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Abstract: Control algorithms for both the rotor- and grid-side power converters of a wind turbine-
driven doubly-fed induction generator (DFIG) are detailed, and tuning equations are also provided
to assist adjustment of their gains and constants. Those algorithms are based on the second-order
sliding-mode control (2-SMC) approach, and they allow the wind turbine to satisfactorily operate
under grid voltage non-idealities, such as simultaneously distorted and unbalanced scenarios. The
presented solution turns out to be robust against parameter deviations and disturbances, and of
high-performance dynamic response. Moreover, it drives the transistors of both power converters
at a constant switching frequency, also avoiding decomposition in symmetrical sequences of either
the grid voltage or currents. The controllers proposed for the two power converters are validated
through experimentation on a 7-kW DFIG test bench subject to a significantly unbalanced and
harmonically distorted grid voltage. Their robustness in the presence of both substantial parameter
mismatch and disturbances attributable to wind variability is also assessed.

1. Nomenclature

C DC-link capacitance
en component of grid voltage space-vector
en grid voltage space-vector
fr and fs rotor electrical and synchronous frequencies
ig, ir and is components of grid-side, rotor and stator current space-vectors
ig, ir and is grid-side, rotor and stator current space-vectors
Lg line filter inductance
Llr and Lls rotor and stator leakage inductances
Lm, Lr and Ls magnetising, rotor and stator inductances
n stator-to-rotor effective turns ratio
P number of pole pairs
Pg and Qg grid-side converter (GSC) output active and reactive powers
Pr and Qr rotor active and reactive powers
Ps and Qs stator active and reactive powers
Pt and Qt total active and reactive powers from the overall generating unit
Rg, Rr and Rs line filter, rotor and stator resistances
Te electromagnetic torque
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vDC DC-link voltage
vg and vr components of GSC and rotor-side converter (RSC) output voltage space-

vectors
vg and vr GSC and RSC output voltage space-vectors
vs component of stator voltage space-vector
vs stator voltage space-vector
ωr and ωrm rotor electrical and mechanical angular speeds
ωs synchronous angular frequency
ψs component of stator magnetic flux space-vector
ψr and ψs rotor and stator magnetic flux space-vectors

Subscripts
d and q direct- and quadrature-axis components, expressed in the stationary reference frame
Te, Qs variable or parameter associated with the electromagnetic torque and stator reactive

power
Pg, Qg variable or parameter associated with the grid-side active and reactive powers
1 variable associated with the primary-side of the transformer installed at the labora-

tory test bench

Superscripts
∗ set-point or reference value

2. Introduction

Multimegawatt wind turbine systems constitute the backbone of renewable energy-based power
generation [1]. On the other hand, severe and random disturbances —e.g. harmonic distortion,
imbalances— may occur in the grid to which such wind energy conversion systems are connected,
with durations that may vary from a fraction of a cycle to a few cycles [2].

Voltage source converters (VSCs) are mainly used as active interface between electric genera-
tors and the grid. With the growing in renewables, a strong research effort has been devoted, during
the last more than ten years, to development of control algorithms that allow VSCs to deal with the
afore-cited grid disturbances [3].

Most of the wind turbine-driven generators comprise two three-phase VSCs, linked to each
other by a DC bus. Thus, the electric generator is generally decoupled from the grid, and, conse-
quently, the capability to deal with grid disturbances is only required for the grid-side converter
(GSC) control system. However, the wind turbine-driven doubly-fed induction generator (DFIG)
represents a particular case in which the stator of the electric generator is directly connected to the
grid, as depicted in Fig. 1a. As a consequence, not only the GSC but also the rotor-side converter
(RSC) needs to be provided with an advanced control algorithm, specifically conceived to avoid
occurrence of undesirable effects due to grid disturbances —e.g. oscillations in the electromagnetic
torque, DC-link voltage, and active and reactive powers.

Proportional-integral (PI) and PI+resonant (PI+R) controller-based schemes were firstly pro-
posed to cope either with unbalanced —[4]–[8]— or distorted —[9], [10]— grid voltage scenarios.
The main drawbacks reported for those schemes are low-performance transient response, poor sys-
tem stability, the need for extracting positive and negative sequences or/and harmonic components
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Fig. 1. Structure of a DFIG-based wind turbine. a General scheme. b Equivalent circuit of a DFIG
referred to the stationary reference frame. c Scheme of the grid-side power converter and the line
filter.

of the grid voltage —and also of currents, in the particular case of PI controllers—, and lack of
robustness against parameter variations [11].

Likewise, robust solutions based on direct power control (DPC) and DPC+resonant (DPC+R)
controllers were proposed in [12]– [15], having been devised to deal just with grid voltage im-
balances. Although the problem of robustness against parameter deviations can be sorted out by
applying those control proposals, voltage decomposition in sequences is still required in all cases
except [12]. Besides, in DPC-based control strategies, it is usual to command the power converters
with variable switching frequency, as in [13]– [15], therefore complicating the design of both the
back-to-back power converter itself and the AC harmonic filter [16].

Several authors support the suitability of sliding-mode control (SMC)-based schemes for power
electronics applications [11], [17], [18]. However, there exist different approaches to SMC, the fol-
lowing three being probably the most commonly adopted: 1) standard first-order SMC (S1-SMC)
[18], [19], 2) non-standard first-order SMC (NS1-SMC) [16], [20], and 3) second-order SMC (2-
SMC) [21], [22].

Even though all of them lead to robust closed-loop systems exhibiting high-performance dy-
namic responses, two are the main drawbacks jeopardising usefulness of the S1-SMC: namely, the
variable switching frequency to which it leads and the chatter affecting control variables. Nev-
ertheless, the NS1-SMC overcomes those problems by replacing the sign function with a smooth
similar function such as the saturation or the sigmoid functions [23], hence giving rise to more than
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acceptable results that might be comparable to those expected from a 2-SMC scheme.
In this context, aiming at covering the weaknesses that were so far identified regarding DFIG

operation under non-ideal grid voltage conditions, the authors of this paper proposed a NS1-SMC-
based solution in [20], which was only validated in simulation. The fact of designing the con-
trol algorithms in the stationary reference frame —rather than in rotary frames—, along with the
non-linear nature of SMC, made possible to avoid decomposition in sequences or/and harmonic
components of both the grid voltage and currents. Moreover, this solution led also to a constant
switching frequency of the power converters, as well as to a high dynamic performance and robust
control system against parameter uncertainties or variations.

Yet, as stated in [24], adoption of NS1-SMC causes the closed-loop system not to behave
according to the sliding mode within the boundary layer, therefore seriously compromising the
features inherent to sliding mode, as tracking accuracy, robustness and disturbance rejection. In
contrast, the 2-SMC approach allows preventing that risk while preserving constant switching fre-
quency [25]. Regarding tracking accuracy, it should be noted that, when it comes to distorted grid
voltage scenarios, the ability of controllers to track rapidly varying reference values becomes cru-
cial. The latter is due to the fact that, in most cases, avoiding the harmful effects caused by grid
disturbances implies setting non-constant set-points —with frequencies even up to 6ωs— for the
control variables.

Bearing all above in mind, the present paper proposes two control algorithms —one for each
power converter— based on 2-SMC. Both the design and tuning of the controllers follow the
methodology described by the authors in [22]. The main contributions with respect to the control
scheme put forward in [22] are both the fact that, apart from the RSC, the GSC is also addressed,
and that the global control system is expressly designed in order to enable the wind turbine to
simultaneously deal with grid voltage non-idealities of different nature.

The rest of this paper is organized as follows: Sections 3 and 4 tackle, respectively, control of
the RSC and the GSC, addressing their respective mathematical models first and the design of their
control algorithms later. Section 5 is focused on presenting the experimental results obtained when
testing the 2-SMC algorithms detailed along the preceding sections on a 7-kW DFIG laboratory
prototype. Finally, Section 6 draws the conclusions.

3. DFIG and rotor-side converter

3.1. Modelling

Fig. 1b shows the equivalent circuit of a DFIG, expressed in space-vector form according to the
stationary reference frame. Adopting motor convention, its voltage equations are provided in [20]
as

vsdq = Rsisdq + ψ̇sdq (1)

vrdq = Rrirdq + ψ̇rdq − jωrψrdq, (2)

where

ψsdq = Lsisdq + Lmirdq (3)

ψrdq = Lrirdq + Lmisdq. (4)

4

Page 4 of 60

IET Review Copy Only

IET Electric Power Applications



Substitution of (3) and (4) into rotor voltage equation (2) allows identifying the dynamics of the
rotor current direct- and quadrature-axis components as

i̇rd =
vrd

L′r
−
Rr

L′r
ird −

Lm

LsL′r
ψ̇sd − ωr

(
irq +

Lm

LsL′r
ψsq

)
(5)

i̇rq =
vrq

L′r
−
Rr

L′r
irq −

Lm

LsL′r
ψ̇sq + ωr

(
ird +

Lm

LsL′r
ψsd

)
, (6)

where L′r = Lr − L2
m/Ls.

Both the electromagnetic torque and the stator reactive power are the control variables selected
for the RSC sliding-mode controller, and they are estimated by means of the following expressions
[20]:

Te =
3PLm

2Ls

∣∣irdq ×ψsdq

∣∣ =
3PLm

2Ls

(irdψsq − irqψsd) (7)

Qs =
3

2
|isdq × vsdq| =

3

2
(vsqisd − vsdisq) , (8)

with ‘×’ denoting cross product. In addition, the expression forQs given next, derived by replacing
(3) into (8), is used not for control purposes, but for the design of the control algorithm:

Qs =
3

2Ls

∣∣ψsdq × vsdq
∣∣+

3Lm

2Ls

|vsdq × irdq| =

=
3

2Ls

(ψsdvsq − ψsqvsd) +
3Lm

2Ls

(vsdirq − vsqird) .
(9)

The stator flux required to calculate the electromagnetic torque in (7) can be estimated, accord-
ing to (1), as

ψsdq =

∫ t

0

[vsdq(τ)−Rsisdq(τ)]dτ. (10)

However, in practice, the integral operator is replaced by a band-pass filter (BPF) so as to avoid
drift phenomenon. Furthermore, the BPF allows filtering the roughly static stator flux component
—also referred to as natural flux [26]— which may arise when sudden stator voltage variations
occur. As a consequence, the filter applied to estimate the stator flux, in which the stator resistive
voltage-drop is neglected, may be represented via transfer function

ψsdq(p)

vsdq(p)
=

p

(p+ ω0)
2 , (11)

where p reflects the Laplace operator and ω0 is the filter cut-off frequency.
It should be noticed that rotor current variations may cause the natural flux to slowly rotate.

Consequently, excessively low values for ω0 must be avoided in order to properly filter out the
natural flux component. Thereby, such a flux component, as well as its effects —e.g. pulsating
torques due to interaction with rotor current—, vanish on their own in approximately four times
the stator time constant without the need for any specific control action.
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3.2. 2-SMC of the RSC

Aiming at achieving satisfactory tracking performance for Te andQs, the switching functions given
next are adopted [20]:

sTe =

eTe︷ ︸︸ ︷
T ∗e − Te +cTe

∫ t

0

eTe(τ)dτ (12)

sQs = Q∗s −Qs︸ ︷︷ ︸
eQs

+cQs

∫ t

0

eQs(τ)dτ. (13)

The integrals of the errors in (12) and (13), weighted by positive constants cTe and cQs , cause the
steady-state errors to be zero [27].

Taking the time derivatives of (12) and (13), and considering (5)–(7) and (9), the following
dynamics arise for the selected switching functions:

[
ṡTe

ṡQs

]
=

F TeQs︷ ︸︸ ︷[
FTe

FQs

]
−rc

R︷ ︸︸ ︷[
Pψsq −Pψsd

−vsq vsd

][
vrd
vrq

]
, (14)

where

rc =
3

2
K; K =

Lm

LsL′r
, (15)

with

FTe = Ṫ ∗e −
3PLm

2Ls

[
ψ̇sqird − ψ̇sdirq − ψsq

X(t)︷ ︸︸ ︷(
Rr

L′r
ird +Kψ̇sd + ωr(irq +Kψsq)

)
+

+ψsd

(
Rr

L′r
irq +Kψ̇sq − ωr(ird +Kψsd)

)
︸ ︷︷ ︸

Y (t)

]
+ cTeeTe

(16)

FQs = Q̇∗s +
3Lm

2Ls

[
v̇sqird − v̇sdirq − vsqX(t) + vsdY (t)

]
+ cQseQs−

−
3

2Ls

(
v̇sqψsd − v̇sdψsq + vsqψ̇sd − vsdψ̇sq

)
.

(17)

The control signals in the stationary reference frame consist of the two following terms [25]:

• the super-twisting (ST) control term, vrdqST
, aimed at providing a high performance dynamic

response, disturbance rejection capability and robustness under structured and non-structured
uncertainties, and

• the so-called equivalent control term, vrdqeq , included in order to reduce the control effort to
be done by the ST algorithm and to ease its tuning.
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Thus,
vrdq︷ ︸︸ ︷[
vrd
vrq

]
=

vrdqeq︷ ︸︸ ︷[
vrdeq
vrqeq

]
+

vrdqST︷ ︸︸ ︷[
vrdST

vrqST

]
. (18)

Equivalent control can be straightforwardly calculated by forcing ṡTe and ṡQs in (14) to zero
and solving for vrd and vrq [18]. The latter results in

vrdqeq =
R−1

rc
F TeQs =

1

rcP (ψsqvsd − ψsdvsq)︸ ︷︷ ︸
|vsdq×ψsdq|

[
vsd Pψsd

vsq Pψsq

]
F TeQs . (19)

From (11), it follows that vsdq is practically in quadrature with ψsdq, therefore implying that∣∣vsdq ×ψsdq

∣∣ 6= 0 and that, in turn, matrixR is invertible. It is also worth mentioning that Euler’s
forward rectangular method is applied to compute the time derivatives that, by virtue of (16) and
(17), are present in F TeQs .

Although analysis of (15)–(17) evidences that the equivalent control in (19) turns out being
highly parameter dependent, robustness of the overall control algorithm in (18) is not compro-
mised, as it does actually lie on the following ST control terms:

vrdqST
=
R−1

rc
vTeQsST

=
1

rcP (ψsqvsd − ψsdvsq)

[
vsd Pψsd

vsq Pψsq

]
vTeQsST

, (20)

where vTeQsST
is calculated by applying the ST algorithm by Levant [28] as

vTeQsST
=

[
vTeST

vQsST

]
=

[
λTe

√
|sTe|sgn (sTe) + wTe

∫ t

0
sgn (sTe(τ)) dτ

λQs

√
|sQs|sgn (sQs) + wQs

∫ t

0
sgn (sQs(τ)) dτ

]
, (21)

with the first addends of vTeST
and vQsST

being responsible for guaranteeing that switching surfaces
sTe = 0 and sQs = 0 are reached in finite time.

As a result, six are the parameters to be adjusted: cTe , cQs , λTe , wTe , λQs and wQs , which
must all be strictly positive constants. To that end, the approach detailed by the authors in [22] is
followed. In particular, application of the tuning methodology presented in [22] imples that, while
in sliding regime, the dynamics of the controlled variable error, ex, may be roughly represented by
the third-order characteristic equation given next:(

p2 + 2ξxωnxp+ ω2
nx

)
(p+ αξxωnx) = 0, (22)

where subscript ‘x’ denotes either ‘Te’ or ‘Qs’.
By selecting α high enough —typically, α ≥ 10—, the second-order term of the characteristic

polynomial in the left-hand side of (22) becomes dominant, therefore causing ex to show approxi-
mately a ξx damping coefficient and a ωnx natural frequency while it vanishes to zero.

In addition to α, ξx and ωnx, the designer should specify a strictly positive value for parameter
δx, which, in broad terms, may be interpreted as the absolute value of the maximum admissible
deviation of switching variable sx from zero. Accordingly, application of the methodolody in [22]
leads to the tuning equations given next:

c3Te
− (2 + α) ξTeωnTec

2
Te

+
(
1 + 2αξ2Te

)
ω2
nTe
cTe − αξTeω

3
nTe

= 0 (23)
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c3Qs
− (2 + α) ξQsωnQsc

2
Qs

+
(
1 + 2αξ2Qs

)
ω2
nQs

cQs − αξQsω
3
nQs

= 0 (24)

λTe = 2
√
δTe [(2 + α) ξTeωnTe − cTe ] (25)

wTe =
δTeαξTeω

3
nTe

cTe

(26)

λQs = 2
√
δQs [(2 + α) ξQsωnQs − cQs ] (27)

wQs =
δQsαξQsω

3
nQs

cQs

. (28)

As reasoned in [22], it is guaranteed that at least one of the three solutions for cTe and cQs will be
both real and positive, as required. If (23) and (24) give rise to more than one feasible solution for,
respectively, cTe and cQs , the lowest ones lead generally to better performance.

Implementation of the 2-SMC algorithm for the RSC is accomplished as displayed in the left-
hand column of the functional diagram in Fig. 2, which is built by assuming that any variable
present in a given layer of the diagram is also available to all the layers inside. Accordingly, the
2-SMC algorithm should be implemented from the outer to the inner layer —labelled as ‘1st Step’
and ‘3rd Step’ at their respective bottoms.

4. Grid-side converter

4.1. Modelling

Adopting the rectifier convention and neglecting losses in both the power converter and the line
filter, the dynamics of DC-link voltage may be represented by

v̇DC =
Pg − Pr

CvDC

, (29)

with

Pg =
3

2
(ednigd + eqnigq) (30)

Qg =
3

2
(eqnigd − ednigq) (31)

when expressed in the stationary reference frame.
Accordingly, based on Fig. 1c, the electrical equations describing the behaviour of the GSC are

given in [12] as

i̇gd =
1

Lg

(edn − vgd −Rgigd) (32)

i̇gq =
1

Lg

(eqn − vgq −Rgigq) . (33)
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Fig. 2. Functional diagram of the proposed global control scheme for the DFIG.

4.2. GSC control system

The right-hand column of the functional diagram in Fig. 2 displays the overall GSC control algo-
rithm. In order to keep the DC-link voltage at its set-point value, an integral-proportional (I-P)
controller is cascaded to the Pg control loop of the 2-SMC scheme governing both Pg and Qg.
The GSC control system can additionally satisfy further control targets of interest [13]. For that
purpose, appropriate values for P ∗gff and Q∗gff feedforward compensation terms —refer to Fig. 2—
need to be established.

If getting the lowest possible output current total harmonic distortion (THD) is desirable, then
adequate expressions for P ∗gff and Q∗gff are those derived by the authors in [20], and should be

9

Page 9 of 60

IET Review Copy Only

IET Electric Power Applications



computed as

P ∗gff = −3

2
(ednisdh + eqnisqh) (34)

Q∗gff = −3

2
(eqnisdh − ednisqh) , (35)

where isdh and isqh may be estimated by notch-filtering out the 50-Hz fundamental frequency
from, respectively, stator current isd and isq components. Such a strategy will however give rise to
DC-link voltage fluctuations during grid disturbances, as well as to oscillations in total active and
reactive powers.

In this paper, the following expressions are defined for P ∗gff and Q∗gff signals:

P ∗gff = Teωrm − Ps (36)

Q∗gff = 0, (37)

with

Ps =
3

2
(vsdisd + vsqisq) (38)

and Te being computed according to (7). This way, practically no DC-link voltage oscillations
arise under non-ideal grid voltages, and total active and reactive powers remain free of fluctuations,
although, in return, the THD of the overall current injected into the grid turns out to be higher [19].

Regarding DC-link voltage I-P controller tuning, dynamic model (29) is firstly linearised around
the rated value of the DC-link voltage, vDC0. Based on such linearised model, subsequent appli-
cation of the pole placement technique allows defining the following tuning formulas for the I-P
proportional gain and integral time constant:

Kp = 2ξDCωnDCCvDC0 (39)

Ti =
2ξDC

ωnDC

, (40)

where ξDC and ωnDC represent, respectively, the target damping coefficient and natural frequency
for the DC-link voltage control-loop, being both parameters directly related to the settling time and
overshoot of the latter’s closed-loop response.

4.2.1. 2-SMC of the GSC: The goal of the GSC sliding-mode controller consists in governing
the active and reactive powers interchanged with the grid —Pg and Qg—, and it is designed by
adopting the same approach as in Section 3.2, based on the following switching functions:

sPg =

ePg︷ ︸︸ ︷
P ∗g − Pg +cPg

∫ t

0

ePg(τ)dτ (41)

sQg = Q∗g −Qg︸ ︷︷ ︸
eQg

+cQg

∫ t

0

eQg(τ)dτ. (42)

Making use of (30)–(33), the dynamics of the preceding switching variables may be derived as

[
ṡPg

ṡQg

]
=

FPgQg︷ ︸︸ ︷[
FPg

FQg

]
−gc

G︷ ︸︸ ︷[
−edn −eqn
−eqn edn

][
vgd
vgq

]
, (43)
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with

FPg = Ṗ ∗g −
3

2
(ėdnigd + ėqnigq)−

3

2Lg

(
e2dn + e2qn

)
+
Rg

Lg

Pg + cPgePg (44)

FQg = Q̇∗g −
3

2
(ėqnigd − ėdnigq) +

Rg

Lg

Qg + cQgeQg (45)

gc =
3

2Lg

. (46)

Following the same modus operandi as that adopted for the design of the RSC control algorithm,
the control signals for the GSC —also referred to the stationary reference frame— are computed
as

vgdq︷ ︸︸ ︷[
vgd
vgq

]
=

vgdqeq︷ ︸︸ ︷[
vgdeq
vgqeq

]
+

vgdqST︷ ︸︸ ︷[
vgdST

vgqST

]
, (47)

where

vgdqeq =
G−1

gc
F PgQg =

1

gc
(
e2dn + e2qn

)︸ ︷︷ ︸
|en|2

[
−edn −eqn
−eqn edn

]
F PgQg , (48)

with matrixG being evidently invertible, and

vgdqST
=
G−1

gc
vPgQgST

=
1

gc
(
e2dn + e2qn

) [ −edn −eqn−eqn edn

]
vPgQgST

, (49)

where vPgQgST
is given by

vPgQgST
=

[
vPgST

vQgST

]
=

 λPg

√∣∣sPg

∣∣sgn
(
sPg

)
+ wPg

∫ t

0
sgn

(
sPg(τ)

)
dτ

λQg

√∣∣sQg

∣∣sgn
(
sQg

)
+ wQg

∫ t

0
sgn

(
sQg(τ)

)
dτ

 . (50)

Similarly to the case of the RSC control algorithm, cPg , cQg , λPg , wPg , λQg and wQg in (41),
(42) and (50) are positive constants to be tuned. As a result of the analogy existing between the
RSC control signals in (18)–(21) and those of the GSC in (47)–(50), tuning equations (23)–(28)
turn out to be also valid for the GSC control scheme after replacing subscripts ‘Te’ and ‘Qs’ by,
respectively, ‘Pg’ and ‘Qg’. Accordingly, if α is selected to be equal to 10, it turns out that

c3Pg
− 12ξPgωnPgc

2
Pg

+
(

1 + 20ξ2Pg

)
ω2
nPg

cPg − 10ξPgω
3
nPg

= 0 (51)

c3Qg
− 12ξQgωnQgc

2
Qg

+
(

1 + 20ξ2Qg

)
ω2
nQg

cQg − 10ξQgω
3
nQg

= 0 (52)
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λPg = 2
√
δPg

(
12ξPgωnPg − cPg

)
(53)

wPg =
10δPgξPgω

3
nPg

cPg

(54)

λQg = 2
√
δQg

(
12ξQgωnQg − cQg

)
(55)

wQg =
10δQgξQgω

3
nQg

cQg

. (56)

Finally, it should be pointed out that, aiming at avoiding generation of noisy control signals,
Ṗ ∗g = 0 may be assumed in (44) without affecting the GSC control system performance [20]. The
remaining time derivatives in (44) and (45), required to compute the equivalent control term in
(48), are again estimated through application of Euler’s forward rectangular method.

Regarding implementation of the GSC control algorithm, it is carried out by following the
right-hand column of the functional diagram in Fig. 2.

5. Experimental validation

Experimental validation of the global control scheme presented throughout Sections 3.2 and 4.2
was carried out on the 7-kW DFIG test bench shown in Fig. 3b. The electrical parameters of the
DFIG under consideration are collected in Table 1. As sketched in Fig. 3a, the DFIG is driven by
a 15-kW armature-controlled DC motor, whose rotational speed can be commanded by means of a
commercial adjustable speed drive. The OP5600 platform by Opal-RT was used to perform rapid
control prototyping (RCP) of both the RSC and GSC control schemes.

On the other hand, it was observed that a significant degree of harmonic distortion, as well as a
slight one-phase imbalance, are inherent to the grid voltage of the laboratory in which the experi-
mental setup is installed. However, in order to keep direct control of imbalances, a device similar
to that described in [29] was developed —refer to Figs. 3a and c—, which allows reproducing
controlled two-phase imbalances of type E [30].

The value of ω0 in (11) was selected to be ω0 = 1.2π rad/s. Regarding the DC-link voltage
I-P controller, ξDC = 1 and ωnDC = 19.3333 rad/s were set in (39) and (40), which corresponds
to demanding a closed-loop response for vDC showing no overshoot and a 300-ms settling time.
Accordingly, Kp = 45.4333 W/V and Ti = 103.4483 ms.

Control parameters for the 2-SMC algorithms were computed according to tuning equations
(23)–(28) and (51)–(56). The specifications required to apply those tuning formulas, along with
the resulting control parameter values, are collected in Table 2.

Finally, the sample time of the two control algorithms was fixed to be 50 µs, and a switching
frequency of 10 kHz was adopted for both the RSC and GSC.

This section is divided into two parts. Performance of the proposed overall 2-SMC scheme
under a realistic rotational speed profile for a wind turbine-driven DFIG and different grid voltage
conditions is evaluated in Section 5.1, whereas Section 5.2 assesses robustness of both the RSC
and GSC control algorithms against simultaneous disturbances and electrical parameter deviations.
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Fig. 3. Experimental setup. a Connection diagram. b General view of the test bench. c Equipment
reproducing controlled two-phase voltage imbalances.

5.1. Performance of the global 2-SMC scheme

It is desirable to evaluate the proposed control system under a deep imbalance. In this sense,
according to different countries’ grid codes [31], severe imbalances correspond to voltage drops of
around 15% of their nominal value. Thereby, the grid voltage upon which the system was tested is
displayed in Figs. 4a, b and c, evidencing the presence of a two-phase imbalance of a roughly 15%
depth between seconds 5 and 31. A substantial harmonic distortion was also present all through
the test, as suggested by the trapezoid-like waveforms in Fig. 4c.

The well-known maximum power point tracking (MPPT) strategy was adopted. Accordingly,
the reference value for the electromagnetic torque was set by the speed-dependent quadratic ex-
pression given next:

T ∗e = aw2
rm + bwrm + c, (57)
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Table 1 7-kW DFIG electrical parameters

Parameter Value

|vs|, |en1| 380
√

2/3 V
Rs, Lls 370 mΩ, 4.86 mH
Rr, Llr 145.8541 mΩ, 1.2138 mH
Lm 37.6812 mH
n 2.001
Ls = Lls + nLm 80.2601 mH
Lr = Llr + Lm/n 20.045 mH
P 2
vDC0 125 V
C 9.4 mF
Rg, Lg 0 mΩ, 2 mH

Table 2 Specifications for the 2-SMC tuning equations and resulting control parameters

Specification Value Parameter Value

ξTe , ξQs 1 cTe , cQs 3.8667×103 s−1

ωnTe , ωnQs 3.8667×103 rad/s λTe 1.9197×103 (Nm)0.5/s
RSC δQs 80×10−3 VAr λQs 24.0605×103 VAr0.5/s

δTe δQs/(ωs/P ) = 509.2958×10−6 Nm wTe 76.1454×103 Nm
α 10 wQs 11.9609×106 VAr

ξPg , ξQg 1 cPg , cQg 96.6667 s−1

ωnPg , ωnQg 96.6667 rad/s λPg 33.6256×103 W0.5/s
GSC δPg 250 W λQg 10.6333×103 VAr0.5/s

δQg 25 VAr wPg 23.3611×106 W
α 10 wQg 2.3361×106 VAr

where parameters a, b and c depend exclusively on the specific shape of the wind turbine. During
experimentation, they were assumed to be a = −4.6015 × 10−5 Nm/(rpm)2, b = 8.0144 × 10−2

Nm/rpm and c = −43.8997 Nm, while the actual DFIG rotational speed and its corresponding
reference —fed into the DC motor drive— were those depicted in Fig. 4d. Such a reference speed
profile was previously obtained off-line, as a result of feeding with real wind speed data the simu-
lation model of a 2-MW wind turbine. The drive-train of the latter was represented by means of a
two-mass model, whose per unit mechanical parameters were taken from [32]. Beyond assessing
its robustness against parametric and modelling uncertainties, this approach allowed also testing
robustness of the global 2-SMC strategy against disturbances attributable to wind variability.

Finally, a unity power factor was requested to the entire generating unit, so that Q∗s = Q∗g = 0.
The electromagnetic torque and stator reactive power, together with their associated reference

values, are reflected, respectively, in Figs. 5a and b. Satisfactory tracking of T ∗e is achieved. In
addition, although a certain amount of chatter affects both variables, it is considered acceptable.
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Fig. 4. Grid voltage and rotational speed signals. a Zoom of the grid voltage at the initial instant
of the imbalance. b Zoom of the grid voltage at the final instant of the imbalance. c Zoom of the
distorted laboratory grid voltage in normal operating conditions. d Rotational speed of the DFIG
and speed reference provided to the DC motor drive.

Specifically, torque chatter turns out being lower than ±1.5% of its rated value, while a roughly
±1% chatter is present in the stator reactive power.

Nevertheless, the main inconvenient that a disturbed grid voltage may provoke is the appear-
ance of oscillations affecting the electromagnetic torque and the stator active and reactive powers,
which, in addition, may be of different frequencies depending on the specific grid voltage distur-
bance —e.g. of 100 Hz in the case of an imbalance, and of 300 Hz in the presence of 5th and 7th

order harmonics. Such oscillations arise owing to the interaction among voltage and current space
vectors of different natures —or angular frequencies—, being the magnitude of fluctuations depen-
dent not only on the disturbance severity but also on the amount of power that is being generated
—at higher powers, higher pulsations [33].

Yet, analysis of Figs. 5a and b reveals that neither the electromagnetic torque nor the stator
reactive power fluctuate. This is due to the fact that those were precisely the signals selected to
be the control variables of the RSC control algorithm. Consequently, oscillations only affect the
stator active power, as evidenced in Fig. 5c. However, in accordance with (36), such undesired
fluctuations can be mitigated by injecting the same amount of oscillating active power, though
in opposition, from the GSC. As a result, fluctuations in the total active power are practically
removed, as illustrated by Fig. 5d.

When the grid voltage happens to be unbalanced, negative sequence components arise in both
the stator and rotor currents, thus leading to an unbalanced stator current on the one hand, and to a
distorted rotor current —with harmonics of frequency fs + fr— on the other hand, as observable,
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Fig. 5. Variables related to the RSC control system. a Electromagnetic torque. b Stator reactive
power. c Zoom of the stator active power during the imbalance. d Total active power.

respectively, in Figs. 6a and b. Similarly, the inherent harmonic distortion of the laboratory grid
voltage causes additional space vectors to be incorporated to the stator and rotor currents, which
are translated into harmonics within their respective three-phase signals. While the stator current
harmonics are of the same order as those in the grid voltage, the harmonics in the rotor current
behave differently due to its natural reference frame being rotary. Thereby, a given grid voltage
harmonic of order h produces rotor current harmonics whose frequency turns out being hfs + fr
or hfs − fr, depending on whether h corresponds, respectively, to the negative —e.g. 5th order—
or positive —e.g. 7th order— sequence.

Regarding the most significant signals related to the GSC control system, Fig. 7a displays the
DC-link voltage, which was regulated by the I-P controller to remain at 125 V. On the other hand,
the grid-side active and reactive powers controlled by the 2-SMC algorithm are respectively shown
in Figs. 7b and c. As previously mentioned, in order to compensate for the active power oscillations
injected from the stator in the presence of a disturbed grid voltage, the grid-side active power
should be pulsating. In this context, Fig. 7d clearly evidences the tracking capability conferred by
2-SMC. In return, as a result of the fluctuating grid-side active power, the current at the grid-side
is no longer purely sinusoidal, as reflected in Fig. 6c.

It is important to remark that, due to the distorted grid-side current, the THD of the total current
injected into the grid by the overall generating unit, which results from adding the stator and
grid-side three-phase currents —refer to Fig. 6d—, may exceed the THD limit recommended by
the standards. In such a case, an alternative strategy for setting the feedforward P ∗gff and Q∗gff
compensation terms might be applied, as suggested at the beginning of Section 4.2.

For the strategy adopted in this paper, the total current presents a 3.9%, 1.51% and 2.44% of the
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3rd, 5th and 7th order harmonics, respectively, as evidenced in the frequency spectrum displayed
in Fig. 8a. However, if required, those percentages may be considerably reduced by applying
the strategy proposed by the authors in [20], hence fixing P ∗gff and Q∗gff as dictated, respectively,
by (34) and (35). To prove so, the experimental test presented above was repeated for the latter
strategy, leading to a reduction of the 3rd, 5th and 7th order harmonics, respectively, down to 1.07%,
1.09% and 0.45% —see Fig. 8b—. Yet, as expected, the total active and reactive powers turned
out being pulsating in return.

5.2. Robustness test against simultaneous disturbances and parameter deviations

So far, robustness of the global 2-SMC scheme against disturbances caused by wind variability
has been evaluated. Nevertheless, aiming at complementing such a robustness assessment, the test
presented in Section 5.1 was revisited after deliberately incorporating parameter deviations. For
that purpose, the equivalent and ST control terms given, respectively, by (19), (48) and (20), (49)
were calculated by intentionally assuming incorrect values for the rotor and stator resistors, as
well as for the magnetising and line filter inductances. Specifically, resistances and inductances
were respectively considered to be a 30% lower and a 30% higher than their actual values. This
allowed testing robustness of the global control scheme without the need for physically modifying
the laboratory prototype.

Figs. 9a and b show the performances of the RSC control variables obtained by adopting the
same control parameter values and grid voltage conditions as those considered in Section 5.1.
Similarly, Figs. 9c and d reflect those corresponding to the GSC control variables. It can be noticed
that these signals do not practically vary from those obtained in the preceding section. Thus, not
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only the robustness against disturbances conferred by 2-SMC is substantiated, but also its inherent
robustness in the face of parameter variations and uncertainties. Both aspects of robustness are
regarded to be mainly attributable to the non-parameter-dependent ST algorithm in (21) and (50).
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Fig. 9. Control variables of the RSC and GSC 2-SMC algorithms under 30% simultaneous mis-
matches in resistances and inductances. a Electromagnetic torque. b Stator reactive power. c Grid-
side active power. d Grid-side reactive power.

6. Conclusion

A comprehensive 2-SMC-based solution for controlling both the RSC and GSC of a wind turbine-
driven DFIG has been put forward in this paper, which was expressly conceived to provide it with
the capability of facing different types of grid voltage non-idealities, such as harmonic distortion
and imbalances. Equations to assist the tuning of its control parameters have also been made
available.

Although higher-order SMC theory rests on a rather convoluted mathematical basis, the result-
ing control algorithms have turned out being simple to implement and of a reasonable computa-
tional cost. Furthermore, in addition to leading to a fixed switching frequency of both the RSC
and the GSC, the described approach delivers highly satisfactory performance in terms of tracking
ability —a feature especially important when facing disturbed grid voltage scenarios—, dynamic
response, and robustness against both parameter deviations and disturbances due to wind variabil-
ity.

Moreover, the non-linear nature of 2-SMC, together with the tracking capability it confers, al-
low developing the complete control scheme as a function of stationary frame-referred magnitudes.
The latter, in turn, makes possible entirely avoiding decomposition of the grid voltage and currents
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in symmetrical sequences. As a consequence, the proposed control strategy is not valid just for
a particular type of grid disturbance, but for dealing with diverse disturbed grid voltage profiles
—e.g. harmonics of any degree, imbalances or even a combination of the two—, hence giving rise
to a solution of remarkable versatility.
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[24] Young, K.D., Utkin, V.I., Özgüner, Ü.: ‘A control engineers guide to sliding mode control’,
IEEE Trans. Control Syst. Technol., 1999, 7, (3), pp. 328–341

[25] Susperregui, A., Martinez, M.I., Tapia, G., Vechiu, I.: ‘Second-order sliding-mode controller
design and tuning for grid synchronisation and power control of a wind turbine-driven doubly
fed induction generator’, IET Renew. Power Gener., 2013, 7, (5), pp. 540–551
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