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Modeling and Control of A Two-bus System With
Grid-forming and Grid-following Converters

Zhixiang Zou, Senior Member, IEEE, Jian Tang, Student Member, IEEE, Xiongfei Wang, Senior Member, IEEE,
Zheng Wang, Senior Member, IEEE, Wu Chen, Senior Member, IEEE,

Giampaolo Buticchi, Senior Member, IEEE, and Marco Liserre, Fellow, IEEE

Abstract—The utilization of power converters in a distribution
network could give rise to stability problems, especially when the
penetration is high. The existing literature studies the modeling
and stability of converters with specific control or synchronization
methods. However, the types or the control schemes of converters
are normally different in an actual grid, and moreover the line
impedance plays an important role on the network stability.
In this regard, this paper aims at studying the modeling and
stability issues of a two-bus electric network with both grid-
forming and grid-following converters. The main purpose is to
provide design guidelines and solution of two-bus system with
converters for stable operation. The interactions between the
converters in various scenarios will be investigated by considering
the effect of line impedance. More importantly, a filter-based
stabilized control strategy will be proposed for the grid-forming
converters to mitigate the oscillation in the network. Simulation
and experimental results are provided to validate the effectiveness
of the theoretical analysis and control strategy.

Index Terms—Grid-forming converter, grid-following con-
verter, small-signal model, stability analysis, filter-based control.

I. INTRODUCTION

AFundamental change of paradigm has been proposed in
the context of power systems, namely the increasing

utilization of power converters. The stability of an electric grid
dominated by the power converters has drawn wide attentions,
particularly focusing on the topics including system modeling
[1], stability assessment [2]–[4], and stabilized control [5]–[7].

In the literature, researchers focused on the modeling and
stability assessment of single power converter or parallel ones
with identical converter type [8]–[12]. The detailed small-
signal models of grid-following (GFL) converter (e.g., syn-
chronized by phase-lock loops) have been developed by using
the impedance modeling method in [8]–[10]. The models can
be easily extended to the paralleled system for the stability
assessment [12], [13] and even for the transient study under
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certain circumstance [14]. Similarly, for another major cate-
gory of converters, modeling and stability analysis of grid-
forming (GFM) converters (e,g, utilize droop control, virtual
synchronous machine, etc.) have been investigated in [15]–
[18]. In addition, the stability of a network consists of hybrid
types of converters has been studied in [19], [20]. In particular,
a generic stability criterion based on bus node impedance has
been proposed in [21] for hybrid types of converters. However,
there are some fundamental issues considering the modeling
and stability analysis: 1) The simplified models have mostly
been used in the stability analysis of the overall network, for
instance, the synchronization as well as some of the control
loops and network parameters are neglected. 2) Most of the
published literature has focused on the stability assessment for
certain system configuration, whereas the interaction mecha-
nism of hybrid types of converters has not been comprehensive
studied. 3) The key parameters of a network with hybrid
types of converters has been seldom investigated, the design
guidelines and the optimal ranges of the parameters with the
stability concern are required.

Besides, existing works had proposed stabilized control
strategies for power converters to mitigate harmonic instability.
The most classical solution is to use active damping to
particularly address resonance issues [22], [23]. Further works
[5] and [6] employ converter-based multifunctional devices
to increase the damping factor of the system or decouple
the electromagnetic interactions among different converters.
These methods are more effective to deal with harmonic
instability, but they are sensitive to parameter uncertainties
and instability types [24]. Moreover, most of the proposed
methods are designed to mitigate stability issues caused by
GFL converters. For the GFM converters, stabilized control
strategy is still missing.

To address the above-mentioned issues, this paper investi-
gates the stability of a two-bus system with both GFL and
GFM converters in different scenarios. Design guidelines of
various parameters and a filter-based stabilized control for
GFM converter are proposed to ensure stable operation of the
system. The main contributions include:

1) The impedance-based models for both GFL and GFM
converters have been developed in consideration of the core
elements involved, using a general small-signal modeling
procedure.

2) The stability issues of a two-bus system with hybrid types
of converters in different scenarios have been comprehensively
studied.
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Fig. 1. Typical system configuration of a grid-following converter.

3) Key parameters that determine the system stability have
been identified, and design guidelines of the key parameters in
different scenarios have been presented based on their stability
regions.

4) A filter-based stabilized control strategy has been pro-
posed and implemented in the GFM converter to mitigate
oscillations of two-bus systems.

The paper structure is organized as follows. The system
configurations of GFL and GFM converters with different syn-
chronization methods are presented in Section II. The small-
signal models of the typical GFL and GFM converters are
then developed in Section III using a generalized procedure.
Based on the models, the stability of a two-bus system with
different converters is assessed in Section IV, the interactions
between different converters are also studied in this section.
The key parameters are identified in Section V using sensitivity
analysis, the stability regions as well as the design guidelines
of these parameters are presented in this section as well. The
filter-based stabilized control strategy for GFM converter is
proposed in Section VI. Simulation results and experimental
tests are provided in Section VII to validate the effectiveness of
the analysis and the proposed control. Conclusions are drawn
in Section VIII.

II. GRID-FOLLOWING AND GRID-FORMING CONVERTERS

Based on the control and operation, power converters in
ac distribution grids can be classified into GFL and GFM
converters. GFL converters are power-controlled or current-
controlled, a GFL converter can be considered as a controlled
current source with an equivalent admittance in parallel. Dur-
ing normal operation, it operates at unity power factor, while
it can support the voltage profile by injecting reactive power
upon the requests from the distribution system operator (DSO).
GFL converters do not inherently preserve their phase shift as
well as phase sequencing during grid-connected operation. As
a result, a grid synchronization algorithm has to be used [25].
Fig. 1 shows the schematic and control block diagram of a
standard GFL converter.
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Fig. 3. Power-based synchronization methods for grid-forming converters:
(a) frequency droop control, (b) virtual sysnchronous machine, and (c)
synchronous power control.

GFM converters regulate voltage and frequency, a GFM
converter can be regarded as a controlled voltage source
with an output impedance in series. Depending on different
applications, the set-points can be either manually set (e.g.,
low-voltage converter of smart transformer [26]) or obtained
from a power control loop (e.g., virtual synchronous machine
(VSM), synchronverter [27], [28]). In particular, the power
control loop not only determines the power injection into the
grid, but also offers a synchronization mechanism that mimics
the characteristics of synchronous generators. The multiloop
voltage control strategy is usually employed by the GFM
converter, due to its ease of implementation and excellent
control performance in terms of power quality and dynamics
[29]. Fig. 2 shows the schematic and control block diagram of
a standard GFM converter.

Various power-based synchronization methods can be em-
ployed for the GFM converter to synchronize with the grid
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Fig. 4. Small-signal model of a GFL converter considering the synchroniza-
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[30]. In Fig. 3, three most common methods are presented
including droop control [31], VSM-based control [27], and
synchronous power control (SPC) [32]. Though these methods
have been developed in different contexts, they present similar-
ity in terms of transfer functions. According to the open-loop
transfer functions, the three transfer functions are equivalent
under certain conditions, which are [33]

Dp =
1

Df
=

1

k
;
1

J
= Dfωc = kωp (1)

If (1) is fulfilled, the GFM converters using different power-
based synchronization will represent similar behaviors in terms
of steady-state performance and static stability. Since the main
purpose of this paper is to investigate the static stability, for
the sake of simplicity, one of the synchronization methods
(i.e., VSM-based control) will be selected in the modeling
and analysis of GFM converters.

III. GENERALIZED MODEL OF POWER CONVERTERS

In this section, a general modeling procedure considering
the synchronization effect is proposed to develop models of
GFL and GFM converters, which includes three steps:

Firstly, the small-signal models of the control system and
the filter can be developed, respectively.

Secondly, the effect of synchronization will be considered,
namely all the variables of the frame of the actual system will
be converted to the variables coordinated by the synchroniza-
tion.

Eventually, by combining the models of the previous two
steps, the small-signal impedance model of the converter in
the complex domain can be obtained.

A. Grid-following Converters

The small-signal model of a GFL converter is shown in
Fig. 4. The multiloop control with the power outer loop and the
current inner loop in the dq frame is developed in gray, while
the filter is shown in purple. The effect of synchronization,
namely the PLL, is highlighted by blue, while the pink blocks
represent the Park transform and its inverse.

According to Fig. 4, the control system can be described by

∆dc = −Gdel(∆vc
g +GPIc∆icg) (2)

and the filter can be represented by

∆isg = YL(∆dc −∆vs
g) (3)

TABLE I
SYSTEM PARAMETERS

Symbol Quantity Value

Vn Nominal phase-to-neutral voltage (rms) 220 V
Vdc dc-link voltage of converter 650 V
Lf filter inductance of converter 3 mH
Cf filter capacitance of converter 1.5µF
fs sampling frequency 10 kHz
kppll proportional gain of PLL 4.43
kipll integral gain of PLL 3061
kpc proportional gain of GFL current loop 16
kic integral gain of GFL current loop 600
J virtual inertia 2
Dp damping factor 63
Kq Q-droop coefficient 0.0002
kpv proportional gain of GFM voltage loop 2
kiv integral gain of GFM voltage loop 500
kpi proportional gain of GFM current loop 5
kii integral gain of GFM current loop 250

where ∆vc
g and ∆vs

g are the grid voltage perturbations in
synchronized-frame and system frame, ∆icg and ∆isg are the
converter current perturbations in synchronized-frame and sys-
tem frame, GPIc and Gdel are the transfer function matrices
of the current controller and the digital & PWM delay, and
YL is the admittance matrix of the output filter.

Considering the effect of synchronization, the variables
related to the Park transform and its inverse can be updated
by

∆vc
g = Gv

PLL∆vs
g

∆icL = Gi
PLL∆vs

g +∆isL

∆ds = −Gd
PLL∆vs

g +∆dc

(4)

where ∆dc and ∆ds are the duty cycle perturbations in
synchronized-frame and system frame, Gv

PLL, Gi
PLL, and

Gd
PLL define the relationship between the grid voltage pertur-

bation in system frame and the grid voltage perturbation, the
converter current perturbation, and the duty cycle perturbation
in synchronized-frame. All the detailed matrices of the GFL
converter are given in the Appendix.

Combining (2), (3) and (4), one can obtain the impedance
matrix of the GFL converter, which is

ZGFL = −
∆vs

g

∆isL
= (E2×2 +YLGdelGPIc) · (YL +YLG

d
PLL

−YLGdelG
v
PLL +YLGdelGPIcG

i
PLL)

−1

(5)

where E2×2 is the identity matrix.
Based on the model of (5), the frequency responses of

the impedance matrix of the GFL converter can be obtained
and shown by the blue curves in Fig. 5. For comparison, the
measured impedance using mono-frequency sweeping method
is shown by the red circles in the same figure. The system
parameters given in Table I are used in the model validation.
Obviously, the frequency responses of the theoretical model
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well match the measured impedance. It can be seen that the
impedance of the diagonal elements (Zdd and Zqq) is relatively
low in the low-frequency range, indicating the power loop
as well as current loop in the dq frame can well track the
fundamental component and alleviate low-order harmonics.
Due to the PLL effect, the impedance profiles of the diag-
onal elements are asymmetric. Specifically, Zdd in the low-
frequency range behaves as a positive resistor, while a negative
resistive characteristic can be observed in the low-frequency
range of Zqq, which could compromise the system stability
[8], [9].

B. Grid-forming Converters

Based on the system configuration, the small-signal model
of a GFM converter is shown in Fig. 6. The multiloop scheme
with the voltage outer loop and the current inner loop in
the dq frame is shown in gray area, while the control plant
including filter is shown in purple area. The power control
loop is highlighted by cyan blocks, while the effect of power-
based synchronization is considered and represented by pink
blocks.

According to Fig. 6, the small-signal model of control
system can be described by

∆dc = GPIiGdel[−∆icL +GPIv(∆vref −∆vc
GFM)] (6)

and the filter model is

∆isGFM = YL∆ds − (Yc +YL)∆vs
GFM (7)

Here, the superscripts c and s are used to indicate the variables
related to the synchronization frame and the system frame,
respectively. ∆dc and ∆ds are the duty cycle perturba-
tions in synchronized-frame and system frame, ∆vc

GFM and
∆vs

GFM are the voltage perturbations in synchronized-frame
and system frame, ∆icL is the inductor current perturbation
in synchronized-frame, ∆isGFM is the current perturbation in
system frame, GPIi, GPIv and Gdel are the transfer function
matrices of the current controller, voltage controller, and the
digital & PWM delay, YL and Yc are the admittance matrices
of the output LC filter.

When power-based synchronization being considered, the
variables related to the Park transform and its inverse can be
written by

∆vc
GFM = GvGFM

vGFM∆vs
GFM +GvGFM

iGFM ∆isGFM

∆icGFM = GiGFM
vGFM∆vs

GFM +GiGFM
iGFM∆isGFM

∆icL = GiL
vGFM∆vs

GFM +GiL
iGFM∆isGFM +∆isL

∆ds = −Gd
vGFM∆vs

GFM −Gd
iGFM∆isGFM +∆dc

(8)

where GvGFM
vGFM, GiGFM

vGFM, GiL
vGFM, Gd

vGFM define the re-
sponses from the GFM voltage perturbation in system frame
to the voltage perturbation, the current perturbation, the in-
ductor current perturbation, and the duty cycle perturbation
in synchronized-frame, GvGFM

iGFM , GiGFM
iGFM, GiL

iGFM, Gd
iGFM

define the responses from the GFM current perturbation in
system frame to the voltage perturbation, the current pertur-
bation, the inductor current perturbation, and the duty cycle
perturbation in synchronized-frame. The detailed matrices are
given in the Appendix. Combining (6), (7) and (8), one can
obtain the impedance matrix of the GFM converter, which is
illustrated in (9).

Based on the model of (9), the impedance matrix of the
GFM converter is shown by the blue curves in Fig. 7. For
comparison, the measured impedance is shown by the red
circles in the same figure. The system parameters used in the
model validation are listed in Table I. It can be seen that the
theoretical model can well match the measured impedance.
If the effect of power-based synchronization is neglected, the
voltage amplitude and frequency are fixed with their nomi-
nal values. Under this circumstance, a simplified impedance
matrix can be obtained and is shown by the green curves.
Compared to the one with the power-based synchronization,
it can be seen that the impedance profiles of the non-diagonal
elements are modified. In particular, Zdq in the low-frequency
range is resistive without the effect of synchronization, while
it behaves as a negative resistance when the power-based syn-
chronization is used. The magnitude of the negative resistance
is related to the inertia and the damping factor. In this regard,
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Q
vGFMGvGFM
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Q
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vGFM )− (YLGdelGPIiG

iL
vGFM

+YL)−YC(E2×2 +YLGdelGPIi)]
−1[−YL(GdelGPIi +GdelGPIiG
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iGFM )−E2×2 +YLGdelGPIiGPIv

· (GQGLPFG
Q
vGFMGvGFM

iGFM +GQGLPFG
Q
iGFMGiGFM

iGFM −GvGFM
iGFM )]

(9)

-20
0

20
40

M
ag

ni
tu

de
 (

dB
) Zdd

-100

-50

0

50
Zdq

-100

-50

0

50

M
ag

ni
tu

de
 (

dB
)

Zqd

-20
0

20
40

Zqq

100 101 102 103 104

Frequency (Hz)

-100

0

100

P
ha

se
 (

de
g)

100 101 102 103 104

Frequency (Hz)

-200

0

200

-200

0

200

P
ha

se
 (

de
g)

-100

0

100

10
0

10
1

10
2

10
3

10
4

Frequency (Hz)
10

0
10

1
10

2
10

3
10

4

Frequency (Hz)

Measured Model (With power sync.) Model (W/O power sync.)

Fig. 7. Comparison of theoretical model (blue curves) and measured
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the parameters of the power-based synchronization must be
well designed to avoid the potential oscillations.

IV. INTERACTIONS BETWEEN GFL AND GFM
CONVERTERS

Based on the developed models in the previous section, the
stability of a two-bus system with GFL and GFM converters
can be assessed by using the generalized Nyquist criterion
[34], [35]. Considering the grid impedance, the impedance
ratio or the minor loop of the system is given by

L = ZG ·YSEQ (10)

where ZG is the equivalent grid impedance matrix, and YSEQ

is the equivalent admittance matrix seen from the PCC. The
system stability can be predicted based on the frequency
responses of the eigenvalues of the impedance ratio [10],
which are

det [λi(s)E2×2 − ZG ·YSEQ] = 0 (11)

The overall system is stable if and only if the eigenvalues (or
the characteristic loci) λi(s) satisfy the Nyquist criterion [34],
[35].

The system configuration of the two-bus system is shown in
Fig. 8, and different different scenarios with the line impedance
are studied in the followings. The scenario of two GFL
converters has been studied in [12] and thus it will not be
discussed in this paper. Two scenarios will be investigated: 1)
a GFL and a GFM converters are connected to the two buses,
respectively; 2) two GFM converters are connected to the two
buses. With the considerations of system representation, the
equivalent impedance models of the two-bus system for the

ZG ZL

LV grid

Bus 1 Bus 2

Fig. 8. System configuration of a two-bus system with power converters.
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Fig. 9. Equivalent impedance models of two-bus system with power convert-
ers for different scenarios: (a) GFL and GFM converters and (b) two GFM
converters.

two scenarios are given in Fig. 9. Here, VG is the equivalent
voltage source of the grid, ZL is the equivalent line impedance
between the two buses, IGFL and YGFL are the equivalent
current source and admittance of the GFL converter, VGFM

and ZGFM are the equivalent voltage source and impedance
of the GFM converter.

A. Scenario A: GFL and GFM Converters

In this scenario, a GFL converter connects to Bus 1 and
a GFM converter connects to Bus 2. Based on the system
configuration of Fig. 9a and (10), the minor loop can be
obtained by

LA2 =
ZGFL · (ZGFM + ZL)

ZG · (ZGFL + ZGFM + ZL)
(12)
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(a)

(b)

Fig. 10. Nyquist plots of two-bus system with power converters: (a) single
GFL converter connects to Bus 1 and (b) GFL and GFM converters connect
to Bus 1 and 2 respectively.

For comparison, the minor loop of a single GFL converter
connects to Bus 1 is given by

LA1 = ZGFL · ZG
−1 (13)

In case of a weak grid, e.g., SCR is 3, applying the general-
ized Nyquist criterion to (13) and (12), the characteristic loci
of the system are shown in Fig. 10a and Fig. 10b, respectively.
It can be seen that one of the system characteristic loci (i.e.,
λ2) encircles the critical point (-1, j0) when a GFL converter
connects to the weak grid, and therefore the converter suffers
from instability issue. However, when the GFM converter
connects to Bus 2, it can be seen that none of the system
characteristic loci encircles the critical point, showing the
stability of the overall system is improved.

Since λ2 is mainly influenced by the ratio of grid and
converter impedance in qq axis, the frequency responses of
the corresponding impedance are shown in Fig. 11a. In case
of a single GFL converter, the equivalent imepdance Zqq is
illusrated by the red curve, which presents a negative resistive
characteristic in the low-frequency range. When a GFM con-
verter being connected, the characteristic in the low-frequency
range can be modified, which turns out to be inductive. For
this reason, the overall system is less likely to suffer from
instability or oscillation caused by the low-frequency reso-

nance. Moreover, when GFL being used alone, the crossover
region between grid impedance and Zqq is relatively wide,
ranging from fcr1 to fcr2. The phase difference between the
two impedance falls into the unacceptable phase band [36],
and thus causing stability issue at around 500Hz. When a
GFM converter is connected to Bus 2, the magnitude of Zqq

in such a range can be modified and the crossover region
can be largely reduced. It can be seen that the new crossover
frequency f ′

cr1 moves rightwards, and under this circumstance
the phase difference no longer falls into the unacceptable phase
band.

The frequency responses of λ2 for both cases are shown in
Fig. 11b. In case of single GFL converter, a −180◦ crossing
can be identified at around 500Hz when the magnitude is
positive. For this reason, the overall system suffers from
instability and sideband harmonics can be observed in the abc
frame. When the GFM converter connects to Bus 2, both the
magnitude and the phase of λ2 are modified. In particular,
the magnitude at the critical frequency can be reduced to be
negative, leading to a stable system. Nevertheless, it is worth
noting that the power-based synchronization and the filter of
the GFM converter introduce two additional resonances as
seen in the low- and the high-frequency ranges. Especially
in the low-frequency range, as soon as the resonance exceeds
0 dB, the −180◦ crossing can lead to instability in terms of
sub-synchronous oscillation.

In Fig. 12a, the root loci of the two bus system with GFL
and GFM converter are presented, when varying the SCR of
the grid. The SCR varies from 13 to 1 in this case study. It can
be seen that a pair of conjugate poles at around 3100 rad/s
(around 500Hz) are gradually moving from the left side to the
right half plane when the SCR decreases. This phenomenon
can be reflected by the critical region of Fig. 11b, where the
magnitude would increase from negative value to positive
when decreasing the SCR. On the other hand, a pair of
conjugate poles at around 35 rad/s (around 6Hz) locate in
the right half plane when the SCR is high. This is due to the
effect of power-based synchronization and it can be reflected
by the resonance in low-frequency range Fig. 11b. It indicates
the power-based synchronization could incur instability when
the grid is strong. By decreasing the SCR, the pair of poles
are moving to the left side. Moreover, the pairs of conjugates
poles in the high-frequency range introduced by the filter
resonances are far away from the imaginary axis, showing
they are insensitive to the SCR changes.

B. Scenario B: Two Grid-forming Converters

In this scenario, two GFM converters using the virtual
synchronous machine concept are connected to the two buses.
Based on the system configuration of Fig. 9b and (10), the
minor loop can be obtained by

LB2 =
ZGFM · (ZGFM + ZL)

ZG · (2ZGFM + ZL)
(14)

For comparison, the minor loop of a single GFM converter
connects to Bus 1 is given by

LB1 = ZGFM · ZG
−1 (15)
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Fig. 11. Frequency responses of overall system of scenario A: (a) equivalent
impedance of qq-axis and (b) eigenvalue λ2.

In case of a strong grid, e.g., SCR is 10, applying the
generalized Nyquist criterion to (14) and (15), the character-
istic loci of the system are shown in Fig. 13a and Fig. 13b,
respectively. In Fig. 13a, only one GFM converter connects to
Bus 1 and none of the characteristic loci encircles the critical
point. However, it can be seen in Fig. 13b that one of the
system characteristic loci (i.e., λ2) encircles the critical point
(-1, j0) when two GFM converters connect to the two buses,
and thus the grid suffers from instability issue.

The frequency responses of the converter impedance in qq
axis in different conditions are shown in Fig. 14a. In case
of a single GFM converter, as shown by the red curve,
though the crossover region between grid impedance and
Zqq is relatively wide, the phase difference between the two
impedance is small and can hardly fall into the unacceptable
phase band. However, when another GFM converter being
connected, the characteristic in the low-frequency range can
be modified. A resonance is introduced in the low-frequency
range as shown by the green curve. In the crossover region,
the phase difference between the two impedance falls into the
unacceptable phase band, and thus causing stability issue at
around 2.3Hz. Moreover, the connection of additional GFM
converter leads the crossover region to become wider. The
crossover frequency moves from fcr1 to f ′

cr1, which could
aggrevate the stability issue of low-frequency range. When the
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Fig. 12. Root loci of two-bus system with GFL and GFM converters when
varying system parameters: (a) SCR and (b) line length.

line length between the two converters increases, as shown
by the blue curve, it can be seen that the resonance in the
low-frequency is alleviated and the the crossover region can
be reduced. The phase difference no longer falls into the
unacceptable phase band and therefore the system becomes
stable.

The frequency responses of λ2 for different cases are shown
in Fig. 14b. In case of single GFM converter, there is no −180◦

crossing can be identified when the magnitude is positive.
However, after the second GFM being connected to Bus 2,
the −180◦ crossing at the resonant frequency of 2.3Hz can
be identified, leading the overall system to be unstable. When
the line length increases, both the resonance and the −180◦

crossing are alleviated, and thus the system can maintain
stability.

Nevertheless, it is worth noting that the line impedance
between the two converters introduces a resonance and an-
tiresonance in the high-frequency range. By increasing the
length, this issue could be further exaggerated and lead to
high-frequency oscillations. To better study the effect of line
impedance on system stability, the root loci of two GFM
converters when varying the length of the line are presented
in Fig. 15. In this case study, the type of UG-02 is used and
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(a)

(b)

Fig. 13. Nyquist plots of two-bus system with power converters: (a) single
GFM converter connects to Bus 1 and (b) two GFM converters connect to
Bus 1 and 2.

the line length increases from 0 to 1.5 km. It can be seen that
the poles in the high-frequency range are moving rightwards
when increasing the line length. Nevertheless, the dominant
poles in the low-frequency range locate on the right half plane
when the line length is 0. By increasing the line length, the
dominant poles can move from the right half plane to the
left one, and thus the system becomes stable. This indicates
the cable between the two GFM converters is necessary to
maintain stability, especially when the grid is strong.

V. PARAMETERS DESIGN FOR STABLE OPERATION

In this section, the sensitivity of the dominant poles to
different parameters in different scenarios are analyzed. Then,
design guidelines of parameters of the two-bus system are
presented based on their stable regions.
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Fig. 14. Frequency responses of overall system of scenario B: (a) equivalent
impedance of qq-axis and (b) eigenvalue λ2.
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Fig. 15. Root loci of two-bus system with two GFM converters when varying
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A. Scenario A: GFL and GFM Converters
To investigate the sensitivity of λi(s) to the parameters, a

Jacobian matrix Ja is defined as following:

Ja(λi) =

[
∂σi

∂Dp
,
∂σi

∂J
,
∂σi

∂kpv
,
∂σi

∂kpi
,
∂σi

∂kiv
,
∂σi

∂kii
,
∂σi

∂fres
,

∂σi

∂kpc
,
∂σi

∂kic
,

∂σi

∂kppll
,

∂σi

∂kipll
,

∂σi

∂SCR

]
(16)
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where σi is the real part of the most critical or dominant poles
of ith eigenvalue, Dp and J are the damping ratio and the
virtual inertia of the GFM converter, kpv , kiv , kpi, and kii are
the PI control parameters of the GFM converter, fres is the
filter resonant frequency of the GFM converter, kpc and kic
are the PI control parameters of the GFL converter, kppll and
kipll are the control parameters of the SRF-PLL.

The sensitivity analysis of the dominant poles to the vari-
ation of different parameters are given in Fig. 16. A bar with
positive value shows a more stable condition (i.e., dominant
poles move leftwards), whereas a negative one indicates the
system tends to be less stable. According to the previous
analysis, the system stability is mainly influenced by λ2 and
it can be seen that the dominant poles of λ2 to the variations
of kpv , kpi, and fres of the GFM converter are positive and
meanwhile the most influential. It indicates that the system
stability can be improved by increasing of the three parameters
of the GFM converter. Meanwhile, it can be seen that the
PLL parameters of the GFL converter and the grid SCR also
have importance effects on the stability. By increasing kppll
and kipll, or reducing the SCR, the system stability can be
compromised.

The stability regions of the two-bus system in scenario A
when PLL bandwidth of GFL converter changing from 0.7
to 1.3 p.u. are shown in Fig. 17. The impacts of the three
sensitive parameters of the GFM converter on the stability are
studied. Here, the nominal values of the PLL bandwidth, kpv ,
kpi, and fres are 200Hz, 2.0, 5.0, and 2000Hz. By increasing
kpv , kpi, or fres of LC filter of GFM converter, the system
can become stable even the PLL bandwidth is relatively high.
Moreover, the stability regions of the two-bus system when
SCR changing from 1 to 9 are studied and shown in Fig. 18.
Similar to Fig. 17, the original unstable system can become
stable by increasing the parameters of GFM converter when
the SCR is relatively low. Therefore, it can be concluded
that larger kpv , kpi, and fres can improve the stability of
a two-bus system with GFL and GFM converters. By using
the Robust Control Toolbox, kpv and kpi of [0.5p.u., 1.0p.u.],
fres of [0.6p.u., 0.9p.u.] are recommended so that the two-bus

system with GFL and GFM converters can maintain stability
and meanwhile have relatively high performance. Besides, the
PLL bandwidth of the GFL converter must not exceed 1.2
p.u. (especially when SCR is lower than 3) according to the
stability regions otherwise the connected GFM converter can
no longer improve the system stability.

B. Scenario B: Two Grid-forming Converters

To analyze the sensitivity of λi(s) to the parameters, the
Jacobian matrix of scenario B Jb is defined by

Jb(λi) =

[
∂σi

∂J1/2
,

∂σi

∂Dp1/2
,

∂σi

∂kpv1/2
,

∂σi

∂kiv1/2
,

∂σi

∂kpi1/2
,

∂σi

∂kii1/2
,

∂σi

∂fres1/2
,

∂σi

∂Rline
,

∂σi

∂Xline

]
(17)

where Dp and J are the damping ratio and virtual inertia
of the GFM converters, the subscripts 1 and 2 represent the
GFM converters at Bus 1 and 2, Rline and Xline are the
resistance and reactance of the cable between two buses. The
sensitivity analysis of the dominant poles to the variation of
different parameters are given in Fig. 19. It can be seen that
the dominant poles (or system stability) are mainly influenced
by five parameters, which are Dp1, J1, kiv1 of the GFM
converter at Bus 1, and the line parameters Rline and Xline.
This indicates that the system stability is determined by the
control parameters of the GFM converter at Bus 1 and the
line impedance, while the rest of the parameters have minor
impacts on the stability of the overall system.

The stability regions of the two-bus system in scenario B
when SCR changing from 2 to 10 are shown in Fig. 20. The
influences of the three sensitive control parameters of GFM
converter at Bus 1 on the system stability are studied. Here,
the nominal values of Dp1, J1, kiv1 are 120, 5.0, and 500,
respectively. It can be seen that the overall system becomes
unstable when the grid getting stronger (SCR getting higher).
By increasing Dp1 and kiv1, or reducing J1 of GFM converter
at Bus 1, the stability of the overall system can be improved
for different grid representations. In particular, Dp1 plays a
major role: it allows the system to maintain stability even
the SCR equals to 10. Then, the stability regions of the
two-bus system when the line length between two converters
changing from 0.3 to 1.3 km are investigated and shown in
Fig. 21. Obviously, the unstable system can turn into a stable
one by increasing the line length. Especially when the line
length exceeds 0.65 km, meanwhile the control parameters
are well designed, the overall system can always maintain
stability according to the regions. For a system with short
line, the original unstable system can also become stable by
turning the parameters of GFM converter at Bus 1: increasing
Dp1 and kiv1, or reducing J1. By using the Robust Control
Toolbox, Dp1 of [0.6p.u., 1.0p.u.], J1 of [0.15p.u., 0.35p.u.],
kiv1, of [0.5p.u., 1.0p.u.] are recommended so that the two-
bus system with two GFM converters can maintain stability
and meanwhile have relatively high performance. Besides,
take UG-02 cable as an example, the line length is suggested
to be longer than 0.35 km according to the stability regions
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otherwise the system stability can no longer be improved by
tuning the control parameters in a strong grid.

VI. FILTER-BASED STABILIZED CONTROL OF GFM
CONVERTERS

According to Fig. 10 and Fig. 13, the interactions between
the two converters could incur instability. The critical points

could appear either in low-frequency range (e.g., Scenario B)
or in high-frequency range (e.g., Scenario A). To solve the
potential stability issue, a stabilized control strategy based
on the digital Biquad filter will be proposed for the GFM
converter.

The generic transfer function of Biquad filter can be ex-
pressed by

GBi =
s2 + 2Dzωzs+ ω2

z

s2 + 2Dpωps+ ω2
p

(18)

which contains two poles and two zeros. Here, ωz and ωp

are the frequencies of the poles and zeros, the deepness and
wideness of the filter will be determined by the two damping
coefficients Dz and Dp, respectively.

In general, both the magnitude and the phase at the critical
point can be modified by means of Biquad filter, and eventually
alters the phase margin of the overall system. To mitigate
instability, the frequency of the zeros ωz can be set at the
critical frequency so that the magnitude at the critical point
yields to be negative. Meanwhile, the frequency of the poles
ωp is expected to be in the stable region. In this regard,
the introduced poles of Biquad filter will not aggravate the
situation.

The schematic diagram of the proposed filter-based stabi-
lized control is shown in Fig. 22, where the Biquad filter is
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Fig. 20. Stability regions of two-bus system in scenario B when SCR changing from 2 to 10: (a) variation of Dp1, (b) variation of J1, and (c) variation of
kiv1 of GFM converter at Bus 1.
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Fig. 22. Schematic diagram of the proposed filter-based stabilized control
strategy for GFM converters.

plugged into the voltage outer loop of the GFM converter. By
considering the effect of Biquad filter, using the generalized
modeling procedure, the model of control system can be
updated by

∆dc
Biquad = GPIiGdel[−∆icL+GPIvGBi(∆vref−∆vc

GFM)]
(19)

The rest models including the filter model and the synchro-
nization model remain the same. Combining (7), (8), and (19),
the updated impedance matrix of the GFM with the filter-based
stabilized control strategy can be obtained.

Using the updated GFM impedance matrix, the stability of
the two-bus system under scenario A and B can be reassessed.
The frequency responses of λ2 of the two scenarios with the
filter-based stabilized control are shown in Fig. 23. In both case
studies, the system and control parameters used in the previous

section have been taken into account. For scenario A, though
the overall system is stable initially, the magnitude of λ2

can be reduced when the Biquad filter being implemented as
shown in Fig. 23a. This indicates the gain margin of the overall
system can be improved, establishing higher robustness. In
case of two GFM converters, the overall system is unstable
initially, while it becomes stable when using the Biquad filter
as shown in Fig. 23b. It can be seen that both magnitude and
phase of λ2 at the critical point have been modified to be a
more stable manner.

With the inclusion of the Biquad filter, the frequency
responses of the eigenvalues around ωz and ωp turns out:

∠λ1,2(s)s≈jωz
> −180(deg) if |λ1,2(s)|s≈jωz

> 1(0 dB)

|λ1,2(s)|s≈jωp
< 1 if∠λ1,2(s)s≈jωp

< −180(deg)
(20)

It is worth noting that criterion regarding the phase at the
critical point (or ωz) can only guarantee the stability under the
ideal circumstance. Due to the introduced poles, the magnitude
at the frequency of poles must fulfill the requirements of (20)
to avoid new stability issue arisen.

The proposed filter-based stabilized control can also be ex-
tended to other ”white-box” systems with converters. Provided
the impedance models of the systems are known, the zeros
and poles of the Biquad filter can be allocated to reshape the
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Fig. 23. Frequency responses of λ2 of two scenarios using the proposed
control: (a) GFL and GFM converters, and (b) two GFM converters.

converters’ impedance, and therefore modifying the frequency
responses of the critical eigenvalue as well as the stability
margins. The design-oriented analysis can be used to well
design the control parameters of the Biquad filter so that
maintain system stability under different circumstances.

VII. SIMULATION AND EXPERIMENTAL RESULTS

In this section, the theoretical analysis and the proposed
control strategy will be validated by simulation and experi-
mental results.

A. Simulation Results

Firstly, the stability of the two-bus system with a GFL and a
GFM converters is tested and its simulation results are shown
in Fig. 24. The SCR of the grid is 3 in this case study, the
PLL bandwidth of the GFL converter is 330Hz and the power
injection is 7.9 kW. If only a GFL converter connects to Bus 1,
according to Fig. 24a, the system is unstable where the voltage
and the current as well as the power are oscillating. At 0.5 s,
the GFM converter connects to Bus 2. It can be seen that the
waveforms of the GFL converter stop oscillating as soon as
the GFM converter being integrated with the grid.

Secondly, the stability of the two-bus system with two GFM
converters is tested and its simulation results are shown in
Fig. 25. The SCR of the grid is 10 in this case study, and

nd
2  GFM converter connects to Bus 2

G
F

L
 1

 c
u

rr
en

t 
(A

)

(a)

nd2  GFM converter connects to Bus 2

(b)

Fig. 24. Simulation results of two-bus system with GFL and GFM converters:
(a) Bus 1 voltage and GFL converter current, and (b) Bus 2 voltage and GFM
converter current.

the active power setpoint of each converter is 2.5 kW. A
GFM converter initially connects to Bus 1, at 2 s the second
GFM converter connects to Bus 2. According to Fig. 25, the
system becomes unstable as soon as the second GFM converter
connects to Bus 2. It can be seen that the waveforms of
the current and the power are oscillating in a low-frequency
manner.

To remove the low-frequency oscillation, a cable with
1.5mH impedance is connected between Bus 1 and 2. The
corresponding waveforms are shown in Fig. 26. Likewise the
previous case study, the SCR of the grid is 10 and the active
power setpoint of each converter is 2.5 kW. However, the
system can remain stability even the second GFM converter
being integrated with the grid according to Fig. 26. Comparing
to Fig. 25, the line impedance between the two buses improves
the stability of the two-bus system with two GFM converters.

Then, the proposed stabilized control strategy is verified
in the two-bus system with two GFM converters and its
simulation results are shown in Fig. 27. The SCR of the grid
is 10 in this case study, and the active power setpoint of
each converter is 2.5 kW. It can be seen that the system
is unstable initially. At 3 s, the proposed stabilized control
strategy based on the Biquad filter has been implemented in
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nd2  GFM converter connects to Bus 2

(a)

nd2  GFM converter connects to Bus 2

(b)

Fig. 25. Simulation results of two GFM converters without cable between two
buses: (a) Bus 1 voltage and GFM converter current, and (b) Bus 2 voltage
and GFM converter current.

the GFM converter connecting to Bus 2. After one cycle, the
system becomes stable since the waveforms of the bus voltage
and converter current stop oscillation and with relatively high
power quality.

B. Experimental Results

To verify the effectiveness of the theoretical analysis, ex-
perimental validations have been done in a laboratory setup.
The system configuration of Fig. 8 is developed, where two
Danfoss VLT AutomationDrive FC 302 converters are used
for the power converters. The control strategies of Fig. 1 and
Fig. 2 are employed for the GFL and GFM converters. The
control algorithms are implemented by a real-time control
system based on TI’s digital signal processor.

Firstly, the stability of the two-bus system with GFL and
GFM converters are studied experimentally. Initially, a single
GFL converter connects to Bus 1 and its power injection is
2.5 kW. The SCR is 3 and the PLL bandwidth is tuned to
be 530Hz. This leads to the instability and it can be found
in Fig. 28a that both the Bus 1 voltage and the current of
the GFL converter oscillate. Then, a GFM converter connects
to Bus 2 with power injection of 0.5 kW. It can be seen in

(a)

(b)

Fig. 26. Simulation results of two GFM converters with cable between two
buses: (a) Bus 1 voltage and GFM converter current, and (b) Bus 2 voltage
and GFM converter current.

Fig. 28b that the overall system can achieve stable operation
when both GFL and GFM converters connect to the grid.

Then, the effectiveness of the proposed control strategy is
validated by experiments. In the beginning, two GFM con-
verters are connected to the two buses and the line impedance
between the buses is 0.5mH. The SCR is 6.5 and the power
injection of each converter is 2.4 kW. The overall system is
unstable as it can be seen in Fig. 29a since the current of
both GFM converters are oscillating. The spectrum of the
converter current is shown in Fig. 29b and the oscillating
contents in the low-frequency range (around 7Hz) can be
identified. As soon as the proposed control being utilized, the
overall system becomes stable as shown in Fig. 29c. Seen from
the time-domain waveforms and the spectrum in Fig. 29d, the
oscillations in the low-frequency range have been alleviated
by using the proposed control strategy.

VIII. CONCLUSION

This paper studies the stability issues of a two-bus system
with GFL and GFM converters. To well illustrate the problem,
a generalized modeling procedure for both types of converters
has been presented. Based on the models, the stability of
the system and the interactions between the converters have
been investigated. It shows that the stability of a weak grid
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Plug-in Biquad filter 

(a)

Plug-in Biquad filter 

(b)

Fig. 27. Simulation results of two GFM converters with the proposed
stabilized control: (a) Bus 1 voltage and GFM converter current, and (b)
Bus 2 voltage and GFM converter current.

with GFL converters can be improved by connecting GFM
converters in the network. Moreover, a strong grid with GFM
converters and low network impedance is likely to suffer from
low-frequency oscillations (e.g., subsynchronous oscillation).
The parameters sensitivity analysis of the two scenarios have
been done and the stability regions of different parameters
have been presented in order to provide design guidelines
or parameters ranges for stable operation. To mitigate the
oscillation, a stabilized control strategy based on the Biquad
filter is proposed for the GFM converters. The simulation and
experimental results have validated the effectiveness of the
analysis and the proposed control.

APPENDIX

For the GFL converters, Gv
PLL, Gi

PLL, and Gd
PLL de-

fine the relationship between the grid voltage perturbation
in system frame and the grid voltage perturbation, the con-
verter current perturbation, and the duty cycle perturbation
in synchronized-frame, the mathematical expressions of the
transfer function matrices are

Gv
PLL =

[
1 VgqGPLL

0 1− VgdGPLL

]
(21)

Bus 1 voltage (100V/div)

Bus 2 voltage (100V/div)

GFL current (5A/div)

GFM current (5A/div)

(a)

Bus 1 voltage (100V/div)

Bus 2 voltage (100V/div)

GFL current (5A/div)

GFM current (5A/div)

(b)

Fig. 28. Experimental results of a two-bus system when: (a) a single GFL
converter connects to Bus 1 and (b) GFL and GFM converters connect to Bus
1 and 2 respectively.
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Fig. 29. Experimental results of two GFM converters with the proposed
control: (a) waveforms of GFM converters without Biquad filter, (b) spectrum
of GFM converter current without Biquad filter, (c) waveforms of GFM
converters with Biquad filter, and (b) spectrum of GFM converter current
with Biquad filter.
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Gi
PLL =

[
0 IgqGPLL

0 −IgdGPLL

]
(22)

Gd
PLL =

[
0 −DqGPLL

0 DdGPLL

]
(23)

where Vgd and Vgq are the dc quantities of the grid voltage in
dq frame, Igd and Igq are the dc quantities of the grid current
in dq frame, Dd and Dq are the dc quantities of the averaged
duty cycles in dq frame.

Here, the detailed expression of GPLL is

GPLL =
skppll

s2 + sVgdkppll + Vgdkipll
(24)

where kppll and kipll are the proportional and the integral gains
of the SRF-PLL.

In addition, GPQ, GPIc, and Gdel are the transfer function
matrices of the power control loop, current controller, and the
digital & PWM delay, which can be expressed by

GPQ =

[
− Idref

Vgd
0

− Iqref
Vgd

0

]
(25)

GPIc =

[
kpc +

kic

s 0

0 kpc +
kic

s

]
(26)

Gdel =

[ 1
1+1.5Tss

0

0 1
1+1.5Tss

]
(27)

where Idref and Iqref are the current references in dq frame,
kpc and kic are the proportional and the integral gains of the
current controller, Ts is the sampling interval.

The filter admittance YL is

YL =
1

Lf (s2 + ω)
2

[
s ω
−ω s

]
(28)

where Lf is the filter inductance, it can be expressed by Lf1+
Lf2 if an LCL filter is used.

For the GFM converter, GvGFM
vGFM, GiGFM

vGFM, GiL
vGFM,

Gd
vGFM define the responses from the GFM voltage pertur-

bation in system frame to the voltage perturbation, the current
perturbation, the inductor current perturbation, and the duty
cycle perturbation in synchronized-frame, the mathematical
expressions of the transfer function matrices are

GvGFM
vGFM =

[
1− aVGFMqIGFMd −aVGFMqIGFMq

aVGFMdIGFMd 1 + aVGFMdIGFMq

]
(29)

GiGFM
vGFM =

[
−aIGFMdIGFMq −aIGFMqIGFMq

aIGFMdIGFMd aIGFMdIGFMq

]
(30)

GiL
vGFM =

[
−aIGFMdILq −aIGFMqILq

aIGFMdILd aIGFMdILq

]
(31)

Gd
vGFM =

[
−aIGFMdDq −aIGFMqDq

aIGFMdDd aIGFMdDd

]
(32)

where VGFMd and VGFMq are the dc quantities of the output
voltage in dq frame, IGFMd and IGFMq are the dc quantities
of the output current in dq frame, ILd and ILq are the dc
quantities of the inductor current in dq frame.

In addition, GvGFM
iGFM , GiGFM

iGFM, GiL
iGFM, Gd

iGFM define
the responses from the GFM current perturbation in system

frame to the voltage perturbation, the current perturbation, the
inductor current perturbation, and the duty cycle perturbation
in synchronized-frame, the mathematical expressions of the
transfer function matrices are

GvGFM
iGFM =

[
1− aVGFMqVGFMd −aVGFMqVGFMq

aVGFMdVGFMd 1 + aVGFMdVGFMq

]
(33)

GiGFM
iGFM =

[
1− aVGFMdIGFMq −aVGFMqIGFMq

aVGFMdIGFMd 1 + aVGFMqIGFMd

]
(34)

GiL
iGFM =

[
−aVGFMdILq −aVGFMqILq

aVGFMdILd aVGFMqILd

]
(35)

Gd
iGFM =

[
−aVGFMdDq −aVGFMqDq

aVGFMdDd aVGFMqDd

]
(36)

Here, the expression of coefficient a is

a =
3

2ω0 (Dp + JS) s
(37)

where Dp and J are the damping factor and the virtual inertia.
GPIv, and GPIi are the transfer function matrices of the

voltage and current controller, which can be expressed by

GPIv =

[
kpv +

kiv

s 0

0 kpv +
kiv

s

]
(38)

GPIi =

[
kpi +

kii

s 0

0 kpi +
kii

s

]
(39)

where kpv and kiv are the proportional and the integral gains
of the voltage outer loop controller, kpi and kii are the
proportional and the integral gains of the current inner loop
controller.
GQ

vGFM and GQ
iGFM define the responses from the GFM

voltage and current perturbations in system frame to the
reactive power perturbation, which are

GQ
vGFM =

3

2

[
−IGFMq IGFMd

0 0

]
(40)

GQ
iGFM =

3

2

[
VGFMq −VGFMd

0 0

]
(41)

and Q, and GLPF are the transfer function matrices of
the power controller and the low-pass filter, which can be
expressed by

GQ =

[
−Kq 0
0 0

]
(42)

GLPF =

[
ωf

s+ωf
0

0
ωf

s+ωf

]
(43)

where Kq is the droop coefficient of the reactive power loop,
ωf is the cut-off frequency of the low-pass filter.

The filter admittance YL is same to (28), and YC is

YC =

[
s

(s2+ω2)Cf

ω
(s2+ω2)Cf

− ω
(s2+ω2)Cf

s
(s2+ω2)Cf

]−1

(44)

where Cf is the filter capacitance.
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