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1. INTRODUCTION

In power system, the frequency and tie-line power exchange deviate from its nominal value due to
change in load and other abnormality. In load frequency control (LFC) retain the system frequency and
tie-line power exchange between two areas at its nominal (pre-defined) value [1]. Many researchers have
studied different design techniques for LFC in an interconnected power to maintain its frequency and tie-line
power exchange at its pre-specified value i.e. available in the literature [2, 3].

A lot of research has been done in the LFC system for improvement in frequency deviation as well
as tie-line power exchange between others area. Various controller design technique has been implemented
for LFC system such as fractional order Proportional-Integral-Derivative (FOPID) [4], Proportional-integral-
derivative-acceleration (PIDA) [5, 6], Model predictive control (MPC) [7, 8], Fuzzy logic controller
(FLC) [9, 10], internal model control (IMC) [11-14], cascade control [15, 16], sliding mode control
(SMC) [17, 18], direct synthesis (DS) approach [19-21], variable structure control [22], active-disturbance-
rejection-control (ADRC) [23-24], Heo control [25], two degree of freedom (2DoF) control [26, 27],
coefficient diagram method [28] etc.

Debbarma and Dutta [4] have proposed FOPID controller for LFC power system using flower
pollination algorithm to obtain an optimum value of controller gain and the authors also utilize Electric
vehicles as a source in frequency regulation of power system. Raju et al. [5] presents PID plus double
derivative (PID+DD) controller based on ant-lion optimization technique for frequency regulation in multi-
area thermal power system and provide improved performance in terms of settling time (t;), peak value.
The authors also applied random step load at a different time in the three-area thermal power system and
show better robustness of double derivative controller. Guha et al. [6] proposed double derivative PID
controller with the application of multiverse optimization technique for frequency regulation in multi-area
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hydro-thermal power system and also consider generation rate constraint (GRC) and governor dead band
(GDB) as non-linearity in the system model. Model predictive control is the modern technique for LFC in
the power system. Linear matrix inequality (LMI) scheme is used to obtain MPC controller gain for LFC in
three areas thermal power system by Shiroei et al. [7]. Ersdal et al. [8] has used MPC for frequency
regulation in the Nordic power system using Kalman filter estimation technique. Sakia et al. [9] have
proposed fuzzy logic plus integral double derivative (FIDD) controller for LFC in the three-area power
system based on bacterial foraging algorithm. Fuzzy logic along with adaptive MPC technique has been
proposed by Kayalvizhi and Kumar [10] for LFC in micro-grid.

Tan [11-13] presents a PID controller via 2DoF-IMC for frequency regulation problem in single-
area as well as a multi-area power system. The authors proposed Anti-GRC strategy to minimize the problem
associated with the application of generation rate constraint in LFC [11]. Saxena and Hote [14] proposed
a robust PID controller via internal model control (IMC) technique for LFC problem in a single area as well
as the multi-area power system. Das et al. [15] have proposed cascade PD-PID controller for LFC in three-
area thermal power system along with GRC using bat-algorithm and its response is superior to PI, PD, PID
controller. Das et al. [16] proposed cascade PI-PD controller optimized using a flower-pollination algorithm
and its performance are improved compared to classical PI, PD, PID controller. It shows that cascade control
performance is better than the classical control technique. Sliding mode controller (SMC) has been designed
by Vrdoljak et al. [17] for LFC in the power system based on state estimation approach and its controller also
work in a non-minimum phase system. However, the sliding mode controller requires knowledge of full state
feedback using state estimation technique. Mi et al. [18] proposed SMC to regulate frequency deviation and
tie-line power exchange for the multi-area power system. The authors used Lyapunov stability to confirm
the frequency is zero. Chen and Seborg [19] presents PID controller design using DS approach for first and
second order system with time delay and its simulation results reveal the better disturbance rejection. Padhan
and Majhi [20] present a new PID tuning method for LFC power system and its controller gains are obtained
by Laurent series expansion of controller transfer function. Anwar and Pan [21] presents a PID controller for
LFC in single as well as multi-area thermal power system using DS method in the frequency domain.

The variable control structure is used to design the Proportional-integral (PI) controller for LFC in
the multi-area power system by Ray et al. [22]. Fu and Tan [23] present the ADRC technique for LFC in
multi-area power system along with the communication delays. The ADRC controller gain is obtained using
the IMC approach. Linear active disturbance rejection controller (LADRC) design has been proposed
by Tang et al. [24] based on the hybrid particle swarm optimization approach for LFC in wind power plant.
Peng et al. [25] proposed Heo controller for LFC in the networked-based multi-area power system. Debbarma
et al. [26] proposed 2DoF-proportional-integral with double derivative (2DoF-PIDD) controller for frequency
regulation in the three-area thermal power system and controller parameter is obtained using the firefly
algorithm (FA) technique. 2DoF-PID controller has been designed based on teaching learning-based
optimization technique to regulate frequency deviation and tie-line power exchange for multi-area power
system by Sahu et al. [27]. Load frequency controller has been designed by Bernard et al. [28] based on
Coefficient diagram method (CDM) for two-area as well as three area power system.

The parallel control structure (PCS) is also named as 2DoF control structure has been discussed
by Karungaran and Wenjian [29]. Figure 1 shows the generalized form of the PCS which has the ability to
tune the controller to get the desired set-point response and load-disturbance response independently.
The modified PCS scheme has been used to design a PID controller for an unstable process system with
small time delay using DS approach by Ajmeri and Ali [30].

The above literature motivates to design a controller for LFC problem using PCS scheme.
The nomenclature used in this paper is elaborated in Appendix A. In this paper, the PCS scheme has been
used to design PID load frequency controller for a multi-area thermal power system using DS approach.
The major contribution of this paper is as summarized below:

a. The new control structure to design a PID controller for LFC in the thermal power system.

b. The set-point controller and load frequency controller has been designed via pole-placement using direct
synthesis approach.

c. Robustness of the controller has been analysed using uncertainty in the system parameter and random
load has been applied to the system.

d. The proposed PID controller performance has been compared with existing PID design methods for
a single area as well as the multi-area LFC system.

The whole paper is described in five chapters as follows: In chapter 1 described the introduction of
the paper. The problem formulation of the multi-area thermal power system is elaborated in chapter 2.
Controller design methodology for LFC using DS approach has been discussed in chapter 3. In chapter 4
discussed the simulation results of the different case studied of the power system and at last conclusion of the

paper is described in chapter 5.
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2. PROBLEM FORMULATION

The parallel control structure (PCS) as shown in Figure 1, which has the nominal model of the plant
(M,) and actual model of the plant (M,) is considered to design set-point controller (K) and load-
disturbance controller (K.,) for load frequency control. The controller K, is used to regulate the set-point
response of the system while K, is used to regulate load-disturbance of the system. The closed-loop response

MKy Y1+M, K M
(Af) of the PCS is given by Af —r| —act | =¥ VnBe2 | a__|q )
1M Ky |1+ MK, ) |11 M, K,

Where r, d, Af are the reference input, load disturbance and process output (change in frequency deviation) of
the system. Under nominal condition (M,=M,), Af may be represented as follows:

M, K M
Af=r( — ]+[ : Jd 2
1+ MKy ) (1+M K,

2.1. Single area power system
The PID controller K¢(s) has been used to maintain the load frequency control of the thermal power
system, which may be written as

Ka(8) = Kpi +2 0+ Kys (51,2 3)

Where K, K, Kg are the proportional, integral, derivative constants of ith controller, respectively.
The linearized model of the single-area thermal power system as shown in Figure 2, which is used to design
the controller parameter. The transfer function of the power system model from u to Af as shown in
Figure 1 is

T, T, T
Written as M, :ﬂz#
u 1+TthTp/R

(4)
Where T4, Ty, T, are the transfer function of the governor, turbine & generator and load respectively. R is
the speed regulation of the governor.

2.2. Multi-area power system

The controller design technique of single-area power system is extended to a multi-area power
system. The change in frequency, as well as tie-line power exchange between areas, also varies from its
pre-specified value due to load demand fluctuates in a multi-area power system. Area control error (ACE) is
the combination of the small change in frequency deviation and tie-line power exchange and that ACE is
minimized by using a controller gain parameter. The schematic block diagram of a multi-area power system
is shown in Figure 3. The ACE of the i area may be represented as

ACE= Apyie,itBif; )

Where f; is the frequency bias factor. The tie-line power exchange (Apye;) between area i" and other area is
given by

N N N
1
APtiei :ZAptieij =3 ZtijAfi _ZtijAfj ©)
A ER

Where t; is the synchronizing power coefficient of the multi-area power system. The transfer function model
of the multi-area power system can be represented as

TgiTtiTpi

ni
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The load frequency control in a multi-area power system is as same as single area power system

where the tuning of each single area system is independently with consideration in the modified plant model
as given in (7).

Droap IT,.
F ) Load
. Crovece Tubme l Canerator and Load
+O— " Lo A E Y
1 * I=—- T=— |l | T = *
- =1 f5+l f 5=
Figure 1. The schematic block diagram of Figure 2. Single-area thermal power system

the parallel control structure
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Gaverser Turbine Crenerator and load

J.-r\:1'

'.Zr_.._u".

-

Figure 3. Schematic block diagram of the control area|

3. CONTROLLER DESIGN METHODOLOGY

In this paper, the parallel control structure (PCS) has been used to design PID controller using direct
synthesis (DS) approach. The Parallel control structure (PCS) has also known as two degrees of freedom
control structure [30] because the set-point controller and load disturbance controller are tuned independently
of each other. Figure 1 shows a basic block diagram of the parallel control structure (PCS). In DS approach,
a desired transfer function of the system is considered for the closed loop transfer function of the system.
By approximating the desired transfer function with closed-loop transfer function of the system,
a mathematical expression of the controller is obtained in terms of the desired transfer function and
the closed-loop transfer function of the system. In PCS decouples the regulatory (load-disturbance rejection)
problem from servomechanism (set-point tracking) problem.

3.1. Set-point tracking controller (K.)

The desired set-point closed-loop transfer function Psp(s) (from r to Af) of the power system is
considered as given by

1

Psp (s)= m ) (8)

where T is the time constant of the desired set-point reference model, n is the order of the desired set-point
reference model.
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From (2), the closed loop set-point transfer function (P, ) from (Af to r) may be written as

KuM
TV ©)
1+ KyM,

The closed-loop characteristic equation from (9) may be written as
1+KyM, =0 (10)

In the direct synthesis (DS) technique, the controller has been designed by equating the closed loop
set-point transfer function model with that of the desired set-point reference model, which may be written as

Pr,f ()= Psp (s) (11)

The following aspects have been assumed to obtain such desired performance matching of LFC
system using DS approach:
a. To obtain the desired transient response, the pole of the desired set-point reference model at S = —]/T
may be assumed as the pole of the closed-loop system which results in the following equation.

1+KyM, =0 for s=—1T (12)

1 1
Or, Kcl(s) = —W —E (13)

Using (3), (13) may be written as
K 1 1
Kpy —TKjy - =2 :{—— __} =2 (14)

T | T,ORET,6E) R o

b. To obtain better steady state performance of the power system by matching the frequency response of
the two systems at very small frequency point (say @ = 0.001rad/s) which results in the following
expression.

Pt (jo) = Psp(jo) (15)

The (15) may be written as

KalioM, (o) _, -
1Ky (joM, (jo) Psp(je) (16)
PSP(jaJ) an

4T M, (1 Psp(j))

The expression of PID controller parameter for LFC may be obtained by using (3) and (17)
as given by

K; : Pep(jo) 1 1
Ky +—L 4+ K ja):( SPAIT J - - — 18
P e T 1P (j0) Ty (jo)Tg (i) (jo) R (18)
Assumingxg( PSP(J&_)) ] i l_ : —i,the (18) may be written as
1-Psp(jo) )Ty (j@)Ty(jo)Ti(jw) R
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Ko+ j(Kdla)—ﬁ) =Re[X ]+ jIm[X] (19)
(9]

By separating real and imaginary parts of (19), we get the following two equations as given by.

K = Re[X] (20)

Kayo+ ki () = Im[X] (21)
[0}
The (14), (20) and (21) may be arranged in matrix form as given by

1 -T -YT[Ky Z
1 0 0 |Ky|=|ReX] (22)

0 = o [Kg] [ImX]
(4]

By solving the. (22), the PID controller gain for set-point response will be obtained.

3.2. Load-disturbance controller (K,,)
The desired load-disturbance closed-loop transfer function P p(S) (from APy to Af) of the power

system is considered as given by

Po(s) = % : (23)

where T is the time constant of the desired load-disturbance reference model, n is the order of
the desired load-disturbance reference model and the constant gain K =1/K;, . To ensure the frequency
deviation of the system at steady state is zero due to one zero at the origin is placed in the desired

load-disturbance reference model as in (23).
From (2), the closed loop load-disturbance transfer function (Pg4¢) from (Af to d) may be written as

M
_ n (24)
1+ KoM,

Pd,f

The closed-loop characteristic equation from (24) may be written as

1+ K, M, =0 (25)

In the direct synthesis (DS) technique, the controller has been designed by equating the closed loop
load-disturbance transfer function model with that of the desired load-disturbance reference model, which
may be written as

Py, (8)=PLp(s) (26)

The following aspects have been assumed to obtain such desired performance matching of LFC

system using DS approach:
a. To obtain the desired transient response, the pole of the desired load-disturbance reference model at

s=-1/T may be assumed as the pole of the closed-loop system which results in the following equation.

1+ KM, =0 for s=-1/T 27

1 1
Or, KCZ (S) = —m —E (28)
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Using (3), (28) may be written as

-z (29)

Kd2 1 1
sz -TKj, — = _}
s=—1T

T | T,OTOT,6) R

b. To obtain better steady state performance of the power system by matching the frequency response of

the two systems at very small frequency point (say @ =0.001rad/s) which results in the following
expression.

Py ¢ (Jo)=Pp(jo) (30)

The (30) may be written as

M, (jo) - )
1+ Ko, (jo)M, (jo) =Po (i) (31)
1 1
Koz = B 32
2= Po(jo) M, (jo) (32)
Or, Ky =—— 1 1 @)

Po(j@) Tp(joTy(joT(jo) R

The expression of PID controller parameter for LFC may be obtained by using (3) and (33)
as given by

K: . K: 1 1

Ky +—2 +K ja):( i2 J— - - — = 34

P2 e Pa(io)) Tp(io)Ty(jo)T(jw) R (34
n
Assuming W = 1_ :(1+TS) andY = - 1_ - +£,the (34) may be written as
Pa (jo) s To(jo)Tg(jo)T (jo) R

) ki _

K p2 + J(Kdzw—';z) = (Kiz RelW]-Re[Y])+ j(Ki ImW]- ImY]) (35)

By separating real and imaginary parts of (35), we get the following two equations as given by.

K p2 — Kiz RelW]=—Re[Y] (36)

Kez0+kip (-~ ImIW]) = - Im{Y] (37)

The (29), (36) and (37) may be arranged in matrix form as given by

1 -T ~YT[K,, z
1 —RelW] 0 {Kl]: —Re[Y] (38)
0 Zoimw] o |[Ke) [-miv]

[4)

By solving the (38), the PID controller gain for load-disturbance will be obtained.
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4. SIMULATION RESULTS AND DISCUSSIONS:

In this part, simulation results of a single area, two area and four-area thermal power system has
been considered and show the major advantages of the proposed PID controller design method.

Case study 1: A single-area LFC power system with non-reheated thermal turbine (NRTT) [21] is
considered with the following parametersk,, =120, t, =20, t; =0.3, t; =0.08, R=2.4. The desired set-

point and load disturbance transfer function model is considered with T=0.18, n=3. The proposed set-point
PID controller is obtained as K(s) =0.1728+0.7870/s+0.1418s and load- disturbance PID controller is
obtained as K¢,(s) =3.4001+7.0835/s+0.5187s. The load demand AP4=0.01 p.u. at t=0 sec is applied in LFC
power system to verify the performance of the proposed controller. The frequency regulation of the proposed
PID controller is as shown in Figure 4 and its comparative performance of the proposed method is compared
with that of prevalent designed techniques such as Anwar and Pan [21], Padhan and Majhi [20], Tan [11].
The detailed analysis of case study 1 is given in Table 1. The simulation results of case study 1 reveal that
the frequency deviation (Af), the integral of absolute error (IAE), and settling time (ts) are minimum value
compared to Anwar and Pan [21], Padhan and Majhi [20], Tan [11]. The percentage improvement of peak
value w.r.t Tan is as shown in Table 1 measured with the given formula as

peak value (reported)—peak value (proposed)

% improvement = x 100 (39)

peak value (reported)

To analyses, the robustness of the proposed PID controller, -50% parameter variation in k, and t, of
nominal plant model and frequency deviation of the perturbed plant is shown in Figure 5. The maximum

sensitivity is defined asM = 0max |1/[1+ Ke (jo)M (ja))]. The lowest value of M; indicates the robustness
<@<oo

of the system.

pmm——

A F(HZ)
A £(Hz)

m— Proposed

- = Anwar and Pan [21]
Padhan and Majhi [20]

—e==Tan [11]

0 1 2 3 4 14 B 7 8
Time (sec)

Figure 4. Frequency deviation response for case
study 1 with nominal plant

= Propozed

= = Anwar and Pan [21]
Padhan and Iajhi [20]

—==«Tan[11]

0 1 2 3 4 5 A 7 a8

Tine (sec)

Figure 5. Frequency deviation response for case
study 1 with -50% variations in k, and t,

Table 1. Comparative performance of case study 1

Nominal plant Perturbed plant
0,

Method Ko ko Ke M Peakvalue olmprovement A\ peakvalue t,  IAE

3 in term of Peak 3 3 3
(x107) value w.rt Tan (sec) (x10¥)  (x107) (sec)  (x107)

Proposed PID 3.40 7.08 051 1.92 6.12 54.32 1.02 1.94 6.12 1.02 193
Anwar & Pan [21] 1.52 250 027 174 9.02 32.68 174 420 8.97 1.73 4.20
Padhan & Majhi [20] 1.49 130 0.235 1.77 9.6

Tan [11] 0.40 063 0.183 124 13.4

28.35 407 7.68 9.52 4.09 7.68
- 351 158 13.3 3.58 15.8

Case study 2: A single-area thermal power system with Re-heated turbine (RTD) [21] has been

considered with the following parameters as given by

kp, =120, t, =20, t; =03, t; =0.08, R=2.4, t, =4.2 and ¢ = 0.35
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The desired set-point and load disturbance transfer function model is considered with T=0.15, n=3.
The proposed set-point PID controller is obtained as K(s) = 0.2864+0.9444/s+0.3211s and load- disturbance
PID controller is obtained as K¢,(s) = 8.139+19.03/s+1.0921s. The load demand AP4=0.01 p.u.MW at t=0 sec
is applied in LFC power system to assure the performance of the proposed controller. The frequency
regulation of the proposed PID controller is as shown in Figure 6 and its comparative performance of
the proposed method is compared with that of prevalent designed techniques such as Anwar and Pan [21],
Padhan and Majhi [20] and Tan [11]. The detailed analysis of case study 2 is given in Table 2.
The simulation results of case study 2 reveal the frequency deviation (Af), the integral of absolute error
(IAE), and settling time (t;) are much better than that of Anwar and Pan [21], Padhan and Majhi [20] and
Tan [11]. The percentage improvement of peak value w.r.t Tan [11] is as shown in Table 2.

To analyses, the robustness of the proposed PID controller, -50% parameter variation in k, and t, of
nominal plant model and frequency deviation of the perturbed plant is shown in Figure 7. In case study 2
the maximum sensitivity My is 2.37, which is lower than that of Anwar and Pan [21] Padhan and Majhi [20]
and Tan [11].

m— Proposed = Proposed
= = Anwar and Pan [21] = = Anwar and Pan [21]
Padhan and Majh [20] Padhan and Majlu [20]

—===Tan[11] ====Tan [11]

-15 ‘ : : -15 : ‘

0 2 4 B 8 10 0 2 4 B 8 10
Titme [sec) Time {zec)
Figure 6. Frequency deviation response for case Figure 7. Frequency deviation response for case

study 2 with nominal plant study 2 with -50% variations in K ) and 7 |

Table 2. Comparative performance of case study 2

Nominal plant Perturbed plant
Peak  %Improvement Peak
Method Kr kio Koo Ms Value  interm of Peak b IAOE value & IAOE
(x10%)  value w.r.t [20] (sec)  (x107) (x10®) (sec)  (x107)
Proposed PID 8.13 19.03 1.09 2.39 7.06 29.4 1.8 3.82 7.03 1.8 3.77
Anwar & Pan [21] 10.60 250 2.57 1.76 4.75 52.5 3.64 4.0 4.73 3.65 4.0
Padhan & Majhi [20] 6.16 193 1.16 161 7.38 26.2 3.23 5.80 7.34 3.24 5.80
Tan [11] 2.79 127 0.787 132 10.0 - 74 114 10.0 74 11.4

Case study 3: A two area power system with NRT has been reported from [21] with the following
system parameter as k, =k, =120, ty =t,, =20, ty=t, =03, t, =ty, =008, Ri=R;=2.4,

B1:B2=0.425.

The desired set-point and load disturbance transfer function model is considered with T=0.18, n=3.
The proposed set-point PID controller is obtained as K (s) =-0.4065+1.8517/s+0.3336s and load-
disturbance PID controller is obtained as K¢,(s) =8+16.65/s+1.22s. The load demand AP4=0.01 p.u. at t=0 sec
is applied in LFC power system to verify the performance of the proposed controller. The frequency
regulation of the proposed PID controller is as shown in Figures 8, 9, 10 and the simulation results of
the proposed design method are compared with that of Anwar and Pan [21], Tan [11]. The detailed analysis
of case study 3 is described in Table 3. The simulation results of case study 4 reveal that the percent
overshoot (%0S) in frequency deviation (Af), the integral of absolute error (IAE), and settling time (ts) are
better than that of Anwar and Pan [21], Tan [11] in each area. The percent overshoot (%0S) in tie-line
power, settling time (t;), |AE is improved than that of Anwar and Pan [21] and Tan [11]. In case study 3
the maximum sensitivity Mg is 2.37, which is higher than that of Anwar and Pan [21] and Tan [11].

Parallel control structure scheme for load frequency controller design using direct synthes... (Anand Kumar)
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Af, (Hz)
A £, (Hz)

Proposed e Proposed
il = = Anwar and Pan [21] A = = Anwar and Pan [21] [|
Tan [11] Tan [11]
-10 : : 6 : : :
0 1 2 3 4 5 B 0 1 2 3 4 5 6
Time {sec) Time (s&c)
Figure 8. Frequency regulation of area 1 for Figure 9. Frequency regulation of area 2 for
case study 3 case study 3
<104
W S——— ——
. -
5 2 .’
D;: \ s
A ,
-10 +
-15 == Proposed
= = Anwar and Pan [21]
Tan [11]
-20 . . . ; .
] 1 2 3 4 5 B
Time (=zec)

Figure 10. Tie-line power exchange between area 1&2 for case 3

Table 3. Comparative performance of case study 3

Area 1 Area 2 Tie-line power
Method K Ko Ko o M Af, Af, AR,
%0S IAE  %O0S IAE % 0OS t IAE
(x10%) (sec) (x10%)(x10%) & (x10®) (x10™) (sec) (x10%)
Proposed PID 8 16.65 1.22 237 582 286 110 202 286 035 0.63 154 0.30
Anwar and Pan [21] 355 595 122 175 6.38 32 180 250 282 017 850 257 0.87
Tan [11] 1569 2.39660.525 1.43 9.92 332 418 532 39 065 18.06 342 209

Case study 4: A four area LFC power system with NRTT as shown in Figure 11 has been
considered from [13] with the following system parameter

AreaNo. 1: k,; =120, t, =20, ty =0.3, t; =0.08, Ri=2.4, Area No. 2: k, =1125, t,, =25,
t, =033, ty,=0.072, R=2.7, Area No. 3: k3 =125, t,3=20, t3=035, ty; =007, Rs=2.5
AreaNo. 4: k,, =115, t,, =15, t,, =0.375, t,, =0.085, R;=2.0

The synchronizing constants are t;, =t;3 =t;, =t,; =t,3 =t3, =t,; =0.545 and the frequency bias
constants are B, = B, = B; = B, =0.425.
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Figure 11. Four-area non-reheat thermal turbine (NRTT) system

A four-area interconnected thermal power system is studied to demonstrate the advantage of
the proposed controller. The area no.1, 2, 3 are interconnected to each other, while the area no. 4 is connected
with area 1 only and each area in power is non-reheated thermal turbine (NRTT). The desired set-point and
load disturbance transfer function model for each area are considered with T=0.30, n=3. The proposed
set-point PID controller for each area is obtained as

0.4722 0.4214

K1,(s) = 0.0470 + +0.0965 , K4, (s) = 0.1245 +

+0.1272s,

0.4533 0.5652

Ke3(s) =0.0455 + +0.1130s, K4(s) =-0.0202 +

+0.1160s

The load- disturbance PID controller for each area is obtained as

1859 | 0.33225, K_,y(s) = 2.0189+ 22040

K 01 (s) =1.2483+ +0.4937s

20122 37995, K_,4(s) =1.0386+ 21122

K .p3(s) =1.403+ +0.3298s

The simulation results of the proposed controller are observed by applying load demand AP4=0.01
p.u.MW at t=1 sec in an area no. 1, 2 and load demand AP4=0.01 p.u.MW at t=20 sec in an area no. 3, 4
simultaneously. The change in frequency deviation is shown in Figure 12 while tie-line power between
interconnected-area is shown in Figure 13. The simulation result of the proposed controller as shown in
Figure 12 and Figure 13 is compared with Tan [13] and observed that the proposed method is better than
Tan [13] in terms of frequency deviation and settling time.
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Figure 12. Frequency regulation of four area power system in case study 4
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Figure 13. Tie-line power exchange of four-area power system in case 4

4.1. Random loading pattern (RLP)

To assure robustness of the proposed PID controller method, different step change in load applied at
particular interval of time in case study 1. The simulation results as shown in Figure 14 for case study 1
by applying random step change in load. The simulation results reveal the percent overshoot and settling time
is improved even that high magnitude of step load apply in LFC power system. Thus, the proposed design
technique is effective in LFC power system
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Figure 14. Frequency regulation of case study 1 with RLP

5. CONCLUSION

In this article, the PCS scheme has been used to design the set-point and load-frequency controller
for a single-area and the multi-area power system using the DS approach. The proposed technique has been
considered for single-area reheat as well as non-reheated thermal turbine power system, two-area
non-reheated system, four-area non-reheated system. Proposed technique show better simulation response in
terms of percent overshoot, settling time, and IAE for the nominal system as well as the perturbed system.
Robustness of the proposed method has been analyzed with system parameter variation and the random load
applied at a particular time in the LFC power system. The main advantages of the proposed technique are to
improved percent overshoot and settling time compared to standard reported literature.
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