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Abstract
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 order
to ensure the stability during large disturbances. The proposed scheme uses speed devi-
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 estimate
all unknown parameters which appear in the partial feedback linearizing excitation con-
trollers in order to avoid parameter sensitivities of existing feedback linearization tech-
niques. 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 excitation
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.

1 INTRODUCTION

Modern power networks are being more complicated due to the
expansion of existing networks to meet the increasing power
demand along with the integration of renewable energy sources
[1]. Such power networks are also being stressed for transferring
huge amounts of extra power transfer from generators to con-
sumers and experience oscillations due to either small or large
disturbances [2, 3]. These oscillations often persist for a longer
period which has signiÞcant impacts on the stability of power
networks. Furthermore, power networks are highly non-linear
as operating points change frequently due to constantly varying
load demands. These stability issues can be tackled by excita-
tion systems of synchronous generators as excitation controllers
provide additional damping and the overall performance of the

This is an open access article under the terms of theCreative Commons AttributionLicense, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.
© 2021 The Authors.IET Generation, Transmission & Distributionpublished by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology

system depends on the ability of providing such damping under
different operating conditions [4, 5].

Power system stabilizers (PSSs) are commonly used excita-
tion controllers which reduce low-frequency oscillations by pro-
viding additional damping into power systems [2]. Several meth-
ods have been investigated in [6Ð9] to design PSSs where these
are designed by considering linearized models of power sys-
tems. PSSs are effective for small disturbances are very small,
e.g. small variations in the operating points from the origi-
nal equilibrium due to slight changes in customersÕ demand.
Some advanced linear control techniques such as robust H�
[10, 11] controller have recently been proposed to design exci-
tation controllers. However, these PSSs are less effective for
large disturbances where operating conditions vary over a wide
range and examples of such disturbances include short-circuit
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faults on key points of power networks, large variations in loads
etc. [12].

Non-linear excitation controllers are independent of operat-
ing points as these are designed by using non-linear dynamical
models of synchronous generators in power networks. Hence,
non-linear excitation controllers are fully capable to ensure the
stable operation of power networks under changing operat-
ing conditions [13Ð15]. Generally, non-linear excitation con-
trollers are designed using different forms of non-linear feed-
back linearization schemes [16Ð18]. Recently, it is found that
excitation controllers based on the partial feedback linearization
scheme are more effective as compared to other feedback lin-
earizing excitation controllers such as exact feedback lineariz-
ing excitation controllers (EFBLECs) and direct feedback lin-
earizing excitation controllers (DFBLECs) in terms of mini-
mizing the oscillations in a quicker way by providing adequate
damping torques [19Ð22]. However, the performance of partial
feedback linearizing excitation controllers (PFBLECs) relies on
some parameters of synchronous generators which are mostly
known as stability sensitive parameters [23, 24]. For example,
the Tasmanian power system requires to maintain the minimum
threshold level of inertia as 3200 megawatt-seconds (MWs) for
operating the system in a satisfactory operating state while this
value is 3800 MWs for the secure operating state [25]. As indi-
cated in [25], it can be seen that the inertia requirement of a sys-
tem changes with fault levels. The same applies for other param-
eters within the system and hence, the faults within a system
change the dynamic characteristics of the system. These exist-
ing feedback linearizing excitation control laws are the functions
stability sensitive parameters along with some physical proper-
ties of synchronous generators and the overall stability of mul-
timachine power systems is severely affected with the variations
of these parameters [23, 24]. Since variations of stability sensi-
tive parameters are very common in power systems, for exam-
ple, the parameters of the generators vary from their nominal
values along with changes in overall conÞgurations of power
systems when faults occur [26]. Thus, it is essential to design
non-linear excitation controllers in such a way that these ensure
robustness against variations of these parameters.

Sliding mode excitation controllers are robust against vari-
ations in parameters [27, 28]. However, the overall stability
of multimachine power systems is conÞned to sliding surfaces
which are quite hard to determine for wide variations of oper-
ating points. A simple sliding mode controller (SMC) cannot
provide satisfactory performance under variations in parameters
as it is assumed that the perturbations are to be bounded dur-
ing the design process and the prior knowledge of these upper
bounds is required to implement the controller. However, it is
difÞcult and even sometime quite impossible to obtain these
upper bounds of perturbations. Therefore, a supreme upper
bound is chosen to cover the whole range of perturbations.
For this reason, the SMC based on this supreme upper bound
becomes over-conservative which usually causes a poor track-
ing performance, undesirable oscillations, and poor response
against transients within the system. Moreover, the SMC suf-
fers from steady-state chattering effects, despite good robust-
ness properties, which further deteriorates the stability margin

of the system and makes it difÞcult for the practical implemen-
tation.

Adaptive control schemes do not require the selection of
upper bounds and thus, overcome the limitations of SMCs.
Non-linear adaptive techniques can be used to design excitation
controllers where all parameters (including stability sensitive
parameters) within the dynamical models of synchronous gen-
erators can be modelled as completely unknown and then adap-
tation laws can be designed to adapt or estimate these parame-
ters [29Ð32]. A robust adaptive feedback controller is designed
in [33] where both angle and voltage stability issues are con-
sidered. In [33], the effect of parameter variations from their
unperturbed values is quantiÞed throughL2 andL� properties
while adaptation laws with the inclusions projection operators
are used to estimate unknown parameters. A robust backstep-
ping scheme is employed in [34] by considering all parameters
appearing within the dynamical models of synchronous gen-
erators in a multimachine power system while considering the
effects of external disturbances. However, these adaptation laws
are slow which lead to larger settling times for the estimation
of unknown parameters. Moreover, the dynamical models are
simpliÞed so that the controller requires to stabilize only few
states. Recently, higher-order models of synchronous genera-
tors in multimachine power systems are used in [35] to design
a robust adaptive excitation control scheme in order to provide
robustness against parametric uncertainties and external distur-
bance. Recently, an improved robust non-linear backstepping
control scheme is proposed in [36] to design excitation con-
troller for synchronous generators. However, the performance
of these parameter adaptation laws highly relies on the selection
of adaptation gains. Apart from this, all these adaptive back-
stepping controllers require to use all states within the system
as feedback variables. Hence, it is usually assumed that all states
are either directly measurable or can be expressed in terms of
measured variables. However, the transient stability of power
networks needs to be maintained within a speciÞc timeframe
and hence, it is essential to have faster responses which can be
obtained by combing adaptive and partial feedback linearization
scheme as evidenced from anti-lock braking systems in [37].

The combination of parameter adaptation and feedback lin-
earization scheme is employed in [38] to design new excitation
controllers for synchronous generators. The parameter adap-
tation laws for the adaptive feedback linearizing controller in
[38] do not estimate all stability sensitive parameters. In [31],
the model of synchronous generators is exploited in neuro-
identiÞcation and the feedback linearizing controller is designed
based on this model and such a model exploitation is very dif-
Þcult for the real-time operation of large and complex power
systems. Therefore, it is essential to design a controller which
will consider all stability sensitive parameters appearing in the
control laws as unknown and provide faster responses.

As mentioned earlier, the PFBLEC in [19] provides faster
responses and does not require any observer to estimate states
used for feedback to the controller but it is very sensitive to vari-
ations in parameters. From [19], it is evident that excitation con-
trol laws include stability sensitive parameters of synchronous
generators while including different physical properties of each
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generator. These properties mainly include power (both active
and reactive), speed deviation, and terminal voltage. On con-
trary, all stability sensitive parameters in such PFBLECs can be
modelled as unknown in order to estimate through parameter
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 disturbances
in a faster way while considering different operating conditions.

Based on the literature so far discussed in this work, existing
gaps can be summarized as follows:

� The parameter sensitivity issues of feedback linearizing exci-
tation controllers are bounded to some certain values while
requiring to satisfy some strict conditions and existing litera-
ture do not cover the parameter sensitivity problems without
having any relax conditions.

� Existing adaptive backstepping controllers work on the
assumption that all states of synchronous generators are
somehow measurable though it is not practically feasible. It
is essential to have additional observers to make it practically
feasible.

� Since existing adaptive excitation controllers use estimated
values of parameters, the response time of these controllers
is usually slow.

This paper aims to cover these gaps by utilizing the bene-
Þts of both partial feedback linearizing and adaptive controllers.
This paper contributes to design adaptive partial feedback lin-
earizing excitation controllers (APFBLECs) for synchronous
generators in multimachine power systems. The main contribu-
tion of this paper with respect to existing key literature can be
summarized as follows:

� The partial feedback linearization scheme is used in this work
which transforms the dynamical model of a synchronous
generator into a lower order one as compared to the origi-
nal system as presented in [3, 19]. This work is different from
[3, 19] in the sense that the proposed adaptive partial feed-
back linearization scheme is designed for the feedback lin-
earized models as discussed in [19]. However, the proposed
scheme is also applicable for the model in [3]. Such feedback
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 presented in [34,
35] 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.

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

results are carried out under to enure the applicability of the
proposed scheme on different test systems while considering
different operating conditions. Furthermore, the superiority of
APFBLECs are analysed over an EPBLEC.

2 DYNAMICAL MODELLING OF
MULTIMACHINE POWER SYSTEMS

The design and implementation of the proposed control scheme
requires to select an appropriate mathematical model of mul-
timachine power systems with conventional synchronous gen-
erators. As the main purpose here is to design and imple-
ment excitation controllers, it is assumed that the power net-
work equipped with the synchronous generators is connected
through long transmission lines and other equipments to supply
loads. Synchronous generators in multimachine power systems
are commonly represented as third-order models for the design
and implementation of excitation controllers and such represen-
tations are mostly known as the direct-axis transient reactance
behind a voltage source [2]. The dynamical models considered
in this section are applicable to any number of synchronous gen-
erators in a multimachine power system. In this work, it is con-
sidered that there arensynchronous generators, the mathemat-
ical model ofith synchronous generator is represented through
the following set of non-linear dynamical equations [2, 19]:

Generator mechanical dynamics:

�� i = � i � � 0i

�� i = �
Di

2Hi
(� i � � 0i ) +

� 0i

2Hi
(Pmi � Pei).

(1)

Generator electrical dynamics:

�E �
qi =

1
Tdoi

(E fdi � Eqi). (2)

Electrical equations ofith synchronous generators:

Eqi = E �
qi � (xdi � x�

di)Idi, (3)

Pei = E �
qi

2
Gii + E �

qi

n�

j=1
j� i

E �
q jBi j sin� i j , (4)

Qei = � E �
qi

2
Gii � E �

qi

n�

j=1
j� i

E �
q jBi j cos� i j , (5)

Iqi = E �
qiGii +

n�

j=1
j� i

E �
q jBi j sin� i j , (6)

Idi = � E �
qiGii �

n�

j=1
j� i

E �
q jBi j cos� i j , (7)
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Vti =
�

(E �
qi � x�

diIdi)2 + (x�
diIqi)2. (8)

All electrical equations, i.e. Equations (3)Ð(8) can be substi-
tuted into Equations (1)Ð(2) in order to obtain the complete
dynamical model ofith synchronous generator which can be
expressed as follows:

�� i = � i � � 0i

�� i = �
Di

2Hi

�
� i � � 0i ) +

� 0i

2Hi
Pmi �

� 0i

2Hi
(E �

qi
2
Gii

+ E �
qi

n�

j=1j� i

E �
q jBi j sin� i j

�

�E �
qi = �

1+ (xdi � x�
di)Bii

Tdoi
E �

qi +
(xdi � x�

di)

Tdoi

n�

j=1j� i

E �
q jBi j cos� i j +

1
Tdoi

E fdi. (9)

The Þrst step of designing the proposed excitation controller is
to obtain the partial feedback linearized models of synchronous
generators in multimachine power systems as discussed in the
following section.

3 PARTIAL FEEDBACK LINEARIZED
MODELS OF MULTIMACHINE POWER
SYSTEMS

The non-linear dynamical model of any synchronous generator
in a multimachine power system as represented by Equation (9)
can be expressed as a generalized non-linear dynamical system
as shown by the following equation [19]:

�x = f (x) + g(x)u

y= h(x).
(10)

The output functionsy= h(x) deÞnes the feedback linearizabil-
ity of the non-linear dynamical model in Equation (10). It is
found in [39] that the power system model becomes exactly lin-
earized if the rotor angle is selected as the output and the selec-
tion of the speed deviation transforms the system into a partially
linearized one.

The feedback linearization technique decouples a multima-
chine power system into several subsystems depending on the
number of excitation control inputs (which in turn reßects the
number of synchronous generators) in a multimachine power
system [19]. This means that there will benpartial feedback lin-
earized subsystems as there aren synchronous generators in a
multimachine power system [19]. For the multimachine power
system in this paper, each partially linearized subsystem can be
written as [19]:

�z1i = z2i , (11)

�z2i = L 2
fihi (xi ) + LgiL

1
fihi (xi )ui , (12)

where the subscripti = 1,2, 	 	 	 , nis used to represent the num-
ber of subsystem, the superscriptL represents the Lie deriva-
tive, and

L 2
fihi (xi ) = �

Di

2Hi

 �� i �

� 0i

2Hi
Qei
� i �

� 0i

2Hi
Pei,

LgiL
1
fihi (xi ) = �

� 0i

Tdoi2Hi

Pei

Eqi
.

By substitutingL 2
fihi (xi ) andLgiL

1
fihi (xi ) into Equation (12), it can

be written as follows:

�z1i = z2i , (13)

�z2i = �
Di � 0i

4H 2
i

Pmi +
D2

i

4H 2
i


� i +
Di � 0i

4H 2
i

Pei �
� 0i

2Hi

(Qei
� i + Pei) �
� 0i

Tdoi2Hi

Pei

Eqi
ui . (14)

Equations (13) and (14) can be simpliÞed as follows:

�z1i = z2i ,

�z2i = vi ,

(15)

wherevi is a linear control law which can be written as

vi = �
Di � 0i

4H 2
i

Pmi +
D2

i

4H 2
i


� i +
Di � 0i

4H 2
i

Pei

�
� 0i

2Hi
(Qei
� i + Pei) �

� 0i

Tdoi2Hi

Pei

Eqi
ui .

(16)

Equation (15) is the partially linearized model ofith syn-
chronous generator connected to a multimachine power sys-
tem. The original control lawui can be obtained from Equa-
tion (16) and implemented by choosingvi as any linear con-
troller. The implementation of such controllers requires the sta-
bility analysis of the internal dynamics which is not repeated
here as the detailed analysis is presented in [19]. However, the
excitation control law is the function of stability sensitive param-
etersDi , Hi , andTdoi of synchronous generators. The adap-
tive control problem is formulated based on the sensitiveness
of these parameters.

4 PARAMETER SENSITIVITY
ANALYSIS AND MODELLING OF
STABILITY SENSITIVE PARAMETERS

If the parameters of synchronous generators, which appear in
the control law as represented in Equation (16) are varied, the
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FIGURE 1 Speed deviation of G1 with variations in stability sensitive
parameters while applying a three-phase short-circuit fault at the terminal of
the generator G1

stability margin of power systems will be affected. When only
one parameter, e.g. the damping co-efÞcient (Di ) is slightly var-
ied (here it is reduced by 10%) from its nominal value, i.e.
Di = 4; the stability of the whole system will be disturbed as
shown in Figure4. The sensitivity of this variation can be seen
from in Figure1 where the speed deviation (solid black line) of
the Þrst synchronous generator (G1) is shown while an EPF-
BLEC is employed and the terminal of G1 is considered as a
point to apply the three-phase short-circuit fault.

Figure 1 clearly depicts that the speed deviation of G1
has oscillating characteristics with the variation ofDi , but it
becomes unstable (dotted blue line) when bothDi and inertia
constant (Hi) are changed from their nominal values. The sta-
bility margin of the system degrades more (dash-dotted red line)
when all three parametersDi , Hi , andTdoi are varied. As men-
tioned earlier, these parameters usually vary during the practi-
cal operations of power systems and it is quite impossible to
directly know the exact values of these parameters due to con-
tinuously changing operational characteristics of power systems.
For example, the parameterTdoiis the function of the direct-axis
transient reactance and it is quite impossible to know the exact
value of this parameter. Here, the nominal values ofH andTdo
for G1 are considered as 6.5 and 8, respectively, and to perform
this simulation, these values have been reduced by 10%.

Similarly, the actual values ofDi andHi cannot be known. If
the parametersDi , Hi , andTdoiare considered as unknown, the
following expressions can be obtained from Equation (16):

� 1i = �
Di

4H 2
i

Pmi, � 2i =
D2

i

4H 2
i

, � 3i =
Di

4H 2
i

� 4i = �
1

2Hi
, and� 5i = �

1
Tdoi2Hi

,

(17)

where� ji with j = 1,2,3,4,5 are stability sensitive parameters
which need to be estimated through the adaptation laws for
the design and implementation of the proposed adaptive exci-
tation controller on multimachine power systems. These stabil-
ity sensitive parameters as modelled through Equation (17) can
be incorporated within the partial feedback linearized model of
multimachine power systems in Equations (13)Ð(14) and rewrit-

ten as follows:

�z1i = z2i , (18)

�z2i = � 0i � 1i + 
� i � 2i + � 0iPei� 3i + � 4i (Qei
� i + Pei)

� 0i + � 5i
� 0iPei

Eqi
ui . (19)

The proposed adaptive excitation control scheme is developed
based on the model in Equation (18) and the following section
presents the detailed controller design process.

5 PROPOSED APFBLEC DESIGN

The main target in this section is to design the excitation con-
trol law ui in order to ensure the transient stability of power
systems during large disturbances while providing robustness
against stability sensitive parameters. The proposed non-linear
adaptive scheme has the ability to steerz1i (� i , speed) to its
desired valuez1id (� 0i , synchronous speed). To achieve this,z2id
is determined to stabilize Equation (18) and Þnally,ui to sta-
bilize Equation (19) which in turn stabilizes the whole system.
The following steps elaborately discuss the design procedure of
the proposed excitation control scheme.

Step 1: Determination ofz2id
According to the design purpose, the Þrst error variable for

the model in Equation (18) can be written as

e1i = z1i � z1di (20)

whose derivative can be written as

�e1i = �z1i = z2i , (21)

wherez2i is actually the second state variable in Equation (18)
and it can be considered as a virtual control variable to stabilize
�e1i . The error of this second state will be analysed in the next
step and its corresponding error variable can be deÞned as

e2i = z2i � z2di. (22)

The insertion of Equation (22) into Equation (21) yields

�e1i = e2i + z2di, (23)

wherez2id is an equivalent variable corresponding toz2i asz2i =
z2id whene2i = 0. Hence, it can be considered as a stabilizing
function (i.e. a virtual control law) which is used to temporarily
stabilize the error dynamic in Equation (23). For analysing the
stability of this error dynamic, the control Lyapunov function
(CLF) as per the Lyapunov stability theory can be written as

W1i =
1
2

e21i (24)
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and its derivative along the trajectory, after inserting Equa-
tion (23), can be written as

�W1i = e1i �e1i = e1i (e2i + z2di). (25)

For stabilizing the error dynamic in Equation (23), z2id should
be chosen in such a manner that�W1i becomes negative deÞnite
or negative semi-deÞnite, i.e.�W1i < 0 or �W1i � 0. Any state-
feedback controller, as indicated in the following, can be used
to stabilize this situation.

z2di = � k1ie1i , (26)

wherek1i represents a positive constant design parameter and
used to ensure the faster convergence ofe1i . The state feedback
controller in Equation (26) simpliÞes Equation (25) as

�W1i = � k1ie
2
1i + e1ie2i . (27)

From Equation (27), it can be seen that its negative semi-
deÞniteness depends on the errore2i appearing in the second
terms on the right-hand side which will be cancelled in the fol-
lowing step. Hence, the Þnal decision for the overall stability of
the system is not made in this step. However, it is essential to
calculate the time derivative ofz2di as it will be used in the next
step which can be written as

�z2di = � k1i �e1i = � k1iz2i . (28)

The remaining error dynamic is analysed in the next step
while determining the excitation control and parameters adap-
tation laws.

Step 2: Calculation ofui
The dynamics ofe2i in Equation (22) can be written as

�e2i = �z2i � �z2di. (29)

The values of�z2i from Equation (19) and �z2di from Equa-
tion (28) can be substituted into Equation (29) which will yield

�e2i = � 0i � 1i + 
� i � 2i + � 0iPei� 3i + � 4i (Qei
� i + Pei)

� 0i + � 5i
� 0iPei

Eqi
ui + k1iz2i.

(30)

Since� 1i , � 2i , � 3i , � 4i , and� 5i are unknown parameters; it is pos-
sible to rewrite Equation (30) as follows by assuming�� 1i , �� 2i , �� 3i ,
�� 4i , and�� 5i are their corresponding estimated values.

�e2i = � 0i
�� 1i + � 0i (� 1i � �� 1i ) + 
� i

�� 2i + k1iz2i

+ 
� i (� 2i � �� 2i ) + � 0iPei
�� 3i + � 0iPei(� 3i � �� 3i )+

� 0i (Qei
� i + Pei) �� 4i + � 0i (Qei
� i + Pei)

(� 4i � �� 4i ) + �� 5i
� 0iPei

Eqi
ui +

� 0iPei

Eqi
ui (� 5i � �� 5i ).

(31)

The excitation control input appears in Equation (31) which
needs to be obtained in a manner that all errors converge to
zero, i.e.e1i  0 ande2i  0 ast  � . With the control lawui to
stabilize the errorse1i ande2i related to the dynamics as repre-
sented by Equations (18) and (19), the Þnal CLF can be chosen
as

W2i = W1i +
1
2

e22i +
1

2� 1i
(� 1i � �� 1i )2

+
1

2� 2i
(� 2i � �� 2i )2 +

1
2� 3i

(� 3i � �� 3i )2

+
1

2� 4i
(� 4i � �� 4i )2 +

1
2� 5i

(� 5i � �� 5i )2,

(32)

where� mi with m= 1, 2, 3, 4, 5 is a positive scalar which is
called adaptation gain. The convergence of the estimation error
depends of the values of these adaptation gains and the conver-
gence rate is higher when the values of these gains are set to
larger values. However, the cost will be increased for larger val-
ues of these adaptation gains. Therefore, the optimum values of
these gains need to be selected for achieving the desired control
objectives. In this paper, these values are selected to ensure the
transient stability of the power system within 2 s after the clear-
ance of the faults as this is the standard time for power system
stability analysis [2].

The time derivative ofW2i is

�W2i = �W1i + e2i �e2i �
1

� 1i
(� 1i � �� 1i )

��� 1i �
1

� 2i
(� 2i

� �� 2i )
��� 2i �

1
� 3i

(� 3i � �� 3i )
��� 3i �

1
� 4i

(� 4i � �� 4i )
��� 4i �

1
� 5i

(� 5i � �� 5i )
��� 5i .

(33)

Substituting�W1i from Equation (27) and�e2i from Equation (31)
into Equation (33) yields

�W2i = � k1ie
2
1i + e2i (e1i + � 0i

�� 1i + 
� i
�� 2i + � 0iPei

�� 3i

+ � 0i

�
Qei
� i + Pei) �� 4i + �� 5i

� 0iPei

Eqi
ui + k1iz2i

�

� (� 1i � �� 1i )�
� 1
1i ( ��� 1i � � 1ie2i � 0i ) � (� 2i � �� 2i )�

� 1
2i

( ��� 2i � � 2ie2i 
� i ) � (� 3i � �� 3i )�
� 1
3i ( ��� 3i � � 0i � 3ie2iPei)

� (� 4i � �� 4i )�
� 1
4i ( ��� 4i � � 4ie2i (Qei
� i + Pei))

� (� 5i � �� 5i )�
� 1
5i

�
��� 5i � � 5ie2i

Pei� 0iui

Eqi

�
.

(34)

The inßuences of unknown terms(� 1i � �� 1i ), (� 2i � �� 2i ), (� 3i � �� 3i ),
(� 4i � �� 4i ), and(� 5i � �� 5i ) in �W2i can be eliminated selecting the
adaptation laws as follows:

��� 1i = � 1ie2i � 0i , (35)
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��� 2i = � 2ie2i 
� i , (36)

��� 3i = � 0i � 3ie2iPei, (37)

��� 4i = � 4ie2i � 0i (Qei
� i + Pei), (38)

��� 5i = � 5ie2i
Pei� 0iui

Eqi
. (39)

Here, the adaptation laws are selected in a manner so that�W2i

becomes negative semi-deÞnite for which the whole system
becomes stable and the Þnal error converges to zero. As a result,
Equation (34) can be simpliÞed as

�W2i = � k1ie
2
1i + e2i (e1i + � 0i

�� 1i + 
� i
�� 2i + � 0iPei

�� 3i

+ � 0i (Qei
� i + Pei) �� 4i + �� 5i
� 0iPei

Eqi
ui + k1iz2i ).

(40)

The time derivative ofW2 should be negative deÞnite or semi-
deÞnite as this would ensure the overall stability of the whole
power system which is still not reßected in Equation (40). How-
ever, this can be achieved if the original excitation control law is
selected as follows:

ui = �
Eqi

�� 5i � 0iPei

(e1i + � 0i
�� 1i + 
� i

�� 2i + � 0iPei
�� 3i

+ � 0i (Qei
� i + Pei) �� 4i + k2ie2i + k1iz2i ).

(41)

The substitution of Equation (41) into Equation (40) leads to

�W2i = � k1ie
2
1i � k2ie

2
2i � 0, (42)

where the values ofk1i andk2i are positive tuning parameters.
The settling times for the responses (i.e. different physical prop-
erties) of the system depend on the values of these parameters
and these need to be selected in a way that their corresponding
steady-state values are obtained as soon as the faults or distur-
bances are cleared. From Equation (42), it is clear that the�W2i
is negative deÞnite or semi-deÞnite which indicates the overall
stability of the whole multimachine power system.

Equation (41) is the Þnal excitation control law and
Figure2 shows the summary of the whole controller design
process which also provides an idea associated with the imple-
mentation of the designed controller. Based on this diagram, the
overall controller design procedure can be discussed through
the following points:

� Obtain and present dynamical models of power networks in
the form of generalized non-linear systems;

� Linearize the power system model using partial feedback
linearization;

� Obtain the excitation control law from partially linearized
system;

FIGURE 2 Summary of the design process for the APFBLEC

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

� Analyse the convergence of speed deviation and other rele-
vant physical properties through virtual control law;

� Form a CLF to ensure that the system is stable with the adap-
tation gains, estimated parameters, and Þnal adaptive control
law, and

� Obtain the Þnal control law and check the overall stability
with this law.

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 Equation (41),
it can be seen that all variables exceptEqi are directly measur-
able while all unknown parameters associated with the system
can be obtained adaptation laws in Equations (35)Ð(39). The
q-axis voltage of the synchronous generator can also be rep-
resented in terms of measured variables as discussed in [19]
and thus, it can be said that all variables in Equation (41) are
either directly measurable or can be expressed in terms of mea-
sured variables. The control law in Equation (41) also includes
gain parameters which are selected in a trial and error approach.
At the same time, adaptation laws in Equations (35)Ð(39) use
adaptation gains and directly measurable variables where these
adaptation gains are also selected based on a trial and error
method. It is worth noting that the control law in Equation (41)
does not include any information of other synchronous genera-
tors except the generator on which it will be employed. Hence,
the designed controller uses only the local information of syn-
chronous generators on which it will be implemented. It has
further been clariÞed in the implementation block diagram of
the designed controller as shown in Figure3.

From the implementation block diagram as shown in
Figure3, it can be seen that the excitation control law for the
designed APFBLEC will adapt the changes within the system
where such changes may appear due to transient characteristics,
e.g. changes in load demands (i.e. operating conditions), network
topologies due to faults etc. The main reason behind having
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FIGURE 3 Implementation block diagram of the APFBLEC

such an adaptation capability is that the controller uses online
measurements where all changes are reßected through measure-
ments. Since the designed controllers require only local mea-
surements, it does not rely on any communication that might
degrade the reliability of the system. Furthermore, the gener-
ation unit operator does not require to know the information
associated with changes in the system in order to feed into
the controller as the controller directly captures the changes
through measurement. Having said this, the performance of
the designed controller might be affected by other generators
if these are strongly coupled. In such situations, it is essential to
use distributed control schemes that allow to use information
of neighbouring generators. However, this is out of the scope
of this paper as it is quite normal that synchronous generators
in multimachine power system supplying a large geographical
area are weekly coupled. The performance of the designed exci-
tation controller as represented by Equation (41) and adaptation
laws in Equations (35)Ð(39) is evaluated in the following section
by considering two different multimachine power systems.

6 PERFORMANCE EVALUATION OF
THE DESIGNED EXCITATION
CONTROLLER

Two test systems: (i) a two-area system with four machines and
11-bus and (ii) three-area seven-machine 29-bus system are used
in this paper for evaluating the effectiveness of the designed
controller during different types of large disturbances. In both
test systems, synchronous generators are mainly modelled as
transient level generators (GENTRA) except for the inÞnite
bus. The synchronous generator at the inÞnite bus is modelled
as a classical generator (GENCLS). During the simulation of the
system using the designed and existing excitation controllers,
a physical limit of±6 pu is used for all excitation systems.
The more detailed case studies are presented in the following
two subsections.

6.1 Performance evaluation on a two-area
test system with four machines and 11-bus

The conÞguration of the Þrst test system, i.e. the two-area power
system with four machines and 11-bus as presented in Figure4
is used to demonstrate the performance of the designed APF-
BLEC controller. There are four synchronous generators within

FIGURE 4 Test system: a two-area network with four machines and 11-
bus

this test system and the second one, i.e. G2 is considered as the
slack or inÞnite bus and therefore, it is modelled as a GEN-
CLS. As mentioned earlier, other synchronous generators (G1,
G3, and G4) are considered as GENTRAs. The parameters of
generators, transmission lines, and loads can be found in [2].
Modal analyses have been performed to identify the effects
of each synchronous generator on the overall stability of the
system. From modal analyses, it is identiÞed that G1 and G3
are more sensitive for affecting the overall stability of the sys-
tem as compared to other generators. Thus, the designed APF-
BLECs are employed with the excitation systems of G1 and G3
in order to obtain a cost-effective solution. The following Þve
cases are considered to validate the performance of the designed
controller:

1. The application of a symmetrical short-circuit (which is also
refereed three line-to-ground, i.e. 3LG) fault on the key loca-
tion, i.e. at the terminal of the most sensitive generator, i.e.
G3

2. The temporary tripping of a key transmission line for affect-
ing the power transfer between two areas, i.e. the line
between bus-8 and bus-9

3. The permanent disconnection of one transmission line
between two areas, i.e. between bus-8 and bus-9

4. The inclusion of noises with the mechanical power inputs to
the most sensitive generators, i.e. G1 and G3

5. Variations in parameters

All these case studies are considered to demonstrate the
operational capability of the system under different operating
conditions. In this work, it is considered that all transient
events occurs att = 7 s. For the cases of the temporary fault or
tripping of a line, the duration of 0.2 s is considered. This means
that the short-circuit fault is applied att = 7 s and cleared after
0.2 s, i.e. at t=7.2 s. The same situation is considered for the
temporary tripping of the line where the line is reconnected at
t = 7.2 s. For the third case, the line is permanently discon-
nected att = 7 s while the noise for the fourth case is applied
the same instant, i.e. att = 7.2 s. The parameter variations for
the Þnal case is also considered fromt = 7 s. An EPFBLEC as
discussed in [19] is used to compare the results obtained from
the designed APFBLEC under all these cases. The results are
also compared with an existing PSS as presented in [7].

� Case 1: Application of a symmetrical short-circuit fault
on a key location, i.e. at the terminal of G3
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FIGURE 5 Terminal voltages of G3 and G1 for Case 1

A symmetrical short-circuit fault, i.e. a 3LG fault, at the con-
nection point of G3 which indicates the terminal, can be consid-
ered as the most severe fault as this generator is sensitive to the
overall stability of the two-area test system. Initially, the terminal
voltage of this generator is in the steady state and it is disturbed
due to the application of this fault att = 7 s. This terminal volt-
age becomes zero for the duration of the fault, i.e. fromt = 7 s
to t = 7.2 s which can also be seen from Figure5(a). However,
the main point of interest is the post-fault terminal voltage of
G3 along with the same for other stability sensitive generation
within the system which is G1 for this test system. The settling
time of the terminal voltage for G3 depends on the effective-
ness of the excitation controller. From Figure5(a), it can be
observed that the designed APFBLEC quickly settles the ter-
minal voltage response (black line) of G3 to its pre-fault steady-
state value as compared to the EPFBLEC (blue line). The ter-
minal voltage of G3 with the PSS is also shown in Figure5(a)
(red line) which does not settle and this indicates that the PSS is
unable to ensure the stability. The impact of this fault on G1 is
shown through its terminal voltage as presented in Figure5(b)
which clearly depicts that the terminal voltage is affected. How-
ever, the terminal voltage of G1 does not become zero dur-
ing the fault condition. From Figures5(a) and (b), it is obvi-
ous that the APFBLEC (black line) provides excellent damp-
ing torque as compared to the EPFBLEC (blue line) and PSS
(red line).
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FIGURE 6 Speed deviations of G3 and G1 for Case 1

Usually, the speed deviation for the synchronous generator is
always zero as it operates at the synchronous speed, i.e. the mea-
sured speed and desired or nominal speed are same which have
been clearly reßected for both G3 and G1 with the designed
APFBLEC and EPFBLEC as shown in Figures6(a) and (b),
respectively. The speed deviation responses for both G3 and G1
are disturbed during the fault condition. However, the desired
speed deviation, i.e. zero speed deviation is achieved after clear-
ing the fault though the convergence speed of the designed con-
troller is much quicker than that of the existing controller. So, it
is evident that the designed controller (black line) provides bet-
ter performance in terms of settling time and oscillation damp-
ing than the EPFBLEC (blue line) and PSS (red line).

Figures7(a) and (b)show the corresponding rotor angles of
generators G3 and G1, respectively. The rotor angles in these
Þgures change which will destabilize the whole system unless
a proper control action is initiated to settle down the system
to its initial operating conditions. From Figures7(a) and (b), it
is clear that the post-fault responses are similar to initial, i.e.
pre-fault responses when the designed APFBLEC (black line)
is used. However, the post-fault responses still have oscillations
with larger amplitudes and take longer time to reach their ini-
tial values when the EPFBLEC (blue line) is used. On the other
hand, PSS (red line) shows more oscillating characteristics with
a tendency to reduce the amplitude of oscillations. The active
power and control signals also settle down to their pre-fault
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FIGURE 7 Rotor angles of G3 and G1 for Case 1

values after clearing the fault as depicted in Figures8 and9,
respectively. Thus, it is very clear that the designed APFBLEC
controller responds in a quicker manner than the existing con-
trollers. Adaptation laws are used to estimate stability sensitive
unknown parameters which are shown in Figure10from where
it is clearly demonstrated that these parameters converge to their
nominal values within the timescale of maintaining the transient
stability, i.e. within few cycles after clearing the fault. The con-
vergence time of these parameters is quite similar to that of
other responses of the system. This clearly shows the param-
eter estimation capability of the designed APFBLEC along with
faster settling time. The percentage overshoot in the terminal
voltage, speed deviation, rotor angle, and output active power
for G3 and G1 are shown in Tables1 and2, respectively, from
where it can be clearly seen that the designed APFBLEC per-
forms better than the EPFBLEC and PSS. It is also worth not-
ing that the settling time for the PSS is not even comparable
with the designed controller.

It is clear that the designed AFPBLEC ensures the stable
operation of the two-area power system while a severe short-
circuit fault is applied. The main reason behind ensuring such a
stable operation is the damping capability of the controller dur-
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FIGURE 8 Output active power of G3 and G1 for Case 1

ing severe faults. The controller directly captures the changes
in the terminal voltage, active power, reactive power, and speed
deviation which can also be evidenced from the changes in the
control signal as shown in Figure9. The parameter estimation
process at the beginning shows some oscillations which have
been stabilized within 1.5 s and these oscillations appear due
to the selection of the initial values of unknown parameters.
However, adaptation laws help estimated parameters to reach
their original values that ensure the steady-state operation of
the whole system. Hence, the designed controller ensures the
desired damping into the system by continuously adapting the
changes within the system through online measurements.

� Case 2: The temporary tripping of a key transmission
line for affecting the power transfer between two areas,
i.e. the line between bus-8 and bus-9

There are two parallel transmission lines (line-1 and line-2)
between bus-8 and bus-9 in Figure4 which connect area-1 with
area-2 for exchanging power from one area to another. The line-
2 is tripped for a duration of 0.2 s which will affect the power
transfer and this can be clearly seen from the power ßowing
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FIGURE 9 Excitation control signals of G3 and G1 for Case 1

FIGURE 10 Estimated unknown parameters for Case 1

through the line as presented in Figure11(a). From this Þgure, it
is observed that the power ßowing through line-2 becomes zero
from t = 7 s tot = 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 Figure11(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
Figure11, it can be seen that there exist oscillations after recon-
necting the line. Figure11 also clearly depicts that the power

TABLE 1 Percentage overshoot and settling time for different responses of G3 for Case 1

Percentage overshoot Settling time (s)

Control
technique

Terminal
voltage

Speed
deviation

Rotor
angle

Active
power

Terminal
voltage

Speed
deviation

Rotor
angle

Active
power

APFBLEC 13.3 0.67 1.44 6.58 1.4 2.30 3.36 0.37

EPFBLEC 19.5 1.28 2.29 14.58 3.62 2.68 5.34 1.28

PSS 15.30 1.30 3.33 185.62 � � � 5.2

TABLE 2 Percentage overshoot and settling time for different responses of G1 for Case 1

Percentage overshoot Settling time (s)

Control
technique

Terminal
voltage

Speed
deviation

Rotor
angle

Active
power

Terminal
voltage

Speed
deviation

Rotor
angle

Active
power

APFBLEC 17 0.64 1.17 6.70 1.5 2.15 2.06 0.82

EPFBLEC 19.90 1.13 1.27 9.91 3.78 2.72 4.87 3.67

PSS 17.20 1.96 1.44 28.2 � � 6.67 �
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FIGURE 11 Active power ßowing between two areas through line-1 and
line-2 between bus-8 and bus-9 for Case 2

ßowing through these two lines quickly settle to their initial val-
ues when the tripped line is reconnected through the recloser
action att = 7.2 s and the designed APFBLEC outperforms the
EPFBLEC as oscillations are less with the designed controller
and thus, clearly shows enhanced damping characteristics.

Figures12(a) and (b)show the pre-fault and post-fault ter-
minal voltages of generators G1 and G3 with both the pro-
posed controller (black line) and existing controllers (blue and
red line). The terminal voltage responses in these Þgures exhibit
some oscillations during the period for which line-2 is tripped.
However, the severity of the oscillations on the terminal voltage
is less as the voltage stability issue is not prominent for tripping
the transmission line. It can be seen that the designed APF-
BLEC improves the voltage stability as compared to existing
controllers due to better the damping capability.

Both APBLEC and EPFBLEC ensure the synchronous oper-
ations of synchronous generators which can be seen from speed
deviations in Figures13(a) and (b)as the zero speed deviation
is maintained with these controllers. However, the speed devi-
ations for both G1 and G3 are highly oscillating when the PSS
is used. From Figure13, it can be seen that the speed deviation
of G3 includes more oscillations as compared to that of G1.
However, the oscillations in the speed deviations are damped
within the few cycles after clearing the fault when the designed
APFBLEC which is not the case for the EPFBLEC and PSS.
Furthermore, the amplitudes of oscillations in the speed devia-
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FIGURE 12 Terminal voltages of G1 and G3 for Case 2

tions for both G1 and G3 are higher with the EPFBLEC these
do not even settle down to their desired values with the PSS.
Figures14(a) and (b)show the rotor angle responses of G1 and
G3, respectively, from where it can be seen that the severity
of oscillations in these responses are much higher than other
responses, e.g. the terminal voltage and speed deviation. This
is mainly due to the fact that the changes in the active power
responses are strictly coupled with the changes in the rotor
angles of synchronous generators. Figure14 clearly demon-
strates that the post-fault rotor angles with the APFBLEC
quickly settle to their initial pre-fault values as compared to the
EPFBLEC and PSS. The control signals also reßect similar char-
acteristics which can be found from Figure15. From the con-
trol signals of both G1 and G3 in Figure15, it can be seen that
the amplitudes of oscillations are initially high with the designed
controller as compared to the EPFBLEC but much better than
the PSS. However, the designed controllers for both G1 and
G3 ensure the faster settling time. Tables3 and4 include the
percentage overshoot of all responses associated with the ter-
minal voltage, speed deviation, and rotor angle of G1 and G3,
respectively. Table4 also includes the same for the power ßow-
ing through line-1 and line-2. The percentage overshoot and set-
tling time in these tables clearly demonstrate the superiority of
the designed APFBLEC over the existing EPFBLEC and PSS.

� Case 3: The permanent disconnection of line-2 between
bus-8 and bus-9
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