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Abstract- In this paper, a direct and indirect stator powers control schemes based on Proportional-Integral (PI) and sliding
mode control (SMC) strategies of a doubly fed induction generator (DFIG) used in wind energy conversion system (WECS)
are presented. The classical PI controllers present many limitations due to the nonlinearity of the DFIG model. Therefore, in
order to improve the system performances, a new algorithm that combines the nonlinear sliding mode control approach and
field orientation scheme applied to the DFIG converters is developed. The MPPT and the pitch angle algorithm control are
used to extract the maximum power and to protect the system of a wind turbine from overloading, respectively. The
performances of the proposed controllers system were tested, analyzed and compared in dynamic and steady state by using
Matlab/Simulink.

Keywords Wind energy conversion system, Sliding mode control, PI controller, Doubly-fed induction generator, MPPT

algorithm control, Pitch angle.

1. Introduction

The global energy consumption has seen an enormous
increase in recent years due to the massive industrial
development. This consumption tends to increase more and
more [1]. In [2], China is a remarkable case of this
consumption increase. The risk of fossil fuel scarcity and its
effect on climate change; denote again the importance of
renewable energies, particularly the wind turbine.

During the last years, the DFIG has received an
enormous attention as one of the most preferred technologies
used in variable speed wind turbine system (WTS) [1].This
type of machines offers a lot of benefits, such as the potential
to control torque, the reduction of inverter cost [3] and
increase the efficient extraction of available energy.

A vector control based on the orientation of the stator
field is applied to independently control the powers
transmitted between the electrical grid and the DFIG's stator
side [4]. Thus, the DFIG model becomes simple and less
difficult, so the classical PI controllers can be used. The
direct and indirect vector control (DVC and IVC,
respectively) are based on this type of controllers to regulate
the stator powers. However, this technique of control is
directly dependent on parameters of DFIG, uses one (DVC)
or multiples (IVC) loops and also it requires much regulation
effort to assure the stability of the overall system. [3].

In this last years, a lot of control schemes have been
elaborated and employed to achieve high performances of the
controlled system. These control techniques are based on the
field oriented control schemes (FOC). A classical PI, LQG
(Linear quadratic Gaussian), polynomial RST and DTC
control schemes of DFIG integrated into a wind energy
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system are employed in many research papers [5, 6, 7]. In [8,
16], the authors propose a PI control strategy for the rotor
side converter (RSC) and the grid side converter (GSC).
These controllers present suitable performances in the
dynamic and steady state. Nevertheless, this type of
controllers suffers from many limitations, such as the
machine parameter variations and the nonlinearity of the
DFIG model.

The most parts of the wind energy conversion system are
not linear (turbine, DFIG); therefore, the classical PI
controllers are not efficient in this case. In order to suppress
the limitations of the PI controllers (DVC and IVC), sliding
mode control has been presented. In the conventional SMC,
stator powers of DFIG (active and reactive) can be indirectly
controlled by using two sliding surfaces. Nevertheless, one
problem limits the use of this controller, such as chattering
phenomenon [9]. A lot of solutions were proposed to
minimize or avoid this drawback. In many research papers
published on SMC, this undesirable phenomenon can be
solved by combining fuzzy logic and SMC [10] or replacing
the “sign” function by the saturation one [11], however, the
robustness of the SMC is improved. The objective of the
MPPT technique is to improve the effectiveness of WTS by
extracting the maximum power from the available kinetic
energy; on the other hand, the pitch angle is used to protect
the WTS from overloading in the case of high wind speed.

The rest of the paper is organized as follows: section 2
presents the modeling of the turbine system. The control
schemes of MPPT and pitch angle are presented in section 3.
The DFIG model based on the stator field oriented control
scheme (SFOC) is given in section 4. Then, the vector
control (DVC and IVC) strategies are applied in section 5.
Section 6 is devoted to controlling the stator powers of the
DFIG by using the SMC control scheme. The Simulation
results are presented and discussed in section 7, then we
finished by the conclusion.

2. Modeling of the Turbine

An Aerogenerator, commonly called wind turbine is a
device used to convert the kinetic energy of wind into
mechanical power. This wind conversion system is presented
in Fig.1.
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Fig. 1. Wind energy conversion system (WECS)

The aerodynamic power captured on the slow shaft of
the turbine can write as [4, 12]:

1
Prer = Cp (A B)pS.V? (1)
p,S and V represent respectively the density of air, the

surface swept by the blades and the wind speed.

In our case, the variations of C,(4,$) are modeled by

the following exponential approximation [14, 15]:

1
Cp(2f) = 4 % ~ Ay.p- 46-/15(“) + dg )

1

Where: 4 =0.5109, 4, =116, 4; =04, 4, =5, 45 = 21,
4 =0.0068 and:

1 0.0035
A+0.0088  pi+1

1
— 3
oy 3)

The tip speed ratio (4 ) can be expressed as the ratio
between the speed of the blades and the wind speed as
presented in [13, 15, 18, 12]:

ROy @

v
Where R and V represent respectively the turbine radius and
wind speed.

Figure 2 represents the power coefficient curves as a
function of A for different values of f. The maximum value

of C), (C),_pax =0.4745) is achieved for A,_,,,=8.16.
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Fig. 2. Power coefficient as a function of A.

For an ideal gearbox, the aerodynamic torque can be
defined as:

Coer = G.Cg (5)

Where G and C,represent respectively the gearbox gain
and the torque of the fast shaft.

The fundamental equation of the dynamic makes it
possible to determine the development of the rotational speed
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from the mechanical torque C, . available on the rotor of

mec
the machine:

149,

dt =Chec (6)

With J represents the moment of inertia.
3. Control Strategies of the Turbine

3.1. MPPT (Maximum Power Point Tracking) with control
of speed

The DFIG and its converter are supposed ideal, so the
developed electromagnetic torque is permanently equal to its
reference value [16]:

Cem = C:m (7

By imposing the C:m as given in the following relation
[16, 17], the mechanical speed remains equal to its reference
value whatever the wind speed (see Fig.3):

Cop = (Kp +KT)(Q,,, —Qm) (8)

Where K, and K; represent the parameters of PI controller,

s is Laplace’s index.

Fig. 3. MPPT strategy with control of speed

From Eq. (4) the reference mechanical speed of the fast
shaft corresponds to the optimum value of the tip-speed ratio

Aep—ope can be given as:

« Vg oG
Qm=°1’T°Pt 9)

3.2. Pitch angle control

The control strategy of the pitch angle is used to protect
the WTS from overloading in the case of high wind speed,
and also for providing the continuity of generated electrical
energy by limiting the mechanical power to its rated value.
When the wind speed is increasing, the values of [ are
increased to reduce the values of power coefficient and,
consequently, to limit the mechanical power to its nominal
value [17]. The error signal between the rated power (7.5
KW) and the measured one is sent to PI controller to produce
at its output the reference pitch angle .., as shown in Fig.4.

Pl |»

-

Fig. 4. Pitch angle control system

Figure 5 and Fig.6 represent respectively the profile of
wind speed variations and the DFIG’s mechanical speed
obtained by using the MPPT with control of speed. The
measured mechanical speed tracks almost perfectly its
reference as we can see in the Fig.6.
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Fig. 6. Mechanical rotor speed of the DFIG

From Fig.8, it can be remarked that the generated values
of pitch angle increase, which decrease the C,(4,8) values,
when the value of wind speed exceeds the rated one (12.48
m/s). In this case, the regulation intervenes and the pitch
angle varies between 0 ° and 20 ° in order to limit the
mechanical power appearing on the fast shaft to its nominal
value 7.5 KW (see Fig.7), which protect the WTS from
overloading.
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Fig. 8. Pitch angle variations
4. DFIG Modeling

The Park model of the DFIG is extensively used in the
literature, as given for example in [17, 19]. The following
electrical equations describe the DFIG model in the
synchronous d-q Park’s reference system rotating at w,

speed [18]:

do
Vsd = RS'ISd+ d:d — 05.0gq
do
wq=Ryhﬁ—$?+my%d
d (10)
_ Prg
Vg =R, I 4+ dtr 0P
do
qu = Rr.Irq+ A + .04
Psq = LS'Isd+M'Ird
Psq = Lg Iq+ M. (1)

Prg = Lr'lrd+M'lsd
Prq =L; Lg+ M.I

Vvd > Vsq ’

stator and rotor; 7 ,, I

V,q and V.,

f are respectively the voltages of the

q¢> 1,4 and I, represent the currents

of the stator and rotor; R, and R, represent respectively the
L,.and M are

respectively the inductance on the stator, the inductance on
the rotor and the mutual inductance; w,represent the stator

stator and rotor windings resistances; L,

electrical pulsation and w, is the rotor one. These pulsations
are linked by the following expression:

(12)

It is possible to express the electromagnetic torque of the
DFIG as a function of the currents and fluxes as follows:

W, =W, =W

Cem = p'((Psd'Isq_(Psq'Isd) (13)

p is the DFIG's number of pole pairs.

The stator active and reactive powers generated by the
DFIG stator are expressed as:

{PS= Vsd 'ISd+ Vsq 'Isq

(14)
Q= Vsq Jsa= Vaq 'Isq

The rotor side converter is controlled in a Park frame
synchronized with the flux vector of the stator, which aligned
on the d-axis (Fig.9) [14]. The stator resistance is neglected
and the grid is considered stable and perfect. Consequently:

Psg = Ps» Psq = 0, Vi =0 and Vsq = Vs = g.0Qg
Using the previous assumptions, the rotor voltages and
the stator powers can be written as demonstrate in Eq. (15).

o 1is the dispersion coefficient of Blondel and g is the slip
of the DFIG.

dly
Vg =R, .I4+ d:: -g.og.L.cly
dI V.
Vi = Rr.qu+d—f[q+g.cos.Lr.6.Ird+g s
S
v (15)
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Fig. 9. Field oriented control strategy

By using Eq. (13), the electromagnetic torque is
expressed in the following relation:

M.g, 1
|

S

Cem =-p (16)
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The block diagram of a simplified model of the DFIG is
presented in Fig.10.
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Fig. 10. Simplified model of the DFIG
5. Vector Control of DFIG
5.1. Direct Vector Control (DVC)

The direct vector control (DVC) consists to neglecting
the terms of coupling between the two axes (d and q), an
independent controller on each axis is introduced to regulate
individually the stator active and reactive powers. This
control is called direct control because the powers controllers
regulate directly the rotor voltages of the DFIG, as we see in
Fig.11.
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Fig. 11. DVC control schemes of the DFIG stator powers
5.2. Indirect Vector Control (IVC)

The indirect vector control (IVC) takes into account the
coupling terms between d-q axes. Therefore, a vector control
with two regulators per each axis is obtained as shown in
Fig.12.

The open loop transfer functions of stator powers
FPS(QS)and rotor currents F; 1,,) are given as:
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Fig. 12. IVC control schemes of the DFIG stator powers
6. Sliding Mode Control Principle and Application

In this last two decades, the sliding mode control has
known a great success for robust control of the nonlinear
system. This is due to its robustness against the uncertainties
of the system and the external perturbations (sudden speed
variations); and also to its simple implementation compared
to the other types of controllers [20].

The basic idea of SMC technique is to attract the system
state vector toward the sliding surface, then the system slides
on this surface to the desired equilibrium point.

To define the sliding surface, the fundamental equation
proposed by J. J. Slotine is taken [11, 20]:

n-1

S(X) = (%m) e(X) (17)

e=X-X is the error, n is relative degree and A is a
positive coefficient.

The active and reactive powers of the stator are linked
respectively to quadrature rotor current and direct rotor
current. The error signals between the references and
measured rotor currents are presented in the following
relation:

eq =ly-Iyg (18)
e, =1 1

*
qQ~ 1q rq
To control the stator powers, n=1 has been taken;
consequently, the sliding surfaces illustrating the error
signals between the references and the measured currents of
the rotor can be given as follows:

. w1
S(lrd)=lrd_ (Vrd_Rr'lrd"'g'WS'G‘Lr‘qu)
L .o (19)

S(Irq) = Irq_ﬁ qu_ Rr'Irq_ 8- Ws- L

g WL, .0l

s

The control law V,; is composed of two parts, Viieq

represents the equivalent part of the control and V,;_, is the
discontinuous part:

Vl’i = Vri—eq + Vri—n (20)
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Where: i represent the direct (d ) and quadrature (q ) frame
axes.

During the steady state and the sliding mode, the sliding
surface becomes zero, so its derivative and the discontinuous
control become zero. Therefore, the equivalent controls can
be deduced as given in the following relation:

Videeqg =L; 0. 14 +R, T y-gw. L 0.1,
- M.v, 21)
Vigeeq =L; .0 Lq+ R T +gwg Lo Iy+g

S

The condition of convergence is defined by using the
general equation proposed by Lyapunov. This condition
keeps the surface attractive and invariant.

S(Tig)-S(Iq) < 0 22)

S(Ly)-S(yg) < 0

The simplest form used to represent the discontinuous
part is a relay. Therefore, the discontinuous parts are given
by Eq. (23):

Vigon = Kgsign(S(Ly)) » Ky >0

Vigon = Kq.sign(S(qu)) , K, >0

(23)

The sliding phase corresponds to that of a relay (Eq.
(23)) switching with an infinite frequency. An infinite
oscillation frequency assumes ideal switching elements,
which doesn’t exist in practice. In the presence of these
imperfections, the switching frequency becomes finite and is
manifested by oscillations around the sliding surface S .
These oscillations have a greater amplitude and a lower
frequency. This phenomenon is called a “chattering
phenomenon”. To avoid this problem, which can even
destroy the equipment of the system, the discontinuous
function “sign” is replaced by the continuous one [11]; which
represents the saturation function in our case as shown in Eq.
(24).

Vo, =K, Sat(S(1,y) , K; >0

(24)
Vigon = K, Sat(S(1) , K, >0
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Fig. 13. The Block diagram of a stator powers control by
using SMC

The block diagram of proposed SMC control technique,
which is presented and designed to independently regulate

the stator active and reactive powers of the DFIG, is
illustrated in Fig.13.

7. Simulation Results and Discussions

In this section, the simulation results are carried out with
a 7.5 kW machine attached to a perfect and stable grid 400
V/50 Hz using MATLAB/Simulink software. The overall
system parameters studied are summarized in Table 1 and
Table 2 presented in the appendix. The both control
techniques, PI (DVC and IVC) and SMC, are simulated and
compared regarding stator powers reference tracking,
sensitivity to perturbations (rotor speed variations) and
robustness against DFIG parameter variations.

7.1. Reference tracking

The aim of this first test is to investigate the behavior of
the two control techniques, PI and SMC, while the speed of
the machine is set at its nominal value (300 rad / s). As
shown in Fig.14, Fig.15, Fig.16 and Fig.17, the active and
reactive powers of a stator, the rotor active power and
electromagnetic torque follow their reference values but with
an important response time for the DVC compared to the
IVC and SMC.
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Fig. 14. P,: PI (DVC and IVC) and SMC strategies
responses (reference tracking test).
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Fig. 15. Q,: PI(DVC and IVC) and SMC strategies
responses (reference tracking test).

The stator active power is always kept negative, this is

mean that the DFIG operates as a generator; however, the
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rotor active power is positive, which means that the rotor is a
receiver of the energy supplied by the grid. Hence, the DFIG
operates as a hypo-synchronous generator. We can also note
that the electromagnetic torque (Fig.17) depends directly on
the stator active power P,, this is translated by its identical

form to that of the P, (Fig.14). In this case, we can conclude

that the active power is a consequence of the electromagnetic
torque.

350
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= - Pr(DVC)
o 200 — Pr(SMC)
=z
g .
& 150
=
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S 100

50 " " " " "
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Fig. 16. P,: PI (DVC and IVC) and SMC strategies

responses (reference tracking test).
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Fig. 17. C,,: PI(DVC and IVC) and SMC strategies
responses (reference tracking test).

Using the conventional PI controllers especially the
direct vector control (DVC), the coupling effect between the
both stator active and reactive powers of the DFIG was
observed. While the indirect vector control (IVC) and sliding
mode control (SMC) guarantee the decoupling between
them.

7.2. Sensibility
variation)

to perturbations ( mechanical speed

The aim of this second test is to evaluate the impact of
rotor speed variation on stator active and reactive powers for
both control techniques, PI and SMC. For this, the rotational
speed of the DFIG was varied in the time interval t=0sto t
= 1.2 s as shown in Fig.18.

The simulation results are shown in Fig.19 and Fig.20.
From these figures, we can observe that the mechanical
speed variation introduces a remarkable effect on stator

active and reactive powers curves for PI controllers
especially the DVC. While the SMC shows its robustness by
rejecting the effects of disturbances.
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Fig. 18. Mechanical speed of the DFIG
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Fig. 19. P, : PI and SMC strategies responses (sensitivity to
the rotor speed variation)
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Fig. 20. Q, : PI and SMC strategies responses (sensitivity to
the rotor speed variation)

The stator active power is limited to its nominal value
(7.5 KW) by using the pitch angle control to protect the WTS
from overloading when the speed of wind exceeds the
nominal one. The currents of the stator and rotor are
presented in Fig.21 and Fig.22. The rotor currents are
sinusoidal and present a low frequency ( f,) that satisfies the

relation f, = g.f;.
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Fig. 21. The stator currents (sensitivity to the rotor speed
variation)
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Fig. 22. The rotor currents (sensitivity to the rotor speed
variation)

7.3. Robustness test (sensibility to the parameters variation)

The robustness of both controllers (PI and SMC) used in
our case is an important point, especially for systems with
several interacting entities or those with large variations of
parameters. In this test, the DFIG is running at its rated speed
(300 rad / s).

Firstly, the value of the rotor resistance is doubled. The
simulation results are shown in Fig.23, Fig.24, Fig.25 and
Fig.26. Secondly, the values of inductances L., L, and

M are divided by 2; the simulation results are presented in
Fig.27, Fig.28, Fig.29 and Fig.30.

As shown in these figures, the effect of perturbation
appears clearly at the stator powers in the case of PI
controllers and especially for DVC. This is due to two
reasons: the first is that we find only one control loop on

g M.V, on
L

S
the g-axis represents an electromotive force depends on the
rotation speed, which its influence is not neglected because it
causes an error between the reference and measured value.
The rotor resistance variation increases the response time of
the stator powers, while the variation of inductances values
affects the dynamic and static performance of DVC and IVC.
Consequently, these variations introduce a clear impact on
the stator powers curves in term of response time and static

currents and powers; the second is that the term

error as shown in Fig.27 and Fig.28. This effect appears
more significant for PI controllers than for SMC one.
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Fig. 24. Q,: Pl and SMC strategies responses (robustness
test - variation of resistance)
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Fig. 25. Rotor current error curves (robustness test -
variation of resistance)
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Fig. 26. Stator power error curves (robustness test -
variation of resistance)
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Fig. 28. Q,: PI and SMC strategies responses (robustness
test - variation of inductances)

From the simulation results and the static errors obtained
for each control strategy, the proposed SMC strategy present
a fast dynamic response with a negligible static error. The
SMC strategy presents good results regarding the decoupling
between the two axes d-q, consequently the decoupling
between the stator powers. Therefore, it can be concluded
that the proposed SMC control technique is more robust
against the variations of mechanical speed and sensitivity to
parameters variations than the PI one.
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Fig. 29. Rotor current error curves (robustness test -
variation of inductances)
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Fig. 30. Stator power error curves (robustness test -
variation of inductances).

8. Conclusion

The PI and robust SMC control strategies of stator active
and reactive powers have been presented in this paper. The
DFIG is integrated into a WECS and connected directly to
the electrical grid by its stator, while its rotor side connected
to the electrical grid via two converters. The uses of a DFIG
in WTS offers several advantages, such as variable speed
operation, reduction of the inverter cost and its capability of
operation in four quadrants. The MPPT and pitch angle
control strategies are used in this simulation to improve the
performances of the WECS. As a first step, the modeling of
the turbine and DFIG is carried out in order to apply the
stator field orientation technique.

In the second step, the PI and SMC controllers were
presented and synthesized in order to independently control
the stator powers. The measured powers track their
references for both controllers, but a coupling effect appears
clearly in the case of PI (DVC and IVC) responses, which is
removed in the case of SMC one. When the DFIG's
rotational speed is changed, the impact of perturbation is
more remarkable on the stator powers for PI strategy, and
especially for DVC, compared to SMC one. The effect of
DFIG parameters variation has also been examined. These
changes affect the dynamic and permanent regimes of active
and reactive powers responses, but with an important effect
with PI strategy compared to that with SMC. The simulation
results have confirmed that the proposed SMC present fast
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dynamic responses with negligible steady state error. All
these results prove that a robust SMC strategy can be
considered as a very interesting solution for WECS using
DFIG.

Appendix

Table 1. DFIG and Wind turbine parameters

DFIG Parameters
Nominal power 7.5 Kw
Number of pairs poles p 2
Rated stator voltage V, 220V
Stator frequency f, 50 Hz
Stator resistance R, 0.45Q
Rotor resistance R, 0.62Q
Stator inductance L, 0.084 H
Rotor inductance L, 0.081 H
Mutual inductance M 0.078 H
Moment of inertia J 0.043 Kg.m2
Friction coefficient f 0.017 N.m.s/rad

Wind turbine Parameters

Blade number 3
Blade radius R 4m
Gearbox gain G 54
Maximum power coefficient 0.4745
Cp—max

Optimum tip-speed ratio 8.16
kcp—opt

Table 2. Different WECS commands parameters

Systems Parameters Value
PI (MPPT with control | X» 258
of speed) K, 7899
PI (Pitch angle control) Ky 294
K; 441

PI-R,(DVC) (Direct | K, (power) 0.00419
Vector control) K; (power) 0.30034
Kp (power) 0.00419
PI-R,(IVC) & Re (IVC) K, (power) 0.30034
Indirect Vect trol
(Indirect Vector control) K, (current) 8.5698

K, (current) 620

Sliding mode control Gain K, 2000
(SMC) Gain K, 1000
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