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Several non-linear controls are developed for controlling a wind energy
conversion system equipped with a DFIG double feed asynchronous
generator. Exploitation of the aerodynamic power captured by the turbine
gives a new instruction to the controller based on passivity by keeping the
hypersynchronous regime of the DFIG. An adaptive observer MRAS was

developed for the considered as a structure in which the rotor speed is

estimated from the measurement of stator and rotor currents. Our goal is to
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1. INTRODUCTION

The problem every day and around the world is to meet the energy demand that is growing more and
more. The accelerated increase in industrial activity in countries and business investment that provides a
lower cost of production has increased rapidly the global demand for energy. Faced with this demand, the
industrialized countries have massively used the production of decentralized energies whether renewable or
non-renewable sources [1, 2]. Wind energy was the first of the energy sources exploited by man. This
inexhaustible source of energy has developed significantly in recent decades [2, 3].

However, the large proportion of wind turbines uses DFIG (asynchronous double-feed generators).
This generator allows variable speed electricity generation [4]. It gives the opportunity, to better control the
wind resources for different wind conditions [5]. In the field of variable speed, the asynchronous generator
and thanks to the development of electronic inverters, currently ensures, in addition, a very important market
share. In the last years, an appreciable increase in the order of generators with double feeding have been
given, where we can give the vector control, the direct control of the couple and the adaptive control.

Similarly, multi-scientific works on the DFIG have contributed to the controls of wind systems
(backstepping control, Sliding mode control, MPPT control, PCHD Model control, D-FOC control etc. [1, 2, 6-10].
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The major disadvantage of these commands is assembled on a rigorous mathematical aspect for synthesized. In
contrast, there are other commands that have a physical meaning such as passive control [11-14].

Passivity-based control is a well-established technique that has been very powerful in designing robust
controls for physical systems. Inherited from well-known physical phenomena, notions of passivity are adapted to
several scientific domains and are effective for the regulation of electrical, mechanical and electromechanical
systems present in several fields of engineering, such as robotics, power electronics etc. [6, 15, 16].

Passivity-based control provides robust controllers that have a clear physical interpretation in terms
of the system's interconnections with its environment. In particular, the total energy of the closed-loop system
is the difference between the energy of the system and the energy supplied by the controller [7]. Moreover,
since the Euler-Lagrange structure is preserved in a closed loop, the passivity control has a robust stability
with respect to the non-modelled dissipative effects and exhibits robust performances due to its inverse
optimality [8, 9]. Modeling in PCH (Port Controlled Hamiltonian) form and its use for non-linear system
control has already been successfully applied in many areas of physics to describe these systems in terms of
exchange of energy [17]. This by generalizing the notion of Dirac structure into an interconnection structure
that makes it possible to clearly write the interaction of the system with its environment [18, 19].

The structure that includes power converters on the rotor part provides a high degree of
controllability, and allows for maximum efficiency at all wind speeds. To ensure the control of MPPT
(Maximum Power Point Tracking) we used the diagram presented in Figure 1 [20, 21].
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Figure 1. Block diagram with speed control

The control scheme of the DFIG requires that the rotor speed in optimal operation, therefore, the use
of speed sensor to ensure this magnitude implies the increase in installation complexity and cost. For this
purpose, the Model Reference Adaptive System (MRAS) observer was used to estimate the rotor position
from two rotor flux models (reference model, adjustable model) to obtain the rotor speed [21]. Figure 2
presents the schematic diagram of an MRAS observer.
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Figure 2. Principle diagram of an MRAS observer

Nevertheless, the objective of this work shows the resolution of the three problems generally encountered
in the control of the DFIG, then the first problem is the complexity of the mathematical equations which classically
models the system to study, the second problem is the minimization of the costs of construction by the elimination
of mechanical sensors, and finally we model and control the production chain in closed loop. Therefore, the
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proposed solutions present equations that have a physical aspect (energetic) and a non linear control IDA-PBC
(Interconnection and Damping Assignment - Passivity Based Control) without a mechanical speed sensor
associated with a wind turbine integrated into the electrical network (Figure 3 shows the overall system studied).
The structure of this contribution is based on the modeling and control of the system, results and discussion finally
a conclusion and perspective. Variants and scenarios are performed under the Matlab / Simulink environment to
evaluate the reliability and robustness of sensorless passive control.
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Figure 3. Structure of sensorless control with IDA-PBC method for the DFIG

2. MODELING OF THE WIND SYSTEM
2.1. Modeling of the wind turbine
The wind power equation is defined from the following way [3]:

1
PU :Ep.S.US (01)

p : is the density of the air.

S : is the circular surface swept by the turbine.

v : is the wind speed (m / s).

The aerodynamic power of the turbine is then written:

1
Paero = Cp-P, = C,(4, B) 5 p.S.V° (02)

With A which represents the specific speed
1= ROwina

4
The power coefficient Cp represent the aerodynamic yield of the wind turbine, it is determined as following:

1 x G
Cp(B) = €y (Co7— CaB* = Cy— C ) e (03)
Knowing that:
1 1 0.035
4~ (/1+0.08ﬁ - 1+B3) 04)

The torque of the wind turbine is given by:
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Sv3c,(4,
Tnec = Zmee PLLLAC XD (05)

w 2 w

The fundamental equation of dynamics allows determine the evolution of the mechanical speed from the total
mechanical torque Tmec applied to the rotor:

dan
]% = Thec (06)

J : is the total inertia that appears on the rotor of the generator.

] = ]tur% + Joric (07)

This mechanical torque Tmec takes into account, the electromagnetic torque Tem produced by the
generator, the Torque of viscous friction Tvis, and the torque from the gearbox Tj.

Thec = Tg = Tem — Tyis (08)

2.2. Modeling of the DFIG
The model of the double-feed generator in the d-q reference can be written as below [8]:

D

ddgs
Vas = Rglys + d_;i - wsq)qs
ddgs
Vqs = Rslqs + T WDy (09)
do,
Var = Relgr + TdT - qu)qr
- d®qr
Vqr - erqr + T - qu)dr
With :
w, = wg — PN (10)

(q)ds = Lslgs + Mly,

Dy = Lelgs + My, B
{(Ddr = Lylgy + Mlgs

Dy = Lylgr + My

The expression of the electromagnetic torque of the DFIG depending on flow and stator currents can be
written as follows:

M
Tem = _PL_S(CDqsIdr - (Ddslqr) (12)

With p : number of pole pairs of the DFIG.
The active and reactive powers stator and rotor of the DFIG are written as follows [15]:

By = Vyslgs + K]Slqs
Qs = Vqslds - Vdslqs (13)
B =Vglgr + Vquqr
Qr = Vqudr - Vdrlqr

2.3. IDA-PBC controller applied to DFIG generator

From (09), it is clear that the dynamic model of the DFIG is non-linear due to the coupling between
the speed and the electric currents. According to the vector control principle, the direct axis current Id is
always forced to equal zero in order to orient all the linkage flux in the d axis and achieve maximum torque
per ampere.
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ddgs
dt
d¢W
dt
adgy
dt
d®gy
dat

= Vas—Rslgs + wsLslys + wsMI g,

= Vqs_Rqus — wgLglys — wsMly,

=Var—Rplgr + 0Lyl + w0 Ml

= Vgr—Rplgr — 0rLylgr + 0 Ml

So the mechanical equation of the rotating part of the generator is given by:

d
J 4 = M)l =T, = Ty

[

Where ; J, = [(1)

The state variables are :

x=[0f O] Jo]"=[x] x,]
With :

= [®T @I] : are the electric state variables.
Xm = Jw : mechanical variable.

The energy function written by:

1
Xin
2]pFIG

H(x) = —xeL_ Xe +

With :

Ll,

3 ML] . 11
L=\mr ] I, =

LL|"
The partial derivatives of energy with respect to the state variables are:

OH

— =L
Oxe e
OH

Oxm

__1 —-[IT

T1T
- 1)

0H

— -1 —
=] Xm ey @

Finally, the matrices of interconnection, damping and the matrix of the command are :

—wsMJ; 035
_ersjz M]ZIS
MIYJ, 0

Rl
,R(x) = |02x2
01X2

OZXZ 02X1

Rl 0254
01><2 Tf

[—w;LyJ,
_wsszz

01X2

J(x) =

[ [, Oax2 O2x1
02x2 I, O2x1|,u= [VsT VrT
012 1

glo) = .1

1012
With :

0 0 Vas

022 = [0 0] O2x1 = [g] , 0152 = [0 o], VsT = ] VT Vdr]

v,

JG) =J()™,R(x) =R(x)" 20

With these matrices the model PCH is written by:

a7

(18)

(19)

(20

@n

(22)

(23)
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—wslgf; —wsMJ; 0O Ril;  Ozxz 02 I 0252 Oz V"
% =||~wsM]2 —wilsfa MIs| —[02xa Relz Opa [|VH + |02z L Opyq||UT
01x2 MITJ, 0 O1x2 Oixz Tf O1x2 O1xz 1 1T,
(24)
I;  Ozxz 0Ox
y= 022 I 02x1|VH (25)
012 O1x2 1
2.4. Calculation of control voltages Vdr, Vqr :
To calculate the control voltages one has to determine J;(x) and R;(x)
For that we must determine J, (x), R, (x) the controller. The closed-loop system is written by:
f0) +g0)u = (Ja(x) — Ry(x))0H, (x) (26)

Where :

Ja(x) =J(x) + Ja(x)
Rq(x) = R(x) + Ra(x)
Hq(x) = H(x) + Hy (%)

With :
Hy(x) : The energy function of the closed-loop system, H, (x) : The controller energy function.
J4(x) : The interconnection matrix of the closed-loop system, J,(x) : The controller interconnection matrix.

R;(x) : The damping matrix of the closed-loop system, R, (x) : The controller damping matrix
It is possible to write (26) as follows:

(J () +Ja(x) = R(x) + Ry(0))9Ha (x) = —(Jo(x) = Ra(x))0H (x) + g(x)u @7

The previous equation is equivalent to:

(Ja() = Rg(x))8H, (x) = —(J4(x) — Ry (x))H (x) + g(x)u (28)

So the total energy desired:

1 * - * 1 *
Hd (x) = E (xe - xe)TL 1(xe - xe) + 2] (xm - xm)z (29)
DFIG
So:
— — Tr-1 1 * Y O 1 *2
Hy(x) =Hy(x) —H(x) = —x L™ 'x, ———xpxp + x5 L7 x; + X, (30)
JDFIG 2 2JpFiG
With :

0H,(x) = [__(f)* ,where I = [las Igs lar  1gr]T
Using this relationship, (28) becomes :

Ua(@ = Ra@) [ 71 ] = =0t = Ra@) | ] + 9 (31)

The command Vr is found in line 3 and 4 of the matrix in (31).
So:
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O2x2  Ozx2 02x1 0232 Ozx2 0251
Ja() =02x2  O2x2  —Jrm) [, Ry (x) = |0px2 71, 0pyq (32)
O1xz Jim() 0 0152 O1xz 0
Where :
2X1
Jrm(x) € % to be determined.
r: It is an additional resistance for currents to dampen transient oscillations.
We replace the matrices J, (x),R, (x) and using (30), we find:
T (Ir_I;)T *\T *
]rm(x) =M 152 (ls - Is) LI7 (33)
So:
Vo =V = (0 = @) (Lefoli + Jrm(0) = Mw*J,(Is = I5) = LI — 1) (34)

Unfortunately, the order is singular in point of equilibrium. It's done possible to get rid of this
singularity by adding a depreciation variable. Now we keep J;(x) and H;(x) as before, and we change the
matrix to have the form:

O2x2 Oz2xz 0zxq
Ry(x) = [02x2 71 0Ogxq (35)
01x2 O1xz  &(x)
With :
§(x) = TomTemxe) (36)
and :
Tom = Gro” 37

When replaced in the closed-loop Hamiltonian equation, &(x) is multiplied by (w — w*), therefore
elimination of singularity. Since the mechanical part of (27) is the only one that has been modified,
then the expression
of Vr in terms of [, (x) rest the same.

Using the equilibrium equations, we obtain:

]rm(x) = MJ, I (38)

The closed-loop dynamic system is always of the form (24) with:

—wslsf; —wsMJ; O3y Rl 02x2 0251
Ja(x) = [~wsM];  —wrLgJ,  MJpls|; Rg(x) = |02x2  (Ry + 1)L 02x1 (39)
012 MI{], 0 01%2 O1x2 Ty + §(x)

Finally, the rotor voltages of the order are written by:

Vo=V — (0 — o) (L) I7 + ML) — Mw*J,(Is — 1) — v (L — I7) (40)
With:

V= (ws — )L foly + M[15) + R LI (41)

2.5. Application of the MRAS
The equations of the chosen reference model and adaptive model are given by:
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Reference model:

ddg, Ly dlgs

i (Vas—Rilgs — oL, 5%) 42)
ddgr Ly dlgs
the & (o1 @

Adaptive model:

ad 1 = PN M
Tdr = Vis — T_r Dy — (U(qu + T_rlds (44)
ddgy 1 = PN M

d: = Vs — T (qu — 04 + T_rlqs (45)

The error between the two models, function to be minimized, is given by:
=0, — D, (46)

The law of adaptation presents an integration in open loop (problem of offset). For the improvement of the
estimation response a low pass filter has been proposed by many authors [10]:

W= Kp(sd(f)qr - sqa)dr) + Ki(stTqu - sq(f)dr)dt 47)
With: K,, K; positive constants.
3. RESULTS AND DISCUSSION

Using Matlab/Simulink, the results obtained for the sensorless IDA-PBC command are presented in
Figure 4, Figure 5, Figure 6, and Figure 7 shows the reference of the dynamic wind speed.
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Figure 4. Results of the active power with its error, without sensor.
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Figure 5. Results of the reactive power with its error, without sensor.
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Figure 7. The reference of the dynamic wind speed.

4. DISCUSSION

Using an MRAS observer with a dynamic (random) wind speed, the results obtained for Figure 5
show the evolution of the active power provided by the DFIG with its error as a function of time. Note that
the curve of the active power P* (in black) followed by the other of the reference (in blue) Pref with a
transient regime of 0.25 seconds. The maximum peak at 72 KW for a wind speed of 12.2 m/s. It is seen that
the curve of the active power P* and its error have small fluctuations because of the properties of the
observer MRAS due to the sensitivity to the dynamic variations of the turbine.

Under the same conditions described above, Figure 6 shows the evolution of the reactive power
supplied to the minimum values by the DFIG with its error as a function of time. It is noted that the curve of
the reactive power Qsmes (in blue) followed the other of the reference (in red) Qsref with a transient regime
0f 0.25 seconds. The maximum value generated from the reactive power is 1.3 Kvar for a wind speed of 12.2
m/s. This minimum value of the reactive power produced is the consequence of the coupling of the
mathematical model of the DFIG use. The small fluctuations on the Qsmes curve is the cause of the
properties of the MRAS observer.

In the same conditions described previously, Figure 7 presents the dynamic variation of the
mechanical speed with its error as a function of time. Note that the observed speed curve QMRAS (in blue)
followed the measured speed QMPPT curve (in red) with a transient period of 0.25 seconds. In this case, the
transient regime is divided into two parts, the first part where the starting time of the system from 0 to 0.25
seconds as well as the second part is the delayed time of the observed speed QMRAS with respect to the
speed measured QMPPT between 0.25 and 1.5 seconds. This delay is the cause of adaptation mechanism (PI
regulator) of the observer in which it was favored the accuracy of observation with respect to speed. The
maximum value of the observed speed is 186 rad / s for a wind speed of 12.2 m / s. The small fluctuations on
the speed curve QMRAS is the cause of the properties of our observer.

It can be seen that the reference curves for the active power, which reactivates the mechanical speed,
has been perfectly followed thanks to the IDA-PBC command and the MPPT command for the dynamic
variations of the wind. The error curves of the active and reactive powers take important values at startup for
the transient regime and remain in the average of zero for the permanent regime.
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5. CONCLUSION

In this contribution, the MRAS observer and an IDA-PBC controller are developed using advanced
tools of nonlinear control for wind systems to a DFIG dual feed asynchronous generator. By using both
MPPT and IDA-PBC commands that guarantee the maximization of the tracked power and the robustness of
tracking the dynamic variations of the wind. Minimization of tracking errors for active and reactive powers
are important to ensure reliability of power generation under normal conditions. The results obtained for the
generated active power and the mechanical speed of the turbine in the dynamic conditions guarantee the
robustness of our control and the validity of the model proposed, therefore, the precision and the optimization
to track the variations of the aerodynamic powers.

APPENDIX
The parameters used in the model of the DFIG and wind turbine are shown in Table 1:

Table 1. Parameters used in simulation model.

DFIG
Parameter Value Unit
Pn 100 kW
Rs 0.455 Q
Rr 0.19 Q
Ls 0.07 H
Lr 0.0213 H
Lm 0.034 H
JDFIG 0,53 Kg.m?
f 0,0024 N.m.s/rad
p 2 /
Wind Turbine
R 35.25 m
S m.r2 m2
p 1.22 Kg/m3
G 90 /
Jturbine 1000 Kg/m2
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