through 

a series of operations like mutation, crossover etc. to reach the final optimized solution.   

 

Some of the Evolutionary algorithms include genetic algorithm (GA) [66], evolutionary 

strategies (ES) [67], population-based incremental learning (PBIL) [68-69], 

biogeography-based optimizer (BBO) [70] and differential evolution (DE) [71]. Swarm 

intelligence (SI) [72] is an influential form of the CI for solving highly complicated 

optimization problems. These majorly work by simulating and initiating the natural 

swarms and communities or systems for instance fish schools, bird swarms, bacterial 

growth, insects’ colonies and animal herds. They concentrate for behavior of the 

members of the swarm and their way of life in addition to the relations, and 

communication between the swarm’s affiliates to trace the sources of food.  

They include many algorithms such ant colony optimization (ACO) [73], particle swarm 

optimization (PSO) [74], cuckoo search (CS) [75], krill herd optimization (KH) [77], 

firefly algorithm (FA) [76], artificial bee colony (ABC) [78], multi-verse optimizer 

(MVO) [79], ant lion optimizer (ALO) [80], sine cosine algorithm (SCA) [81], dragonfly 

algorithm (DA) [85], whale optimization algorithm (WOA) [82], moth-flame 

optimization (MFO) [83], grey wolf optimizer (GWO) [84] and many others. 
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2.5 OPTIMISATION OF REACTIVE POWER DISPATCH 

Z.Sahli et al. [86] worked on non-linear constrained optimization problem built on the 

hybridization between the particle swarm optimization methods and also decreases the 

active power transmission losses and voltages of load bus deviations. The projected 

hybrid method is validated on the IEEE 30-bus system is measured for 12 and 19 control 

variables. The results were proved to be better than the existing algorithms [86]. Ali et 

al. worked on the multi objective optimization based on the hunting behavior of Grey 

Wolves Hybridization of the algorithm makes a modification to enhance the convergence 

rate of GWO. Also, the proposed MOGWO is employed to generate Pareto-optimal 

solutions to aid minimized convergence. The efficacy of the proposed method is verified 

on IEEE 30-bus system. All constraints being combined into the objective function to 

realize a valid and precise explanation [87]. Thukaram et al. presents an algorithm for 

keeping a watch and on improving stability of voltage aided with reactive energy. The 

scrutinizing methodology proposed here is built on the L-index of load buses which 

utilizes data on a normal load flow. The algorithm has been tested for a 24-node EHV 

Indian networking power system and for a modified IEEE 30-bus system [90].  The paper 

by Wen Long et al. modified the grey wolf optimization for improved constrained 

optimization problems. The Grey wolf optimization problem was modelled 

mathematically by introducing Lagrange constraints for improving the convergence and 

accuracy [88-89].  

 

The above literature review reveals that many researchers and power system engineers 

have put a lot of efforts for developing reactive power pricing techniques and market 

based strategies for reactive power in the new deregulated power industry, but still there 

is much scope for further developments to achieve a secure and reliable power system 

operation. In view of the literature survey presented in previous section, the main aim of 

the present research work is to develop an algorithm for optimal reactive power dispatch 

and market settlement, in the context of the recent operating paradigms of competitive 

electricity market. It is felt that an optimal power flow based algorithm is ideally suited 

for computing the reactive power ancillary services provided by generators and 

synchronous condensers that minimize the total reactive power payment burden on ISO 

and maintain voltage stability. Therefore, an efficient optimization tool is essentially 
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required to maximize/minimize different types of complex objective functions subject to 

various system constraints.  

The elaborative study and extensive survey performed on all the algorithms led to 

development of algorithm for optimal reactive power dispatch and market settlement 

based on the methods called grey wolf optimization and hybrid grey wolf optimization 

which incorporates the genetic algorithms and the biological behavior of grey wolves. 

 



CHAPTER 3. INDEX BASED REACTIVE POWER PRICING 

 

27 

 

 

CHAPTER 3  

INDEX BASED REACTIVE POWER PRICING 

3.1 INTRODUCTION 

Pricing of Reactive power is based on regulated fixed rates in many states of the country. It 

can also be done by coupling the pricing formula with the voltage stability index.  In this 

chapter, comparative study of reactive power pricing has been done using the regulated 

price and the voltage stability index-based pricing method. 

3.2 REACTIVE POWER PRICING IN GUJARAT - CURRENT 

PRACTICE 

As per the Clause 6.6 (2) of the Indian Electricity Gird Code 2010 (IEGC 2010) and as per 

Clause 11.50 of the Gujarat Electricity Grid Code 2013. (GEGC 2013), the Regional Entity 

pays for VAr drawl when voltage at the metering point is below 97%, the Regional Entity 

gets paid for VAr return when voltage is below 97%. Similarly, the Regional Entity gets 

paid for VArdrawal when voltage is above103% and pays for VAr return when voltage is 

above 103%. 

As stated by the existing mechanism; 

  PR=Price of reactive power 

  Qm=Reactive power measured at metering point 

  RR=Regulated rates by CERC (Central electricity regulatory commission) 

  R m RP Q R                                                                                                (3.1)                           

Both state level and Regional levels have a pool account for reactive power. The regional 

energy pool account consists of 7 members. The members of western region reactive pool 
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account are Gujarat, Maharashtra, Goa, Madhya Pradesh, Chhattisgarh, Dadranagar haveli 

and Daman Div. Similarly the state reactive power energy account consists of 10 members. 

Weekly reactive energy statements is issued to the concerned regional entities. The RLDC 

receives the statements and the indicated amounts have to be paid within 10 days of the 

issue of statement. If the paymentsin favor of the givenVAr charges are overdue by more 

than two days, i.e., outside twelve (12) days from statement issue, the regional entity which 

has done the avoidance shall have to recompense simple interest @ 0.04% per each day of 

delay. 

 

3.2.1 Metering arrangement 
 

There are 63 interface points which consist of reactive power meters situated all over 

Gujarat. These interface points are the substations of 66 kV. 

 The meters carry flash memory, in which the subsequent data is repeatedly stored: 

 Average frequency for each successive 15-minute block, as a two digit code (00 to 

99 for frequency from 49.0 to 51.0Hz) 

 Net Wh transmittal during each successive 15-minute block, up to second decimal, 

with plus/minus sign 

 Cumulative Wh transmittal at each midnight, in six digits including one decimal 

 Cumulative VArh transmittal for voltage high condition, at each midnight, in six 

digits including one decimal 

 Cumulative VArh transmittal for voltage low condition, at each midnight, in six 

digits including one decimal 

The meters shall store all the above listed data in their memories for a period of at least ten 

days. The data older than ten days shall get erased automatically. Each meter have an optical 

port on its front for tapping all data stored in its memory, by using a hand-held data 

collection device. 

Advantages of current regulated pricing policy 

 It is simple and easy to implement. 

 It is transparent and understood by all. 

 There is no mathematical rigor 

 There is no computational burden 



CHAPTER 3. INDEX BASED REACTIVE POWER PRICING 

 

29 

 

Disadvantage of current regulated pricing policy 

 It is based on the single threshold voltage value(.97 pu) for all entities. So, doesn’t 

provide proper price signal. 

 It is purely based on bus voltage but sometimes bus voltage doesn’t reflect actual 

voltage stability condition. 

 The method is unable to provide accurate price signals. 

 It doesn’t include margin to voltage collapse. 

 It doesn’t include availability of dynamic reactive power in the system. 

 

3.3 INDEX BASED REACTIVE POWER PRICING METHOD 

The reactive power required to maintain acceptablevoltage levels at a bus may be supplied 

locally or may bedrawn from the grid. In general, the required reactive power is drawn 

from both sources. Thereis no difficultyor argument in allocating the cost of localreactive 

supply to the customers located at the bus. However, an issue does arise in allocating the 

costsof reactive power drawn from the grid. 

It is the costof reactive supply drawn from the grid which we propose to allocate using 

voltage stabilityindex, L-index..To make current pricing method more effective L-index or 

the voltage stability index is included in the formula of pricing as shown in equation 3.6. 

L-index is a voltage stability indicator of load buses, varies from 0 to1. L-index value away 

from 1 and close to zero indicates an improved system stability. Over all stability of the 

system can be estimated by global indicator Lmax, maximum value among Lj of all load 

buses. Lmin is minimum value among Lj of all load buses. 

1

1.0 1,2,...,
PVN

i
j ij ij i j PQ

i j

V
L F j N

V
  



      
                      (3.2) 

 

NPV=Number of PV buses 

NPQ= Number of PQ buses 

Vi andVjare voltages of the busses in per unit 

ij =Voltage angle difference (i.e. phase angle) between ith and jth bus (radian) 

𝛿𝑖,𝛿𝑗are phase angles in radians at the buses i and j 
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Y1; Y2: are associated to the system matrix by sub-matrices.Ybusis found after 

reorderingof the PV and PQ bus bars.  

 

Now the reactive power price is calculated using a new formula as follows: 

 

,

max min

1
j

R proposed m R

L
P Q R

L L

 
   

 
            (3.6) 

 

 

The motive of the proposed pricing technique is to send pricesignals to utilities and big 

customersso as toencourage them to absorb minimum reactive power from grid and act to 

maintain grid discipline. The price of reactive power for a bus with a comparativelygreater 

L-index will be placed at Voltage control and reactive power supply service to a bus with a 

relatively high L-index would be priced at a higher rate per MVAr than service at a bus 

with a lower L-index. Behaving rationally, the consumers at the high cost buswould 

continue to buy voltage control and reactive powerservice from the network as long as the 

value attached to the service was higher than the price paid,in other words, aslong as 

consumer surplus increases. This is illustrated in Figure 3.1 where P1 is assumed as 

reactive power supplied to the particular bus and D is the reactive power absorbed by the 

particular bus. It can be observed that, the surplus from the consumer is relational to the 

area BOA as it increases up to the point of intersection of the reactive power absorption 

and reactive power supply curves. This is the economically effectual operating point. The 

customerexcessdeclines for any additional increase in reactive power absorption at a 
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particular bus. Thus, at this point the customers would be forced to install reactive power 

compensating devices at particular bus. This will motivate establishmentof entities which 

can produce reactive power locally. In addition to that, local resources to the grid will 

encourage to diminish the value of L-index. Thus, the cost of the supply of reactive power 

creates a new supply-oriented curve P2 as illustrated in the Figure 3.1. 

 

 
 
Figure 3.1 Consumer characteristic of reactive power  

 

Thereafter, the reactive power demand could again change to the point of intersection of 

the demand curve D and the new reactive power supply curve P2. The process would 

continue with big customers/utilities installing local resources at various points in time and 

then increasing demand so as to maximize consumer surplus. Here the demand for network 

voltage control and VAr supply service is considered to be elastic and a function of the 

prevailing price. Thus, pricing formula not only minimizes consumer costs, but also 

efficiently encourages installation VAr resources so as to minimize transmission active 

power losses. 

3.4 RESULTS ON IEEE 57 TEST BUS SYSTEMS 

The steps to obtain the reactive pricing results are as follows. 

 Run load flow of IEEE 57 bus systems using NR method 

 Calculate the voltage magnitude of load buses. 

 Calculate value of reactive power drawl/injection at each bus. 

 Calculate value of L-index of each load bus according to equation 3.2 

 Find minimum and maximum value of L-index 
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 Calculate values of PR and P R Proposed according to equation number 3.1 and 3.6 

 

L-index of all the load buses are calculated based on equation 3.2. Network parameters and 

loading conditions of IEEE 57 bus systems are described in appendix b. The bus having 

greatest value of L-index is considered as most vulnerable bus. In IEEE 57 bus system bus 

number 31 is identified as most susceptible bus.  

 It can be observed from the Figure 3.2 that as the voltage reduces below permissible limit 

the L-index value is increased so if we couple L-index with regulated price of reactive 

power it can give more accurate price signals to consumers (big consumers and utilities). 

 

 
 

Figure 3.2 L-index and bus voltage of IEEE57 bus system 

 

 

Different load factors 
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Figure 3.3 Comparison of reactive power pricing on IEEE 57 bus system in normal operating condition 

If voltages at the buses are within the limit of .97pu to 1.03pu, there is no reactive energy 

charge to be paid. If the voltages are beyond specified limit the reactive energy charges are 

calculated based on the equation 3.1 and 3.6.  

 
Figure 3.4 Comparison of reactive power pricing on IEEE 57 bus system in stressed operating 

condition 
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Figure 3.5 Reactive power cost for four different operating conditions 

 

The comparison of reactive power pricing on IEEE 57 bus systems is illustrated in Figure 

3.3 in normal operating condition. The comparison ofcurrent pricing method and L – 

index-based pricing method on IEEE 57 bus systems in is illustrated in Figure 3.4.in 

stressed condition (increased loading condition). The total system cost using current 

pricing method and L – index pricing method in four different operating conditions have 

been compared in Figure 3.5.It can be observed that in increased loading condition the L-

index based reactive power prices are much higher which encourages the big customers 

and utilities to draw reactive power locally. There are two possible ways to implement the 

proposed method in restructured power system environment.  First, bus L-index could be 

calculated periodically online which can be possible with recent fast computing 

technologies. Otherwise, the predictable values of bus L-index could be calculated when 

disconnected from the system with the information of network parameters and load 

forecast. The probable values of bus L-index could then be used to figure out the reactive 

power price in bilateral contracts. As a practical matter, L-index concluded from base of a 

load flow case studycan help in the approximation of the probable values of L-index since 

possibilities of line and generator outage are quite small. 

For effective pricing of any quantity, the optimization of available resources needs to be 

done. So in the preceding chapters optimization of reactive power with the objective of 

minimization of transmission line active power losses, total bus voltage deviation and L-

index has been done. 
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CHAPTER 4  

OPTIMIZATION FRAMEWORK 

4.1 INTRODUCTION 

The best reactive power market settlement needs the improvement of one or many 

necessary objective functions. Moreover, these optimization problems may be formulated 

as either single objective or multi-objective optimization frameworks. In a single-

objective optimization framework, the optimization problem is formulated as 

minimization or maximization of single and well defined objective function subject to 

various equality as well as inequality constraints. Such type of optimization problem 

seeks the best (lowest or highest) value of the given objective. In contrast to this, a pure 

multi-objective optimization framework pertains to the minimization or maximization of 

multiple (more than one) objective functions simultaneously while satisfying various 

equality as well as inequality constraints. In general, a common optimization problem 

may be formulated as follows: 

( )if x        1,.........., obji N                                                                             (4.1) 

( ) 0jg x  1,..........,j M                                                                              (4.2) 

( ) 0kh x     1............,k N                                                                             (4.3) 

 

Where,  

( )if x
 is the 

thi objective function;  

x is the decision vector that signifies a solution;  

Nobj describes the number of objective functions;  

M and N are number constraints of the equality and inequality of system respectively. 
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The essence for the development of the optimization algorithms based on living being 

was the that helps in providing the most potential solution relating to any optimization 

problem. This serves as a point moving along the atmosphere in a multi-dimensional 

space. The position is adjusted in the moving space according to the environment and 

other conditions. The particle does not contain any mass or volume.  Its behavior changes 

based on the kind of living being whose behavior is taken into picture which may be ants, 

frogs, firefly, dragon etc. The particle is moved based on the extant value in either the 

positive or the negative direction.  If the extant position is less than best position then it 

there is an increase in its position and vice versa. 

Numerous algorithms of this kind work by initializing the population. The fitness function 

is decided based on the required output. Necessary incrementation and decrementation of 

the variables is done in order to achieve accuracy and lower values of discrepancies. The 

philosophy of any living being is always based on learning from previous experiences. 

They have some set of rules of performing a particular work. The actions are built on the 

set of rules and may also have to trail the path set by the society or the group. This path 

is infered as the best amongst the complete group also named as the global best position.  

4.2 META-HEURISTIC OPTIMIZATION TECHNIQUES 

Meta-heuristic optimization techniques have become very popular over the last two 

decades. Surprisingly, some of them such as Genetic Algorithm (GA), Ant Colony 

Optimization (ACO) [73], and Particle Swarm Optimization (PSO) [74] are fairly well-

known among not only computer scientists but also scientists from different fields. In 

addition to the huge number of theoretical works, such optimization techniques have been 

applied in various fields of study. There is a question here as to why meta-heuristics have 

become remarkably common. The answer to this question can be summarized into four 

main reasons: simplicity, flexibility, derivation-free mechanism, and local optima 

avoidance.  

4.2.1 Characteristics of Meta- Heuristic techniques 

First, meta-heuristics are fairly simple. They have been mostly inspired by very simple 

concepts. The inspirations are typically related to physical phenomena, animals’ 

behaviors, or evolutionary concepts. The simplicity allows computer scientists to simulate 

different natural concepts, propose new meta-heuristics, hybridize two or more meta-
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heuristics, or improve the current meta-heuristics.  Moreover, the simplicity assists other 

scientists to learn meta- heuristics quickly and apply them to their problems.  

Second, flexibility refers to the applicability of meta-heuristics to different problems 

without any special changes in the structure of the algorithm. Meta-heuristics are readily 

applicable to different problems since they mostly assume problems as black boxes. In 

other words, only the inputs and outputs of a system are important for a meta-heuristic. 

So, all a designer needs is to know how to represent his/her problem for meta-heuristics.  

Third,   the majority of meta-heuristics have derivation-free mechanisms. In contrast to 

gradient-based optimization approaches, meta-heuristics optimize problems 

stochastically. The optimization process starts with random solutions, and there is no need 

to calculate the derivative of search spaces to find the optimum. This makes meta-

heuristics highly suitable for real problems with expensive or unknown derivative 

information.  

Finally, meta-heuristics have superior abilities to avoid local optima compared to 

conventional optimization techniques. This is due to the stochastic nature of meta-

heuristics which allow them to avoid stagnation in local solutions and search the entire 

search space extensively. The search space of real problems is usually un- known and 

very complex with a massive number of local optima, so meta-heuristics are good options 

for optimizing these challenging real problems  

The No Free Lunch  (NFL) theorem is worth mentioning here. This theorem has logically 

proved that there is no meta-heuristic best suited for solving all optimization problems. 

In other words, a particular meta-heuristic may show very promising results on a set of 

problems, but the same algorithm may show poor performance on a different set of 

problems. Obviously, NFL makes this field of study highly active which results in 

enhancing current approaches and proposing new meta-heuristics every year. This also 

motivates our   attempts to develop a new meta-heuristic with inspiration from grey 

wolves. 

Generally speaking, meta-heuristics can   be divided into two main classes: single-

solution-based and population-based. In  the former class  (Simulated Annealing for 

instance) the search process  starts with one  candidate solution. This single candidate 

solution is then improved over the course of iterations. Population- based meta-heuristics, 
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however, perform the optimization using a set of solutions (population). In this case the 

search process starts with a random initial population (multiple solutions), and this 

population is enhanced over the course of iterations. Population- based meta-heuristics 

have some advantages compared to single solution-based algorithms .Multiple candidate 

solutions share information about the search space which results in sudden jumps toward 

the promising part of search space. Multiple candidate solutions assist each other to avoid 

locally optimal solutions. Population-based meta-heuristics generally have greater 

exploration compared to single solution-based algorithms.  

One of the interesting branches of the population-based meta- heuristics is Swarm 

Intelligence (SI). The concepts of SI was first proposed in 1993.  According to Bonabeau 

et al., SI is ‘‘The emergent collective intelligence of groups of simple agents’’. The 

inspirations of SI techniques originate mostly from natural colonies, flock, herds, and 

schools. Some  of the most popular SI techniques are  ACO [73], PSO [74], and Artificial 

Bee Colony  (ABC) [78]. A comprehensive literature review of the SI algorithms is 

provided in the next section. Some of the advantages of SI algorithms are 

 SI algorithms preserve information about the search space over the course of 

iteration, whereas Evolutionary Algorithms (EA) discard the information of the 

previous generations. 

 SI algorithms often utilize memory to save   the best solution obtained so far. 

 SI algorithms usually have fewer parameters to adjust. 

 SI algorithms have less   operators compared to evolutionary approaches 

(crossover, mutation, elitism, and so on). 

 SI algorithms are  easy to  implement 

 

Regardless of  the differences between the meta-heuristics, a common feature is  the 

division of  the search process into two phases: exploration and exploitation[69]. The 

exploration phase refers to the process of investigating the promising area(s) of the search 

space as broadly as possible. An algorithm needs to have stochastic operators to randomly 

and globally search the search space in order to support this phase. However, exploitation 

refers to the local search capability around the promising regions obtained in the 

exploration phase. Finding a proper balance between these two phases is considered a 

challenging task due to the stochastic nature of meta-heuristics. 
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4.2.2 Classification of meta-heuristics techniques 

Meta-heuristics may be classified into three main classes: evolutionary, physics-based, 

and SI algorithms. EAs are   usually inspired by the concepts of evolution in nature. The 

most popular algorithm in this branch is GA. This algorithm was proposed by Holland in 

1992 and simulates Darwinian evolution concepts. The engineering applications of GA 

were extensively investigated by Goldberg.   Generally speaking, the optimization is done 

by evolving an initial random solution in EAs. Each new population is created by the 

combination and mutation of the individuals in the previous generation. Since the best 

individuals have higher probability of participating in generating the new population, the 

new population is likely   to be better than the previous generations. This can guarantee 

that the initial random population is optimized over the course of generations. Some  of 

the EAs are  Differential Evolution (DE)[71], Evolutionary Programing (EP) [69], and 

Evolution Strategy (ES)[64], Genetic  Programming  (GP)[68],  and Biogeography-Based 

Optimizer (BBO) [70] 

As an example, the BBO algorithm was  first proposed by Simon in 2008[70].  The basic 

idea of this algorithm has been inspired by biogeography which refers to the study of 

biological organisms in terms of geographical distribution (over time and space). The case 

studies might include different islands, lands, or even continents over decades, centuries, 

or millennia. In this field of study different ecosystems (habitats or territories) are 

investigated for finding the relations between different species (habitants) in terms of 

immigration, emigration, and mutation. The evolution of ecosystems (considering 

different kinds of species such as predator and prey) over migration and mutation to reach 

a stable situation was the main inspiration of the BBO algorithm 

The second main branch of meta-heuristics is physics-based techniques. Such 

optimization algorithms typically mimic physical rules. Some  of the most popular 

algorithms are  Big-Bang Big-Crunch (BBBC) [90],  Gravitational Search Algorithm 

(GSA) [91],  Charged System Search (CSS) [92], Central Force  Optimization (CFO) 

[93],  Artificial Chemical Reaction Optimization Algorithm (ACROA) [94], Ray 

Optimization (RO) [95]  algorithm, Galaxy-based  Search  Algorithm (GbSA),  and 

Curved Space  Optimization (CSO). 
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The mechanism of these algorithms is different from EAs, in that a random set of search 

agents communicate and move throughout search space according to physical rules. This 

movement is implemented, for example, using gravitational force, ray casting, 

electromagnetic force, inertia force, weights, and so on 

For example, the BBBC algorithm was inspired by the big bang and big crunch theories. 

The search agents of BBBC are scattered from a point in random directions in a search 

space according to the principles of the big bang theory. They search randomly and then 

gather in a final point (the best point obtained so far) according to the principles of the 

big crunch theory. GSA is another physics-based algorithm. The basic physical theory 

from which GSA is inspired is Newton’s law of universal gravitation. The GSA algorithm 

performs search by employing a collection of agents that have masses proportional to the 

value of a fitness function. During iteration, the masses are attracted to each other by the 

gravitational forces between them. The heavier the mass, the bigger the attractive force.   

Therefore, the heaviest mass, which is possibly close to the global optimum, attracts the 

other masses in proportion to their distances. 

The third category of meta-heuristics is the SI methods. These algorithms mostly mimic 

the social behavior of swarms, herds, flocks, or schools of creatures in nature. The 

mechanism is almost similar to physics-based algorithm, but the search agents navigate 

using the simulated collective and social intelligence of creatures. The most popular SI 

technique is PSO. The PSO algorithm was proposed by  Kennedy and Eberhart [74]  and 

inspired from the social behavior of  birds flocking. The PSO algorithm employs multiple 

particles that chase the position of the best particle and their own best positions obtained 

so far.  In other words, a particle is moved considering its own best solution as well as the 

best solution the swarm has obtained 

Another popular SI algorithm is ACO, proposed by Dorigo et al. in 2006[73].  This 

algorithm was inspired by the social behaviour of ants in an ant colony. In fact, the social 

intelligence of ants in finding the shortest path between the nest and a source of food is 

the main inspiration of ACO. A pheromone matrix is evolved over the course of iteration 

by the candidate solutions. The ABC is another popular algorithm, mimicking the 

collective behaviour of bees in finding food sources. There are three types of bees in ABS: 

scout, onlooker, and employed bees. The scout bees are responsible for exploring the 

search space, whereas onlooker and employed bees exploit the promising solutions found 
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by scout bees. Finally, the Bat-inspired Algorithm (BA), inspired by the echolocation 

behavior of bats, has been proposed recently. There are many types of bats in the nature. 

They are different in terms of size and weight, but they all have quite similar behaviours 

when navigating and hunting. Bats utilize natural sonar in order to do this. The two main 

characteristics of bats when finding prey have been adopted in designing the BA 

algorithm. Bats tend to decrease the loudness and increase the rate of emitted ultrasonic 

sound when they chase prey. This behaviour has been mathematically modelled for the 

BA algorithm.  

A new meta-heuristic technique called Grey Wolf Optimizer (GWO) inspired by grey 

wolves (Canis lupus) is used as an optimization technique in the research work which is 

described in subsequent section. 

 

4.3 GREY WOLF OPTIMIZER 

Grey wolf optimization method is a meta-heurist technique inspired by the hunting 

behavior and leadership hierarchy of Grey wolves [84]. Grey wolves prefer to live in a 

pack of size 5 to 12 and have a very dominant social hierarchy as shown in fig 4.1. 

The leaders are a male and a female, called alphas. The alpha is mostly responsible for 

making decisions about hunting, sleeping place, time to wake, and so on.  The alpha’s 

decisions are dictated to the pack.  However, some kind of democratic behavior has also 

been observed, in which an alpha follows the other wolves in the pack.   In gatherings, 

the entire pack acknowledges the alpha by holding their tails down. The alpha wolf is also 

called the dominant wolf since his/her orders should be followed by the pack.  The alpha 

wolves are only allowed to mate in the pack.  Interestingly, the alpha is not   necessarily 

the strongest member of the pack but the best in terms of managing the pack.  This shows 

that the organization and discipline of a pack is much more important than its strength 

 

The second level in the hierarchy of grey wolves is beta. The betas are subordinate wolves 

that help the alpha in decision-making or other pack activities. The beta wolf can be either 

male or female, and he/she is probably the best candidate to be the alpha in case one of 

the alpha wolves passes away or becomes very old. The beta wolf should respect the 
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alpha, but commands the other lower-level wolves as well.  It plays the role of an advisor 

to the alpha and discipliner for the pack.  The beta reinforces the alpha’s commands 

throughout the pack and gives feedback to the alpha 

 

The lowest ranking grey wolf is omega. The omega plays the role of scapegoat. Omega 

wolves always have to submit to all the other dominant wolves. They are the last wolves 

that are allowed to eat.  It may seem the omega is not an important individual in the pack, 

but it has been observed that the whole pack face internal fighting and problems in case 

of losing the omega. This is due to the venting of violence and frustration of all wolves 

by the omega(s).  This assists satisfying the entire pack and maintaining the dominance 

structure. In some cases the omega is also the babysitters in the pack 

If a wolf is not an alpha, beta, or omega, he/she is called subordinate (or delta in some 

references). Delta wolves have to submit to alphas and betas, but they dominate the 

omega. Scouts, sentinels, elders, hunters, and caretakers belong to this category. Scouts 

are responsible for watching the boundaries of the territory and warning the pack in case 

of any danger. Sentinels protect and guarantee the safety of the pack.  Elders are the 

experienced wolves who used to be alpha or beta. Hunters help the alphas and betas when 

hunting prey and providing food for the pack.  Finally, the caretakers are responsible for 

caring for the weak, ill, and wounded wolves in the pack 

 

Notwithstanding the societal pecking order of pack of wolves, bunch searching for prey 

is added fascinating societal conduct of the pack of grey wolves. The fundamental periods 

of the pack of grey wolf searching for prey will be as pursues:  

 Tracking, chasing, and approaching the prey.. 

 Pursuing, encircling, and harassing the prey until it stops moving. 

 Attack towards the prey. 

 

The packs of grey wolves prefer to be alive in a pack of size of 5 to 12 and possess a very 

dominant societal grading. The leader wolves are called alphas. They are called decision 

makers as rest of the wolves follow his/her orders. Beta are the subordinate wolves that 
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come on second level of the hierarchy, they assist the alpha wolves in decision-making 

and some other pack activities. They are the best ancillary for alpha wolves in the 

condition that it dies or is old enough. It enacts the protagonist of the manager of the pack 

and advisor to the alpha. The last ranking of the grey wolf is given to the omega wolves. 

They are at the bottom of the hierarchy they are allowed to eat at last and plays role of a 

victim. The omega wolves have to report to all other wolves. If a wolf none of the above 

described wolves, then it is called delta. They have to submit to the alpha wolves and beta 

wolves, but they dominate omega wolves. Scouts, hunters, elders, sentinels, and 

caretakers belongs to this category. Apart from the social hierarchy of grey wolves, they 

also depict another interesting behavior of group hunting. The hunting behavior of wolves 

is shown in Figure 4.1.  

 

 

                                             Figure 4.1 Hunting Behavior of Wolves 

 

4.3.1 Mathematical model of GWO 

The above social behavior of Grey wolves is mathematically modelled and then 

optimization algorithm is developed. 

 

 Social hierarchy: The best solution is accounted as the alpha wolf (α), the second 

and third finest solutions are treated as beta wolf (β) and delta wolf (δ) 

respectively. 
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Figure 4.2 Social Hierarchy of Grey Wolf Optimization 

 

The remaining solutions are assumed to be omega wolf (ω). The social hierarchy 

of wolves is shown in Figure 4.2. Further striking of prey, or optimization is 

directed by positions of α, β and δ and ω wolves track these three wolves. 

 

 Encircling prey: The Grey wolves encircles a prey throughout the searching for 

prey.  Following equations are proposed to represent the behavior of the wolves 

in the form of a mathematical model: 

 
. ( ) ( )

( 1) ( ) .

p

p
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                                                          (4.4) 

         

 Where, 

  t    - Present iteration 

 
pX - Position vector of the prey 

X   -  Position vector of a grey wolf. 

 The values of Vectors A and C are coefficient vectors are designed as 

follows 
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                                                                        (4.5) 

Where, r1, r2 are random vectors in [0, 1]. 

 a is proportionally decreases from 2 to 0 throughout the course of 

iterations. 

 

 Hunting: Grey wolves recognizes the position of the prey and surrounds the prey. 

Alpha wolf then guides other wolves for hunting and chasing. The beta wolves 

and delta wolves might also help in hunting of the prey. But during any 
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optimization problems we don’t know the exact solution or the location of prey 

and thus we take help of alpha wolf which is the best-known solution. The beta 

wolf and delta wolf are considered to estimate the position of prey along with 

guiding other pack of wolves towards the same prey. Following equations are used 

for updating the position of search agents based on location of α, β and δ. 

 

 

1 1 1

1 2 2

1 3 3
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                                      (4.6) 

 

 Attacking prey (exploitation): To aid the formation of the mathematical model, 

we need to decrement the value of A, therefore the value of ‘a’ is decreased from 

[2 to 0], as the value of A will always be between [-a, a] if |A| < 1 then the 

equations will force the packs of wolves to move in the direction of the prey. 

 

 Search for prey (exploration): The Grey wolves updates their position depending 

on the spot of presence of the alpha wolves, beta wolves, and delta wolves. They 

disperse away from one another or explore the search space to search for prey and 

converge or exploit to strike the prey. 

If |A|< 1  == Attacking prey – Exploitation 

If |A|> 1  == Searching for prey – Exploration 

 

 Another parameter that favors exploration is vector C, its value ranges between 

[0, 2]. The component C provides random weights for the searching prey for 

stochastically emphasizing (C > 1) or deemphasizing (C < 1) which shows the 

consequence of calculating the remoteness of the prey. 
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With the operators proposed up until this point, the GWO calculation permits its hunt 

operators to refresh their position dependent on the area of the alpha, beta, and delta; and 

attack towards the prey. The flow chart of the grey wolf optimization algorithm is shown 

in Figure 4.3. Notwithstanding, the GWO may forces the algorithm to stagnation in local 

solutions with these operators. The facts demonstrate that the surrounding instrument 

proposed demonstrates investigation somewhat, however GWO needs more operators to 

accelerate its exploration. 

 

4.4 HYBRIDIZATION OF GREY WOLF OPTIMIZER 

The simple grey wolf optimizer is also very flexible and convenient. It has given good 

results while tested on benchmark functions and other optimization problems in various 

fields. However, there is always room for improvement with these optimization tools. The 

operators like mutation and crossover are very popular population-based operators in 

artificial intelligence. These operators are included in the simple grey wolf optimizer to 

improve its performance. The accompanying four improved methodologies are utilized to 

guarantee the accuracy of the calculation: starting population procedure dependent on 

Opposition-Based Learning; choice activity dependent on ideal maintenance; hybrid 

activity dependent on population.  

 

Solving the high-dimensional capacity enhancement issue by HGWO calculation is as per 

the following. Right off the bat, for the underlying population, the essential GWO produces 

the underlying population in an unconventional way. Be that as it may, it will greatly affect 

the quest proficiency of the calculation for high- dimensional capacity streamlining issues. 

The calculation can't viably look through the whole issue arrangement space if the 

underlying grey wolf population is bunched in a little range. In this way, the Opposition-

Based Learning methodology is utilized to introduce the population, which can make the 

underlying population uniformly appropriated in the arrangement space, along these lines 

establishing a decent system for the global pursuit of the maxima. Also, the ideal 

maintenance methodology is utilized to save the ideal individual of the parent population 

during the time spent in population advancement. Subsequently, the newly developing 

population can develop in the ideal way. 
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Likewise, the population with higher wellness are chosen by the betting roulette activity, 

which keeps up the strength connection between people in the population. Finding the 

optimum solution is a typical, testing task among all optimization techniques. In 

population-based enhancement techniques, for the most part, the attractive method to meet 

towards the optimum solution can be isolated into two fundamental stages. In the beginning 

periods of the enhancement, the population ought to be urged to dissipate all through the 

whole search space. As it were, they should attempt to investigate the entire search space 

as opposed to bunching around nearby maxima. In the last stages, the population need to 

use data assembled to combine on the maxima. In GWO, with fine-modifying of the 

parameters 𝑎 and 𝐴, we can adjust these two stages so as to discover maxima with quick 

intermingling speed. Albeit various enhancements of individual-based calculations 

advance local optima evasion, the writing shows that population-based calculations are 

better in dealing with this issue. The exploration urges population for change suddenly and 

stochastically. This component improves the decent variety of the solutions and causes high 

exploration of the search space.  

 

4.4.1 Crossover 

 

The original GWO is modified by incorporating the operator crossover which is obtained 

from the Genetic Algorithm. The ability of global search is improved in the HGWO by 

incorporating crossover operator. All the members of the pack gain an opportunity to share 

their data amongst them which aids in getting closer to the optimum solution. The 

obligatory procedures of the exploration and exploitation among the wolves are 

maintained. Hence, it takes the edge of the problem of assortment and evades premature 

convergence.  

 

The probability of crossover PC can be 0 to 1. According to this probability 100XPC % of 

strings of total population is selected for crossover. While 100X (1-PC) % of the population 

remains as it is.  Crossover is the first operator applied on population of Grey wolves in 

hybrid grey wolf optimizer. The crossover probability is defined first for selection of pair 

of population. From the population of grey wolves, according to probability crossover is 

executed. The cross site is selected randomly from size of population matrix and the values 

after cross site is interchanged. The process is repeated for each population pair. 
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4.4.2 Mutation  

Mutation operator is used to further improve string/array after crossover. Mutation operator 

can be used to compliment. The mutation probability Pm is decided first.  In this algorithm 

Pm is set to 1%. Mutation is the second operator applied here on grey wolf matrix. A 

mutation matrix of zeros and ones is generated according to mutation probability and is 

multiplied with grey wolf matrix element to element thereby changing some of the values.  

 

The observational examination uncovers the fact that there may be the issue of immature 

convergence in the GWO because of absence of diversity in the search space. Further, it 

has been observed that sharing of information takes place only with three best solutions. 

During convergence, as the iterations converge, the GWO begins losing its diversity. In 

this manner, in the event of multimodal issues (where numerous nearby optima are 

available), it very well may be caught into an imperfect point, weakens it decent variety, 

and untimely crossover happened. The Hybrid GWO (HGWO) can reduce the 

neighborhood ideal stagnation and resolve the decent variety issue. In this modification, 

the operator of GA is incorporated with the GWO. The combining of evolutionary 

strategies into GWO, improves the pursuit capacity as each part can impart its data to other 

pack mates. Thus, HGWO makes appropriate balance between exploitation and 

exploration. In further chapters optimization work has been done using GWO and HGWO 

methods. 
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CHAPTER 5 

OPTIMAL REACTIVE POWER 

DISPATCH 

 

5.1 INTRODUCTION 

The problem of optimization of reactive power has a remarkable effect on economic and 

secure operations of power systems. In the power systems, problem of optimization of 

reactive power mainly affects the stability and reliability of power system. The reactive 

power must be under control so as to enhance the profile of voltage magnitude and 

optimize the transmission losses of the system. Generally, some load bus voltage might 

violate their upper or lower limits during system operation due to disturbances and/or 

system configuration changes. The power system operator can improve this situation and 

voltages can be maintained within their permissible limits by reallocating reactive power 

generation in the system. 

 

Sometimes the reactive power variations lead to the blackouts. Such black outs occurred 

in northern USA after which the reactive power optimization became the major concern. 

The purpose of Optimal Reactive Power is mainly to improve the voltage profile in the 

system and to minimize system losses. The Reactive Power Optimization problem is one 

of the most important   aspects   in   optimal   operation   of   power   system.   It   is   a 

multi-constraint,   multi-modal,   mixed-variable   and   nonlinear   planning problem.  

The main objective of RPO problem is to minimize the active power losses and to 

maintain the voltage profile in the power system, which can  be  achieved  by  adjusting  

controllable  variables,  such  as  generator voltages, transformer taps, shunt 

capacitors/inductors, etc. Since the generator voltages are continuous, whereas the 

transformer ratios and shunt capacitors/inductors are discrete, reactive power 

optimization is a complex nonlinear, multi-constraints, non-differentiable and mixed-

integer problem.  
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5.2 OPTIMAL REACTIVE POWER DISPATCH TECHNIQUES 

In the past, very intensive and exhaustive efforts were being made by various power 

system researchers in the direction of developing the robust and efficient solution 

technique for complex optimization problems like ORPD. Different traditional solving 

methods like method of classical coordination equations, method of interior point linear 

programming [98], method of  programming with quadratics[99] and method of non-

linear programming were broadly utilized to solve the issue of Optimal Power Flow(OPF) 

for power systems of high-scale. An elaborated analysis of all those formal minimization 

methods is described[100]. Although, the stated methods have number of disadvantages 

in working with non-linear, discontinuous functions having multiple local maxima or 

minima constraints[101]. 

Along with those formal methods[98]-[100], number of non- traditional artificial 

intelligence(AI) dependent methods were also described in review of literature like 

“Particle Swarm Optimization(PSO)”[101]-[102],ant colony minimization method[103], 

seekers minimization approach[104], stochastic search method, Evolutionary 

Programming method[105][106][107] and Genetic Algorithm approach [108][109][110]. 

All these non- traditional optimization methods are preferred over conventional 

numerical techniques because of their superiority to handle the nonlinear complex 

constraints and capability to reach near the global optimal solution efficiently. Another 

advantage of these non-traditional optimization techniques is their ability to provide the 

multiple optimal solutions near the global minima or maxima. 

 

5.3 MATHEMATICAL FORMULAE 

The mathematical modelling of the optimization techniques plays a very important role 

in the study and research of the optimal reactive power dispatch. The detailed analysis 

shows all the parameters affecting the optimization problem so that necessary measures 

can be taken for its proper functioning.   

The first objective function (F1) is to the total real power loss in the transmission network. 
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        (5.1) 

 

Where ,k lossP   is the real power loss in kth transmission line between ith and jth  buses; 

NL is the count of the all transmission lines; 

gk  is the conductance of k th transmission lines; 

Vi and Vj were voltages of the busses in per unit and 𝛿𝑖,𝛿𝑗  are phase angles in radians at 

the end buses i.e i th and j th of the k th transmission line, respectively. 

 

The consideration of the second objective function is to minimize total load bus voltage 

deviation. In a power system, it is desirable to maintain the load bus voltages within 

specified limit. 

2

1

PQN

i iref PQ
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                                        (5.2) 

NPQ is the total number of load buses 

The third objective (F3) is to minimize L-index [111], is used to include the voltage 

stability improvement. It is defined as follows:  

 

𝐹3 = 𝐿𝑖𝑛𝑑𝑒𝑥 = max𝐿𝑗 = {|1 −∑ 𝐹𝑗𝑖
𝑉𝑖

𝑉𝑗

𝑁𝑃𝑉

𝑖=1

| , 𝑗 ∈ 𝑁𝑃𝑄}                                (5.3) 

 

The value of L-index is calculated for each load bus in the system. The power system 

consisting of NB as total number of buses, consisting of NPV generator buses, NPQ takes the 

total number of remaining load buses. NT is the total number of on load tap changing 

transformers is considered. By using the load flow results, the L-index is computed as 

follows: 

2 2
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The values Fji are the elements of sub-matrix FLG as obtained from the Y-bus matrix as 

below: 

GG GLG G

LG LLL L

Y YI V

Y YI V

    
     

    
                                               (5.4) 

 

Where
 GI

 ,
 LI

 and
 GV

,
 LV

 representing the amount of complex currents and bus 

voltages respectively; whereas
 GGY

,
 GLY

 
 LGY

 and 
 LLY

 are corresponding fragments 

of network Y-bus matrix. 

By rearranging, we obtain 

 

L LL LG L

G GL GG G

V Z F I

I R Y V

     
     

     
                                             (5.5) 

Where, 

   
1

LG LL LGF Y Y


   

 

5.3.1 Significance of L-index 
 

The value of L-index lies between 0 and 1 [112]. The limiting values such as 0 represents 

that there is no load available in power system and as the system load is increases, its value 

increases until reaches to unity at the point of voltage collapse or voltage instability. 

Therefore, any value of L-index which is less than 1 and close to 0 indicates a system stable 

state i.e. system voltage stability margin. Thus L-index gives an indication of how far the 

system is from voltage collapse. This feature of this indicator is exploited by minimizing 

its value along with other objective functions in proposed model to improve the systems 

voltage stability margin. 

5.3.2 ORPD System parameters 
 

The objective functions are optimized subjected to all the inequality and equality system 

constraints as stated below: 
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5.3.2.1 Equality constraints 

 

 , , cos sin 0;
i

G i D i i j ij ij ij ij B

j N

P P V V G B i N 


                                (5.6) 

 , , sin cos 0;
i

G i D i i j ij ij ij ij B

j N

Q Q V V G B i N 


                             (5.7) 

 

5.3.2.2 Inequality constraints 

 

min max ;k k k TT T T k N                                                            (5.8) 

min max ;i i i BV V V N                                                            (5.9) 

min max

, , , ;G i G i G i PVQ Q Q i N                                                     (5.10) 

min max

, , , ;C i C i C i CQ Q Q i N                                                       (5.11) 

max ;l l LS S l N                                                                     (5.12) 

min max

, , ,G Slack G Slack G SlackP P P                                                         (5.13) 

 

5.3.3 Generalization of objective function  

 

The control variables of the power system are self-constrained. The dependent variables 

need to be taken care of. The inequality constraint violations are handled with the help of 

a static penalty function. The solutions which are infeasible are penalized by applying the 

constant penalty to the solutions, it is made sure that they do not violate the objective 

function. Thus, the penalty factors matching to voltage violations at the load buses
 ,VL i

, violations of reactive power at the generator buses
 ,QG j

, violations of real power at 
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slack bus  ,PG slack  and violations of power flow at lines of transmission  ,S l  are added 

in the objective functions as follows. 

   
2 2

lim lim

, , , ,

PQ PV
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n n VL i i i QG j G j G j

i N j N
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                   (5.14) 
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                 (5.15) 

Where Fn is nth value of the objective function. The boundaries of parameters which are 

dependent are stated as: 
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Where, V is the voltage, Q is the reactive power, P is denoted as the real power and S is 

the complex power in the system. For any reactive power optimization problem such as 

ORPD, the system variables include all control (decision) variables and all dependent 

variables. The system control variables are voltage magnitudes of all generators, 

transformer tap-settings and shunt capacitors/inductors. The system dependent variables 

are reactive power output of all generators, load bus voltage magnitudes and line flows. 

Therefore, the each real-valued individual consists of three parts: generator voltage 

magnitudes, transformer tap-settings and shunt capacitors/inductors as shown in Figure 5.1. 

Thus, the population initialization consists of Generators voltage magnitude, Transformer 

tap settings, Shunt capacitors/ Inductors.   



Shunt
capacitors/Inductors

Transformer
lap-settings

Generators
Voltage
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Figure 5.1 Representation of any individual in grey wolf population 

 

5.3.4 Power System of IEEE 30 bus 

The power system structure of IEEE-30 bus information, single line diagram and settings 

for operation are stated in Appendix a. The system structure consists of 6 generator buses, 

41 transmission lines and 24 load buses. The 5 PV buses are stated with the bus numbers13, 

11, 8, 5 and 2. Bus number 1 is opted as the slack bus. Load buses are called the PQ buses. 

The transmission lines 27-28, 4-12, 6-10 and 6-9 have transformers for load tap setting. 

The reactive power sources like inductor/ capacitor are situated at bus numbers 24, 10 and 

3.  

 

The problem regarding dispatching of optimal reactive power has been solved utilizing a 

new meta-heuristic named Grey Wolf Optimizer (GWO) which has been described in a 

detailed in the previous chapter. The GWO method is hybridised by inserting the crossover 

and mutation operators for better convergence at global minima. The new HGWO method 

which has been discussed in detail in the previous chapter is used to get better results in the 

optimal reactive power dispatch.  The flow chart for solving ORPD by HGWO is given in 

Figure 5.2. 
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Figure 5.2 Flow Chart for Optimal Reactive Power Dispatch using HGWO 

5.4 RESULTS AND DISCUSSIONS 

5.4.1 Results on IEEE 30 Bus 

The described HGWO dependent ORPD is examined on a standard power system of IEEE 

30 bus systems. The best optimal values of control parameters and value of objective 

function have been acquired by simple GWO, HGWO and other alternative approaches 

which have been listed in Table 5.1. These outputs represent that the minimal solutions for 

dispatch have been estimated by the HGWO to produce a least value of total transmission 

loss of real power as compared and contrasted with other methods. With this, it can be 

concluded that the described HGWO is perfect to estimate the global or closer-to-global 

minimal solutions for dispatch of reactive power. All the programs (algorithms) are carried 

out using MATLAB R2014a programming environment on Intel(R) Core(TM) i3-3110M, 

2.40GHZ, 4.0 GB RAM computer system. 

  

Yes 

No 
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Table 5.1 Comparison of optimal values of control parameters  

Control 

variables 
HGWO GWO BBO[111] PSO[112] GPAC[112] LPAC[112] CA[112] 

V1 1.0266 1.069297 1.1 1.01775 1.02942 1.02342 1.02282 

V2 1.0059 1.060347 1.0943 1.02458 1.00645 0.99893 1.09093 

V5 0.9833 1.035578 1.0804 1.02466 1.01692 0.99469 1.03008 

V8 0.9871 1.027609 1.0939 1.01421 1.03952 1.01364 0.95 

V11 1.0283 1.00703 1.1 1.01717 1.03952 1.01647 1.04289 

V13 1.004 1.014764 1.1 0.99613 1.0487 1.01101 1.03921 

TC6-9 0.9918 1.092684 1.1 1.09699 1.0425 1.04247 1.07894 

TC6-10 1.0391 0.966694 0.9058 0.92509 0.99417 0.99432 0.94276 

TC4-12 0.9999 0.964725 0.9521 1.00048 1.00218 1.00061 1.00064 

TC27-28 0.9 0.955906 0.9638 1.00714 1.00751 1.00694 1.00693 

Q10(MVAR) 9.1098 17.07352 28.91 15.365 17.267 17.737 15.32 

Q24(MVAR) 14.65 6.992714 10.07 6.22 6.539 6.172 6.249 

 

Table 5.2 Comparison of objective functions of IEEE-30 bus systems 

 Objective 

Functions 
HGWO GWO BBO[111] PSO[112] GPAC[112] LPAC[112] CA[112] 

Losses (MW) 4.8126 4.9717 4.9650 5.09219 5.09226 5.09212 5.09209 

Computational 

time(s) 
2.922 3.800 3.5680 3.72 3.434 1.262 1.365 

%loss 

reduction 

compared to 

non-optimized 

result 

13% 10% 10% 7% 7% 7% 7% 
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Figure 5.3 Convergence curve for transmission loss minimization using GWO  

 

Table 5.3 Reactive power dispatch value of each generator obtained using HGWO and GWO 

in IEEE 30 bus system  

Bus no 

Dispatch of Reactive power at 

each generator with HGWO 

(MVAr) 

Dispatch of Reactive power 

at each generator with 

GWO (MVAr) 

1 6.215537 6.335581 

2 23.33853 32.21293 

5 8.444262 27.76506 

8 33.21169 32.80172 

11 6.714723 11.16305 

13 8.602718 0.222903 

Total 86.52746 110.5013 

 

Table 5.4 Statistical values of objective function obtained after 10 independent runs. 

 BEST AVG STD DEV 

HGWO 4.8126 5.1017 0.1248 

GWO 4.9717 5.4985 0.4022 
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5.4.2 Values of objective function under different operating conditions 

To test the capability of the algorithm for different objective functions under different 

operating conditions (loading conditions) in constrained and unconstrained environment 

some more case studies have been performed on the IEEE 30 bus systems. The results are 

further used to find optimal cost of reactive power in further chapters. 

 

 Case1A=transmission active power loss minimization with constraints 

 Case1B=transmission active power loss minimization without constraints 

 Case2A =bus voltage deviation minimization with constraints 

 Case2B =bus voltage deviation minimization without constraints 

 Case3A=L index minimization with constraints 

 Case3B=L index minimization without constraints 

 

Various loading conditions are to be used to test the credibility of the proposed algorithm. 

For this purpose, three loading conditions have been used which are as follows: 

 

1. Base loading condition 

2. %5 increased active and reactive power load at each bus 

3. 10%increased active and reactive power load at each bus 
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The values of active and reactive power load details at each bus are illustrated in Table 5.5 

Table 5.5 Values of P and Q for base case, for 5% and 10% increase of load at each bus for IEEE 

30 bus system 

 Base case 

Load with 5 % increase 

at each bus for active 

and reactive power 

Load with 10 % 

increase at each bus 

for active and 

reactive power 

Bus no P Load (MW) 
Q Load 

(MVAR) 

P Load 

(MW) 

Q Load 

(MVAR) 

P Load 

(MW) 

Q Load 

(MVAR) 

1 0 0 0 0 0 0 

2 21.7 12.7 22.785 13.335 23.87 13.97 

3 2.4 1.2 2.52 1.26 2.64 1.32 

4 7.6 1.6 7.98 1.68 8.36 1.76 

5 94.2 19 98.91 19.95 103.62 20.9 

6 0 0 0 0 0 0 

7 22.8 10.9 23.94 11.445 25.08 11.99 

8 30 30 31.5 31.5 33 33 

9 0 0 0 0 0 0 

10 5.8 2 6.09 2.1 6.38 2.2 

11 0 0 0 0 0 0 

12 11.2 7.5 11.76 7.875 12.32 8.25 

13 0 0 0 0 0 0 

14 6.2 1.6 6.51 1.68 6.82 1.76 

15 8.2 2.5 8.61 2.625 9.02 2.75 

16 3.5 1.8 3.675 1.89 3.85 1.98 

17 9 5.8 9.45 6.09 9.9 6.38 

18 3.2 0.9 3.36 0.945 3.52 0.99 

19 9.5 3.4 9.975 3.57 10.45 3.74 

20 2.2 0.7 2.31 0.735 2.42 0.77 

21 17.5 11.2 18.375 11.76 19.25 12.32 

22 0 0 0 0 0 0 

23 3.2 1.6 3.36 1.68 3.52 1.76 

24 8.7 6.7 9.135 7.035 9.57 7.37 

25 0 0 0 0 0 0 

26 3.5 2.3 3.675 2.415 3.85 2.53 

27 0 0 0 0 0 0 

28 0 0 0 0 0 0 

29 2.4 0.9 2.52 0.945 2.64 0.99 

30 10.6 1.9 11.13 1.995 11.66 2.09 

Total 

load 
283.4 126.2 297.57 132.51 311.74 138.82 
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5.4.3 Results of Objective functions 

 

5.4.3.1 Results of case 1A and case 1B 

 

Table 5.6 Loss minimization with constraints and without constraints 

Loss minimization 

 

with constraints 

(case1A)(MW) 

without constraints 

(case1B)(MW) 

Base case 4.8126 4.5704 

5% increase active and reactive load 5.949 5.5114 

10% increase active and reactive 

load 7.1151 6.5292 

 

From the Table 5.6, it can be perceived clearly that as the system loading increases total 

system active power loss increases. The value loss minimization obtained for unconstrained 

condition is lesser than the constrained condition. This may be accounted to the availability 

of an expanded search space area in the unconstrained problem for finding the minimum 

solution. The convergence curve of transmission loss minimization is given in Figure 5.3. 

 

5.4.3.2 Results of case 2A and case 2B 

 

Table 5.7 Bus Voltage deviation minimization with constraints and without constraints 

Bus Voltage deviation minimization 

 

with constraints 

(Case 2A) 

without constraints 

(Case 2B) 

Base case 0.1935 0.173 

5% increase active and reactive load 0.2349 0.2337 

10% increase active and reactive 

load 0.2397 
0.2339 

 

It can be concluded from the Table 5.7 that, as the loading of system increases, the value 

of the system bus voltage deviation increases. The value of bus voltage deviation for 

unconstrained problem is lesser than the constrained condition. This is resulted due to the 

availability of a wider search space for the unconstrained problem in finding the minimum 

solution. 
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5.4.3.3 Results of case 3A and case 3B 

 

Table 5.8 L index minimization with constraints and without constraints 

L-index minimization 

 

with constraints 

(case 3A) 

without constraints 

(case 3B) 

Base case 0.1452 0.1132 

5% increase active and reactive load 0.1515 0.1411 

10% increase active and reactive 

load 0.1559 0.1461 

 

The results obtained in Table 5.8 clearly state that the value of L- index or the voltage index 

obtained without constraints is lesser than that obtained with constraints. The value of L-

index for unconstrained case is lesser than the constrained case which can be accounted to 

the availability of more search space area for finding the minimum optimum solution.  

 

5.4.4 Results on IEEE 118 bus. 

 

Power system structure along with the data and diagram of the single line of power system 

structure of IEEE 118 bus are given in Appendix c.  

Total no of buses 118 

Total no of transmission lines 186 

Total no of tap setting transformers 9 

Total no of Shunt inductors/capacitors installed 14 

Total no of synchronous condensers installed in the 

system 

35 

Total no of PQ buses 64 

Total no of PV buses 54 

Total active power load 4242MW 

Total reactive power load 1438MVAR 

There are nine transmission lines 81-80, 69-69, 65-66, 64-61, 63-59, 38-37, 30-17, 26-25,8-

5 having tap setting transformers under the range of [0.9, 1.1] per unit. In the system, the 

13 shunt capacitors are arranged at bus numbers110,107,105,83,82,79,74,48,46,45,44,34,5 

and there is also one shunt inductor connected at Bus number 34.  The magnitudes of bus 
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voltages are limited in the interval of [0.94, 1.06] per unit. The control parameters of the 

system are 9 tap-setting transformers, 54 voltage magnitudes of PV busses, and 14 shunt 

inductors/ capacitors. So that, the dimensions included in the search space of the IEEE 118 

bus system are 77 as shown in Table 5.9. 

 

      Table 5.9 Optimal values of control variables 

Control 

variables 
HWO GWO 

Control 

variables 
HWO GWO 

V1 0.95 1.04 V90 1.02 1.05 

V4 1.03 1.06 V91 1.06 1.05 

V6 1.02 1.04 V92 1.03 1.04 

V8 1.02 1.06 V99 0.98 0.99 

V10 0.94 1.06 V100 1.03 1.03 

V12 1.03 1.04 V103 1.01 1.01 

V15 1.00 1.04 V104 1.02 0.99 

V18 1.00 1.06 V105 1.02 0.99 

V19 1.01 1.05 V107 1.05 0.98 

V24 1.01 1.04 V110 1.01 0.98 

V25 1.01 1.05 V111 0.99 0.91 

V26 1.04 0.96 V112 1.04 0.97 

V27 0.97 1.05 V113 0.99 1.05 

V31 0.96 1.05 V116 1.01 1.05 

V32 0.94 1.04 T8 0.99 1.04 

V34 1.00 1.06 T32 1.02 0.90 

V36 0.99 1.04 T36 0.99 1.02 

V40 0.95 1.05 T51 0.96 0.93 

V42 0.99 1.05 T93 0.92 0.92 

V46 1.01 0.95 T95 0.98 0.99 

V49 1.00 1.03 T102 0.97 1.02 

V54 1.01 1.02 T107 0.96 1.02 
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V55 1.00 1.01 T127 1.01 1.03 

V56 1.01 1.02 QC5 -39.71 -37 

V59 1.00 1.04 QC34 12.5 13 

V61 0.96 1.00 QC37 -25.6 -27.8 

V62 0.97 1.00 QC44 9.5 9.8 

V65 0.98 1.04 QC45 9.9 9.5 

V66 1.02 1.05 QC46 9.81 8.97 

V69 1.03 1.01 QC48 15 13.7 

V70 1.00 0.98 QC74 11.29 11.21 

V72 1.03 1.01 QC79 18.89 15.36 

V73 1.05 1.01 QC82 19.7 18.9 

V74 1.00 0.94 QC83 9.97 10 

V76 1.00 0.95 QC105 19.2 18.1 

V77 1.00 0.99 QC107 5.8 5.6 

V80 1.00 1.00 QC110 5.6 5.9 

V85 1.01 1.04    

V87 1.05 0.94    

V89 1.04 1.05    

 

 

Table 5.10 comparison of objective function values and computational time for 118 bus 

system for GWO and HGWO algorithm with other algorithms 

 HGWO GWO 
BBO 

[111] 

PSO 

[112] 

GPAC 

[112] 

LPAC 

[112] 

CA 

[112] 
IP-OPF 

Losses (MW) 127.06 127.14 128.97 131.91 131.91 131.90 131.86 132.11 

Computational 

time(s) 
24.273 22.638 27.418 26.040 28.090 13.570 22.430 11.870 

%Loss reduction 

compared to non-

optimized result 

5% 5% 4% 1% 1% 1% 1% - 
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Table 5.11 Statistical values of objective function obtained after 10 independent runs. 

 
BEST AVERAGE 

SANDARD 

DEVIATION 

GWO 127.1433 132.4247 3.4762 

HGWO 127.0607 129.4943 4.6841 

 

 

5.4.5 Discussions of test performed on IEEE 30 bus system 

The values of optimal reactive power dispatch of the synchronous generators are calculated 

and compared in table (5.2 and 5.3). The results obtained while testing on various 

parameters have been very prominent. The observations made have been listed as follows: 

 The reactive power dispatch has been optimised successfully while using GWO and 

HGWO as seen in Table 5.3. 

 The losses seem to have considerably decreased by 3%, employing HGWO than 

GWO which supports better delivery of power to the load. 

 The computational Time for HGWO is 2.922 s which is considerably low 

contrasting with PSO (3.72 s) and GPAC (3.434s). 

 The percentage by which the losses are reduced is the highest while using HGWO 

as when compared to the rest of the optimization Algorithms.  

 Dispatch of reactive power is better when use of HGWO takes place rather than 

GWO. 

 The average values of the objective function are higher in the employment of GWO 

instead of HGWO as mentioned in Table 5.4. 

All these results show that the selection of the optimization algorithms, GWO and HGWO 

have proven to be beneficial.  

 

5.4.6 Discussions of test performed on IEEE 118 BUS system 

 

The values of optimal reactive power dispatch of the synchronous generators for IEEE 118 

bus systems are calculated and compared in Table (5.10). The results obtained while testing 

on various parameters have been very prominent. The observations made have been listed 

as follows: 
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 The losses seem to be considerably low when employing HGWO than GWO which 

supports better delivery of power to the load. 

 The computational Time for HGWO is slightly higher than GWO but, lower than 

some prominently used algorithms, but promise better accuracy and convergence 

at the global minima. 

 The percentage by which the losses are reduced (%5) considerably high while using 

HGWO as when compared to the rest of the optimization Algorithms.  

 The average values of the objective function are 2.26% higher in the employment 

of GWO instead of HGWO as seen in Table 5.11. 

 

All these results show that the selection of the optimization algorithms that, GWO and 

HGWO have proven to be beneficial. In some cases, the algorithm HGWO shows a better 

margin than GWO. 

The minimal solutions for dispatch were attained from the GWO and HGWO are compared 

with the alternate evolutionary techniques and it is fair that the described method is capable 

to get the minimum value of transmission losses of real power. We can conclude the fact 

that, the method is capable of estimating the global or near-global minimal. 
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CHAPTER 6 

OPTIMAL REACTIVE POWER COST 

ALLOCATION 

 

6.1 INTRODUCTION 

 
The systems of electric power generation deal majorly with the injection of real power and 

reactive powers. The real load demand has to be met for which various types of generation 

are done by using different types of fuel. The generators majorly work by using thermal 

energy, gas hydro and nuclear energy. The huge demand of electricity requires huge 

production of electricity by the generating units, which is, real power along with reactive 

power. Mostly, power generation costs focus about only real power and do not focus on the 

generation of reactive power. This is also equally important as; the reactive power is mostly 

required to make sure that the generated real power reaches the consumer without any 

obstacles.  The real power calculations form a very important part in the economics of the 

power generation and supply system. After illustrating the importance of reactive power as an 

ancillary service was brought out, the pricing of reactive power also gained equal importance.  

It started off as small-scale generation, but later incentives were provided to those who 

actually aided the power system with reactive power. Due to this, many economic points of 

view-based methods and the system operating practices were brought out. The reactive power 

indirectly affects the voltage of the system. Thus, many theories were proposed by many 

researchers to aid the pricing of the reactive power. The optimal pricing of reactive power also 

came into existence as, the theories based on the active power also gained importance. Many 

optimization techniques have been proposed in the literature, which mimic the behavior of 

living beings. The algorithm employed in the research work is the Grey Wolf Optimization 

and Hybrid Grey wolf Optimization which mimics the behavior of grey wolves which they 

are searching for their prey. 

The reactive power optimization is done for three different objective functions separately in 

chapter 5. This chapter briefly discusses the reactive power dispatch schedule and the cost is 
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derived for each generator, subjected to equality and non-equality constrains. GWO and 

HGWO methods are applied to solve the optimization problem. The concept is implemented 

on the IEEE30 bus system. System parameters of IEEE 30 bus systems are enumerated in 

appendix a 

 

6.2 REACTIVE POWER GENERATION COST MODELLING 

METHODS 

 

 
6.2.1 Method-1: Triangular approach 

The formulation of cost of active power, forms the basis of the reactive power calculation. 

In the formula of calculating the power cost, the active power is swapped by the reactive 

power by making use of the triangular relationship.   
 

2Cos ( ) '' '' ''t Q a Q b Q c                                                         (6.1) 

 

Where, a’’, b’’ and c’’ are considered to be constants. 

The values of constants are dependent on the power factor. The values of the constants are 

given as; 
 

'' sin 2 ,pa a   '' sinpb b  , '' pc c                                        (6.2) 

 

6.2.2 Method-2: Maximum Real Power (Pmax) Based Approach 

If the power produced by a generator is maximum i.e., Pmax is considered as the maximum 

active power. In this case, the cost for generating the active power equals to the cost of the 

maximum power. Under such conditions, the amount of reactive power produced is zero and 

so, SGi =Pmax. The production of reactive power will reduce the generation of producing 

active power. If the provision of reactive power is also started, the generation of active power 

is lessened. To compensate for the generation of the reactive power QGi, by generator i, the 

active power has to be compensated for operation at its nominal power (Pmax), the active 

power Pi to be produced is 

 
 

2 2

maxi iP P Q  , max iP P P                                                     (6.3) 
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The quantity of active power that will be lessened is given as P  which is owing to the 

generation of the reactive power. To aid accurate calculation of the cost of reactive power QGi, 

all the costs need be taken into consideration. They are considered as follows: 

 

 Cost (Pmax):  The cost of production of active power is equal to maximum power 

Pmax through one hour. 

 Cost (Pmax − ΔP): This cost denotes the cost of the generator while production of 

active and reactive power takes place with the amounts Pi and QGi, respectively.  

 Cost (Pmax) − Cost (Pmax − ΔP): Due to the generation of reactive power with the 

amount QGi, there is a reduction in the active power generation (ΔP). When the 

operating point of generator is moved from Pmax to other operating point, the cost is 

represented as follows:  

 

max
max max

max

Cos ( ) cos ( ) cos ( )Gi i

P P
t Q t P t P P

P


                              (6.4) 

 

6.2.3 Method 3: Based on MVA 

Maximum MVA Output is considered to rate the synchronous generators. The voltage 

specified and the power factor limits need to be set so that the generator does not move 

towards overheating. The power factor limits are usually set between 0.85 and 0.9 lagging 

for the smooth operation. Due to the MVA rating, the generation of active power is limited. 

Also, the generation of the amount of reactive power is restricted by the limits of armature 

current and field current and heating region limit at the end. Opportunity cost is another 

name given to the reactive power production cost of a generator.  It may decline due to the 

active power output capacity of the generators. The functioning of generators as spinning 

reserve may also protect the generators from moving into losses. The opportunity cost or the 

cost of reactive power generation may also depend on factors such as real time equilibrium 

amongst demand and supply of electricity in the marketplace. Due to the ambiguous 

dependency on various factors, the cost of the reactive power cannot be accurately 

determined. So, the cost can be estimated as: 
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2 2

max maxCos ( ) cos ( ) cos ( ) *Gi G G Git Q t S t S Q k  
                       (6.5) 

 

Where, maxGiS
= quantity of the nominal apparent power by the generator at bus i;  

QGi = amount of reactive power output of the generator at the bus i;  

 k = constant value of profit rate of the active power generation, 

Value of k ranges usually between 5% and 10%. For this research work, the value of k has 

been considered as 10%. 

 

6.3 CAPABILITY CURVE OF SYNCHRONOUS GENERATOR 
 

The production capability of reactive energy of a generator  which is synchronous is bounded 

by the curve of capability of it [113], [114] as viewed in Fig 6.1 The capability curve of 

synchronous generator gives the coupling/ relation between its reactive and real power 

outputs. When terminal voltage and real power are fixed, the heating bounds of field winding 

and the armature estimate the competence of reactive energy of generators. 

 

The synchronous generator’s Mega Volt Ampere (MVA) rating is the point of intersection of 

the two curves as represented by a point “R” and therefore its Mega Watt (MW) rating is 

given by PGR. At an operating point “A”, with real power output PGA such that PGA<PGR, the 

limit on QG is imposed by the generator’s field heating limit; whereas, when PGA>PGR, the 

limit on QG is imposed by the generator’s armature heating limit. QGbase is the reactive power 

required by the generator for its auxiliary equipment. If the operating point lies inside the 

limiting curves, say, at (PGA, QGbase), then the unit can increase its reactive generation from 

QGbase up to QGA without requiring readjustment of PGA. This will, however, result in increased 

losses in the windings, and hence increases the Cost of Loss Component (CLC). The capability 

curve of the synchronous generator is given in the Figure 6.1. 

 



Under excitation limits

Q min
G
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o
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Figure 6.1 Synchronous generator capability curve [113] 

 

If the generator operates on the limiting curve, any increase in QG will require a decrease in PG 

to adhere to the winding heating limits. Consider the operating point “A” on the curve defined 

by (PGA, QGA). If more reactive power is required from the unit, say QGB at another operating 

point “B”, the operating point requires shifting back along the curve to point (PGB, QGB), where 

PGB < PGA. This indicates that the generating unit has to reduce its real power output to adhere 

to field heating limits when higher reactive power is demanded. 

The loss in revenue to the generator due to the reduced production of real power is termed as 

Cost of Lost Opportunity (CLO) and is a significant issue. Once any generator is selected to 

provide reactive power service, that generator is entitled to get a payment component called 

as Cost of Availability (CA). An availability component of the offer (bid) typically represents 
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a small part of the generator’s capital cost that goes toward providing reactive power support 

[114]. The all three components for cost of a reactive power reserve from the generators are 

described in Fig.6.2 

 

6.4 PRODUCTION COST OF REACTIVE POWER FROM 

GENERATOR 

 
The cost structure for reactive energy is modelled depending on the supplier’s Expected 

Payments Function (EPF) for their ancillary services of reactive power. A physical 

visualization of the price structure offered to reactive power is viewed in Figure. 6.2. 

Depending on the details associated to capability curve of synchronous generator represented 

earlier, three operational areas for ith generator on the coordinates of reactive power are 

recognized as below: 

 

Figure 6.2 Structure of offers for reactive energy from providers of reactive energy [113] [114] 

 

Region I: 
 min

, , , 0G i G i Gl iQ Q Q  
: It mentions to the region of under excitation, where ith 

generator was needed to consume reactive energy from the system and it will obtain cost of 
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loss  and, so that, it can be expected to pay for its service. Its EPF will contain two features in 

this area like Cost of Loss Component (CLC) and Cost of Availability (CA). Hence, the EPF 

can be represented as  

                                                                    EPF =CA+CLC.                                              (6.6) 

 

Region II: 
 , 2, ,0 G i G i GA iQ Q Q  

: It mentions to the region of over excitation, where ith 

generator is needed to provide reactive energy inside its capability boundaries of reactive 

energy. hence in same way, stated in above Region, EPF can be represented as  

                                                                     EPF =CA+CLC.                                             (6.7) 

Region III:
 , , 3, ,GA i G i G i GB iQ Q Q Q  

: It mentions to the region of loss of opportunity, 

where ith generator is forced to minimize its production of active energy as far as attain the 

requirements of system’s reactive power. Consequently, generator was agreed to accept a fee 

combined as its Cost of Lost Opportunity (CLO) of minimized production of real power, 

towards another feature. The EPF can be represented as 

 

                                                                      EPF =CA+CLC +CLO.                                  (6.8) 

 

Although, the ISO was not in a deterministic state for generation of EPF in a generator market 

of deregulation. A suitable choice to the ISO was to ask cost coefficients from all generators 

depending on the model of EPF.  

The cost of reactive power following the capability chart of the generators can be plotted based 

on the reactive power support provided by the generators. Based on the data obtained, graph 

of Q vs Cost (Q) is plotted and by using of curve fitting toolbox in MATLAB, Reactive power 

cost coefficients can be obtained which are illustrated in Table 6.1 
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Table 6.1 Reactive power cost coefficients [115] 

Generator 

No. 
a0 ($) 

m1 

($/MVArh) 

m2 

($/MVArh) 

m3 

($/MVArh2) 

1 0.94 0.82 0.53 0.56 

2 0.79 0.62 0.48 0.48 

5 0.47 0.76 0.45 0.34 

8 0.8 0.42 0.26 0.28 

11 0.65 0.5 0.39 0.39 

13 0.38 0.27 0.29 0.27 

 

 

6.5 REACTIVE POWER COST ALLOCATION FOR IEEE 30 BUS 

SYSTEMS 

 
The power system structure of IEEE-30 bus information, single line diagram and settings for 

operation are stated in Appendix a. The system structure consists of 6 generator buses, 41 

transmission lines and 24 load buses. The 5 PV buses are stated with the bus numbers13, 11, 

8, 5 and 2. Bus number 1 is opted as the slack bus. Load buses are called the PQ buses. The 

transmission lines 27-28, 4-12, 6-10 and 6-9 have transformers for load tap setting. The 

reactive power sources like inductor/ capacitor are situated at bus numbers 24, 10 and 3.  

The reactive power cost allocation has been applied to the IEEE 30 bus system for the 

following objective functions. The mathematical equations of the objective function have been 

already written in chapter 5. (eq no 5.1 to 5.3) 
 

 Objective 1 - Loss Minimization 

 Objective 2 - Voltage Deviation minimization 

 Objective 3 - L-index minimization 

Pseudo code to calculate reactive power cost for each objective function using GWO & 

HGWO is as follows 

1. Initialize the position of grey wolf population (search agents) Xi(i =1 ,2,..n), a, A, and 

C  

2. Calculate the objective function value f(Xi) for each search agent and  
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Set:f(Xα) ← the best f(Xi) 

f(Xβ) ← the second best f(Xi) 

f(Xδ) ← the third best best f(Xi 

3. for t ← 1 to maximum number of iterations do 

4. for i ← 1 to number of search agents do 

5. update Xi  

6. end for  

7. Calculate the objective function value f(Xi) for each search agent and update a, A, C, 

Xα,Xβ, and Xδ (Apply crossover and mutation procedure in case of HGWO only) 

8. end for  

9. return Xα 

10. Based on the obtained optimum values of control variables calculate reactive power 

production of each generator. Multiply the reactive power generation values  with the 

cost coefficient illustrated in table 6.1 and calculated the reactive power cost for 

particular objective function 

 

 

 

6.5.1 Objective 1 – Total transmission line active power loss minimization 

 

    Table 6.2 Generator active, reactive power dispatch and reactive power cost of objective I 

Obj I=loss minimization 

Gen no PG in MW QG in MVAR Q cost in $ 

Obj 1 
 

1 98.48677 15.85107 0.94 4.97 MW 

Total 

transmission 

line losses 

(calculated 

as per eq 

5.1) 

2 80 3.348136 0.79 

5 50 40 17.00348 

8 20 40 11.46664 

11 20 -0.21168 0.755841 

13 20 -6 2 

Cost with HGWO 32.95596 

Cost with simple GWO 42.11662 

Value of total bus voltage deviation minimization(calculated as per 

eq 5.2) 
0.8569 

Value of Lmax  (calculated as per eq 5.3) 0.1962 
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Figure 6.3 Convergence curve for objective I 
 

 

6.5.2 Objective 2 - Voltage Deviation minimization 
 

            Table 6.3 Generator active, reactive power dispatch and reactive power cost of objective II 

Obj II= voltage deviation minimization 

Gen no PG in MW QG in MVAR Q cost in $ Obj 2 

1 212.2306 0.00087 0.94 

0.2295 

2 36.22809 27.17473 13.05177 

5 29.34949 29.94776 13.12042 

8 12.9381 39.9987 10.67428 

11 4.395232 9.091304 3.552109 

13 0.000333 7.727756 2.244849 

Cost with HGWO 43.58342  

Cost with simple GWO 53.23702  

Value of total transmission active power losses in MW 5.5877 

Value of Lmax 0.1555 
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Figure 6.4 Convergence curve for objective II 

 

6.5.3 Objective 3 – L-index minimization 

 

      Table 6.4 Generator active, reactive power dispatch and reactive power cost of objective III 
 

Obj III= L-index minimization 

Gen no PG in MW QG in MVAR Q cost in $ Obj 3 

1 99.59061 18.99676 0.94 

0.1476 

2 80 50 24.79 

5 50 40 17.00348 

8 20 4.693358 2.020273 

11 20 -6 3.65 

13 20 8.509536 2.847765 

Cost with HGWO 43.58342  

Cost with simple GWO 53.23702  

Value of total transmission active power losses in MW 5.7861 

Value of total bus voltage deviation minimization 0.3495 
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Figure 6.5 Convergence curve for objective III 

 

6.5.4 Summary of all objective functions 

 
Table 6.5 Summary of all objective functions 

 

Objective 

Loss 

minimization 

(objective I) 

Voltage deviation 

minimization 

(objective II) 

L-index 

minimization 

(objective III) 

Losses 5.08 5.5877 5.7861 

Voltage deviation 0.8569 0.2295 0.3495 

L-index 0.1962 0.1555 0.1476 

Total reactive power 

cost (GWO) 
42.11662 53.23702 55.49805 

Total reactive power 

cost (HGWO) 
32.95596 43.58342 51.25152 

 

6.6 RESULTS AND DISCUSSION 

 
The values of active and reactive power generation along with the reactive power cost of each 

generator, value of objective function I (transmission line active power loss minimization) and 

the entire system cost with HGWO and GWO is compared in Table 6.2. Active and reactive 
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power generation, reactive power cost of each generator, value of objective function II (bus 

voltage deviation minimization) and the total system cost with HGWO and GWO is compared 

in Table 6.3. Active and reactive power generation, reactive power cost of each generator, 

value of objective function III (voltage stability index minimization) and the total system cost 

with HGWO and GWO is compared in Table 6.4. The summary of the losses, voltage index, 

L-index, Total reactive power cost for GWO and HGWO has been illustrated in the Table 6.5. 

The following observations can be made from the Tables 6.2, 6.3, 6.4 and 6.5. This gives us 

a brief description of the findings in the research: 

 In the Objective 1 which is loss minimization, the cost obtained with HGWO is 32.955 

and the cost obtained with GWO is 42.11. It can be observed that, the cost with HGWO 

is significantly low than the cost with GWO. 

 In the Objective 2 which is voltage deviation minimization, the cost obtained with 

HGWO is 43.58 and the cost obtained with GWO is 53.23 It can be observed that, the 

cost with HGWO is appreciably low than the cost with GWO. 

 In the Objective 3 which is L-index minimization, the cost obtained with HGWO is 

51.25 and the cost obtained with GWO is 55.49. There may not be a significant 

difference in the cost, but HGWO certainly has an edge over the conventional GWO. 

 While, observing the summary of all the objective function together, it can be 

perceived that the losses are least i.e., 5.08MW only when the objective function of 

losses minimization is considered.  

 The convergence curves of all the objective functions are given in Figure 6.3, 6.4 and 

6.5 respectively. 

 The values of the voltage deviation is least i.e., 0.2295 pu when the objective function 

is taken as voltage deviation minimization. 

 The L-index is least during the objective-3 i.e., 0.1476. This has been obtained when 

the objective function is considered as L-index minimization. 

 The total reactive power cost when employing GWO has been obtained least when, 

the losses minimization objective function is taken into consideration. 

 The total reactive power cost when employing HGWO is found to be the least, for the 

objective function taken as losses minimization. 
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 When comparing the both optimization technique better results have been found by 

using the HGWO reactive power cost allocation technique. 

 It can be concluded that reactive power generation cost is highest, when we emphasize 

on minimization of voltage stability index objective 
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CHAPTER 7 

REACTIVE POWER MARKET 

 

7.1 INTRODUCTION 

 
The allocation of optimal reactive power cost has been described in detail in the previous 

chapter. It has also been analysed with the considered IEEE 30 bus system by allocating with 

different objectives.  For the achievement of reactive market goals, it is mandatory to 

understand the numerous models used in the market structure. There three basic models that 

have been followed throughout. The three basic models for discussion are: 

 Pool Co model 

 Bilateral Contracts Model 

 Hybrid Model 

Further, the reactive power market is classified for better understanding purposes. This 

classification is given as: 

 Sequential Market 

 Simultaneous market 

 

7.2 MODELS OF MARKET STRUCTURE 

 
Let us discuss the models of the market structure. The following are the models of market 

structure: 

7.2.1 Pool Co Model 

 

A PoolCo is defined as a centralized marketplace that clears the market for buyers and sellers. 

Electric power sellers/buyers submit bids to the pool for the amounts of power that they are 

willing to trade in the market. Sellers in a power market would compete for the right to supply 
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energy to the grid, and not for specific customers. If a market participant bids too high, it may 

not be able to sell. On the other hand, buyers compete for buying power, and if their bids are 

too low, they may not be able to purchase. In this market, low cost generators would 

essentially be rewarded. An ISO within a PoolCo would implement the economic dispatch 

and produce a single (spot) price for electricity, giving participants a clear signal for 

consumption and investment decisions. The market dynamics in the electricity market would 

drive the spot price to a competitive level that is equal to the marginal cost of most efficient 

bidders. In this market, winning bidders are paid the spot price that is equal to the highest bid 

of the winners.  

 

7.2.2 Bilateral Contracts Model 

 
Bilateral contracts are negotiable agreements on delivery and receipt of power between two 

traders. These contracts set the terms and conditions of agreements independent of the ISO. 

However, in this model the ISO would verify that a sufficient transmission capacity exists to 

complete the transactions and maintain the transmission security. The bilateral contract model 

is very flexible as trading parties specify their desired contract terms. However, its 

disadvantages stem from the high cost of negotiating and writing contracts, and the risk of the 

creditworthiness of counterparties. 

 

7.2.3 Hybrid Model 

 

The hybrid model combines various features of the previous two models. In the hybrid model, 

the utilization of a PoolCo is not obligatory, and any customer would be allowed to negotiate 

a power supply agreement directly with suppliers or choose to accept power at the spot market 

price. In this model, PoolCo would serve all participants (buyers and sellers) who choose not 

to sign bilateral contracts. However, allowing customers to negotiate power purchase 

arrangements with suppliers would offer a true customer choice and an impetus for the 

creation of a wide variety of services and pricing options to best meet individual customer 

needs. In our discussion of market structure, we assume the use of a hybrid model. 
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7.3 CATEGORIES OF REACTIVE POWER MARKET  

 
7.3.1 Sequential market 

 

The sequential approach includes sequential computations in real power and ancillary services 

markets in which the results of one market would represent the starting point for the next market. 

The ISO plays a critical part in adjusting supply, request, and costs in a sequential market 

structure. In this investigation, sequential market approach is considered. 

7.3.2 Simultaneous market 

 

The simultaneous approach involves the simultaneous computation of supply, demand, and 

prices in all auction markets. In a simultaneous auction market, the ISO would not expedite 

the generation in an existing closed market to alter the moment sell off market. 

 

7.4 REACTIVE POWER MARKET SETTLEMENT 

 
In this competitive electricity market, reactive power is an ancillary service and generally, it 

is traded in bulk amount within a domain called reactive power market. Therefore, the reactive 

power market is a place where the competitive trading (auction) of reactive power occurs. The 

market is a centralized mechanism that facilitates reactive energy trading between buyers and 

sellers. The proposed reactive power market has a neutral and independent clearing and 

settlement operation. In general, the ISO operates the market. The ISO receives the offer bids 

(the price and quantity pairs) from all the market participants. In a single-sided auction market, 

the bids are called from GENCOs (only) for a given fixed demand. In contrast to that, the 

supply bids are submitted by GENCOs as well as the demand bids are submitted by load 

serving entities in a double-sided auction market. The ISO aggregates the supply bids into a 

supply curve and the demand bids into a demand curve (in case of double-sided auction 

market). The market clearing process for both single-sided and double-sided auctions are 

illustrated in following figures respectively. The intersection of these supply and demand 

curves determines the market-clearing price (MCP) at which reactive energy is bought and 

sold. 
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Figure 7.1 Energy Market Clearing for a single-sided auction market [116] 

 

 

This section addresses various significant issues related to the creation of a competitive market 

for reactive power as an ancillary service and determining a possible model for market 

settlement based on uniform price auction and pay as bid for all reactive power providers. 

Under uniform price auction scheme, all the selected participants (providers) are paid a 

uniform price, which is the highest accepted offer. Since each provider would receive a price 

greater than it’s offered price, submitting an offer priced above its costs will expose the 

Figure 7.2 Energy Market Clearing for a double-sided auction market [116] 
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provider to the risk that the offer is not selected, resulting in loss of revenue [117]. Therefore, 

it has been argued by many economists that the uniform price auction provides an incentive 

to all participants to bid their true costs and hence such auctions promote competition [118]. 

 

In this market structure, two separate markets (i.e. reactive power market and energy market) 

are assumed to be settled in different time frames. Therefore, the real power dispatch schedule 

(i.e. output) of Energy Market Settlement (EMS) becomes one of the inputs for Reactive 

Power Market Settlement (RPMS). This means that ISO will also have the information 

regarding the real power output schedules of all the generators from day-ahead energy market 

settlement prior to the reactive power market settlement. In reactive power market, all 

providers (i.e. all generators and synchronous condensers) are required to submit their reactive 

power offers (bids) in a prescribed format to ISO along with their capability curve details. 

Thus on the basis of this information, the required reactive output schedule for all the service 

providers and the uniform market clearing prices are determined to settle the reactive power 

market. 

 

The following assumptions are made while designing the reactive power market:  

The Reactive Power Market Settlement (RPMS) is taken place after the Energy Market 

Settlement (EMS) as in Ref. [120], [118]. 

Only the ISO has monopsony [120] power in the reactive power market which means that 

only the ISO is a sole buyer of reactive power ancillary services. Therefore, the ISO calls for 

reactive power offers (bids) from all the reactive power providers.  

Only synchronous generators and synchronous condensers are considered as reactive power 

market participants and eligible to receive the payment for providing the reactive power 

supports. 

Here, it is worth mentioning that a single price for the whole system is determined for each of 

the reactive power service components in the proposed single zone day-ahead reactive power 

market model based on uniform price auction mechanism. 
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7.5 STRUCTURE OF REACTIVE POWER OFFER BIDS 

 
Based on the classification of reactive power production costs discussed chapter number 6, 

generalized EPF and, hence, an offer structure  [117] can be formulated mathematically as 

follows 

, ,

min
, ,,

0

0, 1, , 2, , 3, , ,. . ( . ).
GA i GB i

Gbase i GA iG i

Q Q

i i i G i i G i i G i G i

Q QQ

EPF a m dQ m dQ m Q dQ                             (7.1) 

 

The coefficients in above equation represent various components of reactive power cost incurred 

by the provider that need to be submitted in the reactive power ancillary service market. These 

are explained as 

0,ia
= the cost of availability of price offer (in $), 

1,im
=cost of loss component of price offer for the operating condition in under excited mode 

(absorb reactive power)      

 
min

, , 0G i G iQ Q 
 (in $/MVAr-h), 

2,im
= cost of the loss component price offer for operating condition in over excited mode.  

, , ,Gbase i G i GA iQ Q Q 
 (in $/MVAr-h) and  

3,im
=cost of lost opportunity price. , , ,GA i G i GB iQ Q Q 

 in ($/MVAr-h)/MVAr-h. 

The above discussion also holds true for the synchronous condensers, except for the opportunity 

cost component. Synchronous condensers will be assumed to offer all components, except for 

the opportunity price. 

 

7.6 PROPOSED REACTIVE POWER MARKET MODEL 

 
In proposed model, all participating reactive power providers (all generators/synchronous 

condensers) must submit their offers (bids) to the ISO in terms of the four components 

prescribed format along with the information about their capability curves. The proposed model 

assumes that the real power market has been settled and the real power generation schedules 
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have already been decided. This allows determination of opportunity costs. Therefore, following 

three types of inputs are accepted by the proposed model: 

 Four components of reactive power offer bid  0 1 2 3, , ,a m m m submitted from each 

participating provider. 

 Information related to the capability curve for each generator/synchronous condenser. 

As mentioned earlier, the opportunity price offer for synchronous condensers is 

“zero.”  

 Real power output schedule for all generators obtained from the Energy Market 

Settlement (EMS). 

Once the above three inputs are received, the ISO settles the market and declares the uniform 

market price of each component of reactive power offer separately. The settlement of a day-

ahead reactive power market must also consider the system configuration and operating 

conditions in addition to the offers (bids) submitted by the service providers. To achieve these 

goals, the ISO runs the optimization program to evaluate the required reactive power output 

schedules for all providers along with Uniform Market Clearing Prices (UMCPs) for the whole 

system. In the proposed model, the objective function is minimized subjected to various system 

operating constraints by using grey wolf optimization technique. Therefore, the solution of the 

proposed model yields the following outputs: 

 

 The required reactive power output schedule for each generator/synchronous 

condenser. 

 Uniform market clearing prices  0 1 2 3, , ,     for the reactive power market. 

 The total payment made by the ISO to the reactive power service providers.. 

7.6.1 Objective function formulation of reactive power market model 
 

 

The objective in the proposed market model is to minimize the Total Payment Function (TPF) 

for reactive power support provided by the generators and the synchronous condensers in 

order to settle the reactive power market. The total payment will depend on the market price 

of the four components of reactive power being offered to the service provider. [123] 
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0 0( , ) 1 1( , ) 2 2( , ) 2( , ) ( , )

2 2
1 1 2 3( , ) 3( , ) ( , ) 3 3( , ) 3 ( , ) ( , )

( )

( ) 0.5 ( )

iNUNB
q i u q i u q i u i u base i u

i u q i u i u base i u q i u i u A i u

W W W Q Q
Min TPF

W Q Q W Q Q

  

  

    
  

    
   (7.2)                           

 

Where gen is an index for generator at a bus. The reactive power output from ith provider is 

classified into three components 
1, 2, 3,, ,G i G i G iQ Q Q  that represents the regions

min

,( ,0)G iQ ,

min

, ,( , )Gbase i GA iQ Q  and , ,( , )GA i GB iQ Q  respectively.  

Accordingly, only one of the binary variables W1,W2 and W3 can be selected. In the above 

equation 0  is the uniform availability price; 1  and 2  are uniform cost of loss prices for 

reactive power absorption and production respectively; 3 is the uniform opportunity price. If 

a provider is selected, W0 will be ‘1’ irrespective of its reactive power output and it will receive 

the availability price. 

 

7.6.2 System constraints in Reactive Power Market Model 

 

The minimization of objective function is subjected to various system equality and inequality 

constraints as described below: 

 

7.6.2.1 Equality constraints 

 

 , , cos sin 0;
i

G i D i i j ij ij ij ij B

j N

P P V V G B i N 


                             (7.3) 

 

 , , sin cos 0;
i

G i D i i j ij ij ij ij B

j N

Q Q V V G B i N 


                          (7.4) 

 

where NB is the total number of buses; PG,i and QG,i are the real and reactive power generation 

at ith bus respectively; PD,i and QD,i are the real and reactive power demands at ith bus 

respectively; Gij and Bij are the transfer conductance and susceptance between i th bus and j th 

bus, respectively; ij is the phase angle in radian associated with the reactance between i th bus 

and j th bus.. 
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7.6.2.2 Reactive power constraints and limits 

  

For the reactive power operating regions of ith
 provider, a set of governing algebraic relations 

is required to ensure appropriate reactive power allocation as given in eq. 

 

, 1, 2, 3,G i G i G i G iQ Q Q Q                                                          (7.5)              

min

1, , 1, 1, ,. .i G i G i i Gbase iW Q Q W Q                                                    (7.6) 

2, , 2, 2, ,. .i Gbase i G i i GA iW Q Q W Q                                                  (7.7) 

3, , 3, 3, ,. .i GA i G i i GB iW Q Q W Q                                                     (7.8) 

1, 2, 3, 1i i iW W W                                                                    (7.9) 

 

7.6.2.3 Constraints determining the market prices 

 

0, 1, 2, 3,, , ,i i i iW W W W
 are the binary variables which determines the working region of generator. 

The costs of the market  0, 1, 2, 3     are estimated independently for every parameter of 

reactive power. The variables as stated in eq.7.10 to 7.14 guarantee that the market cost for 

reactive power, for a stated set of bids, is the greatest cost bid allowed: 

  

0, 1, 2, 3, ;i i i iW W W W i gen                                                 (7.10) 

0, 0, 0. ;i iW a i gen                                                            (7.11) 

1, 1, 1. ;i iW m i gen                                                             (7.12) 

 2, 3, 2, 2. ;i i iW W m i gen                                                  (7.13) 

3, 3, 3. ;i iW m i gen                                                            (7.14) 
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7.6.2.4 Reactive power provision limits 

 
min max

, , , ;G i G i G i PVQ Q Q i N                                                     (7.15) 

min max

, , , ;C i C i C i CQ Q Q i N                                                       (7.16) 

Where, ,G iQ
,

min

,G iQ
, and 

max

,G iQ
 are the reactive power output of ith generator, its minimum and 

maximum limits respectively. Similarly, ,C iQ
,

min

,C iQ
 and 

max

,C iQ
 are reactive power from capacitor 

/ inductor banks at ith bus, its minimum and maximum limits respectively. NPV and NC are total 

number of generator buses and capacitor/inductor banks respectively. [121]. 

 

7.6.2.5 Reactive power capability limits of generators 

 

The constraint given in eq.7.17 and 7.18 is applicable to ensure that the armature heating limits 

(i.e. for 
, ,G i GR iP P ) and field heating limits (i.e. for 

, ,G i GR iP P ) are followed by any operating 

point (
, ,,G i G iQ P ) over the capability curve for ith

 provider [122] 

 
2 2

, , , , , ,G i t i a i G i G i GR iQ V I P ifP P     (Armature Heating Limit)       (7.17)  

2
2

, ,2

, , , , ,

, ,

t i t i

G i af i G i G i GR i

s i s i

V V
Q E P ifP P

X X

 
     

 

  (Field Heating Limit)  (7.18) 

Bus voltage limits 

min max ;i i i BV V V N    

Where, Vi , 
min

iV
 and 

max

iV
 are bus voltages, minimum and maximum bus voltage limits 

respectively. BN
 is the total number of load buses. 
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7.6.2.6 Security constraints 

 
max ;l l LS S l N                                                                           (7.19) 

min max

, , ,G Slack G Slack G SlackP P P                                                               (7.20) 

where 
lS  and max

lS  are the line loading and its maximum permissible limit of lth transmission 

line respectively. NL is the total number of transmission lines. 
min

,G SlackP  and 
max

,G SlackP  are the 

minimum and maximum limits of real power output of the slack bus generator respectively. 

7.6.2.7 Transformer taps setting constraints 
 

 min max ;k k k TT T T k N                                                                  (7.21) 

where 
kT  , min

kT  and max

kT  are transformer tap-setting at kth 
 transmission line, its minimum and 

maximum tap-setting limits respectively. NT is total number of transformers. 

 

7.7 GENERALIZED AUGMENTED OBJECTIVE FUNCTION 

 
The power system control variables are self-constrained but the dependent variables are required 

to be taken care.  A static penalty function approach is used to handle the inequality constraint 

violations. The infeasible solutions are penalized, by applying a constant penalty to those 

solutions, which violate feasibility in any way. The infeasible solutions are handled by applying 

a constant penalty to these infeasible solutions. The penalty functions corresponding to all the 

dependent variables such as voltage violations at all load buses  ,VL i ,  ,QG j  reactive power 

violations at all generator buses  ,S l   ,QG j , real power violations at slack bus  ,PG slack  

and power flow violations at all transmission lines  ,S l  are included in objective function as 

follows 

.    
2 2

lim lim

, , , ,

PQ PV

aug

n n VL i i i QG j G j G j

i N j N

F F V V Q Q 
 

                                 (7.22) 

    
2

2
lim lim

, , , , ; 1:
Gslack L

PG slack G k G k S l l l obj

k N l N

P P S S n N 
 

                          (7.23) 
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Where, 
nF  is n th objective function value. The limits of dependent variables are defined as:: 

 

max max

lim

min min

;
; 1:

;

i i i

i PQ

i i i

V ifV V
V i N

V ifV V

 
  


                                                 (7.24) 

max max

, , ,lim

, min min

, , ,

;
; 1:

;

G j G j G j

G j PV

G j G j G j

Q ifQ Q
Q j N

Q ifQ Q

 
  



                                       (7.25) 

max max

, , ,lim

, ,min min

, , ,

;
; 1:

;

G k G k G k

G k G slack

G k G k G k

P ifP P
P k N

P ifP P

 
  



                                   (7.26) 

max max

lim

min min

;
; 1:

;

l l l

l L

l l l

S ifS S
S l N

S ifS S

 
  


                                             (7.27) 

 

7.8 RESULTS AND DISCUSSIONS 
The effectiveness of the proposed model is analyzed and demonstrated on two standard power 

system data such as IEEE 30 bus system and IEEE 118 bus power system. All algorithms are 

run in MATLAB R2014a programming environment on Intel(R) Core(TM) i3-3110M 

CPU@2.40GHZ 2.40GHZ, 4.0 GB RAM computer system. The details of both test bus power 

systems are given in appendix A and C respectively. Steps of reactive market clearing are as 

follows. 

The algorithm accepts the set of reactive power bids  

 Convert block reactive power bids into corresponding generator capacities and costs 

 Run an optimal power flow using HGWO method to find generator reactive power 

allocations (dispatch) and reactive power prices. The objective function is 

minimization of total payment paid by ISO subjected to various constraints explain in 

previous section. 

 Convert generator reactive power allocations and reactive power prices into set of 

cleared bids. 

Reactive power dispatch values and cleared bid price for IEEE 30 bus and IEEE 118 bus 

systems are illustrated further. 
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Table 7.1 Reactive power dispatch values and price for pay as bid and uniform auction method for 

IEEE 30 bus system 

Gen no Qg (MVAR) 
Market clearing price 

pay as bid in $ 

Market clearing price 

with uniform auction in $ 

1 0.00087 0 0 

2 27.17473 13.0438683 13.0438683 

5 29.94776 13.11571854 13.91575854 

8 39.9987 10.66627615 17.33307818 

11 9.091304 3.545608562 4.363825922 

13 7.727756 2.241049273 3.709322934 

Total cost  42.61252082 52.36585387 

 

Table 7.2 Market clearing prices for IEEE 30 bus system 

Uniform market clearing price component 

ρ0 ρ1 ρ2 ρ3 

0.94 0 0.48 0.34 

  

 

Figure 7.3 Comparison of pricing of each generator with pay as bid and uniform auction method 

for IEEE 30 bus system 

Table 7.3 Market clearing price for IEEE 118 bus systems 

Uniform market clearing price component 

ρ0 ρ1 ρ2 ρ3 

0.92 0.91 0.9 0.36 
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Table 7.4 Reactive power allocations and price for pay as bid and uniform auction method for IEEE 

118 bus system 

Bus No. Unit No. Uniform auction  Pay as bid 

QG 

(MVAr) 

Payment 

($) 

QG 

(MVAr) 

Payment 

($) 

1 G1 6.87 7.78 10.68 10.87 

4 G4 -36.78 37.01 4.78 0 

6 G6 4.17 0 6.07 6.98 

8 G8 -13.9 14.6 8.53 0 

10 G10 -38.40 38.64 -68.52 68.12 

12 G12 46.02 46.54 26.28 26.99 

15 G15 15.07 15.89 15.94 16.75 

19 G19 10.67 11.53 6.59 7.5 

24 G24 7.28 0 3.08 0 

25 G25 13.11 0 -4.26 5.14 

26 G26 -20.01 20.58 -9.79 10.56 

27 G27 42.33 42.88 30.4 31.07 

31 G31 26.5 0 25.67 0 

32 G32 0.2 0 -1.89 2.83 

34 G34 -5.03 5.9 9.25 10.13 

36 G36 -2.48 3.4 8.74 9.63 

40 G40 5.80 0 41.29 41.84 

42 G42 60.68 61.05 26.13 0 

46 G46 51.68 52.14 39.84 40.42 

49 G49 132.75 132.39 131.51 131.17 

54 G54 67.58 67.87 62.71 63.05 

55 G55 -5.1 5.97 -6.19 7.03 

56 G56 8.25 9.14 -2.63 3.55 

59 G59 12.47 0 33.22 33.86 

61 G61 -39.14 39.32 8.73 0 

62 G62 -7.23 8.06 -6.54 7.38 

65 G65 -30.14 30.51 -37.77 37.99 

66 G66 102.49 102.43 48.51 48.99 

69 G69 -34.18 34.46 -56.05 55.91 

70 G70 -0.18 1.15 13.57 14.51 

72 G72 -3.11 4.02 -0.94 1.89 

73 G73 10.84 11.7 2.12 0 

74 G74 1.52 2.48 5.4 6.32 

76 G76 22.55 16.15 16.34 16.15 

77 G77 45.54 46.05 33.16 33.78 

80 G80 -28.59 28.99 -2.29 3.21 

85 G85 17.42 16.15 12.34 13.18 

87 G87 6.72 0 5.02 0 

89 G89 28.27 0 -22.89 23.4 

90 G90 34.02 34.65 69.33 69.71 

91 G91 2.89 0 1.71 0 

92 G92 3.24 4.18 2.34 3.29 

99 G99 -4.98 5.85 0.26 0 

100 G100 60.75 61.11 46.56 47.07 
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QG 

(MVAr) 

Payment 

($) 

QG 

(MVAr) 

Payment 

($) 

104 G104 17.54 16.15 17.79 16.15 

105 G105 14.21 15.04 15.55 16.15 

107 G107 43.57 44.09 27.18 27.88 

110 G110 22.36 16.15 20.7 16.15 

111 G111 0.2 0 6.17 0 

112 G112 29.18 0 28.01 0 

113 G113 4.19 0 11.05 0 

116 G116 -43.62 43.71 -0.47 1.42 

Total = 717.96 1245.108 706.73 1010.719 

 

 
This chapter deals with the market-based pricing for reactive power services in 

electricity market. The market is based on offers from generators for reactive power 

generation. The ISO, who is the sole buyer, settles the market using two methods such 

as PAB and UPM with an optimization approach. Test results with IEEE 30 bus and 

IEEE 118 bus show that the payment for reactive power is lower in PAB mechanism 

because only the costlier generator receives the high payment whereas in UPM besides 

the costlier unit, the other unit are also paid higher payment. So, PAB is more 

appropriate pricing mechanism for reactive power market. Also, PAB method recovers 

the actual production cost of the generating unit. According to the results, pay as bid 

mechanism leads to 17-19% decrease in total payment function. This chapter clearly 

reveals the features of market-based pricing of reactive power service to suit the 

requirements of an ISO in a deregulated market environment.  

Due to a fair reactive power pricing mechanism investment in the area of reactive 

power generation will be encouraged, which will further improve the security of 

power transmission system. The competitive reactive power market will provide the 

driving force to reactive energy sources to innovate and operate in the most 

efficient and economic manner  in order to remain in the business and recover their 

cost. 

 

Bus No. Unit 

No. 
  Pay as bid 

HP
Typewritten text
      Uniform price
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 CHAPTER 8 

CONCLUSION AND SCOPE FOR FUTURE 

RESEARCH 

8.1 CONCLUSION 

 

The research work proposes the development of algorithm for optimal reactive power dispatch 

and reactive power market settlement for reactive power ancillary services in the restructured 

power systems. Different single-objective optimization formulations are investigated for 

optimal cost allocation of reactive power and the settlement of reactive power market by 

incorporating various technical and economic aspects. 

L-index based reactive power pricing technique is proposed and it is compared with 

conventional regulated pricing technique. Both methods are implemented and compared on 

IEEE57 bus systems. The analysis proves that the proposed method is able to send more 

accurate price signals than conventional method. 

The optimal reactive power dispatch schedule is obtained with a new meta heuristic method 

called grey wolf optimization method (GWO). An improved hybrid GWO technique have also 

been used which gives the advantage in terms of improvement in the optimization 

performance of GWO i.e. good convergence with better global optimal solution in ORPD 

problem. The GWO aided genetic algorithm based algorithm, helps in diversifying the 

population and thus, helps in guiding the algorithm to reach the global optima efficiently. The 

algorithm is tested for IEEE 30 bus power system, and IEEE 118 bus power system. The 

results of algorithm prove that the technique is able to perform the global search and reach the 

optimal solution with a better convergence rate. 3 to 6 % improvement is recorded in objective 

function values as compared to other techniques. 

Reactive Power Market model is developed based on uniform price auction mechanism which 

competitively determines four components uniform market clearing prices for whole power 

system. It is also compared with pay as bid mechanism. The basic structure of a competitive 
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reactive power market incorporates synchronous generator capability curve, cost of reactive 

power production from a generator and structure of reactive power offer bids. Subsequently, 

the reactive power market settlement mechanism is designed and the mathematical 

formulation of optimization problem is developed for the model. The total payment function 

is defined by considering the whole power system as one reactive zone. The system operating 

constraints include real and reactive load flow equality constraints, reactive power relational 

constraints, reactive power provision limits, reactive power capability limits of generators, 

bus voltage limits, security and transformer taps setting constraints. According to the results, 

pay as bid mechanism leads to 17-19% decrease in total payment function. 

 

8.2 SCOPE FOR FUTURE RESEARCH 

The following aspects are identified for future research work in this area: 

 

 Examine the possibility to consider the other reactive power support sources as market 

participants such as capacitor banks and particularly Flexible AC Transmission 

Systems (FACTS) devices such as Static VAR Compensators (SVC) and Static 

Compensators (STATCOM) etc. 

 To prepare a practically applicable reactive power settlement model, various 

uncertainties and risk management can also be included. 

 The contribution of Distributed generation (DG) resources may be investigated for 

reactive power ancillary service provision in terms of their optimal pricing and other 

technical requirements. 

 Examine  the  possibilities  to  include  other  services  such  as  operating  reserves 

auctions  and  energy  balance  services  within  the  multi-objective  framework  of 

reactive power market settlement. 
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APPENDIX A 
 

 

Data for the IEEE 30 bus Power System 
 
 
 
 

 

The IEEE 30 bus Power System as shown in Fig a.1 The bus data and transmission line data 

are given at 100 MVA in Table a.1 and Table a.2 respectively. 
 
 
 
 
 

 
 

 

Fig.a.1: Single line diagram of the IEEE 30 bus Power System



 

 
 

 
 
 
 

Table a.1: Bus data for the IEEE 30 bus Power System (in p.u.) 
 

 

Bus No. PG,i PD,i QD,i Vi Vi
max

 Vi
min

 Base KV 

1 0.9920 0.0000 0.0000 1.0600 1.10 0.90 132 

2 0.8000 0.2170 0.1270 1.0430 1.10 0.90 132 

3 0.0000 0.0240 0.0120 1.0000 1.05 0.95 132 

4 0.0000 0.0760 0.0160 1.0000 1.05 0.95 132 

5 0.5000 0.9420 0.1900 1.0100 1.10 0.90 132 

6 0.0000 0.0000 0.0000 1.0000 1.05 0.95 132 

7 0.0000 0.2280 0.1090 1.0000 1.05 0.95 132 

8 0.2000 0.3000 0.3000 1.0100 1.10 0.90 132 

9 0.0000 0.0000 0.0000 1.0000 1.05 0.95 1 

10 0.0000 0.0580 0.0200 1.0000 1.05 0.95 33 

11 0.2000 0.0000 0.0000 1.0820 1.10 0.90 11 

12 0.0000 0.1120 0.0750 1.0000 1.05 0.95 33 

13 0.2000 0.0000 0.0000 1.0710 1.10 0.90 11 

14 0.0000 0.0620 0.0160 1.0000 1.05 0.95 33 

15 0.0000 0.0820 0.0250 1.0000 1.05 0.95 33 

16 0.0000 0.0350 0.0180 1.0000 1.05 0.95 33 

17 0.0000 0.0900 0.0580 1.0000 1.05 0.95 33 

18 0.0000 0.0320 0.0090 1.0000 1.05 0.95 33 

19 0.0000 0.0950 0.0340 1.0000 1.05 0.95 33 

20 0.0000 0.0220 0.0070 1.0000 1.05 0.95 33 

21 0.0000 0.1750 0.1120 1.0000 1.05 0.95 33 

22 0.0000 0.0000 0.0000 1.0000 1.05 0.95 33 

23 0.0000 0.0320 0.0160 1.0000 1.05 0.95 33 

24 0.0000 0.0870 0.0670 1.0000 1.05 0.95 33 

25 0.0000 0.0000 0.0000 1.0000 1.05 0.95 33 

26 0.0000 0.0350 0.0230 1.0000 1.05 0.95 33 

27 0.0000 0.0000 0.0000 1.0000 1.05 0.95 33 

28 0.0000 0.0000 0.0000 1.0000 1.05 0.95 132 

29 0.0000 0.0240 0.0090 1.0000 1.05 0.95 33 

30 0.0000 0.1060 0.0190 1.0000 1.05 0.95 33 



 

 
 

 
 
 
 

Table a.2: Transmission line data for the IEEE 30 bus Power System (in p.u.) 
 

 
 

Line No. 
From Bus 

No. 

To Bus 

No. 

 

R 
 

X 
 

Bch (Full) 
Max. Line 

Rating 

1 1 2 0.0192 0.0575 0.0528 99.00 

2 1 3 0.0452 0.1652 0.0408 99.00 

3 2 4 0.0570 0.1737 0.0368 99.00 

4 3 4 0.0132 0.0379 0.0084 99.00 

5 2 5 0.0472 0.1983 0.0418 99.00 

6 2 6 0.0581 0.1763 0.0374 99.00 

7 4 6 0.0119 0.0414 0.0090 99.00 

8 5 7 0.0460 0.1160 0.0204 99.00 

9 6 7 0.0267 0.0820 0.0170 99.00 

10 6 8 0.0120 0.0420 0.0090 99.00 

11 6 9 0.0000 0.2080 0.0000 99.00 

12 6 10 0.0000 0.5560 0.0000 99.00 

13 9 11 0.0000 0.2080 0.0000 99.00 

14 9 10 0.0000 0.1100 0.0000 99.00 

15 4 12 0.0000 0.2560 0.0000 99.00 

16 12 13 0.0000 0.1400 0.0000 99.00 

17 12 14 0.1231 0.2559 0.0000 99.00 

18 12 15 0.0662 0.1304 0.0000 99.00 

19 12 16 0.0945 0.1987 0.0000 99.00 

20 14 15 0.2210 0.1997 0.0000 99.00 

21 16 17 0.0524 0.1923 0.0000 99.00 

22 15 18 0.1073 0.2185 0.0000 99.00 

23 18 19 0.0639 0.1292 0.0000 99.00 

24 19 20 0.0340 0.0680 0.0000 99.00 

25 10 20 0.0936 0.2090 0.0000 99.00 

26 10 17 0.0324 0.0845 0.0000 99.00 

27 10 21 0.0348 0.0749 0.0000 99.00 

28 10 22 0.0727 0.1499 0.0000 99.00 

29 21 22 0.0116 0.0236 0.0000 99.00 

30 15 23 0.1000 0.2020 0.0000 99.00 

31 22 24 0.1150 0.1790 0.0000 99.00 

32 23 24 0.1320 0.2700 0.0000 99.00 

33 24 25 0.1885 0.3292 0.0000 99.00 

34 25 26 0.2544 0.3800 0.0000 99.00 

35 25 27 0.1093 0.2087 0.0000 99.00 

36 28 27 0.0000 0.3960 0.0000 99.00 

37 27 29 0.2198 0.4153 0.0000 99.00 

38 27 30 0.3202 0.6027 0.0000 99.00 

39 29 30 0.2399 0.4533 0.0000 99.00 

40 8 28 0.0636 0.2000 0.0428 99.00 

41 6 28 0.0169 0.0599 0.0130 99.00 

 

  



 

 
 

APPENDIX B 
 

 

Data for the IEEE 57 bus Power System 
 
 
 
 

 

The IEEE 57 bus Power System, as shown in Fig.b.1, is used in the thesis for different 

simulations conducted. The bus data and transmission line data are given at 100 

MVA in Table b.1 and Table b.2 respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.b.1: Single line diagram of the IEEE 57 bus Power System



 

 

 
Table b.1: Bus data for the IEEE 57 bus Power System (in p.u.) 

 

Bus No. PG,i PD,i QD,i Vi 
max 

Vi V 
min 

i 

1 4.7926 0.5500 0.1700 1.0400 1.10 0.90 

2 0.0000 0.0300 0.8800 1.0100 1.10 0.90 

3 0.4000 0.4100 0.2100 0.9850 1.10 0.90 

4 0.0000 0.0000 0.0000 0.9783 1.06 0.94 

5 0.0000 0.1300 0.0400 0.9757 1.06 0.94 

6 0.0000 0.7500 0.0200 0.9800 1.10 0.90 

7 0.0000 0.0000 0.0000 0.9819 1.06 0.94 

8 4.5000 1.5000 0.2200 1.0050 1.10 0.90 

9 0.0000 1.2100 0.2600 0.9800 1.06 0.94 

10 0.0000 0.0500 0.0200 0.9857 1.10 0.90 

11 0.0000 0.0000 0.0000 0.9732 1.06 0.94 

12 3.1000 3.7700 0.2400 1.0150 1.10 0.90 

13 0.0000 0.1800 0.0230 0.9779 1.06 0.94 

14 0.0000 0.1050 0.0530 0.9688 1.06 0.94 

15 0.0000 0.2200 0.0500 0.9871 1.06 0.94 

16 0.0000 0.4300 0.0300 1.0133 1.06 0.94 

17 0.0000 0.4200 0.0800 1.0174 1.06 0.94 

18 0.0000 0.2720 0.0980 0.9751 1.06 0.94 

19 0.0000 0.0330 0.0060 0.9515 1.06 0.94 

20 0.0000 0.0230 0.0100 0.9497 1.06 0.94 

21 0.0000 0.0000 0.0000 1.0004 1.06 0.94 

22 0.0000 0.0000 0.0000 1.0029 1.06 0.94 

23 0.0000 0.0630 0.0210 1.0010 1.06 0.94 

24 0.0000 0.0000 0.0000 0.9842 1.06 0.94 

25 0.0000 0.0630 0.0320 0.9378 1.06 0.94 

26 0.0000 0.0000 0.0000 0.9453 1.06 0.94 

27 0.0000 0.0930 0.0050 0.9727 1.06 0.94 

28 0.0000 0.0460 0.0230 0.9896 1.06 0.94 

29 0.0000 0.1700 0.0260 1.0043 1.06 0.94 

30 0.0000 0.0360 0.0180 0.9201 1.06 0.94 

31 0.0000 0.0580 0.0290 0.8999 1.06 0.94 

32 0.0000 0.0160 0.0080 0.9259 1.06 0.94 

33 0.0000 0.0380 0.0190 0.9236 1.06 0.94 

34 0.0000 0.0000 0.0000 0.9491 1.06 0.94 

35 0.0000 0.0600 0.0300 0.9575 1.06 0.94 

36 0.0000 0.0000 0.0000 0.9682 1.06 0.94 

37 0.0000 0.0000 0.0000 0.9778 1.06 0.94 

38 0.0000 0.1400 0.0700 1.0071 1.06 0.94 

39 0.0000 0.0000 0.0000 0.9758 1.06 0.94 

40 0.0000 0.0000 0.0000 0.9653 1.06 0.94 

41 0.0000 0.0630 0.0300 0.9938 1.06 0.94 

42 0.0000 0.0710 0.0440 0.9631 1.06 0.94 

43 0.0000 0.0200 0.0100 1.0083 1.06 0.94 

44 0.0000 0.1200 0.0180 1.0121 1.06 0.94 

45 0.0000 0.0000 0.0000 1.0334 1.06 0.94 

46 0.0000 0.0000 0.0000 1.0570 1.06 0.94 

47 0.0000 0.2970 0.1160 1.0292 1.06 0.94 

48 0.0000 0.0000 0.0000 1.0229 1.06 0.94 

49 0.0000 0.1800 0.0850 1.0328 1.06 0.94 

50 0.0000 0.2100 0.1050 1.0207 1.06 0.94 

51 0.0000 0.1800 0.0530 1.0513 1.06 0.94 

52 0.0000 0.0490 0.0220 0.9676 1.06 0.94 

53 0.0000 0.2000 0.1000 0.9546 1.06 0.94 

54 0.0000 0.0410 0.0140 0.9866 1.06 0.94 

55 0.0000 0.0680 0.0340 1.0276 1.06 0.94 

56 0.0000 0.0760 0.0220 0.9641 1.06 0.94 

57 0.0000 0.0670 0.0200 0.9600 1.06 0.94 



 

 

 

Line No. 
From 

Bus No. 

To 

Bus No. 

 

R 
 

X 
 

B   (Full) 
Max. Line 

Rating 

1 1 2 0.0083 0.0280 0.1290 99.00 

2 2 3 0.0298 0.0850 0.0818 99.00 

3 3 4 0.0112 0.0366 0.0380 99.00 

4 4 5 0.0625 0.1320 0.0258 99.00 

5 4 6 0.0430 0.1480 0.0348 99.00 

6 6 7 0.0200 0.1020 0.0276 99.00 

7 6 8 0.0339 0.1730 0.0470 99.00 

8 8 9 0.0099 0.0505 0.0548 99.00 

9 9 10 0.0369 0.1679 0.0440 99.00 

10 9 11 0.0258 0.0848 0.0218 99.00 

11 9 12 0.0648 0.2950 0.0772 99.00 

12 9 13 0.0481 0.1580 0.0406 99.00 

13 13 14 0.0132 0.0434 0.0110 99.00 

14 13 15 0.0269 0.0869 0.0230 99.00 

15 1 15 0.0178 0.0910 0.0988 99.00 

16 1 16 0.0454 0.2060 0.0546 99.00 

17 1 17 0.0238 0.1080 0.0286 99.00 

18 3 15 0.0162 0.0530 0.0544 99.00 

19 4 18 0.0000 0.5550 0.0000 99.00 

20 4 18 0.0000 0.4300 0.0000 99.00 

21 5 6 0.0302 0.0641 0.0124 99.00 

22 7 8 0.0139 0.0712 0.0194 99.00 

23 10 12 0.0277 0.1262 0.0328 99.00 

24 11 13 0.0223 0.0732 0.0188 99.00 

25 12 13 0.0178 0.0580 0.0604 99.00 

26 12 16 0.0180 0.0813 0.0216 99.00 

27 12 17 0.0397 0.1790 0.0476 99.00 

28 14 15 0.0171 0.0547 0.0148 99.00 

29 18 19 0.4610 0.6850 0.0000 99.00 

30 19 20 0.2830 0.4340 0.0000 99.00 

31 21 20 0.0000 0.7767 0.0000 99.00 

32 21 22 0.0736 0.1170 0.0000 99.00 

33 22 23 0.0099 0.0152 0.0000 99.00 

34 23 24 0.1660 0.2560 0.0084 99.00 

35 24 25 0.0000 1.1820 0.0000 99.00 

36 24 25 0.0000 1.2300 0.0000 99.00 

37 24 26 0.0000 0.0473 0.0000 99.00 

38 26 27 0.1650 0.2540 0.0000 99.00 

39 27 28 0.0618 0.0954 0.0000 99.00 

40 28 29 0.0418 0.0587 0.0000 99.00 

41 7 29 0.0000 0.0648 0.0000 99.00 

42 25 30 0.1350 0.2020 0.0000 99.00 

43 30 31 0.3260 0.4970 0.0000 99.00 

44 31 32 0.5070 0.7550 0.0000 99.00 

45 32 33 0.0392 0.0360 0.0000 99.00 

46 34 32 0.0000 0.9530 0.0000 99.00 

47 34 35 0.0520 0.0780 0.0032 99.00 

48 35 36 0.0430 0.0537 0.0016 99.00 

49 36 37 0.0290 0.0366 0.0000 99.00 

50 37 38 0.0651 0.1009 0.0020 99.00 

51 37 39 0.0239 0.0379 0.0000 99.00 

52 36 40 0.0300 0.0466 0.0000 99.00 

 

 
Table b.2: Transmission line data for the IEEE 57 bus Power System (in p.u.) 
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53 22 38 0.0192 0.0295 0.0000 99.00 

54 11 41 0.0000 0.7490 0.0000 99.00 

55 41 42 0.2070 0.3520 0.0000 99.00 

56 41 43 0.0000 0.4120 0.0000 99.00 

57 38 44 0.0289 0.0585 0.0020 99.00 

58 15 45 0.0000 0.1042 0.0000 99.00 

59 14 46 0.0000 0.0735 0.0000 99.00 

60 46 47 0.0230 0.0680 0.0032 99.00 

61 47 48 0.0182 0.0233 0.0000 99.00 

62 48 49 0.0834 0.1290 0.0048 99.00 

63 49 50 0.0801 0.1280 0.0000 99.00 

64 50 51 0.1386 0.2200 0.0000 99.00 

65 10 51 0.0000 0.0712 0.0000 99.00 

66 13 49 0.0000 0.1910 0.0000 99.00 

67 29 52 0.1442 0.1870 0.0000 99.00 

68 52 53 0.0762 0.0984 0.0000 99.00 

69 53 54 0.1878 0.2320 0.0000 99.00 

70 54 55 0.1732 0.2265 0.0000 99.00 

71 11 43 0.0000 0.1530 0.0000 99.00 

72 44 45 0.0624 0.1242 0.0040 99.00 

73 40 56 0.0000 1.1950 0.0000 99.00 

74 56 41 0.5530 0.5490 0.0000 99.00 

75 56 42 0.2125 0.3540 0.0000 99.00 

76 39 57 0.0000 1.3550 0.0000 99.00 

77 57 56 0.1740 0.2600 0.0000 99.00 

78 38 49 0.1150 0.1770 0.0030 99.00 

79 38 48 0.0312 0.0482 0.0000 99.00 

80 9 55 0.0000 0.1205 0.0000 99.00 
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APPENDIX C 
 

Data for the IEEE 118 bus Power System 
 
 



 

 

 
Table c.1: Bus data for the IEEE 118 bus Power System (in p.u.) 

 

Bus No. PG,i PD,i QD,i Vi Vi
max

 Vi
min

 QC,i
max

 QC,i
min

 Base KV 

1 0.0000 0.5100 0.2700 0.9550 1.06 0.94 0.0000 0.0000 138 

2 0.0000 0.2000 0.0900 0.9714 1.06 0.94 0.0000 0.0000 138 

3 0.0000 0.3900 0.1000 0.9682 1.06 0.94 0.0000 0.0000 138 

4 0.0000 0.3900 0.1200 0.9980 1.06 0.94 0.0000 0.0000 138 

5 0.0000 0.0000 0.0000 1.0040 1.06 0.94 0.4000 0.0000 138 

6 0.0000 0.5200 0.2200 0.9900 1.06 0.94 0.0000 0.0000 138 

7 0.0000 0.1900 0.0200 0.9893 1.06 0.94 0.0000 0.0000 138 

8 0.0000 0.2800 0.0000 1.0150 1.06 0.94 0.0000 0.0000 345 

9 0.0000 0.0000 0.0000 1.0429 1.06 0.94 0.0000 0.0000 345 

10 4.5000 0.0000 0.0000 1.0500 1.06 0.94 0.0000 0.0000 345 

11 0.0000 0.7000 0.2300 0.9855 1.06 0.94 0.0000 0.0000 138 

12 0.8500 0.4700 0.1000 0.9900 1.06 0.94 0.0000 0.0000 138 

13 0.0000 0.3400 0.1600 0.9686 1.06 0.94 0.0000 0.0000 138 

14 0.0000 0.1400 0.0100 0.9836 1.06 0.94 0.0000 0.0000 138 

15 0.0000 0.9000 0.3000 0.9700 1.06 0.94 0.0000 0.0000 138 

16 0.0000 0.2500 0.1000 0.9839 1.06 0.94 0.0000 0.0000 138 

17 0.0000 0.1100 0.0300 0.9951 1.06 0.94 0.0000 0.0000 138 

18 0.0000 0.6000 0.3400 0.9730 1.06 0.94 0.0000 0.0000 138 

19 0.0000 0.4500 0.2500 0.9620 1.06 0.94 0.0000 0.0000 138 

20 0.0000 0.1800 0.0300 0.9569 1.06 0.94 0.0000 0.0000 138 

21 0.0000 0.1400 0.0800 0.9577 1.06 0.94 0.0000 0.0000 138 

22 0.0000 0.1000 0.0500 0.9690 1.06 0.94 0.0000 0.0000 138 

23 0.0000 0.0700 0.0300 0.9995 1.06 0.94 0.0000 0.0000 138 

24 0.0000 0.1300 0.0000 0.9920 1.06 0.94 0.0000 0.0000 138 

25 2.2000 0.0000 0.0000 1.0500 1.06 0.94 0.0000 0.0000 138 

26 3.1400 0.0000 0.0000 1.0150 1.06 0.94 0.0000 0.0000 345 

27 0.0000 0.7100 0.1300 0.9680 1.06 0.94 0.0000 0.0000 138 

28 0.0000 0.1700 0.0700 0.9616 1.06 0.94 0.0000 0.0000 138 

29 0.0000 0.2400 0.0400 0.9632 1.06 0.94 0.0000 0.0000 138 

30 0.0000 0.0000 0.0000 0.9856 1.06 0.94 0.0000 0.0000 345 

31 0.0700 0.4300 0.2700 0.9670 1.06 0.94 0.0000 0.0000 138 

32 0.0000 0.5900 0.2300 0.9630 1.06 0.94 0.0000 0.0000 138 

33 0.0000 0.2300 0.0900 0.9717 1.06 0.94 0.0000 0.0000 138 

34 0.0000 0.5900 0.2600 0.9840 1.06 0.94 0.1400 0.0000 138 

35 0.0000 0.3300 0.0900 0.9807 1.06 0.94 0.0000 0.0000 138 

36 0.0000 0.3100 0.1700 0.9800 1.06 0.94 0.0000 0.0000 138 

37 0.0000 0.0000 0.0000 0.9923 1.06 0.94 0.0000 -0.2500 138 

38 0.0000 0.0000 0.0000 0.9622 1.06 0.94 0.0000 0.0000 345 

39 0.0000 0.2700 0.1100 0.9706 1.06 0.94 0.0000 0.0000 138 

40 0.0000 0.6600 0.2300 0.9700 1.06 0.94 0.0000 0.0000 138 

41 0.0000 0.3700 0.1000 0.9668 1.06 0.94 0.0000 0.0000 138 

42 0.0000 0.9600 0.2300 0.9850 1.06 0.94 0.0000 0.0000 138 

43 0.0000 0.1800 0.0700 0.9697 1.06 0.94 0.0000 0.0000 138 

44 0.0000 0.1600 0.0800 0.9665 1.06 0.94 0.1000 0.0000 138 

45 0.0000 0.5300 0.2200 0.9738 1.06 0.94 0.1000 0.0000 138 

46 0.1900 0.2800 0.1000 1.0050 1.06 0.94 0.1000 0.0000 138 

47 0.0000 0.3400 0.0000 1.0171 1.06 0.94 0.0000 0.0000 138 

48 0.0000 0.2000 0.1100 1.0145 1.06 0.94 0.1500 0.0000 138 

49 2.0400 0.8700 0.3000 1.0250 1.06 0.94 0.0000 0.0000 138 

50 0.0000 0.1700 0.0400 1.0011 1.06 0.94 0.0000 0.0000 138 

51 0.0000 0.1700 0.0800 0.9669 1.06 0.94 0.0000 0.0000 138 

52 0.0000 0.1800 0.0500 0.9568 1.06 0.94 0.0000 0.0000 138 

53 0.0000 0.2300 0.1100 0.9460 1.06 0.94 0.0000 0.0000 138 

54 0.4800 1.1300 0.3200 0.9550 1.06 0.94 0.0000 0.0000 138 

55 0.0000 0.6300 0.2200 0.9520 1.06 0.94 0.0000 0.0000 138 

56 0.0000 0.8400 0.1800 0.9540 1.06 0.94 0.0000 0.0000 138 

57 0.0000 0.1200 0.0300 0.9706 1.06 0.94 0.0000 0.0000 138 

58 0.0000 0.1200 0.0300 0.9590 1.06 0.94 0.0000 0.0000 138 

59 1.5500 2.7700 1.1300 0.9850 1.06 0.94 0.0000 0.0000 138 



 

 

 
 

 
60 0.0000 0.7800 0.0300 0.9932 1.06 0.94 0.0000 0.0000 138 

61 1.6000 0.0000 0.0000 0.9950 1.06 0.94 0.0000 0.0000 138 

62 0.0000 0.7700 0.1400 0.9980 1.06 0.94 0.0000 0.0000 138 

63 0.0000 0.0000 0.0000 0.9687 1.06 0.94 0.0000 0.0000 345 

64 0.0000 0.0000 0.0000 0.9837 1.06 0.94 0.0000 0.0000 345 

65 3.9100 0.0000 0.0000 1.0050 1.06 0.94 0.0000 0.0000 345 

66 3.9200 0.3900 0.1800 1.0500 1.06 0.94 0.0000 0.0000 138 

67 0.0000 0.2800 0.0700 1.0197 1.06 0.94 0.0000 0.0000 138 

68 0.0000 0.0000 0.0000 1.0032 1.06 0.94 0.0000 0.0000 345 

69 5.1436 0.0000 0.0000 1.0350 1.06 0.94 0.0000 0.0000 138 

70 0.0000 0.6600 0.2000 0.9840 1.06 0.94 0.0000 0.0000 138 

71 0.0000 0.0000 0.0000 0.9868 1.06 0.94 0.0000 0.0000 138 

72 0.0000 0.1200 0.0000 0.9800 1.06 0.94 0.0000 0.0000 138 

73 0.0000 0.0600 0.0000 0.9910 1.06 0.94 0.0000 0.0000 138 

74 0.0000 0.6800 0.2700 0.9580 1.06 0.94 0.1200 0.0000 138 

75 0.0000 0.4700 0.1100 0.9673 1.06 0.94 0.0000 0.0000 138 

76 0.0000 0.6800 0.3600 0.9430 1.06 0.94 0.0000 0.0000 138 

77 0.0000 0.6100 0.2800 1.0060 1.06 0.94 0.0000 0.0000 138 

78 0.0000 0.7100 0.2600 1.0018 1.06 0.94 0.0000 0.0000 138 

79 0.0000 0.3900 0.3200 1.0043 1.06 0.94 0.2000 0.0000 138 

80 4.7700 1.3000 0.2600 1.0400 1.06 0.94 0.0000 0.0000 138 

81 0.0000 0.0000 0.0000 0.9968 1.06 0.94 0.0000 0.0000 345 

82 0.0000 0.5400 0.2700 0.9796 1.06 0.94 0.2000 0.0000 138 

83 0.0000 0.2000 0.1000 0.9756 1.06 0.94 0.1000 0.0000 138 

84 0.0000 0.1100 0.0700 0.9769 1.06 0.94 0.0000 0.0000 138 

85 0.0000 0.2400 0.1500 0.9850 1.06 0.94 0.0000 0.0000 138 

86 0.0000 0.2100 0.1000 0.9867 1.06 0.94 0.0000 0.0000 138 

87 0.0400 0.0000 0.0000 1.0150 1.06 0.94 0.0000 0.0000 161 

88 0.0000 0.4800 0.1000 0.9875 1.06 0.94 0.0000 0.0000 138 

89 6.0700 0.0000 0.0000 1.0050 1.06 0.94 0.0000 0.0000 138 

90 0.0000 1.6300 0.4200 0.9850 1.06 0.94 0.0000 0.0000 138 

91 0.0000 0.1000 0.0000 0.9800 1.06 0.94 0.0000 0.0000 138 

92 0.0000 0.6500 0.1000 0.9900 1.06 0.94 0.0000 0.0000 138 

93 0.0000 0.1200 0.0700 0.9845 1.06 0.94 0.0000 0.0000 138 

94 0.0000 0.3000 0.1600 0.9881 1.06 0.94 0.0000 0.0000 138 

95 0.0000 0.4200 0.3100 0.9776 1.06 0.94 0.0000 0.0000 138 

96 0.0000 0.3800 0.1500 0.9882 1.06 0.94 0.0000 0.0000 138 

97 0.0000 0.1500 0.0900 1.0091 1.06 0.94 0.0000 0.0000 138 

98 0.0000 0.3400 0.0800 1.0235 1.06 0.94 0.0000 0.0000 138 

99 0.0000 0.4200 0.0000 1.0100 1.06 0.94 0.0000 0.0000 138 

100 2.5200 0.3700 0.1800 1.0170 1.06 0.94 0.0000 0.0000 138 

101 0.0000 0.2200 0.1500 0.9914 1.06 0.94 0.0000 0.0000 138 

102 0.0000 0.0500 0.0300 0.9891 1.06 0.94 0.0000 0.0000 138 

103 0.4000 0.2300 0.1600 1.0100 1.06 0.94 0.0000 0.0000 138 

104 0.0000 0.3800 0.2500 0.9710 1.06 0.94 0.0000 0.0000 138 

105 0.0000 0.3100 0.2600 0.9650 1.06 0.94 0.2000 0.0000 138 

106 0.0000 0.4300 0.1600 0.9612 1.06 0.94 0.0000 0.0000 138 

107 0.0000 0.5000 0.1200 0.9520 1.06 0.94 0.0600 0.0000 138 

108 0.0000 0.0200 0.0100 0.9662 1.06 0.94 0.0000 0.0000 138 

109 0.0000 0.0800 0.0300 0.9670 1.06 0.94 0.0000 0.0000 138 

110 0.0000 0.3900 0.3000 0.9730 1.06 0.94 0.0600 0.0000 138 

111 0.3600 0.0000 0.0000 0.9800 1.06 0.94 0.0000 0.0000 138 

112 0.0000 0.6800 0.1300 0.9750 1.06 0.94 0.0000 0.0000 138 

113 0.0000 0.0600 0.0000 0.9930 1.06 0.94 0.0000 0.0000 138 

114 0.0000 0.0800 0.0300 0.9601 1.06 0.94 0.0000 0.0000 138 

115 0.0000 0.2200 0.0700 0.9600 1.06 0.94 0.0000 0.0000 138 

116 0.0000 1.8400 0.0000 1.0050 1.06 0.94 0.0000 0.0000 138 

117 0.0000 0.2000 0.0800 0.9738 1.06 0.94 0.0000 0.0000 138 

118 0.0000 0.3300 0.1500 0.9494 1.06 0.94 0.0000 0.0000 138 



 

 

 

Line No. 
From 

Bus No. 

To 

Bus No. 

 

R 
 

X 
 

B   (Full) 
Max. Rating 

(MVA) 

1 1 2 0.0303 0.0999 0.0254 99.00 

2 1 3 0.0129 0.0424 0.0108 99.00 

3 4 5 0.0018 0.0080 0.0021 99.00 

4 3 5 0.0241 0.1080 0.0284 99.00 

5 5 6 0.0119 0.0540 0.0143 99.00 

6 6 7 0.0046 0.0208 0.0055 99.00 

7 8 9 0.0024 0.0305 1.1620 99.00 

8 8 5 0.0000 0.0267 0.0000 99.00 

9 9 10 0.0026 0.0322 1.2300 99.00 

10 4 11 0.0209 0.0688 0.0175 99.00 

11 5 11 0.0203 0.0682 0.0174 99.00 

12 11 12 0.0060 0.0196 0.0050 99.00 

13 2 12 0.0187 0.0616 0.0157 99.00 

14 3 12 0.0484 0.1600 0.0406 99.00 

15 7 12 0.0086 0.0340 0.0087 99.00 

16 11 13 0.0223 0.0731 0.0188 99.00 

17 12 14 0.0215 0.0707 0.0182 99.00 

18 13 15 0.0744 0.2444 0.0627 99.00 

19 14 15 0.0595 0.1950 0.0502 99.00 

20 12 16 0.0212 0.0834 0.0214 99.00 

21 15 17 0.0132 0.0437 0.0444 99.00 

22 16 17 0.0454 0.1801 0.0466 99.00 

23 17 18 0.0123 0.0505 0.0130 99.00 

24 18 19 0.0112 0.0493 0.0114 99.00 

25 19 20 0.0252 0.1170 0.0298 99.00 

26 15 19 0.0120 0.0394 0.0101 99.00 

27 20 21 0.0183 0.0849 0.0216 99.00 

28 21 22 0.0209 0.0970 0.0246 99.00 

29 22 23 0.0342 0.1590 0.0404 99.00 

30 23 24 0.0135 0.0492 0.0498 99.00 

31 23 25 0.0156 0.0800 0.0864 99.00 

32 26 25 0.0000 0.0382 0.0000 99.00 

33 25 27 0.0318 0.1630 0.1764 99.00 

34 27 28 0.0191 0.0855 0.0216 99.00 

35 28 29 0.0237 0.0943 0.0238 99.00 

36 30 17 0.0000 0.0388 0.0000 99.00 

37 8 30 0.0043 0.0504 0.5140 99.00 

38 26 30 0.0080 0.0860 0.9080 99.00 

39 17 31 0.0474 0.1563 0.0399 99.00 

40 29 31 0.0108 0.0331 0.0083 99.00 

41 23 32 0.0317 0.1153 0.1173 99.00 

42 31 32 0.0298 0.0985 0.0251 99.00 

43 27 32 0.0229 0.0755 0.0193 99.00 

44 15 33 0.0380 0.1244 0.0319 99.00 

45 19 34 0.0752 0.2470 0.0632 99.00 

46 35 36 0.0022 0.0102 0.0027 99.00 

47 35 37 0.0110 0.0497 0.0132 99.00 

48 33 37 0.0415 0.1420 0.0366 99.00 

49 34 36 0.0087 0.0268 0.0057 99.00 

50 34 37 0.0026 0.0094 0.0098 99.00 

51 38 37 0.0000 0.0375 0.0000 99.00 

52 37 39 0.0321 0.1060 0.0270 99.00 

 

 
Table .c 2: Transmission line data for the IEEE 118 bus Power System (in p.u.) 
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53 37 40 0.0593 0.1680 0.0420 99.00 

54 30 38 0.0046 0.0540 0.4220 99.00 

55 39 40 0.0184 0.0605 0.0155 99.00 

56 40 41 0.0145 0.0487 0.0122 99.00 

57 40 42 0.0555 0.1830 0.0466 99.00 

58 41 42 0.0410 0.1350 0.0344 99.00 

59 43 44 0.0608 0.2454 0.0607 99.00 

60 34 43 0.0413 0.1681 0.0423 99.00 

61 44 45 0.0224 0.0901 0.0224 99.00 

62 45 46 0.0400 0.1356 0.0332 99.00 

63 46 47 0.0380 0.1270 0.0316 99.00 

64 46 48 0.0601 0.1890 0.0472 99.00 

65 47 49 0.0191 0.0625 0.0160 99.00 

66 42 49 0.0715 0.3230 0.0860 99.00 

67 42 49 0.0715 0.3230 0.0860 99.00 

68 45 49 0.0684 0.1860 0.0444 99.00 

69 48 49 0.0179 0.0505 0.0126 99.00 

70 49 50 0.0267 0.0752 0.0187 99.00 

71 49 51 0.0486 0.1370 0.0342 99.00 

72 51 52 0.0203 0.0588 0.0140 99.00 

73 52 53 0.0405 0.1635 0.0406 99.00 

74 53 54 0.0263 0.1220 0.0310 99.00 

75 49 54 0.0730 0.2890 0.0738 99.00 

76 49 54 0.0869 0.2910 0.0730 99.00 

77 54 55 0.0169 0.0707 0.0202 99.00 

78 54 56 0.0028 0.0096 0.0073 99.00 

79 55 56 0.0049 0.0151 0.0037 99.00 

80 56 57 0.0343 0.0966 0.0242 99.00 

81 50 57 0.0474 0.1340 0.0332 99.00 

82 56 58 0.0343 0.0966 0.0242 99.00 

83 51 58 0.0255 0.0719 0.0179 99.00 

84 54 59 0.0503 0.2293 0.0598 99.00 

85 56 59 0.0825 0.2510 0.0569 99.00 

86 56 59 0.0803 0.2390 0.0536 99.00 

87 55 59 0.0474 0.2158 0.0565 99.00 

88 59 60 0.0317 0.1450 0.0376 99.00 

89 59 61 0.0328 0.1500 0.0388 99.00 

90 60 61 0.0026 0.0135 0.0146 99.00 

91 60 62 0.0123 0.0561 0.0147 99.00 

92 61 62 0.0082 0.0376 0.0098 99.00 

93 63 59 0.0000 0.0386 0.0000 99.00 

94 63 64 0.0017 0.0200 0.2160 99.00 

95 64 61 0.0000 0.0268 0.0000 99.00 

96 38 65 0.0090 0.0986 1.0460 99.00 

97 64 65 0.0027 0.0302 0.3800 99.00 

98 49 66 0.0180 0.0919 0.0248 99.00 

99 49 66 0.0180 0.0919 0.0248 99.00 

100 62 66 0.0482 0.2180 0.0578 99.00 

101 62 67 0.0258 0.1170 0.0310 99.00 

102 65 66 0.0000 0.0370 0.0000 99.00 

103 66 67 0.0224 0.1015 0.0268 99.00 

104 65 68 0.0014 0.0160 0.6380 99.00 

105 47 69 0.0844 0.2778 0.0709 99.00 

106 49 69 0.0985 0.3240 0.0828 99.00 
…



 

 

 
… 

 

107 68 69 0.0000 0.0370 0.0000 99.00 

108 69 70 0.0300 0.1270 0.1220 99.00 

109 24 70 0.0022 0.4115 0.1020 99.00 

110 70 71 0.0088 0.0355 0.0088 99.00 

111 24 72 0.0488 0.1960 0.0488 99.00 

112 71 72 0.0446 0.1800 0.0444 99.00 

113 71 73 0.0087 0.0454 0.0118 99.00 

114 70 74 0.0401 0.1323 0.0337 99.00 

115 70 75 0.0428 0.1410 0.0360 99.00 

116 69 75 0.0405 0.1220 0.1240 99.00 

117 74 75 0.0123 0.0406 0.0103 99.00 

118 76 77 0.0444 0.1480 0.0368 99.00 

119 69 77 0.0309 0.1010 0.1038 99.00 

120 75 77 0.0601 0.1999 0.0498 99.00 

121 77 78 0.0038 0.0124 0.0126 99.00 

122 78 79 0.0055 0.0244 0.0065 99.00 

123 77 80 0.0170 0.0485 0.0472 99.00 

124 77 80 0.0294 0.1050 0.0228 99.00 

125 79 80 0.0156 0.0704 0.0187 99.00 

126 68 81 0.0016 0.0202 0.8080 99.00 

127 81 80 0.0000 0.0370 0.0000 99.00 

128 77 82 0.0298 0.0853 0.0817 99.00 

129 82 83 0.0112 0.0367 0.0380 99.00 

130 83 84 0.0625 0.1320 0.0258 99.00 

131 83 85 0.0430 0.1480 0.0348 99.00 

132 84 85 0.0302 0.0641 0.0123 99.00 

133 85 86 0.0350 0.1230 0.0276 99.00 

134 86 87 0.0283 0.2074 0.0445 99.00 

135 85 88 0.0200 0.1020 0.0276 99.00 

136 85 89 0.0239 0.1730 0.0470 99.00 

137 88 89 0.0139 0.0712 0.0193 99.00 

138 89 90 0.0518 0.1880 0.0528 99.00 

139 89 90 0.0238 0.0997 0.1060 99.00 

140 90 91 0.0254 0.0836 0.0214 99.00 

141 89 92 0.0099 0.0505 0.0548 99.00 

142 89 92 0.0393 0.1581 0.0414 99.00 

143 91 92 0.0387 0.1272 0.0327 99.00 

144 92 93 0.0258 0.0848 0.0218 99.00 

145 92 94 0.0481 0.1580 0.0406 99.00 

146 93 94 0.0223 0.0732 0.0188 99.00 

147 94 95 0.0132 0.0434 0.0111 99.00 

148 80 96 0.0356 0.1820 0.0494 99.00 

149 82 96 0.0162 0.0530 0.0544 99.00 

150 94 96 0.0269 0.0869 0.0230 99.00 

151 80 97 0.0183 0.0934 0.0254 99.00 

152 80 98 0.0238 0.1080 0.0286 99.00 

153 80 99 0.0454 0.2060 0.0546 99.00 

154 92 100 0.0648 0.2950 0.0472 99.00 

155 94 100 0.0178 0.0580 0.0604 99.00 

156 95 96 0.0171 0.0547 0.0147 99.00 

157 96 97 0.0173 0.0885 0.0240 99.00 

158 98 100 0.0397 0.1790 0.0476 99.00 

159 99 100 0.0180 0.0813 0.0216 99.00 

160 100 101 0.0277 0.1262 0.0328 99.00 
…



 

 

 
 
 
 

… 
 

161 92 102 0.0123 0.0559 0.0146 99.00 

162 101 102 0.0246 0.1120 0.0294 99.00 

163 100 103 0.0160 0.0525 0.0536 99.00 

164 100 104 0.0451 0.2040 0.0541 99.00 

165 103 104 0.0466 0.1584 0.0407 99.00 

166 103 105 0.0535 0.1625 0.0408 99.00 

167 100 106 0.0605 0.2290 0.0620 99.00 

168 104 105 0.0099 0.0378 0.0099 99.00 

169 105 106 0.0140 0.0547 0.0143 99.00 

170 105 107 0.0530 0.1830 0.0472 99.00 

171 105 108 0.0261 0.0703 0.0184 99.00 

172 106 107 0.0530 0.1830 0.0472 99.00 

173 108 109 0.0105 0.0288 0.0076 99.00 

174 103 110 0.0391 0.1813 0.0461 99.00 

175 109 110 0.0278 0.0762 0.0202 99.00 

176 110 111 0.0220 0.0755 0.0200 99.00 

177 110 112 0.0247 0.0640 0.0620 99.00 

178 17 113 0.0091 0.0301 0.0077 99.00 

179 32 113 0.0615 0.2030 0.0518 99.00 

180 32 114 0.0135 0.0612 0.0163 99.00 

181 27 115 0.0164 0.0741 0.0197 99.00 

182 114 115 0.0023 0.0104 0.0028 99.00 

183 68 116 0.0003 0.0041 0.1640 99.00 

184 12 117 0.0329 0.1400 0.0358 99.00 

185 75 118 0.0145 0.0481 0.0120 99.00 

186 76 118 0.0164 0.0544 0.0136 99.00 



APPENDIX 

 

 

Bus 

No. 

a0 

($) 

m1 

($/MVAr-h) 

m2 

($/MVAr-h) 

m3 

($/(MVAr-h)
2
) 

max 
QG 

(MVAR) 
Q 

min 
G 

(MVAR) 

1
a
 0.97 0.15 0.15 0 15 -5 

4
a
 0.23 0.7 0.7 0 300 -300 

6
a
 0.61 0.38 0.38 0 50 -13 

8
a
 0.49 0.86 0.86 0 300 -300 

10 0.89 0.85 0.85 0.58 200 -147 

12 0.76 0.59 0.59 0.48 120 -35 

15
a
 0.46 0.5 0.5 0 30 -10 

18
a
 0.02 0.9 0.9 0 50 -16 

19
a
 0.82 0.82 0.82 0 24 -8 

24
a
 0.44 0.64 0.64 0 300 -300 

25 0.62 0.82 0.82 0.6 140 -47 

26 0.79 0.66 0.66 0.25 1000 -1000 

27
a
 0.92 0.34 0.34 0 300 -300 

31 0.74 0.29 0.29 0.31 300 -300 

32
a
 0.18 0.34 0.34 0 42 -14 

34
a
 0.41 0.53 0.53 0 24 -8 

36
a
 0.94 0.73 0.73 0 24 -8 

40
a
 0.92 0.31 0.31 0 300 -300 

42
a
 0.41 0.84 0.84 0 300 -300 

46 0.89 0.57 0.57 0.79 100 -100 

49 0.06 0.37 0.37 0.44 210 -85 

54 0.35 0.7 0.7 0.5 300 -300 

55
a
 0.81 0.55 0.55 0 23 -8 

56
a
 0.01 0.44 0.44 0 15 -8 

59 0.14 0.69 0.69 0.32 180 -60 

61 0.2 0.62 0.62 0.96 300 -100 

62
a
 0.2 0.79 0.79 0 20 -20 

65 0.6 0.96 0.96 0.41 200 -67 

66 0.27 0.52 0.52 0.74 200 -67 

69 0.2 0.88 0.88 0.27 300 -300 

70
a
 0.02 0.17 0.17 0 32 -10 

72
a
 0.75 0.98 0.98 0 100 -100 

73
a
 0.45 0.27 0.27 0 100 -100 

74
a
 0.93 0.25 0.25 0 9 -6 

76
a
 0.47 0.88 0.88 0 23 -8 

77
a
 0.42 0.74 0.74 0 70 -20 

80 0.85 0.14 0.14 0.13 280 -165 

85
a
 0.53 0.01 0.01 0 23 -8 

87 0.2 0.89 0.89 0.61 1000 -100 

89 0.67 0.2 0.2 0.33 300 -210 

90
a
 0.84 0.3 0.3 0 300 -300 

91
a
 0.02 0.66 0.66 0 100 -100 

92
a
 0.68 0.28 0.28 0 9 -3 

99
a
 0.38 0.47 0.47 0 100 -100 

100 0.83 0.06 0.06 0.03 155 -50 

103 0.5 0.99 0.99 0.31 40 -15 

104
a
 0.71 0.58 0.58 0 23 -8 

105
a
 0.43 0.42 0.42 0 23 -8 

107
a
 0.3 0.52 0.52 0 200 -200 

110
a
 0.19 0.33 0.33 0 23 -8 

111 0.19 0.43 0.43 0.04 1000 -100 

112
a
 0.68 0.23 0.23 0 1000 -100 

113
a
 0.3 0.58 0.58 0 200 -100 

116
a
 0.54 0.76 0.76 0 1000 -1000 

 

 
Table .3: cost data for the IEEE 118 bus Power System 
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Synchronous condenser (SC) 
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