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A comparative study of maximum power point tracking techniques
for a photovoltaic grid-connected system

Purpose. In recent years, the photovoltaic systems (PV) become popular due to several advantages among the renewable energy.
Tracking maximum power point in PV systems is an important task and represents a challenging issue to increase their efficiency.
Many different maximum power point tracking (MPPT) control methods have been proposed to adjust the peak power output and
improve the generating efficiency of the PV system connected to the grid. Methods. This paper presents a Beta technique based
MPPT controller to effectively track maximum power under all weather conditions. The effectiveness of this algorithm based MPPT
is supplemented by a comparative study with incremental conductance (INC), particle swarm optimization (PSO), and fuzzy logic
control (FLC). Results Faster MPPT, lower computational burden, and higher efficiency are the key contributions of the Beta based
MPPT technique than the other three techniques. References 51, table 3, figures 10.

Key words: maximum power point tracking, incremental conductance, particle swarm optimization, fuzzy logic controller,
Beta algorithm.

Mema. B ocmanni poxu gpomoenexmpuuni cucmemu Hadyau nonyaapHocmi 3a605AKU HU3Yi nepegaz cepeod GIOHOBNIOBAHUX Odiceper
enepeii. Biocmeoicenns mouku MakcumaibHOi NOMYNCHOCME Y (POMOENeKMPUUHUX CUCEMAX € BANCTUBUM 3A60AHHIM I CKIAOHOIO
npobnemoio o1 niosuwjenus ix egexmusnocmi. Byno zanpononosano 6e3niu pizHUX Memooié KepySaHHsi 8i0CMENCEHHAM MOYKU
makcumanonoi nomyocnocmi (BTMII) ona pezymosanus nikoeoi euxionoi nomyscnocmi ma niosuweHHs eghpekmugnocmi eenepayii
gomoenexmpuunoi cucmemu, nioknoyenoi 0o mepesici. Memoou. Y yiti cmammi npedcmasnenuti konmponep BTMII, sacnosanuii na
bema-memooi, 0 eqheKmuBHO20 Gi0CMENCEHH MAKCUMALLHOT ROMYAHCHOCMI 3a O)YOb-5KUX n0200Hux ymos. Egexmuenicme BTMIT
Ha OCHOBI Yb020 ANCOPUMMY OONOBHIOEMbCSA NOPIGHANLHUM OOCHIONCEHHAM 3 [HKPEMEHMHOIO NPOBIOHICMIO, ONMUMI3AYIEI0 POIO
YACTMUHOK Ma HeyimKkum no2iunum ynpaeiinnuam. Pesynomamu. [leuowe BTMII, menwi eumpamu Ha obuucienus ma Oinbuia
epexmugnicmy € Kuouosumu nepegazamu memooy BTMII na ocnogi 6ema-memody nopienano 3 mpboma inwumu memooamu. bion.
51, Tabmn. 3, puc. 10.

Kniouogi cnoea: BigcTe:KeHHs TOYKH MAKCHMMAaJbHOI NMOTY/KHOCTI, iHKpeMEHTHA NPOBiIHICTH, ONTHMI3allisi POI0 YACTHHOK,

HEYiTKMIi JIOriYHui KOHTPOoJIep, 0eTa-aaropuTMm.

Introduction. Due to the advancement of industry
and population growth the demand for energy is
increasing, the exhaustion nature of fossil fuels and to
reduce greenhouse emissions have drawn big interest to
renewable energy which are sustainable, illimitable, and
pollution-free [1, 2]. During the last decades, one of the
solutions is solar photovoltaic (PV) energy drawing
massive attention owing to its various advantages [3, 4].
PV cell transmutes photon energy into electrical energy
whereas the PV cells are connected in series to construct
PV module, moreover, PV module’s series and parallel
connection makes PV array [5].

One of the main hindrance of PV systems relates to
the operation with the highest power under all
environmental conditions such as changing irradiation and
temperature, shading condition and ageing of module that
require an effective algorithm named Maximum Power
Point Tracking (MPPT) [6, 7] to increase efficiency and
decrease the cost of PV system [§].

Several research papers suggest different techniques
for achieving MPPT.

Perturb and observe (P&O), incremental
conductance (INC) and hill-climbing (HC) are amongst
the conventional MPPT algorithms have been widely
adopted to track the MPP, once they are easy to
implement and moderate cost [9, 10].

In addition, their tendency propensity gives rise to
oscillations around MPP. These techniques suffer from the
low tracking speed and high oscillations around MPP [11, 12].

In order, to settle this issue, various studies have
been attempted by introducing optimization techniques
such artificial intelligence methods, including fuzzy logic
controller (FLC) [13, 14]. Fuzzy logic can deal with the
nonlinearities because it does not require a mathematical

model as well as a technical knowledge for the exact
mode [15]. Artificial neural networks (ANN) methods are
well adopted for handling nonlinearity in many
applications [16, 17]. And machine learning (ML) [18] is
used in exploring the most effective solution for MPPT.
Their efficiency is highly dependent upon extensive
training, which usually takes a long time and consumes
much computation power for training the model [19, 20].

For more perfection and faster speed, recent studies
have exhibited special interest on the bio-inspired MPPT
algorithms,  particularly ~swarm intelligence-based
algorithms that have given better results than evolutionary
algorithms MPPT controllers using particle swarm
optimization (PSO) algorithms have been presented in
[21, 22]. The difficult of this technique is the random
initialization of the PSO particles that may cause
premature convergence [23].

However, many hybrid methods, which include of
more than two methods, have been proposed recent, the
neural network has been trained by data that are
optimized by genetic algorithms [6], neuro-fuzzy IC
variable step size [24] and new hybrid fuzzy-neural is
presented in [25], etc.

The goal of the paper. The current research work
presents a design methodology of MPPT based on a Beta
technique. The main advantage of Beta is fast tracking
speed in the transient stage, small oscillations in the
steady state and easy to implement. A comprehensive
study has been presented for checking the effectiveness
and robustness Beta technique with INC, FLC and PSO
under rapid varying irradiance.

The proposed technique are validated a 100 kW on-
grid PV array is modeled on MATLAB.
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PV modeling. A PV module is generally is
comprised of multiple cells in parallel and series to
achieve the required output current and voltage whose
purpose the connection series allows goes up the voltage,
it is the same for the parallel connection increases the
current [7, 26] which are further connected to make PV
array of desired output. The equivalent circuit of the PV
cell is shown in Fig. 1 [27, 28].

ph

dy
b Y |
VD

Fig. 1. The single-diode equivalent circuit of a solar cell

The output current generated here is presented in
(1)-(3)[29, 30]:

1, =1, -1,-1; (1)
(V+R1I,) V+RI,
1, =1,~1|exp.| ——"F~1||-| —"[,(2)
a R,
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where [, is the photo generated current; /, is the dark
saturation current at standard test conditions (STC); R,
and R, are the series and shunt resistance of the module
respectively; a is the ideality factor; N, is the series-
connected PV cell(s); n is the diode ideality constant;
kp is the Boltzmann constant; T is the cell temperature
(K); ¢ is the electron charge.

MPPT techniques. Incremental conductance
(INC) algorithm. The incremental conductance algorithm
is based on the slope of the power-voltage (dP/dV)
relation at the MPP is zero [31]. INC method is very
precise in controlling the voltage even in rapidly changing
atmospheric conditions [32, 33].

The equations implicated in the INC method are
shown below:

P=(P, x1, ). ©)
For MPP:
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PV — PV PV — IPV . PV +VPV . PV ; (5)
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In this method the MPP can be tracked by
comparing the instantaneous conductance (//V) to the INC
(AI/AY) [34].

PSO algorithm. PSO technique is one of a swarm
intelligence developed by Eberhart and Kennedy in 1995
[35, 36]. PSO is a global optimization algorithm for
dealing with problems on a point or surface in an
n-dimensional space which are linked with the best
solution that has achieved by that particle [37]. Whereas
the current state of the particle is, specify by the position
x; and the speed of movement v, [38].

The particle has a random velocity vector. At each
after iteration of the algorithm, the position is changed on
the basis of new velocity, last best position and velocity,
and distance from py,;, and g [39].

The PSO algorithm is described by the following

system of equations [40]:
k+1

v, —wv +cr (phm’ —xl.k )+czr (ghm -X; ) (10)
x,(k+1)=x,(k)+v, (k+1),i e{l,..,N }; (11)
where x; is the i particle position; v; is the 7 particle speed;
k is the number of repetitions; r;, 7, are the uniformly
distributed random variables; w is the weighted inertia
coefficient; ¢, ¢, are the cognitive and social coefficients,
respectively; ppes ; 1S the best position used for the i

particle; gy, 1s the best position of all particles.

The corresponding PV current and voltage to each
sample of duty cycle are observed. The PV power which
represents the fitness function of particle 7 is resolved.
Afterwards, the new calculated power of particle i is
compared with the power corresponding to pj. ; stored in
the history. The new calculated power is choose the best
fitness value of particle i. The velocity and position of
each particle in the swarm must be modified by the above
equations [41, 42]:

D' =DF +v}; (12)
vl.kJrl =vl.kwk +cr (D,fm’ -D; )+c 7 (gbm —Dl.k). (13)

When the maximum number of iterations is
achieved, the algorithm will stop and give the optimum
value of the duty cycle Dp,y,.

The objective function is defined as:

Ppf)> Plpi), (14)
where P is the output power; D is the duty cycle; & is the
number of iterations; i is the number of current particles.

Fuzzy logic controller. FLC is the most famous
control technique with a remarkable ability the
nonlinearity applications. The advantages of this method
are its simplicity and robustness and no need the precise
mathematical model of a system [5, 27].

In FLC, the change of error (dE) and error (E) are
the input variables at sampling time ¢. These are expressed
by (15) and (16) [43, 44]:

_PPV(t)_PPV(t_l)_AP.
£()= V)=V, (t=1) AV’ 1
dE =E (t)-E(t-1)=AE, (16)

where Ppi(t) and Vpi(f) are the output power and voltage
of PV module, respectively.

The output variable of the controller is also to
change in the duty cycle value (dD) [27]:

dD =D (t)-D(t-1). (17)
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The rule table of MPPT is shown in Table 1, and the
membership functions are shown in Fig. 2.

Table 1
Rule base used in the fuzzy logic controller
E
NB ZE PB
dE
NB PB NB ZE
ZE NB ZE NB
PB ZE NB PB
s by *  Fig. 2. Membership
oe function for:
. (a) input £;
02 (b) input dE;
0 ~~—————  (c) outputdD

The fuzzy inference is carried out by using
Mamdani’s method, and the defuzzification uses the
centre of gravity to compute the output of this FLC which
is the duty cycle.

Beta method. The beta parameter based MPPT
algorithm was presented in [45], where the coefficient
beta (f) is expressed by (18) to find an intermediary value
amongst the voltage and current [46]:

1
,B—ln{ — j—c XV, .
VPV

where Vpy and Ipy are the PV module output voltage and
output current, respectively; C is the diode constant,
obtained from (19) [47]:

(18)

\

@7 5 kHz - 500V Boost Converter
Irradiance
(W/im2)

C =q/N, A4k,T , (19)

where ¢ is an electronic charge; &z is Boltzmann constant;
A is diode quality factor; T is the ambient temperature
(K); N is the cell number of the module.

Firstly, the voltage and current are measured, so the
value of f§ can be continuously calculated. The value of
remains within a narrow band as the array operating point
approaches the MPP.

The f is defined once based on PV characteristics at
STC, using the MPP voltage and current, as expressed by (20):

5 —1n Ipy,,,

PV op

-CVpy,

o (20)
where Ipyuyp, Vevmpy are the respective MPP current and
voltage of the PV array at STC.

Simulation results and discussion. In this section,
we will present the obtained results of the global system
for the control of the grid-connected PV system. The
simulations are performed using MATLAB. The
suggested MPPT methods for this comparative study are:
INC, FLC, PSO and Beta controllers. Figure 3 depicts the
PV arrays of 100 kW connected to 25 kV grid using
MATLAB software. A filter is used to reduce the
harmonics before connecting the inverter a 260 V / 25 kV
transformer [48]. The parameters of the SPR-305-WHT
PV module used in the simulation are listed in Table 2.

The PV farm consists of 66 parallel strings each string
consists of 5 series PV modules with each module rated at
305.2 W. The total power of the array is 100.7 kW at STC [49].
PV module characteristics; current-voltage characteristics,
power-voltage characteristics are shown in Fig. 4.
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Fig. 3. Simulink model of the 100 kW grid-connected PV system

Table 2
PV module specifications [50]
Parameters Value Parameters Value
Maximum power 305.02 W|Vax (voltage at the maximum power) 547V
Peak efficiency 18.7 % |Short circuit current 5.96 A
Number of cells 96  |Open circuit voltage 624V
Iinax (current at maximum power)| 5.58 A |[NOCT (Nominal operating cell temperature)| 45°C

The proposed system is also validated by varying the
irradiance level of the PV system with a constant
temperature for calculating the performance evaluation.
To investigate the solar irradiation change resulted from
weather conditions variation, two consecutive step

changes in solar irradiation are applied, which decrease
from 1 kW/m”to 0.5 kW/m® at # = 0.5 s and increase to
1 kW/m® at t = 1.5 s, respectively (Fig. 5). While the
temperature is assumed to be constant at 25 °C.
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Array type: SunPower SPR-305E-WHT-D;
5 series modules; 66 parallel strings
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Fig. 4. I-V and P-V characteristics of the PV module at various
irradiances and constant temperature
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Fig. 5. The solar irradiance pattern applied to PV arrays

Figure 6 shows the output voltage variation of the
PV system. The Beta technique has a good transition
response 0.02802 s and a very fast system reaction against
the set point change compared to another controller.
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Fig. 6. PV voltage Vpy

Figure 7 illustrates the time evolution of
photovoltaic current for different techniques. The system
with INC controller suffers from failure in tracking of

current. So we can see that Beta algorithm is better than
other algorithm.
400

200

Current generated by PV [A]
@
(=]

100

50

PSO INC

| Fuzzy Logic Beta
0 0.5 1 1.5 2 2.5 3
Time [s]

Fig. 7. PV current Ipy

Figures 8,a and 8,b indicate the PV system’s power
output: at STC condition and sudden change of irradiance.
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Fig. 8. PV system’s power output:
(a) at STC condition; (b) sudden change of irradiance

The first step. The proposed MPPT methods is first
compared under constant conditions 1 kW/m?” and 25 °C
as shown in Fig. 8,a.

From the simulation results, the fuzzy logic based

MPPT produce the output power of 100.37 kW, INC
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100.37 kW, and PSO 100.18 kW whereas the Beta based
MPPT method generates 100.4 kW output power during
the 0-0.5 s this strategy demonstrated performance
superiority. Efficiency can be determined as the total
output power of the system to the total input power of the
system. Formula can be written below it is [S1]:

R

n= -100% , 21
max

where P, is the energy obtained from the PV module;
P« 1s the value of the maximum real power.

The output power of PV system at STC condition for
different MPPT methods is compared in Fig. 8,a.

It is clear that the efficiency of tracking using PSO
MPPT method is 99.48 % which is smaller than that
obtained using other methods. In this situation, the Beta

MPPT method tracks the maximum power successfully
with efficiency of tracking 99.7 %.

Time to capture MPP for the Beta MPPT method is
0.0256 s, for PSO is 0.3349 s, for INC the time is 0.307 s and
for the fuzzy logic method is 0.1614 s. This result shows that
the speed of Beta MPPT method to capture MPP is best. It
has the shortest MPP tracking period, the least transient
fluctuations, zero oscillation around MPP and high tracking
accuracy, this means the lowest power loss.

The second step. From Fig. 8, in zoomed part
[1 s — 1.4 s] where the irradiance level is changed from
1 to 0.5 kW/m®. The Beta and fuzzy logic controller
succeeds in instantaneously tracking the maximum power
point, the oscillations are lesser at MPP in steady state in
comparison the PSO and INC suffer from oscillations at
MPP and tracking speed is less.

The third step. Another test is implemented to
further validate the performance of the proposed
controller. The application of irradiance from 0.5 to
1 kW/m? at r=[2 s — 3 s] (Fig. 8.,b).

The results show that fuzzy and Beta are capable of
tracking MPP under a sudden change in irradiance.
Besides, the power loss in steady state due to MPP is
quite low and power oscillations around MPP are minor
with a higher convergence rate than others. INC and PSO
method require a high response time and it has large
power oscillations at MPP.

The equation representing power loss is given in
(22). It can be represented in %:

Dnax =10 1990y
P >

21)
max
From Table 3 it can also be observed that the
dynamic response with high efficacy of Beta technique
under variation irradiance of 0.5 kW/m? to 1 kW/m?* at
[2 s — 3 s] compared with the methods studied.

APy o =

Table 3
Results comparison for the four MPPT
. Power generated Stelling | APy,
Algorithm by PV, kW time, s %
PSO 100.18 0.69 0.51
INC 100.36 0.03 0.33
Fuzzy logic 100.37 0.023 0.32
Beta 100.40 0.02 0.29

The proposed method is efficient and extracts the
maximum power with minimum error, it converges fast
and precisely compared to other methods, it treats in a
flexible and clear way and is very effective for this type
of problem.

But this method needs only the knowledge of the
I-V characteristics and which is much related to the
specific conditions of PV system. The use of this method
requires an in-depth understanding of physical behavior,
mathematical modeling, and computer science.

It is very apparent, in dynamic climatic change
conditions at time periods (1, 1.5 and 2 s) the INC, FLC
and PSO controller suffer to track rapid or fast changing
conditions, with an error and low tracking efficiency.

It can be said that despite the sudden changes in
irradiance, the proposed method performs better in terms
of stability and power extraction.

Figure 9 shows the reference signal for the voltage
controller and the resulting DC link voltage. The voltage
is constant throughout the time (500 V) and no boost
converter output voltage values up and down when the
radiation values increases and decrease respectively. So,
the Beta technique has the fastest converge speed among
all the other suggested MPPT techniques.
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Fig. 9. Reference voltage and actual DC link voltage

Figure 10 shows the time evolution of the active
power which flows between the analyzed system and the
main grid. The power achieved by Fuzzy logic is 98.70
kW; Beta is 98.75 kW; PSO is 98.55 kW and INC is
98.65 kW. This confirms that Beta presented negligible
power oscillations in steady state and the lowest
convergence times.
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Fig. 10. Power injected to grid
From the simulation results, the Beta based MPPT

algorithms is realized with a 100 kW PV array connected to
a 25 kV grid whither in the literature application in PV
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systems with the load resistance. From the data, it has been
demonstrated that the Beta controller has a better time
response process. Since the computations show that the
Beta achieves a high efficiency for all the irradiance ranges
whereas the other methods fail in achieving high efficiency.
It also, avoid power loss around the MPP. However, this
technique depends on the PV characteristics.

Conclusions.

The use of photovoltaic systems to generate electricity
is developing around the world. The photovoltaic system
efficiency is a crucial index to estimate the performance of
grid-connected photovoltaic systems where the maximum
power point tracking performance is a key word to improve
and increase the efficiency of this structure.

This paper presents the control of a grid-connected
photovoltaic system using: incremental conductance,
particle swarm optimization algorithm, fuzzy logic
control and Beta for the achievement of photovoltaic
maximum power point tracking.

The comparative study confirmed that the Beta
controller was presented as an excellent solution
regarding the low oscillations, the highest speed, and
efficiently tracking the maximum power point even
during an abrupt change in the solar irradiance.

Conflict of interest. The authors declare no conflict
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