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Itisa challenging task to accurately track the global maximum power point (GMPP)
in a changing environment in widely used photovoltaic (PV) systems. So far, a
variety of maximum power point (MPP) tracking algorithms have been used in
solar PV power systems. The classical algorithm is simple and fast to track the
speed effectively in a constant environment, but it can get stuck at an extreme
point in a variable environment. In this paper, the variable-step incremental
conductance (VINC) method is combined with the gray wolf optimization
(GWO) algorithm. Firstly, GWO conducts a global search. When the search
reaches the area near GMPP, the next step of the search process is carried out
based on the iteration number conditions of GWO. Enter the search process of
VINC and determine whether the current search process is on the left or right side
of the vertex based on the current search value. And adjust the duty cycle during
the VINC search process using different variable step size methods based on the
left and right sides, and finally accurately locate the GMPP value. To verify the
robustness of the proposed algorithm, simulation, and experimental comparisons
were conducted between the proposed method in the article and GWO and VINC.
The tracking efficiency of static shadows, simulated dynamic shadows, and
experimental static and dynamic shadows is 99.80%, 98.82%, 99.43%, and
98.51%, respectively. The tracking time of simulation and experiment is 46.49%
and 89.34% faster than GWO and VINC technologies, respectively. The results
show that compared with the GWO and VINC methods, the proposed method has
improved tracking speed and efficiency. Moreover, compared with the method
that combines the two intelligent algorithms, this method has fewer algorithm
parameters, a simple calculation process, lower complexity, lower hardware
requirements, and better actual implementation performance.

KEYWORDS

maximum power point tracking, variable environment, gray wolf optimization,
variable-step incremental conductance, tracking efficiency

1 Introduction

With the advancement of global energy development, different influencing factors
between regions, the importance attached to the PV industry by various countries, and
the market requirements of green energy, the global PV power generation industry continues
to grow and will become the mainstay of new energy generation. However, the conversion
efficiency of the modules used to collect solar energy is very low, limiting the collection of
optimal solar energy (Ludin et al., 2021). With the continuous development of photovoltaic
power generation technology and the increase in the rooftop photovoltaic industry,
photovoltaic power generation faces strong variability in the external ambient
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temperature, light intensity, and other conditions, and the output
voltage and current of the photovoltaic source show a non-linear
trend (Chitransh et al., 2021). The output energy is related to the
parameters of the photovoltaic panels, which, in turn, leads to the
load imposing its characteristics on the output power; the P-U
characteristic curve shows multiple peaks, and there is only one
maximum value and multiple extremes in these peaks (Javed et al.,
2019), with the power generation system unable to make sure the
output power is at the maximum value at all times, leading to a
serious reduction in the power generation efficiency of the PV panel;
thus, the maximum power from the PV panel, especially under
fluctuating weather conditions, while taking into account stability
and output power maximization, is a research concern.

To solve this problem and increase the output power of PV panel
power generation under any condition, a lot of research has been
carried out on the MPPT control technique tracked by many
scholars (Katche et al., 2023). Traditional techniques have been
proposed, including the perturbation observation method (Martinez
et al., 2022), incremental conductance method (Singh et al,, 2021),
fractional open-circuit voltage method (Hmidet et al, 2021),
fractional short-circuit current method (Fapi et al., 2021), voltage
scan (Celikel et al., 2022), and several methods of improvement
(Khodair et al., 2023), among which the improved methods based on
the incremental conductance method are the use of the incomplete
partial differential theory partitioning variable step, integrator
variable step (Harrison et al., 2023)—tracking about four times
faster than INC—stepless voltage perturbation superposition
adaptive improvement of the INC method (Chellakhi et al,
2022)—tracking efficiency than INC on average by about 2%—
and the new adaptive step (Mishra et al., 2021); these algorithms
have their advantages and disadvantages. The traditional techniques
are used more in the current practical production because of their
low hardware complexity and requirements, and easy operation;
however, with the scale of photovoltaic power generation and the
changing circumstances of the environment, the output power is
relatively low and easy to fall into the extreme value point at the
rapidly changing and partially shaded conditions that cannot get the
real GMPP; the improved algorithm in the local shade can be
tracked to the GMPP, but the use of logarithms, integration, and
other methods to increase the complexity of the calculation, to a
certain extent, will increase the power loss, ensuring that the
completion of real-time tracking is also lacking. Among them,
the incremental conductance method is more simple and
accurate than other traditional techniques, with higher tracking
accuracy and easier-to-achieve improvements in its step size. To
improve the power generation efficiency, some bio-intelligence
algorithms are proposed, including the particle swarm algorithm
(Bai et al,, 2021) with a 13.4% increase in output power, gray wolf
optimization algorithm (Suhardi et al., 2019) with 0.4 s faster than
ING, and fuzzy logic control (Giurgi et al., 2022) with 19% increase
in conversion efficiency and 0.03 s faster tracking time than INC and
artificial neural network (Dangi et al., 2022), and these methods have
tracking accuracy and time that are much improved than traditional
algorithms, but the complexity of the algorithm is increased, the
search range is wider, the required search time is long, the amount of
algorithm acquisition is increased, and the hardware requirements
are higher. However, among several intelligent algorithms, the gray
wolf optimization algorithm has fewer parameters, which is simpler
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to implement, and is widely used (Al-Tashi et al., 2020). In addition,
for the current problem at the point of falling into extremes, fusion
technology algorithms have been proposed, such as the genetic
algorithm and fractional open-circuit voltage hybrid algorithm
(Hassani et al., 2023); after a 3% increase in efficiency over the
fractional open-circuit voltage method, improved artificial bee
swarm and simultaneous heat-transfer search algorithm
combination (Gong et al., 2023) achieved a tracking efficiency of
more than 98%, the particle swarm algorithm combined with the
optimized perturbation observation algorithm and incremental
conductance method algorithm (Ibrahim et al., 2023) achieved a
tracking efficiency of 99.07% and a tracking time of 43.4 m, the
hybrid MPP tracking technique implemented by the incremental
conductance method and the dragonfly optimization technique
reduced the tracking time and improved the accuracy (Sarwar
et al,, 2022), and the two methods of the gray wolf optimization
algorithm and the whale optimization algorithm for simultaneous
PID control (Abderrahim et al., 2021) reduced the tracking time by
0.75s and improved the efficiency by 1.2%. Adjusting the
parameters to ensure the real-time tracking of the MPP in a
rapidly changing environment, the aforementioned multiple
fusion techniques better achieve the MPPT tracking effect,
oscillations are reduced, tracking efficiency is improved, and
tracking speed is accelerated despite the improvement in many
aspects; however, the actual production requires to achieve low-cost
and high-efficiency power generation, and the mixture of multiple
intelligent algorithms is relatively complex and has high hardware
requirements, high cost, and is more difficult to implement. To
reduce the search range and complexity, as well as to shorten the
search time and improve the tracking accuracy, this paper proposes
to apply the algorithm of GWO combined with improved INC to the
PV power generation system, where the GWO algorithm completes
the global search to determine the approximate range of GMPP, and
then, the variable-step INC completes the final precise positioning to

quickly and accurately track the GMPP in the variable environment.

2 Characteristics of the photovoltaic
panel

2.1 PV principle analysis

Because there are many kinds of photovoltaic cells and the
mathematical model is very complex, it can be regarded as a stable
output current source according to the working principle of
photovoltaic cells. An engineering mathematical model is built
based on the MPP voltage U,,, MPP current I, short-circuit
current Iy, and open-circuit voltage U, provided by the
manufacturer according to the relevant theories of electronics. In
this paper, the engineering model of the output characteristics of PV
panels is expressed by Eqs 1, 2 (Mokeddem, D. 2021).

(Uo + Iy x Ry)

Iy =1y, —Ivp - R, , (1)
Tvp = ivd(exp[% (U + Iy x RS)] - 1), @)

where Iy, is the current generated by photovoltaic panels, Iyp is the
current flowing through the diode path, Uy is the voltage output by
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FIGURE 1

Photovoltaic string under STC and PSC.

the photovoltaic panel, R; is the PV panel series resistance, Ry, is the
PV panel parallel resistance, i,y is the diode reverse saturation
current, A is the diode ideal factor, K is the Boltzmann
1.38 x 107 J/K—T
temperature, and q is the charge constant, whose value is
1.602176565 x 107*7.

constant—whose value is isPV  panel

2.2 Characteristics of PV panels under the
partial shadow

The experimental part needs to realize the change in external
conditions such as light and temperature under the PV system
and complete the comparison simulation experiment under
various conditions. The PV array model is a series of five
panels. The characteristics of PV panels under partial shadow
can be described as follows: a single PV cell can produce a few
watts of electricity, and multiple PV cells are connected in series
to form a PV string, which is then connected in parallel to form a
PV panel. One of the partial shading conditions (PSCs) is a
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phenomenon that occurs when some parts of a PV panel receive
a different intensity of light radiation irradiation compared to
other parts. In a series-connected PV panel, the part exposed to
weak light radiation intensity (shading condition) generates low
current, while the current in the series-connected module
remains the same; at this time, the part in the shading
condition will operate under reverse bias conditions, which
will make the voltage at both ends of the series-connected
module decrease significantly; at this time, a hot spot will be
generated, and this phenomenon will also cause damage to the
PV module. In order to reduce the partial shading and reduce
the large power loss caused by the partial shadowing condition,
bypass diodes are used to minimize the impact of this
phenomenon. The PV string under STC and PSC is shown in
Figure 1. Under STC, all cells are used as current sources, and all
diodes operate in reverse bias; when the PV panel is operated
under a PSC environment, the cells under shaded conditions are
equivalent to an open circuit and the bypass diodes operate in
forward bias. Therefore, when the temperature is constant, the
P-V characteristic curve obtained by gradually reducing the
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MPPT control schematic diagram based on the boost converter.

temperature to 400 W/m?> when the light radiant intensity is
irradiated is shown in Figure 2A; when the light radiant
intensity is constant and the temperature changes, the P-V
characteristic curve is obtained, as shown in Figure 2B.

The two P-V characteristic curves show that when the light
radiant intensity changes, the power changes with the change, and
there are multiple extreme points. Among these extreme points, only
one point is the largest, which is GMPP. With the change in the
temperature, the MPP value also changes, and the light radiant
intensity has a greater impact on GMPP. Therefore, the P-V
characteristic curve will show multi-peak under the shadow
condition. To maximize the output power, the circuit must work
at GMPP.

2.3 Simulation model

In this paper, the photovoltaic system structure shown in
Figure 3 is adopted to demonstrate the performance of the
GWO-VINC method, which mainly consists of a PV panel, boost
circuit, MPPT controller, PI controller, and PWM driver circuit. In
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the boost circuit, C is the input filter capacitor, L is the energy
storage inductor, V is the switching tube, VD is the diode, C, is the
output filter capacitor, and R is the load.

To design the closed-loop voltage control, the PV system needs
to be modeled. In MATLAB/Simulink, the simulation model of
Figure 4 was built according to the circuit schematic diagram of
Figure 3, in which the output voltage of the PV cell was taken as the
standard value of PID control.

2.4 Parameter setting

The PV module of PV array 1 is shown in Figure 4. The PV
module of TP250MBZ using Simulink software is selected as the
research object. The basic parameters of the standard external
environment provided by the manufacturer of the PV module
are shown in Table 1. The parameters of the boost circuit were
calculated according to the output voltage of the simulation circuit,
and the frequency of the inductor, capacitor, load, and switch is
calculated, as shown in Figure 3 and in Table 1.

2.5 Simulation model validation

The characteristics of the PV battery pack are observed in 2.2,
the PV string is connected to the built simulation circuit, and the
light conditions of the string are changed to check the obtained
characteristic curves to verify whether the simulation model is built
correctly, which can be used for the simulation experiment of MPPT
control technology with the improved algorithm at the later stage.
The simulation under the conditions of Table 2 yields the curve
graph shown in Figure 5.

Figure 5 shows that the output power is consistent with the
theoretical light radiation intensity change and temperature change
on the output power, and the output GMPP is consistent with the
output power value under known conditions; thus, the simulation
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GWO-VINC algorithm simulation model.

TABLE 1 Circuit parameter setting.

Parameter Numerical value Magnitude
Maximum power point (Pp,,) 249 w
Open-circuit voltage (Vo) 36.8 \'
Short-circuit current (I) 8.83 A
Maximum power point voltage (Vp,) 30 \%
Maximum power point current () 8.3 A
Temperature coefficient of (V) -0.33 %/deg.C
Temperature coefficient of (I5) 0.063 %/deg.C
Inductance (L) 0.3 mH
Electric capacity (C) 20 uF
Electric capacity (C0) 200 uF
Load (R) 185 Q
Switching frequency (f) 5,000 Hz

TABLE 2 Five different test conditions.

Test case  Light intensity GMPP  Temperature =~ GMPP
/(kW-m-2) /W /(Q) /W
STC L1,1,1,1 1,239 25,25,25,25,25 1,239
PSC1 1,1,1,1,0.6 983.8 0,0,0,0,0 1,358
PSC2 1,1,1,0.4,0.6 729.1 5,10,15,20,25 1,287
PSC3 1,1,0.2,0.4,0.6 4972 10,20,30,40,50 1,214
PSC4 0.3,0.7,0.2,0.4,0.6 3323 15,30,45,60,75 1,140
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model can be used to conduct simulation experiments under
different conditions.

3 MPPT strategy based on the
GWO-VINC algorithm

3.1 Gray wolf optimization algorithm

The GWO algorithm is an optimization search method inspired
by the management system of gray wolf hunting activities developed
by the four layers «, 3, §, and w gray wolves corresponding to the
algorithm optimal solution, sub-optimal solution, third solution,
and solution to be selected. The three steps of hunting are as follows:
stalking, seeking, and pushing the prey; chasing, surrounding, and
molesting the prey until it stops hunting; and hitting the prey. For
hunting, the behavior of the gray wolf to surround the prey is
defined as

(@

D= |Gex,m - X, (3)
(n+1)=X,(n) - AeD. (4)

<L

Equation 3 represents the distance between the individual and
the prey, and is the current position of the gray wolf; Eq. 4 is the
position updated formula of the gray wolf.

A =2aem; - @, (5)
C = 2005, (6)

where A and C are the coefficient vectors, d is the convergence
factor, and with the increase in the iteration number n, the size
linearly decreases from 2 to 0, and the size of m; and m;, is a
random number between [0 and 1]. In the search for the
maximum value, GMPP is unknown, assuming that «, f, and
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& very well know a lot about potential prey locations, the three
optimal values so far are saved according to the results of each
search of the gray wolf, and the positions of these three are used
to determine the location where the optimal value is located (Eq.
7), forcing other individuals to update their positions based on
the position of the optimal individual (Egs. 8, 9), little by little
approaching the prey at the optimal position.

, (7)

In Eq. 7, l3a, f)ﬁ, and 135 represent the distances between a, 3,
and § and other particulars, respectively, X w X B> and Xa on behalf of
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the present location of a, f and J, separately; Ci, CM, and an are
stochastic vectors, and X is the present location of the gray wolf.

{ Xz+1 = Xﬁ - Ai+1 . Dﬁ > (8)
Xiyy = X5 = Aisz - D,
> 1,5 5 5
X+ 1) =2 (Xi+ Koot + Kio) )

Equation 8 defines the width and direction in which the w
individuals advance toward a, f3, and ¢ in the wolf pack, and Eq. 9
defines the final position of the w individuals. |A| > 1 forces the gray
wolf to separate from its prey (local optimum) in the hope of finding the

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1205851

Yan et al.
1500 0.2
Power|
— Slope MPP 0.1
1200 f 1
40.0
900 |
§ 1-0.1%
600 |
=02
3001 103
0 L . L -0.4
0 50 100 150 200
uv
FIGURE 8

Slope and the P-V curve of the photovoltaic cell curve under STC.

global optimum. The GWO algorithm is used to help discover
new solutions. Equation 5 shows that C is a random value
between [0 and 2], which represents the random weight of the
influence of the location of the gray wolf on the prey, and C > 1
means that the influence weight is significant, and otherwise
small, and is nonlinearly decreasing.

The schematic diagram of GWO position update is shown in the

following Figure 6.

3.2 Improved variable-step incremental
conductance method

The traditional INC has a simple operation, which is easy to
implement and is widely used in photovoltaic power generation
systems, but many of the methods proposed to improve INC are
more complicated, and there are currently disturbances and
observation methods that improve the variable-step size into
three different regions, before and after reaching MPP, and
improve the step size in different ways (Liu et al, 2014).
(2021) proposed that P&O use different methods
to improve the step size on both sides of the MPP, and then track

Gupta et al.

(Gupta et al., 2021) and divide INC into two regions to change
different step sizes for improvement. The methods proposed in
the above references have achieved good tracking results.
Furthermore, the principle of the INC method is to determine
the change in the disturbance step size by dP/dU positive and
negative sides, at the apex dP/dU = 0; when on the left side of the
apex dP/dU > 0, the voltage needs to be increased, and when on
the right side of the apex dP/dU <0, the voltage needs to be
reduced.

As can be seen in Figure 7, the traditional INC has a different
magnitude of voltage change before and after the MPP non-linear
region, with a large variation range on the left side and a small
variation range on the right side. In the paper, the traditional INC
method is separated based on the P-V curve apex, and different
tracking step coefficients are set as Kg,,,, according to the output
voltage and light intensity changes, and the coefficients on the left
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and right sides are expressed as Ky and K, respectively. When
the intensity of light changes abruptly, it is known from
Figure 2A that the light intensity has a strong influence on the
power point, and the light intensity change is then used as the
adjustment factor on the left side, that is,

Kan= 12 (10)
where L,, indicates the light intensity after the change and Ly, is the
light intensity before the change. Figure 8 shows that the slope of the
curve before MPP is very small and unchanged, and after MPP, the
slope of the curve then changes to a small extent. According to the
constant voltage method, the linear relationship between the open-
circuit voltage Uy and the voltage Uy, at MPP, as shown in Eq. 11 b,
is the relationship coefficient located between 73% and 80%, and the
slope K value of the I-V curve of the photovoltaic panel in Figure 8 is
calculated to be [0.01- 0.50] so that K is set to the relationship
shown in Eq. 12.

U,, = bU,, (11)
AU

Kygp = —. 12

N (12)

The specific implementation flow chart is shown in Figure 9.

3.3 GWO-VINC implementation process

In the PV power generation system, the MPPT strategy
controls the duty cycle of the commutator in the boost
circuit. Among them, the individual gray wolf is the duty
ratio of GWO, and the global optimal value is the target
prey. When the external environment changes, the MPPT
control technology based on the GWO-VINC algorithm first
starts GWO to complete the initialization of voltage/current and
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other parameters, power calculation, and comparison of global
search; after several iterations, with the continuous updating of
the location of individual gray wolves, when the location of the
gray wolf population tends to be the same, the difference of the
output power is decreasing, and the search approaches near the
global maximum. As the value of GWO algorithm iterations
increases, it reaches the maximum number of iterations, stops
iterating, jumps out of the cycle, and enters the next level of the
search process, and the VINC algorithm precisely searches and
locates the maximum point to improve the accuracy of tracking,
enhance the stability of the output voltage of the whole system,
and increase the output power efficiency of the PV system.
When external environmental factors cause the light intensity,
temperature, and other conditions to change, the output power
characteristics of the PV array also change. The duty cycle
maintained at this time may no longer correspond to the
MPP, and the algorithm needs to be restarted to search for a
new MPP. When the system detects that the current power Ppy
is not equal to the power value of the previous moment P, the
difference is greater than 2, and Py is not equal to 0, the MPPT
strategy is restarted to enter GWO tracking. In other words, the
relation (13) is satisfied.

AP = |Ppy = Pppe| > 2&&P,y # 0. (13)

The specific implementation flow chart is shown in
Figure 10.
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4 GWO-VINC simulation analyses

To compare the tracking effect of GWO-VINC with GWO and
VINC methods, to simulate the external environment change of PV
power generation, and to verify that the proposed method can respond
quickly to track GMPP under a variable environment, three modes are set
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FIGURE 13

Tracking P-T curve under static shading conditions.

as follows: the ideal no-shade state (as a reference), static shade state (the
external environment changes slightly and is stable after one change), and
dynamic shade state (the external environment changes strongly, and the
temperature and light change at any time); the simulation and
experimental verification are carried out in this mode.

To verify the effectiveness of the proposed method, GWO-
VINC, GWO, and VINC methods were compared with it and
simulated in both static and dynamic shading modes to track
time and static tracking efficiency 7., and dynamic tracking
efficiency 7;,,,,,,;c is used as a comparative indicator for analysis;
Htaric and Ndynamic calculation formula is shown in (14) and (15).

P,
= % 100%, (14)

rlstatic
P,
PP
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As can be seen from Figure 11, the tracking effect based on the
GWO-VINC algorithm is more stable than both GWO and VINC
methods, the GWO-VINC algorithm has a stable tracking power
near 1232.8 W at 0.077 S with an accurate tracking efficiency of
99.50%, the GWO algorithm has a stable tracking power near
1230 W at 0.086 S with an accurate tracking efficiency of 99.27%,
and the VINC algorithm tracked the power around 1231 W at
0.090 S with 99.35% accurate tracking efficiency.

According to the aforementioned analysis and simulation
waveform, it can be seen that in this case, the tracking efficiency
of all three methods is above 99%, and the GWO-VINC algorithm
tracks faster and with higher accuracy; this is mainly because of the
addition of GWO that accelerates the tracking speed, and the
tracking accuracy of VINC is improved when it enters the
vicinity of the MPP. It can also be seen from Figure 12 of the
tracking voltage variation with the time that the GWO-VINC
algorithm has a smaller voltage variation.
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TABLE 3 Three working environment parameters.

Test status Light intensity/(kW-m-2)

10.3389/fenrg.2023.1205851

Temperature (°C)

PSC1 1,1,1,0.4,0.6 40,30,25,15,20 709.5
PSC2 1,1,0.2,0.4,0.6 35,30,10,15,25 477.6
PSC3 0.3,0.7,0.2,0.4,0.6 15,25,5,20,30 334.0
1700
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1300 &~ N
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1 1 1 1 1 1 Power Supply
00 0.1 02 03_04 05 06 07

A

FIGURE 15
Tracking P-T curve under the dynamic shadow.

GWO

GWO-VINC
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A

FIGURE 16
Tracking V-T curve under the dynamic shadow.

4.2 Tracking under static shading
In the case of static PSC, the P-V curve of the PV module shows

multiple peaks. The light irradiance received by the PV panel is set to
500, 400, 900, 800, and 1000 W/m?, and the operating temperature is

Frontiers in Energy Research

Power conversion|

A
ETA) 1 8)

Digital display

FIGURE 17
Experimental platform.

set to 25, 5, 15, 30, and 35°C, respectively. The output power and
voltage curves of the three algorithms are shown in Figures 13, 14.

Figure 13 shows that the GWO-VINC algorithm has a stable
tracking power near 617.96 W at 0.0667 S with an accurate tracking
efficiency of 99.75%, the GWO algorithm has a stable tracking power
near 605.95 W at 0.090 S with an accurate tracking efficiency of 97.93%,
and the VINC method has a stable tracking power near 617.96 W at
0.148 S with an accurate tracking efficiency of 99.75%. Figures 13, 14
show that all the three methods respond rapidly at the instant of starting
tracking, where the GWO-VINC algorithm reduces the tracking time
by 124.2% compared with VINC and improves the tracking accuracy by
1.99% compared with GWO; the tracking accuracy of GWO-VINC and
VINC is not much different, indicating that the tracking accuracy can be
improved by adding VINC under shade conditions and produces
smaller voltage oscillation amplitude, reduces the power loss, and
improves the conversion efficiency of PV cells.

4.3 Tracking under dynamic shadow

In the actual working environment, the local shadow may
change with time, and the environment around the PV module,
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Tracking V-T curve under the static shadow.

including light intensity, temperature, and shadow, may be different
from the previous time, so this multi-peaked P-V curve is time-
varying. In Simulink, the dynamic tracking effect of the PV module
in three different environments, as shown in Table 3, is simulated;
the PSCI1-PSC2 switching time point 0.2s, and the
PSC2-PSC3 switching time point is 0.4 s.

The simulated waveforms of power tracking under dynamic PSC
of the three methods are shown in Figures 15, 16. Under PSC1, the
three methods took 0.092, 0.096, and 0.153 S to complete power
tracking, and the final output values were 707.37, 705.88, and
706.87 W, with tracking efficiencies of 99.70, 99.49, and 99.63%,
respectively. Under PSC2, the three methods took 0.103, 0.121, and
0.176 S to complete the power tracking, and the final output values
were 474.35, 466.99, and 473.01 W, respectively, with tracking
efficiencies of 99.32%, 97.78%, and 99.04% respectively. The final
output values were 331.53, 326.7, and 326 W respectively, with

is
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FIGURE 21
Tracking V-T curve under the dynamic shadow.

tracking efficiencies of 99.26%, 95.81%, and 98.80% respectively.
According to the aforementioned data, the tracking accuracy of
GWO-VINC is above 99%, which is improved compared with the
GWO method. The addition of the VINC method improves the
tracking accuracy, and the tracking speed of GWO-VINC is
increased by 67.96% at the maximum, which is better than that
of GWO and VING; the speed is faster than that of VINC because
the access of GWO speeds up the tracking speed, the vibration is
small, and the response speed is fast in the search process.

5 Experimental verification and analysis

The verification is carried out on the hardware experiment platform
based on Yanxu TMS320F28335 control. As shown in Figure 17, the
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TABLE 4 Correspondence table of simulation and experimental results.

Simulation results Experiment results
Pattern Control algorithm Tracking time /S GMPP/W n/% Tracking time /S GMPP/W
GWO
VINC 0.153 706.87 99.63 0.160 678.85 95.68
GWO-VINC 0.092 707.37 99.70 0.097 696.37 98.15
GWO 0.121 466.99 97.78 0.154 462.03 96.74
VINC 0.176 473.01 99.04 0.035 456.97 95.68
GWO-VINC 0.103 474.35 99.32 0.121 471,96 98.82
GWO 0.109 326.7 95.81 0.163 326.78 97.83
VINC 0.131 326 98.80 0.036 32078 96.04
GWO-VINC 0.093 331.53 99.26 0.132 329.19 98.56

experimental equipment mainly includes a PV analog source, MPPT  data, it can be seen that the overall tracking effect of GWO-VINC is

controller, 50 ) adjustable power resistor, digital multimeter, and digital ~ the best, the tracking accuracy is guaranteed to be above 99%, and

oscilloscope. Among them, the PV analog source simulates the PV the oscillation amplitude is minimal.

panel; the 50 Q) adjustable power resistor simulates the load. Based on the analysis of the aforementioned three sets of the
Figure 18 shows that the GWO-VINC method tracking time is ~ experimental data, based on GWO, the tracking accuracy is

20.33% and 47.46%, which is less than the GWO and VINC tracking  improved due to the addition of VINC; based on VINGC, the

time, respectively, and the tracking accuracy of the three methodsin  tracking speed is faster to some extent due to the addition of GWO.

this state is not much different, and they are all stable around 612 W. The data under dynamic shading simulation and the experiment
Figure 19 shows that the tracking voltage fluctuation of the GWO-  were calculated and summarized, as shown in Table 4.

VINC method is small, and the fluctuation enters a steady state soon According to Table 4, the tracking effect of the GWO-VINC
with better stability. method is the best among the three methods, with an average

The  aforementioned  figure  shows  that  the reduction of 50.01% in tracking time and an average
PSC1-PSC2  switching  time  point is  0.2s, the improvement of 1.90% in tracking accuracy relative to GWO and
PSC2-PSC3 switching time point is 0.4 s, and the power tracking ~ VINC. Under a dynamic environment, the GWO-VINC method
simulation waveforms under dynamic PSC of the three methods are  reacts quickly, has the highest tracking accuracy, and the least
shown in Figures 20, 21. Under PSCI1, the three methods took 0.097,  fluctuation, which is beneficial to reduce the power loss of the
0.131, and 0.160 S to complete the power tracking, and the final  system, and it can be seen from the comparison of simulation and
output values were 696.37, 694.74, and 678.85 W, with tracking  experimental conditions that although the superiority of GWO-
efficiencies of 98.15%, 97.92%, and 95.68%, respectively. Under =~ VINC method is achieved by increasing the complexity of both
PSCI-PSC2, the three methods took 0.121, 0.154, and 0.035S to ~ GWO and VINC methods, the tracking accuracy and tracking time
complete the power tracking, and the final output values were  of GWO-VINC method are improved, which is more adaptable to
471.96, 462.03, and 456.97 W, with tracking efficiencies of  the case of large changes in external conditions and matches the
98.82%, 96.74%, and 95.68%, respectively. In this state, the changing conditions of PV power generation systems in real life.
tracking time of VINC is relatively short. The reason may be that In this section, three different cases are studied after reading the
VINC tracking has fallen into local optima. Because GMPP under  literature and comparing the results of several simulation
PSC2 is the first extreme point on the P-V characteristic curve.  experiments, and the performance and tracking effect of the
When the external environment changes, the VINC method will ~ proposed algorithm are comprehensively expounded. The
restart tracking and stop tracking after completing the first point  photovoltaic system simulation model with MPPT control
tracking, ending the entire tracking process. Therefore, in this state, ~ technology was built using MATLAB/Simulink, and the tracking
VINC has the shortest tracking time. Under PSC2-PSC3, the three  effect of three different MPPT control technologies in three cases
methods took 0.132, 0.163, and 0.036 S to complete the power track, ~ was determined by writing C language code experiment, case 2 static
where the final output values were 329.19, 326.78, and 320.78 W,  shading, and case 3 dynamic shading. The tracking effect and
and tracking efficiencies were 98.56%, 97.84%, and 96.04%; at this ~ advantages of the GWO-VINC method can be better than two
time, VINC time is the shortest, specifically because the voltage is  cases. First, it can be clearly seen from the curves of P-T and V-T that
increasing, and the change is small, although it can track the MPP in  the oscillation amplitude of GWO-VINC is smaller than that of
a short time; the voltage increase increases the loss of the circuit,and ~ GWO and VINC, and the tracking stability performance of GWO-
the actual long-term use of the production is not recommended to ~ VINC is better. Even under the dynamic and changeable condition,
change the method. By combining the P-T and V-T diagrams and  the curve of the GWO-VINC method is relatively smooth, indicating
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that the stability performance of the proposed method is better
than that of the other two methods. Thus, the power loss caused
by the oscillation of the circuit is less, which helps improve the
power output efficiency of photovoltaic power generation.
Second, from the tracking time data collected and calculated
in Table 4, it can be seen that the tracking time of the proposed
methods is the shortest when the VINC method does not fall into
the local optimal case. This is mainly because when GWO is used
to quickly locate near the maximum power point, the algorithm
quickly enters VINC for accurate positioning. In order to reduce
the time consumption of the more complex algorithm GWO in
the final precise positioning stage, the tracking time is shortened.
The simulation and experimental tracking time results are
46.49% and 89.34%, which are faster than GWO and VINC
methods, respectively. Finally, it can also be seen from the
tracking time data collected and calculated in Table 4 that
GWO has the highest tracking efficiency, especially because
the GWO can accurately locate the range of the GMPP. On
this basis, VINC has a better ability to accurately track within the
specified range. Therefore, the method combined with the two
algorithms achieves better tracking effects and higher tracking
accuracy, and the tracking efficiency of static shading and
dynamic shading under simulation, and static shading and
dynamic shading under experiment reaches 99.80%, 98.82%,
99.43%, and 98.51% respectively. Although the tracking
stability, time, and efficiency of GWO-VINC are improved
compared with those of GWO and VINC, the complexity of
the GWO-VINC algorithm is higher than that of these two
methods, and the requirements on hardware are also higher
However, under the
condition of considering the power generation cost and power

than those of these two methods.

generation efficiency factors, the tracking efficiency of GWO-
VINC is 2.14%, which is higher than that of VINC, and GWO-
VINC is 1.63%, which is higher than that of GWO.

6 Conclusion

Aiming at the problem that it is difficult for a photovoltaic
power generation system to track GMPP in real time under the
condition of the changeable external environment and local
shadow, a photovoltaic power generation MPPT control
strategy based on the integration of GWO and progressive
VINC was proposed. In order to avoid falling into local
optimization, GWO tracking is used at first. When it reaches
the vicinity of GMPP, VINC tracking is started according to the
conditions for starting VINC tracking. The two methods are
combined to improve tracking accuracy and global search ability.
By comparing with GWO and VINC methods using MATLAB
simulation and hardware equipment experiments, it is verified
that the GWO-VINC method has a faster tracking speed, and the
power tracking accuracy can reach 99% under static, static
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shading, and dynamic shading conditions. The tracking time
is the shortest among the three methods and can quickly adapt to
changes in the external environment. Moreover, according to the
V-T diagram, it can be seen that the overall stability of the GWO-
VINC method is better, and the voltage fluctuation is smaller.
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