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Preface

This dissertation is mainly focused on technical issues associated with load-frequency control
(LFC) in restructured power systems. Operating the power system in a deregulated environment is
more complex than in the past, due to the considerable degree of interconnection and the presence of
technical constraints to be considered, together with the traditional requirements of system reliability.
However, at present, the power system utilities participate in LFC task with simple, heuristically tuned
controllers. In response to the new technical control demands, the main goal of this dissertation is to
develop the robust decentralized LFC synthesis methodologies for multi-area power systems based on
the fundamental LFC concepts and generalized well-tested traditional LFC scheme to meet the
specified LFC objectives. The dissertation is organized as follows:

Chapter 1 gives a general introduction on load-frequency control problem and its conventional
control scheme. The past achievements in the LFC literature are briefly reviewed, and the main
objectives of the present dissertation are summarized.

Chapter 2 introduces modified models to adapt well-tested classical LFC scheme to the changing
environment of power system operation under deregulation. The main advantage of the given
strategies is the use of basic concepts in the traditional framework, and avoiding the use of impractical
or untested LFC models. The introduced structures provide the base models for robust LFC synthesis
in the subsequent chapters.

Chapter 3 presents two robust decentralized control design methodologies for LFC synthesis
using structured singular value theory (l1). The first one describes a new systematic approach to design
sequential decentralized load-frequency controllers in multi-area power systems. System uncertainties,
practical constraint on control action, and desired performance are included in the synthesis procedure.
The robust performance in terms of the structured singular value is used as a measure of control
performance. The second control methodology addresses a control approach to the design of robust
load frequency controller in a deregulated environment. In this approach, the power system is
considered under the pluralistic-based LFC scheme, as a collection of separate control areas. Each
control area can buy electric power from some generation companies to supply the area-load.
Multi-area power system examples are presented, demonstrating the controllers’ synthesis procedures
and advantages of proposed strategies.

In Chapter 4, the decentralized LFC synthesis is formulated as an H,-based static output

feedback (SOF) control problem, and is solved using an iterative linear matrix inequalities (ILMI)
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algorithm to the design of robust PI controllers in multi-area power systems. Two multi-area power
system examples using both traditional and bilateral based LFC schemes with a wide range of load
changes are given to illustrate the proposed approach.

Chapter 5 is organized in two main sections. Firstly, the LFC problem is formulated as a
multi-objective control problem and the mixed H,/H.. control technique is used to synthesize the
desired robust controllers for LFC system in a multi-area power system. In the second section, with
regard to model uncertainties, the multi-objective LFC problem is reformulated via a mixed Hy/H..
control technique. Then, in order to design a robust PI controller, the control problem is reduced to a
static output feedback control synthesis. Finally, the problem is easily solved using a developed ILMI
algorithm. The proposed methods are applied to multi-area area power system examples under
different LFC schemes. The results are compared with pure H, control design.

Chapter 6 summarizes the research outcomes of this dissertation.

Hassan Bevrani
Osaka University, Osaka, Japan
July 2004
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Chapter 1

| ntroduction

In This chapter, a general introduction on loadifiency control (LFC) problem is given. The past
achievements in the LFC literature are briefly rexdd, and finally, the main objectives of this dits&on are

mentioned.

1.1 Load-frequency control (LFC)

1.1.1 Power system control

The objective of the control strategy in a powertesys is to generate and deliver power in an
interconnected system as economically and reliaslypossible while maintaining the frequency andags
within permissible limits. The power system contrak a hierarchical structure. The control systensists of a
number of nested control loops that control différguantities in the system.

In general, the control loops on lower system lgvelg. locally in a generator, are characterized b
smaller time constants than the control loops aativ a higher system level. For example, the automealtage
regulator (AVR), which regulates the voltage of generator terminals, responds typically in a tsoele of a
second or less. While, the secondary voltage cb{&C), which determines the reference valuehefoltage
controlling devices among which the generatorsyaips in a time scale of tens of seconds or mindteat
means these two control loops are virtually de-texlip

As another example, we can consider AVR (which misthe reactive power and voltage magnitude) and
LFC (which controls the real power and frequencygpk The excitation system time constant is mucHlsma

than the prime mover time constant and its transienay much faster, which does not affect the Lip@achic.
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Thus, the cross-coupling between the LFC loop and\ie loop is negligible. This is also generallydrfor the
other control loops. As a result, a number of depted control loops operating in power system iffiedent
time scales for protection, voltage control, tuebwontrol, tie-line power and frequency controlthdlugh the
overall control system is complex, in most casds fiossible to study the different control loopdividually
due to the de-coupling. Depending on the loop eattive required model, important variables, unasiés,
objectives, and possibly control strategy will liéedent.

A schematic diagram showing the current differenetscales of the power system controllers andcgsvi
is shown in Fig. 1.1. The protection devices aré¢hm first level. To protect the systems and othgpdrtant
devices they must as fast as possible. The secwatlifemainly related to power system stabilizé?S$$) and
reactive power controllers such as AVRs, flexibtgransmission systems (FACTS), energy storagesiHafut

systems. At the highest level, the tie-line powed &requency controllers are in place.

1.1.2 LFC praoblem

The LFC problem in power systems has a long histora power system, LFC as an ancillary service
acquires an important and fundamental role to raainthe electrical system reliability at an adegquavel. It
has gained the importance with the change of pewstem structure and the growth of size and coritglex
interconnected systems. The well-known conventitf& structure for a given control ara@aifi a multi area
power system (includds area) is shown in Fig. 1.2, where,
AOf;: frequency deviation,
APy . governor valve position,
AR, : governor load setpoint,
AP, :  turbine power,
AP, . local load disturbance,
AP, : net tie-line power floyw
M;: equivalent inertia constant,

D;: equivalent damping coefficient,

Tie-line power and frequency controllers

AVR, FACTS, PSS,
HVdc, Energy storage

Protection devices

Milliseconds Seconds Minutes

Time

Figure 1.1: Schematic diagram of different timelss@f power system controls
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Ty governor time constant,

Ty turbine time constant,

T tie-line synchronizing coefficient between aréaj,
B : frequency bias,

R: drooping characteristic

ACE;: area control error (ACE).

The LFC model given in Fig. 1.2 uses three simplst(brder) transfer functions for modeling thebine,
generator and power system (load and rotating mahs)effects of local load changes and interfaitk other
areas are properly considered as two input sigialsh control area monitors its own tie-line powewfand
frequency at the area control center. The areaaosmtror (ACE) which is a linear combination of-tiee and
frequency errors is computed and allocated to dmeraller K(s). Finally, the resulted control action signal or a
percentage of it is applied to the turbine-govennoit. The operation objectives of the LFC are sunwed to
maintain system frequency close to nominal valoeontrol the tie-line interchange schedules, andivide the
load between generator units.

The LFC mechanism is well discussed in [1, 2]. Conignoa simple integral or proportional-integral
control law is used as controll&(s) to perform LFC task. A multi-area power systemasnprised of areas that
are interconnected by high-voltage transmissiorslior tie-lines. The trend of frequency measureéaoh
control area is an indicator of the trend of misthgbower in the interconnection and not in the rdrea
alone [3]. Therefore, following a load disturbangihin a control area or an occurred mismatch poaer
tie-lines, the frequency of that control area eigrares a transient change. The feedback mechanismscinto
play and generates the appropriate signal to tHane for tracking the load variation and compeasite

mismatch power.

AP,
APKI APIV Aﬁ
1 1 + X 1
k() 1+5T, ™ TrsT, D; +sM,
ACE, -
Controller Governor Turbine Power system

AP,
ot . 2m/s '4

Figure 1.2: A control area equipped with LFC
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Depending on the type of generating units, and tcaings on their range and rate of response td_H@
signals, the actual response time (for exampla fetleam unit) takes a few to several tens of secf#jdin LFC
practice, rapidly varying components of system aligrare almost unobservable due to filters involirethe
process. That is why further reduction in the resgatime of LFC is neither possible nor desiredctirally, the
design and performance of an LFC system highly ddgr@non how generation units respond to contraiaig
Such control strategies are useful as they aretahigaintain a sufficient level of reserved contraahge and a
sufficient level of control rate.

In light of this fact, although the present disagon uses some academic examples (and data) aine
assumed parameters (and in result, dynamics dfithglified models) are not completely matched @l mnes,
and gives the impression that the output of the etsodan be changed quickly, however the proposettalo
strategies are flexible enough to set a desiresl lgfvperformance to cover the practical constramthe control
action signals.

Since the 1970s, the described LFC scheme in Egisiwidely used by researchers for the LFC anglysi
and synthesis. The far reaching deregulation ofpihwer system industry and concomitant new concepts
operation requires an evaluation and re-examinaifathis scheme, which is already designed to dpendth
large and central generating facilities to find wap maintain, and possibly improve, their effidgnand

reliability.

1.2 Abrief survey on the LFC literature

The LFC scheme shown in Fig. 1.2 has evolved ovepdise few decades and is in use on interconnected
power systems. There has been continuing interedesigning LFC with better performance to maintéie t
frequency and keep tie-line power flows within redfied values using various control methodologigse
literature on LFC is voluminous. Following, a brgfrvey on some reported works is referred.

Since the publication of Fosha and Elgerd’s papgrefZzensive research has been done on the appticat
of modern control theory to the LFC design. Refeesrid-24] have suggested several LFC synthesis agipes
using optimal and adaptive control techniques. Tiferte were usually directed towards the applicatmf
suitable linear state feedback controllers to tR€ lproblem. They have mainly optimized a constructest
function to meet the LFC objectives by well-knowrtiojization techniques or self-tuning algorithmsv&al
authors [5, 10, 11, 20] applied the concept ofaldd-structure systems to the LFC design. The destype
frequency regulator is also reported in some pdFe, 21].

Since an important issue in the LFC design is rofass, the application of robust control theoryhe
LFC problem in multi-area power systems has beegnsitely studied during the last two decades [25-B%
main goals have been determined as holding thestadtability, and robust performance against thetesy
uncertainties and disturbances for a reasonablgerah operating conditions. For this purpose, wasiocobust
control techniques such as, B1, 36], Linear matrix inequalities (LMI) and Ridcaquation approaches [26,
37], Kharitonov’s theorem [28], Structured singwatue ) theory [27, 38], Quantitative feedback theory][30
Lyapunove stability theory [32, 33], Pole placemehnique [35], and Q-parameterization [39] haserbused.
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In the light of advances of intelligent control heoques during the last two decades, various
intelligent-based control methodologies have beaepgsed to solve the LFC problem [40-53]. Artificredural
networks have been applied to the LFC problem BH), 50]. The application of fuzzy logic and genetic
algorithm has been reported for the same problein 48, 46-48, 52, 53]. The application of fuzzy it
mainly reported based on fuzzy scheduling of Petldsad-frequency controller parameters. A comimnabf
the intelligent methods has also been applieddgd #C problem [41, 44, 51].

Several reports have addressed the applicationpetia devices such as Battery energy storage,
Photovoltaic power generation, Superconductivitygnetic energy storage (SMES), Solid-state phas¢eshif
and Capacitive energy to improve the performanceRe system [54-60]. Furthermore, with regards teCLF
analysis, modeling and modification, special aglans, constraints formulation, frequency biasnestion,
model identification, and performance standardsenous reports have been published [61-77].

The above mentioned works have been done for thepsystems under vertically integrated organization
Vertically integrated utilities participate in LFCitlv simple, classically tuned controllers. In a etgrlated
environment which includes separate generationfrildision, and transmission companies, generation
companies may or may not participate in LFC probl&echnically, this problem will be more importarg a
independent power producers (IPPs) penetrate #utriel power markets. Therefore, the control stiatedpr
new structure with a few number of LFC participatoray not be as straight as those for verticallggrated
utility structure, and, in a control area includimgmerous distributed generators with an open aqoelcy and
a few LFC participators, the need arises for nowsltrol strategies based on modified dynamical node|
maintain the reliability and eliminate the frequgrerror. Under new organization, several notabknados
have been proposed on LFC modeling, control, andtstre description [78-92].

There are various schemes and organizations foprtrésion of ancillary services in countries with a
restructured electric industry. The type of LFCesole in a restructured power system is differerdidtg how
free the market is, who controls generator unite] who has the obligation to execute LFC [78]. Salver
modeling and control strategies have reported t@piaavell-tested classical LFC schemes to the chgngin
environment of power system operation under deegigul [79, 80, 83, 86, 88, 89]. References [833],[&nd
[89] have proposed and flexible neural network based load frequenaytrodiers for a simple area with two
generation companies. The effects of deregulatiothe power industry on LFC and several general LFC

scenarios for power system after deregulation lheem addressed in [78, 81, 82, 87, 90-92].

1.3 Objectivesof the present dissertation

The electric power industry is in transition frommge, vertically integrated utilities providing poxvat
regulated rates to an industry that will incorperedmpetitive companies selling unbundled powéovagr rates.
Currently, in many countries, electric systemsrasgructured; new market concepts were adoptedhiewe the
goal of better efficiency. Operating the power egsin a new environment will certainly be more ctemghan
in the past, due to the considerable degree ofciot@ection, and to the presence of technical cainss to be

considered together with the traditional requiretaer system reliability.
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It is known that market power exercise affects raakynamics. In addition to various market policies
numerous generator units in distribution areasaagtbwing number of independent players are likelynpact
on the operation and control of the power systerhidw is already designed to operate with largetraén
generating facilities). In response to the new lehgles, novel modeling and control approacheseayeined to
get a new trade off between efficiency and robisstne

At present, the power system utilities participate FC task with simple, heuristically tuned conkeas. In
response to the new technical control demandsafgelscale power systems in a restructured enveotrthe
main goal of the present dissertation is to develepy LFC synthesis methodologies for multi-area powe
systems based on fundamental LFC concepts and ¢jeedraell-tested traditional LFC scheme, to mdeba

a combination of following specifications:

® RobustnessGuarantee robust stability and robust performdocea wide range of operating conditions.

For this purpose, robust control techniques ateetased in synthesis and analysis procedures.

® Decentralized propertyBecause of practical advantages, decentralizattalalesign is the most common
design procedure in real-world applications, whiatralized design is difficult numerically/pracily for
large scale power system. In addition, the possgibdf sequential decentralized LFC design is to be

studied.

® Simplicity of structureTo meet the practical advantages, the robustndedized LFC design problem is to
be reduced to a synthesis of low-order or propoaiiéntegral (PI) control problem, which is usualiged

in a real-world power systems.

® Formulation of uncertainties, constraints, and aants information The LFC synthesis procedure must be
flexible enough to include generation rate constsaiand uncertainties in power system models. The
proposed approaches advocate the use of the physidarstanding of the system for robust controller
synthesis. Furthermore, the coupling between LFGuhyes and contract transactions is studied in caler

get suitable alternatives for the future realizatid decentralized LFC systems.

® Cover all the specified LFC objectivéghe LFC objectives, i.e., frequency regulation &radking the load
changes, maintaining the tie-line power interchantge specified values in the presence of generation
constraints and model uncertainties, identify theCL§ynthesis as a multi-objective control problem.

Therefore, the LFC design is to be considered asendalized robust multi-objective control problem.
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Chapter 2

L FC structurein a new environment

In a vertically integrated power system, it is a@sed that each bulk generator unit is equipped with
secondary control and frequency regulation requargs) but in an open energy market, generation aoiep
(Gencos) may or may not participate in the LFC t&k.the other hand, a distribution company (Disoay
contract individually with Gencos or independentvpo producers (IPPs) for power in different arddeerefore,
in a control area, including numerous distributezsheyators with an open access policy and a few LFC
participators, the need arises for novel modelirgfegies for LFC synthesis and analysis.

This chapter introduces modified models to adaptvib#-tested classical LFC scheme to the changing
environment of power system operation under deedigml. The main advantage of these strategies iagbef
basic concepts in the traditional framework andiding the use of impractical or untested LFC modélse

mentioned structures provide the base models forstd FC synthesis in the subsequent chapters.

2.1 Traditional-based L FC model

Although a linearized model is usually used for L&fthesis and analysis, power systems have a highly
nonlinear and time-varying nature. A large scalegrosystem consists of a number of interconnectedral
areas. Fig. 2.1 shows the block diagram of cordrei with n Gencos, in alN-control area power system. As
usual in LFC literature, three first order transfenctions are used to model generator, turbine, power
system (rotating mass and load) units. The tratilia FC structure is discussed in [1] and [2].

In Fig. 2.1, the practical constraints on generatite and the impacts of areas interface have jegerly
consideredw;; and w, show local load disturbance and area interfacpetively. The other parameters are:
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Figure 2.1: Traditional-based LFC model for a gehewatrol area

frequency deviation,

governor valve position,
governor load setpoint,

turbine power,

net tie-line power flow
equivalent inertia constant,
equivalent damping coefficient,
governor time constant,
turbine time constant,

tie-line synchronizing coefficient between aréaj,
frequency bias,

drooping characteristic

area control error (ACE),

ACE participation factors.

steady state, the generation is matched with e, Idriving the tie-line power and frequency dewia to zero.

As there are many Gencos in each area, the caigrudl has to be distributed among them in proportd their

participation in the LFC. Hence, the ACE participatfactor shows the sharing rate of each partiti@enco
unit in the LFC task.



Chapter 2. LFC structure in a new environment 17

The balance between connected control areas i®\hiby detecting the frequency and tie line power
deviations to generate the ACE signal, which ituim utilized in the control strategy as shown ig.R2.1. The
ACE for each control area can be expressed asearlicombination of tie-line power change and fregye

deviation.
ACE = BAf; + AR (2.2)

It can be shown that considering;; and w,, as two input disturbance channels is useful taltségn of

decentralized LFC [3-4]. These signals can be ddfims follows:

N
Wy APy, Wy = ) T, Af (2.3)
=1

j#i
where AP, is area load disturbance. According to Fig. 2nleach control area the ACE performs the input

signal of controller. Therefore, we have the foliogvcontrol input for the LFC system,
u; =APci= f(ACE) (2.4)

where f () is a function which identifies the structure ohtwller. The state-space model for control area

given in (2.5).

% = AX +Bw +Byu

2.5
Yi =Cyix% (2:5)

where
X/ :[Afi DR Xi X

Xy = [Aptli ARy - APtni] v Xgi = |_APgli APy -+ APgniJ
U =ARy, Y = Bk + AR, WiT = [Wli W2i]
and,

A A A B Bais
A=1An Az Axl| Bi=|Bi|, By=|By
Asi A Ass Bis
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-Di/M; -1/IM,
A= ZN: A =
1= 2 ) T 0 !
&

j#

1/M| i 1/M|
o - e

Ay =—Ay = diag[_ YTy —UTy - = 1/Ttni]

Ags =diag|- Uy -UTyy - - 1T,
U(TuR) O T

Ag = : 1 A= An =0y A =04,
- 1/(TgniRni) 0

B = 0 _ 27[} Bz =Bijg =0

Boit = 0514 Boip =0y BzisT = [ali /Tgli Oy /TgZi Tt O /Tgni

Currently, most existing LFC systems in developedntries with a restructured electric industry are
working with the designed controllers based on tthditional-based LFC model. Recently, several pseg
LFC scenarios attempted to adapt well-tested toadit LFC scheme to the changing environment of grow

system operation under deregulation [5-8].

2.2 Pluralistic-based L FC model

There are several control scenarios and LFC schdepmanding on the electrical system structure. Hewe
the common goal in each control area is restotiegftequency and the net interchanges to theiretbsalues.
For example, in Europe, three different types ofitcd are defined by the Union for the Co-ordinatiof
Transmission of Electricity (UCTE): centralized wetk control, decentralized pluralistic network twh, and
decentralized hierarchical network control [7]. Temuntries with a central electricity supply systese the
central network control, where LFC is operated tigio a single secondary controller. The other two
decentralized methods consider some separate tané@s and each control area has an individuataiter.
One or more control areas operating together fatwbncerns LFC can establish a “control blockd anthis
case a block co-ordinator is defined as the ovemaltrol center for the LFC and for the accountighe whole
control block. This section is focused on LFC swsik in each control area under decentralized Idtica
network control scheme. A general diagram for thiegtistic LFC is shown in Fig. 2.2.

In this scheme, each control area regulates tlg@direcy by its own controller. If some control arpagform
a control block, a separate controller (block cawatbr) coordinates the whole block towards itsghbbr

blocks/control area by means of its own contradled regulating capacity. Consider a general coatreh with
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N Gencos and assume that ¥feGenco Gy ) can generate enough power to track the load ampetform the
LFC task, and other Gencos are the main supplieraréa-load. In this structure, the connectioraafh control
area to the rest of the power system is considesatisturbance channel(s).

Although power systems are inherently non-lineanptified and linearized models are usually used fo
LFC. In robust control strategies, the error causgdhe simplification and linearization can be sidlered as
parameter uncertainties and unmodeled dynamicthidrsection, the modeling idea given in [9] is eelized
for pluralistic-based LFC scheme. In order to baitdarea system model, it is assumed that eachoGescone

generator unit. The linearized dynamics of thevitilial generators are given by:

2H. dAf;
— 11 =AP. -AP -d. - D.Af.
fo dt 0 b T T i=1,2, .., N (2.6)
dAé_ 1 L 1 1
—L = 2nAf,
dt !
where
H; : constant of inertia,
d;: rotor angle,
f,:  nominal frequency,
AP :  electrical power,
d;: disturbance (power quantity).
e - AR ~.
i Control area 1 N
7 N
“ T H \
. I .'
:I ° é;} I I
\- JI f = ) /.
. Control H .
N : i :

Figure 2.2: Three control area in the pluralistéséd LFC scheme
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The generators are equipped with a speed goverhersimplest models of speed governors and turbines

associated with generators are given by:

dAP_. K .
— 9= —iAPgi +—L(ap, —iAfi)
Ty, Toi ROV . iz1..N 2.7)
dAR. K..
i-_Lap 4 tipp
dt Ty t T, 9

where K; and K are the gains of turbine and governor. The indigldgenerator models are coupled to
each other via the control area system. Matheniigfithae local state space of each individual gatermust be
extended to include the system coupling variab)e Which allows the dynamics at one point on thstey
transmitted to all other points.

Let busm be the load busy;, =|vi |D6i be the voltage at busand assumensj =as; -a5;. The power
that flows from the Gencos to the area-load is esgd in terms of the voltages and line reactances.

AR =T (88 - Adm) = -TjAdy; + TjAdyy, 5 =1, 2, ... k-1, k+1, ..., N (2.8)
and

AP =Ty (B8 = Adpy) = T Ay (2.9)
where

T = |Vi "Vm|cos(5i0 “om) ; i=1,2,...,N (2.10)

X.
I

Ti is synchronizing power coefficient of lineonnected to the load bus (bupvia a line whose reactance

is Xj . The change in load is expressed by
N N N
AP, = ;APi = (;Ti )AS —;Ti 85, (2.11)
h B izk
Ad,,, is eliminated from Egs. (2.8) and (2.9) using &€g11),

Doy = (T AR+ 3 (T;85)] (2.12)

izk
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Rewrite the Eqgs. (2.8) and (2.9) using Eq. (2. EXjodlows.

AP :Ti(ZN:Tj)—l[ApL +ZN)(TJ-A5M)] TAS, 5 i=1,2, k1, K+, ., N (2.13)
=1 j=1
j#k
N N

AR, =Tk(zTi)_l[APL +Za—iA5ki)] (2.14)
i=1 i=1

izk
Rewriting Egs. (2.6) and (2.7) with Egs. (2.13) §ad 4), the state space model of the control isreltained as
X=Ax+Bu+Fw (2.15)

where

X" =[x, X Xy o W =[aR d]su=ary

1 Xy o X

N

d is the disturbance vector, and

.= . . . ) i:]., 2,...,N
X [Afl AR, APgl}
XN +1=[A‘;k1 Doy = By —1y By = D MkaN

Since one of the LFC objectives is known to guararthat the frequency to returns to its nominalial
following a step disturbance, Eqg. (2.15) is augraeéno include the rotor anglan(k) of Gy in the state vector.

2.3 Bilateral-based L FC model

This section addresses a modified dynamical magletife analysis and synthesis of bilateral-base@ LF
scheme in a new environment versus a traditiona) @mllowing the ideas presented in [8]. The pregubtFC
model uses all information required in a verticallyerated utility industry plus the contract datBoimation.
Based on the bilateral transactions, a distributompany (Disco) has the freedom to contract witly a
available generation company (Genco) in its owramother control area. Therefore, the concept okichl/
control area is replaced by virtual control are&€CQ). The boundary of a VCA is flexible and encloske
Gencos and the Disco associated with the contiiad.full bilateral LFC framework, it is assumedatheach
Disco is responsible for tracking its own load #&horing tie-line power exchange contracts witmigghbors

by securing as much transmission and generatioscdg@as needed.
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Analogously to the traditional LFC, the physicahtrol area boundaries are assumed for each Dixo, i
distribution area and local Gencos as before. 8ldjsco may have a contract with a Genco in anatbatrol
area out of its distribution area boundaries. Simid [10], the general theme in this work is ttieg loads (the
Discos) are responsible for purchasing the servibeg require. Each control area has its own LF@ isn
responsible for tracking its own load and honoriigtline power exchange contracts with its neigkbor
Currently, these transactions are done under tipergision of the independent system operator (ISO),
independent contract administrator (ICA), or ottemponsible organizations. There can be varioubawtions
of contracts between each Disco and available Ger@o the other hand, each Genco can contractvaiibus
Discos. Similar to the Disco participation matnix[8], let us define the “generation participatioatrix (GPM)”
concept to visualize these bilateral contracthiéngeneralized model conveniently.

The GPM shows the participation factor of each Genco enabnsidered control areas and each control area
is determined by a Disco. The rows dB6BM correspond to Gencos and the columns correspocahtool areas
that contract power. For example, for a large spal@er system witlm control area (Discos) amdGencos, the

GPM has the following structure:

gpfy, gpf, -+ gPfy gpfiy

9pfar OGPz -+ OPfomyy  OPPam

GPM = (2.16)

opf-r 9Pf-y 0 IPfoymey  9PTn-nym
g pfnl gpfnz ot g pfn(m—l) gpfnm

Here, gpf, refers to “generation participation factor” and wisahe participation factor of Gené&oin the
load following of area (based on a specified bilateral contract). The s@irll the entries in a column in this

matrix is unity, i.e.
> gpfy =1 (2.17)
k=1

Based on the above explanations, the modified LFCkbdiagram for control areiain a contract-based
environment is obtained, as shown in Fig. 2.3. Nefermation signals due to various possible corsrac
between Disco and other Discos and Gencos are shown as dasteedputs. v;; includes the sum of local
contracted demand and area load disturbanggsincludes the interface effects between each cbatea and
other areas. This signal is defined the samag,asn the traditional-based LFC structure which ipmssed in

Eq. (2.3).

Vi = AP + APy (2.18)
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Figure 2.3: Bilateral-based LFC scheme
N
Vo = Y T4, (2.19)
=1

J#

Using the given idea in [8], the scheduled tie-limsver v; can be generalized fdt control areas as follows,

Vg = Z (Total export power—Totalimport power)

N n n N (2 20)
= Z(Z gpfy JAR, _Z(Z gpfy )AR, '
A SNE

and,

Al:}ie-i,error = Al:}ie-i,actual — W (221)

The input signalv,, shows a vector includes contracted demands adwsiDiscos from Gencos of area
Vai = [V4i-l Vaiz o V4i-n] (2.22)

where,
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N
Vgia = Z gpf,; AP
=1
: (2.23)
N
Vgin = Z gpf, AP
=1

and,

N: number of control areas,

AR : contracted demand of arga

AP i total local demand (contracted and uncontradtedjeai,

APtie-i,actuaI: aCtuaI Al:)tie—i .
The generation of each Genco must track the cdetfatemands of Discos in steady state. The desired

total power generation of a Genicim terms of GPM entries can be calculated as

N
DR, =Y gpfyAR, (2.24)

i=1

In order to take the contract violation cases gxtoount, as given in [6] and [8], the excess deniand
distribution area (Disco) is not contracted outdmy Genco and the load change in the area appebrsno
terms of its ACE and is shared by all Gencos ofatea (in which the contract violation occurs). Bimaulation
results (chapters 4 and 5) for various cases demabashe effectiveness of the proposed model ssitable

dynamical model for LFC analysis and synthesis liilateral-based large scale power system.

2.4 A comparison of LFC models

The introduced LFC models in previous sections giviéable schemes to adapt a well-tested clasisk@l
model to the changing environment of power systgraration under deregulation. The common and main
advantage of these models is the use of fundamentakepts in the traditional framework and avoiding use
of impractical or untested LFC models. The mentibneodels are successfully used in the design afistob
decentralized LFC in the following chapters.

The traditional-based LFC model introduces the ¥etiwn conventional LFC scheme using some new
concepts; e. g. “Genco” and “ACE patrticipation &attIn a restructured power system, the princigigectives
for LFC system remain, i.e., restoring the freqyeand the net interchanges to their desired valoegach
control area. Therefore, the traditional-based LfGdel holds its suitability for LFC synthesis innaw
environment as well. Currently, most existing LFgtems in developed countries with restructuredtete
industry are working with the designed controlleased on the traditionally-based LFC model.

Pluralistic-based LFC model gives a new idea fa tiformulation of traditional-based LFC schemes,
which is useful to LFC synthesis for control aredih pluralistic policy or autonomous condition. tiiis model,
the individual generation units are coupled to eattter via the control area system, and mathentigtithe

local state space of each individual generatiom isréxtended to include the system coupling véeigs). This
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allows the dynamics at one point on the systemstréinto all other points of related area, such tinet
frequency deviation value at all generation un@sminals, for both open-loop and closed-loop system
converges to a fixed value at steady state.

In the pluralistic-based LFC scheme, each contred aegulates the frequency by its own controllera
control area, one (or more) Genco with enough dgpacresponsible for tracking the load and tofpen the
LFC task, and other Gencos are the main suppl@rsarea-load. In this modeling strategy, the cotiopoof
each control area to the rest of the power sysseronisidered as a disturbance channel.

In a traditional power system, generation, transioig and distribution are owned by a single ertéied
vertically integrated utility (VIU), which suppliepower to the customers at regulated rates. Usutidby
definition of a control area is determined by thHeygical boundaries of a VIU. All such control areae
interconnected by tie lines. In a new environm&gncos submit their ramp rates (Megawatts per mjrand
bids to the market operator. After a bidding evitrg those Gencos selected to provide regulagonice must
perform their functions according to the ramp ratpgroved by the responsible organization.

Bilateral-based LFC model provides an appropriatelehto adapt well-tested traditional LFC schentes t
the changing environment of power system operatimter deregulation and open access policy. Therdiitce
between bilateral-based LFC structure and otheretsqdraditional and pluralistic-based LFC schenige#) the
existence of contract data information. Any entryaiGPM that corresponds to a contracted load by a Disco,
demanded from the corresponding Genco, is reflettedhe control area system. This introduces new
information signals that were absent in the tradaily-based LFC structure (Fig. 2.1). These sigymaéntify
which Genco has to follow a load demanded by aipe®isco. The scheduled flow over the tie limegst be
adjusted by demand signals of those distributiontrob areas having a contract with Gencos outside i
boundaries. The difference between scheduled amdrduactual) tie-line power flows gives a tiedipower
error which is used to compose an ACE signal.

The associated expressions and the place of new Bignals in the bilateral-based LFC model were
selected in such a way that: 1) the model covdrpadsible contract combinations given BPM; 2) the
calculation results from Egs. (2.20) and (2.24) @mpletely matched to the corresponding simulatesults
for a given set of bilateral contracts.

We can review the pluralistic and bilateral bas&€Lschemes from a more general point of view. Ith bo
mentioned schemes, it is assumed that Discos apmmsible for tracking the load variation and perfdhe
LFC task. Each Disco must purchase LFC from onmare Gencos. Control is highly decentralized. Haeld
matching contract requires a separate control ggyoget this control processes must cooperativegract to
maintain system frequency and minimize time efrothese structures, a separate control procestsdgi each
control area. The boundary of control area enclése$sencos and the Disco associated with the adstrThe
Disco is responsible for buying power from Gencod getting it directly or through transmission cemjes
(Transcos) to its load. Such a configuration iswahoconceptually in Fig. 2.4. Control area will be

interconnected to each other either through Trans¢@encos.
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.......

Tie lines Transco Tie lines

TIT

Area load

Figure 2.4: A (virtual) control area in a deregathenvironment

Since, ultimately, the Genco must adjust the gamesetpoint(s) of its generator(s) for the LFC, toatrol
algorithm for each control area is executed aGkaco end (which is equipped with a proper corerllin this
scheme, the Gencos are responsible for inadventemthange due to insufficient generator respopseause in
a load matching contract, they assume the respbtysdd matching the Disco’s load.

Several numerical examples on using the above dated LFC models in the robust decentralized
load-frequency control synthesis are given in Caiap8, 4, and 5. In the proposed simulations, wéthges of

load variation with various contract scenarios@residered.

25 Summary

Technically, the basic concepts of conventional IS&Qcture are not changed, and therefore it isiplesto
adapt a well tested conventional LFC scheme tocttenging environment of power system operation unde
deregulation. In light of this fact, three LFC mbdeg strategies including traditional, pluralistiand bilateral
based models are introduced. Based on these modeis|l power system can be considered as a tiolheof
distributed Discos or separate control areas ioterected through high voltage transmission linegedliines.

The modeling idea presented in [8] is generalizeablitain the dynamical model for LFC analysis and
synthesis in a bilateral-based restructured powstes. In each control area, the effect of bildteomtracts is
taken into account as a set of new input signais. dssumed that each distribution company isorsiple for
tracking its own load and honoring tie-line powechange contracts with its neighbors by securingnash

transmission and generation capacity as needed.
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Chapter 3

Sructured singular value based robust decentralized
L FC design

This chapter presents two robust decentralized abntethodologies for LFC synthesis using structured
singular value theory and is organized in two sections. The first sectlescribes a new systematic approach
to the design of sequential decentralized loadeie@gy controllers in a multi-area power system.t&ys
uncertainties, practical constraint on the corauiatlon and the desired performance are includékarsynthesis
procedure. Robust performance is used as a meaiscoatrol performance in terms of structured slagualue.

A 4-control area power system example is presemwlechonstrating the procedure of synthesis and the
advantages of the proposed strategy.

The second section addresses a robust control apptoalesign decentralized load frequency contol f
large scale power systems in a deregulated enveohnn this approach, the power system is consiles a
collection of separate control areas under theafisiic-based LFC scheme. Each control area can leayrie
power from available generation companies to suiplipad. The control area is responsible for penfog its
own LFC by buying enough power from prespecifiedegation companies that are equipped with robust loa
frequency controllers. A 3-control area power systexample is given to illustrate the proposed @intr
approach. The resulting controllers are shown tnimize the effect of disturbances and achieve dabép

frequency regulation in the presence of uncertsraind load variation.
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3.1 Sequential decentralized LFC design

Simultaneous design for a fixed controller struetisrused in all reported decentralized LFC scegalibis
approach is numerically difficult for a large scpl@wer system and does not provide some of thendalyas of
using decentralized control, e.g., the ability tim¢p the system into service by closing one loop @ine, and the
guarantee of stability and performance in the adsmilures. In addition, some proposed methodshinigpt
work properly and do not guarantee performance vilhemperating points vary.

In this section, based on structured singular vaheory (1), a new systematic approach to sequential
decentralized LFC design in a multi-area power sysgedescribed. Because of the advantages it peoyithe
sequential control design is the most common degigoedure in real applications of decentralizegtlsysis
methods. Sequential design involves closing anthguone loop at a time. This method is less consier/ghan
independent decentralized design because at eaandgep one utilizes the information about theticdler
specified in the previous step [1]. It is more picsd in comparison with common decentralized mdtho

After introducing theu based sequential control framework and pairing tsignd outputs, a single-input
single-output (SISO) controller is designed forrelop (control area). In the LFC design for eachta area,
the structured singular value [2], is used as dh&gis tool and a measure of performance robustfibgsswork
shows thatu-synthesis can be successfully used for the seiqliatgsign of multi-area power system load
frequency controllers that guarantee robustnesstahility and performance for a wide range of opega

conditions.

3.1.1 Modd description
The traditional-based LFC model is used for eactirobarea of a multi-area power system. Referrimg t
the simplified traditional-based LFC model whichsisown in Fig. 3.1 for control area 1, the statecspa

realization of area(from m-control area power system) is given as follows.

w;

1 1
1+5T,, 1+5T,

1
D, +sM, &

Governor Rate limiter Turbine Power system

AP

Figure 3.1: Block diagram of control area-1
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X = AX + By +Fw,

3.1

Yi =Ci% (3.1)
The state vectox; , control input U, , disturbance inputw, and measured outpuy; are defined by

% :[Afi AR ARy AP{ie—i]T s U =AR, w=AR, v = BAf + AR (3.2)

The total real power imported to areaquals the sum of all inflowing line power,_; from adjoining

areas, i.e.,

Rie-i = Z Pie-i (3.3)

j=1
i

T

The real power in per unit transmitted across ddssdine of reactanceX;; is

M|

tie—ij X P,

ij

=

sin(d; —9;) (3.4)

Here P, is the rated power of aréaand
Vi =V, Je” (3.5)
where |V,| and ¢; are the amplitude and the angle of the terminlage in area-

3.1.2 Synthesisprocedure

3.1.2.1 Methodology The main goal in each control area is to maintaedrea frequency and tie-line power
interchanges close to specified values in the peeEsef model uncertainties and disturbances. Teéeaehour
objectives and to meet tipesynthesis requirements, the control area modebeamodified as shown in Fig. 3.2.
In comparison with Fig. 3.1, the inter-area coniogst are removed, and it is considered Af,.; that it is
properly weighted by inter-area connecting coedfits, and is obtained from an integrator block sTigure
shows the synthesis strategy for area-

It is notable that for each control area, there seeral uncertainties because of parameter \argti
linearization and unmodeled dynamics which are @uthe approximation of the rest of the power syste
Usually, the uncertainties in the power systemlmamodeled as multiplicative and/or additive uraiattes [3].
However, to keep the complexity of the controllezasonably low, it is better to focus on the magpartant
uncertainty. Sensitivity analysis of frequency 8igbdue to parameter variation is a well knownthe for this

purpose. In Fig. 3.2, thé;, models the structured uncertainty set in the fofrm multiplicative type and\\/,
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includes the associated weighting function.

According to performance requirements and practicahstraints on control action, two fictitious
uncertaintiesW,,; and W,,; are added to the area model. TWé,,; on the control input sets a limit on the
allowed control signal to penalize fast change langke overshoot in the control action. The weidht,, at the
output sets the performance goal, for example kimgéregulation error on the output deviation fregay.
Furthermore, it is worth noting that in order tgem disturbances and to assure a good trackingeptyg W;,;
and W,,; must be selected in such a way that the singulaeva sensitivity transfer function fronu; to V,
in the related area can be reduced at low freqasrd]. A, Ap,; and Ap,, are the uncertainty blocks
associated withW,;, W;,; and W, , respectively.

The synthesis starts with setting the desired lef/stability and performance for the first loop iit@| area)
with a set of (1, , y,) and chosen uncertainties to achieve robust pedoce. In order to maintain adequate
performance in the face of tie-line power variatamd load disturbances, the appropriate weightimgtions
must be used. The inclusion of uncertainties adetatlows for maximum flexibility in designing theosed
loop characteristics, and the demands placed ondhieoller will increase. We can redraw Fig. 3s2saown in
Fig. 3.3. g;; and g,, are transfer functions from the control input X and input disturbance\P,;) to the
control output, respectively.

Fig. 3.4 shows M: configuration for area- G,_; includes a nominal model for argaassociated
weighting functions and scaling factors. As pregigumentioned, the block?\p,, and Ap,, are the
fictitious uncertainties added to assure robustfoperance, while the blockA,, models the important
multiplicative uncertainty associated with the amsadel.

Now, in stepi, the synthesis problem is reduced to design astatmntrolleK; . Based on th@-synthesis,

the robust performance holds for a givereMeonfiguration if and only if,

inf sup ,u[Mi(/w)]<1 (3.6)
Ki wdR
IR
VVI’[! A})ﬁ
[ Au| AP,
- el Governor_> Turbine | * X Power system i

= i i i

AP,

tie-i

Controller |
K, ACE,

Figure 3.2: Proposed strategy for LFC syntheser@ai
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V2
| AP,

82 v,

81 Wy 9 Z3

Figure 3.3: Synthesis framework for atiea-

Here, according to Fig. 3.3Mi for loopi (control area)y, is given by (3.7).

_ _ -1 1
ToiMui ~9%i% Toui "% o
M. =| —T Wy, -0,.9, W, -g.  T.w (3.7)
i 0i Wp1j 2% Toi%pi "9 ToiVpii
9 %Wr2i 921 i VP2 i Vp2i

Toi and S are complementary sensitivity and sensitivity tiowts of the nominal model of control areand

are given by
_ -1
Toi =995 (195K (38)
P -1
Sy =1-Tgi =(1+9,K,) (3.9)
AU:
A, =| AP,
AP]/
e | _
i ]
L i
- G y ]
L —
i i
! [
! i
! [
| K’ i
M i

Figure 3.4: M4 configuration for area-
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Using the performance robustness condition andatilé known upper bound fogs, the robust synthesis

problem (3.6) is reduced to determine

mininf sups (D M, (jo)D™1) (3.10)
Ki D o

i
or equivalently

min
Ki ,D

DM, (G, .K)(jw)D ™ H (3.11)

0

i-1’

by iteratively solving forD and K; (D-K iteration algorithm). HereD is any positive definite symmetric
matrix with appropriate dimension angl(.) denotes the maximum singular value of a matrix.

When the controller synthesis has been completedihar robust controller is designed for the second
control area with its set of variables and thiscpdure continues until all the areas are taken attmunt.
During the design of each controller, the effedtpreviously designed controllers are taken intasideration.
The overall framework of the proposed strategy iiemy in Fig. 3.5. It is noteworthy that the blodR, is
assumed to contain a nominal open-loop model, theroariate weighting functions and scaling factors
according to A, . The block G,_; includes G, and all decentralized controlleks,, K,, ..., K,
designed in previous iteratiods 2, ..., (m-1pand related uncertainty blocks. The nominal opep Istate-space

representation of the power system is as follows:

X = Ax+ Bu+ Fw

V= ox (3.12)

JEUUEUEIUEUEUE ZSU

Figure 3.5: Framework fqr-synthesis
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whereB corresponds to the control inp&tto the disturbance inputs a@dto the output measurement which is

the input to load frequency controller, and

X:[Afl ARy ARy AR, ... Af, AR, AR, ARie_m]T (3.13)
U=AR; =U;; Y=BAF +AR. =Yy,

It should be noted that the above equations foofien loop system, in each synthesis, must be augohe
by including controllers synthesized in the pregi@teps. In each steppecontroller is designed for one set of
input and output variables. When this synthesis Iesn successfully completed, the nextontroller is
designed for another set of input-output varialaled so on. In every step, the effects of previoasgigned
controllers are taken into account. Therefore, digirsg one new loop at a time, the closed loop sys&mains

stable at each step.

3.1.2.2 Synthesis steps  In summary, the proposed method consists of theviolg steps:
Step 1 Identify the order of loop synthesis.

The important problem with sequential design ig the final control performance achieved may depend
on the order in which the controllers in the indival loops are synthesized. In order to overcorigepitoblem,
the fast loops must be closed first, because the ¢min and phase in the bandwidth region of tise ltoops is
relatively insensitive to the tuning of the loweops. In other words, for cases where the bandwidththe
loops are quite different, the outer loops showdduned so that the fast loops are contained innther loops.
This causes a lower number of iterations duringréiiining procedure to obtain the best possibiéopaance
[5].

Obtaining an estimation of interactions on eachrobrea behavior to determine the effects of sigied
loops is the other important issue in the sequkesyiathesis procedure. Methods for determining grerfince
relative gain array (PRGA) and closed-loop distadgagain (CLDG) which are given in [6] are useful this
purpose.

Step 2 Identify the uncertainty blocks and associatedgiténg functions according to the first controkear
input-output set, depending on the dynamic modektiral limits and performance requirements. Btisuld be
noted that there is no obligation to consider theeutainty within only a few parameters. In ordeiconsider a
more complete model, the inclusion of additionatentainties is possible and causes less consenvatishe
synthesis. However, the complexity of computatiand the order of obtained controllers will increase
Step 3lsolate the uncertainties from nominal area mogeherate thap,;, Ap,,, A; blocks and perform the
M-2 feedback configuration (formulate the desirediitaland performance).

Step 4 Start theD-K iteration using th@-synthesis toolbox ([7]) to obtain the optimal cotier, which provides

desirable robust performance such that

max #[M (Jw)] <1 (3.14)
wUR
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o denotes the frequency range for which the stradtsingular value is computed. This procedure detess
the first robust controller.

Step 5 Reduce the order of the resulting controllersubifzing the standard model reduction techniqued a
then applyu-analysis to closed loop system with reduced cdletreo check whether or not the upper bound of
M remains less than one.

It is notable that the controller found by this gedure is usually of a high order. To decreaseoheplexity
of computation, appropriate model reduction techegymight be applied both to the open-loop systerdein
and to the H controller model within eacB-K iteration.

Step 6 Continue this procedure by applying the abovesst® other loops (control area input-output sets)
according to the specified loop closing order iepSt.

Step 7 Retune the controllers which have been obtainetiieve the best performance and check if the tvera
power system satisfies the robust performance tondisingu analysis. If the objective is the achievement of
the best possible performance, the controller deg designed first, must be removed and then rignusd
However, this must now be done with controllers thave been synthesized in successive steps, leetaels
first synthesis was according to the more consie/atate.

The proposed strategy guarantees robust perforrfanceulti-area power systems when the design adl lo
frequency controllers is followed according to #it®ove sequential steps. The advantage of the proeeésl it
ensures that by closing one loop for a special robrarea at a time, this control area achieves sbbu
performance, while at the same time the multi-gzeaer system holds its stability at each step. |3y
during startup, the system will at least be stéfbtee loops are brought into service in the samdepas they

have been designed [6, 8].

3.1.3 Application to a 4-control area power system
The proposed control approach is applied to a 4robarea power system example shown in Fig. 3@ T
nominal parameter values are given in Table 3.411]9 The nominal state-space model for this systsma

multi-input multi-output (MIMO) system can be comstted as given in Eq. (3.12), where R,

/ \ / \

Y \j/

Figure 3.6: 4-control area power system
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X=[Af, AR, APy, AP, Af, AP, APy, AR, Afy ARy APy APy Of, AR, APy AR,.,]"

u :[Ul Uz Uz Uy ]T vW:[APdl APy, APy ARy, ]T ) y:[yl Y2 Y3 Ya ]T

(3.15)
An Ar As Ay
A Ay A AL (3.16)
An Ap A Ay
Aw Ax Az Ay
b1 4 1
M, M, M,
1 1
0o -—- = 0
A = T, T, (3.17)
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Table 3.1: Power system parameters

Parameter Area-1 Area-2 Area-3 Area-4
D, (p.u.MW/Hz) 0.0083 0.0088 0.0080 0.0088
M, (p.u.MW) 0.166 0.222 0.16 0.13

T, (s) 0.3 0.33 0.35 0.375
Ty (9) 0.08 0.072 0.07 0.085
R (Hz/p.u.MW) 2.4 2.7 25 2.0

T; (p.u.MW/Hz) Ti2= T13= T14= T21= T23= T31= T32= T41= 0.545

The nominal open loop MIMO system is stable anduithes one oscillation mode. Simulation results show
that the open-loop system performance is affecteel th changes in equivalent inertia constams and
synchronizing coefficientT, , and these are more significant than changes lvéroparameters within a
reasonable range. Eigenvalue analysis shows tleatdhsiderable change in these parameters leads to
unstable condition for the power system.

Therefore, to demonstrate the capability of theppsed strategy for the problem at hand, from the
viewpoint of uncertainty, our focus is concentratet the variations of theM, and T, parameters of all
control areas, that are the most important fronomtrol viewpoint. Hence, for the given power systdrRC
objectives have been set to assure robust stahiliiyperformance in the presence of specified teioges and
load disturbances, that is,

1- Hold stability and robust performance for theeall power system and each control area in theepiee of

40% uncertainty forM, and T, , which are assumed the sources of uncertaintycided with the given power

i
system model.

2- Minimize the effectiveness of step load distmd®s (AP,;) on the output signals.

3- Maintain acceptable overshoot and settling timdérequency deviation signal in each control area.

4- Set a reasonable limit on the control actiomaign the viewpoint of change speed and amplitude.

In the following section, the proposed strateggdparately applied to each control area of thengpaver
system to meet the objectives. Because of siméarénd for brevity, the first controller syntheisislescribed in
detail, whereas only the final result for the otbentrol areas is shown. As the bandwidths of the foops are
similar, the order of closing the loops is not imtpat in regard to the problem at hand. Therefthre synthesis

procedure is started with control area 1.

3.1.3.1 Uncertainty weight selection As mentioned, the specified uncertainty in eachtrobrarea can be
considered as a multiplicative uncertain¥/() associated with nominal model. Correspondingrntaacertain
parameter, let theé(s) denotes the transfer function from the controluinp, to the control outputy, at
operating points other than the nominal point. &wihg a practice common in robust control, thissfer

function will be represented as
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G(S) =Gy (S)(1+4, (SW, (5)) (3.19)

A, (s) shows the uncertainty block corresponding to uagemparameterW, (s)is the associated weighting

function and G, (s) is the nominal transfer function model. Then, mhatiplicative uncertainty block can be

expressed as
A, (S, () =[[G(8) =Gy ()] Gy (8)] 5 Gy (s)20 (3.20)

W, (s) is a fixed weighting function containing all thafarmation available on the frequency distributimn
the uncertainty, where),(s) is stable transfer function representing the magtetertainty. Furthermore,
without loss of generality (by absorbing any saglfactor into W, (s) where necessary), it can be assumed

that
A, (s))., =sup,|a, (s)<1 (3.21)

Thus, W, (s) is such that its respective magnitude Bode ploecothe Bode plot of all possible plants.

Using Eq. (3.20), some sample uncertainties coomedipg to the different values oM, and T, are obtained

ij
and shown in Fig. 3.7. It can be seen that theugaqy responses of parametric uncertainties age ¢tw each
other. Hence, to keep the complexity of the obthicentroller at a low level, the uncertainties duéoth sets of
parameters variations can be modeled by using glesimorm bonded multiplicative uncertainty to codir

possible plants and this is obtained as follows

Wo(5)= 0.15(¢ +0.004) (3.22)
s*+0.1s+18

Magnitude
Magnitude

L I L L L L L L L L I L L L L L L L
0 1 2 &) 4 5 B 7 i} 9 10 0 1 2 3 4 5 B 7 3 El 10
Fregquency (rad/sec) Frequency (rad/sec)

(a) (b)
Figure 3.7: Uncertainty plot due to change d¥/g) b) dotted {T; ) and solid W, (s))
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The frequency response &f,, (s) is also shown in Fig. 3.7b. This figure clearlywls that attempting to
cover the uncertainties at all frequencies andiriméa tighter fit using higher order transfer fuantwill result
in an high-order controller. The weight (3.22) usedur design provides a conservative designwatdod high

frequencies, but it gives a good trade-off betwedustness and controller complexity.

3.1.3.2 Performance weight selection As discussed in section 3.1.2, in order to guasardbust performance,
adding a fictitious uncertainty block associatedhwthe control area error minimization and congtibrt is
required along with the corresponding performanasgits W,,, and W,,,. In fact, an important issue
regarding to the selection of these weights igitgree to which they can guarantee the satisfaofitme design
performance objectives. Based on the following wistn, a suitable set of performance weightingtions

that offer a good compromise among all the corifigctime-domain specifications for control area1 i

0.5s s+0.75

=_US = 3.23
We11(8) 0.01¢+1’ Wp21(S) 150s + 1 ( )

The selection ofW,,, and W,,, entails a trade off among the different perforneanequirements. The
weight on the control inpuV,,, was chosen close to a differentiator to penalast thange and large
overshoot in the control input. The weights on atiterror (V,,,) were chosen close to an integrator at low
frequencies in order to get disturbance rejectgond tracking and zero steady-state error. Addilign as
pointed out in the previous section, the orderhef $elected weights should be kept low in ordekep the
controller complexity low. Finally, it is well knowthat to reject disturbances and to track comnsigdal
properties, it is necessary for the singular valfisensitivity function to be reduced at low fregoies, and
W.,, and W,,, must be selected to satisfy this condition [12)r @ext task is to isolate the uncertainties from

the nominal plant model and redraw the systemerstandard MA configuration (Fig. 3.8).

Ay
A=| AP,
AP,

M,

Figure 3.8: Standard M- block
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By using the uncertainty description and alreadyetigped performance weights, an uncertainty stredy
with a scalar block (corresponding to the uncetyaiand a X2 block (corresponding to the performance) is
resulted. Having setup our robust synthesis probienterms of the structured singular value thedhg
p-analysis and synthesis toolbox [7] is used toehia solution.

The controller K, (s) is found at the end of the thrBeK iterations, yielding the value of abali893on
the upper bound op, thus guaranteeing robust performance. Sincerdabelted controller has a high order
(21th), it is reduced to a fourth-order with no performa degradationu&0.998, using the standard Hankel

Norm approximation. The Bode plots of the full-ar@entroller and the reduced-order controller dreva in

Fig. 3.9. The transfer function of the reduced oatroller is given asKl(S)lei((S; with
D

1

N,(s)=6.3905s° +0.106048 + 44.3998s 37.994
(3.24)

D,(s)= s'+18.9617s’ +182.15945+739.3578%-0.7393

Using the same procedure and setting the similggctibes, as already discussed, achieves us afset o
suitable weighting functions for the remaining losynthesis as shown in Table 3.2. The order ofother
obtained controllers without model reduction was(&9,), 37 (K;) and 45 K,). These controllers can be

approximated by lower order controllers as follows.

K.(s)= N.(s) Ky (s)= N, (S) K, (s)= N. () (3.25)
D, (s) D, (s) D, (s)

Bode Disgrarm
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Figure 3.9: Bode plots comparison of full-orderigoral) and reduced-order controll€f(s)
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Table 3.2: Weighting functions for control areage@, 3 and 4

Area-2 Area-3 Area-4
Wooa(®)= g3 000D Wos(9) = To00s+ 015 Woa(S)= g s

where,
N,(s)=140.7568 + 164530.875+194365.258° + 98449.365 + 546138.32% 723970.37

D,(s)= & +387.758 +35235.4035+67819.44% + 2742801.25+ 626558.423 126075.23

N,(s)=526.29s° + 1287.18s' - 1416.265 + 6371.235" + 12698.7s+ 63353

Dy(s)= s +7229.77s° +6809.8s* + 93877.35° +101675.45° + 4632.21s+ 2339

N,(s)=560.948 +8329.725° + 4783.48s" + 1246.865> +19675.43%° + 2638.253- 9349

D,(s)= § +18945.3F° +12511.8F° +76432.43F" +836228.94° + 42388235° + 1612.473- 532

3.1.4 Simulation results

In order to demonstrate the effectiveness of tiopg@sed control method, some simulations were paddr
In these simulations, the proposed control scergeszribed in section 3.1.2 was applied to thertrobarea
power system as shown in Fig. 3.6. To test theegygterformance, a step load disturbanced?, = 001pu
is applied to each control area, using the nomptaht parameters and those with uncertain paramdtgr
different percentage uncertainties.

Since the system parameters for the given fourrebateas are identical and th&P, between the two
neighboring areak andj is caused bAf, — Af, the system performance can be mainly tested plyiag the
disturbance AP, in the presence of the parameters uncertaintidsoaserving the time response Aff, in
each control area. Some selected time responséasiomuresults are given in Figs. 3.10 and 3.11.

Fig. 3.10 shows the frequency deviation and cordntion signal in control areas 1 and 2, followihg
simultaneous step load disturbances &R, =0.01pu and APR,, =0.01pu. Fig. 3.11 shows the frequency

deviation following a step load disturbance &P, = APy, =0.01pu, and a 40% increasél, and T, in all

areas, simultaneously.



Chapter 3. Structured singular value based robestethtralized LFC design

43

0.0z

0ot -

Frequency deviation (Hz)

003 -

1
10
Tirne (s&c)

@)

Control effart signals

01

0osr

002 -

0.04

L L L
10 12 14
Time (sec)

(b)

L I L I
1] 2 4 b &}

Figure 3.10: a) Frequency deviation; b) Controhaig, in area 1 (solid) and area 2 (dotted), faithgna0.01 pu

step load disturbance in both areas

Fig. 3.12 shows the similar simulation result foontol areas 3 and 4 AP, =001pu ,

AP,, = 001puand a 40% increase itM,and T, in all areas). Finally, Fig. 3.13 shows the powgstem

response for the assigned possible worst caseaigtep load disturbance in each area and 40%akexiin

uncertain parameters, simultaneously.

0.0z T T T

0.01 1

-0.01

-0.02
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10
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12 14 20

Figure 3.11: Frequency deviation in the presencéBf; = AP;, =0.01pu and 40% increaseM, and T,
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Figure 3.12: Frequency deviation in the presenceABf, = AP,, =0.01pu and +40% change in uncertain

parameters

These simulation results demonstrate the effectisgrf the proposed strategy to provide robusuéecgy
regulation in multi-area power systems. Becauseunftight design objectives which take into consitien
several simultaneous uncertainties and input diatwres, the order of the resulting robust loaduieegy
controllers are relatively high. However, the pregtd method gives a good performance from the viewnt pf

disturbance rejection and frequency error mininiizain the presence of model uncertainties.
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001t R
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Figure 3.13: Frequency deviation following a stead disturbanceAP; =0.01puin each area and -40%

changes in uncertain parameters
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3.2 Pluralistic based decentralized L FC design

This section addresses a new design of robust fleagiency controller based on the structured sargul
value theory for interconnected electric power esyst in a competitive environment from the UCTE pecsive
for the pluralistic LFC scheme (Fig. 2.2). The powgstem structure is considered as a collectionootrol
areas interconnected through high voltage trangonidfes or tie-lines. Each control area has its1doad
frequency controller and is responsible for tragkits own load and honoring tie-line power exchaogetracts
with its neighbors. The proposed strategy is agpiiea 3-control area example. The results obtaghedv that

the controllers guarantee robust stability and sbiperformance for a wide range of operating caorust

3.2.1 Synthesis methodology

The objective is to formulate the LFC problem ircle@ontrol area based on the structured singulaeva
method, independently. The general scheme of thygogged control system for a given area is shovifign3.14.
B and AP are properly setup coefficients of the secondagulator. The robust controller acts to maintain
area frequency and total exchange power closedostheduled value by sending a corrective signahdo
assigned Gencos. This signal, which is weightedheyACE participation factar; , is used to modify the set
points of generators. Consider the state space Ini@dd®) and analogously to the traditional areatia error,

let the output system variable be defined as fadtow

y =Cx+Ew (3.26)
where,
c:[c1 c, = Cy CN+1} C=lg 0 0 cy,q =My ©i=1,2, ..., N

Jo
=0 "
Ci
P, 1P Robust a,
- + - Controller ' 1
d —» | F
Py — Oy P

Figure 3.14: General scheme for the proposed dosystem



Chapter 3. Structured singular value based robesihtralized LFC design 46

0 is a zero vector with the same size as disturbaec®r (). To achieve the LFC objectives in accordance with
to the structured singular value theory requiremeat control strategy applicable for each contrelaais
proposed as shown in Fig. 3.18,, models the structured uncertainty set in the fofmultiplicative type and
W, includes the associated weighting function(s).

According to performance requirements and practmahstraints on control action, three fictitious
uncertaintiesW,,, Wp, and Wp; are added to the power system model. "ig on the control input sets a
limit on the allowed control signal to penalizetfabanges and large overshoot in the control acfiths is
necessary to guarantee the feasibility of the gegaontroller. At the output, the weightg., and Wy; set
the performance goal e.g., tracking/regulationhef dutput area control signallp is a diagonal matrix that
includes the uncertainty blockap, ,Ap, and Ap, associated withw,,, Wp, and Wp;, respectively.

Fig. 3.15 can be redrawn as a standdrd configuration, which is shown in Fig. 3.16. includes the
nominal model of the control area power systemp@ated weighting functions and scaling factorse Biock
labeledM, consists ofG and controlleiK. Based on th@-synthesis, robust stability and performance wél b

satisfied for a giveM-4 configuration, if and only if

ir|1(f jﬂEJ’[ M(w)] <1 (3.27)

The well-known upper bound fqr can be determined by using Eqg. 3.10 or 3.11. Innsam, the proposed

method for each control area consists of the falligvsteps:

| AP We3
Wr2 Wr1 AN — — L e e O
Wu APL d
Y
ref
+
—p K P GO v »5
Robust controller
€
Nominal area model

Figure 3.15: The synthesis framework
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Figure 3.16: M4 configuration

Step 1ldentify the uncertainty blocks and associatedyiving functions for the given control area, acaogdo

the dynamic model, the practical limits and perfante requirements as shown in Fig. 3.15.

Step 2 Isolate the uncertainties from the nominal contcda model, generatép,, Ap,, Ap, and A

blocks and perfornvl-2 feedback configuration (formulate the robust diigtand performance).

Step 3Start theD-K iteration by usingi-synthesis toolbox [7], in order to obtain the ol controller.

Step 4 Reduce the order of the resulting controller bijizinng the standard model reduction techniques and
apply p-analysis to the closed loop system with the redwmmtroller to check whether or not the upper labun
of p remains less than one.

The proposed strategy guarantees robust perfornaarteobust stability for the closed-loop system.

3.2.2 Application to a 3-Control area power system

A sample power system with three control areas uitite pluralistic LFC scheme is shown in Fig. 3.17.
Each control area has some Gencos and each Gecanosislered as a generator unit (Gunit). It is exeslithat
one generator unit with enough capacity is resgpd@s$o regulate the area-load frequency.

A control area may have a contract with a Gendhénother control area. For example, control arbay®
power from G,, in control area 1 to supply its load. The powestsgn data is given in Table 3.3. Next, the

synthesis procedure in control area 1 is desciibeetail, and the final results are presentedtber two areas.
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Figure 3.17: 3-control area power system
Table 3.3: Applied data for simulation
Quantity Q1 G12 G13 G4 G21 G22 G23 G24 G31 G32 | G33
Rating MW) 1600 600 800 800 600 1200 800 100p 1490 640 600
H, (seq 5 4 4 5 4 5 4 5 5 4 4
Di (pumMwrH2 0.02 0.01 0.01 0.015 0.01 0.02 0.01 0.015 0.92 0.p10.01
R %) 4 5.2 5.2 5 5.2 4 5.2 5 4 5.2 5.2
M; =2H,/f, 0.167 | 0.134| 0134 0.167  0.134 0.16 0.134 0167 670.1 0.134 | 0.134
Tq 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Ty 0.2 0.1 0.15 0.1 0.1 0.2 0.15 0.1 0.2 0.] oft
Ki Kgi 1 1 1 1 1 1 1 1 1 1 1
T; 0.2 0.1 0.1 0.2 0.1 0.2 0.1 0.2 0.2 0.1 0.L
Ty (Mwrrad TL,= 60 Ts= 60 T= 100
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According to Eq. (2.15), the state space modebaftrol area 1 is obtained as
X = Ax+Bu+ Fw (3.28)

where

X :[Ni AR Api]’l_l""’4’ stlMlz 8o1g BIgy Mlj

3.2.2.1 Design objectives Control area 1 delivers enough power fraB, and firm power from other Gencos
to supply its load and support the LFC task. Indage of a load disturbance,, must adjust its output to track
the load changes and maintain the energy balance.

Simulation results show that the open-loop systemfopmance is affected by individual changes tof
andH, (constants of inertia), which are more significtimin changes to the other parameters of the dontro
areas within a reasonable range. Eigenvalue asadysiws that a considerable change in these parereads
the power system to an unstable condition. Theeefioom the aspect of uncertainty, our focus iscentrated
on the variations ofH, and H, parameters, these are the sources of uncertastciated with the control
area model and important parameters from the aspecintrol.

Next, these uncertainties are modeled as an utistedcmultiplicative uncertainty block that contaial the
information available abouH, and H, variations. It is notable that we are not unddigaltion to consider
the uncertainty in only a few parameters.

The objectives are considered as follows for tharobarea 1:

1- Hold robust stability and robust performancettie presence of 75% uncertainty fét, and H, (This
variation range leads the control area system wnatable condition).

2- Hold robust stability and desired reference Wirag for a 10% demand load change in control area
(0< AR, (%)<10).

3- Minimize the impacts of step disturbance fronsale areasd) through thd_12 andL13.

4- Maintain acceptable overshoot and settling timéhe area frequency deviation and power chargjgmals.

5- Set a reasonable limit on the control actiomaigvith regard to changes in speed and amplitude.

3.2.2.2 Uncertainty weight selection The related uncertainty weighting function in eaontrol area is easily
determined using the method described in the se®id.3.1. Some sample uncertainties correspontting
different values ofH, and H, are shown in Fig. 3.18. This figure shows that fteguency responses of

parametric uncertainties are close to each othamcel to keep the complexity of the obtained coletrait a low
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level, according to the above result, the uncetitsrdue to H, and H, variation can be modeled by using a

single norm bonded multiplicative uncertainty tovepall possible plants as follows (The frequeregponse of

W, (s)is also shown in Fig. 3.18).

W, (s)= %105'“) (3.29)

3.2.2.3 Performance weight selection The performance weight selection ingebased LFC synthesis is
explained in the section 3.1.3.2 in detail. Hehe, Wweight on the control inputV,, is chosen to penalize fast
change and large overshoot in the control inpué Wkights on the input disturbance from other afeas) and
output error W, ) are chosen to get disturbance rejection, goarkitng and zero steady-state error. In order to
reject disturbances and track command signal ptgpiris required that the singular value of sy
function be reduced at low frequencies,, and We; must be selected so that this condition is setisfiror
the problem at hand, a suitable set of performaraighting functions that offers a good compromiseag all

the conflicting time-domain specifications is

0.1s 0.005s+1 0.9s+0.9

— = W _,(8) = ——— , W _,(5)= ——— 3.30
ootsr1 ' V2O 5o oa Wes® = hoet (3.30)

Wpl(s) =

The next task is to isolate the uncertainties fitben nominal plant model and redraw the system @ th
standard MA configuration. Using the uncertainty descriptiondaperformance weights that have been
developed, an uncertainty structukewith a scalar block (corresponding to the uncetygiand a 33 block

(corresponding to the performance) is obtained.

Magnitude

8 L L L 1 1 L L L L
0 1 2 3 4 5 6 7 8 9 10
Frequency (rad/sec)

Figure 3.18: Uncertainty plot due to changelof (dotted) and H, (solid)
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The controller K, (s) is found at the end of thé"®-K iteration, yielding the value of 0.994 on the uppe
bound ony, thus guaranteeing robust performance. The ragutibntroller has a high order (B9 It is reduced
toa 7 order with no performance degradation using taedard Hankel Norm approximation. The Bode plots
of the full-order controller and the reduced-ordentroller are shown in Fig. 3.19. The transferction of the

reduced order controller is giveniags) = Ny (s)/ Dy(s) with

N,(S) = 226.28 s° + 23024.16 s° + 20719 s* + 153700 s° + 245730 + 162930s + 844 (3.31)

Di(s)= s’ +3240s° +70777 s° + 710490 s* + 362130 s° + 3853000s” + 24901s + 21

Using the same procedure and setting similar obgsitas already discussed, gives us the desitagstro

load frequency controllers for control areas 2 andlhe associated polynomials witk,(s) and K;(s) are:

N,(s) = 1455 + 1445267 + 178943657 + 964052495 + 274613248s+ 323019700 (3.32)
D,(s)= s +288s° + 202358 +767219s + 17402801 + 226558154s+ 226075 '

N5(s)=226.3s° + 22873s" —=1616s® + 137110s> + 126934st+ 533

3.33
Dj(s)= < +3239.8s° +68092s" +638727s® +3016725s% +16332.2s+ 133 (3:33)
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Figure 3.19: Bode plots comparison of the origanad reduced-order controllers
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3.23 Simulation results

The proposed load frequency controllers are applieri3-control area power system described inFior.
Fig. 3.20 shows the frequency deviation in contacdéa 1, following a 10% increase in the area-load.
Af11,--,4f14 display the frequency deviation at Gencag, ..., Gy, respectively. At steady-state, the
frequency in each control area reaches its nomvimlale. Fig. 3.21 shows the changes in power whiches to
control area 1 from its Gencos. It is seen thapth&er is initially coming from all Gencos to resylato the load
increase and will result in a frequency drop tisasensed by the speed governors of all machinésr Affew
seconds and at steady-state, the additional posrees only fromG,, and the other Gencos do not contribute

to the LFC task.

0.02

Af(Hz)

15 20 25

Time (sec)

Figure 3.20: Frequency deviation in control arefollowing a 10% load increase

0.12

AP, (pu)

20.02 I I I I
0 5 10 15 20 25
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Figure 3.21: Change in supplied power in contrebat, following a 10% load increase
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Fig. 3.22 demonstrates the disturbance rejectiopgsty of the closed loop system. This figure shtes
frequency deviation at generation units in con@moda 1, following a step disturbance @fL puon area
interconnection linek12 andL13 att=17s. The power system is already started with a 108d iacrease in each
area. Fig. 3.23 shows the frequency deviation mmrob area 2 and 3, following a 10% load increaseach
control area. Fig. 3.24 presents the frequencyatievi and corresponding control action signaldp¥eihg a
large step disturband®1 puon each interconnection line1@, L13 andL23) in the presence the worst case of
H, and H, uncertainties in three area, simultaneously. Rerlast simulation case, a random demand load
signal shown in Fig. 3.25a, which represents thgeeted area demand load fluctuations, is appliecbtdrol
area 1. The frequency deviations are shown in Bi@&b to 3.25c. Power changes and control sigaralgiven

in Figs. 3.25d to 3.25e. These figures show thattntroller tracks the load fluctuations effedjve

Af(Hz)

i 4
15 20 25 30 35 40
Time (sec)

Figure 3.22: Frequency deviation in control arefollowing a0.01 pustep disturbance on interconnection lines

att=17sand 10% load increaseta0 s

0.02
0 P 0
Y \
yrEsg
0.02 s 002
e 1
/i L
-0.044 /i -0.04 ‘e\
‘\ [ A
5 008 1 [ -0.06[ |1}
z \ /4 b
- [ = b i/
< 008 /;  -o0sf \‘\ /;,
/ H P \‘} /’ i
0.1 4 o /
\ [ \ [
i — Af, 3
os2f Y\ [ i o2k N /4
‘\/ VN B i \,/ “‘ - Ai:ﬂ
& J - Afza WV i At
o14f 4 Af, 014 ] af ]
iy / . - 33
Y Vil
-0.16 v -0.16 M
!
N
i
018 . | . . . 018 . . , . . . .
2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Time (sec) Time (sec)

Figure 3.23: Frequency deviation at Gencos in (ajtrol area 2, (b) control area 3, following a 108ad

increase in each area



Chapter 3. Structured singular value based robestetitralized LFC design

54

01

Af (Hz)

10 14 20

() Time (sec)

2

Control effort

=
L
=
-0.4 :
0 5
0.1
W
L
b=
-0.25 :
0 5 1

1} 18 20 25

(c) Time {gec)

0.2

01r

05
1}

0.25

15 20 25
()] Titne {sec)

-01
1}

15 20 25
() Time (sec)

Figure 3.24: Frequency deviation in (a) area 1,afea 2, (c) area 3 and (d) control signals, fdlhgwa step

disturbance in interconnection lines and the woase of uncertainties in each area

Af tHa) Af Hz) APy (w)

AP (o)

0.5
0

(g)

30
Time (sec)

Figure 3.25: System response to random demandeimedd load, b)Af,;,Af;,, C)Af,3,Af,, d) Power change

at G;; and e) Control effort



Chapter 3. Structured singular value based robesthtralized LFC design 55

Although in the proposed simulation, it seems that frequency deviation and other signals havest fa
behavior at startup time following a large stepfudisance and/or parameter changes, they havedstesta zero.
Here, academic examples (and data) have been unseth@ assumed parameters (in result dynamicseof th
simplified models) are not completely matched te thal ones and give the impression that the oupthe
models can be changed in a fast way (especiallgtatup time). In the LFC practice, rapidly varying
components of system signals are almost unobserdaid to filters involved in the process.

The proposed control strategies in the presenttehame flexible enough to set a desired level of
performance to cover the practical constraint aroatrol action signal. It is easily carried out taying the

considered fictitious weighting function®\,; in Fig. 3.2 andW,, in Fig. 3.15).

3.3 Summary

A new systematic method for robust sequential deglired load frequency controllers using p-synithés
an interconnected multi-area power system has lpeeposed in the first section. In each design stee,
information about the controllers designed in thevipus steps is taken into account. Thereforenththod is
less conservative than an independent decentradigsidn and more practical than the proposed samedius
decentralized load frequency controller designse Shmulation results demonstrate the effectivertdsthe
proposed method for a solution to the LFC problenthie presence of uncertainties and load distudsainc
multi-area power systems.

In the second section, a new method for robust kfa@hesis using structured singular value theors in
restructured power system has been proposed. Topoged method was applied to a 3-control area power
system under the pluralistic LFC scheme. It waswshohat the controllers that have been designed wil
guarantee the robust stability and robust perfommamder a wide range of parameter variation aed-kad

conditions.
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Chapter 4

H.. based robust decentralized L FC design

There has been continuing interest in designing-foegliency controllers with better performance to
maintain the frequency and to keep tie-line pov@w$ within pre-specified values, using variousustand
optimal control methods during the last two decdde]. But most of them suggest complex statebae# or
high-order dynamic controllers, which are impraatitor industry practices. Furthermore, some awthave
used the new and untested LFC frameworks, which hae some difficulties in being implemented in
real-world power systems. In practice, load-fregquyecontrol (LFC) systems use simple proportion&bgnal
(PI) controllers. However, since the Pl controfarameters are usually tuned based on experietiessijcal,
or trial-and-error approaches, they are incapablEbtaining good dynamical performance for a widage of
operating conditions and various load changes siosnia a multi-area power system.

Recently, some control methods have been appligbetalesign of decentralized robust Pl or low order
controllers to solve the LFC problem [9-12]. A Phtol design method has been reported in [9], whiskd a
combination of H control and genetic algorithm techniques for tgnthe Pl parameters. The sequential
decentralized method based prsynthesis and analysis has been used to obtaét af dow order robust
controllers [10]. The decentralized LFC method hasnbesed with the structured singular values [11F Th
Kharitonov’s theorem and its results have been tsadlve the same problem [12].

In this chapter, the decentralized LFC synthesfsrisiulated as an Hbased static output feedback (SOF)
control problem, and is solved using an iteratimedr matrix inequalities (ILMI) algorithm to desigabust PI
controllers in the multi-area power systems. Twdtrawea power system examples using both traditi@md
bilateral based LFC schemes with a wide range af [wnges are given to illustrate the proposedoagpr

The obtained controllers are shown to minimize ffeceof disturbances and maintain the robust perémce.
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This chapter is organized as follows. Technical gamnd on H-based SOF controller design using an
ILMI approach is given in section 4.1. Section 4t2sents the transformation from Pl to SOF contedigh.
The proposed methodology is applied to multi-areawerosystem examples with traditional and bilateral

configuration in sections 4.3 and 4.4.

4.1 H.-based SOF control design using an ILM1 algorithm

This section gives a brief overview of #hased SOF control design based on an ILMI apprdachsider a

linear time invariant systei@(s)with the following state-space realization.

X=Ax+B,w+B,u
z=C,;x+Dj,u (4.2)
y=C,X

wherex is the state variable vectav,is the disturbance and other external input veetisrthe controlled output
vector andy is the measured output vector.
The H,-based SOF control problem is to find a static oufpedback lawu = Ky, as shown in Fig. 4.1,

such that the resulted closed-loop system is iatgristable, and the Hnorm fromw to z is smaller thanp, a

specified positive number, i.e.
[Tats)., <7 4.2)

Lemma 4.11t is assumed thafA,B, ,C, ) is stabilizable and detectable. The maktiis an H, controller, if and

only if there exists a symmetric matriX >0 such that

AGX+XA; XBy Cj

By X -yl D} |<0 (4.3)
Ccl Dcl _VI
W ——p —» Z
G(s)
u y
K -

Figure 4.1: Closed-loop system vig Eontrol
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where
Ay = A+B,KC,, B, =B,
Cy =C; +D,KC,, Dy =0

The proof is given in [13] and [14]. We can rew(ide3) as the following matrix inequality [15],

XBKC +(XBKC)" + AT X + XA <0 (4.4)
where
A B 0 B, ] _ _[xo0o0
A=|0 -y/2 0 |, B=| 0|, C=[c, 00, X=[0 I 0 (4.5)
Cl O —y|/2 D12 O 0 |

Hence, the B-based SOF control problem is reduced to fiXd>0 andK such that matrix inequality (4.4)
holds. It is a generalized static output feedbaelilization problem of the syste(A,B,C) which can be

solved via lemma 4.2.

Lemma 4.2The systemA, B, Q that may also be identified by the following repentation:

X = Ax+ Bu
y =Cx

(4.6)
is stabilizable via static output feedback if andyoif there existP>0, X>0 and K satisfying the following

quadratic matrix inequality

ATX + XA-PBB' X - XBB'P+PBB'P (B"X+KC)'] (4.7)
BT X +KC l |

Proof. According to the Schur complement, the quadratitriminequality (4.7) is equivalent to the follovgn

matrix inequality
A" X + XA-PBB' X - XBB'P+PBB'P+(B" X +KC)' (BT X +KC)<0 (4.8)

For this new inequality notation (4.8), the su#ficty and necessity of theorem are already prov@n [1
A solution of the consequent non-convex optimizatioblem, introduced in lemma 4.2, cannot be tirec
achieved using the general LMI technique. On tiemwohand, the matrix inequality (4.7) points toit@native

approach to solve the matikandX, namely, ifP is fixed, then it reduces to an LMI problem in theknowns
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K andX. For this purpose, we introduce an iterative LMjosithm that is mainly based on the approach giken
[16]. The key point is to formulate the, Hbroblem via a generalized static output stabilirafeedback, such
that all eigenvalues ofA(BKC) shift towards the left half-plane through theuetibn ofa, a real number, to
close to feasibility of (4.7).

In summary, the Btbased SOF controller design based on ILMI apprdaich given system consists of the
following steps:
Step 1 Compute the new syste(d,B,C), according to (4.5). Sét=1 andAy = Ay, . Let vy, =y, a positive
real number.

Step 2 Select Q >0, and solve X from the following algebraic Riccati equation:

ATX+XA-XBBTX+Q=0 (4.9)

Set P,=X.
Step 3 Solve the following optimization problem &, K, anda,. Minimize a subject to the LMI

constraints:

(4.10)

X|

;=X >0 (4.11)

Denote a; as the minimized value ef.
Step4 If a, <0, go to step 8.
Step5 Fori>1 if a’;_l <0, K,,is desired H controller andy” =y, +Ay indicates a lower bound such
that the above system is, ldtabilizable via static output feedback.
Step 6 Solve the following optimization problem foK; and K :
Minimize trace(X;) subject to the above LMI constraints (4.10) andi}with a, = a*i . Denote X; as
the X, that minimized traceX ).
Step 7 Seti=i+1 and P, = X|,, then go to step 3.
Step 8 Sety, =y, —Ay,i=i+1. Then do steps 2 to 4.
The matrix inequalities (4.10) and (4.11) give dfisignt condition for the existence of the statigtymut

feedback controller.

4.2 Transformation from PI to SOF control problem
According to Fig. 2.1 and Fig. 2.3, in each contn@a the ACE acts as the input signal of the Plraber

which is used by the LFC system. Therefore we have



Chapter 4. H based robust decentralized LFC design 61

U = APCi = ke ACE +K, j ACE (4.12)

Where ky; and k; are constant real numbers. By augmenting the mydesscription (4.1) to include the ACE
signal and its integral as a measured output veitterPl control problem becomes one of findingatis output
feedback that satisfies prescribed performanceinements. Using this strategy, the Pl-based LFCgtesan be
reduced to an Hbased SOF control problem as shown in Fig. 4.ZHange (4.12) to a simple SOF control as

u =K,y (4.13)

We can rewrite (4.12) as follows,

ACE
Ui :[kPi kIi] IACE (414)
Therefore, y; in (4.13) can be augmented as given in (4.15).
Y =[ACE [ACE] (4.15)

In the next step, according to synthesis methogotiscribed in the previous section and summarized

Fig. 4.3, a robust PI controller to be designedlfiergiven area.

PI control design
problem

KI (S) = k]’l + kl’
s
Y
'H, static output feedback
control problem
yl = KI ui
KI = [kPr k]l]

ILMI algorithm

kl’l 4 kll

Figure 4.2: Problem formulation



Chapter 4. H based robust decentralized LFC design

62

Set initial values

and compute (4, 8,C)

(4,B,C)
v 0>0

Solve X from (4.9),
set =X

£
Y

Yi =Y — Ay Minimize &; subject

- to (4.10) and (4.11)

Minimize trace( X)
subject to
(4.10) and (4.11)

A

Figure 4.3: Proposed ILMI algorithm

4.3 Application to a traditional-based L FC scheme

4.3.1 Control framework

The main control framework to formulate the Pl-lthk€C via an H-based SOF control design problem,

for a given control area, is shown in Fig. 48,(s) denotes the dynamical model corresponds to thaaion

areai shown in Fig. 2.1. According to Eq. (4.1), thestspace model for each control arean be obtained as

% = AX +Byw + By,

z =Cy;% + DU
Yi =Cyu%
where

X{ =[Af, AP JACEi X Xgi

Xy =[APlli ARy - ARni]a Xgi :|_Apg1i DRy - Apgni]

(4.16)

(4.17)
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\

Gi(s)

- 14
I IACE, zZ

——» silli

ACE,
Yi

IACE, ‘

Kl':[kl’l k/l]

A

Figure 4.4: Proposed control framework

Y =[ACE [ACE], u=aR;

z] =[nulf; ﬂZiJACE 734

WuT = [Wli Wzi]

and,

A A A Bia
A=lAn An Ax| Bi= ElliZ

A31 A32 A33

i
Cli =[Cli 03><n 03xn] , Gy = 8

C2i :[Czi 02><n 02xn] 1 C2i :|:%

-D;/M; -1/M; O M. -~ 1/M.
N I i
Aun = 27[2-“1 0 0l Arz = 0 0
= 0 0 .
J#i
B 1 0
Agp =—Ay = diag[_ UTy —UTy - = 1/Tmi]

Ags =diag- 1Ty, -1Tg -

Bais
v Bai =| By
B

0 O 3

10
01

- 1T,

00 0
0 7|, Di=| 0

(4.18)

(4.19)

(4.20)
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- 1/( gll Rl ) O O T
Ag = v Az = A =00y As =04
- 1/( gni Rn ) O O
-1/M; 0
By = 0 -2 |, Bip =Bz =0ne
0 0

Bait = 0341, Baiz =0t BZi3T = [ali /Tgli Ayi /ngi ani/Tgni]

Similar to [9], three constant weighting coeffidiemre considered for controlled output signajs., #;,
and 55 must be chosen by the designer to obtain the etbgierformance. In the next section, two types of
robust controllers are developed for a power systgample including three control areas. The firs @& a
dynamic controller based on general robust LMI-dade control design and the second controller is based
H.-based SOF control approach using developed ILMbrithm (described in section 4.1) with the same

assumed objectives to achieve robust performance.

432 Casestudy

To illustrate the effectiveness of the proposedrobstrategy, a 3-control area power system, shiovkig.
4.5, is considered as a test system. It is asstinaeach control area includes three Gencos. dhepsystem
parameters are considered to be the same as in [9].

For the sake of comparison, in addition to the psagl control strategy to obtain the robust Pl allelr;, a
robust H, dynamic output feedback controller using the LMhtrol toolbox is designed for each control area.
Specifically, based on general LMI, the controligess first reduced to an LMI formulation [9], arlden the
H,, control problem is solved using the functibimfimi, provided by the MATLAB LMI control toolbox [17].
This function gives an optimal Hcontroller through minimizing the guaranteed ralperformance indexxy)
subject to the constraint given by the matrix irediqy (4.3) and returns the controll&(s) with the optimal
robust performance index. The resulted controllsiag thehinflmi function are of dynamic type and have the

following state-space form, whose orders are theessize as the plant model"(@rder in the present example).

i

buiiﬁ*\s“i\

Figure 4.5:3-control area power system
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Xi = AiXii + B Yi
U =CyiX + Dy y; (4.21)

In the next step, according to the described swhmethodology summarized in Fig. 4.2, a set odeh
decentralized robust PI controllers are designedaleady mentioned, this control strategy is elytisuitable
for LFC applications which usually employ the Phtol, while most other robust and optimal contiekigns
(such as the LMI approach) yield complex contrgllehose size can be larger than real-world LFCesyst
Using the ILMI approach, the controllers are obgdliriollowing several iterations. The control partene are
shown in Table 4.1.

A set of suitable values for constant weighis [ 7., 751 can be chosen as [0.5, 1, 500], respectively.
An important issue with regards to the selectiotheke weights is the degree to which they canagiee the
satisfaction of design performance objectives. Sélection of these weights entails a trade-off ayneeveral
performance requirements. The coefficients and 5, at controlled outputs set the performance goats; e
tracking the load variation and disturbance attéona 5 sets a limit on the allowed control signal to dea
fast change and large overshoot in the governar $&#-point signal. The recent objective is verpamant to
realize the designed controller in the real-wortdvpr systems. The large coefficient “500’ fgg; results in a
smooth control action signal with reasonable changamplitude.

It is notable that the robust performance indexegiby the standard.Hcontrol design can be used as a
valid measure tool to analyze the robustness ofctbged-loop system for the proposed control desigre
resulting robust performance indices | of both synthesis methods are close to each aih@shown in Table
4.2. It shows that although the proposed ILMI apptogives a set of much simpler controllers (Péntithe

LMI based dynamic Hdesign, they also give a robust performance hieedynamic H controllers.

Table 4.1: Control parameters (ILMI design)

Parameter Area l Area 2 Area 3
a -0.3285 -0.2472 -0.3864
Kpi 0.0371 0.0465 0.0380
K, -0.2339 -0.2672 -0.3092
ji 1;=0.5 My =1 115 =500

Table 4.2: Robust performance index

Control design Control structure ~ Performance index Areal Area 2 Area 3

Heo 9" order y 500.0103 500.0045 500.0065
ILMI Pl y 500.0183 500.0140 500.0105
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4.3.3 Simulation results
The proposed controllers were applied to the 3robrarea power system described in Fig. 4.5. I8 thi
section, the performance of the closed-loop syatemg the robust Pl controllers compared to theégdes

dynamic H, controllers will be tested for the various loadtdibances.

Case 1:

As the first test case, the following load disturt@s (step increase in demand) are applied to &nezes:

APy, =100MW, AR, =80 MW, AP;; =50 MW

The frequency deviationAf), area control error (ACE), and control actiakP¢) signals of the closed-loop
system are shown in Fig. 4.6. Using the proposetthade(ILMI), the area control error and frequen@yidtion

of all areas are quickly driven back to zero ad agldynamic H control (LMI).

Case 2:

Consider larger demands by area 2 and area 3, i.e.

AP, = 100MW, AP,, = 100MW, AP,, = 100MW

The closed-loop response for each control arelaoe/s in Fig. 4.7.

Case 3:
As another severe condition, assume a bounded matakd change shown in Fig. 4.8a is applied to all

control areas simultaneously, where

-50MW < AP, < +50 MW

The purpose of this scenario is to test the rolasstrof the proposed controllers against randone lerad
disturbances. The control area responses are simofig. 4.8b to Fig. 4.8d. This figure demonstratest the
designed controllers track the load fluctuationteatively. The simulation results show the proposad
controllers perform as robustly as robust dynamicchintrollers (with complex structures) for a widmge of

load disturbances.
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4.3.4 Using amodified controlled output vector

In the proposed control framework (Fig. 4.4), ieigpected the robust controlldf; to be able to minimize
the fictitious output ¢ ) in the presence of disturbance and external i(puj. Therefore, the vectoz, must
properly cover all signals which must be minimizedneet the LFC goals, e.g., frequency regulati@gtking
the load changes, maintaining the tie-line powégrghanges to specified values in the presencemnérgtion

constraints and minimizing the ACE signal. By cdesing the tie-line power flow changes in the pisgub
fictitious output vector, we can rewrite (4.19)faows:

z :|_771iAf ’72iJ-ACE N5BRie.i 74l (4.22)
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The new fictitious outputy; AP, is used to minimize the effects of input distuteson tie-line power
flow signal. Referring to Eq. (4.16), the relatamkfficients to the fictitious output vectog() in the proposed

state-space model can be obtained as,

m 0 0 0

_ 0

Cy :[Cli Osxn O4><n] G0 = 8 8 ;75' ch ai
0 7y O 0

A set of suitable values for constant weights adiogy to the new control framework for the presemiver

system example (Fig. 4.5) is considered as follows:

1 =0.4, n,=1.075, 74 =0.39, #,=333

Using the ILMI approach, the controllers are olgdlfiollowing several iterations. For example, fontol area
3, the final result is obtained after 29 iteratidiiable 4.3). The control parameters for three rabreireas are

shown in Table 4.4. The resulting robust perforneaindices of both synthesis methods are shownlifeTa5.

Table 4.3: ILMI algorithm result for design oK,

Iteration y Kps K

1 449.3934  -0.0043 -0.0036
5 419.1064  -0.0009 -0.0042
11 352.6694 0.1022 -0.2812
14 340.2224  -0.0006 -0.0154
19 333.0816 -0.0071 -0.1459
22 333.0332 0.0847 -0.2285
24 333.0306 0.0879 -0.2382
26 333.0270 0.0956 -0.2537
28 333.0265 0.0958 -0.2560
29 333.0238 -0.0038 -0.2700

Table 4.4: Control parameters (ILMI design)

Parameter Area 1 Area 2 Area 3
a’ -0.0246 -0.3909 -0.2615
Kpi -9.8e-03 -2.6e-03 -3.8e-03

Ky -0.5945 -0.3432 -0.2700
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Table 4.5: Robust performance index

Control design Control structure ~ Performance index Areal Area 2 Area 3
Hoo 9" order 333.0084 333.0083 333.0080
ILMI Pl 333.0261 333.0147 333.0238

The proposed controllers are applied to the 3-ocbrdrea power system described in Fig. 4.5. The

performance of the closed-loop system using thesbPI controllers compared to the designed dynainic

controllers and proposed control design in [9ki&teéd for some serious load disturbances.

Case 1.

As the first test scenario, the following largedadisturbances (step increase in demand) are dpplithe

three areas. The system response is shown in Bigudl Fig. 4.10.

AP, =105MW, AP,, = 105MW, AP, = 105MW
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Figure 4.9:Frequency deviation and ACE signals following ayéastep load demand (105 MW) in each area.

Solid (ILMI-based PI controller), dotted (dynamig, Eontroller)
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Figure 4.10Control signals following a large step load demgt@b MW) in each area

Case 2:

As another severe condition, assume a bounded matafd change<{50MW < AP, < +50MW ) is applied to
all control areas simultaneously. The system respde shown in Fig. 4.11 and Fig. 4.12. These &gur
demonstrate that the designed controllers trackoe fluctuations effectively. The simulation résishow the
proposed PI controllers perform robustness as agelobust dynamic Hcontrollers (with complex structures)

for a wide range of load disturbances.
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Figure 4.11a) Random load pattern and frequency deviatiodQf} signals in each area. Solid (ILMI-based PI

controller), dotted (dynamic Hcontroller)
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Figure 4.12:Control action signals in each area, following ad@m load demand. Solid (ILMl-based PI

controller), dotted (dynamic Hcontroller)

Case 3:
Fig. 4.13 compares the frequency deviatiaf) &nd governor load set-poimtRc) signals for the proposed

method and the recent published design technidué&|®wing 100 MW step load increase in each cohdrea.

A combination of genetic algorithm (GA) and LMI-lgasH, control (GALMI) has been used in [9]. As seen
from Fig. 4.13, the proposed controllers track lib@d changes and meet the robust performance dsasvel
reported results for the same simulation case |n ®nsider the tie-line power change as the i
controlled output in the Hcontrol framework adds enough flexibility to sketdesired level of performance.
Moreover, the proposed control design uses a simgpd@rithm that takes a short time (few seconds)tning

the controller parameters in comparison of [9].
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Figure 4.13a) Frequency deviation and b) Control action siginfallowing a +100 MW step load in each area.
Solid (ILMI), Dotted ([9])
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4.4 Application to a bilateral-based L FC scheme

441 Control framework

The proposed control framework to the design ofdritroller, via the H-based SOF control problem for a
given control area in a deregulated environmenshiswn in Fig. 4.14.G,(s) denotes the dynamic model
corresponds to the shown control area in Fig. 2s3ume the same variables as given in (4.17), YAa#&l

(4.19). According to (4.16), we can write

WiT = [Vli Vo Vg V4i]1 V4iT = [V4i-1 Vgia - V4i-n] (4.23)
and,
Biii Bz -1/M; 0 O
B =|Biai Bz |, B = 0 -2r 0
Bisi Bus2 0 o -

Bii21 = Buist = Oz Buitz =030 Biizo = Oy
Bli32 = dlagll/Tgll 1/T92i e 1/Tgni]

The other coefficient matrices and vectors candfmed the same as those given in section 4.3.1.

Vg ——
Vv, ——P
Wl v —— 1, [ACE,; 2,
7
Viig —— > G (S)
. l —> 3l
Viin —>
ACE,
U. .
i J.ACE, Vi
<
Kl:[kpi k[i]
D BE—

Figure 4.14: Proposed control framework for thateital based LFC scheme
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442 Casestudy
A 3-control area power system shown in Fig. 4.1B6adssidered as a test system. It is assumed tbht ea
control area includes two Gencos and one Disco.plveer system parameters are tabulated in Tablard6
Table 4.7. For the sake of comparison, for each,dreaddition to the proposed control strategplitain the
robust PI controller, a robust Hlynamic output feedback controller is designedgiiMI control toolbox [17].
The selection of constant weightg;, 7, and 75 is dependent on the specified performance objestiv
and must be chosen by the designer. For the presantple, a set of suitable values for constanghisiare
chosen a$, 0.5 and300, respectively. The resulted controllers usinghhdlmi function are dynamic type and
Ith

have the state-space form, whose orders are the santhe size of plant model™(drder in the present

example).
// \
! ]
\
\ 3 AN @
Area 1 P \\\ Area 2
I/ ‘\
|
'\ m /'
\ -1
\\\ = ///
Tamas
Figure 4.15: 3-control area power system
Table 4.6: Applied data for Gencos
Quantity Genco 1 Genco 2 Genco 3 Gencg 4 Gencp 5 ncae
Rating (MW) 800 1000 1100 1200 1000 1000
R (Hz/pu) 2.4 3.3 2.5 24 3 24
T, (sec) 0.36 0.42 0.44 0.4 0.36 0.4
T, (sec) 0.06 0.07 0.06 0.08 0.07 0.08
o 0.5 0.5 0.5 0.5 0.5 0.5

Table 4.7: Applied control area parameters

Quantity Area 1 Area 2 Area 3
D (pu/Hz) 0.0084 0.014 0.011
M  (pu.sec) 0.1667 0.2 0.1667
B (pu/Hz) 0.8675 0.795 0.870
Ty (pu/Hz) 0.545




Chapter 4. H based robust decentralized LFC design 76

Using ILMI approach, a set of three decentralizetust PI controllers is obtained following several
iterations. For example, for control area 3 thalfiresult is obtained after 32 iterations. Someattens are listed
in Table 4.8. The proposed control parametershii@et control areas are shown in Table 4.9. Thdtesstobust
performance indices of both synthesis methgds(id y) are very close to each other and given in Tallé.4
It shows that although the proposed ILMI approaielega set of much simpler controllers (Pl) thamdignamic

H,, design, however they hold robust performance dlsaselynamic H controllers.

Table 4.8: ILMI algorithm result for design oK,

Iteration 14 Kps Kis
1 863.3337 -0.4471 -0.5365
2 863.2084 -0.4456 -0.5363
15 826.0470 -0.2915 -0.0053
22 804.7513 -0.0079 -0.0127
25 800.9137 -0.0672 -0.1236
26 800.8829 -0.1205 -0.2400
27 800.8783 -0.1823 -0.3146
29 800.8770 -0.2095 -0.3525
31 800.8763 -0.2275 -0.3787
32 800.8762 -0.2319 -0.3796

Table 4.9: Control parameters from ILMI design

Parameters Area 1 Area 2 Area 3
-0.3901 -0.2610 -0.0407
Kpi -0.2695 -0.0418 -0.2319
Ky -0.3788 -0.1806 -0.3796

Table 4.10: Robust performance index

Control design | Control structure  Perf. index Areal| Area?2 Area 3

H. 7" order Y 803.0393 801.0699 800.2284

*

ILMI Pl y 803.0396 801.0306 800.8762
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4.4.3 Simulation results
In order to demonstrate the effectiveness of tlopgsed control strategy, some simulations werdezhrr
out. The performance of the closed-loop systemgusire robust PI controllers in comparison of destyn

dynamic H, controllers is tested for the various possiblenades of bilateral contracts and load disturbances

Scenario 1:
It is assumed that a step increase in demandRs=100MW , AR, =70MW and AP, =60MW are

applied to the control areas and each Disco dernsaseht to its local Gencos only, based on thefaotig GPM.

(6208,

0
0
- 0
GPM = 0

cooof?
oo
coP oo

0.5
0.5

The frequency deviationf ), tie-line power flow @R, ), power changes/P,,), area control error (ACE)
and its integral are shown in Fig. 4.16 and Fig.74for the closed-loop system. Using the proposethod
(ILMI), the area control error and frequency delaiatof all areas are quickly driven back to zehe generated
power and tie-line power are properly convergencgpecified values, like the dynamig, Eontrol (LMI).

Since there are no contracts between areas, tleeldeld steady state power flows over the tie lmes
zero. The actual tie-line powers are shown in Ei@6. As is seen from Fig. 4.17a, the actual geedmowers

of Gencos, according to (2.24), reach the desiedales in the steady state.

af (He]

af, (He)

Aty (He]

& ptle,2-3 (pu) 4 F’tlaj-? (pu)

2 4 g g 10 12 14 16 18 20
Time (sec)

Figure 4.16: Frequency deviation and tie-line poareanges; Solid (ILMI-based PI controller), dot{eginamic
H,, controller)
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Figure 4.17: a) Mechanical power changes, b) AC# it integral; Solid (ILMI-based PI controller)pited

(dynamic H, controller)

AR, = gpf. AP, + gpfLAP, +gpfi;AP; =0.5(0.1+0+0=0.05pu
and,
AP, =0.05pu,AP,; =AR,, =0.035pu, AR, s =AP,s; =0.03pu.

Scenario 2:
Consider larger demands by Disco 2 and Disco 3,4ArR, =100MW, AP, =100MW and AP, =100MW,

and assume Discos contract with the available Geimcother areas, according to the following GPM,

025 025 0

05 0 0

| 0 025075
GPM=1525 025 0
0 025 0

0 0 025

The closed-loop response is shown in Fig. 4.18 kigd 4.19. According to Eq. (2.24), the actual geated

powers of Gencos for this scenario can be obtaased

AP, =0.25(0.1}#0.25(0.1+0=0.05pu
and, AR, =0.05pu,AP,; =0.1pu, APR,, =0.05pu,AP,; =AR,, =0.025pu.

The simulation results show the same values irdgtstate. The scheduled tie-line powers in thectivas
from area 1 to area 2, and area 2 to area 3 aenebtas follows using Eqg. (2.20). Fig. 4.19a shewtsial

tie-line powers and they reach to above valueteady state.
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Figure 4.19: a) Mechanical power changes , b) AG# its integral; Solid (ILMI-based PI controllegptted

(dynamic H, controller)

APy 1., = (9pfi, +9pf,)AP, —(gpfs; + gpf,,)AP,; =(0.25+0)0.1-(0+0.25)0.1= Opu
and,
AP o3 =(0.75+0)0.1-(0.25+0)0.1=0.05pu

Scenario 3:
In this scenario, the effect of the contract violatproblem is simulated. Consider the scenarig&rg but

assume the Disco 1 demands 50 MW more power trarsffecified in the contract. As has been mentioned
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section 2.3, this excess power must be reflectexhascontracted local demand of area 1 and mustijyalied
by local Gencos, only. Simulation result is showiirig. 4.20.

Fig. 4.20 shows that the excess load is only takety Genco 1 and Genco 2, according to their LFC
participation factors, and Gencos in other distithuareas do not participate to compensate iceSPM is the
same as in scenario 2, the generated power of Gén@rea 2 and area 3 is the same as in scenarist@ady

state.

Scenario 4:

Consider the conditions of scenario 2 again. Irtamdto specified contracted demand (100 MW), assu

a bounded random load changes (Fig. 4.21a) as@mtracted local demand,

~50MW < AP, < +50 MW

is applied to each control area. The contract degpands as in previous simulation tests are stéed?2 sec.
The purpose of this scenario is to test the perfimice of proposed controllers against large corsdademands
and random load disturbances. The correspondedrpthvaages, frequency deviations and tie-line pdiesrs

are shown in Fig. 4.21b and 4.21c. Finally, Fi@14. shows ACE and control effort signals for thepmsed

controllers. These figures demonstrate that theyded controllers track the load fluctuations, effifieely.
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Figure 4.21: a) Random load changes, b) Generate@rpc) Frequency deviation and tie-line powewfld)

ACE and control action signals for scenario 4; &@liMI-based PI controller), dotted (dynamig, idontroller)

The simulation results demonstrate that the prap&econtrollers perform robust performance as asl|
full order dynamic H controllers in a deregulated environment for aenrdnge of load disturbances and

possible bilateral contract scenarios.

45 Summary

In this chapter, a new decentralized method togtesibust LFC using a developed ILMI algorithm has
been provided for a large scale power system. Thpgsed design control strategy gives a set of IsirRp
controllers via the Bbased SOF control design, which are commonly lsefteal-world power systems. The
proposed method was applied to multi-area powetesysxamples with different LFC schemes and the

closed-loop system was tested under serious loadgehscenarios. The results were compared withethdts



Chapter 4. H based robust decentralized LFC design 82

of applied full dynamic H controllers. It was shown that the designed cdeti® can guarantee the robust

performance under a wide range of area-load dighas.
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Chapter 5

Multi-objective control based robust decentralized
L FC design

LFC goals, i.e., frequency regulation and trackihg toad changes, maintaining the tie-line power
interchanges to specified values in the presengewoération constraints and model uncertaintiesytifies the
LFC synthesis as a multi-objective control problédm the other hand, the proportional-integral (Pijdxl
load-frequency controllers which are usually usedthe real-world power systems and tuned based on
experiences, classical, or trial-and-error appreachre incapable of obtaining good dynamical pevémce to
meet all of the specified objectives.

In section 5.1, the LFC problem is formulated asudtirobjective control problem and the mixed/H.
control technique is used to synthesis the desakdst controllers for LFC system in a multi-areavpr system.

A 3-control area power system example with possiloletract scenarios and a wide range of load clmaime
given to illustrate the proposed approach. The tesfl the proposed control strategy are compareh thie
pure H. method.

In section 5.2, first with regard to model uncertigis, the multi-objective LFC problem is reformeldtia
a mixed H/H. control technique and then in order to design lausb Pl controller, the control problem is
reduced to a static output feedback control syiigh&nally, it is easily carried out using a deed iterative
linear matrix inequalities (ILMI) algorithm. The proged method is applied to multi-area power system
examples with traditional and bilateral-based LE@Gesnes. The results are compared with the desigiveztl

H./H.. dynamic controllers.
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5.1 Robust LFC synthesisusing a mixed Ho/H. control technique

In most reported robust LFC approaches, only orglesimorm is used to capture design specificatitinis.
clear that meeting all LFC design objectives byrglei norm-based control approach with regard toessing
the complexity and changing of power system stmecis difficult. Furthermore, each robust methodniginly
useful for capturing a set of special specificagidfor instance, the regulation against randonurtiahces more
naturally can be addressed by Linear Quadratic GaugsQG) or H synthesis, while Happroach is more
useful for holding closed-loop stability and forratibn of physical control constraints. It is shothat using the
combination of Hand H (mixed H/H-) allows better performance for a control desigobpgm including both
sets of the above objectives [1-3].

In this section, the LFC problem is formulated amati-objective control problem and is solved by a
mixed H/H- control approach to obtain the desired robust miegkized controllers. The proposed strategy is
applied to a 3-control area example in a deregdileteironment. The results show that the controtierrantee
the robust performance for a wide range of opegationditions. The results of the proposed multeobye

control approach are compared with purecBintrollers using general LMI technique.

5.1.1 Mixed H,/H..: technical background

In many real-world control problems, we follow sealeobjectives such as stability, disturbance atiion,
reference tracking, and considering the practicahstraints, simultaneously. Pure. Kynthesis cannot
adequately capture all design specifications. kample, H synthesis mainly enforces closed-loop stabilitgt an
meets some constraints and limitations, while naigenuation or regulation against random disturbans
more naturally expressed in LQG terms, $ynthesis). The mixed JHH. control synthesis gives a powerful
multi-objective control design addressed by the Lliktthniques. This section gives a brief overviewtre
mixed HyY/H.. output feedback control design.

The general synthesis control scheme is shown inF-igG(s) is a linear time invariant system with the

following state-space realization:

X = Ax+ Bw+ B,u

z, =Cx+D,,w+D,,u
z, = C,x+ D, w+ Dyu
y =C,x+Dy,w

(5.1)

Wherex is the state variable vectav,is the disturbance and other external input veetody is the measured
output vector. The output channe}, is associated with the LQG aspects fi¢rformance) while the output
channel z, is associated with the.Hberformance. Assumd,(s) and T,(s) are transfer functions from to

z, and z, respectively, and consider the following stateespaalization for the closed-loop system.
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——» 7,
W ——
G(s) > 2
u y

K(s) |e—»

Figure 5.1: Closed-loop system via the mixegH control

Xo = Ag Xy +Byw
Z, =Cy1Xg + Dy W (5.2)
Z, =CypXy + DgpoW

The following lemmas express the design objectimgsrim of LMIs [4]. The details are available in [L-3

Lemma 5.1(H. performance): The closed-loop RMS gain fog(s) does not exceed,, if and only if there

exists a symmetric matrixX,, >0, such that

Aclxoo +xooAg—I BCI XWC;I—H_
Bd -1 D |<0 (5.3)
Ccllxoo Dcll _yi I

Lemma 5.AH, performance): The Hnorm of T,(s) does not exceed, if and only if D, =0 and there

exist two symmetric matricesX, andQ such that

Ay X, + XA, By Q CuX; 2
[ BT _ <0, X,CL X, >0, Trace(Q)<y; (5.4)

The mixed H/H.. control desigh method uses both lemmas and gisves wutput feedback controllié(s)

that minimizes the following trade-off criterion:

k[T () +ke[To(s) (k; 20, k, 20) (5.5)

An efficient algorithm to solve this problem is daale in functionhinfmix of the LMI control toolbox for
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Matlab [4].

5.1.2 Control framework

Consider a large scale power system which consistmumber of interconnected distribution contnaas
and each control area may have several Gencosexeonple, assume the power system is under a hilater
policy scheme (Fig. 2.3). In this case, a usefultrab framework to formulate the LFC problem viaréxed
H,/H. control design can be introduced as shown in %:8. Here, G;(s) denotes the dynamical model which
corresponds to the modified control area (Fig..2A®cording to (5.1), the state space model fortrcbrareai

can be obtained as;

Xi = AX +Byw +Byu;
Z =Coi X + Doy W + Doyl

Zy =Cy % + Doy W, + Doy U ®6)
Vi =Cyix +Dyyw,

where
X = [Afi AR Xi Xgi (5.7)
Xii =[ARli ARy -+ ARni]1 Xgi = |_Apg1i ARy -+ Apgni]
U =ARy, Y = SO +AR; — vy (5.8)

v, —>
- AP, 5
Vy had
w. Vi ——P ———» I72,Af,
7
V., ——» z,.
o Gi(s) Y
Viien ———
U; Vi

Ki(s) |a—ro

Figure 5.2: The proposed control framework
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Zo =Py =y, Zy = [’YZiAfi 773iAPtie~i] (5.9)
T _ T _
W = [Vli Vo Vi V4i] /TS [V4i-l \Z V4i-n] (5.10)
and,
A A A Biii B Bais
A=1An Ax Ax| Bi=|Bix B, By=|By
Ast A Ass Bisi Busz B

Ca :|:7/li 0 Ouen

0 7y 01x2n:|' Do1i = Opsnugyr Dozt =0y

Cai = Oumz) + Do =01x(n+3)’ Daai =115
CYi :[ﬁi 1 01x2n]v Dyli :|.0 0 -1 len]

-D;i/M; -1/,
A= ZN: A =
1= |2ty T; 0 !
="

J#

1/M| A 1/M|
o - o

Agp =—Ap = diag[_ UTy —UTy - _1/T1ni]

Ag =diagl- 1Ty 1Ty - =Ty

-1U(TiRy) O

31 — : S A= A21T =0ns  As2 =0pn
'1/(TgniRni) 0

-1/M; 0 O
Bli11:|: 0 ' o O] Bii21 = Biis1 = Ouss Biitz = 0xxny Briz = Onn

Biiso = diagl_lngli UTgy - 1/TgniJ: Bait = 0s4, Baiz =00y, BzisT = [ali/Tgli O[Ty -+ ani/Tgni]

The H. performance is used to set a limit on the corgedtpoint to penalize the fast change and large
overshoot in the control action signal. The pérformance is used to minimize the effects ofudizances on
control area frequency and tie-line flow signalbefiefore, it is expected that the proposed strasadigfy the

main objectives of LFC system under load changeldladeral contracts variation. The coefficients , 7y
and 74 in Fig. 5.2 and Eq. (5.9) are constant weights thast be chosen by the designer to get the desired

performance. In the next section, two sets of rblmamtrollers are designed for a power system examp
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including three control areas. The first one inelsighure H controllers based on the general LMI technique and
the second one contains designed low-order coatsobbased on the proposed mixedHH approach with the

same assumed objectives to achieve desired robustmance.

5.1.3 Application to a 3-control area power system
The 3-control area power system example given datige4.4.2 (Fig. 4.15) is considered as a tesiesys

The power system parameters are assumed to bartieeas in Table 4.6 and Table 4.7.

5.1.3.1 Pure H. control design For the sake of comparison, for each area, in iadib the proposed control
strategy, a pure Hdynamic output feedback controller is developeidgigemma 5.1. Specifically, the control
design is reduced to an LMI formulation, and thiea I control problem is solved using the functioimflimi,
provided by the MATLAB LMI control toolbox [4]. Tlsi function gives an optimal.Hontroller through the
minimizing guaranteed robust performance indexexitio the specified constraints, and returns treroller
K(s) with the optimal robust performance index.

The control framework, which is shown in Fig. 52used for the pure.Hontrol design also, but using
only one fictitious output channek() as:

z,’ :[’hiAPCi URYAYY 773iARie-i] (5.11)

A set of suitable constant weights,(, 7, and 75 ) for the present example is chosenas, (1, and1)

respectively. The resulting controllers are dynatypes as follow, whose orders are the same asizheof area
model (8" order).

-4.3183s° -151.5977s* -1591.4874° -4630.9097%° - 3529.21%+596.585

K (S)=
10 (5) s® +42.656:<° +645.134 <* + 4262.850 <® + 13116.334 <2 +16735.903 <+ 5105.705

K, ()= -2.7694s° -90.4397s" - 858.96055° - 2067.348%° -668.8242%+1214.4936
200

= (5.12)
s +30.44685° + 545.6694s" + 3313.9408° + 9898.803%° + 14038.090% + 7342.4697

B -4.5755s° -141.8668" -1343.058%° - 3781.60265% - 2851.0296s + 366.7874
s® +38.9744s° + 552.820%" + 3547.385%° + 10743.1064° +13506.611%+ 3887.5418

300

5.1.3.2 Mixed H./H. control design In the next step, according to the described ®gishmethodology
(mixed H/H.), a set of three decentralized robust controleesdesigned. The constant weights are chosen the
same as pure-Hlesign. The coefficientk; and k, in (5.5) are fixed in unity.

The order of the resulting controllers is 6. Usthg standard Hankel norm approximation, the order i
reduced to 3 for each controller, with no perforoedegradation. The Bode plot of the full-order asduced

order controllers for area 1 and area 2 are shaviig. 5.3.
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Figure 5.3: Bode plots comparison of full-orderigoral) and reduced controllers: & ;,(S), b) Komix(S)

This figure presents the same frequency responsédih original and reduced-order controllers. The

transfer functions of the resulting reduced cofdrslwith simple structures are

-0.0161s” +0.0099s-0.0097

KlmiX(S): 3 2
s® +10.9846s° + 21.5941s+12.1933

-0.0147s +0.0092s-0.0148
KZmix(S): 3 2 (513)
s°+10.17s° +19.6734s+ 15.478

-0.0167s? +0.0107s-0.0101
5% +12.1815% + 24.98465+ 14.4173

K3mix(s) =

5.1.3.3 Simulation results The proposed low-order controllers (5.13) were iggdplo the 3-control area power
system described in Fig. 4.15. The performancehef dlosed-loop system using the proposed contsoller
compared to the designed full-order pureddntrollers (5.12) will be tested for the vari@eenarios of bilateral
contracts and load disturbances. Following, theesysesponses are shown for scenarios 1 and 2 velnech
explained in section 4.4.3. These scenarios preddfdrent bilateral contracts (GPM) with large dba
disturbances.

The frequency deviationAf), power changesAPm), area control errorACE), and tie-line power flows
(APtie) of the closed-loop system for scenario 1 are showhig. 5.4. Using the proposed method, the area
control error and frequency deviation of all arags quickly driven back to zero, and the generpteglers and
tie-line powers are properly converged to specifi@lies. As shown in these figures, the actual geee
powers of Gencos, according to Eqg. (2.24), reaghdbsired values in the steady state. Since thera@a

contracts between areas, the scheduled steadypstatr flows (2.20) over the tie lines are zero.
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The difference between the mixed/H. and pure H controllers will be more clear in case of the
application of a set of larger step disturbancedeura complex bilateral contract such as scenafige2tion
4.4.3). The closed-loop response for this sceniarghown in Fig. 5.5. It is seen that the propoesdorder
controllers perform robustness better than thedider H controllers for a wide range of load disturbanaed

possible bilateral contract scenarios.

0.0s . ; . . . . . ; . 005
) )
- 0 = 0
3 5
_DDS 1 L 1 1 1 1 1 L L _DDS L L 1 1 1 1 1 L L
i 2 4 B 8 0 12 14 & 18 =« 0 2 4 B B 10 12 14 16 1| 2
F T
= s & oosf _ |
= . r == ha] —
mg (\R QF (‘_‘\k
=1 D L 1 1 1 1 1 L L = D L 1 1 1 1 1 L L
i 2 4 B 8 0 12 14 & 18 =« 0 2 4 B B 10 12 14 16 1| 2

=)
)
-~
ok
o
=
b=}
=
o
@
]
[
=
™
=)
=
]
I
]
@
S

AP, )
o
[=] 8
AF,, )
(=]
o

0.0s T T T T T T T T T 002 T T T T T T T T T
B El
N -y
= Ob——  emrilzeees 3
g g
= 005 1 L 1 1 1 1 1 L 1 = 1 1 L L

] 2 4 5 g 10 12 14 16 18 20 12 14 16 18 20
Time (sec) Titne (s&c)
(a) (b)

0.05 T T T T T T T T T 3
— x 10
) 5
o
=]

A Pffe; 5 iy

APy )
[==]

3
& 005k b
% -
o (\R
« 0 | | | | | 1 1 1 e

u] 2 4 5] 8 10 12 14 16 18 20 ‘%‘

0.02 = : = = - - .

B z :
3 a - B ARCITII <l @
o V_\ - "
= 0.02 niosih L L L L L L L 4 L L L L L L L L L

i} 2 4 5} ] 10 12 14 16 18 20 0 2 4 5 g 10 12 14 18 18 20

Time (sec) Timne (sec)
(©) (d)

Figure 5.4: Power system response for scenariolid ixed H,/H.), dotted (H);
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Figure 5.5: Power system response for scenarioli @Mixed H,/H.), dotted (H);
a) Area-1, b) Area-2, c) Area-3 and d) Tie-line jposv

5.2 Pl based multi-objectiverobust LFC design

In this section, the LFC synthesis is formulatedaasixed H/H.-static output feedback (SOF) control
problem to obtain a desired Pl controller. An iteralinear matrix inequalities (ILMI) algorithm eveloped to
compute the PI parameters. It is assumed that ¢h eantrol area the power system model has unpertai
parameters and the uncertainties are covered lmsinuctured multiplicative uncertainty block. Tpeposed
strategy is applied to multi-area power system gtaswith traditional and bilateral based LFC sceenThe
designed robust PI controllers, which are practioalindustry, are compared with the mixed/Hl. dynamic
output feedback controllers (using general LMI td@gbie [4]). The results show that the Pl contraglignarantee
the robust performance for a wide range of opegationditions as well as #HH. dynamic controllers. The
proposed control strategy and developed ILMI alhoni are given in sections 5.2.1 and 5.2.2. Problem
formulation and control framework is presented @tt®n 5.2.3. The proposed methodology is appled t

multi-area power systems with traditional and leitat LFC schemes in sections 5.2.4 and 5.2.5.
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5.21 H,/H.-based SOF design
The general control scheme using the mixefHHcontrol technique (Fig. 5.1) is redrawn in Fig..5.6
Gi(s) is a linear time invariant system with the giveats-space realization in Eq. 5.6. Whexg is the state

variable vector,w, is the disturbance and the other external inpatore y, is the measured output vector

and K; is the controller. The output channe}, is associated with the LQG aspects ffd¢rformance) while
the output channelz,; is associated with the.Hperformance. WithT,_.,,. and T,,,, defined as transfer

functions fromw, =[w,, w,]"to z., and z, respectively, consider the following state-spasaization for

closed-loop system.

% = A + By w
Zooi = Cwicxi + Doo'C\Ni

: 5.14
Zy = CyeX + Dy W ( )
yi :Cy|cxi + Dy|cvvi

A mixed H/H--SOF control design can be expressed as the falpaptimization problem.
Optimization problem Determine an admissible SOF lak; which belongs to a family of internally

stabilizing SOF gainsK .,

U =Ky K OKgg (5.15)
such that
inf Ty, Subjectto|T,, .|, <1 (5.16)
Ki OK sof ®
P, ——— —> Z,,;
w;i
LWy ——— Gl.(s) ——» Z,,
ul yi
K ¢

Figure 5.6: The closed-loop system via the mixetHEcontrol
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This problem defines a robust performance synthpsiblem where the Hnorm is chosen as a
performance measure. Recently, several methodprapmsed to obtain a suboptimal solution for the Hi,
and H/H.-SOF control problems [5-9].

Here, a new ILMI algorithm is introduced to get @bgptimal solution for the mentioned optimization
problem. Specifically, the proposed algorithm folates the HH.-SOF control through a general SOF

stabilization problem using lemma 4.2 (generaliizag SOF, [7]) and the following lemma.

Lemma 5.3H, Suboptimal SOF), [9]:

For fixed (A ,By,B,,C,i,K;), there exists a positive definite matriX which solves inequality

yis

(A +B,K,Cy; )X + X(A +B,K,Cy, )" +By BliT <0, X>L¢ (5.17)
to satisfy ||TZZi wi ||2 <y, if and only if the following inequality has a pibge definite matrix solution,

AX+XAT +XC,TC, X +(ByK; +XC,;")(ByK; +XC,,")" +B;B,' <0 (5.18)

where L. in (5.17) denotes the controllability Gramian loé¢ pair (A, ,B;;. )and can be presented as follows.
[Tosiws|,* = trace(CacLeCaic') (5.19)

The proposed algorithm searches the desired suhalpth/H.-SOF controlleK; within a family of H
stabilizing controllersK ., such that

e =2 <€0 7o =[Taum], <1 (5.20)

where ¢ is a small real positive numbey, is H, performance corresponded tg/H.-SOF controller K
and y, is optimal H performance index, which can result from the agapion of standard #H. dynamic

output feedback control.

5.2.2 Developed ILMI algorithm
Developed ILMI algorithm, which uses the ideas giite lemma 4.2 and lemma 5.3, provides a suboptimal
solution to obtain an #H.-SOF controller for a given power system contr@aaand includes the following

steps:
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Step 1 Compute the state-space model for the given cbatea, according to Eq. 5.6.
Step 2 Compute the optimal Hperformance indexy, using functionhinfmix in MATLAB based LMI

control toolbox [4] to design standard/H- dynamic output controller for the performed systarStep 1.
Step 3 Seti=1, Ay, =Ay, andlety, =Yy, >Vy,. Ay, is asmall positive real number.

Step 4 Select Q=Q, >0, and solve X from the following algebraic Riccati equation:
AX+XAT-XC,'C;X+Q=0, X>0 (5.21)
Set P, = X.

Step 5 Solve the following optimization problem f&, K; anda.

Minimize a; subject to the LMI constraints:

AXi+ X AT +BiBy " +3 B,K +XC, | g (5.22)
(BiKi + X,Cyi ) l

trace(CycLcCoic' ) <72 (5.23)

X, = XT >0 (5.24)

where,
_ T T T
2 _PiCyi Cyixi _xiCyi CyiPi +PiCyi CyiPi - X .

Denote &, as a minimized value o .
Step 6 If a; <0, goto Step 10.
Step7 Fori>1 if a*i_l <0, K,;OK.s and go to step 11. Otherwise go to Step 8.
Step 8 Solve the following optimization problem foK; andK;:
Minimize trace(X;) subject to LMI constraints (5.22), (5.23) and &.%ith a =a*i. Denote X; as
X; that minimizedrace(X; )
Step 9 Seti=i+1 and P = X;,, then go to Step 5.
Step 10 Set y, =y, —Ay,, i =i+1. Then do Steps 4 to 6.

Step 11 |If

<1 (5.25)

o

yoo,i—l = ”TZ.,,‘ Wy

K,, is a suboptimal WH.-SOF controller andy, =y, —Ay, indicates a lower Hbound such that the

obtained controller satisfies (5.20). Otherwise ggt=y, +Ay,, i =i+1, then do Steps 4 to 6.
The developed ILMI algorithm is summarized in Fgz.
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Compute the state-space
form for the given
control area

(4;,B;,B,C\;,...)
v

Solve H,/He control
problem using hinfmix

and set initial values

i=1 Y ij >0
28 — 1o
0=0,>0 ' Ay, >0

Solve X from (5.21),

———
set =X
l ;
Minimize a, subject
to (5.22)~(5.24) |
i=itl
P=X «tl
|| Y2 =Y —AY
=i+l
Minimize trace(.Y)
subject to (5.22)~(5.24)
\
Yo =Y +AY
i=i+1

Figure 5.7: Developed ILMI algorithm

5.2.3 Problem formulation and control framewor k
By augmenting the system description (5.6) to idelthe ACE signal and its integral as a measurgalibu

vector, the Pl control problem becomes findingatistutput feedback that satisfies the prescrijrbrmance
requirements. Using this strategy, the Pl-based HE€ign can be reduced to agltd-SOF control problem as

shown in Fig. 5.8.
The main control framework in order to formulate ttFC problem via a mixed #H. control design for a
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given control area is shown in Fig. 5.9. The modetertainties in a power system can be considesed a
multiplicative and/or additive uncertainties [10}1Here, A; block models the structured uncertainty set in the
form of multiplicative type andw, includes the associated weighting function, asemted in Fig. 5.10. The
output channelz,; is associated with the.Hperformance while the fictitious output vectr is associated

with LQG aspects or jperformance.

PI control design
problem

K, () =k + 0
S

Static #,/H output feedback
control problem
yl = Klui
K; :[km kn]

ILMI algorithm

kl’l H kh

Figure 5.8: Problem formulation

A\;
W],‘ L Wl(é) Zooi
w; —— 1Y,
Wy — L, [4CE L 2y,
’ Gi(s)
- 15AF;
ACE,
Yi
u, J’ACE, |
K; -

Figure 5.9: H/H.-SOF control framework
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co— K(s)

O,

Figure 5.10: Modeling of uncertainties

Constant weights must be chosen by the designgett@a desired closed-loop performance. Experience
suggests that one can fix the weights, 5, and 55 to unity and use the method with the regional pole
placement technique for performance tuning [1@](s) and K, correspond to the nominal dynamic model of
the given control area and controller, respectivéyso, y, is the augmented measured output vector
(performed by ACE and its integraly; is the control input, andy; includes the perturbed and disturbance
signals in the given control area.

The proposed control framework covers all mentioh&€ objectives. The Hperformance is used to

minimize the effects of disturbances on the areguency and area control error by introducing tfaiis

controlled outputsy,;Af, and ’72iJ‘ACEi . As a result, the tie-line power flow which candescribed as a linear

combination of frequency deviation and ACE signals,
AR = ACE - BAf, (5.26)

is controlled. Furthermore, fictitious output; AP, sets a limit on the allowed control signal to dezeafast
changes and large overshoot in the governor lo&ghaet with regard to practical constraint on powe
generation by generator units. Also, in LFC designs important to keep up the frequency regulatand
desired performance in the face of uncertaintiéscihg the control area. The.kerformance is used to meet
the robustness against specified uncertaintiesradalction of its impact on closed-loop system pantnce.
Therefore, it is expected that the proposed styasatjsfy the main objectives of LFC system in pinesence of
load disturbance and model uncertainties.

For the following multi-area power system examptes) types of designed robust controllers are teste
The first one is the JH. dynamic controller using the general robust LMligesand the second controller is
based on the proposed,/H.-SOF using the ILMI algorithm with the same assunwmgectives and

initializations to achieve desired robust perforo®n

5.2.4 Application to a traditional-based L FC scheme
A 3-control area power system, shown in Fig. 5i¢considered as a test system. It is assumecdHuht

control area includes three Gencos. The powersygameters are considered to be the same a3]in [1
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Area3

Figure 5.11: 3-control area power system

5.2.4.1 Uncertainty and performance weights selection  In this example, it is assumed that the powetesys
(rotating mass and load) model parameters havertaitevalues. The variation range fdd; and M;
parameters in each control area is assunié@% of nominal values. It is notable that there isohdigation to
consider uncertainty in two parameters, only. Asaly mentioned, considering a more complete mbylel
including additional uncertainties in the modelather units is possible and causes less conservatighe
synthesis. However, the complexity of computati@msl the order of the resulting dynamic controlléil w
increase. As a result, finding a tighter contrdugon by a simple PI structure will be difficulin the next step,
these uncertainties are modeled as an unstructatgtplicative uncertainty blockW, that contains all the
information available abouD; and M, variations.

Using the described method in section 3.1.3.1, ssaneple uncertainties due tb; and M; variations
for area 1 are obtained, as shown in Fig. 5.12.k&ep the complexity of the obtained controller low,
uncertainties from both parameter variations cambdeled by using a norm bonded multiplicative utaiety
(W,;) to cover all possible plants. Using the mentiomeethod, the uncertainties weighting functions are

determined for the 3-control area example as falow

0.3619s-0.1613 0.2950s-0.1073 0.3497%-0.3515
W, ()= o2 2m028 Wy (g) = oS RISy ()= TP IS 905 (5.27)
<+1.624: s+1.681¢ s+3.481¢

Fig. 5.12 clearly shows that attempting to cover tincertainties at all frequencies by finding étiy fit
(around 4 rad/sec) using higher order transfertfanawill result in high-order controller. The wéig W, in
our design provides a conservative design at soetgiéncies but it gives a good trade-off betwedusmess
and controller complexity.

The selection of performance constant weights, 7, , and 75 is dependent on the specified
performance objectives. An important issue witharegto selection of the weights is the degree t@hvthey
can guarantee the satisfaction of design performabgectives. For the present example, a set tdtsaivalues

for constant weights is chosen as follows.
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Figure 5.12: Uncertainty plots due to parameterangbs in area 1D; (dotted), M; (dash-dotted) and
W, (solid)

ni=0.12, n5=0.35, 75=0.42 (5.28)

5.24.2 Mixed H,/H. dynamic and SOF control design For the sake of comparison, in addition to the
proposed control strategy to synthesize the roBusiontroller, a mixed HH.. dynamic controller is designed
for each control area, usingnfmix function in the LMI control toolbox. This functioresults in an optimal
H,/H.. controllerK(s) with optimal H, performance indexy, through the solution of the optimization problem
given in Eqg. (5.16). The resulting controller isvdynic type and has the following state-space fovhgse order

is the same as the size of a generalized plant Inib@®order in the present example).

Xi = A Xii + B Yi
U =Ci X + Dy y; (5-29)

In the next step, according to the synthesis metlogy described in sections 5.2.2 and 5.2.3, afsitree
decentralized robust Pl controllers are designdds Tontrol strategy is fully suitable for LFC ajgaltions
which usually employ the Pl control, while most ethrobust and optimal control designs (such as LMI
approach) yield complex controllers whose sizeargidr than real-world LFC systems. Using the depesdo
ILMI algorithm, the controllers are obtained follwg several iterations. The proposed control pataragor
three control areas are shown in Table 5.1. Theagteed optimaH, and H. indices for dynamic and PI

controllers are listed in Table 5.2.
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Table 5.1: PI control parameters from ILMI design

Parameters Area l Area 2 Area 3
Kei -2.00E-04 -4.80E-03 -2.50E-03
Ky -0.3908 -0.4406 -0.4207
Table 5.2: Guaranteed;ldnd H indices
Indices Area 1 Area 2 Area 3
72 (Dynamic) 1.0700 1.0300 1.031p
V=i (Dynamic) 0.3919 0.295( 0.3497
2 (P1) 1.0976 1.0345 1.0336
N (=]) 0.3920 0.2950 0.3498

The resulting robust Hindices ¢, and y.;) and guaranteeHl, performance indicesyf and y) in
both synthesis methods are very close to each.dther shows that although the proposed ILMI appihogives
a set of much simpler controllers (Pl) than theadyit H/H. design, they hold robustness as well as dynamic

H./H.. controllers.

5.2.4.3 Simulation results The proposed PI controllers were applied to a 3robrarea power system
described in Fig. 5.11. The performance of the eddsop system using the designed Pl controllers in
comparison of the full-order #H.. dynamic controllers will be tested in the preseatéoad disturbances and

uncertainties.

Case 1:

In this case, the closed-loop performance is teistéloe face of both step load demand and uncéeairit
is assumed that a large step load disturbance MO(GA1 pu) is applied to each control area, follogva 20%
decrease in uncertain parametdds and M;. The power system response is shown in Fig. 5.13.

Using the proposed ILMI-based PI controllers, theaacontrol error and frequency deviation of adlesr
reach zero quickly, and the generated powers cgewee to the specified values according to assuhGiel
participation factora; in each Genco, as well as/H. dynamic controllers. The results show that the grow
initially comes from all Gencos to respond to thad increase which will result in a frequency dtbpt is
sensed by the governors of all machines, but adgtestate the necessary powers come from pariicipat

Gencos in the LFC task.

Case 2:

Assume in addition to a 20% decreaselln and M;, a bounded random step load changes shown in Fig.

5.14a appear in control areas, wher@.05pu< AP, < +0.05pu .
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Figure 5.13: Power system response for case 1;red A,

controller), dotted (dynamic #H-. controller)
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The purpose of this scenario is to test the cldsed-performance against uncertainties and randogel
load disturbances. The power system closed-logmres is shown in Fig. 5.14b to Fig. 5.14d.

Although the applied load disturbance patternsuidel fast changes in amplitude, it is seen that the
proposed controllers penalize the fast changeslange overshoot in the governor set-point (con#ction)

signals AP, , effectively. The simulation results demonstréiat the proposed ILMI-based PI controllers track

the load fluctuations and meet robustness for @& weéshge of load disturbances like the mixedHd dynamic

controllers.
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Figure 5.14: Power system response for case 2aajiéin load patterns, b) Area 1, c) Area 2 and &a/3.
Solid (ILMI-based PI controller), dotted (dynamig/H.- controller)
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5.25 Application to a bilateral-based L FC scheme
As a second test case, the proposed control syrasegpplied to a 3-control area power system with

bilateral transaction given in section 4.4.2 (Eid.5).

5.25.1 Uncertainty and performance weights selection Similar to section 5.4.2, it is assumed that the
rotating mass and load pattern parameters havetaircealues in each control area. The variatioweafor D,
and M, parameters in each control area is assut®@Po. Using the described method to determine
uncertainties and performance weighting functiangiievious sections, a set of suitable weightsrapgrly

chosen as follows.

W,(s)= O.3986$+0.0786’ Wy(s)= 0.3088st+ 0.0487’ W(s) = 0.3483s+0.0751 (5.30)
s+0.688¢ s+0.6351 s+0.7826
ni=1.25, 5n,,=0.001, n4=1.5 (5.31)

5.25.2 Mixed H,/H. dynamic and SOF control design In addition to the proposed control strategy to
synthesize the robust PI controller, a mixegdHa dynamic output feedback controller is designed dach
control area, using thkinfmix function [4]. The resulting controllers are a dyna type and have the same
state-space form as Eq. (5.29), whose orders arsaime as the size of the generalized plant m88ear(er in
the present example).

Using the proposed ILMI approach, the control paetams for three control areas are obtained as slrown
Table 5.3. The optimal performance indices for dagitaand Pl controllers are listed in Table 5.4. Tésulting
robust performance indices of both synthesis mettpg and 7, ) are close to each other. This shows that
although the proposed ILMI approach gives a semath simpler controllers (PI) than the dynamigHd

design, they also give a robust performance likedynamic H/H.. controllers.

Table 5.3: PI control parameters from ILMI design

Parameters Areal Area 2 Area 3

Kp, -0.1250 -0.0015 -0.4278
K, 5.00E-04  -5.14E-04 -5.30E-04
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Table 5.4: Robust performance indices

Perf. index Areal Area 2 Area 3
y,i (Dynamic) 2.1835 1.7319 2.1402
va (PI) 2.2900 1.8321 2.2370
7. (Dynamic) 0.4177 0.3339 0.3536
(=) 0.3986 0.3088 0.3483

5.2.5.3 Simulation results The performance of the closed-loop system usingdésigned Pl controllers in
comparison of full-order WH.. dynamic controllers is tested in the presencead [demands, disturbances, and

uncertainties for the given 3-control area powetesy example.

Scenario 1:
In this scenario, the closed-loop performance sg&etkin the face of both step contracted load denasua
uncertainties. It is assumed that a large load ddm®0 MW (0.1 pu) is requested by each Discopvuailhg a

20% decrease in uncertain paramet&s and M;. Furthermore, assume Discos contract with thelavai

Gencos according to the following GPM,
0 0

025 0 (5.32)
0 2

All Gencos participate in the LFC task. Gencos @ @ronly participate to perform the LFC in theieas,
while other Gencos track the load demand in theias and/or others. The frequency deviation, acedra
error (ACE 1 and ACE 2), and tie-line power changiesshown in Fig. 5.15. It is seen that the aocedrol error
and frequency deviation of all areas are driverkliazero. The tie-line power flows are properiyneerged to
the specified values. The generated powers arersitoig. 5.16. The actual generated powers of Geneach

to the desired values in the steady state as giv&able 5.5.

Table 5.5: Generated power in response to case 1

Genco 1 2 3 4 5 6

AP, (pu) 0.05 0.05 0.1 0.05 0.025  0.025
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Scenario 2:

Consider scenario 1 again. Assume, in additiof¢ospecified contracted load demands (0.1 pu) 886 2
decrease inD; and M,, a bounded random step load change as a largetnacied demand (shown in Fig.
5.17a) appears in each control area, whes® MW (-0.05pu)< AP; < +50MW (+0.05pu) . The purpose of
this scenario is to test the robustness of theqs®g controllers against uncertainties and randogelload
disturbances. The closed-loop response for aremsd13 are shown in Fig. 5.17b and Fig. 5.17c. bij7d

shows the tie-line power flows.
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Figure 5.17: Power system response for case 2agalpm load patterns b) Area-1,c) Area-3, d) tie-Ibowers.
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The simulation results demonstrate that the prapdiskll-based Pl controllers track the load fluctoas
and meet robustness for a wide range of load thahwes and possible bilateral contract scenariageisas

H./H.. dynamic controllers.

5.3 Summary

In this chapter, the LFC is considered as a muljgctive control problem and a new method has been
proposed for robust decentralized LFC design utfimgmixed H/H.. approach. In section 5.1, the proposed
method was applied to a 3-control area power systadhit is tested under various contract scenafibs.
results are compared with the results of applie plicontrollers.

In section 5.2, an ILMI algorithm is developed tes@jn a mixed HH.-SOF based PI controllers. The
proposed method was applied to multi-area powetesyexamples with traditional and bilateral-baséeCL
schemes under serious operating conditions. Theétseare compared with the results of thgHd dynamic
controllers. It was shown that the proposed sinRllecontrollers are capable of setting the desiegkll of
performance under a wide range of area-load dishads and specified uncertainties like th#HH dynamic

controllers.
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Chapter 6

Conclusions

The present dissertation is mainly focused on technical issues associated with the load-frequency control
(LFC) in restructured power systems and addresses new generalized dynamic models and decentralized robust
control methodologies for the interconnected electric power systems with possible structures in a competitive
environment.

In a deregulated environment, LFC as an ancillary service acquires a fundamental role to maintain the
electrical system reliability at an adequate level. That is why there has been increasing interest for designing load
frequency controllers with better performance according to the changing environment of power system operation
under deregulation. In an open energy market, generation companies may or may not participate in the LFC
problem. Technically, this problem will be more important as the independent power producers (1PPs) penetrate
the electric power markets. Therefore, the control strategies for new structure with a number of LFC participators
are not as straight as those for vertically integrated utility structure. In a control area including numerous
distributed generators with an open access policy, the need arises for novel control strategies based on modified
dynamical models to maintain the reliability and eliminate the frequency error.

The proposed research can be summarized in two main topics: (1) proposing generalized dynamic LFC
model for LFC analysis and synthesis purposes in a deregulated environment, and (2) developing new
decentralized robust load-frequency control approaches for a multi-area power system in a deregulated
environment. The following points are the important outcomes of the present dissertation under the above

mentioned topics:
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® Generalized LFC models for restructured power system

Generalized dynamical models are introduced to adapt the well-tested classical LFC scheme to the
changing environment of power system operation under deregulation. The main advantage of the proposed
models is the use of basic concepts in the traditional framework and avoiding the use of the impractical or
untested LFC schemes. It is shown that the introduced models are useful for both LFC synthesis and analysis.
The details are given in Chapter 2.

® Robust sequential decentralized LFC design

Simultaneous design for a fixed controller structure is used in all reported decentralized LFC scenarios.
Thisis numerically difficult for alarge scale power system, and it does not provide some of the advantages that
are usualy the reason for using decentralized control in the first place, such as the ability to bring the system into
service by closing one loop at a time, and the guarantee of stability and performance in the case of failures. In
addition, some proposed methods might not work properly and do not guarantee performance, when the
operating points vary.

In this work, a new systematic approach to the sequential decentralized LFC design in a multi-area power
system based on the structured singular value theory (1) is described. The sequential control design, because of
its advantages, is the most common design procedure in real applications of decentralized synthesis methods.
Sequential design involves closing and tuning one loop at a time. This method is less conservative than
independent decentralized design, because, in each design step, one utilizes the information about the controller
specified in the previous step, and it is more practical in comparison with common decentralized methods. The

details are reported in Chapter 3.

® Robust decentralized LFC design using u-synthesis

The p theory is successfully used for the design of decentralized robust load frequency controller in
response to new technical control demand for large scale power systems in a deregulated environment. In this
approach, the power system, as a collection of different control areas, is considered under a pluralistic LFC
scheme.

Each control area can buy electric power from some generation companies to supply the area-load. The
control area is responsible for performing its own LFC by buying enough power from pre-specified generation

companies equipped with arobust load frequency controller. The design methodology is explained in Chapter 3.

® Robust decentralized Pl-based LFC design

In practice, LFC systems use the simple proportional-integral (Pl) controllers. However, since the PI
parameters are usually tuned based on classical or trial-and-error approaches, they are incapable of obtaining
good dynamical performance for a wide range of operating conditions and various scenarios in a deregulated

environment. Regarding this problem, LFC synthesis is formulated as a robust static output feedback (SOF)
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control problem and is solved using a developed iterative linear matrix inequalities (ILMI) algorithm to the

design of robust Pl controllersin restructured control areas. The details are reported in Chapters 4 and 5.

® Multi-objective control based robust decentralized.FC synthesis

The LFC goals, i.e., frequency regulation and tracking the load changes, maintaining the tie-line power
interchanges to specified values in the presence of generation constraints and model uncertainties, identifies the
LFC synthesis as a multi-objective control problem. On the other hand, the low-order and proportional-integral
based load-frequency controllers which are usualy used in real-world power systems and tuned based on
classical or trial-and-error approaches, are incapable of obtaining good dynamical performance to meet all
specified objectives. In this work, to cover the above aspects, the LFC is formulated to a multi-objective control
problem via a mixed H,/H,, control technique. The model uncertainty in each control area is covered by an
unstructured multiplicative uncertainty block. A standard model reduction method is used to provide the
low-order robust load-frequency controllers. In order to design a robust Pl controller, the control problem is
reduced to a SOF control synthesis. Finally, it is easily carried out using a developed ILMI algorithm. The results
are compared with the pure H,, and mixed H,/H,, dynamic control designs. The methodology is explained in

Chapter 5.

In response to new technical demands in load-frequency control area, the present dissertation addresses
several useful modeling and control methodologies. The following points can be suggested to continue this
research:

1. Implement the proposed load-frequency controllers for the real-world power systems.

2. Develop a more complete LFC model to couple system dynamics, deregulation policies, economical issues,
and the other variables of interest for both analysis and synthesis purposes.

3. Generdlize the study to other aspects of power system control with regard to new uncertainties in the
liberalized electricity markets, and coupling between performance objectives and market dynamics to

obtain a good trade off between efficiency and robustness.
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