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a b s t r a c t

The current paper is concerned with introducing a predictive polar flux control (PPFC) scheme for a
variable speed wind driven doubly fed induction generator (DFIG) without speed sensor. The operation
of the designed PPFC is based on the power angle regulation. The adaptation process is performed
through studying the relation between the generator’s torque and the power angle between the stator
and rotor flux vectors. A robust observer is designed based on the back-stepping theory to estimate
the rotor speed, stator currents, rotor flux and stator and rotor resistances. Furthermore, an effective
maximum power point tracking (MPPT) scheme is designed to achieve the optimal wind power
exploitation. To recognize the operation of the schemed PPFC, a discursive performance evaluation
is performed for the modeled control scheme and the classic predictive torque control (PTC) scheme.
The achieved results report that the DFIG’s performance is effectively enhanced with the proposed
PPFC in comparison with the PTC technique. The improved dynamics are observed through the
ripples reduction and reduced switching frequency. In addition, the designed observer has successfully
managed in estimating the specified variables with high precision.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Recently, the generation of electricity using renewable energy
ources such as wind, solar and geothermal energies is given a
reat concern due to their several merits compared with tradi-
ional ways of generation (Koraki and Strunz, 2018; Zeng et al.,
014; Du et al., 2018; Williamson et al., 2001). Majority of related
esearches about such systems are focused on solar and wind
ypes, with which several control approaches were proposed to
chieve the optimal exploitation of extracted power (Puchala-
alli et al., 2020; Kumar et al., 2017; Chishti et al., 2019). For
ny wind turbine based generation system, the most important
tem is the optimal control of generation unit. The unit can
e of several types such as synchronous generator, self-excited
nduction generator, doubly fed induction generator (DFIG) and
o on (Geng et al., 2011; Polinder et al., 2013; Nayanar et al.,
016; Carroll et al., 2015; Zhang et al., 2014). From these types,
he DFIG is considered the most preferred one due to its ability
o operate at variable wind speed while providing fixed stator
oltage and frequency to the electric utility. Moreover, the DFIG
sually uses a reduced power rating inverter to control the rotor
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side in comparison with the other generators (Han et al., 2013;
Iacchetti et al., 2015). Another feature of DFIG is the ability to
tolerate the faults which contributes in enhancing the system
reliability (Xiahou et al., 2018, 2019; Kanjiya et al., 2014).

For this reason, several studies were concerned with the
optimal control of DFIG (Pulgar-Painemal, 2019; Rahimi and
Parniani, 2010; Karakasis et al., 2019; Taibi et al., 2014), some
of them concerned with studying and improving the dynam-
ics (Pulgar-Painemal, 2019; Rahimi and Parniani, 2010), while
the others concerned with how to extract maximum power
from the wind (Gaamouche et al., 2020; Mendis et al., 2012).
Majority of such control techniques were articulated on two main
approaches: the field orientation (FOC) and direct power (DPC) or
torque (DTC) control (Marques and Sousa, 2012, 2011; Mohseni
et al., 2011). The FOC principle used multiple current regulators
and co-ordinates transformation, while the direct power/torque
controllers used two hysteresis comparators and a look-up table.
The FOC principle was implemented in different forms such as
stator field orientation (SFO) (Marques and Sousa, 2012), rotor
field orientation (RFO) (Mohseni et al., 2011) and air-gap field
orientation (AGFO) (Marques and Sousa, 2011).

In addition to the response delay that the PI regulators cause in
the system, the controller’s complexity due to the need for tuning

several PI regulators is considered the main challenge. These
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Fig. 1. Wind turbine based energy system.
r
l
c
e
m
t
t
r
i
t
v
c
(
t
h
t
t

t
p
t
h
Z
o
v
t

ssues were avoided when adopting the DTC and/or DPC princi-
les. In these control forms, all current regulators are eliminated
nd replaced by hysteresis regulators besides a designed look-
p table for voltage selection purpose (Mondal and Kastha, 2015;
ohammadi et al., 2014). However a faster dynamic is obtained
ith the hysteresis based controllers, but on the other hand the
enerator’s dynamics are affected by high ripples content. These
ipples come in the form of torque pulsations which increase the
ibrations in the rotating shaft and can make a severe damage if it
s not treated well. The main reason for the accompanied ripples
hen adopting the DTC or DPC can be referred to the imprecise
oltage vectors application, which means that the selected vec-
or during a sampling interval can result in a deviation of the
orque/active power or flux/reactive power values.

To avoid the shortages in hysteresis based controllers, the
redictive control principle is adopted in the forms of predictive
orque control (PTC) and predictive power control (PPC) (Cruz
t al., 2018; Abad et al., 2008; Zhang et al., 2020a; Hu et al., 2015).
ctually, the PTC can be considered as a mirror or transpose for
he PPC and so if one of them is applied, this can accomplish
he control targets. In these predictive forms, both hysteresis
egulators and look-up tables are avoided and replaced with only
ne simple cost function which combines the normalized errors
f torque and rotor flux as in PTC (Cruz et al., 2018; Abad et al.,
008), and normalized errors of active and reactive power as in
PC (Zhang et al., 2020a; Hu et al., 2015). The main operation of
he predictive controllers depend entirely on the minimization
f the used cost function, which means that the controller will
elect the first voltage vector which gives minimum value and
hen apply it to the machine. From this fact, the voltages selection
re performed in two ways when considering the predictive
ontrol; the first is through using a PWM technique and this
ype is called the continuous control set predictive control (CC-
PC) (Sguarezi Filho and Filho, 2012; Soliman et al., 2011), while
ther is performed through selection the voltages directly from
specified set (eight vectors) without using a PWM, and this is
ntitled with finite control set predictive control (FCSPC) (Gomez
t al., 2020; Wei et al., 2019). The CCSPC has the advantage of
ixed switching frequency, but on the other hand it has high
witching patterns which mean higher pulsations. Meanwhile,
he FCSPC has the ability to provide low switching pattern and
ncorporating the discrete behavior of the voltage source inverter
VSI) in the model, which contributes effectively in making the
ystem response more precise, and for this reason the FCSPC is
ommonly adopted.
However the dynamic improvement obtained with the pre-

ictive control in comparison with the hysteresis control, but
redictive control is still suffering from some deficiencies such
 b

5816
Fig. 2. Circuit model of DFIG in synchronous frame.

as the need to a precise selection of weighting factors (Wf) to be
used in cost functions (CF) which have two different error types
such as the PTC and PPC. For example in PTC which has a CF
consists of the normalized error of torque and rotor flux besides
a weighting value multiplied to the flux error in order to balance
the weight of errors respecting to each other (Mokhtari Vayeghan
and Davari, 2017). Any wrong or in accurate selection of Wf
esults in deteriorating the dynamics because of the wrong se-
ection of voltage vectors. Another issue related to the predictive
ontrol is the calculation time taken to evaluate the CF value in
ach control loop, which makes a challenge when selecting the
icrocontroller that can afford the time taken by the controller

o execute its operation. A third notice that can be taken about
he predictive control is that however the ripples are effectively
educed in comparison with the hysteresis based controllers, but
t still present and not totally suppressed. This can be illustrated
hrough analyzing the variation of applied or selected voltage
ector; as when an optimal vector is selected by the CF of the
ontroller, this vector is applied along the total sampling period
Ts) until another change in the controller appears. Applying
he vector to the entire Ts is not an accurate action, as it may
appens that a variation in torque or flux vectors arise within
his interval, which finally results in increasing the deviation and
hus enlarging the ripples.

To solve some of deficiencies of PTC as a representative of
he predictive control, some studies proposed bisecting the sam-
le time so that more than one vector is applied, which con-
ributed in limiting the deviations and ripples but on the other
and the computation time is increased (Zhang et al., 2020b;
arei et al., 2017). Other studies have concerned with the optimal
nline selection of the Wf to obtain precise selection of the
ectors (Davari et al., 2021), but this also led to an increase in
he computation capacity of the controller which cannot usually

e sustained by the microprocessors. Other studies adopted the



M.A. Mossa, H. Echeikh and A. Iqbal Energy Reports 7 (2021) 5815–5833

s
p
i
o
t
a
m
r

v
m
p
o
o
e
c

i
(
2
o
F
p
r
a
u
a
o
f
f

o
o
a
i
t
S
t
Z
t
a
S
t
t
a
b
v

p

P

Fig. 3. Displacements of vectors in different co-ordinates.

incorporation of adaptive flux observers to get a smoothed re-
sponse (Davari and Arab Khburi, 2015; Zebirate et al., 2014), but
in the other hand the system complexity is increased.

To keep the balance between the low ripples and the rea-
onable computation time, this paper proposes an innovative
olar predictive flux control (PPFC), in which the cost function
s formulated using two error terms with the same type (errors
f direct and quadrature components of rotor flux), and thus
here is no need to use a weighting value as in PTC schemes. In
ddition, the proposed PPFC does not utilize any flux adaptation
echanism which saves the computation time within a reduced

ange compared with the PTC.
To increase the reliability of the wind driven DFIG system,

arious research studies have concerned with eliminating the
echanical speed sensor and replacing it with an estimation
rocedure. It is worth realizing that the accuracy of estimating
r measuring the speed or position reflects on the performance
f the overall control system, and so the precise speed/position
stimation is another challenge which is suitably dealt in the
urrent paper.
Generally, the speed estimation techniques are categorized

nto two procedures: the open loop (OL) estimation procedure
Marques et al., 2013; Karthikeyan et al., 2012; Bhattarai et al.,
018a; Marques and Sousa, 2013), and the closed loop (CL)
ne (Castelli-Dezza et al., 2013; Bhattarai et al., 2018b; Ajabi-
arshbaf et al., 2017). The OL observers are extracting the rotor
osition from the difference between the positions of rotor cur-
ent vector in two reference co-ordinates (mainly the stationary
nd rotor co-ordinates). Meanwhile, the CL observers usually
tilize reduce or full order estimators. Some of these observers
re presented in (You et al., 2018) in the form of Luenberger
bserver, in (Yin et al., 2019) in the form of extended-Kalman
ilter, and in (Kumar and Das, 2017; Dezza et al., 2012) in the
orm of model reference adaptive observers (MRAO).

Due to the several merits of Backstepping estimation and
bservation mechanism, it is used for the control and estimation
f machine variables (Morawiec, 2015; Trabelsi et al., 2012). It is
lso used for estimating the system’s uncertainties as presented
n (Krstić et al., 1995). The backstepping principle is also utilized
o estimate the speed of induction motor as in (Morawiec, 2015;
tojić et al., 2015; Sun et al., 2016; Holtz, 2006). It is also adopted
o observe the speed of the PMSM as presented in (Ni et al., 2017;
hang et al., 2016). However, using the backstepping observation
echnique with the DFIG is still limited and the principle is only
dopted as a control system and not as an observer (Xiong and
un, 2016; Wang et al., 2017; Li et al., 2018). For this reason,
he current paper concerns with exploiting the backstepping
heory which proved its ability in handling high non-linearities
nd keeping minimum estimation error as well. The proposed
ackstepping estimator is designed in details and tested for a
ariable speed range of wind speed. The obtained results as it will
5817
be presented later confirm the validity of the designed observer
in achieving an accurate estimation of the state variables.

Then, the contributions of the current study can be itemized
by:

- The study presents a PPFC approach for a wind driven DFIG
with the advantages of reduced ripples and reduced switching
frequency.

- A comprehensive comparison between the proposed PPFC
and the well-known PTC scheme is accomplished, showing the
ability of the proposed PPFC in achieving better dynamics.

- The design and mathematical derivation of the proposed
PPFC are carried out in simple and organized steps.

- The study proposed a robust observer for estimating the
rotor’s speed and position and other state variables depending on
the backstepping theory.

- The study tested effectively the observer’s dynamic for a
variable wind speed operation to approve its feasibility.

- The proposed PPFC and the designed observer can be mod-
ified to be used for other machine types after considering the
dynamics of each type.

The paper is organized as follows: In the first section, the
equivalent model of DFIG and its wind turbine driving system
considering the MPPT operation are explained in detail. In Sec-
tion 2, the proposed PPFC is described and analyzed. In Section 3,
the proposed speed/position estimator is designed and described.
In Section 4, the complete control system is constructed and
described. In Section 5, the test results for the two control mech-
anisms (PPT and proposed PPFC) are carried out and analyzed. In
Section 6, the conclusions of the work are introduced.

2. Wind energy conversion system

2.1. Modeling of wind turbine and its MPPT mechanism

The wind turbine based energy system is illustrated in Fig. 1.
This configuration represents the aerodynamic model of the tur-
bine, in which the DFIG speed is represented by ωg, meanwhile
the turbine speed is given the symbol ωt. It can be noticed that
the turbine speed can managed by two ways; by regulating the
blades pitch angle β or via controlling the torque (Tg) of the DFIG.
The wind velocity Vw is treated as an external disturbance on
the system. To evaluate the turbine speed (ωt), a specified ratio
entitled tip speed ratio (TSR) is used. The TSR refers to the ratio
between the entering linear-speed to the blades and the wind
velocity (Karakasis et al., 2019). Then the TSR can be expressed
by,

λ =
rωt

Vw
(1)

where r is the radius of the blade.
In order to calculate the developed torque on the turbine shaft,

the power coefficient CP must be firstly evaluated as a function
of λ and β (Taibi et al., 2014) as follows:

CP = [0.5 − 0.00167 (β − 2)] sin
[

π (λ+ 0.1)
10 − 0.3 (β − 2)

]
− 0.00184 (λ− 3) (β − 2) (2)

The wind power can be also calculated by

Pw =
1
2
ρAV 3

w (3)

where ρ is the air density, and A is the swept area.
The relationship between the wind power (Pw) and turbine

ower is given by

t = CPPw = CP .
1
ρAV 3 (4)
2 w
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Fig. 5. PLL system after linearization.

Then, from (1), (2), (3) and (4), the turbine torque can be
alculated by

t =
Pt
ωt

=
CP .

1
2ρAV

3
w

ωt
(5)

Two make a balance between the slow shaft (turbine shaft)
and the fast shaft (generator’s shaft), a gearbox ratio G must be
sed, so that the speed (ωg ) and torque (Tg ) of the generator can

be then given by

ωg = Gωt (6)

Tg =
Tt
G

(7)

Meanwhile, the mechanical shaft itself can be represented
using a two-mass model (Gaamouche et al., 2020) as follows:

Tt − GTg − FGωt =

(
Jt
G

+ GJg

)
dωt

dt
(8)

where F is the friction constant, and Jg , Jt are the inertia of the
generator and turbine, correspondingly.

For the maximum power extraction purpose, the turbine must
be operated at an optimal value of TSR (λopt ), using which the
power coefficient exhibits its maximum value CP,max, and this
approves (2) assuming that the turbine is with fixed pitch and
thus the blade angle β becomes zero.

From these assumptions, the reference turbine speed can be
calculated by

ω∗

t =
λoptVw

r
(9)

Consequently, the reference generator’s speed is given by

ω∗

g = Gω∗

t (10)

The overall layout of the conversion system which summarizes
he previous calculations is shown in Fig. 1.

.2. Modeling of DFIG

The design of the proposed PPFC depends on the analysis of
he relationship between the generator’s torque and the power
 r

5818
Fig. 6. Bode plot for closed loop transfer function of PLL system.

angle (δ) which is the same angle between the stator and rotor
flux vectors. To start the analysis, a mathematical model of DFIG
is firstly described. The model presents the equivalent circuit
of DFIG in a synchronous rotating frame which has the same
angular frequency of stator flux (ωψs

). Fig. 2 shows the circuit
odel of DFIG in which all variables are expressed in the stator

lux ‘‘sf’’ frame in which the flux vector ψ s is totally allocated
in the d-axis of rotating frame, and rotates with a speed of ωψs

.
Meanwhile, the stator voltage vector us is aligned to the q-axis of
he rotating frame as shown in Fig. 2 which illustrates the vectors
isplacements in different co-ordinations.
Then, from Fig. 1, the dynamics of the DFIG can be discretely

epresented at instant KT s, where Ts is the sampling time as
ollows;

dψ sf
ds,k

dt
= usf

ds,k − Rsi
sf
ds,k + ωψs,k

ψ
sf
qs,k (11)

dψ sf
qs,k

dt
= usf

qs,k − Rsi
sf
qs,k − ωψs,k

ψ
sf
ds,k (12)

disfdr,k
dt

=

(
L2m + σ LsLr
σ LsL2r

)
∗

⎡⎢⎢⎣usf
dr,k − Rr i

sf
dr,k +

Lr
Lm

ωslip,k  (
ωψs,k

− ωme,k

)

×

(
ψ

sf
qs,k − σ Lsi

sf
qs,k

)⎤⎥⎦−
Lm
σ LsLr

∗

[
usf
ds,k − Rsi

sf
ds,k + ωψs,k

ψ
sf
qs,k

]
(13)

disfqr,k
dt

=

(
L2m + σ LsLr
σ LsL2r

)
∗

[
usf
qr,k − Rr i

sf
qr,k −

Lr
Lm
ωslip,k

(
ψ

sf
ds,k

−σ Lsi
sf
ds,k

)]
−

Lm
σ LsLr

∗

[
usf
qs,k − Rsi

sf
qs,k − ωψs,k

ψ
sf
ds,k

]
(14)

dωme,k

dt
=

p
J

(
Tme,k − Te,k

)
(15)

The generator’s torque is calculated by

Te,k = 1.5p
Lm
Ls

(
ψ

sf
ds,ki

sf
qr,k − ψ

sf
qs,ki

sf
dr,k

)
(16)

where Rs, Rr are the stator and rotor windings resistances, and Ls,
Lr and Lm are the inductances of stator rotor and mutual coupling,
respectively. The factor σ = 1 −

L2m
LsLr

is used to express the
leakage factor. The subscript s refers to the stator variables, while
r refers to the rotor ones. The superscript sf refers to the stator flux
frame. The mechanical (provided by the turbine) and generated
torques are represented by Tme and Te, respectively. While the
ynchronous and rotor speeds are expressed by ωψs

and ωme. The
enerator pole pairs and its inertia are represented by p and J,
espectively.
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Fig. 8. Reference flux calculation.

.3. Phase locked loop (PLL) system

The PLL is used to identify the angle θ̂ which is used for the co-
rdinates transformation of stator voltage us so that it becomes
otally oriented to the q-axis as illustrated in Fig. 3. The scheme
f the PLL system is shown in Fig. 4.
As illustrated in Fig. 4, the PLL takes the grid voltages uabcs

s inputs and transforms it to d-q components. The alignment of
tator voltage to the q-axis is performed via comparing the d-axis
omponent with zero reference value. The resulted error is then
ed to a PI adaptor to get the angular frequency (ω̂) of the voltage
ignal.
The grid voltages are calculated by:

abcs = Um.

⎛⎜⎜⎜⎜⎝
cos θ

cos
(
θ −

2π
3

)
cos

(
θ +

2π
3

)
⎞⎟⎟⎟⎟⎠ (17)

here uabcs = [uas ubs ucs]T . For steady state operation, the α-β
oltage components can be evaluated by

αβ = (C .T ) .uabcs (18)

here uαβ =
[
uα uβ

]T , and C .T denotes to transformation
atrix which can be expressed by

.T =
2
3
.

⎛⎜⎝1 −
1
2

−
1
2

0 −

√
3
2

√
3
2

⎞⎟⎠ (19)

Using the estimated angle θ̂ , the d-q voltages can be obtained
by

u = C .T
(
θ̂

)
.u (20)
qde αβ e

5819
where uqde =
[
uqeude

]T , and C .T
(
θ̂

)
is a matrix that can be

efined as follows

.T
(
θ̂

)
=

(
cos θ̂ − sin θ̂

sin θ̂ cos θ̂

)
(21)

The d-axis voltage can be calculated by

ds = Em sin δ = e (22)

here Em = −Um, and δ = θ − θ̂ . The frequency of the voltage
ignal can be then calculated by

=
dθ̂
dt

= Kf .e (23)

here Kf is the filter’s gain. In the case of that the angle difference
is very small, then (22) can be rewritten by

∼= Emδ (24)

Thus, via the suitable choice of the filter’s gain Kf , the phase θ
nd frequency ω of the grid voltage can be accurately tracked.
The model expressed in Fig. 4 is then linearized to derive the

ransfer function of the filter. The resultant model of the PLL after
he linearization is illustrated in Fig. 5.

The illustrated closed loop system in Fig. 5 can be described
sing a transfer function form of

c (s) =
θ̂ (s)
θ (s)

=
Kf (s)Em

s + Kf (s)Em
(25)

δ (s) =
δ(s)
θ (s)

=
s

s + Kf (s)Em
(26)

here θ (s), θ̂ (s) and δ(s) are the Laplace transform of θ , θ̂ and δ,
correspondingly.

To design the PI, the second order loop (SOL) method is uti-
lized, in which the frequency response of the PI can be repre-
sented by

Kf (s) = Kp.

(
1 + sτ
sτ

)
(27)

here Kp and τ refer to the PI constants. The transfer functions
f the linearized system in Fig. 5 can be reformulated according
o the general expression of the SOL method by

Hc (s) =
2ξωns + ω2

n

s2 + 2ξωns + ω2
n

(28)

Hδ (s) =
s2

s2 + 2ξωns + ω2
n

(29)

where

ωn =

√
KpEm
τ

, and ξ =
KpEm
2ωn

=

√
τKpEm
2

(30)

here ωn=314 (rad/sec) is the system’s frequency, and ξ = 0.707
s the damping coefficient. Then, the filter’s gains are evaluated
sing (25), (27) and (28) for Um =

√
2 ∗ 380 = 537 V, to be as

p = 12.85, and τ = 0.000427.
The bode plot of the transfer function for the designed closed

oop system is shown in Fig. 6. From this layout, it is confirmed
hat the designed PI gains exhibit appropriate phase alignment
hich in turns reflects the validness of the designed PLL.

. Predictive torque control (PTC)

The predictive torque control (PTC) of DFIG was considered in
everal previous studies (Mondal and Kastha, 2015; Mohammadi
t al., 2014), in which the cost function of the controller was
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a
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Fig. 9. Control system layout for the wind driven DFIG.
Fig. 10. Wind speed variation.

Fig. 11. Active and reactive power with PTC.

onsisting of the torque and flux errors in addition to a weighting
actor. The errors were calculated using the reference and pre-
icted signals of torque and flux. The reference values are derived
ccording to the active and reactive power requirements after
onsidering a certain orientation control.
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Fig. 12. Electromagnetic torque with PTC.

Under stator field orientation (SFO) as illustrated in Fig. 3,
the stator flux is totally oriented to the d-axis of the rotating
frame, meanwhile the stator voltage is oriented to the q-axis of
the frame, and thus the following formulas are obtained

usf
ds,k = 0.0, and usf

qs,k =
⏐⏐us,k

⏐⏐ (31)

ψ
sf
ds,k =

⏐⏐ψ s,k

⏐⏐ , and ψ
sf
qs,k = 0.0 (32)

Then, the active and reactive powers of the DFIG can be calculated
under SFO by

Ps,k = 1.5usf
qs,ki

sf
qs,k (33)

Qs,k = 1.5usf
qs,ki

sf
ds,k (34)

From (33) and (34), the reference values of d-q stator current
components (i∗ , i∗ ) are calculated in terms of the power
ds,k qs,k



M.A. Mossa, H. Echeikh and A. Iqbal Energy Reports 7 (2021) 5815–5833

V
r
b

i

T
r

T

i

w

T⏐⏐⏐
˜
w
c
r

c
t

∇

Fig. 13. Rotor flux with PTC.

Fig. 14a. Generator shaft speed with PTC.

Fig. 14b. Speed estimation error with PTC.

references by

i∗ds,k =
Q ∗

s,k

1.5usf
qs,k

, and i∗qs,k =
P∗

s,k

1.5usf
qs,k

(35)

ia utilizing the current–flux association, the reference values of
otor current components (i∗dr,k, i

∗

qr,k) can be also computed as
elow

∗

dr,k =
usf
qs,k

Lmωψs,k

−
Q ∗

s,k

1.5 Lm
Ls
usf
qs,k

, and i∗qr,k =
−P∗

s,k

1.5 Lm
Ls
usf
qs,k

(36)

hen, from (35) and (36), the reference values of the torque and
otor flux to be used by the PTC can be calculated by

∗

e,k = 1.5p

(
usf
qs,ki

∗

qs,k − Rs
(
i∗qs,k

)2
ωψs,k

)
(37)⏐⏐⏐ψ∗

r,k

⏐⏐⏐ =

√(
Lr i∗dr,k + Lmi∗ds,k

)2
+
(
Lr i∗qr,k + Lmi∗qs,k

)2 (38)

On the other side, the predicted values of torque and flux at
nstant (k+1)T s can be calculated using the derivatives in (11) to
(14) as follows:
5821
Fig. 15a. Actual and observed α-component of rotor flux with PTC.

Fig. 15b. Observation error of rotor flux α-component with PTC.

The predicted flux d-q terms are calculated by

ψ̃
sf
dr,k+1 = ψ

sf
dr,k +

(
dψ sf

dr,k

dt

)
Ts, and

ψ̃
sf
qr,k+1 = ψ

sf
qr,k +

(
dψ sf

qr,k

dt

)
Ts

(39)

here
dψsf

dr,k
dt and

dψsf
qr,k
dt can be obtained using (11)–(14) as follows

dψ sf
dr,k

dt
=

Lm
Ls

dψ sf
ds,k

dt
+ σ Lr

disfdr,k
dt

, and

dψ sf
qr,k

dt
=

Lm
Ls

dψ sf
qs,k

dt
+ σ Lr

disfqr,k
dt

(40)

hen, the absolute value of predicted flux is given by

ψ̃
sf
r,k+1

⏐⏐⏐ =

√(
ψ̃

sf
dr,k+1

)2
+

(
ψ̃

sf
qr,k+1

)2
(41)

The predicted torque can be calculated by

Te,k+1 = 1.5p
Lm
Ls

[
ψ̃

sf
qs,k+1̃i

sf
dr,k+1 − ψ̃

sf
ds,k+1̃i

sf
qr,k+1

]
(42)

here the predicted values of stator flux components and rotor
urrent components given in (42) can be calculated using the
elations of (11)–(14).

Finally, via utilizing (37), (38), (41) and (42), all terms of the
ost function used by the PTC are obtained and the function is
hen calculated by

i
=
⏐⏐T ∗

e,k+1 − T̃e,k+1
⏐⏐i + Wf

⏐⏐⏐ψ∗

r,k − ψ̃
sf
r,k+1

⏐⏐⏐i (43)

where i is the index, and Wf is the balance weight between the
rotor flux and torque errors.

4. Proposed predictive polar flux control (PPFC)

The operation of the proposed PPFC is depended on regulating
the angle between the stator and rotor flux vectors. This angle
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Fig. 16a. Actual and observed β-component of rotor flux with PTC.

Fig. 16b. Observation error of rotor flux β –component with PTC.

Fig. 17a. Real and observed stator resistance Rs with PTC.

Fig. 17b. Observation error of Rs with PTC.

Fig. 18a. Real and observed rotor resistance Rr with PTC.

s also representing the power angle (δ) of the DFIG as illus-
rated in Fig. 3. The regulation is completed through analyzing
5822
Fig. 18b. Observation error of Rr with PTC.

Fig. 19a. Real and observed rotor position θme with PTC.

Fig. 19b. Rotor position estimation error with PTC.

the power angle response to the variation in the torque, and to
accomplish this task, the mathematical expression of the torque
using different forms is used.

The encounter torque of DFIG can be expressed in terms of the
power angle and magnitudes of the fluxes at instant (k+1)T s by

e,k+1 = 1.5p
Lm
σ LsLr

⏐⏐ψ s,k+1

⏐⏐ ⏐⏐ψ r,k+1

⏐⏐ sin δk+1 (44)

The torque can be also obtained in terms of the angle be-
tween the stator flux vector ψ s,k+1 and rotor current vector
ir,k+1. Considering the stator field orientation (SFO), the stator
flux is completely oriented to the d-axis of the rotating frame;
meanwhile the rotor current vector is aligned to the d-axis of
the rotor frame as shown in Fig. 7. This means that the torque
is proportional to the angle between the two vectors and which
represents the slip angle θsl,k+1, so the torque can be expressed
by

Te,k+1 = 1.5p
Lm
Ls

⏐⏐ψ s,k+1

⏐⏐ ⏐⏐ir,k+1
⏐⏐ sin θsl,k+1 (45)

Via comparing (44) and (45), a relation between the power
angle δk+1 and slip angle θsl,k+1 is obtained as follows

sin δk+1 =

[
1 −

Lm
L

⏐⏐ψ s,k+1

⏐⏐⏐⏐ ⏐⏐
]
sin θsl,k+1 (46)
s ψ r,k+1
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Fig. 20. Torque variation with PTC.

Fig. 21. Rotor flux variation with PTC.

Under steady state conditions, the amplitude of stator flux
ψ s

⏐⏐ is fixed and can be calculated by
⏐⏐ψ s

⏐⏐ =
us=380
ω
ψs∼=314

∼= 1.21 Vs.
eanwhile, the rotor flux modulus is supposed to track its ref-
rence value which is calculated according to the active and
eactive power requirements as expressed in (38), and then the
otor flux amplitude will be equal to

⏐⏐ψ r

⏐⏐ =

⏐⏐⏐ψ∗

r

⏐⏐⏐ = 1.223 Vs.
Now, by substituting the flux values in (46), it results

sin δk+1 =

[
1 − 0.989

Lm
Ls

]
sin θsl,k+1 (47)

By taking the trigonometric inverse of (47), and differentiating
he result, it gives

dδk+1

dt
=

[
1 − 0.989

Lm
Ls

]
ωsl,k+1 (48)

The Eq. (48) represents the relation between the power angle
variation and the angular slip frequency ωsl,k+1.

To express (48) in an operational form, the Laplace transform
is taken which results in

ωsl,k+1 (S) =
Sδk+1(S)[

1 − 0.989 Lm
Ls

] (49)

After getting the relation between the power angle and slip
requency as in (49), a relationship between the torque varia-
ion and slip frequency must be derived to help in getting the
inal relationship between the torque variation and power angle
ynamic, and this is performed as follows:
The rotor voltage balance equation in rotor frame (r) can be

described by

ur
r,k+1 = Rr i

r
r,k+1 +

dψ
r
r,k+1

dt
(50)

Moreover, the current–flux relationship can be represented by

ψ
r
r,k+1 =

Lm
ψ

r
s,k+1 + σ Lr i

r
r,k+1 (51)
Ls
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Fig. 22. Cost function values with PTC.

Fig. 23. Index variation with PTC.

By substituting from (51) into (50), this results in

Lm
Ls

dψ
r
s,k+1

dt
= ur

r,k+1 − Rr i
r
r,k+1 − σ Lr

di
r
r,k+1

dt
(52)

The stator flux in the synchronous frame (sf ) is rotating with a
peed of ωψs

and can be defined in polar form by

ψ
sf
s,k+1 =

⏐⏐⏐ψ∗

s,k+1

⏐⏐⏐ .ejωψs
t (53)

The flux vector in (53) can be also defined in rotor frame (r) by

ψ
r
s,k+1 =

⏐⏐⏐ψ∗

s,k+1

⏐⏐⏐ .ej(ωψs
−ωme

)
t
=

⏐⏐⏐ψ∗

s,k+1

⏐⏐⏐ .ejωsl,k+1t (54)

Then, by substituting from (54) into (52), it gives

jωsl,k+1
Lm
Ls
ψ

r
s,k+1 = ur

r,k+1 − Rr i
r
r,k+1 − σ Lr

di
r
r,k+1

dt
(55)

From (55), the rotor current vector expressed in operational
form is given by

i
r
r,k+1 (S) =

ur
r,k+1 − jωsl,k+1

Lm
Ls
ψ

r
s,k+1(S)

Rr + σ LrS
(56)

The encounter torque can be calculated using the following
xpression

e,k+1 = 1.5p
Lm
Ls

Im

(
ψ

r
s,k+1.

ˇi
r

r,k+1

)
(57)

where Im refers to the imaginary part, and ˇ pertains to the
conjugate operator.

Then, by substituting from (56) into (57), the relationship
between the torque Te,k+1 and angular slip ωsl,k+1 is obtained as
follows

Te,k+1 (S) =

1.5p L2m
Rr L2s

⏐⏐⏐ψ r
s,k+1

⏐⏐⏐2
1 +

σ Lr
Rr

S
ωsl,k+1(S) (58)

The flux magnitude
⏐⏐⏐ψ r

s,k+1

⏐⏐⏐ in (58) has a fixed value in any

reference frame equals to us ∼= 1.21 Vs.

ω
ψs
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Fig. 24. Spectrums of α–β stator current components.

Fig. 25. Spectrums of α–β rotor current components.

Fig. 26. (a) Stator currents, (b) Rotor currents.
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Fig. 27. Wind speed variation.

Fig. 28. Active and reactive power with PPFC.

Fig. 29. Electromagnetic torque with PPFC.

Fig. 30. Rotor flux with PPFC.

To simplify (58), lets K = 1.5p L2m
Rr L2s

⏐⏐⏐ψ r
s,k+1

⏐⏐⏐2, and T =
σ Lr
Rr

.
Then, by substituting from (49) into (58), the required torque–
power angle relationship can be obtained as follows

Te,k+1 (S) =
K

1 + TS
Sδk+1(S)

γ
(59)

here γ =

[
1 − 0.989 Lm

]
.
Ls

5825
Fig. 31a. Generator shaft speed with PPFC.

Fig. 31b. Speed estimation error with PPFC.

Fig. 32a. Actual and observed α-component of rotor flux with PPFC.

Now, (59) can be utilized to design and determine the gains of
the PI power angle regulator which is responsible for generating
the reference power angle δ∗

k+1 that will be used to calculate the
reference components of rotor flux (ψ∗

αr,k+1 and ψ∗

βr,k+1), which
in turns are used by the cost function of the controller.

The operation of the PI regulator can be described by

δ∗

k+1 (S) =

(
Kp +

Ki

S

)
∗
(
T ∗

e,k+1 (S)− Te,k+1 (S)
)

(60)

From (60), and by substituting in (59), it results

(1 + TS) γ
KS

Te,k+1 (S) =

(
Kp +

Ki

S

)
∗
(
T ∗

e,k+1 (S)− Te,k+1 (S)
)

(61)

By dividing both sides by T ∗

e,k+1 (S), and after arrangement, the
transfer function which manages the operation of the PI regulator
is expressed by

Te,k+1 (S)
T ∗

e,k+1 (S)
=

KKpS2 + KKiS(
KKp + Tγ

)
S2 + (γ + KKi) S

(62)

To have a stable response, the roots of the denominator of (62)
must be negative, which results in(
KK + Tγ

)
S2 + γ + KK S = 0.0 (63)
p ( i)
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Fig. 32b. Observation error of rotor flux α-component with PPFC.

Fig. 33a. Actual and observed β-component of rotor flux with PPFC.

Fig. 33b. Observation error of rotor flux β –component with PPFC.

To derive the Kp and Ki values in (63). This second order
quation must be compared with the polynomial equation of a
econd order system has a natural frequency of ωn and damping
oefficient of ζ and expressed mathematically by
2
+ 2ζ ωnS + ω2

n = 0.0 (64)

Thus, by comparing (63) and (64), the PI gains are calculated
y

p =
1 − Tγ

K
, and Ki =

2ζ ωn − γ

K
(65)

fter obtaining the regulator’s gain, and from Fig. 3, the devel-
ped reference power angle δ∗

k+1 will be summed to the syn-
hronous angle θψs,k+1

to get finally the angle of the rotor flux
vector. After that, by using the calculated angle and the refer-
ence rotor flux obtained by (38), the reference flux components
(ψ∗

αr,k+1 and ψ∗

βr,k+1) can be calculated by

ψ∗

αr,k+1 =

⏐⏐⏐ψ∗

r,k+1

⏐⏐⏐ cos(δ∗

k+1 + θψs,k+1

)
&ψ∗

βr,k+1

=

⏐⏐⏐ψ∗

r,k+1

⏐⏐⏐ sin(δ∗

k+1 + θψs,k+1

) (66)

he procedure of flux angle calculation is summarized in Fig. 8.
Now, all parts of the cost function to be used by the proposed

PFC are obtained, and the function can be formulated as follows

i
=
⏐⏐ψ∗

− ψ̃
⏐⏐i + ⏐⏐ψ∗

− ψ̃
⏐⏐i (67)
αr,k+1 αr,k+1 βr,k+1 βr,k+1
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Fig. 34a. Real and observed stator resistance Rs with PPFC.

Comparing (67) with (43), it can be realized that the designed
cost function is much simpler and has lower computation capac-
ity which as a result reduces the switching losses and performed
commutations as well. Moreover, there is no requirement for
using a weighting quantity as both terms are of the same type
(only flux variable). A comparison in terms of these two items is
given in the results discussion section.

5. Designed observer

The observer is designed using the backstepping theory which
is very suitable for handling the systems with high nonlinearities
such as the DFIG’s model. The operation of the designed observer
stands on the error minimization between the observed and
measured stator currents. The observer considers the measured
currents and voltages as inputs and estimates the rotor speed,
stator current, rotor flux and rotor and stator resistances too.

The observer can be mathematically modeled in (α–β) frame
using the following expressions given at time KT s

dîαs,k
dt

=
1
σ Ls

[
uαs,k −

Lm
Lr

uαr,k +
LmR̂r

L2r
ψ̂αr,k

+
Lm
Lr
ω̂me,kψ̂βr,k −

(
R̂sL2r + R̂rL2m

)
L2r

χ̂α,k

⎤⎦+ Γα,k

dîβs,k
dt

=
1
σ Ls

[
uβs,k −

Lm
Lr

uβr,k +
LmR̂r

L2r
ψ̂βr,k

+
Lm
Lr
ω̂me,kψ̂αr,k −

(
R̂sL2r + R̂rL2m

)
L2r

χ̂β,k

⎤⎦+ Γβ,k

dψ̂αr,k
dt

= uαr,k −
R̂r

Lr
ψ̂αr,k − ω̂me,kψ̂βr,k +

LmR̂r

Lr
χ̂α,k

dψ̂βr,k
dt

= uβr,k −
R̂r

Lr
ψ̂βr,k + ω̂me,kψ̂αr,k +

LmR̂r

Lr
χ̂β,k (68)

here ^ refers to the observed variables, and χ̂α,k = îαs,k and
ˆβ,k = îβs,k. In addition, Γα,k and Γβ,k denote the vector compo-
ents which are constructed using the backstepping methodol-
gy.
Using (68), the error model (annotated by ∼) can be described

y the following differentials

d̃iαs,k
dt

=
1
σ Ls

[
LmR̃r

L2r
ψαr,k +

LmR̂r

L2r
ψ̃αr,k +

Lm
Lr
ω̂me,kψ̃βr,k

+
Lm
Lr
ω̃me,kψβr,k −

(̃
RsL2r + R̃rL2m

)
L2r

χ̃α,k

]
+ Γα,k

d̃iβs,k
dt

=
1
σ L

[
LmR̃r

L2
ψβr,k +

LmR̂r

L2
ψ̃βr,k −

Lm
L
ω̂me,kψ̃αr,k
s r r r
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Fig. 34b. Observation error of Rs with PPFC.

Fig. 35a. Real and observed rotor resistance Rr with PPFC.

Fig. 35b. Observation error of Rr with PPFC.

Fig. 36a. Real and observed rotor position θme with PPFC.

Fig. 36b. Rotor position estimation error with PPFC.
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Fig. 37. Torque variation with PPFC.

Fig. 38. Rotor flux variation with PPFC.

Fig. 39. Cost function values with PPFC.

Fig. 40. Index variation with PPFC.

−
Lm
Lr
ω̃me,kψαr,k −

(̃
RsL2r + R̃rL2m

)
L2r

χ̃β,k

]
+ Γβ,k

dψ̃αr,k
dt

= uαr,k −
R̃r

Lr
ψαr,k −

R̂r

Lr
ψ̃αr,k − ω̂me,kψ̃βr,k

− ω̃me,kψβr,k +
LmR̂r

Lr
χ̃α,k

dψ̃βr,k
dt

= uβr,k −
R̃r

Lr
ψβr,k −

R̂r

Lr
ψ̃βr,k + ω̂me,kψ̃αr,k

+ ω̃me,kψαr,k +
LmR̂r

Lr
χ̃β,k (69)
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here χ̃α,k = ĩαs,k = îαs,k − iαs,k, χ̃β,k = ĩβs,k = îβs,k − iβs,k,
ψ̃αr,k = ψ̂αr,k −ψαr,k, ψ̃βr,k = ψ̂βr,k −ψβr,k, ω̃me,k = ω̂me,k −ωme,k,
Rs = R̂s − Rs and R̃r = R̂r − Rr .

The observation procedure consists of two sequential stages.
In the primary stage, a system is designed to integrate the ob-
servation errors (χ̃α,k, χ̃β,k) using their virtual components (̃iαs,k,
iβs,k) in addition to their correspondent references (fα,k, fβ,k)
which are used for the stabilization purpose. Consequently, the
integral of the observation errors (ẽα,k, ẽβ,k) can be defined by

dẽα,k
dt

= ĩαs,k, and
dẽβ,k
dt

= ĩβs,k (70)

By the subtraction and addition of fα,k and fβ,k from/to the ex-
pressions (69) and (70), the following relations are obtained

dẽα,k
dt

= Yα,k − S1ẽα,k, and
dẽβ,k
dt

= Yβ,k − S1ẽβ,k (71)

where Yα,k = ĩαs,k − fα,k, Yβ,k = ĩβs,k − fβ,k. Meanwhile, fα,k =

−S1ẽα,k and fβ,k = −S1ẽβ,k. The constant S1 is a positive factor.
The next step of the design is dedicated to the control of Yα,k

and Yβ,k variables, which are derived from (71) by

Yα,k = ĩαs,k + S1ẽα,k, and Yβ,k = ĩβs,k + S1ẽβ,k (72)

Taking the derivative of (72), the following expressions are ob-
tained

dYα,k
dt

=
1
σ Ls

[
LmR̃r

L2r
ψαr,k +

LmR̂r

L2r
ψ̃αr,k

+
Lm
Lr
ω̂me,kψ̃βr,k +

Lm
Lr
ω̃me,kψβr,k−(̃

RsL2r + R̃rL2m
)

L2r
χ̃α,k

]
+ Γα,k + S1̃iαs,k (73)

dYβ,k
dt

=
1
σ Ls

[
LmR̃r

L2r
ψβr,k +

LmR̂r

L2r
ψ̃βr,k −

Lm
Lr
ω̂me,kψ̃αr,k

−
Lm
Lr
ω̃me,kψαr,k −

(̃
RsL2r + R̃rL2m

)
L2r

χ̃β,k

]
+ Γβ,k + S1̃iβs,k (74)

After that, the vectors Γα,k and Γβ,k can be designed using the
following formulas

Γα,k =
−1
σ Ls

[
LmR̂r

L2r
ψ̃αr,k +

Lm
Lr
ω̂me,kψ̃βr,k

]
− S1̃iαs,k − S2Yα,k − ẽα,k

β,k =
−1
σ Ls

[
LmR̂r

L2r
ψ̃βr,k −

Lm
Lr
ω̂me,kψ̃αr,k

]
− S1̃iβs,k − S2Yβ,k − ẽβ,k

(75)

In (75), the factor S2 is also with a positive value.
Now by replacing from (75) into (73) and (74), the following

s obtained

dYα,k
dt

=
1
σ Ls

[
LmR̃r

L2r
ψαr,k +

Lm
Lr
ω̃me,kψβr,k

−

(̃
RsL2r + R̃rL2m

)
L2r

χ̃α,k

]
− S2Yα,k − ẽα,k (76)

dYβ,k
dt

=
1
σ Ls

[
LmR̃r

L2r
ψβr,k −

Lm
Lr
ω̃me,kψαr,k

−

(̃
RsL2r + R̃rL2m

)
L2r

χ̃β,k

]
− S2Yβ,k − ẽβ,k (77)
a
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To check the stability of the designed observer, the following
Lyapunov’s function is used,

L =
1
2

(
ẽ2α,k + ẽ2β,k + Y 2

α,k + Y 2
β,k + ψ̃2

αr,k + ψ̃2
βr,k +

1
Cs

R̃2
s

+
1
Cr

R̃2
r +

1
Cω
ω̃2

me,k

)
(78)

where Cs, Cr and Cω are positive definite.
Taking the derivative of (78), and by utilizing (69), (71), (76)

and (77), it gives

dL
dt

= −S1ẽ2α,k − S1ẽ2β,k − S2Y 2
α,k − S2Y 2

β,k −
R̂r

Lr
ψ̃2
αr,k −

R̂r

Lr
ψ̃2
βr,k

+ R̃s

[
−1
σ Ls

Yα,kχ̃α,k−

1
σ Ls

Yβ,kχ̃β,k +
1
Cs

d̃Rs

dt

]
+ R̃r

[
Lm
σ LsL2r

Yα,kψαr,k

+
Lm
σ LsL2r

Yβ,kψβr,k −
L2m
σ LsL2r

Yα,kχ̃α,k−

L2m
σ LsL2r

Yβ,kχ̃β,k −
ψ̃αr,kψαr,k

Lr
−
ψ̃βr,kψβr,k

Lr
+

Lm
Lr
χ̃α,kψ̃αr,k

+
Lm
Lr
χ̃β,kψ̃βr,k +

1
Cr

d̃Rr

dt

]
+

ω̃me,k

[
Lm
σ LsLr

ψ̃βr,k −
Lm
σ LsLr

ψ̃αr,k +
1
Cω

dω̃me,k

dt

]
(79)

A negative definite of L is a requirement to have a stable
ynamic, and this can be obtained by considering the following
onditions,

s

{
−

1
σ Ls

Yα,kχ̃α,k −
1
σ Ls

Yβ,kχ̃β,k +
1
Cs

d̃Rs

dt

}
= 0.0 (80)

Rr

[
Lm
σ LsL2r

Yα,kψαr,k +
Lm
σ LsL2r

Yβ,kψβr,k −
L2m
σ LsL2r

Yα,kχ̃α,k

−
L2m
σ LsL2r

Yβ,kχ̃β,k −
ψ̃αr,kψαr,k

Lr
− (81)

ψ̃βr,kψβr,k

Lr
+

Lm
Lr
χ̃α,kψ̃αr,k +

Lm
Lr
χ̃β,kψ̃βr,k +

1
Cr

d̃Rr

dt

]
= 0.0

me,k

[
Lm
σ LsLr

ψ̃βr,k −
Lm
σ LsLr

ψ̃αr,k +
1
Cω

dω̃me,k

dt

]
(82)

From (80), (81) and (82), the adaptation expressions through
hich the stator and rotor resistances and rotor speed can be
stimated are written by

d̃Rs

dt
=

Cs

σ Ls

{
Yα,kχ̃α,k + Yβ,kχ̃β,k

}
(83)

d̃Rr

dt
= Cr

{
−Lm
σ LsL2r

Yα,kψαr,k −
Lm
σ LsL2r

Yβ,kψβr,k+

+
L2m
σ LsL2r

Yα,kχ̃α,k +
L2m
σ LsL2r

Yβ,kχ̃β,k +
ψ̃αr,kψαr,k

Lr
ψ̃βr,kψβr,k

Lr
−

Lm
Lr
χ̃α,kψ̃αr,k −

Lm
Lr
χ̃β,kψ̃βr,k

}
(84)

dω̃me

dt
= Cω

{
Lm
σ LsLr

ψ̃αr −
Lm
σ LsLr

ψ̃βr

}
(85)

Now, the resistances and speed can be appropriately estimated
nd then used by the controller.
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Fig. 41. Spectrums of α-β stator current components with PPFC.
Fig. 42. Spectrums of α-β rotor current components with PPFC.
Fig. 43. (a) Stator currents, (b) Rotor currents.
6. Control system layout

After designing the observer, all system components are now
available and can be connected together to construct the general
5829
structure of the proposed control system. As shown in Fig. 9,
the system consists of a DFIG which is driven by a wind turbine
system described earlier in Section 2.1. The control is performed
through the rotor side, meanwhile the stator terminals of the
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enerator are connected to the grid via a transformer. The de-
igned PLL described in Section 2.3 is used to observe the voltage
hase θ̂us,k and consequently the stator flux phase angle θ̂ψs,k

can
e obtained. The flux angle is the same angle of the rotating
rame, and is used besides the estimated rotor angle θ̂me,k for
he co-ordinates transformation purpose. The designed observer
s used to observe the stator current îss,k, rotor flux ψ̂ s

r,k, ro-
or speed ω̂me,k and resistances R̂s and R̂r . Then, the estimated
signals are used to predict the torque T̃e,k+1, the angular fre-
uency ω̃ψs,k+1

and synchronous angle θ̃ψs,k+1
at instant (k+1)T s.

he values of ω̃ψs,k+1
and θ̃ψs,k+1

are used besides the power
references P∗

s,k+1&Q
∗

s,k+1 to calculate the torque and rotor flux
eference values (T ∗

e,k+1&
⏐⏐ψ∗

r,k+1

⏐⏐). Finally, the reference torque is
compared with the predicted torque value and the error is fed to
the designed PI torque adaptor to get the reference power angle
δ∗

k+1 which is then added to the angle θ̃ψs,k+1
to get the rotor flux

angle through which the α-β reference components of the flux
(ψ∗

αr,k+1, ψ
∗

βr,k+1) are obtained and used by the cost function (67).
he designed function is then used to select and apply the optimal
oltages that achieve the minimum error between the reference
nd observed flux quantities.

. Test results

.1. Testing with PTC

To examine the validity of the proposed sensorless PPFC, ex-
ensive tests are made using the Matlab/Simulink. Firstly the DFIG
ynamics are evaluated with the traditional PTC considering the
esigned backstepping observer. The first set of tests is applied for
sinusoidal wind speed variation without exceeding the nominal
ind speed as seen in Fig. 10. Meanwhile, the second test is
pplied when the speed exceeds its nominal value, so that the
alidity of the MPPT algorithm can be verified. The results for
he PTC technique are firstly illustrated as shown in Figs. 11–
3 which introduce the calculated values of active and reactive
owers, the encounter torque and the rotor flux variation. It can
e seen that the active power and the torque are following effec-
ively the wind speed variation; meanwhile the reactive power
olds its value to zero as specified by its reference in order to
aintain a unity pf. The main notice on these illustrations is the
ccompanied oscillations which is the main deficiency of the PTC
echnique. Figs. 14a and 14b show the actual and estimated rotor
peed of the DFIGand their relevant estimation error, respectively.
t can be shown that the actual rotor speed tracks precisely the
ind variation. Figs. 15a and 15b and Figs. 16a and 16b show
he observed and actual values of rotor flux components and the
bservation errors, through which the precision of observation
an be fairly examined. The robustness of the designed observer
s verified through considering a mismatch in stator resistance
f 1.5 times at time t = 1 s, and another mismatch in rotor
esistance of 1.5 times the value at time t = 3 s as presented
n Figs. 17a and 17b and Figs. 18a and 18b. From these two
igures it is confirmed that the observer is capable of track-
ng the change of parameters with minimum deviation which
onsequently enhances the system response under uncertainties.
Figs. 19a and 19b show the actual and observed rotor po-

ition and the developed error, from which it is ensured that
he observer accomplishes its task with high performance. The
orrect observation of the position is a vital task for the control
ystem as the position is used to transfer between the various co-
rdinates. To present a definite view of the PTC control behavior,
igs. 20–23 visualize the detailed torque variation, detailed rotor
lux change, the cost function values and the change in voltage
ndex, respectively. From these illustrations, it is ensured that the
5830
problem of ripples is common with the PTC and which inevitably
must be handled in order to prevent the generator shaft from the
torque oscillations effect. To analyze the ripples behavior with
the PTC, the THD is measured for the stator and rotor currents.
Figs. 24 and 25 show the FFT spectrums for the α-β current
components. The statistics of the FFT analysis are given in Table 1.
The waveforms of stator and rotor currents are also presented in
Fig. 26(a,b).

7.2. Testing with designed PPFC

In this test, the performance of the designed sensorless PPFC
is analyzed for the same conditions considered with the PTC
approach. Fig. 27 shows the wind speed variation; meanwhile
Figs. 28–30 illustrate the behaviors of the generated power,
torque and rotor flux in turn. In comparison with the values
obtained with the PTC, the ripples content with the PPFC is
effectively reduced which approves the advantage of the designed
controller. Moreover, the calculated values track the wind speed
change in an appropriate way which reveals the validness of
the designed wind energy conversion system. The observer’s
performance is also tested with the PPFC approach and this can
be noticed in Figs. 31a and 31b, Figs. 32a and 32b, Figs. 33a and
33b which configure the real and observer values of shaft speed
and rotor flux α-β components and their relevant deviations.
Also Figs. 34a, 34b, 35a, 35b, 36a and 36b present the actual and
estimated stator and rotor resistances and the rotor position, re-
spectively. From these illustrations, it is obvious that the designed
observer exhibits a robust behavior in observing the uncertainties
(change in resistances), which consequently makes the system
more stable.

To have a zoomed view on the dynamics of the PPFC, samples
of torque and flux variations are presented in Figs. 37 and 38. It
is very clear that the torque and flux deviations are effectively
constrained in comparison with Figs. 20 and 21. Moreover, the
calculated minimization function values are presented in Fig. 39
and it is followed by the voltage index change in Fig. 40.

The FFT spectrums for the stator and rotor currents are also
presented in Figs. 41 and 42, which report a reduced THD per-
centage obtained with the designed PPFC in contrast with the
obtained values with the PTC procedure. A numerical investiga-
tion for the THD is reported in Table 2. Finally, the profiles of
the currents are presented in Fig. 43(a,b) which exhibit lower
harmonics in relevant to the PTC.

7.3. Testing the MPPT capability with PTC and PPFC

Both control algorithms (PTC and designed PPFC) are tested
when the wind speed exceeds its nominal value (11 m/s). This
is to check the capability of the MPPT on keeping the maximum
extraction of the wind power. The results are introduced in a form
of comparison between the two control systems. Fig. 44 shows
the wind speed dynamics, while Fig. 45(a,b) show the observed
and real shaft speed and its related observation error. Figs. 46–
49 illustrate the profiles of generated power, torque and rotor
flux under the two control procedures. From these results, it is
confirmed that the MPPT is capable to achieve maximum peak
power tracking; in addition, the improved dynamics of the DFIG
are confirmed with the designed PPFC compared with its behavior
under traditional PTC scheme.

The comparative study is also performed via evaluating the
accomplished commutations and switching frequencies of the
two controllers and the results are numerically presented in
Table 3. Through these statistics, it is realized that the designed
PPFC presents lower computation burden than the PTC and this is
expected due to the simple form of the function (67) used by the
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Table 1
THD values for stator and rotor current spectrums with PTC.
Stator current spectrums Rotor current spectrums

iαs iβs iαr iβr
Fundamental frequency (50 Hz) Fundamental frequency (17.25 Hz)

Fundamental (1514.91 A)
THD = 1.73%

Fundamental (1493.54 A)
THD = 2.15%

Fundamental (1528.29 A)
THD = 0.62%

Fundamental (1513.67 A)
THD = 0.60%
Table 2
THD values for stator and rotor current spectrums with PPFC.
Stator current spectrums Rotor current spectrums

iαs iβs iαr iβr
Fundamental frequency (50 Hz) Fundamental frequency (17.25 Hz)

Fundamental (1505.82 A)
THD = 0.74%

Fundamental (1506.82 A)
THD= 0.77%

Fundamental (1529.07 A)
THD= 0.52%

Fundamental (1518.517 A)
THD= 0.41%
Table 3
Commutations and switching frequencies.
PTC PPFC

Commutation Switching frequency Commutation Switching frequency

10640 1.77 KHz 6897 1.15 KHz

Fig. 44. Wind speed profile.

PFC. All of this contributes effectively in limiting the switching
requencies and losses as well.

. Conclusion

The paper introduced an enhanced polar predictive flux con-
rol (PPFC) for a sensorless wind driven DFIG. The design of the in-
ended scheme is described in details clarifying each part with its
athematical model. The PPFC approach is considered as a better
lternate to the well-known PTC approach with the advantages
f limited ripples, low computation capacity and low switching
requency. To elevate the system’s stability against irregularities
uch as parameters’ change, a dynamical observer is constructed
sing the back-stepping methodology in order to track the change
n parameters and provide an accurate estimation of the required
ariables. The appropriateness of the designed controller is tested
or a varying wind speed profile considering the operation below
ominal speed and when the nominal value is exceeded as well.
he designed MPPT strategy approved its ability under the case
f exceeding the nominal wind. The obtained results also report
he improved system dynamics under the PPFC in comparison
ith the PTC. In addition, the designed observer proved its fit-
ess in the accurate observation of the variables even under
ncertainties.
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Table 4
DFIG’s Data.
Parameters Value
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Usn(nominalstatorvoltage) 380 v
Stator frequency 50 Hz
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