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Abstract—This paper presents the formulation of Wide Area
Control (WAC) signals for either coordinating all the governors of
the system or coordinating simultaneously both thgovernor and
the Power System Stabilizer (PSS) of each generatofhis is
achieved through the development of suitable WAC ghals
intended for the coordination of their common inputsignal (rotor
speed deviation) having as objective the compensati of all the
local and inter-area oscillations. Furthermore, aradaptive tuning
method to estimate weights for each inter-generatanteraction is
also presented. This is required to regulate adaptely the level of
the WAC contribution to all the local controllers. The weights are
computed according to the electric connectivity beteen the
generators. For the evaluation of the proposed meths, both
offline and real-time simulations are performed onthe IEEE 39-
bus test system. The results indicate the substaatimprovement
of the system’s stability when the proposed goverm’SS
coordination is considered. The performance of th&VAC scheme
is further increased when the adaptive tuning procedure is
applied. Finally, the requirement of having PMUs at each
generator bus is relaxed by utilizing the coherencgoncept.

Index Terms—Adaptive tuning, coherency, governor
coordination, inter-area oscillation damping, power system
stabilizer, real-time simulation, wide area control

|. INTRODUCTION

Traditionally, the power system oscillations aremgad
through the generator local controllers, such asetttiter and
governor, which are designed to ensure only thal ls@bility
of the generator (1-2 Hz). In order to increasedtability of
the system, Power System Stabilizers (PSSs) andemow
electronic converter based Flexible AC Transmissiystem
(FACTS) devices are added in the grid [4], [5]. Mlor
specifically, the PSSs are implemented to increasesmall-
signal stability by generating an electric torquamponent,
which aims to compensate only the local part of kv
frequency oscillations [4]. Although the PSSs atibzed for
damping the inter-area modes, further improvememt be
achieved. The drawback of such a decentralizedtacttre, is
that each local controller (e.g., PSS, FACTS) triedamp the
oscillations based only on local information, igngr the
operation of the other controllers [5]. Therefotige lack of
global information and the absence of a commonesyst
objective for all the local controllers provide apportunity to
enhance further the damping of the inter-arealasions.

The advent and application of synchronized measeném
technology has enabled the detection and obsernvatipoorly
damped oscillations (such as the inter-area maatespecame
the backbone for the development of the Wide Areaikdring
and Control (WAMC) systems [6]. More specificaliide

I nter-area oscillations have become one of the majrea Control (WAC) aims to utilize the synchronizgkasor
challenges that modern power systems have to aunfraneasurements in order to provide coordination sigtmathe

These oscillations can provide additional stregheosystem’s local controllers, making them capable of dampifigotively
components, reduce the power quality and can éwveaten the all the inter-area oscillations [4]. In the litaxeg, various works
stability of the system [1]. More specifically, tbecurrence of dealt with the development of a wide area controllehe
any type of contingency during the transfer of éaagnounts of proposed WAC schemes are segregated mainly acgdalthe
power between interconnected systems (through loagmponents of the power system that the wide aoataler
transmission lines), worsens the inter-area osiciia [2]. is intended to coordinate. For example, in [7] a@eviarea
Inter-area  oscillations represent one of the tweontroller is developed for the modulation of tlotivee power

electromechanical properties of the dynamic powetesns. of a high-voltage DC (HVDC) line using synchronized
measurements. The authors in [8] formulated a obstheme
which obtains wide area information from the systand
utilizes doubly-fed induction generator (DFIG) wifatms to
damp any oscillations. A combination of controlling
synchronous generators and FACTS is presented JinA[5

These oscillations are the result of having cohegeoups of
generators swinging against each other (at the tegtra
disturbance) and they are characterized by lowuteaqy (0.2-
1 Hz) [3]. Due to their nature, they are also knoasmlow-
frequency oscillation modes.
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Fig. 1. IEEE 39-bus test system illustratiiigy the examined disturbances,
the separation of the system into 3 coresdai-timesimulation, and (iii) th
coherent generators (each generator color impliégeent coherent group).

similar approach for coordinating simultaneouslyotigh a
wide area controller all the synchronous generatod the
renewables in order to increase the overall dampamability
of the system, is shown in [9], [10] and [11].

Considering the coordination of synchronous gepesait
is beneficial to coordinate the excitation systdmpsleriving a
supplementary WAC signal, in addition to the oneviied by
the PSS, having as a goal to increase the smalbdsggability
[11], [12]. More specifically, in [5] and [13] thaeuthors have
shown the significant improvement on the systenamping
capability when the wide area controller is inclddie addition
to the PSS devices. The simultaneous coordinatiomh®
synchronous generators and DFIG wind turbines wesemted
in [10], by utilizing the PSSs of three generatms the Power
Oscillation Dampers of three renewable sourcesexdsgely.
Finally, in [14] PSS-based controllers are presknfer
regulating renewable plants which, among other loitifias,
can receive wide area control signals in orderaiatribute to
the system’s small signal stability.

The majority of the published WAC methodologiesporse
the coordination of the exciter only (directly ardirectly,
through the PSS). This is mainly due to the fastsponse of
the excitation system compared to the governor #rel
availability of the PSSs output signal on the ingiuthe former
(e.g. [4], [10], [11]). However, the coordinatiohtbe governor
can be proven to be beneficial for the dampingoefil and
especially inter-area oscillations, since it isedity related to
the control of the generators’ frequency.

Furthermore, it is a common practice to regulate t

coordination signals provided by the wide area et (e.g.,
[4], [15], [16]) in order to avoid high control effts and high
contribution levels. Generally, this is accomplidiy adding a
constant gain at the output of the WAC. This retjoia
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constant is tuned by the designer, based on thtersis
behavior and it can be far from the optimal sintse vialue
should change according to the contingency’s natugmilar
approach is followed for the tuning of the Autoroati
Generation Control (AGC), where the constant cdigamns are
determined either through case study simulationbyofrial-
and-error [17]. However, in contrast to the WAC eas
methodologies have been proposed for the onlineduaf the
AGC. More specifically, in [17] a dynamic tuningthie control
gains is presented, which also considers the effettte wind
farms’ penetration in the system. In [18], an at@AGC is
proposed with self-tuning gain capabilities in artteavoid the
over-regulation caused by the system operators.

This paper presents novel methodologies for olitgiWAC
signals suitable for the coordination of the goeesrand PSSs.
More specifically, the first contribution of thisonk is the
development of a methodology which can be useckeiidr
coordinating all the governors of the system (isecthe system
does not utilize PSSs) or for coordinating simwtausly both
the governor and PSS of each generator throughramom
WAC signal, without any modification of the signal
formulation. Note that for the exciter coordinatiom
conventional signal (based on [15]) is considevdtere slight
modifications are made. The second contributiothisf paper
is the development of a methodology for adaptiveny. The
aim here is to obtain weights intended for the t&tipn of the
WAC signals. Electro-Magnetic Transient (EMT) siwatibns
are performed on the IEEE 39-bus dynamic test systerder
to investigate the improvement of the wide areatrotlier’s
performance when the new coordination signals amel t
adaptive tuning method are applied. For this reasffine and
real-time (through OPAL-RT equipment) simulations are
performed. Fig. 1 shows the IEEE 39-bus dynamicsgstem,
as well as its separation into cores for itsal-time simulation
(Section V). It is worth mentioning that dynamiatbmodels
are included for more realistic simulations. Thalasation of
the proposed WAC performance is accomplished Hiziatj
the Prony analysis tool. Furthermore, the coherenccept is
required in this work in order to reduce the numbePMUs
needed by the proposed scheme. Finally, both measunt
errors and data delays/dropouts, as describe®]ntiave been
considered for the testing of the proposed sché&sindicated
in [19], the data delays (which impact more the WAC
performance) can be overcome successfully thronghuse of
a linear predictor. In this sense, data delay®at®f the scope
of this paper.

In summary, the main contributions of this paper. &) the
development of a new methodology for the coordoratf the
governors, 2) the simultaneous coordination of btk
governor and the PSS through a single WAC signath8
development of an adaptive self-tuning algorithm tfee on-
line regulation of the WAC contribution level, Aetreduction
ﬁ)f the required synchronized measurements throaarency,
and 5) the validation of the proposed scheme thHroegl-time
simulations. The contributions of this work improve
considerably the WAC performance under various
contingencies, in the presence of dynamic loadsvels as



realistic measurement errors.

[I. CONVENTIONAL WIDE AREA CONTROL DESIGN

This section discusses the procedure for the dpuredat of
a conventional wide area controller, which is shamvdetail in
[15]. This is necessary for providing the basis floe next
section where the development of the proposed rdetho
presented. Note that the conventional WAC of thigtien will

voltage with the internal voltage and stator cutren

Td‘oké{;k =- éqk = (Xge—™ Xgd it €1 (2)
Tq‘ok.eldk =" édk +( Xok ™ qu) iqk (3)

2Hka)puk dCUL Dkwpuk ddk H H
+ =P~ (Vgdg TV 4
0-)3 dt ws dt k ( dk " dk qkI ql) ( )
Vae = €~ Tad gt X‘qki qk (5)
Vg = e’qk - rskiqk_ X‘dki dk (6)

be used for comparison later on, to evaluate tieetfeness of WhereT wandT g stand for the open circuit time constants (in

the proposed scheme.

A. Wide Area Measurements

The successful formulation and operation of a wadea
controller depends highly on the availability onsironized
measurements from the system. Therefore, in thidtysPMUs

seconds).xq and x4 are the synchronous reactances of the
generatok, while X4 andx are its transient reactances (in p.u.).
Pm represents the mechanical poweis the rotor speed, while
ws is the synchronous speeHl, D, and rs represent the
generator’s inertia constant, damping coefficieanid stator
resistance respectively (all in p.u.). Las#élgtands for the rotor

are assumed to be installed at all the generageas shown angle (in radians).

in Fig. 1. This is due to the fact that the metHodyp requires
the terminal voltagesv, the frequenciesf), and the rotor
angles §) from all the generators. The voltages and freqigsn
can be obtained directly by the PMUs. In [15] totor angle is
assumed to be available as well, but in realitg, rifajority of
the commercial PMUs cannot provide it. For thissoea the
rotor angle is calculated using synchronized vatagd current
measurements, according to [19]. Therefore, byesging all

the generator vectors into theg frame and by considering only

thed-axis, the rotor angle (relative to the termindtage of the
generator) can be calculated as follows:
X, icos@)

J =arctan(————)

v, + xqisin(¢)

1)

The power network can be described by the following
current equations. The first one represents thergéor buses,
while the second one refers to all the remainingesG andB'
stand for the real and imaginary elements of theitance
matrix:

-1 . ) . o I
" (edk+(qu_ Xdk) It Jeql) é(ék é)
WXk
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+2 (Gy + jBy)v, € =
j=1
2 (G + By, = (8)
=

C. Conventional Wide Area Control Formulation

wherei is the terminal generator currepttepresents the phase  The overall objective of the WAC is to estimate the

angle difference between the voltage and

curregbpropriate coordination signals intended for teaegator's

measurements, and, stands for theg-axis synchronous |ocal controllers. Therefore, it is important teidify the local

reactance of the generator. It is to be noted hba¢ by
considering that the generator's synchronous reaeta are
known, the rotor angle can be estimated solely fi@ktU
measurements.

B. Necessary Models for Wide Area Control Develkaum

The objective of the methodology in [15] is to maitkethe
necessary steps to obtain a new state space re{atse of the
system, suitable for deriving the WAC signals. Tikiachieved
by reformulating the system into a closed form apglying a
change of variables. The latter is done in orddraee as new
state variables the generators’ terminal voltag&pressed on

the d-q axis (s andvg). To apply the methodology, models ofvhere Tcu represents the delay due to the steam chest/inlet

the generator and the power system are required.

For the modelling of the synchronous generator foleth
order model and the stator dynamic equations apgned [20],
[21]. The fourth order model (shown in (2)-(4))dsnsidered
here, since it was found adequate for control aegig[22].
Equations (2) and (3) describe the relationshipveen the
stator currentsi{ andig), the internal &; andey) and field &)
voltages, while (4) represents the swing equati@g].[
However, looking at (2)-(3) one can note that thy not
include the terminal voltage of the generator, Whgcgoing to
be the system’s state. For this reason, the styoamic
equations are also considered in (5)-(6), to cartiecterminal

controllers and their respective local signalse¢occbordinated.
In this study, the generators are implemented twsicer the
exciter DC2A and the general-purpose governor aiaegrto
[24]. Consequently, the local control signals ttiet wide area
controller will interact with are the excitationgsial ) and
the steam valve outpuPé¢v). Looking at (2)-(6) one can note
the excitation signal, but not the steam valve outpherefore,
the following turbine model is required in addititm (2)-(6),
since it connects the governoPgy with the generator'®m:

_ 1 1+sT, Ry P, ©)

1+sT,, 1+ sT,

m

piping, Tru Stands for the delay of the re-heaters Badlis the
total turbine power developed in the high-presstyinder.
The delays are expressed in seconds and the power unit.
As it is aforementioned, for the formulation of tWeéAC
signals, a new state space representation of teeemyis
required. These new dynamic equations will havestase
variables the generators’ terminal voltages. Thecg@dure to
derive these expressions can be summarized intimlbaving
three steps:
1) The non-generator bus voltages are expressed rims tef
the generators’ terminal voltages, based on (7)(@hd



2) The expressions of the generators’ internal voltagd

stator current are derived in terms of their teahiroltage, / P Pro N
according to (5), (6) and (7). | m-mex ‘_,_ !
3) The resulted expressions are substituted in (2)-(4) 1 \ T4 [1+sT,
Following the previous steps, the new dynamic equatof the |1+sT, P, \_' Ap |1tsT KAw
power system are: \ A P
Vae = 8y Vet & Vot R Cact ¥ g (20) \: ______lur_bﬂ: : __— o
Vo = By Vit By Vot B @t o (1) 7 _»___» \
2H, w,, dw, Dw,, dJ, _ CO0F 4 : + :
w T+ w T_Pmk =Gy (Vi t qk) Y, (12) | |
s s ) ) - 1 1 [
whereay, az, by, by, p1, p2 are parameters which mainly depen ', 1+sTy, [ P, |1+ST, P.. UI'p
on the network topology (admittance matrix) and tr VS /= = D . - "

parameters of the generator (reactances and timﬂanis) W, Fig. 2. Steam and governing system configuratiayeoferal-purpose governor.

wq, and y, are the inter-generator interactions (or coupling
perturbation terms) from other generators onkhgenerator.
More details regarding the methodology and the esgions of
all these terms are provided in [15].

The new state space representation of the systeimecased
now to obtain the WAC signals. To achieve thisstfir the
terminal voltages and rotor speeds are substituyetieir error
compared to their steady state valudg; (dv, and dw). The
reason for applying this change is actually to ifylthe
contribution of the wide area controller when tlystem is in
steady state.

The methodology in [15] coordinates the excitatsignal
and the steam valve output, bypassing in that Wwayperation
of the PSS in the case that they exist in the gaoesystem.
Therefore, in this section, a methodology is depetbwhich
aims to coordinate effectively all the local cotits of the
generator for increasing the small-signal stabdityhe system.
Note that the proposed scheme is flexible to beliegpgo
systems with or without PSSs. More specificallyg tbjective
here is to derive coordination signals, which cacréase the

The next step is to find in the resulting equatitives inputs damping of local and especially inter-area oscdlat by
of the local controllers (namely the excitationrgibe and the coordinating effectively all the governors and PSSsthe
steam valve outpicy). In the case where a local control inpugystem. It is worth mentioning that for the exciteordination,

is not directly available (e.g., absenceRef, in (12)), then an 4 conventional WAC signal will be considered (shdmi(i3)).
input-output linearization is applied [15]. Thenckacontrol

input is decomposed into a local and a global péth the latter A- Development of governor coordination signals

PROPOSEDGOVERNOR ANDPSSWIDE AREA CONTROL

selected to cancel out all the perturbation terfitkeequations

For the formulation of the proposed governor WARg t

(wd, wq, andy,). Hence, the following expressions present tHellowing model of the multi-machine power systegnemics

derived WAC signals intended for the coordinatioh tloe

is considered instead of the swing equation shaw#),

exciter and the governor: d25k " n ) .
_(wk dv +l//k dv I) JKW = Pmk & G\<k_2( ijs'n(dkj)"' ij Cos6kj ), (15)
_ dyy ~ Ydk dy, q j=1
€ = Vi (13) 17
Pu dde + Py d\ék where
Py = - Tendl o (14) % =06,-9,,Cy=ee g, D, =egG
vk “ Fpr This set of equations is usually utilized for couosting

As it is pointed out in [15]is a constant parameter whicH-Yapunov functions intended for the transient digbi
serves as a weighting factor in order to regulagecontribution assessment and to derive equations which desdrdbmutual
level of the WAC. This regulation gain is requinedorder to motion of paired machines [23]. The important adage of
avoid instability of the power system. This is hesa a utilizing this equation instead of (4), is thatthés no need to
simplified model of the synchronous machine is amered 90 into the three-step procedure of [15], preseptegtiously.
(fourth order) for the derivation of the wide acemtrol signals, The reason is that (15) is already in a suitabtenfashere the
while the local controllers’ limitations are notk&m into local terms are separated completely from the igesrerator
account. It is worth mentioning that this paramésetuned by interactions (superposition term).
the designer according to the system and the agenicy. A~ Equation (15) depends directly on the self- andhsfer-
general practice is to utilize a small weightinduea(in this admittances of the reduced netwo@ @ndB'). The problem
studyy=0.2 for the conventional WAC) in order to enstue t that arises is that the reduction of the admittamedrix down
damping of the majority of the contingencies whizn take O the generator buses either assumes static reeal lioads or
place in the power system. However, this practa®ds a result it completely neglects them [23]. To overcome tissue and

to restrict the WAC damping capability and to reeluts Utilize a more suitable expression for the reduadthittance
performance. matrix, the reformulation derived from the expressof the

non-generator bus voltages in terms of the geneyagrminal
voltages is considered (step 1 of Section II). Mpecifically,



in this step the admittance matrix is reformuldietb a closed
form) to consider only the generator buses thraihghcurrent
equations of (7) and (8).

By considering (15), the formulation of the govarnc
coordination signals can be illustrated. As itfesramentioned
in Section II.C, the variables of the equation nhessubstituted
by their difference compared to their steady stataes (leand
dw). Due to the fact that the internal voltage offegenerator
cannot be measured directly by the PMUs, (5) andafé
utilized for estimatingq andeq, respectively. The result is then
substituted in (15) through the following expressio

dey = dg,*+ d%kz (16)

One of the main novelties of this work is that tlerived
WAC will not interact with the local control signBky (like in
the case of [15]), but instead it will coordinake tgoverning
system through its input signal (rotor speed dead ). For
this reason, the equations of the turbine and dlvegnor system
are required. These can be derived from (9) and Eid/lore
specifically, the turbine equations are the follogi

Pok = (Perk = Prid Frpit Pri (17)
TCHkpCHk = Povi= Peuk (18)
Tk Pruc= Peore™ Prix (19)

where Pcy and Pry represent the steam pressure and the
heated steam pressure in per unit, respectively.
The derived equations describing the governor djperare:

Tax pGVk = By~ Fow (20)
P = Fook tAR (21)
leApkz - KAw, - T, Aw,)-AP (22)

whereT;, T, andTs are time constants (in seconds), whilés
the speed regulation constant.

In order to develop the appropriate coordinatiognais,
which will interact with the input of the governdhe input-
output linearization approach has been adopteds Téia
methodology which actually results to the implenag¢ion of
non-linear decoupling control signals. The idea ifbehthis
technique is to differentiate the equation where #&md-up
variable to be controlled indirectly exists (e(d5) for the case
of Pn), until the desirable input appeartuf). The following
expression presents the result of applying the thoptput
method on (15), untiior shows up:

(B, +8a8)-T, 0, ]|
leT3kTCHk
d* 1| Fupx p
T R R @
k TuTae T Temk
L + F.)l.?Hk(l_ Frp) = ekz Gik+‘p. ok |
where
n
Yg = (de d§ Bsin@,)+ de de Bcos, ) (o4

j=1
J#
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Governor |

A Common
. Coordination

Fig. 3. llustration of the proposed and conventional cotitim signals. Gre¢
dotted line represents the commsignal, which remains the same for t
schemes. Dash-dotted line indicates the case vi#&8eis optionally installed.

latter term represents the interaction of the veicea controller
with the local controller and it is determined lexting the
global signal to cancel out the inter-generatogriattions ¥).
This results in deriving a novel WAC signal intedder the
coordination of the governor, through its inputnsi
leT3kTCHkl;[j gk

KF,

Ay (25)

k
HPk

B. Simulation specifications and evaluation

In order to evaluate the damping capability of pneposed
WAC (PropWAC) and furthermore to illustrate its anlced
performance, the proposed scheme
conventional wide area controller (in this caseahe presented
ir-[15], hereafter referred to as ConvWAC). Itispiortant to
mention here that for the exciter coordination, greposed
scheme considers the same WAC signal as the caomaht
method as it is shown in Fig. 3. The aim is tosttate clearly
the performance enhancement when the WAC sign@5jfis
utilized for the coordination of the governor iresfeof the
conventional one of (14). Both methodologies arplamented
and tested in the IEEE 39-bus dynamic test systehere
coordination is applied on the exciter DC2A and ¢emeral-
purpose governor of all the generators. Note thataa
benchmark, the scenario where no WAC (NoWAC) exists
the system is considered. The test system and WAC a
constructed using EMT offline simulations on Mathik&
Simulink.

It is also worth mentioning that conversely to the
conventional WAC of [15], a rate limiter is applied all the
coordination signals of the exciter and the goveriibe reason
behind this addition is to avoid the wearing-anakriteg of the
local controllers due to the abrupt changes (regpfrom the
application of the WAC signals) and thus to alléw smoother
transition from the one state to the other. Thissgecially the
case for the governor, which has a slower respoosgared
to the exciter operation. Therefore, two differeate limits
(faster/slower)are utilized on the WAC signals intended for
coordinating the exciter and the governor.

Furthermore, for more realistic simulated condisionon-
linear load models are included in the simulatiohthis work
instead of the commonly used, ideal constant-pdeas. The
behavior of the dynamic loads changes significaintlyansient
conditions compared to their steady state behaltishould be

GY andB® represent the reformulated admittance matrix. Noﬁ%ted that the ConvWAC performance is sensitivettte

that to derive the expression of (23), (17)-(22) atilized.
To obtain the suitable WAC signal, the input tacbetrolled
is decomposed into a locald,) and a global partg,9). The

presence of dynamic loads [9]. The exponential dyindoad
model is considered here which is a time-variamtitage-

is compared to a
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depended load described using the following eqoatjas]: of inter-area oscillations where a small oscillati;emains
np undamped. This outcome can be further verified ughothe
(3= E(Mj 1 Prony analysis results of Table I. Here, the insegladamping
V) I+Ts (26)  ratio in the case of both local and inter-area rsddéicates the
n improvement of the WAC performance when the progose
Q9= Q[XJ 1 governor coordination is considered.
V,) 1+Ts (27)

D. Case Study 2: Coordination of governor and PSS
whereV, P andQ stand for the positive sequence voltage, the

active power and the reactive power of the loagaetvely.
Note also thatVy, Po and Qo are the initial values of these

uantities. FurthermoreT, and Tq are the recovery time . . . i
gonstants for the activj(-ap and rgactive power r&Bym}y controllers, which might use the same input. Tiadtually the

Finally, n, is the active whiley is the reactive exponent, which®@S¢€ of the governor and the PSS, which both mmpalt the
control the nature of the load. The parameter \@hfeall the OtOr speed deviationdfor). Therefore, as shown in Fig. 3 the
exponential dynamic models considered in this wark,based Sameé WAC signal of (25) can be used for the simelas
on the parameter estimation shown in [26]. Theesfdn, coordination of both governor and PSS, in the easere PSSs
ng=[0.3425 2.4951] andTp T¢]=[131.78 124.11] in order to €Xist in the system (dash-dotted line).
obtain an intense dynamic behavior during transientlitions. ~ The coordination of the PSS (in addition to the eyoer)
The successful operation of a wide area contralieludes will damp faster and more effectively the inter-geator
the complete compensation of all the local andriatea interactions. This is achieved by coordinatingdtigh PSS) the
oscillations. For this reason, the terminal voltagke the electric torque component that is generated dukea@xciter's
generators is utilized to illustrate the local dlations, while output. The idea of utilizing simultaneously thevgmor and
the speed difference of two distant generatoreisidered to PSS to damp the perturbation termg)(is based on the
present the inter-area oscillations. In order tovigtle more ytilization of both the mechanical (governor) ahd electrical
analytical results regarding the damping perforreant the (pss) part of the generator for increasing theesyst small-
proposed and the conventional coordination schethe$&rony signal stability.
analysis is also used. This is a widely known, me&sent-  rqr eyaluating the performance of the proposed raehia
based method suitable for ringdown analysis andisignal ¢ ,resence of PSS, the latter is added inthaljenerators of

properties’ estimation of a damped signal [3]. Branalysis is the svstem according to 241, In this case stu cle three-
extensively used in the studies of well-establishe y g to [24]. ey

organizations, such as in the recent reports of EQFE [27]. ptta_si fe(x)ult IS appllectihor}_thetll_ne fcong(;ctmg mémz}l;sn%]?’
More specifically, this analysis tool can extraloce tdamping att=1s..nce again, e liné trips for £.6's In order wacine
ratio () and frequencyf) of the dominant local and inter—areafaUIt and then it reclqses. Furthe_rmore, exponenlyaamic
modes from the measurements. These are estimateagth '0ad models are considered to exist on buses 43,57 and
their energy content [28] and their constant apmeze 29. Notg that the same welghtmg factors as |npfm/|ou§
irrespective to the order of the Prony model [283te that the Subsection are applied here as weigs. 4b and 4e along with

higher the damping ratio the better the WAC perfamge is. ~ Table | present the graphical and numerical resoftshe
simulation. For the graphical illustrations of tbeal and inter-

C. Case study 1: Performance of the proposed rdelbgy 565 signals, the terminal voltagg and the speed difference
All the examined scenarios (NOWAC, ConvWAC angy,-w; are considered respectively. The simulation resiflthis
PropWAC) are tested considering a 5-cycle threespf@ult on case study illustrate that the PropWAC scheme hasbest
the line connecting bus 2 to bus 3=als, followed by the line performance over the other two schemes since ieaeh an
tripping att= 1.1s and its reclosing & 1.7s (Fig. 1)Note also  gffective damping of local and inter-area modeis. #iso worth
that the static loads of buses 4, 8, 15, 21 andr@&ubstituted mentioning that from Fig. 4b it can be derived thhe
.by. their respective gxponential dynamic' quds. remnore, it ConvWAC scenario fails to compensate promptly tbeal
is impartant to mention here that the weightingdagy) of all oscillation. The Prony analysis results of Tahpedsent clearly

the WAC signals is tuned by trial and error. Theref it is . - -
found that for the ConvWAC scheme0.2 is applied on both that t_he proposed SChe”?e provides significant @it
damping of the local and inter-area modes compéwethe

WAC signals of (13) and (14), for all the generatoif the

system. In the case of the proposed schem6,1 is utilized NOWAC and ConvWAC schemes.
for the exciter coordination of (13), whije=0.3 is considered
for the governor coordination of (25). For the drizpal
illustration of the simulation results, the terminaltage of Based on the formulation of the proposed and coiwes
generator 2\) and the speed difference between generatorsvile area controllers, one can argue that theifop@ance
and 10 are considered{wig). Figures 4a and 4show that the depends highly on one crucial parameter, the wigigHactor
proposed coordination outperforms the ConvWAC angd This statement is generally true, since an ireszirtuning of
NoWAC scenarios in damping both local and intemarehe WAC contribution to the generators’ local cofiars, can
oscillations. More specifically, due to the preseraf non- lead the system to instability. Therefore, as d@lé&arly pointed
linear loads, the ConvWAC scenario has the wondbpmance out in [15], the main issue of the methodology pr#ed at the
(even compared to the NOWAC scenario), especialtiie case end of Section 1I.C, is that the contribution lewélthe WAC

The significant advantage of coordinating a locatteoller
through its input signal is that it provides thexibility and
capability of coordinating simultaneously other dbc

IV. ADAPTIVE TUNING OFWAC SIGNALS
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Fig. 4. lllustration of the performance of the NoWAConvWAC, PropWAC
for all the case studies: (i) Case Study 1: (a)@hd(ii) Case Study 2: (b) and

and AdapWAC in compensatingltel ((a)-(c)) and inter-area ((f)) mode:
(e), (iii) Casedt 3: (c) and (f)

TABLE |
PRONY ANALYSIS RESULTS FOR ALL THEEXAMINED CASE STUDIES

Case Study No. NoWAC ConvWAC PropWAC AdapWAC
1 Type {(%) f(Hz) {(%) f(Hz) {(%) f(Hz)
Local mode 8.42 1.6 6.65 1.6 13.7 15
Inter-area mode| 21.1 0.81 14.3 0.77 31.7 0.8
2 Type {(%) f(Hz) {(%) f(Hz) {(%) f(Hz) {%) f(Hz)
Local mode 15.7 14 11.9 1.6 17.6 1.6 23.7 15
Inter-area mode| 17.5 0.74 18.3 0.76 30.7 0.69 288 0.74
3 Type (%) f(Hz) (%) f(Hz) (%) f(Hz) %) f(Hz)
Local mode Instability Instability 6.14 15 14.8 61.
Inter-area mode| Instability Instability Instability 27.3 0.73

signals must be tuned a priori manually by the glesi.
However, the weighting factor cannot remain coristnall
times, since its value must change according ton#tere and
the location of the contingency.

In this work a method to tune adaptively the weiigdpfactor
of the coordination signals is developed. The dV&taa is that
the contribution of the coordination signals shotdée into
account the connectivity of the power system ineortb
identify the strongly connected areas. The inforomeébout the
connectivity is especially needed for compensathwy inter-
area oscillations, since the latter results from ¢listence of
weak tie lines in the grid. A straightforward waydstimate the
electric connectivity between generators is a®fadl ([23]),

Wy = €€ Y (28)
where YU represents the magnitude of the reformulat
admittance matrix, which is also known as the eledistance
in a power system. It is worth mentioning here tlfa¢
reformulated admittance matrix is utilized in (28gtead of the
reduced admittance matrix. Note that the electoicnectivity
depends indirectly (through the internal voltages) the
generators’ terminal voltages. Like in the cas8eétion I11.A,
the internal voltages are estimated through symiheal
voltage and current measurements based on the diatamic
equations shown in (5) and (6).

As shown in (28), to apply correctly the concepeldctric
connectivity as a weighting factor on the coordiratsignals
(intended for the exciter, governor and PSS) idsential to
consider that electric connectivity does not dependhek™®
generator and the rest of the generators as a whal@n each

each inter-generator interaction between generdtaasd j,
according to their electric connectivity. To befterstrate this,
the proposed governor/PSS coordination of (25) rgtome:

de, dq B sin(, )
+de de @ cos@, )
(29)

The superposition term of (29) is derived by substig (24)
into (25), which is necessary for illustrating clgathe
regulation of each inter-generator interaction lestw
generatork andj. Note that in a similar way, the weighting
scheme is applied also into the perturbation tesfitse exciter
WAC in (13). The reason for utilizing the inverdetwe electric
&Pnnectivity as the weight of the inter-generatderactions is
because it is desirable to apply high WAC contiitrubn sets
of generators which are connected through wealrgs and
the opposite where strongly connected generatosg. ekhe
important advantage here is that the contributibthe WAC
signals will be tuned on-line and adaptively acaugdto the
PMU measurements obtained from the generators.

To illustrate the impact of considering the adaptivning
concept on the WAC architecture, the results ofeCatudy 2
include also the system’s response when the propadaptive
method is applied on the coordination signals efRinopWAC
scenario ((13) and (25)). Based on Figs. 4b anddecan note
that the resulted adaptive WAC (AdapWAC) scenarivjules
slightly better damping of the local oscillationghile it has
almost the same performance in compensating tles-amea

n

o

j=1
#

i

1

_ T Ta Tew d ’ -
ij

Aol = Hk ¥
T KF dt®

HPk

generator paik-j separately. Therefore, the weighting schenfBodes compared to the PropWAC scenario. The nusaleric

derived from (28) will have the ability to regulag&clusively



results of Table | further validate the performanufethe
AdapWAC scenario in successfully damping all thede®

A. Case Study 3: Adaptive tuning under high petietn of
non-linear loads

In order to illustrate clearly the actual contrilout of the
AdapWAC scenario, a slightly different case studyaiso
included in this section. More specifically, thergadisturbance
and fault-clearing on the line connecting bus 16&ts 17 is
considered, but more non-linear loads are assum#ds case
study. Note that dynamic loads are placed on b#is@sl5, 21,
23, 25, 27, 29 and that the same weighting factomd
simulation specifications (as previously discussad) utilized
here (PSSs are considered into all the generafbng)derived
results are presented in Figs. 4c and 4f, wheretdhminal
voltagevs and the speed deviation-wio are used for viewing
the local and inter-area oscillations, respectivehg it is
illustrated, only the AdapWAC scheme is capableamhping
effectively all the dominant modes and preservirggystem’s
stability, outperforming the other schemes. Thigcome

illustrates that it is essential to incorporateaaaptive-tuning
procedure into the WAC scheme, in order to ensine t
continuous stability of the system. These conchssioan be
further verified through the Prony analysis reswoltsTable |,
where itis evident that the application of thegmeed adaptive-
tuning on the proposed WAC has increased its dagnpin
performance, while all the other scenarios failkeep the
system stable.

V. REAL-TIME SIMULATION

Although the offline simulation results of Fig. AdaTable |
have illustrated clearly the performances of theppsed
coordination and the adaptive tuning methodologitsir
actual evaluation can only be ensured through tieed-
simulation. For this reason, an OPAL-R&al-time simulator
has been utilized to obtain ineal-timg more accurate
simulations for further validation. More specifigathree cores
of the OP5700, each one equipped with an Intel Xeé®»8 Core
CPU at 3.2 GHz and with 8 GB RAM, were considereceh
Two cores were used for implementing teal-time model of

1.01 : :

(d) Time (s)
— — — NoWAC
""""" ConvWAC 5 067
PropWAC Z 04}
————— AdapWAC af ool
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— + — AdapWAC_Coh 0

(f) and (iv) comparison of the governor outputfig)the NoWAC, ConvWAC

(9
Fig. 5. Real-time simulation results illustratirfg:comparison of NOWAC, ConvWAC, PropWAC and Adap® during three-phase fault tcompensating tt
local (a) and inter-area modes (d), (i) comparisb AdapWAC, AdapWAC_ME and AdapWAC_Coh duringgéiphase fault inompensating the local |
and inter-area modes (e), (iii) comparison of Now&AenvWAC, PropWAC and AdapWAC during G1 trip imgpensating the local (c) and inter-area modes

Time (s)

, PropWAC and AdapWAC scebpari

TABLE Il
PRONY ANALYSIS RESULTS OF THEREAL-TIME SIMULATION FOR ALL THE EXAMINED CASE STUDIES
Case Study No. 1
Scenario NoWAC ConvWAC PropWAC AdapWAC
Type aw) [ fHy) Q) [ fHy) {(%) f(Hz) {(%) f(Hz)
Local mode Instability Instability 9.68 1.8 12.28 .81
Inter-area mode| Instability Instability 18.2 0.8 31 0.72
Case Study No. 2 3
Scenario AdapWAC AdapWAC_ME AdapWAC AdapWAC_Coh
Type (%) f(Hz) {(%) f(Hz) {(%) f(Hz) {(%) f(Hz)
Local mode 12.28 1.8 12.28 1.8 12.28 1.8 11.65 1.9
Inter-area mode 315 0.72 26 0.77 315 0.72 26.9 0.74
Case Study No. 4
Scenario NoWAC ConvWAC PropWAC AdapWAC
Type {(%) f(Hz) {(%) f(Hz) {(%) f(Hz) {(%) f(Hz)
Local mode 7.72 15 7.14 1.8 8.19 1.8 8.34 1.9
Inter-area mode 14.2 0.69 13.2 0.8 15 0.65 15.7 0.7




the IEEE 39-bus test system, while one core wasired, for
running the WAC algorithms as shown in Fig. 1. Ageom the

TABLE Il
INSTRUMENT TRANSFORMERMAXIMUM ERRORS

evaluation of the proposed methodsréal-time this section Type Accuracy Class Mg’r‘r('\)’:a&‘)"“de Max(gggrsest)rror

also examines the sensitivity of the adaptive tgni Voltage 05 05 0,333

mde;hpdolog%/ in tge _presenfce hof meas_,urgment (ra]rrhg_s. Transformer

addition, the reduction of the required synchrodize—_ 05 205 205

measurements through the coherency concept iS & Transformer

investigated. PMU STEADY STATE MAXIMUM ERRORS

. . . Max Current

A. Case Study 1: Real-time simulation resultstioge-phase | MaxVoltage | "y e | Max Phase Anglel - Max Frequency
Magnitude (%) (degrees) (Hz)

fault (%)

The disturbance considered into tieal-time simulation is +0.02 +0.03 +0.57 +0.005
the same one as the one presented in Section Wi Bis case — PMU’\’A"'a‘)‘(X'MUM RO UNE;EhF’;SYeNAM'C - olaleits —
study, dynamic loads were placed on buses 8, 123225, 27 Tspe TVE | Magnitude | angie | Frequency | ineerval
and 29. Once again, the aim is to compare the padoces of (%) (%) (degrees) (Hz) (s)
all the examined scenarios (NOWAC, ConvWAC, PropWA| Voltage 12 +6.2 +4.58 +0.3 0.07
and AdapWAC) irreal-time using graphical (Figs. 5a and 5d__Current 3 +16 +1.4425% +03 3

and numerical results (Table Il). More specificallig. 5a
presents the terminal voltage, while Fig. 5d the speed
deviationw;-wio. The results show clearly that the NoWAC an
ConvWAC scenarios fail to keep the system stabteeatvent
of the fault, leading it to instability. Thereforanly the
PropWAC and AdapWAC scenarios are capable in thée of
damping effectively all the local and inter-areailiations. For
the effective comparison between the two scenattih@sProny
analysis results are utilized. According to Tabj@he can note
that the AdapWAC has better performance comparethdo
PropWAC scenario in damping effectively all the ibations.
The enhanced performance of the governor in thescakthe

C. Case Study 3: Coherency

d Coherency refers to a phenomenon that occurs inepow
systems where at the event of a contingency, cegemerators
have similar time-domain behavior, leading that waythe
separation of the system into coherent groups.cbmeept of
coherency is especially useful at times where desirable to
reduce the measurement dependency (and hencedhieece
PMU number) of an application. More specificallgcarding
to the coherent groups obtained during a disturbaoely one
PMU can be used at each coherent group (since hibgg
similar responses) in order to derive a common V\&Dal for

PropWAC and AdapWAC can be also evaluated throtigh Fall the generators of the group. As shown in Fig.tte

5g, which illustrates the output sign&l.j of the governor of
generator 2 during the fault, for each scenario.

B. Case Study 2: Impact of measurement errorsdaptive

application of a 5-cycle three-phase fault on the tonnecting
bus 2 to bus 3 and the line trip/reconnection feéd, results
into the separation of the system into four groupiserefore,

_ the synchronized measurements deriving from onle on
tuning generator PMU at each group (generators 1, 2, 7 Hhd
Based on (28) and (29), it is obvious that the pesgl respectively) are considered in the proposed schéone
method is heavily depended on synchronized mea&mesm estimating the coordination signals. The graphibadtrations
Therefore, in order to consider realistic condigiamto thereal- (Figs. 5b and 5e) combined with the Prony analysmults
time simulation, the proposed scheme is tested under {fTable Il) demonstrate that the coherency concept be
presence of realistic measurement errors. To aeltiaig, the utilized successfully for the reduction of the reqd PMU
procedure presented in [19] is adopted here. Mpeeifically, measurements and the derived coordination signétsout
in [19] the authors have applied realistic meas@r@nerrors to compromising the proposed scheme’s performanceualgt
identify the impact of measurement quality and aacyon the the damping ratios (shown in Table Il) resultednfrdhe
ConvWAC performance. The examination included theoherency-based WAC (AdapWAC_Coh) are very clogbeo
measurement errors deriving from both instrumertsformers ones of the AdapWAC scenario.
and PMUs. In addition, the PMU measurement erro i : : .
considered in the study were changing during dynan{?s.' Qase Study 4: Real-time simulation resultsgfemerator
conditions from their steady state values to thgiramic ones, fpping
according to the dynamic Comp“ance requirement@@f The Less severe disturbances than faults can alsomabe in
adopted measurement errors considered here as@dlied in the power system. A common disturbance is the evérat
Table I1l. More details considering the measureneerdrs and generator trip, which can potentially affect thedeviarea
their utilization can be found in [19]. The outcomven the controller operation since the latter losses amaot that is

measurement errors are applied to
(AdapWAC_ME scenario) is presented in Figs. 5b aadAs
shown, the presence of measurement errors has lheffeat
on the performance of the AdapWAC scenario in campéng
effectively all the local and inter-area oscillatio This is
further validated through the Prony analysis rasoitTable I,
which shows that only the inter-area compensatasdtightly
been affected.

the AdapwAgoordinated for compensating all the inter-area #ochl

oscillations. Therefore, it is interesting and intpat to test the
performances of all the examined scenarios undeetent of
a generator trip as well. In particular, in thisseastudy the
generator G1 (Fig. 1) trips unexpectedly=ts, while dynamic
loads exist on same buses as previously (8, 1522125, 27
and 29). Fig. 5¢ and 5f depict treal-timesimulation results of
this case study, where it is shown that all thermdxad

scenarios have comparable performances. As itustrihted



through the Prony analysis results of Table Il, AtapWAC
scenario has slightly better performance while GoavWAC
scenario has slightly worst damping ratios compaoeall the
other scenarios. The latter remark is due to theiseity of the
ConvWAC scenario in the presence of dynamic loads.

VI. CONCLUSION

A novel methodology for
increase the damping capability of the system, aalbe for
compensating the inter-area oscillations. The féation of the
proposed WAC signals becomes feasible by utilizirgmulti-
machine power system dynamic model, in order tatifleand
cancel out all the inter-generator interactionse $imultaneous
coordination of the governor and PSS is achieveautgh the
interaction of the wide area controller with theemmmon input
signal (i.e., rotor speed deviation). Furthermadtgs paper
presents the development of an adaptive tuning edetbgy to
regulate the contribution of the WAC signals. Thegmsed
adaptive tuning method is based on weights thataleulated

the coordination of thel7]
synchronous generator governor and PSS is proptsed
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