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Abstract - This paper conducts a comprehensive analysis 

and comparison of the control loops of the grid-following 

and grid-forming voltage source converters connected to 

the power grid. Eigenvalue trajectories are studied in 

order to obtain an accurate stability analysis. A time-

domain simulation model of a 1.5 kW grid-connected 

converter is developed by using Matlab/Simulink to 

investigate the stability of the grid-following and grid-

forming control under different short-circuit ratios. The 

stability boundaries of the grid-following control and the 

grid-forming control are explored and compared with 

theoretical analysis. The result reveals that the grid-

following control is better suited for a stiff power grid, 

while the grid-forming control is more suitable for a weak 

power grid. Finally, an experimental prototype is 

established to verify the effectiveness of the theoretical 

analysis. 

Index Terms— Grid-following converter, grid-forming converter, 

state-space model, stability boundaries. 

I. INTRODUCTION 

Facing the threats of fossil resource depletion and 

ecological environment deterioration, renewable energy 

sources (RESs) to be integrated into the power system have 

drawn more and more attention in recent years. Moreover, 

with the continuous declining cost of RESs generation, the 

primary energy in the power grid will mainly be generated 

from RESs in the future. 

The RESs are normally connected to the power grid 

through grid-connected converters using grid-following (GFL) 

control, which has a fast response but provides almost no 

inertia for the power grid to perform the frequency control [1]. 

With the increasing penetration of RESs, many large 

synchronous generators will be phasing out, so the spinning 

reserve capacity will be reduced as well as the inertia and 

damping of the power grid. In order to solve the stability 

challenges for the power grid, grid-forming (GFM) control 

strategies have been emerging. One of the most popular GFM 

control strategies is the virtual synchronous generator (VSG) 

control, which enables the converter to mimic the 

characteristics of synchronous generators to provide inertia 

and damping for the power grid. 

However, both the GFL control and the GFM control have 

small-signal instability problems [2]. It is noted that the short-

circuit ratio (SCR) is usually defined to measure the strength 

of the power grid. According to the IEEE Standard 1204-1997 

[3], when the SCR is less than 2, the power grid is very weak. 

Alternatively, when the SCR is larger than 3, the power grid is 

considered as strong. The GFL control loses stability in a 

weak power grid because of the asymmetric positive feedback 

mechanism introduced by the phase-locked loop (PLL) 

structure [4], [5]. On the contrary, the GFM control loses 

stability in a stiff power grid, since little phase difference 

between the converter and grid voltages may lead to large 

active power fluctuations [6]. Actually, numerous papers have 

investigated the stability of GFL and GFM converters 

connected to power grids with different SCRs [7]. However, to 

some extent, they just tested the power transfer ability of GFL 

and GFM converters and compared the maximum power that 

can be transferred under power grids with different SCRs. A 

comprehensive and fair comparison is needed to be conducted 

to evaluate the performances of GFL and GFM converters 

under the power grids with diverse SCRs, while upholding the 

constant output power. 

The stability assessment of a power system incorporates 

various established techniques, including the state-space 

model and impedance model [8], [9]. The eigenvalue analysis 

method, which relies on the linearized state-space model of 

the system in its steady-state operation, enables precise 

evaluations. This method involves the construction of a state-

space model and the examination of eigenvalue distribution on 

a complex plane to facilitate assessments of stability. For the 

impedance model, it divides the system into smaller, 

independent subsystems and employs the Nyquist stability 

criterion to ascertain the stability of the impedance ratio 

between the grid and converter. Moreover, modifications in 

one subsystem's parameters do not impact other subsystems, 

obviating the need for the reconstruction of the entire system 

model. Consequently, this approach allows for convenient 

model updates in the event of changes to subsystem 

parameters. In this paper, the eigenvalue analysis method is 

selected by using the state-space model to ensure accurate 

stability analysis. 

To study the aforementioned issues and obtain an accurate 

result, the stability analysis of the GFL converter and the GFM 



 

 

 

converter based on the state-space model is presented in this 

paper [10]. The main contributions of this work can be 

summarized as follows. 1) The control loops of the GFL 

converter and the GFM converter are established in details. 2) 

The full-order state-space models of the GFL converter and 

the GFM converter are presented, and their eigenvalue 

trajectories are used for detailed stability analysis. 3) The 

stability boundaries of the GFL control and the GFM control 

are obtained by changing the SCR continuously. 4) 

Comparative analysis is executed to assess the differences 

existing among the stability boundaries derived from 

theoretical analysis, simulations, and experiments.  

The remaining part of the paper is organized as follows. 

Section Ⅱ illustrates the control loops of the GFL converter 

and the GFM converter, respectively. In Section Ⅲ, the 

eigenvalue trajectories are drawn to compare the stability of 

the GFL converter and GFM converter. In Section IV, a time-

domain simulation model is built in Matlab/Simulink to verify 

the theoretical stability analysis. In Section Ⅴ, experimental 

validations are presented. Finally, concluding remarks are 

drawn in Section Ⅵ. 

II. SYSTEM MODELING 

The configuration of a three-phase grid-connected system is 

shown in Fig. 1. Lf and Cf are the output filter inductor and 

capacitor, respectively; Zg is the grid impedance; udc is the dc-

link voltage; ua, ub and uc are the converter output voltages; 

upcca, upccb and upccc are the voltages at the point of common 

coupling (PCC); ia, ib and ic are the converter currents; iga, igb 

and igc are the grid currents; iCa, iCb and iCc are the capacitor 

currents. 

 

 

The power converters can be controlled as GFL converters 

and GFM converters. The behavior of the GFL converter is 

similar to that of the controlled current source, while the 

behavior of the GFM converter is similar to that of the 

controlled voltage source. The simplified representations of 

the power converters are shown in Fig. 2. 

A. Grid-following converter 

The GFL converter is widely applied in distributed RES-

based power grids and it is typically using a PLL to 

synchronize with the grid. In the outer control loop, the active 

and reactive power can be controlled directly through PQ 

controllers or indirectly through dc-link voltage and PCC 

voltage regulation [11]. The type of outer loop is determined 

by the applications, e.g., in a grid-connected photovoltaic 

system, a DC-DC converter will be employed to optimize the 

power extraction and it will alter the control objectives of the 

outer loop. Nevertheless, the current control is always selected 

as the inner loop to regulate the current injected into the power 

grid [12], [13]. The reference of the current control loop is set 

by the outer control loop. Notably, a PLL unit is used for the 

reference frame transformation to keep the power converter 

synchronized with the power grid in all cases. 

 

Outer power control is adopted in this paper. To simplify 

the analysis, the dc side is represented as an ideal dc voltage 

source. The control scheme of the GFL converter is shown in 

Fig. 3. The control scheme mainly consists of three parts, 

including the PLL unit, power control loop, and current 

control loop [14]. Pref and Qref are the references of the active 

and reactive power, respectively; Pe and Qe are the output 

active and reactive power; KC is the proportional coefficient of 
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Fig. 2. Simplified representation of power converters. (a) Grid-

following (GFL) converter; (b) Grid-forming (GFM) converter. 
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Fig. 1. Configuration of a three-phase converter connected to the 

power grid. 
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Fig. 3. Control scheme of the grid-following (GFL) converter. 

 

 



 

 

 

the capacitor current feedback. Subscripts d and q denote the 

d-axis and q-axis components of a variable, respectively. 

The PLL unit plays an important role in the control of the 

grid-tied converter. In order to obtain a good performance, a 

moving average filter (MAF) based PLL is adopted [15]. It 

enables the converter to synchronize with the power grid. 

When the system is in a steady state, the PLL can track the 

phase angle of the PCC voltage accurately. In the case that 

small-signal disturbances are added to the PCC voltage, there 

is a small difference θPLL-θs between the control synchronizing 

frame, which is determined by the PLL unit, and the actual 

system synchronizing frame, which is defined by the PCC 

voltage [16], [17]. The relationship between two 

synchronizing frames is shown in Fig. 4. 

 

The actual system synchronizing frame can be transformed 

into the control synchronizing frame through a rotating matrix 

Tθ. The matrix Tθ can be given as: 

cos( ) sin( ) 1

sin( ) cos( )  1

PLL s PLL s PLL s

PLL s PLL s s PLL

T
     

     

− − −   
=    

− − − −   
(1) 

The transformations between the actual system 

synchronizing frame and the control synchronizing frame can 

be given as [18], [19]: 

 
1

 1

c s s

PLL sd d d

c s s

s PLLq q q

x x x
T

x x x

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 

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−           
 (2) 

where the variable x represents the converter current, the grid 

current, the PCC voltage and the output voltage. The variables 

in the actual system synchronizing frame are marked with 

superscript s, while the variables in the control synchronizing 

frame are marked with superscript c. 

If small-signal perturbations are applied to (2) and the 

steady-state values are neglected, the linearized small-signal 

model of transformations can be given as: 

 
0

0

c s

qd d

c s

dq q

Xx x

Xx x

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−         
 (3) 

where the prefix Δ denotes the small disturbance of variables, 

the subscript 0 denotes the steady-state values. 

By using the PCC voltage orientation, active power and 

reactive power of the converter can be regulated by d-axis and 

q-axis converter currents. Consequently, the output of the 

power control loop serves as the reference for the inner current 

control loop.  

The inner current controller is adopted to regulate the 

converter current to follow the reference set by the outer 

voltage loop. The output voltage reference of the converter is 

obtained from the inverse Clark and Park transformation of the 

current controller output [11]. The voltage reference is then 

used for the space vector pulse-width modulation (SVPWM). 

It is worth mentioning that an active damping method is 

adopted to suppress the resonances of the LC filter without 

sacrificing the efficiency of the converter [20], [21]. As shown 

in Fig. 3, the capacitor current iCd, iCq is feedbacked through a 

proportional unit KC in the current control loop. 

B. Grid-forming converter 

With the increasing penetration of RESs, the inertia of the 

power grid will decrease since many large synchronous 

generators are phasing out. In order to solve the stability 

problems for the power electronic-based power systems, GFM 

control strategies have been emerging.  

The VSG control is adopted in this paper, and the control 

scheme of the GFM converter is shown in Fig. 5. The control 

scheme is mainly composed of three parts, including the VSG 

algorithm loop, voltage control loop and current control loop. 

J is the emulated moment of inertia; D is the damping 

d
c

q
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ds

q
s

PLL s −

 
Fig. 4. The actual system synchronizing frame and control 

synchronizing frame. 
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Fig. 5. Control scheme of the grid-forming (GFM) converter. 
 

 



 

 

 

coefficient; kq is the integrity coefficient; ku is the voltage 

droop coefficient; ωg is the rated grid frequency; Em and θVSG 

are the amplitude and phase angle of the reference voltage; E0 

is the no-load electromotive force of the converter; UN is the 

peak value of the rated grid voltage. 

The VSG algorithm is mainly composed of a power-

frequency controller and an excitation controller, which can be 

given as: 

 

( )refVSG e

VSG g

VSG VSG

VSG

VSG

Pd P
J D

dt

d

dt


 

 





= − − −





=


  (4) 

 ( )( )0m q u N pcc ref eE E k k U u Q Q= + − + −   (5) 

The voltage control loop is adopted to regulate the PCC 

voltage to follow the reference set by the VSG algorithm loop. 

The difference between the actual system synchronizing frame 

and the control synchronizing frame is caused by the phase 

angle generated from the power synchronization unit. In 

addition, the current control of the GFM converter is the same 

as that of the GFL converter as aforementioned. 

III. STABILITY ANALYSIS BASED ON STATE-SPACE 

MODEL 

To compare the performances of grid-connected converters 

under different SCRs, state-space models of the whole system 

are built based on the small-signal models. The state-space 

expression of GFL and GFM converters can be given as: 

 
_ _ _sys GFL
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gd

sys GFL sys GFL s

gq

u
x A x B

u

 
 =  +  

  

 (6) 

 
_ _ _sys GFM

s

gd

sys GFM sys GFM s

gq

u
x A x B

u

 
 =  +  

  

 (7) 

where Δxsys_GFL=[ΔxPLL, Δxcal, ΔxPQ, Δxc, ΔxLCL]T, 

Δxsys_GFM=[ΔxVSG, Δxcal, Δxu, Δxc, ΔxLCL]T, Asys_GFL, Asys_GFM, 

and B are shown in Appendix. 

A case study of a 1.5 kW grid-connected converter is built 

and its key parameters are listed in TABLE I [22]. According 

to the parameters and state-space matrix Asys_GFL, Asys_GFM, the 

eigenvalue trajectories are drawn to compare the stability of 

the GFL and GFM converters under different SCRs [23]. The 

initial SCR is chosen as 5.21 with the Lg is 3 mH and Rg is 

0.18 Ω. The ratio between Lg to Rg remains constant. In order 

to get accurate results, the intervals of the change of the values 

of the Lg and Rg are set as 20 μH and 1.4 mΩ, respectively.  

TABLE I 

PARAMETERS OF 1.5 KW GRID-CONNECTED CONVERTER. 

Grid Parameters 

ug Grid RMS voltage 50 V 

fg Grid frequency 50 Hz 

Lg Grid inductance 0.5-15.5 mH 

Rg Grid resistance 0.03-0.93 Ω 

ωg Grid angular frequency 314 rad/s 

Converter Parameters 

udc DC-side voltage 600 V 

Lf Filter inductance 3 mH 

Cf Filter capacitance 20 μF 

Pref Rated active power 1.5 kW 

fs Switching frequency 10 kHz 

fsa Sampling frequency 20 kHz 

Control Parameters for grid-following converter 

ωpll 
Bandwidth of phase-locked 

loop 
13.4 rad/s 

ωPQ Bandwidth of power loop 110 rad/s 

ωi Bandwidth of current loop 1030 rad/s 

KC 
Proportional gain of capacitor 

current feedback 
1 

ωc Cut-off frequency of LPF 100 rad/s 

Control Parameters for grid-forming converter 

ωvsg Bandwidth of VSG loop 2.77 rad/s 

ωu Bandwidth of voltage loop 23.4 rad/s 

ωi Bandwidth of current loop 1030 rad/s 

KC 
Proportional gain of capacitor 

current feedback 
1 

ωc Cut-off frequency of LPF 100 rad/s 

D Damping coefficient 9 

J Virtual inertia 0.2 kg/m2 

ku Q-U loop coefficient 30 

kq Integrity coefficient 0.01 

E0 
No-load electromotive force 

of the converter 
70.7 V 

UN 
Peak value of the rated grid 

voltage 
70.7 V 

Qref Rated reactive power 0 kVar 

When the SCR decreases from 5.21 to 1.58, the eigenvalue 

trajectories of the GFL converter is plotted in Fig. 6. When the 

SCR decreases from 5.21 to 1.00, the eigenvalue trajectories 

of the GFM converter is plotted in Fig. 7. When the SCR is 

less than 1.58, the eigenvalue λ1 of the GFL converter moves 

towards the right half plane, which means the system becomes 

unstable. However, all the eigenvalues of the GFM converter 

are still in the left half plane, indicating a stable system. 

When the SCR increases from 5.21 to 31.26, the eigenvalue 

trajectories of the GFL converter is plotted in Fig. 8. When the 

SCR increases from 5.21 to 12.02, the eigenvalue trajectories 

of the GFM converter is plotted in Fig. 9. All the eigenvalues 

of the GFL converter stay in the left half plane with SCR 

changing from 5.21 to 31.26. Compared to the GFL converter, 

when the SCR is larger than 11.67, the eigenvalues λ1 and λ2 

of the GFM converter move into the right half plane, and the 

system may lose stability, which is opposite to the condition 

when the SCR decreases. 

 



 

 

 

 

 

 

 

IV. SIMULATION RESULTS 

In order to verify the aforementioned stability analysis, the 

case study system is established in Matlab/Simulink to 

investigate the various control schemes. The parameters are 

the same as those specified in TABLE I.  

As shown in Fig. 10 and Fig. 11, when the SCR decreases, 

the simulation results are presented for variable SCRs. In the 

case that the SCR is changed from 5.21 to 1.57, the voltages at 

the PCC and the converter output currents, the reference and 

feedback of the output active power, the reactive power, the 

PCC voltage, current control loop, and the frequency of the 

GFL converter are shown in Fig. 10. Similarly, in the case that 

the SCR is changed from 5.21 to 1.00, the voltages at the PCC 
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Fig. 10. Simulation results of the grid-following (GFL) converter 

when the SCR is changed from 5.21 to 1.57. 
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Fig. 6. Eigenvalue trajectories of the grid-following (GFL) converter 

in the case that the SCR is changed from 5.21 (Initial) to 1.58 (Final). 
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Fig. 9. Eigenvalue trajectories of the grid-forming (GFM) converter 

in the case that the SCR is changed from 5.21 (Initial) to 12.02 

(Final). 
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Fig. 8. Eigenvalue trajectories of the grid-following (GFL) converter 

in the case that the SCR is changed from 5.21 (Initial) to 31.26 

(Final). 
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Fig. 7. Eigenvalue trajectories of the grid-forming (GFM) converter 

in the case that the SCR is changed from 5.21 (Initial) to 1.00 (Final). 
 



 

 

 

and the converter output currents, the reference and feedback 

of VSG algorithm loop, voltage control loop, current control 

loop, and the frequency of GFM converter are shown in Fig. 

11. 

The power flow is defined as from the converter to the 

power grid. If the value of SCR decreases, the corresponding 

inductance and resistance of the grid impedance increase, 

which lead to higher power losses over the transmission line. 

The converter needs to provide more active power to keep the 

active power injected into the power grid constant. As a result, 

the d-axis component of the converter output current increases 

[24]. Because the GFL control keeps the output power 

constant, the PCC voltages will decrease accordingly, which is 

shown in Fig. 10. However, there is a droop relationship 

between the reactive power and the voltages at the PCC under 

the GFM control, the reactive power will increase in order to 

support the voltage back to normal, which is shown in Fig. 11. 

Moreover, as shown in Fig. 11, it can be noted that the 

response of the system becomes slower when the SCR 

decreases. This is because when the SCR decreases, the grid 

impedances will increase, which may lead to a slower 

response.  

When the SCR is below 1.58, the system with GFL control 

cannot remain stable. On the other hand, when the SCR is 1, 

the system with GFM control can still achieve stable 
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Fig. 12. Simulation results of the grid-following (GFL) converter with 

SCR changing from 5.21 to 31.26. 
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Fig. 11. Simulation results of the grid-forming (GFM) converter when 

the SCR is changed from 5.21 to 1.00. 
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operation. The GFM converter is therefore more suitable for 

weak power grid operation. Compared to the results from the 

theoretical analysis, both the stability boundary obtained from 

the state-space model and the stability boundary obtained from 

the simulation results are the same.  

In the case that the grid condition becomes stronger, the 

simulation results with the GFL and GFM control are also 

studied. The voltages at the PCC and the converter output 

currents, the reference and feedback of the output active 

power, the reactive power, the PCC voltage, current control 

loop, and the frequency of the GFL with SCR changing from 

5.21 to 31.26 are shown in Fig. 12. The voltages at the PCC 

and the converter output currents, the reference and feedback 

of the VSG algorithm loop, voltage control loop, current 

control loop, and the frequency of GFM converter with SCR 

changing from 5.21 to 12.02 are shown in Fig. 13. 

When the SCR increases, the GFL converter stays stable 

while the GFM converter cannot maintain stability when the 

SCR is larger than 11.75. It can be seen that the GFL 

converter is more suitable for stiff power grid operation. The 

stability boundary of the GFM converter obtained from 

theoretical analysis is 11.67, which has a slight difference 

compared to the stability boundary obtained from simulation. 

The analysis based on the state-space model and the 

simulation about the influence of the SCR on the stability of 

the power grid is consistent. Moreover, the stability boundary 

obtained from these two ways are almost the same. The 

stability boundaries obtained from the theoretical analysis and 

the simulation are summarized in TABLE Ⅱ. 

TABLE Ⅱ 

COMPARISON OF STABILITY BOUNDARIES OBTAINED FROM 

THEORETICAL ANALYSIS AND SIMULATION. 

Converter Type Theoretical Analysis Simulation Result 

GFL 1.58 1.58 

GFM 11.67 11.75 

It is worth mentioning that if the value of SCR is already 

high enough, a little change of the inductance will lead to a 

large change of SCR. Thus, it is easier to get some differences 

between the theoretical analysis and simulation results under 

the stiff power grid compared with the weak power grid.  

V. EXPERIMENTAL VALIDATION 

As shown in Fig. 14, the experimental setup of a three-

phase grid-connected system is established. The grid is 

simulated by a high-fidelity linear amplifier APS 15000 [25]. 

The applied grid-connected converter is an Imperix standard 

PEB-SiC module [26], and it is controlled by the B-BOX RCP 

control platform using the software ACG SDK. The B-BOX 

RCP prototyping controller can be programmed using 

 

Grid Impedance: Lg

Grid SimulatorImperix System
Front View Rear View

B-Box RCP

Sensor rack 1

Power rack

Sensor rack 2

Relay 1

Relay 2

LC Filter:

Lf & Cf

Rectifier Part

Inverter Part

Power rack

Imperix Cockpit

Data

 
Fig. 14.  The experimental setup of a grid-connected system. 
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Fig. 13. Simulation results of the grid-forming (GFM) converter with 

SCR changing from 5.21 to 12.02. 

 



 

 

 

simulation software through an automated code generation 

toolchain. The Imperix cockpit is used to monitor and regulate 

any control variable in real-time. The current and voltage 

sensing circuits are designed by using LEM LAH50-P and 

LEM LV20-P sensors, respectively. 

It should be mentioned that for the startup process of the 

GFM converter, the possible oscillation of the active power 

results in bidirectional power flow between the power grid and 

the dc power supply. As the dc power supply cannot absorb 

the power, the power flow from the power grid to the dc side 

may induce a shutdown of the dc power supply. In order to 

overcome this problem and realize bidirectional power flow 

between the dc side and the power grid, a back-to-back three-

phase converter is built in the experimental setup. However, 

since the dc voltage is established through the rectifier, the 

couplings from the dc-link voltage inevitably have some 

impacts on the inverter part. Nevertheless, these effects are 

independent of the inverter control, so the design and control 

of the rectifier will not be illustrated in details. 

Moreover, it is worth mentioning that the different SCRs 

are achieved by changing the value of grid impedance which 

is kept the same test condition as that of simulations. In the 

experiment, in order to realize the continuous change of grid 

impedance and avoid startup from the power grids with 

different SCRs, four relays are used to realize the change of 

grid impedance. The parameters of the setup are the same as 

those specified in TABLE I. 

When the SCR decreases from 5.21 to 1.74, the 

experimental waveforms of three-phase grid currents and the 

voltage of phase A of the GFL converter are shown in Fig. 15. 

Similarly, as shown in Fig. 16, the performance of the GFM 

converter is presented with the decreasing SCR. 

For the GFL converter, when the SCR is 1.79, the 

waveforms of the current and voltage are severely distorted. 

When the SCR becomes 1.74, the system cannot stay stable. 

Both the current and voltage have large overshoots, which 

trigger the protection and lead to the shutdown of the 

converter. However, for the GFM converter, the system can 

still maintain a stable operation even when the SCR decreases 

to 1. The stability boundary obtained from the experiment is 

1.79, while the stability boundary obtained from the 

simulation is 1.58. The reason for the difference between the 

simulation results and experimental waveforms lies in the 

resistance of the inductors and the impedance of the 

connection lines, which may increase the grid impedance and 

result in a decrease of the SCR. 

 

 
Similarly, the three-phase grid currents and the voltage of 

phase A of the GFL converter are shown in Fig. 17, when the 

SCR increases from 5.21 to 31.26. As shown in Fig. 18, by 

using the GFM control, the grid currents and the grid voltage 

of phase A are presented when the SCR increases from 5.21 to 

20.84. 
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Ua [100 V/div]

iabc [10 A/div]

Time [20 ms/div]

 

Fig. 16. Measured waveforms of the grid-forming (GFM) converter 

with SCR changing from 5.21 to 1.00. 
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Fig. 15. Measured waveforms of the grid-following (GFL) converter 

with SCR changing from 5.21 to 1.74. 
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Fig. 18. Measured waveforms of the grid-forming (GFM) converter 

with SCR changing from 5.21 to 20.84. 
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Fig. 17. Measured waveforms of the grid-following (GFL) converter 

with SCR changing from 5.21 to 31.26. 



 

 

 

When the SCR changes from 5.21 to 31.26, the GFL 

converter can always stay stable. When the SCR is 20.84, the 

GFM converter cannot maintain stability anymore, and it starts 

to oscillate until the protection is triggered and then the system 

shuts down. It can be seen that the GFL converter is more 

suitable for stiff power grid operation. The stability boundary 

obtained from the experiment is larger than the simulation. 

The reason is that the total real resistance of the grid 

impedance is larger than the simulation, which may lead to a 

decrease of the SCR. Furthermore, according to the literature 

[27] and [28], increasing the resistance can change the 

magnitude of the output impedance of the inverter at the low-

frequency range to avoid instability risk. The determinants of 

the impedance ratio matrix are also drawn, which shows that 

the increase of resistance makes the poles move towards the 

left half plane. It is worthwhile to note that little change of the 

inductance will lead to a large change of SCR, if the value of 

SCR is already high enough. However, it is very difficult to 

fine-tune the SCR because the value of the existing inductors 

in the laboratory is not small enough. 

VI. CONCLUSION 

This paper has analyzed the control loops of the GFL 

converter and the GFM converter in details. The results from 

the stability analysis based on the state-space model were 

consistent with that of time-domain simulations. The GFL 

converter encountered some instability in the power grid with 

a low SCR, while the GFM converter suffered from instability 

in the power grid with a high SCR. Moreover, the stability 

boundaries of the GFL converter and the GFM converter are 

obtained. It has indicated that the GFL converter could be 

more suitable for the stiff power grid while the GFM converter 

is more suitable for the weak power grid. The theoretical 

analysis and simulation yield nearly identical stability 

boundaries. However, minor inductance changes significantly 

affect the SCR which leads to some differences especially 

under the stiff power grid. The differences between the 

simulation and experiment results are caused by inductor 

resistance, connection line impedance, and challenges in fine-

tuning the SCR due to limited inductor values in the 

laboratory. 
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