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    Abstract—With growing environmental concerns, the 

installation of distributed generation systems forming microgrids 

in power systems has received much attention recently. This 

panacea, however, has always some challenges with itself. The 

delay in digital control systems, grid impedance variations in 

weak grids, and the interaction between paralleled converters in 

a microgrid, which can threaten the expectable operation of 

microgrids, are notable examples. Thus, this paper formulates 

these challenges in microgrids and then addresses them so that 

guarantees the stable operation of the microgrid. To this end, this 

paper first offers a delay compensation method, and elaborates it 

so that the control system achieves a high robustness against grid 

impedance variations. Then, a feedforward loop is introduced to 

the control system that makes the system immune against the 

interaction of inverters in microgrids. Using these methods, the 

system can survive irrespective of the above-mentioned non-ideal 

conditions. The grid-forming control approach is selected as the 

operation mode of the microgrid in this paper, since it could be 

used for both grid-connected and islanded scenarios. The 

experimental results of a laboratory prototype show the 

correctness of the theoretical conclusions and confirm the 

efficiency of the suggested technique.1 

 

    Index Terms— Control delay, interaction, grid-forming 

inverters, microgrids, stability. 

 

I.  INTRODUCTION 

 

Grid-interactive power converters play a key role in 

interfacing renewable energy systems to the power grid. 

Therefore, their control and stability is an issue of paramount 

importance [1], [2]. Often, a grid-following control mode is 

adopted for the control of grid-connected inverters that means 

they are regulated to follow a reference current [3]–[5]. The 

stability assessment of grid-connected inverters in this 

operation mode has been well discussed in the literature [6]– 

[11]. The grid-forming operation mode is an alternative option 

for the control of grid-connected inverters [12], [13]. Such an 

operation mode is often adopted under weak grids to support 

the power grid in stabilizing the voltage/frequency or when an 

intentional/unintentional islanding happens. On the other 

hand, this control mode could be adopted for a smooth 
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transition between grid-tied and islanding mode. 

Unfortunately, the research works on the stability assessment 

of the grid-interactive inverters in this operation model are 

limited. Therefore, the stability of voltage-controlled inverters 

should be investigated further in different case studies and by 

considering non-idealities, such as computational and PWM 

delay, grid impedance variations as well as coupling effect 

among parallel inverters. 

The voltage-controlled inverters with an LC or LCL filter 

have been extensively used for distributed generation systems 

[14], uninterruptible power supplies [15], and grid emulators 

[16], among other applications. To ensure a satisfactory 

operation, normally a double-loop control method comprised 

of an inner loop for controlling the current, and an outer loop 

for controlling the voltage is used [17]. In this scheme, the 

inner loop could be modeled as a virtual impedance that is in 

series with the inverter-side inductor. Thus, it has an inherent 

active damping for the mitigation of filter resonance. The 

virtual impedance is affected by the delay in digitally-

controlled systems and might cause instability issues. 

The delay introduces some problems for control of the 

inverter such as negative virtual impedance and signal aliasing 

[18]. The virtual impedance behaves as a negative resistance 

at frequencies higher than fs/6, where fs is the sampling 

frequency. Therefore, the loop gain will have right-half-plane 

(RHP) poles in a case that the resonance frequency of the filter 

capacitor and inverter-side inductor is higher than the critical 

frequency fcr = fs/6. Therefore, the system is prone to a non-

minimum phase behavior because of RHP poles, which might 

make the system unstable [19]. 

Extensive researches have been done to amend the adverse 

effect of the delay on the control system. A reciprocal of a 

notch filter and a high-pass filter are proposed in [20] and 

[21], respectively, to reduce the delay’s negative effect. In 

[22], sampling instant is shifted to amend the delay effect. 

However, the implementation of this method is prone to 

switching noise and signal aliasing. Li et al. [23] proposed a 

repetitive-based control system for the delay compensation to 

expand fcr. However, this method puts the system at the risk of 

noise amplification at the Nyquist frequency because of 

infinite gain at this frequency. An observer-based method is 

proposed in [24] to predict the current and amend the delay 
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effect. However, this method might suffer from parameters 

mismatch, since it is sensitive to uncertainties and parameter 

variations. Pan et al. [25] proposed an optimized capacitor 

current feedback-based active damping for resonance 

mitigation in a digitally-controlled system. 

Although all the above-mentioned studies and many 

others have been carried out on the delay compensation, few 

of them have focused on the concept of passivity. The 

passivity, in simple words, means that the converter output 

impedance has a positive real part. In this way, irrespective of 

the grid impedance value and its possible variations, the 

converter can preserve its stability [26]. 

Additionally, another challenge that comes to mind is the 

coupling effect of parallel converters in a microgrid, especially 

when a number of parallel converters are connected to a point 

of common coupling (PCC). In this case, because of the 

coupling effect among parallel units, the equivalent grid 

impedance that each inverter sees in its output will be different 

from the actual grid impedance, which may cause instability 

issues [27]–[29]. Notice that if the inductive grid impedance 

intersects with inverter output impedance in its capacitive 

range, where the real part of the inverter output impedance is 

negative, it puts the system at the risk of instability [30]. This 

situation is a probable scenario in weak grids where the grid 

impedance varies in a wide range or in multi-parallel systems, 

where connecting or disconnecting an inverter affects the grid 

impedance seen by other inverters. 

The passivity concept provides an intuitive approach to 

investigate the harmonic stability problem and minimize the 

frequency range where the converter has a negative resistance 

behavior [30]. In fact, the goal of passivity-based stability is to 

provide a condition for all connected sub-systems to have a 

passive and stable behavior in a wide range of frequency. In 

this condition, the system keeps its stability irrespective of the 

grid impedance variations and the number of parallel inverters, 

as each element is solely passive. 

Passivity-based stability has been increasingly studied in 

the literature [29]–[34]. Yoon et al. [29] have shown the 

interaction of non-passive inverters in a microgrid with 

varying grid impedance. The inverter output impedance is 

decomposed into a passive and an active impedance in [31], 

where the passive impedance depends on the LCL filter, and 

on the other hand, the current controller and the time delay 

affect on the active impedance. The passivity of a single-loop 

voltage-controlled inverter is addressed in [32]. In [33], a 

series LC-filtered active damper is proposed to mitigate the 

resonance. It could be used for passivity enhancement but 

adding an extra converter increases the cost and complicates 

the control system. A similar idea is proposed in [34], in 

which the grid impedance effect is mitigated using an active 

filter. A modified controller is proposed in [35] to amend the 

phase of inverter output impedance in a current-controlled 

grid-connected inverter. 

The majority of the above passivity-based studies have 

been conducted on the current-controlled systems, and very 

limited works have been carried out on the voltage-controlled 

systems. Bridging this research gap is the main aim of this 

paper. To this end, this paper presents an in-depth stability 

analysis of a dual-loop voltage-controlled inverter. The effect 

of delay in digitally-controlled systems on the stability of the 

system is first analyzed, comprehensively. The negative effect 

of delay is compensated by introducing an adequate positive 

phase to the system through a lead-lag filter. Thus, the critical 

frequency is expanded to frequencies higher than fs/6. This 

method could be useful for systems in which the sampling 

frequency is relatively low or the resonance frequency is 

higher than fs/6. Also, a control system with a wide bandwidth 

is designed to ensure a satisfactory operation. A step-by-step 

controller design is presented for each part. Then, an output 

current feedforward method is proposed, which guarantees the 

stability of the system irrespective of the grid impedance 

variations and the coupling effect among the parallel inverters. 

By using the proposed methods, it will be shown that the 

inverter output impedance keeps its passivity up to the Nyquist 

frequency. The proposed methods in this paper can be used in 

the case of control voltage in islanded microgrids, as well. 

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

II, a short description of the system, as well as delay effect, are 

presented to formulate the problem. In Section III, a delay 

compensation method is presented to improve the system 

robustness. In Section IV, the stability of the system based on 

the passivity is discussed and an output current feedforward 

method is proposed to achieve a stable condition for the 

inverter. In Section V, the proposed methods are validated 

through comprehensive analysis and experimental results. 

Finally, the paper is concluded in Section VI. 

 

II. SYSTEM MODELING AND PROBLEM DEFINITION 

 

 The voltage control structure of a grid-connected inverter 

is shown in Fig. 1. In this figure, ZL1 and ZL2, are the 

impedance of the inverter-side and grid-side inductors, 

respectively. ZC denotes the capacitor impedance, and Zg is the 

grid impedance. 

1 1 2 2

1
, , ,L L C g gZ L s Z L s Z Z L s

Cs
     (1) 

As the resistive components offer some damping and help 

stabilize the system, they are neglected here to take into 

account the worst-case scenario. 

As shown in Fig. 1, the inverter output is regulated using a 

dual-loop control structure, where the outer loop controls the 

capacitor voltage and the inner loop regulates the inverter side 

 
Fig. 1.   Voltage control structure of a grid-connected inverter. 
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current. The reference voltage is generated using a power 

controller, which has a much lower bandwidth compared to 

the voltage and current control loops. Therefore, without 

significantly affecting the accuracy, its dynamics can be 

neglected in the stability assessment of the voltage and current 

control loops, which is the focus of this paper. Refer to [36] 

for more details about the dynamics of the power controller 

and its design procedure. 

The study in this paper is carried out in the αβ frame, 

which is realized by applying the Clarke transformation to the 

three-phase voltage and current signals. Considering that the 

system is supposed to be symmetrical, alpha and beta axes of 

voltage and current control loops are identical and therefore, 

could be treated like a single-phase system. 

The control block diagram of the traditional dual-loop 

voltage-controlled grid-connected inverter is presented in the 

αβ frame in Fig. 2(a), in which Gv(s) and Gi(s) are the voltage 

and current controllers, respectively. Gd(s) models the 

computational and PWM delay, is equal to [20] 
1.5

( ) sT s

dG s e


  (2) 

where Ts denotes the sampling period. 

Regarding Fig. 2(a), the first thing that comes to mind is 

that the grid-side inductor (L2) can be considered as a part of 

the grid impedance and it does not affect the system dynamics. 

The effect of the grid-side inductor on the system stability will 

be investigated in Sections IV and V. 

In the dual-loop control system, a proportional regulator is 

normally used as the inner current loop controller [32]. 

Therefore, Gi(s) = kpi is considered in this paper. By applying 

the block diagram algebra to Fig. 2(a), it could be represented, 

as shown in Fig. 2(b). This representation shows that the inner 

loop could be modeled as a virtual impedance Zv(s) in series 

with the inverter-side inductor. Zv(s) is presented as 

1.5 1.5
( ) ( ) s sT s T s

v i piZ s G s e k e
 

  . (3) 

Fig. 3 shows the equivalent circuit of a dual-loop voltage-

controlled grid-connected inverter. Thus, the dual-loop control 

system has an inherent active damping which mitigates the 

resonance of the filter and therefore, improves the system 

stability. 

By applying the Euler’s formula and considering Gi(s) as a 

proportional controller, Zv(s) can be represented as follows: 

( ) [cos(1.5 ) sin(1.5 )]v pi s sZ j k T j T    . (4) 

From (4), it could be easily found that the real part of the 

virtual impedance is positive for 0 < fcr < fs/6 and negative for 

fs/6 < fcr < fs/2 [37]. Therefore, the system loop gain will have 

RHP poles when the resonance frequency of the filter 

capacitor (C) and inverter-side inductor (L1) is higher than fs/6, 

which in turn, might make the control system unstable [19]. In 

this condition, the virtual impedance not only does not 

improve the system stability, but also puts the system at the 

instability risk. 

It should be noted that if the delay is ignored, the virtual 

impedance turns to a resistor. However, the negative phase 

that comes from the delay changes the ideal condition. 

Therefore, expanding the critical frequency (fcr) is the first step 

for the stable operation of the inverter. 
 

III. DELAY COMPENSATION 

 

In this section, a method using a lead-lag filter for delay 

compensation and expanding the critical frequency is 

presented, and its tuning aspects are discussed. 
 

A. Lead-Lag Filter-Based Delay Compensation 
In order to expand the critical frequency and, therefore, 

enhance the stability of the active damping loop (inner loop) 

against the resonance frequency, the critical frequency should 

be increased. To this end, the phase lag introduced by the 

delay must be amended. Here, using a lead-lag filter is 

suggested for this purpose. The lead-lag filter is inserted along 

the inner feedback path as shown in Fig. 4. Its transfer 

function is presented as 

( )bp bp

s
G s k

s













 (5) 

where ωα and ωβ are its corner frequencies and kbp is its gain. 

vref Gv(s) Gi(s) Gd(s) ZC(s)
1

1

( )LZ s

io(s)

vo(s)
ii(s)vinv(s)

 
(a) 

 

vinv(s)
vref Gv(s) Gi(s) Gd(s) ZC(s)

1

1

( )LZ s

io(s)

vo(s)

Gi(s)Gd(s)

ii(s)

 
(b) 

Fig. 2.   The control scheme of the traditional voltage-controlled inverter. (a)  
The traditional double-loop voltage control. (b) Mathematically-equivalent 

single-loop representation of the double-loop voltage control. 

 

 

Fig. 3.   Equivalent circuit of a dual-loop voltage-controlled grid-connected 
inverter. 

 

vref Gv(s) kpi Gd(s) ZC(s)
1

1

( )LZ s

io(s)

vo(s)
ii(s)vinv(s)

Gbp(s)

 
Fig. 4.   The proposed control system for expanding fcr. 
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The virtual impedance in the new control system can be 

expressed as 
1.5

( ) ( ) sT s

v pi bpZ s k G s e


 . (6) 

Achieving Zv(s) is similar to Fig. 2(b), and its related 

figure is not depicted again. From (6), it is noted that the 

negative effect of delay could be amended by Gbp(s). If the 

lead-lag filter introduces an adequate positive phase, the 

virtual impedance will keep its positive real value over a wider 

frequency range and, therefore, the critical frequency will be 

expanded. 
 

B. Tuning Lead-Lag Filter Parameters 

Using (6), the real part of virtual impedance in the 

frequency domain could be represented as follows: 

 ( )vRe Z j   

2

2 2
[( ) cos(1.5 ) ( )sin(1.5 )]

pi bp

s s

k k
T T   



       
 

  


. (7) 

It is clear that the current controller gain (kpi) and lead-lag 

filter gain (kbp) have no effect on the phase of virtual 

impedance and only affect the magnitude of Zv(s). Therefore, 

they must be tuned so that the resonance peak is mitigated and 

an adequate bandwidth for the control system is achieved. 

To avoid the noise amplification, ωβ should be designed 

so that the magnitude of Gbp(s) is preserved in a reasonable 

range at high frequencies. To this end, the Nyquist frequency 

can be considered as an upper limit, since Nyquist frequency 

should not exceed because of sampling effects found in a 

digitally-controlled system. Therefore, ωβ is selected as 0.5ωs, 

where ωs = 2π fs, and fs is the sampling frequency. 

Regarding the cutoff frequency ωα, a graphical design 

approach is used for tuning. Fig. 5 shows the variations of the 

real part of Zv(jω) versus ω and ωα. The per-unit values of ω 

and ωα are used in this figure, for the sake of clearness. The 

system parameters summarized in Table I show that the 

resonance frequency of the filter capacitor and inverter-side 

inductor is 1768 Hz. Therefore, ωα should be selected so that 

the real value of Zv(jω) remains positive at a rather wide 

neighborhood of this frequency to ensure that parameter 

tolerance in real applications does not affect the stability. 

From Fig. 5, it is observed that ωα = 0.1ωs is a wise choice, as 

it makes the real value of Zv(jω) positive for the frequencies 

up to 2400 Hz. It means that the critical frequency expands 

from fs/6 to 2400 Hz. As can be seen in Fig. 5, the maximum 

frequency that the lead-lag filter keeps the real part of Zv(jω) 

positive is about 2800 Hz, which is achieved by selecting ωα = 

0. After tuning ωα and ωβ, the gain of lead-lag filter (kbp) 

should be designed. Regarding (6), kbp only affects the 

magnitude of Zv(s) and it is selected as kbp = 20, in this paper. 
 

C. Design of Voltage and Current Controllers 

For the outer voltage control, an integral-resonant (IR) 

controller in the αβ frame is used instead of the conventional 

PR controller. The IR controller could be presented in the s-

domain as follows. 

2 2
( )

2

pv

v rv

c o

k s
G s k

s s s 
 

 
 (8) 

The first term in the right-side of (8), i.e., kpv/s is the 

integral part of the controller, while the second term is the 

resonant part of the controller that is used for eliminating the 

steady-state error at the fundamental frequency. 

The integral part of the IR controller increases the loop 

gain of the control system at lower frequencies and therefore, 

it helps the system to have a wide control bandwidth [38]. The 

resonant part of the IR controller at the fundamental frequency 

should be high enough to minimize the steady-state error. 

Therefore, krv = 500 is selected. 

To tune the integral gain of the IR controller (kpv) and the 

inner loop proportional (kpi) so that the stability is guaranteed, 

the discretized form of the system loop gain (T) is derived by 

applying the ZOH transformation to the plant as follows: 

( )T z   

2

( ) (1 cos( ))( 1)

( 2 cos( ) 1) sin( )( 1) ( )

v pi r s

r s r pi r s bp

G z k T z

z z z T C k T z G z



  

 

   
 (9) 

where, ωr is equal to 11/ L C . It should be noted that the 

voltage controller, Gv(z) as well as lead-lag controller Gbp(z) in 

(9) are discretized using Tustin method. The procedure of 

deriving (9) is completely explained in [25] and [39]. 

Therefore, it is not repeated here to save space. 

 

 
Fig. 5.  The variations of the real part of Zv(jω) versus ωα and ω. 
 

TABLE I 

Parameters of the inverter and grid 

Parameters of inverter 

Input DC voltage, Vdc 650 V 

Inverter-side inductor, L1 1.8 mH 

Filter capacitor, C 4.5 µF 

Grid-side inductor, L2 0.5 mH 

Resonance frequency, fr 1768 Hz 

Sampling and switching 

frequency, fs 
10 kHz 

Rated power of each inverter 2.2 kVA 

Parameters of utility grid 
Grid Voltage, Vg 400 V (Line to line) 

Frequency 50 Hz 

Grid inductance, Lg 0 < Lg < 2.5 mH 
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kpi

kpi = 2.6

kpi = 0.5 : 0.1 : 3

 
(a) 

kpi

kpi = 2.6

kpi = 0.5 : 0.1 : 3

 
(b) 

kpi

kpi = 2.7

kpi = 0.5 : 0.1 : 3

kpi = 1.7

 
(c) 

Fig. 6.  The closed-loop poles movement of the control system. (a) kpv = 500. 

(b) kpv = 1000. (c) kpv = 1500. 

 

 

Fig. 6 shows the closed-loop pole maps with three typical 

kpv values. A sweep of kpi from 0.5 to 3 is performed at the 

step of 0.1 to identify the range of control parameters. As 

shown in Fig. 6(a), the poles with kpv = 500 move outside the 

unit circle for 2.6pik  . The condition is the same for Fig. 

6(b) for kpv = 1000. However, in the case of kpv = 1500, the 

closed-loop poles move outside the unit circle for 1.7pik  .  

Through plotting the Bode diagram, it could be found that 

selecting kpv = 1000 and kpi = 2.5 gives the widest bandwidth 

in comparison with other values for kpv and kpi. Fig. 7 shows 

the Bode plot of T(z) using the parameters presented in Table 

II, when delay compensation is applied. It could be seen that 

the control system has an acceptable bandwidth thanks to the 

IR controller which mitigates the low order harmonics and 

meets the control requirements. 

 

IV. PASSIVITY ENHANCEMENT USING OUTPUT CURRENT 

FEEDFORWARD METHOD 

 

The Thevenin equivalent circuit of a voltage-controlled 

inverter could be achieved from Fig. 4 as shown in Fig. 8, 

where Zo(s) is the inverter output impedance and Gcl(s) is the 

transfer function of the closed-loop control system, i.e., Gcl(s) 

= T(s) / [T(s) + 1]. The inverter output impedance Zo(s) could 

be derived from Fig. 4, as follows: 

0

( )
( )

( )

o

o

o Vref

v s
Z s

i s





 

          
1

1

( ) ( )

( ) ( ) ( ) ( )

L C pi d bp C

L C pi d bp v pi d C

Z Z k G s G s Z

Z Z k G s G s G s k G s Z




  
 

          
1

2

1

( ) ( )

1 ( ) ( ) ( ) ( )

pi d bp

pi d bp v pi d

sL k G s G s

s L C sCk G s G s G s k G s




  
. (10) 

Based on the passivity-based stability criterion, satisfying 

two following constraints is necessary for a voltage-controlled 

 

GM = 
2.85 dB

 
Fig. 7.  The Bode diagram of the loop gain of the control system. 
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inverter to keep its stability [31]. 1) It should have no RHP 

poles in its closed-loop transfer function, which means that the 

inverter should be internally stable. 2) The real part of the 

inverter output impedance must be positive, which implies that 

the phase of inverter output impedance must be in the interval 

of [−90°, 90°] at all frequencies. 

The dual-loop control system can shrink those frequencies 

that inverter is non-passive by its inherent active damping. 

However, a region around the resonance frequency might still 

remain that the phase of Zo(s) exceeds ±90°. If the grid 

impedance and Zo(s) intersect in this area, it may put the 

system at the risk of instability. Such a scenario can happen in 

weak grids, where the grid impedance varies widely or in 

multi-parallel systems, where the coupling effect among 

inverters changes the grid impedance seen by each inverter. 

Therefore, the passivity-based stability is applied in this paper 

to mitigate the non-passive parts of Zo(s) and to provide a 

condition that the inverter can work stably irrespective of non-

ideal grid conditions. 

As depicted in Fig. 7, the inverter can work stably in a 

stiff grid since the control system satisfies the phase margin 

and gain margin constraints. Therefore, the first constraint is 

satisfied. However, the effects of grid impedance and grid-side 

inductor are not considered in this Bode plot. Therefore, the 

system might become unstable in non-stiff grids. The inverter 

output impedance could be analyzed for stability assessment 

in a non-stiff grid. 

The Bode plot of Zo(s) up to the Nyquist frequency is 

depicted in Fig. 9. This figure shows that there is a wide range 

that the phase of Zo(s) exceeds ±90°. In most of this non-

passive area, Zo(s) has an inductive behavior that does not put 

the system at the risk of instability in distribution grids, which 

the grid impedance is mostly inductive or resistive-inductive. 

However, the capacitive behavior of Zo(s) in high frequencies 

might make the system unstable when it interacts with an 

inductive grid impedance. To ensure about the stable operation 

of two paralleled subsystems, the output impedance of those 

subsystems must have a positive phase margin where their 

Bode plots intersect at the frequency fi, i.e. 

PM 180 [ ( ) ( )]g i o iZ f Z f   . (11) 
 

An output current feedforward method as shown in Fig. 

10 is proposed in this paper to make the inverter totally 

passive. According to this structure, the inverter output 

impedance using the proposed method could be achieved as 
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. (12) 

Notice that this feedforward loop does not affect the 

closed-loop transfer function Gcl(s) defined in (10) and only 

changes the inverter output impedance. Notice that the 

feedforward transfer function Gff(s) only appears in the 

numerator of (12). Therefore, the phase of Zo(s) can be 

boosted in the concerned frequency range by selecting Gff(s) 

as a lead-lag filter, as expressed below: 

( ) z

ff ff

p

s
G s k

s









. (13) 

In (13), kff, ωz and ωp are the gain and cutoff frequency of 

numerator and denominator, respectively. Regarding Fig. 9, 

the concerned frequency range, where the phase of Zo(s) needs 

to be increased, is higher than 3000 Hz. Hence, ωz is selected 

as 2π×3000 rad/s. Also, ωp is selected as 0.5ωs in order to 

prevent the noise amplification around the Nyquist frequency. 

Regarding (12), the phase of Zo(s) is related to various 

parameters that make it difficult to design kff to realize 

impedance passivity. Therefore, an intuitive graphical method 

is used to design the gain of the lead-lag filter (kff). Fig. 11 

shows the phase of Zo(s) versus frequency and kff. As shown in 

 
Fig. 8.  The Thevenin equivalent circuit of a voltage-controlled inverter. 

 

Non-passive Region

Inductive Behavior
N

o
n

-p
assive

 R
eg

io
n

C
ap

acitive
 B

e
h

avio
r

P
assive R

eg
io

n

 
Fig. 9.  The Bode diagram of Zo(s) without the output current feedforward loop. 
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Fig. 10.  The control scheme of the proposed strategy consists of delay 

compensation and output current feedforward. 
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this figure, when kff is higher than 8, Zo(s) has a non-passive 

behavior around 2000 Hz. On the other hand, for lower values 

of kff, the phase of Zo(s) exceeds −90° in higher frequencies. 

Therefore, kff = 5 is selected which is a tradeoff for the phase 

of Zo(s) in medium and high frequencies. 

Fig. 12 presents the Bode diagram of Zo(s) with the 

proposed output current feedforward method. As shown in this 

figure, the non-passive region with capacitive behavior in high 

frequencies as well as the non-passive region with inductive 

behavior in medium frequencies is mitigated thanks to the 

feedforward loop. In this way, the passivity of the inverter is 

expanded till fs/2. The passivity of inverter output impedance 

guarantees the stability of the system irrespective of grid 

impedance variations and the number of parallel inverters in a 

microgrid. 

V. EXPERIMENTAL RESULTS 

 

Fig. 13 shows an experimental setup that is built up to 

validate the proposed output current feedforward and delay 

compensation method. Two-level three-phase Danfoss 

inverters with the rating power of 2.2 kW are used. The 

dSPACE DS1006 is used for the implementation of the control 

system. Also, a grid-simulator Chroma 61845 is used as an 

ideal grid. The physical system parameters and control ones 

are summarized in Table I and Table II, respectively. 
 

A. Effectiveness of the Expanding fcr 

 To verify the effectiveness of expanding the critical 

frequency using the proposed method, the Bode plots of the 

control system loop gain with and without delay compensation 

method are depicted in Fig. 14. It could be observed in this 

figure, without using the delay compensation, the system has a 

non-minimum phase behavior and it is unstable. In fact, in this 

condition, the resonance frequency of the filter capacitor and 

inverter-side inductor is higher than fs/6 (fr = 1768 Hz) and the 

real part of virtual impedance becomes negative at the 

resonance frequency, which in turn, introduces RHP poles. 

However, by using the Gbp(s) controller along the inner 

feedback path, the system can work stably since fcr is 

expanded as elaborated in Section III-B. 

Experiments are carried out with and without the delay 

compensation method, to validate the above analysis. In this 

experiment, the inverter is disconnected from the grid which 

means the inverter output current is equal to zero. At first, the 

control system employs the delay compensation method and 

 
Fig. 11.  The phase of Zo(s) versus frequency and kff. 

 

 
Fig. 12.  The Bode diagram of Zo(s) with the proposed output current 

feedforward method. 
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Fig. 13.  The laboratory setup. 

 
TABLE II 

Control Parameters 

Voltage controller 

kpv 1000 

krv 500 

 Current controller 

kpi 2.5 

Delay compensation controller Gbp(s) 

kbp 20 

ωα 0.1ωs 

ωβ 0.5ωs 

Output current feedforward controller Gff(s) 

kff 5 

ωz 0.3ωs 

ωp 0.5ωs 
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then, it is disabled to show the consequence of using the 

traditional dual-loop control method. Fig. 15 shows the filter 

capacitor voltage and it could be seen that the system works 

stably by using the delay compensation method. However, it 

becomes unstable when the delay compensation is disabled. It 

shows that the control system cannot work stably even in the 

open-circuit condition when the traditional dual-loop system is 

used and the resonance frequency is higher than fs/6. The 

experimental results are compatible with the presented 

analysis and show the effectiveness of the controller design for 

widening the active damping area. 

 

B. Stability Enhancement Using Output Current Feedforward 

Method 

As presented in Figs. 7 and 9, although the system is 

stable in an ideal grid condition, there are non-passive areas in 

the frequency response of Zo(s), which might make the 

inverter unstable in weak grids. For the investigation of the 

stability of voltage-controlled inverters, grid-side inductor (L2) 

could be considered as a part of the grid impedance and their 

lumped value (Lt = L2 + Lg) could be evaluated for the 

impedance-based stability criterion. The Bode diagrams of the 

inverter output impedance, lumped grid impedance for Lg= 0.5 

mH (Lt = 1 mH), and Lg = 2.5 mH (Lt = 3 mH) discarding the 

output current feedforward loop is depicted in Fig. 16. As this 

figure shows, when Lg = 2.5 mH, the grid impedance and 

inverter output impedance intersect in the passive region with 

PM = 62.7° (according to (11)), which shows that the grid-

connected inverter can work stably. However, when the grid 

inductance reduces to 0.5 mH (Lt = 1 mH), Zo(s) intersects 

with the corresponding impedance of Lt, i.e., Zt(s), in the 

forbidden area with PM = -7.3°, which shows the system loses 

its stability in this situation. 

To cope with this problem, the output current feedforward 

method could be used. Fig. 17 shows the Bode diagram of the 

Zo(s) using the proposed method. As this figure shows, despite 

the previous case, the inverter keeps its stability irrespective of 

grid impedance variations since the phase of Zo(s) remains 

within [−90°, 90°] and hence, the inverter has a positive PM 

where Zo(s) and Zt(s) intersects. 

 
Fig. 14.  The Bode diagram of the loop gain of the control system with and 

without delay compensation method. 

 

Delay compensation 

is disabled

 
Fig. 15.  The filter capacitor voltage in open-circuit condition with and 
without using the delay compensation method. 

 

 
Fig. 16.  The Bode diagrams of Zo and Zt without the proposed output current 

feedforward method. 

 

 

 
Fig. 17.  The Bode diagrams of Zo and Zt with the proposed output current 

feedforward method. 
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 To show the validity of the above analysis and capability 

of the proposed method, new experiments are examined 

with/without the output current feedforward technique. Fig. 18 

shows the grid injected current while the output current loop is 

disabled and when the grid inductance changes from 2.5 mH 

to 0.5 mH. It could be seen that the current is stable with Lg = 

2.5 mH. However, it becomes unstable when Lg decreases. 

The experimental validation of the proposed output current 

feedforward method is depicted in Fig. 19. As it is shown, the 

inverter remains stable irrespective of the grid impedance 

variations by using the proposed method. The experimental 

results in this section verify the analytical results associated 

with Figs. 16 and 17. 

 

C. Stability Investigation Against the Parallel Inverters 

In a microgrid that a lot of inverters are connected in 

parallel, the equivalent grid impedance that is seen by each 

inverter becomes different from the actual grid impedance due 

to the coupling effect of other inverters. Therefore, in addition 

to the grid impedance, the number of paralleled inverters can 

put the whole of the system at the risk of instability. To show 

the effectiveness of the proposed methods where a number of 

inverters are connected in parallel, the interconnection of two 

inverters as shown in Fig. 20 is investigated. The physical and 

control parameters of both inverters are similar and are 

presented in Table I and Table II, respectively. Also, Lg = 1 

mH is selected for this study. By substituting the Thevenin 

equivalent circuit for each inverter presented in Fig. 20, the 

equivalent model of paralleled inverters can be obtained as 

shown in Fig. 21. It is worth mentioning that the equivalent 

Thevenin voltage source of inverters as well as grid voltage 

are supposed to be zero (short circuit) since they do not affect 

the equivalent grid impedance seen by inverters. As it could be 

seen in Fig. 21, the equivalent grid impedance (Zg_eq) that is 

seen by each inverter, includes grid-side filter inductor, the 

grid impedance, and the inverter output impedance of the 

other paralleled inverter, as well. Zg_eq(s) could be derived 

from Fig. 21 as  

_ 2 2( ) [ ( ) ]g eq g o L LZ s Z Z s Z Z    (14) 

where the parallel connection of impedances is indicated by 

‘||’ sign. Therefore, for investigation of stability in a multi-

paralleled system, Zg_eq should be investigated instead of Zg. 

Fig. 22 shows the Bode plots of Zo(s) without the output 

current feedforward, equivalent grid impedance Zg_eq and also, 

grid impedance corresponding to a case in which only one 

inverter is connected to the grid (inverter sees Lt = L2 + Lg = 

1.5 mH as grid impedance). As shown in Fig. 22, the system 

has a positive PM (PM = 4.9°) where Zo(s) and Zt(s) intersect, 

which means that a single inverter could be connected to the 

grid stably. However, when both inverters are connected, the 

system has a negative phase margin (PM = -143.1°) at the 

intersection point of Zo(s) and Zg_eq(s). It implies that the 

parallel connection of two inverters is unstable. 

To validate the capability of the proposed method, an 

investigation is done by using the output current feedforward 

method in Fig 23. As this figure shows, the inverter output 

impedance has a passive behavior and the PM is positive at the 

intersection points either in the case of a single or two 

paralleled inverters.  

Lg = 0.5 mHLg = 2.5 mH

 
Fig. 18.  Three-phase injected current to the grid without the output current 

feedforward method in the case of grid inductance variation. 

 

Lg = 0.5 mHLg = 2.5 mH

 
Fig. 19.   Three-phase injected current to the grid using the output current 

feedforward method in the case of grid inductance variation. 

 

 
Fig. 20.  Structure of two paralleled inverters. 
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Fig. 21.  The equivalent impedance schematic model for two paralleled 

inverters. 
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To investigate the above analysis, the experiment is done 

without the output current feedforward loop and the total grid 

injected current is shown in Fig. 24. In this experiment, the 

first inverter is supplying the grid and the second inverter is 

suddenly connected. As shown in this figure, inverter 1 is 

stable when it is connected to the grid individually. However, 

after the connection of the second inverter, both inverters 

become unstable because the equivalent grid inductance is 

changed and inverter output impedance has a non-passive 

behavior in the new intersection point. 

The experiment is done once again with the proposed 

output current feedforward method. The experimental results 

are depicted in Fig. 25. It is clear that the system keeps its 

stability even after the connection of the second inverter, 

thanks to the passivity-based controller design that keeps the 

phase of the inverter output impedance within the passive 

area. The experimental results verify the conclusions drawn 

from Figs. 22 and 23. 

For the sake of generality, the model of grid impedance is 

substituted by a π-model as shown in Fig. 26. In this figure, 

ZLT and ZCT are the impedances associated with the inductance 

and capacitance of π-model, where LT = 0.9 mH and CT = 4.5 

µF are considered. Fig. 27 shows the Bode diagram of inverter 

output impedance without using the output current 

feedforward method and equivalent grid impedance Zg_eq. As 

can be seen in this figure, the system is unstable because it has 

a negative PM (PM = -175.6°) at the intersection point of Zo(s) 

and Zg_eq(s). However, by using the proposed output current 

feedforward method, the phase of Zo(s) and Zg_eq(s) are always 

within the passive area as Fig. 28 shows and consequently, the 

stability of the system is guaranteed. 

The experiment is carried out to verify the above analysis. 

For this experiment, the output current feedforward is enabled 

at first, and then it becomes disable. Fig. 29 shows the total 

grid injected current. As shown in this figure, the system 

works well when the feedforward method is employed. 

 
Fig. 22.  The Bode diagrams of Zo, Zt, and Zg_eq without the output current 

feedforward loop. 

 

 
Fig. 23.  The Bode diagrams of Zo, Zt, and Zg_eq with the output current 

feedforward loop. 
 

Connection of 

inverter #2

 
Fig. 24.  The total injected current to the grid without the output current 

feedforward method. 
 

Connection of 

inverter #2

 
Fig. 25.  The total injected current to the grid with the output current 

feedforward method. 
 

 
Fig. 26.  Two paralleled grid-connected inverters with π-model grid 
impedance. 
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However, the system goes toward instability after disabling 

the feedforward method. 

The experimental results validate the capability and 

performance of the proposed methods and show that by 

expanding the critical frequency and improving the passivity 

of inverter output impedance, the inverter can work stably 

irrespective of grid impedance variations and coupling effect 

of parallel inverters. It is worthy to note that since the system 

has bounded-input bounded-output (BIBO) stability, changing 

the reference voltage as an input does not make the system 

unstable. 

 

VI. CONCLUSION 

 

A modified control system for stability enhancement of 

dual-loop voltage-controlled grid-connected in weak grids is 

presented in this paper. At first, it was shown that in 

traditional control systems, the delay causes an unintentionally 

negative virtual resistance, which introduces RHP poles when 

the resonance occurs in a frequency that is higher than fs/6. To 

cope with this challenge, a lead-lag filter is inserted along the 

active damping loop to expand the critical frequency. In this 

way, it does not need extra sensors. Then, a feedforward 

method using the output current is employed that mitigates the 

non-passive region and keeps the phase of the inverter output 

impedance within [−90°, 90°] up to Nyquist frequency. In this 

way, the stable operation of grid-connected inverters is 

guaranteed irrespective of grid impedance variations and the 

coupling effect of parallel inverters in microgrids. The 

effectiveness of the control system is validated using analysis 

and experimental results in different case studies. 
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