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ABSTRACT

This article addresses the application of active disturbance rejection control (ADRC) and classical PID controller
to distributed load frequency control (LFC) for an interconnected multi-area power system. The proposed
approach has been designed to improve the power system performances as well as to reduce the damping
oscillations of the uncertainties due to variation in system parameters and load perturbations. Dynamic
performances of an interconnected multi-areas power system are presented, and the effect of the generation rate
constraint (GRC) is considered. The model was employed in the ADRC+PID architectures. Digital simulations
for a 4-area power system are presented to validate the effectiveness of the proposed approach. The supremacy of
the proposed controller is proved by comparing the results with that of the recently published paper based on the
linear quadratic regulator (LQR) for the same system. The simulation results are compared among the proposed
controller, ADRC technique alone, and conventional PID controller. Simulation results asserted that the proposed
technique outperforms the other controllers in terms of fast settling time, and less in peak overshoot. The proposed
ADRC+PID approach satisfies the LFC requirements with a reasonable dynamic response.

KEYWORDS: LFC, Interconnected multi-area power system, ADRC, Classical PID controller.

1. INTRODUCTION

The modern electrical power system consists of different power system units, such as hydro, thermal, and nuclear,
and gas, these units are interconnected coherently through each other by transmissions lines (tie-lines) [1]. The
main functions of an interconnected multi-area power system are: generating, transmitting, and distributing
electrical power as economically and consistently as possible while maintaining the quality of the output power,
and frequency within the acceptable limits [2]. Each control area has its generation unit which is responsible for
its load perturbations and power interchange between the neighboring areas [1, 2]. In an interconnected area power
system, if the load deviation occurred at any area of the system, the frequency associated with this area is affected
firstly and the other areas are also affected according to this perturbation through transmission lines. With the
enlargement of the power system size and increasing of the energy consumption in a recent year, the power
systems became complex to satisfy the power needs of consumers.

The interconnected areas of power systems are confronting several challenges in terms of power system design,
operation, and control [3, 4]. Since the load demand is varied arbitrarily in a power system, both frequencies of
an interconnected area and the tie-line power are varied. It is impossible to maintain the balance between
generation and load demand without control. Therefore, the control strategy is needed to reduce the effects of
the random load changes and maintaining the frequency at the nominal value. The deviations in frequency and
power interchange should be controlled by area control error (ACE). ACE can be defined as a linear combination
of the frequency deviations in control areas and the active power flow interchange (tie-lines power) that connected
with the neighbor areas. To handle the LFC problem, there are two frequency control loops, primary and
supplementary control loops. LFC in power systems is the most significant in order to provide or supply reliable
active power with a good quality [5]. Consequently, the tasks of LFC in interconnected multi-areas are to provide
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the desired real power output from the generator to meet the change in load, maintain the frequency of the power
system close to the nominal value and maintain the scheduled interchange of power between control areas through
tie-lines [6, 7]. Thus, the control scheme is required, that not only preserves constancy of frequency and desired
output power but also attain zero steady-state error and inadvertently scheduled interchange.

Nowadays, the designers of the control system are trying to design and applying different control algorithms in
order to find the best controller parameters to access the optimum solutions. Classical controllers like proportional -
integral (PI) controller and proportional-integral-derivative (PID) controller are extensively applied in the power
system to tackle or to solve the LFC issues [8-10]. However, the classical controllers are easy to tune and simple
in architecture, but usually give a long settling time and produce large overshoot in the system responses [11].
Furthermore, the classical controllers are not robust against the disturbances and system uncertainties,
consequently, classical controllers have many limitations as mentioned above, and may not be longer appropriate
to work under all operating conditions. Therefore, sophisticated controllers have been established to improve the
transient performances of LFC, despite the existence of load perturbations and parameters variations. Literature
survey shows that there are several advanced controllers such as conventional, genetic algorithms (GAs), particle
swarm optimization (PSO), fuzzy logic controller (FLC), artificial neural network, etc. have been applied for LFC
to explore an optimum controller in addition to overcome the limitations of classical approaches [12-20]. GAs
techniques have been extensively addressed for the design of load frequency control. The authors in Ref. [12],
optimized the parameters of the PID sliding mode control of two area power systems via GAs considering the
effects of nonlinearities. The optimal parameters of PID and fractional-order PID controllers have been optimized
by GAs for a two-area electrical power system [13, 14]. Tuning of the decentralized controllers for a realistic
system including physical constraints is considered in [15]. The authors in Ref. [16], optimized the parameters of
the PI controllers by PSO using a new cost function. FLC is employed on a two-area interconnected power system
according to [17], with reheat and hydro plants. But, the author not discussed the system robustness against
parameter variations. Another Fuzzy PID controller is designed on two interconnected power system areas
according to [18], with a reheat turbine and the author tested the controller under different load changes, but not
takes into account the robustness of the controller approach against system uncertainties. In [19], a neural-fuzzy
controller is applied for a two-area power system without adding the effect of the nonlinearities. An Intelligent
technique based on the fuzzy logic controller is applied for a three interconnected multi areas power system in
[20], with a reheat turbine, however, the nonlinearity effect is not considered in the system. In most articles of
LFC, the researchers have been neglected the effects of the physical constraints for simplicity, But for the realistic
analysis of system performances, it shall be adequate to include these effects.

Recently, some articles have been reported the application of the ADRC technique on the load frequency control
issue [21-24]. In Ref. [21], the authors utilized the ADRC technique for a two-area power system, with non-reheat
turbines, but, not discussed the system robustness against parameter variations and load changes. In Refs. [22,
23], fast dynamic responses, robustness against parameter variations, and load perturbations can be obtained using
the ADRC controller, but the authors not considered the impacts of the physical constraints in the system model.
In [24], a new technique of LFC is proposed for a two-area power system considering doubly-fed induction
generator system-based wind turbine power systems using a linear ADRC technique.

This article sheds the light on the effects of parametric uncertainties in addition to the load perturbations in an
interconnected 4-areas power system with a decentralized ADRC + PID controller-based LFC. Appropriate
physical constraints like GRC have been considered for four equal areas of the non-reheat thermal power system.
The power system with the proposed ADRC + PID technique has been verified over the effect of uncertainties
due to parameters variations of the governor, turbine, synchronizing coefficient, and load perturbations. The
superiority of the suggested ADRC + PID technique is validated by comparing the simulation results with a lately
published article based on the linear quadratic regulator (LQR) for the same power system [25], and the model
was implemented via MATLAB/SIMULINK. ADRC technique is considered an emerging technique, which
estimates and mitigates uncertainties, and the results do not require accurate model information comparing with
the other sophisticated controllers [23]. The ADRC approach has only two tuning parameters, and the structure is
simple to implement in practice. In this paper, the ADRC is modified and employed in the power system with four
thermal turbine units. The obtained results verified that the proposed technique outperforms the other controllers
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and guarantee robust performances in the presence of uncertainties caused by parameters variations in addition to
the load perturbations.

The reset sections of the article are organized as follows: The mathematical modeling of an interconnected multi-
area power system is presented in section 2. Section 3 gives an overview and structure design of the proposed
controller. Simulation results and discussion is presented in section 4. Finally, the conclusion of the article is
presented in section 5.

Nomenclature:

parameter Description Unit

Af (t) Frequency deviation of area i Hz

AP (1) Mechanical power deviation of area i p.u.MW
Aptie, i Tie-line active power deviation of area i p.uMW
AP () Load disturbance of area i p.u.MW

M; Equivalent inertia constant of area i p.u.s

Di Equivalent damping coefficient of area i p.u/Hz

T The non-reheat turbine time constant of area i S

Tgi Thermal governor time constant of area i S

Bi Frequency bias factor of area i p.u.MW/Hz
Ri Speed drop due to governor action of area i Hz/p.u.MW
Tij Synchronizing coefficient of area i p.u.MW
ACEi Area control error of area i p.u.MW

2. SYSTEMS INVESTIGATED
In this section, the general dynamic model of an interconnected four-area power system is demonstrated. A 4-area
of an interconnected power system as depicted in Fig. 1, is used to explain the maotivation of the suggested
approach, as shown it consists of four non-reheat thermal plants. As demonstrated in Fig. 2, each area of the power
plant consists of a single generator, single governor, and single turbine unit. The power generating unit consists
of a generator, system governor, and turbine. Furthermore, as depicted in Fig. 2 each area includes three inputs,

which are namely, the controller inputU (S), load disturbance AP,_(S), and tie-line power error AP, (S),
besides the two outputs, which are area control error Y (S) and generator output Af . Fig. 2, AR, represents the

valve of gate position change, AP, electrical power, and AP, mechanical power. The area control error (ACE)

is measured by the system output and can be defined by Eq. (1), for each area, where B denotes the area frequency
bias setting [1].

ACE(t) = AR, (t) + BAf (1) @
In this article, we utilize the transfer function (TF) to model the generator unit for the sake of suitability in
frequency-domain  analyses. Let us consider the TF from AP, (S) to AP,(S) be

G, (S) = Numg (s)/DenET (S) , where Numg; (S) , and Deng; (S) are the numerator and

denominator polynomials, respectively. According to Ref. [1], the transfer function of the non-reheat turbine
system Gg; (S) is written as:

G (s) = Numg (s) 1

Deng, (s) (T s+1)(T;s+1)

(2)
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The TF of the generator is:
1 1

Con () = Den,, (5) Ms+D ®)

The parameters in Egs. (2) and (3) are demonstrated in Nomenclature. From Fig. 2, the output Y (S) is written
as:

Y (8) =G, (s)U(s) + Gy (S)AP (S) + Gy (S)A P (s) (4)
where G (S), G (S), and G (8) are the transfer functions between the three inputs (U (S) , AP, (s) and
AP, (s)) and area control error output Y(S) . The three TF in Eq. (4) are expressed as:

G, (5) = - RBNumg;, (s) ©)
eng; (s) Den,, (s) + Num,, (s)

Gy (s) = - —RBDen, (s) (6)
eng, (s) Den,, (s) + Num_, (S)

G, (s) = Num,, (s) + RDen,, (s) Den,, (s) — RBDen, (s) 7)

RDen,; (s) Den,, (s) + Num; (s)

The proposed ADRC+PID-based control system is demonstrated in Fig. 3, for area 1, under a decentralized control
strategy. The ADRC+PID technique is built in each area and acting as a local LFC. Four decentralized areas are
interconnected to each other by tie lines. Non-reheat turbine units are considered in four equal areas orderly. The
parameter values of the plant are obtained from [25], and listed in Appendix A. Substitute the parameter values

into the G, (S) between the controller input U (S) and ACE output, we will have

1.02
G .(s)= 8
"'( ) 0.001s® + 0.0441s* + 0.4023s +1.02 ®)

where G ;(s) denotes the TF for a four area (i =1, 2,3, and 4) . The design procedures of the controller and
parameter tuning are presented in the following section.

Control area 4 Control area 3

e

| Thermal Power Tie-line3 | Thermal Power |
r-— | .
Plant . . Plant
e — A e v _ . 4. —..|
Tie-line 4 o o Tie-line 2
Tie-line 5 Tie-line 6

[~ — " e — . I. —_— . e e — .. —_
Thermal Power . . Thermal Power .
. Plant - ie-li - Plant I

| d I Tie-line 1 | a
I LFC J . I L LFC .
: Control area 1 | : Control area 2 |

Fig. 1: Four interconnected control areas power system.
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Fig. 2: Schematic diagram for the one-area generating unit.

3. THE DESIGN TECHNIQUES FOR LFC
We choose the ADRC+PID controller as a decentralized LFC for an interconnected four-area power system. The
basic concept of the ADRC is introduced in [26]. In this article, the TF that characterized the ADRC will be
established for a general n-th order plant.

3.1 Transfer function Derivation for n-th order system
Consider the system with a disturbance W (S) as presented in Eq. (9):

Y (s)=Gp(s)-U(s)+W(s) )
where U(S) and Y(S) denotes the system input and system output respectively, and W (S) the disturbance

including the unknown internal dynamics and external disturbances. In general, the TF of the system G b (s) can
be written as

m m-1
Y (s) -G, ()= bmsn +bmflsn71 +...+bs+b, nem (10)
u(s) as'+a S +..+as5+a,
Where, & and b; (i =1...,nj=1... ,m) represents the polynomial coefficients of G (S).
Divided both sides of the Eq. (9) by G /(S) , yield:
(1/G, ()Y (5) =U(s) +W (s) (11)
where W' (S) =W (S)/Gp(s) .InEq. (11), the TFof 1/ G, (S) can be attained as
n n-1
1 G, (9)= an3m+an-15m_l+---+a13+ao Chem
G,(s) b,s"+b, ;s" " +..+bs+Dby
=c, . S""+c, . S"" T+ +CS5+C, +G,, (S) (12)
Where, C,(i = 0, ..., n—m) denotes the coefficients of 1/G ,(s), and the remainder G, (S) is:
d s"'+d ,s"?+..+ds+d
Grem (S) — m-1 - m—2m_1 1 0 (13)
b,s"+b, ,s" +...+bsS+Db,
where, d; (j = 0, ...,m — 1) represents coefficients of the numerator of the G, (S) . Substitute Eq.
(12) into Eq. (11), yield:
[c_.s"m+c, . ,S"" " +..+CS+C,+G,, (S)Y(S) = U(s) + W (s) (14)
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a
where C,_ =—",

m
The Eq. (14), can be modeled in another form as:

c,.s""Y(s)=U(s)-[c, S " +..+CS+C, + G, (S)Y(S) +W (s) (15)
Dividing the Eq. (15) by C,_,, , yield:
s"™Y (s) =bU(s) + D(s) e)
Where b=1/c_ ., and
D(s) = —i[cnfmfls”’m’l +..+CS+C, + G, (S)]Y(S)+ iW (s) (17)

We use Eq. (16) as mentioned above to demonstrate the system model for the controller design.

3.2 Design of the extended state observer (ESO)
The robustness of the ADRC is depending on the precise estimation of the disturbance D (S) [23, 26]. Therefore,

the ESO needs to be developed in order to estimate the D (S) in real-time. This can be carried out by augmenting

the state variables of the system in Eq. (16) to include D (S) . Let X, (S) =Y (S) . In order to demonstrate
the ESO, the system modeled in Eq. (16), can be transformed as

sX (s) = AX(s)+BU(s)+ E(s)D(s) a8)
Y(s) =CX(s) 19)
where ) .
X,(S) 010 . . . O] 0]
X,(S) oo1. . .0
X(s) = , A= , B=
. .o .o 0
X, 1 (S) oo0oo0 . . .1 b
_Xn*erl (S)_ _0 00 . ' ' d(n-m+1)x(n-m+1) L~ (n-m+1)x1
o
E(S) = ! C= [1 00 ]1><(n—m+1)
0
0
_1_(n—m+1)><1

In order to derive the estimator, we suppose that D (S) has the local Lipschitz continuity. Then the ESO is written
as:

SZ(s) = AZ(s)+BU(s)+ L(Y(s) =Y (s)) (20)
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Y(s) =CzZ(s) (21)
where Z (S) is the estimated state vector and Z (S) =[z,(s) z,(s) . . . z,.(S) Z _...(5)] . and
L isthe observer gainvectorand L=[f, B, . . . Biw Bimal - Inordertosetall the eigenvalues

of the extended state observer to (—a)o) , the observer gains are selected as
n-m+1) . .
B = : @y, i=12,...n—-m+1 (22)

Therefore we can adjust and change the observer terms by setting or tuning the parameter @, , which denotes the
bandwidth of the observer. With suitable tuned ESO, Z (S) can be able to approximate the value of X; (S)

relatively (i =1 ...,n-m+ 1),then We can write
Zn—m+1 (S) = [S(S) ~ D(S) (23)
where [S(S) represents estimated D(S).

3.3 Design of ADRC approach
The disturbance D (S) can be removed, if the control input U (S) is designed as:

U (s) = (Uy(8) = Z,a(5)) /D (24)
The original system depicted in Eq. (16), will be reduced to a pure integral plant. This manner can be illustrated
by Eq. (25), where U, (S) denote the control law for adjusting the ACE output Y (S) .

s (8) =b-[(Ug(8) — 2, .a(5))/0 ]+ D(s)

= U, (s) = D(s) + D(s) = Uy (s) (25)
The control aim of LFC is to regulate the ACE to zero. A classical PD controller can ensure this goal. So the
control law U, (S) is selected as

Uo (S) = I(o (R(S) —Z (S)) - klzz (S) - kn—mflznfm—l(s) (26)
where R (S) represent the reference input. In order to simplify the tuning procedure, all the closed-loop poles of

the PD controller are set to (—a)C ) . Then the controller gains in Eq. (26), have to be designed as

i (o
|

n-m . )
kz( . )w"mh i=0,1..,n-m-1 (27)

where @, denote the bandwidth of the controller. If @, increasing the tracking speed of the output of the ADRC
controlled system will increase. In other words, the tracking error, peak overshoot, and settling time of the output
will decrease. Normally, @, varies from 3~10 rad/s. The general construction of the ADRC is given in Fig. 4.
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Fig. 3. Area 1 of four-area electrical power system
Disturbance
R
() k, (i Plant y >
k2 """""" kn—m—l
A A
Zl
U -
ZZ
Zn—m—l
I Zn—m y -
ESO
Fig. 4: General architecture for the ADRC approach
Table 1: ADRC parameters
Order of ESO We Wy b
Areal 3 4 20 1020
Area 2 3 4 20 1020
Area 3 3 4 20 1020
Area 4 3 4 20 1020

4. SIMULATIONS RESULTS AND DISCUSSION
In order to validate or to check the effectiveness of the proposed ADRC+PID technique, some computer

simulations have been carried out. The generation rate constraint (GRC) (0 =+0.015), [27-32], is considered
for each area as depicted in Fig. 3. Parameters values of the power system are obtained from [25], and listed in
Appendix A,

According to the detailed illustration in Section 3, the ADRC approach for area 1 of the power system can be
designed and represented through the following equations.

sZ(s)=(A—LC)Z(s)+BU(s)+LY(s) (28)
Uo (s)= ko(R(S) - 21(5)) - klzz(s) - k223 (s) (29)
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U (s) =(Uy(s)—2z,(s))/b (30)

where,

4(9) 0100 o] |*o

Z5(s) 0010 0 65

2 0 3 2
Z(s)= : , B=| |, L= ,C=[1 0 0 0|, ky=ap , =3w¢ , Kk, =3,
()zs(s) 0001 b 4o [ J ko= kg=3ag, k=3

2,(5) 0 000 0 _wé_

The ADRCs for the other three areas have a similar architecture to area 1. The parameter values of the ADRCs
approaches in four areas are presented in Table 1. There are only two tuning parameters for the design of ADRC,
namely the controller bandwidth (g ) and the controller gain (b). For the PID controller, the gains of

proportional, integral, and derivative are chosen as 0.5, -0.4, and 0.01 respectively, for all cases.

The performance of the proposed ADRC+PID controller is tested for three scenarios under the following operating
conditions as follows:

4.1. Scenario 1
In this scenario, the simulation was performed by using the nominal system parameters as given in Appendix A,
under applied load perturbation APIJ: 0.01p.u.(perunit) toareal.Fig. 5, depicts the simulation results of the

proposed controller with the other controllers. Results from the upper to the bottom as shown in Fig. 5, are

frequency deviations of the area 1-4, and the deviation in tie-line power AP, ,, . The frequency deviation of area

1 is presented in Fig. 6, on a large scale. The performance criteria index such as settling time and maximum
overshoot of the frequency deviation, in addition to integral absolute error (IAE) as denoted in Eq. (31) are used
to validate the dynamic performances of the proposed controller.

IAE = [|Af,| dt (3D
0

The frequency deviation of area 1 with settling time for 5% band of the step load perturbation, peak overshoots,
and IAE are provided in Table 2. From simulation results of the frequency deviations and tie lines power, it
verified that the proposed controller advocates its using for load frequency control (LFC), which is also confirmed
via appropriate settlement of IAE. From the above comparison of the dynamic performances for controllers, it’s
cleared that the proposed controller provides better results in terms of fast settling time and less peak overshoot.
Therefore, the out performances of the proposed controller appear to be more advantageous than the others
controller and satisfying the demand for LFC.

=
: 0.005
g 0
£ -0.005 —
=
g 001 —
:é -0.015 Proposed controller
?,002, m— ADRC controller
%70'025k7 T T T S PR = = = PID controller
2 0 5 10 15 20 25 30 35 40
= Time (Sec)

(a)

htytp: // www.ijesrt.com®© International Journal of Engineering Sciences & Research Technology

18]

IJESRT is licensed under a Creative Commons Attribution 4.0 International License.



http://www.ijesrt.com/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

; THOMSON REUTERS

[Mustafa et al., 10(8): August, 2021]

IC™ Value: 3.00

ISSN: 2277-9655
Impact Factor: 5.164
CODEN: IJESS7

Fig. 5; System response for scenario 1: (a), (b), (c), and (d) represent frequency deviations in a four area and (e) the
deviation in tie-line power AP
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Fig. 6: The frequency deviations of area 1 in larger-scale indicating settling time for 0.01 change in load.

Table 2: Dynamic performance for Scenario 1

Controller Settling time (sec) for 5% band peak overshoot (Hz) IAE

PID controller 6.4500 -0.0175 0.0229
ADRC controller 4.3500 -0.0125 0.0128
Ref. [25], for a four area system with (LQR) 1.8154 -0.0077 0.0046
Proposed controller 1.3000 -0.0119 0.0079

4.2. Scenario 2

Next, the robustness of the proposed controller against variations of the system parameters is assessed. This was
done under an applied of 0.01p.u (per unit) load perturbation to area 1, while the system parameters are increased

by +35%from the nominal value, mainly (Tgi' T;jand Tij ) . The frequency deviations for areas 1-4 and the tie-
line pOwer AP, 4, , are depicted in Fig. 6, respectively. The simulation results are given in Table 3. As clear from

the Fig. 7, and Table 3; the robustness of the proposed approach against parameters variation is superior to the
other controllers.
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inarea 1.
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Table 3: Dynamic performance for Scenario 2

Controller Settling time (sec) for 5% band peak overshoot (Hz) IAE

PID controller 8.7540 -0.0164 0.0338
ADRC controller 10.3300 -0.0129 0.0230
Proposed controller 4.3960 -0.0114 0.0104

4.3. Scenario 3
Finally, to supported the efficiency of the suggested controller, system has been verified in another case, in this

case the system parameters of each area have been decreasing by —35% , mainly (Tgi’ T,; and Tij j under
applied 0.01p.u as step load perturbation in area 1, as same as for the other two scenarios. The Dynamic

performances are depicted in Fig. 8, and Table 4. Again, the supremacy of the proposed controller is proved, in
spite of the extremely variations in system parameters and load disturbances.
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Fig. 8; System response for scenario 3: (a), (b) , (¢) and (d) represent frequency deviations in a four area and (e) the
deviation in tie line power AF’tie 12 in area 1.
Table 4: Dynamic performance for Scenario 3

Controller Settling time (sec) for 5% band peak overshoot (Hz) IAE
PID controller 5.0580 -0.0210 0.0238
ADRC controller 4.2480 -0.0142 0.0145
Proposed controller 3.7860 -0.0120 0.0109

5. CONCLUSION

In this article, a new technique based on ADRC+PID controller is applied to a four non-reheat area power system
in order to tackle the load frequency control problem. In this article, the classical PID controller and ADRC
controller are combined and tuned in parallel. In order to prove the superiority of the proposed method, the
simulation results are compared with that of a recently published article based on linear quadratic regulator (LQR)
for LFC. From the simulations results we observed that the ADRC+PID controller gives superior dynamic
performances. The performance analyses of the proposed controller have been compared with the ADRC
technique alone, and PID controller. It proved that from the simulation results, the proposed controller exhibit
better performance than the other controllers, in terms of settling time, peak overshoot, and the IAE. According
to above simulation results in all scenarios, it is verified that the proposed controller makes the load frequency
more robust and stable than the other controllers despite a wide variations in system’s parameters.

Appendix A: System parameters:

Parameter Unit
Rating 2000 MW
I:)tie, max 200 MW
M; 0.1667 p.u.s
D; 0.008333 p.u/Hz
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Tii 0.03 s
Toi 0.08 s
B; 0.425 p.u.MW/Hz
R; 2.4 Hz/p.u.MW
AP, 0.01 p.u.MW
aij 1.0
T 0.08674 p.u.MW

Notice:i = 1,2,3 and 4.
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