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Abstract: In the present study, performance analyses of a solar module are made through the optimal variation of solar 
tilt angle, pertaining to the maximum generation of solar energy. The work has been carried out for a particular location at 
Tripura, in India, considering three different cases on an annual basis. An intelligent behavioural based algorithm, known 
as artificial bee algorithm (ABC), has been implemented for finding the optimal orientation of solar angle in analysing the 
performance. The result shows marginal differences are obtained in producing yearly maximum solar energy for different 
orientations of the PV module. It has been observed that the maximum average solar energy is obtained for the case 
where continuous adjustment is made by rotating the plane about the horizontal east-west axis within 20° to 30° tilt angle. 
The computed maximum and minimum of the monthly average efficiency is 10.9% and 8.7%, respectively. Further, a 
comparative study has been performed in generating average solar energy through optimal tilt angle by the implementation 
of Perturb & Observe method (P&O). The monthly average solar power computed by P&O method resulted better in a 
range of 2% to 15% in comparison to that obtained by ABC. While on the other hand, the efficiency computed by ABC 
algorithm was 15% to 19% better than that evaluated by P&O method for all the cases studied in the present work.
Keywords: solar power, tilt angle, optimization, artificial bee colony

Nomenclature
Pmp:	 Maximum Solar Power Output
Vmp:	 Voltage of Solar Module relating to maximum power
Voc:		 Open Circuit Voltage
Voc,STC:	 Open circuit voltage at standard current
μvoc:		 Temperature co-efficient for determining Voc
T:		  Operating Temperature on hourly basis
TSTC:	 Standard mean temperature
ISC: 		 Short Circuit Current
Isc,STC:	 Short Circuit Current at standard mean setting
G: 		  Solar irradiance on hourly basis
GSTC: 	 Standard Global radiation at a specific location
μTSC: 	 Temperature co-efficient for determining Isc
η: 		  Instantaneous efficiency
GApv:	 Solar Intensity
δ: 		  Declination angle
n: 		  Number of days in a year

s : 		 Solar Azimuthal Angle
α :		  Solar elevation angle
Φ:		  Latitude angle
ΘZ:		 Zenith angle 
β:		  Tilt angle
GT:		 Total Solar irradiation
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GB: 	 Normal estimated component of solar irradiation
GD: 	 Diffused component of solar irradiation 
GR: 	 Reflected component of solar irradiation
Gg: 		 Mean diffused radiation
Rb: 		 Ratio of daily average beam
Gd: 		 Sky diffused radiation 
ωss:		 Sunset angle on hourly basis

1. Introduction
Nowadays, as energy is a vital part of our life, it is essential for us to secure the supply and make it sustainable. The 

ever increasing energy requirement of the world consequently creates a lot of stress on traditional energy resources. Thus, 
the necessity for alternative energy sources has come up in order to provide sustainable power delivery systems[1]. Among 
various forms of non-conventional environment based energy sources, such as biomass, geothermal, wind, ocean, etc., 
solar energy has become one of the best prospects for widespread applications because of its accessibility and abundance[2]. 
The abundant solar energy is an obvious choice for clean energy, which can provide security for future growth and 
development[3]. Recently, many researchers have come up with several effective solar power generating approaches, in 
dealing with in-depth understanding of the operating principle of such systems[4]. Though, certain climatic conditions 
are best suited for the operation of solar modules, but, due to continuous unpredictable change in the weather, most solar 
photovoltaic units fail to operate in standard operating settings[5] Lately, solar energy alternatives have gained significant 
attention through its most promising Photovoltaic power generation alternatives[6]. Further, to estimate the operational 
performance of different PV units in exposure to changes in climatic conditions, PV module’s open-circuit voltage, short 
circuit current, and maximum power output along with efficiency has determined by authors in [7]. The solar unit’s 
operational performance vary with and different environmental settings and the actual location of exposure[8].

As, solar energy is very much required for its unpolluted, never-ending and bearable use, having many advantages[9], 
so it is one of the best solutions which can deal and solve the fundamental energy crisis, along with green environmental 
issues[10-11]. 

In many works of literature, the studies regarding efficiency of solar module with environmental parameters, like solar 
radiation, relative humidity and atmospheric temperature, and have been made [12]. Different renewable energy sources 
in terms of electric power generation have also been dealt with in [13]. Researchers in [14], showed various types of solar 
modules while considering various climates of different regions.

The tilt angle of a solar energy system is one of the important parameters for capturing maximum solar radiation 
falling on the solar panels. This angle is site-specific as it depends on the daily, monthly and yearly path of the sun.

Authors in [15] inferred that the performance of the solar module gets affected by the increase in solar irradiance 
incident on the PV module. The tilt angles of flat plate type PV module, are generally set to the local latitude of the specific 
place[16] in collecting the maximum yearly incident solar energy. Sometimes, the installation of PV plates with their 
optimum angles and orientation becomes hard due to the location and type of applications[17]. Hence, a study related to the 
performance of PV modules at different alignments of angle is of utmost importance. Fordham et al. compared the output 
of 50m2 mono-crystalline silicon module relating to various tilt angle[18]. The power generated by a PV unit is based on 
many weather dependent factors, and thus a function of these parameters[19]. Several authors also calculated daily radiation 
for various slopes with different orientations, by the help of anisotropic model[20]. The study was performed in South 
Africa, resulting in βopt and γopt. Many conventional and soft computing optimization techniques have been adopted by 
several researchers, in order to explore optimize solar power varying different parameters[21].

Further, in order to accumulate solar radiation at maximum value for a particular time, the installation of PV 
panel should be made at an appropriate orientation of tilt angle considering respective circumstances[22]. The various 
circumstances which decide the orientation and installation for different solar positions are season, latitude of the particular 
place, and the time of the day[23]. Lately, many researchers, computed for optimal azimuth angle (γopt) and optimum tilt 
angle (βopt) for different solar collectors using different methods[24]. Moreover, in search of experimental hybrid techniques 
for calculating appropriate tilt angles of solar panel authors in [25] used ant direction hybrid differential evolution 
algorithm (ADHDEOA). However, the conventional methods, such as ergodic method takes infinite time to reach the 
optimal solution. 

Hence, different types of meta-heuristic algorithms have been used in finding an optimal solution for tilt angle, while 
generating maximum solar power[26]. The gravitational search algorithm has been used for solar power generation through 
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different orientations by authors in [27]. The evolution-based algorithms find their comfort in searching minimum value, 
while the MPPT techniques deliver better in finding maximum value. In consideration of both the traits, performance 
analyses of the two types of algorithm have been made in the present work.

Meta-heuristic algorithms prove to be competent in outperforming deterministic algorithms, especially when the 
complexity of the problem increases. Practitioners have utilized those unconventional algorithms for the past few decades. 
The ABC algorithm is a recently introduced population-based meta-heuristic optimization technique inspired by the 
intelligent foraging behavior of honeybee swarms.

The variation of tilt angle changes the amount of solar radiation that reaches the surface of the collector. Hence, the 
tilt angle is an important factor that affects the performance of a solar collector. In this study, a mathematical model is 
proposed for estimating the solar radiation on a tilted surface, which determines the optimum tilt angle of solar collector 
and its orientation (surface azimuth angle) in a specific period of time. The accurate determination of the optimum tilt 
angle for the location of interest is essential for maximum energy production by the system.

Though, many researchers have dealt with problems optimizing solar power generation through tilt angle position 
by soft computing methods; but this type of study in Indian scenario using behavioral optimization technique having an 
extensive foraging feature is not readily available from the literature.

Moreover, real-world optimization problems are very difficult and have high degrees of uncertainty. Conventional 
optimization algorithms have some limitations (i.e., local solution attainment and / or divergence) in solving such 
problems. On the other hand, meta-heuristic algorithms prove to be competent in outperforming deterministic algorithms, 
especially when the complexity of the problem increases. The artificial bee colony (ABC) algorithm is a population-based 
meta-heuristic optimization technique inspired by the intelligent foraging behavior of honeybee swarms, which does an 
extensive search by different types of bees.

This paper provides three typical types of control through single and continuous adjustment over tilt angle for 
determining the optimum position of the PV module pertaining to maximum power generation using ABC optimization 
technique.

2. Problem formulation
On the basis of climatological conditions of Tripura (India) over a typical year, maximum solar power generation has 

been computed for different tilt angle and orientation of a PV module. Three different case studies have been made in this 
regard. These are as follows;

Case 1: Monthly average solar power generation of a typical solar module; for the plane rotating about the horizontal 
east-west axis with single day adjustment.

Case 2: Monthly average solar power generation of a typical solar module; for the plane rotating about the horizontal 
east-west axis with continuous adjustment.

Case 3: Monthly average solar power generation of a typical solar module; for the plane rotating about north-south 
axis horizontally with continuous adjustment.

Mathematical Modeling
In the present work, the performance of PV modules has been analyzed, by calculated maximum power generation 

through variation of the tilt angle of the PV module. With the variation of tilt angle, different values of azimuthal angle, 
zenith angle, reflected component of solar irradiance, diffused component of solar irradiance, ratio of daily beam were 
determined. Further, using these values, short circuit current, open-circuit voltage, maximum voltage, maximum power, 
and efficiency were computed.  

The following equations have been adopted. To calculate the dependence of short-circuit current Isc with irradiance 
and temperature[28], we use equation (1):

,
1

( , ) ( )sc sc stc Isc stc
stc

GI G T I T T
G

µ
 

 = + −   
                                                                       (1)

Again, for the dependence of the open-circuit voltage Voc as a function of temperature and irradiance and temperature 
coefficient; equation (2)[10] has been considered here

,( ) ( )
ococ oc stc V stcV T I T Tµ = + −                                                                                        (2)
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The voltage relating to the maximum power (Vmp) and the maximum power of the PV modules has been evaluated 
from the following equation[28]:

( )ln / 1mp oc t mp tV V V V V V= − +                                                                                       (3)

mp mp mpP V I=                                                                                                                       (4)

The calculation for the instantaneous efficiency corresponding to the maximum power output of the PV units is done 
by considering equation (5)[28]

mp
PV

P
GAη =                                                                                                                          (5)

The solar module parameters those have been considered here to calculate the Isc, Voc, Pmp, and η are as follows:
1) Solar Angle: The latitude angle is the angle subtending the specific location and the center of the equator (Φ). The 

angle varies between -90º to 90º, considering north of the equator as positive and south as negative, as per convention.
The angle subtending between the sunlight of the arrays and the equator plane is known as declination angle (δ). It is 

generally evaluated by the given equation[29]

28423.45sin 360
365

n
δ

 +  = ∗                                                                                               (6)

where n is the number of days of the year. The azimuth angle is the compass direction from which the sunlight is coming.
The angle making between direct solar radiation and the position of the sun and the is known as solar azimuth angle 

(ϒS), which is assumed to be negative towards east and positive towards west, when measured from south. Azimuth angle 
is computed by the equation shown below[29].

( )1cos sin( )sin Φ sin( ) / cos( ) cos ΦS α δ α−ϒ = −                                                               (7)

Further, the angle forming between the projections of the normal surface to that of the horizontal plane with is known 
as surface azimuth angle (ϒ), which varies between -180º and 180º. The value of angle has been considered positive 
towards west, negative towards east and zero in south.

Zenith angle and solar elevation angle (α) are complementary functions. It can also be defined as the angle between 
the horizontal plane and the line to the sun. This elevation angle is calculated by the following equation.

α = 90 - θZ                                                                                                                            (8)

θZ is the zenith angle between line and sun.
The tilt angle is the vital parameter of PV module in regard to produce optimum solar energy. Though the solar panels 

generates maximum energy, when the sun rays are vertical to the plane, but still the tilt angle is equal to the  latitude of 
a specific place plus 15 degrees in winter or minus 15 degrees depending on the season[30]. Tilt angle (β) varies from 0º 
to 180º, and can be calculated considering different locations and adjustment of solar module. The tilt angle of PV cell is 
evaluated by rotating the plane about horizontal east-west axis for a single day adjustment[30], as shown in equation below;

β = Φ - δ                                                                                                                               (9)

Further, the tilt angle can be adjusted continuously, while rotating the plane about east-west horizontal axis. This can 
be expressed as given below[30].

tanβ = tanθZ |cosϒS|                                                                                                              (10)

The third way of computing the tilt angle, is done by continuous adjustment where the plane is rotated about 
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horizontal north-south axis. The equation is given below[30].

tanβ = tanθZ |cosϒS - ϒS|                                                                                                      (11)

The summation of the total direct Global irradiance is generally is normal solar rays incident onto the horizontal 
surface, incident diffuse radiation and the reflected component of Solar Irradiation Hence, the incident total radiation for a 
given tilted surface, is given by the equation below[30].

GT = GB + GD + GR                                                                                                                (12)

Where, GR is the reflected component of the radiation, GT is the average daily radiation on a monthly basis, GB is 
normally estimated radiation of the direct beam, and GD is the diffuse component of the radiation. Thus the total daily 
radiation received on daily basis for an inclined surface can be computed as[32]:

GB = (Gg - Gd) Rb                                                                                                                  (13)

Where, Gd , Rb and Gg denotes mean diffuse radiation on daily basis, ratio of daily average beam radiation to that of 
a tilted surface on the same horizontal plane, and global radiation respectively. The function of reflected radiation at the 
ground can be written as[32]:

1 cos
2R gG Gβ− =  

                                                                                                             (14)

As suggested by authors in [25], Rb can be calculated; considering the slope towards the equator.
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Where ωss is sunset angle on an hourly basis in the mean day of the month for any tilted surface. The sunset hour 
angle can be expressed as[33]

( )Arccos tan(  ) tanssω δ=                                                                                                  (16)

The sky diffused radiation can be calculated as[31]

1 cos
2D dG Gβ+ =  

                                                                                                             (17)

Considering all the geographically based location parameters, and known load data of the particular place, artificial 
bee colony (ABC) algorithm has been employed for optimal solar power generation with variation in orientation and tilt 
angle of PV module. Artificial Bee Colony (ABC) algorithm is a swarm-based optimization algorithm with advantages like 
simplicity and proper exploration ability.

3. Optimization technique
Artificial Bee Colony Algorithm
Artificial bee colony algorithm (ABC) was first proposed by Karaboga and Basturk in 2005[34]. ABC a new swarm-

based technique whose operation is based on the collective intelligent behavior of the honey bees. The performance of the 
ABC algorithm is better than or similar to those of other population-based algorithms with the advantage of employing 
fewer control parameters. The ABC algorithm also has the advantages of strong robustness, fast convergence and high 
flexibility.

It finds a great application in various types of optimization problems, like load balancing problem[35]; and optimal 
power flow[36].

Ø

Ø

Ø
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At first, the employed bees search for the sources of food randomly and send the information to the onlooker bees. 
Then, depending on the information, the onlooker bees take a decision on whether or not to explore the food sources. The 
employed bee then starts foraging for a new food source for the unrestricted food source and becomes a scout[25]. Thus two 
types of bees help in searching the global minima instead of getting trapped in a locally optimal solution. 

The proposed ABC algorithms have been implemented in calculating the optimum solar tilt angle for the above-
mentioned problem, and the working flow diagram has been shown below in figure 1.

Figure 1. Flow diagram of Artificial Bee Colony Algorithm

4. Numerical analyses
Input parameters considered for performing the case studies in the given scenario are described below;

4.1 Input data
As India is a tropical country, hence the division of day and night is almost same throughout the year. Hence, to 

capitalize the maximum solar rays, the climatological and geographical conditions of India has been chosen for this study. 
Moreover, with increasing pollution in most densely populated cities, solar rays fail to reach solar panels. Thus the input 
data in the present work corresponds to a relatively clean city like Tripura. The input data for a typical year in terms of GT, 
W and Ta[37], are shown in table 1 and figure 2 and figure 3, as follows; 
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Table 1. Geographical data of tripura

Country India
Place Tripura

Latitude 23.745127
Longitude 91.746826

            
Figure 2. Relation of zenith angle with the latitude of a specific place

  
Figure 3. Variation of ambient temperature and wind-speed with efficiency, over a typical year in Tripura

Interference from pollution may be a limiting factor in realizing the potential of solar power in developing nations. 
Therefore a pollution-free place like the one studied in the manuscript can be an interesting case study.

Input Data for implementation of ABC Technique
Dimension / Element of the problem (D): 4
Employed Bees =100
Onlooker bees = 100
Colony size (NP): 100 × 4 
Solution or food number = Half the number of colony
Maximum cycle / iteration: 1000 
With all the objective functions and predefined parameters of computing technique, in house code for both the 

algorithms has been developed using M-File of Matlab, version 12. The PC configuration used is Intel i5 series CPU, 8 GB 
RAM, nominal clock-speed 1.65 GHz on a personal computer. The programs had a runtime of the order of minutes.
4.2 Results

The specific test cases are performed with the real-time input data of a small Indian locality, in Tripura, and various 
results are obtained, which has been shown and discussed below. In case I, the single-day adjustment was made, on the 
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basis of equation 9. Ideally, a fixed, roof-mounted solar energy system should be at an angle that is equal to the latitude 
of the location where it is  installed, but sometimes anything between 30 to 45 degree works better. So, the authors here 
have set the single-day adjustment of tilt angle at 30, 35, 40 and 45 degrees over 8 hours of daily solar irradiation received 
by the place. With this setting, ABC computed, values for azimuthal angle (ϒS), zenith angle (θZ), normal estimated solar 
irradiance (GB), reflected component (GR), diffused component (GD), which are dependent on the tilt angle was calculated 
and further fed to the equations for calculating Isc (short circuit current), and Voc (open circuit voltage) to find out the 
maximum power generated as Pmp. A steady variation of monthly solar incident irradiance has been attained for case I, 
which shows relatively insignificant relation with the variation of tilt angle. Moreover, in comparison with case II and III, 
the average monthly solar energy is less than that obtained using case I. 

Further, in case II, for the plane rotating about the horizontal east-west axis with continuous adjustment have been 
considered following equation 10. Besides the variation of tilt angle (β) from 0 to 60 degree, the azimuthal angle (ϒS) has 
been varied from -180 to 180 degree, considering positive towards the west and negative towards east. 

Similarly,
Case III: Monthly average solar power generation of a typical solar module; for the plane rotating about north-south 

axis horizontally with continuous adjustment.
The variation of monthly solar irradiance incident on the solar module with respect to different tilt angles for case II 

has been portrayed in figure 4.

      
Figure 4. Variation of average monthly solar energy with different tilt angles for Case II as computed by ABC

A maximum and minimum values of the monthly average solar irradiance has been obtained as 6.7 kWh/m2 during 
the summer season, and 2.5 kWh/m2 during the winter season respectively. 

In case III, continuous adjustment for the plane of the solar module horizontally rotating about north-south axis has 
been performed to generate solar power following equation 11. The latitude angle (Φ) also varies in this case from that of 
case II. Case III depicts the average energy output on a monthly basis for the PV modules, which varies with change in tilt 
angle as shown in figure 5. 
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Figure 5. Variation of average monthly solar energy with different tilt angles for Case III as evaluated by ABC

The maximum average output energy on a monthly basis has found to have a similar pattern of variation as that 
obtained in case II. The maximum monthly average incident solar energy achieved was 5.52 kWh/m2 in winter and 2.0 
kWh/m2 in winter.

A typical representation of the variation of yearly average efficiency, as computed by ABC considering equation (5) 
with respect to different tilt angles for case III, have been presented in figure 6. The curves obtained for efficiencies are 
found to have an opposite drift from that obtained for average output energy per month. Yearly maximum output energy 
has been achieved for case II when the tilt angle varies continuously from 20° to 45°.

The surface temperature of the PV unit increases with the increase in solar incident energy and thereby decreasing the 
module efficiency. The results show a maximum value of 10.6% for case II; and minimum value of 9.1% in case III, when 
the tilt angles of the module have been varied over the range, shown in figure 5.

During the summer season, the efficiency on a monthly basis ranges from an 8.9% of a minimum value to 10.9% of 
maximum value as calculated for different tilt angles in case II. Efficiency obtained in autumn season is lower than that 
obtained in the spring season.

Figure 6. Variation of monthly average efficiency with respect to different tilt angles, for case III

Finally, it can be inferred that, in case II, horizontal PV modules yield more optimal values of yearly maximum output 
energy, than that yield for case III. Artificial bee colony computed results shows that PV modules yield very less variation 
for case I in solar power generation with respect to case II and case III. The monthly average incident solar energy shows 
the opposite trend as that obtained for efficiency curve. The same pattern has also been observed for maximum output 
energy in every case. ABC computed monthly average efficiency is achieved for case II, with a maximum value of 10/9%. 
A more flat profile has been obtained foe case III with a value of 8.7%.

As, ABC, is a behavioural evolutionary technique which is little rare in searching for maximum solar power; so a 
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more common method of tracking maximum solar power has also been implemented for the particular three types of cases 
as considered in this work.
4.3 Comparative study

Among all the MPPT algorithms, P&O method is among the most known technique for tracking maximum solar 
power[38]. The algorithm works on the basis of measured parameters and feedback inputs. On a definite interval of time, 
the voltage and current generated by the solar module are first subjected to a perturbation. Next, the resulting output power 
is compared with that of the voltage generated in the previous iteration. The intentional perturbation causes a variation in 
the solar power generated by the solar module. In the next step, the power is checked with its predefined value; and if the 
power increases, then the amount of perturbation remains the same in the earlier direction. Finally, when the generated 
power matches the maximum value of a predefined maximum power, the perturbation is reversed and keeps on decreases 
for further iterations, while checking with the set value.

However, the result oscillates about the peak value of power corresponding to the algorithm oscillates around. 
Perturbation size is assumed very small for keeping the power variation within a small range. The implementation of P&O 
has been made through the following steps as shown below;

1. Generate random solutions (1, 2, 3, ….. k), within the installed constraining range: 0 < β < 90; 0 < γ < 90; Isc =  
rand [0, 1] (Isc max-Iscmin); Voc = rand [0, 1] * (Vocmax-Vocmin)

2. Calculate V(k); I(k)
3. Calculate P(k) = V(k) * I(k)
4. Calculate ΔP(k) = P(k) - P(k - 1)
5. Check for ΔP(k) > 0; ΔV(k) > 0; 
6. Accordingly, V(K) and P(k) is updated with decreased or increased module voltage.
The monthly average maximum output energy, when computed by P&O method, has been found to have a similar 

pattern of variation as that obtained for all the cases when evaluated by ABC. 
Further, this has made the ABC algorithm more robust while computing solar power with varying tilt angle.

     
Figure 7. Variation of average monthly solar energy with different tilt angles for Case II as computed by P&O

Variation of monthly solar energy generated for case II as evaluated by P&O method is presented in figure 7. 
Though a similar pattern has been generated by the application of P&O as that generated by ABC; but still the minimum 
& maximum power generation achieved by P&O is better than that of ABC. Moreover, the efficiency obtained by the 
application of P&O method is about 9.2% in case II, while 7% for case III.

The maximum and minimum values of solar energy obtained for case II and case III as computed by ABC and P&O 
techniques have been depicted in a comparative manner in table II as follows:
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Table 2. Comparative study of ABC and P&O Computing Methods

ABC Technique P&O Technique

Case II Case III Case II Case III
Maximum Solar energy (Tilt angle) 6.7 5.52 6.83 6.5

Minimum Solar (Tilt angle) 2.5 1.34 2.26 2.14

5. Conclusion
The performance of a PV module has been studied with different varying parameters and conditions. The results 

can be summarized as the following. The important factors that affect the operational performance of the PV unit are its 
orientation and tilt angle.

A behavioural evolution-based technique; Artificial Bee Colony has been implemented in locating optimum tilt angle 
and orientation of PV modules. Maximum average solar energy has been obtained from 20° to 30° in both case II and case 
III. Case studies have been performed on the basis of a typical year of the meteorological conditions for Tripura (India).

Moreover, in analyzing the performance of both techniques, i.e. ABC and P&O in the present problem; it has been 
observed that the P&O algorithm yielded better results while computing maximum solar power generation. This can be 
explained as P&O method is generally used for MPPT; i.e. for maximization problem, so with the variation of tilt angles, 
the P&O method resulted at a higher value of solar power. While, on the other hand, as ABC is an evolution-based method, 
like PSO, AC, GA; which works well for minimization problem; so the minimum values obtained by ABC was less than 
P&O. However, the efficiency resulted for case II as computed by ABC was best among other methods as evaluated by 
both the method. 

Therefore it can be inferred that the effects of ambient temperature, solar tilt angle, has to be considered as one of the 
very important factors in evaluating photovoltaic module output. Further, heuristic techniques can also be implemented in 
this regard, which can contemplate the uncertainties and approximations of environmental data.

Though the heuristic techniques can envisage the uncertainties and approximations while dealing with renewable 
energy resources, in consideration with some more parameters and factors different power generating approaches can be 
adapted, which may lead to better results in order to generate maximum power from solar energy.
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