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Abstract. This paper presents a Voltage Source Converter 

(VSC) with an implemented Virtual Synchronous Machine (VSM) 

control strategy, which is able to work in both grid-tied and 

islanded mode, providing inertia to the grid and regulating the 

frequency and the voltage of the system. Those capabilities are 

necessary to make possible a high penetration of power electronic 

converters in the power grid. Converters work in parallel with the 

conventional generators while being able to deal with islanding or 

some other critical grid events. The proposed control strategy has 

been tested in a test bench with a synchronous generator (SG). 

When islanding the VSC, the converter demonstrates its grid 

forming capabilities controlling the frequency and voltage of the 

microgrid. The VSM control has proved its grid forming and grid 

supporting capabilities, without switching between control modes, 

making it ideal to react to different grid events and showing a soft 

transition between grid-tied and islanded operation modes. 

 

Key words. VSC, VSM, Inertia Emulation, PMSG, 

Reactive Power Synchronization. 
 

1. Introduction 
 

Electronic converters are acquiring every day a more 

important role in the electrical grid. Being essential for the 

development of renewable energy sources, they are also 

becoming an important part of the microgrids [1]. In all 

cases, converters should be able to support the grid, 

maintaining the frequency and the voltage level in order to 

maximize the share of renewable energy sources (RES) in 

the grid. 

 

In addition, for improving the reliability of the grid, 

electronic converters should also be able to work in both 

grid-tied and islanded mode, because different events in the 

grid may lead to a grid disconnection, leaving the converter 

in charge of a separated microgrid. That is very important 

for distributed generation (DG), which will need grid 

forming capabilities in the event of a fault in the grid [2]. 

 

Voltage Source Converters (VSC) appear as a great solution 

for improving the adaptability of the converters. Their grid 

forming capabilities combined with a good dynamic 

response make this kind of converters an optimal solution 

for the integration of RES in the system, the control of 

microgrids or even an HVDC transmission system [3]. 

To control the VSC, it is necessary to synchronize the 

frequency of the converter with the system. This is usually 

made using a Phase Locked Loop (PLL) [4], [5]. However, 

the use of PLLs may present instabilities and measurement 

errors, which is why many grid operators such as National 

Grid are recommending to use other alternatives [6]. 

 

Trying to emulate the synchronous generator’s 

synchronizing torque, the idea of a Virtual Synchronous 

Machine has been proposed by many authors [7]–[9]. 

VSMs have been proven as an effective method for both 

grid supporting and grid forming operations, facing many 

stability issues and providing virtual inertia to the power 

system [10]–[12]. Nowadays, this transition between grid 

forming and grid supporting control strategies is being 

addressed very often in the literature [13]–[15]. 

 

In this paper, a VSM control strategy for VSC using a 

reactive power synchronization loop is presented, which 

does not require the use of a PLL. The presented case 

studies which include a synchronous generator connected 

in parallel with the VSC will demonstrate the capability of 

the VSM control strategy to make a soft transition between 

grid supporting and grid forming operation mode. 

 

Section 2 will introduce the proposed inner voltage and 

frequency control. The reactive power synchronization 

mechanism will be explained in Section 3. Section 4 will 

describe the proposed VSM control loops. The considered 

case studies and the simulation results will be presented 

and discussed in Section 5.  

 

2. VSC voltage and frequency control 
 

In order to control the voltage and frequency, the dq 

components of the current in a given reference frame, 

which flows through the capacitor of the LC filter at the 

output of the VSC (Fig.  1) will be controlled [4], [16]. 
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Fig.  1 AC capacitor voltage control through VSC output current. 

 

According to Fig.  1, the following equations can be 

obtained for the d and q components of the current 𝑖𝑔: 

 

 𝑖𝑑𝑠 − 𝑖𝑔𝑠 = 𝐶
𝑑𝑣𝑑𝑠

𝑑𝑡
− 𝜔𝐶𝑣𝑞𝑠 (1)  

   

 
𝑖𝑞𝑠 − 𝑖𝑔𝑞 = 𝐶

𝑑𝑣𝑞𝑠

𝑑𝑡
+ 𝜔𝐶𝑣𝑑𝑠 (2)  

 

From (1) and (2) it can be deducted that 𝑣𝑑𝑠 can be 

controlled by 𝑖𝑑𝑠 and 𝑣𝑞𝑠 can be controlled by 𝑖𝑞𝑠.  When 

𝑣𝑞𝑠 = 0, the voltage frequency equals the reference 

frequency 𝜔∗. When 𝑣𝑞𝑠 = 0 and 𝑣𝑑𝑠 = 𝑣𝑠 the following 

equations can be obtained: 

 

 𝑃𝑠 − 𝑃𝑔 = 𝐶𝑣𝑠

𝑑𝑣𝑠

𝑑𝑡
 (3)  

   

 𝑄𝑔 = 𝑄𝑠 + 𝜔𝐶𝑣𝑠
2 (4)  

 

Equations (3) and (4) shows a relation between the active 

power flowing into the capacitor (𝑃𝑠 − 𝑃𝑔) and the voltage 

𝑣𝑠 and between the reactive power flowing into the 

capacitor (𝑄𝑔 − 𝑄𝑠) and the frequency of the system ω. 

 

3. Reactive Power Synchronization 
 

This method is based on obtaining a frequency deviation, 

∆ω, proportional to the reactive power deviation. With the 

frequency deviation obtained, the reference angle 𝜃 is given 

by: 

 

 ∆𝜔 = 𝑘𝑄 (𝑄𝑠 − 𝑄𝑠
𝑟𝑒𝑓

) (5)  

 𝜃 = 𝜃0 + ∫(𝜔0 + ∆𝜔)  𝑑𝑡 (6)  

 

Fig.  2 shows the reference angle 𝜃 calculation from ∆ω 

using reactive power deviation with a droop constant 𝑘𝑄, 

according to equations (5) and (6), which has been proven 

to be more stable than the active power synchronization 

[12], and it has better behaviour than the widely used PLL 

synchronization methods. 

 

 
Fig.  2 Reactive power synchronization control loop. 

 

4. Virtual Synchronous Machine 
 

Using the reactive power synchronization method 

described in the last section, Fig.  3 and Fig.  4 show the 

proposed control loops for obtaining the reference current 

𝑖𝑠
∗ dq components, 𝑖𝑑𝑠

∗  and 𝑖𝑞𝑠
∗ . Standard current control 

loops will impose 𝑖𝑠
∗ at the converter output, avoiding 

overcurrent with a fast dynamic response. 

 

The current 𝑖𝑑𝑠
∗  is the result of three signals: one 

proportional to the frequency deviation ∆ω with a droop 

constant 𝑘𝜔; the voltage at the capacitor 𝑣𝑑𝑠 regulation 

loop; and i𝑑 𝑟𝑒𝑓 a preset output current for the stationary 

state, when ∆ω = 0 and 𝑣𝑑𝑠 is imposed by the grid. This 

makes the converter operate similar to a synchronous 

generator, regulating voltage and frequency values with a 

virtual inertia. 

 

 
Fig.  3 VSM reference current 𝑖𝑑𝑠

∗  calculation. 

 

 
Fig.  4 VSM reference current 𝑖𝑞𝑠

∗  calculation. 

 

The current 𝑖𝑞𝑠
∗  is set to orientate the voltage vector to the 

reference axis, given by the reactive power 

synchronisation loop, by making 𝑣𝑞
∗ = 0. 

 

VSM control strategy will be the same for both islanded 

and grid tied operation, controlling both frequency and 

voltage with its own inertia and better dynamic response 

than a SG.  

 

5. Simulations and Discussion 
 

In order to study the soft transition of the presented VSM 

control strategy between grid supporting and grid forming 
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operation modes, two different simulation case studies are 

presented. 

 

A. Case Study I: VSM working as spinning reserve 

 

Fig.  5 shows a general scheme of the system under study, 

where a SG in parallel with a VSC is connected to a 220 kV 

bus bar, where a passive, purely resistive load is connected. 

 

The main parameters of the system under study are shown 

in Table I. 

 

 
Fig.  5 Description of the system implemented in Case Study I  

 
Table I - Study system's parameters 

 

Description Value Units 

Base frequency 50 Hz 

SG rated power 600 MVA 

SG voltage level 15 kV 

VSC rated power 200 MVA 

VSC voltage level 20 kV 

VSC output Reactance value (𝐿𝑓) 0.955  mH 

VSC output Capacitor value (𝐶𝑓) 167 µF 

Load voltage level 220  kV 

Load value (𝑅1) 322.7 Ω 

Load nominal power 150 MW 

DC voltage level (𝑉𝐷𝐶) 40 kV 

 

For the system depicted in Fig.  5, starting from stationary 

state, the switch installed in the 220 kV bus bar at the SG 

transformer’s output will open the circuit at 𝑇 = 10 

seconds, disconnecting the SG from the system and leaving 

the VSC in an islanded grid. 

 

At this stationary state, the SG is fully supplying the load 

(𝑃𝐺𝐸𝑁  ≈ 150 MW) while the VSC is working as spinning 

reserve (𝑃𝑉𝑆𝐶  ≈ 0 MW), with VSM control mode 

implemented, so it can be presumed that right after the 

disconnection of the SG, the VSC will assume the load and 

the control of the system. 

 

Fig.  6 shows results for the case study. The power output 

of the SG (𝑃𝐺𝐸𝑁) instantaneously drops to 0 at 𝑇 = 10 s. 

The VSC is left as the only generator in the system and starts 

to inject power to maintain the capacitor’s voltage level and 

the frequency of the system at their nominal values.  

 
Fig.  6 Results for the Case Study I. 

 

The active power output of the VSC (𝑃𝑉𝑆𝐶) does not 

instantaneously go to 150 MW at 𝑇 = 10 s. The 

behaviour of 𝑃𝑉𝑆𝐶  on Fig.  6 is due to the voltage drop 

cause by the disconnection of the SG which is also 

depicted in the figure. 

 

The reactive output power of the VSC (𝑄𝑉𝑆𝐶) goes to 0 

once the converter is left in an islanded grid. The reactive 

power synchronization loop will instantaneously control 

the frequency imposing its own reference 𝜔0 as it is shown 

in Fig.  2 and guaranteeing the reference 𝑣𝑞 𝑟𝑒𝑓
∗ = 0. 

 

The stationary behaviour of the system is fully recovered 

at 𝑇 = 14 s. However, the frequency of the system is 

driven back to 50 Hz in less than 100 ms and the frequency 

at nadir is above 48.5 Hz. 
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B. Case Study II: VSM feeding a local load 

 

For this case study, a change in the loads is introduced for 

the system shown in Fig.  5, as Fig.  7. In this simulation 

two passive, purely resistive loads are connected to the 220 

kV bus bar. 

 

The parameters of the system are the ones used for the 

previous case study (Table I), introducing a symmetrical 

local load 𝑅2. Both loads are demanding 150 MW each one 

(𝑅1 = 𝑅2 = 322.7𝛺).  

 

 
Fig.  7 Description of the system implemented in Case Study II 

 

At the initial stationary state, the VSC is feeding partially 

its local load (𝑃𝑉𝑆𝐶 = 100) and the SG is supplying the rest 

of the total load (𝑃𝐺𝐸𝑁 = 200). At 𝑇 = 10 seconds, the 

switch depicted on Fig.  7 will open the 220 kV bus bar 

midpoint, so each generator will be left alone feeding a 150 

MW load in an islanded system. 

 

With the presented control strategy, the VSC will show its 

grid forming capabilities, adjusting its output power to fully 

feed the local load 𝑅2. 

 

The results of the simulation are shown in Fig.  8. The VSC 

shows the same behaviour as in the previous case study, its 

power output rise to 150 MW. Again, the behaviour of 𝑃𝑉𝑆𝐶  

on Fig.  8 is due to the voltage drop at  

𝑇 = 10 seconds. The reactive power instantaneously 

reaches its stationary value in less than 100 ms. 

 

In this case, the system also reaches a stationary behaviour 

at 𝑇 = 14 seconds. The frequency of the system is still 

driven back to 50 Hz very quickly (less than 100 ms after 

the switch is open) and the frequency at nadir is above 49.3 

Hz, so the perturbation appears to be even lower in this case. 

 

C. Discussion of the results 

 

In both scenarios, one initially acting as a spinning reserve 

and the other one partially supplying a local load, the system 

shows a soft transition between grid supporting and grid 

forming mode, without changing its control strategy. 

 

 
Fig.  8 Results for the Case Study II. 

 

While the frequency is driven back to its nominal value in 

a short period of time, the voltage level drops significantly 

(to 0.65pu in the first case and 0.85pu in the second 

scenario), that is caused by a sudden active power demand. 

However, the VSC is able to recover the stationary state 

injecting active power and fully supplying the load. 

 

The reactive power behaviour does not show any 

undesired transient behaviour, reaching its nominal value 

right after the grid event. Before the grid event, the VSC 

is giving some reactive power to the SG side. After the grid 

event the reactive power is fully controlled by the VSC and 

driven to its preset stationary value (𝑄𝑠
𝑟𝑒𝑓

= 0 for all case 

studies). 

 

6. Conclusions 
 

A VSM control strategy for VSC has been proposed and 

tested during different grid events, leaving the converter 

operating in islanded mode. The control strategy has 

demonstrated the VSM capability to operate in both grid-

tied and grid forming mode without switching between 

control strategies. 

 

After a sudden disconnection of the SG, the converter can 

maintain the nominal frequency in less than 100 ms, 

avoiding a black out in the system and acting as a spinning 

reserve with a virtual inertia. 
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Despite the sudden voltage drop in the 220 kV bus bar 

caused by the critical grid event, the VSC was able to restore 

the nominal voltage in less than 4 seconds in both cases, 

minimizing the voltage droop and supplying the load 

without a frequency deviation. 

 

The converter does not change the VSM control mode, it 

just maintains the desired voltage and frequency providing 

inertia and the system reliability. After reaching the 

stationary state, the converter is able to control the system 

frequency and voltage demonstrating its grid forming 

capability. 
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