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Abstract: Wind turbines (WTs), particularly those with two-shaft drivetrain and variable speed, present a complex
model. This study initially shifts all WT variables to the low-speed shaft. Subsequently, the Taylor series for the torque
is generated by the wind, or rotor torque, is computed near the optimal blades pitch angle and the optimal blades tip
speed ratio (TSR). At these optimal points, wind power extraction is maximized, i.e. maximum power point tracking
(MPPT) is achieved. The paper introduces two novel state feedbacks and derives a linear model with uncertainty,
represented by a new input variable. This uncertainty can lead to mechanical stress, particularly if the new input variable
lacks smoothness. To address these issues, a robust sliding mode controller using a dynamic approach (D-SMC) is
employed, which eliminates chattering through a low-pass integrator. The sliding surface dimension in D-SMC exceeds
with respect of the original system, necessitating the estimation of this newly introduced state. Therefore, the paper
proposes a new sliding observer with a nonlinear approach (NSO). The stability of the both D-SMC and NSO is verified
using Lyapunov theory. The superiority of D-SMC is demonstrated by comparing to the conventional sliding mode
controller (C-SMC) under identical NSO and simulation conditions.
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WSs, cut-in and cut-out, which are important in turbine
operation modes. Outside this range, turbines cease operation
The escalating global warming from fossil fuel, to avoid economic loss and structural fatigue [14].
significant effort strides in harnessing sustainable renewable
energy sources like solar [1] and wind [2,3]. These energy
forms not only are environmentally but also are globally
available in all of the countries [4]. Energy of wind, in
particular, has very interested due to the cost-effective
operation of WTs [5,6]. The wind power is converted to the
rotational torque for generators, using WT. Consequently,
two main types of WTs have emerged: fixed-speed (FS) [7,8]
and variable-speed (VS) [9]. FS kinds fail to capture the
maximum of wind power across varying wind speeds (WSs)
[10], leading to the development of VS kinds [11]. VS kinds
optimize power capture by dividing operational performance
into two regions based on WS, known as rated [11]. Below
this rated WS, generator torque is used to maximize power
extraction, while above it, turbine blade pitch angle sets as the Among these, sliding mode control (SMC) stands for its
control input [12,13]. Moreover, there exist two others critical ability to counteract mechanical stresses due to its invariance

1. INTRODUCTION

Numerous control strategies have been proposed for the
region between rated and cut-out speeds, focusing on pitch
angle regulation [12-22]. However, mechanical stress
remains a significant challenge for WTs due to the
uncertainty [23]. To mitigate these stresses, a robust
controller is essential to handle drivetrain uncertainties [23].
Despite various available approaches, many controllers
cannot exhibit robustness; for instance, classical controllers
like proportional-integral-derivative (PID) [13,17,19], PID
with adaptive self-tuning regulator (STR) [15], a gain
scheduled PID [16] or a PI scheme of controller [21].
Adaptive and PI combination is in [20], or some feedback
controller are proposed in [18,22].
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property [23], a feature even more stronger than robustness
[24-26]. Hence, many researches have concentrated on
sliding mode pitch control [27-33].

But, SMC is suffered by chattering, a detrimental
phenomenon due to the Sign function using [24-26]. To
address chattering suppression, some approaches have been
introduced [34]: methodologies like boundary layer [35,36],
adaptive boundary layer [37,38], higher order [39,40], and
dynamic based approach (D-SMC) [25,41-43]. Boundary
layer and adaptive boundary layer, however, cannot reserve
the most characteristic of SMC, i.e. invariance [24-26].
Higher order uses more derivatives of system function, needs
observers for their estimation [44-48].

D-SMC, on the other hand, employs a low-pass-
integrator filter to mitigate the Sign function discontinuity,
leading to an increase in system states [42]. Controlling this
expanded system (system plus integrator) demands a capable
observer to estimate the system model [25]. Then in higher
order, system function differentiations are used but in
dynamic approach just an added state is needed and this is its
preference.

The primary goal of an observer is to use known system
outputs and inputs to estimate unmeasurable system
components. Usually the observer output, alongside the main
system, is utilized for feedback to correct the observer
parameters [49-55]. Identification concept spans of a vast
structure in literature such as state observer [49,50],
disturbance observer [51] and model identification
[25,52,53]. Sliding observers are particularly valued for their
straightforward implementation and robustness against
uncertainties [54,55].

Motivated by the persistent issue of chattering and based
on the disadvantages of boundary and adaptive boundary
layer and higher order, a new D-SMC approach is proposed
for pitch angle regulation in WTs. D-SMC reliably eliminate
chattering, while maintain the invariance property, causes
alleviation of mechanical stresses. Additionally, a novel NSO
is developed for controller implementation and plant model
identification. The D-SMC and the NSO stability are
substantiated through Lyapunov stability theory.

Therefore, the overall contribution of this paper can be
summarized as follow:

1. A new MPPT approach is implemented to VS wind turbine.
2. A new structure of robust D-SMC is proposed.

3. The chattering is removed using D-SMC.

4. A smooth input control is obtained for pitch angle of WT.

v T

5. A new scheme of NSO is proposed to estimate the
unknown uncertain.

The methodology is demonstrated in seven categories.
Initially, the WT model and problem formulation are outlined
in sections 2 and 3. Subsequently, section 4 introduces the
novel NSO and its stability. Section 5 is dedicated to
comparative analysis and control design. Section 6 shows
simulations to validate the proposed method superiority. The
paper conclusion is provided in section 7.

2. COMPLETE MODEL OF WIND TURBINE

A WT has three series subsystems, aerodynamic,
mechanical drivetrain and generator [23,29] as in Fig. 1.

2.1. Aerodynamic Structure

The formula of captured power by WT, is a function of
the surface coverage by blades i.e. r’r ( 7 is the blade
length), WS i.e v(7), air density ie. p, and C, as the

power coefficient [43].

2.2
PITrV

F, 5 C,(B.2) (1)

In which, 4 is (TSR), @, and S are angular velocity of
rotor side and pitch blade respectively.

1= ra, (2)

v

Note that C », commonly written as the following equation
[23].

_Ps

C,(BA)= (%—mmﬂ—mm]@ P+ peh

! (3)
L__ 0.035 N 1
o PP+l A+0.088
such that:
p =0.5176,p, =116, p; =0.4 @)

P4 =5,p5=21,ps =0.0067

The rotor torque produced by the wind is also satisfied
P =T, w,, therefore:

\ 4

a
—>| Aerodynamic
Subsystem |,

C
Ta:ﬁpﬂﬁvz ©)
o, "
Mechanical Drivetrain » Generator & Grid
Subsystem _ Subsystem

T
g I Trqf

Fig. 1: The complete model of a wind turbine
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2.2. Mechanical Structure

By definition of J, and J, as the rotor and generator

inertia respectively, the two-shaft drivetrain is formulated as
the following equations [56], which is shown in Fig. 2.
‘]rd)r = _Kra)r + Ta - Tls

J @,

(6)

~K,w, ~ T, +T),

Moreover, 7, and 7, are the outputs of the rotor torque

and the generator torque respectively, imposed to the
drivetrain. Constants K, and K o are the external dapping

of rotor and generator side. In the low-speed shaft, braking
torque is a function of @, and @, i.e. angular velocity of

rotor and generator.

Tls = Kls(a)r - a)ls) + Bls(er - Hls) (7)

The low-speed shaft parameters 6,., 6., K, , B,

> and @,
are deviation of angular speed of, deviation of rotor side
speed, low-speed of shaft damping, shaft stiffness, and
angular velocity of deviation respectively, and the gearbox

ratio is as:
Lis. (8)

Now using (6) and (8) results:

. T
Jg (nga)r): _Kg (ngwr )_ Tg + EH_J ©)
g
or:
nngga'), = —ngnga),, —ng Ty +Tj (10)

By definition of J, =J, +ng2Jg and K, =K, +ng2Kg

and using (10) and the first part of (6), one can conclude the
low-speed shaft formula as:

J,0, ==K, +T,~n,T, (11)

oy

Fig. 2: The two-shaft drivetrain structure
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2.3. Generator Dynamic Structure

Suppose T, ¢ be the output torque of generator with the

time constant 7, =15s and reference torque of 7}, , then
one have:
. LT,
T, = — (12)
g
The power that is injected into the grid is as:
Py =n,0,T, (13)

In which 77, is the generator efficiency.

3. PROBLEM FORMULATION

Consider the derivative of C (3,4 ) with respectto [3 .

dc, _oC, op,  0C,

g op; op P
_ (_ P2 | PP2Ps p1p3,205ﬂ _ plpgpsj (14)
Pi Pi Pi Pi
[ 008 0035 ) s o
(A+0.088)% (B> +1)* i
Then the Taylor series of rotor torque (5) results:
3.2 4dC
prrV »
= (B f,, )+ HOT (15)
24, dp PPy ot

opt

where (f3,,,4,, ) is optimal operation point and HOT is
the higher order terms in Taylor series.

Therefore, the linearized model of (11) will be as
follows:

a.)r :_ﬁ . _n_gT +£
Jt Jt ¢ Jt
K, g
=——rw, ——T, 16
g, g e (16)
3.2 dC
/Y
+§J—/1d—p (BB )+A
t"opt IB f;f:;if
and A is the unknown uncertainty.
HOT
A= (17)
Jt

The uncertainty A is bounded, because around the optimal
operation points the Taylor series converge.

|A|<n (18)

Using the new input signal u# € R™ , the following state
feedback is provided:
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J,
B = +. 19
prriv? dC, o 1)

2’Jl‘ﬂ‘opt dﬂ f:fopr

and therefore:

o, =+aTy + a0, +u+A (20)

Consider a reference feedback for the generator torque (13):

T,ef =z'g(or+Tg (21)
therefore:
T g =0, (22)

By definition of the state variables x; =7, and x, = ®, with
the state vector X = /x;,X, / one can write:
X = Ax+ Bu+ BA (23)

whereas:

oo
A= ,B= (24)
a a, 1

Suppose the numbers @; and a, are chosen such that
matrix 4 be Hurwitz and satisfied the following Lyapunov
equality equation [24]:

0=—(pa+47P) (25)
Such that the arbitrary matrixes Q € R and P e R"™" are

symmetric positive definite [24]. To design the chattering-
free D-SMC with the desired signals x, = /x,,,x,,/ and

X5 , the following sliding surface is defined.

S=Mx—x;)+4(x3—x43)
l:[ﬂl’ﬂﬁ]

where Xx; =X,, and coefficients A, :7=123 are chosen

(26)

such that the states variables x; - i =1,2,3 converge to zero
when s=0. Unfortunately the augmented state variable
Xy =X, =a,X, +a,Xx, +u+A is not known due to uncertain

parameter A . Hence, to the following new sliding observer
structure is proposed for the system (23) in the next section.

Remark 1- if the system does not have the uncertainty,
the need of observer is removed. Because in this case the

variable x; = 562 are available and accessible.
4. NONLINEAR SLIDING OBSERVER STRUCTURE

Consider the following NSO with inputs £, ;i =12:

{fc(t)=y2(z)+z(z)+Afc+Bu+Bn o

2t)= w(t)~=(1)

where X(t)=[%,%,]" and z(t)=[z,z,]" are state
estimation vector of the system and the auxiliary vector
signal.

Theorem 1- With the following NSO inputs, error estimation
e=Xx—X converges to zero.

— R2><1
H=ee (28)
1, = P'sign(e) e R¥!
Proof. The dynamic of the error can be written as:
e(t)=—p,(t)—z(t)+ Ae—Bn+BA (29)
Consider a Lyapunov function as:
1 L7
V(t)=Ez(t) Pz(t)+Ee(t) Pe(t) (30)
then:
. 1.7 1 7. 1.7 1 7.
V==z'Pz+—z Pz+—¢ Pe+—e Pe 3D
2 2 2 2
The first part of the observer (27) Results that:
o1 r 1 7
V:—(y1 —z) Pz4+—z P(,u1 —z)
2 2
A . (32)
+=¢"Pe+—e'Pé
2 2
or:
-1 r 1 7
14 :5(—24-/11) PZ+EZ P(—z—i—,ul)
1 -T 1 T .
+—eé Pe+—e Pe
i 1 i 1 1 1 33)
=z Pz + —,ulTPz + —ZTP,Lll +—é' Pet+—e' Pé
2 2 2 2
=P+ ,ulTPz + +%e’TPe + %eTPé
Using (29) leads to:
V=-—2"Pz +y1TPz
1
+E(—Z+Ae+BA—Bn—,u2)TPe (34)
1
+EeTP(—z+Ae+BA—Bn—,u2)
or:
\ T T I r L 1,1
V=-z Pz+n, PZ—EZ Pe+Ee A" Pe
+1(BA—Bn)TPe—1M Tpe—LeTPz+LeTPA
2 2777 2 2
1 1
+EeTP(BA—Bn)—EeTPu2 (35)

1
=—2"Pz+ ulTPz— eTPz+EeT(PA + ATP)e

+e"P(BA—Bn)-e Py,
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Using (18) and (25) follows that:

V<—zTP+ ﬂlTPZ —e' Pz —%eTQe - eTP,u2 (36)
Now replace the observer inputs (28) into (36):
V<—z'Pz+e'Pz—e"Pz —%eTQe

- eTPP_lsign(e)

1
=Pz —EeTQe—eTsign(e) (37)
| 3
I R Y
=—z Pz 2e Qe ;|el-|
or:
V<—zTpz —%eTQe (38)

Consequently, the observer error vector and auxiliary vector
converge to zero.

5. DYNAMIC SLIDING MODE CONTROL STRUCTURE

To overcome on the uncertain model and also suppress
the chattering D-SMC is constructed. The effective
performance is shown with comparison to C-SMC. Due to the
using the same observer (27) in both approaches, comparison
is comprehensive.

5.1. Proposed Dynamic Controller

According to the previous illustrations and formulas, the
proposed D-SMC diagram is shown in Fig. 3.

Consider the estimation of sliding surface (26):

§ = AX+ A% :ﬂfc+ﬂg(Fz'+FAfc+FBu))

(40)
—Axy = AXg3
Using the equality FB =1 results that:
§ = (A+ BFAN + A F2 4 A= A%y — Ay (41)
From the observer (27) one can write:
§=(A+ LFANz+ A%+ Bu+Bn+ 1) 2)

+13F(_Z+ﬂ1)+ﬂ“35‘_ﬂxd —A3Xg3

Theorem 2- The following input in system (23) provides
finite reaching time to the sliding surface (26).

(A+ ,FA)z+ A%+ Bu+ By + u1,)

A3
. . . (43)
3 %F(—z+yl)—ﬂxd — MaXyy +kysign(s)+ky s
4
where k; and k, are constant coefficients.
Proof. Equations (43) and (42) result:
S =—k sign(s)—k,s (44)

Considering the Lyapunov function V' = 0.5s57:
V=s5= s(— ky sign(s)—k, s) = —k1|s| —k2s2 < k1|s| (45)

[s(0)
k

1
the surface [25]. Substitution the observer inputs results:

Therefore, 7, < and 7, is the finite time reaching to

(A AgFA)z + A%+ Bu+ By + P lsign(e))

S:/’i,()e—xd)‘i‘ﬂg(i:;—xd:;) (39) ) j"3 . (46)
= At Ayhy — Ay — Ay  AF(czte)= Ay = Ayiys +hysign(s )+ ky s
A
By defining the vector of F' = [0,1] € R"? we have:
" T, o, »
" —»| Aerodynamic » Mechanical Drivetrain Generator g Grid
Low-Pass Subsystem | Subsystem L Subsystem
Filter B ) ‘ -
A X, =0, X = Tg Tref
u State | — L —> State
Feedback| ¢ . 4 )y ylFeedback
\ Xa2
Dynamic [« - Xa1
Sliding  |e ‘ ‘ =
Mode i . p
Controller 28,02 Nonlinear
Sliding Observer

Fig. 3: The structure of the D-SMC
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5.2. Design of Convectional Controller
Consider a sliding surface as:

s=AMx-x;)

A=[2, 4] R @)

Using the observer (27), we have:

§=x—Aiy = Mz + AZ+Bu+Bn+ 11,) 8)
—AxX; = Az + AAx + ABu+ ABn + Ay, — Ax,

Due to the equality AB =4, :

§ =z 4+ AAx+ pu+ n + g, — A%, (49)

Theorem 3- The following input in system (23) provides
finite reaching time to the sliding surface (47).

u__ﬂz+ﬂ.Afc+ﬂ,277+/1,u2—ﬂjcd+k1sign(s)+k2s (50)
4

where k; and k, are constant coefficients.

Proof. Equations (50) and (49) result:

6. SIMULATIONS PRESENTATION

Based on the same NSO, two simulations are done
according to the D-SMC and C-SMC approaches for a
reliable comparision. In simulations the feedback parameters

are selected as @, =5 and a, =—6.

In addition the initial values are considered as zero i.e.
x,(0)=0,z,(0)=0:i,j=12. Moreover, the initial value
of generator torque and rotor angular velocity are set to

x(0)=T,(0)=-3 and x,(0)=w,(0)=5 respectively,

and also O =1 € R¥?. These two approaches are applied to

the SMW two-shaft WT located at Colorado in National
Renewable Energy Laboratory (NREL), with the parameters
in table 1 [57]. For this turbine the optimal values for pitch

blade and TSR are f,, =0 and 4,, =7.55 respectively.

The WS is shown in the Fig. 4 with the mean of 7 and
maximum deviation of 4.

Remark 2- In all of the following figures, the horizontal
axis is time based on the second.

Table 1: The parameters of WT in NREL

s =—k sign(s)—k,s ShH Notation Value Unit
) r 21.62 m
Considering the Lyapunov function V' =0.5s": P 1.308 kg /m’
V=s$=S(—k1sign(S)—k2s):—k1|s|—k252 S/‘1|S| (52) J, 3.25x10° kg x m*
34.4 2
s(0) R % kg xm
Therefore, 7, < and 7, is the finite time reaching to K 27.36 (Nxm)/(rad/s)
1 r
the surface [25]. Substitution the observer inputs results: K, 0.2 (Nxm)/(rad/s)
_ Az+Ax+ 2o K 9.5x10° (Nxm)/rad
& By, 2.691x10°  (Nxm)/(rad/s)
o . . (53)
AP sign(e) = iy +ky sign(s)+ky s n, 43.165 Scalar
A
16
14 - .
121 :
0
S
10 -
8 |
6 | | | 1 | | | | |
0 1 2 3 4 5 6 7 8 9 10

Fig. 4: Profile of WS
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Example 1. The D-SMC Simulation

The simulation results are presented in Figs. 5 till 8 with
the parameters of k; =2 and k,=5 and the surface

coefficients as ﬂ.=[30,3], Ay=1. The initial value of

dynamic (46) is selected as u#(0)=0. Figs. 5 and 6 show the
generator torque and rotor angular velocity. The tracking
convergence of the system states and proposed NSO are
clearly observed. The finite convergence of the surface is
shown in Fig. 7. The chattering-free pitch angle or controller

output is shown in Fig. 8.

2 |
_____ i
.......... mdl
2F |
-3 ! I | ! !
0 1 2 3 4 5 6 7 8 9 10
Fig. 5: D-SMC generator torque and its estimation
5 |
47~ N e o [
,-"' \“-. Lo
3 /Y /
2 -
o i
3 i
X 4 e i
of  \™ |
A R =
_2 | | | | |
0 1 2 3 4 5 6 7 8 9 10
Fig. 6: D-SMC rotor angular velocity and its estimation
05 T T
O [
-0.5 -

amplitude
o
[

"0 1 2 3

4

5 6 7 8 9

Fig. 7: D-SMC finite time zero convergence of sliding surface
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10 | |

Degree

-2 ! I I !
3 4

5

6 7 10

Fig. 8: D-SMC pitch angle of blades

Example 2. The C-SMC Simulation

All the parameters are set as D-SMC in the example 1,
i.e the same observer with similar parameters and also

22[30,3] and k; =2 and k, =5. Then, the results of
comparison between D-SMC and C-SMC are valid.

Figs. 9 till 12 are presented the simulation results. Figs.
9 and 10 show the generator torque and rotor angular velocity.

The tracking convergence of the system states and proposed
NSO are clearly observed. The finite time convergence of the
sliding surface is shown in Fig 11. The pitch angle of the
controller output is shown in Fig. 12.

The good performance of the proposed NSO and
chattering-free in D-SMC are observed from these figures.
Nevertheless, chattering is available in C-SMC. Moreover,
the D-SMC simplicity design is remarkable.

Fig. 9: C-SMC generator torque and its estimation

6 T T T T

Rad/s

Fig. 10: C-SMC rotor angular velocity and its estimation
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©
o

=
- al o
T T T

amplitude
=

10

-10 -

_15 1 1 L L
2 3 4

5 6 7

10

Fig. 12: C-SMC pitch angle of blades

7. CONCLUSION

This paper firstly provides a novel approach to enhance
a smooth controller for pitch angle regulation of WT in VS
turbines. At first, it proposes a chattering-free method based
on D-SMC. Secondly, it presents a new design for NSO. The
paper also demonstrates the closed-loop stability of D-SMC
and also NSO using Lyapunov theory of stability. For
practical applications, the D-SMC and NSO are integrated
with state feedback to derive a linear model that considers the
pitch blade angle as input. Moreover, the uncertainty of the
WT model is also available in linear model. The overall
closed-loop system is then compared to C-SMC with the
same parameters and observer, which are used in D-SMC and
therefore, comparison is reliable. Both of D-SMC and C-
SMC are applied to SMW two-shaft WT. It is shown the D-
SMC approach successfully eliminates chattering, unlike the
C-SMC. Additionally, the design process reveals that D-SMC
is conceptually simple and easy to implement.
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