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Abstract: Nowadays, AC charging piles are widely used, and with the increasing number of charging
piles, the harmonic pollution generated by them becomes more serious and affects the power quality
of the grid. Aiming at the problem of harmonic control of the single-phase AC charging pile, it
is decided to apply the active filter technology. The single-phase parallel active filter (PAPF) is
selected according to the characteristics of the charging pile. The single harmonic detection method
is studied based on instantaneous reactive power theory, and a new adaptive low-pass filter with
fixed-step size is proposed to improve the performance of harmonic detection by combining the
least mean square (LMS) and the least fourth-order moment (LMF) adaptive algorithms. The PAPF
control part adopts the composite control strategy of inner and outer loop combined with repetitive
control to complete the voltage stabilization control, harmonic tracking, and compensation. Based on
MATLAB/SIMULINK, the output waveforms of the low-pass filter link are simulated and analyzed,
and the prototype experiment is carried out. The results verify that the algorithm can improve the
performance of harmonic detection. Finally, the single-phase PAPF system simulation is established
and the harmonic compensation capability of system is analyzed by the Fast Fourier Transform (FFT).
The results demonstrate that single-phase PAPF can effectively manage harmonics and the total
harmonic distortion (THD) is reduced to less than 5%.

Keywords: harmonic management; active filter; adaptive algorithm; compound control

1. Introduction

New energy vehicles have been developing rapidly in recent years as an emerging
mode of transportation, and their supporting charging devices are mainly divided into DC
and AC charging piles [1]. The AC slow charging mode uses 220 V single-phase power
supply to charge the battery through the on-board charger, which is widely used for its low
cost and low space occupation [2]. In the process of AC charging, nonlinear devices such
as a Silicon Controlled Rectifier (SCR) inside the charger will become harmonic sources,
and the harmonic pollution will cause AC distortion and reduce the stability of the power
grid [3].

The reference [4] summarizes two ideas for harmonic management: to retrofit ap-
pliances and consider harmonic factors in the manufacturing stage, which applies to
appliances as the main harmonic source; to equip the harmonic compensation device for
current compensation, which can be applied to a variety of harmonic sources. The active
power filter (APF) can detect harmonics and achieve no static-error tracking, and output
currents of equal amplitude and frequency with opposite phases to complete harmonic
compensation. The load current after APF compensation is close to the sinusoidal type [5].
Among them, the PAPF is specially used to the management of current harmonics and
has good filtering performance within its rated reactive power range [6]. The reference [7]
applies the self-anti-disturbance technique to the APF, and the voltage and load current
are compensated as unknown disturbances, which has good robustness. The reference [8]
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improves the low-pass filter based on the variable-step size LMS algorithm that adaptively
changes the step size to respond to the filtered signal, which can coordinate the steady-
state performance and the convergence speed. In the reference [9], the passive theory is
introduced in the APF to obtain better controllability by simplifying the circuit, which is
verified to have good robustness and stability. Reference [10] introduces the LMF adaptive
algorithm for the low-pass filtering link of harmonic detection in APF aiming to improve
the detection performance of harmonic components of load current in PAPF.

For the harmonic control problem, the single-phase shunt type active power filter is
selected, and the fixed-step adaptive filter combined with LMS/LMF adaptive algorithm is
proposed to improve the low-pass filtering link in detection. The simulation analysis and
prototype experiments are carried out.

2. Harmonic Detection Method Combining LMS/LMF Adaptive Algorithm

As the three-phase system detection algorithm, the ip − iq harmonic detection method
based on instantaneous reactive power theory cannot be directly applied to the single-phase
systems [11], so the three-phase construction method is adopted with the following procedure.

The single-phase voltage is expressed as us(t) = Um sin ωt and the periodic non-
sinusoidal current with harmonics is represented as:

is(t) =
∞

∑
n=1

In sin(ωt + ϕn) = I1 cos ϕ1 sin ωt+

I1 sin ϕ1 cos ωt +
∞

∑
n=2

In sin(nωt + ϕn)

(1)

With the active fundamental current of i1p(t) = I1 cos ϕ1 sin ωt and the harmonic

current of ih(t) =
∞
∑ In sin(nωt + ϕn), the fundamental reactive current can be obtained as

i1a(t) = I1 sin ϕ1 cos ωt, and the a-phase current is constructed:

iα(t) = is(t) = I1 sin(ωt + ϕ1) +
∞

∑
n=2

ian (2)

Subsequently, inverting iα(t) and delaying π/(3ω) yields:

ic(t)= −I1 sin
[
ω
(

t − π

3ω

)
+ ϕ1

]
+

∞

∑
n=2

icn

= I1 sin
[

ωt + ϕ1 +
2π

3

]
+

∞

∑
n=2

icn

(3)

ib(t) = −ia(t)− ic(t) = I1 sin
[

ωt + ϕ1 −
2π

3

]
+

∞

∑
n=2

ibn (4)

The three-phase current ia, ib, ic can be constructed and transformed by dq coordinates.
Based on the above construction results, the single-phase ip − iq detection method can be
explored, its principle is shown in Figure 1 [11]. The current is transformed by dq coordi-
nates to obtain the fundamental active amplitude Ip and fundamental reactive amplitude
Iq, and its DC components Ip and Iq are obtained by the LPF with the cut-off frequency
lower than the fundamental frequency, and then the instantaneous fundamental active
current I1 cos ϕ1 sin ωt and instantaneous fundamental reactive current I1 sin ϕ1 cos ωt are
obtained by multiplying the fundamental sine and cosine sin ωt cos ωt, so as to obtain the
system harmonic and reactive currents.
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The phase difference between the fundamental co-channel signal and the actual funda-
mental wave is ϕ, the sine and cosine signals are sin(ωt + ϕ) and cos(ωt + ϕ), respectively.
0.5(Ip cos ϕ + Iq sin ϕ) and 0.5(Iq cos ϕ + Ip sin ϕ) can be obtained by multiplying it with
the load current through the gain and low-pass filter link, and multiply it with the sine and
cosine of the fundamental then add to obtain:(

Ip cos ϕ + Iq sin ϕ
)
× sin(ωt + ϕ)

+
(

Iq cos ϕ − Ip sin ϕ
)
× cos(ωt + ϕ)

= Ip sin ωt + Iq cos ωt = I1 sin(ωt + ϕ)
(5)

The result is the fundamental current Ia f and the harmonic current ih calculated from
the load current. The performance of the harmonic detection method is influenced by the
low-pass filtering link [12], and the commonly used Butterworth II-structure filter cannot
balance the filtering accuracy and convergence speed, while the adaptive filter has a simple
computational process and better stability and adaptability [13]. Among the adaptive
algorithms, the LMF algorithm has poor steady-state performance but good convergence
rate, and the LMS algorithm has the same contradiction between steady-state performance
and convergence speed when the step size is fixed [14]. The new fixed step size adaptive
filter is proposed based on the two adaptive algorithms, and its performance function is
set as

Jn = (1 − rn)E
[
e2

n

]
+ rnE

[
e4

n

]
(6)

In the above equation: rn is the proportional coefficient, which determines whether
the filter chooses LMS or LMF algorithm. If rn = 1, the LMF algorithm is chosen, and if
rn = 0, the result is reversed.

en, ipn, xn can be set to be stationary parameters and en is independent of xn, which leads:

en = ipn − yn = ipn − wnxn (7)

Using gradient estimation to update the weight wn:

wn+1 = wn − µ
∂Jn

∂wn
(8)

Bringing Equations (7) and (8) into Equation (6) yields the weight update equation.

wn+1 = wn + 2µ
[
(1 − rn) + 2rne2

n

]
enxn (9)

The proportional coefficient rn is updated by the forgetting factor and the normaliza-
tion method:

rn+1 = arn + bq2
n (10)

qn+1 = cqn + (1 − c)
enen−1∣∣∣ipnip(n−1)

∣∣∣ (11)

Equations (9)–(11) constitute the fixed step size adaptive algorithm. The parameter µ
in the formula is the step size, and a, b, c represents the forgetting parameter, which is the
constant with the value of 0~1, and indicating the influence of the historical control signal
on the real-time state. The autocorrelation estimation results of the historical error signal
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en−1 and the real-time signal en can adjust the proportional coefficient and reduce the signal-
to-noise ratio of the system. The error of the weight vector wn increases when its input
signal ipn changes, 2rn � 1− rn, the system uses the LMF algorithm. If ipn enters the steady
state, then wn is close to the near-optimal value. 2rn � 1 − rn, the system is converted to
the LMS algorithm. It can be seen that the algorithm can choose the applicable algorithm
by adjusting the proportional coefficient according to the original signal. Considering the
stability of the algorithm, rn is usually restricted to take values between 0 and 1. If rn is close
to 1, it means that the adaptive algorithm has good dynamic convergence performance,
and if it is close to 0, it takes into account the steady-state performance and convergence
speed. This paper takes rmax = 0.9 and rmin = 0.1.

3. Single-Phase PAPF Composite Control Strategy
3.1. Repetition Control Principle

To realize the harmonic compensation function of the single-phase PAPF, the control
system needs to have good stability and dynamic tracking performance. The system adopts
the double closed-loop composite strategy of PI control combined with repetitive control to
complete harmonic current tracking and compensation.

Single-phase PAPF needs to track signals with the same frequency or integer multiples
of the fundamental wave, and the signal can be tracked without static errors by adding
the co-channel s-domain model to the controller [15]. It is difficult to set the corresponding
internal model for each frequency in the complex harmonic in the engineering level, so the
repetition control is introduced to solve the problem. The repetition controller kernel is
shown in Equation (12).

Grp(s) =
c(s)
e(s)

=
1

1 − e−Ts (12)

For the single-phase PAPF system, it is transformed into the form of frequency domain.

ω =
∞
∑(2πn × 50), k = 1, 2, 3 . . .:

Grp(jω) =
c(jω)

e(jω)
=

1

1 − e
−j

∞
∑

n=2k+1
2nπ

=
1

1 − 1
= ∞ (13)

It is known that all frequency compensation currents in the internal mode system have
infinite gain [16].

3.2. Filter System Working Principle and Compound Control Strategy

The traditional PI controller can achieve no static-error tracking of step signals due
to its integral link with infinite gain for DC signals, but it cannot produce large gain for
high-frequency signals [17–19]. For the inner loop current control, the controller needs to
have infinite gain for harmonics to achieve accurate tracking, and the dynamic response
ability of PI controller can be improved by combining with repetitive control theory, which
is suitable for single-phase PAPF. The workflow of PAPF is shown in Figure 2, and the
composite control process is shown in Figure 3.

The APF system is connected in parallel at the rear end of the AC charging post power
line. When the charging pile is connected to the vehicle, K1 closes to start charging, while
K2 also closes and the charging post is connected to the APF. Us is the grid voltage, is is the
grid current, and ic is the compensation current output from the APF. The system detects
the load current through the current detection circuit, so as to extract the harmonics in it
and get the modulation command of the output current. The control circuit output the
PWM signal to enable the inverter to generate the corresponding compensation current.

During the control process shown in Figure 3, the sum of the DC-side current command
idc f and the harmonic current command ih is the total current command i∗c . The current
inner loop controller derives the voltage control quantity Vr by adjusting the difference
between it and the feedback current ic. The total voltage Ur is obtained by adding the
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voltage feedback quantity. After the total voltage is modulated by space vector pulse width
modulation (SVPWM), the modulating signal is output to complete the DC-side voltage
regulation and generate the compensation current.
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4. Harmonic Detection Simulation and Prototype Experiment

The harmonic detection situation is simulated based on MATLAB/SIMULINK. The
single-phase uncontrolled rectifier bridge circuit with resistive inductive load is used as
the harmonic source, and the total amount of harmonics generated can be obtained by the
ip − iq method based on instantaneous reactive power theory. In the detection process,
the Butterworth filter and the new fixed-step adaptive filter are respectively used in the
low-pass filtering link, and the simulation parameters are set as shown in Table 1. The
cut-off frequency of the low-pass filter is taken as fc = 20 Hz , and the fixed-step adaptive
filter takes the parameters a = 0.9, b = 0.1, c = 0.8. The separated DC component Ip is
compared with the single-phase current component, which is the a-phase fundamental
current Ia f . The output waveforms are shown in Figures 4 and 5.
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Table 1. Simulation parameters.

Parameters Numerical Value

Voltage value Us 220 V/50 Hz
Load resistance Rd 136 Ω
Load inductance Ld 30 mH

Load Surge Resistance Rd 68 Ω
Load Sudden Change Inductance Ld 15 mH
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It can be seen that the DC component and the fundamental current produce sudden
changes at 0.06 s, which reflects the dynamic performance of the low-pass filter. The
adjustment time of the Butterworth filter is about 0.06 s, and its steady-state waveform is
relatively smooth, but there is overshoot phenomenon in the dynamic adjustment process.
The regulation time of fixed-step adaptive filter is about 0.02 s, and its response is more
sensitive. To better verify the effect of the adaptive filter on harmonic detection performance,
the TMS320 development board and semi-physical simulation platform are used to carry
out the prototype experiments. The host computer is connected to the RT-LAB platform
through the network cable, which can receive data and compile the above SIMULINK
model, while the lower computer is responsible for running the model and executing I/O
to realize interaction with external hardware such as oscilloscopes. The prototype is shown
in Figure 6. The principle of the harmonic detection experiment is shown in Figure 1,
in which the LPF, PLL, sin ωt cos ωt, and adaptive algorithm are realized by the built-in
DSP software of the platform, and the current waveforms is recorded by the external
oscilloscope. For the convenience of comparison, the various output waveforms of the two



Energies 2023, 16, 2817 7 of 11

filters are shown in Figures 7 and 8, which are the load current ia, fundamental current
Ia f , Ip obtained by dq transform, DC component Ip of the output of the fixed-step adaptive
filter, and harmonics ih.
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It is demonstrated that the fixed-step adaptive low-pass filter combined with LMS/LMF
can extract the DC component accurately, the load current changes rapidly and the transi-
tion process is less than one power cycle. The fundamental current has good sinusoidality,
and it combines good stability and response speed compared with the conventional Butter-
worth filter.

5. Simulation of Composite Control System for Single-Phase PAPF System

According to the overall algorithm flow shown in Figure 3, the simulation of the
single-phase PAPF system is carried out, the overall block diagram is shown in Figure 9,
the parameters are shown in Table 2, and the load mutation is set at 0.1 s.
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Figure 9. Single-phase PAPF simulation model.

Table 2. System simulation parameters.

Parameters Numerical Value

Grid voltage value Us 220 V/50 Hz
Filter Capacitor C 36 µF

DC side capacitance Cdc 3000 µF
Filter Inductors L1 0.315 mH

Grid-side inductance L2 0.104 mH
Modulation method SVPWM

The control compensation process performed after harmonic detection uses the com-
posite control strategy. To verify the enhancement effect of its harmonic compensation
performance, the effect of current compensation is compared and analyzed with that of
conventional PI control alone. The system harmonic management capability is verified by
analyzing the THD. The simulated waveforms of each current during the conventional PI
control are shown in Figure 10, the load current FFT analysis image is shown in Figure 11.
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Figure 11. Load current FFT analysis.

The Fast Fourier Transform (FFT) in MATLAB is used to analyze the spectrum of the
transmission current waveforms, the total harmonic distortion is reduced to 13.56% after
PI control, and the result is shown in Figure 12. The filtering effect is significant, but the
tracking ability of higher harmonics is weak, which does not reach the national standard of
5%. Next, the simulation of the composite control process is carried out, and the current
waveforms are shown in Figure 13, and the result of its FFT analysis is shown in Figure 14.
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Figure 14. Current FFT analysis after compound control compensation.

The grid current waveform is a smooth sinusoidal curve after the compensation of
the compound control, which effectively eliminates the current burr and improves the
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limitation of PI control. The FFT spectrum analysis of the current after compensation shows
that THD has been reduced to 3.51%, which meets the national standard and solves the
problem of current distortion caused by harmonic pollution.

6. Conclusions

In this paper, the harmonic detection and control of the single-phase AC charging
pile were studied. The new type of fixed-step adaptive filter was introduced in harmonic
detection to improve the harmonic detection performance, and the composite control
algorithm was adopted in the harmonic compensation. The following conclusions have
been obtained through simulation analysis and prototype experiments.

1. The hybrid adaptive filtering algorithm can adjust the proportion of LMS and LMF
algorithms in the system weights according to the error changes and reasonably
take into account the advantages of each algorithm. The improved method not only
ensured the accuracy of harmonic detection, but also increased the response speed by
0.04 s, which improved the harmonic detection performance.

2. Compound control was used to complete the harmonic compensation and compare
the compensation results. The grid current waveform curve was more rounded, and
the system had obvious tracking in the first cycle of sudden load change and entered
the steady state in the third cycle. After compensation, the harmonic content of
the power grid current was reduced to below 5%, which was in line with national
standards. The above results showed that the system has good dynamic response
capability and better harmonic compensation performance.

3. Although the single PAPF system studied in this paper achieved good compensation,
there are still some aspects that can be improved and are areas where future research
can be initiated. The single harmonic detection technique used in this paper had the
delay while performing the three-phase construction, which in practice was reflected
in the extensive use of multipliers and the use of LPFs. In this paper, the LPF link
had been improved but a single harmonic detection technique with better dynamic
performance and detection accuracy can be designed without relying on the digital
LPF in the future. In addition, although the combination of PI control and repetitive
control had achieved relatively high dynamic and steady-state performance, further
performance improvement and the use of other controllers with better dynamic
performance instead of PI controllers are the focus of future research.
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