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Fuzzy model based multivariable predictive control design for rapid and efficient
speed-sensorless maximum power extraction of renewable wind generators

Introduction. A wind energy conversion system needs a maximum power point tracking algorithm. In the literature, several works
have interested in the search for a maximum power point wind energy conversion system. Generally, their goals are to optimize the
mechanical rotation or the generator torque and the direct current or the duty cycle switchers. The power output of a wind energy
conversion system depends on the accuracy of the maximum power tracking controller, as wind speed changes constantly throughout
the day. Maximum power point tracking systems that do not require mechanical sensors to measure the wind speed offer several
advantages over systems using mechanical sensors. The novelty. The proposed work introduces an intelligent maximum power point
tracking technique based on a fuzzy model and multivariable predictive controller to extract the maximum energy for a small-scale
wind energy conversion system coupled to the electrical network. The suggested algorithm does not need the measurement of the
wind velocity or the knowledge of turbine parameters. Purpose. Building an intelligent maximum power point tracking algorithm
that does not use mechanical sensors to measure the wind speed and extracts the maximum possible power from the wind generator,
and is simple and easy to implement. Methods. In this control approach, a fuzzy system is mainly utilized to generate the reference
DC-current corresponding to the maximum power point based on the changes in the DC-power and the rectified DC-voltage. In
contrast, the fuzzy model-based multivariable predictive regulator follows the resultant reference current with minimum steady-state
error. The significant issues of the suggested maximum power point tracking method, such as the detailed design process and
implementation of the two controllers, have been thoroughly investigated and presented. The considered maximum power point
tracking approach has been applied to a wind system driving a 5 kW permanent magnet synchronous generator in variable speed
mode through the simulation tests. Practical value. A practical implementation has been executed on a 5 kW test bench consisting of
a dSPACEds1104 controller board, permanent magnet synchronous generator, and DC-motor drives to confirm the simulation
results. Comparative experimental results under varying wind speed have confirmed the achievable significant performance
enhancements on the maximum wind energy generation and overall system response by using the suggested control method
compared with a traditional proportional integral maximum power point tracking controller. References 24, tables 3, figures 15.

Key words: small-scale wind generator, maximum power point tracking, fuzzy system, fuzzy model based multivariable
predictive control, linear matrix inequalities approach.

Bcemyn. Cucmema nepemeopenns enepeii 6impy nompeoOye ancopummy 6iOCMeNCeHHA MOUKU MAKCUMANbHOI nomyscHocmi. Y
Jimepamypi € Kinbka pooim, NpUceadeHux NOWyKy cucmemy nepemeopeHHs eHepaii 6impy i3 MouKor MAKCUMATbHOL nomyscHocmi. Ak
npasuno, ix Memoro € OnMuUMI3ayis MexaniuHo2o 06epmanHa abo MOMEHMY, Wo KpYymums, 2eHepamopa i nepemuxadié nocmitino2o
cmpymy abo pobouozo yuxay. Buxiona nomysicnicme cucmemu nepemeopents enepeii gimpy 3anexcums 8i0 MoyHOCHi KOHMpoaepa
CMedICeH s 3a MAKCUMATLHOIO ROMYICHICMIO, OCKIIbKU WBUOKICMb 8impy NOCMILIHO 3MIHIOEMbCSL npomscom OHA. Cucmemu cmediceHHs
30 MOYKAMU 3 MAKCUMATILHOIO ROMYNHCHICIIO, SIKUM He NOMPIOHI MeXAHIUHI 0amuuKy OJisk 6UMIPIOGAHHSL WEUOKOCMIE GiMpYy, MarOms Psio
nepesaz y NOPIGHAHHI 3 CUCMEMAMU, WO SUKOpUCMOBYIomb mexaniyni damyuxu. Hoeusna. IIpononosana poboma npedcmasnsie
iHmenexmyanvHuli  Memoo  GIOCMedNCeHHs  MOYKU — MAKCUMANbHOI  NOMYHCHOCMI, 3ACHO6AHUN HA  HeuwimkKiil Mmoldeni ma
bazamonapamempuiHoMy NPOSHO3VIOUOMY KOHMpOAEpi, Ol OMPUMAHHA MAKCUMANLHOI eHepeli 0N Manomacumadnoi cucmemu
nepemeopents enepeii impy, nioknoyenoi 00 erekmpuyroi mepesxci. IIponoHosanull aneopumm He 8UMA2Ae SUMIPIOBAHHI WBUOKOCHI
6impy abo 3nanna napamempie mypoOinu. Mema. Ilo6yoosa inmenekmyansnHo2o aneopummy GiOCMedCeHHsT MOUYKU MAKCUMANbHOL
NOMYACHOCTI, AKULL He GUKOPUCIMOBYE MEXAHIUHI 0amuuKy O GUMIPIOBANHS WEUOKOCMI GiIMpy ma GUMSAZYE MAKCUMATLHO MOICTUBY
NOMYJICHICMb 3 8imMpozenepamopa, a maxkodic npocmuti ma 3pyynuil y peanizayii. Memoou. V yvbomy nioxooi 00 ynpaguinms Heuimxa
cucmema 8 OCHOBHOMY SUKOPUCHIOBYEMbCA OJisl 2EHEPYBAHHSA eMANOHHO20 NOCMITIHO20 CIMPYMY, WO GI0N08I0ac MoYYyi MAKCUMATLHOT
NOMYJICHOCMI, HA  OCHOBI 3MiH NOMYJCHOCMI NOCMIUHO20 cmpymy ma nocmiunoi  eunpsmaenoi Hanpyeu. Haenaku,
bazamonapamempuiHull nPoSHO3YIOUUL pe2yNamop HA OCHOGI HeimKoi Moleni cnidye 3a pe3yibmyloduM emaioHHUM CIpyMoM 3
MIHIMANBLHOIO NOMUTKOI0, WO Gcmanosunaca. Iecmomui npobiemu 3anponoHoO6aHo20 Memooy 6i0CMedlCeHHs MOUKU MAKCUMANbHOT
NOMYACHOCME, MAKi AK Npoyec OemdalbHO20 NPOEKMYBAHHA MdA peanizayisi 080X KOHMpOJepis, OVIu pemenvbHo O0CHiOdxiceHi ma
npedcmasneri. Poseasnymutl nioxio 00 8i0CmediCcenHs: MOuKU MAKCUMATbHOT NOMYAHCHOCHI 0)8 3acmoco8anuii 00 8impoeoi cucmemu,
wWo npueooumv y 00 CUHXPDOHHULL 2eHEPAMOp 3 NOCMIUHUMU MASHIMAMU NOMYJiCHicmio 5 KBm y peswcumi 3minHOl weuokocmi 3a
donomozoio mooentosanns. Ilpakmuuna yinnicms. J[ns niomeeposicens pe3yibmamis MoO0emo8ants Oy10 6UKOHAHO NPAKMUYHY
peanizayiio Ha sunpoBYSaIbHOMY CIMeHOl nomyosicHicmio 5 kBm, wo ckradaemuocs 3 niamu koumponepa dSPACEds1104, cunxponnoeo
2eHepamopa 3 NOCMIUHUMU MAZHIMAMU MA eleKmponpusoodis 3 08usyHamu nocmiinozo cmpymy. [lopisHsAIbHI excnepumeHmanvhi
pe3yabmamu npu pisHil weuoKocmi 6impy niomeepouny 3HaA4Hi NONNUEeHHA NPOOYKMUBHOCMT 3 MAKCUMATLHO20 SUPODIEHHA eHepeii
8impy i 3a2anbHO20 6I02YKY cucmemu Npu 6UKOPUCTIAHHI 3aNPONOHO8AHO20 MemOoOy YNPAGNiHHA 6 NOPIGHAHMI 3 MPAOUYIUHUM
NPONOPYILHO-IHMESPATLHUM KOHMPOIEPOM CHOCIEPENCEHHSA 30 MOUKOI0 MAKCUMATbHOI nomyscHocmi. biom. 24, tabmn. 3, puc. 15.

Kniouosi cnosa: majioraGapuTHMii BiTporeHepaTrop, BilCTeKeHHSI TOYKH MAaKCUMAJIBHOI NOTY:KHOCTi, HeWiTKa cucTeMa,
fararonapaMeTpHy4He NPOrHOCTHYHE YNPABIiHHSA HA OCHOBI HeuiTKOi MoJe i, MeTO/ JIIHIfHUX MATPHYHUX HePiBHOCTEN.

Introduction. Over the past decades, wind power
has grown faster than any other source of renewable
energy, national policymakers' concerns about global
warming, energy diversification, safety supplies, and
other factors have contributed to this enormous growth.
Various types of converter topologies have been
introduced to generate electricity from wind generators
and manage distributed energy towards electrical

networks. Each of them requires a suitable type of
generator  (e.g., permanent magnet synchronous
generators (PMSGs), induction generators (IGs), doubly
fed induction generators (DFIGs) [1, 2]. Permanent
magnet synchronous wind generators with a six diodes
bridge rectifier, followed by a DC-DC boost chopper and
a grid inverter seem to be a very good solution for small-
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scale wind turbines to achieve low cost and complexity,
high reliability, and good performance by controlling the
electromechanical energy conversion with minimal
influence on the electrical network [3, 4], notably if the
converter control is exploited with the appropriate
maximum power point tracking (MPPT) algorithm. As for
the MPPT algorithms, there are many MPPT approaches
have been mentioned in the literature.

In most cases, these approaches rely on wind
velocity measurement or wind speed-sensorless method,
such as duty cycle control method, look-up table for
optimum rotor speed control method, and optimum tip-
speed ratio (TSR) control method. However, these
schemes require precise knowledge of the wind power
system parameters either before or during execution.

Moreover, the wind turbine components tend to
modify their characteristics over time. Therefore, a
control strategy independent of the wind generator
parameters does not necessitate any prior information of
the wind speed, such as the perturbation and observation
(P&0O) method, which is very flexible and accurate [5-7].
Moreover, this strategy is straightforward, simple, and
suitable for wind generators with low inertia. Recently,
there have been many articles on the MPPT methodology,
especially the simplified and advanced P&O methods [8],
adaptive MPPT method [9], two-stage MPPT algorithm
[10], hill-climb searching algorithm [11], and modifiable
step size-based P&O algorithm [12]. Despite being simple
and adaptable, these MPPT techniques suffer from the
problems of high steady-state errors and huge frequency
variations. Other MPPT algorithms, such as fuzzy
reasoning-based MPPT technique [13], neural network
technique [14], and advanced vector technique [15], have
also been proposed in the literature. Nevertheless, these

Rectifier

Boost Converter

control strategies necessitate extensive calculations and
are not always effective. Moreover, these control
techniques need extra control efforts as well as costly
sensors [16].

The goal of the paper is to introduce a new
intelligent maximum power point tracking method for a
small-scale wind generator connected to the electrical
network.

The suggested MPPT technique is mainly based on a
fuzzy system for deriving the reference DC-current. An
innovative fuzzy model-based multivariable predictive
algorithm is used to follow the reference DC-current
accurately and then implement the intelligent MPPT
algorithm. The suggested MPPT method can capture the
maximum amount of energy from a wind generator while
retaining excellent performance and quality.

Subject of investigations. This article explains how
to properly manage important challenges in the design and
implementation of the two regulators. Experimental results
demonstrate the significant performance enhancements that
can be achieved in the maximum power generation and
overall system response using the suggested intelligent
MPPT method. The two regulators are simple and easy to
operate in modern wind power generators equipped with a
six diode rectifier and boost circuit.

System description. The synoptic schematic of the
considered wind power system is illustrated in Fig. 1. The
conversion circuit comprises of a wind turbine with three
blades, a multi-pole three-phase PMSG, a six-diode
bridge rectifier, a DC-DC boost chopper, and a source
voltage inverter (VSI), which is coupled to the grid. The
harvested wind energy is sent immediately to the PMSG,
which is transformed into electrical power by this
generator.
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Fig. 1. Synoptic schematic of the considered wind system

The resulting electrical power can then be converted
using a conventional rectifier. The boost chopper boosts
the rectified DC-voltage (V,), then supplied into the
electrical network through the VSI. Because the
traditional rectifier is uncontrollable, a boost chopper is
employed to guarantee the maximum power capture of
electrical energy from the wind generator. Only one

electronic switch is required, which minimizes the
system's cost and simplifies its control, consequently
maintaining high system reliability and stability [17].

The VSI adjusts the power flow between the DC-bus
voltage (V) and the electrical grid as a result independent
grid-side. The mechanical power produced by the wind
generator can be expressed as in [18]:
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1
1%=5pACALﬂwi, (1)

where p represents the air mass density; C, indicates the
performance coefficient of the wind generator; A4 denotes
the swept surface of the three blades, v,, denotes the wind
velocity; A is the tip speed ratio (TSR); S is the inclination
angle of the blade (in this study set to zero).

A general form is utilized for modeling C,. The
equation is derived from the characteristics of the wind
turbines [19]:

21
116 =
Cp=05176 —=-04f-5 e * +0.0068%; (2)

i
1 1 _0.055
A A+0.088 pii1’
where A is the ratio of the linear turbine rotation to the
wind velocity, which is stated as:
R
2= “)
UW
where ®,, and R are the turbine rotational speed and
radius, respectively.
Figure 2 displays the C, against A graph obtained by
(2). It's worth noting, that there is a unique optimum value
of the A, at which the C, is at its highest value C,™ [20].
C,

C,"=0.47
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Fig. 2. C, = f(A) of the considered wind generator
Thus, the mechanical energy collected from the
wind generator is likewise at its peak if the wind
generator works at the MPP (4,,, C,™) = (8.08, 0.47).

The optimum mechanical power (Py,,) can be established
by replacing (4) into (1), as shown in:
3
Fnax = kpa)n170pt > (5)
where w,, o, represents the optimum mechanical angular

speed of the wind generator for a given wind velocity;
k, is the power control coefficient calculated as follows:

_ pﬂ'RSCglax

3
225pt

From (1), (5) the approximate relationship is obtained:

(6)

p

3 3
Prnax xC Uy, < a)miopt > (7)

where symbol oc indicates that the relationship is an
approximation between the two variables.

The back-EMF of the PMSG is proportional to
rotational velocity, and can be calculated as:

E=k,0,, (®)
where k&, is the back-EMF coefficient of the wind
generator.

The phase terminal AC voltage V. in the root-mean
square (RMS) for a three-phase PMSG is defined as:
Vac:E_Iac(Rs+jweLs)9 ©)
with:

®, = pw,, (10)
where I,., R,, L, are the line-current in RMS, the line-
resistor, and the line inductance, respectively; @, is the
electrical angular speed of the PMSG; p is the number of
pole pairs.

Using a six-diode bridge rectifier, the rectified
DC-voltage (V) is related to the phase-voltage of the
PMSG, therefore can be calculated as:

_3We,,

- (11)
T

Assuming no power losses, the electrical DC-power
(P,.) can be expressed as:
Pae=3Voelae =Vacl dge » (12)
where I, represents the rectified DC-current, which can
be determined by replacing (11) in (12):

Vid
]dc:%IaC' (13)
Equations (8)—(10) can then be used to get the
following equation:
36 ( . 6
T

e _?pleacjwm;

Jopt _ﬂ[ Jg ]wopt
T

Vdc

Vdc

(14)
de — ke _?pleac m >

where ¥, ”" is the optimum rectified DC-voltage at the MPP.
Substituting (5) into (14) gives:
Ve @, and VP oc o (15)
From (5), (14) at the MPP,
relationship is valid:

Ve < @, and Py, o (Vdocp 1)3.

the following

(16)

Meanwhile, the optimum DC-power can be
described as:

PP = Ppax =V I, (17)

where 7 is the conversion coefficient from the PMSG to

the DC-side, which is considered constant; [, is the

optimum DC-current or the reference DC-current ().
Mixing (16), (17) gives:

el f s
Substituting (18) into (17) yields:
2
(e (19)

As indicated in (18), (19), 1, is proportional to the
square of V,”, and is directly related to Py”'. As a
result, when 7, is kept close to its optimal (reference Idc*)
value 1,7, the wind generator may produce the
maximum amount of electrical power P, ™

Fuzzy-based MPPT controller for wind power
generator. The main objective of this section is to
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construct a MPP current-reference generator by using a
fuzzy logic controller that meets the actual MPP. In
particular, this generator is designed to compute on-line
the optimal DC-current value I,””. So that, if the DC-
current ;. is being equal to I, then, the maximal power
is captured. The key benefit of this MPPT system is that it
doesn’t necessitate the use of either wind velocity sensors
or rotor velocity sensors. Generally, the fuzzy system can
be divided into three steps: 1) fuzzification;
2) aggregation, and 3) defuzzification. As shown in Fig. 1,
the P, and ¥V, variations are selected as the two input
parameters for the fuzzy MPPT system. At the k™
sampling period, both variables are calibrated by the
scaling gains Kj, K,, and updated using the following
equations:

APye[k] = Ki(APsc[K] = AP [k =1]);  (20)

AVgelk1= K (AVe[K]= AV [k -11), (1)
where AP, [k] and AV, [k] are the DC-power and the DC-
voltage variations, respectively; Pul[k], Valk]l, Palk—1]
and V,.[k—1] represent the DC-power and the DC-voltage
at the time interval [k] and [k—1].

The DC-power can be determined as:
Fuclk1=Vac[k]- 14 K], (22)

where 1,[k] and V,[k] are the DC-current and the DC-
voltage at the time interval k.

The change in the optimum DC-current Al,[k] is
used as an output of the proposed fuzzy MPPT generator.
To create the fuzzy sets of inputs and output variables, the
triangular symmetrical membership functions (MFs) with
the overlap are utilized to make the fuzzy MPPT system
more sensitive to small signals, illustrated in Fig. 3.
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Fig. 3. Normalized membership functions (MFs) and
corresponding surface viewer

The input/output parameters, i.e. APy[k], AVu[k]
and AL, (k] are represented by linguistic terms, such as
Positive-Big (PB), Positive-Medium (PM), Positive-Small
(PS), Zero (ZE), Negative-Big (NB), Negative-Medium
(NM), and Negative-Small (NS).

The following IF-THEN rules define the desired
relationships between inputs and outputs:

Ri: IF AP,[k] is A; and AV,[k] is B;, THEN
AL”[k] is C;, where i, j = 1, 2,..,7; k=1, 2, 3,...,49,
where 4; and B, indicate the antecedents and Cj indicate
the consequent parts, respectively.

The IF-THEN rules are summarized in Table 1. This
article uses a fuzzy system with Mamdani method for the
inference process [21].

Table 1

Fuzzy control rules
AVdc

NB [NM | NS |ZE| PS | PM | PB
NB | PB | PB | PB |ZE | NM | NB | NB
NM | PM | PM | PM | ZE | NS | NM | NM
NS | PM | PS PS | ZE| NS | NS | NM
ZE | NM |NM | NS | ZE| PS | PM | PB
PS | NM | NS | NS | ZE | PS PS | PM
PM |NM | NM |NM | ZE | PS | PM | PM
PB | NB|NB|NB|ZE| PM | PB | PB

opt
Al

APaic

The output level AL, ”7k] of each fuzzy rule is
normalized by a factor related to the firing strength w;,
which is calculated from the minimum operation such as:

w; =min(uap, (AP (K1) oy, (AV4 K1), (23)

The defuzzification is realized using the centroid
method (COA) of a last combined fuzzy set. The last
combined fuzzy set is determined by the sum of all rule
output fuzzy sets using the maximum aggregation
approach [22]. Therefore, the variation in the optimum
DC-current A, ”[k] is calculated according to the
following relationship:

> alarg ok larg )

n opt ; .
Zj:l 'U(Aldc (J))
The output of the fuzzy MPPT system is AL, ”[k],

which is converted to the optimum DC-current, 1, ”[k]
by:

AP (k) = (24)

IRk =17 [k =11+ ATR'[K] . (25)
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Fuzzy model based multivariable predictive
(FMMP) regulator. In this part, a FMMP regulator is
developed for a DC-DC boost chopper in order to follow the
optimum DC-current (/). The FMMP regulator is
effective for DC-DC boost chopper because this control
strategy is a sort of control technique that was primarily
introduced to regulate constrained linear and nonlinear
systems. In addition, the FMMP regulator has a quick
dynamic behavior, excellent stability, and robustness against
parameter variation in a variety of working conditions.

Control system design. Since the PMSG can
provide the rectified DC-current (/,.), it can be used as a
current source. Therefore, only the dynamic of the boost
chopper is studied and described in this paper. In the next
part, the T-S fuzzy model of the boost chopper is utilized
to represent the original nonlinear behavior for the control
design goal using the sector nonlinearity method.

T-S fuzzy model of the DC-DC boost chopper. As
can be seen from Fig. 1, the global nonlinear dynamical
behavior of the DC-DC boost chopper in regular state-
variable representation can be expressed as follows:

dldc 0 _(1_u) / 1
dr |_ L dc A7
= _ L Vac> (26)
dVO _ (1 u) _L |:V0:| 0 c
dr C R,C

where [, is the input inductor current or DC-current; u is
the equivalent control signal that takes values in the
domain {0, 1}; R;=V,/I, is the total equivalent resistance;
V, is the output DC-voltage; I, is the output DC-current;
C and L are the capacitance and inductance values
respectively.

Finally, a DC-DC boost chopper's discrete-time state
space representation is used to derive (26), considering
the sampling period T, and replacing the control signal u
by its respective duty ratio D(k). The result of this
discretization can be expressed as:

R
Tge(k+1)| Lo | | ack)]
Votk+D) | | L (T ||| V,(k)
C R, C @
(Ve (k) =V, (k)
L
" _ Idc (k)Ts D).
C

According to the expressions (26), (27) and the T-S
fuzzy model [23], the boost chopper can be described by a
second-order r-rule fuzzy system. The i™ rule of the
discrete T-S fuzzy model is written as follows:

Fuzzy rules r;:

IF wi(#) is F; and ... and we(f) is Fg, THEN x(k+1) =
= Aqx(k) + Bru(k); where i = 1, 2,...k; A; € R"",
B; € R™; k values denote the number of fuzzy rules; w,
W,...,W, are the premise variables; Fj(j = 1,2,...,g) are
the fuzzy sets; x(k) € R" are the system variables; u(k) are
the control input signal; 4,, B; are the state vectors of the
local sub-system inadequate sizes.

Using the singleton fuzzification, product inference
rule, and weighted average defuzzification, the above
fuzzy rules base is deduced as follows:

x(k+1)= Zf,‘:] (W)W Aix(k) + Bu(k)}, — (28)

where:

H?:l Fy (Wj (k ))
Zf:l Hf:l Fy (Wj (k ))

The term Fy(w/(k)) is the grad of membership of
wi(?) in F;. Note that, where for i = 1,2,...,k. For deriving
the T-S model of the DC-DC boost chopper, let the fuzzy
premises variable vector w(k) be selected as:

wi (k) =14.(k),  wy(k)=V, (k).

Since, the system states of the boost chopper are
bounded; the premise variables will also be bounded. In
this paper, the fuzzy premise variables vary in the range
defined as:

max (I, (k)= Dy, min(Zg. (k) = dy;
max (V,(k))=D,, min(V,(k))=d,.

From the above, the corresponding MFs of the T-S
system can be written as:

i (W)= (29)

Fi,=1-F;
D —d; 12 11
V,(k)—d,
Fyy=—2—"—=, Fp=1-F,.
27D "4, 22 21
These membership functions are considered
triangular shape as demonstrated in Fig. 4.
1
Uae(K)) - po(Lace(K))
0
dl Dl
1
m(Vo(k)) - 1a(Vo(K))
0
dy D,

Fig. 4. Picture MFs of the T-S fuzzy model

Based on the sector nonlinearity notion, we have the
following relationships:

Lac (k) = Fi\Dy + Fyydy, Vo (k) = Fy Dy + Fppd,

As a result, the complete fuzzy boost chopper model
is equivalent to:

e+ ) =40+ X llac DV, (08 ). G0)

where 4; and B; are the local sub-models matrices given
by (fori=1,2,...,4):

L
L
A=dy=dy=Ay=A=| T
so1-
c R,C
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and:
(Vdc _ d2 )T K (Vdc _ d2 )T K
_ L _ L
S L I T
C C

It can be seen that (30) corresponds with the system
(27) inside the polytope area [d, Di] X [d>, D,]. This
operating space is shown in Fig. 5.
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Firiwi(la), Fro(wi(Lae))

Fig. 5. T-S Fuzzy representation of the boost chopper

Multivariable predictive current control. A
multivariable predictive current control method based on
the T-S fuzzy model is introduced to obtain an accurate
tracking control of the optimum DC-current (1,.”) for the
DC-DC boost chopper. In this work, the boost chopper's
state variables are restricted by physical limits required by
the wind generator users due to the technical
specifications of the power converters. Therefore,
constraints must be set while designing the boost chopper
regulator. The primary function of the multivariable
predictive control (MPC) is to compute a series of future
operating signals in such a way that it reduces a specified
objective function calculated over a prediction horizon
[24]. The quadratic objective function to be minimized by
the MPC controller is given by:

T
min/=3" Z’Hv(r(m D=3+ O ()~ ik + ]1k)+(31

> i’l(u(k+ D+ Autk+ -1 SAulk+ 11—1)

Subject to the following constraints:
Xmin < )Ac(k+j|k)S Xmax;  Ymin < )A’(k"'j|k)S Ymax >
tgnin < Ak + k)< thmaxs Attmgin < Aulk + j]k) < Aty
where k is the current sampling instant; H, indicates the
control cost horizon; H, denotes the start point of the
prediction horizon; H, signifies the end point of the
prediction horizon; H, < H,, and Au(k + j — 1) represents
the control increments vector, r(k + j) is the future
reference trajectory, y(k + jlk|) is the j step-ahead

prediction of the system; Q is the weighting matrix of the
tracking error; R and S are the weighting matrices.

Thus, two parts determine the objective function (32):
the first part is concerned with reducing the difference
between predicted output and reference trajectory. The
second part is a penalty for exerting control effort. Further,
the above-mentioned objective function can be defined in a
more comprehensive matrix form [25]:

J(AU,) = J i + 2[(r +OU;_ Yy )T OAIAU, +

(32)
+AUTTATOA + R+ S1AU,,
where
Jimin = rEfQYref + 1HTQF - 2Yr€er + UlchlSUkal + (33)

+ (7 kT_lRU kT_ 1s
where J,;, represents the minimal cost due to the
reference and the unconstrained output response.

The fuzzy model (30) is utilized to predict the output
of the system, subject to amplitude and rate saturation on
the system states and control inputs:

I ULnax
-1 - Umin
L
AU, < Umax 34)
-L ~Unin
A Ymax -I
L™ A_ L~ Yinax + r_
and
1 0 ... 0]
I 0 1 - 0 < RH A,
0 0 ... 1]
10 ... 0]
2|t 1 : 0 e RHAH,
L1 ... 1]
where the predicted output may be written as:
Y=T+AAU, (35)

where YeR™", FeR™", AcR""xH™, and AU,eR™",
no and n; are the total number of system outputs and
inputs; I” is the unconstrained output response; AAU, is
the constrained output response.

So, the new constrained optimization problem
minimizes a convex objective function (33), on a convex
set (35). This convex objective function has global minima
only if the Hessian matrix of the objective function is
positive-definite [26]. In the light of the above description,
equation (35) can be transformed into the form:

min AU, (k)T HAU , (k) - PT AU (k) . (36)

The Hessien matrix H is positive-definite if it

satisfies the following condition:
rank(A)=H,, . (37)

Thus, the restrictions (34) can be expressed in one
form that can be simply exploited later by the proposed
optimization method:

AU, (k)<B. (38)

The Schur complement theorem is utilized to make the
non-linear criterion (36) in Linear Matrix Inequalities (LMI)
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format. Moreover, this theorem can minimize the linear
objective function with LMI restrictions [27]. Therefore, the
LMI-based problem of central importance to this paper is
that of minimizing a linear subject to LMI constraints:
minimize ch;
subject to: F(x) >0,
where F(x) is the symmetric matrix that depends affinely
on the variable x, and ¢ is the real vector. The solution
then minimizes the linear term ¢’x [28].

LMI problem. An optimization LMI problem
necessitates restructuring the main problem to include a
linear objective function and strict inequality constraints.
Generally, the minimization of a convex quadratic
objective J(AU,) can be achieved by the following
equivalent minimization algorithm:

Minimize y and finding an acceptable AU, that
satisfies the following condition:

J(AU,)<y. (39)

The relationship (32) can be converted to LMI form
using Schur complement [27].

Given: O(x) = O(x)’, R(x) = R(x)", and S(x) depend
affinely on x. Then LMI (41) is equivalent to the
inequalities (39):

O(x)  S(x) )
) {S(x)T R(x)} <0; (40)
) R(x)<0; al
) O(x)-S(X)R(x)"' S(x) <0. “h

Although the inequality (39) is strict but not in linear
form. Thus, it must be converted by Schur complement
theorem into LMI conditions:

minyeR"
subject to (42)
AT+0U T NN sy AU ]
<0
AU, —[AT QA+R+ST

The aforementioned constraints (34) must be written in
a diagonal form defining thus a convex matrix space and
symmetric. Hence, the final form of the original optimization
problem can be presented as LMI terms. Therefore, the
objective function can be reformulated as follows:

minyeR"
subject to: (43)
2[(F+@lj]k—1 _%/)TQA]A Uy +Jmin—7 AU{ <0
11<0.
AU, —[ATQA+R+ST
1 Uglax
—1 ~Unin
L
AU, < Umax ; (44)
-L ~Unin
A e max r
L™ A_ L~ Yinax + F_

diag(IAU,, =U 1124 ) £ 0;
diag(~IAU,, +U i, ) < 0;
diag(LAU,, —U 1, ) < 0;

diag(~LAU,, +U ) < 0;
diag(AAU,, —Yax +1) <0;
diag(AAU , + Y, —T) <0.

Simulation and experimental verifications. At first,
the performance of the suggested control method
incorporating fuzzy based MPPT algorithm is thoroughly
examined in simulation using MATLAB/Simulink software.
Then experimental tests are performed in laboratory to
validate the proposed control strategy.

Simulation investigation of wind energy conversion
system (WECS) control system based FMMP current
controller. This part shows the advantages of implementing
the derived predictive algorithm and the fuzzy MPPT control
scheme. First, the off-line calculations which are necessary
for the calculation of the control signal are stated. Second,
the system is simulated based on the small-sized wind
turbine model, the key parameters utilized in numerical
simulations are listed in Table 2. Finally, simulation results
that demonstrate the prevalence of the suggested control
algorithm are presented. The control problem is to keep the
wind generator at the maximum output power while
controlling the DC-current of the boost chopper without
oscillations, since these oscillations can cause a variety of
issues for consumers for example, and the power outage. The
discrete time T-S fuzzy system (30) of the boost chopper can
be created using a sampling interval of 0.001 ms, the FMMP
scheme is developed with the following conditions: the
control horizon is H, = 2, and the prediction horizon is
H,=20. The limitations are selected as:

0<7,;, <10A and 0<V,<600V .

An additional restriction on the boost duty cycle is
imposed as follow:
0<d(k)<0.98.
The values of the weighting matrices in (31) are:
O=eye(H ),
S=0.5-epe (H, +Dn;), R=0.1-eye (H, +1Dn;).
where eye returns an (n xm) matrix with ones on the main
diagonal and zeros elsewhere.

Table 2
System parameters
Parameters of the PMSG
. L . Values
utilized in simulation
Nominal power SkW
Nominal voltage 380 V

Pole pairs 4
Nominal torque 9.5 N-m
Nominal speed 3000 rpm
Nominal current 8A

Back-EMF coefficient 150 V/K-rpm
Stator resistor 0.245Q
d-axis inductor 5 mH
g-axis inductor SmH
Inertia 5 kg-m®

Simulation results. The simulation plots of each
state variable are shown in Fig. 6,a—%. The outcomes were
obtained based on a 50 s variable wind profile. Figure 6,a
shows the wind input used in the computer simulations.
The variation in the wind velocity comprises high wind
velocity ranges from 11 to 13 m/s.
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Fig. 6. Simulation results of the fuzzy MPPT algorithm

Figure 6,b exhibits the simulated waveform of the
C,, which is maintained at the optimum value of 0.478,
and it is not influenced by the variations in the wind
speed, which shows the good performances of the
developed fuzzy based MPPT scheme. The resulting TSR
is shown in Fig. 6,c. It shows that the TSR of the blade
remains approximately constant and changes only at
limited values around the best TSR of 8.08. It can be
observed from Fig. 6,d, that the DC-current tracks the
optimum current accurately by using the suggested
control method, which adjusts the torque generator to
obtain the maximum electrical power from the wind
turbine with a fast response time. As depicted in Fig. 6,e,
the rotational speed of the generator is constantly adapted
to the wind velocity, so that the maximum energy is
captured from the wind generator.

The mechanical torque waveform is illustrated in
Fig. 6,f, as can be observed from Fig. 6,/ the torque
generator changes according to the variation in wind
velocity to accommodate the variations in the DC-current
of the boost chopper. Figure 6,g displays the generator
output power, which is well correlated to changes in wind
speed. It can also be noted that using the recommended
control technique, the generator output power quickly
recovers to its maximum value according to changes in
wind velocity. The DC-DC boost chopper can also be
used to increase the rectified DC-voltage.

As shown in Fig. 6,h, the optimal DC-current
is proportional to the rectified DC-voltage, their
relationship is in line with (14). Therefore, it can be
better controlled to obtain the optimal rectified
DC-voltage by using the suggested control approach.
The simulation results demonstrate that the designed
control method can generate the maximum wind power
under different wind speeds by adjusting the DC-current
of the boost chopper.

Experimental verification of WECS control
system based on FMMP current controller. The 5 kW
semi-controlled WECS scheme is built in laboratory to
prove the effectiveness of the suggested MPPT algorithm.
In the experimental WECS, the PMSG is attached to the
shaft of a 5 kW DC-motor to emulate the dynamic and
static  behaviors of the real wind generator.
A conventional boost chopper is utilized to drive the
DC-motor. The design parameters of the developed
WECS prototype are summarized in Table 3.

The boost chopper is built with SEMIKRON IGBT
modules, and the driver circuit for the IGBTs modules is
SEMIKRON SKHI61. The rectified DC-voltage and DC-
current are measured using a voltage sensor and a Hall-
effect current sensor, respectively. The proposed
intelligent MPPT regulator is implemented using a
dSPACEDS1104 controller board installed in a host PC
computer, the sampling time is set as 20 kHz, and the
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switching frequency of the IGBTs is also kept at 20 kHz.
A portable power meter and a digital oscilloscope are
utilized to record the experimental results.

The schematic circuit of the complete hardware-
setup is depicted in Fig. 7, and the experimental elements
of the developed WECS prototype are shown in Fig. 8.

Table 3
System parameters
Parameters of the WECS for experiments
PMSG parameters Values PMSG parameters Values
Rated power 5kW |Torque constant 239 N-m/A
Rated voltage 380 V. [Mechanical time constant 2.3 ms
Pole pairs 4 DC-motor parameters
Rated torque 22.5 N-m |Rated current 15A
Rated speed 2000 rpm |Rated voltage 220V
Rated current 12 A Grid-connected converter parameters
Permanent magnet flux 0.39 Wb |DC-bus capacitance 2200 pF
Stator resistor 0.65 Q |Filter inductor 10 mH
d-axis inductor 8 mH  |Filter resistor 029Q
g-axis inductor 8 mH |Grid voltage 220V
M8 A8
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Fig. 7. Arrangement of laboratory system
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Fig. 8. Laboratory test rig

Experimental results. In this part, the performance

of the suggested intelligent MPPT algorithm is verified

for different wind velocities and compared with that of a

traditional PID regulator. In the first test, the wind

velocity is step-function or ramp-function changed
arbitrarily from 6-8 m/s as illustrated in Fig. 9,a.

The C, of the emulated wind turbine and the
rectified DC-voltage, the output power of the PMSG
(DC-power), and the duty ratio of the boost chopper are
illustrated in Fig. 9,b. The obtained results show that a
rapid MPP tracking is realized with the proposed
intelligent MPPT algorithm.

Despite the change in wind velocity, the real value
of C, closely matches its optimal value (0.478). Besides

the rapid change in the wind velocity, the rectified DC-
voltage and the DC-power are smoothed because of the
system inertia.

b)

n .

Fig. 9. Experimental results with step-variations in wind velocity

Experiments have also been carried out with time-varying
wind speeds. All the waveforms are given in Fig. 10,a,b.
It can be observed, that the suggested intelligent MPPT
regulator is constantly looking for new MPP.
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The functionality of the proposed FMMP current
controller was also experimentally verified and compared
with the typical PI regulator. The comparison has been
done by observing the C,, the rectified DC-voltage, the
DC-power, and the boost duty cycle waveforms. The test
results in Fig. 11 display the programmed switching
between the proposed FMMP and PI current control
methods. During the last testing scenario, the C, and the
optimal output power followed their peak values well by
utilizing the suggested fuzzy MPPT control method.

The maximum divergence of the C, from its peak
value is 0.02 with the suggested MPPT method. We can
also note that there is no deviation between the real and
optimal output powers. On the other hand, when utilizing
the traditional PI regulator, the C, values oscillate in a
larger range, and deviations of electrical power from its
peak values are also observed from moment to moment.
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Fig. 11. Comparison of proposed FMMP current controller to
conventional PI control method

We can see in Fig. 12, that the electrical energy
produced by the wind generator using the suggested
intelligent MPPT controller (Eryyp) is greater than that
produced by the traditional PI control method (Ep)).
Therefore, it proves the effectiveness of the suggested
intelligent MPPT controller.

Figure 13 depicts the experimental results of the
output three-phase voltage (a) and current (b) of the
PMSG for a wind speed of 10 m/s.
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Fig. 13. Experimental waveforms of the WECS

with the designed grid-side regulator

Figure 14 illustrates the system performances on the
grid-side converter. From Fig. 14,a, it can be seen that all
the injected grid currents (ly, g, o) and grid voltages
(Vea» Vabs Vo) have a sinusoidal shape of 50 Hz. Figure 14,b
illustrates Fresnel diagram of the main current and voltage
using the classical control of the grid-side converter.
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Fig. 14. Experimental results of the WECS with the designed
grid-side control algorithm
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Finally, Fig. 15,a displays that the total harmonic
distortion (THD) of the injected grid current and voltage
is 2.5 %, which is below the threshold limit of 5 %. In
addition, it meets the requirement of a power factor with a
value of 0.996, as depicted in Fig. 15,b.
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Fig. 15. Experimental results of the WECS with the grid-side
control algorithm

Conclusions.

In this article, an extension of fuzzy model based
multivariable predictive current control strategy has been
applied to the DC-DC boost chopper of wind energy
conversion system to enhance the capability of capturing
the maximum output energy based on an intelligent fuzzy
maximum power point tracking controller. The
considered control algorithm synthesis of the fuzzy model
based multivariable predictive controller is based on the
fuzzy system, optimization technique, and linear matrix
inequalities formulation. In this approach, at every
sampling period, a quadratic cost function with a specific
prediction horizon and control horizon is minimized such
that constraints on the control input are satisfied.

Furthermore, the designed intelligent maximum
power point tracking regulator has also been employed to
derive the optimum DC-current corresponding to the
maximum power point of the wind generator based on the
changes in the DC-power and rectified DC-voltage. While
the fuzzy model based multivariable predictive current
regulator has been designed to follow the derived
optimum DC-current with minimum steady-state tracking
error, this allows the wind generator to produce the
maximum electrical energy.

Simulation and experimental results have affirmed
the significant improvements in maximum electrical
energy harvesting and mechanical stresses minimization.
In addition, compared to the traditional proportional
integral controller, the suggested control approach has
greater overall control efficiency and can be utilized to
harvest maximum wind power more efficiently.
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