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Abstract- This paper proposes a current limiting method for 
single-loop voltage-magnitude controlled grid-forming (GFM) 
converters to avoid overcurrent during symmetrical faults. The 
proposed method consists of two parts, which are the outer power 
reference adjustment to limit the steady-state fault current, and a 
transient virtual resistor, implemented by directly modifying the 
modulation voltage reference, to limit the transient fault current 
during fault-inception and -clearing periods. Further, a nonlinear 
dynamic model for the GFM converter with the proposed control 
is developed, and the phase portrait is plotted to reveal the 
influences of power reference adjustment and of transient virtual 
resistor control on the transient stability. Finally, experimental 
tests confirm that the proposed method can effectively limit the 
fault current to an admissible value while simultaneously keeping 
the GFM mode during fault ride-through. 

Index Terms- Grid-forming converters, fault ride-through, 
current limitation, transient stability. 

I.  INTRODUCTION 

RID-forming (GFM) converters have been widely deemed 
as a promising substitute for synchronous generators (SGs) 

in the future power-electronic-based power systems [1]. 
However, in contrast to the short-circuit capacity (5 p.u. - 8 p.u.) 
of SGs, GFM converters has limited overcurrent capacity (1.5 
p.u. - 2 p.u.) [2]. Consequently, GFM converters are more 
sensitive to the short-circuit faults than SGs [3]. Furthermore, 
to ensure a continuous electricity supply, GFM converters are 
required to ride through grid faults without losing the 
synchronism with grid. Hence, the current limiting control and 
its interaction with the power grid become critical for reliable 
operations of GFM converters. 

The existing current limitation schemes for GFM converters 
are generally categorized into two types. The first type is to 
employ an inner current control loop and to directly limit the 
current reference during grid faults, which usually switches the 
GFM converter to grid-following (GFL) control mode [4]-[6]. 
While this type of methods can precisely limit fault current, the 
latch-up and wind-up issues may happen, which challenge the 
fault-recovery process [7]. Further, due to the transfer from the 

GFM to the GFL control mode, a backup phase-locked loop 
(PLL) is generally needed to keep the synchronism of converter 
with the grid during grid fault ride-through (FRT) [8]. Yet, the 
PLL can induce instability issue in weak grids [9]. Alternatively, 
the current reference limiting can also be applied while keeping 
the GFM control structure during the fault. Nevertheless, such 
methods suffer from possible transient instability due to the 
current saturation during grid faults [10]. 

To circumvent these drawbacks, the virtual impedance-based 
current limitation is introduced as the second type of solutions, 
where the general idea is to increase the output impedance of 
GFM converter by a virtual impedance (VI) for limiting output 
current. One way to realize the VI is to modify the reference for 
the vector voltage control, where a voltage drop emulated by 
the VI is subtracted from the voltage reference dictated by outer 
power control loops [11]-[14]. However, the effectiveness of 
such VI realization is limited by the control bandwidth of vector 
voltage loop. Further, the inductive VI, when it is implemented 
by the derivative controllers, tends to amplify the measurement 
noise [12]. To tackle these challenges, the VI is realized by 
multiplying the difference between reference and output 
voltages with a virtual admittance, and the output is used as the 
current reference for the inner current loop [15]-[17]. In this 
way, the inductive VI can be readily synthesized by a low-pass 
filter, and the transient fault current can be effectively limited 
by the faster current loop. Yet, this virtual admittance is in 
cascade with the current loop, which has to be adaptively tuned 
for transient and steady-state operations. Another point to be 
noted is that the existing virtual impedance-based methods keep 
the emulated VI working during the whole fault period [11]-
[18]. The presence of a large virtual resistor leads to the high 
R/X ratio of line impedance during grid faults, which may 
aggravate the power coupling and deteriorate the system 
stability [19]. 

Recently, a detailed comparative analysis between the 
current reference limitation and the VI-based current limitation 
is conducted in [20]. The advantages and disadvantages of these 
two types of schemes are evaluated from the aspects of current 
limiting capacity and their impacts on the transient stability. 
Then, the hybrid current limiting methods that combine the 
current reference limitation with the VI control are proposed [3], 
[20]. Such methods not only ensure an accurate current 
limitation but also keep the GFM operation during FRT. Yet, 
since the VI is still realized by modifying the reference of 
voltage control loop, the current limiting performance can be 
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deteriorated during the fault-inception and -clearing instants 
due to the limited control bandwidth of voltage loop [21]. 
Alternatively, another hybrid method that combines the current 
reference limitation with the outer power reference adjustment 
is introduced in [22]. Based on the power reference adjustment, 
the saturation of the current controller can be avoided. However, 
as the bandwidth of the outer power loop is generally designed 
much lower than that of the inner current loop, this method may 
not guarantee the GFM control mode in the initial stage of fault. 
Another critical point to be noted is that all these approaches 
were used with the dual-loop vector-voltage control (VVC), i.e., 
the cascaded vector-voltage and current control, where a fast 
closed-loop vector-current control is indispensable for the 
current limitation, which may induce the harmonic instability 
issue due to the converter-grid interactions [23]. 

As an alternative to VVC schemes, the single-loop voltage-
magnitude (SLVM) control has drawn more attention and been 
used with the GFM converters. Practical applications of SLVM 
control have been found in the CERTS microgrid [24] and the 
high-voltage direct-current transmission systems [25]. Unlike 
the VVC, the SLVM control merely regulates the magnitude of 
the point-of-connection (PoC) voltage, whereas the phase angle 
generated by the P-f droop is directly used with the converter 
modulation reference. Therefore, the SLVM control essentially 
regulates the phase angle of the converter-bridge voltage before 
the output filter rather than that of the PoC voltage. As a result, 
the filter inductor softens the dynamic coupling between GFM 
converters and the grid, compared to that of VVC, which leads 
to a better small-signal stability performance [26]. Further, it 
has recently been revealed that the SLVM control has a critical 
impact on the transient stability of GFM converters [27]. Hence, 
compared to the VVC which has negligible effect on the 
transient stability, the SLVM control can provide a degree of 
freedom to enhance the system transient stability. However, 
few studies have been reported on the current limitation of the 
SLVM-controlled GFM converter. Most of the existing current 
limiting methods used with the VVC cannot be directly 
extended to the SLVM control due to the absence of inner 
current control loop. One existing solution to limit the fault 
current of SLVM-controlled GFM converters is to switch the 
control system to the vector-current control during fault, and it 
requires using a back-up PLL [25]. Thus, the GFM control 
mode cannot be preserved. 

To achieve the effective overcurrent limitation while keeping 
the GFM control mode during FRT, this paper proposes a 
current limiting method for GFM converters with the SLVM 
control. The main contributions of this paper are highlighted as 
follows. 
 To prevent steady-state overcurrent during the fault period, 

the outer power control reference is modified during FRT. 
The magnitude of steady-state fault current is theoretically 
derived to prove the effectiveness of such reference change. 
It is worth noting that the usage of this power reference 
adjustment is essentially different from that in [22], which 
aims at avoiding the saturation of inner current controller. 

 To limit the transient fault currents during fault-inception 
and -clearing periods, an adaptive proportional feedback 

of the converter output current added to the converter 
modulation reference is introduced to emulate a transient 
virtual resistor. The effectiveness of the transient virtual 
resistor will not be limited by the bandwidth of inner 
voltage control loops as those reported in [11]-[14], [18]. 
Besides, the negative effect of virtual resistor on the power 
coupling can be avoided in the proposed method, since the 
transient virtual resistor is only activated in the first few 
cycles of fault-inception and fault-clearing periods, while 
the power reference adjustment is used to limit the fault 
current in the steady state. Such unique feature can also 
avoid the risk of harmonic instability issues caused by 
embedding the vector-current control loop. 

 A nonlinear dynamic model of GFM converter with the 
proposed control is developed, based on which, the phase 
portrait is plotted to reveal the influences of power 
reference adjustment and of transient virtual resistor 
control, respectively, on the transient stability of SLVM-
controlled GFM converters. It turns out that the outer 
power reference adjustment can keep the GFM converter 
synchronized with the grid during the entire process of 
symmetrical faults, while the transient virtual resistor has 
negligible effect on the system transient stability.  

Finally, the effectiveness of the current limiting method and 
the transient stability analysis are confirmed by experimental 
tests. 

II. PROPOSED CURRENT LIMITING METHOD 

A. System Description 

Fig. 1 shows the single-line diagram of a grid-connected 
three-phase GFM converter which employs the SLVM control 
and the proposed current limiting method. Lf and Cf denote the 
output LC filter of the converter. Lg is the grid-side inductor. vo 
is the converter-bridge voltage. io is the converter output current, 
which is detected for the current limitation. ic is the filter 
capacitor current. vpoc and e are the PoC voltage and the grid 

Fig. 1 Single-line diagram of a grid-connected three-phase GFM converter 
with the SLVM control and the proposed current limiting method. The control 
signals selection is switched to 1 during normal operation period, and 
switched to 2 during the fault ride-through. 
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voltage, respectively. ig denotes the grid-side current injected 
into the grid. vpoc and ig are used to calculate the output active 
power P, the reactive power Q, and PoC voltage magnitude Vpoc. 
In GFM converters, the dc-side voltage control is usually taken 
over by either a front-end converter [25] or an energy storage 
unit [28] connected to the dc-link. A constant dc-link voltage 
Vdc is thus assumed in this study. 

The conventional P-f and Q-V droop control is adopted as the 
outer power control in this work. It should be noted that, in the 
SLVM-controlled GFM converters, the phase angle θ generated 
by the P-f droop controller dictates the phase angle of vo rather 
than that of vpoc, which is different from the VVC. The control 
law is given by 

 0 1pK P P dt t        (1) 

where Kp is the P-f droop coefficient, ω1 is the grid fundamental 
angular frequency, and P0 denotes the reference value of the 
active power in the normal operating state. 

The output of the Q-V droop controller is used as the voltage 
magnitude reference Vref for the SLVM control, which is given 
by 

 0ref q nV K Q Q V      (2) 

where Kq is the Q-V droop coefficient, Vn is the rated voltage 
magnitude, and Q0 is the reference value of the reactive power 
in the normal operating state. 

Then, the PoC voltage magnitude is regulated by the SLVM 
control to generate the magnitude reference V of the converter-
bridge voltage vo, whose control law can be expressed as 

 iv ref pocV k V V dt      (3) 

where kiv is the integral gain of the SLVM control. Combining 
V and θ, the modulation voltage is generated by the voltage-
controlled oscillator (VCO) as shown in Fig. 1.  

From Fig. 1, it is seen that the GFM converter with the 
SLVM control is constrained to implement a closed-loop 
vector-current control. Consequently, the overcurrent limitation 
cannot be achieved by setting threshold value for the current 
reference. Moreover, since the SLVM loop usually has a low 
control bandwidth, the virtual impedance scheme that modifies 
the voltage magnitude reference Vref fails to fast limit the 
transient overcurrent. 

Considering these limitations, the proposed current limiting 
method is composed of two parts. The first part is to adjust the 
power references of droop controllers, which is to limit the 
steady-state fault current. The second part is to implement a 
transient virtual resistor Rv for the limitation of the transient 
overcurrent during fault-inception and -clearing periods, and Rv 
is realized by directly modifying the converter modulation 
reference. The detailed analysis of these two parts will be given 
in the following parts. 

 B. Outer Power Reference Adjustment 

Instead of limiting the current reference, the steady-state 
converter output current during the grid fault can be limited by 
changing the active and reactive power references [22]. Inspired 
by the grid code requirement for the reactive current during 
FRT [2], [22], the fault-mode reactive power reference Qf can 
be computed as 

 
0                           if 0.9

2 1     if 0.5 0.9

                    if 0.5

pu

f pu pu pu

pu pu

Q E

Q E S E E

E S E

 
    
  

   (4) 

where Epu is the per unit value of the grid voltage, S is the rated 
apparent power of the GFM converter. Once Qf is determined 
based on the depth of voltage sag, the fault-mode active power 
reference Pf can then be calculated as 

 2 2
f pu fP E S Q      (5) 

From (4), it is known that the power control reference is 
adjusted based on the voltage magnitude. It should be noted that 
the purpose of the power reference adjustment in our work 
differs from that of the existing ones applied to the GFL 
converters [2], [29]. In the case of GFL converters, the power 
reference adjustment is equivalent to the current reference 
modification due to their current-control characteristic. Such 
equivalence is guaranteed by the closed-loop vector-current 
control with high control bandwidth. However, this equivalence 
is no longer valid for the GFM converters due to their voltage-
control characteristic. Hence, although the similar form of 
power reference adjustment is applied in the presented work, its 
effect on the fault current limitation is fundamentally different 
from that of GFL converters, and the actual output currents with 
such power reference adjustment during the faults need to be 
investigated. 

To analyze the effect of the power reference adjustment on 
the steady-state overcurrent, the magnitude of the converter 
steady-state output currents during FRT can be calculated based 
on the phasor diagrams of the system under different grid 
voltage sags, which are illustrated in Fig. 2. The power angle δ 
is the phase angle difference between vpoc and e, φ is the phase 
angle difference between e and ig, and Xg = ω1Lg is the grid 
impedance. According to the IEEE Std. 1159-2019 [30], the 
typical range of grid voltage sag, which is between 0.1 and 0.9 
p.u., is selected in the presented work. 

 
(a) 

 
(b) 

Fig. 2 Steady-state phasor diagrams of the GFM converter during fault ride-
through when (a) 0.5 < Epu ≤ 0.9, (b) 0.1 ≤ Epu ≤ 0.5. 
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Based on (4) and (5), when the depth of grid voltage sag is 
within the range of (0.5, 0.9), the GFM converter will inject 
both active and reactive power during FRT, where the steady-
state phasor diagram is shown in Fig. 2(a). In this case, the 
power transfer between PoC and the grid can be calculated as 

3
sin

2
poc

g

E V
P

X



      (6) 

2 cos3

2
poc poc

g

V EV
Q

X


     (7) 

During the grid fault, P is equal to its reference value Pf. Vpoc 
is also equal to its reference value due to the regulation of the 
SLVM control, which is given by 

 poc q f nV K Q Q V      (8) 

Thus, with a certain grid voltage sag, the steady-state 
operating point (Vpoc, δ) can be solved from (6), (7), and (8). 
Then, based on Fig. 2(a), the magnitude of grid-side current Ig 
and filter capacitor current Ic are obtained as 

2 2 2 cospoc poc

g
g

V E EV
I

X

 
    (9) 

1c f pocI C V    (10) 

Further, φ can be calculated based on the output active power, 
which is expressed as 

2
arccos

3
f

poc g

P

V I
 

 
     

   (11) 

Finally, the magnitude of the steady-state converter output 
current Io can be calculated based on Fig. 2(a), which is given 
by 

2 2 2 cos
2o g c g cI I I I I
        
 

   (12) 

Following the above procedure, the steady-state converter 
output current magnitude Io under different grid voltage sags 
can be derived, and the corresponding results are shown in Fig. 

3, where the short circuit ratio SCR = 2.3 is taken as an example. 
It is interesting to be noted that, when Epu falls into the range of 
(0.5, 0.9), the outer power reference adjustment will make Io 
decrease with the increase of the depth of grid voltage sag. 
Specifically, Io is always below the admissible value of the 
current limitation Ilim (Ilim = 1.2 p.u. is set in this study), which 
confirms the effectiveness of the proposed method in this fault 
range. 

Similarly, when the depth of grid voltage sag is within the 
range of (0.1, 0.5), Io can also be calculated based on the phasor 
diagram shown in Fig. 2(b). According to (4), the GFM 
converter only provides the reactive power to the grid for 
supporting the PoC voltage, while the output active power is 
zero. Consequently, vpoc and e will be in the same phase leading 
to δ = 0 and φ = π/2. Based on (7) and (8), Vpoc is solved as 

   2
1.5 1.5 6

3

q g g q q g n q f

poc
q

K E X X K E K X V K Q
V

K

    


   (13) 
Then, according to Fig. 2(b), Io can be readily obtained as 

1
poc

o f poc
g

V E
I C V

X



     (14) 

The corresponding results are also shown in Fig. 3. Differing 
from the previous situation, Io will increase with the increase of 
the depth of grid voltage sag when Epu is within the range of 
(0.1, 0.5). Io will reach to the maximum value when Epu = 0.1 
p.u. Thanks to the power reference adjustment, even when Epu 
falls to 0.1 p.u., Io will not exceed Ilim either. Therefore, the 
power reference adjustment can effectively limit the steady-
state converter output current during FRT no matter what the 
depth of grid voltage sag is. It is worth noting that the resulted 
steady-state current magnitudes presented in Fig. 3 may not 
fulfill the requirement of current injection with the maximum 
allowable amplitude during a fault, e.g., 1.0 p.u. reactive current 
injection when the voltage drops below 0.5 p.u. Besides, the 
low magnitude of fault current may bring challenges to the 
protection systems in the power grids. Such current magnitude 
characteristics are due to the prioritization of voltage source 
behavior of GFM converter during grid faults, which makes its 
output current dependent on the fault impedance [31]. As a 
result, the magnitude of the output currents cannot be controlled 
to the maximum value, which is one limitation of the proposed 
current limiting method. How to inject the fault currents with 
the maximum allowable magnitude while simultaneously 
keeping the converter in the GFM control mode still remains an 
open issue. 

This method is tested by the PSCAD/EMTDC simulation to 
further demonstrate its effectiveness. The simulated results with 
two different grid voltage sags (i.e., Epu drops from 1.0 p.u. to 
0.9 p.u. or 0.1 p.u.) are presented in Fig. 4, where the grid 
voltage sag occurs at 2.5s and is cleared at 4.0s. The main 
system parameters used for simulation tests are listed in Table 
I, where the nominal grid voltage and rated power of the GFM 
converter are chosen based on the voltage and power levels of 
the distributed generation systems. The parameters of the LC 

 
Fig. 3 The magnitude of the converter steady-state output current Io with the 
outer power reference adjustment under different depths of grid voltage sag. 
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filter are designed based on the guideline in [32] to achieve a 
satisfied attenuation of high-order switching ripples. Lg is 
selected to emulate a relatively weak grid, where SCR = 2.3. To 
analyze the impact of the proposed current limiting method on 
the system transient stability, two droop coefficients are 
selected to ensure the existence of a stable equilibrium point 
(EP), i.e., the system is stable when small disturbances are 
imposed around the EP, which is the necessary condition for the 
transient stability [10]. The selection of Kp and Kq can be readily 
done based on the well-documented small-signal model and 
eigenvalue analysis [26]. 

Both the three-phase instantaneous converter output current 
io and its magnitude Io are illustrated. From the simulated 
waveforms of two cases, it is clear that the fault steady-state Io 

can both be well restrained below 1.2 p.u. by the power 
reference adjustment during FRT. However, it is found from 
Fig. 4(b), that during fault-inception and fault-clearing periods, 
Io will exceed Ilim, which means that the power reference 
adjustment fails to limit the overcurrent during these two 
transient periods. This is due to the low bandwidth of outer 
power control loops. Hence, the power reference adjustment is 
mainly responsible for limiting the fault current at steady state, 
which is a unique feature compared to the existing studies. In 
addition to the power reference adjustment, a proper method is 
necessary to fast restrain the transient fault current, which will 
be discussed in the following part. 

C. Transient Virtual Resistor 

To effectively limit the transient fault current, the mechanism 
of transient overcurrent during fault-inception and -clearing 
periods is revealed first. At the fault-inception instant, since vo 
cannot change instantaneously, there will be a large voltage 
difference between the converter output terminal and the grid 
when the grid voltage sag occurs. Such large voltage difference 
will impose on the output filter and grid-side inductor. Due to 
the inherent characteristic of the inductors, the currents flowing 
through the inductors contain two parts: a periodic component, 
which is the fault ac current, and a dc-bias component, which 
will decrease exponentially because of the parasitic resistance 
of the inductors [33]. Since the filter capacitor blocks this dc 
component, it flows through the inductors, which contributes to 
the converter output current. Hence, the overcurrent during this 
transient period is mainly caused by such dc-bias component. 
The similar mechanism can also be found in the transient 
current during fault-clearing period, where the large voltage 
difference is caused by the recovered grid voltage. 

To intuitively illustrate the characteristic of fault current 
during these two transient periods, a simulated case during the 
fault-inception period is illustrated in Fig. 5 as an example, 
where the grid voltage sag (1.0 p.u. → 0.1 p.u.) happens at 2.5s. 
According to the three-phase waveforms of io and ig, the fault 
overcurrent is mainly caused by the dc-bias component. Hence, 

 
(a) 

 
(b) 

Fig. 4 Simulated fault response of the GFM converter with proposed power 
reference adjustment under different depths of grid voltage sag. (a) Epu drops 
to 0.9 p.u., (b) Epu drops to 0.1 p.u. 

TABLE I 
MAIN SYSTEM PARAMETERS FOR SIMULATION TESTS 

Item Symbol Value 

Grid voltage (l-g, rms) e 2kV (1.0 p.u.) 
Grid fundamental frequency f1 50Hz 

Switching frequency fsw 10kHz 
Filter inductor Lf 0.05H (0.13 p.u.) 
Filter capacitor Cf 1.06μF (0.04 p.u.) 
Grid impedance Lg 0.16H (0.42 p.u.) 

Rated active power P0 100kW (1.0 p.u.) 
Rated reactive power Q0 0Var 
P-f droop coefficient Kp 0.05ω1/P0 (0.05 p.u.) 
Q-V droop coefficient Kq 0.10Vn/P0 (0.10 p.u.) 

Short-circuit ratio SCR 2.3 
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Fig. 5 Simulated fault currents response of the GFM converter with proposed 
power reference adjustment during fault-inception period. (Epu drops from 1.0 
p.u. to 0.1 p.u.) 
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the transient overcurrent can be effectively limited by fast 
minimizing this dc-bias component. The decay rate of this dc 
component is related with the resistance between the converter 
output terminal and the grid. The larger resistance leads to the 
faster decay rate, which means a better limitation on the 
transient overcurrent. Consequently, the implementation of a 
transient virtual resistor Rv in series with the filter inductor is 
expected to effectively restrain the transient overcurrent. 

To achieve a fast overcurrent limitation, Rv is realized by 
directly modifying the converter modulation voltage reference 
as shown in Fig. 1, which is different from conventional virtual 
impedance-based current limiting methods. By doing so, the 
response speed of Rv will not be constrained by the bandwidth 
of power and voltage control loops, which can thus realize a 
relatively fast overcurrent limitation. Taking the fault-inception 
period as an example, the simulated output current magnitudes 
with and without a constant Rv are presented in Fig. 6, where 
the same fault with that in Fig. 5 is emulated. Compared to the 
case without the virtual resistor, Rv can effectively constrain the 
overcurrent in the first few fundamental cycles. When Io is 
limited below the threshold value, Rv is intentionally disabled 
at t1 to avoid its adverse effect on the steady-state performance 

during FRT. However, an undesired transient dynamic caused 
by the bypass of Rv can be observed in Fig. 6, where the GFM 
converter output current would exceed Ilim again. 

To solve the above issue, instead of a constant Rv, the virtual 
resistance can be set to be in proportional to the overcurrent, 
which is expressed by 

       if   

0                     if   
o th o th

v
o th

k I I I I
R

I I

  
 


   (15) 

where Ith is the threshold value of the current limitation. Ith is 
intentionally set slightly smaller than Ilim to ensure a robust 
performance of the overcurrent limitation. In this paper, Ith = 
1.1 p.u. is selected. k is the proportional gain. 

Based on (15), the activation of Rv is based on the converter 
output current magnitude Io. When Io ≥ Ith, the value of Rv is 
proportional to the difference between Io and Ith. Otherwise, Rv 
equals to 0. Since Ith is set to be larger than the nominal value, 
Rv will not be activated in the normal operating condition. The 
value of k is determined in the worst-case scenario of a three-
phase bolted fault. To illustrate its effectiveness, the simulation 
waveforms of Rv and the resulted output current magnitude 
during the fault-inception are shown in Fig. 7. It is observed that, 
once Io exceeds Ith, Rv is activated to constrain the fault current. 
With the decrease of Io, Rv will decrease, and continuously 
reduces to 0 when Io = Ith causing the disable of Rv. Afterwards, 
the power reference adjustment will make Io further decrease 
below Ith to reach its steady-state value, and Rv will not be 
activated again since Io < Ith. As a result, there is no oscillations 
between operation with and without Rv. 

To clearly compare the performance of such adaptive Rv with 
that of the constant one, the simulation waveform of Io in Fig. 7 
is also presented in Fig. 6. It is clear that, compared to the case 
with a constant Rv, the implementation of Rv by (15) can 
effectively restrain the transient fault current while having a 
much smoother dynamic process. 

It is noted that only the symmetrical faults have been 
considered in the above-mentioned analysis. As the essence of 
the transient virtual resistor is to increase the output impedance 
of the GFM converter for limiting the overcurrent, and Rv is 
adaptively adjusted based on the output current magnitude, its 
effectiveness is independent of the fault types and faulted phase. 
Hence, Rv can also be used to constrain the transient overcurrent 
in the presence of asymmetrical faults. The only adaptation is 
to replace Io in (15) with the maximum current magnitude Ipk 
among the three phases, which can be calculated based on the 
sequence component decomposition of the measured three-
phase output currents [18]. 

However, if only the positive-sequence current is injected 
during asymmetrical faults, the voltage will be boosted in the 
non-faulty phases, which tends to cause the overvoltage [34]. 
Moreover, the lack of negative-sequence current injection will 
lead to power oscillations during the fault [29]. Hence, differing 
from symmetrical faults, the accurate control of negative-
sequence current is necessary during asymmetrical faults. Since 
the objective of the proposed method is to preserve the voltage 
source behavior of GFM converter during symmetrical faults, 
the power reference adjustment cannot be directly applied to 

 
Fig. 6 When Epu drops from 1.0 p.u. to 0.1 p.u. at t = 2.5s, the simulated output 
current magnitude of the GFM converter with and without the transient virtual 
resistor Rv during fault-inception period. The power reference adjustment is 
implemented for all the three cases. 

 
Fig. 7 When Epu drops from 1.0 p.u. to 0.1 p.u. at t = 2.5s, the simulation 
waveforms of the transient virtual resistor Rv realized by (15) and the resultant 
output current magnitude Io during fault-inception period. The power 
reference adjustment is also implemented. 
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asymmetrical faults for the steady-state current limitation. More 
research work is needed to precisely control the negative-
sequence current while simultaneously keeping the voltage 
source behavior during asymmetrical faults. 

III. IMPACT OF PROPOSED METHOD ON TRANSIENT STABILITY 

The transient stability of GFM converters, i.e., the ability of 
converters to maintain synchronism with the power grid when 
subjected to large disturbances, is critical to resilient operation 
of power system [35], [36]. However, it has been reported in [3] 
and [10] that the current limitation may make the GFM 
converter more prone to lose the synchronism with the grid. 
Hence, it is important to investigate the impact of the proposed 
current limiting method on the system transient stability. 

A. Dynamic Representation of the SLVM-Controlled GFM 
Converter with Proposed Current Limiting Method 

Since the P-f droop controller dictates the phase angle of vo, 
rather than that of filter capacitor voltage, the output LC filter 
should be considered in the transient stability analysis [27]. 
Besides, the proposed transient virtual resistor is in series with 
Lf. Hence, based on Fig. 1, the system equivalent circuit can be 
obtained in Fig. 8, where the phase angle of the grid voltage is 
taken as the reference angle. voi is the converter terminal voltage 
before the transient virtual resistor. δ′ is the phase angle 
difference between voi and e. It has been proved that the filter 
capacitor has little effect on the transient stability due to the 
integrator of the SLVM control [27]. The filter capacitor is thus 
neglected in the following analysis. 

GFM converter achieves its synchronism with grid through 
the P-f droop controller. Hence, the system transient stability 
during FRT is determined by the dynamic response of δ′, whose 
dynamic behavior with the proposed current limiting method 
can be modeled as 

3
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where ωp is the cutoff frequency of the first-order low-pass 
filter (LPF). Differing from the GFM converter with VVC [36], 
Vpoc cannot be regarded as a constant value. On the contrary, its 
dynamic is governed by the Q-V droop and the SLVM control. 
Based on (2), (4), and (7), and considering the LPF for the 
power measurement filtering, the voltage magnitude reference 
Vref for the SLVM control during the fault can be derived as 
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   (17) 

Then, by substituting (17) into (3), the dynamic of the voltage 
magnitudes is given by 
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   (18) 
Consequently, the dynamic of Vpoc will be coupled with that 

of δ′ leading to a more complex system dynamic behavior. By 
applying the derivation on both sides of (16) and (18), the 

system dynamic behavior can be represented by the following 
two differential equations: 
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It is clear from (19) and (20) that the relationships between δ′ 
and δ, V and Vpoc should be determined first to obtain the 
dynamic trajectory of δ′ during fault-inception and -clearing 
periods. 

According to Fig. 8, when the effect of the filter capacitor is 
neglected, the phasor diagram of the GFM converter with the 
proposed current limiting method can be obtained in Fig. 9. By 
using trigonometric operations, their dynamic relationships can 
be readily solved from the phasor diagram. Since the obtained 
analytical expressions are relatively complex, only the compact 
forms are presented in (21), where δ and Vpoc can be represented 
by the functions of δ′ and V, respectively. 
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   (21) 

By substituting (21) into (19) and (20), the dynamic behavior 
of the SLVM-controlled GFM converter with the proposed 
current limiting method can be fully expressed by these two 
differential equations consisting of two state variables δ′ and V. 
Then, the phase portrait [38], which is an effective tool in the 
non-linear system analysis, is adopted in the following part to 
investigate the impact of the current limiting method on system 
transient stability. 

B. Phase Portrait-Based Transient Stability Analysis 

 
Fig. 8 The equivalent circuit of the SLVM-controlled GFM converter with the 
proposed current limiting method. 

 
Fig. 9 Phasor diagram of the SLVM-controlled GFM converter with the 
proposed current limiting method when neglecting the filter capacitor. 
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It is known that the dynamic response of δ′ under a grid fault, 
which determines system transient stability, can be reflected by 
the phase portrait showing δ' - δ′ curve. The changing trend of 
δ′ can be readily observed from the phase portrait, where δ′ will 
increase when δ' > 0 and decrease when δ' < 0. The points at 
which δ' = 0 are the EPs. The transient stability will be achieved 
only when δ′ converges to a stable EP during the grid fault. 
Otherwise, δ′ will diverge leading to the transient instability of 
the GFM converter. 

To obtain the phase portrait from (19) and (20), four state 
variables, i.e., x1 = δ′, x2 = δ', x3 = V, x4 = V, are defined. Then, 
combined with (21), the differential equations in (19) and (20) 
can be rewritten in (22) (shown at the top of this page). 

Further, the Matlab command “ode45” is applied to solve 
(22), and the phase portraits of the GFM converter with the 
proposed current limiting method are plotted in Fig. 10, where 
the grid voltage drops from 1.0 p.u. to 0.1 p.u. To have a direct 
comparison, the phase portraits without the proposed current 
limiting method and with only power reference adjustment are 
also presented in Fig. 10. Point a denotes the stable EP of the 
system before the fault. It is observed that, without the proposed 
current limiting method, the GFM converter cannot keep 
synchronism with the grid since δ′ shows a diverging trajectory 
when the fault occurs. On the contrary, when the outer power 
reference adjustment is implemented, the transient stability of 
the GFM converter can be assured with δ′ converging to a new 

stable EP b after the fault. Since the output active power of the 
GFM converter is regulated to be zero, the EP b is expected to 
locate at the origin (0, 0), which is exactly matched with the 
phase portrait. 

In addition, when the proposed current limiting method is 
implemented, i.e., both the outer power reference adjustment 
and transient virtual resistor are enabled, the phase portraits are 
almost the same as that with only power reference adjustment. 
It can also be seen from Fig. 10 that different virtual resistances 
have little effect on the phase portrait. This is because that the 
outer power control and the SLVM control loops dominate the 
system dynamics in the timescale of transient instability, while 
the transient virtual resistor in merely activated at the instants 
of the fault-inception and -clearing period, which is switched to 
zero after the current magnitude is below the threshold value. 
The timescale of transient virtual resistor is much faster than 
that of transient stability. This can be checked from Fig. 7 that 
the time duration with the activation of virtual resistor only lasts 
for about 0.1s. The same result can also be observed from the 
following experimental waveforms shown in Fig. 19. 

Therefore, the proposed current limiting method can not only 
restrain possible overcurrent during FRT, but also enhance the 
system transient stability through the adjustment of power 
reference. The converter is capable of keeping the GFM control 
mode during FRT. 

IV. EXPERIMENTAL RESULTS 

To further verify the effectiveness of the proposed current 
limiting method, the downscaled experimental tests are 
conducted. The configuration of the experimental setup is 
shown in Fig. 11, where the main system parameters are listed 
in Table II. The per unit values of these parameters are kept the 
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Fig. 10 Phase portraits of the SLVM-controlled GFM converter with and 
without the proposed current limiting method. (Epu drops from 1 p.u. to 0.1 
p.u.) 
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Fig. 11 Configuration of the experimental setup. 
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same with those in the simulation tests. The control algorithm 
is implemented in the DS1007 dSPACE system. A constant dc 
voltage supply is used to power the dc-side. The power grid is 
emulated by a Chroma Grid Simulator 61845, which can be 
programmed to emulate different types of grid faults.  

A. Verification of Outer Power Reference Adjustment 

The effectiveness of the power reference adjustment on the 
steady-state fault currents limitation is examined first. Based on 
Fig. 3, when the depth of grid voltage sag is within the range of 
(0.1, 0.9), it is found that Epu = 0.1 and 0.9 p.u. are two critical 
cases with the largest magnitude of steady-state output currents. 
Besides, another critical scenario is the case with the smallest 
current magnitude when Epu = 0.5 p.u. Hence, these three cases 
are selected and tested, respectively. 

Fig. 12 shows the experimental waveforms with only the 
power reference adjustment when the grid voltage drops from 
1.0 to 0.9 p.u. From Fig. 12(a), it can be observed that the output 
active and reactive power will follow their new reference values 
determined by (4) and (5) when the grid fault happens. Hence, 
the steady-state output current magnitude Io is limited below 1.2 
p.u. (1 p.u. = 9.43A in the experimental tests). Besides, the 
steady-state value of Io during FRT is in accordance with the 
theoretical calculation in Fig. 3. Once the fault is cleared, the 
converter output power will return back to their nominal values 
as shown in Fig. 12(b). A slight overshoot is observed in Io 
during this transient period, and the peak value does not exceed 
1.2 p.u. due to the relatively small depth of grid voltage sag. To 
clearly demonstrate the dynamic response of the output currents, 
the experimental waveforms of the three-phase output currents 
during fault-inception and -clearing periods are also presented 
in Fig. 13. 

Next, the case when the grid voltage drops to 0.5 p.u. is tested. 
For simplicity, only the experimental results during the fault-
inception period are presented in Fig. 14 to demonstrate the 
effectiveness of the power reference adjustment. It is observed 
that the steady-state Io during the fault is also in accordance with 
the theoretical result shown in Fig. 3, which is well below the 
admissible value of current limitation. 

Finally, the situation becomes much challenging when the 
grid voltage drops to 0.1 p.u., where the experimental results 
are shown in Fig. 15. It is observed that the GFM converter will 
output zero active power during FRT. Thanks to the power 

 
(a) 

 
(b) 

Fig. 12 When the grid voltage Epu drops from 1.0 p.u. to 0.9 p.u., the 
experimental results of the SLVM-controlled GFM converter with only power 
reference adjustment during (a) fault-inception period, (b) fault-clearing 
period. 

 
(a) 

 
(b) 

Fig. 13 When the grid voltage Epu drops from 1.0 p.u. to 0.9 p.u., the 
experimental waveforms of the three-phase converter output currents and its 
magnitude with only power reference adjustment during (a) fault-inception 
period, (b) fault-clearing period. 

TABLE II 
MAIN SYSTEM PARAMETERS FOR EXPERIMENTAL TESTS 

Item Symbol Value 

Grid voltage (l-g, rms) e 50V (1.0 p.u.) 
Grid fundamental frequency f1 50Hz 

Switching frequency fsw 10kHz 
Filter inductor Lf 3mH (0.13 p.u.) 
Filter capacitor Cf 15μF (0.04 p.u.) 
Grid impedance Lg 10mH (0.42 p.u.) 

Rated active power P0 1kW (1.0 p.u.) 
Rated reactive power Q0 0Var 
P-f droop coefficient Kp 0.05ω1/P0 (0.05 p.u.) 
Q-V droop coefficient Kq 0.10Vn/P0 (0.10 p.u.) 

Short-circuit ratio SCR 2.3 
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reference adjustment, the steady-state fault current Io is also 
limited well below the admissible value. The corresponding 
experimental waveforms of the three-phase output currents 
during these two transient periods are presented in Fig. 16. 
Hence, the power reference adjustment is verified to effectively 
constrain the steady-state output current during FRT. 

However, from Figs. 15 and 16, during the fault-inception 
and -clearing periods, the transient-state Io will almost reach to 
20A (i.e., 2.1 p.u.), which is far beyond the admissible value. 
The reason that the converter can withstand such large transient 
overcurrent without tripping is the intentional adoption of the 
oversized switching devices. The purpose of doing so is to 
demonstrate the complete dynamic responses of the GFM 
converter during fault-inception and -clearing periods without 
tripping the converter. Consequently, the characteristic of the 
fault currents during these two transient periods can be clearly 
revealed. Moreover, the experimental results in Figs. 15 and 16 
can thus match well with the simulation waveforms in Fig. 4(b). 
From Fig. 16(b), it is observed that there exist two peaks in the 
transient-state Io after fault clearance. The transient overcurrent 
during the first-peak period is caused by the recovered grid 
voltage. During this period, due to the slow dynamic of the 
outer power control loops, the power reference adjustment will 
not take effect on the dynamic responses of the converter output 
current. Meanwhile, since Epu recovers to its nominal value at 
the fault-clearing instant, there will be a large voltage difference 
between the converter output terminal and grid, which leads to 
the first peak of the transient overcurrent. After that, the power 
reference adjustment starts to take effect on io. Hence, the 
transient overcurrent during the second-peak period can be 
attributed to the power reference adjustment. 

Based on the above observations, the incapability of the outer 
power reference adjustment to limit the fault current during 
these two transient periods is confirmed, which necessitates the 
use of transient virtual resistor for limiting the transient 
overcurrent. 

B. Verification of Transient Virtual Resistor 

Since the larger depth of grid voltage sag leads to the more 
severe overcurrent during fault-inception and -clearing periods, 
only the worst scenario where the grid voltage drops to 0.1 p.u. 
is tested to verify effectiveness of the transient virtual resistor. 

 
Fig. 14 When the grid voltage Epu drops from 1.0 p.u. to 0.5 p.u., the 
experimental results of the SLVM-controlled GFM converter with only power 
reference adjustment during fault-inception period. 

 
(a) 

 
(b) 

Fig. 15 When the grid voltage Epu drops from 1.0 p.u. to 0.1 p.u., the 
experimental results of the SLVM-controlled GFM converter with only power 
reference adjustment during (a) fault-inception period, (b) fault-clearing 
period. 

 
(a) 

 
(b) 

Fig. 16 When the grid voltage Epu drops from 1.0 p.u. to 0.1 p.u., the 
experimental waveforms of the three-phase converter output currents and the 
magnitude with only power reference adjustment during (a) fault-inception 
period, (b) fault-clearing period. 
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Fig. 17 shows the experimental results when the GFM 
converter employs both outer power reference adjustment and 
transient virtual resistor control. Comparing Fig. 17(a) with Fig. 
15(a), it is clear that Io during the fault-inception period is well 
limited below 1.2 p.u. by the transient virtual resistor. The 
effective overcurrent attenuation is also observed during the 
fault-clearing period in Fig. 17(b). Such satisfied overcurrent 
limiting performance can be further confirmed by comparing 
the three-phase output currents presented in Fig. 18 with those 
in Fig. 16. In summary, it is proved that the transient virtual 
resistor can effectively limit the transient fault current. 

C. Verification of the Impact of Proposed Current Limiting 
Method on System Transient Stability 

Finally, the impact of the proposed current limiting method 
on the system transient stability is tested. Fig. 19 shows the 

 
(a) 

 
(b) 

Fig. 17 When the grid voltage Epu drops from 1.0 p.u. to 0.1 p.u., the 
experimental results of the SLVM-controlled GFM converter with both power 
reference adjustment and transient virtual resistor during (a) fault-inception 
period, (b) fault-clearing period. 

 
(a) 

 
(b) 

Fig. 18 When the grid voltage Epu drops from 1.0 p.u. to 0.1 p.u., the 
experimental waveforms of the three-phase converter output currents and the 
magnitude with both power reference adjustment and transient virtual resistor 
during (a) fault-inception period, (b) fault-clearing period. 

 
(a) 

 
(b) 

 
(c) 

Fig. 19 When the grid voltage Epu drops from 1.0 p.u. to 0.1 p.u., the 
experimental results of the SLVM-controlled GFM converter (a) without the 
proposed current limiting method, (b) with only the outer power reference 
adjustment, (c) with the proposed current limiting method. 
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experimental results when the grid voltage drops to 0.1 p.u., 
where the transient stability can be observed from the waveform 
of δ. It is clearly seen from Fig. 19(a) that the GFM converter 
without using the proposed method loses the synchronism with 
the grid when the fault happens. In contrast, when the GFM 
converter is equipped with the power reference adjustment, the 
system transient stability can be guaranteed even with such a 
severe grid voltage sag, which is shown in Fig. 19(b). In this 
circumstance, δ will first decrease from its pre-fault value to 0 
rad and continuously decrease below 0 rad to a negative value. 
Finally, it is stabilized at about 0 rad, which is in accordance 
with the phase portrait shown in Fig. 10. It should be noted that 
the “phase jump” in Fig. 19(b) is not a real phase jump. The 
reason for this “phase jump” is because the range of δ is set 
within (0, 2π). Hence, when δ is smaller than 0 rad, its value is 
flipped to δ + 2π in the measured waveforms. 

Further, when the transient virtual resistor is deployed, the 
corresponding experimental waveforms are shown in Fig. 19(c). 
Compared to Fig. 19(b), it is found that the dynamic response 
of δ in Fig. 19(c) is almost the same with that in Fig. 19(b), 
which also coincides with the phase portraits presented in Fig. 
10. Therefore, it is verified that the power reference adjustment 
can enhance the system transient stability, while the transient 
virtual resistor has little effect on it. 

V. CONCLUSIONS 

This paper presents an effective current limiting method for 
the SLVM-controlled GFM converters during symmetrical grid 
faults. Through the power reference adjustment, the converter 
steady-state output current can be restrained, while the transient 
overcurrent is limited by the transient virtual resistor. Further, 
the transient stability analysis based on the phase portrait turns 
out that the outer power reference adjustment can keep the GFM 
converter synchronized with the grid during grid faults, while 
the transient virtual resistor has negligible impact on the 
transient stability. The experimental results validate that the 
proposed method can not only achieve the effective fault 
current limitation, but also keep the converter working in the 
GFM mode during the FRT. 
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