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Abstract

A new design of dual mode Type-Il fuzzy logic load frequency (TIIFLC)
controller for interconnected power systems with parallel AC-DC tie-lines and
capacitor energy storage unit (CES) is proposed in this paper. Any optimum
controller selected for load frequency control (LFC) of interconnected power
systems should not only stabilize the power system, but also reduce the system
frequency and tie-line power oscillations and settling time of the output
responses. In general proportional plus integral (PI) controllers are used for
LFC but it does not get rid of the difference between the static and dynamic
accuracy. This dispute may be broken up by using the principle of TIIFLC to
utilize expert knowledge and being adaptive in nature. A direct current (DC)
link is connected in parallel with an existing alternating current (AC) tie-line
to stabilize the frequency oscillations of the AC system. In summation, the
capacitor energy storage (CES) unit is found to be advantageous for secondary
control in the power system and keeps the power quality with the distributed
power resources. The CES, which are not agreed to the frequent charging and
discharging, has been a quick response and outstanding function during
overload conditions. The comparability of the PI controller, Type-1 fuzzy logic
controller (TIFLC) and the proposed dual mode TIIFLC shows that, with the
application of the proposed controller, the system performance is improved
significantly. The proposed controller is also found to be less sensitive to the
changes in the system parameters and also robust under different operating
modes of the system.

Keywords: Load frequency control, Pl controllers, AC-DC tie-lines, Dual
mode Type-11 fuzzy logic controller, Capacitor Energy Storage.
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1. Introduction

The interconnected power system encounters a great challenge in power system
design and operation. The load-frequency control (LFC) problem has gained much
importance because of the size and complexity of modern interconnected power
systems. The objective of LFC is to regulate the output power of the regulating plants
so that the frequency of the power system and tie-line power is kept within prescribed
limits. Many control strategies for LFC, of power systems, have been proposed and
investigated by many researchers over the past several years [1,2,3]. The application
of control strategy to the LFC problem has found wide acceptance because of its role
in eliminating most of the problems associated with other multilevel control
strategies. The PI controller is most widely applied for the LFC scheme [4].

It is a well accepted fact that the classical conventional solution of this problem
has been one of the first practical applications for the LFC problem. An advantage of
using proportional and integral (PI) controller is because of their simplicity, easy
realization, low cost, robust and decentralized nature of the control strategy [5, 6].
However, the conventional controller reduces the steady-state to zero but it exhibits
poor dynamic performance and it will not reach high performance. Furthermore, the
settling time of the system frequency and tie-line power deviations are also relatively
long. In the recent years, conventional Pl controllers are replaced by fuzzy logic
controllers (FLC) [7, 8]. FLC have received an important role in power systems.

A fuzzy logic controller (FLC), described completely in terms of Type-1 fuzzy
sets, (TIFS) are called a Type-I fuzzy logic system. Fuzzy logic is a logical system for
formalization of approximate reasoning, and is used synonymously with fuzzy set
theory, systems introduced by Zadeh and investigated further by fuzzy researchers
[9,10,11,12]. Since it is able to model human decision making process and represents
vague and uncertain data, fuzzy set theory is a theory about vagueness and
uncertainty. This theory provides a methodology that allows modelling of the systems
that are too complex or not well defined by mathematical formulation. Therefore,
TIFLC becomes nonlinear and adaptive in nature, having a robust performance under
parameter variations with the ability to get desired control actions for complex,
uncertain, and nonlinear systems without the requirement of their mathematical
models and parameter estimation. The general framework of fuzzy reasoning,
handling much of this uncertainty, fuzzy systems employs TIFS, which represent
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uncertainty by numbers in the range [0, 1]. However, it is not reasonable to use an
accurate membership function for something uncertain, so in this case, what we need
is another type of fuzzy sets, those which are able to handle these uncertainties, the so
called Type-1l fuzzy sets (TIIFS). Hence, the amount of uncertainty in a system can
be reduced by using THFLC because it offers better capabilities to handle linguistic
uncertainties by modelling vagueness and unreliability of information [13, 14]. A
THFS is characterized by a fuzzy membership function, i.e., the membership grade for
each element of this set is a fuzzy set from 0 to 1, unlike a TIFS where the
membership grade is a crisp number from O to 1. Such sets can be used in situations
where there is uncertainty about the membership grades themselves.

In most of the LFC studies the, majority of the work carried out earlier is centred
on interconnected power systems involving the area interconnection with a tie-line
only. Nevertheless, there has been a marvelous development of the DC transmission
system due to economic, environmental and performance advantages over the other
options. Hence, it has been used widely in operating a DC link in parallel with an AC
link interconnecting control area to produce an improved system dynamic
performance with greater stability margin under small disturbances in the system [15].

The energy storage unit is an attractive alternative to augment demand side
management implementation. The conventional load-frequency controller may no
longer be able to attenuate the large frequency oscillation due to the slow reaction of
the governor even though a more advanced controller is assumed. A quick-acting
energy storage system, in accession to the kinetic energy of the generator rotors,
provides adequate control to mute out the frequency oscillations. The problems like
low discharge rate, increased time required for power flow reversal and maintenance
requirements have contributed to the evolution of capacitor energy storage (CES)
device for their applications also load frequency stabilizers. By using energy storage
systems, a low cost source of electricity can be efficiently supplied to satisfy the peak
requirement [16]. The CES will, in addition to load levelling, a function
conventionally assigned to them, have a wide range of applications such as power
quality maintenance of decentralized power supplies. The CES is excellent for short-
time overload output and the response characteristics possessed in particular. The
effect of generation control and the absorption of power fluctuation needed for power
quality maintenance are required. In this survey, a two area power system with CES
unit is taken to control power flows [17]. In each control area, all the generators are
assumed to form a coherent group. An important design concept of dual mode control
is contained in the proposed controller because it improves the system operation and
makes it flexible for application to actual systems [18, 19]. The computer simulation
results of application of the proposed controller with interconnected power systems
prove that the proposed controller is effective and provides significant improvement
in the system performance. Moreover, it has likewise been discovered that the
proposed controller is less sensitive to system parameter variations and also robust
under different operating conditions.
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2. Statement of The Problem
The state variable equation of the minimum realization of the continuous model of the
‘N’ area interconnected power system is expressed as [19,20]

X=Ax+Bu+Td (1)
v = Cx
y = Hx

_ T T T
X = [Xl ’Apei e X(N—l),Ape(N—l)"XN ]T n — state vector

n :ini +(N-1),
i=1
u=[u,...uy]' =[AP,..PJ',  N-control input vector;

d=[d,,....dy] =[AP.,..P,,J', N-disturbance input vector;

v =[v1....,un]", N = control output vector;
y=[yi.....yn]', 2N —measurable output vector;

where, A the system matrix ,B the input distribution matrix, I" the disturbance
distribution matrix, C the control output distribution matrix, H the measurable output
distribution matrix, x the state vector, u the control vector, d the disturbance vector of
load changes. It is known that by incorporating an integral controller the steady state
requirements can be achieved. In order to introduce an integral function to the
controller the system Eq.(1) is augmented with a new state variable defined as the
integral of the area control error ACE; (fu; dt), i=1,2,3,....N. The augmented system of
the order (N+n) can be described as

X = Ax+ Bu +T'd (2)
— [ {udt PN
Where, X= I
| X }}”

o ol

As the newly added state variables (J U idt), i = 1,2,....,N will also be available for
feedback in each area, the new measurable output vector y can be written as

Yy = HX
Where, y =[y;...y.,
H=|Ay.Ay

_ 0 1.0
and H =
0 0..H,
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The constant matrix H;(i=12...N)is of dimension 2x(N + n). Hence, the matrix

H is of dimension 2Nx (N + n).
The problem now is to design the decentralized feedback output feedback control
law

ui :_kiTyi i :],Z,N (3)

To meet the objectives stated in the previous section. The control law, Eq.(3), can
be written in terms of v;as

u =—k, Judt-k v i=12..N 4)

Where kiT: [kizkiz] is a two dimensional integral and proportional feedback gain
vectors.

3. Description of Dual Mode Type-11 Fuzzy Logic Controller With

Output Feedback

Since the principle of dual mode control can improve the system performance
a fresh conception of dual mode THFLC is proposed in this part. This proposed
controller operates in mode A as longer as the significant observed variable to the
control actions when the system output error is sufficiently large i.e. greater than the
switching limit of the controller otherwise it operators in mode B [18]. Mode A acts
as proportional type TIIFLC and mode B as integral type THFLC. Thus, the control
structure of the system is changed when switching in each mode of operation. Since
the proposed controller is planned based on the switching limit of the controller, the
operation of the controller is found improved significantly. Block diagram of dual
mode TIHFLCis shown in Fig.1.

MODE A
TYPE-Il FUZZIFIER ~ULE
MODULE A
Ak CONTROLLER BASE DEFUZZIFIER
CRISP
OUTPUT
ACE y
N INFERENCE TYPE
TYPE-Il FUZZIFIER ENGINE —® REDUCER
" MODULE B
ACE<¢
MODE B

Figure 1: Block diagram of dual mode Type-11 fuzzy logic controller
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A TIIFS is characterized by a fuzzy membership function i.e., the membership
grade for each element of this set is a fuzzy set in [0,1], unlike a Type-I set where the
membership grade is a crisp number in [0,1].

AU

.75

0/1 234 5 6 7 8

Figure 2: Membership function interval Type-2 fuzzy logic set

A Type-I1 fuzzy set A , is characterized by the membership function:

,&:{((x,u Juz(xu ))vxeX,vuel, <[0,1] | (5)

in which 0 <p;(x,u) <1.Infact J .<[0,1] represents the primary membership

function of x, and £4(x,u).Hence, a Type-l1I membership grade can be any subset in

[0,1], the primary membership, and corresponding to each primary membership, there
is a secondary membership (Which can also be in [0, 1]) that defines the possibilities
for the primary membership.

The membership function of a general Type-II fuzzy set is denoted by A ,

iz (Xu)

~

:Ixe J‘ursx—"]x g[011]
I (xu) (6)
In which 0 < ¢z (X,U) <1.
An interval Type-Il fuzzy set A is defined as
s Ixe -[ue - (1/U)
A| — X [ JX;[O,l] ] (7)

,u,;(X,U),XEX,U €J,is a secondary grade and the domain of a secondary

membership function is called the primary membership of x, where J, c[01vxeX,
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Uncertainty in the primary memberships of a Type-Il fuzzy set consists of a
bounded region that is called the Footprint of Uncertainty (FOU) [21,22] as shown in
Fig.2. FOU characterizes Type-11 fuzzy sets is given by,

FOU(A) = JJ,

xeX

FOU is associated with the concepts of lower and upper membership functions and
models the uncertainties in the shape and position of the Type-I fuzzy set; its uniform
shading denotes interval sets for the secondary membership functions and represents

the entire interval Type-1l fuzzy set ,u/K(X,U),X the upper and lower membership
functions are in fact two Type-1 membership functions that are bounds for the FOU of
a Type-1l fuzzy set A.ﬁ;\(x),is the upper membership function (UMF) and is

associated with the upper bound of FOU (/Z\) It is also denoted as [23,24],
I; (X) = FOU (A),¥x € X

45(X) Is the lower membership function (LMF) associated with the lower bound
of FOU and is also denoted as

1;(X)=FOU(A), WxeX

The defuzzification is a mapping process from fuzzy logic control action to a non-
fuzzy (crisp) control action. A TIHFLS is again characterized by IF-THEN rules, but
its antecedent or consequent sets are now of Type-Il. The TIIFLS can be used when
the circumstances are too uncertain to determine exact membership grades such as
when the training data are corrupted by noise. Similar to a TIFLS, a TIIFLS also have
Type-lIfuzzifier, a rule base, fuzzy inference engine, and an output processor, as we
can see in Fig.3. [25,26].

Fm—————— . CRISP
UTPUT OUTPUT
RULE BASE ___PROCESSING _
I(;\IRF!EF; DEFUZZIFIER TImeEr
_INPUT | FUZZIFIER ]
xX€EX ‘

TYPE-REDUCER

TTTTT T T T T

y

INFERENCE
FNIGINE

FUZZY INPUT FUZZY OUTPUT
SETS SETS

Figure 3: Structure of Type-Il fuzzy logic system
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4. Operating Principle of Capacitive Energy Storage System

4.1. Modelling of capacitive energy storage unit

When there is a sudden rise in load demand, the stored energy is almost
immediately put out through the power conversion system (PCS) to the grid as pulsed
AC. As the governor and other control mechanisms start working to set the power
system to the new equilibrium condition, the capacitor charges to its initial value of
voltage. The action during sudden releases of load is similar. The capacitor
immediately gets shot down towards its total value, thus soaking up some portion of
the excess energy in the system, and as the system returns to its steady state, the
excess energy absorbed is released and capacitor voltage reaches its normal value
[27].

To show the effect of CES on LFC, a small rating CES unit having 3.8 MJ
maximum capacities is considered. The capacitor voltage must not be permitted to
deviate beyond certain lower and upper bounds. If the capacitor voltage goes too low
during a system upset and if some other disturbance occurs before the voltage returns
to normal, more energy will be pulled away from the capacitor [28]. This may lead to
discontinuous control. To overcome this problem, the lower limits are placed on the
capacitor rating, insulation level of the capacitor and the rating of the converter
bridge.

The normal operating point of the capacitor is set at the maximum allowable
energy absorption which equals the maximum allowable energy discharge. This
makes the CES unit equally effective in damping the oscillations created by sudden
increase, as well as decrease, in load. If Egmax and Egmin denote the maximum and
minimum limits of voltage, respectively, and Edo denotes the set value of voltage
then [29,30]

(1/2)CEZgmax — (1/2)CE%1o= (1/2)CE?4 — (1/2)CE?gmin

(Ezdmax+ Ezdmin)
= , (8)

2
Edo

4.2. System configuration of CES

System configuration of capacitive energy storage unit is shown in Fig.4. The storage
capacitor is connected to the AC grid through a power conversion system which
includes a rectifier/inverter in 12-pulse configuration. The storage capacitor C may
consist of many discrete capacitance units connected in parallel. The resistance R
connected in parallel across the capacitor represent the dielectric and leakage losses of
the capacitor bank.

The capacitor can be loaded to an asset value of potential drop from the utility grid
during normal operation of the two power schemes. A reversing switch arrangement,
using gate turn-off (GTQO) Thyristors is provided to accommodate the change of
direction of the current in the capacitor during charging and discharging, (i.e., during
rated load period and peak load period). Since the focal point of current through the
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bridge converter cannot change, the charging mode of the switches S2 and S3 are
OFF and S1 and S4 are ON. In the discharge mode, S2 and S3 are ON and S1 and S4
are OFF.

6-pulse bridge Dump resistor
converter

A A

D

DC breaker

Bypass Si S
capacitor -t,<lI 'l>'j—

Reversing switch
arrangement

sDF <5

L >| R
Y A Iy
6-pulse bridge |

converter T

ﬁﬁ/—- PCS

| [
I

|
C
Figure 4: System configuration of capacitive energy storage unit

4.3. CES control logic unit
The operation of CES unit, that is, charging, discharging, the steady state mode and
the power modulation during the dynamic oscillatory period, is controlled by the
application of the proper voltage to the capacitor so that the desired current flows into
or out of the CES. This can be achieved by accomplishing the firing angle of the
converter bridges [30].

Neglecting the transformer and the convertor losses, the DC voltage would be,

Edo = 2Vq4o cosa — 214R, 9)

Where, Eq, the DC voltage applied to the capacitor (kV), o the firing angle
(degree), lq the current through the capacitor (kA), R. the equivalent commutating
resistance (ohm), Vg4, the maximum open circuit bridge voltage of each 6-pulse
convertor at a=0 ° (kKV). The capacitor is initially billed to its normal voltage, Eq, by
the PCS. Once the voltage of the capacitor has reached Ego, it is kept floating at this
voltage by continuing supply from the PCS to compensate for the dielectric and other

leakage losses of the capacitor. The energy stored at any instant,
CE?%
We= —— M (10)

Where, C the capacitance of CES in Farad.
The area control error (ACE) can be sensed and used to control the CES current Ig.
The incremental change in CES current is expressed as,
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K .
Aldi = L AI:i i:1,2 (ll)
1+ST gei
The area control error of the two areas (i=1, 2) is defined as
ACE; = BiAF; + Apij i,j =12 (12)

Where, AFiis a deviation in frequency and APjjis a deviation in tie-line power flow
out of area i,j. If ACE is directly used for the control of CES, the gain constant Kca
(kA/unit ACE) would be totally different from Kcg, the gain constant for frequency
deviation as control signal. So a signal proportional to area control error
(AFi+(1/B)AP;) is used in such a scheme then,

Keai .
Algi = _— (AFi+ 1/8i APy) ,j=12
+ .
It s “ J necessary to restore quickly the set value of the CES

voltage after a load disturbance, so that the CES unit ia ready to act for the next load
disturbance. The capacitor voltage deviation can be sensed and used as a negative
feedback signal in the CES control loop to achieve fast restoration of the voltage.
Then, thefrequency deviation as the control signal,

1
AEg | ——————— | Alg (14)
Cs+1/R

(15)

Keai
Aldi = | [KCAi AFi - dei AEdi]
1+ST i

Where,Kqi (KA/KV) is the gain corresponding to the AEg; feedback. If ACE is used
as control signal then,

1

T+5Te [Keai (AFi+ 1IBi AP;j) — KwiAEq]  ,j=1,2 (16)

Algi=

Where,Kqi(KA/KV) is the gain corresponding to the AEgfeedback. The block
diagram representation of such a control scheme is shown in Fig.5.

(13)
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Edo o

Alg

ACE K ¥ ! S 1
— > ACE Cs+1/R >
1+8Tge AEq
(Edo +AEd)
# T
Alg APces

Figure 5: Transfer function model representation of the CES control with capacitor
voltage deviation

A

=
y +
)

5. Application of Dual Mode Type-I1 Fuzzy Logic Controller For

Interconnected Power Systems
The proposed dual mode THFLC design is applied to interconnected two area
reheat based thermal power systems. As the system is exposed to a small change in
load during its normal operation, the linear model will be sufficient for dynamic [31]
representation.

5.1.Design of conventional P1 controller and fuzzy logic controller with output
feedback

The conventional Pl Controller with output feedback is designed with square
error (ISE) technique. Gain values of the PI controllers are K,=6 and K;=0. 61 were
obtained according to the system response curve method. The conventional Pl
controls and fuzzy logic controller are also designed using the method presented in
[32]. The system output is sampled at the normal sampling rate of two seconds and
the controller output is also updated at a normal sampling rate.

5.2. Design of a proposed dual mode Type-I1 fuzzy logic Controller using the CES
unit with output feedback.

Design of proposed dual mode Type-Il fuzzy logic controller with output
feedback scheme is carried out for two area interconnected power systems. Since the
switching limit value ‘€’ should be greater than the steady state error of the system
output ACE. The value of ‘g’ is chosen as (¢1=0.003, &, =0.003). The input variable of
the proposed controller are ACE (error €) and AACE (change of error Ace). The
membership function of the interval Type-1l fuzzy set for the input variables (e and
Ace) scheduled by only three fuzzy sets with the simple shape membership functions
linguistically labelled as N, Z and P distributed over the intervals (-a, a) is shown in
Fig.6. The membership function N denotes (NU, N, NL) similarly for P (PU, P, PL).
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The value of a is chosen as (-a = -0.1 to 0a=0.1) for fuzzifier module A and (-a =-0.01
to 0=0.01) for fuzzifier module B. The rule base for the above membership function is
shown in Table -1. The feedback signal is sampled at the normal sampling rate of two
seconds and the control output is also updated at normal sample rate.

1 (AACE)

NL N  NU 4

TP --% g

-Lz'Pz -Lz '|-2+P2 Lz'Pz LZ |.2+P2

-Q Universe of Discourse

> +a

Figure 6: Membership function of the interval Type-II fuzzy sets

Table 1: Rule base for Type-II fuzzy logic controller

AACE
N_ Z0 P+
N_ P. P. Zo
ACE
Zo P, Zo N_
P. Zo N_ N_

5.3. Simulation results and discussions

The dual mode TIFLCwith parallel AC-DC tie-line using CES unit is
designed in the previous section is implanted in an interconnected reheat based
thermal power systems. The simulink block diagram of the system with proposed
controller is shown in Fig.7.
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Figure 7: Simulink block diagram of dual mode Type-II fuzzy logic controller with

parallel AC-DC tie-lines and CES unit for two area interconnected power system with

reheat turbines
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sK4; + 5K ;1 + 5Ky,

f
s?K,, + S(Ky+ =)+ Ky
Rl

Figure 8: Transfer function model of electric governor

The transfer function model of electric governor is shown in Fig.8.The
performance of this controller is simulated for 0.01 p.u. MW step load change in area
1 and the corresponding frequency deviation Af; in area 1, frequency deviation Af, in
area 2 and tie line power deviation APy are plotted in Fig.9. For easy comparison, the
responses of Afy, Af, and APye of the system with the optimum PI controller designed
on the basis of ISE criterion and Type-1 fuzzy logic controller are also plotted in the
same Fig.9. The nominal parameters are presented in Appendix A. The simulation
results show that the proposed controller has superior performance in settling time and
overshoot/undershoot when compared to conventional Pl controller and Type-1 fuzzy
logic controller.

0.02—

............. P| controller
= = =Type-l FLC

0.01 Dual Mode Type-1l FLC

0.005—

0.015—~

Frequency deviation in area 1

|
20 25 30 35 40 45 50

Timeinsec —»
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0.02—
............. Pl controller

0.015- = = =Type-l FLC
Dual Mode Type-Il FLC

0.01—

0.005—

-0.005:4 2
-0.01
-0.015% 37

0,021}

Frequency deviation in area 2

-0.025-3

0.03 \ \ \ I \ \ \ \ \ I

Time insec —»

x 10

B e PI controller
— — =Type-l FLC
6 Dual Mode Type-Il FLC

Change in tie-line (APye) in p.u.

TimeinseC — p

Figure 9: The performance of controller is simulated for 0.01 p.u. Mw step load
change in area 1 and the corresponding frequency deviation Af; , Af,and Py for Pl

controller, Type-I fuzzy logic controller and dual mode Type-I1 fuzzy logic controller
with AC-DC tie — lines.

5.4. Performance analysis of the proposed controller under different operating
Conditions.
To examine the essence of the proposed controller under different operating
conditions the following simulation is also taken away.

Case (i): simulation with AC tie-line only
In Fig.7 the DC tie-line is removed and simulation are carried out for 1% step load
disturbance and the results are shown in Fig 10.
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Figure 10: The performance of controller is simulated for 0.01 p.u. Mw step load
change in area 2 and the corresponding frequency deviation Af; , Af, and Pye for PI
controller, Type-1 fuzzy logic controller and dual mode Type-2 fuzzy logic controller

with AC tie — line

Case (ii): simulation with DC tie-line only.
In Fig.7 the AC tie-line is removed and simulation are carried out for 1% step
load disturbance and the results are shown in Fig 11.

only.
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Figure 11: The performance of controller is simulated for 0.01 p.u. Mw step load
change in area 1 and the corresponding frequency deviationAfy,Af, and Py for Pl
controller, Type-1 fuzzy logic controller and dual mode Type-2 fuzzy logic controller

with DC tie — line only.
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Case (iii): simulation with electric governor.

In Fig.7 the mechanical governor has been replaced with electrical governor as
shown in Fig.8. Simulations are carried out for 1% step load disturbances in area 1
and the results are shown in Fig.12.
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Figure 12: The performance of controller is simulated for 0.01 p.u. Mw step load
change in area 2 and the corresponding frequency deviation Af; , Af, and Pye for P1
controller, Type-1 fuzzy logic controller and dual mode Type-II fuzzy logic controller
using electric governor and AC-DC tie — lines
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Case (iv) : simulation with various step load disturbances for different time period.
Simulations are carried away for varying load case also. Here the load varies
in step of 1% for every 10 Sec. (For first 10 Sec the disturbance is 1% and for next 10
Sec the disturbance is 2% and so on) as shown in Fig 13.For easy comparison the
disturbance and output response are plotted in the same form.

4%

1

Type-1l FLC
Type-1 FLC

| — .
u_l = = = Disturbance
| ——

10

20

Time in sec——»

30

40

50

Figure 13: Performance comparison of frequency deviation in area-1for a different
load disturbances

From the above case studies, it is found that the proposed controller provides
good transient and steady state response even under different operating conditions.
For convenience the results are summarized in a tabular form and presented in

Table 2.
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Table 2: Performance comparison of different control techniques

controller Operating | Settling time Peak overshoot/ undershoot
condition Afy Af, Ptie Afy Af, Ptie
with  AC +0.0018 | +0.0031 | +0.0039
tie-line 27.50 | 26.80 | 24.25 | 43099 | .0.015 | -0.0005
with DC +0.003 | +0.005 | +0.0065
tie-line 2502 1240212325 | 3065 | .0.015 | -0.0042
Conventional |with AC- +0.001 | +0.0031 | +0.0044
Pl controller | DC tie-line 35.00 | 34.90 | 36.25 -0.0063 | -0.015 -0.0015
AC-DC tie-
line  with +0.001 +0.0011 | +0.0027
electric | 3400 822513312\ 051 | 0012 | -0.0010
governor
with  AC +0.005 | +0.003 | +0.008
tie-line 17.32 11325 | 1501} 5058 | 0023 | -0.0005
. +0.0078
with  DC +0.000 - | +0.000
N 17.25 | 16.95 | 16.05 | 05200 | 00 | -0.0000
TIFLC with  AC- 70.003 | +0.005 | +0.0003
DC tie-line | 2332 | 1055 15451 5025 | 0022 | -0.0077
AC-DC tie-
line  with +0.001 | +0.000 | +0.000
electric | 109 [ 980 110001 5051 | 0023 | -0.0079
governor
A 70.000 | +0.000 | +0.006
vith 15.00 | 11.25 | 14.90 | -0.024 | -0.020 | -0.000
tie-line
with  DC 10.000 | +0.000 | +0.0069
oual mode | tiEine 05.10 1 04.90 11000 | 600 | -0.019 | -0.000
with AC- 70012 | +0.016 | +0.012
THFLC DC tie-line | 11:2° | 1022111231 5555 | .0.024 | -0.0060
AC-DC tie-
line  with +0.001 | +0.002 |+0.003
electric | ¥80 | 723 | 77T | 00230 |-0026 | -0.0007
governor

5.5. Performance analysis of the proposed controller under parameter variation

The performance of the proposed controller has been analyzed under
parameter variation. The parameters Tq1, T, Trs and Ty are varied by +20% from the
nominal value one at a time, and simulations are carried out. The simulation results
are shown in Fig.14.
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Figure 14: Comparisons of proposed Type-II fuzzy logic controller of frequency
deviations for areal and area 2 for 0.01 p.u K.W step load change with system
parameter variation

From the results, it is found that the proposed dual mode Type-I1 fuzzy logic
controller is less sensitive to parameter variation. The simulations are carried out for
varying load conditions with Pl, Type-l and Type-Il controller, from the above
figures, it is shown that the proposed controller provides good transient and steady
state performance when compared with other two controllers.

6. Conclusions

This paper presents a design of dual mode Type-11 fuzzy logic load frequency
controller for interconnected two area hydro-thermal reheat power systems with
parallel AC-DC tie-line using CES system. The proposed controller is designed by
taking advantage of dual mode concept and TIIFLC. Simulation results are carried out
using Matlab 2009b version demonstrated that the designed controller capable to
guarantee the robust stability and robust performance such as precise reference
frequency tracking and disturbance attenuation under a wide range of parameter
uncertainty and area load conditions.The simulation results indicate that the proposed
dual mode TIIFLC can guarantee the stability of the overall system for large
parametric uncertainty and achieves good performance even for a less sensitive to
change in the parameter of the system.
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APPENDIX A

(a) Data for the interconnected two-area hydro-thermal reheat power system,
Ki1=K2=0.55; Rtu1=Rth2=2.4 Hz/p.uMW; Tyu=T;=0.08s; T;=T;=10s;a;,= -1;
AP31=0.01p.u.MW;T=T»=0.3sec; Ky1=Ky2=120Hz/p.u.MW; Tp1=Tp,=20sec;

T =Ty,=41.6 Sec.; Tri=Tr2=10 Sec.; T, =T, =0.513 Sec.; R,;=Ryy,=2.4 Hz/p.u
MW.;T 01= Toz=1 Sec;Bi=B>=0.425p.u.MW/Hz; 22 T1,=0.545p.u.MW/Hz.

(b)Data for capacitive energy storage unit,
Kace = 70kA/unit MW; Kyq = 0.20kA/KV

(c)Data for DC link,
Kge = 1.0; T4e = 0.5s€ec.

(d)Data for electric governor,
Kp=1.0;Ki=5.0;K=4.0;f=50Hz.
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Highlights:

We designed a new model to maintain the frequency deviation and tie-line
A new approach of dual mode Type-11 FLC is proposed in this paper
Maintaining a nominal deviation of over shoot and under shoot

AC-DC tie line and CES unit is incorporated with this model.

Simulation results show the effectiveness of the proposed control strategy.



