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Abstract—In this paper, a robust grid-current-feedback reso-

nance suppression (GCFRS) method for LCL-type grid-

connected inverter is proposed to enhance the system damping 

without introducing the switching noise and eliminate the impact 

of control delay on system robustness against grid-impedance 

variation. It is composed of GCFRS method, the full duty-ratio 

and zero-beat-lag PWM method, and the lead-grid-current-

feedback-resonance-suppression (LGCFRS) method. Firstly, the 

GCFRS is used to suppress the LCL-resonant peak well and 

avoid introducing the switching noise. Secondly, the proposed 

full duty-ratio and zero-beat-lag PWM method is used to elimi-

nate the one-beat-lag computation delay without introducing 

duty cycle limitations. Moreover, it can also realize the smooth 

switching from positive to negative half-wave of the grid current 

and improve the waveform quality. Thirdly, the proposed 

LGCFRS is used to further minimize the control delay and make 

the positive or negative critical frequency of its virtual equivalent 

damping resistance increase above 0.5 switching frequency. Then, 

the system’s robustness and dynamic performance can be greatly 

improved. Finally, the experimental results confirm the theoreti-

cal expectations and the effectiveness of the proposed method.  

 

Index Terms—grid-connected inverter; active damping; high-

pass filter; control delay; robustness. 

 

I. INTRODUCTION 

With the energy crisis and environment problems becom-

ing more and more serious, distributed energy resources 

(DERs) such as wind and solar power plants are steadily 

growing [1-2]. As a key device to connect the DERs and utili-

ty grid, the grid-connected inverter plays an important role in 
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the distributed power generation systems [3-5]. In the grid-

connected inverter, a filter is needed to attenuate the switching 

harmonics. And the LCL-type output filter is widely adopted 

due to its better attenuation ability in the high-frequency har-

monics than L-type and LC-type filter in the condition of the 

same amount of total inductance [6-7]. However, LCL-type 

filter is a low-damping three-order system with resonance 

problems. Damping solutions must be adopted to stabilize the 

inverter system [8-9].  

Recently, damping solutions for LCL-type filter have been 

extensively discussed in many literatures, including passive 

and active damping methods. Compared with passive methods, 

active ones have drawn considerable attention for its flexible 

implementation with no extra power losses, including capaci-

tor current feedback [10], capacitor voltage feedback [11], 

multivariable composite feedback [12], grid current feedback 

[13-17], and so on. And the grid-current-feedback active 

damping (GCFAD) method only requires grid-current sensor, 

which not only reduces the hardware costs, but also improves 

the system reliability. Especially, the GCFAD method with 

high-pass-filter (HPF) has drawn much attention for many 

advantages in engineering applications such as its simple im-

plementation and no noise disturbance [15-17].  However, 

GCFAD with HPF would introduce the high-order harmonics, 

especially the switching harmonics and white noise, which 

will deteriorate the output current waveform. Therefore, an 

excellent active damping method need be further sought. 

Moreover, the impacts of the control delays composed of 

computation delays and pulse width modulation (PWM) delay 

should be considering. Reference [18] indicates that the con-

trol delay can greatly affects the active damping effect, which 

could drift the virtual equivalent damping resistance from its 

designed value. That will drastically deteriorate the stability 

performance of the control system. For instance, when the 

LCL-resonance frequency shifts to one-sixth of switching 

frequency due to the potential influence of the grid impedance, 

the virtual equivalent damping resistance of capacitor-current-

feedback active damping method equals zero at LCL-

resonance frequency [19]. Consequently, the digital control 

system can be hardly stable no matter how much the capaci-

tor-current feedback coefficient is. In addition, this phenome-

non similarly exists in other active damping methods (eg. 

GCFAD) [17]. Therefore, in order to achieve better damping 

effects and guarantee the stable performance, literature [20] 
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indicates that the LCL-filter resonance frequency must keep 

away from the critical frequency, which causes the virtual 

equivalent damping resistance to equal zero. However, the 

LCL-resonance frequency always occurs shifting in practical 

cases where the impedances variation of long transmission 

lines and isolation transformers is unavoidable [21-22]. Con-

sequently, the potential instability will be triggered if the grid 

impedance variation imposes the LCL-resonance frequency 

migrating to the critical frequency. Therefore, the disturbance-

rejection ability (robustness) of the control system against the 

grid impedance variation cannot be guaranteed [23]. 

The essential cause of the poor robustness to the grid im-

pedance variation is the inherent control delay, which makes 

the critical frequency migrate to the design range of LCL-

resonance frequency. In order to solve this problem, the fol-

lowing methods can be employed to reduce the control delay, 

i.e. predictive current control, modifying the sampling instant 

or PWM method.  

The predictive control is usually employed to compensate 

the control delay, such as neural networks-based estimator 

[24], fuzzy controller [25], adaptive error correction controller 

[26], and so on. However, the predictive control is relatively 

complex, and also introduces additional estimation errors. The 

control delay can also be reduced by modifying the sampling 

instant, such as the real-time sampling method [19] and multi-

ple sampling methods [27]. Through shifting the sampling 

instant toward the PWM reference update instant, the control 

delay can be reduced. However, restricted by the sampling 

delay, the duty cycle is unable to vary in full range from 0 to 1. 

Likewise, modifying sampling way may easily introduce 

switching ripple and high-frequency switching noise, which 

could affect normal operation of the control system. Although 

the proposed two-polarity PWM method in [28] can achieve 

the full range of duty ratio from 0 to 1, it requires that the total 

period of A/D sampling and duty-ratio calculation in each 

switching period is less than a quarter of switching period. 

Otherwise, the maximum duty ratio will be limited, which 

make the difficulty of engineering applications increase. 

What's more, it cannot realize the smooth switching from pos-

itive to negative half-wave of the grid current. In order to ex-

tend the time duration between the sampling instant and the 

switching actions, a real-time computation method with dual 

sampling mode is proposed to remove the computation delay 

from the inner active damping loop and the outer grid-current 

control loop simultaneously in [29]. However, because this 

PWM method is based on the monopole frequency doubling 

modulation method, which cannot be used in the three-phase 

inverter system.  

For this purpose, a robust grid-current-feedback resonance 

suppression (GCFRS) method is proposed for the three-phase 

LCL-type grid-connected inverter connected to weak grid, 

which can effectively enhance the system damping without 

introducing the switching noise and eliminate the impact of 

control delay on system robustness without introducing duty 

cycle limitations. This paper is organized as follows. Firstly, 

the model and control method of GCFRS for LCL-type grid-

connected inverter is presented in Section II. Then, the robust 

GCFRS method for LCL-type grid-connected inverter con-

nected to weak grid is presented in Section III, which is com-

posed of the full duty-ratio and zero-beat-lag PWM method 

and the lead-grid-current-feedback-resonance-suppression 

method. To verify the effectiveness of the proposed method, 

experiments have been carried out in Section IV. Finally, Sec-

tion V draws the conclusions of this paper. 

II. MODEL AND CONTROL METHOD OF GCFRS FOR LCL-

TYPE GRID-CONNECTED INVERTER  

A. Model and control method of the GCFRS 

To suppress the LCL-resonant peak well and avoid intro-

ducing the switching noise, the GCFRS method is proposed to 

control the LCL-type three-phase grid-connected inverter, 

which is show as Fig. 1. The overall structure of proposed 

GCFRS method is shown as Fig. 1(a). Wherein, the inductor 

L1, L2 and the capacitor C constitute the LCL filter. R1 and R2 

are the parasitic resistances of filter inductances L1 and L2, 

respectively. Udc is the input DC voltage; Cdc is the DC-link 

capacitor. Its equivalent single-phase circuit is depicted in Fig. 

1(b), wherein uinv and iL are the inverter output voltage and 

current, respectively. ug and ig are the grid voltage and grid-

connected current; Lg is the grid impedance.  

Fig.1 (c) shows the control block diagram of the proposed 

GCFRS method, which is mainly composed of the quasi pro-

portional-resonant (QPR) controller and GCFRS controller. 

The QPR controller has ability to realize grid current tracking 

without steady state errors. The GCFRS controller is proposed 

to damp the LCL-resonance without introducing the switching 

noise. In addition, the single-current-feedback control method 

only needs to sample the grid-connected current without extra 

voltage/current sensors. Then, the hardware cost is reduced, 

and the system reliability can be also improved. G(s) and Gv(s) 

represent the transfer functions of QPR controller and GCFRS 

controller, respectively. Two-polarity PWM modulation is 

adopted, ud is the PWM reference signal. 

The QPR controller is expressed as [30]: 

 

r r
p 2 2

r 0

2
( )

2

K s
G s K

s s



 
 

 
     

(1) 

where Kp and Kr are the proportional coefficient and resonant 

gain of QPR controller respectively; ωr is the cut-off angular 

frequency of QPR, and ω0 is the fundamental angular fre-

quency. 

The transfer function of GCFRS controller is expressed as 

    
V V V

2 2

dc V V V

/
( )

/
V

R s Q
G s

U s s Q



 
 

 
        (2) 

where 

 
V L H

V L H L H/ ( )Q

  
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 


 

           (3) 

In (2) and (3), the cutoff angular frequency ωL is used to 

obtain the main component of iL around the resonance angular 

frequency ωres; ωH is used to avoid introducing the switching 

noise; the virtual resistance RV is desired to add the damper 

for LCL filter.  
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(c) 

Fig.1. Configuration of the proposed GCFRS for LCL-type grid-connected inverter. (a) The overall structure of proposed GCFRS method. (b) Equivalent single-

phase circuit. (c) Control block diagram of the proposed GCFRS method. 

From Fig.1 (c), the transfer function between ig(s) and uinv(s) 

can be expressed as: 

 
g

g 2 2
inv 1 2 g res

1
( )

( ) [ ]

i
Y s

u L L L Cs s 
 

 
      (4) 

where ωres is the resonance angular frequency of the LCL fil-

ter, given by: 

    
1 2 g

res

1 2 g( )

L L L

L L L C


 



     (5) 

B. Equivalent impedance property analysis of the proposed 

GCFRS method in the digital control 

With the traditional PWM method in the digital control, the 

grid current is sampled at the initial of each switching period. 

If the duty-ratio d is loaded in the present switching period, d 

cannot achieve a full range (0~1) due to the computation time 

Td (eg. A/D sampling and duty-ratio calculating time). As a 

result, it will affect the output quality of grid-current wave-

form. Therefore, d is usually loaded in the next switching pe-

riod in the digital control, where the computation delay is ex-

pressed as: 

 s

delay ( )
sT

G s e


    (6) 

where Ts is the sampling period. In addition, the control delay 

caused by zero-order hold in the digital control is modeled as 

[22]:  

 
s

h

1
( )

sT
e

G s
s




       (7) 

From (6) and (7), the control delay of inverter in the digital 

control can be derived as:  

 d delay h s( ) ( ) ( ) /G s G s G s T    (8) 
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Fig.2. (a) The equivalent control diagram in the digital control with traditional PWM control method. (b) Equivalent impedance of GCFRS. 
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  (c) 

Fig.3 Frequency-domain characteristics of Rg1(ω) vary with β under different 

control-delay conditions. (a) λ=1.5. (b) λ=0.5. (b) λ=0. 

By substituting s=jω into (8), the expression can be ob-

tained as: 

 
s1.5s

d

s

2sin(0.5 )
( )

j TT
G j e

T







          (9) 

From (9), it is noted that the control delay with the tradi-

tional PWM method in the digital control is 1.5 times sam-

pling period. 

To analyze the equivalent impedance property of the pro-

posed GCFRS method in the digital control, an equivalent 

control diagram is derived in Fig. 2 (a). While shifting the 

feedback path of Gv(s) to the input of the transfer function 

1/(sL2+R2), it is equivalent to a virtual impedance Zv1 connect-

ed in series between inductance L2 and grid inductance Lg, as 

shown in Fig.2 (b), where the dotted line is replaced by the 

blue solid line. Ignoring the parasitic resistances R1 and R2, 

the expression of Zv1 can be derived in (10).  

 
v d dc

v1 2

1

( ) ( )G s G s U
Z

s L C
          (10) 

In order to facilitate the analysis of the effect of control de-

lay on the impedance property of the proposed GCFRS meth-

od. the control delay is defined as λTs.  Thus, the expression of 

control delay can be rewritten as: 

 
ss

d

s

2sin(0.5 )
( )

j TT
G j e

T

 





    (11) 

Taking Zv1 and sLg together, the equivalent connection im-

pedance Zg1 can be expressed as: 

 g1 v1 gZ Z sL        (12) 

Substituting s=jω into (12), the expression of Zg1(jω) can be 

derived as: 

s s
g1 g 3 2 2 4

1 1 1

2 sin(0.5 )[cos( ) sin( )]
( )  (13)

( )

V V s

V s s V V s V

R T T j T
Z j L

T L C j T L CQ T L CQ

   
 
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
 

 
 

where, Zg1(ω) can be considered as the equivalent damping 

resistance Rg1(ω) connected in series with the equivalent reac-

tance Xg1 (ω): 

       v g1 g1( ) ( ) ( )Z R jX        (14) 
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where Rg1(ω) and Xg1(ω) are expressed as: 

g1 s s2 2 2 2

g1 s s g2 2 2 2

( ) sin( ) cos( )

( ) cos( ) sin( )

AD AB
R T T

B D B D

AD AB
X T T L
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 (15) 

where, 

 
3

1

2 2 4
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 
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  (16) 

From (15), the frequency characteristics of Rg1(ω) varying 

with β under different control delay conditions are drawn in 

Fig.3, where fs is the switching frequency; α is defined as 

ω/(2πfs); αcritical is the positive or negative critical frequency of 

Rg1(ω); β is defined as ωV/(2πfs). As shown in Fig.3 (a) and 

(b), when λ=1.5 or 0.5, αcritical is located in the LCL-resonant 

frequency design range of α<0.5. Then, the grid-inductance 

variation could impose the LCL-resonant frequency ωres mi-

grating to the critical point αcritical, and Rg1(ω) can’t maintain 

positive damping characteristic at ωres, especially while Rg1(ω) 

is equal to 0 at ωres, the system can hardly maintain stable[18-20]. 

Hence, the stability problem can be aroused by grid induct-

ance under the weak grid condition. While λ=0, Rg1(ω) main-

tains positive damping characteristic all along during the 

LCL-resonance frequency range, as shown in Fig.3(c). Thus, a 

good resonant suppression effect and stability can be guaran-

teed regardless of the grid-inductance variation. However, for 

the traditional PWM algorithm, its computation delay is Ts 

and the control delay is 1.5Ts (λ=1.5). In this case, the robust-

ness of inverter against grid impedance is poor. 

III. ROBUST GCFRS METHOD FOR LCL-TYPE GRID-

CONNECTED INVERTER CONNECTED TO WEAK GRID   

According to the section II, the essential cause of the poor 

robustness against grid impedance variation is the inherent 

control delay, which makes the critical frequency of the virtu-

al equivalent damping resistance be located in the design 

range of LCL-resonance frequency. To improve the system 

robustness against wide variation of Lg, the robust GCFRS 

method is proposed for active damping loop to reduce the 

control delay and design αcritical>0.5, which is shown in Fig. 4. 

It is composed of the full duty-ratio and zero-beat-lag PWM 

method and lead-grid-current- feedback-resonance-

suppression (LGCFRS). 

A. Full duty-ratio and zero-beat-lag PWM method 

The full duty-ratio and zero-beat-lag PWM method is pro-

posed to eliminate the one-beat-lag computation delay without 

introducing duty cycle limitations, which is shown as Fig. 5. 

The proposed PWM method can be implemented in two stag-

es as shown in Fig. 5 (a). The initial stage: Considering pro-

gram initialization, the current duty-ratio cannot be calculated 

firstly, and it is loaded on the valley of next carrier. The sec-

ond stage: The duty-ratio will be loaded twice in each switch-

ing period, which is instantaneously updated at the peak and 

valley of the carrier, respectively.  At the beginning of each 

switching period, the duty-ratio is updated firstly. Then, dur-

ing the first half of the switching period, the A/D sampling 

and duty-ratio calculation are executed preferentially to calcu-

late the pulse width in current switching period (Td≤0.5Ts). 

After a lapse of 0.5Ts duration, the duty-ratio is updated once 

again to make the pulse width equal the calculated value, as 

shown in Fig. 5 (a). Tb is the time of the liquid-crystal display 

and RMS calculation. Actually, since the liquid-crystal dis-

play and RMS calculation have occupied much time in each 

switching period, the computation time Td  of A/D sampling 

and duty-ratio with a large duration of 0.5Ts is enough for 

most applications, even for a high switching frequency. 

This paragraph depicts the concrete implementation process 

of the second stage. Taking the (k+1)th switching period as an 

example, as shown in Fig. 5(a). 1) At the instant t1, the value 

of pulse width is updated first to be Tsd(k), where d(k) is the 

duty-ratio in the previous kth switching period. Therefore, the 

pulse width during the half of (k+1)th switching period will be 

0. 5Tsd(k). 2) At the instant t2, the PWM reference signal ud 

equals the value of current carrier utri, and the switching action 

is triggered. 3) At the instant t3, the duty-ratio of the current 

(k+1)th switching period is calculated as d(k+1). 4) At the in-

stant t4, the pulse width is updated once again to make the 

pulse width of the (k+1)th switching period equal the calculat-

ed value Tsd(k+1), where the second instantaneous updated 

duty-ratio is defined as D(k+1). Therefore, the pulse width of 

the second half switching period should be adjusted to 

Tsd(k+1)-0.5Tsd(k). Meanwhile, considering the triangular 

carrier is symmetrical, the duty-ratio D(k+1) will be set as 

2[d(k+1)-0.5d(k)]. 5) At the instant t5, the switching action is 

triggered once again. 

Similarly, for any (k+i) (i=2,3,4,…) switching period, the 

duty-ratio expression of Da(k+i) and D(k+i) is expressed as 

Eq.(17) and Eq.(18), where Da(k+i) is the first updated duty-

ratio in the (k+i)th switching period, and D(k+i) is the second 

updated duty-ratio in the (k+i)th switching period. 

 
( 1) ( )

( ) ( 1) 2,3,4

a

a

D k d k

D k i D k i i

 


    
   (17) 

a

( 1) 2[ ( 1) 0.5 ( )]

( ) 2[ ( ) 0.5 ( )] 2,3,4

D k d k d k

D k i d k i D k i i

   


     
      (18) 

However, due to 0≤D(k+i)≤1, the duty-ratio d(k+i) in the 

(k+i) th switching period should meet the following conditions. 

 0.5 ( 1) ( ) 0.5 0.5 ( 1)D k i d k i D k i            (19) 

From (19), it is noted that d(k+i) is limited by the previous 

updated duty-ratio D(k+i-1).  For example, if the grid-current 

wave is located in the negative half period, d cannot achieve 

the range between 0~0.5, as shown in Fig. 6 (a). In contrast, if 

the grid-current wave is located in the positive half period, d 

cannot achieve the full range between 0.5~1, as shown in Fig. 

6 (b). Therefore, d cannot achieve the full range (0 to 1) due 

to (19). And that may make the condition of (17) difficult to 

meet (19) in the transient operation, such as system mutation 

from half load to full load, or vice versa. Under such circum-

stance, system might take more switching period to convert 
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Fig.4. Control block diagram of the robust GCFRS for LCL-type grid-connected inverter in the equivalent continuous-time domain. 
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(b)                                                                                                                  (c) 

Fig. 5. The design scheme of full duty-ratio and zero-beat-lag PWM method. (a)Without considering of full duty ratio or case B. (b) Case A. (c) Case C. 

 

Table.1 The design value of Da(k+i) 

 Conditions Da(k+i) 

Case A d(k+i-1)<0.5-Δdopt 0 

Case B 0.5-Δdopt ≤d(k+i-1)≤ 0.5+Δdopt Eq.(17) 

Case C d(k+i-1)> 0.5+Δdopt 1 

from transient-state to steady state, which results in a poor 

system dynamics. Therefore, in order to eliminate the re-

strictions of D(k+i-1) on d(k+i), the updated value of Da(k+i) 

is reset to eliminate the coupling between D(k+i-1) and d(k+i), 

which is shown in Table.1 

From Table.1, setting Da(k+i)=0 when the grid-current is in 

the negative half period, then the range of duty-ratio d(k+i) 

will be within the interval (0~0.5), as shown in Fig. 5 (b). 

Moreover, setting Da(k+i)=1 when the grid-current is in the 

positive half period, then the range of duty-ratio d(k+i) will be 

within the interval (0.5~1), as shown in Fig. 5 (c). With these 

extensions, the limitation of (19) is eliminated, and the full 

range of duty-ratio (0~1) is achieved, as shown in Fig. 6 (c).  
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Fig. 6. The range of duty-ratio with different design value of Da(k+i). (a) Eq.(17) in the negative half period. (b) Eq.(17) in the positive half period. (c)The design 

value for full duty-ratio.(d) The finally proposed design method for Da(k+i). 

However, the abovementioned method in Fig. 6 (c) may not 

be satisfied when duty-ratio is closed to 0.5. For example, 

with d(k+i-1)=0.502 and d(k+i)=0.498, it is difficult to realize

 the smooth switching from positive to negative half-wave due 

to Da(k+i)=1 at this time. Therefore, when the d(k+i-1) is in 

the range between 0.5-Δdopt and 0.5+Δdopt (closes to 0.5), 

Da(k+i) is further designed to be updated with the (17) to fa-

cility the smooth switching of positive and negative output 

grid-current wave, as shown in Fig. 6 (d), where Δdopt is a 

small offset value. Though it cannot achieve the full duty-ratio 

in the range between 0.5-Δdopt and 0.5+Δdopt, the proposed 

PWM method can still provide a range of allowable duty-ratio 

for both steady and transient state because this region does not 

need too high or too low duty-ratio. 

 B. LGCFRS Method 

From section III.A, it is noted that the control delay of the 

proposed full duty-ratio and zero-beat-lag PWM method is 

only 0.5Ts due to the computation delay is eliminated. How-

ever, αcritical is still located in the resonant frequency design 

range. For this purpose, the LGCFRS method with adding a 

lead-control part is further proposed to minimize the control 

delay and make αcritical increase above 0.5, where the lead-

control part is preliminary designed as eζsTs/2, and ζ is the lead-

control coefficient. 

Make eζsTs/2 be expanded with Taylor series. 

  s
2/2

s se 1 ( / 2) ( / 2) / 2!
sT

s T s T
               (20) 

In the digital control, the Taylor series can be approximated 

by using the difference equation. Then, while considering the 

first three series of Taylor series in (20), the transfer function 

GL(z) of LGCFRS in the z-domain can be derived to (21). 

 2 0.5 2 1

L ( ) 0.5 1 ( 1) 0.5G z z z               (21) 

Taking z-0.5= e-sTs/2 and z-1= e-sTs, the transfer function GL(s) 

of LGCFRS in s-domain is expressed as follows.  

 
s s/22 2

L

the lead-control part

( ) 0.5 1- ( 1)e 0.5 e
sT sT

G s      
    

 (22) 

Combining the full duty-ratio and zero-beat-lag PWM 

method and LGCFRS, the frequency-domain characteristic of 

virtual resistance Rg1(ω) has largely changed. Fig.7 depicts the 

values of αcritical with different ζ under robust GCFRS control. 

Obviously, while ζ ≥1, αcritical could increase above 0.5 regard-

less of ωV variation, and then Rg1(ω) presents positive in the 

interval of (0, 0.5) all along. Therefore, the LCL-type grid-

connected inverter could have a good robustness against grid 

impedance variation at this time. For the convenience of cal-

culation, the value of ζ is 1 in this paper. 
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Fig.7. the values of αcritical with different ζ under robust GCFRS control. 
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Fig.8. (a) Prototype of 60kW three-phase LCL-type grid-connected inverter. (b) The grid current waveform under full load condition. (c)The THD of grid current 

under full load condition. (d)The power factor of grid current under full load condition. (e)The experimental inverter output-voltage waveform in case A. (f) The 

experimental inverter output-voltage waveform in case B.(g) The experimental inverter output-voltage waveform in case C.   

IV. EXPERIMENTAL VERIFICATION 

To verify the validity of the proposed control method, a 

60kW three-phase LCL-type inverter prototype has been built 

in the laboratory, as shown in Fig.8 (a). IPM module 

FF300R17ME4 is selected as the power device. AD7656 is 

used as the sampling chip. Prototype parameters are shown in 

Table.2. The experiment shows that the total time for A/D 

sampling and calculation is 7.3us; the time for the grid current 

outer loop QPR control is 6.3us, the time for the LGCFRS 

control is 6.1us, and the time for the inner loop GCFRS con-

trol is 4.6us. When the sampling frequency is 12.8 kHz, the 

time requirement for A/D sampling and duty-ratio calculating 

only accounts for 31% of switching period, which is less than 

half of switching period. 
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Fig.9. (a) the dynamic experimental waveform of grid-current from half-load to full-load when inverter adopts the GCFRS method with the symmetrical PWM 

method. (b) The dynamic experimental waveform of grid-current from half-load to full-load when inverter adopts the GCFRS with the proposed full duty-ratio 

and zero-beat-lag PWM method. (c) The dynamic experimental waveform of grid-current from half-load to full-load when inverter adopts the proposed robust 

GCFRS method. (d) Steady state experimental results in weak grid when inverter adopts the GCFRS method with the symmetrical PWM method. (e) Steady state 

experimental results in weak grid when inverter adopts the GCFRS with the proposed full duty-ratio and zero-beat-lag PWM method. (f) Steady state experi-

mental results in weak grid when inverter adopts the proposed robust GCFRS method. 

Fig.8 (b), (c) and (d) show the experimental results of grid 

current waveform, total harmonic distortion (THD), and pow-

er factor (PF) under full load condition by using the proposed 

robust GCFRS method. We can see that the PF reaches 1, and 

the THD is only 2.3%. It is less than the national standard of 

5%, which verifies the proposed robust GCFRS method can 

inject higher quality active power into the grid. 

Fig.8 (e)-(g) display the experimental waveforms of invert-

er output-voltage in case A, case B, and case C, respectively. 

Due to the synchronization between the grid-current and grid-

voltage, the zero crossing point from negative half of grid-

current wave to positive one can be obtained by zero-crossing 

capture of grid-voltage. Moreover, the negative and positive 

half-wave of grid current occupy 0.5N (N=fs/f0) times switch-

ing period respectively, where f0 is the fundamental frequency 

of grid voltage. Therefore, Da(k+i) equals 0 when the grid-

current wave is within the interval of (0.55N~0.95N) times 

switching period, as seen in Fig.8 (e). Da(k+i) equals 1 when 

the grid- current wave is within the interval of (0.05N~0.45N) 

times switching period, as seen in Fig.8 (g). Da(k+i) equals 

(17) for smooth handoff when the grid- current wave is within 

the interval of [0~0.05N], [0.45N~0.55N], [0.95N~N] times 

switching period, as seen in Fig.8 (f). 

Fig.9 (a)-(c) display the contrastive dynamic experimental 

waveforms of grid-current from half-load to full-load among 
the GCFRS method, the GCFRS with the proposed full duty-

ratio and zero-beat-lag PWM method, and the proposed ro-

bust GCFRS method. As we can see from the Fig.9 (a)-(c), by 
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using the proposed robust GCFRS method, the waveform of 

grid current keeps a stable operation and responds quickly 

when the grid-current is from half-load to full-load, as shown 

in Fig.9 (c). In addition, the proposed robust GCFRS method 

has faster response speed, smaller overshoot and better dy-

namic performance compared with other two methods. 
Table.2 System parameters 

Parameter Value Parameter Value 

Kp 0.03 Udc/V 700 

Kr 2 L1/mH 0.7 

ωr π L2/mH 0.2 

Ts/s 1/12800 R1/Ω 0.16 

ω0 314.159 R2/Ω 0.09 

ug/V 220 C/μF 10 

ωv/(104rad/s) 2.1 Cdc /μF 5740 

QV 0.24 ζ 1 

Rv 1 P/kW 60 

In order to simulate the effect of grid impedance in weak 

grid on LCL-type inverter, the contrastive experiments have 

been conducted in which inductances are connected in series 

to the right of the line-side resistance L2. Fig.9 (d)-(f) display 

the contrastive experimental results among the GCFRS meth-

od, the GCFRS with the proposed full duty-ratio and zero-

beat-lag PWM method, and the proposed robust GCFRS 

method when grid impedance takes different values. As can 

be seen from Fig.9 (d)-(e), when inverter adopts the GCFRS 

method or the GCFRS with the proposed full duty-ratio and 

zero-beat-lag PWM method, the grid current has gradual os-

cillations with the changes of Lg, especially when actual reso-

nance frequency is closed to the critical frequency of equiva-

lent impedance (Lg=0.6mH at Fig.9(d), Lg=0.2mH at Fig.9(e)). 

However, when inverter adopts the proposed robust GCFRS 

method, the equivalent damping resistance shows its positive 

resistance feature at the actual resonance frequency. The grid 

current waveform is smooth, as shown in Fig.9(f). The con-

trastive experimental results verify that the proposed robust 

GCFRS method can effectively suppress the influence of grid 

impedance on the inverter control, and improve the robustness 

of LCL-type inverter against the Lg variation in the weak grid. 

V. CONCLUSION 

In this paper, a robust grid-current-feedback resonance 

suppression (GCFRS) method is proposed for the three-phase 

LCL-type grid-connected inverter connected to weak grid, 

which can effectively enhance the system damping without 

introducing the switching noise and eliminate the impact of 

control delay on system robustness against grid-impedance 

variation. Based on the theoretical analysis, and experimental 

evaluation, we can conclude that: 

1) The proposed GCFRS can effectively suppress the 

LCL-resonant peak well and avoid introducing the switching 

noise 

2) Due to the inherent control delay in the digital con-

trol, the critical frequency of the virtual equivalent damping 

resistance is located in the LCL-resonant frequency design 

range of α<0.5. Therefore, the wide-range variation of grid 

impedance is most likely to affect the stable performance of 

inverter.   

3) The proposed full duty-ratio and zero-beat-lag PWM 

method can effectively eliminate the one-beat-lag computa-

tion delay without introducing duty cycle limitations, which 

improves the stable and dynamic performance of inverter sys-

tem. Moreover, it can also realize the smooth switching from 

positive to negative half-wave of the grid current and improve 

the waveform quality. 

4) Half of switching period for A/D sampling and duty 

cycle calculation is allowed in the proposed full duty-ratio and 

zero-beat-lag PWM method, which reduces the difficulty of 

engineering implementations.  

5) The proposed LGCFRS can further minimize the 

control delay and make the critical frequency of the virtual 

equivalent damping resistance increase above 0.5 switching 

frequency. Then, the system’s robustness and dynamic per-

formance can be greatly improved.  
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