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Second-order Sliding Mode Control of DFIG

Based Variable Speed Wind Turbine for
Maximum Power Point Tracking

Xiangjie Liu* Chengcheng Wang? Yaozhen Han'' 2

Abstract This paper proposes a super-twisting second order sliding mode control scheme to maximize the wind energy capture of a
doubly fed induction generator based variable speed wind turbine (VSWT) system, and minimize the reactive power simultaneously.
Two second order sliding mode controllers are designed to achieve the control objectives, reduce mechanical stress and improve
control accuracy. By regulating the generator rotor voltage, one controller makes the wind turbine rotor speed track the optimal
speed, which can maximize power generation. The other maintains the rotor current at rated value to minimize the reactive power. A
quadratic form Lyapunov function is adopted to determine the range of controller parameters and guarantee the finite time stability.

Simulation results on a 1.5 MW doubly fed induction generator (DFIG)-based variable speed wind turbine demonstrate the validity

of the proposed control strategy.
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1 Introduction

Recent years wind energy conversion systems have ad-
vanced rapidly, due to the increasing concern for the envi-
ronment pollution caused by the traditional energy sources.
Through tracking the changing wind speed by adjusting the
shaft speed, the variable speed wind turbines (VSWTSs) en-
able the turbine to operate at its maximum power coeffi-
cient over a wide range of wind speeds [1]. To achieve the
major task of power efficiency maximization, the VSWT
should track the maximum power point despite wind vari-
ations [2].

Originally, the VSWT control system is designed based
on the linear system theory [3]—[5]. The linear control en-
countered difficulties since VSWT system is a complex and
highly nonlinear system with strong coupling features and
uncertainty in both the aerodynamics and the electrical
parts. To account for the nonlinear behavior, and to deal
with the recognized problem of parameter variations, var-
ious advanced control strategies have been proposed, such
as neural networks [6], adaptive control [7], feedback lin-
earization technique [8], predictive control [9] and sliding
mode approach [10]—[11]. Among these control strategies,
sliding mode control (SMC) has proven to be very robust
with respect to system parameter variations and external
disturbances, and thus suitable for realizing VSW'T system
control. However, the standard first-order sliding mode
(FOSM) control generally shows significant drawback of
chattering phenomenon. Some key components in the wind
turbine (WT), such as gear box, would get damaged by the
abrupt commutation in forces and torques [12].

Instead of influencing the first order time derivative of
sliding variable, the second-order sliding mode (SOSM)
control acts on the second order derivatives of the slid-
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ing surfaces, which can help reduce the chattering phe-
nomenon and provide higher sliding precision. Particularly,
the SOSM super-twisting algorithm has been an effective
way of controlling the VSWT system, since it only requires
measurement of the sliding variable without using informa-
tion about derivatives of the sliding constraint. A number
of contributions on this control strategy have recently ap-
peared for the realization of maximum power point tracking
(MPPT) of VSWT system. Valenciaga et al. [13] obtained
the control objective of wind energy conversion optimiza-
tion of brushless doubly fed reluctance machine (BDFRM)
based VSWT. Beltran et al. [14] presented a SOSM con-
troller that facilitates the generator torque tracking the op-
timal torque, and maximized the power extraction of dou-
bly fed induction generator (DFIG) based VSWT. Evange-
lista et al. [15] synthesized a super-twisting sliding mode
control with variable gain, and showed a better perfor-
mance in terms of mechanical loads and power tracking.
However, in the aforementioned literatures, the SOSM con-
trol mainly concentrated on the electrical side dynamic con-
trol. For achieving the control objective of maximum power
extraction, the generator torque was set to track the opti-
mal aerodynamic torque, and it means that the energy loss
caused by friction and mechanical rotational inertia in the
transmission system was neglected in such circumstance. In
other words, the captured power from wind was assumed
to be equal to generator output power. This assumption is
not always consistent with the actual situation, especially
in turbulent wind scenarios.

Therefore, this paper aims to investigate a new SOSM
control method for the DFIG based VSWT system. A com-
plete dynamic model of the VSWT system is established by
integrating both aerodynamic and electrical parts, together
with parameter uncertainties and perturbations. The con-
trol objective is to make the wind turbine rotor speed track
the desired speed (the speed that is given by a MPPT) in
spite of system uncertainties, and maintain the rotor cur-
rent at rated value which can minimize the reactive power.
This control strategy can provide a faster control action as
the wind speed variations can be reflected instantaneously
and significantly on the rotor speed reference signal, and
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yield more energy. Besides, by adopting quadratic Lya-
punov function [16], the range of control parameters is
obtained to guarantee the finite time convergence of the
SOSM control system.

The article is organized as follows. The modeling of the
VSWT system is presented in Section 2. Section 3 explains
the problem formulation and the detailed control strategy.
The comparative simulation results for the 1.5 MW three-
blade DFIG-based WT system are investigated in Section
4. Finally, the conclusion is stated in Section 5.

2 VSWT System Modeling

The VSWT system is mainly composed of a turbine, a
gearbox, and a generator, which are combined to convert
wind energy into electric energy. According to different
wind speeds, the VSWT system works at four different op-
erating regions, as shown in Fig.1. While the wind speed
is below the cut-in speed vcut.in, the produced torque is
insufficient to drive the turbine, thus it cannot realize the
startup function. While the wind speed increases over the
cut-in speed vcyt_in and below the rated speed vratea, the
VSWT system tries to capture the maximum wind energy
by adjusting the rotor speed of WT. This region is called
the partial load region. With the increasing wind speed
satisfying vrated < v < Ucut_off, the WT tries to maintain
the rated output power by regulating the pitch angle, called
the full load region. There is an additional region, called
the shutdown region, where the turbine stops operation due
to high wind speed.

Partial load Full load

it

vcuLin Viated chu, I

Fig.1. WT operation regions.

Obviously, the control task in the partial load region is
more challenging, since the dynamics in this region is quite
complex. Thus the study in this paper concentrates on
the modeling and control in this region. The mathematical
model in this region consists of formulas accounting for the
electrical dynamics of the rotor and the dynamics of the
mechanical rotational speed, including also the damping
and resistance uncertainties caused by long-term mechan-
ical wear and ambient temperature changes [8], [14]. It is
expressed as:

. 3L
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where AK and AR, represent the parameter uncertainties
of the damping and resistance respectively, and the con-

straints |[AK| < 0.5K and |AR,| < 0.5R, are satisfied.
The other symbols in (1) are described as:

W wind turbine rotor speed;
I.q the d-axis component of rotor current;
Iy the g-axis component of rotor current;

Urg the d-axis component of the rotor voltage;
Urq the g-axis component of the rotor voltage;

J the inertia of the combined rotating parts;
K turbine total external damping;

ng gearbox ratio;

bs stator flux;

Lo mutual inductance;

Ls stator leakage inductance;

L., rotor leakage inductance;

R, rotor resistance;

w1 synchronous speed;

p pole pair number.

In order to concisely express (1), define

1 K
ki1 = — ko = —
1 J, 2 J
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this leads to

ww = lew - (k2 + AkZ)ww + k3Irq
I.rd = (ka + Aka) g + kslrq — kewwlrg + k7Urqg @)
IT‘q = (k4 + Al'fél)l'rq - k5Ird + kGUJerd + k‘?Urq

+ ksww — k9.

The VSWT system model (2) is composed of two parts,
e.g., the turbine model and the DFIG model. The single
mass model of the turbine is [8]:

Jww =Ty — Kww —ngTem (3)

where T, is the aerodynamic torque and T, is the gener-
ator electromagnetic torque.
The nonlinear characteristics of T}, is established based
on the aerodynamic principles [14], e.g.,
P, 1

Cp(A, B)
_tw _ - 3 “'p ) 2
Tw= = =gpm =0 (4)
where P, is the aerodynamic power and C,()\,3) is the
power coefficient relating to a nonlinear function affected
by the blade pitch angle 8 and the tip-speed ratio A, defined
as

(®)

The DFIG model in the synchronously rotating frame
dq is established as (6) based on the stator flux orienta-
tion, whose phase diagram is shown in Fig. 2.
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Fig.2. Phase diagram of stator flux orientation.
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3 The VSWT System Control Strategy

3.1 Problem Formulation

Considering (4) and (5) in Section 2, the aerodynamic
power that can be captured by a wind turbine is:

Py, = %prch(A,ﬁ)v?’. (7)

As the main control objective of the above VSWT system
in the partial load region is to track the maximum power
point and harvest more wind energy, the power conversion
coefficient Cj (A, ) must reach the maximum value Cpmax
in various wind speeds.

Cp(A, B) is generally expressed as [17]:

Co(\,B)=a (%2 7035704> X e A 4 e (8)
with 1/A = 1/(A+0.088) — 0.035/(3> 4+ 1). The coeffi-
cients c¢1 —cg depend on the WT design characteristics. And
the following coefficient values are adopted in this work: ¢;
= 0.5176, co = 116, c3 = 0.4, c4s = 5, c5 = 21, cs = 0.0068.

Actually, in the partial load region, the pitch angle 3 is
fixed at zero, to achieve the maximum power conversion
coefficient Cpmax [2]. Then the C, — A characteristic with
a constant pitch angle 8 = 0° is shown in Fig.3. The tip-
speed ratio A must be maintained at an optimal point for
achieving the maximum power coefficient Cp max-

Considering Fig.3 and the definition of X in (5), it is
thus necessary to adjust the rotor speed w,, according to the
wind speed variation in the partial load region, to maintain
the tip-speed ratio A at an optimal point Aopt. This could
guarantee the maximum power coefficient Cp max, and from
(7), when C} is controlled at the maximum value, maxi-
mum output power Ppmax is extracted from wind. Thus,
the optimal WT rotor speed wopt is given by:

)\Opw

Wopt = R . (9)

0.5 T T T T 1
L S : oed

Fig. 3.

Cp-X characteristic of wind turbine.

In the DFIG based VSWT system (2), this maximum
wind energy capture objective can be achieved by means
of the rotor voltage regulation in the generator. The ro-
tor voltage can also control the rotor current /4, and thus
regulate the stator-side reactive power Q)s, which can be
expressed as:

Qs = §(Usdlsq+U5qud) — MA (10)
2 2L,

Thus the designed SOSM control system should accom-
plish two major objectives. One is to maximize power ex-
traction, by controlling the rotor speed to track the optimal
rotor speed wopt, which is regulated by g¢-axis component
of generator rotor voltage. The other is to minimize the
reactive power by controlling I,.4 to follow an external ref-
erence, which is regulated by d-axis component of generator
rotor voltage.

Here, Qs is set to zero to ensure a unity power factor
operation of the studied VSWT system which renders the
rotor reference current I,4, as

Us
mel ’

(11)

Logr =

3.2 SOSM Controller Design

In order to achieve the control objectives in the partial
load region, the nonlinear SMC scheme is presented in this
section. The schematic diagram of the DFIG-based WT
system is shown in Fig. 4.

In designing a general SMC for the VSWT system, the
tracking error between the actual rotor speed and the de-
sired value wept, and also the error between the actual and
the desired d-axis component of rotor current, are defined
as:

€1 = Ww — Wopt
12
{62 =1Ira — Irgr. ( )
Then the sliding variables are defined as follows:

o1 = ce1 + ie

1=cet e
- U.Jw + cwy — CWopt — U.Jopt (13)

where ¢ > 0.

o2 =ez2 = Irqg — Irar. (14)

Respecting the VSWT system model (2), the first-order
derivatives of sliding variables are
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Fig.4. The schematic diagram of the DFIG-based WT system.
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— kslrq + kewwlra + k —k
shra Ko lra o+ Rswu 2 Since the switching term esgn(o) acts on the controller
= G+ kskrUrq (15) directly, it makes the control inputs U,q and U, discontin-
Go = é3 = Irg — Lar uous and leads to intensive chattering effect.
. Using the super-twisting algorithm [19], the control in-
= (ka + Aka)lra = Irar + kslrg — kowwlrg + k7Ura puts Urq and U4 are reconstructed as
= G2+ krUpa (16)

where G1 and G2 contains the state variables, VSWT pa-
rameters and parameter perturbations:

G = lew + (C — ko — Akz)d)w — Q'Jopt — Cd)opt
+ ks (ks + Aka)Irqg — kslrq + kewwIra + ksww — ko)

(17)

Ga = (ks + Aka)Ira — Lrar + kslrg — kweIrq. (18)
. doq folos

In (13) and (15), since a0, = 0 and 5 # 0, the rela-

tive degree with respect to o1 equals to 1. Similarly, from
(14) and (16), the relative degree with respect to o2 is 1 as
well.

Using the standard SMC with the approaching law
method [18], the so-called exponential approaching law is
selected as

¢ = —esgn(o) — do (19)

where o is the sliding variable, € and § are the designed
parameters.

Then the dg-axis components of rotor voltages are de-
duced as

Urq = u1 + u2

ur = —1|o1|2sgn (o) (22)
’l:Lz = —¢1sgn(01)
Urg = uz +us

1
uz = —72|02|2sgn(o2) (23)
U4 = —pasgn(o2)

where 1, ¢1, 2, ¢2 are undetermined control parameters.

Notice that the discontinuity of super-twisting SOSM
control appears only in its derivative term, such that the
control inputs Urq and Urq in system (2) are actually con-
tinuous. Namely, the SOSM reduces the chattering effect
while preserving all the advantages of standard SMC.

By using this SOSM scheme, it is very important to
choose suitable control parameters for stable operation of
WT system. Here a Lyapunov method is employed to deter-
mine the range of control parameters, and then guarantee
stable operation of the WT system.

In order to ensure o1 — 0, 61 — 0 in finite time, which
means achieving a precise tracking of optimal rotor speed,
the ranges of 1 and ¢1 are needed to be addressed. Firstly,
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a state transformation is introduced as
t
y = Hi — kskr¢ / sgn(o1)dr (24)
0

and taking into consideration (22), then, (15) is deduced as

{(71 = —k3k771|01|%sgn(a1) +y (25)

Yy = 7k3k7¢1sgn(01) + Gl.
As shown in (17), the perturbation G is differentiable,
and its first-order derivative is uniformly bounded, such

that it satisfies

2

<II; Vi>0 (26)

where II; is a positive constant.
Now, choose the quadratic Lyapunov function

V(e,y) =¢"P¢ (27)
where ¢ = [0 T = [Jo1|Y3sgn(o1)  y]T, and P is a
particular symmetric and positive definite matrix chosen as
p_ | 2hskedr+ $k3kiqd — Ykskim
— %k3k’7’yl 1 ’
From % = isgn(z) and (25), ¢ is deduced as

. 1 °

b= — (Ag + BGl) (28)
(e}

where the matrix A = —ghskim 5 B=1[ 1"
| —kskrgn o] ’

Gl = ‘<1| G1.
Setting the matrix C' = [1 0], the derivative of the Lya-
punov function along the trajectories of the perturbed sys-
tem (25) is deduced as
V(oy) = 2" P¢
ﬁ(Q(TAT +26,BT)P¢
¢

1
1 ° <
m@cTATPc +2G1BTP¢+ 101 [¢i| — GY)
1 °
m(2<TATP< +2G.BTPc+113¢TCT ¢

~ )
ﬁ(cTATpc L (TPAC+ TIECTOTOC
+¢"PBBT P¢)

1

~al

T(A"P+ PA+T;C"C 4+ PBBT P)(.
(29)

Choose Q@ = —(ATP + PA+113C*C + PBBT P), then

Vs—ﬁﬁ%x. (30)

When @Q is a symmetric and positive definite matrix,
there exists V < —K—ll‘CTQC < 0, which satisfies the Lya-
punov theorem. Then the control system will converge to
origin in finite time [16].

The matrix @ is given as (31), see the bottom of this
page.

Set @ to be a positive definite matrix, and for finite time
convergence characteristics the ranges of 41 and ¢; must
be satisfied with

S 2
M7 ks
b1 > ksk7vi I}

! 4(k3k7’71 — 2) k3k771

4J(L,Ls — LZ)
3ngnpLm s
b > 3Lm¢snpn9712
=9 T 120, ¢enpngys — 16J (L, Ls — L2,)

2J003 (L. Ls — L2,)
3Lm@snpngy1

Y1

(32)

Similarly, the perturbation G is differentiable as shown
in (18), and its first-order derivative is uniformly bounded,
so that it satisfies

)Gz <IL, Vt>o0. (33)

The ranges of 72 and ¢2, which ensure o2 — 0, 62 — 0
in finite time, are deduced as

kz
¢2>4

Y2 >
k7’Y22 H%
(k7y2 —2)  krye

2(L.Ls — L2,)
L
LS'Y%

22 ULoys — 8(Lo Lo — L2

Y2 >
=

¢

M3(L.Ls — L2)
LS'VQ '
(34)

As long as the control parameters 1, ¢1, v2 and ¢ fall
into the range of (32) and (34), the whole DFIG-based WT
system may operate steadily.

4 Simulation Results

The proposed SOSM was simulated on a 1.5 MW WT
system. The system parameters based on a 1.5 MW wind
turbine are shown in Table I [14]. The parameter pertur-
bations of resistances AK and the turbine damping AR,
in Ako and Aky, are taken into account as £20 % of their
nominal values and shown in Table I. The simulation step
size is set as 0.001s. In designing the SOSM controller for

Q=—-(A"P+PA+TI;C"C + PBB'P)

1 1 1
k§k$<§k3/€7’>’§ +v191 — Z’Y%) — 113 §k3k7 <’71 — kskﬂf)

%ks k7 (71 - ksk‘?’ﬁ)

. (31)
5 k3k7'yl -1
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WT system, the parameters are deliberately chosen accord-
ing to the conditions (32) and (34), together with a thor-
ough analysis and comprehensive computer simulation, to
guarantee its finite time stability. Finally, these parameters
are chosen as ¢; = 20, y1 = 1 x 10°, ¢ = 0.03, 2 = 1000.

TABLE I
CHARACTERISTIC OF THE SIMULATED WIND TURBINE SYSTEM

Wind turbine parameters Value
Number of blades 3
Rotor radius 35m
Hub height 84.3m
Rated power 1.5 MW
J 4.4532 x 10° kg - m?
200N - m - s/rad
Nng 83.531
Aopt 8
np 2
p 1.2g/m?
Us 690V
R, 0.0089 2
w1 1500 r/ min
L, 0.016 mH
L, 0.299 mH
L, 0.407 mH
AK 40 sin(7/300)t
AR, 0.00178 sin(7/300)¢t

In order to verify the control effect under different oper-
ating environment, two case studies are considered in this
section. Case 1 uses a stepwise-varying wind speed to test
the validity of the proposed SOSM control strategy under
a sudden wind change. A PID control and a standard first
order sliding mode (FOSM) control are also constituted in
this case, to show the robustness and chattering-free behav-
ior of the SOSM controller. The effectiveness has been fur-
ther demonstrated using the turbulent wind speed in Case
2, to test validity of the proposed SOSM control strategy
under realistic VSWT conditions.

Generally, the cut-in wind speed of 1.5 MW WT is 3m/s,
the cut-out wind speed is 25 m/s, and the rated wind speed
is in the range of 11 m/s to 13 m/s. Therefore, in these sim-
ulations, the wind speed varies within the range between
3m/s and 12m/s, making the WT system operates in the
partial load region. T'wo case studies are described as fol-
lows.

4.1 Case 1: Stepwise Wind Speed

In order to show the controller performances under a
sudden wind change, the fast step variations of the wind
speed are used in this simulation, as shown in Fig.5. For
comparing purpose, a PID control and a FOSM control are
also constituted. The PID control parameters are chosen
as kpl = 1.2, kil = 0.08, kdl = 0.07; ka = 6.97 kiz = 20.6,
ka2 = 7.6, and the FOSM control parameters are €1 = 5,
(51 = 100; Eg = 3, 52 = 10.

Fig. 6 shows the regulation performances of the wind tur-
bine rotor speed w,,, the generator rotor current I,.4 and the
power coefficient C,. It can be observed from Fig. 6 (a) that
all the three controllers can make the rotor speed track the
optimal speed under the same wind speed variation. How-
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Fig.5. Stepwise wind speed profile.
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ever, the tracking accuracy of the rotor speed with the pro-
posed SOSM control strategy is higher, and the response
time is shorter. The resulting generator d-axis rotor current
I.4 shown in Fig. 6 (b) demonstrates that the PID control
scheme is not robust for parameter uncertainties. Since
the wind turbine rotor speed can track its optimal value
tightly, the power coefficient C}, will reach its maximum
value Cpmax. As shown in Fig.6(c), the SOSM control
strategy gives a faster response during sudden change of
the wind speed, and makes the C}, recover to Cpmax in 0.2
after the sudden drop, yielding the maximum aerodynamic
power.

The actual controller output U,q and U, are shown in
Fig.7. The switching term ¢ - sgn(o) appears directly in
control input (20) and (21) for the FOSM controller, while
the discontinuity in the SOSM controller (22) and (23) is
hidden in their derivative term. Therefore, as is shown in
Fig. 7, the chattering phenomenon, which is rather serious
under FOSM method, is almost eliminated under the pro-
posed SOSM control strategy. Actually, smooth U,4 and
U,q can reduce the mechanical stress on the VSWT system.

X104
8

— — FOSM
—SOSM

U, )

OF
72 1 1 1 1 1
0 10 20 30 40 50 60
Time (s)
(a) Controller output U,q
X 10
6 0

— —FOSM
| ——S0SM

40

0 10 20

30 60
Time (s)
(b) Controller output Urq

Fig.7. Comparison of the FOSM and the SOSM controller out-
puts.

4.2 Case 2: Randomly Varying Wind Speed

In order to evaluate the tracking performance, robust-
ness and chattering-free behavior of the proposed SOSM
control strategy under realistic VSWT conditions, a 10-min
randomly varying wind speed is adopted in the simulation.
As shown in Fig. 8, the wind speed is ranging between 3 m/s
and 10m/s. The evolution of the rotor speed and the op-
timal speed is depicted in Fig.9(a). Compared with the
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PID controller, the SOSM controller features more accu-
rate and faster response in rotor speed tracking. I.4 is
shown in Fig.9 (b). The result shows that, the SOSM con-
troller is robust for the internal disturbances and external
disturbances, which are caused by parameter uncertainties
and wind speed fluctuations respectively. And this yields a
very good tracking performance of rotor current. Fig. 9 (c)
shows the power conversion coefficient, since the SOSM
control strategy gives an accurate tracking of the optimal
rotor speed, the C), successfully maintains at C max, which
yields the maximum aerodynamic power. The three simu-
lation results in Fig. 10 indicate that the control objectives
of maximum power point tracking and minimized stator
reactive power are achieved effectively.

"
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1 -
00 100 200 300 400 500 600
Time (s)
(a) Controller output U,q
"
12 X 10
1.1F
S
o1
o
0.91
08 1 1 1 1 1
100 200 300 400 500 600
Time (s)
(b) Controller output Urq
Fig.10. SOSM controller outputs.

The evolution of the SOSM controller output U,q and
Urq are shown in Fig.10. As can be seen from the fig-
ures,the SOSM controller does not cause any intense chat-
tering, and the smooth features determined by the use of
SOSM control strategy will reduce the mechanical stress on
the system.

5 Conclusion

In this paper, a new SOSM control approach for DFIG-
based VSWT system is proposed to achieve the objectives
of maximum power point tracking and minimum stator re-
active power. The two SOSM controllers are designed based
on the super-twisting algorithm, which only require mea-
surement of the sliding variables without using informa-
tion about the time derivatives of the sliding constraint.
Quadratic form Lyapunov function method is employed
to choose controller parameters, and guarantee the finite

time stabilization of closed-loop system. The controllers
are simulated based on a complete model of the DFIG-
based VSWT, which includes both the mechanical and the
electric dynamics, together with parameter uncertainties
and perturbations. A PID control method and a standard
SMC are also carried out for comparison. The simulation
results indicate that the proposed control strategy is rather
suitable for controlling the DFIG-based VSWT system, and
the control objectives are successfully achieved in both step
wise-varying wind speed and a randomly varying turbulent
wind speed. Compared with the PID controller and con-
ventional first-order SMC, the proposed control strategy
shows a higher robustness, and the chattering phenomenon
of rotor control voltage is almost eliminated.
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