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Abstract—As the capacity of renewable energy 
generation increases, grid-forming (GFM) inverters are 
deemed as promising solutions for low inertia power 
grids. However, power-electronic-based inverters have 
limited overcurrent capability, so additional overcurrent 
protection schemes are necessary. More importantly, the 
stability should not be jeopardized by using additional 
overcurrent protection schemes. However, GFM inverters 
with the conventional current reference limiting method 
tend to be unstable under large grid disturbances such as 
grid frequency drop. To address this problem, this paper 
proposes a virtual power angle limiting method. The main 
idea of this method is to limit the output power by limiting 
the power angle instead of directly limiting the current 
reference. Thus, the power synchronization control law is 
still satisfied when the overcurrent protection is triggered, 
so that the stability can be maintained. Besides, after 
redesigning the power angle limiting value, the proposed 
method is suitable for grid voltage sag cases. A significant 
advantage of the proposed method is that the output 
current can be limited automatically during grid voltage 
sag or frequency drop events without the need of fault 
detection or tuning control structures and parameters. 
Simulation and experimental results have verified the 
effectiveness of the proposed method. 

 
Index Terms—grid forming inverter, overcurrent 

protection, virtual power angle limit, grid frequency drop, 
grid voltage sag. 

I. INTRODUCTION 

In the past decades, due to the foreseen exhaustion of 

conventional fossil-based energies and their climate impact, 

many global efforts have been devoted to developing 

renewable energy sources, such as solar photovoltaic (PV) and 

wind power [1]. Thus, the proportion of converter-interfaced 

generators (CIGs) or inverter-based resources (IBRs) in power 

systems increases rapidly, especially in Europe [2]. Unlike 

traditional synchronous generators (SGs) having large 

overcurrent capability, i.e., 6-8 p.u. [3], power-electronic-

based inverters have limited overcurrent capability, i.e., 1.5 

p.u. [4]. Hence, an effective overcurrent protection scheme is 

important for grid-connected inverters [5]. 

For grid-following (GFL) inverters, due to the proportional 

 
 

relation between the output power and the current reference, 

the overcurrent protection can be easily fulfilled by directly 

limiting the current reference. Regardless that the current 

reference is limited or not, the phase-locked loop (PLL) can 

obtain the voltage phase angle at the point of common 

coupling (PCC) and keep synchronization with the grid. 

However, when this method is used for grid-forming (GFM) 

inverters, the system may lose synchronization under large 

grid disturbances, because when the current reference is 

limited, the power synchronization control law, (i.e., the 

proportional relation between the active power and the power 

angle) is destroyed [6]. In return, when the power 

synchronization control law is destroyed, the output active 

power and current cannot be controlled stably. Thus, the GFM 

inverter system has the risk of instability when the 

conventional current reference limiting method is used [7]. 

So far, there are many different GFM control schemes 

proposed in existing research [8], such as droop control [9], 

synchronverter [10], virtual synchronous generator (VSG) 

[11], power synchronization control [12], synchronous power 

control [13] and virtual oscillator control [14]. Among these 

schemes, the VSG or droop-based dual-loop voltage and 

current vector control scheme attracts more attention [15]-

[20], where a virtual impedance or admittance is usually used 

to improve the small-signal stability under normal conditions 

[18]. However, the requirement of the overcurrent protection 

has not been considered in these studies. 

To address the overcurrent problem, an easy way is to 

increase the physical overcurrent capability of inverters to be 

as high as that of SGs. But it is not economic to do so. 

Alternatively, from the control point of view, five possible 

current limiting solutions have been presented in existing 

literature. The first method is switching the control mode from 

GFM to GFL mode when the overcurrent event happens [21]. 

However, during the recovery process, the wind-up issue of 

the integrator may worsen the transient performance [22]. 

Besides, grid fault detection is necessary for switching the 

control modes [21]. The second method is using a large virtual 

impedance to reduce the inverter voltage reference [23]-[25]. 

Then, the output current can be limited in this way. However, 

the performance of this method is sensitive to the grid 

impedance, which may restrict its effectiveness when the 

short-circuit ratio (SCR) changes [26]. Besides, when the 

virtual impedance is changed suddenly, a transient process is 

inevitable, which may worsen the transient performance [25]. 
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The third method is modifying the power reference according 

to the grid voltage during grid fault. Meanwhile, the current 

reference limiting method is still used [26]. This method may 

be effective under grid voltage sag conditions, but it is not 

effective under grid frequency drop conditions. This is 

because the output power of the droop-based GFM inverter 

not only depends on the power reference but also relies on the 

grid frequency. When the grid frequency is reduced, only 

limiting the power reference cannot prevent overcurrent. 

Aside from these three approaches, two approaches by adding 

a frequency feedforward term to the P-f droop controller is 

proposed in [27] and [28] recently. However, the method 

proposed in [27] is only suitable for the grid voltage sag case, 

while the method proposed in [28] is only suitable for the grid 

frequency drop case. 

Different from these existing methods, this paper proposes a 

novel virtual power angle limiting method. The basic idea of 

this method is to restrict the output power by limiting the 

power angle instead of directly limiting the current reference. 

Thus, the output current can be restricted indirectly. By using 

this method, the power synchronization control law is still 

satisfied when the overcurrent protection is triggered, so that 

the synchronization stability (which means the rotor angle 

stability in the classification of power system stability) can be 

maintained. Overall, the main contribution of this paper is 

proposing a novel overcurrent protection scheme for the GFM 

inverter, which can make sure a stable equilibrium point still 

exists under large grid disturbances, so that the stability can be 

guaranteed. Besides, the advantages of the proposed method 

over existing methods can be summarized as follows: 

1) The proposed overcurrent protection method is suitable 

for both grid frequency drop and grid voltage sag cases. 

2) Automatic and seamless transition between normal and 

grid fault conditions is achieved by using the proposed 

method, which can improve the transient performance. 

3) The proposed method can be adaptive to the grid voltage 

magnitude variation, so the fault detection is not necessary. 

Referring to a standardized assessment framework for grid-

connected inverter in [29], the grid frequency drop and the 

grid voltage sag are selected as large grid disturbances for test 

in this paper. Besides, both strong and weak grid conditions 

are used in each test case. 

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

reviews the instability mechanism of the conventional current 

reference limiting method. Then, the proposed novel 

overcurrent protection method is introduced in Section III. 

Simulation and experimental results are provided in Section 

IV. Finally, concluding remarks are drawn in Section V. 

II. INSTABILITY MECHANISM OF CONVENTIONAL CURRENT 

REFERENCE LIMITING METHOD 

A. Configuration of the study system 

Schematic diagram of the conventional droop-based GFM 

inverter embedding current reference limit is presented in Fig. 

1. To differentiate the variables in different frames, the 

subscripts “abc, αβ, and dq” of the variables represent the 

variables in different control frames. Besides, for clarity, the 

variables in bold stand for vectors in this paper. 

 
(a) 

 
(b) 

Fig. 1.  Schematic diagram of conventional droop-based GFM inverter 
embedding current reference limit [26]. (a) Physical system and control 
scheme; (b) Equivalent circuit. 
 

The physical system and control scheme of the droop-based 

GFM inverter is shown in Fig. 1(a), where vg(abc) is the grid 

voltage, vpcc(abc) is the output voltage at the PCC, and e
* 

(αβ) is the 

voltage reference generated by droop controllers. Besides, Lg 

is the grid inductance. Lf and Cf are the output filter inductance 

and capacitance. The typical P-f and Q-V droop controllers are 

used to control the active and reactive power. Besides, the 

typical proportional-integral (PI) control is used for the current 

control [18], [26]. Notably, a virtual inductance and a virtual 

resistance is included in the voltage control, which can be 

achieved by the virtual admittance approach [18], [26]. In 

order to realize power decoupling control, the virtual 

inductance Lv is designed much larger than the virtual 

resistance Rv [30]. Thus, the virtual resistance is ignored in 

this paper. Same as [18], the virtual inductance Lv is designed 

as 0.5 p.u. to make sure the GFM inverter has good small-

signal stability under normal operating conditions. Moreover, 

the current reference limiting method is the same as [26], 

which is marked in red in Fig.1. The limiting expression of 

this method is given by (1), and the limiting value is set as the 

maximum current Imax. 

* * 2 * 2

( )

*'

( ) *

( )
* 2 * 2

,                      if 

,  otherwise

L dq Ld Lq max

L dq max

L dq

Ld Lq

i i i I

i I
i

i i

 + 


= 


+

         (1) 

It can be seen from (1) that when the magnitude of the 

current vector i
* 

L  is lower than the limiting value Imax, the 

limiter does not work. Reversely, when the magnitude of the 

vector i
* 

L  is larger than Imax, the limiter works. In this case, the 

magnitude of the vector i
* 

L  is limited to Imax, and the phase 

angle of the vector i
* 

L is kept invariable [26]. 

Besides, the equivalent circuit of the study system is shown 

in Fig. 1(b), where Lv is the virtual inductance. 
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B. Instability mechanism of the conventional current 
reference limiting method 

First of all, in order to understand the problem of the current 

reference limiting method, the instability mechanism analysis 

presented in [6] is reviewed. The voltage and current vector 

diagrams of the grid-connected system are shown in Fig. 2, 

where δ is the angle between vectors e* and vg, and ϕ is the 

angle between vectors e* and iL. As shown in Fig. 2(a), when 

the current limiter is unsaturated (normal conditions), the 

output power of the GFM inverter depends on two voltage 

vectors e* and vg. In this case, the output power meets the 

well-known P-δ equation given by (2). Moreover, as shown in 

Fig. 2(b), when the current limiter is saturated (overcurrent 

conditions), the GFM inverter can be considered as a current 

source with a constant magnitude. Thus, the output power of 

the GFM inverter depends on the vectors iL and vg. In this 

case, equation (2) is not satisfied anymore. Instead, the 

expression of the output power can be rewritten as (3). 

 
(a) 

 
(b) 

Fig. 2.  Voltage and current vector diagrams of GFM inverter in two 
cases of current limiter. (a) Unsaturated case; (b) Saturated case. 
 

*
3

sin( )
2

g

v g
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P
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=  

+
                         (2) 

where E* and Vg are the magnitudes of the vectors e* and vg. 

3
cos( )

2
max gP I V  =    −                         (3) 

Same as [6], the angle ϕ in Fig. 2 is assumed very small for 

qualitative analysis. Thus, according to (2) and (3), theoretical 

operating trajectories of the GFM inverter under grid 

frequency drop conditions are shown in Fig. 3. As shown in 

Fig. 3(a), the operating trajectory follows the P-δ curve A-B-

C-D in the case without any limit. It is assumed that the 

current magnitude reaches the maximum value Imax at point B. 

When the grid frequency is dropped from fo1 to fo2, the 

operating point is changed from O1 to O2. Thus, the output 

current magnitude is higher than Imax. In this case, the system 

is stable but overcurrent. To limit the output current, a typical 

method is to limit the current reference. As shown in Fig. 3(b), 

the operating trajectory follows the curve A-B-E-F in the case 

with the current reference limit. When the grid frequency is 

dropped from fo1 to fo2, there is no equilibrium point on the P-δ 

operating trajectory. In this case, the system is unstable. To 

solve this instability problem, a new overcurrent protection 

idea is proposed in this paper. As shown in Fig. 3(c), if the 

power angle can be limited to δlim, the output power can be 

limited to Po2
’ when the grid frequency is changed to fo2. Thus, 

the operating trajectory can stay at point B. Namely, the point 

O2
’ is the final stable equilibrium point. The implementation 

of this new idea will be introduced in Section III. 

III. PROPOSED OVERCURRENT PROTECTION SCHEME 

To solve the instability problem caused by the current 

reference limiting method, a novel overcurrent protection 

scheme will be introduced in this section. 

 
(a) 

 
(b) 

 
(c) 

Fig. 3.  Theoretical operating trajectories of GFM inverter under grid 
frequency drop conditions. (a) Without any limit; (b) With current 
reference limit; (c) With power angle limit. 
 

A. Proposed virtual power angle limiting method 

The voltage vector diagram of the GFM inverter with 

virtual inductance is shown in Fig. 4. Considering the grid 

voltage vg and grid inductance Xg are usually unknown, the 



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 

real power angle δ is difficult to be obtained. Thus, the power 

angle δ cannot be directly used for implementing power 

limitation. However, a virtual power angle δv is known, which 

is equal to the angle difference θps - θpll. Notably, θps is the 

phase angle of the voltage vector e*, which is generated by the 

P-f droop controller. Besides, θpll is the phase angle of the 

voltage vector vpcc, which can be obtained by using a PLL. 

Based on the above analysis, the proposed virtual power 

angle limiting method is shown in Fig. 5, where a PLL is used 

to obtain the phase angle of the PCC voltage. The limiting 

expression of the virtual power angle is given by (4). It can be 

seen that the virtual power angle limit block in Fig. 5 is 

transparent under normal conditions (namely, δ
’ 

v  = δv and θ
’ 

ps = 

θps). But under overcurrent conditions, the angle δ
’ 

v  is equal to 

the limiting value δv(lim). The design of the limiting value δv(lim) 

will be introduced in the following section. 

 
Fig. 4.  Voltage and current vector diagrams of GFM inverter in d-q 
control frame. 

 
Fig. 5.  Proposed virtual power angle limiting method. 

 
Fig. 6.  Proposed overcurrent protection scheme for GFM inverter. 
 

'

( )min( , )v v lim v  =                          (4) 

B. Design of virtual power angle limiting value 

According to the voltage vector diagram in Fig. 4, the 

relationship between the active power P and the virtual power 

angle δv meets the P-δ equation given by (5). 
*

3
sin( )

2

pcc

v

v

E V
P

X



=                          (5) 

where E* and Vpcc are the magnitudes of vectors e* and vpcc. 

Thus, the expression of the virtual power angle δv can be 

derived as: 

*
arcsin( )

3

2

v

pcc

v

P

E V

X

 =




                       (6) 

Moreover, based on the voltage and current vector diagram 

in Fig. 4, it is known that the relationship between the active 

power P and the d-axis component current iLd meets (7). 

*3

2
LdP E i=                                  (7) 

Substituting (7) into (6), the expression of the virtual power 

angle δv can be derived as: 

arcsin( )v Ld

v

pcc

X i

V



=                           (8) 

Thus, the limiting value δv(lim) can be calculated as: 

( )

( ) arcsin( )
v Ld lim

v lim

pcc

X i

V



=                      (9) 

where iLd(lim) is the designed limiting value of the d-axis 

component current iLd. 

Considering that the maximum current Imax of the inverter is 

usually designed between 1 p.u. and 1.2 p.u., Imax = 1 p.u. is 

chosen as an example for study in this paper. Besides, to 

remain some reactive power output capability in weak grids, 

the d-component limiting value iLd(lim) is set as 0.9 p.u. in this 

paper. Notably, iLd(lim) = 0.9 p.u. is just used as an example in 

this paper. It can also be designed as other values (e.g., 0.9 ~ 

0.95 p.u.), which depends on the specific study case. 

In addition, to make sure the magnitude of the output 

current is not higher than Imax, the q-component current can be 

limited by iLq(lim) in (10), where the limiting expression is 

given by (11). Thus, the proposed overcurrent protection 

scheme for GFM inverter is shown in Fig. 6, where the 

differences between Fig. 6 and Fig. 1 are marked in green. For 

brevity, the coordinate transformations between different 

frames are omitted in Fig. 6, which are same as that in Fig. 1. 

2 * 2

( )Lq lim max Ldi I i= −                          (10) 

* *

( )*'

*

( )

min( , ),     if  0

max( , ),  otherwise

Lq lim Lq Lq

Lq

Lq lim Lq

i i i
i

i i

 
= 

−

           (11) 

where iLq(lim) and -iLq(lim) are upper and lower bounds of limiter. 

It can be seen from Fig. 6 that the reactive power is not 

limited directly. However, when i
* 

Lq is limited, the reactive 

power can be limited indirectly. 

Based on the above analysis, the proposed virtual power 

angle limiting method can restrict the output power and 

current under frequency drop conditions. However, it still 

might be unstable under grid voltage sag conditions, because 

when the grid voltage magnitude is extremely low, there will 

be no equilibrium point. To make the proposed method 

effective under grid voltage sag conditions, the virtual power 

angle limiting value in (9) needs to be redesigned further. 

C. Improved virtual power angle limiting value for grid 
voltage sag condition 

According to (2), it is known that the output power P is 

proportional to the grid voltage magnitude Vg. Thus, when the 
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grid voltage magnitude Vg is reduced, the output power P is 

reduced as well. Hence, in the case of grid voltage sag, the 

inverter may not be able to provide enough power to the grid. 

Thus, appropriate power reduction is necessary, which can 

make a stable equilibrium point exist. 

Theoretical operating trajectories of GFM inverter under 

grid voltage sags are shown in Fig. 7. As shown in Fig. 7(a), 

when the grid voltage magnitude is reduced from Vg0 to Vg1, 

the operating trajectory is changed from A-B-C-D to A-B’-C’-

D’. Thus, although the output power can be limited to Plim, 

there is no equilibrium point on the trajectory A-B’-C’-D’, 

because the maximum output power at point C’ is still lower 

than the power limit Plim. 

To avoid the instability problem caused by grid voltage sag, 

a reasonable way is to modify the active power limiting value 

according to the grid voltage magnitude, such as “P
new 

lim  = 

Plim∙Vg(p.u.)” [26]. As shown in Fig. 7(b), when the active power 

limiting value is modified to P
new 

lim , there is a stable equilibrium 

point B’ after the grid voltage is reduced. Thus, the system is 

still stable. Similarly, since the output power P is proportional 

to the PCC voltage magnitude according to (4), the active 

power limiting value can also be modified depending on the 

PCC voltage, such as “P
new 

lim  = Plim∙Vpcc(p.u.)”. 

 
(a) 

 
(b) 

Fig. 7.  Theoretical operating trajectories of GFM inverter under grid 
voltage sag conditions. (a) Initial limiting method; (b) Improved limiting 
method. 
 

Moreover, considering the d-component current iLd is 

proportional to the active power P according to (6), modifying 

the d-component current limiting value is equivalent to 

modifying the active power limiting value. Thus, the limiting 

value iLd(lim) can be redesigned as: 

( ) ( ) ( . .)

new

Ld lim Ld lim pcc p ui i V=                        (12) 

According to (12), the virtual power angle limiting value in 

(9) can be redesigned as: 

( ) ( . .)

( ) arcsin( )
v Ld lim pcc p unew

v lim

pcc

X i V

V


 
=              (13) 

According to the p.u. value expression “Vpcc(p.u.) = Vpcc/VN”, 

(13) can be rewritten as (14). 

( )

( ) arcsin( )
v Ld limnew

v lim

N

X i

V



=                    (14) 

where VN is the rated voltage of the inverter. 

Comparing (14) with (13), it can be seen that the PCC 

voltage is canceled, so the new limiting value δ
new 

v(lim) in (14) only 

depends on the constant parameters Xv, VN, and iLd(lim). 

Therefore, it is not necessary to change δ
new 

v(lim) in any cases. 

Notably, although δ
new 

v(lim) is constant, P
new 

lim  can be adaptive to the 

grid voltage magnitude variation, as shown in Fig. 7(b). Thus, 

additional fault detection can be avoided to use. 

D. Analysis of q-component current reference limiter and 
its impact on stability 

As aforementioned, a q-component current reference limiter 

is used in the proposed control scheme. Its impact on stability 

and control will be briefly discussed in this section. 

 
Fig. 8.  Voltage and current vector diagrams of GFM inverters with the 
proposed control scheme under grid voltage sag conditions. 
 

The voltage and current vector diagrams of GFM inverters 

with the proposed control scheme under grid voltage sag 

conditions are shown in Fig. 8. To simplify the analysis, 

assuming that |e*| is constant and vpcc is the same as vg. It can 

be seen from Fig. 8 that when the proposed δv-limiter is 

triggered, the power angle is limited to δv(lim). Thus, the P-f 

droop controller does not work anymore. Instead, the PLL is 

used for synchronization. When the PCC voltage is changed 

from vpcc(t0) to vpcc(t1), the current reference is changed from     

i
* 

L(t0) to i
* 

L(t1). Due to a large q-component, the magnitude of i
* 

L(t1) 

is larger than Imax. When a q-component current reference 

limiter is used, a new current reference i
*’ 

L(t1) outputs from the 

limiter. Notably, since e*, δv(lim), and Xv are constant, as long as 

vpcc(t1) is invariable, the output of the voltage controller (i.e.,    

i
* 

L(t1)) is constant. Thus, the voltage control cannot be 

influenced by the current control. On the other hand, since the 

PLL is used for synchronization, which is unrelated to the 

voltage and power control, the current control in the 

synchronous d-q frame is also not influenced by the voltage 

control. Therefore, no matter whether the current reference is  

i
* 

L(t1) or i
*’ 

L(t1), the current control loop can follow the reference. 

So, the q-component current reference limiter does not worsen 

the stability of the proposed method. 

E. Comparison of overcurrent protection methods 

In order to clarify the advantage of the proposed method, a 

comparison with existing overcurrent protection methods will 

be briefly discussed. The advantages and disadvantages of five 

existing methods are compared in Table I, where five 

indicators are selected for comparison. 
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TABLE I 

COMPARISON OF ADVANTAGES AND DISADVANTAGES OF DIFFERENT OVERCURRENT PROTECTION METHODS 
 

Methods No need of grid 

fault detection 

Smooth transition 

between normal and 
fault cases 

Not sensitive to 

grid impedance or 
SCR variation 

Effective in 

voltage sag case 

Effective in 

frequency drop 
case 

Control-mode-switching method [21] No No Yes Yes Yes 

Virtual impedance method [23]-[25] Yes No No Yes Yes 

Modifying power reference method [26] No Yes Yes Yes No 
Voltage-based frequency feedforward [27] Yes Yes Yes Yes No 

Power-based frequency feedforward [28] Yes Yes Yes No Yes 
Proposed method in this paper Yes Yes Yes Yes Yes 

 

To the best knowledge of the authors, five overcurrent 

protection methods for GFM inverters have been proposed in 

existing literature to address the instability problem caused by 

the current reference limiting method. However, each method 

has its own limitations. 

The first method is the control-mode-switching method. 

The main idea is to switch the control mode from the GFM 

mode to the GFL mode when the grid fault happens. When the 

fault is clear, the control mode is switched back to the GFM 

mode. However, grid fault detection is necessary for this 

method, which may increase the complexity. Besides, during 

the recovery process, the wind-up issue of the integrator may 

worsen the transient performance [22]. 

The second method is the virtual impedance method. The 

main idea of this method is adding a large virtual impedance 

between the converter and the grid, so that the output current 

can be limited in this way. However, the performance of this 

method is sensitive to the grid impedance [26]. Besides, the 

virtual impedance is changed suddenly when the grid fault 

happens or ends. Thus, a transient oscillation process is 

inevitable [25]. 

The third method is modifying the power reference method. 

The main idea of this method is reducing the power reference 

when the grid fault happens. However, this method is not 

effective in the frequency drop case. Besides, the grid fault 

detection is necessary for this method. 

The fourth method is the voltage-based frequency 

feedforward method. This method makes use of the q-

component voltage to add a frequency feedforward term to the 

P-f droop controller. However, although this method is 

effective in the grid voltage sag case, it is not effective in the 

frequency drop case. 

The fifth method is the power-based frequency feedforward 

method. Based on the value of the active power, a frequency 

feedforward term is added to the P-f droop controller. 

However, although this method is effective in the frequency 

drop case, it is not effective in the grid voltage sag case. 

As shown in Table I, compared with these five existing 

methods, the proposed overcurrent protection method has 

more advantages than any one of these five existing methods. 

Specifically, the proposed method is effective for both grid 

voltage sag and grid frequency drop cases. Besides, it is not 

sensitive to the SCR variation. Moreover, smooth transition 

between normal and fault cases can be achieved by using the 

proposed method. Last but not least, since the proposed 

method can be adaptive to the grid voltage magnitude 

variation, additional fault detection is not necessary. 

IV. SIMULATION AND EXPERIMENTAL VERIFICATION 

A. Simulation verification 

In order to verify the effectiveness of the proposed power-

angle-based overcurrent protection scheme, a time-domain 

simulation model of GFM inverter is built in Matlab/Simulink. 

 
(a)                                                  (b) 

 
(c)                                                  (d) 

Fig. 9.  Simulation results of different limiting methods under grid 
frequency drop conditions. (a) Without any limit, SCR = 15; (b) With 
current reference limiting method, SCR = 15; (c) With proposed virtual 
power angle limiting method, SCR = 15; (d) With proposed virtual 
power angle limiting method, SCR = 1.5. 
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(a)                                                  (b) 

Fig. 10.  Simulation results by using proposed virtual power angle 
limiting method under grid voltage sag conditions. (a) SCR = 15; (b) 
SCR = 1.5. 

TABLE II 
PARAMETERS OF GRID-FORMING INVERTER 

 

Parameters Values 

Vg Grid phase voltage, peak value 50 V (1 p.u.) 

fg Grid frequency 50 Hz (1 p.u.) 
VN Rated voltage, peak value 50 V (1 p.u.) 

ωN Rated angular frequency 2π∙50 rad/s (1 p.u.) 

PN Rated active power (3 phase) 800 W (1 p.u.) 
SN Rated apparent power (3 phase) 800 VA (1 p.u.) 

Imax Rated/maximum current, peak value 10.6 A (1 p.u.) 

Vdc Input DC voltage 600 V 
fs Switching/sampling frequency 10 kHz 

Lf Output filter inductor 3 mH (0.2 p.u.) 

Cf Output filter capacitor 10 μF (0.015 p.u.) 
SCR Short-circuit ratio 15 ~ 1.5 

Lg Grid inductor 1 ~ 10 mH 

ωi Designed current-loop bandwidth 2000 rad/s 
Lv Virtual inductance 0.5 p.u. 

Rv Virtual resistance 0.05 p.u. 

iLd(lim) Limit value of d-component current 0.9 p.u. 
mp Active power droop coefficient 2.5% ωN/PN 

nq Reactive power droop coefficient 10% VN/PN 

ωLPF Cut-off angular frequency of the LPFs 200 rad/s 
ζ Damping ratio of PLL 1 

ωn Natural angular frequency of PLL 20 rad/s 

 

To avoid the influence of high-frequency harmonics, the 

average model of the inverter is used in simulations, while the 

actual switching model is utilized in experiments. The system 

and control parameters are shown in Table II, which are also 

used for experiments. The simulation results of the different 

cases are shown in Fig. 9 and Fig. 10. 

The simulation results by using different limiting methods 

under grid frequency drop conditions are shown in Fig. 9. The 

simulation results under strong grid condition with SCR = 15 

are compared in Fig. 9(a)-(c). Initially, the power reference is 

given to be 0.5 p.u. The frequency drop happens at the instant 

of 3s. Fig. 9(a) shows the natural P-f droop response without 

any limit. When the grid frequency fg is dropped from 50 Hz 

to 49.2 Hz, the active power is increased to be higher than 1 

p.u., which leads to an overcurrent scenario. In this case, the 

system is stable, but overcurrent problems exist, which agrees 

well with the theoretical analysis in Fig. 3(a). Moreover, as 

shown in Fig. 9(b), when the conventional current reference 

limiting method is used, the magnitude of the current 

reference can be limited within 1 p.u. However, the output 

active power and current cannot be controlled stably. Namely, 

the system is unstable, which is consistent with the theoretical 

analysis in Fig. 3(b). Differently, as shown in Fig. 9(c), when 

the proposed virtual power angle limiting method is used, the 

output current magnitude can be limited within 1 p.u. stably, 

which also agrees with the theoretical analysis in Fig. 3(c). 

Besides, a weak grid condition with SCR = 1.5 is further used 

to test the effectiveness of the proposed method. As shown in 

Fig. 9(d), the output current magnitude can also be limited 

effectively under weak grid conditions. 

In addition, the simulation results of the proposed method 

under grid voltage sag conditions are shown in Fig. 10, where 

the grid voltage magnitude is reduced from 1 p.u. to 0.2 p.u. 

for 5.5 seconds. A strong grid case with SCR = 15 is shown in 

Fig. 10(a), while a weak grid case with SCR = 1.5 is presented 

in Fig. 10(b). It can be seen in both strong and weak grid 

cases, the current magnitude can be limited within 1 p.u. 

effectively by using the proposed method. 

 
Fig. 11.  View of experimental setup based on a dSPACE control 
system. 
 

B. Experimental verification 

As shown in Fig. 11, the experimental setup is established 

to verify the effectiveness of the proposed method. The 

infinite grid is realized by a grid simulator Chroma 61845. 

Different grid strengths are achieved by changing the grid 

inductance Lg. The grid-connected inverter is implemented by 

using the Danfoss FC103P11KT11 and the control algorithms 

are implemented by using the dSPACE1007. The circuit and 

control parameters are same as the parameters in Table II. 

Notably, due to having limited inductors in the laboratory, the 

grid voltage amplitude is intentionally reduced to create a 

weak grid condition with limited inductors. 

The experimental results by using different current limiting 

methods under grid frequency drop conditions are shown in 

Fig. 12, where a strong grid condition with SCR = 15 is used. 

Like the simulation, the initial power reference is given to be 

0.5 p.u. Fig. 12(a) shows the natural P-f droop response 

without any limit. When the grid frequency fg is reduced from 
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50 Hz to 49.2 Hz, the output current magnitude increases to 

around 1.3 p.u. In this case, the system is stable, but 

overcurrent problems exist. Moreover, as shown in Fig. 12(b), 

when the conventional current reference limiting method is 

used, the system is unstable, which matches the simulation 

results in Fig. 9(b). A similar instability phenomenon has been 

reported in recent study [31]. Differently, as shown in Fig. 

12(c), when the proposed method is used, the output current 

can be limited within 1 p.u. stably, which agrees with the 

simulation results in Fig. 9(c). 

 
(a) 

 
(b) 

 
(c) 

Fig. 12.  Experimental waveforms of different current limiting methods 
under grid frequency drop conditions (Strong grid with SCR=15). (a) 
Without any limit; (b) With conventional current reference limiting 
method; (c) With proposed virtual power angle limiting method. (CH1: 
phase to phase voltage at the PCC; CH2: PCC voltage amplitude, 25 
V/div; CH3: active power, 400 W/div; CH4: grid phase current) 
 

 
Fig. 13.  Experimental waveforms of proposed virtual power angle 
limiting method under grid frequency drop conditions (Weak grid with 
SCR=1.5). (CH1: phase to phase voltage at the PCC; CH2: PCC 
voltage amplitude, 25 V/div; CH3: active power, 400 W/div; CH4: grid 
phase current) 
 

 
(a) 

 
(b) 

Fig. 14.  Experimental waveforms of proposed virtual power angle 
limiting method under grid voltage sag conditions (Strong and weak 
grids). (a) Strong grid with SCR = 15; (b) Weak grid with SCR = 1.5. 
(CH1: phase to phase voltage at the PCC; CH2: PCC voltage 
amplitude, 25 V/div; CH3: active power, 400 W/div; CH4: grid phase 
current) 
 

Furthermore, the experimental results of the proposed 

method under grid frequency drop in weak grids are shown in 

Fig. 13, where the SCR is equal to 1.5. It can be seen in Fig. 

13 that the output current magnitude can also be limited within 

1 p.u., which is consistent with the simulation results in Fig. 

9(d). 
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In addition, the experimental results of the proposed method 

under grid voltage sag conditions are shown in Fig. 14, where 

the grid voltage magnitude is reduced from 1 p.u. to 0.2 p.u. 

for around 10 seconds. Same as the simulation, a strong grid 

case with SCR = 15 and a weak grid case with SCR = 1.5 are 

used for test. It can be seen in both strong and weak grid cases, 

the current magnitude can be limited to no more than 1 p.u. 

effectively by using the proposed method. The experimental 

results in Fig. 14(a) and (b) agree well with the simulation 

results in Fig. 10(a) and (b) respectively. 

It is worth mentioning that low-frequency oscillations 

around 0.5 Hz on the PCC voltage magnitude Vpcc and active 

power P can be observed in Fig. 10(b) and Fig. 14(b). This is 

due to the coupling effect between the inverter output current 

and the PCC voltage under weak grid conditions. How to 

eliminate this low-frequency oscillation will be our future 

research focus. 

V. CONCLUSION 

This paper proposes a power-angle-based adaptive 

overcurrent protection scheme for GFM inverters. By using 

this proposed method, Both the output power and current can 

be limited within 1 p.u. stably under large grid disturbances. 

Thus, the instability problem caused by the conventional 

current reference limiting method is solved. The proposed 

method can automatically limit the output current during large 

grid voltage and frequency disturbances in either strong or 

weak grids, so the stability and robustness of GFM inverter 

operating in different grid conditions can be improved. 

Finally, simulation and experimental results have verified the 

effectiveness of the proposed method. 
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