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Abstract—In an electric power grid connected wind
generation system, dynamic control strategy is essential to
use the wind energy efficiently as well as for an energy
optimization. The present study has focused on decoupled
power regulation of doubly fed induction generator,
operating in wind turbine, in accordance with the vector
control approach by applying fractional order
proportional integral (FOPI) controller. The FOPI
controller is designed based on a simple method; up such
that the response of closed loop process is similar to the
response of a specified fractional model whose transfer
function is Bode’s ideal function. In this tuning operation,
the parameters of the proposed fractional controller are
established analytically using the impulse closed-loop
response of the controlled process. To show the superior
action of the developed FOPI controller in comparison
with standard Pl controller in different function
conditions, the study is validated through simulation using
the software MATLAB/Simulink.

Keywords—Wind generation system, DFIG, vector
control approach, fractional order Pl controller, Bode’s
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I. INTRODUCTION

UE to the increasing concern about climate change, the

necessity to produce pollution-free power is the need of
the hour. The wind generation system is one of the best green
energy sources available to meet out the energy crisis. Wind
turbines exploit the kinetic power of the wind, in fact it is
one of the cleanest natural energy source. Doubly fed
induction generators (DFIG) are specially used in high power
wind generation systems (WGSs) which is an important
element of the fluctuating speed wind turbines by dint of many
advantages it offers, such as the operation under variable
speed, the lower converters cost, the torque control, the lower
power losses, and the flexibility for active and reactive direct
power control [1]-[3]. Electric grid-connected variable speed
WGS considered in this study is based on a DFIG, where the
stator circuit is directly connected to the electric power grid
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whereas the rotor circuit is connected to the electric power
grid through two static power converters, which are connected
back-to-back via the DC link capacitor, namely the rotor side
converter (RSC) and grid side converter (GSC) [1]. During the
latter few years, the development of control strategies for best
operation of DFIG-generator has been the subject of intense
research. The main objectives of DFIG control are to extract
maximum power from the wind energy source (allows the
Maximum Power Point Tracking: MPPT) protecting the
different elements of the wind system and the power quality
improvement which is injected into power grid [4], [5]. The
modern generations of wind turbines function in variable
speed mode, whose benefits include the maximum power
extraction in addition, the mechanical stress mitigation [5].
Indeed, an appropriated control of back-to-back converter
allows wind turbines based on DFIG-generator to operate in
variable speed mode [6].

Several control approaches have been proposed in literature
with promising results for studying the behavior of DFIG
during operation in WGS. Mostly control schemes for DFIG
are generally based on vector control concept associated with
integer order proportional-integral (IOPI) controllers [7]-[10].
This approach is a very attractive solution for devices using
DFIG as wind energy conversion systems; because, it is a
simple practical implementation, commonly applied in the
wind turbine industry and it presents very acceptable
performance [11]-[14]. However, this control approach has
certain limitations and has several causes. As example, its
performance mainly counts on the IOPI controller design
mode and the exactitude in DFIG-generator parameters and
the connected electric power grid voltage conditions [15]. One
of the main objectives in any realist control process is its
robustness with respect to variations of its parameters and
perturbations. In this context, as to weaken parametric
dependence and disturbance rejection, researchers have
developed different control techniques for DFIG- generator.
For example, [16], [17] presented sliding mode control for the
reduced parametric dependence and the disturbance rejection
based on active and reactive power loops for the RSC and
GSC. Indeed, the sliding mode control (SMC) strategy is
rebutted against the uncertainty parameter and the external
disturbance with the known upper limitations; however, the
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major bounds of this strategy include the unsuitability from
the achievement point of view and the negative effect on
power quality caused by high frequency chattering [16]. On
the other hand, the artificial intelligence (Al) methods such as
fuzzy and neural networks find numerous applications in the
modern control theory. Both the fuzzy systems and artificial
neural networks model are very strong schemes for the
reduced parametric dependence and the disturbance rejection.
They have the potential to approximate the unknown
nonlinearities. Thus, both of these algorithms turn out to be a
fine alternative for the control of DFIG based wind turbine
system. The authors [18]-[22] developed Al algorithm
established on robust control schemes for RSC control and the
performance of the developed control scheme have been
confirmed and the results are compared with IOPI. From the
comparative study it was found that the intelligent algorithms
based on controllers are more rebutted against parameter
variation. In addition, these control algorithms achieve fast
and robust dynamic response. However, very often they
generate high frequency control signal which may augment
the harmonic distortion and increase the losses in electrical
winding, they produce negative effects of the quality of power
supplied to electric grid.

In spite of the swift progress in control theory area, the
extensively known proportional-integral-derivative  (PID)
controllers are very often used in the industrial application
control due to the design simplicity, the practicality and the
agreeable performances. As we mentioned previously, the
IOPI controller has been illustrated to regulate the DFIG based
on the wind turbine systems in many works. However, they
suffer from the performance restrictions in cases where the
process experiences the parameter uncertainty or as external
disturbances. Accordingly, there is yet a lot of scope for
improvement in this field.

Non-integer calculus is an extension of regular integer
calculus to fractional case [23]. Recently, several researchers
indicate the great interest to integrate non-integer calculus in
the scheme of classical feedback control systems to obtain
better performance. The concept of fractional PID controller
(FOPID) was presented in 1999 by Podlubny, which proposed
a generalized PIYD* controller whose transfer function in the
Laplace domain is of the formF(p) =k, + k;/p¥ + kqp*,
where y and y are integrator order and differentiator order
respectively [24], [25]. The remarkable characteristic of
applying fractional order PID instead of integer order PID
controller is due to the two supplementary parameters through
tuning y and y in the range [0-2] [26]. As a result, the
fractional order PIY D% controller is qualified to provide better
closed-loop performances. One of the special FOPID
controllers is the FOPI controller, where k; = 0[27].

Based on previously cited works, this paper formulates a
fractional order PIY controller for the loops control of DFIG-
generator driven by the wind turbine. The design method uses
the impulse response of closed loop system and requires no
approximation of the installation by any mathematical model,
and it is founded on a recent method proposed by [28] for
design of 10PI controller, the proposed procedure uses the
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Taylor-Maclaurin series of development. The three parameters
of the fractional PIV controller are tuned in a way that the
closed loop system is equivalent to a specified fractional
model whose closed-loop transfer function is Bode’s ideal
function G,;(p) = 1/(1 + (p/w,)%®) [29]. This type of fractional
order system model is widely used in the fractional order
control field, in fact it has is a very important robustness [30]-
[34]. The developed controller is applied, in accordance with
the stator flux oriented control approach, in the rotor side
static converter to control the exchange of different forms of
energy between the electric power grid and WGS. Indeed, the
control loops of RSC are created to regulate the stator active
power, such that the WGS operates at the optimal operating
point with use of MPPT control strategy during the variation
in environmental conditions; while the stator reactive power
is controlled so as to reduce the DFIG-windings Joule losses.
With the designed FOPI controller in this paper, the servo and
regulatory responses through simulations for normal operating
conditions as well as where the process experiences as
external disturbances are obtained and analyzed. The proposed
controllers realize the fastest dynamic and assist us in
incorporating a higher level of robustness without stressing the
static converters or deteriorating the power quality injected in
to electric power grid.

The rest of the paper is arranged as follows: The dynamic
models of the wind turbine system and DFIG-generator are
formulated in Section Il. Section Il presents details of the
DFIG based variable speed WGS control strategy. Section 1V
is a brief presenting of the basic of given fractional calculus.
Section V describes details of the developed fractional order
PIY controller design technique. The fractional order PIY
controller synthesis and implementation for control DFIG-
generator based WGS are given in Section VI. In Section VI,
the variable speed WGS with the proposed controller is
simulated via MATLAB/Simulink software and the
performances of controller are evaluated under different
operating conditions. Furthermore, the results obtained are
analyzed and discussed in this section. Finally, the concluding
statements of the paper are given in Section VIII.

Il.VARIABLE SPEED WGS MODEL

Fig. 1 describes the topology under consideration in this
work of electric power grid connected DFIG based variable
speed WGS. The wind energy is captured by the turbine and
transmitted through the latter to the three-phase DFIG and
generated in electrical form. From the block diagram, it is
noted that DFIG-generator is fundamentally a wound-rotor
induction machine with stator windings is directly connected
to the electric power grid, while the rotor windings is
connected to the grid through a power stage consisting of two
independent static converters connected to a common DC bus,
namely GSC and GSC.

A. Modeling of Wind Turbine

The fraction of the extracted power from wind is expressed
by [22]:
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Pextractea = O-Spairscp 4 ﬁ)vs (l)

where pg;,- is the air density, S is the turbine area, C, is the
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power coefficient which depends on the pitch angle g and tip
speed ratio (TSR) A4 and v is the wind speed.
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Fig. 1 Configuration of wind turbine based on DFIG

A= QR/v 2
where £, the turbine angular shaft speed and R is the turbine
radius.

The aerodynamic torque exerted on the slow shaft of the
turbine is expressed as:

Ct = Pextactea/ % = 0-5pair7TR3v2Cp(ﬁ' B)/ A 3)

The gear box adapts the speed of the turbine to the speed of
the generator; it is modeled by the following mathematical
relations:

€, =C/G And

Q,=0Q,/G 4)

The following equation models the fast shaft of the turbine:

dm

=C
dt m

:Cg

- Cem - fvisg‘m (5)
where J: Total inertia that appears on the shaft of the
generator, C,, : Total mechanical torque on the axis of the
generator, C; : Torque from the Gear Box, C.n,: Torque
electromagnetic produced by the DFIG-generator, f,;s:
Viscous friction coefficient, £2,, : Mechanical angular speed
of the generator.

A generic expression of power coefficient C,(%, B) is used
in [35], [36], this typical characteristic of the turbine is given
by:

116

C,(4B) = 0.5176 ( Do 04p - 5) exp (%) + 0.0068(6)

where 4; is given by the following equality:
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Fig. 2 shows the amplitude of the power coefficient in
function of the parameters A and . This curve is characterized
an optimum point: for the pitch angle B = 0°, it has a unique
maximum point of Cpp. = 0.48ath,, = 8.1; this value
represents the Betz limit, which is the point corresponding to
the maximum power coefficient C, and consequently, the
most mechanical power can be extracted by the wind turbine.
So as to conserve A at its optimum value and consequently,
maximize the captured power, it is necessary to vary the
rotation speed of the turbine in a linear manner with the wind
speed pursuant to (2).
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Fig. 2 Power coefficient curve of a variable-pitch wind turbine
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B. MPPT Control Strategy

If the pitch angle g is a constant (such as zero degrees), an
optimal TSR (4,,: = 8.1) can be found that is corresponding
to the maximum power coefficient (C, yqx = 0.48). The
aerodynamic power as a function of generator speed, for
different wind speeds and blade pitch angle 8 =0°, is
illustrated in Fig. 3.
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Fig. 3 Aerodynamic power characteristics (Pitch angle 8 = 0°)

WGS principle can be considered as a relatively straight
forward process. This process becomes much more involved
when we apply a control in order to capture the maximum
energy from the wind. By exploiting Fig. 3, it can be observed
that the maximum point of the power curve occurs at a
particular rotor speed for each wind speed. Therefore, a small
deviation from the optimum rotor speed can lead a significant
decrease in the output power of the wind turbine. Therefore,
the turbine rotational speed must be adjusted with a view all
the time to extract the maximum power of incident energy of it
[36], [37]. The optimal mechanical turbine speed corresponds
has 1 ,,.and g = 0°; and the corresponding rotor speed of
DFIG generator is applied as the desired value for a
proportional-integral controller. The output signal of the latter
determines the control signal which is the electromagnetic
torque that should be exercised to the machine to operate at its
optimal speed. Thus, the torque determined by the controller is
used as a reference torque of the turbine model, as shown in
Fig. 4. From the relation A = Q.. R/v, the mechanical power is
maximal if the maximum value of coefficient Cj, is reached.
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» (B h=—; G|
0.5pmR3Cp (A, HV3 Ce ‘ 1 Cq 1
X 0, K S T5*Futs -

C'r‘e f
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Fig. 4 MPPT control strategy

C.Dynamic Model of DFIG

In this work, DFIG control is done out through the static
RSC, which is connected with the GSC in back-to-back mode
via the common DC bus as shown in the synoptic diagram of
the WGS based on the DFIG in Fig. 1. So as to efficiently
control the DFIG, we present in preferred way the dynamics
electrical model of the DFIG-generator in a synchronous
reference frame (d, q) rotating at an angular speed of w;.
According to [38]-[40], the basic equations used to model the
DFIG-generators in the rotating d-q reference frame are
written as:

ISSN: 1998-4316

69

d
( Vsa = Rglgq + % — WsPsq
% Vsq = Rslsq + d::q T WsPsq )
der
I Vea = Relg + th - (ws_w)(prq
Aoy
U/rq = errq + dtq + (Ws—W)Prq
@sq = Lglsq + Linlig
Psq = I-‘sIsq + Lmqu @®)
@rq = Linlsq + Lilg
\Prq = Lmlsg + Lylrg
w=PO, 9
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with P: number of pole pairs of the DFIG; (V; 4, Vs 4 ) are the
stator and rotor voltages in reference frame (d, q);
(IS,Td , Is,m) are direct and quadrature currents of the stator and
rotor; ((ps,m,q)s,q) are the stator and rotor flux in reference
frame (d, q); R, R, are the stator and rotor resistances;
L, L., L,, are stator inductance, rotor inductance, and mutual
inductance; w, ,w are the stator and rotor angular velocities,
respectively.

The active and reactive power expressions of stator and
rotor of the DFIG are written as follows [20], [35], [41]:

Ps = (Vsdlsd + Vsqlsq)
Qs = (Vsqlsd - Vsdlsq)

(10)
Pr = (Vrdlrd + ququ)
LQr = (qulrd - Vrdqu)
I1l. WGS CONTROL STRATEGY
THE DOUBLY EXCITED MACHINES ARE

INTRINSICALLY QUALIFIED OF hyper-synchronous speed
operating. To assure operation in the +£30% speed range
around the synchronism speed, the secret lies the power
converters technology. In the hyper-synchronous operating
mode (w > wy), the power flows from the rotor circuit to
electric power grid through the static converters, while the
power flows from electric power grid to rotor circuit when the
generator operates in hypo-synchronous mode (w < wg).
Accordingly, the cascade back to back static converters allow
bidirectional transfer of rotor power. The active and reactive
power generated by generator can be controlled independently
because of the static converters connected to the electric
circuit of the rotor. Indeed, the control loops of RSC controls
the generated active power so that the WGS operates at the
optimum operating point using MPPT control during varying
environmental conditions; the same converter controls the
stator reactive power whose objective is to reduce the Joule
losses in the DFIG- generator.

The purpose of this section is to present the control
mechanism of control loops RSC whose the main task is to
control DFIG generated active and reactive power. Indeed, we
propose a control scheme whose architecture composed the
outer-loop to power control and the inner-loop to current
control for each axis d and g, as depicted in Fig. 5. The loops-
control of the RSC is prepared according to the vector control
approach [38] for hypothetical perpendicular d and g axes.

Based on vector control approach, the active and reactive
power injected in to electric power grid can be separately
controlled. If the stator flux is oriented along to the d-axis of
the d-q reference frame, we have:

@sa = s and @sq = 0 (11)

If the per phase stator resistance is neglected, which is a
realistic and acceptable approximation for medium power
machines, the direct and quadrature stator voltages become:

ISSN: 1998-4316

70

Volume 14, 2020

{ VSd = 0

Vsq =V = w0
Using (11) and (12) in (7) and (10) the rotor voltages, the

stator currents and the stator active and reactive power can be

expressed according to the rotor currents as follows:

(12)

dlrg

Via = Rslyqg + 0Ly a oL, gwslq
iy e (13
Vg = Rslrq + 0Ly Frals ol,gwgl.q + gL—S
Lm S
Iy = _L_Slrd + (f_s
- (14)
Iyq = T,
VsLm
. (15)
s 15
VsLm Vs
Qs = Ls Ird+ L(:,S
2
Witho =1 — LL’:: the dispersion coefficient of the DFIG;
g= %: the slip rang.

It is well known that MPPT control strategy improved
energy efficiency of WGS and consequently improved active
power generated. In this paper, we propose another
improvement possible concerning this time the reactive power
control. Indeed, the stator reactive power is controlled to
protect windings against the aging phenomenon, that is to say
it is controlled to reduce of generator copper losses.

Generator copper losses can be expressed as:

PCu = (Iszd + Iszq)Rs + (Ifd + Ivgq)Rr (16)

Substituting the expressions of I;4 and Iy, in (16), we get:
L%n ? 2L;m@sRs L?m

Peu = (Rr +ERS) g+ Ry =2 gy + (R, +L—§RS) 12,

a7

In (15), L., has been used to control stator active power, and
@, remains approximately constant as described above, then
the generator copper loss is a function of direct rotor current
I, For the copper loss to be minimal, it is necessary that:

_ LmosRs
LZRy+L%,Rg

(18)

Ird

By substituting the expression of direct rotor current L., in
(15), we get the expression of reactive power optimal
exchanged between the stator of DFIG-generator and grid as:

)+

As we explained in Section 1l B, the power captured
through turbine from the wind is maximized if the machine

Lm@sRs

ref — VsLm (
LZRy+L% R

- Vss
Qs—opt — s Ls

> 19
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speed is adapted such that the power coefficient is maximum
(Cp = Cp_max ), Which occurs for a determined tip speed ratio
(A opt )- The DFIG control aims to keep the machine speed in
its optimum value and hence, to maximize the produced power
in a vast range of wind speeds, according to the following
expression:

Volume 14, 2020

Therefore, the stator active power reference injected to the
electric power grid can be obtained as:

5
ref _ _ 05 pqir TR”Cp—max ~3
K= Popt = Qm

1)

3
Aopt

where P,,, is the optimal power that can be captured from the
wind.

oref — g LoptV (20) Based on the.control strategy discussed above, Fig. 5 shows
m R an implementation of the control of the RSC.
gl;n".rs \Lf— B‘r
I = = d
Tef Ls rq Vrg q
5 - = + .
% FOPI — =1 FOPI - /—\RSC
‘qu ok
[a—>| gosoL, Vey —_—
PWM
"Trﬂ_—_"-,- Q’&JSG'LT 5 Vre T
Vya \,
FOPI + abe [ —
[
I .
Lg Lsq abe i
formula (14)
A dq
[‘F'Q fsq
15
Vg e s{a,b,c)
%
v, dq
5q .[
95
Grid

Fig. 5 Implementation of RSC control system

IV. ESSENTIAL DEFINITIONS FOR FRACTIONAL CALCULUS

Non-integer  order derivatives and integrals are
generalizations of the integer order ones. Fractional order
basic operators are frequently represented as D™ where a
and t are the boundaries and m (m € %) the operation order.
The continuous differential-integral operator is described as
[33], [42]:

am

dt_m m>0

oD =11 m=0 (22)
fido™ m>0

The researches in such an imprecise subject drove

mathematicians to numerous separate definitions of this
operator. Riemann Liouville's definition is one of the most
popular fractional integer-differential operator definitions for
fractional calculus; the fractional order Riemann—Liouville
integration and derivative of a function f(t) with t respect to
is expressed by [32], [42]-[44]:
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1 ar

DI = rmam o ¢~ DT f(Dde (23)
m 1 dr ot -m+n-1
DU = s g J (E = DT f(D)de (24)

In (24) neN,n—1<m<n and T(.) denotes the
Euler’s Gamma function which is expressed as:

I'(z) = f0+°° e tt>ldt z>0 (25)

The Laplace transform of the Riemann-Liouville non-
integer operator for the m (0 <m < 1) and under null initial
conditions is determined by [44]:

L{ DFf (D)} = s*MF(s) (26)

So as to implement this FOPI controller, we are employing
the singularity function approximation of the non-integer order
system developed in 1992 by [45].
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In Laplace domain, the transfer function of non-integer
order integral operator is described to the next irrational
function:

H(s) =

= melo, 1] 27)
This fractional order operator, in a given frequency interval,

can be represented through a fractional power pole (FPP) as:

(1/w)™
A+w/w)™

H(s) ~ (28)

In accordance with Charef et al., [45] in a given frequency
band [w},, w,], (28) becomes:

N-— S
M5t a+)
L

H(s) = (1/w)™ x m (29)
W = Wy /10(#‘1) (30)

vy . The maximum difference allowed between the slopes of
the FPP of (28) and the frequency response of the operator of
(27). On the other hand, the zeros and poles of the singularity
function can be expressed as:

pi = po(ab)t for i=0123,..,N
z; = zo(ab)t for i=0123,..,N—1

y y
Do = wcbl/z , Zop =apy, 4 = 10(10(1—m)) , b= 10(@)
The number of approximation poles N is:
. log(**ua)
N = integer {W (31)

V.DESIGN OF PROPOSED FRACTIONAL ORDER PI”
CONTROLLER

In this section, a simple method is presented for designing
the fractional order PI” controller in order to apply it in
control loops RSC. The considered design method is drawn up
in a way that the closed loop process is equivalent to a specific
fractional order model whose transfer function is Bode’s ideal
function. In this method, the characteristic parameters of the
designed PI" controller are established analytically using the
impulse response of the process and without needs its model.

The simplified control scheme of control loops of rotor side
static converter is shown in Fig. 6, where G,(s) represents the
open-loop transfer function of controlled process, C(s)
represents the PIY controller, and the set-point, the measured
output, the control signal at time t and the error signal are
denoted asY*(t), Y(t), wu(t)ande(t), respectively. The
controller C(s) is a fractional order PIYcontroller whose
transfer function is described as follows:

C(s) = ky + 2% (32)
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where k,, is the proportional action, k; is the integral action
and y is the fractional order. Design the PIY controller consists
of determining its three characteristic parameters k,, k; and y.
We consider the diagram of the feedback control process
shown in Fig. 6, the corresponding closed-loop transfer
function is given by:

Y C(s)Gp(s)
Ge(s) = o = 0

Y* 1+C(s)Gp(s)

Y iT; £(t)

Fig. 6 Feedback control loop with FOPI controller

(33)

u(t)

FOPI C(s) plant G, (s)

Fig. 7 Functional diagram making of Bode’s ideal function loop

The idea is to design a PI¥ controller such that the closed
loop process is similar to a specified fractional order system,
as represented in Fig. 7, whose transfer function is Bede’s
ideal function which is given by:

G(s) _ 1
1+G(s) 1+(wiu)a

Ga(s) = (34)

where, w, is a positive real number and « is a real number
such that0 < @ < 2, and they are chosen such that the
specified fractional order model G;(s) system meets the
dynamic performance requirements of the projected feedback
control system. Indeed, the performance requirements of the
projected feedback control system can be given in terms of the
unity gain crossover pulsation w, and the phase margin @,,,
parameters « and w, which characterise the Bede’s ideal
function are defined as:

w, = w, (w, is the pulsation corresponding to unity gain

of projected feedback control system)

a=2(1—(@,,/m)) (,,is the phase margin of projected

feedback control system).
In order to design the fractional-order controllers PI" for
controlling the DFIG-generator, we have extended the simple
method developed by Ramasamy et al. in [28] for the tuning
of the parameters of classical PID controller based on the
condition G.(s) = G4(s) in a given pulsation band around the
w,, corresponding to unity gain.

The Taylor-Maclaurin series development of both transfer
functions G.(s) and G,(s) at the w, pulsation corresponding
to unity gain is presented as:

_ 2
Ge(s) = Gelw) + (5 = 0 )6V (@) + 22 6P () + -+



INTERNATIONAL JOURNAL OF ENERGY
DOI: 10.46300/91010.2020.14.11

— k
Eol 60 () + -+ (35)

(s— wu)

6P () + -+
(36)

Ga(s) = Galwy) + (s — 0, )GV (wy,) + =2
(s ;:!U) Gék)(wu)-l-"'

where the subscript (k) indicates the derivative of order "k"
with respect to variable s. The development of Taylor-
Maclaurin series to the third order term is sufficient to
configure three independent equations to determine the
parameters K,,, K; and y. Therefore, in accordance with (35)
and (36) we have:

Gc(wu) =Gq (wu)
Gc(l) ((Uu) = Gél) (wu)
6P (@) = 65 ()

@37)

Consequently, the parameters K,,, K; and y are to be tuned
to according to the system of equations (37).

Let G (wy) = 6, for0 < k < 2, so according to (37) and
the desired reference model function of (34), we get:

(

Gq(wy) = 6o :%
__*

! ngl) (wy) =6, = 2o,
| 6P =6, ==

(38)

Let C®(w,) = &, for 0 < k < 2, the i derivatives of the
transfer function C(s) of fractional order PI? controller at the
s = w,, pulsation corresponding to unity gain.

Clwy) =6y =K, +

(w )V
_ _ YK
CW(wy) =8 = 50 (39)
—-Y(y+1K;
CD(w) =8, = = T

The coefficients 8, (0 < k < 2) are expressed in function of
the coefficients K, K; andy. Therefore, it is sufficient to
calculate these three coefficients &, (k = 0,1,2) to obtain the
parameters of fractional order controller.

The feedback control system open loop transfer function
G,(s) can be obtained from the closed loop transfer function
G.(s) of (32) as:

Ge(p)

Go(p) 1—Go(p)

=C(P)G,(p) =

(40)

We denote the derivatives stk)(wu), foro <k <2, of the
function G, (s) with respect to the variable s at the point s =
w, by:

Gp (wy) = 1o

6P (w) = (41)
GIEZ) (W) = pz
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Using the equations system (37)-(39), the derivatives

G(Sk) (wy), for 0 < k < 2, of the function G, (s) with respect to
the variable s at the point s = w,, are calculated as:

0,
( GO(wu) = 60#0 = 1—060
@ -
1 Gy (wy) = 811 + Sopq = (1-6,)2 (42)
) 67
chz)(wu) = 621,10 + 261#1 + 60/"2 = (1_920)2 (1—;())3

As indicated before, the design of FOPI controller is based
on the impulse response of the process controlled; and it does
not require any approximation of the process by a model. In
this design method, the expression of the functions Gzﬁk) (wy),
foro <k <2, are determined in function of its impulse
response. The transfer function G,(s) of the process can be
obtained from its impulse response noted g, (t) as:

Gy(s) = [7 gp (H)edt (43)

As we can apply Taylor—Maclaurin series expansion at s =
w,, for the function e ¢, the expression of G, (s) becomes:

Gp(s) = f0+oo 9p(©) (e_a’”t — (s —w,)(te®ut) +

%(tze‘wuf) + --~)dt (44)
Gp(s) = [ (gp(De~uO)dt + (s — ay) [ " (—te~@ut)dt +
%fom(tze—wuf)dt . (45)

On the other hand, the Taylor-Maclaurin series expansion
of the function G,(s) at the w, pulsation corresponding to
unity gain is given as:

Gy (s) = Gpl(w) + (5 — )G (@) + 2L 6P (w,) + -+

s—wy)k
% G () + - (46)
So, by identification technique for (45) and (46) we get:
.u0=Gp(wu) = f0+00 gp(t)e_wutdt
=GP () = = [ 7 temoutdt (47)
k pz = G (wy) —f © t2ewut g

Since the frequency corresponding to unity gain w, is
positive and the integern > 0, we havetlim the~@ut =0, then

the integrals u,, for 0 < k < 2, of (46) converge and can be
determined numerically employing following formulas:

#O:Gp(wu) = n ()gp(lT)e_lTwu
= G5Y (@) = =Xk, (T)g,(UT)e T
ty = GE(wy) =Xty (IT)2g,(IT)e T0u

(48)

where T = 1/f;um and f;.m are the frequency of the impulse
response g,(t) of the process and the number of samples
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n =integer part of {T,./T}, with T,. being the weather of
acquisition of the impulse response. Like that the numerical
values of the coefficients u;,, foro <k <2, are calculated
from the obtained numerical values of the step response g, (t)
of the process and the unity gain crossover pulsation w,. The
coefficients pcan also be obtained directly from the transfer
function of the process if it is available. Consequently,
according to (42) and (48) we can determine the values of &,,
6, and 6, as:

6

0y = 0

( 0™ wo(1-60)
0 Sol1
6 -1 % 4
4| 17 uo(1-60)2 Ho (49)
ké‘ — 02 207 283u1+80u,
27 0o(1-600? T po(1-60)3 Ko

Once the coefficients §,, for0 < k < 2, are obtained, the
design arrives the final step and the parameters K,,, K; and y
can be calculated.
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( y=- wgéz 1
! K; = — b (50)
k=505,

K, = 80 — Kjw,”

VI. FOPI DESIGN FOR CONTROL DFIG-GENERATOR

After presenting the simple analytical method for tuning the
parameters y, K; and K,, of the fractional order controller; this
design method is applied for the inner and outer control loops
of the RSC in the next subsections.

Fig. 8 showed the proposed control diagram of the RSC
control using FOPI controllers in the g axis according to
vector control approach. In this figure, the term C4.,, =
gwsoL,.L.; represented the cross coupling between d and q
axis and F; = gL, V; /L is the disturbance term. These two
terms depend strongly on DFIG slip; but, in the majority of
operating cases, DFIG-generator operates around synchronous
speed; accordingly, these terms do not have significant effect
in the steady state working mode and could be compensated
by adding feed-forward terms, as shown in Fig. 8.

expressed by (51):

E, E
pref K; L Irg K 1 Lrq B
: K, +—2 —)-—S—){:%)—>K+i >| LmVs >
%®% L st LinVs pe gle RT+(LT_%) c Lg
I, s
Cag Cors
Fig. 8 The proposed block diagram for applying FOPI controllers in the RSC
A. Design of the Rotor Current Loop Controller J )
. L = > =7,42.10"
The inner loop control is introduced to control the rotor Ho R,+(Lr—LL—m)w
current as described in the control scheme in Fig. 8, the O=0u
transfer function of open loop (TFOL.) including the PIY 2
controller for internal loop of the rotor current control is a 1 _ ‘(LT‘E)
SR +(L ——m)w a ),
’ L w=w (Rr+(Lr_L_)w) W=y

— Kic 1

TFOL, = (K +5) P (51)

In accordance with the developed simple analytical method
for designing the FOPI controller, we consider the dynamic
performance requirements of the projected feedback control
system as the unity gain frequency w, = 500 rad/s and the
phase margin @,, = 65°. Consequently, the parameter a
which specifies Bede’s ideal function is calculated as follows:

G(s) _ 1

146(s) 1+(55R)1.278

Ga(s) =

(52)

The values of u,, uy and u, are calculated from the block
diagram of Fig. 8 as:

ISSN: 1998-4316 74

From (52), the values of coefficients 6,, 6; and 0, are:
6, =05 , 6, =—6,38.10"*, 6, = 1,278.107°
As a result, the transfer function of P17 controller obtained

by applying the developed design method, for the rotor current
control loop, is given by:
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77,59
§0.285

C(s) = kpe + 5 = 0,263 + 22 (53)

The Bode magnitude and phase diagrams of open loop
transfer functions for the projected feedback control system
(the transfer function of rotor current control loop) and for the
desired fractional model according to (52) are shown in Fig. 9.
From this figure, the open loop transfer function of the
feedback control system is quite overlapping with the open

loop transfer function (s/500)~1278of the desired fractional

Bode Dlagram
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order model in the frequency band of interest [~30;2.10%]
rad/s. We also note in this frequency range that the transfer
function of the projected feedback control system has the same
behavior as that of the reference model. It means that the unity
gain crossover pulsation wyand the phase margin @,, of the
feedback control system is w, = 500rad/s and @,, = 65°.
We note also the flatness of the phase around the crossover
pulsation w,.

150 L 01| R S 01 011 I S 41 R B A
AR R : TFOLc
— - — - Desired open loop G(s)

& T NN
= Loy System: Desired open loop Gis) s
% i | Freguency (rad/s): 499
2 | 1 1| Magnitude (dB): 0.0325
S e T R s R
" 1
= .

501

100 R A R R I R R R AR R R

0 T T T T
= 45
o
=
2 : System: Desired open loop Gis)
f -90 " Frequency (rad/s): 495 B
i 1| Phase (deg): -115
TS AR R IR TR S D R R % U1 W ORI NS It S UL LR S H T N A R R AL (A LR R R ATV A RR AT

= 10" 10 10"

10° 10° 10* 10°

Frequency (rad/s)

Fig. 9 Bode magnitude and phase diagrams of open loop transfer function of the rotor current control and open loop transfer function of desired
model

B. Design of the Power Loop Controller

In this subsection we formulate a fractional order PI” to
regulate the active power ( ). According to control scheme
shown in Fig. 8, the open loop transfer function of the active
power control loop with FOPI controller is expressed as:

Kip
sYp

Similarly, for the power control loop we consider the
dynamic performances requirements of the projected feedback
control system as the unity gain pulsation w,, = 500 rads and
the phase margin @,, = 65°, and consequently the parameter
a which specifies Bede’s ideal function is calculated as: a =

2 (1 - (“’7’")) =1,278.

As result, the performance requirements are satisfied by the
reference model whose transfer function is described as:

(KpC+SYC)

TFOL
Re+ (Lr+—)s+(Kpc+ 59

»= (Km, gt (54)

G(s) 1

1+G(s)

Gq(s) = (55)

S

1,278
(500)

Pursuant to (55), the values of coefficients 8,, 6, and 9,
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are: 6, = 0.5, 6; = —6,38.107%, 6, = 1,278.107°.
The values of u,, u; and u, are calculated as:

Kpe+
( pc YC) _
Ho = “© =05
R+ (LT+—)w+(I(pC+ —ic)
wW=wy
'u — i (Kpc+wyc) —
L= =
do [p + (LT+—)w+(KpC+ yc)
W=wy
L3 YcKic
YcKic Kpct <(Lr+_m)_
[ - Vs (P wl’c) Lg wYc+1 _

|er (Lr z>w+(Kpc+::yC)_ (Rr+(Lr+LL )(A)+(Kp{:+ yc))zjl

—6,38.107*

w=wy

Ly = d? (KPC+¢UJL/L;) —
2 2
dw
RT+(LT+—)w+(Kpc+wyi)
) YcKic L;n YcKic

[ Yc (et K wVc+1 LT+L_5 T wYcr1

| wYc+2 + 2 —
L-%n) Kic 2 2
“m —ic L K

er+(Lr+ i (u+(Kpc+ch) (Rr+(Lr+L—’;l>w+(Kpc+w§fc)>
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Kic)
wYc

L12‘n Kic
(Rr+(Lr+L—S)a)+(KpC+—wy C)

2
_ YcKic
wYc+1

Yec (Yet+1) K

oVcTz (Kpc+

7+

=1,278.107°

Accordingly, the transfer function PI'» controller for the
active power control loop is given by:

2,8.103

Volume 14, 2020

The Bode magnitude and phase diagrams of transfer
function of the active power control loop and the desired
fractional model G;(s) are illustrated in Fig. 10. From this
figure, the open loop transfer function of the feedback control
system is quite overlapping with the open loop transfer
function (s/500)~1278 of the desired fractional order model
of (55) in the pulsation band of interest [~1072; 3.103] rad/s.
It means that the unity gain crossover pulsation and the phase
margin of the feedback control system are w, = 500 rad/
sand @,, = 65°. We note also the flatness of the phase around
the crossover pulsation w, = 500 rad/s, so we can say that

_ Kip _ .
C() = Kpp + 7 = 1+ 557s (56)  we obtain a robust control.
~ Bode Diagram
150 A R | R | HE RN T T T TFOL,
R R Vo Vo Vo " p

100 TPl — Dt oo 2L
o :
-2 50 oot b o i System: Desired open loop G(g) |
2 ' Frequency (rad/s): 499 '
=2 \ Magnitude (dB): 0.0325
' ) S I B S S B A S | S R S e S S R AR
g
= :

50 [ -n et -

-100 L

-90

-100
Fy
= 110
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Frequency (rad/s)

Fig. 10 Bode magnitude and phase diagrams of open loop transfer function of the active power control loop and open loop transfer function of
desired model

VIl. PERFORMANCE EVALUATION & DISCUSSION

In this section, simulation results are obtained beneath
various operating conditions to evaluate performances of
designed FOPI controller, and to validate the advantages of
proposed PIY controller in comparison with the IOPI
controller for the studied wind energy generation system based
on a 1.5 MW DFIG prototype. In this work, the I0PI
controllers used in the control loops of rotor side static
converter are formulated by pole-cancelation method as
applied in [46]. The complete WGS based on DFIG- generator
was simulated by MATLAB/Simulink. The standard values of
the parameters employed in the simulations are listed in Table
| (see Appendix). The controller developed is applied in the
RSC to control energy exchange between the DFIG and
electric power grid. In regards to the DFIG, side converter is
controlled to regulate the stator active power P;, such that the
WGS operates at the optimal operating point with use of
MPPT control strategy; while the, the stator reactive power
(Qs) is controlled to minimize the generator Joule losses

ISSN: 1998-4316

(Qs—res = 2.105 VAR). On the other hand, the DC-link
voltage reference is fixed at Uy, = 1200 V and the electric
grid frequency value is steady at 50 Hz. The wind speed
profile applied to wind turbine is illustrated in Fig. 11. In
response to this wind speed profile, the generator speed almost
has the same image as the wind speed, as presented in Fig. 12
(a). This figure shows also that the generator speed follows its
optimal reference very well. Fig. 12 (b) illustrates the power
coefficient which is maintained at its maximum value
Cp_max = 0.48 over the entire range of wind speed. The TSR
is conserved at its optimum 4,,, = 8.1, as presented in Fig.
12 (c). This means that the MPPT algorithm is working
perfectly to extract the maximum power transported by the air
masses.

76
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Fig. 11 Wind speed profile

In first test, we considered that the system operating under
ideal condition without any faults, parametric uncertainty and
no external disturbance. In this case the wind turbine is driven
by the wind speed profile illustrated previously in Fig. 11 and
the WGS operates under MPPT strategy. Fig. 13 shows the
performances of the PIYcontroller proposed and the I0PI
controller for trajectory tracking, respectively.

In response to the wind speed sequence considered, the
stator active power supplied to the electric power grid is
proportional to cube of the wind speed, and it follows its
reference brought from the MPPT control strategy in order to
exploit well the wind energy source.

(a)
2500 _'-!"_'_!'_'_!_'_'!_'_“!' _'_1'_ - Reference speed
1 1 1 1 1 | = (Generator speed
| | | |
— 2000 . =
£ ! !
E I I
= . .
| |
T 1500 !
@ |
o .
o I
£ 1000 I
5 |
c
S .
(U] |
500 .
|
|
0 1
0.5
g 045F-—-
(8]
k=
3
S 0a3l-—-—-—-
E
@
o
il - S e e
c
01f-—-

Time (s)

ISSN: 1998-4316

77

Volume 14, 2020
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1.2
Time (s)

Fig. 12 Rotational speed response in MPPT operating mode; (a):
Rotational speed response; (b): Power coefficient; (c): Tip speed ratio

The resulting stator reactive power, exchanged between
DFIG stator and grid, follows its reference imposed in order to
minimize the generator Joule losses. The reference signals of
the direct- and quadrature-axis components of the rotor
currents are obtained from the controllers outputs of the
control loops of the reactive power and active power,
respectively.

The active and reactive powers waveforms are enlarged
from 0.5 to 0.85 s and from 0.5 to 1s respectively in Fig. 14
for better illustrations. The simulation results illustrated that
the tracking performance of the proposed controller is better as
compared to the 10PI controller. The responses of the closed-
loop system in case of FOPI controller highlight an obvious
enhancement of the performances in transient regime
(overshoot, transient time) and a reduction of the overshoot.
Indeed, the designed FOPI controller exhibits the fastest
convergence time. Moreover, the tracking performance with
the proposed fractional control is more accurate.

In order to be able to assess the quality of the signal
provided by the DFIG, a Fast Fourier Transform (FFT)
analysis of one phase stator current waveforms was carried out
for 3 cycles of operation starting at 0.4 s and for a harmonic
order of 30. The measured THD (total harmonic distortion) is
presented in Fig. 15. The analysis showed that Fractional order
PIY controller provides a lower THD in comparison with the
IOPI controller. Indeed, for phase (a) stator current with the
IOPI controller, the THD rate is 2.08% while in the case of the
FOPI controller, the THD rate is 1.47%. The efficiency of
WGS is enhanced by introducing FOPI controller whose
integral order is fractional. The increase in tuning parameters
of Fractional order PIV controller, and the increases of the
robustness of the system, provide optimal control and deliver
better system response than 10PI controller.

In second test, the performance of WGS is tested under
external disturbance conditions and wind speed variation.
Indeed, a disturbance of random output noise of 20% of the
reference signal amplitude is applied fromt=05stot=15s
on the output of rotor currents and the turbine is exposed to
the wind speed sequence illustrated previously in Fig. 11. The
obtained performance assessment results, when the system is
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Fig. 13 Performance for trajectory tracking of the fractional order PIY controller proposed and the IOPI controller
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Fig. 15 Spectrum harmonic of phase (a) stator current
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Fig. 16 Stator active and reactive power waveforms

operating under external disturbance, are shown in Figs. 16
and 17 which allow us quantitatively evaluating the benefits
achievable with fractional controllers. Fig. 16 presents the
waveforms of stator active and reactive power, as well as their
enlargement from 0.5 s to 0.95 s and from 0.75 s to 1.25 s
respectively for better illustrations, under the described
operating conditions. According to this figure, the stator active

ISSN: 1998-4316
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and reactive power tracks perfectly its reference for both
controllers. But the external disturbance causes oscillations in
the generated powers from DFIG mostly during periods of
high wind power availability. We can see that in this figure the
IOPI controller presents high ripples and the PI¥ controller
provides a better response and less ripples. Despite oscillations
visually present in the stator active and reactive power
waveforms for FOPI controller, the aforementioned results
reveal that the designed controller presented better
performance compared with the 10PI controller. As result,
with the Fractional order PI¥ controller the signals tracks their
references faster, robustly and less responsive to the
disturbances.

In order to illustrate the advantages of the FOPI controller
concerning the energy quality delivered to electric power grid,
a FFT analysis of stator currents in presence the external
disturbance is shown in Fig. 17 for both controllers. The FFT
analysis of phase stator current waveforms was carried out for
3 cycles of operation starting at 0.75 s and for a harmonic
order of 30. The analysis showed that the FOPI controller
provides a lower THD in comparison with the 10PI controller.
Indeed, for phase (a) stator current with the 10PI controller,
the THD rate is 5.25% while in the case of the fractional PIY
controller, the THD rate is 3.44%. Consequently, the
significant improvement in THD reduction is attained by FOPI
compared with the IOPI controller.

FFT window: 3 of 100 cycles of selected signal
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Time (s)

Fundamental (50Hz) = 2514 | THD= 3.44%

| I - Menesebinonon
0 500 1000 1500
Frequency (Hz)

Fractional order PI? controller



INTERNATIONAL JOURNAL OF ENERGY
DOI: 10.46300/91010.2020.14.11

FFT window: 3 of 100 cycles of selected signal

2000+
1000 ¢

ot
-1000
-2000 ¢

Isa (A)

0.78 0.79

Time (s)

0.75 0.76 0.77 0.8

Fundamental (50Hz) = 2465 , THD= 5.25%

(%] [¥%] £

Mag (% of Fundamental)

=y

1000
Frequency (Hz)

1500

10PI controller

Fig. 17 FFT analysis of phase (a) stator current

VII1.CONCLUSIONS

In this paper, a fractional order PI¥ controller is proposed
instead of the IOPI controller to improve the performance of
the variable speed WGS based on the DFIG-generator. The
designed FOPI controller is based on improving the efficiency
of 10PI controller by using the fractional integrator of
order"y", instead of the integer order integrator. The
simulation has been performed in MATLAB/Simulink to
compare the performance of WGS, controlled according to
vector control approach using the designed fractional PIY
controller instead of using the standard one. According to the
results obtained, the main objectives were achieved. It
becomes clear that the system dynamic performance using
proposed FOPI controllers is much better than 0PI
controllers, such as: the perfect tracking of the references, the
fastest convergence of time and the more accurate tracking
performance. Also the proposed controller increases the
robustness of the system. Moreover, the spectrum THD of the
stator currents showed a lower THD, which means an
improvement of the quality of the power injected in to grid.
Consequently, this feature of FOPI controller improves the
system efficiency by reducing the losses caused by harmonics
content of the courant. These results are attractive for wind
power applications to ensure stability and quality of the
created power.
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APPENDIX
TABLE |
VARIABLE SPEED WGS {WIND TURBINE +DFIG} PARAMETERS
Parameter Value
Blade Radius (R) 35.25m
Gear-box ratio (G) 90
Moment of inertia (J) 1000 kg. m?
Viscous friction (fy;s) 0.0024 N.m.s™!
Rated power (P,) 1.5 MW
DC- Link capacitor (C) 30 mF
DC-Link voltage (Upc) 1200 V
Electrical frequency (f) 50 Hz
Stator inductance (Lg) 13.7mH
Rotor inductance (L,) 13.6 mH
Mutual inductance (L,,) 135mH
Stator resistance (R) 12 mQ
Rotor resistance (R, 21 mQ

Poles (p) 2
Grid filter resistance (Ry) 0.04Q
Grid filter inductance (Ly) 1mH
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