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Abstract—Recently, many high voltage direct current (HVdc) 

transmission lines are being constructed with the intention of 
becoming “backbones” of future power grids. Grid-Forming 
(GFM) controlled Voltage Source Converters (VSCs) are 
anticipated to provide significant stability advantages compared 
with Grid-Following (GFL) VSCs in HVdc converters connected 
to weak ac grids or to grids with high penetration of renewable 
inverter-based resources (IBRs). This paper proposes an adaptive 
fault ride through controller for Virtual Synchronous Machine 
(VSM) GFM control, which has significantly improved fault ride 
through capability over the more conventional GFM with 
cascaded or switchable current limiting. The performance of the 
proposed adaptive control is investigated using Electromagnetic 
Transient (EMT) simulation. The results show that the proposed 
adaptive control has superior post disturbance recovery from ac 
faults as well as phase angle shifts, and overcomes the instability 
reported in GFMs connected to strong ac networks. 

Keywords: VSC-HVdc, Grid-Forming (GFM) control, Virtual 
Synchronous Machine (VSM), fault-ride through, phase angle 
jump ride through.  

I.  INTRODUCTION 

ncreasing levels of inverter-based resources (IBRs) in the 
power system are posing new challenges to power system 

stability. Most power electronics converters currently in service 
are of the “Grid Following” (GFL) type [1], [2], and rely on fast 
synchronization with the external grid. A phase-locked loop 
(PLL) is used to rapidly track the phase of the grid ac voltage 
and the converter switches are operated to produce a voltage of 
desired magnitude and phase offset relative to the tracked phase 
angle.  

However, GFL converters find it difficult to remain 
synchronized when the PCC voltage can change rapidly in 
magnitude and phase, as in the case when connected to weak ac 
grids. For VSC-HVdc systems, the Phase-locked loop (PLL) 
gain greatly affects the operation, particularly in a weak grid 
condition [3]. Moreover, unlike synchronous generators, GFL 
converters do not provide significant short circuit capacity and 
self-synchronization capability. 

In contrast, a Grid-forming (GFM) converter [4], [5], is not 
designed to tightly synchronize with an external reference 
voltage, but rather to generate its own terminal voltage which is 
held relatively constant within the transient time frame and 
sometimes longer. VSC islanded control is an early version of 
GFM [6] control. It is used when the VSC-HVdc converters are 
connected to a weak ac system or for black starting the ac 
system [7]. However, islanded control is primarily intended for 
applications with passive ac loads or limited generation and 
shows its limitations when the synchronous generation in the ac 
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system becomes comparatively large [8]. 
A virtual synchronous machine (VSM) type GFM control 

[9], [10] imparts the characteristic of a synchronous generator 
which allows the converters to provide stability in the controls 
and maintain synchronism with the external grid during in 
weaker grids. Various VSM control methods have been 
proposed to emulate the behavior of the real synchronous 
machine with different levels of accuracy. Some use a simple 
voltage source representation that emulates the 
electromechanical swing equation [19][20]. Others emulate a 
synchronous machine in more detail, but reference [18] shows 
that this can introduce synchronous resonance and can also be 
more challenging to tune in comparison with the swing 
equation-based implementations. Another popular GFM 
technique is droop-based GFM control [11], [12], where the 
system frequency order is made proportional to the active 
power. References [13], [14] demonstrate the equivalence 
between Droop-based GFM and a swing equation based VSM 
GFM control. 

GFM converters are typically equipped with a current limiter 
to prevent overcurrent damage to the power electronics. 
Reference [23] has shown that if the limit is encountered, the 
GFM can show poor fault recovery and even become unstable 
in strong ac networks. To address this, adaptive virtual 
impedance control [21][22] has been proposed for the GFM to 
limit fault current and damp the post fault oscillation. This 
paper proposed an adaptive fault ride through control, which 
embodies dynamically changing the control parameters in the 
power synchronization loop of the GFM that improves its post 
fault recovery for both weak and strong systems. 

IEEE Standard 2800-2022 [24] states that any VSC should 
be able to ride through a phase change in ac voltage of +/- 25 
degrees. Such a phase change can occur due to ac power flow 
change resulting from connecting or disconnecting a 
transmission line. One contribution of this paper is that it 
demonstrates that due to the GFM’s inertia response, a sudden 
jump in the system phase angle can result in the GFM converter 
losing synchronism. It also shows that this problem can be 
mitigated with the proposed adaptive controller.  

The paper first shows an example of poor recovery from a 
solid ac fault in a VSM GFM using typical configurations in 
previous literature [15], [16], [17]. The proposed adaptive 
control approach transiently changes the active power order and 
damping coefficient in its power synchronization loop. Using 
EMT simulation, this approach is shown to significantly 
improve its post fault recovery in comparison to traditional 
GFM control.  
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The superior performance of the VSM GFM equipped with 
adaptive controller for stably riding through phase angle jumps 
is also demonstrated by comparing its response with that of a 
conventional VSM.  

II.  VIRTUAL SYNCHRONOUS MACHINE GRID-FORMING 

CONTROL  

In this section, the control strategies of the VSM GFM with 
current limiting are explained. 

In VSM-GFM, the MMC is made to mimic a real 
synchronous machine, using various different levels of fidelity, 
which can vary from simplified swing equation dynamics to 
detailed electromechanical models including amortisseur 
windings, exciters and governors. This paper uses a swing 
equation based simplified synchronous machine emulation for 
the VSM. Although higher order models that include a more 
detailed machine representation are possible [25][26], reference 
[18] have shown that they do not offer a significant performance 
improvement.  

Fig. 1 shows the GFM control structure with a cascaded 
current controller. The power synchronization loop above the 
dotted line emulates the swing equation of a synchronous 
machine. 𝐽  is the virtual inertia constant and 𝐷  is the 
damping coefficient. Like a synchronous machine, the power 
synchronization control of a VSM uses the swing equation to 
generate the ac voltage synchronization angle 𝜃 at the Point of 
Common Coupling (PCC). An ac voltage control loop is 
included for regulating ac voltage. The q-axis voltage reference 
𝑉  of the ac voltage control loop is set to zero, while the d-
axis voltage reference 𝑉  is set to the grid voltage reference 
𝑉 _ . In order to limit overcurrent, an inner decoupled current 
control loop [15][17] is present. The voltage control loop 
generates the necessary d and q axis current references 𝑖  
and 𝑖 . Overcurrent is limited by adding limits to 𝑖  and 
𝑖 . Different limiting approaches are possible, such circular 

limiting, where the magnitude 𝑖 + 𝑖  of the ac current is 

limited, but the phase angle tan (𝑖 𝑖⁄ )  retained. 
Alternatively, 𝑖  or 𝑖  priority control is often employed. In 
this paper the controller uses 𝑖  priority which is often used in 
HVdc systems for better recovery from ac faults [27].  

The necessary voltage orders 𝑉 , 𝑉  are generated to 
achieve the ordered currents, from which the required output 
voltage order 𝑉 _  is computed. The inner current control 
loop imparts effective control of current and is always in-line 
for normal as well as faulted operation to limit the current. 

Alternatively, it is also possible to have a switchable current 
control [16], where the main mode of control is voltage control, 
and a separate current control is switched in only when 
overcurrent occurs shown in Fig. 2.  

 
Fig. 1.  control structure of a GFM VSC with cascaded current limiting 

 

 
Fig. 2  control structure of a GFM VSC with switchable current limiting (a) 
normal operation (b) current limiting mode 

III.  PROBLEMS WITH VSM GFM POST FAULT RECOVERY AND 

IMPROVEMENTS THROUGH PROPOSED ADAPTIVE CONTROL 

This section demonstrates the poor fault recovery in VSM 
GFMs connected to strong ac networks and in order to mitigate 
it, proposes a new adaptive control strategy in which the VSM’s 
parameters are dynamically changed during the disturbance 
event. A test system with a VSM GFM connected to an ac 
system is modelled in an EMT simulation program 
(PSCAD/EMTDC) to study the fault ride through performance. 
The VSM GFM is implemented using an MMC and the current 
limiting can be selected to be either of the in-line cascaded or 
switchable type. The connected ac system is represented by a 
Thevenin equivalent voltage source behind an impedance as 
shown in Fig. 3. Its parameters are adjustable to provide the 
SCR under study. 

 
Fig. 3.  Test scenario of the MMC connected to a Thevenin equivalent voltage 
source behind impedance. 
 



The MMC parameters are given in TABLE I. The remote 
converter of the MMC-HVdc system is assumed to be in dc 
voltage control, and so is represented as a +/- 250 kV constant 
dc voltage. 

 
TABLE I 

MMC-HVDC SPECIFICATIONS 

MMC-HVdc pole configuration symmetrical 
monopole 

DC link voltage +/- 250 kV 

Rated power 1000 MVA 

Submodule number in each arm 200 

Converter transformer winding voltage 230 kV/250 kV 

Converter transformer leakage reactance 0.18 pu 

Arm inductor 24 mH 

Submodule capacitance 10.6 mF 

Rated ac system voltage 230 kV, 60 Hz 

 

A.  Post Fault recovery of VSM GFM  

An EMT simulation is conducted to test the fault ride 
through performance of the VSM GFM depicted in Fig. 1 with 
weak and strong ac networks. First, the weak system case is 
simulated, with the VSM GFM connected to an ac system of 
SCR=1.0. Control parameters are shown in TABLE II below. 

 
TABLE II 

VSM GFM WITH CASCADED CURRENT CONTROL KEY CONTROL PARAMETERS 

Inertia constant J 0.5 s 

Damping coefficient D 20 pu  

Active power order 𝑃  1 pu  

Ac voltage reference 𝑉 _  1 pu 

Ac voltage controller (𝐾 ,  𝐾 ) (7, 10) 

Inner current controller (𝐾 ,  𝐾 ) (0.5, 100) 

 
A solid three-phase to ground fault is applied at PCC bus of 

the test system shown in Fig. 3 at t = 5 s. The fault duration is 
0.2 s and the maximum current limit is set to 1.3 pu. Plots of the 
rms ac current, rms terminal voltage and output power are 
shown in Fig. 4 (a), (b) and (c) respectively. Although the 
current limiting control loop works well limiting the fault 
current to the given limit of 1.3 pu, there is an overvoltage of 
1.4 pu and transient reversal of power (up to -1 pu) during post 
fault recovery period. 

 
Fig. 4.  VSM GFM with cascaded current control (a) ac current output (b) ac 
voltage at PCC and (c) active power output. (SCR=1) 
 

Fig. 5 (a) and (b) show the phase angle 𝜃 of the VSM’s 

voltage output and its angular frequency 𝜔  as in Fig. 1. The 
transient power reversal can be attributed to the large variation 
of the ac voltage phase angle (0o to -140o) of the VSM GFM. 
As shown later in Fig. 6, for a strong ac network, this could lead 
to loss of synchronism.  

 

 
Fig. 5.  VSM GFM with cascaded current control (a) ac voltage angle at PCC 
and (b) synchronous speed 𝜔  measured from GFM power synchronization 
loop. (SCR=1) 
 

Now we investigate what happens when the connected ac 
system becomes stronger. The performance of VSM GFM with 
connected ac systems ranging from weak (SCR =1) to very 
strong (SCR=10) are shown in Fig. 6. In Fig. 6, (a) is the ac 
current output from the converter, (b) is the ac voltage at PCC, 
and (c) is the active power output from the converter. Note for 
a strong ac system, e.g., SCR = 10, the system fails to ride 
through the ac fault. Previous literature has reported this 
phenomenon, but without giving any reason. We attribute this 
being due to the small ac side impedance in the strong ac 
system, which can precipitate a very large power and 
overcurrent transient even for a small phase angle difference 
between VSM and the ac system (represented by an ac voltage 
source). This can be observed from the active power plot in Fig. 
6 (c), where the loss of synchronism is obvious. 

 
Fig. 6  VSM GFM with Cascaded current control (a) ac current output (b) ac 
voltage (c) active power output 
 

Again, the post-disturbance transient reversal of power 
direction is noticeable in Fig. 7 (c). The same qualitative 
conclusion can be drawn if current limiting is achieved by 
switchable current limiting control as in Fig. 2, with key control 
parameters as shown in TABLE III. Results are shown in Fig. 
7, which plots (a) ac current output from the converter, (b) ac 
voltage at PCC, (c) active power output from the converter, and 
(d) current control loop (CCL) switch signal (CCL=0 meaning 
current control is not active, CCL=1 means current control is 
activated.) Again, for the strong ac network, (e.g., SCR=5 or 
10), a loss of synchronism is clearly observed. 
 



TABLE III 
VSM GFM WITH SWITCHABLE CURRENT CONTROL KEY CONTROL 

PARAMETERS 

Inertia constant J 0.5s 

Damping coefficient D 20 pu  

Active power order 𝑃  1 pu  

Ac voltage reference 𝑉 _  1 pu 

Ac voltage controller (𝐾 ,  𝐾 ) (0.1, 5) 

transient current controller (𝐾 ,  𝐾 ) (0.5, 100) 

 
 

 
Fig. 7  VSM GFM with Switchable current control (a) ac current output (b) ac 
voltage at PCC (c) active power output and (d) current control loop switch 
signal 
 

B.  Adaptive Fault Ride Through Control on VSM GFM  

The undesirable transient reverse power and overvoltage 
discussed above can be avoided by limiting the voltage angle 
change to a small range, which can be achieved by limiting the 
change of the synchronous speed 𝜔  from the GFM power 
synchronization loop in Fig. 1 during fault. 

During a solid three-phase to ground fault, the active power 
output from the GFM converter is close to 0. According to the 
swing equation, the synchronous speed will increase until 
𝑑𝜔 𝑑𝑡⁄ = 0, as shown in the following equation: 

 0ref

d
P D J

dt

      (1) 

Thus, decreasing the active power order 𝑃  and 
increasing the damping coefficient 𝐷 in the VSM can decrease 
the synchronous speed change Δ𝜔 during the fault. If Δ𝜔 is 
small, the voltage angle change can be limited to a small range 
during the current limiting period. Then the large 
resynchronization transient of the VSM GFM converter during 
the post fault period can be avoided.  

 It should be noted that the virtual synchronous machine 
gives more flexibility than a real machine, because the VSM’s 
parameters can be changed at will and even dynamically. Thus, 
in this paper, an adaptive fault ride through control mode shown 
in Fig. 8 is proposed targeting on cancelling the post fault 
transient. When an overcurrent is sensed by the VSM, its power 
order 𝑃  is transiently decreased, and its damping 
coefficient 𝐷 is transiently increased. When the overcurrent 

diminishes, 𝑃  and 𝐷 are returned to their normal setting 
values. 

 
Fig. 8  Proposed adaptive fault ride through control mode. 
 

The proposed adaptive change method is tested on a VSM 
with cascade current control in the MMC test system shown in 
Fig. 3. The active power order 𝑃  and damping coefficient 
𝐷 transiently changes from 1 pu to 0.5 pu and from 20 pu to 
220 pu respectively when the ac current is over 1.3 pu. Fig. 9 
compares the voltage angle and the synchronous speed for the 
case with adaptive control (orange) and without adaptive 
control (blue). Instead of a phase angle change in the range of 
[0, −140] degrees, the phase change is much improved and 
confined to a smaller interval of [20, −20] degrees.  

 
Fig. 9  Improved (a) ac voltage angle at PCC and (b) synchronous speed 𝜔  
measured from GFM power synchronization loop, with proposed adaptive 
control method. (VSM with cascaded current control) 
 

Fig. 10 shows the EMT simulation results of (a) ac current 
output from the converter, (b) ac voltage at the PCC bus, (c) 
active power output and (d) adaptive control switched on signal 
for SCRs ranging from 1 to 10. It is evident that the ac voltage 
and active power recovery are much smoother with the adaptive 
fault ride through control.  

 
Fig. 10.  Adaptive fault ride through control on VSM GFM with Cascaded 
current control (a) ac current output (b) ac voltage at PCC (c) active power 
output and (d) adaptive control switched on signal. 

 
If adaptive fault ride through control is implemented with 

switchable current limiting of Fig. 2, a similar improvement 
also accrues. The adaptive fault ride through control is activated 



when the current control loop is switched in. Fig. 11 shows the 
results for SCRs ranging from 1 to 10, when the adaptive fault 
ride through control is used. Compared with the conventional 
switchable current limiting results shown in Fig. 7, the proposed 
adaptive control method greatly improves the fault ride though 
performance of VSM GFM with switchable current control 
connected to both weak and strong systems.  

 
Fig. 11  Adaptive fault ride through control on VSM GFM with Switchable 
current control (a) ac current output (b) ac voltage at PCC (c) active power 
output and (d) current control loop switch signal 
 

IV.  IMPROVEMENT OF VSM GFM PHASE ANGLE JUMP RIDE 

THROUGH WITH PROPOSED ADAPTIVE CONTROL 

A.  VSM GFM response on ac system phase angle jump   

We will show that for sudden phase changes in grid voltage 
as can be precipitated by power flow change due to line 
switching, the traditional VSM GFM even has worse 
performance than the Grid Following Converter (GFL), but this 
can be rectified with the use of the proposed adaptive control 
strategy. IEEE Standard 2800-2022 [24] demands that any VSC 
should be able to ride through a phase change in ac voltage of 
+/- 25 degrees. 

Consider the same test system of Fig. 3 used in the previous 
sections with SCR = 2.5. The GFL control key parameters used 
in the following test are shown below in TABLE IV. 

 
TABLE IV 

GFL CONTROL KEY PARAMETERS 

Normal operation PLL gain (𝐾 ,  𝐾 ) (50, 900) 

Ac voltage controller (𝐾 ,  𝐾 ) (0.5, 10) 

Inner current controller (𝐾 ,  𝐾 ) (0.5, 100) 

 
A phase angle shift is applied to the Thevenin equivalent 

voltage source to emulate the ac voltage phase angle change 
close to the PCC bus, which could be precipitated by some grid 
events e.g., power flow change. The phase of the ac source is 
reduced by 30 degrees at 5 s, and then increased back to 0 
degree at 7 s.  

First consider the case without the proposed adaptive control 
and the current limiter set to a very high value, so that current 
limiting does not occur in the example. The ac system has an 
SCR=2.5. Consider the VSM GFM with the control structure 

shown in Fig. 2 (a). The inertia constant is J=5 s. Fig. 12 shows 
(a) voltage angle at PCC, (b) ac current output and (c) active 
power output of GFL (blue) and VSM GFM (orange) response 
to the connected ac voltage source phase jump. The VSM GFM 
converter responds to this phase angle change following the 
swing equation and the associated inertia inherent in the model, 
and hence gives a sluggish response. In contrast, the GFL 
synchronizes through a PLL (i.e., no inertia in the model) and 
shows a much faster response than the VSM GFM as seen in 
Fig. 12(a) blue and orange curves. The transient active power 
and ac current output change of the VSM GFM converter is 
larger than that of the GFL converter since the active power 
output is directly linked to the phase angle according to the 
swing equation, which can be observed in Fig. 12(b) and (c) 
blue and orange curves.  

 
Fig. 12.  GFL (blue) and VSM GFM (without adaptive control) with J=5 s 

(orange) response to a phase jump (30 degrees) (a) PCC voltage phase angle (b) 

ac current and (c) active power output. 

 
So, for phase shift ride through, the GFL shows fast tracking 

behavior, but the VSM GFM has a sluggish response with more 
oscillation and a larger settling time. Next, we will show, that if 
current limiting is applied to 1.3 pu to the VSM GFM, the 
behavior deteriorates further and can even cause a failed 
recovery, as shown in the plots of Fig. 13. In the figure, (a) is 
the voltage phase angle at PCC, (b) the ac current output and 
(c) the active power output from the converter. During the phase 
angle jump, overcurrent occurs, and when the current limiting 
remains on for too long, the controller loses the ability to lock 
synchronization voltage angle 𝜃 , the VSM GFM can lose 
synchronization and the system becomes unstable. In this case, 
the VSM GFM inertia constant 𝐽 is 5 s. The transient active 
power and ac current output change of VSM GFM is large and 
the current limiting is activated starting at t = 5 s. The voltage 
angle loses synchronism and becomes unstable due to the 
current limiting shown in Fig. 13 (a), (b) and (c). 

 
Fig. 13  (without adaptive control) VSM GFM (J=5 s) with current limiting 



controls response to the connected ac voltage source phase jump. (a) ac voltage 
phase angle (b) ac current output and (c) active power output 

B.  Improved phase angle jump ride through performance 
on VSM GFM with Proposed Adaptive Control 

Since the proposed adaptive fault ride through control can 
limit the synchronization voltage angle change during the 
overcurrent transient, it can also improve the VSM GFM phase 
angle ride through performance. The simulation results with the 
proposed adaptive control are shown in Fig. 14. The system is 
able to ride through the disturbance successfully, unlike the 
case without adaptive control in Fig. 13. The voltage angle is 
frozen when the adaptive control is switched on during the 
overcurrent limiting period. When the overcurrent limiting is 
over, the inertia behavior of the VSM GFM resumes, and thus 
not jeopardizing the GFM functionality during normal 
operation.  

 
Fig. 14  VSM GFM (J=5 s) with cascaded current limiting and adaptive fault 
ride through controls response to the connected ac voltage source phase jump 
(SCR=2.5). (a) PCC voltage phase angle (b) ac current output (c) active power 
output and (d) adaptive fault ride through switched on signal 
 

V.  CONCLUSIONS 

The paper proposes an adaptive fault ride through control 
mode for VSM GFM control to improve its post fault recovery 
transient and voltage phase angle jump ride through 
performance.  

The EMT simulation shows the fault ride through 
performance of VSM GFM with cascaded or switchable current 
control can be optimized by transiently changing the active 
power order and the damping coefficient in its power 
synchronization loop. This greatly improves the VSM GFM 
converter post fault recovery, particularly when connected to 
strong ac systems, which was seen as a challenge for more 
classical GFM control methods. In addition to improved 
performance with strong ac systems, the performance with 
weak ac systems was also improved. 

This paper identifies a problem with a GFM converter is that 
it can exhibit a slower response following a phase angle jump 
in comparison to a GFL converter. Nevertheless, the proposed 
adaptive fault ride through controller also improves the phase 
angle jump ride through performance and yet does not hamper 
its GFM functionality during normal operation. 
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