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ABSTRACT 

        As a result of the rapidly growing population and the developing industry, energy 
resources are becoming exhausted and therefore it is becoming increasingly necessary to 
find alternative energy sources. An alternative fuel must be technically feasible, 
economical, environmentally friendly. One of the alternative fuels is biodiesel. Biodiesel 
is an alternative, non-toxic, biodegradable and renewable fuel obtained from renewable 
energy sources. Vegetable oils from oilseed crops such as biodiesel, rapeseed (canola), 
sunflower, soybean, safflower, animal fats, short chain alcoholic waste in the presence of 
catalyst can be obtained from home frying oils. Biodiesel does not contain oil; but it can 
be used as a fuel by mixing it with pure or any oil based diesel. In other words, biodiesel 
is mono alkyl esters obtained by reaction of vegetable fatty acid esters under certain 
conditions with simple alcohols such as methanol or ethanol. The types of vegetable oil 
used as a source of raw materials in biodiesel production are very important. Because the 
types and ratios of the fatty acids in the oil used indicate the fuel quality of the produced 
biodiesel. Biodiesel is produced by dilution, microemulsion, pyrolysis and 
transesterification. In addition, there are studies to treat the wastewater produced during 
biodiesel production. 
        In this study, after giving general information about biodiesel and its sources, 
production methods are discussed in detail. A sample study on the treatment of 
wastewater generated during the production of biodiesel is also included.  
Key Words: Biodiesel, biodiesel production, biomass energy, biodiesel production 
methods 

 
1.Introduction 

1.1.Biodiesel  
        One of the most important elements of human beings is energy. Petrochemical resources, coal 
and natural gas make up a large portion of the world's energy needs. As the world's energy needs 
increase day by day, interest in energy resources has started to increase. 
        80% of the energy sources used supply of fossil fuels. 70% of fossil fuels are coal, 20% are 
petroleum and 10% are natural gas [1]. According to the analyses made in line with the utilization 
rates of the fossil resources, the amount of reservoirs of the existing reserves will decrease 
substantially in 100 years. Moreover, considering the CO2 emissions of fossil fuels, environmental 
pollution is estimated to increase by 50% in the 2030s [2]. In recent years, oil resources have been 
decreasing and therefore finding alternative energy sources has become an obligation. Among these 
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methods, renewable biomass Energy is of great importance. Substances of animal and vegetable origin 
are classified as biomass energy sources [3]. 
        As an alternative fuel, one of the fuels that are being studied is; It is biodiesel. Biodiesel is an 
alternative diesel fuel obtained from renewable sources. Biodiesel is produced by reacting vegetable or 
animal oils with an alcohol and catalyst. It is also a non-toxic, biodegradable and renewable diesel 
fuel. 
      Fatty acid alkyl ester derived from oil seed plants such as biodiesel, rapeseed, canola, sunflower, 
soybean, safflower, animal fats, waste domestic frying oils with a short chain alcohol accompanied by 
a catalyst is a chemical product of alkyl ester. Biodiesel does not contain oil; but can be used as a fuel, 
either pure or mixed with diesel oil of any proportion [4]. In other words, biodiesel are mono alkyl 
esters obtained by reacting vegetable fatty acid esters with simple alcohols such as methanol or 
ethanol under certain conditions [5]. 
        In this study, after giving general information about biodiesel and its sources, production methods 
are discussed in detail. In addition, in this study, a study on advanced oxidation methods has been 
extensively included. 

2. Biodiesel Resources 

        Biodiesel, vegetable and animal oils, recovery oils, municipal and industrial waste origin 
recovery oils, waste vegetable oils, used frying oils and algae are produced. 

        Oil sources that can be used in biodiesel production: 

• Vegetable Oils: Sunflower, Soybean, Rapeseed, Safflower, Cotton, Palm Oils 
• Recovery Oils: Vegetable Oil Industry By-Products 
• Urban and Industrial Waste Origin Recovery Oils 
• Animal Oils: Frost Oils, Fish Oils and Poultry Oils 
• Waste Vegetable Oils: Used Cooking Oils 

 

 
                  Figure 1. Sources of raw materials used in biodiesel production [6] 

        Figure 1 shows the distribution of raw material resources used in biodiesel production. 
Accordingly, rapeseed oil is the most used raw material with 84%, followed by sunflower oil with 

Colza-oil %84

Sunflower oil 13%

Soybean oil %1

Palm oil %1

Others %1
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13%. Soybean, palm oil and other raw materials have a share of 1% in production. Rapeseed oil 
(canola oil) is the most important type of vegetable oil used in transesterification and canola oil is very 
suitable for high quality biodiesel production. Germany and Austria are the leading countries in the 
production of canola-based biodiesel. Sunflower oil is widely used in biodiesel production in Southern 
France and Italy, soybean oil in USA, palm oil in Malaysia. The USA, Austria and the UK are the 
leader countries that produce biodiesel based on used cooking oil. The most important problem in 
biodiesel production is the regular and continuous supply of raw materials [6]. 
        The type and amount of vegetable oils used as raw material sources in biodiesel production are 
very important. Because the types and proportions of the fatty acids in the oil used show the fuel 
quality of the biodiesel produced. 
 
3.Biodiesel Production 

3.1.Dilution Process 
        Dilution process; is a process of thinning vegetable and waste oils by mixing with a solvent or a 
diesel fuel in certain proportions. The most common of these processes is the mixing of oils with 
diesel fuel. This reduces oil viscosity and reduces diesel fuel utilization [7]. In the applications, mixing 
ratios of oils with diesel fuels are expressed as: B20, B30, B40, B50, B80. In short, there are 20%, 
30%, 40%, 50% and 80% vegetable, animal or waste oil. Oils used in the dilution method of biodiesel 
production; peanut oil, rapeseed oil, sunflower oil and waste oils [8].  
 
3.2.Microemulsion Creation Method 
        Another method used to reduce the high viscosity of vegetable oils is microemulsion with short-
chain alcohols such as methanol, ethanol or 1-butanol. Microemulsion is the equilibrium distribution 
of optically isotropic liquid microstructures with dimensions between 1 and 50 nm, normally formed 
by a combination of two immiscible liquids and one or more active substances [9].  
        The short-chain alcohol methyl and ethyl alcohol have the disadvantage that the microemulsified 
vegetable oil has lower heat values than the petroleum diesel fuel due to the presence of alcohol.  
 
3.3.Pyrolysis Method 
        Pyrolysis consists of thermal decomposition of oils in the presence of air or nitrogen gas. The fuel 
obtained by pyrolysis can be made cheaper than that obtained by transesterification. This is possible 
using low quality raw materials. For example; Pyrolysis can be used as raw material for restaurants' 
food oil wastes, transesterification process oil wastes and oil products from factories producing food 
oil [10]. 
        Pyrolysis is firstly decomposed by heat energy in a closed container of vegetable oils. Secondly, 
the prepared materials are decomposed as thermal energy by distillation and vegetable and waste oils 
and the obtained biodiesel shows similar properties to diesel fuels. 
        In this method, vegetable oil molecules are broken down into smaller molecules in an oxygen-
free environment at high temperature. This process takes place in the form of separations at C-C or C-
H bonds. This process is divided into three parts: hydro cracking, catalytic cracking and thermal 
cracking. The amount of product produced depends on the method used and the reaction parameters. 
For example, solid product is obtained at low reaction rates at low temperatures and more liquid 
product is obtained by cracking operations performed in a short time with rapid temperature increase. 
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        In the pyrolysis process, although the fuel properties of vegetable oils approach to diesel fuel 
properties, high energy consumption is the most important disadvantage [9]. 
        The pyrolysis method is a good method for the evaluation of industrial wastes and urban wastes 
besides obtaining fuel. Pyrolysis is also an easy and efficient method among other methods [11]. 
 
3.4.Transesterification Method 
        Transesterification is the most common way to produce biodiesel. Transesterification is the 
general term used to describe the conversion of one ester to another by exchange of alkoxide groups, 
the class of important organic reactions in which one ester is being converted. Of all alternatives, 
transesterification is considered the best choice because it is relatively simple for this process [12].   
        Biodiesel is obtained from vegetable oils by transesterification reaction (alcoholysis). In the 
transesterification reaction, the oil is esterified with a mono hydric alcohol (ethanol, methanol), giving 
fatty acid esters and glycerin as the main product in the presence of catalyst (acidic, basic catalysts and 
enzymes). In addition, in the esterification reaction diglycerides and monoglycerides, excess reactants 
and free fatty acids are formed. Rapeseed, sunflower, soy and used frying oils, methanol as alcohol, 
alkali catalysts (sodium or potassium hydroxide) as catalysts are preferred as biodiesel production. 
Animal oils can also be used in biodiesel production [13]. 
        Figure 2 shows the transesterification reaction. The triglycerides, the main component of the oil, 
are converted to mono alkyl esters in the transesterification process. Di- and monoglycerides, excess 
reactants and free fatty acids are formed as by-products in the esterification reaction. Rapeseed, 
sunflower, soybean and used frying oils, methanol as alcohol, alkali catalysts (sodium or potassium 
hydroxide) as catalysts are preferred as biomotor production. Animal fats can also be used in the 
production of biomotorin. Therefore, the refining stage becomes important. Production is very easy. 
The degree of purity of biodiesel is the most important point in production. Therefore, the refining 
stage is very important. Biomotor should be produced over 99% pure. In the transesterification 
reaction, the main product is esterified with oil, ethanol, methanol, acidic, basic catalysts and fatty acid 
esters and glycerin in the presence of enzymes. 

 
Figure 2: Transesterification Reaction [5] 

 

        There is no difficulty in production technology. The most important point in production is the 
degree of purity of biodiesel. Therefore, the refining stage becomes important. By direct esterification 
of fatty acids, fatty acids are converted to fatty acid esters with the homogeneous or heterogeneous 
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catalyst effect of acidic character with alcohol and water is released as well as biodiesel. Since water is 
more volatile than fatty acid esters, it is possible to achieve very high conversions when removed from 
the reactor by any method [13]. 

        There are 3 main ways to produce biodiesel from vegetable oils or fats: 

• Transesterification with base catalyst 
• Acid catalyst transesterification 
• Fat is converted to fatty acids and then converted to biodiesel. 

        The base catalyst transesterification process is most commonly used for biodiesel production. 
Lower temperature and pressure, minimum side reactions and reaction time and high percentage of 
conversion (98%), direct conversion to biodiesel without intermediate compounds, no foreign, external 
substances in the structure are among the reasons [9]. 

4.Studies Related To Biodiesel 

 Brito et al., Evaluated the potential of advanced oxidative processes (AOP) in biodiesel 
wastewater treatment. The efficiency of four AOPs, Fenton, photo-Fenton, solar photo-Fenton and 
sun-photolysis, was tested by measuring the total organic carbon removal from this residue. Also, the 
toxicity of the treated residue was investigated by fish embryo tests (FET). Solar photolysis (8 hours 
exposure to sunlight) has been considered the best treatment, while photo-Fenton, similar to solar 
photo-Fenton and solar photolysis, leads to reduced organic load. This has been studied in relation to 
significant organic load reduction (more than 92%) which is easily occurring and a 100% reduction in 
toxicity for Zebrafish embryos in the dilution range has been studied. In the best cases, about 6-8% of 
the organic content in biodiesel wastewater is pollutant [14]. 

        Keera et al., investigated the variables affecting the yield and properties of biodiesel produced 
from vegetable oils The variables studied were reaction time (1-3 hours), catalyst concentration (0.5-
1.5% w / w) and oil / methanol molar ratio (1: 3-1: 9). The best yield percentages were obtained using 
a methanol / oil mole ratio of 6: 1, sodium hydroxide (1%) as catalyst and a temperature of 60 ± 1 ° C 
for 1 hour. Fatty acid methyl ester (FAME) yield was determined by HPLC and FAME compound by 
gas chromatography. Biodiesel samples were physicochemically characterized. The results indicate 
that the biodiesel fuel produced is within the recommended biodiesel fuel standards [15].  

        Elangoa et al. produced batch-scale biodiesel using castor oil by alkali catalyzed 
transesterification. Initially, the transesterification parameters such as reaction time, catalyst 
concentration, reaction temperature and methanol molar ratio in oil: biodiesel production were 
optimized by the conventional method followed by the statistical-based central composite design 
method. According to optimized experimental results, 95.9%, 1.25% (w / v) KOH catalyst and a 1:12 
oil: methanol mole ratio of 94.9% FAME yield were obtained for 60 minutes reaction. The predicted 
yield is 93.7%. Purification of crude biodiesel was carried out by simple evaporation and silica gel 
adsorption. Analytical results showed that significant amounts of methyl ester groups, such as 
ricinoleic, linolenic, palmitic acid and oleic acid, were present in the biodiesel [16].  

        The use of ultrasound in biodiesel transesterization Ho et al. Reviewed the developments 
obtained from different raw materials by using acid, base and enzyme catalysts for ultrasound assisted 
biodiesel transesterization.  For each of these, a critical assessment of the state of the art technology 
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has focused on the use of ultrasound energy with heterogeneous catalysts. For each of the technologies 
studied, the reaction parameters and interactions between process efficiency and productivity are 
discussed and analyzed [17]. 

        Wu et al. developed a new reaction system for the production of biodiesel by base catalyzed 
transesterization. Bentonite is used as an adsorbent in a conventional homogeneous base catalyzed 
transester reaction reaction system to form a heterogeneous system that increases reaction 
homogeneity. By studying the effect of bentonite on NaOH catalyzed methanolysis of soybean oil and 
the associated reaction mechanisms, it was found that a suitable bentonite input could support 
methanolysis. By the rapid removal of water from the system, bentonite enhances the conversion of 
NaOH to catalytically active methoxide species and the major side reactions can be significantly 
inhibited. The methanolysis of the triglycerides took place in the liquid phase rather than in the solid 
phase. The introduction of bentonite also reduced the soap concentration in crude biodiesel; this was 
useful for producing resinous biodiesel after treatment [18]. 

        Navas et al. emphasize the support of CaO, MgO and ZnO on both mass and C-Al2O3, as 
well as the catalytic activity and characterization of transesterification of soybean oil and castor 
oil with methanol and butanol. XRD, SEM, CO2 adsorption followed by TGA and N2 adsorption 
were used to characterize the prepared catalysts. The presence of C-Al2O3 in the supported 
catalysts improves alcohol degradation in the superficial basic regions. The first step of the 
reaction mechanism is then preferred (hydrogen abstraction). In transesterification of butanol with 
castor oil, MgO / C-Al2O3 and ZnO / C-Al2O3 catalysts showed high yields to FABE (97% and 
85%, respectively). These latter catalysts provide an effective alternative to obtain second 
generation biodiesel, considering that castor oil cannot be a source and butanol is an alcohol 
obtainable from biomass [19]. 

        Tiwari et al. studied waste oil transesterification using alkali (NaOH) as catalyst, yielding 85% 
ester (biodiesel) conversion [20]. 

        In the biodiesel pilot plant, Hüseyin et al. used corn oil, chicken oil and animal oil as vegetable 
oil to produce methyl ester. When the FFA level of corn oil is below 1%, animal oils are too high to 
produce biodiesel through the base catalyst. For this reason, since pretreatment reaction was required 
for animal fats, sulfuric acid was used as catalyst and methanol was used as alcohol in pretreatment 
reactions. After lowering the FFA level of animal fats to less than 1%, the transesterification reaction 
was completed with alkaline catalyst. Due to the low FFA content of corn oil, it was subjected to 
direct transesterification. Potassium hydroxide was used as catalyst and methanol was used as alcohol 
for transesterization reactions. The fuel properties of the methyl esters produced at the biodiesel pilot 
plant were characterized and compared with EN 14214 and ASTM D6751 biodiesel standards. 
According to the results, the ester yield values of animal fat methyl esters are slightly lower than corn 
oil methyl ester (COME). The production cost of COME is higher than the cost of animal fat methyl 
esters because it is a high cost biodiesel raw material. Produced methyl esters have similar fuel 
properties. In particular, the sulfur content and cold flow properties of COME are lower than those of 
animal fat methyl esters. The measured fuel properties of all produced methyl esters met ASTM 
D6751 (S500) biodiesel fuel standards [21]. 

        İbrahim et al. investigated the experimental optimization of ultrasound-assisted biodiesel 
production in the presence of heterogeneous catalyst. Three catalysts; For comparison, CaO, calcined 
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dolomite and calcium diglyceroxide (CaDG) were considered. The D-optimal test plan was 
subsequently applied to obtain the regression models used to determine the optimum process 
conditions. The maximum biodiesel yield was calculated as 98.7%, 95.9% and 86.3% for CaO, 
calcined dolomite and CaDG, respectively. Finally, in the case of CaO catalyst, catalyst loading: 
5.35% (oil by weight), methanol / oil ratio: 7.48, ultrasonic power: 40 W, time: 150 min and reaction 
temperature: 60 ° C yielded maximum biodiesel yield (99.4%) It was [22]. 

 Pali et al. Explorated and developed an indigenous fuel from abundant forest of India. Single 
stage base catalyst transesterification was employed for biodiesel production. Sal seeds was used 
biodiesel production in India due to its low acid value. Cetane number, viscosity, calorific value and 
cold filter plugging point (CFPP) were optimized using response surface methodology (RSM). 
Methanol to oil molar ratio (3–15:1), KOH catalyst concentration (2.5–15 g/kg), reaction time (30–
120 min) and reaction temperature (50–70 °C) were optimized. Results were validated through the 
confirmation trails and all properties of Sal biodiesel are well within ASTM limits. The results showed 
that Sal seed is the needed source of biodiesel in India [23]. 

 Zahan and Kano's article discusses the properties of biodiesel, the difference between palm-
biodiesel and other biodiesel sources, and the feasibility of using palm oil as a primary source for 
future alternative and sustainable energy sources. According to the results of the study, it is predicted 
that the future trends of Palm-biodiesel will likely move towards the balance between the community 
and market demands and consumer perceptions. With this study, palm oil by-products and mill waste 
were proposed as future raw materials for biodiesel due to their cheaper costs, availability, abundance, 
environmental friendliness and minimal effects on food safety. New research is needed to improve 
product quality and particularly to solve other environmental issues [24]. 

 In the study by Raoufi and Gargari, the optimized lipase A (Lip A) gene from Pseudomonas 
aeruginosa was fused with GPI's protein Gcw61 and is on the surface of Pichia pastoris X33. Copy 
numbers of the added lipase gene, actual values are used as 2.09 ± 0.06 by PCR absolute 
quantification method. Some detergents appear to significantly reduce enzyme activity. The results 
show that all cell biocatalysts show good potential for the production of biodiesel from microalgae oil 
in 10 repeat batch cycles [25] 

5.Advanced Oxidation Methods And A Case Fenton Process Study From Literature For The 
Treatment Of Biodiesel Wastewater 

        In a case study from the lietaruture related to the Fenton Process in order to treat biodisel 
wastewater four different processes were applied: biodiesel wastewater, Fenton, photo-Fenton, solar 
photo-Fenton and solar photolysis. The aim is to compare the efficiency of the selected treatment 
processes and to provide safe alternatives for the disposal of biodiesel wastewater. Fenton and photo-
Fenton were performed in triplicate in three sets of glass reactors held under constant magnetic stirring 
by temperature monitoring. Solar experiments (outdoor) were performed twice and each reactor set 
was homogenized when [H2O2] was added (every 15 minutes). For solar experiments, radiation was 
monitored using a radiometer (Sunlight, PMA 2120). Prior to TOC analysis, all samples were filled to 
their original volumes by addition of deionized water (typically 5-10 mL) [14]. 
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5.1.Fenton Reactions 

        Based on the studies of Grčić et al., 180-minute pre-tests (2014) and Sabaikai et al. (2014) using 
Fe 2+ ranging from 20 to 50 mg of L-1 and H2O2 to 100 to 1000 mg/L. The best results were obtained 
using [Fe2+] = 20 mg/L and [H2O2] = 1000 mg/L. Based on these results, [Fe2+] = 20 mg/L and [H2O2] 
= 1000 mg/L were used in all other experiments. Experiments using the Fenton reaction were 
performed in closed glass containers wrapped in aluminum foil. A 100 mL sample was taken from the 
biodiesel waste water and FeSO4.7H2O (FMAIA P.A.) was then added to obtain an iron ion 
concentration of 20 mg/L. H2O2 (Vetec 30%) was added to give a constant concentration of 1000 
mg/L every 1000 minutes. The procedure lasted 300 minutes with TOC monitored every 30 minutes 
[14]. 
 
5.2.Photo-Fenton Reaction 

        This reaction was carried out in 100 mL of biodiesel waste water using the same concentration of 
iron ions (20 mg L-1) used for the Fenton reaction. Hydrogen peroxide was added every 15 minutes to 
give a constant concentration of 1000 mg/L. The sample was also irradiated with UV light provided by 
a high pressure mercury vapor lamp (125 W) (λ = 254 nm). This process lasted 480 minutes and the 
TOC was measured every 30 minutes [14]. 
 
5.3. Solar Photo-Fenton 

        Experiments were performed using the same conditions as the photo-Fenton reaction (point 2.2.4) 
but using solar radiation instead of mercury lamp. A 500 mL biodiesel wastewater sample was placed 
in a glass receiver (29.6 cm x 17.8 cm x 5 cm) and exposed. After the addition of Fe2+ (20 mg/L), 1.25 
mL of H2O2 (1000 mg/L) was added periodically to natural sunlight (outdoor) and every 60 minutes. 
The experiment lasted 480 minutes (in May 2016 in Midwestern Brazil). TOC content was measured 
every 60 minutes [14]. 

5.4.Solar Photolysis 

        These experiments were performed in a similar way to solar photo-Fenton. It consisted of 
exposing 500 mL of biodiesel wastewater (in a 29.6 cm x 17.8 cm x 5 cm glass receiver) to sunlight 
for 480 minutes (in May 2016, Central Brazil). The TOC content was measured every 60 minutes. The 
solar experiments were continued for the next 180 minutes. This step aimed to assess whether the 
treatment was at its end [14]. 
 
6.Conclusion 

        As a result of literature studies; Although fossil fuels cause environmental pollution in recent 
years, they are decreasing rapidly as they are alternative energy sources. Therefore, studies have been 
started on alternative fuels and it has been determined that biodiesel obtained from vegetable and 
animal oils can be used as an alternative fuel that can be produced from renewable sources. Biodiesel 
is a non-toxic, biodegradable and renewable diesel fuel that can be easily dissolved in soil without 
damaging the environment. Transesterification, a chemical process that converts vegetable oils into an 
alternative fuel, reduces viscosity. It contains high cetane number, renewable property, high 
combustion efficiency and low emulsion. Studies on the treatment of wastewater generated during the 
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production of biodiesel are not common, but it is possible to come across in the literature. Fenton, 
which uses advanced oxidation processes for the treatment of this wastewater, has also been 
demonstrated. However, further studies are needed to establish effective methods for wastewater 
treatment.  
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Abstract 
In developing countries like Nigeria, local farmers are always facing 
challenges on drying and preservation of the agricultural products after 
harvesting due to losses in quality and quantity of the products by using local 
drying method, to address the problem, solar drying system is used. This study 
presented design, construction and performance assessment of a hybrid solar 
dryer using forced convection principle for drying of tomato slices. The system 
consists of solar collector, drying chamber with four drying trays, solar 
photovoltaic for powering fans and adding more heating in the evening and/or 
cloudy hours and chimney. The result revealed that for all the testing days, 
the air temperatures at the drying chamber were greater than that at ambient, 
solar collector and chimney outlet. It was also found that the solar dryer has 
a drying rate of 0.274kg/hr while the dryer efficiency and collector’s efficiency 
were 50.2% and 43.03% respectively. It was recommended that the solar 
drying system should be used to dry and preserve the agricultural products 
without losses in quality and quantity of the products.  
Key words: Air Temperature, Chimney, Drying Chamber, Relative Humidity, 
Solar Collector 
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1. Introduction 

Nowadays, in order to maintain the quality of most agricultural products (Cereals, Fruits, 
Vegetables) after harvesting, they need to be dried and preserved. Therefore, drying has become very 
important in the agricultural sector.  

It was found that when the temperature of the agricultural products (Cereals, Fruits and 
Vegetables) reaches 271oK, the contaminated micro-organism were killed away from the products, this 
will prevent about 10% and 20% bacteria, yeast, moulds and enzymes of agricultural products  from 
spoiling by reducing the moisture content of the products [1]. Traditionally, farmers used some food 
preservation techniques such as drying, refrigeration, freezing, salting (curing), sugaring, smoking, 
pickling, canning and bottling. The traditional drying is known as direct (open) sun drying and it is 
common and widely used method for drying agricultural products, although it is simplest and cheapest 
method but it includes contaminations, losses, damage by birds or insects and slow drying [2-5]. Lack 
of foodstuffs in developing countries like Nigeria is links to this local drying method that cause 
significant losses with is estimated as 40% [6, 7]. 

Solar thermal technology as one of the wider applicable solar energy technologies, it is also 
playing vital role in agricultural application due to it nature of abundantly, non-polluting and 
inexhaustible [8-11]. In tropic areas, where there is at least six (6) hours of sunshine, solar dryer is higher 
important for the farmers to dry the moisture contents of the agricultural products [12]. Solar drying has 
many advantages such as time saving, free, low cost of maintenance, improvement of the product 
quality, environmental protection, and control of required air condition [13-20]. 

Solar dryer is basically divided into two types namely passive (Natural Convection) solar dryer 
and active (Forced Convection) solar dryer. Passive solar dryer is also sub-divided into direct, indirect 
and mixed-mode passive solar dryer while active solar dryer is divided into direct, indirect and hybrid 
active solar dryer [21, 22].  

In indirect dryers, solar energy collected by the solar collector is passing to the drying chamber 
where the drying products are sprayed on the trays, and the mixed-mode type of dryer has the same 
operations with the indirect solar dryer but the different is that the wall or roofing of the dryer are made 
up of transparent materials with high absorbance of solar energy. Whereas direct solar dryers, the drying 
products are arranged on the plate tray inside the solar collector with the transparent cover through which 
the solar energy is passed by radiation and the heat is absorbed by the drying products by means of 
conduction [23].  

Hot air is circulating to the drying chamber using fans in forced convection dryers, while in natural 
convection dryer fan is not used to circulate the hot air. Forced convection dryer is more efficient than 
the natural convection dryer since the hot air is circulating to the drying chamber, this will yield high 
rate of drying of the agricultural products [15, 24]. 

One of the limitations of forced convection dryer, it may not be applicable in rural areas since it 
required fan and a source of electricity is required to drive the fan [25]. Hybrid solar dryer is a dryer that 
has a combination of two or more energy sources. It makes use of solar energy during the day and an 
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alternate energy source at night. The alternate source of energy could be electricity, diesel, biomass or 
solar PV which is used to powered the fan in forced convection solar dryer [26]. 

2. Materials and Method 

2.1. System’s Description 

The hybrid dryer consists of four components namely; solar collector, drying chamber, solar 
photovoltaic and chimney. The solar collector is used to absorb solar radiation and convert it to heat 
energy, this energy is then passed to the drying chamber where the drying products are arranged on the 
trays of the drying chamber. The solar collector used in this study is double passed air collector in order 
to increase the amount of air entering to the solar collector opened at one end to allow atmospheric air 
enters into it while another end was connected to the drying chamber. The solar dryer is using forced 
convection principle; therefore, the fan was placed at the air inlet of the drying chamber, this fan pushes 
the air into the drying chamber in the morning and it used to circulate the inside air at night. 

The drying chamber contains four (4) trays which is made up of wire mesh on which the 
agricultural products spread on. The chimney was provided on top of the drying chamber to decrease 
the relative humidity of the air around the drying chamber, facilitate and control the convective flow of 
air through the drying chamber and the chimney has cover to prevent water or rain from entering the 
drying chamber. The two opposite sides of the drying chamber were glazed to collect additional solar 
radiation. A side door was provided for ease access with trays when loading and offloading of the drying 
products. The thermal storage material was sprayed on the bottom of the drying chamber which heat the 
air in the drying chamber, and it will reduce its moisture content because the storage material has 
adsorptive characteristic. The solar photovoltaic was used to generate electricity which will then be used 
to power the fan. 

2.2. Materials Selection 

Materials used for construction of the system was selected based on cost, reliability, functionality 
and processability of the materials. 

Table 1 shows the components of the system, materials used and reason(s) for selections: 
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Table 1: Materials Selected for Construction of the System 
 

Components Materials Selected Reason(s) 
Solar 
Collector 

Absorber Plate Galvanized Iron Sheet High solar radiation absorption, 
thermal emissivity, corrosion 
resistance and strong [27]  

Glazing Perspex glass Cheap, ease to processing and 
strong [28] 

Insulation Sawdust Cheap and availability 
Frame Cover Plywood Cheap, ease to process and 

strong [28] 
Black Pebbles Rocks Cheap, ease to process and 

strong [28] 
Drying 
Chamber` 

Chamber Cover Plywood/Silica Glass Availability, reliability and 
ease processing [28] 

Tray Wire mesh Maintainability, strong and 
cheap 

Chimney Mild steel  Low cost and ease processing 
[27] 

Thermal 
Storage 
material 

Gravels High insolation and absorption 
characteristics 

Solar Photovoltaic Polycrystalline Silicon High solar radiation absorption 
Supporting Stand Mild steel Cheap, ease to process and 

strong [28] 
 

2.3. Design Considerations and Assumptions 

The following were considered or/and assumed in designing of forced convection hybrid solar 
dryer: 

i. The effect of dust on the solar collector and solar photovoltaic are negligible. 
ii. The solar collector operates under steady state conditions. 

iii. The amount of solar irradiance falling on the collector and photovoltaic to be available. 
iv. The amount of moisture from the fresh agricultural products to be removed. 

2.4. System’s Components Desisgn 

The components of the solar dryer were designed based on the materials selected as follows: 
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2.4.1 Design of the Solar Collector 

a. Energy Balance for Solar Collector 

For the solar collector to be properly designed, the heat gained by the collector must be equal to 
the heat lost by the collector [8]. 

𝐻𝑒𝑎𝑡	𝐸𝑛𝑒𝑟𝑔𝑦	𝐺𝑎𝑖𝑛𝑒𝑑 = 𝐻𝑒𝑎𝑡	𝐸𝑛𝑒𝑟𝑔𝑦	𝐿𝑜𝑠𝑡 
𝐼!𝐴" = 𝑄# + 𝑄$ + 𝑄%                                                         (1) 

But 𝑄# = 𝛼𝜏𝐼!𝐴" − 𝑄$, 𝑄$ = 𝑄&'() + 𝑄&'(* + 𝑄+ and 𝑄% = 𝜌𝜏𝐼!𝐴" 
Where: 

IT = total amount of solar irradiance harnessed by the absorber’s surface (Wm
–2

);  

A
c 
= area of the collector (m

2
);  

Q
u 
= rate of useful energy collected by the air (W);  

Q
cond 

= amount of conduction losses from the absorber (W);  

Q
conv 

= amount of convective losses from the absorber (W);  

Q
R 

= amount of long wave re-radiation from the absorber (W);  

Q
ρ 
= amount of reflection losses from the absorber (W); 

τ = transmittance of the top glazing(dimensionless); 
𝜌= coefficient of reflection of the absorber and 
𝛼 = solar absorptance (dimensionless) 
If τ is the transmittance of the top glazing and I

T 
is the total solar radiation incident on the top 

surface, therefore, 𝐼!𝐴" = 𝜏𝐼!𝐴" and 𝑄$ = 𝑈$𝐴"(𝑇" − 𝑇,) 

Where: U
L 

= overall heat transfer coefficient of the absorber (Wm
–2

K
–1

); T
c 
= temperature of the 

collector’s absorber (K) and T
a 
= ambient air temperature (K). 

Therefore, the useful energy gained by the collector is expressed as: 

𝑄# = 𝛼𝜏𝐼!𝐴" − 𝑈$𝐴"(𝑇" − 𝑇,)                                                 (2) 
Finally, the energy absorbed per unit area (q

u
) by the collector will become: 

𝑞# = 𝛼𝜏𝐼! − 𝑈$(𝑇" − 𝑇,)                                                          (3) 
The heat gained by air (Qg) is given as [29]: 

𝑄- = 𝑚,̇ 𝐶%,(𝑇" − 𝑇,)                                                               (4) 

Where 𝑚,̇  is mass flow rate of air through the dryer per unit time (kg/s) and Cpa is the specific 
heat capacity of air (kJ/kg K). 

The heat removal factor (FR) in the collector can be calculated using expression given by [30]: 
 

𝐹+ =
.!
."
= /#̇ &$#(!%2!#)

456&7%28'7%(!%2!#)
                                                      (5) 
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b. Sizing of Solar Collector 

Sizing of solar collector is based on meteorological and crop parameters. The required area of the 
collector for solar dryer is given by [31]. 

𝐴" =
.'(#)
96&:)

                                                              (6) 

Where:  
Qload is the drying head load (W); 
𝑡𝑑 is a drying time (hours) and 
η is an efficiency of the collector (%). 
The area of the absorber Aab is approximately equal to the area of the collector, Ac; this is related 

to the length, Lc and width, W of the solar collector as follows: 
𝐴,; = 𝐴" = 𝐿" ×𝑊                                                   (7) 

2.4.2 Design of Drying Chamber 

A. Amount of Moisture to be Removed   
The total amount of moisture to be removed (Mw) from the agricultural product is given by [5] 

as:  

𝑀< = 𝑊< F
=*2=+

>2=+
G                                                         (8) 

Where 
Mw = amount of moisture removed  
Ww = total weight of the products before drying;  
Mi = initial moisture content on wet basis and 
Mf = final moisture content on wet basis; 

B. Energy Balance for Drying Chamber 

The amount of heat energy (Qm) needed to remove moisture from the agricultural product was 
obtained through the relation [32]: 

𝑄/ = 𝑀%𝐶%Δ𝑇 +𝑀<𝐿                                          (9) 
Where: 
Mp is the mass of the product to be dried (kg);  
Mw is the mass of water removed (kg),  
ΔT is the change in temperature in oC and 
L is the latent heat of vaporisation of water.  
The quantity of heat stored (Qhs) by the heat storage media can be obtained by using the equation 

[33]:  
𝑄?@ = 𝑀?@𝐶?@Δ𝑇                                                    (10) 

Where: 
Mhs is the mass of heat storage medium (kg); and 
Chs is the specific heat of the heat storage medium (kJkgK-1).  



 International Journal of Energy and Smart Grid   

Vol 4, Number 1, 2019 
ISSN: 2548-0332 e-ISSN 2636-7904 
doi: 10.23884/IJESG. 

 

 
 

17 

C. Sizing of Drying Chamber 
The breadth of the drying chamber, B, is usually equal to the width (W) of the solar collector. 

Thus, the length of the drying chamber, Ldc, is determined from the relation: 
𝐿)" =

7)%
A

                                                                    (11) 

Where: Adc is the area of drying chamber 

2.5. Construction of System’s Components and Assembly of the Solar Dryer 

The system’s components were constructed using the selected materials and available tools. The 
Tools used in the construction are hammer, handsaw, paint brush, chisel, measuring tape, screw driver, 
square/straight edges, rolling machine, grinding machine. 

2.5.1 Solar Collector 

The solar collector sized (1100 x 600 mm) was constructed. The solar collector consists of 
transparent cover, absorber plate and insulation. Galvanized iron sheet of 2 mm thickness was used for 
absorber plates and the absorber plates were painted black to increase its solar radiation absorption, the 
transparent cover is made from 4 mm thickness of Perspex glass. The collector frame was made from 
plywood and covered it is one end with galvanized wire mesh and a sliding door was attached to control 
the air flow into the dryer. At outlet of solar collector, a fan was mounted provide the forced convection 
to the drying chamber. To minimize heat loss from the absorber plate, black pebbles (Rocks) were 
spreads below the first absorber plate. 

2.5.2 Drying Chamber  

The drying chamber consist of four (4) trays made up from galvanized wire mesh which is riveted 
on the wooden frame, to regulate the temperature of the chamber, four (4) thermostats were installed 
under each tray. The trays are designed to be removable for easier cleaning and loading potential. The 
two opposite sides of the drying chamber were made from silica glass to increase the amount solar 
irradiance absorbed. This further increases the convective air flow and additional heating necessary for 
drying. Access door to the drying chamber was constructed using plywood which is painted black to 
enhance elevated temperature within the chamber. 

A mild steel of 2 mm thickness painted black was used to form a chimney to control the flow of 
air through the drying chamber. A metallic cup was provided at the top of the chimney to prevent rain, 
insect and wind from entering the drying chamber. Gravels were spreads at the bottom of the drying 
chamber as a thermal storage material to absorb heat during the day hours and subsequently dissipate 
heat at night or during cloud cover. 
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2.5.3 Solar PV system  

The solar photovoltaic module made from polycrystalline silicon rated 200 W was placed on the 
roof of the drying chamber, a charge controller, an inverter and 150A battery to provide the power for 
the fan. 
The solar collector was oriented facing south and both the solar collector and the roof of the drying 
chamber tilted at 22.2o

 
to the horizontal. This is 10o more than the local geographical latitude of Kano a 

location in Nigeria, (12.2o N) [34]. 

3. Performance Evaluation of Hybrid Solar Dryer 

3.1. Experimental Set-up 

The hybrid solar dryer was tested to evaluate the performance of the system, the tests were done 
March, 2020. The tests were conducted for four (4) days, the first day test was done under offload 
condition (without tomato slices loaded) and the subsequent days under load condition (with tomato 
slices loaded) starting by 9:00 am with intervals of one (1) hour. The measurement variables included 
air temperature (ambient, collector, drying chamber and chimney outlet), relative humidity (ambient, 
drying chamber and chimney outlet), solar radiation intensity, mass of drying tomato slices and wind 
speed drying air. 

After taking reading of the measuring variables under offload condition, the tomato slices were 
arranged on the dryer tray and the door was closed then the measuring variables were read and recorded 
with one (1) hour interval starting by 9:00 am for each testing days. 

In the evening and/or during cloud days, the door, cover of chimney and sliding door of the inlet 
of the solar collector were closed in order to maintain the heating condition of the drying chamber, in 
this case the storage material is giving out the heat storage and used to dry the products. 

The temperatures of the hot air were measured using thermocouple device and wire while 
psychrometer was used to measure the relative humidity of the variables. The anemometer was used to 
measure the wind speed and amount solar irradiance harnessed by the collector using solarimeter. 

3.2. Drying Rate 

For the solar dryer to work efficiently, the rate at which the drying products are drying should be 
known. The drying rate is given by [35] as: 

𝑅) =
=,
:)

                                                                   (12) 

Where: 
Rd is the drying rate (kg/hr), and 
Mw is the mass of evaporated water (kg) 

3.3. Percentage of Moisture Loss 

The percentage of moisture removed from the agricultural products (on wet and dry basis) can be 
expressed as given by [36] as: 
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𝑀𝐶 = =-2=.
=-

× 100%	𝑤𝑒𝑡	𝑏𝑎𝑠𝑖𝑠                                          (13) 

Where: 
MC is the percentage of moisture loss (% wb) and 
M1 and M2 are the initial and final masses of the drying products respectively (kg). 

3.4. Dryer Efficiency 

The efficiency of the solar dryer can be found using the relation given by [37] as expressed: 
𝜂)BCDB =

=,E
7%6&:)

                                                                (14) 

3.5. Solar Collector Efficiency 

The solar collector efficiency used for solar drying system is related in the expression given by 
[38] as: 

𝜂" =
F#*#"$G!
6&7%

                                                                    (15) 

Where: 
Va is the volumetric flow rate of air (m3/s), and ρa is the density of air. 

4. Results and Discussion 

Amount of solar irradiance incident on the solar collector for four (4) days of conducting 
experiments were shown in figure 1. 

 

 
 

Figure 1. Amount of Solar Irradiance against time for four (4) days 
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It was observed that the amount of solar irradiance attains it is maximum values between 12:00 
to 14:00 for all the testing days and in the third (3rd) day, the solar collector absorbed more solar 
irradiance. The average solar irradiance harnessed by the collector for the testing days were 773.8W/m2, 
936.3W/m2, 1035.3W/m2 and 978.2W/m2 respectively.  

Figure 2 presents the air temperature (ambient, collector, drying chamber and chimney) against 
time for 24 hours testing when the solar drying chamber was under offloading condition. 

 
 

Figure 2. Air Temperature against Time for offloading Condition 

 
From figure 2, the air temperature of all the measuring variables were increasing from 9:00 and 

reaches their maximum values between 12:00 to 14:00, and then retarded between 15:00 to 20:00. But 
for drying chamber, the temperature kept increasing between 23:00 to 8:00 this is due to the thermal 
storage materials that is given out heat stored in the evening or during cloudy hours. 

It was also found that the temperature for drying chamber was always higher with an average of 
51.08oC and it has peak value of 70oC at 14:00 when the ambient temperature was 39oC, the average 
ambient temperature was 30.46oC, which is 20.62oC less than that of drying chamber, a similar result 
was reported by [5]. 

Figure 3 shows the relative humidity with respect to time for offloading condition. 
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Figure 3. Relative Humidity versus Time for Offloading Condition 

It was found that the relative humidity for ambient, drying chamber and chimney outlet were 
decreasing as the sun rise as shown in figure 3. It was observed that the relative humidity at ambient 
was higher than at any point of measurements (Drying chamber and chimney outlet) and it was decreased 
from 35% at 09:00 hour to 21% at 15:00 and 16:00 hours respectively. The average relative humidity at 
ambient, drying chamber and chimney outlet were recorded as 29.46%, 17.67% and 17.04% 
respectively. 

For loading conditions of the solar drying chamber, the air temperature and relative humidity at 
all measuring points with respective to time were presented in figure 4 and figure 5 respectively. 

 

 
 

Figure 4. Air Temperature against Time for loading Condition 
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Figure 5. Relative Humidity versus Time for Loading Condition 

 
It was observed that the temperature at drying chamber is higher than that at ambient, collector 

and chimney, where it attains peak value of 71oC at 13:00 hour as shown in figure 4, which is closed to 
the maximum allowable temperature for drying tomatoes (70oC). The average air temperature at 
ambient, collector, drying chamber and chimney outlet for loading condition were 43.31oC, 46.06oC, 
62.19oC and 42.75oC respectively. There is significant variation between the air temperatures at drying 
chamber and ambient, which is 18.88oC which is within the report of [5]. 

As shown in figure 5, the relative humidity at drying chamber varied between 15% and 25% at 
18:00 hour and 09:00 hour respectively. It was noticed that the relative humidity at all the measuring 
points were decreasing up to midday and being stable within 13:00 hour to 16:00 hour. This shows that 
high amount of the moisture from the tomato slices had already been removed, this is supporting the 
finding of the study conducted by Ezekoye and Enebe [39].  

The average wind air at ambient, collector and chimney outlet were 0.32m/s, 0.06m/s and 0.28m/s 
respectively. The average drying rate of tomato slices was 0.274kg/hr and the quantity of moisture 
content removed from tomato slices was 58.5% (w.b). The efficiencies of solar dryer and solar collector 
were found to be 50.2% and 43.03% respectively, for the solar dryer, a similar result was obtained by 
[40] where they found the efficiency of solar dryer as 56.78%, so also for the efficiency of the solar 
collector, Struckmann [41] obtained it between 25% to 45%. 

5. Conclusion 

A hybrid solar dryer was designed and constructed using available materials for drying tomato 
slices, the performance of the dryer was carried out at Kano, Nigeria with latitude of 12.2o from March 
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9th to 12nd 2020. The performance of the solar dryer was conducted under two conditions namely: 
offloading condition and loading condition. 

The temperature of hot air measured at the solar collector outlet is always higher than the ambient 
temperature throughout the testing days for both condition and the temperature inside solar chamber 
was greater than that at both the ambient temperature and collector, this yield a suitable condition for 
drying.  The drying rate, efficiency of solar collector and drying efficiency were obtained 0.274kg/hr, 
43.03% and 50.2%, respectively. 

It was found that the solar dryer can dry high initial moisture content agricultural products to the 
recommended value of moisture content for safe storage within two to three days. The presence of 
thermal storage material (gravel), therefore, this hybrid solar dryer can be used both day and 
night/cloudy days. 
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  Abstract: The proposed solar system is a combination of solar array, boost 
DC/DC chopper, DC/AC inverter and three-phase squirrel cage induction 
motor. This paper is dealing with the design, modeling and simulation of 
squirrel cage induction motor input current total harmonic distortion 
depending on switching frequency. The relationship between switching 
frequency (fsw) and total harmonic distortion for current (THDI) is examined 
in this paper. Hereby, an inverse relationship is observed between the fsw and 
THDI. PV system is modeled by using Matlab/Simulink and detail study has 
been carried out for this study in order to evaluate the performance of 
photovoltaic (PV) off-grid system. The design, modeling and simulation of this 
topology have been performed from 250 Hz to 51 kHz at switching frequency. 
Satisfactory performance was achieved for reduction harmonic distortion 
especially above 1 KHz switching frequency values. Low harmonic distortion 
has many benefits in power systems such as noiseless operation, less power 
loss and long life. Therefore, it is presented the Modeling & Simulation of 
solar inverter feeds three-phase squirrel cage induction motor in 
Matlab/Simulink software programming. Analytical expression of 
relationship between THDI and switching frequency has been obtained by 
curve fitting method consequently.   
 
Key words: Switching frequency, Solar array, Curve fitting method, Total 
harmonic distortion for current (THDI), Stand-alone PV system 

 

1. Introduction 

Solar energy is one the most important of the renewable resources that use the abundant and free 
energy from the sun having clean, inexhaustible and environment friendly cyclic operations. It is a 
scientific fact that the energy of the rapidly increasing demand against   available energy resources a 
very short time will run out [1]. Off-grid PV Systems are mainly designed to operate independently of 
the electrical network. PV panel, which converts sunlight to electrical power. The use of photovoltaic 
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systems as clean source of energy from the sun has been quickly increasing.  PV energy is most popular 
owing to its major advantages, such as no fuel and no pollution [2, 3].  This paper is regarding the design, 
modelling and simulation of input current squirrel cage motor harmonics distortion depending on 
switching frequency.   

The relationship between switching frequency and input current of squirrel cage induction motor 
THDI are examined in this article [4-6]. Thus, an inverse relationship is observed between switching 
frequency and input current of squirrel cage induction motor THDI. The schematic diagram of the system 
is as shown in Figure 1. 

 

Figure 1. Schematic Representation of Off-Grid System 

The cells are designed in modules then modules are interconnected as arrays. The modules might 
have top out point power depending upon the intended application ranging from few watts, to more than 
300 Watts. The ordinary arrays can provide the power by the line-up of 100 Watt-kilowatt, while 
megawatt arrays do exist.   The most important reason for the deterioration of the voltage waveform, the 
correlation between the terminal voltage and current with non-linear loads are non-sinusoidal sources. 
Even if nonlinear loads are low powering solar system, they distort sinusoidal current and voltage 
waveforms. Harmonic components causing serious pollution problem solar system, and they also reduce 
the quality the energy supplied to the load or consumer. Changing of sun light irradiance also affects the 
amplitude of the harmonic components.  To maximize of output power PV system, repeatedly tracking 
the maximum power point (MPP) of the system is necessary. The MPP be linked temperature and 
irradiance of panel and the PV power system simulate by using Matlab/Simulink program [5-7]. 

2. Harmonics Distortion in Solar Energy System 

Harmonic currents generated by non-linear electronic loads, or non-sinusoidal sources. 
Harmonics increases day by day in solar power system. As a result, harmonic components causing 
serious pollution problem in solar power system, and they also reduce the quality of energy give to the 
load. In addition they cause heat losses and resonance problems in solar system. Solar inverters, DC/DC 
boost converter and battery chargers are the most significant harmonic sources in PV power systems. 
The input current of the squirrel cage induction motor used in the Simulink circuit is as given in Equation 
(1). 
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            (1) 
The stator current of three phase squirrel cage induction motor is as shown in Figure 2. 

 

Figure 2. Squirrel cage induction motor stator current and harmonic components (at 250Hz 
switching frequency) 

The converters which used in off-grid PV system are the great harmonic source. Voltage and 
current harmonics are created by nonlinear loads, and these harmonics cause many problems. The 
harmonics generated in the PV power converting systems greatly vary with the solar irradiance. The odd 
harmonics have greater impacts on power quality than even harmonics as they have higher magnitude 
[8-10]. The current THD is more sensitive on the fluctuation of solar irradiance than the respective 
voltage THD. Current THD greatly decreases with the increase in the solar irradiance while voltage 
THD slightly increases with increase in solar irradiance. Power factor varies linearly for values of solar 
irradiance lower than 200 (W/m2 ) and remains close to unity for higher solar irradiance values. In 
addition, reactive power injection increases at low irradiance. Such as increasing power losses, 
degrading the conductors, and have negative effect on the distribution systems and other electrical 
segments [9-11]. Harmonic distortion is generally caused by a nonlinear waveform in PV power 
systems. Harmonics in the power PV system will cause in the following damage: 

• Overheating of solar PV equipment such as solar cables, converters, battery and PV panels 
• Incorrect operation of MPPT algorithm. 
• Increased internal energy losses in PV power system. 
• Causing elements failure owing to high total harmonic distortion. 
• Shortened life span of PV device. 
• False triggers converters of power electronics. 
• Errors measurements voltage, current and power in PV system. 
• Increased voltage drop in PV solar system. 
• Changes of power factor in the PV system. 
THDI or Total harmonic distortion for current is a common measurement of the level of harmonic 

distortion present in electrical power networks. The THDI term expresses as effective value of the all 
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harmonics, divide by the effective value of its fundamental   of current.   The distortion as a percentage 
of total harmonic distortion for current is defined as follow: 

                  𝑇𝐻𝐷! =
"∑!!"

!#
                                                                                      (2) 

  Where In, is the effective current of the nth harmonics, I1 is the effective current of the 
fundamental frequency.  THDI or Total harmonic distortion for current is a common measurement of 
the level of harmonic distortion present in electrical power networks. If the harmonics components are 
equal to the “0”, total harmonic distortion  will be equal to the “0” where, In, is the effective voltage of 
nth harmonic and n=1 is voltage of the fundamental frequency. Voltage and current waveform distortion 
due to harmonics can lead to the solar  system and electrical consumer either damaged or out of order. 
The analytical solutions and Matlab/Simulink applications have been observed that fit harmonic 
components occur in the solar power system. The presence of harmonic currents and voltages of the 
power system means that the degradation of sinusoidal waves. Deteriorated waves called non-sinusoidal 
waves [12, 13].  

A lot of the harmonic problem is caused by the 3rd component. Since the 3rd harmonic is the 
highest amplitude after the the fundamental component. 3rd,  5th ,  7th etc. harmonics component are in 
the PV system. The harmonics current also flows from neutral and neutral gets overheated. All 
harmonics decrease the quality of a power PV system and loads connected to it. triples harmonics are 
significant because the harmonics in each conductor are in Phase. Triples harmonics can therefore be 
much more damaging. The low order time harmonic effects can be minimized since both stator and rotor 
are supplied from converters. Voltage drops may occur in PV power system due to harmonics [14-16].    

3. Stand-Alone PV System Configuration 

   The purpose of this study to find optimal input current distortion of three-phase squirrel cage 
induction motor. A DC to DC boost converters is used when the voltage required by the inverter. Three-
phase inverter transfer energy to three-phase squirrel cage induction motor.  The purpose of this study 
is to analyses relationship between switching frequency and input current distortion of squirrel cage 
induction motor. 

   To compute the total harmonic distortion (THD) generated by PV system feeding a three-phase 
squirrel cage motor, and examine the change input current motor THDI depends on the carrying 
frequency of PWM. Thus, we can analyses the harmonic that will be generated by the PV systems and 
thus, design the circuit in Matlab/Simulink. Many techniques were proposed to reduce the size of the 
direct current (DC) link capacitor while maintaining a good inverter power quality so that a more reliable 
film type capacitor can be used [15-18].  The smallest unit of PV systems is photovoltaic cell. A  PV 
cell is solid-state semiconductor devices which generates electricity when it is exposed to the light so 
that PV cell can generates around 2, 5 watts at almost 0.48 volt DC and also the cells have to be 
connected in series and parallel in order to produce high-efficiency in solar energy applications.  

   The distortion of input current of squirrel cage induction motor can be reduced by changes of 
switching frequency. The topologic of  off-grid PV system is given in Figure 3, which consists of PV 
array, a boost DC chopper and three phase inverter connects at  three-phase squirrel cage induction 
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motor. There are two operational modes in the system according to the different working statuses of PV 
panels, battery and mains supply. The Matlab/Simulink software package can be advantageously used 
to simulate solar PV system, and analysis of solar inverter. DC link in solar system contains pulsation. 
Large electrolytic capacitors are connected to the DC link so as to absorb this pulsation so that the DC 
link voltage ripple can be kept small.  The all PV system has been simulated with Matlab/Simulink 
program. Model off-grid PV system is as shown in Figure 3. 

   Integrated system has PV array as sources of energy. Therefore, the characteristic of energy 
storage for a PV system will be explained as well as some specification and standards for a off-grid 
connected PV system. The simulation of total solar inverter system is given in Fig. 6 Solar cell array 
and battery is connected with IGBT transistor based three-phase inverter, which further connected to the 
squirrel cage induction motor. Here ideal switch has been used at DC/DC boost chopper. In practical, 
there should be a voltage drop across it. As here the ideal switch has been used there is no voltage drop. 
The purpose of article simulation and analysis of PV based solar single-phase inverter output current 
distortion depends on switching frequency. 

   Advantage of PWM Techniques are; while practically no current does not flow when the switch 
is off, as little as negligible voltage drop on the key switch is turned on. In this way, as well as the lack 
of power loss, PWM technique very much in line with digital control units. The system changes the on-
off switching can provide fit that is so much more comfortable. Also in the embodiment relating to 
communication techniques and PWM duty cycle of the signals used in communication technology often 
used. Thus, the desired signals on channels with various adjustments can be obtained. The Simulink 
model of the solar PV system could be used in the future for extended study with different of a boost 
DC/DC chopper, DC/AC inverter varied topology [17]. The proposed solar system is a combination of 
a boost DC/DC chopper, DC/AC solar inverter and three-phase squirrel cage induction motor as shown 
in Figure 3. 

 

Figure 3. Model Off-grid PV System (27 KHz switching frequency). 
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The design, modelling and simulation of this topology are performed by using Matlab/Simulink 
programming for range of 0.6 kHz to 51 kHz of switching frequency. This shows the satisfactory 
performance of mitigation harmonic distortion at 27 kHz switching frequency. Thus, we present 
Modelling & Simulation of solar inverter that feeds three-phase squirrel cage motor in Matlab/Simulink 
software program. The results of relationship between THDI and switching frequency are obtained in 
Matlab/Simulink software program [19]. Matlab/Simulation has been done for different values 
switching frequency. 

4. Changing of Output Voltage DC-DC Boost Converter 

Therefore, the inductor will oppose change or reduction in current. Thus, the polarity will be 
reversed. There are many types of DC-DC converters such as buck converter, boost converter, and buck-
boost converter. Power inverters are electronic device or circuitry that changes direct current to 
alternating current. Inverter output voltage waveforms not sinusoidal, therefore, they contain harmonics. 
Output voltage of square wave is acceptable in low and medium power, whereas, in high power 
applications ask sinusoidal waveforms. Output voltage of a boost DC-DC converter is as shown in 
Figure 4. 

 

Figure 4. Output voltage of a boost DC-DC converter. 

They are connected to the DC bus that could be connected to a different energy storage system, 
or inject the current directly with a DC/AC inverter. Performance of proposed inverter is verified with 
exhaustive simulation results on Matlab program.  Functions of DC-DC converters have some functions. 
Capacitor is used to filter ripple currents on DC link. There ripples are caused by power semiconductor 
IGBT switching. Capacitors are also used to keep the DC voltage stable. 

4.1. Electrical characteristics of PV inverter 

Inverter which converts the DC waveforms into alternative current (AC) waveforms via a set of 
solid state switches, here IGBTs are used, that essentially. PV systems use inverters to get connected to 
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load that utilize alternative voltage. However, solar inverter is a harmonics source. Universal bridge is 
implemented as IGBT based inverter with parameters as two arm bridge and four pulses.  The results of 
the different switching frequency depend on total harmonic distortion for İNPUT current of squirrel 
cage induction motor. IGBT based bridges are used as the inverter operating voltage is low and are 
connected in parallel with each other. This PV inverter  convert direct current to alternating current. 
IGBT is used as switching element in the inverter. PWM generator block is used to produces triggering 
pulses to IGBT transistor using in single-phase inverter. These pulses are from 0,6 kHz to 51 kHz.  The 
change of inverter output phase to neutral voltage signal is as shown in Figure 5. 

 

Figure 5. Output voltage of three- phase inverter 

The system has been simulated with Matlab/Simulink software program. Solar inverter does not 
generate excessive noise and harmonics. This study analyzes of input current of squirrel cage motor total 
harmonic distortion change depending on switching frequency, and also to find the analytic equation 
between switching frequency (fsw) and THDI. The simulation is done in Matlab/Simulink software 
program. Input current of three- phase squirrel cage induction motor is as shown in Figure 6. 

 

Figure 6. Output current of three- phase inverter. 

Solar system structure and working modes are analyzed in detail firstly, then total harmonic 
distortion belong to switching frequency practical and theoretical analysis based on Matlab/Simulink 
curve fitting method can be used to summarize the relationships among two or more variables. The 
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Simulations is carried out as well for validating between switching frequency and THDI inversely 
proportional. The change of three- phase squirrel cage induction motor input current THD is as shown 
in Figure 7. 

 

Figure 7. The Change of Squirrel Cage Induction Motor Input Current THD. 

 
The Change of Squirrel Cage Induction Motor Input Current THD  becomes stable after 0.4 

seconds. No change is observed in THDI value after 0.4 seconds. Photovoltaic-based inverter outputs 
current harmonic distortion belongs to switching frequency are primarily discussed in this paper. System 
structure and working modes are analyzed in detail firstly, and then total harmonic distortion belong to 
switching frequency practical and theoretical analysis based on Matlab/Simulink. The negative effects 
of THDI are such disruption, heating the batteries, overheating the cables, and poor quality of the 
electrical energy. Total harmonic distortion value was observed that after great value of 1 kHz drop 
below 5%.  At the end of the study, an inverse relationship is observed between the squirrel cage 
induction motor input current harmonic distortion and the switching frequency. 

4.2. Electrical Characteristics of A Three-Phase Squirrel Cage Induction Motor 

Induction motors are generally made of two parts, the stator and the rotor. The stator is the 
standing part of the asynchronous motor. Rotor is the rotating part. The induction motor rotor is of two 
types, the short rotor (rotor with squirrel cage) and the wound rotor induction motor (rotor with ring). 
Torque of three- phase squirrel cage induction motor is as shown in Figure 8. 
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Figure 8. Torque Change Of Three- Phase Squirrel Cage Induction Motor.  

The windings, which are placed in the roundabouts in the squirrel cage, are short-circuited with a 
ring at both ends of the rotor cylinder. In this way, current flows through the shorted rotor conductors 
to allow rotation of the machine. This engine is also called induction motors with a short-circuit rod. 
Because induction motors are cheap, do not require too much maintenance and do not make much arc 
during operation, it is a highly preferred machine. 

Even if an asynchronous motor fed from a balanced and pure sinusoidal voltage source, the stator 
winding distribution due to the internal structure of the machine and therefore the stator ampere-winding 
distribution is not in sinusoidal form. This cause’s structural feature will be released with space 
harmonics. As a result, currents containing harmonic components will flow through the rotor bars. 

Time harmonics will occur if the induction   motor is not fed with a voltage in pure sine form. It 
can be said that the time harmonics are similar effect as space harmonics on the machine. When the 
harmonic analysis of the source voltage is performed, each component will have effects on the stator 
and the rotor. Each time the harmonic component will define an equivalent circuit for itself. When the 
effect of space harmonics is only observed on the rotor, the time harmonics will have an effect on both 
the stator and the rotor. Rotor and Stator currents of three- phase Squirrel cage induction motor is as 
shown in Figure 9. 

 
Figure 9. Change of Rotor and Stator Current Squirrel Cage Induction Motor. 
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Space harmonics must be originated from machine internal structure and they can never be 
completely filtered. One of the most studied topics in squirrel cage induction motors are the deep groove 
effect. This will cause an increase in the motor losses. 

5. Analytical Equation Between THDi and Switching Frequency 

The main subject of this study is to find the analytical expression of the relationship between 
switching frequency and the input current squirrel-cage asynchronous motor THD. Curve fitting method 
was used to find the analytical expression. For different switching frequency, the THDI values of squirrel 
cage asynchronous motor   are given below, which based on our study. 

X=[600, 1000, 1500, 2000, 2500, 3000, 3500, 4000, 4500, 5000, 5500, 6000, 6500, 7000, 7500, 8000, 
8500, 9000, 9500, 10000, 10500, 11000, 11500, 12000, 12500, 13000, 14000, 15000, 16000, 
17000,19000, 21000, 23000, 25000, 27000, 29000, 31000, 33000, 35000, 36000, 37000, 38000, 39000, 
40000, 41000, 43000, 45000, 47000, 48000, 49000, 50000, 51000]   

The following THD values are obtained in different values of the switching frequency. 

Y=[4.632, 2.729, 1.826, 1.405, 1.153, 0.9716, 0.8552,  0.8403, 0.6894, 0.6416, 0.8755, 0.5748, 
0.7452, 0.6369, 0.7478, 0.5945, 0.7931, 0.5999, 0.5146, 0.4588, 0.6032, 0.4144, 0.8663, 
0.4544, 0.7052, 0.7087, 0.6271, 1.006, 0.4503, 0.582, 0.7552, 0.5165, 0.4467, 0.4675, 0.3345, 
0.5269, 0.6628, 0.5995, 0.4662, 1.277, 0.4394, 0.4466, 2.142,  0.7389, 0.9094, 0.5350, 0.5962, 
0.5508, 0.7552, 1.061, 0.5225, 0.6315] 

The distortion rate of the inverter output current is completely dependent on the switching 
frequency. The variation between the switching frequency and the input current harmonic distortion of 
squirrel-cage asynchronous motor is shown in Figure 10. 

 

Figure 10. Change of total harmonic distortion depends on switching frequency. 

Generally, the data obtained as a result of experimental studies are point values. There is no 
function definition between the points. So; The “curve fitting” problem is the determination of another 
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function closest to the function in point-to-point values of a function, or the search for new functions 
that can facilitate calculations to replace functions that are difficult to use in practice. It is possible to 
find the equation of the graph in Figure 10 by curve fitting method. To simplify the operations fsw=x, 
THDI=y. Assume that the graphic of Figure 10 occurred by the equation as given below; 

    𝑓(𝑥) = 𝑘 ∗ 𝑥!"         (3) 

Let's take both sides logarithm of  equation (3), 

  log+𝑓(𝑥), = log(𝑘) − 𝑚𝑙𝑜𝑔(𝑥)          (4) 

The equation (6) can be easily represented as follows: 

   log+𝑓(𝑋), = 𝑌,							 log(𝑘) = 𝐴, log(𝑋) = 𝑋			     (5) 

Equation (5) is converted to the linear equation, 

  𝑌 = 𝐴 + 𝑏𝑋             (6) 

To find k and m values, 

  ≫ 𝑃𝑜𝑙𝑦𝑓𝑖𝑡(log(𝑋) . log(𝑌) , 1)      (7) 

As a result, 

ans =-0.2533    2.0729 

>> a=exp(2.0729) 

a =7.9478 

values are found.  If we put the values of k and m in the equation (3), 

     𝑦 = 7.9478𝑥!#.%&''          (8) 

equation is obtained. Then, the equation can be written as below; 

 x=fsw, y =THDI      is put in the (8) equation  

  𝑇𝐻𝐷( = 7.9478𝑓)*!#.%&''      (9) 

                (9) equation is obtained . This new (9) equation was obtained at Matlab program by using the 
curve fitting method. Changing of equation (9) is as shown in Figure 11. 
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Figure 11. Change of total harmonic distortion depends on switching frequency. 

The high THD have negative effects on PV power system such as equipment overheating, motor 
vibration, neutral overloading and low power factor. As a result of this study, it was observed that there 
is an inverse proportional change between the switching frequency and the input current of squirrel cage 
induction motor THDI. 

 
Table1. Input current distortion of asynchronous motor at different switching frequency values. 

fsw (switching frequency 600 (Hz) 1050 (Hz) 9000  (Hz) 27000 (Hz) 40000 (Hz) 

THDI (Total harmonic 
distortion for current) 1.5733 1.3645 0.7918 0.5995 0.5427 

The effect of the switching frequency on inverter output current harmonic distortion is quite high. 
For less loss and stable operation, harmonic distortion should be kept small for the input current of the 
squirrel cage induction motor. 

6. Conclusion 

This study was examined the relationship between switching frequency (fsw) and total harmonic 
distortion for current (THDI) by means of using the design, modeling and simulation of squirrel cage 
induction motor input current total harmonic distortion depending on switching frequency. Harmonic 
distortion value for the asynchronous motor decreases at high values of PWM’s carrying frequency. 
THDI of squirrel cage asynchronous motor decreases below 1% when switching frequency is greater 
than 3 kHZ (fsw > 3 kHZ). Inverse proportional relationship has been observed between fsw and THDI. 
The most serious and negative effect of harmonics in rotating machines is overheating especially in rotor 
and stator circuits. Harmonics cause copper and iron losses in induction machines. The high frequency 
of harmonic components destroys the rotating magnetic field and causes the machine to work with noise 
and vibration. In three-phase squirrel cage induction motors, the coil pitch can be shortened to certain 
values in order to eliminate space harmonics. Analytical expression (Eq.9) was obtained between fsw & 
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THDI of the squirrel cage asynchronous motor by using the Matlab software program with the feature 
of curve fitting method. Satisfactory performance was achieved for reduction harmonic distortion 
especially above 1 KHz switching frequency values. Hence, harmonic distortions of squirrel cage 
induction motor values were observed below 5%.  
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