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W N

Abstract: Wind speed variations affect the performance of the wind energy conversion systems
(WECSs) negatively. This paper addressed an advanced law of the backstepping controller (ABC) for
enhancing the integration of doubly fed induction generator (DFIG)-based grid-connected WECS
under wind range of wind speed. This enhancement was achieved through three control schemes,
which were blade pitch control, rotor-side control, and grid-side control. The blade pitch control
was presented to adjust the wind turbine speed when the wind speed exceeds its rated value. In
addition, the rotor and grid-side converter controllers were presented for improving the direct current
link voltage profile and achieving maximum power point tracking (MPPT) under speed variations,
respectively. To evaluate the effectiveness of the proposed ABC control, a comparison between PI
and sliding-mode control (SMC) was presented, considering the parameters of a 1.5 MW DFIG wind
turbine in the Assilah zone in Morocco. Moreover, some changes in the DFIG parameters were
introduced to investigate the robustness of the proposed controller under parameter uncertainties.
Simulation results showed the capability of the proposed ABC controller to enhance the performance
of the DFIG-WECS based on variable speed and variable pitch turbine, at both below and above-rated
speed, leading to an error around 1073 (p.u), with an ATE = 0.4194 in the partial load region; in
terms of blade pitch control, an error of 2.10~# (p.u) was obtained, and the DC-link voltage profile
showed a measured performance of 5 V and remarkable THD value reduction compared to other
techniques, with a measured THD value of 2.03%, 1.67%, and 1.46% respectively, in hyposynchronous,
hypersynchronous, and pitch activation modes of operation. All simulations were performed using
MATLAB/SIMULINK based on real wind profiles in order to make an exhaustive analysis with
realistic operating conditions and parameters.

Keywords: adaptive backstepping control; doubly fed induction generator; field orientation control;
MPPT by curve fitting; pitch control; wind energy in Morocco

1. Introduction

The harmful impact of fossil fuels on the environment and their fast depletion all
over the world make the free-pollution transition imperative. Electrical energy generation
through wind turbines is the most viable energy source due to its daily availability [1,2].
North African countries aspire to become world leaders in the production and exportation
of clean energy thanks to their geographical location, the presence of strong sun irradiation
for long periods, and the availability of wind at a relatively high speed, especially in
the northern coastal areas overlooking the Mediterranean Sea. Among these nations,
the Kingdom of Morocco has more wind energy potential. The extreme north of the
country (Tangier, Tetouan), the Essaouira region, the southern Atlantic zone from Tarfaya
to Lagouira, and the zone between the Atlas mountain ranges and the Rif are the four most
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profitable zones to explore wind energy [1]. The wind power generated in these regions
does not exceed 10 GW, which is not consistent with the unique location of these regions in
terms of wind availability with speeds that may exceed 6.5 m/s and attain (10 m/s). Hence,
integrating some modern control strategies into the wind energy systems can increase the
level of wind power generated in these zones [3].

The classical PI controller presents appropriate performances in many WECS ap-
plications. Optimized PI controllers were presented to improve the performance of the
WECS [4,5]. Due to its limitations, in particular, the inability to adapt to machine pa-
rameter variations and uncertainties, any change in the operating conditions other than
the one with which the PI controller parameters were optimized would not guarantee
optimal operation. This called for real-time PI controller parameter tuning depending
on the variation of wind speed and the possible parametric variations, due in practice to
technical problems (e.g., mechanical component wear, overheating of the machine). In
practice, the implementation of such techniques is still difficult and costly, as the CPU
takes time to adjust the optimal parameter and needs an advanced microprocessor. These
limitations in PI and/or optimized PI controllers have led to the implementation of some
robust and adaptive control techniques for WECSs. More robust control strategies were
proposed to replace PI controllers to improve accuracy and precision performances [6].
The sliding-mode controller (SMC) is robust against uncertainties, but its performance is
undermined by high-frequency low oscillations called chattering. An SMC also utilizing
sliding-mode control for grid-side converters and rotor-side converters of a DFIG in WECS
application was presented to dampen the sun-synchronous fault event [7]. Improved
versions of the SMC such as super-twisting SMC [8,9] and second-order SMC [10], with
very attractive dynamic features such as finite time convergence, have been proposed in the
literature to reduce the chattering phenomenon. Another nonlinear adaptive controller, the
energy-shaping L2-gain controller, was presented to the WECS without adding any flexible
devices to improve the WECS performance [11]. Other control schemes were presented
without using flexible devices to improve the DFIG-WECS performance such as the linear
quadratic regulator controller [12] and fuzzy logic controller [13]. Advanced versions of
the backstepping controller (ABC) such as integral and adaptive backstepping have been
proven to be robust against parameter variation and system uncertainties as in [14,15].

Fixed-speed wind turbines have several demerits with more expensive power con-
verters such as low energy efficiency and reduced lifespan because of high mechanical
stress [16]. Variable-speed wind turbine-driven doubly fed induction generators (DFIGs)
are gradually being introduced to deal with these inconveniences. According to S. Karad
and colleagues [17], the DFIG has occupied 50% of the total installed capacity, making it
the predominating type of machine in the wind energy market. This DFIG’s dominance is
due to its benefits, which include ease of use, grid and generator control, and active and
reactive power regulation capabilities. Furthermore, because DFIG rotor converters can
be rated to sustain only the slip power, which is one-third of the total nominal power of
the generator, the total cost of installation and maintenance is lower [5,18]. The DFIG can
also harvest energy from a wider range of wind speeds, which is £30% of the synchronous
speed. The DFIG’s principal disadvantage when used in WECS, on the other hand, is its
susceptibility to grid disturbance events and variations in operating conditions including
wind speed. Wind speed variation had negative effects on the performance and operation of
DFIG-WECS [19]. These negative effects included the mechanical stress on the DFIG rotor,
the deviation from the maximum extraction of the power operating point, and variations in
the DC-link voltage. The mechanical stress may damage the DFIG rotor and not operating
at the maximum power point decreases the efficiency of the system, while large variations
in the DC-link voltage may destroy the DC-link capacitance or disconnect the generator
from the system by the protection devices [1].

Collective pitch control (CPC) and individual pitch control (IPC) are the two categories
of pitch angle control techniques. The CPC is currently applied to wind turbines in the
market and involves measuring a single pitch angle to control the inclination of the three
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blades as one entity. It relies on a simple controller, such as the PI controller as proposed
in [20,21], fuzzy PI that was presented in [22], and sliding-mode control that was also
successfully used in the literature to regulate the turbine pitch angle [23]. The IPC is the
most recent development which has been intensively treated in the last years, but it is still
not completely implemented in commercial wind turbines (WT) [24]. It is expected to be
largely applied in the next generation of turbines to usher in the era of larger and more
flexible blades to reduce the load and stress on the turbine system. The disadvantage of
the IPC, however, is that it renders the pitch system an inherently multiple-input-multiple-
output (MIMO) system, since it requires individual pitch commands for each blade and
thereby requires additional sensors for pitch angle feedback measurement of each blade.
In order to alleviate the effect of wind speed variation and maximize the harvesting
of the power generated from DFIG-WECS, the MPPT technique through controlling the
rotor-side converter of the generator is widely used at the machine side [25]. However, on
the turbine side, the tip-speed-ratio method is used. It consists of controlling the rotor speed
to keep the relative speed at its optimum value by acting on the electromagnetic torque
signal [26]. Optimal torque control (OTC) consists of adapting the electromagnetic torque
Tem to its optimum value without the need to measure the wind speed [26]. The optimum
value of the torque can be determined in two ways. The first method is based on some
approximations, such as neglecting the effect of viscous friction and the hypothesis that
the wind speed varies very slowly in the steady-state operation compared to the electrical
time constants of the wind turbine system [27]. The optimal torque can then be obtained
as a function of generator speed. The second method is based on the use of an optimal
torque speed lookup table. With this method, estimating the generator torque may be
required [28]. The disadvantage of this OTC technique is that characterization tests are
required offline to design the lookup table. In general, both OTC and power signal feedback
(adapting power instead of torque) are simple, fast, and efficient. However, efficiency
is lower compared to that of the relative velocity method because it does not measure
the wind speed directly, meaning that wind changes are not reflected instantaneously
and significantly on the reference signal [25,28]. Both OTC and power signal feedback
algorithms have the same drawbacks during the MPP tracking under low wind speeds
for large-inertia WTs, although they are robust and cost-effective algorithms [26]. The
fuzzy MPPT search algorithm features several advantages such as quick response, low
oscillations around the MPP, wind speed measurements not being needed, and accurate
WECS mathematical modeling not being needed, and depends solely on the measurement
of generator speed and output power [29]. However, it still requires the designer’s best
knowledge in specifying the suitable surface error, levels of membership functions, and
choosing the rule-base layer, and it demands considerable memory space allocation [30].
The wind speed variation affects the value of the DC-link voltage and consequently
causes some oscillations in the power generated from the WECS. Regulating this voltage
retains the nominal value of the generated power and dampens the oscillations in both the
DC-link voltage and the power generated. Optimal PI and fractional-order PI controllers for
keeping the DC-link voltage at the reference value during wind speed variations and wind
gusts were presented in the reference [31]. To successfully control the rotor-side power
converter (RSPC) and grid-side power converter (GSPC), the DFIG mathematical model
was transformed to a d-q reference frame using different transformation schemes such as
stator voltage orientation (SVO) or stator flux orientation (SFO) [32] and air gap flux [33].
The SVO employed in [32] enabled the direct and quadrature components of the rotor and
filter current to be controlled independently. Important research works on vector control
have been carried out where the orientation schemes have been combined successfully
with the PI regulator [32,34], sliding-mode controller [35,36], backstepping controller [37],
and fuzzy logic to control the DFIG-based WT [38]. One can also see a comparative study
of different types of controllers applied for DFIG-WECS in the reference [6]. The SMC was
presented for only MPPT of a WECS-based DFIG as in [25,26]. Backstepping, as an adaptive
controller, was presented to limit the rotor current of a DFIG in wind systems to support
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fault ride-through [27]. The DC link of the DFIG was not investigated in this study despite
the vital role of this link in controlling the reactive power flow between the generator and
the grid. The backstepping controller was also used for DFIG wind systems for optimal
control of the generator speed only [34]. Another application of this adaptive controller
was investigated for the speed control of a DFIG [35]. Each of these studies [25-27,34,35]
used SMC and backstepping to achieve a specific goal but could not enumerate the goals
achieved by these adaptive controls. To fill the gap between using these adaptive controllers
to perform more than one goal in addition to enhancing the backstepping controller, this
paper presented three different goals for DFIG-based wind systems.

This paper presented three control schemes to mitigate the effects of wind speed varia-
tion on DFIG-WECS. These control schemes were pitch angle control, RSPC, and GSPC of
the DFIG. The control of the DFIG-based wind energy converter was designed with a focus
on the wind profile obtained from the Assilah region of Morocco. The aim was to improve
the power quality, maximize turbine energy efficiency, optimize the robustness of controller
performance, and increase the ease of implementation. The conducted comparative study
was carried out based on the four control strategies under the wind speed profile obtained
from Assilah. The main objectives of this article were:

e  For the MPPT controller to calculate the optimal generator speed that leads to the
maximum power point as the wind speed changes.

e  For the pitch angle controller to ensure that the captured mechanical power is below
the generator nominal power.

e  For the RSPC controller to act on the inverters to track the optimum speed and desired
stator reactive power.

e  For the GSPC controller, the objectives were to keep the DC-bus voltage constant and
annul the reactive power generated by the filter.

e To study the robustness of the proposed controller under parameter uncertainties
through some changes in the DFIG parameters.

e To evaluate and compare the ABC designed to control the RSPC to PI and SMC in
terms of precision, response time, robustness, and output power quality.

The rest of this paper is organized as follows: Section 2 gives an overview and
modeling of the grid-connected DFIG. The pitch, MPPT, and RSPC controllers are carefully
elaborated in Section 3. Simulation results from MATLAB/Simulink are presented and
discussed in Section 4. Finally, a short conclusion is presented in Section 5.

2. System Overview and Modeling

Figure 1 describes the four zones in the evolution of extracted mechanical power in a
function of incident wind speed. In zone one, the wind speed is less than the minimum
speed vy, (corresponds to minimum power P,,;,) needed to start the turbine.

The turbine is on a partial load in zone 2, where the objective is to capture as much
energy as possible. Maximum energy efficiency is ensured by a maximum power coefficient
through the maximum power point tracking (MPPT). When the wind speed exceeds its
nominal value v, (wind speed corresponding to the nominal power), the turbine is in
zone 3 and on full load. The objective here is to limit the power captured to its nominal
value P,. The wind generator is controlled by varying the pitch angle in order to produce
this nominal power as long as the maximum wind speed that the structure of the wind
turbine can tolerate is not yet reached.
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Figure 1. Operating zones of the wind turbine [22].

The overall grid-connected wind turbine described in Figure 2 comprises a doubly
fed induction generator connected to the utility grid directly through its stator. The rotor
windings are linked to the back-to-back power converters made up of the rotor-side power
converter (RSPC), DC-link capacitor, and the grid-side power converter (GSPC). The other
side of the back-to-back converter is connected to the grid via the grid filters. The rotor
shaft of the DFIG is coupled to that of the prime mover (three-blade turbine) through
the gearbox. Moreover, the prime mover driven by a moving mass of wind captures a
fraction of the kinetic energy in the wind and converts it to mechanical energy on the
generator shaft through the gearbox. The mechanical energy on the rotor shaft is converted
to electrical energy by the DFIG and transferred to the utility grid through the stator or both
depending on the mode of operation. Technically, the back-to-back converter pulse-width
modulation power converter allows for a bidirectional power flow control. As a result, the
DFIG can operate either in the sub-synchronous or in the super-synchronous mode [39].
In detail, in the synchronous mode/super-synchronous mode, the generator rotor rotates
at synchronous speed, and the energy is transferred to the grid through the stator alone.
In the sub-synchronous mode, the generator’s speed of rotation is below the synchronous
speed, energy is transferred to the grid through the stator, and the slip energy is absorbed
from the grid by the rotor windings. The super-synchronous mode transfers energy to the
grid via the rotor (slip energy) and the stator.

2.1. Turbine Modeling
2.1.1. Aerodynamics

The mathematical expression of the mechanical power P; extracted by the turbine is
described in (1) in the function of the power coefficient C;, air density p, area of the circular
surface with turbine blades’ length as radius S, and the speed of a moving mass of wind v.
Cp expressed in (2) is the power conversion coefficient of the turbine (Figure 3). It depends
on the angle of inclination of the blades called the pitch angle B and the tip speed ratio
(TSR) A [1,2]. When the wind speed is beyond the rated speed, the pitch angle adjusts to
curtail the effect of extreme wind speed on the generated power [40].

1
Py = CpPy = ECP()\,‘B)pSZ)S 1)
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2.1.2. Dynamics

The two-mass model is used to describe the dynamic equations of the turbine and
generator shafts in the function of inertias, speed, and torques as illustrated in (5) and
(6) [40].

dw
2Ht7; =Tt — Tnaft ©)

dw
2Hm7f = Tem + Topaft (6)

The torque on the rotor shaft, in terms of shaft stiffness Ky, and damping constant D
and TSR, are expressed in (7).

Tupast = Kap / (wr — wg)dt + D (wr — wg) %

2.2. Model of the Rotor-Side Power Converter

The dynamic model of the DFIG in the d-q synchronous reference frame with an
angular speed of ws is expressed in (8) through (12) [15,40]. Equation (8) illustrates stator
and rotor fluxes.

{(Psd = Lsisg + Liniyg Psq = Lsisq + Lmirq ®rd = Lyiyg + Linisg Prq = Lrirq + Lmisq (8)

Equation (9) describes the voltage across both windings:

— .o d . d
— WsPsq Usqg = Rsisg + % + WsPsd Vra = Rylpg + ;l’zd — Wr@rg Urg = Ryirg + % +wrgrg )
The slip speed w; is given in (10), such as:
Wy = Ws — p.wg (10)

The resultant T, is expressed in (11) in terms of rotor winding currents and stator flux.

3 L . .
Tem = Epfm((PSqlrd - q)sdqu) (11)
s

Equation (12) describes stator and rotor active and reactive power as a function of
currents and voltages as follows:

3 . . 3 . . 3 . . 3 . .
> (Usdlsd + Usqlsq) Qs == (Usqlsd - vsdlsq) b= (Urdlrd + Urqqu) Qr = 5 (Urqlrd - Urdqu) (12)

2 2

To decouple the control of d and q components of the rotor current, a phase-locked
loop (PLL) is implemented to achieve stator voltage orientation (5VO), where the d-axis of
the reference frame is aligned to the stator voltage position. The q component of the stator
voltage is consequently null (vs; = 0). If the grid is assumed to be of fixed frequency, the
derivatives of stator fluxes ¢s; and ¢4 are also null (constant flux). Due to the high power of
generators employed in wind turbines, stator resistance is negligible. The direct component
of stator voltage can hence be deduced as v;y = —ws@s4. Rotor current dynamics necessary
for controller synthesis can then be deduced from (8) and (9) and expressed in (13) and (14).

dird Ord Rrird
=2 _ 13
dt oL, oL, + e (13)

dirg Urg Ryl

dt oL, oL, +en

(14)
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where =1 — L s erd = Wrirg + 71— and ey = —wyiyy. Tem and stator power equations

from (11) and (12) can then be given under SVO as:

3 L .
Tem = Epfn: (Qosqlrd) (15)
3L . 30y .

{Ps = _Eﬁvsdlrd Qs = _Eﬁ(¢sq - Lmqu) (16)

2.3. Model of the Grid-Side Power Converter

The d-axis and g-axis components of the current-transiting filter in SVO can be ex-
pressed as (17) and (18).

di R %
fa _ M fa
T P (A 17
f f
di d R ., (7
TJ; = —L—;lfd +efg— Lfff (18)

where the coupling terms are defined as:

_ : _ . Usd
€fg = —Wslfq, €fg = —Wslfg + L—f

The equations in (19) represent the active and reactive power exchanged between the
grid and the filter.

{Pf = %(Usdifd) Qf = _g<vsdifq) (19)

The dynamics of the DC-link voltage can be obtained by analyzing the instantaneous
active power at the DC bus. The relationship linking capacitor active power F,, filter active
power P, rotor active power P, and the total power loss in the RSPC and GSPC Py is
given in (20).

Pe = Py — Py — Pigss (20)

In this work, Pj,s; was considered to be negligible. Following the filter active power
expressions from (19) and the voltage dynamics across the capacitor expressed in (21),
where i,,; was direct in this work, Pj,s; was considered to be negligible. Substituting
the filter active power expressions (19) into (20), the derivative of the capacitor voltage is
represented in (21), where i,,,; is the direct current transition from the capacitor to the RSPC.

dVd 3vs41 .
Vie dtc = ;qu — Viclond (21)

3. Control Strategy
3.1. Curve Fitting MPPT Control (Optimum Speed Calculation)
Figure 4 illustrates the evolution of extracted power in a function of rotor speed

when wind speed varies. It can be observed that each curve is characterized by a peak
characterized by the optimum speed and maximum power obtainable at that wind speed.
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Figure 4. MPPT by curve fitting.

The objective of the MPPT block in Figure 1 is to dynamically calculate the generator
speed that places the operating point at the tip of the power curve. Several techniques
such as relative speed, best torque, power, perturb and observe, and fuzzy logic controls
have been employed in the literature [26]. To enjoy the advantage of rapidity and ease of
implementation, a curve-fitting strategy was adopted in this paper to provide the optimum
rotor speed from active power measurement by, first of all, plotting the maximum power
curve as illustrated in Figure 4, where the performance curve of wind turbine are given
for various pitch angles. The curve covers the habitual operating area of the turbine
(0.7p.u < wg < 1.3p.uand Op.u < P < 1p.u). The best mathematical description of the
maximum power curve obtained is expressed in (22), such as:

Wopt = —0.67P% + 1.42P + 0.51 (22)

where w,pt and P are the optimum generator speed leading to MPP and measured active
power, respectively.

3.2. Rotor-Side Power Converter Control

Adaptive backstepping controller (ABC), sliding-mode controller (SMC), and
proportional-integral controller (PIC) were synthesized separately to achieve zero reactive
power at the stator and best rotor speed.

3.2.1. PI Controller (PIC)

The PIC controller synthesized for the RSPC is illustrated in Figure 5, where a faster
outer loop controller regulates the generator speed to track the speed supplied by the
MPPT block. The output of this outer controller is the reference current for the inner-loop
regulator, which in turn controls the current to track the generated current reference to give
the final control input v,,4. For the reactive power control, the reference value of the g-axis
current is calculated from the reference stator reactive power from (16), and a single PI
corrector is applied to control the current.

Figure 6 shows the control technique of the inner-loop rotor currents of the DFIG by
the PI regulator. The controller gains are tuned using the classical pole-zero cancellation
method based on a specific bandwidth w, function of the synchronous speed of the DFIG;
more information about the used method are presented in Refs [41]. The terms &, and ¢,
in the control algorithm are intended to be precisely equal to the terms e;; and e,; in the
transfer function of the DFIG to cancel them. If the annulation succeeds, the whole system
can be represented by the equation of a first-order system described in (23).

1

FO) = oprr 23)



Energies 2022, 15, 6650

10 of 23

™
P.K,, +Kj, 1 |la
P HPsq
wopt
2L Vyq
Qs M o——
gmeVsd
‘psq
L,

Figure 5. RSPC PI controller setup showing generator speed and stator reactive power control.

erd

o \. .
1 I [—ri
oL,P+R, |
1
[
1
I
I
1 | L“L
ocL.P+ R, :

. Iransfer Function ./

Figure 6. DFIG inner-loop control with transfer function.

A suitable control technique for the system, which would guarantee the tracking of
the reference values, would be the PI regulator with its parameters chosen using the pole-
zero cancellation technique. Unfortunately, the decoupling terms depend on the intrinsic
parameters of the generator and the stator flux. The parameters of the PI controllers also
depend on the electrical parameters of the generator. These parameters are not constant due
to temperature changes, skin effects, and saturation. The stator flux is no longer constant
during network voltage dip. This phenomenon of variation in the parameters and the flux,
as well as modeling inaccuracy, reduce the robustness of the PIC.

3.2.2. Design of Sliding-Mode Control (SMC)

The SMC is a variable structure control technique whose advantages reside in its
simplicity and robustness when faced with system uncertainties and external disturbances.
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To ensure the stability of the system, system states are made to track the sliding surface
and to slide on the surface until reaching the equilibrium point. It is therefore necessary to
define a surface whose characteristics guarantee the attractiveness and stability. Hence, to
design an SMC law, the control law, we took the general form proposed by Slotting [25]:

n—1
S(x) = (;t + A) e(x) (24)

e=x—xy4 (25)

where e: tracking error, A: a positive coefficient, n: relative degree, x;: reference value,
and x: state variable to be controlled. The proposed control scheme is validated in terms
of stability by employing the Lyapunov stability criteria with the choice of the function
represented in (26).

V(S)::%Sz (26)

We must first define a sliding surface, then define the condition of existence of the

sliding mode, and finally determine the condition V < 0 that must be fulfilled to guarantee
the asymptotic stability of the SMC. From (26), the condition of attractiveness represented
in (27) is obligatory and enough for the sliding variable S(x, t) to track 0.

V(S)=5.5<0 27)

For finite-time convergence, the condition of attractiveness that only guarantees asymp-
totic convergence is replaced with a more restrictive condition illustrated in (28).

S.5< —ky.S.sign(S); kg >0 (28)

In the sliding mode and steady state, S = 0 and S = 0. For our system, we defined the

sliding surface as in (24), where ¢ = ¢, = wg — wopt and & = ¢ = iy — ay for speed and
for reactive power control, respectively.

S=é+Ae (29)

The resulting control inputs that ensure the achievement of the RSPC control objectives
after SMC synthesis are given in (30) and (31).

oL . fw . R,i . Lyw
vrd = 7r [_delgn(S) + Tg - /\Sw + wopt + O—T'Lf;d - CUrqu - 7;”’L:L(is'i (30)
7 kosi Rrirq . )
Org = 0Ly | —kgsign(eq) + oL + Wiy + &g (31)

3.2.3. Adaptive Backstepping Control (ABC)

To render the controller immune to unforeseen perturbations while improving con-
vergence, a term 6 is added to the state-space equations to account for eventual system
uncertainties. The ABC technique iteratively and systematically develops the control input,
estimates the uncertainties as §, and adapts the control variable accordingly. The error of
estimation is defined in (32), where 6 is the estimation error.

0=0-10 (32)

Considering the incertitude as a constant parameter = 0, the derivative of (32)
gives (33).

9= —0 (33)
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Step 1 (Speed Control)
Equation (34) shows the generator’s speed tracking error.

Ew = Wg — Wopt (34)

The Lyapunov stability approach is employed to ascertain stability and convergence
of the error between the actual and reference rotor speed; therefore, the Lyapunov function
chosen and presented in (35) takes the speed incertitude estimation error into account and
is derived in (36). The condition in (37) was selected to establish that the derivative function
is always negative.

Vi lew) = 1o +@ (35)
GRS T oy,
. T, w . . 0,6
Vw == Sw (;1 - f.]g - ]/llrd - (Uopt) + stw + Asl;w (36)
Ve < —koe, (37)

According to (33) and substituting (36) in (37), the two equalities expressed in (38)
are deduced.

gb

T, w . . A )
—kptw = = — fws _ Hiyg — Wopt + 0w €08, + ——= =0 (38)
J J My

The reference of the d-axis rotor current is the virtual control input for the next step
deduced from the first expression in (38) and expressed in (39).

. 1 T, fw )
1;kd = ﬁ (kwfw + Tm - Tg - wopt) = &g (39)
The integral of the incertitude can then be obtained from the second expression, and it
is given in (40).

Step 2 (Inner-Loop Current Control)
The tracking error in step 2 represented in (41) is defined as the discrepancy between
the d-axis current and its reference value calculated in step 1.

E€rd = ird — Qg (41)

The chosen Lyapunov function to guarantee convergence of the tracking error in step 2
is expressed in (42) and derived in (43) as follows:

1 62
Vii(Vio, €44) = Vio + =62, + —4 42
vd(Vew, &) w T 25rd + 21, (42)
} 2 : Qrerd
Vrd = _kwsw — UE€wEd + Erg€pg + "y (43)
T

In order to ensure the stability and convergence of the tracking error, the negativeness
of the Lyapunov function’s first derivative must be verified.
Expression (44) was therefore chosen, where k,; is a positive control parameter.

Vrd < _kwgi; - krdgr;%d (44)
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Equation (44) is valid for the two expressions given in (45).

v R,i A ) 0.0
—k - _ rd _ Drird 0 0 YvdYrd 0 45
{ rd€rd Hew oL, oL, €rd rd — Xrd €rdYrd o - ( )

From the first equation in (45), the final control input v, is deduced and expressed as:

R;i A .
Ora = oLy <_krd€rd + pew + o_rer — € — Grd + “rd) (46)
r

The second expression of (45) leads to Equation (47) from which the integral of the
uncertainty can be derived using the derivative block in Simulink to obtain the value of
the perturbation.

®rd = —Myd€rd (47)

Stator Unity Power Factor Control

The desired value of stator reactive power is usually zero to achieve a unity power
factor (UPF) at the stator windings. Therefore, the tracking error chosen and defined in (48)
is the difference between the g-axis rotor current and its reference a; derived from (16).

€rg = lrg — Qg (48)

Equations (49) and (50) represent the chosen Lyapunov function and its derivative,
respectively, considering the uncertainty estimation error.

2

1,
: Orgq Rrirq A : 0, q Q”q
Vig = & <(7'Lr T oL, T g = aW) enalig My 0

Equation (51) ensures that the first derivative of the Lyapunov function is strictly negative.
Vrd = _qusgq (51)

From (49) and (50), the two expressions deduced and expressed in (52) establish the
stability and convergence of ;.

Urq Rrirq A . ququ
krgerg oL, oL +erg + g — arg €70,y + irg =0 (52)
The final control variable is then obtained from (52) and presented in (53).
B Ryiyg A .
Urg = 0Ly | —kpgerg + pew + L erd — Opg + g (53)
r

The first derivative of the estimated value of the uncertainty parameter is represented
in (54) with the hypothesis that the uncertainty is constant or with slow dynamics.

~

0 = —My4€ra (54)

3.3. Filter Reactive Power and DC-Link Voltage Control

The main aim of the grid-side converter control is to maintain the voltage across the
capacitor constant and to obtain a unity power factor at the RL filter.
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As shown in Figure 7, the controller to keep the voltage across the capacitor at a fixed
value is done in two steps with two PI regulators. The first PI controller computes the
reference of the d-axis filter current, which ensures the tracking of the DC-link voltage’s
desired value. This reference is then supplied to the inner-loop control, where the second PI
controller is designed to ensure the tracking of this reference input by the direct component
of the filter current. The parameters of the two PI controllers are given in Appendix A.

Vac- lond
‘ Ix _
P.Kyy + Kiy 1| oKy + Ky
— = 1 5
P Ve
Vic/2 g *
. -2 "’fq P‘.Kpf + Kif qu
3. ‘U‘m
‘ifq

Figure 7. GSPC PIC control strategy showing DC-link voltage and filter reactive power control.

3.4. Pitch Angle Control

From Figure 8, it can be observed that an increase in the angle of inclination degrades
the efficiency of the turbine, thereby reducing the power captured. Consequently, to ensure
that the power captured does not exceed the nominal power of the DFIG, the blade angle
of inclination is controlled to deteriorate the efficiency of the turbine by reducing the power
captured. In this paper, feedback control of the speed of rotation and the power of the
generator using P and Pl regulators was proposed and is illustrated in Figure 8 as employed.
This technique has the advantage of guaranteeing that both the speed and power do not
exceed their respective nominal values.

)Bmax
P [
Tc > _/- o 1 »| Nonlinear Wy
S
PI (dB/d)min model
min

Figure 8. Angle of inclination regulator with model of pitch activation.

4. Simulation Results

In this section, the performance of the control strategies employed in this work is
evaluated under the real wind speed profile obtained from the Assilah zone in Morocco.
The obtained large wind data of several days were truncated to the 70 s wind profile
presented in Figure 9a. This range of wind speed was selected to permit the turbine to
be examined under all the modes of operation possible. A detailed Simpower model of
the DFIG presented in Figure 1 was designed and evaluated under MATLAB/Simulink
software. Note that three controllers whose efficiencies were to be compared were designed
for the RSPC, while only the PIC was synthesized for the GSPC. The desired values of
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filter and stator reactive power were chosen to be zero to guarantee the UPF at the point
of common coupling. The optimum generator speed was supplied by the MPPT block,
while the reference DC-link voltage was given to be 1150 V. Outcomes of the PIC, SMC,
and ABC controllers’ simulations are provided and analyzed, and comparisons were made
when the turbine was operating in MPPT or at a partial load (hypersynchronous and
hypersynchronous modes) and under pitch angle activation modes.
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Figure 9. Controllers’” performances in p.u. (a) Speed of incident wind, (b) Generator speed, (c) PCC
Active power, and (d) PCC Reactive power.

The curves represented in Figure 9 are the wind speed in Figure 9a, generator rotational
speed in Figure 9b, and DFIG active and reactive powers, respectively, in Figure 9¢,d.
According to Figure 9, it appears that all the controllers (PIC, SMC, and ABC) had acceptable
transient and steady-state performance. However, during the intervals when the pitch
angle was activated, the reactive power under the PIC and SMC contained disturbing
ripples of about 1%, while the ABC technique remained unperturbed. It can also be
observed that the dynamics of the settling times of the speed and active and reactive power
dynamics were more attractive under the ABC controller when compared to the two other
controllers. Figure 10 presents the controllers’ response in real time, the evolution of the
pitch angle is shown in Figure 10a, the power coefficient is represented in Figure 10b,
the electromagnetic torque is plotted is Figure 10c, and the DC-link voltage evolution is
in Figure 10d. As observed in Figure 10a, the pitch activation was executed with more
excellent precision under the ABC strategy, as it occurs only at instances when the generator
speed exceeds the rated value, and it exhibited smoother evolution during the transient
phases. The evolution of the power coefficient presented in Figure 10b confirms that the
three controllers responded to the tracking of the power curve tip, as they all tracked the
highest conversion efficiency of 0.5. However, the ABC demonstrated the best response
time and precision, while the SMC gave the worst precision but better convergence than
the PIC. Some deviations observed on the curve at intervals 10 s to 20’ s, 40 s to 52 s, and
52 s to 60 s were due to the pitch activation, which deteriorates the power coefficient to
lessen the power converted in order to maintain the expected lifespan of the WECS. For the
electromagnetic torque, at instances of partial load (no pitch activation), the variation was
smoothest under the ABC, which reduces mechanical stress on the drive train, and highest
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for the SMC controller due to its associated chattering phenomenon. During the pitch
angle activation phases, however, the variations in the electromagnetic torque were more
pronounced with the PIC and SMC and more accentuated with the PIC due to its inability
to handle the unforeseen perturbation and nonlinearities introduced by the pitch activation.
Figure 10d shows that the Vdc waveform with PIC during pitch activation possessed the
worst dynamics, as undesirable undulations around the reference values were observed.
The quantitative description of these ripples is given in Table 1.
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Figure 10. Controllers’ response in real time; (a) Pitch angle, (b) Power coefficient, (¢) Tey, and
(d) DC-link voltage.

Table 1. Tracking error (ripple).

Partial Load Pitch Activated
PIC SMC ABC PIC SMC ABC
Generator speed wg 3.54.1073 (p.u) 0.012 (p.u) 1073 (p.u) 21073 (p.u) 21073 (p.u) 21074 (p.u)
DC-link voltage v, 5.7 (V) 7 (V) 4 (V) 17 (V) 10 (V) 5(V)
Electromagnetic Torque Te;, 0.0225 (p.u) 0.0415 (p.u) 0.02 (p.u) 0.0525 (p.u) 0.0475 (p.u) 0.0225 (p.u)
D-axis rotor current i,4 0.001 (p.u) 0.001 &).u) 0.09 (p.u) 0.01 (p.u)
Q-axis rotor current iy 0.015 (p.u) 0.02 (p-u) 0.019 (p.u) 0.24 (p.u) 0.16 (p.u) 0.02 (p-u)

To give a glimpse of the efficiency and precision of the outer and inner loops of
the three controllers, waveforms of the tracking errors of generator speed, d-q axes rotor
currents, and DC-link voltage are presented in Figure 11. According to Table 1 and Figure 11,
the errors which are all less than 0.1% of the reference values when the pitch angle is not
activated are acceptable. However, during instances of pitch angle activation, the PIC
and SMC recorded the highest undesirable errors which sometimes attained 1% of the
reference values.
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Figure 11. Controllers’ performance in (p.u); (a) Generator speed error (b), d-axis rotor current error,
(c) g-axis rotor current error, and (d) Capacitor voltage error.

Figures 12-14 illustrate the curves of rotor and stator currents under PIC, SMC, and
ABC techniques, respectively. The frequency of rotor current varied depending on the
generator speed, while that of the stator remained constant. To further compare the
effectiveness of the studied controllers, Figure 15 describes the THD of stator current
during 20 cycles from the instant t = 64.9 (s) obtained under the three controllers. SMC
exhibited the highest waveform deformation with a THD of 4.20%, followed by PIC
which had 2.86%. The best waveform conformity was obtained under the ABC controller
with an acceptable THD of 1.67%. To further study and compare the suitability of the
waveforms of the currents transferred to the grid and to avoid erroneously generalizing the
performance of the controllers through THD values taken only at 64.95 s, THD values under
the three controllers during hyposynchronous, hypersynchronous, and pitch activation
modes of operation were obtained and are displayed on the bar chart presented in Figure 16
for proper comparison. The same trend could be observed during hyposynchronous
and hypersynchronous operations, where the THD was always highest with SMC and
lowest with ABC. The highest THD of 6.46%, however, was obtained with PIC during
pitch activation operation. THD with ABC was always lowest during the three modes of
operation, with its best THD of 1.46% obtained during pitch activation mode. It is therefore
obvious that the ABC provided the most desirable performance in terms of stator current
harmonic distortion.
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Figure 12. (a) Rotor current, (b) stator current waveforms under PIC.
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Figure 13. (a) Rotor current, (b) stator current waveforms under SMC.
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Figure 16. Bar graph showing stator current THD under: PIC, SMC, and ABC in hyposynchronous,
hypersynchronous, and pitch activation modes of operation.

To assess the performance of the three controllers presented in this work in terms of
precision, this paper adopted the most popularly used index ITAE [32], defined in (55).

ITAE = /t|s|dt (55)

The smaller the ITAE, the more attractive the controller performance. The quantitative
results for generator speed, DC-link voltage, and g-axis and d-axis rotor currents are
presented in Table 2. It can be noted from Table 2 that the ABC controller had minimum
values of ITAE compared to SMC and PIC schemes. Therefore, the proposed ABC controller
provided the best performance and excellent tracking.

Table 2. ITAE of PIC, SMC, and ABC errors.

PIC SMC ABC
Generator speed wq 9.141 9.141 0.4194
DC-link voltage vy, 6305 4403 3126
D-axis rotor current i,; 32.34 12.64
Q-axis rotor current iy, 76.71 41.69 26.67

In order to further examine and compare the robustness of the three controllers,
another series of simulations were carried out to test the effect of step variations in the
intrinsic parameters of the DFIG. In the first evaluation, a step increase of 50% in stator and
rotor resistances was introduced simultaneously at t = 10 s while the wind speed was kept
constant at 8 m/s. The resulting rotor current convergence errors are plotted in Figure 17,
where it can be observed that the three control schemes exhibited excellent robustness and
ensure satisfactory steady-state performance even in the presence of parametric variations.
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Figure 17. Rotor current error under 50% step increase in rotor and stator resistances; (a) Direct,
(b) quadrature.
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The second simulation was performed under the same scenarios but with the addition
of a 50% step increase in the rotor, stator, and mutual inductances at t = 10 s. Figure 18
shows that at the instance of parameter variation, the curves of current-tracking errors
featured spikes of up to 0.12 p.u. However, ABC appeared to be the best with almost
smooth curves and good tracking of set-point curves, followed by the command based on
the PI regulators, which presented rapid settling time. Then, the SMC gave remarkable and
superior ripples compared to those obtained by the other two commands, which were still
able to attenuate oscillations under parametric variations of the machine.
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Figure 18. Rotor current error under 50% step increase in rotor and stator resistances, inductances,
and mutual inductance; (a) Direct, (b) quadrature.

5. Conclusions

This paper presented detailed modeling and control strategies for a grid-connected
DFIG wind turbine system intended for installation in sites with the real wind speed profile
of Assilah City, Morocco. The analytical technique designed to track the tip of the power
curve allows for minimization of the number of sensors needed in the installation, facilitates
the implementation of advanced control laws, and decreases the maximum power point
calculation time. The PI corrector-based pitch angle controller’s efficiency is improved
through both speed and output power feedback to guarantee the safe operation of the
turbine under wind gusts. PIC, SMC, and ABC coupled with stator voltage orientation
were designed to track MPP and achieve the UPFE. Those controllers were analyzed and
compared in terms of precision, where ABC gave the best tracking error around 1072 (p.u),
with an ATE = 0.4194, fast response time, current waveform suitability, target tracking,
and simplicity. Moreover, the presented controller strategies performed well in a high-
speed condition, where the speed regulation in the pitch zone recorded an error of around
2,104 (p-u). Regarding other indicators, the measured errors of Tep, i,4, and i, were,
respectively, 0.0225, 0.01, and 0.02 (p.u). Further, the robustness of the proposed controller
against system uncertainties was presented by changing the rotor and stator resistances
and inductances. Simulation results proved that the three control strategies realized the
MPPT and the UPE. However, under system disturbances such as the activation of the pitch
controller, ABC proved to be the most suitable with a very good precision, fast response
time, excellent efficiency, and robustness.

In practice, all presented control strategies can be implemented in wind farms. How-
ever, as reported by [42], the integration of wind farms increases system nonlinearities
interpreted by the mean of additional fluctuations to the frequency signal. To mitigate the
effect of coupling and connection time delay, an additional load frequency control should be
added [43]. Research into solving this problem is already underway to make an exhaustive
investigation of the application of the proposed controller in the present manuscript.
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Abbreviation

P Turbine Power

Cp, Cpmax Efficiency and maximum efficiency

A, Aopt Tip Speed Ratio (TSR) and best TSR

B Blade angle of inclination (pitch)

Y Air Density

S Area of circle created by rotating turbine blades
V,Vestv, Vpst Actual and estimated wind speeds
wt,wge turbine and rotor speed

R Length of turbine blade

Tt, Trest turbine torque

G Gear ratio

Topayt Mechanical Torque

Tem Electromagnetic Torque

K, D Shaft stiffness and damping constant

p number of machine pole pairs

Isd, Isq Stator current d and q components

Ird, Irg Rotor current d and q components

Psdr Psq Stator flux d and q components

Prds Prq Rotor flux d and q components

Wy, Ws Slip speed and angular velocity of stator current
ki, k2, k3, ky,ks, kg, ke Controller constants

H;, Hy, Inertials of turbine and generator

Usd, Usq Stator voltage d and q components

Urd, Urg Rotor voltage d and q components

Rs, R, Resistances of stator and rotor windings
Ls, L, Self-inductances of rotor and stator

Ly Mutual inductance

PS/ QS

Stator Active and Reactive Power
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Appendix A

Table A1l. Parameters and values.

Parameters and Values

Wind turbine Vimin = 3 (m.s™1), Vi = 12 (m.s™ 1), Vinax = 25 (m.s~ 1), P, = 1.5 (MW)

Power coefficient c1 =0.6450; c2=116;c3=0.4;c4 =5; c5 =21; ¢6 = 0.00912; c7 = 0.08; c8 = 0.035

Rated power 1.5 (MW); Rotor leakage inductance 0.16 (p.u); Rated stator voltage 690 (V); Mutual
inductance 2.9 (p.u); Lumped inertia constant 4.32 (s); DC-Link voltage 1150 (V)

DFIG Friction factor 0.01 (p.u), Pole pairs 3; Stator leakage inductance 0.18 (p.u); Stator resistance 0.023
(p.u); Rotor resistance 0.016 (p.u)

PIC kpw = 10; kjy = 50; kpr = 10; k; = 100; Pitch speed (kp = 3, k; = 30); Pitch power control k = 200

SMC ki=10; A =7;kg =5

ABC ko =10; my, =100 ; kg = 5; mg = 0.8; krg = 5, mpy = 0.8;
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