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Power system oscillations have been long recognized as a problem of great interest in the electric power industry.

The main objective of this work focuses on stabilization of inter-area power oscillations motivated by the fact that
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many catastrophic blackout events with the consequent multi-billion-dollar economic losses were due to the
presence of unstable inter-area modes of oscillations. This study will explore dual fuzzy logic controllers to
orchestrate a coordinated switching strategy for dual dynamic braking resistors, as a cost-effective method, for

stabilization of inter-area power oscillations in Kundur’s two-area test system. Comparative simulation study via
MATLAB/Simulink-based modeling and simulation environment of the test model with and without the suggested
stabilization regime will demonstrate its effectiveness in stabilizing inter-area oscillations.
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1. INTRODUCTION

Electric power systems normally experience the oscillatory behavior in all
over the world [1]. Originally, electromechanical power system
oscillations were experienced as soon as the utility-scale synchronous
generators were interconnected to provide more electric power supplying
capabilities and more system security which means that oscillation
phenomenon is inherent property in electrical power systems.
Electromechanical power system oscillations can be categorized by their
interaction characteristics as torsional modes of oscillations, control
modes of oscillations, local plant (inter-plant) modes of oscillations, and
inter-area modes of oscillations. Though all of these categories are very
much related and could be very likely to manifest at the same time in the
same electric power system, this work’s main concentration is on inter-
area oscillations.

Among the currently imaginable categories of power system oscillations,
inter-area oscillations are, by far, the most destructive to the synchronous
integrity of the interconnected power systems due to their wide frequency
range and the huge numbers of the involved generators besides inherent
weak damping associated with the inter-area oscillations which leave
open wide possibilities for irrevocable blackouts with the resultant
devastating consequences measured in terms of massive economic losses
and possible human casualties [2,3]. In fact, many catastrophic blackout
events with the consequent multi-billion-dollar economic losses were due
to the presence of unstable (i.e. negatively damped) inter-area modes of
oscillations. For instance, the Western Electricity Coordinating Council
(WECC) blackout event that occurred on 10th of August 1996 was due to
unstable inter-area oscillation mode. This memorable catastrophic
blackout event was responsible for disconnecting of 28 GW electrical load
and cutting off the power from nearly 7.5 million consumers with other
devastating outcomes in all over the Pacific Coast of Canada and the United
States. Therefore, the main objective of this work focuses on stabilization
of inter-area power oscillations.

Inter-area modes, simply inter-area, oscillations are associated with
combination of closely coupled generators in a power system swinging
with respect to another combination of closely coupled generators in
another power system. These oscillations make the two systems to
experience power swings in a periodic manner with typical frequency
range of 0.05 - 0.8 Hz. The damping feature of this mode is deteriorated
by interconnecting two or more sub-networks via weak transmission links,
the extensive utilization of the fast-acting high-gain Automatic Voltage
Regulators (AVRs) and transferring bulk power transactions over long-
distance transmission lines [4,5].

For predetermining the amount of power transactions through a
transmission line, there has been persistent commercial stress imposed on
the transmission system operators to utilize the maximum allowable
power transfer limit of a transmission line due to the lack of transmission
expansion projects. Moreover, due to the ongoing transition of the power
industry to a deregulated platform, many transmission lines are suddenly
compelled to convey heavier power transactions which incontrovertibly
will provoke the inception of unstable inter-area power oscillations with
the consequent increased probability of system break-ups [6,7]. Also, the
increased and persistent pace of the synchronous electrical
interconnection of many regional power systems all over the world results
in the uprising of unstable low-frequency inter-area oscillations combined
with the incapability of the Power System Stabilizers (PSSs) to provide the
adequate damping for these oscillations [8,9]. All these factors would
much more likely create a heavy power flow conditions in interconnected
power systems with the consequent uprising of unstable inter area
oscillations. Therefore, stabilizing of unstable inter-area oscillations has
been a matter of great importance in the power industry due to their
serious consequences on the power network [10]. Moreover, even the
presence of the poorly damped inter-area oscillations imposes limits on
the power transfer capacity of a transmission corridor and jeopardizes the
intact operation of interconnected power systems by being one of the main
reasons behind many worldwide blackouts.
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Utilization of dynamic braking resistor is one of the multiple presently
conceivable stabilization methods for inter-area oscillations. Dynamic
braking resistor was firstly recommended by the European Network of
Transmission System Operators-for-Electricity-Continental Europe
Synchronous Area (ENTSO-E-CESA) working committee to the Turkish
Transmission System Operator, as precautionary countermeasure, in
anticipation of the poorly damped 0.15 Hz inter-area oscillation mode
which was a collateral result for the synchronous interconnection
between the Turkish power system and the ENTSO-E-CESA in 2009 [11].
There are plenty of researches in the literature regarding the
implementation of the dynamic braking resistor for transient stability
augmentation, and steam turbine-generator shaft torsional oscillations
alleviation using mostly local control signal such as generator speed
deviation [12,13]. With regard to the power system point of view, the
conceptual principal of the dynamic braking resistor is simply to add an
extra dummy load to absorb any excess energy developed during the
system dynamic disturbances and remove it elsewhere.

The stabilization approach suggested herein inspired from the conclusions
presented in [14]. The authors presented single Thyristor Controlled
Braking Resistor (TCBR) unit for stabilization of inter-area oscillations in
Kundur’s two-area test system and the energization signal for the brake
was the speed of equivalent one-machine infinite bus (OMIB) system
without considering any Al-based controller. Also, the authors presented
the response of equivalent OMIB speed to highlight the stabilization
capability of the single installed TCBR. This study will explore dual fuzzy
logic controllers (FLCs), one for each area, to orchestrate a coordinated
switching strategy for dual TCBRs for stabilizing inter-area power
oscillations in Kundur’s two-area test system. This study will introduce the
responses of inter-area active and reactive power to demonstrate the
stabilization capability of the proposed scheme. This work will implement
the relative kinetic energy deviation for each area as control signal for the
FLC.

In summary, unstable inter-area oscillations have been long recognized as
the main culprit for many worldwide blackout events. The unstable nature
of these oscillations comes mainly from stressed interconnecting tie-lines.
The main reasons for this stress are deregulation, unceasing worldwide
interconnection projects, and transferring bulk power transactions over
long distances. Therefore, stabilization of unstable inter area oscillations,
in a cost-effective manner, will prevent many blackout events. In this study,

stabilization of unstable inter area oscillations is achieved by
implementation of dual dynamic braking resistors.

The rest of this paper is organized as follows. In section 2, a brief
description of the system under study is presented. In section 3, the idea
of utilizing the FLC to control the proposed scheme is introduced. In
section 4, MATLAB™/Simulink comparative time domain simulation
results are depicted with comments. In section 5, the main conclusions of
the research are presented. Finally, the list of references used in this work
is presented.

2. TEST SYSTEM DESCRIPTION

To scrutinize the effectiveness of the suggested stabilization regime in this
paper, the well-known Kundur Benchmark test system is considered. The
two-area test system has four machines and the single-line diagram of the
system is depicted in Figure 1. It is a hypothetical interconnected power
system with realistic parameters, and it is widely employed for studying
power system oscillations. This model was first engineered by Ontario
Hydro for the sake of a survey report commissioned by the Canadian
Electrical Association (CEA) to study this vital power system problem.

The base test system is composed of two similar areas (active networks)
connected via two parallel 230 kV tie-lines with a relatively long
transmission distance of 220 Km which makes the transmission link
relatively weak especially with aggregate power transfer. Each area
possesses two fully identical round rotor (60 Hz) synchronous generators
rated 20 kV/900 MVA and the only parameters discrepancy is the inertia
constant (H) which equals 6.5 seconds for each machine in area 1, and
6.175 seconds for each machine in area 2, respectively.

All the generators are driven by the same type of prime mover which is
supposedly steam turbine in this work. For the sake of brevity, the
parameters and the dynamic data for the test system are available in.
Three low-frequency electromechanical modes of oscillation are existent
in the system, two local modes, one in each area, and one inter-area mode,
and they are often stimulated simultaneously. As similar to the work found
in [4], the distribution of loads and generated powers causes an electric
power transaction of 413 MW to be exported from generation-rich area 1
to area 2 which is happened to be suffering from a shortage in the
generation, as indicated from the direction of the arrow shown in Figure 1.
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Figure 1: Single- line diagram of four-machine two-area test system with double 30 MW TCBRs

Two 30 MW TCBRs are installed at both ends of the interconnecting
transmission link at bus 7 and at bus 8, i.e. one TCBR for each area. Each
TCBR is controlled via separately dedicated FLC to orchestrate the
dynamic braking interventions for the test system. Both areas of the test
system, as expected, are susceptible to undergo inter-area oscillation for
the different grid disturbances. Detailed depictions of each TCBR are
shown in Figure 2.

Local control signals are not the only possible control signal that could be
utilized as an energization signal for the dynamic braking resistor but,
global control signals such as total kinetic energy deviation (TKED) and
the time derivative of the TKED could also be employed [15]. In this work,
the relative kinetic energy deviation between the two areas is used as
input energization signal to each FLC.
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Figure 2: Detailed depictions for each of the dual TCBR with the FLC and the input control signal (a) Detail of Area 1 TCBR installed at bus 7, (b) Detail of

Area 2 TCBR installed at bus 8

To obtain the relative kinetic energy deviation for each area, the kinetic
energy deviation for each machine (KEDi) in joule is calculated as follows,
KEDi = (machine kinetic energy at transient state) - (machine kinetic
energy at steady state). Throughout this section, i=1, 2, 3, and 4 denoting
the machine number in the test system.

KEDi=1/2 [Jiw] _i*2-1/2 [J.iw)
_0"2 joule ®
Where ]_i denotes the rotor moment of inertia in Kg. m2 for machine i, w_i
is machine angular speed in (mechanical rad/s) and w_o is machine
synchronous angular speed in (mechanical rad /s). Then the relative
kinetic energy deviation for area 1 (RKED1) = total kinetic energy
deviation for area 1 - total kinetic energy deviation for area 2.

RKED,
= [(%]10)% _%]1(1)3 ) + (%]2“)% - %]2“’5)]
~[(G03 - 5052 )

1 2
+ (E]4w4

)| joute @

And, the relative kinetic energy deviation for area 2 (RKED2) = total
kinetic energy deviation for area 2 - total kinetic energy deviation for area
1.

RKED,
1, 1, 1, 1,
= [( 513(03 _513‘4)0 ) + (514‘4)4 - Ehwo)]

- [( %]1‘0% - %]1‘4)3 )
+ (%]2“’%

) joule 3

An elaborate TCBR model is built in MATLAB™/Simulink environment
using three antiparallel pairs of high-power thyristors to compose three-
phase AC voltage controller through which three-phase star-connected 30
MW linear resistor bank is connected to the high voltage busses number 7
and 8 as shown schematically in Figure 2. The proposed strategy in this
paper relied on the hypothetical post-existence of the communication
infrastructure needed for the control signal acquisition and transmission
from the different power plants in the test system to the centralized FLC
dedicated for each area. The power system simulation is implemented in
SimPower® of MATLAB™/Simulink which is possible to find the complete
system as a demo [16].

3. DESIGN OF FUZZY LOGIC CONTROLLER

Over the years, fuzzy-logic control has been suggested for a considerable
number of multidisciplinary power system problems [17]. Fuzzy logic is
dissimilar from the crispy counterpart in Boolean theory which uses only
two logical levels (0 or 1) in that it uses unlimited logical levels (from 0 to
1) to resolve issues that have uncertainties or ambiguous situations. FLCs

are confirmed to be more robust and their performances possess a lesser
sensitivity to the parametric variations than the traditional controllers
[12]. FLC is a nonlinear controller based on the use of expert knowledge,
alternatively speaking it is a rule-based intelligent system. A set of fuzzy
rules commonly characterized by “IF-THEN” statements which exemplify
a control decision-making mechanism for regularizing the fuzzy output for
the different system stimuli [18].

The basic configuration of FLC is composed of the following four incipient
stages: fuzzification, knowledge base, inference engine, and
defuzzification. In the fuzzification stage, the input crisp values are
mapped into fuzzy variables using normalized membership functions and
occasionally input gains (weighting factors). The fuzzy-logic inference
engine concludes the convenient control action based on the obtainable
rule base and there are two main types Takagi-Sugeno (TS), and Mamdani.
The fuzzy control action is converted to proper crisp value through the
defuzzification process using normalized membership functions and
occasionally output gains (output weighting factors). TS inference type is
more efficient than the Mamdani inference type for dynamic systems with
rapid variable dynamics. TS type also works satisfactorily with linear;
adaptive and optimization techniques and it is very appropriate for
mathematical analysis. Therefore, TS inference mechanism is utilized in
the simulation study.

Gaussian and Sigmoid membership functions are selected to represent the
input control variable of the fuzzy controller (i.e. RKED in per unit system,
p-u.-s). The input membership functions for the system are shown in
Figure 3 in which three linguistic variables, namely, NB (Negative Big), Z
(Zero), and PB (Positive Big), are defining the fuzziness of the controller
input. The parameters of the membership functions utilized in this study
are fixed throughout the simulation study for all case studies and
determined by trial-and-error approach. The output type is constant
having either 0 or 1 values (0 for both Z and NB, 1 for PB). Where 0
indicates that the TCBR should be fully OFF and 1 indicates that the TCBR
should be fully ON.

NB 7 PB

4
®

Degree of Membership
s s
= 2

=
N

I | I
-0.002 0 0.002
Relative Kinetic Energy Deviation

0 I L I )
-0.01 -0.008 -0.006 -0.004 0.004 0.006 0.008 0.01

Figure 3: Membership function of RKED [p.u.-s]

The proposed control scheme is direct and simple since it has only three
control rules where the TCBR is inserted if the RKED exceeds a certain
value (i.e. the area has excess kinetic energy) and removed elsewhere
(steady-state or the area has lack of the kinetic energy). There are three
premise membership functions in Figure 3 and the conclusions are
constants so the fuzzy control rules are as follows, If the input (RKED) is
NB then the output s 0, If the input (RKED) is Z then the output is 0, and If
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the input (RKED) is PB then the output is 1. Then the firing angle circuit
will provide the necessary firing angle, o, pulses for the thyristors (for
fuzzy output 0 then a=180 o, and for fuzzy output 1 then a=0 o). In the
next section, nonlinear time domain simulations are performed to
highlight the capability of fuzzy controlled TCBRs to effectively stabilize
inter-area power oscillations through ON-OFF (bang-bang) fuzzy-based
control.

4. TIME DOMAIN SIMULATION RESULTS AND DISCUSSION

The assessment of fuzzy-based dynamic braking performance is
accomplished by considering three case studies including small, mild, and
severe disturbances which will demonstrate the effectiveness and the
authenticity of the proposed scheme. All the following case studies are
conducted considering a power flow situation in which active power of
413 MW is transferred from area 1 (the exporting area) to area 2 (the
importing area).
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4.1 Case Study 1— Small Step Change in the Reference Voltage Set
Point of Machine (1)

Under the considered stressed steady-state operating conditions, the test
system is provoked to go into the inter-area mode of oscillation by having
small step-change increase of 0.05 p.u. in the reference voltage set point of
machine number 1 from 0.5 to 0.7 second of the simulation time of 10
seconds. The two curves shown in Figure 4 reflect the corresponding inter-
area active power and reactive power flow responses of the test system
due to the experienced small disturbance as measured at the beginning of
the transmission corridors at bus 7 with and without the fuzzy-based
dynamic braking interventions,

50 T T T T

Reactive Power [MVAR]

Time [s]

(b)

Figure 4: Power flow responses to the small disturbance with and without the dynamic brake, (a) Inter-area active power flow, (b) Inter-area reactive

power flow

The unstable oscillatory nature of the inter-area mode of oscillation can be
clearly seen from the outline of Figure 4. As it is obviously noticed, without
the proposed scheme, the amplitudes of the power swings are periodically
increasing. Inevitably, the protection system shall be forced to take
tripping action of the system elements and then the whole power system
collapses. With the proposed scheme, the system oscillatory behavior is
mitigated after nearly 2 seconds after the disturbance inception. A simple
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understanding of the TCBR functioning can be obtained by analyzing the
behavior of the dissipated power in the TCBR together with the insertion
control signal. Thus, Figure 5 shows the responses of the RKED and three-
phase dissipated power in TCBR for both areas with and without the
proposed scheme.
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Figure 5: Case (1) RKED and TCBR power responses due to small step change in the reference voltage of machine (1)
(a) RKED for area 1, (b) TCBR1 dissipated power, (c¢) RKED for area 2, and (d) TCBR2 dissipated power

Referring to Figure 5, in the steady state of the power system, the
dissipation through each TCBR is intuitively zero. Since the amount of
dissipated power through TCBR for each area depends on the excess

kinetic energy deviation in that area therefore, it is observed the power
dissipation becomes zero after 1.756 seconds for TCBR1 and after 3.874
seconds for TCBR2 and they still so to the end of the simulation time. This
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fact indicates that the system relative kinetic energy deviations become
virtually zero due the to the coordinated fuzzy-based operation of the dual
TCBRs.

4.2 Case Study 2— Inadvertent Tripping of Tie-Line (A)

Referring to Figure 1, the interconnecting tie-line (A) is inadvertently
tripped by simultaneous operation of the two-circuit breakers located at

@
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—With Control - - -Without Control

Active Power [MW]
¥ ) -
8 3

B 8 g

&
S
3

S
3
3

Time [s]

(@)

the terminals of the tie-line due to relaying system maloperation (i.e.
without any system fault) at t =0.5 second from the simulation time and
no high-speed reclosure (HSR) is considered. Plots for the active power
and reactive power exported from area 1 to area 2 (as recorded on bus 7)
with and without the fuzzy-based dynamic braking interventions are
shown in Figure 6.

—With TCBR -+ Without TCBR
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Figure 6: Power flow responses due to tripping of tie-line (A) with and without dynamic brake

(a) Inter-area active power flow, (b) Inter-area reactive power flow

The system performance comparison plot depicted in Figure 6 shows
clearly that the system will lose its stability without the dynamic braking
interventions after about 3 seconds from the disturbance initiation. With
the fuzzy-based dynamic braking interventions, the system will be
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stabilized, and the power oscillations are mitigated as the simulation time
proceeds. Then, in Figure 7 it is shown the response of the RKED and three-
phase dissipated power in the TCBR for each area with and without the
proposed scheme.
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Figure 7: Case (2) RKED and TCBR dissipated power responses (a) RKED for area 1, (b) TCBR1 dissipated power, (c) RKED for area 2, and (d) TCBR2

dissipated power

As it is obvious from the response of the RKED without the proposed
scheme that the machines in area 1 gain considerably huge kinetic energy
which will be stored in their rotors and causes the machines in that area
to accelerate astronomically and finally lose their synchronism. In contrast,
the machines in area 2 lose their kinetic energy very rapidly which causes
the machines in that area to decelerate considerably and finally lose their
synchronism. The operation of the dynamic braking has stymied the
kinetic energy deviation of the system from excessive changes with the
consequent stability loss.

4.3 Case Study 3— Unsuccessful Reclosure of Three-Phase to Ground
Fault at the Middle of Tie-Line (A)

In this study, the tie-line power flow is analyzed when the system is
subjected to three-phase permanent bolted short circuit (3LG) at tie-line
(A), connecting bus 7 to bus 8 as shown in Figure 1, at the middle of the
line at time t =0.5 second and HSR of the circuit breakers is considered in
this case which will be intuitively unsuccessful. The case scenario calls for
clearing the fault in 3 cycles (0.05 second) from the disturbance initiation
by the simultaneous breaking action of the two circuit breakers located at
the terminals of the tie-line (A). Then the two circuit breakers reclose
simultaneously after 30 cycles (0.5 second) later and then finally reclear
the fault again after another 3 cycles (0.05 second) and stay open with no
further reclosure attempts for the end of the simulation time. The two
curves are shown in Figure 8 highlight the comparison of the active and
reactive power transfer of the system due to this severe disturbance.
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Figure 8: Power flow responses due to the unsuccessful reclosure of tie-line (A) with and without dynamic brake, (a) Inter-area active power flow, (b)

Inter-area reactive power flow

Itis evident from the time domain simulation results that, the system loses
its stability after nearly 3 seconds of the simulation time. But, due to the
operation of the dynamic braking resistor, the system will be stabilized
and the power oscillations are mitigated as the simulation time proceeds.

02¢ T T

[—With TCBR - Without TCBR]

RKED1 [p.u.-s]

TCBR1 Dissipated Power [MW]

(b)

The responses of the RKED and three-phase dissipated power in each
TCBR with and without the proposed scheme are depicted in the series of
curves shown in Figure 9.
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Figure 9: Case (3) RKED and TCBR dissipated power responses(a) RKED for area 1, (b) TCBR1 dissipated power, (c) RKED for area 2, and (d) TCBR2

dissipated power

Finally, as depicted in Figure 9, the system loses its synchronism without
the proposed scheme after about 3 seconds of the simulation time. Due to
the presence of the fuzzy-based TCBR operations, the kinetic energy
deviation of the system will be stymied allowing the system to maintain
synchronism.

5. CONCLUSIONS

This paper proposed fuzzy-based switching strategy for the coordinated
energization of dual TCBRs in weakly interconnected Kundur Benchmark
two-area test system to stabilize unstable inter-area oscillations
manifested due to transferring heavy power flow conditions. The
effectiveness of the proposed stabilization scheme is examined by taking
into consideration three case studies with various degrees of severity. By
analyzing the performance repercussions raised due to the considered
purturbations, without the employment of the proposed scheme, the
unstable nature of the power flow and the RKED responses can be
obviously observed. With the employment of the proposed scheme, the
system oscillatory behavior is stabilized in an acceptable manner. The
performed comparative non-linear time-domain simulation results
emphasize the great potential of dynamic braking resistor, as a cost-
effective stabilization candidate, in stabilizing inter-area oscillations
according to the considered disturbances. This work concludes by
emphasizing the great importance of the proposed scheme in reducing the

vulnerability of interconnected power systems to cascading element
outages by neutralizing the threats of unstable inter-area oscillations.
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