Revue des Energies Renouvelables Vol. 20 N°2 (2017) 295 - 308
DOI: https://doi.org/10.54966/jreen.v20i2.628

A variable step size fuzzy MPPT controller improving energy
conversion of variable speed DFIG wind turbine

Abdelghani Harrag " and Sabir Messalti 3

L Physics Department, Faculty of Sciences
Ferhat Abbas University Setif 1, El Bez, 19000 Setif, Algeria
2 CCNS Laboratory, Electronics Department,
Faculty of Technology, Ferhat Abbas University, 19000 Setif, Algeria
3 Electrical Engineering Department,
Faculty of Technology, Mohamed Boudiaf University, 28000 M 'Sila, Algeria

(regu le 03 Avril 2017 - accepté le 30 Juin 2017)

Abstract - With the world’s fastest growing rate and the prominent part of installed
renewable energy sources, it is clear that wind is now a mainstream source of energy
supply that will play a leading role in the proclaimed fight against climate change. But
becoming mainstream means also assuming new responsibilities, including ensuring the
reliable and cost-effective functioning of the overall energy system. In this context, this
paper deals with the problem of extracting the wind turbine maximum power, power that
depends on the random nature of wind speed and the nonlinear characteristic P = f(w)
making it more difficult to extract. For this task, we propose a variable step size fuzzy
maximum power point tracking controller. The proposed controller is tested on wind
turbine based on a doubly-fed induction generator controlled by a field-oriented control
implemented using Matlab/Simulink environment. Simulation results are presented
showing a net improvement using the proposed MPPT to converge toward the optimal
point with good accuracy and low oscillations around the MPP point achieving better
performances.

Résumé - Avec le taux de croissance le plus rapide au monde et la part dominante des
sources d'énergie renouvelables installées, il est clair que le vent est maintenant une
source d'approvisionnement en énergie qui jouera un rdle de premier plan dans la lutte
proclamée contre le changement climatique. Mais le fait de devenir grand public implique
également de nouvelles responsabilités, notamment en assurant le fonctionnement fiable
et rentable du systeme énergétique global. Dans ce contexte, cet article traite le probleme
de I'extraction de la puissance maximale de I'éolienne, la puissance qui dépend de la
nature aléatoire de la vitesse du vent et de la caractéristique non linéaire P = f(w), ce qui
la rend plus difficile & extraire. Pour cela, nous proposons un contréleur de suivi de point
de puissance maximum flou a pas variable. Le contrdleur proposé est testé sur I'éolienne
a base de DFIG contrdlé par flux orienté est implémenté sous I'environnement
Matlab/Simulink. Les résultats de la simulation sont présentés montrant une amélioration
nette en utilisant le MPPT proposé pour converger vers le point optimal avec une bonne
précision et de faibles oscillations autour du point de MPP pour obtenir de meilleures
performances.

Key words: DFIG - Fuzzy logic - MPPT - Perturbe & Observe - Tip speed ratio - Wind
turbine.

1. INTRODUCTION

The earth’s fossil energy resources are limited. The global oil, gas and coal
production will come beyond their peak in the next decades. At the same time there is
strong political opposition against strengthening nuclear power in many parts of the
world. In this scenario renewable energies will have to contribute more and more to the
world’s ever rising need of energy in the future. Renewable are climate-friendly forms
of energy, due to the absence of emissions detrimental to the environment. The savings
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especially in carbon-dioxide and sulphur dioxide emissions are a significant advantage
over fossil power. Hence a renewable energy will play a leading role in the proclaimed
fight against climate change [1, 2].

Last year, a new record renewable power capacity of more than 140 GW was
installed and more than 40 % of that capacity came from wind. That deployment was
accompanied by record low prices for forthcoming renewable electricity, in some cases,
wind onshore is already the cheapest electricity generation option and costs are
continuing to decline. As consequence, wind energy is playing an increasingly
important role in the supply of energy of most industrialized countries. Its share of the
electrical generation is expected to continue to increase for many years to come.

In the past two decades, the global wind energy capacity has increased rapidly:
breaking the 50 GW in 2014 and reached another record in 2015 with 63 GW as annual
installations (22% increase), bringing to 433 GW of wind power spinning around the
globe (17% increase) (figure 1). With these statistics, wind energy is now considered as
the world’s fastest growing energy source. In addition, the wind power supplied more
new power generation than any other technology in 2015 [3].

Wind energy conversion system (WCES) comprise generally a wind turbine that
converts the mechanical energy, issued from the wind conversion by the rotor blades, to
electrical one through electrical generator, and power electronic converters that control
the aero-generator. According to the rotor speeds, we use (or not) gearbox to increase
speeds required by electrical generator. The turbine control includes two major parts: i)
power control, in case of wind power less than rated, the blades are fixed to capture the
maximum wind power and turbine speed will be controlled by adjusting electrical
power; and ii) pitch control, in case of wind power above rated, the rotor speed will be
controlled by the pitch for full power operation, with transient speed being allowed to
rise above the reference [4].
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Fig. 1: Installed wind capacity 2000-2015

The output power of wind energy system varies depending on the random nature
wind speed. In addition, due to the nonlinear characteristic of the wind turbine, it is
difficult to maintain the maximum power output of the wind turbine for all wind speed
conditions. Therefore, over the years, several maximum power point tracking (MPPT)
algorithms have been developed to track the maximum power point of the wind turbine.
Among them:

The perturbation and observation (P&O) [6, 7] as well as the hill climb searching
(HCS) algorithm[8, 9], in which the control efforts to climb the Py, =(Vy) curve in
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the direction of increasing Py, , by varying the rotational speed periodically with a small

incremental step in order to reduce the oscillation around the maximum power point
(MPP). In these algorithms, there is a trade-off between the rate of response and the
amount of oscillations under steady state conditions. To overcome this trade-off, the
step size of varying amplitude can be applied [10, 11].

The tip speed ratio (TSR) control method regulates the tip speed ratio to maintain it
to an optimal value, at which the rotational speed is optimum and the power extracted is
maximum. This control requires the knowledge of wind speed, the turbine speed, and
the reference optimal point of the TSR that drives the reference power [12].

Power signal feedback (PSF) strategy regulates the turbine power to maintain it to
an optimal value, keeping the power coefficient Cp always at its maximum value
corresponding to the optimum tip speed ratio. This method requires the knowledge of
the wind turbine and maximum power curve [13]. In the same way, optimal torque
control (OTC) is a slight variant of PSF algorithm. It adjusts the generator torque to its
optimal at different wind speeds. The OTC method requires the knowledge of turbine

characteristics (Cppax and Kope) [14].

In this paper, a new variable step size fuzzy MPPT controllers has been proposed
and investigated. The fuzzy MPPT requires as inputs for the fuzzy logic controller
(FLC) the measurements of the power variation (dP) and speed variation (dw ). The
proposed fuzzy MPPT controller is tested on wind turbine based on a doubly-fed
induction generator (DFIG) controlled by a field-oriented control strategy. Simulation
results are presented showing a net improvement using the proposed MPPT to converge
toward the optimal point.

The rest of this paper is organized as follows: Section 2 describes the DFIG wind
turbine modeling including the wind turbine model, the DFIG model and the DFIG
control strategy. The proposed variable step size fuzzy MPPT controller is detailed in
Section 3. The simulation results and discussion are presented in Section 4. Finally,
Section 5 concludes the paper giving some comments and future directions.

2. MODELLING OF DFIG WIND TURBINE

2.1 Wind turbine model

The principle of wind turbines in power generation is transformation of the air
kinetic energy into rotating mechanical power of the turbine rotor blades. The basic
formulation for the power in the wind in a location A, perpendicular to the wind
blowing direction is given by the formula [15, 16]:

1
P:E.p.A.Cp.Vs 1)
where, P is the power; p is the air density; v is the wind speed; A is the turbine
swept area; C, is the power coefficient, which describes the fraction of the wind
captured by a wind turbine.

According to Betz rules, the value of the power coefficient features a theoretic limit
connected with 59.7 %.

C, isoften given as a function of the tip speed ratio A defined by:
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The power coefficient C, defined as a measurement of how the wind turbine

converts the energy in the wind into electricity can be expressed power coefficient with
different expressions [17, 18]. The power coefficient C, in terms of TSR A and pitch

angle beta B for turbine 3 MW [19] is,

Cp(k,B)=(0.35—0.0167(B_2))Sin( n(2+0.1) J_

14.34-0.3(B-2) 3)
..~ (0.00184(1—3)(B-2))
Turbine torque is,
PR 1
Ct = att = Zxcp(KvB)Xansvsvind (4)

Through the gearbox, the low-shaft speed Q, is increased by the gearbox ratio G to
obtain the generator speed g

Qpecg = G x ()

The mechanical power converted by a wind turbine is dependent on the coefficient
C, (A,B) isgiven by,

1
Prg = 5 % Cp (24B) X PR’ Viing (6)

The characteristics of the typical captured output power for different pitch angles
(2, 4 to 14) are shown in figure 2.

From figure 2, we can see that captured wind turbine output power is dependent on
pitch angle. The power coefficient-speed ratio (C, — 2 ) characteristic presents a unique

maximum point (C, ey —Aopt) for each pitch angle at which the turbine output power

is maximum. As consequence, for each wind velocity exists only one turbine speed that
provides a maximum output power as shown in figure 4.
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Fig. 2: Power coefficients versus speed ratio for turbine 3 MW [19]

2.2 DFIG model

The most common variable-speed wind turbines are the doubly fed induction
generator, which offers high efficiency over a wide range of wind speeds as well as the
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ability to supply power at a constant voltage and frequency while the rotor speed varies.
This technology consists of a wound rotor induction generator and a back-to-back
power converter placed into the rotor of the machine while the stator is directly
connected to the grid.

The power converter allows for the machine to be controlled between sub-
synchronous speed and super-synchronous speed, usually, a variation from -40% to
+30% of synchronous speed is chosen. This converter capacity is designed to handle
20-30% of the machine rate, which is beneficial both economically and technically [20-
22].
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Fig. 3: Power versus rotational speed of generator for turbine 3 MW [19]
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Fig. 4: The Wind turbine based on DFIG

The DFIG dynamic model in Park’s reference is expressed as follows [23],
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d
Vds = Rs-'ds + (;I)ds - 035-‘1)qs
t
d¢
Vgs == Rg.lgs + d—;‘s + 0. dgs
do, (@)
Var = Rp-lgr + dtr - (’Dr'd)qr
dé
Vgr = Ryl + d—?r — o O,
Flux linkage equations are obtained from,
dgs = —Ls.lgs + M.y,
bgs = —Lg.lgs + M.1y, -
dgs = —Ly.lgr — Mg
bgs = _Lr'lqs - M'Iqr
Electromagnetic torque equation is,
M . .
Cem = pL_((PqS'Idr - (PdS'Iqr) ©)
S
The associated motion equation is,
Jdd—? =Cyn —C,-fQ (10)

2.3 DFIG control

To guarantee an uncoupled control of the stator active and reactive power vector in
the synchronous reference frame whose d axis is a ligne d with the stator flux vector,
the DFIG model can be described by the following state equations [24, 25],

bgs = Ps and ¢qs =0 (11)
Replacing (11) in equations (8), (7) and (9), we obtain,
d)S = _LS'IdS + Mldr (12)
0 = —Lg.lgs + M.y,
_ dog
Vi = Ry gy + ™ (13)
Vs = Rg.lgs + 0.
M .
Cem = _pL_‘Pds gr (14)
S

By neglecting the stator windings resistance, the stator voltage voltages equation
(13) become,

Vis = 0 (15)
Vis = Vs = 5.0

The relation between the stator and rotor currents is,
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The stator active and reactive power are controlled by,
o .
P = Vi.lgs = —%Iqr

r
2
0 0. M| oo

LS ' LS
Substituting (16) in (7), we obtain,

M2 V2
‘])dr:(l-r__]ldr"' >

Q = VS'IdS - -

Ls Ls g

M2
(I)qr = [Lr _L_jlqr
s

Substituting (18) in (8), we obtain,

M2 \dI M?
Rolg +| Ly — — J—gm(l_ ——JI
r r ( r Lstt S r L qr
L
L

M2 \dl
Vor = erqr+(Lr_L_sJ d?r +gws(|-r_

where g is the slip of the induction machine and o, = g ;.

Vdr

In steady state operation the voltage expressions are,

M2
erdr _gc‘)s(l—r - L qur

S

Vdr

S S

M? M
Vqr = erqr+ g(,OS(Lr —L—Jldr+g(x)s L¢S

3. PROPOSED VARIABLE STEP FUZZY MPPT

3.1 Fuzzy logic overview

301

(16)

17)

(18)

(19)

(20)

The application of fuzzy logic has become more popular with the utilization of
microcontrollers [26, 27]. Fuzzy logic controllers have the benefits of operating with
general inputs, not needing associate correct mathematical model and handling
nonlinearities mathematical logic management typically consists of three stages:

fuzzification, rule base table operation, and defuzzification.

Throughout fuzzification, numerical input variables are regenerated into linguistic
variables supported by a membership(figure 5). Fuzzy levels used are of the type: NB
(Negative Big), NS (Negative Small), ZE (Zero), PS (Positive Small), and lead (Positive

Big).
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NB NS ZE PS PB

-b -a 0 a b

a, b are the membership values of the numerical variable

Fig. 5: Membership function for system variables

In the defuzzification stage, the fuzzy logic output is regenerated from a linguistic
variable to a numerical variable still employing a membership operation as in figure 7
providing an analog output signal depending on the rule base table and inference
method used.

3.2 MPPT controller

Despite the continuous development of new MPPT algorithms, the P&O algorithm
remains by far the most used due to its simplicity and easy implementation. The
principle can be described as follows: in the ascending phase of the P, (®.)
characteristics and considering a positive change of the rotational speed, the tracker
generates a positive change (dw,, > 0), which results in an increase in the delivered

mechanical power and change of the operating point X; (i =12,...,n-1).

In this case, the rotational speed and the P,, power increase up to a new point X;,;.

Similar steps with opposite direction can be done in the case of a decrease in the
mechanical power, by setting X = o, ; the instantaneous rotational speed of the wind
turbine follows the maximum power point according to a predetermined rotational
speed and power values. Under these conditions, the tracker seeks the MPP
permanently.

At specified wind speed, the desired mechanical power is the solution of the
nonlinear equation given by (dP,, / do,, = 0). However, the magnitude of the step
size is the main factor determining the amplitude of oscillations that allows the
convergence rate to the final response. Using a larger disturbance will lead to a higher
value of oscillation amplitude around the peak point. Figure 6 show the principle of
P&O algorithm.

Turbine power (w)

e - e
P

Gener:nor speed (rd/s)
Fig. 6: P&O algorithm principle [4]
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3.2.1 Variable step fuzzy MPPT implementation

In this study, a new variable step size fuzzy MPPT controllers has been proposed
and investigated. The fuzzy MPPT requires as inputs for the fuzzy logic controller
(FLC) the measurements of the power variation ( dP,;,4) and speed variation (dw). The

fuzzy logic MPPT controller drives the speed as output as described in figure 7.

&P
Normalzed Fuzy input |—» /XX\ L Normalized omg m—b@

g
domg omg
Ty ot Soave Fuzyloge  “Fizzy outputscaing
domg

Controller

Fig. 7: Proposed fuzzy MPPT controller

The proposed fuzzy MPPT controller has been implemented under Matlab/Simulink
environment (figure 8).
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Fig. 8: Proposed fuzzy MPPT controller under Matlab/Simulink Environment

The output is computed using the rules base defined table in Table 1; while the
figure 9 shows the fuzzy rules surface according to the defined rules base.

Table 1: Rules base

ce—e| NB [NM (NS ZE [PS |PM
NB |(ZE (ZE (ZE NB [NB |NB
NM (ZE (ZE (ZE NM [NM [ NM
NS | NS |ZE [ZE NS |NS |NS
ZE | NM |NS (ZE ZE |ZE (PS

PS |PM |PS (PS PS |ZE |ZE
PM |PM |PM (PM ZE |ZE |ZE

PB |PB [PB [PB ZE |ZE |ZE

NHNZZ 223

According to rules table, if the power ( P,;,q) increased, the operating point should
be increased as well. However, if the power ( P,;,q) decreased, the speed should do the
same.
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" 5000

-1 .5000
Fig. 9: Fuzzy rules surface

4. RESULTS AND DISCUSSIONS

The performance of the proposed variable step size fuzzy MPPT controller is
presented. A wind energy conversion system based on 3 MW wind turbine connected to
DFIG is employed. The rated system parameters are given in Appendix A. The
simulation results have been carried out using Matlab/Simulink environment using the
wind speed profile depicted in figure 10.
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Fig. 10: Wind speed profile

The obtained results of the proposed variable step size fuzzy MPPT controller
demonstrate a good performance to responds quickly to wind speed variations.
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Fig. 11: Power coefficient C,
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Figures 11, 12 and 13 show the power coefficient, the output power and the optimal
turbine rotational speeds, respectively.
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Fig. 12: Tracking MPPT power
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Fig. 13: Turbine rotational speed

We can see from figures 11 to 13 that the proposed variable step size fuzzy MPPT
controls allows a good tracking accuracy and rapidity according to the wind profile. The
computed output power is very close to the expected theoretical value. Figure 14 shows
the normalized speed computed by the fuzzy MPPT controller.

[— omess ' ' '

Omega ([0-2])

50 00 Gme(s) 150 20 F:) g % 00 tme @ 1%
Fig. 14: Normalized speed

From figure 14, we can see clearly the variable step size with large step, if we are far
from the MPP point (continuous line circles in figure 14b) and small step size if we are
close to MPP point (dotted line circles in figure 14b).
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From figures, it can be observed that the wind energy conversion system operates at
its maximum power which it can be verified for nominal wind speed (13m/s). The
power coefficient and output power correspond exactly at it nominal value 0.35 and
3MW, respectively. The results prove the effectiveness of the proposed variable step
size fuzzy MPPT controller to track the maximum power delivered by the wind turbine
according to the wind speed profile.

In addition, the proposed variable step size avoid the drawback of the fixed step size
algorithms needing a trade off between the rate of response and the amount of
oscillations under steady state conditions.

From the implementation consideration, the proposed fuzzy MPPT controller
requires only the power and speed measurement with out the need of power coefficient
information, the tip speed ratio or the characteristic curve of wind turbine.

5. CONCLUSION

In this paper, a new variable step size fuzzy MPPT controller based has been
presented considering variable speed wind turbine driving doubly-fed induction
generator.

Modelling and control strategies of the overall system have been developed and
simulated using Matlab/Simulink environment under randomly and quickly varying
wind speed. Simulation results confirm the high performance of proposed variable step
size fuzzy MPPT controller showing a good concordance between simulation results
and theoretically expected results.

The proposed MPPT controller requires only power and speed variation
measurements to track effectively the maximum power without the need of power
coefficient information, the tip speed ratio or the characteristic curve of wind turbine.

In addition, the variable step size allows the proposed fuzzy MPPT controller to
track rapidly and with good accuracy and low oscillations around the MPP point
achieving better performances.

APPENDIX A
Wind turbine parameters

p=1225kg/m®; R =45; B =2;G =100; f, = 0.0024;

1.4x10°
GZ

homax = 707; t = ( + Jgj; Comx = 0.35

DFIG parameters

3 MW; 690V/15kV; 50 Hz; N,, =1440; m = 1; Lg =121x107;
p=2;L§ =57.3x107°; Ly, =12.12x10~>; Lg = Lg + Ly

Ly =Lg + m2><Lm;
M =mxLpy; Rg =0.00297; Ry =0.00382; Jg =114; fy = 0.0071.
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