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Abstract

This paper deals with the mitigation of electromechanical wave propagation in power systems. Dif-
ferent conventional controllers addressed this problem, such as the conventional PSS and the conventional
fuzzy logic PSS. In this paper, the fuzzy logic PSS is assisted by auxiliary signals from the fuzzy logic PSS
of the interconnected machines to augment the damping of electromechanical wave propagation and the
associated oscillations. The neighboring machines speed deviation and its derivatives signals are exploited
through the fuzzy logic PSS to assist the local fuzzy logic PSS. The disturbance propagation and reflection
phenomena are considered in the design of the adopted strategy. The efficacy of the proposed assistance
of the conventional fuzzy logic PSS are examined through different simulation results.
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1. Introduction

Power systems are continually subjected to different contingencies and random events.
The power balance between generation and loads is essential to get a stable operation of a
power system. The mismatch between the generator mechanical and electrical power forces the
generator rotor to deviate from the synchronous reference frame. This electromechanical distur-
bance propagates through the entire network as an electromechanical wave with a certain speed
of propagation [1] [2]. Simulation results [3] [4] and experimental observations [5] emphasized
this phenomenon, where its speed of propagation depends on the generators and transmission
system parameters [2].

The propagation of the electromechanical wave stresses different equipments in power
systems, e.g. generators and transformers. The protection systems may be subjected to a tem-
porary violation of their limits which may cause unexpected generator and/or transmission line
tripping, and consequently, the cascading failure occurs [6].

Preventive and emergency control strategies were used to avoid the drawbacks of the
electromechanical wave propagation [7] [8]. The preventive control strategies urge to operate the
system with high security margins to decrease the possibility of generator tripping. The emer-
gency control strategies take the suitable actions in case of sensing the initiation of a disturbance
to lessen the potential effect of its propagation [8].

The conventional power system stabilizer (PSS) has been used many years ago to dampen
electromechanical oscillations in power systems. It acts through the excitation system in such a
way that the speed deviation generates a component of electrical torque to assist the damping
torque, where the lack of sufficient damping torque results in oscillatory instability [9]. PSS is
also used to mitigate the spatial propagation of the electromechanical disturbance in power sys-
tems [10].

Based on wide area measurements (WAM), some improvements of the conventional PSS
were proposed through centralized and decentralized strategies to mitigate the electromechanical
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disturbance propagation in power systems [11] [12]. The conventional fuzzy logic power sys-
tem stabilizer (FLPSS) was effectively employed to extinguish the propagated electromechanical
disturbance in power systems [12].

In [13], a zero reflection controller strategy to quench the propagation of electromechani-
cal disturbance was proposed. The strategy in [13] was analogous to the impedance matching to
inhibit reflection of traveling electromagnetic waves in transmission lines.

As the disturbance occurs at any place of the system tends to propagate to the entire
system and tends to be reflected upon reaching the system boundaries, the proposed strategy
in this paper exploits this nature of the disturbance. As the speed deviation generates a propor-
tional component of electrical torque through the conventional PSS or through the conventional
fuzzy logic PSS, the neighboring speed deviation signal could be exploited, through a FLPSS, to
generate electrical torque to support damping of the coming and reflected disturbance.

From the viewpoint of disturbance location, the nearest to the first place of disturbance are
the foremost machines, and the latest machines are the furthest. Through the FLPSS, the speed
deviation signals of the foremost machines can assist the damping of the propagated disturbance
in the later machines. With the order reversed, the speed deviation signals of the latest machines
also can assist the foremost machines, through the FLPSS, to attenuate the reflected disturbance.

The paper is organized as follows. Section 2. introduces the system modeling and for-
malization of the problem of electromechanical wave propagation. Section 3. demonstrates the
proposed strategy to improve the mitigation of electromechanical wave propagation. Section 4.
presents a performance evaluation of the proposed strategy. Finally, Section 5. concludes. The
appendix presents the parameters of the benchmark power system used in the simulations.

2. System modeling and problem formalization

This section introduces the detailed generator modeling and the fuzzy logic based power
system stabilizer control. Some drawbacks of the the problem of electromechanical wave propa-
gation are explained.

2.1. Generator modeling
Different models can represent synchronous machines depending on the degree of de-
tails [9] [14]. The adopted detailed model are represented by the following dynamic equations [14]:

L1 , N

Eq = — (*Eq + (xg — @g)iq + Efd) (1)
T
., 1 ’ N
E;= T (—Eq — (zq — 24)iq) (@)
q0

§ = woAw 3)
Aw = %(Tm —T. — DAw) (4)
T, = Eyia+ Eyig + (s — 2)iaig (®)
ig = Re{— jx,[(E(; +5Ey) — (vg + jva)]} 6)
ia = Sm{- +jx'“E; +JEy) — (vg + jva)]} (7)

where Eq is the g-axis internal voltage in pu, E, is the d-axis internal voltage in pu, v, is
the g-axis terminal voltage in pu, vq is the d-axis terminal voltage in pu, i, is the g-axis current in
pu, iq is the d-axis current in pu, T, is the mechanical torque in pu, T, is the electrical torque in
pu, Eq is the field voltage in pu, § is the rotor angle in rad, Aw is the speed deviation in pu, wy is
the rotor rated angular speed in rad/s, ; is the d-axis transient reactance in pu, a=x;=x, =4 iS
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the d-axis synchronous reactance in pu, 7 is the g-axis transient reactance in pu, z, is the g-axis
synchronous reactance in pu, r, is the generator internal resistance in pu, T;U is the open circuit
d-axis time constant in s, T(;O is the open circuit g-axis time constant in s and D is the damping
constant in pu.

2.2. Generator control and fuzzy logic PSS

To counteract the rotor angle and speed deviations, induced from the generator power
imbalance, two principal controls have been evolved for synchronous generators, which are the
prime mover control and excitation control. The mathematical models of these controllers can be
found in [9] [14].

Conventionally, PSS is added to the excitation system to dampen power system oscilla-
tions. A fine tuning of PSS parameters gives a satisfactory attenuation of the electromechanical
disturbance propagation in power systems [10] [12]. Fuzzy logic power system stabilizer can
replace the conventional PSS and can provide more satisfactory damping for different modes of
electromechanical oscillations [15] [16] and for the disturbance propagation in power systems [12].

The conventional PSS employs fixed parameter model based on system linearization or
optimization methods. Such a fixed-parameter PSS is widely used in power systems and has
made a great contribution in enhancing power system dynamics [17]. As power systems are
dynamic systems and their operation is of a stochastic nature, the conventional fixed-parameter
PSS can be replaced by a fuzzy logic based PSS [18].

Fuzzy logic is considered as a powerful tool in encountering challenging problems in
power systems because of its capability to handle imprecise, vague or fuzzy’ information [19].
Fuzzy logic implements human experiences and preferences with the adjustment of membership
functions and fuzzy rules. Fuzzy membership functions can have different shapes, e.g., triangular,
trapezoidal or Gaussian, depending on the preference and/or the experience of the designer. The
fuzzy rules, which describe relationships in a linguistic sense, are typically written as antecedent
consequent pairs of (IF-THEN) statements.

A block diagram of a fuzzy controller is shown in Figure 1 [20], in which the input and
the output of the fuzzy controller are crisp. The fuzzification process converts each piece of
input data to degrees of membership. The rule base introduces the designer’s experience in
linguistic relationships. In the inference engine, the application of an implication method and the
aggregation of all outputs, related to the fuzzy rules, are performed to get the output fuzzy set.
The resulting fuzzy set must be converted to a number that can be sent to the process as a
control signal, which is called the defuzzification operation. All the processes in the dashed box
(see Figure 1) are called fuzzy inference system [21] [22].
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Figure 1. Block diagram of a fuzzy controller.

Empirical knowledge and engineering intuition play an important role in choosing the lin-
guistic variables and their membership functions. Based on the previous experiences introduced
in [23] [24] [18], the input signals are chosen as speed deviation (Aw) and its derivative (Aw)
and the output signal (AVy,ss) is added to the excitation system reference voltage. The speed
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deviation derivative (Aw) can be calculated from the following relation [23]:

o AWn+1 - Awn

where Aw,, is the speed deviation at step n, Aw,, 11 is the speed deviation at step n + 1
and At is time of step of integration.

Aw

2.3. The electromechanical wave propagation problems
The phenomenon of electromechanical wave propagation has significant effects on the
power systems and their protection systems. As the disturbance propagation imposes a deviation
of the generator’s rotor angle from its steady-state value, the power transfers in the network is
disturbed. The power flow between bus ¢ and bus j in a pure inductive line is given by the
following relation:
Pfij = mamsinéijo (9)

where Py is the power flow between bus i and bus j, d;;, is the steady state angle difference
and P,,.. is the maximum power transfer, which is given by the following relation:

V. |V, |

where |V, | and |V, | are the magnitude of the internal voltage of the two machines i and j and
Xij is the reactance of the connecting line. Thus, the deviation in rotor angle results in a change
in power transfer, which could be significant and could impact the power system operation [12].

The effects of the electromechanical disturbance propagation on protection systems were
presented in [25], where such a propagation often exposes remote relaying systems to false re-
sponses. The deviation in the power flow causes a deviation in the current, which affects the op-
eration of the over-current relays and also affects the apparent impedance which, consequently,
affects the operation of the distance relays [25]. The propagation of the electromechanical dis-
turbance may trip over-current relays and/or distance relays because of the transient violation of
their pick-up settings. This unplanned tripping of protection relays could disconnect one or some
components of the power system, which may lead to other disturbances [12].

3. Proposed strategy of assisted FLPSS

In the proposed strategy, the phenomenon of propagation and reflection of electrome-
chanical wave in power systems are exploited. The strategy is based on the injection of the output
signal of neighboring FLPSS as extra inputs to the excitation system besides the FLPSS of the
local machine to improve the damping of electromechanical wave propagation and the associated
oscillations.

More specifically, the excitation system of machine (n) has multi FLPSS signals, which are
the local FLPSS signal (AV},ss, ) and the FLPSS signals of all electrically connected machines
(AVyipss,, ) weighted by a gain K, as shown in Figure 2. The same strategy is applied at all other
machines.

Basing on the phenomenon of disturbance propagation and its reflection upon reaching
system boundaries, this strategy is developed. Suppose that machine n is electrically connected
to machine m (which represents one or more machines) and it is firstly subjected to a disturbance.
The FLPSS of machine n add extra damping through the excitation system of machine m besides
the local FLPSS of this machine to counteract the propagated disturbance. Also, the FLPSS
of machine m add extra damping besides the local FLPSS of machine n, through the excitation
system, to counteract the reflected disturbance. This inter-assistance between the interconnected
machines helps in damping the propagated and the reflected disturbance. Normally, a time delay
is implied for the disturbance to reach different machines, where, the foremost affected machines
are the nearest to the fault location and the last affected machines are the most far. This can
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Figure 2. A schematic diagram of the proposed strategy of modifications of the fuzzy logic PSS.

be disregarded for neighboring machines with small electrical distance, where the time delay is
small.

To adjust the gains K,, and K,,, an optimization toolbox of MATLAB (FMINCON) is used
to minimize an objective function, F,;;, which is given as follows:

n tf
Fop; = Z/O (Aw;)? dt (11)
i=1

where n is the total number of machines in operation and ¢; is the period of simulation.

4. Performance evaluation of the proposed strategy

This section presents the performance evaluation of the proposed strategy through the
simulation of the uniform two-dimensional (2-D) model [11]. The performance is quantitatively
assessed through performance indexes.

4.1. uniform 2-D system

A general regular two-dimension (2-D) grid is shown in Figure 3. It consists of 8 x 8
nodes, where one generator and a shunt load are connected to each node. The model has
identical transmission lines connecting two adjacent nodes Z;;, and identical loads at each node,
which is modeled as constant impedance Z;.

The disturbance is initiated through a sequence of events as follows: Before ¢ = 0.1 s,
the system is in steady state. At¢ = 0.1 s, the generator (1, 1), which has coordinates in the grid
x =1,y =1, is lost. The initiated disturbance propagates to the entire network in two dimensions
x and y. The propagated disturbance in rotor angle and rotor speed of the 64 generators of the
2-D model are shown in Figures 4 and 5, where all the machines are equipped with the prime
mover controller and the excitation system without FLPSS. These Figures show that the distur-
bance occurs at the first location causes the electromechanical oscillation near this location. It
propagates allover the network causing oscillations at each generator and upon reaching bound-
aries, it is reflected back to the first place causing a new disturbance propagating to the entire
network.

4.2. Application of the conventional FLPSS to the uniform 2-D system

For the studied test system, seven linguistic variables are proposed for each input and
output variables, which are: LP (large positive), MP (medium positive), SP (small positive), VS
(very small), SN (small negative), MN (medium negative) and LN (large negative) [23].

The typical membership functions may be chosen as triangular, trapezoidal, bell shaped,
etc. In the simulation of the application of the FLPSS to the 2-D test system, a bell shaped mem-
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Figure 3. Power system network simulated arranged in a grid of two dimensions.
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bership functions are chosen for all the inputs and output variables. The membership functions of
the two inputs (Aw and Aw) and the output (AVy,s) are shown in Figures 6 and 7, respectively.

A set of rules, which defines the relation between the inputs and the output of the FLPSS
is extracted from the previous experience of designing the PSS [18] [23] [24], which are presented
in Table 1.

Table 1. Decision table for the output of fuzzy logic PSS.

Aw LN|{MN| SN| VS| SP| MP | LP
Aw

LP || VS| SP| MP | LP | LP| LP | LP
MP | SN | VS| SP| MP | MP | LP | LP
SP||MN| SN| VS| SP| SP | MP | LP
VS||MN|MN | SN| VS| SP | MP | MP
SN LN|MN| SN | SN | VS| SP | MP
MN || LN| LN | MN | MN | SN | VS | SP
LN || LN | LN | LN | LN | MN | SN | VS

There are different methods for finding the fuzzy output, e.g., minimum-maximum and
maximum-product methods [22] [23]. In these simulations, the minimum-maximum method is
adopted. The fuzzy output of each rule is obtained and all outputs are aggregated and defuzzified
to get the final output of the FLPSS. There are different techniques for defuzzification of fuzzy
quantities such as the maximum method, the height method, and the centroid method, where the
later is the most widespread one, and it is adopted in these simulations.

4.3. Application of the proposed strategy to the uniform 2-D system

To evaluate the application of the proposed strategy, the rotor angle and rotor speed
deviation responses are examined to evaluate the effectiveness of this strategy.

First, the responses of all rotor angles, referred to the angle of machine (8,8), and rotor
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Rotor angle (rad)

Generators 0 o time (s)

Figure 4. Propagation of electromechanical wave in rotor angle, referred to the rotor angle of
machine (8, 8), throughout the 2-D test system without FLPSS.

Rotor speed deviation (pu)

Generators 0 o0

time (s)

Figure 5. Propagation of electromechanical wave in rotor speed throughout the 2-D test power
system without FLPSS.

speed deviation, when applying the conventional FLPSS, are shown in Figures 8 and 9 respec-
tively.

When applying the proposed strategy, introduced in section 3., the new responses of
machines’ angles and speed deviations are shown in Figures 10 and 11 respectively. Putting
Figures 8, 9, 10 and 11 in perspective, shows the improvement achieved when applying the
proposed strategy of the FLPSS.

To allow a quantitative evaluation of the the proposed strategy, performance indexes o;(t)
and o, (t) are proposed. They are defined as follows:
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Figure 6. Membership function of the fuzzy inputs (the speed deviation (Aw) and the derivative of
speed deviation (Aw)).
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Figure 7. Membership function of the fuzzy output (AVypss).
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Rotor angle (rad)
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Figure 8. Rotor angle response for all machine (referred to machine(8,8)) with applying the con-
ventional FLPSS.

Rotor speed deviation (pu)

Generators 0 o
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Figure 9. Rotor speed deviation of all machines with applying the conventional FLPSS.

os(t) =Y (AGi(t) — Adcor(t)? (12)
i=1
ou(t) = > (Aw;(t) — Awcor(t))? (13)
=1
These performance indexes consider two characteristics; First, the divergence from the center of
inertia (COI) of rotor angle and speed deviation. Second, the speed of the controller to mitigate
the disturbance propagation i.e., the time required for the performance index to reach zero.
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Rotor angle (rad)
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Figure 10. Rotor angle of all machines (referred to machine(8,8)) when applying the proposed
strategy of FLPSS.

Rotor speed deviation (pu)

Generators 0 o

time (s)

Figure 11. Rotor speed deviation of all machines when applying the proposed strategy of FLPSS.

To allow quantitative comparison between the conventional PSS, the conventional FLPSS
and the proposed strategy of FLPSS, the performance indexes for speed deviation and for rotor
angle are presented in Figures 12 and 13 respectively. Although the conventional FLPSS in-
troduces some damping for the propagation of electromechanical wave, the proposed strategy of
FLPSS add an additional damping for this propagation and for the associated oscillations.
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Figure 12. Comparison of the speed deviation performance indexes for PSS and FLPSS and
proposed strategy of FLPSS (MFLPSS).
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Figure 13. Comparison of the rotor angle performance indexes for PSS and FLPSS and proposed
strategy of FLPSS (MFLPSS).

5. Conclusions

This paper presented a new strategy, based on the FLPSS, to improve the mitigation of
the electromechanical wave propagation in power systems. The strategy is based on exploiting
the speed deviation signals of the neighboring machines, via the FLPSS, to assist each other
and to add additional damping torque. The importance of injecting the foremost machine FLPSS
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output signal to the excitation system of the latest machine is to counteract the propagating dis-
turbance, where the time delay of propagation between neighboring machines is small. Also,
the FLPSS output signals of the latest machines are injected into the excitation system of the
foremost machines to oppose the reflected electromechanical wave upon reaching the system
boundaries. The simulation results demonstrate that the application of the proposed strategy of
FLPSS improves of the damping of the electromechanical wave propagation and the associated
oscillations. However, the strategy still need some improvements, for example, variable gains of
the auxiliary FLPSS signals can be used. Also, the communication system of the interconnected
neighboring machines is needed to ensure the reliability of such a scheme.

Appendix

Referring to Figure 3, Z;, = j0.1pu, Z; = (0.552 + j0.414) pu. The generators are repre-
sented by detailed model, which has a field circuit on d-axis and one equivalent damper on g-axis.
The machine parameters are identical, and they are as follows: 25 = j0.067 pu, xq = j0.267 pu, «,
= 2y, 4 = j0.2pu, Ty, =105, T,y =0.5 5, and H =5s. The gains K,, and K., are chosen the same
for the identical machines of the uniform 2-D system and their optimized value is 0.015.
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