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ABSTRACT

Advanced control of variable speed horizontal wind turbine was considered in the high wind speed
range. The aims of control in this region are to limit and stabilize the rotor speed and electrical power to

ORIGINAL RESEARCH their nominal values, while reducing the fatigue loads acting on the structure. A new nonlinear tech-
PAPER nique based on combination between sliding mode control and radial basis function neural network
control was investigated. The proposed hybrid controller was implemented via MATLAB on a

q simplified two masses numerical model of wind turbine. By applying the Lyapunov approach, this
controller was shown to ensure stability. It was found also to be robust and able to reject the un-
Cljf;edcaﬁégr certainties associated to system nonlinearities. The obtained results were compared with those provided

by an existing controller.
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1. INTRODUCTION

A wind turbine is a machine compound of several sub-systems that has the principal role of
extracting energy from the wind. The main objective of a wind turbine controller is to
optimize this energy extraction and ensure that it is performed safely without damaging the
wind turbine structure. Much attention has been given, over the past few decades, to blade
pitch control systems in the region 3, where the wind speed is higher than the rated value.
This operating region is called the above rated wind speed [1]. Pitch control consists of
rotating the blades around their longitudinal axis on the rotor hub. Therefore, pitching the
blades (tuning) gradually out of the wind entends to limit the captured aerodynamic torque
and thus to keep the production power around its nominal value. Pitch control should be
performed while also minimizing mechanical fatigue loads and torque oscillations amplitude
of the electric generator [2, 3].

Several approaches have been investigated in the literature to improve pitch control
performance. Several researchers have developed various adaptive controllers. These tech-
niques used at the beginning classical methods, such as linear Proportional Integral Deriv-
ative (PID) based control [4, 5]. However, the nonlinear state of a wind turbine requires the
intervention of other advanced controllers that can facilitate better the control. For instance,
Radial Basic Function (RBF) combined with PID was used to control the pitch angle [6].
Other adaptive controllers based on methods like artificial intelligence, back-stepping [7], L,
approach, and sliding mode [8] were also introduced. Sliding Mode Controller (SMC) was

widely used to control nonlinear systems with disturbances due to its robustness and stability
’j Journals against the perturbations affecting the dynamics of these systems [9]. However, the SMC
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suffers from the undesired large control chattering phe-
nomenon which is caused by the large switching gain of the
discontinuous switching control term [10, 11]. Thus, an
additional disturbance due to the controller itself was added
to the system. Therefore, it has been sought to remedy
against this major drawback of SMC controller by proposing
to pair it with another controller. A multi-variable control
strategy for variable speed and variable pitch angle wind
turbine has then been investigated in several works [2, 12].

In this paper, the choice has been set on the Radial Basis
Function Neural Network (RBFNN) to be combined to In-
tegral Siliding Mode Control (ISMC). The resulting new
controller designated (ISMC-RBF) will be investigated. The
main pursued challenge of this hybrid controller is to benefit
from the RBENN protocol, which is known to enable ac-
curate estimation of the systems nonlinearities, in order to
reduce system uncertainties. It is also aimed to profit from
the robustness of SMC protocol. The goal is in fact to take
advantages from these two beneficial aspects towards
minimizing the chattering effects and to achieve better ef-
ficiency of control. This technique was developed in this
work to control a wind turbine modeled as a 2-mass system
in the region 3. The proposed controller aims to keep rotor
speed and electrical power at their nominal values while
stabilizing the generated electrical power and reducing me-
chanical load fluctuations.

2. MATERIALS AND METHOD

2.1. Wind turbine modeling

Wind energy is exploited through a converter system that is
utilized to convert the wind kinetic energy into mechanical
power by means of the rotor blades which is set vertical and
orthogonal to the wind direction. The mechanical energy is
then carried through the drive train and converted into
electrical energy. This step of conversion is carried out
across the electrical system, which consists of electrical
generator and electronic power converter. This kind of wind
turbine is called horizontal axis wind turbine and constitutes
the subject of the modeling and control that will be pre-
sented in the following.

The aerodynamic power extracted from the air by wind
turbine rotor can be expressed in terms of air density p and
wind speed v by the flowing equation [13]:

1
P, = Eprchv(t)i (1)

where R is the wind turbine radius and C,depicts the power
coefficient. C,has a nonlinear behavior since it depends on
pitch angle 6 and tip speed ratio A.

The aerodynamic rotor deduced from the relationship
P, = T,w; takes the flowing form:

—_ &Rz CP(j'? ﬁ)

T,
¢ 2 Wt

Vv, )

where w; denotes the rotation speed of the blades.
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The dynamic behavior of generator and rotor; as pre-
sented by a two-mass model are given by

o Ths Kg Tem

W = — — —~Wy —
Y P A
g g g (3)
Ta Tls Kr
W =— = — — 0wy,
I I T

where T and Tj, are the low and high speeds shaft torques
respectively T, depicts the electromagnetic torque; K, and K,
are the external damping; g is the generator speed; J, and Jg are
the rotor and generator inertia respectively. The relationship
between Tj, Tjs and oy, g is determined by the gearbox ratio ng:

Tis _ g

(4)

" Ths Wt .

The torque Tj; can be expressed as function of the dif-
ference between angular rotor speed w; and that of the
output shaft at its endpoint on the gearbox side, denoted wys,
and of the difference between the rotor angular position ¢;
and that of the output shaft at its other end 6y, [13]:

Ty = Bls(et - 015) + Kls(wt - (i)ls)7 (5)

where By is the low-speed shaft stiffness and Kj; represents
the external damping.

2.2. Integral sliding mode control

The two-mass model requires control that is able to deal
with other hidden functions that are not integrated explicitly
into the simplified numerical model. Since the basic SMC
has limitations in saturation that can cause instability or
divergence in the system output, integral control is intro-
duced to make it easier for the system to meet the desired
objectives. The sliding surface is then chosen as:
t

S(t) = é(t) + dey(1) + G / e, (1)dt, ©)

where 6 and G are positive constants. The tracking error e, is
applied to electrical power:

ep:Pref_Pev (7)

where P, takes the nominal value, which is equal to 600 kW
in this paper. The generator losses are neglected. The elec-
trical power has the form:

P = Tepty. ®)

Taking the time derivative of the electrical power as given
in (8), the following can be obtained:

Pe = 0gTom + 0 Tem. 9)

To improve the stability of the system, the attraction of
the sliding surface S is determined by the Lyapunov crite-
rion, which is called the reachability condition [10]:

$5<0. (10)

The control of nonlinear system is taken under the
following general form:
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x=f+gu+d. (11)

According to (3) and (9), the parameters in (11) can be
obtained by the following equations:

x =P,
f=wgTem,
T Ky Tem (12)
Tk ke
u= T,y

There are two steps in the SMC design. The first one
requires calculating equivalent law control u,, through the
Lyapunov stability theory. The second one leads to the
construction of the switched control part u,, that is
necessary to drive the system trajectory to vary on the
sliding surface. The global SMC law can be obtained as
[10]:

U= U + Uy (13)

When the sliding surface is reached S =0, which can
result in, e,(t) + e, (t) + G fot e,(t)dt = 0 the system is said
to be asymptotically stable, therefore e, - 0and ¢, — 0. The
particular case S = 0 is selected for the reason that it has a
suitable reduced-order dynamics. The condition of conver-
gence is given by the equation of Lyapunov V <0, which
makes the sliding surface to be attractive and invariable.

By using (4) and (5), and applying the condition § = 0:

é(t) + 5(P,ef - Pe(t)) +Geylt) = 0. (14)

Since the reference, power Py is constant and then its
derivative is zero Py = 0.

To deduce the command input, the term Pe(t) is
substituted in Eq. (15) by its expression defined by Eqs (11)
and (12) which leads to:

1/1.. G
Ueq =§ (56(1‘) —&—6—%61,(1‘) —f(wg)>. (15)

In order to reach the sliding mode condition (10) and
decrease chattering, the signum function (sign) is used
instead on switch function ug, = nsign(S).

The control law leads to the following final form:

U = Ueq + Uspy

et~ ) + nsiga(s)).

When f{.) is uncertain, RBFNN can be used to learn and
approximate better f(.).

(16)

2.3. Adaptive nonlinear controller-based on SMC and
RBF

The RBF was extensively applied in many fields for control
and approximation. It can be also applied to model any
complicated nonlinear function. RBF includes three layers.
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The input layer consists of the input variable x;, the hidden
layer that contains the activation functions y;, and the
output layer consists of one node f,. Therefore, RBF neural
networks are chosen in this paper for their ability to
approximate nonlinear functions. The radial basis function
output is determined by [14]:

f”i(t) = Z Wijwj(t)v i= 17 sy Ny (17)
j=1

where i is the input number of the network, j is the number
of hidden layer nodes in the network. The activation func-
tion ¥; is a Gaussian function presented in the following
form [14]:

1//]'(1‘) = exp [—Hx(t)_—cl(t)'

7 ] ji=1,...,N, (18)
j
where N denotes the number of hidden layer nodes.
By using the general nonlinear form (11), the dynamic
equation of RBFNN is:

P, :f(a)g, Tem) + g(Ts, Tom)u + d, (19)

where f(wg, Ten) = wgTem and g(Ti, Tem) = ;.5 _%“’g
Tem
o,

To extract the control law u = T,,, a second-order dy-
namic is imposed to the tracking error (7):

&(t) + dey(t) + Ge, = 0. (20)

Applying now Laplace transformation on (20), the
following can be obtained: p*> + dp + G. To ensure equi-
librium stability, the polynomial p? + dp + G must be
Hurwitz.

According to (7) and (20), the equation of power dy-
namic is extracted as:

: 1 ..

By using (19) and (21), the following equation is ob-
tained:

f(wg, Tem) + (T, Tem)u+d

1 (22)
By using (22), the law control is deduced as:
1/..
| 5 (Pe — Gep)+ -
U= - .
g(TIS7 Tem)

+f(wg, Tem) +d

The functions f(wg, Tem) and g(Ti, Tem) are highly
complex and should be assumed to be uncertain nonlinear

functions. They are functions of dynamic torque T, and
torque Tj and the generator speed w,. They depend
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Adaptive mechanism . fl — 6gu + 5gu_
V=X+S ; (29)
—0gu — 0d + Ge,
Pes g ’ Pe: . fl - 5u(g _g)_
2| Feedbackcontrol L \f > V=\8+S —
> @e —od + Ge,
B | | ¢ 30
* D @ Gl o) (30)
- — - ref 5 S 5 e P
Fig. 1. Block scheme of multivariable control &) N )
—f(.) = nsign(9)
implicitly as well on rotor speed «;, the power coefficient C,, V =N+ S(0f + dug — od), (31)
and wind speed v. Therefore, the control difficulty increases ~ A ~ o -
and controller efficiency decreases if inadequate approxi- ~ Wheref =f —f=Wyy —¢;, g=¢-¢=Vy; —e,.
mations of these functions are used. In our case, two RBF Then:
neural networks will be proposed to approximate f(.) and ' =T o =T S
V=W (S0 —v; W)+ V (Souy, — v,V )—
g(.) functions. The system control is considered to be a ( Vi ) + ( Ve ~ V4 ) (32)

closed-loop adaptive scheme that is illustrated in Fig. 1. By
using (17) and (18), f(wy, Tem) and g(Tjs, Tem) will be
approximated respectively as f(.) = W Ty;(x) + ¢ and
g() = V*Ttlxg(x) + e, where the items f{.) and g(.) are the
ideal output value of the network, W* and V" are the ideal
weights of the neural network, e; and e, are the approxi-
mation error of the neural network, which are bounded as
les] <em> |eg| < eg.The estimated RBF output can be pre-

sented as:  f(x) = WTtl/f(x), g(x) = Vszg(x) with
dw/dt = —(1/7v)ey(e).

Finally, the control law becomes:

1/ ..
1 5 <PE_G6P>+

h=—-————" + nsign(S). (24)
g(Tl57 Tem) ~ . 15l ( )
+f<wg7 Tem)
Stability proof:
1 ~ T 1 ~T ~ 1
V:573WTW+574VTW+ESZ, (25)

with W=W —W, y;>0and V=V —V, v,>0.
The time derivative of (25) gives:

. s 1 s .
V= 73WTW+574VTV+SS. (26)

by substituting the time derivative of (6) into (26) one can
obtain

. B B 1 s .
V:73WTW+£74VTV+S<EP—6P8+Gep). 27)

Let’s take N(W, V) = 73WTVLV+%74VT\;/ and fi=¢,
—of .

Using now (19) to replace P into (27):
V=N+5(é—0f ~ogu—od+Gey),  (28)
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—Soey — Soue, — Sod — m|sign(S)| <0

with tlim|S(t)| = 0 and by imposing the Lyapunov condi-
tions of stability the weights W and V are given by:

A 1
o0 (33)
V= — Souy,.

V4

2.4. Pitch angle control

When the wind speed is greater than the nominal value,
the torque control output is set to its nominal value,
which then constitutes the maximum value of the control
input. In this work, a linear control of the pitch angle
using a PI controller is used to maintain the speed of the
generator around its nominal value. The implementation
of this controller does not require sophisticated means in
the industrial context. The general form of PI control is
given by:

8 = Kpe + Ke (34)

with Kp and K; are positive constants. The tracking error is of
the form: e = w,f — w;, where w,, represents the nominal
rotor speed. Figure 1 shows the block diagram of the
multivariable control in both torque and pitch that is pro-
posed in this work:

3. RESULTS AND DISCUSSION

In this work, the performances of the proposed and devel-
oped control method are studied by using numerical simu-
lations on the Controls Advanced Research Turbine (CART)
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[15]. CART is a variable speed wind turbine, variable pitch,
two-bladed, and flexible hub. Its nominal power is 600 kW
and other characteristics are presented in Table 1 [15]. To
test the performance of the proposed hybrid controller
ISMC-RBF, a comparison is made with the following
reference controllers: ISMC [10] and RBFNN.

The von Karman model is used to generate the input
wind speed. Figure 2 shows wind variations where turbu-
lence was treated as a stationary random process. The wind
simulation shows variations in the form of a noise-ranging
from 15.7m s to 18m s~ .

The variation of rotor speed w; is given by Fig. 3. The
comparison between ISMC-RBF and ISMC controllers
shows that wgsymprpr fluctuations are more satisfactory than
those of wysmc.

The obtained STandard Deviation (STD) is in the case
of the ISMC std (w;smc)=131 and only std
(w¢_smcrpr)=1.02 for the hybrid controller, (Table 2).
Among the main control objectives for the high wind speed
is to keep the rotor speed closer to its nominal value. As it
can be seen in Table 2, the maximum value of rotor speed
wi_rsmc 1s 61.6 rpm, which is more unfavorable than the
maximum rotor speed ®¢ s @8S0ciated to the hybrid
controller which does not exceed 59 rpm. Figure 4 shows
variations of electrical power. According to the simulation,
it is clear that the electrical power given by the proposed
controller is around the nominal value 600 kW contrary to

Table 1. Wind turbine parameters

Wind turbine parameter Value Unit
Rotor diameter 21.65 m

Air density 1.29 kg m >
Gearbox ratio 36.6 m
Shaft damping coefficient 9,500 N.m rad s !

Shaft stiffness coefficient 2.691 10° N.m rad™"
Rotor friction coefficient 27.36 N.m rad™'s™!
Generator friction coefficient 0.2 N.m rad 's™!

18

1757

Wind speed (m/s)
o

16.5 1

16 ‘ - :
0 100 200 300 400 500 600

Fig. 2. Time variations of wind speed
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the ISMC, which predicts a static excess of power that can
harm the generator.

The pitch angle S variation shown in Fig. 5 is similar for
both controllers. However, the ISMC-RBF deviations are
lesser than those of ISMC controller.

The comparison of electromagnetic torque perfor-
mance is given in Table 3. The result obtained by ISMC
controller shows important deviation for ISMC for which
the calculated STD value is 0.088kN.m, and only

64 . . . - .
—ISMC-RBF — — ISMC
62| 1
1
|
g 60 f | i I l ! 4
o Yoo I Il i 1 s I
=S TR I LT P T AR Y
[] ..l { If||l : ] I ‘| |Ill' I %Ie]"ll ‘"."l | ”l‘l; f L "
L 58 iy d it 1 ';il urh U : : l:““l h
wn HIM: l””%hl '£' J i \ | ' II h I T ll 1' ]'] :
§ = ‘I}"u ll""" '] | i/ N wll"
| i 1R R I
e % } Wl ‘ 0 i ] :
| | | 1| ] ! I ! |
i | 1 [ ! i
54 ' 1
52t 1
0 100 200 300 400 500 600
Time(s)
Fig. 3. Time variations of rotor speed
Table 2. Comparison of rotor speed performance
wy(rpm) ISMC ISMC_RBF
Min 53.1 534
Max 61.6 59.3
STD 1.31 1.02
610
——ISMC-RBF ——ISMC
S 605
:
3
2
o]
o
g
3
2 500
w
595 - + X X X
0 100 200 300 400 500 600

Time (s)

Fig. 4. Time variations of electrical power
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18.1

—ISMC-RBF  =-=-ISMC

17.9

17.8

17.7 ¢

——aris
T [

Pitch Angle (deg)

0 100 200 300 400 500 600
Time (s)

Fig. 5. Time variations of pitch angle

Table 3. Comparison of electromagnetic torque performance

T,m(kN.m) ISMC ISMC-RBF
Min 24.7 23.6
Max 31.3 29.5
STD 0.088 0.072

0.072kN.m for ISMC-RBF controller. These results indi-
cate that the proposed controller can better minimize the
mechanical loads than the ISMC controller. Combination
of RBF with SMC has proven to be effective in rejecting
disturbances and enhancing quality of control. These
theoretical results need however to be validated by per-
forming experimental tests. The hybrid controller can also
be considered to maximize energy extraction in the below
rate power regime.

4. CONCLUSION

The simulation carried out in this paper showed a better
performance of the hybrid controller that was proposed,
ISMC-RBEF, for high wind speed regime in the case of hor-
izontal wind turbines that are modeled by a two masses
oscillator. The obtained results have shown that RBF neural
network is a good estimator that facilitates the command of
this uncertain system. The ISMC-RBF adaptive hybrid
controller has shown acceptable performances in terms of
limiting and stabilizing electrical power and rotor speed
around their nominal values, while minimizing torque
fluctuations.
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