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ABSTRACT

E dst'mg interconmted power systsms (IPS) are being ovcloaded by the orpansion of

thc indgsfial and residedial sector aod the inchrsim of renpwable encrgy s(nupes, resulting in

significant fluchrations in load tcquency, Erminal volhge, ard tie-line pova derriation.

T€rmind voltage ald load fuqrrency contsol in an IPS is critical for nainaining the balarce of

actirre and rpactive pory€r undcr varying load conditions. This is achierred by load frcqueocy

coffiol (LFC) ard aubmatic voltage rcgulator (AVR).firis wmk presentr thc orploration of

natural cmputation based cmtrol approaches for combined oonhol of terminal voltage and lmd

ftoque,rcy in multi-arca multi-sonce IPSs. The multi-area IPSs incMe twq ttuee and forn areas.

In the earlier put of this work, Arctrimedes optimization algorithr (AOA), learner performaoce

based behavic optimization (tlBO), ard modified particle swarm Atimization (MPSO) based

poportional imegral-proportional derivative (PI-PD) contsol schemes we,re rylied to two- and

ttgeearea singl+source interconrecrcd power systcms under various stcp load perhubations

(SLP) to coffiol load frequency and tcnninat volbge simulhneously. The integral of time

multiplied by the squrcd value of error (ffSE) was used as the cnu criterion for evahnting the

pcrformance of proposed comhol sche,me. The output rGsponses of LPBO-PI-PD, AOA-PI-PD,

a1d MPSO-PI-PD were compared with an ex.isting nonlinear threshold accepting dgorith

(M.TA) based propationsl intcgral dcrivative (PID) confollcr. Thn, the dardelion qtimizer

(DO) based PI-PD confioller was aplored in two and ttnee-arca multi-source IPSs with

nonlinearities aod ditrErent SLPs. The output r€sponsc of DO basd PI-PD c@trol scheme were

compared with the hybrid approach of artificial electric frctd alguithnr (IIAEFA) basd fitzzy

pID, AOA-PI-PD, LPBG.PI-PD and MPSO-PI-PD contuol methods. Finally, a PID contsoller

tgoed with gradient based qtimizer (GBO) was investigted in a four-area multi-source IPS. The

output rcsp6l1ses of GBO-PID control scbeme were waluated and corrpared with the rcsponses

of confiollers such as integral-proportional derivative (I-PD), imegral-proportional (I-P), aod tilt

in6gral derivative (tID) conhollers tuned with GBO. Sensitivity analyses were also performed

by rarying the system paramet€rs to verify the effectiveoess of the proposd conhol schemes itr

dift rernt multi-area IPSs.

The comprehcnsive corrparisoms of thc output r€qxnses Hrreen difM cmtrol

strategies ard the rcsults ofthe semsitivity analyses have clearly shown that the proposed natural

computation based corilrol approachcs ue highly eftctive and reliable to maiilain tqminal

voltrge, @uency, aod tielirc pxrsrer balance with frirly small deviations aod frst settling time

in a multi-area multi-source IPS.
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CHAPTER 1

Introduction

This cbapter presents a brief description of load frequency control aod automatic

voltage regulation in an interconnected powa sptern Mottorm, problern statement,

objectives of research and organization of the thesis are also provided in this chapter.

1.1 Overyiew

Thc power sygtem is built by interconnecting sevcral conplex electrical networls that

inctude power gsneratiorL transmission and distribrution systems. Due to an incr€as€ in power

d€rxranq pow€r gids operate as nnrlti-area multi.sowce intercormected pow€r systems

(IpSs). These nnrlti-area nnrlti-source systems rc connected ttnouglr AC tieline. Due to the

increasing s6are of renewable encrry ard load deirand, the corylexity of IPS is increasing.

This leads to power quality issues, e.g. slow settling titrrcs ard increased Eaosient

corpon€Nrts in voltage, tequency, and tie-line pow€r dsvistion r€sponses. In a power syster;

it is critical to keep the ehctrical power at thc d€sird voltage ard Aequency so that the

devices cormected to tbe power slatem will operate smoothly. The advantage of IPS is tbat in

the eved of a frilgre of a particulr g9n€rating unit, lnwer can be provided tom one arca to

other areas. In a poum syste,m, load is always dynamic and changes with time. Tbe difference

between generation and load dernard leads to an iribalance betwen reactive and active

pows of the system This imbalance leads to fluctuations in voltagg frequency, and ti+line

pow€r. Over- and gnder-voltages can damage electrical equipment, while urds- and over-

frequency incidents can cause historic power outagss'

An efficient power system mtut be able to satisfy custom€r demard at all times while

balancing load demand [l]. Active power afbcts the frequency of the syste'rt, while reactive

pow€r dee€mds on the systern voltage. Two control loops, such as an autornatic voltage

regulator (AVR) and load freqwncy control (LFC) are integrated into a pow€r system to

maintain pow€r at rated roltage and tequency respoctively. The AVR and LFC loops are

coupled together to contol the ternrinal voltage and load frequerrcy simultaneously' The

AVR conhol loop essentially reduces the voltage flucttrations to meet the reactive power

dernand using generator excitation, while th€ LFC control loop reduceo tbe tequency

fluctuations by changing the magnitude of the actine pow€r through its governor action as

shown in Figrre l.l 14. ry and Vt denote ttre load frequemcy and terminal voltage

respectively.



To ensure the stability of the power systern, the fieqrency and terminal voftage should

bE k€pt wittrin ttrc prescribed limits. When generation exceeds load de'rran4 frequency

inoleases aborre a certain nahre and vice versa. h ftis case' governfurg action is used to adjust

supply to denrard. The change in ternrinal voltage is controlted by adjusting the excitation

currqrt of the ge6€rator field befure the reactive pow€r loads th€ sptem" Voltage and

frequency co,ntrollers have becorne rnore iryortant with the gowttr of interconnected power

spterns to rnake pow€r s),stem opcration rnorc reliable. Mortoner, the performance of

rrcltage and tequency contnoller dep€nds on thpir tuning. firerefrre, both the coffioller

desrgn and thc hrning rrctbod are rreryinportant forthe optimal contnol of an IPS. To reduce

frequency, t€rmind rchge, aod tie,line pow€r deviations in the interconnected power

s)rstet& tbe development of an effective conEol design is always essential'

Figrre l. I : C,iuntinodlvtro&l ofLFC-AVR

1.2 Problem Statement

The investigation of LFC ard an AVR cortrol loops allows a combined control of load

frequency and t€rminal rrcltage in a nnrlti-area multi.source IPS. Due to the dynamic load

behavior and the proliferation of renewable en€rry soutE€s in the flisting IPs, it is a very

difEcult task for the contol and power engineers to suprply all loads with the desired voltage

and frequeocy. fui efficient and reliable control approach is always r€quir€d to minimize

voltagg freqgency, and tie-line pow€r derriations urder such conditions. Nunsotu studies

have been presentd on individual and combined contrrol of LFC and AVR control loops in

IpSs. After an qtensive literature searctr, it was found that combined AVR and LFC systems

harre been studicd rrery rarely coryared to individral AVR or LFC systems. Tttis served ag

rnotivation for the authors to investigate mrlti-area nulti-source IPSS to control terminal

voltage and load frequencyusing LFC and AVR systems'

This study combines the analysis of LFC and AVR contrrol loops in two-, tluee- and

bur-area IPSg, which include hydro, ttrcrmal relreat, gas, wind, and solar photovoltaic
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systerts. ln addition, nonlinearities incMing boiler dynamics (BD), governor d€ad band

(GDB), and gsmmation rate constmint (GRC) were inchrded in nnrlti-area nnrlti-source IPSs

frr npre realistic studies. TID, I-P, PID, PI-PD, utd I-PD controllers hane been successfully

explored for eftctive contnol of load fiequency and terminal voltage in diffene'nt IPSs.

Numerogs Gnginc€ring optimization p,roblems have been sohred in recent years using natur€-

inspired corryltational algorithms. In addition, the paramters of controllers have also been

tuned using th€se methods. In this research sMy, recently discovered nature'inspired

conpgtational algorithms, including the dardetbn oflimizer (DO), Sradient based optimizer

(GBO), learner perfrrrnance bosod behavior algorithm (LPBO), Archinrcdes optimization

algprithm (AOA), and modified particle swann optimization (MPSO) w€r€ suoeessfully used

to tune the p,roposed coilmllers. The integral of time rrurhiPlid by the square of emor (ITSE)

was used as an €rror inder( to formrlate the cost functions of proposed control n€thods. kl

addition, exte,lrsive corparisons were rnade between the proposed and other control strategies

to vErifythc effectiveness of the srggested contol approarftes'

1.3 Objectives of Reserch

TtrG main objectives of the research are given below.

D To dsvelop rnatbematical md€ls for cornbined LFC and AVR loops in multi-alea sulti-

sourpe IpSs ioclrding two-alea, th€Faf,er, and forn-area with diverse generation units

including th€rmal reheat, hydrc, qas, win{ and solar generationrurits.

D To deduce rnathe,nratical rmdels of multi-area nnrlti-source IPS with rarious

nonlinearities including GRC, GDB, and BD.

including GBO, DO, LPBO, AOA aod MPSO'

1.4 Organization of the Thesis

This th€sis consists of six chaptes. Tbe chapter-wise description of the thesis is summarized

as follows:

ctaptcr 1: This chaper gives a hief intnoduction to AvR ad LFC loops in IPS. It also

describes the motivation for this worh the problem stat€rment, and the goals of this resealch"

Chapter 2: Ttris chaper contains a detailed literatrne review of AVR ard LFC loops in

different IPS urd€r ditrcrent oonditions.



Cheptcr 3: In this chapta, thc d€sign and inplementation of PI-PD for the combined confiol

of LFC and AVR control loops in a two- and three-area IPS are discrssed. The gnins of the

ploposed PI-PD controller were deternrined wing LPBO, AOA and MPSO algorithms.

Initially, thc proposed control nEthods were applied to a two-area IPS with hy&o plant in

each area. After sgccessful results in a two-area IPS, the prcposd nrthodolory was applied

to a tbrearea IPS. Finally, the reliability and effectiveness of the prcposed method was

investigated in a three-area tPS with variations of systempararrcters in a range of+50%.

Chepter 4: It deals with the combined control of AVR and LFC loops in two- and ttnee'area

IPS with PI-PD controller coruidering various nonlinearities such as BD, GRC and GDB.

The gains of the ptoposd PI-PD ontoller were ohained using DO, LPBO, AOA and

MPSO algorithms. First, the proposd control methods were applied to two'arca IPS with

hydrc, thernral reheat and gas generation units in each area. Therq the prcposed contrcl

ap,p6oaches were applied to two- and ttuee-area IPS with nonlinearitbs such as BD, GDB ard

GRC to obtain rmre realistic and practical studies.

Cheptcr 5: This chaper is about the rrse of PID, I- PD, I-P and TID cortrollers to conuol

LFC asd AVR control loops in a four-area IPS. The gains of the contsollers were dstermined

using the GBO npthod- The prcposed oontrol nrcttrod was applied to a fuur-area IPS, which

has diff€rerf gsr€rating units in each of the fuur artas, including hydrc, thermal teheat, gas,

wind, ard solar photovoltaic power plants. A sensitivity analysis was perbrnrcd by varying

the paranreters of the four-area IPS within a range of t25o/o to dermnstratc the robustness of

the proposed GBO-PID conhol rnechanisrn

Chepter 6: This will include an evaluation of the major contributiors of the work covered in

the thesis. It also discusses the scope of future AVR and LFC work in rnulti-area IPSs.
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CHAPTER 2

Literature Review

This ctoryter pres€nts the sunrmary of literature suffcy relevant to oombined ard

individuat stgdy of LFC and AVR loop in difErent interconnected power systems.

In a power systenl the dsnand of active and reactive power is nwer constant; it

changes freque,ntly with varying load conditions. The power supply rmrst ret certain bssic

f€quir€ments for voltage and frcquemcy constancy. To keep load fiequency and ternrinal

noltage constant and touble-fr,ee, LFC and AVR control loops incorpo'rated in IPS' ThE LFC

loop nndifies tbe toquency and anplitudc of the active Pow6, while the AVR loop rnainly

controls the tefminal voltage and reactive Pow€r. TbE LFC loop eliminates fieqrcncy

fl'ctuations ttnough its regulator, while the AVR loo,p reduces voltage fluctuations by using

g€rr€ratorexcitation. In coribined LFc ald AvR o,peration, both th€ AvR and LFC loops are

cross-coupled. Various cotrrol strategies for oombined control of voltagp and Aequency

using AvR and LFc loopo have beerr p,rese,nted in th€ past. A brief deecription of these

control strategies is gtv€n in the next section

2.1 Combined Study of AVR md LFC Systems

Aditi Gupta et al. proposed PI aod I contmllers with danper winding for the AVR and

LFC loops respectively in a single-area IPS. According to sinnrlation studiee, the system

r€sponse was iryroved in ternrs of settling tirne, rmdershoot and overslroot [2]. Satish lGlmar

and Lalit Chandra explored a lrarris hawks optimization (IIHO) based tvro degrees of

freedom (2DOF) based tilt integral derivative (TID) conroller for simultaneou contol of

terminal voltage and load Aequency in a three-area IPS with nonlinearities inchrding GDB

and GRC. In each areg electric vehicles, combined c}rcle power plant (CCPP)' and single-

stage therrnal plants with rebeat turbine were considered. Th€ perbrmances of TID and PIDF

conholler were corpared with proposed controller in the presg ce rardom and singsoidal

load variatioru. The stre,ngfh of the proposed controller was also evaluated using sensitivity

analysis [3].

Chan&akala and Balannrrugun investigated PID oontnollers based on Ziegler-Nichols

(Z-N) and simulated amrealing (SA) to control t€nninsl voltage and load tequ€ncy in a two-

area IPS. The p,roposed ap,proach psovided a rresponse with a steady state eror of zero and a

lower settling time [a]. Gupta and Srinastarra studied the hybnid conholler of neural network

(NN) an1| frst traversal filter (FTF) for load frequency and ternrinal rdtage conhol in a
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single-area IPS. Thc proposed control scheme required few data sarples for the weiglf

haining process, rrhich ultimately incleased the s@ response of the systern [5]'

zN bssed PID and fi;fz4y lastc contollers (FLCs) were examined by Devashish

Sfrarma et a[ to stabilize terminal voltage urd load tpqueosy in a single-area IPS. The

q6tem.s dynamic behavior has been €ntranc€d in tenns of settling time ov€rshoot and

danping oscillntions t6]. Rumi ard Lslit enployed lighhing search algorithm (LSA) basd

pI with fractional derivatirrc and filter (PID'F) and PID with filter (PIDF) controller for two-

area IPS. Thse were several nonlinearities in the power system inchrding GRC and GDB' In

additiorU IPS also iocludEd iderline pow€r flow controll€r (IPFC) and superconducting

magnetic €ocrgy storage (SMES) systenrs. The coryarative analysis showed that the

pro,poscd control techniqtre was superior to the classical confollers [7].

Deepah and Ajit investipted a moth flanre optimization (MFO) bas€d frsctional-order

PID (FOPID) conholler br a two-area IPS. By coryaring the dynamic performance of the

optimized PID controller with other techniqges, tbe strperiority ard effectirpness of the

recommended IIIFO-FOPID coffiol scheure was demnstrated t8]. K Sahani et al' ptoposed

a fireflyo,ptimization (FA) based PID coffioller fur combined confiol of terminal voltage and

load frequency in a two-area IPS. Each onhol area had thcrntal and hydroelotric power

units. The effectiveness of the prcposed control app'roach orm existing meta-heiristic

methods was rnade clear though a corryarison [9]'

Javed and Zahra examined a hyhrid dylamic rpdel fot combined soalysis of LFC

aDd AVR systems in a single-area IPS with GDB aDd GRC nontinearities. The LFC system

consists of the lib€ralized phillips-Heffi,on rmdel while excitation loop has a power system

stabilizer (Pss). Danped contrrol and tfune domain simulations were used to assess the

dynamic perbrmance of suggested contnol ap,proach. simulation results harre shown that the

propos€d method is highly reliable under various loading conditions [10]'

Iklyan and Rao investipted the response of a two-rea IPS fo'r a combined study of

AVR and LFC toops. A PID contoller based on thc ditr€rential errcfution and artificial

electric field (DE-AEFA) approach was used for opimal control of IPS' A parallel high

voltage DC (HVDC) link to the enisting AC was also bruilt to firrtlrer increase the efficiency

of the syst€fir A sensitivity analysis was also perfonned to dermnstrate the adaptability of

the suggested control strategy [11].

IGlyanandRaosuggestedaDE.AEFAbasedPlDcontrollerforsimultaneous

stabilization of load frequency and terminal voltage in a two-area-IPS. To furth€r inprove the
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dynamic behavior of IPS, redox flow batteries (MBs) were installed in both areas and an

IpFC was installed in th€ tie-line. The results of the sirnrlations clearly demonstrate tbe

ef[ectiveiless of RFBs and IPFC in reducing tieline, tenninal rrcltage and load freqrcncy

deviations [12]. Abhineet ard Pffiida studied the behavior of thermal relreat and non-reheat

spterns in trro-area IPS to control AVR aDd LFIC loops. They investigated PI and PIDF

cortrollers to congol t€flninal voltage and load tequency respectirrcly. The id€at parameters

of pI and pIDF contollers were frund using thp sine cosine algprithm (SCA). The IPS

included uifred power flow controller (UPFC) and RFBs to firrtha optimize sptent

dyramics. A sensitivity study was carried oil by mdifying the system pafameters io

dermnstrate the versatility of the PIDF and PI ontnollers [13].

Nabil Nahas et al. studied a PID controller based on a nonlinear threshold acceptrng

algorithm (M.TA) for effective confiol of load tequency ard ternrinal voltage in a two-area

IpS. Thc p,ropos€d control stratery perfornrcd rnuch beter than pret'ious heuristics and

int€rnal ,odel based coffrol methods in uffi€rtain dynamic environments [lat Naga Sai

Iklyan p,r,o,posed a gr€y wolf optimizer (GWO) based plo'portional integral double derivative

(pIDD) oontsoller frr ternrinal voltage and load frequency stabilization in a two-rea IPS' The

suggested PIDD conholler's perbrmance was compared to that of the PI, PID, ad PIDN

controllers. Tbe dyramic perforrnance of IPS was fi[ther improved by integrating SMES

dsvices with LJPFC in tie-line [15].

pactnrnoori Anusba et aL investigated a FA based PID contoller for stabilization of

terminal voltage and load frequency control in a two-area IPS with TD, GRC' GDB

nonlinearities. The response of FA-PID was compar€d with PI aod I controllers' The PID

controller outperformed thc PI, PI, and I oontrollers in tenns of frequency, t€rminst rroftaEp,

and tieline pow€r rariations [16]. stephen oladipo et al. explored an accelerated PID

confroller (pIDA) to conmol load freqrerrcy and terminal voltage in a singlearea IPS' PIDA

was tuned with a hybridized pattrfinder algorithm (PFA) and pollinated algprithm (FPA)' The

obtained results showed that thc proposd control sche'nre outperfornred sweral other

contrcllers such as FPA-PID, ilIFO-PID, PSO-PID, GA'PID, and TLBO (Teaching and

karning Bas€d Optimization) based PIDN controllers [17]'

Satish ard Lalit enploy€d a tilt-integral-derivative with filter (TIDF) cortrroller based

on HHO for combined conhol of AVR and LFC loops in a ttnee-area IPS with GDB and

GRC nonlinearities. Each IPS area included a thermal plant with reheat turbine and combined

cycle gas turbine (CCGT) plant. The conprehe'nsive analysis clearly demonshated that the
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proposd TIDF controller outperfrrns both the PI and PID controllers. A hardware

configrsation in a three-area IPS was rued to furttrer investigate the perbrmance of the

proposod ont3ol tectrnique tl8l. Sheikh Safiullah et al. derreloped an active disturbonce

rejection control (ADRC) stratery based on a second-order emor*irrcn control law for

ternrinal rrcltage aod load Aequency stabilization in a ttree-area IPS. The IPS included solar'

tlrcrrnd, gpothernral, and wind powcr units. An IEEE-39 hrs syste,rr was rued to validate the

conparison betrveen PID and ADRC. Due to its suong ability to slrpprcss disnrbonces, an

ADRC cortroller was found to be better then s PID conholler in ternrs of contrrolling system

dynamics [9].
Satl*r lfumar et al. investigatod the perbrmance of a two degee of freedom (2DOF)

integral-tift derivative with fifter (I-TDD controller bosed on IIHO br combined control of

load freqgency and terminal rdtage in a three-area IPS. It was found that the proposd

coffiol stratery perfo,rnod better corryared to TID aod TIDF controllers. The suggested

corfiroller's efficacy was tested using random load distubsnces. The resilience of the

proposed controller was clearly demonstrated by studying the system behavior when system

paraoet€rs w€re clunged [20]. Biswaoath Dekaraja proposed artifrcial ftora algorithm (AFA)

based cascaded fuzzy PD-tilt irregral derivative (CTPD-TID) contnoller for the corubined

analpis of AVR aod LFC loops in a ttnee-area IPS. The eftcts of RFB8 and HvIrc finks on

the dynamics of a three-area IPS were also disossed- Conpared to TID and CPD-TID

contrrollers, the proposed contsoller CFPD-TID iryroved the sptem dynamics in terms of

s€ttling time, undershoot and overstroot [21].

Biswanath Dekaraja et al. d$igned a cascaded fractional ordcr tilt derivative with

filter (FOTDF) and fiactional order p,roportional derivative with filter (FOPDN) controller for

efEcient confiol of AVR ard LFC loops in I two-ar€a IPS. The IPS furcluded hy&o and dish-

stining solar tlernral system in area-l whe,reas solar th€rrnal ald th€rmal pow€r generation

units in ua-2.The best paramet€rs of the pr,oposed contrcller were determined using AFA'

The investigations clearly slpwed that the proposed contml method p€rbrnd better than

TIDN andPIDN contnollers [22t.

Biswaruth De,karaja €t aL plopos€d a cascaded proportional derivative with filter

(pDlg and Aactional order PID with filter (FOPIDN) for load frequency ard terminal rrcltage

stabilization in a ttnee-area IPS. The best paranrcters of the proposed contrroller were

d€t€rmined using AFA The impact of various energy storage technologies such as SMES

dwices, RsBs, capacitive e6€rgy storage systems (CES) and flywheel enerry storage systems
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(FESS) was also investipted with the inclusion of the HVIrc Hnk. Th€ proposd CPDN-

FOPIDN conholler provided lower rralues frr settling tirne, overstrcot, and urdershoot than

the FOPIDN conholler. The shrdy results showed that RFBs provide better system

perbrmrnce comparcd to FESS, CES, ard SMES devices [23]. Hady H. Fayek and Eugen

Rusu explored accelerated PID (PIDA) controller bosod on doc'tor and patient optimization

(DPO) for terrrinal roltage and load frequency conhol in two interconnected sustainable

micro grids. Solar ermgy and biofuels were used to pow€r the tno micro grids. The micro

g.ld had the capability of storing energy. The results slrowed that thc p,roposed control

stratery exhibited relatirrcly better response conpared to other oontrol techniques [24].

Naga Sai l&lyan et al. enployed ttre hybridized artificial electric field algorithm

(HAEFA) to hmc thefuzzy PID conroller to stabilize load frequency and ternrinal voltage in

a two-ar€a IPS. In additiorL various en€rry storagp sptems such as SMES, RFBs, and ulha

capaciton (UC$ harrc been consid€red in IPS. The perforrnance conparison betwen fitzy

PID ad other controllers such as PI and PID showed that the proposed fuzzy PID with the

inclusion of RFBs was superior in reducing ternrinal rrcltage and load frequemcy derriations

[25]. Arabinda Gbosh et aL investigated a PID controller based on hybridized particle swafln

optimization (PSO) and Ziegler-Nichols (Z-N) nrctlrod for ternrinal voltage and load

frrequency stabilization in a two-area IPS. Thc perbrmance of the ploposd npthod was

conpared with firzzy PID, fiizy PI, and PI controllers. ln addition, th€ uncatainty of the

systempararEt€ffi was inhoducd to evahrate the robrustness of the propos€d stratery. It was

fuurd that the proposed control approadr quickly led to better results [26].

Clandrashekar ard Jayapal studied PI, PID, and FLC in a deregulated two-area IPS,

which included therrnal, wind, and solar power rmits. Simulation results showed that FLC

p€rformd better than other confollers for both variable and constant distributd participation

matrices (DPMs) in terms of overshoot and settling time [27]. Grover e al. designed a PI

controller based hardwarein-loop (HIL) stratery for combined control of AVR and LFC

loops in a single-area IPS under rarious load conditiors. The PI based control npthod was

developed br continuous operation The pmposed control method was sucoessful in reducing

the variations of frequency and terminal voltage [28].

Ghassan Abdullah et aL prroposed a PID controller for ternrinal voltage and load

frequency control in a single-area IPS. The PID controller was tuned with nature-inspired

conputational methods such as FA, Z.N, PSO and genetic algorithm (GA). Comparison of

the results showed that FA-PID p€rfonrrcd better in controlling frequency and terminal



voltage deviation [29]. Nour Yaldne Ifuuba et al. strccessfully studied a PSO basd PID

control for AVR aod LFC loops in a two-area IPS. The prcposed mcthod prrorred to be rrery

successful when thp results of PSO-PID we,re coryared with those of bacterial foragng

opimization(BFO), GA and UN rrcthods [30].

Rumi Rajbon$hi et al. investigoted the effectiveness of a PSS and ptoposed a LSA

based Aactional-order (PITDD oontroll€r in a three-area IPS with nonlinearities such as GRC,

TD and GDB. It was bund that PIrDF with PSS improved the systern dynamics by reducing

oscillations [31]. Reza Moharnmadikia et aL investigated the rnodel predictive conhol (MPC)

t*tmique to increase the effrciency of LFC and AVR control loops in a two-uea IPS with

differert load disturbarrce in each area The pnoposed control technique outperbrrrcd the PI

and PID confiollers in both steady-state and tansierr performance [32].

Rumi and Latt developed a LSA based fractional integral derivative controller yith

filter (FOIDF) to conhol AVR and LFC loops in a three-area IPS. IPS had diesel, solar,

thesnal, wind, and th€rmal with reheat turbine power units. Various nonlinearities including

GRC ard GDB were also included in IPS. The response of tPS was improved by including

various e,n€rgy storage systems including SMES and CES in coordination with IPFC and

flexible AC transmission systems (FACTS) devic€s. The conparison clearly showed thc

superiority of FOIDF over the other ontrol mettrodologies. Mormver, it can be concluded

that IPFC-SMES scheNne worked more effectively than IPFC-CES [33].

Srikanth Goud et al. designed PID controller based on seagull opimization algorithm

(SOA) to oontrol AVR and LFC loops in a mrlti-area IPS. In addition, SMES and battery

en€rgy storrage (BES) devic€s were sucoessively incorporated into the systern The effrciency

of the suggested controller was clearly denpnshated when conpared to other controllers. The

simulation results showed that thc SMES based SOA-PID responded effectively conpared to

the BES basd SOA-PID control stratery [34]. Vineet Kumar et al. presented a HHO bosed

MFC to conhol load freque,ncy and terminal voltage in a tlree-area IPS with nonlinearities.

In addition, dynamic energy storage technologies such as virtual in€rtia and redox flow

battery (VI-RFB) had been incorpor*ed into the IPS. The robrustness of the proposd ItrIO-

MFC controller with VI-RFB was sucoessfully illustrated by simulation results [35].

Ahmd Hossam-Eldin et al. ploposed rfuzzy proportional integral derivatirrc double

derivative (FPIDD2) controller based gradient based opimization (GBO) algorithm for

t€rminal voltage and load frequency control loops in a two-area IPS. The tPS had diffe,rent

power rmits such as thermal gas, hydraulic, wind, solar with nonlinearities including GRC



and GDB. Thc dylramic r€sponses of GBO-FPIDD2 were conpared with the GBO hmd

integral derivative-tilt controller (IDT).The perfornnnce conparison clearly d€picted that

the FPIDD2 controller has a higher ability to reduce t€rminal rroltage and load @uency

deviations in both reas than the GBO-IDT conEoller [36]. Sheifft Safiullah et al. explored a

integral double derivative (IDD) controller based on novel state obs€rv€r (SO) for

simultaneous t€rminal voltage and load frequency stabilization in a the-area IPS with

nonlinearities. The hybrid system included different gencatfuE units such as electric vehicle

(EV), diese[ th€rmal, ard solar th€rmal. Thc system pararrrcters w€rc clnnged in order to

conduct a coryrelrensirrc sensitivity analysis to test the robustness of thc suggested contol

nrcchanism [37].

Mausri Btrufran et al. investigated a dynamic butterfly optimization algorithm

(DBOA) based cascaded PI-TID contnollcr for terminal voltage and had frequency

stabilization in a single-area tPS. Thc hybrid s)'stem was rrodeled using solar chimney,

hybrid electrb vehicle, solar gas turbinc, and biodiesel-fueled gcn€rator. To show the

efficacy of the suggested technique, sinnrlations were carriod out with uncertainties to obtain

dylramic responscs [3E]. Slrcikh Safiullah et aL developed a magnetotac'tfo bacterial

optimization (II[BO) and artificial nerual netrrork (AI{N) based second order ADRC br
combined terrninal rrcltage and load frequarcy stabilization in a nnrlti-area and standard

IEEE-39 bus IPS. The IPS had wird and solar therrnal units. Advancd electric vehicles

(EVs) were also included in the system for energr storage purposes. The sinnrlation results

strowed that the second-o,rder contrroller AI.IN-ADRC p€rbrmd relatively better than the

controller MBO-ADRC [39].

Vfurcet lfumar a al. reconrmended a IIHO basd MPC for performance enlrancernent

of AVR and LFC loops in a multi-area IPS. The efrectiveness of suggested control stratery

was confirmed by evahrating th€ transient response of the proposd MPC-HHO algorithm

with different controllss such as IDDF, PID, firuy PID, and FOPID controllers [40].

Soundarrajan et al. designed a PSO basd PID controller for an AVR and LFC system in a

single-area IPS. The results depicted that thc prcposed teclnrique has superior characteristics

such as ease of inplementatior\ robust oonvergcmce, and high conputational effrciency

conpared to traditional PID, firzzy, and GA based cornrollers. In additiorl the perforrnance of

the proposed control stratery was improrred in terms of lower oscillations, overshoot and

settling tirre [4U.
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Ahmad M. Hamza a al. explord PID oontroller based on BFO ard Z-N control

mettrods for thc analysis of LFC and AVR loops in a single-area IPS. Th€ performance

conparison rffild that the respoose of BFO-PID cortroller is better ttlan thc Z-N-PID

controller in tenns of settling time and overshoot [42]. Nour EL Yaldne lfuuba a al.

proposed a PSO basd PID controller for combined load tequency and terminal voltage

contrrol in a two-area IPS. The results we,re corryarod with Z-N, GA and BFO. Th€ proposd

approach was found to be rnore eftctive than other [43]. Srivastava and Gupta suggssted a

hybridized gaussian mixtur€ rmdel (GMM) and gumalizd fiizy rnodel (GFM) based

conholler for terminal roltage and load frequcncy stabilization in a single-area IPS. The

proposcd oontroller used GMM to opimize thc me,mbership functions and GFM to compute

the desired output in a single iteration The resufts of the simulations and corparative

analyses have shown that the suggested oonhol approach is capable of successfully

controlling the ternrinal voltage and load frequerrcy [44].

Nour EL Yakine trbuba et aL investigated a bat algorithm (BA) basd PID contnoller

to irryrove the rccponses of LFC and AVR control loops in a thr€e-ar€a IPS. The efficacy of
the suggested conhol shatery was denronstrated by conparing the results with those of
artificial bee colony (ABC), Z-N, BFO, PSO, ard GA basd PID controllers. The response of
IPS was analped by varying thc SLP in each arEa to confirnr the robustness of the proposed

control shatery. The feasibility of the BA-PID controller to solve the LFC-AVR problem was

dermnstrated by the results of the sensitivity analysis [45]. Sourdarrajan et aL studied PID

contrcll€rs bascd on PSO and its rariants such as multi.objective PSO and stochastic PSO for

tcrminal voltage and load frequency stabilization in a single-area IPS. The proposed

controllers pmvided improved perfurmance in terms of settling time and overshoot indicating

that the prcposd conhollers can effectively adapt to dynamic load conditions [a6]. Mohsen

lu;lzi ea a[ designed a p-synthesis strategy based robrst distributd controller for effective

control of AVR and LFC loops in an islanded micro grid with nultiple distribruted generation

tutits. The proposd control npthod included nuny local droop contrrollers and an

independent decentralized robust conholler. Thc efficiency of the proposd confrcller design

was prov€n by simulation results [47].

2.2 Study of Individual LFC Systems

A number of conhol methods have aheady been published for individuat frequency

control using an LFC control loop. Some of these rnethods are presented in this section.

Sheetla Prasad et al. investigated the combination of nonlinear sliding rnode contrcl (SMC)
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and generalized erftendcd state obscrver (GESO) br an LFC sptem in a two-area IPS to

study the frequency deviation problern Thc purpose of GESO was to estirnate the state and

disturbarrce and reject the system distrnbance. Considering random load disturbances, the

perbrmance of the prcposd obs€rvcr based controller was oonfirmed and conpared with

ADRC. The perfonnance of the proposed control schem€ was also evaluated in the p,resemce

of GRC ard GDB nonlinearities. Fmm the sinnrlation trsults, it was clear that the proposed

cortrol scheme is v€ry robust in the presence of nonlinearities ard distubances [48].

M. D. Pabitra et al. explored a PID controller based on the rnany optimizing liaisons

(MOL) algorithm for a two-area IPS with a thermal system without rchcat ard GDB

nonlinearity. The superiority of MOL-PID was confirmed by conparing its psbnnarrce in

transient analysis with tbat of the CPSO-PI controller [a9]. Jianping Cruo presented an

adaptive SMC tectrniquc for an LFC system in a tlnearea tPS. The eftctiveness of the

proposd technique was verified by numerical simulations and conparison of its response

with the classical SMC rnethod. Ttre overshoot and chattering leslxrns€s, etc., clearly

indicated thc superiority of thc proposd adaptive SMC technique oner the classical SMC

[50]. Ttte two degrees of fiecdom basd PID controller (2DOF-FOPID) has been applied by

Sabita Tripathy et al. for Aequency control in a two-mea IPS consisting of ttsnral dish-

sterling solar, onventional steanr, and gsothernral power plants. Thc opimal gains of the

proposd confioller were found using the grasshopper optimization algorithm (GOA). The

perbnnrrrce corparison between tb€ 2DOF-FOPID and the classical PID confioller clearly

exhibited the effectivemess of the proposd 2DOF-FOPID controller [51].

The fuzzy-aided PID controlls was enployed by P. C. Salnr c aL fur load frrequency

cottrtol in a multi-area IPS with nonlinearities. To find the optimal gain coeffrcients of the

fuzzy-aiffi PID controll% ttrc rmdified SCA was used. The F,oposd nrcthodology was

applied to IPS with ttu€e and five areas rcspectively. Nonlinearities such as GDB, GRC, BD,

and TD were included in the five'area controller IPS for rnore realistic study. The responses

of the fuzy-aiffi PID controll€r wer€ conpared with different contollers such as PID and

PI, etc. The performance conparison shows that the ftrzzy PID contrcller is superior

conpared to other controllers [52]. Sheetla Prasad et al. suggested an effectirrc control law for

optimal control of tlrearea IPS in the presence of GDB and GRC nonlinearities. The

sinnrlation results were compared with linear sliding mode conhollers. It was clearly found

that the Foposed strategy prrovided a response with minimal overshoot/understroot and

r3



quic*er settling tinrc. Moreovrr, tbc danping characteristics of the system were effectively

changed as a function of the load distuftances and unc€rtainties [53].

Ajittupriyadarsini et al. used an adaptive fuzzy logic bssed DE technique to

inplerrcnt a PID oontroller for frequency control in a two-area IPS. When the sinnrlation

results of the proposed controller were conpared with those of the traditional PID controller

and the DE -hmd PID controller, it was frwrd that the prcposd contol scherne had a better

r€sponse than the ottrcrs [5a]. Emre Celik studied the dragonfly search algorithm (DSA)

based cascaded fractional order proportional integral- fractional order pmportional derivative

(FOPI-FOPD) ontrolle frr the frequcncy coiltrol in nurlti-area IPSs. The proposd control

rrcthod has been successfully applied to two and ttuee-area IPS wittr/without nonlinearities.

The coryarison between the proposed and the published work clearly depicted that the

frequency and tie-line pow€r r€spons€s have been improrred in tenns of overshoot,

undershoot ard settling times [55].

Jeplakshmi et aL proposed a PI controller bssed on hybridizd fi:uzylogflcand a PSO

algorithm frr an LFC loop in a two-area IPS. The r€sponses of the propos€d approach were

corpared with GA and FLCs. The simulation rezults clearly intimatd that the proposed

control systern provided rohrst dynamic performance in the presence of various distubances

[56]. E$nail et al. investigated different ontrol strategies for designing LFC in a deregulated

IPS environment. The pow€r systern rnodels and different conhol strategies for LFC design

we,re studiod. In addition, the ctrallenges and benefits associated with the studied control

shategies were discussd [54.
Yang Mi et aL explored a unique decentralized sliding rmde npthod (SM) for LFC

loop in two-area time-delayed IPS with considerable wind power penetration. The simulation

results clearly exhibited the effectiveness of the proposcd nrcthodology in reducing tequency

and tie-line power deviations [58]. Banaja Mohanty develo@ an output-ftedback SMC

based on hybrid flower pollination-pattern search method (hFPA-PS) to cope with frequency

der.iations in a two-arca deregulated IPS. In the presence of GRC, GDB, and rD
nonlinearities, the dynamic responses of the system were studied. The perforrnance

conparison between the proposed and other control strategies indicated that the proposd

technique outp€rforrrcd the traditional contnollers [59]. Nimai Charan Patel et al. designed a

SCA based double loop PD+PI controller in a two-area IPS to control the syctem frequency.

Gas, hydro, and tttennal power plants were included in the IPS. The behavior of the s)6tem
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was evaluated with ard without I{VDC link. The PD+PI dual loop contoller was shown to

ouperform tbe PID oonhollers [60].

Banaja Mohanty has investigated an output-feedback SMC for a two-area IPS. The

associated pararrcters of the contoller are adjuted usurg the TLBO rrthod. The superiority

of the prcposd npthod is demonstrated by corparing its results with DE, PSO, and GA.

Mottorrcr, a sensitivity anslysis has shown the superiority of the pmposed technique [61].

Yonglrui Sun et aL enployed an H-infinity sliding rnode contmller for an LFC loop in a two-

arca tirte delayed IPS. TIF objective of the sliding rnode control law was to ensur€ that the

sliding surfrce can be reachod in a finite time. The superiority of the proposed approach was

v€riftd afte satisfactory simulation rezults were obtainod [62]. Chittarardan Pradhan and

Terje Gjengedal harrc designd a cascade PI-PD controller based on the adaptive Jaya

opimization algorithm (AJOA) to oontrrol the system frequency in a two-area IPS. The results

rwealed that the AJOA-PI-PD conholler zuccessfully minimizes the firequency fluctuations

corpared to other contmllers [63].

Preeti Dahip et a[ proposed a disnrpted oppositbnal based gravitational search

algorithm (DOGSA) ffiid SMC for LFC loop in a deregulated two-rea IPS. In the prresence

of diffenent nonlinearities such as GRC, GDB, and TD, the dynamic rcs1rorre of the system

was investigatd and evaluatod. The pcrformance of the propos€d oontrol was conpared with

I, PI, ID, and PID controll€rs and it was found ttrat the prcposd DOGSA-SMC conrnol

scheme achierrcd significantly better results than the raditional conhllers [64].
Yogendra Aryra used tlre inperialistic competitive algorithm (ICA) to design an

output scaling ftctor based fuzzyproportional integral (FPI) controller for two-rea IPS. The

superiority of the proposed controller was cotrryrehensively demonstrated by conparing the

resufts of the proposed and the PI/PID confiollers tuned with the FA, Gwo, pso, GA BFo,
hybrid BFO-PSO, and hybrid hFA-PS algorithms [65]. Sounrcn Biswas et al. presented the

GOA basd tlnee'degree'of-freedom PID (3DOF-PID) onholler for the LFC loop in a rwo-

area daegulatd IPS. Ttp SMES devices and UPFC have been incorporated. For rmre

realistic studies, BD, GRC, ard GDB wenc also includ€d. The simulation results clearly

dermnstrated that the 3DOF-PID confioller with GOA optimization is superior to classical

PID contrroller [66].

Atrlnd Fathy et al. explored a fiizy PID controller based on the mine blast algorithm

(MBA) for the frequency conEol in a three-area IPS with GRC and GDB nonlinearities. The

results wer€ corpared with PSO, artfficial bee colony, and ant lion optimizers based pID
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contrcllers. The simulation results confirnred the superiority of the proposd control trEthod,

as it prcvided a better r€sponsc in terns of statistical parametqts than otlrers [67]. Thc

integral-proportional dcrivative (I-PD) was sugg€std by funil Daraz et al. for the LFC loop

in a trvo-area IPS. Using a fitness dcpeirdent optimizc (FDO) algorithttl the paranrcters of

the proposed I-PD corfroller were determfurcd. For further research, variou nonlinearities

such as TD, BD, GDB, and GRC were included in the IPS. Ttre results of the proposcd

control sche,nre were corpared with PSO, TLBO, and FA based controllers These results

clearly show that thc prcposed control stratery is superior in ternrs of setling time,

undershoot ard orrcrshoot [U.

Amil Daraz c aL developed an I-PD controller in a two-area IPS to control system

frequency. I-PD controller was optimized uslng the FDO technique. To verify the

effectiveness of thc proposed contruller, a thomugh perforrnance corparison between DE,

TLBO and local unirnodal samphng (LUS) based control npthods is perfornred. The

perbnnance evaluation showed thst the prcposd FDO-I- PD conholler perbrmed better

than the others [6E]. Amil Daraz et aL desigrrcd an inprorred-fitness d€p€ndent optimizer (I-

FDO) bas€d fractional order integral-tilt derivative (FOI-TD) controller fur a two-area IPS

with nonlinearities including BD, GDB, TD, and GRc. The perbrmance of the I-FDQ

method was conparod with PSO, TLBO, and FDO techniques. In additiorl the response of
the proposed contrcll€r was coupared to integral-tilt derivative (I-TD), PID, and fractional

order tilt integral derivative (FTOTID) contnollers. The perforrnarrce analysis €xhibited that the

proposd controller perforrns bett€r in r€ducing frequency and tie-line deviations than other

controllers [69].

Amil Daraz et al. studied an [-FDO based fractbnal order I-PD (FOI-PD) oontroller

LFC problem in a restrtrchred two-area IPS. Numerous nonlinearities, including BD, TD,

GRC, and GDB, were incorporated into the IPS. The effectiveness of the propos€d conhol

stratery was erraluated by conparing its response with TLBO, FDO, ard FA. RFBs were also

installed in each area with thyristor controlled series conpensatorc (TCSC) in the tie-line of
the power system to improve the syatem performance. The results clearly manifested that the

proposd stateryperforms better in ternrs of lower undershoot, overshoot, and settling times

[70].

Amil Daraz et al. investigotd a hybridized SCA with FDO (hSC-FDO) based

fractional order integral-tilt derinative with filter (FOI-TDN) controller for LFC loop in a
two-rea IPS with nonlinearities. A thyristor-ontrolled phase shifter was installed in th€
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interconnoction line and capacitive elrcrgy storagp devices werre incorpo,rated in each area to

imprcve systern perfonnance. Ttrc performance of the prcposd control stratery was

validated by conpring it with Ff,tO, FA, and PSO [71]. TtE autlrors harrc presented a lot of

control strategies for frrequency control in an IPS. Tlrey harrc srccessfully ued nature-

inspired conputational algOrithms to tune various controllers. These studies can be found in

[72H] l3].

2.3 Study of Indtvidual AVR Systems

A number of control techniques bave aheady been publisbed for individual voltage

control uslqg an AVR control loop. In this section, sonp of tlrese techniques are presented. S.

Panda a a[ presentd MOL algorithm basd PID controllers for AVR loop. The proposcd

method's efficacy was demonstrded by comparing its results with those of conhol methods

based on ABC, PSO, aod DE. To rrcrify the effctiwness of the proposed control nrcthod, a

sensitivity analysis of the MOL-PID control technique was also performed by varying the

systernpararrctcrs I l4].

Mutafr and Erdinc explored a SCA based fractional order PID conroller with

fiactional filt€r (FIOPIDFT) to oontrrol terminal rrcltage in a power systenl From the results, it

was clear that the SCA-FOPIDFF has siguificantly increased the perfonnarrce of the AVR

system [15]. Baran Hekirnoglu ad Serdar Ekinci prcpos€d a GOA basd PID controller for

voltage regulation. The performrnce of tbe proposed control rcthod was conpared with

ABC, DE, ad AN based PID controllers. It was found that thep,roposed technique was quite

efficient and improvod the transient r€sponse of the AVR systern I 16]. Supol lknsit and

Wudhichai Assawinchaichote suggested a PID ontrolla based on hybridized PSO and the

gravitational search algorithm (PSOGSA) for an AVR systern The design was evaluated

using bode analysis and transient rcsponse analysis. The comparative analycis clearly

manifested that the propos€d PSOGSA-PID was superior to MOL, PSO, and ZN based PID

controllers I l7].

Suid and Ahmad d€sign€d a sigmoid PID (SPID) conholler based on the nonlinear

SCA to corfrol ternrinal roltage in a power systern According to the simulation results, the

proposd control npthod inrproved the transient response of the AVR systern in terms of

steady state €nor ar:d o/o overshoot I I l8]. Saleh Masoud A a[ inrrestigated a fractional order

PID (FOPID) controller based on gradient based optimization (GBO) for voltage regulation

in a power systefir The results indicated that the proposed AVR design has higher stability

and excellent dynamic behavior conpared to previors designs [ 19]. Ernre Celik and Rafet
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Durgut investigated a PID controller bas€d on thc symbiotic organisms' algorithm for an

AVR systenr. The perbrnnnce of the proposd mehodology was evaluated using root hars

analysis and bodc analysis etc. By onrparing the results of the proposd mehodology with

published datq tbe effectiveness of the ploposd technique was clearly demonstrated by the

autho,rs [l20].
Baran Hekirnoglu derdoped a SCA bas€d PID conholler for voltage regulation in a

pow€r s)'steilL Coflpar€d to PID conhol approaches based on bio-geography based

optimization (BBO), ABC, DE, ard 7-N methods, the proposd nrcthod was frund to be

effective and reliable in improving the transi€rt respons€ of AVR systern [121]. Salman

Habib a aL presented an imporred whale optimizatbn algorithm (WOA) basd PID

controllq for voltage sabilization in a power systerL The performance of the AVR system

uras evaluatod ruing root-locrrs, bode plot, fid pole,zero diagrams. By conparing the results

with eight ditrcrent oontrcl strategies, it was shown that the prcposd IWOA-AVR design

outperforrned ttrem in ternn ofstability and transient responses [122].

Touqeer Ahmd * al. enplored a fractional order PID (FOPID) oontroller for an AVR

systern based on the jaya optimization algorithm (JOA). The rcsults of the proposed apprroach

were conparod with those of inryroved kidney inspired algorithm (II(A), sa$ swarm

algorithm (ssA), pattern search (PS), bibliography based optimization (BBo), LUs, woA
GOA' ABC, PSO, and DE dgorithms to dcnpnstrate the efficacy of the proposed oontrol

metttod. The rohlstness of the proposd conhol technique was confirrned by sensitivity

analysis ll23l.
A PID with second-order derivative (PIDD2) oontroller based on enhanced aquila

oilimizer (qtAO) was designod by S€r'drr Ekinci to regulate voltage in a power systern.

Modified opposition based learning (OBL) and the Nelder-Mead (NM) simplex search

algorithrns were used to derrelop enAo. By conparing the perfonnance of the p,oposed

technique with that of geviously prescntod AVR systems, the excellent perbrmance of the

proposed approach was clearly denronstrated [l24]. Researctrers have p,resented numerous

control nrcthods for voltage regulation control These control nrcthods are well explainod in

ll25l-u401.
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CHAPTER3

Frequency and Voltage Stabilization in Multi-area Single-Source IPS
This chapter deals with the design and implementation of the proportional integral-

proportional derivatirrc (PI-PD) controller for two- and ttuee-area single'source

interconnected power systems rsing nature furspir€d conputation algorithms including learner
perbrrnance bqsed behavior opimization (LPBO), Archimedes optimization algorithm
(AOA) and rrndifid particle swarm optimization (MPSO).

3.1 Mathematlcal Modeling of Power System
The nnrlti-area single-source IPS ud€r study is strown in Figure 3.1, where lh ailf

rcpres€nt area-l and area-2 respectively [4]. The IPS consists of a hydm power plant. Thc
LFC loop of im area consists of a contuller (Krrr(s)) and hydro power plant that aomprises

turbine tt#), soven*T ttffi), t* ar€a's bias frctor (4), speed regulation ({),

I r.. \
and gencrator/load 

L;ffiJ' 
aPDo). Mr,p av,1,1,d M*r,r denote the load deviatioq

frequency deviation, deviation in ternrinal rrcltage, ard tie,line power deviation respectively.
Y,1,1, Yn11,r,d Y,r,treftr to thc t€rminal output, ttftrrence, and se,nsor voltage in ifr area

r€spectively. The purposc oftie-line is to interconnect nnrltiple areas in an IPS.

:ir!l:l:l

i&
i....:t

raaaaaaaaaaa aaaaa aaaaa....raaaa a aa aaaaaaaaaaaaat

a
I
a
a
a

a

a
a

2v
a

a

a
a

a
a
I

LlTSyslem

a
a
t

D

:
'r '.... t.................r.......#J.......... r..... r.......... r. t r.............1

(a)

f,,,,
sf,,r +l

l9



Figrre 3.1: Power System

(a) combined LFc-AvR rnodel (b) Two-area tie-line (c) Ttnee-area tie-lines.

Thc transfer firnction rnodel of the hydro power plant (Gr(s)) is provided in Eq. (3.1). The

definitions of all symbols/terms used in Eq. (3.1) and tPS are prcvided in List of Symbols
section.

(3.1)
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The AvR loop of rd arca consists of a controller(Kro(s)), ,rrpfinof ]5"u1 ; l, gcm€rator
("2i,,, *l )''

trffi), exciter 
trft),and 

sensortrffi). Gr, Gz, o,, G+ and G, are the

coeffrcients fur nnrtual coupling between AVR aod LFC loops. The synchronization

coe,fiFrcient betwoen in rrOfo area is repnesented by Tu. The s€nsor continuously senses the

tenninal volAge and provides the error volAge signal after comparing it with the reftrence

voltage. The controller generates the signal for the anplifier from the error signal. The

anplified signal is then given to the excitation unit to conhol tlrc field excitation and the

tennind roltage is regulated accordfuEly.

3.2 Propooed Control Methodolory

The PID contloU€r is often rsed in industrial applications because it is simpl€r to build

and irple,ment. PID contollers often work effectirdy, although npdified PID control

stnrctures hare been shown to be better at oombined contol of LFC and AVR control loops.

PI-PD is also a rnodified form of th€ PID controller, designed to achieve the best transient

and steady-state r€sponse while eliminating sptem errors [41]. Tbc PI cortroller is located

in fed furffird p*h while PD conholler is located in feedback path The rpdified structur€

of PI-PD has proven that it can effectively improve the dpamic perfornnnce of systerns.

Recently, the PI-PD controller has been used effcctively in a variety of applications U42l-

tl50l. The proposed contol mahodology to control load frequency ard terminal rrcltage in

multi-area IPS is given in Figure 3.2. Eq. (3.2) is used to obtain the control signal U(s/

gcn€rated byPI-PD conholl€r with IPS:

U(s) = 1x o, 
+ L1t(s) - (Kr, + Krs)f(s)

E(s) = I(s)-R(s)

(3.2)

(3.3)

where tl(s). Y(s), R(s), and E(s) detrote the control, output, reference, and error signals

respectively. Ko1, K1,2, K,, adKdare the gain coeffEcients of PI-PD controller. The oost

function (J) depends on the error signal E(s), which is essentially the difference between the

output signal and the reference signal.
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Figure 3.2: Prroposed control methodolorywith combined LFc-AvR systenr

The cost ft[rction (I) can be corputed using different tpes of enor indices such as

the integral of the squared value of thc enror sig"al (ISE), the integral of the timc rnnrltiplied

with the absolute ralue of the error signal (ITAE), the integral of the time nnrltiplied with the

squared nalue of the error signal (ITSE), and the integral of the absolute nalue of error (LAE)

represertod by ttp following equations tElt22l:

IsE.t*o.,., = lit4y'i' +Sz2 +Ai,? +At1|+trf,rryt

JrrAE, t**rr"" = I 
"\tt 

A I + I M, I + I at,, I + I at4, I + I /P,-,r, lW

JrrsEt**.,." = l!t[, +gj +ttli+Ay,1+A**rryt

JrAE r*o-",." = litt U I + I U, I + I av,, I + I z;y,, | + | lPr,.n ll&
For ttnee-area IPS, we can write:

Jsn. .*"-.,." = Iitry' + ry: + Mj + Arr? + Lti', + Atal + &i, + Ml*" + Ml*rl@

rer.h,...,- =littUl+lUrl+t4y' rl+lLI/,rl+lL?,rl+lLy,rl+lApr,*r l+l/f,*rl+l/f,u,,tlltr
Jrrss.rh,o{,." = l?t4y' i'+si +ul +Lt l +AtaZ+/Ir,1+Lff*,+Lff*r+apfi,rldt

Jrree.th,o*,o = JinAfi I+l Mrl+|461+ l'tr,ril'y,rl+la4t l+lApp*r l+lw,*.rl+lLp*,lldt

(3.4)

(3.s)

(3.6)

(3.7)

(3.8)

(3.e)

(3.10)

(3. l l)
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where,

A4r=Yo-Y,,

AYrz=Yrrr -Yr,

AY,t=V*-Yu

APrrr=M*rr+Mpnt

M*r=AP*rr*!P,n,zt

(3.12)

(3.13)

LP*r=AP*rr+LP*n

In this study, nature-inspired corputation-based algorithms such as LPBO, AOA ard
MPSO have boen explor€d to opimize the cost function (J) using the ITSE enor index to
ohain opimal gain coeffrcients of contrcllers.

33 Nature-Inspired Computation Algorithms

Due to theh ability to sohre corplex ralued problerns in engineering, nature.irupired
coryutation algorithms harrc gained bri[iant attention in IPS. Researchers have reently
inhoducd sorp rrw natur€-inspired conryutational algorithms such as artificial rabbits

oflimizatio,n [15U, dfftdelion optimizer [152], sea-horse optimizer [153], Archimodes

optimization algorithm (AoA) [54], tsansient search algorithm U55], and learner
perfonnarrce based behavior opimization (LPBO) [56] etc. tGeping in view tbeir
re,markable contribution in dilferent €ngineering applications, an eftrt was made in this work
to effectively control load frequency and terrrinal voltage using nature-inspi.ed conputation
techniques.

33.1 Leerner Performrnce bercd Bchevlor Optlmlzatton (tpBO)
Rashid ard Ratrman presentd a novel nature-inspired learner perforrnance based

behavior optimization (LPBO) techrique m2020. The basic corc€pt behind this algorithm is
based on the frct that how shrd€nts are admitted to different departnrnts of a ruriversity is
based on their high school performance. After a&nission, students must be able to improve
their intellectul level to irryrove their shills. In this way, both exploitation ard exploration
phases are p,reserved. In this algorithq a random population is generated with various rangps

of grade point avtrage (GPA). The applications of sonrc of these learners will be rejected or
accepted based on their fitness. After that, the population is divided in to subpopulation.
Fitness is calculated and is then sorted into separate goups. The new population's stnrcture is
ctranged using ctossover and mutation operators. A specified rnrmber of learners is acquired
by different departnrcnts based on the minimum GPA criteria. This rejection and acceptance
process is continued until all d€partrrnts have their vacancies frlled. Population fihress is
improved in each iteration based on group learning intellectual level, and teaching level

23



[56]. Figur€ 3.3 presents the flow clurt of thc LPBO algorithnr Note that th€ LPBO

population reprcsents the PI-PD contnoller's param€ters in this case.

Figure 3.3: Flow chart of LPBO algorithm
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33.2 Archlmcder Opttmlzetlon Algot{thm (AOA)

TtE Archirndes optimization algorithm (AOA) is a new state-of-theart algorithm

based on the Archimedes principle that can deal with both convex and non-convex problerns.

It was invented tn 2O2l by Fatma and Houssein U541. It defines the relationship between a

buofnt brce and an object sub,mergsd in wat€r. The objct will sink if the displaced fluid

weight is less than the weiglrt of the obj*t. Similarly, if the displaced fluid and object weight

are equal, the object floats on thc fluid. An object has volurne, acceleration, and density that

results in the hnyancy force, as a result fluid's net force is alwap zero. AOA is a very

effective nature-inspired algorithm in a waythat it analpes a proble,m with a global optimum

solutionAOA fences in both exploitation ard exploration phases since it is a global

opimization algorithrn A conprehensive area nnrst be examined to identi$ the global

opimum solution of a give,n problern Firstly the fluid's random positbn is initialized and

th€n AOA erraluates the initial population fitness to discover the best possible solution until

the selection crit€ria ar€ met. The density and volunp of each object changes at each AOA
iteration The new density, volume, and acceleration arre obtained using the object's fitness.

TtF AOA population r€prcsents the PI-PD oontroller's parameters. Th€ AOA have been

successfully used in different applications [57F[61]. Figur€ 3.4 pnesents a flow ctrart

diagramofAOA.

333 Modified Perticle Swrrm Optlmlzrtion (MPSO)

Following thc swarm intelligence, Ebertnrt and trknnedy proposd the PSO algorithm

in 1995 U621. [n PSO, the rnovement of particles (candidate solutions) over a defued search

space depends upon thcir velocity and position The rmrrcrnent of particles is incited by ttre

best possible positions known as local bests. These local bests lead partictes toward the best

possible position [63]. In MPSO, the global learning coefficient is updated using a
combination of existing local ard globol learning coefficients. The rmdification in the PSO

algorithm is being made to inprove the convergerrce characteristics of the controller. Figgre

3.5 depicts the flow chart of the MPSO algorithm. Renrcmber that in this research work, the

particles r€,present the PI-PD conholler's parameters.
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3.4 Implementatlon and Results Dlscussion

Multiple simulations urere canied out in MATLAB/Simulink to express the validation

of the prroposed @ntol mthodology. Firstly, a two-area singl+source IPS was investigated

uing LPBO, AOA, ard MPSO basd PI-PD conhol schernes for oombined control of LFC

and AVR loops. After successful results in a two-rea IPS, thc prcposed nrcttrod was applied

to a threarea single source IPS. Following thc successful resufts in a tlnearea IPS, a

sensitivity analysis was also p€rbrmd by wryhg the systern paramctcm to confirm the

effectirrcmess of the prcpos€d control schenrcs.

3/.f Frcquency end Voltrge Strbillzrtton ln r Two-erte Single,Source IPSI

The nvo-area IPS rmdel under investigation with a collective LFIC-AVR systenr is

slpwn in Figure 3.6. The s]rstempafam€ters of the two-urea IPS are specified in Appendix A
The systern pararrrct€G of area-l ard area-2 werre chosen from [4] for a direct corparison of
thc p,toposd nrtlrodology with the NLTA-PID confioller. The paranrcters of opimization
algorithms such as MPSO, LPBO, and AOA usd in simulatioru are given in Table 3.1. Ttre
optimal pararnet€rs of MPSO-PI-PD, LPBO-PI-PD, ad AOA-PI-PD oontrol schemes ar€
grven in Table 3.2. For the sake of the assessment of the proposd oontol schenrcs, the
evaluation of the time responses with2% SLP in each area was carried out ard conparisons
wse rnade with the results of NLTA-PID [4]. Furthtr, a oomparison between the pnoposed

cortrol schemes such as MPSO-PI-PD, LPBO-PI-PD, ard AoA-pI-pD is also pr6mted in
detail inthis section
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LFC SyrEcm (Arer-2)

AVR Systcm (Arca-2)
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Figur€ 3.6: Two-area si4gle-source IPS model with LFC and AVR loops
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Table 3.1: Pararreters setting of MPSO, LPBO, and AOA

MPTIO LPBO AOA

Paramter Value Pemmcter Value Prremter Vduc
Population size 20 Population size 20 Population size 20

Itqatiors r0 Iterations l0 Iteratiors l0
Incrtia Weight

Damping Ratio
I

Cro*sover

Percentage
0.7 Cr (corutant) 2

Pcrsonal Learning

Coefficicnt
2.74

Mutation

Pwantage
0.3 C: (constant) 6

Global Leamirrg

Coeffrcient
2.88 MutationRaE 0.03 Cr(consbnt) .,

Max. Velocity Limit 0.2 NumbcrofMutanE 6 Cr (constant) 0.5

Min. VclocityLimit -0.2 Numbcr of Offspring t4 Rangc of Norrnalization (ql) 0.9.0.1
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Table 3.2: Optirnal values of controller pararrEters fur a two-area single-source IPS

Area
Conholler
Paramcterr

IILTA.PID
tl4I

Controller
PrramcErr

kopued Conhol Schemcr

LPB(}.PI.H' AOA.PI.PD

Ar€a-l

trSr 1.995 I$r 1.061 l.oat l.6l

Kr 1.943 Kr 0.630 1.395 1.512

trQr 1.079 IG, Lt62 1.071 l.tt
rh, t.994 trQr 1.621 1.795 1.263

Ifu 1.295 I$3 1.053 1.t50 l.0l
Ift2 1.r07 Ifu 1.419 0.772 l.5t

rk 0.E12 0.140 0.68

IG, 0.2t3 0.4t3 0.37

Ara-2

Kc 1.956 I$t 0.5at 0.965 0.90

Kr 1.919 Kr 0.792 0.667 0.6t
Iq! 0.6s5 I$6 0.775 0.670 t.4
Kr. 1.2t3 Ift3 1.106 0.616 1.60

K+ 0.5t6 r$? 1.903 1.522 r.50

IQ{ 0.E19 Ifu 1.376 1.325 r.E5

rk 0.7v) 0.507 0.74

Kdl 0.8x2 0.s26 0.52

ITSE 2.U ITSE 0.250 0.|il 0.1892

Figtre 3.7 and 3.8 show the frequency deviation cunes of area-l and area-2 gsfurg

NLTA-PID U4], MPSO-PI-PD, LPBO-PI-PD, and AOA-PI-PD control schemes in a two-

area IPS respectively. It can be seen that the proposed control schemes provided a vgry

satisfactory frequency deviation response. For area-l LFC, the settling time of NLTA-pID

[14] was lower than the proposed schemes but at the cost of a high undershoot. NLTA-PID
provided an urdershoot of -0.285, whereas the proposed Mpso-pl-pD, LpBo-pI-pD, and

AOA-PI-PD provided-0.130, -0.135, and -0.115 respectively. It can be noticed that the

propos€d MPSO-PI-PD, LPBO-PI-PD, and AOA-PI-PD prrovided 54yo, 53yo, and 6}0/o

respectively bater undershoot responses as compared to the NLTA-PID controller in area-l

LFC. For artr.2 LF'IC, NLTA-PID pmvided a quick settling; btrt it provided an urdershoot of
-0.275, wlrcreas the proposed MPso-PI-pD, LpBo-pI-pD, and AoA-pI-pD provided-0.135,

-0.170, and -0.120 respectively. The proposed Mpso-pl-pD, LpBo-pI-pD, and AoA-pI-pD
provided Slo/o,38o/o, arfr 560/o respectively better undershoot responses as conpared to the
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NLTA-PID controllq in area-2 LFC. Thc % ovemhoots and % steady-state (s-s) etrom w€me

alrmst zer,o with each proposd technique.
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Figure 3.7: Response of Al with PI-PD control schemes in a two-rea singlesource IPS
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Tables 3.3 presents the performance specilications of frequency deviation r€spottscs

rsing NLTA-PID, MPSGPI-PD, LPBG'PI-PD, md AOA-PI-PD contul sctrmes in a two-

area IPS respectfuely.

Tablc 3.3: Perfornrance specifications of frequ€ocy deviation responses in a two-fiea srrgle-

Figure 3.9 and 3.10 show thc t€rminal rdtage of area-l and area-2 AVR uing the
NLTA-PID, MPSO-PI-PD, LPBO-PI-PD, and AOA-PI-PD control schernes in a two-arrea

IPS respectively. It is clear that thc proposod contnol schernes provided a vcry satisfactory

transient rcspottsc in both area-l and area-2 AVRs. It is identified that NLTA-PID provided
18% and 17% overstroot in area-l and area-2 respetively, but the Foposed technique
provided a rrcgligible % overshoot at the cost of the settling time with all hrning techniques. It
can be oherved that thc prcposed LPBO-PI-PD and AOA-PI-PD control sctrenres produced

settling times apprcximately the sanp as those achieved by NLTA-pID.
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Figure 3.9: Resporueof ht with PI-PD conhol schemes in a two-area single-source IpS
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Control
Schere

Arer'l Are12

Setdlng

TimG
(r)

'/o
Ovcnhoot

Vog--r

Errur

Sctdltrg

Tlmc
(r)

'/o
Ovcnhml

lTrlanhanri VoH
Etlor

NLTA-PrD U4l 2.120 0.0005 {.285 0 2.s92 0 -0.275 0

MPSO.PI-PD 4.540 0 -0.13 0 4.92 0 -0.135 0

LPBG,PI.PD 6.9s 0.005 -0.135 0 4.04 0 -0.17 0

AOA-PI-PD 6.675 0 -0.115 0 4.69 0 -0.12 0
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Figrne 3.10: Response of hz with PI-PD oontrol schernes in a two-area singlesource IpS

Tables 3.4 presents the performance specifications of tenninal voltage r€sponses

ttsittg NLTA-PID, MPSG'PI-PD, LPBO-PI-PD, and AOA-PI-PD control sclrenres in a two-
area IPS respectively.

Table 3.4: Performance specifications of ternrinal voltage r€sponses in a two-area single-

Figure 3.ll shows the tie-line pow€r deviation r€sponses using NLTA-pID, MpSO-
PI-PD, LPBO'PI-PD, ard AOA'PI-PD control schenps in a two-area IPS respectively. It can

be obserued Aom the results ttnt LPBO-PI-PD ard AOA-PI-pD provlled tie-line power
deviation r€spollses with no undershoot; howerrer, this was at the cost of a stightly small
overshoot. The performance rcsponses pmovided by Mpso-pl-pD, LpBo.pI-pD, and AoA-
PI-PD conhol schenres are satisfactory.

source IPS

Control
Scherno

Arcrl Are12

Rlre
Timc
(rl

Settllng
TiDG
(rl

Vo

Ovenhmt
Vocq
Error

Rirc
TimG
(rl

Setdttrg
Tirnc
(rl

Vo

Ovenhoot
o/o rq
Error

NLTA-PrD [l4] 0.129 1.24 18.80 0 0.154 0.t9 17.75 0
MPSG,PI.PD 0.653 3.30 0 0 1.077 3.17 0.0003 0
LPBOPI.PD 0.454 t.22 0.2E 0 0.4il 1.38 0 0
AOA-PI.PD 0.610 1.23 0.27 0 0.435 1.49 0 0
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Figrre 3.12 ad 3.13 show the graphical conparisons of the perfonnance

specifications tequeocy deviation ard t€rrtinal voltage rcsponses using NLTA-PID, MPSO-

pI-pD, LpBO-pI-pD, and AOA-PI-PD conEol schemes in a two-area IPS respoctively.

I
I

5

5

4

3

2

1

0

8

7

ls
.5
.4
!3
,2

1

.0

.I
-t

I L.

(b)(a)

r NLTA.PID

t MPSO.PFPD

AOA.PFPD

r LPBGPFPD
I 'i-

I NLTA-PID

r MPSO-PI.PD

AOA.PI-PD

. LPBO.PFPD

**$.$r.o,'o-.."$$d,,*

Figrse 3.12: Graphical conparisons of perforrnance specifications of @uency dwiation

responses using PI-PD control schernes in a two-area single-source IPS

(a) 
^li 

(b) 4n

34



zo
18

15
', L4

,t2
I

t10
:8.5

4
2

'0 .. ..'1..

r NLTA-PID

I MPSO.PI+D

AOA.PI+D

I IPBO+!-PD

20

18

15

t4
t2
10

8
5

4
z
0

:d$$'s/ s.$d:--
i"r

Figure 3.13: Graphical comparisons of perbrrnance spocifications of terminal rroltage

r€spons€s using PI-PD control schernes in a two-area single-source lps
(a) V,r (b) ve

It is very clear that the pnoposod PI-PD contsol schemes provided relatirdy better

l€sponses in terms of the urdershoots in LFC loop and % overslroot in AVR loop as

corpared to NLTA-PID contrroller. Tlrerefrre, it is concluded that the proposed MpSO-pI-
PD, LPBO-PI-PD, and AOA-PI-PD were effectirre for rnaintaining the load frequerrcy and

terminal voltags within the pr€scribd values vith a satisfactory perfrrmance in a two-area

IPS.

34.2 Frcquency end voltege stabillzetton rn e Thrcarca singbsource Ips
In this sectioq the proposed methodology is applied to a three.area IpS model with

2o/o SLP for combined control LFC and AVR loops. The rnodel under sttrdy is presented in
Figure 3.14, while the rmdel paramet€E ar€ prcyided in Appendix A.
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Thc opirnal vahres of MPSO-PI-PD, LPBO-PI-PD, and AOA-PI-PD for a ttree-area

IPS with combined LFC and AVR are even in Table 3.5. Figure 3.15, 3.16, and 3.17 show

the frequency deviation respons€s using MPSO-PI-PD, LPBO-PI-PD, and AOA-PI-PD

control schemes in a ttree-area IPS respectinely while Tables 3.6 presents the perforrnance

specifications of frequerrcy dwiation respons€s using MPSO-PI-PD, LPBO-PI-PD, and

AOA-PI-PD control schemes respectively. For area-l LFC, LPBO-PI-PD provided 14% and

3l% quick settling times as corryared to the MPSO-PI-PD and AOA-PI-PD control schemes

respectively. Theo/o overshoot ardo/o steady-state (s-s) emror wer€ zero in each case. Further,

MPSO-PI-PD exhibited 30% and 20o/o btter rurdershoot rcsponse as conpared to the

LPBO-PI-PD and AOA-PI-PD oontrol schernes respectively. For area-2 LFC, LPBO-PI-PD

yielded 3.3o/o and ll% quick settling times, as conpared to the MPSO-PI-PD and AOA-PI-

PD control schemes respectively.T\eo/o overshoot arrd9/o steady-state (s-s) error were zero in

each case. Furth€r, AOA-PI-PD exhibitd 4.L6% ard 5.14o/o better undershoot rcsporses as
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coryarEd to th€ MPSO-PI-PD aod LPBO-PI'PD conhol sch€'rnes respectively' For area-3

LFC, MPSO-PI-PD pnovided 25o/o td 16% quick settling tinps as coryared to th€ LPBO-

pI-pD agd AOA-pI-PD control schemes respoctirrcly. Tfu% overstroot afro/o steady-state

(s-s) error were aEain zeso in each case. FEthEr, AoA-PI-PD exhibitod 22o/o afr34o/otf/f;t€f,

urdershoot r€sponses as coryared to th€ MPSO-PI-PD and LPBO'PI-PD control schemes

rcspectively.

Table 3.5: Optimsl values of controller paralxFt€rs fur a ttree-area singlesorrce IPS

Arcr Contnollcr
Plenretcm

hopold ControlSchercl

MPSIO'PI.TI' LIBO"PI-H, AOA.PI.PI)

Arca-l

hr r.0995 0.66 r.5l

Kr 1.1028 0.59 1.29

ItP 1.2737 0.96 -0.38

&r 0.t31 0.53 0.5s

KP3 1.5371 1.56 0.88

Ifu 1.965 t.62 1.91

Kp. t.2il3 0.85 l.l3

Ifu 0.5935 0.56 0.5

Area-z

Ifu 1.r106 0.77 0.t6

K,! 0.w6 0_61 0.71

rk 0.8539 r.4E r.55

Iq, l.3uE 1.03 0.85

rh? 1.7917 1.68 l.9l

Kr 1.82t6 1.57 1.97

&s 0.905t 0.83 t.074

IGr 0.5882 0.73 1.071

Area-3

IlP 0.7914 0.78 1.9

Ks 1.0795 t.t2 r.26

tr$ro 1.2741 0.65 t.il

trftr 0.85E1 1.56 0.42

tr$tr 1.22t2 r.29 1.63

K,6 1.4126 1.3 1.69

trh,r 0.95n 0.77 1.43

Ktr 0.5874 0.45 r.33

ITSE 0.35 0.34 0.49
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Figure 3.17: Response of 46wittr PI-PD control schernes in a ttne+'arrea single-source IPS

Table 3.6: Performance specifications of tequencydwiation responses in a three-area single

source IPS

Figrre 3.18, 3.19, ard 3.20 show the terminal voltage rcsponses of area-I, area-2, ard

area-3 using MPSO-PI-PD, LPBO-PI-PD, and AOA-PI-PD control schenres in a tluee-area

IPS respectively while Table 3.7 presents the perfonnance specifications of terminal voltage

40
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-0.16

Aree
Control
Schcmc

Settlitrg
Tlmc

G)

o/o

Ovcrrhmt
Undenhmt

o/o gq

Error

Ar€a-l

MPSG.PI.PD 5.43 0 -0.14 0

LPBO.PI.PD 4.65 0 -0.20 0

AOA-PI.PD 6.73 0 -0.175 0

Arez,-2

MPSGPI.PD 5.04 0 -0.120 0

LPBO.PI.PD 4.E7 0 -0.t22 0

AOA.PI.PD 5.46 0 -0.115 0

Ar€a-3

PSG.PI.PD 5.40 0 -0.t22 0

LPBo'PI.PD 7.t6 0 -0.143 0

AOA.PI-PD 6.40 0 4.095 0



responses using the MPSO-PI-PD, LPBO-PI-PD, aod AOA'PI-PD ontrol schenres

respectively. For area-l AV& AOA-PI-PD povid€d 26% ad 2% qfuk rise tinres as

conpared to the MPSO-PI-PD and LPBO-PI-PD ontrol schemes rcspectively. Moreover,

AOA-PI-PD yielded 38% ad 29o/o N settling times as corpar€d to thc MPSO-PI-PD ad

LPBO-PI-PD control sclremes respectively. Further, it was oherved that tbe % overshoot and

% steady-state (s-s) error were alrmst zero with each tuning technique in area-l AVR For

ara-2 A\m, MPSO'PI-PD offered 3o/o ofr 13% quick rise times as conpared to the LPBO-

PI-PD aod AOA-PI-PD confrol schemes respectively. Mormv€r, AOA-PI-PD providd?lo/o

and, l9/o frst settling times as conpared to the MPSO-PI-PD and LPBO-PI-PD control

schem€s respectirrcly. Furthcr, it can be se€Nr that tlrr. o/o onershoot ard o/o steadystate (s-s)

emor wq€ alrnost zero with each tuning technique in area-2 A\fR For area-3 AVR, LPBO-

PI-PD produced 640/o ad73o/o qfidr rise times as conpred to the MPSO-PI-PD and AOA-

PI-PD oontrol scherres respectively. Motover, AOA-PI-PD p,ovided 0.3% and 5.45% kst

settling times as compared to the MPSO-PI-PD and LPBO-PI-PD control schemes

respectively. Frnther, it can be seen that the % overshoot and % steady-state (s-s) qror wffi
negligible with each hrning technique in area-3 AVR
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Figure 3.20: Resporue of Zo with PI-PD conhol schemes in a ttuearea single-source IPS
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Tabtc 3.7: Performance specifications of terminal voltage rcsponses in a three-area single-

Figurc 3.21 ail 3.22 show the graphical corparisons of theperfurmance specifications

of ftequercy dwiation and ternrinal rolage r€sponses using MPSO-PI-PD, LPBG'PI-PD,
and AOA-PI-PD oonhol scherrcs in a threarea single--source IPS.
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Figure 3.21: Crraphical conparisons of per:formance specifications of frequency deviation
responses using PI-PD contrrol schenres in a ttree-area single-source IPS
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Atee Contnol
lhhrnn

Rfuc Tirre
(rl

SettltryTlmc
(rl

.h
Ovcruhoo[

o/o*q
Elror

Ar€a-l
MPSGPI.PD 1.53 3.48 0 0
LPBG.PI.PD l.l5 3.0r 0 0
AOA.PI.PD l.13 2.15 0.08 0

Ar€a-2
MPSGPI.PD 0.95 2.U 0 0
LPBO,PI.PD 0.98 2.37 0 0
AOA.PI.PD l.(D 1.92 0.37 0

Ar€a-3
MPSG,PI.PD 1.32 3.30 0 0
LPBO,PI.PD 0.48 3.48 0.001 0
AOA.PI.PD 1.75 3.29 0 0
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Figure 3.22: Graphical corrparisons of performance specifications of terminal voltage

responses using PI-PD control schemes in a three-area single-source IPS
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Figure 3.23,3.24, and 3.25 show the tie-line power dwiation r€sponses in area-I,

ara-2, and area-3 uittg the MPSO-PI-PD, LPBO-PI-PD, and AOA-PI-PD control schernes

in a ttuee-area single-source IPS respectively. [t can be inf€rrd that PI-PD based control

schern€s including MPSO-PI-PD, LPBO-PI-PD, and AOA-PI-PD yielded satisfactorytie-line

power deviation responses with negligible undershoots and o/o overshoot in the tlree-area

IPS.
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Figure 3.23: Response of APu.l with PI-PD control schemes in a three-area singlesource IPS
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Figur€ 3.25: Response of A,iPriawith PI-PD control schemes in a three-area single'source IPS

3.4.3 Scnslttvtty Anelysll of r ThrcFrrer SlngleSource IPS

In this setiotl, the robustness of the prcposcd natu€-inspird corputation basd PI-

pD oorfrol scheme was tested with large rariations in the system paranrcters of the ttnee-area

IpS for cotrftined conEol of load tequency ard ternrinal rcltage. Each area of IPS was again

subjected to 2o/o SLP. The g€n€rator tinrc constant (Ts) ald trubinc time constant (Tt) were

varicd to A + 50olo of their nominal values. The optimum porameters of the PI'PD contol

scberne w€re saflre as used in previous section. The frequerrcy deviation r€sponses rsing PI-

PD control sclrenre with rariations in Tt ar€ depicted in Figures 3'26' 3'27' and 3'28

respectively whereas terminal voltage r€sponses afe provided in Figrres 3.29,3.30, and 3'31

respectively. similarly, frequency deviation r€sponses using PI-PD control scheme with

variations in Tg are provided in Figrnes !.32,3.33, and 3.34 respectively whereas terrninal

voltage rcspons€o are F€sented in Figures 3.35, 3.36, and 3.37 respectirdy' Tables 3'8 and

3.9 present the performance specifications of frequency deviation and terminal voltage

r€sponses while Figue 3.38 and 3.39 slrow the graphical conparisons of the performance

specifications in this scenario. From the obtained results, it is evident the % overstroot and %

steady-state (s-s) error were alnpst zso in each case. The terminal voltage rEsponscs ar€

aknost indistinguishable to each oth€r, d€spite the variation in systenr pararrcters. It is clearly

observed that the s]rstem rEsponsc under A t Suo/o variations was very identical to response

with nominal values. This indicates that the proposed LPBO-PI'PD control scherne is very
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robust tlder variations in system paranreters. Th€sc results clearly reveal that the re'tuning of

the proposod controller is not necessary with large variations of atleast A + 50olo.
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Figr[e 3.26: Response of Ali with variations in Ttrsing PI-PD control schenre in a tlne-area

single-source IPS
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Figrre 3.32: Response of {li wittr variations in Tgusing PI-PD contnol scheme in a ttuearea
single-souce IPS

0.02

0i
PI-PD with NominalT, 

i

-0.o2

- 

PI-PD wi[t +stl% dTg 
I

- -.Pl-PD'rrilh€096otT

-0.04

-0.06 L

-0.08

{1-
I

4:t2-

-0.14 012345678910
Time(Sec)
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Table 3.8: Setling time responses using PI-PD contnol scherne wittl variations in systert

paramt€rs

Cuc

ScdlryTtmc [LFCI
(r)

SetdtngTlmc IA\ml
G)

$, Ll, $t Vt Ytz Va

NominalT& Tt 4.65 4.E7 7.16 3.01 2.17 3.48

+50% rariation in
Tsl, Tr2, Tsl

4.@ 4.76 7.02 2.74 2.tl 3.56

-500lo variatiom in
Tgl, Ts2" Tg

4-71 4.95 7.32 3.25 2.59 3.55

+50olo variation in
T,r,T,aTo

4.63 5.01 7.lt 3.03 2.38 3.4E

-50lo variation in

Trr, To, Te
4.60 4.71 7.tt 2.9 2.36 3.4E

Table 3.9: Ov€rshoot and gndershoot t€sponses using PI-PD control schenp with variations

in systemperameters

Cue
7o Ovcnhoot

Grc)
% Ovenhmt

(AVR)

t/oUndcrrhmt

(rrc)
Lll Lfi Ltt ht Va Va

^1,
Llz Llt

NonrinalTs, Tr 0 0 0 0 0 0 -0.2 -0.12 -0.14

+5(P/o variation in
Tgl, TsZ, TC

0 0 0 0 0 t.4 -0.19 -0.13 -0.16

-50lo rariationin
Trr, T.a To

0 0 0 0 0 0 -0.22 -0.r3 -0.13

+50% variation in
1rt, f12, Tr3

0 0 0 0 0 0 -0.25 -0.13 -0.15

-50% variation in
Trt, Tr:, Ttr

0 0 0 0 0 0 -0.16 -0.r3 -0.14
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CIIAPTER 4

Frequency and Voltage Stabilization in Multi-area Multi+ource IPS

with/rvithout Nonlinearities

This chapter deals with thc d€sip and iryl€m€ntation of the proportional integral-

proportional derinatirrc (PI-PD) conholler for two- and three-area nnrlti-source

intenconnected pow€r systems with/without nonlinearities using nature inspired corputation

algoritbms including dandelion optimizer (DO), learner perbrmance based behavior

opimization (LPBO), Archinredes optimization algorithrn (AOA) and rnodified particle

swarm optimization (MP SO).

4.1 Mathematical Modeling of Power System

The mrfti-area nnrlti-sogrce IPS rmder study is shown in Figtre 4.1. The IPS consists

of multiple areas with ttnee different generation uits including ttrerrral teheat, hydro' ard

gas systems in each area [25]. The LFC loop of i'i area has a controller(Kr""(s) ' fl area's

regutation (4), and gmerator/lo" 
[tft)*,n 

different blocks of power geoeration

bias frctor(3,), thermal reheat s@ regulation (4), hydro speed regulation (&), gas s@

units. The th€rmal reheat unit consists of ttrernral gov€nxn reheat trnbine

), 
*u thsrnal turbine 

t#) 
; hydro ,nit includes hvdro spvent r

(1)

["4.r,1,aod 
transienr &,oop conpensat* [##)' 

o* turbine [ffi)t
gas unit corprises sas sov€rnor (#), **" position (#), *, svstem

[=#), 
and conpressor discharge sy'tem 

t#). 
AP,or ,g1,1,^Y,1,t,r.'d P*r,r

dmote the load dsviation, frequency delriation, deviation in terminal voltage, and tie-line

power dsviation respectively. Y,1,1. Y,q71,s, and V,(,rrefer to the ternrinal voltagg reference

voltage, and sensor voltage in l# area respectively. The AVR loop of ih ta consists of a

[#)
K*Tn

sli +l



conro[er (K,,*(s)),,,ryrin*[#F), ***t#), *.i,*[#)' *

,*rorlt 4,,, ,.]. *,, Kz, Kt,xa, and p, are the coe,fficients frr mutual coupling between

Is{.,, +1,/

AVR and LFC loops. The synchonization coefficient between f ,.6f ar,"a is r€'prcsented

bvTu.

lHr.d l*rLt- lEllLb
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Figrne 4.1: Power System

(a) Combined LFC-AVR mod€l (b) Turc-area tieline (c) Tkee-area tie-lines

T6e ransfer fgnction mdels of the rcheat th€rmal(q(s)), gas (Go(s)), and hydro

(Gr(s))systems providd in Eq. (4.1), (4.2), and (a3) respectively. The defuitions of all

symbols/terrrs used in Eq. (a.14.3) and IPS are povided in List of Symbols section

g1r1=-l*I]'('J-
I \ ' [+frsXl+?"sXl+2]s)

(4.1)

(4.2)

(4.3)

G6(s)=
a(t-I|rs)(l+Xs)

(l + [rs[l + TisXc + DsXl + Is)

Gr(s) =
(l+tsXl-f"s)

(1 + 4s)(l + 4s)(l + 0.5I*s)

4.2. Nonlineariticc

SevEral nonlinearitL.s, including GRC, GDB, ard BD, have been included in the

multi-area rnulti-source IPS to inq'ease the realism of the systerrn In this sectbrS the details

of each nonlinear corponent of the existing pow€r system are explained-

4.2.1 Generation Rate Conrtreint (GRC)

Tlrc steam turbine is zubject to thernrodynamic and nrcchanical constraints, which are

the rnain causes of GRC. The modeling of the pow€r system rnrst take this limitation into

accolrnt, otherwise the system is likely to be subjected to severe turbulence leading to

governor wear. The saturation type nonlinearity is rsed to ctraracterize GRC, which

fundame,ntally limits the steam hxbine. The GRC of a thermal power plant is often lower than

that of a hydroelectric plat. For a hydropower plant, thc GRC is 360dminute for lower

ganeration ad2T}Wwinate for higher generation. For a thernral power plant, the GRC is an

upper limit of+3%/minute and a lower limit of -3%/minute [164].

4.2.2 @vemorDcad Band (GDB)

The GDB is the measure of the total steady-state velocity variations that do not

cSange the governor nalve. fire GDB is always defined as a percentage ofthe rated speed and
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re,flects thc insensitivity of the speed contrrol meclranisrr. GDB causes oscillations of the

s)rstem and increases tt1g p€rcei\/ed inaccuracy in steady state. To €xpr€ss the GDB and its

tra$ftr firnction modeL backlash frrm of nonlinearity is used [165]. In this work, the wlue

of GDB is assumed to be +0.036%.

4.23 BolhrDynemiu(BD)

The nndel of the transfer fuirction of the boiler dyoamics is shown in Figr[e 4.2

tl66l. The comhstion contnol is inchrded in the proposcd model The boiler systern rcceives

preheated inpgt water and gsnerates pressurized steam. Wh€n the boiler cortrol s),stem

detects changps in pressure dsviations and steam flow rate' the rrccessary coffrols arc

imrnediately appliod tl]t166]. This model can be used to sttrdy coal-fred platrs with well-

tuned combustion contol as well as oil- or gas-fred Plattts with poor comhrstion contol

Figure 4.2: Transfer function rmdel of boiler dynamic.s

AFtrlFlow

$.SZ,f +2.SSr+0.(B

-

591+t
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4.3 Proposed Methodologr

pI-pD offioller has ben inrrestigated for simultaneous control of AVR and LFC

loops in mrlti-area multi-source IPSs duc to th€ exccllent performance presented in the

prwiogs chapter. Tbe proposed oonhol mthodolory to control load Aequency ard terminal

voltage in a folr-a1ea IpS is given in Figure 4.3. Eq. (4.4) is used to obtain the control sigrrral

U@ gzwratdby PI-PD contnoller with IPS:

u(s) = (Ko, * [)g6l - (4, +Krs)r(s)

E(s)=r1s;-41t; (4's)

where U(s), Y(s), R(s), and E(s) denote the control outpril, r€ftrence, and error signals

respcc.tively. K o1 , K pz , K, , d K lare the pin coefficients of PI'PD conholls'

Figrre 4.3: Prroposed control methodolory

The cost fgnction (I) is optimized using nature-inspird conputational strategies to

deternrine the best controller paranreters. In this worlg Do algorithm has been explored for

the optimization of the cost furrction (I). Tt€r€ are various error indices but ITSE has been

used to forrnrlate the cost function (I) as follows:

JrrsEt*o.,o = Iirt$'+$| +tlf? +Y,?r+tPl*rr1&

(4.4',t

(4.6)

Jnseu*.-u,." = lilyi +ry: +ry: +Ata? +aY,'r+AY,1+LP,ir+LP!*r+te'i'ldt (4'7')



wherE,

LYrr=Y,s'Yu

LY,z=Ya-Y,z (4'8)

LY,t=Y,.r-Y,

lPnnnt = Mp*rz+ Monrrt

lPo*z=Nnrr+Mr,,u (4'9)

LP*r=M*l*&znlz

4.4 Dandelion OPtimizer (DO)

Shijie Zrao prcposcd thc DO algprithn lrn2D22.The dandelion is a plant that uses the

wind to spread its s€eds t167]. During the rising phase a vortex forns above the dandelion

sce4 and it ris€s as it is propeued aloft by wind and sunlight. In conttast, on a rainy day,

tlrerre arc no vortioes ov€r thc seed. In this situation, only a local search is possible' When the

seeds reach a c€rtain height in th€ d€scending Pbase, they begrr to sink steadily' In the

landing phase, the dandelion s€eds finally land by chance in a place whene they develop new

dandelions d'e to the influence of wind and weather. By passing on itg seds to the next

generation, the dardelion cortirnres to dcvelop its population The four rnain stages of the DO

algorithm are listed below.

4.4.1 Inittrlization

It is considered that each dandelion seed in the DO algorithm indicates a potential

sohrtion The population of DO canbe erynessed as:

f, nl
ropuhtion=1"' I

L'; +l
(4.10)

wh61p, pop and Dim stand for the population size and the dimension of the variable

respectively.

BAween the specified problem's upper bound (UB) and lower bognd (LB)' each possible

solution is produced at random and rft individual xr can be exp'ressed as:

X,=rzndx(UB-IB)+LB (4.11)

where, i is an integer between I and pop whereas rand re'presents a random rnrmber betwee'n

0 and l.
uB and LB can be written as:



LB=114,--.....,1bo.1 g.n)
uB =l/4t,-.-....,fr*,|

According to DO, th€ initial elite is the individual with the highest fitness value, which is

ref€n€d to as the best position for the dandelion seed o grow. The initial elite's matlrematical

fornnrlation, using the minimal value as an illustration is:

Iu,=lrnundf(X,)l (4.13)
xnn=xlfirdVu: I(X))l

4.4.2 Rlring rtage

ln order to fbat away fi,om their parent phnt, dandelion seeds nnst reach a specific

lrcigtf drning the rising stage. Dandelion seeds rise to various heights depmding on tbe air

humidity and wind speed etc. The two weather corditions in this instance are as follows.

Care l:
Wind speeds on a clear day can be thougfu of as haviag a lognormal distribution

lnY-NQad). The wind speed affects how high a dandelion seed will rise' If wind is

strong€r, dandelion fliee higher and seeds scattq frrttrcr'

Xr*r=Xr*otxr4xvrxlnYx(x"-xr) (4'14)

where, X, shows thc randomly selected position at it€ration t and x shows the dandelion

seod's position at iteration t.

Eq. (21) shows the exprression for the raodonrly gEm€rated position:

X,=mnd(l,Dim>t((,lB-LBl+LB (4'15)

lnY shows a lognorrnal distribrution subject to ;r= 0 ura & t'

^r=[*t;*Pr-#o'Yrr] 
Y2o

L; 
' 

,'o
where, y indicatas thc standard norrnal distribrution (0, l)'

a=randyx(fif -|r*U

where, a repres€nts a random pertubation befiveen [0' l]'

urand uy dermnstrate the dandelion's lift corryonent coefEcie'nts.

I,=7
v.= rcos9
vY = rsinfl

where, 0 rraries randornlybetwee,lr [-n, n].

(4.16)

(4.17)

(4.18)
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Cere 2:

Due to humidity and air rcsistance, dandelion seeds struggle to rise properly with the wind on

wet day.

Xt+t: Xrxk 
(4.19)

k=l-rud}*Q

A dandelion uses /t to contr,ol its local search area. The domain (q) can be obtained rsing Eq'

(34) as:

c:#+rP-#tl+#fr (4'20)

The matlrematical equation for the dandelion seed's ascending stage is finall)':

(4.2r)

The random ngmber generated by the firnction ran&rQ fullows the normal distributioo.

4A3 Deccendlng stege

In this stage, dandelion seeds rise to a particular height and th€o slowly sink

(exploration phase). Brown rnotbn is e,rryloyed in DO to replicate the trajectory of a

dandelion as it rmrrcs.

Xr*r:Xr-axgtx(Xma-t-axprx'Xr) (4'22)

whei,e, ptindicates the Brownian rnotion

x*_,=h\*, @.23)

4.4.4 Landing stege

ThE DO algorithm oonoentrates on exploitatiou in this last stage. The dandelion seed

makes its landing location at random based on the regults of the prior two stages' The

algoritbm should converge to the optimal sohrtion as the iterations increasingty advance.

The population's evolution finally leads to the following global optimal solution:

X,*t: X.t,n+leuy(llxax(Xa,n-X,xd) (4'24)

wbct€, Xa,tcdenotes the seed's optimal position'

leuY(l)=5'E @.25)

VP

where, s is 0.01, p is a random munber and its values may vary between 0 and 2' f and w are

arbitrary mrmbers in the range [0, l]. o is expressed mathematically as bllows:

(, .o*8t,,,*4y''] g.26)"=[+ffiJ
fire nalue of 0 is 1.5 whereas 0 can be obtained as:
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-2tD=-
T

The flow chart ofDO algprithm is provided in Figrne 4'4'

(4.27)

SrlcGt th. bct drdcllor rcld
I.5.BofdillofrUtaL

trslt.tl
r

nnftl)<15

Frgure 4.4: Flow chart of DO
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4.5 Implementation and Results Discussion

To express th€ validation of the proposed control methods, nuflErous simulations

were perfo,nned in MATLAB/Sitrulink to analye the restrlts' First' two-area rmrlti-source

IpS was €xanined uslng the PI-PD control rnethods based on the AOA, LPBo, MPSO,, and

DO algorithms. In this IPs, both reas had threc geo€rating rmits inchrding ttrcrmsl teheat'

gas, and hy&o. The successful results led to the ryplication of the prcposd methodology to

tbe same IPS with additional oonlinearities such as BD, GDB, and GRC' Finally' b confirm

the uceptional perfornnnce of the Prcposcd control mEtho4 thee-area mrfti-source IPS

with nonlinearities was also studied.

4.5.1 Frcquency rnd voltege strbllizedon ln a l\wo'erca Multi+ource IPS without

Nonllnerrltier
Figrne 4.5 shows the two-area rnrlti-source IPS. TtF syctem paralrrctss of the two-

area IPS are given in Appendix B. The analysis of the dynamic rcsponse of the power system

was performed with l0% SLP in area-l. The parameters of the optimization algorittrms are

gr,,ren in Table 4.1. The optimal parareters of AoA LPBO, MPSO, and Do based control

nrcthods are shown in Table 4.2.To evaluate the pnoposed DO basd PI-PD control llEthods,

the time tEsponse of each contol method is el,aluated and corryared with th€ results of

HAEFA fuzy PID, AOA LPBO, and MPSO bascd PI-PD controllers.

+

+

cit -6- =ff h i-mr
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Figure 4.5: Two-area mrlti-souce IPS rnodel without nonlinearities

Table 4.1: Pararneters setting of AOA LPBO, MPSO, and DO

AOA LPBO MPSK) DO

Prrrmcter Yrlue Prnmcfr Ydnc Parrmcter Valuc PrrrncEr Vdue

ItEratims 4,64 IFatims 4,64 Iteratims 5,6.5 Itcatims 5,6,5

Cr 2
Cros8ovEr

Perc€ntagp
0.65

InertiaWeigltt
IhmpingRatio

I
LowEr

Bound
0

Cz 6
Mutatiolt

Percantage
0.3

Pcffional

L€ffiiing
Coefficient

2.74
Uppcr

Bqrnd
2

Cr 2
Mutation

Rat€
0.03

Global

Lrarning
Ccfficient

2.EE
Populatiut

size
20,10,20

C{ 0.5
Number of

Mutants
6

Max. VelocitY

Limit
o.2

Range of
Nqmalizatiqr

(u'l)
0.9,0.1

Number of
Offspring

t4
Min. Velocity

Limit
-0.2

Population size 25,1025
Population

size
20,13,20 Population size 20.10.20
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nonlinearities

Aner
Controllcn
Pemmterr

AOAbad
PT.H'

LIBO bercd
II.TI)

MPSO brrcd
PI.PD

IIO bsrd
E.PI'

Arca-l

trSr 1.59 1.09 0.46 0.97

Kr 0.93 l.l0 0.7t 1.97

K", 0.89 1.4 l.14 0.67

hr 1.57 1.27 1.47 1.39

IGB 1.32 r.t2 1.05 2

Ifu 1.87 t.t2 t.7l r.E3

Iq4 1.29 0.35 r.20 0.el

IQ, 0.71 0.42 0.73 0.75

Are,,-2

K"5 1.59 0.58 l.l6 1.03

Kr 0.94 0.68 0.17 0.23

IK 1.13 1.24 0.n 0.71

Ift3 L.l4 1.50 r.55 0.92

tr$z t.t2 1.78 l.3t 2

K+ 1.73 r.57 1.60 l.l
IGs r.04 0.96 0.9t 0.33

IQ.r 0.97 0.93 0.66 0.77

ITSE 0.3s 0.28 0.39 0.24

Table 4.2: Optimal vahres of corfroller paraflEters frr a two-atta nnrlti-source IPS without

Tbe frequency dwiatbn rEspoltscs of area-l and area-2 are strowu in Figure

4.6 ad 4.7 while Tables 4.3 preseirts the performance spocifications using DO, AOA

LPBO, aod MPSO bas€d PI-PD control rnettrodologies'

NI

4

0.02

0

{.02

-0 04

406

-0.08

{.1

4.12

-0.'t1
024681012Ij['61820

Time(Sec)

Figur6 4.6: Response of Ali with PI-PD control methodologies in a two-arca multi-source IPS

without nonlinearities
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Figure 4.7: Response of A/lwithPI-PD conhol rnethodologies in a two'area nnrlti-source IPS

without nonlinearities

As can be seen, the frequency dwiatbn resporses from the suggested control

methodologies are quite good. For area-l LFIC, DO based PI-PD provided settling time of

5.44s, which is lower than other control rnehodologies and relatively 53o/o bett€r thill

HAEFA Fttz,zy pID controller [25]. Particularly, AOA and LPBO based PI-PD yielded zero

% overshoot. Th€ MPSO based PI-PD gave a settling tinp of 5.60s for ar€a-2 LFC, which is

less than other control methodologies, that is 32o/o better than HAEFA Fttwy PID contnoller'

AOA and LpBO based PI-PD control rnetbodologier provided zr,ro o/o overshoot in both

areas. The steady-state error is always zero when usfuE the suggested npthods'

Table 4.3: Performrnce specificatiors of frequency derriation responses in a two-area nnrlti'

soutpe IPS withort nonlinearities

Control
Mcthodologr

Arerl Are+2

Setding
Tinc
(d

'/o
Ovcrshoot

Undenhoot
o/o g<

Error

Settllng
Timc

(r)

t/o

Overrhoot
Undenhoot

VC*q
Enor

IIAEFAFuzyPID [25] lt.6l 0.0009 -0.01 0 8.28 0.0002 {.0032 0

AOA bas€dPI-PD 6.12 0 -0.094 0 6.r2 0 4.094 0

LPBO basdPI-PD 7.14 0 -0.108 0 7.30 0 -0.102 0

MPSObascdPI-PD 5.55 0.001 4.094 0 5.60 0.001 -0.095 0

DO basdPI-PD 5.44 0.0M -0.126 0 5.61 0.004 -0.130 0
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The terrrinal voltage r€sponses of area-l and area-2 are shown in Figtrc 4.E ald 4.9

while Tables 4.4 presents the perfornrance specifications using DO, AOA LPBO, ad MPSO

bascd PI-PD oontml rnethdologies. As can be obs€rvE4 thc ternrinal rrcltage r€qxrns€s

produced by the zuggested contol m€thodologies werc quite excellent. The prropos€d DO

bas€d pI-pD p,rcducd settling time of 1.32s and 1.40s in area-l and area-2 AVR' which are

lower than otbers. DO bas€d PI-PD Fovidd relatively 40o/o afr3lo/olrtter AVR's settling

tirne responsc coryared to HAEFA F:Uglty PID controller in al'ea-l ard area-2 AVR

respec{ively. AOA based PI-PD provided 0.N2V/o overshoot in area-l AVR whereas LPBO

based pI-pD povided 0.016% overshoot in area-2 AVR AOA based PI-PD yielded 99lo

relatively better overstroot rcslnnse in area-l whereas LPBO bosd PI-PD produced 99'8o/o

better overslroot rcsponse in area-2 Arfi. respoctively conpared to HAEFA Fuzzy PID

controller. Furtbermore, tbe steady-state amr is ze'ro in each case using the suggested

methods.

0123507Ee1u
time(Sec)

Figr'e 4.g: Response of Ztr with PI-PD control nretbodologies in a two-area nnrlti-source IPS

without nonlinearities
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Fig're 4.9: Response of Ze with PI-PD contnol mettrodologies in a two'uea nnrlti-source IPS

without nonlinearities

Table 4.4: performance specifications of terrrinal rrchage responses in a two-area rrulti-

sourpe IPS without nonlinearities

Control
Methodohgr

Arcl Atlr2
Settllng
Time
(r)

o/o

(hrGrrhoot

o/o lq
Error

Setding
Timc

G)

Vt
Ovenhoot

'/c *l
Eror

IIAEFAFuzy PID [25] 2.21 t2 0 2.02 14 0

AOAbasedPI-PD 2.85 0.0020 0 2.45 0.040 0

LPBO basdPI-PD 2.10 r0.E0 0 2.ffi 0.0r6 0

MPSObas€dPI-PD 2.30 0.43 0 2.fi 3.99eO4 0

DO basdPI-PD 1.32 1.63 0 1.40 1.94 0

The tie-line pow€r deviation r€sponses are shown in Figure 4.10 while Tables 4'5

prresents the performance specifications using DO, AOA LPBO, and MPSO based PI-PD

cotrrol methodologies. It can be observed tbat LPBO bssed PI-PD produced settling tirne of

3.82s tbat is better than otls control methodologies, that ts 75o/o relatively better than

HAEFA F:u,ury PID conholler. Moreover, each proposed control nrettrodolory provided

negfigible o/o overshoot and undershoot responses. lVith each control methodologY, the

steady-state error is zerlo, as can be o** 
U,

I
I

'1

I

I
I
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Figure 4.10: Response of Mticwith PI-PD control mdtrodologies in a two-rea mllti-source

IPS without nonlineadties

Table 4.5: Performance specifications of tie-line power deviation rcsponses in a two-area

multi-source IPS witbout nonlinearities

Contol
Methodologr

Setdlng
TiDc

G)

oA

OYGrshoot
Undenhoot

o/oH

Error

IIAEFAFuzyPID [25] 15.59 0.0005 -0.0035 0

AOAbos€dPI-PD 12.E0 0.0023 -0.021 0

LPBObasdPI-PD 3.87 0.027 -0.057 0

MPSObas€dPI-PD 13.69 0.00r25 4.022 0

m basdPI-PD 8.E4 0.006 4.0235 0

Figure 4.11, 4.12, and 4.13 show tbe graphical comparisons of the perbrmance

specificatiors fieqge,ncy deviatiorU t€rrninal roltage, ard tie-line pow€r deviation responses

using AoA LPBO, MPSO, and Do based PI-PD contol methodologies. In conparison to

the HAEFA fiizzy PID controller, Do bssed PI-PD based control methodology ofrered

relatirrcly sgperior frequency dwiation, terminal rrcltage, and tie-line pow€r deviation

responses.
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4.5.2 Frcquency and Voltagr Strbllizrtion in e l\vaaree Multi'courec IPS with

Nonlinerrltiec

In this sectioq the p,oposed npthods were applied to two-ar€a rnrlti-source IPS with

BD, GRC, ard GDB nonlinearities. In additioru the dynamic analysis of the pow€r systefli

was performed with 5% SLP in area-l and area-2. The rnodel under study is shown in Figure

4.14 and the parameters of the IPS rnodel are listed in Appendix B.

'. HAEFA FuzzY

PID
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Table 4.6 p,rovides the opirrnrm raalrres of AoA LPBo, MPso, and Do basd PI.PD

controllers for two-area realistic IPs with rpnlinearities. Th€ freqtreircy deviation r€spons€s

of area-l and area-2 are shown in Figure 4.15 and 4.16 while Tables 4'7 presents the

perfornnnce specifications using DO, AOA, LPBO, and MPSO basd PI-PD control

nrethodologies.

Table 4.6: Optimal values of controller pafalrEt€rs for a two-area multi-source IPS with

nonlinearities

Arce
Contnoller
Prremeen

AOAbued
H.PI'

LPBO btlcd
PI.H)

MPIK)
buedPIPD

IrO bt$d
PFPI)

Ar€o-l

I$r 0.24 0.0069 0.40 1.05

Kr 0.20 0.10 1.24 r.74

I(P 0.6s r.46 0 0.53

trGr 0.95 1.76 0.t9 2

r(c 1.66 1.91 1.34 t.92

K2 r.62 t.52 t.t2 r.98

I&4 0.75 0.94 0.91 t.32

Kd2 l.6E 1.42 o.32 0.92

Ara-2

rk 0.87 1.49 1.49 l.14

Ks 0.66 0.68 0.85 t.2t

rk l.E4 r.72 l.6t t.t7

Ikr 1.86 0.53 0.,00 t-77

K,, 1.31 t.t7 1.94 t.37

IK r.16 1.73 1.70 0.80

rk 0.37 1.68 1.59 0.39

IQl 0.2E 0.31 l.4t 0.62

msE 0.4t 0.43 0.45 0.35

DO based PI-PD control n6hod gave settling time of 7.21s for arca-l LFC, which is

conparatively O.|Yo, l3yo, alld7o/o tr,ltff, thtn AOA LPBO' and MPSO basd PI-PD contnol

metlrodologies r€spectiv€ly. AOA LPBO, and MPSO based PI-PD contuol rnethodologies

we,re all ogtperformed by Llo/o,lyo, atd2% respectively, in ternrs sf settling time for atea'2

LFC by the DO bas€d PI-PD. As can be obscrved, DO based PI-PD oftrs a % overshoot and

%undershoot r€sponse that is considerably better than otlrers in bottt areas. Futher, it can be

seen that for each contol metlrodology, the steady-state emr is zero.
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sorroe IPS with nonlinearities

Control
Methodobgr

Arred Arca-2

Setdlng
Tlmc

G)

'/o
Ovenhoot

Undcrrhmt
o/og*

Erlor

Scttlhg
TiDE

G)

.h

Overrhoot
Undershoot

o/oH

Error

AOAbasodPI-PD 7.26 0.0215 -0.12r 0 8.47 0.031E -0.107 0

-LPBObss€dPI-E) E.24 0 -0.0845 0 E.14 0 4.1079 0

MPSObosdPI-PD 7.72 0 -0_176 0 7.68 0.000975 -0.171 0

DO bosdPI-PD 7.21 0.00212 4.0958 0 7.54 0.0026 -0.096 0

Table 4.7: Perbrmance specifications of teqtrency deviation r€spottscs in a two-rea mrlti-

The ternrinal voltage nesponscs of area- afr, ar;rua.-2 are showlr in Figure 4.17 aod 4.18

while Tables 4.E p,resents the perfornrance specifications using f,tO, AOA LPBO, and MPSO

bas€d PI-PD confiol rnethodologies.

........,DGP|+D
- - .MPSGPI-PD

-.-.,LPBOrPtfD

-AOA.PI-PD

Time(Sec)

Figure 4.17: Response of Ztr with PI-PD contrcl methodotogies in a two-area nnrlti-source

IPS with nonlinearities
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Figr13e 4.18: Response of Ze with PI-PD conhol nrcthodologies in a two-area rnrlti-source

IPS with nonlinearities

In area-l AVR , DO based PI-PD prcvided a settlhg time of 3.30s that Yas 42o/o,

32o/o, afr 5% superior then [Q[, LPBO, and MPSO based PI-PD contml nrthodologies

respectively. As can be shown, thc DO bas€d PI-PD controller oftrs a relatirrely superior

AVR 2's settling time response than the AOA LPBO, and MPSO bas€d PI-PD controllers by

lo/o, SlYo, arrd 4ilo/orespectively. In both areas, almost zflo o/o oversboot was pT odtrced by DO

bas€d pI-pD. The steady-state errcr is zero again with each control nrctlrodolory in proposed

IPS.

Table 4.8: Perforrnance specifications of ternrinal voltage r€sponses in a two-area rmrlti-

souroe IPS with nonlinearities

Control
Ilflethodolory

Area-l Are12

Sctdlng
Tlmc

(r)

'/o
Ovemhoot

o/o9

Eror

Sctding
TIme

G)

Vo

Overrhoot
'h*+
Eror

AOAbas€dPI-PD 5.67 10.03 0 2.5t 12.90 0

LPBO basdPI-PD 4.83 3.09 0 5.Ul 0.0001 0

MPSO basedPl-PD 3.48 7.94 0 4.48 0.0025 0

DO basdPI-PD 3.30 0.0015 0 2.48 0.016 0
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Ttp tie-line pow€r dsviation r€spons€s are shown in Figure 4'19 while Tables 4'9

pr€smts the perbnmnce specifications rsing DO, AOA LPBO, aod MPSO based PI-PD

co,trcl methodologies. It is clear that the AOA, LPBO, MPSO, and DO basd PI-PD conhol

mdhodobgies delivered zufEcicnt tie'line pows dertiation r€spons€s with minimal

und€rshoots and oversrroots Tbe Do bos€d pI-pD dclivcred the rowest settling time (8.52s)

in conparison to all othpr tuning sche,rtee, which is respectively, 42o/o,4lo/o' utd9o/o better

thnn LPBO, AOA, and MPSO bos€d PI-PD control mtbodologies' DO bosd PI-PD

produc€d 0.0056% ove$hoot, that is conparatively 660/o, Ew/o, and E4% better than AOA

LpBO, ad MpSO based PI-PD control rnethodologi€s respectively. It is clear that for all

control strategies, the steady-state enorr is zero.
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Fig,re 4.19: Response of Mu.with PI-PD control metlrodotogies in a two-rea rnrlti-source

IPS with nonlinearities
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Table 4.9: Perbnnance specifications of tie-line power deviation r€sponses in a two-rea

multi.source IPS with nonlinearities

Figure 4.20, 4.21, afi 4.22 slrow the grryhical comParisons of the perbrmance

specifications of frequency deviatiott terminal voltage, and tie-line power deviation

responses usi4g DO, AOA LPBO, 8od MPSO bas€d PI-PD coffiol melrodologies

respec.tively. It is wident thst in a two-fi€a IPS with nonlinearities, PI-PD based control

mettrodologies offer ap,propriate transietr and steady state rgsponscs for frequency deviatioU

teminal voltage, and tieline pov/€r deviation

9
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T LPBO
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rDO

.IAOA

I IPBO

MPSO

tDO

--..

(a) 0)
Figr;1e 4.20: Graphical coryarisons of perbrmance specifications of freqrrcncy deviation

respols6s using PI-PD control rretrodologies in a two-area rnrlti-source IPS with

nonlinearities
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4.53 Frcquency rnd voltege stebilizrtton ln e lhreeercr Mufti-sounsc IPS with

Nonllnerrider

In this section, a three-area nnrlti-source IPS with nontinearities was selected for

furthcr invEstigation to dflIonstrate the e'ffectivemess of tbe proposed DO basd PI-PD

coffrol rrehanisrn Figure 4.23 sbows the sMied rnodel and Ap'pGrdix B cortains the

paramEt€rs of the IPS rnodel In additiorU the dynamic analysis of the pow€r system was

p€rbrmed willtr 2Yo SLP in arca-I, trfI.-2, and area-3. Table 4'10 shows the optimal

paranrcters of Do, AoA LPBO, and MPSO bes€d PI-PD coffiollers for tlree-area IPS with

nonlinearities.
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t

+
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(c)

Figure 4.23: Ttnee-area multi.source IPS rnodel with nonlinearities

(a) Area-l (b) Area-2 (c) Area-3
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The frequcncy derriation rcspotrs€s of area-I, re2, and area-3 are shown in Figure

4.24,4.25, ail 4.26 while Tables 4.ll presents the perfonnance specifications rNing DO'

AOA, LPBO, and MPSO based PI-PD onhl ndlrodologies'

Table 4.10: Optimsl values of contnoller paramt€rs for a three-area nnrlti'sourcc IPS with

nonlinearities

Arer
Controller
PerameEn

AOAbucd
PI.H)

LPBObercd
PI.PI'

MPSO bacd
PI.PI'

DObucd
PI.PD

Ar€a-l

trSr 1.49 1.90 1.36 l.5l

Kr r.56 0.15 0.42 1.4

Ifu 1.4 0 0.62 0.32

IGr 1.93 0.74 0.43 1.52

I(pl 1.83 1.68 1.16 0.99

Ifu 1.53 0.95 1.00 1.60

KD4 1.57 0.32 0.92 1.10

IG2 l.6l 0.26 0.27 0.40

Are:-2

Iqp6 1.78 0.65 l.l5 1.56

Kr 1.76 0.96 r.73 t.t2

Iq6 1.78 1.065 0.26 1.69

IG3 t.E0 0.64 1.04 0.72

&, 1.79 0.E5 1.05 0.13

Kr r.58 l.l3 1.80 1.68

KPs 1.36 0.95 r.40 1.93

Ifu{ 1.15 0.Et t.t2 0.35

Area-3

&, 1.73 0.r2 l.l I 0.45

IK 1.70 1.r3 1.73 r.19

tr6ro r.95 l.lE 0.21 2

Kds r.65 1.5E 0.35 1.78

trQrr 1.53 1.77 0.75 1.34

Ko t.7r 0.80 o.29 1.68

trhrz t.7t 0.37 0.09 1.13

IK 1.55 1.42 0.2t 1.05

ITSE 0.90 0.81 0.90 0.89
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Table 4. I l: Performance specifications of frequeircy derriation responses in a thnee-area

nnrft i-source IPS with nonlinearities

Arer
Contnol

Mcthodohgr

Setdtng
Tlm

G)

o/o

Ovenhmt
Undcnhmt

t/o rq
Error

Area-1

AOAbssedPI-PD 9.48 0 -0.067 0

LPBObosdPI-PD 5.21 0.0049 -0.19 0

MPSO basedPl-PD 7.74 0.0032 -0.17 0

DObasdPI-PD 7.21 0 -0.10 0

Ara-Z

AOAbascdPI-PD 9.62 0 0.00n 0

LPBO basdPI-PD 9.89 0.0030 -0.10 0

MPSObasedPI-PD 7.73 0.021 -0.r5 0

DO basdPI-PD 7.59 0.00017 -0.086 0

Area-3

AOA basedPI-PD 9.41 0 -0.0068 0

LPBObasdPI-PD 8.37 0.0057 -0.099 0

MPSObasdPI-PD 7.U 0.0041 -0.17 0

DO basdPI-PD 7.54 0 -0.075 0
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I l.ltr
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tl
tl
ll

- ll
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For mea-l lfc, LPBO based PI-PD provided quir:hest settling time of 5'21s' For

t[r1g.'-2and area-3 LFC, all other prroposed sctremes have slower settling tfun€s than Do basd

PI-PD, which ofErs 7.59s ard 7.54s respectirdy. This means DO bas€d PI-PD controller

prcvidd relatirrcly 2lo/o,23o/o, td 2o/o better settling time response conpared to AoA

LPBO, ad MPSO bas€d PI-PD cortrollers in area-2. Similarly, DO basd PI-PD controller

prodnced relatinely 20o/o, lp/o, ail 4% better settling tirne response corpared to AOA

LPBO, and MPSO based PI-PD conhollers in area-3. It is very clear that % overshoot and

uodershoot are alnnst negtigible in all areas with proposed ontol m*lrodologies' Ot/Erall' it

can be seen that DO bas€d PI-PD outperbnm other scheines in terms sf s€ttling titre, o/o

ovarlrcot, and undershoot r€spons€s. Moroner, with each conhol nretlrodology ap'plied to a

given system, the steady-state ermr is zero.

The ternrinal voltage rpsponses of area-I, m-2,urd area-3 are slrovm in Figure 4.27'

4.28 Lfr 4.29 while Tables 4.12 presents tlre perfornrance spcificatbns using DO, AOA

LPBO, and MPSO based PI-PD control nrahodologies.
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Figr[e 4.27: Response ofVtr with PI-PD conhol methodologies in a three'area nnrlti-source

IPS withnonlinerities
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Table 4.12: Performance specifications of terminat voluge responses in a thnoe-area rruhi-

sorupe IPS with nonlinearities

Area
Control

Mcthodology

Scttlitrg
Tinc

(r)

o/o

Overrhot
'/o*4
Error

Ares-l

AOAbascdPI-PD 4.09 0.013 0

LPBObasdPI-PD 3.t5 17.39 0

tr,fSOUascAPfPP 6.10 0 0

DO basGdPI-PD 3.n 0.034 0

Are,,-z

AOAbosedPI-PD 3.83 0.00s6 0

LPBObasdPI-PD 2.80 r.67 0

MPSObasdPI-PD 3.U 2.24 0

DObasdPI-PD 2.02 9e-04 0

Ar€a-3

AOAbos€dPI-PD 3.78 0.098 0

LPBObasdPI-PD 7.U 6.09 0

MPSObasdPI-PD s.59 0 0

DObasdPI-PD 2.23 1.65 0

In areas 1,2, afr 3 rcspectively, DO bas€d PI-PD achiwed frster settling times of

3.27* 2.02s, d 2.23s than other suggested tecbniques. This means DO basd PI-PD

corfrroller provided relatirrcly 2}o/o,l1%o, grfr46% better settling time response cotrparcd to

AOA LPBO, ud MPSO based PI-PD controllers in area-l AVR respectively. Moreorm, DO

based PI-PD controller p,roduced relatinely 47.3o/o, 28o/o, afr, 47.4o/o better settling time

response conpared to AoA LPBO, ad MPSO based PI-PD corfrollers in area-2 AVR

respectively. Finslly, Do based PI-PD conholler yielded relatively 4lyo, 6lyo, d 680/o

better settling tinrc response conpared to AOA MPSO, aDd LPBO bosd PI'PD cortrrollers

in area-3 AVR respectinely. As can be obs€rve{ overshoot and undsshoot are once rmre

quite little in all areas with each control rnettrodologies. With each control nrthodology' the

steadystate error is once morE zero.
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Thetie.tinepow€rdevistionresponsesinarea.l,aa.Z,andarea.3areshownin

Figrne 4-30,4.31, afr 4'32while Tables 4'13 p'resents the performance spocificatbns using

DO, AOA LPBO, and MPSO bas€d PI-PD control mdhodotogies' DO based PI-PD pmvidcs

quickest settling time of 10.79s and 10.35s in area-l and area-3 respectively' In area-2'

Mpso based PI-PD prcvid€d settling time of ll.l3s, which is a little bit lower than the

s€ttling time of Do b8s€d PI-PD controll€r that is l1.3ls. This meang DO bssd PI-PD

controller yielded relatively l3o/o, llo/o, d 2V/o better settling time response conpared to

AOA LPBO, ard MPSO based PI-PD coffiollers in area-l' Furth€r, DO based PI-PD

contrcller produced relatively 2o/o glfr7o/otrittq settling tirne response coryared to AOA and

LPBO b6sed pI-pD conhollers in area-2. Finalty, DO bosed PI-PD contoller p'ovided

relatively l2o/o, Ao/o, d 13% better settling time resporee conpared to AOA' LPBO, and

MPSO bas€d PI-PD contrrollers in area-3. Orrershoots are onoe again minimal with each

conhol rnethodolory in all areas.
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Figgr€ 4.30: Response of APt.r with PI-PD conhol methodologies in a thee-area multi-

sourpe IPS with nonlinearities
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Figrse 4.31: Response of Alorczwith PI-PD conhol metttodologies in a three-area nnrlti-

souroe IPS with nonlinearities
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Figrse 4.32: Response of &Pt.r with PI-PD control methodologies in a three-area nurlti-

sourte IPS with nonlinearities
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Table 4.13: Performarrce specifications of tie-line power dwiation rcsponses in a tlnee-area

nnrlti-source IPS with nonlinearities

Arer
Control

Methodohgt

Settllry
Tlnc

G)

'/t
Ovenhoot

Un&rrhoot
o/oH

Etlor

ArEa-l

AOAbosodPI-PD 12.42 0.0035 -0.006 0

-LPBObasdPI-PD

12.19 0.011 -0.077 0

trmSOUaseAPI-PO 13.50 0.031 -o.024 0

DO bssdPI-PD 10.79 0.019 -0.030 0

Are*-z

AOAbss€dPI-PD 11.51 0.0056 -0.0052 0

LPBObasGdPI-PD 12.21 0.0n -0.0076 0

MPSObosodPI-PD I t.13 0.036 -0.041 0

DO bascdPl-PD l l.3t 0.0093 -0.0054 0

Arca-3

AOAbascdPI-PD ll.7l 0.0056 -0.0031 0

LPBO bss€dPI-PD t3.& 0.050 -0.017 0

MPSObascdPI-PD u.t3 0.0232 -0.024 0

DObasdPI-PD 10.35 0.0211 -0.014 0

The performance metrics of DO, AOA, LPBO, aod MPSO based PI-PD control

methodologies are graphically corpared in Figure 4.33, 4.34, and 4.35 respectively in a

three-area multi-source with nonlinearities. It is clear that the DO based PI-PD controller

outperforms conve,ntional control strategies in temrs of terminal voltage, frequency, and tie-

line power deviations.

9l



12 ;-

IAOA

I1PBO

MPSO

IDO

rAOA

r IPBO

MPSO

rDO

,--..fo."-d".*f -d

(b)(a)

'AOA
I IPBO

MPSO

rDO

(c)

Figure 4.33: Graphical conparisons of perforrnance specifications of tequency derriation
respollses using PI-PD control nrcthodologies in a three-area unrlti-source IPS with
nonlinearities
(al 

^fi 
(b) 4E (c) 46

7
i6r

ti
4i
3

2"
1l
0

*u.S".o.'tr-.d -"'"

92



20.-.
18

I

I

I

I

I ]PBO
I

MPSO i

rDO

!AOA

TTPBO

MPSO

rDO

t\

iiilt
Settllng % s+ Enor

lime Overshoot

%

Overshoot

ss Enor

rAOA

r LPBO

MPSO

IDO

ss Error

(c)

Figrne 4.34: Graphical comparisons of perbrmance specifications of ternrinal voltage

,oporrro using pI-PD control methodologies in a tlnee-area nnrlti'sour@ IPS with

nonlinearities
(a) Ztr (b) Ye (c) Zo

Settling
Time

(a) o)

I

Ii
I

I
!

I

I
l
-|-
I
:
I

+.
i

!

t

4.5

4

3.5

3

2.5

2

1.5

1

0.5

0

93



.-us".d"-'. ,"t-"

L4

*udo."C-

IAOA

r IPBO

MPSO

JDO

.-S -""
(b)

.TAOA

{ LPBO

MPSO

rDO

(c)

Figrge 4.35: Graphical conparisons of perforrnance specifications of tie'line power deviation

responscs using PI-PD control nrcthodologies in a ttnee-area rnrlti-soutEe IPS with

nonlinearities
(a) APtcr (b) APtra (c) APr,.l

,"r''



CHAPTER5

Frequency and voltege stabitization in a f,'our-area Multi-source IPS

ThiselrapterdealswithttledesiFardimplerrrerrtationofthep,roportionalintegral

derivative (PID), tilt integral derivative (TID), integnl-pro'portional 0-P) and integral-

proportional derirratirrc (I-PD) controllers for a frtlt-area rnrlti-source interconnected power

sptemusing gradient based optimizer (GBO)'

5.1 Mathematical Modeling of Power System

The forn-area mrlti.sornce IPS und€r study is shown in Figure 5'l' IPS has ttE€e

conventional generating units in each of the fogr areas, including th€r6al rcheat, hy'dro' and

gps with two renewable cn€rgy sourEes including solar photonoltaic and wind units [1llt25]'

The LFC loop of l* area has a controller (K"*(s)) , t'ff area's bias factor (8, ) , ttrernral relreat

speed regulation (4) , hydrc speed regulation (&) , gas speed regulation ({)' and

f r4t-l 
with different blocks of power generation units. The thermalgenerator/lo* 

[4,, *,/

reheat rmit consists of ttrernral sovernor [#), 
reheat turtine 

[ffi), 
and th€nnal

turbine (#) ; hydro unit irrctudes hydro governo' 
[#), 

and transie'nt droop

coryensatio, (H), n* nnbine t*a)t * unit conryrises sas so,en'r

(#), valve positio. (*), firel systerm 
[ffi)' 

and conpressor discharge

system 
[=h),wind 

unit consists or hydraulic pitch act'ator (m) *

data fit pitch response (ft) bbcks. Mo1,r, Mn. al,r,and ar*,,, denote the load

deviation5 freqgency deviation, deviation in terrrinal voltage and tie-line pow€r deviation

respectively. Yt1,y, Y41,y, anlii ll,t,rrefer to thc t€rminal voltage, reference voltage, and

sensor voltage in ld area respectively. The AVR loop of iff area consists of a controller

(K,,,(s)), arpririer [#), senerator [#)' 
exciter [tft), 

* sensor
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trft) 
K, Kz, K, k ad p. arc the coeffci€nts tur nnrtual coupling between AVR ard

LFC loops. The synchonization coefficie,ff betwee,n f ?fldf area is re'presented by TU'

AVIS$!r!t

'-r& Et E- --- nrrr.t
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(b)

Figrne 5.1: Power SYstem

(a) Combined LFC-AVR model @) Four-area tie'lines'

The transfer furrction rnodels of the reheat th€rmal(Gr(s)) , hy&o(Gr1s)), gas(Go(sD,

wind(Gr(s))and solar photovoltaic (G"(sDsystems are provided in Eq. (5'l-5'5) respectfttely'

The definitions of all syrnboldterrm used in Eq. (5.1-5.5) aod IPS are provided in List of

Syrnbols section

o.t"l=,*ffi
ort',=ffi

a(l+Xr[l-{*s)uo("|=@

ort'l=ffi
K

8(s) = 

"r"
5.2. Propooed Control Methodology

(s.1)

(s.2)

(5.3)

(s.4)

(s.5)

Figrlre 5.2 demonstrates the Popos€d methodolory with IPS. PID oontroller was

explored for the load frequemcy and terminal voltage in a forn-area IPS. Furtb€r, various other

corfrollers inchrding I-PD, TID, and I-P have also been exptored to corryare their results

with GBO-pID. The description of proposed PID and other contrrotlers is provid€d in this

section
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Figrne 5.2: Proposed co,ntnol nrahodolory

5.2.1 PID Controllcr

The proportional integnl d.erivatirrc (PID) controller is utilized extensively in the

industrial sector due to its intreriterl clraract€ristics of simple d€gig! and excellem operational

efficiency [68H175]. PID controllers are feedback conhol loop systems, which

cominuously calculate an €rror signal as the difference between thc process variable ard the

set point to provide the conhol signal for tbe platr. PID conmoller has th€e gain coe'fficiants

including I<p K ard k. The confiol signal g€ncrated by PID oontroller (Uno(s)) can be

unitten as:

U-(s)=(4 +!+K,s)EG)

E(s) = (s1-X1t,

where, E(s), Y(s), and R(0 denote error, output, and refenence signals respectively.

5.2.2 TlDController

The tilt integral derivatine (TID) conholler's architecture is identical to PID hrt with

a modification inproportional ternr of PID. The changs is that PID's ptoportional gain term is

r€plac€d byKr(s)-l'n, whe,re z r€pres€nts a real number and & denotes the gait" TID combines

integer and fractional order contmllers. It quickly eliminates disturbances due to its superior

dynamic featgres. TID haE been tsed in diff€rent engine€ring ap,plication due to its qcellent

performance ctraracteristbs [76]{180l. TID conroller has three gain coefficielrts including

6, Ki,and Xfd. The control sigrral ggn€rated by TID conholler Ano@) can be written as:

(5.6)

(5.7)
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IK
U-(s) = (K,s' +=+ t(rs)E(s)

5.23 I-PD Contr''oller

The integnl-prroportional derivative (I-PD) controller has th€ capacity to entrance the

tratrsi€rlt rGsponsG of the systerr" Ttre proportionat and deriraative terms arre placed in the

feedb0ck path of the I-PD confioller, whereas the integrator codroller is placed in the feed

brward direction I-pD coffioller has been explored for the frequency control aprplications in

power s]rstgms t[t68]. I-PD oontsoller has three g3in coefficie'nts including Kt' Kp aod X3'

Tbe contol signal gen€rated by I-PD controller ArnGD can be wriften as:

(s.E)

It,--(s)= [r(r) - (rK, + Krs)r(s)
s

52.4 I-P Contnoller

Inanirrtegral.pr,o,portional(I.P)ontroller,onlyp,roportionaltermisplacedinthe

Hback path whereas the integrator controller is placed in thc fed forward direction I-P

controller has two gain coeffrci€ots incfuding K, and IS. The contnol signal generated by I-P

controller (Uds)) can be writte,lr as:

(s.e)

u,-r(r) = [ ,(r) - *,t(r)
J

I-p conholler has been employed in ditr€rent ryplications of control engine€ring [18U, [lE2].

The optimal gains of confiollers as highlightd in Eq. (5.6), (5.8)' (5.9), ad (5.10) are

otrained using GBO. ITSE was used to brnnrlate the cost frmction in a fow-uea IPS with

GBO conhol rnethods. Ttrerefore the ost firnction (I) br a frur-area IPS can be obtained as:

Jrrse = litry'+Lt1'++APll& (5.11)

where,

Lf'=M,'+tfl +tfl +$l

LY,' = Ll',1 + LY,l + LY,i + LY,i

IPl, = dP', + tF*, + tF*, + tf,n

Lllr:Yo -V,,

AYr, =l/o -Y,z

A4, =\o -4,
Allr =Y,,t -Y,+

(s.12)

(s.r3)

(5.10)
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LPrort = LPfru + Mfrit * Mtntt

LPnr=lf;rnzt*Moat&rn

AP*,=N*r, +APp.n +&r*t
(5.r4)

lPyt = AP*rr+ Nno * Mp*o

5.3 Gradient Based Optimizer (GBO)

In this study, the load frequency and ternrinal rrcltage in a four-area IPS were

succ€ssfully controlled using a PID controlls based on a gradiem-based osimizer (GBO)'

GBO was discovered by Innn Ahnadianfar ct al. in 2020 tlE3][184]. Ttle GBO algorithm

has receotly found application in solving variors €ngineering prroblerns [185F[187]' Tlte

GBO algorithm is inspircd byNewton's gradient method; it uses a set of vectors to search the

solution space of the pnoblem This search is p€rbrmd using milation methods such as hcal

escapc and the gndient search rule. An equilib,rium point rnrst be fourd wheie the gradient is

zero fur this algorithm to deternrine the best solution In this alrpsoach, to determine the

search directions, the derivatirres of the objective function must be determined in conjunction

with thc oonstraints. The initial population is formed randomly, ard the infrrmation from the

prerriotu iterations is used to dCermine a search direction These cycles are reperated until a

specific r€quir€rnEot is met. The steps in a GBO algprithm re as follows.

53.f GBOlnlddizedon

ThE GBO population is initializd as follows:

X,,, =lX.,r, X,,r,-.n X, rl

X , = X -+ nrd(0, l) x (,f* - ,l'". )

wher€, n = [,2,.....,N], d = u,2,.....,D1, rand(o,l) gsnerates random mrrnb€r between 0 and

l,Xn ard X,,n are the limits of decision variable.

53.2 Gredtent Search Rule (GSR)

Tbe gradient based tectrnique, which forms the basis of GS& finds the optimal

solution by identifying the extreme point at whbh the gradient eqruls zero. The objectives of

enploying GSR include acceleration of convergsnce rate and exploration temdency

emhancement. The numerical gradie,nt approach and Tayhr series can be used to €t(press new

(s.ls)

(5.r6)

position(x,*r) as:

2bcx f(x,)
^ .-^r+'i I$.+ar)- f(x,- Lx)
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ln the GBO algprith,xn*Ar and x,-Arrtpresent the neighbonng positions ofr" The

position x,+Ar has awome fitness (x",^r) thanx", while x,-Arhas bdter fitness (16.r)

than*,. Thc GSR can be writtm as:

- 2Lxxx,
GSR = mndnx- (5.r8)

(x,- --r* +a;

where &( is the change in position after each iteration a,' is a small value between 0 ad 0'l

d rudnde,Dotes a rardom rnrriber. In cder to achieve a balance between the exploitation

and exploration phases, the modified expression of GSR can be stated as:

GSR= randnxOrr$(x*- xn+ e)

where p, b trandom nurnber and it can be written as:

q=(2xrudxa)-a

,=1r,,'(f,*"^(o,T)l

r = r-+(p*-r",r'(r-(;))' (s.22)

where M re,presents total number of iterations, m shows G:urre[tt iteration, P,* afr Pra' have

valne.s of 1.2 and 0.2 rcspccti\rcIy. The sine function rtpresenting the chaoge from

exploration to elghitation is represe,nted bya. The difference Ax betnreen the best candidate

solution ( t -, ) and a posilion chosen at random ( rii ) can be written as:

(s.le)

(5.20)

(s.21)

(s.23)

(s.24)

(5.25)

Lx=roi(l:iYFl.rr?l

stEr=ry

where rI, 12, 13, afr 14 arc random number between I and /Vhaving different values. The

updated position ( x,*, ) can be expressed as:

J,*r = tr, - GSR $'2q

For bett€r utilization of the region close to x,, the direction of movement (DM) has beem

introduc€d that can be uritten as:

t0r



DM =mndx prx(rr., -x") G'27)

where Pz rs trandom rnrrrber, which can be obtained as:

pr=(2xrandxa)-a (5'28)

The rpdified position ( xl; ) can be found using GSR aod DM as:

Xl'=t -GSR+DM (s'29)

Xt'={-rudnrAr+-. -,' (r-- -x*te) (5.30)

+rodx prx(ro -rl)
The new y6tor (Xz:)canbe created byreplacing the position of the best \rcctor (xr,o) with

4.

x2'=x*,-randnrA* @ffi (5.31)

imrulxpr*(4 -4)
whsre,

vo =rotdx(lz*'+x'l+-rra*ar) 632)t't\2)

* =*ar(['".' 
+4] --rrr*) (5.33)

rat\2)

Zr+rrcproettB avetor.

The new solution ( rl*' ) can be deftred at tbe next iteration as:

,f,' = roxlrrx X\ + (l - 6) x X2i)+(l- r,)x X3i

whae,

X3* =xi - Ax(xzi -xtl)
where roardrr are random rnrmbers between 0 and l.

53.3 Locel Esceplng Operrtor (tEO)

To inprove the GBO algorithm's capability to handle challenging p,roblems, the LEO

is inclnded. The LEO solution (XIr) is canbe obtained using following code:

(s.34)

(s.3s)

toz



if rand < pr

if rud < 0.5

xL = xi" + frx (r, xx-, -urx ri)+ f,

xp,x(u,x(Xzi - Xli)+u,x({'-xi)) I 2

x:" --xL
else

Xi* = x* + frx (n, x rrn -urx {l+ f,
xp,x(urx(Xzi - ltlil+urx(xi'xirll I 2

xj-' = x',*

end

end

where rr,, shows the best sohrtion; xi,xiradfi are randomly gencratd solutions; fz is t

random rnrmber with a standard doviation of I and rrean of 0 whereasli is random m[nber

between -1 and I ; pr rcpresents the probability, u t, uz, afr zr can be ohainod as:

(5.30

(s.37)

(s.38)

(s.3e)

(s.40)

it has a value of 0.xi can be

(5.41)

denotes random solution of the

(s.421

(s.43)

ur= 4x2xmnd +(1-Ii)

.,r= \xmnd +(l-4)

ur= Itxlxrud+(l-\)
whe,re !4 h* a value of I if parameter zl is less than 0'5, else

written as:

(. if uz < 0.5
* l''d

'* =tr; 
othervdse

where x,rn r€eresents the nery solution and 1
population (p e [1,2,...,N]).

x* = X-+mnd(o,llx(x* -x-)

xi =Lrx;i +(l-rr)xx"-

where trr has a value of I if paramet q uzrs less than 0.5, else it has a value of 0. By choosing

valnes frr the psramt€rs urt uh ad w randomly, the poptrlation beconres tmrc diverse and

is able to avoid local optimal solutions. The flow chart of GBO is given in Figrse 5'3'
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Figure 5.3: Flow chart ofGBO
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5.4 Implementation and Results Discussion
Extensive simulations were conducted in MATLAB/Simulink to validate the

zuggested conhol rnethodology. The rated power of the system is considered as 20ffi Mtrr.

First, a frur-req five-sourre IPS with 5% SLP (0.05 p.u) in each arta was conprehensively

examined using GBGbased control metlrodologies. Thcq by changing thc systern settings in

each of the four areas, a dcailed sensitivity analysis was carried out. The population consists

of thirty sohrtions whereas tw€nty iterations were considered in each simulation to obtain the

opimal solution. The step irput perunit was taken as refererrce t€rminal voltage.

5.4.f ftcquency end Voltage Stebilizetlon ln a Fouprnee Multl-source IPS

The four-area IPS npdel under investigation is provided in Figurc 5.1. The system

paranrct€rs of fuir-area IPS are specifred in Appendix C. Th€ optimal pararneters of GBO-

PID, GBO-I-PD, GBO-TID, and GBO-I-P oontol stratcgies are givcn in Table 5.1. This

section presents inplementation of proposed control stratery in a frur-area nnrlti-source IPS

with 5% SLP and detailed conparisons of the GBO-PID with GBO-I-PD, GBO-TID, and

GBO-I-P based control strategies.

Table 5.1: Optimd values of contnoller paranrct€rs for a four-area rnrlti-source IPS

Aree
GBG.I.P GBO.TII) GB(},I.PD GB(}.PID

Prramctcr Vrlue ParemEr Ydue Penmcter Vrlue Peremehr Veluc

Ar€a-l

IGr 0.17 Kr 0.76 Kr 0.0001 hr 1.43

Kr 2.42 Kr 1.29 IGr 1.59 KI 1.27

Iftr 0.20 trGr t.97 lQr 1.93

K,, t.37 tr(z 0.97 K: r.09 K,, l.0t
Kr 1.38 Kr 0.29 K,, l.l5 K: l.ll

IQ! l.l8 IG, 0.15 IGz o.ct

Ar*2

Krt 1.43 Ifu 1.54 Kr 0.74 IGo l.ll
Kr 0.82 Kr r.27 IG3 0.25 K,l I

IG3 0.30 Ifut 0.54 IG3 1.24

K"t 0.92 K4 0.4 Kr 0.35 K"l r.37

Kr 0.83 Kr 0.lE K"l 0.4r Ifu t.20
Ifur 0.20 IQr 0.14 Kd4 0.96

Area-3

Krj t.t5 tr(s t.E2 Ks 0.01 IGs 1.74

Ks t.67 Ks 0.42 IG5 0.65 IG 1.76

Iq5 r.73 trQs t.2E Ift5 0.99

Kr6 l.ll I(6 0.t7 Ko 1.06 Kt6 1.33

K6 1.09 K6 0.31 Kro 0.E5 IK t.27

Ifu 0.24 K6 0.M7 K6 l.l3

Area-4

IGz 0.t2 I(z 1.78 Kz 0.99 trGz 0.98

Kz 2.7t Kr 0.28 IGz 2 Kz 1.94

&z 0.62 trQz 0.14 IQz 1.39

IGs 1.10 tr(rr r.30 Kr 1.15 Krs 1.24

Kr t.t3 Kr 0.069 IGs 1.28 Kr 0.61

KdE 1.50 IGs 0.s8 Kdr 1.26

msE 2.lt ITSE 2.62 ITSE 3.43 ITSE 0.71
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Figure 5.4, 5.5, 5.6, nnd 5.7 display the fuquencv def iation req,onses' while Table

5.2 pesents the perbrmancc specifications of the fot[-area IPS utilizing th€ GBO-PID'

GBO-I-PD, GBO-TID, and GBO-I-P oontrol strategies. It can be seen that the pi'opos€d

GBO-PID control m€tbod Fovid,Gd a v€ry satisfrc'tory settling time response in each slEa's

LFC. GBO-PID provirlod settling times of 5.37s, 5.38s, 5.38s, ard 5'98s in area-l' a@-2'

area-3, and area-4 LFC respectively which are bett€r than GBO'I-PD, GBO-TID, and GBO-I-

p contol strategies at the cost of % orrcrshoot and undershoot in each area GBO-I'PD

ylelded better urderstroot r€spotls6 G0.M9) with zero % overshoot oryared to other confiol

strateglx in area-l LFC. In conparison to other contnol strategies in area-2 LFC, GBO-I-PD

providd tx,ttq Yoovershoot (0.009/0) and und€rshoot (0.068) r€spolls€s. In a!ea-3 LFC'

GBO-I-PD p,roduced a beter uodershoot rcsponsc (-0.0E) with zero % orrersttoot whE'tr

conpared to other control strategies. GBO-I-PD yielded bettq o/o overshoot (0.003ry/o) aDd

undershoot response G0.046) coryared to otlrcr onhol strategies in area4 LFC' The %

steady-state (s-s) error is zero with all contml strategies in each area.

0.3

0.2

o24681012141618?O
Time(Sec)

Figure 5.4: Response of A/i with GBO bas€d conhol strategies in a bur-area multi-source IPS
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Figrre 5.6: Response of Af with GBO based control strategies in a four-area multi.source IPS
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Figur€ 5.7: Response of A/t with GBO based control strategies in a fuin-area nnrlti.source IPS

Table 5.2: Performance specifications of frequencydwiationresponses in a fuur-area milti-

ii

O2/+68101214161820
Time(Sec)

source IPS

Control
Stmtcgt

Arerl Are12

Sctdlry
Tlme

(r)

cA

Overrhmt
Udenhoot

Vtgq
Enor

Settling
Tinc

(r)

'/o
Ovcnhoot

Undcnhoot
Vc*t
Erron

GBO.PID 5.17 0.23 -0.5t 0 5.3t 0.23 -0.54 0

GBGI.PD 15.3 0 -0.049 0 19.54 0.0(B 4.06t 0

GBO.TID 9.ffi 0.022 -0.13 0 9.51 0.018 -0.14 0

GBO.I.P 16.10 0.00t5 -0.07 0 16.49 0.036 4.12 0

Control
Strrtcglt

ArcrJ Are34

Scttling
Tinc

(r)

'/o
OYGrrhoot

Undcnhoot
o/o tq
Enur

Settltry
TIDG

(r)

o/o

Overrhoot
Underrhoot

o/t*t

Errron

GBG,PID 5.38 o.x2 -0.52 0 5.98 0.26 -0.49 0

GB&I-PD lr.0 0 -0.08 0 17.08 0.0039 -0.046 0

GBG,TID 9.62 0.011 -0.15 0 9.6t 0.015 {.13 0

GBO-I-P 17.66 0.009 -0.087 0 16.95 0.013 -0.057 0
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Figrne 5.8, 5.9, 5.10, aDd 5.11 display the ternrinal voltage lleslx)ns€s' while Table 5'3

preserds the perfo,rnrance specifications of the bur-area IPS uilizing th€ GBG'PID, GBO-I-

PD, GBO-TID, aod GBG,I-P ontrol strategies respetively. For uea-l A\/R' GBO-PID

provided settling tirne of 3.963 that is quicker than GBO-TID and GBO-I-P confiol strategies'

Mor€orrcr, GBO-PID yleldcd settling tirnes of 4.09s,4'36s, and 2'92s in area-2' area-3' ard

area4 A\IR, which are better than GBO-[-PD, GBO-TID, aod GBO-I-P control strategies'

GBO-I-PD prcduced settling tfu of 3.72s with 0.48o/o oveNhoot r€slDrls€, which are better

thao all other contsol strategies in area-l AVR GBO-PID yielded overshoot of 5'45% in

'il(Ttr.-Z 
AV& which is better than GBO-I-PD, GBO-TID, and GBO-I-P control strategies.

GBO-pID prodgced overshoot of gYo,which is betterthanGBO-I-PD and GBO-TID conhol

strategfox in area-3 AVR GBG,I-P outperbrmed all other techniques in area-3 AVR by

S.Sz%in terms of overshoot rcspoose. GBO-PID provided l0.l3o/o overshoot, which is better

ttun GBO-TID control stratery in area-4 AVR GBO-I-P yielded 4.360/o overshoot that is

better conpared to all other techniques. Tfu o/o steady-state (s.s) error is zero with all control

strategies inclgding GBO-PID in each arca except GBO-TID which gave steady-state (s-s)

error of 1.8% in uer-2 AVR. It can be seen that the suggssted GBO-PID conhol strategy

prodgced AVR responses which ar€ qtnetrrcly satisfactory in terms of settling time and %

overslroot.

0 o2468101214151820
Time(Sec)

Figrse 5.8: Response of Ztr with GBO based control strategies in a foru-area multi-source IPS
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Figrse 5.1l: Response of Zmwith GBO basd control strategies in a fuirr-arca mrlti-source

IPS

Table 5.3: Perbrmance specifications of ternrinal voltage rcsponses in a frur-area milti-

source IPS

Control
Strrtcgt

Arerl Are12

SGtdltrg

Tlme

G)

% Ovcnhmt
Vorl
Eror

Setfllng
Tlm
(r)

% Ovcnhoot '/otq
Eror

GBO.PID 3.96 7-52 0 4.09 5.45 0

GBO.I-PD 3.72 0.48 0 6.75 6.66 0

GBGTID 6.ffi 21.91 0 7.6E 19.71 1.8

GBG,I-P 7.52 7.43 0 5.5t ll.9 0

Control
Stmtcgl

Are&3 Area-f

Settltng

Tlre
G)

7o Ovenhoot
t/o zq
Ernor

Setdtttg

Tln*
(r)

o/r Ovenhmt '/oH
Etror

GBO.PID 4.36 9.0 0 2.92 10.13 0

GBO-I-PD 5.72 1E.04 0 5.27 5.90 0

GBO.TID 5.24 33.18 0 6.72 11.90 0

GBO.I.P 7.01 5.52 0 s.92 4.36 0
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The tieline power dsvidion r€sponses curves are shown in FigUre 5'12' 5'13' 5'14'

aDd 5.15 while the performance specifications of the bur-area IPS are pres€dd in Table 5'4

r$pectively. It can be seen that th€ suggested GBO-PID contnol strstery produced tie-line

pow€r deviation r€spotrscs that we,re incredibly satisfactory in tenm of settling time in each

area. GBGPID provkled settling times of 9.3G, 9.69s, and 8'45s in area-!, g[:a'Z' and area-3

respectively, which are better than GBO-I-PD, GBO-TID, and GBO-I-P control strategies'

GBO-TID poduced 9.63s settling tim€ in area.4 which is better than all other control

mettrodologies. GBO-TID yielded better ovsshoot (0.012olo) r€sponse whereas GBO'I-PD

p,roduced better undershoot rcsPonsc (-0.0035) conpared to other control methodologies in

terms of area-l tieline pow€r deviation GBO-PID yietded O.N25o/o overshoot with -0'0093

undershoot, which is better than GBO-I-PD and GBG'I-P contrcl strategies in term of area-2

tie-line power dcviation Mororm, GBO-TID yielded better undershoot response (4.0053)

conpared to otber control strategies in term of area-2 tie-line power derriation. GBO-I-PD

produced better ovssloot rmponsc (0.0038) whereas GBO-PID yleldod better undershoot

rcspons€ (-0.012) conpared to other control strategies in tenns of area-3 tie-line pow€r

doviation GBO-TID yielded better overshoot t€spons€ (0.0098) whereas GBO-I-P yielded

better undersboot response (-0.007) corryared to other contnol strategies in ternrs of area-4

tie-line powcr deviation The o/o steady-state (s-s) error is z€ro with each control strategies

er(c€,pt GBO-I-PD which produced negligible % steady-state (s-s) in area-l ard area-3.
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Figrse 5.12: Response of AlPt.r with GBO based control strategies in a frur-area rmrlti-source

IPS
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source IPS

Table 5.4: Perforrrance spcifications of tie-line power devistion rEsponses in a four-area

nnrlti-source IPS

Contnol
Strrtcgt

Arerl Are12

Settllry
Timc

G)

t/o

Ovcnshmt
Underrhoot '/o*a

Erlor

Sefrlirg
Time

G)

Vo

Ovcnhoot
Undenhoot

o/o l*
Error

GBO.PID 9.36 0.023 {.0r5 0 9.@ 0.002s -0.0093 0

GBGI.PD 15.55 0.052 -0.0035 0.004 19.4E 0.047 -0.034 0

GBG.TID ll.lt 0.012 -0.0112 0 11.02 0.011 -0.0053 0

@F-l 16.12 lo.o39 | 4.040 lo

Confol
Strrtcsy

Area-3

Sctdttrg
TimE

(r)

o/o

0venhoot

o/o t+
Enor

Setdtng
Timc

(r)

o/o

Overuhoot
Undenhoot '/o9lt

Error

GBO.PID 8.45 0.013 -0.012 0 10.23 0.015 -0.013 0

GBGI-PD 1E.71 0.0038 -0.065 0.004 19.47 0.043 -0.035 0

GBO.TID 9.7 0.015 -0.017 0 9.63 0.0098 -0.0081 0

GBO.I-P t9.t7 0.022 -0.015 0 18.23 0.031 -0.007 0

L14



Figrge 5.16, 5.17, and 5.18 show the graphical conparisors of the performance

specifications of freqgcncy deviatiorU terminal voltage, and tie-line pow€r deviation

tEsponscs wing GBO-PID, GBO-I-PD, GBG.TID, and GBO-I-P control strategbs in a four-

area IPS.
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Figrrre 5.15: Giraphical conparisons of perbrmance specifications of frequency dwiation

r€sponses using GBO based control strdegies in a four-area multi-source IPS
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5..{.2ScnritMtyAnelyrirofaFour.arerMuld.rourcelPS

In this section, we evalgated the robrutness of the prcposed GBO-PID control stratery

in a forn-area IPS by varying the sptern paralnet€rs' The sp€ed regulation (R) and turbine

time constant (Tr) were changpd to A t 25o/o of W nominal nalues' In this study, optimal

paranFt€rs of the GBO-PID controll€r were talcen from tbe prcvious s€ction Figrlre 5'19'

5.20, 5.21, uf, 5.T2 show thc frequency devi*ion r€spolscs; Figrre 5'24, 5'25,5'26, and

5.27 sbow the terminal voltage r€spollscs; Figgre 5.29,5.30,5'31, aod 5'32 show the tie'line

power deviation responses using GBGPID contol straterywith variations in Tt and R

Tables 5.5, 5.6, a16] 5.7 show the perbrmance specifications of frequcncy deviation,

ternrinal voltage, and tieline pow€r deviation respctively in this sce'nario. Despite JeSo/o

variance in system parameterg it is clear from the results that all frreErency dwiatioru

tenninal rchge, and tieline pow€r deviation responses are nearly idemical to one anotber.

The frct that valups of all pegbrrnance specffication irrchrding settling lire, o/o ovtrshoot,

unde6hoot, arl o/o steady-state (s-s) enor have borely changed with wriation in system

paranEters is gnmistakable proof that the suggested technique can function well under

dynamic cirsumstanoes.

The graphical corryarisons of Aequency deviation, ternrinal votagE, and tie-line

pow€r deviation r€sponses in this case ane shown in Figures 5.23,5.28,4d 5.33 respec'tively.

These results categorically demonstrate that the recomnrended GBO-PID co'ntroller is quite

robrst ard does not require re-tuning for A+ 2|o/ovaintbns in Tr and trL

r18
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Table 5.5: Perforrnance specifications of fiequencydwiationresponses with t25o/o variations

in systemparameters rrsrng GBO-PID conhol strategy in a fou-area nnrlti-source IPS

Arer Carc
Settllng
Tlme

G)

o/o

Ovcrrhoot
Underrht

o/o *q
Eror

ArEa-l

-25o/oofTa, Ttz, Tm, Tur s.23 0.21 -o.57 0

-25o/oofl*,Ru &, R" 5.3t 0.26 -0.s5 0

Nominal Valucs 5.37 0.23 -0.5E 0

*25o/o ofTa, Trrz, Tur, Ttr 5.U 0.4 -0.s8 0

+25% of&, Rh, R& R" 4.89 o.2t -0.60 0

Ar€a-2

-25o/o of T a, Trrz, Tm, Ttl 5.26 0.21 -0.53 0

-25% of &, Rb Rr, IL 6.39 0.24 -0.51 0

Nominal Values 5.38 0.23 -0.54 0

+25o/oofTa,Tu, Tm, Trl 6.05 0.25 -0.55 0

+25% of&, Rh, R& R* 4.90 0.22 -0.56 0

Arca-3

-25o/oofTa, Tu, Trr, Tm 5.27 0.2t -0.51 0

-25% of &, Rr', R& R* 6.39 0.21 -0.50 0

Nomiml Valucs 5.3E 0.22 4.52 0

*25o/o ofTa, Trrz, Tro, Tul 6.07 0.23 -0.52 0

+25% of &, Rn Rr R* 4.X) 0.22 -0.s3 0

Area-4

-25o/oofTn, Tm, Tm, Tm 5.2t 0.24 -o.49 0

-25%of&, Rr" &, R* 6.38 0.25 -o.47 0

Nominal Values 5.9E 0.26 -o.49 0

+25o/o of T a, Tra, Tr'r, Tm 6.r7 0.27 -0.50 0

+25% of &, Rtu Ro R" 4.92 0.2s -0.51 0
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Figrne 5.24: Response of Ztr with +25% variations in systern parameters using GBO based

coilrcl stratery in a four-area rnrlti-source IPS
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Table 5.6: Performance specifications of tenninal voltageresponses with+25% variations in

system paratrEt€rs ruing GBO-PID conhol stratery in a foru-area rnrhi-source IPS

Area Cue
Scttllng
TlDc

G)

o/o

Ovenhoot

o/o *l
Enor

Arca-l

-25o/oofTa,Tra Tnr, Tu
3.95 7.46 0

-25% of&' Rh' Re R*
3..96 7.57 0

Nomiml Values 3.96 7.52 0

*25o/o of Tti., Tte Tt r, Tr,r
3.97 7.55 0

+25% of &' Rb RD R*
3.92 7.40 0

Ara-z

-25o/oofTa,Tss Ttl, Th{
4.08 5.4 0

-25% of R1, R'h' Re R*
4.07 5.41 0

Nominsl Values 4.09 5.45 0

+25o/o of T a, Ttr, TEr, Tn{
4.1 5.46 0

+25% of &, Rr" R& R*
4.07 5.46 0

Arca-3

-25YoofTa,Trn, Tm, Tm
4.36 9.0 0

-25% of&, Rh' RD R* 4.36 9.0 0

Nomiml Values 4.36 9.0 0

+25Yo of Tlrt,, Trr, Tt'1, Tm
4.36 9.0 0

+25% of&, Rb R& R* 4.36 9.0 0

Area-4

-25YoofTa,Tts Trs, Tu+
2.91 10.13 0

-25o/ooffu,Ri, Re R*
2.9s 10.t3 0

Nominal Values
2.92 r0.13 0

*25o/oofTs,Td, Ttrr, Th{
2.93 10.14 0

+25% of&, Rr" Re R*
2_88 10.14 0
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Arcr Crrc
Setdltrg

Tire
G)

oh

Overrhoot
Undcnhoot

o/o lq
Error

Arca-l

-25o/odfTa, Trr, Trr, Trnr
9.39 0.022 {.015 0

-25%of&,Rtu R& R*
9.26 0.023 -0.017 0

NomirEl Values
9.36 0.023 {.016 0

l25o/o of T a,Tm, Tm, Tr'l
9.35 0.023 -0.017 0

+25% of&, R,h, Rc, R. 9.2t 0.023 -0.016 0

Ara-z

-25o/oof Ta,T62, Tm. Tu+
9.71 0.0022 -0.0(D1 0

-25%of&,Rb R5 R*
9.85 0.0029 -0.00E9 0

Nomirnl Values
9.69 0.0025 -0.0093 0

*25o/o of T nt,Tm, Trr' T u+ 9.67 0.0025 -0.0(D/t 0

+25% of&, Rb R& R.
9.61 0.0021 -0.0096 0

Area-3

-25o/odfTa, f62, T6, Tm
E.4t 0.012 -0.011 0

-25%ofRs Rr Re R" t.l3 0.013 -o.0ll 0

Nomincl Values t.4s 0.013 -0.012 0

+2502 ofTu, Tm, Tur, Tnr
E.47 0.013 -.0.012 0

+25% of&' R" Re R*
7-74 0.012 4.0t2 0

Area-4

-25o/oof Ta,Tu2" Ttr, Th{
r0.26 0.014 {.012 0

-25% of&, Rb Rc, R*
t0.32 0.015 4.0t2 0

Nominal Valucs
10.23 0.015 -0.013 0

+25%oofTa,Tur, Tm, Tu*
10.21 0.016 -0.013 0

+25% of&, Rr, Rs, R* 10.1t 0.015 -0.0013 0

Table 5.7: Pcrformance specifications of tieJine power deviation respomes with+25% rariatims

in systeur paraureters using GBG'PID cootrol shaEgy in a four-area multi.so[ce IPS

t29



10

9

8

lt

5

5'
4

3

2

t:
0

9

8

7

6

5

4

3

2

I
0

o'$4c:""*
(a)

| -25% ofTtr

r -25% of R

NominalTtr
and R

r +25r of ftr

+25% of R

r -25% ofTtr

I -2516 of R

NominalTtr
and R

.. +25% of Ttr

. +25?6 of R

*u$[tr"*

L2 ,-'

10

8

6

4

o

r -25% ofTtr

r -2515 of R

NomlnalTtr
and R

r +25% ofTtr

r +25% of R

L

I

l-

L

(b)

t2

r -2516 ofTtr

r -2516 of R

NominalTtr
and R

r +25% ofTtr

, +25% of R

I

*u-$,$,r:""o
(d)(c)

Figu3e 5.33: Craphical conparisons of perforrmance specifications of tieJine pow€r devistion

rcsponses wthJr2lo/o variations in systeflr parameters using GBO-PID connol stratery in a

four-arca nnrlti-source IPS

(a) Mr.r (b) APri.z (c) APt'o (d) APri*

130



CIIAPTER 6

Conclusions and tr'uture Work

This chapter ssftains the suunnry of the analytical work presentd and discuseed in

Chapter 3, 4 and 5. Based on the findings of this res€arctl work, final reconrnendations

regarding diff€rent coffiol nrcthods have been mad€. The futur€ work related to this study

has also beenhighlightd in this chaper.

6.1 Concluslons

In this work, two-, ttree- ard four-area nnrlti-source inte,l,connected pow€r systems

have been thorcughly investigated for the effoctive control of load fiequency ad t€rminal

voltage. Sorrc recently inho&rced nature impired conputation based cortrol npthods have

been successfully explored to stabilize the terrrinal rdtage and load with/without

nonlinearities. The outoonrcs of diff€,!,ent simulations harrc been summarized inthis setion

6.1.1 tr'rcquency end Vottegs Stebllizedon in Multi-rrca SlngleSource IPSI

Tlrc nnrhi-area IPS inclgded runcrous contol areas, which are connected by the AC

tieline. The transient and steady-state behavbr of a rurlti-area singlesource IPS with 2%

SLP for combined control of load fi,equency and ternrinal voltage was investigatod in this

shrdy. Nature-inspircd conputatbn inchrding MPSO, LPBO, and AOA based PI-PD confiol

schenres have been proposed for the control of LFC and AVR loop in a multi-area IPS. Thc

results of case study I suggpst thst dl the proposed control schemes have relatively better

LFC's undershootperhrmance conpared to theNLTA-PID contoller [la].

ara-ZLFC respetively conpued to the NLTA-PID controller as shown in Table 3.3.

> NLTA-PID provided 18% ard U% overshoot in area-l and area-2 AVR respectirdS but

the proposed PI-PD control schemes corpldely eliminated tlla- o/o overshoot with each

tuning algorithmas shown inTable 3.4.

times in area-l LFC, while 3.3o/o ard 11% frst settling times were obtained in the area-2

LFC conpared to the MPSO-PI-PD and AOA-PI-PD control schern€s respectirrcly.

MPSO-PI-PD p,rovided relatively 25o/o ad 16% lower settling times conpared to LPBO-

PI-PD ard AOA-PI-PD oontr,ol schernes respectively in area-3 LFC respectively. MPSO-

PI-PD p,ovid,ed relatively 30% and 2oo/o tr/,,tq undershoot performance conpared to

LPBO-PI-PD and AOA-PI-PD control sclremes in area-l LFC respectively; AOA-PI-PD

provided 4.160/o rrd 5.74% better understroot performance in area-2 LFC while 22 % arnd
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34 o/o bf,ttq undershoot perbrmance in area-3 LFC corryared to MPSO-PI-PD ad

LPBO-PI-PD, contul schpmes respectively as shown inTable 3.6.

ud 29L/oquiclcer s€ttlitrg tfunes in area-l AVR compared to ttle MPSO-PI-PD and LPBO-

PI-PD control scherrcs respectirdy' MPSO-PI-PD p'rovided 3% and 13% fast€r rise times

in area-2 AVR conpared to th€ LPBO-PI-PD and AOA'PI-PD control schernes

respectively. LpBO-pI-pD Fovided 640/o ad 73o/o b*er rise tirnes coryared to the

MpSO-pI-pD and AOA-PI-PD control schemes respectinely in area-3 AVR AOA-PI-PD

provided 2lo/o d 19% quicker settling times in arr:lx.-Z AVR and 0.3o/o tfr 5.45% lower

settling tirles in area-3 AVR conpored to tbe MPSO-PI-PD and AOA-PI-PD corilrol

scheflrcs respectivelyas shown inTable 3.7.

paramet€rs (A + 50o/o) and a corryrehensive sensitivity analpis was performed to confirm

its robustness. The results in Table 3.8 and 3.9 conlirm the superiority of thc pmposed PI-

PD contol schem€s when applied to a nnrlti-area IPS for the oornbined control of

tenninal voltage aod load tequency.

6.L2 frcquency end Voltege Stebilizrtion ln Mufti-eree Multi-munce IPS wltMvlthout

Nonlinearitier

The performance of a rnrlti-area nnrlti.source IPS wittr/without nonlinearities for

combined control of tsnrinal rrcltage and load frequency bave been investigated using DO'

AOA LPBO, and MPSO basd PI-PD control nrethodologies.

based PI-PD conhol methodologies yielded 53o/o, 4lo/o, 39o/o, arld 52% foixer settling time

response in area-l LFC, while 32o/o,260/o, l2o/o, afr 32o/o be.f;tq settling time response in

ata-2 LFC respectively conpared to HAEFA fuzzy PtD controller [25] as shovm in

Table 4.3.

tttzzry PID in area-l and area-2 AVR respectively. Moreover, DO, AOA LPBO, and

MPSO based PI-PD p,rovides 860/o,99.90/o, LV/o, d96o/oHtter % overslroot response in

area-l AVR and 860/o,99.7o/o, 99.8yo, td 99.9/o Wq o/o overshoot response in area-2

AVR respectively conpared to HAEF AFuzzy PID controller as presented in Table 4.4.

LPBO, and MPSO based PI-PD control metlrodologies provid,ed 43o/o, l8o/o,75yo, ard'
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l2o/o k*qtie-line ssttling time responses respec'tirrely as shown in Table 4'5'

D For two-ate8 IPS with 5% sLP and three-area IPS with 2% sLP in the presemce of

nonlinearities, Do based PI-PD resulted in relatively bett€r LFC'S settling time rcsponse

in both areas onpared to AOA,, LPBO, and MPSO bssed PI-PD conftrol nretlrodologies

as shown in Table 4.7 udTable 4.1 I respectirdy'

r€sponses conpared to AOA, LPBO, aod MPSO bas€d PI-PD @ntrol metlrodologies as

shown in Table 4.E and Table a.12 respoctively.

time response corpared to th€ AOA LPBO, aod MPSO bosed PI-PD confrol

metlrodologies as shown in Table 4.9 and Table 4.13 respectively. The results clearly

show that the p,roposed DO bas€d PI-PD cortml nrctlrodology is rrery effectirrc to contnol

ternrinal voltage and load frequency sinnrltaneously in a mrlti-area nurlti-source IPS with

nonlinearities.

6.13 lhequency end Voltrge Stebilizedon ln r Founenee Multi-rounce IPSI

The transiemt rcsponse and steady-state performance of a fow-area IPS frr terminal

voltage and load frrequency conffol have been sfidied in detail. The classical PID controller

has been successfully used fur efficient oontol of IPS. Optimsl tuning of the PID conholler

was perfornrcd using a gradient based opimizer (GBO). Mororm, the responses of various

other ontrollers strch as GBO-I- PD, GBO-TID, and GBGI'P were corryared with the

proposed GBO-PID contrrol shatery. With 5% SLP in each area, the frequemcy dwiatiorl

terminal voltage, and tie-line power deviation responses of IPS were evaluated.

LFCi 72o/o, 43o/o, and 630/o lrttrr settling time response in area-2 LFCi S|o/o, 44o/o, atd

l\o/olr,frrr settling time response in rea-3 LFCl65o/o,38%, aod 65%trf,ter settling time

r€sponse in area-4 LFC respectively corryared to GBO-I-PD, GBO-TID, and GBO-I-P

coffrol strategies as pres€nted in Table 5.2.

than GBO-TID and GBO- I-P control strategies respectively. In conparison to GBO-I-

PD, GBO-TID, and GBO-I-P conhol strategies, GBO-PID prcvided a relatively 39%,

47o/o, afr 28o/obeltq settling time response in area-2 AYRi 24o/o, l7o/o, afr 38o/olrttfr

settling time response in area-3 Arfi; 45%, 57o/o, afr 51% better settling time response in

area4 AVR respec.tively. In conparison to GBO-I-PD, GBO-TID, and GBO-I-P control

133



stratcgies, GBO-PID off€red lEo/o, 72Yo, afr 54o/o considerably Wq o/o ov€rshoot

rcspons€ in area-2 AVIL Corryarcd to GBO-I-PD and GBO-TID control strategies in

area-3 A\m, GBO-PID Fne 50% and 73o/o ryntirrcly superior overstroot responsc as

shown inTable 5.3.

area-l tie-line power deviation; 50Yo,l2o/o, ad 4U/o better settling time response in area-

2 tie-line pow€r deviatio4 55o/o,l3o/o, d 56o/obetter settling time response in area-3 tie-

line power deviation comparcd to GBO-I-PD, GBO-TID, ald GBO-I-P onhol strategies'

Morroner, GBO-PID pgovidd 47o/o d 44o/o bfiff tie-line pou/€r deviatbn's settling

time response as corpored to GBO-I-PD and GBG'I-P contnol strategies in area-4

respectively. It can be concluded that GBO-PID p€rbrnd relatively b*ter conparcd to

other oontrol strategies as shown in Table 5.4.

25Yo) ail the robrstness of GBO-PID was confirmed by a corryrehe'nsive sensitivity

analyris. The results in Tables 5.5, 5.6, and 5.7 clearly confirm the zuperiority of the

p1oposd GBO-PID control strates/ for ternrinal voltage ad load tequency stabilization

in a four-area IPS.

6.2 Future Work

In this thesis, nature conprtation based control methods have been imple'nrented fur

AVR and LFC loops of interconnected power systems. fire efficacy of proposed coffiol

methods has bccNl ralidated under conventional e,nvironment and fixed loading conditions in

two-, thee- and fuur-area interconncted pow€r syst€,rns. Interconnected pow€r systems have

not been examined under random loading conditions and deregulated environment.

Moreoner, four-area IPS has not beclr investigated in the presence of nonlinearities. These are

the limiAtioru of proposed control rrEthods because proposed oontrol ntethods cannot be

applied in zuch type ofpower system directly.

o In future, two-, three- or frur-area nnrlti.sourc€ interconnected power slstems can be

investigated under deregulated environment and random loading conditiors with minor

rnodifications in propos€d control methods.

o Monqoner, it is suggested that recently introduced nature-inspired conputing techniques

sgch as artifrcial rabbits optimization and sea-horse optimization etc. or deterministic

methodologies can be usod to conhol terminal voltage and load frequorcy in a four-area

IPS with nonlinearities such as GRC, GDB and BD etc.
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The teminal rrcltage and load frequency can be examined in the presence of different

en€rgy storage and FACTS dwiccs to fiyther irrprow the dynamic r€spons€ of two-,

thee- or four-area rnrlti-source interconnected power systems'

various rene{vable energy sourEes with conventional power plants such as diesel nuclear,

etc. can be added in mrlti.area rnrlti-source interconnected power systems' Furttrcr'

electric rrchicles (EVs) and distributive ge,lrsration (DG) can also be included to

investigate and conhol the responses of a corrylex pow€r systern

Keeping in view the e'rrerging tr@ds in artificial intelligence based conml tectmiques, it

nerno-firzy, dq fiizzry, fuzzry dmp neural networks and hytrid AI{N basd techniques

can be orplored to control the ternrinal rrcftage and load Aequeircy in mrfti.area IPS.
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APPEI\IDD( A

Perameter Velue Petemeter Velue Pammeter Vdue

Bt, Bz, Br I Gl 1.4 Tcr o.r2

Rr 2.4 G5 0.5 KB I

tr(cr I Ra r.20 TB 0.15

Tcr 0.0E IGz I ISr 100

tr(r I Tcz o.t2 Tel l0

Trr 0.3 ltu I K"3 l0

ISr 120 Ta 0.15 Trr 0.t

Tpr 20 r$, 100 IG3 1.8

Kr l0 Tp l0 Tcr 0.E

Tel 0.1 IG2 l0 Ite 1.8

trGr I Ta 0.1 Tgl 1.8

T.r 0.4 IGz 1.5 IG3 I

Ifrr I Tcz 0.6 Tsl 0.01

Tgr I Y'e 1.5 Trz 0.545

IGr I Ts 1.5 Tlr 0.545

Trl 0.01 IK I Tzr 0.545

GI 1.5 Tc 0.01 Tzr 0.545

Gz 0.3 Rc r.20 Trr 0.545

Cl 0.1 Kcr I Ttz 0.545
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APPENDIX B

Penmeter Velue Perameter Value

Bt, Bz, Bt 0.045 H 5

T 60 trh= l/D 68.n

Rr 2.4 Tp=2*WfD I1.49

Rh 2.4 Kr o.2

& 2.4 IG 0.1

Tg, 0.0E IG 0.5

T. l0 Ig 1.4

K* 0.3 P! 1.5

Tr 0.3 K l0

Th 0.3 T" 0.1

T," 5 IG I

Ta 28.75 T. 0.4

T* 0.025 IQ 0.8

x 0.6 Ts t.4

Y I K I

t I Tt 0.05

b 0.05 Tlz 0.545

G I Tlr 0.545

T"t 0.01 Tzr 0.545

Tr 0.23 Tzz 0.545

Tca 0.2 Trr 0.545

D 0.0145 Ttz 0.545
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APPENDIX C

Peremetcr Value Penrmeter Velue

Br, Bz, Br, Bl 0.045 K1 t.4

& 2.4 Pr 1.5

Ri 2.4 K l0

& 2.4 T" 0.1

R* 2.4 IG I

Ts 0.08 T" 0.4

T,. l0 rt 0.8

IG 0.3 Tg 1.4

Tr 0.3 K I

Trt 0.3 T. 0.05

Tn 5 Twl 0.6

Trr' 28.75 T..a 0.041

T* 0.025 Kwl 1.25

x 0.6 trGz 1.4

Y I TF' 1.8

a I KP" I

b 0.05 Trz 0.545

c I Trr 0.545

Tcn 0.01 Tll 0.545

Tr 0.23 Tzr 0.545

Tco 0.2 Tzt 0.545

D 0.0145 Tzt 0.545

H 5 Trr 0.545

f 60 Tn 0.545

I$'= l/D 68.97 Trl 0.545

Tp:Z+WflD 11.49 Tlr 0.545

Kr 0.2 To 0.545

IQ 0.1 Tlr 0.545

IG 0.5
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