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ABSTRACT

In the wind energy systems field, the most common control objective treated by authors is the speed and flux
control of the doubly fed induction generator (DFIG). For computing complexity matter, the generator mathematical
representation is generally modelled assuming a linear magnetic characteristic. Based on this assumption, the rotor flux
control will aim to track a fixed flux reference, mostly its nominal value. The inconvenience with this strategy is that
practically, neglecting the nonlinearity of the generator’s magnetic characteristic, optimal performance control cannot be
performed. In this study, considering the magnetic flux hysteresis and saturation characteristic, new modelling of the DFIG
is presented. Furthermore, a new speed and optimal flux Backstepping controller is designed based on the Lyapunov
theory. To prove its performance, a comparison study with different control strategies will be conducted. Simulations

considering a wide range of wind speed variations are illustrated in the Matlab/Simulink environment.
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1. INTRODUCTION

In the few last decades, renewable energies
including wind turbines got major attention worldwide.
Regardless there epic performances, wind turbines based
on DFIG are complex, and their control law design is
difficult [7] since the considered model is multivariable
and highly nonlinear.

The control of the DFIG using linear or nonlinear
controllers has been the subject of several earlier studies
[6-10]. The speed tracking objective and flux regulation
for MPPT is the most treated subject present in the
literature. However, the proposed controllers function as
intended when a linear magnetic characteristic is assumed.
Practically, this assumption is not realistic [3, 4, 5], as the
DFIG magnetic characteristic is non-linear and manifests
unfavourable errors and oscillations [15] due to the
hysteresis and saturation phenomenon produced by the
magnetic material. However, if the rotor flux regulation is
done in the vicinity of a constant nominal value, standard
models (ignoring the magnetic non-linearity) can still be
employed in speed control design. Only when the
aerodynamic torque is near the nominal DFIG
electromagnetic torque value, it’s exclusively in this
scenario that the DFIG efficiency reaches its maximum.
However, the aerodynamic torque is typically not a priori
fixed and may be subject to large range variation in real
applications, due to the considerable variance in wind
speed.

To address the aforementioned issues, a new
speed control system, using online rotor flux reference
adjustment to track the optimal speed reference in the
presence of significant wind speed variation must be
developed. The optimal flux reference will also experience
considerable range variations under these circumstances,

signifying considerable excursions of the operating point
on the magnetic characteristic. Therefore, the controller
design should be based on a model that takes into
consideration the nonlinearity of the machine’s magnetic
circuit to provide high control performances regardless of
the DFIG operation mode. Hysteresis and saturation both
characterize this nonlinearity

To our knowledge, no paper has dealt yet with the
MPPT control of the DFIG under saturation/hysteresis
phenomena. In [12]-[13], nonlinear controllers were
developed for a wind system by taking only into account
the magnetic saturation (neglecting the hysteresis effect).
This assumption facilitates relatively the development of
the DFIG model and the MPPT regulator synthesis.
However, in practice, the hysteresis phenomena degrade
the expected wind system performances (problems of
precision and oscillations).

Many hysteresis mathematical models were
developed to describe the hysteresis phenomena. They can
be classified as follows:

a) Operator-based hysteresis models such as the
Preisach model and Prandtl-Ishlinskii model, where an
infinite number of hysteretic operators are involved in
their integral model which implies high computation
complexities [3].

b) Differential equation-based hysteresis models
such as the Backlash-like model, Bouc-Wen model, or
Duhem model, where the finite number of hysteretic
operators can be easily extended to continuous inputs by
using approximation and a limiting process, avoiding the
computation complexity [3].

In the present work, a special case of the Duhem
model, the Coleman-hudgdon model [2] is considered to
describe the magnetic nonlinear characteristic. This model
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proved to be quite convenient for hysteresis modelling in
ferromagnetic materials [2, 14].

The nonlinearity of the magnetic characteristic
will be taken into account when a revised model for the
DFIG is built in this paper. Furthermore, a new controller
for the considered wind system is developed based on this
new model. The two control objectives are as follows: i)
tracking the optimal reference of the DFIG’s rotor speed
(for an MPPT purpose); ii) tracking the optimal reference
of the DFIG’s rotor flux. The optimization of the rotor flux
implies the minimization of the stator current, which will
reduce the stator's joule losses. The DFIG speed/flux
controller created using the backstepping technique turns
out to be very different from the conventional DFIG
control strategies that consider a constant flux references
and assume a linear magnetic characteristics. Despite
variations in wind speed, the newly developed controller is
formally demonstrated to be globally asymptotically stable

and enforces the speed and flux to exactly trace their
fluctuating reference trajectory.

To highlight the interest in taking account of the
saturation/hysteresis phenomena in the control design, the
performances of a classical regulator (neglecting the
saturation/hysteresis) will be evaluated by simulation,
concerning those of the new proposed controller. On the
other hand, for checking the robustness of the proposed
wind turbine system, the controller performances will be
inspected in the presence of different electrical grid faults
(Voltages dips, frequency deviation, and load variation)

This paper is organized as follows: Section 2
describes the characterisation of magnetic hysteresis in
induction machines. Section 3 describes the induction
machine model; the machine speed/flux controller is
designed and analyzed in Section 4; the controller
performances are illustrated by simulations in Section 5.
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Figure-1. General schema of the considered wind system.

Table-1. Notations and symbols. Pra Prp Rotor flux (a-B) components
r Poles pairs Psa Psp Stator flux (a-f) components
0 DFIG rotor speed Pua  Pup The magnetizing flux (a-f) components
Vsa Vsp Stator voltage (a-) components T Electromagnetic Torque
Vi Vg Rotor voltage (a@-f)components T, Load Torque
Va, Vsq Stator voltage in (d-q) rotating frame Radius of the turbine
INi Total inertia constant, Friction ratio Air density
L, Stator, Rotor cyclic induction Dispersion ratio
Mg, Mutual cyclic induction Q.5 Rotor speed reference
R.,R, Stator, Rotor resistance(per phase) Pref Rotor flux reference
wg, W Stator, Rotor pulsation P, Aerodynamic power
L, irg Rotor current (@-f) components Cp(A) Power coefficient
Isa sisp Stator current (a-f8) components vy, Wind speed
lue /iy | The magnetizing current (a-f5) components Vsmax The norm of the stator voltage
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2. CHARACTERISATION OF MAGNETIC
HYSTERESIS-SATURATION IN AC
MACHINES

The Coleman-Hodgdon model comes from the
duhem model, which was proposed for active hysteresis in
1897 [2]. Using a phenomenological approach, this
differential equation-based hysteresis model focuses on
the fact that the output can only change its character when
the input changes direction. In this section, the Coleman-
Hodgdon model and its properties are introduced briefly
[1].

A differential model for hysteresis can be
represented by the duhem hysteresis model. Duhem's
magnetic hysteresis model has been thoroughly studied by
Coleman and Hodgdon. For ease of use, this type of
duhem model will be referred to as the CH model
throughout this study [1]. It can be represented in terms of
the CH model as:

= 2 (91(iw ) = 920 0)) [52] + 5 (91.(i 0) -
92310 0,)) 52, vt € (0,T) (1)

?,(0) = @0 ()

Where

91 = 9(i) + a(f (i) = o) 3)

92 = 9(i) = a(f (i) = @) “)

Introducing (3), (4) into (1), one has:

de
Wu _ o
dat

di
dat

[f(i#) - (pli] + %g(iu) )]

with o a positive constant, and the three following
conditions are to be satisfied.

Condition 1: f{.) is piecewise smooth, monotone
increasing, with lim; e f’(i#) finite;

Condition 2: g(.) is piecewise continuous, even,
with 1im;, e, g(i,) = limy, o, £'(i,,)

Condition 3: For all i, >0, f'(i,) > g(i,) >
ae [71f'(§) = g(Ole™ dg

To illustrate the previously studied case for the

generator considered in this paper, the corresponding
functions f(.), g(.) of the C-H model is chosen as:

f(iy) = ctanh(i,) + ai, (6)

g(i#) = f’(iu)(l - be—|i”|) (N

Note that the f{.) and g(.) functions respect the
three conditions previously presented. Experimental
measurements of the magnetic characteristic can be used
to calculate the ¢ and o parameters. The chosen values for
the studied machine instance are. The adopted values for

the case of the machine study area=0.001, c=1.2,
b=0.6 and a=3(see [1]). The shape of the obtained
hysteresis cycle is presented in Figure-2.

Magnetizing flux (Wb)

i

R L L L L
».%00 -200 -100 100 200 300

0
Magnetizing current (A)
Figure-2. Hysteresis curve is given by the C-H model for

the first phase.

3. DOUBLY FED INDUCTION GENERATOR
MODEL

A. Electrical and Flux Equations for the AC Machines
The Doubly fed induction generator can be

modelled by its electrical and mechanical equations. A

stationary reference mark (o, B) will be used to elaborate

the control model given in this study. The equations for

the AC electrical machine are provided by:

Stator electrical equations [9]

. d

Vsa = Rslsq + (‘li’:a (8)
i des

VS,B = Rslsﬁ + dtﬁ 9

Rotor electrical equations [9]

i dey

V;a = erra + Zta + w‘prﬁ (10)
i aor

Vig = Ryirp +—F = 0rq (11

Likewise, the (&, f) components of the stator and
rotor flux verify [9]:

Psa = Lsisa + Pua (12
Ysp = Lsisg + @up (13)
Pra = Pua (14)
Prp = Pup (15)

the (a, B) components of the magnetizing currents verify:
lrg = i;wt — lsq (16)
irﬁ = l#ﬁ - lSB (17)

The classical state-space model of the DFIG is
generally presented with this vector
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X = [isa, isp) Pras (prﬁ,Q]T [11], but to introduce the
hysteresis character in the state space model, the vector X
will be increased by the (a, B) components of the
magnetizing current i,. The new state vector considered is
given by:

. . i i T
X= [lsa'lsb" DPras (prﬁﬂﬂﬂlua'luﬁ] (18)

B. Rotor Flux State Equations

The dynamics of the fluxes in the rotor are given
by the equations (10) - (11). However, they involve the
components (a, B) of the rotor current. These latter are not
considered state variables (see 18). We will try to express
them according to the components of the vector X.

Indeed, by substituting (16)-(17) in (10)-(11), one
obtains the state equations of the rotor fluxes.

dPra . .
= Vo~ Rylyq + Rrise — 0rg 19)
doy . i
k= Vg — Ryl + Rrisg + 0 (20)

C. Stator Current State Equations
By introducing (12) - (13) in (8) - (9), we deduce
the dynamics of the currents in the stator:

disg Rs . 1 1dQua
—_— = -] —Vey ———— 21
dt Lg 5% +L5 s& e dt @n
disp Rs . 1 1doup
—=—— —Vipg ——— 22
dat Ls SB +Ls BT 1, at (22)

Since the components (o, B) of the magnetic flux
are not considered as state variables, then, by introducing
(14) - (15), (16) - (17) in (19) - (20), one obtains:

di R . 1 1 ] i

ﬁ = _L_zls(x +L_5V9a _L_S[Vra - erlm + Rrlsa —
a)(Prﬁ] (23)

disp _

Rs . 1 1 . .
_L_jlsﬁ + L_SVSB - Z [VTB - erﬂﬁ + ersﬁ‘ +
WPra] (24)

dat

D. State Equations of the Rotor Speed
The electromagnetic torque T,, delivered by the
generator is given by [9]:

T = p((psaisﬁ - (psBisa) (25)

By using the flux equations (12) - (13), the
electromagnetic torque can be expressed in function of the

(a, B) components of the rotor flux (considered as state
variables), namely:

Tm = p((praisﬁ — Prp isa) (26)

While applying the rotation dynamics principle,
one deducts the rotor speed state equation

an

. , T, f
dt = ?(‘pralsﬁ — Orp lsa) - TL —-=0 (27)

J

E. Magnetizing Current State Equations

Recall that taking into account the hysteresis is
carried out by the C-H model defined in (5). This latter
expressed the dynamic of the magnetizing flux. By
convenience, this model is taken again in this paragraph

20k — Sk (arsign () [ (i) — @ue) + 9(w))  28)

where k=1,2,3 represents the different phases. Otherwise,
it is easily checked (by referring to the hysteresis cycle
Figure-2), that the variation sense of the current iy, is
identical to the variation sense of the flux .
Accordingly, one has

sign(iy) = sign(@ux) (29)
Let’s define h as the quantity

1

Wi Pue ) = ooy G0
where

di . . do

% = Ry Puio buk) — (31)

Applying the direct and inverse Concordia
transformation to the triphase system defined by (31)
implies:

i[i‘“" —C [}8 i? gl*c L[ome] 32)
at[iyg] 7B 0 02 h, 32 ac lPup

Where h;, can be defined
hie = h(iuk Putcr k) (33)

By substituting (14), (15), (19), and (20) in the
vector equation (32), one constructs the two following
sixth and seventh state space equations of the AC
machine:

digg 1 . . V3 . ,

;l: = g(4h1 + hZ + hS)(Vra - erua + ersa - w(prﬁ) T e (hz - h3)(Vrﬁ - eruﬁ + ers[i - w(pra) (34)
di V3 , , 1 , ,
d_utﬁ = _? (hz - h3)(Vra - erua + ersa - w¢rﬁ) + E(hz + h3)(Vrﬁ - eruﬁ + ersﬁ - (‘)(pra) (35)
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Equations (19), (20), (23), (24), (27), (34), and
(35) represent the established DFIG state space model. For
a more compact form, let’s consider the following state
space model:

X=FX)+Gu (36)

y = M0 = [(prza f <p3,;] 37

with
. . i i T
X= [lsa' L) Prar Prp» 0, Luar l,u.ﬁ] (38)

u= [V;"ou Vrﬁ]T (39)

T
1 0 0 0 O

1 (40)

0 1. 0 0 O

- Rg. 1 1 . . f

_L_Slsot + L_Svsot - L_s [_erua + Ryigg — w‘prB]
Rs . 1 1 . .

—L—SISB + L_SVSB - L_s [_RI'IHB + ersB + (.l)(pr(x]
_Rriua + Rrisa — WP

FX) = —Ryiup + Reisg + 0@rq @D

?((praisﬁ - (prBisoc) - %

f6 (X)
f7(X)

with
fG(X) = %(4}11 +h, + h3)(Vra - Rri;wz + Rylsq —

NE . .
w‘Prﬁ) - ?3 (hy — hs)(Vrﬁ — Relyp + Rylsp — w%"‘)(n)

V3 . ,
f7(X) = _?(hZ - h3)(Vra - erua + ersa - w(prﬁ) +
%(hz + h3)(VrB - Rriuﬁ + Rrisﬁ - w(pra) 43)

4. SPEED AND FLUX CONTROLLER DESIGN
AND ANALYSIS
Any control strategy for DFIG is characterized by
two main components:

a) The rotor flux reference generator used
b) The DFIG model was considered during the design of
the regulator.

In this context, Depending on the way these
components are designed four control strategies are
considered (see Table-2).

Table-2. Different speed control strategies.

Reference Flux generator

Nominal Flux | Optimal Flux

Magnetic Linear

LMC-NF LMC-OF

Characteristic model Hysteretic

HMC-NF HMC-OF

In the existing literature, the most popular DFIG
control strategy is the LMC-NF which is characterized by
a non-optimal constant flux reference and an MPPT
controller designed from the linear magnetic model. There,
the constant flux reference should normally be given the
machine flux nominal value. The resulting control
performances are not satisfactory from an energetic
viewpoint, especially in the presence of small wind
speeds.

The LMC-OF control strategy is characterized by
a variable flux reference, this latter is computed
considering for each torque value the minimal stator
current, the main interest of this configuration is to
minimize the joule losses in the stator, and this will allow
the extraction of more power from the generator. The
speed regulator is designed considering a linear hysteretic
magnetic characteristic.

The HMC-NF control strategy (see Table-2) is
characterized by a constant flux set point. The speed
regulator is designed taking into account the hysteretic
magnetic characteristic. Such a strategy is practically

useless as no benefit is gained from model complexity if
the flux reference is kept constant.

The present paper focuses on the new control
strategy (HMC-OF) that consists in designing an optimal
flux reference generator and an MPPT controller (Figure-
5). The latter is designed based on the non linear model
(36)—(43) that takes into account the hysteretic feature of
the DFIG magnetic characteristic. The flux reference
optimality is expected to guarantee the minimization of the
stator current required to produce the maximum
electromagnetic torque corresponding to a given wind
speed. The proposed control strategy is presented in detail
in Subsections 4.1 and 4.2.

4.1 Optimal Speed Reference and Flux Reference
Generator

4.1.1 Optimal flux reference computing

The conception of the optimal flux
reference algorithm consists in presenting the optimal
stator current in the function of the rotor flux for each
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value of the mechanical torque. To this end, representing

the mechanical torque in a d-q reference frame seems to be Vsa = Rslsq — lswsisg 47
more interesting from a computing point of view.
If we orient the d component of the reference Veqg = Rsisq + ws(lsisq + 1) (48)

frame following the rotor flux, the flux q-component is

null and all state variables are constant in steady-state. The stator's direct connection to the grid leads

Since ¢4 = 0 the torque equation becomes one to the following equality:
Tm = PPris (44) Vinax = V& + Vi (49)
From (23)-(24), the d-q components of the stator By substituting (47) and (48) in (49) one has:

voltages in a steady state are given by

i V;Enax = [R52 + lszwsz]iszd + 2wsls(prisd + [lszws2 +
Vsa = Rsisq — ws@sq (45) Rsz]iszq + 2Rswsrisq + w?p? (50)

Voq = Rsisqg + Ws@sq (46) By introducing (44) in (50) the d component of
the stator current verify
Substituting (12)-(13) in (45)-(46), one has

2
j == WslsPr wslspr Vszmax _ (Tm )2 _ 2Rsws@r Tm _ a’?
sd [RE+1Zwi] [RE+13wi] [RE+1Zwi]  \por [RE+1iwi]por  [RE+IFw]]

@? (51)

let’s consider I the norm of the stator current, then using (50) and (58), the resulting norm of the stator current could be
given by

I, = /isdz +igq” (52)

2
2
I = _ wslsor + Wslsr + Vinax (T_m)2 _ 2Rsws@r Tm w§ 2| 4+ [T_m]z (53)
g [RE+15 wi] [RE+1Z ] [RE+15wi]  \por [RZ+Zolppr  [RE+Z0Z] 7 Py
13 T T T T T T T T T
Equation (53) expresses I as a function of T;,, and ¢,..
12 ]
g1l i
15000 \ E
19108 N =
g ! 1
g
~ 15000 Nim
< 10000 . 098 iy
E 10000 Nm 08 | | | L . | |
g 71000 2000 3000 4000 000 6000 7000 8000 9000 10000
§ Stator current (A)
g 3000 5000 Nm 1 . ) o
Figure-4. Optimal current—flux (OCF) characteristic.
S ) B
0 [
03 | 15
Rotor flux (Wb) A sample of 9 relevant torque values Tm].
Figure-3. Curves of torque (19108, 15000, 10000, 5000, (G=1,...,9) has been a priori selected and the corresponding
and 1000Nm) each curve design a current minimum global minima (¢r,, i I, ]-) can be graphically determined
corresponding to the optimal flux. as illustrated by Figure-4 where all the curves correspond

to the induction machine characterized by the numerical

parameters of Table-3. Doing so, a set of 9 global minima

(91,17, ) (G=1,....9) has been obtained. The set of
J J

minima points have been fitted in the least squares sense
by a polynomial function of n"™-order, denoted F(.). The
degree n=5 proved to be suitable for the data under
consideration. The polynomial created in this manner is
denoted by:
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F(I)=6,I" + 6,171+ -+ 6,1 + 6, (54)
Table-3. Coefficients of the polynomial F(.).
Inde | Valu | Inde | Value | Inde | Value
X e X X
6, 0.85 0, -0.061] 0, 0.4986
04 -1.719 6, 3.1370| 05 —2.838¢

4.1.2 Optimal speed reference

The main interest of working under a variable
speed reference is that the choice of this reference can be
made optimal to extract the maximum available power.
Furthermore, the achievement of this latter guarantees
optimal aerodynamic efficiency.

Pa

P Maximum Power Point for 11m/s

gz Adjusting Curve For N
Z Maximum Power Points | X=7m/s

Figure-5. The shape of the aerodynamic power according
to the rotor speed for various values of wind speed.
Highlighting MPP.

For a given wind speed, there exists a unique
optimal rotor speed reference for extracting the maximum
mechanical power (see Fig.5). For this, a sample of 20
relevant wind speed values v; (j = 1,...,20) has been a
priori selected and the corresponding global maxima
(2}, Pg;) can be graphically determined [11]. By doing so,
a set of 20 points (2;;,Pg;) (=1,..,20) has been
constructed. Then, a n™-order polynomial function R(.),
fitting in the least squares sense the set of ({2, P,;)
points, has been built. For the considered wind turbine,
characterized by the numerical parameters of Table-2 and
the shape of Cp(A) presented in [11], the degree n =4
turned out to be convenient for the considered data. The
polynomial thus constructed is denoted:

R(W) = wyv* + w3v3 + wyv? + wiv + wy (55)

where the coefficients w; have the numerical values of
Table-4. For the considered wind system, the shape of
R(v) is plotted in Figure-6 which will be referred to as an
optimal wind speed power (OWRS) characteristic.

Table-4. Numerical values of coefficients in the
polynomial R(v).

Index Value Index Value Index | Value
wo 45 w, 9.996 W, —0.002
w, —0.04247|  w, 0.064

Rotor Speed Referenec (Rad/s)

%
Wind Speed (m/s)

Figure-6. Optimal wind-rotor speed (OWRS)
characteristic.

4.2 Rotor Speed and Rotor Flux Controller Design
Analysis

We are interested in the problem of controlling
the rotor speed and flux norm for the doubly fed induction
generator described by the model (36-43) that takes into
account, the saturation and hysteresis of the magnetic
characteristic. The speed and flux references (£2,¢f,@ref)
are any bounded and derivable functions of time and their
two first derivatives are available and bounded. These
conditions can always comply with filtering the reference
through second-order linear filters.

The controller design will now be performed in
two steps using the backstepping technique. First, let’s
introduce the tracking errors:

€1 = 0pop — 0 (56)

21 = @l — (0fa + 0%5) (57)

Step 1: It follows from (36)-(43) that the errors
e, and z; undergo the following differential equations:

. . P . . T
€ = -Qref - 7 (‘pralsﬁ - (prﬁlsa) + TL (58)

Z; = Zwref(bref = 20rqPra — 2<prﬁ¢rﬁ (59

By substituting (19)-(20) in (59) one has:

Z = 2(pref¢’ref - 2(prav1'”a - Zq’rﬁVrﬁ + 2Rr(¢raiua +
(prﬁiuﬁ) - ZRT((praisa + q’rﬁisﬁ) (60)

In equations (58) the quantities p; =
§(<pmisﬁ - <prﬁi5a) stand up as virtual control signal. So
that, for the tracking error e; vanishes asymptotically, let

us consider the following virtual control:
. TL
U1 = creq + Opep + 7 (61)
Similarly, to control the tracking error z;,

equation (60) suggests choosing the quantity 2@,V +
2¢.Vrp (considered as a virtual control) such that:

20 Vg + zwrﬁVrﬁ =

d1Z1 + 2(pref¢ref + ZRT((prai,ua + (pr/?iu/?) -
2Rr(¢rtx isa + Drp isﬁ) (62)
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where c¢; and d, are any positive real design parameters.
Indeed, let’s consider the Lyapunov’s candidate function

defined by:
A e N e TN .o |
| Rotor Speed B.otor Flux e |
: Vo d——] Feference Eeference e o | References :
h (34 |e——ap i Signals !
| Generator (337 Generator (34) = 2 I
e (eppeyepepe e ey S !
eI T : | ——— T T
| = Pref Eotor ] !
: T Flux Vg i
I . é_{\ * Regulator g . \
! Eotor - a4y . Control Law i
Ty @ W Vg 1
I P Speed Y i
: _x_h Regulator :
\ (74 Oip T 05 I
I
L | N |
[ e 1 e R B |_ ________________ =
[ s o | ,
i 0 s£—* Wind Twhbine Svstem [ ! |
! s p—] (36):443)  — ! DFIG Model i
! fup ] >4 .;f:"‘ : taking into |
! > T | account the :
| - —. ! Magnetic \
- - . 1
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Figure-7. Control loops of the whole studied system.

By substituting (36)-(43) and (61) in (68) one

Vy =2 (e? +22) (63)

has:
Its time derivative is given by (using (61)-(62)) ' P 1 1
€2 = Uy — T (VraisB - L_sVrB(pra_VrBisa + L_svra(prﬁ) (69)
Vi = —cief — dyz} (64)

where
In this step, u, is retained as a first stabilization

function, and the new tracking errors denoted e,is defined:

s T, P L Lo
Hp = 2¢q(creq +e3) + Qrer + TL -7 <_Rr1u(xlsB + Riisalsg —
P . .
€ = — 7 ((pralsﬁ - (prﬁlsa) (65)

. Re . 1 Rr. Rr.
WPrglsg — L_S(pralsB + L_SVSB(proz + L_SluB‘Pra - L_SISB(Pra -

1 . . . Ry .
L . . . wQF, + eruﬁlsa - ersﬁlsa — WPrglsq + L Prplsa —
By substituting (61) in (65), the tracking error > s
e;dynamic is given by Ls

L (Vsa(prB - SB(\OI‘O()
Ls

To analyze the error system (e, z;, e;) stability,

R, . R, . 1
Vsoz(prB L Prplpe + L. Prplsa — L_Swr‘pfﬁ -

(70)

él = —C1€61 + ey (66)

Consequently, the time derivative of Lyapunov’s
candidate function (63) becomes:

Vy = —c,e? —d,z? + eje, (67)

Step 2: The second step consists in choosing the
actual control signals, V., and V,., so that all error vectors
le;,z;,e,]7 converge to zero. The time derivative of the
tracking error e, is given by:

. . P . . : . . :
€ = U — 7 ((pralsﬁ + Qralsg — Prplsa — (prﬁ’lsa) (63)

let us consider the following extended Lyapunov function
candidate:

Vy=Vy +e? (71)

Its time-derivative along the trajectory of the state
vector (eq, z4, €,) is given by (using (67) and (69)):
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i P .
V, = —cief —dizf + e, <e1 +uz — 7<Vm (lsﬁ +

iww)—wﬁ@m—iwmﬁ> (72)

To ensure the global and asymptotic stability of
the error system, the control inputs V.4, Vs should be
chosen as the following:

[Vm] _
Vig

(isﬁ + Lis(prﬁ) - (isa - i<ﬂm) -
2<pra Z(pr[f’

Theorem 1 (Main result)

Consider the closed-loop system composed of the
DFIG, described by the model (36)-(43) and the nonlinear
controller defined by the control law (74). The closed-loop
error system described by (eq, z1, e;) respectively given in
(56, 57, and 65) is globally asymptotically stable
concerning the Lyapunov function (72). Consequently, all
errors vanish exponentially fast, whatever the initial
conditions]

Proof of Theorem 1

With the proposed control laws defined in (74),
the time derivative of the considered Lyapunov’s function
(71) is given by:

V, = —cief — dizf — €3 (75)

As V, is a negative definite function of the state
vector (eq,21,€;), the error system is globally
asymptotically stable. This completes the proof of
Theorem 1H

5. SIMULATIONS RESULTS

The simulation was performed in
Matlab/Simulink environment. The performances of the
proposed new controller, (that accounts for the magnetic
hysteresis) will be evaluated through several tests of
robustness. In the next this controller will be referred to as
HMC-OF. To highlight the supremacy of the HMC-OF,
three comparisons will be performed: the first test involves
control strategies with state-dependent optimal flux
reference over control strategies with a nominal constant
flux reference (see Table-2). The second test is to prove
the HMC-OF performances compared to the standard
controller assuming that the DFIG magnetic characteristic
is linear (in the next this controller will be referred to as
LMC-NF), this latter is working under a nominal flux
reference. The last test will include a comparison between
the HMC-OF and the LMC-OF, both controllers are
working under optimal flux reference, but the second is
based on a linear flux magnetic characteristic. The
considered DFIG is a 3MW whose characteristics are
summarized in Table-4. The new controller design

[dlzlz + prref(pref + ZRT(QDraiua + (prﬂiuﬂ) - ZRr((praisa + (p‘rﬁisﬁ)

€z [el + U — ? (Vra (isB + iQ”rB) —Vip (isa - L_ls(Pra)>] =
—cye2 (73)

Where ¢, is a positive design parameter? Then,
using (62) and (73), one has:

%(Czez +eq + 1) (74)

parameters are in Table-5, and the standard controller
parameters are in Table-6.

Table-5. Electrical machine parameters.

Electrical Index Value
Stator/Rotor resistance Rs/ Rr 0.455/0.62Q
S/Rotor leakage Ls/Lr | 0.0083/0.0081H
inductance
Magnetizing Msr 0.0078H
inductance
Inertia 0.3125kgm?2
Viscous friction F 6.73x10—1Nms—1

Table-6. New controller parameters.

Index Value
Cl1 450
c2 240
d 5000

5.1 Simulation Protocol

The simulation protocol is set up to take into
account a significant step variation in the mean wind
speed, as illustrated in Figure-. The algorithms used to
calculate the rotor flux and rotor speed references are
discussed in subsections 4.1.2 and 4.1.1, respectively.

Many grid faults will be applied to the HMC-OF
to assess its robustness. To prove its good behaviour
facing real grid operation mode. These tests are classified
into two parts: robustness under voltage dips and
robustness despite the frequency variation. The first
considered fault is a 3-phase voltage dip, which reduces
the main voltage value by about 60% and last for 1s [4s-
5s] as presented in Figure-9a. The second test was carried
out by considering a frequency variation [50-50.5 Hz].
This grid fault is introduced at time 1s and last for 0.5s as
shown in Figure-9b.
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Figure-9a. Network voltage under voltage dips.
Fig.9b. Network frequency profile.

5.2 Controller Evaluation

a) Supremacy of the HMC-OF strategy over the HMC-
NF strategy (Table-2)

The HMC-OF is implemented using equation
(74). The corresponding design parameters are given by
the numerical values of Table-3. Figure-10 illustrates that
the HMC-OF as well as the HMC-NF track well the given
speed reference, both are computed using the curve of the
optimal rotor speed (see Figure-3) ensuring the MPPT
objective. However, the HMC-OF delivers more precision
and presents fewer oscillations than the HMC-NF.
Furthermore, Figure-10 highlights the good robustness of
the proposed HMC-OF in the presence of the considered
grid faults (described in Figures 9a-9b), where it is clearly
shown that the faults don’t affect the tracking objectives.
Similarly, Figure-11 and Figure-12 present respectively
the HMC-OF and HMC-NF rotor flux tracking
performances. This figure illustrates the good behavior of
the proposed regulators even under the considered voltage
dips and frequency deviation. Note that in Figure-11 the
considered flux reference is variable in function of the
stator current to optimize the joule losses in the stator (see
subsection 4.1.1). While in Figure-12 the flux reference
considered is constant in the order of 1.1wb (equal to the
nominal flux).

T T
H\’li—()l‘

e TN e

T8 & s g & &

Rotor speed (Rad/s)

Figure-10. Speed tracking performance of HMC-OF.
Solid: speed reference. Dotted: HMC-NF speed
response. Dashed line: HMC-OF.
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Figure-11. Rotor flux tracking performances. Solid line:
Rotor flux reference. Dotted line: HMC-OF.
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Figure-12. Rotor flux tracking performances. Solid line:
Rotor nominal flux reference. Dotted line: HMC-NF.

Since the difference between the HMC-OF and
the HMC-NF is in the rotor flux level, it is imperial to
proceed to a power comparison to judge the interest of one
on the other, for that, a power comparison is realized,
between the power extracted from the generator working
with the HMC-OF, and the power extracted from the
generator working with the HMC-NF, note that both
power computing systems are considering the
hysteresis/saturation phenomena. Figure-13 shows clearly
that the power with the optimal flux reference (Solid line)
is greater than the power with the steady flux reference
(Dotted line), proving that with the optimal rotor flux, the
joule losses of power are less, and the produced power is
greater. Around 12% more power is collected using the
optimal flux reference for the selected wind profile,
attesting to the benefits of this controller.

The joule losses are obtained considering the
expressioanslsz, where I is the norm of the stator
current. Figure-14 presents the evolution of these losses
for both controllers HMC-OF and HMC-NF, it is clearly
shown that the HMC-OF implies lower losses than the
HMC-NF, especially for weak values of the wind speed.

This achieves the comparison between the HMC-OF and
the HMC-NF.
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Figure-13. Extracted power comparison. Dotted line:
HMC-NF. Solid line: HMC-OF.
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Figure-14. Joule losses power. Dotted line: HMC-NF
Solid line: HMC-OF.

b) Supremacy of the HMC-OF strategy over the LMC-
NF strategy

In this subsection the LMC-NF involving

nominal flux reference is considered for a comparison

purpose, the controller is obtained simply by considering
(31):

= the function h constant and equals h=250, this is
obtained by studying the linearization of the
hysteresis shape of Figure-2.

= the flux reference constant and equal to 1.1Wb

= and the other design parameters with the following
values that proved to be convenient for this controller:
C,=1200, C,=420, d,=100.

Figure-15 presents the rotor speed tracking by the
HMC-OF and by the LMC-NF, it attests clearly to the
good response of the HMC-OF tracking the speed
reference. On the other hand, the LMC-NF presents some
imprecision in low rotor speeds, once the speed rises the
tracking performances of the LMC-NF improves. Figure-
16 attests that the LMC-NF ensures the tracking of the
rotor flux reference. However, small oscillations appear
for different values of wind speed.

Note that the simulation process of the LMC-NF
working with the machine taking the hysteresis/saturation
phenomena into account did take great effort and time to
deliver such results, in other words no better results could
be achieved with this configuration.
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% 14 145 15 155 16 M
5 2008 Zoom 0 |
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Figure-15. Speed tracking performance of LMC-NF.
Solid: speed reference. Dotted: LMC-NF speed
response. Dashed line: HMC-OF.

Rotor flux (Wb)

Zoom In 18]
gk

0.5 , B

0 [ 0 0005 001 (0015 002 0025 008

0 2 4

Do 00 o5 005 | [

8 10 12

6
1(s)

Figure-16. Rotor flux tracking performances. Solid line:
Rotor flux reference. Dotted line LMC-NF.

To complete the proof of the great interest of the
HMC-OF, a power analyze was performed in Figure-17.
The solid line presents the power delivered by the wind
turbine working with the HMC-OF, where the power is
proved maximal since we are operating in MPPT mode.
The dotted line presents the power delivered by the wind
turbine controlled by the LMC-NF. One can note that
there is a power gap from the power delivered by the
HMC-OF. This analysis proves that with the HMC-OF
working under real phenomena, one can extract more
power than with the standard regulator, in low and high
wind speeds.

It is well seen in Figure-18 that the HMC-OF
involves smaller joule losses compared to the LMC-NF.
This achieves the comparison between the HMC-OF and
the LMC-NF.

x10°

Power (W)

0 2 4 8 10 12

6
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Figure-17. Extracted power comparison. Dotted line:
LMC-NF. Solid line: HMC-OF.
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Figure-18. Joule losses power. Dotted line: LMC-NF.
Solid line: HMC-OF.

¢) Supremacy of the HMC-OF strategy over the LMC-
OF strategy
The LMC-OF has the exact shape of the LMC-
NF, except that:
= The flux reference is delivered by the optimal flux
reference generator (see subsection 4.1.1)
= The controller parameters are given the following
values that proved to be convenient:
C,=450, C,=240, d,=100.

Figure-19 presents the rotor speed tracking

performances, of both HMC-OF and LMC-NF. It is well
seen that the HMC-OF gives more precision, especially in
low wind speeds operating mode. Once the speed rises, the
tracking performance of the LMC-OF improves.
Figure-20 shows the rotor flux tracking performances of
the LMC-OF. Where one can attest that the tracking is
ensured around the nominal rotor flux value, and not
ensured with great accuracy elsewhere.

The power comparison of the HMC-OF over the
LMC-OF attests that with the first controller, more power
is extracted, especially in low wind speeds operating mode
as presented in Figure-21.

It is well seen in Figure-22 that the HMC-OF
involves smaller joule losses compared to the LMC-OF.
This achieves the comparison between the HMC-OF and
the LMC-OF.
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Figure-19. Speed tracking performance of LMC-OF.
Solid: speed reference. Dotted: LMC-NF speed
response. Dashed line: HMC-OF
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Figure-20. Rotor flux tracking performances. Solid line:
Rotor flux reference. Dotted line LMC-OF.
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Figure-21. Extracted power comparison. Dotted line:
LMC-OF. Solid line: HMC-OF.
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Figure-22. Joule losses power. Dotted line: LMC-OF.
Solid line: HMC-OF.

6. CONCLUSIONS

In this paper, we proposed a nonlinear controller
for the doubly fed induction generator operating in the
presence of magnetic characteristic saturation and
hysteresis. The control purpose was to regulate the rotor
speed and the rotor flux. The references of these latter are
delivered respectively by an optimal rotor speed reference
generator, consumed to deliver a speed reference
corresponding to the maximum available power, and an
optimal rotor flux reference algorithm, performed to help
this machine consume less power by the joule affects in
the stator, and by that to generate more power. For this,
The HMC-OF described by (74) has been designed using
the backstepping technique, based on the model defined in
(36-43). Theorem 1 formally establishes the global
convergence of the errors e; =, — and z; =
<pfef - ((prza + (pfﬁ) to zero. The controller was analyzed
to determine sufficient conditions to track well the given
references. It is proved that both errors vanish whatever
the operating conditions. The system’s global stability was
studied and proved by the Lyapunov’s theory. These
theoretical results were confirmed by simulations on
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Matlab/Simulink environment involving a wide range
variation of the wind speed. The robustness of the new
controller was also evaluated through several tests. Indeed,
this allowed checking that the new controller maintains its
good performances despite a grid frequency variation or
under voltage dips.
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