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Abstract: The world’s large dependency on conventional energy sources has not only posed a threat to the 

environment but also they are non-renewable. Therefore, a huge interest is put upon renewable sources of 

energy. Amongst them, solar technology has become a rapid growing industry for power generation. This paper 

briefly reviews the technological challenges of maximum power point (MPP) tracking of photovoltaic (PV) 

energy obtained from solar cells. The paper describes the evolution of several MPP techniques that are popular 

commercially and presents their basic working, utilisation ability in different scenarios, cost of implementation 

and new research performed to find better techniques. The study also includes incorporation of soft computing 

in solar MPP tracking.  It is observed that, the MPP tracking techniques are rapidly evolving from simple to 

complex methods, as per the demands dictates. The simpler methods like perturb and observe are cost effective 

and have simpler design, but are highly inefficient in terms of efficiencies under drastically changing 

environment. They find application in streetlights and solar lanterns. The incorporation of soft computing 

methods like ANNs, FLCs, can drastically increase efficiency, but are cost ineffective. Such techniques find 

place where efficiency matters the most. In large PV plants, these systems prove to be highly efficient. 
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I. Introduction 
 The current trend in energy usage suggests that, annually almost about 92 million barrels of oil and 

natural gas and about 3.8 billion toe coal are consumed per day [1]. These data show us our dependency on non-

conventional sources of energy and the figures are expected to rise in the coming years. This massive 

dependency of fossil fuel is creating serious environmental problems, and these fuels are not going to last 

forever. It has been estimated that the world has consumed about 40% of the oil present in the earth’s crust and 

the remaining will run out in about 50 years from now.To meet the growing energy demand, a lot of focus has 

been bestowed upon the renewable sources of energy.  These sources include solar energy, wind, hydro-energy 

and biomass. These resources are clean, i.e. they have very less to negligible environmental effects and also 

they are not exhausted over time. Sun is the primary source of renewable energy, others (wind, hydro and 

biomass) being the indirect application of it [2]. The sun causes uneven heating of earth surface and the air mass 

above it. This creates pressure difference as land and water-bodies have different heating and cooling rates and 

due to rotation of earth, wind flows [3]. 
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Fig 1: World primary Energy usage [1] 

 

The sun also causes water from seas to evaporate and form clouds. These clouds are carried by the 

wind and distributed throughout the earth’s atmosphere. As they cool down, they form rain and maintain the 

water cycle in rivers, lakes and springs. Solar energy is also captivated by plants to produce food, their leaves 

work like biological solar panels which absorbs radiation to reduce CO2 to form glucose [4]. Thus, all the earth 

renewable sources are indirectly dependent on the sun. 

However, renewables provide only about 15% of the world’s energy demands. The architecture of the 

established technology i.e. our present energy conversion devices, are designed to primarily work on non-

conventional sources of energy. The renewables have a promising future but the problems associated with them 

mainly include availability, storage and long distance transmission with minimum losses. 

Mostly utilised renewable resources today are Wind, Hydro and Solar. In most countries there is 

abundance of wind power which can be utilised to generate electricity. Highest globally installed wind power 

capacity is seen in Asia with a cumulative capacity of 203,643 MW followed by Europe and North America 

with 161,330MW and 97,611MW respectively [5]. But availability of utilisable wind is specific to zones i.e. 

they are mostly available in coastal regions. Solar energy is becoming a hot topic in recent years. A lot of 

investment is done upon solar P.V. technology. During 2016, additional 75 GW of solar PV capacity was 

installed thereby increasing the total world production to 303 GW. In 2016, China installed additional 35.5GW 

thereby increasing their installed capacity up to 74GW which is the highest capacity among other countries. The 

top 10 countries to have installed solar power generation plants are Germany, China, U.S. Italy, U.K. India, 

France, Australia and Spain. India recently installed about 4.1 GW (up from 2 GW in 2015) thereby increasing 

the capacity to 9.1 GW. Tamil Nadu (with nearly 1.6 GW) overtook Rajasthan (1.3 GW), followed by (1.1 GW) 

Andhra Pradesh and Gujarat (1 GW) for cumulative capacity [6]. Thus, we may conclude that as the energy 

demand is rising most of the countries are switching to renewable energy for power generation as they prove to 

environmental friendly sources which provide green energy to the world. 

The most promising fact about solar photovoltaic technology is that electricity generation is free; i.e. 

the panel will provide electricity as long as it receives radiation with no environmental side-effects. Unlike wind 

or biomass, solar energy is sufficiently available therefore, most of the countries are heavily investing in this 

technology [7]. Before installation of a solar plant, radiation data for that area must be statistically reviewed. 

Solar radiation data is collected using devices like pyrheliometer (for direct radiation measurements) [8], 

Pyranometers (for irradiance measurements) [9]. Radiation data is averaged over a period of time to determine 

the feasibility of a particular site for solar power generation [10]. Conversion of solar radiation to electricity and 

its distribution or utilization, involves a complex series of conversions and includes various devices. This means 

that the terminals of a solar panel can’t directly be connected to a load. This is because of the fact that each 

solar cell in the panel, behaves as a direct current (D.C.) source. When solar cells are connected in series, the 

voltage of each cell gets added up, while in parallel, their currents gets added up. Therefore, devices like 

maximum power point tracker (MPPT), inverters, power converters etc. must be used in conjunction in order to 

utilise the electricity obtained from the solar panels [11]. The most common PV configurations includes solar 
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panels connected in series and parallel to give the desired voltage and current, a centrally connected inverter for 

converting the D.C output of the panels to A.C. and grid connection, a battery is used which works like a buffer 

to provide sufficient power during unavailability of solar radiation [12]. But there are certain effects like 

shading and temperature effects which decrease the overall efficiency of a centrally connected inverter PV 

system. 

 

 
Fig 2: Schematic diagram of a centrally connected PVarray 

 

 Fig 2 represents the schematic diagram of a centrally connected PV array; the diodes are introduced to 

account for the shading effect which is caused when unequal amount of solar radiation falls on one of the 

modules of that array. In this case, the module consumes power acting as a high resistance rather than a power 

source. The diodes restrict power flow within the branches of the array. However, these types of configurations 

tend to have more losses as each module may not be working at the maximum power point due the obligatory 

series diodes inserted in each parallel branch of the structure and centralised MPPT algorithm [13].  

 

 
Fig 3: Schematic representation of grid connected PVsystem with independent power converters in each branch 

 

 With advancement in electronic technology, a smarter way of connecting the branches of a PV array 

has surfaced. Fig 3 represents the schematic representation of modified configuration which is more efficient. In 

this case each branch is connected to a micro-inverter which accounts for the series diodes as well as each 

branch of the array can have its dedicated algorithm for maximum power generation [14]. 

 

 
Fig 4: I vs. V characteristics of PV module under varyingtemperature (T) 
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Fig 5:  I vs. V characteristics of PV moduleunder varyingRadiation (∅) 

 

 The non-linear behaviour of solar panel is associated with irradiance and temperature. The equivalent 

circuit representation is shown in figure b2, and its current equation is given as: 

I = IL - I0(𝑒
𝑞 𝑉−𝐼𝑅𝑠  

𝐴𝐾𝑇 − 1)- 
𝑉−𝐼𝑅𝑠

𝑅𝜔
……… (i) 

 Where I is the total output current, I0is the dark saturation current, IL is the light generated current, V is 

the output voltage, Rs is the series resistance and Rshis the shunt resistance, K is the Boltzmann constant, T is the 

temperature (in Kelvins) q is the charge of electron and A is the diode ideality factor. The variation of open 

circuit voltage and short circuit current with variation in temperature and irradiance are shown in Fig 4 and Fig 

5 respectively. The total output power depends upon radiation or irradiance. It is evident from the characteristic 

curve [Fig 6] of a PV module that for maximum power transfer, the solar panel must operate at its maximum 

voltage and current available at a particular radiation and temperature. There are several methods for tracking 

the maximum power point (MPP) [12]. Among them, Perturband Observe (P&O), Incremental Conductance 

(IC) [15] and Hill Climbing (HC) [16, 17] are the most popular. These methods arewidely applied in several 

commercial dc–dc converters (for battery chargers) and dc–ac inverters (for grid-tied). For cheap circuitry such 

as street lamps, simpler methods such as the Fractional Open Circuit Voltage [18] Fractional Short Circuit 

Current [19] and RippleCorrelation Control [20] are employed. These MPPTs techniques require only a few 

sensors so they are cheap, but their accuracy is very low. Other methods include Current Sweep [21], DC-link 

CapacitorDrop Control, Load Current and Load Voltage Minimization, dP/dV or dP/dI Feedback Control [22], 

Linear Current control, State-based MPPT [23], Best Fixed Voltage algorithm [24], LinearReoriented 

Coordinate [25] and Slide Control method [26]. But these methods are more research oriented and has not 

reached a matured level for commercialisation. 

 

Perturb and observe method 

 For extracting maximum power from solar panel the duty cycle of the power converters is adjusted 

with the dynamic behaviour of solar radiation. In order to do so, the power conditioning unit of any solar 

photovoltaic plant contains a maximum power point controller which regulates the duty cycle according to 

changes in irradiance and temperature [27]. The Perturb and Observe (P&O) method is most commonly 

mentioned in many conference papers and journals [27-29]. Basically the voltage and current outputs are 

measured for a particular irradiance. The power vs. voltage curve for the module varies as described in figure 

(c) for a given value of irradiance. 

 

 
Fig 6: Power vs Voltage curve of a PV modu 
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Fig 7:  Maximum power point tracking of PV module 

 

 In P&O method the maximum power point is tracked along the power vs voltage curve. This is done 

by an algorithm that icrementally increases the voltage to its maximum power point region. With each 

increment in voltage, the tracker compares the power before and after incrementation. If there is increase in 

power, this implies that maximum power is not reached and the voltage needs to be increamented more as 

shown in Fig 6. If the incrementation leads to decrese in power, then the voltage must be reduced to achieve the 

maximum power point as shown in Fig 7 [30].  

 

 
Fig 8: MPP tracking in changing radiation 

 

 However, there are certains limitations to this technique [31].  Consider a case where the irradiance has 

changed at the instant of two sampling. This case is illustrated in Fig 8 where according to the latest pertubation 

the algorthm has determined that the maximum power point is achieved after incrementing the voltage, i.e. the 

MPP lies to the right. However at that instant radiation changes and the new MPP shifts down (from PMPP to 

P’MPP as illustrated in Fig 8 before any new pertubation. In this case, the algorthm thinks that the maximum 

power is towards right while it is to the left. Hence, drastic changes in weather conditions affects the accuracy 

of the system. In order to improve the accuracy and make the system run smoothly in dynamic condition, new 

adaptive pertub methods are being researched [32]. In another approach, a theoretical study has been carried out 

allowing the optimal choice of the two main parameters characterizing the P&O algorithm has been carried out. 

The idea behind the expected optimization method resides in the customization of the P&O MPPT parameters 

to the dynamic behaviour of the whole PV system. In this technique, one parameter which is suggested to be 

adjusted is the amplitude of the duty cycle and the other is the sampling interval [33], but this system 

implementation requires whole knowledge of the system, and is not a versatile one. In [34], hardware based 

analog version system of P&O oriented algorithm method is developed in which the measured values of voltage 

and power from the PV panel is differentiated with respect to time using a differentiator, this differentiated 

signals are passed through two comparators which gives a positive high output if the input signals are greater 

than zero, otherwise gives negative output.  
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Fig 9: Flow chart of  P&O method 

 

 The outputs of the two comparators are further multiplied using an analog multiplier and compared if 

the multiplied value is greater than or less than zero. At the later stage, the final output of the system is 

multiplied with a gain factor and then integrated to generate a reference voltage signal. The system claims to 

have an efficiency of 99.99% and fast response time in MPP tracking even in drastic change in insolation. In 

[35, 36] a more cost efficient P&O method has been innovated which employs a novel algorithm. In order to 

track MPP, this algorithm uses current obtained from the PV panel for calculation of duty-cycle (D) for the 

power converters, where the current serves as the reference signal. 

 

Incremental Conductance method 
 A more smarter aproach to tackle the problem associated with P&O method, is the measure of 

instantaneous conductance of the PV array for tracking maximum power point [37]. The conductance is the 

ratio of current (I) to voltage (V) or is the reciprocal of resistance. From Fig 10 and Fig 11 we can relate that the 

slope of power vs. voltage curve is positive upto the MPP Voltage (Vmpp), at the Vmpp the slope becomes zero 

and beyond it, slope becomes negative. 

We know that, 

Power (P) = V (voltage)×I (current) 

Therefore,  
𝑑𝑃

𝑑𝑉
=  

𝑑(𝑉.𝐼)

𝑑𝑉
 ……….(ii) 

 
𝑑𝑃

𝑑𝑉
= 𝐼 + 𝑉

𝑑𝐼

𝑑𝑉
 ……..(iii) 

 

 

Now, at maximum power  
𝑑𝑃

𝑑𝑉
 = 0 

Therefore,  

𝐼 + 𝑉
𝑑𝐼

𝑑𝑉
= 0  ………(iv) 

 
𝑑𝐼

𝑑𝑉
=  −

𝐼

𝑉
  = C(conductance)………..(v) 

 Thus if the value of
𝑑𝐼

𝑑𝑉
> −

𝐼

𝑉
then voltage must be incremented to find the MPP, otherwise if

𝑑𝐼

𝑑𝑉
< −

𝐼

𝑉
 , 

then the voltage must be decremented. Equation (iv) is considered to be the error signal (e), which is zero at 

MPP.  The algorithm exploits these properties to find out the MPP. An advantage of this method to the previous 

one is that only the instantaneous conductance is to be observed and compared to the icremental conductance to 

track the MPP [38]. 
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Fig 10: MPP tracking using IC method 

 

 
Fig 11: Comparision of measured value of conductanceand change in output power 

 In [39], the variable-step-size Incremental Conductance method is compared with the fixed-step-size 

one. The variable step size with constant-voltage-tracking start-up system has a performance of 99.2%. In [40] a 

study was conducted to introduce a smart algorithm which eliminates the necessity of the PI controller. 

However, this method also has a very basic problem, the values
𝑑𝐼

𝑑𝑉
and 

𝐼

𝑉
 must be measured with high precision 

and the method is too slow for dynamic radiation changes [41]. Mostly, the incremental conductance method is 

integrated with soft computing methods for system versatility and improved efficiency [42]. 
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Introduction to soft computing methods for MPP tracking: 

 Introduction of soft computing methods like Fuzzy logic (FL) in MPP tracking in a solar panel can 

help improve the tracking efficiency and solve the problem of slow response of MPPT in dynamic weather 

conditions. MPPTs based on FLC, does not need the understanding of the specifications of the PV model [43, 

44]. Generally there are three stages of control: fuzzification, decision making and de-fuzzification. In the first 

stage, i.e. in fuzzification, the input crisp variables are converted to linguistic variables of a membership 

functions. In the second stage, the rules operating are specified by IF-THEN statements which define the 

controller operation. The rules that designate this step are in the form of linguistic variable belonging to a fuzzy 

set. In the third stage, i.e. the de-fuzzification step, the fuzzy logic controller output is converted from a 

linguistic variable to a numerical variable still using a membership function, providing an analog signal which 

controls the duty cycle of the power converter drives the operating point to the MPP [45]. The FL-based MPPT 

in [43] has two inputs and one output. The two input variables are error (e) which is the difference between 

power at i
th

 and (i-1)
th

 instant and the change in error (Δe) i.e. difference in the error signal at two instants, at the 

i
th

 sampled time are defined as: 

𝑒 𝑖 =
𝑃(𝑖)−𝑃(𝑖−1)

𝑉 𝑖 −𝑉(𝑖−1)
…….vi 

 

Δe (i) = e (i) – e (i-1)……… vii 

 

 The fuzzy inference is carried out by using Mamdani’s method and the de-fuzzification uses the centre 

of gravity to compute the output (duty cycle) of this fuzzy logic-based MPPT [46]. The process in which the 

FLC performs the calculation is called rules inference. In a fuzzy controller, the input current and voltages from 

the solar panel is converted to the linguistic variables of a membership function. For example in the following 

figure below (Fig 13), five fuzzy variables namely NB (Negative Big), NS (Negative Small), ZE (Zero), PS 

(Positive Small), PB (Positive Big) are used. More number of fuzzy variable leads to better efficiency as the 

range of input data gets divided into more intervals. This leads to improved efficiency of the overall system. 
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Fig 13(a) 

 

 
Fig 13(b) 

 

 
Fig 13(c) 

 

 
Fig 13(d) 

 

Fig 13: (a) Membership function of error, (b)Membership function of change in error, (c) Membership function 

of duty cycle,(d) Surface view of input and output variables in FLC 

 

 In [47] an intelligent control mode is proposed for the maximum power point tracking (MPPT) of a 

photovoltaic system subjected to fluctuating temperature and insolation situations. This particular mode 

employs a fuzzy logic controller integrated to a DC-DC converter. The system claims to have a smoother signal 
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for tracking MPP and faster response time. In [48] a method of maximum power point tracking using adaptive 

fuzzy logic control over traditional FL-Cs for grid-connected photovoltaic systems is developed. The system is 

capable of delivering power to a utility with low power and high power factor. In [49] a fuzzy controller based 

feed forward maximum power (MP) point tracking scheme is made for the interwoven dual boost (IDB) 

converter oriented photovoltaic (PV) system. The primary object of the tracking algorithm is to changes the 

duty ratio of the converter such that the solar cell array (SCA) voltage and the voltage corresponding to the MP 

point are same at that solar insolation. This is achieved by, generating an error signal by the feed forward loop 

and thereby comparing the instantaneous array voltage and reference voltage. This reference voltage is given by 

an artificial neural network. In [50] a fuzzy logic controller (FLC) based single-ended primary-inductor 

(SEPIC) converter for maximum power point tracking (MPPT) operation of a photovoltaic (PV) system is 

developed. The FLC utilises the convergent distribution of the membership function rather than the regular than 

the symmetrically distributed membership functions thereby resulting in quicker response.  

 Thus incorporation of FL based controllers has drastically improved the effectiveness of MPP trackers. 

The main advantage of FL based controllers is that it doesn’t require information of the whole system. 

Furthermore, it is highly responsive to the dynamic changes in the environment. In the coming sections we will 

encounter models incorporating FL controllers with artificial neural networking, which are more efficient in 

MPP tracking.   

 

Artificial Neural Networks 

 A collection of several electrical neurons, connected on the basis of various topologies is called an 

“Artificial Neural Network” [51]. Such type of networks if employed in MPP tracking for solar modules will 

improve accuracy, response time and overall efficiency [52]. ANN and FL based MPP trackers are successfully 

implemented nowadays for its robustness and flexibility [53-58]. Implementation of ANN in a PV system 

involves identification and modelling of the system using non-linear complex functions.  The prediction of the 

duty-cycle is done using measured values of voltage and current. The inputs to the neural network can be the 

short circuit current Isc or open circuit voltage Voc or irradiance value or temperature value or a combination of 

all [59]. ANNs are capable of self-learning which is why they have a fast response time. Different weights are 

assigned to the input variables which are assigned during the learning process of the ANN. This is why PV 

panels are tested over a long period of time so that the relationships between the input variables and output 

power can be properly determined for the suitable selection of the weights to be assigned by the ANN [60]. 

Hiyama et al. were the first to propose use of ANN for MPPT [53]. Their method utilises only the open circuit 

voltage Voc obtained from the PV panel to drive the solar panel to MPP using a PI controller.In [61], an offline 

ANN is used along with a FL controller for seeking optimal voltage required for MPP tracking. Their system 

consists of a data acquisition system which is designed with an ANN and a FL controller. The ANN is fed with 

insolation data which then generates a reference signal. This reference signal is then compared with the voltage 

obtained from PV panel and the signal is fed to the fuzzy logic controller for MPP tracking. In [62] an 

innovative model has been developed that takes into account the effects of solar irradiance, atmospheric 

temperature, wind speed and variability of load. The model can conjecture the MPP current and voltage under 

mutable atmospheric and load conditions. In [63] an offline based ANN is used where insolation data and 

temperature data is fed. The ANN generates a reference voltage which is compared with the instantaneous 

output voltage of the panel to generate an error signal. This error signal is fed to a PI controller for adjustment 

of the duty cycle for MPP tracking. In [64] a smart algorithm is used to account for the partial shading problem. 

The system uses the traditional IC algorithm, but with an extra loop where the shading effect is taken into 

account. If there is no shading, the reference voltage is calculated by Vref by multiplying the open circuit voltage 

with a constant K which depends upon the properties of the solar cell and ranges from 0.73 to 0.8. If there is 

shading then the reference voltage is set by an ANN. In [65] an ANN is trained using the commonly adopted 

back-propagation (BP) algorithm with the Levenberg–Marquardt optimization method. This system claims to 

have fast adaptability in dynamic environments.  

 Use of ANN in MPP tracking has proven to be very efficient due to its high accuracy. But the only 

problem an ANN based tracker faces is that it needs a big database for prediction of the reference voltage 

signals and for different systems, unique neural networks are required to be trained. Hence long term testing is 

essential before ANN implementation in a system.   

 

 

II. Conclusion 

 Collection of several technologies for maximum power point tracking of solar PV energy is presented 

in this paper. This work shows the evolution of MPP tracking techniques from simple ones to complex in a 

concise manner.  The technology dedicated to maximum power point tracking for solar cells is changing 

drastically from simple electronics to incorporation of soft-computing methods. With advancement in semi-
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conductor electronics, numerous techniques of MPP tracking has surfaced which differ in circuitry, 

implementation and operation and costs. Different techniques are used based on user demands. In this paper 

different techniques for MPP searching are listed along with their advantages, dis-advantages and latest research 

done. It is clear from this review that simple techniques like P&O method are best suited for cheap and stand-

alone system. In most of the common applications, this method is used. Another common method of MPP 

tracking is the incremental conductance method. But for generation in Giga scale, sophisticated techniques like 

Fuzzy Logic, Artificial neural network may be incorporated which considerably lowers the losses thereby 

increasing efficiency and faster response time under dynamic weather conditions. However sophisticated 

techniques are costlier and hence may be used in large solar power plants. Numerous research is going on in the 

field of MPP techniques, some of which are also presented in this paper in concise manner.  
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