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Load frequency control of a two-area
multi-source power system using a tilt
integral derivative controller

Pretty Neelam Topno and Saurabh Chanana

Abstract

This paper introduces a tilt integral derivative controller as the supplementary controller for load frequency control of a
two-area interconnected power system. The optimal value of parameters of the tilt integral derivative controller is
evaluated using constrained nonlinear optimization by means of a performance index-based method. The proposed tilt
integral derivative control offers superior properties such as simple parameter tuning and its performance does not
compromise the occurrence of any parameter variations in the system. To verify these features of the controller, the test
system is subjected to step load disturbance and parameter variations that ensure the robustness of the tilt integral
derivative controller. Comparative analysis with previously published work indicates that the proposed tilt integral
derivative controller gives better performance and holds the property of robustness. Simulations have been performed
using Matlab®.
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All these objectives are required to be achieved for

I. Introduction ; )
the smooth operation of any interconnected power

In a large interconnected power system, transient
disturbances promote instabilities in the system. These
instabilities cause imbalance between load and gener-
ation, affecting the normal operation of the power
system. To keep this balance, the prime mover govern-
ing system helps to control the system frequency and
schedule tie-line flow. This action is called load fre-
quency control (LFC) or automatic generation control
(AGC) (Elgerd, 1982; Kundur, 1994). LFC plays an
important role in normal operating conditions as well
as during transient disturbances. The main objectives of
LFC are as follows:

a. to maintain zero steady-state error during
operation;

b. to maintain system frequency under permissible
limits;

c. to maintain equal load distribution on neighboring
units;

d. to control power flow between interconnected con-
trol areas.

system. The LFC problem constitutes control of fre-
quency and power flow between interconnected control
units. Many control theories and methods such as
classical control (Concordia and Kirchmayer, 1953;
Van Ness, 1963; Cohn, 1967), modern control (Fosha
and Elgerd, 1970; Pan and Liaw, 1989; Aldeen
and Marah, 1991; Gozde and Taplamacioglu, 2011;
Zribi et al., 2005), intelligent control (Indulkar
and Raj, 1995; Ghoshal, 2004; Pothiya et al., 2006;
Soundarrajan and Sumathi, 2011) and sliding
mode control (Kumar et al., 1985; Ai-Hamouz and
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Abdel-Magid, 1993) have been reported in the litera-
ture. In addition, several optimization techniques such
as evolutionary computation techniques
(Rerkpreedapong et al., 2003; Shayeghi et al., 2007;
Roy et al., 2010; Soundarrajan et al., 2012) have
been developed to obtain optimal values of controller
parameters. As the interconnected power system
undergoes several changes such as increased share of
renewable energy (Doolla and Bhatti, 2007, Verma
and Kumar, 2012; Rangaswami and Sennappan,
2013) and multiple source of power generation
(Ramakrishna and Bhatti, 2008; Parmar et al., 2012;
Barisal, 2015), complexity in the structure as well as
operation has also been increased. The rise in com-
plexity allows new techniques and algorithms to be
examined for LFC problem. Nowadays, a concept of
noninteger or fractional order controller (FOC) is
gaining the attention of researchers working in the
area of control system. FOC is based on fractional
calculus, which can be defined as the generalization
of classical calculus to orders of integration and dif-
ferentiation not necessarily integer. There are four rep-
resentative FOCs in the literature, namely, TID (tilted
integral derivative) controller, CRONE controller
(Contréle Robuste d’Ordre Non Entier), proportional
integral derivative (PID) controller and fractional
lead-lag compensator (Xue and Chen, 2002). The
traces of fractional order controller can be found in
different area of control engineering (Podlubny, 1996;
Xue et al., 2006). The effects of fractional order PID
(FOPID) control wwere first taken into account in the
LFC problem by Alomoush (2010). Moreover, the
application FOPID controller in power system control
has been reported (Taher et al., 2010; Debbarma
et al., 2013; Sondhi and Hote, 2014). However, none
of the FOCs other than FOPID has been proposed in
the LFC problem.

In this paper, the TID controller has been pro-
posed as a LFC in an interconnected power system.
The optimal values of controller parameters are
obtained using an appropriate optimization tech-
nique. The approach begins by formulating a mini-
mization function using an integral time absolute
error (ITAE) index, resulting into a constrained non-
linear optimization problem. Thereafter, the opti-
mization problem is solved using interior point
algorithm to obtain the optimum values of controller
parameters. The main objective of this study is to
evaluate the capability of TID controller as a better
controller by using the constrained nonlinear opti-
mization technique. As a result, the TID controller
improves the stability and response of a system and
shows better performance than PID controller
(Barisal, 2015).

2. System investigated

The AGC model on which the investigation has been
carried out is a multi-source identical two-area ther-
mal system with high-voltage direct current high-vol-
tage direct current (HVDC). Each area in the model
is provided with a thermal unit, hydro unit, and gas
unit in which each unit is comprises a governor, a
reheat thermal turbine in a thermal unit, a hydro
turbine in a hydro unit and a gas turbine in a gas
unit. The two areas are connected through a tie line,
which allows the flow of electric power among the
interconnected areas. The control unit monitors the
system frequency and tie-line power deviation, and
tries to restore the normal operating state of the
system during unfavorable conditions such as load
perturbations. The block diagram model of the two-
area thermal system is shown in Figure 1.

For a two-area system, the area control error
ACE) and ACE, is given by

ACE| = B Afy + APy (1
ACE; = ByAfs — APy (2)
And APy - 1s the tie-line power flow error between

area-1 and area-2. The frequency bias coeflicient
B and B, is given by

Bi=—+D 3
1 R, 1 3)

B, — 1 +D 4)
: R, :

3. TID controller

Tilt integral derivative control is a feedback control
that is similar to PID control and also possesses the
merits of PID control; the proportional action of PID
control is replaced by a tilted proportional action in
TID control, having a transfer function 1/s¢/?) or
s~1/" The tilt effect of the controller provides a feed-
back gain as a function of frequency, which is tilted
with respect to the gain/frequency of a conventional
compensator. So, the entire compensator is referred
to as a TID compensator. The structure of the TID
control is shown in Figure 2.

The mathematical description of the transfer func-
tion Grip(s, B) is

T 1
GTip(s, B) = 7 + p + Ds ®)
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Figure |. Block diagram model of multi-source multi-area power system.

TID Controller

Figure 2. Structure of tilt integral derivative (TID) controller in
a closed loop system.

where Gtip(s, B) is the transfer function of TID con-
troller, is a complex variable s € C and is parameterized
by feR*, where =T I D n]'eR" The four
control parameters are 7,1, D and n with
n € R n 0. The range of n is preferably between two
and three. The resulting transfer function of the entire
compensator more closely approximates an optimal

transfer function, thereby achieving improved feedback
controller. Further, as compared to conventional PID
compensators, the TID compensator allows for simpler
tuning, better disturbance rejection ratio, and smaller
effects of plant parameter variations on closed loop
response (Lurie, 1994). In this paper, two properties
of the TID controller are been discussed. One is the
property of simple and easy tuning. Second is the insig-
nificant effect of parameter variations on the TID
controller in which, regardless of parameter uncer-
tainty, the performance of the TID controller remains
unaffected.

4. Optimization of controller
parameters

In this paper, the notion of performance index is used
to design an optimal control system for an AGC model.
The approach progresses when an error function is for-
mulated into an objective function later to be
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minimized by using an appropriate optimization tech-
nique (Kywang and El-Sharkawi, 2008). In control
system design, there are four performance indices: inte-
gral of square error (ISE), integral of absolute value of
error (IAE), integral of time multiplied by squared
error (ITSE) and integral of time multiplied by absolute
error (ITAE). The performance index considered for
this study is ITAE, given by

Isim

J =ITAE = / t-(|afi@)] + [ ALM| + 1A Priel) - dr

(6)

In equation (6), the objective function J is required
to be minimum, which involves the process of optimiza-
tion. The optimization process involves minimizing of
an objective function by imposing a set of constraints
on the function while evaluating the value of objective
function. This yields an optimization problem and
in this case it is a constrained optimization prob-
lem given by

Minimize f(x)

7
Subjectto i(x) = 0,g(x) <0 @

where f: R" - R,h: R" - R',g: R" — R" are
smooth functions (Byrd et al., 1999).

However, in this study, the minimization of the
objective function J of a two-area system is dependent
on the controller parameters. Therefore, the optimal
value of controller parameters is required to be
determined.

In this paper, an identical two-area system is
considered, which reflects identical controllers in both
areas. Therefore, the optimal values of TID controller
constants (7, I, D,n) are obtained by solving the opti-
mization problem formulated while imposing the
restriction on the controller parameters. The con-
strained optimization problem for a two-area system
is given by

Minimize (J)
subjectto

Tmin < T < Tiax
Inin < I < Imax

Dmin =< D < Dmax

(8)

Nmin = 1 = Nmax

where the subscripts ‘min’ and ‘max’ denote minimum
bound and maximum bound, respectively. The approxi-
mate range of controller parameters has been set firstly

using simple PID tuning techniques and then this
approximate range is used as bounds to the constrained
optimization problem. Equation (8) is a constrained
optimization problem solved using the interior-point
algorithm. The algorithm attempts to find a con-
strained minimum of a scalar function of several vari-
ables starting at an initial estimate. The advantage of
using interior point algorithm over other algorithms is
that it always satisfies bound constraints in all inter-
mediate iterations. Mathematically, the problem for-
mulated is of the form

8
arg mln{(J) - uZlnxlk} 9

peRr? k=1
Subject to g(B,¢9) +x1 =0

where q= [Tmin Tmax Imin ]max Dmin Dmax Nmin
Nmax]T € R is the bound parameter vector for the
TID controller, X1 = [X1| X12 X13 X4 X15 Xi6
xi7 xig]"T € R® is the slack variable vector and g(B, ¢)
is the matrix valued constrained function. In equa-
tion (9), u > 0 is the barrier parameter, and the slack
variable x| is assumed to be positive. To determine the
unconstrained solution of equation (9), the Lagrangian
function is defined as

8
Lrin (B, %1, 4¢) = (1) = p ) Inxik + 74 (2(B, 9) + x1)
k=1

(10)

where /, € R® is the Lagrange multiplier and equation
(10) is the required unconstrained function to optimally
evaluate the parameters of respective controllers with
respect to first-order optimality conditions. Detailed
information regarding the numerical solution of opti-
mality conditions can be found in Byrd et al. (1999) and
Waltz et al. (2006).

5. Result and analysis

A multi-source multi-area power system with HVDC
link has been considered for the studies, the parameters
of which are given by Barisal (2015) and are presented
in the Appendix. The minimum and maximum bound
of the gain parameters (7,7, D) are 0 and 10, respect-
ively, but the bounds of parameter n are chosen to be 2
as npin and 3 as nyx. Here, a TID controller is pro-
posed as a load frequency controller for a multi-source
multi-area system considering normal operating condi-
tions and parameter uncertainty. The performance of
the proposed TID controller is compared with the PID
controller (Barisal, 2015).
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Figure 3. (a) Frequency deviation in area-| at nominal value of system parameters. (b) Frequency deviation in area-2 at nominal value
of system parameters. (c) Tie-line power deviation at nominal value of system parameters. Tilt Integral Derivative Control using
Interior Point Algorithm (TID-IPA), Proportional Integral Derivative Control using Teaching Learning based Optimization (PID-TLBO).
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Figure 3. Continued.
a. 25% increase in system parameters with respect to
. . nominal values
3.1. At normal operating conditions The frequency deviation in area-1 with respect to
When area-1 is subjected to step load variation of 0.01 25% increase in frequency bias factor B, time con-
pu under nominal value of system parameters, the fre- stant of turbine 7, operating load condition of
quency deviation in area-1, frequency deviation in area- area-1 P,; and synchronizing co-efficient 7', from
2 and tie-line power deviation is shown in Figure 3(a), their nominal value are shown in Figure 4(a), 4(b),
Figure 3(b) and Figure 3(c), respectively. The optimal 4(c) and 4(d), respectively.
values of TID controller parameters under step load  b. 25% decrease in system parameters with respect to
variation of 0.01 pu are given by nominal values
The frequency deviation in area-1 with respect to
For Thermal unit : Ty = 5.5726, 175 = 3.9653, 25% decrease in frequency bias factor B, time con-
Dy = 9.9621, npy = 2.5405, stant of turbilne T,,h operating lo;léi conditiO? of
. area-1 P,; and synchronizing co-efficient 7', from
For Hydro Unit : Tyy = 0.7051,  Lny =0.0354, their nominal value are shown in Figure 5(a), 5(b),
Dpy =0.0394, npy =2.5405. 5(c) and 5(d), respectively.
For Gas Unit : Tgys = 8.7211, Ig4s = 7.4725, c. 50% increase in system parameters with respect to
Dgas = 24185, ngas = 2.5405. nominal values
The frequency deviation in area-1 with respect to
50% increase in frequency bias factor B, time con-
stant of turbine 7, operating load condition of
5.2. Effect of parameters variation area-1 P,; and synchronizing co-efficient 7', from
o their nominal value are shown in Figure 6(a), 6(b),
Parameters of the system such as frequency bias factor, 6(c) and 6(d), respectively.
time constant of turbine, operating load condition and  d. 50% decrease in system parameters with respect to

synchronizing co-efficient are subjected to a variation of
+25% and £50% from their nominal value and the system
response (for 25% and 50% increase and 25% and 50%
decrease) is obtained using the same value of controller
parameter as used for normal operating conditions.

nominal values

The frequency deviation in area-1 with respect to
50% decrease in frequency bias factor B, time con-
stant of turbine 7, operating load condition of
area-1 P,; and synchronizing co-efficient 7', from
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Figure 4. (a) Frequency deviation in area-1 due to 25% increase in frequency bias factor. (b) Frequency deviation in area-| due to 25%
increase in constant of turbine. (c) Frequency deviation in area-1 due to 25% increase in operating load condition. (d) Frequency
deviation in area-l due to 25% increase in synchronizing co-efficient. Tilt Integral Derivative Control using Interior Point Algorithm
(TID-IPA), Proportional Integral Derivative Control using Teaching Learning Based Optimization (PID-TLBO).

their nominal value are shown in Figure 7(a), 7(b),
7(c) and 7(d), respectively.

For the cases discussed, i.e. normal operating condi-
tion and under the effect of parameter variation, the
system performance is finally analyzed by evaluating
settling time (in seconds) and overshoot (in per unit)

of system response based on the 2% of final value, pre-
sented in Table 1.

As the calculated settling time has been qualified for
the designated tolerance band, i.e. 2% of final value, it
is said that the response has been settled at zero sec-
onds. However, the overshoot of the system response is
obtained, which shows that the TID controller shows
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Figure 4. Continued.

more robustness. In addition, the value of the objective
function obtained through different performance indi-
ces has been presented in Table 2.

The study of the effect of parameter variation shows
that, regardless of parameter uncertainty, the perform-
ance of the TID controller remains unaffected and
offers a better system response in comparison to the
PID controller (Barisal, 2015).

6. Conclusion

In this paper, a tilt integral derivative controller (TID)
has been implemented on a two-area thermal system.
The optimal value of proposed TID controller param-
eters was obtained using a constrained nonlinear opti-
mization technique. The comparison of dynamic
responses for different controllers is carried out,
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Figure 5. (a) Frequency deviation in area-| due to 25% decrease in frequency bias factor. (b) Frequency deviation in area-| due to
25% decrease in constant of turbine. (c) Frequency deviation in area-| due to 25% decrease in operating load condition. (d) Frequency
deviation in area-| due to 25% decrease in synchronizing co-efficient. Tilt Integral Derivative Control using Interior Point Algorithm
(TID-IPA), Proportional Integral Derivative Control using Teaching Learning based Optimization (PID-TLBO).
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Figure 5. Continued.
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Figure 6. (a) Frequency deviation in area-1 due to 50% increase in frequency bias factor. (b) Frequency deviation in area-| due to 50%
increase in constant of turbine. (c) Frequency deviation in area-1 due to 50% increase in operating load condition. (d) Frequency
deviation in area-l due to 50% increase in synchronizing co-efficient. Tilt Integral Derivative Control using Interior Point Algorithm
(TID-IPA), Proportional Integral Derivative Control using Teaching Learning Based Optimization (TLBO).
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Figure 7. (a) Frequency deviation in area-| due to 50% decrease in frequency bias factor. (b) Frequency deviation in area-| due to
50% decrease in constant of turbine. (c) Frequency deviation in area-| due to 50% decrease in operating load condition. (d) Frequency
deviation in area-| due to 50% decrease in synchronizing co-efficient. Tilt Integral Derivative Control using Interior Point Algorithm
(TID-IPA), Proportional Integral Derivative Control using Teaching Learning Based Optimization (TLBO).
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Table 1. Settling time (in sec) and overshoot (in pu) in Af, Af;
and AP+ with respect to different controllers at normal oper-
ating condition.

Controllers

PID controller TID controller

[Barisal, 2015] [Proposed]

Settling time  Overshoot  Settling time  Overshoot
Af, 1.48 —0.0088 0 —0.0053
Af, 0 —0.0017 0 —0.0016
APt 0 —0.0010 0 —0.0009

Table 2. Value of objective function using different perform-
ance indices with respect to PID and TID controller.

Performance PID controller TID controller
indices [Barisal, 2015] [Proposed]
ITAE 0.10296 0.0578

IAE 0.0163 0.0024

ISE 34388 x 10°° 1.7000 x 10~°
ITSE 2.1972x 107 12921 x 1072

which demonstrates that the TID controller has offered
a better performance than the PID controller (Barisal,
2015). The system considered was tested through vari-
ous parameter variations. Some parameters of the
system were increased and decreased by 25% and
50% from their nominal value to exhibit wide operating
conditions. From the simulation results, it can be con-
cluded that the proposed TID controller is able to pro-
vide better performance under various parameter
variations than the PID controller (Barisal, 2015).
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Appendix

System parameters: f=60Hz;, B1=B2=0.4312 pu
MW/Hz; PR=2000MW (rating); PL=1840 MW
(nominal loading); R;=R,=R3;=2.4Hz/pu MW;
Ty =0.08s; T,=10s; K,.=0.3; T,=0.3s;
KT=0.543478; KH=0.326084; KG=0.130438;

Ten=0.2s; T, =28.75s; T,s=5s; Tw=1s; by=0.5;
ce=1; Xc=0.6s; Yo=1s; T, =0.01s; Tr=0.23s;
Tea=0.2s; Tpe=11.49s; K, =68.9566 Hz/pu MW;
T4c=0.2s; Kge=1; T;,=0.0433 pu; al2 =-1.



