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Abstract——The integration of converter-interfaced generators 
(CIGs) into power systems is rapidly replacing traditional syn‐
chronous machines. To ensure the security of power supply, 
modern power systems require the application of grid-forming 
technologies. This study presents a systematic small-signal anal‐
ysis procedure to assess the synchronization stability of grid-
forming virtual synchronous generators (VSGs) considering the 
power system characteristics. Specifically, this procedure offers 
guidance in tuning controller gains to enhance stability. It is ap‐
plied to six different grid-forming VSGs and experimentally 
tested to validate the theoretical analysis. This study concludes 
with key findings and a discussion on the suitability of the ana‐
lyzed grid-forming VSGs based on the power system character‐
istics.

Index Terms——Voltage source converter (VSC), grid-forming 
controller, virtual synchronous generator (VSG), small-signal 
stability analysis.

I. INTRODUCTION 

THE transition to a power system dominated by renew‐
able energy sources (RESs) interfaced with power elec‐

tronics converters is an indisputable fact. These new convert‐
er-interfaced generators (CIGs) have been installed across all 
voltage levels, from transmission to distribution networks 
[1]. This transition makes the modern power system suscepti‐
ble to large frequency and voltage deviations due to the re‐
duced inertia and damping [2], limited primary frequency re‐
sponse (PFR) stemming from the maximum power point 
(MPP) operation [3], and new instabilities emerging from 
CIG dynamics [4]. As a result, the new functionalities of 
CIGs are required to ensure a safe and reliable operation of 
the power system [5].

Fortunately, new operation modes of CIGs have been de‐
veloped to address the technical challenges associated with 

large-scale RES integration. Among these, the grid-forming 
control has gained prominence [6]. Unlike conventional grid-
following CIGs, which function as AC current sources, the 
grid-forming CIGs operate as AC voltage sources. In this 
manner, the grid-forming controller of CIG is in charge of 
providing the amplitude, frequency, and phase for this volt‐
age source. To achieve this, the grid-forming controller com‐
prises an outer control loop (OCL) that generates setpoints 
for the inner control loop (ICL) [7]. The OCL is responsible 
for controlling the active power to maintain the grid synchro‐
nization and the reactive power to regulate the voltage at the 
point of interconnection (POI). Meanwhile, the ICL is re‐
sponsible for controlling the voltage and/or current at POI 
according to the setpoints provided by the OCL. Although 
most grid-forming controllers of CIG adhere to this hierarchi‐
cal structure, they differ in terms of specific implementations 
[7], [8].

The OCLs comprise the active power control loops (AP‐
CLs) and reactive power control loops (RPCLs). The most 
common APCLs for grid synchronization are: ① droop con‐
trol [9], ② power synchronization control [10], ③ enhanced 
direct power control [11], ④ synchronverter [12], and ⑤ 
synchronous power control [13]. The droop control is a well-
established technique for microgrids, whereas the power syn‐
chronization control is one of the first proposals based on 
the synchronous generator emulation. The implementation of 
the synchronverter, i.e., virtual synchronous generator (VSG), 
is based on the swing equation [14] or a proportional-inte‐
gral (PI) controller [15], which is termed as S-VSG or PI-
VSG for simplicity in this paper, respectively. The primary 
difference between them is that the PI-VSG allows the iner‐
tial response to be independent from the PFR. The synchro‐
nous power control computes the VSG angle as a second-or‐
der transfer function of the active power error, thereby in‐
creasing the flexibility in VSG control. On the other hand, 
the RPCLs for voltage regulation can be categorized into 
three types: ① droop control [16], ② PI-based control [17], 
and ③ cascaded control with droop and PI regulators [18].

Regarding the ICL, various controllers are presented: ① 
open-loop controller [19], ② single voltage controller [20], ③ single current controller with virtual admittance [21], 
[22], and ④ cascaded voltage controller with both voltage 
and current control loops [23]. The main disadvantage of the 
first two controllers is their lack of current controllability, 
which can result in overcurrent during events with fast dy‐
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namics such as short-circuit faults.
The combination of different OCL and ICL blocks results 

in a plethora of grid-forming controllers of CIGs. Therefore, 
it is required to assess the performance of these controllers 
systematically considering the following aspects [7]: ① syn‐
chronization stability, ② overcurrent management or fault 
ride-through capability, and ③ the transition between island‐
ed and grid-connected modes. Focusing on the synchroniza‐
tion stability, it has been shown that the grid-forming CIGs 
can maintain synchronism in weak grids, but they often fail 
to maintain stability in stiff grids. This instability arises be‐
cause even minor phase differences between the CIG and 
power grid can lead to significant active power fluctuations 
[24]. Several studies have attempted to address this issue us‐
ing simplified small-signal impedance models that neglect 
the ICL dynamics [25]. However, these approaches are inade‐
quate for stability studies [26], as they merely predict the in‐
put-output dynamics at the converter terminals without con‐
sidering how the state variables influence the oscillation 
modes that determine the system stability margins [27]. Ac‐
cordingly, [28] proposes a small-signal model with a single-
input single-output (SISO) stability analysis approach for a 
specific CIG implementation. In addition, the stability of 
grid-forming CIGs has been addressed by small-signal analy‐
sis based on state-space models. Using this small-signal anal‐
ysis technique, [29] evidences that the interaction of feed-for‐
ward terms in cascade controllers in the ICL may lead to in‐
stability regardless of the grid short-circuit ratio (SCR). 
However, this analysis does not consider the OCL dynamics, 
which are crucial for a comprehensive stability analysis, as 
discussed in [19] and [30]-[33]. These studies show that the 
grid SCR is a critical parameter that can significantly affect 
the stability of grid-forming CIGs. The findings of these 
studies are relevant but it is questionable whether they can 
be generalized across all the possible combinations of OCL 
and ICL blocks to implement a grid-forming VSG. Similarly, 
an analytical design approach for a grid-forming controller 
based on power synchronization control with a voltage-con‐
trolled ICL is presented in [34]. However, this approach uses 
a specific combination of OCL and ICL blocks that limits its 
applicability to certain ranges of grid impedances, making it 
challenging to extend to other types of grid-forming control‐
lers.

However, recent studies suggest that the SCR may not pro‐
vide accurate estimations of system impedance or strength in 
converter-dominated power systems. This is mainly because 
the short-circuit current contributions from voltage source 
converters (VSCs) and synchronous generators are different. 
Moreover, it is uncertain how to effectively utilize the SCR 
information to design the CIG controllers [35], [36]. Despite 
these recent investigations, the SCR is still being used for 
characterizing the grid for stability studies [37], but, given 
the aforementioned uncertainty, modern power systems will 
require stability analysis covering a wide SCR range.

Considering this background, the specific contributions of 
this study can be summarized as follows.

1) The stability ranges are identified for different types of 
grid-forming VSGs based on the value SCR and ratio R/X of 
the grid through a small-signal analysis.

2) A systematic procedure is proposed based on the analy‐
sis of participation factors, which extends the operating 
range of grid-forming VSGs by identifying the control state 
variables with the major weight on the oscillation modes 
causing system instability.

3) The control loops that cause synchronization instability 
for each type of grid-forming VSG are identified. This will 
show that the ICL dynamics of grid-forming VSGs cannot 
be neglected in the stability analysis.

4) The proposed systematic procedure for improving the 
synchronization stability of grid-forming VSGs is experimen‐
tally validated.

The remainder of this paper is organized as follows. Sec‐
tion II presents the state-space modeling of grid-forming 
VSGs. Section III outlines the systematic small-signal analy‐
sis procedure to evaluate the effects of SCR and R/X on the 
stability range, which is applied to a case study. From this 
analysis, the controller gains are re-tuned to extend the sta‐
bility range for networks with different characteristics. Sec‐
tion IV describes the experimental validation. Section V dis‐
cusses considerations and important properties of grid-form‐
ing VSGs that should be additionally considered beyond the 
findings obtained from the small-signal analysis. Section VI 
concludes by describing the main findings and gives an as‐
sessment of the most suitable OCL-ICL combinations based 
on power system characteristics.

II. STATE-SPACE MODELING OF GRID-FORMING VSGS 

This section details the state-space model of a grid-con‐
nected VSC and the most common OCLs and ICLs to imple‐
ment a grid-forming VSG. The differential equations of the 
grid-forming VSGs are modeled in the dq frame, synchro‐
nized with the VSG angle θvsg. The models of the APCL and 
RPCL are nonlinear. Consequently, the linearization of the 
state-space model is required prior to implementing the sys‐
tematic small-signal analysis procedure proposed in Section 
III.

A. Grid-connected VSC model

The CIG considered in this study is a three-phase three-
wire VSC connected to the grid via an LCL coupling filter, 
which includes a series damping resistor alongside the capac‐
itor, as illustrated in Fig. 1.

The differential equations for the grid-connected VSC in 
the dq frame are given as:

vt =Rtit + Lt

dit

dt
+ωvsg L tit + vm (1)
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Fig. 1.　One-line diagram of a three-phase three-wire grid-connected VSC.
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ì
í
î

ïï

ïïïï

ic =C
dvm

dt
+ωvsgCvm -CRd

dic

dt
ic = it - is

(2)

vm =Rsis + Ls

dis

dt
+ωvsg Lsis + vs (3)

where vt = [vtdvtq ]
T

 is the VSC voltage; vm = [vmdvmq ]
T

 is 

the voltage of RC branch; vs = [vsdvsq ]
T

 is the grid-side in‐

ductor voltage; it = [ itditq ]
T

 is the VSC-side current; is =

[ isdisq ]
T

 is the grid-side current; and ic = [ icdicq ]
T

 is the ca‐

pacitor current; ωvsg is the angular speed of VSG; L t =

é
ë
êêêê 0 -Lt

Lt 0
ù
û
úúúú and Ls =

é
ë
êêêê 0 -Ls

Ls 0
ù
û
úúúú are the VSC and grid-side in‐

ductances, which are along with inner resistances Rt and Rs, 

respectively; and Rd and C = é
ë
êêêê0 -C
C 0

ù
û
úúúú are the damping resis‐

tance and capacitance of the coupling filter, respectively.

The power grid is modeled based on its Thevenin equiva‐
lent as:

vs =Rgis + Lg

dis

dt
+Lgωvsgis + vg (4)

where vg = [vgdvgq ]
T

 is the grid voltage; and Lg =
é
ë
êêêê 0 -Lg

Lg 0
ù
û
úúúú 

and Rg are the grid inductance and resistance, respectively.
The state-space model of the grid-connected VSC is repre‐

sented in (1)-(4) and contains six state variables:

x f = [ itd    itq    isd    isq    vmd    vmq ] (5)

B. OCLs

Regarding the OCL, the APCL provides the angular speed 
and angle of virtual rotor, i. e., ωvsg and θvsg, respectively, 
whereas the RPCL provides the virtual electromotive force, 
i. e., E. The OCL control schemes, comprising two possible 
implementations based on S-VSG [38]-[40] or PI-VSG [15], 
are shown in Fig. 2(a).

Both S-VSG and PI-VSG consider that the grid voltage ro‐
tates at the nominal frequency ω0, which acts as a perturba‐
tion with no influence on the system dynamics [41], i.e., ω0 
is a constant parameter. In this manner, the phase difference 
between the grid voltage θg and the electromotive force an‐
gle θvsg can be defined as ψ [42]:

ì
í
î

ïïïï

ïïïï

ψ = θg - θvsg

dψ
dt

=ω0 -
dθvsg

dt

(6)

The OCL formulation based on the S-VSG or PI-VSG is 
presented as follows.
1)　S-VSG

The APCL based on S-VSG can be expressed as:

ì

í

î

ï
ïï
ï

ï
ïï
ï

Jω0

dωvsg

dt
= p* - p -D ( )ωvsg -ω0

dθvsg

dt
=ωvsg

(7)

where p is the measured active power; p* is the active power 

reference, i. e., virtual mechanical power; J is the rotational 
inertia; and D is the damping coefficient.

Combining (6) and (7) leads to:

ì

í

î

ïïïï

ï
ïï
ï

Jω0

dωvsg

dt
= p* - p +D

dψ
dt

dψ
dt

=ω0 -ωvsg

(8)

The RPCL consists of a PI controller, which can be formu‐
lated as:

ì

í

î

ï
ïï
ï

ï
ïï
ï

E = kpq

dξq

dt
+ kiqξq +E0

dξq

dt
= q* - q

(9)

where ξq is the integral of reactive power error; q is the mea‐
sured reactive power; q* is the reactive power reference; E0 
is the rated electromotive force; and kpq and kiq are the pro‐
portional and integral gains of PI controller in the RPCL, re‐
spectively.
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Fig. 2.　Diagrams of OCL and ICL blocks considered for analyzed grid-forming VSGs. (a) OCL. (b) ICL.
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Therefore, the S-VSG introduces three state variables in 
the state-space model:

xs - vsg = [ψ ωvsg  ξq ]
T

(10)

2)　PI-VSG
The APCL based on PI-VSG, consisting of a PI controller 

applied to the active power error, can be written as:

ì

í

î

ï
ïï
ï

ï
ïï
ï

dψ
dt

=-kpp

dξp

dt
- kipξp

dξp

dt
= p* - p

(11)

where ξp is the integral of active power error; and kpp and kip 
are the proportional and integral gains of PI controller in the 
APCL, respectively.

The RPCL of PI-VSG is identical to that of the S-VSG. 
Therefore, the PI-VSG introduces three state variables in the 
state-space model:

xpi - vsg = [ψ ξp  ξq ]
T

(12)

C. ICLs

Three types of ICLs are considered for the grid-forming 
VSG: ① voltage controller by means of cascaded controller 
[24], ② current controller with a virtual admittance [21], 
and ③ an open-loop voltage controller [19], which are 
termed as VC-ICL, CC-ICL, and OL-ICL for simplicity, re‐
spectively. The control scheme for each type of ICL is 
shown in Fig. 2(b).
1)　VC-ICL

A cascaded voltage controller composed of voltage and 
current control loops is used to control the capacitor voltage 
of the LCL filter. The voltage reference of RC branch v*

m is 
computed as [43]:

v*
m = e -Zvis (13)

where Zv =
é
ë
êêêêRv -Xv

Xv Rv

ù
û
úúúú is the virtual impedance; and e = [0 

]-E  is the virtual electromotive force computed by the RP‐
CL.

A PI voltage controller provides the setpoints to the cur‐
rent control loop:

ì

í

î

ïïïï

ï
ïï
ï

i *
t = k vc

pv

dξv

dt
+ k vc

iv ξv +ωvsgCvm + is

dξv

dt
= v*

m - vm

(14)

where ξv = [ ]ξvdξvq

T

 is the integral of the voltage error; i *
t  is 

the VSC-side current reference; and k vc
pv and k vc

iv  are the pro‐
portional and integral gains of the PI voltage controller in 
VC-ICL, respectively.

The tracking of i *
t  is carried out in the current control loop, 

which is based on a PI current controller and modeled as:

ì

í

î

ïïïï

ï
ïï
ï

vt = k vc
pi

dξ i

dt
+ k vc

ii ξi +ωvsg L tit + vm

dξ i

dt
= i *

t - it

(15)

where ξ i = [ ]ξidξiq

T

 is the integral of the current error; and 

k vc
pi  and k vc

ii  are the proportional and integral gains of the PI 
current controller in VC-ICL, respectively.

Based on (13)-(15), the VC-ICL adds four new state vari‐
ables to the state-space model:

xvc = [ξvd  ξvq  ξid  ξiq ]
T

(16)

2)　CC-ICL
CC-ICL controls the grid-side inductor current of LCL fil‐

ter. To achieve this, a PI controller is applied to the current 
error. The grid-side current reference i *

s  is obtained using a 
virtual admittance and a low-pass filter (LPF) as:

i vsg
s =Yv(e - vs ) (17)

i vsg
s = τ lpf

di *
s

dt
+ i *

s (18)

where τ lpf is the time constant of LPF; i vsg
s  is the input cur‐

rent of LPF; and Yv =
é
ë
êêêê Gv Bv

-Bv Gv

ù
û
úúúú is the virtual admittance 

matrix, with Gv and Bv being the virtual conductance and 
susceptance, respectively. The differential equations of the PI 
current controller, including the cross-coupling cancellation 
and feed-forward terms, are expressed as:

ì

í

î

ïïïï

ï
ïï
ï

vt = k cc
pi

dξ i

dt
+ k cc

ii ξi +ωvsg L fis + vs

dξ i

dt
= i *

s - is

(19)

where L f =L t +Ls; and k cc
pi  and k cc

ii  are the proportional and 
integral gains of the PI current controller in CC-ICL, respec‐
tively.

Therefore, based on (17)-(19), the CC-ICL adds four state 
variables to the state-space model:

xcc = [ i*
sd  i*

sq  ξid  ξiq ]
T

(20)

3)　OL-ICL
The OL-ICL directly applies the virtual electromotive 

force E to the VSC terminals. A slight modification of E is 
proposed using a transient virtual resistor (TVR) to provide 
more damped current dynamics [39]. The TVR consists of a 
first-order high-pass filter, which is formulated as:

Rtvr

dis

dt
=

dvr

dt
+ωtvrvr (21)

where vr = [ ]vrdvrq

T

 is the output voltage of TVR; and Rtvr 

and ωtvr are the gain and cut-off frequency of high-pass fil‐
ter, respectively. Then, the VSC terminal voltage is comput‐
ed as:

vt = e - vr (22)

The OL-ICL introduces two new state variables to the 
state-space model:

xol = [vrd  vrq ]
T

(23)

It is important to note that for different ICLs, the power 
terms used in the corresponding OCL blocks are computed 
at different nodes, i.e., at the capacitor branch of LCL filter 
for the VC-ICL, at the POI for the CC-ICL, and at the VSC 
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terminals for the OL-ICL.
Therefore, six state-space models of grid-forming VSG 

are derived based on the selected OCL and ICL blocks, 
which can be formulated in a generalized form as:

ì
í
î

ẋOCL - ICL =AxOCL - ICL +Bu

u = [ ]p*    q* (24)

where A and B are the state-space matrices; and the state 
vector xOCL - ICL is composed of the state variables of grid-con‐
nected VSC in (5), the state variables of OCL in (10) or 
(12), and state variables of ICL in (16), (20), or (23).

III. SYSTEMATIC SMALL-SIGNAL ANALYSIS PROCEDURE FOR 
SYNCHRONIZATION STABILITY 

This section presents a systematic small-signal analysis 
procedure to ensure the synchronization stability and good 
dynamic performance of the grid-forming VSGs in power 
systems with different SCR and R/X.

A. Proposed Systematic Procedure

This subsection presents the steps of the proposed system‐
atic procedure for improving the synchronization stability of 
grid-forming VSGs. The fundamentals of the small-signal 
analysis are presented in Supplementary Material A. The pro‐
posed systematic procedure consists of the following steps.

Step 1: validate the linear model against the original non‐
linear model by comparing the dynamic performance of 
some key magnitudes, such as the active and reactive power 
used in the OCL.

Step 2: identify stable and unstable regions over a wide 
range of SCR and R/X through a small-signal analysis based 
on the linear model.

Step 3: identify the eigenvalues associated with the critical 
oscillation modes at the boundary between stable and unsta‐
ble regions. These eigenvalues are those that lead the system 
to unstable operation.

Step 4: based on these critical oscillation modes, detect 
the critical state variables by analyzing their corresponding 
participation factors for the unstable region identified in Step 
3. In particular, the critical state variables are those with the 
largest participation factors in the critical oscillation modes. De‐
tailed information on the computation and interpretation of par‐
ticipation factors can be found in Supplementary Material A.

Step 5: perform a sensitivity analysis of the controller 
gains associated with the critical state variables within the 
unstable region identified in Step 3 to increase the synchroni‐
zation stability range of the grid-forming VSG.

B. Case Study

This subsection presents a case study using a CIG with 
the parameters shown in Table I to illustrate the application 
of the proposed systematic procedure. The controller gains 
of the grid-forming VSG are selected according to the state 
of the art. Specifically, the APCL and RPCL gains of PI-
VSG as well as the control parameters of CC-ICL are ob‐
tained from [42]. The S-VSG gains are calculated following 
[15], considering the same inertia constant as that of the PI-
VSG and a damped response. The TVR in the OL-ICL is ob‐
tained from [39], the VC-ICL gains are computed using the 

best pole location [24], and the virtual impedance is calculat‐
ed using a sensitivity analysis [42]. The equilibrium point x0 
is used to linearize the system considering the input vector 
u0 = [9  kW4.5  kvar ].

Step 1: the linear model is validated by comparing its step 
response with that of the nonlinear model. Figure 3 com‐
pares the step response of linear and nonlinear models with ac‐
tive and reactive power step changes of Dp* = 0.5 kW and Dq* =
0.5 kvar, respectively, with respect to the input vector u0.

The active power and reactive power are computed at the 
midpoint of the LCL filter to which the capacitor is connect‐
ed. The active and reactive power step changes are applied 
to all the combinations of OCL and ICL blocks at different 
time instants in a compact manner without overlaps. In addi‐
tion, note that the steady-state active power and reactive 
power for each ICL are different, since the power involved 
in the OCL depends on the implemented ICL, as previously 
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Fig. 3.　Step response of linear and nonlinear models to active and reactive 
power step changes of Dp* = 0.5 kW and Dq* = 0.5 kvar. (a) S-VSG. (b) PI-
VSG.

TABLE I
SYSTEM PARAMETERS FOR CASE STUDY

Parameter

Lt (mH)

Rt (Ω)

Ls (mH)

Rs (Ω)

Rv (Ω)

kpp (rad/s·W-1)

J (kg ×m2)

kpq (V/W)

Rtvr (Ω)

ω0 (rad/s)

Rd (Ω)

Cf (μF)

E0 (V)

Vg (V)

Value

1.25

0.04

1.25

0.04

0

0.0012

2.03

0.0016

0.09

100π

10

4

230 2

230 2

Parameter

Xv (Ω)

kip (rad/s·W-1)

D (sNm/rad)

kiq (V/W)

ωtvr (rad/s)

τlpf (ms)

k cc
pi  (V/A)

k cc
ii  (V/A)

Gv (S)

Bv (S)

k vc
pv (A/V)

k vc
iv  (A/V)

k vc
pi  (V/A)

k vc
ii  (V/A)

Value

0.08

0.0016

47.36

0.0163

60

1.6

1.25

40

0

1.25

0.1

0.1

0.1

15.1
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described in Section II. Figure 3 demonstrates that all the lin‐
ear models accurately match the dynamics of the respective 
nonlinear models. Therefore, it is possible to perform a rigor‐
ous stability and dynamic performance analysis using the lin‐
ear models.

Step 2: the objective of this step is to evaluate the stabili‐
ty of the six grid-forming VSGs with different combinations 
of OCL and ICL blocks in different power grids. According 
to the implemented OCL and ICL blocks, the six grid-form‐
ing VSGs can be termed as S-VC, S-CC, S-OL, PI-VC, PI-
CC, and PI-OL. A wide range of SCR and R/X is used to 
characterize different power grids. According to the standard 
IEEE Std. 1204-1997 [44], the threshold between a strong 
and a weak grid can be set to be SCR = 3, which means that 
a system is very weak when SCR < 3 and very strong when 

SCR > 3. In addition, the standard IEEE Std. 519-2014 [45] 
assigns typical ranges to high-voltage (HV), medium-voltage 
(MV), and low-voltage (LV) networks based on the ratio be‐
tween the maximum short-circuit current and the maximum 
demand load current for the fundamental frequency at the 
POI. This ratio can be considered identical to SCR for rated 
voltage values, so the SCR ranges for HV, MV, and LV grids 
are: SCRHVÎ [050], SCRMVÎ [01000], and SCRLVÎ 
[ ]01000 , respectively. Therefore, the performance of the six 
grid-forming VSGs is evaluated with SCRÎ [1800] and 
R/XÎ [0.061.91], which covers all the voltage levels. Fig‐
ure 4 illustrates the stable region for the six grid-forming 
VSGs within these intervals.

Figure 4 also illustrates areas that correspond to HV, MV, 
and LV grids with pairs of SCR and R/X based on [45]. 

The results for the PI-VSG show that the ICLs based on 
voltage control, i. e., PI-OL and PI-VC, are generally stable 
for LV grids, i.e., with high R/X, except for very high SCR. 
This stability is compromised when the power grid becomes 
inductive for R/X < 0.19, regardless of SCR. In addition, it is 
observed that both PI-OL and PI-VC are unstable when 
SCR > 25 regardless of R/X. This means that PI-OL and PI-
VC are not recommended for CIGs connected to grids with 
low impedance and/or high reactance, i.e., HV grids. Regard‐
ing the PI-CC, the system is stable with medium/high SCR 
and medium/low R/X, i.e., HV and MV grids, achieving full 
stability for SCR > 25 regardless of R/X. In addition, a large 
R/X contributes to the system stability, irrespective of SCR. 

This suggests that PI-CC is not suitable for networks with 
high impedance and/or high reactance. In the case of the S-
VSG, the ICLs based on voltage control, i. e., S-VC and S-
OL, follow a similar pattern to PI-VC and PI-OL. However, 
they guarantee stability across the entire range of SCR and R/
X. This does not happen in the S-CC, whose performance is 
very similar to the PI-CC, but achieving a wider stable re‐
gion for SCR > 6.25 regardless of R/X. This analysis derives 
that the performance is similar among the following groups 
of grid-forming VSGs: ① PI-OL and PI-VC, ② PI-CC and 
S-CC, and ③ S-OL and S-VC. In addition to the informa‐
tion provided by this small-signal stability analysis, it is pos‐
sible to provide some physical insights about the perfor‐
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Fig. 4.　Stable region for six grid-forming VSGs within SCRÎ [1800] and R/XÎ [0.061.91]. (a) S-VC. (b) S-CC. (c) S-OL. (d) PI-VC. (e) PI-CC. (f) PI-
OL.
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mance of these groups. PI-OL and PI-VC perform like volt‐
age sources. Accordingly, their stability deteriorates in stiff 
networks with high SCR, as two voltage sources coupled via 
a small impedance may experience significant active power 
variations due to minor phase differences. In this regard, in‐
creasing the coupling impedance, i.e., reducing SCR, the sta‐
ble region of the system widens. By contrast, PI-CC and S-
CC behave like a current source from the view of synchroni‐
zation. They may perform well when connected to stiff grids 
but deteriorate in weak grids with low SCR. The performanc‐
es of S-OL and S-VC are similar to their counterparts based 
on the PI-VSG, i.e., PI-OL and PI-VC, respectively. Howev‐
er, due to the selected damping coefficient D, they offer a 
fully stable operation within the analyzed intervals of SCR 
and R/X. For this reason, no further steps of the proposed 
procedure are applied to these grid-forming VSGs.

Step 3: according to Fig. 4, the boundaries between the 
stable and unstable regions are clearly identified for each 
grid-forming VSG. The pair of SCR = 25 and R/X = 0.32 is 
chosen as a representative point to identify the eigenvalues 
that cause the system to become unstable for PI-OL and PI-
VC. This instability is related to the eigenvalues with posi‐
tive real parts, i.e., λ5 and λ6, as shown in Table II. 

Table II also lists the frequency fk and damping ζk of the 
oscillation mode associated with this pair of complex eigen‐
values. Note that the frequencies of the critical oscillation 
mode are below 100 Hz for both PI-OL and PI-VC. In the 
case of PI-CC and S-CC, the instability is analyzed using 

the pair of SCR = 6.25 and R/X = 0.32. For these two grid-
forming VSGs, the eigenvalues with positive real parts that 
cause system instability are λ3 and λ4, with the frequency of 
this critical oscillation mode exceeding 1000 Hz, as shown 
in Table II.

Step 4: once the critical oscillation modes of each grid-
forming VSG have been identified, an in-depth analysis is 
performed within the boundary between the stable and unsta‐
ble regions. Figure 5(a) represents the evolution of the eigen‐
values associated with the critical oscillation mode of PI-
OL, i.e., λ5 and λ6, when SCR increases from 1 to 800 and 
R/X decreases from 1.91 to 0.06. Note that, according to Fig. 
4, these variations shift the system from a stable to an unsta‐
ble region, which is confirmed in Fig. 5, as the real parts of 
λ5 and λ6 become positive. Table III shows the participation 
factors of state variables x related to the analyzed grid-form‐
ing VSGs for both stable and unstable scenarios. In the case 
of PI-OL, the participation factor of the state variable ψ in 
the oscillation mode associated with λ5 and λ6 is the largest 
one in the unstable scenario of SCR = 800 and R/X = 0.06. 
This means that ψ is the state variable with the highest con‐
tribution to this unstable mode. This state variable is associ‐
ated with the APCL in the OCL, which is consistent with 
the low-frequency oscillation mode of λ5 and λ6, as the OCL 
has slow dynamics. These conclusions can be extended to 
the PI-VC, which has a similar performance to the PI-OL, as 
depicted in Table III.
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TABLE II
CRITICAL OSCILLATION MODES OF GRID-FORMING VSGS

VSG

PI-OL

PI-VC

PI-CC

S-CC

SCR

25.00

25.00

6.25

6.25

R/X

0.32

0.32

0.32

0.32

Eigenvalue

λ5, λ6

λ5, λ6

λ3, λ4

λ3, λ4

Re(λ)

14.92

27.80

5.40

14.54

fk (Hz)

67.21

97.59

1140.00

1140.00

ζk

-0.035

-0.045

-0.001

-0.002

TABLE III
PARTICIPATION FACTORS OF STATE VARIABLES RALATED TO GRID-FORMING VSGS FOR BOTH STABLE AND UNSTABLE SCENARIOS

x

ψ

ω

ξp

ξq

ξvd

ξvq

i*
sd

i*
sq

ξid

ξiq

vrd

vrq

Participation factor

PI-OL (λ5, λ6)

SCR = 1, R/X =
1.91 (stable)

0.03

0

0

0.01

0.01

SCR = 800, R/X =
0.06 (unstable)

0.18

0

0

0.03

0.03

PI-VC (λ5, λ6)

SCR = 1, R/X =
1.91 (stable)

0.03

0

0

0

0

0

0

SCR = 800, R/X =
0.06 (unstable)

0.23

0

0.01

0

0

0

0

PI-CC (λ3, λ4 )

SCR = 800, R/X =
1.91 (stable)

0

0

0

0

0

0

0

SCR = 1, R/X =
0.06 (unstable)

0

0

0

0.18

0.18

0

0

S-CC (λ3, λ4)

SCR = 800, R/X =
1.91 (stable)

0

0

0

0

0

0

0

SCR = 1, R/X =
0.06 (unstable)

0

0

0

0.18

0.18

0

0
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Similarly, the sensitivity analysis of the critical oscillation 
mode of the PI-CC associated with the complex eigenvalues 
λ3 and λ4 is shown in Fig. 5(b). The evaluation range is iden‐
tical to that of the PI-OL, but both SCR and R/X decrease, 
from 800 to 1 and 1.91 to 0.06, respectively, to move from a 
stable rgion to an unstable region according to Fig. 4. At the 
initial values of SCR = 800 and R/X = 1.91, the system is sta‐
ble and then tends to instability as the SCR and R/X de‐
crease. In this case, the state variables with the largest partic‐
ipation factors are i*

sd and i*
sq, as shown in Table III. These 

state variables correspond to the filtered current references 
obtained from the virtual admittance in (17) and (18) in the 
ICL. This result is consistent with the oscillation mode asso‐
ciated with eigenvalues λ3 and λ4, as the ICL is characterized 
by fast dynamics. This analysis can be extended to the S-CC 
because its performance is very similar to that of the PI-CC.

Step 5: the aim of this step is to increase the stability 
range and improve the dynamic performance of grid-forming 
VSGs affected by the network impedance variation. This is 
accomplished by re-tuning the controller gains based on the 
small-signal analysis.

The stability problems of the PI-OL and PI-VC are related 
to the APCL in OCL; therefore, according to (11), re-tuning 
their PI controller gains is logical. The proportional gain kpp 
is modified, as the integral gain kip is directly related to the 
inertia constant, i.e. kip = 1/ ( )2H  and cannot be modified so 
that the VSG inertial response remains unaffected. Figure 6 
shows how the eigenvalues λ5 and λ6, related to the critical 
oscillation modes of the PI-OL and PI-VC, shift to the left 
when kpp decreases from 1.2 ´ 10-3 to 7.8 ´ 10-5 rad/s·W-1, 
thereby stabilizing the system and progressively increasing 
the damping of this oscillation mode. SCR = 25 and R/X =
0.32 are selected to represent the boundary between the sta‐
ble and unstable regions used in Step 3. In addition, it is al‐
so observed that the eigenvalues λ7 and λ8 become complex 
and a new low-frequency oscillation mode at approximately 
2 Hz appears when kpp = 2.5 ´ 10-4 rad/s·W-1. From this anal‐
ysis, the new proportional gain is set to be kpp = 2.5 ´
10-4 rad/s·W-1, ensuring greater damping of λ5 and λ6 with‐
out exciting λ7 and λ8.

The instability of S-CC and PI-CC is fundamentally differ‐
ent because the root of this problem lies within the virtual 
admittance and its LPF. Therefore, the targeted control pa‐
rameters to be re-tuned are Gv, Bv, and τ lpf. Note that increas‐
ing Gv destabilizes the system, whereas decreasing Bv and/or 
increasing τ lpf have a stabilizing effect [42]. The eigenvalue 
analysis is performed using the grid parameters given in 

Step 3, with SCR=6.25 and R/X=0.32. In this regard, Fig. 7(a) 
shows that, for the PI-CC, the eigenvalues λ3, λ4, λ7, and λ8 
shift to the left when Bv decreases from 12.5 to 0.25 S. By 
contrast, λ5 and λ6 shift to the right, leading to an oscillation 
mode with lower natural frequency and damping. A similar 
changing trend of eigenvalues λ3 - λ6 occurs when τ lpf increas‐
es from 0.8 to 5.4 ms, as shown in Fig. 7(b). Regarding λ7 
and λ8, they follow a curved trajectory and begin moving to 
the right when τ lpf = 4 ms. From this analysis, the selected 
control parameters for PI-CC and S-CC are τ lpf = 2.4 ms and 
Bv = 0.25 S.

These re-tuned control parameters significantly extend the 
stable region for all grid-forming VSGs, as shown in Fig. 8.

IV. EXPERIMENTAL RESULTS 

This section aims to experimentally validate the stability 
and dynamic response of the grid-forming VSGs to sudden 
changes in grid impedance.

The experimental validation of the six grid-forming VSGs 
is conducted using a testbed based on the single-line dia‐
gram shown in Fig. 9. It consists of a three-phase three-wire 
VSC supplied from a 750 V DC voltage source. The VSC 
setpoints are the same as those used in the theoretical analy‐
sis, namely, u0 = [9  kW4.5  kvar ]. The controller gains are 
listed in Table I considering the re-tuning process. The VSC 
is connected through an LCL filter to a grid composed of 
two radial feeders supplied by a controllable AC source with 
a phase-neutral voltage of 230 V and a frequency of 50 Hz.

The experimental tests evaluate the stability of different 
grid-forming VSGs against variations in the grid impedance. 
Initially, in scenario A, the contactor N1 is closed and N2 is 
open, and the power system is characterized by SCRA = 10 
and (R X ) A

= 1.59. At a given time, the contactor N2 is 

closed, connecting both feeders in parallel, namely scenario 
B. This drastically changes the power system characteristics 
to SCRB = 90 and (R X ) B

= 0.65. The initial and final SCR 

and R/X for experimental test are marked in Figs. 4 and 8.
The evolution of the active and reactive power of each 

grid-forming VSG is presented in Fig. 10. At the beginning 
of the tests (scenario A), all the grid-forming VSGs adequate‐
ly track the power setpoints. The corresponding injected cur‐
rents are shown in Fig. 11. 
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Then, the contactor N2 is closed at t = 0.25 s (scenario B), 
resulting in a transient response in each grid-forming VSG 
before they return to their corresponding setpoints. First, the 
analyzed grid-forming VSGs are stable, as indicated in the 
theoretical analysis, because the change of power system 
characteristics is within the identified stable region depicted 
in Fig. 8. Second, even though each grid-forming VSG ex‐
hibits a particular transient response, some conclusions can 
be drawn based on the implemented ICL block. Those imple‐
mentations relying on voltage control (OL-ICL and VC-ICL) 
exhibit an under-damped response with a significant power 
overshoot. This effect is much more noticeable in the PI-VC, 
which may lead to undesired VSC overcurrent, as shown in 
Fig. 11. By contrast, the S-CC and PI-CC show a well-
damped response with a slight disturbance when the grid 
SCR changes.

This experimental performance aligns with the small-sig‐
nal analysis results, as presented in Table IV. When the 
power system characteristics of the experimental tests are 
considered, the critical oscillation modes reveal that volt‐
age-controlled ICLs (OL-ICL and VC-ICL) exhibit lower 
damping after the power system changes, leading to larger 
transients. The small-signal analysis results for the S-CC 
and PI-CC are fully aligned with the experimental test giv‐
en the large damping after the change in power system 
characteristics.

V. DISCUSSION 

This section discusses some other features, in addition to 
synchronization stability, of the analyzed grid-forming VSGs 
that must be considered. These features depend on the imple‐
mented OCL and ICL blocks and their corresponding param‐
eterization. In this regard, the fact that the initial settings of 
the controllers analyzed in this study are chosen according 
to the state of the art must be highlighted.

Regarding the OCL, the S-VSG leads to wider stability ar‐
eas compared with PI-VSG, even the PI-VSG gains are 
tuned, as shown in Fig. 8. The reason is that, although both 
S-VSG and PI-VSG have the same inertia constant, the S-
VSG is parameterized with a value of the damping coeffi‐
cient D, which results in a larger damping for the S-VSG 
compared with that achieved by the proportional gain kpp in 
the PI-VSG. However, this superior performance of the S-
VSG in terms of synchronization stability is accompanied by 
two major drawbacks. 
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First, the damping and PFR in the S-VSG are coupled, 
making it impossible to define these two design parameters 
separately without introducing additional modifications into 
the APCL. Thus, a large damping coefficient D, which is re‐
quired because of the POI characteristics, may lead to a 
large PFR. This in turn may produce a CIG overload in the 
event of a frequency disturbance. By contrast, the damping 
and PFR of the PI-VSG are fully decoupled and thus can be 
set independently. Second, due to the larger damping, the dy‐
namic response of the S-VSG to a reference step change is 

slower than that of the PI-VSG, as shown in Fig. 3. There‐
fore, the damping coefficient required for the S-VSG must 
be used considering a trade-off among the required synchro‐
nization stability margins, PFR, and dynamic response.

Regarding the ICLs, they must be considered to assess the 
synchronization stability of grid-forming VSGs, as evidenced 
in the conducted small-signal analysis. The analytical results 
reveal that the grid-forming VSGs adopting OL-ICL exhibit 
a superior performance, regardless of the selected OCL, as 
shown in Fig. 8. Nevertheless, the OL-ICL lacks control ca‐
pability over the VSC voltage and current. Therefore, the al‐
ternative and non-straightforward protection schemes are re‐
quired to protect the grid-forming CIG from overloads and/
or overvoltage. This limitation does not apply to the VC-ICL 
and CC-ICL, which can effectively control the VSC voltage 
and current, respectively, when properly tuned. Note that 
each ICL computes the active and reactive power of the grid-
forming CIG at different nodes. As a result, only the CC-
ICL ensures that the reference power of the grid-forming 
VSG are injected into the POI.

Finally, Table V summarizes the main properties of each 
grid-forming VSG, including synchronization stability and 
other properties based on the proposed systematic procedure.
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Fig. 10.　Evolution of active and reactive power of each grid-forming VSG. (a) S-VC. (b) S-CC. (c) S-OL. (d) PI-VC. (e) PI-CC. (f) PI-OL.

TABLE IV
CRITICAL OSCILLATION MODES FOR SMALL-SIGNAL ANALYSIS OF 

EXPERIMENTAL TEST
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Fig. 11.　Evolution of injected current of each grid-forming VSG. (a) S-VC. (b) S-CC. (c) S-OL. (d) PI-VC. (e) PI-CC. (f) PI-OL.
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VI. CONCLUSION 

This study proposes a systematic small-signal analysis  
procedure to evaluate and improve the synchronization stabil‐
ity of grid-forming VSGs. The proposed systematic proce‐
dure is applied to six grid-forming VSGs, derived using dif‐
ferent combinations of OCL and ICL blocks. Given that the 
synchronization stability is extremely sensitive to power sys‐
tem characteristics, the analysis considers a wide range of 
SCR and R/X to draw general conclusions.

The proposed systematic procedure enhances the synchro‐
nization stability of grid-forming VSGs, providing insights 
into how controller gains should be re-tuned for this pur‐
pose. The application of the proposed systematic procedure 
reveals that the S-VSG, parameterized according to state-of-
the-art practices, has a broader stable region as compared 
with PI-VSG. This is caused by a large damping coefficient, 
which is required because of the POI characteristics. This pa‐
rameter may lead to a slower transient response and a larger 
PFR, which could cause a CIG overload in the event of a 
frequency disturbance. In addition, the ICLs play a crucial 
role in the stability of grid-forming VSGs. For the ICLs 
based on voltage control, i.e., VC-ICL and OC-ICL, the sta‐
bility is determined by low-frequency oscillation modes asso‐
ciated with the APCL. By contrast, the stability of grid-form‐
ing VSGs with ICLs based on current control, i.e., CC-ICL, 
is linked to high-frequency oscillation modes associated with 
the current controller. Therefore, the synchronization stabili‐
ty of grid-forming VSGs does not solely depend on low-fre‐
quency modes as traditionally defined, as high-frequency 
modes can also emerge due to the rapid control actions with‐

in the ICLs. Finally, VC-ICL and OC-ICL are more suitable 
for networks with medium/low SCR, whereas CC-ICL is 
more effective for networks with medium/high SCR. In gen‐
eral, a high R/X improves stability across all grid-forming 
VSGs, as expected.

Future research will focus on extending this systematic 
analysis to other aspects of grid-forming VSGs, including 
power system dynamics and unbalanced operation.
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