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ABSTRACT

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
sources such as wind, solar and geothermal energies is given a
great concern due to their several merits compared with tradi-
tional ways of generation (Koraki and Strunz, 2018; Zeng et al.,
2014; Du et al., 2018; Williamson et al., 2001). Majority of related
researches about such systems are focused on solar and wind
types, with which several control approaches were proposed to
achieve the optimal exploitation of extracted power (Puchala-
palli et al., 2020; Kumar et al., 2017; Chishti et al., 2019). For
any wind turbine based generation system, the most important
item is the optimal control of generation unit. The unit can
be of several types such as synchronous generator, self-excited
induction generator, doubly fed induction generator (DFIG) and
so on (Geng et al., 2011; Polinder et al., 2013; Nayanar et al.,
2016; Carroll et al,, 2015; Zhang et al., 2014). From these types,
the DFIG is considered the most preferred one due to its ability
to operate at variable wind speed while providing fixed stator
voltage and frequency to the electric utility. Moreover, the DFIG
usually 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;
lacchetti 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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issues were avoided when adopting the DTC and/or DPC princi-
ples. In these control forms, all current regulators are eliminated
and replaced by hysteresis regulators besides a designed look-
up table for voltage selection purpose (Mondal and Kastha, 2015;
Mohammadi et al.,, 2014). However a faster dynamic is obtained
with the hysteresis based controllers, but on the other hand the
generator’s dynamics are affected by high ripples content. These
ripples come in the form of torque pulsations which increase the
vibrations in the rotating shaft and can make a severe damage if it
is not treated well. The main reason for the accompanied ripples
when adopting the DTC or DPC can be referred to the imprecise
voltage vectors application, which means that the selected vec-
tor during a sampling interval can result in a deviation of the
torque/active power or flux/reactive power values.

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

However the dynamic improvement obtained with the pre-
dictive control in comparison with the hysteresis control, but
predictive control is still suffering from some deficiencies such
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as the need to a precise selection of weighting factors (Ws) 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 Wys
results in deteriorating the dynamics because of the wrong se-
lection of voltage vectors. Another issue related to the predictive
control is the calculation time taken to evaluate the CF value in
each control loop, which makes a challenge when selecting the
microcontroller that can afford the time taken by the controller
to execute its operation. A third notice that can be taken about
the predictive control is that however the ripples are effectively
reduced in comparison with the hysteresis based controllers, but
it still present and not totally suppressed. This can be illustrated
through analyzing the variation of applied or selected voltage
vector; as when an optimal vector is selected by the CF of the
controller, this vector is applied along the total sampling period
(Ts) until another change in the controller appears. Applying
the vector to the entire Ts is not an accurate action, as it may
happens that a variation in torque or flux vectors arise within
this interval, which finally results in increasing the deviation and
thus enlarging the ripples.

To solve some of deficiencies of PTC as a representative of
the predictive control, some studies proposed bisecting the sam-
ple time so that more than one vector is applied, which con-
tributed in limiting the deviations and ripples but on the other
hand the computation time is increased (Zhang et al., 2020b;
Zarei et al.,, 2017). Other studies have concerned with the optimal
online selection of the W to obtain precise selection of the
vectors (Davari et al., 2021), but this also led to an increase in
the computation capacity of the controller which cannot usually
be sustained by the microprocessors. Other studies adopted the
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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-
sonable computation time, this paper proposes an innovative
polar predictive flux control (PPFC), in which the cost function
is formulated using two error terms with the same type (errors
of direct and quadrature components of rotor flux), and thus
there is no need to use a weighting value as in PTC schemes. In
addition, the proposed PPFC does not utilize any flux adaptation
mechanism which saves the computation time within a reduced
range compared with the PTC.

To increase the reliability of the wind driven DFIG system,
various research studies have concerned with eliminating the
mechanical speed sensor and replacing it with an estimation
procedure. It is worth realizing that the accuracy of estimating
or measuring the speed or position reflects on the performance
of the overall control system, and so the precise speed/position
estimation is another challenge which is suitably dealt in the
current paper.

Generally, the speed estimation techniques are categorized
into two procedures: the open loop (OL) estimation procedure
(Marques et al., 2013; Karthikeyan et al., 2012; Bhattarai et al.,
2018a; Marques and Sousa, 2013), and the closed loop (CL)
one (Castelli-Dezza et al., 2013; Bhattarai et al., 2018b; Ajabi-
Farshbaf et al., 2017). The OL observers are extracting the rotor
position from the difference between the positions of rotor cur-
rent vector in two reference co-ordinates (mainly the stationary
and rotor co-ordinates). Meanwhile, the CL observers usually
utilize reduce or full order estimators. Some of these observers
are presented in (You et al., 2018) in the form of Luenberger
observer, in (Yin et al., 2019) in the form of extended-Kalman
filter, and in (Kumar and Das, 2017; Dezza et al., 2012) in the
form of model reference adaptive observers (MRAO).

Due to the several merits of Backstepping estimation and
observation mechanism, it is used for the control and estimation
of machine variables (Morawiec, 2015; Trabelsi et al.,, 2012). It is
also used for estimating the system’s uncertainties as presented
in (Krsti¢ et al.,, 1995). The backstepping principle is also utilized
to estimate the speed of induction motor as in (Morawiec, 2015;
Stoji¢ et al.,, 2015; Sun et al., 2016; Holtz, 2006). It is also adopted
to observe the speed of the PMSM as presented in (Ni et al., 2017;
Zhang et al., 2016). However, using the backstepping observation
technique with the DFIG is still limited and the principle is only
adopted as a control system and not as an observer (Xiong and
Sun, 2016; Wang et al,, 2017; Li et al., 2018). For this reason,
the current paper concerns with exploiting the backstepping
theory which proved its ability in handling high non-linearities
and keeping minimum estimation error as well. The proposed
backstepping estimator is designed in details and tested for a
variable speed range of wind speed. The obtained results as it will
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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 w,, meanwhile
the turbine speed is given the symbol wy. It can be noticed that
the turbine speed can managed by two ways; by regulating the
blades pitch angle § or via controlling the torque (T) of the DFIG.
The wind velocity V,, is treated as an external disturbance on
the system. To evaluate the turbine speed (w;), 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,
rwy
Vi

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 A and B (Taibi et al., 2014) as follows:

(1)

. w(A+0.1)
Cp =[0.5—-0.00167 (8 — 2)]sin| ——
10-0.3(8—2)
— 0.00184 (L. —3) (B —2) (2)
The wind power can be also calculated by
1 3
Py = 5 pAVS (3)

where p is the air density, and A is the swept area.
The relationship between the wind power (P,) and turbine
power is given by

1
a:qm:qimﬁ (4)
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Then, from (1), (2), (3) and (4), the turbine torque can be

calculated by
Cp.5 PAV

w

P

(2

T; (5)

Wt

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

wy = Gy (6)
T:

T, = — 7

i= o (7)

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

h+%)—— (8)

G dt
where F is the friction constant, and Jg, J; 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 (A ), 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 8 becomes zero.

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

)‘«Optvw
r
Consequently, the reference generator’s speed is given by

T[ — GTg — FGC()( = (

*_
Wy =

(9)

wy = Gy (10)
The overall layout of the conversion system which summarizes

the previous calculations is shown in Fig. 1.
2.2. Modeling of DFIG

The design of the proposed PPFC depends on the analysis of
the relationship between the generator’s torque and the power
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angle (6) 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 (w3 Wy ). Fig. 2 shows the circuit
model of DFIG in which all variables are expressed in the stator
flux “ frame in which the flux vector ¥, is totally allocated
in the d-axis of rotating frame, and rotates with a speed of wy .
Meanwhile, the stator voltage vector u; is aligned to the g-axis of
the rotating frame as shown in Fig. 2 which illustrates the vectors
displacements in different co-ordinations.

Then, from Fig. 1, the dynamics of the DFIG can be discretely
represented at instant KT, where Ty is the sampling time as
follows;

dwds k

f f
dt = iis k Rslds k + oy w;&k (11)
dy
“Pask Sf -sf sf
dt = uf]s,k - RS‘ZS,I( - %&k ;s.k (12)
Wslip, k
. ——
i, (1% + oLl L
& =\ TonE )| e Rt CARTE
T
of sf Lin sf sf of
X (qu,k - “leqs,k) - [uds k — Rslgs o + Ws,kqu,l<]
oLL,
(13)
di 2 4oLl L
qr.k O LsLy Sf sf r Sf
dt = < mO’Lng ) * |:uilr,k - R"lf]r.k - awslip,k (wzs,k
L
f m f
_Ulefis.lc)] - oL, * [ qs k R5 qs.k V/Svkw;s,k] (14)
dw, K p
% = j (Tme,k - Te.k) (]5)
The generator’s torque is calculated by
sf.sf
Te k=1 Sp (wds qur k qu,kldr,k) (]6)

where R;, R, are the stator and rotor windings resistances, and L,
L. and L,, are the inductances of stator rotor and mutual coupling,

respectively. The factor o 1-— % is used to express the
leakage factor. The subscript  refers to the stator variables, while
. refers to the rotor ones. The superscript *f refers to the stator flux
frame. The mechanical (provided by the turbine) and generated
torques are represented by T, and T,, respectively. While the
synchronous and rotor speeds are expressed by wy and wy,e. The
generator pole pairs and its inertia are represented by p and ],
respectively.
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2.3. Phase locked loop (PLL) system

The PLL is used to identify the angle 6 which is used for the co-
ordinates transformation of stator voltage us so that it becomes
totally oriented to the g-axis as illustrated in Fig. 3. The scheme
of the PLL system is shown in Fig. 4.

As illustrated in Fig. 4, the PLL takes the grid voltages ugpcs
as inputs and transforms it to d-q components. The alignment of
stator voltage to the g-axis is performed via comparing the d-axis
component with zero reference value. The resulted error is then
fed to a PI adaptor to get the angular frequency (@) of the voltage
signal.

The grid voltages are calculated by:

cos 6

(%)
CoS _
Ugpes = Upr. 3
cos |6+ 27
3

where Ugpes = [Ugs Ups Ug]'. For steady state operation, the o-8
voltage components can be evaluated by

(17)

Ugp = (C.T) .Ugpcs (18)
where Uy = [us ug]', and C.T denotes to transformation
matrix which can be expressed by
1 1
1 -
2 2 2
C'T:§' . _ﬁ é (19)
2 2

Using the estimated angle 6, the d-q voltages can be obtained
by

Ugde = C.T (é) Ugp (20)
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where g = [uqeude]T, and C.T (é) is a matrix that can be
defined as follows

. cosf —sind
cT (9) S ) (21)
sind  cosé
The d-axis voltage can be calculated by
Ugs = Ensind = e (22)

where E;;, = —Up, and § = 6 — 6. The frequency of the voltage
signal can be then calculated by
o ® Ks.e (23)
w=— =K.

T

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

e = Eps (24)

Thus, via the suitable choice of the filter’s gain Ky, the phase 6
and frequency w of the grid voltage can be accurately tracked.

The model expressed in Fig. 4 is then linearized to derive the
transfer function of the filter. The resultant model of the PLL after
the linearization is illustrated in Fig. 5.

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

B @ Kr(S)Em
He () = 6(s) s+ K;(s)En (25)
H (5) = 2 : (26)

0(s) s+ Ki(s)Em

where 6(s), 6(s) and §(s) are the Laplace transform of 6, 6 and §,
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
Kr (s) = Kp. ( )

where K, and t refer to the PI constants. The transfer functions
of the linearized system in Fig. 5 can be reformulated according
to the general expression of the SOL method by

1+st

(27)

2EwpS 2
WnS + @
s? '
Hs (8) = —— ™ — 29
5 (S) 9 1 2Eons + 0 (29)
where
K,E, K,E VTKE
on= 22 and £= pzm _ VT PTm (30)
T 2wn 2

where w,—314 (rad/sec) is the system’s frequency, and & = 0.707
is the damping coefficient. Then, the filter's gains are evaluated
using (25), (27) and (28) for U, = ~/2 % 380 = 537 V, to be as
K, = 12.85, and v = 0.000427.

The bode plot of the transfer function for the designed closed
loop system is shown in Fig. 6. From this layout, it is confirmed
that the designed PI gains exhibit appropriate phase alignment
which in turns reflects the validness of the designed PLL.

3. Predictive torque control (PTC)
The predictive torque control (PTC) of DFIG was considered in

several previous studies (Mondal and Kastha, 2015; Mohammadi
et al,, 2014), in which the cost function of the controller was
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consisting of the torque and flux errors in addition to a weighting
factor. The errors were calculated using the reference and pre-
dicted signals of torque and flux. The reference values are derived
according to the active and reactive power requirements after
considering a certain orientation control.
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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 g-axis of
the frame, and thus the following formulas are obtained

uf, =00, and uf, = |u (31)
Vi =Vl and =00 (32)

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

Po = 1507 i, (33)
Qi = 1.5uf;;kif1£’k (34)

From (33) and (34), the reference values of d-q stator current
components (i ,, i;‘syk) are calculated in terms of the power
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references by

i .k and it il (35)
ds.k sf as.k = sf
1.5u5 1.5Up

Via utilizing the current-flux association, the reference values of
rotor current components (i ,, i¥. ) can be also computed as

qr.k
below
sf * *
Ugs.k Q' —P;
= — - , and i, =—2>_ (36)
- lmoyg 15 o “Zj; k Tt st “Zfs k
Then, from (35) and (36), the reference values of the torque and

rotor flux to be used by the PTC can be calculated by

Sf i e \2
uo it — Ry (i
T*k =1 5p ( gs,k"gs,k S ( qs,k) ) (37)
‘/’s,k
—; . . 2 . e \2
‘Wr,k = \/(Lrlzr,k + Lm’zs,k) + (Lrl:;r,k + Lmlzs,k) (38)

On the other side, the predicted values of torque and flux at
instant (k+1)T can be calculated using the derivatives in (11) to
(14) as follows:
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Fig. 15b. Observation error of rotor flux e-component with PTC.

The predicted flux d-q terms are calculated by

f ‘/fd k
1ﬁdr 1 = Yarg T ( dtr ) Ty, and
f Sf d‘/’sf k )
7S S T,
1/fqr,lhq = wqr,k + ( d‘;.' ) TS
‘”;f/ dys
where —=* and — = can be obtained using (11)-(14) as follows
dwdr k _ Lm dl”ds k dizfr,k
= oL, ,and
d L, dt
.sf (40)
dwqr k Lm dqu k dlqr,k
= + oL,
dt Ly dt dt
Then, the absolute value of predicted flux is given by
2 ~sf 2
‘I/Ir I<+l‘ = (wdr k+1) (wqr,k+l) (4])
The predicted torque can be calculated by
= Ln[os ;o
Te,k+1 = 1~5PK I:w;s,k+lldr,k+l - 1//;s,k+1lqr,k+1] (42)

where the predicted values of stator flux components and rotor
current components given in (42) can be calculated using the
relations of (11)-(14).

Finally, via utilizing (37), (38), (41) and (42), all terms of the
cost function used by the PTC are obtained and the function is
then calculated by
1

i —k ~
= [T = T + Wi 77— Tl (43)

where i is the index, and W; 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. 18a. Real and observed rotor resistance R, with PTC.
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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 by

Tekt1 = 1~5PL7m [V skt | [Vr ] sin S (44)
oLL,

The torque can be also obtained in terms of the angle be-
tween the stator flux vector ¥, and rotor current vector
fr,kﬂ. 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 6y 11, so the torque can be expressed
by

Ly — - .
Te ki1 = 1'5PL*m [Vsiein | [irket] sinOsgpeqr (45)
S

Via comparing (44) and (45), a relation between the power
angle &y and slip angle 6 1 is obtained as follows

Lm |Js,k+1 |

1- —
LS |wr,k+1|

Sindyyq = Sin O 41 (46)
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Under steady state conditions, the amplitude of stator flux
‘W | is fixed and can be calculated by |1[/s| = B=380 ~ 971 ys.

W =314
Meanwhile, the rotor flux modulus is supposed to track its ref-

erence value which is calculated according to the active and
reactive power requirements as expressed in (38), and then the

rotor flux amplitude will be equal to |y, | = ‘W:‘ =1.223 Vs.
Now, by substituting the flux values in (46), it results

L
Sinpyq = [1 — 0.989[’] Sin By k11 (47)
S

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

d8k+1
dt
The Eq. (48) represents the relation between the power angle
variation and the angular slip frequency wgj j+1.

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

SOk+1(s)
[1 - 0.989%;]

L
= [1 - 0.989{”} O k1 (48)
S

wsl k1 (S) = (49)

After getting the relation between the power angle and slip
frequency as in (49), a relationship between the torque varia-
tion and slip frequency must be derived to help in getting the
final relationship between the torque variation and power angle
dynamic, and this is performed as follows:

The rotor voltage balance equation in rotor frame ) can be
described by

—T
dwr,k+1
dt

Moreover, the current-flux relationship can be represented by

ﬂJr'.k+1 = RTir,IH—] + (50)

Ly —

—r
1/fr,kJrl 1//s k+1 +GLT r.k+1 (51)
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Fig. 23. Index variation with PTC.

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

—T =T

Lm d'/fs,k+l — < dir,k+l

1 d =1y — Rl — oLy ” (52)

The stator flux in the synchronous frame ¢ is rotating with a
speed of wy,and can be defined in polar form by

—sf — jorT
sz,kﬂ = ‘W;kﬂ‘ &% (53)

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

ws k+1 — ‘lﬁs k+1‘ ej “is wme = ‘Ej’k_,_]‘ efostlert (54)
Then, by substituting from (54) into (52), it gives

T
bngr =7 R, ot, ke
— - Rr - T
Ls s, k+1 rk+1 r.k+1 dt

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

Jost k41 (55)

— . —T
ir ) = u;,k+1 _stl,k+1’;_*":‘/’s,k+1(s)
rk+1 - R + O’LrS

The encounter torque can be calculated using the following
expression

L —r o
Ters1 = 1.5pL—”’1m (w/fs k1 kﬂ) (57)
S

where I, refers to the imaginary part, and ~ pertains to the
conjugate operator.

Then, by substituting from (56) into (57), the relationship
between the torque T, x+1 and angular slip wg k41 is obtained as
follows

(56)

2

st k+1(S) (58)

1.5p-tm |7
. per_g ws,k—}—l

T, S) =
e,k+1( 1+%S

The flux magnitude

J;kﬂ‘ in (58) has a fixed value in any

reference frame equals to -5 = 1.21 Vs.
“y,

S
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T pemated Now, (59) can be utilized to design and determine the gains of
sl | the PI power angle regulator which is responsible for generating

S P the reference power angle §; ; that will be used to calculate the

reference components of rotor flux (v, .., and ¥, ), which
in turns are used by the cost function of the controller.
The operation of the PI regulator can be described by

Rotor flux
(Vs)

0.5} 4
. K; .
, ‘ ‘ ‘ ‘ ‘ Si S =K+ <) (TZ 41 () = Tes1 (5)) (60)
) 1 2 Timse (s) 4 5 6
From (60), and by substituting in (59), it results
Fig. 30. Rotor flux with PPFC.
(1+T1S)y K .
P T () = Ky + = ) % (TE gy (5) = Tesesn (5)) (61)
KS S
s ) By dividing both sides by T;', . ; (5), and after arrangement, the
To simplify (58), lets K = 1513% @;kﬂ cand T = %, _transfer function which manages the operation of the PI regulator
Then, by substituting from (49) into (58), the required torque- 1S expressed by
power angle relationship can be obtained as follows Teser1(S) KK,S? + KK;S (62)
K S8 Ty ) (KK, +Ty)S2+ (v +KK) S
Tekt1S) = 14+TS vy (59) To have a stable response, the roots of the denominator of (62)
must be negative, which results in
where y = [1 — 0.989%]. (KK, + Ty) S2 4+ (y +KK)S =0.0 (63)
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Fig. 34a. Real and observed stator resistance R; 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 («¢-8) frame
using the following expressions given at time KT

3
Time (s)

Fig. 33b. Observation error of rotor flux 8 —-component with PPFC.

To derive the K, and K; values in (63). This second order
equation must be compared with the polynomial equation of a
second order system has a natural frequency of w, and damping
coefficient of ¢ and expressed mathematically by

S2 420 S + w2 =0.0 (64)
n

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

szl Ty :2§a)n 1%

K K
After obtaining the regulator’s gain, and from Fig. 3, the devel-
oped reference power angle §;,; will be summed to the syn-
chronous angle 9% ., 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
(Varka and Y5, ;) can be calculated by

, and

K; (65)

Var ki1 = ‘Er,kﬁ»l‘ cos (5;:“ + 9%,k+1> &WEr,kH

= ‘Er,kﬁ»l‘ sin (8;:+1 + %s.kJrl)

The procedure of flux angle calculation is summarized in Fig. 8.
Now, all parts of the cost function to be used by the proposed
PPFC are obtained, and the function can be formulated as follows

(66)

Vi = |¢;r,k+1 - 1Zotr,k—}—l |i + |1//;r,k+1 - IZﬂr,k+l|i (67)
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d,l:ozsk 1 L Lmiér ~
= = — | Ugsk — 7 Uark + —5 VYark
d ~ oL | " L " 2z
L. (fest v ier;)
+ ?@me,lcwﬁr,k - T}?a,k + Iok
T T
digsp 1 Lm LR,
== — |Ugsk — —Uprk + —5 Vprk
dt ol | KL T
L (iesLE + ferLZm)
+ r@me,lcwar,k - T}?ﬁ,k + I
T T
dVar 1 R~ R LR, .
do;r - = Ugr,k — frwar,k — OmekWpr.k + %Xa,k
T T
dVpr i R - .. LuR: .
dir = Uprk — fr¢ﬁr,k + Ome kVerk + rz S (68)
T T
where * refers to the observed variables, and o, = ?D,s,k and

Xpk = gﬂs,k. In addition, I, x and I'g  denote the vector compo-
nents which are constructed using the backstepping methodol-
ogy.

Using (68), the error model (annotated by ~) can be described
by the following differentials

digsk 1 | LnRr LRy ~ Ln. ~
a oL 7War,k + ?war,k + Ewme,k‘//ﬂr,k
L. _ R2 +RI2) _
+ = Bk Wprk — (vsrizrm)xa,k + Ik
L 12
digse 1 | LaR: LRy ~ Ln. ~
k1 LmRr 4 LmRe L
dt O‘LS L? 1ﬁﬂr,k Lg lpﬂr,k L me,k‘//ar,k
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2, P2
Lm ~ (Eer + Rer) ~
—— OmekVark — ——5—— Xpk | T Tpk
L 12
dizar k Rr ié - ~ 5
— = “Yark — —Vark — OmeVpr.k
dt L ar, L T, me,k ¥ Br,
LRy
_wmek‘pﬂrk‘i‘ L Xak
diz;ﬁr k ﬁr A
— = =Ugrk — —Vprk — Wﬂr &+ Ome kVar
dt L
- LRy
+ Ome kVark + L Xpk (69)
T
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where )?‘Z’k = iozs.k = iozs,k _Aias,kv P)\(‘ﬁ,k = iﬂs,k = iﬁs,k - i/fis,kv
}/fotr‘k ,\: 1)0otr,k - wgf,k, lpAﬁr,k = wﬁr,k - Wﬂr,k- ajme,k = é)me,k — Wme,k»
Rs =R —R; and R, =R, —R,.

The observation procedure consists of two sequential stages.
In the primary stage, a system is designed to integrate the ob-
servation errors (Xa.ko Xp.x) using their virtual components (iys i,
igsk) in addition to their correspondent references (fo.k fg.k)
which are used for the stabilization purpose. Consequently, the
integral of the observation errors (€, k, €g k) can be defined by
d‘;";”‘ —Tusk.  and % - (70)

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

déa k ~ dé,B k
== —Sie,x, and -
dt .k 1€,k dt
Whe~re Yok = lusk —f%k, Ygk = igsk — fp.k- Meanwhile, f, =
—Si€q.k and fg = —S1€p.k. The constant S; is a positive factor.
The next step of the design is dedicated to the control of Y,
and Yg i variables, which are derived from (71) by

=Yg — S1€pk (71)

Yok = lask + S1€qk, and Yg i = igsk + S1€p.k (72)

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

dYer 1 | LnRe
dt - ULS|: L% 1pozr,k“‘

Lm A ~ Lm ~
+ *wme,kwﬂnk + Twme,kwﬂr,k_
T

LR, ~
T war.k
2

(§5L2 +RI2)
T + Iy, k+sllo(sk (73)
;
dYs i 1 LR LR Ly
df; :ULS|:mr1/fﬁrk mr‘//ﬂrk_ rwmekl/fark
L, R2 +RI2) _ ~
_rmwme kl/’ozr k— (VsrLzrm)Xﬁ,k:| + rﬂ,k + Sllﬂs,k (74)
r r

After that, the vectors I, i and I'g x can be designed using the
following formulas

-1 1| Ly, R L ~ -
Iyw=— lﬂar K+ — Ome, kl/fﬂr k| — Stlask — S2Yak — €xk

ol L,

=1 | LRy ~ Ly, ~ ~ ~
Fﬂ,k = O’iLS Yl/fﬁr,k - L*ra)me,k]//ar‘k - S]'ﬁs,k - SZYﬁ‘k —€gk

(75)

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

dYy k 1 L R L~
d(:: = GLS|: o rl/fm K+ mwmekl//ﬁr k

CRI+RL) -

L2 Xa k:| - SZYa,k - éa.k (76)

dYg 1 L R L~
ﬁ,<:|: = rwﬁrk mwrnekwozrk

dt ol

CRIE+RL) -

e X8, ki| —SYg—epk (77)
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To check the stability of the designed observer, the following
Lyapunov’s function is used,

1 1~
LZE(ak—i_eﬂk_’_ I<+Yﬂk+1//ark+wﬂrk+CR2

1~ 1
+C R2 + C wrzne,k> (78)
r @
where Cs, C; and C, are positive definite.
Taking the derivative of (78), and by utilizing (69), (71), (76)
and (77), it gives

@=—s1é2 — 518, —SY2, —S,Y2 —RHZ w
dt ok 1€8 k 21y k 21k L ar,k L Br.k
+ R |: 1 0( kon k—
Ls
LY - 7dR L
L, B.kXp.k G dr :| +Rr [ L L2 Yo kWar k
by ek — Yy T
SNE 8.k Wpr k NE o,k Xa,k
) ~
I]:Lz Yg kXpk — %r’:;par'k - wﬁr’ztbﬂr’k + i’? Xe, k‘Zar k
Lo ~ 1 dR,
+EXﬂ,kl/fﬁr.k + FE] +
Z)me,k |: wﬁr k— War k+ C:lw da;r;e k:|
(79)

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

R LIV LR 1 R, =00 (80)
s ol o,k Xa,k ol BkXp.k T C a [~
Lin Lin 2
LSLZ oz kwozr K+ LSLZ /3 k\[fﬁr k— LSLZ oc an k
L2 war kWar k
Y, : —— 81
ol L2 B, kXﬂ k— L (81)
1//ﬁr.kw}.‘}r k Lm ~ L 1 dRr
AR SR A SR —=0.0
L +LrX k‘/frk-f-LXﬁklﬁﬁrk-i-C I
~ Ln ~ 1 da)me k
» 82
@me, k |:O'L5Lr 1p/fﬁr,k Ler 1# T, K+ Cw dt ( )
From (80), (81) and (82), the adaptation expressions through

which the stator and rotor resistances and rotor speed can be
estimated are written by

dR, G - -
— = — {YouXaek+Y 83
&t oL {YekXak + YouXs.) (83)
Ry Iy
i TNE wkVerk = 7 8.k VB k
Lfn ~ 2 Jozr kl/fozr k
+ oL2 akXak T —— oL, L2 BkXB.k T L
1Zﬂr k\pﬁr k Lm ~ Lm ~ 0~
- . - Ol o 84
L L Xk War k — L — X,k Vpr.k (84)
da;me Ln ~ Lp, ~
=C — 85
dt {oLSLr Yar oLl Ver (85)

Now, the resistances and speed can be appropriately estimated
and then used by the controller.
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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

After designing the observer, all system components are noW  through the rotor side, meanwhile the stator terminals of the
available and can be connected together to construct the general
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generator are connected to the grid via a transformer. The de-
signed PLL described in Section 2.3 is used to observe the voltage
phase & and consequently the stator flux phase angle % can
be obtamed The flux angle is the same angle of the rotatlng
frame, and is used besides the estimated rotor angle Qme,k for
the co-ordinates transformation purpose. The designed observer
is used to observe the stator current zsk, rotor flux wr o

tor speed @p, and resistances RS and Iir. Then, the estlmated
signals are used to predict the torque Ty, the angular fre-
quency @y Ly, and synchronous angle 07 . at instant (k+1)Ts.

The values of @ WF e and % , are used besides the power
references PS 1<+1&Q5 1 O calculate the torque and rotor flux
reference values (T3, & |1/fr,,< +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

1 Which is then added to the angle % o O get the rotor flux
angle through which the «-8 reference components of the flux
(g iq1r Wﬂr r+1) are obtained and used by the cost function (67).
The designed function is then used to select and apply the optimal
voltages that achieve the minimum error between the reference
and observed flux quantities.

7. Test results
7.1. Testing with PTC

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

Figs. 19a and 19b show the actual and observed rotor po-
sition and the developed error, from which it is ensured that
the observer accomplishes its task with high performance. The
correct observation of the position is a vital task for the control
system as the position is used to transfer between the various co-
ordinates. To present a definite view of the PTC control behavior,
Figs. 20-23 visualize the detailed torque variation, detailed rotor
flux change, the cost function values and the change in voltage
index, respectively. From these illustrations, it is ensured that the
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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 «-8 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 «-B components and their relevant deviations.
Also Figs. 34a, 34b, 353, 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.

Energy Reports 7 (2021) 5815-5833

Stator current spectrums

Rotor current spectrums

ias iﬁs

iar iﬂr

Fundamental frequency (50 Hz)

Fundamental frequency (17.25 Hz)

Fundamental (1514.91 A) Fundamental (1493.54 A)

Fundamental (1528.29 A) Fundamental (1513.67 A)

THD = 1.73% THD = 2.15% THD = 0.62% THD = 0.60%
Table 2
THD values for stator and rotor current spectrums with PPFC.
Stator current spectrums Rotor current spectrums
ia(s i/fs iozr iﬂr

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
10640

Commutation
6897

Switching frequency
1.77 KHz

Switching frequency
1.15 KHz

Nominal wind speed= 11 m/s == mememee N

Wind speed
variation (m/s)

4 . . . .
3
Time (s)

Fig. 44. Wind speed profile.

PPFC. All of this contributes effectively in limiting the switching
frequencies and losses as well.

8. Conclusion

The paper introduced an enhanced polar predictive flux con-
trol (PPFC) for a sensorless wind driven DFIG. The design of the in-
tended scheme is described in details clarifying each part with its
mathematical model. The PPFC approach is considered as a better
alternate to the well-known PTC approach with the advantages
of limited ripples, low computation capacity and low switching
frequency. To elevate the system’s stability against irregularities
such as parameters’ change, a dynamical observer is constructed
using the back-stepping methodology in order to track the change
in parameters and provide an accurate estimation of the required
variables. The appropriateness of the designed controller is tested
for a varying wind speed profile considering the operation below
nominal speed and when the nominal value is exceeded as well.
The designed MPPT strategy approved its ability under the case
of exceeding the nominal wind. The obtained results also report
the improved system dynamics under the PPFC in comparison
with the PTC. In addition, the designed observer proved its fit-
ness in the accurate observation of the variables even under
uncertainties.
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Table 4
DFIG’s Data.
Parameters Value
Rated power 1.5e6 W
R 70 mQ
R 87 mQ
Lg 16.25 mH
Ly 16.3 mH
Lm 16 mH
p 3
Jg 0.3125 Kg m?
Usn(nominalstatorvoltage) 380 v
Stator frequency 50 Hz
Table 5
Wind turbine Data.
Parameters Value
Rated power 1.5e6 W
r (Blade radius) 3525 m
Je 1000 Kg m?
Cp,max 0.51
Aopt 8.1
G (gear ratio) 920
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