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ABSTRACT

This paper proposes a Decentralized Integral Single-phase Sliding Mode Control (DISSMC) for Load
Frequency Control (LFC) in Complex Power Systems with Multi-Source generation (CPSMS), integrating
reheat, hydro, gas, and wind turbines. A generalized structure is employed to model Multi-Area Linked
Power Systems (MALPS), providing a realistic representation of diverse power plants. The proposed
method formulates an integral Sliding Surface (SS) to mitigate the chattering phenomena and ensures
finite-time stability through a continuous control law. Additionally, a single-phase technique eliminates the
reaching phase, ensuring immediate trajectory control. The MATLAB/Simulink simulations validate the
DISSMC's effectiveness in stabilizing frequency fluctuations and managing load variations across three
interconnected regions, each hosting different power plant types. The results highlight the proposed

controller's robustness and adaptability to dynamic load and renewable energy source fluctuations.

Keywords-complex power system; load frequency control; sliding mode design

I.  INTRODUCTION

Recently, there has been a huge development in power
generating technology. Meanwhile, many countries are moving
to reduce climate change by reducing their reliance on
conventional power plants and replacing them with wind farms.
This can be characterized by the sharp change in the amount of
energy produced depending on wind speed, geographical
location, etc. Moreover, there is an increase in the power
demand and the load connected to the grid, which necessitates
the creation of large power systems. Thus, there is a need to
interconnect the different power plants, such as reheat plants,
hydro power plants, gas plants, wind farms, etc. in order to
meet the increasing energy demand. The interconnection of
MALPS has made the LFC a very complex task due to the
nonlinearity and system uncertainty [1]. The MALPS consists
of a geographically dispersed power area. However, each area

can be a linked multi-area or an isolated power plant. In this
paper, the most general case according to which each area
consists of multi-power sources is considered. The literature
aims to ensure good power system performance through an
effective control strategy. [2, 3]. The first control method used
to monitor the frequency, and the output power of a single
power plant was proportional-integral [4]. However, the PI
controller works efficiently only when the power system
operates near the nominal operating point. Otherwise, the
former fails to stabilize the power flow or the frequency. Other
control schemes, such as adaptive control [5], intelligent
control [6], optimal control [7], and robust control [8, 9], have
been studied, but they were designed for small, interconnected
power grids and have not been proven effective for use in
larger power systems. The Sliding Mode Control (SMC) is a
robust control scheme, where the system is impervious to
matched uncertainties and system disturbances [10]. Authors in
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[11, 12] proposed the SMC to control the load frequency in
single and multi-area power systems, respectively. The
limitation of the multi-area system model in [12] was that it did
not include different types of power plants as in a real-life
system. Authors in [13] studied the nonlinear SMC for a multi-
area power system. However, frequency chatter phenomena
and discontinuous control signal are a major drawback of
conventional SMC. Applying pure SMC in a practical system,
causes wear and tear in the mechanical component, which leads
to high power loss and reduces the efficiency of the power
plant [14-17].

Integrating wind power into the conventional grid is a very
challenging task due to the very wide fluctuations in the power
generation from such renewable plants. Therefore, an adaptive
control scheme is introduced to handle the continuous change
of the operating point of such a large power system. The
aforementioned LFC strategy can be only obtained when the
following assumption is verified: the system aggregated
uncertainties and disturbances are bounded by a known positive
constant. However, this is not the case for a large power system
including wind farms. Authors in [18] proposed an adaptive
fuzzy controller to control a small hydropower plant. Authors
in [19] used a genetic algorithm to optimize the integral control
gain, which was utilized to train an adaptive network-based
fuzzy inference system. Authors in [20] presented a load
frequency controller-based indirect adaptive fuzzy technique
for the interconnected power system. Also, authors in [21]
studied a direct-indirect adaptive fuzzy controller, which was
adapted in multi-area load frequency problems. The adaptive
fuzzy techniques suffer from serious drawbacks, which can be
seen in the large settling time and oscillations in the transient
period. Authors in [22] proposed a decentralized adaptive SMC
for multi-area power systems. The main contribution was the
design of a SOISMC law that adopts the adaptive gain tuning.
By applying this controller, the limitations in [23, 24], mainly
the bounded uncertainties with a positive constant, are
eliminated. Although the MALPS model is used, the different
types of power plans are not considered. Authors in [25]
introduced a chattering free adaptive SOISMC for a multi-area
hydropower system, and authors in [26] studied the most
general case of large power systems. Authors in [27] proposed
an enhancement on the traditional SMC to ensure the
convergence of all states to zero, where an additional
supplementary controller-based Adaptive Dynamic
Programming (ADP) was employed to enhance the ability of
the controller to handle the fluctuation of the power system.
The ADP succeeds in producing an adaptive control signal by
changing the weight against the uncertainties and system
parameters.

In this paper, the most general case of a multi-area linked
power system containing renewable energy is considered. To
the best of the authors' knowledge, no work has been reported
in the LFC literature on the design of a robust SMC for such a
realistic MALPS with a combination of thermal, hydro, gas,
and wind generation units. In view of the above, the
contributions of this paper can be stated as follows:

e The paper introduces a novel DISSMC tailored for LFC in
CPSMS, including reheat, hydro, gas, and wind turbines.

e A generalized structure is proposed for modeling MALPS,
enabling a more accurate and realistic representation of
interconnected regions with diverse power plant types.

e The integral SS is designed to effectively eliminate
chattering, while a single-phase technique removes the
reaching time, ensuring faster and smoother trajectory
convergence.

e MATLAB/Simulink  simulations  demonstrate  the
controller's capability to handle load variations and
renewable energy source fluctuations across a CPSMS with
three interconnected areas. The results confirm the
robustness and adaptability of the proposed approach.

II. LFCON CPSMS

In this section, the mathematical model of MALPS is
presented. The power system under study consists of two
geographically dispersed power areas. Area 1 was the largest
area where five different types of power generation plants are
aggregated together. Two plants were chosen to be a renewable
power source. However, in both areas 2 and 3 there were no
renewable plants and they are chosen to be topical to each
other. The block diagram of such a MALPS can be illustrated
as in Figure 1.

The proposed MALPS model consists of a reheat-turbine
thermal power plant, a hydropower plant with a mechanical
hydraulic governor, a gas turbine power plant, and a wind
power plant. The system has 13 state variables and the
associated vectors and matrices are:

x, =[AF; AP, AR, AF; AP, AB,
AR, AP, AP, AR, AF,, ACE APtie.i ]T
u; = [APcli APL»Z,’ APL»si ]T

where the i" area dynamic equations of MALPS are:

. -1 1
AP, =——AP,, +—APF, (1
T, T,
. 1 K, a. K, .o
AF;. :——AF;. + Pslalt APm” + PS!a2l APmQ,'
Ty, PSi PSi )
o K,. & K,
+L%Apln3i _% Z KijAPtiei — APdi
Psi L pg; i=1,j=i Ty
. -K,. - K,
AP, = - AF;"'_IAPR:"*'(L_ R’)AR?GI'
TR, Ty Ri Sgi 3)
K,
+— AP,
SGi
. -1 -1 1
APggi = ————AF, + — AP, + —AF,, “)
T R;; T T
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Fig. 1. The structure of the i area LFC model in an MALPS.
. — . -1 Y i 1
m2i :AAF}_{—_ZAPMZI' APy =———AF + : AP, +-—AF;, (11
TRHiTGHiR2i TWi R3ibgi bgi bgi
2 2T, 2
= L= _TORSE = . K. X
+( - + » )APRH,' ( T TRH_ )APGHi (5) ACEI — KBiKEiAF;' +_E’ z KijAPtiei (12)
1 1 '3 15 1 271' i:l,_f#i
_2TRS'
+—— AR, b _ _
T T AP, =27T,(AF, — AF)) 13)
-T.. 1 T.. The system modeling of the i" area is given by:
APy = ﬁAE + (T_ - R; YA,
T. . .R, ) T, . N
R G R (6) 5(0=Ax O +Bu(0)+ Y. Hx,(O)+FAP, (1) (14)
vt ap o Lap, s
TRHiTGHi ! TRHi s n m
where x, () € R" represents the state vector, u,(f) € R" is the
AP = -1 AF + -1 AP+ 1 AP % control vector, A, B, F;, H;, are the constant matrix
GHi — i GHi c2i
ToniRyy GHi GHi equivalent i" of each area (A,. €eR"™,B, e R™" F, e R™ ) , and
AP = -1 AP . + 1 AP ®) AP, is the load disturbance.
m3i — g w3 T 5 SME
Teni Teni Assumption 1. The load disturbance is assumed to be
T X | bounded and satisfy the following condition:
AP‘{ :MAF{ +__AP7 )
! TFiR3iYGibgi TFi ! "ABi!" . ai’ 120’ L, 2’ s N (15)
+(L n Teg, )AP.. (TCRiX i Top ) () where 0, is the unknown positive constant.
Fi Fi~Gi “ TFiYGibgi TFiYGi o
III. NEW SMC STRUCTURE
_ X i Ter .
T.Y.b e3i A. Integral single-phase SS
Fi~Gi~gi
§ This section emphasizes the initial phase of suggesting a
. AF 4+ -1 AP comprehensive SS for the MALPS. The integral single-phase
G TR YD iy Gi SS is given as:
3iTGigi Gi
v M (10) ,
H(Je%ap | Raap GO =6x10 6K, x(@D)dr-cx e (16)
Y YGibgi YGibgi 0
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where ¢, and /, are the constant matrix and the design matrix,

respectively. Matrix ¢, is selected to make sure that matrix

¢,B, is non-singular. The matrix ¢, € R™™ is selected to meet

the inequality.
Re[4_ (A —B()]<0 a7
Deriving $(¢) gives:

9(1) = g, Ax, (1) + 6, Bu, (1) + Z H,x,(1)+g,FAP,

j:tl

(18)

a;t
2

x, (1) +a,cx (0)e”

mut l

where K, , =(A —-B/,) .

mat

Setting 4 (1) = 9.(t) = 0, the equivalent control is derived:

u(t)=—(,B.) '[¢,B!,x,(t) + ¢, FAP, + .5, x,(0)e "

3G H, 0] 19
=1

J#i
B. Control System Design
The controller signal for the MAPS can be described as:

u,(t)y=u/ (t)+u™ (1) (20

where:

N
u (1) =~(6,B) (6, BL,x, () + > 6,H,x, (1)

@
+a,6,x,(0)e” "]
and:
" (1) =—(¢;B,)" 5, sat[ 9,(1)] (22)
where &, is a non-negative constant and:
a8 :{ senl S O1. if [S,(D)] > p, 03
/o, , otherwise

Theorem 1: For the closed loop MALPS (14) and
controller (20), every trajectory is directed towards the SS

&()=0 and once the trajectory is on the SS () =0 it
remains thereafter.

Proof: A Lyapunov function is selected as:

_ N

Vi =2[150l] @49
i=1

The derivative of V(t ) yields:

')

Y

{80} (25)

Substituting (18) into (25) gives:

Z : (9) (¢, Ax (1) +¢Bu (t)+ZgIHUx](t)
(26)

+6,F AP, —¢,(A —BL)x () +agx (O)e_a” }
Using (20) and (26) we achieve:

V<=3 580 27)

The above inequality implies that the state trajectories of
the MALPS (14) reach the SS & (#)=0 and stay on it
thereafter.

IV. CASE STUDY AND RESULTS

In this section, simulations have been performed to
demonstrate the feasibility and effectiveness of the proposed
controller. For this purpose, two different setups were
investigated:

e Scenario 1: The step load change is applied to the
conventional MALPS without renewable plants, where the
nominal parameter was used in all plants.

e Scenario 2: Exhibit the robustness of the proposed
controller under the effect of renewable energy sources.

A. Scenario 1: Without renewable plants

In this base case, the nominal parameters of the MALPS are
used. Let the value of the step load disturbance in each area be

selected as 0.05(MW p.u) at time =0 s. As can be seen in

Figure 2, the controller achieved a faster response as the
settling time of the frequencies in all three areas was 5 seconds,
whereas it was slightly higher for the controller in [25].
Moreover, there were no chattering phenomena after reaching
the steady state period. Table I covers the refinement of the
system performance when implementing the proposed
controller.

Figure 2 shows the frequency deviation of the three areas
when load disturbance is introduced. Figures 3-5 depict the
mechanical power for each power plant in the three areas. It is
worth noting that in all systems, the signals are driven to zero at
a faster settling time and small over/undershoot. Figure 6
illustrates the tie-line power deviation of the three areas and
Table I presents the comparison of the results.

TABLE 1. COMPARISON OF THE PROPOSED CONTROLLER
WITH THE CONTROLLER IN [25]
Methods Proposed [25]
Parameters T M.O. S T M.O.S
A 7.0 0.038 7.5 -0.17
Ay 7.0 0.032 7.5 -0.06
Af3 7.0 0.032 7.5
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Remark 1: The proposed controller, utilizing DISSMC,
outperforms the controller designed in [25] by achieving faster
settling times and lower overshoot. This demonstrates its
superior ability to efficiently stabilize the system while
minimizing transient oscillations, thus ensuring a robust and
reliable LFC even under CPSMS conditions.

B. Scenario 2: With renewable plants

In this case, the nominal parameters of the MALPS are
used. The load disturbances for areas 1, 2, and 3 are assumed to
be a 1%, 1.5%, and a 2% load change at /=3 s, respectively.
Moreover, the impact of the renewable energy in the first area
on the change of frequency is considered. Figures 7 and 8
display the frequency and tie-line power changes under
scenario 2, respectively. The performance of the proposed
approach is assessed to combat the load demand and wind
speed changes. It also exhibits effectiveness in large MALPS
for over/undershoots and defined time, with minimal impact.
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Fig. 7. The frequency deviations under scenario 2.
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Fig. 8. Tie-line power deviation under scenario 2.
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Remark 2: The proposed controller demonstrates
exceptional capability in managing the variability and
uncertainty introduced by renewable energy sources, such as
wind turbines. By effectively mitigating frequency deviations
and ensuring quick stabilization, the controller showcases its
robustness and adaptability, making it a superior solution for
integrating renewable plants into CPSMS.

V. CONCLUSION

In this paper, a Decentralized Integral Single-phase Sliding
Mode Control (DISSMC) is designed and tested for a Multi-
Area Linked Power System (MALPS). The most general case
for a large power system containing five different types of
renewable and conventional power plants has been modeled
and controlled via a decentralized control approach. The
challenges of integrating a renewable energy system with a
conventional system, mainly the constant fluctuation of the
output power and the unknown upper bound, have been solved
by using a robust control scheme and an optimal Sliding
Surface (SS) design has been achieved. The simulations
demonstrate the feasibility and robustness of the proposed
controller, which was evident from the system performance and
the elimination of chattering phenomena. Fast recovery and
less overshoot were observed when load disturbances were
applied to the system.
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