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ABSTRACT

This paper presents the analysis of the load frequency control
(LFC) of a realistic two area interconnected power system
having diverse sources of power generation. A Thyristor
Controlled Phase Shifter (TCPS) is used in series with AC tie
line for improving the dynamic performance of the LFC
system. The power system simulation is done using
MATLAB Simulink and control problem is solved using
MATLAB programming. An optimal output feedback control
strategy using TCPS with pragmatic viewpoint is presented.
Optimal gain settings of the output feedback controller with
and without TCPS are obtained following a step load
perturbation in either of the areas by minimizing the quadratic
performance index. Simulation results show that due to the
presence of TCPS, the dynamic performance in terms of
settling time and overshoot is greatly improved. The system
with TCPS is capable of suppressing the area frequency and
tie line power deviations more effectively under the
occurrence of area load perturbations.

Keywords
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1. INTRODUCTION

Frequency deviation is a direct result of the imbalance
between the electrical load and the power supplied by the
connected generators, so it provides useful index to indicate
the generation and load imbalance [1]-[2]. LFC provides an
effective mechanism for adjusting the generation to minimize
the area frequency deviation and regulate tie line power flows.
The LFC system realizes generation changes by sending
signals to the under-control generating units [2]. The LFC
performance is highly dependent on how generating units
respond to the commands. The generating unit response
characteristics are dependent on many factors, such as type of
unit, fuel, control strategy, and operating point [2]-[7]. LFC is
one of the important control problems in interconnected
power system design and operation, and is becoming more
significant today due to the increasing size, changing
structure, emerging multi-energy sources and new
uncertainties, environmental constraints, and complexity of
power systems [4]-[8].

Mostly researchers considered hydro or thermal generating
units in control areas [8]-[16], whereas in real situation,
control area may have variety of sources of generations such
as Hydro, Thermal, Gas, Nuclear, Solar, wind etc and such
control areas represented by an equivalent of thermal or hydro
unit dynamics only may not result in a realistic design of LFC
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control [3]. The concept of power system with multi-source
power generation in each area as presented by Hassan Bevrani
[3] is taken for the simulation of this interconnected power
system. In this paper, a two area interconnected power system
model comprising Hydro, Thermal with Reheat turbine and
Gas units in each area as shown in Figure 1 is presented.
TCPS is connected in series with the AC tie line for
stabilizing the area frequency and tie line power deviations
[12]-[16]. The linearized models of governors, reheat turbines,
Hydro turbines and Gas turbines are used for simulation of the
proposed power system [1] [5] [17]-[20].

The Flexible AC Transmission Systems (FACTS) devices
provide more flexibility in power system operation and
control. TCPS is an effective FACTS device for the tie line
power flow control of an interconnected power system. The
TCPS device is modeled and used in series with tie lines to
improve the dynamic performance of LFC of the
interconnected power systems [12]-[16].

In this paper, the dynamical response of the LFC problem is
improved with a practical point of view by considering the
output feedback control strategy using TCPS. Practically,
access to all of the state variables of a system is limited and
measurement of all of them is not feasible and also costly. An
output feedback control strategy is presented in this paper to
overcome this problem. Literature survey shows that most of
the researchers applied optimal control theory on thermal -
thermal power systems only [8] [10] [11]. Some researchers
have studied the LFC of thermal-thermal or hydro-thermal
power systems considering TCPS but surprisingly there is
hardly any literature that applies optimal output feedback
control strategy for the LFC of realistic interconnected power
system considering TCPS [4][12]-[16].The main contributions
of the present work are:

(a). Simulation of a realistic power system with TCPS using
MATLAB Simulink tool and MATLAB coding for solving
the controller design problem.

(b). Improvement of the dynamic response of LFC system in

a realistic two area interconnected power system considering
TCPS in series with tie line.

(c). Comparison of the dynamic responses of the LFC of the
power system with and without TCPS.

2. INCREMENTAL TIE LINE POWER
FLOW CONSIDERING TCPS

TCPS is a device that changes the relative phase angle
between the system voltages. The tie line power flow can be
regulated by controlling the phase angle (@) to damp out the
area frequency deviations and improve power system stability
[13] [14]. The schematic of the two area interconnected power
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system considering a TCPS in series with the tie line is shown
in Figure 2. In a conventional interconnected power system,
the incremental tie line power flow AR, from area-1 to area-2

can be expressed as [1]
M@ =TRRE-0RE)

When a TCPS is connected in series with the tie line as shown
in Figure 2, the current flowing from control area 1 to control
area 2 can be expressed [14] as
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Now, the tie line power becomes
Ptielz - thielZ = D\/al‘ £- (§a1 + ¢):| i12
3)
Using equations (2) and (3) and separating the real and
imaginary parts, AP, becomes
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AP, can be given as

AR =Tp(A8y —AS,)+TpAd (g
Where;
A8, =2z Mt
and

AS,, =27 [ Af,dt
Taking the Laplace transform of equation (8)
AP (5) = T2 A (5) ~ AF, (5)] + T AG(5)

9)
As given in equation (9), tie line power flow can be controlled
by controlling the phase shifter angle A¢ . The phase shifter

angle A¢ can be given [13] [15] as

AP(s) = s T )AError(s) 10)
Where; K, and T,are gain constant and time constant of
TCPS.

3. TCPS CONTROL STRATEGY

Error signal to TCPS can be any signal such as the area
frequency deviation or area control error to control the TCPS
phase shifter angle. If the frequency deviation of area-1 is
sensed as error signal, it can be used as the control signal to
the TCPS unit to control the TCPS phase shifter angle which
results in controlling the tie line power flow [13] [15]. Thus,
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Figure 1: Transfer function block diagram of two equal area interconnected power system with TCPS
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Figure 2: Schematic of interconnected power system considering TCPS in series with tie line

4. CONTROLLER DESIGN

The key equations and design steps of optimal output
feedback controller [21] are presented in this section. The
interconnected power system considered for study can be
described in state space form [1] [8] [22]- [24] as

governor turbine dynamic models of Reheat thermal, Hydro
and Gas generating units taken for simulation are described in
[5] [17]-[20].

Table 2. Eigen values with open and closed secondary loop
of the system

X = Ax+Bu (13)
and Open loop Eigen values Closed loop Eigen values
y =Cx (14) 1.0000 -19.9539
0 -19.9776
Where; X=[X; X,.......Xps]" is a state vector -19.9780 -13.0281
u= [uy Uy...us]" is a control vector -19.9774 -12.8236
y=[y1¥2 Y3 Y41 is an output vector 12,6365 -0 6459
A,B and ¢ are constant matrices with the dimensions of -12.6546 -5.8750
26x26, 26x6 and 4x26, respectively. _ 96141 -5.5289
Let the output feeglback control law [21] be given as 5.9341 -0.4245+i2 7886
u=-Ky (15) -5.6923 -0.4245-i2.7886
Where K is an output feedback gain matrix of dimension 6x4. -0.3978+i2.0891 -3.9688
The cost function () is -0.3978-i2.0891 -3.8964
j- % [(xOx+uTRudt -3.9210 -2.5144
0 (16) -3.8602 -2.3393
In equation (16), Q is a 26x26 positive semi-definite -2.9123 -0.4116+i1.2948
symmetric state cost weighting matrix and R is a 6x6 positive -2.3878+i0.1673 -0.4116-i1.2948
semi-definite symmetric control cost weighting matrix. For -2.3878-i0.1673 -1.5671
stability, all the Eigen values of the matrix (;\_gKé) should -1.4189 -1.2792
have negative real parts [21]. The optimal output feedback -0.8139+i0.6261 -0.8597
controller of designer’s choice is obtained by minimizing the -0.8139-i0.6261 -0.2561+i0.4204
cost function [21]-[24] and the controller design is carried out -0.9216 -0.2561-i0.4204
through an efficient MATLAB code [25]-[26]. 0.1769 -0.1245+i0.1546
Table 1. Power generation scheduling to match the -0.1321 012457101546
nominal load of the individual area -0.0964 -0.0312
Total area load Thermal Gas Hydro 10,0349 0.0833
(MW) contribution  contribution  contribution -5.0000 -5.0000
(MW) (MW) (MW) -5.0000 -5.0000
1740 1000 240 500
Participation 0.5747 0.1380 0.2873 Furthermore, in the new environment, generators may or may
factor not participate in the LFC task and participation rates are not

5. SIMULATION OF THE REALISTIC
POWER SYSTEM MODEL WITH TCPS

The two area interconnected power system model with TCPS
is shown in Figure 1. The realistic two area interconnected
power system with TCPS which comprises more practical
combination of generating units in each area is simulated
using MATLAB Simulink [25][26]. As shown in Figure 1,
each area comprises Reheat thermal, Hydro and Gas
generating units and the two equal areas are interconnected.
The simulation of this interconnected power system in a new
power system environment is based on the concepts of
considering variety of generators with their corresponding
participation rates in each area [3] and TCPS [13]-[14]. The

the same for all participant generators. Let the participation
factor of k™ generator unit and i area beea, . In a given

control area, the sum of participation factors [2] [3] is equal to
1. The system parameter values are given in Appendix. The
nominal loading of each area is taken 1740MW with the
power generation scheduling and generator participation
factors as given in Table 1.

The power system has 26 state variables. State variables x;,
X12, X25 and X are taken as output feedback states. The
optimum gains of optimal output feedback controller are
obtained by running the MATLAB codes generated on the
basis of method described in section 4. MATLAB control
system toolbox [25] is used to simulate the power system and
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to obtain dynamic responses of the system for 1% step load Table 4. Dynamic response comparison in terms of settling
perturbations (SLPs) in the area-1. time (ST)

ST of ST of ST of
Afy Afy AP

tiel2

Without TCPS 20.08 19.59 29.96

Table 3. Dynamic response comparison in terms of
overshoot (OS)

OSofAfy  OSofAf,  OSof With TCPS 13.23 9.15 7.70
AR, 9% Reduction in ST~ 34.11 53.29 74.29

Without TCPS -0.0327 -0.0236 -0.0070
With TCPS -0.0212 -0.0115 -0.0042 0015
% Reduction in 35.16 51.27 40 oo
0S '

g
——

6. SIMULATION RESULTS AND
DISCUSSION

The optimum values of the K of the output feedback
controller for the simulated power system are obtained using

MATLAB code. The optimal value of K for the power
system with TCPS in series with AC tie line is
14403 -0.3501 59512 -0.5304
-0.3917 0.0360 -1.2367 0.1723 002
| 04581 02227 20621 -0.2545
K= -0.025

0.0507 0.4669 0.5904 0.5599 o 5 10 15 20 25 30 3 40 45 50

-0.3390 -0.5334 -1.6054 -0.3123 time, s
-0.0326 00117 0.1349 0.0827 Figure 4: Frequency deviation response of area-2 for 1%

SLP in the area-1

>
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Dynamic responses of the system are obtained for 1% SLP in
the area-1. The Eigen values of the system with open and 3
closed secondary loop are given in Table 2. The closed loop 3
Eigen values have negative real parts and satisfy the system )
stability conditions. The frequency deviation responses of ST

area-1 and area-2 are shown in Figures 3 and 4. The tie line ™
power deviation response is shown in Figure 5. It is observed
that the output feedback controller considering TCPS in
power system gives better dynamic responses having
relatively smaller peak overshoot and lesser settling time with
zero steady state error as compared to the power system
without TCPS. The quantitative comparison is made in Tables
3 and 4 where percentage reduction in the overshoot (OS) of

Afy, Af,and AP, becoming 35.16, 51.27 and 40, respectively

and the settling time of Afy, Af, and AP, becoming 34.11,

53.29 and 74.29, respectively. The phase angle deviation of Yo 10 w0 . w0 % & 1w ®
TCPS in response to 1% SLP in area-1 is shown in Figure 6 time, s

where maximum phase angle deviation on positive side is
1.27° and on negative side is 1.76°.

----- Without TCPS
— with TCPS

Tie line Power Deviation (PU MW)

Figure 5: Tie line power deviation response for 1% SLP in

the area-1
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Figure 3: Frequency deviation response of area-1 for 1% Figure 6: TCPS phase shift deviation response for 1%
SLP in the area-1 SLP in the area-1
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7. CONCLUSION

An attempt is made in this paper to improve the dynamic
performance of LFC of the power system by considering
TCPS. A simple but practical controller is proposed to control
the TCPS phase angle which in turn controls the tie line
power flow. The output feedback controller for the power
system with TCPS gives better dynamic response having
relatively smaller peak overshoot and lesser settling time with
zero steady state error as compared to the power system
without TCPS. The dynamic response of the system with
TCPS is improved significantly with the percentage reduction
in the overshoot (OS) of Af;, Af, and AP,,, becoming 35.186,
51.27 and 40, respectively and the settling time of Af;, Af,and
AP, becoming 34.11, 53.29 and 74.29, respectively. The

simulation results show that proposed control strategy
considering TCPS is very effective and guarantees good
performance.

8. APPENDIX

P, =2000 MW (Rated capacity of each area)
P° =1740 MW (Nominal load of each area)
f =60 Hz,H =5 MWsec/MVA

D =0.0145 pu MW/Hz,

Kps =68.9655 Hz/pu MW, T, =11.49 sec,

T = 0.06 sec,T; = 0.3 sec,T,, =0.0433
Ry =Ry =R =2.4 Hz/ puMW,
B=0.4312,a, =-1,K, =0.3 ,T; =10.2sec,
w =1.1sec, Tpg = 4.9sec, T, = 28.749sec,

Ty =0.2 sec, Xg =0.6 sec,Y, =1.1sec

¢, =1b, =0.049sec, T = 0.239sec,

Te =0.01sec, T, =0.2sec

TCPS parameters

K, =1.5rad/Hz, T, =0.1sec

@ (positive) =10°, @, (negative) = —10°
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