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Abstract
Photovoltaic cells efficiency can be effectively improved by maximum power point tracking (MPPT) technology. An

improved MPPT control strategy is proposed to solve the current problems of poor convergence speed and accuracy of

incremental conductance method. In this method, the P–U characteristic curve is divided into three sections: non-MPP

sections, MPP-like section and MPP sections. In the non-MPP section, the constant voltage method is adopted to reduce the

tracking time. In the MPP-like section, the incremental conductance method is adopted and its step size is improved, which

effectively reduces the tracking time. In MPP section, particle swarm algorithm is adopted to improve tracking accuracy.

Taking light intensity and temperature variation as examples, the proposed method and the traditional method are simu-

lated respectively. Simulation results show that compared with the constant voltage method, the accuracy can be improved

by more than 4% when the temperature or light intensity is changed, while maintaining the tracking speed. Compared with

the traditional incremental conductivity method, the method can reduce the tracking time by 33% and improve the tracking

accuracy by 1% when the light intensity or temperature changes.

Keywords Maximum power point tracking (MPPT) � Constant voltage method � Incremental conductance (INC) �
Particle swarm optimization (PSO)

1 Introduction

With the social development of 21 century, the develop-

ment of all kind science and technology is very rapid, and

limited resources on earth is shrinking every day (Yaai

et al. 2014). Solar energy, relying on clean and pollution-

free, is widely distributed and inexhaustible, and has

become an important supplement to the energy system

(Abualigah et al. 2018). Photovoltaic cells are important

part of solar power system. However, photovoltaic cells are

expensive and their output characteristics vary greatly with

the environment (Jian 2016). In order to save costs as much

as possible, it is crucial to improve utilization rate

(Abualigah and Hanandeh 2015). The common methods to

improve the utilization rate consist of using MPPT

algorithm, improving photovoltaic material efficiency,

optimizing the structure of the integration and configura-

tion (Song et al. 2015; Abualigah and Khader 2017). Using

MPPT control algorithm is the most economical way. In

order to maximize the energy utilization rate, MPPT has

been an essential part of photovoltaic power generation

systems (AIHC 2018).

Literature (Rong and Liu 2017) adopts constant voltage

method to track MPP. The advantages of this method are

fast tracking speed, low control cost, simple algorithm

structure and easy implementation. No oscillation will

occur after tracking to MPP, and the steady-state curve is

relatively stable. But the disadvantages are that the tracking

MPP value is small, the error is large and the control

accuracy is poor. Literature Zhou and Chen (2015) adopts a

perturbation observation method, which is self-optimizing

process and the algorithm is simple and easy implemen-

tation. However, in practical application, if the step size is

selected improperly, oscillation would occur in the MPP,

and if the external light intensity changes greatly, it will

even lead to misjudgment. In literature (Liu et al. 2017), an

incremental conductance method is adopted, which has
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good convergence effect near the MPP. But the step size is

a fixed increment, which may lead to oscillation in the

process of optimization, and the tracking time is long,

reducing the work efficiency of photovoltaic cells. The

particle swarm optimization method proposed in literature

(Zhao 2014; Han et al. 2016) has stable convergence near

MPP and small oscillation. But it needs multiple iterations,

so its long convergence time leads to poor performance.

Literature Rong et al. (2014) proposed a variable step size

algorithm based on photovoltaic cell power-voltage dif-

ferential (dP/dU). However, the dynamic response speed of

the method will be greatly reduced when the light intensity

changes drastically. Literature Haifeng et al. (2014) pro-

posed a variable step size weak oscillation method, which

improved the perturbation method to improve accuracy and

eliminate system oscillation, but the two-step step reduced

the system tracking speed.

For the fixed step INC method, perturbation step is

larger and tracking speed is faster, but there are more

oscillations in steady state and the power loss is larger. The

small disturbance step size can improve the steady accu-

racy, but it causes slower tracking speed. This paper, in

order to improve tracking speed and steady state tracking

precision, puts forward the improved INC method. In this

method, the P–U characteristic curve is divided into three

sections: non-MPP sections, MPP-like section and MPP

sections. In the non-MPP section, the constant voltage

method is adopted to reduce the tracking time. In the MPP-

like section, the incremental conductance method is

adopted and its step size is improved, which effectively

reduces the tracking time. In MPP section, particle swarm

algorithm is adopted to improve tracking accuracy. In this

paper, the MPPT simulation model is built in Matlab/

Simulink, and the MPPT algorithm is packaged into a

module form. The common constant voltage method, the

incremental conductance method and the method proposed

in this paper are simulated and analyzed. The simulation

and experiment verify that the method is feasible. The

technical route of this paper is as follows (Fig. 1):

2 Photovoltaic cell mathematical model
and characteristics

2.1 Photovoltaic cell equivalent circuit

Photovoltaic cells are made using the principle of photo-

voltaic volts. The P–N junction is the core of its working

principle. The external characteristic model of each pho-

tovoltaic cell can be regarded as a parallel circuit of a

constant current source and a forward diode. Photovoltaic

cell equivalent circuit is as follows:According to Fig. 2,

photovoltaic cell output characteristics are as follows (Zhu

et al. 2016):

I ¼ Iph � Id � Ish

Id ¼ I0 exp
qðU þ IRsÞ

AkT

� �
� 1

� �

Ish ¼
U þ IRs

Rsh

8>>>>><
>>>>>:

ð1Þ

where U is the photovoltaic cell output voltage; I is its

output current; Iph is photoelectric current; Id is the diode

reverse saturation current; q is the electron charge; K is

boltzmann constant; T is the absolute working temperature

value of photovoltaic cell; A is the diode ideal factor; Rs

and Rsh are series and parallel resistance respectively.

P-U characteristic curve is divided into 
three sections: non-MPP sections, MPP-like 

section and MPP sections

In the non-MPP interval, the constant 
voltage method is adopted to reduce the 

tracking time.

In the MPP-like section, the incremental 
conductance method is adopted and its step 
size is improved, which effectively reduces 

the tracking time.

In MPP section, particle swarm algorithm is 
adopted to improve tracking accuracy.

Fig. 1 General procedures of the proposed method

Iph Id Ish Rsh

Rs

U

I

Fig. 2 PV cell equivalent circuit
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2.2 Photovoltaic cell modeling and output
characteristics

Since most of the above parameters are related to the light

intensity and the battery temperature, and the light intensity

and temperature are randomly changed, which increases

the modeling difficulty of photovoltaic cells and reduces

the simulation speed and it is difficult to determine the

specific values of these parameters over a period of time.

Therefore, the design of photovoltaic cells is generally not

used in engineering. So on this issue, the article uses a

simple mathematical model to derive the output charac-

teristics of the photovoltaic cell. In this model, only certain

parameters that are easily measured can be known, and a

precise mathematical model can be established, and the

model is applied very much and it also has wide range and

good flexibility. Literature Mei et al. (2011) proposes an

engineering mathematical model, which only needs short-

circuit current Isc, open-circuit voltage Uoc, voltage Um and

current Im at MPP. In this case, the u–i equation is (Hu

et al. 2011):

I ¼ Isc 1� C1 exp
U

C2Uoc

� �
� 1

� �� �

C1 ¼ 1� Im

Isc

� �
exp � Um

C2Uoc

� �

C2 ¼
Um

Uoc

� 1

� �
ln 1� Im

Isc

� �� ��1

8>>>>>>>><
>>>>>>>>:

ð2Þ

The four parameters in Eq. (2) are provided by the man-

ufacturer. It is important to note, Um and Im are the standard

data at normal temperature (25 �C) and illumination

(1000 W/m2). In the practical application of photovoltaic

power generation system, the output characteristics of

photovoltaic cells change with the light intensity and

ambient temperature in a day, so Um, Im, Uoc, Isc will also

change. By giving an appropriate compensation coefficient

and randomly collecting the light intensity and battery

temperature at a certain time, the relationship between the

above four parameters as a function of any light intensity S

and battery temperature T can be obtained as follows

(Zheng et al. 2017):

I
0

sc ¼ Iscð1þ aDtÞ S

Sref

I
0

m ¼ Imð1þ aDtÞ S

Sref

U
0

oc ¼ Uocð1� cDtÞð1þ bDSÞ
U

0
m ¼ Umð1� cDtÞð1þ bDSÞ

8>>>>>>><
>>>>>>>:

ð3Þ

In this way, the corresponding parameters will be auto-

matically adjusted as the environment changes, increasing

the authenticity and reliability of simulation. In Eq. (3),

a = 0.0025 �C, b = 0.0005 W/m2, c = 0.00288 �C. Dt is

the actual temperature minus the value of 25 �C, and DS is

the ratio of the actual light intensity to 1000 W/m2 and then

- 1.

The engineering mathematical model obtained by the

above method does not need complex variable parameters

in the physical model, and only needs to know voltage and

current of MPP, open-circuit voltage, short-circuit current

and arbitrary light intensity, battery temperature to fit the

mathematical model of the photovoltaic cell. And then can

model and simulate its U–I and U–P characteristic curves.

When the ambient temperature is fixed at 25 �C, the
light intensity is 1000 W/m2, 800 W/m2, 600 W/m2, the

output I–U, P–U characteristic curve of photovoltaic cell

are shown in Fig. 2.

From the output U–I characteristic curve in Fig. 3, when

the fixed battery temperature is always equal to the rated

value, the current and power output by the photovoltaic cell

will increase as the light intensity gradually increases. At

the same temperature, the photovoltaic characteristic curve

increases with the increase of illumination intensity. When

the maximum power point shifts upward, the short-circuit

current increases with the increase of illumination

Fig. 3 Output characteristics of PV cell under constant temperatures

and different light intensities
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intensity, and the open-circuit voltage Uoc increases

slightly with the increase of illumination intensity. Under

the same light intensity, the photovoltaic characteristic

curve increases with the increase of temperature. When the

maximum power point shifts downward, the open-circuit

voltage Uoc shifts to the left, and the temperature has a

significant influence on the open-circuit voltage. However,

the characteristic curve has little change in temperature in

the linear region of the constant current source. As the

temperature increases, the short-circuit current Isc only

increases slightly. It also can be seen from the several U–

P characteristic curves in Fig. 3 that the voltage corre-

sponding to the maximum power point of the photovoltaic

cell output is basically fixed at a value, and the left and

right deviation is small. This also shows that when the

temperature is constant, the change of illumination inten-

sity has little effect on the output voltage corresponding to

the maximum power point, which also provides a basis for

maximum power point tracking. This is why the 0.8 times

voltage method can be used.

The efficiency of the boost converter BOOST and the

buck converter BUCK (buck converter) in the DC/DC

converter is the highest (Xiaogang 2018). The BUCK is a

buck converter, which is not easy to be connected to the

grid and must always work. In the intermittent state, a

capacitor must be used, the capacitor is in a long-term

charge and discharge state, and the reliability of the entire

circuit is lowered. The BOOST converter is a boost con-

verter that can operate in a continuous mode of inductor

current. The ripple current of the inductor L in the circuit

is small. Therefore, the BOOST circuit avoids various

problems caused by the capacitor. So this article uses

BOOST converter to realize the function of MPPT. By

changing the duty cycle d of the converter, the resistance

value of the photovoltaic panel side can be adjusted, so

that the photovoltaic cell load line is continuously close to

the optimal load line to achieve maximum power point

tracking.

3 Improved MPPT strategy

3.1 Principle of MPPT

The P–U characteristic curve of photovoltaic cell at 25 �C
and 1000 W/m2 is shown in Fig. 4, where point M is the

maximum power point, and the current and voltage at point

M are respectively recorded as Im, Um.

The curve in Fig. 3b shows that when the light intensity

changes, the MPP voltage changes very small, which is

basically at 0.8 times of the Uoc. Analysising Fig. 4a, b and

e, f sections based on this, these two far away from the Um.

Along with the change of voltage, power change is large.

The two paragraphs are non-MPP section, using the con-

stant voltage method skip this section to improve the

tracking speed. B–C and D–E sections are MPP-like sec-

tion. In this part, INC method is used to further improve

tracking speed and accuracy. C–D section is MPP sec-

tion. In C–D section, the voltage range is smaller, and the

traditional INC method is easy to produce oscillation in this

segment, reducing the accuracy of MPP. Therefore, the

PSO algorithm is used in this segment to accelerate con-

vergence, reduce system oscillation, and make tracking

more accurate.

3.2 Improvement of INC method

The INC method is the most widely used method in MPP

tracking at present. Its principle is to determine output

voltage change by judging the ratio of power and voltage

variation (Sun et al. 2015). The output P = UI, and at MPP,

dP/dU = 0, which means dP/dU = I ? U (dI/dU) = 0.

When dP/dU[ 0, U\Um, the output voltage should be

improved. When dP/dU\ 0, U[Um, the output voltage

should be reduced.

In this paper, we use INC method to track MPP in B–C

and D–E segments. The traditional INC method is constant

step size, which does not take into account the difference in

slope between B-C and D-E segments. In this paper, the

difference in dP/dU is fully taken into account and its step

size is improved. According to different dU, the INC

method can be used in following situations:

(1) dU = 0 and dI = 0

In this case, dP/dU = 0, so at MPP.

(2) dU = 0 but dI = 0

If dU = 0, then Uk = Um, only change the current value

to make Ik = Im. Introducing step size scaling factor a, the
disturbance step size is adI, that is:

Iðk þ 1Þ ¼ IðkÞ þ adI ð4Þ

(3) dU = 0

As for the segment of Fig. 4b, c, dP/dU[ 0 and dI has a

small change, so it can be approximately zero, then:Fig. 4 P–U characteristic curve
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dP=dU ¼ I þ U
dI

dU
� I

Uðk þ 1Þ ¼ UðkÞ þ b
dP

dU

����
���� � U kð Þ þ bI

8><
>: ð5Þ

At this time, the dP/dU value in this section is small. In

order to speed up its convergence speed, the step size

scaling factor b is introduced, then the disturbed step size

b|dP/dU|, only by judging the current I and the setting

value of e can determine whether it is in the C–D section.

For the segment of Fig. 4d, e, when dP/dU\ 0, the step

size scaling factorcis introduced and the value of c is less

than b, then the disturbed step size is c|dP/dU|, that is:

Uðk þ 1Þ ¼ UðkÞ � c
dP

dU

����
���� ð6Þ

Compared with the value of e,it only enters the C–D

section when dP/dU is smaller than e.

3.3 Particle swarm optimization

In C–D section, the POS algorithm is employed, which is

put forward by Dr Kennedy and Eberhart watching birds

migrate foraging. Mathematical description of the algo-

rithm like this, supposing you have random distribution of

Np particle in n dimension, particle position is xi, speed is

vi, the objective function is f(xi), Pbesti is its optimal loca-

tion, Gbesti is the global optimal location and maximum

value of the group. After communication iterations of k

times, particle swarm optimization algorithm finds the

maximum value (Tang et al. 2017; Dabra et al. 2017). The

update iteration rules of PSO algorithm are as follows.

vkþ1
i ¼ wvki þ c1r1ðPbesti � xki Þ þ c2r2ðGbest � xki Þ
xkþ1
i ¼ xki þ vkþ1

i

Pbesti ¼
xi f ðxiÞ� f ðPbestiÞ

Pbesti f ðxiÞ� f ðPbestiÞ

�

Gbest ¼ max f ðPbest1Þ; f ðPbest2Þ; . . .; f ðPbestNp
Þ

	 


8>>>>>><
>>>>>>:

ð7Þ

Formula (7) is the implementation rule of PSO algo-

rithm. w is the particle inertia weight coefficient, c1 and c2
are learning factors, r1 and r2 are random numbers between

0 and 1, f is the objective function, k is the number of

iterations, and Np is the total number of particles. Its

algorithm is simple and easy to implement. It needs less

input parameters and has fast convergence and good

stability.

The specific process is to initialize a group of particles

in the C–D segment, including random position (U) and

velocity (DU). The initial value of Pbesti and Gbesti are all

equal to 0.8 times of Uoc, and calculate the fitness value

(P) of each particle. For each particle, compare its fitness

value with its best position Pbesti. If it is better, use it as the

current best position Pbesti. Comparing each particle’s Pbesti

with Gbest, if it is better, setting Gbest equal to Pbesti. The

particle velocity and position are adjusted according to

formula (7), and the whole process is continued until the

end condition is reached.

3.4 Algorithm flow chart

The flow chart of improved MPPT control strategy can be

seen in Fig. 5. The sampled voltage is analyzed. If the

voltage is between 0.7Uoc and 0.9Uoc, the improved

incremental conductance method is used to track MPP.

Otherwise, Using constant voltage method adjusts voltage

to this range. In the process of tracking MPP by the

improved incremental conductance method, if |dP/dU|\ e
or I\ e, the PSO algorithm is further used to improve the

stability. Otherwise, the improved INC method is still used.

In the PSO algorithm, the sampling power is calculated

according to the set initial conditions and regarded as the

fitness of the individual population. The MPP is found by

comparing the fitness value and continuously changing and

adjusting according to formula (7). When the iteration

Fig. 5 Flow chart of the method in this paper
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number reaches the set value, the entire control process is

completed.

4 Simulation

The simulation model of the strategy is built on MATLAB/

Simulink. The photovoltaic system structure used in this

paper mainly includes photovoltaic panels, Boost circuits,

MPPT controllers, and PWM drive circuits. Setting at the

rated conditions (temperature 25 �C, light intensity

1000 W/m2), Uoc is 21.7 V, Isc is 1.01 A, Um is 17.6 V, and

Im is 0.91 A.

In Fig. 6 temperature is 25 �C, the light intensity is

reduced from 1000 to 800 W/m2 then to 600 W/m2. The

simulation results of photovoltaic cells are as follows.

As can be seen from the comparison between the

improved MPPT method and the constant voltage method

that, under standard working conditions, the steady state

value of the constant voltage method is 16 W, while that of

the method proposed in this paper is 16.15 w, an increase

(a) MPPT result of constant voltage method

(b) MPPT result of incremental conductance method

(c) MPPT result of improved incremental
conductance method

Fig. 6 Output power under different light intensities

(a) MPPT result of constant voltage method

(b) MPPT result of incremental conductance method

(c) MPPT result of improved incremental
conductance method

Fig. 7 Output power under different temprature

6044 L. Shengqing et al.

123



of 1%. When the change of light intensity is greater, the

steady state difference is more obvious. When the light

intensity is 600 W/m2, the difference reaches 4%. In

addition, when the light intensity changes, the method in

this paper needs 0.001 s, and the constant voltage method

needs 0.005 s to return to the steady state, which improves

the recovery capacity by 80%. The INC algorithm needs

0.045 s to reach the steady state, while the method in this

paper only needs 0.03 s, which improves the tracking time

by 33%. In addition, the steady state value of the method

proposed in this paper is relatively high due to the oscil-

lation of the INC algorithm under various light intensity

conditions.

The intensity of light in Fig. 7 is 1000 W/m2. The

temperature is different from 10 to 25 to 40 �C again The

simulation results of photovoltaic cells are as follows.

You can see that when the temperature changes, the

steady-state value of the constant voltage method changes

greatly. When the temperature is 40 �C, the tracking MPP

value of the method in this paper increases by 9%, and

tends to increase with the temperature. Compared with INC

algorithm, the time of initial tracking to MPP is increased

by 33%, and overshoot and recovery time are improved

when temperature changes.

Due to the particle swarm algorithm used in the tracking

process, the simulation time has increased, but in practical

applications, the real-time performance of the proposed

method can be obtained with the help of a high-perfor-

mance microprocessor, and the overall tracking time is

reduced compared to the traditional incremental conduc-

tivity method.

5 Conclusion

On the basis of analyzing the advantages and disadvantages

of various MPPT methods, aiming at the problems of slow

tracking speed and poor accuracy of traditional conduc-

tance incremental method, this paper proposed an

improved MPPT strategy based on INC method. The fol-

lowing conclusions are drawn through theoretical analysis

and simulation verification:

(1) Compared with the constant voltage method, the

accuracy can be improved by more than 4% when

the temperature or light intensity is changed, while

maintaining the tracking speed.

(2) Compared with the traditional incremental conduc-

tivity method, the method can reduce the tracking

time by 33% and improve the tracking accuracy by

1% when the light intensity or temperature changes.

It should be pointed out that the proposed method is

suitable for single peak output characteristic curve. On this

basis, follow-up research will continue to improve MPPT

algorithm, so that it can be applied to large-scale photo-

voltaic power generation system photovoltaic arrays, local

shadows, uneven lighting and other complex situations.
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