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R. Aristides Nóvis, 2 - Federaçāo, Salvador 40210-630, Brazil
erick.silva@ufob.edu.br
2

Multidisciplinary Center of Bom Jesus da Lapa
West Federal University of Bahia
Av. Manoel Novais, 1064, Centro CEP: 47600-000 Bom Jesus da Lapa, BA, Brazil
3

Signals and Systems Research Group
Federal Institute of Education, Science and Technology of Bahia
R. Emı́dio dos Santos, s/n - Barbalho, Salvador 40301-015, Brazil
araujo@ieee.org

Received April 2020; revised July 2020
Abstract. In this study, a partial eigenstructure assignment (PEVA) is applied to the
damping of small, sometimes dangerous electromechanical low-frequency oscillations in
power systems using a multi-machine connection. The approach is based on the nospillover spectrum assignment, and an optimal design is developed using genetic algorithm (GA) techniques. Because the system order may be higher in the general case,
state observers are employed to estimate the system state and then to oﬀer a feasible
implementation in practice. Simulation examples show that the application method is
eﬃcient with respect to dampening the local and inter-area oscillation modes as well as
quickly establishing the system in the event of a small disturbance, as compared to a
classic power system stabilizer (PSS). GA has made it possible to deﬁne a region for the
PEVA to employ state observers without requiring signiﬁcant eﬀort from the controller,
thereby enabling its implementation for larger systems.
Keywords: Stability, Electrical power system, Small disturbance, Eigenvalue assignment, Genetic algorithm

1. Introduction. The operational planning of power systems, especially in terms of
overall reliability and security, is a fundamental issue that is mainly due to the introduction
of new devices for the generation and microgeneration of energy [1, 2]. Power systems
are subject to a wide range of disturbances, so it is impossible to maintain the nominal
voltages at all nodes and to maintain ideal sinusoidal waveforms of the voltage or current.
To mitigate the eﬀects of these disturbances, recently developed control techniques have
been proven to be eﬃcient, such as the application of hybrid active power ﬁlters that
decrease the eﬀects of the harmonic components of the system and devices that act on
voltage stability [3].
The analysis of the stability of a system in the event of large-scale disturbances is
referred to as the study of transient stability. As discussed in this work, stability to
small signals refers to the ability of these systems to remain balanced, as well as to reach
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an acceptable state of equilibrium for a given initial condition of operation after being
submitted to minor disturbances such that their integrity is preserved [4].
This characteristic is related to the stability of the rotor angle, which involves lowfrequency electromechanical oscillations due to conditions inherent to the electrical system. For example, one has extremely long transmission lines, generation distant from
the load centers, high loading, systems operating in an interconnected manner and also to its automatic controllers, which act to maintain variables within speciﬁed limits
[5, 6, 7]. Such oscillations are caused by the imbalance between the mechanical input
torque and the electrical output torque resulting from disturbances, causing acceleration
or deceleration of the rotors of one or more machines in the electrical system. This loss
of synchronism between the generators can limit the power transfer between the system
buses in addition to leading the system into a condition of instability [8].
To minimize the eﬀect of low-frequency oscillations, the use of PSSs has become quite
common in recent decades, and their purpose is to generate an additional stabilizing signal
in the excitation system of generators. These stabilizers are generally made up of leadlag control circuits, correcting the phase of the stabilizing signals and modulating the
reference voltage of automatic voltage regulators (AVRs) to introduce a damping torque
to the oscillation modes [9, 10, 11].
Using local signals from the generator, the classic PSS has a very satisfactory behavior
when used in machines connected to an inﬁnite bus. This is because these systems present
oscillation modes of the local type, which correspond to the oscillations of the machines
located in a given generating station relative to the rest of the power system, whose
oscillation frequency is between 0.8 and 2 Hz. However, their eﬀectiveness in multimachine systems is reduced owing to the presence of other oscillation modes, especially the
inter-area mode, which is characterized by oscillations of several machines located in one
area of the system compared with machines in other areas having oscillation frequencies
below 0.8 Hz.
To obtain a damping torque in multi-machine systems, which can eﬃciently dampen
both local and inter-area modes, some control methodologies have been adopted. For
example, in [12, 13], a PSS was proposed using remote signals obtained using wide area
measurement systems (WAMS) to enable the implementation of global controllers. Meanwhile, in [14, 15, 16, 17, 18], results were presented using PSSs and ﬂexible AC transmission systems (FACTS)/power oscillation damping (POD) controllers in a coordinated
way, enabling adequate damping for the inter-area and local modes.
The use of state feedback is an exciting way of achieving control requirements in oscillatory systems. Among them is PEVA, which is an attractive method for systems with large
dimensions. In this case, the designer provides the position of a small number of poorly
damped eigenvalues, preserving the rest of them – the so-called no spillover allocation
[19, 20]. Thus, the goal of PEVA is to obtain feedback gains that allocate the unwanted
part of the spectrum in its new position. However, for large power systems, in addition to
cost, many of the state variables are not available for measurement, requiring that they
be estimated by observers. The observed states of the power system are used directly as
inputs to the controller, where the control law does not need to be expressed in terms of
the measured variables.
During the operation of a uniﬁed electricity system, some essential facts should be
considered, such as determining the spectrum and analyzing the dominant modes of
the system when certain components are disconnected (transmission lines with repairs
or emergencies, routine disconnection, failures in power blocks, or interruptions in vital
components). In most of these situations presented, a small number of eigenvalues, which
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are responsible for instability and other unwanted phenomena, need to be reallocated.
Therefore, the complete allocation of eigenvalues is unnecessary.
In this context, the present work proposes a methodology using PEVA based on state
observers to solve the problem of low-frequency electromechanical oscillations. GAs assist
with obtaining the new region for allocation of the eigenstructure so that in addition
to adequate damping for the local and inter-area oscillation modes, they guarantee that
minimum eﬀort is required by the controller. Thus, the proposed method is suitable for
application in larger systems. Furthermore, computer simulations show that the system
has a robust behavior and introduces a greater damping torque compared to the PSS,
even considering that a small error is associated with the model.
This paper is structured as follows. Section 2 discusses the application of the eigenvalue
problem to electrical power systems. Section 3 presents the methodology based on a test
system, and Section 4 shows the results that were obtained in simulation studies. Section
5 presents the conclusions and ﬁnal comments.
2. Eigenvalue Problem.
2.1. Formulation of eigenvalue problem. A central topic in matrix theory is the socalled standard eigenvalue problem, which seeks to determine non-trivial solutions to the
system of algebraic equations in (1):
Ax = λx,

wT A = λwT

(1)

where A ∈ C
is a square matrix deﬁned over the complex numbers C, and x and
n
w ∈ C are respectively the eigenvectors to the right and left of matrix A for the scalar
eigenvalue λ.
Every numerical matrix n × n in the C ﬁeld, as it is known, has n unique eigenvalues.
However, the eigenvectors x and w are not exclusive, and are deﬁned only within a nonzero
multiplier scale. For the sake of physical meaning, in this study, A is considered to be a
real rather a complex matrix.
Extensively used to study the stability of the natural movement of a dynamic system,
starting from (1), the characteristic matrix of the system is found as follows (2):
n×n

Q(λ) = A − λIn

(2)

where In is an n × n identity matrix. Given a linear control system with representation
in the state space, as shown in (3):
ẋ(t) = Ax(t) + Bu(t)
y(t) = Cx(t) + Du(t)

(3)

where u ∈ R(C)p and y ∈ R(C)m are the input (control) and output vectors of the
dynamic system, respectively.
In particular, linear state feedback, which is achieved by ﬁnding C = In and D = 0, is
implemented as (4):
u(t) = −F x(t)
(4)
m×n
where F ∈ R
is the feedback gain.
Sections 2.2 and 2.3 discuss the beneﬁts of state feedback and present the solution for
the case of partial allocation and state observer design, respectively, on which the central
results of this paper are based.
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2.2. Partial eigenvalue allocation. Slightly dampened or even unstable eigenvalues
can be conveniently allocated to the complex plane using state feedback when the system
is controllable. Although not all state variables are available via measurement, if the
system is observable, estimators can be used to reconstruct state variables [20, 21].
PEVA is an interesting control technique that is used to obtain a satisfactory stability
margin in large-dimension oscillatory systems. To determine the solution for PEVA, there
have been recent studies by researchers in this interdisciplinary ﬁeld. In [20], new metrics
are presented for the analysis and design of second-order control systems using PEVA
with improved robustness. Meanwhile, in [22], a new method involving linear matrix
inequalities and the parameterization of eigenvectors on the left is developed to solve
PEVA in linear systems that are invariant over time; this is done in order to guarantee
the regional stability of reallocated eigenvalues.
Although the proposed research has applications with respect to mechanical systems,
the methodology that is employed can be used for the study of electrical systems. Considering a small disturbance at a given location in an electrical power system, for example,
the disconnection of a transmission line, part of the original spectrum, Ω(A) can be shifted to a region of instability. Based on the above, the designer is interested in reallocating
an unwanted part of the spectrum of dimension p < n, preserving the other n − p or at
least most of it.
The eigenvalues of the part of the spectrum to be allocated can be grouped in a blockdiagonal matrix Λ1 , in which the real eigenvalues are scalar blocks and the conjugated
el ) form blocks 2 × 2 in a modal structure [23]. This structure is
complex pairs (λl , λ
analyzed in (5):
[
]
Re(λl ) Im(λl )
Λl =
(5)
−Im(λl ) Re(λl )
The matrix composed of the unwanted part of the spectrum is represented by Λ1 ∈
R(C)p×p and the part to be preserved by Λ2 ∈ R(C)(n−p)×(n−p) , both of which are modally
grouped, so the full spectrum of the system can be represented by (6):
[
]
Λ1 0
Λ=
(6)
0 Λ2
Similarly, the corresponding eigenvectors can be grouped in a modally Wl matrix whose
columns are formed by a self eigenvector for the case of a real eigenvalue and complex
conjugate if eigenvectors take the form (7):
[
]
(7)
Wl = Re(wl ) Im(wl )
The eigenvector matrix that is modally formed as W ∈ R(C)n×n is then expressed as
(8):
]
[
W1
(8)
W =
W2
where W1 ∈ R(C)p×n corresponds to the unwanted eigenvalues and W2 ∈ R(C)(n−p)×n
corresponds to the eigenvalues that should be preserved.
The theorem of the parametric solution for PEVA, which was developed by [23], is
constructed based on a set of theorems, deﬁnitions, and assumptions.
Theorem 2.1. The system of Equation (3) or, equivalently, the pair of matrices (A, B)
is controllable with respect to the open loop λ eigenvalues of A if wT B ̸= 0 for all w ̸= 0,
wT being the transposition of w, so that wT A = λwT .
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Definition 2.1. The system of Equation (3) or the pair of matrices (A, B), is partially
controllable with respect to the subset Λ1 of Ω(A) if it is controllable relative to each of
the eigenvalues λj , j = 1, . . . , p.
Theorem 2.2. The PEVA problem is solvable for any arbitrary subset µ of eigenvalues
with the positions to be allocated if the system is partially controllable relative to subset
Λ1 . The solution is unique if and only if the system has a single entry (that is if B is a
vector). In the case of multiple entries, there are infinite solutions, whenever there is a
solution.
According to the controllability concepts highlighted by the Theorem and Deﬁnition
2.1, and based on the PEVA solution relative to the new positions for allocation, which
was determined using Theorem 2.2, the proposed method can be implemented in the
multi-machine system as long as it satisﬁes the following assumptions.
Assumption 2.1. The system in Equation (3) is partially controllable relative to the Λ1
subset.
Assumption 2.2. Set µ must be disjointed and closed under complex conjugation; that
is, the allocation will not overlap with the positions of other eigenvalues in the system,
and the complex eigenvalues occur in conjugated pairs.
Assumption 2.3. The control matrix B has full column classification. Based on these
premises, from the theorems and the aforementioned definition, Theorem 2.3 is obtained,
providing the parametric solution for PEVA.
Theorem 2.3. From the previous assumptions, consider ΛC1 as a block-diagonal matrix
that stores the eigenvalues of the system in a closed-loop. Then, the PEVA problem can
be solved from a non-singular solution to the Sylvester equation according to (9):
Λ1 Z1 − Z1 ΛC1 = W1T BΓ

(9)

where W1 represents the matrix of eigenvectors relative to eigenvalues Λ1 , and Γ ∈ R
is a free parameter. In this way, the feedback matrix F, which solves the problem of PEVA
for pair (A, B), is given by (10) and (11):
p×m

ΦZ1 = Γ

(10)

F = ΦW1T

(11)

2.3. Observer design. The state observer-based controller, which was designed for PEVA, generally consists of two parts. The ﬁrst part refers to the state observer that,
if partially observable for the eigenvalues selected for allocation, reconstruct the states
by measuring the output signals. The second part corresponds to the control law that
feeds back all states that are reconstructed directly. Using the separation principle, the
controller can be designed separately as a state observer and a control law [24].
According to the state equation model seen in (3), a full-order observer is designed to
estimate all x(t) states, and takes the following form:
˙
x̂(t)
= Ax̂(t) + Bu(t) + L [y(t) − ŷ(t)]
ŷ(t) = Cx̂(t)

(12)

where x̂ and ŷ are the approximate state and output vectors, respectively.
Setting the e(t) state error as the diﬀerence between the estimated state and the actual
state of the system:
e(t) = x̂(t) − x(t)
(13)
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From (3), (12), and (13), the dynamics of the error can be deﬁned as
ė(t) = (A − LC)e(t)

(14)

Thus, the L gain should be selected to ensure that the real part of the (A − LC) matrix
eigenvalues are negative, such that:
lim e(t) = 0

x→∞

(15)

In addition, to ensure that the error decays quickly, the eigenvalues of the (A − LC)
matrix should be chosen in such a way that the dynamics of the observer are faster
than the dynamics of the system [24, 25]. The calculation of the L matrix is performed
considering the dual of the PEVA; to achieve this, it should satisfy a series of assumptions.
Assumption 2.4. The system in Equation (3) is partially observable relative to the Λ1
subset.
Assumption 2.5. Set µ should be disjointed and closed under complex conjugation; that
is, the allocation will not overlap the position of other eigenvalues in the system, and the
complex eigenvalues occur in conjugated pairs.
Assumption 2.6. The control (sensors) matrix CT has full column classification. Based
on these premises, from the theorems and the aforementioned definition, Theorem 2.4 is
obtained, and provides the parametric solution for PEVA.
Theorem 2.4. From the previous assumptions, consider ΛC1 as a block-diagonal matrix
that stores the eigenvalues of the system in closed-loop. Then, the PEVA problem can be
solved from a non-singular solution to the Sylvester equation according to (16):
Λ1 Z1 − Z1 ΛC1 = W1T C T Γ

(16)

where Γ represents the matrix of eigenvectors related to eigenvalues Λ1 . In this way, the
feedback matrix L, which solves the problem of PEVA for pair (A, B), is given by (17) and
(18):
ΦZ1 = Γ
(17)
L = W1 ΦT

(18)

With the estimated states of the system, feedback is given as
u(t) = −F x̂(t)
Replacing (19) in (3) and (12), the closed-loop system takes the form:
[ ] [
][ ]
ẋ
A
−BF
x
=
C A − LC − BF
x̂
x̂˙

(19)

(20)

3. Methodology. In general, the automatic control of a generation system occurs in
two ways: load-frequency (PF) and reactive power/voltage (QV). The QV control aims
to keep the generator terminal voltage constant. Meanwhile, the PF controller aims to
maintain the generated power and the electric power demand equivalent, so the frequency
and interchange powers remain constant [26].
The study of load-frequency control can be greatly simpliﬁed owing to the decoupling
between the control loops PF and QV because the excitation control loop is much faster
than the PF control loop, which has large mechanical inertia constants. To illustrate
the main ideas, the model presented in Figure 1 represents a system with three areas
interconnected through a mutual reactance and operating in parallel.
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Figure 1. Block diagram of the three-area system
For example, in the case involving two areas, the exchange of electrical power between
the generators is given by (21):
Ptie =

E1 E2
senδ12
x12

(21)

where
x12 – Equivalent reactance between generators 1 and 2;
e1 = E1 ∠δ1 – Terminal voltage of generator 1;
e2 = E2 ∠δ2 – Terminal voltage of generator 2;
δ12 = δ1 − δ2 – Diﬀerence between the internal angles of synchronous machines 1 and 2.
As the focus of this work is the study of small disturbances, one can adopt the linear
model of (21), which is given by (22):
0
∆δ12
∆Ptie = T12

(22)

where
∆Ptie – Deviation of interchange power in p.u.;
∆δ12 – Deviation of the angular diﬀerence in rad;
0
0
= Ex112E2 cos δ12
– Synchronizing torque coeﬃcient in p.u.
T12
However, the angle δ is not a state variable of the model in the study, so (22) should
be treated as follows.
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∫t
It is known that ∆ω = 2π∆f = d∆δ
.
Therefore,
∆δ
=
2π
∆f dt. Applying the
dt
0
∆f
Laplace Transform, we obtain: ∆δ = 2π s . Thus, (22) results in

0
2πT12
(∆f1 − ∆f2 )
(23)
s
Extending this model to the case of three areas, we will add the power exchange equation
between areas 2 and 3, which is given by

∆Ptie1 =

0
2πT32
(∆f3 − ∆f2 )
(24)
s
In the block diagram of Figure 1, the term aij indicates the power portion and the
direction of the interchange power [27]. The negative sign indicates that the i area
provides energy, while the positive values indicate that this area receives energy. The
interconnection between two areas is carried out using a transmission line, focusing only
on the interchange powers and disregarding the electrical characteristics of the line.
The system parameters were deﬁned according to the example used in [28].

∆Ptie2 =

3.1. Procedures for partial eigenvalue allocation. Eigenvalues with low damping
or that are even unstable can be conveniently allocated through PEVA as long as the
system is partially controllable with respect to them [20, 23]. For critical electromechanical oscillation modes (EOMs), the literature establishes some minimum damping
values depending on the nature of the modes. Ontario Hydro Practice provides a minimum damping of 3% for the dominant mode, while Australian Utilities uses 5% [8, 29].
However, many designers adopt 5% as a reference [30, 31, 32].
For a successful application of the method, after selecting the eigenvalues to be allocated, it is necessary to check the controllability of these modes to enable the application
of the methodology using PEVA according to the theorems shown in Section 2.3. ConT
sidering W1Left
as the transposition of the eigenvectors to the left associated with the
eigenvalues to be allocated, the partial controllability of the system can be performed
using (25):
T
Ctrbλ = W1Left
×B
(25)
If Ctrbλ ̸= 0, then the system is partially controllable for the selected eigenvalues;
therefore, PEVA can be implemented.
3.1.1. Selection of new structure allocation from genetic algorithms. After conﬁrming the
controllability of the eigenvalues selected for the allocation, it is necessary to deﬁne the set
µ that contains the new positions for the eigenvalue allocation. The choice of the elements
of µ is not simple because in addition to the inﬂuence of zeros on the dynamic behavior
of the system, consideration should also be given to the control eﬀort that is required to
carry out the allocation in order to guarantee the employability of the solution.
• Selection: In this phase, the most suitable individuals of the current generation
are selected for the application of diﬀerent types of operators. Then, a ﬁtness, or
objective function, should be used, which is to be minimized, and which represents
the heuristic of solving the problem [33]. To maintain the genetic diversity of the
new population, in this work, the best individuals were selected for breeding using
the addicted roulette method. In addition, elitism was maintained, and no operator
was applied to the best individuals. This ensures that they automatically pass on to
the next generation, thus preserving their genetic characteristics.
• Recombination: The recombination (or crossing) operation is responsible for producing new individuals for the population from the genetic material of the parents
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involved in the process [34]. In this work, the crossing of a single point was used,
with a cutoﬀ point of 80%, making it possible to maintain more genetic information.
• Mutation: In GAs, mutations are used to insert new characteristics in the population. This procedure allows the algorithm to traverse the entire search space,
reducing the probability of a GA converging prematurely to a local minimum [35].
In this work, the applied mutation rate was 0.01, ensuring that several variations
can occur, making it possible to explore the wide research space.
For the test system, three pairs of complex eigenvalues, which correspond to the EOMs,
were selected for allocation. Thus, the GA should obtain the new complex positions
related to these eigenvalues. This is because in practice, the control eﬀort required to
allocate the eigenvalues on the real axis is very large; therefore, this allocation is not
considered in this work. In addition, the symmetry of the real axis in the complex plane
should be respected, so complex eigenvalues occur in conjugated pairs.
The implemented algorithm uses a 25-bit binary representation for each of the three
variables, so an individual/solution has a 75-bit chromosome, generating a search space
of the order of 3.77 × 1022 possibilities. In tests and studies of the plant, it was observed
that the eigenvalues could vary between −2 + 12i and −0.1 + 0.5i, remembering that the
other eigenvalue will be allocated in the conjugated position. Moreover, the new allocation
should not overlap the position of other existing eigenvalues in the system because multiple
artiﬁcially created eigenvalues are generally less robust and more sensitive to disturbances
[20, 23].
The algorithm was programmed with a population of 10 individuals, where each individual represents a solution, which provides the new positions for the allocation of
eigenvalues. They are evaluated according to the ﬁtness function described in (26), receiving a better classiﬁcation of those individuals who provide greater damping to the
system with less eﬀort required by the controller. Penalty factors were attributed to
the ﬁtness function if there were eigenvalues with damping coeﬃcients below 5%. The
stopping criterion of the algorithm was deﬁned in 500 generations, which represents the
moment when there are no more variations in the elite individual, indicating that the best
solution is obtained.
[ ∫ tf
]
[ ∫ tf
]
)
n (
B
n
∑
∑
∑
|ub (t)|
|OSs (t)|
1
t0
t0
f itness(i) = α1
+ α2
+ α3
(26)
ζλ
|ub (tf )|
|OSs (tf )|
s=1
λ=1
b=1
where
i, n, B, t0 , tf – Current iteration, number of eigenvalues/states, number of system entries, initial simulation time, and ﬁnal simulation time, respectively;
ζ – Damping coeﬃcient;
u – Control signal;
OS – Observed states;
α1 , α2 and α3 – Weights of the ﬁtness function parameters.
The GA returned the following eigenvalue positions for the system of Figure 1, as shown
in Table 1. The highlighted eigenvalues of the closed-loop are the elements of µ, and all
the eigenvalues of the closed-loop are the elements of λC1 .
The eigenvalues selected for PEVA are allocated in a block-diagonal matrix Λ1 , such as


λ1D 0
0


(27)
Λ1 =  0 λ2D 0 
0
0 λ3D
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such that:

[
λ1D =
[
λ3D =

−0.1759 −3.0010
3.0010 −0.1759
−0.1894 −4.6410
4.6410 −0.1894

]

[
λ2D =

]

−0.1199 −4.0102
4.0102 −0.1199

]

With this, PEVA can be performed based on the assumptions, deﬁnitions, and theorems
of Section 2.3.
Table 1. Eigenvalues of the system of Figure 1 without feedback and using PEVA
Without feedback
With PEVA
−0.1894 ± 4.6410i −1.4316 ± 5.9962i
−0.1199 ± 4.0102i −0.9151 ± 2.3869i
−0.1759 ± 3.0010i −1.4197 ± 1.1349i
−13.8817
−13.8817
−6.8670
−6.8670
−5.0610
−5.0610
−1.2407
−1.2407
−0.7959
−0.7959
4. Results of Simulation Studies. In this section, the simulation results are exposed
in consideration of two power systems. Section 4.1 shows the simulation results of the
test system with three equivalent interconnected areas, the design of which was covered
in Section 3.2. Section 4.2 shows the simulation results for the New England/New York
system illustrated in Figure 5. The model, with 162 states, is part of the benchmark
collection to be used as a test system for studying the dynamics and control of electrical power systems, as assembled by the IEEE [36, 37]. This system has 68 buses, 16
generators, and ﬁve areas.
4.1. Test system with three equivalent interconnected areas. In this section, the
simulation results are presented in consideration of the system in Figure 1.
The three-area test system has a total of 11 eigenvalues, and 3 pairs of complex eigenvalues conjugated corresponding to the inter-area type EOMs. The eigenvalues associated
with these modes are: λ1 = −0.1759 ± j3.0010s−1 , λ2 = −0.1199 ± j4.0102s−1 , and
λ3 = −0.1894 ± j4.6410s−1 . The oscillation modes of the inter-area type have low natural
damping, two of which have damping below 5%, while the other has approximately 5%.
Therefore, the three pairs of eigenvalues corresponding to these modes are selected for
PEVA.
In Figure 2, the eigenvalues of the system before and after PEVA are displayed. It
should be noted that the eigenvalues corresponding to the inter-area oscillation modes
were moved to a more stable region of the complex plane, thus having a greater damping
in the system. This eﬀect can be seen from Figure 3, where the responses to the step
∆f2
tie2
tie1
, ∆P
and ∆P
are displayed.
between ∆P
∆PC1
∆PC3
C2
Owing to its reduced order, the test system does not represent a control challenge. The
dynamics of the observer can be analyzed from Figure 4. Note that the estimated states
quickly follow the states of the system.
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with PEVA plus observer

Figure 3. Response to unit step
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Figure 4. System states vs. observed states

4.2. New England/New York system. This model corresponds to a reduced-order
equivalent of the New England interconnected test system (NETS) and the New York
power system (NYPS). The generators G1 to G9 correspond to the NETS system, which
is connected to the NYPS system, containing G10 to G13, and the other neighboring areas
are represented by models of equivalent generators (G14 to G16). G13 also represents a
small subarea within the NYPS. There are three major lines between NETS and NYPS
networks (between buses 60-61, 53-54, and 27-53), and all three lines have double circuits.
The challenge of this system lies in the diﬃculty of dampening its local and interarea modes simultaneously. According to [37], an interesting research problem for this
system is whether it is possible to obtain adequate damping for inter-area modes without
depending on PODs for FACTS devices.
Inter-area modes correspond to oscillatory modes resulting from a group of machines
that oscillate against another group. If these modes are weakly cushioned or unstable, the
two groups may lose their synchronism completely, and this will lead to system failure. In
addition, as inter-area modes have low frequencies compared to other modes, for a given
damping rate, they take much longer to stabilize. A damping rate of 5% or more for all
inter-area modes oﬀers an acceptable system performance, and therefore, control methods
are generally designed to provide this damping [37].
Section 4.2.1 analyzes the system without feedback in Figure 5. Subsequently, the
results presented by [36] will be presented using PSS and then compared with the results
obtained in this work.
4.2.1. New England/New York system without PSS. The performance of the system in
Figure 5 without feedback has a slightly damped dominant EOMs, as shown in Table 2.
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Figure 5. New England/New York system
Table 2. Electromechanical modes without feedback
# Damping ratio (%) Frequency (Hz)
1
−0.4380
0.4040
2
0.9370
0.5260
3
−3.8550
0.6100
4
3.3210
0.7790
5
0.2560
0.9980
6
3.0320
1.0730
7
−1.8030
1.0930
8
3.7160
1.1580
9
3.5880
1.1850
10
0.7620
1.2170
11
1.3470
1.2600
12
6.4870
1.4710
13
7.0330
1.4870
14
6.7990
1.5030
15
3.9040
1.7530
As can be seen, the system is unstable, as three EOMs have positive real parts; moreover,
many eigenvalues are outside the 5% damping line.
4.2.2. New England/New York system with PSS. In [36], a study is initially carried out
using the PSS allocated in a single generator, G9, then in another 12 generators, G1 to
G12, and it is then compared with the original system without PSS. Naturally, the use
of a larger amount of PSS introduces a greater damping torque in the excitation system
loop, and will be used as a reference in this study.
In Table 3, the percentage of the damping coeﬃcient and the electromechanical frequency modes for the system with PSS are displayed. According to Tables 2 and 3, the PSS
managed to eﬃciently cushion all local modes, and contributed to the cushioning of two
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Table 3. Electromechanical modes with ESP
# Damping ratio (%) Frequency (Hz)
1
33.5370
0.3140
2
3.6210
0.5200
3
9.6250
0.5910
4
3.3810
0.7790
5
27.1360
0.9720
6
18.5660
1.0800
7
23.6070
0.9390
8
30.1110
1.0780
9
28.3060
1.1360
10
13.4260
1.2780
11
18.8300
1.1880
12
32.0620
1.2920
13
39.5420
1.2880
14
33.1190
1.3670
15
23.8700
5.0750

of the inter-area modes; however, the other two inter-area modes remain with cushioning
below 5%.
4.2.3. New England/New York system with PEVA. Eigenvalues with low damping or
which are even unstable can be conveniently allocated using PEVA as long as the system is partially controllable with respect to them [20, 23]. Thus, all 15 EOMs were ﬁrst
selected for allocation. With this, 30 eigenvalues corresponding to the 15 EOMs of the
system without feedback were obtained.
As discussed in Section 1, in most situations, a small number of eigenvalues, which are
responsible for instability and other unwanted phenomena, need to be reallocated. The
New England/New York system has 162 eigenvalues, so for this solution, only 30 were
considered responsible for the instability or reduced damping of the system.
After verifying the controllability of the EOMs selected for allocation, a GA was used
to deﬁne the new positions of the closed-loop eigenvalues. Figure 6 shows the eigenvalues
of the system after PEVA. The EOMs damping and frequency data are shown in Table 4.
It can be seen that there was a signiﬁcant increase in the damping of the inter-area
modes with the application of PEVA; in addition, no EOMs had damping below 5%, as can
be seen in Table 4. To verify the obtained results, a computer simulation was performed
using a linearized model of the New England/New York nonlinear system reported in [36].
To simulate a small disturbance, a step of 2% in the reference voltage of the test machine
was added. As an example, generator 3 was chosen as a test machine. In this case, it is
expected that the eﬀects of the disturbances will be more evident in the machines close
to the bus of the test machine, where the disturbance occurs, and will attenuate with
increasing distance to the generators [37].
In order to validate the linear model used, Figure 7 shows the relative slip of the linear
and non-linear models using PSS, for generators 2, 9, and 15 concerning machine 16,
as it is the machine furthest from generator 3. Generator 3 enables the evaluation of
the deviation of the machines to the reference slip and the damping provided by the
control system. It can be seen that the linearized system exhibits behavior similar to the
non-linear model.
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Figure 6. System eigenvalues without feedback and with PEVA
Table 4. Electromechanical modes with PEVA
# Damping ratio (%) Frequency (Hz)
1
28.0048
0.4921
2
22.1807
0.5052
3
22.7355
0.5488
4
11.2764
0.6100
5
39.9970
0.6856
6
7.93350
0.7679
7
10.7099
0.8496
8
27.5959
0.9135
9
8.46200
1.1919
10
10.259
1.2083
11
17.579
1.5214
12
13.697
1.5343
13
6.0863
1.7357
14
13.910
1.8004
15
7.8068
1.8577
Figure 8 shows the responses of the linear system without feedback using PSS and using
the PEVA plus observer.
It should be noted that the system response with the adopted methodology has a more
damped behavior compared to the use of PSS; this is evident when analyzing the response
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Figure 7. Relative rotor slips for G2, G9, and G15

Figure 8. Relative rotor slips for G2, G9, and G15 without feedback, with
PSS and with PEVA plus observer, respectively
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of generator 15. As this generator is very far from the bus where the disturbance occurred,
it has a reduced impact on its response. The control signal u(t) is shown in Figure 9.
The oscillations presented in the initial moments are due to the state estimation error,
stabilizing at approximately t = 6.0 s.

Figure 9. System control signal with PEVA plus observer
Although the linear model used in this work is very similar to the nonlinear model,
as shown in Figure 7, it should be considered that the models of the power systems are
a function of the load conditions of the generators, tensions, and external conﬁguration,
which vary constantly and in complex ways. In this way, the controller should be able to
control the system even if it presents variations in the parameters relative to the proposed
model. To verify the robustness of the project, an experiment was carried out by adding
an error of 0.5% to the system model. Figures 10 and 11 show the behavior of the output
and the control signal of the new system, respectively. It should be noted that despite
the fact that it has a more oscillatory response compared to the ideal model, the system
remains stable and more cushioned compared to the response using PSS.
5. Conclusions. In this work, studies were presented on improving the stability of electrical power systems to small disturbances when a methodology involving the use of PEVA
with a state observer is adopted. Such an application is even more justiﬁed in terms of
sparse and high-order systems, which represent actual models of electrical energy. After a
contingency in the electrical system, a spectral analysis was carried out to verify the dominant EOMs that is responsible for the instability of the system. If the system is partially
controllable and observable for these modes, a partial allocation with a state observer can
be considered, preserving the stable region of the spectrum, which represents most of it.
One of the greatest diﬃculties in the problem of dampening electromechanical oscillations
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Figure 10. Relative rotor slips, with 0.5% error of the model, for G2, G9,
and G15 without feedback, with PSS and PEVA plus observer, respectively

Figure 11. System control signal, with 0.5% error of the model, for PEVA
plus observer
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in multi-machine power systems is the need to adopt a methodology that simultaneously manages to eﬃciently dampen local and inter-area EOMs. Using the results and the
analyses that were carried out, it was observed that PEVA with the state observer is an
interesting control method to guarantee the stability of the system.
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