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Passivity-Based Control of Single-Loop Grid-
Forming Inverters

Ali Akhavan, Senior Member, IEEE, Juan C. Vasquez, Senior Member, IEEE, and Josep M. Guerrero, Fellow, IEEE

Abstract- This paper addresses the passivity-based control of
grid-forming inverters with an emphasis focused on the single-
loop control system. It is elaborated that the closed-loop control
system could be stabilized even without damping the resonance of
the LC filter, and just by introducing the negative phase to the
system. This negative phase is introduced using an all-pass filter
that is adopted in series with the voltage regulator, and therefore,
the system structure keeps its simplicity. It is also revealed that,
unlike the traditional single-loop control system in which the
stability region is higher than one-third of the sampling
frequency, the proposed method is able to widen the stability
region to frequencies lower than one-sixth of the sampling
frequency. Then, the output impedance of the inverter is
modified using the feedback of the output current to have a
passive behavior up to the Nyquist frequency, which assures the
stability of the system in different grid impedances and load
conditions. The controller design procedure is elaborated in each
part to provide the passivity of the system. The proposed control
system is examined by experimental tests in grid-tied and off-grid
modes to validate the theoretical concepts.

Index Terms— Grid-forming inverters, output impedance,
passivity, single-loop control system, stability.

|. INTRODUCTION

Grid-forming inverters (GFIs) have the unique capability
of working in both grid-tied and off-grid modes. This
characteristic makes them one of the interesting choices in
developing microgrids, where it allows the microgrid to take
advantage of working in two modes [1]. In this way, the
microgrid can switch between off-grid and grid-tied modes
smoothly [2]. On the other hand, GFls are able to support the
weak grids to keep the voltage and frequency within the
acceptable range. Taking these advantages, however, needs a
well-designed control system. The linear control scheme, as a
straightforward solution, could be divided into two categories,
which are single- and double-loop control systems [3], [4].

The double-loop control approaches basically consist of an
inner inductor current loop, and an outer loop that is used to
control the capacitor voltage. It has been revealed that the
inner loop acts as a virtual impedance, which in turn improves
the stability of the system by mitigation of the LC filter
resonance [5]. However, it is well known that the virtual
impedance highly depends on the system and control
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parameters, as well as the delay that comes from the pulse-
width modulation and sampling [6].

The effect of the delay is to the extent that it makes the
real part of the virtual impedance negative in frequencies
higher than one-sixth of the sampling frequency (fs/6) [7].
Thus, when the resonance of the LC filter is higher than f./6,
the virtual impedance not only does not mitigate the
resonance, but also destabilizes the system because it exhibits
negative resistance property. Even though several approaches
that are mostly based on delay compensation have been
proposed to extend the stability region of the virtual
impedance, however, they normally complicate the control
system design procedure. Adopting high-pass, band-pass, and
notch filters [8]-[10], and also, an observer-based method [11]
are some examples of delay negative effect compensation. On
the other hand, these methods partially compensate for the
delay effect, therefore, they can be hardly used as a general
method for systems with different parameters.

Despite having a positive virtual resistance at the
resonance frequency, there is no guarantee for the stability of
the system in different grid impedance and load conditions as
besides the stability of the closed-loop system, the behavior of
the output impedance of the inverter affects the system
stability [12]. Passivity is a concept that deals with the
stability of both closed-loop and output impedance at the same
time [13]. It reveals that to guarantee the stability of an
inverter while it is operating in different load and grid
impedance conditions, the stability of the closed-loop system
is not the only constraint. Besides, the output impedance of the
inverter should be passive in all or at least a wide range of
frequencies. In other words, the phase of the output impedance
should be in the range of [-90°, 90°]. All of these factors show
that designing a control system may have additional
challenges.

The single-loop control schemes, on the other hand, just
have a voltage control loop. Therefore, designing the
controller is much easier than the dual-loop scheme. However,
there is no loop for mitigation of the LC filter resonance.
Unlike double-loop control systems in which the delay
degrades the stability of the system, the introduced negative
phase by the delay improves the system stability if a proper
control bandwidth is designed for the system [14].

Even though it has been proved that the single-loop
control system could be designed stably thanks to the delay
effect when the resonance frequency is higher than /3 [15],
however, a resonance damping mechanism is still needed
when the resonance frequency does not meet the
aforementioned constraint. This is the main drawback of the
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Fig. 1. The structure of a single-loop GFI.

single-loop control system, which leads to more interest in
dual-loop control systems. The passive damping method is the
soundest choice to solve this problem, however, it inevitably
increases the power losses, and consequently, decreases the
system efficiency [16]. Therefore, an improved control system
is needed that on the one hand keeps the simple structure of
the single-loop control system, but on the other hand, extends
the stability region of the control system without passive
damping resonance mitigation. To this end, a pole placement-
based method is proposed in [17], which is simple, yet
sensitive to the tolerances of parameters. In [14], different
voltage regulators including proportional, resonant, and
proportional-resonant-integrator regulators are employed, and
the stability regions of their corresponding control systems are
investigated. Then, the effects of the different discretization
methods are elaborated in each case. However, the output
impedance of the inverter is not studied, and its effect on
stability is overlooked.

To take advantage of the single-loop control system, this
paper develops a control system based on the passivity for
single-loop GFIls. The system stably works without any
passive damping mechanisms even when the resonance
frequency is far lower than fi/3. The proposed method is based
on the negative phase injection by using an all-pass filter
which is adopted in series with the voltage regulator. Thus, the
closed-loop system could be stabilized while it keeps its
single-loop structure, and thus, the system control design
procedure remains reasonably simple. Afterward, the output
impedance of the inverter is reshaped to act passively. To this
end, the feedback of the inverter output current is employed,
which brings the passivity to the system for the frequencies up
to the Nyquist frequency. It, in turn, ensures the stability of the
system while the inverter interacts with different loads and
grid impedances.

This paper elaborates on the passivity-based control of
single-loop GFls as follows. In Section II, the system structure
and the basic control system, as well as the related challenges
of the single-loop scheme are thoroughly explained. Then, the
stability region of the closed-loop system is extended in
Section Ill. The output impedance of the inverter is reshaped
in Section IV to make the system passive. The validation of
the proposed method and theoretical analysis is done in
Section V in both grid-tied and off-grid modes using an
experimental setup. The conclusion of the paper is
summarized in Section VI.
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Fig. 2. The control block diagram of a single-loop GFI.
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Il. SYSTEM DESCRIPTION AND STABILITY ANALYSIS

Fig. 1 illustrates the diagram of a GFI, in which an LCL
filter at the output of the inverter mitigates the high-order
switching harmonics. Z,1, Z.», and Zc are impedances of the
LCL filter, which are given by:

1
Z,=Ls, Z,=L;s, Zc:a' (1)

The GFI is able to be connected to the grid through the grid
impedance Zgy, feed the local load with impedance Zio, OF
both at the same time.

The droop controller in Fig. 1 generates the reference
voltage for the internal voltage control loop. Its effect can be
overlooked when the voltage control loop is analyzed from the
stability point of view since its dynamics are normally much
slower than the internal loop [14], [18]. Therefore, the block
diagram of the control system could be derived as shown in
Fig. 2, in which, G\(s) is the voltage regulator, and Gq(s) is the
continuous model of the delay [19] with the sampling time of
Ts as follows:

G,(s)=e™" )

Regarding Fig. 2, the impedance Z,, has no effect on the
stability of the closed-loop system. However, it needs to be
considered as a part of grid/load impedance, which its effect
on the stability of the system will be explored in Section IV,
where the passivity-based stability is elaborated.

The loop gain of the control system T(s) could be achieved
by referring to Fig. 2 as

T(5)=G,(5)G(8) 5 ©

where wy is the angular resonance frequency of the inverter-
side inductor and filter capacitor.

o, =2xf, -1 (4)

Jic

Normally, a proportional-resonant (PR) controller is used
as the voltage regulator.

G, (s)=k, +k, >

S 5
s°+2w,5+ @} ®)
where kp and k; are the proportional and resonant coefficients.
Also, wg = 2xfy is the angular fundamental frequency, and w,
is the bandwidth of Gy(s).



The effect of the resonant term could be disregarded for
frequencies that are not near the fundamental frequency [20].
Therefore, the loop gain could be simplified by just
considering the proportional term as (6), for analyzing the

system stability in the range of medium and high frequencies.

602

TE=kG ) 5 (6)
Regarding (6), the phase and magnitude of the loop gain
could be derived in the frequency domain as

T(jo) = -15T0 w<o, @)
Jor= -n-15T.w > o,
"o kP
T(io)=—"— (®)

o]

The resonance is the main reason for the instability of the
system. However, if the crossover frequency of the system is
smaller than the resonance frequency, the system could work
stably by selecting a proper k, to provide a positive phase
margin (PM) and gain margin (GM) for the system. To this
end, the phase curve in the Bode diagram of loop gain should
cross -180° before the resonance frequency. Therefore,
according to (7), the boundary resonance frequency (fip) in
which the system could work stably is derived as:

15Tw, =-7= f, = % = % ©)
T

According to (9), a stable system could be designed even
without damping the filter resonance by a proper k, if the
resonance frequency is higher than f/3. This characteristic of
single-loop GFls is because of the term -1.5Tsw that comes
from the delay in (6). In other words, the introduced negative
phase of the delay helps the single-loop GFls to work stably
when f, > /3.

Fig. 3 depicts the bode diagrams of loop gain T(s) for the
cases in which f, < fy/3 and f, > f¢/3, and with a similar k, for
both cases. As could be observed, for the case that f, > /3,
when the phase plot crosses -180°, the magnitude of the Bode
plot is below 0 dB (GM > 0). However, this is not the case
when f, < /3, in which GM < 0 because of the resonance
peak.

Despite the stability of the single-loop GFIs when f, > /3,
however, the system still needs a mechanism to keep its
stability when f, < fi/3. Using the passive damping methods
increases the losses. On the other hand, using double-loop
systems makes the control system design procedure
complicated. Inspiring the effect of the delay on making the
single-loop systems stable, an approach will be proposed in
the next Section to introduce the negative phase to the system.
In this way, the closed-loop system can be stabilized for the
resonance frequencies far lower than fs/3.
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Fig. 3. The Bode diagrams of the system loop gain T(s) for the cases f, < fJ/3
and f, > fJ/3.

I11. WIDENING THE STABILITY REGION

It was shown in the previous Section that the single-loop
control system could be designed stably if f, > fy/3 thanks to
the negative phase that the delay introduces. Therefore, if a
more negative phase is introduced to the system, the stability
region of the closed-loop system could be widened. To this
end, the first action that could be done is to replace the PR
voltage regulator with a pure resonant regulator as follows:

S
G.e)=k s°+2w,5+ )} (10)
The reason behind this action is that the pure resonant
regulator behaves as an integral controller (1/s) in the medium
and high frequencies [21], and therefore, it introduces -90° to
the system. Fig. 4 depicts the Bode diagrams of a resonant
regulator with ke = 1 and an integral controller to show the
aforementioned fact intuitively. As could be observed, the
Bode diagrams well coincide in the frequencies higher than
the fundamental frequency. Thus, the loop gain of the system
with a resonant regulator in (11-a), could be simplified as (11-
b) in the interesting frequencies for the stability analysis.
k.s o’
() =C4(s) s’ +2w, 5+ S°+af (11-2)

0)2

k
T()~Gy() -5 (11-b)
S S"+tw

r

Regarding (11-b), the phase and magnitude of the loop
gain could be derived as

—%—1.5Tsa) w< o,
LT(jw)=y o (12)

-——-15T,0o o>o
2

()= 13)

fe(2]]
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Fig. 5. The control block diagram of the single-loop GFI with an all-pass
filter.

According to (12), it could be realized that by using the
resonant regulator, the boundary frequency fr, is widened from
fs/3 to f,/6 as follows:

BEAY- P S (14)
2 2r 6

Even though now the system could be designed stably
when f, > /6, however, the system is still may be destabilized
if f, < /6. Therefore, it is still preferred that the boundary
frequency be lowered to widen the stability region. To this
end, an all-pass filter is adopted in series with the voltage
regulator, as shown in Fig. 5, to introduce a more negative
phase to the system. The transfer function of the adopted
controller is

w,, —$S
Gap (S): kap

@,, +$ (15)
where kap and wap are the coefficient and corner frequency of
the all-pass filter.

The loop gain of the system by adding the all-pass filter
can be simply achieved as follows:
o
+of

T(9) =Gy (5)G, (9 (16)

To design the control system, wa, should be tuned first to
provide a robust stability region with respect to the resonance
frequency, and then kg, could be tuned to provide a positive
and acceptable GM for the system.

The parameters of the system under study are presented in
Table 1. As could be observed, the resonance frequency f; is
1250Hz, which is smaller than fy/6. Therefore, the system
could not be stabilized just by using a resonant voltage

80 T
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D 40f
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Fig. 6. The Bode diagrams of T(s) with and without the all-pass filter.

regulator. The coefficient of the resonant regulator k; is tuned
so that the system has a high loop gain at the fundamental
frequency. Thus, k. = 500 is chosen. Fig. 6 depicts the Bode
diagram of T(s) without the all-pass filter. As can be found, at
the resonance frequency where the phase curve crosses -180°,
GM < 0 because of the resonance peak, which indicates that
the system is unstable in this condition. Therefore, the
negative phase should be injected into the system by the all-
pass filter, so that the phase crossover frequency in which the
phase curve crosses -180° is smaller than the resonance
frequency.

Regarding (16), the phase and magnitude of T(s) are
derived as (17) and (18).

L sTe-2tan -2 w<o,
o,

£T(jw) = 3 . (17)
- -15Tw-2tan" — ow>o,
2 Oy
. K Kep
T(jo)|=—F—"= (18)

2
op{2]]
a)r
The phase crossover frequency should be designed far
lower than f;, to consider the tolerances of system parameters.
Therefore, f = 700 Hz is considered in this paper as the phase

crossover frequency. In this way, ws could be calculated
according to (17) as follows:

—%—1.5Tsa)—2tan’lﬁ —" (19)
ap

= o,, =27 x1429 (rad/s)

After designing wap, the coefficient of the all-pass filter kap
could be designed by defining an acceptable GM for the
system. By letting GM = 6 dB, ks, could be obtained by using
(18) as



TABLE |
SYSTEM PARAMETERS

Inductor L1 1.8 mH
Capacitor C 9 uF
Resonance frequency of Li-C 1250 Hz
Inductor L2 1.8 mH
DC-link voltage, Vdc 700 V
Sampling frequency, fs 10 kHz
Nominal voltage (RMS) 220 V (Phase voltage)
Power frequency 50 Hz
Grid impedance Lg=18mH
Load impedance RL=80Q | C.=30 pF

K.k
20log ————"—=
p2]]
wr

The Bode plot of the loop gain with the designed all-pass
filter is also illustrated in Fig. 6. It can be seen that the phase
crossover frequency is 700 Hz, which shows that the stability
region of the closed-loop system has been widened from /3 to
700 Hz by using the resonant voltage regulator and all-pass
filter. Also, GM = 6 dB, which validates the accuracy of the
mathematical derivations and theoretical analysis.

It is worth mentioning that despite the stability of the
system, an undamped resonance (see Fig. 6) always may
amplify the system noises. In this situation, even though the
system remains stable, as there is no right half-plane pole [14],
however, it may affect the power quality. This is the main
drawback of single-loop control systems. On the other hand,
dual-loop control systems could be adopted, in which the main
task of the internal loop is damping the resonance by
emulating a virtual impedance [5]. In fact, it is a trade-off
between the single-loop and dual-loop systems, in which the
former provides system simplicity at the cost of noise
amplification, and the latter provides system robustness at the
cost of complexity.

|w:27r><700 =-6dB = kap =3 (20)

IV. PASSIVITY ENHANCEMENT

Inverters interact with the grid impedance, loads, and also
themselves while they are connected in parallel [22].
Therefore, not only does the stability of the closed-loop
transfer function matter, but also the output impedance of the
inverter matters since it distinguishes the behavior of the
inverter with respect to other components in the system [23].
A grid-forming inverter can be modeled as shown in Fig. 7,
which is the Thevenin equivalent circuit of the system. In this
figure, Ge(s) and Z,(s) are the transfer functions of the closed-
loop gain and output impedance of the inverter, respectively,
which could be derived from the block diagram in Fig. 5.

Ve (8)= Gq (8)Vier (8) = Z, ()i, () (21)

Zo Z|_2 i ® Zg
1 o m >
+
Goei(S) Vret () @ Ve Zioad |:| Vg
Inverter Part Grid/Load Part

Fig. 7. The Thevenin model of a GFI.
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Fig. 8. The Bode diagram of the output impedance of the inverter.

The closed-loop system was investigated from the stability
point of view in Section Ill. In the following, the output
impedance of the inverter will be analyzed. An inverter with a
pure capacitive output impedance, for example, may make the
system unstable while it is connected to a pure inductive grid
impedance or load. Therefore, the control system of the
inverter should be designed to have a resistive behavior in all
or at least a wide range of frequencies. In this way, the output
impedance of the inverter has a passive behavior, and
therefore, the inverter can work stably regardless of the
behavior of the other components in the system. This is a
simple definition of the passivity of the inverter. For a more
detailed definition, the passivity theory suggests that the phase
of the output impedance should be in the range of [-90°, 90°]
[24]. In this condition, the inverter has always a positive real
value that is the synonym of positive resistance. Otherwise,
the negative resistance of the output impedance may make the
system unstable depending on the load and grid conditions.

To investigate the behavior of the output impedance in
different frequencies, it is extracted from Fig. 5 as follows:

Z,(s) = —i’l ((SS)) (22)

_ Z,,(3)Z,(s)
Z,(5)+Zo () + G, (5)G,, (5)G, (5)Z (5)
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Fig. 9. The proposed control system for single-loop GFls with an all-pass
filter and output current feedback.

The Bode diagram of the output impedance of the inverter
is presented in Fig. 8. As could be seen, in a wide range,
which is shown in red in the figure, the phase of Z,(s) is more
than 90°. In this region, the inverter has a resistive-inductive
behavior, while its resistive part is negative. Therefore, if the
inverter supplies a capacitive load while their impedances
intersect in this region, the system will lose its stability. It is
worth mentioning that regarding Fig. 7, the impedance Z; is a
component of the grid/load impedance. In this way, Z.» can
affect the system stability by changing the load/grid
impedance.

To make the output impedance passive, the control block
diagram of Fig. 9 is proposed in which the inverter output
current is adopted and fed through the controller G,(s) to the
control system. In this condition, the modified output
impedance of the inverter is given by

7 (s)= Z,4(8)Zc (8) +G, ()G, (5)Zc (9)
T Z4(8)+Ze(8)+ Gy (5)G,, (8)G4 (5) Zc ()

By comparing (22) and (23), it could be realized that only
the numerator of the output impedance has been changed.
Regarding Fig. 8, there should be a reduction in the phase of
Zo(s) in the non-passive region. To this end, a lead-lag filter is
used as given in (24), to introduce a negative phase to Zom(s)
in the non-passive region.

G,(s) =Kk,

(23)

S+a)p

In (24), k;, w, and w, are the controller’s coefficient, zero
angular frequency, and pole angular frequency, respectively.
; and wyp should be tuned in the vicinity of the non-passive
region, and also, @, should be larger than w, to introduce a
negative phase to Zy(s). In this view, w, = 22x800 and w, =
21x200 are selected.

Fig. 10 could be used for tuning k;, in which the phase of
Zom(s) is plotted versus k;, and frequency. As could be realized,
for k, > 3, the phase of the output impedance is kept in the
range of [-90°, 90°] up to the Nyquist frequency (f/2).
Therefore, k; = 3 is selected. The Bode diagram of Z, m(s) with
k, = 3 is plotted in Fig. 11. It could be seen that unlike Fig. 8,
the non-passive region is mitigated completely by employing
the lead-lag filter. In this way, the system will retain its
passivity, and the output impedance of the inverter will have a
resistive behavior, ensuring system stability under different
loads/grid impedances.
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Fig. 11. The Bode diagram of the modified output impedance Z, (s).

V. EXPERIMENTAL RESULTS

In this part, experiments are conducted to verify the
validity of the proposed control system and its effectiveness in
both grid-tied and off-grid modes. To this end, a small-scale
setup is built in the lab, where similar system and control
parameters to Table | are used. In order to implement the
control system digitally, dSPACE DS1006 is employed. Grid-
tied tests are also conducted using a Chroma 61845 grid
simulator.

A. Grid-Tied Mode

To show the necessity of widening the stability region of
the closed-loop system, a test is carried out in the grid-tied
mode. The single-loop GFI was shown in Fig. 6 to be stable
by using an all-pass filter when the resonance frequency is
lower than fs/3. To validate the correctness of this analysis, the
inverter is connected to Chroma and injects power into the
grid. Then, the all-pass filter is removed suddenly. Fig. 12
presents the inverter output current in this case. As could be
observed, a clean and stable current is injected into the grid by
the inverter while the all-pass filter is used. However, by
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Fig. 12. The inverter output current in the grid-tied mode.

disabling the all-pass filter, the system becomes immediately
unstable since the resonance frequency (f, = 1250 Hz) is lower
than fs/3.

The conducted test illustrates the correlation between the
experimental results and the theoretical analysis of Fig. 6. It
also reveals that the stability region of the closed-loop system
could be widened by introducing the negative phase to the
system. In this way, the system is able to work stably without
using resonance damping methods. In this regard, the all-pass
filter has a very good potential to introduce the negative phase
to the system without affecting the magnitude of the loop gain.

B. Off-Grid Mode

The experimental test is carried out in this part in the off-
grid mode to show the necessity of the passivity of Zy(s). To
this end, the inverter is connected to a parallel RC load, in
which R = 80 Q, C = 30 pF. Fig. 13 illustrates the Bode
diagram of the output impedance of the inverter Z,(s) while
G.(s) = 0, as well as the Bode diagram of the load impedance.
It is worth mentioning that according to Fig. 7, the impedance
Z,, is considered as a part of the load impedance, i.e., Zioad =
Z5+ Zgyc.

In accordance with impedance-based stability [12], the
connection of two stable subsystems is stable if the PM is
positive where their impedances intersect at the frequency fin,
in which

PM = 1800_|Azo(fint) _AZIoad ( fint)| . (25)

According to (25), as the phase of the passive loads is
always within [-90°, 90°], the PM will be always positive if
the output impedance Z,(s) is passive. This is, however, not
the case in Fig. 13. In this figure, it can be seen that the first
intersection point occurs in the non-passive zone in which the
phase of Z,(s) is beyond 90°, and consequently, results in a
negative PM (PM = -27°). It, in turn, reveals that by
connecting the system to the parallel RC load, it will be
unstable.

Next, the output impedance of the inverter is made passive
through output current feedback. Fig. 14 depicts the Bode
diagrams of the load impedance and modified output
impedance Z,m(s). Contrary to the previous case, it is evident
that whenever there is an intersection, the PM is always
positive, which shows that the system can work stably in this
condition.
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Fig. 13. The Bode diagrams of the output impedance without the output
current feedback and load impedance.
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Fig. 14. The Bode diagrams of the output impedance using output current
feedback and the load impedance.
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Fig. 15. The inverter output current in the off-grid mode.

To validate the analysis of Figs. 13 and 14, an experiment
test is carried out in which the inverter has been connected to
the RC load, while the output current feedback has been
employed. Then, the output current feedback is disabled
suddenly to show the consequence of the non-passivity of
Zo(s). Fig. 15 shows the inverter output current in this case. It
is evident that the inverter is stable at first, however, it
becomes unstable immediately after disabling the output
current feedback. The following should be noted because of
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Fig. 16. The Bode diagrams of the modified output impedance and equivalent
grid impedance.
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Fig. 17. The inverter current in the grid-tied mode and with the local load.

the relatively large capacitor in the load, a part of harmonic
components passes through the load, and therefore, the load
current has some harmonic contents before disabling the
output current feedback. Nevertheless, the system is evidently
stable in comparison with the case where the output current
feedback is disabled. According to the experimental results
presented in this section the passivity of the output impedance
is as necessary as the stability of the closed-loop system.

C. Presence of the Local Load in the Grid-Tied Mode

In the following, a parallel RC load is connected to the
inverter as a local load, while the inverter is connected to the
grid. Referring to Fig. 7, the equivalent grid impedance in this
condition is Zg(S) = Zio + [Zioad(S) || Zg(S)]. Fig. 16 shows the
Bode diagrams of the modified output impedance Z,m(s) and
equivalent grid impedance Zg(s). In view of the inverter’s
passivity of the output impedance, the PM at all intersection
points is positive. The inverter output current is presented in
Fig. 17, which is compatible with Fig. 16 and shows the
stability of the whole system.

D. Transient Response

The transient response of the system is investigated in the
grid-tied mode during the grid voltage disturbance. To this
end, a 10% voltage drop is suddenly applied to the voltage
grid using the grid simulator Chroma. Fig. 18 shows the
inverter output current in this condition. As could be observed,
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Fig. 18. The transient response of the system during grid voltage disturbance.
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the system faces a small transient when the voltage drops.
However, this transient is negligible which in turn shows the
acceptable performance of the system in transient conditions.

V1. CONCLUSION

A method for extending the stability region of the closed-
loop system in single-loop GFIs was proposed in this paper,
which is based on the all-pass filter and injecting a negative
phase into the system. In this way, the critical frequency is
extended from fi/3 to frequencies lower than fy/6. After that,
the output current feedback was utilized to make the output
impedance passive. The method’s validity was demonstrated
by experiments in different scenarios.
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