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Abstract—As wind power capacities increase, the decreasing
inertia of modern power systems challenges its frequency stability.
Unlike traditional grid-following inverters, grid-forming (GFM)
inverters can create and stabilize a grid independent of the utility.
Hence, GFM inverters are seen as a potential solution, but their
transient stability is a growing concern. While large-signal models
are effective tools for analyzing transient stability, most existing
research focuses on typical GFM control schemes without using
virtual impedance. To address such a research gap, this paper
proposes several simplified large-signal models for GFM inverters
with virtual admittance, showing that the second-order model
closely matches the accuracy of the full-order EMT model. So, the
second-order large-signal model is a competing candidate for
transient stability analysis due to its simplicity and accuracy.
Finally, the correctness of the proposed models has been verified
by time-domain simulations.

Keywords—large-signal model, grid-forming inverter, virtual
admittance, low voltage fault, transient stability.

[. INTRODUCTION

Grid-forming inverters have gained significant attention in
recent years due to their pivotal role in enabling the integration
of renewable energy sources into power grids [1], [2]. Unlike
traditional grid-following inverters, which rely on an existing
grid to synchronize, grid-forming (GFM) inverters can create
and stabilize a grid independent of the utility [3], [4], [5]. This
capability is crucial for supporting the transition toward a more
sustainable energy system, particularly with increasing
contributions from renewable energy sources like solar and wind
power [6]. Although the GFM inverter technology is considered
as a promising solution for the future power system, it still has
some technical challenges to be addressed, such as transient
stability issues during large grid disturbances [7], [8], [9].

To study the transient stability, large-signal models are
effective tools for stability analysis [10]. However, due to the
mathematical challenge of solving high-order nonlinear
differential equations, model order reduction is necessary.
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Therefore, in most existing research, the GFM inverter is usually
simplified to be a second-order large-signal model for stability
analysis, which only includes the dynamics of the virtual inertia
and the power angle [11], [12], [13], [14]. However, the existing
research mainly focuses on the typical GFM control scheme
with cascaded voltage and current controllers, while the large-
signal model of the virtual admittance-based GFM inverter has
not been studied thoroughly.

Therefore, this paper focuses on building large-signal
models of the virtual admittance-based GFM inverters and the
influence of relevant parameters on transient stability. To
simplify the analysis, the current control loop of the GFM
inverter is assumed to be an ideal controlled current source
(CCS) initially. Thus, the influences of the current control loop
dynamics and the other dynamics are able to be separated, which
is beneficial for a simpler model representation. Then, an eighth-
order large-signal model of the GFM inverter is built, which can
represent the GFM CCS accurately. Afterward, the eighth-order
large-signal model is simplified to be a fourth-order model by
ignoring the filter capacitance and the dynamics of the grid
inductors. Further, the fourth-order model is simplified as a
second-order model by neglecting the dynamics of the virtual
inductors. It is found that the accuracy of the second-order, the
fourth-order, and the eighth-order large-signal models is almost
as high as the EMT model of the virtual admittance-based GFM
inverter. Therefore, the dynamics of the current control loop,
filter capacitors, grid inductors, and virtual inductors are
negligible for large-signal stability analysis.

The overall structure of the paper is organized as follows:
Section II discusses the large-signal modeling process of GFM
inverters, presenting several reduced-order models. Afterward,
Section III provides mathematical expressions for these different
reduced-order models. Subsequently, Section IV introduces
several case studies to illustrate conditions that may lead to
transient instability of GFM inverters. Finally, Section V
concludes this paper.



Current control

Grid

Perfect current control

Grid

1 1
i i il_;(nl)c)’k E iL(abc) Vo(abe)
ey H : »
g = <> T
- : R : C
(f E CCs H Yo(abo) I 4
s v,
i labg 8}” H “ gps
H dg :
Y ) oo .
1 : iy €uq) 0
: — Yy [€ I O-1"droop |<—~
s +R, ! L
(a) Virtual admittance-based GFM inverter (b) Virtual admittance-based GFM CCS
sL+R  -ol, B iL(dq)* irgag® sC, -oC, ! \'o(nq)g‘ sL,+R, —ol, ! igag®
ol, sL, +R, oC, sC, +’_ oL, sL,+R,
Vatag®
[ Park I-‘. >
H A
HE R
1 -0
aa ol ‘
' O=lps-Og by
(¢) 8th-order large-signal model (Ignoring dynamics of the current control loops)
sL+R, -oL ' |iuw T irgag’ Voug® R, -ol, ig(ag)®
ol sL +R, yy ®L, K,
ig(d'IJg
[ Park I< > [
e L)
HE S
: -0
:(. P
' 0= -0,

(d) 4th-order large-signal model (Tgnoring the filter capacitors and dvnamics of the grid inductors)

Voug® [ R, ‘(ULg} igag”®
<

e((lq)* R —ol T iL(dq)* - irgaq?
. oL, R, 'y
ig(dq)g
[ ark Iﬂ >
e L1
e A
HE
T H e
1, €iLPF; -
e 5= Bpu-0y

(e) 2nd-order large-signal model (Ignoring the dynamics of the virtual inductors)

Fig. 1. Reduced-order large-signal models of virtual admittance-based grid-forming inverter.

II. LARGE-SIGNAL MODELING OF GRID-FORMING INVERTER

The physical configuration of the study system is shown in
Fig. 1(a), which includes a GFM inverter and a Thevenin
equivalent grid. The GFM inverter connects to the power grid at
the point of common coupling (PCC). The typical virtual
admittance-based GFM control scheme is chosen for analysis,
which is the same as the control method presented in [4].

To simplify the analysis, the current control loop is replaced
with an ideal CCS, shown in Fig. 1(b). Based on the GFM CCS,
an 8th-order large-signal model in the d-q frame can be derived,

as illustrated in Fig. 1(c). Notably, the O-V droop is ignored as
it is less important for synchronization. Besides, the superscript
‘¢’ represents variables in the grid d-q frame, while the
superscript ‘““™ represents variables in the control d-q frame.
Subsequently, by neglecting the filter capacitors and the
dynamics of the grid inductors, the 8th-order large-signal model
can be simplified as a 4th-order model, as depicted in Fig. 1(d).
Additionally, by neglecting the dynamics of the virtual
inductors, the 4th-order large-signal model can be simplified to
a 2nd-order model, as presented in Fig. 1(e). Time-domain
simulation results of these models are compared in Fig. 2.
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Fig. 2. Comparison of different models by time-domain simulation (Condition: P = 0.5 p.u., SCR =2, V, sags to 0.3 p.u.).

Fig. 2 shows that dynamic responses of the 8th-order model,
the 4th-order model, and the 2nd-order model are highly similar
to one another after grid voltage sags to 0.3 p.u. Thus, the 2nd-
order model is a good candidate for the transient stability
analysis of the GFM inverter, because it is simple and accurate.

In addition, the inverse Park transformation of the currents
and the Park transformation of the PCC voltages are given by
(5) and (6).

i,f =cos(8)-i,, —sin(8)-i,,

[I. MATHEMATICAL EXPRESSIONS OF REDUCED-ORDER i, & =sin(5)-i,," +cos(8)-i,,’ (®)
LARGE-SIGNAL MODELS ! !
The analysis in the previous section basically relies on .
simulations, which is time-consuming. A more efficient way is Vo' =©08(8)v,," +sin(8) v, (6)
to use an Ordinary Differential Equation (ODE) solver to obtain v, o = —sin(5)-v,,° +cos(5)- v, ®
the numerical solutions, which will be discussed in this section. ‘
A. FEighth-Order Large-Signal Model The virtual admittance is represented by (7).
First of all, based on Fig. 1(c), the dynamics of the active
power controller can be described by (1) and (2). { Li, +Rji, —w,lL iLq‘ =e, —v,, "
v X v . v X . 2 (7)
: oyLj, +Li, +Ri =e —v,
5=Aa)+a)N—a)g (l) N"Ld viLlg vilg q oq
. . Therefore, the 8th-order large-signal model can be obtained
AO == - AO+ @ -m, (P = P) (2) by combining (1) (7) where the state variables are [J, Aw, Vos&,

Moreover, the dynamics of the grid impedance and the filter
capacitors can be represented by (3) and (4).

Voq 5 lgdg lgq 5 lLd 5 qu ]
B. Fourth-Order Large-Signal Model

As presented in Fig. 1(d), when the filter capacitors are
ignored, (4) can be simplified as (8).

g _ g
{Lglgd R, —wyLi,f =v,, —v, 3)
g _ ., 8
o Lglgd +Lglgq +Rglgq _VOq Veq
2
Pog_ g
{Cfvod Cfvaq 7 )
g _: g_ g
Cfvgd +C, 0 =0,f —i,

neglected, (3) can be simplified as (9).

iLdg =igdg
S @®)
i, =1

Besides, when the dynamics of the grid inductors are
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Hence, the 4th-order large-signal model is able to be
obtained by combmmg (1), (2), and (5)-(9), where the state
variables are [6, Aw, ird, irg'].

C. Second-Order Large-Signal Model

As illustrated in Fig. 1(e), when the dynamics of the virtual
inductors are ignored, (7) can be simplified as (10).

.k * ctrl

R, _a)NLvqu =€ ~Vu
.oF Lok F ctrl
oL, +Rv1Lq =e -V

q oq

(10)

Thus, the 2nd-order large-signal model can be obtained by
combining (1), (2), (5), (6), and (8)-(10), which is given by (11).

o=Av+oy -0,

A® = -0, - Ao+ @ -m, [P —P(5)] (11)

P(5)= %-[ig,,g(5)~vodg(5) +1,,5(8)v,,* (0)]

where the voltage and current expressions are given by (12).

i,5(8) =[(R, + R )(E"-cos(0)—v,,*)
+(X, + X, )(E -sin(5) -, *)]/
[(R,+R,)" +(X, +X,)]

i, (8) =[(-X, = X )(E-cos(5)—v,,*)
+(R, + R )(E" -sin(8)—v,*)]/
[(R,+R )2 +(X, +X )2]

V,*(0) = R i, (6) = X i, f(0) +v,,°

v, 5(0) = X,i,*(6) + R,i, *(6) +v,,°

(12)
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Then, the large-signal stability analysis can be performed
based on these reduced-order mathematical models.

IV. LARGE-SIGNAL STABILITY ANALYSIS

Due to the simplicity of the 2nd-order large-signal model,
the 2nd-order large-signal model presented in (11) is preferable
to use for large-signal stability analysis. The parameters of the
study system are listed in Table I, and two study cases are
selected for analysis.

A. Study Case 1: Impact of the depth of the grid voltage sag

As shown in Table I, the impact of the depth of the grid
voltage sag is selected as the first study case. In Case 1, the initial
active power is given to be 0.5 p.u. Then, the grid voltage V,
sags to 0.2, 0.3, and 0.4 p.u., respectively. The phase portrait of
Study Case 1 is presented in Fig. 3. It shows that a deeper grid
voltage sag is prone to cause transient instability.

TABLE L. PARAMETERS OF THE STUDY CASES
Rated Power of inverter 30 kW
Rated Voltage (line to line) 380 V (RMS)
Nominal grid frequency 50 Hz
General Filter inductance, L, 0.15 p.u.
Parameters Filter capacitance, C; 0.02 p.u.
SCR and R,/X, 15 and 0.01
P-w droop coefficient, m, 2.5% wn/Py
Virtual admittance, L, and R,| 0.5 p.u. and 0.05 p.u.
Case 1 V,sagsto 0.2,0.3, and 0.4 p.u. (P=0.5p.u.)
Case 2 Pis given 0.3, 0.5, and 0.7 p.u. (Vg s = 0.3 p.u.)
8
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Fig. 3. Phase portrait of Study Case 1 (See Table I).
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Fig. 4. Phase portrait of Study Case 2 (See Table I).

B. Study Case 2: Impact of the initial active power

As given in Table I, the impact of the initial active power is
selected as the second study case. In Case 2, the initial active
power is given to be 0.3, 0.5, and 0.7 p.u., respectively. Then,
the grid voltage V, sags to 0.3 p.u. The phase portrait of Study
Case 2 is provided in Fig. 4. It shows that a higher active power
of the inverter has a negative impact on the transient stability of
the GFM inverter during grid faults.

C. Simulation Validation

To wverify the correctness of the theoretical analysis,
simulation studies of the GFM inverter are also carried out.
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The simulation results of Study Case 1 are given in Fig. 5.
As presented in Fig. 5(a), when the grid voltage V, sags to 0.3
p-u. under the initial condition of “P = 0.5 p.u.”, the GFM
inverter system is still stable. However, as shown in Fig. 5(b),
when the grid voltage ¥, sags to 0.2 p.u. under the same initial
condition, the GFM inverter system becomes unstable. These
simulation results agree with the theoretical analysis of Study
Case 1 shown in Fig. 3.
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the grid voltage sag, (b) Initial power is 0.7 p.u. before the grid voltage sag.

In addition, the simulation results of Study Case 2 are
provided in Fig. 6. As presented in Fig. 6(a), when the grid
voltage Vg sags to 0.3 p.u. under the initial condition of “P = 0.5
p-u.”, the GFM inverter is still stable. Nevertheless, as illustrated
in Fig. 6(b), when the grid voltage V; sags to 0.3 p.u. under the
initial condition of “P = 0.7 p.u.”, the GFM inverter system
becomes unstable. These simulation results are consistent with
the theoretical analysis of Study Case 2 shown in Fig. 4.
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D. Further Discussion on Model Simplification

Although the 2nd-order large-signal model expressed by
(11) and (12) shows accuracy and simplicity to some extent, (12)
is still not straightforward. Considering that the grid resistance
R, and the virtual resistance R, are relatively small, when
assuming the resistances R, and R, equal to zero, (12) can be
simplified further. In this case, the active power expression of
the GFM inverter can be simplified as (13), which has the same
form as the well-known power angle equation.

3 E -V, +sin(0)
2 X, +X

v 4

P(5) = Jif:R =0andR, =0 (13)

Simulation results of the proposed ordinary 2nd-order model
in (11)&(12) and the simplified 2nd-order model in (11)&(13)
are compared in Fig. 7. It shows that the simplified 2nd-order
model becomes less accurate in a larger grid resistance case.

V. CONCLUSIONS

This paper provides several reduced-order large-signal
models of the virtual admittance-based GFM inverter. By
comparing these models, it is revealed that the 8th-order model,
the 4th-order model, and the 2nd-order model have similar

accuracy under grid voltage disturbances. It indicates that the
dynamics of the current control loop, filter capacitors, grid
inductors, and virtual inductors are negligible for large-signal
stability analysis. In addition, the transient stability analysis
results show that a higher active power before the grid faults and
a deeper grid voltage sag during grid faults may lead to transient
instability of the GFM inverter. Besides, when the grid
resistance and virtual resistance are ignored, the proposed
ordinary 2nd-order model can be derived as a simplified 2nd-
order model. The simplified 2nd-order model has higher
accuracy in a smaller grid resistance case, while it becomes less
accurate in a larger grid resistance case, which is a potential
limitation. At last, it is worth mentioning that the impact of the
current limitations on the GFM inverter is not considered in this
paper, and this will be studied further in the future.
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