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ABSTRACT The dynamic model of a doubly fed induction generator (DFIG)-based wind energy system is
subjected to nonlinear dynamics, uncertainties, and external disturbances. In the presence of such nonlinear
effects, a high-performance control system is required to guarantee the smooth and maximum power transfer
from the wind energy system to the ac grids. This paper proposes a novel fractional order adaptive terminal
sliding mode control system for both the rotor and grid side converters of the DFIG system. The stability of
the closed loop is ensured using the fractional order Lyapunov theorem. Numerical results are presented to
show the superiority of the proposed control method over the classical sliding mode control system and the

proportional integral controllers.

INDEX TERMS Wind turbine doubly fed induction generator, active and reactive power control, fractional

calculus, terminal sliding mode control.

I. INTRODUCTION

The availability of energy resources play vital role in the
economic growth of a region. During the last few decades’,
annual power demands around the globe have been increased
considerably due to the industrial revolution and improved
standard of livings. However due to this rapid development,
modern world is facing the problems of greenhouse gases and
toxic wastes. Clean and pollution free renewable form of the
energy production has now become the key objective for all
the power producing industries. Wind is a reliable, cheap and
clean energy source. Wind energy systems are consistent, cost
effective and pollution free. Doubly Fed Induction Genera-
tor (DFIG) plays a vital role in the modern variable speed
wind energy conversion systems and it is a widely utilized
power generating component in the modern wind farms. Use
of the DFIG offers many advantages, such as variable speed
operation, torque control, low inverter cost and the flexibility
of four quadrant active and reactive power control capabil-
ities [1]. Adding to this fact, the total installed capacity of
the wind power around the world has reached to 318 GW

in 2013 [2], [3]. Wind turbine manufacturers are striving to
develop larger wind turbines in the range of 3—6 MW. These
large wind turbines are all based on the variable speed oper-
ation. Variable speed operation in comparison with constant
speed offer less stresses over the mechanical structures, offers
direct control over active and reactive powers and reduction
in acoustic noise [4].

Development of the control system for DFIG based vari-
able speed wind turbines is an important task and a lot of
research work has been carried out regarding the improve-
ments of the control loop performance. The system’s per-
formance under the proportional integral (PI) control mostly
depends on the system’s parameters as well as accurate tun-
ing of the control gains. Vector control using Proportional
Integral (PI) controller is mostly used for the control of
the DFIG based wind energy systems [5]-[7]. However the
systems with linear control methods show poor performance
due to the presence of inherent nonlinearities and un-modeled
dynamics. Apart from the linear controllers there are many
other methods that have been suggested in the literature.
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Predictive power control of DFIG is proposed in [8]. In [9]
a robust state feedback control method is proposed to effec-
tively compensate the disturbances in the input dynamics.
In [9] the simulation results with the state feedback control
clearly demonstrated the effective cancellation of the distur-
bances in the system input matrices. Comparative study of the
classical PID and the robust Hy, control is presented in [10].
As compared to the classical PI control, the trajectories of
the state feedback control system converge much faster. Sev-
eral researchers proposed artificial intelligence (AI) methods
such as fuzzy system and neural networks for the rotor and
grid side converters of the DFIG system. Fuzzy systems and
artificial neural networks have the ability to approximate the
nonlinearities of a system with model free approach. As a
result, it can be a good choice for the control of nonlinear
systems such as DFIG based wind energy systems. In [11]
an artificial neural network based robust tracking control
is derived and the results are compared with classical PI
controller. From the presented results, it is concluded that
the neural network based control system is more robust
against the parametric uncertainty. In [12] for DFIG based
wind power system, the authors have proposed two variants
of the controllers based on the fuzzy logic system. It was
concluded from the simulation results that the fuzzy logic
controllers ensure superior performance as compared to the
PID in the presence of the system’s uncertainties. There are
several challenges in the implementation of the intelligent
control systems. The challenges include the appropriate rules
selection, choosing number of neurons and the selection of
hidden layers. In [13] an adaptive robust control approach is
investigated for the rotor and grid side converters of the DFIG
based wind energy system. The proposed control scheme
guarantees generator velocity tracking error to remain in the
bounds even in the presence of uncertainties. In the DFIG
systems, uncertainties and external disturbances may cause
variations in the closed loop response. In this regard, the vari-
able structure control such as classical sliding mode con-
trol (SMC) has been identified as the most suitable alternative
approach [14].

In [15] and [16], classical first order sliding mode con-
trollers has been proposed for the active and reactive power
loops of the DFIG based wind turbine systems. In [17] the
recursive back stepping terminal sliding mode controller is
proposed for a DFIG based system with maximum wind
energy capture. For the classical first order SMC, it is very
vital to choose an accurate hyper plane that will ensure con-
vergence and asymptotic stability for the nonlinear system
like DFIG. The inherent chattering phenomenon associated
with classical sliding mode controller is highly undesirable.
There are several techniques to suppress the chattering prob-
lem in the classical SMC. In [18] a nonlinear sliding sur-
face based fast and adaptive terminal sliding mode control
strategy is proposed for the active power control of a DFIG
based system. Moreover, to minimize the chattering effect
several hybrid control techniques have been proposed such as
fuzzy SMC, adaptive SMC and higher order SMC [19]-[23].
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In [19] and [19] fuzzy SMC based controllers are used for
the rotor side converter of the DFIG based system. The
output response of the system accurately tracks the refer-
ence signal and is sensitive to the undesired perturbations.
In [20] and [21] a robust higher order sliding mode control
is proposed. The discontinuous term in the higher order slid-
ing mode control approach is integrated, thus the chattering
effect is minimized in the process without altering the system
robustness. In [22] a maximum power point tracking based
higher order sliding mode control is proposed for the DFIG
based wind energy system. In [23] and [37]-[39] novel adap-
tive higher order sliding mode control system is proposed for
the DFIG based wind energy conversion system. Chattering
is efficiently minimized by utilizing the higher order SMC
control techniques, however tuning the parameters of the
higher order sliding mode controllers is a challenging task,
as the parameter values depend primarily on the known initial
conditions.

The control methods discussed so far are integer order.
Recently fractional order control has emerged as a promising
research area and is being widely applied to both linear and
nonlinear systems [2], [24]. In [2] and [24]-[29], the non
integer controllers are proposed for the nonlinear systems.
The basic theory of fractional order differentiation and frac-
tional order integration is well explained in [25] and [26].
In comparison to the integer order SMC, the fractional order
sliding mode controller offers more degree of freedom due
to its additional design parameters [27]. Hence, the fractional
orders can be tuned for the optimum dynamic response, while
the robustness remains unchanged. The stability of the frac-
tional order systems is derived and discussed in [28]. More-
over, in [29] fractional order Lyapunov theorem is proposed
for deriving the fractional order controllers and ensuring the
stability. Apart from the normal operation, several researchers
have focused their work on the fault tolerance aspect of the
controller and system loops. This topic needs further explo-
ration as all grid connected wind farms have to fulfill the grid
code strictly [40]. Hence the proposed controllers should be
robust as well as capable of ensuring the normal performance
of the system under faults [41], [42].

Based on the above discussed literature, this article for-
mulates a novel fractional order terminal sliding mode con-
troller for the active and reactive power loops of the wind
turbine based doubly fed induction generator system. The
Mathematical model is subjected to nonlinearities, external
disturbances and parameter variations. A nonlinear fractional
order terminal sliding mode control is derived for the system
mentioned above. Stability proof is derived using Fractional
Lyapunov theorem. Finally, the performance of the proposed
controller is compared with SMC and PI methods. The rest
of the article is arranged as following. Section 2 is used
to define the basic mathematical foundation; section 3 dis-
cusses the mathematical models of the wind energy system,
section 4 models the DFIG generator, section 5 shows all the
derivations related to the control schemes and the results are
discussed in the section 6.

21369



IEEE Access

N. Ullah et al.: Adaptive Fractional Order Terminal SMC of DFIG-Based Wind Energy System

Il. BASIC DEFINITIONS FOR FRACTIONAL CALCULUS
Fundamental fractional operator is defined as ,Df [29].

4o
dw, R((X) >0
L, R(@)=0

aD?¥ = D* = ey

t
/(dr)_“, R(@) <0

Here o represents the order of the fractional operator and

R(«) represents the set of real numbers. There are three

definitions used for the general fractional operator [29].
Definition 1: The ath order Riemann—Liouville fractional

derivative and integration of a function f(#) with respect to t
is given by

o

t
A 1d™ f(0)
ath(t) - dtotf(t) - F(m — Cl)dtm / (t -

T)aferl

@
f(@)

— -L-)l—ot

t
aD;f(t) = I°f(1) = ! / 3
! M) )
o
Here m is the first integer larger than ‘““a”, such as m —

I<a<m, t — « is the interval of integration and G is Euler’s
Gamma function.

Definition 2: The ath order Caputo fractional derivative
expression of a continuous function is expressed as [29].

t
1 J'(@)

Fn—a)) (t—r1)2ntl

DY =D =
m—1<a<n

%f(t) (@ =n)

Definition 3: The GL definition of order « is expressed
as [29].

[(t—a)/h]
atDEf (1) = lim - ,_Zo Y@ —jh (5
IMNa+1)

(1) = = . (©)
G+ Dl@—j+1)

Here h represents the time step and I' (.) represents gamma

function. The stability of the non-integer systems has been

discussed in the literature with details [28], [31]. Oustaloup

recursive approximation algorithm is used to approximate the

fractional orders by classical integer order transfer function.

The details of the Oustaloup recursive approximation algo-
rithm [32].

IIl. WIND ENERGY CONVERSION SYSTEM MODEL
In this section the detailed nonlinear models for wind turbine,
rotor and grid side converters are discussed. The detailed

block diagram of the DFIG based wind turbine system is
shown in Fig.1a [3].
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FIGURE 1. (a) Schematic of DFIG based wind turbine system (b) Wind
turbine Ideal power curve.

MODELING OF WIND TURBINE

Wind turbine extracts kinetic energy from the wind and con-

verts it to the mechanical energy for the DFIG. The power
input from wind is [33],

P = E(air per unit time)(wind velocity)

The output mechanical power from the wind turbine to the
DFIG system is given as P = %CpAv3. Total aerodynamic
power extracted from the wind can be expressed as P, =
% ,oAva3. Where p is the air density in kg/m>, A is the area
of the turbine blades in m?, Cp is the power coefficient that
depends on shape and geometry of the turbine blades. C, is a
nonlinear function of the pitch angle 8 and tip speed ratio A
Where A = %, 2, is the wind turbine mechanical angular
shaft speed in rad / sec and R is the radius of the wind turbine
rotor in meters. A typical relationship between C,, power
and wind speed is shown in Figure 1b [33]. The expression
between C,, and A is expressed in Eq. (7).

Cr=a(F-1)er %)

A
In Equation (7), c1, ¢z and c3 are the constants. The power
coefficient C,, converts only 59% of wind kinetic energy to

the mechanical energy [34]. For a particular speed, when the
output power of the wind turbine is maximum, then at this
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speed the tip speed ratio corresponds to Ay When A = A
the power coefficient is maximum i.e. (C, = Cp_max), thus
maximum power can be extracted from the wind turbine [44].
Fig. 1b depicts the ideal power curve of a typical wind
turbine [9]. From the power curve it can be noticed that in
the range of the cut in wind speed up to 15m/s, the power
coefficient remains constant. The torque of the wind turbine is
givenby T, = % Q= % Here T, and T; are the generator’s
torque and aerodynamic torque respectively, G is the gear
ratio and €2, is generator speed. The reference rotor speed
and the grid power are expressed as

Aopt G
R

The speed reference defined in Eq. 8 is only applicable when
the turbine is working on the maximum power point. In other
cases the speed reference is calculated from the look up table
and the power curve data [1]. More explanations on the wind
turbine control strategies based on different speed regions are
given by the authors of [1].

S_Zr—ref = v (®)

1
Porid—ref = Enpnch—maxv3 9

Here 7 is wind turbine efficiency.

IV. MODELING OF GENERATOR

In three phase plan, the representation of the asynchronous
machine is difficult because it is strongly coupled. Equa-
tions describing DFIG model in synchronous (d-q) frame are
given below: [35]

d
Vas = Rolgs + E‘pds — WsPqs

d
Vqs = Rslqs + Egoqs + ws@ds
(10)

d
Var = Relgs + E‘pdr — (w5 — a)r)ﬁoqr

d
Vqr = erqs + E(pqr + (w5 — wr)Par

Here @us = Lglas + Mlyy; Pgs = leqs + Mlqr; Pdr =
Ly lgr+Mlys; @gr = Lyl +Mlyg, o = Py, Vg, represents
the d-axis and g-axis stator voltage components Vg5, Vg,
V,4r are the rotor voltage components, Iy, Iy are the stator
current components, P is the number of pole pairs, Iy, Iyr
are the rotor current components, Ry, R, are the stator and
rotor resistances, @, @qs are the stator flux components, ¢y,
@g4r are the rotor flux components Ly, L, are the stator and
rotor inductances, M is the magnetizing inductance and wsy,
w, are the stator and rotor angular velocities. The mechanical
dynamics of the rotating parts are modeled as

d
JEQr =Tem_Tr _err (11)

Here J denotes the moment of inertia of the rotating parts
fr 1s the co-efficient of friction and T,,, is electromagnetic
torque of the DFIG. Eq. 11 represents the dynamics of the
DFIG machine only. A more realistic approach is to use the
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two mass mechanical models for the DFIG and the turbine.
The two mass models is expressed as [1]

d
Jt_Qt = Tt - Tem _ftQt

dt
d
JmEQm = lem _mem + Tem
d . .
ETem = kom(S2r — Q2m) + fim(2r — Q2m)  (12)

In Eq. 12, J,, J; denote the moment of inertia of the DFIG
and the turbine respectively, f;, f; represent the co-efficient of
the friction in the DFIG and turbine side, €2,,, €2; represent the
DFIG and turbine angles and T, is electromagnetic torque
of DFIG.

The Electromagnetic torque is expressed as T, =
PLMJ ((pqsldr - (pdslqr). To simplify the task, the nonlinear
model expressed above is approximated as DC machine [36].
By orienting d-axis in the direction of flux ¢y we have ¢ 5 =
@5, 9gs = 0, therefore by using Eq. 12 one obtains

MV

Tem = PwsLs Iqr (13)
If we neglect the per phase stator resistance and make the
stator flux constant, the direct and quadrature voltage vectors
on the stator axis can be written as Vg = 0, Vs = Vi = w,¢;.
With this assumption and using (13) in (10) and (11) the direct
and quadrature voltages on rotor axis and stator active and
reactive power can be expressed in accordance to the rotor
currents as follows.

d
Var = Rplyr + 0L, —1y — O'Lrswslqr
d MV,
Vqr = erqr + ULrEIqr + oswslgr + 5 L
MV V: MV
Py=——21,.; =35 _ Ly 15
s Ly 1 o wsLs L ¢ (1)
Hereo = 1 — L—é’[Ly, s = S;“”, where’s” is the DFIG slip.

Vector control strategy is used to control the DFIG based wind
energy system. It is worth mentioning that Eq. 14 represents
the 3 phase equivalent rotor side converter’s model in d-q
reference model. Since the active and reactive powers of the
stator side directly depends on the d and q component of the
rotor currents therefore the three phase quantities of the rotor
side are converted to the two parameter systems using the
Clark and park transformations. For simplicity the controllers
are implemented in d-q reference frame and then using the
inverse Park and Clark transform the actual 3 phase control
signals are formed to drive the system [1]. The nonlinear
system model can be represented in state space form given
as under

x=Fx)4+Hu=fx)+ Af + hu+ Ahu
=fx)+hu+d

Where x = [l Iy ]Ts [uy uz]l = [Var Vyr ]T, f and h
represent the nominal values of the F and H, Af and Ah
are the associated uncertainties in the plant and input vector,

} (16)
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d = Af + Ahu = [dy d>]" represent the unknown lumped
uncertainty in the plant model [2]. The nominal parameters
of the systems are given in table 1, Appendix A. The nominal
matrices of the function f and h are expressed as,

_ R,
Sikx) = — Lar + swslyr;
oLy (17)
f(x)_—RrI — syl —sMVS ’
|2 oL, T TG L L
[ ! 0
0
—h2 oL,

V. ROTOR SIDE AND GRID SIDE CONVERTER’'S CONTROL

Based on the mathematical models described in the previous
section, and from fig.1a, the system models can be divided
into two subgroups, i.e. electrical and the mechanical sub-
systems. The control scheme consists of an outer loop speed
controller and an inner-loop current controller. Since the
electrical subsystem (inner loop) is faster than the mechanical
subsystem (outer loop), a cascaded structure is assumed for
the design of the controller. The inner loop is employed to
regulate the d -axis rotor current and the electromagnetic
torque, while the outer loop is used for the speed trajectory
tracking. By comparing the control system discussed in [2],
our proposed method is based on the novel fractional order
continuous terminal sliding mode control method. Using frac-
tional order Lyapunov method, non-integer adaptive laws are
formulated. As compared to the work presented in [2], the
proposed controllers exhibit the fastest convergence property,
less chattering and enhanced robustness.

A. SPEED CONTROLLER

In this article the single and the two mass models are dis-
cussed as shown in Eq. 11 and 12. However the speed con-
troller is formulated based on Eq. 11. In future the same
concepts can be extended to derive and test the speed loop
for the two mass model of Eq. 12. To derive the speed control
loop based on simple model, Eq. 11 is represented as

d Tem T, f r Qr

Lo =" g dy=-—-L—
TR R 3 J

Where T, is the control input, J is the best available approx-
imate (nominal value) of moment of inertia, d3 is the lumped
uncertainty which represents aerodynamic torque, force of
friction and parametric uncertainty. Choose the speed track-
ing error as e; = 2, — ,_.r. By replacing Qr from (19) in
the first derivatives of speed error yields expression (20)

T, .
;m +dz — Qr—ref (20)

A fractional order sliding surface is proposed and given
in (21)

19)

ey = Qp — Qr—ref; €s =

Sy = csD™%e; + csD”|eg|” sgn(ey)
Sy = ¢sD'"%es + cgy D D' |eg|” sgn(ey)
[ —
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S = esD'"%es + coy D les|" ey 21
Here cs, c6 and y represent the constants. By applying D™
to both sides of S in (21) yields

D'7S; = csD'"e; + coylesl’ ey (22)

In the left hand side of Eq. 22, the operator D!~ represents
the fractional derivative term. For simplicity the operator
D'~ is represented as D*. With this notation a more con-
venient form of the Eq.22 is written as

DSy = csD' 2% + coyles|” ey (23)
By combining é; from (20) in (23) one obtains
B |es|y_1Tem y—1
DS, =csD' e oy [ Ty TlelT 4
_|€s|y_19r7ref
(24)
The control law can be defined as
Tom = em—eq + Tem—s — é
_ 1 cs _
Tem—eq = -]|€s|1 Y {lesl” lQr—ref - EDI 2a(es) (25)

_ kr3
Tom—s = Jles]' ™7 (——(sgn(S?))
YCo6

Here k.3 represents the discontinuous switching gain which
is usually chosen greater than the lumped uncertainty. From
Eq. 24 the term |es|” ~'d3 = 6 and 9 represents the estimated
value as expressed in Eq. 25. The lumped uncertainty is
estimated online and the adaptive law is derived from the
stability proof as explained below.

Stability Proof 1: The Lyapunov candidate functionis Vg =
%SSZ + 2%7(6 —0)2. By applying the fractional operator DY to
the function Vj yields

_ _ 1 .- .

D*Vy = S;D“S¢ + —(0 — 0)D*(6 — 0)
n

o0

rd+a)
+ ; rad—j+ard+))

DIS,D* IS,

~

o]

r'd+a)

- ;r(l—j+&)r(1+j)

DiegD*Jey|  (26)

~

To complete the proof, the following in-equality is
defined [29].

[e.0]

rda . .
YD e <a @)
ST —j+al (1 +))

From Eq. 26, the error term is defined as eg = 6 — 6.
It is assumed that the unknown parameter 6 in Eq. 25 is
represented by its upper bound .i.e. constant so Eq. 26 can
be simplified as

_ _ 1 R .
D*Vy < §;D*S + ;(9 — 0)(—=D“0) + A1 |Ss| + A1 les]
(28)
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By combining Eq. 24, 25 and 28 one obtains

DYV
|es|y7]Tem )/71
=< SS[CSDl_zaes + cey f + les| d3
_|ES|y_IQr—re2f

1 5 ah 1-2a
+;(9 — O0)(=D"0) + A1 |Ss| + A1 leg| < SslesD™ e

leg|7 1 _ iy s
e T les|” T ey — —— D' 2 (ey)
+coy Y6 ]
y_ K3 ey P y—1¢
—6— e lesI' ™7 (sgn(S)} + 6 —les|” ' Q2 _yep
1 ~ _ .
+ ;(9 — 0)(—=D%0) + A1 |S| + A1 |es] (29)

Eq. (29) is further simplified as
DV, < —ky3Syles]' 7 (sgn(SP) + co S (9 - é)
+ %(9 — O)(=D%0) + 11 IS5 + A1 leg]  (30)
From Eq. 30, the following adaptive law is derived
DY) = ncey Ss (31
By combining Eq. 31 and 30 one obtains
DV < —knaSiles]! ™ (sen(SP) + coy S, (0 - 9)

1 A = A
+;(9 — O)(=D"0) + A1 IS5 + A1 leg|  (32)

Eq. 32 can be represented in a more convenient form as
DV < —kr3Ssles)' 7 (sgn(SP) + A1 1Ss| + A1 leg| (33)

By letting k,3 > A1 4+ A2 + ¥, the term DYV, < 0, As
the lumped uncertainty is adapted online using the fractional
order adaptive law of Eq. 31 so the discontinuous gain is :
k3 > A1 + Az + . Here ¢ represents the small perturba-
tion or the approximation error of the Eq. 31.

B. CURRENT CONTROLLER

The objective of this section is to derive a control expression
such that the state x tracks the desired trajectory X, in the
presence of uncertainties. The reference trajectory is defined
as Xyef = [Lar—ref Igr—rer 17 . Based on (13) we have

wsLy
PMV,
The term Ty rep of Eq. 34 is derived based on the speed

controller of Eq. 25. The reactive power’s reference is defined
as

Iqrfref = Temfref (34)

vV MV,
Cef = —— — — 1, 35
Qs ref w, Ls Ls dr ( )
Set Qs_rer = 0, then the reference d axis current is derived as
\%
Idr—ref = wS}SW (36)
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Current tracking errors are defined as
e=x—xpr =[e1 e]”
= ar = lar—ref  Igr = lgr—rer 1", (37)
Differentiating Eq. 37 with respect to time yields
e=X—Xpof =f(x) +hu+d — Xpef (38)

The proposed fractional order sliding surface vector is
defined as S; = [ S1 S217

S1 c1D™%e1 4 c2D%|e;|Y sgn(ey)
S| | ciD""%er 4+ coyD¥er | 1ey (39)
Sy | T | e3D™%ex + c4D%|ez|" sgn(er)
S$» e3D'"%ey + cayD¥lexV ey

In eq. 39, ¢y, ¢2, ¢3 ¢4 and y are positive constants while «
represents the order of the fractional operatori.e. ¢ € (0, 1).
By applying the fractional operator D% to the 2" and 4
row (S‘ 1, S’g) of the Eq. (39) one obtains

Dl—“Sl ClDl_zael + Cz)/|el|y_1é1
l—a = 1-2 iy (40)
D %S, c3D ey +caylea|’ " én

In Eq. 40, the operator D' ~* represents the fractional deriva-
tive term. For simplicity it is represented as D“. By combining
Eq. 38 and 40 one obtains

DS, 1Dy + cayler|” (i (x)
DES; = _ +1f_112Z1 +dy — Idr—re_f])
DS, 3D ey 4+ caylea|” ™ (f2(x)
+houp +dp — Iqrfref)
41)

In Eq. 41 the disturbance vector is represented as d = [dd>].
Using Eq. 41 the proposed control law is defined as u = u.,+
Uy —d.

U = Ueql
“ | Ueq2

= _ . o
Iy (A + Tar—rep — E|el|1 D=2y
_ . 3 _ _
Wy (o (0) + Igr—rer — ——le2|' 7Y D' 7% ¢y)
Y4
(42)

Yy ul} _ [hfl((_kl(sgn(sf)))}
T Luse hy ' ((—ka(sgn(SE)))

In Eq. 42 and 43 u,, represents the equivalent control which
is used to compensate the nominal dynamics, while u; is the
robust term which is designed such that it will compensate the
effects of the upper bounded lumped uncertainty in the plant
model.

Stability Proof 11: The new Lyapunov candidate function
is expressed as V; = %Slz + 2]_4(‘1 —d)%. By applying the
fractional operator D® to the function V; yields

(43)

_ _ 1 ~ = ~
D*V; = S;D“S; + E(d —d)D*(d — d)
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oo

N Z I+ a)

- _DIS; DY,
—~ (1 —j+a)r(1+))

~

e¢]

1+ a)
+ ; rad—j+ard+))

DiegD*Tey|  (44)

~

From Eq. 44 the error term is expressed as e; = d — d
Eq. 44 can be further simplified using the inequality of Eq. 27
as following

_ _ 1 A=
DUV; < S;iD*S; + Z(d — d)D*(—d) + A3 |Si| 4 A4 |eq]
(45)
By combining u from Eq. 42, 43 in Eq-45 one obtains
cayler|”~N(dy — dy)
Sl} —cayler|” iy (= ki (sgn(ST))
S2 || cayleal”™((d2 — d2))
—caylerl” ™' hy ! (—ka(sgn(S5))
1 A= oa
a(dl —d)D*(—=d1) + A31 |S1]
241 leat
1 A=A
{—(dz — d2)D*(—da) + A32 |52

D&Vi < |:

(46)

2
+142 |eaz]
From Eq. 46, the following adaptive law is derived

[D‘f({h) = {12y e |y::SI ] @7
D¥(dr) = Qacayler|” ™Sz

By combining Eq. 46 and 47 one obtains (48), as shown at
the bottom of the next page

By letting |:]]2 i i;; iiz] the term D*V; < 0
C. GRID SIDE CONTROLLER
The key objective of the grid side controller is to keep the volt-
age of the DC link constant irrespective of the magnitude and
direction of the power flow through the rotor. In order to fulfill
the objective, a vector control approach is employed using a
reference frame oriented along the stator voltage or the grid
voltage. In such a scheme the direct axis current is controlled
in order to keep the DC link voltage constant [37].

In the stator voltage oriented reference frame, the d-axis
is aligned with the grid voltage phasor V; so V; = V; and
V4, = 0. Hence the active and reactive powers between the
grid side converter and the grid is given as [2]

3 3
P = E(led + Vyly) = E(led) 49)

3 3
0= E(Vqld —Valy) = _E(leq) (50)

Where V,, V, represent the direct and quadrature components
of the supply voltage, 141, are the direct and quadrature
components of the grid side converter’s currents. From Eq. 49
and 50 the active and reactive powers flow between the grid
and grid side converter are proportional to the magnitude of I
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and I, respectively. The change in DC power has to be equal
to the active power flowing between the grid side controller
and the grid. So the dynamics are expressed as

3
Elys = EVdId 5D
dE
CE = los — lor (52)

In Eq. 51 and 52, E is the DC link voltage, I, is the current
between the DC link and the rotor and Iy, is the current
between the DC link and the grid. From equation (51) we
have,
3
los = Evdld (53)
By replacing Io; from Eq. (53) in (52) one obtains

. 1 3
E = —\==Vala — lor

C \2E
. 1
E =gy — EIOr (54)
Where the function g(x) can be defined as
(x) = L V (55)
sV ="
8(x) = go(x) + Ag(x) (56)

In Eq. 56 go(x) = éin* V4, E* represents the reference value
of E and Ag(x) is the uncertainty term. By replacing g(x)
from equation (56) into equation (54) yields

. 1
E = (go(x) + Agx)la — EIOr (57)

. 1
E = go()ly — EIOr +dg (58)

In Eq. 58, the term dp = Ag(x)I, represents the uncertainty.
By defining the voltage tracking error as

eg =FE — E* (59)
By differentiating Eq. (59) on both sides one obtains
ep = E — E* (60)
By replacing E from Eq. 58 in (60)
ée = go()ly — %IOr +dg — E* (61)
Define a fractional order sliding surface defined in (62)
Sg = c1D™%eg + cgD%|eg|” sgn(ek)
Sg = ¢7D'"“eg + csy D* D'|eg|” sgn(er)
-— =
Se = 1D ep + cgyD*|ex | eg (62)
Apply D™ to both sides of Sg in (62) yields
D'"*Sp = ;D' e + cgyler|’ 'ér (63)

The operator D' ¢ is represented as D¥. With this notation a
more convenient form of the equation (63) is written as

D%Sg = D' "% ep + cgylep|” ek (64)
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By combining é3 from Eq. (61) in (64) one obtains

y—1

D&SE — C7D]_2aeE + cgy |€E|V_180(x)ld— o,
+leg|”dg —leg|” T E*

(65)

Using Eq. 65 the control law for DC link voltage stabilization
is derived

Iy = Idfeq +1—s — (?’
1 _ Ciay el
li—eq = les| "= {Jes|” TTE* + Ior
go(x) o 66)
—leg|”~ldg — ——D'"2%(eg))}
1 k ves
_ r4
Ii—g = —— leg|"™7 (———(sgn(Sh))
go(x) ycs

In Eq. 66 ¢7 and cg are the constant parameters, k4 repre-
sents the discontinuous switching gain. From Eq. 65 the term
|eE|V_1dE = ¢ and ¢; represents the estimated value of the
uncertainty term.

Stability Proof 3: The Lyapunov function is defined as,
VE = %SI% + %(d) — ). Apply the fractional operator D%
to Vg yields

_ _ 1 a .
D*Vg = SgD*Sg + ;(¢> — $)D*(p — ¢)

]

(1 +a)

- ; Tl —j+ar+j)

DISEDY7ISE

~

o]

(1l +a)

+ ;F(l —j+ald+))

DieyD* ey  (67)

[

In Eq. 67, ¢y = ¢ — qA& It is assumed that the unknown
parameter ¢ in Eq. 66 is represented by its upper bound
constant value. So Eq.67 can be simplified as

) o P
D*Vg < SEDaSE;(¢ — P)D* (=) + A5 ISE| + A6 |eg)
(68)

By following the same steps as given in the stability proof 1
and II, the adaptive control law is derived as

D¢ = pesy S (69)

Combining Eq. 68 and 69 yields the following results:
Dg < —kpaSg(sgn(Sh) + As|Se| + A |eg| By letting
kra > A1 4+ X2, Eq. 102is D*VE <0

Remark 1: The derivation of the classical SMC is shown
in Appendix B. For a comparative analysis about the robust-
ness, convergence time and chattering in control signal, all
control methods are applied under the same test conditions
as discussed in the results and discussion section. The novel

Wind speed(mis)
s 3 s 3 : 3

o
N
@
®
3
&
®

Time(sec)

FIGURE 2. Wind profile.

points of the proposed method include the selection of novel
fractional order surfaces, novel fractional order adaptive laws
and the stability and convergence proof using fractional order
Lyapunov theorem.

VI. RESULTS AND DISCUSSIONS

In this section, numerical simulations are presented to demon-
strate the effectiveness of the proposed adaptive fractional
order terminal sliding mode controller for a DFIG based
wind energy conversion system. To choose the parameters
of the proposed control system, MATLAB/Simulink response
optimization tool box is used and the integral absolute error
criteria are used to minimize the objective function. The
details of the parameters selection using response optimiza-
tion toolbox are given in [43]. Based on it the parameters
for the proposed rotor side control system are chosen as
c1 = 200,¢cp = 0.5,¢c3 = 200,c4 = 0.5,¢c5 = 300 and
c6 = 0.9. The switching gains are chosen as k,; = 0.1, ko =
0.1, k.3 = 0.1, and the learning rates for the adaptive laws
are selected as n; = 100, n, = 100, n3 = 100. Similarly the
design parameters for the grid side controller are chosen as
c¢7 =100, cg = 1, krqg = 0.1, p = 1050. The fractional order
alpha is chosen as @« = 0.8. The nominal parameters of the
DFIG and wind turbine system are listed in the Appendix A.
Fig.2 show the wind profile used in simulation. The following
two cases are discussed in details for both the rotor side as
well as the grid side converter’s control.

A. CASE 1

In case 1 it is considered that system is running under ideal
condition without any parametric uncertainty and external
disturbance.

Fig. 3(a) and 3(b) show the rotor speed tracking perfor-
mance and speed tracking error. Under the ideal condition,
proposed control scheme offers accurate speed tracking as
compared to the SMC, and PI controller. Fig. 4(a) and 4(b)
show the DFIG stator’s active and reactive power comparison.
It can be seen that the tracking performance of the proposed
controller is good and after a short transient time, the reactive

D&Vi < |:

VOLUME 5, 2017

—c2y|e1|V‘1S1h1_1((—k1(sgn(Sf))) + 231 IS1] + A4y leqi]
—cayler]” 712k, (—ka(sgn(SD))) + A32 IS2] + haz leas|

] (48)
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FIGURE 4. (a) Active power (b) Reactive power.

power approaches to zero. On the other hand, PI controller
shows deviation from the reference reactive power due to the
inherent nonlinearities in the DFIG model and reactive power
cannot converge to zero.

As discussed earlier, that active power is controlled through
g-component of the current and reactive power through

21376

—SsMC
-~-Adaptive TFSMC

200

il [HH m
I

- 0 la=ale == 4
150 0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03

ST ee—

0.005 math
iy WY ”“‘n Il L IV

el

100 ~ 1

2 4 6 8 10 12 14 16 18
Time(sec)

(a)

| ——sMC
09 - Adaptive TFSMC|

osi
07|
ns:
Y05/
043

03]

02|

01H

(b)

FIGURE 5. (a), (b) current controllers tracking error comparison.
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FIGURE 6. DC Link voltage and DC link voltage tracking error.

d-component. Fig.5 (a) and (b) show the current tracking
error of the current controllers. From the figures it is obvious
that the steady state error is less in the case of the adaptive
fractional terminal SMC whereas classical SMC exhibit oscil-
lations over the steady state.

Fig. 6 shows the DC link voltage tracking performance and
voltage tracking errors. Under the ideal conditions, the pro-
posed control scheme maintains constant DC link voltage as
compared to the SMC and PI controllers.

Fig. 7 and Fig. 8 show the sliding surface convergence
and control input comparisons for the rotor side controllers.
Similarly Fig. 9 shows the same comparison for grid side
controller. From Fig. 7 and Fig. 9 it is clear that adaptive
fractional terminal SMC offers shortest convergence time
whereas classical SMC exhibits oscillations.

Similarly from the control input comparison results
depicted in Fig. 8 and Fig. 9 it can be concluded that adaptive
fractional terminal SMC ensures fast dynamic response with
minimum chattering as compared to SMC for both rotor side
control as well as grid side control.
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FIGURE 9. Sliding surface and control input comparison for grid side
control.

B. CASE 2

To illustrate the effectiveness of the proposed adaptive frac-
tional terminal SMC, the closed loop system’s response is
examined under parametric variation and external distur-
bances. From the previous analysis it is assumed that the
lumped uncertainty d consists of parameter variations and
external disturbances. In our case we have assumed that there
is 25% variation in the system’s nominal parameter values
and a sinusoidal disturbance is assumed to be acting on the
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FIGURE 10. (a) Rotor speed, (b) Speed tracking error.

speed as well as current loops. Mathematically it is expressed
as

X=Fx)+Hu=f(x)+hu+d
d = 25%f (x) + 25%hu + 20 sin(wt)

Similarly in section 4.3 it is assumed that the lumped uncer-
tainty term dg consists of the parameter variations and exter-
nal disturbances. A 25% variation in the system’s nominal
parameters with a sinusoidal disturbance is considered to be
acting on grid side controller.

{dg = 25%g(x) 4+ 5sin (wt).

The sinusoidal disturbance term is added which simulates the
effect of slow frequency power oscillations [40], [41].

Performance of the proposed controller is compared with
SMC and PI controller. Fig.10 (a) and (b) shows the speed
and speed error tracking performance of the proposed control
system. From the numerical results it is clear that the pro-
posed control scheme is more robust under the uncertainties
in the system. Speed tracking errors of the proposed controller
converge faster as compared to the other controllers.

Fig.11 (a) and (b) show the active and reactive power
integrating capability of the DFIG system under different
controllers. It can be seen that the tracking performance of
the proposed controller under parametric uncertainties and
external disturbance are much better and after a short transient
time, reactive power approaches to zero, which is not true
for SMC and PI controllers respectively. Current controllers
tracking error comparison is shown in Fig. 12 (a) and (b).
It can be concluded that tracking error of the proposed control
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scheme converges to zero more quickly as compared to the
SMC and PI controllers.

Fig. 13 shows the DC link voltage tracking performance
and tracking errors. It can be concluded that there is an
increase in settling time of the SMC and the PI controllers
whereas adaptive fractional terminal SMC shows robust per-
formance and tracks the reference with minimum settling
time.
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Estimated lumped uncertainty using adaptive Terminal
Fraction SMC (TFSMC)

This section presents the results and discussion related to
the online estimation of the lumped uncertainty using frac-
tional terminal order adaptive laws derived in the previous
sections. Fig. 14(a) shows the estimated uncertainty of rotor
side controllers when {d = 25%f (x) 4+ 25%hu + 20 sin(wt).
From the numerical results, the uncertainty approxima-
tion error is negligibly small. Similarly Fig. 14(b) shows
the estimated uncertainty of grid side controller when
{dg = 25%g(x) 4+ Ssin(wt). From the numerical results,
it can be concluded that the uncertainty approximation error
is very small.

VIl. CONCLUSIONS

In this paper, two variants of the sliding mode controllers
including classical SMC and adaptive fractional terminal
SMC are derived for the rotor and grid side converters.
Both variants are compared with classical PI controller
under different test conditions such as the parametric uncer-
tainty, external disturbances. From the numerical simulation
results presented, it is concluded that the proposed adaptive
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TABLE 1. System parameter.

DFIG Wind Turbine
Parameter Value Parameter Value
Blade 35
Power 2Mw radius m
Voltage 700V Gearratio  62.5
L =L, 0.005305
H Ao 6.325
M 0.0051839
H
0.00015
I f Nms™
P(Pole pairs) 3
J 765.6
kg /I m’
DC link
voltage(E) 1200 Volt
DC link 0.01 farad
Capacitor
Frequency 50 Hz

fractional terminal sliding mode controllers (both rotor and
grid side) exhibit the fastest transient response and conver-
gence property at all test conditions. Another performance
evaluation criterion is the level of the control signal chat-
tering. From the numerical results it is concluded that the
proposed adaptive fractional order terminal sliding mode con-
troller exhibits the minimum chattering level in the control
signal.

APPENDIX A

The DFIG based wind turbine system nominal parameter
values are given in table 1

APPENDIX B (SMC)

A. SPEED CONTROLLER DERIVATION
Classical sliding surface for speed controller is given as

S3 = cs5e3 + ¢ / e3 B1)

VOLUME 5, 2017

By using the dynamic model of the speed and adopting the
same procedure as above, the control law can be chosen as

Tom = em—eq + Tem—s
. 6
Tem—eq = J(2p—per —d3z — (—
em—eq (S2p—ref 3 (CS e3)) (B2)

ke
Tom—s = J(—C—:<sgn<s3>>>

Where c¢s5 and cg are designed parameters and k,3 is discon-
tinuous switching gain which is to be chosen later.

B. CURRENT CONTROLLER DERIVATION
The classical sliding surface vector for current loop is given
as$1 =[S $21"

S

$2
Where cq, ¢, c3 and ¢4 are positive tuning parameters.
By using the rotor side system model and adopting the same

procedure as above, the current loop controllers are derived
as

cieq +62/€1
(B3)
c3er + C4f€2

1 : c2
R (=f () + Lar—ref — —e1)

» : ch (B4)
h (_f(x) + Iqrfref - ael)

k
h (= Lsgn(s))
c

Us1
uy = [ } = { (BS)
w2l (= sgn(sy)
3
C. SMC FOR GSC
Sliding surface is given as.
SE = c7ep + cg / eE (B6)

By using the grid side nonlinear model and the procedure
followed in the manuscript the control law can be chosen as

Ip = Idfeq +1i—s

o e
Idfeq = g?(x) {Ek + CIOr po (ep)} (B7)
Iy—s = ——(——(sgn(Sg))
golx) ¢7

In Eq. B7, ¢7 and cg are the constant parameters, k4 repre-
sents the discontinuous switching gain.
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