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Abstract: - This paper is devoted to a fractional-order model reference adaptive control (FO-MRAC) synthesis
for the independent control of the active and reactive power flows in the cascaded doubly fed induction
generator (CDFIG) in wind energy systems. The proposed adaptive control law combines a second-order-like
fractional reference model and a direct MIT adaptation law using a fractional order integrator. This generator
configuration can be an interesting alternative to standard double-output wound rotor induction generators. It is
made up of two identical wound rotor induction motors such that their rotors are mechanically and electrically
coupled. Using two cascaded induction machines permits the elimination of the brushes and copper rings in the
traditional doubly-fed induction generator DFIG, which makes the system more resistant and reduces
maintenance costs. In the first step, we propose a classical PI controller synthesis to regulate the active and
reactive power produced by CDFIG. Then, the FO-MRAC design is realized and a comparative study based on
numerical simulations is performed between the classical regulators PI, MRAC, and FO- MRAC, to
demonstrate the superiority of the proposed fractional-order adaptive controller relative to conventional integer
order PI and MRAC controllers. These results illustrate the reliability and efficiency of the proposed adaptive
control scheme.
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1 Introduction Fractional adaptive control is a very recent and
For more than three centuries, a great number of hot research topic, gathering more and more interest
researchers have concentrated on fractional calculus, thes§ recent years because of the improvement
[1]. Since its beginning in 1695, fractional calculus obtained in the contrpl system performance when
has established itself as one of the most productive compared to the classical adaptive control schernqs,
and current branches of modern mathematics, [2]. 8], [9]7 [19], [_11]; [12]. Th? reason f.or. this
The fields of application of these fractional §nthus1asm hes.m 1t§.extraord1nary simplicity to
operators are varied and affect practically all implement and its ability to augment the system's
specialties of engineering and science. dynamic  performance 'and robustpess when
As far as we are concerned in this work, compared to conventional adaptive control
fractional order control and its application in techniques, [13], [14]. . .
renewable energy systems and electrical machines A plethora of apphcat.lons using fractional-order
have been the subjects of a sustained research effort model reference adapnve. cc_>ntrol (F OMR_AC)
bringing several innovations to increase efficiency anﬁguratlons can be found n lltergture, covering a
and the effectiveness of these systems, [3], [4], [5], wide range of science and engineering dorpams hk.e
(6], [7]. Voltage control of DC/DC converter in multi-
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sources renewable energy systems [15], in multi-
source renewable energy system using fractional-
order integrals, [16]. In the wind energy system,
using adaptive control of a Doubly Fed Induction
Generator (DFIG) and Cascaded Doubly-Fed
Induction Generators using a fractional-order PI*
controller, [17]. Recently, fractional adaptive
control schemes based on fractional order identified
models have been developed with interesting
results, [18], [19], [20], [21], [22]. Today wind
parks occupy a very considerable place in the field
of the production of electrical energy, [23]. Indeed,
thanks on the one hand to the sensitivity and the
importance of the sector of energy production and
on the other hand to the development and
consequently to the various structures of the chains
of production [24], [25], [26], the windmills play a
dominating role to satisfy the energy needs and the
economic requirements.

Wind energy systems are generally equipped
with asynchronous machines with double-fed
induction generators (DFIG) functioning at variable
speeds, [27], [28], [29]. Unfortunately, in this
structure of conversion, the presence of the system
ring brushes reduces the reliability of the machine,
[30]. However, with regard to this work, we propose
to study the performance of windmill chains where
two DFIG are coupled electrically and mechanically
via their rotors, in order to improve the
performances of the production chains.

Proportional-integral (PI) controllers are the
most commonly used for such energy processes,
unfortunately, the adjustment of controller
parameters is not a simple task and usually needs a
continuous correction. Besides, the parameters
obtained analytically or by simulation usually fail in
practice. These PI controllers can guarantee good
dynamic response during nominal conditions, but
they may lose their performance during the grid
disturbances mainly because the stator flux is not
constant [17].

turhine | | Gearbox
\, DFIG2 DFIG 1
Fig. 1: CDFIG configuration for wind power
generation

To compensate for these drawbacks, a design
and implementation of a FOMRAC controller for
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the CDFIG is presented in this paper. The active and
reactive power quantity is controlled in order to
track permanently the maximum aerodynamic
power of wind energy.

This paper presents the synthesis and
implementation of a fractional order model
reference adaptive control (FO-MRAC) in order to
regulate the active and reactive power of a grid-
connected wind turbine based on a cascade doubly
fed induction generator CDFIG.

This manuscript is structured as follows: First,
we introduce the Modelization of the CDFIG
Generator by electric, magnetic, and power
equations. Then the control systemusing a classical
PI controller and the proposed fractional-order
MRAC power control is defined for a CDFIG
system. Then, a comparative study of simulation
results is realized and discussed to show the
superiority of the proposed adaptive control strategy
applied to the cascaded doubly fed induction
Generators CDFIG. Finally, concluding remarks are
given with future research vectors on this topic.

2 Modelization of the Cascaded
Doubly Fed Generator CDFIG

Thus, the structure of the chains of production is
illustrated in Figure 1. The stator of the first
machine is connected directly to the electrical
supply network on the other hand the stator of the
second machine is connected to the same network
via a frequency converter that we suppose ideal,
[31], [32], [33].

R Foaav.

(W 2 )

Fig. 2: Mechanical and electric connections of
CDFIG

The two DFIG configurations for rotor
connection are possible. Connecting the same
phases results in a direct connection or reversing the
two phases gives an opposite connection, [34]. In
our case, is it i1s considered that the two rotors are
connected in this last configuration illustrated in
Figure 2.

In the following paragraph, we present the
modelling of the CDFIG in the Park reference, and
then the control of active and reactive powers transit
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between the wind generator and the electrical supply
network, [35].

2.1 Electric Equations

First machine:
. d

Vas1 =Rsidgst + a?’dsl - a)s¢qsl
. d

Vqsl :Rsl‘lqsl + aqqul + WsPysi

d @
Vdrl :er-ldrl +a¢drl _(a)s — W )'¢qr1

d
E ¢qu + (a)s — Wr )'¢dr1

\Y4

qrl :er-lqu +

Second machine:

. d
Vis, =Rsa g +a¢dsz _(a’s — Wy — Wy )-¢qsz

Vqsz :R52~iq52 +a¢qsz + (a)s — Wy — Wy )~¢d32
2

. d
Vara =R dgry + a¢dr2 - (ws — @y )-¢qr2

. d
Vqrz :Rr2'|qr2 +E¢qr2 + (0)5 - wr1)~¢dr2

According to the configuration of Figure 2, we can
deduce the following relations:

Vdrl :Vdrz :Vdr ot idr :idrl :_idrz
Vqu =Vqr2 :Vqr i gy =-1

qr ~ gl qr2 (3)
The preceding equations can be expressed in the
state space form,
X = AX +BU 4)
Where,
- - - - T
X :[Idsl Iqsl 00 las2 Iqsz] (5)
U < Jas digy dig, Ul diggy ige 7 6)
d dt dt dt dt dt
R, -0l 0 -ol, 0 0
wsl'sl Rsl wsl'm\ 0 0 0 (7)
0 _(")s _wm)-l-m\ (Rn + Rr:) '(")s _")m)-(l-n + Lr:) 0 (a)s _wn}'l'm:
(Us ~0y )'Lml 0 ((’)s _(’)H)'(Lrl + Lrl) (RH + er} _(ws ~0y )'Lmz 0
0 0 0 (ws =0y =ty )'Lml Rsl _(a)x =0y - U)v:)'le
0 0 _((Us -0, _wvl)‘l'm: 0 (ws ~0, =0y, )‘le Rs]
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L., 0 L., o 2
o L, o L., o ®)
L, O L,+L, O —L,,
B =
o L., o L,+L, O —L,,
o o — L 0 L., o
0o 0o 0 -L,, O L.,
2.2 Magnetic Equations
First machine:
Bas1 = le'idsl + Lmlidr
Bt = Larige + Lonigr 9)
¢drl = Lrl'idr + Lmlidsl
Pyr1 = L”.iqr —+ Lmliqsl
Second machine:
Pasr = L52'id52 - Lmzidr
¢qsz = Lszquz - Lmziqr (10)
Parr = Lo + Liolgs
¢qr2 = —er.iqr —+ Lmziqsz

2.3 Powers Equations

The active and reactive powers relating to the stator
of the first machine and that of the second are
respectively defined by the relations (11) and (12).

Psl
Qsi

=V gsidgst Y gsidgsi

=V qsl-idsl -V dsl-iqsl

(11)
Pso =V gsadds2 +V gs2dgs2
Qsz =V qsz-idsz -V dsz-iqSZ (12)
thus:
Pg =P +Ps,
Qg =Qq1 +Qs2 (13)

2.4 Mechanical Equations
The expression of the electromagnetic couple is
given as:

Ce = Pl'Lm](idr'iqsl - idsl'iqr) + PZ'Lm2(idr'iqsz - idsz'iqr)

(14)
With the dynamical equation:
1€ ¢ ¢ -fo
dt (15)
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3 Control System Design

The CDFIG is connected to the network via its first
stator while controlling the sizes of the second
stator. We control the active and reactive power
which transit by stator 1, not to overload stator 1 in
the case where the aerodynamic power is higher
than the acceptable power of statorl, which returns,
in this case, to create a second way, via stator 2. We
use the biphasic modelling of the machine with
direct reference (dq) in order to align the axis don
the stator flows ¢s.

{¢dsl = ¢sl

¢qsl =0 (16)

For the machines of great power, we can neglect
the resistance of the stator, [36]. Under these
conditions, we have:

{Vdsl =0
Vqsl :Vs = Wy ~¢sl ( 17)

By replacing the flow and the tension of the first
stator in the whole of the equations, we will have:

. . L.V
igr =Cjlgsy —Cj.——>—

og.Lg Ly
i, =C,i
qr 1-'gs2

(18)
. vV c L Loy
Idsl:_S 1+ _Cl_ml-ldsz
o5.Lg Lsi-Lmo Ly

i =—C; —Lj
qsl 1 le qs2 (19)

. di .
Vin = Raldin + (L -Gy Lmz)% = 8.04(Lg = Gyl gy

. dige . v
Vi =Ripdgen + (L = CleZ)% +50y(Lsy = CiLipy Mgy +Cy.8. Lle : (20)
s

Lo .
P, =—cl.vs.L—"“.|qsz
sl
V2 c, L2 Lo
Q51= > 1+ _Cl'\/sil'ldsz
wS'le le'LmZ le (21)

Where,

(22)
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With,
$=5.5, = O — 0y — 0,y — O _(Pl + Pz)'Qr
o (2
(23)
and,
o, —P.Q, s,o, — P,.Q,
= s =

S,.0,

3.1 PI Regulators Synthesis

The adjustment loop is illustrated by the diagram in
Figure 3. The used regulator is a proportional-
integral (PI) controller. It is simple to implement
and ensures the desired performance for a best fit of
its coefficients, [37].

"ul + [ A ‘ ‘fl\- l'

! § A= 34 1 :
Quer £ | DLER ARHFRLIEL M)
3 Q

Fig. 3: Active and reactive power with PI control

CDFY

Fig. 4: Power control block diagram

Figure 4 represents the block diagram of the PI
control system implementation. K and K;denote

the proportional and integral gains respectively,
[38].

The pole compensation technique is used for
their computation with a 10 ms time response
specification. This constant time is fixed based on
the plant dynamics and avoids transient behavior
with important overshoots for lower values. The
obtained gains are:
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Ki Ry.LLs—M?

2
_ 2L L -M?)

24
2L (L L M2 " KpVeM? @9
Taking a response time: T,=10ms, we will get:
K, =0.0001185312; K;=0.001842.
3.2 Proposed Fractional order MRAC

Control
Adaptive control is a control technique that provides
an efficient approach for automatic controller
adjustment in real-time, aiming to achieve or to
maintain a specified level of performance in
the presence of unknown or slowly varying
parameters.

The control system measures a predefined
objective function of the system behavior using the
input, the states, the outputs, and the known
disturbances. The main concept in Model Reference
Adaptive control is to make the closed-loop control
system able to update the controller parameters in
order to change the system response. A comparator
computes the gap between the system output and the
desired reference model response in real time. This
error signal is used to update the control parameters.
This configuration allows the parameters to
converge to ideal values and thus, the plant output
tracks the desired response.

In the proposed MRAC control scheme this
updating law is based on a fractional order integral
and aims to improve the plant behavior, [39].

3.2.1 Fractional-order Systems
The description equation of a fractional order
process may be given in the frequency domain as:

X(s)=— K (25)

(1+)°

p
where,
a: fractional exponent.
p: fractional pole which is the cut frequency,
s: Laplace operator.
The literature presents a number of works that
demonstrate the advantage of using fractional-order
systems with their inherent good properties in
dynamics performance and robustness, [40].
3.2.2 Approximation of Fractional Order

Systems

The singularity function method [41] is used here to
approximate the fractional order transfer functions.
For fractional second order system with o a positive
real number such that 0<o<1,
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H(s) = L (26)
2
[s +2& s + 1)
? 0]
Can be expressed as:
(e
H(s) = w w+1 (27)
(20
—+2u—+1
w? w

with g4 =¢&“ and pg—=1-24 , which can also be
approximated by the function (19):

S N-1 S
(a)+1j H(HZ)

s? S N S
—+2a—+1 1+—
[ ? aa) jll_l[( pi)

w

(28)

H(s)=

3.2.3 Model Reference Adaptive Control
The difference between the plant output and the
reference model one is used for the controller
parameter adjustment. This can be illustrated in
Figure 3.

The formula given below is used to calculate the
control signal,

u=¢'6 (29)

Where ¢ is the regression vector representing the

measured input signals U and output signal y and the
input reference signal Uc. The resulting algorithm is
illustrated by the block-scheme block scheme of

Figure 5.
Reference
Model Va
v
U N Adjustment
mechnnsi
y
» x u \
Controll o) Process
y

Fig. 5: Direct Model Reference Adaptive Control

3.2.4 M.LT. Rule

The regulator in the closed loop system is supposed
to have an adjustable parameter vector 8. The output
is ym of the reference model and defines the desired
closed-loop behaviour, [42]. Let e be the gap
between the closed loop system output y and the
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model one ym, we can adjust the parameters in a way
to make:

xe)zéez (30)

be minimized. With the aim to render J small the
method is to vary parameters in the direction of
negative gradient J, so:

de oJ

a

oe
_ 0 31
e

which leads to the following blocs scheme of Figure
6.

Model
¥m
—.) G, l l
0 | v . \
|~z A1 J—z)
e | . _ T =+
AT ' u . | v
____’ 11 :—.I (& ! »
T Plant

Fig. 6: Adaptation algorithm

3.2.5 Introducing Fractional Integration
There are several mathematical definitions for the
integration and the fractional order derivation.
These definitions always do not lead to identical
results but are equivalent for a broad range of
functions, [43]. Three definitions significant and
largely applied and the most met are the definition
of Riemann-Liouville, the definition of Caputo and
the definition of Griinwald-Letnikov which is
perhaps most known because of its greater aptitude
for the realization of a discrete algorithm, [44].

Let a€C, R(a)>0, ceR and f a locally

integrable function defined on [c,+oo[. The aorder
integral of f, of lower bound c is defined as:

—— f(o)dr (32)

With t>¢c, and I'is the Euler function. The
formula (32) is called Riemann-Liouville Integral.
Generally, the control system is discreet, so we use
a sampled approximation of (33) given by:

I“f(kA)—mZ:(kA A f(7A)

(33)

With, A: Sampling Period.
In the tuning algorithm illustrated by the block
scheme of Figure 4, we introduce a fractional
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integration of non-zero positive real order o such
that: 0 <o< 2. We get the:

Hz_slaym(y_ym):_slayme (34)

3.2.6 Application of Model Reference Adaptive
Control to CDFIG Active and Reactive
Power Control

The block diagram of the MRAC control of active

and reactive power of the CDFIG is shown in Figure

7, by adding the parameters of the CDFIG system

presented in Table 1.

CDFIG
Piw V- ' L P
0 MRAC " N3 7 el
— 5 = B
Q - Qu
Q
— X aMRAC | =, 3 Lar® 7 A ——s

Fig. 7: MRAC of active and reactive power for
CDFIG

Table 1. Characteristic parameters of the CDFIG.

Parameter Value
Vy 690 V
P1=P, 2 pairs of poles.
P 1.5 Mw
Rsl1=Rs2 0.012 Q
Rrl=Rr2 0.021Q
Lsl=Ls2 0.0137H
Lrl=1Lr2 0.0137H
Lml=Lm1l 0.0135 H
f 50 Hz
f1=f2 0.0071 (N.m.s)/rad
J1=J2 50 Kg.m?.

4 Results and Discussion

In this section, we will have the results of
the simulation of the uncoupled control from the
active and reactive powers generated doubly fed
induction generator CDFIG of the wind energy,
using Classical PI controller, then adaptive control
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with integer reference model MRAC and fractional
order model FO-MRAC, whose objective is to
compare the responses of active and reactive powers
compared to the references desire.

4.1 PI Controllers

The simulation results using the classical PI
controller are given in Figure 8, Figure 9, Figure 10,
Figure 11, Figure 12 and Figure 13.

2

15

1

0.5
0

-0.5

Actie power Ps1(Mw)

-1

15 [—— Ps1 with PI
‘ — Pslref

0 1 2 3 4 5 6
Time(sec)

Fig. 8: CDFIG active power Psl for direct control
with PI regulator

2

0.6

——Ps2with PI
| ——Ps2ref

o
~

o
[N}

=)

-0.2

-0.4

Active power Ps2(Mw)

o
o

-0.8
0 1 2 3 4 5 6
Time(sec)

Fig. 9: CDFIG active power Ps2 for direct control
with PI regulator

-

R = =T R = . I )

o

S

Pslref

Ps1 with PI

Ps2ref

Ps2 with PI

1 2 3 4 5 6
Time (sec)

Fig. 10: CDFIG active power Psl, Ps2 for direct
control with PI regulator

Active power Ps1(Mw) Ps2(Mw)

AN

o

g
=)

=
IS

s
N

o o
o ® Pk

Pslref
Ps1 with PI
Ps2ref
Ps2 with PI
3 35 4 45 5

Time (sec)

Fig. 11: Zoom of CDFIG active power Psl, Ps2 for
direct control with PI regulator

o
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Active power Ps1(Mw) Ps2(Mw)
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o
n

=)

o
n

“

—— Qs1withPI

-15

----- Qs2 ref

——Qs1 with P|

0 1 2 3 4 5 6
Time(sec)

Fig. 12: CDFIG reactive power Qsl, Qs2 for direct
control with regulator

ReactivePowerQs1(MVAR)Qs2(MVAR)

-2

[

< (>

2 |

S12

N

1’3

> 1

24

Sos

zo

=

Z 06

[}

204 —— Qs1withPI
'i, o2 Qslref
-t I I R N B B Qs2 ref

S o —— Qs1 with PI
T 38 4 42 24 46 28 5

Time(sec)
Fig. 13: Zoom of CDFIG reactive power for direct
control with PI regulator

4.2 MRAC Control

4.2.1 Using an Integer Order Reference Model
The system is described using the bloc scheme of
Figure 3 and the reference model has the following
transfer function:

H(s) = Y(S) _ 843705 _ B

UGS)  S+155 A (35)

According to characteristics of the studied system,

we chose the reference model as follows:

250000 Bm
Gm(s) = (52+950.5+6.4€07)™  Am (36)

RST Regulator parameters design (integer

MRAC, m=1):

Using the equation linking the studied system and

the RST configuration, we have:
AR+BS=A=A0An (37)

The parameters k, | and m represent respectively the
degrees of the polynomials R, S and T with:

A=1 the order of denominator of system

B= 0 the order of nominator of the system

An= the order of denominator of the model

R=of order 1 for balance, we take:

k=degR=1 ,1=degS=1 and m= degT=1.

Therefore, the vector of regulation parameters is:

H:Lro S, S t, 1 J
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¢T=A:’°A“ [u Y Y —sU, —U, J (38)

Figure 14 illustrates the open-loop step response
of the cascaded doubly fed generator whereas
Figure 15 represents its Bode diagram.

x 10" Step Response
6 r T

|

4

Amplitude
~ w

-

o v : v
0 01 0.2 03 0.4 05 0.6
Time (seconds)

Fig. 14: Step response of the open-loop of cascaded
doubly fed induction Generator power system

Bode Diagram

\

100

Magnitude (dB)
o

-100

TR

-135 \

180 ) 1 P I 4 5
10 10 10 10 10 10

Freniiency (radle)

Phase (deg)

Fig. 15: Bode diagram of the open-loop of cascaded
doubly fed induction Generator CDFIG power
system (blue) and model (red)

4.2.2 Integer order MRAC Controller of CDFIG
Figure 16, Figure 17 and Figure 18 represent the
active power output for power machine Psl, the
error signal and the control signal respectively using
the integer order MRAC control.

2

15

1

05

0

05

Active power Ps1 (MW)

-1

-15

[— Ps1 with MRAC
— Reference power
0 1 2 3 4 5 6
Time(sec)

Fig. 16: Active power output control of Power
machine Psl with integer order reference model
MRAC

2
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15

1

0.5

0

Error signal

05

-1

15 1 2 3 4 5 6

Time(sec)
Fig. 17: Error signal with MRAC control in integer
order reference model control of Power machine

x10"

Control signal

0 1 2 3 4 5 6
Time (sec)

Fig. 18: Control signal with MRAC and integer
order reference model control of Power machine

0.6
[ Ps2 with MRAC

—— Reference power

0.4

0.2

[

-0.2

Active power Ps2(MW)

-0.4

-0.6

08 1 2 3 4 5 6
Time(sec)

Fig. 19: Active power output control of Control
Machine Ps2 with integer order reference model
MRAC control

Figure 19, Figure 20 and Figure 21 represent the
active power output for power machine Ps2, the
error signal and the control signal respectively using
the integer order MRAC control.

0.4
0.3

0.2

0.1

o~

Error signal

-0.1
-0.2

-0.3

-0.4

05 1 2 3 4 5 6

Time(sec)

Fig. 20: Error signal with MRAC control and
integer order reference model of Control Machine
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x 10

Control signal
(=]

0 1 2 3 4 5 6
Time (sec)

Fig. 21: Control signal with MRAC and integer
order reference model of Control Machine

Figure 22 shows a comparative response of the
Power Machine Ps1 and Control Machine Ps2 with
integer order reference model MRAC.

2

15
= 1
g
< 05
N
d
-0
2
205
—
9
a1 ——Ps1 with MRAC
— Pslref
15 ——Ps2 with MRAC
2 — Ps2ref
0 1 2 3 4 5 6

Time(sec)
Fig. 22: Active power output of Power Machine Ps1
and Control Machine Ps2 with integer order
reference model MRAC

——Qs1 with MRAC
—Qslref

0.5

Reactive power (MVAR)

0.5
0

1 2 3 4 5 6
Time (sec)

Fig. 23: Reactive power output control of Power
Machine Qsl with integer order reference model
MRAC

15

1

Reactive| Power
supplied by the CDFIG
0.5

0

-0.5

P~

Magnetizing inductance
reactive pawer

-1

Reactive Power
absorbed by the CDFIG
]
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-1.5
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— Qs2ref
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Time(sec)

Fig. 24: Reactive power output control of Control
Machine Qs2 with integer order reference model
MRAC control
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Figure 23 and Figure 24 represent the reactive
power output for power machine Qsl and Qs2
respectively.

1.5

1

0.5

[o]

-0.5

Qs1(MVAR), Qs2(MVAR)

-1

——Qsl
~ Qslref
1.5 t Qs2
— Qs2ref

0 1 2 3 4 5 6
Time (sec)

Fig. 25: Reactive power output of Power Machine
Qs and Control Machine Qswith integer order
reference model MRAC control

-2

Figure 25 shows the responses of the power
machine Qs1 and the control machine Qs2 using an
integer order MRAC controller.
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Fig. 26: Comparative step response of the integer
and fractional order reference models

Figure 26 represents a comparative step
response of the integer order and the fractional order
reference models for different values of a.

4.3 FOMRAC Controllers Applied to CDFIG
Taking the desired reference model as a fractional
order second order-like transfer function of the form
(26) with a = 0.4, and using the singularity function
method we obtain the approximating rational
transfer function given by:

Gapoa(s) =

0.001867s+1

9.102e~135*+5.196¢ 953 +8.445¢652+0.0049955+1
With ¢ = 0.95, w,, = 500, a = 0.4, ¢ = 3 dB.

(39)

The time domain and frequency domain
responses of this chosen model compared to the
integer order one are illustrated in Figure 27 and
Figure 28 respectively.
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Fig. 27: Comparative step response of the integer
order reference model MRAC and the fractional
order reference model FOMRAC with a = 0.4
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Fig. 28: Comparative bode diagram of the integer
and the fractional-order reference model for a = 0.4

Applying the fractional order MRAC control
scheme using the reference model (39) to the
CDFIG we obtain the simulation results of Figure
29, Figure 30, Figure 31, Figure 32, Figure 33 and
Figure 34.

A comparative study of these results for the
MRAC and FOMRAC controllers based on the
quadratic error criterion for active and reactive
power of power machine (Psl, Qsl) and control
machine (Ps2, Qs2) is given in Table 2.

2
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Fig. 29: Active power output of power machine
Psiwith FOMRAC for a=0.4
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Fig. 30: Active power output of control machine
Py,with FOMRAC for a=0.4
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Table 2. Comparative quadratic error criterion for

active and reactive power of power machine (Psl,

Qs1) and control machine (Ps2, Qs2) with MRAC
and FOMRAC

Active Ps and quadratic error criterion J
reactive power Qs
MRAC FOMRAC
Psl 4.8162 4.7242
Ps2 1.9413 1.8124
Qsl 0.0231 0.0175
Qs2 3.1845 3.0752

5 Discussions

Simulation results demonstrate that the proposed
control strategy using FO-MRAC with a fractional
order reference model is more powerful in regard to
the response time and overshoot than the classical
controllers with PI regulators (Figure 8, Figure 9,
Figure 10, Figure 11, Figure 12 and Figure 13), or
even integer order MRAC (Figure 14, Figure 15,
Figure 16, Figure 17, Figure 18, Figure 19, Figure
20, Figure 21, Figure 22, Figure 23, Figure 24,
Figure 15 and Figure 26).

The active and reactive power responses using
PI regulators contain disturbances (see the zoom in
Figure 11 and Figure 13), because the parameters of
this regulator depend directly on the parameters of
the machine which presents variations over time.
These disturbances increase the joule effect losses
of the two machines, which causes a minimization
of the efficiency of the CDFIG cascade system and
reduces the lifespan of the machines and the
connected wind power system.

To remedy this drawback we proposed and
studied the control of the cascade of the two DFIG
machines by the use of the adaptive control with
integer reference model MRAC and fractional
FOMRAC, where the comparison between these
two techniques is illustrated in Figure 33 and Figure
34. They prove that the FO-MRAC control with
fractional-order reference gives better performance
than the integer order MRAC because the responses
of active and reactive power follow perfectly the
suggested references.

Also, Table 2 presents the active and reactive
power output comparison between the integer order
reference model MRAC and fractional order
reference model FOMRAC. It confirms that the
tracking error obtained for FO-MRAC is smaller
than that obtained for the MRAC in active and
reactive power control.
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6 Conclusion

The idea to install a cascade of two DFIG in the
chains of wind conversion is a promising solution
for the stage with the disadvantage of the system
ring-brushes when only one DFIG is envisaged. The
order uncoupled from the powers proved to be
powerful, allowing even an operation with a unit
reactivity power coefficient.

Through the study carried out under wind
operation, one manages to control stator 1 through
stator 2.Stator 1 product always of energy activates
while following the reference.

Stator 2 product or consumes active and reactive
energy while following the speed of the wind. In
hyposynchronous, it consumes energy and in hyper-
synchronous it provides to the network energy, two
energies are varies independently one of the other,
which, is noticed that the variation of active energy
does not influence the pace of the reactive energy
which presents a value depending on magnetizing of
the magnetic circuit fixes then it takes a fixed and
null value in permanent mode.

Our work is a continuation and additional
confirmation of the effectiveness and the good
performances obtained by the use of the adaptive
fractional order control of active and reactive power
in wind energy systems comparatively with classical
control using PI controller; where we have started
this paper with modelling of the cascaded doubly
fed induction generator CDFIG, then we presented
the system control with classical PI regulator, after
that we proposed an adaptive control scheme with
both conventional MRAC and fractional order
model reference FOMRAC configurations. Then,
we performed the analysis, design, and numerical
implementation of these control actions with success
to the cascaded DFIG system.

These techniques are more powerful with regard
to the error, response time, and overshoot than the
classical control with PI regulators which are the
most commonly used, however, selection of
controller gains is not easy and is usually subject to
continuous adjustment. We conclude that the FO-
MRACadaptive controller is able to optimize the
energy transfers in wind energy plants.

Parameters of CDFIG

The used machines are identical:

P=1.5 MW ; Vg=690V

P1=P2=2; f1=2= 0.0071N.m.s/rad;
J1=J2=50 Kg.m>.

Rs1=Rs2=0.012Q ; Rr1=Rr2=0.021Q ;
Lsl=Ls2=0.0137H ; Lr1=Lr2=0.0137 H;
Lml=Lml=0.0135H;
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Nomenclatures:

CDFIG Cascaded Doubly-Fed Induction Generator

DFIG Doubly-Fed Induction Generator

Pi Active power

Qi Reactive power

Isi (i=1.2) Stator currents

lasi (i=1,2) Stator currents on the axis d

lgsi (i=1,2) | Stator currents on the axis q

lar, ibr, icr: | Rotor currents

ldr Rotor current on the axis d

Igr rotor current on the axis q

S1 Slip of the 1 machine.

S2 Slip of the 2™ machine.

S Slip of the cascade of two machines.

Ce Electromagnetic couple

Cr Resistive torque

J Inertia of the revolving masses

f Coefficient of viscous friction

Kp; Constant proportional of the regulator

Ki; Constant integral of the regulator
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