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ABSTRACT Proportional integral derivative (PID) regulators are the most practical control schemes for
industrial wind turbines. The key to PID design is the determination of the control parameter gains, which
motivated our attempts to construct an adaptive PID control for wind turbines allowing auto-tuning of the
gains without the need for trial and error processes. By equipping a novel PID-based fault-tolerant controller
with a Nussbaum-type function, a robust adaptive and fault-tolerant control scheme is developed for wind
turbines. Compared with available methods, the proposed controller has advantages, such as the ability
for dealing with complete nonlinear dynamics of wind turbines, including model uncertainty, ability to
ensure system stability by using an adaptive self-tuning gain algorithm, and robustness against wind speed
variation. Furthermore, it has the ability to accommodate unexpected actuator faults and the accommodation
of an unknown control direction. However, the salient feature of the proposed controller lies in its simple
structure and inexpensive online computational demands while dealing with the nonlinear dynamics of wind
turbines and unknown disturbances. It is shown that the proposed pitch angle controller remains continuous
and smooth and all the closed-loop system signals are guaranteed to be uniformly ultimately bounded.
Theoretical analysis and numerical simulations are presented to confirm the effectiveness of the proposed
control strategy.

INDEX TERMS Adaptive PID controller, fault-tolerant, pitch control, self-tuning gains, unknown control
direction, wind turbine power regulation.

NOMENCLATURE Jg Generator shaft inertia
J Rotor shaft inertia

B Drivetrain torsion damping Ky Drivetrain torsion stiffness
B, Generator bearing viscous friction Kop, Kor, Kop  Optimized controller gains
B, Rotor bearing viscous friction Kp, K7, Kp Industrial controller gains
B, Tower damping ratio K; Tower elasticity
Cp Power coefficient M; Nacelle mass
Cy Torque coefficient N Nussbaum type function
Cy Thrust coefficient N, Drivetrain ratio
Cl1,C2,C3, P, Aerodynamic power
C4, C5,C6  Performance Criteria P, Produced electrical power
Cs,Cy Positive unknown constants Py rated Rated power
D Pitch actuator uncertainty R Blade length
F Pitch actuator dynamic T, Aerodynamic torque
F; Aerodynamic thrust T, Generator torque
G Pitch actuator control direction T max Maximum generator torque
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Tg,max Maximum generator torque variation rate
Ty min Minimum generator torque
Tgym,-n Minimum generator torque variation rate
Ty rated Rated generator torque
Ty ref Reference generator torque
Ty s Measured generator torque
1% Lyapunov function
v, Effective wind speed
Vi Free wind speed
Z Tracking error filter
ar Unknown nonnegative constant
a Estimation error
a Estimation of variable a
eg Generator tracking error
ep Power tracking error
er Rotor tracking error
x State vector
X Tower displacement
Afpap Pitch actuator dynamic change
©) Unknown variable in (0, 1)
D pitch actuator bias
o Positive unknown constant
ay, af, Fault indices
Blade pitch angle
@max Maximum pitch angle
Binax Maximum pitch angle variation rate
,@mm Minimum pitch angle
Bumin Minimum pitch angle variation rate
Brer Reference pitch angle
és Measured pitch angle
Bs Measured pitch acceleration
Bu Pitch angle control
B* Desired pitch angle
Ndr Drivetrain efficiency
Ng Generator efficiency
0, Generator rotation angle
0, Rotor rotation angle
N Drivetrain twist angle
A Positive design parameter
AD Adaptive controller gain
ADq Constant controller gain
Atsr Tip speed ratio

Va)g > Vwr > vd)r >

VT, 55 VBs Vi Measurement noise

&4 Pitch actuator damping ratio
0 Pitch actuator effectiveness
Pa Air density

00, 01 Positive design parameters
T, Converter time delay

® Core-function

o Nonnegative function

wg Generator speed

Wg, rated Rated generator speed

Wg.s Measured generator speed
Wy Pitch actuator natural frequency
wy Rotor speed
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r rated  Rated rotor speed
Wr s Measured rotor speed
Or s Measured rotor acceleration

I. INTRODUCTION

Wind energy is considered one of the most promising types
of renewable energy capable of supplying a major part of
the ever-increasing world’s power demand, and an appropri-
ate alternative to fossil fuels with near zero environmental
pollution [1]. Accordingly, the wind turbine generated power
capacity is the key factor which should be kept at the desirable
level to satisfactorily respond to the power demand and also,
to manage the operational and maintenance costs. In the last
decades, it has been demonstrated that the control system
plays a vital role for managing the operation of the wind
turbine at its desired load and speed curves with safe opera-
tion [1], [2]. In the low wind speed region, i.e. so-called partial
load, the desired operation is to capture as much power as
possible via generator torque control, [3], while in the high
wind speed region, i.e. so-called full load, the wind turbine
control aims to produce the rated power via blade pitch
angle control [4] to avoid probable catastrophic operation and
keep the wind turbine structure safe [5]. Thus, full load is
considered as the power regulation region.

In the full load operation, the rotor speed should be kept
at the rated one, to avoid over speeding and hazardous
operation. The power regulation is fulfilled via regulating the
blade pitch angle to change the aerodynamic torque applied
to the rotor, and consequently, control rotor speed. On the
other hand, long term operation in harsh environments with
wind gusts, may lead to pitch actuator faults, which includes
actuator abnormal behavior and effectiveness loss [6]. This
issue has led to more frequent maintenance procedures being
conducted, to remove fault effects and improve the overall
wind turbine performance. Otherwise, either less power than
the rated one is generated, or the rotor speed is increased
excessively. However, increased maintenance work is too
costly, especially for modern offshore wind turbines, due
to their reachability difficulties and longer downtime [4].
So, it would be beneficial to add fault-tolerance capability to
the controller to handle actuator faults, meanwhile keeping
the overall performance at the desired level [7]. Indeed, fault-
tolerant control design will make the system operate satisfac-
torily despite the presence of actuator faults and will lessen
the need for further maintenance procedures [8].

Many research works have been conducted to control
the wind turbines in their full load region, e.g., adaptive
control [9], [10], optimal control [11], [12], evolutionary
algorithms [13], [14], robust control [15] and fuzzy logic
control [16], [17]. The detailed review of power regu-
lation control techniques can be found in [2] and [18].
Even though numerous advanced control approaches have
been presented for control of wind turbines, PID control
is still considered as the preferred approach in engineer-
ing practice with some improvements, e.g. [4], [7], [19].
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The main reason is the intuitiveness in concept and sim-
plicity in design of the PID control structure. Regarding
pitch actuator fault accommodation, different approaches
have been used, such as, adaptive sliding mode fault-
tolerant control [4], [20], robust linear parameter varying
control [6], [7] and fuzzy Takagi-Sugeno control [21], [22],
Kalman filter [23] and proportional multi-integral (PMI)
observer [24]. In most of the related works [23], [25]-[29],
the fault-tolerant control consists of two main steps, including
fault detection and fault accommodation. In the fault detec-
tion step, the fault moment, location, type and size are needed
to be accurately estimated. This information is then used in
fault accommodation schemes to remove fault effects, mostly
via reconfiguring the controller or signal correction [6].
Accordingly, the inaccurate fault information may lead to sig-
nificant performance degradation and even instability. This
issue is considerable in nonlinear systems with different
sources of disturbances, uncertainties and noises, such as
wind turbines [24]. On the other hand, one new approach has
been proposed recently, i.e. the fault is adaptively estimated as
a part of the designed controller [4], [20], [30], [31]. In this
approach, because the fault estimation and accommodation
are simultaneously conducted, the controller performance is
sensitive to the design parameters [4]. It should be noted that
in [7] and [32], the passive fault-tolerant control approach
is utilized, in which the controller is designed to be robust
against the considered set of faults, even in the fault free case.
Consequently, the performance conservatism is inevitable
in this approach [7]. It is worth noting that most of the
approaches lack the implementation simplicity, which is one
of the key factors for the wind turbine industry.

Nevertheless, though PID control gained wide attention in
wind turbine control systems, there are at least two major
limitations for PID control of such systems. First, in order
to determine PID gains, an ad-hoc and painstaking process is
required. Hence, in spite of the various existing methods for
tuning PID gains [17], [19], [33]-[35], there exists no system-
atic way in the literature of wind turbine control to determine
such gains which ensure system stability and performance.
Second, the available PID controls are generally effective
only on linearized wind turbine models, but not for the entire
nonlinear wind turbine behavior. This has led to controller
designs based on the linearized model, assuming that the wind
turbine is performing at its desired operational points, which
is not necessarily the case in practice. Therefore, the resultant
control which has been designed for the linearized wind
turbine model, may not render the expected performance on
the nonlinear model [36].

The primary objective of this paper is to solve the long-
lasting problem of designing a PID controller for non-
linear wind turbines including determination of the gains
analytically, and automatically while ensuring the stabil-
ity. Since the proposed control scheme bears the general
PID form, it has a simple structure and only requires low
computational cost. However, differing from previous meth-
ods like linear parameter varying control [7], [34], or gain
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scheduling [33] which require linearization around different
operational points, the presented control method is able to
deal with the whole nonlinear dynamic behavior of wind
turbines. In addition, to function satisfactorily and to provide
acceptable performance for industrial applications, PID con-
trol gains will be properly designed and determined using
the stability guaranteed Lyapunov-based algorithm. Thus,
the presented approach does not involve a trial and error
process or require manual tuning. Also, compared to previous
works like fuzzy-logic which depend largely on designer
skills, e.g., in defining fuzzy rules [17], [19], [22], we present
systematic means for self-tuning the PID gains analytically.
The proposed control method is also able to tolerate both
additive, i.e., bias, and multiplicative, i.e., effectiveness loss
on the pitch actuator and is robust to modeling uncertainties.
The secondary objective of this paper is to find the method of
effectively handling the unknown control direction followed
by unpredictable wind speed variation without requiring wind
speed measurement. In reality, the aerodynamic torque of
wind turbines is a nonlinear function of pitch angle and
wind speed. Thus, as wind speed variation is unpredictable,
the control direction is not known as a priori which poses
a significant challenge in the control of wind turbines [37].
Although several approaches have been reported on wind
speed estimation [30], [38] or aerodynamic torque estima-
tion [9], [31], resultant solutions are very complicated, which
is not favorable in practice. Also, designing the pitch con-
troller to be robust against wind speed variation, as in [15]
and [39], may lead to some degree of conservatism. To the
best of the authors’ knowledge, although a vast amount of
research results on the control of wind turbines with unknown
wind speed have been suggested in the literature, there is still
a need for a systematic method to cope with the unknown
control direction of the wind turbines without requiring wind
speed measurement or estimation. Accordingly, in this paper,
we introduce the use of the Nussbaum-type function for the
control design of the wind turbines to cope with the unpre-
dictable wind speed variation and the resultant unknown
control direction.

The rest of the paper is organized as follows. In Section II,
the nonlinear wind turbine model, including pitch actua-
tor faults, is introduced. Considering the desired operation
of the wind turbine in the full load region, the combined
rotor dynamic model is derived, in Section III. Accordingly,
in Section IV, the proposed controller is designed. The numer-
ical simulation results, using the proposed, industrial, and
optimized gain PID controllers are given in Section V, where
the comparison is made, and the effectiveness of the proposed
controller is evaluated. Finally, the discussion, and conclu-
sions are given in Sections VI and VII, respectively.

Il. WIND TURBINE MODEL

The wind turbine blades capture kinetic energy available in
the wind and transfers it into the rotor shaft, rotating with
speed w,. Interactions between the effective wind speed, V,,
and the blades causes an aerodynamic torque, 7, and thrust,
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F;, on the rotor. Aerodynamic torque and thrust are stated
as [20],

1
Ta= 3 PatRIVICy (B, Msr)
_1 21,2
Fl‘ = zpanR Vr Ct (.B»)‘tsr)v (1)

respectively, where, p, and R are air density and blade
length, respectively. C, is the torque coefficient and C; is
the thrust coefficient, both functions of blade pitch angle,
B, and tip speed ratio, As. Also, Ay, is defined as Ay =
Rw, /V, [1]. Aerodynamic thrust causes a fore-aft oscillation
of the nacelle, considering an elastic tower. Tower dynamics
are given in Appendix A. Considering the velocity of the
nacelle, i.e. x;, and free wind speed, V,,, i.e. the wind speed
before encountering the blades, the effective wind speed at the
rotor plane is stated as V, = V,, —x; [9]. The power harvested
by the blades and transferred into the rotor shaft, is stated as

1
Pa= A RVECy (B ) @

where, C), is the power coefficient. Also, considering P, =
T,w,, the relation between power and torque coefficients, is,
Cp = Cyhr.

The empirical equations of C, and C; are given in
Appendix B. The rotor speed w, is increased via the drivetrain
and transferred into the generator shaft, rotating at wg. Driv-
etrain and generator models are described in Appendix A.
The electrical power P, is produced in the generator which
is given by,

Pg = ngngp 3

where, 71, is the generator efficiency and T, is the gen-
erator shaft torque. In full load operation it is aimed to
keep P, at the rated value P ,ueq. In fact, the avail-
able wind energy, in this region, is higher than the wind
turbine rated power, but to keep the wind turbine safe
structurally, Pg ,qeq is only requested [4], [5]. In this
regard, considering (3), (i) T, is to be fixed at the rated
value Ty rqreq, and (ii) wg is to be maintained at its rated
value g rareq to achieve the rated power generation as,
Pg = nngwg = 775,7T<g’,mteda)g,rated = Pg,rated [71, [27].
The objective (i) is simply achieved by setting the generator
reference torque, i.e. Ty ref, at Ty yureq and due to the fast
response of the generator dynamics, this leads T, to fol-
low T ref, rapidly. The objective (ii) is attained by regulat-
ing the blade pitch angle via the pitch actuator to vary the
applied aerodynamic torque, and consequently, rotor speed.
Accordingly, this leads to regulating the generator speed,
considering the drivetrain model. See Appendix A for more
information. As the power regulation of the wind turbine is
considered in this paper, the generator torque controller is
not active [4]. Accordingly, the faults in the generator are not
considered and it is assumed that these faults have already
been accommodated using the generator torque controller,
which is not within the scope of this paper.
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The pitch actuator is a hydraulic mechanism to rotate
the blades and adjust the pitch angle to the reference pitch
angle, B, commanded by the pitch controller. The pitch
actuator is modelled as a second order dynamic system as [4],

B = —wB — 2w0pEaf + 2 Bref 4)

where, w, is natural frequency and &; is damping ratio of
the pitch actuator. Considering the available industrial wind
turbines, the limited operational ranges of the pitch actuator
are as Bmin = ,8 = Bma}n Bmin < B = Bmax. It should
be noted that (e),,,, and (e),,;, stand for maximum and
minimum allowable value of the variable (e), respectively.
The measured pitch angle and its derivative are modelled
as Bs = B+ vg, Bs = B+ Vi, where vg and vj are the
noise contents [5]. Long term operation of the pitch actuator,
with reduced maintenance action, may lead to changes in the
dynamic behaviour of the pitch actuator, effectiveness loss
and bias. The three most reported pitch actuator dynamic
changes include high air content in the oil, pump wear and
hydraulic leakage [7]. These dynamic changes lead to slower
response speeds of the pitch actuator and, consequently, poor
power regulation under full load operation. The dynamic
change effects on the pitch actuator can be seen as a change
of natural frequency and damping ratio in (4). The charac-
teristics of these changes are summarized in Table 1 [4], [7],
inwhich N, HAC, PW and HL represent normal, high air con-
tent, pump wear, hydraulic leakage situations, respectively.
Also, wy, x is natural frequency and &x is damping ratio in the
situation X. o, and oy, are fault indices.

TABLE 1. Pitch actuator dynamic change characteristics [4], [7].

Natural Frequency (rad/s) Fault Indicator

and Damping Ratio
Normal wpy = 1111, ap, =ag, =0
&y =06
Pump Wnpw = 7.27, ay, = 0.63,
Wear Epw = 0.75 ay, =030
Hydraulic Wpy, = 3.42, ap =1,
Leak &y =09 ay, = 0.88
High Air Wnpac = 5.73, ap, = 0.81,
Content Ehac = 0.45 ap, =1

The effect of these dynamic changes is illustrated in Fig. 1,
in which the initial pitch angle is set to 5° and B,,r = 0°,

= = = Reference Pitch angle
——Effect of Hydraulic Leak
Effect of Pump Wear

Fault Free Pitch Actuator Response
Effect of High Air Content

Pitch Angle (°)

Time (s)

FIGURE 1. Dynamic change effects on pitch actuator response.
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considering (4). It is obvious that the settling time for all
dynamic change situations are slower than the normal one.

The dynamic change in the pitch actuator can be con-
sidered as an uncertainty which should be handled by the
designed pitch angle controller and can be augmented into the
pitch dynamic model as a convex function of normal values
of natural frequency and damping ratio [40]. So, the pitch
actuator model (4) can be rewritten including the dynamic
change effect, i.e. added as uncertainty, to give,

B = —wiNﬂ — 204, NENB + ©n N Bref + Afpan,  (5)
where, Afpap = _“flA(‘bﬁ)ﬂ — ZopA (&),,é)ﬂ +

af A(d)ﬁ)ﬁref, A(d)ﬁ) = wﬁ,HL - w;%,N and A (67)"5) =
Wn, HACSHAC — Wn,NEN -

During operation in harsh environments, the pitch actuator
can be corrupted due to unanticipated faults, considered as
bias and/or effectiveness loss which deviates the pitch angle
from the expected one [6]. The effectiveness loss and bias of
the pitch actuator can be modelled as,

Bu (1) = p (1) Broy (1) + P(1), (6)

where, B, is the actual pitch angle applied to the pitch
actuator, ®(¢) represents the unknown uncontrollable pitch
actuator bias that causes an unbalanced rotor rotation, and
consequently, higher probability of the drivetrain fatigue [22].
Also, p (¢) is an unknown effectiveness of the actuator which
is0 < p(t) < 1, where p (r) = 1 indicates healthy pitch
actuator and p () = O refers to total actuator loss [16], [22].
The pitch actuator dynamic response, (5), combined with
dynamic change uncertainty, pitch actuator bias and effective-
ness loss, can be rewritten as,

B = —wpyB— 20unENP
2y (0 (0) Brop + D () + Afpap, (1)

which will be considered in the design of the proposed con-
troller in Section IV.

Ill. WIND TURBINE DESIRABLE OPERATIONAL

DYNAMIC BEHAVIOR

Considering the wind turbine operation, it is desirable to keep
the drivetrain torsion angle variation 6 as small as possi-
ble, which, consequently, leads to reduction in the drivetrain
stress. O is defined as Oa = wr — wg/Ng, where Ny is the
drivetrain ratio. Accordingly, 0o = 0 leads to Nyw, = wg.
So, it is desirable to keep the rotor and generator speeds
proportional to the drivetrain ratio [18], [41]. On the other
hand, as generator speed is aimed to be maintained at wg, yued
rotor speed is to be maintained at wg yqreq /Ng [36]. Consid-
ering éA = (0 with zero initial drivetrain torsion angle, leads
to 0o = 0 as the reduced drivetrain stress trajectory [36].
The desirable operational dynamic equation of the wind tur-
bine with reduced drivetrain stress can be stated as [18], [36],

wr = a1y + arwg + a3T,
CZ)g = biow, +b2wg + b3Ty, (8)
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where, a1 = —(Bg + By)/Jr, a2 = Bag/NgJr, a3 =

Udrs bi = naBa/NeJg by = (=naBa/N? = Be) /s,
b3 = —1/J,. Also, J, and J, are the inertia of rotor and
generator shafts, which are rotating at speeds w, and w,
respectively. By is the torsion damping of the drivetrain.
Also, viscous frictions for rotor and generator shaft bearings
are considered whose coefficients are B, and B, respec-
tively. ng is the drivetrain efficiency in transferring speed.
Accordingly, the second-time derivation of rotor speed can be
given as,

Wy = clw, + Cowyg + 3T, + C4Tg + aSTa, (9)

where, ¢; = a% + azby, ¢ = ajay + axby, ¢c3 = ajaz,
¢4 = azbsz, forms the combined rotor dynamic behavior
model. Considering (9), it is obvious that the rotor speed and
generator speed, are controlled by the pitch angle regulation.
It is assumed that in the vicinity of any triple pair (V,, ., B)
in the operational range of the wind turbine, 7, is not a
singular function. Also, there is a given * for any pair of
(V,, w,), such that it steers the wind turbine to the rated
power generation, by adjusting the pitch angle as 8 = 8* [9].
Accordingly, as the wind speed varies, 8* will take the
corresponding value to satisfy the desirable performance.
A diagram of 8* for the considered wind turbine benchmark
model in the full load region, as obtained in [7], is illustrated
in Fig. 2. It should be noted that, as the wind speed is con-
sidered as an unmeasurable and uncontrollable disturbance,
B* is the unknown variable. Thus, the pitch angle cannot be
simply set at 8*, but instead, it is regulated by the designed
pitch controller.

30

25

20
=15

Ra8

10

5

0
14 16 18 20 22 24

Wind Speed (m/s)

FIGURE 2. Diagram of g* in full load operation.

Assumption 1: In this paper, it is assumed that the blade
aerodynamic characteristics are not varied due to the envi-
ronmental effect such as debris, ice and dust on the blades.
So, T, (V;, wy, B*) and B* for any given pair (V,, w,), are
constant through time [7], [36]. Also, in the case of any
potential change, it would be very slow which lies within the
yearly scheduled maintenance procedure of the wind turbine
and then its effects will be removed soon enough before the
occurrence of any significant change [7].

Considering (1), T, is a non-affine function of pitch
angle [9]. One obvious solution is linearization, which
leads to model inaccuracies. To avoid such inaccura-
cies, in this paper the mean value theorem is utilized.
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According to this approach, for any given pair of (V;, w,),
there exists E € (0, 1) such that [9],

aT,

B W, w0
(10)

Ta (Ve wr. ) = Ta (Ve o, B7)+(B — B)

where, fr = EB + (1 — E) B*. The 9T,/9d8 diagram in the
full load region, considering the C, surface in Appendix B,
is shown in Fig. 3.

&

oT,/03 (MNm/°)
sy

e
S

14 16 18 20 22 24
Wind Speed (m/s)

FIGURE 3. 9T,/dp diagram in full load operation.

Remark 1: In Fig. 3, it is obvious that —L < d7,/9d8 <
—U < 0, where, 0 < U < L, which implies that, as the
wind speed increases, with increasing pitch angle, the applied
aerodynamic torque will decrease, to prevent the rotor from
over speeding.

Considering Assumption 1, time derivative of (10) leads to,

. . 0T,
Ty (Vy, o, B) =B Y

where, T,) B is used to represent
into (9), one can obtain,

=BT, (11)

BHIT;. Now, replacing (11)

&y = 1o, + 2wg + 3Ty + caTg + 03,3Ta),3 . (12)

In this paper, the wind turbine dynamic states of interest
are the vector x D [w;, wg, B, Tg]T. Substituting (7) in (12)
leads to,

&y = F(x,1) + G, 1) (p (1) Brep + @ (1)) + D(x,1), (13)

where, F(o) = cio, + cowg + 3Ty + caTg — wpNa3
Ta)g B/26n —a3 Ta)g B/2wn NEN. G(®) = wpna3 Ta)p 268
and D (e) a3 Tq) g Afpap/2wn NEN -

Considering (13), it is obvious that the combined rotor
dynamic model is in an affine form of input pitch angle B,.r.
F(e) is not completely known, because of the existence of
the 7,)4 term and noise contents of variable measurements
which appear in F(e). Also, it is important to be mentioned
that the control direction of G(e) is an unknown function,
due to the existence of T,)g which depends on wind speed.
To handle this issue we utilize the Nussbaum function, which
is a well-known tool to cope with an unknown control direc-
tion issue. Finally, D (e) is the unknown pitch actuator model
uncertainty.
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Remark 2: Considering Fig. 3 and Remark 1, it is obvious
that G(e) = wyna3T,)p/28n takes value in —w, yasL/
26y < G(o) < —wynazU/2Ey and also G(e) # 0
for any triple pair (V,, w,, B).

Assumption 2: Considering the bounded achievable pitch
angle B and it is allowable variation rate £, it is assumed
@] < & < 00, 1] < C5 < coand || < Cy < o0,
where ®, C; and Cg, are positive unknown constants [6].

Assumption 3: Considering information extraction from
system nonlinearities [42], there is an unknown nonnega-
tive constant ay and computable nonnegative function ¢y (x)
such that it satisfies |F (x,t) + ® (¢) G (x,t) + D (x,t)| <
argr(x) [6].

Assumption 4: In this paper the measurement noise on the
variable of Y, i.e. vy, is considered bounded by an unknown
bound dy, which is a practical assumption [29].

IV. PID-LIKE PROPOSED CONTROLLER CONSTRUCTION
The proposed controller is designed to regulate pitch angle
and maintain the rotor speed at the rated one, in the presence
of wind speed variation and to attenuate model uncertainty,
disturbance, and pitch actuator faults. It is aimed to utilize
the PID control structure with automatic adaptive gain tuning.
A Nussbaum-type function is augmented in the adaptive laws
to take the unknown control direction into consideration.
Finally, stability of the wind turbine model augmented with
the proposed controller in the presence of wind speed vari-
ation is proved analytically. Now, to construct the proposed
controller, the rotor tracking error and its first-time derivative
are defined as,

er(t) = a)r,x(t) — Wy rated

ér (t) = Cbr,s (t) - C;)r,rated~ (14)

wy s 18 Totor speed measurement as, w, s = w, + V,, and
w5 1s rotor acceleration measurement as, @, s = @, + Vg, -
Ve, and v, are noise contents of each sensor. Since the rated
rotor speed of the wind turbine is assumed to be a constant
value, then @, yqreq = 0 [4]. Taking the second time derivative
of e,, takes the combined rotor dynamic model (13) into
consideration, as,

é =F ()G (o) (0 (1) Broy + (1)) +D(o).  (15)

To proceed, the tracking error filter is defined as,

t
Z (1) = 2xe, (1) + AZ/ er (1) dt + é.(1), (16)
0

where, A is a positive design parameter such that the transfer
function s> 4+ 2is + A% is Hurwitz. Note that the filtered
error Z (t), is formed by combination of proportional, integral
and derivative terms of the tracking error e,(f) which is the
basis of our PID control design. Considering (15) and (16),
it can be easily shown that,

Z = H(x,t) + B (x,1) Brer, (17)

where, B (x,t) = p ()G (x,t) and H (x,t) = 2ré (t) +
Me(t)+F (x,1) + @ (1) G (x,1) + D (x,1) + 174, + 2405,
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Considering Assumptions 3 and 4, then, it can be shown that
H (e) is upper bounded as,

|H(e)| = 21 |&,] + A2 |er]
+argr (x) + 12d,, +20d;, < ap(x), (18)

where, a = max {as, 2, A*, A*d,, + 2Ad,, } is an unknown
positive constant and ¢ (x) = ¢ (x) + |e;] + le;| + 1.
It should be noted that ¢ (x) is called a core-function and
is a computable scalar function [42]. It can be proved that
boundedness of Z leads to boundedness of e, fol e (t)dt
and é,. So, the controller is designed to ensure Z is uniformly
ultimately bounded (UUB) [43]. In this regard, the following
definition and lemma are stated, on which basis the controller
is designed, and its stability is proved.

Definition 1: Any smooth continuous even function
N (&(1)) is called a Nussbaum-type function, if sup % for N(&)
d§ = +o0 and lim inf 1 [ N(&)dE = —o0 [6].

Lemma 1: Assume V(¢) > 0 and &£(¢) are smooth defined
functions defined on the time interval [0 #r). Also, N(§(?)) is
a selected Nussbaum-type function. Then, for any # € [0 ),
if V() <co+e ! fot(g(l')N(E(‘L')) +1)£e17d holds true,
where cg and c; are positive constants, and g(t) represents a
time-varying parameter, which takes values in the unknown
closed intervals L € [I7,17] with O ¢ L, then V(z), £(¢) and
o 8N (E(x))ée1*dT must be bounded on [Of) [44].

A PID-like pitch angle controller is proposed as,

Brer = (Apy + D) N(E)Z (1), (19)

where, Ap, is a positive design parameter. Also, in (19),
the controller gain Ap is obtained via the following adaptive
laws,

Ap = 21(,02
é = ()\.DO + )\.D) 7?2
a = —ooa + 01922, (20)

where, og and o] are positive design parameters, and a is the
estimation of a.

Remark 3: The proposed controller (19) can be seen as
a combination of two parts, i.e. Z (¢) and ()»D0 + AD) N().
Considering (16), it is obvious that Z (¢) is a PID-like filter
of the tracking error and on the other hand, (A Dy + A D) N(&)
is auto-updating the gains of Z (¢). This is the reason the
proposed controller is called a PID-like controller.

The stability of the wind turbine model using the proposed
controller is proved via the following theorem.

Theorem 1: Consider the combined rotor dynamic
model (13), including the presence of the pitch actuator fault
and uncertainty. Under assumptions 1-4 and the unmeasured
wind speed variation, using the proposed pitch angle con-
troller (19) with adaptive laws (20); the rated rotor speed
tracking error is guaranteed to be UUB, all the internal sig-
nals are UUB, and pitch angle controller signal is smooth
everywhere.
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Proof: Let the Lyapunov function V be selected as,

yolp, Lo 1)
= — —d .

2 201
where, a is estimation error of a, defined as a = a — a.

The time derivative of (21), considering (17) and (19),
is derived as,

. . 1 _;
V=27Z- U—lzz& = ZH(e) + B() (Ap, + Ap) N () Z*

+ Paa—ap?z:. (22)
o1
Considering the trivial inequality (a — a)*> > 0, it can be
easily shown that aa < a*/2 — a*/2. Also, considering (18),
ZH < |Z|lap < ap®Z* + a/4 holds true. So, V can be
bounded as,

’ 252 4 : a* ~ 252
V<apZ°+-+B@E)é+ —— ———5 — ap°ZL”.
4 o1 2 o 2
(23)

The right hand side of (23) is equal to (ap>+Ap,) Z* + ¢ +
BONE)E+DE DL 5, 72, Also considering p =

ag* and £ = (Ap, + Ap) Z%, (23) yields,

2
V<E+BON@E+S+ 0
4 o1 2

~2
= 5 3 T <EHBON@®E-aVta, 24
where, ¢; = min(og, 2Ap,) and c; = a/4 + opa®/207 and
both are positive. MultiplyingNussbaum-type function, used
in (24) by €' > 0, yields

d (Ve') jdt <&V + B ()N (§) £V + e, (25)

and integrating both sides of (25) over [0¢], leads to
t
V < e ! / (B()N (&) + 1) Ee1%dT
0

+ (V 0) — C—2> et 2 (26
cl cl

Since 0 < e~ €' < 1, the inequality (26) can be rewritten as,

t
V < e“'l’/ BN &)+ Dée'dt +¢9, (27)
0

where, co = c2/c1+V (0) is a positive constant. Considering
Lemma 1 and Remark 2, it is concluded from (27) that V,
£ and [y (B()N (§)+1)ée1dt are bounded on [01).
Thus, the closed-loop system solution is UUB. Boundedness
of V leads to boundedness of Z and a. Because a is bounded
and @ = a — a, then a is bounded. Since, V (0) is bounded,
it is obvious that z—leooZZ/Z < ¢/cy; i.e. |Z| converges

to the set Q = {|Z|||Z] < +/2¢c2/c1} ast — +oo.

On the other hand, boundedness of Z ensures boundedness
t .

of ¢, fo er (t)dt and é,, and consequently, w;, wg, ¢ are

bounded [43]. Therefore, from (17), (19) and (20), it can be
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stated that B, éz, Z and Ap are bounded. Taking the time
derivative of B,,r, (19), can be written as,

. d . 9 IN. 0 0 .
ﬁref = f;fz + f;f E& + g:fgb + ggfa,
where, algref/az = ()\DO +Ap)N (&), 8lgref/alv = ()LDO +Xip)
Z(t), Prer /0@ = 2apN(E)Z (1), ¢ = (dp/dx)x+(dp/de)é
and Brer/0a = @>N(§)Z (1). Note that Z, Z, &, £,
a, a, ¢, N(¢) and, consequently, dN /3¢ are all bounded and
continuous. Accordingly, all terms in (28) are bounded and
continuous. Thus, Bref is bounded and continuous, which
leads to smooth B.. This ends the proof. |

(28)

V. EVALUATION OF THE PROPOSED CONTROLLER

In this section, the proposed pitch angle controller is evalu-
ated via numerical simulations on a nonlinear wind turbine
benchmark model [5], [10], [30]. Also, the results are com-
pared to those from an industrial baseline controller (IBC)
as well as an optimized-gain PID controller using moth-
flame optimization (MFO-PID) which is elaborated in details
in [45] to demonstrate the performance advantages of the
proposed controller, in both fault free and faulty situations.
Also, the performance criteria are introduced to quantify the
performance of the wind turbine. It should be noted that all
numeric values of the wind turbine benchmark model are
given in Appendix C.

A. INDUSTRIAL BASELINE CONTROLLER

In this paper, a traditional PID controller is used to make
the context of comparison to the proposed controller perfor-
mance. Such a controller is designed to regulate the pitch
angle based on the generator speed tracking error, which is
defined as,

eg (1) = wg s () — Wg,rated (29)

where, wg; = w, + Vargs and Vs, is the noise contents of
each sensor. A traditional industrial baseline controller (IBC)
is given by, [4], [7],

t
B () = Kpeg (1) + K; /0 e (1) d7 + Kpég (1), (30)

where, Kp, K7 and Kp are proportional, integral and derivative
controller gains, respectively which are set using traditional
methods, to have system stability as well as satisfying perfor-
mance. In this paper the IBC gains are as, Kp = 1, K; = 4
and Kp = 0, which are obtained via trial and error processes,
considering gain and phase stability margins [4], [28], [46].
One advantage of our proposed controller over the IBC (30),
is to link the gains through the design parameter A which
makes the gain tuning process simpler compared to currently
available controllers. Also, it has been proposed to filter the
generator sensor, before feeding it into the PID controller to
remove noise content and avoid amplification of noise via the
controller gain. However, it is obvious that, in the structure
of the controller (30), the sensor noise wg s is not necessar-
ily attenuated and may be amplified. Accordingly, in IBC
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Kp is set zero [4], [28]. Also, the pitch actuator uncertainty,
i.e. Afpap, is not analytically attenuated in this controller.
On the other hand, any possible loss of effectiveness and bias,
i.e. p (t) and @ (¢) in (6), are not assured to be accommodated.
So, it is beneficial to modify the current available industrial
controller, firstly, to have industrial acceptability, and also,
to satisfy the desired performance despite the presence of
disturbances, uncertainties and faults. All the above modifi-
cations are considered in the development of the proposed
controller (19).

B. MOTH-FLAME OPTIMIZED GAIN PID CONTROLLER

In [45], an optimized-gain PID pitch controller using the
moth-flame optimization algorithm (MFO-PID) is consid-
ered and its results have been compared with the other
optimization algorithms, including Zeigler Nichols, simplex
algorithm and genetic algorithm. It has been demonstrated
that the obtained gains using the moth-flame algorithm, led
to the minimum performance objective. So, in this paper
the performance of the proposed controller is compared to
the performance of the MFO-PID. The pitch angle using the
MFO-PID controller is structured as [45],

t
Brs (1) = Kovey (1) + Kot /0 ¢, (1) d7 + Kopéy (1), (31)

where, e, (1) = Pg () — Pg rarea is power tracking error.
Kop, Kor and Kop are proportional, integral and derivative
optimized controller gains, obtained for the generic nonlin-
ear wind turbine model, respectively, as, Kopp = 0.179,
Ko = 0.458 and Kpp = 0.033 [45]. It should be noted that
the MFO-PID gains are obtained based on power tracking
error, while the IBC gains are based on generator speed
tracking error. Accordingly, the MFO-PID gains are smaller
than the IBC gains [45].

C. PERFORMANCE CRITERA

In full load operation, numerical criteria are used to quantify
the performance of the wind turbine [5], [45]. As stated
earlier, the generator speed is to be kept at the rated value,
accordingly, we choose the difference between these two as
the first criterion, as,

i 2
C1= [ (w0 = g d. (32)

where, # is the execution time. Similar criterion is used for
differences between the generated and rated power, as,

f 2
C2= /0 (Pg(t) — Py ratea)” d. (33)

It is obvious that the aim is to keep C1 and C2 as close to
zero as possible. On the other hand, the maximum deviation
of the generated power from rated power is calculated as,

C3 = max (|Pg (1) — Py rated|)- (34)

Indeed, C3 represents the instantaneous generated power
deviation from the rated value which may lead to sudden
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catastrophic break down, in contrast to C2 which accumulates
all power deviation, which may lead to gradual failure. Also,
the drivetrain torsion angle is calculated as,

I, 2
C4=f Oa(r) dr. (35)
0

Considering reduced drivetrain stress, as described in
Section IV, it is desired to keep C4 as close as possible to zero.
Finally, to consider limited operational ranges of the possible
pitch angle, which may lead to pitch actuator saturation,
C5 and C6 are defined as,

C5 = max (|8 (1))
C6 = max (’ﬂ (t)), (36)

which should not violate the given ranges.

D. NUMERICAL RESULTS
In this section, to verify the proposed controller performance,
numerical simulations are conducted, and the results are com-
pared to the IBC (30), and the MFO-PID (31) responses.
Firstly, the performance of all controllers in normal situa-
tions, i.e. without pitch actuator effectiveness loss, bias or
dynamic change, are carried out. Then, for each mentioned
situation, the wind turbine operation is studied and also, the
performance criteria are analyzed.

Considering the adaptive laws (20), and the inequality (18),
the function ¢y should be selected appropriately. In this
regard, considering (13) and Assumption 3, ¢y is selected as,

N,T
o = lerwy] + |erwg| + 3 (%) + |eaTy|
t

N ‘wn,NaSU,B ‘ N azUB ‘wn,NaSU ’
28N 2wp, NEN 28y

+ a3UA (a)n&) /3 (13UA((;)3) (,Bmax - ,Bmm)
wn, NEN 2w, NEN '

(37

which is obviously a computable scalar function, as a part of
the controller structure and, ¢ = ¢ + |é,] + |e;| + 1. Also,
in Assumption 3 ay = max{1, ®,ay, , op, }, which is unknown
and estimated, considering (18) and (20). On the other hand,
the Nussbaum-type function, used in (19), is selected as,

N (&) = E%cos(&), (38)
which satisfies Definition 1 conditions. Also, the controller
parameters are selected as, o9 = 0.1,01 = 1, Ap, = 1,

A=0.1

1) NORMAL ACTUATION MODE

The performance of the wind turbine in normal actuation
situations using the proposed controller (19), the IBC (30),
and the MFO-PID (31), under the wind speed profile, shown
in Fig. 4, are demonstrated and compared in Figs. 5-8.
Faults and uncertainty in the pitch actuator are considered as,
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FIGURE 4. Wind speed profile.
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FIGURE 5. Generator speed using IBC (blue line), MFO-PID (green line),
proposed controller (red line), and rated generator speed (black line).
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FIGURE 6. Generated power using IBC (blue line), MFO-PID (green line),
proposed controller (red line), and rated power (black line).
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FIGURE 7. Drive train torsion angle rate using IBC (blue line),
MFO-PID (green line), proposed controller (red line).
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Time(s)

FIGURE 8. Pitch angle using industrial controller (blue line),
MFO-PID (green line), and proposed controller (red line).

af = af, = 0 and consequently AfPAD = 0. Also, p =1
and ® = 0. The numerical performance criteria are sum-
marized in Table 2. The criteria C1, C2 and C3 are signif-
icantly decreased compared to IBC and MFO-PID, which
demonstrates the advantages of the proposed controller to
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TABLE 2. Performance criteria in normal situation.

Proposed MFO-PID IBC Unit

controller
c1 270.1 851.9 2967 rad?/s
Cc2 620.1 973.5 2819 GW?s
C3 0.0517 0.0765 0.1437 MW
c4 0.002110 0.002102 0.002103 rad?/s
C5 29.05 28.93 28.42 °
Ccé6 9.95 9.01 8.53 °/s

produce better rated generator speed and rated power track-
ing performance. This result is obvious in Figs. 5 and 6.
Also, considering Fig. 7, the induced drivetrain torsion angle,
i.e. criterion C4, using the proposed controller is slightly
more than the IBC and MFO-PID controllers. On the other
hand, considering Fig. 8 which shows the pitch variation
using the proposed controller, i.e. criteria C5 and C6, are
increased, which is expected. Indeed, with high variation of
wind speed, having accurately rated power generation, results
inevitably in high pitch angle variation.

2) FAULTY ACTUATION MODE

In this section, the operation of the wind turbine system (13),
is investigated using both controllers under different pitch
actuator faults and dynamic changes, for the wind speed
profile given in Fig. 4. It should be noted that, to study the
effect of each fault accurately, the pitch actuator faults and
dynamic changes are considered separately. Considering (7),
pitch actuator bias and effectiveness loss are applied as,

O =15°, 200 (s) <t < 600(s) (39)
p=0.6, 900(s) <t <1300(s),
It should be noted that the AprD = 0. The genera-

tor speed for different time periods, mentioned in (39),
using IBC, MFO-PID and proposed controllers are shown
in Figs. 9-14. In Fig. 9, the generator speed using IBC in the
normal situation and for the pitch bias case, are compared.
It is obvious that the pitch bias deviates the generator speed
from the rated one, more than the normal case. So, IBC is not
able to remove the pitch bias effect and operate the same as
the normal situation.

The same result can be obtained considering Fig. 10,
in which the effective loss of the pitch actuator is applied.

—
N
=)

wy (rad/s)

—
n
o

FIGURE 9. Generator speed using IBC in normal actuation case (blue line)
and pitch actuator bias case (red line), and rated generator
speed (black line).
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FIGURE 10. Generator speed using IBC in normal actuation
case (blue line) and effectiveness loss case (red line), and rated generator
speed (green line).
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FIGURE 11. Generator speed using MFO-PID in normal actuation
case (blue line) and pitch actuator bias case (red line), and rated
generator speed (black line).
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FIGURE 12. Generator speed using MFO-PID in normal actuation

case (blue line) and effectiveness loss case (red line), and rated generator
speed (black line).
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FIGURE 13. Generator speed using proposed controller in normal
actuation case (blue line) and pitch actuator bias case (red line),
and rated generator speed (black line).

Comparing Figs. 9 and 10, it can be seen that the effectiveness
loss is more severe than the pitch bias. In Figs. 11 and 12,
the results using MFO-PID are illustrated. The pitch actuator
bias has deviated the generator speed from its corresponding
value in the normal case, at the beginning of the fault period,
compared to the IBC result. However, the effectiveness loss
effect is still considerable. Indeed, the optimized gains lead
to some degree of tolerance toward the pitch bias, but effec-
tiveness loss effect is severe and not necessarily removed.
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FIGURE 14. Generator speed using proposed controller in normal
actuation case (blue line) and effectiveness loss case (red line),
and rated generator speed (black line).

In Figs. 13 and 14, the corresponding proposed controller
results are illustrated, in which the generator speed with pitch
bias and effectiveness loss is obviously kept at the same level
as the normal one. Also, comparing Figs. 9, 11 and 13, implies
that the proposed controller, in the pitch bias case, is operating
more satisfactorily than IBC and MFO-PID. A similar result
is also evident comparing Figs. 10, 12 and 14, in the effec-
tiveness loss case. To verify this outcome, the performance
criteria are summarized in Table 3.

TABLE 3. Performance criteria in pitch bias and effectiveness loss.

Proposed MFO-PID BC Unit

controller
C1 274.8 1351 4669 rad?/s
C2 643.5 1674 4304 GW?s
C3 0.0776 0.1316 0.2087 MW
Cc4 0.002112 0.002107 0.002105 rad?/s
C5 29.49 28.43 28.34 °
C6 10 9.24 9.05 °/s

Now, the effects of the dynamic change in the pitch actuator
are considered. To this end, considering Table 1, the dynamic
changes are applied as,

Pump wear, 400 (s) <t < 600(s),
Hydraulic Leak, 700 (s) <t <900(s), 40)
High Air Content, 1000 (s) <t < 1200(s),

where, in pump wear case oy = 0.63,ap = 0.30,
in hydraulic leak case oy = 1, o, = 0.88, and in high air
content case oy, = 0.81, Q= 1. Also, the pitch actuator
dynamic change effect AprD is as AprD = —ay A(a) )B —

205, A (a)né ) B + ay, A(@2)Bref, Which is an unknown vari-

able, since B8, B and Brer are obtained in the simulation.
Considering Fig. 1, it is obvious that all the dynamic changes
make the pitch actuator about one second slower. This slower
time is not obvious in the time span of the numerical
simulation.

So, differences of the pitch angle between the fault free
case and the pitch angle in the dynamic change case, are
considered as the indicator to accurately study the dynamic
change effects, defined as,

AB = Bac — Buormal 41
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where, B, represents the pitch angle in the dynamic change
case, using the given controller and B,p;mq; 1S the pitch angle
in the normal situation using the same controller. Obviously,
as long as this indicator is close to zero, it means that the
considered controller is able to compensate for the dynamic
change effects and keep the pitch angle close to the cor-
responding one in normal situations. The pitch angle dif-
ference using IBC, MFO-PID and the proposed controller,
with and without the above-mentioned dynamic changes (40),
are demonstrated in Figs. 15-17 for the pump wear case,
the hydraulic leak case, and the high air content case, respec-
tively. It is obvious in each dynamic change case that the pitch
difference is closer to zero using the proposed controller than
for IBC and MFO-PID. This shows the ability of the proposed
controller to compensate for the dynamic change in the pitch
actuator satisfactorily. Finally, the performance criteria are
summarized in Table 4, which confirms the aforementioned
results, numerically.

It is very severe if some faults happen simultaneously.
Therefore, to evaluate the performance of the proposed con-
troller in this situation, a simultaneous fault scenario is

1 -
_ 0 \‘lh, " J"l I ’J ”” L\, MJ “ M AR hl mu 1“1“, i)
3 (I i il \‘ i ﬂ ‘W * ' L
a1t
400 4;0 5")0 5;0 600

Time (s)

FIGURE 15. Pitch angle difference in normal case and pump wear case
using IBC (blue line), MFO-PID (green line), and proposed
controller (red line).
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FIGURE 16. Pitch angle difference in normal case and hydraulic leak
case using IBC (blue line), MFO-PID (green line), and proposed
controller (red line).
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FIGURE 17. Pitch angle difference in normal case and high air content
case using IBC (blue line), MFO-PID (green line), and proposed
controller (red line).
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TABLE 4. Performance criteria in pitch actuator dynamic change case.

Proposed MFO-PID BC Unit

controller
C1 272.1 1031 3257 rad?/s
c2 634.8 1179 2955 GW?3s
Cc3 0.0714 0.1281 0.1720 Mw
C4 0.002103 0.002099 0.002103 rad?/s
Cc5 29.18 28.58 28.51 °
C6 10 10 9.01 °/s

applied to the wind turbine as,

® =10°,
p =04,

500 (s) <t < 800(s)
1000 (s) <t < 1300(s)

500 (s) <t < 800(s)
1000 (s) <t < 1300(s),

Pump wear,

Hydraulic Leak,

in which, pitch actuator bias and effectiveness loss coin-
cide with pump wear and hydraulic leak cases, respectively.
In Figs. 18 and 19, the extracted power using IBC, MFO-PID
and the proposed controller in the faulty periods are illus-
trated. It is obvious that the effectiveness loss and hydraulic
leak are very severe, while their effects are satisfactorily
accommodated using the proposed controller. Also, the pitch
angle difference using IBC, MFO-PID and the proposed con-
troller, with and without the simultaneous fault scenario (42),
are demonstrated in Figs. 20 and 21. It is obvious that the
proposed controller is tolerant against the considered faults.
Finally, the numeric criteria are summarized and compared
in Table 5, which shows the appropriate performance of the
proposed controller.

4.8

4.75 |

P, (MW)

4.7

4.65 L L L L L
500 550 600 650 700 750 800

Time(s)

FIGURE 18. Generated power using IBC (blue line), MFO-PID (green line),
proposed controller (red line), and rated power (black line), under
simultaneous pitch actuator bias and pump wear case.
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FIGURE 19. Generated power using IBC (blue line), MFO-PID (green line),

proposed controller (red line), and rated power (black line), under
simultaneous pitch actuator effectiveness loss and hydraulic leak case.
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FIGURE 20. Pitch angle difference using IBC (blue line), MFO-PID
(green line), and proposed controller (red line), under simultaneous
pitch actuator bias and pump wear case.
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FIGURE 21. Pitch angle difference using IBC (blue line),
MFO-PID (green line), and proposed controller (red line), under
simultaneous pitch actuator effectiveness loss and hydraulic leak case.

TABLE 5. Performance criteria in pitch actuator dynamic change case.

Proposed MFO-PID IBC Unit

controller
Cc1 268.6 2783 6227 rad?/s
Cc2 506.8 2701 5706 GW?s
Cc3 0.0667 0.2003 0.2701 Mw
Cc4 0.002203 0.002139 0.002108 rad?/s
C5 29.19 31.94 32.53 °
Ccé6 10 10 10 °/s

VI. DISCUSSION
Our interest in developing new PID control of wind turbines
stems from the fact that PID controllers are a key part of
almost every practical control system, due to their simplicity
in both structure and concept. Accordingly, although the
underlying control problem of nonlinear wind turbines is
quite difficult, specifically when unknown wind speed and
actuation faults are considered, the proposed controller is
structurally simple while computationally inexpensive, and
functionally effective, as it bears the general PID form.
Differing from conventional PID based methods, the pre-
sented control scheme exhibits several distinguishing fea-
tures. First, the designed PID gains consist of two parts,
i.e., time-varying part and constant part; the former is con-
sistently and automatically updated without the need for
human interference while the latter can be selected freely by
the designer. Also, all proportional, integral, and derivative
gains are expressly linked to each other through the design
parameter A, thus making the gain tuning process of the
presented approach simpler, compared to the traditional PID
approach. Second, in contrast to most of the PID control
systems, which suffer from the lack of guaranteed stability
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analysis, the proposed algorithm utilized a Lyapunov direct
method to provide a systematic procedure to determine PID
gains while ensuring the stability of the closed-loop system.
By that means, the analytical procedure is delivered to adap-
tively adjust PID gains without the need for trial and error
processes. It is also worth noting that by linking the control
gains through A, the stability analysis is facilitated compared
to most of the available PID controls in the literature. Third,
the presented PID control can handle nonlinearity of the
wind turbine models. Also, the presented scheme is adaptive
to modeling uncertainties and robust against pitch actuator
faults, and wind speed variations. Note that the controller
realization is independent of the nonlinear model function.
Thus, if the model functions F(e), G(e) and D(e) in (13)
change, the designed control strategy will automatically tune
the gains to reject the disturbances and compensate for
the uncertainties without requiring human interference for
adjusting the gains.

VIl. CONCLUSION

In this paper, we investigated a novel PID tracking control
approach with adaptive gain adjustment for nonlinear wind
turbines with unknown pitch actuator characteristics, and
unknown wind speed variations. Differing from traditional
PID control, the presented scheme adjusts the gains using
stability-guaranteed analytic algorithms, thus avoiding man-
ual tuning or frustrating ““trial and error”” processes. The pre-
sented control scheme is capable of automatically accommo-
dating model nonlinearities and uncertainties, undetectable
disturbances and pitch actuator faults. Furthermore, the pro-
posed algorithm does not require the process of fault detec-
tion, which is very challenging for wind turbines with
different sources of noise and uncertainty. Therefore, it can
be considered as a practical approach. In addition, in contrast
to previous works, it addresses the unknown control direction,
as a result of considering an unknown wind speed, by deploy-
ing a Nussbaum-type function. The theoretical analysis has
verified the proposed controller performance as illustrated
from the various numerical simulations. In practice, the pro-
posed method can be used in offshore wind turbines to reduce
the need for repetitive and costly maintenance due to pitch
actuator faults. Future research directions may include the
integration of the controller for both operational regions, with
consideration of generator faults.

APPENDIX A

In this appendix, the tower, drivetrain and generator model
of wind speed is stated. The applied aerodynamic thrust on
the wind turbine tower leads to a bending oscillation and,
consequently, the nacelle fore-aft motion. This motion is

modelled as [7],
Mk = Fy — Bixy — Kixy, (A-1)

where, M; is nacelle mass, B; is damping ratio and K; is
elasticity coefficient of the tower. Also, x; is the nacelle
displacement, measured from its equilibrium point.
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The drivetrain is modelled as a two degree of freedom
rotational system. The rotor and generator speeds are input
and output speeds of the drivetrain, respectively. Also, inertia
of rotor and generator shafts are J, and J, respectively, which
are rotating at speeds w, and wg, respectively. The drivetrain
gear meshing, whose ratio is Ng, includes torsion stiffness K,
and torsion damping, Bg;.

This elastic gear meshing results in a torsional angle of
twist of the main shaft 65, which is defined as,

On = 0, — Og/Nq. (A-2)

where, 6, and 0, are rotation angles of rotor and generator
shafts, respectively. Also, viscous frictions for rotor and gen-
erator shaft bearings are considered whose coefficients are
B, and By, respectively. The drivetrain efficiency in transfer-
ring speed is n4;. Considering all the above mentioned com-
ponents of the drivetrain, its dynamic behaviour is modelled
as [5], [20],

Jrwyr = Ty — KgtOn — (By + Bar) oy + Bdlwg/N s
Jowg = narK 4,0a/Ng
2
+ narBarwr /[Ng — (Bg + narBar /Ny)wg — T

Oa = wr — wg/Ng. (A-3)
The generator and rotor speeds and its derivative are mea-
sured by sensors as, wg s = Wg + Ve, ®r,s = @ + vy, and
Wy s = O + Vi, Where vy, vy, and v, are noise contents
of each sensor [29]. The electrical power is produced in the
generator. Also, to adjust the generated power frequency,
a converter is located between the generator and grid. Indeed,
the current in the generator is controlled utilizing an internal
electronic power controller in the converter [7]. Control of
demand current in the generator leads to regulation of the
torque load on the generator to the reference one, T, e, cOm-
manded by the generator torque controller [20]. The converter
is a first order system with time delay t,, as,

Tg = —ang + ang,rqfa (A'4)

where, a, = 1/7,. The generator internal electronic con-
troller is much faster than the slow mechanical dynamic
behavior of wind turbines. So, the generated electrical power
in the generator, Pg, is approximated as a static relation
as (3) [7]. Also, the generator torque sensor is modelled
as Ty = T, + vr,,, where vy, is the sensor noise.
Additionally, the limits on generator torque and its variation,
are as, Tg,min = Tg = Tg,mam Tg,min = Tg = Tg,max [7].
The yaw mechanism of wind turbines is used to change the
direction of the blade plane to keep it in the appropriate
direction with respect to the wind. In this paper it is assumed
that the wind speed direction is perpendicular to the blade
plane. So, the dynamic response of the yaw mechanism is
ignored. The combined schematic model of the wind turbine
is demonstrated in Fig. 22. It should be noted that the gen-
erator reference torque is regulated to improve the captured
energy, i.e. it is active in the partial load region, and the pitch
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FIGURE 22. Combined schematic model of wind turbine.

angle regulation occurs to maintain the captured power at the
nominal value, i.e. it is active in the full load region.

APPENDIX B
In this appendix, the empirical equations for power and thrust
coefficients are given. The power coefficient is stated as [20],

Cp (B, hisr) = B1 (Ba/ A — B3 — Ba) e 55/™) By,
(A-5)

where, 1/A = 1/(hg + 0.088) — 0.035/(8% + 1), B;
0.5176, By = 116, B3 = 0.4, B4 = 5, Bs = 21 and B =
0.0068 [47]. Also, the thrust coefficient is approximated
as [48],

Cr (B, hisr) = 0.5Cr (1 + sign (C‘T))
Cr = A1 + Az (gr — A3B) e P + AsAZ, e~ AeP
+ A3 e8P, (A-6)
where, A} = 0.006, Ay = 0.095, A3 = —4.15, A4 = 2.75,
As = 0.001, Ag = 7.8, A7 = —0.00016 and Ag = —8.88.

The power and thrust coefficients, using (A-5) and (A-6), are
illustrated in Figs. 23 and 24, respectively.

APPENDIX C
In this appendix the numeric values of wind turbine model
parameters are given in Table 6 [5].

FIGURE 23. Power coefficient surface.
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FIGURE 24. Thrust coefficient surface.

TABLE 6. Performance criteria in pitch actuator dynamic change case.

Pa R ]g Jr Kae
1.225 kg/ 2 55 2.7 GNm/
m3 57.5m 390 kgm ngmz rad
Bat By B, Ny Nat
945 kNm/ 3.034Nm/ 27.8 kNm/ 95 0.97

(rad/s) (rad/s) (rad/s) )
M, B, K, Ty Ng
asdron  OOTN/ - 2SSMN/ 4 0.92
(m/s) m
Tg,min Tg,max Tg,min Tg,max Wy
-50 MNm/ 50 MNm/s 0 Nm 353 11.11 rad/
s kNm s
f /Bmin ﬁmax ﬁmin ﬁmax
0.6 -10 °/s 10°/s -19° 40°
Pg,rated Tg,ruted wg,rated wr,rated
48 MW 2kNm  162rad/s Z“d/
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