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Abstract

The main aim of this thesis is to present a state space based load frequency control (LFC)

system in conventional and restructured power system environment emphasizing on multi-

source power generation (MSPG). An output feedback controller (OFC) is presented with a

pragmatic point of view. As full state feedback controllers(FSFCs) require the transfer of in-

formation from all parts of the system to a central control facility for processing, which for large

scale interconnected power system could prove to be prohibitive, more practical and alternative

forms of feedback controllers such as OFCs have been the subject of extensive investigation in

the various control engineering applications. As these controllers use only a subset of the state

vector for feedback purposes, they are simpler, more practical and easy to implement than the

FSFCs. A simple algorithm is presented to optimize the OFC gains. All the power system mod-

els presented for LFC study have been simulated using MATLABSimulation tool and dynamic

responses, thereof, are obtained at optimum controller gain settings. The dynamic responses

obtained with OFC have been compared with that of FSFC and in most of the cases improved

results are obtained.

Most of the researchers worked on LFC of power systems considering thermal unit with

non-reheat turbines. In this thesis, the LFC is extended forthe conventional power systems

with the combinations of non-reheat turbines, reheat turbines and hydro turbine. The control

area having MSPG represented by an equivalent of thermal or hydro unit dynamics only may

not result in a realistic design of LFC control. Therefore, new power system models with

MSPG are presented in this thesis for LFC study in both conventional and restructured power

system environment. The LFC system is further improved by considering AC-DC tie lines and

thyristor controlled phase shifter (TCPS). Modified LFC of an interconnected power system

with MSPG is proposed in restructured power system environment considering all the possible

contracts between generation companies (GENECOs) and distribution companies(DISCOs).

The LFC of hydro power plants operational in KHOZESTAN, IRANhas also been studied.
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The proposed controller performs well on this hydro plant and improves the frequency deviation

responses remarkably. The proposed controller shows its capability and flexibility by providing

the desirable dynamic responses to all the power system models studied. To examine the robust

performance of the OFC, the system parameters and operatingload conditions are varied by

±25% from their nominal values to obtain the dynamic responses. The effects of generation rate

constraint (GRC) and variation in step load perturbations (SLPs) are also examined. Dynamic

responses are obtained by varying the regulation parameterand the most appropriate value is

suggested for the power systems with MSPG.

Many research work on LFC systems have been reported in recent years. Still there is much

room for further improvement and extensions of such schemesin new power system environ-

ment. In this thesis, LFC systems of several new models have been presented and improved

dynamic responses are obtained.
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CHAPTER 1

INTRODUCTION

1.1 Load frequency control

The automatic generation control(AGC) or LFC problem in power systems has a long history

and has been one of the most important topics of research and study of interconnected power

systems. In a power system, LFC as an ancillary service playsan important and fundamental

role to maintain the power system reliability at an appropriate level. It has gained the im-

portance with the change of power system structure and the growth of size and complexity

of interconnected systems [1–9]. The successful operationof interconnected power systems

requires the matching of total power generation with total load demand and associated power

system losses [2–4]. As the demand deviates from its nominalvalue with an unpredictable small

amount, the operating point of power system changes, and hence, system may experience devi-

ations in nominal system frequency and scheduled tie line power exchanges, which may yield

undesirable effects [2, 7, 9, 10]. Maintaining system frequency and tie line power interchanges

with neighboring control areas at the scheduled values are the two main objectives of a power

system LFC [4, 7, 10–14]. These objectives are met by measuring a control error signal, called

the area control error (ACE), which represents the real power imbalance between generation

and load [2,6,14,15].

Depending on the type of generating units, and constraints on their range and rate of re-

sponse to the LFC signals, the actual response time varies from a few seconds to several sec-

onds [14, 16, 17]. In LFC practice, rapidly varying components of system signals are almost

unobservable due to filters involved in the process. That is why further reduction in the re-
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sponse time of LFC is neither possible nor desired. In practice, the design and performance of

an LFC system depend on how generation units respond to control signal. Such control schemes

are useful as they are able to maintain a sufficient level of reserved control range and a sufficient

level of control rate [17].

Global analysis of the power system markets shows that LFC isone of the most profitable

ancillary services of the interconnected power systems. This service is related to the short-term

balance of real power and frequency of the power systems and acquires a principal role to enable

power exchanges and to provide better conditions for electricity trading [5, 6, 11, 18–22]. The

LFC modeling and control scheme have been explained in detail in the Chapter 2.

1.2 Research Background

LFC plays an important role in modern energy management systems. The LFC problem has

been extensively studied during the last few decades. Most of the work focused on the LFC of

conventional single area or two area power systems. The firstattempt in the area of LFC has

been to control the frequency of a power system via the flywheel governor of the synchronous

machine. This technique was subsequently found to be insufficient, and a supplementary control

was included to the governor with the help of a signal directly proportional to the frequency

deviation plus its integral. This scheme constitutes the classical approach to the LFC of power

systems. Very early works in this important area of LFC have been by Cohn et al. [23–27].

These works were based on tie line bias control strategy. Quazza [28] illustrated non-interactive

control considering (i) non-interaction between frequency and tie line powers controls and (ii)

each control area taking care of its own load variations. Therevolutionary optimal control

concept for LFC regulator designs of interconnected power systems was presented by Elgerd

[8].

A technique based on coordinated system wide correction of time error and inadvertent

interchange was discussed in an LFC study by Cohn [29]. Supplementary controllers were de-

signed to regulate the ACEs to zero effectively. The research work also contributed the design

2
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of LFC based on various control techniques. The power systems are usually large scale systems

with complex nonlinear dynamics. However, most of the research work reported so far has

been performed by considering linearized models of interconnected power systems. The LFC

response for small load perturbations using linearized models of various power system compo-

nents has been widely accepted [1–10]. The effect of GRC was included in the LFC studies,

considering both continuous and discrete power system models [30–34]. Lot of research work

has been presented on the modeling of various energy source dynamics for LFC studies of

power systems [2,5–7,10,35–38].

The LFC regulator design methods using modern optimal control theory enable the power

engineers to design an optimal control system with respect to given performance criterion.

Fosha and Elgerd [39] were the first to present their work on optimal LFC regulator design

using this concept. A two-area interconnected power system(TAIPS)consisting of two identi-

cal power plants of non-reheat thermal turbines was taken for investigations. A new formulation

for optimal LFC strategy has been proposed in [40]. The feasibility of an optimal LFC scheme

requires the availability of all state variables for feedback. Next, the problem is to reconstruct

the unavailable states from the available outputs and controls using an observer.

Considering state reconstruction, many significant contributions have been made [41–46].

Bohn and Miniesy [41] have studied the LFC of a TAIPS by makingthe use of differential ap-

proximation and a Luenberger observer. Exploiting the factthat the nonlinearity of the power

system model, namely, the tie line power flow, is measurable,the observer has been designed

to give zero asymptotic error, even for the nonlinear model.LFC schemes based on an optimal

observer, using a nonlinear transformation [42] and reduced-order system models with a local

observer [43] have been reported in the literature. A simplegenerating unit model oriented to-

wards LFC and the method for its transfer function identification based on a two-stage procedure

is presented in [46]. Due to practical difficulties in the implementation of regulators based on

feedback of all state variables, suboptimal LFC regulator designs were considered [47–49]. A

suboptimal and near-optimal LFC concept using modern control theory is proposed by Moorthy

and Aggarwal [47]. The LFC regulator design using Lyapunov’s second method and utilizing

3
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minimum settling time theory has been proposed by Shirai [50]. The design of decentralized

LFC based on structured singular values is presented in [51].

Various LFC schemes based on two-level [52] and multi-level[53–55] control concepts have

been proposed. A two-level suboptimal controller has been suggested by Miniesy and Bohn

[52]. However, this approach does not ensure zero steady state error, and hence, a multilevel

finite time optimal controller design ensuring zero steady state error has been reported in [53].

The advantage of hierarchical structure is reflected in the fact that even if one of the control

levels fails, the system remains in operation.

Keeping in view the accuracy and reliability of digital controllers, researchers have focussed

on proposing digital LFC control schemes [56–63]. Ross [56]was probably the first to present

a comprehensive direct digital LFC regulator for the power systems. Later, a digital LFC in-

corporating dynamic control criteria for performance evaluation of digital control system based

on field test results was initiated by Ross and Green in [57]. Bohn and Miniesy [41] have

analyzed the effect of the sampling period on the system’s dynamic response. Kothari and

coworkers [62, 64] have studied the LFC in discrete mode. Theinvestigations were carried out

with more feasible modeling of LFC strategy, i.e., considering that the system is operating in

continuous mode and the controller is operating in discretemode [64]. In [62], discrete mode

LFC of an interconnected power system with reheat turbines considering a new ACE is de-

scribed. The new ACE is derived from tie line power deviation, frequency deviation, time error,

and inadvertent interchanges.

A robust controller design based on the Riccati equation approach has been proposed for

the power systems [65, 66]. Later, based on a combination of the robust control approach

and an adaptive control technique, a design procedure of a new robust adaptive controller was

proposed for power system LFC with system parametric uncertainties [65]. The other research

contributions on decentralized robust LFC based on the Riccati equation approach have been

recorded in [67]. The design of decentralized robust LFC applying structured singular values

is proposed by Yang et al. [68]. It has been shown that when thefrequency response based

diagonal dominance cannot be achieved, the structured singular values can be applied to design

4
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decentralized LFC to achieve the desired system dynamic performance [68].

Apart from various LFC schemes, adaptive control has been a topic of research for a long

time. The task of adaptive control is to make the process under control less sensitive to changes

in process parameters and process dynamics. A number of articles have been appeared on

adaptive LFC schemes [69–74]. In 1966, Ross [69] described control criteria in LFC and the

related practical difficulties encountered in trying to achieve these criteria. The implementation

and analysis of an adaptive LFC system on the Hungarian powersystem has been proposed

by Vajk et al. [71]. A multi-area adaptive LFC scheme for LFC of power systems [73] and a

reduced-order adaptive LFC for interconnected hydro-thermal power system [74] are reported

in the literature.

Many researchers have applied the artificial intelligence and evolutionary algorithms based

controllers for the LFC study. In recent years, the advent ofmodern intelligent methods, such

as Artificial neural networks (ANNs), fuzzy logic, Genetic algorithms(GAs), Particle swarm

optimization (PSO), PSO-hybrids and Bacterial Foraging(BF)-based optimization has solved

the LFC problems [4, 15, 75–81]. Application of the ANN technique based on robust control

methodologies for solution of the LFC problem in interconnected power system has appeared

in the literatures [75, 76]. Shayeghi and Shayanfar [75] have presented the concept of theH∞

robust control technique for training of radial biased function (RBF) neural networks for im-

provement of the performance of the proposed controller under various operating conditions. In

Ref. [76], the idea ofµ-synthesis control techniques has been used for training anANN-based

LFC controller too. Researches on the LFC problem shows the LFC analysis using the fuzzy

proportional plus integral (PI) controller [78,79].

Application of the optimal control theory to power system has shown that an optimal load

frequency controller can improve the dynamic stability of apower system [4]. As state feedback

controllers require the transfer of information from all parts of the system to a central control

facility for processing, which for large scale interconnected power system could prove to be pro-

hibitive, alternative more practical forms of feedback controllers such as output feedback and

decentralized controllers have been the subject of extensive investigation. As these controllers
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use only a subset of the state vector for feedback purposes, they are simpler, more practical and

easy to implement than the full state feedback controllers [2,49]. Bettayeb et. al [82] proposed

the incorporation of time-weighted linear quadratic regulator state and output feedback control

design for power system dynamic stability analysis. Shahnazi et. al [83] presented an output

feedback control with disturbance rejection for a class of nonlinear multi-input multi- output

(MIMO) systems with unknown but bounded disturbances. An application of linear quadratic

Gaussian (LQG) based load frequency controller in a competitive electricity environment is

witness of the popularity of state feedback controls [11]. Tyagi and Srivastava [84] presents

the design of a decentralized AGC scheme where the controller has been designed by appropri-

ately assigning the eigen-structure of each isolated subsystem via state feedback, satisfying the

sufficient conditions for stability.

Most recently many researchers [1, 12, 13, 15, 80, 85–87] have studied the LFC problem of

hydro, thermal systems using proportional, integral and derivative (PID) controller, fuzzy con-

troller, decentralized controller and optimal multi inputsingle output (MISO) PID controller

based on different algorithms and optimization techniques. The fuzzy PI controller is known to

give poor performance in system transient response. Chang et al. [88], obtained the optimum ad-

justment gains of the integral controller using GAs throughperformance indices integral square

error (ISE) and integral of time of absolute error (ITAE). The premature convergence of GA

degrades its efficiency and reduces the search capability. Nanda et al. [15] proposed the LFC

using Bacterial Foraging-Based Optimization. PSO is developed through simulation of bird

flocking in multi-dimensional space. Like GA, PSO is also less susceptible to getting trapped

on local optimum [15, 80]. Mojtaba et al. [85] proposed a robust multi-variable model based

predictive control (MPC) for the solution of LFC in a multi-area interconnected power system

(MAIPS). The proposed control scheme is designed to consider multi-variable nature of LFC,

system uncertainty and generation rate constraint, simultaneously. Alireza et al. [1] studied

the LFC of the hydro power system (operational in Iran) usingoptimal MISO PID controller.

Hasan et al. [86] presented the design of sub-optimal AGC regulators based on the constrained

feedback control strategy using the feedback of system states. Decentralized load frequency
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controller is presented for the LFC of an interconnected thermal power system [13] which uses

large number of states for the controller feedback. Challa et al. [89] has presented the analysis

and design of controller for two area hydro-thermal-gas AGCsystem. They have shown that for

LFC study, optimal PI state feedback controller is more robust and performs better than conven-

tional genetic algorithm based PI controller. However, this optimal PI state feedback controller

uses all the states for feedback purpose which is practically difficult and results in the increased

complexity and cost of the controller. Rakhshani et al. [87]have applied reduced-order observer

control for two-area LFC system after deregulation. In fact, one of the main observed problems

in the control of AGC systems is the limitation to access and measurement of state variables in

the real world. So with a practical point of view, an optimal output feedback method, is used to

solve this problem [90–94]. In the output feedback method, only the measurable state variables

within each control area are required to use for feedback. All these controllers discussed have

relative advantages and disadvantages. Shayeghi et al. [95] concluded in the state of art survey

on LFC, that there are no rules as to when a particular technique is more suitable for the LFC

problem.

Apart from advances in control concepts, there have been many changes during the last

decade or more, such as deregulation of the power industry and use of super conducting mag-

netic energy storage, wind turbines and photovoltaic cellsas other sources of electrical energy

to the system. In a power system, the instantaneous mismatchbetween supply and demand of

real power for sudden load changes can be reduced by the addition of active power sources

with fast response such as battery energy storage (BES), super conducting magnetic energy

storage (SMES), capacitive energy storage (CES) and Redox Flow Batteries devices [96–100].

Bhatti and Kothari [101] presented the Variable structure load-frequency control of isolated

wind-diesel-micro-hydro hybrid power systems.

Literature survey shows that mostly AC tie lines are used forthe interconnection of multi-

area power systems and lesser attention is given to AC-DC parallel tie lines [2, 4]. HVDC

transmission has emerged due to its various techno-economical advantages. One of the major

applications of HVDC transmission is operating a DC link in parallel with an AC link intercon-
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necting two control areas to get an improved system dynamic performance with greater stability

margins under small disturbances in the system [102,103]. Considerable research work has been

carried out on LFC of interconnected power systems connected via HVDC link in parallel with

AC link [4,102–105].

The Flexible AC Transmission Systems (FACTS) devices provide more flexibility in power

system operation and control. TCPS is an effective FACTS device for the tie line power flow

control of an interconnected power system. The TCPS device is modeled and used in series

with tie lines to improve the dynamic performance of LFC of the interconnected power systems

by the many researchers [4,106–109].

The classical LFC based on ACE is difficult to implement in a restructured power system

environment. In recent years, several control scenarios based on robust and optimal approaches

have been proposed for the AGC system in deregulated power systems. Some research is con-

tained in [5,6,11,18–22,84,110–113]. In the restructuredpower system environment, vertically

integrated system of conventional power system do not exist[20]. In a competitive electric-

ity market, generating companies (GENCOs), distribution companies (DISCOs), transmission

companies (TRANSCOs), and power system operator (PSO) [5, 6, 18, 19, 114] are all mar-

ket players. As there are so many GENCOs and DISCOs in the deregulated power system, a

DISCO has the freedom to have a contract with any GENCOs for the transaction of power. A

DISCO of one control area can make contract with a GENCO in another control area [19, 20].

For stable and secure operation of a power system, the PSO hasto provide a number of ancil-

lary services. One of the ancillary services is the frequency regulation based on the concept

of the LFC. The crucial role of LFC system will continue in restructured power system envi-

ronment with some modifications accounting bilateral transactions and deregulation policy [5].

A detailed discussion on LFC issues in power system operation after deregulation is reported

in [20–22].

An LFC system required for Poolco-based transactions described in [20, 112] utilizes an

integral controller. A method to find optimal controller gains of this type of controller for

a two-area system is proposed in [20]. In [115], B. Tyagi et. al proposed a general model

8
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for multi-area LFC suitable for a competitive electricity environment. LFC work in deregulated

power system is reported in [5,11,18–20,84] where they haveconsidered either thermal or hydro

system in a control area. In new power system environment, a control area may have variety of

sources like hydro, thermal, gas, renewable etc., therefore representing a control area by thermal

or hydro system dynamics only may not result in a good design of LFC system [5, 6, 89, 90].

Recently some researchers studied the LFC of conventional power system considering hydro,

thermal and gas generating units in each control area [89, 90, 116, 117], however they did not

consider the LFC scheme in restructured power system environment.

1.3 Motivation

Global analysis of the power system markets shows that LFC isone of the most profitable

ancillary services of the interconnected power systems. LFC is very important topic of research

and many researchers studied this problems with various combinations of controllers and power

system models. All the controller methods presented in literature for LFC study have their own

advantages and disadvantages.

Application of the optimal control theory to power system has shown that an optimal LFC

can improve the dynamic stability of a power system. The LFC regulator design techniques

using modern optimal control theory enable the power engineers to design an optimal control

system with respect to given performance criterion. As state feedback controllers require the

transfer of information from all parts of the system to a central control facility for processing,

which for large scale inter connected power system could prove to be prohibitive. In the larger

systems all the states may not be available for measurement and require large number of sensors.

Keeping in view the above, researchers motivated to make application of more promising and

practical form of optimal OFC for the study of LFC as this controller uses only a subset of the

state vector for feedback purposes, this is simpler, more practical and easy to implement than

the full state feedback controller.

Apart from advances in control concepts, there have been many changes during the last

9
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decade or more, such as deregulation of the power industry, use of AC-DC tie lines, FACTS

devices etc. Most of the researchers considered either thermal or hydro generating units in a

control area. In a real situation, control area may have variety of sources of generations such

as hydro, thermal, gas, nuclear, solar, wind etc. The control area having different sources of

power generation represented by an equivalent of thermal orhydro unit dynamics only may

not result in realistic design of LFC control. Keeping in view the changing power scenario,

combination of multi-source generators in a control area with their corresponding generation

contribution factors is more realistic for the study of LFC Further, this motivated to include

the more realistic combination of multi-source power generation (Thermal, hydro and gas) in a

control area. An attempt has been made to study the LFC of various new power system models

with MSPG including FACTS devices (TCPS), AC-DC tie lines and restructured power system

environment. To demonstrate the performance of controllerover a wide range of variation in

parameters and load condition is also one of the key factor ofmotivation.

1.4 Significant contributions of the thesis

Although LFC has been widely addressed, keeping in view the changing power system envi-

ronment there is still a lot of openings to this work. The thesis has investigated and contributed

to the following areas:

• Mathematical modeling and state space forms of conventional power systems and power

systems with MSPG are presented

• New power system models with MSPG considering TCPS, AC-DC lines and restructured

power system environment are presented for LFC study

• A more practical form of optimal controllers, OFC is presented for LFC study. A simple

algorithm is presented to solve the problem using MATLAB code

• OFC is presented for the LFC of TAIPSs (i)thermal-thermal with non-reheat (ii)thermal-

thermal with reheat and (iii) hydro-thermal power plants and dynamic responses are com-
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pared with FSFC

• OFC is presented for the LFC of (i) SAPS with MSPG (ii) TAIPS with MSPG and dy-

namic responses are compared with FSFC. LFC of low, medium and high head hydro

plants is also studied. Sensitivity analysis is done over a wide range of variation of pa-

rameters and load conditions. Effect of GRC and variation inregulation parameter is also

analyzed.

• OFC is presented and compared with most recent research work[1] on actual hydro plants

and improved dynamic responses are obtained

• OFC is presented for LFC of TAIPS with MSPG considering AC-DCtie lines and im-

proved dynamic responses are obtained

• OFC is presented for LFC of TAIPS with MSPG considering TCPS and improved dy-

namic responses are obtained

• OFC is presented for LFC of TAIPS with MSPG in restructured power system environ-

ment considering various possible contracts between GENCOs and DISCOs.

1.5 Organization of the thesis

The thesis is organized as follows:

Chapter 1 gives a general introduction on LFC problem. The past achievements in the

LFC literature are briefly reviewed and the main motivation and significant contributions of the

present thesis are summarized.

Chapter 2 presents mathematical modeling and LFC of power systems. The controller de-

sign equations and algorithm are presented in brief.

Chapter 3 discusses LFC of conventional power systems. The LFC of (i)Thermal-thermal

power system with non-reheat turbines, (ii) Thermal-thermal power system with reheat turbine

and (iii) Hydro-thermal power system has been studied and performance of OFC is compared

with FSFC.

11
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Chapter 4 proposes LFC of the power systems with MSPG. The LFCof (i) Single area

power system with multi-source power generation, (ii) Two area interconnected power system

with multi-source power generation (iii) Hydro power plants has been studied.

Chapter 5 is organized in two main sections. Firstly, the LFCof power system with MSPG

considering AC-DC tie lines is presented. In the second section, LFC of power system with

MSPG considering TCPS is studied.

In chapter 6, LFC of TAIPS with MSPG in restructured power system is presented.

Finally in Chapter 7, general conclusions and suggestions for further work are documented.
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CHAPTER 2

MATHEMATICAL MODELING AND LFC OF

POWER SYSTEMS

2.1 Introduction

A detailed literature survey on LFC problem has been carriedout in the previous chapter. It

is understood that the study of the response of power systemsto perturbations and operational

changes is greatly assisted by mathematical models and computer simulations. Mathematical

models involving small perturbations are developed by linearization of the system around a

current operating point but the larger disturbances have tobe obtained by solving non-linear

differential equations. The LFC study is basically based onthe small signal analysis. The

linearized models of turbines, governors, power systems and associated equations reported in

[2, 7, 8, 10, 39] are well accepted and have been used by many researchers for LFC system

modeling in isolated and interconnected power systems [4,13,81,85,86,95].

In the classical control methodologies, frequency response plots such as Bode and Nyquist

diagrams are usually used to obtain the desired gain and phase margins. The investigations car-

ried out using classical control approaches reveal that it often result in relatively large overshoots

and transient frequency deviation [9,10,34,118]. Moreover, the settling time of the system fre-

quency deviation is comparatively long. Most recently manyresearchers [1,12,13,15,80,85–87]

have studied the LFC problem of hydro, thermal systems usingPID controller, fuzzy controller,

decentralized controller and optimal MISO PID controller based on different algorithms and

optimization techniques. The fuzzy PI controller is known to give poor performance in system
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transient response. Chang et al. [88], obtained the optimumadjustment gains of the integral

controller using GAs through performance indices ISE and ITAE. The premature convergence

of GA degrades its efficiency and reduces the search capability. Nanda et al. [15] proposed

the LFC using Bacterial Foraging-Based Optimization. PSO is developed through simulation

of bird flocking in multi-dimensional space. Like GA, PSO is also less susceptible to getting

trapped on local optimum [15, 80]. Mojtaba et al. [85] proposed a robust multi-variable model

based predictive control (MPC) for the solution of LFC in a multi-area power system. Alireza et

al. [1] studied the LFC of the hydro power system (operational in Iran) using optimal MISO PID

controller. Hasan et al. [86] presented the design of sub-optimal AGC regulators based on the

constrained feedback control strategy using the feedback of system states. Decentralized load

frequency controller is presented for the LFC of an interconnected thermal power system [13]

which uses large number of states for the controller feedback. Challa et al. [89] has presented

the analysis and design of controller for two area hydro-thermal-gas AGC system. They have

shown that for LFC study, optimal PI state feedback controller is more robust and performs

better than conventional genetic algorithm based PI controller. However, this optimal PI state

feedback controller uses all the states for feedback purpose which is practically difficult and

results in the increased complexity and cost of the controller. Rakhshani et al. [87] have ap-

plied reduced-order observer control for two-area LFC system after deregulation. In fact, one

of the main observed problems in the control of AGC systems isthe limitation to access and

measurement of state variables in the real world. All these controllers discussed have relative

advantages and disadvantages. Shayeghi et al. [95] concluded in the state of art survey on LFC

that there are no rules as to when a particular technique is more suitable for the LFC problem.

Application of the optimal control theory to power system has shown that an optimal load

frequency controller can improve the dynamic stability of apower system [4]. The LFC regula-

tor design techniques using modern optimal control theory enable the power engineers to design

an optimal control system with respect to given performancecriterion. Fosha and Elgerd [39]

were the first to present their work on optimal LFC regulator design using this concept. The

feasibility of an optimal LFC scheme requires the availability of all state variables for feedback.
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However, these efforts seem unrealistic, since it is difficult to achieve this. Then, the problem is

to reconstruct the unavailable states from the available outputs and controls using an observer.

Due to practical limitations in the implementation of regulators based on feedback of all state

variables, suboptimal AGC regulator designs were considered [47–49].

As state feedback controllers require the transfer of information from all parts of the system

to a central control facility for processing, which for large scale inter connected power sys-

tem could prove to be prohibitive, alternative more practical forms of feedback controllers such

as output feedback and decentralized controllers have beenthe subject of extensive investiga-

tion. As these controllers use only a subset of the state vector for feedback purposes, they are

simpler, more practical and easy to implement than the full state feedback controllers [2, 49].

Bettayeb et. al [82] investigates the incorporation of time-weighted linear quadratic regulator

state and output feedback control design for power system dynamic stability analysis. Shahnazi

et. al [83] proposed an output feedback control with disturbance rejection for a class of non-

linear MIMO systems with unknown but bounded disturbances.An application of LQG based

load frequency controller in a competitive electricity environment is witness of the popularity

of state feedback controls [11]. Tyagi and Srivastava [84] presents the design of a decentralized

automatic generation control (AGC) scheme where the controller has been designed by appro-

priately assigning the eigen-structure of each isolated subsystem via state feedback, satisfying

the sufficient conditions for stability. Mishra et al. [119]studied LFC using linear quadratic

regulator where Kalman estimator is used to estimate the states. The estate estimation increases

the complexity and cost of the controller. Amongst various control schemes of state feedback

discussed above, the output feedback method [83,120]seemsto be more practical.

Most recent application of state feedback control (optimalcontrol) [11,82–84,86,87,89,90,

93,94,119] in LFC analysis of power systems shows their popularity and superiority over other

controllers. The output feedback controller (OFC) is proposed in this thesis from pragmatic

point of view, which uses less number of states as feedback. In the output feedback method,

only the output state variables within each control area arerequired for feedback purpose. The

proposed OFC overcomes the drawbacks of full state feedbackcontroller (FSFC).

15
TH-1171_07610212



Chapter 2 Mathematical modeling and LFC of power systems

This chapter presents LFC modeling, associated equations and linearized models of single

area power system (SAPS) and multi-area interconnected power systems (MAIPS) in detail.

The new LFC model for the MAIPS having multi-source power generation(MSPG) is proposed.

The fundamental and secondary LFC loops, concept of tie lines, ACEs are introduced. The

controller design steps and algorithm of the OFC are described in detail. FSFC is used for the

comparison purpose, however important equations are described in brief for the ready reference.

The important steps to solve the LFC problem using proposed OFC are described in last.

2.2 Fundamental LFC loops

The frequency of a power system depends on active power balance. A change in active power

demand at one point of a network is reflected in the entire power system by a change in fre-

quency. Therefore, system frequency provides a useful index to indicate the imbalance between

the active power generation and load. Any short-term energyimbalance will result in an instan-

taneous change in system frequency as the disturbance is initially offset by the kinetic energy of

the rotating plant. Significant loss in the generation without an adequate system response can

produce extreme frequency excursions outside the working range of the plant. Therefore LFC

plays an important role to maintain the balance between power generation and frequency [5,6].

The real power in a power system is being controlled by controlling the mechanical power

output of the prime mover. Depending on the type of generation,the prime mover may be a

steam turbine,gas turbine, hydro-turbine or diesel engine. In the case of a steam or hydro-

turbine,mechanical power is controlled by the opening or closing of valves regulating the input

of steam or water flow into the turbine. Steam (or water) inputto turbines must be continu-

ously regulated to match real power demand, failing which the machine speed will vary with

consequent change in frequency [5,6,10].

In addition to a primary frequency control, most of the largesynchronous generators are

equipped with a supplementary frequency control loop. A schematic block diagram of a syn-

chronous generator equipped with frequency control loops is shown in Fig. 2.1 where, the speed
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governor senses the change in speed (frequency) via the primary and supplementary control

loops. Very large mechanical forces are needed to position the main valve(or gate) against the

high steam (or water) pressure, and these forces are obtained via several stages of hydraulic am-

plifiers. The hydraulic amplifier provides the necessary mechanical forces to position the main

valve against the high-steam (or hydro) pressure, and the speed changer provides a steady-state

power output setting for the turbine [5,6,10].

The speed governor on each generating unit provides the primary speed control function, and

all generating units contribute to the overall change in generation, irrespective of the location

of the load change, using their speed governing. However, primary control action is not usually

sufficient to restore the system frequency and the supplementary control loop is required to

adjust the load reference set point through the speed-changer motor. The supplementary loop

performs a feedback via the frequency deviation and adds it to the primary control loop through

a dynamic controller. The resulting signal (∆Pc) is used to regulate the system frequency. In

real-world power systems, the dynamic controller is usually a simple integral or proportional

integral (PI) controller [2,5,6,10].

As shown in Fig. 2.1, the frequency experiences a transient change (∆ f ) following a change

in load (∆PD). Thus, the feedback mechanism comes into play and generates an appropriate

signal for the turbine to make generation (∆Pm), track the load and restore the system frequency

[6].

2.3 Frequency response modeling

Power systems have a highly non-linear and time-varying nature. However, for the purpose of

frequency control synthesis and analysis in the presence ofload disturbances, a simple low-

order linearized model is used. In comparison with voltage and rotor angle dynamics, the

dynamics affecting frequency response are relatively slow, in the range of seconds to minutes. In

this section, a simplified frequency response model for the described schematic block diagram

in Fig. 2.1 with one generator unit is described, and then theresulting model is generalized

17
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Figure 2.1: Schematic block diagram of a synchronous generator with basic frequency control
loops
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Figure 2.2: Linear model of the primary LFC loop

for multi-area interconnected power system as described insection 2.4. A linear model of the

system with primary LFC loop is shown in Fig. 2.2 and its associated equation are presented in

this section. An increase in governor command∆Pg results from increase in∆Pc and a decrease

in ∆ f . Thus we can write for a small increment

∆Pg = ∆Pc−
1
R

∆ f (2.1)

where

∆Pg is small change in governor command,

∆Pc is small change in reference power setting,

and R is the regulation parameter or droop characteristics (Hertz per pu MW).R is de-

fined as the ratio of speed deviation or frequency deviation to change in valve/gate position or

18
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power output. For example 4%R means that 4% frequency deviation causes 100% change in

valve/gate position or power output.

Laplace transformation of the equation (2.1) yields

∆Pg(s) = ∆Pc(s)−
1
R

∆F (s) (2.2)

Yg(s) , the transfer function of speed governor system is given by

Yg(s) =
∆Pv(s)
∆Pg(s)

(2.3)

The speed governor system transfer function,Yg(s) depends upon the type of the governing sys-

tem used in the generating unit. A speed governing system of asteam turbine has the following

transfer function [2,7]:

Yg(s) =
1

1+sTSG
(2.4)

where,TSG is the steam turbine speed governor time constant.

The Turbine power increment∆Pm depends entirely upon the control valve(or gate) power

increment∆Pv and response characteristics of the turbine.

The turbine transfer function may be given as

Yt (s) =
∆Pm(s)
∆Pv(s)

(2.5)

The turbine transfer function,Yt (s) depends upon the type of turbine.

A non-reheat steam turbine has the following transfer function [2,7]:

Yt (s) =
∆Pm(s)
∆Pv(s)

=
1

1+sTT
(2.6)

where,TT is steam turbine time constant.

The generator power increment∆Pgen= ∆PD depends entirely upon the changes∆PD in the

load being fed from the generator, which adjusts its output so as to meet the demand changes.

These adjustments are essentially instantaneous certainly in comparison with slow changes in

turbine output, and therefore we can set

∆Pgen= ∆PD (2.7)
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Power system (load and machine) transfer function is given by

Yp(s) =
KPS

1+sTPS
(2.8)

where

KPS= 1
D is power system gain, Hz/pu MW,

H is the equivalent inertia constant, MW-s/MVA,

TPS= 2H
f D is power system time constant, s

andD = ∂PL
∂ f

1
Prt

is Equivalent system damping coefficient, pu MW/Hz.

∆F (s) can now be expressed as

∆F (s) = Yp(s) [∆Pm(s)−∆PD (s)] (2.9)

In fact, the block diagram of a single area power system without supplementary control shown in

Fig. 2.2 is based on above equations and results. Now it is necessary that frequency deviations

must settle with zero steady state error. To accomplish thissupplementary control loop must

be closed and the speed changer is manipulated in accordancewith some suitable controller

action. The signal fed into the controller is referred to as area control error (ACE). The ACE in

an isolated(single area) power system may be defined as:

ACE= B∆ f (2.10)

where,B is frequency bias parameter, pu MW/Hz.

The speed changer can be commanded by a control signal∆Pc obtained by a suitable control

action on the error signal.

∆Pc = K(s)ACE (2.11)

where,K(s) is the controller.

For an example, Let the controller be integral controller,K(s) = −KI
s then∆Pc becomes

∆Pc = −KI

∫

B∆ f dt (2.12)

The polarity of integral controller must be chosen negativeso as to cause a positive frequency

error to give rise to a negative or decrease command. As long as an error remains the controller
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Figure 2.3: Linear model with supplementary LFC loop

output will increase, causing the speed changer to move. Thecontroller output, and thus the

speed changer position attains a constant value only when the frequency error has been reduced

to zero. The gain constantKI controls the rate of integration and thus speed of response of loop.

A block diagram for an isolated (single area) system with supplementary control is as shown in

Fig. 2.3.

2.4 LFC modeling of the MAIPS

In an isolated power system, regulation of tie-line power isnot a control issue, and the LFC task

is limited to restore the system frequency to the specified nominal value. In order to generalize

the described model for interconnected power systems, the control area concept needs to be

used, as it is a coherent area consisting of a group of generators and loads, where all the genera-

tors respond to changes in load or speed-changer settings, in unison. The frequency is assumed

to be the same at all points of a control area. A multi-area power system comprises areas that are

interconnected by high voltage transmission lines or tie lines. The trend of frequency measured

in each control area is an indicator of the trend of the mismatch power in the interconnection

and not in the control area alone. The LFC system in each control area of the multi-area inter-

connected power systems (MAIPS) should control the interchange power with the other control

areas as well as its local frequency [2, 5, 6, 10]. Therefore,the described dynamic LFC system

model shown in Fig. 2.3 must be modified by taking into accountthe tie-line power signal. For
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Figure 2.4: N-control areas power system

this purpose, consider Fig. 2.4, which shows a power system with N-control areas. In normal

operation the tie line power flow from control area 1 to control area 2 is given by

Ptie,12 =
|V1| |V2|

X12
sin(δ1−δ2) (2.13)

whereX12 is the tie-line reactance between control areas 1 and 2,

andδ1 andδ2 are the angles of end voltagesV1 andV2 respectively.

For small deviations in the anglesδ1 andδ2 the tie line power changes with

∆Ptie,12 =
|V1| |V2|

X12
cos(δ1−δ2)(∆δ1−∆δ2) (2.14)

Synchronizing coefficientT12 of a line is defined by

T12 =
|V1| |V2|

X12
cos(δ1−δ2) (2.15)

The tie line power deviation then takes on the form

∆Ptie,12 = T12(∆δ1−∆δ2) (2.16)

The frequency deviation∆ f is related to the reference angle∆δ by the formula

∆δ = 2π
∫ t

0
∆ f dt (2.17)

By expressing the tie line power deviations in term of∆ f , we get

∆Ptie,12 = 2πT12

(

∫ t

0
∆ f1dt−

∫ t

0
∆ f2dt

)

(2.18)
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Laplace transformation of the equation (2.18) yields

∆Ptie,12(s) =
2πT12

s
(∆F1(s)−∆F2(s)) (2.19)

Similarly the incremental tie line power flow from control area 2 to area 1 is given by

∆Ptie,21 = 2πT21

(

∫ t

0
∆ f2dt−

∫ t

0
∆ f1dt

)

(2.20)

Taking the Laplace transform of equation (2.20)

∆Ptie,21(s) =
2πT21

s
(∆F2(s)−∆F1(s)) (2.21)

where,

T21 =
|V2| |V1|

X12
cos(δ2−δ1) (2.22)

If incremental powers are expressed in pu, then

T21 = −
Prt1

Prt2
T12 = a12T12 (2.23)

where

Prt1 andPrt2 are the rated power of control area 1 and 2 respectively,

and

a12 is the control area capacity ratio, defined as:a12 = −Prt1
Prt2

If losses are neglected and equal area ratings (Prt1 = Prt2) are taken

∆Ptie,21 = a12∆Ptie,12 = −∆Ptie,12 (2.24)

similarly, the tie line power change between areas 1 and 3 is given by

∆Ptie,13(s) =
2πT13

s
(∆F1(s)−∆F3(s)) (2.25)

and the tie line power change between control areas 1 and 4 is given by

∆Ptie,14(s) =
2πT14

s
(∆F1(s)−∆F4(s)) (2.26)

Considering equations (2.19), (2.25) and (2.26), the totaltie line power change between control

area 1 and the other control three areas 2, 3 and 4 can be calculated as

∆Ptie,1(s) = ∆Ptie,12(s)+∆Ptie,13(s)+∆Ptie,14(s) =
2π
s

(

∑
j=2,3,4

T1 j ∆F1(s)− ∑
j=2,3,4

T1 j ∆Fj (s)

)

(2.27)
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Figure 2.5: Block diagram representation for tie line powerchange of control area-i in an inter-
connected power system with N-control areas

Similarly, for N-control areas shown in Fig. 2.4, the total tie line power change between control

area-i and all other control areas is

∆Ptie,i(s) =
N

∑
j=1
j 6=i

∆Ptie,i j (s) =
2π
s







N

∑
j=1
j 6=i

Ti j ∆Fi(s)−
N

∑
j=1
j 6=i

Ti j ∆Fj (s)






(2.28)

Equation (2.28) is represented in the form of a block diagramin Fig. 2.5. The effect of changing

the tie line power for an area is equivalent to changing the load of that area. Therefore, the∆Ptie,i

must be added to the mechanical power change∆Pmi and control area load change∆PDi using

an appropriate sign [2, 5, 6, 10]. A combination of block diagrams Figs. 2.3 and 2.5 creates a

simplified block diagram for control area-i in an N-control area interconnected power system

shown in Fig. 2.6. The next point to consider is the supplementary control loop in the presence

of a tie line. In the case of an isolated control area, this loop is performed by a feedback

from a control area frequency deviation through a simple dynamic controller as shown in Fig.

2.3. In a MAIPS, in addition to regulating area frequency, the supplementary control should

maintain the tie line power interchange with neighboring areas at scheduled values. This is

generally accomplished by adding a tie line power flow deviation to the frequency deviation in

the supplementary feedback loop. A linear combination of frequency and tie line power changes
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Figure 2.6: Control area-i of an interconnected power system with N number of control areas

for control area-i, is known as the ACE and can be given as:

ACEi = ∆Ptie,i +Bi∆ fi (2.29)

Bi is the frequency bias parameter ofith control area.Bi is assumed equal to the frequency bias

factor(βi) [2,5,6,10].

Bi = βi = Di +
1
Ri

(2.30)

The block diagram shown in Fig. 2.6 illustrates how supplementary control is implemented

using equation (2.29). The effects of local load changes andinterface with other control areas

are properly considered as two input signals. Each control area monitors its own tie line power

flow and frequency at the area control centre. The ACE signal is computed and allocated to

the controllerK(s). Finally, the speed changer ofith control area can be commanded by a

corresponding control signal∆Pci. Therefore, it is expected that the supplementary control

shown in Fig. 2.6 can ideally meet the basic LFC objectives and maintain area frequency and

tie line interchange at scheduled values.
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Figure 2.7: Control area-i of MAIPS with MSPG and N-number of control areas

2.5 LFC modeling of MAIPS with MSPG

Since the 1970s, the described LFC scheme and power system model in section 2.4 is widely

used by researchers for the LFC analysis and synthesis. The far reaching restructuring of the

power system industry, application of new technology and concomitant new concepts of oper-

ation requires an evaluation and re-examination of this scheme, which is already designed to

operate with large and central generating facilities to findways to maintain, and possibly im-

prove, their efficiency and reliability. Most of the researchers considered either thermal or hydro

generating units in a control area. In a real situation, control area may have variety of sources

of generations such as hydro, thermal, gas, nuclear, solar,wind etc and the control area having

different sources of power generation represented by an equivalent of thermal or hydro unit

dynamics only may not result in realistic design of LFC control [6]. Furthermore, in the new

power system environment, generators may or may not contribute in the LFC task and contribu-

tion factors are not the same for all participant generators[1,5,6,17,89,116]. Keeping in view

the present power scenario, combination of multi-source generators in a control area with their
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corresponding generation contribution factors is more realistic for the study of LFC [89, 116].

In a competitive environment, generation contribution factors are actually time-dependent vari-

ables and must be computed dynamically based on bid prices, availability, congestion problems,

costs and other related issues. In order to consider the variety of generation dynamics and their

contribution rate in the LFC action, the dynamic model of control area-i in Fig. 2.6, can be

modified to that shown in Fig. 2.7. From the Fig. 2.7, the totalincremental generation change

in turbine power outputs ofith area may be given as:

∆Pmi(s) =
n̄

∑
k=1

∆Pmki(s) (2.31)

where,n̄ is number of generating units(GENCOs) in theith control area.

Let the generation contribution factor ofkth generating unit in theith area be defined asαki.

The∆Pmki may now be expressed in terms of∆Pmi(s) andαki as:

∆Pmki(s) = αki∆Pmi(s) (2.32)

From the equation (2.32), it is obvious that ,the sum of generation contribution factors in a

control area [5,6,89,116] is equal to 1.

n̄

∑
k=1

αki = 1 (2.33)

where, 0≤ αki ≤ 1.

Considering the effect of primary and supplementary controls, the system frequency can be

obtained as:

∆Fi(s) =
KPSi

(1+sTPSi)

(

n̄

∑
k=1

∆Pmki(s)−∆PDi(s)−∆Ptie,i(s)

)

(2.34)

and∆Pmki(s) can be expressed [6,17,116] as:

∆Pmki(s) = Ygki(s)Ytki(s)αki

(

∆Pcki(s)−
∆Fi(s)

Rki

)

(2.35)

where,Ygki(s) andYtki(s) are the transfer functions of governing system and turbinesof kth

generating unit in theith control area, respectively.
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using equations(2.35), the equation(2.34) results as:

∆Fi(s) =
KPSi

(1+sTPSi)

[

n̄

∑
k=1

Ygki(s)Ytki(s)αki

(

∆Pcki(s)−
∆Fi(s)

Rki

)

−∆PDi(s)−∆Ptie,i(s)

]

(2.36)

It is assumed that forith control area,Rki = Ri, for (k = 1 to n̄) and SLP is given in the control

area. After knowing the generating units, correspondingYgki(s) andYtki(s) can be substituted

into equation (2.36) to obtain the frequency response of theith control area. The LFC study of

this kind of model is presented in the chapter 4.

2.6 Controller Design

Probably the most important contribution, optimal controltheory has made to the control engi-

neer is the ability to handle a large multivariate control problem with ease. The engineer has

only to represent the control system in state variable form and specify the desired performance

mathematically in terms of a cost to be minimized. A unique orbest controller in the sense of

minimizing the cost may be generated by applying well proventheories and techniques. Most

recent application of state feedback controllers(optimalcontrol) [11, 82–84, 86, 87, 89, 90, 93,

94,119] in the LFC analysis of power systems shows their popularity and superiority over other

controllers.

In modern control theory approach, control signals are generated by a linear combination

of all the system states (full state feedback approach) or a linear combination of states to be

controlled/measurable states (output feedback approach)[2, 7, 120]. The OFC is proposed to

improve the LFC problem from practical point of view. Practically, it is very difficult and of-

ten expensive to measure and to have readily available information about all the states in most

of the large power systems. Moreover, the implementation ofoptimal AGC regulator requires

monitoring of all the state variables of the system or state reconstruction, which may be undesir-

able from cost and complexity considerations [86]. Usuallyreduced number of state variables

or a linear combination thereof is available. The proposed OFC uses less number of feedback

states as compared to FSFC, thereby reduces number of sensors, cost and complexities. In this

section, FSFC is described in brief for the ready reference and the proposed OFC is explained
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in a detail with algorithm.

The statement of the problem in an optimal control theory, may be described in the following

state-space form: [1,2,7,39,119,120]:

ẋ = Ãx+ B̃u (2.37)

and

y = C̃x (2.38)

where

x is a state vector of the dimensionn×1, n is no. of state variables

u is a control vector of the dimensionm×1, m is no. of control variables

y is an output vector of the dimensionp×1, p is no. of output variables

Ã, B̃ andC̃ are constant matrices with dimensions ofn×n, n×m andp×n, respectively.

The performance of the system is specified in terms of a performance index or cost function(J):

J =
1
2

∞
∫

0

(

xTQ̃x+uTR̃u
)

dt (2.39)

which is minimized for obtaining parameters of an optimal controller. In the equation (2.39),̃Q

is n×n, symmetric positive semi-definite state cost weighting matrix andR̃ is m×m, symmetric

positive semi-definite control cost weighting matrix. The elements of the matrices̃Q andR̃may

be chosen as per the designer’s choice.

The optimal controller law for full state feedback can be defined by [2]

u = −K̄x (2.40)

The constant gain matrix̄K of the dimensionm×n, is obtained from the solution of the matrix

Riccati equation

ÃTP+PÃ−PB̃R̃−1B̃TP+ Q̃ = 0 (2.41)

K̄ = R̃−1B̃TP (2.42)

For stability, all the eigenvalues of the matrix (Ã− B̃K̄) should have negative real parts. From
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equations (2.41) and (2.42), the optimal setting of FSFC gains(K̄) is obtained. The solution of

Riccati equation (2.41) is obtained using the MATLAB function care.m [121,122].

Let the output feedback control law be defined as

u = −K̃y (2.43)

whereK̃ is OFC gain matrix of dimension (m× p).

In the optimal control scheme the control inputs are generated by means of feedbacks from

the output states with feedback constants to be determined in accordance with optimality cri-

terion. Using equations(2.38) and (2.43), the linear modelgiven by equation (2.37) can be

arranged as

ẋ = (Ã− B̃K̃C̃)x = ÃCx (2.44)

The performance index given in equation (2.39) can be rewritten as

J =
1
2

∞
∫

0

(

xT (Q̃+C̃TK̃TR̃K̃C̃
)

x
)

dt (2.45)

The control problem is now to design the gain matrixK̃ so thatJ is minimized subject to the

following dynamical constraint:

ẋ = (Ã− B̃K̃C̃)x (2.46)

This dynamical optimization problem may be converted into an equivalent static one that is eas-

ier to solve. After optimization and simplification, the following optimal gain design equations

are obtained [120]:

0 = ÃT
c P̃+ P̃Ãc +C̃TK̃TR̃K̃C̃+ Q̃ (2.47)

0 = ÃcS̃+ S̃ÃT
c +X (2.48)

K̃ = R̃−1B̃TP̃S̃C̃T(C̃S̃C̃T)−1 (2.49)

where

X = E
{

x(0)xT(0)
}

If initial states are assumed to be uniformly distributed onthe unit sphere, thenX = I , where
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X is n×n, symmetric matrix andI is an identity matrix. In many applicationsx(0) may not be

known, this dependence is typical of output feedback design. It is usual to sidestep this problem

by minimizing not the performance index [120] but its expected value (E{J}) ,

E{J} =
1
2

E
{

xT(0)P̃x(0)
}

=
1
2

tr(P̃X) (2.50)

The optimal cost can be given by

J0 =
1
2

tr(P̃X) (2.51)

The equations(2.47) and (2.48) are Lyapunov equations and the equation (2.49) is an equation

for the gainK̃. To obtain the output feedback gaiñK minimizing theJ0, these three coupled

equations may be solved simultaneously by iterative techniques [120]. Algorithm to solve these

three coupled equations is presented in the section 2.6.1.

2.6.1 Algorithm for OFC

The algorithm for the proposed optimal OFC is as follows:

1.Initialize

Set j=0

set initial value of the gaiñK0 so thatÃc,0 = (Ã− B̃K̃0C̃) is asymptotically stable

2. jth iteration

SetÃc, j = (Ã− B̃K̃ jC̃)

solve Lyapunov equations for̃Pj andS̃j

0 = ÃT
c, j P̃j + P̃j Ãc, j +C̃TK̃T

j R̃K̃ jC̃+ Q̃

0 = Ãc, j S̃j + S̃j ÃT
c, j +X

solve forK̃ j , where j 6= 0

K̃ j = R̃−1B̃TP̃jS̃jC̃T(C̃S̃jC̃T)−1

Set

J0, j = 1
2tr(P̃jX)

Evaluate

∆K̃ = R̃−1B̃TP̃S̃C̃T(C̃S̃C̃T)−1− K̃ j
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K̃ j+1 = K̃ j +σ∆K̃

whereσ is chosen so that̃Ac, j+1 is asymptotically stable

J0, j+1 = 1
2tr(P̃j+1X) ≤ J0, j

If the values ofJj+1 andJj are very close to each other go to step 3

otherwise setj = j +1 and go to step 2

3.Terminate

SetK̃ = K̃ j+1

andJ0 = J0, j+1

Stop

MATLAB code is developed based on the above algorithm to get the optimal value of OFC

gains(K̃).The Lyapunov equations are solved using MATLAB function lyap.m [121,122].

2.6.2 Selection ofQ̃ and R̃matrices

The elements of matrices̃Q andR̃ may be chosen as per the designer’s choice [120]. To obtain

the desired dynamic response and for the dynamic correctionof ACEof LFC systems discussed

in this thesis, the following design criterion are considered to obtain the matrices̃Q and R̃

[2,90,120,123]:

1. Excursions of ACEs about their steady values are minimized.

2. Excursions of∫ ACEdtabout the steady values are minimized.

3. Excursions of control vector about their steady values are minimized.

2.7 Important steps to solve LFC problem

1. Obtain the state equations for the LFC model of the power systems and represent in the

state space form.

2. Input the system simulation parameters and data.

3. Compute matrices̃A, B̃ andC̃.
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4. Compute matrices̃Q andR̃as detailed in 2.6.2 .

5. Obtain the optimal controller gains as described in the section 2.6.

6. Simulate the power system with optimal controllers usingMATLAB simulation.

7. Obtain the dynamic responses of the power system following SLPs.

2.8 State-space model of the power systems

State-space model of a LFC dynamical system is a useful representation for the application of

the modern/robust control theory. Using appropriate definitions and state variables, the state-

space realization of the isolated and interconnected powersystems is obtained in the form of

equation (2.52) and (2.38) [1,2,7,10,13,39,48,90,119].

ẋ = Ãx+ B̃u+ F̃w (2.52)

where,

F̃ is a disturbance distribution matrix of the dimensionn×d,

w is a disturbance vector of the dimensiond×1,

d, is the number of disturbance inputs, and all others terms are same as described in the

equations (2.37) and (2.38).

The term (̃Fw) represents the disturbance, in way of load demand, to the power system.

On the comparison, this power system model described in equation (2.52) is not in the form

of the equation (2.37)as desired, for two reasons. In the optimal control theory used, there is

no (F̃w) term, and second, the cost function requires the states to be driven to zero for it to

have a minimum value. For a SLP in control area-i, the steady state frequency deviations in

each control area are required to be zero. But the increased generation in control area-i will by

necessity in steady state equal the increased load demand ofthe area, a non zero quantity, refer

Fig. 2.6:

∆Pmi = ∆PDi (2.53)
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Some of the other states will also be non-zero [2,8,39,49]. Fosha et al. [39] are probably the first

who addressed this dilemma. A simpler way of addressing thisdilemma [39, 49] is to redefine

the state variables and control variables in terms of their corresponding steady state values.

The ith state variablexi may be redefined as:

x1
i

∆
= xi −xiss (2.54)

wherei = 1,2, ....,n, andxiss is the steady state value ofith state variable.

Similarly ith control variables may be redefined as:

u1
i

∆
= ui −uiss (2.55)

wherei = 1,2, ....,m, anduiss is the steady state value ofith control variable.

This change of variables puts the system in the form

ẋ1 = Ãx1 + B̃u1

x1(0) = −xss

(2.56)

By redefining the states and control variables in terms of their steady state values, only the

reference position of the system is shifted [2, 8, 39, 49]. The superscript 1 has been dropped

[2,8,39,49] to prevent unnecessary notation problems. ThematricesÃ andB̃ remain unchanged

and the equation (2.56) has the form of the equation (2.37).

2.9 Summary

Mathematical modeling of the SAPS, MAIPS and MAIPS with MSPGare described for LFC

study. Keeping in view the new power system environment, theconcept of MSPG in control

area is introduced. In addition to LFC models of SAPS and MAIPS, a new model of MAIPS

with MSPG is presented for LFC study. The general form of state-space model of the power

systems is explained. The OFC proposed with pragmatic pointof view is introduced . The

control system design equations and algorithms have been presented.
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CHAPTER 3

LFC OF CONVENTIONAL POWER SYSTEMS

3.1 Introduction

LFC modeling and control design of power systems have been presented in detail in chapter 2.

Recently, many researchers studied the LFC of conventionalpower systems considering either

thermal-thermal or hydro-thermal systems [9,12,13,107,124]. Most of the research papers re-

ported in the area of LFC considered the two area interconnected power system with non-reheat

type thermal systems. An attempt is made in this chapter to study the LFC of interconnected

power systems including reheat type turbines and hydro turbines. The LFC of thermal-thermal

with non reheat turbine, thermal-thermal considering reheat turbine and hydro-thermal system

is studied using OFC and performance of the proposed OFC has been compared with FSFC.

3.2 TAIPS considering non-reheat turbines

A TAIPS shown in the Fig. 3.1 is considered for the LFC analysis in this section. Each control

area of this power system comprises thermal unit with non-reheat turbine. In accordance with

modern control terminology∆Pc1 and∆Pc2 will be referred to as control inputsu1 andu2. In the

conventional approachu1 andu2 were provided by the integral of ACEs [2,5,6,10]. In modern

control theory approachu1 andu2 will be created by a linear combination of all the system

states (full state feedback approach) or output/measurable states(output feedback approach).

For formulating the state variable model, the conventionalsecondary feedback loops are opened

and each time constant is represented by a separate block as shown in Fig. 3.1. State variables
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Figure 3.1: TAIPS with non-reheat turbines

are defined as the outputs of all the blocks having either an integrator or a time constant.

3.2.1 State-space Model

The system shown in Fig. 3.1 has nine state variables wherex1 = ∆ f1, x4 = ∆ f2, x2 = ∆Pm1,

x5 = ∆Pm2, x8 = ∫ ACE1dt, x9 = ∫ ACE2dt. The disturbance vector is defined asw1 = ∆PD1

andw2 = ∆PD2. After defining all the states as shown in Fig. 3.1, the following differential

equations are obtained replacing,s by d
dt .

ẋ1 = −
1

TPS1
x1 +

KPS1

TPS1
x2−

KPS1

TPS1
x7−

KPS1

TPS1
w1 (3.1)

ẋ2 = −
1

TT1
x2 +

1
TT1

x3 (3.2)

ẋ3 = −
1

R1TSG1
x1−

1
TSG1

x3+
1

TSG1
u1 (3.3)

ẋ4 = −
1

TPS2
x4 +

KPS2

TPS2
x5−

a12KPS2

TPS2
x7−

KPS2

TPS2
w2 (3.4)
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ẋ5 = −
1

TT2
x5 +

1
TT2

x6 (3.5)

ẋ6 = −
1

R2TSG2
x4−

1
TSG2

x6+
1

TSG2
u2 (3.6)

ẋ7 = 2πT12x1−2πT12x4 (3.7)

ẋ8 = B1x1+x7 (3.8)

ẋ9 = B2x4+a12x7 (3.9)

The state equations (3.1)-(3.9) can be organized in the state-space form as described by the

equations (2.52) and (2.38) in the chapter 2. For the power system model shown in Fig. 3.1 the

associated vectors and matrices are as follows:

state vector,x = [x1 x2.......x9]
T ,

control vector,u = [u1 u2]
T = [∆Pc1 ∆Pc2]

T

disturbance vector,w = [w1 w2]
T = [∆PD1 ∆PD2]

T

Ã=





















































− 1
TPS1

KPS1
TPS1

0 0 0 0 −KPS1
TPS1

0 0

0 − 1
TT1

1
TT1

0 0 0 0 0 0

− 1
R1TSG1

0 − 1
TSG1

0 0 0 0 0 0

0 0 0 − 1
TPS2

KPS2
TPS2

0 −a12
KPS2
TPS2

0 0

0 0 0 0 − 1
TT2

1
TT2

0 0 0

0 0 0 − 1
R2TSG2

0 − 1
TSG2

0 0 0

2πT12 0 0 −2πT12 0 0 0 0 0

B1 0 0 0 0 0 1 0 0

0 0 0 B2 0 0 a12 0 0





















































B̃T =







0 0 1
TSG1

0 0 0 0 0 0

0 0 0 0 0 1
TSG2

0 0 0






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and

F̃T =







−KPS1
TPS1

0 0 0 0 0 0 0 0

0 0 0 −KPS2
TPS2

0 0 0 0 0







The matrixC̃ is defined as

C̃=











1 0 0 0 0 0 0 0 0

0 0 0 1 0 0 0 0 0

0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 1











The performance indexJ is given in equation(2.39), the matricesQ̃ andR̃ are defined for this

problem using the design considerations given in the section 2.6.2. Excursions ofACEs(x7 +

B1x1, a12x7 + B2x4), ∫ ACEdt(x8,x9) and control vectors(u1,u2) about their steady values are

minimized andJ can be written as:

J =
1
2

∞
∫

0

[

(x7 +B1x1)
2+(a12x7 +B2x4)

2+
(

x2
8 +x2

9

)

+
(

u2
1+u2

2

)

]

dt (3.10)

From the equation (3.10), the matricesQ̃ andR̃ can be recognized as:

Q̃=































B2
1 0 0 0 0 0 B1 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 B2
2 0 0 a12B2 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

B1 0 0 a12B2 0 0
(

1+a2
12

)

0 0

0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 1































R̃=

[

1 0

0 1

]

3.2.2 Simulation results and discussion

The procedure described in the section 2.7 is followed. The system parameters and data are

given in Table 3.1. The optimum gains of OFC and FSC are obtained. The computer simulations

are carried out with the optimum controller gain settings. MATLAB control system toolbox

[121] is used to simulate the power system and to obtain dynamic responses of the system for
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1% SLP in the control area 1.

Table. 3.1: Simulation parameters of TAIPS considering non-reheat turbines

Parameter Value
Prt1 = Prt2 2000 MW

f 60Hz
H1 = H2 5 MW-s/MVA
D1 = D2 0.00833 puMW/Hz

TSG1 = TSG2 0.08s
TT1 = TT2 0.5s
R1 = R2 2.4 Hz/puMW

TPS1 = TPS2 20s
KPS1 = KPS2 120 s

B1 = B2 0.425
a12 -1

2πT12 0.215

The following computational results are obtained:

Ã=































−0.0500 6.0000 0 0 0 0 −6.0000 0 0

0 −2.0000 2.0000 0 0 0 0 0 0

−5.2083 0 −12.5000 0 0 0 0 0 0

0 0 0 −0.0500 6.0000 0 6.0000 0 0

0 0 0 0 −2.0000 2.0000 0 0 0

0 0 0 −5.2083 0 −12.5000 0 0 0

0.2150 0 0 −0.2150 0 0 0 0 0

0.4250 0 0 0 0 0 1.0000 0 0

0 0 0 0.4250 0 0 −1.0000 0 0































B̃T =

[

0 0 12.5000 0 0 0 0 0 0

0 0 0 0 0 12.5000 0 0 0

]

Q̃=































0.1806 0 0 0 0 0 0.4250 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0.1806 0 0 −0.4250 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0.4250 0 0 −0.4250 0 0 2.0000 0 0

0 0 0 0 0 0 0 1.0000 0

0 0 0 0 0 0 0 0 1.0000































R̃=

[

1 0

0 1

]
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Table. 3.2: Dynamic response comparison in terms of peak overshoot (OS)

Peak OS of∆ f1(Hz) Peak OS of∆ f2(Hz) Peak OS of∆Ptie,1(pu MW)
FSFC -0.02785 -0.01917 -0.004937
OFC -0.02582 -0.008737 -0.004061

% reduction in Peak OS 7.28 54.42 17.74

Table. 3.3: Dynamic response comparison in terms of ST

ST of ∆ f1(s) ST of∆ f2(s) ST of∆Ptie,1(s)
FSFC 24.55 26 23.84
OFC 17.73 18 16.23

% reduction in ST 27.78 30.76 31.92

The optimum gains of FSFC̄K and OFCK̃ are obtained as:

K̄ =

[

0.4048 0.9424 0.1408 −0.0320 −0.0683 −0.0096 −0.2615 1.0000 0.0000

−0.0320 −0.0683 −0.0096 0.4048 0.9424 0.1408 0.2615 0.0000 1.0000

]

K̃ =

[

0.1120 0.0319 0.5646 0.0928

0.0319 0.1120 0.0928 0.5646

]

Dynamic responses of the system are obtained for 1% SLP in thecontrol area 1. The dynamic

responses are shown in Fig. 3.2. It is observed that the OFC gives better dynamic responses

having relatively smaller peak overshoot and lesser settling time with zero steady state error

as compared to that of FSFC. The quantitative comparison is made in Table 3.2 and 3.3 where

percentage improvement in the peak OS of∆ f1, ∆ f2 and ∆Ptie,1 is 7.28, 54.42, and 17.74,

respectively and percentage improvement in the settling time of∆ f1, ∆ f2 and∆Ptie,1 is 27.78,

30.76, and 31.92, respectively.

3.3 TAIPS considering reheat and non-reheat turbines

In this section LFC of an interconnected power system as shown in the Fig. 3.3 is presented.

The reheat turbine is considered in control area 1. The procedure described in the section2.7

is adopted. The system parameters and data are given in Table3.4. The power system has

10 state variables. State variablesx1, x5, x9 andx10 are taken as output feedback states. The

optimum gains of OFC and FSFC are obtained. The computer simulations are carried out with
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Figure 3.2: Dynamic responses of TAIPS with non-reheat turbines
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Figure 3.3: TAIPS considering reheat and non-reheat turbines

the optimum controller gain settings. MATLAB control system toolbox [121] is used to simulate

the power system and to obtain dynamic responses of the system for 1% SLP in the control area

1.

3.3.1 Simulation results and discussion

The following computational results are obtained:

Ã=





































−0.0500 6.0000 0 0 0 0 0 −6.0000 0 0

0 −3.3333 3.3333 0 0 0 0 0 0 0

−2.6042 0 −0.1000 −6.1500 0 0 0 0 0 0

−5.2083 0 0 −12.5000 0 0 0 0 0 0

0 0 0 0 −0.0500 6.0000 0 6.0000 0 0

0 0 0 0 0 −3.3333 3.3333 0 0 0

0 0 0 0 −12.5000 0 −12.5000 0 0 0

0.5450 0 0 0 −0.5450 0 0 0 0 0

0.4250 0 0 0 0 0 0 1.0000 0 0

0 0 0 0 0.4250 0 0 −1.0000 0 0





































B̃T =

[

0 0 0.5000 1.0000 0 0 0 0 0 0

0 0 0 0 0 0 1.0000 0 0 0

]
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Table. 3.4: Simulation parameters of TAIPS considering reheat and non-reheat turbines

Parameter Value
Prt1 = Prt2 2000 MW

f 60Hz
H1 = H2 5 MW-s/MVA
D1 = D2 0.00833 puMW/Hz

TSG1 = TSG2 0.08s
TT1 = TT2 0.3s

KR1 0.5
TR1 10s

R1 = R2 2.4 Hz/puMW
KPS1 = KPS2 120 s
TPS1 = TPS2 20s

B1 = B2 0.425
a12 -1

2πT12 0.545

and the matrixC̃ is defined as

C̃=











1 0 0 0 0 0 0 0 0 0

0 0 0 0 1 0 0 0 0 0

0 0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 0 1











Q̃=





































0.1806 0 0 0 0 0 0 0.4250 0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0.1806 0 0 −0.4250 0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

0.4250 0 0 0 −0.4250 0 0 2.0000 0 0

0 0 0 00 0 0 0 1.0000 0

0 0 0 0 0 0 0 0 0 1.0000





































R̃=

[

1 0

0 1

]

The optimum gains of FSFC̄K and OFCK̃ are obtained as:

K̄ =

[

0.2106 0.3836 7.0445 −3.4432 −0.0093 −0.0259 −0.0075 −0.0751 0.9649 −0.2627

−0.0313 −0.0414 −0.6459 0.3155 0.1080 0.2079 0.0553 −0.2854 0.2627 0.9649

]

K̃ =

[

0.0533 −0.0948 0.8087 −0.2321

0.0717 −0.0424 0.2888 0.9435

]
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Dynamic responses of the system are obtained for 1% SLP in thecontrol area 1. The dynamic

responses are shown in Fig. 3.4. It is observed that the OFC gives better dynamic responses

having relatively smaller peak overshoot and lesser settling time with zero steady state error

as compared to that of FSFC. The quantitative comparison is made in Table 3.5 and 3.6 where

percentage improvement in the peak OS of∆ f2 and∆Ptie,1 is 6.84 and 24.08, respectively and

percentage improvement in the settling time of∆ f1, ∆ f2 and∆Ptie,1 is 7.96, 3.47 and 16.00,

respectively.

Table. 3.5: Dynamic response comparison in terms of peak overshoot (OS)

Peak OS of∆ f1(Hz) Peak OS of∆ f2(Hz) Peak OS of∆Ptie,1(pu MW)
FSFC -0.02487 -0.01695 -0.01034
OFC -0.02487 -0.01579 -0.00785

% reduction in Peak OS 0 6.84 24.08

Table. 3.6: Dynamic response comparison in terms of ST

ST of ∆ f1(s) ST of∆ f2(s) ST of∆Ptie,1(s)
FSFC 24.22 25.9 27.05
OFC 22.29 25 22.72

% reduction in ST 7.96 3.47 16.00

3.4 Hydro-thermal interconnected power system

In this section LFC of an interconnected Hydro-thermal power system as shown in Fig. 3.5 is

presented. The procedure described in the section 2.7 is adopted. The simulation parameters are

given in Table 3.7. The power system has 11 state variables. State variablesx1, x5, x10 andx11

are taken as output feedback states. The optimum gains of OFCand FSFC are obtained. The

computer simulations are carried out with the optimum controller gain settings. MATLAB con-

trol system toolbox [121] is used to simulate the power system and to obtain dynamic responses

of the system for 1% SLP in the control area 1.
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Figure 3.4: Dynamic responses of TAIPS with reheat and non-reheat turbine
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Table. 3.7: Simulation parameters of hydro-thermal interconnected power system

Parameter Value
Prt1 = Prt2 2000 MW

f 60Hz
H1 = H2 5 MW-s/MVA
D1 = D2 0.00833 puMW/Hz

TSG1 0.08s
TT1 0.3s
KR1 0.5
TR1 10s

TGH2 0.3s
TRS2 5s
TRH2 28.75s
TW2 0.3s

R1 = R2 2.4 Hz/puMW
TPS1 = TPS2 20s
KPS1 = KPS2 120 s

B1 = B2 0.425
a12 -1

2πT12 0.215

3.4.1 Simulation results and discussion

The following computational results are obtained:

Ã=









































−0.0500 6.0000 0 0 0 0 0 0 −6.0000 0 0

0 −3.3333 3.3333 0 0 0 0 0 0 0 0

−5.2083 0 −0.1000 −6.1500 0 0 0 0 0 0 0

−10.4167 0 0 −12.5000 0 0 0 0 0 0 0

0 0 0 0 −0.0500 6.0000 0 0 6.0000 0 0

0 0 0 0 0.9662 −6.6667 6.7362 1.0899 0 0 0

0 0 0 0 −0.4831 0 −0.0348 −0.5449 0 0 0

0 0 0 0 −2.7778 0 0 −3.3333 0 0 0

0.2150 0 0 0 −0.2150 0 0 0 0 0 0

0.8417 0 0 0 0 0 0 0 1.0000 0 0

0 0 0 0 0.8417 0 0 0 −1.0000 0 0









































B̃=

[

0 0 0.5000 1.0000 0 0 0 0 0 0 0

0 0 0 0 0 −0.3478 0.1739 1.0000 0 0 0

]

and the matrixC̃ is defined as

C̃=











1 0 0 0 0 0 0 0 0 0 0

0 0 0 0 1 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 0 0 1










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Figure 3.5: Hydro-thermal interconnected power system

Q̃=









































0.7084 0 0 0 0 0 0 0 0.8417 0

0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0.7084 0 0 0 −0.8417 0 0

0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0

0.8417 0 0 0 −0.8417 0 0 0 2.0000 0 0

0 0 0 0 0 0 0 0 0 1.0000 0

0 0 0 0 0 0 0 0 0 0 1.0000









































R̃=

[

1 0

0 1

]

The optimal gains of FSFC̄K and OFCK̃ are obtained as:

K̄ =

[

0.2713 0.5047 7.1418 −3.4754 0.0370 0.0432 1.1489 −0.1458 0.0062 0.9974 0.0721

0.2007 0.2805 1.1920 −0.5571 0.3878 0.4157 11.3685 −1.5619 2.7044 −0.0721 0.9974

]

K̃ =

[

0.0462 0.0770 0.7861 0.1915

−0.5856 0.0934 0.2036 0.4272

]

Dynamic responses of the system are obtained for 1% SLP in thecontrol area 1. The dy-
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Table. 3.8: Dynamic response comparison in terms of peak overshoot (OS)

Peak OS of∆ f1(Hz) Peak OS of∆ f2(Hz) Peak OS of∆Ptie,1(pu MW)
FSFC -0.02385 -0.03695 -0.004937
OFC -0.02385 -0.02583 -0.003258

% reduction in Peak OS 0 30.09 34.00

Table. 3.9: Dynamic response comparison in terms of ST

ST of ∆ f1(s) ST of∆ f2(s) ST of∆Ptie,1(s)
FSFC 50 50 50
OFC 16.85 18.91 43.34

% reduction in ST 66.30 62.18 13.32

namic responses are shown in Fig. 3.6. It is observed that theOFC gives better dynamic

responses having relatively smaller peak overshoot and lesser settling time with zero steady

state error as compared to that of FSFC. The quantitative comparison is made in Table 3.8 and

3.9 where percentage improvement in the peak OS of∆ f2 and∆Ptie,1 is 30.09 and 34.00, re-

spectively and percentage improvement in the settling time(ST) of ∆ f1, ∆ f2 and∆Ptie,1 is 66.3,

62.18, and 13.32, respectively. Moreover the dynamic responses obtained with FSFC are more

oscillatory. The proposed OFC competes well and thus the dynamic responses obtained satisfy

the LFC requirements.
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Figure 3.6: Dynamic response of hydro-thermal interconnected power system
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3.5 Summary

The LFC of various TAIPSs has been studied using OFC. The combinations of non-reheat,

reheat and hydro turbines are taken to demonstrate the suitability of OFC for LFC of inter-

connected power systems with variety. The Dynamic responses obtained with OFC have been

compared with that of FSFC. The dynamic responses are obtained for thermal-thermal with non-

reheat turbine, thermal-thermal considering reheat turbine and hydro-thermal interconnected

power systems. It has been found that dynamic responses obtained with proposed OFC are

comparatively better and competes well with FSFC, satisfying the LFC requirements. The OFC

is presented from pragmatic point of view which uses less number of states as feedback, thereby

reducing the controller cost and complexities.
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CHAPTER 4

LFC OF POWER SYSTEMS WITH

MULTI -SOURCE POWER GENERATION

4.1 Introduction

LFC is an important function in modern Energy management systems. Most of the researchers

considered either thermal or hydro generating units in a control area [1,9,13,15,124]. In a real

situation, control area may have variety of sources of generations such as hydro, thermal, gas,

nuclear, solar, wind etc. The control area having differentsources of power generation repre-

sented by an equivalent of thermal or hydro unit dynamics only may not result in realistic design

of LFC control [6,89,116]. Furthermore, in the new power system environment, generators may

or may not contribute in the LFC task and contribution factors are not the same for all partici-

pant generators [1,5,6,17,89,116]. Keeping in view the present power scenario, combination of

multi-source generators in a control area with their corresponding generation contribution fac-

tors is more realistic for the study of LFC [89, 116]. In a competitive environment, generation

contribution factors are actually time-dependent variables and must be computed dynamically

based on bid prices, availability, congestion problems, costs and other related issues.

Most recently the LFC of power systems with MSPG is reported [89, 116, 117]. Challa et

al. [89] has presented the analysis and design of controllerfor two area hydro-thermal-gas LFC

system. They have shown that for LFC study, optimal PI state feedback controller is more robust

and performs better than conventional genetic algorithm based PI controller. However, this

optimal PI state feedback controller uses all the states forfeedback purpose which is practically
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Figure 4.1: Block diagram of the single area Power System comprising Reheat-Thermal, Hydro
and Gas generating units

difficult and results in the increased complexity and cost ofthe controller.

Keeping in view the above, two power system models (i) singlearea power system with

MSPG and (ii) TAIPS with MSPG are presented for LFC analysis.Each control area of the

power systems includes dynamics of thermal-reheat turbine, hydro and gas based power plants.

The OFC is extended to these systems with pragmatic point of view as it uses less number of

states and results in reduced cost and complexity. An extensive analysis is done considering the

various effects of variation in system parameters and load conditions. To show the effectiveness

of the proposed controller on the actual power system, the LFC of hydro power plants [1] has

also been presented.

4.2 Single area power system with MSPG

The Single area power system (SAPS) with MSPG proposed for study comprises reheat-thermal,

hydro and gas generating units. The linearized models of governors, reheat-turbines, hydro tur-

bines, gas turbines described in [7, 10, 35–37, 116, 125], are taken for simulation of the power

system shown in Fig. 4.1. The simulation parameters and dataare given in Table 4.1. The nom-
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inal load of the area is taken 1840 MW. The system hasn = 12 state variables wherex1 = ∆ f1

andx12 = ∫ ACEdt= ∫ B1∆ f1dt. The power system can be described in the state space form

given by the equations (2.52) and (2.38). The associated vectors and matrices are as follows:

state vector,x = [x1 x2 .......x12]
T ,

control vector,u = [u1 u2 u3]
T = [∆Pc11 ∆Pc21 ∆Pc31]

T

disturbance vector,w = [w1] = [∆PD1].

Ã=

































− 1
TPS1

KPS1α11
TPS1

0 0
KPS1α21

TPS1
0 0

KPS1α31
TPS1

0 0 0 0

0 −1
TT1

1
TT1

0 0 0 0 0 0 0 0 0
−KR1

TSG1R11
0 − 1

TR1
1

TR1
−

KR1
TSG1

0 0 0 0 0 0 0 0

−1
TSG1R11

0 0 − 1
TSG1

0 0 0 0 0 0 0 0
2TRS1

TRH1TGH1R21
0 0 0 − 2

TW1
2

TW1
+ 2

TRH1

2TRS1
TRH1TGH1

− 2
TRH1

0 0 0 0 0
−TRS1

TRH1TGH1R21
0 0 0 0 − 1

TRH1
1

TRH1
−

TRS1
TRH1TGH1

0 0 0 0 0

−1
TGH1R21

0 0 0 0 0 − 1
TGH1

0 0 0 0 0

0 0 0 0 0 0 0 − 1
TCD1

1
TCD1

0 0 0

TCR1XG1
TF1R31YG1bg1

0 0 0 0 0 0 0 − 1
TF1

1
TF1

+
TCR1

TF1YG1

TCR1XG1cg1
TF1YG1bg1

−
TCR1

TF1YG1
0

−XG1
R31YG1bg1

0 0 0 0 0 0 0 0 − 1
YG1

1
YG1

−
XG1cg1
YG1bg1

0

−1
R31bg1

0 0 0 0 0 0 0 0 0 −
cg1
bg1

0

B1 0 0 0 0 0 0 0 0 0 0 0

































B̃T =





0 0 KR1
TSG1

1
TSG1

0 0 0 0 0 0 0 0

0 0 0 0 − 2TRS1
TRH1TGH1

TRS1
TRH1TGH1

1
TGH1

0 0 0 0 0

0 0 0 0 0 0 0 0 − XG1TCR1
TF1YG1bg1

XG1
YG1bg1

1
bg1

0





F̃T =
[

− KPS1
TPS1

0 0 0 0 0 0 0 0 0 0 0
]

and the output matrix̃C is defined as

C̃ =
[

0 0 0 0 0 0 0 0 0 0 0 1
]

The performance indexJ is given in equation(2.39), the matrices̃Q and R̃ are defined for

this problem using the design criterion given in the section2.6.2. Excursions ofACE (B1x1),

∫ ACEdt(x12) and control vectors(u1,u2,u3) about their steady values are minimized andJ can

be written as:

J =
1
2

∞
∫

0

[

(B1x1)
2+(x12)

2+
(

u2
1+u2

2 +u2
3

)

]

dt (4.1)
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From the equation (4.1), the matricesQ̃ andR̃ can be recognized as:

Q̃=













































B1
2 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 1













































and

R̃=





1 0 0

0 1 0

0 0 1





4.2.1 Simulation results and discussion

The optimal gain of the proposed OFC is obtained as

K̃ =





0.1514

0.0131

0.0708





Dynamic responses of the system are obtained for 1% SLP in thearea through MATLAB sim-

ulation. The frequency deviation response is depicted in Fig. 4.2. It has been observed that the

OFC gives better frequency deviation response having relatively smaller peak overshoot and

lesser settling time with zero steady state error as compared to the FSFC. As given in Table

4.2, percentage improvement in peak OS and settling time with OFC is becoming 6.38 and

61.66, respectively. Some steady state error remains if there is no controller in the supplemen-

tary loop. The output power deviation responses of thermal,hydro and gas units are shown in

Fig. 4.3. The generators respond to accommodate the change in area load by increasing their

corresponding generations. The power generations with OFCin action, attains desirable steady

values to match the local area load change. The effects of generation rate constraints, selection

of regulation parameters and sensitivity analysis are discussed in sections (4.2.2), (4.2.3) and
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(4.2.4), respectively.

Table. 4.1: Simulation parameters of SAPS with MSPG

Parameters Value
Prt1 2000 MW
PL1 1840 MW

f1 = f 60 Hz
H1 5 MW-s/MVA
D1 0.0153 pu MW/Hz

KPS1 65.2174 Hz/pu MW
TPS1 10.8696 s
TSG1 0.08 s
TT1 0.3 s
TCD1 0.2 s
B1 1
KR1 0.3
TR1 10 s
TW1 1 s
TRS1 5 s
TRH1 28.75 s
TGH1 0.2 s
XG1 0.6 s
YG1 1 s
cg1 1
bg1 0.05 s
TF1 0.23 s
TCR1 0.01s

R1 = R 2.4 Hz/pu MW
α11 0.543478
α21 0.326084
α31 0.130438

4.2.2 Effect of generation rate constraint

In most of the research papers, the effect of restriction on the rate of change of power generation

is not considered [8,19,39,86,91,92]. In power systems having steam plants and hydro plants,

power generation can change only at a specified maximum rate [2, 81, 85, 124–126]. Most of

the reheat units have a generation rate around 3 percent/minute. Some have a GRC between 5

and 10 percent/min. For testing further the effectiveness of the proposed controller, the GRC for

thermal and hydro units is taken into account in the computersimulation model. GRC for hydro

unit: for raise 270 percent/minute (0.045pu/s) and for lower 360 percent/minute (0.06pu/s) is
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Figure 4.2: Frequency deviation response to 1% SLP in the area

Table. 4.2: Dynamic response comparison of a SAPS

Peak OS of∆ f1(Hz) ST of ∆ f1(s)
FSFC -0.0668 60
OFC -0.06242 23

% reduction 6.38 61.66

considered and GRC for reheat turbine thermal unit: for raise and lower 10 percent/minute

(0.0017pu/s) is considered for study. The proposed power system is simulated with and without

the above GRC limits [9,81,114,123] in thermal and hydro power generating units. The turbine

model considering GRC is shown in Fig. 4.5. An attempt is madeto show that how does the

proposed controller designed on linearized models behave if non-linearity is introduced. The

effect of GRC on the frequency deviation response of the areaobtained with OFC at nominal

load is shown in the Fig. 4.4. There is a little increase in peak OS, however settling time remains

same. The frequency deviations settles with zero steady state erro. It has been observed that

proposed controller performs well and can accommodate the effect of GRC. Therefore, dynamic

response of the system with GRC satisfies LFC problem requirement.

4.2.3 Effect of governor speed regulation parameter (R)

Fig. 4.6 shows the frequency deviation response to 1% load perturbation in the area at nominal

load withRvarying from 1% to 8%. It is assumed thatRki = Ri andRi = R. It has been observed
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(a) Thermal power generation deviation response
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(b) Hydro power generation deviation response
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(c) Gas power generation deviation response

Figure 4.3: Power generation deviation responses to 1% SLP in the area
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Figure 4.4: Frequency deviation response to 1% SLP in the area considering GRC
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Figure 4.5: Block diagram of a non-linear turbine(GRC)

that for higher values ofR i.e. 6% and 8%, the peak overshoot and settling time increases; if

we further increase the value ofR, the system gives larger frequency deviation oscillationsand

settling time. For lower values ofR i.e. 1% and 2% the system becomes more oscillatory and

results in increased cost of governors [15]. Therefore, there should be a compromise between

the governor cost and dynamic performance. Findings revealthat there is no need of going

for the lower values and the higher values ofR, since medium value ofR with corresponding

optimum controller gains can be preferred to provide betterdynamic response. ThereforeR=4%

taken for the LFC of the proposed system.

4.2.4 Sensitivity analysis

Lesser attention has been paid to this aspect of LFC problem.Most recently Debbarma et

al. [114] carried out the sensitivity analysis for LFC usingBF technique based fractional-order
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Figure 4.6: Frequency deviation response to 1% SLP in the area with variation in R from 1% to
8%

Table. 4.3: Sensitivity Analysis

Parameter % Optimal output feedback Performance
variation change controller gains indexJ0

K̃11 K̃21 K̃31

All nominal 0 0.1514 0.0131 0.0708 0.414996
Loading +25 0.1537 0.0142 0.0719 0.406347
condition −25 0.1491 0.0119 0.0696 0.424447

TSG +25 0.1496 0.0130 0.0708 0.419149
TSG −25 0.1532 0.0131 0.0708 0.410883
TGH +25 0.1510 0.0126 0.0706 0.416183
TGH −25 0.1519 0.0136 0.0711 0.413668
TR +25 0.1540 0.0151 0.0758 0.41860
TR −25 0.1482 0.0107 0.0643 0.409793
TT +25 0.1454 0.0126 0.0706 0.429905
TT −25 0.1577 0.0135 0.0709 0.400242
TRH +25 0.1515 0.0103 0.0713 0.414982
TRH −25 0.1508 0.0175 0.0698 0.417074
TW +25 0.1503 0.0051 0.0698 0.426905
TW −25 0.1526 0.0221 0.0718 0.402864
TCD +25 0.1521 0.0218 0.0694 0.406546
TCD −25 0.1531 0.0224 0.0743 0.399133

PID controller. Sensitivity analysis is carried out to demonstrate the robustness of the optimum

OFC gains (at nominal condition) for wide changes in system parameters and loading condition

from their nominal values. The system parameters and operating load condition are varied by

±25% from their nominal values, taking one at a time. Table 4.3gives the optimum controller

gain settings for varied system parameters and operating load condition using optimal OFC.

Dynamic responses are presented in Figs.4.7 and 4.8 for eachchanged conditions with their

corresponding̃K and further compared with the responses obtained withK̃ at nominal condition.

Critical examination of all the responses clearly reveals that responses are more and less same.
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Figure 4.7: Frequency deviation response with variation inload conditions
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Figure 4.8: Frequency deviation response with variation inspeed governor time constant

Only two number of responses are shown in Figs.4.7 and 4.8 to justify the statement. Thus,

K̃ obtained at nominal parameter and nominal loading condition need not be reset for wide

changes in the system loading or system parameters.

4.3 Two-area interconnected power system with MSPG

Having studied the LFC of SAPS with MSPG, the work has been extended for interconnected

power systems. The TAIPS simulated in this study is shown in Fig. 4.9 which comprises reheat-

thermal, hydro and gas generating units in each control area. The simulation parameters and

data are given in Table 4.4. The nominal load of the control area is taken 1640 MW. The power

system has 25 state variables. State variablesx1, x12, x24 andx25 are taken as output feedback
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Table. 4.4: Simulation parameters of TAIPS with MSPG

Parameters Value
Prt1 = Prt2 2000 MW
PL1 = PL1 1640 MW

f 60 Hz
H1 = H2 5 MW-s/MVA
D1 =D2 0.0137 pu MW/Hz

KPS1 = KPS2 73.1707 Hz/pu MW
T12 0.0433

TPS1=TPS2 12.1951 s
TSG1 =TSG2 0.08 s
TT1=TT2 0.3 s

TCD1 = TCD2 0.2 s
B1 =B2 0.4303

a12 - 1
KR1 = KR2 0.3
TR1 = TR2 10 s
TW1 = TW2 1 s
TRS1 = TRS2 5 s
TRH1 =TRH2 28.75 s
TGH1 = TGH2 0.2 s
XG1 = XG2 0.6 s
YG1 =YG2 1 s
cg1 =cg2 1
bg1 = cg2 0.05 s
TF1 = TF2 0.23 s

TCR1= TCR2 0.01s
R1 = R2 2.4 Hz/pu MW

α11 = α12 0.579268
α21 = α22 0.274390
α31 = α32 0.146342

states. The power system can be described in the state space form given by the equations (2.52)

and (2.38). The associated vectors and matrices are as follows:

state vector,x = [x1 x2.......x25]
T

control vector,u = [u1 u2 u3 u4 u5 u6]
T =[∆Pc11 ∆Pc21 ∆Pc31 ∆Pc12 ∆Pc22 ∆Pc32]

T

disturbance vector,w = [w1 w2]
T=[∆PD1 ∆PD2]

T .

and the constant matricesÃ, B̃ andC̃, the disturbance matrix̃F and design matrices̃Q andR̃are

given in Appendix A.1.

The regulation parameterR is taken 4% for all and for the TAIPS,∆Ptie,1 = ∆Ptie,12. The

optimum gains of FSFC and optimal OFC have been obtained by running the MATLAB codes
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generated on the basis of method described in the controllerdesign section 2.6. MATLAB con-

trol system toolbox [121] is used to simulate the power system and to obtain dynamic responses

of the system for 1% SLPs in the control area-1. The MATLAB Simulations are run with the

optimum controller gains.
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Figure 4.9: TAIPS comprising reheat-thermal, hydro and gasgenerating units in each control
area
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4.3.1 Simulation results and discussion

The optimum value of thẽK for the proposed OFC corresponding to nominal system parameters

is obtained as:

K̃ =
























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0.4202 −0.0936 0.3233 0.0808
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0.1622 −0.0597 0.1340 0.0207
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Dynamic responses of the system are obtained for 1% SLP in thecontrol area-1 through com-

puter simulation. The frequency deviation and tie line power deviation responses are shown in

Fig. 4.10. It is observed that the OFC gives better dynamic response having relatively smaller

peak overshoot and lesser settling time with zero steady state error as compared to the FSFC.

The dynamic response of the power system considering low, medium and high head hydro tur-

bines is as shown in Fig. 4.11. The results show that frequency and tie line power deviations

are more and less same for low and high head hydro turbines. The settling time increases in

the case of medium head turbine. However OFC shows its suitability for low, medium and high

head hydro plants and gives satisfactory dynamic responses.

4.3.2 Effect of GRC

In this section, the performance of the proposed OFC is evaluated considering GRC in power

system simulation model. GRC for Hydro unit: for raise 0.045pu/s and for lower 0.06 pu/s is

considered and GRC for reheat turbine thermal unit: 0.0017 pu/s is considered for study. The

power system is simulated with and without the above GRC limits in thermal and hydro power

generating units in each area. The effect of GRC on the dynamic responses is shown in the Fig.

4.12. The critical examination of dynamic responses reveals that GRC results in increased peak

overshoot, however settling time remains same for this particular power system model. The

proposed controller accommodates the effect of GRC and gives dynamic responses satisfying
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(a) Frequency deviation response of area-1
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(c) Tie line power deviation response

Figure 4.10: Comparison of frequency and tie line power deviation responses for 1% SLP
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(a) Frequency deviation response of area-1
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(b) Frequency deviation response of area-2
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Figure 4.11: Frequency and tie line power deviation responses with low, medium and high head
hydro turbines
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Figure 4.12: Dynamic responses considering the GRC
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LFC problem requirements. It shows that optimal OFC designed for linearized models, may

perform well even if GRCs are considered.

4.3.3 Selection of governor speed regulation parameter(R)

Fig. 4.13 shows the dynamic response to 1% SLP in the control area-1 withR varying from

2% to 6%. It is assumed thatRki = Ri and for equal areaRi = R . It is observed that for

higher values ofR i.e. 5% and 6%, the peak overshoot and settling time increases; if we further

increase the value ofR, the system gives larger peak overshoots and settles with larger settling

time. The dynamic response for 3% to 4% value ofR results with smaller peak overshoot and

lesser settling time. For further lower values ofR the system dynamic response becomes more

oscillatory. Findings reveal that there is no need of going for the lower values and the higher

values ofR, since medium value ofR with corresponding optimum controller gains can be

preferred to provide better dynamic response of LFC. For this power systemR is chosen 4%

which yields improved results.

4.3.4 Effect of variation in load disturbance

In fact, LFC deals with small level disturbances in the powersystem. In most of the studies,

1% SLP is taken for the study of LFC problem. In real situations, the load disturbances also

vary. In this case, system dynamic responses are obtained for the wide range of SLP varying

from 1% to 5% in control area 1. Dynamic responses for different SLPs are shown in Fig. 4.14.

It is concluded that for SLP varying from 1% to 5%, the first peak overshoot increases with

increase in the level of SLP and settling time remains approximately same with zero steady state

error. The proposed OFC acts fast to settle the deviations inthe frequency and tie line power.

Therefore, the proposed controller satisfy the LFC problemrequirement for wide variation of

load disturbance.
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(b) Frequency deviation response of area-2
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Figure 4.13: Effect of theRon dynamic responses
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(c) Tie line power deviation response

Figure 4.14: Frequency and tie line power deviation responses for SLPs in area-1, varying from
1% to 5%
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(c) Tie line power deviation response

Figure 4.15: Effect of variation in steam turbine speed governor time constant(TSG) on dynamic
responses
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(c) Tie line power deviation response

Figure 4.16: Effect of variation in steam turbine time constant(TT) on dynamic responses

4.3.5 Sensitivity analysis

The system parameters and operating load condition are varied by±25% from their nominal

values, taking one at a time. Dynamic responses for variation in system parameters and load

condition are shown in Figs.(4.15)-(4.22). An extensive analysis is done to examine the effect

of variation in system parameters and load conditions. Investigations reveal that the dynamic

responses hardly change when system parameters and operating load condition are changed by

±25% from their nominal values with the optimum controller gains once set. It is evident that

OFC accommodates for the wide range of variations in system parameters and load condition

from their nominal values. The settling time and peak overshoot of the dynamic responses under

these varied conditions are more and less same with zero steady state error.
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(c) Tie line power deviation response

Figure 4.17: Effect of variation in steam turbine reheat time constant(TR) on dynamic responses
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(c) Tie line power deviation response

Figure 4.18: Effect of variation in hydro turbine speed governor main servo time constant(TGH)
on dynamic responses
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(c) Tie line power deviation response

Figure 4.19: Effect of variation in hydro turbine speed governor transient droop time
constant(TRH) on dynamic responses
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(c) Tie line power deviation response

Figure 4.20: Effect of variation in gas turbine compressor discharge volume time constant (TCD)
on dynamic responses
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(c) Tie line power deviation response

Figure 4.21: Effect of variation in nominal starting time ofwater in penstock (TW) on dynamic
responses
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(c) Tie line power deviation response

Figure 4.22: Effect of variation in nominal area load on dynamic responses
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4.4 LFC of hydro power plants

To ensure the good performance of the proposed optimal OFC onan actual power system,

hydro power plants operational in KHOZESTAN (a province in southwest of Iran) [1] are taken

as an additional case study in this section. Dez output poweris 520 MW whereas Karoon3

output power is 1000 MW operational and 2000 MW nominal. The control area is linked to

other control areas of an interconnected power system. The control area includes Karoon3 and

Dez hydro power plants where variation of area load and interaction of other control areas are

considered as two disturbances in control area.

Most recently (2012), Alireza et al. [1] studied the LFC of this operational plant using a

robust optimal MISO PID controller where the tuning of PID controller is stated as an opti-

mization problem in which a combination of quadratic index and maximal complex/real ratio of

the closed loop poles is minimized subject to some constraints on characteristic matrix Eigen-

values.

For analysis, their system dynamics, system parameter values, load disturbance conditions

and assumptions are considered here. For clarity and sake ofcomparison, nomenclature of

system parameters in this section are kept same as in [1]. Block diagram of a control area

including two hydro power plants [1] is referred for formulating the state equations. The block

diagram of the interconnected power system is reproduced [1] for ready reference and shown

in the Fig. 4.24. Refering equations (2.37) and (2.38), in this case study n=7, m=1 and p=3,

where the state vector isx= [∆ f ∆Ptie ∆PtK ∆PtD ∆PgK ∆PgD ∫ ACE]T and the output state vector

is y = [∆ f ∆Ptie ∫ ACE]T .

The system parameters [1] taken to run the MATLAB SimulationareTtK = 0.32s, TtD =

0.24s, D = 0.0534puMW/Hz, RD = RK = 0.467Hz/puMW, β = 4.334puMW/Hz andTgK =

TgD = 11s. System dynamic responses are obtained with optimal OFC gains for two different

situations based on the two types of the present disturbances in the system. In the first situation,

the effects of load disturbances in the area itself are examined,w1 is taken as shown in Fig.

4.24(a) andw2 = 0, whereas in the second situation, the effects of disturbances due to neighbor-

ing interconnected control areas are examined which affectthe area under control,w2 is taken
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Figure 4.23: Model of hydro power plants operational in KHOZESTAN (Iran), [1]
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Figure 4.24: (a)Area load disturbancew1, first situation (b) Disturbance due to neighboring
interconnected control areasw2, second situation [1]
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as shown in Fig.4.24(b) andw1 = 0. The load disturbance patterns taken in both the situations

are reproduced from [1].

Fig. 4.25 shows the dynamic responses obtained using proposed OFC controller. As com-

pared, the trajectories of deviation in frequency and tie line power are more and less same. Peak

overshoots in frequency deviations observed at each time instant of load changes are improved

remarkably and reduction is becoming more than 80%. The improvement in settling time is

also observed.

Like MISO PID controller, the proposed controller also guarantees the good performance,

such as frequency deviation elimination and disturbance attenuation as well as robustness under

area load changes or frequency variation of interconnectedareas scenarios. As compared, the

peak overshoots in frequency deviation responses obtainedwith proposed controller are very

less resulting in remarkable improvement in the frequency deviation response which is the most

important parameter. It is observed that frequency and tie line power settles very fast with zero

steady state error. Therefore, the proposed OFC controllersatisfies the LFC requirements.
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(c) Tie line Power deviation response for the first situation

0 5 10 15 20 25 30 35 40 45 50

0

0.05

0.1

0.15

0.2

time, s

T
ie

 li
ne

 p
ow

er
 D

ev
ia

tio
n 

(p
u 

M
W

)

(d) Tie line Power deviation response for the second situation
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(f) Area control error for the second situation

Figure 4.25: Dynamic responses of hydro power plants operational in KHOZESTAN (Iran)
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4.5 Summary

The performance of the proposed controller is demonstratedon the multi-source power systems

and its dynamic responses are compared with FSFC. The OFC gives better dynamic response

having relatively smaller peak overshoot and lesser settling time with zero steady state error as

compared to that of FSFC. The effect of GRC on dynamic response is discussed. The critical ex-

amination of dynamic responses reveals that GRC results in increased peak overshoot, however

settling time remains same for this particular power systemmodel. Investigations reveal that it

is better to prefer the medium value ofR i.e. 4% with corresponding optimum controller gains

to provide better dynamic response of LFC for the proposed system. The dynamic responses are

obtained for 1% to 5% SLPs. It is observed that for SLP varyingfrom 1% to 5%, the first peak

overshoot increases with increase in the level of SLP and settling time remains approximately

same with zero steady state error. The sensitivity analysisreveals that the optimum values of

controller gains obtained for nominal system parameters and load condition are quite insensi-

tive to wide parameter variation±25%. Hence for all practical purposes, the controller is quite

robust. The LFC of hydro power plants operational in Iran hasalso been studied. The proposed

controller performs well on this system and improves the frequency deviation responses remark-

ably. Like MISO PID controller, the proposed controller also guarantees the good performance,

such as frequency deviation elimination and disturbance attenuation as well as robustness under

area load changes or frequency variation of interconnectedareas scenarios. The simulation re-

sults show that proposed control strategy is very effectiveand guarantees good performance. In

fact, this method provides a control system that satisfies the load frequency control requirements

with a credible dynamic response.
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CHAPTER 5

LFC OF POWER SYSTEMS CONSIDERING

AC-DC TIE LINES AND TCPS

5.1 Introduction

Electric power systems are interconnected to make the systems more reliable and robust. In a

multi-area system, power generations and loads are coordinated with each other through the tie

lines among the control areas [2, 10]. An electrical power system consists of many generating

units and many loads while its total load demand varies continuously throughout the day. LFC is

one of the important control problems in the interconnectedpower system design and operation,

and is becoming more significant now due to the increasing size, changing structure, emerging

multi-energy sources and new uncertainties, challenges, environmental constraints, and com-

plexity of power systems [3, 6]. Literature survey shows that mostly AC tie lines are used for

the interconnection of MAIPSs and lesser attention is givento AC-DC parallel tie lines [2,32].

HVDC transmission system is finding more space in the transmission system due to its various

techno-economical advantages. One of the major applications of HVDC transmission is operat-

ing a DC link in parallel with an AC link interconnecting two control areas to get an improved

system dynamic performance with greater stability marginsunder small perturbations in the

system [102, 103, 127, 128]. Some research work is reported on LFC of interconnected power

systems connected via HVDC link in parallel with AC link [4, 127]. The idea of LFC of an in-

terconnected power system with a DC tie line in parallel withan AC tie line [77,102,127,128]

is extended for the study of LFC of the TAIPS with MSPG as shownin Figs. 5.1 and 5.2.
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The Flexible AC Transmission Systems (FACTS) devices provide more flexibility in power

system operation and control. Thyristor controlled phase shifter (TCPS) is an effective FACTS

device for the tie line power flow control of an interconnected power system. The TCPS device

is modeled and used in series with tie lines to improve the dynamic performance of LFC of the

interconnected power systems [106,108].

Literature survey shows that most of the researchers applied optimal control theory on

thermal-thermal power systems with AC tie lines only [8, 39,49, 81, 114, 124]. Optimal con-

trollers have been used in LFC as secondary controllers, butthere is hardly any literature that

compares performances of optimal controllers for the powersystem with and without DC tie

lines [4]. Some researchers have studied the LFC of thermal-thermal or hydro-thermal power

systems considering TCPS but there is hardly any research work that applies optimal OFC strat-

egy for the LFC of the interconnected power systems with MSPGconsidering TCPS [4,93,106].

Therefore, there is a scope to study the LFC with MSPG and TCPS.

This chapter presents the LFC study of the interconnected power system considering AC-DC

parallel tie line and TCPS. An attempt is made to improve the dynamical response of the LFC

problem from a practical point of view by considering the OFCstrategy using AC-DC parallel

tie lines and TCPS. An extensive analysis is done to study theLFC performance of the OFC for

the interconnected power system models in new power system environment considering AC-DC

parallel tie lines and TCPS. In the section 5.2, a TAIPS modelcomprising hydro, thermal with

reheat-turbine and gas units in each control area with AC-DCparallel tie line as shown in Fig.

5.2 is presented. HVDC link is connected in parallel with theexisting AC link for stabilizing the

frequency oscillations of AC system. Further in the section5.3.2, a TAIPS model comprising

hydro, thermal with reheat-turbine and gas units in each control area as shown in Fig. 5.7 is

presented. TCPS is connected in series with the AC tie line for stabilizing the control area

frequency and tie line power deviations [93, 106]. The powersystem simulation is done using

MATLAB simulink and control problem is solved using MATLAB programming. The effect of

the load disturbance by varying the SLP over a wide range from1% to 4% is examined.
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Figure 5.1: TAIPS with AC-DC parallel tie lines

5.2 Simulation of the power system with parallel AC-DC tie

lines

The schematic of TAIPS model with AC-DC tie lines is shown in Fig. 5.1. The TAIPS with

MSPG considering parallel AC-DC tie lines as shown in Fig. 5.2 is proposed for LFC study in

this section. As shown in Fig. 5.2, each control area comprises reheat-thermal, hydro and gas

generating units and the two equal areas are interconnectedby AC-DC tie lines. The simula-

tion of this interconnected power system in a new power system environment is based on the

concepts of considering variety of generators with their corresponding generation contribution

factors in each control area [6, 89, 117] and parallel AC-DC tie lines [77, 102]. The DC link is

assumed bidirectional as most of the converters used for HVDC are intrinsically able to operate

with power conversion in either direction. The system parameter values are given in Table 5.1.

It is assumed thatRki = Ri. For the TAIPS,∆Ptie,1 = ∆Ptie,12. The nominal loading of each con-

trol area is taken 1640 MW with the power generation scheduling and generation contribution

factors as given in Table 5.2.

The state space form is obtained for the proposed power system model. The power system

has 27 state variables. Incremental DC power flow is considered as an additional state variable

in the LFC strategy. State variablesx1, x12, x26 andx27 are taken as output feedback states. The

state equations can be organized in the state-space form as described by the equations (2.52)

and (2.38).

where, the associated vectors and matrices are as follows:
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Figure 5.2: Block diagram of a TAIPS with MSPG considering AC-DC parallel tie lines
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Table. 5.1: Simulation Parameters of TAIPS with MSPG considering parallel AC-DC tie lines

Parameters Value
Prt1 = Prt2 2000 MW
PL1 = PL1 1640 MW

f 60 Hz
H1 = H2 5 MW-s/MVA
D1 =D2 0.0137 pu MW/Hz

KPS1 = KPS2 73.1707 Hz/pu MW
T12 0.0433

TPS1=TPS2 12.1951 s
TSG1 =TSG2 0.08 s
TT1=TT2 0.3 s

TCD1 = TCD2 0.2 s
B1 =B2 0.4303

a12 - 1
KR1 = KR2 0.3
TR1 = TR2 10 s
TW1 = TW2 1 s
TRS1 = TRS2 5 s
TRH1 =TRH2 28.75 s
TGH1 = TGH2 0.2 s
XG1 = XG2 0.6 s
YG1 =YG2 1 s
cg1 =cg2 1
bg1 = cg1 0.05 s
TF1 = TF2 0.23 s

TCR1= TCR2 0.01s
R1 = R2 2.4 Hz/pu MW

α11 = α12 0.579268
α21 = α22 0.274390
α31 = α32 0.146342

DC link parameters
KDC1=KDC2 1
TDC1=TDC2 0.2 s

state vector,x = [x1 x2.......x27]
T

control vector,u = [u1 u2 u3 u4 u5 u6]
T =[∆Pc11 ∆Pc21 ∆Pc31 ∆Pc12 ∆Pc22 ∆Pc32]

T

disturbance vector,w = [w1 w2]
T=[∆PD1 ∆PD2]

T .

and the constant matricesÃ, B̃ andC̃, the disturbance matrix̃F and design matrices̃Q andR̃are

given in Appendix A.2.

The optimum gains of optimal OFC are obtained by running the MATLAB codes generated

on the basis of method described in section 2.6. The computersimulations are carried out
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with the optimum controller gain settings. MATLAB control system toolbox [121] is used to

simulate the power system and to obtain dynamic responses ofthe system for 1% SLP in the

control area-1.

5.2.1 Simulation results and discussion

The optimum values of thẽK for the OFC by minimizing the cost function for the power system

with AC tie line corresponding to nominal system parametersis

K̃ =



















0.4202 −0.0936 0.3233 0.0808

−0.1634 −0.0039 −0.0386 −0.0522

0.1622 −0.0597 0.1340 0.0207

0.0719 0.8219 −0.1455 0.3840

−0.0469 −0.6530 −0.1181 −0.4162

0.0473 0.3588 −0.0074 0.2008



















and for the power system with AC-DC parallel tie line is

K̃ =



















−0.1887 0.5428 0.5702 0.2080

−0.0644 0.1023 0.0895 0.0568

−0.1082 0.2338 0.2685 0.0629

0.4622 −0.0495 0.2321 0.3059

−0.2360 0.1406 −0.0580 −0.3128

0.2028 −0.0828 0.0784 0.1894



















Dynamic responses of the system are obtained for 1% SLP in thecontrol area-1. The fre-

quency deviation responses of control area-1 and control area-2 are shown in Figs. 5.3 and 5.4,

respectively. The tie line power deviation response is shown in Fig. 5.5. It is observed that

the OFC considering parallel AC-DC tie lines in power systemgives better dynamic responses

having relatively smaller peak overshoot and lesser settling time with zero steady state error as

compared to the power system with AC tie lines only. The quantitative comparison is made in

Table 5.3 where percentage reduction in the peak OS of∆ f1, ∆ f2 and∆Ptie,1 is 60.49, 90 and

44.92, respectively with DC link. Also, system dynamic responses are obtained for the wide

range of SLP varying from 1% to 4% in either control area. Further, frequency deviation and

tie line power responses for different SLPs are shown in Fig.5.6. It is apparent that for SLP

varying from 1% to 4%, the first peak overshoot increases withincrease in the level of SLP

and settling time remains approximately same with zero steady state error. Thus, the proposed

83
TH-1171_07610212



Chapter 5 LFC of power systems considering AC-DC tie lines and TCPS

0 5 10 15 20 25 30 35 40 45 50
−0.04

−0.035

−0.03

−0.025

−0.02

−0.015

−0.01

−0.005

0

0.005

time, s

F
re

qu
en

cy
 D

ev
ia

tio
n,

ar
ea

−
1(

H
z)

 

 

AC Tie line
AC−DC Tie line

Figure 5.3: Frequency deviation response of control area-1with AC tie line and AC-DC parallel
tie line

controller satisfy the LFC problem requirement for wide variation of load disturbance.

Table. 5.2: Power Generation Scheduling to match the nominal load of the individual control
area

Total control area Thermal Gas Hydro
load contribution contribution contribution

(MW) (MW) (MW) (MW)
1640 950 240 450

Generation contribution factor 0.579268 0.146342 0.274390

Table. 5.3: Dynamic response comparison

Peak OS of∆ f1(Hz) Peak OS of∆ f1(Hz) Peak OS of∆Ptie,1(pu MW)
With AC tie line -0.0324 -0.0230 -0.0069

With AC-DC tie line -0.0128 -0.0023 -0.0038
% reduction in Peak OS 60.49 90 44.92

5.3 Incremental tie line power flow considering TCPS

TCPS is a device that changes the relative phase angle between the system voltages. The tie

line power flow can be regulated by controlling the phase angle (φ ) to damp out the control area

frequency deviations and improve power system stability [94, 108, 109]. The schematic of the

TAIPS considering a TCPS in series with the tie line is shown in Fig. 5.8.
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Figure 5.4: Frequency deviation response of control area-2with AC tie line and AC-DC parallel
tie line
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Figure 5.5: Tie line power deviation response with AC tie line and AC-DC parallel tie line
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0 10 20 30 40 50 60
−12

−10

−8

−6

−4

−2

0

2

4
x 10

−3

time, s

F
re

qu
en

cy
 D

ev
ia

tio
n,

ar
ea

−
2(

H
z)

 

 

1% SLP
2% SLP
3% SLP
4% SLP

(b) Frequency deviation response of control area-2
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Figure 5.6: Frequency deviation and tie line power responses for SLP varying from 1% to 4%
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In a conventional interconnected power system, the incremental tie line power flow∆Ptie,12

from control area-1 to control area-2 can be expressed as [2]

∆Ptie,12(s) =
2πT12

s
(∆F1(s)−∆F2(s)) (5.1)

When a TCPS is connected in series with the tie line as shown inFig. 5.8, the current flowing

from control area 1 to control area 2 can be expressed [109] as

i12 =
|Va1|∠(δa1 +φ)−|Va2|∠δa2

jXtie,12
(5.2)

Now, the tie line power becomes

P̃tie,12− jQ̃tie,12 = [|Va1|∠− (δa1 +φ)] i12 (5.3)

Using equations (5.2) and (5.3) and separating the real and imaginary parts,̃Ptie,12 becomes

P̃tie,12 =
|Va1| |Va2|

Xtie,12
sin(δa1−δa2 +φ) (5.4)

Perturbingδa1, δa2 andφ from their nominal valuesδ 0
a1, δ 0

a2 andφ0, respectively,

∆P̃tie,12 =
|Va1| |Va2|

Xtie,12
cos(δ 0

a1−δ 0
a2+ φ0)sin(∆δa1−∆δa2+ ∆φ) (5.5)

Since(∆δa1−∆δa2 +∆φ) is very small, therefore

sin(∆δa1−∆δa2 +∆φ) ≈ (∆δa1−∆δa2 +∆φ)

∆P̃tie,12 =
|Va1| |Va2|

Xtie,12
cos(δ 0

a1−δ 0
a2+ φ0)(∆δa1−∆δa2+ ∆φ) (5.6)

Let T̃12 be the synchronizing coefficient with TCPS:

T̃12 =
|Va1| |Va2|

Xtie,12
cos(δ 0

a1−δ 0
a2 +φ0) (5.7)

∆P̃tie,12 can be given as

∆P̃tie,12 = T̃12(∆δa1−∆δa2)+ T̃12∆φ (5.8)

where,

∆δa1 = 2π
∫ t

0 ∆ f1dt and∆δa2 = 2π
∫ t

0 ∆ f2dt

Taking the Laplace transform of equation (5.8)

∆P̃tie,12(s) =
2πT̃12

s
[∆F1(s)−∆F2(s)]+ T̃12∆φ(s) (5.9)
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As given in equation (5.9) tie line power flow can be controlled by controlling the phase shifter

angle∆φ . The phase shifter angle∆φ can be given [107,108] as

∆φ(s) =
KΦ

(1+sTΦ)
∆Error(s) (5.10)

where,KΦ andTΦ are gain constant and time constant of TCPS.

5.3.1 TCPS control strategy

Error signal to TCPS can be any signal such as the control areafrequency deviation or area

control error to control the TCPS phase shifter angle. If thefrequency deviation of control area-

1 is sensed as error signal, it can be used as the control signal to the TCPS unit to control the

TCPS phase shifter angle which results in controlling the tie line power flow [107,108]. Thus,

∆φ(s) =
KΦ

(1+sTΦ)
∆F1(s) (5.11)

and

∆P̃tie,12(s) =
2πT̃12

s
[∆F1(s)−∆F2(s)]+ T̃12

KΦ
(1+sTΦ)

∆F1(s) (5.12)

The total incremental tie line power flow between control area-1 and other control areas,∆P̃tie,1(s)

may be given as:

∆P̃tie,1(s) = ∆P̃tie,12(s) (5.13)

5.3.2 Simulation of the power system model considering TCPS

The TAIPS model with MSPG considering TCPS is shown in Fig. 5.7, where each control area

comprises reheat-thermal, hydro and gas generating units and the two equal areas are intercon-

nected. The simulation of this interconnected power systemin a new power system environment

is based on the concepts of considering variety of generators with their corresponding gener-

ation contribution factors in each control area [6, 89, 117]and TCPS [108, 109]. The system

parameter values are given in Tabel 5.4 . It is assumed thatRki = Ri . The nominal loading

of each control area is taken 1640 MW with the power generation scheduling and generation

contribution factors as given in Table 5.5.
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Table. 5.4: Simulation Parameters of TAIPS model with MSPG considering TCPS

Parameters Value
Prt1 = Prt2 2000 MW
PL1 = PL1 1640 MW

f 60 Hz
H1 = H2 5 MW-s/MVA
D1 =D2 0.0137 pu MW/Hz

KPS1 = KPS2 73.1707 Hz/pu MW
T̃12 0.0433

TPS1=TPS2 12.1951 s
TSG1 =TSG2 0.08 s
TT1=TT2 0.3 s

TCD1 = TCD2 0.2 s
B1 =B2 0.4303

a12 - 1
KR1 = KR2 0.3
TR1 = TR2 10 s
TW1 = TW2 1 s
TRS1 = TRS2 5 s
TRH1 =TRH2 28.75 s
TGH1 = TGH2 0.2 s
XG1 = XG2 0.6 s
YG1 =YG2 1 s
cg1 =cg2 1
bg1 = cg1 0.05 s
TF1 = TF2 0.23 s

TCR1= TCR2 0.01s
R1 = R2 2.4 Hz/pu MW

α11 = α12 0.579268
α21 = α22 0.274390
α31 = α32 0.146342

TCPS parameters
KΦ = 1.5 rad/Hz TΦ = 0.1 s

Φmax = 100 Φmin = −100
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The state space form is obtained for the proposed power system model. The power system

has 26 state variables. State variablesx1, x12, x25 andx26 are taken as output feedback states.

The state equations can be organized in the state-space formas described by the equations (2.52)

and 2.38.

where, the associated vectors and matrices are as follows:

state vector,x = [x1 x2.......x26]
T

control vector,u = [u1 u2 u3 u4 u5 u6]
T =[∆Pc11 ∆Pc21 ∆Pc31 ∆Pc12 ∆Pc22 ∆Pc32]

T

disturbance vector,w = [w1 w2]
T=[∆PD1 ∆PD2]

T .

and the constant matricesÃ, B̃ andC̃, the disturbance matrix̃F and design matrices̃Q andR̃are

given in Appendix A.3.

The optimum gains of optimal OFC are obtained by running the MATLAB codes generated

on the basis of method described in section 2.6. The computersimulations are carried out

with the optimum controller gain settings. MATLAB control system toolbox [121] is used to

simulate the power system and to obtain dynamic responses ofthe system for 1% SLP in the

control area-1.

5.3.3 Simulation results and discussion

The optimum value of thẽK for the OFC by minimizing the cost function for the power system

corresponding to nominal system parameters is

K̃ =



















0.4202 −0.0936 0.3233 0.0808

−0.1634 −0.0039 −0.0386 −0.0522

0.1622 −0.0597 0.1340 0.0207

0.0719 0.8219 −0.1455 0.3840

−0.0469 −0.6530 −0.1181 −0.4162

0.0473 0.3588 −0.0074 0.2008



















and for the power system with TCPS is

K̃ =



















1.4167 −0.3404 5.8889 −0.5138

−0.3702 0.0300 −1.1732 0.1551

0.4758 −0.2213 2.1480 −0.2559

0.0619 0.4614 0.5985 0.5440

−0.3225 −0.5033 −1.5146 −0.2861

−0.0260 0.0202 0.1433 0.0902


















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Dynamic responses of the system are obtained for 1% SLP in thecontrol area-1. The fre-

quency deviation responses of control area-1 and control area-2 are shown in Figs.5.9 and 5.10,

respectively. The tie line power deviation response is shown in Fig. 5.11. It is observed that

the OFC considering TCPS in power system gives better dynamic responses having relatively

smaller peak overshoot and lesser settling time with zero steady state error as compared to the

power system without TCPS. The quantitative comparison is made in Tables 5.6 and 5.7 where

percentage reduction in the peak OS of∆ f1, ∆ f2 and∆P̃tie,1 becoming 34.56, 50 and 39.13,

respectively and the settling time of∆ f1, ∆ f2 and ∆P̃tie,1 becoming 41.61, 54.89 and 53.10,

respectively. The phase angle deviation of TCPS in responseto 1% SLP in control area-1 is

shown in Fig. 5.12, where maximum phase angle deviation on positive side is 1.320 and on

negative side is 1.780. Further, system dynamic responses are obtained for the wide range of

SLP varying from 1% to 4% in either control area and shown in Fig. 5.13. It is evident that

for SLP varying from 1% to 4%, the first peak overshoot increases with increase in the level of

SLP and settling time remains approximately same with zero steady state error. The dynamic

responses are improved with TCPS and satisfy the LFC requirements.

Table. 5.5: Power Generation Scheduling to match the nominal load of the individual control
area

Total control area Thermal Gas Hydro
load contribution contribution contribution

(MW) (MW) (MW) (MW)
1640 950 240 450

Generation contribution factor 0.579268 0.146342 0.274390

Table. 5.6: Dynamic response comparison in terms of peak OS

Peak OS of∆ f1(Hz) Peak OS of∆ f1(Hz) Peak OS of∆P̃tie,1(pu MW)
Without TCPS -0.0324 -0.0230 -0.0069

With TCPS -0.0212 -0.0115 -0.0042
% reduction in Peak OS 34.56 50 39.13
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Figure 5.9: Frequency deviation response of control area-1
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Figure 5.10: Frequency deviation response of control area-2
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Figure 5.11: Tie line power deviation response
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Figure 5.12: TCPS phase shift deviation response
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Figure 5.13: Frequency deviation and tie line power responses for SLP varying from 1% to 4%
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Table. 5.7: Dynamic response comparison in terms of ST

ST of ∆ f1(s) ST of∆ f1(s) ST of∆P̃tie,1(s)
Without TCPS 32.27 40.26 49.37

With TCPS 18.84 18.16 23.15
% reduction in ST 41.61 54.89 53.10

5.4 Summary

An attempt is made in this chapter to study the the dynamic performance of LFC of the power

systems considering AC-DC tie lines and TCPS. A simple but practical controller is used to im-

prove the dynamic response of LFC system in the the new power system environment. The OFC

performs well for the power system with DC link giving betterdynamic response having rela-

tively smaller peak overshoot and lesser settling time withzero steady state error as compared

to the power system considering AC tie lines only. The dynamic response of the system with

DC link is improved significantly with the percentage reduction in the peak OS of∆ f1, ∆ f2 and

∆Ptie,1 becoming 60.49, 90 and 44.92, respectively. Dynamic responses are obtained for wide

range of variation in SLP from 1% to 4% which satisfy the LFC requirements. The simulation

results show that proposed control strategy considering parallel AC-DC tie line is very effective

and guarantees good performance. Further, the OFC is proposed to control the TCPS phase

angle which in turn controls the tie line power flow. The proposed controller for the power

system with TCPS gives better dynamic responses having relatively smaller peak overshoot and

lesser settling time with zero steady state error as compared to the power system without TCPS.

The dynamic responses of the system with TCPS are improved significantly with the percentage

reduction in the peak OS of∆ f1, ∆ f2 and∆P̃tie,1 becoming 34.56, 50 and 39.13, respectively

and the settling time of∆ f1, ∆ f2 and∆P̃tie,1 becoming 41.61, 54.89 and 53.10, respectively.

Dynamic responses are obtained for wide range of variation in load disturbance from 1% to

4% which satisfy the LFC requirements. Simulation results show that the due to the presence

of TCPS, the dynamic performance in terms of settling time and peak overshoot is greatly im-

proved. The system with TCPS is capable of suppressing the control area frequency and tie line

power deviations more effectively under the occurrence of control area load perturbations. The

simulation results show that proposed control strategy considering TCPS is very effective and
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guarantees good performance. Hence for all practical purposes, the controller is quite robust.
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CHAPTER 6

LFC IN RESTRUCTURED POWER SYSTEM

ENVIRONMENT

6.1 Introduction

LFC is one of the important control problems in electric power system design and operation.

Any deviations in frequency can directly impact on power system operation and system re-

liability. A large frequency deviation can cause an unstable condition for the power system.

Maintaining frequency and tie line power interchanges withneighboring control areas at the

scheduled values are the two main primary objectives of a power system LFC [2–4, 90]. Many

researchers presented the LFC scheme of conventional powersystem using different control

strategies [1,9,13,90–94,108,124].

In the restructured power system environment, vertically integrated system of conventional

power system do not exist [20]. In a competitive electricitymarket, generating companies

(GENCOs), distribution companies (DISCOs), transmissioncompanies (TRANSCOs), and power

system operator (PSO) [5, 6, 11, 18, 19, 84] are all market players. As there are so many GEN-

COs and DISCOs in the restructured power system, a DISCO has the freedom to have a contract

with any GENCOs for the transaction of power. A DISCO of one control area can make con-

tract with a GENCO in another control area [19,20]. For stable and secure operation of a power

system, the PSO has to provide a number of ancillary services. One of the ancillary services

is the frequency regulation based on the concept of the LFC. The crucial role of LFC system

will continue in restructured power system environment with some modifications accounting
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bilateral transactions and deregulation policy [5].

An LFC system required for Poolco-based transactions described in [20, 112] utilizes an

integral controller. A method to find optimal controller gains of this type of controller for a two-

area system is proposed in [20]. In [115], B. Tyagi et. al proposed a general model for multi-area

LFC suitable for a competitive electricity environment. LFC work in restructured power system

is reported in [5,11,18–20,84,100] where they have considered either thermal or hydro system

in a control area. In new power system environment, a controlarea may have variety of sources

like hydro, thermal, gas, renewable etc., therefore representing a control area by thermal or

hydro system dynamics only may not result in a good design of LFC system [5,89,90]. Recently

some researchers studied the LFC of conventional power system considering hydro, thermal and

gas generating units in each control area [89, 90, 116, 117],however they did not consider the

LFC scheme in restructured power system environment.

Having studied the LFC scheme in conventional power systemswith optimal OFC in the pre-

vious chapters, LFC scheme is presented in restructured power system environment. A TAIPS

with MSPG is proposed for LFC in restructured power system environment. Each control area

includes the more feasible multi-source combination of hydro, reheat thermal and gas generat-

ing units. An extensive analysis is done for LFC scheme considering Poolco-based transactions,

bilateral transactions, and a combination of these two transactions. The MATLAB simulation

results are authenticated by comparing with calculated(desired) values. A state space model of

the proposed power system in restructured power system environment is utilized for controller

design considering all the interface variables like control area frequencies, tie line power and all

other possible contracts between GENCOs and DISCOs. In thischapter, it is established that

the optimal OFC performs well in restructured power system environment also.

6.2 LFC in restructured power system environment

The LFC in a restructured power market should be designed to accommodate all possible trans-

actions [20, 112], such as Poolco-based transactions, bilateral transactions, and a combination
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of these two transactions. In bilateral transactions, any DISCOs have the freedom to have a

contract with any GENCOs in its own and other control areas, whereas in Poolco-based transac-

tions, GENCOs participate in LFC of their own control areas only [19,20,100]. In a competitive

electricity market, Poolco and bilateral transactions maytake place simultaneously. A DISCO

in any of the control areas and GENCOs in the same or in a different control area may also

negotiate bilateral contracts. The power market players are responsible for having a communi-

cation path to exchange contract data as well as measurements to perform the load following

function [20,84]. In such contracts, a GENCO changes its power output to supply the contracted

load as long as it does not exceed the contracted value. The DISCO is responsible to maintain

the load demand discipline as per contractual agreement.

In order to meet the Poolco-based and bilateral transactions, a DISCO participation matrix

(DPM) is used [20] for better visualization. In a DPM, numberof rows and columns are equal

to the number of GENCOs and DISCOs, respectively. Each entryin a DPM is defined as

contract participation factor. Thecp fkl is contract participation factor betweenkth GENCO

and l thDISCO. Thecp fkl corresponds to the fraction of the total load power contracted by a

DISCO-l from a GENCO-k [20]. It is noted that∑
k

cp fkl = 1. DPM shows the participation of

a DISCO in contract with a GENCO.

Each control area in this study is having three GENCOs and twoDISCOs as shown in Fig.

6.1. Let GENCO-1, GENCO-2, GENCO-3, DISCO-1 and DISCO-2 be in control area-1 and

GENCO-4, GENCO-5, GENCO-6, DISCO-3 and DISCO-4 be in control area-2. As a particular

set of GENCOs is supposed to follow the total load demanded bya DISCO, information signals

must flow from the DISCO to the particular GENCO(s) specifying corresponding demands.

There may be uncontracted loads also in the control areas [84].
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Figure 6.1: A TAIPS with MSPG in restructured power system environment
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The corresponding DPM will become
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
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(6.1)

The scheduled steady state power flow on the tie line [5] is given as

∆Ptie12,sch= (Pexp1)− (Pimp1) (6.2)

where;

Total power exported from control area-1 (Pexp1) is the demand of DISCOs in control area-2

from GENCOs in control area-1

and total power imported to control area-1 (Pimp1) is the demand of DISCOs in control area-1

from GENCOs in control area-2.

The error in tie line power (∆Ptie,12,error) may be defined as

∆Ptie12,error = ∆Ptie,12−∆Ptie,12,sch (6.3)

∆Ptie,12,error vanishes in the steady state as the actual tie line power flow (∆Ptie,12) reaches the

scheduled tie line power flow.

In the restructured power system, the area control errors may be defined as:

ACE1 = B1∆ f1+∆Ptie,12,error (6.4)

ACE2 = B2∆ f2 +a12∆Ptie,12,error (6.5)

where,ACE1 andACE2 are the area control errors of control area-1 and 2 respectively, B1 and

B2 are frequency bias parameters of control area-1 and 2 respectively, anda12 is control area

capacity ratio.
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6.3 Simulation and results

A TAIPS with MSPG is simulated in restructured power system environment as shown in Fig.

6.1. GENCO-1 and GENCO-4 are thermal, GENCO-2 and GENCO-5 are hydro, and GENCO-

3 and GENCO-6 are gas generating units. The system parameters are given in Table 6.1. The

nominal load of each control area is taken 1640 MW for all the contracts. It is assumed that

Rki = Ri . Theep fk is the economic participation factor ofkth GENCO. The economic partic-

ipation factor of a GENCO depends on its profile, participation, bid price and capacity in the

frequency regulation market [84]. The control signal (uk) is the input to economic participation

factor block ofkth GENCO.

The state space form is obtained for the proposed power system model. State variablesx1,

x12, x24 andx25 are taken as output feedback states. The state equations canbe organized in the

state-space form as described by the equation (6.6) given below and equation (2.38).

ẋ = Ãx+ B̃u+ F̃w+ F̄w̄ (6.6)

where, the associated vectors and matrices are as follows:

state vector,x = [x1 x2.......x25]
T

control vector,u = [u1 u2 u3 u4 u5 u6]
T

disturbance vector,w = [w1 w2]
T=[∆PD1 ∆PD2]

T .

and the disturbance vector ( ¯w), due to contracts between GENCOs and DISCOs, is defined as:

w̄ = [∆P̃L1 ∆P̃L2 ∆P̃L3 ∆P̃L4]
T

The constant matrices̃A, B̃ andC̃, the disturbance matrices̃F andF̄, and design matrices̃Q

andR̃ are given in Appendix A.4.

It is assumed that all the GENCOs participate in the LFC with their corresponding economic

participation factor valuesep f1=0.6,ep f2=0.3,ep f3 = 1− (ep f1+ep f2), ep f4=0.6,ep f5=0.3

and ep f6 = 1− (ep f4 + ep f5). The total local load ofith control area(∆PDi) is the sum of

contracted and uncontracted load demands of the DISCOs ofith control area only. The opti-

mum values of controller gains are obtained by running the MATLAB codes based on method

described in the section 2.6. The computer simulations are carried out with the optimum con-
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troller gains. MATLAB control system toolbox [121] is used to simulate the power system

model and to obtain dynamic responses of the system for different contract scenarios (case-1, 2

and 3).

Table. 6.1: Simulation parameters of TAIPS with MSPG in restructured power environment

Parameters Value
Prt1 = Prt2 2000 MW
PL1 = PL1 1640 MW

f 60 Hz
H1 = H2 5 MW-s/MVA
D1 =D2 0.0137 pu MW/Hz

KPS1 = KPS2 73.1707 Hz/pu MW
T12 0.0433

TPS1=TPS2 12.1951 s
TSG1 =TSG2 0.08 s
TT1=TT2 0.3 s

TCD1 = TCD2 0.2 s
B1 =B2 0.4303

a12 - 1
KR1 = KR2 0.3
TR1 = TR2 10 s
TW1 = TW2 1 s
TRS1 = TRS2 5 s
TRH1 =TRH2 28.75 s
TGH1 = TGH2 0.2 s
XG1 = XG2 0.6 s
YG1 =YG2 1 s
cg1 =cg2 1
bg1 = cg2 0.05 s
TF1 = TF2 0.23 s

TCR1= TCR2 0.01s
R1 = R2 2.4 Hz/pu MW

Case-1: Poolco based transactions

In this kind of transactions, GENCOs participate in LFC of their own control areas only [19,20].

It is assumed that the load change occurs only in control area-1. Thus, the load is demanded

only by DISCO-1 and DISCO-2. Let the value of this load demandbe 0.05 pu MW for each of

them. DISCO-1 and DISCO-2 demand equally from GENCO-1, GENCO-2 and GENCO-3. A

case of Poolco based contracts between DISCOs and availableGENCOs is simulated based on
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the following DPM-
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DISCO-3 and DISCO-4 do not demand power from any GENCOs, and hence the corresponding

contract participation factors are zero. Fig. 6.2 shows control area frequency deviations and

actual tie line power deviation, following a step change in the load demands of DISCO-1 and

DISCO-2. The scheduled steady state tie line power flow is zero. The actual power on the tie

line settles to zero. The frequency and tie line power deviation in each control area settles to

zero in the steady state. In the steady state, generation of aGENCO must match the demand

of DISCOs in contract with it. The desired generation of thekth GENCO in pu MW can be

expressed [20] in terms of contract participation factors and the total contracted demand of

DISCOs as-

∆Pmk = cp fk1∆P̃L1+cp fk2∆P̃L2+cp fk3∆P̃L3+cp fk4∆P̃L4 (6.7)

Where∆P̃L1, ∆P̃L2, ∆P̃L3 and∆P̃L4 are the total contracted demands of DISCO-1, 2, 3 and 4

respectively.

In this case∆P̃L1=0.05 pu MW,∆P̃L2=0.05 pu MW,∆P̃L3=0 and∆P̃L4=0 and contract par-

ticipation factors are as given in DPM. From the equation (6.7), the calculated values (desired

values) of generations of GENCOs are∆Pm1=0.0333 pu MW,∆Pm2=0.0333 pu MW,∆Pm3=

0.0333 pu MW,∆Pm4=0, ∆Pm5=0 and∆Pm6=0 at steady state. The generated powers (actual

powers) of various GENCOs in response to contract with DISCOs are given in Fig. 6.3. The

actual generated powers of the GENCOs reach the desired values in the steady state. GENCOs

of control area-2 do not transact the power; hence, their change in generated power is zero at

steady state.
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(a) Frequency deviation response of control area-1
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(b) Frequency deviation response of control area-2
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(c) Tie line power deviation response

Figure 6.2: Frequency and tie line power deviation responses for case-1
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(a) Generator power output response of control area-1
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(b) Generator power output response of control area-2

Figure 6.3: Generator power output response for case-1
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Case-2: Poolco and bilateral transactions

In this kind of transactions, a DISCO has the freedom to have acontract with any GENCOs in

its own and other control areas [20] [19]. A case of combinations of Poolco and bilateral based

contracts between DISCOs and available GENCOs is simulatedbased on the following DPM-
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It is assumed that each DISCO demands 0.05 pu MW power from GENCOs as defined

by contract participation factors in DPM matrix. The power system in Fig. 6.1 is simulated

using this data and the results are shown in Figs.6.4 and 6.5.In this case∆P̃L1=0.05 pu MW,

∆P̃L2=0.05 pu MW,∆P̃L3=0.05 pu MW and∆P̃L4=0.05 pu MW and contract participation factors

are as given in DPM. The calculated values(desired values) of generations of GENCOs are

∆Pm1= 0.0300 pu MW,∆Pm2=0.0333 pu MW,∆Pm3=0.0333 pu MW,∆Pm4=0.0367 pu MW,

∆Pm5=0.0383 pu MW and∆Pm6= 0.0283 pu MW at steady state. The generated powers (actual

powers) of various GENCOs in response to contract with DISCOs are shown in Fig. 6.5. As

shown in Fig. 6.4(a-b), the control area frequency deviations settle to zero value. The tie line

power deviation settles to scheduled value -0.0033 pu MW at steady state as shown in Fig.

6.4(c) which matches with the calculated (desired) value -0.0033 pu MW.

Case-3: contract violation

In some situations, DISCOs may violate a contract by demanding excess power. This excess

power (uncontracted power) must be supplied by the GENCOs inthe same control area as the

DISCO [19, 20]. This kind of demand is reflected as a local loadof the control area. Consider

case-1 again with a modification that DISCO-1 demands 0.01 puMW of excess power. The
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(a) Frequency deviation response of control area-1
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(b) Frequency deviation response of control area-2
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(c) Tie line power deviation response

Figure 6.4: Frequency and tie line power deviation responses for case-2
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(a) Generator power output response of control area-1
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(b) Generator power output response of control area-2

Figure 6.5: Generator power output response for case-2
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total local load in control area-1 becomes

∆PD1=(Load of DISCO-1)+(Load of DISCO-2) =(0.05+0.01)+(0.05)=0.11 pu MW

Similarly, the total local load in control area-2 becomes

∆PD2=(Load of DISCO-3)+(Load of DISCO-4) =(0)+(0)=0 pu MW

The frequency and tie line power deviations vanish in the steady state, shown in Fig. 6.6.

As DPM is the same as in case-1 and the excess load is taken up byGENCOs in the same

control area, the tie line power is the same as in case-1 in steady state. As shown in Fig.6.7,

the generation of GENCOs-4, 5 and 6 is not affected by the excess load of DISCO-1. The

uncontracted load of DISCO-1 is reflected in the generationsof GENCO-1, 2 and 3. Sum of

power generations of GENCOs in control area-1 as shown in Fig.6.7 matches with calculated

(desired) value, 0.11 pu MW.
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(a) Frequency deviation response of control area-1
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(b) Frequency deviation response of control area-2
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(c) Tie line power deviation response

Figure 6.6: Frequency and tie line power deviation responses for case-3
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(a) Generator power output response of control area-1
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(b) Generator power output response of control area-2

Figure 6.7: Generator power output response for case-3
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6.4 Summary

A new model of TAIPS with MSPG in restructured power system environment is proposed.

Modified LFC scheme is presented in restructured power system environment. A state space

model of the proposed power system in restructured power system environment is utilized for

controller design considering all the interface variableslike control area frequencies, tie line

power and all other possible contracts between GENCOs and DISCOs. An extensive analysis

is done for LFC scheme considering Poolco-based transactions, bilateral transactions, and a

combination of these two transactions. It is found that in all the cases, the area frequency

error becomes zero in the steady state which satisfy the LFC requirements. It is found that

actual values of generations and tie-line power exchanges of GENCOs obtained by MATLAB

Simulink model of the power system are matching with the corresponding calculated (desired)

values.
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CONCLUSIONS ANDFUTURE WORK

7.1 Concluding remarks

Many research work on LFC have been reported in recent years.Still there is much room for

further improvement and extensions of LFC strategies. Thisthesis presents some improved

results on LFC study of conventional and restructured powersystems emphasizing on MSPG.

New LFC models of the power systems with MSPG have been proposed. OFC is presented with

pragmatic point of view. Briefly the results are summarized as follows:

A. Mathematical modeling and LFC of power systems

Mathematical modeling of the SAPS, MAIPS and MAIPS with MSPGare presented for

LFC study. Keeping in view the new power system environment,the concept of MSPG in a

control area is introduced. In addition to LFC models of SAPSand MAIPS, a new model of

MAIPS with MSPG is presented for LFC study. The OFC is introduced. The control system

design equations and algorithms have been presented.

B. LFC of conventional power systems

The LFC of various conventional TAIPSs has been studied using OFC. The combinations of

non-reheat, reheat and hydro turbines are taken to demonstrate the suitability of OFC for LFC

of interconnected power systems. The dynamic responses areobtained for TAIPSs considering

(i) thermal-thermal with non-reheat turbine, (ii) thermal-thermal with reheat turbine and (iii)

hydro-thermal generating units. The Dynamic responses obtained with OFC have been com-

pared with that of FSFC. It has been found that dynamic responses obtained with proposed OFC

are comparatively better and competes well with FSFC, satisfying the LFC requirements. The
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OFC is presented from pragmatic point of view which uses lessnumber of states as feedback,

thereby reducing the controller cost and complexities.

C. LFC of power systems with multi-source power generation

LFC scheme is presented for power systems with MSPG. The performance of the proposed

controller is demonstrated on the multi-source power systems and its dynamic responses are

compared with that of FSFC. The OFC gives better dynamic response having relatively smaller

peak overshoot and lesser settling time with zero steady state error as compared to that of FSFC.

The effect of GRC on dynamic response is discussed. The critical examination of dynamic re-

sponses reveals that GRC results in increased peak overshoot, however settling time remains

same for this particular power system model. The controllergives satisfactory dynamic re-

sponses for turbines considering GRC. It shows that OFC is able to accommodate the effect

of GRC also. Investigations reveal that it is better to prefer the medium value ofR i.e. 4%

with corresponding optimum controller gains to provide better dynamic response of LFC for

the proposed system. The dynamic responses are obtained for1% to 5% SLPs. It is observed

that for SLPs varying from 1% to 5%, the first peak overshoot increases with increase in the

level of SLP and settling time remains approximately same with zero steady state error. The

sensitivity analysis reveals that the optimum values of controller gains obtained for nominal

system parameters and load condition are quite insensitiveto wide parameter variation±25%.

Hence for all practical purposes, the controller is quite robust. The LFC of hydro power plants

operational in Iran has also been studied. The proposed controller performs well on this sys-

tem and improves the frequency deviation responses remarkably. The simulation results show

that proposed control strategy is very effective and guarantees good performance. In fact, this

method provides a control system that satisfies the load frequency control requirements with a

credible dynamic response.

D. LFC of power systems considering AC-DC tie lines and TCPS

An attempt is made to study the the dynamic performance of LFCof the power systems

considering AC-DC tie lines and TCPS. A simple but practicalcontroller is used to improve the

dynamic response of LFC system in the the new power system environment. The OFC performs
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well for the power system with DC link, giving better dynamicresponses having relatively

smaller peak overshoot and lesser settling time with zero steady state error as compared to the

power system considering AC tie lines only. The dynamic response of the system with DC link

is improved significantly with the percentage reduction in the peak overshoot of∆ f1, ∆ f2 and

∆Ptie,1 becoming 60.49, 90 and 44.92, respectively. Dynamic responses are obtained for wide

range of variation in SLP from 1% to 4% which satisfy the LFC requirements. The simulation

results show that proposed control strategy considering parallel AC-DC tie line is very effective

and guarantees good performance. Further, the OFC is proposed to control the TCPS phase

angle which in turn controls the tie line power flow. The proposed controller for the power

system with TCPS gives better dynamic responses having relatively smaller peak overshoot and

lesser settling time with zero steady state error as compared to the power system without TCPS.

The dynamic response of the system with TCPS is improved significantly with the percentage

reduction in the peak OS of∆ f1, ∆ f2 and∆P̃tie,1 becoming 34.56, 50 and 39.13, respectively

and the settling time of∆ f1, ∆ f2 and∆P̃tie,1 becoming 41.61, 54.89 and 53.10, respectively.

Dynamic responses are obtained for wide range of variation in load disturbance from 1% to

4% which satisfy the LFC requirements. Simulation results show that the due to the presence

of TCPS, the dynamic performance in terms of settling time and peak overshoot is greatly

improved. The system with TCPS is capable of suppressing thecontrol area frequency and tie

line power deviations more effectively under the occurrence of control area load perturbations.

The simulation results show that proposed control strategyconsidering TCPS is very effective

and guarantees good performance. Hence for all practical purposes, the controller is quite

robust.

E. LFC in restructured power system environment

A new model of TAIPS with MSPG in restructured power system environment is proposed.

Modified LFC scheme is presented in restructured power system environment. A state space

model of the proposed power system in restructured power system environment is utilized for

controller design considering all the interface variableslike control area frequencies, tie line

power and all other possible contracts between GENCOs and DISCOs. An extensive analysis
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is done for LFC scheme considering Poolco-based transactions, bilateral transactions, and a

combination of these two transactions. It is found that in all the cases, the area frequency

error becomes zero in the steady state which satisfy the LFC requirements. It is found that

actual values of generations and tie-line power exchanges of GENCOs obtained by MATLAB

Simulink model of the power system are matching with the corresponding calculated (desired)

values. Thus, the proposed LFC scheme is suitable in restructured power system environment.

7.2 Suggestions for further work

Following the LFC described in this thesis, a number of possible directions for extensions to

this work are discussed below:

• Research work may be extended to renewable energy sources integration in the control

area.

• Method may be extended to LFC study of the Micro-grids.

• Some energy storage devices may be included.

• Some evolutionary algorithms may be incorporated with proposed method and power

system models.

• LFC study may be extended for combined cycle gas turbine and pumped storage hydro

power plants.

• Price based LFC mechanism can be extended to improve frequency profile of the power

system.

118
TH-1171_07610212



APPENDIX A

MATRICES OF POWER SYSTEMS

A.1 Matrices of TAIPS with MSPG

The matrixÃ is of the dimension 25×25, whereÃi, j is the element ofith row and j th column of the matrixÃ. The non-zero elements are given

below:

Ã1,1 = −1/TPS1

Ã1,2 = KPS1α11/TPS1

Ã1,5 = KPS1α21/TPS1

Ã1,8 = KPS1α31/TPS1

Ã1,23 = −KPS1/TPS1

Ã2,2 = −1/TT1

Ã2,3 = 1/TT1

Ã3,1 = −KR1/(TSG1R11)

Ã3,3 = −1/TR1

Ã3,4 = 1/TR1−KR1/TSG1

Ã4,1 = −1/(TSG1R11)

Ã4,4 = −1/TSG1

Ã5,1 = 2TRS1/(TRH1TGH1R21)

Ã5,5 = −2/TW1

Ã5,6 = 2/TW1 +2/TRH1

Ã5,7 = 2TRS1/(TRH1TGH1)−2/TRH1

Ã6,1 = −TRS1/(TRH1TGH1R21)

Ã6,6 = −1/TRH1

Ã6,7 = 1/TRH1−TRS1/(TRH1TGH1)

Ã7,1 = −1/(TGH1R21)

Ã7,7 = −1/TGH1

Ã8,8 = −1/TCD1

Ã8,9 = 1/TCD1

Ã9,1 = TCR1XG1/(TF1R31YG1bg1)

Ã9,9 = −1/TF1

Ã9,10= 1/TF1 +TCR1/(TF1YG1)

Ã9,11 = TCR1XG1cg1/(TF1YG1bg1)−TCR1/(TF1YG1)
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Ã10,1 = −XG1/(R31YG1bg1)

Ã10,10= −1/YG1

Ã10,11 = 1/YG1−XG1cg1/(YG1bg1)

Ã11,1 = −1/(R31bg1)

Ã11,11 = −cg1/bg1

Ã12,12 = −1/TPS2

Ã12,13 = KPS2α12/TPS2

Ã12,16 = KPS2α22/TPS2

Ã12,19 = KPS2α32/TPS2

Ã12,23 = −a12KPS2/TPS2

Ã13,13 = −1/TT2

Ã13,14 = 1/TT2

Ã14,12 = −KR2/(TSG2R12)

Ã14,14 = −1/TR2

Ã14,15 = 1/TR2−KR2/TSG2

Ã15,12 = −1/(TSG2R12)

Ã15,15 = −1/TSG2

Ã16,12 = 2TRS2/(TRH2TGH2R22)

Ã16,16 = −2/TW2

Ã16,17 = 2/TW2 +2/TRH2

Ã16,18 = 2TRS2/(TRH2TGH2)−2/TRH2

Ã17,12 = −TRS2/(TRH2TGH2R22)

Ã17,17 = −1/TRH2

Ã17,18 = 1/TRH2−TRS2/(TRH2TGH2)

Ã18,12 = −1/(TGH2R22)

Ã18,18 = −1/TGH2

Ã19,19 = −1/TCD2

Ã19,20 = 1/TCD2

Ã20,12 = TCR2XG2/(TF2R32YG2bg2)

Ã20,20 = −1/TF2

Ã20,21 = 1/TF2 +TCR2/(TF2YG2)

Ã20,22 = TCR2XG2cg2/(TF2YG2bg2)−TCR2/(TF2YG2)

Ã21,12 = −XG2/(R32YG2bg2)

Ã21,21 = −1/YG2

Ã21,22 = 1/YG2−XG2cg2/(YG2bg2)

Ã22,12 = −1/(R32bg2)

Ã22,22 = −cg2/bg2

Ã23,1 = 2πT12

Ã23,12 = −2πT12

Ã24,1 = B1

Ã24,23 = 1

Ã25,12 = B2

Ã25,23 = a12
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The matrixB̃ is of the dimension 25×6, whereB̃i, j is the element ofith row and j th column of the matrixB̃. The non-zero elements are given

below:

B̃3,1 = KR1/TSG1

B̃4,1 = 1/TSG1

B̃5,2 = −2TRS1/(TRH1TGH1)

B̃6,2 = TRS1/(TRH1TGH1)

B̃7,2 = 1/TGH1

B̃9,3 = −XG1TCR1/(TF1YG1bg1)

B̃10,3 = XG1/(YG1bg1)

B̃11,3 = 1/bg1

B̃14,4 = KR2/TSG2

B̃15,4 = 1/TSG2

B̃16,5 = −2TRS2/(TRH2TGH2)

B̃17,5 = TRS2/(TRH2TGH2)

B̃18,5 = 1/TGH2

B̃20,6 = −XG2TCR2/(TF2YG2bg2)

B̃21,6 = XG2/(YG2bg2)

B̃22,6 = 1/bg2

The matrixF̃ is of the dimension 25×2, whereF̃i, j is the element ofith row and j th column of the matrixF̃. The non-zero elements are given

below:

F̃1,1 = −KPS1/TPS1

F̃12,2 = −KPS2/TPS2

The matrixC̃ is defined as

C̃=



















1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1



















The matrixQ̃ is of the dimension 25×25, whereQ̃i, j is the element ofith row and j th column of the matrixQ̃. The non-zero elements are given

below:

Q̃1,1 = 1+B2
1

Q̃1,23 = B1

Q̃12,12 = 1+B2
2

Q̃12,23 = B2a12

Q̃23,1 = B1

Q̃23,12 = B2a12

Q̃23,23 = 1+a2
12

Q̃24,24 = 1

Q̃25,25 = 1

and the matrixR̃ is an identity matrix of the dimension 6×6.
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A.2 Matrices of TAIPS with MSPG considering AC-DC tie

lines
The matrixÃ is of the dimension 27×27, whereÃi, j is the element ofith row and j th column of the matrixÃ. The non-zero elements are given

below:

Ã1,1 = −1/TPS1

Ã1,2 = KPS1α11/TPS1

Ã1,5 = KPS1α21/TPS1

Ã1,8 = KPS1α31/TPS1

Ã1,23 = −KPS1/TPS1

Ã1,24 = −KPS1/TPS1

Ã2,2 = −1/TT1

Ã2,3 = 1/TT1

Ã3,1 = −KR1/(TSG1R11)

Ã3,3 = −1/TR1

Ã3,4 = 1/TR1−KR1/TSG1

Ã4,1 = −1/(TSG1R11)

Ã4,4 = −1/TSG1

Ã5,1 = 2TRS1/(TRH1TGH1R21)

Ã5,5 = −2/TW1

Ã5,6 = 2/TW1 +2/TRH1

Ã5,7 = 2TRS1/(TRH1TGH1)−2/TRH1

Ã6,1 = −TRS1/(TRH1TGH1R21)

Ã6,6 = −1/TRH1

Ã6,7 = 1/TRH1−TRS1/(TRH1TGH1)

Ã7,1 = −1/(TGH1R21)

Ã7,7 = −1/TGH1

Ã8,8 = −1/TCD1

Ã8,9 = 1/TCD1

Ã9,1 = TCR1XG1/(TF1R31YG1bg1)

Ã9,9 = −1/TF1

Ã9,10= 1/TF1 +TCR1/(TF1YG1)

Ã9,11 = TCR1XG1cg1/(TF1YG1bg1)−TCR1/(TF1YG1)

Ã10,1 = −XG1/(R31YG1bg1)

Ã10,10= −1/YG1

Ã10,11 = 1/YG1−XG1cg1/(YG1bg1)

Ã11,1 = −1/(R31bg1)

Ã11,11 = −cg1/bg1

Ã12,12 = −1/TPS2

Ã12,13 = KPS2α12/TPS2

Ã12,16 = KPS2α22/TPS2

Ã12,19 = KPS2α32/TPS2
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Ã12,23 = −a12KPS2/TPS2

Ã12,25 = −KPS2/TPS2

Ã13,13 = −1/TT2

Ã13,14 = 1/TT2

Ã14,12 = −KR2/(TSG2R12)

Ã14,14 = −1/TR2

Ã14,15 = 1/TR2−KR2/TSG2

Ã15,12 = −1/(TSG2R12)

Ã15,15 = −1/TSG2

Ã16,12 = 2TRS2/(TRH2TGH2R22)

Ã16,16 = −2/TW2

Ã16,17 = 2/TW2 +2/TRH2

Ã16,18 = 2TRS2/(TRH2TGH2)−2/TRH2

Ã17,12 = −TRS2/(TRH2TGH2R22)

Ã17,17 = −1/TRH2

Ã17,18 = 1/TRH2−TRS2/(TRH2TGH2)

Ã18,12 = −1/(TGH2R22)

Ã18,18 = −1/TGH2

Ã19,19 = −1/TCD2

Ã19,20 = 1/TCD2

Ã20,12 = TCR2XG2/(TF2R32YG2bg2)

Ã20,20 = −1/TF2

Ã20,21 = 1/TF2 +TCR2/(TF2YG2)

Ã20,22 = TCR2XG2cg2/(TF2YG2bg2)−TCR2/(TF2YG2)

Ã21,12 = −XG2/(R32YG2bg2)

Ã21,21 = −1/YG2

Ã21,22 = 1/YG2−XG2cg2/(YG2bg2)

Ã22,12 = −1/(R32bg2)

Ã22,22 = −cg2/bg2

Ã23,1 = 2πT12

Ã23,12 = −2πT12

Ã24,1 = KDC1/TDC1

Ã24,24 = −1/TDC1

Ã25,12 = KDC2/TDC2

Ã25,25 = −1/TDC2

Ã26,1 = B1

Ã26,23 = 1

Ã27,12 = B2

Ã27,23 = a12

The matrixB̃ is of the dimension 27×6, whereB̃i, j is the element ofith row and j th column of the matrixB̃. The non-zero elements are given

below:

B̃3,1 = KR1/TSG1

B̃4,1 = 1/TSG1
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B̃5,2 = −2TRS1/(TRH1TGH1)

B̃6,2 = TRS1/(TRH1TGH1)

B̃7,2 = 1/TGH1

B̃9,3 = −XG1TCR1/(TF1YG1bg1)

B̃10,3 = XG1/(YG1bg1)

B̃11,3 = 1/bg1

B̃14,4 = KR2/TSG2

B̃15,4 = 1/TSG2

B̃16,5 = −2TRS2/(TRH2TGH2)

B̃17,5 = TRS2/(TRH2TGH2)

B̃18,5 = 1/TGH2

B̃20,6 = −XG2TCR2/(TF2YG2bg2)

B̃21,6 = XG2/(YG2bg2)

B̃22,6 = 1/bg2

The matrixF̃ is of the dimension 27×2, whereF̃i, j is the element ofith row and j th column of the matrixF̃. The non-zero elements are given

below:

F̃1,1 = −KPS1/TPS1

F̃12,2 = −KPS2/TPS2

The matrixC̃ is defined as

C̃=



















1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1



















The matrixQ̃ is of the dimension 27×27, whereQ̃i, j is the element ofith row and j th column of the matrixQ̃. The non-zero elements are given

below:

Q̃1,1 = 1+B2
1

Q̃1,23 = B1

Q̃12,12 = 1+B2
2

Q̃12,23 = B2a12

Q̃23,1 = B1

Q̃23,12 = B2a12

Q̃23,23 = 1+a2
12

Q̃26,26 = 1

Q̃27,27 = 1

and the matrixR̃ is an identity matrix of the dimension 6×6.
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A.3 Matrices of TAIPS with MSPG considering TCPS
The matrixÃ is of the dimension 26×26, whereÃi, j is the element ofith row and j th column of the matrixÃ. The non-zero elements are given

below:

Ã1,1 = −1/TPS1

Ã1,2 = KPS1α11/TPS1

Ã1,5 = KPS1α21/TPS1

Ã1,8 = KPS1α31/TPS1

Ã1,23 = −KPS1/TPS1

Ã1,24 = −KPS1/TPS1

Ã2,2 = −1/TT1

Ã2,3 = 1/TT1

Ã3,1 = −KR1/(TSG1R11)

Ã3,3 = −1/TR1

Ã3,4 = 1/TR1−KR1/TSG1

Ã4,1 = −1/(TSG1R11)

Ã4,4 = −1/TSG1

Ã5,1 = 2TRS1/(TRH1TGH1R21)

Ã5,5 = −2/TW1

Ã5,6 = 2/TW1 +2/TRH1

Ã5,7 = 2TRS1/(TRH1TGH1)−2/TRH1

Ã6,1 = −TRS1/(TRH1TGH1R21)

Ã6,6 = −1/TRH1

Ã6,7 = 1/TRH1−TRS1/(TRH1TGH1)

Ã7,1 = −1/(TGH1R21)

Ã7,7 = −1/TGH1

Ã8,8 = −1/TCD1

Ã8,9 = 1/TCD1

Ã9,1 = TCR1XG1/(TF1R31YG1bg1)

Ã9,9 = −1/TF1

Ã9,10= 1/TF1 +TCR1/(TF1YG1)

Ã9,11 = TCR1XG1cg1/(TF1YG1bg1)−TCR1/(TF1YG1)

Ã10,1 = −XG1/(R31YG1bg1)

Ã10,10= −1/YG1

Ã10,11 = 1/YG1−XG1cg1/(YG1bg1)

Ã11,1 = −1/(R31bg1)

Ã11,11 = −cg1/bg1

Ã12,12 = −1/TPS2

Ã12,13 = KPS2α12/TPS2

Ã12,16 = KPS2α22/TPS2

Ã12,19 = KPS2α32/TPS2

Ã12,23 = −a12KPS2/TPS2

Ã12,24 = −a12KPS2/TPS2

Ã13,13 = −1/TT2
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Ã13,14 = 1/TT2

Ã14,12 = −KR2/(TSG2R12)

Ã14,14 = −1/TR2

Ã14,15 = 1/TR2−KR2/TSG2

Ã15,12 = −1/(TSG2R12)

Ã15,15 = −1/TSG2

Ã16,12 = 2TRS2/(TRH2TGH2R22)

Ã16,16 = −2/TW2

Ã16,17 = 2/TW2 +2/TRH2

Ã16,18 = 2TRS2/(TRH2TGH2)−2/TRH2

Ã17,12 = −TRS2/(TRH2TGH2R22)

Ã17,17 = −1/TRH2

Ã17,18 = 1/TRH2−TRS2/(TRH2TGH2)

Ã18,12 = −1/(TGH2R22)

Ã18,18 = −1/TGH2

Ã19,19 = −1/TCD2

Ã19,20 = 1/TCD2

Ã20,12 = TCR2XG2/(TF2R32YG2bg2)

Ã20,20 = −1/TF2

Ã20,21 = 1/TF2 +TCR2/(TF2YG2)

Ã20,22 = TCR2XG2cg2/(TF2YG2bg2)−TCR2/(TF2YG2)

Ã21,12 = −XG2/(R32YG2bg2)

Ã21,21 = −1/YG2

Ã21,22 = 1/YG2−XG2cg2/(YG2bg2)

Ã22,12 = −1/(R32bg2)

Ã22,22 = −cg2/bg2

Ã23,1 = 2πT̃12

Ã23,12 = −2πT̃12

Ã24,1 = T̃12Kφ /Tφ

Ã24,24 = −1/Tφ

Ã25,1 = B1

Ã25,23 = 1

Ã25,24 = 1

Ã26,12 = B2

Ã26,23 = a12

Ã26,24 = a12

The matrixB̃ is of the dimension 26×6, whereB̃i, j is the element ofith row and j th column of the matrixB̃. The non-zero elements are given

below:

B̃3,1 = KR1/TSG1

B̃4,1 = 1/TSG1

B̃5,2 = −2TRS1/(TRH1TGH1)

B̃6,2 = TRS1/(TRH1TGH1)

B̃7,2 = 1/TGH1
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B̃9,3 = −XG1TCR1/(TF1YG1bg1)

B̃10,3 = XG1/(YG1bg1)

B̃11,3 = 1/bg1

B̃14,4 = KR2/TSG2

B̃15,4 = 1/TSG2

B̃16,5 = −2TRS2/(TRH2TGH2)

B̃17,5 = TRS2/(TRH2TGH2)

B̃18,5 = 1/TGH2

B̃20,6 = −XG2TCR2/(TF2YG2bg2)

B̃21,6 = XG2/(YG2bg2)

B̃22,6 = 1/bg2

The matrixF̃ is of the dimension 26×2, whereF̃i, j is the element ofith row and j th column of the matrixF̃. The non-zero elements are given

below:

F̃1,1 = −KPS1/TPS1

F̃12,2 = −KPS2/TPS2

The matrixC̃ is defined as

C̃=



















1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1



















The matrixQ̃ is of the dimension 26×26, whereQ̃i, j is the element ofith row and j th column of the matrixQ̃. The non-zero elements are given

below:

Q̃1,1 = 1+B2
1

Q̃1,23 = B1

Q̃1,24 = B1

Q̃12,12 = 1+B2
2

Q̃12,23 = B2a12

Q̃12,24 = B2a12

Q̃23,1 = B1

Q̃23,12 = B2a12

Q̃23,23 = 1+a2
12

Q̃23,24 = 1+a12

Q̃24,1 = B1

Q̃24,12 = B2a12

Q̃24,23 = 1+a12

Q̃25,25 = 1

Q̃26,26 = 1

and the matrixR̃ is an identity matrix of the dimension 6×6.
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A.4 Matrices of TAIPS with MSPG in restructured power

system
The matrixÃ is of the dimension 25×25, whereÃi, j is the element ofith row and j th column of the matrixÃ. The non-zero elements are given

below:

Ã1,1 = −1/TPS1

Ã1,2 = KPS1/TPS1

Ã1,5 = KPS1/TPS1

Ã1,8 = KPS1/TPS1

Ã1,23 = −KPS1/TPS1

Ã2,2 = −1/TT1

Ã2,3 = 1/TT1

Ã3,1 = −KR1/(TSG1R11)

Ã3,3 = −1/TR1

Ã3,4 = 1/TR1−KR1/TSG1

Ã4,1 = −1/(TSG1R11)

Ã4,4 = −1/TSG1

Ã5,1 = 2TRS1/(TRH1TGH1R21)

Ã5,5 = −2/TW1

Ã5,6 = 2/TW1 +2/TRH1

Ã5,7 = 2TRS1/(TRH1TGH1)−2/TRH1

Ã6,1 = −TRS1/(TRH1TGH1R21)

Ã6,6 = −1/TRH1

Ã6,7 = 1/TRH1−TRS1/(TRH1TGH1)

Ã7,1 = −1/(TGH1R21)

Ã7,7 = −1/TGH1

Ã8,8 = −1/TCD1

Ã8,9 = 1/TCD1

Ã9,1 = TCR1XG1/(TF1R31YG1bg1)

Ã9,9 = −1/TF1

Ã9,10= 1/TF1 +TCR1/(TF1YG1)

Ã9,11 = TCR1XG1cg1/(TF1YG1bg1)−TCR1/(TF1YG1)

Ã10,1 = −XG1/(R31YG1bg1)

Ã10,10= −1/YG1

Ã10,11 = 1/YG1−XG1cg1/(YG1bg1)

Ã11,1 = −1/(R31bg1)

Ã11,11 = −cg1/bg1

Ã12,12 = −1/TPS2

Ã12,13 = KPS2/TPS2

Ã12,16 = KPS2/TPS2

Ã12,19 = KPS2/TPS2

Ã12,23 = −a12KPS2/TPS2
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Ã13,13 = −1/TT2

Ã13,14 = 1/TT2

Ã14,12 = −KR2/(TSG2R12)

Ã14,14 = −1/TR2

Ã14,15 = 1/TR2−KR2/TSG2

Ã15,12 = −1/(TSG2R12)

Ã15,15 = −1/TSG2

Ã16,12 = 2TRS2/(TRH2TGH2R22)

Ã16,16 = −2/TW2

Ã16,17 = 2/TW2 +2/TRH2

Ã16,18 = 2TRS2/(TRH2TGH2)−2/TRH2

Ã17,12 = −TRS2/(TRH2TGH2R22)

Ã17,17 = −1/TRH2

Ã17,18 = 1/TRH2−TRS2/(TRH2TGH2)

Ã18,12 = −1/(TGH2R22)

Ã18,18 = −1/TGH2

Ã19,19 = −1/TCD2

Ã19,20 = 1/TCD2

Ã20,12 = TCR2XG2/(TF2R32YG2bg2)

Ã20,20 = −1/TF2

Ã20,21 = 1/TF2 +TCR2/(TF2YG2)

Ã20,22 = TCR2XG2cg2/(TF2YG2bg2)−TCR2/(TF2YG2)

Ã21,12 = −XG2/(R32YG2bg2)

Ã21,21 = −1/YG2

Ã21,22 = 1/YG2−XG2cg2/(YG2bg2)

Ã22,12 = −1/(R32bg2)

Ã22,22 = −cg2/bg2

Ã23,1 = 2πT12

Ã23,12 = −2πT12

Ã24,1 = B1

Ã24,23 = 1

Ã25,12 = B2

Ã25,23 = a12

The matrixB̃ is of the dimension 25×6, whereB̃i, j is the element ofith row and j th column of the matrixB̃. The non-zero elements are given

below:

B̃3,1 = KR1ep f1/TSG1

B̃4,1 = ep f1/TSG1

B̃5,2 = −2TRS1ep f2/(TRH1TGH1)

B̃6,2 = TRS1ep f2/(TRH1TGH1)

B̃7,2 = ep f2/TGH1

B̃9,3 = −XG1TCR1ep f3/(TF1YG1bg1)

B̃10,3 = XG1ep f3/(YG1bg1)

B̃11,3 = ep f3/bg1
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B̃14,4 = KR2ep f4/TSG2

B̃15,4 = ep f4/TSG2

B̃16,5 = −2TRS2ep f5/(TRH2TGH2)

B̃17,5 = TRS2ep f5/(TRH2TGH2)

B̃18,5 = ep f5/TGH2

B̃20,6 = −XG2TCR2ep f6/(TF2YG2bg2)

B̃21,6 = XG2ep f6/(YG2bg2)

B̃22,6 = ep f6/bg2

The matrixF̃ is of the dimension 25×2, whereF̃i, j is the element ofith row and j th column of the matrixF̃. The non-zero elements are given

below:

F̃1,1 = −KPS1/TPS1

F̃12,2 = −KPS2/TPS2

The matrixF̄ is of the dimension 25×4, whereF̄i, j is the element ofith row and j th column of the matrixF̄. The non-zero elements are given

below:

F̄3,1 = cp f11KR1/TSG1

F̄3,2 = cp f12KR1/TSG1

F̄3,3 = cp f13KR1/TSG1

F̄3,4 = cp f14KR1/TSG1

F̄4,1 = cp f11/TSG1

F̄4,2 = cp f12/TSG1

F̄4,3 = cp f13/TSG1

F̄4,4 = cp f14/TSG1

F̄5,1 = −2TRS1 cp f21/(TGH1TRH1)

F̄5,2 = −2TRS1 cp f22/(TGH1TRH1)

F̄5,3 = −2TRS1 cp f23/(TGH1TRH1)

F̄5,4 = −2TRS1 cp f24/(TGH1TRH1)

F̄6,1 = cp f21TRS1/(TGH1TRH1)

F̄6,2 = cp f22TRS1/(TGH1TRH1)

F̄6,3 = cp f23TRS1/(TGH1TRH1)

F̄6,4 = cp f24TRS1/(TGH1TRH1)

F̄7,1 = cp f21/TGH1

F̄7,2 = cp f22/TGH1

F̄7,3 = cp f23/TGH1

F̄7,4 = cp f24/TGH1

F̄9,1 = TCR1cp f31XG1/(bg1YG1TF1)

F̄9,2 = TCR1cp f32XG1/(bg1YG1TF1)

F̄9,3 = TCR1cp f33XG1/(bg1YG1TF1)

F̄9,4 = TCR1cp f34XG1/(bg1YG1TF1)

F̄10,1 = cp f31XG1/(bg1YG1)

F̄10,2 = cp f32XG1/(bg1YG1)

F̄10,3 = cp f33XG1/(bg1YG1)

F̄10,4 = cp f34XG1/(bg1YG1)

F̄11,1 = cp f31/bg1
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F̄11,2 = cp f32/bg1

F̄11,3 = cp f33/bg1

F̄11,4 = cp f34/bg1

F̄14,1 = cp f41KR2/TSG2

F̄14,2 = cp f42KR2/TSG2

F̄14,3 = cp f43KR2/TSG2

F̄14,4 = cp f44KR2/TSG2

F̄15,1 = cp f41/TSG2

F̄15,2 = cp f42/TSG2

F̄15,3 = cp f43/TSG2

F̄15,4 = cp f44/TSG2

F̄16,1 = −2TRS2 cp f51/(TGH2TRH2)

F̄16,2 = −2TRS2 cp f52/(TGH2TRH2)

F̄16,3 = −2TRS2 cp f53/(TGH2TRH2)

F̄16,4 = −2TRS2 cp f54/(TGH2TRH2)

F̄17,1 = TRS2 cp f51/(TGH2TRH2)

F̄17,2 = TRS2 cp f52/(TGH2TRH2)

F̄17,3 = TRS2 cp f53/(TGH2TRH2)

F̄17,4 = TRS2 cp f54/(TGH2TRH2)

F̄18,1 = cp f51/TGH2

F̄18,2 = cp f52/TGH2

F̄18,3 = cp f53/TGH2

F̄18,4 = cp f54/TGH2

F̄20,1 = TCR2cp f61XG2/(bg2YG2TF2)

F̄20,2 = TCR2cp f62XG2/(bg2YG2TF2)

F̄20,3 = TCR2cp f63XG2/(bg2YG2TF2)

F̄20,4 = TCR2cp f64XG2/(bg2YG2TF2)

F̄21,1 = cp f61XG2/(bg2YG2)

F̄21,2 = cp f62XG2/(bg2YG2)

F̄21,3 = cp f63XG2/(bg2YG2)

F̄21,4 = cp f64XG2/(bg2YG2)

F̄22,1 = cp f61/bg2

F̄22,2 = cp f62/bg2

F̄22,3 = cp f63/bg2

F̄22,4 = cp f64/bg2

F̄24,1 = (cp f41+cp f51+cp f61)

F̄24,2 = (cp f42+cp f52+cp f62)

F̄24,3 = −(cp f13+cp f23+cp f33)

F̄24,4 = −(cp f14+cp f24+cp f34)

F̄25,1 = a12(cp f41+cp f51+cp f61)

F̄25,2 = a12(cp f42+cp f52+cp f62)

F̄25,3 = −a12(cp f13+cp f23+cp f33)

F̄25,4 = −a12(cp f14+cp f24+cp f34)
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The matrixC̃ is defined as

C̃=



















1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1



















The matrixQ̃ is of the dimension 25×25, whereQ̃i, j is the element ofith row and j th column of the matrixQ̃. The non-zero elements are given

below:

Q̃1,1 = 1+B2
1

Q̃1,23 = B1

Q̃12,12 = 1+B2
2

Q̃12,23 = B2a12

Q̃23,1 = B1

Q̃23,12 = B2a12

Q̃23,23 = 1+a2
12

Q̃24,24 = 1

Q̃25,25 = 1

and the matrixR̃ is an identity matrix of the dimension 6×6.
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