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ABSTRACT

In this article, a robust active disturbance rejection control (ADRC) is proposed for load frequency control (LFC) of an
interconnected multi-area power system. Two widely employed test systems, namely, two-areas and four-areas hydro-
thermal power utilities are concerned to validate the efficacy of the suggested method. In order to design ADRC, the
extended state observer (ESO) is proposed to estimate the unknown dynamics uncertainties of the plant. Further, to
enhance the performance of the system, series flexible ac transmission system (FACTS) like thyristor controlled series
compensator (TCSC) and thyristor controlled phase shifter (TCPS) are considered. The simulation results indicated
that the system performance is improved with the inclusion of FACTS devices. The adjustable parameters of the
proposed FACTS controllers are optimized using particle swarm optimization (PSO) algorithm employing an Integral
of Time multiplied Absolute Error (ITAE) criterion. The investigations showed that the proposed controller provides
better dynamic performance than others from the point of view of settling time, peak over/undershoot. Finally,
the sensitivity analysis of the system is inspected by varying the system parameters and operating load conditions
from their pre-specified values. It is observed that the suggested controller-based optimization algorithm is ro-
bust and performs satisfactorily with the variations in operating load conditions, system parameters and load patterns.

Keywords: Load frequency control (LFC), Active disturbance rejection control (ADRC), Particle swarm op-
timization (PSO), FACTS controllers.

1 Introduction utility will be in an equilibrium point when there is
a balance between generated power and the electrical
power demand. In interconnected area power systems,
if the load perturbation occurred in any area of the sys-
tem, the frequency related to this area is affected firstly
and then the other areas are also affected accordingly
through transmission-lines. Thus, each area in a power

The modern electrical power system consists of different
power system utilities, such as hydro, thermal, nuclear
and gas, these units are coherently interconnected with
each other by transmission lines (tie-lines) [1L [2] [3], 4],
except nuclear units. Nuclear plants are usually well-
kept at base load close to their maximum output with-
out sharing in load frequency control (LFC) [5]. The

system has its generation unit which is capable for its
own load perturbations and power interchange between
the neighboring areas [11 [6].

In addition, with the increasing size and complexity
of the power system along with the increasing energy

main purposes of the interconnected power system utility
are: generating, transmitting, and distributing electrical
power as economically and consistently as possible while
maintaining a continuous supply of the power with ac-
ceptable quality to all consumers [6]. The power system

demand in recent years, it leads to the use of soft comput-
ing methods that intelligently control the power system
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network. Sudden perturbations in load and unexpected
fault conditions affect the system frequency and tie-line
power interchange between the control areas [7), 8]. It is
impossible to maintain the balances between generation
and demand without control [5]. LFC in the power sys-
tems plays a most significant role in providing the power
supply with good quality [9]. In view of above, the con-
trol technique is needed to cancel the effects of random
load changes for maintaining the frequency at nominal
value. The main purposes of LFC in an interconnected
multi-area power system are to provide the desired real
power output from the generator to meet the variations
in load, maintain the frequency of power system close to
the nominal value and maintain the tie-lines power be-
tween areas [10} [I1]. Hence, a control scheme is required,
that not only keeps constancy of frequency and desired
output power but also to attain zero steady-state error
and inadvertently scheduled power interchange.

Nowadays, researchers are annoying to develop differ-
ent control algorithms to explore the best controller for
power system problems. Conventional controllers such
as PI and PID controllers are widely used in the power
system to handle the LFC problems |12} [13] [14], but
in general, have some limitations. Literature survey
show that there are several advanced control strategies
have been suggested by many researchers over the past
decades for LFC scheme [5]. In this regard, many de-
velopment and research works have been presented such
as conventional [I5], optimum control [16], Genetic al-
gorithm (GA) [I7], Firefly algorithm (FA) [B], Fuzzy
logic controller (FLC) [I8], etc. which play a vital role
in LFC mechanism. GA has been widely addressed in
the literature regarding LFC mechanism design. Meena
and Kumar (2016) employed the intelligent Genetic al-
gorithm to tune the parameters of fuzzy PID controller
in a two-area thermal power system with generation
rate constraints [I7]. It has been asserted by many
researchers that the application of FLC improves the
transient performance of PID controller and handling
the variations in the operating point by online adjusting
the controller parameters [I8, [19]. Fuzzy logic controller
based conventional PID controllers can be successfully
utilized for the nonlinear system, but there are no spe-
cific rules to discover appropriate choice of the fuzzy
parameters (such as inputs, membership functions, rule
base, etc.). In general, these parameters are selected by
utilizing certain empirical rules and therefore may not
be getting the optimal parameters. Inappropriate selec-
tion of the input-output scaling factor may considerably
deteriorate the transient performance of FLC. In [10],

49

the authors utilized hybrid Differential Evolution (DE)
and Pattern Search (PS) in multi control area power sys-
tem to explore the optimum scaling factors of the fuzzy
PI/PID controller, without considering the impact of
nonlinearities. A novel nature-inspired technique termed
as multi-verse opimizer (MVO) [20], was established in
a two-area non-reheat thermal power system with high
voltage direct current (HVDC) to optimize the scalar
factors of Fuzzy PID.

It is obvious from past the studies that the performance
of the power system depends on the controller synthe-
ses and the techniques utilized to tune the controller
parameters. Therefore, constructing and implementing
a new control strategy with high-performance heuristic
optimization methods to real-world problems is always
welcome. Recently, a new biologically-inspired technique
known as particle swarm optimization (PSO) has been
highlighted by [21]. It is a population technique used to
explore the search space of the stated problem. It has
been efficaciously set up to handle the non-linearity and
non-convex optimization problems. A new technique
based on craziness particle swarm optimization (CPSO)
has been presented for LFC of a two-area thermal power
system with governor dead band (GDB) non-linearity
[22], to optimize the scaling parameters of PI controller.
A novel nature-inspired technique based on PSO al-
gorithm has been employed in a five-area non-reheat
thermal power system [23], to optimize the scaling fac-
tors of PID controller. Modern research confirmed that
the PSO is so worthwhile in optimization method and
gives high-performance results and could be superior to
many algorithms [24] [25].

Recently, some articles have been confirmed that the
active disturbance rejection control (ADRC) approach
is an emerging technique, which estimates and mitigates
the phenomena’s of the uncertainties, and the results
did not require accurate model information comparing
with the other sophisticated controllers [26], 27]. Thus,
it has been investigated that the ADRC approach can
be employed to solve the load frequency control (LFC)
successfully [26], 28]. It is demonstrated that three-order
ADRC is a good candidate for LFC and good damping
performance can be attained. Fast dynamic responses,
robustness against parameter variations and load per-
turbations are obtained using ADRC technique [26], 27].
A robust ADRC technique is constructed for a two-area
power system with non-reheat thermal power system
[28]. The concept of employing power electronic devices
for power plant control has been widely preferable and
acceptable in the form of Flexible AC Transmission Sys-
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tems (FACTS) devices which afford more flexibility in
power plant operation and control. This additional flex-
ibility permits the independent amendment of certain
system variables such as tie-line power flows, which are
not normally controllable. In [29], dynamic modelling of
the Thyristor Controlled Series Compensator (TCSC)
and super-conducting magnetic energy source (SMES)
devices are established and equipped for a two-area with
multi-sources power plant to improve the dynamic re-
sponses of the plant and enhance the stability. Zare et
al. [30], proposed a new method for modelling of TCSC
device based on the Taylor series expansion and applied
it for a two-area with multi-sources power plant to tackle
the LFC problem.

In this article, a robust hybrid ADRC-TCSC coordi-
nated controller is developed and employed for LFC
of an interconnected multi-area power system to damp
effectively the tie-line power flow and area frequency
fluctuations. The simulation results of the proposed con-
troller are compared with the ADRC-TCPS and ADRC
controllers. The scaling factors of the controllers and
adjustable gains of the series damping controllers are
tuned by PSO algorithm. The proposed controller pre-
sented in this article has more advantages such as robust
against the load changes and system variations, reduced
the oscillations of frequency and the tie-line power de-
viations for all area of the power system. The main
contributions of this article can be listed as follows:

(i) To design and perform a robust ADRC controller
for LFC problem.

To investigate the impacts of coordinated con-
trollers ADRC-TCSC, ADRC-TCPS and ADRC
on dynamic responses of the power system under
load perturbation.

Analyzing the dynamic performance of coordi-
nated controllers on an interconnected two test

(i)

(iii)

systems, namely two-area hydro-thermal and four-
area hydro-thermal power utilities.

Sensitivity analysis is carried out to assess the ro-
bustness of the proposed controller by varying the
system parameters and operating load conditions
from their nominal values.

To analyse the impact of different load perturba-
tion patterns on the dynamic performance of the
proposed approach.

The rest sections of this article are organized as fol-
lows: The mathematical model of an interconnected
multi-area power system is firstly formulated in section

2, wherein the dynamic modelling of FACTS devices are
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also pointed out. Then, the essential idea of the ADRC
design is outlined in section 3. The objective function is
stated in section 4, followed by its optimization solution.
Simulation results are presented in section 5, to show the
effectiveness of the current controller, and the dynamic
performance of the suggested controller compared with
other controllers are also demonstrated. Finally, the
conclusion of this article is elaborated in section 6.

2 Power system under study

2.1 System modeling

Mathematical model of an interconnected power system
under investigation should first develop in order to per-
form an appropriate control approach to enhance the
dynamic performance of the power utility. Initially, a
two-area constitutes from hydro-thermal power utility
is established and its dynamic performance is studied,
as well as later the work is extended to a four-area
hydro-thermal power system. The schematic model of a
two-area hydro-thermal power plant under investigation
is presented in Fig. [II The two areas are interconnected
through FACTS devices in series with the transmission-
line in order to improve the dynamic performance of the
system. Each control area of the power plant contains
speed governing unit, turbine and generator systems hav-
ing three inputs and two outputs. In Fig. [[l ACE; and
ACE; are area control errors; u; and us are the signal
outputs from the controllers; By and By represent the
frequency bias factors; Ry and Ry are the speed governor
regulation parameters in p.u. Hz; Ty and 7T} meant the
governor and turbine time constants for thermal system
in sec; K, and T, represents the steam turbine reheat
constant and steam turbine reheat time constant ; Tj;
is hydro governor time constant in sec; T, represents
the water starting time in sec; APp; and APpo are the
load perturbations; A Prj. is the incremental change in
transmission-line power in p.u.; K,; and K,y are the
power system gains; T,; and Tj» are the power system
time constants in sec; 715 denotes the synchronizing
coefficient; A f; and Af> denote the system frequency
deviations in Hz.

As described in Figs. [I]and [2] each area of the intercon-
nected power system consists of a single-speed governor,
turbine and generator. Furthermore, each control area
includes three inputs and two outputs. The inputs are
the controls signals AP, (also indicated as u ), load
perturbation APy, and tie-line power error APyr;.. The
outputs are the incremental frequency A f and area con-
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Fig. 2 Schematic diagram of the one-area generating umnit.
trol error (ACE) presented by Eq. (1) [IJ. From [I], the transfer function of the hydro turbine
system is written as:
ACE = APri. + BAf . (1) _ Numgr(s) _ (Thas+1)(=Tows+1)

Gpr(s) = Dengr(s)  (Tais+1)(Tnas+1)(0.5T,s+1)
The transfer function (TF) used to express the one-area
generator unit for the sake of suitability in frequency-
domain analyses. Let the TF from AP, to AP, be Goen(s) = 1 _ 1

Ggr(s) = Numgr(s)/Dengr(s), where Numpgr(s) Deny(s)  Ms+ D
and Dengr(s) are the polynomials of the numerator

The TF of the generator is:

(4)

The nominal parameters of the plant as demonstrated in
and denominator, respectively. According to [1], the Eqgs. (2)-(3) are taken from [31] 32] and are furnished in

transfer function of the reheat turbine system is: Table[l] From Fig. 2] the output Y (s) can be modelled
as:
Grop(s) = Numpr(s) K, T,s+1
EE) T Denpr(s)  (Tys + 1) (Tys + 1)(Trs + 1) Y(s) = Gp(s)U(s) + GL(S)APL(S) + Gric(s) APric(s)
(2) (5)

o1
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where Gp(s), GL(s), and Gri.(s) are the transfer func-
tions between the three inputs (U(s), APy, and APr;.)
and area control error output ACE. The three TFs in
Eq. (5) are expressed as:

RBNumpgr(s)
G = 6
P(s) RDengr(s)Denp(s) + Numgr(s) (6)
—RBDengr(s)
G = 7
r(s) RDengr(s)Denp(s) + Numpr(s) @
) _ Numpgr(s)+RDengr(s)Denps(s)—RBDengr(s)
GT@e(S) - RDengr(s)Denps(s)+Numpgr(s)

(8)
Under a decentralized control scheme, the ADRC ap-
proach is located in each control area acting as local
LFC strategy as shown in Fig. Two decentralized
areas are joined to each other through transmission-lines.
Reheat and hydro turbine units are distributed in the
two areas orderly. Substituting the values of system
parameters into the G p(s) between the controller input
U(s) and ACE output, yields

_ 3.39665+1.02
GPR(S) — 0.2457+2.036453+4.30252+3.94015+1.02
9)
— 2_
GPH(S) — 0.5233s 0.4967s+1.02

94.96554+208.6815s3+38.065532+1.6795+1(.03)
10

From Eq. (10), it can be observed that the TF of hydro
unit has a positive zero, which can bring instability to
the plant. This problem can be handled by fine optimiz-
ing the controller parameters. The system with hydro
turbine system will be stabilized by the controller as
well. The controller design and the parameter tuning
are introduced and explained in following sections.

2.2 Mathematical modelling of TCSC in
LFC

In order to improve the controllability and the power de-
liver quality, high voltage AC transmission systems based
on the power electronics and other static controllers are
utilized. These strategies are called as Flexible AC
Transmission System (FACTS) devices. They are sev-
eral FACTS devices controller, one of the main intrinsic
of FACTS devices is Thyristor Controlled Series Com-
pensator (TCSC) employed for frequency stabilization
by fixing TCSC unit in series with transmission-line be-
tween interconnected power plants [30, [33]. Basically a
TCSC is synthesis from three apparatuses: the capacitor
banks, bypass inductor and the bidirectional thyristors.
The reactance of a TCSC is handled by controlling the
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firing angles of the thyristors in conformity with a system
control approach, typically in response to some system
parameter perturbations. Both the capacitive and the
inductive reactance compensation devices are possible
by appropriately selecting the capacitor and inductor
values of the TCSC device. TCSC unit is concerned as
a variable reactance, the adjustable value of which is
tuned automatically to constrain the power flow across
the branch to pre-specified value. The variable reac-
tance Xroge indicates the net equivalent reactance of
the TCSC when working in a two case either inductive or
capacitive mode [30]. Fig. [3 describes the architecture
diagram of an interconnected a two-area hydro-thermal
power generation with TCSC connected in series with
the transmission-line. Since the reactance to the re-
sistance ratio is quite high (% > 10) the effect of the
resistance in the dynamic performance investigation is
neglected [34]. The tie-line power exchange without
TCSC device is expressed by Eq. (11).

0
APriaa(s) = 22 [Afi(s) ~ Afyls)] (1)
In Eq. (11), Afi(s) and Afa(s) are the incremental fre-
quency of the system; TV, represents the synchronizing
coefficient without TCSC. The line current flow from
area-1 to area-2 can be modelled as in Eq. (12), when the
TCSC is connected in series with the transmission-line

_ W[ £(61) — V2] £(52)
© j(X12 — Xresc)

where X1, represents the transmission-line reactance,
Xrese is the TCSC reactance connected in series with

Iis (12)

the transmission-line, §; and J5 are the voltage angles
of area-1 and area-2 respectively. It is obvious from the
Fig. [3] that, the complex transmission-line power as

Prievs = jQrierz = Vi Tz = |Vi] £(=61) | gLl
(13)
Solving Eq. (13)as aforementioned above, and compar-

ing the real part
Vil [Val

Prios = — 1120 i, — 6 14
2T X1y — Xresc) (01 = %) (14)
Considering the series compensation of Ko = X%Cmsc,
then the Eq. (14) can be written as:
WVil[Vo| .
Pricio = ———m——— o1 — 0 15

Tiel2 X1o(1 - K¢) sin(é; — d2) (15)

The Eq. (15) above can be re-formulated as
WAl s Ko ARl

Pricio = X1 sm(51 52) +4 - Ko Xu s1n(61 (f;;
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Fig. 3 Two-area interconnected hydro-thermal power system with TCSC in series with the tie-line.
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Fig. 4 Basic architecture for the proposed TCSC-based damping controller.

The first part of Eq. (16) demonstrates the power in-
terchange in transmission-line without the TCSC and
the second part represents the existence of TCSC in
the transmission-line power interchange. In order to
achieve the linear incremental model, the Eq. (16) can
be expressed as:

APric12 = Vil |V2|cos(5(1) — 69) sin(A8; — Ady)
12
AKo  [VA[Val . <0 <o
+ - AKe Xi sin(67 — d03)  (17)

Since for the small change in real power, the variation of

load angle is virtually very small, we can suppose that
sin(Ad; — Adg) ~ (Ad; — Ady). Therefore Eq. (17) can
be presented as

APric12 = Vil |V2|cos(5§) —69) (A8 — Ady)
AKe lVa| .0 <o
+ - AKe Xi sin(é] — d3)  (18)
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The Eq. (18) above can be reduced to

AKe

_2nC g
TN

APrici2 = Th2(Ady — Ads) + (19)

where T1 2

[Va||V2] 0 0
X, cos(d) — &) and K,
[Va][Va]

T2 sin(d) — 03) Since Ady = 2r [ Afidt and Ady =
27 [ Afodt. Thus, the Laplace transformation of Eq.
(19) can be written as:

27TT12 AKC
_=C Ky
1-AKq
(20)
From the Taylor series expansion approach [34], we know
that when |z| < 1:

APric12(s) = [Afi(s) = Afa(s)] +

1
— =14zttt

T (21)

As the compensation ratio is bound in the range (-1, 1)
i.e. AK¢ < 1 for all the inductive and the capacitive
operation modes, thus, the aforementioned Taylor se-
ries expansion above can be employed to model TCSC
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Table 1 System parameters.

Parameter Value Parameter Value

Ty 0.3 (s) Tpo 13 (s)

; 02 (s) Kp1 120 Hz/p.u.MW
Tr 10 (s) Kpa 80 Hz/p.uMW
K, 0.333 (s) By = B 0.425 p.u.MW/Hz
Thl 48.7 (S) R1 = R2 2.4 Hz/p.u.MW
Th2 0.513 (S) APLl 0.01 p.u.MW
Th3 10 (S) Qjj -1.0
Ty 1.0 (s) Ty 0.0707 p.u.MW
Ty 20 (s)
controller as follows where ;

K

AKc AK/(s) = —1LCSC__A¢ (s 27
T A = AKCHAKC ARG +AK +AKC +++ &) = T oo ) 27

- C

(22)
Hence the Eq. (20) can be formulated as:

27T}
APric12(s) = . 2 [Afi(s) — Afa(s)]

+(AKc + AKG? + AKc® + AKc* + AKS® + - ) Ky
(23)

From the Eq. (23) mentioned above, the tie-line power
interchange can be controlled by handling AK¢. If the
control input signal to the TCSC damping controller is
supposed to be AError (s) and the TF of the signal

conditioning circuit is K¢ = Hﬁ% The expression
is presented by Eq. (24)
Kresc
AKe(s) = ———=—=—AFrror (s 24
ols) = T2 () (2

where Krcse and Trose is the adjustable gain and
time constant of the TCSC unit respectively. The ba-
sic schematic diagram of the suggested TCSC- based
controller is highlighted in Fig. @] where the frequency
deviation in area-1, i.e. Af; may be appropriately em-
ployed as the control signal AError (s), to the TCSC
device to tackle the percentage deviation change in the
system compensation level. Therefore,

AKo(s) = Krcsc
c 1+ STTCSC

fi (s) (25)
Regarding the design objectives, only the first five parts
in Eq. (23) are utilized in the TCSC controller de-
signed as displayed in Fig. [ In the current TCSC
controller, K, is included in the TCSC term Krcsc,
ie., K)oge = Krese - Ki in which

~AK/ /y? /y? /5t /y?
AProsc = AKG + (AKg) +(AKG) + (AKg) + (AKG)
(26)
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2.3 Mathematical modelling of TCPS in
LFC

The schematic diagram of an interconnected two-area
power system synthesis from hydro-thermal source pre-
senting a TCPS in series with the transmission-line is
highlighted in Fig. TCPS is located near to area-
1 [35]. The resistance of transmission-line is ignored.
Without the TCPS device, the tie-line power deviation
from area-1 to area-2 can be provided as

0
APricia(s) = 27T512 [Afi(s) — Afa(s)]

When a TCPS is located in series with the transmission

(28)

-line, the current passing from area-1 to area-2 can be
written as
_ Nl Z(61 + ) = [Va[ £(62)

I .
12 JX12

(29)
From Fig. [5

Prici2 — jQric12 = Vi 112
[Vi| £(61 + ) — V2| 4(52)}
JX12

=|Vi| £ = (61 + )
(30)
By formulating the Eq. (30) we obtain:

. Vil |V
Priei2 — jQric12 = | ;‘(| 2|
12

sin (01 — da + )

[IVA[? = VA [Val cos(d1 — 82 + ) — [Va] £(62)]

7j><

X2
(31)
Splitting the real parts of Eq. (31), we get
Vil | Ve
PTielQ = M sin ((51 — 62 =+ (,D) (32)

12
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Fig. 5 Two-area interconnected hydro-thermal power system with TCPS in series with the tie-line.

In Eq. (32), perturbing 41, 62 and ¢ from their specified
values 09,9 and ° yields:

APriciz = Ml2leos (59 — 63 + ¢0) sin (Ad) — Ady + Ap)
(33)
Since (Ad; — Ada + Ap) is extremely small, accordingly
for small perturbation in real power load, the variation
of the bus voltage angles, as well as the variation of
TCPS phase angle are practically quite small. Hence,
sin (Ad; — Ada + Ap) = (Ad — Ads + Agp).
Therefore

APTiel2 = @ﬂcos(é? —5(2)—1—(,00) (A61 — A(SQ + A(‘D)
12
(34)
The Eq. (34) can be reduced to
APTielQ = T12 (A51 — A52) + TuAQD (35)

Where T3 = %008(5? — 89 + %) Since Ad; =
21 [ Afidt and Ady = 27 [ Afodt [30]. Hence, the
Laplace transformation of Eq. (35) can be written as:

27T
APrici2 = Tl

[Afi(s) = Afa(s)] + Ti2Ap  (36)
The tie-line power interchange aforementioned above
can be handled by adjusting the phase shifter angle A¢p.
The phase angle Ap(s) mention above can be established
as:

Ap(s) = HS[;#AEWOT (s) (37)
Therefore, Eq. (36) demonstrated above can be ex-
pressed as

APric12 = 2rlo [Afi(s) — Afa(s)]
—|—T12LAE’/‘TOT (s) (38)
1+ sTrceps

If the speed deviation Af; is sensed, it can be used as
the control signal (i.e. AError (s) = Afy) to the TCPS
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device to handle the TCPS phase angle which in turn,
handles the transmission-line power [35]. Thus,

Ap(s) = ——2Afy ()

- 1+ sTreps
Then, the tie-line power change in Eq. (38) becomes

27T'T12
S

(39)

APric1o = [Afi(s) — Afa(s)]

Ke  Ap

T -
ey + sTrcps

(5) = APjie1a(s) + APreps(s)
(40)

where AProps(s) = Tio H_S;(#Afl (s).

Fig. [6] describes the MATLAB/SIMULINK MODEL
of the TCPS controller. The incremental frequency
(Af;,i =1, 2), which provides the information of each
mode of interest, is employed as the input signal for the
controller. There are two adjustable parameters such
as the gain K, and the time constant Trcps should
be optimized to attain the optimal design of the TCPS
frequency controller.

3 Design LFC controller based on

ADRC technique

In this section, the basic concept of the ADRC approach
is briefly derived and constructed as a decentralized LFC
for an interconnected multi-area power system. The ba-
sic structure of the time-domain ADRC is introduced as
in [26], B6], B7]. In this part, the transfer function (TF)
representation of the ADRC will be established for a
general n-th order system.

3.1 Transfer function derivation for n-th
order system

Consider the system with a disturbance as presented in
Eq. (41):

Y(s) = Gp(s) - U(s) + W(s) (41)



FJES

Gomaa and Li: Frequency stabilization for an interconnected multi-area power system

Al Kices

1+ 5Treps

AP,

TCPS

AP,(s)

AP?

12

27T,

-

Af,

Fig. 6 Basic architecture for the proposed TCSC-based damping controller.

R(s)

Disturbance

1 y
— Plant >
g b

4 U |-

Z2

Zn—m—l

| Zn—m y -
ESO

Fig. 7 General architecture for the ADRC approach.

where U(s) and Y (s) denotes the system input and sys-
tem output respectively, and W (s) is the disturbance
consisting of the unknown internal and external distur-
bances. In general, the TF of the system G,(s) can be
expressed as

Y (s) b S™ 4+ bm_18™ "t 4+ ... + b1s + b
= = >
U(s) Gp(s) ans™ + an_15""1+ ... +a1s+aop’ r=m
(42)
where a; and b; (1 =0,1,2,3,......,n,5 =0,1,2,3,....,m)

denotes the coefficients of the polynomial of G,(s). Di-
vided both sides of the Eq. (41) by Gp(s), then yield:

(1/Gp(9))Y () = U(s) + W (s) (43)
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where W' (s) W (s)/Gp(s). In Eq. (43), the TF
1/G, (s) can be modeled as

1 AnS" + ap_15""L + ...+ ais + ag

Gp(3)  bmS™ + bm_15™ 1+ .. + bys + bo

= CnemS" " Cpem—18" T T 18 +co+Grem (8)
(44)

where, ¢; (i = 0, ..., n—m) means the coefficients
of 1/G,(s), and the remainder Gy, (s) can be written
as:

dm—18""" + dm_28""2 + ...+ d1s + do

Grem(s) = bins™ + bn—15™=1 + ...+ b1s + bo
(45)
whered; (j = 0, ...,m — 1) represents coefficients

of the numerator of the Gy (s). Substitute Eq. (44)
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Table 2 ADRC parameters.

Order of ESO

Area 1l
Area 2

3.0
3.0

into Eq. (43), and rearranged yields:

Cn—m8" Y (s)
=U(s)=[en_m_158""™ ... +c15+ o+ Grem(s)]Y (5)
+W'(s) (46)
where ¢, = ¢ Dividing the Eq. (46) by ¢,—p,, yields:
s"TMY (s) = bU(s) + D(s) (47)

where b = 1/¢,,_,, and

1 -

[Cn—m—lSn

1

Cn—m

+ W' (s)

(48)

We will using Eq. (47) later to demonstrate the system
model for the controller design.

3.2 Design of the extended state observer
(ESO)

The robustness of the ADRC depends on the precise
estimation of the disturbance D(s) [26] 86]. Thus, the
ESO needs to be established to estimate the D(s) in
real time. This can be achieved by augmenting the state
variables of the system in Eq. (47) to include D(s). In
order to construct the extended state observer (ESO),
the system modelled in Eq. (47) can be formulated as:

sX(s) = AX(s)+ BU(s)+ E(s)D(s) (49)
Y(s) =CX(s) (50)
where )
x1(8)
z2(s)
X(s) = :
Tpn—m(S)
L Tn—mi1(5) i

m_1—|—...+618+CO+GTem(5)}Y('S)
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We We b
4.0 20 14.1525
4.0 20 551.050
[0 1 0 0]
0 01 0
A= ,
0 0 O 1
L 000 4 (n—m+1)x(n—m+1)
"0 "0
B=. JE(s) = | . ,C =
0 0
b 0
L 0 4 (n—m+1)x1 - 1 4 (n—m+1)x1
[ 100 0 ]1><(n7m+1)

To derive the estimator, we suppose that D(s) has the
local Lipschitz continuity. Hence, the ESO can be mod-
elled as:

sZ(s) = AZ(s) + BU(s) + L(Y (s) — Y (s))

Y(s) =CZ(s) (52

where Z(s) is the estimated state vector and Z (s) =
T

[21(s)  z2(s) Zn-m(8)  Zn-m+1(5)] )

and L is the observer gain vector and L =

81 Bo Brn—m ﬂn_m+1]T. To set all the

eigenvalues of the extended state observer to (—wy), the
observer gains are selected as

1,2,...n—m+1 (53)
1

Thus, we can adjust and change the observer terms by
tuning the parameter wg, which signifies the bandwidth
of the observer. With a suitable tuned ESO, z; (s) can
be able to approximate the value of x; (s) relatively

(t =1, -, n — m + 1), then we can write:

Zn—m+1 (5) = D(s)

where D(s) represents the estimation of D(s). The dis-
turbance D(s) can be removed, if the control input U(s)
is designed as:

U(s) = (Uo(s) = 2n-mo1(s))/b

~
~

D(s) (54)

(55)
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The original system depicted in Eq. (47), it will be
reduced to a pure integral plant. This manner can be
illustrated by Eq. (56), where Uy (s) denotes the control
law for adjusting the ACE output Y (s).

s"TY (s) = b [(Uo(s) = zn—m+1(s))/b |+ D(s)

Uo(s) — D(S) + D(S) ~ Uo(s)

(56)

The aim of LFC is to regulate the ACE to zero. A
standard PD controller can achieve this goal. So, the
control law Uy (s) is selected as

Uo(s) = k1(R(s) — z1(8)) — kaz2(8) —+ + * kn—m—-12n—m—1(8)

(57)
where R(s) represent the reference input. To simplify
the tuning procedure, all the closed-loop poles of the PD
controller are set to (—w.). Then the controller gains in

Eq. (57), have to be designed as

ki = (n B m) wp T
i
(58)

where w, denotes the bandwidth of the controller. Gen-
erally, w, varies from 3 ~ 10 rad/s [28]. The general
structure of the ADRC is described in Fig. [7}
According to the detailed illustrative above, the ADRC
approach for area-1 of the power system can be designed
and represented by the following equations.

1=1,2 .- n—m-1

sZ(s) =(A—LC)Z(s)+ BU(s) + LY (s) (59)
Uo(s) = k1(R(s) — 21(8)) — kaza(s) — kszz(s) (60)
U(s) = (Uo(s) — 2a(s))/b (61)
z1(9) 01 00
_ | =(s) 00 10 -
where, Z(s) = 2a(5) VA = 00 0 1 ,B =
za(s) 0000
0 4w0
0 6w?
b L= 4w§ ’
0 wg

C=[1 0 0 0],k =wd ks =3w2 ks = 3w..

The ADRC for the second areas has similar architec-
ture to area 1. The tuned parameters of the ADRCs
approaches in two areas are presented in Table [2| Ac-
cording to Ref. [26], the observer bandwidth (wp) is
selected as five times controller bandwidth (w.). The
controller gain b for area-2 is relatively large compared
to the gain for the area-1. This is for compensating
the effects of the positive zero in area-2. As observed
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in Table [2] there are only two adjusting parameters for
designing of the ADRC approach, namely the controller
bandwidth (w.) and controller gain (b).

4 The objective function and its solu-

tion

4.1 Objective function for controller de-
sign

The aim of LFC in an interconnected control-area is to
re-establish the essential frequency regulation capacity,
return the frequency to its specified value as rapidly as
possible and reduce the interchange power oscillations
between interconnected control areas. In order to satisfy
the above requirements, considering a suitable objective
function is very important to explore the controller pa-
rameters. The general indices that usually concerned
for a controller design are Integral of Time multiplied
Absolute Error (ITAE), ISE, ITSE and TAE [24] [34] [38].
In this article, ITAE is considered as an objective func-
tion to optimize the parameters of the controllers. The
expression for the ITAE is presented in Eq. (62).

Tsim
/ t- (‘AFA + |APtie,ij|) dt
0

J

= ITAE = (62)

where, T, represents the simulation time. An opti-
mization issue is handled by employing a PSO algorithm
introduced in [24] to minimize the ITAE criterion to
attain the optimal parameters of the controllers, subject
to the following constraints:

K¥&so < Kroso < K¥&so

Titse <Tresc < TiEse

i << TP (63
TSYIIIII S T3 S Tgnax

K¥&ps < Krops < KPghg

T#dps < Trops < TPgbs

4.2 Particle swarm optimization (PSO)

PSO is part of a wide category of swarm intelligence
techniques for handling optimization issues [2] [24]. Tt is
a population technique employed to explore the search
space of the stated problem in order to tune the param-
eters that required optimizing the objective function.
It can be achieved high-quality solutions within less
time and stable convergence than the other stochastic
algorithms such as GA. Every particle in the PSO flies
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Table 3 Optimal value of controllers gains for Test 1.

Evolutionary algorithm ADRC-TCSC controller gains ADRC-TCPS controller gains
Kracrs  Tracrs T T3 Kracrs Tracrs
PSO 0.1102 0.0641 0.4200 0.3045 0.9672 0.8936

Table 4 Comparative system analysis for Test 1 in terms of settling time and peak over/undershoot.

Controller Settling time (s) Peak overshoot Peak undershoot (—ve)

Afi Afa APricth—nyA f1 Afa APricth—hyA f1 Afa APricth—hy
ADRC 10.35 17.27 9.89 0.0031  0.0087  0.0027 0.0095 0.0096  0.0020
ADRC-TCPS 14.97 19.50 8.68 0.0029 0.0083 0.0019 0.0071  0.0082  0.0016
ADRC-TCSC 6.73 10.01 4.16 0.0015 0.0036 0.0010 0.0066  0.0057 0.0014

Table 5 Optimal value of controllers gains for test 2.

Evolutionary algorithm ADRC-TCSC controller gains ADRC-TCPS controller gains
Kracrs Tracrs T T3 Kracrs Tracrs
PSO 0.1354 0.0870 0.7120 0.4312 1.3050 0.8765

Table 6 Comparative system analysis for Test 2 in term of settling time.

Controller Settling time (s)

Afi Afa Afs Afa APricth—th APricth—ny
ADRC 5.70 11.33 7.65 7.65 10.70 7.00
ADRC-TCPS 5.30 13.54 8.80 8.80 10.70 8.30
ADRC-TCSC 4.67 4.87 4.63 4.63 10.20 4.10
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Fig. 9 System responses for Test 1: (a) and (b) represents the frequency deviation

deviation power in tie-line 12.

over the space by a certain velocity that is dynamically
adjusted according to its individual flying experience. In
PSO algorithm each individual particle tries to enhance
themselves by imitating characteristics to their success-
ful rivals. Furthermore, every particle has a memory and
then it is capable of reminding the preferable position in
the search space ever visited by it. The corresponding
position for the best fitness is called as pbest and the
overall best out of all the individuals in the population

()
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in two areas, and (c) represents the

is called gbest.

The modified position and velocity of every particle can
be calculated according to current velocity and the dis-
tances from the pbesty, q to pbest, as represented by the
following equations:

UZJ;} = w.v,tc’d—i—cl.rl (pbestk,d—xfc’d)—l—cQ.rg (gbestd—xi’d)
(64)
J/’ZJ,rdl =Th g+ Uitj,—dl (65)

where:
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Fig. 10 Transfer function model of four-area hydro-thermal power plant.
g Y p p
n number of particles in the swarm. dimensional space z; = (Zj1,%j2, s Tjm), (J =
1,2,...,n,d=1,2,...,m) and its rate of position change
m  number of members for the vectors v, and x. (velocity) is represented by another m-dimensional space
v; = (v1,952,.....,U5,m). The best previous posi-
¢ number of iterations (generations). tion of the jth individual is indicated as pbest; =

(pbest; 1, pbest;a, ....., pbest; ). The index of better par-

vt y the velocity of particle k at iteration . ticle overall of the particles in the swarm is denoted by
' gbest,. The scaling parameters c; and cy regulate the
w inertia weight constant. relative pull of pbest, and gbest and their best values are
chosen as ¢; = ca=2, and the parameters r; and ro assist
in stochastically varying these pulls. The best chosen
value of w i8S Wmax = 0.9, wmin = 0.4. The flowchart of
PSO used in this article to optimize the parameters of

the proposed controller is highlighted in Fig.

c1,Co acceleration constants.

1,79 uniformly random numbers distributed in
the range (0, 1).

zh the position of particle k at iteration ¢.
The 4th individual in the swarm is denoted by a m-
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Fig. 11 System responses for Test 2: (a), (b), (c) and (d) represents the frequency deviation in four areas respectively.
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Fig. 12 System responses for Test 2: (a) and (b) represents the deviation power in thermal-thermal tie-line and thermal-hydro

tie-line respectively.

5 Results and discussion

The objective function of LFC in the power system is
to diminish the frequency oscillation of the individual
area as well as the deviation of the power interchange
between the relative control areas caused by unexpected
load change. Therefore, the main purpose of this simu-
lation study is to test the efficacy and capability of the
proposed controller to solve the aforementioned prob-
lems above of LFC in the power system. The controller
is equipped on two test systems, namely, two-area and
four-area hydro-thermal power plants and the dynamic
presentations are assessed under normal and perturbed
conditions. Dynamic models of the investigated systems
are developed in MATLAB/SIMULINK environment,
while the MATLAB code of the suggested optimization
method is written separately in the .m file. The pro-
posed controller is designed separately for each control
area using PSO algorithm employing ITAE criterion
based objective function. The proposed PSO algorithm
as demonstrated above is employed to explore the ADRC-
TCSC, ADRC-TCSP controller’s gains for the testing
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two cases of the system, namely, two-area and four-area
hydro-thermal power plants. The system parameters
are obtained from [31] [32], and are listed in Table
In an interconnected multi-area power system the load
perturbation can occur at any place in the power sys-
tem, either in one area or in a few areas or in all areas
simultaneously. Hence, in this study, the simulations
have been performed for the system under applied 1%
step load perturbations in area-1. The optimization tech-
nique was repeated 100 times and the best parameters of
the controllers obtained corresponding to the minimum
objective function are listed in associated sections.
Before presenting the simulation results, it is helpful to
list briefly what simulation procedures we are going to
perform in continue of this article to demonstrate the
effectiveness of the proposed technique. The simulation
process can be performed as follows:

(i) Performance evaluation of ADRC-TCSC controller
with ADRC-TCPS and ADRC controllers under
step load change in area-1;

(ii) Sensitivity analysis to appraise robustness of the
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current controllers against uncertainty in system
parameters and loading condition in a range of
-50% to +50% in steps of 25% from their nominal
values.
(iii) Performance evaluation for different load pertur-

bation patterns:

1. Pulse load perturbation.

2. Sinusoidal load perturbation.

5.1 Test 1: Two-area hydro-thermal power
system

Initially, a two-area hydro-thermal power system
equipped with ADRC-TCSC, ADRC-TCPS, and ADRC
controllers, as shown in Fig. is considered and 1%
step load change is subjected to area-1 for investigating
the dynamic performance of the concerned power system.
PSO algorithm is stated to explore optimal values of
ADRC-TCSC controller employing ITAE based objective
function. The optimization technique was repeated 100
times and at the end of optimization the best controller
gains corresponding to the minimum objective function
are furnished in Table 3] The comparative performances
in terms of frequency in two areas and tie-line power
flow deviations of the considered test system after load
change are plotted in Figs. @(a)—(c). To show the supe-
riority of proposed controller, the numerical simulation
results obtained are compared with those obtained by
other intelligent controllers, namely ADRC-TCPS, and
ADRC controllers which are recently reported in the
literature and the comparative results are furnished in
Table 3| and Figs. [0fa)-(c). It can be observed from Figs.
[9)(a)-(c) and Table [4] that the suggested PSO algorithm
based ADRC-TCSC controller outperforms than other
intelligent controllers.

5.2 Test 2: Extention to multi-area power
system

To investigate the numerical computational effectiveness
of the proposed controller, the study is extended to an
intricate system, namely four-area hydro-thermal power
plant. Area-1 and area-2 comprise of reheat type thermal
power plants while area-3 and area-4 comprise of hydro-
power plants. The TF model of test 2, is described in Fig.
and the nominal system parameters are presented in
Table[I] PSO algorithm is established to explore optimal
values of the proposed controller employing ITAE based
objective function. The optimal parameters attained by
the proposed algorithm regarding the minimum objec-
tive function is tabulated in Table [5| The comparative
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transient responses of proposed system in terms of the
frequency deviation in areas 1-4, and tie-line power devia-
tion after 1% step load perturbation are depicted in Figs.
[[1{a)-(d) and [I2|(a)-(b). Typical transient specifications
in terms of settling time and peak over/undershoot of
system oscillations are observed from Figs. a)-(d)
and [12](a)-(b) and presented in Tables [6] and [7] To show
the superiority of proposed PSO tuned ADRC-TCSC
controller, simulation results are compared with those
results obtained by other controllers like ADRC-TCPS
controller, and ADRC approach for the similar test sys-
tem and comparative results are given in Table [6] and [7]
and Figs. [[1j(a)-(d) and [I2|a)-(b). It can be seen from
Tables [6] and [7] and Figs. [11](a)-(d) and [I2|(a)-(b) that
proposed controller outperforms and appears to be more
advantageous than the other controllers and satisfying
the demand for LFC problem.

5.3 Sensitivity analysis

In order to investigate the potentiality and robustness of
the proposed controller, sensitivity analysis is performed
for Test 2; under a wide change in system parameters
and loading conditions [2], [, [39]. Sensitivity is defined
as the ability of the system to perform effectively while
its variables are changed within a certain tolerable range
[2, B, B9]. Taking one at a time, the operating load
conditions, governor time constant of thermal plants
(Ty), steam turbine reheat time constant (7)), steam
turbine reheat constant (K.), and the synchronizing co-
efficient (B) are changed in the range of -50% to +50%
in steps of 25% from their nominal values, individually.
The quantitative analysis in terms of settling times, and
peak/undershoots with these changed conditions for 0.01
p-u step load perturbation in area-1 are summarized in
Table [§ The dynamic responses with aforementioned
uncertainties are depicted in Figs. [13|(a)-(d). It is in-
ferred that from Table [ and Figs. [13(a)-(d), there is
insignificant impact of the changes in the system loading
condition and parameters on the obtained results in that
the frequencies and transmission-line power fluctuations
are suppressed as well. Thus, the sensitivity analysis
show that proposed ADRC-TCSC coordinated controller
is quite robust; since, the optimized ADRC-TCSC con-
troller at the nominal loading condition with nominal
parameters performs satisfactorily under the uncertainty
scenarios. Thereby, the optimal parameters of the con-
troller once set for nominal condition need not to be set
again for +50% variations in the system parameters and
loading condition.
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Fig. 14 (a) Random step load perturbations, (b) change in frequency in area-1 for varying step load applied to area-1; (c)
Sinusoidal load perturbation, (d) change in frequency in area-1 for sinusoidal load perturbation.

67



FJES Gomaa and Li: Frequency stabilization for an interconnected multi-area power system

Table 7 Comparative system analysis for Test 2 in terms of peak over/undershoot.

Controller Peak overshoot Peak undershoot (—wve)

Afy Afa Afs Afs APricth—th  APricth—hy Af1 Afa Afs3 Afs APricth—th  APrieth—hy
ADRC 0.0027 0.0018 0.0046 0.0046 0.00020 0.00090 0.0084 0.0027 0.0057 0.0057 0.0017 0.0016
ADRC-TCPS 0.0021 0.0016 0.0028 0.0028 0.00030 0.00020 0.0065 0.0021 0.0041 0.0041 0.0012 0.0010
ADRC-TCSC 0.0011 0.0006 0.0008 0.0008 0.00007 0.00005 0.0063 0.0018 0.0028 0.0028 0.0011 0.0004

Table 8 Sensitivity analysis of Test 2:(Four-area hydro-thermal) with the proposed controller.

Parameter variation =~ %Change Settling time (s) Peak undershoot (—wve)
Afi  Afs  Afs  Afs APrieth—th  APrieth—hy Af1 Afa Afs Afa APricth—th  APricth—hy

Nominal No change 4.67 4.87 4.63 4.63 10.20 4.10 0.0063 0.0018 0.0028 0.0028 0.00110 0.00040
T, +50 4.71 4.89 4.92 4.92 10.35 4.15 0.0076 0.0024 0.0032 0.0032 0.00130 0.00053
+25 4.69 4.70 4.70 4.70 10.30 4.12 0.0070 0.0021 0.0031 0.0031 0.00120 0.00047

—25 4.53 4.10 4.50 4.50 10.10 4.00 0.0056 0.0015 0.0027 0.0027 0.00100 0.00041

—50 4.53 4.00 4.50 4.50 10.10 4.00 0.0050 0.0015 0.0026 0.0026 0.00100 0.00039

T, +50 4.92 4.80 4.69 4.69 10.40 4.15 0.0065 0.0019 0.0029 0.0029 0.00110 0.00044
+25 4.91 4.69 4.68 4.68 10.30 4.13 0.0064 0.0018 0.0029 0.0029 0.00110 0.00043

—25 4.90 4.65 4.62 4.62 10.10 4.05 0.0064 0.0018 0.0028 0.0028 0.00110 0.00042

—50 4.90 4.65 4.62 4.62 10.10 4.05 0.0063 0.0017  0.0027  0.0027  0.00110 0.00041

K, +50 4.72 3.99 4.17 4.17 10.00 4.21 0.0056 0.0011 0.0019 0.0019 0.00070 0.00030
+25 4.69 4.03 4.57 4.57 10.00 4.23 0.0056 0.0014 0.0023 0.0023 0.00090 0.00035

—25 5.22 5.57  4.60 4.60 10.91 4.92 0.0076 0.0024 0.0037  0.0037  0.00013 0.00056

—50 4.74 5.58 5.76 5.76 10.99 5.53 0.0090 0.0037 0.0051 0.0051 0.00018 0.00080

B +50 4.68 4.57 4.41 4.41 10.20 4.09 0.0061 0.0013 0.0024 0.0024 0.00090 0.00039
+25 4.78 4.54  4.63 4.63 10.20 4.10 0.0062 0.0015 0.0026 0.0026 0.00010 0.00041

—25 4.96 5.22 5.28 5.28 10.20 4.15 0.0066 0.0021 0.0032 0.0032 0.00012 0.00046

—50 5.42 5.22 5.46 5.46 10.20 4.30 0.0069 0.0026 0.0035 0.0035 0.00013 0.00051

5.4 Comparative performance evaluation
under different load perturbation pat-

terns

To analyze the effectiveness of the suggested controller
via other controllers, the analysis is performed for differ-
ent load perturbation such as step load and sinusoidal
load. Fig. (a) depicts a step load perturbation of
varying amplitude with a period of 150 (s) and width
of 10 (s) is subjected to area-1 without changing the
optimal values of the proposed controller gains |2} [5] [34].
The change in frequency is highlighted in Fig. (b)
It is observed from Fig. [14|b) that the oscillation is
significantly reduced by employing ADRC with TCSC
device in series with the transmission-line compared to
ADRC-TCPS and ADRC controllers.

Further, in order to assess the effectiveness of the current
approach, a sinusoidal load change represented by Eq.
(66) varying the amplitude is utilized to area-1 [2] [].
The expression for sinusoidal load change is as follows:

APy, = 0.03 sin(4.36t) + 0.05 sin(5.3t) — 0.1 sin(6t)

(66)
Fig. [14|c) exhibits the performance of the sinusoidal
load perturbation. The incremental frequency regard-
ing area-1 is displayed in Fig. (d) It is cleared that
from Fig. (d), the frequency oscillations are reduced
when used TCSC coordinated ADRC controller com-
pared with ADRC-TCPS controller and ADRC alone.
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On the whole, the coordinated application of ADRC-
TCSC shows sufficient robustness to random load change.
Thus, it can conclude that the proposed approach could
be applied to power system where the major uncertainty
exists like variation in system parameters and change in
load patterns.

6 Conclusion

In this article, an attempt has been made to develop
a robust ADRC controller for LFC of interconnected
multi-area power systems. To enhance the system re-
sponses further, FACTS devices like TCSC controller is
included in the system model. The superiority of the
proposed controller is demonstrated by comparing the
results with ADRC-TCPS and ADRC controllers. The
suggested approach is further extended and subjected
to four-area hydro-thermal power plants. The parame-
ters of the TCSC and TCPS coordinated with ADRC
controllers are optimized by using particle swarm opti-
mization (PSO) algorithm employing an ITAE criterion.
From the simulation results, it is observed that signifi-
cant improvements in the dynamic responses are attained
with coordinated application of proposed controller. Fur-
thermore, the sensitivity analysis is carried out to assess
the robustness of the system to wide change in the op-
erating conditions and system parameters. Finally the
effectiveness of suggested approach is appraised at differ-
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ent load perturbation like step load and sinusoidal load.
It is observed that the developed controller is robust
and performs satisfactorily with variations in operating
conditions, system parameters and load perturbation.
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