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Abstract—In this paper, two different approaches are compared to design centralized Wide Area Damping Controller (WADC)
to damp out the inter-area oscillations. The first designed approach is based on local Power System Stabilizer (LPSS) and
secondone isinterval Type-2 Fuzzy Logic sets (IT2FLS) based PSS.Todesign the WADC, enhance the stability and reduced the
cost of the power system, geometric measure of joint controllability/observability is used to select most effective stabilizing
signals and control location site in proposed model. Based on joint controllability/ observability Tie-line active power is found to
be most stabilizing signal. Tie Line active power deviation conjunction with speed deviation are used as a input stabilizing
signalsand the designed methods are illustrated on Kundur two area four machine system. Simulation results shown that the
controller designed which is based on IT2FLS performed better as compared to LPSS .

Index Terms—Fuzzy type-2, Inter-area oscillations, oscillations arising due to different possible disturbances. These oscillations may
sustain and grow to cause power systemseparation or collapse if no adequate damping is provided by thesystem controllers. In
addition, with the extension of powersystems, especially with their interconnection by weak tie-lines,the oscillations restrict the steady-
state power transfer limits andaffect operational system economics and security. A power system stabilizer (PSSs) with Lead-Lag
controllers has beenconventionally used to damp electromechanical oscillations inpower systems with providing an auxiliary control
signal to theexcitation system. The design of these conventional PSSs isbased on linear control theory which requires linearization of
thesystem around a specific operating condition of the power system. Consequently, these controllers give degradedperformance with
varying operating conditions and sometimeunable to maintain stability especially in high loading conditions[1] .

Considerable number of researches is devoted to enhancethe performance of PSSs [2]. Recently, Artificial Intelligence(Al)
techniques and/or optimization algorithms have beenapplied to PSS design and tuning problem. Application ofArtificial Neural
Network (ANN) for improving PSSperformance is

proposed in [3]-[5]. ANNs enhance PSSperformance, but the main disadvantage of ANN-basedtechniques is the training time
and the task of choosingappropriate number of neurons and layers. Another Al approachis Fuzzy Logic Control (FLC) which has
been widely used indifferent control applications [6], [7]. The main advantage ofFLC is that it does not require an accurate
representation of thesystem and it can be tuned on the simple basis of linguisticinformation obtained from the knowledge of the
systembehavior [8].

With the growing electricity demand and the aging utility infrastructure, the present-day power systems are operating close to
their maximum transmission capacity and stability limit. In the past few decades, the angular instability, caused by small signal
oscillations, has been observed in the power systems under certain system conditions, such as during the transmission of a large
amount of power over long distance through relatively weak tie lines and under use of high gain exciters. These conditions
introduce inter-area oscillations [0.1 Hz-1.0 Hz] in the power system and which may cause a brownout or blackout of the whole
power system.

The inter area oscillations inherent to the large inter connected grid becomes more dangerous to the system’s security and the
quality of the supply during transient situation. Hence it can be said that the low frequency oscillations put limitations on
operation of the power system and network’s control security. The increased interconnected network of power system carries out
heavy inter change of electrical energy which invokes such poorly damped low frequency oscillation that the system stability
becomes major concern.

Some examples of power system black-outs due to inter-area oscillations are as follows.[9-12]:

a) In early 1960's, oscillations were observed when the Detroit Edison (DE), Ontario Hydro (OH) and Hydro-Québec (HQ)
systems were inter-connected.

b) In 1969, oscillations were observed under several operating conditions in the Finland-Sweden (and Norway)-Denmark
interconnected system.

c) In 1975, unsTable oscillations of 0.6 Hz were encountered on the interconnected power system of New South Wales and
Victoria.

d) In 1982 and 1983, the State Energy Commission of Western Australia (SECWA) experienced lightly damped system
oscillations in the frequency range of 0.2-0.3 Hz.
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e) On August 10, 1996, the Pacific AC Inter-tie (PACI) in WECC experienced unsTable low frequency inter-area oscillations
following the outage of four 400 kV lines.
f) India-2012 with a frequency range of 0.35-0.71 Hz. [13]

To damp out the inter-area oscillations, the traditional approach is Conventional Power System Stabilizer (CPSS). The basic
function of PSS is to add damping to the generator rotor oscillation by controlling its excitation using auxiliary stabilizing signal.
These controllers use local signals as an input signal and it may not always be able to damp out inter-area oscillations, because,
the design of CPSS used local signals as input and local signal based controller do not have global observation and may does not
be effectively damps out the inter-area oscillations[14].

Fuzzy controllers are mostly used for the system which are complex and mathematically ill define.lt is applied almost all areas
of power system problem [17]. There are two main approaches to the design of the fuzzy logic controller in the literature: First
one is, Type-1 fuzzy sets,whichcannot fully handle linguistics and numerical uncertainties associated with dynamic unstructured
environments also Type-1 Membership Functions (MF) totally certain and second one is, Type-2 fuzzy sets which was originally
presented by Zadeh in 1975, in which MFs are themselves fuzzy set. Type-2 fuzzy sets are very useful when we don’t know the
exact MFs and uncertainty in the rule base of the fuzzy system.Previously it has been shown in various research work that
Interval Type-2 Fuzzy Logic Controller (IT2 FLC) may achieve better control performance because of additional degree of
freedom provided by Foot Print of Uncertainty (FOU) in their MFs[15]. The additional degrees of freedom make it possible to
directly model uncertainties.

In this paper, a centralized Wide Area Damping controller (WADC) has been designed based on Interval Type-2 Fuzzy logic
controller (IT2 FLC) by exploring the property of Type-2 Fuzzy logic Sets (T2 FLS) for Kundur Two-area four-machine system.

This paper is structured as follows: Section |1 briefly discusses the interval type-2 fuzzy logic sets. Signal selection and control
location site for controller, based on geometric measure of joint controllability /observability has been described in section III.
Kundur two-area four-machine with locally controlled CPSS and with Fuzzy type-2 is described in section IV. Result and
discussions of the proposed controller are briefed in section V and finally the conclusion is presented in section V1.

I. BRIEF REVIEW ON INT2FLS

The concept of T2FLS is an extension of ordinary fuzzy sets. All the results that are used to implement an IT2FLS can be
obtain using T1 FLS mathematics. The membership grades of T2 FLSs are themselves are T1 FLS. Fuzzy logic sets are said to
be T2 FLS as long as any one of its antecedent or consequent or both are in Type-2 fuzzy sets.

A. Basic concept about Interval type-2 fuzzy sets:
Type-2 FS A is characterized by a Type-2 MF pz (x, u)[16]

A= {((x, u), ui(x, u))| VxeEX,Yu € J, S [0,1]} (D
where x, the primary variable, has domain X; u, the secondary variable, has domain J, at each x € X; J, is called the primary
membership of x.

Equation (1) can also be represented by:

A= [ )/l el @

xeX uedy

Note that in (2), when all uz(x,u) = 1 then 4 is an Interval Type-2 Fuzzy Sets (IT2 FS).4 , consists of a bounded region, this
bounded region is called ‘Foot print Of Uncertainty’ (FOU) and it is union of all primary memberships, i.e.
FOU (A) = UxEX]x (3)
The IT2 FS A is also defined in terms of Upper Membership Function (UMF) and Lower Membership Function (LMF). These
two are also a T1 MFs and the region bounded by these two is called FOU as shown in Fig.2.

- UMF(A)
UMF(A)

Embedded F5S

X
Fig.2. FOU (Shaded), LMF, UMF and an Embedded FS (Wavy Curve Line) for IT2 FLSs A.

From Fig.(2), The UMF is associated with the upper bound of FOU (4) and is denotedjiz(x),V x € X, and the LMF is
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associated with the lower bound of FOU (4) and is denoted pa(x),Vx €Xie.

fz(x) =FOU(A) Vxe€X 4)
pi(x) =FOU(A) Vvx eX (5)
For continuous universe of discourse Xand U, an embedded interval T2 FS 4, is
A= [weyx oejcu=oal ©)
XEX

Set 4, is embedded in A such that at each x has only one secondary variable, and there is an uncountable number of embedded
interval T2 FSs. The example of an embedded IT2 FSis depicted in figure-1, it is the wavy curve for which secondary grades are
all equal to 1.

B. Interval Type-2 Fuzzy Logic Controller:

The design of IT2FLC based on concept of IT2 FLS. The structure of IT2 FLC as shown in Fig.3. IT2 FLC and Type-1 FLC,
both have same structure except ‘type-reducer’ which was introduced between interface block and defuzzifier block. The main
function of type-reducer block is to reduce the type-2 fuzzy sets output of interface engine into type-1 fuzzy sets before applying
it to the defuzzifier for getting the crisp input. The basic principle of operation of the IT2FLC is similar to the T1FLC. In this
type of fuzzy system only enhance the degree of fuzziness of the system and all other functions like inferencing procedure,
defuzzification techniques hold good for both type[18].

ittt ittty A l

Rules Defuzzifier

} Crisp
A
—A0US L Eyzzifier

Type-reducer |—r——»

set

»  Inference
Input sets sets
A(ora,)

Fig.3. Structure of IT2 Fuzzy Logic System

1. SIGNAL SELECTION AND CONTROL LOCATION

The nonlinear dynamic model power system is usually described by a set of differential-algebraic equation. The whole power
system excluding the local PSS and wide-area damping controller can be linearized at an equilibrium point.

After linearization around a given operating condition and elimination of algebricvariabes, the state space model of studied
system can be written as:

x = Ax + Bu
y=Cx (7)

where x € R™™, u € R™™ and y € RP*" are the state, inputs and output vectors respectively. A € R™®, Be R™™ and C €
RPX™ gre state, input and output matrices, respectively.

Modal analysis of linear model (7) is applied to find out the low-frequency oscillation modes and then identify the critcal
inter-area mode with the help of geometric measures of modal controllability/observability.

For the designing of WADC, selection of stabilizing signals and location of control sites is an important factor. Wide-area
control is desirable for inter-area oscillations damping mainly because it provides bettercontrollabilityandobservabilitythus better
damping effects of those modes because remote stabilizing signals have more information about system dynamics. In the
selection of stabilizing signals and control locations, it is desirable to use as few measurements and control devices as possible to
achieve satisfactory damping effects. The most often used method to select locations and stabilizing signals for PSSs devices is
controllability/observability analysis [19-20].This method is derived from modal control theory of linear time-invariant system
and calculates residue-based measures of modal controllability/observability.

a) Geometric Approach

The geometric measure of controllability gm; (k) and observability gm,;(k)associated with the mode kth are given by[21]:

b
gm; (k) = cos(a(@y, by)) = b

TR ®)
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gmo; (k) = cos (0, ¢])) = % O)
]

In (8) and (9), b; is the i*™ column of matrix B corresponding to i™ input, ¢ is the i row of output matrix C corresponding to
j™ output. |z|and||z||is the modulus and Euclidean norm of z respectively. a({, b;) is geometrical angle between input vector i
and k™ left eigenvector and 6(dy, ') geometric angle between the output vector j and k™ right eigenvector.The joint
controllability and observability index of geometric approach is defined by:

C= gmc1(k) * gy, (k) (10)

In the geometric approach it can prove that, higher the value of joint controllability and observability index more the stability
of signal selected.In development of WADC model, each generator of proposed model has 11 state variables. Therefore, as per
Kundur two area four machines model adapted in this research and the total order of the non-linear system has 44 state variables.
After linearizing the non-linear test system about stable operating point of tie line active power whose initial value is 413 MW,
the small signal analysis was undertaken using the PST. This resulted in one critical inter-area oscillations mode characterized by
their damping ratio and frequency which are tabulated in Table-lin bold letters.

Table-1 Dominant Oscillations Modes

M . Dampin Fr n
Ngde Eigen Value R:tiop g (HeZ(;ue cy
05. —0.25 + 0.65i 0.36 0.10
13. —3.59 + 0.04i 1.00 0.01
15. 0.05+4.1i -0.01 0.65
25. —8.2 +9.49i 0.651 1.51
27. —8.12 + 9.68i 0.64 1.54
29. —5.66 + 14.81 0.36 2.36
31. —4.45 + 16.63i 0.26 2.65

The most stabilizing feedback signal selection was evaluated by geometric measure of controllability/observability approach.
The candidate signals that are considered for the selection process are line active power and generatorrotor speeds.

In Table-1l, The highest joint controllability/observability indices are indicated in bold and highest joint
controllability/observability indices shown in Table-11 suggest that the given inter area mode is efficiently controllable from Gen-
2 and Gen-4 and are well observable from line active power flow of the tie-line connecting bus no. 3 to 101. Hence from
geometric approach of signal selection the most stabilizing feedback signal is real tie-line power Ps.101 and most effective
generators for damping the inter area mode are Gen-2 and Gen-4.

Table-11 Geometric measure of controllability/observability approach for signal selection for mode-15 (0.05 + 4. 1i)

Generators

Signals G-1 G-2 G-3 G-4
w1 0.0046 0.0060 0.0049 0.0065
Wy 0.0031 0.0040 0.0033 0.0044
w3 0.0069 0.0091 0.0073 0.0098
o 0.0061 0.0081 0.0065 0.0087

P3-20 0.2726 0.3588 0.2890 0.3871

Ps-101 0.7042 0.9269 0.7466 1

P13-101 0.6988 0.9198 0.7409 0.9923

P13-120 0.3629 0.4777 0.3847 0.5153

I1l. DESIGN OF POWER SYSTEM STABILIZER

In this study two approaches has been used for the design of PSS which is applied in multi-machine system. In this paper,
Kundur two area four machine systemhas been taken for simulation purpose. A conventional power system stabilizer based on
lead-lag compensator and the proposed IT2FLC based PSS has been implemented and their comparative results have been
studied.

The basic function of PSS is to add damping to the generator rotor oscillations by controlling its excitation using auxiliary
stabilizing signal(S). To provide damping, the stabilizer must produce a component of electrical torque in phase with the rotor
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speed deviations.

A. Lead-Lag Compensator Based PSS
The PSS used in this paper have following structure:

K sT, 1+ sT;1+sT;
A1+ 5T, 1+sT,1+sT,

Where K, = 20,T,, = 10,T; = 0.05,T, = 0.02,T; = 3 and T, = 5.4 for generator-2 and generator-4.

The stabilizer gain Kadetermines the amount of damping introduced by the PSS. The signal washout block is a high pass filter,
with time constant Tw, which eliminates the low frequencies that are present in the controller input signal and allows the PSS to
respond only to change in input signal. The phase compensation block is usually a single first order lead-leg transfer function or
cascade of two first order transfer function used to compensate the phase lag between the excitation voltage and the electrical
torque of the synchronous machine. The output is the stabilization voltage to connect to the Vstag input of the excitation system
block used to control the terminal voltage of the synchronous machine.

B. Proposed Interval Type-2 Fuzzy Logic Control based PSS (IT2FLCPSS)

In this article, the lead-lag control based CPSS is replaced by IT2FLC based PSS as shown in fig.4. For this, controller have
same input signals are taken as in case of CPSS and output of the controller is the required stabilizing signal AV; i.e. voltage of
PSS, which is applied to voltage regulator.

Aw >
| AVS(AVPSS)

AP —P

IT2FLC

Fig.4 Block Diagram representation of Interval Type-2 Fuzzy Logic Controller

To design the rule base for the fuzzy controller seven membership functions are taken for each speed deviation, tie-line active
power deviation and controlled voltage. Total 49 rules bases has been designed for the optimal performance of the proposed
controller which is shown in Table No.- . For the design of IT2FLC, the max-min composition method is used for interface,
centroid method for both type reduction and defuzzification purpose. The triangular type-2 fuzzy sets with uncertain center is
used for input, output and controlled voltage.

The details of rule base that are used in this paper are as follows:

Table-1vV
Rule Base for Proposed IT2 FLCand Type-1 Fuzzy logic Controller
Speed Tie- line active power deviation
Deviation
NL [NM [NS |ZE [PS [PM [PL
PSS
NL NL | NL | NL | NL | NM | NS ZE
NM NL | NL | NM | NM | NS ZE PS
NS NL | NM | NM | NS ZE PS PM
ZE NM | NM | NS ZE PS PM | PM
PS NM | NS ZE PS PM | PM PL
PM NS ZE PS PM | PM PL PL
PL ZE PS PM PL PL PL PL

Where, NL-Negative large, NM-Negative medium, NS- Negative small, ZE-Zero, PS-positive small, PM-positive medium, PL-
positive large.
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Fig.7 Kundur’s Two Area Four Machine System

IV. SIMULATION RESULTS AND COMPARISON

The test system under this research work is shown in fig. 7.[22] The system consists of two symmetrical areas linked by two
parallel tie-line of length 220 Km and 230 kV. Each area is equipped with two identical round rotor generators rated 20 k\V//900

MVA. All four generators have identical parameters, except inertia coefficient (H), which are H = 6.5 sfor Gen-1 and Gen-2 in
area-1 and H = 6.175 s for Gen-3 and Gen-4 in area-2.

a) Small Signal Stability Assessment

To perform the dynamic analysis of the closed loop test system for Kundur two - area four - machine systems as shown in
fig.7, a small pulse with magnitude of 5% as a disturbance was applied to the generator G-1 for 12 cycles. Then the response of
tie-line active power flow from area-1 to area-2, rotor mechanical angle deviation of G1, G2 and G3 with respect to G4, positive

sequence voltage at bus-3 and bus-13 are examined by considering the test system with CPSS, Fuzzy type-1 based Controller and
Fuzzy type-2 based controller.
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V1. Conclusion

In this paper researcher designed a wide-area damping controller to damp out the inter-area oscillations in a large scale power
system by using fuzzy type-2 and local PSS. The proposed controller design based on observed signal that can be obtained from
the method of geometric measure of controllability and observability associated with the inter-area oscillations mode. Some
simulation results are carried out to verify the effectiveness of proposed controller under small disturbance. From the simulation
results, it reveals that the proposed controller damps out the inter-area oscillations effectively as compared to LPSS.
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