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Introduction:-

Economic growth since the industrial revolution has been possible thanks to abundant sources of affordable energy, in
the form of coal, oil and gas. However, to mitigate climate change, we must urgently move away from fossil fuels,
and a rapid transition to a sustainable energy system is necessary [1], [2].

Wind energy, is one of the available non-conventional energy sources, which is clean and an infinite natural resource.
Variable speed wind energy systems have several advantages compared with fixed speed wind energy systems such
as yielding maximum power output, developing low amount of mechanical stress, improving efficiency and power
quality[3]. Power electronics devices with a variable speed system are very important, where AC-DC converter is
used to convert AC voltage with variable amplitude and frequency at the generator side to DC voltage at the DC-link
voltage. The DC voltage is converted again to AC voltage with constant amplitude and frequency at theload side for
electrical utilization. The reliability of the variable speed wind energy systems can be improved significantly by using
a permanent magnet synchronous generator (PMSG). PMSG has several advantages over other types of generators
which are used in wind energy systems such as its simple structure, ability of operation at slow speed, self-excitation
capability leading to high power factor and high efficiency operation. With low speed of PMSG operation there is no
need for a gearbox which often suffers from faults and requires regular maintenance making the system unreliable. A
principal drawback of these technologies is the intermittent nature of the supply. The wind energy relies upon
favourable weather conditions to generate maximum power. Even if, the wind energy can be predicted based on a
prior wind study, the power generation is stochastic. Thus, there is no guarantee that a residential load will be
supplied at any given time by a renewable energy source. For this, in the case of stand-alone wind energy systems we
use batteries as storage device to handle the power variations[4]-[6].
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To manage the energy flow efficiently and respond effectively to the energy demand of the consumer, it is very
important to design supervisor able to incorporateinitsstructure human expertise, like fuzzy logic. So, several works
exploiting fuzzy logic have been presented in the literature[7]. However, in the case we have poor knowledge, the
classical fuzzy systems, called type-1 fuzzy logic systems, have difficulties in modelling and minimizing the effect of
uncertainties such as linguistic uncertainties and noisy training data. In the last decades, a notable attention has been
paid to another type of fuzzy system called Type-2 fuzzy logic system (T2FLS). In T2FLS, the uncertainty is
represented using a function, which is itself a Type-1 fuzzy number and that is why T2FLS is referred to as fuzzy
system. The membership functions of T2 fuzzy sets are three dimensional and include a footprint of uncertainty
(FOU) with a new third dimension of Type-2 fuzzy sets. A FOU provides additional degrees of freedom that make it
possible to directly model and handle uncertainties and consequently, T2FLS has the potential to outperform T1FLS
in such cases.

In this paper, we propose a T2FLS supervisor for a wind energy system based on a PMSG and batteries. WECS
including a variable speed synchronous generator and a battery bank. The objective is to manage power production
and power storage according to wind condition and load demand. Indeed, the load power is provided mainly by wind
power, and when this power is not enough, we can use batteries to supply the missing part. When the production
exceeds the demand, the batteries are charged if they are not full, otherwise a ballast resistor is used to dissipate the
excess of production.

System Description:-
Consider a stand-alone system with a 5.5kW pump, a 7.5kW induction motor and a 10kW water heater, powered by a
30kVA synchronous generator wind turbine and a battery storage (figure. 1).

—»— —— DC/DC DC/AC Load

Battery

Fig. 1:-WECS for a stand-alone system.

In this variable speed wind turbine, a diode rectifier will rectify the AC power, then a boost converter will increase the
DC voltage obtained to be suitable for both battery charging process and PWM inverter's operation.

If wind conditions are favourable, the wind turbine will be the main provider for the load. If the available wind does
not produce the required quantities of power and the battery’s capacity is enough, the battery will be switch on to give
power to load. If wind power exceeds the load demand, the surplus can be stored in the battery and if the battery is
full, the surplus will be discharged into a ballast resistance. Thus, the battery is not the main provider to load, so the
charge-discharge cycle is reduced, battery’s lifetime is extended[8], [9].

We proposed a fuzzy controller to achieve these purposes. To do this, our controller needs two information’s: the state
of charge (SC) of the battery and the error between the wind power and the load demand (AP). Then the controller
will decide duty cycle of the boost converter (D) for charging the battery, the moment to switch on and off the battery
(S1) and the moment to discharge the surplus into dumb resistance (S2) (figure. 2).
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Fig. 2:-Proposed Scheme

Model of wind turbine:-
The static characteristic of wind turbine can be described by the relation between total power in the wind and
mechanical power of wind turbine as in (1). It presents a basic model for wind turbine in electric power system.

1 2 3
P == paR
w Zp turbine wind
In wind power equation (1), p is air density (1.225 kg/m3), R turbine is the turbine radius in meters, Vwind is the
wind speed in m/s. It is not possible to extract all kinetic energy of wind, thus it is extracted a fraction of power in
wind as given in (2) and it is called power coefficient Cp of the wind turbine.

F)m = %Cppmﬂzﬂbir‘ev\?vind
Pm
is the mechanical power of wind turbine. The maximum power coefficient is given as Cp=0.59. This coefficient is

also known as Betz’s limit. It can be expressed as a function of tip speed ratio-A and pitch angle-6.
The tip speed ratio A is defined as (3):

@ - .
A= turbine turbine

\'
wind

Assuming constant wind speed Y wind, the tips speed ratio A will vary proportionally to the rotational speed of wind
turbine rotor[10]-[12]. The highest value of Cp is typically obtained for A values in the range of 8 to 9 (when the tip
of the blades moves 8 to 9 times faster than incoming wind). On modern wind turbines, it is possible to adjust the
pitch angle of the entire blade through servo mechanism[13], [14]. If Cp - A curve is known for specific wind turbine
with a turbine rotor radius Rturbine, it is easy to construct the curve of Cp against rotational speed for any wind speed.

In this paper, we use a simple wind turbine’s model available in Matlab Simulink, where inputs are wind speed and
rotor speed, output is the mechanical power.

Power Electronic Device:-
1. Diode rectifier
Output voltage of the three phase diode bridge rectifier:

v oLy zlinee)

=1.35v
rec RMS 716 RM

S

Where VRMS is root-mean-square value of input voltage.
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Fig. 3:-Three phase bridge rectifier.

DC-DC boost converter:-
Output voltage of the boost converter[14]:

vV =V .—
DC rec 1— D

Where the switching frequency fs of switch S equal to the inverse of the switching period Ts generally lies in the
range of 1 kHz to 1 MHz, depending on the switching speed of the semiconductor devices. The duty ratio D is the
fraction of time that the switch spends in position 1, and is a number between zero and one. Our fuzzy controller will
decide the duty cycle D for this boost converter to have an output voltage suitable for the PWM inverter’s functioning

and battery’s charging process.

P 3 D

i (1) +v(D)—

q—_D l Gm— B

Fig. 4:-Boost converter.

Value of inductor L is chosen to minimize the ripple in current Ai:

\Y
_ _rec
L 2Ai DTs

Select the capacitor value C to obtain a given output voltage ripple peak magnitude Av:

VDC
€=2rav PT,

Here we choose L=4mH, C=5000pF to have an acceptable ripple in voltage and current.

Voltage source PWM inverter:-
Value of inductor L is chosen to minimize the ripple in current Ai:

/g
m&im T3 15
Uy /2 u“l 01 0 805 A A
7
O 2 L
U”/Z\ - o oé? 5:132‘ . :3 {
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Fig. 5:-Voltage source PWM inverter.
The modulation ratio is defined using reference and triangular voltage amplitudes :

u
ref

u
tri

m=

In the region m<1 the fundamental output line-to-line voltage is a linear function of m:
V3

U =——muU
ab  2./2 ™ o
Here we use the low-pass filter:
1

R
¢ 2zJLC

Here we choose L=8mH, C=100uF to pass the 1st and 3rd harmonic of the output voltage (fc=177 Hz), assure the
smooth sinusoidal output voltage for the load.

Fuzzy Supervisor:-

Recently, the applications of type-2 fuzzy logic (T2FL) to uncertain control processes have received considerable
attention .This concept was also introduced by LoftiZadeh in 1975. [15]. Nevertheless, the first T2FL system was
developed and presented only 23 years later by N. Karnik and J. Mendel[16]. As J. Mendel defines, type-2 is an
expanded and richer fuzzy logic which enables to better handle the uncertainty[17] ,[16].This technique is a
relatively new. Indeed, in last years it has begun to interest researchers around the world, the number of publications
increases at a high rate. Most of the authors working in this research consider that T2FL can outperform their
counterparts T1FL because they can model complex processes, it’s characterized by MFs that are themselves fuzzy
and it is usually more robust and better able to eliminate oscillations. The Interval Type-2 (IT2) [15], [16], [18]a
special case of type-2 FLS, are currently the most widely used for their reduced computational cost.

Output processing

Fuzzy Input Set Engine Fuzzy Output Set

1 |
1 |
1 I
: B T
! Rule : ] :
Base Ha) .
E Se : : Defuzzifier '—,L"Crisp Olllplll
- " | ]
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7 er
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1 |

_____________ 1

1
Fig. 6:-Type-2 fuzzy logic system block diagram.

The proposed T2FLS supervisor (figure 5) uses as inputs : the battery’s state of charge (SC) and the power error AP
(difference between wind turbine power and load demand). As outputs, we have the duty cycle D applied to the boost
converter in order to charge the battery (ensuring a safe and efficiency functioning) and to guarantee the voltage’s
input sufficient for the voltage-source PWM inverter. For this, we define the following linguistic term sets:

Error of power AP [N(Negative); SP(Small Positive); P(Positive); BP(Big Positive)] (figure 6). Battery state-of-
charge SC [Empty, Average, Full], varying from 0% to 100%, if SC is smaller than 20% means the battery is empty
(figure 7). Duty cycle D [Small, Average, Big, VeryBig], varying from 22% to 34% because of the input voltage’s
limit of the PWM inverter and the charging voltage for the battery (figure 8). Switch S1 and S2 [Open, Close](figure
9).
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Fig. 9:-Five terms of duty cycle D.
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Fig. 10:-Two terms of state of switch S1 and S2.
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Tables 1, 2, 3:-summarize the used fuzzy rules.
Tabel 1:-Rules of D.

S2 SC
Full Average Empty
N Open Open Open
AP SP Open Open Open
P Open Open Open
VP Close Open Open
Tabel2:-Rules of S1
S1 SC
Full Average Empty
N close close Open
AP SP Open Open Open
P Open Open Open
VP Open Open Open
Tabel3:-Rules of S2
S2 SC
Full Average Empty
N Open Open Open
AP SP Open Open Open
P Open Open Open
VP Close Open Open
Results:-
Simulation:-

In order to verify the effectiveness of the proposed approach, some simulation studies were carried out using
MATLAB/SIMULINK. We consider several power variations to show the efficiency of the proposed approach. We
assume that the initial value of the state of charge (SC) is 90% and the load demand is given by( figure 10).

=
=}
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T

Fig. 11:-Load demand (Kw)

(Figure 11) gives the power flux in the system. We remark that all time the powerr demand is satisfied. Indeed, when
we have the produced power is less then demand (AP<0 , figure 12), we use battery to reach the desired value. In the
case where we produce enough and battery is not full, we can chargingitaccording to the established constraint
(SC<95%). (Figure 13) gives the load voltage.
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Fig. 12:-Load demand, battery power, wind power (Kw).
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Fig. 13:-AP (Kw).
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Fig. 14:-Load voltage (PU).

These results show that our controller worked well. It assured the load demand despite wind condition with a good
power quality and regulated battery charging process to prevent the battery from gassing and sulphating.

Conclusions:-

In this work, Type-2 fuzzy supervisor is presented to ensure a smart management for electricity distribution for stand-
alone system. With information about load and battery state-of-charge, control signals were generated to manage well
the power production for any wind conditions in respecting load demand. The simulation results show a good
behaviour of our controller. Future works will concern, hybrid power systems combining several sources.
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