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Abstract: Aiming at the problem of maximum power point tracking (MPPT) of photovoltaic arrays
in photovoltaic power generation systems, a particle swarm optimization (PSO) MPPT method
combined with adaptive linear active disturbance rejection control (A-LADRC) algorithm was pro-
posed and designed. In this method, PSO is used to track the maximum power point (MPP), and
then the A-LADRC controller was used to track the reference voltage. The controller enhances the
anti-interference ability against various external disturbances in the MPPT process and accelerates
the response speed of the system. Compared with the perturbation observation method (P&O), tradi-
tional PSO and LADRC, the proposed method has good tracking performance and an anti-interference
ability under various external disturbances.
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1. Introduction

With the occurrence of the first industrial revolution, productivity and industrialization
levels have been continuously improved, and a large amount of energy has been produced.
The excessive use of traditional fossil energy causes environmental pollution. However,
because traditional energy cannot be recovered and regenerated, this leads to energy
depletion, which seriously hinders the further development of society. At present, coal
and other traditional energies still account for a large proportion of the energy structure.
In terms of power resource consumption, the growth rate of the power demand has been
relatively high in recent years. Sustainable development faces the dual challenges of energy
and the environment [1–3]. Solar energy is widely used in the development of the power
industry due to its clean and long-term characteristics [4,5]. As a key part of solar power
generation, the output characteristic curve of the photovoltaic array is nonlinear due to
the influence of light, temperature, etc. [6]. In order to maximize the power generation
efficiency of photovoltaic arrays, MPPT technology is introduced in practical engineering
applications. Therefore, it is very meaningful to put forward an appropriate MPPT control
method [7].

Ref. [8] introduced several MPPT methods and implemented them in a MATLAB/Simulink
environment. The above methods such as P&O and artificial neural network (ANN) can ef-
fectively solve the problem of maximum power point tracking. Ref. [9] proposed an MPPT
algorithm based on system identification (SI) for PV systems under partial shading (PS) con-
ditions. This method does not require the measurement of PV panel currents. The MPPT
algorithm is developed for the motors with nonlinear pump loads. Ref. [10] proposed an
enhanced P&O algorithm and a check algorithm. In the local shadow, MPPT is achieved by
comparing all the peaks on the PV curve. The algorithm improves the tracking efficiency of
traditional P&O MPPT by more than 16% under partial shadow. Ref. [11] proposed a new
model-based MPPT method for local shading of photovoltaic arrays. This method estimates the
MPP of each PV series, and by solving the nonlinear equation of the PV series numerically, the
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output current and power of the PV array corresponding to the MPP voltage of each PV series
are calculated, so as to achieve MPPT. Ref. [12] proposed an MPPT technique based on load
voltage (LVB), which adopts adaptive step size (ASS) for independent photovoltaic systems. The
technique uses adaptive control to adjust the step size, thus improving the convergence speed
of MPPT. Ref. [13] proposed an MPPT control strategy with an improved bacteria foraging
algorithm. This method enhances the global optimization capability of the algorithm by im-
proving the compensation and migration probability of bacteria swimming. Ref. [14] proposed
the improved PSO algorithm and the MPPT algorithm combined with the neural network and
disturbance observation methods, respectively. In this paper, the application of these two MPPT
algorithms in different external conditions is simulated, which shows the advantages of these
two methods. Ref. [15] proposed an MPPT control scheme based on the horse racing algorithm,
which optimized the MPPT process according to the rules of horse racing. The simulation
results show that this method reduces the transient oscillation in the MPPT process, avoids
it falling into the local optimal situation in the optimization process and can rapidly achieve
target tracking. Ref. [16] proposed an MPPT control method based on the marine predator
algorithm. This algorithm is an algorithm that imitates the predation law of marine organisms.
The experimental results show that this method can achieve good tracking abilities in the face of
different external conditions. Ref. [17] proposed an improved incremental conductance MPPT
algorithm with a variable step size. Compared with the traditional incremental conductance
method, this alternative adjusts the step size to speed up the optimization of the MPPT process,
and also improve the optimization accuracy. However, this method cannot solve the multi-peak
problem of the P-V output characteristic curve of photovoltaic arrays under local shadows.
Ref. [18] proposed an MPPT control technology based on the Grey Wolf Optimization (GWO)
algorithm, which improved the tracking efficiency in the MPPT process and reduced problems
such as steady-state oscillation. In addition to adopting an appropriate control algorithm to track
MPP, MPPT also needs to consider control voltage and current, so a voltage-oriented method
(vo-MPPT) and a current-oriented method (co-MPPT) are applied to MPPT. Ref. [19] proposed a
new MPPT method using the sliding mode control. This method uses the P&O method to track
the MPP and output the working voltage of the photovoltaic array at this time as the reference
value, and SMC is used to improve the current inner loop controller. This method can track the
MPP rapidly and effectively and restrain the influence of the grid side on the photovoltaic array.
Ref. [20] applied the final-state predictive control and valley current control to the current- or
voltage-oriented MPPT. The experimental results show that this method has the advantages of
fast response speed and high tracking accuracy in the application of vo-MPPT. However, co-
MPPT cannot effectively handle the interference caused by the change of external environment.
Ref. [21] proposed an MPPT method based on fixed step size prediction. Based on co-MPPT, the
controller is improved by model prediction technology. This method can effectively solve the
MPPT problem under the condition of light intensity variation and shadow. Ref. [22] applied
predictive control to the control of large-scale photovoltaic grid-connected systems. This method
applies vo-MPPT to boost converters and optimizes the inner loop controller by predictive
control, which provides high performance tracking of power oscillations. According to the
Ref. [19–22], the implementation of co-MPPT is relatively simple and responsive, but it cannot
effectively address the situation when the light intensity drops suddenly. Vo-MPPT control can
effectively address the influence of step change of light intensity. Considering the vo-MPPT
method, a PSO-based MPPT method is proposed in this paper, and an A-LADRC controller
is designed to improve it. Meanwhile, LADRC technology has been increasingly applied to
other kinds of domains with its good anti-interference ability, fast response speed and other
advantages. In [23], the LADRC controller was applied to the control scheme of a high-speed
train, so that the train can achieve speed tracking control accurately and rapidly, and the impact
caused by external interference is suppressed. In [24], in order to keep the DC bus voltage
of the inverter stable during operation, LADRC is applied to the inverter control strategy to
complete the control of the inverter bridge. This method enhances the response speed of the
system and effectively responds to the interference caused by changes in external conditions.
In [25], LADRC is applied to solve the issue of accurate path tracking planning for high-speed
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parallel robots. In order to overcome the issue of coupling in the system, the state observer is
used to observe and compensate for the internal coupling and interference of the robot. Finally,
the comparison with other algorithms shows that the application of an LADRC controller
improves the steady and transient performance of the robot system. Ref. [26] applies LADRC to
hybrid electric vehicles. It shows that the output speed curve of the motor under the control of
LADRC can rapidly track the reference curve. In addition, LADRC is also used in various other
engineering areas due to its wide adaptability [27–29].

In order to make the MPPT process of photovoltaic cells under local shadow respond
faster and have a stronger anti-interference ability, this paper proposes an MPPT controller
combined with an A-LADRC controller. The control method is based on the PSO algorithm
and optimized by the A-LADRC controller. The application of adaptive control (APC)
simplifies the process of parameter adjustment, and the parameters of the controller change
in a timely manner according to the changes in external conditions and tend to be optimal,
which improves the control performance. The composition of this paper is as follows:

(1) According to the schematic diagram of photovoltaic cells and related mathematical
equations, the mathematical model of photovoltaic cell engineering is established
and simplified. The PV array is obtained through series and parallel connection of
PV cells, and the mathematical model of the combination of PV array and Boost is
further obtained.

(2) This paper proposes an MPPT technology combining PSO with A–LADRC. In practical
projects, the MPPT process of photovoltaic array output will be affected by changes
in external lighting conditions and temperature. Therefore, on the basis of the MPPT
control strategy using the PSO algorithm, the LADRC controller is used to enhance the
response speed and anti-interference ability of the tracking process. APC is introduced
into the LADRC controller for parameter adjustment. This method simplifies the
parameter adjustment process and optimizes the control performance when it faces
complex and changeable external conditions.

(3) The uniform stability of the system is proved by the Lyapunov theory, and the uniform
asymptotic stability of the system is further proved by the Barbalat theorem. The
comparative analysis shows that the scheme can restrain the disturbance caused by
external changes, and the response time is short in the case of sudden changes in light
and temperature.

The composition of this paper is as follows: in Section 2, the mathematical models
of photovoltaic cells and photovoltaic arrays are established; Section 3 designs the MPPT
control scheme; stability analysis is carried out in Section 4; Section 5 analyzes the exper-
imental results; Section 6 summarizes the contents of the full text and puts forward the
unresolved problems.

2. Modeling of Photovoltaic System
2.1. Mathematical Model of Photovoltaic Cell

The output characteristic curve of photovoltaic cells is determined by internal pa-
rameters and external conditions (light intensity, temperature) [30]. Assuming that the
photovoltaic cell is under standard test conditions (temperature T is 25 ◦C, and light in-
tensity S is 1000 W/m2), when the photovoltaic cell is working in MPP, the corresponding
voltage value is Um and current value Im, Isc and Uoc represent the short circuit current and
open circuit voltage of photovoltaic cells, respectively. Then, the mathematical model of
the photovoltaic cell is established, as shown in Formulas (1) and (3).

Ic = Iscn − C1n Iscn[exp(
Uc

C2nUocn
− 1)] (1)

C1n = (1− Imn

Iscn
) exp

−Umn

C2Uocn
(2)



Energies 2022, 15, 9091 4 of 19

C2n = (
Umn

Uocn
− 1)Ln[

(
1− Imn

Iscn

)
]−1 (3)

where Ic is the output current under the current working condition, C1n and C2n are the
undetermined coefficients under the current working condition, Uocn is the open circuit
voltage under the current working condition, Iscn is the short circuit current under the
current working condition, Umn is the voltage at MPP and Imn is the current at MPP. These
formulas are as follows:

∆T = T − Tb (4)

∆S =
S
Sb
− 1 (5)

Iscn = Isc(
S
Sb

)(1 + α∆T) (6)

Imn = Im(
S
Sb

)(1 + α∆T) (7)

Uocn = Uoc[(1− c∆T)Ln(e + b∆S)] (8)

Umn = Um[(1− c∆T)Ln(e + b∆S)] (9)

where S is light intensity and T is temperature. The light intensity and temperature under
the standard state are Sb and Tb, respectively. When the photovoltaic cell type used is
monocrystalline silicon, the coefficient value, in the above expression, of α is usually
0.0025/◦C, the coefficient b value is usually 0.5 and the coefficient c value is usually
0.00228/◦C. The selection of these three values is typical [31–33].

2.2. MPPT Modeling of Photovoltaic System

In this paper, the PV power generation system uses the Boost circuit to achieve the
MPPT process. At this time, the equivalent circuit of the PV power generation system is
shown in the Figure 1:
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The system average method [34] is used for modeling. According to Kirchhoff laws,
the following can be obtained: { .

x = Ax + Bu
y = Cx

(10)

where

A =

 0 −1/Cp 0
1/L −R/L (d− 1)/L

0 (1− d)/Cb −1/(RCb)

; B =

1/Cp
0
0

; C =

1
0
0

; x =

Vp
iL
Vb

; u = Ip (11)
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where y is the output of the system, u is the input of the system, Vp is the output voltage of
photovoltaic cell, Ip is the output current of photovoltaic cell, iL is inductive current, Vb is
the load voltage, d is the duty cycle, L is the inductance value, R is the resistance value and
Cp, Cb are the capacitance values.

Taking the strong coupling relationship between state variables as the internal distur-
bance of the system [35], Formula (11) can be further deduced as:

.
Vp = − 1

Cp
iL +

1
Cp

Ip + w (12)

Among this are the external disturbances of the system, such as the uncertainty of
Boost converter parameters, switching losses, system estimation, and measurement errors,
etc. Therefore, Formula (12) can be written as:

f = − 1
C iL + w

.
V = f + bu

.
f = h = 1

L Vp − R
L iL +

d−1
L Vb

(13)

where f is the total disturbance and b is the disturbance factor.

Remark 1. It shows from formula (11) that the photovoltaic power generation system is a nonlinear
system with strong coupling relationships. Therefore, in the process of system design, this paper
defines the strong coupling relationships between various state variables, the nonlinear part in
system modeling, external disturbances and other uncertainties as the total disturbance of the
system, and observes and compensates for the total disturbance through the LESO in LADRC.
Meanwhile, LESO can also naturally decouple the nonlinear strong coupling part of the system
modeling, such as duty cycle d, thus simplifying the design of the controller.

3. Design of MPPT Controller
3.1. Design of MPPT Control System

In the MPPT design of this paper, the PSO algorithm is used to solve the multi-peak
problem of P-V output curve under the condition of local shadow of photovoltaic array,
which avoids the problem that the traditional MPPT control methods are prone to fall into,
namely local optimization and the inability to trace MPP. However, the PSO algorithm still
has some problems, such as slow response speed and poor anti-interference ability. Since a
controller is needed to track the voltage reference value generated by an MPPT unit, the
A–LADRC controller is proposed and applied. The introduction of LADRC enhances the
anti-interference ability of the system and accelerates the speed of MPP tracking. APC is
used to adjust the parameters in LADRC. This method simplifies the process of parameter
adjustment and solves the problem that the control performance of the LADRC controller
declines when the external conditions change due to parameter solidification. The basic
idea of the MPPT control strategy is that the PSO algorithm performs optimization and
outputs the working voltage at the MPP as the reference voltage. The A-LADRC controller
adjusts the error signal of the reference voltage and the actual working voltage to output
the PWM signal, and then adjusts the switching device through the obtained PWM signal
to complete the tracking of the MPP. Figure 2 shows the structure diagram of the designed
control scheme.
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3.2. Design of PSO

As an intelligent algorithm, PSO is widely used in various optimization problems [36].
In PSO, there are i particles randomly distributed in the D dimension search space, of
which Xi = (xi1, xi2, . . . , xiD) represent a solution of the optimization problem in the D
dimension space, corresponding to the position of the ith particle in the particle swarm;
Pi = (pi1, pi2, . . . , piD) represent the optimal position on all the paths experienced by the ith
particle, that is, the local optimal solution searched; Pg = (pg1, pg2 . . . , pgD) represent the
optimal position on the path that all particles have experienced, that is, the global optimal
solution; Vi = (vi1, vi2, . . . , viD) indicates the velocity of the particle. Formulas (14) and (15)
are the core formulas in the PSO, and particles update their positions and velocities through
these two formulas.

Vk+1
i = wVk

i + c1r1(Pk
i − Xk

i ) + c2r2(Pk
g − Xk

i ) (14)

Xk+1
i = Xk

i + Vk+1
i (15)

where i = 1, 2, 3, . . . , m represent the particle number; k is the number of iterations; w is
the inertia weight; c1, c2 are learning factors; r1, r2 are independent random numbers with
values of 0–1 to increase the randomness of the search. The flow chart of the PSO is shown
in Figure 3.
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3.3. A-LADRC Controller Design

LADRC consists of linear extended observer (LESO), tracking differentiator (TD) and
linear error state feedback (LESF) control law [37,38]. The structure of the A-LADRC
controller is shown in Figure 4. LESO observes the total disturbance of the system through
the input signal ub and output signal y of the controlled object and compensates it through
LESF. The tracking error is defined according to the difference between the output signal y
of the system and the expected signal x0, and an adaptive law is designed according to the
tracking error. The parameter kc in the LESF is adjusted through adaptive control.
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According to formula (13), the system is a first-order system, so first-order LADRC is
used to control it. The model is expanded to:

.
x1 = x2 + b0u

.
x2 = h
y = x1

(16)

where Vp = y, Ip = u,
.
f = h; therefore, the second-order LESO can be designed as:{ .

z1 = z2 − β1(z1 − y) + bu
.
z2 = −β2(z1 − y)

(17)

where β1 and β2 are observer gains. By select the appropriate parameters β1 and β2,
it enables LESO to achieve real-time tracking of photovoltaic cell output voltage and
total disturbance. The gain of the linear state observer is parameterized by placing all
eigenvalues in the observation bandwidth. Among them, the gain of the state observer can
be obtained through its characteristic formula:

Θ(s) = s2 + β1s + β2 = (s + ω0)
2 (18)

where β1 = 2ω0, β2 = ω2
0, ω0 is the bandwidth of LESO.

Remark 2. LESO does not need an exact model, and its establishment depends on the order of
the controlled object [39]. A photovoltaic power generation system is a first-order system, so a
second-order LESO is designed in this paper. It can regard the influence of disturbance on the
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system as extended state, observe the output of the system and then compensate for the extended
state feedback of the system output through the controller.

The LESF is designed as:

ul = k̂p(x0 − z1) +
..
x0 (19)

Therefore, the input control rate of the controlled object can be obtained:

up = (u0 − z2)/b0 (20)

Remark 3. The control effect of the traditional first-order LADRC controller is affected by the value
of the parameter kc , but when the external conditions change, the traditional LADRC parameters
are generally laborious to determine and to set the most appropriate value. The introduction of
APC effectively solves the error problem caused by unsuitable parameters in the process of LADRC
parameter setting, as well as simplifies the parameter adjustment process. Meanwhile, it provides a
new method for the stability analysis of the whole system.

APC is used to adjust the kc value in the LADRC controller in real-time in this paper.
When the photovoltaic array is conducive to the stability analysis of this system, it provides
a novel method to improve the stability of the controller. Formula (24) gives the adaptive
law of kc. The adaptive adjustment curve of kc is shown in Figure 6 and Figure 12. It shows
that the adaptive adjustment curve of kc changes with the change of external conditions.

Assumption 1. In consideration of tracking error e2 = y− x0, take the derivative of e2:

.
e2 =

.
y− x2 − b0u (21)

where
x2 = − 1

C
iL + w = h (22)

The design of control law u is as follows:

u = −we + ul (23)

where w is any positive parameter.
Substitute Formulas (22) and (23) by Formula (21) to obtain:

.
e2 = −le2 + kc(x0 − ẑ1) (24)

4. Stability Analysis

Theorem 1. According to the expression of the system in Equation (16). In this paper, the control
scheme is designed according to Formula (23), and the following adaptive laws shall be applied to
make the hypothesis valid.

.
k̂c = [e2kp(x0 − ẑ1)µ]/k̃c (25)

where k̂c is the estimated value of controller gain and k̃c is the estimation error.

Assumption 2. All signals in the system are bounded and the tracking error converges to 0.

Proof of Theorem 1. This paper sets the positive definite function as follows:

V =
1
2

e2
2 +

1
2

k̃cµ−1k̃c (26)
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Derivation of Formula (26):

.
V = e

.
e2 + k̃cµ−1

.

k̃c (27)

Substitute Formula (24) by Formula (27) to obtain:

.
V = −le2

2 + kc(x0 − ẑ1)e2 + k̃cµ−1
.

k̃c

= −le2
2 + kc(x0 − ẑ1)e2 + k̃cµ−1

.

k̃c

(28)

When the tracking error gets close to zero, it is further deduced that:

.
V = −le2

2 + kc(x0 − ẑ1)e2 + k̃cµ−1
.

k̃c

= −le2
2 + kc(x0 − ẑ1)e2 − k̃cµ−1

.
k̂c

(29)

Substitute Formula (25) by Formula (29) to obtain:

.
V = −le2

2 + kc(x0 − ẑ1)e2 − k̃cµ−1[e2kc(x0 − ẑ1)µ]/k̃c (30)

By simplifying the above formula, we can obtain:

.
V = −le2

2 (31)

when l is a positive parameter, we can obtain:

.
V ≤ 0 (32)

According to Formula (32), V(t) is a monotone decreasing function:

V(t) ≤ V(0) (33)

It can be seen from V > 0 and
.

V ≤ 0 that the system is uniformly stable, but in the
stability analysis, it should be proved that the system is uniformly asymptotically stable.
Therefore, this paper further deduces the stability of the system by using the Barbalat
theorem, which verifies the feasibility of the above stability analysis. �

Theorem 2 (Barbalat theorem). If m(t) is a continuous function and lim
t→∞

∫ t
0 |m(t)|dt = 0, then

lim
t→∞

m(t) = 0 (34)

If n(t) and
.
n(t)are bounded and n(t) is a square integrable, then

lim
t→∞

n(t) = 0 (35)

Therefore, this shows that e2 is square integrable and that e2 is bounded. Therefore,
according to Formula (24), it can be determined that

.
e2 is bounded. In summary, the

following formula can be obtained through the deduction of the Barbalat theorem.
Therefore, when t→ ∞ , e2 is close to 0, so

.
V 6= 0. Therefore, according to

.
V < 0,

lim
t→∞

V(t) = 0 can be further deduced. Therefore, it can be explained that the system is

uniformly asymptotically stable at this time. Therefore, k̃c is bounded, e2 is bounded and
converges to 0.

5. Simulation and Discussion

In this chapter, the photovoltaic array of 3*1 is taken as the research object, and the
feasibility of the MPPT control method proposed in this paper is verified through MATLAB
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simulation experiments. Compared with the MPPT control method of the traditional
LADRC controller, the superiority of this method is verified. The parameters of photovoltaic
cells, boost converters and control algorithms are shown in Tables 1–3.

Table 1. PV cell Parameters.

Symbol Description Numerical Value

Um Maximum operating voltage 29 V
Im Maximum operating current 7.35 A

Uoc Open-circuit voltage 36.3 V
Isc Short-circuit current 7.84 A
T Temperature 25 ◦C
S Light intensity 1000 W/m2

Table 2. Boost converter parameters.

Symbol Description Numerical Value

Cp Capacitance 1 mF
Cb Capacitance 1 mF
L Inductance 0.5 mH
f Switching frequency 50 kHz

Table 3. MPPT controller parameters.

Symbol Description Numerical Value

w Inertia weight 0.5
c1 Learning factor 0.3
c2 Learning factor 2
kc Controller parameters 120
ω0 Observer bandwidth 800
b0 System gain 16200

Example 1. In order to prove that the MPPT control strategy combined with PSO and A-LADRC
can effectively and rapidly track the MPP under the external conditions of uniform light, this
paper makes the following simulation states for the simulation environment under uniform light.
(1) Experimental environment 1: the light condition of the photovoltaic array is set to 1000 W/m2,
and the temperature is set to 25 ◦C. (2) the change curve of light conditions of photovoltaic array is
shown in Figure 7, and the temperature is set at 25 ◦C. (3) The light conditions of the photovoltaic
array is set as 1000 W/m2, and the temperature change curve is shown in Figure 9. On the basis
of the above three external conditions, the traditional P&O method, the control method combining
PSO with LADRC and the control method combining PSO with A-LADRC are selected as the
MPPT control strategy. The simulation results of the three methods are compared and discussed.

Figure 5 shows the MPPT effect of the traditional P&O method, the control method
combining PSO with LADRC and the control method combining PSO with A-LADRC
under the experimental environment 1 with uniform light. The traditional P&O method
is stable at 0.13 s, but it oscillates near the MPP. The control method of PSO combined
with LADRC completes MPPT in 0.1 s, while the method proposed in this paper tracks the
MPP in 0.06 s, which is a faster response speed and higher control accuracy than the P&O
method. The change curve of kc under uniform light is shown in Figure 6. The value of kc
is adjusted to the optimal value with the change of external conditions, so as to optimize
the performance of the controller.
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.
Figure 7 shows the curve of light intensity change of the whole photovoltaic array. In

0.3 s, the light intensity drops from 1000 W/m2 to 900 W/m2. At 0.6 s, the light intensity
increases from 900 W/m2 to 1200 W/m2. Figure 8 shows that when the light intensity
decreases, the output power under P&O control reaches a stable state at 0.31 s, but the
overshoot amplitude is 281.92 W during the transient regulation process and the output
power under the control of PSO combined with LADRC returns to a stable state at 0.32 s;
The output power under the control of PSO combined with A-LADRC recovers to the
stable state at 0.315 s, and the power fluctuation under the control of this method is small
in the transient process. When the light intensity increases at 0.6 s, the three MPPT control
methods can still effectively track the MPP. The method proposed in this paper makes the
output power return to the stable state at 0.61 s. Compared with the P&O method and PSO
combined with LADRC method, this method has a shorter transient regulation process and
smaller fluctuations, and the tracking accuracy is higher.
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Figure 8. Output power of photovoltaic array when changing light intensity.

Figure 9 shows the temperature change curve of the entire photovoltaic array. At 0.3 s
and 0.6 s, the temperature of the photovoltaic array changes. At 0.3 s, the temperature rises
from 25 ◦C to 35 ◦C. The temperature decreases from 35 ◦C to 20 ◦C at 0.6 s. Figure 10 shows
the MPPT effect controlled by the P&O method, the PSO combined with LADRC method
and the PSO combined with A-LADRC method when the temperature of photovoltaic array
changes. When the temperature changes, the three methods can effectively track the MPP
at the current temperature again, but the traditional P&O method has a large overshoot
when the temperature rises. Therefore, the introduction of LADRC can effectively suppress
the interference caused by temperature changes.
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Example 2. In order to prove that the MPPT control strategy combined with PSO and A-LADRC
can effectively and rapidly track the MPP under the condition of local shadow, this paper makes
the following simulation states for the simulation environment under the condition of local shadow.
(1) Experimental environment 1: the light conditions of photovoltaic cells PV1, PV2 and PV3 is
set to 1000 W/m2, 800 W/m2 and 400 W/m2, respectively. The temperature of the PV cell is set at
25 ◦C. (2) Experimental environment 2: the light intensity change curve of photovoltaic cell PV1 is
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shown in the figure, and the light intensity of PV2 and PV3 remains unchanged. The temperature of
the PV cell is set at 25 ◦C. (3) Experimental environment 3: the light conditions of photovoltaic cells
PV1, PV2 and PV3 is set to 1000 W/m2, 800 W/m2 and 400 W/m2, respectively. The temperature
change curve of photovoltaic cell PV1 is shown in the figure. The temperature of photovoltaic cells
PV2 and PV3 remain unchanged. Through the above three external conditions, we compare the
performance of the A-LADRC controller under local shadow conditions with that of PI and LADRC,
and compare and discuss the simulated images.

Figure 11 shows the tracking process of the MPPT controller based on the PSO algo-
rithm optimized by the LADRC controller and then by the A-LADRC controller under
the condition of local shadows. Figure 11 shows that the PSO algorithm can effectively
solve the multi-peak problem of the P-V output curve caused by local shadows, and can
accurately find the MPP. The output power under A-LADRC control is stable at 0.03 s,
while that under LADRC control is stable at 0.08 s and that under PI control is stable at
0.95 s. Therefore, the A-LADRC controller has a shorter response time and a faster response
speed. The change curve of kc under local shadow condition is shown in Figure 12. At this
time, the value of kc is adjusted compared with that under uniform lighting conditions,
which improves the control performance of the controller under this external condition.
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Figure 13 shows the curve of light intensity change of photovoltaic cell PV1. At 0.5 s,
the light intensity drops from 1000 W/m2 to 800 W/m2. Figure 14 shows the MPPT effect
controlled by PI, LADRC and A-LADRC under the light condition of PV1 beam. The results
show that when the illumination conditions change, the output power under PI control
has a large overshoot fluctuation, and the system recovery time is too long. The output
power under the control of LADRC oscillates in the range of 0.5–0.58 s, and the amplitude
of the oscillation is 396.98 W. However, A-LADRC effectively suppressed the oscillation
caused by the interference caused by PV1 light intensity, and returned to a stable state at
0.53 s. It can be seen from the comparative analysis that under the local shadow condition,
the A-LADRC controller improves the transient process caused by the change of PV1 light
intensity and enhances the anti-interference ability.
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Figure 14. Photovoltaic array output power by changing PV1 light intensity.

Figure 15 shows the temperature change curve of the photovoltaic cell PV1, where
the light intensity increases from 25 ◦C to 35 ◦C at 0.5 s. Figure 16 shows the MPPT
effect controlled by PI, LADRC and A-LADRC when the temperature of the PV cell PV1
changes. The results show that when the PV1 temperature changes, the tracking effect of
the controller combined with PSO and PI fluctuates greatly, and it returns to the stable state
again after 0.05 s, with a long adjustment time. The output power oscillation amplitude
under the control of LADRC is 286.48 W, and the adjustment time is 0.007 s. The oscillation
amplitude of output power under A-LADRC control is 112.57 W, and the adjustment time
is 0.002 s. The results show that when the temperature of the PV cell PV1 changes, the
other two controllers, except for the PI controller, can effectively suppress the interference.
However, A-LADRC has good anti-interference ability and control performance.
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In Example 1, the traditional P&O method, the MPPT control method combining PSO
with LADRC and the MPPT control method combining PSO with A-LADRC under uniform
lighting conditions are analyzed. The comparison results show that the traditional P&O
method can effectively track the MPP, but it will produce oscillations near the MPP, and
this method cannot effectively achieve MPPT under local shadows. The introduction of
LADRC gives the MPPT control algorithm based on the PSO algorithm a faster tracking
speed, and enhances the ability to suppress disturbance when light intensity or temperature
occurs. The introduction of APC makes the parameters of the controller adjust according
to the changes of external conditions. Thus, the control performance of the controller
under uniform illumination is enhanced. In Example 2, this paper compares PSO with PI,
LADRC and A-LADRC combined methods under local shadow. The results show that
PSO can effectively track the MPP under local shadows, and the application of LADRC can
optimize its tracking speed and anti-interference capability. The A-LADRC controller also
shows good control ability under local shadows. The time-varying parameter kc enables
the controller to cope with the changes of external conditions effectively, avoiding the
limitation of parameter solidification on controller performance. Therefore, the MPPT
method proposed in this paper has good control performance under various external
conditions and external disturbances.

6. Conclusions

Aiming at the MPPT problem of photovoltaic array in photovoltaic power generation
systems, this paper proposes an MPPT control method that combines the PSO algorithm
with a A-LADRC controller. In the design of the MPPT control method, the PSO algorithm
is used to find the MPP in the PV output characteristic curve of the photovoltaic array and
make the photovoltaic array always work near the MPP and output the current voltage as
the reference voltage. Then, the reference voltage is tracked by the A-LADRC controller. In
the A-LADRC controller, LESO observes the total disturbance in the system and can also
naturally decoupage the strongly coupled part of the system. LESF compensates for the
total disturbance of the system and enhances the anti-interference ability of the controller.
Meanwhile, APC is introduced into LADRC to adjust parameter kc. This method eliminates
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the tracking error caused by parameter deviation, solves the problem of the controller being
unable to effectively deal with complex external conditions due to parameter solidification
and enhances the adaptive ability of the controller in the face of complex and variable
external disturbances. Meanwhile, the proposed control method provides a new way for
Lyapunov stability analysis. The simulation results show that the MPPT method of PSO
combined with A-LADRC can track the MPP more rapidly under both uniform illumination
and local shadows. When the external conditions of photovoltaic array change, the method
can still track the MPP rapidly and accurately and has a strong anti-interference ability.
Compared with MPPT methods such as P&O, PSO combined with PI and LADRC, the
method proposed in this paper has a better ability to suppress disturbance and a faster
response speed.

Finally, A−LADRC needs further research and improvement in the MPPT control
strategy. Due to the lack of relevant instruments, this paper only simulates the control
strategy. Later, we will carry out experimental research on the algorithm and further
improve the algorithm based on specific experimental data. Meanwhile, in MPPT control,
we can continue to explore the control effect of other intelligent algorithms combined with
the A-LADRC controller.
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