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Abstract--As penetration of wind power plants increases, 
the grid condition becomes increasingly weaker, which may 
make grid-following (GFL) inverters lose synchronization 
under large grid disturbances. In prior research, most 
researchers study transient stability of GFL inverters based 
on a simplified second-order model. Namely, the focus is 
solely on dynamics of phase-locked loop. However, this 
simplified second-order model may lose partial accuracy. 
Moreover, the reasonability of the simplification has not been 
clearly clarified. To fill this research gap, this paper provides 
a deduction process from an accurate high-order model to 
several reduced-order models. It is found that when the 
dynamics of filter capacitors are ignored, the accuracy of the 
model is still high. However, neglecting current control loops 
and the dynamics of grid inductors will moderately decrease 
the accuracy of the model. Finally, time-domain simulations 
have confirmed the validity of the proposed several large 
signal models. 
 

Index Terms—large-signal model, grid-following inverter, 
weak grid condition, transient stability. 

I.  INTRODUCTION 
In response to the anticipated depletion of fossil fuels 

and concerns over global warming attributed to CO2 
emissions, renewable energy power plants, including wind 
and solar installations, have seen widespread deployment 
globally [1]-[3]. Given that wind and solar power plants 
are interconnected with the power system via inverters, the 
stability of power system is contingent upon the stability 
of these grid-connected inverters [4]-[6]. Nevertheless, 
with the gradual weakening of the power grid, grid-
connected inverters utilizing the standard grid-following 
(GFL) control may experience losing synchronization 
stability during severe faults [7]-[9]. Therefore, the 
modeling of grid-connected inverters under large-signal 
disturbances and the analysis of transient stability have 
attracted lots of research attention recently [10]-[13]. 

To study the transient stability issues, two aspects 
should be considered: the first aspect is whether the system 
has an equilibrium point in steady-state; The second aspect 
is whether the system can converge to the equilibrium 
point after a large disturbance [9]. The main mathematical 
challenge of analyzing transient stability is the second 
aspect. This is because as the order of the nonlinear 
differential equations increases, it becomes more difficult 
to find a mathematical solution. Due to this reason, in most 

existing research, the GFL inverter system is simplified to 
be a second-order large-signal model to study the transient 
stability, where only the phase-locked loop (PLL) 
dynamics are considered [14]-[16]. In addition, some 
recent studies reveal that the transient stability is impacted 
by the dynamics of the current control loop as well, so that 
a fourth-order large-signal model considering current 
control loop’s dynamics is introduced accordingly [17], 
[18]. However, step-by-step model reduction and 
comparison of different models have not been studied 
thoroughly in the existing research. 

To address this research deficiency, this paper focuses 
on step-by-step model reduction and the impact of relevant 
parameters on models and transient stability. Firstly, a 
GFL controlled current source (CCS) is chosen for study, 
where current control loop’s dynamics are intentionally 
ignored. By using this GFL controlled CCS system, the 
influence of the current control loop’s dynamics and other 
dynamics can be separated, which enables a simpler and 
more intuitive model representation. Secondly, a sixth-
order large-signal model is derived, where dynamics of the 
filter capacitors, the grid inductors, and the PLL are 
included. Based on simulation analysis, it demonstrates 
that the proposed sixth-order model adequately captures 
the characteristics of the GFL CCS. Afterwards, the sixth-
order model is condensed into a fourth-order model by 
neglecting the filter capacitors, and it is further condensed 
into a second-order model by neglecting dynamics of the 
grid inductors. By comparing these models, it is found that 
the dynamics of the filter capacitors are negligible. 
However, when the dynamics of the grid inductors are 
ignored, partial accuracy of the model may be lost. In 
addition, from the transient stability perspective, PLL is 
indeed a main reason for transient instability. 

The remainder of this paper is structured as below. 
Section II introduces large-signal modeling process of 
grid-following inverters, where several reduced-order 
models are provided. Then, Section III presents the 
mathematical expressions of different reduced-order 
models. Afterward, Section IV introduces three study 
cases to illustrate which condition may lead to transient 
instability. Ultimately, Section V summarizes this paper. 

II.  MODELING FOR GRID-FOLLOWING INVERTERS 
The physical setup of GFL inverter system is depicted 

in Fig. 1(a). 
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Fig. 1.  Large-signal models of grid-following inverter. 

 
As depicted in Fig. 1(a), the study system consists of a 

GFL inverter and a Thevenin equivalent grid. The inverter 
and the grid connect at the point of common coupling 
(PCC). Besides, the typical GFL control scheme with a 
PLL and current control loops is chosen for analysis in this 
paper, where the PLL structure is the same as [14] and 
[19]. For sake of simplification, the current control loop is 
replaced by an ideal CCS for comparison. Moreover, the 
block “iPark” in Fig. 1 means inverse Park transformation. 

According to the GFL CCS depicted in Fig. 1(b), a 6th-
order large-signal model in the d-q frame is obtained, as 
depicted in Fig. 1(c). Notably, the superscript ‘g’ denotes 
the grid d-q frame, while the superscript ‘ctrl’ represents the 
control d-q frame. Then, when the filter capacitors are 
ignored, the 6th-order large-signal model can be simplified 
to be a 4th-order large-signal model, as depicted in Fig. 

1(d). Furthermore, while dynamics of the grid inductors 
are ignored, the 4th-order large-signal model is able to be 
simplified to be a 2nd-order model, as shown in Fig. 1(e), 
where only the PLL dynamics are included. In fact, it is 
equivalent to the 2nd-order model proposed in [14] (See 
Fig. 9). Moreover, the models shown in Fig. 1 can also be 
represented by equations. The equation of voq

ctrl is a key 
equation, which is presented in (1). 

ctrl g gsin( ) cos( )oq od oqv v vδ δ= − ⋅ + ⋅        (1) 

Here, δ represents angle difference between θpll and θg. 
Notably, when choosing different large-signal models, 

the variables vod
g and voq

g in (1) are different, which leads 
to a different voq

ctrl. 



 

 
Fig. 2.  Comparison of different models by time-domain simulation (Grid condition: SCR = 1 and Rg/Xg = 0.1). 

 
To compare different models, simulation results for 

these models are depicted in Fig. 2 (See Table I for 
parameters). Notably, an inductance-dominated weak grid 
condition with a short-circuit ratio (SCR) = 1 and Rg/Xg = 
0.1 is selected. It shows that under grid voltage dip 
conditions, responses of the 6th-order and 4th-order 
models are close to responses of the GFL CCS, while 
responses of the 2nd-order model are different. It means 
that the 2nd-order model is less accurate than the 6th-order 
and 4th-order models. In accordance with the above 
analysis, the 4th-order model could be a good choice for 
large-signal modeling and transient stability analysis, 
because it is relatively simple and accurate. 

In addition, the differences between the simulation 
outcomes of GFL inverters and GFL CCS can be observed 
in Fig. 2, which is because of neglection of inner current 
loop’s dynamics. However, the impact of the inner current 
loop on large-signal models and large-signal transient 
stability falls beyond this paper’s scope, which will be 
explored in future research. 

III.  MATHEMATICAL EXPRESSIONS OF REDUCED-ORDER 
LARGE-SIGNAL MODELS 

In the last section, the analysis is mainly based on the 
block diagram of models in MATLAB/Simulink shown in 
Fig. 1, which is relatively time-consuming. A more 
efficient way is using a solver to solve mathematical 
expressions, and it will be elaborated as follows. 

A.  Sixth-Order Large-Signal Model 
At first, in accordance with Fig. 1(c), dynamics of the 

PLL is able to be derived as (2) and (3). 

N gδ ω ω ω= ∆ + −              (2) 

ctrl ctrl
p oq i oqK v K vω∆ = ⋅ + ⋅            (3) 

Besides, the grid impedance’s dynamics can be 
represented by (4). 

g g g g g

g g g g g
g gd g gd N g gq od gd

N g gd g gq g gq oq gq

L i R i L i v v
L i L i R i v v

ω
ω
 + − = −
 + + = −





     (4) 

Moreover, the dynamics of the capacitor is given by (5). 
g g g g

g g g g
f od N f oq Ld gd

N f od f oq Lq gq

C v C v i i
C v C v i i

ω
ω
 − = −
 + = −





        (5) 

Furthermore, the inverse Park transformation of the 
currents can be derived as (6). 

g * *

g * *

cos( ) sin( )

sin( ) cos( )
Ld Ld Lq

Lq Ld Lq

i i i

i i i

δ δ

δ δ

 = ⋅ − ⋅


= ⋅ + ⋅
        (6) 

Then, the 6th-order large-signal model can be obtained 
by combining equations (1)-(6), where the state variables 
are [δ, Δω, vod

g, voq
g, igd

g, igq
g]. More comprehensive 

expressions of the 6th-order model are presented in (A1) 
located in Appendix. 

B.  Fourth-Order Large-Signal Model (Cf = 0) 
It depicts in Fig. 1(d) that while filter capacitor is 

assumed equal to 0, (5) can be simplified as (7). 
g g

g g
Ld gd

Lq gq

i i
i i
 =
 =

                (7) 

Then, the 4th-order large-signal model can be derived 
by combining the equations (1)-(4), (6), and (7), which is 
given by (8). The state variables are [δ, Δω, igd

g, igq
g]. 



 

g g g

g g g

g g g g g

g g g g g

g g *

[ sin( ) cos( ) cos( )

sin( ) ] [ sin( ) cos( ) ]
1 ( )

1 ( )

cos( ) sin( )

N g

p od od oq

oq i od oq

gd od gd N g gq g gd
g

gq oq gq N g gd g gq
g

gd Ld Ld

K v v v

v K v v

i v v L i R i
L

i v v L i R i
L

i i i

δ ω ω ω

ω δ δ δ δ

δ δ δ δ

ω

ω

δ δ

= ∆ + −

∆ = ⋅ − − ⋅ +

− ⋅ + ⋅ − +

= − + −

= − − −

= = ⋅ −





  







*

g g * *sin( ) cos( )
Lq

gq Lq Ld Lq

i

i i i iδ δ
















⋅
 = = ⋅ + ⋅

(8) 

When the variables iLd
*, iLq

*, vgd
g, vgq

g and ωg are 
assumed to be constant, (8) is simplified to be (9). 

*

* *
*

cos( )
1

[( ) sin( ) ]
1

p
g

p g Ld

i
N g Ld g Lq g

p g Ld

K
V

K L i
K

L i R i V
K L i

δ ω

ω δ ω

ω ω δ




= ∆
 −∆ = ⋅ ⋅ ⋅∆ +

−

 ⋅ ∆ + + − ⋅
−



 (9) 

Thus, transient stability analysis can be performed by 
phase portrait according to (9). 

C.  Second-Order Large-Signal Model (sLg = 0) 
It shows in Fig. 1(e) that while the grid inductors’ 

dynamics are ignored, (4) can be rewritten as (10). 
g g g g

g g g g
g gd N g gq od gd

N g gd g gq oq gq

R i L i v v
L i R i v v

ω
ω
 − = −
 + = −

       (10) 

Then, the 2nd-order large-signal model can be deducted 
by combining the equations (1)-(3), (6), (7), and (10), 
which is presented by (11). 

* *

[ cos( ) ]

[ sin( ) ]

N g

p g

i N g Ld g Lq g

K V

K L i R i V

δ ω ω ω

ω δ δ

ω δ

 = ∆ + −
∆ = ⋅ − ⋅ ⋅

+ ⋅ + − ⋅





     (11) 

Obviously, the 2nd-order model is much simpler. 
According to (11), transient stability of GFL inverters is 
impacted by grid voltage magnitude Vg, grid inductance Lg, 
grid resistance Rg, and d-q currents iLd

* and iLq
*. So, the 

impact of the three factors on transient stability will be 
analyzed in the following section. 

IV.  TRANSIENT STABILITY ANALYSIS OF THREE CASES 
Considering transient stability of GFL inverters may be 

influenced by several factors, such as Vg, Lg, Rg, iLd
* and 

iLq
*, three cases are selected in this paper for study, as 

presented in Table I. Specifically, in the selected three 
cases, the impact of q-axis and d-axis currents, the impact 
of the depth of grid voltage dip, and the impact of the grid 
impedance’s R/X ratio are analyzed quantitatively. 

TABLE I 
PARAMETERS OF SELECTED STUDY CASES 

General 
Parameters 

Nominal power of inverter 30 kW 
Rated line voltage (RMS) 380 V 
Nominal grid frequency 50 Hz 

Filter inductance, capacitance 0.15 p.u. and 0.02 p.u. 
SCR and Rg/Xg 1 and 0.1 

Bandwidth of current loop 6000 rad/s 
ξ and ωn of the PLL 1 and 20 rad/s 

Case 1 (a) iLd
* = 0.5 p.u., iLq

* = 0; (b) iLd
* = 0, iLq

* = -0.5 p.u. 

Case 2 (a) Rg/Xg = 0.3; (b) Rg/Xg = 0.1 
Note: iLd

* = 0, iLq
* = -0.8 p.u. for both (a) and (b) 

Case 3 (a) Vg_fault = 0.1 p.u.; (b) Vg_fault = 0.2 p.u. 
Note: iLd

* = 0, iLq
* = -0.9 p.u. for both (a) and (b) 

 

 
Fig. 3.  Phase portrait of Case 1. 

 
Fig. 4.  Phase portrait of Case 2. 

 
Fig. 5.  Phase portrait of Case 3. 



 

 
(a) 

 
(b) 

Fig. 6.  Simulation outcomes of Study Case 1. (a) iLd = 0.5 p.u., iLq = 0; (b) iLd = 0, iLq = -0.5 p.u. 
 

A.  Study Case 1: Impact of q-axis and d-axis currents 
According to (9) and (11), the current iLq and the current 

iLd influence transient stability. So, for the first study case, 
iLd and iLq are chosen to be different values, as presented in 
Table I. The phase portrait of Study Case 1 is depicted in 
Fig. 3, which shows that a higher iLd during grid fault may 
lead to instability. 

B.  Study Case 2: Impact of R/X ratio of grid impedance 
Besides, according to (9) and (11), the grid resistance 

Rg and the inductance Lg also influence transient stability. 

So, for the second study case, Rg/Xg is given by different 
values, as presented in Table I. The phase portrait of Study 
Case 2 is depicted in Fig. 4, which shows that a higher 
Rg/Xg during grid fault may cause instability. 

C.  Study Case 3: Impact of the depth of grid voltage dip 
Moreover, according to (9) and (11), the depth of grid 

voltage dip has also an impact on transient stability. So, for 
the third study case, Vg_fault is given by different values for 
comparison, as presented in Table I. The phase portrait of 
Study Case 3 is given in Fig. 5, which shows that a deeper 
grid voltage dip may lead to instability. 



 

 
(a) 

 
(b) 

Fig. 7.  Simulation outcomes of Study Case 2. (a) Rg/Xg = 0.3; (b) Rg/Xg = 0.1. 
 

To validate the transient stability analysis results in 
Figs. 3-5, simulation outcomes of these selected three 
study cases are presented in Figs. 6-8. 

As depicted in Fig. 6(a), while current iLd is 0.5 p.u., the 
system becomes unstable during grid fault. However, 
while the current iLd is decreased to 0 during grid fault, the 
system is able to keep stable, as shown in Fig. 6(b). Hence, 
a smaller iLd during grid fault contributes positively to 
transient stability of GFL inverters. These simulation 
outcomes agree with the analysis results in Fig. 3. 

In addition, as depicted in Fig. 7(a), while the ratio of 

Rg and Xg is 0.3, the system becomes unstable during grid 
fault. Nevertheless, as depicted in Fig. 7(b), while the ratio 
of Rg and Xg is 0.1, the system always keeps stable. 
Therefore, a larger grid resistance Rg is worse for transient 
stability of GFL inverters. 

Furthermore, as depicted in Fig. 8(a), when the grid 
voltage dips -0.9 p.u., it becomes unstable during fault. 
However, as presented in Fig. 8(b), while grid voltage dips 
-0.8 p.u., it keeps stable during the fault. Thus, a lower grid 
voltage magnitude during the fault is worse for transient 
stability of GFL inverters. 



 

 
(a) 

 
(b) 

Fig. 8.  Simulation outcomes of Study Case 3. (a) Grid voltage dips -0.9 p.u.; (b) Grid voltage dips -0.8 p.u. 
 

 
Fig. 9.  Equivalent block diagram of Fig. 1(e). 

Aside from the above analysis, it can also be seen from 
Figs. 6-8 that the 6th-order, 4th-order, and 2nd-order 
models all have the same trend of stability for the selected 
three study cases, which means that the transient instability 

issue of the GFL inverter should be mainly caused by the 
PLL. To understand the reason for transient instability 
issue, the 2nd-order model depicted in Fig. 1(e) is 
represented in a simpler form depicted in Fig. 9. It shows 
that if there is a way to keep “voq

ctrl = 0” (Namely, Rg∙iLq
* 

+ Xg∙iLd
* = Vg∙sinδ) during grid fault, an equilibrium point 

always exists. Therefore, a possible solution is to keep “iLd
* 

= -Rg/Xg∙iLq
*” during grid fault [13]. Another simpler way 

is to keep both iLd
* and iLq

* equal to 0 during grid fault. 
However, they conflict with existing grid codes, but it may 
bring new thoughts to modify grid codes in the future. 



 

V.  CONCLUSIONS 
Three reduced-order large-signal models of GFL 

inverters are compared in this paper.The 6th-order model 
and the 4th-order model have higher accuracy than the 
2nd-order model. Namely, the filter capacitors’ dynamics 
may be negligible, but when the dynamics of grid 
inductors are ignored, the accuracy of the model will be 
reduced moderately. Moreover, in accordance with 
stability analysis results of the selected three cases, it is 
revealed that a higher d-axis current, a higher grid 
impedance R/X ratio, and a deeper voltage dip during grid 
faults may cause transient instability of GFL inverters. 
Finally, a simple solution to keep “iLd

* = 0 and iLq
* = 0” 

during faults is proposed to raise transient stability, but it 
conflicts with existing grid codes. A more sensible control 
solution will be studied in the future. 

APPENDIX 

g g g
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(A1) 
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