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Introduction 
For environmental reasons, the demand of electrical energy produced by distributed and 
renewable energy sources, such as wind and solar is increasing. Since more and more 
renewable energy production systems and HVDC systems are interfaced to alternative 
grids through power converters, this leads to an increase of power electronic devices in 
the AC system. Thus, some control modifications are required.  

Nowadays, synchronous generators are dominating the electrical grid, establishing a 
stable voltage and frequency that allow VSCs to be synchronized at the point of common 
coupling (PCC) through the phase locked loop (PLL) and injecting the power to the 
grid. These converters are characterized as “grid- following” VSCs that behave as current 
sources. However, as the demand of these generating units increases, some synchronous 
areas might occasionally be operated without synchronous machines. In such conditions, 
grid-following VSCs may lose synchronization [3] and become unstable, therefore, 
electrical power can no longer be provided to the loads. Thus, the existing control 
strategies need to be revised, while grid stability still has to be ensured with the same 
level of reliability as today.  

To operate autonomously, the control law should be changed. Power converters need to 
change from following the grid to leading the grid behavior. This capability is known as 
“grid-forming”, where power converters are able to generate an AC voltage with a given 
magnitude and frequency at the PCC. In a similar way to synchronous generators, each 
power converter must play an identical role in order to form an electrical system and 
perform independently, without communication with other devices, but only based on 
local measurements. In this context, three control strategies have been developed in WP3 
i.e., improved droop control (L2EP), matching control and dispatchable virtual oscillator 
(ETHZ). These control strategies have already been presented and analyzed in previous 
deliverables, D.3.2 [1] and D.3.3 respectively [2]. 

Unlike grid-following inverters that behave as current sources, grid-forming converters 
are very sensitive to external disturbances. Indeed, due to the voltage source behavior of 
grid forming converters, overcurrent protection deserves a specific attention [3]– [5]. 
Compared to synchronous generators (SGs) that can support up to seven times their  
rated current, power converters can only cope with limited overcurrent, 20% to 40%. 
Trying to mimic synchronous machines would require very large oversizing of 
semiconductor components and introduces large additional costs. Therefore, power 
converters have to be protected against extreme events, such as short circuits, but also 
other events which may induce small overcurrents: phase shifts, connection of large loads 
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and tripping of a line. To deal with the overcurrent issue, a hybrid current limiting 
algorithm has been developed in the deliverable D.3.2. 

Structure of this deliverable: To show the effectiveness of the work developed in the 
WP3, an experimental validation of the different control algorithms is presented in this 
deliverable. The aim is to: 

- Present the demonstrator on a reduced scale which will serve as a validation 
support for the different works.  

- Explain clearly the different steps for control implementation. 
- Explain the principle of the Power Hardware In the Loop (PHIL), which will 

mainly serve to emulate the AC grid and allow checking of the interoperability of 
different control strategies. 

Note that, only the improved droop control is implemented in the real small-scale 
converter. Matching control and dispatchable virtual oscillator are only simulated in RT-
Lab environment.  

In this deliverable, three main experiments are presented: 

- Single converter connected to an AC system (AC grid and a linear resistive load) 
- Three bus system with different rated power and different control strategies. 
- Irish power system based mixed power sources (simplified SG model and grid-

forming converters) connected to the small-scale converter. 
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1 Mock-up description 
A description of the overall system is depicted in Figure 1.2. This mock-up is composed 
of the following components: 

- an open VSC (designed by Cinergia) with its internal LCL filter 

- a dSPACE 1005 Controller  

- a Linear resistive load (4 kW) 

- a linear power amplifier manufactured by Spherea to interconnect the RTS with 
the VSCs 

- a Real-Time Simulator (RTS) manufactured by Opal-RT and used to emulate a 
power system  

- a SCADA system called PcVue manufactured by Arc Informatique to monitor the 
VSC and the components simulated in the RTS 

- a homemade fault generator controlled by a Crouzet Millennium PLC 

 

1.1 General description 
The small-scale experimental bench is illustrated in Figure 1.1. The VSC design is a 2-
level VSC based on a converter manufactured by Cinergia (1). It contains an internal 
LCL filter, measurement board and physical protections against overheating, overvoltage 
and overcurrent. The converter has been controlled using dSPACE 1005 (2) and supplied 
by an ideal DC voltage source (4). It is connected to a high bandwidth AC amplifier (5) 
through an isolation power transformer (3), which is monitored through the RT-
Simulator and SCADA system.  

The nominal ratings of the 2-level VSC are listed below: 

- rated power: 7.5kVA,  
- nominal DC voltage: 800V 
- nominal AC voltage: 400V ph-ph. 
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Figure 1.1 - Small-scale experimental bench 
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Figure 1.2 - Functional schema of the demonstrator connected to its environment
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The LCL filter has been designed following the methodology introduced in the deliverable 
D.3.2. The per-unit impedance values are: !"#$ = 0.15 %&, '"#$ = 0.066 %&, !(#$ = 0.15 %& 

Using the base values of the small-scale converter: Sb = 7.5k VA, )* = 400 V It yields, 
for the base impedance 

 +*= 21.3Ω ,  

For the LCL mock-up parameters, it results in: !" = 10.91 -., '" = 9.19 /0 , !( = 10.91 -. 

Regarding the control hardware, it has been implemented using the ds1005 rapid control 
prototyping environment. The internal structure is illustrated in Figure 1.3. This 
environment is a modular system built around a central computing unit based on a 1GHz 
PowerPC processor. 

 
Figure 1.3 – dS1005 Internal architecture 
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An adaptation board has been developed from the specifications of L2EP (Figure 1.4.a). 
This adaptation board is used to connect the control board (Figure 1.4.b) which controls 
the converter to the CINERGIA converter.  

The controller algorithm is generated from MATLAB/Simulink and several I/Os cards 
are used to make the measurements and control the VSCs: 

- A DS4003 to control the different contactors 

- A DS4004 to control the power electronic switches  

- A DS2003 to measure some physical values (AC grid voltages) 

 

 
(a)       (b) 

Figure 1.4 - Connection between (a) CiNERGIA adaptation board and (b) dSPACE cards 

1.2 Fault generator 
The fault generator is described by the electrical schema in Figure 1.5.  

DS 4003

DS 2003

D
S 

40
04
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Figure 1.5 - Fault generator 

This fault generator mainly consists of a couple of three-phase power resistors of 101 
that may be coupled in parallel in order to decrease the total resistance, and thereby, 
increase the current during the fault. Opening and closing of the switches and the main 
circuit breaker are controlled through a Crouzet millennium 3 PLC. 

1.3 Real-Time Simulator and PHIL application 
An RT-LAB simulator has been used to simulate the dynamic behavior of several power 
systems. 3 models have been implemented:  

- a perfect voltage source for a standalone test,  
- a 3 nodes test case, as presented in D3.2 and D3.3 
- the Irish power system.  

All the models have been designed in Matlab/Simulink R2017a and then compiled to run 
in Real Time. The PHIL principle has been used to interconnect the physical parts with 
the real-time simulated part, as illustrated in Figure 1.6 for the Irish power system test. 
The inputs/outputs available in the RTS are used to interconnect the linear amplifier 
and the RTS.  
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Figure 1.6 – PHIL application – Irish power system example 

The general characteristic of the 2 simulated power systems are summed up in Table 1.1. 
Some computations are parallelized in the internal CPU cores of the RTS; the total used 
CPU core are equal to the subsystem number. 

Table 1.1 – Real Time simulation characteristics 

 Three nodes test case Iris power system 

Computation Time Step 20us 45us 

Number of subsystems (i.e 
number of used CPU cores) 

3 5 

 

N.B: all the models have been designed to balance computation between each of the CPU 
cores in the RTS. This is a complex manual process. In addition, these models are 
initialized by a Load Flow algorithm to guarantee a smooth starting point. 

1.3.1 Three nodes test case description 

This test corresponds to the real-time implementation of the proposed test case in D3.2 
and D3.3. A description of the overall system is presented in Figure 1.7. The model is 
constituted of: 

- 3 SubSystems called SM_Migrate, SS_M and SS_C which are executed 
in Real Time 

- 1 Subsystem called SC_user_interface which is used as a user interface 
and as a gateway for the SCADA system; 

- 2 StubLine systems used to parallelize computations; 

su

rL,

gvmv

m refv

Low-level
control

PCCi

!"

!#

RT simulation
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 Figure 1.7 - Structure of the RT Lab model 

The SubSystem SM_MIGRATE, presented in Figure 1.8, corresponds to the grid part 
and includes the following components: 

- Loads  
- Lines with distributed parameters 
- Short-circuit fault generator 
- Interface with Real VSC 
- Data acquisition 
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Figure 1.8 - System Master MIGRATE 

The other subsystem (SS_M and SS_C) contains the VSC models designed in D3.2 and 
D3.3. 

1.3.2 Irish power system 

The different components used in the Irish power system model are listed in Table 1.2.  
Table 1.2 - Synthesis of elements of Irish grid RTlab model 

Elements Number 

Generator 14 
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Bus 88 

Line 90 

Load 47 

Shunt 7 

Transformer 26 

Three-phase VI Measurement 88 

RMS Measurement 5 

Power (P,Q) measurement 90 

PLL Freqency Measurement (Real VSC) 1 

Real VSC interface power amplif 1 

Three-Phase Breaker 1 

Supplementary Load (reduction numerical faults) 1 

IOs interface 1 

Total elements 460 

 

This model has been designed from EirGrid Data. The characteristics of the Buses, lines, 
loads and generators have been stored in several Excel files. A Matlab script has been 
created to read these data and generate automatically the correct Simulink model. In 
addition, concerning the generators, an equivalent voltage source with inertia has been 
implemented. This model is presented in Figure 1.9. The inertia constant .23 has been 
set to 5s for all the generators and the droop gain 4 to 4%. 
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Figure 1.9 – Model of generators: voltage source with inertia 

Considering that the obtained model is huge and hard to display, the overall structure 
has been depicted in Figure 1.10. It has been divided into 6 subsystems. As for the previous 
model, the subsystem SC_user_interface is used as a user interface and as a gateway for 
the SCADA system.  

The remaining ones correspond to the power parts and are simulated in Real-Time. The 
connections between them used some distributed parameters lines in order to parallelize 
the computations. The number of connections has been included in Figure 1.10. 

 
Figure 1.10 - Structure of simulation for Irish grid with 6 processors 
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1.4  SCADA system 
In order to be able to remotely control and visualize internal data from the RT 
simulation, a SCADA system has been used. It acts as a small Control Center, which is 
able to measure any data from the simulated power systems. 

As presented in Figure 1.11, data and control orders are sent through an OPC 
communication link. A mapping between the SCADA and RTS variables allows 
information to be linked. As an OPC link is not a real-time communication link, the 
frame rate has been fixed to 100ms, which allows measurement of the steady-state 
variables, such as power exchanges or the voltage levels. 

 
Figure 1.11 – SCADA and RTS interconnection 

This information can then be included within different Human-Machine Interfaces, which 
are all illustrated in the following part. As an illustration, the HMI for the three-node 
case is depicted in Figure 1.12. Power, frequency and voltage levels are monitored and 
events (line tripping, internal faults) can be generated through this HMI. 

RT simulation

SCADA system
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Figure 1.12 – Three node test case HMI illustration  
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2 Grid Forming Control implementation 
This section explains the methodology for implementing the improved droop control 
strategy, while considering the synchronization process, etc. 

2.1 Grid-forming VSC based on the improved droop control 
The control structure of the grid-forming control is described in Figure 2.1. 

  
Figure 2.1 - Grid-forming control based on the improved droop control 

The control structure consists of:  

- An Inner control loop: AC voltage regulator, VSC current regulator and protection 
algorithms (CSA and VI) against overcurrent. 

- A Primary control or outer control: Improved droop for power management and 
synchronization. 

 

The integrated version of the grid-forming control on MATLAB/Simulink is shown in 
Figure 2.2. The electrical measurements are acquired using the ds2003 card. They are 
first transformed to 5 − 3 frame, and, subsequently they are used for power and AC 
voltage control. The modulated voltage generated by the control is transformed to the 
(abc) frame, and, then, it is sent directly to the switches through the ds4004 card. The 
protection modules of the power converter are monitored by the ds4003 card. 
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Figure 2.2 - Grid-forming control implementation 

2.2 Initial Synchronization to the grid 
The primary control developed within the framework of WP3 assumes the knowledge of 
the initial angle of the AC grid. Hence, an estimation of the initial grid angle is an 
essential step for power synchronization. 

The synchronization process of the Grid-Forming VSC is depicted in Figure 2.3. 

Synchronization is achieved if the following steps are respected: 

At the beginning, 78 remains open and the outer control is disabled (Enable = 0). 

Step 1:  

- The outer control is disabled 
- The PLL is activated 
- 9:;; is selected for 9<=> 

Step 2: 

- The switch 7? is closed. 
- The outer control is enabled (Enable = 1 %∗ = 0) 
- The PLL is disabled 
- Switch from 9:;; to 9ABC. 

Note that the low-pass filter is used on the “Enable” signal to smoothen the introduction 
of droop control. The time constant of the low-pass filter is100-D.  
Now, the power converter is synchronized to the grid only with the improved droop 
control. 
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Figure 2.3 - Synchronization process of grid-forming converters 
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3 Experimental results 
3.1 Single VSC connected to AC system 
The functional schema for this experiment is presented in Figure 3.1. Initially, the 
resistive load is assumed to be disconnected. The power converter is generating at a 
reduced AC voltage of 300 V ph-ph. The linear amplifier is used to produce a 300 V 
balanced phase-phase AC voltage. The system and control parameters are listed in Table 
3.1. 

Table 3.1 - System and control parameters 

Symbol Value Symbol Value 

Pn 5 kW mp 0.02 pu 

CosE 0.9 FG( 1.19 pu 

fn 50 Hz HAI 10 kHz 

Uac 300 V ph-ph Lg 10.9 mH )J( 600 V 9( 2 rad/s 

Lf= Lc 10.9 mH. KmaxSAT 1.25 pu 

Cf 9.19 uF. KR 1 pu FS( TU/V 
0.73 p.u. 

5 

FSW FGW 0.52 pu 

1.16 pu F%VXY  0.6716 p.u. Z1 0.109 ms Z2 0.0182 ms KmaxVI 1.2 pu 

For this configuration, five test cases have been realized: 

Test in grid-connected mode: 

- Power exchange with the AC grid. 
- 100% voltage sag. 
- 40° Phase shift. 

Test in islanded mode: 
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- Connection of a load followed by an islanding event (disconnection from the 
amplifier) 

- Three-phase fault.  

 
Figure 3.1 - Single converter connected to an emulated AC grid and a resistive load 

The electrical quantities displayed in the experiment are respectively: 

• The grid voltage _?,  
• The grid current `?,  
• The VSC voltage magnitude a?,  
• The VSC output current KA,  
• The active power %bBA,  
• The internal frequency 9<=> . 

3.1.1 Active power change  

At t=c0, %∗ = 0.1 pu, then, a power step of %∗ = 0.5 pu is applied. Figure 3.2 shows that 
the active power achieves its reference within 700 ms. It is recalled that the active power 
dynamics with the improved droop control depends on the droop gain, the cut-off 
frequency of the LPF, the lead-lag controller and the grid side impedance. One can see 
that the active power time response is well controlled and that it compares favourably 
with the results introduced in D3.2. The internal frequency is also presented, and its 
variation is directly related to the active power setpoint change, as expected. 
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Figure 3.2 - Active power change ± 0.5 p.u 

3.1.2 100% AC voltage sag 

At c = c0,  %∗ = 0.5 pu. Subsequently, a 400 ms voltage sag is applied to the system, at c = c1, as shown in Figure 3.3. When the fault occurs, the AC voltages drop induces an 
increase in the VSC output current, KA, which is limited to the allowable current 
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magnitude, 1.2 pu. Once the fault is cleared, the system recovers to its equilibrium point 
within 600 ms. The detailed behavior when fault occurs and is cleared is showed in Figure 
3.4. 

 

 
Figure 3.3 - 100% AC voltage sag 
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Figure 3.4 – Grid current waveform, when fault occurs (on the top), 

when fault is cleared (on the bottom) 
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3.1.3 Phase shift 

In this subsection, the power reference is first set to  %∗ = 0.6 pu and a phase-shift of 40° 
is then applied, as illustrated in Figure 3.5. The current rises to its maximum allowable 
value, 1.2 pu, then, the system reaches its equilibrium point within 500 ms.  

  

   

  
Figure 3.5 - Phase shift of 40° 
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3.1.4  Islanding mode 

In this subsection, a 0.4 pu load, efghJ is first connected to the system as illustrated in 
Figure 3.1. Since the frequency is imposed by the linear amplifier, the VSC does not 
participate to the load feeding, and thereby, the load is initially supplied by the amplifier. 
When, disconnection from the main grid occurs, as shown in Figure 3.6, the VSC switches 
from the grid-connected mode to the autonomous mode. Therefore, the load is fully 
handled by the power converter, and, as a consequence, the frequency changes with 
respect to the droop gain (5%) and the initial power reference (%∗ = 0.1 %. &).  

 

 
Figure 3.6 - Disconnection from the main grid 
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3.1.5  Three-phase fault 

In this subsection, the system is operating autonomously, then, a 400 ms three-phase 
fault is applied using the fault generator as shown in Figure 1.2 (Note that the fault 
duration is not precise because of the mechanical reaction of the breaker). The results 
are presented in Figure 3.7. When the fault occurs, the AC voltages drop induces an 
increase in the VSC output current, KA, which is limited to the allowable current 
magnitude, 1.2 pu. Once the fault is cleared the system rapidly recovers to its equilibrium 
point. 

 

 

 
Figure 3.7 - Three-phase fault 
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3.2 Three-bus system: controller interoperability 
In the previous subsections, the expected behavior and the performances of a grid-forming 
VSC based on the improved droop control was validated using a single-converter test 
case. However, in the future power system, grid-forming converters of different power 
ratings and employing different control strategies will be interconnected through 
transmission grids with diverse topologies. In order to study the behavior and the 
performances of the controllers in such a scenario, the simple, but representative meshed 
grid of 320 kV overhead distributed lines, resistive loads, and three nodes, shown in 
Figure 3.8, is used. 

The distributed lines and the two power converters based on matching control and dVOC 
are simulated in real-time using a real-time simulator. They are interfaced to the physical 
power converter through the linear amplifier. 

Adaptive gains for the physical currents and voltages have been added to the real-time 
simulation such that the physical 5 kW, 300V converters are seen as a 500 MW, 320 kV 
converter. 

 
Figure 3.8 - Three-bus system 

The parameters of the distributed lines are listed in the following Table: 
Table 3.2 - Distributed line parameters 

Symbol Value 4fGRB 0.03 Ω/F- ifGRB 0.3 Ω/F- 'fGRB 9.74e-9 F/F- 

PLoad

Matching 1000 MW

Improved droop 500MW

dVOC 250 MW

LCL

LCL

50 km

50 km

2
5
k
m

125 km

V

I

V

I

Electrical variables are in per-unit. Frequency in Hz
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For this configuration, three test cases are performed: 

- Power exchange between power converters. 
- Heavy load connection and disconnection. 
- Three-phase bolted fault at the middle of the 50km line followed by a line tripping. 

For the matching control and dVOC, the droop gains are set to 2%, whereas for the 
improved droop control, the gain is set to 5%. This deliberated difference leads to a 
different power sharing capability for each converter in the steady state. The inner 
control and the overcurrent protection algorithm are the same for all the converters. 

3.2.1 Active power change 

The active power is initially set to %∗ = 0.1 pu, and, then, two active power steps of %∗ =0.5 %& then %∗ = 0.3 %& are applied to the physical converter level. The results are 
summarized in Figure 3.9. The results first show that the active power response for each 
converter meets the requested requirement, i.e. damped response without overshoot. Due 
to the droop functionality of all the converters, the active power setpoint change leads 
to an increase in the grid frequency. The active power and frequency steady-state values 
depend on the converter droop gains and operating points.  

 
Figure 3.9 - Active power change of the physical power converter 
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3.2.2 Load change 

Initially, the system is suppling a Pload of 281 MW. Then, a load change of 845 MW is 
applied and removed after 20 s. As shown in Figure 3.10, a load change leads to a voltage 
transient in all of the VSCs. The AC voltage drop and rise during the load connection 
and disconnection mainly depend on the electrical distance between the VSCs and the 
load. 

Since the droop gains of the dVOC and matching control are set to 2%, which are lower 
than the improved droop gain (5%), the contribution of the VSCs, based on dVOC and 
matching control, during a load change are more important than the VSC based on the 
improved droop control. The active power change during a load change leads to a 
frequency drop. Its steady-state value depends mainly on the load, the active power 
setpoint and the droop gain of each converter.  

   
Figure 3.10 - efghJ change 
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3.2.3 Three-phase bolted fault 

At c = c1, a 400 ms symmetrical three-phase short circuit occurred at the middle of the 
50 km line. Subsequently, it is cleared by tripping the lines using the switches. In this 
test case, a 281MW Pload is assumed to be connected initially. 

As shown in Figure 3.11, when a fault occurs, the AC voltages drop by 70% for all VSCs. 
(i.e. the voltage drop depends on the equivalent impedance between the fault location 
and the power converters), as a result, the output current of each converter increases 
and reaches its maximum allowable current 1.2 pu. Once the fault is cleared, the system 
recovers quickly to its operating point within 50 ms. 

 

  
Figure 3.11 - Three-phase fault followed by a line tripping 
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3.3 Irish power system: interaction with Synchronous machines 
In this proposed test case, a generator has been substituted by a Grid-forming inverter. 
It is shown for this specific test case (and only for this specific test case) that the Irish 
power system remains stable, even if an equivalent synchronous generator is tripped. A 
screenshot of the SCADA HMI is presented in Figure 3.11.  

 
Figure 3.12 – SCADA HMI 

In this grid configuration, all the generators are substituted by an inertial equivalent 
source, as illustrated in Figure 1.9. At first, the physical inverter is synchronized to the 
AC system, where it is participating in the power sharing with other units. Then, the 
loss of the generator G4 occurred.  

The results show that the loss of the unit G4 leads to a decrease of the frequency, and a 
new power distribution between the other units. After the disturbance, all generators 
recover in a stable manner to their new equilibrium point.  
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Figure 3.13 - Dynamic behavior of the power system during a loss of the generator G4 
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General conclusion 
D3.2 and D3.3 focused on the introduction of theoretical concepts and simulation-based 
validation. This deliverable presents some experimental validation of the proposed 
concepts. 

These experimental validations have been based on an original small-scale test-bench 
which uses physical hardware and Real-Time Simulation principles. Some of the control 
laws introduced in D3.2 and D3.3 have been implemented on a totally open 2-level VSC. 
The behavior of different power systems has been simulated with a real-time simulator. 
Then, a power amplifier has been used to interconnect both equipment following the 
PHIL principle.  

The first part described the components of this test-bench. This mock-up is a 
combination of the following components: 

- a fully opened VSC with its internal LCL filter 

- a Rapid Control Prototyping environment  

- some local loads 

- a linear power amplifier  

- a Real-Time Simulator (RTS)  

- a SCADA system  

- a home-made Fault generator  

The grid-forming control implementation has been described in the second part. The 
starting procedure is also presented here, as the initial power system angle must be known 
before connecting the unit. A PLL has been used for this purpose, before being 
disconnected for normal (grid-forming) operation. 

In the last section, three experiments have been realized: 

1- Experimentation on a perfect voltage source, in order to test the proposed local 
controller 

2- Experimentation on the three-nodes test case, introduced in the previous 
deliverables 

3- Experimentation on the Irish Power System to show interaction with synchronous 
machines 
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It has been shown that: 

- The proposed local controllers are stable in grid-connected mode or in islanded mode 
- The proposed current protection algorithm can protect the inverter in case of a 

three-phase fault or phase-shift 
- As presented in the previous deliverable, different kinds of local controllers can be 

inter-connected together 
- A grid-forming inverter can be integrated in an actual power system containing 

classical synchronous machines 

However, the obtained results are only valid for balanced power system. The impact of 
harmonics and unbalanced modes needs to be deeper studied. In addition, the load models 
used in off-line and RT simulations are impedance-based, further analysis needs to be 
done with others kind of load models (i.e. constant power model, power electronics based, 
etc.). 

Note that a demonstration of the described test-bench capabilities was achieved during 
the WP3 Workshop which took place in Lille on, 16th and 17th October 2019. All WP3 
workshop materials are available online and can be downloaded here:  

https://www.epmlab.eu/2019/10/03/migrate-wp3-workshop/ 
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