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Abstract

The main aim of this thesis is to present a state space baaédrkxuency control (LFC)
system in conventional and restructured power system @mwvient emphasizing on multi-
source power generation (MSPG). An output feedback cdatr@OFC) is presented with a
pragmatic point of view. As full state feedback controll@fSFCs) require the transfer of in-
formation from all parts of the system to a central controilfey for processing, which for large
scale interconnected power system could prove to be ptotdbmore practical and alternative
forms of feedback controllers such as OFCs have been thedud§jextensive investigation in
the various control engineering applications. As thesdrotiars use only a subset of the state
vector for feedback purposes, they are simpler, more paand easy to implement than the
FSFCs. A simple algorithm is presented to optimize the OR@sg&\ll the power system mod-
els presented for LFC study have been simulated using MATBABulation tool and dynamic
responses, thereof, are obtained at optimum controller ggltings. The dynamic responses
obtained with OFC have been compared with that of FSFC andst of the cases improved
results are obtained.

Most of the researchers worked on LFC of power systems censglthermal unit with
non-reheat turbines. In this thesis, the LFC is extendedherconventional power systems
with the combinations of non-reheat turbines, reheat t@biand hydro turbine. The control
area having MSPG represented by an equivalent of thermatdrotunit dynamics only may
not result in a realistic design of LFC control. Thereforewnpower system models with
MSPG are presented in this thesis for LFC study in both caiweal and restructured power
system environment. The LFC system is further improved msictering AC-DC tie lines and
thyristor controlled phase shifter (TCPS). Modified LFC of iaterconnected power system
with MSPG is proposed in restructured power system enviesrtraonsidering all the possible
contracts between generation companies (GENECOs) andbdigin companies(DISCOSs).

The LFC of hydro power plants operational in KHOZESTAN, IRAMSs also been studied.
TH-1171 07610212



The proposed controller performs well on this hydro plamt mmproves the frequency deviation
responses remarkably. The proposed controller showspthdéy and flexibility by providing
the desirable dynamic responses to all the power systemisstdelied. To examine the robust
performance of the OFC, the system parameters and opetatidgconditions are varied by
+25% from their nominal values to obtain the dynamic respsnsbke effects of generation rate
constraint (GRC) and variation in step load perturbati@ids) are also examined. Dynamic
responses are obtained by varying the regulation pararaptethe most appropriate value is
suggested for the power systems with MSPG.

Many research work on LFC systems have been reported intrgears. Still there is much
room for further improvement and extensions of such schemaeew power system environ-
ment. In this thesis, LFC systems of several new models haga 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 powystems has a long history
and has been one of the most important topics of researchtady af interconnected power
systems. In a power system, LFC as an ancillary service glaymportant and fundamental
role to maintain the power system reliability at an apprafgrilevel. It has gained the im-
portance with the change of power system structure and thetigrof size and complexity
of interconnected systems [1-9]. The successful operationterconnected power systems
requires the matching of total power generation with tadald demand and associated power
system losses [2—4]. As the demand deviates from its nomahaé with an unpredictable small
amount, the operating point of power system changes, arnceheystem may experience devi-
ations in nominal system frequency and scheduled tie limeep@xchanges, which may yield
undesirable effects [2, 7,9, 10]. Maintaining system figty and tie line power interchanges
with neighboring control areas at the scheduled valuesh&réxo main objectives of a power
system LFC [4,7,10-14]. These objectives are met by mesagarcontrol error signal, called
the area control error (ACE), which represents the real pambalance between generation
and load [2, 6,14, 15].

Depending on the type of generating units, and constraimtheir range and rate of re-
sponse to the LFC signals, the actual response time vaaesdrfew seconds to several sec-
onds [14,16,17]. In LFC practice, rapidly varying compatsenf system signals are almost

unobservable due to filters involved in the process. Thathg further reduction in the re-
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Chapter 1 Introduction

sponse time of LFC is neither possible nor desired. In practhe design and performance of
an LFC system depend on how generation units respond taotsignal. Such control schemes
are useful as they are able to maintain a sufficient levelsg#fmeed control range and a sufficient
level of control rate [17].

Global analysis of the power system markets shows that LE@esof the most profitable
ancillary services of the interconnected power systemis Sérvice is related to the short-term
balance of real power and frequency of the power systemsandras a principal role to enable
power exchanges and to provide better conditions for edétgttrading [5, 6,11, 18-22]. The

LFC modeling and control scheme have been explained inldethie Chapter 2.

1.2 Research Background

LFC plays an important role in modern energy managemenésyst The LFC problem has
been extensively studied during the last few decades. Mdbkeowvork focused on the LFC of
conventional single area or two area power systems. Theafiesinpt in the area of LFC has
been to control the frequency of a power system via the fly\Wwpeeernor of the synchronous
machine. This technique was subsequently found to be iogrfti and a supplementary control
was included to the governor with the help of a signal digeptioportional to the frequency
deviation plus its integral. This scheme constitutes thssital approach to the LFC of power
systems. Very early works in this important area of LFC haserbby Cohn et al. [23-27].
These works were based on tie line bias control strategyz£aj28] illustrated non-interactive
control considering (i) non-interaction between frequeand tie line powers controls and (i)
each control area taking care of its own load variations. fwelutionary optimal control
concept for LFC regulator designs of interconnected powstesns was presented by Elgerd
[8].

A technique based on coordinated system wide correctiofgd error and inadvertent
interchange was discussed in an LFC study by Cohn [29]. &apgitary controllers were de-

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

TH-1171_07616212



Chapter 1 Introduction

of LFC based on various control techniques. The power systemusually large scale systems
with complex nonlinear dynamics. However, most of the redeavork reported so far has
been performed by considering linearized models of intamected power systems. The LFC
response for small load perturbations using linearizedetsoaf various power system compo-
nents has been widely accepted [1-10]. The effect of GRC m@saded in the LFC studies,
considering both continuous and discrete power system In¢@@-34]. Lot of research work
has been presented on the modeling of various energy soynaemits for LFC studies of
power systems [2,5-7, 10, 35-38].

The LFC regulator design methods using modern optimal obtiteory enable the power
engineers to design an optimal control system with respediven performance criterion.
Fosha and Elgerd [39] were the first to present their work adimad LFC regulator design
using this concept. A two-area interconnected power sy§1éPS)consisting of two identi-
cal power plants of non-reheat thermal turbines was takeinyestigations. A new formulation
for optimal LFC strategy has been proposed in [40]. The Belatyiof an optimal LFC scheme
requires the availability of all state variables for feeckhaNext, the problem is to reconstruct
the unavailable states from the available outputs and @lsnising an observer.

Considering state reconstruction, many significant cbations have been made [41-46].
Bohn and Miniesy [41] have studied the LFC of a TAIPS by makimguse of differential ap-
proximation and a Luenberger observer. Exploiting the flaat the nonlinearity of the power
system model, namely, the tie line power flow, is measurdb&epbserver has been designed
to give zero asymptotic error, even for the nonlinear modeC schemes based on an optimal
observer, using a nonlinear transformation [42] and redwareer system models with a local
observer [43] have been reported in the literature. A sirgpleerating unit model oriented to-
wards LFC and the method for its transfer function identifamabased on a two-stage procedure
is presented in [46]. Due to practical difficulties in the lempentation of regulators based on
feedback of all state variables, suboptimal LFC regulagsighs were considered [47-49]. A
suboptimal and near-optimal LFC concept using modern obtiiteory is proposed by Moorthy

and Aggarwal [47]. The LFC regulator design using Lyapua®&cond method and utilizing
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minimum settling time theory has been proposed by Shirdi [$@e design of decentralized
LFC based on structured singular values is presented in [51]

Various LFC schemes based on two-level [52] and multi-Ifa@+55] control concepts have
been proposed. A two-level suboptimal controller has bemggasted by Miniesy and Bohn
[52]. However, this approach does not ensure zero steaty estiaor, and hence, a multilevel
finite time optimal controller design ensuring zero steadyeserror has been reported in [53].
The advantage of hierarchical structure is reflected in #doé that even if one of the control
levels fails, the system remains in operation.

Keeping in view the accuracy and reliability of digital caviters, researchers have focussed
on proposing digital LFC control schemes [56—63]. Ross {&&$ probably the first to present
a comprehensive direct digital LFC regulator for the powestams. Later, a digital LFC in-
corporating dynamic control criteria for performance ewaion of digital control system based
on field test results was initiated by Ross and Green in [57phrBand Miniesy [41] have
analyzed the effect of the sampling period on the systemrgdhc response. Kothari and
coworkers [62, 64] have studied the LFC in discrete mode. imestigations were carried out
with more feasible modeling of LFC strategy, i.e., condilgithat the system is operating in
continuous mode and the controller is operating in disametee [64]. In [62], discrete mode
LFC of an interconnected power system with reheat turbimesidering a new ACE is de-
scribed. The new ACE is derived from tie line power deviatfoequency deviation, time error,
and inadvertent interchanges.

A robust controller design based on the Riccati equatiomagmh has been proposed for
the power systems [65, 66]. Later, based on a combinatiomefrabust control approach
and an adaptive control technique, a design procedure olvaat®ist adaptive controller was
proposed for power system LFC with system parametric uaicgies [65]. The other research
contributions on decentralized robust LFC based on thealieguation approach have been
recorded in [67]. The design of decentralized robust LFQyapg structured singular values
is proposed by Yang et al. [68]. It has been shown that wherfrdtgriency response based

diagonal dominance cannot be achieved, the structuredlsingalues can be applied to design
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decentralized LFC to achieve the desired system dynamiorpsgince [68].

Apart from various LFC schemes, adaptive control has beeipia bf research for a long
time. The task of adaptive control is to make the processnuoatdgrol less sensitive to changes
in process parameters and process dynamics. A number ofearhiave been appeared on
adaptive LFC schemes [69-74]. In 1966, Ross [69] describettal criteria in LFC and the
related practical difficulties encountered in trying toi@ele these criteria. The implementation
and analysis of an adaptive LFC system on the Hungarian psysem has been proposed
by Vajk et al. [71]. A multi-area adaptive LFC scheme for LF{power systems [73] and a
reduced-order adaptive LFC for interconnected hydrortia¢power system [74] are reported
in the literature.

Many researchers have applied the artificial intelligemzk evolutionary algorithms based
controllers for the LFC study. In recent years, the advemhoflern intelligent methods, such
as Atrtificial neural networks (ANNS), fuzzy logic, Genetilgarithms(GAs), Particle swarm
optimization (PSO), PSO-hybrids and Bacterial Foragiig(Based optimization has solved
the LFC problems [4, 15, 75-81]. Application of the ANN te@ue based on robust control
methodologies for solution of the LFC problem in intercocteel power system has appeared
in the literatures [75, 76]. Shayeghi and Shayanfar [75ehaesented the concept of tHe
robust control technique for training of radial biased fiime (RBF) neural networks for im-
provement of the performance of the proposed controlleeuwarious operating conditions. In
Ref. [76], the idea oju-synthesis control techniques has been used for trainifg\i-based
LFC controller too. Researches on the LFC problem shows E@ &nalysis using the fuzzy
proportional plus integral (PI) controller [78, 79].

Application of the optimal control theory to power systens lshown that an optimal load
frequency controller can improve the dynamic stability pbaver system [4]. As state feedback
controllers require the transfer of information from alkgseof the system to a central control
facility for processing, which for large scale interconteelpower system could prove to be pro-
hibitive, alternative more practical forms of feedback trolters such as output feedback and

decentralized controllers have been the subject of extemsvestigation. As these controllers
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use only a subset of the state vector for feedback purpds®sate simpler, more practical and
easy to implement than the full state feedback control2r4q]. Bettayeb et. al [82] proposed
the incorporation of time-weighted linear quadratic regoit state and output feedback control
design for power system dynamic stability analysis. Shahet al [83] presented an output
feedback control with disturbance rejection for a classailimear multi-input multi- output
(MIMO) systems with unknown but bounded disturbances. Apliagtion of linear quadratic
Gaussian (LQG) based load frequency controller in a conipetlectricity environment is
witness of the popularity of state feedback controls [11jagi and Srivastava [84] presents
the design of a decentralized AGC scheme where the contrakebeen designed by appropri-
ately assigning the eigen-structure of each isolated stdsyvia state feedback, satisfying the
sufficient conditions for stability.

Most recently many researchers [1,12,13,15, 80, 85-84 kawdied the LFC problem of
hydro, thermal systems using proportional, integral anizdtve (PID) controller, fuzzy con-
troller, decentralized controller and optimal multi ingibhgle output (MISO) PID controller
based on different algorithms and optimization techniqi&e fuzzy Pl controller is known to
give poor performance in system transient response. Chiahg®&3], obtained the optimum ad-
justment gains of the integral controller using GAs thropghformance indices integral square
error (ISE) and integral of time of absolute error (ITAE).eTpremature convergence of GA
degrades its efficiency and reduces the search capabilggd@let al. [15] proposed the LFC
using Bacterial Foraging-Based Optimization. PSO is dged through simulation of bird
flocking in multi-dimensional space. Like GA, PSO is alsaslsssceptible to getting trapped
on local optimum [15, 80]. Mojtaba et al. [85] proposed a thmulti-variable model based
predictive control (MPC) for the solution of LFC in a multies interconnected power system
(MAIPS). The proposed control scheme is designed to congidéti-variable nature of LFC,
system uncertainty and generation rate constraint, semediusly. Alireza et al. [1] studied
the LFC of the hydro power system (operational in Iran) usipimal MISO PID controller.
Hasan et al. [86] presented the design of sub-optimal AGGla¢égrs based on the constrained

feedback control strategy using the feedback of systerasstdbecentralized load frequency
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controller is presented for the LFC of an interconnectedniad¢ power system [13] which uses
large number of states for the controller feedback. Chaléd.¢89] has presented the analysis
and design of controller for two area hydro-thermal-gas Ag§&tem. They have shown that for
LFC study, optimal PI state feedback controller is more sblamd performs better than conven-
tional genetic algorithm based PI controller. Howeves thptimal Pl state feedback controller
uses all the states for feedback purpose which is pragtidéficult and results in the increased
complexity and cost of the controller. Rakhshani et al. [g&}e applied reduced-order observer
control for two-area LFC system after deregulation. In.face of the main observed problems
in the control of AGC systems is the limitation to access amadsurement of state variables in
the real world. So with a practical point of view, an optimatjut feedback method, is used to
solve this problem [90-94]. In the output feedback methodly the measurable state variables
within each control area are required to use for feedbackth&ke controllers discussed have
relative advantages and disadvantages. Shayeghi et htd@éluded in the state of art survey
on LFC, that there are no rules as to when a particular tedengmore suitable for the LFC
problem.

Apart from advances in control concepts, there have beery maanges during the last
decade or more, such as deregulation of the power industiyis@ of super conducting mag-
netic energy storage, wind turbines and photovoltaic @alsther sources of electrical energy
to the system. In a power system, the instantaneous misrbataleen supply and demand of
real power for sudden load changes can be reduced by thecaddftactive power sources
with fast response such as battery energy storage (BES@r sopducting magnetic energy
storage (SMES), capacitive energy storage (CES) and RedoxBatteries devices [96—100].
Bhatti and Kothari [101] presented the Variable structwadHrequency control of isolated
wind-diesel-micro-hydro hybrid power systems.

Literature survey shows that mostly AC tie lines are usedHerinterconnection of multi-
area power systems and lesser attention is given to AC-D6éllgktie lines [2,4]. HVDC
transmission has emerged due to its various techno-ecocabadvantages. One of the major

applications of HVDC transmission is operating a DC link argllel with an AC link intercon-
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necting two control areas to get an improved system dynaerfiopnance with greater stability
margins under small disturbances in the system [102,108jsiderable research work has been
carried out on LFC of interconnected power systems condetseHVDC link in parallel with
AC link [4,102-105].

The Flexible AC Transmission Systems (FACTS) devices gi®wore flexibility in power
system operation and control. TCPS is an effective FACTScddwr the tie line power flow
control of an interconnected power system. The TCPS desiceodeled and used in series
with tie lines to improve the dynamic performance of LFC df thterconnected power systems
by the many researchers [4,106-109].

The classical LFC based on ACE is difficult to implement in stmectured power system
environment. In recent years, several control scenarissdan robust and optimal approaches
have been proposed for the AGC system in deregulated powtsg. Some research is con-
tained in [5,6,11,18-22,84,110-113]. In the restructy@aer system environment, vertically
integrated system of conventional power system do not @t In a competitive electric-
ity market, generating companies (GENCOs), distributiompanies (DISCOs), transmission
companies (TRANSCOs), and power system operator (PSO) 18,49, 114] are all mar-
ket players. As there are so many GENCOs and DISCOs in thgulated power system, a
DISCO has the freedom to have a contract with any GENCOs #otrimsaction of power. A
DISCO of one control area can make contract with a GENCO irtreanacontrol area [19, 20].
For stable and secure operation of a power system, the PS{0 pasvide a number of ancil-
lary services. One of the ancillary services is the frequargulation based on the concept
of the LFC. The crucial role of LFC system will continue in trestured power system envi-
ronment with some modifications accounting bilateral teatisns and deregulation policy [5].
A detailed discussion on LFC issues in power system operaititer deregulation is reported
in [20—22].

An LFC system required for Poolco-based transactions bestin [20, 112] utilizes an
integral controller. A method to find optimal controller gaiof this type of controller for

a two-area system is proposed in [20]. In [115], B. Tyagi dtpraposed a general model
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for multi-area LFC suitable for a competitive electricityjsronment. LFC work in deregulated
power system is reported in [5,11,18-20,84] where they bamsidered either thermal or hydro
system in a control area. In new power system environmemtnaa area may have variety of
sources like hydro, thermal, gas, renewable etc., thexegpresenting a control area by thermal
or hydro system dynamics only may not result in a good desigtF€ system [5, 6, 89, 90].
Recently some researchers studied the LFC of conventiaveatipsystem considering hydro,
thermal and gas generating units in each control area [§9,19)117], however they did not

consider the LFC scheme in restructured power system emieat.

1.3 Motivation

Global analysis of the power system markets shows that LF@hésof the most profitable
ancillary services of the interconnected power system§ isfvery important topic of research
and many researchers studied this problems with varioudr@tions of controllers and power
system models. All the controller methods presented irdlitee for LFC study have their own
advantages and disadvantages.

Application of the optimal control theory to power systens lshown that an optimal LFC
can improve the dynamic stability of a power system. The LE@utator design techniques
using modern optimal control theory enable the power emgst design an optimal control
system with respect to given performance criterion. Aseste¢dback controllers require the
transfer of information from all parts of the system to a caintontrol facility for processing,
which for large scale inter connected power system couldegoto be prohibitive. In the larger
systems all the states may not be available for measuremeémn¢quire large number of sensors.
Keeping in view the above, researchers motivated to makkcatipn of more promising and
practical form of optimal OFC for the study of LFC as this gotier uses only a subset of the
state vector for feedback purposes, this is simpler, maxetigal and easy to implement than
the full state feedback controller.

Apart from advances in control concepts, there have beery maanges during the last
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decade or more, such as deregulation of the power industeyptiAC-DC tie lines, FACTS
devices etc. Most of the researchers considered eithengter hydro generating units in a
control area. In a real situation, control area may haveetyaof sources of generations such
as hydro, thermal, gas, nuclear, solar, wind etc. The cbatea having different sources of
power generation represented by an equivalent of thermhydro unit dynamics only may
not result in realistic design of LFC control. Keeping inwi¢he changing power scenario,
combination of multi-source generators in a control areth Wieir corresponding generation
contribution factors is more realistic for the study of LF@rther, this motivated to include
the more realistic combination of multi-source power gatien (Thermal, hydro and gas) in a
control area. An attempt has been made to study the LFC awsnew power system models
with MSPG including FACTS devices (TCPS), AC-DC tie lineslaastructured power system
environment. To demonstrate the performance of controller a wide range of variation in

parameters and load condition is also one of the key factorativation.

1.4 Significant contributions of the thesis

Although LFC has been widely addressed, keeping in view banging power system envi-
ronment there is still a lot of openings to this work. The théss investigated and contributed

to the following areas:

e Mathematical modeling and state space forms of convertmmveer systems and power

systems with MSPG are presented

e New power system models with MSPG considering TCPS, AC-D€sliand restructured

power system environment are presented for LFC study

e A more practical form of optimal controllers, OFC is preszhfor LFC study. A simple

algorithm is presented to solve the problem using MATLABeod

e OFC is presented for the LFC of TAIPSs (i)thermal-thermahwion-reheat (ii)thermal-

thermal with reheat and (iii) hydro-thermal power plantd dgnamic responses are com-
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pared with FSFC

e OFC is presented for the LFC of (i) SAPS with MSPG (ii) TAIPSWMSPG and dy-
namic responses are compared with FSFC. LFC of low, mediwhagh head hydro
plants is also studied. Sensitivity analysis is done overdewange of variation of pa-
rameters and load conditions. Effect of GRC and variatiaegulation parameter is also

analyzed.

e OFC is presented and compared with most recent researcH Wyark actual hydro plants

and improved dynamic responses are obtained

e OFC is presented for LFC of TAIPS with MSPG considering AC-Blines and im-

proved dynamic responses are obtained

e OFC is presented for LFC of TAIPS with MSPG considering TCIR8 enproved dy-

namic responses are obtained

e OFC is presented for LFC of TAIPS with MSPG in restructured/@osystem environ-

ment considering various possible contracts between GEN&Z@ DISCOs.

1.5 Organization of the thesis

The thesis is organized as follows:

Chapter 1 gives a general introduction on LFC problem. Thst pahievements in the
LFC literature are briefly reviewed and the main motivatiad aignificant contributions of the
present thesis are summarized.

Chapter 2 presents mathematical modeling and LFC of povstesys. The controller de-
sign equations and algorithm are presented in brief.

Chapter 3 discusses LFC of conventional power systems. Hedf (i)Thermal-thermal
power system with non-reheat turbines, (ii) Thermal-thedrppwer system with reheat turbine
and (iii) Hydro-thermal power system has been studied animpeance of OFC is compared

with FSFC.
TH-1171 07616212
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Chapter 4 proposes LFC of the power systems with MSPG. The &fHQ Single area
power system with multi-source power generation, (ii) Tweaainterconnected power system
with multi-source power generation (iii) Hydro power platias been studied.

Chapter 5 is organized in two main sections. Firstly, the ldF@ower system with MSPG
considering AC-DC tie lines is presented. In the seconda@®gcLFC of power system with
MSPG considering TCPS is studied.

In chapter 6, LFC of TAIPS with MSPG in restructured powertegsis presented.

Finally in Chapter 7, general conclusions and suggestimfsifther 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 camigdin the previous chapter. It
is understood that the study of the response of power sydteperturbations and operational
changes is greatly assisted by mathematical models andutermgmulations. Mathematical
models involving small perturbations are developed bydrmtion of the system around a
current operating point but the larger disturbances haugetobtained by solving non-linear
differential equations. The LFC study is basically basedt@small signal analysis. The
linearized models of turbines, governors, power systerdsagsociated equations reported in
[2,7,8, 10, 39] are well accepted and have been used by maegnehers for LFC system
modeling in isolated and interconnected power systems3[481l, 85, 86, 95].

In the classical control methodologies, frequency resphsts such as Bode and Nyquist
diagrams are usually used to obtain the desired gain ane phagins. The investigations car-
ried out using classical control approaches reveal thétBhoesult in relatively large overshoots
and transient frequency deviation [9, 10, 34, 118]. Morea¥ settling time of the system fre-
guency deviation is comparatively long. Most recently maasearchers [1,12,13,15,80,85-87]
have studied the LFC problem of hydro, thermal systems uRibgcontroller, fuzzy controller,
decentralized controller and optimal MISO PID controllesbd on different algorithms and
optimization techniques. The fuzzy PI controller is knowrgive poor performance in system
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transient response. Chang et al. [88], obtained the optimadjustment gains of the integral
controller using GAs through performance indices ISE am&HTThe premature convergence
of GA degrades its efficiency and reduces the search cajyabNianda et al. [15] proposed
the LFC using Bacterial Foraging-Based Optimization. PS@eveloped through simulation
of bird flocking in multi-dimensional space. Like GA, PSO Isaless susceptible to getting
trapped on local optimum [15, 80]. Mojtaba et al. [85] progea robust multi-variable model
based predictive control (MPC) for the solution of LFC in altharea power system. Alireza et
al. [1] studied the LFC of the hydro power system (operationkaan) using optimal MISO PID
controller. Hasan et al. [86] presented the design of sulmah AGC regulators based on the
constrained feedback control strategy using the feedbasistem states. Decentralized load
frequency controller is presented for the LFC of an internmarted thermal power system [13]
which uses large number of states for the controller feddb@balla et al. [89] has presented
the analysis and design of controller for two area hydrorttad-gas AGC system. They have
shown that for LFC study, optimal PI state feedback corgrad more robust and performs
better than conventional genetic algorithm based PI cbaetrdHowever, this optimal PI state
feedback controller uses all the states for feedback perpdasch is practically difficult and
results in the increased complexity and cost of the comtrolRakhshani et al. [87] have ap-
plied reduced-order observer control for two-area LFCesysafter deregulation. In fact, one
of the main observed problems in the control of AGC systentkadimitation to access and
measurement of state variables in the real world. All thesgrollers discussed have relative
advantages and disadvantages. Shayeghi et al. [95] cattindhe state of art survey on LFC
that there are no rules as to when a particular technique tis mwtable for the LFC problem.
Application of the optimal control theory to power systens lshown that an optimal load
frequency controller can improve the dynamic stability pioaver system [4]. The LFC regula-
tor design techniques using modern optimal control thenapke the power engineers to design
an optimal control system with respect to given performasrderion. Fosha and Elgerd [39]
were the first to present their work on optimal LFC regulatesign using this concept. The

feasibility of an optimal LFC scheme requires the avaiigbdf all state variables for feedback.
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However, these efforts seem unrealistic, since it is dilffimuachieve this. Then, the problem is
to reconstruct the unavailable states from the availablputsi and controls using an observer.
Due to practical limitations in the implementation of regpolrs based on feedback of all state
variables, suboptimal AGC regulator designs were consaipt7—49].

As state feedback controllers require the transfer of mdron from all parts of the system
to a central control facility for processing, which for largcale inter connected power sys-
tem could prove to be prohibitive, alternative more pradtiorms of feedback controllers such
as output feedback and decentralized controllers have theesubject of extensive investiga-
tion. As these controllers use only a subset of the staterémt feedback purposes, they are
simpler, more practical and easy to implement than the fatesfeedback controllers [2, 49].
Bettayeb et. al [82] investigates the incorporation of tweighted linear quadratic regulator
state and output feedback control design for power systarardic stability analysis. Shahnazi
et. al [83] proposed an output feedback control with distnd® rejection for a class of non-
linear MIMO systems with unknown but bounded disturban@asapplication of LQG based
load frequency controller in a competitive electricity gomment is witness of the popularity
of state feedback controls [11]. Tyagi and Srivastava [8d$ents the design of a decentralized
automatic generation control (AGC) scheme where the cthatrioas been designed by appro-
priately assigning the eigen-structure of each isolatédystem via state feedback, satisfying
the sufficient conditions for stability. Mishra et al. [11€udied LFC using linear quadratic
regulator where Kalman estimator is used to estimate thesst&ihe estate estimation increases
the complexity and cost of the controller. Amongst varioastool schemes of state feedback
discussed above, the output feedback method [83, 120]dedmesmore practical.

Most recent application of state feedback control (opticeatrol) [11,82—-84,86,87,89, 90,
93,94,119] in LFC analysis of power systems shows their [@ojiy and superiority over other
controllers. The output feedback controller (OFC) is psgabin this thesis from pragmatic
point of view, which uses less number of states as feedbackhel output feedback method,
only the output state variables within each control areaegaired for feedback purpose. The

proposed OFC overcomes the drawbacks of full state feedtzatkoller (FSFC).
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This chapter presents LFC modeling, associated equatmahBreearized models of single
area power system (SAPS) and multi-area interconnecte@psystems (MAIPS) in detail.
The new LFC model for the MAIPS having multi-source powergyation(MSPG) is proposed.
The fundamental and secondary LFC loops, concept of tis lIA€Es are introduced. The
controller design steps and algorithm of the OFC are desdriib detail. FSFC is used for the
comparison purpose, however important equations areitiedan brief for the ready reference.

The important steps to solve the LFC problem using propoged &re described in last.

2.2 Fundamental LFC loops

The frequency of a power system depends on active powerdml#nchange in active power
demand at one point of a network is reflected in the entire peystem by a change in fre-
guency. Therefore, system frequency provides a usefukitaliedicate the imbalance between
the active power generation and load. Any short-term enienpglance will result in an instan-
taneous change in system frequency as the disturbancaadiyroffset by the kinetic energy of
the rotating plant. Significant loss in the generation withan adequate system response can
produce extreme frequency excursions outside the worlange of the plant. Therefore LFC
plays an important role to maintain the balance between pgemeration and frequency [5, 6].

The real power in a power system is being controlled by cdimigothe mechanical power
output of the prime mover. Depending on the type of genemndtie prime mover may be a
steam turbine,gas turbine, hydro-turbine or diesel engimethe case of a steam or hydro-
turbine,mechanical power is controlled by the opening osiclg of valves regulating the input
of steam or water flow into the turbine. Steam (or water) irpuiurbines must be continu-
ously regulated to match real power demand, failing whighrtrachine speed will vary with
consequent change in frequency [5, 6, 10].

In addition to a primary frequency control, most of the lagymchronous generators are
equipped with a supplementary frequency control loop. Aesaditic block diagram of a syn-

chronous generator equipped with frequency control loephown in Fig. 2.1 where, the speed
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governor senses the change in speed (frequency) via thewgriamd supplementary control
loops. Very large mechanical forces are needed to positiemtain valve(or gate) against the
high steam (or water) pressure, and these forces are othta@mseveral stages of hydraulic am-
plifiers. The hydraulic amplifier provides the necessarymeccal forces to position the main
valve against the high-steam (or hydro) pressure, and gmedsghanger provides a steady-state
power output setting for the turbine [5, 6, 10].

The speed governor on each generating unit provides thaprispeed control function, and
all generating units contribute to the overall change inegation, irrespective of the location
of the load change, using their speed governing. Howeviengoy control action is not usually
sufficient to restore the system frequency and the suppl&mnenontrol loop is required to
adjust the load reference set point through the speed-ehangtor. The supplementary loop
performs a feedback via the frequency deviation and addshiet primary control loop through
a dynamic controller. The resulting signdR;) is used to regulate the system frequency. In
real-world power systems, the dynamic controller is ugualsimple integral or proportional
integral (PI) controller [2,5, 6,10].

As shown in Fig. 2.1, the frequency experiences a transhamige Af ) following a change
in load @Pp). Thus, the feedback mechanism comes into play and geseaatappropriate

signal for the turbine to make generatid,), track the load and restore the system frequency

[6].

2.3 Frequency response modeling

Power systems have a highly non-linear and time-varyingreatHowever, for the purpose of
frequency control synthesis and analysis in the presendéeadfdisturbances, a simple low-
order linearized model is used. In comparison with voltagd eotor angle dynamics, the
dynamics affecting frequency response are relatively, stothie range of seconds to minutes. In
this section, a simplified frequency response model for #ezdbed schematic block diagram

in Fig. 2.1 with one generator unit is described, and therrdisalting model is generalized
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Figure 2.1: Schematic block diagram of a synchronous gesrenath basic frequency control
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Figure 2.2: Linear model of the primary LFC loop

for multi-area interconnected power system as describeddtion 2.4. A linear model of the
system with primary LFC loop is shown in Fig. 2.2 and its agsed equation are presented in
this section. An increase in governor commaig results from increase iAP. and a decrease

in Af. Thus we can write for a small increment
1
APy = AP, — F{Af (2.1)

where
APy is small change in governor command,
AR is small change in reference power setting,
and R is the regulation parameter or droop characteristics gHeer pu MW).R is de-

fined as the ratio of speed deviation or frequency deviatiarhange in valve/gate position or
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power output. For example 4® means that 4% frequency deviation causes 100% change in
valve/gate position or power output.

Laplace transformation of the equation (2.1) yields

ARy (5) = DR (5) — %AF (9 (2.2)

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

_ AR(9)
5(5)= APy (s)

(2.3)

The speed governor system transfer functigris) depends upon the type of the governing sys-
tem used in the generating unit. A speed governing systenstafaan turbine has the following

transfer function [2, 7]:

_ 1
- 1+sTsg

Yg(S) (2.4)

where,Tsgis the steam turbine speed governor time constant.
The Turbine power incremedP,, depends entirely upon the control valve(or gate) power
incrementAR, and response characteristics of the turbine.

The turbine transfer function may be given as

_ APy(s)

Y (S) = 2.5
t(s) AR,(5 (2.5)
The turbine transfer functioty; (s) depends upon the type of turbine.
A non-reheat steam turbine has the following transfer fiond2, 7]:
AP (s 1
Yi(s) = oS _ (2.6)

- AR(s)  1+sT
where, Tt is steam turbine time constant.

The generator power incremehiygen = APp depends entirely upon the changd®, in the
load being fed from the generator, which adjusts its outpuassto meet the demand changes.
These adjustments are essentially instantaneous cgriainobmparison with slow changes in

turbine output, and therefore we can set
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Power system (load and machine) transfer function is giyen b

Kps
Y, = 2.8
b(s) 1+ sTos (2.8)

where
Kps= % IS power system gain, Hz/pu MW,
H is the equivalent inertia constant, MW-s/MVA,
Tps= 24 is power system time constant, s
andD = ‘Z,—F}Pin is Equivalent system damping coefficient, pu MW/Hz.
AF (s) can now be expressed as

AF (S) = Yp(S) [APm (S) — AP (9)] (2.9)

In fact, the block diagram of a single area power system witeapplementary control shown in
Fig. 2.2 is based on above equations and results. Now it sssacy that frequency deviations
must settle with zero steady state error. To accomplishsthfiglementary control loop must
be closed and the speed changer is manipulated in accordaticeome suitable controller
action. The signal fed into the controller is referred to @aacontrol error (ACE). The ACE in

an isolated(single area) power system may be defined as:
ACE = BAf (2.10)
where,B is frequency bias parameter, pu MW/Hz.

The speed changer can be commanded by a control difpabtained by a suitable control

action on the error signal.
AP; = K(s)ACE (2.11)

where K(s) is the controller.

For an example, Let the controller be integral controkgs) = *TK' thenAP. becomes

AP: = —K, /BAfdt (2.12)

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

error to give rise to a negative or decrease command. As I®ag &rror remains the controller
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— Primary control loop |

\ 4
E?] Supplementary 1/R
control loop

AP{‘(S) + APg(S) APV(S) Kbps AF(S)
%) IR >
Controller Turbine (+sTry
Governor Power system

Figure 2.3: Linear model with supplementary LFC loop

output will increase, causing the speed changer to move.c®htoller output, and thus the
speed changer position attains a constant value only wedineuency error has been reduced
to zero. The gain constaK controls the rate of integration and thus speed of respdirise.

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

Fig. 2.3.

2.4 LFC modeling of the MAIPS

In an isolated power system, regulation of tie-line powerasa control issue, and the LFC task
is limited to restore the system frequency to the specifiedinal value. In order to generalize
the described model for interconnected power systems,dhtat area concept needs to be
used, as it is a coherent area consisting of a group of gemgiatd loads, where all the genera-
tors respond to changes in load or speed-changer settmgsison. The frequency is assumed
to be the same at all points of a control area. A multi-areags@ystem comprises areas that are
interconnected by high voltage transmission lines or tiedi The trend of frequency measured
in each control area is an indicator of the trend of the mismmabwer in the interconnection
and not in the control area alone. The LFC system in eacha@ana of the multi-area inter-
connected power systems (MAIPS) should control the inesarglk power with the other control
areas as well as its local frequency [2, 5, 6, 10]. Therefiwedescribed dynamic LFC system

model shown in Fig. 2.3 must be modified by taking into accaliatie-line power signal. For
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AP, 1v
Control area 1 - >

Control area 2

(/2:0,,13)

Control area N

(fy>0x:Vy)

(/1,671

Control area 4

(f4:4,V2)

Control area 3

(f3:93:7%)

Figure 2.4: N-control areas power system

this purpose, consider Fig. 2.4, which shows a power systgmNvcontrol areas. In normal

operation the tie line power flow from control area 1 to cordrea 2 is given by
V| Vol .
Rie,12= w sin(&, — &) (2.13)
12

whereX;, is the tie-line reactance between control areas 1 and 2,
andod; andd, are the angles of end voltagésandV, respectively.

For small deviations in the anglés and d, the tie line power changes with

V1| V2|

AI:’[ie,lz = X12

cog 01 — &)(Ad — Ady) (2.14)

Synchronizing coefficienty, of a line is defined by

_ MV
X12

T12 cog 1 — &) (2.15)

The tie line power deviation then takes on the form
ARje 12 = T12(Ad —Ad) (2.16)
The frequency deviatioAf is related to the reference angié by the formula
A5:2n/0tAfdt (2.17)

By expressing the tie line power deviations in term\df we get

t t
DRie12 = 27T1 ( / Afydt— / Afzdt) (2.18)
0 0
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Laplace transformation of the equation (2.18) yields

21T
S

ARjie12(S) = (AF1(S) — AR () (2.19)

Similarly the incremental tie line power flow from controkar2 to area 1 is given by

DRie 21 = 27Ta1 ( /O Ayt /0 tAfldt) (2.20)
Taking the Laplace transform of equation (2.20)
MRie21(5) = 222 (AR (5) — AF: (9)) (2.21)
where,
1= 2l 055, 1) (2.22)
12

If incremental powers are expressed in pu, then

P
To1= —Pr—tlle =a12T12 (2.23)
2

where
Pt1 andRy» are the rated power of control area 1 and 2 respectively,
and
ai» is the control area capacity ratio, defined as: = —%

If losses are neglected and equal area ratiRgs-£ P2) are taken
ARie 21 = @12ARie 12 = —ARie 12 (2.24)

similarly, the tie line power change between areas 1 and &éndpy

2 T[T]_ 3

DRie 13(8) = 2 (AF1 (5) — AF3(s)) (2.25)

and the tie line power change between control areas 1 andiveis by

2114

ARiie,14(s) = (AFy (s) — AF4(9)) (2.26)

Considering equations (2.19), (2.25) and (2.26), the tadine power change between control
area 1 and the other control three areas 2, 3 and 4 can beataftals

2
AHie.l(s) = AHie.lZ(s) JFAHie.lS(S) +AHie.l4(S) = ?T[ (l-;AleAFl(S) — j:Z.aAleAFj (S)> (2.27)

TH-1171_07610212 3



Chapter 2 Mathematical modeling and LFC of power systems

AF(s)

AP eis)

Figure 2.5: Block diagram representation for tie line poalenge of control areain an inter-
connected power system with N-control areas

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

areat and all other control areas is

N 21 N N

ARei(s) = ) ARieij(s) = — TijAR(s)— ) TijAF; 2.28

Rie.i(s) %1 Rie;ij (9) S %1 jAF(s) %L jAFj(s) (2.28)
A J#i J#i

Equation (2.28) is represented in the form of a block diagrakig. 2.5. The effect of changing
the tie line power for an area is equivalent to changing the taf that area. Therefore, th&e
must be added to the mechanical power chaligg and control area load changép; using

an appropriate sign [2, 5, 6, 10]. A combination of block d&gs Figs. 2.3 and 2.5 creates a
simplified block diagram for control araan an N-control area interconnected power system
shown in Fig. 2.6. The next point to consider is the supplaargrcontrol loop in the presence
of a tie line. In the case of an isolated control area, thipl®performed by a feedback
from a control area frequency deviation through a simpleadyic controller as shown in Fig.
2.3. In a MAIPS, in addition to regulating area frequencyg supplementary control should
maintain the tie line power interchange with neighboringagrat scheduled values. This is
generally accomplished by adding a tie line power flow déwmato the frequency deviation in

the supplementary feedback loop. A linear combinationeddiency and tie line power changes
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KPSI AF‘I (S)
=
.|.A Controller Turbine X (1+sTps;)
Governor Power system v
N
2
J=
J#E
+
AP tiei
2n/s
N
' TAF(s)

Figure 2.6: Control areaef an interconnected power system with N number of contrehar

for control areas; is known as the ACE and can be given as:
ACE = ARje; + BiAf; (2.29)

Bi is the frequency bias parameteritifcontrol areaB; is assumed equal to the frequency bias
factor(B) [2,5, 6, 10].

1
B=f=Di+g (2.30)

The block diagram shown in Fig. 2.6 illustrates how suppletaey control is implemented
using equation (2.29). The effects of local load changesirtedface with other control areas
are properly considered as two input signals. Each conteal mnonitors its own tie line power
flow and frequency at the area control centre. The ACE signabmputed and allocated to
the controllerK(s). Finally, the speed changer 8f control area can be commanded by a
corresponding control sign@P;;. Therefore, it is expected that the supplementary control
shown in Fig. 2.6 can ideally meet the basic LFC objectivabmaaintain area frequency and

tie line interchange at scheduled values.
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Figure 2.7: Control areaef 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 systelel masection 2.4 is widely
used by researchers for the LFC analysis and synthesis. arliedching restructuring of the
power system industry, application of new technology amitomitant new concepts of oper-
ation requires an evaluation and re-examination of thieseh which is already designed to
operate with large and central generating facilities to fways to maintain, and possibly im-
prove, their efficiency and reliability. Most of the resdsets considered either thermal or hydro
generating units in a control area. In a real situation, r@drtrea may have variety of sources
of generations such as hydro, thermal, gas, nuclear, sdlad,etc and the control area having
different sources of power generation represented by aivagut of thermal or hydro unit
dynamics only may not result in realistic design of LFC cohf6]. Furthermore, in the new
power system environment, generators may or may not coiterib the LFC task and contribu-
tion factors are not the same for all participant generdfigis, 6,17, 89, 116]. Keeping in view

the present power scenario, combination of multi-sourcegaors in a control area with their
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corresponding generation contribution factors is moréstafor the study of LFC [89, 116].
In a competitive environment, generation contributiorideg are actually time-dependent vari-
ables and must be computed dynamically based on bid prieaitalaility, congestion problems,
costs and other related issues. In order to consider thetyarf generation dynamics and their
contribution rate in the LFC action, the dynamic model oftcolhareat in Fig. 2.6, can be
modified to that shown in Fig. 2.7. From the Fig. 2.7, the totafemental generation change

in turbine power outputs of" area may be given as:

APmi(s) = i APmki(s) (2.31)
k=1

where,nis number of generating units(GENCOs) in tHecontrol area.
Let the generation contribution factor f' generating unit in thé" area be defined as;.

The APyk may now be expressed in termsifti(s) anday; as:
APnki(S) = akiAPmi(S) (2.32)

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

control area [5, 6,89,116] is equal to 1.
n
z ai=1 (2.33)
K=1

where, 0< ay; < 1.

Considering the effect of primary and supplementary cdsittbe system frequency can be

obtained as:
PR, L e
AF, (S) s (1+STPSi) (kzlAPmkl(S) APDI(S) AHIQI(S)) (2-34)
andAPi(s) can be expressed [6,17,116] as:
APmki(S) = Ygki(S) Yiki(S) Oki (Apcki(s) - AI;:iS)) (2.35)

where, Ygi(s) andYy(s) are the transfer functions of governing system and turbafad”

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

AFi(s)
Ryi

Kpsi
(1+sTpsi)

AFi(s) = i Ygki(S)Yiki(S) Ok (APcki(S) -

k=1

) — APi(s) —APtie,i(S)] (2.36)

It is assumed that faf" control areaR,; = R;, for (k= 1 ton) and SLP is given in the control
area. After knowing the generating units, correspondffg(s) andYi(s) can be substituted
into equation (2.36) to obtain the frequency response oitttentrol 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 conth@ory has made to the control engi-
neer is the ability to handle a large multivariate contraltpgem with ease. The engineer has
only to represent the control system in state variable fanchspecify the desired performance
mathematically in terms of a cost to be minimized. A uniquéest controller in the sense of
minimizing the cost may be generated by applying well praveories and techniques. Most
recent application of state feedback controllers(optioweaitrol) [11, 82—-84, 86, 87, 89, 90, 93,
94,119] in the LFC analysis of power systems shows their [aojiy1and superiority over other
controllers.

In modern control theory approach, control signals are iggeéd by a linear combination
of all the system states (full state feedback approach) oreal combination of states to be
controlled/measurable states (output feedback apprgach)120]. The OFC is proposed to
improve the LFC problem from practical point of view. Praatly, it is very difficult and of-
ten expensive to measure and to have readily availablennafbon about all the states in most
of the large power systems. Moreover, the implementatiooptimal AGC regulator requires
monitoring of all the state variables of the system or statemnstruction, which may be undesir-
able from cost and complexity considerations [86]. Usuedlyuced number of state variables
or a linear combination thereof is available. The propose€ @ses less number of feedback
states as compared to FSFC, thereby reduces number of setmsirand complexities. In this

section, FSFC is described in brief for the ready referemcktlae proposed OFC is explained
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in a detail with algorithm.
The statement of the problem in an optimal control theory beadescribed in the following

state-space form: [1,2,7,39,119,120]:
x = Ax+ Bu (2.37)
and
y=Cx (2.38)

where
X is a state vector of the dimensiarx 1, nis no. of state variables
u is a control vector of the dimensianx 1, mis no. of control variables
y is an output vector of the dimensignx 1, p is no. of output variables
A, B andC are constant matrices with dimensionswof n, n x mandp x n, respectively.

The performance of the system is specified in terms of a paence index or cost function(J):
3= % [ (G uTRY e (2.39)
0

which is minimized for obtaining parameters of an optimaitcoller. In the equation (2.39))

is n x n, symmetric positive semi-definite state cost weightingrimandR is mx m, symmetric
positive semi-definite control cost weighting matrix. Theneents of the matriceg® andR may
be chosen as per the designer’s choice.

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

u=—Kx (2.40)

The constant gain matrix of the dimensiom x n, is obtained from the solution of the matrix

Riccati equation

ATP+PA-PBR 1BTP+0Q=0 (2.41)

K=R1.BP (2.42)

For stability, all the eigenvalues of the matrix{ BK) should have negative real parts. From
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equations (2.41) and (2.42), the optimal setting of FSF@sj@ is obtained. The solution of
Riccati equation (2.41) is obtained using the MATLAB fulecticare.m [121,122].

Let the output feedback control law be defined as
u=—Ky (2.43)

whereK is OFC gain matrix of dimensiom{x p).

In the optimal control scheme the control inputs are geedray means of feedbacks from
the output states with feedback constants to be determmaddordance with optimality cri-
terion. Using equations(2.38) and (2.43), the linear mapln by equation (2.37) can be

arranged as
X = (A— BKC)x = Acx (2.44)
The performance index given in equation (2.39) can be reswmrés
1 r N NT TR A
1= [ (7 (Q+CTRTRRE) Xt (2.45)
0
The control problem is now to design the gain matfixso thatJ is minimized subject to the
following dynamical constraint:
X = (A—BKC)x (2.46)

This dynamical optimization problem may be converted ime@quivalent static one that is eas-
ier to solve. After optimization and simplification, the lfmking optimal gain design equations

are obtained [120]:

0=AlP+PA.+CTKTRKC+Q (2.47)
0=AS+SAl +X (2.48)
K=RBPLT(EXLT) ! (2.49)

where
X =E{x(0)x"(0)}

If initial states are assumed to be uniformly distributedlmunit sphere, thex = I, where
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X is nx n, symmetric matrix and is an identity matrix. In many applicatiox$0) may not be
known, this dependence is typical of output feedback designusual to sidestep this problem

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

E{J} = %E{XT(O)If’x(O)} = %tr(lf’x) (2.50)

The optimal cost can be given by

Jo= %tr(ﬁx) (2.51)

The equations(2.47) and (2.48) are Lyapunov equationstendduation (2.49) is an equation
for the gainK. To obtain the output feedback gafhminimizing theJy, these three coupled
equations may be solved simultaneously by iterative tepghes [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
Setj=0
set initial value of the gaio so thatA; o = (A — BKoC) is asymptotically stable
2.j" iteration
SetA. | = (A—BK|C)
solve Lyapunov equations fé% andS;
0=Al P +PA;;+CTKTRK;C+Q
0=Ac;§+§AT, +X
solve forKj, wherej # 0
R — R1B7H §CT(C§CET) 2
Set
Jo,j = 3tr(PX)
Evaluate

AR — RETBEET (G LR,
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Kjt1=K;+0LK

whereco is chosen so thaﬁq j+1 is asymptotically stable

Joj+1= %tr(lf’jﬂx) <o,

If the values of)j,; andJ; are very close to each other go to step 3

otherwise sef = j+1 and go to step 2

3.Terminate

SetkK = Kj41

andJo = Jo j+1

Stop

MATLAB code is developed based on the above algorithm tolgebptimal value of OFC
gainsK).The Lyapunov equations are solved using MATLAB functipad.m [121,122].

2.6.2 Selection of) and R matrices

The elements of matric&d andR may be chosen as per the designer’s choice [120]. To obtain
the desired dynamic response and for the dynamic correctid@E of LFC systems discussed
in this thesis, the following design criterion are consétkto obtain the matrice® and R
[2,90,120,123]:

1. Excursions of ACEs about their steady values are minichize

2. Excursions off ACEdtabout the steady values are minimized.

3. Excursions of control vector about their steady valuesw@nimized.

2.7 Important steps to solve LFC problem

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

state space form.
2. Input the system simulation parameters and data.

3. Compute matrices, B andC.
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4. Compute matrice® andR as detailed in 2.6.2 .
5. Obtain the optimal controller gains as described in tioti@e 2.6.
6. Simulate the power system with optimal controllers u$tATLAB simulation.

7. Obtain the dynamic responses of the power system follpBirPs.

2.8 State-space model of the power systems

State-space model of a LFC dynamical system is a usefulgeptation for the application of
the modern/robust control theory. Using appropriate didims and state variables, the state-
space realization of the isolated and interconnected pewstems is obtained in the form of

equation (2.52) and (2.38) [1,2, 7, 10, 13,39, 48, 90, 119].
X = Ax+Bu+Fw (2.52)

where,

F is a disturbance distribution matrix of the dimensior d,

w is a disturbance vector of the dimensx 1,

d, is the number of disturbance inputs, and all others terrassame as described in the
equations (2.37) and (2.38).

The term Ew) represents the disturbance, in way of load demand, to thepsystem.
On the comparison, this power system model described intiequé2.52) is not in the form
of the equation (2.37)as desired, for two reasons. In thienaptontrol theory used, there is
no (Fw) term, and second, the cost function requires the states tiriken to zero for it to
have a minimum value. For a SLP in control are#hhe steady state frequency deviations in
each control area are required to be zero. But the increasestation in control areawill by
necessity in steady state equal the increased load demadnel @fea, a non zero quantity, refer

Fig. 2.6:

APy = APb; (2.53)
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Some of the other states will also be non-zero [2,8,39,48hE et al. [39] are probably the first
who addressed this dilemma. A simpler way of addressingditesnma [39, 49] is to redefine
the state variables and control variables in terms of theiesponding steady state values.

Theith state variable; may be redefined as:
A
Xil =X — Xiss (2.54)

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

Similarly it control variables may be redefined as:

eI (2.55)

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

This change of variables puts the system in the form

xt = Axt + But
(2.56)
Xl(O) — —Xss
By redefining the states and control variables in terms af tfteady state values, only the
reference position of the system is shifted [2, 8, 39, 49]e Shperscript 1 has been dropped
[2,8,39,49] to prevent unnecessary notation problems riéteicesA andB 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 MSB® described for LFC
study. Keeping in view the new power system environmentctivecept of MSPG in control
area is introduced. In addition to LFC models of SAPS and MAIR new model of MAIPS
with MSPG is presented for LFC study. The general form ofestgtace model of the power
systems is explained. The OFC proposed with pragmatic mdimtew is introduced . The

control system design equations and algorithms have besepted.
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CHAPTER 3

LFC OF CONVENTIONAL POWER SYSTEMS

3.1 Introduction

LFC modeling and control design of power systems have bessepted in detail in chapter 2.
Recently, many researchers studied the LFC of conventmmaér systems considering either
thermal-thermal or hydro-thermal systems [9, 12, 13, 1R%].1Most of the research papers re-
ported in the area of LFC considered the two area intercaadgower system with non-reheat
type thermal systems. An attempt is made in this chaptemysihe LFC of interconnected
power systems including reheat type turbines and hydrortesb The LFC of thermal-thermal
with non reheat turbine, thermal-thermal considering a¢lterbine and hydro-thermal system

is studied using OFC and performance of the proposed OFCdwmsdompared with FSFC.

3.2 TAIPS considering non-reheat turbines

A TAIPS shown in the Fig. 3.1 is considered for the LFC analysithis section. Each control
area of this power system comprises thermal unit with ndveaeturbine. In accordance with
modern control terminologP.1 andAP, will be referred to as control inputg andu,. In the
conventional approaalm andu, were provided by the integral of ACEs [2,5, 6, 10]. In modern
control theory approach; andu, will be created by a linear combination of all the system
states (full state feedback approach) or output/measisthtes(output feedback approach).
For formulating the state variable model, the conventiseabndary feedback loops are opened

and each time constant is represented by a separate blobkwas 81 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 eithert@giator or a time constant.

3.2.1 State-space Model

The system shown in Fig. 3.1 has nine state variables wheteAf1, X4 = Afy, Xo = APy,
x5 = AP, Xg = [ACEdt, X9 = [ACEdt. The disturbance vector is defined\as = APp;
andw, = APhy,. After defining all the states as shown in Fig. 3.1, the follaywdifferential

equations are obtained replacisdgy %.

= — 2 g = 1P - TPy (3.)
Xp = —%Xﬁ%lxs (3.2)
X = - Rl-lj:SGL - TslGL et TslGL e (33)
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o= — X+ % 35)

e _Rz'l%sem_ Tj@XGJF Tsleuz (3.6)
X7 = 2TTT19X1 — 2TTT12X4 (3.7)

Xg = B1X1 + X7 (3.8)

X9 = BoXa +ag2x7 (3.9)

The state equations (3.1)-(3.9) can be organized in the-stsice form as described by the
equations (2.52) and (2.38) in the chapter 2. For the powstesymodel shown in Fig. 3.1 the
associated vectors and matrices are as follows:

state vectorx = [X; Xo.......Xg] ",

control vectoru = [uy Up]" = [AP APy|"

disturbance vectowy = [wy Wo]T = [APp; APpy]"

[ 1 K K 3
= L 0 0 0 - 00
U == o 0 0 0 0 00
1 1
N | A% ¢ 0o 0 0 00
1 K| K|
e 0 0 <5 7o 0 —angz 00
A— 11
A 0 0 0 0 5 0O 00
1 1
0 0 0 —g75 0 —4= 0 00
2T, 0 0 -2nTy, O 0O 00
By 0 0 0 0 0 1 00
0 0 0 B, 0 0 a2 00
1
5T _ 00 00 0 00O
00 00 000
S&
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and
aT -2 00 0 00000
0 00-%¥2 00000
PR
The matrixC is defined as
1 0000O0O0CO0CODO
= 00 01O0O0O0OO0OTGO
C= 00 0 O0OOOOTZI1O0
0 0 00O0OOOU 011

The performance indeXis given in equation(2.39), the matric€sandR are defined for this
problem using the design considerations given in the se@i6.2. Excursions AACEs(x7 +
Bix1, a12X7 + BoXs), [ACEd1i(xg, Xg) and control vectorsg, up) about their steady values are

minimized and] can be written as:

1 00
J= b / [(X7 +Byx1)? + (@12%7 + Boxa)? + (G +5) + (uf + u%)} dt (3.10)
0

From the equation (3.10), the matrid®=ndR can be recognized as:

B? 0 00 B 00
0 00 0 00
00 0 00

Nari.)o

00 a1oBy 00
00 0 00
0 00 0 00

PO
I

a;B, 0 0 (1+a%,) 0 O
0 00 0 10

O O © o o o o o o
O O © o o o o o o
o

0 00 0 0 1

o]

3.2.2 Simulation results and discussion

pul
I

The procedure described in the section 2.7 is followed. Hséem parameters and data are
givenin Table 3.1. The optimum gains of OFC and FSC are obtiilthe computer simulations
are carried out with the optimum controller gain settingsATMAB control system toolbox

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

Table. 3.1: Simulation parameters of TAIPS considering-redreat turbines

Parameter Value
Pi1=PF2 2000 MW
f 60Hz
Hi=H, 5 MW-s/MVA
D1 =D> 0.00833 puMW/Hz
Tsa = Tse 0.08s
Tr1=Tr2 0.5s
Ri=R, 2.4 Hz/puMW
Tpa = Tpo 20s
Kpa = Kpg 120 s
B1=B; 0.425
ai2 -1
27T 0.215

The following computational results are obtained:

[ 0.0500 60000 0 0 0 0 —60000 0 0
0 20000 20000 0 0 0 o 00
_52083 0  —125000 O 0 0 o 00
0 0 0  —00500 60000 0 60000 0 0
A= 0 0 0 0  —20000 20000 0o o0o0
0 0 0 52083 0 125000 O 0 O
02150 0 0 —02150 0 0 0o 0o
04250 0 0 0 0 0 D000 0 0
L o 0 0 04250 0 0  -10000 0 O
GT_[0 0 12500 00 0 000
00 0 00 125000 0 0 0
01806 0 0 0 0 0 G250 0 0 ]
O 00 0 00 0 0 0
o 00 0 00 0 0 0
O 0 0 01806 0 0 —04250 O 0
O=| o o0 o 00 o0 0 0
O 00 0 00 0 0 0
04250 0 0 —04250 O O 20000 O 0
O 00 0 00 0 1000 O
| 0o o0 o 00 o0 0 1000
B { 10 ]
01
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Table. 3.2: Dynamic response comparison in terms of peatsbget (OS)

Peak OS ofAf;(Hz) Peak OS ofAfy(Hz) Peak OS of\Rje1(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 Afy(s) ST ofAfy(s) ST ofARie1(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 FSFE and OFCK are obtained as:

}Z 0.4048 09424 01408 —0.0320 —0.0683 —0.0096 -0.2615 10000 Q0000
—0.0320 —0.0683 —0.0096 04048 09424 01408 02615 Q0000 10000

~ 0.1120 00319 05646 00928

0.0319 01120 00928 05646

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

responses are shown in Fig. 3.2. It is observed that the O¥€3 @ietter dynamic responses
having relatively smaller peak overshoot and lesser sgttime with zero steady state error
as compared to that of FSFC. The quantitative comparisoragenm Table 3.2 and 3.3 where
percentage improvement in the peak OSAdf, Af, andARie1 is 7.28, 54.42, and 17.74,

respectively and percentage improvement in the settimg vfAf;, Af, andARie 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 showhe Fig. 3.3 is presented.
The reheat turbine is considered in control area 1. The pgroeedescribed in the section2.7
is adopted. The system parameters and data are given in 3ableThe power system has
10 state variables. State variablas xs, xg andxyg are taken as output feedback states. The

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

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

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

1.

3.3.1 Simulation results and discussion

The following computational results are obtained:

[ —0.0500 60000 0 0 0 0 0 —6.0000 O O-
0 —3.3333 33333 0 0 0 0 0 00
—2.6042 0 —0.1000 —6.1500 0 0 0 0 00
—5.2083 0 0 —12.5000 0 0 0 0 00
A— 0 0 0 0 —0.0500 60000 0 60000 0 O
N 0 0 0 0 0 —3.3333 33333 0 00
0 0 0 0 —125000 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 Dooo0O 0 O
0 0 0 0 04250 0 0 —1.0000 0 O
éT _ 0 O 05000 10000 O O 0 0 0O
00 0 0 0O O 10000 0 O O
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Table. 3.4: Simulation parameters of TAIPS consideringatland non-reheat turbines

and the matrixC is defined as

O

Parameter Value
Prtl = Prtg 2000 MW
f 60Hz
Hi=H 5 MW-s/MVA
D1=D; 0.00833 puMW/Hz
Tsa = Tse 0.08s
Tr1=Tr2 0.3s
Kr1 0.5
Tr1 10s
Ri=R, 2.4 Hz/puMW
Kpa = Kpg 120s
Tps = Tpg 20s
B]_:Bz 0.425
a2 -1
27TT12 0.545
1 000O0O0OO0OO0OTG 0O
é: 0 000O0O1O0O0O0TO0TO
0 000O0OOOOOT1O
0 000O0OOOOOTU O1
01806 0 0 O 0 0 0 @250 O 0
0 0 0 O 0 00 0 0 0
0 0 0 O 0 00 0 0 0
0 0 0 O 0 00 0 0 0
0 0O 0 0O 01806 0 0 —04250 O 0
0 0 0 O 0 00 0 0 0
0 0 0 O 0 00 0 0 0
04250 0 O O —-04250 O O 20000 O 0
0 0 0 00 0 0 0O 10000 O
0 0 0 O 0 00 0 0 1000
B [ 1 0]
0 1

The optimum gains of FSFE and OFCK are obtained as:

- 0.2106
K=

—0.0313 —-0.0414 -0.6459

70445
03155

0.0717 —0.0424 02888

01080

~ 0.0533 —0.0948 08087 —0.2321
09435

02079

00553

—3.4432 —-0.0093 -0.0259 —-0.0075 -0.0751 Q9649 -0.2627

—0.2854 02627 09649
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Dynamic responses of the system are obtained for 1% SLP icothieeol area 1. The dynamic
responses are shown in Fig. 3.4. It is observed that the OW€3 fetter dynamic responses
having relatively smaller peak overshoot and lesser sgttime with zero steady state error
as compared to that of FSFC. The quantitative comparisoragenn Table 3.5 and 3.6 where
percentage improvement in the peak O\¢f andAR;e 1 is 6.84 and 24.08, respectively and
percentage improvement in the settling timeAdf, Af, andARie 1 is 7.96, 3.47 and 16.00,
respectively.

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

Peak OS ofAf1(Hz) Peak OS oA fy(Hz) Peak OS of\R;e 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 Afy(s) ST ofAfa(s) ST ofARie1(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 posystem as shown in Fig. 3.5 is
presented. The procedure described in the section 2.7 gexdiolr he simulation parameters are
given in Table 3.7. The power system has 11 state variabtate $ariables, x5, X710 andxiy
are taken as output feedback states. The optimum gains ofdDBESFC are obtained. The
computer simulations are carried out with the optimum cullgr gain settings. MATLAB con-
trol system toolbox [121] is used to simulate the power sysdad 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 ebeat turbine
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Table. 3.7: Simulation parameters of hydro-thermal iriernected power system

Parameter Value
Prtl = Prtg 2000 MW
f 60Hz
Hi=H 5 MW-s/MVA
D1=D; 0.00833 puMW/Hz
Tsal 0.08s
Tt 0.3s
Kr1 0.5
Tr1 10s
Teh2 0.3s
Tre 5s
TrH2 28.75s
Two2 0.3s
Ri=R, 2.4 Hz/puMW
Tpa = Tpe 20s
Kpa = Kpg 120 s
Bl = Bz 0.425
ai2 -1
21T 0.215

3.4.1 Simulation results and discussion

The following computational results are obtained:

i —0.0500 60000 0 0

0 —3.3333 33333 0
—5.2083 0 —0.1000 —-6.1500
—10.4167 0 0 —12.5000

0 0 0 0

A: 0 0 0 0

0 0 0 0

0 0 0 0

0.2150 0 0 0

0.8417 0 0 0

0 0 0 0

0 0 Q5000 10000
00 0 0

B=

and the matrixC is defined as

o O o
o O o o
o O o o

o

0 0 0 0 —6.0000 0 O

0 0 0 0 0 0 0

0 0 0 0 0 00

0 0 0 0 0 0 0

—0.0500 60000 0 0 60000 0 O

09662 —6.6667 67362 10899 0 00

—0.4831 0 —0.0348 —0.5449 0 00

—2.7778 0 0 —3.3333 0 00

—0.2150 0 0 0 0 00

0 0 0 0 D000 O O

08417 0 0 0 —1.0000 0 O
0 0 0 0 0O
—0.3478 01739 10000 0 O O

o O o o

o O +» O
o O o o
o O o o
o O o o
o o o o
o » O O

»r O O O
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The optimal gains of FSF& and OFCK are obtained as:

02713 05047
K

0.2007 02805

71418
11920

K

0.0462
—0.5856 00934 02036 04272

—3.4754 Q0370 00432 11489
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|

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

Peak OS ofAf;(Hz) Peak OS ofAfy(Hz) Peak OS of\Rje1(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 Afy(s) ST ofAfy(s) ST ofARie1(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 thaO#@€ gives better dynamic
responses having relatively smaller peak overshoot arsgiesettling time with zero steady
state error as compared to that of FSFC. The quantitativgpagson is made in Table 3.8 and
3.9 where percentage improvement in the peak OB8fefandAR;e 1 is 30.09 and 34.00, re-
spectively and percentage improvement in the settling(@fgof Afy, Af, andARie 1 is 66.3,
62.18, and 13.32, respectively. Moreover the dynamic mesg®obtained with FSFC are more
oscillatory. The proposed OFC competes well and thus thamynresponses obtained satisfy

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

The LFC of various TAIPSs has been studied using OFC. The t@tibns of non-reheat,
reheat and hydro turbines are taken to demonstrate thebsitytaf OFC for LFC of inter-
connected power systems with variety. The Dynamic resgoostained with OFC have been
compared with that of FSFC. The dynamic responses are @otéonthermal-thermal with non-
reheat turbine, thermal-thermal considering reheat merlaind hydro-thermal interconnected
power systems. It has been found that dynamic responsemethtaith proposed OFC are
comparatively better and competes well with FSFC, satigfytne LFC requirements. The OFC
is presented from pragmatic point of view which uses lessharmf states as feedback, thereby

reducing the controller cost and complexities.
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CHAPTER4

LFC OF POWER SYSTEMS WITH

MULTI-SOURCE POWER GENERATION

4.1 Introduction

LFC is an important function in modern Energy managemertesys. Most of the researchers
considered either thermal or hydro generating units in @&obarea [1,9,13,15,124]. In a real
situation, control area may have variety of sources of gdiwars such as hydro, thermal, gas,
nuclear, solar, wind etc. The control area having diffesanirces of power generation repre-
sented by an equivalent of thermal or hydro unit dynamicg ordy not result in realistic design
of LFC control [6,89,116]. Furthermore, in the new powertegsenvironment, generators may
or may not contribute in the LFC task and contribution fastare not the same for all partici-
pant generators [1,5,6,17,89,116]. Keeping in view thegmepower scenario, combination of
multi-source generators in a control area with their cqroesling generation contribution fac-
tors is more realistic for the study of LFC [89, 116]. In a catifive environment, generation
contribution factors are actually time-dependent vagal@nd must be computed dynamically
based on bid prices, availability, congestion problemstsand other related issues.

Most recently the LFC of power systems with MSPG is repor&4] 116,117]. Challa et
al. [89] has presented the analysis and design of contffoliéwo area hydro-thermal-gas LFC
system. They have shown that for LFC study, optimal Pl sedlback controller is more robust
and performs better than conventional genetic algorithse8aP!| controller. However, this
optimal PI state feedback controller uses all the statefe@atback purpose which is practically
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Figure 4.1: Block diagram of the single area Power Systenpeising Reheat-Thermal, Hydro
and Gas generating units

difficult and results in the increased complexity and coghefcontroller.

Keeping in view the above, two power system models (i) siragéa power system with
MSPG and (ii) TAIPS with MSPG are presented for LFC analy&ach control area of the
power systems includes dynamics of thermal-reheat turbydro and gas based power plants.
The OFC is extended to these systems with pragmatic pointeaf &s it uses less number of
states and results in reduced cost and complexity. An eixeeasalysis is done considering the
various effects of variation in system parameters and loaditions. To show the effectiveness
of the proposed controller on the actual power system, th@ afFhydro power plants [1] has

also been presented.

4.2 Single area power system with MSPG

The Single area power system (SAPS) with MSPG proposedfdy sbomprises reheat-thermal,
hydro and gas generating units. The linearized models céravs, reheat-turbines, hydro tur-
bines, gas turbines described in [7, 10, 35-37, 116, 128]taken for simulation of the power

system shown in Fig. 4.1. The simulation parameters andadlatgiven in Table 4.1. The nom-
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inal load of the area is taken 1840 MW. The systemrhasl?2 state variables wherg = Af;
andx;»> = [ACEdt= [BjiAfidt. The power system can be described in the state space form
given by the equations (2.52) and (2.38). The associatadngeand matrices are as follows:
state vectorx = [Xg Xp ...... x19] 7,
control vectory = [uy Uy Ug]" = [AP.11 AP-p1 AP3]T

disturbance vectowy = [wy| = [APp;].
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and the output matri€ is defined as

62[000000000001}

The performance inded is given in equation(2.39), the matric€sand R are defined for
this problem using the design criterion given in the secfdh2. Excursions oACE (B1x1),
[ACEdt(x12) and control vectorsk, U, u3) about their steady values are minimized dnzhn

be written as:

J= :_ZL/ [(lel)z-i- (X12)2+ (U%-l— U%-i— U%)} dt (4.1)
0
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From the equation (4.1), the matric®sandR can be recognized as:
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4.2.1 Simulation results and discussion

The optimal gain of the proposed OFC is obtained as

0.1514
K= | 00131
0.0708

Dynamic responses of the system are obtained for 1% SLP iardgethrough MATLAB sim-
ulation. The frequency deviation response is depictedgn #i2. It has been observed that the
OFC gives better frequency deviation response havingivelatsmaller peak overshoot and
lesser settling time with zero steady state error as cordparéhe FSFC. As given in Table
4.2, percentage improvement in peak OS and settling time @EC is becoming 6.38 and
61.66, respectively. Some steady state error remainsri ikao controller in the supplemen-
tary loop. The output power deviation responses of therlmalro and gas units are shown in
Fig. 4.3. The generators respond to accommodate the charaged load by increasing their
corresponding generations. The power generations with @E&Ction, attains desirable steady
values to match the local area load change. The effects @frggon rate constraints, selection

of regulation parameters and sensitivity analysis areudsed 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
Pt1 2000 MW
R1 1840 MW

f]_ =f 60 Hz
Hi 5 MW-s/MVA
D1 0.0153 pu MW/Hz
Kps 65.2174 Hz/pu MW
Tera 10.8696 s
Tsa 0.08 s
Tr1 0.3s
Tep1 0.2s
B1 1
Kr1 0.3
Tr1 10s
Twa 1s
Tra 5s
TrH1 28.75s
TeH1 0.2s
Xa1 0.6s
Ye1 1s
Cq1 1
by 0.05s
Te1 0.23s
Tcre 0.01s
Ri=R 2.4 Hz/pu MW
a1 0.543478
a1 0.326084
a3q 0.130438

4.2.2 Effect of generation rate constraint

In most of the research papers, the effect of restrictiotemdte of change of power generation
is not considered [8, 19, 39, 86,91, 92]. In power systemgigasteam plants and hydro plants,
power generation can change only at a specified maximum 2a84d.[85, 124-126]. Most of
the reheat units have a generation rate around 3 perceatdniBome have a GRC between 5
and 10 percent/min. For testing further the effectivenésiseoproposed controller, the GRC for
thermal and hydro units is taken into account in the comgiteulation model. GRC for hydro

unit: for raise 270 percent/minute (0.045pu/s) and for Io@@0 percent/minute (0.06pu/s) is
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Figure 4.2: Frequency deviation response to 1% SLP in thee are

Table. 4.2: Dynamic response comparison of a SAPS

Peak OS ofA fl(H Z) ST OfAfl(S)
FSFC -0.0668 60
OFC -0.06242 23
% reduction 6.38 61.66

considered and GRC for reheat turbine thermal unit: foreraisd lower 10 percent/minute
(0.0017pu/s) is considered for study. The proposed povgesyis simulated with and without
the above GRC limits [9,81,114,123] in thermal and hydro @ogenerating units. The turbine
model considering GRC is shown in Fig. 4.5. An attempt is madghow that how does the
proposed controller designed on linearized models betlawentlinearity is introduced. The
effect of GRC on the frequency deviation response of the anégined with OFC at nominal
load is shown in the Fig. 4.4. There is a little increase irkg@8&, however settling time remains
same. The frequency deviations settles with zero steadly steo. It has been observed that
proposed controller performs well and can accommodatéfibet of GRC. Therefore, dynamic

response of the system with GRC satisfies LFC problem remeiné

4.2.3 Effect of governor speed regulation parameterR)

Fig. 4.6 shows the frequency deviation response to 1% logdrpation in the area at nominal

load withRvarying from 1% to 8%. It is assumed tHa§ = R andR; = R. It has been observed
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Figure 4.5: Block diagram of a non-linear turbine(GRC)

that for higher values dR i.e. 6% and 8%, the peak overshoot and settling time incsgafse
we further increase the value Bf the system gives larger frequency deviation oscillatims
settling time. For lower values @ti.e. 1% and 2% the system becomes more oscillatory and
results in increased cost of governors [15]. ThereforagtBbould be a compromise between
the governor cost and dynamic performance. Findings reWlthere is no need of going
for the lower values and the higher valuesRyfsince medium value dR with corresponding
optimum controller gains can be preferred to provide belyeamic response. TherefdRe4%

taken for the LFC of the proposed system.

4.2.4 Sensitivity analysis

Lesser attention has been paid to this aspect of LFC probleiost recently Debbarma et

al. [114] carried out the sensitivity analysis for LFC usBig technique based fractional-order
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Table. 4.3: Sensitivity Analysis

Parameter % Optimal output feedback Performance
variation change controller gains . indéx
K11 K21 Ks1

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
Tse +25 0.1496 0.0130 0.0708 0.419149
Tsc —-25 0.1532 0.0131 0.0708 0.410883
TeH +25 0.1510 0.0126 0.0706 0.416183
TeH —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
T +25 0.1454 0.0126 0.0706 0.429905
Tr —25 0.1577 0.0135 0.0709 0.400242
TrRH +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
Tep +25 0.1521 0.0218 0.0694 0.406546
Tep —-25 0.1531 0.0224 0.0743 0.399133

PID controller. Sensitivity analysis is carried out to derstrate the robustness of the optimum
OFC gains (at nominal condition) for wide changes in systamameters and loading condition
from their nominal values. The system parameters and apgraiad condition are varied by
+25% from their nominal values, taking one at a time. Tablegiv/8s the optimum controller
gain settings for varied system parameters and operatad) dondition using optimal OFC.
Dynamic responses are presented in Figs.4.7 and 4.8 forateeiged conditions with their
correspondingl and further compared with the responses obtainedkviahnominal condition.

Critical examination of all the responses clearly reveladd tesponses are more and less same.
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Only two number of responses are shown in Figs.4.7 and 4.8stdyj the statement. Thus,
K obtained at nominal parameter and nominal loading conditieed 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 beearaldd for interconnected
power systems. The TAIPS simulated in this study is showngn49 which comprises reheat-
thermal, hydro and gas generating units in each control arba simulation parameters and
data are given in Table 4.4. The nominal load of the contrehas taken 1640 MW. The power

system has 25 state variables. State variakles;», Xo4 andxys are taken as output feedback
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Table. 4.4: Simulation parameters of TAIPS with MSPG

Parameters Value
Prtl = Prt2 2000 MW
Ri1=HR1 1640 MW

f 60 Hz
Hiy=Hy 5 MW-s/MVA
D, =D, 0.0137 pu MW/Hz
Kpg =Kpg 73.1707 Hz/pu MW
T12 0.0433

Tra=Tpg 12.1951 s

Tsa =Tse 0.08 s
Tr1=Ty2 0.3s

Tep1 = Tepz 0.2s

Bl :Bz 0.4303
aiz -1

KR]_ = KRZ 0.3
Tr1 = Tr 10s
Twi = Twe2 ls

Tra = Tre 5s

TrH1 =TRH2 28.75s

TeH1 = Teh2 0.2s
Xe1 = X&2 06s
Ye1 =Ya2 ls

Cq1 =Cg2 1

bgl =Cqy2 0.05s

Tr1 =Tr2 0.23s
Ter= Tere 0.01s

Ri=Ry 2.4 Hz/pu MW
ai1 = A12 0.579268
A21 = U2 0.274390
031 = A32 0.146342

states. The power system can be described in the state spacgiven by the equations (2.52)
and (2.38). The associated vectors and matrices are aw$ollo
state vectorx = Xy Xp....... Xo5| T
control vectory = [U Up Ug Ug Us Ug] " =[APe11 APr1 APegy APyp APy APeso] T
disturbance vectow = [wy Wo]T=[APp;1 APpy]T.
and the constant matricés B andC, the disturbance matrix and design matrice® andR are
given in Appendix A.1.

The regulation parameté is taken 4% for all and for the TAIPRRie1 = ARje12. The
optimum gains of FSFC and optimal OFC have been obtainedrnyimg the MATLAB codes
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generated on the basis of method described in the contdaiagn section 2.6. MATLAB con-
trol system toolbox [121] is used to simulate the power sysdad to obtain dynamic responses
of the system for 1% SLPs in the control area-1. The MATLAB @liamtions are run with the

optimum controller gains.

Control area-1
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Figure 4.9: TAIPS comprising reheat-thermal, hydro andggserating units in each control
area
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4.3.1 Simulation results and discussion

The optimum value of thK for the proposed OFC corresponding to nominal system pdesse
is obtained as:

0.4202 —-0.0936 03233 00808
—0.1634 —0.0039 —-0.0386 —0.0522
0.1622 —-0.0597 01340 00207

oy
I

0.0719 08219 -0.1455 03840
—0.0469 —0.6530 —-0.1181 —-0.4162

0.0473 03588 —-0.0074 02008
Dynamic responses of th_e system are obtained for 1% SLP icalhle_ol area-1 through com-
puter simulation. The frequency deviation and tie line podeviation responses are shown in
Fig. 4.10. It is observed that the OFC gives better dynansparse having relatively smaller
peak overshoot and lesser settling time with zero steadg steor as compared to the FSFC.
The dynamic response of the power system considering logiumreand high head hydro tur-
bines is as shown in Fig. 4.11. The results show that frequand tie line power deviations
are more and less same for low and high head hydro turbines.séttling time increases in

the case of medium head turbine. However OFC shows its ditigdor 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 at@tuconsidering GRC in power
system simulation model. GRC for Hydro unit: for raise 0.@4s and for lower 0.06 pu/s is
considered and GRC for reheat turbine thermal unit: 0.0QL3 is considered for study. The
power system is simulated with and without the above GRCtdiimithermal and hydro power
generating units in each area. The effect of GRC on the dynesponses is shown in the Fig.
4.12. The critical examination of dynamic responses reviat GRC results in increased peak
overshoot, however settling time remains same for thisqudatr power system model. The

proposed controller accommodates the effect of GRC and giyramic responses satisfying
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LFC problem requirements. It shows that optimal OFC desldgoe linearized models, may

perform well even if GRCs are considered.

4.3.3 Selection of governor speed regulation parametdgj

Fig. 4.13 shows the dynamic response to 1% SLP in the contealh withR varying from

2% to 6%. It is assumed th&; = R and for equal are® = R . It is observed that for
higher values oRi.e. 5% and 6%, the peak overshoot and settling time incse#sge further
increase the value &, the system gives larger peak overshoots and settles wiftrlaettling
time. The dynamic response for 3% to 4% valudraksults with smaller peak overshoot and
lesser settling time. For further lower valuesRthe system dynamic response becomes more
oscillatory. Findings reveal that there is no need of gomgtlie lower values and the higher
values ofR, since medium value dR with corresponding optimum controller gains can be
preferred to provide better dynamic response of LFC. Far plower systenR 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 posystem. In most of the studies,
1% SLP is taken for the study of LFC problem. In real situadiaine load disturbances also
vary. In this case, system dynamic responses are obtain¢deavide range of SLP varying
from 1% to 5% in control area 1. Dynamic responses for diffe8&LPs are shown in Fig. 4.14.
It is concluded that for SLP varying from 1% to 5%, the first lp@aershoot increases with
increase in the level of SLP and settling time remains apprately same with zero steady state
error. The proposed OFC acts fast to settle the deviatiotigifrequency and tie line power.
Therefore, the proposed controller satisfy the LFC probtequirement for wide variation of

load disturbance.

TH-1171_07616212
- 67



Chapter 4 LFC of power systems with multi-source power generation

0.005
~ 0
=
T
—-0.005 B
c  _ 3 =T TREN i
= 0.01 R=4%
e NP~ e R=5%
© -0.015 i e R= 4
S R=6%
a
- -0.02 b
[&]
)
L -0025 :
(o
()
L -0.03 q
-0.035 | | | | | | |
0 5 10 15 20 25 30 35 40
time, s
(a) Frequency deviation response of area-1
0.005
\I’i 0
cT' ------ R=2%
® -0.005 - = —R=3%|
E, — R=4%
= I S 1L, > 7/ S R S R=5%
-0.01 B
2 e R=6%
8
5 0.015 B
b
>
8 -0.02 B
S -o
>
g
II -0.025 B
-0.03 | | | | | | |
0 5 10 15 20 25 30 35 40
time, s
(b) Frequency deviation response of area-2
x10°
3
2r- 4

g
=
>
o
&
c
o -1
= Coo R=2%
S -2 - = =R=3%| -
o — R=4%
5 SBrl oA Y R=5% | |
2 o R=6%| |
)
a
o 5 i
£
= 4 i
Q
F L P |
-8 | | | | | | |
0 5 10 15 20 25 30 35 40

time, s

(c) Tie line power deviation response

Figure 4.13: Effect of th&® on dynamic responses

TH-1171_07616212
- 68



Chapter 4 LFC of power systems with multi-source power generation

0.02
—
N 0
I
=
;| 0.02 1% SLP 7
« WAL
O 004 2% SLP |
< L = = =3%SLP
< -0.06 fal4 v 4% SLP B
Re) —e— 5% SLP
T -0.08 - B
3
S 01 B
a ]
2 -0.12 {1 —
S
o -0.14 B
o
. -0.16 i
-0.18 | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50
time, s
(@) Frequency deviation response of area-1
0.02 : :
~N
L
I 0
<
D
-0.02 -
g 1% SLP
S 004 g XL e 2% SLP -
c - = =3%SLP
-8 =006 By I v 4% SLP —
_g —— 50 SLP
D - 4
3 0.08
3
c -0.1 -
()
>
o -0.12 -
(0]
i
-0.14 : 8
| | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50
time, s
(b) Frequency deviation response of area-2
0.01
=
; 0.005 -
s
> 0 3
&
= —0.005 1% SLP |
e Ak g e 2% SLP | |
k<! -0.01 = = =3% SLP
® —oowslh e 4% SLP | |
° —e—5% SLP
o -0.02 -
S
o -0.025 -
(4]
£ -003 -
(4]
i= -0.035 R
-0.04 | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50

time, s

(c) Tie line power deviation response

Figure 4.14: Frequency and tie line power deviation respefr SLPs in area-1, varying from
1% to 5%
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Figure 4.15: Effect of variation in steam turbine speed gowetime constaniisg) on dynamic
responses
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Figure 4.16: Effect of variation in steam turbine time cam${Tt) on dynamic responses

4.3.5 Sensitivity analysis

The system parameters and operating load condition aredvhyi+25% from their nominal
values, taking one at a time. Dynamic responses for vanaticeystem parameters and load
condition are shown in Figs.(4.15)-(4.22). An extensivalgsis is done to examine the effect
of variation in system parameters and load conditions. dtigations reveal that the dynamic
responses hardly change when system parameters and ngéoati condition are changed by
+25% from their nominal values with the optimum controlleirgaonce set. It is evident that
OFC accommodates for the wide range of variations in systanpeters and load condition
from their nominal values. The settling time and peak oveosbf the dynamic responses under

these varied conditions are more and less same with zemystéate error.
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Figure 4.17: Effect of variation in steam turbine reheagtitonstanilr) on dynamic responses

0.005 5 jominal value

25% of nominal value

25% of nominal value

-0.005

Nominal value
al value
% of nominal value

-0.01

% of nominal value

-0.015

Frequency deviation,area-1(Hz)
Frequency deviation,area-2(Hz)
Tie line power deviation (pu MW)

-0.02
-4
-0.025
-6
-0.03
-0.035
10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
time, s time, s time, s
(a) Frequency deviation response of area-1 (b) Frequency deviation response of area-2 (C) Tie line power deviation response

Figure 4.18: Effect of variation in hydro turbine speed gowe main servo time constaii)
on dynamic responses
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Figure 4.19: Effect of variation in hydro turbine speed gowe transient droop time
constant{ry) on dynamic responses
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Figure 4.21: Effect of variation in nominal starting timewséter in penstockT{y) on dynamic
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4.4 LFC of hydro power plants

To ensure the good performance of the proposed optimal OF&noactual power system,
hydro power plants operational in KHOZESTAN (a provinceonthwest of Iran) [1] are taken
as an additional case study in this section. Dez output pesvB20 MW whereas Karoon3
output power is 1000 MW operational and 2000 MW nominal. Toetml area is linked to
other control areas of an interconnected power system. dieat area includes Karoon3 and
Dez hydro power plants where variation of area load andawctem of other control areas are
considered as two disturbances in control area.

Most recently (2012), Alireza et al. [1] studied the LFC oistlbbperational plant using a
robust optimal MISO PID controller where the tuning of PIDntwller is stated as an opti-
mization problem in which a combination of quadratic indad anaximal complex/real ratio of
the closed loop poles is minimized subject to some congsraim characteristic matrix Eigen-
values.

For analysis, their system dynamics, system parameteesgaload disturbance conditions
and assumptions are considered here. For clarity and sakengbarison, nomenclature of
system parameters in this section are kept same as in [1]ckRlagram of a control area
including two hydro power plants [1] is referred for formtuhegy the state equations. The block
diagram of the interconnected power system is reprodudeiiteady reference and shown
in the Fig. 4.24. Refering equations (2.37) and (2.38), ia tlase study n=7, m=1 and p=3,
where the state vectoris= [Af ARje ARk ARp APyk APyp fACE]T and the output state vector
isy=[Af ARje [ACE]T.

The system parameters [1] taken to run the MATLAB Simulato@Tik = 0.32s, Tip =
0.24s, D = 0.0534puMW/Hz, Rp = Rk = 0.467Hz/puMW, 3 = 4.334puMW/Hz andTgk =
Tgp = 11s. System dynamic responses are obtained with optimal ORG dar two different
situations based on the two types of the present disturlandtke system. In the first situation,
the effects of load disturbances in the area itself are exativ;, is taken as shown in Fig.
4.24(a) andv, = 0, whereas in the second situation, the effects of distwdmdue to neighbor-

ing interconnected control areas are examined which dffiecarea under controly, is taken

TH-1171_07616212
- 73



Chapter 4 LFC of power systems with multi-source power generation

Droop

1

R

" L v / AP, 1 AP,
(1+sTy)

(1+sT;)

Governor Rate limiter Turbine

(a) Block diagram of a Genco

Genco 1, Karoon 3

AW/
> APy

> Droop

. ACE u - A
" + C
Controller > 1 >
A (M.s+D) l
. AL

> APip Power system

—»{ Droop :

Genco 2, Dez
APje

[s |
L=

Frequency bias constant

(b) Block diagram of a control area including two hydro powkmts

Figure 4.23: Model of hydro power plants operational in KHERTAN (Iran), [1]
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as shown in Fig.4.24(b) angh = 0. The load disturbance patterns taken in both the situation
are reproduced from [1].

Fig. 4.25 shows the dynamic responses obtained using ped@EC controller. As com-
pared, the trajectories of deviation in frequency and tie power are more and less same. Peak
overshoots in frequency deviations observed at each tistanhof load changes are improved
remarkably and reduction is becoming more than 80%. Theadwgment in settling time is
also observed.

Like MISO PID controller, the proposed controller also qardees the good performance,
such as frequency deviation elimination and disturbartemaation as well as robustness under
area load changes or frequency variation of interconneateals scenarios. As compared, the
peak overshoots in frequency deviation responses obtawtadoroposed controller are very
less resulting in remarkable improvement in the frequerssyadion response which is the most
important parameter. It is observed that frequency andngedower settles very fast with zero

steady state error. Therefore, the proposed OFC contsatesfies the LFC requirements.
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Figure 4.25: Dynamic responses of hydro power plants ojpp@tin KHOZESTAN (Iran)

-
[

Frequency Deviation(Hz)

Area control error (pu MW)

Area control error (pu MW)

Tie line power Deviation (pu MW)

Tie line power Deviation (pu MW)

o

N
T

~
T

1
N
T

Frequency Deviation(Hz)
S o
T

!
&

50

0 5 10 15 20 25 30 35 40 45
time, s
(a) Frequency deviation response for first situation
0
—-0.005
-0.01
-0.015
-0.02
-0.025 —
003 | I I i i | i i i
0 5 10 15 20 25 30 35 40 45 50
time, s
(b) Freguency deviation response for second situation
0.02—
0.01—
0
-0.01—
-0.02—
1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50
time, s
(c) Tie line Power deviation response for the first situation
0.2
0.15—
01 B
T \
0
1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50
time, s
(d) Tie line Power deviation response for the second situation
0.03
0.02—
0.01—
0
-0.01—
-0.02|—
-0.03 | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50
time, s
(e) Area control error for the first situation
0.04
0.02
0
-0.02
~0.04 | I I i i | i i i
0 5 10 15 20 25 30 35 40 45 50
time, s

(f) Area control error for the second situation

TH-1171 0

fnannan
O01lUZ1Z

76



Chapter 4 LFC of power systems with multi-source power generation

4.5 Summary

The performance of the proposed controller is demonsti@igbe multi-source power systems
and its dynamic responses are compared with FSFC. The OIS better dynamic response
having relatively smaller peak overshoot and lesser sgttime with zero steady state error as
compared to that of FSFC. The effect of GRC on dynamic respisrdiscussed. The critical ex-
amination of dynamic responses reveals that GRC resultemeased peak overshoot, however
settling time remains same for this particular power systemdel. Investigations reveal that it
is better to prefer the medium value Rii.e. 4% with corresponding optimum controller gains
to provide better dynamic response of LFC for the proposstesy. The dynamic responses are
obtained for 1% to 5% SLPs. It is observed that for SLP varfiam 1% to 5%, the first peak
overshoot increases with increase in the level of SLP arttingetime remains approximately
same with zero steady state error. The sensitivity anatgsisals that the optimum values of
controller gains obtained for nominal system parametedsi@ad condition are quite insensi-
tive to wide parameter variatioh25%. Hence for all practical purposes, the controller igequi
robust. The LFC of hydro power plants operational in Iranddae been studied. The proposed
controller performs well on this system and improves thgdency deviation responses remark-
ably. Like MISO PID controller, the proposed controlleratgiarantees the good performance,
such as frequency deviation elimination and disturbartemaation as well as robustness under
area load changes or frequency variation of interconnearteas scenarios. The simulation re-
sults show that proposed control strategy is very effective guarantees good performance. In
fact, this method provides a control system that satisfeeboidd frequency control requirements

with a credible dynamic response.
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CHAPTERDS

LFC OF POWER SYSTEMS CONSIDERING

AC-DC TIE LINES AND TCPS

5.1 Introduction

Electric power systems are interconnected to make theragsteore reliable and robust. In a
multi-area system, power generations and loads are catedinvith each other through the tie
lines among the control areas [2, 10]. An electrical powstey consists of many generating
units and many loads while its total load demand varies nantisly throughout the day. LFC is
one of the important control problems in the interconneptaaler system design and operation,
and is becoming more significant now due to the increasirg slzanging structure, emerging
multi-energy sources and new uncertainties, challengestammental constraints, and com-
plexity of power systems [3, 6]. Literature survey showd thastly AC tie lines are used for
the interconnection of MAIPSs and lesser attention is gteef\C-DC parallel tie lines [2, 32].
HVDC transmission system is finding more space in the trassion system due to its various
techno-economical advantages. One of the major applitcabHVDC transmission is operat-
ing a DC link in parallel with an AC link interconnecting twoietrol areas to get an improved
system dynamic performance with greater stability marginder small perturbations in the
system [102, 103,127, 128]. Some research work is reporidd-€ of interconnected power
systems connected via HVDC link in parallel with AC link [£7]. The idea of LFC of an in-
terconnected power system with a DC tie line in parallel vaithAC tie line [77,102,127,128]
is extended for the study of LFC of the TAIPS with MSPG as showiigs. 5.1 and 5.2.
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The Flexible AC Transmission Systems (FACTS) devices g®wore flexibility in power
system operation and control. Thyristor controlled phduwies (TCPS) is an effective FACTS
device for the tie line power flow control of an interconnecp®wer system. The TCPS device
is modeled and used in series with tie lines to improve thedyo performance of LFC of the
interconnected power systems [106, 108].

Literature survey shows that most of the researchers a@ppltimal control theory on
thermal-thermal power systems with AC tie lines only [8,49,81, 114, 124]. Optimal con-
trollers have been used in LFC as secondary controllerghiene is hardly any literature that
compares performances of optimal controllers for the paystem with and without DC tie
lines [4]. Some researchers have studied the LFC of thetineaial or hydro-thermal power
systems considering TCPS but there is hardly any reseandhthat applies optimal OFC strat-
egy for the LFC of the interconnected power systems with M8&&idering 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 interconnectegpsystem considering AC-DC
parallel tie line and TCPS. An attempt is made to improve §rmadical response of the LFC
problem from a practical point of view by considering the Osttategy using AC-DC parallel
tie lines and TCPS. An extensive analysis is done to studif@performance of the OFC for
the interconnected power system models in new power systemoament considering AC-DC
parallel tie lines and TCPS. In the section 5.2, a TAIPS modeiprising hydro, thermal with
reheat-turbine and gas units in each control area with ACpB@llel tie line as shown in Fig.
5.2 is presented. HVDC linkis connected in parallel withekesting AC link for stabilizing the
frequency oscillations of AC system. Further in the secdh2, a TAIPS model comprising
hydro, thermal with reheat-turbine and gas units in eaclirobarea as shown in Fig. 5.7 is
presented. TCPS is connected in series with the AC tie linestimbilizing the control area
frequency and tie line power deviations [93, 106]. The posyetem simulation is done using
MATLAB simulink and control problem is solved using MATLABrpgramming. The effect of

the load disturbance by varying the SLP over a wide range ft#%mo 4% is examined.
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AC Tie line DC Link
Control area-1
Thermal, Hydro and
Gas
Converter Converter

(Area-1) (Area-2)

=

Control area-2
Thermal, Hydro and
Gas

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 ig.F5.1. The TAIPS with
MSPG considering parallel AC-DC tie lines as shown in Fi@. i5.proposed for LFC study in
this section. As shown in Fig. 5.2, each control area corapnigheat-thermal, hydro and gas
generating units and the two equal areas are interconnbgt&€-DC tie lines. The simula-
tion of this interconnected power system in a new power sysrvironment is based on the
concepts of considering variety of generators with thefregponding generation contribution
factors in each control area [6,89, 117] and parallel AC-i2Qimes [77,102]. The DC link is
assumed bidirectional as most of the converters used for EI¥i2 intrinsically able to operate
with power conversion in either direction. The system patamvalues are given in Table 5.1.
It is assumed theR,; = R.. For the TAIPSARje 1 = ARje 12. The nominal loading of each con-
trol area is taken 1640 MW with the power generation schadudnd generation contribution
factors as given in Table 5.2.

The state space form is obtained for the proposed powensystalel. The power system
has 27 state variables. Incremental DC power flow is constas an additional state variable
in the LFC strategy. State variables X12, Xog andx,7 are taken as output feedback states. The
state equations can be organized in the state-space formsaslged 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-BC parallel tie lines
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Table. 5.1: Simulation Parameters of TAIPS with MSPG cossidy parallel AC-DC tie lines

Parameters Value
Prtl = Prt2 2000 MW
Fi1=R1 1640 MW
f 60 Hz
Hi=H> 5 MW-s/MVA
D, =D, 0.0137 pu MW/Hz
Kpa = Kpo 73.1707 Hz/pu MW
Tio 0.0433
Tra=Tpg 12.1951 s
Tsa =Tse 0.08 s
Tr1=Tt2 0.3s
Tep1 = Tepz 0.2s
Bl :Bz 0.4303
aiz -1
KR]_ = KRZ 0.3
Tr1 = Tr 10s
Twi = Twe2 ls
Tra = Tre 5s
TrRH1 =TRH2 28.75s
TeH1 = TeH2 0.2s
Xe1 = Xa2 0.6s
Ye1 =Ya2 ls
Cq1 =Cg2 1
bgl =Cy1 0.05s
T|:1 = T|:2 0.23s
Ter= Tere 0.01s
Ri=Ry 2.4 Hz/pu MW
ai1 = A12 0.579268
A21 = U2 0.274390
031 = A32 0.146342
DC link parameters
Kpc1=Kpe2 1
Toc1=Tbc2 0.2s

state vectorx = [Xq Xp.......xo7] "
control vectoru = [U]_ U2 U3 Ug Us U6]T :[APCJ_]_ AP AP31 AP0 AP Apcgz]T

disturbance vectow = [wy Wo]T=[APp;1 APpy]T.
and the constant matricds B andC, the disturbance matrix and design matrice® andR are

given in Appendix A.2.
The optimum gains of optimal OFC are obtained by running t#d MAB codes generated

on the basis of method described in section 2.6. The compgutarlations are carried out

TH-1171_07616212
- 82



Chapter 5

LFC of power systems considering AC-DC tie lines and TCPS

with the optimum controller gain settings. MATLAB controlsgem toolbox [121] is used to

simulate the power system and to obtain dynamic responsie afystem for 1% SLP in the

control area-1.

5.2.1 Simulation results and discussion

The optimum values of th€ for the OFC by minimizing the cost function for the power syst

with AC tie line corresponding to nominal system parameiers

N

0.4202  —0.0936
—0.1634 —-0.0039

0.1622 —0.0597
0.0719 08219

—0.0469 —0.6530

0.0473 03588

03233 00808
—0.0386 —0.0522
01340 00207
—0.1455 03840
—0.1181 -0.4162

—0.0074 02008

and for the power system with AC-DC parallel tie line is

A

—0.1887 05428

—0.0644 01023
—0.1082 02338
0.4622 —0.0495
—0.2360 01406

0.2028 —0.0828

05702 02080

00895 00568
02685 00629
02321 03059

—0.0580 -0.3128

00784 01894

Dynamic responses of the system are obtained for 1% SLP iocaihieol area-1. The fre-

guency deviation responses of control area-1 and conteal2rare shown in Figs. 5.3 and 5.4,

respectively. The tie line power deviation response is showFig. 5.5. It is observed that

the OFC considering parallel AC-DC tie lines in power systanes better dynamic responses

having relatively smaller peak overshoot and lesser sgttime with zero steady state error as

compared to the power system with AC tie lines only. The qtetite comparison is made in

Table 5.3 where percentage reduction in the peak OSfofAf, andAR;e 1 is 60.49, 90 and

44.92, respectively with DC link. Also, system dynamic @sges are obtained for the wide

range of SLP varying from 1% to 4% in either control area. Ikemtfrequency deviation and

tie line power responses for different SLPs are shown in Bi§. It is apparent that for SLP

varying from 1% to 4%, the first peak overshoot increases imithease in the level of SLP

and settling time remains approximately same with zeradstetate error. Thus, the proposed
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Figure 5.3: Frequency deviation response of control aned@HLAC tie line and AC-DC parallel

tie line

controller satisfy the LFC problem requirement for wideigaon of load disturbance.

Table. 5.2: Power Generation Scheduling to match the ndriuad 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 0.2043P
Table. 5.3: Dynamic response comparison
Peak OS oA f;(Hz) Peak OS oAAf;(Hz) Peak OS oAR;e 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 bethveesystem voltages. The tie

line power flow can be regulated by controlling the phaseea(@lto damp out the control area

frequency deviations and improve power system stability 198, 109]. The schematic of the

TAIPS considering a TCPS in series with the tie line is shawhig. 5.8.
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In a conventional interconnected power system, the incnémhée line power flonARe 12

from control area-1 to control area-2 can be expressed as [2]

ARie 12(S) = 272-12 (AF1(s) —AR(s)) (5.1)

When a TCPS is connected in series with the tie line as showigin5.8, the current flowing

from control area 1 to control area 2 can be expressed [109] as

 Ma1| £(8a1 + @) — Va2| £8a2
12= .
1Xtie,12

(5.2)

Now, the tie line power becomes
Rie12— |Qtie12 = [[Va| £ — (8a1 + 9)]i12 (5.3)

Using equations (5.2) and (5.3) and separating the realraaginary partsl?’tie’lz becomes

otz — 222l i — 51 0) (5.4)
Xt|e712

Perturbingdat, 8s» and¢ from their nominal values?

0, 8% and¢®, respectively,

~ Vai | |V .
ARje12 = | ;tl_‘ |1§2| cog 0% — 8%+ @°) Sin(Aday — Adsp + A@) (5.5)
ie,

Since(Ady1 — Ads2 +A@) is very small, therefore
SiN(Ada1 — Aba2 +AP) ~ (Adar — Ada2 +AQ)

~ Va1l |V
Bz = 2 cog6% — 8+ ) (86 — Do+ 89) 56)
ie,

Let T1» be the synchronizing coefficient with TCPS:

= |Va|[Vaol

Tio= "o cog 6% — 6% + ¢°) (5.7)
Xiie,12

ARje 12 can be given as

ARie 12 = T12(A8x1 — Adap) + T12080 (5.8)
where,
NSy = 271 [§ Afydt andAdsy = 277 [ Afpdt

Taking the Laplace transform of equation (5.8)

2 7T-|:1 2

ARje 12(S) = [AF1(S) — AF2(S)] + T128¢(s) (5.9)
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As given in equation (5.9) tie line power flow can be contrdlgy controlling the phase shifter
angleA@. The phase shifter anglisp can be given [107,108] as

Ko

Ap(s) = (11sTe)

AError(s) (5.10)

where, Ky andTg 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 controlfeggaency deviation or area
control error to control the TCPS phase shifter angle. Ifittguency deviation of control area-
1 is sensed as error signal, it can be used as the control sigtiee TCPS unit to control the

TCPS phase shifter angle which results in controlling taditie power flow [107,108]. Thus,

Ko
and
DRe2(5) = 2 AR (S) ~ AF(9)] + Trar S OR1(9) 512)

The total incremental tie line power flow between controbateand other control aredSl?tieJ(s)

may be given as:

ARie 1(S) = ARiie 12(9) (5.13)

5.3.2 Simulation of the power system model considering TCPS

The TAIPS model with MSPG considering TCPS is shown in Fig, Where each control area
comprises reheat-thermal, hydro and gas generating urdtthe two equal areas are intercon-
nected. The simulation of this interconnected power systenmew power system environment
is based on the concepts of considering variety of generatih their corresponding gener-
ation contribution factors in each control area [6, 89, 147l TCPS [108, 109]. The system
parameter values are given in Tabel 5.4 . It is assumedRhat R. The nominal loading

of each control area is taken 1640 MW with the power genaraaheduling and generation

contribution factors as given in Table 5.5.
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Table. 5.4: Simulation Parameters of TAIPS model with MSBGstdering TCPS

Parameters Value
Prtl = Prt2 2000 MW
Fi1=R1 1640 MW
f 60 Hz
Hi=H> 5 MW-s/MVA
D, =Dy 0.0137 pu MW/Hz
Kpa = Kpo 73.1707 Hz/pu MW
Tio 0.0433
Tpa=Tpo 12.1951 s
Tsa =Tse 0.08 s
Tr1=Tt>2 0.3s
Tep1 = Tepz 0.2s
Bl :Bz 0.4303
a2 -1
KR]_ = KRZ 0.3
Tr1 =Tro 10s
Twi = Twe2 1ls
Tra = Tre 5s
TrH1 =TrH2 28.75s
TeH1 = TeH2 0.2s
Xe1 = Xe2 0.6s
Ye1 =Yz o=
Cq1 =Cg2 1
bgl =Cy1 0.05s
T|:1 = T|:2 0.23s
Ter= Tere 0.01s
Ri=Ry 2.4 Hz/pu MW
a1 = a2 0.579268
a21 = Q72 0.274390
31 = A3z 0.146342
TCPS parameters
Ko = 1.5 rad/Hz Tp=0.1s
Prax = 10° Ppin = ~10°
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The state space form is obtained for the proposed powensystedel. The power system
has 26 state variables. State variabdgsxio, Xo5 andxog are taken as output feedback states.
The state equations can be organized in the state-spacasatescribed by the equations (2.52)
and 2.38.
where, the associated vectors and matrices are as follows:
state vectorx = [X1 Xa....... X26
control vectory = [Uy Up Us Ug Us Ug] T =[APs11 AP-p1 APe31 APs12 APo AP3o]T
disturbance vectow = [w; Wy]T=[APp;1 APpy)T.
and the constant matricés B andC, the disturbance matri% and design matrice® andR are
given in Appendix A.3.

The optimum gains of optimal OFC are obtained by running t#d MAB codes generated
on the basis of method described in section 2.6. The compgutarlations are carried out
with the optimum controller gain settings. MATLAB controfsgsem toolbox [121] is used to
simulate the power system and to obtain dynamic responsi® &ystem for 1% SLP in the

control area-1.

5.3.3 Simulation results and discussion

The optimum value of th& for the OFC by minimizing the cost function for the power syst

corresponding to nominal system parameters is

0.4202 —-0.0936 03233 00808
—0.1634 —-0.0039 -0.0386 —0.0522
0.1622 —0.0597 01340 00207

A
Il

0.0719 08219 —0.1455 03840
—0.0469 —-0.6530 -0.1181 -0.4162

0.0473 03588 —0.0074 02008

and for the power system with TCPS is

14167 —-0.3404 58889 —0.5138
—0.3702 00300 —-1.1732 01551
0.4758 —-0.2213 21480 —0.2559

A
I

0.0619 04614 05985 05440
—0.3225 -0.5033 -15146 -0.2861

—0.0260 00202 01433 00902
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Dynamic responses of the system are obtained for 1% SLP iocathieol area-1. The fre-
guency deviation responses of control area-1 and conealarare shown in Figs.5.9 and 5.10,
respectively. The tie line power deviation response is shimwFig. 5.11. It is observed that
the OFC considering TCPS in power system gives better dymegsponses having relatively
smaller peak overshoot and lesser settling time with zeyadst state error as compared to the
power system without TCPS. The quantitative comparisoraderin Tables 5.6 and 5.7 where
percentage reduction in the peak OSAdf, Af; andAFN’tie,l becoming 34.56, 50 and 39.13,
respectively and the settling time aff;, Af, and Aﬁieﬂ_ becoming 41.61, 54.89 and 53.10,
respectively. The phase angle deviation of TCPS in resptm4&o SLP in control area-1 is
shown in Fig. 5.12, where maximum phase angle deviation itipe side is 132° and on
negative side is 8. Further, system dynamic responses are obtained for the raige of
SLP varying from 1% to 4% in either control area and shown m F5.13. It is evident that
for SLP varying from 1% to 4%, the first peak overshoot incesasith increase in the level of
SLP and settling time remains approximately same with zevady state error. The dynamic

responses are improved with TCPS and satisfy the LFC regeinés.

Table. 5.5: Power Generation Scheduling to match the ndrdad of the individual control
area

Total control area Thermal Gas Hydro
load contribution  contribution contributio
(MW) (MW) (MW) (MW)
1640 950 240 450
Generation contribution factor  0.579268 0.146342 0.2043

Table. 5.6: Dynamic response comparison in terms of peak OS

Peak OS oA f;(Hz) Peak OS oAf;(Hz) Peak OS ofARie1(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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Table. 5.7: Dynamic response comparison in terms of ST

ST of Afy(s) ST ofAfi(s) ST ofARie1(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 dynamifopeance of LFC of the power
systems considering AC-DC tie lines and TCPS. A simple battzal controller is used to im-
prove the dynamic response of LFC system in the the new powers environment. The OFC
performs well for the power system with DC link giving betthmamic response having rela-
tively smaller peak overshoot and lesser settling time &gio steady state error as compared
to the power system considering AC tie lines only. The dymamesponse of the system with
DC link is improved significantly with the percentage redoictn the peak OS oAf, Af, and
ARie 1 becoming 60.49, 90 and 44.92, respectively. Dynamic resgmare obtained for wide
range of variation in SLP from 1% to 4% which satisfy the LFQuigements. The simulation
results show that proposed control strategy considerirglphAC-DC tie line is very effective
and guarantees good performance. Further, the OFC is mrdgoscontrol the TCPS phase
angle which in turn controls the tie line power flow. The pre@o controller for the power
system with TCPS gives better dynamic responses havintivediasmaller peak overshoot and
lesser settling time with zero steady state error as cordgarthe power system without TCPS.
The dynamic responses of the system with TCPS are improgadisantly with the percentage
reduction in the peak OS dff,, Af, andAF}ievl becoming 34.56, 50 and 39.13, respectively
and the settling time oA f;, Af, and Aﬁie’l becoming 41.61, 54.89 and 53.10, respectively.
Dynamic responses are obtained for wide range of variahdoad disturbance from 1% to
4% which satisfy the LFC requirements. Simulation resuimsthat the due to the presence
of TCPS, the dynamic performance in terms of settling time p&ak overshoot is greatly im-
proved. The system with TCPS is capable of suppressing titeat@rea frequency and tie line
power deviations more effectively under the occurrencenotrol area load perturbations. The

simulation results show that proposed control strategwic@ning TCPS is very effective and

TH-1171_07616212
- 96



Chapter 5 LFC of power systems considering AC-DC tie lines and TCPS

guarantees good performance. Hence for all practical pegdhe controller is quite robust.
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CHAPTER G

LFC IN RESTRUCTURED POWER SYSTEM

ENVIRONMENT

6.1 Introduction

LFC is one of the important control problems in electric powgstem design and operation.
Any deviations in frequency can directly impact on powertegs operation and system re-
liability. A large frequency deviation can cause an uns&atndition for the power system.
Maintaining frequency and tie line power interchanges wigighboring control areas at the
scheduled values are the two main primary objectives of eepsystem LFC [2—4, 90]. Many
researchers presented the LFC scheme of conventional mystm using different control
strategies [1,9,13,90-94,108, 124].

In the restructured power system environment, verticallggrated system of conventional
power system do not exist [20]. In a competitive electricitarket, generating companies
(GENCOs), distribution companies (DISCOs), transmissmmpanies (TRANSCOs), and power
system operator (PSO) [5, 6,11, 18,19, 84] are all marketepta As there are so many GEN-
COs and DISCOs in the restructured power system, a DISCOhkdseiedom to have a contract
with any GENCOs for the transaction of power. A DISCO of onatoal area can make con-
tract with a GENCO in another control area [19, 20]. For starid secure operation of a power
system, the PSO has to provide a number of ancillary servioe of the ancillary services
is the frequency regulation based on the concept of the LF@.cFucial role of LFC system
will continue in restructured power system environmenthvabme modifications accounting
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bilateral transactions and deregulation policy [5].

An LFC system required for Poolco-based transactions destin [20, 112] utilizes an
integral controller. A method to find optimal controller gaiof this type of controller for a two-
area system s proposed in [20]. In [115], B. Tyagi et. al psmgn a general model for multi-area
LFC suitable for a competitive electricity environment.@work in restructured power system
is reported in [5,11,18-20, 84, 100] where they have consteither thermal or hydro system
in a control area. In new power system environment, a coated may have variety of sources
like hydro, thermal, gas, renewable etc., therefore remtasg a control area by thermal or
hydro system dynamics only may not result in a good desigri-€f system [5,89,90]. Recently
some researchers studied the LFC of conventional powesrsysinsidering hydro, thermal and
gas generating units in each control area [89, 90, 116, Iibijever they did not consider the
LFC scheme in restructured power system environment.

Having studied the LFC scheme in conventional power systethoptimal OFC in the pre-
vious chapters, LFC scheme is presented in restructuredmeystem environment. A TAIPS
with MSPG is proposed for LFC in restructured power systemrenment. Each control area
includes the more feasible multi-source combination ofrbyceheat thermal and gas generat-
ing units. An extensive analysis is done for LFC scheme clemgig Poolco-based transactions,
bilateral transactions, and a combination of these twcstretions. The MATLAB simulation
results are authenticated by comparing with calculatesil(ei@) values. A state space model of
the proposed power system in restructured power systermoamvent is utilized for controller
design considering all the interface variables like cdrarea frequencies, tie line power and all
other possible contracts between GENCOs and DISCOs. Irchiaigter, it is established that

the optimal OFC performs well in restructured power systamrenment also.

6.2 LFC in restructured power system environment

The LFC in a restructured power market should be designeccmnamodate all possible trans-

actions [20, 112], such as Poolco-based transactionsetaldaransactions, and a combination
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of these two transactions. In bilateral transactions, ald®s have the freedom to have a
contract with any GENCOs in its own and other control ared®neas in Poolco-based transac-
tions, GENCOs participate in LFC of their own control areaky¢19,20,100]. In a competitive
electricity market, Poolco and bilateral transactions itag place simultaneously. A DISCO
in any of the control areas and GENCOs in the same or in a differontrol area may also
negotiate bilateral contracts. The power market playersesponsible for having a communi-
cation path to exchange contract data as well as measurenoeperform the load following
function [20,84]. In such contracts, a GENCO changes itsgpautput to supply the contracted
load as long as it does not exceed the contracted value. TBEDIs responsible to maintain
the load demand discipline as per contractual agreement.

In order to meet the Poolco-based and bilateral transa;teo®ISCO participation matrix
(DPM) is used [20] for better visualization. In a DPM, numbérows and columns are equal
to the number of GENCOs and DISCOs, respectively. Each entey DPM is defined as
contract participation factor. Thepf, is contract participation factor betweé! GENCO
and|'"DISCQ Thecpfy corresponds to the fraction of the total load power congdtty a
DISCOA from a GENCOK [20]. It is noted thaty cpfiy = 1. DPM shows the participation of
a DISCO in contract with a GENCO. k

Each control area in this study is having three GENCOs andXi#&Os as shown in Fig.
6.1. Let GENCO-1, GENCO-2, GENCO-3, DISCO-1 and DISCO-2rbeantrol area-1 and
GENCO-4, GENCO-5, GENCO-6, DISCO-3 and DISCO-4 be in cdrtrea-2. As a particular
set of GENCOs is supposed to follow the total load demandeddsCO, information signals
must flow from the DISCO to the particular GENCO(S) specidycorresponding demands.

There may be uncontracted loads also in the control areds [84
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The corresponding DPM will become

cpfii cpfiz cphs cpfis
cpfar cphz cphs cpfy
cpfz1 cpf, cphs cpf
DPM — Piz1 CPizz2 CPpizz CPizs 6.1)
cpfsr cpfsz cpfaz cpfy

cpfsi cpfsy cpfss cphss

cpfer cpfsx cpfes Cpf64_

The scheduled steady state power flow on the tie line [5] isrgas
ARielZsch: (Pexpl) - (lepl) (6-2)

where;

Total power exported from control area-{y) is the demand of DISCOs in control area-2
from GENCOs in control area-1

and total power imported to control areaf{y) is the demand of DISCOs in control area-1
from GENCOs in control area-2.

The error in tie line powerARie 12 error) May be defined as
AI:}[ielzerror = AI:’[ie,lz - AI:{ie712,sch (6-3)

ARie 12error Vanishes in the steady state as the actual tie line power i (») reaches the
scheduled tie line power flow.

In the restructured power system, the area control erroysbealefined as:

AC B =BA fl -+ AI:}ie,lZ,error (6-4)

ACE = BoAfo +a12ARie 12 error (6.5)

where,ACE; andACE, are the area control errors of control area-1 and 2 resdgt® and
B, are frequency bias parameters of control area-1 and 2 tagggcanda;, is control area

capacity ratio.
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6.3 Simulation and results

A TAIPS with MSPG is simulated in restructured power systewirenment as shown in Fig.
6.1. GENCO-1 and GENCO-4 are thermal, GENCO-2 and GENC@ hylro, and GENCO-
3 and GENCO-6 are gas generating units. The system paranagtegiven in Table 6.1. The
nominal load of each control area is taken 1640 MW for all tbetacts. It is assumed that
R« = R.. Theepf is the economic participation factor &" GENCO. The economic partic-
ipation factor of a GENCO depends on its profile, participatibid price and capacity in the
frequency regulation market [84]. The control signa) (s the input to economic participation
factor block ofk'" GENCO.
The state space form is obtained for the proposed powemsysigdel. State variableg,

X12, X24 andXxys are taken as output feedback states. The state equatiobs caganized in the

state-space form as described by the equation (6.6) givewlaad equation (2.38).
X = Ax+ Bu+ Fw—+Fw (6.6)

where, the associated vectors and matrices are as follows:

state vectorx = [Xq Xa.......Xog] "

control vectory = [ug Up Uz Ug Us U6]T

disturbance vectow = [wy Wo]T=[APp; APpy]T.

and the disturbance vectar), due to contracts between GENCOs and DISCOs, is defined as:

W= [AR1 AR 2 AR 3 APL)T

The constant matrices, B andC, the disturbance matricésandF, and design matrice®
andR are given in Appendix A.4.

Itis assumed that all the GENCOs patrticipate in the LFC wWigirtcorresponding economic
participation factor valuesp f=0.6,ep£=0.3,eps=1— (epf+eph), ep%=0.6,ep%£=0.3
andepf = 1— (epf+epk). The total local load oft" control arealPy;) is the sum of
contracted and uncontracted load demands of the DISC®8 edntrol area only. The opti-
mum values of controller gains are obtained by running thelM®B codes based on method

described in the section 2.6. The computer simulationsamed out with the optimum con-
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troller gains. MATLAB control system toolbox [121] is used $imulate the power system

model and to obtain dynamic responses of the system foreifteontract scenarios (case-1, 2

and 3).
Table. 6.1: Simulation parameters of TAIPS with MSPG inmegtured power environment
Parameters Value
Prtl = Prt2 2000 MW
Ri=Ph 1640 MW
f 60 Hz
Hy =H, 5 MW-s/MVA
D1 =D, 0.0137 pu MW/Hz
Kpa = Kpgp  73.1707 Hz/pu MW
Tio 0.0433
Tra=Tpg 12.1951 s
Tsa =Tse 0.08 s
Tr1=Ty2 0.3s
Tep1 = Tepz 0.2s
Bl :Bz 0.4303
a2 -1
KR]_ = KRZ 0.3
Tr1 =Tro 10s
Twi = Tw2 ls
Tra = Tre S5s
TrH1 =TRH2 28.75s
TeH1 = TeH2 0.2s
X1 = Xe2 0.6s
YGl :YGZ 1s
Cg1 =Cg2 1
bg]_ = ng 0.05s
Te1=Tr2 0.23s
Ter= Tere 0.01s
Ri=Ry 2.4 Hz/pu MW

Case-1: Poolco based transactions

In this kind of transactions, GENCOs participate in LFC @itlown control areas only [19,20].
It is assumed that the load change occurs only in controtreehus, the load is demanded
only by DISCO-1 and DISCO-2. Let the value of this load dembed.05 pu MW for each of
them. DISCO-1 and DISCO-2 demand equally from GENCO-1, GENCand GENCO-3. A

case of Poolco based contracts between DISCOs and avad&NE€Os is simulated based on
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the following DPM-

0.3333 03333
0.3333 03333

DPM =

00

00
0.3333 03333 0 O
0 0 00
00

0 0
0 0 00

DISCO-3 and DISCO-4 do not dem:;tnd power from any GEI_\ICOs, andéthe corresponding
contract participation factors are zero. Fig. 6.2 showdrobarea frequency deviations and
actual tie line power deviation, following a step changehia lbad demands of DISCO-1 and
DISCO-2. The scheduled steady state tie line power flow is.Z€he actual power on the tie
line settles to zero. The frequency and tie line power dmnah each control area settles to
zero in the steady state. In the steady state, generatiofS&NCO must match the demand
of DISCOs in contract with it. The desired generation of KfeGENCO in pu MW can be

expressed [20] in terms of contract participation factord the total contracted demand of

DISCOs as-
APk = cpfalP 1+ cpleAP 2+ cpfiAP s+ cpfulPL4 (6.7)

WhereAR 1, AR », AB 3 andAR 4 are the total contracted demands of DISCO-1, 2, 3 and 4
respectively.

In this caseAR 1=0.05 pu MW,AP_»=0.05 pu MW,AP 3=0 andAR 4=0 and contract par-
ticipation factors are as given in DPM. From the equatioif)(@he calculated values (desired
values) of generations of GENCOs ak€,,;=0.0333 pu MW,AR»=0.0333 pu MW,AR 3=
0.0333 pu MW,ARP4=0, AR,5=0 andAP,s=0 at steady state. The generated powers (actual
powers) of various GENCOs in response to contract with DIS@@ given in Fig. 6.3. The
actual generated powers of the GENCOs reach the desireglsvialthe steady state. GENCOs
of control area-2 do not transact the power; hence, theimgdan generated power is zero at

steady state.
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case-1
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Figure 6.2: Frequency and tie line power deviation respefaecase-1
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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 has@ndract with any GENCOs in
its own and other control areas [20] [19]. A case of comboratiof Poolco and bilateral based

contracts between DISCOs and available GENCOs is simubstseld on the following DPM-

02 01 03 0

0.2 02 01 0.1666
0.1 03 01 0.1666
DPM =
02 01 01 03336

0.2 02 02 0.1666

01 01 02 01666

It is assumed that each DISCO demands 0.05 pu MW power from@&ENas defined
by contract participation factors in DPM matrix. The powgstem in Fig. 6.1 is simulated
using this data and the results are shown in Figs.6.4 andi6fis caseAR 1=0.05 pu MW,
AR »,=0.05 pu MWAR 3=0.05 pu MW and\R, 4=0.05 pu MW and contract participation factors
are as given in DPM. The calculated values(desired valueggwerations of GENCOs are
APy= 0.0300 pu MW,AP2=0.0333 pu MW,AP,3=0.0333 pu MW,AP,»=0.0367 pu MW,
APy5=0.0383 pu MW and\P,s= 0.0283 pu MW at steady state. The generated powers (actual
powers) of various GENCOs in response to contract with DIS@@ shown in Fig. 6.5. As
shown in Fig. 6.4(a-b), the control area frequency devigtisettle to zero value. The tie line
power deviation settles to scheduled value -0.0033 pu MWeatdy state as shown in Fig.

6.4(c) which matches with the calculated (desired) valu@083 pu MW.

Case-3: contract violation

In some situations, DISCOs may violate a contract by denmgneikcess power. This excess
power (uncontracted power) must be supplied by the GENC@siisame control area as the
DISCO [19, 20]. This kind of demand is reflected as a local lokthhe control area. Consider

case-1 again with a modification that DISCO-1 demands 0.0Myuof excess power. The
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Figure 6.4: Frequency and tie line power deviation respefaecase-2
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Figure 6.5: Generator power output response for case-2
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total local load in control area-1 becomes

APpi=(Load of DISCO-1)+(Load of DISCO-2) =(0.05+0.01)+(0.66)11 pu MW

Similarly, the total local load in control area-2 becomes

APho=(Load of DISCO-3)+(Load of DISCO-4) =(0)+(0)=0 pu MW

The frequency and tie line power deviations vanish in thadstestate, shown in Fig. 6.6.
As DPM is the same as in case-1 and the excess load is taken GER{ZOs in the same
control area, the tie line power is the same as in case-1 augtstate. As shown in Fig.6.7,
the generation of GENCOs-4, 5 and 6 is not affected by thessxmad of DISCO-1. The
uncontracted load of DISCO-1 is reflected in the generatedrGENCO-1, 2 and 3. Sum of

power generations of GENCOs in control area-1 as shown irFignatches with calculated

(desired) value, 0.11 pu MW.
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Figure 6.6: Frequency and tie line power deviation respefecase-3
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6.4 Summary

A new model of TAIPS with MSPG in restructured power systemiremment is proposed.
Modified LFC scheme is presented in restructured power systavironment. A state space
model of the proposed power system in restructured poweersysnvironment is utilized for
controller design considering all the interface variabiks control area frequencies, tie line
power and all other possible contracts between GENCOs aBE€0$. An extensive analysis
is done for LFC scheme considering Poolco-based transacthmlateral transactions, and a
combination of these two transactions. It is found that intla¢ cases, the area frequency
error becomes zero in the steady state which satisfy the ldgGirements. It is found that
actual values of generations and tie-line power exchanfy€&blCOs obtained by MATLAB
Simulink model of the power system are matching with theesponding calculated (desired)

values.
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CHAPTER 7/

CONCLUSIONS ANDFUTURE WORK

7.1 Concluding remarks

Many research work on LFC have been reported in recent y&itsthere is much room for
further improvement and extensions of LFC strategies. Tiesis presents some improved
results on LFC study of conventional and restructured p@ystems emphasizing on MSPG.
New LFC models of the power systems with MSPG have been peah@FC is presented with
pragmatic point of view. Briefly the results are summarizedodows:
A. Mathematical modeling and LFC of power systems

Mathematical modeling of the SAPS, MAIPS and MAIPS with MSBf@ presented for
LFC study. Keeping in view the new power system environmérg,concept of MSPG in a
control area is introduced. In addition to LFC models of SAf8 MAIPS, a new model of
MAIPS with MSPG is presented for LFC study. The OFC is intrwgtlt The control system
design equations and algorithms have been presented.
B. LFC of conventional power systems

The LFC of various conventional TAIPSs has been studiedguSirC. The combinations of
non-reheat, reheat and hydro turbines are taken to dematm#itie suitability of OFC for LFC
of interconnected power systems. The dynamic responsebtaimed for TAIPSs considering
(i) thermal-thermal with non-reheat turbine, (ii) theratlaérmal with reheat turbine and (iii)
hydro-thermal generating units. The Dynamic responsesiridd with OFC have been com-
pared with that of FSFC. It has been found that dynamic resgmabtained with proposed OFC

are comparatively better and competes well with FSFC,fgatgsthe LFC requirements. The
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OFC is presented from pragmatic point of view which useshessber 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. Thenpesthce of the proposed
controller is demonstrated on the multi-source power systand its dynamic responses are
compared with that of FSFC. The OFC gives better dynamicoresphaving relatively smaller
peak overshoot and lesser settling time with zero steatly steor as compared to that of FSFC.
The effect of GRC on dynamic response is discussed. Thearékamination of dynamic re-
sponses reveals that GRC results in increased peak ovérsiomeever settling time remains
same for this particular power system model. The contrglees satisfactory dynamic re-
sponses for turbines considering GRC. It shows that OFCl&s tabaccommodate the effect
of GRC also. Investigations reveal that it is better to préie medium value oR i.e. 4%
with corresponding optimum controller gains to providet&etynamic response of LFC for
the proposed system. The dynamic responses are obtain&#ofty 5% SLPs. It is observed
that for SLPs varying from 1% to 5%, the first peak overshootaases with increase in the
level of SLP and settling time remains approximately santé wero steady state error. The
sensitivity analysis reveals that the optimum values oftradier gains obtained for nominal
system parameters and load condition are quite insensitiméde parameter variatiott25%.
Hence for all practical purposes, the controller is quiteusi. The LFC of hydro power plants
operational in Iran has also been studied. The proposedadti@ntperforms well on this sys-
tem and improves the frequency deviation responses refgrkBhe simulation results show
that proposed control strategy is very effective and guaesgood performance. In fact, this
method provides a control system that satisfies the loadiémeey 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 bfFthe power systems
considering AC-DC tie lines and TCPS. A simple but practemattroller is used to improve the

dynamic response of LFC system in the the new power systeiroenvent. The OFC performs
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well for the power system with DC link, giving better dynanmesponses having relatively
smaller peak overshoot and lesser settling time with zeyadst state error as compared to the
power system considering AC tie lines only. The dynamicoesp of the system with DC link
is improved significantly with the percentage reductionhie peak overshoot & f,, Af, and
ARie 1 becoming 60.49, 90 and 44.92, respectively. Dynamic resgmare obtained for wide
range of variation in SLP from 1% to 4% which satisfy the LFQuigements. The simulation
results show that proposed control strategy considerirglphAC-DC tie line is very effective
and guarantees good performance. Further, the OFC is mrdgoscontrol the TCPS phase
angle which in turn controls the tie line power flow. The pre@d controller for the power
system with TCPS gives better dynamic responses havintivediasmaller peak overshoot and
lesser settling time with zero steady state error as cordgarthe power system without TCPS.
The dynamic response of the system with TCPS is improvedfsigntly with the percentage
reduction in the peak OS dff, Af, andAF}ievl becoming 34.56, 50 and 39.13, respectively
and the settling time oA fy, Af, and Aﬁie’l becoming 41.61, 54.89 and 53.10, respectively.
Dynamic responses are obtained for wide range of variahdoad disturbance from 1% to
4% which satisfy the LFC requirements. Simulation resuissthat the due to the presence
of TCPS, the dynamic performance in terms of settling timé paak overshoot is greatly
improved. The system with TCPS is capable of suppressingdhtol area frequency and tie
line power deviations more effectively under the occuresofccontrol area load perturbations.
The simulation results show that proposed control strategygidering TCPS is very effective
and guarantees good performance. Hence for all practiaglopas, the controller is quite
robust.
E. LFC in restructured power system environment

A new model of TAIPS with MSPG in restructured power systenmiremment is proposed.
Modified LFC scheme is presented in restructured power systa/ironment. A state space
model of the proposed power system in restructured poweersysnvironment is utilized for
controller design considering all the interface variabiks control area frequencies, tie line

power and all other possible contracts between GENCOs aBE&€0s. An extensive analysis
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is done for LFC scheme considering Poolco-based transactlmlateral transactions, and a
combination of these two transactions. It is found that inttz¢ cases, the area frequency
error becomes zero in the steady state which satisfy the ldgGirements. It is found that
actual values of generations and tie-line power exchanfj€&bICOs obtained by MATLAB
Simulink model of the power system are matching with theesponding calculated (desired)

values. Thus, the proposed LFC scheme is suitable in réstaacpower system environment.

7.2 Suggestions for further work

Following the LFC described in this thesis, a number of gaesilirections for extensions to

this work are discussed below:

e Research work may be extended to renewable energy soutegsaition in the control

area.
e Method may be extended to LFC study of the Micro-grids.
e Some energy storage devices may be included.

e Some evolutionary algorithms may be incorporated with psagl method and power

system models.

e LFC study may be extended for combined cycle gas turbine antppd storage hydro

power plants.

e Price based LFC mechanism can be extended to improve fregpeofile of the power

system.
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APPENDIX A

MATRICES OF POWER SYSTEMS

A.1 Matrices of TAIPS with MSPG

The matrixA is of the dimension 25 25, Where&;,j is the element oft" row andjt" column of the matriA. The non-zero elements are given
below:

A1 =-1/Teq

A2 = Kpg 11/ Tpg

A5 = Kpg 021/ Tpg

Arg =Kpg 31/Tpg

A123= —Kpgi/Tra

Aoz =—1/Tr1

Ay3=1/Tn

A1 = —Kr1/(TsaRu1)
Asz=-1/Tm
Asa=1/Tra—Kra/Tsa
A41=—-1/(TsaRu1)
Asa=-1/Tsa

As1 = 2Tra /(Trra ToH1Rz1)
Ass=—2/Tm

As 6= 2/Tw1+2/Trrn

As7 = 2Trg /(TrraTon1) — 2/TrHi
As1 = —Tra/(Trra ToH1Rz1)
A= —1/Trr1

Ae7=1/Trr1 — Tra/(Trra TaH1)
A71=-1/(Ton1Re1)
Az7=-1/Tem

Ags=—1/Tcm

Ago=1/Tcm

Ag1 = TeraXe1/(Tr1Ra1Ye1bgr)
Ago=—1/Tr1

Ag10= 1/Te1+ Tor/(Tr1Yor)
Ag11 = TeriXe1Cq1/(Tr1Yo1bg1) — Tore /(Tr1Yor)
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A01 = —Xo1/(Ra1Ye1bg)
A1010= —1/Yo1

A1011= 1/Ye1 — Xe16g1/ (Ye1bg)
A111 = —1/(Raibg)

Aq111= —cq1/bg1
A212=—1/Tpg

A1213= Kpe012/Tre

A1216= Kpazo/Trs

A1210 = Kpeasz/ Tee

A1223= —a1Kpe /Tre
Atz13=—1/Tr2

A1314=1/Tr2

A1412= —Kro/(Ts@Ru2)
Ara1a=—1/Tro

A1415=1/Tre — Ko/ Ts
Ass12= —1/(Ts@Ru2)
Ais15=-1/Ts@

Ass12 = 2Tre/ (TrH2ToH2R22)
As616= —2/Tw2

As617= 2/Twz+2/TrHz

Ase18 = 2Tre/(TrH2TaHz) — 2/ TRz
A1712 = —Tre/(TrH2 TeHzR22)
A1717= —1/Trmz
A1718=1/Triz — Tre/(Trr2 TeHz)
Atg12= —1/(ToHzRz2)

Aig18= —1/ToHz
Arg10=—1/Tepe
A1920=1/Tcoz

A2012 = TereXc2/ (Tr2Rs2Yaabge)
A2020=—1/Te2

Aoo21 = 1/Te2 + Tore/(Tr2Ye2)
Ao022 = TereXa2Ca2/ (Tr2Ya2be2) — Tere/ (Te2Ya2)
Ao112 = —Xc2/(Ra2Ye2bg2)
Ao121=—1/Ya2

Ao122 = 1/Yer — X26g2/ (Yozbg2)
Az212 = —1/(Razbg2)
Ag222=—Cq/bg

Agz1 = 2112

Aoz12= —2mTy,

Aos1 =By

Aoazz=1

Ags12= By

Ags23 = a1
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The matrixB is of the dimension 25 6, whereB; | is the element o row andj™" column of the matri8. The non-zero elements are given

below:
Bs1=Kr/Tsa
Bs1=1/Tsa

Bs2 = —2Tra/(TrH1TaH1)
Be.2 = Tra/(TrH1ToH1)
Br2=1/Tem1
Bos = —Xe1Tere/(Tr1Ye1bgr)
B1oa = Xo1/(Ye1bg1)
Bi1z=1/bg
Bras = Kre/Ts@
Bisa=1/Ts@
Biss = —2Tre/(TrH2TaH2)
B175 = Tre/ (TrH2TeH?2)
Bigs = 1/ToH2
B2os = —XeaTere/ (Tr2Yaabg2)
Bo1e = Xo2/ (Yaabg2)
Baze = 1/bg
The matrixF is of the dimension 25 2, whereF | is the element ot row andjt" column of the matri¥. The non-zero elements are given
below:
Fi1=—Kpa/Tes
Fi22= —Kpg/Tre

The matrixC is defined as

O

Il
o |~ o o
[ o o [=)

00O0OOOOOOOOOOOOOOOSOO0OOQO0ODO
000OOOOOOOI1O0O0OO0OSO0OOOOSOOOQO0ODO
000OOOOOOOOOOOOOOOSOOO0OOQO0ODO
00O0OOOOOOOOOOOOOOOSOOO0OOQO0ODO

o O o B

The matrixQ is of the dimension 25 25, where@i,j is the element oif" row andj™" column of the matrix). The non-zero elements are given

below:
(31,1 =1+ B%
Qu23 =B

(312,12 =1+B3
Q1223 = Boarz
Qu31=B1
Q312 = Boanz
(323,23 =1+a2,
Quaza=1
(325,25 =1

and the matrixR is an identity matrix of the dimension>66.
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A.2 Matrices of TAIPS with MSPG considering AC-DC tie

lines

The matrixA is of the dimension 2% 27, Where&;,j is the element of" row andjt™" column of the matriA. The non-zero elements are given
below:

AL1=-1/Tpg

A12=Kpga11/Tpg

A1 5 =Kpg021/Tpst

Avg = Kpa 031/ Tpg

A123=—Kpg /Tpg

A124= —Kpg/Trg

Aoz =—1/Tr1

A23=1/Tr1

A1 = —Kri/(TsaRu1)
Agz=—1/Tra
Asa=1/Tri— Kri/Tsa
As1=—1/(TsaRu1)
Asa=-1/Tsa

As1 = 2Trg /(Trra ToH1Re1)
Ags=—2/Tw1

Ase=2/Twi+2/Trr
5,7 = 2Trs/ (TRH1TeH1) — 2/TRH1

1

As1=—Tra/(TRr1ToH1Re1)
Ass=—1/Trr1

Ae7=1/Trr1 — Tra/(Tr2 TaH1)
A71=—1/(Ten1Re1)
Az7=-1/Tem

Agg=—1/Tept

Ago=1/Tcm

Ag1 = TerXo1/(Tr1Ra1Y1bg1)
Ago=—1/Tr1

Ag10= 1/Tr1+ Tere/(Tr1Yer)

Ag11 = TeriXe1Cg1/(Tr1Yo1bg1) — Tore / (Tr1Yor)
A01 = —Xo1/(Ra1Ye1bg)

A1010= —1/Yo1

A1011= 1/Yo1 — Xe16g1/ (Ye1bg)
A111=—1/(Raibg)

Aq111= —cq1/bg1

A212=—1/Trg

A1213= Kpe012/Tre

A1216 = Kpe 022/ Tre

A1210 = Kpeaso/Teg
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A1223= —a12Kpg /Tre

Ag225= —Kpo/Tre
Atz13=—1/Tr2

A1314=1/Tr2

A1412= —Kro/(Ts@Rui2)
Ara1a=—1/Tro

A1415=1/Tre — Ko/ Ts
Ats12= —1/(Ts@Ru2)
Ais15=-1/Ts@

Asg12 = 2Tre/ (TrH2ToH2R22)
As616= —2/Tw2
A1617=2/Twz+2/Trrz

Ass18= 2Tre/ (TrH2TaHz) — 2/ Triz
A1712= —Tre/ (TrH2TeHzRz2)
A1717= —1/Trmz

A1718 = 1/Trriz — Tre/ (TrHz ToH2)
Ag12= —1/(ToHaRz2)

Asg1s= —1/Tamz

Ato19= —1/Tepz
A1920=1/Tcoa

A2012 = TereXc2/ (Tr2Rs2Yaabg2)
Az020=—1/Te2

Ao021 = 1/Te2 + Tere/(Tr2Ye2)
Ao022 = TeroXa2Ca2/ (Tr2Ye2be2) — Tere/ (Te2Ya2)
Ao112 = —Xa2/(RazYozbg)
Ao121= —1/Ya2

o122 = 1/Ya2 — XaaCgz/ (Yeabyz)
Ag212= —1/(Razby)

A2 = —Cqr/bgp

Agz1 = 2112

Agz12 = —2mT12

Aga1 = Koe1/Toct
Aga24=-1/Toca

Ags12 = Koca/Toca
Ags25=—1/Tocz

A26,1 =By

Agga3=1

A2712=B

A27,23 =a12

The matrixB is of the dimension 2% 6, whereB; | is the element oif" row andj'" column of the matri8. The non-zero elements are given

below:
Bs1=Kr/Tsa
Ba1=1/Tsa
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Bs2 = —2Tra/(Trr1TeHi)
Be.2 = Tra/(TrH1ToH1)
Br2=1/Tem1
Bos = —Xe1Tere/(Tr1Yo1bgr)
B1oa = Xo1/(Ye1bg1)
Bi1z=1/bg
Bras = Kre/Ts@
Bisa=1/Ts@
Biss = —2Tre/(TrH2TaH2)
B175 = Tre/ (TrH2TeH?2)
Bigs = 1/ToH2
B2os = —Xe2Tere/ (Tr2Yebg2)
Bo1e = Xo2/ (Yaabg2)
Baze = 1/bg
The matrixF is of the dimension 2% 2, wheref | is the element ot row and ™" column of the matri¥. The non-zero elements are given
below:
Fi1=—Kpg/Tea
Fio2 = —Kpg/Tre

The matrixC is defined as

(@]

Il
o [l o o
[ o o o

000OOOOOOOOOOOOOOOOODOOOODO
000OOOOOOOI1O0O0OOOOOOOOOOODO
00O0OOOOOOOOOOOOOOOOODOOOOODO
00O0OOOOOOOOOOOOOOOOOOOOODO

o O o B

The matrixQ is of the dimension 2% 27, Where@i,j is the element oif" row andj™" column of the matrix). The non-zero elements are given

below:
(31,1 =1+ B%
Qu23 =B

(312,12 =1+B3
(312,23 = Boarn
Qu31=B1
Q2312 = Boanz
(323,23 =1+a2,
Qo626 =1
Qurzr=1

and the matrixR is an identity matrix of the dimension>66.
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A.3 Matrices of TAIPS with MSPG considering TCPS

The matrixA is of the dimension 26 26, Where&i,j is the element of" row andjt" column of the matriA. The non-zero elements are given

below:
AL1=-1/Teg
A12=Kpga11/Tpg
A5 = Kpg 021/ Tpg
A1g = Kpa 031/ Tpg
A123=—Kpg /Trg

A124= —Kpg/Trg

l

02=—1/Tr1
A23=1/Tr1
A1 = —Kri/(TsaRu1)
Agz=—1/Tra
Asa=1/Tri —Kr/Tsa
As1=—1/(TsaRu1)
Asa=-1/Tsa
As1 = 2Trg /(Trra TeH1Re1)
Ass=—2/Tw1

Ase=2/Twi+2/Trrt

As7 = 2Tra/(Trr1 ToH1) — 2/ Trra
1= —Tra/(TrH1TeH1R21)
6=—1/Trm

A7 =1/Trr — Tra/(Trr1 ToHL)
A71=—1/(TeHiRe1)

& F

Az7=-1/Tom
Ags=—1/Tcor

Ago=1/Tcm

Ag1 = TerXo1/(Tr1Ra1Ye1bg1)
Ago=—1/Tr1

Ag10= 1/Tr1+ Tore/(TraYer)
Ag11 = TeriXe1Cq1/(Tr1Ye1bg1) — Tore /(Te1Yor)
A01 = —Xo1/(Ra1Ye1bg)
A1010= —1/Yo1

A1011=1/Ye1 — X16g1/ (Yo1bgr)
A111=—1/(Raibg)

Aq111= —Cq1/bg1
A212=—1/Tpg

A1213= Kpea12/Tee

A1216= Kpazo/Trs

A1219 = Kpe 032/ Tre

A1223= —a1Kpe /Tre

A1224= —a1Kpe /Tre
Atz13=—1/Tr2
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A1314=1/Tr2

A1412= —Kro/(Ts@Ru12)
Atg1a=-1/Tre

A1415=1/Tre — Ko/ Ts
Ats12= —1/(Ts@Ri2)
Ais15=-1/Ts@

As612 = 2Tre/ (TrH2TeH2Re2)
As616= —2/Tw2

As617= 2/Twz+2/Trrz

Ass18= 2Tre/ (TrH2TaHz) — 2/ Trrz
A1712 = —Tre/(TrH2 TeHzR22)
A1717= —1/Trmz

A1718= 1/Trrz — Tre/ (TR TeHz)
Ag12= —1/(ToHaRz2)

Asg1s= —1/Tomz
Ato19=—1/Tepe
A1920=1/Tcoz

A2012 = TereXa2/ (Tr2Ra2Ya2bg2)
A2020= —1/Te2

A021=1/Te2 + Tere/ (Tr2Yo2)
A2022 = TeroXa2Ca2/ (Tr2Ya2bg2) — Tere/ (Te2Yoa2)
Ag112= —Xc2/(RazYe2bg2)
Ao121=—1/Ye2

Ao122=1/Yeo — Xc2Cq2/ (Yozbg2)
Az212 = ~1/(Razbg2)

Ag222= —Cq/bgp

Agz1 = 21112

Aoz12= —2mT2

Roa1 =T12Ky/ Ty

Aosra=—1/T,

Ags1 =By

A25,23 =1

A25,24 =1

Ags12= By

Aze,za =a12

A26,24 =a12

The matrixB is of the dimension 26 6, whereB; | is the element oi" row andj'" column of the matrixE. The non-zero elements are given

below:
Ba1 = Kri/Tsa
Ba1=1/Tsa

Bs2 = —2Tra/(Trr1ToH1)
Be.2 = Tra/(TrH1ToH1)
Br2=1/Ter1
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Bos = —Xe1Tere/(Tr1Yo1bg1)
B1oa = Xo1/(Ye1bg1)
Bi13=1/bg
Bras = Kre/Ts@
Bisa=1/Ts@
Biss = —2Tre/(TrH2TaH2)
B175 = Tre/ (TrH2ToH?)
Bigs = 1/ToH2
Baos = —Xo2Tere/ (Tr2Yaabg2)
Bo1e = Xo2/ (Yaabg2)
B226 = 1/bg2
The matrixF is of the dimension 26 2, wheref | is the element oif” row and ™" column of the matri¥. The non-zero elements are given
below:
F1=—Kpa/Teg
Fi22= —Kpg/Tre

The matrixC is defined as

1 000O0OO0OODOOOOOOOOOOOOOOOOOOQ O]
é:00000000000100000000000000
00O0OOOOOOOOOOOOOOOOOOOOOOTZ1](|
00 0O0OOOOOOOOOOOOOOOOOSOOOODORQ ]

The matrixQ is of the dimension 26 26, Where@i,j is the element oif" row andj™" column of the matrix). The non-zero elements are given

below:
Qui=1+8}
Q123=B1
Q124=B1
Qu212=1+ B3
Qi223 = Boarz
Q1224 = Boaz
(323,1 =B
Q2312 = Boarz
GQaaza=1+ a2,
(323,24 =1+ap
Q241 =By
Q2412 = Boanz
(324,23 =1+ap
Qos25=1
(326,26 =1

and the matrixR is an identity matrix of the dimension>66.
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A.4 Matrices of TAIPS with MSPG in restructured power

system

The matrixA is of the dimension 25 25, Where&;,j is the element of" row andjt™" column of the matriA. The non-zero elements are given
below:

Ar1=-1/Tpg

A12=Kpsa/Tpa

Ais=Kpa/Tra

Avg =Kpa /Tra

A123= —Kpg/Tra

Ao =—1/Tr;
Ao3=1/Tr1

Ag1 = —Kr1/(TsaRu1)
Agz=—1/Ta

A34=1/Trs —Kre/Tsa
A41=-1/(TsaRu1)

Asa=-1/Tsa
As1 = 2Trg /(Trra ToH1Re1)
Ass = —2/Twi

6 = 2/Tw1 +2/TrH1

T £>z

5.7 = 2Trs/(TRH1ToH1) — 2/ TRH1
1= —Tra/(TrH1TeH1R21)
6=—1/Trm

A7 =1/Trr1 — Tra/(TrH1 ToHL)
A71=-1/(Ton1Ra1)

&

Az7=-1/Tom
Agg=—1/Tept

Ago=1/Tcp

Ag1 = TerXo1/ (Tr1Ra1Ye1bg1)
Ago=—1/Te1

Ag10= 1/Tr1+ Tere/(Tr1Yer)
Ag11 = TeriXa1Cq1/ (Tr1Ya1bgr) — Tert/(Te1Yo1)
A01 = —Xo1/(Ra1Ye1bg)
A1010= —1/Ye1

A1011=1/Ye1 — X16g1/(Yo1bgr)
A111=—1/(Raibg)
Aq111=—Cq1/bg1
Az12=—1/Tpg
A1213=Kpe/Tre
A1216=Kpe/Tre
A1219=Kpe/Tre

A1223= —a12Kpe /Teg
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Atz13=—1/Tr2
A1314=1/Tr2
Ags12= —Kre/(Ts@Ru2)
Atg1a=-1/Tre
A1415=1/Tre — Kre/Ts@
Ars12= —1/(Ts@Ri2)
Ass15=—1/Ts@
As612 = 2Tre/ (TrH2TeH2Re2)
Ae16= —2/Tw2
A1617=2/Twz+2/TrHz
As618= 2Tre/ (TrH2TeH2) — 2/ Trrz
A1712= —Tre/(TrH2ToH2Re2)
A1717==1/Trrz
A1718= 1/Trrz — Tre/(Trrz TeHz)
Atg12= —1/(ToHzRz2)
Aig18=—1/ToHz
A1910=—1/Tcon
A1920=1/Tcoz
Ag0.12 = TereXc2/(Tr2Ra2Ye2bg2)
Ao020= —1/Te2
A021= 1/Te2+ Tere/ (Tr2Yo2)
Ag0.22 = TereXc2Ca2/ (Tr2Ya2bg2) — Tore/(Tr2Ya2)
Ag112= —Xg2/(RazYe2bg2)
Ao121=—1/Ya2
Ao122 = 1/Yer — Xc26g2/ (Yozbg2)
Az212= —1/(Razbg)
Ag222=—Cq/bg
Aoz = 2nTy;
Aoz12= —2mTy,
A2a1=B1
Aoazz=1
A25,12 =B
Azs,za =a12
The matrixB is of the dimension 25 6, whereB; | is the element o row andj™" column of the matri8. The non-zero elements are given
below:
Bs1=Kreph/Tsa
Bs1=eph/Tsa
Bs2 = —2Trgeph/(TrraTeH1)
Be2 = TraePh/(TrH1TH1)
Br2=eph/Tem
Bos = —Xe1Teriep b/ (Tr1Ye1bg1)
B1o3 = Xc18pB/(Yo1bg1)
Biiz=eph/by
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B4 = Kreepty/Tse
Bisa=eph/Tse
Bies = —2Treep b/ (TrH2 TaH2)
Bi75 = Treeps/(TrH2Tah2)
Biss =epk/Tom2
Baos = —Xc2TereeP b/ (Tr2Yo2bge)
B216 = Xc2eph/(Yo2bg2)
Boos = epk/bg
The matrixF is of the dimension 2% 2, whereF j is the element o row andj™" column of the matri®. The non-zero elements are given
below:
Fi1=—Kpa/Teg
Fi22= —Kpg/Tre
The matrixF is of the dimension 25 4, WhereFT,i is the element oit" row andjt" column of the matrix=. The non-zero elements are given
below:
Fa1=cpfuKr/Tsa
Fs2 = cpfiKr/Tsal
Fa3=cphsKr/Tsa
Faa = cphaKr/Tsa
Fa1=cph1/Tsa
Faz=cpha/Tsa
Faz=cphis/Tsa
Faa = Cpha/Tsa
F5.1= —2Trg cPpha/(Tomi Trr
Fs.2 = —2Tra P2/ (Ton1 TR

o

)

( )

3= —2Trg CPh3/(TeH1TRHL)
( )

JN

4= —2Tra CP R4/ (ToH1TRHL
Fo.1 = cpfiTra /(Ter1 Trra)
Fe.2 = CPh2Tra /(Tor1TrH1)
Fe.3 = CPhaTra/(Tor1 TrH1)
Fo. = cPpoaTra /(Ter1 Trra)
Fr.1=cphi/Tent
Fr2=cpha/Ten1
Fr.3=cpha/Ton1

I

4=cpfa/TeH1

JN

1= TeriCP B1Xe1/(bg1Ye1 Tr1
2 = TeriCP B2Xe1/(bg1 Ye1 Tr1
3 = TeriCP3Xa1/ (g1 Yo1 Tra
4 = TeriCPaXe1/ (g1 Ye1 Tra
Fio01 = cpf31Xe1/(bg1Yer
F1o2 = cpf2Xe1/ (bg1 Yo
Fio3 = cpfsXe1/ (bg1Ye1
Fi04 = cpfaXe1/ (bg1Ye1

Fi11=cpha/bg

J1 Jd

)
)
)
)

N

)
)
)
)
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Fi12 = cpfs2/bg
Fi13=cpha/bg
Fira = cpha/bg
Fra1 = cpiKre/Ts@
Fraz = cplaKre/Ts
Fras = cplasKre/Ts@
Fras = cp laKre/Ts
Fis1=cpfi/Tse
Fis2 = cpla/Tse
Fis3 = cplis/Tse

Fisa = cpfu/Tse

Fie1 = —2Tre CPls1/(TenzTrrz)
Fi62 = —2Tre cP 52/ (TonzTRH2)
Fi63 = —2Tre cP 53/ (TonzTRH2)
Fi64 = —2Tre CPlsa/(TonzTrrz)

Fi71 = Tre Cp 1/ (TomzTrrz)
Fi72 = Tre cPfs2/(TenzTrHz)
Fi73 = Tre cpfsa/(TenzTrHz)
F74 = Tre CPfsa/(ToHz TrHz)
Fie1 = cpfs1/Tenz

Fis2 = cpsz/Tanz

Fis3 = cpfsa/Tenz

Fisa = cpfsa/Tanz

Foo1 = TereCp fs1Xc2/ (g2 Yo T2
Foo2 = TereCp fs2Xa2/ (b2 Yo T2
F203 = TereCP fe3Xc2/ (bgoYez Tr2
F204 = ToreCP feaXc2/ (0go Y2 Tr2
Foi1 = cplerXez/ (bg2Yez)

Fo12 = cpfsaXez/ (b2Yc2)

P13 = CpfeaXez/ (bgaYez)

P14 = CploaXez/ (bgaYo2)

Fo21 = cpfer/bg

Fo22 = cplez2/bg2

I:_22,3 = cpfsa/bge

Fo24 = cpfoa/bg

Foa1 = (cpfaa+cphsa+cple)

)
)
)
)

Foa2 = (cplaz+cplsz+cpisn)

Foa3 = —(cphia+cpha+cpha)
Foa4 = —(cpfia+cpha+cplas)
Fzs1 = a12(Cpfa1 + Cp sy + Cpler)
Fas2 = 12(Cp faa+ Cplsz + Cpez)
Fos3 = —aw2(Cpfig+Ccphs+cpfas)

Fos4 = —a1p(Cpfia+cpha+cpia)
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The matrixC is defined as

O
Il

00 0O0OO0OOTU OO
00 0O0OO0OOTO OO
00 0O0OO0OOTU OO
00 0OO0OOTU OO

o O O o

0 0
0 0
0 0
0 0

o O O o

00 0OOOOODP
00 0OOOOO OO
00 0OOOOOO OO
00 0OOOOOGODP

o B O O
= O O O

0
1
0
0

o O o B

The matrixQ is of the dimension 25 25, Wherdji,j is the element oif" row andj™" column of the matrix). The non-zero elements are given

below:
(31,1 =1+ B%
Q123=B1

Qu212=1+ B3
Qi223 = Boarz
Qu31=B1
Q2312 = Boarz
Qo323=1+ a2,
Quaza=1

Qoso5=1

and the matrixR is an identity matrix of the dimension>66.
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