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Abstract

The conventional angle of incremental conductance (AIC) method fails to

track the maximum power point (MPP) when a rapid change in solar irradia-

tion and/or panel temperature appears because it cannot distinguish between

rapid changes in photovoltaic (PV) current and voltage under real environ-

mental conditions. The present study describes setbacks of the conventional

AIC method and proposes an effective approach based on the combination of

AIC and type-2 fuzzy. The proposed approach offers a significant advantage in

terms of maximum power transfer to the load under long-term weather pat-

terns under which broken clouds appear frequently during a 40-m testing

period. The proposed approach is installed on 250 W module of a 10 kWp real

PV plant in Kahramanmaras Sutcu Imam University. Later, its performance is

validated by dSPACE1104 controller card operating in real time with

MATLAB/Simulink tools using daily measured data. The experimental results

obtained from the laboratory setup based on dSPACE1104 controller card dem-

onstrate the facility and feasibility of the proposed approach for real PV plant

with boost power converter and load.
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1 | INTRODUCTION

In today's world, the need for renewable energy sources has significantly increased due to the high level of demand for
different energy sources. Solar energy comes to the forefront among various renewable energy sources because of its
reliability and cleanliness.1 Solar power plants (SPPs) have high installation cost due to components of the plant includ-
ing PV module, DC–DC power converter, and energy storage devices in off-grid and on-grid operation.2 The efficiency
of SPPs is still limited to around 15% to 25%.3 Therefore, it is essential to operate the SPPs at maximum power point
(MPP). However, operating SPPs at the MPP is a very challenging task because they have nonlinear current–voltage
(I–V) and power–voltage (P–V) characteristics depending on environmental conditions.4–7 To cope with this situation
and assure stability, the proposed effective approach can be defined as two-stage control scheme.8,9 First, the MPP of
PV module is determined. In the second stage, the maximum output power to the reference power is regulated.10–12

Angle of incremental conductance (AIC) is one of the well-known stages which determine the MPP. However, the
number of studies13–17 using this method is limited, and a few studies have been carried out according to the latest
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literature survey. On the other hand, many intelligent maximum power point tracking (MPPT) methods such as sliding
mode, fuzzy logic, and neural network have been proposed by various researchers to regulate stages.18–28 Conventional
fuzzy logic and fuzzy sets are called type-1 fuzzy logic systems (T1FLSs). T1FSs have been improved by Zadeh with a
new concept called type-2 fuzzy logic systems (T2FLSs).29 From a theoretical perspective, an effective MPPT is the ratio
of the practical power output to the true maximum power value. However, it is not always easy to find an optimal
MPPT method, since the accurate MPP varies at specific moments during the system operation. Table 1 summarizes the
cited and previously proposed MPPT evaluation to provide an overview of various approaches that have been so far
used to evaluate MPPT methods.40

The output power of PV module directly relies on solar irradiation and panel temperature which may suddenly
change under actual weather conditions and lead to noise and uncertainties in the operation of a PV module. In the
present study, the maximum power is determined using AIC method, and interval type-2 fuzzy logic (IT2FL) controller
is proposed to close PV maximum output power to reference power through dealing with noise and uncertainties in the
regulating stage. An experimental model was designed to measure the effectiveness of the proposed approach. Later, an
experimental setup was developed using dSPACE 1104 control card to apply the proposed approach in real time.

Given other experimental studies in the literature, the main contributions of the present study can be summarized
as follows:

* Long-term weather pattern using natural sunlight is proposed to converge to actual working conditions and offers a
more accurate evaluation for MPPT dynamic performance evaluation.

* The performance of proposed approach is validated using a laboratory setup based on dSPACE1104 controller card.
* The proposed controller overcomes the disturbance caused by environmental changes and deals with measurement

noise under real environmental conditions.
* The transient and steady-state responses of the proposed approach at any time are effective in the presence of long-

term weather pattern evaluation.
* The actual behavior of the proposed controller is analyzed using real PV module and natural sunlight to eliminate

any unrealistic effects caused by artificial sunlight and PV array simulator.

In the present study, solar energy conversion system (SECS) is described in Section 2. The design of the proposed
control structure is presented in Section 3. Experimental assessments are analyzed in Section 4. The findings are con-
cluded in Section 5.

2 | SECS

The SECS contains a PV generator and an equivalent load. The controlled power block between PV generator and resis-
tive load is shown in Figure 1.

TABLE 1 A summary of MPPT evaluation methods

Evaluation method Comment

Simulation30 - Cost-effectiveness and test condition flexibility
- Does not offer experimental evaluation

PV array simulator31–33 - Provides power source to alternate true PV array
- Relatively moderate cost and flexibility for different test conditions
- Does not offer experimental evaluation under natural sunlight

Artificial light34–36 - Offers controllable radiation
- High cost for a high power test with similar solar spectrum
- Problematic and uncontrollable PC cell temperature

Natural sunlight37–39 - Operates under natural sunlight
- Offers an accurate evaluation for steady weather conditions such
as solar irradiance and ambient temperature

- Does not evaluate fast MPPT dynamics caused by moving clouds
- Offers a long-term test to adapt to different weather conditions
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MPPT methods mainly aim to find an impedance match between the PV generator and resistive load through a con-
trollable power block. It can be seen in Figure 1 that the controllable power block and resistive load can be considered
as an equivalent load. In general, the controllable power block includes DC–DC power converters. In this case, when
IPV and VPV are input current and voltage, respectively, Iout and Vout denote output current and voltage. Finally,
d represents the duty cycle of the DC–DC power converter.41 If DC–DC converter is ideal, DC–DC power converter is
expressed in Equation (1):

RPV ¼ RL

M dð Þ2 : ð1Þ

Here, RPV and RL are the impedance of the PV generator and resistive load, respectively. M(d) is the voltage conver-
sion ratio. On the other hand, when the boost power converter is used as the controllable power block, its M(d) can be
calculated as follows:

M dð Þ¼Vout

VPV
¼ 1
1�d

: ð2Þ

When (2) is substituted by (1), the relationship between RPV and RL can be defined as

RPV ¼RL 1�dð Þ2: ð3Þ

In this equation, the term RL 1�dð Þ2 refers to the equivalent load, while d is the duty cycle. It is possible to
change the equivalent load by adjusting the value of d, which allows locating the movement of maximum operating
points.42

3 | DESIGN OF PROPOSED CONTROL STRUCTURE

Interval type-2 fuzzy logic system (IT2FLS) is used to reduce the computational cost of T2FLSs. IT2FLSs can be catego-
rized into two types as Mamdani and Takagi–Sugeno–Kang (TSK) depending on the rules. The consequent parts of an
IT2-TSK-FLS and Mamdani IT2FLS consist of linear functions and membership function, respectively.43,44 The
IT2-TSK-FLS is divided into three different models based on the consequent of the type of rule: A2-C0, A2-C1, and
A2-C2.45 The TSK rule is called an A2-C0 case if the antecedents are IT2FLSs and its consequents are crisp numbers.

FIGURE 1 The controlled power block between PV generator and resistive load
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Due to its simplicity and lower computational cost compared to other types, the present study benefits from the IT2
A2-C0 TSK fuzzy model. The systematic framework of IT2 A2-C0 TSK fuzzy model is shown in Figure 2.

Figure 2 shows the systematic framework of the IT2 A2-C0 TSK fuzzy model. In this model, the input variables are
the error signal e(k) and the change of error signal de(k), while the output variable is the change of duty cycle Δd(k)
is. The error signal e(k), the change of error signal de(k), and duty cycle d(k) are calculated as follows:

e kð Þ¼ tan�1 Ipv
Vpv

� �
þ tan�1 dIpv

dVpv

� �
, ð4Þ

de kð Þ¼ e kð Þ� e k�1ð Þ: ð5Þ

In this equation, e(k) and e(k � 1) denote the current and previous samples of the error variable, respectively. Thus,
AIC method generates the e(k) and de(k) values using the measured output current and voltage of the PV module.

d kð Þ¼ d k�1ð ÞþΔd kð Þ: ð6Þ

d(k � 1) is the previous output, whereas Δd(k) is the change in the output variable. The structure of the IT2 A2-CO
TSK fuzzy model is as follows: The inputs called crisp input are fuzzified using the fuzzification process in type-2 fuzzy
sets. Then, the inference engine generates a type-2 fuzzy output using rule base. The output processing creates the crisp
output Δd(k). Gaussian type-2 fuzzy sets with uncertain standard deviation (SD) are the most common membership
functions in IT2 A2-C0 TSK fuzzy models,46,47 which can be defined as follows:

μeG xð Þ¼ exp �1
2

x� c
σij

� �2
( )

,σij � σij,σij
h i

: ð7Þ

Here, x and c denote the input variable and center value of MF, respectively. σij and σij represent the SD for the
upper MF (UMF) and lower MF (LMF). Gaussian type-2 fuzzy set is shown in Figure 3.

Footprint of uncertainty (FOU) shown in Figure 3 is the limited domain representing the primary uncertainty of
type-2 fuzzy set between UMF and LMF. The rule base structure of IT2-TSK-FLS for the A2-C0 case is expressed as
follows:

Rulei : IF e kð Þ is eA1
i
andde kð Þ is eA2

i
thenΔdi kð Þ¼ a1

ie kð Þþa2
ide kð Þ: ð8Þ

Here, i = 1, …, M represents the number of rules. The M is selected as 25. eAj
i
is the input variable j in rule and i. a1i

and a2i are the consequent parameters. The upper and lower firing strengths of the rules for the ith rule, f i and f i are
calculated as follows:

f i ¼ μeA1

i e kð Þð Þ�μeA2

i de kð Þð Þ, ð9Þ

FIGURE 2 The systematic framework of IT2 A2-C0 TSK fuzzy model
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f i ¼ μeA1

i e kð Þð Þ�μeA2

i de kð Þð Þ, ð10Þ

where * is product t-norm operator. μeAj

i and μeAj

i j= 1,2 indicate the UMF and LMF of the rule i, respectively. Normali-

zation process is performed by proportioning the firing strength of each node rule to the sum of the firing strengths of
all rules.48,49 This process is given in the following equations:

F
i ¼ f

iP
f
i , ð11Þ

Fi ¼ f iP
f i
, ð12Þ

As Biglarbegian–Melek–Mendel (BMM) method50 requires less computation for type reduction and defuzzification,
it is used in output processing, as given below:

ΔdL kð Þ¼
PM
i¼1

FiΔdi kð Þ
PM
i¼1

Fi

, ð13Þ

ΔdR kð Þ¼
PM
i¼1

FiΔdi kð Þ
PM
i¼1

Fi

, ð14Þ

Δd kð Þ¼ qΔdL kð Þþ 1�qð ÞΔdR kð Þ: ð15Þ

Input membership functions of the IT2-TSK-FLC are shown in Figure 4.
Here, q is a design parameter which weighs the sharing of lower and upper firing levels in the defuzzification out-

put. Thanks to the BMM method, this parameter is restricted to [0, 1]. The value of q is selected as 0.6 in the present
study. The implementation steps of the proposed controller are described below and shown in Figure 5.

Step 1: The IT2-TSK-FLC parameters such as the input membership functions and rule base structure are defined via
error and change of error signal.

FIGURE 3 Gaussian type-2 fuzzy set
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Step 2: The boundaries of input Gaussian type-2 membership functions are determined based on the system parame-
ters and the required system response.

Step 3: The defined parameters and rule base structure are fed into the proposed IT2-TSK-FLC controller that outputs
the duty cycle for the boost power converter.

Step 4: Repeat Step 1–3.

FIGURE 4 Input membership functions of the IT2-TSK-FLC

FIGURE 5 The steps of proposed controller implementation
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4 | EXPERIMENTAL EVALUATIONS

MPPT control mainly aims to track maximum power under certain environmental conditions such as solar radiation,
ambient temperature, and cloud shading.51–53 It requires an experimental prototype for the analysis of MPPT perfor-
mance in terms of solar energy harvest for a long period of time. In addition, long-term evaluation under natural sun-
light is also essential to test the performance of an effective MPPT algorithm without exposure to side effects of power
electronic-based PV simulators and artificial light sources. In this section, an experimental prototype is proposed, and
related issues are discussed to evaluate its MPPT performance accurately. For a healthier evaluation of the proposed
controller, a dSPACE1104 controlled PV power system was designed and constructed. To this end, the electrical param-
eters of PV module and selected values for the DC–DC power converter are given in Tables 2 and 3.

The circuit output is controlled by the duty cycle of the power semiconductor IGBT device, which is controlled
through the pulse-width modulation (PWM). In order to maximize the output power of the SECS, the converter duty
cycle is the most significant element in selecting boost converter components and controlling DC–DC power converter.
The proposed boost DC–DC power converter in the present study provides voltage boost and continuous current mode
for the PV module side. Experimental prototype based on dSPACE1104, which was developed in the laboratory, could
operate with MATLAB/Simulink environment in real time. The actual PV parameters were collected from a PV plant
with an installed power 10 kWp at Kahramanmaras Sutcu Imam University during the day to measure the performance
of the proposed controller under real environmental conditions. A view of the PV plant in question is shown Figure 6
to evaluate the performance of the proposed approach.

The experimental setup for the proposed approach is shown in Figure 7.
Figure 7 demonstrates the experimental setup for the proposed approach. “1” is the interface of ControlDesk soft-

ware used to display the measured graphical and numerical parameters in real time. “2,” “3,” “4,” “5,” “6,” and “7” are
digital oscilloscope, dSPACE1104 controller card, voltage probes, DC–DC boost power converter, variable resistor, and
current probes, respectively. The PV module is placed on the top of the SPP in Figure 7. In addition, a schematic depic-
tion of the experimental study can be seen in Figure 8.

As shown in Figure 8, current and voltage sensing devices must be highly accurate and sensitive for hardware
implementation of MPPT. Therefore, current and voltage values of PV module were measured using PICO TA018 cur-
rent probe and PINTEK DP-25 voltage probes. The measured PV module current and voltage values were applied to
analog–digital converters (ADCs) of the DS1104 controller card. Additionally, ADC block current and voltage values
were scaled. Later, the calculated current and voltage values were applied to the proposed control structure in
MATLAB/Simulink. DSP PWM signals obtained from the control algorithm were applied to the gate driver circuit and
later sent to IGBT for switching process. In this respect, to supply the suitable gate signal, DSP PWM signals coming

TABLE 2 Electrical characteristic parameters of PV module

Optimum operating voltage VMP 31.28 V

Optimum operating current IMP 8.01 A

Open-circuit voltage Voc 37.66 V

Short-circuit current Isc 8.66 A

Rated power of PV module Pmax 250 W

Panel efficiency η 15.4%

TABLE 3 The selected values of boost DC–DC power converter

Toroidal ferrite core L 10 mH

Electrolytic capacitor C 220 μF

IGBT VIGBT, IIGBT 600 V–23 A

Load resistance RL 40 Ω

Switching frequency f 20 kHz

PV capacitor CPV 330 μF
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from the controller card needed to be increased for IGBT, that is, the switching element. In addition, DSP control card
output was protected by isolating the gate of IGBT and DSP PWM outputs. Figure 9 indicates the gate driver circuit
designed for the present study.

It can be seen in Figure 9 that a HCPL 3120 optocoupler with an output power of 2.5 ampere was used as a gate
driver, since it yielded a more stable output at a higher switching frequency. The proposed control structure in the
experimental study was designed using MATLAB/Simulink and converted to real-time codes via Simulink Real-Time
Workshop and DSPACE Real-Time Interface (RTI) software. A dSPACE DS1104 controller card compatible with
MATLAB/Simulink was also used. Its main satellite processors are PowerPC PPC603e/250 MHz and Texas Instruments
TMS320F240/20 MHz. Thanks to ControlDesk software developed by DSPACE, real-time waveforms obtained from the
system were monitored. The designed RTI model in the experimental study is shown in Figure 10.

FIGURE 7 The experimental setup for the proposed approach

FIGURE 6 A view of PV plant
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The saturation block on the RTI model functioned as software protection for duty cycle of PWM signal, as shown in
Figure 10. The lower and upper limits of this block were adjusted to 0.2 and 0.8, respectively. Afterwards, they were
applied to IGBT for the switching process. Sampling time was 100 μs for RTI model. However, for the real-time analy-
sis, a PV capacitor was placed between PV panel and boost DC–DC power converter to reduce any current and voltage
fluctuation. The experimental study was conducted on 22/11/2019. Solar irradiance and panel temperature values
obtained from EVO PVI-AEC-IRR T data logger are shown in Figure 11.

During the experimental study, a maximum output power was obtained from PV module under sudden changes in
environmental conditions between 11:40 and 12:20 to analyze the performance of the proposed structure. After 37.18 s
elapsed, the PWM signal was applied to gate driver circuit using the “PWM START/STOP” block on the RTI model.

FIGURE 8 A schematic depiction of the experimental approach

FIGURE 9 Gate driver circuit
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Experimental results obtained from the laboratory setup based on dSPACE1104 controller card can be seen in
Figure 12.

The current and voltage values of the PV module during the experimental study can be seen in Figure 12A,B,
respectively. As shown in Figure 12A, the PV current value decreased from 6.59 to 2.48 A simultaneously with sudden
clouding which started from the 1000th second. The peak current value obtained from PV module was 7.017 A.
Figure 12B clearly demonstrates that PV voltage value increased from 27.49 to 30.11 V simultaneously with the decreas-
ing panel temperature. The peak voltage value obtained from PV module was 35.02 V. Despite sudden clouding, the
proposed controller managed to maintain the PV voltage value almost around the MPP value. The PV panel power and
control signal of the proposed controller are shown in Figure 12C,D, respectively. As shown in Figure 12C, the power
value of PV module decreased from 179.2 to 74.47 W simultaneously with sudden clouding which started at the 1000th
second. The peak power value was 183.5 W. Thus, it is evident that the proposed controller determined the proper duty
cycle applied to boost DC–DC power converter successfully to generate maximum power from PV module. It is widely
acknowledged that solar irradiance and cell temperature are two key parameters which heavily affect the PV power out-
put in terms of output voltage and current. The control signal of the proposed controller can be seen in Figure 12D.
Due to sudden changes in irradiance, the MPP reaches another new point that, in turn, changes the value of e (an input
error for the controller). Steady-state performance is also difficult to evaluate because the true MPP is not likely to be
determined during a real-time test under natural sunlight. The controller brings the e to a minimum value by changing
the d for any new operating point. It must be noted that the PV current and power vary remarkably during a testing
period. The output voltage of DC–DC power converter is given in Figure 12E. As shown in Figure 12E, DC–DC power
converter had a durable output voltage which shows robustness of converter. The waveforms for SECS such as PV
power, voltage, current, and output voltage waveforms obtained from a digital oscilloscope at any steady-state operating
point are shown in Figure 13. The PWM waveform of the designed boost DC–DC power converter obtained from a digi-
tal oscilloscope is shown in Figure 14.

FIGURE 10 The designed RTI model for the experimental evaluation

FIGURE 11 The actual solar irradiance and panel temperature values
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FIGURE 12 (A) Experimental current of PV module. (B) Experimental voltage of PV module. (C) Experimental power of PV module.

(D) Control signal of proposed controller. (E) Output voltage of DC–DC converter
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It is evident from Figure 13 that at any steady-state operating point, the proposed controller reaches the maximum
output values for the PV module. Additionally, the proposed controller can obtain mitigated fluctuations at any steady-
state operating point.

FIGURE 13 The waveforms for SECS obtained from digital oscilloscope at any steady-state operating point

FIGURE 14 The PWM waveform of the designed boost DC–DC power converter obtained from a digital oscilloscope
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The results obtained from Figure 14 confirm that proper design of the boost power stage and stable performance of
the proposed controller. Table 4 presents the minimum (min) and maximum (max) values obtained from PV module
with the proposed controller.

As can be understood from Table 4, the min–max values obtained from PV module under transient and steady-state
operating conditions demonstrate that the proposed controller could extract optimal PV current, voltage, and power
values from the PV module.

5 | CONCLUSION

The present study proposes an intelligent control structure based upon IT2-TSK-FLC to extract MPP of SECS and
reduce power fluctuations at transient and steady-state operating points. IT2-TSK-FLC contains an effective and dura-
ble control structure which adapts to unstable environmental conditions rapidly. An experimental study was conducted
during a long-term weather period of the day to analyze the stability and dynamic performance of the proposed control
structure. The experimental results clearly demonstrated that the proposed controller succeeded in extracting an opti-
mal power from the PV module under unstable weather conditions and thus performed effectively. In future studies, it
is aimed to apply the proposed approach to grid-tied solar energy systems.
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