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and Grid-Forming Control for Renewable Energy 

Conversion Systems 
 

Xian Gao, Member, IEEE, Dao Zhou, Senior Member, IEEE, Amjad Anvari-Moghaddam, Senior Member, IEEE, and 

Frede Blaabjerg, Fellow, IEEE 

Abstract— In alignment with decarbonization efforts, there has 

been widespread global interest in renewable energy sources such 

as wind and solar, which are connected to the grid via grid-

connected inverters. The transition from traditional synchronous 

generator-based power systems to power-electronic-based power 

systems has introduced increased complexity due to the stochastic 

and intermittent nature of renewable energy outputs. 

Consequently, grid-connected inverters need to dynamically adapt 

their control strategies to cope with varying external grid 

conditions and ensure high reliability. However, such transitions 

can cause abrupt changes in the control loops (e.g., power loop or 

voltage loop), and lead to voltage and current distortions, 

potentially compromising safe operation. To address this issue, 

this paper proposes a smooth switching method between the grid-

following (GFL) and grid-forming (GFM) control in grid-

connected mode. This method can improve the control flexibility 

of the grid-connected converters and broaden the stability 

boundary of the power system. The proposed method is verified in 

a case study of a 15.8 kVA grid-connected converter. Time-domain 

simulations carried out in Matlab/Simulink and an established 

experimental prototype are applied to verify the effectiveness of 

the proposed control method. The results demonstrate that the 

proposed control method effectively mitigates voltage and current 

distortions during transitions, ensuring safer and more reliable 

operation. 

 

Index Terms—Renewable energy sources, grid-connected 

inverters, seamless switching method, grid-following (GFL) 

control, grid-forming (GFM) control. 

I. INTRODUCTION 

ITH the intensification of the global energy crisis 

and environmental problems, renewable energy 

sources have been developed vigorously [1], [2]. 

The integration of distributed energy into power grids is 

increasing year by year. The distributed energy is usually 

connected to the power grid through power electronic inverters. 

They have two common control modes of the inverter [3]. One 

is the grid-following (GFL) control, regulating the active and 

reactive power injected into the power grid with a fast response 

but providing almost no moment of inertia for the system, and 

utilizing a phase-locked loop (PLL) for synchronization, which 

cannot operate in a stand-alone mode [4]. The other one is the 

grid-forming (GFM) control, regulating the frequency and 

voltages of the inverter and providing inertia and damping for 

the power system, which enables it to operate both in the grid-

tied mode and the stand-alone mode [5]. 

Based on the prior art studies [6], it has been revealed that 

the GFL converter suffers from instability in power grids with 

low short-circuit ratios (SCR), while the GFM converter suffers 

from instability in power grids with high SCR [7], [8]. It 

indicates that the GFL converter can be more suitable for the 

stiff power grid while the GFM converter is more suitable for 

the weak power grid. Considering the different performances of 

the GFL and GFM converters operation in the power grids with 

various SCRs, some coordination technologies are proposed. A 

secondary control scheme that coordinates the GFL and GFM 

converters for restoring frequency and voltage in a microgrid 

with 100% inverter-based generation is proposed in [9]. It 

adopts a leader-follower consensus framework, with GFL 

inverters acting as followers and GFM inverters acting as 

leaders. In [10], an optimal placement strategy of the GFM 

converters is proposed to enhance the small-signal stability of 

PLL-integrated power grids. However, they just consider the 

placement and power sharing among the GFL and GFM 

converters, neglecting the seamless transitions between them, 

which lack the control flexibility. 

In order to make full use of the GFL and GFM converters, 

numerous methods have been proposed for the three-phase 

inverters to realize a smooth transition between the GFL and 

GFM control [11]-[24]. In [13], two semi-parallel control paths 

are proposed for the GFL and GFM modes respectively. The 

two control paths remain synchronized throughout the 

operation of the inverter to realize smooth switching. It is worth 

noting that during the synchronization process, the inverters 

remain connected to the system without any power injection, 

named standby mode. Following the completion of 

synchronization in standby mode, the inverter can change to its 

desired mode of operation. Authors of [16] introduce a method 

for the seamless restoration of power to critical infrastructure. 

Under grid-tied mode, the inverters don’t generate any active 

and reactive power, leaving the entire load to be supported by 

the grid, working in a standby mode. The primary objective is 

just to ensure the secure operation of critical infrastructures, 

with the GFM inverters functioning akin to a backup. A unified 

control method of the grid-connected inverters for a smooth 

transfer to stand-alone mode regardless of whether the system 

is exporting power to or importing power from the grid is 

W 
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proposed in [18]. The proposed scheme is designed to avoid any 

modifications in the control loops and the need to impose initial 

values on the compensators during the mode transfer. In [20], a 

seamless switching control strategy based on model prediction 

is proposed to realize maximum power tracking under grid-tied 

mode and voltage regulation under islanded mode. An 

autonomous control strategy of inverters realizing smooth 

switching of sudden islanding and reconnection without the 

requirement of communication is proposed in [21] and [22]. In 

[23], a compensation loop is designed and added to the 

excitation loop to realize the seamless transition without any 

external signals from the detection scheme of the islanding. A 

multifunctional converter is proposed in [24], which can 

operate either as a voltage- or current-controlled source and 

realize a smooth transition between the two operating modes. 

However, the majority of these research works focus on the 

transitions between the grid-tied mode and the stand-alone 

mode, where the GFL control is applied in the grid-tied mode, 

while the GFM control is applied in the stand-alone mode. 

Moreover, they do not allow any power exchange between the 

converters and the power grids during the transition. Thus, there 

is still a scarcity of papers addressing transitions specifically 

between the GFL and GFM converters within the grid-tied 

mode, which can improve the control flexibility of the grid-

connected converters. In addition, during the transition, the 

inverters still can be allowed to inject non-zero power into the 

power grid. 

Notably, a weak power grid poses challenges to the PLL 

synchronization and will also adversely affect the stable 

operation of GFL inverters [25], [26]. The GFL inverters 

possess a weaker power transfer ability under a weak power 

grid [27]. Instability problems may occur when the generation 

capacity from renewable energy sources is substantial, such as 

in scenarios involving intense irradiance in photovoltaic 

systems with high-power ratings. Thus, under this scenario, the 

GFM control is preferred, and the GFL control needs to change 

to the GFM control to ensure the stable operation. Conversely, 

when connected to a strong power grid, the inverter and the grid 

essentially act as two voltage sources in parallel, separated by a 

relatively small impedance. In such cases, even a minor phase 

difference may induce significant active power fluctuations 

under the GFM control, potentially leading to an overload of 

the system [28], [29]. In this case, the GFL control is preferred 

and the GFM control needs to change to the GFL control. 

Therefore, it is crucial to recognize that, for the distributed 

renewable energy generation system, it may be necessary to 

change the control mode of grid-connected inverters to 

maintain the stability of the power system under varying 

working conditions. During the grid-connected mode, 

transitions between the GFL and GFM control are 

indispensable for broadening the stability boundary of the 

power system. Furthermore, the seamless transitions in the 

situations in which the inverters inject non-zero power into the 

power grid also need to be considered. 

To achieve optimal performance across diverse operational 

conditions and leverage the benefits of both the GFL control 

and GFM control, this paper aims to introduce a straightforward 

switching control strategy, facilitating seamless transitions 

between the GFL and GFM control. The main contributions can 

be summarized as follows. (1) Comprehensive illustrations of 

the mathematical models of a typical three-phase grid-

connected system are given. (2) Each control loop of both the 

GFL and GFM control is discussed in detail. (3) A 

straightforward seamless switching method is presented to 

realize a smooth transition between the GFL and GFM control 

under the grid-connected mode no matter whether there is any 

power transfer between the converter and the power grid. 

The rest of this paper is organized as follows. Section Ⅱ gives 

the modeling of a three-phase grid-connected voltage source 

converter. In Section Ⅲ, each control loop of both the GFL and 

GFM control is presented in detail, and the seamless switching 

method is proposed. In Section IV, a time-domain simulation 

model is built in MATLAB/Simulink to verify the effectiveness 

of the proposed seamless switching method. Section Ⅴ provides 

an experimental validation. Finally, conclusions are drawn in 

Section Ⅵ. 

II. MODELING OF A THREE-PHASE GRID-CONNECTED VOLTAGE 

SOURCE CONVERTER 

Three-phase power converters are widely used in renewable 

energy sources, e.g., wind and photovoltaic power generation. 

The topology of a grid-connected power converter system is 

shown in Fig. 1, where the system consists of a three-phase 

inverter, an LC filter, a grid impedance and a power grid. Lf and 

Cf are the inductor and the capacitor of the LC filter; Zg is the 

equivalent 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); uga, ugb and 

ugc are the grid voltages; ia, ib and ic are the converter output 

currents; iga, igb and igc are the grid currents; iCa, iCb and iCc are 

the capacitor currents. 

 

Defining δ as the power angle, which is the phase angle 

difference between the PCC voltage vector Upcc∠δ and the grid 

voltage vector Ug∠0. α represents the angle of the grid 

impedance. The phase relationship between the PCC and the 

power grid is shown in Fig. 2. 
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Fig. 1. Typical configuration of a grid-connected voltage source converter. 



> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

 

The active power p and the reactive power q flowing from 

the PCC to the power grid can be given as: 

 
( )( )

( )( )

2

2

3 cos 3 cos /

3 sin 3 sin /

pcc pcc g g

pcc pcc g g

p U U U Z

q U U U Z

  

  

 = − +


= − +

 (1) 

In this paper, the synchronizing frame is defined by ω, which 

is synchronized to the voltage phase angle at the PCC. 

According to Kirchhoff’s voltage law, the mathematical model 

of the main circuit in the ω-defined rotating d-q frame can be 

achieved as [30], [31]: 

 cos
gd

pccd g g g gd g gq

di
u u L R i L i

dt
 − = + −  (2) 

 sin
gq

pccq g g g gq g gd

di
u u L R i L i

dt
 + = + +  (3) 

 pccd

d gd f f pccq

du
i i C C u

dt
− = −  (4) 

 pccq

q gq f f pccd

du
i i C C u

dt
− = +  (5) 

 d

d pccd f f q

di
u u L L i

dt
− = −  (6) 

 q

q pccq f f d

di
u u L L i

dt
− = +  (7) 

where subscripts d and q represent the d-axis and q-axis 

components of a variable, respectively. 

Under the d-q frame, the expression of the output active 

power and reactive power can be given as: 

 
( )

( )

1.5

1.5

pccd gd pccq gq

pccd gq pccq gd

p u i u i

q u i u i

 = +


= − +

 (8) 

Ⅲ. SMOOTH SWITCHING METHOD 

In this paper, the active and reactive power control (PQ 

control) and the virtual synchronous generator control (VSG 

control) are adopted as the GFL control and the GFM control, 

respectively. The proposed control schemes of the proposed 

smooth switching method are shown in Fig. 3.  

The control system consists of a grid synchronization loop, a 

power loop, an excitation loop, a voltage loop and a current loop. 

The grid synchronization loop is composed of two parts: the 

phase-locked loop (PLL) for the GFL control and the power 

synchronization loop for the GFM control. The control system 

is performed under the control synchronizing frame (defined by 

the grid synchronization loop), while the electrical system is 

performed under the actual system synchronizing frame 

(defined by the PCC voltage) [32]. While the two synchronizing 

frames align during the steady-state operation, a minor 

difference arises during the dynamic state. To improve the 

model accuracy, this discrepancy is considered, and variables 

within the control synchronizing frame are denoted with a 

superscript c, while variables within the actual system 

synchronizing frame are denoted with a superscript s. 

0gU 

e eP jQ+

g g gZ R jX = +

pccU 
0gU 

pccU 

g gI R



gI

g gj I X

gI

 
Fig. 2. Phase relationship between the PCC and power grid voltages. 
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Fig. 3. Control schemes of the smooth switching method between grid-following and grid-forming control. 
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A. Grid-following control 

The GFL control consists of the PLL unit, a power loop and 

a current loop. The GFL control adopts a PLL unit to enable 

the inverter synchronized to the power grid. The outer power 

control loop regulates the active and reactive power injected 

into the power grid. The outer power loop generates references 

for the current loop, denoted as i
* 

GFLd and i
* 

GFLq, respectively. The 

outputs of the power loop can be given as follows: 

 
( )( )

( )( )

*

*

/

/

GFLd pPQ iPQ ref e

GFMq pPQ iPQ ref e

i k k s P P

i k k s Q Q

 = + −


= − + −

 (9) 

where kpPQ and kiPQ are the proportional and integral 

coefficients of the power controller. 

To track the references set by the outer power loop, the inner 

current loop is adopted to adjust the converter currents. The 

outputs of the current loop can be given as follows: 

 
( )( )

( )( )

*

*

/

/

c c c c

d pc ic GFLd d g f q pccd

c c c c

q pc ic GFMq q g f d pccq

u k k s i i L i u

u k k s i i L i u





 = + − − +


= + − + +

 (10) 

where kpc and kic are the proportional and integral coefficients 

of the current controller; ωg presents the grid angular frequency. 

B. Grid-forming control 

The GFM control is composed of a power synchronization 

loop, an excitation loop, a voltage loop and a current loop. 
Unlike the GFL control, the GFM control does not need a PLL 

unit for synchronization. Instead, it emulates the power 

synchronization characteristics of conventional synchronous 

generators, represented by the swing equation: 

 
( )

/

vsg ref e

vsg g

vsg vsg

vsg vsg

d P P
J D

dt

d dt


 

 

 


= − − −


 =

 (11) 

where J denotes the moment of inertia; D denotes the damping 

coefficient; ωVSG denotes the angular frequency of the VSG 

control. 

The excitation loop adopts the droop control using an 

integrator, which is also called droop-I control [33]. The 

excitation loop can be given as follows: 

 ( )( )0m q u N pcc ref eE E k k U u Q Q= + − + −  (12) 

where kq is an integral gain; ku is the voltage droop coefficient; 

E0 is the no-load electromotive force of the converter; UN is the 

peak value of the rated grid voltage. 

The voltage loop regulates the PCC voltages to track the 

references set by the excitation loop, which can be given as 

follows: 

 
( )( )

( )( )

/

/ 0

c c c

dref pu iu pccdref pccd g f pccq

c c c

qref pu iu pccq g f pccd

i k k s u u C u

i k k s u C u





 = + − −


= + − +

 (13) 

where kpu and kiu are the proportional and integral coefficients 

of the voltage controller. 

The current loop of the GFM control is almost the same as 

that of the GFL control. The only difference is that the 

references of the current loop under the GFM control are 

determined by the voltage control, while the references of the 

current loop under the GFL control are determined by the outer 

power control. Thus, it will not be described in details here. The 

references of the current loop under the GFM control are 

defined as i
* 

GFMd and i
* 

GFMq. 

C. Smooth control switching method between the grid-

forming and grid-following control 

In the case that both the GFL and GFM control schemes have 

the same inner current loop, only the outer loops should be 

regulated during the switching period. To ensure this smooth 

transition, it is crucial to maintain consistent references for the 

inner current loop of both control modes. In addition, the 

steady-state operation points before and after the transition 

should remain unchanged [34]. The flow chart of the proposed 

seamless switching method is shown in Fig. 4. The switch 

signal is given by the extra controller, which depends on the 

external grid strength. In practical implementation, the 

renewable energy conversion system may constantly encounter 

changes in operational scenarios, characterized by fluctuations 

in renewable energy sources generation, which leads to time-

varying system stability. Consequently, a consensus has been 

drawn by both the industry and academia that it is important to 

conduct real-time monitoring of system strength within 

renewable energy conversion systems [35]. A generalized SCR 

(gSCR) is proposed to assess the stability of multi-infeed power 

electronic systems [36]. Based on this, a distributed power 

method developed to calculate the gSCR in real time is 

proposed in [37], which can be an efficient tool to identify the 

strength of the external grid and determine the switch signal. 

 
Because the change occurs under the grid-connected mode, 

when the Pref for both the GFL and GFM controls is set to the 

same value, the output of the power synchronization loop ωvsg 

is the same as that of the PLL unit ωpll during the steady-state. 

Thus, it is possible to realize the smooth switching in the grid 

synchronization part. During the transition from the GFM 

control to the GFL control, the grid synchronization part should 

 

Fig. 4. Flow chart of the proposed seamless switching method. 
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be changed from the power synchronization loop to the PLL 

unit. To achieve this, the output of the integrator in the power 

synchronization θvsg0 should be set as the initial value of the 

integrator in the PLL unit during the transition, and the switch 

in the grid synchronization part is required to change from 

position ‘2’ to ‘1’. Conversely, when switching from the GFL 

control to the GFM control, the grid synchronization part 

should be altered from the PLL unit to the power 

synchronization loop. The output of the integrator in the PLL 

unit θpll0 should be set as the initial value of the integrator in the 

power synchronization during the transition, and the switch in 

the grid synchronization part is required to change from 

position ‘1’ to ‘2’. 

To ensure consistent steady-state operation points before and 

after the transition from the GFM control to the GFL control, 

Pref and Qref of the GFL control should be set as the same values 

as Pe0 and Qe0 of the GFM control under the steady-state 

operation. Because the converter is connected to the power grid, 

the frequency is equal to ωg. Hence, Pref and Pe0 are the same. 

However, for the Qe, due to the regulation of the excitation loop, 

there is a droop relationship between the reactive power and the 

voltages at the PCC during the steady-state operation, which 

can be expressed as: 

 ( ) 0u N pcc ref ek U U Q Q− + − =  (14) 

It can be observed that when the PCC voltage deviates from 

the rated grid voltage UN, the Qe under the GFM control will 

not track the Qref, which may result in differences in the steady-

state operation points before and after the transition. To address 

this issue, it is necessary to calculate and set the steady-state 

value Qe0 of the GFM control as Qref for the GFL control. By 

combining (1)-(8) and (14), the steady-state value of the output 

reactive power Qe0 can be calculated. During the transition 

from the GFM control to the GFL control, the switch in the 

power control loop should be in position ‘3’ to ensure 

consistency in the operation point before and after the transition. 

The switch in the current control part is needed to switch from 

position ‘2’ to ‘1’. Once the converter can effectively track Pref 

and Qref, the switch in the power control loop can switch to 

position ‘4’ to regulate the Qe tracking the Qref. 

Conversely, when changing from the GFL control to the 

GFM control, in order to ensure the same steady-state operation 

points before and after the transition, upccdref and upccqref of the 

GFM control should be set as the same values as Upccd0 and 

Upccq0 of the GFL control under steady-state operation. Notably, 

during the steady-state operation, the upccqref and Upccq0 are both 

equal to 0, so only upccdref and Upccd0 need to be considered. By 

combining (1)-(8) and assuming Pe and Qe can well track the 

references Pref and Qref without any steady state error, the Upccd0 

can be calculated. During the transition from the GFL control 

to the GFM control, the switch in the current control part 

should switch from position ‘1’ to ‘2’ and the excitation loop 

is not activated where the switch should be in position ‘5’. 

After the switching, when the converter enters into steady-state 

operation, the excitation loop is enabled, and the switch should 

be in position ‘6’. 

Ⅳ. SIMULATION MODEL AND RESULTS 

In order to verify the effectiveness of the proposed smooth 

switching method, a case study system is established in 

MATLAB/Simulink [1]. The key parameters of the case study 

are listed in TABLE I [38]. Moreover, the proposed smooth 

switching method is applied in both the strong and weak power 

grids. The SCR is set as 10 and 1.5 for the study. 
TABLE I 

PARAMETERS OF A GRID-CONNECTED CONVERTER 

Grid Parameters 

ug Grid phase voltage 311 V (1 p.u.) 

fg Grid frequency 50 Hz (1 p.u.) 

ωg Grid angular frequency 314 rad/s (1 p.u.) 

SCR Short-circuit ratio 
10 (strong power grid)/ 

1.5 (weak power grid) 

Lg Grid impedance 2.9/19.3 mH (0.1/0.66 p.u.) 

Rg Grid resistance 0.09/0.96 Ω (0.01/0.1 p.u.) 

Converter Parameters 

udc DC-side voltage 700 V 

Lf Filter inductance 4 mH (0.14 p.u.) 

Cf Filter capacitance 10 μF (0.03 p.u.) 

Sn Nominal power 15.8 kVA (1 p.u.) 

fs Switching frequency 10 kHz 

fsa Sampling frequency 10 kHz 

Controller Parameters 

Pref Active power reference 0.5 p.u. 

Qref Reactive power reference 0 p.u. 

E0 
No-load electromotive force 

of the converter 
1 p.u. 

UN 
Peak value of the rated grid 

voltage 
1 p.u. 

ku Q-U loop coefficient 3 p.u. 

kq Integrity coefficient 0.02 p.u. 

D Damping coefficient 100 p.u. 

J Virtual inertia 1 p.u. 

kpu/kiu Voltage controller 0.3/100 p.u. 

kppll/kipll Phase-locked loop 0.13/2.3 p.u. 

kpPQ/kiPQ Power controller 0.1/60 p.u. 

kpc/ kic Current controller 2/200 p.u. 

ωc 
Cut-off frequency of low-

pass filter 
20 Hz 

When the converter changes from the GFM control to the 

GFL control, the steady-state value of the reactive power Qe0 

under the GFM control needs to be calculated. The output 

reactive power of the GFM control has a droop relationship 

with the PCC voltage, as expressed in (14). Because of the 

regulation of the voltage control loop, the steady-state value of 

the q-axis component of the PCC voltage Upccq0 is 0, and the 

steady-state value of the PCC voltage Upcc0 is equal to its d-axis 

component Upccd0. Based on the analysis above and the 

parameters shown in TABLE I, setting all the differential terms 

as 0 in (2)-(7) and combining (1), (8) and (14), the steady-state 

value of the reactive power Qe0 can be calculated. In the case 

of SCR is 10, the Qe0 is -1.3 Var, and in the case of SCR is 1.5, 
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the Qe0 is -6 Var. 

Similarly, when the converter changes from the GFL control 

to the GFM control, the steady-state value of the d-axis 

component and the q-axis component of the PCC voltage Upccd0 

and Upccq0 under the GFL control need to be calculated, 

respectively. In the case of the GFL converter, because of the 

regulation of the power control loop, the output active power 

Pe and reactive power Qe are equal to Pref and Qref. Furthermore, 

due to the presence of the PLL unit, Upccq0 is 0. By considering 

the parameters shown in TABLE I, setting all the differential 

terms as 0 in (2)-(7) and combining (1) and (8), the steady-state 

value of the d-axis component of the PCC voltage Upccd0 can be 

calculated. In the case of SCR is 10, the Upccd0 is 313 V., and in 

the case of SCR is 1.5, the Upccd0 is 310 V. 

 

 

When the power grid is strong and the SCR is 10, the 

simulation results of switching between the GFM and GFL 

control without and with the proposed smooth switching 

control are shown in Fig. 5. The control mode changes from the 

GFM to GFL control at t=1s and changes from the GFL to 

GFM control at t=1.5s. The reference of reactive power control 

changes from Qe0 to 0 at t=1.04s, and the excitation loop is 

activated at t=1.54s. Both the PCC voltage and converter 

 
(a) 

 
(b) 

Fig. 5. Simulation results of switching between grid-forming and grid-following control without and with proposed smooth switching control. (a) PCC 

voltages; (b) Converter output currents (SCR=10). 
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Fig. 6. Simulation results of switching between grid-forming and grid-following control without and with proposed smooth switching control. (a) PCC 

voltages; (b) Converter output currents (SCR=1.5). 
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current have some oscillations during the switching period 

without the proposed smooth switching control. However, with 

the smooth switching control, during the switching time, the 

oscillations of both the PCC voltages and converter currents are 

effectively reduced. In addition, the total harmonic distortions 

(THD) are also reduced. The THD of the PCC voltage and 

converter current without and with the proposed seamless 

switching method is summarized in TABLE Ⅱ. 

Similarly, the same comparisons are also adopted in the 

weak power grid. When the SCR is 1.5, the simulation results 

of switching between the GFM and GFL control without and 

with the proposed smooth switching control are shown in Fig. 

6. During the switching period, the PCC voltages and converter 

currents undergo oscillations without the smooth switching 

control. However, when the proposed method is adopted, both 

the PCC voltages and converter currents have realized a smooth 

switching. 
TABLE Ⅱ 

THD OF VOLTAGE AND CURRENT WITH AND WITHOUT PROPOSED METHOD 

 SCR=1.5 SCR=10 

Voltage Current Voltage Current 

GFM 

 

GFL 

Without proposed 

method 
44.74% 50.01% 5.80% 39.77% 

With proposed 

method 
1.98% 2.13% 0.64% 3.11% 

GFL 

 

GFM 

Without 

proposed method 
19.35% 17.56% 3.96% 22.41% 

With proposed 

method 
0.16% 0.22% 0.16% 1.59% 

Therefore, through the simulation results, it is evident that 

the proposed straightforward strategy can realize seamless 

transitions between the GFL and GFM control regardless of 

whether the power grid is strong or weak. 

Ⅴ. EXPERIMENTAL VALIDATION 

To validate the efficiency of the proposed seamless 

switching method, a three-phase grid-connected system setup 

is used as illustrated in Fig. 7. The parameters of the 

experimental setup are the same as those specified in TABLE I 

in Section Ⅳ. The three-phase grid-connected converter is 

based on the Imperix standard PEB-SiC-8024 module. The 

power grid is simulated by three high-fidelity linear amplifiers 

APS 15000. The converter currents and grid currents are 

measured by the LEM LAH50-P current sensors, while the 

PCC voltages are measured by the LEM LV20-P voltage 

sensors. All the measured data are transmitted to the B-BOX 

RCP control platform. The control algorithm is coded in a 

personal computer and loaded to the B-BOX RCP control 

platform via a patch cable. The real-time monitoring and the 

adjustment of control variables are carried out using the 

Imperix cockpit. 

When the power grid is weak and the SCR is 1.5, the 

experimental results are as shown in Fig. 8 - Fig. 11. During 

the transition from the GFM to GFL control, the experimental 

waveforms of the PCC voltages and converter currents without 

the smooth switching control are shown in Fig. 8. During the 

switching time, the converter outputs have large oscillation, 

which leads to a shutdown of the converter. When the smooth 

switching control is applied, the experimental waveforms of 

PCC voltages and converter currents are shown in Fig. 9. In 

this case, both the PCC voltages and converter currents have 

realized a smooth transition. It is worth mentioning that when 

the SCR is 1.5, the waveforms of the currents are distorted 

under the GFL control which indicates that the GFL converter 

is not suitable for a very weak power grid. 

 

 

During the transition from the GFL to GFM control, the 

experimental waveforms of PCC voltages and converter 

currents without a smooth switching control are shown in Fig. 

 
Fig. 7. Experimental setup of a three-phase grid-connected system. 
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Fig. 8. Experimental waveforms of PCC voltages and converter currents 

changing from grid-forming to grid-following without smooth switching 

control (SCR=1.5). 
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Fig. 9. Experimental waveforms of PCC voltages and converter currents 

changing from grid-forming to grid-following with smooth switching control 

(SCR=1.5). 
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10. The experimental waveforms of PCC voltages and 

converter currents with the smooth switching control are shown 

in Fig. 11. Without the proposed method, the large oscillations 

during the transition leads to the trigger of the hardware 

protection. With the proposed control, it is clear that the 

proposed smooth switching control works well and gives 

obviously a much smoother transition between the GFL control 

and GFM control. 

Similarly, the same experiments are carried out in a strong 

power grid. When the SCR is 10, the experimental results are 

shown in Fig. 12 - Fig. 15. When the control mode changes 

from the GFM to GFL control, the experimental waveforms of 

the PCC voltages and converter currents without and with the 

smooth switching control are shown in Fig. 12 and Fig. 13. 

When the control mode changes from the GFL to GFM control, 

the experimental waveforms of the PCC voltages and converter 

currents without and with the smooth switching control are 

shown in Fig. 14 and Fig. 15. It is evident that the 

implementation of the proposed smooth switching control 

effectively ensures the safe operation, and a smooth transition 

between the GFL and GFM control. 

Ⅵ. CONCLUSION 

To cope with the complex working conditions introduced by 

the stochastic and intermittent nature of renewable energy 

sources, grid-connected inverters need to dynamically adapt 

their control strategies to cope with varying external grid 

 
Fig. 10. Experimental waveforms of PCC voltages and converter currents 

changing from grid-following to grid-forming without smooth switching 

control (SCR=1.5). 
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Fig. 11. Experimental waveforms of PCC voltages and converter currents 

changing from grid-following to grid-forming with smooth switching control 

(SCR=1.5). 
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Fig. 12. Experimental waveforms of PCC voltages and converter currents 

changing from grid-forming to grid-following without smooth switching 

control (SCR=10). 
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Fig. 13. Experimental waveforms of PCC voltages and converter currents 

changing from grid-forming to grid-following with smooth switching control 

(SCR=10). 
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Fig. 14. Experimental waveforms of PCC voltages and converter currents 

changing from grid-following to grid-forming without smooth switching 

control (SCR=10). 
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Fig. 15. Experimental waveforms of PCC voltages and converter currents 

changing from grid-following to grid-forming with smooth switching control 

(SCR=10). 
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conditions. The GFL and GFM control are suitable for different 

levels of grid strength. Therefore, a collective control design 

can be implemented to optimize performance based on external 

grid conditions, thus achieving a unified control structure for 

grid-connected inverters. This paper proposes a 

straightforward smooth switching method to facilitate seamless 

transitions between the GFL and GFM control in the grid-

connected mode. The key to achieving seamless switching is to 

maintain consistent operation points before and after the 

transition.  

The proposed seamless switching method leverages the 

advantages of both the GFL and GFM converters, enhancing 

the control flexibility of grid-connected converters and 

broadening the stability boundaries of power grids. In addition, 

the method allows inverters to inject non-zero power into the 

grid during transitions, ensuring a consistent power supply. 

Simulation and experimental results have verified the 

effectiveness of the proposed method, demonstrating its ability 

to mitigate voltage and current distortions during transitions. 

This ensures safer and more reliable operation of grid-

connected inverters. 

Although the validation of the proposed method 

demonstrates its potential for industrial application, further 

research is required to fully assess its wider applications and 

limitations. Furthermore, given the successful implementation 

of seamless transitions between the GFL and GFM control for 

a single grid-connected inverter, future research could focus on 

coordinating multiple grid-connected inverters within large-

scale power systems. Ensuring effective collaboration among 

these inverters is crucial for enhancing the reliability and 

performance of power-electronic-based power systems in an 

increasingly renewable energy-dominated grid. 
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