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Abstract: This paper presents an experimental implementation of a Neural Sliding Mode Linearization approach for the control of a double-fed
induction generator connected to an infinite bus via transmission lines. The rotor windings are connected to the grid via a back-to-back
converter, while the stator windings are directly coupled to the network. The chosen control scheme is applied to obtain the required
stator power trajectories by controlling the rotor currents and to track the desired values of the DC-link output voltage and the grid power
factor. This controller is based on a neural identifier trained online using an Extended Kalman Filter. Based on such identifier, an adequate
model is obtained, which is used for synthesizing the required controllers. The proposed control scheme is experimentally verified on
1/4 HP DFIG prototype considering normal and abnormal grid conditions. In addition, maximum power extraction from a random wind
profile is tested in the presence of different grid scenarios. Moreover, a comparison with conventional control schemes is performed.
The obtained results illustrate the capability of the proposed control scheme to achieve active power, reactive power, and DC voltage
desired trajectories tracking and to operate the wind power system even in the presence of parameter variation and grid disturbances,
which helps to ensure the stability of the system and improve generated power quality.
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1. Introduction

Wind power system is widely used as an alternative source for power generation [1]. For variable speed wind
conversion systems, the most commonly installed electric generator is the Doubly Fed Induction Generator (DFIG)
because of its advantages, such as reducing mechanical efforts, reducing the cost of inverters, and the possibility
of simultaneous stator active and reactive power control [2]. The stator windings of the DFIG are directly connected
to the grid, while the rotor windings are connected to the grid via a back-to-back converter. By using such a
configuration, a decoupling between the mechanical speed and the grid frequency can be achieved [3]. In fact, the
grid-side converter (GSC) is connected to the grid via a step-up transformer; this converter is used to feed the DFIG
rotor windings via the rotor-side converter (RSC), ensuring a stable DC link output voltage [1].

For the above configuration, different control schemes have been proposed. The well known control approach
for the DFIG is the Field Oriented Control (FOC), where state transformations are applied to perform linearization
and decoupling [4]. In [5], an experimental implementation of the FOC technique with a Proportional-Integral (PI)
controller (PI-FOC) is investigated, which is used to control the DFIG powers; voltages and currents are utilized
to obtain the rotor electrical position. In [1], an hysteresis technique is proposed for the GSC, and the PI-FOC
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scheme is included to control the RSC. Industrially, the PI-FOC approach is the preferred controller for DFIG power
generation [6]. However, implementation of this controller is highly dependent on the DFIG parameters knowledge
[7]. Recently, a lot of attention has been dedicated to 25 the Sliding Mode Control (SMC) because of its robustness
to perturbations. It is designed to keep the controlled dynamics onto a sliding manifold [4], which is usually defined
as the error of the real and the desired output behaviors. In [8], a real-time SMC for DFIG stator powers is presented.
In [9], a block control SMC is developed for the DFIG stator reactive power and the electromechanical torque. The
major drawbacks of conventional SMC is that in order to select the sliding manifold, the state space model is
required, which does it sensitive to parameter variations; in addition, the controlled system can be destabilized by
chattering [10].

On the other hand, high penetration of the WT power in medium and high voltage grids requires new grid codes
in order to ensure DFIG Low-Voltage Ride-Through (LVRT) capacity [11], [12]. To improve LVRT capacity, different
hardware solutions have been developed. In [13], crowbar and chopper devices are utilized to protect the DFIG and
the DC-link during faults respectively. In [14], a series dynamic resistance a chopper combination is used to ensure
stability of the DFIG in presence of grid disturbances. In [15], a parallel impedance crowbar and series resistance-
inductance circuit are proposed to enhance the LVRT of the DFIG during faults. Authors in [16] present an enhanced
corwbrless LVRT strategy for DFIG in presence of symmetric voltage dip; the proposed solution eliminate the
crowbar by employing a modified Pl controllers, a series resistance-inductance is inserted between the rotor widings
and the RSC when the rotor currents exceed their threshold value during faults. The above solutions need extra
protection devices, which increase the control scheme cost; additionally, the control objective should be modified
from tracking to stability and may stop power generation during faults. In order to overcome those disadvantages,
computational solutions have been developed. In [17], [18], an Pl and a Proportional-Resonant (PR) controllers
have been proposed to improve LVRT capacity of the DFIG. To implement them, a decomposition process is
needed, which does the control strategy implementation more complex. Another work is presented in [19] where a
fuzzy second order integral terminal sliding mode control is designed for the DFIG rotor and grid side converters,
and a series GSC is included to avoid DFIG disconnection from the grid during fault conditions. The conventional
SMC [20], [21] and the sliding mode based extended active power theory [22] are proposed to operate the DFIG
in presence of grid disturbances. The obtained results illustrate their effectiveness; however, those controllers are
designed using the plant physical model, which does not ensure stability of the closed-loop system with respect
to unmatched perturbation and the upper bound value is required [10]. Recently, Neural Networks (NNs) can be
used to approximate the DFIG and the DC-link dynamics in presence of different grid scenarios. In [23], a DFIG
controller based on neural identification is investigated, where a Recurrent High Order Neural Network (RHONN)
identifier based inverse optimal control is developed; this controller is experimentally validated without considering
LVRT. Other work based on neural identification is published in [24], where a neural SMC associated with the
FOC is selected to control a DFIG prototype under different grid scenarios; the SMC is implemented as the main
controller and chattering still occur. This paper presents the development and the experimental implementation of
Neural Sliding Mode Linearization (N-SM-L) controllers for the RSC and the GSC of a DFIG prototype connected to
an infinity bus through a transmission line. Regarding the high penetration of wind power systems into main grids,
big efforts have been made to ensure uninterrupted power generation during faults. To achieve such, the proposed
control schemes should ensure a constant DC-link voltage, and better value of the power factor, and improved
active and reactive power even in the presence of grid faults. The main contributions of this paper are: 1) by using
a neural identifier, adequate models under different grid conditions are obtained. The neural models are used to
design linearization controllers which are the main components on the proposed scheme. These controllers help
to obtain a decoupled linearization of the system and to reject disturbances caused by fault grid conditions and/or
parameter variations. 2) a discrete-time SMC, which is considered as a secondary one, is proposed to ensure the
desired references tracking and to reject the neural identification errors which are very small as addressed in [25]. As
results, small sliding mode control gains are required reflecting a large reduction in chattering. 3) robustness to grid
disturbances is experimentally evaluated illustrating the proposed controllers performances, and their capability to
improve LVRT in order to keep power generation in presence of different types of grid disturbances. 4) additionally,
the proposed technique is adapted to improve the generated active power from the wind using Maximum Point
Power Tracking (MPPT). The contents of this paper are: Section 2 presents mathematical preliminaries. In section
3, the DFIG and DClink models are briefly explained. The proposed neural identifiers for both the DFIG and DC-link
are introduced in section 4. The proposed control approach is synthesized in section 5. In section 7, a real-time
implementation is described and the obtained results are discussed.

239




Real-time Neural Sliding Mode Linearization Control for a Doubly Fed Induction Generator under Disturbances

240

2. Mathematical Preliminaries

2.1. Neural Identifier
Let us consider the following non-linear system [4]
rpr1 = flon) + g(zr)uy
Yk = h(x)
with x, e R" the state space variables, u, € R™ the control input, y, € R™ the output to be controlled, f(x,), g(x,)

and h(x,) continuous functions. Using a series-parallel structure, this state space (1) is estimated by an RHONN
identifier as [26]

(M

Xikt1 = wi ¢i(zx) + @} @iz, ur) &)

with y,, the estimated state space, w, e %" the adjustable NNs weights, o, the fixed ones, ¢, e %" a smooth vector
function defined as follows ¢(.) = [¢,,(.),---.¢,,(-)]" € R and L, the connection number, such as each component is
given as ¢i,j(') = ¢,,(S(x, )., S(x, )7, ¢,the inputs function depends to the system structure. S(.) is the hyperbolic
tangent function. The Extended Kalman Filter (EKF) algorithm is used to train the selected RHONN identifier [25].
It is expressed by [25]

€ik = Tik — Xik (3

Wi k1 = Wik + N 5G ke k 4

Pigy1 =Py — K’LkH;Tk}D’Lk + Qi x (%)

1

K, = P Hip [Rig + H, kpl wHik] (6)
OXik 4

Hijp, = [— 7
awij’k Wi, k=W k41 ()

where e € R is the error between the real state vector and the estimated one, P, e R“* is the covariance
matrix of predicted error, L, is the neural identifier weights, n, is an EKF design parameter, K, € R~ is the
Kalman gain matrix, R,, € Rm‘m and Q,, € R'"™! are the measurement noise associated covarlance matrices
and the respective state one, H e RL"m is the derivative of each neural identifier state with respect to the
weights.

3. System Modeling

Figure 1 shows the DFIG configuration, with a back-to-back converter based on Insulated-Gate Bipolar Transistors
(IGBT) inserted to connect the DFIG rotor to the grid, whereas the stator is directly linked to the grid.

3.1. DFIG
The DFIG discrete-time model on the d — g frame is [9]

Isdkt1 = Isdk +ts(—a1isqr + (Ws + a2Wr k)isq ke — D1Ura ke + L1 k) 8)
Isght1 = lsqh +ts(—(ws + aowWr k)isa e — @19sg.k — b1Urgk + La,k) 9)
Irdk+1 = drak T ts((—agws + ag)irg k — a7irak + botrar + Ls.k) (10)
Irght1 = lrgk +ts((asws — ag)irak — a7irg .k + botirg e + Lak) (11)
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Figure 1. DFIG connected to the electrical grid.

with Y1 = azirqrx + a4irgr + dithsq r, Yok = a3irq k — Qaa9irqr + di1usq r the DFIG stator interconnecting

terms, Y3 1 = as5lsq i + A6A9%sq,k — doUsd, ks La,k = —G6A9%sd,k + A5isq,k — d2Usq,; the DFIG rotor interconnecting
R, L%, ReLn Lo RolLpn, Lo R, _ L3
terms, where a1= 7,02 = 7,43 = 77,04 = P05 = 7P, A6 = 7o, 4 = e, A8 T oL
_1 _ 1 _ Ly _ L 1 ; .
ag = Ewr,kzdl = m,d2 = aLSLL,,.’bl = aL:,”L,,.’b? =5 with w, w the rotor and stator electrical speed, L,

and L _the rotor and stator inductances respectively, L the stator and rotor mutual inductance, R, R the resistance

of the rotor and the stator, ¢ the sample time.

3.2. DC-link
The DC-link discrete-time model on the d — q frame is [9]
3 )
Udeo1 = Uder + tsm (ugd kigak + Lsk) (12)
C,
. . R, . 1
lgd k41 = Tgdk — s T lodk + T Ugedk ~ Yo.x (13)
g g
. ) Ry . 1
lggk+1 = lggk —Ls L_gl.qq,k + L_gugcq,k —Trk (14)
where Y5 . = Ugq.klgqk, L6,k = —Wslgqk — Ligugd,k, Y7 = Wsigar — Ligugq,karethe DC-link interconnection

terms, igq and igdare the grid currents, ugcd’kand Ugoq i @re the GSC d - q voltages considered as the control vector,
gy and u,,,are the grid d — q voltages, Lg is the grid inductances of (H), Rg is the grid resistances (Q), C is the
capacitor of DC-link (F).

By using the discrete-time separation principle [27], the synthesis of N-SM-L controller is done without including
the neural identifier and vice versa [25], [27].

4. Neural Identifier

In order to select the RHONN identifier, the following considerations are taken into account

» C1. The selected RHONN identifier structure is mainly based on the plant mathematical model.

* C2. The selected neural identifier should be implemented using the minimum possible number of sensors to
reduce cost.

» C3. Taking into account neural identification properties such as its capability to absorb disturbances [25], the
interconnection terms on (8) (14) are considered as disturbances.
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4.1. Neural DFIG Model

The RHONN model for the DFIG stator and rotor currents is given as

isaptr = Wit kS(isar) +wia xS (isqr) + w13 kS (isar)S(isqg.r) + W1lrdk (15)
Gsqhrr = War kS (isar) + waz kS (isqr) + waz kS (isqk)S(isd k) + Dalrg k (16)
rdkr1 = W31 kS(irar) + w3z xS (irg k) + w33 kS (irdr)S (irg k) + Walrdk (17)
brghr1 = Wi kS (irgr) + Wiz 1S (irar) + waz xS (ird k) S (irg k) + Watlrgk (18)

where %Sq,k, %sd,,ﬁ %rd,k and i,4, are the estimate dynamics of isq ., isq i, trd,k @Nd irq,k, W;ij are the adaptive
neural identifier weights, and w,are the fixed ones.

4.2. Neural DC-link Model
The DC-link RHONN identifier is selected as

Ugerr1 = ws1SUaer) + ws2)S(igqr)SUder + @sigdn (19)
igaktr = we1S(igar) +we2S(iggr) + wesS(Ue k) + Dotged.k (20)
iggkt1 = wiS(igg) +wr2S(igak) + +@rUgeqk @1)

where Uqc, ks tgd,k,and igq,k are the DC-link real state vector, Ude,ks tgd,k,and 1gq,k are the estimate one.

5. Controllers Synthesis

The proposed structure is divided into: The RSC controller and the GSC one. The respective scheme for both
controllers is displayed in Figure 2. The DFIG and the DC link mathematics model are considered unknown, the
RHONN identifier is used to approximate online their models. The EKF is used to 165 minimize the error between
the real state vector x,, and the estimated one x;, by adjusting neural wights w,,. This online identification helps to
approximate the mathematlcal models of the DFIG and the DC-link even in the presence of parameter variations
and/or grid disturbances. In addition, the N-SM-L controller is synthesized based on the neural model, which allows
the neural linearization part of the proposed control scheme to compensate the nonlinear part of the system and
helps the SM control part to achieve trajectory tracking.

5.1. Rotor Side Controller

The proposed N-SM-L control objective is to track the desired trajectories of the i, and / rotor currents and to
assure robustness for parameter variations and/or disturbances. Then, the output to be controlled is the DFIG rotor
currents 1, = [hu’k hlg,k] = [zrd’k zrqyk] ,and g = [zrd,k zrq’k] is the real rotor currents dynamics. The
expression of the outputy,, at k + 1 is given as

R Trd k41
rp+1 = | (22)
lrq,k+1

Substituting (17) and (18) in (22), we obtain

'zrd,k 1 f13 X1,k Urd,k
O I (3)

%rq,k-‘rl f14(x1,k>) Urq,k
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Figure 2. N-SM-L control scheme.
w3 0
with Dy = ,and
0 w4
f13(901,k) = w31 kS (irak) + w25 (irg k) + w3365 (ird k) S (Grg.k)
fia@ir) = warxSGirgr) + waz kS (ivar) + waz 1S (irar)S irg.r)

Applying neural linearization, then the control law of the rotor currents is obtained as

Urd,k —f13(9€1,k) + vk

=Dy’ . 4)
Urg,k —f1a(@1k) + v2
where v, ,, v,  are additional linear control inputs. Substituting (24) in (17) and (18), we obtain
%rd,kJrl = U1,k 25)
%7‘q,k+1 = V2 k (26)

. . . . o irdgres ik — ira(k)
A discrete-time SMC is proposed to calculate v, , v, . The sliding manifold is given as Sik =

whose expression at (k + 1) is Grgrefk — trq(k)

irdref,kJrl — V1,k
Stk =| 27
lrgref,k+1 — U2k

with i and i___ the rotor d — q currents references. The equivalent control [u is calculated by

T
eql,k uqu,k]

rdqref,k rqref,k
Ueql,k irdref,kJrl
=1 . (28)
Ueql,k lrgref,k+1
The stabilizing terms [u , u , ]"are defined as
Un1,k
= —-K1S1x (29)
Un2,k
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with K, = [k, 0; k, 0] a Schur matrix, and a discrete-time SMC [4] is defined as

Ue if [|ueqr k]| < uor
vip = (30)

vty i |[uequkll > vor

where u,, is the control bound and v, = u, , + U,
cl,k eql,k n1,k

U if  ||u < U
Vo = c2,k || eq2,kH 02 (31)

w2y Af [|ueqa.rll > uo

with u,, the control bound and u, = u_,, + U, . The rotor currents references are determined as [1], [20]

. Psref,kLs
lrgref,k = u-L (32)
s

o QSTef,kLS + Usg
Us Ly, We Ly,

Lrdref,k (33)

with u, the stator voltage maximum value, P__. and Q__,, the stator active and reactive power references.

5.2. Grid Side Controller

The N-SM-L control objective is to track the desired value U, ., for the DC voltage U, ,, and to keqp thg power
factor £ at the unit value. Then, the variables to be controlled are §> = [ho1.k hoo i h23’l€]T = [Udck tgdk tgq k) s
with 22 = [Udck Lgd.k z'quC]T the real DC-link dynamics. The output expression ha1 i at the step k + 1 is
calculated as

hot ks1 = Ude ki1 = for(@ok) + @sigak (34)

with fA21(x2,k) = w,, S(U,,,) + WSZS(Udc,k)S(igq,k)' For control synthesis, first the neural linearization is carried out using

(34); hence, the linearizing control law becomes

1 R
lgd,k = p— <—f21($2,k) + U3,k) (35)

Substituting (35) in (19), we obtain the linearized model as
Ude k1 = vs 1 (36)

To calculate v, ,, a discrete-time SMC [4] is selected such that the sliding surface is S2 1 = Uqcref,ic — Udc,k,

3,k
and u,_,,  is determined using S, ,,; as

k3

Ueq3,k = Udcref,kJrl (37)

and, the stabilizing term v, , is defined by

Uns ks = —k3S2,k (38)

with =1 < k, < 1. The desired values of the grid idg’k current are determined from the DC voltage control law given
in (35).
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To calculate the grid iqukcurrent desired value, the following expression is used [9]

2
. . 1-. gref 39
lgqref,k = ~lgd,k (39)
fgref

Along the same steps as in (22)-(29), the grid currents neural linearization control law is obtained as

Uged, k _ —f22(!132,k) + V4 k
=Dy! : (40)
Ugeq,k —fas(xok) + vs
We 0
with Dy = ,and
0 wr
f22(1'2,k-) = we1S(iga k) + w62 (igq k) + we3S (Ude,k)
fos(za) = we1S(igqn) + weaS(iga)

where v, , v, are decoupled linear control inputs defined by using the discretetime SMC as given in (30). The

o . igdres = lgak | . .
sliding surface is selected as S3 . = R with i and i the grid d-q currents references. The

. > gdref,k gqref k
lgqref,k — lgq.k

equivalent control inputs [u are given by

T
eqd.k ueqs,k]

Ueqd, k igdref,kJrl
= . 41
Ueqs,k tyqref k+1
- r .
The stabilizing terms [u ,  u . 1" are defined as
Un4,k
= —KaS3 1 (42)
Un5,k

with K, = [k, 0;k, 0] a Schur matrix. The respective convergence proof of the proposed controllers is presented in
the Appendix.

6. Simulation Results

This section discusses the comparison study between the developed control scheme and the previous published
ones, which are the PI-FOC, the classical SM-FOC, and the SM—-H _as experimented in [5], [20], and [28], respectively.
All the compared controllers are implemented using SimPower tools of Matlab'. The objective is to evaluate
the performance of the proposed controller and illustrate its potential compared with the other methodologies,
considering timevarying trajectory tracking, robustness to parameter variations, and sensitivity to speed changing.

6.1. Tracking Test

To demonstrate the ability of the proposed scheme for trajectory tracking, the DFIG stator active power is forced
to follow time-varying dynamics, while the reactive power is fixed constant. In addition, the mechanical speed
and the DFIG parameters are kept at their nominal rates. Table 1 illustrates the Mean Square Error (MSE) and

1 Matlab,Simulink. de 1994-2022, ©The Math Works, Inc.
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the Standard Deviation (STD) numerical results for this experiment. This test demonstrates that the proposed
(N-SM-L) controller has better tracking performance in the presence of trajectory variations compared with the
other controllers.

6.2. Rohustness Test

In this part, the objective is to examine the developed control methodology robustness in the presence of parameter
variations. It is worth noting that the stator active and reactive power references are selected as time-varying
dynamics and the nominal mechanical speed is considered for this test. The MSE and STD results for the active
power reference tracking are presented in Table 2.

Numerical results show that parameter variations have a significant impact on the stator active and
reactive power tracking controlled by the PI-FOC, the classical SM-FOC, and the SM-H_, while an adequate
robustness is presented in the presence of these disturbances by implementing the proposed N-SM-L
controller.

6.3. Speed Changing Test

For this experiment, the objective is to examine the effects of the speed fluctuations on the DFIG-generated powers.
To do such, the parameters of the DFIG are maintained at their nominal values and the generated powers are
forced to track constant dynamics. However, a variable speed profile is applied for the DFIG rotor including sub-
synchronous and super-synchronous speeds. Table 3 presents the MSE and the STD regarding this test. The
obtained numerical results show that speed-changing significantly affect the DFIG stator generated powers as
controlled by the conventional schemes, whereas this effect is largely reduced by implementing the proposed
N-SM-L controller.

From the obtained results, it is very clear that the proposed N-SM-L controller has better performance regarding
trajectories tracking and faults model thanks to the proposed neural identifier, which helps to approximate the DFIG
model under fault conditions. In addition, based on the neural identifier, an exact feedback linearization controller,
as part of the N-SM-L is obtained, which helps the control law to remove the effects of the disturbances and to
ensure its stability.

Table 1. Tracking statistic results: MSE and STD.

Controller Tracking Controller Tracking
PI-FOC (P) MSE 0.3732 PI-FOC (Q,) MSE 0.052
STD 0.6063 STD 0.2363
MSE 0.1575 MSE 0.0139
SM-FOC () STD 0.2263 SM-FOC (@) STD 0.3835
MSE 0.422 MSE 0.0205
SM—H_(P) STD 0.1352 SM-H_(Q) STD 0.3624
MSE 1.055¢ — 4 MSE 0.616e — 4
N-SM-L (P) STD 0.0107 N-SM-L (@) STD 0.0086

Table 2. Robustness MSE and STD values.

Controller Parameters
R,(200%) L(100%) L (100%) L (90%)

PI-FOC (P,) MSE 0.3387 0.1159 1.5371 0.2637
STD 0.5784 0.3406 1.2394 0.5142
MSE 0.1717 0.0709 0.1076 0.1554
SM-FOC (P) STD 0.4420 0.2610 0.2430 0.3572
SM—H_(P) MSE 0.0715 0.0512 0.1052 0.1004
e STD 0.3451 0.1215 0.1723 0.1250

N-SM-L (P) MSE 1.026e — 4 1.84e — 5 1.62e — 5 1.57e — 5
° STD 0.0032 0.0097 0.0057 0.0247
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Table 3. Tracking performances: STD and MSE.

Controller Tracking Controller Tracking

PI-FOC (P,) MSE 0.4077 PI-FOC (Q) MSE 0.4147
STD 0.6400 STD 0.6367
MSE 0.3180 MSE 0.0126

SM-FOC () STD 0.4671 SM-FOC (@) STD 0.0970
MSE 0.3580 MSE 0.3497

SM=H..(F) STD 0.3625 SM=H.(@) STD 0.0920
MSE 232 — 4 MSE 1.21e — 4

N-SM-L (P) STD 0.0304 N-SM-L (@) STD 0.0173

e =g Y
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Figure 3. DFIG prototype scheme.

1. Experimental Implementation

The proposed control scheme is evaluated under normal and abnormal grid conditions. In addition, a comparison
with the conventional SM-FOC is presented under grid fault conditions. The main objectives of the proposed control
scheme are 1- to maintain the DC voltage constant and to reduce the voltage ripples at the DC link, which can help
to improve the quality of the grid active power. 2- to maintain the nominal value of the power factor to achieve the
control of the grid reactive power. 3- To track desired values of the active power obtained from the MPPT algorithm,
which can ensure maximum power production. 4- To control the generated active power, which allows to maintain
the value of the stator power factor desired value. It is worth noting that 1 and 2 are achieved by the GSC controller;
3 and 4 are realized by the RSC controller.

7.1. Prototype Descritption

The proposed N-SM-L control laws are tested on a DFIG prototype installed at Cinvestav- Guadalajara campus,
Mexico. Figure 3 displays the experimental control scheme, which is composed of: 1) a DFIG of Lab-Volt2. 2) a DC
motor3, which is coupled with the rotor shaft of the DFIG and is used to emulate a small-scale wind turbine (three-
blades rotor, fixed pitch, 1.15m diameter), [29]. 3) a back-to-back converter inserted between the network and the

2 1/4 HP DFIG, Lab-Volt, Series no. 8231-00, Lab-Volt Ltda, Canada.
3 3/4 HP motor of Baldor Electric Company, P.O. Box 2400 Fort Smith, Arkansas, USA.
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Table 4. System parameters

Meanings Units Meanings Units
Nominal speed 1800r/min Moment of Inertia 0.23sec
Turbine radius 1.15m Stator Inductance 0.5008H
Nominal Power 185V A Stator Resistance 0.1609Q
Grid Inductance 0.0045H Rotor Inductance 0.5008H
Grid Resistance 0.0014H Rotor Resistance 0.0502Q
DC Link Capacitor 0.0022F Mutual Inductance 0.4775H
E T T T T (?) T T T T
2120 bbbt bbbtk bbbl ndci s
§
£ 100 —Uye
(_I) 80 | | | 1 1 1 1 | - 'Udcref
o 0 10 20 30 40 50 60 70 80 90 100
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Figure 4. The behaviors of the DC-link voltage and the power factor.

DFIG rotor. 4) a transmission line module of Lab-Volt4. 5) a Personal Computer (PC) used to manage the obtained
data; it is provided with two dSPACE boards DS11045%and MatLab/ Simulink®. In addition, electric protection circuits
are installed.

Measurements of currents, voltages, and mechanical speed are obtained using the respective sensors and
the DS1104 board. Space-vector pulse Width Modulation is implemented to determine commutation for both
converters, which are calculated by the DS1104 Board control blocks. Table 4 illustrates the DFIG prototype nominal
parameters.

7.2. GSC Controller

Figure 4-(a), (b) illustrates the controlled dynamics using the GSC, for the DC- link voltage U, and the step-up
transformer power factor fg. It is clear that such controller achieves the desired goals: a DC-link voltage of 120V and
grid power factor equal to 1. Figure 5 - (a) presents the grid active (Pg, blue, 100W) and reactive powers (Qg, red, 0V
ar). The grid currents igd,iquynamics are presented in Figure 5 - (b) (blue, 1.5A - red, 0A ) respectively. Note that: 1)
the DC voltage desired value is selected for providing enough active power to the RSC controller. 2) the unit value
of the grid power factor helps to improve the quality of the supplied power to the RSC and allows to maintain the
desired value of the grid reactive power, which has a large effect on the security of the WT power systems because
it affects the voltage throughout the system.

7.3. RSC Controller

To test the proposed scheme capabilities, a time-varying wind speed profile is applied and the WT emulator is
operated to extract the maximum available power by means a MPPT algorithm. We note that:1) the DC motor
is utilized to emulate the mechanical speed such that the desired DFIG rotor shaft speed profile is applied as a

4 Transmission line of Lab-Volt Series no. 8329-00, Lab-Volt Ltda, Canada.
5 dSPACE GmbH Technologiepark 25, Paderborn, Germany. *Matlab,Simulink, © 1994-2019 The MathWorks, Inc.
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Figure 5. The behaviors of grid dynamics.
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Figure 6. Variable wind Turbine Speed.

reference speed for the DC motor (0 to 2500 r/min). 2) the power factor and the DC-link voltage are kept at constant
values. To improve the generated power, MPPT algorithm is applied to define the stator active power desired value
as in [24]. Where, the stator active power reference is calculated using the Maximum Power Point Tracking (MPPT)
algorithm based on the following equation

Prep = Kopi2, 3)

mec

with Kopt = Cpmaz (Nopt,Bopt) p.7.1° i . . .

pt X3, 263 »and Cpmax represents the maximum yield aerodynamics of the WT, ,BOpt is the
optimal angle blade, )\op, is optimal relative speed. The mechanical speed behavior is presented in Figure 6. The
DFIG currents rotor tracking behaviors are displayed in Figure 7; the desired trajectory for 325 the DFIG rotor —g-
current is also defined from the MPPT active power, and the rotor —d- current is kept at a constant value calculated
from reactive power desired trajectory using (32) and (33) respectively. Figure 8 and 9 presents the DFIG stator
powers and currents respectively. The obtained results illustrate the capabilities of the rotor side controller for
tacking the required trajectory of the active power, which improves quality of the generated power. In addition, the
DFIG reactive power is kept constant at a required value, which ensures a desired power factor for the stator side.
Figure 10 displays the DFIG power factor and the electromagnetic torque dynamics. From these results, variations
in the mechanical speed has no significant effects on the DFIG stator active and reactive power controller. In
addition, decoupling between the control axes and stability are ensured.
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1.4. Fault Grid Conditions Test

In this experiment, we test that the proposed scheme ensures DFIG stability under fault grid conditions, which are
caused by changing the transmission line impedance suddenly at t = 45s from 0Q to 120Q and reversing it at t =
60s. Figure 11 displays the grid currents (a) and voltages (b) applied to the DFIG prototype, during the faults, at
the connection point to the grid. Figure 12 illustrates the results for DFIG stator powers. The same test for SMC
combined with FOC is done in [20], and the obtained results are presented in Figure 13, which illustrate that a
transmission line impedance variation produces a high pick stator currents, destabilizing the system and turning-
off the prototype, leading to power generation discontinuity. From this experiment’s results, we conclude that the
proposed control for both GSC and RSC ensures the DFIG prototype stability and rejects different disturbances,
which guarantees the WT connection to the grid and ameliorates the quality and quantity of power generation.
These results are achieved thanks to the adaptive control law obtained by the RHONN identifier online trained by
the EKF. This configuration helps to approximate the DFIG prototype model even in the presence of disturbance.
When the neural model is obtained, the feedback linearization part of the proposed control scheme is successfully
able to eliminate the nonlinear part of the model including disturbances and the SM controller part can ensure the
trajectory tracking with reduced value of the controller gain since the identification error is small, which helps to
reduce the chattering.
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8. Conclusions

In the present paper, the development and the real-time implementation of a discrete-time N-SM-L controller
is done to design a robust control scheme for a DFIG based WT. Such scheme is applied to maintain the DC
voltage at a constant value, to keep at the unit value the power factor, using the GSC, and to track the DFIG
generated powers desired behaviors via the rotor d — g currents using the RSC. Identification is performed by
RHONN identifiers for both the DFIG and the DC-link. The proposed control methodology is validated for a time-
varying wind speed profile and grid disturbances. To emulate wind speeds, a DC motor is used. Experimental
results validate the proposed control approach performances. Trajectory tracking is guaranteed even for time-
varying desired trajectories; stability and decoupling between the control axes are also ensured. In addition,
the N-SM-L controller adaptive nature offers adequate robustness in presence of DFIG prototype parameter
variations and grid disturbances. Moreover, this control scheme allows maximizing the power extraction for
variable wind speeds and ensures transient stability of the DFIG when a transmission line faults occur. Finally,
the proposed scheme improves LVRT capacity of the DFIG and assures continuous power generation, which
allows to increase generated power quantity, accomplishing modern grid codes requirements regarding LVRT
capacity.
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9. Appendix

Convergence Proof

Rotor Side Controller Analysis
The separation principle is applied [27] for the proposed control scheme convergence proof. Hence,

1. the identification error minimization is ensured by using the EKF to train 385 the RHONN identifier as
demonstrated in [25].
2. The tracking error convergence to a small bounded region is achieved by using the proposed N-SM-L
controller based on RHONN modeling as will be established in the following analysis
Due to identification error boundedness, there exists a bounded function A for the rotor currents such that
rd ki1 = drdks1 — Oz (44)

Z-7"q7k'—i-1 = 7;rq,k—‘,-l - A4 (45)

with [|A]| <y, v,> 0, and i = 3,4. Substituting (23) in (44), (45) and applying the neural linearization control law (40),
we obtain

%rd,k+1 = U4k — Az (46)
brq ki1 = Vsk — Ay 47
The sliding surface can be rewritten for (k + 1) as

Irdrefk+1 — V4l + Asg
Szhy1=| (48)
lrgref,k+1 — U5k + A4

To simplify stability analysis, let define U, = [v,, v, 1", U, = (U, Upsd™s U,y = WUy, U JT Uy = Uy, U™,
K=k, 0:0 k], X ;1 = Urgpors i,qre,,k]T and A = [A,A ] with [|A]| =T and ' > 0. The discrete-time SMC proposed in (30)
and (31) includes two cases:

+ Case 1:
llu, || <u,,, then u is used for the rotor d current.
c4,k! 04 c4,k
[[Ugs ]l < Ugs, then u is used for the rotor g current.

Using (28), the sliding surface (48) is selected as

Sz k1= —Upp +A=KS3;+A (49)
The Lyapunov function is selected as Vj, = S3T7k537k,; its difference is calculated as
AVi = S3.41S3k41 — S5 £S5k

= (KS3p+A)"(KSsy 4+ A) — S5 S5

< (IKIISskll + 1A = [1Ss.x

< KPP NSa0 07 + 211K || |1S3,6 ] T 4+ T2 — || S3,x]|

< == IKI*) 1Ss,l* + 2 1K [|Sa,| T + T

< —(1=00)m [|Sa5l1* = O [[Sa,rll* + 21K | S| T + T

< =1 =00)m [Sapll* + T2 + (=01 [|Sanll + 2| K| T) [[Ss.x
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oI || K|

with 6, <1and 6,>0, n,= (1 - ||K|[?) and n, > 0, and for the region ||S5 ;|| > 91Hm , we obtain
AVi < (L= 6)m || Ss]” + 17
AVi < (1= 02)81 [|Saxll” — 025 |1 Saxll” + 17
AVi < —(1—62)B1 S5l

with6 <1and 6,>0,8.=(1-6,)n,and B, > 0. Therefore AV, <0, V|| S5 1| > I and the solution of the system
2 2 1 M, 1 k 3,k 3 3

5.8
(49) is ultimately bounded. o

+ Case 2:
llu,, /I 2 ugy,, then is applied for the rotor d current.
[|Ug, ]l 2 Uy, then is used for the rotor g current.

For this case, the equivalent control is selected by imposing S, ,~X . +X, = 0, with Xpy1 =
the equivalent control is obtained as

Uegp = Szt fr
with fr, = — ref.k + X + Xyer x+1. The sliding surface is given by
Szkr1 = O3k — Xopesr + X+ Xoepppr —Up + A
1
= (Ssp+ fo) 1 =Uprmm) + A
”Ueq,k”

Using the Lyapunov function candidate V, = S;kSg,k, then, its difference is calculated as

1 T
AV < (|SS,k + frll <1 — [T HUk|> +A)
eq,

1
(|sg,k- el (1 ol —) +A) 1S
||Ueq’k|

< (IS + fill = 1Toll + I AI* = 1 Ss,xll*

livak irar]”. Then,

(50

Assume that the control law U, may vary within the domain ||U,|| = U, [30]; considering (50) and ||Al| <y, then

lIf, + All < o with o <||U,]|, so

AV < (ISskll 40 = [To]l)* = IS5k
< (ISs5kll + o = [[Uoll + [1S3,611) (1S3, ]l + o — [[Uol| — [1S5,xl)
< @ISskll + o = Uoll) (o = [|Uoll)
< = @ISskll + o = Uoll) (U0l — o)

(51

if I+ All = ||Ull = (2[|S, | + [If + All) holds then AV < 0 [25]. Hence, the sliding manifold ||S, || and the equivalent
control ”Ueq,k” decrease monotonically. Therefore, it exists a time k, such that the equivalent control is within the
domain ”Ueq,k” < ||U,ll for k = k,. At that time, the control laws u_, and u_;are used, yielding that the solution of system

(49) is ultimately bounded.

O

It is important to note that v, , and v, , are independent, and the convergence proof is validate for each control

axis separately.
A similar analysis is valid for the Grid Side Controller, using the same procedure.
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