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Maximum power point tracking improvement using type-2 fuzzy controller
for wind system based on the double fed induction generator

Introduction. In this paper, to maximize energy transmission in wind power system, various Maximum Power Point Tracking (MPPT)
approaches are available. Among these techniques, we have proposed the one based on typical fuzzy logic. Despite the somewhat reduced
performance of fuzzy MPPT. For a number of reasons, fuzzy MPPT can replace conventional optimization techniques. In practice, the
effectiveness of conventional MPPT methods depends mainly on the accuracy of the information given and the wind speed or knowledge of
the aerodynamic properties of the wind system. Novelty. Our new MPPT for monitoring the maximum power point has been proposed. We
developed an algorithm to improve control performance and govern the stator’s developed active and reactive power using the typical
fuzzy logic 2 and enable robust control of a grid-connected, doubly fed induction generator. Purpose. MPPT which implies the wind
turbine’s rotating speed should be modified in real time to capture the most wind energy, is necessary to achieve high efficiency for wind
energy conversion, according to the aerodynamic characteristics of the wind turbine. Methods. Developing a mathematical model for a
wind energy production system is complex, can be strongly affected by wind variation and is a non-linear problem. Thanks to these
characteristics, thus, the Lyapunov technique is combined with a sliding mode control to ensure overall asymptotic stability and robustness
with regard to parametric fluctuations in order to accomplish this goal. We contrasted our fuzzy type-2 algorithm’s performance with that
of the fuzzy type-1 and Perturbation & Observation (P&O) suggested in the literature. Practical value. The simulation results demonstrate
that the control performance is satisfactory when using the fuzzy logic technique. From these results, it can be said for the optimization of
energy conversion in wind systems, the fuzzy type-2 technique may offer a workable option. Since it presents a great possibility to avoid
problems either technical or economics linked to conventional strategies. References 21, figures 15.

Key words: wind turbine, doubly fed induction machine, Lyapunov function, maximum power point tracking, fuzzy logic type-2,
fuzzy logic type-1.

Bemyn. Y yiti cmammi 015 makcumizayii nepedaui enepeii y gimpoenepeemuyHil cucmemi Hagederi pisui nioxoou i0CmedCceHHs. MmoyKu
maxcumanvioi nomyscnocmi (MPPT). Ceped yux memooig Mu 3anponoHysanu moi, wo 0a3yemvcs Ha Munositi. Hewimkii 102iyi.
Heseaocarouu na oewjo 3uudicery npodykmuericme weuimkoeo MPPT. 3 psaody npuuun neuimkuii MPPT modice 3aminumu 36udaiini Mmemoou
onmumizayii. Ha npakmuyi egpekmusnicme 3guuaiinux memooie MPPT 3anedicums 20106HUM YUHOM 6i0 mMOYHOCHIE Haoanol ingopmayii ma
weuoKocmi 6impy abo 3HaHHA aepoouHamiuHux enacmueocmeti 8imposoi cucmemu. Hoeusna. byno sanpononosaro nawt nosuii MPPT ona
MOHIMOPUHZY MOYKU MAKCUMATLHOT nomysicHocmi. Mu po3pobuau aneopumm 015 nNOKpaweHHs: npOOYKMUGHOCI KepyB8aHHs ma Kepy6aHHs.
PO3BUHEHOIO AKMUBHOIO MA PEAKMUBHOIO NOMYICHICIIO CIAmopa 3a 00NOMO2010 MUNno8oi HewimKoi 102iku 2 ma 3a6e3neyenHs HaoiliHo20
KepyBaHHs NIOKTIOUEHUM 00 MepedxCi THOYKYIIHUM ceHepamopoMm i3 nodeilHum scusienram. Mema. MPPT, axui o3nauae, wjo weuoxkicmo
0bepmanHa 6iMpAHOT MypOiHu Mae Oymu 3MIHEHA 8 PeXCcUMi peanbHO20 4acy, wob ompumysamu Haudilbwly KilbKicmb eHepeii 6impy,
HeoOXIOHa 07151 00CASHEHHSL BUCOKOT eqheKMUBHOCMI nepemeopenHts enepeii 6impy 8iON0GIOHO 00 AePOOUHAMIYHUX XAPAKMEPUCTUK BIMPOBOT
mypbinu. Memoou. Pospobxa mamemamuunoi mooeni 0na cucmemu 6upoOHUYMEa 6impoeoi enepeii € CKIaoHoI0, HA Hel MOJICYNb CUTbHO
SNIUBAMU KOUBAHHSL BIMPY, KA € HENHILIHOIO 3a0ayelo. 3a605KU Yum XapaKmepucmukam, makum YUHOM, Memoo JIAnyHoea noeoHyemvcs
3 KepYBaHHAM KOG3HUM PedCUMOM Ol 3aOe3nedeHts 3a2aibHOi ACUMNMOMUYHOI Cmadinbhocmi ma cmitikocmi Wooo napamempuiHux
Gnykmyayiti ona docacnenns yiei memu. Mu nopieHanu npooykmueHiCmb HAWO020 An0pUmMMy Hewimkozo muny 2 3 NOKASHUKAMU
aneopummie newimxozo muny 1 i 30ypennss ma cnocmepexcenns (P&QO), 3anpononosanux y nimepamypi. Ilpakmuuna uinnicme.
Pesynvmamu MoOen08anHs deMOHCMPYIOmb, Wo eQeKmusHiCIG Kepy8anHsl € 3a006LIbHOI NPU GUKOPUCTIAHHL Memoody HeuimKkoi nociku. 3
Yux pe3ynvmamie ModCHA CKA3amu, wjo Ol ONMUMI3ayii nepemeopenHs enepeii y 6impsaHux cucmemax Memoo Hewimko2o muny 2 moaice
3anpononyeamu npaye30amuull 6apianm, OCKinbKu ye 4y008a MONCIUBICIb YHUKHYIMU MEXHIYHUX aO0 eKOHOMIYHUX npobieM, 08 A3aHUX
31 sguuatimumu cmpamezismu. biom. 21, puc. 15.

Knrouoei cnoea: BiTpsina Typ6iHa, aCHHXPOHHA MAIIMHA 3 NOABIl{HUM KMBJIeHHAM, PyHKLiA JIsnyHOBa, BiACTe:KEHHS TOUKH
MAKCHMAJILHOI IIOTYKHOCTI, HeYiTKA JIOrika THIIy 2, He4iTKa Jorika Tumy 1.

Introduction. Despite the use of windmills since : ' * V. m/s gz
antiquity, wind energy has long been forgotten. It was : LI 58
only after the oil crisis of 1973 that alerted the energy o
producing states fossil that it has known for more than 40 ™" 1 &5
years an exceptional development. Indeed, from the year s - 28
2000 and in the same context of the fossil fuel market | || 4
disruption, the increase electricity demand in the world g
and the awareness of environmental issues, these are 2 | By
reasons that have accentuated the need to exploit the clean .| 1 B
energies where wind power takes a privileged place [1]. 3
The rapid development of this technology has given rise ~ *] | B
to increasingly powerful wind turbines, whose operation 2 LI
increases energy efficiency, reduces mechanical efforts 2

. . . 20 - 1.8
and improves the quality of the electrical energy produced 18

[2]. Algeria having good wind potential, whose wind ¢ r T T T
regime is moderate between 2 and 6 m/s (for 10 m from  ;

—

g. 1. Wind potential map of Algeria for 10 m from the ground,

the ground) according to the wind map established by the CDER [3]
Center for the Development of Renewable Energies
(CDER) [3, 4] (Fig. 1). © M. Kaddache, S. Drid, A. Khemis, D. Rahem, L. Chrifi-Alaoui
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The In-Salah site has an average wind speed of 6.4 m/s
next to Adrar which 6.3 m/s. The Hassi-R’Mel site has fairly
high average speeds reaching 6.5 m/s, whereas the province
of Illizi shows speeds above 5 m/s at roughly 10 locations.
As for the north of the country from west to east, various
microclimates are also found. In the case of the Hauts-
Plateaux, we observe that the regions of Mecheria and Tiaret
have a particularly interesting average speed of 5.6 m/s.
While 5.1 m/s and 5.3 m/s are recorded respectively in Djelfa
and M’sila. Algeria plans to reach nearly 40 % of national
electricity production from renewable sources by 2030. In
addition to the installation of several photovoltaic plants in
the Hauts Plateaux and the south, large wind farm projects
should be built before 2024. In fact, in 2014 Algeria took
delivery of the pilot Kaberténe wind farm in Adrar (10 MW)
and studies have been carried out to detect favorable
locations in order to carry out other projects over the period
2017-2030 for a power of approximately 22 GW. Currently,
variable speed wind systems based on the Doubly Fed
Induction Generator (DFIG) are increasingly used on wind
farms. The main advantage is the use of low power rated
converters to control the slip power which is a small part of
the machine rated power. By the way, the grid-connected
DFIG ensures that the converters will be less in size since it
permits operation across a speed range of +30 % or less
around the synchronization speed [1, 2, 5, 6]. In fact, it is a
considerable economic benefit over alternative approaches
(for example, the permanent magnet synchronous generator).
The studied system is shown in Fig. 2. The C, coefficient can
be considered as part of the available wind power. It depends
on the type and dimensions of the turbine. Generally, it is a
function of the tip speed ratio A (Fig. 3). In order to optimise
the wind system, it is important to maximize C,. To do that,
we should keep the tip speed ratio at its optimal value with
controlling the speed. In recent years, many researchers have
focused on improving control strategy of Maximum Power
Point Tracking (MPPT) based on fuzzy algorithm [7, 8].
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Fig. 3. Function C, = f'(4)

The goal of the paper. In this paper, we propose a
type-2 fuzzy MPPT controller. This controller will be
compared with others MPPT’s previously developed to
demonstrate the efficiency of the proposed technique.

0

Modeling of wind. Turbines considering a tool for
wind energy recovery on a surface S and assuming that
the wind speed is identical at every point on this surface,
the volume of air passing through this surface is equal to
p, S. Consequently, the wind’s incident power is kinetic
and depends on the surface area that the wind sensor
offers to the wind. This power P,, is defined as [9]:

P,=05-C,-S-p-V3, (1)

where P, is the wind power; C, is the power coefficient; S is

the blades surface; p is the air density; V is the wind speed.
The relationship between the gear ratio is the

product of the blades’ linear speed and the wind speed:

A=, -R|V, (2)

where A is the tip speed ratio; £2 is the mechanical angular

speed of the wind turbine; R is the wind turbine radius.
Replacing (2) in (1), we have

3
PW=0.5-Cp(/1)-S~p-[§] Yook ©)
The following equation is used to compute the
electromagnetic torque 7 of the turbine:
1
T=0.5~Cp-S-p-V-z. @)
The schematic diagram of the dynamic turbine

model based on these equations is given in Fig. 4.
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Fig. 4. Diagram of the turbine model

The DFIG model is represented by the ensuing
equations in the synchronous reference frame [10]:

dg,

VS =RS}S+ py +Ja)s_¢fs;

- 6]
- d¢ -
Vr' = dtr V¢}"’

where Vi, V,, Ry, R, I, I,, &, ¢, @, w, are the stator and
rotor voltages, resistances, currents, fluxes and current
frequencies, respectively; J is the inertia moment.

The equation for current and flux is:

-

Is=yp,+19,;

Ly Q)
Ir =93+ 19,,
where
y=1ocL; A=-Ml/cLgsL; y=1/cL,.
The following equations result from equalizing the
real and imaginary components of (5):

Vsa =11%sa = 72%ra + dz;d by =i+ d¢3d
Vg =728sq — 72914 +d§%+ Oy =15+ d¢sq .
Via = 73sa + Vabra +%—w brg=—f3+ d¢rd
Vg =730sq +7491rq +%+ O g =S4+ d(%
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where «s» and «»» mean stator and rotor; «d» and «g» are
the direct and quadratic indicators for orthogonal
component parts; and:

=l/ot, n=MorL,; =MoL n=1ocr,
where M is the mutual inductance; o is the leakage flux
total coefficient; 7,, 7, are the stator and rotor time
constants; L,, L, are the stator and rotor inductances; and:

=1 =1 — 728 — ws¢sq;
b :7/1¢sq _72¢rq + O ®)
—3=730ba + V4bra — a)r¢rq;
- Jfa= )/3¢sq + 74¢rq + Opfyg.
The rewrite of (7) gives
d
¢sd =fi+
d¢
f2 sqﬂ
©)
d
¢rd f3
¢
rq =fa+

Vector control strategy of the DFIG considers the
stator voltage shown as follows in the d-q axis [10]:

Veia =05
{Vsq =V,
The power expressions become
{PS =V, (21 + 11, )
0 =V (Adyq +18ya )

where Py, O, are the stator active and reactive power.
Choosing a Lyapunov function

vref)2 (Qv chef)z >0.
The functions derivate is
Vl = (PS PSVf?f' XPS _Psref)+ (Qs _eref XQS _eref)‘ (13)

Substituting (9) and (12) in (13) it results in
= ( srej Xal + AV sref )+

(10)

(11)

=P - (12)

14
(Q eref Xa2 +AV rd — Qs‘ref)’ ()
with
{alz/ws.ﬁ +7 (2 +V) (15)
o) :ﬂ'st,’) +7/f1'

Equation (14) can be clearly negative, if the control
law described below is established

1
Vrd = % (a2 + eref _KZ (Qs - eref ))’
S
(16)
1
qu = W ( 1t Psref _KI(PS _Psref))
N
Replacing (15) in (14) can be obtained

Vl Kl( ref)z K2<Qs eref)2<0

So (16) is stable, if K; (i =
all positive [11], in other words

(17)

1, 2) were, of course, are

lim (Qs - eref):
t—0
jim (P, - P,
t—0
Robust control. The robust non-linear state return
control law based on Lyapunov theory is designed to
address the problems of model uncertainties related to the
variation of machine parameters and measurement noise
[12, 13]. Model uncertainties in this type of control are
generally non-linear functions [14]. Generally, the
functions (f;, ;) are written as:

ref ) =

Replacing (18) in (9), can be obtained:

d¢—”’ = fl +Af +Vyy

¢

vq f2 +Af +V, 5q>
19)

d¢rd 7
———=f3+4f +V,

dr f3 f 7
dg,, -

= fqa+ A +V,
dt f4 f T

The new law control can be selected by taking into
account Af; as follows:

. _L{—azﬂLme—Kz(Qs—ere/')—}
T, | Ky senl0, Oy ) o
yo | [0!1+ Sref ~ KI(P Pcref)_] @0
SVTAEY 5 Sgn( srej) '

where K,‘,‘ > ,B,', K,‘,‘ > 0, I{, (l = 1, 2)
Equations (19), (20) were used to build the
Lyapunov function analog from (14)
V2. = (Ps sref XAO(] K Sgn( sref ))
+ <Qv - eref XAa2 —Ky Sgn(Qs - eref ))< 0.

Therefore, if chosen, the f; with enhanced system
stability, variances can be absorbed:

2D

Ky :|Aa1|; @
K22 = |Aa2|.

Finely, we can resume:
Vi <V, <0. (23)

For the convergent processes stability, the control
law given by (20) is applied for any a; The design of
robust controllers is illustrated in Fig. 5.

1
oy, 0y ———> o —> V..V,
du
P,

— K,

PQ

Fig. 5. Diagram design of robust controllers

New MPPT. In order to maximize the generated
power, a new MPPT has been developed based on the
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relationship of the aerodynamic power P, turbine speed (2,
and electromagnetic torque 7 of the DFIG (Fig. 6):
A=, -R/V,
P=05-p-R*.V3;

C,=a-T/P.

24
(25)
(26)

0O —
Hxéi CpE

rT—>
A
ik

v %-p-Rz-V3

— re
>

#le X

Fig. 6. New MPPT

In this research, a nonlinear empirical interpolation
to represent the C, is shown in Fig. 7.
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Fig. 7. Coefficient various tip speed ratio characteristic

MPPT using fuzzy logic type-2. Stator power
active and speed turbine variation are the fuzzy
controller’s two inputs (Fig. 8).

Rules Base
......... AQy,

|
: |

Fig. 8. Proposed fuzzy controller type-2

The definitions of error variation AP and ACQ are [15]:

AP, = Py(t)= Py (t — At) = Py (k)— Py (k —1}; o
AQ, = Q,(1)- 2,(t— 4t)= 2, (k) - 2, (k-1).

where At is the time step; & is the time step number.
The output of the regulator is corresponding to the

coefficient variation AQm . The three quantities AP, A4Q,,
and A(,,, are standardized as:

APy =G Py;
AR, =GoAQ,
AQ,, =G 40402,

where G,, G, Gaq are the scale factors or normalization,
and they have a significant impact on both the control’s
static and dynamic performance.

The fuzzy logic type-2 membership functions for the
stator active power and speed turbine variation are selected
to be the same as Gaussian forms, with AP defined on the
interval [0, 1] in Fig. 9,a and AQ,, is defined on the interval

(28)

[-1, 1] in Fig. 9,b. The fuzzy logic type-2 membership
functions of the variation A¢2,, are chosen with intervals
formed on the interval [0, 1.2] (Fig. 9,c).
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Fig. 9. Fuzzy type-2 membership functions

for the variation of AP (a); AQ,, (b); Afzm (o)
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1

Comparative study with fuzzy type-1 and
Perturbation and Observation (P&O) algorithm. In
order to show the performance of our approach based on
fuzzy logic type-2, a comparison with the approach based
on fuzzy logic type-1 and the P&O algorithm has been
carried out [16-21].

P&O algorithm stands out because it does not need
a database or training. This guarantees more versatility to
this algorithm, with direct application in the system,
without the need for previous information or wind speed
sensors or understanding of the curve of the aerodynamic
characteristics.

Figure 10 shows the P&O algorithm flow chart as it
should be implemented in the control microprocessor.

|

Calcul of P(k) and Q(t)

Fomsy)

AQ, (k) = lster| AQ, (k) = [step]

Q (k) =Q, (k=1)+40, (k) ‘

Fig. 10. P&O algorithm flow chart

20 (k) = =lepl| a0 (k) = -|step|

Fuzzy logic type-1. For the variation of the active
power of the stator AP and the speed of the turbine Q,,
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their membership functions have been chosen with
triangular forms and is defined on the interval [-1, 1]
(Fig. 11,a,b). The membership functions type-1 of the
variation of A.Om chosen from triangular shapes over the

interval [-1, 1] (Fig. 11,¢).

GN MN PN ZE PP \p GP
|

a
0.5r
0
-1 0.5 0 0.5 1
GN MN PN ZE PP pmp GP
1
b
0.5
0

GN MN PN ZE PP Mpp GP

0.5¢

0
-1 -0.5 0 0.5 1

Fig. 11. Fuzzy type-1 membership functions
for the variation of AP (a); AQ,, (b); A.Qm ()

Results. The results are arranged in accordance with
the following criteria, respectively:
e simulated system with a variable wind speed with an
average value of 5.8 m/s (Fig. 12);
e turbine speed (Fig. 13) fixed at 140 rad/s;
e power coefficient C, (Fig. 14);
e stator active power (Fig. 15).
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Fig. 12. Wind speed
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Fig. 13. Turbine speed
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Fig. 15. Stator active power

The active power varied between —5 kW to 1 kW
while the reactive power is fixed at 0 VAr. After seeing
the correct follow-up of the proposed instructions it is
necessary to assess the structure’s robustness to parameter
uncertainty. Therefore, the next step is to assess the
resistance to stator and rotor change.

Finally, the results evince that the method based on
fuzzy logic type-2 is superior in terms of effectiveness,
robustness, and response time.

Conclusions. The results obtained show the
performance of our type-2 fuzzy maximum power point
tracking (MPPT) compared to two other techniques
(Perturbation and Observation) and type-1 fuzzy. For
several reasons, the latter technique can replace
conventional optimization techniques. In practice, the
effectiveness of conventional MPPT methods depends
mainly on the accuracy of the information given and the
wind speed or the knowledge of the aerodynamic properties
of the wind system. However, this need an anemometer,
which raises the systems cost. Thus, knowledge of
aerodynamic properties requires the manufacturer to carry
out tests that are a bit complex and expensive. In addition,
these characteristics change from turbine to turbine. They
also vary with climatic conditions, which decrease the
reliability of the system. It is better to choose the command
strategies that do not depend on these parameters.
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