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ABSTRACT Sliding mode control (SMC) has the attractiveness of robustness to the system model
uncertainties and disturbance, which has wide applications in power system, power electronics, and vehicle
suspension system. However, it also has a drawback of chattering. To decrease the chattering phenomenon,
this study develops a novel adaptive high-order sliding mode control (HOSMC), which has the benefit of
parameterizable unmodeled dynamics compared with the HOSMC method. The proposed method can be
employed for load frequency control with nonlinearities. The simulations are based on two and three areas
of the power system with load frequency control. From the simulation results, it is apparent that the frequency
deviation and ACE (area control error) converge to zero when using the proposed method. In addition, the
simulation results validate the robustness of the proposed method in the case of parameters change. The
oscillation and chattering can be attenuated more by the raised adaptive HOSMC compared to the super-
twisting (ST) algorithm, which verifies the advantages of the proposed adaptive HOSMC scheme.

INDEX TERMS Adaptive high-order sliding mode control, super-twisting algorithm, nonlinearities, fre-

quency deviation, ACE.

I. INTRODUCTION
With the advantages of the robustness to the external distur-
bance and modelling uncertainties, sliding mode control has
wide applications. It has been used to control the nonlinear
system [1], [2], discrete system [3], [4] and fuzzy system [5].
Also it can be employed to the power electronics [6]-[8],
power system [9], motor driver [10] and vehicle active sus-
pension system [11], [12].

In order to control the load frequency in the power area,
a number of methods have been applied to it. A conventional
control method is PI/PID control [13]-[15]. These control
methods are easy to design, but they have disadvantages of
long settling time and large overshoot. Additionally, they
are not robust to system uncertainties. Therefore, advanced
robust control methods have been adapted to control the load
frequency under uncertainties. The controllers reported in lit-
erature contain robust control [16]-[19], artificial intelligent
control [20]-[25], model predictive control [26], [27], opti-
mal control [28], adaptive control [29], [30], and active dis-
turbance rejection control (ADRC) [31]. Most of the reported
controllers are based on linear power system. In [19], fuzzy
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PID control method is utilized to control the load frequency
with reheat turbine. But the robustness of the controller is not
considered in the system. In [22], fuzzy logic control method
is developed to the load frequency control with reheat turbine.
However, some of the model is linear. In [24], a neural-fuzzy
controller is implied to the power system not containing all
the nonlinearity. In [25], the author use fuzzy logic control
method for the power system. However, the parameter change
is not included for the controller. As an advanced robust
control strategy, it does not need the exact model and it is
robust to the unmodelled dynamics. SMC method has be
concentrated to the load frequency control recently [32], [33].
The sliding mode employed load frequency control in [32],
[33] are developed based on the linear model. In [32], a dis-
crete SMC is used to control a power system. In [33], the SMC
is constructed for a power system with non-reheat turbines
only. For attenuating the chattering effect, different sorts of
robust methods have been addressed, such as the boundary
layer solution [34], observer-based solution [35], the sec-
ond order sliding mode control method [36] and high-order
sliding mode control method (HOSMC) [37]. The HOSMC
method was raised by Levant in [37], then subsequently it has
attracted a lot of interest. HOSMC method can decrease the
chattering through the input-output relative degree and has
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the ability to provide the control signals which are continu-
ous. The HOSMC schemes do not have the benefit of param-
eterizable unmodeled dynamics, so the adaptive HOSMC has
been proposed.

In this paper, a novel adaptive HOSMC method is
addressed. The main contributions of the paper are as below.

1)A novel adaptive HOSMC approach has been developed,
which contains the time varying sliding mode surface and the
adaptive switching control law. The stability of this method
is validated mathematically.

2)Secondly, the proposed method is employed to control
the load frequency with nonlinearities. The simulations are
based on two and three areas power system.

3)Finally, according to the simulation results, the fre-
quency deviation and ACE can converge to zero by the raised
method. However, the raised adaptive HOSMC show better
control performance in terms of the chattering attenuation and
oscillation comparing to the super-twisting algorithm.

The following of this article is constructed as below.
Section II proposes the preliminaries. In Section III, the adap-
tive HOSMC approach has been proposed and the stability of
this method also has been verified. In section IV, numerical
simulation results has been proved the effectiveness of the
raised method. The adaptive HOSMC approach has better
control performance comparing to the super-twisting algo-
rithm. Concluding remarks is made in Section V finally.

Il. DYNAMIC MODEL OF THE LOAD FREQUENCY
CONTROL
The model for the three areas power system including non-
linearities is shown in Fig. 1, which includes three areas.
In Fig. 1, ACE; implies the area control error in area i(i =
1,2, 3), u; denotes the control signal, B; implies coefficient of
the frequency, R; implies coefficient of speed droop, T;;(i # j)
indicates the coefficient of tie-line power error between dif-
ferent areas, APy; means the external load disturbances, Af;
demonstrates the frequency deviation, APy,; describes the
tie line power deviation, AX,; shows the valve/gate position
change, AP,; denotes the mechanical power.

The expression of the governor is indicated in (1), where
T means governor time.

AP(s) 1

G = =
H(s) APy(s) 1+ 5T

ey

The governor is nonlinear, which contains dead band,
whose value is 0.036Hz in case of the frequency maintained
at 60Hz based on the NERC criterion.

The expression of the non-reheat turbine is described in (2),
where T, denotes the steam chest time.

@

G s) =

TRH ($) 15 sT,

The expression of the reheat turbine is denoted in (3),
where T, describes the steam chest time constant, K, indicates
high pressure rating, 7, implies the time from high pressure
stage to low pressure stage. For avoiding the extreme control,
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the generate rate constraint (GRC) needs to be included,

whose value is between £0.0005.
1+ sK,T,
G s) = 3
TrH (5) (1 + sT)(1 + sT,) 3

The expression of the hydro turbine is described as

14 sT,s
G, = — 4
H(s) 1 —0.55T,,s @)

For the generator, the transfer function can be expressed

in (5), where Kp = 5, Tp = 25}13,'
Grls) = —2 s
P =TT,

The function of the tie-line power error is expressed as

t t
APy = 27rT0(/ Afp dt — / Afyp dt) 6)
0 0
The area control error (ACE) is represented by

> APyt Byl )
m=1,2,m#n

ACE,, =

IIl. CONTROLLER DESIGN FOR THE ADAPTIVE HIGH
ORDER SLIDING MODE CONTROL

The development of adaptive HOSMC contains two parts:
the design of time varying sliding mode surface and the
development of the adaptive HOSMC law. The details are
described as below.

A. TIME VARYING SLIDING SURFACE
Consider a nonlinear system

X = fix, t) + gi(x, Hu;

y1 = s1(x, 1)
Y2 = s2(x, 1)
Yn = Sn(x, 1) (8)

where x € R" represents the state variable, u; € R means the
control input, f(x, #) and g;(x, #) denote uncertain functions,
yi € R implies the output function. The degree of (8) is
constant and the system is stable. The aim is to keep s(t, x) =
0 through discontinuous control.

As shown in (8), letting the system be kept by some discon-

tinuous control in case of s;, §;, Si, -+ - , S, 1 are continuous,

Eq. (9) is named as ‘“‘rth-order setting set’i , which is constant.
The motion on {” is named rth ordering sliding mode associ-
ated with s;. The rth order sliding mode control is to keep the
s and its r — 1 first time derivatives zero by finding a proper

discontinuous feedback.

s1(6, ) =851 (x, )=+ = s(lrlfl)(x, 1)
=19 ©)
$u(x, 1) = Sp(e, 1) = --- = 57D 1)
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FIGURE 1. The load frequency control based on three areas interconnected power system with nonlinearities.

The output s fulfils the following function (Levant, 2005)

[V @), - sU 1"
= G0, 1)+ y(x, Hu — K@)

=@, 1)+ yx, Hu (10)

where y(x, 1) = LeL{"™ Vh(x), (x. 1) = LT h(x),
and p(x,t) = @o,t) — hg)(t). Vector ¢(x,t) and vector
y(x, t) can be described as

e, 1) = @x, 1) + Ay(x, 1) (11
vy, ) =yx, )+ A,x, 1)
where the following conditions are satisfied:
I ApGe 1) = Ay 7~ DB, 1) 1= w1
o (12)
Ay (x,0) IS
If we apply the control input into (10):
U=y (=@ +w (13)

The equation (10) can be inferred as

o, ) +y, Du= [, + 2,7 ' Iw— 20,7716 + 2,
(14)
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The system (9) associated s is equal to the stabilization of the
multi-variable system in finite time:

S1,r =S
(15)
'S‘n;rnfl = Sn,r,

Veli=1,2,---,n.

Bt $2me 2 Snn )T = U+ 8,7 Iw=0, 771644,
(16)
where w = Wyom + Waisc-
The sliding surface is described as
s(x, 1) = [Sl,rlsSZ,rza asn,rn]T + Saux (17)

The 54,y is the sliding variable in relation with the discontinu-
ous control law and $,,, = —wyisc. The control law contains
two parts: switching control and nominal control. The first
time derivative of s can be written as

S(x, 1) = [Sl,rl , &Z,rza T, jn,rn]T + Saux
= U+ 2y 77w = 8y 7710+ By — Waise
= [1n+Ay)7_l]Wn0m_Ay?_lé"f_A(p"f_Ay);_lwdisc
(18)
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In the formal SMC, the sliding mode surface is denoted as

s(t) = X(t) + 28%(t) + 8%x(t) (19)
The time varying sliding mode surface is designed as
s(t) = x(t) + 28x(1) + 8>y (t)x (1) (20)
The parameter of ¥/ (¢) is denoted as
Y=t @

L+ B 1 (st =1)|

where 82 is given as

1
82 = — 22
o (22)
s(t) will satisfy the following criterion:
t+1)—s(t
[s¢+D=sO1 _, (23)

| s(t) — st —1) |
Proof: As shown in (20), the absolute value of s(t + 1)
is
| s(t+ 1) |=| X1+ 1) 4260 + 1) | + | Y @)xt + 1) |
(24)

Subtracting (20), one can obtain

s+ 1) | —|s@)|
<|s@t+1)—5@) | 4285 + 1) — 28x(r)  (25)
| ]
where s'(t + 1) = s(t + 1) — 26x(t + 1),
and s'(t) = s(t) — 28x(¢).
|s'(t+1)—5'() |
< X0+ 1) —%(0) + 829t + Dx(t + 1) — 82y (0)x (1) |
= [ X(t + 1) = x(t) + 8Pt + Dx(t + 1) — 82y (1)x(t)
+82 (Xt + 1) — Sy (Ox(t + 1) |
< 150+ 829 + Dx(t + 1) — 82y (Dx(r + 1) |
<150 |+ | 82+ Dx(t + 1) — 82y (tx(t + 1) | (26)

Because by the traditional law, the first derivative of s(¢) is
deferred as

§(1) = —ksgn(s(t)) (27)
From the above equation, one can infer

s+ 1) —1s() |
B s@)| —|s@t—1)1)

T+ B s DA+ s =1
where ¢ = 26x(t+ 1) —25x(¢). From the (28), One can obtain
| st + 1) —s(2) |

[ s() = st =1) |

In this case, the Theorem 2 has been proved. v (¢) is adaptive
tuning approach, which will be large enough to suppress

the chattering effect. It is tradeoff the chattering decreasing
performance and tracking performance.

—k+e (28)

(29)
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B. ADAPTIVE HOSMC CONTROL LAW
The adaptive HOSMC approach is developed as
w(t) = Waisc(t) + Unom(t) (30)

where wgisc is the switching control law and wy, is the
equivalent control law.

Wnom(1) = —A1[s|“ sgn(s" D) = Aa|s|sgn(s" )
t
- = )»n+1|S|“”*‘Sgn(/ sdt)  (31)
0
A1, A2, - - -,and A4 1 are selected according to the polynomial
P Ap" 4+ - 4 Ap + Ap is Hurwitz. The scalars
ay,az, - -, and a,y are chosen as
a;a;
ai = —t (32)
2ai11 — a;

wherei =2, ---n.

t t
Waisc(t) = —ki / / sgn(| s(2) |) (33)
0 Jo

where kj satisfies the following condition:
> (In +v2)Whom + v1 + 1
v

To decrease the chattering effect, the switching law is not as
traditional switching control law, which contains the double
integration of the absolute value of sliding surface.

Considering the system in (8) with the uncertainties and the
controller law is designed in (30), the origins = § = --- =
s™ is a finite time stable equilibrium point.

Proof: The Lyapunov function is deigned as

k1

(34)

1
V= sts (35)

Diffrentiate (35), we can get
Vo= 5T Uty 7™ Wnom =2y 77 64+ Dyt By 7™ Waise)
= 5T (Up + Ly 7 Wnom — 2,770
oy — kb, 7! /Ot /Otsgnq S 1)
=< (n + v2)Wnomls| + vils| — kivz|s| (36)

where k3 satisfies the following condition:
. I + v2)Whom +v1 + 1

ki (37)
V2
Under the bounding conditions of (37), we can infer
V < —nls| (38)

Thus the trajectories will reach on the manifold in a range
of time and remain there in case of uncertainties. By letting
§ = 0, the equivalent control law can be deferred as

Waom = Un + 8y 7 17 Ay 7716 — Ay — Ay 7 Waise)
(39)

Substituting wy,, into (30), we can obtain the dynamics
as shown in wyjs.. Since the wy;s is designed in (33), the
trajectories of the system will keep zero in specific time. W
Based on the above proof, the proposed adaptive HOSMC is
asymptotically stable for the nonlinear system.
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FIGURE 2. Frequency deviation in area 1 with the proposed adaptive
HOSMC comparing to ST algorithm.
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FIGURE 3. Frequency deviation in area 2 with the proposed adaptive
HOSMC comparing to ST algorithm.
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FIGURE 4. Frequency deviation in area 3 with the proposed adaptive
HOSMC comparing to ST algorithm.

IV. NUMERICAL SIMULATION

In order to verify the effectiveness of the proposed method,
it is compared with the super-twisting algorithm. For the first
two Cases, the simulation is based on the three areas power
system with different kinds of turbine as shown in Fig. 1.
The third Case is based on the two areas power system with
non-reheat turbine and reheat turbine.

The parameters of this model are as follows. Tg1 = T2
0.08s,Tg3 = 48.7s, 111 = Trp = Tr3 = 035, Tp1 = T2
Tp3 = 20s, Kp1 = Kpp = Kp3 = 120Hz/p.u.MW /rad, By
By = B3 = 0.425p.u.MW /Hz,2n T2 = 2n T3 = 2nTh) =
27Ty = 2aT3 = 2nT3 = 0.545p.u.MW /rad, Kp =
0.5, Try = 10s,R1 = R, = R3 = 24Hz/pu.MW, Ty =
1s, T, = 10s, Tp = 55, T) = 0.513s, k. = 0.5.

A. CASE 1

In Case 1, the external disturbances are placed to 0.03p.u.,
0.04p.u., 0.01p.u. in three different areas at t = 1s, r = 3s,
t = 5s respectively. The simulation results are demonstrated
below.
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FIGURE 5. ACE in area 1 with the proposed adaptive HOSMC comparing
to ST algorithm.
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FIGURE 6. ACE in area 2 with the proposed adaptive HOSMC comparing
to ST algorithm.
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FIGURE 7. ACE in area 3 with the proposed adaptive HOSMC comparing
to ST algorithm.
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FIGURE 8. Frequency deviation in area 1 with the proposed adaptive
HOSMC comparing to ST algorithm.

From the above figures, it is clearly to see that the fre-
quency deviation and ACE can quickly converge to zero for
the adaptive HOSMC. However, there exist the oscillation for
the frequency deviation and ACE under the super twisting
algorithm, which confirm the superiority of the proposed
method.

B. CASE 2
In Case 2, the disturbances in the three different areas are
arranged in the same manner as in Case 1. The system param-
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FIGURE 9. Frequency deviation in area 2 with the proposed adaptive
HOSMC comparing to ST algorithm.
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FIGURE 10. Frequency deviation in area 3 with the proposed adaptive
HOSMC comparing to ST algorithm.
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FIGURE 11. ACE in area 1 with the proposed adaptive HOSMC comparing
to ST algorithm.
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FIGURE 12. ACE in area 2 with the proposed adaptive HOSMC comparing
to ST algorithm.

eters are changed. The governor time is altered to 0.096 and
the chest time is adjusted to 0.36. The simulation results are
presented below.

Based on the above waveforms, it is apparent to observe
the frequency error and ACE converge to zero quickly, which
prove the robustness of the raised adaptive HOSMC method
under parameters variation. The waveforms for the adap-
tive HOSMC are more stable and smooth comparing to the
super-twisting algorithm, which validate the advantages of
the raised approach.
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FIGURE 13. ACE in area 3 with the proposed adaptive HOSMC comparing
to ST algorithm.
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FIGURE 15. Frequency deviation in area 2 with the proposed adaptive
HOSMC.
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FIGURE 16. ACE in area 1 with the proposed adaptive HOSMC.
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FIGURE 17. ACE in area 2 with the proposed adaptive HOSMC.

C. CASE3

In Case 3, the two areas power system with non-reheat turbine
and reheat turbine is treated as an example and the hydro
turbine is not included. The waveforms are shown below.
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FIGURE 18. Frequency deviation in area 1 with the super twisting
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FIGURE 19. Frequency deviation in area 1 with the super twisting
algorithm with the enlarging effect.
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FIGURE 20. Frequency deviation in area 2 with the super twisting
algorithm.
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FIGURE 21. Frequency deviation in area 2 with the super twisting
algorithm with the enlarging effect.
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FIGURE 22. ACE in area 1 with the super twisting algorithm.

From the above figures, it is noticed that the frequency
deviation and ACE can both converge to zero quickly by the
proposed method. Additionally, there exist no chattering and
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FIGURE 23. ACE in area 1 with the super twisting algorithm with the
enlarging effect.
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FIGURE 24. ACE in area 2 with the super twisting algorithm.
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FIGURE 25. ACE in area 2 with the super twisting algorithm with the
enlarging effect.

the waveforms are smooth. For the super-twisting algorithm,
there exists some chattering as shown in Fig. 19, Fig. 21,
Fig. 23 and Fig. 25, which proves the advantages of the
proposed method.

V. CONCLUSION

In this paper, an adaptive HOSMC scheme has been devel-
oped to control the load frequency. Firstly, a novel adaptive
HOSMC is developed and the stability of the method is val-
idated. Secondly, the simulations are based on two and three
areas power system with load frequency control. Finally,
Comprehensive simulations have validated the arguments
of study and demonstrated a superior performance of the
proposed adaptive HOSMC design in terms of oscillation
and chattering attenuation. Additionally, the control aim can
be achieved under parameters change, which illustrate the
robustness of the proposed method. In future, the proposed
adaptive high order sliding mode control method can be
applied to the wind power generation or the power converters.
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