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ABSTRACT The increase proportion of power converters causes stability problems in the radial grid. To
address these issues, this paper firstly proposes a unified modeling procedure and applies it to two types of
converters. Secondly, the impedance models are used to analyze the stability of a radial grid with converters
under four cases. The influence of the short circuit ratio (SCR) and line impedance on system stability are
investigated. Then, a comprehensive sensitivity analysis is performed in order to investigate the effects of
parameters variations on the closed-loop poles of the system under different conditions. Finally, the accuracy
of the model and theoretical analysis are verified by simulations and Hardware-in-the-Loop (HiL) tests.

INDEX TERMS Radial grid, grid-following converter, grid-forming converter, impedance model, complex
frequency domain, stability, sensitivity analysis.

I. INTRODUCTION
With the development of renewable energy generation system,
the penetration of power converters in a radial grid increases
significantly, which causes modeling and stability issues [1].
The existing research mainly uses small signal modeling
method to model converters. This method can be divided into
two categories: time domain modeling method based on the
state space model and frequency domain modeling method
based on the impedance model [2]. The establishment of the
state space model requires the detailed structure and param-
eters of converters. At present, some manufacturers keep the
internal structure and parameters of the converter confiden-
tially, it is difficult to obtain the complete state space model of
converters. Compared to the state space model, the impedance
model is a more direct and easier method which can be
obtained either from the detailed parameters or the mea-
sured terminal characteristics. Thus, the impedance model has
drawn extensive attention. In [4]–[7], the impedance model
of grid-following converter was proposed on considering the

influence of phase-locked loop (PLL). In [8], the simplified
impedance model of grid-following converters was studied
which simplifies the modeling procedure. In [9], the unified
modeling method of grid-following converter under three-
phase balance and three-phase unbalance condition was stud-
ied. In [10], the impedance model of grid-forming converter
adopting droop control strategy was analyzed and impedance
measurement was used to verify its correctness. In [11], [12],
for grid-forming converter adopting droop control strategy,
phase angle was seen as an input and the transfer function
among voltage, current and phase angle was analyzed. How-
ever, in the existing literature, each model is valid for the
specific type of converters with specific control strategy. The
general modeling model methodology is still missing.

Based on the impedance model of converters, many re-
searchers study the stability of the distribution grid with
converters. In [13], the stability indices and margins of two
grid-following converters with different parameters, partic-
ularly with different PLL bandwidths and power injections
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were studied and it provided a general design guideline of
PLL bandwidths of two converters. In [14], the stability on
different types of converters respectively connected to the
PLL-based converter was studied and μ-analysis was firstly
proposed to assess system robust stability. In [15], the interac-
tions mechanism between two PLL-synchronization convert-
ers operating in parallel was studied. In [16], the eigenvalue
analysis and component connection method (CCM) were used
to analysis parallel system contains the PLL-based converter
and the synchronverter. In [17], the system contained three
parallel grid-following converters system under different op-
erating conditions was studied. At present, most of researches
focus on the influence of identical type of converters on the
stability of grids, while the system stability containing differ-
ent kinds of converters has been seldom investigated. More-
over, the sensitivity analysis of impedance of power converters
in a radial grid is still missing.

In this respect, this paper aims to study the stability of a
radial grid on considering the influence of different types of
converters and line impedance. The contributions of this paper
include:

1) Unified modeling procedure is proposed and applied to
two types of converters;

2) Stability issues for a radial grid with different types of
converters under different cases are investigated;

3) Parameter sensitivity analysis for a two-bus radial grid
with different types of converters is performed.

The paper structure is organized as follows. The classifi-
cation of power converter is introduced in Section II. The
unified modeling procedure is proposed and is applied to the
two types of converters in Section III. The influence of line
parameters on system stability under four cases and parameter
sensitivity are studied in Section IV. The developed model and
theoretical analysis are verified by simulations and Hardware-
in-the-Loop (HiL) tests in Section V. Conclusions are drawn
in Section VI.

II. CLASSIFICATION OF POWER CONVERTER
According to control strategies, power converters are classi-
fied into two categories: grid-following converter and grid-
forming converter [21], [22].

A. GRID-FOLLOWING CONVERTER
Grid-following converter typically uses PLL and current loop
to achieve rapid control of the converters’ output current.
Due to its output characteristic, the grid-following converter
is equivalent to an ideal AC current source in parallel with an
admittance connecting to the grid. The simplified equivalent
model is shown in Fig. 1(a).

B. GRID-FORMING CONVERTER
Grid-forming converter adjusts output active and reactive
power by controlling voltage magnitude and frequency. It is
equivalent to an ideal AC voltage source in series with an
impedance, and its simplified equivalent model is shown in
Fig. 1(b). Typical power control strategies of grid-forming

FIGURE 1. Simplified equivalent models of power converters:
(a) grid-following converter, (b) grid-forming converter.

FIGURE 2. Relationship between system d-q axis and controller d-q axis.

converters include: droop control, VSG, and synchronous
power controller (SPC) [23].

III. UNIFIED MODELING PROCEDURE OF POWER
CONVERTERS
For grid-following converters, PLL provides phase angle. For
grid-forming converters, power loop (or power-based syn-
chronization) provides phase angle. Phase angle will affect the
Park transform and its inverse. Thus, the system has two d-q
reference frames. One is grid side d-q frame, which is syn-
chronized with the grid voltage, and the other is synchronized
with the phase angle provided by PLL or power loop. When a
small-signal perturbation is added to PCC voltage, the two d-q
frames no longer overlap, which results in an angle difference
�θ as shown in Fig. 2. Voltage and current in two frames
satisfy the following relationship [4]:[

xc
d

xc
q

]
=

[
cos(�θ ) sin(�θ )

− sin(�θ ) cos(�θ )

] [
xs

d
xs

q

]
(1)

The superscript c represents the vector under the d-q frame
on the controller side, and the superscript s represents vector
under the d-q frame on the grid side. x represents v, i, vc, vr ,
iLwhich are shown in Figs. 3 and 5.

According to (1), the relationship between the components
on both sides is shown in (2).[

X c
d + �xc

d
X c

q + �xc
q

]
=

[
cos(�θ ) sin(�θ )

− sin(�θ ) cos(�θ )

] [
X s

d + �xs
d

X s
q + �xs

q

]

≈
[

1 �θ

−�θ 1

] [
X s

d + �xs
d

X s
q + �xs

q

]
(2)

where Xd and Xq represent steady-state quantities. �xd and
�xq represent small-signal disturbances.
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FIGURE 3. Configuration of the grid-forming converter: (a) Typical system
configuration [11], (b) Droop control active power loop [11], (c) VSG active
power loop [24], (d) SPC active power loop [25], (e) reactive power loop
[11].

Simplifying (2), one can get

[
�xc

d
�xc

q

]
=

[
�xs

d + �θX s
q

�xs
q − �θX s

d

]
(3)

�θ has a functional relationship with its input vector. For
grid-following converter, it has relationship with �vc

q. For
grid-forming converter, it has relationship with converter’s
output voltage and current. Thus the functional relationship
between �θ and its input can be established as shown below.

�θ = [
G1d G1q

] [
�Y1d

�Y1q

]
+ [

G2d G2q
] [

�Y2d

�Y2q

]
(4)

where Y1 and Y2 are input of �θ .

Substitute (4) into (3)[
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d
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q

]
=

[
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d
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q

]
+
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q
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]

+
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G2d X s
q G2qX s

q
−G2d X s
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d

] [
�Y2d

�Y2q

]
(5)

Based on (5), the impedance model Z can be obtained.
From the above analysis, unified modeling procedure can be
summarized by the following:

1) Establish the functional relationship between �θ and its
input as shown in (4);

2) Substitute (4) into (3) to get the relationship between
vectors under two frames as shown in (5);

3) Develop the control block diagram according to (5);
4) Calculate the converter’s impedance model according to

control block diagram.

A. IMPEDANCE MODEL OF GRID-FORMING CONVERTER
Fig. 3 shows a typical configuration of a grid-forming con-
verter [11]. For different types of grid-forming converters,
such as VSG and SPC, only the power loop in Fig. 3(a) is
replaced by the corresponding power-based synchronization,
while the inner loop remains the same [11], [24], [25].

For better establishing the grid-forming converter’s model,
droop control is chosen as an example. Under this cir-
cumstance, �θ is related to the variation of active power,
which is

�θ = mp�P (6)

where mp represents proportional coefficient between active
power and phase angle, which satisfies equation below.

mp= − npω f

s(s + ω f )
(7)

where np represents droop control coefficient of active power,
ω f represents cut-off frequency of a first-order low-pass filter.

The active power is associate with voltage and current,
which is

�P=3

2

[
Ic
d Ic

q

] [
�vc

cd
�vc

cq

]
+ 3

2

[
V c

cd V c
cq

] [
�icd
�icq

]
(8)

Substitute (6) and (8) to (3),[
�vc

cd
�vc

cq

]
=

[
�vs

cd
�vs

cq

]
+ G′

1

[
�vc

cd
�vc

cq

]
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2

[
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�icq

]
(9)

Similarly,[
�icd
�icq

]
=

[
�isd
�isq

]
+ G′

3

[
�vc

cd
�vc

cq

]
+ G′

4

[
�icd
�icq

]
(10)

Combine (9) and (10)[
�vc

cd
�vc

cq

]
= G1

[
�vs

cd
�vs

cq

]
+ G2

[
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�isq

]
(11)

[
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]
= G3

[
�vs
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]
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[
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]
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Similarly,[
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]
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[
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]
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[
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The detailed expressions of G
′
1 and G

′
2 and Gi

(i=12 … …,8) are shown in the Appendix.
The reactive power loop mainly affects the d-axis reference

voltage, and the q-axis reference voltage is directly set to 0.
The relationship between reactive power and d-axis reference
voltage is

�vdre f = mq�Q (15)

where mq represents the proportional coefficient between the
d-axis voltage reference value and the reactive power, and the
expression is

mq = − nqω f

s + ω f
(16)

where nq represents the droop control coefficient of reactive
power. The perturbation of reactive power is also determined
by the perturbations of voltage and current, which is

�Q = 3

2
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d

] [
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]
+ 3

2
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]
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Thus[
�vdre f

0

]
=

[
mq�Q

0

]

= GmqGv
Q

[
�vc

cd
�vc

cq

]
+ GmqGi

Q

[
�icd
�icq

]
(18)

where Gv
Q represents the transfer function matrix between

voltage and reactive power, Gi
Q represents the transfer func-

tion matrix between current and reactive power, Gmq repre-
sents the reactive power coefficient transfer function matrix.

According to the above analysis, the model of the grid-
forming converter is developed in Fig. 4. Gv

PI represents PI
controller in voltage loop. Gi

PI represents PI controller in cur-
rent loop, and YC represents capacitor branch. Gdel represents
delay matrixes. All the above-mentioned matrixes are shown
in the Appendix with details.

According to Fig. 4, the impedance model of the grid-
forming converter is

Z =
{[(

YLGdelGi
PIG

v
PI

) (
GmqGv

QG1+GmqGi
QG3 − G1

)
−

(
YLGdelGi

PIG5+YLG7+YL

)]

−
(

E+YLGdelGi
PI

)
Yc

}−1 {(
E+YLGdelGi

PI

)
−

[(
YLGdelGi

PIG
v
PI

) (
GmqGv

QG2 + GmqGi
QG4 − G2

)
−

(
YLGdelGi

PIG6+YLG8

)]}
(19)

FIGURE 4. Model of the grid-forming converter.

For other types of grid-forming converters, namely con-
verters adopting other control strategies, if the inner control
loop (e.g., voltage/current loop) and main circuit are same
except for the active power loop, the impedance model can
directly adopt (19), and only change mp in (6). Taking VSG
as an example, droop control is equivalent to VSG if their
parameters satisfy (20) and (21) [26]:

1

J
= ωgω f np (20)

Dq = 1

ωgnp
(21)

where J is inertia of generator, Dq is the damping coefficient,
ωg is the synchronous angular frequency.

For the SPC, it uses the gain k and cut-off frequency ωc to
obtain phase angle. The transfer function of PLC is [25]

GPLC = k
ωc

s + ωc
(22)

If k and ωc fulfill the following requirements

ωc = 1

Dqωg
(23)

k = 2Dq

J
(24)
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FIGURE 5. Configuration of the grid-following converter.

FIGURE 6. Model of the grid-following converter.

the transfer function of PLC is same to that of VSG.

GPLC = 1

ωg(Js + Dq )
(25)

To sum up, when parameters of droop control, VSG and
SPC satisfy (20), (21), (23) and (24), these three strategies
can be equivalent and have same impedance model.

B. IMPEDANCE MODEL OF GRID-FOLLOWING CONVERTER
The typical structure of grid-following converter is shown in
Fig. 5 [4]. Its block diagram is mainly composed of three
parts: power loop, current loop and PLL. Since the bandwidth
of the power loop usually is low, its influence can be ignored
in modeling, and only the current loop and PLL are consid-
ered. For grid-following converter, �θ is related to the q-axis
voltage [4]–[6], which is

�θ = GPLL�vs
q (26)

where GPLL is PLL closed-loop transfer function. Similar to
grid-forming converter, and using (10), (11), and (13), its
impedance model can be obtained and shown in Fig. 6.

The transfer function matrices of the block diagram are
shown in the Appendix. Based on Fig. 6, the impedance

FIGURE 7. Configuration of a radial grid.

FIGURE 8. Root locus of the system by reduction of SCR (Bus 1 and bus 2
are grid-following converters).

model is

Z = (YL+YLGd
PLL+YLGdelGPIGi

PLL)−1

× (E2×2+YLGdelGPI) (27)

IV. STABILITY AND SENSITIVITY ANALYSIS
A. STABILITY OF A RADIAL GRID
The configuration of a radial grid with power converters is
shown in Fig. 7, where Zg is the grid impedance and ZL is
the line impedance. N converters are connected to different
buses. For better analyzing system stability, a two-bus system
with two converters is used as an example in the followings.
The influences of different parameters on the stability can be
extended to the N-bus system.

In case 1, grid-following converters are connected to bus 1
and bus 2. Root locus of the system with the change of SCR
is shown in Fig. 8. By reduction of SCR, the system becomes
unstable. This indicates that the grid-following converter is
suitable for the strong grid. The system can become more
stable when the grid is stronger. Similar to SCR, by increase of
the line impedance, the system becomes unstable. For better
understanding the effect of line impedance, the relationship
between R/X ratio and stability margin is shown in Fig. 9. In
this paper, the stability margin is defined as

margin = σ

σB
(28)

where σ is the real part of pole, σB is the nominal value of
the stability margin. A higher margin indicates a more stable
system. As shown in Fig. 9, by increasing of R/X ratio, the
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FIGURE 9. The relationship between R/X ratio and stability margin (Bus 1
and bus 2 are grid-following converters).

FIGURE 10. Root locus of the system by reduction of SCR (Bus 1 and bus 2
are grid-forming converters).

stability margin increases, which indicates this system is more
stable when the network is resistive.

In case 2, grid-forming converters are connected to bus 1
and bus 2. Root locus of the system with the change of SCR is
shown in Fig. 10. By reduction of SCR, the system becomes
stable. This indicates that the grid-forming converter is suit-
able for the weak grid. The system can become more stable
when the grid is weaker. Similar to SCR, by increase of the
line impedance, the system becomes stable. The relationship
between R/X ratio and stability margin is shown in Fig. 11.
When R/X ratio is smaller than 1, stability margin reaches its
peak when R/X ratio equals to 0.3.

In case 3, the grid-following converter is connected to bus
1and the grid-forming converter is connected to bus 2. Root
locus of the system with the change of SCR is shown in
Fig. 12. By reduction of SCR, the system becomes more stable
in the very beginning and if SCR continues to decrease, the
system becomes unstable. The stable range of SCR is 1 to 4.4.
This is because with the increasing of SCR, the participation
factor of the grid-forming converter increases and it starts to
support the voltage. When SCR is too low, the effect of the
grid-following converter becomes dominant which leads to
the instability. Root locus of the system with the change of
the line impedance under different grid condition is shown in

FIGURE 11. The relationship between R/X ratio and stability margin (Bus 1
and bus 2 are grid-forming converters).

FIGURE 12. Root locus of the system by reduction of SCR (Bus 1 is
grid-following converter and bus 2 is grid-forming converter).

FIGURE 13. Root locus of the system by increase of the line impedance
(Bus 1 is grid-following converter and Bus 2 is grid-forming converter,
SCR=4.4).

Figs. 13 and 14. When the grid is strong, by increase of the
line impedance, the system becomes stable. This is because
when SCR is high, the effect of the grid-forming converter
becomes dominant which leads to the instability. By increase
of the line impedance, the grid becomes weaker, which is
beneficial for the stability of grid-forming converter. When
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FIGURE 14. Root locus of the system by increase of the line impedance
(Bus 1 is grid-following converter and Bus 2 is grid-forming converter,
SCR=2.2).

TABLE 1. SCR Range for Four Cases

the grid is weak, by increase of the line impedance, the system
becomes unstable. This is because grid-forming converter can
be equivalent to a voltage source that supplies power to the
grid-following converter together with the grid. If the line
impedance is too large, the grid-forming converter can no
longer supply the system and the effect of the grid-following
converter becomes dominant.

In case 4, the grid-forming converter is connected to bus
1and the grid-following converter is connected to bus 2. The
case is similar to case 3: system is stable within a range
of SCR and by increase of the line impedance, the system
becomes unstable under weak grid. However, the stable range
of case 4 is 1.5 to 2.8, which is smaller than that of case 3.

From the above analysis, Table 1 is obtained. The first two
cases are suitable for very specific cases. The third and fourth
ones are more adaptive to the general grid. In particular, the
stable range of the third case is larger than that of the forth
one. In the following studies, the third case will be further
studied in terms of sensitivity analysis.

B. PARAMETER SENSITIVITY ANALYSIS
Parameter sensitivity analysis investigates the effects of pa-
rameter variations on the closed-loop poles of the system.
Among all the control parameters, the effects of the following
four parameters are considered in this analysis, namely the
virtual inertia J, the virtual damping factor Dp, the propor-
tional gain of the PLL kpPLL , the integral gain of the PLL
kiPLL . Three cases with different SCR have been studied,
namely, SCR=10, SCR=5, SCR=2.5. The location of the
closed-loop poles of the system is shown in Fig. 15.

FIGURE 15. The location of closed-loop poles.

The parameter sensitivity is defined in (29):

∂σ

∂Y
= σ |Yo − σ |Y�

σ |Yo

(29)

where σ is the real part of pole, Y = { J, Dp, kppll , kipll },
σ |Yo is the value of σ calculated for Yo, whereas σ |Y�

is the
value of σ when Yo has been increased of a small quantity �.
In general, a bar with positive value indicates a more stable
condition (i.e., pole moves leftwards) when increasing the re-
lated parameters, whereas a negative bar indicates a less stable
condition (pole moves rightwards). The parameter sensitivity
under three cases is shown in Fig. 16.

For all the case studies, the poles λ17, λ18, λ21 to λ24 are rel-
atively sensitive to the variation of selected parameters. These
poles are the closed-loop dominant poles. By increase of Dp,
kpPLL and kiPLL , these parameters have a negative impact on
system stability. By increase of J, it has a positive impact on
system stability. For a SCR of 10, all the other poles seem
to be almost insensitive to the parameter variations except λ5

and λ6. Moreover, the lower the SCR, the more sensitive of the
poles λ5 to λ10 to the variations of kpPLL , which are moving
leftwards. However, λ5 to λ10 are far away from imaginary
axis and the change of these poles will not cause system
instability, which means the change of SCR has little impact
on the stability of system when hybrid types of converters are
used.

The above research investigates the influence of SCR and
line impedance under four cases and analyzes parameter sen-
sitivity, which provides a guideline for system design to avoid
instability problems:

1) Grid-following converters are preferred to strong grid
while grid-forming converters can be connected to weak
grid. If both types of converters are utilized, it is sug-
gested to have grid-following converters being closer to
the substation and grid-forming converters being farther
away from it;
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FIGURE 16. Parameter sensitivity under different SCR: (a) SCR=5, (b)
SCR=5, (c) SCR=2.5.

2) For the grid-following converters, a network with re-
sistive cable should be chosen. Nevertheless, for the
grid-forming converters, the inductive cable would be
recommended;

3) The decrease of PLL bandwidths as well Dq and the
increase of J make system more stable.

TABLE 2. Converter Parameters

FIGURE 17. Voltage and current waves by reduction of SCR (Case 1).

FIGURE 18. Voltage and current waves by increase of line impedance
(Case 1).

V. SIMULATION AND EXPERIMENTAL VALIDATION
A. SIMULATION
In order to verify the correctness of the previous analysis,
simulations are carried out in the MATLAB/Simulink with the
aid of PLECS toolbox. Parameters are shown in Table 2.

In case 1, the influence of SCR and line impedance in
shown in Figs. 17 and 18. By reduction of SCR from 4.4 to
0.8, the system becomes unstable, indicating that the decrease
of SCR will lead to instability. By increase of line impedance
from 0.05 p.u. to 0.26 p.u, the system becomes unstable. It
shows that the increase of SCR and the decrease of the line
impedance is beneficial for system stability.
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FIGURE 19. Voltage and current waves by increase of SCR (Case 2).

FIGURE 20. Voltage and current waves by reduction of the line impedance
(Case 2).

FIGURE 21. Voltage and current waves by increase of SCR (Case 3).

In case 2, the influence of SCR and line impedance in
shown in Figs. 19 and 20. In this case, the phenomenon is
completely opposite to the previous one. The increase of SCR
and the decrease of line impedance leads to system instability.

In case 3, the influence of SCR and line impedance in
shown in Figs. 21–24. By increase of SCR from 4.4 to 13,
the system becomes unstable. By decrease of SCR from 2.2
to 0.3, the system becomes unstable. It shows that this system
is suitable for general grid. By decrease of the line decreases
from 0.82 p.u. to 0.08 p.u., the system becomes unstable under
the strong grid. By increase of the line impedance from 0.82
p.u. to 6.6 p.u., the system becomes unstable under the weak
grid. The influence of the line impedance varies with the grid
condition.

FIGURE 22. Voltage and current waves by reduction of SCR (Case 3).

FIGURE 23. Voltage and current waves by reduction of the line impedance
(Case 3, strong grid).

FIGURE 24. Voltage and current waves by increase of the line impedance
(Case 3, weak grid).

FIGURE 25. Voltage and current waves by increase of SCR (Case 4).
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FIGURE 26. Voltage and current waves by reduction of SCR (Case 4).

FIGURE 27. Voltage and current waves by increase of the line impedance
(Case 4, weak grid).

FIGURE 28. HiL tests setup.

In case 4, the influence of SCR and line impedance is in
shown in Figs. 25–27. In this case, the phenomenon is sim-
ilar to case 3. The system is unstable if grid is too strong
or too weak. And under weak grid, the increase of the line
impedance leads to system instability.

B. HARDWARE-IN-THE-LOOP VALIDATIONS
In order to validate previous analysis, HiL tests with the aid
of RT Box have been done. The setup of HiL tests is shown in
Fig. 28.

In case 1, the PCC voltage and grid current waveforms by
reduction of SCR and by increase of the line impedance are
shown in Figs. 29 and 30. The reduction of SCR and increase
of line impedance will cause system instability.

FIGURE 29. PCC voltage and grid current waveforms by reduction of SCR
(Case 1): (a) stable (SCR=4.4), (b) unstable (SCR=0.77).

FIGURE 30. PCC voltage and grid current waveforms by increase of the
line impedance (Case 1): (a) stable (Line impedance is 0.05 p.u.), (b)
unstable (Line impedance is 0.26 p.u.).

FIGURE 31. PCC voltage and grid current waveforms by increase of SCR
(Case 2): (a) stable (SCR=0.46), (b) unstable (SCR= 0.76).

In case 2, the PCC voltage and grid current waveforms by
increase of SCR and by reduction of line impedance are shown
in Figs. 31 and 32. The increase of SCR and reduction of line
impedance will cause system instability.

In case 3, the PCC voltage and grid current waveforms by
reduction of SCR are shown in Fig. 33(a) and Fig. 33(b).
At this time, the system changes from unstable to stable. If
SCR continues to decrease, the PCC voltage and grid current
waveforms are shown in Fig. 33(c) and the system becomes
unstable. In the same situation, the PCC voltage and grid
current waveforms by decrease of the line impedance under
strong grid and weak grid are shown in Fig. 34.
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FIGURE 32. PCC voltage and grid current waveforms by decrease of the
line impedance (Case 2): (a) stable (Line impedance is 1.03 p.u.), (b)
unstable (Line impedance is 0.51 p.u.).

FIGURE 33. PCC voltage and grid current waveforms by reduction of SCR
(Case 3): (a) unstable (SCR=13.77), (b) stable (SCR=4.4), (c) unstable
(SCR=0.46).

In case 4, the phenomenon is similar to case 3. The system
is stable within a range of SCR, which is shown in Fig. 35.
And under strong grid, system becomes unstable by increase
of line impedance. Different from case 3, case 4 is difficult to
be stable in strong grid.

VI. CONCLUSION
This paper proposes unified modeling procedure and applies
it to two types of converters. Based on the impedance models,
the stability of a radial grid with power converters under four
different cases are discussed. Particularly, the influence of
SCR and line impedance are considered. It indicates that the
system with both grid-forming and grid-following converters

FIGURE 34. PCC voltage and grid current waveforms by increase of the
line impedance (Case 3): (a) stable (Weak grid, line impedance=0.26 p.u.),
(b) unstable (Weak grid, line impedance=1.02 p.u.), (c) unstable (Strong
grid, line impedance=0.05 p.u.), (d) stable (Strong grid, line
impedance=0.26 p.u.).

FIGURE 35. PCC voltage and grid current waveforms by reduction of SCR
(Case 4): (a) unstable (SCR=4.4), (b) stable (SCR=2.2), (c) unstable
(SCR=0.57).

are the optimal solution. Moreover, a comprehensive parame-
ter sensitivity analysis is performed. It shows the increase of
J has a positive impact on system stability and the increase of
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FIGURE 36. PCC voltage and grid current waveforms by increase of the
line impedance (Case 4): (a) stable (weak grid, line impedance=0.26 p.u.),
(b) unstable (weak grid, line impedance=1.02 p.u.).

Dp, kpPLL and kiPLL has a negative impact on system stability.
The change of SCR has little impact on system stability when
both grid-forming and grid-following converters being con-
nected to the grid. Simulations and HiL results are provided
to verify the effectiveness of the analysis.
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