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Abstract

As part of efforts to improve wind energy production using a doubly fed induction generator (DFIG), this paper presents modeling
with power maximization through control of speed (MPPT) and control of stator active and reactive power for doubly fed induction
generator. The quality of the generated energy and the performance of wind energy conversion systems (WECS) based on DFIG are
affected by uncertainties and external disturbances. Therefore, the system requires high-performance control under the nonlinearity
influence and the applied external disturbances. This work provides a new contribution and approach that combines nonlinear
control (Backstepping) and optimal control (LQR). Backstepping control has been applied to give a good performance using nonlinear
strategy and stability condition, but its main drawback is that it is relatively robust for sudden changes in wind speed or any external
disturbances as well as it is sensitive against the uncertainties, which may lead to a chattering and an instability as well as overshoot
or undershoot. To overcome the problems mentioned above the optimal control (LQR) has been applied to address this drawback
in nonlinear control. Furthermore, it, the hybrid approach of Backstepping and LQR control resulting a robust control under the
hardest scenarios during the wind system operating as well as provides a good performance in terms of chattering, stability and other
performance characteristics which help to produce a high-quality energy. Overall, integrating LQR control with Backstepping can lead
to a more powerful, flexible, and efficient control system with improved performance and reduced computational complexity.
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1 Introduction

Recent climate changes have raised serious concerns
about their impacts. Due to the large use of fossil ener-
gies. As a result, the world is now searching for solutions
to reduce the impact climate change, and renewable energy
is seen as a good alternative for energy production. Wind
energy is one of the most important sources of renewable
energy for electricity generation, and its concept revolves
around using the movement of air resulting from differ-
ences in pressure and temperature distribution in the Earth's
atmosphere. Wind energy has many advantages over other
energy sources, such as being a clean and renewable source
that does not produce harmful or polluting emissions. It is
also highly cost-effective in the long run, as the costs of

installing and maintaining wind turbines are compensated
for over time by the savings in energy costs [1-7].

We can harness this energy to produce electricity using
various machines that convert wind energy into electri-
cal energy. The doubly fed induction generator (DFIG) is
the most common type of generator used in wind energy
conversion systems (WECS). It is known for its ability to
provide efficient power generation, especially in low wind
speed conditions [8].

However, the DFIG features mentioned above, its torque
is designed to a complex and nonlinear model which effect
on its performance. For this matter, we need control that
ensures good energy production performance.
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Many control techniques have been applied on the DFIG
system successfully, among these controls which depend
on the classical regulator "PID" like field-oriented control
(FOC) and direct torque control "DTC". Although, they are
given a relatively characteristics performance; however,
they suffer to the uncertainties like parameters variations and
external disturbances like sudden and strong of wind speed
change. To overcome these problems, the advanced tech-
niques were used by researchers. The advanced techniques
are classified into to the nonlinear like Backstepping and
sliding mode, adaptive like model adaptive reference control
or MRAC, optimal like linear quadratic regulator "LQR".
Many researches were applied the nonlinear control based
on Backstepping on the power and current loop of the DFIG
where give better characteristic performance compared the
classical controls. However, the performance DFIG still
suffer to the effects of the uncertainties and external distur-
bances mentioned above. Other researchers were improved
the Backstepping using Fuzzy logic, Adaptive and Sliding
mode control where it has been giving more characteristics
performance and more robustness but there more combina-
tion or hybridization between advanced control techniques
in order to exploit the advantages of each technology and
avoid its problems. Wherefore, this paper proposed a new
design based on a hybrid technique between the optimal
and nonlinear control, where the nonlinear depended on
the Backstepping (BSC) and the optimal depended on the
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linear quadratic regulator (LQR). The Backstepping will
apply on the power loop of the system which deals with the
nonlinearity of the DFIG model easily and ensure its stabil-
ity by using Lyapunov function candidate. The linear qua-
dratic regulator will apply on the current loop of the DFIG
system, where this technique will contribute to improve the
DFIG performance and giving optimal characteristics like
rise time, steady-state error as well as reducing the chatter-
ing and overshoot or undershoots.

Furthermore, of, the new design of the proposed hybrid
technique will be robust under the scenarios mentioned
above which was effect on the DFIG system [9—-15].

This work is divided into several sections. Sections 2
and 3 deal with the modeling of wind turbine and MPPT
with speed control, followed by Section 4 dedicated to the
modeling of the doubly fed induction generator with several
assumptions to facilitate its control. Section 5 is dedicated
to the detailed explanation and application of Backstepping
control (power loop) while Section 6 explains how to apply
optimal LQR (current loop) control generator side. Then,
Section 7 shows the results of the applied control, followed
by Section 8 that demonstrates the robustness of the pro-
posed control strategy in this work.

The Fig. 1 presents the doubly fed induction genera-
tor (DFIG) that has been studied and utilized for WECS
in this project, along with numerous details related to the
applied control.
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Fig. 1 A wind energy conversion system based on a Doubly Fed Induction Generator



2 Wind turbine model

Wind turbines are machines that use wind energy to gen-
erate electricity. These devices are used to convert the
kinetic energy from wind into electrical power. They con-
sist of large blades mounted on a rotor, which are connected
to a generator that converts the rotational energy into elec-
trical energy. Wind turbines are becoming an increasingly
popular source of renewable energy, as they are friendly
with the environment and can generate electricity without
producing harmful emissions. They can be installed on
land (onshore) or on seas and oceans (offshore). Wind tur-
bines are a promising technology that has the potential to
significantly reduce our reliance on fossil fuels. The cap-
tured power is relative to kinetic energy of air and limited
due to the Betz law which is represented by power coef-
ficient Cp described as Eq. (1) and the tip speed ratio 4 as
Eq. (2), which is the ratio of the linear speed at the blade's
tip to the wind speed [16—18].

1
Bicro = Ecp (/’L’ﬁ)l)ﬂ-[\)zl/3 (1)
5 =Ry &)
V

Cp(/l,/})=q(%—c3ﬁ—c4)e

1+ G ©)

3 Maximization of power with speed control

The Fig. 2 is explaining the block diagram of the wind
turbine based on MPPT with a speed control where it is
adapted from [17].
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4 DFIG vector control and modeling: w =w_—w =gw_
The Fig. 3 is describing the DFIG model after performing
the Park transformation [17-19]:

do,
V,=RI, +—%—we_
ds 5™ ds dt A(pq.s
do,,
Vqs = Rslqs + dfq + Ws(Pds
do @
V. =RI, +—%—w
dr redr dt rqoq/
do,
I/qr = Rr qr + d: - quodr
(pds leds + Md)
¢o,=LJI +M, )
(pdr Lr[dr + Mds .
q)qr = Lr[qr + M[qv

The active and reactive powers at the stator are given
by Egs. (6) and (7) [19, 20]:

Ps = Vdslds + V 1 (6)

qs” qs
Qx = Vqslds - Vdslqs . (7)

Electromagnetic torque is defined by Eq. (8) [20]:

_mM
T;m - L_(Idrq)qs - Iqr(pds ) . (8)
To simplify the system, there steps further before apply-
ing the control on our system, it should be some hypothe-
sis for control the output powers of DFIG which are:
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Fig. 2 The block diagram of MPPT with speed control
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4]

Fig. 3 Park transformation principle applied to DFIG

* By aligning the d-axis in the direction of the stator
flux [20, 21] we obtain:

()

As a consequence, the stator flux expressions

(pds =q),v7 q)qx =O

become:

(ps :leds +Mdr (10)

0=LJI, +M,. (1)
* By neglecting resistances of the stator phases:

v, =0 (12)

V:Is :I/s :qu)s' (13)

Then rotor currents are used to express stator currents:

M

-=I_.

I

qs

(15)

s

By using Egs. (6), (7) and (9) we obtain the active and
reactive powers at the stator:

VM
==, (16)
0 = _IZSM I, +% 17)

By using Egs. (8) and (9) we obtain the electromagnetic
torque:

pM

L

s

T

. (18)

(]qr(pds ) :

As a result, the active and reactive powers in the stator
are determined by Eq. (19) [20, 21]:

Vdr = erdr + aidr - gwsalqr
19)

s

: MV,
V:]r:RrIqr+a[qr+gWsaldr+g L

s

2
with a=L ——.
LS
After reaching the simplified equation form of the
DFIG, we can draw the block diagram that represent this
system, also it should be noted that there is a linkage
between the voltages and the active and reactive power by

A s Ml (14) a first order transfer function. The Fig. 4 is describing the
“orLoL " block diagram of the simplified DFIG model.
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Fig. 4 Block diagram of the simplified DFIG model



5 Design of the BSC based DFIG's loop power

The BSC is one of the most non-linear techniques sug-
gested in the recent years. It depends on study the stabiliza-
tion to use Lyapunov function for compute the control law.
Its object is to reach the zero error convergence, hence, sta-
bilization and equilibration of the system so that the outputs
track a reference set point. For this, the active and reactive
power of the DFIG is regulated to use the BSC, where the
BSC design is based on the FOC with the technique will be
applied in the direct and quadratic axes [21, 22].

For current control, direct and quadratic currents are
used as manipulated variables to get the law of control.
Consequently, the active and reactive tracking error can
be specified by Eq. (20) [22]:

&= PSJ&’/ _R' (20)
gq = Q:iref _Qs .

The BSC used to study the active and reactive power
error is based on the Lyapunov candidate as follows:

1,
Vp :E'EP

. @n
Vq:E.g;

The deriving of the active and reactive power error rep-
resents like following:

V =g -§
{ pooorr (22)
I/‘I = 8‘1 'gfl
To maintain the stability of the system, the require-
ments must be observed:

V,>0, mustbe V, <0
V,>0, mustbe Vq<0.
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To fulfill these conditions, we have:

é/? = _kp €y 23)
g, =—k g,

And from it the system is stable through the derivative
of a negative Lyapunov candidate shown in Eq. (24):

.
{V!,— k, g;’<0, 24)
V,==k,-e;, <0

where kp are kq positive constants.
The reference of the direct and quadratic currents is
representing the laws of control, will be given by Eq. (25):

. al, MV,
[qr,.(,, = (kpgp + P.\',.(,f ) VMR + (I/qr _gW\'a]dr - g L j/Ri

s

k e aLl\, + Vdr + g‘/v.\' al qr

]drjef =( &t QSJEf) V MR R

(25)

Because the power loop of the DFIG is a nonlinear

model, the BSC is applied on it. For that its diagram is
designed on the Fig. 5.

6 Design of the LQR based on field oriented of DFIG
The LQR control is applied on the current loop of DFIG
model, noting that the model is characterized by MIMO
plant and linear state space model, its inputs are direct and
quadratic currents and its outputs are direct and quadratic
voltages. For this, the DFIG's current loop needs to design
using a decoupling method before applying the LQR tech-
nique. Where, the DFIG model which represented in the
Eq. (19) can be written by Eq. (26):

{Vm = Vd’r +E,

, . (26)
‘Vql' = I/qr + Eqr

Ps_ref
gp iq‘y'ef PS
DFIG's loop of > >
power based on { = flx@®),ul®),t) + glx(@®) u(®)
BSC control Y(t) = h(X(t)) 0
£, (Eq. (25)) & >
id_ref
Qs_ref A

Fig. 5 Design loop of power based on BSC control
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Depending on the decoupling method the internal lin-
ear model of DFIG is designed in Eq. (27) and the distur-
bances in the Eq. (28):

{Vd,r = Rr]dr + ajdr (27)
V! =RI,+adl,
E dr = _g‘/vx al qr

(28)

In the same context, the model mentioned above is
designed to use a full state space model following:

{:‘c(t):A-x(t)+B-u(t)

Y= C-x(0) @)

Based on the Eq. (29) and internal linear model of DFIG
of Eq. (27), the DFIG's current loop is written like Eq. (30).

y Ry 1
T a a
—[1, 1,7 = I, I, 7+
alls o] 0 _R o 1, o L|Go
a a

! ! T
.|:Vdr I/qr:|
The outputs of the current loop model are determined
by Eq. 31):

1 0 T
y(t):[o J.[zd, 1T G1)
And the error dynamic is represented in the Eq. (32):
{edr = Idriref _Idr ) (32)
eqr = Iqriref _]qr

The controllability study of linear systems is the sec-
ond stage that comes after modeling the system and
before applying the feedback controls. To the current
loop become controllable, the basis of this phase must be

traced, which is achieved to equality between the rank (7)
and the system's order degree (1), because the current loop
of the DFIG is a second order system, its controllability
matrix is obtained by Egs. (33) and (34) [23]:

P =[B AB] (33)
Ly —R; 0
p=¢ o . (34)
¢ 1 R
0o — 0 -=
(04 (04

Since the aforementioned controllability condition
is satisfied after calculating a controllability matrix.
The state model of the current loop is controllable for all
values of the inputs V, and V.

The LQR control has two objectives which makes it
dependent on the function cost the under-mentioned and
that for built on a quadratic principal to both the character-
istics performance regulated by Q matrix and the expendi-
ture of energy of the control signals by R matrix [23, 24]:

JZI((xT-Q‘x)+(uT-R~u))dt, (35)

where R and Q are positive definite matrices.

Finally, after checking that the current loop is control-
lable. The Fig. 6 represents the current loop based on the
LQR control where a feedback dependent control law is
designed like following:

u(®)=—[K K] e(t)=(-R"-B-P)-e(r). (36)

Where P is a positive-definite matrix and is the solu-
tion of reduced-matrix Riccati equation represented by
Eq. 37) [24]:

A" -P+P-A-P-B-R"'-B"-P+0=0, (37)

DFIG’s current
loop based on
LQR control

e

State space model i .

base current loop ] -
of the DFIG’s rotor ]
like Egs. (30) and ;
GD)

e

Fig. 6 Current's decoupling model to the DFIG based on a LQR technique



where u(r)=[v,, v;r]T represents input vector (2 x 1);
y(@)= [I . Iqr]T represents output vector (2 x 1);
x()=[1, I, ]T represents state vector (2 x 1);
r=[1, ., 1 quef]T represents reference input vec-
tor 2 x 1); e(z) :[ed e, T represents error variable
state (2 x 1); and A4 is constant state matrix (2 x 2); B is
constant input matrix (2x2); C is constant output matrix
(2 x 2); K is optimal feedback matrix (2 x 2); K, is optimal
reference matrix (2 x 2).

7 Results and discussion

Section 7 demonstrates the efficiency of the hybrid tech-
nique based on a novel design between the BSC and LQR
presented in this paper, where they have been applied on
the power and current loop respectively using MATLAB
SIMULINK. In the same context, the hardest scenarios of
the wind system operating have been validated in Section 7.
The first one is considered the external disturbances, where
the wind speed change based on large values as well as
suddenly like represented in the Fig. 7. Furthermore, the
comparison study between the BSC and the proposed con-
trol has been represented in the Fig. 8 and Fig. 9 respec-
tively. Despite applying the wind speed mentioned in Fig. 7,
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the hybrid control (BSC-LQR) in Fig. 9 takes preference
through the robustness under the external disturbances as
well as the performance through characteristics like zero
overshoot and undershoot peaks, rise time and steady-state
error. While, the BSC performance in the Fig. 8 suffers
from the overshoot and undershoot as follow:

* 6 m/sto 11 m/s: this sudden change in speed is accom-
panied by an overshoot (+160 var) and an undershoot
(=160 var) on Reactive power and an overshoot (w)
on Active power.

e 11 m/s to 8 m/s: This sudden change in speed also
is accompanied by an overshoot (+165 var) and an
undershoot (—35 var) on Reactive power and down-
shoot (w) on Active power.

* 8 m/s to 13 m/s: This sudden change in speed also
is accompanied by an undershoot (—380 var) on
Reactive power and overshoot (w) on Active power.

In order to validated the robustness of the proposed
control under the uncertainties, the DFIG parameters have
been changed during the simulation, which the parameters
are R _and M varied to 50%. Where, the Figs. 10 and 11 are
show the results of this scenario.
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Fig. 7 Wind speed variation
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Fig. 11 Active and reactive power behavior using Backstepping-LQR controller with M variation
Through these results, the control provides robustness hybrid control between the nonlinear Backstepping and
due to its performance, which hasn't been affected by the optimal linear quadratic regulator has been applied on the
uncertainties. Moreover, the proposed control gives good DFIG system. Whereas the proposed control has offered
performance characteristics to the active and reactive good performance characteristics as well as more robust
power like more stability, low chattering, little stead-state features under the hardest scenarios during the wind sys-
error, fast response time. tem's operation, such as external disturbances and uncer-
tainties like changes in DFIG parameters. Furthermore,
8 Conclusion the study comparison between the proposed control and

This paper deals with a contribution to the performance the nonlinear technique based on Backstepping control
improvement of the DFIG control based wind system as has demonstrated the effectiveness of the proposed control
well as using MPPT control for the wind turbine, where the for both characteristic performance and robustness.
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Table A1 Parameters of the studied system
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Parameters

Value

Nominal frequency
Number of pole pair
Stator resistance
Rotor resistance
Stator inductance
Rotor inductance
Mutual inductance
The inertia

Blade radius

Friction constant

50 Hz
2
0.95Q
1.8Q
0.274 H
0.174 H
0.258 wb
0.1 Kg m?
Sm

0.0024
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