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Abstract

This work presents the theoretical and practical comparison of linear and nonlinear control laws for the direct power control of a grid-
connected double fed induction generator (DFIG), based wind energy conversion system (WECS) under different operating modes. We
will show the improvement brought by the super twisting based high order sliding mode control to mitigate the chattering phenomenon,
due to the high switching frequency. It will also avoid the hyperlink of the controller settings to the system’s mathematical model
and will reduce the sensibility to external disturbances. The overall structure of the proposed control requires the use of the DFIG
simplified model with field-oriented control (FOC). This last allows an instantaneous decoupled control of the DFIG stator active and

reactive power by acting on dq rotor currents (/

o l) respectively. In the preliminary tests, a comparative study is conducted to verify

the superior performance of the proposed WECS control scheme during various operating modes including the maximum power

point tracking MPPT mode. The study reveals the effectiveness of each implemented control law with its advantages and drawbacks.
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1 Introduction

The cumulative global capacity of wind power produc-
tion has grown rapidly in the last few years, where the rate
is now over 651 GW. There is an increase of 10 % com-
pared to 2018, with new installations surpassing the 60
GW. 2019 is thus the second-best year historically for the
global wind industry, but COVID-19 effects on the market
outlook are still to be quantified [1].

Nowadays, the wind power system WPS can be clas-
sified into two basic types depending to the main topol-
ogy [2, 3]. The first class is the fixed speed concept, it was
used for early WPS implementations. This kind operates
at an almost fixed speed thanks to the topology which
consists of the direct connection of the generator which
is often a squirrel cage induction generator (SCIG) to the
electrical grid through a transformer Fig. 1(a). The sim-
plicity of this configuration and the reduced cost may also
be an advantage in some applications. Nevertheless, there
are some drawbacks. High wind speeds cause mechani-
cal stress, the latter requires a more expensive mechanical

construction to absorb high mechanical damping and a
stiff power grid to allow a stable operation. Add to this,
the produced power is limited and relatively low because
of the operating speed. The second WPS class, which is
widely widespread nowadays, is called variable-speed
concept, which splits into two types [4]:

* Variable-speed concept based WPS with fully rated
power converters Fig. 1(b), are mostly equipped by
Permanent Magnet Synchronous Generator (PMSG),
Multipoles Synchronous Generator (SG) or Induction
Generator (IG). This system is able to operate at vary-
ing speeds of winds thanks to the power electronics
converter that takes full control of the generator. It
gives a good yield and also isolate the generator from
the power grid. It lessen the sensitivity of the genera-
tor to grid voltage disturbances, but at the same time,
it presents the major drawback of extra cost [5, 6].

* Variable-speed concept based WPS with partly rated
power converters: Fig. 1(c) which is less expensive
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Fig. 1 Wind turbine topologies; (a) Fixed-speed concept based WPS;

(b) Variable-speed concept based WPS with fully rated power
converters; (c) Variable-speed concept based WPS with partly rated

power converters

compared to the previous topology. The double fed
induction generator DFIG is the most adopted one in
this type. This WPS is also controlled under variable
wind speed through the partial power electronic con-
verter which decouples the DFIG rotor from the power
grid, while the DFIG stator is directly linked to the
power grid. The generator is more sensitive to the grid
harmonic distortions in this configuration [7, 8].

Recently, the DFIG topology based WPS was used
extensively as an efficient techno-solution for the electro-
mechanical conversion thanks to its high reliability and
attractive cost. This topology consists of the interrelat-
edness of the rotor windings and the power grid via the
back-to-back converter which is composed mostly of two
two-level pulse-width-modulation voltage-source-con-
verter (2L-PWMVSC). The stator windings are con-
nected directly to the power grid through a transformer.
The main advantage of this relatively simple structure
is the full controllability of the power flow of the stator
by acting on the rotor currents. Besides this, it allows
30 % of the power rating for the rotor power convert-
ers in order to achieve a nominal power transfer to the
power grid [9]. According to the actual DFIG operating
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mode, when the system is in hypersynchronous opera-
tion , the grid side converter (GSC) works as an inverter,
where he has the role for both adjusting the DC-bus volt-
age and controlling the power flow of the active power to
the grid. It also ensures a fixed power factor. The motor
side converter (MSC) operates as a rectifier and supplies
the DC voltage to the GSC from the rotor windings while
keeping control of the stator power delivery. During the
hypo-synchronous operating mode , the operation is
reversed between the MSC and the GSC, thus the GSC
which becomes the rectifier delivers the DC voltage to
the inverter which is the MSC. In this case, the rotor con-
sumes energy and only the stator can produced it [3].

Direct power control (DPC) is based on the field-oriented
control FOC theory using conventional PI controllers. It is
known as an effective solution to robust tracking accuracy
and high robustness. Hence, the benefit of this technique is
the control of stator active/reactive power through direct/
quadrature rotor currents in an instantaneous and decou-
pled way between the dg axis components. However, the
PI controller settings are tuned according to the internal
parameters of the machine, which decreases the robustness
consequently and a risk of system instability [10, 11].

Since the 1990s, sliding mode control became popu-
lar as a good choice instead of PI controllers. It is easy
to implement and provides robustness against the internal
parametric variations [12]. On the other hand, the chat-
tering phenomenon caused by the high commutation fre-
quency is the major drawback of this technique. This phe-
nomenon can be reduced by replacing the discontinuous
term by the smooth function or by the use of the exponen-
tial reaching law. The high order sliding mode approach
presents another typical effective solution to eliminate the
chattering problem, by keeping the same first-order slid-
ing mode behaviors, especially the convergence properties
and the control accuracy [13]. The super-twisting algo-
rithm is an exception in a class of second-order sliding
mode control, it can reduce chattering problems due to the
discontinuity of the control signal [14].

The topic of this paper concerns the domain of clean
energy production that our laboratory is working on this
last decade. Hence, we developed knowhow while study-
ing and developing this kind of systems for national needs
in the field of renewable energy and micro power plants.
Furthermore, the works carried out in [9] and [15], focuses
on the experimental implementation of a grid-connected
wind energy conversion emulator based on the DFIG. The
power HIL was tested successfully, including electrical
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machines, power electronic converters and its control
programs. The DFIG PI linear control law is effective.
However, a nonlinear control law would be more flexible
in order to improve the quality of the control and reduce
the operating constraints.

The structure of this paper is organized as follows: the
first part describes in detail the overall proposed wind
energy conversion system based on DFIG variable speed
drive. Section 2 gives a detailed study on a variable speed
WPS improved by applying the principle of MPPT. The
third part illustrates the dynamical model of the DFIG
including its associated field-oriented control (FOC) prin-
ciple, furthermore, three control laws are designed and
implemented on the DFIG model. Simulation results dis-
cuss the WECS performances in different operating modes
for each established control law. Conclusions and perspec-
tives are given at the end.

2 Description of WECS based on the DFIG topology

DFIG topology for variable speed wind turbines depends
basically on the conventional control scheme that is shown
in Fig. 2. The GSC is generally configured to control the
DC link voltage and the power factor on the grid side,
regardless of the operating mode of the DFIG, while the
purpose of having the converter on the rotor side of the
DFIG is to control the stator powers of the machine. The

power supplied to the DFG rotor is provided by the two
bidirectional converters in order to exchange the power
from and to the grid. This structure uses two cascaded
voltage inverters equipped with IGBTs and linked through
a DC link with a capacitor filter between them [16].

The speed and power control are carried out in two
overlapping loops. Indeed, the reference of the quadrature
component of the current I, comes from the regulation of
the speed, while the component /, mainly fixes the power
factor to the stator. When the rotational speed is greater
than the synchronous speed, the slip and the slip power
become negative. In other words, the converter absorbs the
power of the rotor to inject it into the power grid according
to the hyper-synchronous generator mode. On the other
hand, when the rotational speed is lower than the speed
of synchronism, the slip, and the power become positive.
Thus, the converter injects the power into the rotor accord-
ing to the hypo-synchronous generator mode. In addition,
the machine can work in synchronous mode and behaves
exactly like a synchronous machine [15].

The MPPT control loop adapts the generator's func-
tionality according to the operational speed of the wind
by adjusting the rotor speed, hence, provide a training
torque proportional with the wind speed which in turn is
proportional to the active power and therefore to the rotor
quadrature current Iqr [9].
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Fig. 2 The conventional control scheme of DFIG with partly rated power converter



The needed electrical measurements are currents and
voltages, which require sensors at a satisfactory cost. The
stator voltages (V, V) are needed for the synchronization
with the power grid, while both rotor dq currents (/,, qu)
are measured for the stator active/reactive power (P, Q)
dual control loops for the MSC. The GSC needs the DC
link voltage measurement VDC and the filter currents esti-
mates (/,, /) to ensure the bidirectional flow of the active/
reactive power. The speed control loop requires the precise
knowledge of rotor position which is provided by an incre-
mental encoder with a top index, while the MPPT loop
requires the knowledge of wind speed which can be pro-
vided by an anemometer [3, 9, 15].

3 Description of the wind turbine model

The turbine captures the energy of the wind passing
through the blades and transforms it into mechanical
energy. If the wind turbine is facing the wind, the mechan-
ical power can be expressed by [17]:

1
P = Ean2V3Cp, )

where R(m) is the radius of the blades, V(m/s) is the actual
wind speed assumed to be measurable and 4 is the speed
ratio between the blade rotation speed and the actual wind
speed:

=R @)
14
The power coefficient C, characterizes the efficiency of
the conversion of wind energy into mechanical energy. This
coefficient has a theoretical optimal value of 0.59 (Betz's
law), the power coefficient is expressed as a function of the
speed ratio 4 and the pitch angle £ as follows [9, 18]:

C, = 0.5176(%—0.4[3 —sjexp(%j+o.0068,1

i i

3
1 0.035 ®

A+0.088 B +1

1
Z =

For each given pitch angle 8, the power coefficient C is
strongly influenced by the wind speed " and consequently
by the tip speed ratio A. In addition, wind fluctuations
induce torque fluctuations, increasing the loads on the
drive shaft and also affecting the quality of the produced
power Fig. 3(b). Therefore, to produce the maximum
kinetic energy from the wind, the power coefficient must
reach its maximum value Fig. 3(a), hence, the MPPT
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makes that possible by adapting the rotational speed to the
wind speed for an optimum speed ratio lw for the actual
pitch angle. This is the principle of the variable speed
based wind turbine [15, 19].

The aerodynamic torque developed by the turbine
blades is defined by [16]:

T, = 2%2 prRVC,. “)

Usually, the simplified two-mass model is the most
used in the literature to represent the forces applied to the
transmission drive train of the WPS. This model essen-
tially presents the opposite forces applied by the aerody-
namic torque 7, and the electromagnetic torque 7 on the
shaft passing through the gearbox Fig. 4 [20, 21].

The dynamics of the low-speed shaft can be described by:

dQ,

S =/ T ®)
igh-speed sha Speed - Torque ow-speed sha
i gk(lTu‘:'bige)h : A(g}ael:ri)t(i)‘;:; - (Gerl:er'jtor) i
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Fig. 4 Two mass schematic model of WPS drive train
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As well as the dynamics of the high-speed shaft can be

expressed by:
dQ
Jg dtm = TH.\' - mem - Tm 4 (6)

where Q and Q, represents the mechanical high-speed
shaft respectively, 7, is the torque of the low-speed shaft
and T, is the torque of the high-speed shaft. The total iner-
tia of the mechanical part J represents around 90 % of the
entire inertia of the WPS, the inertia of the generator noted
J, being assumed to be low regarding J.. The viscous fric-
tions and the stiffness coefficients are noted by the coeffi-
cients f,, d, for the turbine, and f, and d  for the generator.
Gearbox having a coefficient of stiffness d . and a coeffi-
cient of damping f,.. However, the stiffness coefficients d_,
d and d are generally low, so they can be neglected [12].
Hence, torque equations are:

dTLS :dG(Qt_Qm)+fG(ﬂ_dej

dt dt dt )
dr, [dQ o )

g (Q —Q )+ f,| -

dt o (@0 =)+ 1o dt dt

The transmission ratio G for an ideal gearbox is given
by [2]:

T,, Q
G=—b =2, ®)
THY Qt

The total WPS inertia can be expressed by:

J:iu. ©
G

The overall wind turbine model, including its both stat-
ic-dynamic parts, is given in Fig. 5 [22].

The operating range of the variable speed wind turbine can
be divided into three basic regions as shown Fig. 6 [2, 13].

Wind Turbine Operation Around Cut-In Speed: Phase
1 (O-A): In this part, the wind system has not yet con-
nected to the electrical grid, because the wind speed has
not yet reached the cut-in speed (V'<V ) that allows the
production of mechanical power (P, =0), the system stays
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Fig. 5 The overall model of a variable-speed WPS
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Fig. 6 The operational range of a variable speed based WPS

in standby mode by keeping a minimum rotor rotational
speed until wind speed increases.

Phase 2 (A-B): The system can be connected to the
grid because the wind speed is higher than the cut-in
speed (V'>V ) and produces low mechanical energy
according while keeping a minimum rotor rotational speed
because the C  has not yet reached. MPPT Operation of
Wind Turbine: The MPPT in phase 3 (B-C) has the role
of maintaining Cp at its maximum value (Cp:Cpmax) by
adjusting the rotor rotational speed according to the wind
speed change. Hence, the tip speed ratio keeps its opti-
mum value (i:lopt) [23] (Fig. 7).

In this phase, the wind turbine is controlled at the opti-
mum turbine rotational speed for each captured wind speed,
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Fig. 7 Principle of the MPPT operation (a) maximum power coefficient
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hence, the generated electromagnetic torque become linked
into this speed, consequently, the quadrature rotor current of
the generator L, Fig. 8 illustrates the overall diagram which
explains the operating principle of MPPT [11, 24].

The TSR based MPPT strategy consists of keeping the
speed ratio at its optimum value which corresponds to the
maximum value of the power coefficient by adjusting the
rotor rotational speed. The mechanical speed is expressed
by [25]:

Q =G—=. (10)

Wind Turbine Operation Around Cut-off Speed:
Phase 4 (C-D): The wind turbine reaches the rated rota-
tional speed. Therefore, the rotor speed is controlled for
this constant rated value to avoid excessive noise and
mechanical stress on the wind turbine. The tip speed ratio
is not optimum and the power coefficient is lower than
Cpmax value.

Phase 5 (D-E): The wind turbine operates for a wind
speed beyond the nominal speed V, and lower than V

.

min

<V<V ). Thus, the mechanical power is fixed at the
rated value to avoid mechanical overload, as well as over-
current in the power converters. The power output is con-
trolled by adjusting the pitch angle.

Phase 6 (E-F): When the wind speed becomes very
high (V>V ), the system stops power production to avoid
mechanical and electrical damage.

4 DFIG Modeling and control

4.1 DFIG Simplified model

The DFIG modeling is identical to that of the induction
machine, the only difference lies in the fact that the rotor
windings are not short-circuited, which means that the
rotor voltages are not zero [26]. The mathematical model is
obtained using the Park transformation. Fig. 9 presents the
equivalent circuit of a DFIG in the dq reference frame [2].
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4

\E

Y

Wind speed
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Fig. 8 Principle of the TSR based MPPT algorithm
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Fig. 9 DFIG equivalent circuit

4.2 DFIG Field oriented control

The purpose of vector control is to manage the induction
motor as a DC motor with independent excitation where
there is a natural decoupling between the component
responsible for the control of the flux (the excitation cur-
rent) and the one linked to the torque (the armature cur-
rent). However, instead of decoupling the flux from the
electromagnetic torque, the purpose of DFIG control is to
independently control the active and reactive stator power.
In this perspective, we use the stator flux orientation to
highlight the relation between the stator powers and the
rotor voltages generated by the rotor side inverter [27].
The two components of the flux become [11]:

(pds = (p.\' ) (11)
@, =0
Consequently, the expression of the electromagnetic
torque becomes [28]:

M
T‘em = _pL_qu[qr' (12)

s

Furthermore, the decoupled active and reactive stator
powers formulas become [3, 9]:

My
p=—g 4O

LTk (13)
MV ye
QS == s I dr + >
LS a)SLS

We notice that the active power becomes dependent
only on the quadrature component of the rotor current Iqr,
while the reactive power is dependent on the direct com-
ponent of the rotor current /, . In order to achieve control,
the expression of the control voltages must be expressed as
a function of rotor currents [2]:

dl
Vi=Rl,+ol,—t-cLol
t

rrTqr

(14)

dl
V,=RI,+0oL, d‘” +olol, +v, —
t o



358 | Dekali et al.
Period. Polytech. Elec. Eng. Comp. Sci., 65(4), pp. 352-372, 2021

The internal simplified model of the machine can be
translated into a block diagram as shown in Fig. 10 [28].

5 DFIG Direct power control DPC

The principle of the DFIG direct power control is based on
the direct action on the active and reactive stator powers
by adjusting the rotor currents. This method consists in
neglecting the coupling terms between the d and ¢ axes.
This is allowed thanks to the FOC. Thus, each axis can
control power instantly and independently of the other
with its own current controller. Hence, the g-axis rotor
current component acts on the control of the active power,
and the d-axis component controls the reactive power [29].

5.1 PI controller DPC synthesis

Given to the decoupling model of the DFIG and its lin-
earity, a linear PI controller can adequately achieve direct
power control. It is possible to eliminate the static error
between the reference value and the measured one, thanks
to its integral action. A derivative action has the role of
anticipating and accelerating the response, therefore it can
amplify the system noises [3]. We will not use a PID con-
troller for this purpose (Fig. 11).

The dimensioning of the PI controller parameters is
defined by the pole compensation method. Accordingly,
the kp and k, gains are then expressed as a function of
the chosen response time and of the parameters of the
machine. However, the implementation is a little differ-
ent from the linear case because we have to implement a
specific anti-windup procedure which consist of blocking
the numerical integration of the error whenever the output
reaches it saturation level. This ensures a fast recovery of
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Fig. 10 Block diagram of the DFIG simplified model

the control without changing the performances on small
reference variation and disturbance rejection.

5.2 First-order sliding mode DPC synthesis

The idea behind SMC is to choose a sliding surface along
which the system can slide to its desired final value. We
bring the evolving state trajectory of the system towards
the sliding surface (hyperplane) Fig. 12. Then, we use an
appropriate switching logic around the sliding surface
until the point of equilibrium [30].

We replace the linear PI by the SMC nonlinear con-
troller. Therefore, the sliding surfaces of active and reac-
tive power (P, Q) are defined as function of the tracking
errors of the rotor current components (IW, 1,) respec-
tively for a relative degree by [7]:

S(Ly ) =14 14 )- (15)

Thus, we consider the following Lyapunov function:

*

V(S,,)=55%, (16)

The derivative of the Lyapunov function is:

V(S,dm_ ) =5, S, 17)

dgr ”

By replacing the expression of the derivative of the cur-
rents (/ ,/,) in the equations of the rotor voltages (V, , V),
we obtain:

. "k 1 MK
Slq,. = Iqr _G_L(V;r - erqr _GLrwr[dr - wr (J)_Lj

' . (18)
) " x 1
S =L o

y

V,~-Rl,+oLol,)

ot gr

In steady state, we have:

(19)

(1,,)=0:3(1,) =07 =0
)=0;V =0

Thus, the equivalent control law is expressed by:

v oL |1+ R tor, v0 M
“ oL ol

”

(20)
v —or |1+ R —or
a — 0L, dr +E dr_wr qr

T

To ensure the convergence of the Lyapunov function,
we assume the following discontinuous law function:
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Fig. 11 Diagram of the DFIG direct power control using PI controllers with the addition of the compensation terms
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Fig. 12 Principle of Sliding Mode Control

{V;j =K, Sign(S(1,,))

y _ . 21)
V=K, Slgn(S(Id, ))

Finally, the total control laws are determined by [8]:

v R

I, + L I,
Vv, =K, Sign(S(1,))+oL| 7 "
+o,.1, +o, a)_LS . (22)

sy

v, =K, Sign(S(1,))+oL, (1;,*+ R—L’Idr - w,]qrj

dr o .
Fig. 13 shows the overall block diagram of the direct
power control of the DFIG by sliding control law applied
to the grid side inverter [31].

5.3 High order sliding mode control of DFIG

The super-twisting algorithm is a case in the class of sec-
ond-order sliding mode control. It can be applied directly
when the system is of first-order relative degree. This
technique acts on the higher-order time derivatives of the
sliding manifold, and its advantage lies in the reduction
of the chattering problem, due to the discontinuity of the
control signal [32]. Considering a nonlinear system, gen-
erally described by:

{x(z)=f(x,t)+g(x»t)U(f)' (23)
y=Cx

The super-twisting algorithm defines the control law
U(t) as a combination of two terms, algebraic (non-dy-
namic) term U, (¢) and an integral term U,(¢), as follow [33]:
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. —A1S,| if[U]> 5, 26) v)
*|-Js| sign(s) if not”
where 4 and o are positive gains, p is a positive con-
stant (0 < p < 0.5). Assuming the existence of a positive
number ¢ that satisfies. Fig. 14 Convergence of the twisting
|S| <. 27) algorithm in the plane
The trajectory of the super-twisting algorithm is con- U, =-AISI" Sign(8)+U, 29)
51.dered as a spl.ral around the origin in th.e phase p.lalne U1 — _aSign(s)
Fig. 14. The trajectory converges at the point of equilib-
rium (S,S) in a finite time. The sufficient conditions for According to the above, the output reference of the
finite time convergence are [34]: rotor voltage is expressed as [14, 35]:
0.5
a>¢ V= —/"t‘(S, )‘ sign((s,, ))+[-asign(s, )a
. (28) " (30)
A22p(a+¢)/(a-¢) : '

We can simplify the algorithm if § = co:

S )‘0‘5 Sign((s,, ))+ [~asign(s,, )d



The expression of the super twisting output laws does not
depend on the value of (S,S), but only of their signs. Fig. 15
illustrates the block diagram of the super twisting sliding
mode approach for the direct power control of the DFIG [36].

6 TSR based MPPT operation of variable speed wind
turbine

Three types of control techniques are envisaged to control
the mechanical speed as a function of the wind speed mea-
sured for a fixed pitch angle at 2 degrees.

6.1 MPPT operation based on PI speed controller

The electromagnetic torque reference 7 " is the PI speed
controller output which ensures speed convergence towards
its reference. The gains of the PI controller, Kﬂ and K,
depend mainly on the internal mechanical parameters of
the generator (moment of inertia J and viscous friction f*).
The linear speed controller is detailed in Fig. 16 [17, 37].

6.2 MPPT operation based on SMC speed controller

To eliminate the hyperlink between the gains of the linear PI
controller and the internal parameters of the generator, we
introduce the sliding mode control SMC technique to con-
trol the DFIG mechanical speed [38]. The relative degree of
the surface is equal to one, the sliding surface is defined as:
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The general control law is given by:
$(0,)=, (1 +7)-1,- 19). (32)
In steady state, we have:

S(%,)=0; $(2,)=0; 7, =0. (33)
Thus, the equivalent switching law will be:

T9 = JO +T + fQ. (34)

To ensure the convergence of the Lyapunov function, we
assume the following discontinuous law function:

T! =K, Sign(S(2,)). (33)
Finally, the total control law is determined by:
T =K, Sign(S(Q,))+JQU+T + Q. (36)

Fig. 17 shows the overall block diagram of the direct
power control of the DFIG by sliding control law applied
to the machine side inverter.

6.3 MPPT operation based on SMC super twisting
speed controller

The chattering phenomenon presents the major drawback
for the first order SMC. Accordingly, the high order SMC
is developed to weed out this disadvantage, and it doesn't

5(9,)= (-2, ) @D need the model i
parameters. The algebraic formula of the
Vs
wgLg
*
Os -Lg Ly 1 Iar [ M Os
MV Rys+oLy VeLg
Vs
MCUS
* : N
Ps | L Igr F < §Vqr ] Ior | P S»
MVS K j : R}’S+O'LI’ VSLS

A

Fig. 15 Diagram of the DFIG direct power control using SMC-ST
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Fig. 17 TSR based MPPT algorithm using SMC controller
mechanical speed SMC super twisting control law hasthe T, = 7/1|(SQM )|O'5 Sign((SQm )) + IfaSign(SQm )- (37)

following formula [14]:



The general diagram of the SMC super twist technique
of speed control is simplified in Fig. 18.

6.4 Results and discussions

To assess the performance of the model and compare the
three established controls, we test with a set of simula-
tions under MATLAB / Simulink environment, the DFIG
direct power control, as well as the MPPT based speed
control. Hence, we use the block diagrams in Fig. 2 to ver-
ify the proper functioning of the command applied to the
DFIG rotor side converter. We introduce a wind profile
reference Fig. 19 that allows the system to operate under
zone 2 (BC) including the generator operating modes. The
wind reference variation can manage the DFIG operating
modes, under hyposynchronous and hypersynchronous
modes, around a synchronous speed of 1500 rpm equiva-
lent to a wind speed of 7.5 m/s. We consider that the grid
voltage is ideal, and on the rotor side of the DFIG, the DC
bus voltage is considered constant.

The resulting electromagnetic torque has almost the
same form as the wind speed curve due to the proportion-
ality between them, thanks to the presence of the MPPT
algorithm based on the mechanical speed control loop.
The electromagnetic torque Fig. 20 is the output of the

p A
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SMC ST controller. It has less mechanical stress com-
pared to the other controllers, thanks to the algebraic non-
linear command law formula.

The mechanical speed is strongly imposed by the
torque generated by the controller and depends mainly on
the current wind speed, moreover, the mechanical speed
alternates between operating modes, crossing the syn-
chronism speed at 1500 rpm (Fig. 21).

A good tracking of the reference speed is obtained by
the three speed control strategies Fig 22 (a) and Fig. 23,
except for a little disparity for the PI controller while
increasing or decreasing the speed. This gives another
advantage to nonlinear controllers.

The power coefficient Fig 24 (a) is maintained around

its maximum value C_ = 0.42 by the three types of con-

trollers despite Variat]ions in the wind, this coefficient is
slightly affected when the wind turbine is controlled by
the PI type command, he same goes for the tip speed ratio
A (Fig 24 (b)), this last remaining stable in its optimum
value inp, at 9 for the three controllers with a negligible
effect of the wind variation for the PI.

The obtained results show that the three developed con-
trol laws achieve good decoupling, power control, and

tracking of the imposed reference values Figs. 25 to 27.

RO £y

L
vV G

Wind speed
profile

. 11
f\\_/' 2ézt”ﬂR2V3Cp L {} @ Js]+f >

Fig. 18 TSR based MPPT algorithm using SMCST controller
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The d-axis rotor current reference /, " is defined to ensure
aunity power factor (0 = 0 Var) on the stator side in order
to improve the quality of the energy injected into the grid.
Fig. 24 shows a good tracking accuracy between the mea-
sured rotor currents (/,,, /) and their references (/, s Iqr*),
and in consequence, the estimated stator powers (P, Q)
and that of references (P ", O "). There is no notable mutual
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Fig. 25 DFIG direct power control (PI); (a) Stator active power (P); (b) Stator reactive power (Q,); (c) Quadrature rotor current (]qr);

influences between both dg axes, thanks to the decoupled
model provided by the FOC. The SMC results have more

noises because of the chattering.

Fig. 28 illustrates the output of the current controllers,
that consequently control the power injected to the grid.

(d) Direct rotor current (/, )

The huge chattering on the output (V,, V) of the SMC
current controllers is due to the very high frequency of
the discontinuous control law (Fig. 28 (b)), which can
damage the system. The bandwidth of the SMC volt-

ages depends mainly on the values of the SMC controller
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(d) Direct rotor current (/)

parameters. The ST controller output presents less vari-
ations (Fig. 28 (c)), while the PI voltages seems perfect
due to its limited output frequency (Fig. 28 (a)) but this
controller has also a slow reaction to current disturbances.

The low value of the tracking error of both currents
control loops demonstrates the efficiency of the perfor-
mances of the controllers. The tracking errors harmonics
are linked to the currents and voltages measurements, and
mainly on the inverter noises, which clearly affects the
quality of the stator power. Additionally, SMC tracking
errors are noisier, while that of PI and SMCST are almost
similar Figs. 29 and 30.

The system control performance can be evaluated
quantitatively using performance indexes, such as Integral
Absolute Error (IAE) and Integral Square Error (ISE).
Table 1 shows the IAE and the ISE value obtained using
analytical technique. Each of them represents a different
norm of the time varying output error that converges to
zero if the control is stable. The IAE and ISE indices show

that the PI and SMC controllers allow a good convergence.
Generally, the statistical comparison gives the advan-
tage to the super twisting approach in terms of stability.
Regarding the SMC indices values, they are above normal
in comparison to other controllers. This suggests that they
may create system stability issues during the experimen-
tal tests (see more in Tables 2 and 3 within the Appendix).

The simulation results show that the control algorithm
developed by super twisting based high order sliding mode
achieves good decoupling, power adjustment and track-
ing of the imposed reference values. As a result, we can
validate the proposed control approach for each converter
and the simulation model that is established. In addition,
the comparison between the results from the PI regula-
tion and those from the sliding mode control show a great
resemblance based on the dynamic behavior. However, the
sliding mode control has two main advantages, namely
the robustness and the ease of the numerical implementa-
tion of the control law. The super twisting algorithm has
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more advantages, namely the robustness and the ease of
numerical implementation of the control law, add to this,
the effective reduction of chattering and the total inde-
pendence of the controller parameters from internal and
external machine parameters.

7 Conclusion

In this work, a comparative study to realize the DFIG
direct power control is investigated. Both linear and non-
linear control laws are applied on the rotor current loops
to manage the stator powers. The adaptation of mechani-
cal drive via the MPPT algorithm. Classical PI based DPC
shows high dynamic control performances at steady state,
but the sensitivity to parameter variations and distur-
bances limits its performances. Hence, the first order slid-
ing mode mitigates this sensibility. The high-frequency
oscillations induce chattering that affects the control

performances and might damage the system. The sim-
ulation results of the improved high order sliding mode
controller demonstrate the effectiveness of the proposed
controller in terms of fast convergent velocity, reducing
chattering phenomenon and simplicity to implement.
The super twisting algorithm is implemented in order
to improve the DFIG direct power control under random
operating modes with less chattering as well as a parame-
ter dependency of the controller, such as stator inductance
and stator resistance. For the future works, the obtained
results will be validated experimentally next on the pre-
pared lab workbench.
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Table 1 TAE and ISE indices
Indices Error PI SMC SMCST
£, 0.4389 26.82 0.5996
TIAE &, 0.3195 25.77 0.5170
£, 23.5 93.03 0.6616
£, 0.1439 1312 0.1790
ISE &, 0.07264 1374 0.1429
£, 1141 9767 55.79

Nomenclature

DFIG Double fed induction generator

WPS Wind power system

WECS Wind energy conversion system
MPPT Maximum power point tracking
TSR Tip speed ratio

DFIG electromagnetic torque

—

DFIG

—

Turbine torque

Moment of inertia

Viscous friction coefficient
Wind speed, m/s

Power coefficient

o

Blade radius, m

Gear box ratio

The tip speed ratio

The blade pitch angle

The mechanical speed, rpm

K]

T o™ O< S

Air density, kg/m?
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Appendix

The simulation experiments are being investigated using a
1.5 kW WTS generator. The parameters of our framework
are displayed in a table format.

Table 2 Wind turbine settings

Settings Parameters

Rated power P (kW) 1.5

Nominal speed (rpm) 1500

Blade radius R (m) 3

Gearbox ratio 7

Air density (kg/m?) 1.225

Table 3 DFIG settings

Settings Parameters
Rated power P (kW) 1.5
Nominal speed (rpm) 1500
Stator resistance R _(€2) 3.6
Rotor resistance R (€2) 0.337
Stator inductance L _(mH) 0.1232
Rotor inductance Z_(mH) 0.1122
Mutual inductance L, (mH) 0.1118

Turns ratio o 0.0957
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