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1Abstract—In searching for a maximum power point (MPP) 

using a DC boost converter for photovoltaic (PV) energy 

conversion systems, we realised that the fast and accurate way 

to find the suitable duty ratio ( )rd  value is the core problem 

to enhance the energy conversion efficiency of the PV system. 

Under uniform irradiation, the panels will generate the same 

values, so they have only one peak on the P-V curve; 

conventional MPP tracking methods easily obtain this MPP. 

However, under partial shading conditions, many peaks are 

created, traditional MPP tracking methods can fall into the 

local MPP, and this issue will cause energy loss and reduce PV 

energy conversion efficiency. To avoid this disadvantage, this 

paper proposes a hybrid method (HM) by combining the 

improved chicken swarm optimisation (CSO) method and the 

incremental conductance (InC) algorithm for a DC standalone 

PV energy conversion system. In this hybrid method, the 

improved CSO modified approach is used to search the global 

region, and the InC algorithm is responsible for capturing the 

top of this global region. MATLAB simulation and 

experimental results were performed to demonstrate that the 

proposed method has achieved the global MPP under uniform 

solar irradiance and partial shadow effects. 

 

 Index Terms—Partial shadow effects; Photovoltaic (PV); 

Boost converter; Maximum power point (MPP); Direct current 

(DC); Chicken swarm optimisation (CSO); Duty ratio. 

I. INTRODUCTION 

Wind energy and photovoltaic (PV) energy are the two 

most popular clean energy sources used in the renewable 

energy system. They have been exploited strongly in recent 

years. The benefits of PV energy are not polluting, 

universal, and inexhaustible energy source. It has become 

one of the most widely used alternative energy sources. 

Many authors have researched the MPP tracking control of 

the PV system utilising the hill climbing (HC) [1], 

perturbation and observation (P&O) [2], incremental 

conductance (InC) [3] algorithms, etc. to increase the 

efficiency of PV energy conversion. In addition, the PV 

energy source also has the disadvantage that the radiation 

intensity is unstable and heterogeneous due to the conditions 

of clouds, trees, environmental factors, the direction of the 

sun. These traditional methods will easily be fallen into the 

local MPP, this situation will cause energy loss and reduce 
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the PV power conversion efficiency. Researchers have tried 

to address these impacts through various enhanced 

adjustments to increase the efficiency of the energy 

conversion of the PV power system [4]. Unfortunately, 

finding a perfect solution is still difficult. They will be 

lagging during dynamic processing if these upgraded 

solutions perform well in a steady state, and vice versa. In 

addition, some solutions have performed relatively well, but 

they are quite complex in computational and design 

constraints when implemented on low-cost processors. 

Due to partial shadow effects, the P-V curve of the PV 

panels will be transferred from the single peak to many 

peaks. In these peaks, there is one global MPP and several 

local MPPs. In this situation, the optimal MPP tracking 

solution is required to effectively track the global MPP and 

avoid the local MPPs. For that reason, many methods have 

been proposed such as the artificial neural network (ANN) 

technique [5], the particle swarm optimisation (PSO) [6], 

the grey wolf optimisation [7], and the butterfly 

optimisation algorithm [8]. The variety of MPP tracking 

methods for searching the maximum power point under 

partial shadow effects has been developed and can be 

classified into two styles: soft computing-based MPP 

tracking methods [9] and hardware-based MPP tracking 

methods [10]. In this case, soft computing-based MPP 

tracking methods are more strongly developed. They are 

referred to as heuristic algorithms [11], improved heuristic 

algorithms [12], and hybrid algorithms. The hybrid 

approach combines traditional and heuristic techniques, 

such as an enhanced P&O algorithm merged with an 

artificial bee colony [13], an incremental conductance-based 

particle swarm optimisation algorithm [14], or a 

combination of two heuristic techniques [15]. The main 

goals of these methods are to quickly search for the MPP in 

the global region, simple calculation, and the output power 

of the PV system has low amplitude oscillation [16]. 

Based on the databases of the above researches, the 

authors of this paper has used the proposed hybrid method 

and a DC boost converter to search the MPP of the PV 

panels and transfer this search power into the load [17]. In 

this research, a new technique is proposed to search for the 

global MPP and improve the energy conversion efficiency 

of the PV array. The idea is derived from the results of the 
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aforementioned hybrid methods. The proposed idea of this 

combining method is to use an improved chicken swarm 

optimisation (CSO) method to find quickly in the global 

region and move to the InC algorithm to achieve the MPP in 

this global region [18]. However, since the movement of 

frogs is random throughout the search area, it takes a long 

time to find the convergence position. The highlights of this 

improved CSO (ICSO) method are the selection, 

organisation, and simplification of the original chicken 

population. In addition, the new way to update positions 

based on the behaviour of chicks is also an advantage of the 

proposed solution. The arrangement and division of search 

areas are also a suitable solution for searching for the global 

region that has been adopted [19].  

The details of the hybrid method will be presented in 

Section III. The remainder of this paper is structured as 

described in the following. The introduction of the PV 

energy system is in Section II. The PV array model, the 

partial shading scenarios, and the use of a DC/DC boost 

converter for MPP tracking are included. The proposed 

hybrid method, which combines the InC algorithm and the 

improved CSO method, is described in Section III for the 

MPP tracking control of the PV energy system. The results 

of the MPP tracking simulation are shown in Section IV. 

Finally, in the concluding section, the findings are offered. 

TABLE I. SYMBOLS AND DESCRIPTION FOR PV CELL. 

Symbol Description Symbol Description 

pN
 

Number of parallel 

panels sN  Number of serial panels 

ok  /o s sk A kTB  phI  Photocurrent 

satI  
Reverse saturation 

current scI  Short-circuit current 

T  
Operating 

temperature 
refT  Reference temperature 

gpE
 

1.11gpE ev
 

  Irradiance intensity 

sA  

Electronic charge 

(
191.6 10 c ) 

k  

Boltzmann’s constant 

231.38 10 ( / )J K  

sB  
Ideal P-N junction 

factor  tcK  
Short-circuit current 

temperature coefficient 

pvi
 

Current of a PV 

cell  
pvv  Series resistance 

sR  
Voltage of a PV 

cell  
pR  Shunt resistance 

II. INTRODUCTION OF A PV ENERGY SYSTEM 

A. Model of the PV Array 

PV cell is the smallest part of the PV panel. Therefore, to 

achieve a higher voltage and power, the PV cell strings were 

connected in series and parallel to obtain the PV array 

( )s pN N  as shown in [19]. The output voltage pvV  and 

output current ,pvI  and the characteristics of the PV array 

can be obtained: 

 ( / )
[ ( 1)],o pv sk V N

pv p ph satI N I I e    (1) 

 ( / )
[ ( 1)],o pv sk V N

pv pv pv pv p ph satP I V V N I I e     (2) 

where satI  is a reverse saturation current, / ( ),o s sk A kTB  

sA  is the amount of charge of a single electron 
19(1.6 10 ),c  T  is the panel operating temperature ( ),K  

K  is the Boltzmann constant 23(1.38 10 / ),oJ K  sB  is the 

ideal P-N junction characteristic factor of the PV cell, pvV  is 

the output voltage of the PV array, pvI  is the output current 

of the PV array, and pvP  is the output power of the PV 

array. The relationship between the current source phI  

generated by a single PV cell and the solar irradiance is 

 [ ( ) ] /100,ph sc r tcI I T T K     (3) 

where scI  is the short-circuit current at the reference 

temperature ( )rT K  and the solar irradiance condition 

100
2/ ,mW cm  tcK  is the short-circuit current temperature 

coefficient ( / )omA C  of the PV panel, and   is the solar 

irradiance 2( / )mW cm . Through (1) and (2), the current, 

voltage, and power curves of the PV array can be obtained 

for different atmospheric temperatures and solar irradiance 

conditions. When the temperature is fixed, the output power 

of the solar panel increases when the solar irradiance 

increases. Otherwise, when the solar irradiance is fixed, the 

output power decreases as the temperature increases. 

Therefore, a power controller is required to remove the 

effect due to varying temperature and solar irradiance to 

extract more electrical power from the solar energy system. 

In addition, when the PV system is operated under partial 

shading conditions, how to control this solar energy system 

operating at the global MPP to improve the energy 

conversion efficiency, is an important topic that needs to be 

investigated. 

B. Partial Shading Conditions 

In a practical application, a single PV panel cannot supply 

enough power and voltage due to its limited power capacity 

and voltage. PV panels are linked in series to enhance 

output voltage. PV panels can also be joined in series and 

parallel for greater power. To safeguard the PV system, each 

PV panel is parallel to a diode. Figure 1 shows how to 

connect the M-series PV panels. Each PV panel produces 

the same amount of current when the solar irradiation is 

equal for all of them. The output current and output voltage 

of the shaded PV panels will drop if one PV panel is 

covered by the environment (trees, clouds, etc.). In the 

worst-case situation, the parallel diode with the shaded PV 

panel will activate when the output current is zero. This will 

cause the diode to bypass the shaded PV panel, preventing 

the low output current from being restricted by the low solar 

irradiation of the shaded PV panel. In other words, the 

voltage of this shaded PV panel is zero when the parallel 

diode is turned on. For example, the PVM panel is shaded, 

and the parallel diode DM of this shaded PV panel is turned 

on. The path of current in the PV panels is shown in Fig. 1. 

The voltage value of this shaded board will not be included 

in the overall output voltage of the PV array. Equation (1) 

allows the following expression to represent the output 
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voltage of the PV panel 

 
( ) ( )

( ) ln ,
p ph k p sat pv ks

pv k

o p sat

N I N I iN
v

k N I

  
  

 
 1,2,..., ,k M (4) 

where ( )ph kI  depends on the solar irradiance and ( )pv kv  and 

( )pv ki  are the output voltage and current of the thk  PV 

panels. In addition, to understand more about partial shading 

conditions, the solar irradiances are used with different 

radiation intensities and fixed ambient temperature 25 oC  as 

illustrated in Fig. 2.  
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Fig. 1.  Equivalent model of a PV string. 
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Fig. 2.  P-V curves of the different cases of solar irradiance with M = 3 

(panels). 

With three panels connected in series, when the PV 

system is affected by partial shadows, three MPPs are 

created, one MPP of the global region and two MPPs in the 

local region. If M  panels are irradiated with different solar 

intensities. They will be created M  peaks with one global 

MPP and ( 1M  ) local peaks. The global MPP can be 

anywhere on the P-V curve (Fig. 2). If the global MPP is 

located on the “Minimum line”, its PV impedance value is 

,min .pvZ  Otherwise, if the global MPP is located on the 

“Maximum line”, its PV impedance value is ,max .pvZ  If the 

global MPP falls within these two lines (red P-V curves), it 

will have a PV impedance value of ,GMPP ,pvZ  with 

,min ,GMPP ,max .pv pv pvZ Z Z   

C. Usage of DC Boost Converter in MPP Tracking 

The basic architecture of the boost converter is illustrated 

in Fig. 3. The main task of this system is used in MPP 

tracking purposes for which output voltage boosting is 

required. This system is also used to provide impedance 

matching between PV panels and load with MPP tracking 

methods. The voltage and current of the PV panels are 

employed as the input parameters for the proposed MPP 

tracking system, and the output parameter is the duty ratio 

( )rd  of MPP tracking. The duty ratio ( )rd  is determined by 

the mathematical function referred to as ( , ).pv r LoadZ f d Z  

In this function, rd  is the pulse width modulation of the 

drive signal of the power switch in the DC boost converter, 

LoadZ  is the impedance seen from the output side of the 

boost converter, pvZ  is the ratio of squared voltage and 

power of the PV panels at MPP, and this value depends on 

the solar irradiance intensity (Fig. 2). Assuming that the 

boost converter is 100 % efficient, to perform MPP tracking 

analysis of the boost converter, the mathematical function 

above can be written as follows 

 
 

2
.

1

pv
Load

r

Z
Z

d



 (5) 
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Fig. 3.  Basic boost converter and control circuit for PV panels. 

According to (5), LoadZ  must be bigger than .pvZ  

Therefore, the MPP tracking capability of the boost 

converter is limited ( min maxD rd D  ). For example, in Fig. 

2, the four-pointed yellow stars indicate the operating range 

of the PV panels for irradiance conditions and certain load. 

Since Load pvZ Z  (dashed yellow line), the maximum 

available power cannot be obtained. Otherwise, if 

Load pvZ Z  (dashed red line), the operation range will 

increase, and the maximum available power is realised 

efficiently, as shown on the six-pointed red stars in Fig. 2. 

Therefore, to select a certain load value, the value of the 

source impedance ( )pvZ  should be predicted. This value is 

determined as in (6) 

 
2

,

,

.
pv MPP

pv

pv MPP

V
Z

P
  (6) 

The minimum and maximum values of the source 

impedance are calculated as in (7) and are seen in Fig. 2 

with big green circles 
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2 2

,max ,max
,min ,max

,max

; ,
pv pv

pv pv

pv MPP

V M V
Z Z

P P


   (7) 

where M  is the number of panels, ,maxpvV  and ,maxpvP  are 

the maximum value of the voltage and power of each panel, 

and MPPP  is the power value at the MPP. 

III. PROPOSED METHOD TRACKING CONTROL 

A. Improved CSO Method 

Under a uniform radiance condition, the panels generate 

only one peak on the P-V curve, and conventional MPP 

tracking methods are easily obtained for this MPP. In other 

words, only one output impedance of the panels has the 

maximum power value. When PV panels are shaded by the 

environment, multiple MPPs are created. The energy 

conversion efficiency of the PV array will decrease if the 

conventional MPP tracking method is utilised, as it is simple 

to fall into the local MPP. Therefore, this paper proposes a 

combination, which is a hybrid method of the improved 

CSO and the various step size InC algorithm. The improved 

CSO is used to search the global maximum power region, 

which can avoid falling into the local regions. When the 

largest power value in the whole region is found, it will 

switch to the proposed InC algorithm to achieve the global 

MPP.  

The global region search optimisation problem is solved 

using the chicken swarm optimisation (CSO) technique. The 

CSO, which was first introduced in [20], is regarded as one 

of the most modern heuristic optimisation methods. The 

hierarchical structure of the chicken swarm and its 

behaviours are the basis for this algorithm. To find food, the 

chicken swarm is split into several smaller groups, each of 

which consists of a rooster and a large number of hens and 

chicks. To find a global power region, this proposed CSO 

algorithm will be difficult to calculate, time-consuming, and 

complicated in an organisation.  

In this paper, we proposed a new approach to the CSO 

method by reorganising the CSO method. In this improved 

CSO method, the chicken swarm consists of N  chicks and 

only one mother hen. In the initial phase, N  chicks are 

divided into N  areas with increasing values from minD  to 

max .D  Each chick will move randomly to find food within 

its area [19]. In this way, the global area is found quickly 

compared to the solution of using random chicken swarms 

without arrangement. Each chick will move randomly 

within its area as follows 

 , min min( ) ( ( 1) )  ( ) /1000,r j step stepd k randi C j C C j C      (8) 

where min min1000 ,C D  max min1000( ) / ,stepC D D N    N  

is the number of chicks in the chicken swarm, and min ,D  

maxD  are the minimum, maximum limits of the duty ratio 

( )rd .  

Each value of the duty ratio ( )rd  will be used to control 

the power switch of the boost converter, and with this each 

value, the system will obtain a corresponding fitness value. 

Among these N  values of the duty ratio ( ),rd  there will be 

one best fitness value called ,r bestd  corresponding to the 

mother hen. The organisation of the ICSO method is shown 

in Fig. 4(a). The organisation, arrangement, and area 

division modelled from (8) are shown in Fig. 5(a). 

(a) (b)
 

Fig. 4.  The organisational model of the chicken flock.  

Dmin Dmax

dr,1(k) dr,2(k) dr,3(k) dr,j(k) dr,N(k)

DmaxDmin dr,best dr,best +  up

Eq.(10a)

Eq.(9b)

Eq.(10b)

Eq.(9a)

dr,best -  up

dr,j(k) dr,j(k) dr,j(k) dr,j(k)

(a)

(b)
Eq.(11)

 
Fig. 5.  The arrangement and division of the area of the chicks. 

After determining the location of the mother hen, the 

chicks will tend to move toward the mother hen, the location 

with the most food. Depending on the distance from the 

chicks to the position of the mother hen, the movement 

speed of the chicks will be different. With chicks near the 

mother hen, the new position of the chick is updated using 

(9) 

 , , , , ,

, , , , ,

( 1) ( ) / ;if ( ) ( ) ( ),

( 1) ( ) / ;if ( ) ( ) ( ).

r j r j up r best up r j r best

r j r j up r best up r j r best

d k d k k d k d k d k

d k d k k d k d k d k

      
 

        

(9) 

Otherwise, using (10) for the chicks away from the 

mother hen 

 
, , , ,

, , , ,

( 1) ( ) ;if ( ) ( ) ,

( 1) ( ) ;if ( ) ( ) ,

r j r j up r j r best up

r j r j up r j r best up

d k d k d k d k

d k d k d k d k

     
 

       

 (10) 

where k  is the number of the iterations, 1,2,..., ,j N  with 

N  is the total number of chicks.  

Each step of the chicks movement will be updated with 

its fitness value. The mother hen is responsible for 

observing and updating this best value. If this new fitness 

value is greater than the current value of the mother hen, the 

mother hen will transfer to the newly updated position. The 

mother hen is also updated according to (11) 

 , , , ,( 1) ( ) / (2 ); f ( ) ( ).r j r j up r j r bestd k d k k i d k d k     (11) 

The approach of this proposed solution significantly 

reduces the amplitude of power fluctuations after each loop 

compared to the implementation mentioned in [19]. The 
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process of updating this new position of the chicken swarm 

is shown in Fig. 4(b) and Fig. 5(b).  

The movement of the chicken swarm will end when they 

satisfy the constraint condition of (12) 

 , ,( 1) ( 1) .r best r j upd k d k      (12) 

This means that the global region has been found. After 

completing the global region search process, the proposed 

hybrid method will switch to the various step size InC 

algorithm to find the MPP. The flow chart of the hybrid 

method is seen in Fig. 6.  

If Fj(k) > Fj-1(k)?

Equation (12) 

satisfied?

j = 1

Output the duty cycle 

according to Chick j

Measure  Vpv, Ipv 

of PV panels

Evaluate the Fitness

Fj(k) = Vpv * Ipv  

Start

No

Update 

Fbest(k) = Fj-1(k) 

If Gbest(k) < Fbest(k) ?

Update new location using 

equations: (9), (10), (11) 

In-Cond phase

If Convergence?

Yes

If solar irradiance 

changes?

Yes

No

No

 Initializing and 

arranging dr,,j(k)

with j = 1: N 

Fbest(k) = Fj(k) 

dr,best(k) = dr,,j(k)

Update Gbest(k) , 

dr,best(k)

All wolves 

evaluated

j = N?

Next Chick

j=j+1

k_update=k_update+1

Yes

No

Yes

No

No

Yes

Yes

If Gbest(k) < 

Fbest(k_update) ?

No

Update Gbest(k) , 

dr,best(k) Yes

 
Fig. 6.  Flow chart of the proposed hybrid method. 

B. Various Step Size Incremental Conductance (InC) 

Algorithm 

The incremental conductance (InC) algorithm is usually 

used to track MPP under uniform solar irradiance 

conditions. This method is efficient in tracking one peak 

function. The /pv pvP V   slope is used to determine the 

direction of voltage regulation [21]. This means that it can 

create / 0pv pvI V    in response to changes in atmospheric 

circumstances (temperature, solar irradiance), increasing the 

logical judgment of the output power compared to the 

output voltage while maintaining the MPP. However, the 

InC algorithm has a major drawback, which is the large 

oscillation amplitude around the MPP. 

From (12), the best global duty ratio Gbestd  is obtained. 

The proposed various step size InC algorithm is 

implemented at this duty ratio position. Since the proposed 

InC algorithm starts at a position close to the true value, the 

various step sizes only need a few steps to reach the global 

MPP value. The step size value will gradually decrease after 

each step. With an initial value of the duty ratio is ,rd  after 

10 steps, the obtained value is about 0.0135 .rd  The 

equation of the step size change is shown below 

 0.4311.5385 .SV e  (13) 

where S  is the number of steps, V  is the various step size 

value; this value is set based on the data mentioned above 

and used the tool in Microsoft Excel to build the function as 

seen in Fig. 7. With this implementation, the oscillation 

amplitude will be significantly reduced and considered to be 

zero after a few steps of implementing the proposed various 

step size InC algorithm. The flow chart of the proposed 

various step size InC algorithm is exhibited as shown in Fig. 

8.  
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Fig. 7.  Various step sizes for the InC algorithm. 
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Fig. 8.  Flow chart of the various step size Inc algorithm. 
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Remark: The proposed improved CSO method is used to 

search for the global maximum power region, so the large 

step can be used to quickly identify the global region. 

Taking advantage of the merits of the proposed various step 

size InC algorithm, the proposed hybrid method has 

achieved accurate MPP with almost zero fluctuation 

amplitude and reduced search time. On the other hand, the 

new position update of the improved CSO method tends to 

move to a better position than the traditional methods. 

Finally, MPP was found with high accuracy and no 

oscillation around MPP. Therefore, the convergence time of 

the hybrid method is less than that of other methods, such as 

improved PSO [22], ant colony optimisation (ACO) [23], 

enhanced grey wolf optimization (GWO) [24], bat algorithm 

(BA) [25], and other hybrid methods [26], [27]. 

IV. SIMULATION RESULTS 

MATLAB software is used to simulate the different 

algorithms. The specifications of the PV panel are shown in 

Table II. The PV panel system is connected as shown in Fig. 

3. For the metaheuristic algorithm used in these simulations, 

the number of particles is 8. The improved CSO switched to 

the proposed InC algorithm after satisfying the condition of 

(13). Each graph displays the simulation results; we divided 

them into two cases, each case is simulated in 4.0 seconds. 

Each duty ratio has an operating time of 10,000 

milliseconds or 200 sampling cycles. The components of the 

boost converter are as follows: inC  = 330e-6 F for the input 

capacitor, L = 300e-5 H for the inductor, outC  = 470e-6 F 

for the output capacitor, loadR  = 44   for the resistance 

load, and 20 kHz for the control frequency of the boost 

converter. The standard GWO, PSO methods are chosen to 

consider and analyse the efficiency in terms of the global 

MPP searching, as well as their convergence time to 

validate the benefits of the suggested hybrid.  

TABLE II. THE SPECIFICATIONS OF THE PV PANEL 200 W. 

Description Value 

Maximum operating voltage ( maxV ) 26.3 V  

Maximum operating current ( maxI ) 7.61 A  

Maximum output power ( maxP ) 200 W 10 % 

PV cell in parallel ( pN ) 1 pcs 

PV cell in series ( sN )  54 pcs  

Open circuit voltage ( ocV ) 32.9 V  

Short circuit current ( scI ) 8.21 A  

P-N junction parameter ( sB ) 1.8 

A. Optimisation Simulations for the Cases of One Peak 

and Two Peaks (Case 1) 

Under uniform solar irradiance, the PV panels receive the 

same intensity (80 mW/cm2). A peak is created on the P-V 

curve as shown in Fig. 9 (the magenta line). The PV system 

is used with two connected panels in series. The result of 

this MPP search is shown in Figs. 10, 11, and 12, (situation 

1: from 0 to 4.0 seconds). All three GWO, PSO, and 

proposed hybrid methods achieve the global MPP. 

However, the GWO and PSO methods take the most time to 

reach the global MPP. Under partial shading effects, the 

solar irradiance intensities are set as seen in Fig. 9 with 

80 mW/cm2 and 56 mW/cm2 for the panel 1 and 2, 

respectively (the black line). The results of this MPP 

tracking are displayed in Figs. 10, 11, and 12 (situation 2: 

from 4.0 to 8.0 seconds).  

 
Fig. 9.  P-V characteristics of two serial PV panels of the proposed hybrid 

method. 

(a)

(b)

(c)

 
Fig. 10.  Trajectories of the GWO method for two serial PV panels in a 

partially shaded environment: (a) Voltage; (b) Duty ratio; (c) Power. 

(a)

(b)

(c)

 
Fig. 11.  Trajectories of the PSO method for two serial PV panels in a 

partially shaded environment: (a) Voltage; (b) Duty ratio; (c) Power. 
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(d) (e)

(a)

(b)

(c)

 
Fig. 12.  Trajectories of the proposed method for two serial PV panels in a 

partially shaded environment: (a) Voltage; (b) Duty ratio; (c) Power; (d) 

The exaggerated results of power for situation 1; (e) The exaggerated 

results of power for situation 2. 

In these situations, all above mentioned methods also 

obtain the global MPP, nevertheless, the proposed method is 

used less time than the GWO and PSO methods. 

B. Optimisation Simulations for the Case of Four Peaks 

(Case 2) 

In this case, the two scenarios are set up to produce 

approximately the same power peaks. This creates a 

challenge for solutions to find global MPPs because they 

easily fall into the local traps. The efficiency of the 

proposed method is seen in all situations as shown in 

Fig. 13. Each situation has four peaks due to the partial 

shading conditions that affect the four PV panels with 

different intensities (Fig. 14). As in the case mentioned 

above, all methods also achieve the global MPP in all two 

circumstances. With reasonable organisation and 

arrangement, the proposed hybrid method not only tends to 

move toward the global MPP but also converges faster than 

the GWO and PSO methods.  

(d) (e)

(a)

(b)

(c)

 

(d) (e)

(a)

(b)

(c)

 
Fig. 13.  Trajectories of the proposed method for four serial PV panels in a 

partially shaded environment: (a) Voltage; (b) Duty ratio; (c) Power; (d) 

The exaggerated results of power for situation 1; (e) The exaggerated 

results of power for situation 2. 

 
Fig. 14.  P-V characteristics of four serial PV panels for partial shading 

scenarios. 

The efficiency of the proposed method is also expressed 

by comparing with the initial random duty ratio case of the 

GWO, PSO methods, corresponding to Fig. 13 versus Figs. 

15 and 16. 

(a)

(b)

(c)

 
Fig. 15.  Trajectories of the GWO method for four serial PV panels in a 

partially shaded environment: (a) Voltage; (b) Duty ratio; (c) Power. 
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(a)

(b)

(c)

 
Fig. 16.  Trajectories of the PSO method for four serial PV panels in a 

partially shaded environment: (a) Voltage; (b) Duty ratio; (c) Power. 

This result once again indicates the advantages of the 

recommended hybrid method (HM) with faster convergence 

to global MPP and shorter duration of oscillations in the PV 

output power (see Table III). 

TABLE III. MPP TRACKING RESULTS WITH DIFFERENT 

SITUATIONS. 

Case 

Irradiance 

intensity  

(mW/cm2) 

Ideal power 

at global 

MPP 

 (W) 

GWO PSO HM 

Time 

(s) 

Time 

(s) 

Time 

(s) 

1 

(2 panels) 

[80, 80] 267.0 0.66 0.57 0.41 

[80, 56] 199.1 0.66 0.57 0.41 

2 

(4 panels) 

[100 ,90, 

53, 40] 
369.6 0.67 0.59 0.49 

[100, 90, 

60, 43] 
396.0 0.67 0.58 0.49 

V. EXPERIMENTAL RESULTS 

A. Circuit Design for MPP Tracking Strategy of Stand-

Alone PV Energy Systems 

Table II provides information on the characteristics of the 

PV power panel used to carry out the experiment. In this 

experiment, two panels are wired in series and exposed to 

radiation of 80–80 mW/cm2 in scenario 1 and 80–

56 mW/cm2 in the other, respectively. The global MPPs of 

these two situations are 267 W for situation 1 and 199.1 W 

for situation 2 as seen in Figs. 9–12. A bypass diode (Fig. 1) 

is used to link each panel in the shunt in the experimental 

model, which is based on the setup depicted in Fig. 3. The 

DC/DC boost converter is controlled by an ARDUINO 

Mega2560 board to evaluate the proposed hybrid MPP 

searching method and GWO and PSO methods. The 

methods execute each duty ratio value for 20 milliseconds to 

record the PV current and voltage values of the power 

system through the voltage divider and current sensor. The 

basic parameters of the boost converter are the inductor L = 

1.4 mH, the input capacitor C = 470 F /200 V, the output 

capacitor C = 330 F /450 V, the MOSFET Q = IRFP250N, 

the fast switching diode D = MBR30200PT, and the resistant 

load Rload = 45 . . The experimental model is shown in Fig. 

17. 

1. PV panels
2. Computer
3. Current meter
4. Oscilloscope
5. Arduino board
6. Controller & 
Boost converter
7. DC load

(2)

(3) (4)

(5)

(6)

(1)

(7)

 
Fig. 17.  Practical experimental model for a stand-alone PV system. 

B. Experimental Results and Discussion 

Under uniform weather conditions, the measured solar 

radiance intensity on the two PV panels has the same value 

of 80 mW/cm2. And under the partial shading effect, the 

measured solar radiance intensity on the two PV panels has 

different values of 80 mW/cm2 and 56 mW/cm2. The 

simulation results are represented as shown in Figs. 9–12. 

With the GWO method, the experimental results are 

displayed in Fig. 18 with 6.5 A, 40 V, 267 W (from top to 

bottom) for situation 1, and 4.91 A, 40.5 V, 199 W for 

situation 2. This GWO method takes 1.5 and 1.3 seconds to 

obtain the global MPPs. The experimental results of the 

PSO and proposed methods are displayed in detail, as 

shown in Figs. 19 and 20. The PSO and proposed hybrid 

methods also achieve the same values as the GWO, but they 

quickly achieve the global MPPs. The PSO obtains the 

global MPPs with 0.8 and 0.9 seconds for scenarios 1 and 2, 

sequentially. The experimental results are shown in Fig. 20 

for the proposed hybrid method with a time to reach the 

global MPP of 0.5 seconds for both scenarios 1 and 2, 

respectively. From the results shown in Figs. 18–20, it 

shows that the proposed method not only has the fastest 

time to reach the global MPP, but also has the low 

amplitude of the oscillation. The amplitude of the oscillation 

is reduced because the power values in the subsequent loops 

tend to gradually move towards the global MPP. These are 

the outstanding advantages of the proposed method 

compared with the PSO and GWO methods. 

 
Fig. 18.  Experimental trajectories for two serial PV panels using the GWO 

method (from top to bottom: current, voltage, power). 

The findings have shown that the suggested hybrid 

technique can track the global MPP under partial shading 

effects, as well as under conditions of uniform solar 
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irradiance intensity. Although the global MPP can be 

searched using the GWO, PSO approaches, and other MPP 

methods, the novel hybrid method exhibits reduced voltage 

and power oscillation.  

 
Fig. 19.  Experimental trajectories for two serial PV panels using the PSO 

method (from top to bottom: current, voltage, power). 

 
Fig. 20.  Experimental trajectories for two serial PV panels using the 

proposed method (from top to bottom: current, voltage, power). 

On the basis of fast convergence, the efficiency and high 

accuracy of the proposed hybrid method are also 

demonstrated. In addition, as the number of initial members 

of the chick increases, the accuracy of the proposed 

technique increases. Therefore, a high-speed microcontroller 

must be replaced in order to react quickly to changes in 

actual weather conditions.  

VI. CONCLUSIONS 

By organising and updating duty ratio values according to 

the new approach, the proposed method is not only simple 

in the calculation, but also faster in convergence than the 

PSO and GWO methods, as shown in Table III and the 

experimental results. Furthermore, the use of a boost 

converter for the MPP tracking design with initial location 

arrangement and area division of the duty ratio prevented 

the improved CSO method from falling into local traps. The 

simulation and experimental results presented above have 

demonstrated that this control strategy has been successful 

in searching the global region, and the InC algorithm will 

help to reach the maximum power point in this global 

region. Therefore, the proposed hybrid method has achieved 

the expected results. It achieves the best power conversion 

efficiency. In addition, the ability to fast convergence and 

decreasing amplitude of oscillation are also the highlights of 

this proposed hybrid method. 
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