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1 | INTRODUCTION

A new adaptive scheme is proposed in this paper to design excitation controllers for feed-
back linearized models of synchronous generators in multimachine power systems in ordel
to ensure the stability during large disturbances. The proposed scheme uses speed dev
ations of synchronous generators, readily available measured physical properties of mul
timachine power systems, to make all generators within a power network as partially lin-
earized as well as to provide more damping. An adaptive scheme is then used to estimat
all unknown parameters which appear in the partial feedback linearizing excitation con-
trollers in order to avoid parameter sensitivities of existing feedback linearization tech-
nigues. The overall stability of multimachine power systems is ensured through the excita-
tion control and parameter adaptation laws. The Lyapunov stability theory is used to the-
oretically analyse the stability of multimachine power systems with the proposed scheme
Simulation studies are presented to evaluate the performance of the proposed excitatior
control scheme for two different test systems by different operating conditions including
short-circuit faults on key locations along with variations in parameters for a large dura-
tion. Furthermore, comparative results are presented to highlight the superiority of the
proposed adaptive partial feedback linearizing excitation control scheme over an existing
partial feedback linearizing excitation controllers.

system depends on the ability of providing such damping under
different operating condition$ H.

Modern power networks are being more complicated due to thePower system stabilizers (PSSs) are commonly used excita-
expansion of existing networks to meet the increasing poviem controllers which reduce low-frequency oscillations by pro-
demand along with the integration of renewable energy soureiging additional damping into power systeinSgveral meth-

[1]. Such power networks are also being stressed for transferig have been investigatediin§ to design PSSs where these

huge amounts of extra power transfer from generators to caare designed by considering linearized models of power sys-
sumers and experience oscillations due to either small or laegas. PSSs are effective for small disturbances are very small,
disturbance®[ 3. These oscillations often persist for a longee.g. small variations in the operating points from the origi-
period which has signibcant impacts on the stability of poweal equilibrium due to slight changes in customers® demand.
networks. Furthermore, power networks are highly non-line8ome advanced linear control techniques such as robust H
as operating points change frequently due to constantly vary[ib@, 1] controller have recently been proposed to design exci-
load demands. These stability issues can be tackled by extEbtaon controllers. However, these PSSs are less effective for
tion systems of synchronous generators as excitation controllarge disturbances where operating conditions vary over a wide
provide additional damping and the overall performance of th@nge and examples of such disturbances include short-circuit
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faults on key points of power networks, large variations in loadthe system and makes it difbcult for the practical implemen-
etc. [L7. tation.

Non-linear excitation controllers are independent of operat- Adaptive control schemes do not require the selection of
ing points as these are designed by using non-linear dynamipgler bounds and thus, overcome the limitations of SMCs.
models of synchronous generators in power networks. Henbin-linear adaptive techniques can be used to design excitation
non-linear excitation controllers are fully capable to ensure ttantrollers where all parameters (including stability sensitive
stable operation of power networks under changing opergtarameters) within the dynamical models of synchronous gen-
ing conditions 31k Generally, non-linear excitation con-erators can be modelled as completely unknown and then adap-
trollers are designed using different forms of non-linear fee@dtion laws can be designed to adapt or estimate these parame-
back linearization schemésf1B Recently, it is found that ters P9D3R A robust adaptive feedback controller is designed
excitation controllers based on the partial feedback linearizatinf33 where both angle and voltage stability issues are con-
scheme are more effective as compared to other feedback siclered. In3J, the effect of parameter variations from their
earizing excitation controllers such as exact feedback linearizperturbed values is quantibed thrdugandL  properties
ing excitation controllers (EFBLECSs) and direct feedback lim¢hile adaptation laws with the inclusions projection operators
earizing excitation controllers (DFBLECS) in terms of miniare used to estimate unknown parameters. A robust backstep-
mizing the oscillations in a quicker way by providing adequaieg scheme is employed ¥4][by considering all parameters
damping torqued §D2P However, the performance of partial appearing within the dynamical models of synchronous gen-
feedback linearizing excitation controllers (PFBLECS) relies erators in a multimachine power system while considering the
some parameters of synchronous generators which are mostfgcts of external disturbances. However, these adaptation laws
known as stability sensitive parame&is44. For example, are slow which lead to larger settling times for the estimation
the Tasmanian power system requires to maintain the minimofrunknown parameters. Moreover, the dynamical models are
threshold level of inertia as 3200 megawatt-seconds (MWs)donplibped so that the controller requires to stabilize only few
operating the system in a satisfactory operating state while gt&es. Recently, higher-order models of synchronous genera-
value is 3800 MWs for the secure operating 8&te\k indi-  tors in multimachine power systems are use&xtjinof design
cated in29, it can be seen that the inertia requirement of a sya+obust adaptive excitation control scheme in order to provide
tem changes with fault levels. The same applies for other paraofbustness against parametric uncertainties and external distur-
eters within the system and hence, the faults within a systbance. Recently, an improved robust non-linear backstepping
change the dynamic characteristics of the system. These eg@tirol scheme is proposed 8f][to design excitation con-
ing feedback linearizing excitation control laws are the functiansller for synchronous generators. However, the performance
stability sensitive parameters along with some physical proéthese parameter adaptation laws highly relies on the selection
ties of synchronous generators and the overall stability of maf-adaptation gains. Apart from this, all these adaptive back-
timachine power systems is severely affected with the variatistepping controllers require to use all states within the system
of these parameterd3, 24. Since variations of stability sensi-as feedback variables. Hence, it is usually assumed that all states
tive parameters are very common in power systems, for exare either directly measurable or can be expressed in terms of
ple, the parameters of the generators vary from their nomimakasured variables. However, the transient stability of power
values along with changes in overall conbgurations of powetworks needs to be maintained within a specibc timeframe
systems when faults occB€][ Thus, it is essential to designand hence, it is essential to have faster responses which can be
non-linear excitation controllers in such a way that these ensabtained by combing adaptive and partial feedback linearization
robustness against variations of these parameters. scheme as evidenced from anti-lock braking systesis in [

Sliding mode excitation controllers are robust against vari-The combination of parameter adaptation and feedback lin-
ations in parameter&7, 2. However, the overall stability earization scheme is employe®tfo design new excitation
of multimachine power systems is conbned to sliding surfacestrollers for synchronous generators. The parameter adap-
which are quite hard to determine for wide variations of opetation laws for the adaptive feedback linearizing controller in
ating points. A simple sliding mode controller (SMC) cannid do not estimate all stability sensitive parameter3]|n [
provide satisfactory performance under variations in parametiéies model of synchronous generators is exploited in neuro-
as it is assumed that the perturbations are to be bounded ddentibcation and the feedback linearizing controller is designed
ing the design process and the prior knowledge of these uppased on this model and such a model exploitation is very dif-
bounds is required to implement the controller. However, it Iscult for the real-time operation of large and complex power
difbcult and even sometime quite impossible to obtain thesgstems. Therefore, it is essential to design a controller which
upper bounds of perturbations. Therefore, a supreme uppaill consider all stability sensitive parameters appearing in the
bound is chosen to cover the whole range of perturbationsontrol laws as unknown and provide faster responses.

For this reason, the SMC based on this supreme upper bound\s mentioned earlier, the PFBLEC 18] [provides faster
becomes over-conservative which usually causes a poor traekponses and does not require any observer to estimate states
ing performance, undesirable oscillations, and poor responsed for feedback to the controller but it is very sensitive to vari-
against transients within the system. Moreover, the SMC saffions in parameters. Froid]] it is evident that excitation con-

fers from steady-state chattering effects, despite good robustt laws include stability sensitive parameters of synchronous
ness properties, which further deteriorates the stability margienerators while including different physical properties of each




generator. These properties mainly include power (both actiesults are carried out under to enure the applicability of the

and reactive), speed deviation, and terminal voltage. On cprmeposed scheme on different test systems while considering

trary, all stability sensitive parameters in such PFBLECs cardiféerent operating conditions. Furthermore, the superiority of

modelled as unknown in order to estimate through parame#®PFBLECSs are analysed over an EPBLEC.

adaptation laws and thus, the adaptive control scheme can be

incorporated with the partial feedback linearization scheme to

tackle the stability of power systems against large disturbarizkes DYNAMICAL MODELLING OF

in a faster way while considering different operating conditiofdULTIMACHINE POWER SYSTEMS
Based on the literature so far discussed in this work, existing

gaps can be summarized as follows: The design and implementation of the proposed control scheme

requires to select an appropriate mathematical model of mul-
The parameter sensitivity issues of feedback linearizing efiaiachine power systems with conventional synchronous gen-
tation controllers are bounded to some certain values whidgtors. As the main purpose here is to design and imple-
requiring to satisfy some strict conditions and existing litenaent excitation controllers, it is assumed that the power net-
ture do not cover the parameter sensitivity problems withoutork equipped with the synchronous generators is connected
having any relax conditions. through long transmission lines and other equipments to supply
Existing adaptive backstepping controllers work on thieads. Synchronous generators in multimachine power systems
assumption that all states of synchronous generators are commonly represented as third-order models for the design
somehow measurable though it is not practically feasibleaitd implementation of excitation controllers and such represen-
is essential to have additional observers to make it practictdljons are mostly known as the direct-axis transient reactance
feasible. behind a voltage sourc. [The dynamical models considered
Since existing adaptive excitation controllers use estimaitethis section are applicable to any number of synchronous gen-
values of parameters, the response time of these controllerators in a multimachine power system. In this work, it is con-
is usually slow. sidered that there anesynchronous generators, the mathemat-
ical model ofth synchronous generator is represented through

This paper aims to cover these gaps by utilizing the berbe following set of non-linear dynamical equatirig)f

bts of both partial feedback linearizing and adaptive controllersGenerator mechanical dynamics:

This paper contributes to design adaptive partial feedback lin-

earizing excitation controllers (APFBLECS) for synchronous =

generators in multimachine power systems. The main contribu- 1)
tion of this paper with respect to existing key literature can be - i( )+ —(P P)
summarized as follows: 2H 2H

The partial feedback linearization scheme is used in this woriSenerator electrical dynamics:
which transforms the dynamical model of a synchronous

generator into a lower order one as compared to the origi- E = 1
nal system as presentedinl[. This work is different from T
[3, 19 in the sense that the proposed adaptive partial feed- | i )

back linearization scheme is designed for the feedback fri€ctrical equations fh synchronous generators:
earized models as discussed $%h However, the proposed

scheme is also applicable for the modéliiS[ich feedback E=E x x), 3)
linearized models are independent of operating points and
help to ensure faster dynamic performance.

The parameters appearing within the feedback linearized
model of the synchronous generator in a multimachine power
system are considered as unknown in order to avoid the esti-
mation of unnecessary or all parameters as preseriéd in [
39 and thus, the convergence speed becomes more faster
than existing adaptive controllers.

The proposed scheme overcomes the parameter sensitiv-
ity problems of the existing partial feedback linearization |
scheme and overestimation of parameters in the existing

adaptive controllers.

(E E) (@)

P=E G+E E B sin , (4)

Q= E G E E B cos , (5)

=E G + E B sin (6)

The performance of the proposed scheme is evaluated on two |
test systems: (i) the two-area four-machine power system and (ii)
the three-area seven-machine 29-bus power system. Simulation

= EG E B cos |, @)



V= (E xIl)+xl). 8) z =L hx)+L L h(x)u, (12)

All electrical equations, i.e. Equatia)®@) can be substi- where the subscript 1,2, , nis used to represent the num-
tuted into Equations1}Pg) in order to obtain the complete ber of subsystem, the superscripepresents the Lie deriva-
dynamical model dth synchronous generator which can bdive, and
expressed as follows:

D
_ Lhe)= 2w =T
P
D LLhX)= =————.
= =7 )t 5P oy E G T2HE
_ By substituting h(x)andL L h(x)into Equation{2), it can
+E E B sin be written as follows:
_ 1+(x x)B x x) z =z, (13)
E = T E + T
E B cos +TiE. ©) , =2 p,B D ., __
4H 4H 4H 2H
The brst step of designing the proposed excitation controller is Q +P) WEﬂu' (14)

to obtain the partial feedback linearized models of synchronous

enerators in multimachine power systems as discussed in_the . L
?ollowing section P 4 Equations13 and (4 can be simpliped as follows:

3 | PARTIAL FEEDBACK LINEARIZED
MODELS OF MULTIMACHINE POWER

SYSTEMS where is a linear control law which can be written as
The non-linear dynamical model of any synchronous generator
. . . . D D D
in a multimachine power system as represented by Eq@ation ( vV = P + + P
can be expressed as a generalized non-linear dynamical system 4H 4H 4H
as shown by the following equatidf] | = (16)
5Q  +P) —mr=u.
X = f(X)+ qx)u 2H T 2HE
(10)
y= h(x). Equation {5 is the partially linearized model it syn-

chronous generator connected to a multimachine power sys-
The output functiong= h(x) dePnes the feedback linearizabiltem. The original control law can be obtained from Equa-
ity of the non-linear dynamical model in Equatigi. (t is  tion (16) and implemented by choosingas any linear con-
found in B9 that the power system model becomes exactly lifroller. The implementation of such controllers requires the sta-
earized if the rotor angle is selected as the output and the selsty analysis of the internal dynamics which is not repeated
tion of the speed deviation transforms the system into a partigilyre as the detailed analysis is present&f].ikipwever, the
linearized one. excitation control law is the function of stability sensitive param-

The feedback linearization technique decouples a multinggersD , H , andT of synchronous generators. The adap-

chine power system into several subsystems depending ontif control problem is formulated based on the sensitiveness
number of excitation control inputs (which in turn refl3ects thef these parameters.

number of synchronous generators) in a multimachine power
systemI9. This means that there will partial feedback lin-
earized subsystems as thereagyachronous generatorsina4 | PARAMETER SENSITIVITY
multimachine power systefr§][ For the multimachine power ANALY SIS AND MODELLING OF
system in this paper, each partially linearized subsystem caBBABILITY SENSITIVE PARAMETERS
written as19:
If the parameters of synchronous generators, which appear in
zZ =z, (11) the control law as represented in Equati@hdre varied, the



ten as follows:

z =2z, (18)

z = + + P + @ +P)

u. (29)

The proposed adaptive excitation control scheme is developed
based on the model in Equatid®)(and the following section
presents the detailed controller design process.

5 | PROPOSED APFBLEC DESIGN

stability margin of por\]/ve(; syst_ems Wllllcggfffecﬁedﬁ l\Nhen Onll¥1e main target in this section is to design the excitation con-
one parameter, €.g. the damping co-e >is(slightly var- .trol lawu in order to ensure the transient stability of power

ied (here it is reduced by 10%) from its nominal value, i, ystems during large disturbances while providing robustness
D = 4; the stability of the whole system will be disturbed a?é g-'arg b g

I L . o ainst stability sensitive parameters. The proposed non-linear
shown in Figuré. The sensitivity of this variation can be see daptive scheme has the ability to steef , speed) to its

from in Figurel where the speed deviation (solid black line) o esiredvalle ( , synchronous speed). To achievezhis
the brst synchronous generator (G1) is shown while an Epig'determined to st'abilize Equatiaf) (and Pnally to sta-’

BLEC is employed and the terminal of G1 is considered ASifize Equationi(9 which in turn stabilizes the whole system.

po"?‘ to apply the threejphase short-circuit fault. . The following steps elaborately discuss the design procedure of
Figure 1 clearly depicts that the speed deviation of Gthe proposed excitation control scheme

has oscillating characteristics with the variatidn ,0but it
becomes unstable (dotted blue line) when Dotind inertia According to the design purpose, the brst error variable for

constantlfl ) are changed from their nominal values. The St8re model in Equatiori.® can be written as
bility margin of the system degrades more (dash-dotted red Iinee} q 0

when all three paramet&s H , andT are varied. As men-
tioned earlier, these parameters usually vary during the practi-
cal operations of power systems and it is quite impossible t
directly know the exact values of these parameters due to C\SIE‘
tinuously changing operational characteristics of power systems.
For example, the parameter is the function of the direct-axis
transient reactance and it is quite impossible to know the exact ) ) ]
value of this parameter. Here, the nominal valudsafdT wherez is actually the second state variable in Equaiipn (
for G1 are considered as 6.5 and 8, respectively, and to perf@pﬁq it can be considered as a virtual control variable to stabilize
this simulation, these values have been reduced by 10%. € - The error of this second state will be analysed in the next
Similarly, the actual valueofandH cannot be known. If step and its corresponding error variable can be debned as

the parametei® ,H , andT are considered as unknown, the

Step 1: Determination ofz

e=z z (20)
ose derivative can be written as

e =z =z, (22)

following expressions can be obtained from Equait®n ( e=z z. (22)
D D D The insertion of Equatior2®) into EquationZ1) yields
4H 4H 4H an 6 etz 23)
= 1 and = _1
2R T T 2H wherez  is an equivalent variable correspondiag tisz =

z whene = 0. Hence, it can be considered as a stabilizing
where with j = 1,2,3,4,5 are stability sensitive parametergunction (i.e. a virtual control law) which is used to temporarily
which need to be estimated through the adaptation laws fetabilize the error dynamic in Equati@g.(For analysing the
the design and implementation of the proposed adaptive exatability of this error dynamic, the control Lyapunov function
tation controller on multimachine power systems. These staftLF) as per the Lyapunov stability theory can be written as
ity sensitive parameters as modelled through Equaijaat
be incorporated within the partial feedback linearized model of W = }e (24)
multimachine power systems in Equatia8d(L4) and rewrit- 2



and its derivative along the trajectory, after inserting EquBRe excitation control input appears in Equatii) Which

tion (23), can be written as needs to be obtained in a manner that all errors converge to
zero, i.e. and as . With the control law to
W =ee =e(e +z ). (25) stabilize the errors and related to the dynamics as repre-

sented by Equation$g) and (9, the Pnal CLF can be chosen

For stabilizing the error dynamic in Equati®®),z should as

be chosen in such a manner iNatbecomes negative debnite

or negative semi-debnite, Y\¢. < 0 orW 0. Any state- - —
feedback controller, as indicated in the following, can be used

to stabilize this situation. S _

z = ke, (26) _ _

wherek represents a positive constant design parameter afjflere  with is a positive scalar which is

used to ensure the faster convergenee. dthe state feedback ¢gjeq adaptation gain. The convergence of the estimation error

controller in Equatior?() simpliPes Equatioad) as depends of the values of these adaptation gains and the conver-
gence rate is higher when the values of these gains are set to

W= ke+tee. (27)  larger values. However, the cost will be increased for larger val-

ues of these adaptation gains. Therefore, the optimum values of

From Equation 7), it can be seen that its negative semithese gains need to be selected for achieving the desired control

debniteness depends on the eeroappearing in the second opjectives. In this paper, these values are selected to ensure the

terms on the right-hand side which will be cancelled in the fatansient stability of the power system within 2 s after the clear-

lowing step. Hence, the Pnal decision for the overall stability#rice of the faults as this is the standard time for power system

the system is not made in this step. However, it is essentiakt@bility analysig][

calculate the time derivativezof as it will be used in the next  The time derivative & is

step which can be written as

_ 1 1
7z = ke= kz. 28) W=w=+ree —( ) =
- . . 1 1
The remaining error dynamic is analysed in the next step ) —( ) — (33)
while determining the excitation control and parameters adap-
tation laws. ( ) i( )

Step 2: Calculation ol
The dynamics & in Equation 22 can be written as
SubstitutingV from Equation?7) ande from Equation$1)
e =z z . (29) into Equation$3 yields

The values o from Equation {9 andz from Equa-
tion (28) can be substituted into Equati@g)hich will yield

Since , , , ,and are unknown parameters; it is pos-
sible to rewrite Equatio) as follows by assuming ,
,and are their corresponding estimated values.

The inBuences of unknown terms , , ,
, and in can be eliminated selecting the
adaptation laws as follows:



Here, the adaptation laws are selected in a manner so that
becomes negative semi-debnite for which the whole system
becomes stable and the bnal error converges to zero. As a result,
Equation 84) can be simplibed as

Consider the parameters of synchronous generator, which
appear in the control law, as unknown;

] o ) ) ~Analyse the convergence of speed deviation and other rele-
The time derivative 8% should be negative dePnite or semi- 5t physical properties through virtual control law:;

debnite as this would ensure the overall stability of the Wholqzorm a CLF to ensure that the system is stable with the adap-

power system which is still not reRected in Equation (40). How-ation gains, estimated parameters, and bnal adaptive control
ever, this can be achieved if the original excitation control law iS5y and

selected as follows: Obtain the Pnal control law and check the overall stability
E with this law.
(e + + + P

(41) The designed APFBLEC is practically feasible and it can
be implemented on any synchronous generator within a mul-
timachine power system as the proposed partial feedback lin-
earization scheme decouples the system. From Eqdd)ion (

+ @Q +P) +ke+kz)

The substitution of Equatior) into Equation40 leadst0  jt can pe seen that all variables exBepare directly measur-
able while all unknown parameters associated with the system
W= ke ke 0 (42)  can be obtained adaptation laws in Equati®®®@9). The

raxis voltage of the synchronous generator can also be rep-
where the values &f andk are positive tuning parameters.resented in terms of measured variables as discusséd in [
The settling times for the responses (i.e. different physical pregr thus, it can be said that all variables in Equatipmare
erties) of the system depend on the values of these parameg@fer directly measurable or can be expressed in terms of mea-
and these need to be selected in a way that their correspondjiiged variables. The control law in Equatidh4lso includes
steady-state values are obtained as soon as the faults or diglifr parameters which are selected in a trial and error approach.

bances are cleared. From Equatid) {t is clear that thé&/ At the same time, adaptation laws in Equati®#h®g9 use
is negative depnite or semi-debnite which indicates the ovefgBptation gains and directly measurable variables where these
stability of the whole multimachine power system. adaptation gains are also selected based on a trial and error

Equation {1) is the Pnal excitation control law andmethod. It is worth noting that the control law in Equatigiy (
Figure2 shows the summary of the whole controller desigfoes not include any information of other synchronous genera-
process which also provides an idea associated with the Immes except the generator on which it will be emp|oyed_ Hence,
mentation of the designed controller. Based on this diagram, the designed controller uses only the local information of syn-
overall controller design procedure can be discussed throy@lionous generators on which it will be implemented. It has
the following points: further been claribed in the implementation block diagram of

the designed controller as shown in Figure

Obtain and present dynamical models of power networks inFrom the implementation block diagram as shown in

the form of generalized non-linear systems; Figure3, it can be seen that the excitation control law for the
Linearize the power system model using partial feedbagsigned APFBLEC will adapt the changes within the system
linearization; where such changes may appear due to transient characteristics,

Obtain the excitation control law from partially linearize@ g. changes in load demands (i.e. operating conditions), network
system; topologies due to faults etc. The main reason behind having



such an adaptation capability is that the controller uses onlthés test system and the second one, i.e. G2 is considered as the
measurements where all changes are re3ected through measlarek or inPnite bus and therefore, it is modelled as a GEN-
ments. Since the designed controllers require only local mé&as. As mentioned earlier, other synchronous generators (G1,
surements, it does not rely on any communication that migBB, and G4) are considered as GENTRAs. The parameters of
degrade the reliability of the system. Furthermore, the gengenerators, transmission lines, and loads can be fouid in [
ation unit operator does not require to know the informatioModal analyses have been performed to identify the effects
associated with changes in the system in order to feed imioeach synchronous generator on the overall stability of the
the controller as the controller directly captures the changgstem. From modal analyses, it is identiped that G1 and G3
through measurement. Having said this, the performance af more sensitive for affecting the overall stability of the sys-
the designed controller might be affected by other generatbesn as compared to other generators. Thus, the designed APF-
if these are strongly coupled. In such situations, it is essentiaBtd=Cs are employed with the excitation systems of G1 and G3
use distributed control schemes that allow to use informatiam order to obtain a cost-effective solution. The following pPve
of neighbouring generators. However, this is out of the scopases are considered to validate the performance of the designed
of this paper as it is quite normal that synchronous generatemtroller:
in multimachine power system supplying a large geographical
area are weekly coupled. The performance of the designed ekciThe application of a symmetrical short-circuit (which is also
tation controller as represented by Equati@rand adaptation refereed three line-to-ground, i.e. 3LG) fault on the key loca-
laws in Equation8HDPR9 is evaluated in the following section  tion, i.e. at the terminal of the most sensitive generator, i.e.
by considering two different multimachine power systems. G3

2. The temporary tripping of a key transmission line for affect-

ing the power transfer between two areas, i.e. the line

6 | PERFORMANCE EVALUATION OF between bus-8 and bus-9
THE DESIGNED EXCITATION 3. The permanent disconnection of one transmission line
CONTROLLER between two areas, i.e. between bus-8 and bus-9

4. The inclusion of noises with the mechanical power inputs to
Two test systems: (i) a two-area system with four machines andhe most sensitive generators, i.e. G1 and G3
11-bus and (ii) three-area seven-machine 29-bus system arekis&riations in parameters
in this paper for evaluating the effectiveness of the designed
controller during different types of large disturbances. In both All these case studies are considered to demonstrate the
test systems, synchronous generators are mainly modelledpasational capability of the system under different operating
transient level generators (GENTRA) except for the inbnitonditions. In this work, it is considered that all transient
bus. The synchronous generator at the inPnite bus is modeksgnts occurs ait= 7 s. For the cases of the temporary fault or
as a classical generator (GENCLS). During the simulation of tipping of a line, the duration of 0.2 s is considered. This means
system using the designed and existing excitation controllénaf the short-circuit fault is applied at 7 s and cleared after
a physical limit o6 pu is used for all excitation systems0.2 s, i.e. att7.2 s. The same situation is considered for the
The more detailed case studies are presented in the followteigpporary tripping of the line where the line is reconnected at
two subsections. t = 7.2 s. For the third case, the line is permanently discon-
nected at = 7 s while the noise for the fourth case is applied
the same instant, i.etat 7.2 s. The parameter variations for
6.1 | Performance evaluation on atwo-area  the bnal case is also considered fren? s. An EPFBLEC as
test system with four machines and 11-bus discussed inLf] is used to compare the results obtained from
the designed APFBLEC under all these cases. The results are
The conbguration of the brst test system, i.e. the two-area poaiso compared with an existing PSS as presenitgd in [
system with four machines and 11-bus as presented ind~igure
is used to demonstrate the performance of the designed APFCase 1: Application of a symmetrical short-circuit fault
BLEC controller. There are four synchronous generators withinon a key location, i.e. at the terminal of G3
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A symmetrical short-circuit fault, i.e. a 3LG fault, at the con- Usually, the speed deviation for the synchronous generator is
nection point of G3 which indicates the terminal, can be considiways zero as it operates at the synchronous speed, i.e. the mea-
ered as the most severe fault as this generator is sensitive testlred speed and desired or nominal speed are same which have
overall stability of the two-area test system. Initially, the termitalen clearly reRected for both G3 and G1 with the designed
voltage of this generator is in the steady state and it is distur#d®FBLEC and EPFBLEC as shown in Figusés) and ()
due to the application of this faultat 7 s. This terminal volt- respectively. The speed deviation responses for both G3 and G1
age becomes zero for the duration of the fault, i.etfroms  are disturbed during the fault condition. However, the desired
tot = 7.2 s which can also be seen from Fig(agHowever, speed deviation, i.e. zero speed deviation is achieved after clear-
the main point of interest is the post-fault terminal voltage aifg the fault though the convergence speed of the designed con-
G3 along with the same for other stability sensitive generatitoller is much quicker than that of the existing controller. So, it
within the system which is G1 for this test system. The settlirgevident that the designed controller (black line) provides bet-
time of the terminal voltage for G3 depends on the effectivéer performance in terms of settling time and oscillation damp-
ness of the excitation controller. From Figo®) it can be ing than the EPFBLEC (blue line) and PSS (red line).
observed that the designed APFBLEC quickly settles the terfigures/(a) and (bhow the corresponding rotor angles of
minal voltage response (black line) of G3 to its pre-fault steadynerators G3 and G1, respectively. The rotor angles in these
state value as compared to the EPFBLEC (blue line). The teigures change which will destabilize the whole system unless
minal voltage of G3 with the PSS is also shown in Figaye a proper control action is initiated to settle down the system
(red line) which does not settle and this indicates that the PS®igs initial operating conditions. From Figurés and ()it
unable to ensure the stability. The impact of this fault on G1is clear that the post-fault responses are similar to initial, i.e.
shown through its terminal voltage as presented in Ei@ijre pre-fault responses when the designed APFBLEC (black line)
which clearly depicts that the terminal voltage is affected. How-used. However, the post-fault responses still have oscillations
ever, the terminal voltage of G1 does not become zero duwith larger amplitudes and take longer time to reach their ini-
ing the fault condition. From Figurg&) and ()it is obvi-  tial values when the EPFBLEC (blue line) is used. On the other
ous that the APFBLEC (black line) provides excellent dampand, PSS (red line) shows more oscillating characteristics with
ing torque as compared to the EPFBLEC (blue line) and P&3endency to reduce the amplitude of oscillations. The active
(red line). power and control signals also settle down to their pre-fault
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values after clearing the fault as depicted in Fi§uaed9, ing severe faults. The controller directly captures the changes
respectively. Thus, it is very clear that the designed APFBLEChe terminal voltage, active power, reactive power, and speed
controller responds in a quicker manner than the existing cafeviation which can also be evidenced from the changes in the
trollers. Adaptation laws are used to estimate stability sensitigatrol signal as shown in Fig@rel' he parameter estimation
unknown parameters which are shown in Figfmm where  process at the beginning shows some oscillations which have
itis clearly demonstrated that these parameters converge to theen stabilized within 1.5 s and these oscillations appear due
nominal values within the timescale of maintaining the transig¢atthe selection of the initial values of unknown parameters.
stability, i.e. within few cycles after clearing the fault. The cddewever, adaptation laws help estimated parameters to reach
vergence time of these parameters is quite similar to thattbéir original values that ensure the steady-state operation of
other responses of the system. This clearly shows the paraime- whole system. Hence, the designed controller ensures the
eter estimation capability of the designed APFBLEC along witlesired damping into the system by continuously adapting the
faster settling time. The percentage overshoot in the termichbnges within the system through online measurements.
voltage, speed deviation, rotor angle, and output active power
for G3 and G1 are shown in Tableand?2, respectively, from Case 2: The temporary tripping of a key transmission
where it can be clearly seen that the designed APFBLEC perline for affecting the power transfer between two areas,
forms better than the EPFBLEC and PSS. It is also worth not- i.e. the line between bus-8 and bus-9
ing that the settling time for the PSS is not even comparable
with the designed controller. There are two parallel transmission lines (line-1 and line-2)
It is clear that the designed AFPBLEC ensures the staliletween bus-8 and bus-9 in Figiwmeéhich connect area-1 with
operation of the two-area power system while a severe shantea-2 for exchanging power from one area to another. The line-
circuit fault is applied. The main reason behind ensuring such & tripped for a duration of 0.2 s which will affect the power
stable operation is the damping capability of the controller duransfer and this can be clearly seen from the power Rowing
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FIGURE 10 Estimated unknown parameters for Case 1

through the line as presented in Fidurg) From this bgure, it

is observed that the power Bowing through line-2 becomes zero
fromt = 7 stot = 7.2 s, i.e. during the period for which line-

2 is tripped. However, line-1 becomes overloaded during this
tripped period as this line carries the excess power for exchang-
ing desired power between two areas which can also be clearly
seen from Figur&l(b) In this work, it is assumed that line-1
has the ability to carry the excess power which is not gener-
ally the case during the practical operation and it is assumed
to demonstrate the overloading condition of the line. From
Figurell, it can be seen that there exist oscillations after recon-
necting the line. Figuril also clearly depicts that the power
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tions for both G1 and G3 are higher with the EPFBLEC these

Bowing through these two lines quickly settle to their initial valo not even settle down to their desired values with the PSS.
ues when the tripped line is reconnected through the reclogéguresi4(a) and (kshow the rotor angle responses of G1 and
action at = 7.2 s and the designed APFBLEC outperforms th&3, respectively, from where it can be seen that the severity
EPFBLEC as oscillations are less with the designed controliéroscillations in these responses are much higher than other
and thus, clearly shows enhanced damping characteristics. responses, e.g. the terminal voltage and speed deviation. This

Figuresl2(a) and (bdhow the pre-fault and post-fault ter- is mainly due to the fact that the changes in the active power
minal voltages of generators G1 and G3 with both the praesponses are strictly coupled with the changes in the rotor
posed controller (black line) and existing controllers (blue aadgles of synchronous generators. Figidrelearly demon-
red line). The terminal voltage responses in these bgures exBibittes that the post-fault rotor angles with the APFBLEC
some oscillations during the period for which line-2 is trippeduickly settle to their initial pre-fault values as compared to the
However, the severity of the oscillations on the terminal voltag®FBLEC and PSS. The control signals also re3ect similar char-
is less as the voltage stability issue is not prominent for trippiacteristics which can be found from FiglieFrom the con-
the transmission line. It can be seen that the designed AR signals of both G1 and G3 in Figurg it can be seen that
BLEC improves the voltage stability as compared to existittie amplitudes of oscillations are initially high with the designed
controllers due to better the damping capability. controller as compared to the EPFBLEC but much better than

Both APBLEC and EPFBLEC ensure the synchronous opethe PSS. However, the designed controllers for both G1 and
ations of synchronous generators which can be seen from sp&&densure the faster settling time. TaBlasd4 include the
deviations in Figureés3(a) and (ks the zero speed deviation percentage overshoot of all responses associated with the ter-
is maintained with these controllers. However, the speed devinal voltage, speed deviation, and rotor angle of G1 and G3,
ations for both G1 and G3 are highly oscillating when the P$&spectively. Tabliealso includes the same for the power 3ow-
is used. From Figufe? it can be seen that the speed deviatioing through line-1 and line-2. The percentage overshoot and set-
of G3 includes more oscillations as compared to that of Gfling time in these tables clearly demonstrate the superiority of
However, the oscillations in the speed deviations are dampld designed APFBLEC over the existing EPFBLEC and PSS.
within the few cycles after clearing the fault when the designed
APFBLEC which is not the case for the EPFBLEC and PSS. Case 3: The permanent disconnection of line-2 between
Furthermore, the amplitudes of oscillations in the speed deviabus-8 and bus-9
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