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A Sliding Mode Approach to Enhance the
Power Quality of Wind Turbines Under
Unbalanced Voltage Conditions
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Abstract—An integral terminal sliding mode-based control
design is proposed in this paper to enhance the power quality of
wind turbines under unbalanced voltage conditions. The design
combines the robustness, fast response, and high quality transient
characteristics of the integral terminal sliding mode control
with the estimation properties of disturbance observers. The
controller gains were auto-tuned using a fuzzy logic approach.
The effectiveness of the proposed design was assessed under deep
voltage sag conditions and parameter variations. Its dynamic
response was also compared to that of a standard SMC approach.
The performance analysis and simulation results confirmed the
ability of the proposed approach to maintain the active power,
currents, DC-link voltage and electromagnetic torque within their
acceptable ranges even under the most severe unbalanced voltage
conditions. It was also shown to be robust to uncertainties and
parameter variations, while effectively mitigating chattering in
comparison with the standard SMC.

Index Terms—Doubly fed induction generators (DFIG), fuzzy
approach, integral terminal sliding mode control (ITSMC), ob-
server, power quality, voltage unbalances, wind turbines.

NOMENCLATURE
WT Wind turbine
DFIG Doubly fed induction generator
FRT Fault ride through
SMC Sliding mode control
ITSMC Integral terminal sliding mode control
ITSMDO ITSM disturbance observer
GSC Grid side converter
RSC Rotor side converter
PCC Point of common coupling
DVR Dynamic voltage restorer
STATCOM Static synchronous compensator
d,q Synchronous reference frame index
L,.(Ls) Rotor (stator) inductance

M Mutual inductance.
R.(Rs) Rotor (stator) resistance
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V(i) Rotor voltage (current)

Vs(is) Stator voltage (current)

R,(Ly,) Resistance (inductance) of grid side converter
Vg (ig) Grid side voltage (current) of DFIG

P(Q Active (reactive) power of DFIG

wr(ws) Mechanical (synchronous) speed of the DFIG
phis Stator flux of DFIG

lrdg—ref Reference current of rotor in the d — ¢ frame
lgdg—ref Reference current of grid side in the d—q frame

s Slip of induction generator (DFIG)

e(g) Symbol for rotor (grid)-side parameters

Vs.d,¥s,q d— q components of the stator fluxes

Ur,dy Ur.g d — q components of the rotor current

Vs,a,Vs,q  d— q components of the stator voltage

D, 4,D,4 d— q components of unknown lumped uncer-
tainties of rotor-side circuit including parame-
ter variations and external disturbances

Dgyq,Dg 4 d— q components of unknown lumped uncer-
tainties of grid-side circuit including parameter
variations and external disturbances

ig.d>lg,q d — g components of the grid side current

Vg.d,Vy,q d— q components of the grid voltage

I. INTRODUCTION

NE of the most challenging issues with wind energy

nowadays is its integration into the power grid network
[1]. Wind turbines are required to comply with several tech-
nical requirements and remain connected to the grid in the
presence of different grid voltage disturbances such as voltage
unbalances and harmonics [2]. Moreover, the amount of har-
monics in the total current injected into the grid by the wind
turbine is limited by the standard requirements [3]. Doubly fed
induction generators (DFIG) are widely deployed in variable
speed wind turbines. A challenging problem with DFIG’s
though is their extreme sensitivity to voltage fluctuations in the
grid network. Even the smallest variations in grid voltages can
lead to a sharp increase in stator and rotor currents which can
cause damages to the DFIG’s converters and deteriorate the
wind turbine’s output power quality [4]. Various approaches
have traditionally been considered to protect wind turbines
from the effects of voltage fluctuations. Crowbar circuits [5]
are among the most common approaches. Nevertheless, DFIG
typically absorbs large amounts of reactive power during grid
faults and crowbar circuits further aggravate this problem.
Series dynamic resistors (SDR) [6] were also considered in
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voltage sag mitigation given their ability to keep rotor currents
and stator voltages within acceptable ranges. In this condition,
SDR hinclers the DFIG’s ability to properly supply reactive
power to the grid. Employing a shunt current injection ap-
proach or adding a STATCOM can compensate for the voltage
unbalance at the point of common coupling (PCC) and cancel
the swings in the electromagnetic torque [7], [8]. However,
the STATCOM cannot decrease the over-voltages and over-
currents in DFIG’s circuits. Series grid side converters (SGSC)
[4] and dynamic voltage restorers (DVR) [9] are very effective
at mitigating voltage unbalances, but, the required energy
storage equipment to absorb the excess energy makes these
approaches costly. Moreover, all the above mentioned mea-
sures are only effective when the voltage fluctuations are not
deep.

Various control approaches were introduced in the literature
to properly control the rotor (RSC) and grid (GSC) side
converters of the DFIG and mitigate grid voltage unbalances.
Conventional PIs are among the most popular [10]. Which
lack the necessary robustness against external disturbances,
parametric uncertainties and un-modeled dynamics; ubiquitous
problems in DFIG-based wind turbines. Sliding mode control
(SMC) is widely considered as a powerful control approach
for systems with uncertainties and/or unknown disturbances
[11]. Features such robustness of the controlled system to
both internal parameter uncertainties and external disturbances
along with the relative ease of its implementation have led
to its consideration for a wide range of nonlinear uncertain
systems [12]. Though there are several variants of SMC
approaches [11]—[17], this design typically consists of two
stages: 1) a sliding phase during which a hyperplane, namely,
sliding surface, is designed to provide the desired behavior for
the closed-loop system during sliding mode, and 2) a reaching
phase during which a discontinuous control law is designed to
force all the trajectories to reach the sliding surface and remain
on it. The sliding surface is also considered to be the switching
condition during the reaching phase design. As long as the
sliding mode is realized, the SMC renders the system totally
insensitive to parameter perturbations, un-modeled dynamics
and external matched disturbances.

A standard first order SMC approach was proposed in
[18] for DFIG-based WTs. A sliding mode controller was
proposed in [19] for the voltage regulation of a DFIG wind
generator connected to the microgrid. The high-frequency
switching or chattering phenomenon associated with standard
SMC, however, has the potential to excite the system’s un-
modeled dynamics, overheat the DFIG and lead to wear of the
moving mechanical parts [13]. Further, although appropriate
adjustment of the parameters may lead to an arbitrarily fast
convergence rate, conventional SMC does not guarantee the
convergence of system dynamics in finite time. Moreover, it
can only guarantee asymptotic stability in the sliding phase.
Since stabilizing dynamical systems and ensuring error con-
vergence in finite time is more desirable in practice, terminal
sliding mode controls (TSMC) with nonlinear sliding hyper-
planes were proposed to alleviate this drawback [11]. A TSMC
scheme was proposed in [20] for the grid side converter of
a DFIG-based wind turbine. However, TSMC suffers from

the singularity problem and have restrictions on the range of
fractional power functions [12]. The singularity problem will
not happen however on the control law if Integral TSMC ap-
proaches are considered instead [13]. Further ITSMC designs
were shown to offer a better and enhanced transient response
for a wide range of MIMO nonlinear systems [21]. An ITSMC
approach was developed in [22] for the rotor side converter
of a DFIG-based WT. The comparison study reported in [23]
showed that ITSMC outperformed the standard SMC when
implemented to the RSC of a DFIG-based WT.

This paper designs and implements an integral terminal
sliding mode-based control approach for the rotor side and
grid side converters of a DFIG-based wind turbine. Its main
contributions are as follows:

1) A control algorithm that combines the robustness, fast
response, and transient characteristics of the ITSMC with the
estimation properties of disturbance observers.

2) A control paradigm that maintains power quality in
the presence of deep grid voltage unbalances and system
disturbances.

3) A design that ensures chattering free dynamics in com-
parison to standard SMC.

The paper is organized as follows. The dynamic models
of the converters are provided in Section II. The proposed
disturbance observer ITSMDO is derived in Section III. The
proposed ITSMC controllers for both RSC and GSC are
derived in Section IV. Performance evaluation of the proposed
approach is carried out in Section V. Some concluding remarks
are provided in Section VI

II. MODELLING OF A DFIG-BASED WIND TURBINE

The schematic representation of a DFIG-based WT con-
nected to the microgrid is depicted in Fig. 1.
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Fig. 1. Schematic diagram of a DFIG-based WT.

A. Modelling of the Rotor Side Converter

Assuming the system to be balanced and symmetrical, the
state space model of the DFIG in the synchronously rotating
reference frame (d — ¢) [24] is represented by:

X =f(,t)+g(x,t)u (1)
where,
flz,t) =
— By (o Lyipat ) + T o (oL g )

MV g

R , Ry M.,
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The state vector is X = [irq irq] and the input vector
. T T M?

is [ur,d ur)q] = [Vr,d an] and 0 = 1 — 7. By
considering a reference frame synchronously rotating with the

stator flux, we obtain

1/)5,(1: wsvwsw]: 0 2

and by neglecting the stator resistance, we have

‘/s,d = 07 ‘/s,q = VS’ = u)sws (3)
We can rewrite (1) as follows [24]:

X =f(x,t)+g(z,t)u (€]

R, . MV, R, M1, ]
_m <0’L7-ZT.7d + wsLs> + L. (O'L.,-)Q + Wripg
Fq
_JR—LTTZT,] I <ULTZ,,,d + L. Vs’q)

Frq _

®)

irg = Frg + Geyrqtig + Drg

{ér,d = Fr,d + Ge,r,dud + Dr,d

where G g = Gerq = 51 Dra and D,  are assumed to
be bounded with D,.; <Y, ;, j=d, q[25].

B. Modelling of the Grid Side Converter

Grid side converters are instrumental in regulating the DC-
DC-link voltage of DFIGs and decreasing the swings of the
total active and reactive power injected to the grid. However,
proper control of the GSC is necessary to maintain constant
DC voltage and enhance power quality under unbalanced grid
conditions. The GSC can be modeled in the d — ¢ frame by

di 1 ) )
&= - (Vsa = Ryiga +wsLgigq)  — L%ng
g .
Fg,d
digq 1 . L 1
i~ I (Vs,q — Ryigq — wsLgig.d) - fgvg,q
g
ng‘l
(6)
Equation (6) can be re-written as follows:
%gﬂd = Fya+ Gegauga+ Dga )
igq = Fgq+ Ge,gqUgq+ Dgq
T T
where [“g,d ug,q] = [ngd Vg,q} - Gegd = Gegq =

I, Dy 4 and D, , are unknown but bounded lumped uncer-
tainties with || D, ;|| < Y4, j =d, g. For the above DFIG-
based WT, we propose a robust control approach which is ca-
pable of mitigating faults, handling disturbances and parameter
variations, while maintaining the currents and electromagnetic
torque within acceptable ranges.
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ITI. SLIDING MODE DISTURBANCE OBSERVER

To properly estimate the system’s external disturbances,
unmodeled dynamics and uncertainties, we design an integral
terminal sliding mode disturbance observer (ITSMDO). Con-
sider the following auxiliary variable

j=d, ¢,k=r,g ®)

where py, ; is a positive constant. j = d, ¢ denotes the direct,
quadrature components, and k = r, g refers to the rotor, grid
side converter. The following variables are defined as follows:

2k,j = Ok,j t Pkj€Lk >

Ok,j = th,j — Nk,
hij = Frj + Gek,juk,; + Dr, 9)

érkj = sign(o, ;)

where e, ; has the initial value %JI(S) converges to zero
. 2 J ELEW)
in the finite time Tz ; = 21Ol 126].

Pk.j

The disturbance estimation (f)kj) is calculated using
0,5 = 0 as follows:

Dk,j = ol,k,jzk,j + 027k7jsign(zk7j) + pk.yjsign(ak_,j) (10)
where 61 ; and 05 ; > T} ; are constant positive coeffi-
cients.

Theorem 1: For the system (1) and with the assumption
|| Dg,jl| < Yk, ;, the ITSMDO designed illustrated in (8)—(10),
yields auxiliary errors oy, ; and ey ; that converge to zero in
finite time [25].

Proof: The first derivative of (8) is calculated as follows:

Sk = Ok + Prj€rkg = ika — hj + prjsign(ok;) (11)

Substituting (5), (9) and (10) in (11), results in:

,i’kyj = Dk’j — Hl,k,jzk,j — 92,k7jsign (Zk’j) (12)
Considering the following Lyapunov function [27]:
1
Exj = 5% (13)
Computing the time derivative of, yields
Ej = zijéx <0 (14)

Substituting (11) into (14) provides

Bk j = 2kj (Dij — 01521, — 02,k 58ign (25.5))
< 2Dk — 01k,2%86,5%%5 — 028,28 55180 (25 5)
< Yhjllzrsll = Ok sllzk 17 = Ok 511205
(15)
Given the fact that 6, 5, ; > T;, we have

Epj < =01 ll2rll> = =201, B 5. (16)

Therefore, the auxiliary sliding vector of the ITSMDO (zy_;)is
always kept on the surface 2, ; = 0. Consequently, the
auxiliary errors oy ; and erj ; are guaranteed to converge in
finite-time. It is very important to note that 5 ;, ; must be tuned
adaptively to prevent unstable conditions from happening.
Invoking (5), (8) and (9), we obtain

Dy,j = Dy,j — Dy;

. . ) (17
=Dy —tiga+ Frj+ Gepjur; = —0k;
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The finite time convergence property of the auxiliary variable
Ok,j» yields the finite time convergence of the disturbance
approximation error Dy, ; ]

Remark 1: The observer design requires knowledge of the
upper boundary Y, ; of the dynamic errors. Since calculating
T},; is quite complex, the approach outlined in [28] can be
considered to properly calculate the adaptive gains 63 ; in
(10).

Remark 2: The main feature of the ITSMDO is its con-
vergence in the finite time (7 ;), thus eliminating the sin-
gularity problem encountered in traditional SMC approaches
[12].

IV. DESIGN OF THE ITSMC-BASED APPROACH
A. ITSMC Design for the RSC and GSC

Define the tracking errors of the d — ¢ components of the
rotor and grid side currents (sy, ;)as follows:

Skyj = Uhj—ref — lk,j (18)

where iy j_ref,j = d,q;k =1, g are the (d — ¢) components
of the reference values for the rotor and grid side currents.
Note that, since the converter operates in a stator-flux d, ¢-
reference frame, the rotor currents are decomposed into an
active power (d-axis) and a reactive power (g-axis) component.
The actual active power of the generator is compared with
the reference point value, which is determined by the wind
speed. The difference between these two values will be fed
to the controller which in turn will use it to generate the
reference value of the d-axis rotor current i, 4_,.r. Likewise,
actual reactive power of the generator is compared with the
reference point value (usually considered zero). The difference
between these two values will go to a controller, which is
used to generate the reference value of the g-axis rotor current
iyq—ref- Lhe first derivative of (18) can be written as follows:

$k,j (8) = ik j—ref — ik (19)
Substituting either (5) (RSC) or (7) (GCS) in (19), yields:

803 (t) = dngores = Frj + Dy = Gegogung.  (0)
[ G ——

Ak‘,j

The sliding surfaces of the (d — ¢) components of the rotor
current (Sy ;) are defined as follows:
—Akt

2n
where ag, A\,, B1,k; and (2 ; are positive constants.
erk,; (t) = [sign(sk; (t))dt are respectively the sign inte-
grations of the tracking error’s d and ¢ components. Deriving
(19) and using (18) yields:

— L
Sk = Skj + Brks€rk Sk + Bakg (Sk3°)  Skje

Sk =&k (Ak,j + Dy — Ge,k,juk,j) +&2.k,585 + &3,k,5-
(22)
The following coefficients are computed as follows:

E1kg =1+ Brkjern — Bok 20y — e Mlsy ;72

§2.k,5 = Brk,j€lk,j

_ -2 1,—Ai. t
Ea kg = —Bok Ak, sk kT le™ M

(23)

Maintaining the output trajectory on the sliding surface entails
fulfilling the following necessary condition: Sy ; (t) =0, j =
d, q[29]

Sk = &Lk, (A’w’ + Dy j — Ge,k,juk,f’) + &2k, (24
+ fgykyj =0.

Theorem 2: Asymptotic convergence of the tracking error
(18) to zero will be guaranteed by selecting the surfaces (21)
and designing the control law as follows [30]:

Uk,j (t) = Ueq k5 + Up.k.j (25)
where ucq 1 ; is defined by Skd (t) = 0 as follows:
Ueq,k,j =
(Ge i) (fz,k,jsk,j +&3k,5 + &1,k,5 (Ak,j + Dk,j))
(20)

Up,k,; can be defined as follows:

—1 .
Up kg = (Gete,j€1k,5) (KLkJSk,j + Kz,k,j81gn(8m))
27)
where K ; and K> 1 ; are positive constants.

B. Computation of the Convergence Time of the ITSMC

Theorem 3: The sliding mode surfaces will converge in finite
time if 2¢; Bk jer k. — Ak > 0.

Proof: )
Vij = 550 (28)
Computing the time derivative of Vj ;
Vi = 8kjék; <0 (29)
Si.j (t) = 0, yields
g = E1k,380,5 T 0115 €1 1, Shg — B2 Aksk g2 e
=0.
(30)
Hence
Sk =00 Brkgerk skt p ;Bong (5k57) " skye .
(€29

Substituting (31) into (29) provides
Vig =€k Pk gerngst 6 Brngsea et
(32)

Considering (28), yields

Vij :_2£i]i7jﬁ1,k,jel,k,jvk,j+21ﬂk£ii7j62,k,jVklfkeiAkﬁ
(33)
Multiplying both sides of (31) by o V"7, yields

Vidk 4260 Bk jern Vi =27 gl Bakje
(34
Integrating (34) from 0 to Ty ; and considering the fact
that Vi ; (Tsx,;) = 0, yields the following convergence time
T57k7j2
Ln (1 - Q4 V24 (0))

-1
281 jPr ke kg — Ak

Tsky = (35)

Authorized licensed use limited to: GLASGOW CALEDONIAN UNIVERSITY. Downloaded on July 09,2021 at 12:53:04 UTC from IEEE Xplore. Restrictions apply.



570

where the coefficients €2, ; are calculated as follows:

- 1
21 €y i Ba,u;

= _1 .
281 o, iP1 k€1 kG — Ak

Qp 5 (36)

|

Remark 3: The term (e”‘kt) will converge to zero after a

certain time, thus rendering the sliding surface linear there-
after.

C. Stability Analysis

Considering the following Lyapunov function [27]:

Ly, = %Sg,j (37)
Calculating the time derivative of Ly, ;as follows:
Ly.; = Sk Sk, <O. (38)
Substituting (22) and (25) into (38), yields
.
Skj 181k, (Akyj + D — Ge g jurj) +&2,k.55k,; + §3,k(,§$)-

Substituting (26) and (27) into (39) provides
Lij = Sk j€0k5(Drj — Dij) = Ku g |Sk 51
— K2k Skl <0
< [Sk,;

€160k — K1og 1Sk — Kokj |Skijl-
(40)

It is assumed that Ky ; > &1 x,;0%,;. Hence, we have

Lij < =K1 1Skl — Kok 1Skl <0 (41)

Thus the finite time convergence of S(t) to zero is guaranteed.

D. Gain Auto-tuning via a Fuzzy Approach

To ensure self-adaptation, a fuzzy approach was designed
to auto-tune the parameters of the ITSMC controller. The
parameters of the ITSMC controller n;, ¢ = 1,...,8
( B1,kj, Ba,k,;) were adjusted and tuned by An; as illustrated
in Fig. 2. The considered fuzzy logic rules for Ar; are
illustrated in Table I in the Appendix. Note that, the controller
parameters are adjusted based on the tracking errors of the d—q
components of the rotor currents (Sg,). The tuned variables
are thus calculated as follows:

Tuned Variable = n; + An;,i=1,...,8. (42)

The membership functions for the fuzzy logic controller are
illustrated in Fig. 3. They involve seven segments, including
zero (Z0O), negative small (NS), negative medium (NM),
negative big (NB), positive small (PS), positive medium (PM)
and positive big (PB). The range of inputs s; and As; and
based on Fig. 3is {—1, —2,—%, 0,%,2, 1}, while the range
of outputs Ay, is {—0.6, —0.3, —0.1, 0, 0.1, 0.3, 0.6}.

Fig. 4 illustrates the block diagram of the overall control
structure.
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Fig.2. Structure of the fuzzy approach.
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Fig.3. Membership functions of the fuzzy logic approach.
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— . > .
J variable (6) estimate (8)
e,’/.—b

Fig.4. Block diagram of the control structure.

V. PERFORMANCE EVALUATION

To assess the performance of the proposed design, we im-
plemented it to a DFIG-based WT connected to the microgrid
topography highlighted in [31]. The schematic diagram of the
controlled system is illustrated in Fig. 5. The parameters of the
considered wind turbine are listed in Table II in the Appendix.

A. DFIG Performance Using the Proposed Approach Under
Voltage Sag Conditions

Voltage sags are the most frequent grid faults and the
leading cause for power quality problems [32]—[34]. These
are short duration reductions in rms voltage ranging from 10
to 90 percent [6]. If not properly mitigated, they usually result
in sudden increase in the transient currents, which in turn result
in poor power quality, soaring the ratings of the semiconductor
devices and potentially damage the converters. The resulting
current fluctuations and potential damages increase with the
severity of the voltage sag. As a protective measure, WTs
must be disconnected from the grid when the resulting current
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harmonics exceed converters rates, as defined by the grid code
requirements [2] and the IEEE standards for harmonic control
in electric power systems [3].

deq
Calculation

Calculation

B

£

:
ITSMDO —\ ITSMDO
Fuzzy logic _,l ITSMC | | ITSMC Fuzzy logic
confroller * f confroller
s As i 3 Afs

1 2dg Irdg

Fig.5. Schematic diagram of the controlled system.

To assess the ability of the proposed control algorithm
to mitigate voltage sags and prevent WTs from being dis-
connected from the grid, we performed tests under worst
case scenario. Thereby, a voltage sag of 80 % magnitude was
injected to the grid network between ¢ =0.5 and t =0.7 s.
The DFIG’s stator voltage, stator and rotor currents in this
case are depicted in Figs. 6 (a)—(c). The time histories of the
active power, DC-link voltage and electromagnetic torque in

this case are illustrated in Figs.7 (a)—(c).
2

oo
e

S

(e

'v1mnrwmumnmnmuuummum'mm |
e e

O \'J

-1

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Time (s)
()
Fig.6. (a) Stator voltage (pu), (b) rotor current (pu), (c) stator current (pu)

of DFIG-based WT (proposed approach).

0.6
0.4 V
0.2
(a)
1250
1200 P n“ﬂvnv. o .
1150 ®)
1
0
-1
0.4 0.5 0.6 0.7 0.8 0.9 1.0
Time (s)
(©)
Fig.7. DFIG’s (a) Active power (pu), (b) DC-link voltage (V), (c) Electro-

magnetic torque (pu) (proposed approach).

Note that the harmonics observed in the stator and rotor
currents during the voltage sag are within the range. Note also
the smooth and chattering free dynamics observed with all the
variables. Thus, despite the severity of the voltage sag, the
active power, currents, DC link voltage and electromagnetic
torque remained within their acceptable ranges. The obtained
results thus confirm the effectiveness of the proposed control
algorithm in riding through deep voltage sags and maintaining
power quality no matter the depth of the voltage unbalance.
Figs.8 (a)—(b) depict the dynamics of the sliding surfaces
considered in the proposed FSOITSMC approach.

0.5
0 Wmm
_0.5 {
(a)
0.5
0 . — NUAVAA"" ettt
-0.5
0.4 0.5 0.6 0.7 0.8 0.9 1.0
Time (s)
(b)
Fig.8. Sliding surface of (a) d, and (b) ¢ components of rotor current

(proposed approach).

Note the increase in sliding surface magnitude to compen-
sate for the voltage sag when this later happens. However,
despite the severity of the voltage sag, the overall magnitude
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and frequency of the sliding surfaces remained reasonable.

B. Comparison With a Standard SMC Approach

To further assess the performance of the proposed control
strategy, we compared our results with those obtained using
the standard SMC design proposed in [35]. Under the same
conditions as the ones considered in Section V-A, the SSMC
yielded the stator voltage, and rotor and stator currents de-
picted in Figs.9 (a)—(b). It also generated the active power,
DC-link voltage and electromagnetic torque depicted in Fig.
10. Note the relatively high magnitude of the fluctuations
in the respective variables during the sag conditions, when
considering the SSMC.

The sliding surfaces of the SSMC approach are depicted in
Figs. 11 (a)—(b).

Note that the SSMC requires sliding surfaces with much
higher frequency and larger magnitudes to achieve the same
control targets. Note also the chattering in the dynamics of
the power, DC voltage, currents and electromagnetic torque
when considering the SSMC, whereas our approach yielded
quasi-chattering free performance for the same conditions.

C. Robustness to Parameter Variations

In addition to the conditions considered in Section V-A, the
DFIG was subjected to a 20 % increase in the rotor and stator
resistances and inductances. The results obtained in this case
were compared to those obtained with the nominal parameters.
The DC-link voltage and active power of the DFIG in the
presence of parameter variations are illustrated in Figs. 12
(a)—(b). The results are compared to those obtained with the
nominal parameters.

e A A o
[ty it 1]\“4'”]](MH””M““]H||H|MM“|H|IH

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Time (s)
(0)
Fig.9. (a) Stator voltage (pu), (b) rotor current (pu), (c) stator current (pu)

of DFIG-based WT (SSMC).
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Fig. 10. DFIG’s (a) Active power (pu), (b) DC-link voltage (V), and (c)
Electromagnetic torque (pu) (SSMC).
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Fig.11. DFIG’s (a) Active power (pu), (b) DC-link voltage (V), and (c)
Electromagnetic torque (pu) (SSMC).
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Fig.12. DFIG’s (a) DC-link voltage (V), and (b) Electromagnetic torque
(pu) (proposed approach).
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Note that the dynamic behavior of the DC-link voltage and
electromagnetic torque barely vary as a result of the parameter
variations. This confirms the robustness properties of the pro-
posed control approach and asserts that the proposed ITSMDO
is excellent at estimating the disturbances. For comparison
purposes, we performed the same experiments with the SSMC
approach proposed in [35]. The obtained results are illustrated
in Fig. 13.
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Time (s)
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Fig.13. DFIG’s (a) DC-link voltage (V), (b) Electromagnetic torque (pu)
(SSMC).

Note the differences in the dynamics between the results
obtained under parameter variations and those with the nom-
inal parameters. Note also the magnitude of the chattering in
this case.

Thus, all the results depicted in this section clearly highlight
the superior performance of the proposed approach compared
to the SSMC. They also confirm its ability to yield chattering
free dynamics compared to the SSMC. This feature is quite
important since the sudden and rapid fluctuations resulting
from the chattering phenomena can damage the converters and
deteriorate power quality [36].

VI. CONCLUSION

This paper proposed and implemented a novel ITSMC-
based approach for grid-connected wind turbine subject to
unbalanced voltage conditions and and disturbances. The
approach combined the estimation accuracy of disturbance
observers with the robustness and finite time convergence of
the integral terminal sliding mode control. It was successfully
implemented to both the rotor-side (RSC) and grid side (GSC)
converters of a DFIG-based wind turbine. Its performance
was assessed in the presence of deep voltage sags and under
varying parameter conditions. It was also compared to that
of the standard SMC. The proposed approach was effective
in maintaining the currents, DC-link voltages and electro-
magnetic torque within their acceptable ranges even under
the most severe voltage imbalances. It was also shown to
be robust to uncertainties and parameter variations. Note that
without proper control, such severe voltage unbalances would
otherwise lead to disconnecting the DFIG from the grid as

a protective measure. The proposed approach would prevent
that from happening and ensure the uninterrupted service of
the wind energy system.

APPENDIX

TABLE 1
CONTROL RULES FOR An;

©

PB PM PS V4 NS NM NB
PB NB NB NM NM NM Z0 Z0
PM PB PB PM PS PS 70 70

PS PB PM PS PS Z0 NS NM
s zZ PM PM PS 70 NS NM NM
NS PS PS Z0 NS NS NM NB

NM 70 Z0 NS NS
NB 70 70 NS NM

NM NB NB
NM NB NB

TABLE II
DFIG PARAMETERS

Value
Induction Generator (DFIG)

Parameter

Nominal Power/
4.5 (MW)/575 (V)/60 (Hz)

Voltage/Frequency

Pairs of Pole 3

Rs/Ls/M 0.007060(pu)/0.1710(pu)/2.9000 (pu)
Rr/Lr 0.0050 (pu)/0.156 (pu)
Rg/Lg 0.19838 (m£2)/ 0.052621 (mH)

DC-link (DFIG)
Nominal voltage/Capacitor

1200(V)/ 0.03 (F)
of DC-link
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