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1. Introduction
With the exhaustion of fossil energy and the in-

creasing environment problems, it is imminent to 
seek an energy that is sufficient and easy to use. As a 
free and renewable energy, the solar energy is more 
and more popular. Based on the photovoltaic effect, 
the PV can directly convert solar energy into electri-
cal energy to be used by people and can alleviate the 
energy crisis. The photovoltaic cells system has been 
noted by many countries and regions as one of the 
first elements which saves primary energy and reduc-
es greenhouse gas emissions[1]. It is a well-established 
technology with high efficiency and very low pollut-
ant emissions. It achieves small installation space, 
low maintenance and long life service. The system 
can allow a wide range of operating conditions to 
match electric end-user requirements.

However the operation and control of photovol-
taic cells systems are facing a stringent challenge to 

keep the efficiency and stability of the system[2]. The 
low conversion rate and high cost seriously hinder 
the development of PV[3]. The major breakthrough 
has not been made in the effective solutions for op-
timal dispatch and control strategy of photovoltaic 
cells systems[4]. On the other hand, the existence of 
the uncertainty in the supply available from renew-
able generators has caused severe difficulty for the 
control and optimization of the system[5-6]. The pho-
tovoltaic cells system is a very complicated nonlinear 
system with time-varying. Therefore, it is very neces-
sary to make researching on maximum power point 
tracking(MPPT) deeply[7].

A PV simulation model based on MATLAB/
Simulink was established in this paper. According 
to mathematical model of PV, The whole simulation 
model combined PV, Boost circuit and MPPT is built. 
Different tracking approaches are applied at different 
operating units realize MPPT, and advantages and 
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disadvantages of each method are obtained through 
simulation results. Experimental results show that the 
effect of neural network is best. Through theoretical 
analysis, the results of the combining of fuzzy con-
trol and incremental conductance method will be bet-
ter. The simulation systems verify the validity of the 
MPPT algorithm and the control strategy. MPPT can 
effectively improve electric efficiency of PV.

2. Simulation of PV Model and Principle of 
MPPT

The equivalent circuit of PV is shown in Figure 1. 
The output characteristic of PV is described as 

equation (1).

		                ( ) ( ){ } ( )= exp + / 1 + /ph D s s shI I I q V IR AkT V IR R − − −   			   (1)

where I  is output current of PV, V  is output 
voltage, phI  is photocurrent, DI  is saturation current 
of diode, q  is charge of electron, sR  is the series re-
sistor, shR  is the parallel resistor, A  is characteristic 
factor of diode, k  is Boltzmann constant and T  is 
temperature of PV.

Manufacturers of PV generally provide param-
eters as follows[8]: scsI , the short circuit current; 

osV , the open circuit voltage; msI , output current 
of the maximum power point; msV , output voltage 
of the maximum power point; msP , output power of 
the maximum power point. All these parameters are 
measured in standard conditions (the light intensity, 

21000 /S W m= ; the temperature, 25°C). This paper 
designs a practical engineering mathematical model 
of PV by using the software MATLAB/Simulink.

The related equations of model of single-crystal 
silicon PV are shown as follows[9]:

( )( ){ }1 21 exp / 1sc ocI I C V C V = − −   	 (2) 

At the maximum power point 

( )( ) ( )( )− ≈2 2exp / 1 exp /m oc m ocV C V V C V  

Get 1C  and 2C

( ) ( )( )1 21 / exp /m sc m ocC I I V C V= − −  	 (3)

( ) ( )2 / 1 / ln 1 /m oc m scC V V I I= − −  	 (4)

where

(1 ) /sc scs refI I S a T S= + ∆  	 (5)

( ) ( )1 1oc osV V c T b S= − ∆ + ∆  	 (6)

( )1 /m ms refI I S a T S= + ∆  	 (7)

( ) ( )1 1m msV V c T b S= − ∆ + ∆  	 (8)

refT T T∆ = −  	 (9)

/ 1refS S S∆ = −  	 (10)

+airT T kS=  	 (11)

where scI  is the short circuit current, 1C  and 2C  
are correction coefficients, ocV  is the open circuit 
voltage, S  is light intensity, a  is the temperature 
coefficient of current change under the reference 
light intensity, refS  is the reference light intensity, 

mI  and mV  are the current and voltage of maximum 
power point, c  is the temperature coefficient of 
voltage change under the reference light intensity, 

refT  is the reference cell temperature, T  is cell tem-
perature, S∆  is the relative variation of light inten-
sity, k  is temperature coefficient of PV when the 
solar radiosity changes and airT  is the environment 
temperature.

According to the model equations above, the 
dynamic simulation model of PV by MATLAB/
Simulink is built as shown in Figure 2. The model 
parameters are obtained as follows: 22 ;osV V=  

2.52 ;scsI A=  2.31 ;msI A=  17.3 ;msV V=  
0.0025 / ;a A C°=  0.00288 / ;c V C°=  20 ;airT C°=  

20.3 / .k Cm W°=  b is used by optimized parameters 
value[10]: 40.1949 7.056 10b S−= − + × × . 

The electrical characteristic curve of PV is uni-
modal function and as shown in Figure 3.

In this picture, P  is the output power of PV, 
MPPV  and MPPI  are voltage and current at the maxi-

mum output power point. 
For a linear circuit, when the internal resistance 

of the power supply is equal to the load resistance, 
the power supply exports the maximum power. So a 
DC/DC converter can be added between PV and load, 
making the load resistance changing with output re-
sistance of PV, then complete the MPPT. The output 
power of PV is low, so the Boost converter circuit is 
used to achieve the MPPT[10]. The whole simulation 
model of MPPT of PV is shown as Figure 4.

VphI DI
sR

shR

I

Figure 1. Equivalent circuit of PV
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In Figure 4, PV module is the photovoltaic cell 
module; MPPT is the maximum power point track-
er; PWM is pulse width modulator and is shown in 
Figure 5; 1C  and C  are input and output capacity 
of the Boost conversion circuit; R is load resistance. 
A pulse signal is generated by pulse width modula-
tion (PWM) to drive the power devices of the Boost 
converter, so that the output power of PV gradually 
reached the maximum power.

3. Comparative Study on Methods of MPPT
3.1. Perturbation and Observation Method
The flow chart of perturbation and observation 

method is shown as Figure 6[11].
Figure 7 is the MPPT control simulation model 

based on perturbation and observation method. 
3.2. Incremental Conductance Method
As is shown in the P-V characteristic curve 

of PV in Figure 8, we can make the system wor
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Figure 5. Model of PWM

king in the maximum power point by adjusting 
the voltage. 

Supposed that output power of PV is P , output 
voltage is V , and output current is I , and voltage of 
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( ) ( ) ( 1) 0?P k P k P k∆ = − − >

V V V= + ∆ V V V= − ∆

( ) ( ) ( 1)=0?P k P k P k∆ = − −

( ) ( )sampleV k and I k

( )compute P k

end

start

( ) ( 1)?V k V k> − ( ) ( 1)?V k V k> −
V V V= + ∆V V V= − ∆

Figure 6. Flow chart of perturbation and observation method

Figure 7. Simulation model of MPPT based on perturbation and 
observation method

Figure 8. P-V Characteristic curve of PV
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/ 0dP dV =

/ 0dP dV >
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mV

the maximum power point is mV [12]. Then the flow 
chart of MPPT control is shown in Figure 9.

Figure 10 is the simulation model of MPPT con-
trol based on incremental conductance method.

3.3. Fuzzy Control Method
This paper uses two-dimensional fuzzy controller 

and it determines that input variables are power varia-
tion ( )e n  at n time and the duty cycle step ( 1)a n −  at 
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Figure 9. Flow chart of incremental conductance method
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1n −  time, and output variable is the duty cycle step 
( )a n  at n time. ( )E n  is the value corresponding to 
( )e n  in the field of fuzzy set. The structure of fuzzy 

control is shown in Figure 11[13].

Figure 11. Structure of fuzzy control

( )E n  is defined as eight fuzzy subsets, and its 
range is [-3,3]. ( )A n  and ( 1)A n − are defined as six 
fuzzy subsets, and their ranges are [-1.5,1.5] and 
[-3,3]. Fuzzy sets are as follows[14]:

E(n)={NB,NM,NS,NO,PO,PS,PM,PB};
A(n)={NB,NM,NS,PS,PM,PB};
A(n-1)={NB,NM,NS,PS,PM,PB}.

where NB, NM, NS, NO, PO, PS, PM, PB respec-
tively represents high negative, moderate negative, 
small negative, negative zero, positive zero, small 
positive, moderate positive, large positive. This paper 
uses triangle membership function, and the member-
ship function of ( )e n , ( 1)a n −  and ( )a n  are shown 
in Figure 12.

Using the reasoning method of Mamdani, accord-
ing to the basic principle of fuzzy control rules, the 
table of fuzzy control rules is obtained as Table 1.

According to the conditions above, use the 
fuzzy control toolbox in MATLAB to edit fuzzy 
controller.

Import the file mohu4.fis generated from fuzzy 
controller into the fuzzy control module in Simu-
link. Get the MPPT control simulation model based 
on fuzzy control as in Figure 13.

Figure 10. Simulation model of MPPT based on incremental conductance method.

1/ eK

a(n-1)

a(n) D(n)

D(n-1)

A(n)E(n)e(n)

A(n-1)

1 / eK

fuzzy control aK

Tse−

Figure 12. Membership function of ( )e n , ( 1)a n −  and 
( )a n

3− 2− 1− 0 1 2 3
0

1
NB NM NS NO PO PS PM PB

1.5− 1− 0.5− 0 0.5 1 1.5
0

1
NB NM NSPS PM PB

3− 2− 1− 0 1 2 3
0

1
NB NM NS PS PM PB

membership function of ( )e n

membership function of ( )1a n −

membership function o ( )a n

NB NM NS NO PO PS

PM

PM PB

NB

NM

NS

PS

PB

PB

PB

PB PB

PB

PB

PB

PB

PB

NS

NSNS

NS

PS

PS

PS

PS

PS

PS

NS

NS

PS

PS

PM

PM

PM

PM

PM

PM

NM

NB

NB

NB

NB

NB

NB NM

NM

NM

NM

NM

NM NM

NM

NB

NB

NM

PB

( )A n ( )E n

( )1A n −

Table 1 Table of fuzzy control rules



109Metallurgical and Mining IndustryNo. 9 — 2015

Automatization

3.4. BP Neural Network Method
Back Propagation (BP) neural network is a multi-

layer neural network based on the error back propaga-
tion algorithm, with at least one hidden layer and fully 
connected mode is adopted between layers. Because 
the network uses specific BP algorithm, it is called as 
BP neural network[3]. Assuming that the number of 
neurons in input layer is M, the number of neurons in 
hidden layer is I, and the number of neurons in output 
layer is J. Then the network structure is as shown in 
Figure 14[15]. 

Figure 14. Structure of three-layer neural network

According to BP algorithm, flow chart of BP neu-
ral network algorithm as is shown in Figure 15[16].

This paper designs a BP neural network model 
based on MPPT of PV. The input is light intensity, 
and the target vector is the maximum power of PV in 
the neural network. Through test and comparison, the 
number of hidden layer is determined as five.

The target vector of maximum power of PV is ob-
tained by Newton Iteration method and stored in matrix 
P1. Using the neural network toolbox in MATLAB, de-
sign BP neural network, and programs are as follows:

P=0:1:1000;T=P;net=newff(P,T,5);net.train-
Param.Fcn=’traingd’; net.trainParam.goal=0.001; 
net=train(net,P,T); Y=sim(net, P);

After training, it generates a neural network mod-
ule which can be applied to Simulink. The model of 
MPPT control based on neural network is shown as 
Figure 16.

Figure 15. Flow chart of BP neural network

Figure 16. BP MPPT control model of neural network

4. Analysis on Simulation Results
In this paper, as shown in Figure 1, the tem-

perature is 25°C, and the light intensity turns into  
950 W/m2 from 750 W/m2 at 0.1 second. In the Boost 
circuit, the value of L is 220µH, 1C  is 50µF, C  is 
60µF and R is 12.8Ω. The sampling period is set to 
0.00001s. Using the algorithm ode23tb(stiff/TR-
BDF2) with variable step size, the maximum and 
minimum step size, the initial step size and the ab-
solute error is set to auto, and the relative error is set 

Figure 13. Simulation model of MPPT based on fuzzy control.
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to 1e-3, and then simulate it. The simulation result of 
each method of MPPT is shown as Figure 17 to 20. 

(a) Output power 

(b) Local amplification of output power

Figure 17. Simulation results of perturbation and 
observation method.

(a) Output power

(b) Local amplification of output power

Figure 18. Simulation results of incremental conductance 
method.

(a) Output power

(b) Local amplification of output power

Figure 19. Simulation results of fuzzy control method

(a) Output power

(b) Local amplification of output power

Figure 20. Simulation results of neural network method
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Comparing results of each method of MPPT, the 

advantages and disadvantages are shown as in Table 
2. Table 2 shows that each method has superiorities. 
Suitable method can be chosen to realize MPPT to 
reduce power loss to the best. In addition, according 
to the characteristics of various methods, MPPT can 
be realized more accurately and fast through comple-
mentary advantages.

5. Conclusions
MPPT can effectively improve electric efficiency 

of PV. According to mathematical model of PV, this 
paper builds a PV simulation model by MATLAB/
Simulink. The whole simulation model combined 
PV, Boost circuit and MPPT is built. Four differ-
ent methods are used to realize MPPT, and advan-
tages and disadvantages of each method are obtained 

through simulation results. It shows that the effect of 
neural network is best. Through theoretical analysis, 
the results of the combining of fuzzy control and in-
cremental conductance method will be better.
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1. Introduction
For short-range aircraft with inertial navigation, 

called “fire and forget”, its flying time is several sec-
onds, with a flight distance of only hundreds of me-
ters. Fig.(1) showed the launching process of shoul-
der-type aircraft with soft firing system. Once the tar-
get was found, shooter would activate the launching 
and controlling equipment. In the target tracking, the 
angular rate of line of sight to target was recorded by 

the launching and controlling equipment. Then, the 
average angular acceleration was calculated based on 
the 2s data of angular velocity[1][2][3][9][10][20].

Aircraft flight path was divided into straight and 
curve flight path depending on different projections 
of aircraft flight path. Straight flight path referred to 
ideal flight path with straight line on horizontal pro-
jection, while curve one to that with curve on hori-
zontal projection. For the launching and controlling 
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For short-range aircraft with inertial navigation (called “fire and forget”), its flying time is short. Besides, the guid-
ance technology is critical in initial introduction. Through mathematical modeling of the guidance technology in 
initial introduction, the guidance mechanism of aircraft’s horizontal curve flight was studied in the work. Besides, 
simulations for flight control were conducted under different initial conditions. Results showed that it was feasible 
to imagine the line of sight to target in initial introduction. Furthermore, simulation results also provided critical 
technical basis for the comprehensive evaluation of aircraft’s overall scheme and further study of aircraft system.
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