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Abstract: This paper proposes an adaptive fault tolerant control (FTC) design for a variable speed
wind turbine (WT) operating in the high wind speeds region. It aims at mitigating pitch actuator
faults and regulating the generator power to its rated value, thereby reducing the mechanical stress
in the high wind speeds region. The proposed FTC design implements a sliding mode control (SMC)
approach with an adaptation law that estimates the upper bounds of the uncertainties. System
stability and uniform boundedness of the outputs was proven using the Lyapunov stability theory.
The proposed approach was validated on a 5 MW three-blade wind turbine modeled using the
National Renewable Energy Laboratory’s (NREL) Fatigue, Aerodynamics, Structures and Turbulence
(FAST) wind turbine simulator. The controller’s performance was assessed in the presence of several
pitch actuator faults and turbulent wind conditions. Its performance was also compared to that of
a standard SMC approach. Mitigation of blade pitch actuator faults, generation of uniform power,
smoother pitching actions and reduced chattering compared to standard SMC approach are among
the main features of the proposed design.

Keywords: fault tolerant control; wind turbine; sliding mode control; adaptive gain; pitch actuator

1. Introduction

Wind energy is among the most promising and fastest growing sustainable energy
source. The global cumulative installed capacity of wind turbines is expected to reach
817 GW by the end of 2021 [1]. However, wind turbines’ inherent nonlinear dynamics
along with their operation in the presence of highly complex loads make their control a
challenging problem [2]. Additionally, the control objective and wind turbine operation
vary depending on the wind speed region. For wind speeds below the rated speed, wind
turbines are operated to maximize the captured power by regulating the generator load
torque. Whereas, in the high wind speed region, wind turbines (WTs) are operated to
maintain the generated power at its nominal value by controlling the pitch angle and
the generator torque. Designs such as proportional integral derivative (PID) control [3],
neural network based-PI control [4], optimal control [5], linear parameter varying (LPV)
control [6], gain scheduling [7], robust control [8], adaptive control [9] and fuzzy logic
control [10] have traditionally been considered to control wind turbines. However, these
solutions fail to operate satisfactorily and exhibit limited control action in the presence
of faults. Additionally, blade pitch actuator faults slow down the dynamic response of
the pitch angle and result in fluctuations in the output power and the generator’s speed.
Designing advanced controls that are capable of properly mitigating the effects of such
faults can lead to improved power quality and reduced maintenance cost and downtime,
especially for offshore wind turbines.

Energies 2021, 14, 1791. https:/ /doi.org/10.3390/en14061791

https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-4522-502X
https://orcid.org/0000-0002-5676-1875
https://orcid.org/0000-0002-2254-723X
https://doi.org/10.3390/en14061791
https://doi.org/10.3390/en14061791
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14061791
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14061791?type=check_update&version=2

Energies 2021, 14, 1791

20f13

Fault tolerant controls (FTCs) are control systems that are able to maintain satisfactory
performance under faulty conditions and prevent faults from evolving into failures that
might jeopardize system safety and reliability [11]. FTC approaches are generally classified
into active and passive schemes. Active FTCs require a fault detection and identification
(FDI) unit to explicitly detect and estimate the faults, whereas passive FICs rely solely
on the use of robust controls to ensure system insensitivity to certain faults without
such explicit detection. A number of FTC methods have been developed for the pitch
angle control of wind turbines. A model-based fault-tolerant pitch control approach was
proposed in [12] for an offshore wind turbine. An adaptive sliding mode estimation-based
fault tolerant wind turbine pitch control was proposed in [13]. An active FTC approach
consisting of an FDI and a control reconfiguration (CR) module was proposed in [14] for the
pitch and converter sub-systems of a 2MW wind turbine. The CR module was developed
based on the model-predictive control (MPC) approach, whereas the Faull Detection and
Diagnosis (FDD) module considered an input residual generator and an estimation filter to
properly detect fault information. An active fault tolerant control combining a fuzzy gain
scheduling-based proportional-integral (PI) control with a signal correction algorithm was
proposed in [15] to accommodate WT’s sensor faults. A fault detection approach consisting
of an observer combined with a residual signal generator was proposed in [16] for a wind
system in the microgrid. An adaptive output feedback approach implementing an output
feedback and a full-order compensator for fault and disturbance attenuation was proposed
in [17]. The controller parameters were adjusted using a linear matrix inequality (LMI)
technique. Though the approach was able to maintain the rotor speed and generated power
quality, its complexity and computational cost can hinder its practical implementation. A
passive FTC strategy was proposed in [18] to mitigate fault-induced saturations in a WT.
It is worth noting, however, that active FTC approaches are complex and computational
expensive, whereas passive approaches are conservative and can only accommodate faults
that were known a priori and considered at the design stage [19].

Sliding mode control (SMC) is one of the most effective control designs for nonlin-
ear uncertain systems [20]. The main objective of the design procedure is to enforce the
trajectories of the closed-loop system to belong to a prescribed manifold or sliding sur-
face constructed a priori to ensure the error asymptotically approaches zero in a sliding
mode [21]. Attributes such as limited variance to external disturbances, robustness to
parameter variations and ease of implementation with power electronics have led to wide
adoption in WT control [22]. A standard SMC approach was proposed in [23] to control the
blade pitch angle of a wind turbine. A robust sliding mode approach was prosed in [24] for
rotor speed regulation in the presence of uncertainties and disturbances. An SMC-based
approach with coefficients that have been computed via the particle swarm optimization
support vector machine method was proposed in [25]. The obtained results showed that,
in the presence of disturbances, the proposed design achieved better performance than
the model reference adaptive control (MRAC). However, no faults were considered at the
design stage. A sliding mode observer-based approach was proposed in [26] to achieve
multiple fault reconstruction for a wind turbine subject to simultaneous actuator and
sensor faults.

Among the shortcomings of standard SMC are its inability to guarantee the finite
time convergence of the systems states and the chattering phenomena. This latter can
result in lowering the accuracy of the control, mechanical wear and high heat losses [27].
Substituting the linear sliding variable in standard SMC for a nonlinear counterpart was
shown to yield finite time convergence [28,29], whereas integral terminal SMC approaches
were shown to mitigate the chattering problem [30]. An Integral Terminal Sliding Mode
(ITSMC) approach, with gains auto-tuned using a fuzzy system, was proposed in [31] for
DFIG-WT. Though it improved the wind turbine’s performance in the presence of faults
and disturbances, its implementation was computationally challenging. Chattering can
also be effectively and simply mitigated by reducing the magnitude of the discontinuous
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component. This can be done by incorporating an adaptation mechanism in the SMC
approach as shown in [32].

This paper designs and implements a robust adaptive fault tolerant control approach
to mitigate wind turbines’ pitch actuator faults. The main contributions of this paper are
as follows:

e An adaptive sliding mode control (ASMC) approach capable of mitigating pitch
actuator faults whilst ensuring system stability under faulty conditions,

e  An adaptation mechanism resulting in a sliding mode approach with reduced gain
compared to existing approaches [33] thereby minimizing the chattering problem,

e A fault tolerant control approach that does not require any explicit information from
the fault detection unit, hence resulting in a simple and easy to implement FTC design.

The remainder the paper is organized as follows. Section 2 outlines the WT’s operation
and model. Section 3 derives the control approach and provides its stability analysis based
on Lyapunov theory. Section 4 illustrates the performance of the proposed approach. A
comparison to another SMC approach is also carried out in this section. The conclusion is
finally given in Section 5.

2. Wind Turbines’ Operation and Modeling

To determine the required control strategy and ensure that the WT’s structural health
is maintained, the relationship between power and wind speed should be taken into con-
sideration. This relationship is typically illustrated using the ideal power curve depicted in
Figure 1. Here the cut-in and cut-out speeds are the operating limits of the WT. Maintaining
the turbine within this range ensures that the available energy is above the minimum
threshold and structural health is maintained.
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Figure 1. Ideal wind turbine (WT) power curve [34].

As shown in Figure 1, the ideal operation of wind turbines can be categorized in two
regions: partial and full load. In the partial-load region, the WT can produce an optimum
amount of power using a torque control, while in the full-load region the wind is operated
above its rated value. Thus, in this region, the power is kept constant and pitch control is
considered to alleviate the mechanical stress while generating the rated electrical power.

Figure 2 illustrates the structure of a WT deploying pitch and torque controls.
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Figure 2. Schematic of a WT with pitch and torque controls.

Since the focus of our design is on variable WTs operating in the high wind speeds
region, we briefly describe in what follows the dynamic model of the WT in the full-
load region.

2.1. WT's Aerodynamic Model
The power captured by the rotor can be described by [34-37]:

Pa(t) = Pu(t)Cp(A(t), B(t)) 1)

Neglecting the variations of the torque with respect to the rotor speed and linearizing
(1) using the first-order Taylor series yields:

() = Loy BB 5 o)

Wor Wor

where J(t) is the partial derivative of the power with respect to B(t) : aa%“

2.2. Drivetrain Model
The drivetrain can be modeled by [37]:

Ta(t) — NgTg(t) = Jeor(t) 3)

Maintaining the power constant, in the full-load region, yields the following genera-
tor torque:

Py
Te(t) = 4
0= N @
Linearizing (4) using the first-order Taylor series yields:
P, P,
To(t) = - —w 5
8( ) Ngwor Ngwgr r ( )
Substituting (2) and (5) into (3) yields:
. b t
) = 7o aor(t) + B ©

Jewsy Wor
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Using the torsion angle equation to represent the generator speed with respect to the
rotor speed, yields [37].

Oa(t) = wi(t) — awg(t) @)

Assuming the drivetrain to be in steady state i.e., OA(t) = 0 and neglecting initial
conditions, yields:

1
w(t) = ﬁgwg(t) 8
Substituting (8) into (6) yields:
. PONZ N2

2.3. Pitch Actuator Model

Each of the three pitch actuators of the pitch system can be modeled as a piston servo
system that can be modeled as a closed loop transfer function between the pitch angle
and its reference value B, [38], as follows:

B(t) +28wnp(t) + wWiB(t) = Wiy (1), (10)

where, ¢ is the damping factor and wy, is the natural frequency.

It is worth noting that, though all WT components may be subject to faults and
failures, the frequency of their occurrence as well as their severity differ. Based on the
study reported in the ReliaWind project [35], faulty pitch conditions are the leading cause
in WT faults and downtime. Those faults can range from pitch sensor faults being stuck
at a fixed value, to a scaling fault resulting from calibration errors in the position sensor,
to parameter changes in the hydraulic pitch system resulting from incipient faults caused
by high air content in the hydraulic cylinder or a sudden drop in the oil pressure [36]. If
not properly mitigated, pitch actuator faults slow down the dynamic response of the pitch
angle and lead to fault induced fluctuations in the generator speed, torque and output
power. Under severe conditions, they can lead to failures and WT downtimes.

3. Controller Design

To properly mitigate pitch actuator faults, this paper proposes an adaptive SMC-based
FTC design derived as follows.
Differentiating (9) twice and considering the error @y (t) = wq(t) — wyg yields:

@), NEP? NgPy? NPy . NZ
Wy () = ]3wgg“’g() P ogéﬁU ]zwgg‘sﬁ(t”]wog‘w’f) (11)

Substituting ﬁ( t) and ,B(t) by their expressions, yields:

N N§Py® NSP*  (1+Kp)waN2 NgPy  28wyNz| . KpNiwy
@ (1) = e wsO)+ | s = 0 S OB + | e = = | op(n) + ”]w Prer(t)  (12)
0g 0g 0, 0g 0 0g

It what follows, for the sake of simplicity, notational dependencies will be omitted on
wgl ﬁ/ wr/ ﬁref/ QA, 9A/ u/ S.
Defining the following sliding surface:

. m
where wer = Wy +0Wy' .
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Differentiating (13) and substituting chg 1 by its value yields:

. . m NEP3  aN%P2  yNZ2P, NiPy 2fw,N? aNZ2]| .
C_~(3), = - ~ ~5 | Nelo g0 TNgho 8§10 niNg g
S =Wy F+ AW+ YWe+ P1We+ Prowy = — 0B +
g 8 8 l/J ¢ %/ § |:]3ng ]zwgg ]wgg ¢ ]2w§g ](Uog ](Uog ﬁ
2
6p2 lﬁo )w2N2 4 21" (14)
NgP, 1+ K,)w;N, «N,P, YN
@+ Y™™ 4 TPy + | 280 — Santia -+ =510
4’1 8 1[’2 8 ﬁref ]3w§g ]wag ]ngg ]CUag ﬁ
Po
KpN2w? . e .
where I' = Toog - Assuming the power sensitivity 6 € R to be uncertain and

expressed as 6(t) = dp + da, where Jy is the power sensitivity around an operating point,

and J, is an unknown but bounded perturbation term such that: ‘;—ﬁ = 0p and substituting

this expression into (14), yields:

5 = Pows + P1@g + 2@y’ " + @o(60 + 6a)B + 1(0 + 6a)B + T(S0 +05)Bres  (15)

. T T - T
Definingp = [ o 1 ¢ ], ¢ = [ 90 qol],x:[wg Wy w;,”/”},ﬁz
1T
{ B '3} and substituting those expressions in (18) yields:
§=wlx+ (do+0a)9" B+ (30 +0a)rey (16)

The pitching control law is derived by first computing the equivalent control B,.f g,
which is obtained when s = 0 and J, = 0, and synthesizing the adaptive SMC according
to the steps below. The overall control is given by:

1
UASMC = Pref_eq T 5T (17)
h . . s . _ —9Tx—do"
where B,,¢ ., is the equivalent control pitch input as follows: B.f o5 = 5T
u is given by:
u= —ﬁ1|s|%sign(s) + / %pzsign(s) + ks (18)
—_—

u
i s

where 1,4, and u; are respectively the adaptive and switching terms of the adaptive SMC
control. p1 and p; are adaptive gains expressed as follows:

b = 11 (—L104 (01 —
{ P Vl(A 101(f1 AP1)+|5\) (19)
P2 = —miz01
where m1y, y1, {1 are positive constants.
The following assumptions are considered [32]:
5AIIJTX
o

_ T
Assumption 1. The function f(x) = % is norm bounded, with < 0'1|s|1/ 2

Assumption 2. The unknown term 6y = 1+ ‘;—’3 is norm bounded, with |6, — 1| < oyp.

. : 5
Assumption 3. The term é1r is norm bounded, with ‘511*‘ < )2—1’ fg 0241 < 07.

In what follows, we will prove that considering the control law (21) with the adaptive
law (22) will yield a closed-loop system with output signals that are uniformly bounded.
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Substituting (20) and (19) into (18) yields:

. —oaypTx oa
s = % (1 + % ) (20)
Substituting %;ﬂx by f(x), as per assumption 1, and considering §; = <1 + ?) . yields:
0
—_——
s = f(x)+ oqu. (21)
Substituting (21) into (24) yields:
s = f(x) —(51ﬁl|s|1/zsign(s) + 817 + d1ks (22)
For convenience, let us define:
T 1. T
v=1[w 2] =|lsl*sign(s) orr] 23)

The sign function can be approximated as follows: sign(s) ~ \/ﬁ [32] where € is

a very small value. Considering |y;| = |s|1/ 2, and substituting the sign function by its
approximation for y in (26) yields:

{ = 2|y1| { apryr +y2+ fyy‘l v y[* + €2 +f(x)} (24)

yp = bir — “2sign(s)

Assuming the function H = 617 to be bounded such that:

4]

’7—[‘ = ‘511*‘ < ‘ / 02dT < 03 (25)

where 03 is unknown, we can re-write (27) as follows:

{?1}:1[—5lﬁ1+5yﬂkm 1]+1{1 0 Hf(.x)] (26)

Y2 2|y1‘ 751@2 0 2|y1‘ 0 2|y1| H

According to assumption 3 and equation (28) f(x) and H can be expressed as follows:

( X)y1 27)

where G (x), and G, (x) are bounded functions such that 0 < G (x) < 01,0 < Ga(x) < 203.
(29) can be rewritten as follows:

Vl } _ L ap - Il +e-Gix) 1 |:]/1} 28)
Y2 2|y1| —(Slﬁz—Gz(X) 0 Y2

Aly)

Consider the following Lyapunov function:

V =y My + Zl o7 (29)
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2
mi + mi, mio

where p7 is the parameter adaptation error such that, M = [ , a positive-

ma1 Mz
definite matrix, with where mq; > 0, m1, = my1, and my = 1.
Computing the first derivative of (32) yields:
. -1 .
V=g AT M MAG) |y + iy (30)
Such that:
yQy" < AT(y)M +MA(y) (31)

where the matrix Q is positive-definite, provided the following inequalities are held [32]:

A

P2 = —Mmi2P1
~ > 2{71 (m11+m12)+m ( (73+1/2) . <m120’1 +2¢72+(m11+m%2)2 (32)
P1 2my1(1-0p) —6my1mip(1-0p)

Developing (33) yields:

. —1 ~ -1 ~ -1 ~

V= myT [AT(y)M + MA(y)}y +pprpy < myTQy TPy < 5 hnin(Q)1Y] Frmpi (@)
Since, Ayin (M)[[y]|* < y" My < Amax (M)][y| [, then:

1 .Amin(Q)yTMy /\mzn(Q) yTMy

— 34
Morl Awee(M) = iy (M) e
)‘mm (M
Considering A = e A’WV( M')”‘" (36 can be re-written as:
V <M y"My + pprp, (35)
Considering y§ = |s|, (22) can be expressed as follows:
b= (6o (61— p1) + ) (36)
Hence, (38) can be re-written as follows:
V < —A\yTMy — 13103 — i3 1oalys + pipn (f& + 11— y%) (37)
Substituting the adaptive law (22) into (40), yields:
V < —A\yTMy — 1685 + o v P + g (—apapr + 4p1) = —pilonl |’ — mpampr <0 (38)

Since y1, y2 — 0, then s, s — 0 thus confirming the uniform boundedness of all the
output signals and therefore the finite time stability of the system.

Remark: It is worth noting that in this work we have opted for a quadratic Lyapunov
function. However, one can also select a non-quadratic Lyapunov function, which was
shown in [39] to yield better performance.

4. Simulation Results

The proposed controller was validated using a comprehensive simulation study on
a 5 MW three-blade wind turbine modeled using the National Renewable Energy Labo-
ratory (NREL) wind turbine Fatigue, Aerodynamics, Structures and Turbulence (FAST)
simulator [40]. The wind inputs were generated using Turbsim software [41]. The experi-
ments were carried out for a wind profile with average speeds of 12 m/s and a turbulence
intensity of 6% as illustrated in Figure 3a. The WT’s parameters are provided in Table A1.
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Figure 3. Dynamics of the wind turbine system (proposed approach, approach in [33]): (a) Hub height wind speed profile;
(b) Generator speed; (c) Torque; (d) Generator power; (e) Pitch angle; (f) Adaptive gain.

The following three faults are considered in the performance assessment:

Fault 1:a gradual increase in the content of the actuator oil. The considered fault is modeled
as a gradual variation in the parameters of the pitch actuator 1. Consequently, the
parameters are varied from w, = 11.11rad/s and ¢ = 0.6 to w,,; = 10rad/s, g1 = 0.9.

Fault 2:a hydraulic pressure drop in actuator 2. This fault is modeled as an abrupt change of

the pitch system parameters from w;, = 11.11 rad/s and ¢ = 0.6 to wyy = % and
G =0.1.
Fault 3:a pitch sensor fixed value fault modeled by AB3 = 2°. where B3 represents the

measurement of the third pitch angle.

The considered actuator faults and the times at which they were introduced are
illustrated in Table 1.
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Table 1. Dynamic change resulting from the faulty pitch scenarios.

Fault No. Parameter Variation Time [s] Fault Type
1 slow change of wy,6— wy1,61 2200-2700 Air content increase in the oil
2 abrupt change of wy,d— w262 1500-1700 Pressure drop
3 AB3=2° 1600-2200 Pitch sensor 3 fixed value

A comparison analysis with a standard SMC approach [33] is also carried over to
further assess the performance of the proposed adaptive SMC. The dynamic responses of
both controllers are reported in Figure 3b—f.

The dynamics of the generator speed under faulty conditions are highlighted in
Figure 3b. As can be seen, the generator speed exhibits smooth dynamics in the presence
of the different pitch actuator faults and wind turbulences, when using the proposed
adaptive SMC. When considering the SMC approach, however, one can see the noticeable
fluctuations in the dynamics of the generator speed, especially upon fault occurrence and
clearance. The time histories of the torque are highlighted in Figure 3c for both controllers.
Here also we can notice the relatively smooth dynamics of the torque, when using the
adaptive SMC. Only few fluctuations are noticeable upon fault occurrence and clearance.
The generator power is depicted in Figure 3d. Note the ability of the adaptive SMC
approach to regulate the generator power to its rated value. Note also the relatively smooth
dynamics of the power despite the presence of various pitch actuator faults and wind
turbulences. Note, in contrast, that the SMC approach is not able to regulate the generator
power to its rated value. Note also the pronounced peaks and high power fluctuations
observed when faults are introduced and/or cleared using the SMC approach of [33].
Compared to this latter, the dynamics obtained by the proposed ASMC are smoother and
present smaller fluctuations during fault occurrence and clearance. Further, a pronounced
chattering phenomena can be observed when using the standard SMC.

The time histories of the adaptation gains are depicted in Figure 3e. Note the corre-
lation between the adaptation gain and fault occurrence and wind variations. The gain
increases to accommodate for the fault and quickly compensate for its effects. Note also
that the magnitude of the adaptation gain resulting from the proposed ASMC approach is
much lower than that obtained with the approach in [33]. This not only results in smoother
pitching actions but also prevents the heating of the power electronic components as a
result of the reduced chattering compared to a standard SMC.

The above results confirm the high effectiveness and robustness of the designed control
system. They also highlight the ability of the proposed adaptive SMC to successfully
accommodate for the fault effects on the dynamics of the WT. It also showed the superior
performance of the proposed adaptive SMC approach compared to a standard SMC design.

5. Conclusions

This paper proposed a fault-tolerant control design to mitigate pitch actuator faults
and regulate the generator power to its rated value for wind turbines operating in the high
wind speeds region. The design implemented a sliding mode control with an adaptation
law that estimates the upper bounds of the uncertainties. The stability of the closed loop
system and the uniform boundedness of the outputs was proven using the Lyapunov
stability theory. Implementation of the proposed design to a 5 MW variable speed WT
subject to various pitch actuator faults and turbulent wind conditions showed that the
proposed ASMC approach exhibited good dynamic performance, high efficiency and was
able to quickly compensate for faults and uncertainties, whilst ensuring system stability
and finite time convergence. Comparison analysis with a standard SMC approach showed
that the reliance on an adaptive gain in the SMC design resulted in smoother pitching
actions, smaller gains and reduced chattering compared to the standard SMC approach.
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Nomenclature

wy Rotor speed; Wor Rated rotor speed

wg Generator speed Wog Rated generator speed;

P, Generator power ) Power sensitivity

Vewew—in ~ Cut-in wind speed Viewr—o ~ Cut-out wind speed

Viv,ated Rated wind speed Bi Pitch angle of the i actuator

P, Aerodynamic power Ta Aerodynamic torque

Tq Generator torque; B Pitch angle

Cp Power coefficient; Oi Adaptive gains

oA Torsion angle; Ng Gear box ratio

J Drivetrain inertia; Wy Natural frequency

¢ Damping ratio; o) Upper bound of the perturbation

B Pitch angle state vector; Bref Pitch angle refernce

Tref Torque reference UASMC Adaptive SMC control

Uy Adaptive term Us Switching term

S Power sensitivity around an operating point;  da Power sensitivity perturbation
Appendix A

Table A1. Parameters of the 5 MW baseline wind turbine [42].

Parameter Value Parameter Value
Rated power 5 MW Rated wind speed 114 m/s
Rotor erentéhon’ Upwind, 3 blades Cut. mn, cut 3m/s,25m/s
configuration out wind speed
. Cutin,
Rotor, Hub diameter 126 m, 3 m rated rotor speed 6.9 rpm, 12.1 rpm
Hub height 90m Rated tip speed 80m/s
Rotor mass 110,000 kg Nacelle mass 240,000 kg
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