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 Maximum Power Point Tracking (MPPT) techniques are developed to 

harvest and supply maximum power to the load. This depends on the power 

generated and the MPPT accuracy. Under quick-changing weather 

conditions, Incremental Conductance (InCond) and numerous different 

algorithms may fail to track the exact Maximum Power Point (MPP) which 

may result in significant power loss. Fuzzy Logic (FL) based MPPT is quick 

and accurate in tracking the MPP, but the high complexity and the 

implementation difficulty are their main disadvantages. A novel FL-InCond 

MPPT improved technique is developed based on the features of InCond and 

FL techniques to overcome their drawbacks. The newly developed approach 

can automatically adjust the variation of the duty cycle for tracking the MPP 

with accuracy. The obtained results are compared with conventional Perturb 

and observe (P&O) and InCond MPPTs for grid-connected mode under fast 

weather conditions. It is demonstrated that the developed method 

outperforms the aforementioned MPPT techniques in terms of tracking 

response, efficiency and the delivered current quality. 
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1. INTRODUCTION 

Renewable energy plays a significant role in the actual electricity production due to their 

environment-friendly features and the absence of CO2 emission. In fact, there are six widely known 

renewable energy sources which are solar, wind, hydraulic, biomass, geothermal and marine. Nevertheless, 

the most widely explored are wind and solar energy due to their abundance in large geographical areas on 

earth and they are coming closer to being competitive with existing fossil fuel and nuclear power  

generation [1]. Large scale installations of  DC micro-grid using solar energy have been realized in the last 

few years [2]. Thanks to a physical and chemical phenomenon called the Photovoltaic (PV) effect, each solar 

cell produces voltage and electric current in its semiconductor material (e.g., silicon or germanium) upon 

exposure to light [3]. The produced voltage and current (IPV and VPV, respectively) have non-linear 

characteristics. Besides, they are strongly influenced by the temperature and irradiance. The existing DC-DC 

converters (Buck, Boost, Buck-boost, Ćuk and Single-Ended Primary Inductor Converter (SEPIC) and Zeta) 
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are used to adapt the PVG voltage to the load. To feed AC-loads and transfer the power to the distributed 

electrical grid a DC-AC inverter (single-phase, three-phase or multilevel) are essential. 

To harvest the maximum available power from the PVG, a good choice of MPPT algorithm to 

control the electronic switch of the DC-DC converter is necessary[4]. The DC-DC converter and its MPPT 

controller act as a matching impedance unit between PVG and dc-load. Nominal duty cycle of the converter 

switch is adjusted by the MPPT controller to an optimum value, so the converter's input resistance is equal to 

the solar panel's equivalent output resistance. This ensures maximum power transfer [5]. Many MPPT 

algorithms have been studied and developed in the literature; they can be evaluated according to many 

performance indices such as the number of the used sensors, response time, complexity, dependence on the 

PV system parameters, the technique of implementation and cost [6]. MPPT algorithms are classified into 

two main categories: direct methods that do not require knowledge of the PVG parameters such as Perturb 

and Observe (P&O), Hill-Climbing (HC), Incremental Conductance (InCond), Fuzzy Logic (FL) and Neural 

networks. However, indirect methods depend on the PVG parameters and need to isolate the PVG 

periodically to measure the variations of its parameters such as fractional open-circuit voltage, fractional 

short circuit current, fixed voltage, and current methods. It is worth mentioning that direct MPPT methods 

are widely explored and adapted as reviewed in [6, 7]. 

P&O, HC, and InCond methods are mainly adopted in many research papers due to their algorithm’s 

simplicity, which can be easily implemented, as well as their high efficiency compared to the aforementioned 

indirect MPPT techniques. The principle of the P&O is based on measuring the voltage and current of  

the PVG iteratively, to calculate the instantaneous PV power. If the new calculated power value is greater 

than the previous one, the voltage is perturbed positively and the new power value will be recorded for the 

new iteration. Otherwise, the voltage should be decremented and the old power value will be kept. The 

operation continues until the instantaneous power reaches the MPP[8, 9]. P&O and HC have the same 

fundamental principle. Their main difference lies in the strategy employed for controlling the electronic 

switch of the DC-DC converter. Hence, P&O generates the appropriate duty cycle by means of a Proportional 

Integral (PI) controller, whereas, HC controls the DC-DC converter by involving a direct perturbation on the 

duty cycle. It should be mentioned that the direct duty cycle control strategy used by HC has the benefit of 

avoiding a PI controller and the trial-error approach for tuning its gains (Kp and Ki). 

The author in[10]tested P&O, HC , InCond and FL Controller (FLC) under different levels of 

irradiance  to compare their measured power waveforms. FL MPPT demonstrates a fast response time 

compared to the other investigated MPPTs. However, the algorithm’s complexity of P&O, HC and InCond 

are lower. In InCond MPPT, the conductance and the incremental conductance are calculated by  

the measured PV current and voltage. Then, their values are compared to make the right decision for 

incrementing or decrementing the voltage reference. The main objective of InCond MPPT is to achieve  

the optimal condition of MPP at which the instantaneous conductance is equal to the incremental 

conductance [11]. It is important to point out that in P&O, HC and InCond MPPTs, using small perturbation 

step size increases the steady state tracking accuracy. However, the algorithm may fail to achieve the exact 

MPP under fast transient variations of irradiance. On the contrary, using large perturbation leads to 

considerable power ripples in steady-state conditions, reducing the tracking efficiency and affecting  

the stability of PV systems. The author in [12] proposed a variable step size InCond MPPT to overcome 

drawbacks of using a fixed step size. Simulation results show that this MPPT still presents a poor 

performance under low irradiance level. An adaptive InCond based on an enhanced step model and control 

strategy to track the MPP in an adaptive way has been proposed in [13]. Its main drawback is the difficulty of 

setting many initial parameters including the error permitted factor and precise direction control-scaling 

factors (N1 and N2). To this, the trial-error approach is the only path to tune these random parameters. 

As discussed in [14], a well-designed FLC can offer a robust control of nonlinear systems.  

The conception phase of FLC for controlling nonlinear system does not require knowledge of the system’s 

mathematical model. It integrates only the experts’ experience into the design process to convert linguistic 

values into a control signal by means of three main stages: Fuzzification, inference and defuzzification. FLC 

has been hybridized with various Soft Computing (SC) techniques such as Genetic Algorithm (GA), Particle 

Swarm Optimization (PSO), Artificial Neural Network (ANN) and Ant Colony Optimization (FLC) to track 

the MPP. However, hybrid FLC-SC techniques have high complexity, as they need to process the three 

stages of FLC as well as to test a population of duty cycles or voltages by SC techniques. This makes  

the Hybrid FLC-SC MPPTs the most cumbersome and complex algorithms. To get rid of the above-

mentioned drawbacks and to improve the PV system efficiency, FLC has been hybridized with conventional 

MPPTs. An intelligent fuzzy discrete proportional-integral-derivative (FL-DPID) MPPT for battery charging 

control is proposed in [15] for enhancing battery life time and reducing power loss. The controller algorithm 

is based on regulating the power delivered to the battery by considering the transition response and  

the ripples in the output voltage and current. Nine fuzzy rules have been used to achieve better tracking 
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performance compared to conventional P&O and InCond. To surmount the drawbacks of using a fixed step 

size HC methods, a hybrid FL-HC MPPT control technique is proposed in [16]. FL-HC MPPT varies the step 

size to improve the response time under fast variations of irradiance. However, oscillations around the MPP 

are the main limits of this MPPT. An amelioration of  P&O using FLC is presented in[17]. Low oscillations 

and high efficiency in tracking the MPP are achieved using the proposed strategy compared to conventional 

P&O. However, the steady-state oscillations could not be completely eliminated. Moreover, Hybrid FL-P&O 

MPPT suffers from slow response time, which causes significant power loss under fast variations of 

irradiance. Hybrid MPPTs based on InCondand FLC to track the MPP are proposed in [18-20].  

The evaluation of these MPPTs depends on the type of membership functions, the number of fuzzy rules, and 

the tracking performance under different operating conditions. A hybrid InCond-FLC control technique is 

proposed in [18]. The ratio of derivative power and voltage, as well as the variation of this ratio are 

calculated and employed as the FLC inputs. The FLC output is passed through a PI control to regulate  

the switching converter duty cycle. The MPPT shows improved efficiency and reliability in tracking the 

MPP. However, using 49 fuzzy rules in addition to a PI controller increases the complexity of the control and 

slows its response time. 

A combination of  FL (9 fuzzy rule) and InCond has been experimentally tested in [19].  

The algorithm may fail to achieve the accurate MPP for some operating conditions. The proposed MPPT in 

[20] employs FLC with 25 rules which are designed by considering the incremental conductance principle to 

generate the appropriate duty cycle for a buck-boost converter. No comparison with the existing MPPTs has 

been done to show the tracking efficiency of this MPPT. Thus, the major drawback of these methods is their 

development and applications for only standalone systems without considering the grid and ac loads. 

Accordingly, many researches centered on electricity transfer from the PV system to grid either by improving 

the inverter topologies or controllers’ schemes. In low voltage applications, the use of a single-phase H-

bridge circuit is adequate to coordinate the PV system to the utility grid. The inverter is capable of 

transferring DC measured voltage and current to desired AC waveforms respecting the stability margins and 

guarantee high power quality[21]. The control of this device might be guaranteed either by means of Direct 

Power Control (DPC) strategy which depends on the instantaneous active and reactive power control. Where 

the gates switch ON/OFF state is done utilizing a lookup table; or, through an indirect power method named 

Voltage Oriented Control (VOC). This technique depends on the change between stationary coordinate’s αβ 

and synchronous rotation coordinates dq and guarantees high dynamic and static performance via an inner 

current loop. Details of these techniques are done in [22-24]. The VOC is adopted to achieve the purpose of 

this paper and its details are elaborated in Section 3. The present paper proposes a hybrid MPPT technique 

that brings together the advantages of fuzzy and InCond for improving the tracking efficiency and 

minimizing losses when the power transferred to the AC-grid. PV system composed of PVG, DC-DC 

converter controlled by Hybrid FL-InCond MPPT, H-Bridge DC-AC inverter associated with the electrical 

grid through an L-filter and controlled by VOC strategy using the classical PI technique is developed and 

tested using MATLAB- Simulink platform. 

The desired objectives to be achieved by the developed MPPT are: 

− Improving the response time, this allows fast MPP tracking. 

− Enhancing the power quality by decreasing ripples in the output current and voltage, hence, transferring 

maximum power to the grid. 

− Achieve the MPP under irradiance variations. 

− Maximizing the tracking efficiency. 

The rest of this paper is organized as follows: firstly, the description of system and its parameters 

design are given in Section 2. The research method is explained in Section 3. The Simulation results and 

comparisons are presented in Section 4 and some conclusions and future work are given in Section 5. 

 

 

2. SYSTEM DESCRIPTION AND PARAMETERS DESIGN 

2.1. System description 

Figure 1 shows the proposed grid-connected PV system. It includes a PVG connected to the dc-link 

inverter side through a DC-DC boost converter. The switching device of this latter is controlled by means of 

an improved fuzzy InCond MPPT. Then, the incorporation of the system to the grid is ensured through an  

H-bridge circuit topology, which is adequate for low voltage applications. L-filter is inserted at the inverter 

output to eliminate the high-frequency current ripples. A VOC strategy is utilized to control the inverter 

switches states through the classical PI controller, and to generate the switching signals through Pulse Width 

Modulation technique (PWM). 
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Figure 1. Grid connected PV system implementation in MATLAB/SIMULINK 

 

 

2.2. Boost converter parameters design 

To benefit from the PVG and extract its maximum available power, the design of the DC-DC stage 

is necessary. The converter contains an inductor, capacitor and a power switch (MOSFET or IGBT) 

controlled by an MPPT algorithm. According to the measured current and voltage at the PVG output side,  

the MPPT’s control varies the duty cycle of the DC-DC converter to track the MPP, as well as to successfully 

limit the high current and voltage ripples for obtaining high-quality in the distributed power [18]. 

Consequently, the well-designed DC-DC boost converter is essential for achieving this goal. This can be 

done by determining the minimum values of PV output capacitor Cpvmin, boost inductor Lbmin, and boost 

capacitor Cbmin using the following relations [15, 25]: 

 

𝐶𝑝𝑣𝑚𝑖𝑛 =
∆𝐼𝐿

8 ∆𝑉𝑝𝑣𝑓
  (1) 

𝐿𝑏𝑚𝑖𝑛 =
𝑉𝑝𝑣𝐷

2∆𝐼𝐿𝑓
  (2) 

𝐶𝑏𝑚𝑖𝑛 =
𝐼𝐿(1−𝐷)𝐷

8∆𝑉𝑝𝑣𝑓
  (3) 

 

where ∆IL is the inductor ripple current and ∆Vpvis the voltage ripple across the PVG. D is the duty 

cycle. IL is the inductor current and f is the switching frequency.  

 

2.3. Inverter output L-filter design 

The inverter output inductor (Lf) minimizes the current ripples (∆𝐼𝐿𝑓𝑟𝑖𝑝) caused by the switching 

frequency (𝑓𝑠𝑤) of the inverter. Frequently, a ripple of 20% is chosen in the inverter output current to select 

the Lfmin, ∆𝐼𝑙𝑓𝑟𝑖𝑝 can be expressed as [26],[27] : 

 

∆𝐼𝑙𝑓𝑟𝑖𝑝/𝑚𝑎𝑥 =
𝑉𝑑𝑐𝑇𝑠

4𝐿𝑓
  (4) 

 

The minimum inverter inductor (𝐿𝑓𝑚𝑖𝑛) can be obtained as : 

 

𝐿𝑓𝑚𝑖𝑛 =
𝑉𝑑𝑐

4𝑓𝑠𝑤∆𝐼𝑖𝑓𝑟𝑖𝑝
 (5) 

 

It is important to note that, the DC-DC converter and the H-bridge inverter are assumed to have  

the same switching frequency value (f=fsw ) to offer a high dynamic response of the system. 

 

 

3. RESEARCH METHOD 

The proposed grid connected PV system controllers are developed within this section. The proposed 

FL-InCondis explained in sub-section (a) and schematized in flowchart of Figure 2. The VOC SIMULINK 

scheme is given by sub-section (b) and detailed as well. 
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3.1. Proposed FL-InCond MPPT 

In order to maximize power from the PVG and enhancing its efficiency, the design of an appropriate 

MPPT is necessary. Accordingly, an advanced hybrid FL-InCond MPPT is proposed by combining FL and 

InCond algorithms. The flowchart of the proposed algorithm is illustrated in Figure 2. At first, the algorithm 

acquires the PV voltage and current (Vpvand Ipv, respectively), as well as the load voltage (Vdc) in order to 

calculate𝛼𝑚𝑎𝑥using the (8). 𝛼𝑚𝑎𝑥is employed as a scaling factor to the FLC input. It represents the ratio 

between the maximum load voltage (Vdcmax) and maximum PV voltage (Vmpp). The voltage transfer function 

of the boost converter is written as [4],[19]: 

 

 

 
 

Figure 2. The proposed MPPT algorithm flowchart 

 

 
𝑉𝑑𝑐

𝑉𝑝𝑣
=

𝐼𝑝𝑣

𝐼𝑑𝑐
=

1

1−𝐷
= 𝛼 (6) 

 

whereVpv, Vdcare the PV voltage and load voltage, respectively and Ipv , Idc are the PV current and 

load current, respectively. Dmax is selected by employing the maximum PV Voltage (Vmpp), maximum power 

(Pmpp) and the resistive load value (𝑅𝑙𝑜𝑎𝑑) according to the following relation 

 

𝐷𝑚𝑎𝑥 = 1 −
𝑉𝑚𝑝𝑝

√𝑃𝑚𝑝𝑝∗𝑅𝑙𝑜𝑎𝑑
    (7)  

 

The value of    𝛼𝑚𝑎𝑥 used in the proposed method is computed by considering (6) and (7) as follows 

 

𝛼𝑚𝑎𝑥 =
1

1−𝐷𝑚𝑎𝑥
 (8) 

 

By obtaining𝛼𝑚𝑎𝑥, the ratio of the output and input voltage of the boost converter can be expressed 

using an adaptive 𝛼𝑚𝑎𝑥 value as: 

 

E(k) =
dVdc(k)

𝛼𝑚𝑎𝑥×dVpv(k)
  (9) 

 

The variation in the error E(k) can be expressed as  
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dE(k) = E(k) − E(k − 1)  (10) 

 

(9) and (10) are used as inputs of the fuzzy system. When the values of E(k) and 𝑑𝐸(𝑘) are small 

(i.e the instantaneous power is approaching the MPP), a small value of 𝑑𝐷  should be selected by the FLC. 

However, in the in the case where E(k) and 𝑑𝐸(𝑘)are large, a large value of 𝑑𝐷 should be selected. E(k) 

and 𝑑𝐸(𝑘) are the inputs of the FLC and 𝑑𝐷 is the output. The input variables are divided into five 

membership functions: NB, NS, ZE, PS and PB. Therefore, the resulting numbers of rules are 25 processed 

by Mamdani fuzzy inference system (with max-min). Table 1 recapitulates the fuzzy rules. 

 

 
Table 1. Fuzzy rules 

E 

dE 

NB NS ZE PS PB 

ZE NB NB NM NS ZE 

NS NB NM NS ZE PS 

ZE NM NS ZE PS PM 

PS NS ZE PS PM PB 

PB ZE PS PM PB PB 

 

 

The diffuzification stage uses seven membership functions (NB: negative big, NS: negative small, 

NM: negative medium, ZE: zero, PS: positive small, PM: positive medium PB: positive big) alongside  

the center of gravity technique for calculating the appropriate step size 𝑑𝐷, 
 

       𝑑𝐷 =
∑ 𝜇(𝐷𝑖)𝐷𝑖

𝑛
𝑖

∑ 𝜇(𝐷𝑖)𝑛
𝑖

 (11) 

 

where𝑑𝐷 is the control signal provided by the FLC and Di are the center of the max-min 

composition in the output membership functions. Shape of the FLC membership functions are shown in 

Figure 3. 

 

 

 
 

Figure 3. Membership functions: (a) Input of FLC: E and dE (b) Output of FLC: dD 

 

 

The duty cycle is incremented or decremented by 𝑑𝐷through carrying out the FLC rules. An 

accurate duty cycle D is obtained by combining FLC and InCond MPPT.  Variations of the PV voltage 

(dVpv) and the PV current (dIpv) are calculated as follows  

 

𝑑𝑉𝑝𝑣(𝑘) = 𝑉𝑝𝑣(𝑘) − 𝑉𝑝𝑣(𝑘 − 1)    (12) 

𝑑𝐼𝑝𝑣(𝑘) = 𝐼𝑝𝑣(𝑘) − 𝐼𝑝𝑣(𝑘 − 1)   (13) 

 

- If dVpv is equal to zero, the variation of PV current (dIpv) is calculated. If dIpv is equal zero, it means that 

the MPP is achieved and the old value of the duty cycle D(k-1) is kept. If dIpv is higher or lower than 

zero, the duty cycle D is incremented or decremented, respectively, by a step size 𝑑𝐷. 

 



                ISSN: 2088-8694 

Int J Pow Elec & Dri Syst, Vol. 11, No. 3, September 2020 :  1536 – 1546 

1542 

-  If dVpv is different from zero, the instantaneous conductance (
𝑑𝐼𝑝𝑣(𝑘)

𝑑𝑉𝑝𝑣(𝑘)
) and the incremental conductance 

(
𝐼𝑝𝑣(𝑘)

𝑉𝑝𝑣(𝑘)
)  are calculated and compared. If no change is detected, D(k-1) is kept. However, if (

𝑑𝐼𝑝𝑣(𝑘)

𝑑𝑉𝑝𝑣(𝑘)
)> -

(
𝐼𝑝𝑣(𝑘)

𝑉𝑝𝑣(𝑘)
)  the duty cycle is incremented by a step size (dD).Otherwise, the duty cycle is decremented.  

 

3.2. Inverter Control  

The voltage oriented control or VOC is an indirect strategy of controlling the active and reactive 

power during the incorporation of micro-grids to the electrical grid. It aims at orienting the current vector 

regarding the line voltage vector through active and reactive current control[23]. The principal function of 

this method is to minimize the error between Id ,Iq (direct and quadrature parts of the measured grid current 

and transformed using Park Transformation) and their reference values Id-ref , Iqrefrespectively. The value 

of Idref is obtained through an outer PI controller loop which also stabilizes the inverter DC-side voltage. 

Iqref is kept equal to zero (Iqref=0) to compensate any injected reactive power to the system and guarantee 

unit power factor. These errors are fed to PI controllers in an Inner Current Control loops capable of 

regulating the output H-bridge current. Finally, Vdand Vq voltages are generated and converted to 

modulating signals employed by the PWM inverter pulse generator. The advantage of this method are  

the high ability of minimizing the THD and ensuring satisfactory dynamic and static performances [24].  

The controller described above is depicted in Figure 4, while the PI control transfer function is done in (14), 

whereinKp and Ki are the proportional and integral gains respectively. 

 

 

 
 

Figure 4. VOC H-bridge inverter control 

 

 

𝐺𝑃𝐼(𝑠) = 𝑘𝑃 + 𝑘𝑖𝑠 (14) 

 

The derived transfers function of the d-q currents loops are done as:   

 
Id(s)

Idref(s)
=

Iq(s)

Iqref(s)
=

kP+kis

Lfs2+(kP+r)s+ki
  (15) 

 

where r is the inverter output  inductor's resistance .  

The standard second order transfer function is defined as   

 

𝐺(s) =
kpωn

2

s2+2ζωn
2 s+ωn

2  (16) 

 

where 𝜔𝑛 = √
𝑘𝑖

𝐿𝑓
   ,ζ =

𝑘𝑃+𝑟

2√𝑘𝑖𝐿𝑓
 

 

ωn and ζ are natural frequency and  damping ratio of the system respectively. 

Comparing (15) and (16), we get the current control gains as  

 

kP = 2 ωnLf − r  (17) 
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ki = Lfωn  (18) 

 

Obviously, the design of gains defined by the equations must guarantee the stability margins and  

the dynamic performance.   

 

 

4. RESULTS AND ANALYSIS 

This section is devoted to evaluating the performance of the proposed MPPT. To this end, analyses 

of many performance indices at different operating conditions, as well as comparisons with conventional 

P&O and InCond for grid-connected mode are carried out. Firstly, the proposed MPPT is evaluated under 

standard test condition (STC; 1 kW/m² at 25 °C). Secondly, tests under fast varying irradiance conditions are 

carried out. Finally, a comparison to conventional P&O, InCond is performed to validate the proposed 

technique. The Matlab-Simulink software package has been employed for implementing the PV system, as 

shown in Figure 1. The simulation parameters are presented in Table 2. 

 

 

Table 2. The implemented system Parameter settings 
 Symbol Parameter Value 

PV 

Module 

PMPP Maximum power 334.905 W 

VMPP Voltage at Pmax 41.5 V 

IMPP Current at Pmax 8.07 A 

DC-DC 

Converter 

CPV PV capacitor 110 f 

Lb Boost inductance 3 mH 

Cdc DC-Link Capacitor 3300 f 

fsw Switching frequency 20KHz 

AC side Lf Filter inductor 3mH 

rf Filer resistor 0.01ohm 

Vg Grid voltage 220V 

fsw Switching frequency  20 KHz 

 

 

4.1. Test under STC (1kW/m² at 25°C) 

Figure 5 shows the measured current, voltage and power Ipv, Vpv and Ppv, respectively under STC. 

Short transient time has been obtained by the proposed MPPT, which is around 30 ms. Throughout this 

operation condition, the instantaneous PV power, Ppv has been maintained at 334 W, which is the desired 

maximum power that must be obtained at STC (Figure 5.c).As can be seen from Figure 5.a. and b,  

the instantaneous voltage (Vpv) and current (Ipv)are around their maximum values, which are 41.5 V, 8.07 A, 

respectively. Figure 6.(a) shows the voltage at the inverter  DC-side and its reference (Vdc and Vdc_ref) under 

STC. It can be noted that the dc voltage has been boosted to the desired level, which is 400V. Therefore,  

the proposed MPPT is capable of regulating the voltage and minimizing loss. Hence, the inverter output 

current waveform is purely sinusoidal and also well synchronized with the grid voltage as shown in the 

Figure 6. (b). this permits the transfer of maximum power to the grid and ensures unit power factor.  

Additionally, the analysis of the THD using MATLAB/SIMULINK POWERGUI for both voltage and 

current gives values of 0.02% and 1.16% respectively which conforms to that given by IEEE 519- standard. 

The active power exported by the inverter is equal to DC-power while the reactive power rests equal to zero. 

 

 

  
 

Figure 5 .PV output(a) current, (b)voltage 

and(c)Power at STC (25°C & 1 kW/m²) 

 

Figure 6. (a) DC-link Voltage, (b) PCC Voltage and 

current 
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4.2. Test under varying irradiance  

Environmental conditions are time varying. Therefore, checking the ability of the proposed MPPT 

in tracking the MPP under fast variations of irradiance is necessary. This has been accomplished by varying 

the irradiance many times within a few seconds.  Four levels are considered in this test, which are 

1kW/m²,0W/m², 0.5kW/m², 0.9kW/m². MPPs, corresponding to the aforementioned irradiance levels are: 

334.53W, 0W, 166.2W and 301.71W, respectively. As can be seen from Figure 7, thanks to the proposed 

MPPT, the output PV voltage (Vpv) and current (Ipv) are kept around their maximum values Vmpp and Impp, 

respectively. This means that the instantaneous power of the PVG achieves the MPP (the red dashed line) for 

each level of irradiance (Figure 7c). High performance and stability are shown in the DC-link voltage which 

is kept around its reference (400V) under irradiance variations applied to the PV system Figure 8. 

Furthermore, the inverter output current keeps a sinusoidal waveform with variable amplitude Figure 9 

staying in phase with the grid voltage. Small THD values are shown in both current and voltage and the FFT 

analysis gives values of 1.16% and 0.01% respectively. 

 

 

  
 

Figure 7. PV output (a), current (b) voltage and (c) 

Power under fast varying irradiance condition 

 

Figure 8.DC-link voltage (Vdc) under fast variations 

of irradiance 

 

 

 
 

Figure 9. PCC Voltage and current under fast variations of irradiance 

 

 

4.3. Comparison with conventional P&O and InCond MPPTs 

In this sub-section, further assessments of performance under fast variations of irradiance and 

temperature are carried out. To this end, two well-known MPPT methods, namely conventional P&O [13] 

and InCond [28]are employed in the present comparison. Results showing waveforms of the PV output 

power obtained by the proposed MPPT, P&O and In-Cond are depicted in Figure 10. Table 3 represents a 

comparison in terms of convergence time, steady-state error, average power at 1kW/m², tracking efficiency, 

grid current THD and the error between PPV and Pg between the proposed MPPT, P&O and InCond. As can 

be seen from Table 3, the numerical values of convergence time demonstrate the superior tracking 

performance of the proposed MPPT (20 ms). Whereas, P&O and InCond take around 40.2ms and 38.9ms, 

respectively, to reach the MPP. P&O presents power ripple around the MPP and consequently, lower 

efficiency in tracking the MPP (around 97.04%), Compared to 98.3% for InCond. While the proposed 

method presents a high tracking efficiency of 99.07% .The power transmitted from the PVG to the grid under 

the control of the proposed MPPT has a low power loss (around 4 W) due to the control of both the PV 

voltage (Vpv) and the inverter dc-side voltage (Vdc), while the power loss using P&O and InCond is high ( 
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6.57W and 8.42 W respectively ).This leads to a low THD in current delivered at PCC 1.16% compared to 

1.43% and 2.03% using InCond  and P&O , respectively. 

 

 

 
 

Figure 10. PV power extracted by P&O, InCond and the proposed MPPT under fast variations of irradiance 

 

 

Table 3. P&O, InCond and the proposed MPPT Performances 
MPPT Methods Tr (ms) Steady-state 

error  (W) 

Average power at 

1000w/m² 

Efficiency (%) Grid current THD 

(%) 
|𝑃𝑃𝑉 − 𝑃𝑔|(W) 

P&O 40.2 9.9050 325W 97.04 2.03 8.42 

InCond 38.9 5.6924 329.2116W 98.3 1.43 6.57 

Proposed 

method 

20 3.1106 331.7904W 99.07 1.16 4.31 

 

 

5. CONCLUSION 

In this paper an improvement of the PV system efficiency and of the quality of the power delivered 

through a newly proposed FL-InCond MPPT that uses an automatic tuning-controller of step size, 

investigating the features of both InCond and FL controllers. In fact, the improved FL-InCond method allows 

the minimization of power loss between the PVG side and grid side (4.31 w) compared to 6.57W and 8.42W 

using InCond and P&O respectively, offers better dynamic and steady-state performances, minimizes 

distortions in current through the THD improvement. So, high power quality, efficiency, and reliability are 

obtained compared to existing MPPT techniques. Moreover, results under standard and dynamic conditions 

verify the feasibility, effectiveness and accuracy of the planned control, where a fast convergence speed is 

achieved using the proposed method compared to InCond and P&O with only 20ms, compared to 38.9ms and 

40.2s, respectively. In our future research, we intend to experimentally validation of the proposed method, 

integrate it to large scale and hybrid grid-connected micro-grid systems including linear and non-linear loads 

by keeping its efficiency and power quality continuously at maximum level. 
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