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Abstract: The implementation of the sliding mode control (SMC) for load frequency control of
power networks becomes difficult due to the chattering phenomenon of high-frequency switching.
This chattering problem in SMC is extremely dangerous for actuators used in power systems. In this
paper, a continuous control strategy by combining a second-order mode and integral siding surface is
proposed as a possible solution to this problem. The proposed second-order integral sliding mode
control (SOISMC) law not only rejects chattering phenomenon in control input, but also guarantees
the robustness of the multi-area power network, which has an effect on parametric uncertainties
such as the load variations and the matched or mismatched parameter uncertainties. Moreover,
the reporting of the simulation indicates that the proposed controller upholds the quality requirement
by controlling with operating conditions in the larger range, rejects disturbance, reduces the transient
response of frequency, eliminates the overshoot problem, and can better address load uncertainties
compared to several previous control methods. The simulation results also show that the proposed
SOISMC can be used for practical multi-area power network to lessen high parameter uncertainties
and load disturbances.

Keywords: load frequency control; multi-area power system; second order sliding mode control

1. Introduction

In general terms, a power network includes a connection of electrical components that can be
divided into a generator that supply the power, the transmission system that inducts the power to the
load from the centers of electricity generation, and the distribution system that supply the power to
neighboring industries, hospitals, homes and the other kinds of load [1,2]. Therefore, different load
changes continuously and progressively occur with the demand of reactive and active power by the
neighboring industries, homes etc. In practical power networks, the frequency deviation is caused
by increasing real power demand and the voltage as well is impacted by variation of reactive power.
To continue meeting the real power demands, the load frequency needs to be controlled. The principal
standard of the load frequency control (LFC) is to keep the frequency of power system and voltage
uniform at its nominal value during and when there is load change. In A conventional power
system, governor droop speed control and auxiliary back-up control are used to regulate frequency
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(i.e., frequency controllers) while automatic voltage regulates (AVR) for the voltage supply by many
power companies. Since the inception of interconnected multi-area power networks, they have become
more economical and reliable. The big challenges with the proposed control design, especially for LFC
in tie multi-area power network, are a great deal of problems such as unpredicted external disturbances,
parameters of uncertainties and even the nonlinear model of uncertainties in power systems. However,
the targets of LFC are to keep at minimum the transient response deviations in each area frequency
and interchange of tie-line power and to guarantee their steady state errors to be zero. LFC normalizes
the frequency of power system, enables to maintain system dynamics, and provides certain conditions
to ensure quality assurance of the power supply [3-5].

In literature, there are many control schemes such as proportion integration derivative (PID) control,
internal model control scheme, model predictive model control, fuzzy logic method, artificial intelligence
control, SMC and so on that have been discussed. The topics have been introduced in [6-30]. In a
prescribed power network environment, the above mentioned-LFC approaches with matched and
mismatched uncertainties elements are used in a power system. The proposed PID-type controllers
apply to present several control models in [6-9]. In [6,7], the linear algebraic equations have been
used in these methods to find controller parameters. Based on the direct synthesis scheme and
chaotic algorithm method were given in frequency domain to finalize and optimize the method of PID
controller for interconnected power network. The extended controller of PID method by using the low
pass filter was a strategy of tuning its way in [8]. The differential evolutionary scheme using a parallel
two-degree freedom of the PID controller for LFC of the power network was incorporated into a power
system in [9]. Nevertheless, most traditional PID controller methods with fixed gain were designed
under normal operating conditions of power systems. In addition, these proposed approaches were
always used in tuning or selecting modes, such as the fundamental method of trial and error without
analytical methods for determining and optimizing the parameters of interconnected multi-area power
networks. Therefore, it is very difficult to find out the best proposed control schemes to finalize the
good performance in larger range of the practical operating conditions. Beside PID control techniques
mentioned above, the model predictive control or fuzzy logic control or intelligent control is one of
the best options. To reduce the regulation burden of the control area without regulation capacity,
the proposed cooperative based on differential games was designed for supplying the power via
tie-line between two areas of the power systems [10]. In [11], the scheme of LFC for power systems was
suggested and developed based on the direct adaptive fuzzy logic method. The suggestion of model
predictive controller for LFC was investigated and developed in [12]. In deregulated environments [13],
a model predictive controller for LFC for the power system introduced a Kalman filter for state
estimation with a linear active disturbance rejection scheme method to evaluate and quickly repay
the disturbances. The simple scheme to LFC control design for power networks with parametric
uncertainties and load disturbances was represented in [14]. In [15], this paper was presented by an
internal adaptive LFC controller based on internal model control structure used the least square method
and applied for both cases of static controller gain and adaptive controller gain. In [16], a novel fuzzy
controller with a filtered derivative exploit and fractional order integrator was suggested and developed
to resolve an automatic generation control problem in an interconnected multi-area power network.
The study of intelligent control for LFC was used in an extended classifier system with constant-valued
inputs to modify traditional frequency model [17]. The above methods contained the important results
to resolve and build LFC problem in power systems. Unfortunately, some limitations of these controller
methods are too complicated and of high order and requirement for on-line parameters identification
implies for power system.

Among these presented control approaches, the SMC is attractive and powerful due to its ability
to quickly converge, is useful to implement in power systems and is robust to external disturbances,
system parameter variations and insensitivity with model errors of system. The SMC approach mainly
include two steps: the selection of the sliding mode surface, and the design of the sliding mode
controller. SMC has been used to solve the LFC problems of power networks with load disturbances
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and parameter uncertainties [18-30]. It is also perhaps insensitive to changes in the plant parameters
and as well as improving system performance of transient control. In [18] was presented by another
direction of a distributed sliding mode control approach for optimal LFC to control and regulate the
system frequency and minimize the costs of power generation in power networks. The adaptive
SMC problem of nonlinear Markovian jump systems was proposed in [19] to investigate and build
in assuring the stochastic stability of power network. The design of a sliding-mode perturbation
observer-based SMC was introduced and designed to enhance the stability of interconnected multi-area
power networks in [20]. The proposed approach for LFC was presented and developed by a nonlinear
SMC with matched and mismatched uncertainties, and it was applied to test in three control area power
systems [21]. The non-linear SMC for LFC approach in [22,23] is robust and powerful in its ability to
upgrade the performance of dynamic system. In [24,25], a method design is applied for power systems
of LFC based on SOISMC theory and disturbance uncertainties observer to improve the stability
of power system. The generalized extended state observer based on first-order SMC control was
developed for a multi-area power network where parameter uncertainties were not considered [31].

In [32], the full order SMC was proposed to design an LFC scheme for a two-area power system,
which is achieved when all the parameters of power system are at nominal values. The parameter
uncertainties were not highlighted in an adaptive SMC method [33]. The LFC problems in power
networks can be solved by the above approaches using SMC technique. However, the sliding mode
load frequency controller given in [18-25] and [31-33] suffer from a major limitation known as the
chattering phenomenon because of the discontinuous control signal used in the SMC. Such chattering
has many negative effects in LFC in control areas of a power system since it may damage the control
actuator and excite the undesirable unmodeled dynamics, which probably leads to a degradation
and/or instability in system performance.

In this article, a continuous SMC strategy based on a SOISMC approach is introduced and
developed for LFC of an interconnected multi-area power network. The major contributions of this
research are the following:

e  The second-order sliding mode controller based on integral sliding surface is offered to ensure the
shortening of the frequency’s transient response to avoid the overshoot.

e  The performance of the power system is improved in the sense of reducing the chattering in
comparison with the same SMC technique without using continuous controller. Therefore,
the limitation of the first-order sliding mode control approach given in [26,33] has been solved.

e A new LMI technique is derived to guarantee the stability of whole system via Lyapunov theory.

e  The simulation results show and clearly prove the usefulness, the effectiveness and the robustness
of the proposed second order SMC approach against the various disturbances such as matched,
mismatched uncertainties and load variations. In comparison, the performance of the proposed
SOISMC is better than the previous control by using differential games method given in [10].

The remain parts of this paper are presented in the following. A mathematical model of a
multi-area interconnected power network is indicated in Section 2. The following proposed new
second-order sliding mode load frequency control design is shown in Section 3. The discussion and
simulation results are implied to evaluate the new second-order sliding mode control approach in
Section 4. Lastly, the conclusion is discussed in Section 5.

2. Mathematical Model of an Interconnected Multi-Area Power Network

In this section, we first consider introducing a mathematical model or the dynamic model of the
power network, and then analyzing the problem formulation of power systems. In studies, we realize
that a multi-area power network is not only complicated but also nonlinear in a dynamic system with
the parametric uncertainties and load variations. During the normal operation of power networks,
the slow changes of load and resource appear in power system. That is a reason why we can linearize
the dynamic model of power system around the point of normal system operation [26-30].
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The proposed control law of LFC is designed for interconnected multi-area power network,
which is presented in Figure 1 [26-30]:
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Figure 1. The simple block chart of the ith area of a multi-area power network.

The frequency dynamic behavior of ith area details in this section can be used in the following
differential equation:

Afi(t) = _TAfi(t) + ?APﬁ(t) - rAPdl-(t) - TAPﬁe(t) (1)
pt pt pt pt
: 1 1
APy(t) = _T_ﬁAPti(t) + T_tiAPgi(t) 2
AP;i(t) = —LAf-(t) _Lap (t) + iu-(t) ©)
o RiTg 7" Ty & Tei
AEi = KBz'KEiAfi + KEZ'APZE (4)
. 1']' N

APy = Y 2nTy[Afi(t) - Af(H)] ®)

j=1

j#E

where i = 1 to N and N is defined the number of control areas, Af;(t) and Af;(t) are incremental
changes in frequency of each control area, APy;(t) is incremental change in governor output command,
APg;(t) is incremental change in governor valve position of each area, APZe(t) is total tie line power
change between control ith area and all other control areas, AP;(t) is incremental change in local load
of each area, KLpl = D; is equivalent system damping coefficient of control area, ;—Zi = M,; is equivalent
inertia constant of control area, Tj; is tie-line power coefficient between ith area and jth area. Tg; is time
constants of governor, T;; is steam turbine time constant, T); is power system time constant, respectively.
Kyi, R;, K;, Kp; are power system gain, droop coefficient of individual area, speed regulation coefficient
and frequency bias factor. Therefore, the state space modeling of ith area of the matrix form showing
in the dynamic equations from (1) to (5) is given by (6):

N
%i(t) = Api(t) + Baig(t) + ) Hijxj(t) + FidPyi(t) ©)
j=1
j#EI
where,
xi(t) =[ Afi(t) APu(t) APG(t) AE(t) APL(t) |
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N
Y ZﬂTl] 0 0 0 0 Z 27TT,‘]‘ 0 0 0O
j=1 j=1
J#I | JF
T
i . T . _ Ky
si=[00 & 0 0fne| £ 00 0 s

and x;(t) € R" is the state vector, x;(t) € R"/ is the neighboring state vector of x;(t), u;(t) € R™ is the
control vector, A; € R"*", B; € R"*™i, F; € R"*i are matrices of the nominal parameters, n; is the
number of state variables of ith area, m; is the number of control input variables of ith area.

In a practical power network, the operation point varies constantly and is induced by load
disturbance and fluctuating resources. Considering the uncertainties and parameter variations,
the power system model can also be described as

xi(t) = [Aj + Oi(xi, )]xi(t) + Bifui(t) + &ixi, t)]
N
+ X [Hij+Eij(x), t)]xj(t) + FidPy(t) ?)
j=1
JE
where ©;(x;, t) is time varying parameter uncertainties in the state matrix, Z;;(x;, t) is time varying
parameter uncertainties in the interconnected matrix and &;(x;, t) is the disturbance input. Furthermore,
we can call the aggregated uncertainties and the number of areas is 1 to N:

N
Li(x;, t) = ©;(x;, £)x; () + B;&;(x;, 1) + Z Ei]-(x]-, t)Xj(f) + F;APy;(t) (8)
j=1
JEX!

So, the dynamic model (6) can also be presented by:

N
xi(t) = Aixi(t) + Biu;(t) + Z Hijxj(t) + Li(xi, t) 9)
j=1
J#I
where the aggregated disturbance L;(x;, f) represents the uncertainties with the matched part and
mismatched part.

Assumption 1. It is assumed that aggregateddisturbance Li(x;, t) and the differential of L;(x;, t) arebounded,i.e.,

there exist known scalars y; and y; such that “Li (x;,t) ” <y;and ”Li(xi, t)H <%y, , where ||.|| is the matrix norm.

In order to prove the stability, we recall the lemma as below:

Lemma 1. [34]. Let X and Y are actual matrices with appropriate dimension then, for any scalary > 0,
the sequent matrix inequality obtains

XTY + YIX < uXTX 4 w7 tyTy. (10)
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3. A New Second Order Sliding Mode Load Frequency Control Design

In this section, a new SOISMC method is suggested and developed for power networks with
parametric uncertainties and disturbances. To solve this problem, we work step-by-step to design and
implement the new proposed controller approach. Firstly, the integral sliding surface is represented for
the multi-area power system to assure that whole power networks are asymptotically stable. Secondly,
the second-order SMC law design based on Lyapunov stability theorem is introduced to prove that the
system states reach the sliding manifold, and the system states stay on the sliding manifold thereafter
under external disturbances and internal parameter uncertainties.

3.1. Stability Analysis of the Multi-Area Power Network in Sliding Mode Dynamics

In detail, we first begin to propose and build an integral sliding surface for an interconnected
multi-area power network (9)

t

oi[xi(t)] = Gixi(t) _fGi(Ai_BiKi)xi(T)dT (11)
0

where G; is constant matrix and K; is the design matrix, matrix G; is chosen to guarantee that matrix
Gi B; is nonsingular. The design matrix K; € R"*"i is selected to satisfy the inequality condition of the
power system.

Re[/\maX(Ai - BiKi)] <0 (12)

If we recognize and differentiate o;[x;(t)] with respect to time combined with (9), then

N
61'[361'(1’)] = Gi[Aixi(t) + Biui(t) + Z Hi]-x]-(t) + Li(xl-, t) - Gi(Al‘ - B,‘Ki)xi(i’)] (13)
j=1
JE!
So, the setting o;[x;(t)] = d;[x;(f)] = 0, the equivalent control is rewritten by
N
ule.q(t) = —(GiBi)_l [GiAl-xi(t) + Z GiHijx]-(t) + GiLl-(xi, t) -G (Ai - B,-Ki)x,-(t)} (14)

j=1
JEX!

Substituting u;(t) with ufq(t) into the power systems (9) yields the sliding motion.
%i(t) = (A; = BiK;)x;(t) + [I; = Bi(GiB;) " Gi|Li(x;, t) + Z [I; - Bi(GiB:) ' G| Hyjx;j(1) (15)

The following theorem makes a condition that the second-order sliding mode dynamic
Equation (13) is asymptotically stable.
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Theorem 1. The sliding motion (15) is asymptotically stable if and only if there includes symmetric positive
definite matrix P;,i =1, 2, ..., N, and positive scalars ¢ and aj such that the following LMIs obtains

N
(Ai=BiKi)'Pi+ Pi(A;=BiKj) + YL aj'HyHji  Pi[l; = Bi(GiB;)"'Gj]
j=1 <0 (16)
]F1
[I; - Bi(GiB;) ' G{]"P; —&71

Proof 1. To study and analyze stability of the sliding motion (15), we choose the Lyapunov function

as follows:
N

EDIACIEA0 (17)

i
where P; > 0 satisfies (17) Then, taking the time derivative of (17) and using Equation (15), we have

N

. T ,
V= ‘21 %; (5)Pixi(t) + x] () Pisi (1)
i=
N N .
= '21 T (1)[(A; - BiK;) Py + Pi(A; - BiK)]xi(t) + L X[ (H (L = Bi(GiBi) ™' Gi] Pixi(t)
P .
j=1
j#i (18)
N
+ ¥ x[()Pil; = Bi(GiB:) "' Gi|Hijx;(t) + x] ()P;[I; — Bi(GB;) "' Gi]Li(xi, )
] =
j#EI
+L] (x;, 1) [I; = Bi(GB;) ' G{] TP;x;(t))
Applying Lemma 1 to Equation (18), we have:
L N T Y PR
V< Zl e ())[(Ai = BiKi)'Pi + Pi(A; = BiKi)|xi(t) ¥ x; (t)a; ' Hj Hijx;
iz :
j=1
JEX!
N _ 4T
+ L x(HaiPill; - Bi(GiB;) ' Gi][l; - Bi(GiB:) ' Gi] Pixi(t) (19)
j=1
JEX!
_ 4T
+xl.T(t)‘8iPi [I; - B;(G;B)) 1Gi] [I; - B{(G;B;) 1G,’} Pix;(t) + ﬁi_leT(xi’ F)Li(x;, 1)}
N N N N
Since }, XL x]T(t)ai_lHi?Hijxj(t) =2 L xiT(t)ajTlHﬁHﬁxi(t) we achieve that:
i=1 ] -1 i=1 ] —
jEI JE!
. N _ T
V< lgl{x?(t) [(A; = BiK;)"P; + Pi(A; - BiK;) + &;P;[I; - B(G;B;) "' Gj][I; - Bi(GiB;) ' Gi] P;
N N
+ Y a;lH};Hﬁ]xi(t) + Y (20)
i=1
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where ¢ = @j(N—-1) 4+ B;jand y; = ﬁi_lyl.z. In addition, by the Schur complement of [35], LMIs (20) is
equivalent to this inequality:

_ 1...T N
(A; - BiK;)"P; + Pi(A; = BiK;) + P;[l — Bi(G;B;) "' Gi] [l - Bi(GiB;))'Gi] P; + ¥ aleﬁHji:—Qi<0 (21)

j=1
j#EI
According to Equations (20) and (21), we obtain
. N 2
V<Y [ Amin( Q) ()] + ] (22)
i=1

where the constant value y; and the eigenvalue A (2;) > 0. Therefore, V<0 is achieved with
“xl-(t) H >, ,AH—EQ) Hence, the sliding motion of system (15) is asymptotically stable. m|

3.2. Load Frequency Controller Design

In the previous step, we introduce and prove that power networks with an integral sliding surface
(ISS) work to be asymptotically stable and smooth in the sliding mode under assured conditions.
In the next step, a new SOISMC scheme is presented for the multi-area interconnected power network
to eliminate chattering and oscillating in the ISS. The main purpose of proposed control scheme is
to effect on the second order derivative of the sliding variables o;[x;(t)]. By using the discontinuous
control signal u;(t), it is simple to make o;[x;(t)] and ¢;[x;(t)] converge to zero. So, the input control
signal u;(t) of power systems can be obtained by integrating the discontinuous signal u;(f) to make
continuous signal u;(t). Therefore, the second-order SMC approach removes some undesired frequency
oscillations in the control signal of power system.

We define and establish the sliding manifold S;[x;(t)] as

Si[xi(t)] = ai[xi(t)] + 6i04[xi(t)] (23)

and

Silxi(t)] = Gilxi(t)] + bi0i[xi(t)] (24)
where 0; > 0 is a positive constant. According to Equation (9), the Equation (24) can be rewritten as

Silxi(t)] = GilAixi(t) + Byt (t) + g Hjjj(t) + Li(xi, )]
j=1 (25)
]#F1
—Gi(A; = BiK;)x;(t) + 6;0i[x;(t)]

Based on the definition of sliding surface and sliding manifold, the continuous decentralized
second-order sliding mode LFC for power networks be given as follows:

io(t) = ~GB) GBI+ T o] + ol kol + G, + 2 SEL (26)
j=1

j#i
Then we have the following main results.

Theorem 2. Consider the closed loop of the power systems (15) with the continuous sliding mode controller (26).
Then, every solution trajectory is directed towards the sliding manifold S;[x;(t)] = 0 and once the trajectory hits
the sliding manifold S;[x;(t)] = 0 it remains on the sliding manifold thereafter.
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Proof 2. The Lyapunov function is introduced as below

N
v(t) =Y |[silxo]] (27)
i=1
So, taking the derivative of V(t) that we have:
= N sl o
V=L Ermonoit)]
N sT()] . . N - :
= El B (CilAi(f) + Biiti(t) + j El 1 Hijxj(t) + Li(xi, t)] (28)
j#i

—G;(A; — BiK;)x;(t) + 6;0[x; ()]}

According to Equation (24) and property ||AB|| < [|A[|||Bl|, it generates

. N ) . N . . ST[x, t} .
V= 'Zl {G;iBiK;x;(t) + (510‘{[3@@)} + X GiHi]'x]'(t) + GiLi(x;, t)} + Z ||S ) G;Bju;(t)
1= ]: 1
JE!
N
< L GABKi 0| + ool ()] + z G|l ()| + NGl [, )| (29)
=1
] =
JE!

STxlt
+z ”S[ t]GBu()

Using Assumption 1 we achieve:

- N
Vs,;1{||G,~||||B,-||||1<i||||5ci(t>||+6i1|di[x, ||+ 1Gi; + Z GlllE il o) )}

] =
JEX! (30)
N sTx(t)] :
+ L Mmoo CiBiti ()
Using the control law (24) yields:

(31)

L1+

i=1
The above inequality implies that the state trajectories of the multi-area power system (8) reach the
sliding manifold S;[x;(f)] = 0 and stay on it thereafter. O

4. Simulation Results

To analysis and evaluate the new SOISMC approach for LFC in the two-area power network,
the system parameters were obtained in [10,26,33]. The reporting of simulation 1, simulation 2 and
simulation 3 are discussed with their different conditions in operation as follows:

4.1. Simulation 1

A typical two-area conventional power network is considered. The proposed controller is tested
and analyzed in the system to explain the robustness and effectiveness as suggested for second order
integral sliding mode controller. The parameters of both control areas in power systems were given
in [10] as shown in Table 1.
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Table 1. The parameters of both control areas in power systems.

Parameter  Tpi[s] K,;i[Hz/p.uMW| Ty[s] Tyls]  R;[Hz/jp.uMW| Ty, [Hz/p.u.MW/rad]

Value for

both areas 20 ° 12 0.3 0.08 24 0.2545

Case 1. At first, we assume that the system parameters are at nominal values. The load disturbances
acting on the system are AP;; = 0.01 p.u. att; = 5sinarea 1 and AP; = 0.03 p.u. att = 3 sin area 2
of power system. The frequency deviation of both area 1A f; and area 2 Af, tie-line power deviation
APyjp1, APyir and the control input of area 1 u; and area 2 u, are shown in Figures 2—4. Additionally,
the settling time for the frequency deviation to converge to zero is about 3 s, which shows rapid
response time to clear the disturbance as compared to 20-25 s response time given in [10]. It is easy to
say that the proposed SOISMC creates a good dynamic response. Above all, the second-order law is
used by the proposed controller to reduce overshoot and oscillation as well as the re-equipment of
the system responses. The simulation results of Figures 2—-4 demonstrate the superiority of removing
the chattering problem in finite frequency and verifying the usefulness of the proposed second-order
integral sliding mode control law.

1
J

0.5

incremental change in frequency [Hz]

Time [sec.]

Figure 2. Frequency deviations [Hz] of the control areas 1 and 2 with matched disturbances.

1 x10 :

03 —APun
; - == APy
R —
3
Zo05f f
=
2
- i R
S
S
.15
3
2
2 -2
Y
=
=25+ 1
2
=

3k 4

35 . I I 1 I I . I

1 2 3 4 5 6 7 8 9 10

Time [sec.]

Figure 3. Tie line power deviation [p.u.MW] with matched disturbances.
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0.25 : ; ; . : .

0.2 .ﬂ i

e
b3

Control signal
=
T

-0.05 . L I I L
0 1

Time [sec.]

Figure 4. Control input [p.u.] of two control areas with matched disturbances.

Remark 1. The new proposed controller shows robustness and fast response against load disturbance better than
previous approaches as seen in [10]. In detail, the load disturbance is clear, and the system is restored back to
steady state at short settling time with smaller overshoots.

Case 2. To apply and carry out the proposed SOISMC scheme to the model of the power system in
Figure 1, we consider the parameters of mismatched uncertainties in this case and the random load
variations are used to test the suggested controller. To further validate the robustness of the proposed
controller, random load disturbances show in Figure 5 and parameter nominal values with +20%
deviation are introduced to the system. The results of Figure 6 show the proposed controller response
to deviations in frequency of the first and second areas, respectively, while Figure 7 presents the tie-line
power flow signal. Figure 8 displays the control signals in both areas.

0.03 - " 9
Area 1
0.02 —-=-Area2| |

e
=

o
T

e
)
5y
T
L

Load variations [p.u]
&
2

&
=
by
T
L

&
13
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T
L

-0.05 L L L 1 1 L L L L J
0 10 20 30 40 50 60 70 80 90 100

Time [sec.]

Figure 5. Variation load [p.u.] of areas 1 and 2 of the power system.
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= 25+ _._..Af2 7
=
= 20 4
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215
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£ 1
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Figure 7. Tie line power deviation [p.u.MW] with matched disturbances.
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Figure 8. Control input [p.u.] of two control areas with matched disturbances.
4.2. Simulation 2

In this part, three cases are examined. The power system parameters of the two-area power
network were given in [26] as shown Table 2.

Table 2. Parameters of load frequency control scheme.

Parameter  Tpi[s] Kp; [Hz/p.uMW] Ty[s] Ty [s] [Hz/p.u.MW]| T1,[Hz/p.uMW/rad]
Valuefor =, 120 03 0.08 24 0.5450
both areas

Case 1. To proceed, we again assume the system operate under nominal parameters. Load disturbances
perturbing on the system are AP;; = 0.01 p.uatt; =1sinarealand AP; =0.02p.u. att, =1sin
area 2 of power network. Figure 9 displays the signal of frequency deviation of control area 1 and 2,
at the time t = 1 s, the step load disturbances in both areas is significantly increased, then the proposed
controller receives the error signal of frequency from sensor and controls the frequency deviation to
converge zero about 3 s. The tie-line power flow signal of each area is also represented in Figure 10.
Control signals of both areas are shown in Figure 11 without chattering and small control energy. So,
a new scheme called SOISMC law has been showed in the simulation results from Figures 9-11 to
indicate that the power system carries a good transient response to decrease and avoid the chattering
problem. It is easy to conclude that the errors of frequency, errors of tie-line power and, even errors of
control area can reach to zero at short time compared with previous control approach given in [26].



Energies 2020, 13, 6509

Figure 9. Frequency deviation [Hz] of control areas 1 and 2 with matched disturbances.

Figure 10. Tie-line power deviation [p.u.MW] of control areas 1 and 2 with matched disturbances.
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Case 2. In the previous cases, an interconnected multi-area power network works excellently under the
parameters of matched and mismatched uncertainties. To analyze and investigate in different condition,
+20% deviation of the nominal parameters is again assume and load disturbance AP; = 0.02 p.u at
t; = 1sin area 1 and the load disturbance AP;; = 0.03 p.u at , = 1 s in area 2 to implement and
examine the powerful system response of the designed SOISMC approach.

In the second case, the system responses in the frequencies of generator and the changes of tie-line
power to the load demand are considered to apply for the new approach. The results are shown in
Figure 12 for frequency deviation, Figure 13 for tie-line power deviation, and Figure 14 for control input
signal. Figure 12 presents the frequency deviate of generators to point out that the proposed second
order approach helps the power system reach to ordinary value about 5-6 s after load disturbances
happen in the system. The scheduled value of tie-line power deviation is indicated in Figure 13.
The comparative results between the suggested SOISMC approach and the previous method given
in [26] show that the proposed method in Table 3 achieves a good transient response, such as smaller
transient deviation and shorter settling time in terms of load disturbances.

0.01

_Afl
_._..Afz
0.005 - *

incremental change in frequency [Hz]

-0.005 - b
-0.01 - 3
_0'0]5 1 1 L 1 1 L 1 L
0 2 4 6 8 10 12 14 16 18 20
Time [sec.]

Figure 12. Frequency [Hz] of control area 1 and area 2 under mismatched disturbances.
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4} 4

-6 4
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8+ d

_10 | | 1 1 | | 1 1 |
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Figure 13. Tie-line power [p.u.MW] of control areas 1 and area 2 under mismatched disturbances.
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Figure 14. Control input [p.u.] of two control areas under mismatched disturbances.

Table 3. Setting time Ts and Maximum over shoot calculation of SOISMC and different SMC method.

Kinds of The Proposed Different Sliding Mode
Controller SOISMC Approach Control Scheme For LFC
Parameters Ts(s] Max.0.S [Hz] Ts(s] Max.O.S [Hz|

Afy 5 0.0090 105 0.0200
Afp 6 0.0070 110 0.0150

In the detailed analysis, it is simple to see in Figures 12 and 13 that the suggested control approach
not only executes faster disturbance estimation but also makes a faster convergence rate and smaller
oscillatory system response in chattering alleviation effect in comparison with the previous scheme
in [26]. In both control areas, the incremental change in actual tie line power flow from control area-1
to 2 and control input effort are necessary to make the frequency droop down fast using proposed
controller are shown in Figures 13 and 14. The incremental change in actual tie-line flow indicates
inappreciable oscillatory transient response. Particularly, the proposed SOISMC controller enhances
the characteristic of system damping. It was realized that the chattering effects are totally removed to
deal to fact that the proposed second switching law is the principle of the effectiveness of the transient
response. Thus, the proposed control approach performs well compared to [26] in the presence of the
changed load disturbances.

Remark 2. This chattering problem in SMC is exceedingly damaging for actuators used in power systems.
The proposed controller gives the correct signal and utilizes energy to compensate for frequency damping for main
control consisting of governor. So that, the droop speed control of the governor will correctly actuate the valve to
provide needed steam to the turbine to increase mechanical inertia power to match the load change or demand.
Therefore, the setting time and overshoot are better in comparison with the proposed approach given in [206].

Remark 3. In this proposed approach, it is one of the most achievable objectives to finalize the mismatched
disturbances and get shorter settling time and smaller transient deviation and lesser oscillation in terms of load
disturbances for power system by the application of the second order control law. Therefore, some limitations
of other control strategies in paper [26] have been resolved, such as reducing chattering effect and improving
transient response.

Case 3. In the last case, we use and study load variations and the mismatched parameter uncertainties
in the two-areas power system. We apply the random load to power networks under the same condition
of case 2.
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To prove the advantage of the proposed SOISMC approach, a random load variation is given in
Figure 15 applied for two-area power networks. The simulation report displays from Figures 16-18 of
the frequency deviations, tie-line power and control input signal to clearly present the performances of
waveform for the different situations in the case of load variations and the mismatched parameter
uncertainties. Therefore, that is a practical evidence of the suggested control scheme is powerful
to limit and reduce the chattering phenomenon of power system. The other words, the suggested
controller upgrades the characteristics of damping system. Consequently, the suggested controllers
reach the nominal frequency and are reduced to zero in the exchange deviation of tie-line power with a
good dynamic response of minimizing overshoots and shortening settling time comparing with the
previous scheme in [26].
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0.04 -
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L

Load variations [p.u]
(—)
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-0.02 - i
-0.03 - B
-0.04 - ]
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0 10 20 30 40 50 60 70 80 90 100
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Figure 15. Variation load [p.u.] of areas 1 and 2 of the power system.

0.05 T T T T T T T T T

S
>
=
T
!
1
H
>
=S
I

S S
> >
e @
T T
1

5
>
—_

=
a— Iy
H

<

]
4

incremental change in frequency [Hz]

-0.01
-0.02 -
-0.03 -
-0.04 !
10 20 30 40 50 60 70 80 90 100
Time [sec.]

Figure 16. Frequency [Hz] of both control under load variations and the mismatched
parameter uncertainties.
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Figure 17. Tie-line power [p.uMW] under load variations and the mismatched parameter uncertainties.
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Figure 18. Control input [p.u.] under load variations and the mismatched parameter uncertainties.

Remark 4. By reporting of two simulation results above, the new second order variable structure control
approach achieves affective response performance under various conditions such as the matched or mismatched
uncertainties and load variations appearing in power networks. The suggested control scheme is applied and
developed to remove and eliminate load disturbance in power system, restore the nominal point of system
performance, and subtract the influence of load disturbances. This SOISMC is proved that have a good strategy
to avoid chattering problem in SMC and achieve nominal system performance recovery.

4.3. Simulation 3

In this simulation, the aim is to compare with [33] to determine the validation of the proposed
SOISMC. Therefore, the parameter of the system is obtained therein. A step load disturbance is set as
0.01 p.u. at t = 0 s in the first power control area follow by a step load disturbance is set as 0.01 p.u. at
t =0 s in the second area and the uncertain parameters in the two-area benchmark system are assumed
to vary within 15% of their nominal values. The performance of proposed SOISMC is investigated to
compare with a novel adaptive sliding mode control method give in [33]. From the simulation report,
Figures 19-22 confirm the validity of the proposed approach in terms of external disturbances and
parameter changes. The increased load demand is 1% of the nominal values used in power system,
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the frequency deviates as shown by the under/overshoot in Figures 19 and 20 and restores the resisting
nominal value in about 4.5 s.
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Af, [Hz]

-0.02

-0.04
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1 1 1 1 1
1 2 3 4 5 6 7 8 9 10
Time [sec.]

-0.08
0

Figure 19. Frequency [Hz] of control area 1 under matched disturbances.
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Figure 20. Frequency [Hz] of control area 1 under matched disturbances.
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Figure 21. Control input [p.u.] of the first control area under matched disturbances.



Energies 2020, 13, 6509 19 of 21

-0.02 |- a

-0.04 | b

Control input [p.u]

-0.06 a

-0.08 .

0 1 2 3 4 5 6 7 8 9 10
Time [sec.]

Figure 22. Control input [p.u.] of the second control area under matched disturbances.

Remark 5. In actuality, the parameter uncertainties always exist due to wearing out of components or variation
of operating points. In the simulation 3, we study the LFC problem of the power network with load changes and
parameter uncertainties, with the help of the proposed SOISMC, the frequencies of all areas return to the normal
value in about 4.5 s after load disturbances occur. Therefore, the superiority of the proposed SOISMC in terms of
chattering, overshoot and response time in comparison with the proposed adaptive sliding mode control method is
also verified.

5. Conclusions

In conclusion, a new SOISMC scheme is introduced and proposed to build the controller to resolve
and balance the active power of an interconnected multi-area power system. The suggested approach
not only assured the stability of power networks but also considerably decreased the chattering
problem in the power systems. An integral sliding surface-based second-order SMC is presented
to ensure shortens the transient response of frequency, reduce the high overshoot and work out the
priority problem of active power balance. The performance of an interconnected multi-area power
system is proved in the solution of removing the chattering problem in comparison with the previous
control method. Once again, to the best of our knowledge, the proposed SMC based on the FLC
scheme shows excellent benefits, such as the advantages of robustness and usefulness of SMC and
chattering elimination of FLC in real applications. Simulation results indicate that the powerful
proposed control method removes the chattering phenomenon of the frequency occurring in this
system without reducing the robustness of power system. By reducing the chattering in the control
input, the proposed controller provides the correct signal to control mechanical inertia power to match
the load change or demand, which is used fully for application in practical power networks to address
high parameter uncertainties and load disturbances.
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