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Abstract:  A control strategy of repetitive control without inductorance decoupling was proposed to address the problem of high total 
harmonic distortion(THD) rate of the network-side current caused by the reduced stability of the rectifier module of the DC charging pile 
under weak grid as well as the dead zone and nonlinearity of switching devices during charging. Firstly, the parallel repetitive control was 
constructed in the inner current loop, and the proportional-integral(PI)+ repetitive controller based on parallel structure was designed. 
For system compensation, a second-order low-pass filter was selected to correct the system, and the network-side current harmonics were 
actively suppressed without increasing the filtering device, which effectively improves the quality of grid-connected current. Secondly, 
based on the synthetic vector method, the controller parameters were designed to realize the elimination of main pole by establishing two 
synchronous rotation coordinate system vector differential equations, so as to realize the inductanceless decoupling to cope with the 
influence of network-side inductance fluctuation on the stability of the control system under weak grid. By theoretical analysis and 
simulation, the proposed control strategy was embedded into the self-developed digital signal processor for the rectifier module of DC 
charging pile, simulated dynamic and steady-state operation experiments were conducted, and comparative analysis was performed to 
prove the feasibility of the proposed control strategy.
Key words:  weak grid; DC charging pile; voltage source rectifier (VSR); repetitive control; inductanceless decoupling

0　Introduction

In recent years, China has been vigorously promoting 
the industrialization and scale development of electric 
vehicles and their charging facilities to achieve the goals 
of “double carbon” and a new type of electric power 
system[1]. With the gradual increase of electric vehicles, 
the performance and reliability of charging piles must be 
confronted with challenges. Compared with AC charging 
piles, DC charging piles have higher efficiency and faster 
charging speed, therefore, it has been the main 
development direction of charging piles[2]. Due to 
dispersiveness and randomness of charging loads of 
electric vehicles as well as dead zones and nonlinearity of 
switching devices, harmonics and voltage deviation may 
occur[3]. Additionally, since extensive and scattered 
large-scale renewable energy generation and distributed 
power sources, accompanied by long-distance 
transmission lines and multi-stage transformers, access 
to the grid, resulting in the characteristics of a weak grid 

and non-negligible grid equivalent inductance that affects 
the stability of grid-connected charging piles, therefore, 
it is crucial for the rectifier module of DC charging pile to 
suppress its grid-connected current harmonics, quickly 
respond to the fluctuation of grid-side inductance, 
operate with high power factor, and maintain the 
stability and robustness of DC bus voltage during 
charging.

In the control of the rectifier module of double closed-
loop grid-connected DC charging pile, the inner current 
loop is often under proportional-integral(PI) control 
based on feed-forward decoupling, thus fast tracking the 
three-phase symmetric sinusoidal fundamental signal on 
AC side. However, its ability of suppressing periodic 
disturbance is poor[5], which may result in instability of 
the system due to incomplete decoupling of the inner 
current loop in case of inductance value with error or 
fluctuation[6]. Xiao et al. [7-9] used intelligent control 
methods such as adaptive and fuzzy predictive controllers 
to improve the performance of rectifiers. Although the 
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development of digital technology has accelerated the 
application of intelligent control in rectifier modules, it 
leads to an increase in the computational complexity and 
computational burden of conventional processors.

Repetitive control is based on internal mode principle 
(IMP), with better steady-state current control 
performance after the elimination of periodic deviations of 
control signals but poor dynamic performance due to the 
delay from repetitive control[10,11]. Jiang et al. [12] used 1/6 
fundamental period repetitive control to reduce the control 
delay to 1/6 of the original one, which requires multiple 
coordinate transformations and relatively complicated 
control structure. Zhao et al. [13] utilized fractional phase 
overrun compensation to increase the gain of repetitive 
control, improving the error convergence rate but reducing 
stability of the system. Zhou et al.[14] proposed a combined 
control strategy with parallel repetitive control and PI 
control (referred to as PI+ repetitive control), achieving 
good current dynamic response while effectively 
suppressing current harmonics, without considering the 
impact of network-side inductance fluctuations on system 
performance under weak grids.

Based on this, we propose a control strategy of repetitive 
control combined with inductanceless decoupling, being 
free of the influence of inductance variation, maintaining the 
stable bus voltage and high power factor of the rectifier, 
improving the precision of inner loop current steady-state 
control, and effectively suppressing the current harmonics 
of the network. Simulation and experiment show that it is 
suitable for the control of DC charging pile rectifies in case 
of a weak grid with high percentage of renewable energy 
access.

1　Topological structure of DC charging 
pile rectifier

The topological structure of a DC charging pile 
rectifier is shown in Fig.1, taking a three-phase voltage 
source PWM rectifier (VSR) for example, where U a, 
U b, U c and ia, ib, ic are the voltages and currents of input 
AC side of the charging pile, respectively; L is the 
inductor connecting the rectifier with the grid; R is the 
equivalent resistor; C is the capacitor of DC side 
regulated filter; and RL is the equivalent load; idc and U dc 
are the DC bus current and voltage of the rectifier, 
respectively. Each bridge arm uses two sets of insulated 
gate bipolar transistors (IGBTs), and reverse parallel 
current-continuing diodes are connected at both ends to 
protect the circuit.

To facilitate the study, achieving the synchronous 

rotation of controllable variables with grid frequency up 
to a relative stationary state, the model in three-phase 
rotating synchronous abc coordinates is transformed into 
a mathematical model in two-phase stationary dq 
coordinates by Clark transform and Park transform as  [15]
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dt
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dt
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q - ωLid,
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dU dc

dt
= 3

2 ( )id Sd + iq Sq - iL,

(1)

where ed and eq are the active and reactive voltage 
components in dq coordinates, respectively; and id and iq 
are the active and reactive current components in dq 
coordinates, respectively. The dual closed-loop control 
structure with outer voltage loop and inner current loop is 
adopted. The outer voltage loop controls the voltage 
output on the DC side following the given voltage 
quickly, while the inner current loop controls the current 
input on AC side being sinusoidal and synchronized with 
the grid voltage so as to track the commanded current.

2　Inner loop current control strategy

In this study, repetitive control in parallel with PI 
control is combined with inductanceless decoupling to 
form a new inner loop current control strategy applied to 
the rectifier of DC charging pile, as shown in Fig.2.

The traditional PI control of inner loop current can be 
designed in a closed loop form, as shown in Fig.3.

In Fig. 3, GPI ( s ) is the PI controller for inner loop 
current, GD ( s ) is the time delay, GP ( s ) is the controlled 
object, ix is the disturbance signal, i*

dq is the current 
command value in dq coordinates obtained from the outer 
loop voltage, and idq is the output current. As we know, dq 
coordinates indicate d-axis (active) and q-axis (reactive) 
currents. In fact, to achieve a power factor close to 1, 
reactive current iq must be zero. For further analysis, inner 
loop currents are i*

dq = i*
d and idq = id.

Fig. 1　Topological structure of three-phase AC/DC rectifier

97



Vol. 16 No. 1, Mar.  2025Journal of Measurement Science and Instrumentation

To improve the ability to suppress the harmonics of 
the rectifier, a PI+repetitive controller with a parallel 
structure is designed. The controller is eventually 
digitized for analysis in the discrete domain[16]. As shown 
in Fig. 4, GRC ( z ) is the repetitive controller, GPD ( z ) is 
the system function of the internal model and the delay, 
and GPIRC ( z ) is the system function of the PI+repetitive 
controller. For convenience, interference signal ix is 
equivalently transferred to the output side of GPD ( z )[17].

The repetitive controller is expressed as

GRC ( z )= kr z-N + k S ( z )
1 - Q ( z ) z-N

, (2)

where N = fs

f
 is the number of sampling points per cycle 

for repetitive control, fs is the switching frequency, and f 
is the frequency of three-phase voltage; z-N is the cycle 
delay, taking the current cycle error as the corrected 
quantity for the next cycle; and Q ( z ) is the internal 

model coefficient. An ideal model of repetitive control 
has N open-loop poles in discrete domain, resulting in 
critical stability of the system, while Q ( z ) can enhance 
the robustness of the repetitive control, here Q ( z )=
0.95. The Byrd diagram of the repetitive signal generator 

1
1 - Q ( z ) z-N

 is shown in Fig. 5, which presents high 

gain at an integer multiple of the fundamental frequency 
of 50 Hz, meaning that the improved repetitive 
controller can effectively suppress periodic interference 
and follow the periodic given signal.

In Eq.(2), C ( z ) is for compensation, correcting the 
amplitude and phase of the low-frequency signal of the 
system while attenuating the high-frequency interference 
signal. C ( z )= k r zk S ( z ), where kr is the scaling factor, 
controlling a reasonable match between the stability 
margin and the error convergence rate, which is known 
to be the fastest at kr=1[18]; zk is to compensate for the 

Fig. 4　PI+repetitive control structure for inner loop current

Fig. 5　Byrd diagram of improved repetitive signal generator

Fig. 3　Control structure of inner loop current

Fig. 2　Control structure of rectifier
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phase lag in the low and medium frequency bands, with 
k=3 after simulation and experimental verification; S ( z ) 
is to correct the system by using the second-order low-
pass filter, that attenuates the low frequency signal to 0 
and the high-frequency signal rapidly to cut the 
unwanted high-frequency signal off. A cutoff frequency 
of 1 kHz and a damping factor of 0.707 are chosen to 
obtain the discrete domain system function as

S ( z )= 0.067 45 + 0.134 9z-1 + 0.067 45z-2

1 - 1.142 98z-1 + 0.412 8z-2 . (3)

The Byrd diagram of Eq.(3) is shown in Fig.6. It can be 
seen that the high-frequency signal is effectively attenuated.

GPI ( z ) is the system function of the PI controller in 
the discrete domain, and its mathematical expression is

GPI ( z )= K iP + K iI z/( z - 1 ). (4)

The PI control in parallel with repetitive control is 
expressed as

GPIRC ( z )= GPI ( z )+ GRC ( z ). (5)

The current closed-loop system function is

GH ( z )= id ( z )
i*

d ( z )
= GPD ( z ) GPIRC ( z )

1 + GPD ( z ) GPIRC ( z )
. (6)

Thus, the characteristic equation can be expressed as
1 + GPD ( z ) GPIRC ( z )= 0. (7)

Substituting Eq.(2) into Eq.(7), we can get
[1 + GPI ( z ) GPD ( z )]×

{1 - z-N[Q ( z )- C ( z ) GW ( z )] }= 0, (8)

where GW is the current closed-loop system function of 
the repetition-free controller, which is expressed as

GW ( z )= GPD ( z )
1 + GPI ( z ) GPD ( z )

. (9)

For PI+repetitive control structure, the sufficient 

conditions for system stability are: 1) The poles of the 
closed-loop system function, namely all solutions of the 
characteristic equation, lie within the unit circle, and the 
PI control is stabilized by choosing the roots of GW ( z ); 
2) According to small gain theorem[19], let z = ejωT, the 
stability of the repetitive control can be obtained by

|Q (ejωT)- C (ejωT)GW (ejωT) |< 1, ω ∈ é
ë
êêêê0, π

T
ù
û
úúúú, (10)

where T is the sampling period.
Let H (ejωT)= Q (ejωT)- C (ejωT)GW (ejωT). On the 

premise that PI control is stable, the internal model 
coefficient Q ( ejωT )= 0.95, which shifts the unit circle 
left and makes H ( ejωT ) lie within the full frequency 
band, thus the whole system is stable under the action of 
the compensation C ( ejωT ), as shown in Fig.7.

3　Inductanceless decoupling

In Eq. (1), there are coupling terms: ωLIq and ωLId. 
Since the rectifier of the DC charging pile generally 
adopts the traditional feed-forward decoupling control, 
for PI+ repetitive control, we can get

ì
í
î

ïï

ïïïï

U *
d = -GPIRC ( z ) ( )I *

d - Id + Ed + ωLIq,

U *
q = -GPIRC ( z ) ( )I *

q - Iq + E d - ωLId.
(11)

Subsequently, the exact value of inductance L needs to 
be known. Since the coupling between d and q axes is 
enhanced with the increase of frequency, the fluctuation of 
inductance value will affect the control performance of the 
rectifier. When a DC charging pile is connected to the grid, 
the grid-side filter inductance L of the rectifier will be in 
series with the larger grid equivalent inductance Lg of weak 
grid, causing the grid-connected rectifier to be 
destabilized[20]. Therefore, the inductanceless decoupling 
method based on PI+repetitive control is proposed.

The vector model of the rectifier in the two-phase 
stationary αβ coordinates is derived from its 
mathematical model in three-phase abc coordinates as[21]

L
dIαβ

dt
+ RI αβ = E αβ - U αβ, (12)

where Iαβ is the synthetic vector of the input current, 

Fig. 6　Byrd diagram of filter S（z）

Fig. 7　Stability analysis of repetitive control
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E αβ is the synthetic vector of the input voltage, and E αβ is 
the synthetic vector of the control voltage.

Eq. (12) is transformed from αβ coordinates into 

synchronously rotating dq coordinates with d
dt

 replaced 

by differential operator d
dt

+ jω, that is

( d
dt

+ jω) LIdq + RIdq = E dq - U dq. (13)

After consolidation and simplification, we can get
d
dt

LIdq +( jωL + R ) Idq = E dq - U dq. (14)

A Laplace transform of Eq.(14) yields

Idq = E dq - U dq

L
é

ë
ê
êê
ê ù

û
úúúús + ( )R

L
+ jω

. (15)

It can be seen that the introduction of synthetic vectors 
transforms the PWM rectifier from a second-order system 
with two inputs and two outputs to a first-order system with 
a single input and a single output, and the only main pole 
point of the system is -R/L - jω. Then, the zero point of 
the controller, -K iI /K iP - jω, is constructed to eliminate 
the main pole point of the system. Finally, R/L =
K iI /K iP is reserved, and decoupling is completed. During 
the programming, to optimize the program structure and 
reasonably allocate the system resources, the programs 
with high real-time performance are allocated to the 
interrupt program, and the others are allocated to the main 
program. The interrupt program is responsible for data 
acquisition and operation of the rectifier as well as the 
elimination of main pole by adjusting the inner loop current 
and parameters K iI and K iP in the program.

As for PI control, there is
U dq = E dq - GPI ( z ) ( I *

dq - Idq) . (16)

Then, the control equation without inductance  
decoupling is obtained by PI+repetitive control as
ì

í

î

ï
ïï
ï

ï
ïï
ï

U *
d = -GPIRC ( z ) ( )I *

d - Id + E d + ωK iP z
z - 1 ( )I *

q - Iq ,

U *
q = -GPIRC ( z ) ( )I *

q - Iq + E q - ωK iP z
z - 1 ( )I *

d - Id .

(17)

The comparison of Eq.(11) with Eq.(17) shows that 
the decoupling terms ωLIq and ωLId in the original 
equation are replaced by ωK iP ( I *

q - Iq) z/( z - 1 ) and 
ωK iP ( I *

d - Id) z/( z - 1 ), respectively, and the 
controller no longer contains inductance L, which means 
that the fluctuation of inductance value has no effect on 

the controller, and the inner loop current is completely 
decoupled without inductance L.

The inner loop current control structure based on PI+
repetitive control without inductance decoupling is 
shown in Fig.8.

4　Simulation

The simulation model of the rectifier of the DC charging 
pile was built using Matlab/Simulink for system 
performance evaluation. The simulation parameters are 
listed in Table 1.

4.1 Steady-state performance

Simulation was carried out. Fig. 9 shows the steady-
state waveforms and total harmonic distortions (THDs) 
of network-side a-phase current of the rectifier using the 
traditional feed-forward decoupled PI control of inner 
loop current and the inductanceless decoupled PI+
repetitive control of inner loop current, respectively.

（a） A-phase current simulation waveform under PI control 

Fig. 8　Improved inner loop current control structure

Table 1　Simulation parameters of rectifier

Parameter
AC-side inductance L/mH
DC-side capacitance C/μF

Load RL/Ω
Input voltage Ue/V

Grid frequency f/Hz
Given value of DC voltage U *

dc/V
Switching frequency fs/kHz

Value
3

2 350
30

380
50

600
10

100
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It can be seen from Fig.9 that compared with the steady-
state THD of a-phase current on network-side at 50 Hz 
under traditional PI control, there is an improvement of 
2.94% by the improved current control, meaning that the 
quality of network-side current waveform is significantly 
improved by PI+repetitive control combined with 
inductanceless decoupling strategy.

4.2 Dynamic robustness

4.2.1 Start-up response
From Fig.10, it can be seen that the error signals of PI 

control under traditional feedforward decoupling and PI+ 
repetitive control current loop based on inductorless 
decoupling can both stabilize at a faster rate, and the 
traditional current inner loop control produces a fluctuation 
from -12 V to 32.5 A before the iderr reaches steady state, 
and the iderr stays between -2 A and 2 A after reaching 

steady state; after using the improved current inner loop 
control, its error is significantly reduced before the After 
using the improved current inner-loop control, the error is 
significantly reduced before reaching steady state, and the 
iderr remains between ±0.5 A after reaching steady state, 
which fully reflects the good steady-state characteristics of 
the proposed control strategy and the more accurate control 
effect on periodic error signals.

4.2.2 Dynamic response of inductance value change
The changes in DC-side voltage and a-phase current 

induced by sudden inductance value change are shown in 
Fig.11.

（a） Conventional inner loop current

（a） Overall response curve

（b） Local magnification diagram
Fig. 10　Error signal of inner loop current

（b） A-phase current THD under PI control

（c） A-phase current simulation waveform under improved current control

（d） A-phase current THD under improved inner loop current control
Fig. 9　A-phase current simulation waveforms and steady-

state THDs
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Fig. 11(a) shows the dynamic response of the 
conventional inner loop current under the sudden change of 
inductance value. At 0.305 s, the inductor changes abruptly 

from 3 mH to 6 mH, and the DC bus voltage subsequently 
fluctuates by 6 V, and then returns to stability after 40 ms. 
Fig.11(b) shows the improved inner loop current control. 
It can seen that the DC bus voltage fluctuates slightly by 1 V 
instantaneously after the sudden change of inductance 
value, basically eliminating the effect of inductor parameter 
change on the system. Fig. 11(c) shows that under the 
conventional inner loop current control, the AC-side 
current produces a dip of about 4 A at the moment of abrupt 
change, while the phase shows hysteresis, which leads to 
the reduction of the system power factor. The improved 
inner loop current control keeps the a-phase current and 
phase basically unchanged when the inductance value 
changes abruptly, and the system maintains unit power 
factor operation.

5　Experimental verification

To further verify the feasibility of the control strategy 
proposed in this study, the rectifier experimental platform 
was built on the basis of theoretical analysis and simulation 
verification, as shown in Fig.12, and the control algorithm 
was implemented by DSP28335 digital controller to test the 
performance of the developed rectifier module.

5.1 Steady-state operation experiment

The experiments of conventional inner loop current 
control and improved inner loop current control at the grid 
frequency of 50 Hz were conducted. The a-phase output 

current experimental waveform and steady-state THD are 
shown in Fig.13.

It can be seen that when the grid frequency is 50 Hz, the 
ripple of the a-phase output current sinusoidal waveform 
under the traditional inner current PI control is more serious 

（b） Improved inner loop current

（c） A-phase current
Fig. 11　DC-side voltage and a-phase current under sudden 
inductance value change

Fig. 12　Experimental system structure for performance test on rectifier module
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and sinusoidal characteristics are poor, while the sinusoidal 
shape of a-phase output current under the improved inner 
loop current control is significantly improved, thus 
verifying the conclusion that the repetitive control combined 
with inductanceless decoupling strategy can effectively 
suppress the network-side harmonics.

It also can be observed that when the grid frequency is 
50 Hz, a-phase output current THD=6.93% under 
conventional PI control, while THD=4.27% under the 

improved inner loop current control, which meets the 
requirement of the national standard “Power Quality Public 
Grid Harmonics”[22] (GB/T145949−1993) of below 5%. 
Compared with the simulation results, the harmonic 
distortion rate THD by experiment has a small increase, 
which is mainly caused by the errors existing in the 
experimental process.

5.2 Inductance variation experiment

In order to analyze the stability of the rectifier module 
under weak grid, the condition of grid impedance 
fluctuation during charging was simulated by inductance 
mutation. Figs.14 and 15 show the waveforms observed by 
the oscilloscope when the inductance value changes 
abruptly under different control methods.

Fig.14(a) shows that under the traditional feedforward 
decoupled PI control of inner loop current, the DC bus 
voltage fluctuates by 6.2 V when the inductance value 
changes abruptly and then returns to stability after 44 ms. 
From Fig. 14(b)− (c), it can be seen that the a-phase 

（a） A-phase current experimental waveform under PI control

（b） A-phase current THD under PI control

（c） A-phase current experimental waveform under improved current control

（d） A-phase current THD under improved current control

Fig. 13　A-phase current experimental waveform and steady-

state THD

（a） DC bus voltage waveform

（b） A-phase current and voltage waveform

（c） A-phase current and voltage amplification waveform
Fig. 14　Experimental waveform under traditional inner loop 
current control
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current fluctuates under the traditional inner loop current  
control after the inductance value changes abruptly and 
produces a phase difference with the voltage, which leads 
to a lower power factor of the rectifier.

Fig. 15(a) shows that under the improved inner loop  
current control proposed in this study, the DC-side voltage 
produces a small fluctuation of 1.2 V when the inductance 
value changes abruptly. From Fig.15(b)−(c), it can be 
seen that the improved inner loop current control keeps the 
a-phase current in phase with the a-phase voltage after the 
sudden inductance value change, and basically maintains 
the operating condition of unit power factor, which verifies 
that the control strategy of repetitive control combined with 
inductanceless decoupling has better resistance to 
disturbance.

6　Discussion

The Simulink simulation results are well verified in 
the experiments, but there are some deviations between 
them. For example, the steady-state experimental 

results show a small increase in THD compared to the 
simulation results, and the dynamic experimental results 
show a slightly larger DC current fluctuation compared 
to the simulation results when the inductance value 
changes abruptly. The reason is that the simulation is 
performed under ideal conditions, while the experiment 
is performed under non-ideal conditions with certain 
errors, perturbations, different degrees of nonlinearity, 
and the existence of three-phase grid voltage imbalance 
in the experiment.

7　Conclusions

In this study, for the control of DC charging pile 
rectifier module under weak grid effect, a control 
strategy of introducing repetitive control combined with 
inductanceless decoupling to the inner loop current was 
proposed, the corresponding controller design and 
development were carried out, and the main conclusions 
were verified by simulation and experiment. Compared 
with the traditional inner loop current control, the ripple 
of the output current sinusoidal waveform under the 
improved inner loop current control is significantly 
improved with THD=4.27% by experiment, which 
satisfies the national standard “Power Quality Public 
Grid Harmonics”[22] (GB/T145949 − 1993) 
requirement of less than 5%. In weak grid effect 
experiments, for the traditional inner loop current 
contol, current fluctuations due to sudden change of 
inductance value, lead to the reduction of power factor of 
the rectifier. Under the improved inner loop current 
control, the current remains in phase with the phase 
voltage and is basically in the operating state of unit 
power factor. Therefore, the steady-state performance, 
immunity and robustness of the control system are 
improved.
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重复控制结合无电感参数解耦的直流充电桩
VSR控制策略

刘沛津 1, 孙长贺 1, 何 林 2*, 张香瑞 1, 冯正明 1
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摘 要： 针对直流充电桩整流模块在弱电网下稳定性降低， 充电过程中开关器件死区和非线性等导致的网侧电流总谐波畸变率较

高的问题， 提出了重复控制结合无电感参数解耦方法的电压型整流器（ Voltage source rectifier，VSR）控制策略。首先， 在内环电流

构造并联重复控制， 设计了基于并联结构的比例积分控制（Proportional-integral， PI）+重复控制器， 并针对补偿环节， 选取二阶低

通滤波器对系统进行校正， 在不增加滤波装置的情况下， 主动抑制网侧电流谐波， 有效提高并网电流质量。其次， 基于合成矢量

法， 建立两相同步旋转坐标系矢量微分方程， 设计控制器参数进行主极点对消， 从而实现无电感参数解耦， 以应对弱电网下网侧电

感波动对控制系统稳定性的影响。在理论分析和仿真实验的基础上， 将所提出的控制策略嵌入自主开发的直流充电桩整流模块数

字信号处理器， 模拟动态和稳态运行实验， 并进行对比分析。实验结果证明了该控制策略的可行性。

关键词： 弱电网； 直流充电桩； 电压型整流器； 重复控制； 无电感解耦
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