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1. Introduction

Traditional fuel energy is an important material basis for 
human survival and development. With the increasingly se-
rious energy crisis and air pollution, solar energy has become 
one of the most promising new energy sources at home and 
abroad with its richest and cleanest characteristics [1]. Due 
to the cloudy and sunny weather and the alternation of day 
and night, photovoltaic power generation has the problems 
of intermittent, non-linear, and low inverter capacity utili-
zation efficiency [2]. As traction loads and power electronic 
equipment are heavily invested in the grid, a series of power 
quality problems such as harmonic pollution, power factor 
reduction, and voltage fluctuations have been caused. With 
the increase in the application of distributed photovoltaic 
sources in the electrical grid, how to use the remaining ca-
pacity of the inverter to manage the power quality problem 
has become a hot research topic at home and abroad [3, 4]. 
In the current study, the installation of solar source such as 
PV with APF is a promising path of exploration. By having 
an alternate power source rather than relying on the power 

source from the supply network, this integration gives sub-
stantial benefits. APF can work with probable dynamic 
variations in injection current because PV is fully depen-
dent on solar irradiance. As a result, the injection current 
should always be carefully managed with a specific end 
objective in mind to ensure the APF’s ability to compensate 
current harmonics [5]. The existing algorithm methods for 
harmonics extraction can be divided into three categories. 
Artificial intelligence, time domain, and frequency domain 
approaches are among them. The frequency analysis is 
always connected with Fourier factor computation and 
sampling time, which makes any techniques in this domain 
challenging to utilize in real-time applications, especially 
with constantly variable demands [6]. When compared to 
the frequency domain, the time domain performs better in 
terms of fast convergence. However, there are probable in-
dicators of existing noise induced by the translation of the 
coordinates from the incoming signal [7], thus it remains 
speculative. It can extract basic components that vary over 
time in terms of phase angle and magnitude to reduce har-
monic elements [8].
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The wide spectrum of electromagnetism that explains cur-
rent and voltage at specific time and location in a power sys-
tem is referred to as power quality. Alternative energies are 
becoming more popular due to concerns about power quality, 
safety, and the environment, as well as commercial incentives. 
Moreover, photovoltaic (PV) energy is one of the most well-
known renewable resources since it is free to gather, unlim-
ited, and considerably cleaner. Active power filter (APF) is 
an effective means to dynamically suppress harmonics and 
solve power quality problems caused by the DC side volt-
age fluctuation. Therefore, this paper describes a substan-
tial advancement in the harmonic suppression compensation 
algorithm, as well as the cascaded active power filter. Also, 
this paper focuses on compensating the error of photovolta-
ic grid-connected generation based on optimized H-bridge 
cascaded APF. The details of the working principle and topo-
logical structure of the APF used as the compensation device 
are analyzed. The H-bridge cascaded APF is optimized using 
the segmented variable step-length conductance increment 
(SVSLCI) algorithm. The overall cascaded APF control strat-
egy is designed and simulated using MatLab/Simulink envi-
ronment. By the simulation results comparing the existing 
traction network power quality control measures, before and 
after compensation, the effectiveness of the proposed control 
strategy is verified. The proposed controller strengthens the 
compensation of specific odd harmonics to improve the system 
work models and criteria to improve power quality. Moreover, 
the proposed algorithm showed positive significance for opti-
mizing the quality of photovoltaic grid-connected power, 
reducing the current harmonic, and improving the equipment 
utilization of photovoltaic inverters
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Many researchers introduced a large number of power 
electronic components in photovoltaic inverters, which will 
inevitably generate harmonics during the inverter process 
and cause harmonic pollution to the grid [9]. However, ad-
ditional enhancements are required due to the algorithm’s 
remaining unneeded qualities. They do not fulfill the fun-
damental criterion of extracting harmonics [10]. Because 
of the sluggish learning rate and the possibility of a big 
average square error, these superfluous qualities have an 
impact on the application’s performance. These two things 
are due to the updating method’s learning value and the 
cosine element, which may alter the algorithm’s response 
time. As a result, lag compensation is still in use [8]. This 
algorithm has a total harmonic distortion (THD) of less 
than 5 % with an action time of 40 ms. Problems like high 
THD and capacitor failure may develop as a result of the 
unstable injection current, contributing to the significant 
drawbacks [9]. As a result, self-charging methods have seen 
a considerable growth in popularity as an alternative to the 
traditional method or algorithm [11]. The active filter (APF) 
is a voltage-type full-bridge structure completely consistent 
with the main circuit of the grid-connected inverter in the 
three-phase photovoltaic grid-connected power generation 
system [5]. APF is a new approach of power electronic com-
ponent that harmonics are efficiently repressed [2]. Here, the 
APF of the cascaded H-bridge multilevel topology is used as 
the active compensation device of the traction network [3]. 
Current harmonics are generally caused by the nonlinear 
load actions of power electronic devices. Another cause is 
when components that are introduced later in the process are 
injected into the power system. These issues arise as a result 
of the involvement of several sources in the power system, as 
well as the inclusion of a photovoltaic (PV) grid-connected 
system. Therefore, the main message is to explains a signif-
icant breakthrough in the harmonic suppression compensa-
tion method and the cascaded active power filter based on 
optimized H-bridge cascaded APF.

2. Literature review and problem statement 

In the literature, there are several studies focused on 
APF. Among them, [6] proposed a unified control strat-
egy based on photovoltaic and active filtering, which 
integrates power transmission and power quality manage-
ment. The paper [7] successfully presents a decrease in the 
harmonic components of photovoltaic and improvement 
of the power factor, but they are not in the synthesis of 
grid-connected command current, the capacity of the 
inverter is taken into consideration, and only a single 
change experiment of a single variable of light or load is 
performed, and the unified control effect of the system in 
continuous environment and load changes has not been 
compared and verified. The power conversion law [8] is 
primarily used to govern the charging and discharging of 
the DC capacitors. As a result, it provides excellent accu-
racy and controlled voltage that is clean and noise-free. 
Previously [9], this voltage problem was managed using 
algorithms such as fuzzy logic approaches. These strate-
gies were designed to process the input value without pre-
vious understanding of its behavior. As a result, regardless 
of whether the voltage error varies or not, it must still be 
regulated and treated [12]. Self-charging and variable 

step error cancellation, an indirect solution incorporating 
fuzzy control approaches, was introduced in [13]. This in-
direct method creates improved performance with minimal 
overshoot and undershoot but it is only relevant for shunt 
active power filter systems and no testing is performed 
for PV APF, mainly under different irradiance levels. The 
paper [14] considers the order and magnitude of harmonic 
suppression and reactive power compensation, and it has 
certain reference to determine the grid-connected command 
current synthesis scheme, but the 16 different harmonics and 
reactive power compensation situations of its design are very 
complicated. It has not studied the oscillation of photovolta-
ic cell output current. The network command current syn-
thesis link affects the accuracy of harmonic compensation 
and has an impact on the harmonic control of the system. 
In order to solve the above problems, this paper is based on 
a unified control strategy that combines the triple functions 
of photovoltaic grid-connected, harmonic suppression and 
reactive power compensation, and improves the segmented 
variable-step conductance increment method, focusing on 
eliminating photovoltaic cell output current oscillations 
for harmonic compensation. However, these problems still 
affect the healthy operation of the traction power supply 
system, and also cause many disadvantages to other related 
equipment involved in the system, so effective measures 
must be taken to eliminate them. In [15], the modelling of 
the harmonics of grid system PV is presented. In addition, 
the study was based on the synchronous reference frame and 
PI controllers to make control and compensation system. 
Because standard electric power networks are being chal-
lenged by increased power demand, limited power delivery 
capabilities, difficulties in establishing transmission lines, 
and shortages, distributed components with static inverters 
are being used and targeted more [16]. Previously, methods 
such as proportional-integral (PI) and fuzzy logic tech-
niques were used to control voltage error. Both procedures 
were set up. To process the incoming value directly without 
first knowing its behaviour [17].

The brief introduction of photovoltaic grid-connected 
generation and the topology of the cascaded H-bridge APF. 
The optimized current tracking control technology and DC 
side voltage equalization control using the segmented vari-
able step-length conductance increment method. Therefore, 
it is proposed to use an optimized H-bridge cascaded APF to 
compensate the photovoltaic grid-connected generating er-
ror. The MatLab/Simulink simulation platform, a simulation 
model of cascaded APF is built; it is verified that cascaded 
APF is an effective method of harmonic control. Despite the 
fact that many researchers have been devoted for many years 
to the power quality in a power system and the problem of 
current harmonics created by various energy source systems, 
there are still some difficulties with reducing such harmonics 
impacts. Therefore, this paper also optimizes the basis for 
determining the inverter capacity, and designs a reasonable 
working mode according to the lighting conditions and 
non-linear load changes. 

3. The aim and objectives of the study

The study’s aim is to compensate the error of photovol-
taic grid-connected generation based on optimized H-bridge 
cascaded APF.  
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To achieve this aim, the following objectives are accom-
plished:

– to support and evaluate the proposed approach, the 
MatLab/Simulink simulation platform, and simulation 
model of cascaded APF was considered to verify 
that cascaded APF is an effective method of 
harmonic control;

– to use the segmented variable step-length 
conductance increment method for optimized 
current tracking technology and DC side voltage 
equalization control.

4. Research materials and methods

4. 1. Photovoltaic grid-connected and ac-
tive filter 

The structure the overall circuit of the pho-
tovoltaic system combined with active filtering 
function is mainly composed of photovoltaic cells 
PV, DC-DC boost chopper circuit, three-phase 
full-bridge inverter and traditional disturbance 
and observation Adaptive Perturb and Observe 
(P&O) method, maximum power tracking mod-
ule, harmonics and Reactive current detection 
module, command current synthesis and work 
mode determination module, as shown in Fig. 1. 
Due to its high precision and quick response time 
for controlling the steady-state error of the refer-
ence current signal, the current control algorithm 
proportional-integral (PI) was applied [18].

During the day, there is sufficient sunlight, the pho-
tovoltaic cell generates the maximum power, the system 
limits harmonic compensation according to the capacity. 
When the sunlight is insufficient, such as cloudy days, it 
improves harmonic reduction and compensation. At night, 
the system works in APF-only mode to improve equipment 
utilization [19].

4. 2. Cascaded H-bridge type APF
Fig. 2 shows the working principle of the cascaded 

H-bridge type APF, which includes a circuit equivalent re-
sistance R, an equivalent reactance L and multiple H-bridge 
modules. A single H-bridge module contains 4 fully-con-
trolled power electronic devices, mainly IGBTs and DC side 

capacitors. The function of the DC side capacitor is to store and 
convert energy, stabilize the voltage, and also have a certain fil-
tering function. Connect N H-bridge modules together to form 
a single-phase cascaded H-bridge multilevel converter [20].

First, the traction network voltage 
and the current of the nonlinear load can 
be detected by the system, and then the 
voltage output from the AC side of the 
cascaded H-bridge APF and the traction 
bus voltage act together on the grid-con-
nected reactor, and the output is the same 
as the command current amplitude. Com-
pensation currents with opposite phases 
are injected into the traction network to 
achieve the purpose of offsetting reactive 
power and harmonics. The load current Li  
can be equivalent to the parallel form of 
fundamental active current iLp, reactive 
current iLq, and harmonic current iL,h, as 
follows [21]:

= + + , .L Lp Lq L hi i i i  (1)

Traction network current is

= + .s L Lci i i  (2)

To compensate for harmonics and reactive currents, only:

( )= − + , .c Lq L hi i i  (3)

Fig. 2, suppose the traction network voltage us is an ideal 
sine, as follows

( ) ω, sin ,s s mu t U t＝  (4)

where Us,m is the peak value of the traction network voltage; 
ω is the angular frequency of the fundamental voltage.

 
  

Fig.	1.	Photovoltaic	grid-connected	and	active	filter

 

 
  

Fig.	2.	The	circuit	of	cascaded	H-bridge	APF
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The equivalent resistance ignored of the grid-connected 
inductance, Kirchhoff’s law can be obtained

= − ,
d
dt

c
s ab
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L u u  (5)
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where Si is the switching function of the i-th power unit. The 
instantaneous voltage on the AC side of the cascaded APF is 
the sum of the output voltages on the AC side of each power 
unit, which can be represented by uab as follows. 

4. 3. DC voltage regulator control 
The basic principle of DC side voltage stabilization control 

is to sum the DC unit capacitor voltage of each power device, 
calculate the average value Uadc, and then compare it with the 
difference of the DC unit reference voltage * ,dcU  and use the 
difference as the PI controller input signal. After the traction 
bus voltage is synchronized by the phase-locked loop, it is 
multiplied by the difference between the average voltage set-
ting value adjusted by the PI controller and the actual value, 
as the current inner loop active current setting value * .pi  When 
the average voltage on the DC side is less than the reference 
voltage, PI control increases the fundamental wave current, 
and APF absorbs energy from the traction network side to 
increase the DC side voltage; conversely, PI controls the fun-
damental wave current to decrease, and APF releases energy 
to the traction network. Make the DC side voltage drop. Com-
bine *

pi  and the extracted command current superposition, as 
the cascaded APF reference current *,ci  generates a cascaded 
APF modulation signal through the current inner loop.

When APF is working, and under the influence of 
harmonic currents, the DC side voltage will fluctuate, and 
then the performance of the APF will decrease, and the 
compensation effect will be poor due to the loss of power 
devices [5]. Therefore, it is required to ensure the stability 
of the DC unit voltage. The DC side voltage regulation 
control is to equate the DC unit voltage of each power 
module of the cascaded APF into a whole, and then use the 
average DC side voltage of each power unit as the control 
target to keep the cascaded total DC voltage constant 
APF unchanged. The specific odd harmonic enhance-
ment component iLSC is superimposed with the harmonic 
compensation signal iLhC and the reactive power compen-
sation signal iLqC to generate the compensation current

= + + ,Lqs Lhc Lqc Lsci i i i  (8) 

where the photovoltaic active fundamental wave signals 

pvi  and hqsi  synthesize the grid-connected command cur-
rent *

ci  in the rotating coordinate system. The adjustment 
of the illumination changes ipv, which will also be reflect-

ed in the waveforms of the inverter output and grid-unit 
current.

= +* .c pv hqsi i i    (9)

Fig. 3 shows the night system control strategy com-
pares the actual DC side voltage Udc with the set voltage 

* ,dcU  the voltage difference ΔUdc is adjusted by the PI con-
troller to get ΔIdc, and finally ΔIdc is compared with the 
compensation current ihqs synthesized, and the current 
tracking control is used to generate a PWM signal to keep 
the stability of the DC side voltage.

4. 4. Proposed method
The overall control of the cascaded APF system is 

presented in Fig. 4, which depicts a two-part model. It de-
picts the instruction current detection and compensation 
current circuits. The purpose of the command current 
detection circuit, also known as the harmonic and reactive 
power detection circuit, is to detect the harmonic and 
reactive components in the load current.

Moreover, Fig. 5, the tangent function approach with dif-
ferent step magnitude used to optimize the iteration step size 
is determined by the improved hyperbolic tangent function 
and the S function. By setting a critical error value, set e0=5 
here. When the absolute value of the actual error is greater 
than or equal to e0, that is, the distance from the steady 
state is far away, the S function with a large step size can 
be used to participate in the iterative process; if the actual 
error is an absolute value. In order to ensure the stability of 
the multi-function variable step size algorithm, the step size 
µ  needs to be restricted in the iterative process, as follows

( )
( )

( ) ( )
( )

µ µ ≥ µ
µ = µ µ < µ < µ
µ µ ≤ µ

max max

min max

min min

,,

, ,

, ,

n

n n n

n

 (10)

where µmax is usually approximately equal to the steady-
state critical value of the traditional fixed-step least mean 
square (LMS) algorithm to ensure the convergence speed; 
generally, µmin is a small positive number to ensure steady-state 
accuracy. Slow down the speed of convergence.

In order to further improve the convergence of the 
segmented variable step-length conductance increment al-
gorithm (SVSLCI), a new weight momentum is introduced. 
The change is adjusted by a dynamic factor δ, and 0<δ 1. Its 
iterative formula is

( ) ( ) ( ) ( ) ( )
( ) ( )

+ = + µ +

 +δ − − 

1 2

1 ,

n n n n

n

w n w e x

w w n  (11)

where ω(n) is the weight vector; e(n) is the output error.

 

 
  

Fig.	3.	DC	side	voltage	controller
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5. Research results of compensating the error of 
photovoltaic grid-connected generation based on 

optimized H-bridge cascaded APF

5. 1. Simulation of photovoltaic grid
The simulations were carried out using Matlab-Simulink. 

The proposed PV and APF was designed and linked to a 
nonlinear load and a grid generator supply source. All of the 
methods in Fig. 1 were implemented using Matlab-Simulink.

The voltage regulation control requires the average value 
of the DC side capacitor voltage to be stabilized at 2200 V. Af-
ter adding the voltage stabilization control, the average wave-
form of the DC voltage of each sub-module is shown in Fig. 6. 

The graph shows that the average value of the DC side 
voltage is essentially stable at 2,200 V, which meets the basic 
requirements of voltage control, and the fluctuation error of 
the steady-state voltage is approximately, which can ensure 
the normal operation of the cascaded APF.
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Fig.	4.	The	proposed	cascaded	APF	control	block	diagram
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5. 2. Current control methods
In order to verify the effectiveness of deadbeat current 

control, suppose a 0.5 s abrupt load, its load current and 
FFT spectrum analysis are shown in Fig. 7, 8. It can be 
seen from the simulation results that after a sudden load 
change, after about 2 power frequency cycles, the compen-
sated grid-side current is stable. It can be seen from the 
current tracking simulation results that the deadbeat cur-
rent control can track the change of the reference command 
current almost in real time, has good steady-state accuracy, 
and greatly reduces the harmonic content of the grid-side 

current. Fig. 4, 6 introduce other current control methods 
after comparison, it is found that the deadbeat current con-
trol phase after hysteresis compensation and current cor-
rection has significantly improved compensation accuracy.

Indeed, Fig. 8 depicts the effectiveness of both DC 
link capacitor voltage control techniques and both har-
monic extraction strategies during operation between PV 
and APF. Importance is provided to evaluating both cur-
rent harmonics extraction strategies that were simulated 
in conjunction with the DC link capacitor voltage control 
approach. 

 

 
a

 
60 160 260 360 460 560 660 760 860 960

0

1

2

3

4

5

6

7

8

9

10

Frequency (Hz)

Ra
tio

n 
re

la
tiv

e 
to

 fu
nd

am
en

ta
l A

m
pl

itu
de

(%
)

b 
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6. Discussion of the research results of harmonic 
suppression compensation of photovoltaic generation 

using cascaded active power filter 

The analysis of the compensation of the error of pho-
tovoltaic grid-connected generation based on optimized 
H-bridge cascaded APF was done in Matlab/Simulink.

The results demonstrate that the method is highly 
promising, and the average value of the DC side voltage is 
essentially stable, meeting the basic requirements of voltage 
control. The proposed algorithms, which cover PV penetra-
tion during off-on operation and change of irradiance from 
low to high, were evaluated through simulations conducted 
under dynamic conditions. Overshoot, undershoot, response 
time, and energy losses were among the primary character-
istics investigated.

Furthermore, the simulation results show that the com-
pensated grid-side current is steady following an abrupt load 
change with a high level of precision in the steady state. In-
deed, the proposed method has a lot of potential in terms of 
improving harmonic current tracking. Nonlinearities in the 
APF system, such as nonlinear loads and parameter fluctua-
tions, can be adjusted, resulting in increased power dynamic 
performance. When comparing the presented work to the 
frequency domain, the proposed technique achieves an accu-
racy of solution quality. However, additional enhancements 
are required due to the algorithm’s remaining unneeded 
qualities. They do not fulfill the fundamental criterion of de-
tecting current harmonics. Because of the sluggish learning 
rate and the possibility of a big average error, these super-
fluous qualities have an impact on the algorithm’s efficiency.

For the future research, neural network control and 
adaptive fuzzy neural network control are two approaches 

that can be used to minimize harmonic current. Further-
more, it was observed from Fig. 8, c that the amplitude of 
fundamental is 0.15 % at 60 Hz while it was 9 % in the pre-
vious case.

7. Conclusions

1. A new algorithm for extracting current harmonics 
from APF combined with a PV source has been described. 
Based on the optimized H-bridge cascade APF, the present-
ed research optimized the strong and united control strategy 
of the photovoltaic energy and active filter. Moreover, the 
proposed algorithm showed positive significance for opti-
mizing the quality of photovoltaic grid-connected power, re-
ducing the current harmonic, and improving the equipment 
utilization of photovoltaic inverters.

2. The SVSLCI algorithm is effective to suppress the devi-
ation of the harmonic detection current and thereby decrease 
the harmonic content of the current on the grid. The presented 
control approach validates the current harmonics extraction 
method’s significantly superior efficiency over the existing al-
gorithms. Furthermore, it was concluded that the amplitude of 
fundamental decreased from 9 % to 0.15 % at 60 Hz.
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