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Abstract - This paper introduces the MPPT control method to help PV solar cells reach maximum capacity thanks to the
adaptive Fuzzy P&O MPPT algorithm. The power from the PV source through the traditional PI-controlled boost converter
has a working point that always follows the MPPT point. Thanks to the Fuzzy P&O algorithm that allows adaptive correction
of the perturbation step, the power can quickly reach a new maximum value when the ambient temperature and illuminance
Sfluctuate. The new algorithm also eliminates oscillation around the MPPT'’s entire operating point and improves the output
voltage quality of the boost converter. The advantage of the adaptive Fuzzy P&O MPPT algorithm is confirmed by

simulation on MATLAB with a 3.5kW, 100V for a PV system.

Keywords - PV, MPPT-Fuzzy, Boost converter, Solar power system, MATLAB.

1. Introduction

Today, renewable energy sources such as solar and
wind power play an increasingly important role in life and
industry [1-2]. In particular, solar energy has been
contributing a part to the grid power of each country.
Maximum Power Point Tracking (MPPT) algorithms for PV
solar energy sources are becoming more and more complete
and widely applied [3-6]. Among the standard MPPT
algorithms, the Perturbation and Observation (P&O)
algorithm is effective and widely used [7]. Many papers are
still proposing new MPPT algorithms to detect MPP
maximum power working points in the context of
fluctuating ambient temperature and illuminance [8-10],
grid-connected PV solar energy source. In addition, grid-
connected PV sources with variable load and voltage [11].
The proposed MPPT algorithms are also increasingly
diverse and efficient, including classic P&O and INC
algorithms [12], Dback-propagation adaptive MPPT
algorithms [13], extreme detection MPPT algorithms
(extremum seeking) [14], the geometric MPPT algorithm
combines sliding mode control [15], the neural algorithm
[16], the slide mode algorithm [17] and many other diverse
MPPT algorithms.

Recently, the research direction of combining the
classic MPPT P&O and INC algorithms with sustainable
adaptive control algorithms has proved very promising.
Other studies propose an adaptive MPPT P&O algorithm

[18]. Zhang et al. propose an advanced MPPT P&O
algorithm with an adjustable perturbation step [19]. In [20],
the author introduces an improved MPPT INC algorithm
with an adaptive variable perturbation step. At the same
time, the intelligent MPPT algorithms exploiting the neural
model [21-22], the fuzzy model, have proved very effective,
maintaining the PV solar power to operate the MPPT
optimally in the fluctuating environment [23-25].

From the above achievements, the paper proposes a
new adaptive Fuzzy P&O MPPT algorithm that allows
flexible adjustment of the perturbation correction step of the
classic P&O algorithm. The new Fuzzy P&O adaptive
MPPT algorithm has superior quality compared to the
traditional MPPT P&O algorithm, stable operation in the
entire working area of PV solar power, thoroughly
eliminating fluctuations around the working point. MPP
also accelerates the convergence speed to the MPP working
point when the ambient temperature and illuminance
fluctuate. In addition, this paper will present the boost
converter model by the switching network averaging
method. Improve output voltage quality with PI controller-
based current controller design.

The article structure includes part 1 of the general
introduction. Part 2 introduces the PV solar power source
model. Section 3 presents the new adaptive Fuzzy — MPPT
P&O algorithm. Section 4 gives modelling and control of
the Boost converter current. Part 5 presents and analyses the
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simulation and experimental results of the new Fuzzy —
MPPT P&O algorithm adapted to MATLAB / Simulink
with a 50-W PV system. Finally, the conclusions are
presented in section 6.

2. Model of Solar Energy Source PV
The nonlinear equation of V-1 characteristics of PV
solar energy source, including Ns cells connected in series
and N, cells connected in parallel, has the following form:

Ng Ng Ns
V, = —I,R, <N_,,) +(%). ln{l + Nyl — E} @)
Where:

A =g/AKT

g — Electric Charge

A — Completion Factor

K — Boltzmann Constant
T — Absolute temperature

The equivalent circuit of the PV solar cell is shown in Figure

Fig. 1 Equivalent electricity of solar cell source PV

The V-l characteristic depends on the illuminance
percentage Kins expressed by the expression:
Vg

= —0.9], + 123,69In{1,0 + 123,45(13,45K;,,s — I;)}

)

From there, we have a family of V-I standard curves
according to the illuminance of PV solar cells shown in
Figure 2.
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3. MPPT P&O Algorithm Combined with
Fuzzy Logic (FL) Control

3.1. MPPT Algorithm P&O

This is the most commonly used MPPT detection
algorithm based on voltage perturbation and dP/dt
observations. This derivative shows whether the voltage is
high or low and needs to decrease or increase until the
product is zero. The principle of Maximum Power Point
Tracking (MPPT) of the P&O algorithm is shown in Figure
3. The P&Q algorithm diagram is shown in Figure 4.

D+8« D— D-§
Vrcl'-C = Vrcf_’ Vrcl’+c

g
N
Viu(V) v,
Fig. 3 Principle of Maximum Power Point Tracking (MPPT) of P&O
algorithm

A summary of the operating principle of the P&O
algorithm is given in Table 1:

Table 1. Principle of the P&O algorithm

Case Noise dV gg\?vgge dig Next Noise
1 dv>0 dP>0 Positive
2 dv>0 dP<0 Minus
3 dv<0 dP>0 Minus
4 dv<0 dP<0 Positive

The 4" case of Table 1 shows that the output power is
reduced by reducing the operating voltage, so the next noise
step must be positive, which means the voltage needs to be
increased. The detailed control diagram of the P&O
algorithm is shown in Figure 5.

Figure 5 shows that at the beginning of the cycle of the
P&O method, two sensors are used to measure the output
current and voltage of the PV photovoltaic source. From
there, calculate instantaneous power Pn=Un.In. Then,
compare the immediate power value Pn with the previous
value Pni. If the power Ph,= Pni, update the matter
immediately and terminate the process. The algorithm
increases voltage if the power and voltage difference
between two consecutive cycles is positive. Otherwise, it
decreases voltage. Conversely, if the voltage and power
difference between two successive cycles is negative, the
algorithm improves the voltage or decreases the operating
voltage. The process is repeated until the maximum power
is obtained.
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Fig. 5 Control diagram of the P&O algorithm
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3.2. The Proposed Fuzzy P&O MPPT Algorithm

Fuzzy logic is one of the intelligent control methods and
is being applied in many control fields today. The Fuzzy
controller can receive and process complex and unstable
information, correct errors and provide optimal solutions for

control objects to work better. FL provides an inference
method that can mimic human reasoning for application to
knowledge-based systems. There are three stages in the FL
control algorithm shown in Figure 6, namely, fuzzy,
inference, and defuzzification methods [7] and [8].

Fuzzy Logic System

Fuzzification
Interface

Crisp
Input

Fuzzy

Inference Engine

. Crisp

Defuzzification >
Output

Interface

Fuzzy

input

T

Output

Fuzzy Rules Base

Fig. 6 Basic structure of the fuzzy controller

3.3. Fuzzification

It is making it possible to transform real variables into
fuzzy variables. The actual voltage and current of the PV
array can be continuously measured, and the power can be
calculated. The input variables of the proposed FL controller
are AP and AV. These variables are defined as follows:

There is P[k], V[K], the equivalent of the power change
and voltage application of the PV array at time k.

The input parameter set is described by the set {NB,
NM, NS, ZE, PS, PM, PB}, where NB is a large decrease,
NM is an average decrease, NS is a small decrease, ZE is no
increase, no decrease, PS is a small increase, PM is a
medium increase, and PB is a large increase. The fuzzy set
value is shown in Figure 6.

4 NB NM NS ZE PM PB

(a) Fuzzification AP

NB NM NS ZE PS PM PB

(b) Fuzzification AV
Fig. 7 Fuzzification value of 2 inputs

3.4. Inferential Methods
AP = P[k] — P[k — 1] 3)

AV = V[k] = V[k —1] 4)
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Since V out is kept constant, Vi, will be inversely
proportional to pulse width d.

Figure 8, fuzzy control rules can be deduced. The
characteristics of the panel are divided into 9 zones [8].
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Fig. 8 Characteristic line P — V of the array PV

Based on the relationship between voltage error and
power command error, a fuzzy set of input and output
values, the fuzzy controller is designed based on the control
rule system defined as shown in Figure 4 [8].

Table 1. Fuzzy rules

Fuzzy AP
Rules NB| NM | NS |ZE | PS | PM | PB
AV | NB |NB| NB | NB | ZE | PB | PB | PB
NM [NB| NB |NM | ZE | PM | PB | PB
NS [NB|NM | NS |ZE | ZE | PB | PB
ZE | ZE | ZE | ZE | ZE | ZE | ZE | ZE
PS | PB| PM | PM | ZE | NS | NM | NB
PM | PB| BP | PM | ZE | NM | NM | NB
PB | PB| PB | PB | ZE | NB | NB | NB
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3.5. Defuzzification

The set of output parameters is described by the group
{NB, NM, NS, ZE, PS, PM, PB}, where NB is a significant
decrease, NM is a medium decrease, NS is a slight decrease,

ZE has no increase and no decrease, PS has a slight
increase, PM has a medium increase, and PB has a
significant increase. The value of the fuzzy set is shown in
Figure 9.

NM NS ZE PS PM PB

AD

‘ Fig. 9 Fﬁzzy éet v‘alue‘ of thé output AD

4. Boost Converters
4.1. Modelling the Boost Variable with the Closed Network
Average Method

The method of averaging the switching network is of
interest today because the obtained model is close to the
physical model, which can describe the loss-causing
elements such as resistance when conducting current
through the valve, voltage drop on valves, and some
parasitic electrical circuits.

The purpose of the method is to replace the part of the
circuit with the switching element with a two-door network.
Then, the nonlinear switching network is replaced with a
linear network through averaging.

On the diagram boost converter Figure 10, the
switching network includes valve MOSFET and diode.
Because the input current to port 1 i;(?) is the current through
the inductor, it can be considered an independent variable;
the output voltage on the capacitor v(?) is the voltage on the
load that changes only when the load changes, so also
consider is the independent variable. Therefore, voltage v;(z)
and ix(t) are considered dependent variables, as shown in
Figure 11.

iw(t) R mL il_(}) 2: __iz(t) I
N + iic(t) *
v.(*
O volE, v ¢ §V°(‘) R
- - Resr -

Fig. 10 The switching circuit in the aiagram boosts the converter

Their waveforms are shown in Figure 8 according to the
operation analysis of the Boost converter diagram. Average
voltage v;(?) and current i>(2) over a period Ty assuming vz(2)
and i1(t) pulses are negligible or vary almost linearly:

Vi), = A = d(@©)Va()r, = d' @O V27, (5)
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Fig. 11 Switched network model
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Fig. 12 Voltage form V1(t) on MOSFET and current form i(?)
through diode
<(tpr, :
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Fig. 13 Average model

Proceed to linearize the model in Figure 9 by
introducing small fluctuations:

V() =V + V5 (0

i,(®) =1, + 1,0
Vi) =V, + 7300
L) =1L+,
Vo) = Va + To(0)
d=D"+d ()

d=1-d=D"+d (D

(7

The dependent voltage source at input port 1 becomes:
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V1(0) = d' V() = (D = d(®) (V2 + ()
~ D' (V2 + T(0)) = Vd(0) ®)

First term D’ (Vz + V;(t)) shows the dependence on
the output voltage (Vz + V;(t)) in proportion D’,

described by the dependent voltage source. Rank V,d (t) is

the source controlled by the modulation factor d(t) and
should become an independent voltage source connected in
series in the circuit. The dependent current is shown:

(2(0) = d' @) () = (D' = d®) (L + H(®))
~D'(l +4(1) — Ld(®) ©)

Rank D'(11 + f{(t)) express dependence on (11 +
fi(t)) in proportion D’ should be described by the
dependent current source. Rank Ilci (t) is the current source

controlled by the factor d(t) and becomes an independent
current source in parallel with the circuit. From there, the
average model of the switching network for the boost

circuit.
Il+/i\1 s, 12+/i\2
PPl D1 —
+ Vv, ‘ff(t) +
Vitv hd® GD Vitv
o

vad
Fig. 14 Switching network average model for boost converter

From the above analysis, the average model for the
Boost converter is shown:

R, L IL+,i\L

_‘_ +

-%C SR Ve,

Fig. 15 Average model for boost circuit

Vod(t)

1do (y)

Considering the small signal model, as shown in Figure
15, it is necessary to determine the important transfer
functions for the design of the current controller:

Ty

(GVD—TO @:0
d (10)
|

Gid Evg—o

To find these transfer functions, we remove the
influence of the source @ = 0 in the model Figure 16&17
to obtain a simple model:

_.\RML,_M_..L i D1
-~ +
v,d() J_
:) ;g 2 118(069 —%C é R Vo
Rew -

Fig. 16 Small signal average model for boost circuit
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ST

I a(t)GD —%7 C RV

Fig. 17 Small signal average model for boost circuit when 7, = 0

Next, convert to the transformer’s primary, Laplace the
circuit, and then, based on the circuit calculation, derive the
desired transfer function Gyq and Gig.

Ra L
D,z D-,Z ;;

C—)V"Tgft) Iﬁ(t)%}é C § R

Fig. 18 The secondary conversion models

R, (L

D? D ’i;(s)
+
F\V,d = ~
& "?(,S) I, d(s) §R o(s)

Fig. 19 Laplace of the converter circuit

The voltage balance in the circuit shown in Figure 19
is obtained:

Vo (s)
d(s)

vd(s) =

R, +sL
Vo (1 - lksz ) 1+ SReSrC)

B Esz LC(R+ Reg) | (RL(R + R, )C+L
RD2 RD2

FRen) + bzt 1
(11)

The current balance in the circuit shown in Figure 15
is obtained:

S(R+Resr)CH+1
(1+5ResrC)R

() = 27 [L.d(s) + 90(5)) (12)

Combined with ¥yt from the transfer function, the
transfer function of the current object can be deduced:
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(s
Gii(s) == =
ld( ) acs)
Vo S(R+2Resr)C+2 (13)
RD1? 2LC(R+Resr) | [RL(R+Resr)C+L

s P ) +ResrC
RD RD
Rp
+W+1

4.2. Design of Current Controller
The diagram of the control current is shown in Figure
20. The current control loop has fast dynamic

ILref Error

—> Gei (S)

>

characteristics, and the voltage loop has lower dynamic
features. As a result, the inductor current can vary very
quickly compared to the output voltage.

According to Equation (13), the transfer function of the
current control loop:

G_id(s)=(0,008347s+48)/(1,739.[10]/(-

8).5"2+7,658.[[10](-5) s+4,07) (14)
a iL
PWM(S) [—»| Gu(S) >
Hi (S)

Fig. 20 The diagram of the control current

5. Results and Discussion

The MATLAB simulations of a structure fuzzy logic-
based MPPT controller and a boost converter are built, as
shown in Figure 21. The surface view of the FL model is
expressed in Figure 22. The fuzzy rules for two inputs and
output are shown in Figure 23. Power rating input from the
user = 2.00 kW. Minimum number of panels required per

string = 8. Maximum number of panels connected per string
without reaching maximum voltage = 10. The minimum
power rating of the solar PV plant = 1.80 kW. Maximum
power possible per string without reaching maximum DC
voltage = 2.25 kW. Actual number of panels per string = 9.
Number of strings connected in parallel = 1. Actual solar PV
plant power = 2.03 kW.

Fig. 21 The structure of FL based MPPT controller and a boost converter
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The selected parameters of the boost converter are
shown in Table 2.

Table 2. Selected parameters of the boost converter

Parameter Value
Input voltage 98V
Input current 140A

Duty ratio 0.35
Inductor 4mH
Load resistance 12Q
Output capacitor 89uF
Input capacitor 4500 pF
Switching frequency 20kHz

Irradiance is 1000 W/m2, and the temperature kept
constant at 25°C is shown in Figure 25. Three phases’
currents are shown in Figure 24. The output voltage, current,
and power for the PV system are shown in Figure 26.

Based on the above simulation results (Figures 24, 25,
26, and 27), the proposed MPPT controller is simulated at
STC (1000 W/m2 and 25 °C). The PV power output rises
sharply from zero up to about the FL- MPPT P&O (500 W)
after a time of 10 ms. For the system with the FL- MPPT
P&O controller, the power output settles at MPP since the
MPPT controller will continuously force the PV module to
operate at the FL- MPPT P&O. For the system without the
controller, the PV power input drops and settles at around

3,5kW. The PV input current is about 140A, and the input
voltage is about 350V. Meanwhile, the PV power output for
the boost converter drops at approximately S00W. This is
because the load resistance does not match the internal
resistance of the module. In addition, the sine three-phase
current and the PV input current are about 600A, and the
input voltage is about 100V. This proves that the FL-MPPT
P&O controller works well and efficiently.

6. Conclusion

The ability to extract more energy from a given quantity
of solar radiation is made feasible by incorporating FL-
MPPT P&O peak power scoring algorithms into Boost
converters. The MATLAB/Simulink simulation results in
this paper’s simulation show that both the -MPPT P&OFL
algorithms can identify the most effective max power point.
The acquired data also demonstrate that the algorithms’
performance and reaction times would vary depending on
the weather. The collected study findings confirm that the
suggested FL control algorithm with MPPT consistently
achieves high performance under fluctuating radiation
circumstances and is the best algorithm among those
examined. The study findings will be applied to actual
devices in the future and further contrasted with other
control techniques to show the solution’s efficacy.
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