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Abstract

Aiming at the significant challenges faced by active power filters (APFs) in suppressing
low-order harmonic currents (such as second and fourth), this paper proposes a rarefaction
suppression method based on quasi-proportional resonance (QPR) control. Firstly, the
harmonic mathematical model of APFs in a synchronous, rotating coordinate system is
established to reveal the inherent defects of traditional proportional–integral (PI) control in
low-order harmonic suppression. Theoretical analysis shows that although the proportional
resonant (PR) controller can achieve zero-steady-state-error tracking of specific frequency
harmonics, its narrow bandwidth and low robustness may easily lead to system oscillation.
Therefore, the QPR control strategy is introduced. By superimposing a low-pass filter with
an adjustable cut-off frequency on the resonant link, the bandwidth is significantly broad-
ened and the anti-frequency disturbance ability of the system is enhanced. In addition,
the stability of QPR control parameters is analyzed. Finally, the verification based on the
experimental platform demonstrates that the proposed method reduces the total harmonic
distortion (THD) of the 380 V bus current from 82.18% to 3.45%, and the low-order har-
monic current suppression performance is significantly better than the traditional scheme.
This research provides an effective solution for the synergistic suppression of low-order
harmonic currents.

Keywords: active power filter; low-order harmonic currents; quasi-proportional resonance;
total harmonic distortion

1. Introduction
With the wide application of power electronic equipment in industrial and civil

fields, the problem of harmonic pollution in the power grid is becoming increasingly
serious. Low-order harmonics (especially the second and fourth harmonics) tend to cause
grid resonance, equipment overheating, and metering errors due to their frequency close
to the fundamental wave, energy concentration, and difficulty to filter out, which has
become the key challenge of power quality management [1–3]. The active power filter
(APF) is the core device for harmonic dynamic compensation, and the performance of its
control strategy directly affects the effect of harmonic suppression [4–8]. Although the
traditional proportional–integral (PI) control exhibits excellent performance in regulating
DC components, it has limited tracking ability for specific frequency harmonics, especially
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for low-order harmonics near the fundamental wave, which produce the inherent defects
of large steady-state error and slow dynamic response [9,10].

In recent years, proportional resonant (PR) control has been introduced into the field of
APFs because it can provide high gain at a specific frequency and achieve zero-steady-state-
error tracking [11–15]. However, most of the existing research focuses on the suppression of
medium- and high-order characteristic harmonics (such as the fifth and seventh) or single
harmonics, and there are still deficiencies in the research into collaborative control for the
second and fourth low-order harmonics. The narrow bandwidth and small phase angle
margin of PR controllers make the output current of APFs prone to oscillation. Moreover,
in the actual system, the resonant frequency point of the PR controller is prone to offset,
resulting in poor control effect [16–20].

In view of this, this paper proposes a quasi-proportional resonance (QPR) control
optimization method for low-order harmonic group cooperative suppression. Firstly, the
harmonic mathematical model of the APF in a synchronous, rotating coordinate system
is established to lay the theoretical foundation for the design of the control algorithm.
Then, by comparing and analyzing the system performance of traditional PI control and
PR control, it is clarified that the PI control has inherent defects such as a large steady-
state error and slow dynamic response when suppressing low-frequency harmonics. It
is also demonstrated that the PR control can effectively solve the above problems and
significantly improve the tracking accuracy of the system. Furthermore, aiming at the
limitations of PR controllers in practical application, such as narrow bandwidth and high
parameter sensitivity, a quasi-proportional resonance control strategy is proposed. This
strategy not only retains the advantages of PR controllers in tracking specific frequency
harmonics with high gain and zero steady-state error, but also significantly widens the
bandwidth and enhances the robustness of the system by introducing a low-pass filter with
an adjustable cut-off frequency. On this basis, the key parameters (proportional coefficient,
resonant coefficient, cut-off frequency) of the QPR controller are systematically optimized to
balance the dynamic response speed, steady-state accuracy and system stability. Finally, the
experimental verification results show that the proposed optimized QPR control method is
superior to the traditional PI control scheme in low-order harmonic current suppression.

2. APF Topology and Mathematical Model
The topology of the APF is shown in Figure 1. Its working principle is based on the real-

time detection of low-order harmonics and reactive components in nonlinear load currents,
and, through control algorithms, the generation of compensation currents with the same
amplitude but opposite phase and injection of them into the power grid, thereby achieving
the cancelation of low-order harmonic currents and power factor correction. Specifically,
the APF collects the load current signal in real-time through a current transformer. After
analyzing the low-order harmonic components with a digital signal processor (DSP) or a
dedicated controller, it drives the inverter to generate a reverse compensation current using
pulse width modulation (PWM) technology. The current is then fed into the power grid
through a filter inductor, ensuring that the power supply side current only contains the
fundamental component.

esa, esb, and esc are three-phase grid voltages in Figure 1. isa, isb, and isc are three-phase
grid currents. O represents the midpoint of the three-phase AC voltage in the power grid.
iLa, iLb, and iLc are three-phase nonlinear load currents. i2a, i2b, and i2c are three-phase
compensation currents output by the APF. i1a, i1b, and i1c are the three-phase currents
output by the converter. L1 indicates the filter inductance of the LCL filter on the converter
side. L2 represents the filter inductance on the grid side. C denotes the filter capacitance of
the LCL filter. O′ indicates the midpoint of the LCL filter capacitor branch. uca, ucb, and ucc
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are the voltages across the filtering capacitor C. ua, ub, and uc are the neutral point output
voltage of each bridge arm of the APF. Cdc is the energy storage capacitor on the DC side of
the APF, and Vdc is the voltage across Cdc.
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Figure 1. Topology of shunt active power filter.

Suppose that the power devices of each phase bridge arm of the APF are Si1 and Si2,
Si1 and Si2 are complementarily turned off. The switch function Si(i = a, b, c) is defined.
When Si = 1, Si1 is on and Si2 is off; When Si = 0, Si1 turns off and Si2 turns on. According
to the circuit structure of the APF in Figure 1, the impedance of the power grid line and the
switching loss of the APF power device are ignored, and the voltage formula on the AC
side of the APF is obtained: 

L1
di1a
dt = −SaVdc + uca + uO′N

L1
di1b
dt = −SbVdc + ucb + uO′N

L1
di1c
dt = −ScVdc + ucc + uO′N

(1)

where uO′N is the voltage of point N relative to reference point O′.
Since the analyzed system is three-phase symmetrical, the voltage difference between

points O and O′ is 0, that is uOO′ = 0, and there is
esa + esb + esc = 0

uca + ucb + ucc = 0
i1a + i1b + i1c = 0
i2a + i2b + i2c = 0

(2)

Combining (1) and (2), we can obtain

uO′N =
1
3
(Sa + Sb + Sc)Vdc (3)
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Further, the mathematical equations related to the quantities of the branch L1 of the
inductor are obtained: 

L1
di1a
dt = ua + uca

L1
di1b
dt = ub + ucb

L1
di1c
dt = uc + ucc

(4)

where 

ua = −
(

Sa −
1
3 ∑

i=a,b,c
Si

)
Vdc

ub = −
(

Sb −
1
3 ∑

i=a,b,c
Si

)
Vdc

uc = −
(

Sc −
1
3 ∑

i=a,b,c
Si

)
Vdc

(5)

The mathematical equation for the relevant quantities of the branch L2 on the power
grid side is 

L2
di2a
dt = esa − uca

L2
di2b
dt = esb − ucb

L2
di2c
dt = esc − ucc

(6)

The mathematical equation for the correlation of the filtering capacitor C branch is
C duca

dt = i2a − i1a

C ducb
dt = i2b − i1b

C ducc
dt = i2c − i1c

(7)

The mathematical equation for the related quantity of the DC side energy storage
capacitor Cdc is

Cdc
dVdc

dt
= Sai1a + Sbi1b + Sci1c (8)

From Equations (4)–(7), it can be seen that an APF is a multivariable, strongly corre-
lated, and highly complex multi-input, multi-output system, which poses challenges to the
design and parameter optimization of APF control strategies. By transforming the APF
mathematical model from the abc stationary coordinate system to the dq synchronous coor-
dinate system through coordinate system transformation, the control variables are reduced
and the complexity of the control system is lowered. The coordinate transformation matrix
is as follows:

Tabc/dq =
2
3

[
cos ωt cos(ωt − 2π/3) cos(ωt + 2π/3)

− sin ωt −sin(ωt − 2π/3) −sin(ωt + 2π/3)

]
(9)

By performing coordinate transformation on Equations (4)–(7), the mathematical
model of an APF in the dq coordinate system can be obtained:L1

di1d
dt = ud + ucd + ωsL1i1q

L1
di1q
dt = uq + ucq − ωsL1i1d

(10)

L2
di2d
dt = esd − ucd + ωsL2i2q

L2
di2q
dt = esq − ucq − ωsL2i2d

(11)

{
C ducd

dt = i2d − i1d + ωsCucq

C ducq
dt = i2q − i1q − ωsCucd

(12)



Energies 2025, 18, 5697 5 of 15

Cdc
dVdc

dt
=

3
2
(
Sdi1d + Sqi1q

)
(13)

In Equations (9)–(12), all the variables are expressed in the dq coordinate system. For
example, ud and uq are the results of coordinate transformation of the output voltages ua,
ub, and uc at the midpoint of the converter bridge arm.

3. Control Strategy and Parameter Optimization
3.1. QPR Control Strategy Proposal

At present, the APF most commonly uses a PI (Proportional–Integral) controller for
reactive power compensation and harmonic current suppression. The transfer function of
the PI controller is

GPI(s) = kpi +
kii
s

(14)

where kpi and kii are the proportional coefficient and integral coefficient, respectively.
From the properties of the PI controller, it can be known that PI control is applicable to

the control of DC signal. For the AC signal quantity in the APF, the control effect of PI is
poor, especially in the suppression of low-order harmonic current, and there is always a
steady-state error, so the PI controller needs to be further improved.

Previous studies have shown that after the conversion of (14), the equivalent PR
(Proportional resonant) controller GPR(s) in the AC system can be obtained from the PI
controller GPI(s) of the DC system [21,22].

GPR(s) = GPI

(
s2 + ω2

0
2s

)
= kpr +

2kirs
s2 + ω2

0
(15)

where kpr, kir, and ω0 are the proportional coefficient, resonant coefficient, and resonant
angular frequency of the PR controller, respectively.

Combined with the mathematical model of the APF, the current control structure
shown in Figure 2 is adopted for low-order harmonic suppression in this paper, where
GAPF(s) is the equivalent transfer function generated by the small inertia characteristic of
the SVPWM control transformation, and GL(s) represents the transfer function from the
APF port voltage u to the current i of the APF output filter inductor. Since the parameter of
the filter capacitor C is much smaller than that of the inductor, the influence of C is ignored
in GL(s), and, L = L1 + L2 being the internal resistance of the filter inductor.

GL(s) =
1

Ls + R
(16)

GAPF(s) =
KSVPWM

Tf + 1
(17)

where KSVPWM is the equivalent gain of the APF and Tf is the lag time constant of
SVPWM change.

−

+ ( )APFG s ( )LG s( ) ( )PI PRG s G s + −
( )gU s

( )*
cI s ( )cI s

Figure 2. Current loop control structure block diagram of the APF.



Energies 2025, 18, 5697 6 of 15

Figure 2 shows the current loop control structure block diagram when the APF adopts
the PI control strategy GPI(s) or PR control strategy GPR(s).When the PI control strategy is
adopted to suppress the low-order harmonic current, the output current Ic(s) of the APF is:

Ic(s) =
1

1 + (Ls + R)/(GPI(s)GAPF(s))
I∗c (s)−

1
Ls + R + GPI(s)GAPF(s)

Ug(s) (18)

At the harmonic current frequency ωh to be suppressed, the amplitude–frequency
characteristic of the PI controller is

API(ωh) =
√

k2
pi + (kii/ωh)

2 (19)

Since API(ωh) is a finite value with a positive number, therefore

0 <
1

1 + (Ls + R)/(GPI(s)GAPF(s))
< 1 (20)

According to (19), the output current Ic(s) of the APF is less than the given current
I∗c (s), and there exists a stability error, and

1
Ls + R + GPI(s)GAPF(s)

̸= 0 (21)

Therefore, when the APF suppresses low-order harmonics, the output current Ic(s) is
inevitably affected by the grid voltage Ug(s).

For the PR controller, according to Figure 2, the expression of the APF output current,
similar to (17), can be obtained:

Ic(s) =
1

1 + (Ls + R)/(GPR(s)GAPF(s))
I∗c (s)−

1
Ls + R + GPR(s)GAPF(s)

Ug(s) (22)

Substitute the frequency ωh of the low-order harmonic current that needs to be sup-
pressed into the transfer function (14) of the PR controller to obtain the amplitude–frequency
characteristics of the PR controller:

APR(ωh) =
√

k2
pr + (2kiωh/(ω0 − ωh))

2 (23)

When the frequency of the low-order harmonic current to be suppressed is equal to the
resonant frequency of the PR controller, that is, ωh = ω0. When APR(ωh) tends to infinity,
then there is

1
1 + (Ls + R)/(GPR(s)GAPF(s))

= 1 (24)

1
Ls + R + GPR(s)GAPF(s)

= 0 (25)

According to Equations (23) and (24), it can be concluded that when the APF is adopted
and the PR control strategy is used to suppress the low-order harmonic current, the output
current can approach the reference current infinitely, achieving no-static error tracking.
And the PR controller can significantly reduce the interference of grid voltage fluctuations.

The amplitude–frequency characteristic curves of the PI controller and PR controller
are further drawn, as shown in Figure 3.

According to Figure 3, the gain of the PI controller is larger than that of the PR controller
at low frequencies less than the fundamental frequency of the grid-connected current, while
the gain of the PR controller is larger near the low-order harmonic frequency that needs to
be suppressed, and the gain of the two controllers is the same at frequencies greater than
the low-order harmonic frequency. Therefore, from the comparison of amplitude–frequency
characteristic curves, it is also proved that PR controllers are superior to PI controllers in
control of low-frequency harmonic suppression. Here, ‘zero-steady-error’ refers to the
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characteristic that the steady-state deviation between the APF output compensation current
and the reference harmonic current tends to zero under ideal conditions, which is derived
from the infinite gain of the PR controller at the resonant frequency in the continuous-time
domain (Equations (22)–(24)). However, in practical digital systems, tiny residual errors
may exist due to discretization effects and hardware limitations.
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Figure 3. The Bode diagram of the PI controller and the PR controller.

Compared with the PI controller, although the PR controller has almost infinite gain
at the low-order resonant frequency point and can achieve statically error-free control, its
bandwidth is narrow, the phase angle margin is small, and the output current of the APF
is prone to oscillation. Meanwhile, in the actual control system, due to the limitations of
sampling accuracy and the digital accuracy of the controller, the resonant frequency point
of the PR controller is prone to offset, so it is difficult to achieve good control in the actual
system. The performance of PR controllers needs to be further improved.

By adding a high-gain low-pass filter to the proportional integral link in Equation (10),

H(s) = Kp +
Kiωc

s + ωc
(26)

We can obtain

GQPR(s) = kpq +
2kiqωc(s + ωc)

s2 + 2ωcs + ω2
0 + ω2

c
(27)

In the formula, ωc is the cut-off frequency of the low-pass filter. In the actual working
conditions, ωc ≪ ω0, then (26) is simplified to

GQPR(s) = kpq +
2kiqωcs

s2 + 2ωcs + ω2
0

(28)

Equation (27) is the S-domain transfer function form of the quasi-proportional resonant
controller, and its Bode diagram is shown in Figure 4.

It can be seen from Figure 4 that, although the gain of the quasi-PR controller at the
resonant frequency is not as high as that of the PR controller, it is still sufficient to meet the
control goal of achieving zero steady-state error. Meanwhile, the phase angle margin is
infinitely large, which can make the system have good steady-state characteristics.
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Figure 4. Bode diagram of quasi-proportional resonant controller.

3.2. Quasi-PR Control Parameter Setting

There are four parameters in the transfer function of the quasi-PR controller,
ω0 = 100πh rad/s is known, where h is the harmonic number to be treated (h = 2, 4, 5, 7, 11),
so the control parameters to be designed and adjusted are kpq, kiq, and ωc.

Adjusting the parameters (kpq, kiq, ωc) of the quasi-PR controller can change its fre-
quency characteristics. Increasing the system’s proportional gain coefficient kpq value can
enhance the adjustment strength of the system and shorten the adjustment time. But at
the same time, it will weaken the role of the resonant link, leading to the decline of system
stability and narrow bandwidth. Increasing the value of kiq can significantly improve
the gain of the controller at the resonant frequency, strengthen the resonant effect, and
more effectively suppress the steady-state error at that frequency. This parameter has little
effect on system bandwidth. Changing the ωc value will broaden the bandwidth of the
controller. At this time, the gain of the controller at the fundamental frequency remains
unchanged, but the gain at other frequency points near the fundamental frequency will
increase accordingly. The influence of quasi-PR controller parameters on the system is
analyzed in detail below.

(1) The influence of control parameter kpq.

Let kiq = 50, ωc = 5 rad/s. When kpq changes from 0.05 to 0.50, the root locus and
Bode diagram of the quasi-PR controller are obtained, as shown in Figure 5.

Figure 5 shows that the root locus and all zeros and poles of the system are located
in the left half-plane, indicating that the system is stable. However, with the increase
in proportional gain coefficient kpq, the root locus of the system will move to the right
half-plane, resulting in a reduction in system stability (reduction in stability margin). It is
worth noting that increasing the value of kpq does not change the gain of the system at the
resonant frequency point, but it does increase the system’s gain margin and bandwidth. In
conclusion, parameter kpq can effectively adjust the system’s bandwidth and phase margin,
and then affect the dynamic response characteristics and steady-state performance of the
system. From the root locus, it can be seen that when the value of kpq is small, the zeros
and poles are located in the left half-plane, and the system stability is better at this time.
Therefore, when selecting the kpq value in the actual design, we should avoid taking too
large a value to maintain good stability.
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Figure 5. The influence of kpq change on the system. (a) Root locus of kpq change. (b) Bode diagram
of kpq change.

(2) The influence of control parameter kiq.

Let kpq = 0.5, ωc = 5 rad/s. When kiq changes from 1 to 75, the root locus and Bode
diagram of the quasi-PR controller are obtained, as shown in Figure 6.

As illustrated in Figure 6, the root locus, along with all zeros and poles of the system,
resides in the left half-plane—an indicator of the system’s stability. When the resonant
gain coefficient kiq is elevated, the displacement amplitude of the system’s root locus
remains relatively modest. Concurrently, the system’s gain at the resonant frequency
point experiences a notable increase; this enhances the functionality of the resonant link
and effectively diminishes the steady-state error at that specific frequency. Furthermore,
increasing the value of kiq expands the control bandwidth in the vicinity of the resonant
point, yet exerts minimal influence on the gain at other frequencies. Drawing on the
above analysis, parameter kiq primarily impacts two aspects of the system: the steady-
state error and the bandwidth near the vibration point. Consequently, in practical design
processes, a slight increment in kiq can be considered to boost the resonant link’s capacity
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to suppress interference at a specific frequency. While root locus analysis demonstrates
that the system’s zeros and poles consistently lie in the left half-plane within the range
of kiq variations—signifying favorable overall stability—it is important to note that an
excessively large kiq value may still compromise the system’s stability.
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Figure 6. The influence of kiq change on the system. (a) Root locus of kiq change. (b) Bode diagram of
kiq change.

(3) The influence of control parameter ωc.

Let kpq = 0.5, kiq = 50. When ωc changes from 1 to 15, the root locus and Bode
diagram of the quasi-PR controller are obtained, as shown in Figure 7.
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Figure 7. The influence of ωc change on the system. (a) Root locus of ωc change. (b) Bode diagram of
ωc change.

It can be seen from Figure 7 that the system root locus and all zeros and poles are
located in the left half-plane, indicating that the system has stability. When the bandwidth
coefficient ωc is increased, the root locus of the system gradually moves towards the real
axis, and the zero position is far away from the coordinate origin. This change helps to
reduce the overshoot of the system. It is worth noting that increasing the ωc value will not
change the gain of the system at the resonant frequency point, but will significantly broaden
the overall bandwidth of the system. Specifically, the increase of ωc mainly widens the
control bandwidth in the frequency range near the resonant point, but has little effect on the
gain at other frequencies. Based on the above analysis, the core function of parameter ωc is
to adjust the system bandwidth, and its increase will enhance the ability of the system to
suppress dynamic disturbances such as grid frequency fluctuations. Although the increase
of ωc improves the dynamic response (reduces overshoot) and widens the bandwidth, it is
still necessary to select its value reasonably according to the specific requirements in the
actual design.
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4. Experimental Results
Figure 8a is a picture of the experimental platform site, including the power grid,

nonlinear harmonic load, and APF industrial prototype, which can be used to verify the
performance of the control algorithm proposed in this paper. Then, Figure 8b shows the
internal hardware of the APF module, including the DC side energy storage capacitor,
drive circuit, output filter, and TI TMS320F28335 digital signal processor (DSP). The DSP is
widely used in power electronic control scenarios due to its high computational efficiency
(150 MHz clock frequency) and dedicated peripheral modules for power conversion.

Power grid

Power quality 
analyzer

 

Output 
filter

DC-link 
capacitor

Driver 
circuit

DSP 
controller

 
(a) (b) 

Figure 8. Schematic diagram of the experimental platform. (a) Picture of the experimental platform
site. (b) Internal hardware circuit of the APF.

To simulate the actual industrial harmonic pollution scenario (where nonlinear loads
often include both passive rectifiers and active power electronic devices), the experimental
platform adopts an active–passive hybrid nonlinear load configuration. The passive part
consists of a three-phase uncontrolled rectifier bridge with a resistance–inductance load,
which is a typical source of harmonics (third, fifth, seventh, etc.) in industrial systems. The
active part uses a three-phase voltage-source inverter (VSI) (composed of six insulated
gate bipolar transistors (IGBT), model FF300R12KE4) controlled by a dedicated DSP (TI
TMS320F28069), which is used to simulate the second and fourth low-harmonic charac-
teristics of active power electronic devices. In the experiment, hardware and software
parameters are shown in Table 1. The experimental results were measured using a HIOKI
PW3198 power quality analyzer.

Table 1. System parameters.

Symbol Quantity Values

Cdc DC-side capacitor 2 mF
Vdc DC-side voltage 750 V
L1 Inverter-side inductance 0.5 mH
C Filter capacitance 6 µF
L2 Grid-side inductance 0.05 mH
Rd Virtual resistor 1.5 Ω
es Grid voltage 380 V
f1 Fundamental frequency 50 Hz

fsw Switching frequency 20 kHz
Kpi Proportional coefficient of PI controller 80
Kii Integral coefficient of PI controller 10
Kpq Proportional coefficient of QPR controller 100
Kiq Resonance coefficient of QPR controller 12
ωc Cut-off frequency 10 rad/s
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After the 380 V bus is connected to the nonlinear load, in addition to the characteristic
harmonic currents such as the fifth and seventh harmonic currents, the bus current also
contains the second harmonic current of 47.80 A and the fourth harmonic current of 25.84 A,
resulting in serious distortion of the bus current, and the current THD reaches 82.18%,
as shown in Figure 9a. When the APF adopts the PI control algorithm to suppress these
harmonic currents, the sinusoidal degree of the current at the 380 V bus is improved, as
shown in Figure 9b. The values of the second harmonic current and the fourth harmonic
current also decrease to 9.27 A and 5.44 A, respectively. However, the THD of the 380 V
bus current is still as high as 16.00%. This is unacceptable in some industrial environments
with high requirements for power quality. Furthermore, the QPR control algorithm is
implemented in the APF’s DSP. By using the control parameters designed in this paper, the
contents of the second and fourth harmonic currents in the 380 V bus current are reduced
to 0.72 A and 0.51 A, respectively, and the other harmonic currents are almost 0. As shown
in Figure 9c, the THD is reduced to 3.45%, and the current waveform has a high sinusoidal
degree. It is proved that the QPR control algorithm proposed in this paper has a good
suppression effect on low-order harmonic currents such as the second and fourth.

  
(a) 

  
(b) 

  
(c) 

Figure 9. The experimental results obtained by using the HIOKI PW3198 power quality analyzer.
(a) 380 V bus current waveform and FFT when APF is not running. (b) 380 V bus current waveform
and FFT when APF adopts PI control method. (c) 380 V bus current waveform and FFT when APF
adopts QPR control method.
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5. Conclusions
Aiming at the problems of the large steady-state error of traditional PI control and the

narrow bandwidth of PR control when an APF suppresses low-order harmonic currents, a
harmonic suppression method based on quasi-proportional resonance is proposed in this
paper. By establishing a synchronous, rotating coordinate system model and introducing
a low-pass filter with an adjustable cut-off frequency into the PR controller, the system
bandwidth is significantly broadened and the ability to resist frequency drift is enhanced.
The experimental results show that the total harmonic distortion (THD) of 380 V bus is
reduced from 16.00% of PI control to 3.45%, and the second and fourth harmonic currents
are suppressed from 47.80 A and 25.84 A to 0.72 A and 0.51 A, respectively, with a sup-
pression rate of over 98%. The research results provide theoretical support and solution
reference for the treatment of low-order harmonic groups in the scenarios of new energy
grid connection.
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