Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 October 2019 d0i:10.20944/preprints201910.0245.v1

1 Article

> Fault-Tolerant Neuro Adaptive Constrained Control
3 of Wind Turbines for Power Regulation with

4 Uncertain Wind Speed Variation

5 Hamed Habibi!, Hamed Rahimi Nohooji? Ian Howard?’, and Silvio Simani?

6 ! Faculty of Science and Engineering, School of Civil and Mechanical Engineering, Curtin University, Perth,
7 Australia; hamed.habibi@postgrad.curtin.edu.au and i.howard@curtin.edu.au

8 2 Center for Research in Mechatronics; Institute of Mechanics, Materials, and Civil Engineering; Université

9 catholique de Louvain, Belgium; hamed.rahimi@uclouvain.be
10 3 Department of Engineering, University of Ferrara, Ferrara, Italy; smnslv@unife.it
11 * Correspondence: Silvio Simani smnslv@unife.it
12
13 Abstract: This paper presents a novel adaptive fault-tolerant neural-based control design for wind
14 turbines with unknown dynamic and unknown wind speed. By utilizing the barrier Lyapunov
15 function in the analysis of the Lyapunov direct method, the constrained behavior of the system is
16 provided in which the rotor speed, its variation and generated power remain in the desired bounds.
17 In addition, input saturation is also considered in terms of smooth pitch actuator bounding.
18 Furthermore, by utilizing a Nussbaum-type function in designing the control algorithm, the
19 unpredictable wind speed variation is captured without requiring accurate wind speed
20 measurement, observation or estimation. Moreover, with the proposed adaptive analytic algorithms,
21 together with the use of radial basis function neural networks, a robust adaptive and fault-tolerant
22 control scheme is developed without the need for precise information about the wind turbine model
23 nor the pitch actuator faults. Additionally, the computational cost of the resultant control law is
24 reduced by utilizing a dynamic surface control technique. The effectiveness of the developed design
25 is verified using theoretical analysis tools and illustrated by numerical simulations on a high-fidelity
26 wind turbine benchmark model with different fault scenarios. Comparison of the achieved results
27 to the ones that can be obtained via an available industrial controller shows the advantages of the

28 proposed scheme.

29 Keywords: Adaptive Constrained Control; Barrier Lyapunov Function; Fault-Tolerant Control;
30 Nussbaum-type Function; Pitch Actuator; Power Regulation; Robustness Evaluation
31

32  1.Introduction

33 The key factor for the enhancement of the efficiency for a wind turbine is how to develop the
34 control structure. Specifically, the pitch control design is a vital step in variable pitch wind turbines
35  working in high wind speed, i.e., so-called full load region, to avoid hazardous operation as well as
36  to avoid conservative power generation, i.e., less than nominal power [1]. This objective is often
37  known as power regulation for nominal power generation [2]. Accordingly, control design of wind
38  turbines in power regulation has gained significant importance during the last decades [3]. Several
39  industrial controllers for power regulation use the PID-type control, as the linear controller [4,5].
40  However, as wind turbines are complex nonlinear dynamic processes, linear controllers may not
41 accurately render the expected performance [6]. Consequently, in the last decade, modern and
42 advanced controller schemes have been adopted to regulate power generation accurately, e.g., linear
43  parameter varying control [7], gain scheduling [8], adaptive nonlinear control [9], optimal control
44 [10], evolutionary algorithms [11], robust control [12] and fuzzy logic systems [13]. A detailed review
45  of power regulation controllers, designed for wind turbines can be found in [14].
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46 Wind turbine operation in the presence of high wind speed variation may lead to pitch actuator
47  faults, which in turn leads to poor power regulation and catastrophic operation [4,15]. These faults
48  can be considered as pitch actuator bias, effectiveness loss and dynamic change [2]. Also, the debris
49  build-up and blade erosion change the aerodynamic characteristics of the blades [16]. The presence
50  of faults can increase the need for maintenance operations and downtimes, which may lead to
51  decrease of the power generation and to increase the cost, particularly for offshore wind farms,
52 installed in remote places sometimes difficult to reach [17,18]. Thus, it is desirable to integrate the
53 fault tolerance capability into the pitch actuator controller to attenuate the fault effects and keep the
54  performance at the desired level, especially for large rotor and offshore deployments [7]. Therefore,
55  in the development of the wind turbine control structure, the fault-tolerant pitch controller design
56  has been considered, and different approaches have been proposed, such as fuzzy control [19],
57  adaptive sliding mode control [4], and robust linear parameter varying control [16].

58 In reality, the wind turbine’s aerodynamic torque is a nonlinear function of wind speed [20]. On
59  the other hand, the pitch angle variation adjusts the speed via regulating the aerodynamic torque.
60  However, the wind speed is a highly stochastic variable. Accordingly, it can be stated that the control
61  function, from pitch angle to aerodynamic torque, is not completely known. This leads to the
62  unknown control direction problem. Therefore, considering uncertain wind speed variation in the
63  pitch angle control design of wind turbines is a significant challenge [2,21]. In [22] a nonstandard
64  extended Kalman filter is developed to estimate the wind speed for maximum power extraction of
65  variable speed wind turbines. In [23] a comparative study of using soft computing methodologies for
66  estimation of wind speed was presented. A review of the effective wind speed estimation-based
67  control of wind turbines can be found in [24]. Even though numerous methodologies have addressed
68  wind speed estimation of wind turbines, the presented structures are still found to be very
69  complicated and ineffective in practice.

70 On the other hand, in the full load region, if the wind turbine speed increases and violates the
71  predefined limits, the mechanical brakes, located on the rotor, are engaged [15]. This leads to
72 generated power reduction considerably lower than the nominal one. Also, the rotor over speeding
73 inwind turbine operation may lead to a hazardous situation. Thus, to have the safe operation of wind
74 turbines, the rotor speed and its variation are desired to be constrained within the safe-to-operate
75  bounds. By that means, the variation of generated power around nominal power can be constrained
76 at some predefined bounds. These bounds are designed within which the engagement of the
77  mechanical brake is avoided. However, there are very limited works available in the literature that
78  considers the constrained power generation. To fill up the above-mentioned gap in the past literature,
79  the authors recently developed a new strategy for constrained power generation [5], which can be
80  viewed as an extension of the direct Lyapunov method to constrained systems. The core of this
81  method consists of developing a Barrier Lyapunov Function (BLF) to constrain the generator speed
82  and the generated power. An essential advantage of the BLF is that it guarantees that the
83  corresponding arguments are constrained [25]. The algorithm proposed by the authors in [5] uses the
84  logarithm-type BLF for nonlinear wind turbines to constrain the generator speed and thus to generate
85  the constrained power. However, in the authors' study, constrained performance was not guaranteed
86  in the presence of faults. Also, the uncertain wind speed variation was not considered in designing
87  the previous constrained control scheme.

88 Motivated by the aforementioned considerations the primary objective of this paper is to design
89  the pitch actuator control of wind turbines under uncertain wind speed variation to constrain the
90  rotor speed and the generated power within the safe-to-operate bounds. These bounds are defined
91  inorder to avoid the engagement of the mechanical brake. In this manner, the over speeding as well
92 as the conservative power generation problems are resolved. The main idea consists of developing
93  the BLF-based control to provide constrained behavior and further utilizing a Nussbaum-type
94 function to cope with the unknown wind speed variation. The former is utilized to keep the generated
95  power within the given desirable constraints, provided by the designer, and the latter is exploited to
96  regulate the power without requiring the accurate wind speed measurement, observation or
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97  estimation. The controller is further developed to tolerate the pitch actuator faults, for nonlinear wind

98  turbine models. This considerably increases the reliability and efficiency as well. Thanks to the

99  Dynamic Surface Control (DSC) technique, the computational complexity of the control scheme is
100 reduced by avoiding the repetitive differentiation of virtual control in the controller structure. In
101  addition, the pitch actuator effort is smoothly bounded to avoid pitch actuator saturation. The second
102 objective of the paper is to design a fault identification scheme to investigate the estimated fault signal,
103 and then accurately generate fault information, which consists of fault detection, isolation and
104  type/size estimation. The fault identification task may be employed for example for planning effective
105  and timely maintenance of the offshore deployments, thus reducing downtimes of the plants and the
106  cost. Also, the availability is enhanced. In addition, to estimate the uncertain aerodynamic torque, a
107  Radial Basis Function (RBF) neural network is used, whose weights are automatically tuned without
108  requiring any early training scheme. Finally, the numerical simulation is conducted to evaluate the
109  proposed controller performance. Also, a comparison between the proposed controller and the
110 available industrial PID controller is made considering the numerical control criteria which are used
111 to quantify the performance of both controllers. Accordingly, the contribution of this paper can be
112 summarized as follows.

113 1. With the adoption of BLF-based constrained control, the rotor speed and its variation are

114 constrained, and consequently, the variation of generated power around the nominal power will
115 not violate the predefined constraint. This guarantees the safe, desirable nominal power
116 generation, and less mechanical brake engagement.

117 2. The Nussbaum-type function is adopted to handle the unknown control direction problem,
118 which is stemming from uncertain wind speed and consequent uncertain aerodynamic torque
119 variation. Accordingly, the need for accurate wind speed measurement is avoided.

120 3. The pitch actuator faults effects, including effectiveness loss, pitch angle bias, hydraulic leak,

121 high air content in the oil, and pump wear, are compensated automatically via adaptive fault-
122 tolerant controller design. Also, the effect of blade aerodynamic characteristic changes, due to
123 debris build-up and erosion, is considered and mitigated. The fault information, including fault
124 type, size and time, is estimated, which can be used for maintenance operations.

125 4.  Smooth pitch actuator saturation is designed to avoid harsh and fast pitch actuator saturation

126 phenomenon which may increase the structural load on the wind turbine and performance
127 degradation. Also, a neural network estimator is adaptively augmented in the proposed
128 controller, to obtain the uncertain aerodynamic torque.

129 5. The control design is fulfilled in the backstepping framework, utilizing the virtual control

130 concept. In this regard, the repeated differentiation of virtual control is required, which increases
131 the complexity of the designed controller order. DSC technique is used to eliminate this problem
132 by introducing a first-order filter [25].

133 The rest of this paper is organized as follows. In Section 2, the wind turbine model is summarized.

134 In Section 3 pitch actuator saturation and faults are introduced. In Section 4, the desired operational
135  mode and objectives are introduced. Accordingly, the proposed controller is designed in Section 5,
136  and the fault identification scheme is described in Section 6. The numerical evaluation of the
137  proposed controller is addressed in Section 7 and the results are discussed. Finally, concluding

138  remarks and open problems are given in Section 8.

139 2. Nominal Wind Turbine Model
140 The wind kinetic energy is captured by the blades and transferred into the rotor, rotating at w,..

141  The effective wind speed ¥, causes an induced aerodynamic torque T, and thrust, F;, modelled as

142 125,
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Ta =3 PTR*V2Co(B, D), Fy =5 prR*V2Co(B,A), M)
143 respectively, where, p is air density and R is blade length. Also, C; and C, are torque and thrust
144 coefficients. These coefficients are functions of blade pitch angle, 8, and tip speed ratio, 4, defined
145 as A = Rw,/V; [2]. Considering the long elastic tower, T, causes a fore-aft oscillation of the nacelle,
146  i.e.abending oscillation of the tower. This motion is modelled as [7],
M X, = Fy — Bexy — Kexy, )

147  where, B;, K, and M, represent damping ratio, and the elasticity coefficient of the tower and
148  nacelle mass, respectively. Also, the nacelle displacement from its equilibrium position is represented
149 by x,. The effective wind speed at the rotor plane is then obtained as V, =V, — x,, where Vj, is the
150  free wind speed, which itself is the wind speed before encountering the blades [9]. The captured

151  aerodynamic power by the wind turbine is then written as,

1

Py =EP7TR2V1‘3Cp(.8:A)/ 3)

152 where, C, represents the power coefficient. Also, considering P, = T,w,, the relation between
153 power and torque coefficients, is as, C, = C;A. The empirical equations of C, is stated as [26],
Co(B,2) = C1(C2/ A — C3B — C1)eTS/M) + Ca, 4)

154 where, 1/4; =1/(1+0.088) —0.035/(B*+ 1), ¢, =0.5176, C, =116, C3=04, C, =5, C; =21
155  and C, = 0.0068. Also, C, can be approximated as [27],

Cr(B,2) = 0.5C; (1 + sign(C})), )

Cr =A, + A,(A — AzB)e 4P + AgA2e=46F + A, 13e 48P,
156  where, 4, = 0.006, A, = 0.095, A; = —4.15, A, = 2.75, As = 0.001, A, = 7.8, A, = —0.00016 and
157  Ag = —8.88. The drive train is used to increase the rotor speed w, and transfer the kinetic energy into
158  the generator shaft, rotating at w,. The drive train is modelled as a two-mass system. The rotor and
159  generator shafts have inertia of J, and J,, respectively. The elastic gear meshing is considered, with
160  inclusion of the torsion stiffness K;; and the torsion damping, By,. This elastic gear meshing leads
161 to a torsional angle of twist 6,, defined as,
0,=6,— e—g. (6)

Ny

162 where, 6, and 6, are the rotation angle of the rotor and generator shafts, respectively. Also, the
163 viscous friction at the bearings of the rotor and generator shafts are modelled with coefficients B,
164 and By, respectively. The drive train efficiency is 74¢. So, the drive train is modelled as [15],

Jr@y =Tq — Kgi0p — (Br + Bag)w, + Byrwy /Ng,

]g(bg = 7'hilthdteA/Ng + ndthtwr/Ng - (Bg + ndtht/Ngz)wg - Tg/ )

165  The generator speed, rotor speed and their time derivatives sensors are modelled as, wys = wy + Vg
166  w,s=w, +v, and @,; = @, + v, , where Vagy Vo, and v, _ are noise contents [2].

167  The generator shaft kinetic energy is converted into electrical energy in the generator. Also, a
168  converter is located between the generator and the electrical grid to adjust the generated power
169  frequency [7]. The generator internal electronic controller is much faster than the mechanical dynamic

170 Dbehavior of wind turbines. So, it is assumed that the generator torque T, is adjusted at the generator
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171  reference torque fast enough to ignore the generator dynamic response. Also, the generated electrical
172 power P, is approximated as a static function given by [7],
Fg =ngwyTy, ®)

173 where, 1, is the generator efficiency.
174  The hydraulic pitch actuator rotates the blades to regulate B at the desired one, f,, tuned by the
175  pitch controller. The pitch actuator is modelled as [4],

B =—wpB = 20,8f + wp* By ©)
176  where, w, and ¢ are the natural frequency and the damping ratio of the pitch actuator, respectively.
177  The pitch actuator operational ranges are limited as Snin < B < Bmax Bmin < B < Bmax- Note that in
178  this paper, (*)max and (*)min stand for the maximum and minimum allowable value of the variable
179 (o), respectively. The pitch angle and its time derivative sensors are modelled as B; = B + vg, fs =
180 B+ vy and Bs=F+ v, where vg, v; and vj are the noise contents [15]. The numeric values of the

181  wind turbine benchmark model parameters are given in Table 1 [7,15].

182 Table 1. Wind turbine benchmark model parameters.
Pa R ]g ]r Kdt
1.225 kg/m® 575 m 390 kgm? 55 Mkgm? 2.7 GNm/rad
Ba; By B, Ng Nat

3.034Nm/(rad/

945 kNm/(rad/s) 27.8 kNm/(rad/s) 95 0.97

s)
M, B, K, Ng Wy
484 ton 66.7 N/(m/s) 2.55 MN/m 0.92 11.11 rad/s
f Bmin Bmax ﬁmin ﬁmax
0.6 -10°/s 10°/s -2° 30°
Pon Ton Wg,N WrN Full load region
4.8 MW 32.107 kNm 162.5 rad/s 1.71 rad/s 123 m/s — 25m/s
vwr ng V[g
0.025 rad/s 0.0158 rad/s 0.2°

183 3. Pitch Actuator Saturation, Faults and Blade Aerodynamic Characteristics Change

184 In reality, the achievable pitch angle range is bounded. Hence, the practical operational range of
185  the pitch actuator is limited. So, the high wind speed variation and the consequent high pitch angle
186  variation may lead to the pitch actuator saturation, which consequently causes violation of the
187  constrained power regulation. So, the pitch angle saturation phenomenon should be considered in
188  the pitch angle controller design, to avoid any abrupt and long-lasting saturation, and smoothly pass
189  any possible saturation period of the pitch actuator. For the given wind turbine model the pitch
190  actuator saturation H(B,) can be considered as,

Bmax) Pu > Bmax

H(By) = 1Buw Brmin < Bu < Bmax, (10)

Bumins Bu < Bmin
191  where, Bpax = 30° and B, = —2° asin Table 1. H(B,) is illustrated in Figure 1. So, this actuation
192 saturation function is integrated into the pitch actuator mechanism (9) as,

B = —w,28 — 20,88 + w0, 2H(B,). (1)

193 Obviously, this saturation function of the pitch angle is non-smooth with sharp saturation
194 behaviour, which may cause pitch actuator failure [28]. So, it is desirable to approximate this
195  saturation behavior by a smooth function and to pass from each saturation period fluently. In this

196  regard, the following smooth saturation function is proposed as,
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-10 0 10 20 30 40 50
197 Bu
198 Figure 1. Pitch actuator saturation H(,) (blue line) and its smooth estimation S(f,) (red line).
oP—oP~1
_ e 12
s =22 (12)

199 where, ¢ =2, 6 =30, P=exp(e +np,), €=05In (g/é), and 7 is a positive constant to be

200  selected. S(B,) isalwaysin (—g, é) forall B, € R. S(B,) isillustrated in Figure 1, for n = 0.1. Then,

201  H(B,) canbe expressed as,

H(Byw) = S(Bu) + D(B), (13)
202 where D(B,) is the difference between S(B,) and H(B,). The bounded property of the function
203  S(B.) and saturation function H(B,), yields the function D(B,) to be bounded as, |D(B,)| < D,,
204  where D, is a positive and unknown constant. For ease of pitch actuator controller design, the mean

205  value theorem is employed on function S(B,) to get,
as
SBu) = SBo) + 54~ . (Bu = Bo), (14)
206  where, B, = mB, + (1 —m)B, and m € (0, 1). By choosing B, = 0 and using the fact that S(0) = 0,
207  (14) becomes,

SBu) = ;71 , Bu = S, Pus (15)

208  where, S5, =2n(g+0)/(P+ p—1)2|ﬁm, Sg, € (0.2,1.65) for B, € (—0,@). Then, S, is a positive

209  variable. Now, considering (11), (13) and (15), the pitch actuator dynamic behavior with smooth

210  saturation function can be written as,
f = =0, = 20,8 + w,? (Sp,Bu + D(BL))- (16)

211 Wind turbine operation in harsh offshore sites may lead to pitch actuator dynamic change, bias,
212 and effectiveness loss. The dynamic change is because of the pressure drop due to hydraulic oil
213 leakage, high air content in the oil, and pump wear. These dynamic change cases cause slow pitch
214 actuator response [7]. Consequently, power regulation in full load operation is not satisfactorily
215  achieved. The dynamic change is considered as the change of natural frequency and damping ratio
216  in the pitch actuator in (16). The characteristics of these changes are summarized in Table 2 [4,7],
217  where N, HL, PW, and HAC represent normal, hydraulic leaks, pump wear, and high air content
218  situations, respectively. Also, w, x and &y are natural frequency and damping ratio, respectively, in
219  thesituation X. Also, ay, and ay, are faultindicators.

220

221
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222 Table 2. Pitch actuator dynamic change [4].
Natural Frequency (rad/s) and Damping Ratio Fault Indicator
Normal wpy = 1111, &y = 0.6 ap, =ap, =0
Pump Wear wnpw = 7.27, Epy = 0.75 ap, =0.6316, ay, = 0.29688

Hydraulic Leak Wnp, = 3.42, &g, =09 ar, =1,az, = 0.87853

High Air Content Wnpac = 5.73, &gac = 0.45 ap =0.81083, ar, =1
223 The dynamic change case effects are illustrated in Figure 2, where the initial pitch angle is set to

224 5" and B, =0". It is obvious that the response for all dynamic change cases are slower than the

225 normal one.

— _ Desired Pitch angle
Effect of Hydraulic Leak
Effect of Pump Wear

Fault Free Pitch Actuator Response
Effect of High Air Content

o
10 4
ol ____ —
-1 L 4
2 L L L L I I L L L
0 0.2 0.4 0.6 0.8 1 12 14 1.6 1.8 2
226 Time (s)
227 Figure 2. Dynamic change effects on pitch actuator response.
228 The dynamic change is modelled as an uncertainty which should be attenuated by the pitch

229  angle controller. The dynamic changes are modelled as a convex function of normal natural frequency
230  and normal damping ratio [18]. So, the pitch actuator (16) is rewritten including the dynamic change

231 effect, i.e. added as an uncertainty in the model, as,

ﬁ = _wn,Nzﬁ - an,NfNB + wn,NZ (Sﬁuﬁu + D(ﬁu)) + AfPAD/ (17)

232 where, Afpup = —aflA(anz)ﬁ’ - ZafZA(anf)[;’ + aflA(anz)ﬁu . AB = Wpp? —wpy?  and
233 A(ﬁnf) = WnuacSuac — OnNSN-

234 The pitch actuator output can be corrupted by an unanticipated fault, modelled as an additive
235  bias and/or effectiveness loss. These faults deviate the pitch angle from the desired one [16]. These
236  faults are modelled as,

Bu(®) = p()Brer (t) + P(2), (18)
237 where, ®(t) represents the unknown pitch actuator bias [29]. Also, p(t) is the unknown
238 effectiveness of the actuator, whichis 0 < p(t) < 1, where p(t) = 1 indicates full effectiveness of the
239 pitch actuator and p(t) = 0 is total actuator loss [13,29]. By (t) is the reference pitch angle, which
240  isdesigned by the pitch controller. It is obvious that in the case of full pitch actuator effectiveness and
241 no pitch bias, B,(t) = Brer(t). The pitch actuator dynamic behaviour, (17), associated with pitch
242 actuator bias and effectiveness loss, can be rewritten as,
B = —wnn?B = 20nnEnB + Wnn?(Sp 0 (O Bres + Sp, P(t) + D(B) ) + Afpap- 19)
243 The wind turbine operation in the presence of rain, snow and dirt, leads to blade erosion or
244 debris build-up, which in turn, leads to the blade aerodynamic efficiency reduction. Consequently,
245  the captured aerodynamic power is decreased. On the other hand, the power regulation is not
246  satisfactorily achieved due to the changed blade aerodynamic profile. The debris build-up effect is
247  modelled as an aerodynamic change AT,| ac,, due to a change in power coefficient as Cp = C, + AC,,.
248  So, itis very important to foresee this potential change in the controller design. It is worth noting that

249  debris build-up is challenging to detect, as it is hard to identify if the reason for the reduced power is
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250  the blade’s debris or simply that the wind speed has decreased. As debris build-up occurs slowly,
251  this change is mostly assumed to lie within the annual maintenance/inspection, in which the blades
252 are cleaned/replaced. So, this paper aims to design the pitch controller that is insensitive to debris

253 build-up that guarantees graceful degradation up to the next planned maintenance of the blades.

254 4. Desired Operational Mode and Control Objectives

255 As mentioned earlier in Section 1, in the full load region it is desirable to keep P, at the nominal
256  value Py, to avoid over speeding and consequent brake engagement. To this aim, by taking (8) into
257  account, (i) Ty is to be kept at the nominal value T, y, and (ii) w, is to be kept at the nominal value
258  w,y to have nominal power generation as, Py = 1,Tyw; = 1Ty ywgn = Pyy [7]. Considering the
259  fastresponse of the electrical generator, the objective (i) is achieved via tuning the generator reference
260  torque at Ty, which leads T, to be set to Ty, quickly. The objective (ii) is achieved by adjusting /3
261  of the pitch actuator. This leads to tuning the aerodynamic torque, and consequently, the rotor speed
262  and the generator speed [4]. The wind speed is a highly stochastic variable. So, the accurate nominal
263 power generation is very challenging, and in the case of improper controller design, it may lead to
264  over speeding and braking. So, it is very beneficial to guarantee that the generated power and speed
265  do not violate the given constraint, within which the mechanical brake is not engaged. It should be
266  noted that for power control purpose, the generator torque controller is not active. So, the faults in
267  the generator are not considered in this paper and it is assumed that generator faults have already
268  been accommodated using the generator controller [4].
269 The controller is designed to adjust the reference pitch angle B,.; and keep the rotor speed as
270  close as possible to the nominal one, i.e. w, y, never violating the given constraint, in the presence of
271  wind speed variation, disturbance, and pitch actuator faults and saturation. The primary objective of
272 this paper consists of satisfying the above-mentioned requirements.
273 By considering structurally-safe operation of the wind turbine, it is desirable to keep the drive
274  train torsion angle variation 6, as small as possible, which in turn leads to the drive train stress
275 reduction. Accordingly, 6, = 0 leads to Nyw, = wgy [17]. So, it is beneficial to keep the ratio between
276  the rotor and generator speeds at the drive train ratio [14]. As the generator speed has to follow the
277  signal w,y, then the rotor speed is kept at w, y = wy y/N, [6]. Moreover, the condition 6§, = 0 with
278 zero initial drive train torsion angle, leads to 8, = 0, i.e., the reduced drive train stress trajectory [6].
279  Accordingly, considering (7), the desirable operational mode of the wind turbine with reduced drive
280  train stress is given by [6,14],

Wy = @0y + a4 + a3T,, wg = byw, + bywg + bs3Ty, (20)
281 where, a; = —(Bac + B;)/]y, az = Bat/NgJy, as =1/]y, by = nacBac/Nglg, by = (—Udtht/Ngz - g)/
282 4, b3 = —1/],. Consequently, (20) can be rewritten as,

@y =, + g + 3Ty + ¢, Ty + asTy, (21)

283  where, ¢ = a;®+ayby, ¢; =a,a, +azb,, c3 =ajasz, ¢, = ab;. Considering (1) and (21), it is
284  obvious that the rotor speed is controlled by regulating the pitch angle and the consequent
285  aerodynamic torque. In this paper, it is assumed that at any operational point of the wind turbine, T,
286  isnot a singular function. Also, for any pair of (}},w,), there isa given pitch angle, i.e. B*, leading
287 to the nominal power generation [9]. So, in the presence of wind speed variations, §* will be set to

288  the value that satisfies the control objective. For the considered benchmark model, the B* diagram is
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289  illustrated in Figure 3 [7]. Note that, as the wind speed is considered an uncertain disturbance, then

290 B* is an unknown variable.

14 16 18 20 2 24

291 Wind Speed (m/s)
292 Figure 3. Diagram of §*.
293 It is obvious that the rotor dynamic behavior (21) is a non-affine function of pitch angle [9]. The

294  linearization is one obvious solution. However, it would lead to high inaccuracy. So, the paper solved
295  this problem by using the mean value theorem in this paper. As stated earlier, T, is not a singular
296  function for any triple pair (¥, w,, ) in the operational range of the wind turbine. So, according to
297  the mean value theorem, for any given pair of (V,, w,), there exists E € (0,1) such that [9],

T, 0, B) = T,(V,, 0, B) + (B —B7)

AT,

B (22)

Vrorfi)
298  where, B, =EB+ (1 —E)B*. Using T, in (1) and C, (4), for the considered wind turbine model,
299  whose parameter value are given in Table 1, the diagram of dT,/df in the full load region is shown
300  inFigure 4.

§ -03
2
% -0.4
£ 05
)
-0.6
301 Wind Speed (m/s)
302 Figure 4. 0T, /0f diagram in full load operation.

303 Remark 1. In Figure 4, it is evident that —L < T, /0f < —U < 0, with 0 < U < L. This means that, as the
304  wind speed increases, by increasing pitch angle, the aerodynamic torque decreases.

305 Taking the time derivative of (22), yields to:
. -0 a .
TaCVis @p, B) = ATolac, + B35 = Malac, + BTa)g, (23)

306  where, ATylac, = dT,(V, wp, f7)/dt + (B — ) (0T, /0B)/dt|w, w50 — (@B /)T /OB | v,y 510
307 and 0T,/0B =T,)s. ATlac, is due to AC,, which is the result of the changes in the blade

308  aerodynamic characteristics. The debris build-up and erosion occur slower than the mean time to the

309 maintenance of the blades. So, all terms which are contributing to ATaIACp are assumed to be

310  bounded, then AT,| ac, is bounded as,

AT, |ac | < k;, where k; is an unknown positive constant.
14

311  Also, it should be noted that as the wind speed is not accurately measurable, so, T,); in (23) is an
312 unknown variable. Substituting (23) into (21) leads to,

(:(')-r- = Clw‘l" + Czwg + C3Ta + C4Tg + a3 (ATalACp + BTG),B)' (24)

313 Now, by considering (19), the rotor dynamic behavior (24) can be rewritten as:
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T, BT, s T, DT,
By = oy + Cywy + 5Ty + €4T, — azonNBTa)p  a3BTa)p | @3Sp, Wn NPT Bref I azwn,NDTa)p
g g 28N 2wn,NEN 28N 28N 25
asTa)g (Afpap (25)
a3ATa|ACp + W m+SBuwn’N¢ .

314  This expression describes the wind turbine rotor dynamic behaviour in the desired operational mode,
315  which takes into account possible pitch actuator dynamic changes. Also, smooth pitch angle
316  saturation is included.

317 5. Constrained Fault-Tolerant Controller Design and Stability Analysis

318 In this section, the constrained fault-tolerant pitch controller is designed to guarantee that the
319  generated power is kept within given constraints, in the presence of wind speed variation,
320  disturbance, faults and saturation. The robust stability of the wind turbine closed-loop system with
321  the proposed controller is proved. First, some technical preliminaries are provided, which will be

322 used for the controller design.

323 5.1. Technical Preliminaries

324 The wind speed is uncertain as the wind speed is measured with an anemometer, usually placed
325  at the back of the nacelle. Therefore, its measurement is affected by the turbulence generated by the
326  rotor. So, the wind speed is considered as an uncertain disturbance. Accordingly, the aerodynamic
327  torque T, is not accurately available. On the other hand, T, is contributing in the rotor dynamic
328  response (25). So, T, should be estimated to be used in the proposed controller structure. In this
329  paper, an RBF neural network is designed to estimate aerodynamic torque. To this end, T, is
330  approximated as:
T,(Z) = 60" h(Z) +¢, (26)

331  where, 0" is the optimal weight vector, h(Z) = [hy(Z), hy(Z), ..., hs(Z)]" € R® is the known basis
332 functions vector, s > 1 is the number of neural network nodes, Z = [T, wg, B]” € Oz, € € R is the

333  approximation error, and h;(Z) is selected as a Gaussian function given by [9]:

-(Z-9)T(Z-9y)
hi(Z) = exp (T) 27)
334 where, 9; = [Ji1,, 0i0, Uip]" isthe i centre vector of the inputs, for i = 1,...,s. @, = [@1,...,¢s]"
335  isthe width vector of the Gaussian functions. T, yy is the approximation of T, provided by the RBF,

336  described as:
Tonn(Z) = 0"h(Z), (28)

337  The optimal weight vector, i.e. 8" is defined as 6* = arg (r)ré]iRr}[sup |To(Z) = T, yn(2)]]. 1t should be
ZeQy

338  noted that ¢ is bounded as, |¢| < &, with unknown bound & > 0.

339 Now, the following definitions and lemmas are given, which will be used in the proposed
340  controller design.

341 As T,)g, is an unknown variable, contributing to the gain of B,.; in (25), this leads to the
342 unknown control direction problem. To tackle this issue in the controller design, the Nussbaum-type
343  function is utilized, which is defined as follows.

344  Definition 1 [16]. A Nussbaum-type function N(&(t)) is a smooth continuous even function, such that it
345 satisfies lim sup%forN(E)d§ = +o0 and lim inf%forN(E)df = —oc0,
T—00 r—o

346 The BLF function is defined as follows, which is used in the constrained control construction.
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347  Definition 2 [30]. If the scalar function V(x) is positive definite continuous with respect to the solution of
348  thesystem x = f(x) on an open region D, then V(x) is a BLF with continuous first order partial derivatives
349 within all D. As x approaches to the boundary of the region D, then V(x) approaches to infinity. Finally,
350  V(x) satisfies V(x) < w, YVt = 0 along the solution of % = f(x) for x(0) € D, and some positive constant
351 w.

352 The following definition is given for boundedness of the closed-loop system.

353  Definition 3 [30]. The solution of a system x(t) is Uniformly Ultimately Bounded (UUB) if, there exists a
354 number T(K,x(t,)), and a K > 0 such that for any compact set S and all x(to) € S, ||x()|l < K, for all
355 t=ty+T.

356  Lemma1[31]. Let’s assume that V(t) > 0 and &(t) are smooth functions for any t € [0 t;). Also, N(&(t))
357  is a Nussbaum-type function. Then, if V(t) < ¢y + exp(—cyt) fot(g(r)N(E(T)) + 1) €e“™dt holds true,
358 where ¢y and ¢, are positive constants, and g(t) takes values in the unknown closed intervals L € [I*,17]
359  with 0 ¢ L, then V(t), &(t) and fotg(T)N(f(T)) exp(c,T)dr must be bounded on [0 tf).

360  Lemma 2 [31]. If the Lyapunov function V(t) > 0 satisfies V < —b,V + b, where by and b, are positive

361  constants, then the solution of the closed-loop system is UUB, for bounded initial conditions.
362  Lemma 3 [32]. For variable ¥ in || < 1, tan (mp?/2) < mp?sec?(mp?/2) holds true.

363 Lemma 4 [32]. For any variable ¥ and any positive constant y, 0 < |¥| — Ptanh(¥ /y) < Ky holds true,
364  where K satisfies K = exp(—(K + 1)), accordingly, K = 0.2785 . Also, as Wtanh(¥ /y) > 0, then for any
365  wvariable Z < —1, ZPtanh(¥ /y) < —¥tanh(¥ /y) holds.

366  Lemma 5 [25]. For any positive constant o and considering the definition d = @ — a, —o0dd < —od*/2 +
367  ga?/2 holds true for any variables a € R and @ € R. This relation is modified for vectors as, —ob"b <
368 —a||5||2/2 + ol|bll?/2, where, b = b — b for any vectors b € R™ and b € R™

369  5.2. Controller Design Procedure

370 The main objective of the designed controller is to keep the rotor speed and acceleration within
371  constraints, which in turn leads to bounded power generation around the nominal one. The proposed
372 controller design requires the definition of the rotor speed tracking error and its time derivative as
373 follows:

e = Wps — Wrg, € = Wrs— 2y, (29)
374  respectively, where, w, 4 is the desired rotor speed. As stated earlier, w, 4 in the full load region is
375 wyy. Zp is a virtual control. Here, to avoid repetitive differentiation of z,, which increases the
376  implementation complexity, the DSC technique is utilized, which requires the filtering of z, by
377  means of a stabilizing function a; to be determined. Let a; pass through a first order filter with a

378  time constant 7, defined as:

TpZy + 2, = ay, 7,(0) = a;(0). (30)
379 The output error of the first-order filter is y, = z, — @; with its first-time derivative z, =
380  —x;/7;. A Lyapunov function is chosen as:
v =S tana, + 153, 31)

381  where, A, =néP/2, & = e;/k,,, whilst k., represents a constraint on e, . It should be noted that V;

382 iscontinuous in the set Q, = {e;:—k,, < e <k, }. V; is positive definite and its first term captures
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383  the BLF characteristics of the modified tracking error §;, according to Definition 2. The first-time
384  derivative of & is obtained as,

e _ extxzta;

$1= ol T key (32)
385  On the other hand, the first-time derivative of (31) can be obtained as:

2
. X .
vV, = elezseczll1 + el)(zseczll1 + elozlseczll1 - i = a1 X, (33)

386  The virtual control a; is designed as,

a, = —y,e, — e;sec?A;. (34)
387  where, y, is a positive design parameter. The substitution of (34) into (33) yields to:
. 2
Vi = ejeysec?A; + ey sec? A —y e?sec?A; — e?sect A, — )T(—Z —dy )7 (35)
2
388  Considering Young's inequality:
eje,sec?A; < %elzsec”‘/l1 + %ezz, e x,sec?; < %elzsec“/l1 + %)(22 (36)
389  Since a; isa function of w,, w,4 and @, 4, it can be shown that,
._%. daq . +6a1 .
1= 5 O T e Ord T g, P (37)

390  Considering (37), d, is a continuous function. Then, given 84,4 and any positive number §;, the set
391  Q
392 {les, xo]": (kZ tanA,)/m + x5 /2 < &,} is compact [25]. Thus, ¢; had a maximum constant value M,

wrg = {Wrg ER: W2y +@0Fy+ W2y <8, ,} for all initial conditions satisfying Q;:=

393 inthe compact set Qy, 4 X Qy, for given initial conditions [28]. So, based on Young’s inequality:

|asxo| < 523+ M2, (38)
394 According to (36) and (38), (35) can be rewritten as,
V, < —y,eisec?A; — %)(22(2/‘[2 -2)+ %Mlz + éezz. (39)
395  The parameter 7, is selected as 7, <1, to satisfy (2/7, —2) > 0. Also, considering Lemma 3,
396 —y,efsec’A; < —(y1kZ tand;)/m holds true. Consequently, (39) is rewritten as,
V) < =0y, Vi + 0y, + %ezz, (40)

397  where, 0,; = min {y;, (2/7, — 2)} and 0,, = MZ/2.

398  Considering the measurement noise and the RBF neural network estimation of aerodynamic torque
399 (26), the rotor dynamic response (25) can be rewritten as,

i B ¥R @

400  where, g =, + g+ T, d =1V, + CVa, + €38 + A3 nTa)pVp/ 28y + asTa) v/
401 20, yEy + a3wn,NDTa)B/2§N + a3ATa|ACp/ G = a35ﬁuwn,NPTa)B/sz and f = AfPAD/wn,N + Sﬁuwn,Nq)-
402  Considering the bounded achievable B, f and B,, the boundedness of Afpsp, S, and @ are
403  concluded. This, in turn, leads to the bondedness of the fault signal f in (41), i.e. |f| < f, where f

404 is an unknown positive constant. Also, the first time derivative of f is assumed to be bounded, i.e.

(DT = gl + C30*Th -

405  |f| =< pj, where p; is an unknown positive constant [4]. Indeed, it is assumed that the applied fault
406  is a slowly varying function of time. Besides, the sensor noise contents are bounded which is a
407  reasonable assumption [2,17]. Accordingly, by considering Figure 4 and |e| < &, the disturbance d
408  isbounded as |d| < D, where D is a positive unknown constant [5]. Finally, it is easily seen that G
409 is unknown but bounded, due to the presence of T,).

410 Now the proposed pitch angle controller is designed as:

Bres = N({1)vy, (42)
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411  with,
¢, = eysec?A,uy,
_ X2 AT azwn NPL e, Bsec? A, asBL e, Bsec? A,
vy = gy + 24 0Th + S ranh (2 ) 4 S canh (255 ) (43)
5 eysec? A, asLf e;sec?A,
d tanh (—713 ) + . tanh (—714 ) +y,6,,

412 associated with the adaptive laws:
P e2a3L 2 easec’A;\ 2
f = —=——sec”A, tanh (—m ) orf,
6 =I'(eyc3sec*A,h — 0,0), (44)
A 2/ ~
d = eysec?/, tanh (%) —o0y4d,
413 to estimate the fault, the RBF neural network weights and disturbance, respectively, where, 1, 75,
414 ns, n4, v2, 0, 0O, 04 are positive design parameters. Also, I' € R® is a design matrix such that I' =
415 I > 0. Accordingly, the estimation errors are defined as:
f=f-f, d=d-D,6=06-0". (45)
416  To accurately estimate the fault, the estimation error has to be bounded as |f| < p7, where p is an

417 unknown positive constant [4]. So, an adaptive law is used to estimate p; as,

p; = —0ppy, (46)
418  where, o; is a positive design parameter, with estimation error,
Py = Pr— Py (47)
419 Now, a Lyapunov function is selected as:
v, = Ky Ztand, + f2 += d2 += 0T1" 9+ - pf, (48)

420  where, A, =néZ/2, & =e, /ke2 and k., isa con51dered constraint on e,. It is worth noting that V,
421  iscontinuousin Q,, = {e,;: —k,, < e, < k,,}. V, is positive definite and its first term captures the BLF
422 characteristics of the modified tracking error &,, according to Definition 2. The time derivative of &,
423 s obtained as,

a2
& =—"2 (49)
ez
424  First-time derivative of (48) can be obtained as,

V, = e, (gl +c,0°Th — B0 0shTap GBres + a3T“)Bf +d+ X—Z) sec?A, +
26N 2wn,NEN T

(50)
f(f=F)+dd+87179 + ;.
425  Substituting (42)-(44) and (46) in (50) leads to,
Vo = GN($)G + & + X, T, (51)
426  where,
_ _ asonnBTap 24 G3wpNBL 2 Begsec?A,
427 I, = —e, e Sec A, —e, ey sec A, tanh (—171 ),
_ ag,b’Ta)B 24 azBL 2 e, PBsec?A,
428 I, = —e, 2 2o S Ay — ey~ e SeC A, tanh (—nz ),
~ 2 A~ ~ 2
429 M, = deysec®A, + deysec?® A, tanh (w) —o04dd — d tanh (w) eysec?/,,
UK] UK]
430 M, =e, —ai‘;)ﬁ fsec?A, 2a3LfseCZ/12 tanh (—ezsf’c AZ) orff — ff—of DFPf,
431 Iy = —0,.0"8, and Iy = —y,e3sec?A,.
432 Considering Remark 1 and the inequality 0 < |e,||B|sec?4,, it leads to (|T,)g|lezl|Blsec?A,)/

433 L < |e,||Blsec?A,. Accordingly, based on Lemmas 4 and 5, the following relations can be written:
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azwn,NL 24 _ 2 e, Bsec? A, azwn,NL
II; < T (Iezllﬁlsec" A, — e,Bsec? A, tar'l.h( o )) < 2 Kn,. (52)
imilarly, considerin e,||f]sec < |e,||B|sec?A, it leads to:
434 Similarly idering (|Ta),8|| 2||ﬁ| 2A)/L < | 2||ﬁ| A, itlead
asL " 20 B2 ey Bsec? A, aslL
I, < Zonnin (lezl|ﬁ|sec A, — e,fsec? A, tanh( ™ )) < romnEn Kn,. (53)
435  Also, with the aid of Lemma 4, the following inequality is obtained.
II; < Dle,|sec?A, — De,sec? A, tanh casec?lz) _ ;o ad < DKn; — 2242 +24p?,
3 2 2 2 2 - d N3 = 2
asLf 2 2 ezsec’ Ay Of 72, 9f 72 _%Fx2_ %F 2 .
1, < . (lezlsec A, — e,sec® /A, tanh (T)) el A e ey 2l O ST S -
9f 72 _ OF 2 | aslf of 72 4 9F 2 o
ey el i eyt U Vi sl e N S I
—-0c IR 2 ac * —0¢ A -1 Jc *
Il < T”"” +=110]1% < TR 6'r—'6 + 116"
436  where, Ay (I'™Y) is the maximum eigenvalue of I'*. Finally, considering Lemma 3, it leads to:
2
My < =y, "2 tand,. (55)
437  Using (52)-(55) in (51), the following inequality is obtained.
Vo <GN($)S + 61— 031V2 + 03, (56)

438 where, 0,4 = min {y,, 07,04, 0c/Amax (I, o7} and 0y, = azw, NLKN /28y + azLKn, /2w, nEy +
439 DKn3+04D%/2 + asLfKna /28y + 0pf?/2 + 05p7/2 + pppj + 0cl10°[17/2. Now, the main property of
440  the designed pitch controller is proved by Theorem 1.

441 Theorem 1. Consider the wind turbine rotor dynamic model (25), with non-smooth input saturation (10)
442 approximated with (13), including pitch actuator bias, effectiveness loss, dynamic changes and blade
443 aerodynamic change. If the initial conditions e;(0) € {e;: |e;(0)| < ko,} for i = 1,2, by using the control
444 inputs (42) and (43), with the filter (30), the virtual control (34), the adaption laws (44) and (46), then the
445  following objectives are obtained. (i) All states of the closed-loop system are bounded, (ii) The constraint sets
46 0, = {eleg] < kei} are not violated for i = 1,2. (iii) The tracking error e; can be made small by the proper
4477 choice of the design parameters.

448  Proof. The multiplication of (56) by exp(o,t) yields to:

d(V,(0)e21t) /dt < (GN(31)¢; + &1 + 0y,)e2t. (57)
449  Thus, integration of (57) over [0, t], becomes:
Vo(t) < 032/051 + (V2(0) — 035/0,1) 7922t + e 72t fgt(GN((l) +1)¢;e%21%dr. (58)

450  Furthermore, considering g,,/0,; > 0 and gim exp(—a,,t) = 0, (58) is rewritten as:

Vo(®) < cpq+ et [I(GN () + 1DSe 21 dr. (59)
451  where, ¢;1 =0,,/0,1+V,(0) . Also, G satisfies the conditions in Lemma 1. Accordingly,
452 considering (59), it can be stated that V, and {; are bounded. Consequently, according to (48),
453 (k&tandy)/m, f, d, 8 and p; are bounded, which implies e, belongs to set Q,, = {e,:|e,| < ke, }
454  and accordingly is bounded. Then one can obtain that

~ef<m,, (60)

455  where, m;; = 0.5 max e7(1). Now, considering (60), (40) is rewritten as,
T )

Vi(t) < =01, Vi(8) + 10, (61)
456  where, ¢, = 0y, + m; ;. According to Lemma 2, V; is bounded and considering (31), (kZ tan/,)/m
457  and y, are bounded, which implies e, belongs to set Q. = {e;:]e;| < k,}.

458 From the above mentioned analysis, the objectives (i), (ii) and (iii) are achieved as follows.
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459 (i) Consider the boundedness of V;, V,, e, and e;. Therefore w, and @, are bounded. Now from
460  the boundedness of f, d, @ and p, the boundedness of ay, {;, vy, f, d, 9, p7, and consequently
461 B, is proved.
462  (ii) As a part of the closed-loop system analysis, it is shown that the tracking errors e; and e, always
463  stayinthesets Q, ={e;:le;| <k, } and Q,, = {e,:]e,| < k., }, respectively.
464 (i) Multiplying both sides of (61) by exp(o;,t) yields,
d(Vy(t)e®1f)/dt < c; e, (62)
465  Thus, integration of (62) over [0, t], becomes,
i) <9, (63)
466  where, D = (V,(0) — ¢,,/011)exp(—0y 1) + ¢12/04 1. From the definition of V;, it can be shown that,
le;| < 0. (64)

467  where, 0=k, [2tan ' (nD/k3)/m . If V;(0)=c;,/0,, , then, it holds |e] <

468 kel\/Ztan‘l(nclyz/kglalyl)/n . I V(0) #¢y5/011 , it can be concluded that given any 0O >

469 kel\/2tan‘1(ncl,2/k§101,1)/n, there exists T such that for any ¢t > T, it has |e;| < 0. As, t - oo,

470 eyl <k, J 2tan'(me, ,/k2, 011 )/m, which implies that e; can be made arbitrarily small by selecting

471  the design parameters appropriately.

472  Considering Definition 3, and the objectives (i), (ii) and (iii), it is guaranteed that the closed-loop
473  system is UUB. This completes the proof. O

474 Remark 2. [n Theorem 1, the objective (i) implies that the wind turbine equipped with the proposed pitch
475 angle controller is stable. The objective (ii) states the constrained rotor speed and acceleration are guaranteed.
476  Accordingly, the generator speed and generated power are retained in the given bounds. Considering Section
477 3, then the efficient power regulation requirements are met, satisfying the power grid demand. In this manner
478 both rotor over speeding and mechanical brake engagement are avoided. The objective (iii) represents the
479 expert’s knowledge in the implementation stage of the proposed controller to satisfactorily make the tracking
480 error small. These objectives are satisfied in the presence of pitch actuator faults, dynamic change, saturation

481  and blade aerodynamic characteristic change.

482 6. Fault Identification Scheme

483 In this section, a scheme is given to identify the pitch actuator fault, including pitch bias @,

484  effectiveness loss p, dynamic change Afp,p, and aerodynamic characteristic change AT, lac,- To this

485  aim, the auxiliary signals are calculated and compared to the estimated fault f to identify the case

486  of the dynamic change. Considering Table 2 and the definition of Afp,, in (17), the auxiliary signals
487  are computed as follows.

fauxitiary faut free = 04(@,*)Bs — 04(@,&)Bs + 0A(@,*)Brer = 0,
fausitiary pump wear = —0.63164(@,*)Bs — 0.593764(@,&)Bs + 0.63164(Dn*)Brey,
fausitiary hyarautic teac = =4(@y")fs = 1.757064(@,E)Bs + A(@n")Brey,
fausitiary nigh air = —0.810834(@,*)Bs — 24(@,€)fs + 0.810834(&,")fyey.,

(65)
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488 where, in fuyxiiiary,x the auxiliary signal is calculated for the fault case X, which includes fault free,
489  pump wear, hydraulic leakage or high air.In order to finalize the pitch actuator fault identification
490  scheme, first, the dynamic change case is considered, assuming no pitch actuator bias. Considering
491 [ = Afpap/wny + Sp,wnn®, in absence of @, it can be obtained that f = Afpap/w, y. So, using the
492  auxiliary signals fyiiiaryx, reported in (65), the most similar one to £, is identified as the dynamic
493  change case. Therefore, similarity indices are needed, which enhance the fault identification task. The
494 indices adopted in this paper are Root Mean Squared Error (RMSE) and Variance Accounted For
495  (VAF), defined as follows.

Var(fauxiliary,x _f)
1“17"(fauxiliary,X)

1 Texe \2
RMSE, = J; J(Frsitiaryx — £)°dt, VAFy = (1 - ) x 100%, (66)

496  where, T,,, is the given operation period of the wind turbine. In the ideal fault identification case,
497  RMSE and VAF indices are zero and 100%, respectively. Accordingly, the dynamic change of X with
498  RMSE and VAF indices close to zero and 100%, respectively, is selected as the corresponding dynamic
499  change case, which is indicated as X. The pitch bias @ is considered as an added constant on f. So,
500  having pitch bias occur with the dynamic change, the RMSE index only deviates significantly from
501  zero. However, the VAF index still indicates the correct dynamic change properly. Now, after the
502  identification of X, the pitch actuator bias is estimated. Considering f = fquzitiary,2/@nn + Sp, Wnn P,
503 where fayxiiary,x 18 the calculated auxiliary signal using (65) for the identified dynamic change X,
504  the estimation of pitch actuator bias, ®, is computed as follows:

& = “nV Vauxitiaryx.
Sﬁuw"sz '

(67)

505 Finally, if neither dynamic change case nor pitch actuator bias is identified, and meanwhile, the
506 fault-free case is not identified, then it can be concluded that the faulty case is either pitch actuator
507  effectiveness loss or aerodynamic characteristic change. Considering (41), it is clear that the
508  aerodynamic characteristic change is considered as an additive disturbance, and attenuated by the
509  proposed controller. On the other hand, the effectiveness loss is contributing in the control gain, i.e.
510  G.So, the estimated fault f is affected by the effectiveness loss and is insensitive to the aerodynamic
511 characteristic change. Accordingly, the given period is considered, in which no pitch actuator
512 dynamic change, bias or fault-free cases are identified. Then if f is considerably deviated from zero,
513  this leads to the identification of the effectiveness loss. Otherwise, the aerodynamic characteristic
514  change is identified. Therefore, the fault isolation task is accomplished. It should be mentioned that
515 this fault identification scheme is robust against the disturbance d in (41), as its effect is guaranteed

516  tobe attenuated using the proposed controller.

517 7. Numerical Evaluation and Comparison

518 In this section numerical simulations are conducted to evaluate the features of the controller (42).
519  Moreover, the available industrial PID controller is briefly introduced, for comparison with the
520  proposed controller performance. Suitable numerical metrics are introduced to quantify and compare

521  the performance of the proposed and PID controllers.

522 7.1. Industrial Baseline PID Controller

523 The most commonly adopted industrial controller for power regulation of wind turbines in full

524 load operation, is the PID controller, due to its simplified implementation and effectiveness [4]. The
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525  PID controller is thus used to regulate the pitch angle based on the generator speed tracking error eg,
526  defined as:

ey (t) = wy5(t) — wy y. (68)

527  Accordingly, the PID controller, used for tracking the blade pitch angle given the reference pitch
528  angle, has the form [4,7]:

ﬁref () =Kp €g () + K, fot €g (Ddr + Kp €y @®), (69)

529  where, Kp, K; and K, are the proportional, integral and derivative gains of the controller,
530  respectively, to be set via traditional methods, in order to guarantee system stability as well as
531  satisfying performance. Kp, K; and K, are mostly chosen as constant gains for the whole
532 operational region, although some works proposed to use different gains for each operating condition
533 of the plant [7]. The values of the PID gains here settled as as K, = 1, K; =4 and K, = 0 [4,26].

534 In the structure of the industrial controller (69), the sensor noise wy s is not necessarily attenuated
535  and may be amplified, even if a filter is used to remove noise content [7]. Also, any possible loss of
536  effectiveness p(t) and blade aerodynamic characteristic change AT, lac, are not analytically
537  attenuated with this solution. Moreover, this controller does not guarantee that any pitch actuator
538  bias ®(t) and dynamic change Afp,p, is correctly managed. These remarks will help to highlight the
539  advantages of the proposed controller compared to the PID controller, which are analyzed by means

540  of a simulated example in the next section.

541  7.2. Performance metrics

542 The comparative numerical performance metrics are defined in this section. The difference

543  between generator speed and the nominal one is considered as the first metric, defined as:
exe 2
C1 = [ (wy(2) — wyn) dr. (70)

544  where, T, is the given operation period of the wind turbine. Similarly, the difference between the

545  generated power and the nominal one is considered as the second metric, defined as:
exe 2
2 = [}*(P,(r) — Py)  dr. (71)

546  Obviously, it is desirable to keep C1 and €2 as close to zero as possible. The maximum power
547  deviation from nominal is calculated as:
€3 = max(|B,(t) — Py ). (72)
548 (3 indicates the instantaneous power deviation from the nominal which may cause a sudden break
549  down. In contrast, €2 accumulates all power deviation, which may lead to gradual failure. So, it is
550  expected that C3 never violates the settled constraint. Also, the drive train torsion angle is calculated
551  as:
C4 = [[*6,(v)2dr, (73)
552 that represents the applied drive train torsion stress due to variation in aerodynamic torque, as a
553 result of pitch angle variation. It is desirable that the proposed controller to maintain the value of C4
554  near to the one provided by the PID regulator, which is accepted in industrial practice. Finally, in
555 order to evaluate limited variations of 8, €5 and C6 are defined as,
C5 =max(|B(t)]), C6 =ma x(|ﬁ(t)|). (74)
556
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557 7.3. Simulation Results

558 In this section, the numerical simulations are reported to evaluate the performance of the
559  proposed controller (42), both in fault-free and faulty situations. Also, a comparison is made to the
560  industrial PID controller (69) to illustrate the effectiveness of the proposed controller, considering
561  suitable numerical metrics. It should be noted that different fault scenarios, including single and
562  simultaneous occurrences, and wind speed variations are introduced to investigate the robustness of
563  the proposed controller.

564 The parameter values of the proposed controller are summarized here. The constraints on the
565  rotor speed and its time derivative are selected as: k,, = 0.02rad/s , k., = 0.04 rad/s*. With these
566  values, the inequalities |w, — w,y|<0.027ad/s and |&,| < 0.04rad/s?* are to be satisfied.
567  Consequently, considering the operational mode, the constraints on generator shaft speed and
568  generated power are |w;—w,y|<19rad/s and |P,—P,y|<0.056 MW . As it is clearly
569  highlighted in (42), a Nussbaum-type function is needed. In this paper the Nussbaum-type function
570  N({) = {Fcos ({y) is used which fulfils Definition 1. The RBF neural network structure has s = 10.

571 Also, the centres and width of the RBF neural network are selected as:

30,907 31,207 31,507 31,807 32107 32,407 32,707 33,007 33,307 33,607
572 Y= 90 110 120 140 162.5 180 190 210 220 230 |,
-2 1.5 5.11 8.66 12.22  15.77 19.33 22.88 26.44 30
573 and ¢, = 100nes(10,1), respectively. The other control parameters values are selected as: 7, = 0.1,

574 y1=10,y,=5 nm=1,m=1,n3=1,n,=1,0,=1, 0. =1, 0,=5, 07 =5, L =700000, and
575 r= IIOXIO‘

576 7.3.1. Fault-Free Situation

577 Firstly, the performance of the proposed controller is analysed for a simulation time of 1500 (s).
578 Fault-free conditions are also considered, with wind speed with mean 19.84 (m/s) and standard
579  deviation 1.94 (m/s), as shown in Figure 5. The design should lead to the following properties: i) the
580  considered constraints are not violated, ii) the pitch angle saturation is smoothly avoided, and iii)

581  that the performance is to be improved compared to the conventional PID controller.

26

T T

0 500 1000 1500

582 Time (s)
583 Figure 5. Free wind speed profile.
584 The corresponding rotor speed, rotor acceleration, generator speed and generated power, using

585  the proposed controller, are shown in Figures 6-9, respectively. It can be verified that the considered
586 constraints are not violated. On the other hand, with the same wind sequence, the PID controller
587  results are given in Figures 6-9. The PID controller is not able to keep the corresponding outputs
588  within the considered constraints, in the presence of the wind speed variation. Moreover, the
589  obtained reference pitch angle using both controllers are compared in Figure 10, in which it is shown
590  that the PID controller leads to the pitch actuator saturation. In contrast, the proposed controller has
591  smoothly avoided the saturation. It should be noted that, as the proposed controller maintains the

592  rotor speed within the constraints, despite the high wind speed variation, faster pitch angle variations
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593  are generated. As mentioned in Section 3, the proposed controller is designed on the desired
594  trajectory of the wind turbine, for which the drive train torsion angle is reduced. In order to analyse
595  this issue, the induced drive train torsion angle using the proposed and PID controllers are depicted
596  inFigure 11. It is shown that the induced drive train torsion angle using the proposed controller has
597  values close to the ones achieved via the PID controller. This implies that the proposed controller has
598  not considerably increased drive train torsion and, consequently, stress, despite the wind speed
599  variation and more accurate nominal power tracking. The uncertain aerodynamic torque estimation
600  is shown in Figure 12, in which the actual aerodynamic torque is reported to evaluate the estimation
601  efficiency. It is highlighted that the aerodynamic torque is estimated quite accurately, and has been
602  kept around the nominal one, the same as the actual aerodynamic torque. Finally, to accurately
603  compare the results, the performance metrics using both controllers are summarized in Table 3. It can
604  be noted that the performance metrics C1, €2 and €3 have been considerably reduced by using the
605  proposed controller. These results correspond to Figures 6, 8 and 9. Also, the metric €4 shows the
606  same induced drive train torsion angle rate, as illustrated in Figure 11. The metric C5 shows the
607  advantage of using the smooth pitch angle saturation, as depicted in Figure 10. As remarked above,
608  the accurate nominal power tracking needs higher pitch angle change, in the presence of high wind
609  speed variation. This aspect can be verified considering the index C6. So, it can be concluded that the
610  proposed controller improves the wind turbine performance in the fault-free case compared to the
611  industrial PID controller.

177 |
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613 Figure 6. Rotor speed using the proposed controller (dark blue line), PID controller (red line), nominal rotor
614 speed (light blue line), and constraints (green line), in fault-free situation.
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616 Figure 7. Rotor acceleration using the proposed controller (dark blue line), PID controller (red line), and
617 constraints (green line), in fault-free situation.
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619 Figure 8. Generator speed using the proposed controller (dark blue line), PID controller (red line), nominal

620 generator speed (light blue line), and constraints (green line), in fault-free situation.
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622 Figure 9. Generated power using the proposed controller (dark blue line), PID controller (red line), nominal
623 power (light blue line), and constraints (green line), in fault-free situation.
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625 Figure 10. Reference pitch angle using the proposed controller (dark blue line) and PID controller (red line), in
626 fault-free situation.
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628 Figure 11. Induced drive train torsion angle rate using the proposed controller (dark blue line) and PID
629 controller (red line), in fault-free situation.
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631 Figure 12. Actual aerodynamic torque (red line), estimated one (dark blue line), and nominal one (light blue
632 line).
633 Table 3. Performance metrics in fault-free situation.
Performance metrics Proposed controller PID controller Unit
C1 138.9 2266 rad?/s
C2 400.7 2256 GW?2s
C3 0.056 0.2937 Mw
C4 0.001331 0.001416 rad?/s
C5 29.37 30 °
C6 10 9.79 °/s

634  7.3.2. Faulty Situation

635 The section evaluates the fault tolerance capabilities of the proposed controller in the presence
636  of faults. It is expected that the mentioned constraints are not violated, whilst the fault effects are

637  attenuated. Also, the estimated faults are analysed with respect to the indices described in (66). The
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638  results using the PID controller are also reported to study the effect of each fault as well as to highlight
639  the benefit of the proposed controller. The considered fault scenario is defined in Table 4. The
640  occurrence of single faults is considered, in order to accurately study their individual effects, as
641  highlighted in Table 4. The same wind speed sequence shown in Figure 5 is considered here. Figures
642  13-16illustrate the rotor speed, rotor acceleration, generator speed and generated power with respect
643  to the corresponding constraints, respectively, using both proposed and PID controllers. Compared
644  to Figures 6-9, it is obvious that the PID controller performances are degraded, while the proposed
645  controller is able the attenuate the fault effects and maintain the considered outputs within the
646  corresponding constraints. The designed reference pitch angle values using both controllers are
647  compared in Figure 17. It highlights that the simple PID controller has led to the pitch actuator
648  saturation, while, the saturation is smoothly avoided using the proposed controller. Moreover, it is
649  worth noting that, as the proposed controller is trying to counteract the pitch actuator dynamic
650  change, the dynamic change has reduced the speed of the pitch actuator. Accordingly, it has led to
651  slightly higher pitch angle variations compared to the fault-free case, during the dynamic change
652  periods. Consequently, the drive train torsion angle induced by the proposed controller has been
653  increased, as illustrated in Figure 17. In order to analyse the changes of all variables X due to the
654  fault effect with respect to the fault-free case, the following relation is defined:
0X = X¢r — Xrq, (75)

655 where, §X is the change in the considered variable X, X/ is its fault-free value and Xy, represents
656  the corresponding value in the faulty situation. In Figures 19-21, §P;, §w, and Sw,, are illustrated
657  respectively, for the proposed and PID controllers. It is shown that the pitch actuator bias and the
658  effectiveness loss have led to considerable limitations of the achievable PID controller performance.
659  However, these performance degradations are significantly attenuated using the proposed controller.
660  Also, the effect of the considered blade aerodynamic change, i.e. AT,| ac, = 5%, has led to smaller
661  variations. It should be noted that the hydraulic leak has notable effects in the performance
662  degradation. To accurately study the effect of faults on the pitch actuator response, 68 is depicted in
663  Figure 22. Evidently, changes in the pitch actuator dynamic have been considerably attenuated using
664  the proposed controller, while the slower pitch actuator leads to worse performance with the PID
665  controller. Also, the effect of pitch actuator bias is completely removed, since its effect is compensated
666 by using the estimation of the bias itself. The situation is even worse when the PID controller is
667  exploited. The same result is obtained considering the effectiveness loss fault. In the case of blade
668  aerodynamic change, both controllers have led to the same trend in 88, while the variation using the
669  PID controller is significantly higher. However, the fault is removed after 1300 (s), whilst its effect
670  reduces the PID controller performance. Finally, to quantitatively compare the performance of the
671 controllers, the values of the performance indices are summarized in Table 5. It is worth noting that
672  the achieved performance of the proposed controller in the presence of faults are similar to the fault-

673  free conditions. This represents the main point of the fault-tolerant control design.

674 Table 4. First fault scenario.
Fault type Fault effect Fault period
Pitch actuator pump wear ay, = 0.6316, ay, = 0.29688 200(s) <t < 300(s)
Pitch actuator hydraulic leak ap, = 1,az, = 0.87853 400(s) <t <500(s)
Pitch angle bias ® =5° 600(s) <t < 700(s)
Pitch actuator high air ap, =0.81083, ap, =1 800(s) <t <900(s)
Pitch actuator effectiveness loss p =07 1000(s) <t < 1100(s)

Aerodynamic characteristic change ATqlac, = 5% 1200(s) <t < 1300(s)
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Figure 13. Rotor speed using the proposed controller (dark blue line), PID controller (red line), nominal rotor

speed (light blue line), and constraints (green line), with the first fault scenario.
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Figure 14. Rotor acceleration using the proposed controller (dark blue line), PID controller (red line), and

constraints (green line), with the first fault scenario.
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Figure 15. Generator speed using the proposed controller (dark blue line), PID controller (red line), nominal

generator speed (light blue line), and constraints (green line), with the first fault scenario.
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Figure 16. Generated power using the proposed controller (dark blue line), PID controller (red line), nominal

power (light blue line), and constraints (green line), with the first fault scenario.
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Figure 17. Reference pitch angle using the proposed controller (dark blue line) and PID controller (red line),

with the first fault scenario.
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692 Figure 18. Induced drive train torsion angle rate using the proposed controller (dark blue line) and PID
693 controller (red line), with the first fault scenario.
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701 Figure 21. w, using the proposed controller (dark blue line) and PID controller (red line), with the first fault
702 scenario.
4 4
—~ s
S
Q
Q2| |
4L 4
-6 1 1 1 1 1 1 1 1 1 1 1 1
0 200 300 400 500 600 700 800 900 1,000 1100 1200 1300 1,500
703 Time (s)
704 Figure 22. §f using the proposed controller (dark blue line) and PID controller (red line), with the first fault
705 scenario.
706
707

708


https://doi.org/10.20944/preprints201910.0245.v1
https://doi.org/10.3390/en12244712

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 October 2019 d0i:10.20944/preprints201910.0245.v1

24 of 30
709 Table 5. Performance metrics with the first fault scenario.
Performance metrics Proposed controller PID controller Unit
Cc1 155 2552 rad?/s
c2 414.8 2506 GW?2s
Cc3 0.056 0.2941 Mw
c4 0.001349 0.001438 rad?/s
C5 29.26 30 °
cé6 10 10 °/s
710  7.3.3. Fault Identification Analysis
711 In this section, with aid of the estimated fault f and the calculated auxiliary signals (65), the

712 fault identification performance is analyzed using the indices in (66). The identification task includes
713 the fault detection, isolation, and its reconstruction (i.e. its shape). Consequently, the estimated pitch
714 actuator bias & is obtained using (67), in which S is calculated using Sp, = 2n(g + 0)/(P+

715  P~Y)?| . Tt should be noted that the indices in (66) and the estimated fault f should be computed

Bs

716  and compared in every time step of simulation in order to accurately identify the fault. However,
717  since the overall performance of the proposed fault identification technique is analyzed, the
718  comparisons are performed in each fault period of Table 4. Also, as the calculated auxiliary signal for
719 the fault-free case, i.e. fayxitiary fauit free , 1S always zero, then the VAF rqyt free in (66) is calculated
720 as var(f) x 100%. Now, to investigate the fault identification capability of the proposed controller,
721  the estimated f signal is shown in Figure 23. Also, the auxiliary signals computed from (65) are
722 depicted in Figure 24. Moreover, by means of the fault identification indices in (66), summarized in
723 Table 6, the estimated pitch actuator bias is shown in Figure 25. As remarked above, to fulfil the fault
724 identification task, the values of the RMSE and the VAF indices closer to zero and 100%, respectively,
725  determine the fault case. Considering Table 6, it is clear that in each fault-free period, the indices are
726  indicating the fault-free case. Also, the estimated pitch actuator bias is zero. It is worth noting that in
727  the fault-free periods, the VAF indices calculated for the dynamic change cases, are negative. Indeed,
728  this result is justified considering the form of (66). Comparing Figures 23 and 24, it can be pointed
729 out that in the fault-free periods var (fuyyiiaryx — f) is greater than var(fauxisiaryx), Which leads to
730  negative VAF. Obviously, this is not the case considering the calculated VAF, using the fault-free
731  auxiliary signal.

732 For the case of the pitch actuator dynamic changes, it can be verified that the selected indices
733 lead to the accurate identification of the corresponding actual dynamic change case. In all dynamic
734 change cases, the estimated pitch actuator bias is zero. So, the dynamic change cases are clearly
735  distinguishable from the pitch actuator bias. Evidently, during the pitch actuator bias period, none
736 of the indices satisfying the considered conditions can be selected. On the other hand, the pitch
737  actuator bias is precisely estimated. The situation is different for the cases of the pitch actuator
738  effectiveness loss and the aerodynamic characteristic change. Obviously, neither the dynamic change
739 case, nor the fault-free case is selected, as the corresponding indices do not satisfy the given
740 conditions. On the other hand, the pitch actuator bias is estimated as zero. Therefore, it can be
741  concluded that these two periods correspond to the pitch actuator effectiveness loss and/or
742  aerodynamic characteristic change. However, in order to correctly identify these two cases, firstly
743 consider the estimated fault, i.e. Figure 23. From (41), it can be noted that the aerodynamic

744 characteristic change is described as an additive disturbance, while the effectiveness loss affects the
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745  control gain, i.e. G in (41). The proposed controller has shown robustness features with respect to
746  the considered disturbances. Accordingly, the estimated fault is affected by the effectiveness loss and
747  itis insensitive to the aerodynamic characteristic change. Therefore, between 1000 (s) to 1100 (s), as
748 the estimated fault is different from zero, the effectiveness loss case is identified. Also, between 1200
749 (s) to 1300 (s), as the estimated fault is zero, the aerodynamic characteristic change case is identified.
v
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751 Figure 23. Estimated fault.
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753 Figure 24. Auxiliary signal in the case of fault-free (red line), pump wear (dark blue line), high air content
754 (green line), and hydraulic leak (light blue line).
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756 Figure 25. Estimated pitch actuator bias.
757 Table 6. Fault identification indices.
High Air Content Hydraulic Leak Pump Wear Fault-Free
Time (s) Fault type RMSE  VAF  RMSE VAF RMSE VAF  RMSE VAF  mean(d)
0-200 Fault-Free 037 -788 0.36 -842 0.39 5916 043 99.98 0
200-300 Pump Wear 3.25 50.94 1.94 66.65 0.15 98.91 1.46 215.12 0
300-400 Fault-Free 031 -890 031 932 0.33 -6291 037 97.65 0
400-500 Hydraulic Leak 2.40 75.01 0.19 99.26 67.99 24 2.54 575.7 0
500-600 Fault-Free 0.35 921 0.34 -963 0.37 -6420 0.41 99.86 0
600-700 Pitch Bias 2782 -4185 2199 -32.33 18.67 24.33 87.62 405 5
700-800 Fault-Free 6.24 93370  6.20 -68300 624  -182000 = 6.35 97.85 0
800-900 High Air 0.42 97.50 1.81 76.41 1.64 79.01 195 38358 0
Content
900-1000 Fault-Free 0.53 -866 0.41 923 0.44 -6309 0.05 99.89 0
1000-1100  Effectivenessloss ~ 19.14 -8903 18.7 -5800 1956  -16700  21.05 1100 0
1100-1200 Fault-Free 1.71 -8870 1.67 -5990 175 -17300 1.88 99.17 0
1200-1300 Aerodynamic 029 7516 028  -807.95 031 5770 034 11.89 0
change
1300-1500 Fault-Free 0.46 -755 0.46 -811 0.49 -5790 0.54 98.38 0

758
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759  7.4. Robustness evaluation

760 In this section, the proposed controller is further evaluated in terms of robustness to different
761  wind speed sequences and the fault scenarios. The wind speed is shown in Figure 26, with mean
762  20.41 (m/s) and standard deviation 3.01 (m/s) for 1100 (s). Compared to the former wind speed
763  reported in Figure 5, the signal considered in Figure 26 presents more fluctuations. So, it is more
764  challenging for the controller to satisfy the objectives. Also, the different fault scenario reported in
765  Table 7, the faults occur simultaneously for a longer period. Also, the pitch actuator bias and the
766  aerodynamic characteristic change values are increased. On the other hand, the pitch actuator
767  effectiveness is decreased. For the sake of brevity, only the generated power in fault-free and fault
768  cases are considered for both the controllers. Considering these conditions, the performance metrics
769  are compared. The generated power is illustrated in Figures 27 and 28, in both fault-free and faulty
770  situations, respectively. It is obvious that in both situations, the generated power is maintained within
771  the prescribed constraints. The performance metrics are summarized in the Tables 8 and 9, which
772 further confirm that the proposed controller can successfully maintain reliable performance under

773 faulty conditions. Its performances are clearly better than the ones achievable with the PID controller.

25 [ " " " ¥ ]
§ 20 J
=
15 [
0 2(;0 4(;0 6(;0 80‘0 10(;0
774 Time (s)
775 Figure 26. Second free wind speed profile
776 Table 7. Second fault scenario.
Fault type Fault effect Fault period
Pitch actuator pump wear ay, = 0.6316, a;, = 0.29688 100(s) <t <300(s)
Pitch actuator effectiveness loss p =05 100(s) <t < 300(s)
Pitch actuator hydraulic leak ap, =1,a5, = 0.87853 400(s) <t < 600(s)
Pitch angle bias ® =10° 400(s) <t <600(s)
Pitch actuator high air ay, = 0.81083, a, = 1 800(s) <t <1000(s)
Aerodynamic characteristic change ATglac, = 10% 800(s) <t <1000(s)
777
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779 Figure 27. Generated power using the proposed controller (dark blue line), PID controller (red line), nominal
780 power (light blue line), and constraints (green line), in fault-free situation, with the second wind speed

7 8 1 sequence.
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783 Figure 28. Generated power using the proposed controller (dark blue line), PID controller (red line), nominal
784 power (light blue line), and constraints (green line), under second fault scenario, with the second wind speed
785 sequence.
786 Table 8. Performance metrics in fault-free situation, with the second wind speed sequence.
Performance metrics Proposed controller PID controller Unit
c1 2125 1762 rad?/s
Cc2 465 1817 GW?2s
c3 0.056 0.2094 Mw
C4 0.001299 0.001371 rad?/s
C5 29.12 30 °
cé 10 7.46 °/s
787
788 Table 9. Performance metrics under second fault scenario, with the second wind speed sequence.
Performance metrics Proposed controller PID controller Unit
C1 304.2 3747 rad?/s
C2 544.9 3549 GW?3s
C3 0.056 0.2214 Mw
C4 0.001421 0.001376 rad?/s
C5 29.40 30 °
C6 10 10 °/s
789
790 Considering the simulation results in fault-free and first fault scenario of Table 4 using the wind

791  profile of Figure 5, it can be pointed out the proposed controller is able to reduce the degradation of
792 the wind turbine performances. Firstly, it is shown that the generated power never violates the given
793 bound. It should be noted that this bound is appropriately selected by the wind turbine manufacturer.
794  Indeed, this bound represents the safe-to-operate bound in full load operation without the
795  mechanical brake engagement. On the other hand, mechanical braking increases the induced fatigue
796 load on the drive train. Also, as the rotor acceleration is constrained, thus leading to reduce the torque
797  stress on the rotor shaft. So, it can be concluded that the proposed controller leads to induce lower
798  fatigue load and stress to the drive train. One obvious benefit of the proposed controller is that harsh
799  long-lasting pitch actuator saturation is avoided. In fact, using the smooth pitch actuator saturation
800  function, the speed of the pitch actuator response increases before the saturation, as highlighted in
801  Figure 1. This characteristic has led to improved power regulation. It has been illustrated that the
802  induced drive train torsion angle rate, has been kept at the same level as the baseline controller one.
803  So, if the behavior of the baseline PID regulator is universally accepted in industrial control, the
804  proposed controller can be used by industries to reduce the applied torsional stress. It is evident that
805  the estimated aerodynamic torque is fluctuating around the nominal one, due to the inherent features
806  of the RBF neural network and the Gaussian basis functions. However, as mentioned in the controller
807  design procedure, the estimation error is bounded. This is obvious when comparing the actual

808  aerodynamic torque and the estimated one. As remarked earlier, the pitch actuator dynamic change
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809  leads to a slower response of the pitch actuator and consequently poor power regulation. This
810  phenomenon is highlighted in Figures 19 and 22. Nevertheless, the proposed controller was able to
811  attenuate this effect, which is the same of the pitch actuator bias, using the properly-designed fault
812  estimator. On the other hand, the effects of the pitch actuator effectiveness loss and debris build-up
813  are mitigated appropriately, satisfying the performance objectives. Also, using the fault estimator
814  information alongside the proposed fault identification scheme, different faults are identified. Similar
815  results can be obtained for even more severe instantaneous faults and higher wind speed variation,
816  asillustrated in Figures 27 and 28.

817 8. Conclusion and open problems

818 This paper proposed a novel adaptive constrained control methodology for wind turbine power
819  regulation subject to actuation failures as well as unknown system dynamic. In contrast to previous
820  works where an unknown wind speed observer/estimator was needed, using the Nussbaum-type
821  function, the proposed method was able to handle the unpredictable wind speed variation effects in
822  the control design without requiring the accurate wind speed measurement. The constrained rotor
823  speed and generated power are guaranteed while the pitch actuator remained within the desired
824  bounds. Using the barrier Lyapunov function in conjunction with the concept of dynamic surface
825  control a constrained stable control structure with cheap computational cost was developed. In
826  addition, utilizing a radial basis functions neural network together with a proper fault-tolerant
827  scheme, a robust and adaptive scheme was developed without the need for precise information about
828  either the wind turbine model or the pitch actuator faults. Numerical simulations were finally
829  performed to validate the effectiveness of the reported theoretical developments, and comparisons
830  with the available industrial controller performance were shown.

831 Finally, by considering the proposed controller in this paper and the investigated results, the
832  future research direction of this paper can be outlined as the validation of the proposed controller by
833  means of data acquired from real or experimental-scale wind turbines for the whole operational
834  region, achieving the Industry 4.0 requirements.
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