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Abstract. Interval type-2 fuzzy (IT2F) model develops to substitute conventional
control in power system (PS). The PS is operated to serve the consumer according
to load demand. Load fluctuation on the PS is a real situation and can’t be avoided.
The load fluctuation causes rotor oscillation on machine. Moreover, instability
problem can occur if this oscillation is not quickly to damp. The IT2F-based algo-
rithm is developed to replace conventional power system stabilizer (PSS) function.
The IT2F is implemented in this research because it simple and not need exactly
calculation of plant model. A single machine and multi-machine power systems
are applied to assess the performance of the IT2F-PSS. This IT2F-PSS is con-
structed by two inputs and an output. Three membership functions (MF) Gauss-2
type are used for respective inputs. Five MFs constant type are used for output.
The values of fuzzy parameter are tuned properly based on the knowledge and
experience the fuzzy developer. Simulations on the case studies provide enhance-
ment the response of rotors speed and angle. The IT2F-PSS responses are assessed
on peak overshoot and settling time.

Keywords: Gauss-2 - Interval Type-2 Fuzzy - stability improvement - rotor
oscillation - reducing of settling time

1 Introduction

Modern power systems are complex systems that consist of some group of machines,
where they working together to supply load that spread in wide-range area. The power
systems are operated on synchronous mode in frequency 50/60 Hz. In power system oper-
ation, continuity of power plant or generator to supply load through power networks are
one of concern operator in power companies. Some disturbances also commonly occur
in power operation and can’t be avoided, such as: Disconnect of network from the sys-
tem, short circuit fault or load change. Intelligent control is an attractive control model
that this control is simple to be implemented and do not need detailed mathematical
model of system that they controlled. On-line assessment of large-PS is conducted using
convolution neural-network. Data of bus voltage phasor sample are taken from phasor
measurement unit and these data are used to predict the status of the PS. Status of the
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PS are defined as: Stable, aperiodic unstable or oscillation unstable [1]. Power system
stabilizer (PSS) is a device that wide-applied to stable of power system. New type digital
PSS is introduced to minimize oscillatory of rotor-speed/angle in local and inter-area
modes [2]. Generic and multi-band (MB) PSSs are applied to optimize reactive power
compensation on wind-hydro distributed generators. The MB-PSS is able to work better
than the generic PSS on various unsymmetrical faults and voltage level points [3]. Ant
bee colony method is proposed to optimize the PSS parameter and is tested on single
machine [4]. Also, the PSS is designed using adaptive fuzzy control to improve single
machine [5] and indirect adaptive fuzzy without to know it non-linear function, but the
control is structured using linguistic variables [6]. Linear matrix in-equality combined
by robust h-infinity control to damp low frequency on variation of transmission param-
eter, real and reactive powers [7]. Also, the robust PSS design is realized on real-time
to enhance performance and to reduce of disturbance effect in multi-machine [8]. Opti-
mal PSS based on linear quadratic regulator design and phase lead-lag compensator to
damp low frequency on multi-machine power system [9]. Gradient based meta heuristic
optimal method such as: Gravitational search algorithm, bat algorithm, particle swarm
optimization and steepest descent methods are applied to optimize the PSS parame-
ters [10]. Instability detection in PS due to high penetration by wind-turbine sources is
explored using innovative matrix based on potential energy surface [11]. Some appli-
cation of intelligent control such as: Adaptive neuro-fuzzy inference system (ANFIS)
model for enhancement of power system stability [12], transient response improvement
of rectifier in high voltage direct current [13]. Stability effect of rotary-frequency based
converter is implemented as the PSS in 50/60 Hz PS [14]. The Interval type-2 fuzzy is a
linguistic model that is used in wide range such as power system stabilizer to improve
stability of single machine [15], multi machine [16] and large-scale PS [17]. The IT2F
also is used for micro-hydro and diesel PS on Lombok System [18]. Type-2 fuzzy PSS
is tuned using sliding surface approach to damp rotor oscillation on wide-area system.
The sliding surface is optimized by genetic algorithm [19]. Some methods are reported
in PSS designed and the effectiveness of their performance, it is potential to propose
PSS based on type-2 fuzzy model. The systematic writing of the paper: Simple power
system using single machine connected to infinite bus and nine-bus 3-machine systems
is explained in Sect. 2. In Sect. 3, we explain concept of PSS and interval fuzzy-based
PSS. Simulation results for a single machine and multi machine models are explored in
Sect. 4. Finally, the conclusion and future works are provided in Sect. 5.

2 Simple Power System

Commonly, a power system is built some components such as: Power plant, transmis-
sion/distribution and load, and in reality, power systems are the complex and complicated
system in the world. In power plant, coal (chemical energy) is burned and this energy is
used to produces steam under high heat and pressure. The steam energy is released to
rotate steam turbine. The steam turbine shaft is coupled to the generator. In synchronous
generator, mechanical power in rotation form is converted into electrical power. In gen-
erator the energy balance between electrical and mechanical energies occurred. When
the energy balancing is disturbed due to short circuit fault or change of load, the minus
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Fig. 1. Synchronous machine model for small-signal stability study.
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Fig. 2. One-line diagram of a single machine.

or surplus energy in generator is released by accelerating or decelerating of rotor speed
and rotor angle. This process is illustrated by diagram block as in Fig. 1. In order to
simplified representation, the PS, the PS is modeled by one-line diagram. Two examples
are used for PSS applied: A single machine and 3-machine 9-bus power systems.

2.1 One-Line Representation of a Single Machine

Large and complex power systems can be represented into a voltage source, reac-
tance behind the voltage for generator, external reactance for step-up transformer and
transmission-line, and infinite-bus. The power system is taken from [20] Example
12.3 pp. 752 and is shown in Fig. 2. The generator unit capacity and voltage ratings: 4
X 555 = 2220 MVA and 24 kV, respectively. The generator unit and the system have
frequency at 60 Hz.

2.2 One-Line Diagram of 9-Bus 3-Machine System

Large power systems are commonly supplied by more than one generator, where the
WSCC system is considered as example for calculation of small signal stability multi-
machine. The system is depicted in Fig. 3. That system using 100 MVA based with
frequency system is 60 Hz. Machine 1 was a hydro generator and this bus was treated
as the slack (reference) bus. While, Machine 2 and 3 were thermal generators and the
buses were treated as PV type bus. Data for generators, exciters and bus voltages after
load-flow process are given in [21].
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Fig. 3. Simplifier of WSCC system.

3 Development of PSS Model Using Type-2 Fuzzy

3.1 Conventional and IT2F PSS

Generally, PSS is a device that inserted in synchronous generator to produce stabilizer
signal. This signal is used to damp rotor oscillation by modulating exciter device of
the generator. We use rotor speed and stabilizer voltage signals as input and output,
respectively. Diagram block of lead-lag PSS is shown Fig. 4(a). While, illustration of
IT2F-PSS scheme is depicted in Fig. 4(b). It is shown that the IT2F-PSS inputs are rotor
speed and its derivative signals. The signals are passed through multiplexer before enter
fuzzy control device.

3.2 Fuzzy Logic System

Moreover, development of fuzzy type-1 principle to handle the not certain and not
precision is type-2 fuzzy model [22]. We use triangular MF as example to describe type-
2 fuzzy as shown in Fig, 5. Based on Fig. 5, it is shown that the x-axis is location of
triangular MFs. There are exactly exist NV triangle and at each x value, there is increased
to N MF grade from MF(x) until MFy(x) and respective of MF grade is assigned by
weighting at Wy, W, ... Wop. To illustrate of this MF grade, it is shown in Fig. 6.
These weight values are connected to each triangle’s grade at the x value. The results
are collection grade in {((MF;i(x), Wy;), i = 1... N} function forms. So, it is resulted

e P S s B

(a). Lead-lag ’SS

(b). IT2F-PSS

Fig. 4. Power system stabilizer diagram block.
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seconder MF, so the type-2 fuzzy produces the MF in 3-dimension. Figure 7 shows
membership function (MF), where this MF is embedded by type-1 fuzzy on 2-dimension
(x, M3 (x)) and type-2 fuzzy on 3-dimension (x, u, uy(x, u)) . Type-2 fuzzy MF is reduced
to Type-1 fuzzy when all uncertainty not exists. When all the uncertainties on the left-and
right-end points not exist, then only dashed triangles survive. This similar way occurs
on probability theory, when randomness is collapsed to deterministic. Another way to
represent the type-2 fuzzy MF is to sketch of foot of uncertainty (FOU) on 2-dimension.

To depict of FOU on 2-dimension is shown in Fig. 8.
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Figure 9 describes the 3 Gauss-2 MF for input 1. Each MF are constructed by lower
(mf1L- mf3L) and upper (mf1U- mf3U) MFs. Constanta sets (—1; —0.5; 0; 0.5 and 1)
are used as an output membership function. To connect the input-output relationship,
9 rules based are created. The example of rule based: If Inputl is mf1U and Input2 is
mf1U then Outputl is mfl. The illustration of rule based is shown in Fig. 10. Control
surface is represented by Fig. 11.

4 Simulation Results and Analysis

In this section, we use two examples (single machine connected to infinite bus and 9-bus
3-machine) in order test the ability of the proposed PSS. The simulation is conducted
by using Matlab/Simulink 2014b [23] on PC computer.
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4.1 IT2F PSS Testing on a Single Machine

The IT2F-PSS is tested on a single machine. The system is assumed operates on normal
mode to handle load. At this session, additional electrical load is attached on terminal
generator. Meanwhile, the mechanical force is remaining still not increased. So, it is
meaning that the machine deficiency of the mechanical force and the rotor speed is
decelerated and the rotor angle is increased at a moment. This mechanism is shown in
Fig. 12 for disturbance is implemented by 1% additional load. It is shown that power
system without PSS gives the maximum overshoot of rotor speed deviation is —2.45
x 10~% rad/s. The maximum overshoot of conventional (lead-lag) and IT2F PSSs were
—2.03 and —1.02 x 10~ rad/s, respectively. The settling time is achieved at more
than 5 s for system without PSS and conventional PSS. The settling time for IT2F PSS
was achieved at 2.34 s. For 5% disturbing, peak overshoot was achieved at — 12.14, —
10.07 and 9.94 x 10~* rad/s, for without, conventional and IT2F PSS, respectively. The
settling time was more than 5 s for without and conventional PSS. While, settling time
for IT2F PSS was at 3.19 s. Performance of rotor speed deviation is listed in Table 1.
Table 2 lists the rotor angle deviation when the disturbing is applied on the system.
For 1% disturbing, the peak overshoot of system without PSS, conventional and IT2F
PSS were —1.53, —1.26 and —0.54°, respectively. The settling time for without and
conventional PSS were achieved more than 5 s. The settling time for IT2F PSS was
achieved at 4.5 s. Illustration of power angle a single machine is depicted in Fig. 13.
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Fig. 13. Deviation of power angle by 1% disturbing on a single machine.
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Table 1. Rotor speed deviation of single machine.

Disturbance (%) Without PSS Conventional PSS IT2F PSS
MpX tst Mp)( tst MpX tst
(=107 () (=107 () (=107 ()
(rad/s) (rad/s) (rad/s)

1 245 >5 2.03 >5 1.02 2.34

5 12.14 >5 10.07 >5 9.94 3.19

Table 2. Rotor angle of single machine.

Disturbance (%) Without PSS Conventional PSS IT2F PSS
M) x tst Mp x tst M) x tst
(=107 () (=107 () (=107 ()
(rad/s) (rad/s) (rad/s)

1 1.53 >5 1.26 >5 0.54 4.5

5 0.131 >5 0.108 >5 0.105 3.02

Moreover, for disturbing is increased into 5%. The peak overshoot was achieved at —
0.131, —0.108 and —0.105° for without, conventional and IT2F PSS.

4.2 Performance of IT2F PSS on a 3-Machine System

Performance of interval type-2 fuzzy PSS also tested for multi machine power system.
Disturbing is 1% additional load on Machine 2, simulation results are listed on Table
3. The peak overshoot for rotor speed deviation Machine 2 of systems without PSS
was achieved at —0.98 x 10~ rad/s. The settling time was more than 2 s. Meanwhile,
when system equipped by the IT2F-PSS rotor speed deviation was achieved at —0.153
x 10™* rad/s. And, the system was settled at time of 0.19 s.

For Machine 3, the simulation results for rotor speed deviation are as follows: Peak
overshoot was achieved at —0.39 x 10~ rad/s for system without PSS. The system is
oscillated and the settling time achieved more than 2 s. Peak overshoot for IT2F-PSS
was achieved at the value of —0.21 x 10~* rad/s. The settling time was achieved at
0.32 s. For the disturbing was increased to 5%, simulation results are as follows: Peak
overshoot was achieved at —4.97 x 10™4 rad/s and settling time more than 2 s, for
system without PSS. While, for IT2F-PSS the peak overshoot was achieved at —2.36 x
10~ rad/s and settling time at 0.23 s. The peak overshoot for Machine 3 was achieved at
—1.86 x 10~ rad/s and settling time more than 2 s. The peak overshoot when the system
equipped by IT2F-PSS was at —1.52 x 10~* rad/s and the settling time was at 0.48 s.
Moreover, the system without PSS and IT2F-PSS is also evaluated on the rotor angle of
Machine 2 and Machine 3. Where, the peak overshoot of the rotor angle Machine 2 was
at —0.27° and settling time was more than 2 s. When the disturbing was increased to
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5%, the peak overshoot was at —1.41° and the settling time was more than 2 s. Response
for rotor speed of Machine 2 is depicted in Fig. 14.
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Table 3. Rotor speed deviation of multi machine.

Machine 2
Disturbance (%) Without PSS IT2F PSS

Mp x (=107 (radls) 15 (s) | Mp x (—=107%) (rad/s) | 15 (s)
1 0.98 >2 0.153 0.19
5 497 >2 2.36 0.23
Machine 3
Disturbance (%) Without PSS IT2F PSS

Mp x (=10"%)(radls) |15 () | Mp x (—10*)(rad/s) fsr ()
1 0.39 >2 021 0.32
5 1.86 >2 1.52 0.48

Rotor angle for machine 2 is illustrated in Fig. 15. The system equipped by IT2F-
PSS, the peak overshoot of rotor angle Machine 2 was at —0.025° and settling time was
at 0.17 s. For the disturbing was increased to 5%, the peak overshoot of rotor angle
Machine 2 was at —0.51° and settling time was at 0.2 s. Simulation results of rotor angle
for Machine 3 are as follows: Peak overshoot was at —0.095° and settling time was
more than 2 s for system without PSS. The peak overshoot was at —0.024° and settling
time was at 0.31 s for system equipped by IT2F-PSS. For disturbing at 5%, the rotor
angle achieved peak overshoot at —0.48° and settling time was more than 2 s for system
without PSS. While, the rotor angle achieved peak overshoot at — 0.26° and settling
time was at 0.36 s for system with IT2F-PSS. Rotor speed and angle for machine 3 are
illustrated in Figs. 16 and 17, respectively.
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Table 4. Rotor angle deviation of multi machine.

Machine 2
Disturbance (%) Without PSS IT2F PSS

Mp x (=107 (radls) 15 (s) | Mp x (—=107%*) (rad/s) |ty (s)
1 0.27 >2 0.025 0.17
5 1.41 >2 0.51 0.20
Machine 3
Disturbance (%) Without PSS IT2F PSS

Mp x (=10"%)(radls) |15 (s) | Mp x (—10*)(rad/s) tst (3)
1 0.095 >2 0.024 0.31
5 0.48 >2 0.26 0.36

5 Conclusion

Load and generation on power are not constant at all time, but there are always changes
according to consumers need. Rotor oscillation occurs in power system due to energy
balance on mechanical-electrical relationship is disturbed in generator system. To damp
the rotor oscillation problem, power system stabilizer (PSS) is one common method to
apply. However, conventional PSS gives not good oscillation. In this research, interval
type-2 fuzzy (IT2F)-PSS is proposed to reduce the rotor oscillation. The performance of
the PSS is assessed by peak overshoot and settling time of rotor speed deviation and rotor
angle. The peak overshoot is achieved at —2.45 and —2.03 x 10~* rad/s for without
and conventional PSS. While, the peak overshoot is achieved at —1.02 x 10~ rad/s
for IT2F-PSS. Settling time is more than 5 s for without and conventional PSS. The
IT2F-PSS gives settling time at 2.34 s. By this simulation it is show that the IT2F-PSS
gives better performance compared to other PSS. Future work is to peak overshoot and
settling time reduction using artificial intelligent optimizing method on PSS parameters.
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