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    Abstract- Grid-connected inverters with LCL filter work stable 

using active damping methods. However, the stability of the 

control system can be threatened easily by grid impedance 

variation. On the other hand, delay in digitally-controlled 

systems shrinks the stable region. Therefore, it is very probable 

that by variation of grid impedance, resonance frequency located 

in the unstable region. To address this problem, a simple but 

effective method based on converter-side current feedback is 

proposed in this paper. This method does not need any extra 

sensors for active damping, which increases reliability and 

reduces the cost. The proposed method expands the stable region 

and guarantees the stability of the inverter against the grid 

impedance variation. It is shown that the proposed method is 

effective in the case of multi-paralleled inverters whiles normally 

coupling effect among inverters makes the stability condition 

worse. The effectiveness of the proposed method is verified 

through experimental results.1 

Index Terms—Active damping, delay, grid-connected inverter, 

multi-paralleled inverters, passivity, stability 

 

I.  INTRODUCTION 

The resonance of the LCL filter may interact with the 

control loops, resulting in harmonic instability [1]. Various 

damping methods, i.e., passive and active damping methods 

have been well documented in [2]. It has been found that delay 

in digitally-controlled systems has a destabilizing effect within 

the single-loop control system. Given the time delay of 1.5Ts, 

where Ts = 1/fs is the sampling period, it was found that the 

converter-side current control can be designed stable for the 

LCL resonance frequency below fs/6 without any damping 

methods [3]. However, the variation of grid impedance could 

locate the resonance frequency outside of the stable region, 

which causes instability. 

Continuous research efforts have been made to mitigate 

the delay effect in the control system. A first-order high-pass 

filter is used in [4] for delay compensation, which is prone to 

noise amplification. Also, It is not sufficient if the resonance 

frequency is higher than fs/3. The reciprocal of a notch filter is 

used in [5] for compensation of the phase lag caused by the 

delay. To reduce the delay, a method is shifting the sampling 

instant of the capacitor current, proposed in [6], which is 
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susceptible to signal aliasing and switching noise. In [7], a 

repetitive block is proposed for delay compensation, which 

expands the stable region at the cost of infinite gain and noise 

amplification at the Nyquist frequency (fs/2). 

The other challenge associated with renewable-based 

plants is the coupling effect among inverters [8]–[10]. In a 

microgrid with multi-paralleled inverters, all of the inverters 

are coupled through the grid impedance Zg. Hence, despite the 

variation of grid impedance, connection or disconnection of an 

inverter changes the impedance seen by other inverters and 

should be considered in controller design to prevent 

instability. 

In this paper, a delay compensation method based on 

biquad filter is proposed, which guarantees the stability of 

grid-connected inverters against the grid impedance variation 

and coupling effect among paralleled inverters. The proposed 

method only uses converter-side current in the control system 

and it does not need any other active damping methods. 

Therefore, it reduces the cost and increases the reliability. 

The main contribution of this paper is stabilizing LCL-

filtered grid-connected inverters in weak grids without any 

extra sensors. This method increases the critical frequency by 

using the biquad filter and hence, expands the inverter’s stable 

operation region. Many delay compensation methods are 

based on introducing a positive phase to the system, which 

normally comes from lead-lag controllers to amend the phase 

lag caused by the delay. However, the superiority of the 

biquad filter in comparison with other types of band-pass 

filters can be expressed by the value of the positive phase, 

which introduces to the system. Almost all common band-pass 

filters normally introduce a positive phase up to 90°, while by 

using the biquad filter, it is possible to introduce a higher 

positive phase. In addition, since the inverter output 

admittance remains passive over a wide range of frequency, 

the stability of the system in the case of multi-paralleled 

inverters is guaranteed whiles normally coupling effect among 

inverters makes the stability condition worse [8], [9]. Also, the 

proposed method does not need any adaptive algorithms based 

on online grid impedance estimation to tune the control 

parameters and resonance damping, such as used in [11], [12]. 

The rest of this paper is organized as follows. In Section 

II, the non-stable region of the control system is presented to 

formulate the problem. The passivity enhancement method is 

proposed in Section III. In Section IV, the proposed method is 

validated through experimental results on a lab prototype 

considering grid impedance variation and coupling effect 

among inverters. Finally, Section V, concludes the paper. 
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II. SYSTEM DESCRIPTION AND PROBLEM DEFINITION 

Fig. 1 shows the circuit of a three-phase LCL-filtered grid-

connected inverter with the single-loop current control, where 

ZL1, ZL2, ZC and ZLg are the inverter-side inductor impedance, 

the grid-side inductor impedance, the capacitor impedance and 

the grid impedance, respectively. 

1 1 2 2

1
, , ,L L C Lg gZ L s Z L s Z Z L s

Cs
     (1) 

Also, Fig. 2 shows the per-phase single-loop control block 

diagram of the grid-connected inverter. In this figure, Gi(s) is 

the proportional-resonant current controller and Gd(s) models 

the computational and the PWM delay (
1.5

( ) sT s

dG s e


 ). The 

amplitude of triangular carrier signal is considered Vtri = Vdc/2. 

Therefore, the transfer function from the modulation signal to 

the inverter bridge voltage is equal to 1 and its block is not 

shown in Fig. 2. 

To show the non-stable region of the single-loop control 

system, the impedance model can be derived using Fig. 2. 

1( ) ( ) ( ) ( ) ( )cl ref o ci s G s i s Y s V s   (2) 

where, Gcl(s) is the closed-loop transfer function and Yo(s) is 

the inverter output admittance which is given by 

1

10

( ) 1
( )

( ) ( ) ( )
ref

o

c i di

i s
Y s

V s sL G s G s


 


 (3) 

The Norton equivalent circuit of a grid-connected inverter 

is shown in Fig. 3. As shown in this figure, the capacitor C 

and the grid-side inductor L2 could be regarded as a part of 

grid impedance. As stated in passivity-based theory, a grid-

connected inverter will be stable if it satisfies the following 

constraints: 1) the closed-loop transfer function of the control 

system should not have RHP poles and 2) the phase of Yo(s) 

should be within [−90°, 90°] [13]–[16]. Regarding this 

constraint, the system will be stable regardless of the grid 

impedance and the number of paralleled inverters. 

The resonant part of PR controller can be neglected at 

frequencies not in the vicinity of the fundamental frequency 

because of its negligible effect at these frequencies. Hence, the 

real part of 1/Yo(s) could be used for predicting the passivity of 

the control system, since the sign of Re{1/Yo(s)} is equal to 

that of Re{Yo(s)}. This leads to 

1
{ } cos(1.5 )

( )
p s

o

Re k T
Y j




  (4) 

It is clear that Re{1/Yo(s)} is positive in the interval of (0, 

fs/6) and it is negative in the interval of (fs/6, fs/2), where fs/6 is 

named as critical frequency fcr. 

The Bode plot of Yo(s) and equivalent grid admittance 

Yg_eq(s) are shown in Fig. 4 using the parameters listed in 

Table I and assuming kp =20 (to achieve PM = 45° for loop 

gain). As shown in this figure, there is a wide range of 

frequency, which the phase of Yo(s) is beyond [−90°, 90°]. 

 

III. PASSIVITY ENHANCEMENT 

The delay causes phase lag and it limits the critical 

frequency to fs/6. Therefore, to enhance the passivity, it is 

necessary to expand the critical frequency. In this paper, a 

biquad filter is proposed to compensate the phase lag and keep 

the inverter output admittance positive over a wide range of 

frequency. The proposed control system is shown in Fig. 5, 

where, the transfer function of the biquad filter is: 
2 2

2 2
( )

2
a a

s
G s k

s s



 



 




 
 (5) 

The Bode plot of the biquad filter is shown in Fig. 6. The 

superiority of the biquad filter in comparison with other types 

of band-pass filters can be expressed by the value of the 

positive phase which introduces to the system. In other words, 

Vg

Vd c

VSC
ZL1

ZC

ZL2 ZLg

PCC

Current 

Controller
PWM

Pulses

iref

i1

+
-

 

Fig. 1.  Three-phase LCL-filtered inverter with the single-loop control. 
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-
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-

 
Fig. 2.  Per-phase block diagram of a three-phase LCL-filtered inverter with 
the single-loop current control. 
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VcGcl (s) iref (s)
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C
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Vg
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Fig. 3.   Norton equivalent circuit of the converter-side current controlled 

grid-connected inverter. 

 

Stable Region Non-stable Region

fs /6

 
Fig. 4.   The Bode plots of Yo(s) and Yg_eq with the single-loop current control. 
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common band-pass filters normally introduce a positive phase 

up to 90°, while by using the biquad filter, it is possible to 

introduce a higher positive phase, as Fig. 6 shows. 

To tune the parameters of the biquad filter, the inverter 

output admittance should be derived, at first. It can be 

obtained using Fig. 5, as presented in (6). The real part of 

1/Yo_pro(s) is derived in (7) which depends on various 

parameters including current controller and biquad filter 

parameters. 

_

1

1
( )

( ( )) ( )
o pro

p a d

Y s
sL k G s G s
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 (7) 

 Firstly, ωα is selected as 0.1ωs for positive phase 

introducing in desired frequencies which are higher than 0.1ωs 

(1000 Hz). In fact, selection of ωα is based on Fig. 4, which 

shows the Bode plot of inverter output admittance Yo(s) for the 

single-loop control system. As shown in this figure, the phase 

of Yo(s) exceeds -90° at fs/6 (1666 Hz), which means, the real 

part of inverter output admittance becomes negative which 

might cause instability. Therefore, in order to keep the real 

part of Yo(s) positive, it is necessary to introduce a positive 

phase at a frequency below fs/6. Thus, ωα is selected as 0.1ωs. 

Also, ωβ should be designed so that keep the magnitude of 

Ga(s) in a reasonable range in high frequencies to prevent 

noise amplification. Therefore, ωβ is selected as 0.25ωs. In 

fact, it is a fair trade-off between the magnitude of Ga(s) in 

high frequencies and positive phase introducing. 

The sign of the cosine function in (7) changes from 

positive to negative at ω= ωs/6. Therefore, if the sign of 

multiplying part changes at this frequency, the cosine part 

remains positive. It leads to: 
2 2 2 2

2 2 2 2

/6

( )( )
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( ) (2 )
s

p a

s

k k
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 (8) 

 Using (8), ka can be achieved as a function of kp. In order 

to tune the other control parameters, i.e., kp and β, the transfer 

function of the control system loop gain can be used. Using 

Fig. 5, the transfer function of loop gain is presented as (9). 

1( ) ( ( ) ( )) ( ) /i a dT s G s G s G s sL   (9) 

The parameters kp and β should be selected so that, T(s) 

meet the desired cutoff frequency and desired phase margin 

(PM_LP_des).  
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Fig. 5.  Block diagram of the proposed control system. 

 

 
Fig. 6.  The Bode plot of the biquad filter. 

 

 
Fig. 7.   The corresponding coefficient of sine part in (7) versus frequency. 
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TABLE I 

Parameters of the inverter and grid 

Parameters of inverter 

Input DC voltage, Vdc 650 V 

Inverter-side inductor, L1 8.6 mH 

Filter capacitor, C 4.5 µF 

Grid-side inductor, L2 1.8 mH 

Sampling and switching 

frequency 
10 kHz 

Rated power of each inverter 2.2 kVA 

Parameters of utility grid 

Grid voltage, Vg (Phase-to-

phase RMS Voltage) 
400 V 

Frequency 50 Hz 

Grid inductance, Lg 0 mH - 3 mH 

 

TABLE II 
Control Parameters 

Current controller 

kp 15.75 

kr 800 

 Delay compensation controller Ga(s) 

ka 149.5 

β 0.205 

ωα 0.1ωs 

ωβ 0.25ωs 

 
 

 
Fig. 8.   Bode plot of the proposed control system loop gain. 
 

It should be noted that, PM_LP_des is the desired phase 

margin associated with the loop gain of the control system 

(T(s)). By assuming Gi(s) ≈ kp, cutoff frequency as fcut = 600 

Hz ( =2 600cut   ) and defining PM_LP_des = 45°, the 

equations (10) and (11) at the cutoff frequency yield which are 

shown at the bottom of previous page. Solving (8), (10) and 

(11) using numerical methods in MATLAB leads to, kp = 

15.75, ka = 149.5 and β = 0.205. The corresponding coefficient 

of the sine part in (7) is depicted in Fig. 7. As shown in this 

figure, the magnitude of the corresponding coefficient of the 

sine part is very small, so it has a negligible effect on the 

passivity of the inverter. 

The Bode plot of T(s) is depicted in Fig. 8 using the 

control parameters listed in Table II. As shown in this figure, 

the cutoff frequency and PM_LP are close to desirable values, 

i.e., 600 Hz and 45°, respectively. However, by feeding back 

the inverter-side current (i1), the capacitor C and the grid-side 

inductor L2 could be regarded as a part of grid impedance. In 

other words, the inverter is stable by considering only the 

inverter-side inductor as an output filter. However, its stability 

considering C and L2 should be investigated using impedance-

based stability criterion [17]. 

 

IV. EXPERIMENTAL RESULTS 

A. Stability against Grid Impedance Variation 

Fig. 9 shows the inverter output admittance with single-

loop current control (Yo), the proposed method (Yo_pro) and 

equivalent grid admittance with Lg = 1 mH (Yg_eq_1mH) and Lg = 

3 mH (Yg_eq_3mH) with parameters presented in Table I. As 

 

Fig. 9.   The Bode plots of Yo, Yo_pro, Yg_eq_1mH and Yg_eq_3mH. 
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Fig. 10. The grid injected current in the grid impedance variation condition. 

(a) Single-loop control. (b) The proposed control system. 
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shown in this figure, by using the single-loop control, when 

the Lg = 3 mH, the PM = 2° at the intersection point and 

therefore, the system is stable according to impedance-based 

stability criterion [10]. However, by reducing Lg to 1 mH, the 

PM becomes negative (PM = -2°). This shows that single-loop 

control is not robust against the grid impedance variation. 

By using the proposed method, the PM = 14° with Lg = 3 

mH and PM = 33° with Lg = 1 mH, which shows that the 

system is stable. It should be noted that, an increase of grid 

inductance, pushes the intersection point toward lower 

frequencies as shown in Fig. 9. Since the phase of Yo_pro is 

higher than -90° in frequencies lower than the intersection 

point of Yo_pro and Yg_eq_1mH, it could be argued that the 

increase of grid inductance never makes the system unstable, 

which is a great achievement thanks to the proposed method. 

Fig. 10(a) shows the experimental result of the grid-side 

current for a single-loop control system (Ga(s) = 0). As shown 

in this figure, the grid injected current is stable with Lg = 3 

mH, but it goes toward instability with the reduction of grid 

inductance. In the next experiment, the proposed control 

method is applied and the result is shown in Fig. 10(b). As 

shown in this figure, thanks to the proposed delay 

compensation method, the inverter is stable in both conditions 

without using any extra sensors. The experimental results 

verify the theoretical analysis in Fig. 9 and show the 

robustness of the proposed method against the grid impedance 

variation. 
 

B. Multi-Paralleled Inverters 

Fig. 11 shows a typical grid-connected microgrid with 

multi-paralleled inverters. By substituting the impedance 

models for the paralleled inverters (see Fig. 3), the equivalent 

circuit can be drawn in Fig. 12. It should be noted that, the 

current source for inverters are supposed to be zero (open 

circuit) since they have not any effects on the equivalent grid 

admittance seen by inverters. The equivalent grid admittance 

(Yg_eq) for each inverter, includes the grid admittance and the 

inverter output admittances of the other paralleled inverters. A 

system consisting of two paralleled inverters is considered, for 

instance. Fig. 13 shows the inverter output admittance with 

single-loop control (Yo) and equivalent grid admittance (Yg_eq).  

Vdc_1

Vdc_2

Vdc_n

VSC #1

VSC #2

VSC #n

L1 L2

C

L1 L2

C

L1 L2

C

Vg

Lg

Vinv_1

Vinv_2

Vinv_n

VPCC

 
Fig. 11.   Typical structure of multi-paralleled inverters in a microgrid. 
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Fig. 12.  Impedance-based model for multi-paralleled inverters. 

 

  
Fig. 13.   The Bode plots of Yo and Yg_eq in case of connection of two inverters 
with the single-loop control. 

Fig. 14.   The Bode plots of Yo and Yg_eq in case of connection of two inverters 
with the proposed control system. 
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Both inverters are similar and Lg = 3 mH is considered. As 

shown in Fig. 13, the PM = -4° at the intersection point, which 

shows that the connection of two inverters, makes the system 

unstable. Fig. 14 shows the inverter output admittance using 

the proposed method (Yo_pro) and equivalent grid admittance 

(Yg_eq). As shown in this figure, unlike Fig. 13, the PM at the 

intersection points are positive which shows the effectiveness 

of the proposed control system in the passivity enhancement. 

Fig. 15(a) shows the total grid injected current of both 

inverters using the single-loop control system. Inverter 1 

injects its current to the grid and then, inverter 2 connects at t 

= 0.5 s. As shown, before connection of inverter 2, inverter 1 

is stable. However, after connection of inverter 2, the system 

becomes unstable since equivalent grid impedance is changed. 

The experimental results validate the analytical results derived 

from Fig. 13. The experiment is repeated using the proposed 

control system and its result is shown in Fig. 15(b). As shown 

in this figure, the system remains stable after connection of 

inverter 2, thanks to the proposed method, which keeps the 

phase of the inverter output admittance within the stable 

region with a sufficient PM. The experimental results validate 

the analytical results derived from Fig. 14. 

V. CONCLUSION 

In this paper, a control system for inverters in weak grids 

with a wide variation of grid impedance is presented. To 

improve the stability, an effective method based on biquad 

filter is proposed, which is capable of expanding the stable 

region. The proposed method does not need any extra sensors 

for active damping which reduces the cost and increases the 

reliability. The control system robustness is validated in case 

of grid impedance wide variation and connection of parallel 

inverters using experimental results. 
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Fig. 15.  Total grid injected current in a system consisting of two paralleled inverters. (a) Single-loop control. (b)  Proposed control system. 


