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Abstract 

 

This paper proposes a novel active damping scheme to suppress LCL-filter resonance with only grid-current feedback control 
in grid-connected voltage-source converters. The idea comes from the concept of the model reference adaptive control (MRAC). 
A detailed theoretical derivation is given, and the effectiveness of this method is explained based on its physical nature. 
According to the control structure of this method, the active damping compensator, which is essentially a second order resonant 
integrator (SORI) filter, provides an effective solution to damp LCL resonance and to eliminate the need for additional sensors. 
Compared with extra feedback methods, the cost and complexity are reduced. A straightforward tuning procedure for the active 
damping method has been presented. A stability analysis is illustrated in the discrete domain while considering a one-step delay. 
Finally, experimental results are presented to validate the analysis and to demonstrate the good performance of the proposed 
method.  
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I. INTRODUCTION 

Nowadays, distributed power generation systems (DPGSs) 
based on renewable energy, such as solar energy and wind 
energy, are drawing more and more attention due to their 
environmental friendly features. A grid-connected converter 
is an important interface between a renewable energy source 
and the grid. LCL line filters are increasingly being used, 
since they can provide a significantly improved attenuation of 
the pulse width modulation (PWM) switching harmonics with 
a reduced overall size and weight when compared with more 
conventional L-filters [1]. However, an LCL filter can cause 
stability problems due to the undesirable resonance caused by 
the zero impedance at certain frequencies. In order to 
stabilize such systems, different passive and active damping 

methods have been proposed [2]-[8].  
By adding resistors to the filter capacitors or inductors, 

passive damping methods are very simple and highly reliable. 
However, the additional resistors result in power loss and 
weaken the attenuation ability of LCL filters [2], [9]. This 
shortcoming can be overcome by employing active damping 
techniques. There are two main active damping techniques. 
One is to introduce a digital filter with a current controller. 
The other one is realized by feeding back the filter state 
variables. The former does not require additional sensors. 
However, it is sensitive to parameter variations and 
uncertainties. By introducing extra feedback to provide a 
damping effect, the active damping methods are also effective. 
The extra feedback state(s) can be either a single variable, 
e.g., filter capacitor current or voltage [5], or multiple state 
variables [6]. These additional feedback-based active 
damping methods are simple, effective and flexible. However, 
since more than one feedback state variable is required, the 
cost increases. Meanwhile, the co-design of the current 
controller and active damper becomes complex.  

Simple but effective single current loop control strategies, 
which use the same sensors as L filters, are promising  
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Fig. 1. Schematic diagram of a three-phase LCL-type grid connected converter. 
 

[10]-[12]. These control methods have become popular in 
industrial applications. Making the overall system stable is 
the basic requirement of a control strategy. In the case of a 
single current loop control strategy, both the inverter-side 
current and the grid-side current can be used for feedback. 
Considering the digital control delay, the stability is analyzed 
for different ratios between the sampling and resonance 
frequencies of LCL filters [11]. The conclusion is that the 
system cannot be stable without additional active resonance 
damping when the inverter-side current is used for feedback. 
Meanwhile, for grid-side current control, the overall system 
can be stable as long as the resonance frequency fr is less than 
half and more than a quarter of the sampling frequency fs. Yin 
et al. [12] explores the system stability region through 
Nyquist diagrams. Several common controllers were applied 
in a grid-side current loop control strategy. According to [12], 
when a proportional (P) controller is applied, the conclusion 
for system stability is that the resonance frequency should be 
in the region of (1/6fs, 1/2fs). In short, with the single current 
feedback, the cost is low, and the stability is guaranteed if the 
current sensors or filter parameters are specific. However, due 
to a high resonance peak, it is still hard to obtain a high 
bandwidth. Only under the premise of suppressing the 
resonance peak can a high bandwidth and good robustness be 
realized simultaneously.  

In [13], a model reference adaptive state feedback control 
is employed to guarantee system stability with wide-range 
variation of the grid impedance. With this method, the current 
controller demonstrates good dynamic performance and 
stability features for grid-tie converters subjected to large grid 
impedance variations and grid voltage disturbances. 
Nevertheless, the design procedure for an adaptive state 
feedback controller is complicated and it requires more 
sensors. This paper proposes a novel active damping method 
to suppress the resonance peak with only grid-current 
feedback control. The proposed active damping method is an 

adaptive algorithm based on the MRAC, which has the same 
measurements as an L filter. With the proposed controller, it is 
possible to select a reference model such that the closed-loop 
system behaves like this model in the steady state. The 
objective of the MRAC is to ensure the output of a controlled 
system to track the output of a given reference model system. 
In addition, it should ensure closed-loop stability. The 
reference model has a good resonance damping characteristic.  

This paper is organized as follows. Section II derives a 
model of an LCL-type grid-connected converter with a single 
grid-side current control. Three different ratios of the 
resonance frequency to the sampling frequency have been 
investigated. Section III presents the derivation of the model 
reference adaptive system. It also shows the similarities in 
performance between the reference model and the adaptive 
model. The essential feature of the proposed active damping 
method is stated. This adaptive output feedback control is 
used to introduce a SORI filter. The SORI filter is an 
alteration of a second-order generalized integrator (SOGI) 
layout which has been used for building the quadrature signal 
generator (QSG) in [14]-[16]. The quadrature signals 
produced by a SOGI-QSG can be used in many applications. 
For instance,  a  SOGI-QSG was configured as a 
SOGI-phased-locked loop (SOGI-PLL) in [14]-[16] for grid 
synchronization. The SOGI-frequency-locked loop 
(SOGI-FLL) in [17] was used for frequency estimation. The 
double SOGI-QSGs (DSOGI-QSG) in [18] was used for the 
extraction of symmetrical components, and the multiple 
SOGI-QSG (MSOGI-QSG) in [19] was used for harmonic 
extraction. In addition, the SOGI algorithm is easy to 
implement and it can filter input signals without a delay due 
to its natural resonance at the fundamental frequency 
[20]-[22]. In this paper, the proposed SORI filter can 
effectively suppress the resonance peak around the resonance 
frequency. A discrete-time transfer function is derived 
including a MRAC system. In Section IV, a straightforward  



1060                                                    Journal of Power Electronics, Vol. 17, No. 4, July 2017 
 

 
Fig. 2. Per-phase control block diagram of a single grid current feedback control loop. 

 
design procedure is presented for the proposed active 
damping method. Furthermore, a design example is given. In 
Section V, experimental results are presented to validate the 
theoretical analysis and the effectiveness of the proposed 
active damping method. Finally, Section VI concludes this 
paper.  

 

II. MODELING AND STABILITY ANALYSIS OF THE 
SINGLE GRID CURRENT CONTROL LCL-TYPE 

GRID-CONNECTED CONVERTER 

A. Modeling of the Single Grid Current Control LCL-type 
Grid-connected Converter 

The system to be analyzed is shown in Fig. 1. A 
three-phase voltage source converter is connected to the grid 
through an LCL filter. The power switches S1-S6 and their 
anti-parallel diodes form the converter. The LCL filter 
consists of converter-side inductors L1, filter capacitors Cf, 
and grid-side inductors L2. The injected grid current i2 is 
controlled so that it is in phase with the grid voltage vg. 
Generally, the phase angle of vg is obtained through a 
phase-locked loop (PLL) [16], [23]. The grid voltage is also 
been assumed to be balanced, which then allows per-phase 
diagrams to be used for analysis in Fig. 2. Fig. 2 shows a 
single grid current feedback control block diagram in the 
continuous domain, in which the equivalent series resistance 
of the filtering elements is neglected. 

The current amplitude reference i*
2 is generated by the dc 

link voltage loop. The current error signal is sent to the 

current regulator Gi in the stationary  frame. vr is the 
output signals of the injected grid current regulators, vv is the 
three-phase midpoint voltages of the three converter legs that 
are referred to point N, vcf is the three-phase ac filter voltages 
that are referred to point N, i1 is the three-phase 
converter-side inductor currents, and icf is the three-phase ac 
filter currents. KPWM is the gain of the PWM converter.  

A PR regulator is employed considering the overall system 
dynamics. In the s-domain, a PR regulator is expressed as: 
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where kp is the proportional coefficient, kr is the resonant 

coefficient, o = 2fo is the fundamental angular frequency, 

fo is the fundamental frequency, and i is the resonant cutoff 
frequency. To deal with a typical +1% variation in the grid 

fundamental frequency [24], i = 1%•2fo = rad/s is set. 

TABLE I 
PARAMETERS OF THE PROTOTYPE 

Nominal System Parameters 

L1=1.25mH L2=0.625mH 

Grid line-to-line 
rms voltage 
Vgab =80V 

DC bus voltage  
Udc =230V 

Power rating  
Po =1.5kW 

Fundamental 
frequency 
 fo =50Hz 

Switching 
frequency 
 fsw =5kHz 

Sampling 
frequency 
 fs =10kHz 

AC filter Capacitances and Resonance Frequencies 

Case A Cf =12H fr =2.25kHz fr/fs =0.225 

Case B Cf =22H fr =1.67kHz fr/fs =0.167 

Case C Cf =50H fr =1.1kHz fr/fs =0.11 

 

Gd(s) is a transfer function combing the computation delay, 
the PWM delay, and the sampler [25]. It is expressed as: 
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where Ts is the system sampling period.  
B. Stability Analysis under Various Resonance 

Frequencies 
According to Fig. 2, the loop gain Tc(s) can be derived as: 
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where r is the resonance angular frequency of the LCL 
filter, which is expressed as: 

1 2

1 2
r

f

L L

L L C



                                   (4) 

and the resonance frequency is fr=r/2.  
Due to the existence of a one-step delay, the stability of a 

single grid current loop system is influenced by the resonance 
frequency variation. One-sixth of the sampling frequency is a 
critical frequency [26]. Table I shows the parameters of the 
converter prototype system for three different cases. Using 
these parameters and equation (3), Bode diagrams of the loop 
gain Tc(s) with Gi(s)=1 for different values of fr are shown in 
Fig. 3. As can be seen, with a variation of fr, the stability of 
the loop system varies. For case A, the resonance frequency fr 
is higher than the critical frequency fs/6. The phase 
characteristic crosses -180o outside a region whose amplitude 
is positive. According to the Nyquist stability criterion, the 
system is stable. For cases B and C, the system is unstable, 
because the phase characteristic crosses -180o inside a region  
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Fig. 3. Bode diagrams of the loop gain Tc(s) with Gi(s)=1 for 
three different cases. 
 
whose amplitude is above 0 dB. Then active damping is 
mandatory to improve the system amplitude characteristic or 
phase characteristic. For a high resonant frequency region, 
although active damping is not required, it is hard to obtain a 
high bandwidth and better robustness. This is especially true 
for wide-range variations of the LCL parameters.  
 

III. PROPOSED ACTIVE DAMPING SCHEME 
BASED ON A SORI FILTER 

A. Derivation of the Proposed Active Damping Scheme  

As previously reported, when fr < fs/6, a single grid-current 
control system cannot be stable while considering a one-step 
delay. Then an active damping method should be 
implemented to eliminate the resonance peak. This 
effectively changes the unstable characteristic around the 
resonance frequency fr. This paper proposed a novel active 
damping method, which introduces a reference model that 
behaves like an LCL model. In addition, it has no resonance 
peak so that the system can obtain better damping 
characteristic with single grid current control. 

Fig. 4(a) shows the control structure of the model reference 
adaptive control. GLCL(s) represents the passive “plant” which 
is called an adaptive model. Gm(s) is the reference model. k is 
the adaptive law. e(s) is the error component between the 
adaptive model and reference model output responses, i.e., 

e(s)=ym(s)-yp(s). The control target is to provide the same 

attenuation and dynamic characteristics as the grid-connected 
converter. The reference model is chosen as: 
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where  is the damping factor, and n is the natural frequency 

which is equal to the resonance angular frequency r.  
Fig. 4(b) is an equivalent mathematic model of a MRAC 

system. At the resonance frequency fr, the input signal r(s) 
has a 180 degree reversal. The reversed signal yp(s) returns to  

GLCL(s)
–

+u(s)

yp(s)

ym(s)

e(s)

x(s)

Gm(s)

r(s) +

–

k
 

(a) 
 

 
(b) 

 
(c) 

 

Fig. 4. (a) Model reference output feedback adaptive control 
structure. (b) Equivalent mathematic model of a MRAC system. 
(c) Bode diagrams of the adaptive model GLCL(s) and the 
reference model Gm(s). 
 

the input after it is multiplied by an appropriate gain. This 
feedback system is constituted of the effective active 
damping. The physical significance of introducing the 
reference model is that the signal x(s) can play a role in 
suppressing the resonance peak at around the resonance 
frequency as observed in Fig. 4(b).  

The feedback loop transfer function H(s) is derived as: 
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(6) 

Obviously, -H(s) is a second order resonant integrator 
(SORI) filter. In order to compare the differences between the 
two models, a Bode diagram is shown in Fig. 4(c). In Fig.  
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(d) 
 

Fig. 5. SORI filter: (a) Block diagram of the proposed SORI 
structure (-H(s)). (b) Bode diagram of SORI filters when the gain 
factor k varies. (c) Bode diagram of SORI filters when the 
damping factor  varies. (d) Bode diagram of SORI filters when 
n varies. 
4(c), the predefined reference model Gm(s) has no resonance 

peak up to the Nyquist frequency. It has similar 
characteristics in low frequency and high frequency regions 
except near the resonance frequency. Apparently, the phase 
characteristic varies smoothly which has no risk of instability.  

B. SORI Filter 

The SORI filter shown in Fig. 5(a), is an alteration of the 
SOGI layout which has been widely used for implementing 
grid synchronization. It is based on a frequency-adjustable 
resonant, which can be implemented by two cascaded 
integrators working in a closed loop. In addition, it has the 
advantages of quick and accurate signal-tracking capabilities 
with good rejection of input signal noise. v’ and qv’ represent 
in-phase and quadrature output signals with a phase shift of 
90o with respect to each other. The characteristics of the 
transfer function -H(s) are different from the classical SOGI, 
whose Bode plots are shown in Fig. 5(b), 5(c) and 5(d). This 
depends on three different variables. In Fig. 5(b), when the 
gain factor increases, the SORI filter amplitude increases. 
However, the phase characteristic is not affected by the gain 
factor. Fig. 5(c) shows the variation tendency of the Bode 
plots when the damping factor varies. Therefore, a small 
damping factor can make the phase characteristic abruptly 
change around the resonance frequency fr. Generally, this is 
an undesirable case which should be avoided in the design 
procedure. In Fig. 5(d), the variation of the natural frequency 

n can only affect the central frequency at which -H(j) 

peaks at unity gain with a zero phase shift.  
Therefore, the design of the SORI filter should consider the 

three different variables to make the overall system stable and 
to achieve better dynamic performance.  

C. Discrete z-domain Model 

Fig. 6 illustrates a control block diagram of the proposed 
AD scheme in the discrete-time domain. vm represents the 
modulating signals. A zero-order hold (ZOH) has also been 
included for modeling the digital pulse width modulation and 
its accompanied delay. This is inevitable when the continuous 
system is discretized. Complementing the ZOH block is a z-1 
delay block included for representing the computational delay. 
GLCL(s) can be discretized as (7).  
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The PR controller Gi(s) and active damper H(s) can be 
discretized by applying a bilinear transformation (Tustin 
method) [29]-[31]. The expressions obtained are as follows: 
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Fig. 6. Control block diagram of the proposed AD scheme in the 
z-domain. 
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where A=n
2Ts

2+2nTs+4, B=2n
2Ts

2-8, and 

C=n
2Ts

2-2nTs+4.  

From (7)-(9), the open-loop Tcol(z) and closed-loop Tccl(z) 
transfer functions for the grid current control method can be 
derived as: 
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IV. SYSTEMATIC DESIGN OF THE GRID CURRENT 
CONTROL LOOP 

A. Tuning of the SORI Filter Parameters  

The grid current control loop system comprises an inner 
active damping loop and an outer current regulator loop. 
Firstly, the active damping loop should ensure stability. The 
open-loop transfer function of this active damping loop in the 
continuous domain is given as: 

_ ( ) ( ) ( ) ( )ol ad d PWM LCLT s G s K G s H s       (12) 

The design of the active damping loop is mainly the 
selection of the SORI filter parameters. Because the SORI 
filter has three different parameters, some design criterion 
should be provided. A Bode diagram of the inner active 
damping loop gain Tol_ad(s) is shown in Fig. 7(a). In the 
Appendix, the magnitude and phase of Tol_ad(s) are derived as 
(20) and (21), respectively. As can be seen, the phase sharply 
changes at the resonance frequency fr. That is to say, the 

phase starts from 180o at f = 0, and crosses over -180o at the 

frequency fh. Here the resonance frequency fr and cross-over 
frequency fh are important frequencies. In order to ensure the 
stability of the inner active damping loop, the cross-over 
frequency fh should be larger than fr to avoid negative 
crossing at fr. Around the resonance frequency, the magnitude 
of Tol_ad(s) is larger than 0 dB. In addition, at the cross-over 
frequency fh, the magnitude is lower than 0 dB. This means 
that the magnitude frequency characteristic crosses 0 dB in [fr, 
fh]. As explained above, the basic condition of the inner 
active damping loop stability is that the magnitude at the 
cross-over frequency fh is tuned to be below 0 dB. With this 

stability criterion, the parameters of the damping factor and 
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Fig. 7. Bode diagrams of the inner active damping loop Tol_ad(s): 
(a) Stability criteria of the inner active damping loop. (b) 
Variation of the damping factor. (c) Variation of the natural 
frequency n. 

 

natural frequency n can be confirmed.  
The cross-over frequency fh can be obtained by solving the 

following equation:  

2 2
1.5 + arctan =n h

h s
n h

T
 

 
 

          (13) 

  Equation (13) represents that the phase characteristic 
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Fig. 8. Active damping loop pole map with a k variation. 

 

crosses over -180o at the frequency fh. No matter what the 

coefficients  and n are, the cross-over frequency should be 
larger than the resonance frequency. According to the 
Nyquist stability criterion, the inner loop can be stable 
without negative crossing at the resonance frequency. The 
influence of the two coefficients variation on the inner active 
damping loop stability is illustrated in Fig. 7(b) and 7(c). In 

Fig. 7(b), k=1 and n = r. When the damping factor  
increases, the phase characteristic becomes smooth. The 
magnitudes of the low-frequency and high-frequency regions 
increase. Especially, the cross-over frequency fh increases, 
which improves the inner loop stability margin. In Fig. 7(c), 

k=1 and  = 1. When the natural frequency n increases, the 
magnitudes of the low-frequency region decrease and the 
magnitudes of the high-frequency region increase. Most 
importantly, the cross-over frequency increases. Therefore, a 

proper damping factor  and natural frequency n can be 
obtained by plotting Bode diagrams with this stability 
criterion.  

After obtaining the damping factor  and natural frequency 

n, the stable range for k should be discussed. The variation 
of k only affects the gain of the inner active damping loop. 
The pole maps can help further determine the range of the 
coefficient k which improves the inner active damping loop 
stability.  

In Fig. 8, p1 and p2 are the complex-conjugate resonance 
poles whose damping ratios are quite small. As can be seen, 
when k = 0, the poles are located in a unit circle. The bigger 
the coefficient k is, the higher the frequency of the resonance 
pole location becomes. Furthermore, the damping ratios of p1 
and p2 vary. A rule of thumb is to select a value for the 
coefficient k which makes the damping ratio biggest. Then 
the potential resonance danger can be prevented. In summary, 
with the two criteria, proper SORI parameters can be 
obtained.  

B. Design Example  

After the above design procedure, under the premise of 
ensuring the stability of the active damping loop, the design of 
the PR controller adopts the optimized design (OP) method 
[27]. In the discrete domain, the parameters of the OP method 
are tuned to have the following values: 

1 2( )
,

10
c c

p r
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L L
k k
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           (14) 

where c is the crossover angular frequency that can be 

chosen as c ≈ 0.3r [28]. In addition, the overshoot to the 
step input should be lower than the expected 10%.  

The influence of the SORI filter proportional coefficient k 
and current regulator parameters on the control loop 
bandwidth and stability margin is determined. This helps to 
guide the selection of the parameters. Since the crossover 
frequency fc is lower than fr, the effect of the filter capacitor 
Cf can be ignored while calculating the magnitude of the loop 
gain at frequencies up to fc [32], [33]. According to equation 
(3), the magnitude of the current loop gain can be simplified 
as: 
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Meanwhile, the magnitude of the PR regulator can be 

simplified as |Gi(s)|≈kp. Letting |Tc(j2fc)|=1 yields: 
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           (16) 

This simplified proportional coefficient kp is the same as 
the OP method shown in equation (14). The crossover 
frequency fc is almost proportional to the coefficient kp. 
Hence, a larger kp means a faster dynamic response and a 
larger loop gain at low frequencies.  

The possible regions of kp and kr are obtained under the 
specifications of the stability margins. The open-loop transfer 
function of this current loop in the continuous domain is 
given as: 
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(17) 
where LT=L1+L2. 

Since the crossover frequency fc is high enough when 

compared with fo and i/2, the regulator Gi(s) can be 

simplified as Gi(s)≈kp + 2kri/s to calculate the phase margin 

(PM) at fc. Substituting s = j2fc into (17), the expression of 
the PM can be derived as: 
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where: 



An Active Damping Scheme Based on a Second Order Resonant Integrator for …               1065                  

 

 
 

 
Fig. 9. PM=40o, region of kr and fc constrained by a PM with a 
different k for case C. 

TABLE II 
PARAMETERS OF THE PR CONTROLLER  

AND SORI FILTER  
Test Case Case A 

fr/fs =0.225 
Case B 

fr/fs =0.167 
Case C 

fr/fs =0.11 

PR Controller (kp) 5.0 3.9 2.9 

PR Controller (kr)  150 150 150 

SORI Filter(k) 2 4 6 

SORI Filter() 2 2 2 

SORI Filter(n) 2r 2r 2r 
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According to (16), the boundary of the current regulator 
resonant coefficient kr with respect to fc under the PM 
constraint can be derived as (19), as shown at the bottom of 
the page.  

According to (19), taking case C as an example, the 
possible regions of kr and fc for different filter coefficients k 
are drawn in Fig. 9, using the parameters listed in Table II.  

As can be seen, the region becomes larger when the SORI 
filter proportional coefficient k is reduced. However, 
according to the tuning method of the SORI filter in Section 
IV-A, the coefficient k should be selected at a bigger 

damping ratio pole in a unit circle. For case C, when =2 and 

n=2r, the coefficient k can be obtained by a pole map, i.e., 
k=6. Thus, point A1 is chosen as the optimized controller 
parameter for case C. For cases A, B and C, the PR controller 
and SORI filter parameters are listed in Table II.  

According to the previous design guidelines, Fig. 10 shows 
grid current open-loop Bode diagrams with the proposed AD 
method for three different LCL resonance frequencies. The 
tuning parameters are listed in Table II. In Fig. 10(a), fr > fs/6. 
Since the resonance peak is highly cut down, the grid current  

 
(a) 

 
(b) 

 
(c) 

Fig. 10. Grid current open-loop Bode diagrams of the proposed 
AD method for three different cases: (a) Case A: Cf=12F. (b) 
Case B: Cf=22F. (c) Case C: Cf=50F. 

 
loop can obtain a higher crossover frequency with the 
proposed AD method under the same phase margin. 
Compared with Fig. 3, the stabilities of cases B and C are 
greatly improved. For fr < fs/6, as shown in Fig. 10(b) and 
10(c), the phase characteristics cross -180o outside the 
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(a) 

 

 
(b) 

 

 
 

(c) 
 

Fig. 11. Experimental results for case A: (a) Transient results 
when the reactive current steps between 0 and -15A. (b) 
Grid-side current in view of a dc-load step from no-load to 
full-load. (c) FFT analysis of the current under the full-load 
situation.  
 
region whose amplitudes are positive. Moreover, the 
resonance peak is basically lower than 0 dB which helps 
improve the dynamic performance.  
 

V. EXPERIMENTAL RESULTS 

For verification, a 1.5kW test setup was built and tested in 
the laboratory. The grid voltage vg, which is used in the PLL, 
is sensed by two voltage transducers. The grid current i2 is 
sensed by two current transducers. All of the signals are 
sampled by a 14-b analog-to-digital converter 
(MAXIM-1324ECM). The current controller and the 
proposed active damping are implemented with a TI 
TMS320F28335 DSP. The key parameters of the test setup  

 
(a) 

 

 
 

(b) 
 

 
(c) 

 

Fig. 12. Experimental results for case B: (a) Transient results 
when the reactive current steps between 0 and -15A. (b) 
Grid-side current in view of a dc-load step from no-load to 
full-load. (c) FFT analysis of the current under the full-load 
situation. 
 
are listed in Tables I and II.  

Fig. 11 shows experimental results for case A when the 
resonance frequency is 0.225fs. Among the three cases, the 
bandwidth of the current loop for case A is the highest. The 
system can obtain a good dynamic performance when given a 
current mutation instruction. The overshoot to the step input 
is lower than the expected 10%. Moreover, the rising time is 
also acceptable. The controller parameters meet the technical 
indexes of the dynamic performance. Under the full-load 
condition, the resonance peak can be well damped and the 
system achieves good steady state performance. The 
experimental results confirm the effectiveness of the 
proposed AD method and the correctness of the proposed 
tuning procedure. Fig. 11(c) shows the harmonic spectrum of  
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(a) 

 

 
(b) 

 

 
(c) 

 

Fig. 13. Experimental results for case C: (a) Transient results 
when the reactive current steps between 0 and -15A. (b) 
Grid-side current in view of a dc-load step from no-load to 
full-load. (c) FFT analysis of the current under the full-load 
situation.  
 
the injected grid current. 

As shown in Fig. 12, with the proposed AD method, the 
experimental results for case B can also achieve good 
transient and steady-state performances. The tracking 
experimental waveform of the q axis current is shown in Fig. 
12(a). The reactive current reference change from 0 to -15A 
and the actual reactive current tracks its reference well. In Fig. 
12(b), with the load current feedforward, the dc voltage 
rapidly returns to the reference and only has a small voltage 
drop. Fig. 12(c) shows the harmonic content of the injected 
grid current. The total harmonic distortion (THD) is 2.8%, 
which satisfies the relevant requirements for grid-tied 
converters. 

Compared with Fig. 11 and Fig. 12, Fig. 13 shows more  

 
(a) 

 

 
(b) 

 

 
(c) 

 

Fig. 14. The comparative experimental results for with and 
without the proposed AD method for three different cases: 
(a)Case A, fr/fs =0.225. (b) Case B, fr/fs =0.167. (c) Case C, fr/fs 

=0.11.  
 
oscillatory transient grid current waveforms. Even so, with 
the proposed tuning method in Section IV, the system can 
achieve the expected steady-state performance. Fig. 13(c) 
shows the harmonic spectrum of the injected grid current. 

In order to further validate the performance of the 
proposed AD method, an experimental comparison of with 
and without the proposed method is shown in Fig. 14. Under 
the three different circumstances, the experimental results are 
different. For case A, the resonance frequency fr is higher 
than fs/6. According to the previous stability analysis, the 
active damping is not required, i.e., a system with a high 
resonance frequency region can be stable without any AD 
method. As shown in Fig. 14(a), the control scheme changes 
from with the proposed AD method to without the proposed 
AD method at 1.6s. This experimental waveform validates 
the theoretical analysis. When the resonance frequency is a  
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critical frequency, as illustrated in Fig. 14(b), the system 

cannot be stable without a damper. The control method is 

switched at 1.6s. Then a disastrous oscillation is triggered. 

The dc link voltage collapses. This confirms that the AD 

method should be introduced to suppress the oscillation. A 

low resonance frequency can also cause instability of the 

system. In Fig. 14(c), the resonance frequency is lower than 

fs/6. The grid currents start to oscillate at 1.6s and they 

diverge after about two fundamental periods. For the low 

resonance frequency region, the AD method is mandatory to 

maintain system stability and current quality.  

In summary, under the premise of using the same number 

of sensors, the system can also obtain a good control effect 

with the proposed AD method. Therefore, experimental 

results validate concepts presented in this paper.  
 
 
 
 

VI. CONCLUSION 
A novel AD scheme based on injected grid current 

feedback has been proposed for LCL-type grid-connected 
converters. The derivation of the proposed AD scheme is 
based on the MRAC. This paper presents a detailed 
derivation processes. By an equivalent transformation, the 
proposed AD scheme is essentially used to introduce a SORI 
filter into the grid current feedback loop.  

The proposed AD scheme does not need additional sensors 
which reduces cost. It can suppress the resonance peak with 
only grid-current feedback control. In addition, it can achieve 
expected steady-state and transient performances. A 
straightforward design procedure has been presented while 
considering the inherent one-step delay in the digital control 
system. Experimental results show the anticipated steady 
state and transient performances. Therefore, the proposed AD 
scheme is validated.  
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