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Abstract 

 

DC injection is a critical issue in transformerless grid-connected inverters. DC injection control based on virtual capacitor has the 
advantages of low cost, low loss, high accuracy and easy implementation. In this paper, the principle of DC injection control based 
on virtual capacitor was analyzed. In addition, the applicable conditions, working process, steady state error and advantages were 
also discussed in detail. The design of the control parameters based on virtual capacitor was proposed in a grid-connected inverter 
with LCL filter. The robustness of the control parameters was also discussed. Simulation and experimental results verify the validity 
of the analysis and demonstrate that this research has a certain value in engineering applications. 
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I. INTRODUCTION 

In recent years, there has been an increase in the number of 
small-scale generators connected to the distributed power 
network. Typically, a current-controlled inverter is utilized to 
provide the grid-connected interface [1]. In early days, the 
transformer was usually installed between the inverter and the 
grid for voltage matching and electrical isolation. However, 
the transformer has disadvantages in terms of volume, weight 
and efficiency. Non-isolated grid-connected inverters have 
advantages over isolated grid connected inverters in terms of 
economy and technology, and they are widely used in small 
power applications. When the isolation transformer is 
removed, the DC injection becomes a big problem [2]. The 
DC current being injected into the grid must be less than 
0.5% of the rated current according to IEEE Std. 929-2000.  

The Spanish scholar V. Salas pointed out that the DC 
injection phenomena exists in many PV grid-connected 
inverters [3]. The main reasons for DC injection are: 
asymmetry in the switching of the semiconductor devices, 
which is caused by imbalance in the turn-on and turn-off 
times of the semiconductor switches; and pulse width 
imbalance in the pulse width modulation (PWM) process, or 

possible mismatch in the alignment of the gate drive signals. 
The offset drift in the current measurement also creates 
unwanted DC component in the inverter output current [4]. 
The instruction current especially produced by analog devices, 
may contain unwanted DC component. DC injection results 
in many problems. It may lead to saturation of the 
transformer, accelerate the corrosion of the network cabling, 
threat the safety of the power equipment, and make the AC 
motor generate torque ripple or heat, and so on [5].  

Scholars have put forward many solutions to this problem. 
These solutions can be divided into three categories. The first, 
some inverter topologies are naturally capable of preventing 
DC current components, such as the half bridge inverter [6] 
or three-level diode-clamped inverter [7]. The common 
characteristic of these topologies is that there is one capacitor 
present in the current path, hence blocking the DC current. 
However, the former requires a higher DC link voltage, 
resulting in higher voltage stress and more loss. The latter 
requires more switching devices and capacitors, which 
increases the size and cost of the inverter. In addition, the 
presence of a decoupling capacitor is the major factor 
limiting the life of the inverter. The second, detection and 
compensation method, such as the auto-calibrating DC link 
current sensing technique [4], the parallel transformer 
detection method [8], the two stage RC circuit detection 
method [9], and the magnetic saturation detection method 
[10]. However, since the DC current is quite small, the above 
methods are either too dependent on the current sensor  

Manuscript received Aug. 18, 2014; accepted Apr. 5, 2015 
Recommended for publication by Associate Editor Sung-Yeul Park. 

†Corresponding Author: weiwang19891116@126.com  
Tel: +86-022-27404101, Fax: +86-022-27404101, Tianjin University 

*Smart Grid Key Lab. of Ministry of Education, Tianjin Univ., China 

© 2015 KIPE 



DC Injection Control for …                                      1339 

 

 
Fig. 1. Single-phase grid-connected inverters with DC-block 
capacitor. 

 
accuracy or the control algorithm is too complex. In addition, 
the detection circuit increases the complexity and volume of 
the system. The third, DC block capacitor method. A 
capacitor is put right at the output end of the inverter to block 
the DC current. Depending on whether the capacitor exists or 
not, this kind of method is divided into the DC-block 
capacitor method and the virtual capacitor method. When the 
DC-block capacitor method is used, there is a real capacitor 
in series in the circuit. Although this method effectively 
blocks the DC current, the capacitor must present a low 
reactance at the fundamental frequency (50Hz) for a small 
voltage drop across the capacitor. As a result, the capacitance 
is large, and the system volume and cost increases. What is 
worse, the dynamic response becomes bad and the power loss 
is inevitable [4]. Since the DC-block capacitor method has 
many disadvantages, the virtual capacitor method is proposed 
[2]. In this paper, DC injection control based on virtual 
capacitor is analyzed in a single-phase grid-connected 
H-bridge inverter. In addition, its application conditions, 
work process, and steady state error are discussed in detail. 
The design of the control parameters based on virtual 
capacitor is proposed in the inverter with a LCL filter. 
Simulation and experimental results demonstrate the validity 
of the analysis and show that this research has a certain value 
in engineering applications. 

 

II. STRATEGY DESCRIPTION  

A. The Concept of Virtual Capacitor 

To explain this concept clearly, a grid-connected single 
-phase H-bridge inverter with L filter is firstly analyzed. As 
shown in Fig. 1, where Udc is provided by renewable energy 
source, since this research focuses on DC injection control in 
the current loop, constant value Udc is just put here. The 
inverter connects to the grid through the L filter. The current 
regulator makes the grid current Io the same frequency and 
phase as the grid voltage Ug, which is unity power factor 
operation. 

When the switching frequency of the system is high 
enough, the H-bridge inverter in Fig. 1 can be simplified as a 
linear ratio of KPWM. Uinv is the output voltage of the inverter. 
L and C are the filter inductance and DC-block capacitor, 
respectively. R is the equivalent resistance of the filter  

 
Fig. 2. Control model of grid-connected inverters without 
DC-block capacitor. 

 

 
Fig. 3. Control model of grid-connected inverters with DC-block 
capacitor. 
 

 
Fig. 4. Control model of grid-connected inverters with virtual 
capacitor. 

 
inductance. Since the grid voltage is equivalent to the 
interference for the control of the grid current, the voltage 
feedforward control is used to alleviate the burden of the 
current regulator Gi(s). Let Gu(s) =1/KPWM. Suppose that the 
main reasons for DC injection are equivalent to the 
instruction current Io

*(s) containing the DC component. It is 
easy to get control model of grid-connected inverters without 
and with DC-block capacitor, as shown in Fig. 2 and Fig. 3. 

The loop transfer function product remains unchanged 
through the transformation according to the principle in the 
control theory. In Fig. 4, the transfer function of 1/ KPWMCs is 
put feedforward to the duty ratio D instead of the transfer 
function of the DC-block capacitor 1/Cs in Fig. 3. Although 
the transfer functions of the whole system in Fig. 3 and Fig. 4 
are the same, in the system represented by Fig. 4, the current 
is measured through the current sensor, then numerical 
integration is done in the controller, and the integral result is 
calculated with the output of the current regulator Gi(s). It has 
exactly the same effect as the DC-block capacitor. However, 
because it is not objective existence, it is called virtual 
capacitor. Considering the voltage feedforward function, the 
transfer function of closed loop with DC block capacitor and 
virtual capacitor system are written in Eq. (1) and Eq. (2), 
respectively. 
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B. The Principle of DC Injection Control Based on 
Virtual Capacitor 

Replace s with jω in Eq. (1) and Eq. (2). The closed loop 
frequency responses of the two systems are derived and the 
DC gain for the closed loop system is derived when ω=0. As 
can be seen, the transfer function in Eq. (2) has one more zero 
located at the origin than that in Eq. (1). This is due to the 
presence of virtual capacitor, which makes it possible to 
block the DC component. It is obvious that the current 
regulator Gi(s) will influence the system closed loop transfer 
function. Proportional integral (PI) and Proportional resonant 
(PR) current regulators, which are commonly used in 
grid-connected inverters, will be analyzed, and the applicable 
conditions, working process and steady state error will be 
discussed. The transfer functions of PI regulator and PR 
regulator are shown in Eq. (3) and Eq. (4), respectively. 
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By substituting Eq. (3) and Eq. (4) into Eq. (2), Eq. (5) and 
Eq. (6) are derived, respectively.  
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For Eq. (5), the PI current regulator itself contains a pole 
located at the origin. This cancels out the zero located at the 
origin which is introduced by virtual capacitor. As a result, it 
loses the ability to block the DC component. For Eq. (6), the 
PR current regulator does not have a pole located at the origin. 
Therefore, the zero that located at the origin remains, and the 
system still has the ability to block the DC component. The 
applicable conditions of DC injection control based on virtual 
capacitor: Make sure the current regulator does not contain a 
pole located at the origin. 

Since the working process of an inverter with virtual 
capacitor is similar to that of the DC-block capacitor, the 
working process is discussed on the basis of the DC-block 
capacitor below. Then the advantage that virtual capacitor has 
over DC-block capacitor in blocking DC component is 
explained through comparison. Assume that the current 
regulator is PR, the instruction current Io

*(t) contains DC 
component Idc. In fact, most of the factors causing DC 
component can be equivalent to this. As shown in Eq. (7): 

          *
0I (t) I sin( t) Io ac dc               (7) 

Due to the DC component in the instruction current, the 
inverter output voltage Uinv inverter has DC component under 
the control of the current regulator when the system starts. 
The output current is sinusoidal alternating current with DC 
component. It is the DC current charging that makes the 

average value of the capacitor voltage Uc_ave increases, after a 
dynamic process, the steady state average value of the 
capacitor voltage comes to a constant value Uc_ave_stable. The 
DC voltage presented in the inverter output voltage Uinv is 
offset by this constant value and the DC current is blocked. 
The process above does not stop until the DC component in 
the grid current becomes zero. As a result, the steady state 
error of this method is zero. In the steady state, the average 
value of the DC-block capacitor voltage Uc_ave_stable is 
determined by Eq. (8); and the peak to peak voltage of the 
DC-block capacitor Uc_pp_stable is determined by the 
fundamental component of the instruction current and the 
capacitance of the DC-block capacitor, as shown in Eq. (9): 

       
c_ _ave stable p dc PWMU k I K             (8) 

         
c_ pp _

0
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C
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There are several problems when the inverter works with 
DC-block capacitor from the above analysis. First of all, in 
order to reduce the steady-state voltage across the capacitor 
Uc_pp_stable, the capacitance of the DC-block capacitor should 
be as large as possible. However, a big capacitance means a 
bad dynamic response in blocking the DC component and the 
contradiction between the two is very difficult to reconcile. 
Secondly, the average value of the DC-block capacitor 
voltage Uc_ave_stable should not be too large due to electrical 
insulation, so that the choice of kp in the PR current regulator 
should not be large, which limits the system bandwidth and a 
bad dynamic response occurs. In addition, a small open loop 
gain usually increases the steady state current error in the 
fundamental frequency. Finally, although the DC component 
in the grid current is blocked, the inverter voltage Uinv still 
contains DC component, which increases the loss of the 
switching devices. At the same time, the DC-block capacitor 
itself has power loss. 

The working process of the inverter with virtual capacitor 
is very similar to that of DC-block capacitor. However, there 
are several different points. First, the integral action of the 
output current is not by the DC-block capacitor charging but 
by numerical integration of the measurement value of the 
current, namely capacitor virtualization. Second, because the 
equivalent transformation increases the proportional 
coefficient 1/KPWM, the voltage of the virtual capacitor is just 
1/KPWM as that of the DC-block capacitor. Third, since the 
integral action is put forward to the duty ratio D, just before 
the inverter, the inverter voltage Uinv contains no DC 
component. 

C. The Advantage of Virtual Capacitor 

DC injection control based on virtual capacitor is 
essentially a detection and compensation method. The DC 
component in the output current is derived through numerical 
integration of the measurement values of the current, and then 
the feedback control is used to prevent the DC current 
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injection into the grid system. This strategy has many 
advantages. First, since the capacitor voltage has become a 
numerical integration in the controller, the electrical 
insulation or power loss of the capacitor is not a problem. In 
addition, the capacitance can be smaller to improve the 
dynamic response and kp can be larger to increase the system 
open loop gain and bandwidth. Second, since the inverter 
voltage Uinv contains no DC component, the loss of the 
switching devices is significantly reduced. Third, when the 
system works, as long as DC component exists in the output 
current, the numerical integration and the feedback control 
works. Therefore, the steady state error of this strategy is zero 
and it can effectively block the DC component caused by 
asymmetry in the switching of the semiconductor devices or 
the undesirable instruction current. Therefore, all of the 
factors above can be equivalent to Eq. (7). In addition, even 
small DC component can be easily detected due to the 
numerical integration. As a result, it is less dependent on 
sensor accuracy. Fourth, since the strategy can be realized in 
software and requires no additional hardware, the realization 
is simple and low-cost.  

 

III. COMBINED THE VIRTUAL CAPACITOR WITH  

LCL FILTER  

A. Inverters with LCL Filter and Virtual Capacitor  

In recent years, grid-connected inverters have been 
increasingly adopting LCL filter to reduce the inductance, 
increase the attenuation ability of high frequency harmonics, 
and achieve a good dynamic response. However, the 
resonance of LCL filter may cause instability of the system. 
Therefore, it is necessary to take effective measures to 
increase the damping. Common solutions to the resonance 
problem are the active damping method and the passive 
damping method. Although the active damping method can 
eliminate the loss, the control method is complex and 
sensitive to the circuit parameters. In addition, it usually 
requires an additional current sensor. A resistor in series with 
the capacitor is a commonly used passive damping method. 
This can effectively reduce the amplitude of the LCL 
resonance and have relatively low loss. The strategy is 
adopted in this scheme. DC injection control based on virtual 
capacitor and LCL filter is combined in the single-phase 
grid-connected inverter system. The main circuit is shown in 
Fig. 5. The design of the control parameters is discussed in 
the following part as an example to illustrate the advantages 
of the proposed strategy. 

B. The Design of the Control Parameters 

The basic parameters of the system are as follows: rated 
power: Pn=5kW, grid voltage: Ug=220V/50Hz, DC link 
voltage: Udc=380V, and switching frequency: fc=10kHz. The 
control model of grid-connected inverters with LCL filter and  

 
Fig. 5. Single-phase grid-connected inverters with LCL filter. 

 

 
Fig. 6. Control model of grid-connected inverters with LCL filter 
and virtual capacitor. 

 
virtual capacitor is shown in Fig. 6. In order to simplify the 
control model, GLCL(s) is used to represent the LCL filter in 
the circuit. In addition, the voltage feedforward control is 
omitted in Fig. 6, despite the fact that it really exists in the 
controller. Since the current regulator PR has very high gain 
at the fundamental frequency and the voltage feedforward 
control is used, the impact of the grid voltage can be 
temporarily ignored. The LCL parameter are as follows: 
L1=2.5mH, L2=0.5mH, C=15uF, and Rd=10Ω. GLCL(s) in Fig. 
6 is shown in Eq. (10). 

3 2
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d
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d
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The traditional PR controller is heavily dependent on the 
element accuracy or word length of the digital controller. 
Although the gain at the fundamental frequency is infinite, 
once the grid frequency changes slightly, it declines rapidly. 
Therefore, a quasi-proportion resonant, namely Quasi-PR, is 
used in this paper. It retains the high gain at the fundamental 
frequency and reduces the influence of frequency change. 
The Quasi-PR current regulator is shown in Eq. (11). The 
parameters of the system to be designed are as follows: the 
virtual capacitor C0, kp, kr, ωc. 

2 2
0

2
(s)

2
r c

i p
c

k s
G k

s s


 

 
 

           (11) 

First of all, the design of the virtual capacitor C0 is 
discussed. The responses of the L, LCL and LCL with Rd are 
almost the same before the resonance frequency [11]. A Bode 
diagram of the L, LCL and LCL with Rd is shown in Fig. 7. 
When the LCL with Rd and the LCL are compared, due to the 
passive damping, the resonance peak is greatly decreased. Of 
course, the attenuation of the high frequency harmonics 
declines. However it is still in the acceptable range. 
According to Fig. 7, at the harmonic of 20kHz, which caused  
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Fig. 7. Bode diagram of L, LCL, LCL with Rd. 
 

 

Fig. 8. Bode diagram of the system open loop. 

 
by the switching frequency, the magnitude of the LCL is 
-91.3dB and that of the LCL with Rd is -65.8dB. Since the 
LCL with Rd is similar to the L before the resonance 
frequency, when the virtual capacitor is applied in the 
inverter, the LC series resonance appears. 

Assume that the LC series resonance frequency is fres_LC, 
the resonance frequency of the LCL filter is fres_LCL, and the 
resonance frequency of the current regulator is f0. Expression 
of fres_LCL and fres_LC are shown in Eq. (12) and Eq. (13). On 
the one hand, fres_LC must be smaller than fres_LCL and a 
considerable margin must be set aside, otherwise it will 
damage the attenuation of the high frequency harmonic. In 
addition, if fres_LC is too large, which means that C0 is too 
small, two poles of the system will be too close to the 
imaginary axis no matter what kp and kr are. As a result, the 
system is difficult to stabilize. On the other hand, fres_LC must 
be larger than f0. If fres_LC is too small, which means that C0 is 
too large, the dynamic response of the system is bad. The 
parameter C0 is determined by Eq.(14) after the tradeoff. 
C0=33.32uF is derived after the calculation. Bode diagram of 
the system open loop is shown in Fig. 8. 

 
Fig. 9. Bode diagram of the current regulator Gi(s) with ωc 
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There are 3 parameters to be designed (kp, kr and ωc) in the 
current regulator Gi(s). Secondly, the parameter ωc is 
designed. Suppose that kp=0, kr=40 and ωc =0.1, 1, 3, 5, 10. 
Then observe the change of Gi(s) with ωc. Bode diagram of 
the current regulator Gi(s) with ωc change is shown in Fig. 9. 
According to Fig. 9, ωc affects the gain and bandwidth of 
Gi(s). Suppose that the frequency fluctuation is ±0.5Hz in the 
grid, which requires that the bandwidth of Gi(s) be 2π rad/s 
around the fundamental frequency. ωc=3 can meet the above 
requirements after trying. 

0
_ 0 4 3 2

1 2 0 0 1 2 1 2 0

( 1)
s = 

( )s ( ) 1
d

LCL C
d d

R Cs C s N
G

LLCC s R CC L L L L C s R Cs M




     
（）

 (15) 

 

   
_ 0(s) 1 (s) (s)PWM i LCL CD K G G    (16) 

2 2
0

2 2
0

(s 2 s )
1 0

2 s (s 2 s )
PWM c

p
PWM r c c

K N
k

K k N M

 
  

 
 

  
   (17) 

Finally, the parameter kp and kr are designed. kp and kr are 
two free variables. kp is the proportional gain that determines 
both the dynamics of the system, such as bandwidth, and the 
steady state performance of the system in terms of stability, 
phase and gain margin, steady state error and total harmonic 
distortion (THD). kr mainly affects the open loop gain around 
the fundamental frequency. In order to take into account the 
performance of the system dynamic and the steady state, the 
root locus of the whole system is made to select appropriate 
value for kp and kr. Combine the integral transfer function of 
virtual capacitor with the transfer function LCL filter, and 
GLCL_C0(s) is derived, as shown in Eq. (15). The characteristic 
equation of the system closed loop is shown in Eq. (16). 
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Fig. 10. The root locus of all poles with kr change. 

 

 
Fig. 11. The root locus of 3 dominant poles with kr change. 

 
According to Eq. (16) the parameter root locus of the 

whole system closed loop is derived, as shown in Eq. (17). It 
is to be noted that the meanings of M and N in Eq. (17) are 
the same as those in Eq. (15). When kr=10, 20, 40, 60, 80, 
100, 120, a group of root locus are derived, as shown in 
Fig.10. It is obvious that the system closed-loop transfer 
function is a 6 order system, with 6 poles, 4 finite zeros and 2 
infinite zeros. There is a zero located at the origin, which is 
introduced by the virtual capacitor strategy. This proves the 
validity of the analysis in section II. In the 6 poles, there are 3 
non-dominant poles whose real values are less than -103 and 
their distance from the imaginary axis is more than 5 times as 
far as that of the other 3 dominant closed-loop poles. As a 
result, their influence on the system can be ignored when 
compared with the other 3 dominant closed-loop poles.  

A zoom in the group of root locus and the root locus of 3 
dominant poles with kr change is shown in Fig. 11. The 3 
dominant closed-loop poles mainly affect the performance of 
the system, including 2 poles located symmetrically on both 
sides of the real axis while the other one is located on the real 
axis. In order to give a clear description, they are numbered 
as s1, s2, s3, respectively. First, according to Fig. 10, if kp is 

too small, there will be poles on the right half plane of the 
root locus and the system is not stable. Second, the system 
performance is mainly determined by s1, s2 and s3. With the 
increase of kr, s1 and s2 first move away from the imaginary 
axis, and then come close to the imaginary axis while s3 
moves more and more far away from the imaginary axis. The 
system open loop gain at the fundamental frequency becomes 
larger and the steady state error becomes smaller. However, 
the bandwidth decreases, the overshoot becomes larger and 
the settling time becomes longer. After many simulation tests, 
it is concluded that in order to obtain a good system 
performance, the damping ratios of s1 and s2 should be about 
0.2-0.4 and the real value of s3 should be about 2-4 times that 
of s1 and s2. kr=40 is the final choice. Third, the root locus 
with kr=40 is observed to investigate the effect that kp has on 
the system performance. On the one hand, it is desired that 
the dominant poles be quite far from the imaginary axis to 
guarantee the stability of the system. On the other hand, it is 
better for the system to have underdamped oscillation to get a 
good dynamic performance. With the increase of kp, s1 and 
s2 first move away from the imaginary axis, and then come 
close to the imaginary axis, while s3 comes close to the 
imaginary axis all the time. s1 and s2 are finally selected near 
the inflection point of the root locus, with kp=0.75, 
s1,2=−67.1±j215, and s3=-197. The bandwidth of the system 
is 7401Hz (15.6Hz to 7416.6Hz). At this time, all the poles 
are in the left half plane of the root locus and the dynamic 
response has a slightly underdamped oscillation with a small 
overshoot and a short settling time. In addition, the 
attenuation of the high frequency harmonic is still quite 
strong. 

C. Robustness Analysis  
Inverters are connected to the grid. However, in a weak 

grid, the grid impedance change is relatively large, which 
usually requires an online inductance detection method and 
an adjustment of the control parameters [12], otherwise the 
system may become unstable or the THD of the grid current 
will become large. The control parameters designed in this 
paper are verified in the case of the grid impedance changes.  

Assume that the grid impedance Lg=0, 0.5mH, 1mH and 
2mH. Then, the root locus of the closed loop system is shown 
in Fig. 12 and Fig. 13. Fig. 12 is the root locus of 3 dominant 
closed poles with Lg change. The 3 dominant closed-loop 
poles (s1, s2, s3) change little with Lg change.  e.g. 
s1,2=−67.1±j215, s3=-197 at Lg=0 and s1,2=−71.3±j190, 
s3=-198 at Lg=2mH. It is to be noted that the root locus at 
Lg=0.5mH and 1mH are so closed that only one label is made 
in Fig.12. Fig.13 is the root locus of all poles with Lg change. 
There are two closed loop poles which gradually come close 
to the imaginary axis with the increase of Lg. The bandwidth 
and phase margin of the system decrease. However, even 
when Lg=2mH, the two poles are at -758 ± j2.23 × 104, which 
can still be ignored when compared with the 3 dominant  
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Fig. 12. The root locus of 3 dominant closed poles with Lg 
change. 
 

 
Fig. 13. The root locus of all poles with Lg change. 
 
closed-loop poles. All the system closed-loop poles are on the 
left half plane of the root locus and the system performance is 
mainly determined by the 3 dominant closed-loop poles 
which change little as Lg ranges from 0 to 2mH. Therefore, 
the control parameters designed in this paper are robust in a 
certain range. This guarantees the stability of the system and 
eliminates the grid impedance detection device. 
 

IV. SIMULATION AND EXPERIMENT RESULTS  

A. Simulation Results 

In this paper, the simulation is established based on 
MATLAB/Simulink. The simulation parameters are shown in 
Table I. The instruction current is Io

*(t) =32.1sin (ωt) +1(A). 
The unipolar modulation method is applied. 

The simulation voltage waveform of virtual capacitor when 
the system starts is shown in Fig. 14. In the steady state, 
U1=8.81V and U2=-7.31V according to Fig. 14. It is obvious 
that Uc_ave_stable=0.75V and Uc_pp_stable=16.12V. In addition, 
when the virtual capacitor strategy is used, the results can be  

TABLE I 
SIMULATION PARAMETERS 

 

 
Fig. 14. The simulation voltage waveform of virtual capacitor. 
 

 

 
Fig.15. The step response of the system 

 
derived from Eq. (8) and Eq. (9) divided by KPWM. The 
analysis results are 0.75V and 16.14V and the simulation 
results verify the correctness of the analysis in section II. 

Fig. 15 is the step response of the system. The dynamic 
response of the system in blocking DC component is so good 
that the settling time is 0.019s, which is about 1 grid cycle. 
The settling time is shorter than that achieved in reference [2] 
(0.05s). Fig. 16 is the simulation waveform of the grid 
voltage and grid current. According to Fig. 16, when the 
system starts, the grid current quickly tracks the fundamental  

Parameter Value Parameter Value 
Pn  5kW kr   40 
Udc 380V kp  0.75 
fc 10kHz L1 2.5mH 
Ug 220V/50Hz L2 0.5mH 
C0 33.32uF C  15uF 
ωc 3 Rd  10Ω 
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Fig. 16. The simulation waveform of grid voltage and grid 
current. 
 

 
Fig. 17. The simulation FFT analysis of the grid current. 

 
component of the instruction current and the DC component 
completely disappears at about 0.02s, which verifies the 
correctness of Fig. 15. 

Fig. 17 is the simulation FFT analysis of the grid current (5 
cycles, 0.1s-0.2s). According to Fig.17, the DC component 
disappears in the grid current, which verifies the effectiveness 
of the strategy. Of course, the attenuation of the switching 
frequency harmonics declines because of the damping 
resistor Rd. However, the 400-order harmonic is less than 
0.2% and the THD is only 0.85%, which conforms to IEEE 
Std.929-2000. 

B. Experimental Results 

A 1-kW DSP-controlled grid-connected single-phase 
inverter was built to verify the proposed strategy based on 
virtual capacitor. The main circuit is shown in Fig.5 and the 
control parameters are shown in Table I. The instruction 
current is Io

*(t) =6sin (ωt)+0.2(A). 0.2A is used to represent 
the factors causing the DC component.  

Fig. 18 is the waveform of the grid voltage and grid current 
without virtual capacitor. The waveforms of the grid voltage 
and grid current have almost the same frequency and phase, 
which is unity power factor operation. The conversion ratio 
of the current sensor is 2.5A/V and the Y-axis of the grid  

 
Fig. 18. The steady waveform of grid voltage and grid current 
without virtual capacitor. 
 

 
Fig. 19. The FFT analysis of the grid current without virtual 
capacitor. 
 

current is 2V/div, namely 1div=2V=5A. The Y-axis of the 
grid voltage is 100V/div. The positive peak of the grid 
current is 2.48V, namely 6.2A, while the negative peak is at 
-2.32V, namely -5.8A. The DC component is about 0.08V, 
which represents 0.2A. Fig. 19 is the FFT analysis of the grid 
current without virtual capacitor. As can be seen from Fig.19, 
the DC component at 0Hz is about 86.1mVrms, which is 
close to the result in Fig. 18. It is to be noted, the grid current 
contains the 3-order harmonic, which significantly increases 
the THD, because the Udc provided by renewable energy 
sources is not constant but contains double-frequency ripples.  

Fig. 20 is the waveform of the grid voltage and grid current 
with virtual capacitor. The positive peak and negative peak 
are both 2.4V, which represents 6A. Fig. 21 is the FFT 
analysis of the grid current with virtual capacitor. The DC 
component at 0Hz is about 6.4mVrms, which is 0.016Arms. 
This means that the DC injection control based on virtual 
capacitor works effectively. The DC component is about 
0.38% of the rated current, which conforms to IEEE 
Std.929-2000. 

Fig. 22 is the waveform of the grid voltage and grid current 
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Fig. 20. The steady waveform of grid voltage and grid current 
with virtual capacitor. 
 

 
Fig. 21. The FFT analysis of grid current with virtual capacitor. 
 
with Lg =2mH. As can be seen, in a weak grid, when Lg=2mH, 
the THD of the current increases and the stability decreases 
due to the reduction of the bandwidth and phase margin. 
However the parameters designed in this paper can guarantee 
the stability of the system which verifies the robustness of the 
control parameters. 

Fig. 23 is the dynamic voltage waveform of virtual 
capacitor. The dynamic experiment condition is that the 
instruction current changes from Io

*(t) =6sin (ωt) to Io
*(t) 

=6sin (ωt) +0.2(A). The virtual capacitor voltage Uc, namely 
the numerical integration in the DSP register, is output by a 
DA (Digital to Analog) and it is shown in Fig. 23. Firstly, 
Io

*(t) =6sin (ωt), the virtual capacitor voltage does not contain 
DC component. When the dynamic process begins, namely 
Io

*(t) =6sin (ωt) +0.2(A), the virtual capacitor voltage 
contains DC component, which blocks the DC component in 
the instruction current. The dynamic response time is about 2 
grid cycles, which is a little longer than the results shown in 
Fig. 15 and Fig. 16. It is due to the fact that in Fig. 15 and Fig. 
16, Udc is constant. However, in practical experiment, Udc is 
not constant.  

 
Fig. 22. The waveform of grid voltage and grid current with 
Lg=2mH. 
 

 
Fig. 23. The dynamic voltage waveform of virtual capacitor. 
 

 
 

Fig. 24. The dynamic waveform of grid voltage and grid current 
with virtual capacitor. 

 

Fig. 24 is the dynamic waveform of the grid voltage and 
grid current with virtual capacitor. The experiment condition 
is the same as that in Fig. 23. The dynamic response time is 
about 2 grid cycles. When the dynamic process ends, the DC 
component in the grid current disappears.   
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V. CONCLUSION 

In this paper, DC injection control based on virtual 
capacitor is discussed, including the applicable conditions, 
working process and steady-state error. The proposed strategy 
has the advantages of low cost, low loss, high accuracy and 
simple implementation. The proposed strategy is applied in a 
single-phase grid-connected inverter with a LCL filter. The 
design of the control parameters is discussed in detail. The 
robustness of the control parameters is also discussed. The 
simulation and experimental results verify the validity of the 
analysis and show that this study has a certain value in 
engineering applications. 
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