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ABSTRACT  

 Maximum power point tracking (MPPT) strategy has been performed by experimental simulation and 

measurement in order to minimize the energy loss for photovoltaic greenhouse projects. Calculations and 

simulation of power prediction algorithm were carried out for obtaining the suitable parameters and duty 

cycle of the fuzzy control algorithm, to modulate output power in real-time. Experiments were carried out to 

evaluate the performance by using simulation and measurement involving corresponding circuits. Results of 

experiments demonstrate that the proposed method in this paper can achieve quicker response and less 

power loss than traditional method. The proposed algorithm can be adopted and optimized by carrying out 

further experiments for increasing the efficiency of solar energy utilization. 

 

摘要  

 为了使光伏温室项目的能量损失最小化,通过实验仿真和测量来实现最大功率点跟踪策略。研究中采用了

功率预测算法和模糊控制算法相结合的方法。为能实时调节输出功率，进行功率预测计算和仿真，得到模糊控

制算法的合理参数并输出合适的占空比，以实现功率最大化。并通过对相应电路的仿真和测量，对其性能进行

实验评价。实验结果表明，本文提出的方法比传统方法具有更快的响应时间和更小的功耗。为提高太阳能利用

效率，本文提出的算法可以通过进一步的实验加以采用和优化。 

 

INTRODUCTION 

The development and utilization of photo-voltaic (PV) power generation in agricultural greenhouse is a 

trend in recent years. The solar energy can provide suitable temperature and environment for crops and it is 

also a supplement to electricity consumption in agricultural greenhouse (Maher A., 2016; Dinesh H., 2016; 

Hassan G.E., 2016). For example, the electric quantity required by the ventilation and heating in the 

greenhouse, the illumination in the shed and the electricity utilization of the crop irrigation can be powered by 

solar electricity. The distribution of the electric energy obtained by the photo-voltaic power generation is 

carried out also realizing circular ecological agriculture, with high efficiency of science and technology (Li C., 

2017; Rubio-Aliaga A., 2019; Ju YT., 2019; Jones M., 2015).  

Photo-voltaic cell is usually composed of photo-voltaic arrays. Since the material of the photo-voltaic cell 

is generally crystalline silicon, the power generation efficiency can only reach about 18% (Bechouat M., 

2019; Joshi P., 2018). This is due to the strong nonlinear characteristics of photo-voltaic cells. The output of 

photo-voltaic cells is affected by many environmental factors, such as temperature and light intensity. 

Therefore, the power output is not stable and there is a certain loss of oscillation. 

MPPT (Maximum Power Point Tracking) algorithm is applied to achieve less power waste and is widely 

researched in recent years (Yilmaza U., 2019; Murtaza AF., 2019). MPPT algorithm maintains the power 

output in the maximum state, which can be applied to solar photo-voltaic array to improve its power 

generation efficiency.  

In this paper, a photo-voltaic power generation system with MPPT device is modeled and is measured to 

evaluate the performance. Power prediction algorithm and fuzzy control algorithm are adopted in this 

modelling process. The results have been tested by using corresponding circuits. Based on the proposed 

methods, less output power wasted can be achieved due to the advantages including fast response time, 

high efficiency and high robustness. 
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SYSTEM STRUCTURE AND THEORY 

System structure 

The functional block diagram of the MPPT adopted PV cell array system and is shown in Figure 1. In 

this figure, the complete set of photovoltaic power generation system includes PV cell array, Boost converter, 

MPPT device, DC load, AC load, inverter and battery (Reddy, J., 2018; Mishra, AK., 2018). The photovoltaic 

cell array receives solar illumination and outputs electrical energy. The output voltage is raised to a certain 

level by the Boost circuit in order to drive DC load, AC load or charge batteries. The system can also be 

connected with an inverter to convert DC to AC for supplying AC loads. And the MPPT device is used for 

monitoring the voltage and current generated by the photovoltaic cell in real time to determine the working 

point and the maximum power point of the current system. By adopting MPPT algorithm, the MPPT device 

produces the corresponding adjusting signals. After the pulse modulation process, the switch ratio of the 

boost converter can be adjusted by the generated PWM signal which is determined by the MPPT algorithm. 

The internal resistance of photovoltaic cell array can be matched with the load impedance by changing the 

duty cycle. Thus, the photovoltaic array can always be adjusted in real time to output at the maximum power 

point. 
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Fig. 1 - Block diagram of the MPPT adopted PV cell array system 

 
MPPT Theory 

The MPPT theory is adopted in this PV cell array system, which has features including nonlinear, 
asymmetry and mono-pole, in order to achieve the target that the output power of the system can be 
maintained constant at its maximum power as the environment changes. The general MPPT algorithm 
modes can be divided into three categories, which are direct sampling control mode, indirect approximate 
control mode and intelligent control mode. Intelligent control mode has been developed rapidly by many 
researchers in recent years because of highly self-adoption and fast processing speed (Boutabba T., 2018; 
Chekired, F., 2011; Nabipour M., 2019).  

Fuzzy control method is one of intelligent control methods and the applied fuzzy control algorithm is 

shown in Figure 2 (Abdourraziq M.A., 2018; Blaifi S.A., 2018; Eltawil M.A., 2013). The fuzzy controller has 

two input ports and the inputs will be processed separately. Then, the operation of fuzzy controller is carried 

out through the database, the knowledge base and the rule base. The final output is duty cycle and can be 

shortened as D. 
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Fig. 2 - Applied Fuzzy control method in the system 
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Power prediction algorithm is widely adopted in applications involving system misjudgement (Xie Y., 

2013; Osorio, G.J., 2015). Misjudgement is generally due to the fact that the samples measured by the 

system come from different characteristic curves. For instance, the initial voltage and power are U1 and P1 as 

shown in Figure 3. While the voltage is increasing, the raised output power is P2 according to the initial curve. 

However, the final output is P3, which is not equal to the predicted output power of P2, due to the influence of 

the environmental change. In this way, the misjudgement is produced. To avoid this misjudgement, sampling 

of system factors should be added in the process and the predicted power can be obtained by calculation. 
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Fig. 3 - Misjudgement analysis diagram for power prediction 

 

In this paper, the power difference obtained by the formula of power prediction method is applied to 

the fuzzy controller to get D (duty cycle). The combination of the two algorithms can minimize the error of 

system judgment. Before the fuzzy control calculation, the power prediction process can result in an 

optimized output power. Therefore, the system can reach maximum power point more quickly by adopting 

the power prediction and fuzzy control algorithm.  

 

MATERIALS AND METHODS 
Simulation of power prediction algorithm 

Hypothesis at kT  time the output power of photovoltaic cell is 
( )kP . By adding one sample at 

( 1/ 2)k T+  times, the power value can be obtained as Equation (1).  

'

( ) ( 1/2) ( )2k k kP P P+= −                                                                            (1) 

Continue the sampling process, the system obtains 
( +1)kP  in the period of time of ( 1)k T+  According to 

the power prediction theory, 
( +1)kP  is same as '

( )kP . Therefore, the difference between output power at 

( 1)k T+ and at kT  is:  

'

( ) ( ) ( 1/2) ( )2[ ]k k k kdP P P P P+= − = −
                                                         (2) 

Based on the above equations, the relationship between real-time power and predicted power can be 

calculated by designing a fuzzy controller using Simulink as shown in Figure 4. In this designed module, two 

input factors are voltage and current of the PV cell array and the power prediction process is performed. The 

final output is D which is the duty cycle and it will be applied as input to the fuzzy control algorithm. 

 

 
 

Fig. 4 - Sub-module of the power prediction simulation module 
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Simulation of fuzzy control algorithm  
The fuzzy control algorithm uses the power prediction calculation’s output, which is the duty cycle D, 

as its input. The input of fuzzy control method for power prediction is represented as E1 and e1 as shown in 

Equation (3). The input of the traditional fuzzy control method is represented as E2 and e2 as shown in 

Equation (4). 

1

k 1 k

dP
E

U U+

=
− , 1 1( 1) 1( )e k kE E+= −

                                                                  (3) 
 

( 1) k

2

k+1 k

kP P
E

U U

+ −
=

− ,  2 2( ) 2( 1)e k kE E −= −
                                                                   (4) 

The fuzzy subsets of E1, e1, E2, e2 and D are represented in {NB, NM, NS, Z, PS, PM, PB} as shown in 

Table 1. In this assembly, NB is Negative Big, NM is negative middle, NS is negative small, Z is zero, PS is 

positive small, PM is the positive middle, PB is positive big. The fuzzy domain of E1 and E2 is [-5, 5], e1, e2 

and D is [-1, 1]. Fuzzy rules as follows are made by IF A and B then C. The above information is essential for 

the fuzzy controller and has been filled in the designed module as shown in Figure 5(a).  

Table 1  

Fuzzy Control Decision Table 

E1、E2   

e1、e2 

NB NM NS Z PS PM PB 

NB PB PB PB PS NS NB NB 

NM PB PB PM PS NS NB NS 

NS PB PM PS PS NS NM NS 

Z PM PS PS Z NS NS NM 

PS PS PS Z NS NS NS NB 

PM PS PS Z NS NS NM NS 

PB Z Z Z NS NM NB NB 

 

Finally, the decision module is obtained by using the above assembly and parameters as shown in 

Figure 5 (b) and (c). In this simulation module, the temperature is set as 25oC, the luminous intensity is set 

as 1000 W/m², and the time duration is 1 s. The obtained coefficient surface is shown in Figure 5 (d) In order 

to illustrate the performance of this algorithm, the traditional fuzzy control algorithm is compared with the 

fuzzy control algorithm of power prediction in the experimental results section. 
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Fig. 5 - Working flowchart of the fuzzy control simulation module 
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Experimental circuits 

The schematic diagram of the proposed MPPT circuit is shown in Figure 6. The output current and 

voltage of the PV cell array is measured in real time in order to perform the power prediction and fuzzy 

control algorithm. The current detection circuit converts current to voltage for its following ADC (analog-to-

digital converter). And the output voltage of the PV cell array can be measured by the ADC circuit as well. 

The main controller board has multiple functions including ADC, UART (Universal Asynchronous 

Receiver/Transmitter), and PWM generation. The output PWM is generated by the main controller board for 

controlling the working status of the boost circuit. In addition, the power supply voltage for these boards is 

unified as 5V and is supplied by a low ripple linear power circuit.  
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Fig. 6 - Schematic diagram of the MPPT circuit in this system 

 
The applied circuits have been tested separated and are shown in Figure 7. The current detection 

circuit, which is shown in Figure 7 (a), has a maximum detection range from -5 A to 5 A. It converts current to 

voltage by using a ratio of 185 mV/A and the output voltage is linked to the ADC input port. The main 

controller board, which is shown in Figure 7 (b), is a highly integrated circuit with many functions. The main 

controller chip is STC15W4K56S4 that has 4 KB integrated RAM and 56 KB Flash. It has 8 ADC channels 

with 10 bit converting accuracy. In addition, the PWM generator is also integrated in this chip which is 

determined by the adopted algorithm for controlling the boost circuit. The boost converter circuit has a wide 

range of output voltage from 10V to 120V and is shown in Figure 7 (c). Considering the high output voltage, 

it also has a numeric display module to show the output voltage to avoid safety issues. The working 

frequency can be adjusted by the main controller board in order to drive loads or batteries. 

(a)

(a)

(b) (c)
 

 
Fig. 7 - Current detection circuit (a), main control board (b) and Boost converter circuit for PV cell array system 

 
RESTULTS AND DISCUSSION  

• Results 
Simulation results 
In combination with the condition of the simulation setting in the previous section, the model is 

established in MATLAB/Simulink and the results are shown in Figure 8. Two curves of the proposed fuzzy 

control algorithm and the traditional fuzzy algorithm of the power prediction can be obtained as shown in 

Figure 8. It can be seen that the power prediction combined fuzzy control algorithm reaches MPP at 0.15 s 

and the traditional fuzzy control algorithm reaches MPP at 0.28 s. This result suggests that PV cell array 

system adopting the proposed fuzzy control algorithm can reach peak output power quicker and has less 

power waste comparing with the traditional fuzzy control algorithm. 
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Fig. 8 - Comparison between the proposed and traditional fuzzy control algorithm 

 
Robust test  

A robust test of the simulated system adopting fuzzy control algorithm was carried out to investigate its 

performance in condition of environment factors varies. For instance, the luminous intensity drops from 1000 

W/m2 to 800 W/m2 and the comparison curves are plotted in Figure 9. It can be seen that the curve of the 

proposed fuzzy control algorithm has a shorter response time the traditional fuzzy control algorithm. This 

also results in less power waste suggesting effectiveness of the proposed algorithm.  

 
Fig. 9 - Contrast curves under the condition of environmental factors varies 

 
Experimental results 

Experiments were carried out to investigate the performance of the proposed algorithm by using the 

circuits demonstrated in the last section. The measured curves are shown in Figure 10. It can be seen that 

the red curve, which is the proposed fuzzy control algorithm combined with power prediction method, 

reaches its peak output voltage quickly when the system was powered on. The response time is much 

shorter than the black curve, which is the traditional fuzzy control method, though it was optimized to direct 

output without algorithm control. The experimental measurement shows the effectiveness of the proposed 

method.  
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Fig. 10 - Response speed comparison  

Discussion 

The proposed algorithm has been verified by performing simulation and experimental measurement in 

above sections. For the agricultural greenhouse photovoltaic project demonstrated in this paper, MPPT 

algorithm is used to maximize the output power of the system. As shown in Figure 5, the power obtained by 

the fuzzy control algorithm using power prediction is 199.7~200.1 W, and the power loss is 0.2%. In this way, 

the proposed algorithm is capable to reduce power loss. The power obtained by using the traditional fuzzy 

control algorithm is 199.3~199.9W and the power loss is 0.4%. In the case of environmental change in 

Figure 6, the strain ability of the proposed algorithm is more efficient than the traditional method. In addition, 

the measured waveform displayed in the oscilloscope also demonstrated the effectiveness of the 

experiment. 

 
 

 

CONCLUSIONS 

In this paper, modulation and measurement has been carried out to minimize the energy loss in a 

photovoltaic cell array system. Fuzzy control algorithm and power prediction algorithm has been adopted and 

calculated. In this process, models have been established and relative parameters have been obtained 

experimentally. The duty cycle, which is shorted as D, is obtained by the model of power prediction algorithm 

and it is essential for the fuzzy control algorithm as its input. The PWM signal can be modified according to 

the environmental change based on the proposed method. In this way, the output power can reach its peak 

value quicker than traditional method and the power loss can also be minimized. Therefore, the photovoltaic 

cell array system can be optimized to generate more electricity. In the future, further experiments will be 

carried out to optimize the performance of the system in order to increase the efficiency of solar energy 

utilization. 
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