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Introduction 

Context and motivation 

A transmission system based on 100% converter interfaced generation could be forward-
thinking [1], [2]. However, a large part of the transmission system can be supplied with 100% 
Renewable Energy Sources (RESs) in some areas where RESs are concentrated during an 
occasional loss of synchronization with the main grid as illustrated in (Figure 0-1). This 
situation requires a revision of the transmission system grid-code and the associated 
converters control laws. 

 
Figure 0-1 : Illustration of synchronization loss [3] 

Renewable energy technologies are mainly connected to the grid through power converter 
components. These latter are needed in most applications for grid connection. Two kinds of 
technologies can be distinguished: Converters based on Thyristors or IGBTs are respectively 
referred to LCC (Line Commuted Converter) and VSC (Voltage Source Converter). This 
report is focused on VSCs which represent the dominant technology in the whole power 
system. Several types of voltage source converters can be found; the most well-known are the 
2 or 3-level converters and the modular multilevel converters [4] (Figure 0-2). These kinds of 
converters are mostly controlled to be synchronized with the AC grid. This control allows 
injecting active and reactive power. 

               
a)                                                                                    b)  

Figure 0-2 : a) VSC 2-Level converter, b) Modular Multilevel Converter 
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As the use of RESs increases, there is a rising interest on their impacts on power system 
operation, stability and control. 

The stability of the current transmission grid is ensured by synchronous machines, which have 
physical characteristics that maintain the system stable after strong transients such as lines 
tripping, overloads and faults. Synchronous machines ensure instantaneous power balancing 
in the short term thanks to their mechanical inertia which represents the main source of 
stability [5]. Compared to conventional synchronous machines, power converters have no 
mechanical inertia. Therefore, their penetration rate has a direct impact on the power system 
inertia, stability and dynamic [6]–[8]. 

Power converter behavior relies on totally different physical properties compared to a 
synchronous machine. The synchronous machine converts mechanical energy to electrical 
energy through a magnetic coupling between rotor and stator (i.e. multi-physical system), 
while, power converter is a mono-physical system (i.e. electrical to electrical energy 
conversion). In addition, synchronous machine stores kinetic energy in its rotating mass, 
while the stored energy in DC storage capacitor remains negligible compared to the one 
stored in synchronous machines. Therefore it may be needed to connect energy storage 
devices to the DC bus with adequate control law.  

A qualitative comparison is depicted in the figure below: 

 
Figure 0-3: Primary source connection: comparison between a synchronous machine conversion and a power electronic 

Currently, synchronous machines are responsible for ensuring voltage and frequency 
regulations by controlling excitation current and rotation speed, whereas power converters 
measure these quantities through a PLL in order to be synchronized. This control approach is 
based on current injection principle and is generally called “Grid-Feeding” or “Grid-
Following [9]”. In this control mode, a power loop sets the reference for the inner current 
controller. The output of this control loop determines the voltage reference to be produced by 
the converter. A pulse sequence that controls the semiconductor switching is, at last, 
generated from this voltage reference. 

Using this control approach, power converters penetration is limited [12], [13] for the only 
reason that the main grid becomes weaker. Under this constraint; the system can lead to 
unstable operation. This problem is linked to AC voltage variation which makes the 
synchronization process harder [12], [13]. Therefore, it is necessary to find out how this 
control approach needs to be modified to make it works under such abnormal but credible 
operational scenarios [14]. 

To cope with these issues in the near future, power converters must ensure the voltage 
amplitude and frequency regulations, without relying on synchronous machines. In other 
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words, power converters should behave as a voltage source and to propose a “Grid-Forming 
Capability [9]”. 

The grid-forming control principles have been widely discussed in the framework of micro-
grids [15]–[17] and UPS [27]–[30]. However, in a transmission system, specifications are 
different as depicted in Table 0-1. 
Table 0-1: Technical needs from operating constraints 

Constraints Technical conditions 
Limited bandwidth of power 
converters. 

Power Electronic device operates with low 
switching frequency in high power range. 
 

Short-circuit, tripping line, overload 
connection.  

Power Electronic device have to remain operational 
during fault and overcurrent transients. 
 

Topological changes of the 
transmission grid. 

Power Electronic device relies on local 
measurement to share power and interact with other 
units without communication. 

Classification of control architectures for converter-interfaced generation 
[Common part with D3.3] 

The categorization based on the hierarchy of different control layers in the following 
subsection (a.) is used to clarify the role of different control layers and to delineate between 
the different tasks of this work package. In contrast, from a system-level perspective, the 
overall behavior of the controlled power converter is of interest, and not the internal structure 
of its controls. Commonly power converters are either categorized as grid-feeding (or grid-
following), i.e. they can only operate only in grid-connected mode, or grid-forming, i.e. they 
can form a stable frequency and voltage. While this terminology is commonly used in power 
electronics, control, and power systems, it lacks a universally accepted definition and has 
several other drawbacks that are discussed in following subsection (b.). For instance, the 
earliest definitions of a grid-forming device have been proposed in the context of micro-grids 
and result in counterintuitive conclusions when applied to transmission systems. 

a. Boundaries between device-level, system-level, and ancillary services 

In this subsection we broadly categorize different control layers for power electronic 
converters and clarify the connection between different control layers and system-level 
objectives and services. Figure 0-4 shows a voltage source converter with a DC power source, 
its control architecture, and interconnection to a power system through its terminals. The 
voltage source converter and its device-level control are shown in the lower right corner. The 
inner control aims to regulate the instantaneous AC voltage. This control loop typically 
consists of cascaded PI controllers. For instance, a crucial task of the inner control layer is to 
prevent damage to the converter due to overcurrent. Moreover, the DC power source is used 
to stabilize the DC voltage that is modulated into an AC voltage by the converter. From a 
viewpoint of the power system, the voltage source converter can be seen as a black box that 
modulates an AC voltage with a magnitude  and frequency  and exchange active and 
reactive power with the main grid through its terminals. The inner control takes set-points 
from an outer control layer that aims to meets certain system-level specifications. These can 
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range from injecting a pre-specified amount of power to providing services such as inertia and 
primary frequency control. Several options for outer controls exists, such as droop control, 
machine emulation [31],  virtual oscillator control [32], dispatchable virtual oscillator control 
[33], [34]  and machine matching control [35]. Finally, the exact implementation of the 
system-level controls can be abstracted and categorized according to the services, for instance 
inertia and primary frequency control, provided by the voltage source converter and its outer 
controls. This deliverable focuses on the inner device-level control layer as well as its 
connection to the outer system-level control layer (e.g., droop control). Deliverable 3.3 
focuses on operation and system-level management of a power system with 100% converter-
based devices where it is assumed that suitable inner controls have been designed. 

 
Figure 0-4: Local control architecture 

b. Classification of converter-interfaced generation behaviors 

According to the widely used classification in [9] power converters can be defined either as 
grid-forming or grid-feeding, depending on their operation in an AC system. The grid-
forming converters are represented as an ideal voltage source with low-output impedance, 
enforcing a set of amplitude and frequency of the instantaneous AC voltage ∗ to be formed at 
the filter output, as illustrated in Figure 0-5.a. On the other hand, the grid-feeding units are 
controlled as current sources connected in parallel with high impedance. They are mainly 
designed to deliver predefined power to an energized grid and are suitable to operate in 
parallel with other converters in grid connected mode. The simplified scheme of the grid-
feeding power converter is depicted in Figure 0-5.b, where ∗ and ∗ represent the active and 
the reactive powers to be delivered, often regulated by a high-level controller such as a 
maximum power point tracking (MPPT) controller. By adjusting these set points at a higher 
control layer, these units could theoretically participate in the control of the voltage amplitude 
and frequency. However, the time scales are often inadequate for appropriate disturbance 
rejection in real world applications. In order to resolve this issue, a third category under the 
name grid-supporting has been introduced, whose main objective is not only to supply the 
load, but also to participate in the regulation of the voltage vector at the terminal by 
controlling the active and reactive power delivered to the grid. The grid-supporting units can 
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be further classified, depending on which source type (voltage or current) is used for the 
respective modelling, i.e. whether it resembles more a grid-forming or a grid-following 
converter. In order to avoid these confusions, the converter could be distinguished only from 
its device level nature whatever its behavior at the system level (i.e. voltage source/grid-
forming or current source/grid-following). 

 
Figure 0-5 : Simplified representation of controlled power converters: (a) Voltage source (Grid-forming), (b) Current 

source (grid-following) 

Layout of the deliverable 

In this context, the Work Package (WP3) of the MIGRATE project [3] addresses power 
system stability of large transmission grids without any synchronous machines. More 
precisely, the objectives of the deliverable 3.2 are: 

1- To develop the necessary local control algorithms of converters connected to this kind 
of power system. 

2- To propose some model order reduction methodologies dedicated to power system 
without any synchronous machines.  

This deliverable presents the first results related to these 2 objectives and it is organized as 
shown in Figure 0-6 and detailed in the following. 

 
Figure 0-6 : Deliverable organization 

Section I describes the principles of power exchange between converters, modelled by an 
ideal voltage source connected to an infinite bus through inductive line. Subsequently, the 
principle of a voltage source based on droop control is presented. This latter is analyzed to 
show its limitations and propose thereafter some solutions to improve the system behavior 
from a power dynamic point of view. In a second time, a voltage source connected to a 
variable frequency infinite bus is presented and discussed in order to assess load sharing 
capability and inertia providing. In this context, a new method is proposed in this deliverable 
and compared to conventional methods on several test cases.  
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Section II considers the influence of the LC filter on the properties defined previously. It 
presents a regulation of the AC voltage across the capacitor and shows its impact on the 
system stability and its interaction with the power loop. Subsequently a robustness analysis is 
presented. 

Section III analyses the behavior in case of large events which may induce overcurrent on the 
converter and propose some solutions to deal with this issue. 

Section IV proposes a method to simplify the converters models while keeping their physical 
structure, enabling to simulate large all converter-interfaced transmission systems faster and 
to analyze them more easily. 

Section V presents some test cases that aim to validate the grid-forming behavior in a 
transmission grid, as well as to test the robustness of the developed control in a basic system. 

Section VI presents the first experimental results based on the developed local control. 
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I. AC-controlled VSC based on droop control – General 
principles 

As mentioned previously, power converters may be controlled either as a current source (i.e. 
grid-following) or as a voltage source (grid-forming). This section is focused on a VSC 
controlled as a voltage source. To simplify the analysis, the AC output voltage of such 
converter (  in Figure 0-4) is assimilated to an ideal controlled AC-voltage source .i.e.; the 
effect of the LC filter is neglected. Note that, in case of a modular multilevel converter, the 
LC filter is not required. This assumption will be verified further.  

The interaction between this controlled voltage source and an ideal fixed frequency voltage 
source is first presented to explain the main concept of power exchange and some 
considerations about stability. Then, a variable frequency is introduced in the second part to 
evaluate the behavior of such source with respect to the frequency variation. 

I.1 Control of a voltage source connected to an infinite-bus power system 

The studied system is illustrated in Figure I-1. It represents a converter and its output filter 
connected to an infinite-bus three-phase power system.  

The converter is approximated by an ideal controlled voltage source as depicted in Figure I-1.  

 
Figure I-1: Simplified voltage source converter connected to an infinite AC grid 

In steady state, the grid and the converter voltages are supposed to be sinusoidal with a 
frequency  and  respectively: 

= sin = sin  

 = ( + ) = ( ) (1) 

where: = .  
  is defined as the angle between both AC voltages. 

The impedance ,  can be considered as a simple model of the transformer connecting the 
converter to the grid in series with the grid impedance at the point of common coupling.  

Let’s start expressing the active and reactive power exchange through the impedance , . 
Two kinds of models can be computed according to the impedance modeling (Static or 
dynamic model). The behavior of these models will be compared in this part. 

I.1.1 Static model 

Considering the simple example in Figure I-1 in steady state, the AC source is connected to 
the main grid through the impedance ∠ = cos( ) + sin( ) = + .  
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The power delivered to the grid is expressed as follow: 

 = ∗ =
∠

−
∠    (2) 

From which the active and reactive power can be achieved: 

 = ( −  ) − ( )     (3) 

 = ( −  ) − ( )  (4) 

The equations (3) and (4) can be written as: 

               = [ ( ) − + ( )] (5) 

   = [ ( ) + ( − ( )]  (6) 

The equations above show clearly the link between powers, voltage amplitudes and the angle 
between AC voltages . In transmission system, the inductive component is higher than the 
resistive one (i.e. ≫ ), therefore, the resistive component can be neglected. As the angle 
variations are small, it results the classical expressions: 

 =   (7) 

 = ( − ) (8) 

where =  and = . 

In per unit, ≈ ≈  

I.1.2 Dynamic model 

Equations (7) and (8) are often used for quasi static consideration on power transfer. As it will 
be shown further, it allows providing a good estimation of the dominant pole of the system. 
However, to analyze fast power components, such as power electronic devices, transients 
modeling are required [36]. Thus, a dynamic model is needed; it is typically developed in a 
synchronous d-q frame with the d-axis chosen aligned with the AC source . The dynamic 
equations of the main circuit in Figure I-1 can be written as: 

 = − − +   (9) 

 = − − −   (10) 

To put the whole system in the same control frame, the direct and quadratic parts of the 
converter voltage can be expressed as = ( ),  = ( ), so that: 

 = − + ( ) − +   (11) 

 = ( ) − −   (12) 

From the equations (11) (12) and the development in APPENDIX 1, the linearized power 
matrix is obtained [36], [37] in Laplace domain: 
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 =
( ) ( ) 

( ) ( )   (13) 

where: 

 ( ) =
( ) ( ) ( ( )  ( )

(14) 

 ( ) =
( ) ( ) ( ( )  ( )

(15) 

The index ‘0’ expresses the initial state value. 

Considering a small  variation and neglecting the effect of  , the transfer functions  and 
  are equivalent to static modelling (7) and (8) in steady-state (i.e. → 0). 

N.B: For sake of simplicity the non-diagonal transfer functions are neglected for the control 
design. 

I.1.3 Active power regulation 

In steady-state, the active power exchange is directly linked to the angle between both voltage 
sources. Based on that, an outer active power feedback control is implemented (Figure I-2),  

               
Figure I-2 : Power loop regulation principle 

In this figure all the different variables are considered in per unit except the angles in rad/s.  

The frequency in per unit is converted in a frequency in rad/s by multiplying by , where 
the nominal grid frequency is equal to 314 rad/s 

In the following subsections, two analyses are studied based on the quasi-static and the 
dynamic model. 

I.1.3.1 Quasi-static model Analysis 

Based on Figure I-2, a static relation may be defined between the frequencies and the active 
power error. The evolution of  is expressed by: 

 = ∗( ) + − ( )  (16) 

 T                         D 

where T is the complementary sensitivity function and D is the sensitivity function. 
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The steady state error ε of the transfer function in (16) is expressed as follow: 

   = lim
→

[ ∗( ) − ( )] = lim
→  

[ ∗( ) − ( )] = −  (17) 

From the expression above, if the grid frequency  and the VSC set-point frequency  
are the same, this steady state error is null: 

  = lim
→  

[ ∗( ) − ( )] =  0 (18) 

To identify the dominant pole, 
 
 is assimilated to its steady state expression . Thus, the 

closed-loop quasi-static transfer function is: 

   =
∗

=  (19) 

where the response time is: 

  
%

=  (20) 

In case  is constant, if the grid frequency changes due to the loss or connection of an 
electrical unit, the active power will be adjusted with respect to the equation (17). 

The expression in (17) is equivalent to the classical expression of the conventional droop 
control of synchronous machine. However, the frequency is deduced from the power 
mismatch, so this droop is also called “inverse droop control”. 

The feed-back gain  defines the maximum variation of the frequency for a variation of 
power equal to the nominal power of the AC source. Similarly to synchronous machines, the 
usual value is around 5%. This means that for a maximum variation of the active 
power ( = 1 ), the frequency would decrease by 5%. 

I.1.3.2 Dynamic model Analysis 

By Appling the same control to the dynamic model 
 
 introduced in previous part. In this 

case, the third order closed-loop transfer function is expressed by: 

  =
( )

( )
∗( ) (21) 

The three eigenvalues of the closed-loop transfer function are shown in the pole map below. 
The following parameters have been chosen:  =  = 1p.u,  = 0.02,  = 0.2p.u,  = 
0.015p.u. 

 
Figure I-3 : Dynamic and quasi-static eigenvalues comparison 

As illustrated in Figure I-3, the dynamic and the quasi-static models have a common 
dominant mode = −31.416 + 0  that defines the global active power dynamics. 
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 is linked with the line dynamics. These modes are poorly damped and its dynamics is 
much closer to the open-loop modes. This is checked by comparing the open-loop modes  
   and close-loop ones : 

 ( ) = − ±  = −7.85 ± 314  

  ( ) =  −3.16 ± 314   (22) 

Therefore, some oscillations around the natural frequency of these modes 314 /  appear 
on time domain simulation (see Figure I-4). Thus, the simple droop-controller shown in 
Figure I-2 must be improved in order to damp the transient behavior. 

 
Figure I-4 : Dynamic and quasi-static model comparison. 

I.1.3.3 Dynamic model transient enhancement 

As seen previously, the oscillatory modes are directly linked to  and the active power 
dynamics is relatively decoupled from the value of . A solution to damp these poles is to 
increase the value of  by adding a resistor . For efficiency reason, it is not recommended 
to add a real resistor in the circuit, however the controller can be adapted to emulate a virtual 
resistor  [36].  

The overall idea is to adjust the converter voltage with respect to the current as depicted by 
the following figure: 

 
Figure I-5 : Virtual resistor implementation. 

The voltage reference ∗ , ∗  are modified to take into account the virtual resistor: 
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 ∗ = − δe  , ∗ = −  (23) 

With:             =              =   

Emulating a resistor with the control supposes to measure the current. The current sensors 
dynamics has been neglected in the following analysis.  

The original dynamic equations are modified. To facilitate understanding, the d-axis is chosen 
aligned with the AC source : 

 = − ( ) − ( + ) +   (24) 

 = − ( ) − ( + ) −  (25) 

Consequently, equation (22) becomes: 

  =
( )

±  (26) 

Depending on the desired performances  
 

∗ , the design of  is done through the following 

formula: 

  =  
∗  

 
∗

−  (27) 

The following damping has been chosen 
 

∗ = 0.5 that corresponds to = 0.09p.u.  

On Figure I-6, the third order system already studied is now well damped thanks to the virtual 
resistor effect λ = −161 ± 268i and the dominant mode λ = −29.1 remains nearly the 
same as previously. 

 
Figure I-6 : Effect of the virtual resistor  

The addition of this virtual resistance induces a change of the AC voltage reference in steady 
state. To deal with this issue, an active high-pass filter is added (Figure I-7) in order to 
eliminate the voltage static error and react only in transient, the controller structure bellow is 
proposed. 

  
Figure I-7 : Transient virtual resistor block diagram 
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As explained in [38], the high-pass filter cut-frequency should be chosen to cover the 
frequency range of all the possible resonances in AC systems without interacting with 
dominant mode . In the sequel  = 60 rad/s. 

By adding this extra loop in −  axes, the system becomes a 5 order system; the dynamic 
analysis is now based on a state space approach. The small signal model is described below: 

  =    +      (28) 

where:                       Δ = Δ  Δ  Δ  Δ  Δ    , Δ =
 
 Δ ∗  

=

0 − − − −

−
−

 

−( + ) 0  

 

− 

−
+

 

0 −( + )   

 

−

 

0 −  

 

+

 

0 − −  

 

 

      =

0
0

0 0
−

 
0

−
 

0

 (29) 

 

 
Figure I-8 : The effect of the transient virtual resistor  

As illustrated in Figure I-8, the dynamic model remains similar to the previous one with 2 
additional modes. In this situation, the response of the damped system matches with the quasi-
static one. 

Since the system is non-linear, it can be interesting to evaluate the evolution of the poles for 
different operating points. Figure I-9 shows that the operating point modification does not 
have too much impact on system dynamics. 
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Figure I-9 : The impact of the operating point change   

I.1.3.4 Power loop response time tuning 

A first order low-pass filter is often added to avoid fast frequency variation and to filter the 
power measurement noises, (Figure I-10) [38], [39]. However, the additional cut-off 
frequency  modify the active power dominant pole as well and the quasi static system 
becomes a second order one. Its characteristic polynomial function of ∗  is expressed as 

follow: 

 = 1 + +    (30) 

The damping ratio ( ) and the natural frequency ( ) are: 

   =
( )

,     =   (31) 

 
Figure I-10 : Droop control with low-pass filter 

It is important to mention that the choice of the low-pass filter cut-off frequency impacts the 
behavior of the active power as proved by the equation (31) i.e.; if the value of  is too low, 
the response time of the active power becomes higher, while the system becomes undamped. 
Therefore, it is important to keep >  to ensure a stable system operation. 

To illustrate the impact of the filter cut-off frequency, two values have been tested as shown 
in Figure I-11:  

 
Figure I-11 : The impact of the low-pass filter on the active power dynamic 
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I.1.4 Conclusion 

Section I.1 has started from the basic droop control principle to add progressively different 
functionalities: 

 Virtual resistor to damp the system dynamic behavior. This virtual resistor has 
to be mitigated in steady state. 

 First-order filter in the control to avoid fast frequency variation, filter the 
measurements noises and regulate the active power response time.  

A dynamic analysis has been proposed and the choice of the numerical values has been 
justified in order to obtain a good system dynamic.  

Figure I-12 shows the control as it will be used in the following sections.  

 
Figure I-12 : The outer control structure   

Here is a table to sum up the main parameters used:  

Table I-1 : System and control parameters 

E = 1p. u. ω = 31.4 rad/s 

V = 1p. u. ω = 60 rad/s 
m = 2% R = 0.09p.u. 

L = 0.2p.u. R = 0.015p.u. 
ω = 1p. u. ω = 314rad/s 

 

I.2 Control of a voltage source connected to an AC-grid with variable 
frequency 

In the previous part, the frequency of the infinite-bus power system has been considered as 
fixed. In this subsection, a variable frequency is considered in order to assess the behavior of 
this source with respect to frequency variations. 

Figure I-13 presents the studied system. The AC grid frequency is driven by a model 
representing a kind of simplified equivalent synchronous machine with a droop control. , 

,  and  are respectively the droop gain, the inertia constant, the lead time constant and 
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the lag time constant. The lead-lag component aims to reproduce the dip behavior of a 
classical AC system. 

 
Figure I-13 : Controlled voltage source connected to an AC grid with variable frequency 

In this section, the principle of the droop control is compared with the conventional virtual 
synchronous machine (VSM) concept in term of frequency support. The VSM control is first 
recalled, then, both controls are analyzed in order to show the advantages and the drawbacks 
of each method. A modification on the droop control is proposed to embed the advantage of 
VSM in the droop control.  

I.2.1 Comparison of two main concepts of droop control in case of a frequency variation 

The Virtual Synchronous Machine (VSM),  also named Synchronverter, virtual synchronous 
generator (VSG) or VISMA has been largely studied in the literature [40]–[46]. Some of these 
concepts emulate the electrical behavior of the real synchronous machine in order to enhance 
the load sharing transient; others imitate the stabilizing effect by reproducing only the swing 
equation effect (Figure I-14).  

 
Figure I-14 : VSM for virtual inertia and damping 

Comparing both controls reveals a high degree of similarities. Indeed the control laws are 
nearly the same. The differential equation of the VSM is expressed in per-unit as follow: 

 2 = ∗ − − (− + )  (32) 

where ∗, , ,  and  are respectively the active power set point, the frequency set 
point, the output converter frequency, the inertia constant and damping coefficient. 

The differential equation of the droop control is expressed in per-unit as follow: 
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 = ∗ − − (− + )  +    (33) 

In case of a constant , equivalence between both approaches exists and can be expressed 
by: 

  =      , =   (34) 

However, the aim of these two approaches is slightly different. The VSM is mainly focused 
on bringing an inertial effect to the grid. Then, the damping coefficient  is chosen to provide 
a stable behavior [41], [47], [48].  

For the droop control,  is first chosen (e.g.  = 5%), then,  is designed to maintain a 
stable system operation as explained in the previous subsection.  

Here are two tables to compare the classical parameters used for droop control and VSM: 

Table I-2 : Conversion of droop control parameters to VSM parameters 

Droop control VSM equivalent parameters 
 =  5%  = 20 

 =  31 /   = 0.3185  
Table I-3 : Conversion of VSM control parameters to Droop parameters 

VSM parameters Droop control equivalent parameters 
 =  5   =  30 /  
= 300  =  0.3%  

These two tables highlight that the inertia effect obtained with the droop control is low. It is 
also called  which stands for VSM with zero inertia [10]. On the contrary, the 
equivalent  obtained with a VSM is extremely low meaning poor load sharing capabilities.  

To highlight the difference between both methods, a comparison is performed in simulation 
with the same parameters as in the Table I-2 and Table I-3. A load variation is applied at         
t = 5s. 

Table I-4 : System parameters 

P = 1GW Line = 20km 
L = 0.15pu E = V = 1pu 

R = 0.005pu P = 1GW 
R = 0.03 Ω/km L = 0.15pu 
X = 0.3 Ω/km R = 0.005pu 

C = 10  F/km T = T /2 = 1s 
R = 0.05pu H = 5s 

The system parameters are listed in Table I-4. 

The first instant after the event shows that the derivate of the frequency is much lower with 
the VSM which confirms its inertial effect (Figure I-15.a and Figure I-15.b).  

From the load sharing side, the droop control ensures a good power sharing between the 
power converter and the equivalent AC system, whereas all the adjustment effort is done by 
the power converter with the VSM control. (Figure I-15.c and Figure I-15.d). In the literature 
an additional loops could be added to the VSM in order to ensure inertia providing and power 
sharing capability at once [47], [49].  
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a) Frequency with droop control b) Zoom on the frequency  

  
c) Grid and converter active power for droop control d) Grid and converter active power for VSM 

Figure I-15 : Comparison between conventional droop control and VSM 

As mentioned before, with the conventional droop control it is possible to increase the inertia 
effect by modifying .   

Figure I-16, show the results of simulation obtained with  =  2 /  which is equivalent 
to  =  5 . It is clear that it induces large oscillations on the active power exchange. 

 
Figure I-16 : Conventional droop control limitations in terms of inertia providing 

I.2.2 Improved droop control 

The results obtained in Figure I-16 are not acceptable; however, by adding a lead-lag action 
on the power measurement, it is possible to obtain a more stable behavior. The expression of 
the lead-lag action is recalled in (35): 

 ( ) =   (35) 
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The interval of  should not be chosen too high in order to ensure a proper operation in 
practice and to avoid soliciting much derivative action. 

  
Figure I-17 : The proposed inertial droop control 

To tune the lead-lag controller, the root-locus method based on small signal model (36) and 
sensitivity analysis is used. 

The system contains seven state variables which are the two grid currents, the converter 
output frequency, the two outputs of the filter used in the transient virtual resistor, the 
converter angle and the filtered active power measurement. 

The small signal model is developed below: 

Δ =    Δ  Δ       , Δ = Δ   Δ ∗  

=

− 0
−

0

− − − 0
1 +

0

0 0 − 0 0 0 −

 

 

− 0 0 −
−

 

0

  

 

0 0
1

−
+

 

0

0 0 1 0 0 0 0

− + 0 0 0 0 −
1

  

 =  

0

0 0
0

0
0 0
0 0

0

 (36) 

The analysis is focused only on dominant oscillatory modes shown in Figure I-18 (e.g.  =
2 /  and = 6). When varying the derivative action on the lead lag filter ( ), Figure 
I-18 reveals that it exists an optimum value for = 55rad/s . 

 
Figure I-18 : Lead-lag controller design 
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The improvements brought by the developed control are validated in time domain simulations 
and presented in (Figure I-19).  

 
Figure I-19 : Comparison between the proposed droop control and the conventional one 

 

To sum up, adding a lead lag allows to get a stable behavior with a classical droop control 
with  =  2 /  (equivalent to H =5s) and  =  5%.  
Doing so, it is possible to conclude that the droop control embed both qualities required for 
the frequency support:  

 Load sharing capabilities when a frequency support is required 
 Bringing inertial effect as the VSM 

I.2.3 Association of 2-VSCs based improved droop control 

The studied system consists of 2-VSCs in parallel with identical rated power connected to 
resistive loads as shown in Figure I-20. 

This test case aims to analyze the system stability in parallel operation based on the developed 
control law, thus, a small-signal model is developed. 

 
Figure I-20 : 2-VSCs in parallel mode operation 

The system with its controller has 14 state variables which are respectively the VSCs line 
dynamics, transient virtual resistor filters outputs, filtered active powers, converters output 
frequencies and converters angles: 

 Δ =  
  Δ  Δ    

 Δ …

Δ  
  

      (37) 

The system is controlled by the following inputs: 

   Δ =     ∗ ∗   (38) 

The control matrices are expressed in APPENDIX 2. 
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To validate the developed small-signal model of the 2-VSCs, simulation results between 
linear and the model simulated in SimPowerSystem (.i.e. named non-linear model after) are 
compared. 

The rated power of both converters is assumed to be identical. 

Starting with AC power transfer of -0.8 , a power step reference ( ∗) is applied on  
at = 10 . Simulation results are gathered in Figure I-21. 

 

 
Figure I-21 : Validation of the developed linear model 

From the comparisons above, the developed linear model has good accuracy compared to the 
non-linear one. 

The power step applied on the converter  implies a power exchange with the 
converter ; therefore, a frequency variation occurs and reaches the predicted value 
related to the droops gains (.i.e. identical droop gains for both converters = = 5%): 

 = = ( ∗ − ) + = ( ∗ − ) +  (39) 

where: 

 =
( ∗ ∗ )

 (40) 

 =
( ∗ ∗ )

 (41) 

By putting equations (40) and (41) in the equation (39), the frequency in the steady state is 
equal to = = 0.98  as it is illustrated in Figure I-21. 

Since the linearized model has been validated, it can be used for small signal stability 
analysis. 

The system eigenvalues are drawn in the following table: 

 Table I-5 : System eigenvalues 
= −43743 ±  314.16  = −55 + 0  
= −10.29 ± 312.07  = −60 + 0  

= −58.988 ± 0  = −0.92 ± 1.62  
= 56.154 + 0  = −2.9 − 14 + 0  

= −2.9 − 14 + 0  = = −60 + 0  
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From Table I-5, it can be concluded that the system is stable with the proposed control as the 
real part of the eigenvalues is negative. 

I.2.4 Conclusion 

In Section I.2, the power exchange principle between the droop-controlled voltage source and 
variable frequency voltage source has been studied.  

In case of a frequency variation, the droop control contributes naturally to the frequency 
regulation. It is also shown that it is possible to provide the inertia to the system thanks to the 
low-pass filter. However modifying its value may deteriorate the active power dynamic. To 
deal with this issue, an improved droop control is presented and tested in several situations. 

In case of a real 2- Level VSC, the voltage source is created with a LC filter associated with a 
voltage loop and current loop. It is important to evaluate if all the consideration about power 
and frequency control are still valid when integrating this LC filter and the control loops 
which are associated.  
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II. Inner control of 2-Level VSC 

In this section the LC filter and the AC voltage-current control are considered (Figure 
II-1).(the control shown in Figure I-12 for the set points) 

  
Figure II-1 : Voltage source converter including the LC filter and its control 

To implement the control, it is required to take into account the specificities of converters 
connected to transmission grids. Indeed, since the power rating of VSCs in transmission grid 
can be very high, the switching frequency is rather low to limit the losses; this implies a 
limitation of the control bandwidth. Even if this statement may not be valid for some 
generation connected to transmission grid, we think that this is a conservative assumption and 
will keep it. Furthermore, the converters are connected to the grid thanks to an LC filter; the 
sizing of this filter has also to be taken into account. Various types of control algorithms could 
be considered but to ease the implementation in an industrial converter, a classical voltage and 
current loop is usually used. Some solutions had been proposed in the literature that are based 
on the LC filter choice, as the increase of the capacitor value [50]. The second one is based on 
in acting on the feed-forward disturbances rejection in the inner loops at the control level [38], 
[50]–[55]. In all these solutions, the system dynamics and damping are poor. 

This section exposes the instability origin, which is the interaction between system modes. 
The presented consists to take into account the overall dynamics of the system and to find a 
setting of controller parameters satisfying a good stability, damping as well as a high 
robustness with respect to the various grid topologies. The determination of the parameters is 
done via an algorithm which responds to several constraints. To formalize this problem and 
check the system stability, small-signal analysis and participation factors tool [56] have been 
used. 

This power converter has to cope with various situations which are modeled here by two 
extreme cases: 

- Standalone mode where the converter is connected to one load (K open).  
-  Connection to an infinite bus modeled by a Thevenin voltage source and its equivalent 

impedance (K closed). 

The grid-forming control consists of three main stages as shown in Figure II-1: 
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- The linearization stage that provides modulation signals. 
- The inner control loops: Current and voltage control. 
- The outer control discussed in the previous section. 

II.1 Grid-Forming with cascaded PI-controllers 

II.1.1 System modeling 

In this section, the converter is operating in standalone (K is open).Following the notations in 
Figure II-1, the accessible state variables are respectively the VSC current , the voltage 
across the filter capacitor  and the current  through the transformer inductor . To 
simplify the system study, the VSC is represented by its average model, and the state 
variables are represented in −  frame in order to control DC variables. The state space 
model is expressed by the dynamic equations bellow: 

 
= [ ] + [ ] + [ ]

= [ ]
  (42) 

where:  

=  

= [ ] , = [ ], = [ ] 

=

− − 0 0 0

− − 0 − 0 0

0 0 − 0

0 − 0 0 −

0 0 0 −

0 0 0 − −

,  =

0 0 0 0 0

0 0 0 0 0
 

   =
0 0 0 0 − 0

0 0 0 0 0 −
  (43) 

II.1.2 Cascaded conventional controller design 

As the states are transformed to the synchronous reference frame, they become DC signals 
under balanced sinusoidal grid and perfect synchronization. Under these conditions, PI 
controllers are sufficient to control the state variables without error in steady state. 

II.1.2.1 Current controller design 

The control system requires a decoupled control of  and . However, the two axes are 
coupled due to the cross terms  and . These coupling terms are compensated by a 
feed-forward action, so that, −  and −  components of currents can be controlled 
independently.  
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The current loop is constituted of three mains parts (Figure II-2): 

- PI controller. 
- Approximated PWM transfer function. 
- Transfer function of the  ,  filter. 

 
Figure II-2 : VSC current closed-loop 

Where ,  and  are respectively the PI controller gains, and the switching frequency. 
For the current controller design, the approximated PWM transfer function can be neglected if 
the current loop is slower than this latter, meaning that the response time of the current loop 
should be chosen higher than: 

 
%

>   (44) 

where 
%

 is the current loop response time. 

II.1.2.2 Voltage controller design  

Similar to what is done for the current loop, the voltage loop is constituted of three mains 
parts (Figure II-3): 

- PI Controller. 

- Approximated current loop transfer function. 

- Transfer function of the capacitor. 

 
Figure II-3 : VSC voltage closed-loop 

In this case, if the response time of the voltage loop is slower than the current loop response 
time, the effect of the current transfer function may be neglected in the calculation of the PI 
controller parameters. 

All the simulation parameters are listed in Table II-1. The response time of the current and 
voltage loops are respectively set to 5  and 50  with damping ratio of  =  0,7. 

Table II-1 : System Parameters 
Parameter Value Parameter Value Parameter Value 

 1GW  1 pu  0.15 pu 

cosφ 0.95  0.1 pu  0.05 pu 
 50 Hz  6  0.05 pu 

 320 kV  1 pu  0.05pu 

 0.005 pu  2 rad/s  171.88 pu 

 0.15 pu  640 kV  0.017 pu 

 0.005 pu  0.4001 pu  0.75 pu 

 0.066 pu  5 kHz  55rad/s 
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II.1.3 Limitations of the conventional controller tuning  

Given the controller parameters calculated previously, time domain simulations are performed 
for two different cases .i.e. Standalone mode and grid-connected mode. 

II.1.3.1 Standalone mode 

The load is assumed to be purely resistive. A voltage step of 10% is applied to the system in 
order to check the dynamic behavior. 

 
Figure II-4 : AC voltage amplitude dynamics 

The dynamic response of the AC voltage corresponds to what was expected since the 
controller design is based on a standalone mode. 

II.1.3.2 Grid-connected mode 

The system is now connected to a stiff grid (SCR = 20). This topology is different from the 
standalone case. Following a voltage set-point change of 10%, Figure II-5 highlights an 
unstable system operation. 

 
Figure II-5 : Unstable operation due to the AC voltage set-point change 

Small-signal analysis and participation factors are used in this next section in order to analyze 
the dynamics of the system and find the origin of the instability. 

II.1.4 Small-signal stability analysis for grid-forming VSC 

To analyze the problem previously described, a model of a grid-connected VSC and its LC 
filter is developed by combining the system dynamics and the control equations. These latter 
can be linearized around an operating point using small-signal analysis: 

 Δ  =  Δ  +    Δ   (45) 

where:      Δ =
[     

 
         Δ  Δ ] 
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Δ = [ ∗  
 
] 

The state space matrices are described in APPENDIX 3. 

It can be noticed on Table II-2 that  have a positive real part which shows that the system 
is unstable. 

Table II-2 : System Eigenvalues 
= −421.55 ± 3087  = −418.03 ± 2475.2  
= 29.018 ± 35.574  = −54.312 + 0  

= −58.912 ± 0.38592  = −12.12 + 32.86  
= −20.175 ± 12.399  = −16.786 ± 5.1619  

To define the link between the unstable modes and system states, the participation factors 
 are used to determine how much the  state variable participates in the  mode. 

The participation factor for  is presented on Figure II-6. It reveals an important link 
between the unstable modes and especially the currents , . 

  
Figure II-6 : State variables participation in  

The impact of the current loop dynamic is checked by decreasing the current response time. 
The results obtained bellow (Figure II-7) shows a stable operation for a = 100 , however 
this dynamics could not be adopted for a transmission system applications, since the 
bandwidth of the power converter is limited due to the switching frequency. 

 
Figure II-7 : The impact of the VSC output current on the system stability 

II.1.5 Proposed controller tuning algorithm 

The proposed method assesses the gains of the controller which gives the best system poles 
placement calculated for the 15th order system in grid-connected mode with high SCR value 
(which correspond to the worst case) [57]. This method is applied offline. Once the 
parameters are defined, they are not changed whatever the grid topology is.  
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The determination of controller parameters is done following three steps: 

Step 1: All eigenvalues are calculated for all controller gains varying in a wide range. 

Step 2: Two constraints are imposed on the system poles: 

 ℜ ( ) < 0  (46) 

  ℜ ( ) >   (47) 

where: > −2 . 

The choice of = −800 /  is linked to the limited bandwidth of power converters 
which are connected to the transmission grids. 

When the poles respect these two constraints, the set of the 4 parameters are stored. 

Step 3:  The damping ratio is calculated for all poles for all the solutions which respect the 
constraints. For each solution, the smaller damping is isolated ( ). All the ( ) are 
compared. Finally, the solution which is chosen is the one which gives the maximum damping 
in all the ( ). This guarantees an optimal dynamic behavior among all the possible 
solutions with the chosen set of four controller parameters. 

Following these steps, it can be noted from Table 5 that the obtained controllers parameters 
are very different from those calculated using the classical tuning method (Table II-3). 

Table II-3 : New controller parameters 

Parameter Proposed algorithm 
Voltage proportional gain  0.52pu 

Voltage integral gain  1.16pu 

Current proportional gain  0.73pu 

Current integral gain  1.19pu 

The two main parameters that have a lot of impact on pole placement are especially the 
current controller integral gain  and voltage controller proportional gain . Using these 
new parameters, Table II-4 shows the resultant eigenvalues of the system. The minimum 
damping is associated to , its value is =0.21.  

Table II-4 : System Eigenvalues 
= −768.11 ± 3531  = −740.4 ± 3009.1  

= −82.142 ± 62.051  = −54.368 + 0  
= −26.984 ± 41.585  = −15.05 ± 5.1627  

= −2.3332 + 0  = −2.1198 + 0  
= −1.5633 + 0  = −1.6754 + 0  

Since the system is nonlinear, the choice of the operating point is important. The gains have 
been arbitrarily calculated for the nominal operating point (  =  1 ) and then used for all 
operating points. 

II.1.6 Comparison with other methods 

A time domain simulation is presented in order to validate the parameters derived from the 
proposed algorithm and compare it with two other solutions proposed in the literature. The 
simulation is performed on MATLAB/SimpowerSystem using the new controller parameters in 
Table II-3. 

- In [54], the proposed solution is to set the voltage feed-forward to zero keeping the classical 
tuning obtained in standalone mode. 
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- In [50], the grid current feed-forward is disabled. The gains of the controller are calculated 
based on parametric sensitivities. 

In order to excite the modes linked to the inner loops, a step change of 10% on AC voltage set 
point is applied at t = 2s. 

 

 
Figure II-8 : AC d-axis voltage and current dynamics 

The results show clearly the improvement brought by the proposed method. It illustrates that 
the proposed algorithm is effective in ensuring the stability and improving the dynamic 
performance of the system compared to what have been achieved using the two other 
approaches. 

In order to assess a good decoupling between the inner and the outer control, a comparison 
between modes of the grid forming converter with and without LC filter is shown below: 

 
Figure II-9 : The Dynamic of the outer loop with and without LC filter 

Following analyzes in section I,  are related to the active power dynamics. The 
comparison above shows that the LC filter and its control have a very small impact on these 
modes, which proves the decoupling between inner and outer loops. The obtained result can 
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be checked either by the following time domain simulation (Step on active power             
∗ = 0.4 ): 

 
Figure II-10 : The impact of the inner loop control on the outer loop 

II.1.7 Robustness of the grid-forming VSC 

The robustness of the grid-forming converter against topological variations is a very 
important criterion in the transmission grid; therefore, this part will particularly focus on the 
control robustness in case of Short Circuit Ratio (SCR) change in function of the operating 
point and the AC voltage amplitude. 

The Short Circuit Ratio is defined by the following expression in per-unit: 

  =   (48) 

Three quantities widely impact the system stability (i.e. the topological changes modeled by 
the variation of the grid impedance, the operating point and the voltage magnitude). To show 
the impact of those quantities on the developed control, it is assumed first that the voltage 
magnitude is fixed ( = 1 ) and the operating point is ( = 1 ).  

By applying a variation of the SCR from 20 to 1.2, the system remains stable as shown by the 
figure bellow.  

 
Figure II-11 : Effect of the SCR variation on the Dominant modes.  

By doing this analysis for all the operating points for 3 different voltage levels, an important 
conclusion could be drawn from Figure II-12. 
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Figure II-12 : Grid-forming robustness assessment in function of operation point, SCR and AC voltage amplitude 

Under normal conditions, when  =  1 , the system maintains a good operation on a wide 
SCR range until a critical operating point (i.e. SCR =1.2).  Under this value (i.e. < 1 ), 
stability conditions will no longer be ensured any more as previously mentioned.  

II.1.8 Conclusion 

Section II presents an algorithm to determine controller parameters which consists in giving 
the system poles the best possible damping ratio using the linearized small signals model. The 
principle of the algorithm consists in varying controller parameters by imposing a set of 
stability, dynamics and damping constraints on the system poles. This algorithm is applied to 
a grid-forming voltage source converter with a cascaded multi-loop controller. The results 
obtained show that the proposed method provides a good dynamic behavior comparing to 
what has been achieved with the controllers tuning in the literature. Moreover, these set of 
parameters calculated for a critical operating point reveals a very good robustness against 
short circuit ratio variations.  
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III. Current Limitation Control 

In this part we assume that inverters can withstand 120 % of nominal current during faults and 
140 % of nominal current during one electrical period. The results presented below can easily 
be adapted to other assumptions if needed. 

In case of overcurrent due to heavy loads connection, lines tripping or short-circuits, 
synchronous machines can support up to seven times over its rated current, while, power 
converters can only cope with few percent of over current. Trying to fully mimic synchronous 
machine would require a very large oversizing of semiconductor components and induce a 
very large additional costs. In order to protect the semiconductors from damage caused by 
over-currents, a current limitation must be ensured and integrated in the converters control 
algorithm. 

 
Figure III-1 : 3-phase short-circuits impact on the VSC  

In the literature some methods are used to limit the current, these methods consist in limiting 
the VSC output current reference [58] or to decrease the AC-voltage using virtual impedances 
[59], [60]. Both methods will be discussed in the following subsections in order to show their 
advantages and limitations. 

III.1 The Virtual Impedance 

III.1.1 Overall principle 

The idea of the proposed Virtual Impedance (VI) relies mainly on the physical system 
behavior (i.e. when an overcurrent occurs, the voltage drops). If the AC voltage remains 
controlled at the same value during a fault (i.e. ∗ = 1 ), the current increases to an 
unacceptable value (e.g. 3-phase short-circuits illustrated in Figure III-1). Since it is not 
feasible to add real impedance in the circuit to limit the current, virtual impedance is added by 
the control.  

The virtual impedance depends mainly on the voltage loop dynamics, therefore, a good 
controllers tuning is required [39], [57], otherwise, a direct feed-forward on the modulated 
voltage should be added [60]. 
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Figure III-2 : Illustration of the virtual impedance 

It is important to note that the threshold virtual impedance is triggered only when the current 
exceed its nominal value = 1 . 

The virtual impedance implementation is shown in the following figure: 

 
Figure III-3 : Virtual Impedance principle 

The expressions of , and  are given in (49) and (50). The resistance  is variable and 
proportional to . The /  ratio is constant. 

 =
    > 0

0                       ≤ 0
= −

  (49) 

 = /   (50) 

When the VI is activated, the AC voltage reference is given by (51) and (52): 

   ∗ = − +   (51) 

   ∗ = +   (52) 

The parameters  and /   are tuned to limit the current magnitude to a suitable level 

 during overcurrent. The tuning methods of these parameters are well explained in [59], 
thus, the same tuning is used in this document. 

III.1.2 The virtual impedance limitations 

In order to show the limitations of the VI, a 3- phase short-circuits is applied to the system in 
Figure III-1 at  =  2 . The fault duration is = 150 . 

The system parameters are listed in Table II-1 and Table II-3. VI parameters are: 

 = 0.6716 ,    / = 5,    = 1.2 . 
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Figure III-4 : The current limitation based on the VI 

It is observed from the obtained results in Figure III-4 that the VI with a good control tuning 
limits the current at the specified value = 1.2  in steady state. However, the first 
transient could be dangerous. 

The dynamics of the VI depends mainly on the voltage loop dynamics as explained 
previously, but in all cases, the voltage dynamics remains too slow to be able to limit the 
current in the first instants. Therefore the current transient limitation should be improved. 

III.2 Current Saturation 

III.2.1 The current saturation operation 

As presented in Figure II-1, two loops are implemented in the control, i.e. the current loop 
and voltage loop. To limit the current in the first instant, it is needed to implement a current 
reference saturation which means that the voltage loop is disabled. Compared with the VI, the 
current saturation acts faster to limit the current since it is a more direct action.   

A discrete PI-controller described by the generic equation (53) is used for the voltage loop: 

   ∗ = + + ± +   (53) 

where ,  and  are respectively the proportional gain, integral gain and the sampling 
period. 

During the current limitation activation, an anti-windup on the voltage PI controller is 
required. Several anti-windup techniques are presented in the literature [58]. A discrete 
method is used; its operation principle is described by the flowchart in Figure III-5. This 
method consists in recalculating the output of the integrator ( ) in case of saturation with 
respect to the system parameters to avoid its divergence. 
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Figure III-5 : discrete anti-windup voltage controller principle 

If the current   exceeds the current limit = 1.2 , the saturation limits in the d-q frame 
 and  are obtained by holding last values of the measured current          

(i.e. Dynamic saturation) (Figure III-6). As soon as  decreases under 1.2p.u, the system goes 
back to the normal operation.  

 
Figure III-6 : The VSC current saturation bounds in d-q frame 

III.2.2 The current saturation limitations 

In order to show the limitation of the current reference saturation, the same event applied in 
the previous example is performed in Figure III-7 (i.e. 3-phase short-circuits).  

 
Figure III-7 : The current limitation based on the current reference saturation 
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This method ensures a good current limitation even during the transients. However, since the 
voltage control is disabled, the LC output filter resonance frequency can be excited as shown 
in the figure above. 

A combination of these two methods is proposed in order to benefit from their advantages. 
This combination allows obtaining a good current transient limitation thanks to the current 
saturation and keeping voltage controllability after the first transient thanks to the virtual 
impedance. 

III.3 Hybrid Current Limitation Control  

The hybrid current limitation control ( ) shown in Figure III-8 is a sequential control.  

 
Figure III-8 : The hybrid current limitation control principle 

In order to avoid disturbing the operation of both methods, it is required to define two current 
limits    and  , where  < . 

The operation of the proposed limitation control is described by the following flowchart: 
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Figure III-9 : The algorithm m of the (HCLC) operation  

When an overcurrent occurs (  >   ), the VI is first activated (step 1). If the current is still 
increasing over  and reaches , the current saturation reacts and limits the 
current to  =    (step 2) during , and then the current reference is decreased 
under  (step 3). Once  becomes lower than , the current saturation is disabled 
and the control switches to the VI. Finally, when the current returns under  =   , the VI is 
disabled and the system comes back to the normal operation (step 4). 

The Parameters and  are degrees of freedom chosen according to the 
specifications. 

In order to show the relevance of the proposed method, the same event (i.e. 3-phase short-
circuit) is performed for a higher operating point i.e.; = 0.9 .  
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Figure III-10 : The current limitation based on the HCLC 

The obtained results in Figure III-10 clearly show the contribution of the proposed method. 
During the first transient (i.e. =30ms) the current saturation limits the current to a 
maximum value of approximately 1.4pu, thereafter a switch to the VI limits the current to a 
maximum value of 1.2pu. 

Note that the value of  is given only as an example to show clearly the HCLC operation 
principle. 

As soon as the grid voltage recovers, the current naturally converges to its initial operating 
point as shown in Figure III-11.  

 
Figure III-11 : Post-fault resynchronization  

III.4 Conclusion 

Section III exposes the problem of current limiting for grid-forming VSCs. A bibliographic 
review on the most well-known methods in the literature is presented. These techniques have 
limitations when the system is exposed to faults such as short-circuits. An alternative method 
is proposed in order to obtain better current limitation during fault transients. The proposed 
method consists to combine two conventional techniques and manage them in order to fulfil 
the specifications and ensure the system operation.  
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IV. Reduced models of converters for use in 100% 
converter-interfaced transmission systems 

In order to validate the developed controls, tests on real-size power systems are necessary. As 
full scale experiments are impossible because of the size of the considered systems, numerical 
simulations are required [61]. 

Usually, to simulate large transmission systems, simplified models of synchronous generators 
and lines are used to make the simulation faster and the analysis easier. This is the so-called 
phasor approximation [62]. This approximation consists in neglecting the electromagnetic 
transients which are way faster than the electromechanical transients of the synchronous 
machines. 

With 100% power electronics transmission systems (see Figure IV-1) this approximation is 
not obvious as there are no electromechanical dynamics. Besides, simplified models for the 
converters and their controls are needed [63]. This is the main topic of this section. 

 
Figure IV-1: Structure of an all converter-interfaced power system 

The process that finds simplified models of a system is called Model Order Reduction 
(MOR). The idea is to have a model with fewer variables, parameters and equations but an 
input/output response close to the one from the initial full model. 

Several methods exist to do this [64]: the balanced truncation [65], the modal truncation [66], 
the Krylov methods [67], the proper orthogonal decomposition (POD) [68], etc. Yet most of 
them change the physical structure of the system during the process. This results in a reduced 
model with different variables than the initial model. 

Nevertheless, keeping the physical structure would enable the user to add new parts in the 
system (a control loop for instance) directly on the reduced system without having to do the 
reduction process over again for each case study. This brings some flexibility and simplifies 
the stability analysis as well. It is for instance easy to know which variables are critical for the 
stability. 

For all these reasons, a method that keeps the physical structure of the converter is developed 
in this section. 

The first subsection describes the methodology and applies it on a converter which is 
controlled by the algorithm presented in the previous section. The second subsection validates 
the obtained reduced models. 
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IV.1 MOR Methodology – Application to a grid-forming converter 

The developed reduction method is based on the residualization of the states in the nonlinear 
model that are linked to the fastest eigenvalues of the linearized system. 

The following subsections present the methodology and apply it on the considered converter. 

IV.1.1 MOR methodology principle 

Figure IV-2 shows the MOR methodology principle.  

 
Figure IV-2: MOR methodology principle 

The first step consists in modelling the system to simulate and analyze (one or several 
converters connected to each other through a grid). It leads to a nonlinear differential 
algebraic model. 

This model is linearized around its operating point to obtain a linearized model in state-space. 

The participation factors of this linear model are calculated and analyzed. This analysis gives 
the dependencies between the state variables and the poles of the system. It helps creating a 
classification of the states and poles according to a predefined dependency criterion. 

A second criterion helps choosing which groups of states/poles can be residualized/discarded 
to obtain the reduced model. In this study this criteria will be the poles real part (the poles 
with a large negative real part are discarded). 

Finally the group of states that is linked to the group of poles to discard is residualized (these 
states are changed into algebraic variables) which leads to a new reduced nonlinear 
differential algebraic model. 

The different parts of this methodology are described in details on an example of a grid 
forming inverter model in the following subsections. 

IV.1.2 Grid forming inverter model 

Figure IV-3 presents the structure of the studied converter. It is a grid-forming converter as 
presented in section 2. The control is made of a classical cascaded loops structure with a 
current loop, a voltage loop and an outer loop (here an active power and a reactive power 
droop controls). The power part is made of the DC/AC converter (the DC part is modelled 
with an ideal DC voltage source and the model for the converter is an averaged one), an RLC 
filter and an RL line which represents an AC side transformer. 
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Figure IV-3: Structure of the considered converter 

The differential and algebraic equations describing this system and its control are given in 
Equations (54)-(84), starting from the outer control (54)-(64), then the voltage control (66)-
(70), the current control (71)-(74), the converter (75)-(76), the filter (77)-(80), the transformer 
(81)-(82) and the grid (83)-(84). 

The variables are expressed in the d-q reference frame of the converter’s frequency. Using 
differential equations instead of transfer functions for the modelling makes it easier to 
simulate the system with differential algebraic equation solvers like Modelica, which is used 
here. 

 = +  (54) 

 = −  (55) 

 + =  (56) 

 + =  (57) 

 = −  (58) 

 = −  (59) 

 = −  (60) 

 = −  (61) 

 = | | + − +  (62) 

 =  (63) 

 = + ( − ) (64) 

 =  (65) 

 = −  (66) 



 
REPORT 
 

42 
 

 = −  (67) 

 = −  (68) 

 = + − − +  (69) 

 = + − +  +  (70) 

 = −  (71) 

 = −  (72) 

 = + − −  +  (73) 

 = + − +  +  (74) 

 =  (75) 

 =  (76) 

 = − − +  (77) 

 = − − −  (78) 

 = − +  (79) 

 = − −  (80) 

 = − − +  (81) 

 = − − −  (82) 

 =  ( ) + ( )  (83) 

 = −  ( ) + ( )  (84) 

This nonlinear differential-algebraic system can be summed up in equations (85)-(89). 

 = ( , , ) (85) 

 0 = ( , , ) (86) 

 =                (87) 

= (         …  

 …       )  (88) 

 =   | |      (89) 
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The parameters of this converter are given in Table IV-1. 

Table IV-1: Converter’s parameters 

 31.4 rad/s  0.01 pu  0.0001 

 16.66 rad/s  0.2 pu  0.74 

 314 rad/s  0.01  0.80 

 0.005 pu  1  1.19 

 0.15 pu  1  1.16 

 0.066 pu  0.02   

The inputs of this converter are given in Table IV-2. 

Table IV-2: Converter’s inputs 

| |  1 pu  0.5 pu  0 pu 

 1 pu  0 pu   

ω  1 pu  1 pu   

The next subsection presents a mathematical tool which will be the first step of the developed 
model order reduction: the participation factors. 

IV.1.3 Participation factors analysis 

To start with, the system is linearized around its operating point. It gives (90)-(91). 

 
∆

= ′∆ + ′∆ + ′∆  (90) 

 0 = ′∆ + ′∆ + ′∆  (91) 

Provided that ′ is non-singular, the system can be re-written in (92), with = − ′ ′ 
and = − ′ ′. 

 
∆

= ∆ + ∆  (92) 

The system is now linear and in state-space representation. The eigenvalues of the matrix A 
are calculated and shown in Figure IV-4. 

 
Figure IV-4: System eigenvalues 
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These eigenvalues are displayed in Table IV-3: 

Table IV-3: System eigenvalues 

Eigenvalue 

, = −790 ± 3821  

, = −759.6 ± 3331  

, = −21 ± 133.6  
= −31.4 
= −17.2 
= −16.2 

, = −15.5 ± 28.3  
= −1.7 

, = −1.5 ± 0.1  
= −1.4 

One can notice that the 15 eigenvalues are quite spread in the complex plan. Some are slower 
(small negative real part like = −1.4), some are faster (large negative real part 
like , = −790 ± 3821 ). 

Of course, all real parts are negative, which shows that the system is stable. 

The idea here will be to discard the fastest eigenvalues to reduce the system, while keeping 
the slow ones almost unchanged. The fast eigenvalues are indeed linked to fast dynamics/fast 
transients that are quickly cleared, while the slow ones are linked to slow dynamics and have 
a great importance when assessing the system’s stability. 

The process that consists in discarding some poles of the system, while keeping the other 
absolutely untouched, is called modal truncation [69]. It is a well-known method in the power 
system community because it keeps the main features of the physics. However, as it is a 
truncation, it changes the state variables of the system (the new ones are linear combinations 
of the physical state variables). 

This is why another method will be used here to discard the fastest poles and keep the other 
almost unchanged (the “almost” here stands for the difference with the modal truncation) 
while keeping the system’s physical structure and variables. 

This method uses state residualization [68]. It consists in residualizing some states of the 
system, in the nonlinear model, by changing them into algebraic variables that can easily be 
eliminated. 

For example, residualizing  consists in substituting equation (93) by (94). 

 + =  (93) 

 0 + =  (94) 

Equation (94) can then be put into the remaining differential equations, which reduces the 
order of the system by one. 

The question is now to choose the state variables to residualize in order to discard the fast 
poles of the system while having almost no impact on the other ones. 

To do that, the participation factors are used. They give the dependencies between the states 
and the modes/poles of the linearized system. This way it is known which poles are discarded 
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when some states are residualized. They are numbers between 0 and 1, and there is one for 
each state/pole couple. For each state, the sum of its participation factors in each pole is equal 
to 1. And for each pole, the sum of its participation factors in each state is equal to 1. The 
participation factor of  in , an eigenvalue of , is given by Equation (95). 

 , = , ,  (95) 

In this equation ,  is the  entry of the  normalized right eigenvector of  and ,  is the 
 entry of the  normalized left eigenvector of . As illustration, Figure IV-5 gives the 

participation factors of each state variable in the eigenvalue = −1.4 and Figure IV-6 the 
participation factors of each state variable in the eigenvalue , = −790 ± 3821 . 

 
Figure IV-5: Participation factors of  

 
Figure IV-6: Participation factors of ,  

In this example, it can easily be noticed that these eigenvalues are not linked to the same state 
variables. 

For each eigenvalue , the participation factors are ranked from the largest to the smallest 
, > , > ⋯ > , . A precision  is chosen (0.9 here). The first k participation factors, and 

their corresponding state variables, are taken in order to have ∑ , > . For example, 
= −1.4 is linked to the variables , ,  and . 

This precision of 0.9 can be increased or decreased. This will result in more or less 
dependencies between the states and the eigenvalues. 
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The process is done for each eigenvalue. Then groups are formed, illustrating the 
dependencies between all the states and the eigenvalues of the system. This is shown in Table 
IV-4. 

Table IV-4: Dependencies between the states and the poles of the system 

Eigenvalues State variables 

, = −790 ± 3821  
, = −759.6 ± 3331  
, = −21 ± 133.6  

, , , , 
,  

= −31.4  
= −17.2 
= −16.2 

,  

, = −15.5 ± 28.3  
= −1.7 

, = −1.5 ± 0.1  
= −1.4 

, , , , 
,  

One can remark that the more precision we want, the fewer groups we will have. This table 
shows that if the states of a group are residualized in the nonlinear system, the corresponding 
eigenvalues will be deleted in the linearized system, while the other will be almost 
unchanged. 

The next subsection presents the reduced models that are deduced from this table. 

IV.1.4 The deduced reduced models 

As the main idea of the developed reduction method is to discard the fastest poles of the 
system, three reduced models are deduced from Table IV-4: 

- The first one is obtained by residualizing , , , ,  and . It is a 9th order 
model. 

- The second one is obtained by residualizing , , , , ,  and . It is an 
8th order model. 

- Finally, the third one is obtained by residualizing , , , , , , ,  
and . It is a 6th order model. 

One can remark that the first deduced residualization, the one to obtain the 9th order model, 
corresponds to the phasor approximation applied to the LC filter and the transformer. It 
changes Equations (77)-(82) into (96)-(101). 

 0 = − − +  (96) 

 0 = − − −  (97) 

 0 = − +  (98) 

 0 = − −  (99) 

 0 = − − +  (100) 

 0 = − − −  (101) 
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One can also notice that in all cases, the variables of the system are kept the same and the 
physical structure is preserved: there is still a current loop, a voltage loop, an external control, 
a filter and a transformer. Only the equations in those parts have been simplified. 

Figure IV-7 and Figure IV-8 show the evolution of the current control structure when it is 
reduced (i.e. when equations (71)-(74) are changed into (102)-(105)). It can be seen that the 
general structure of this current control is kept, as well as the variables. There is only a 
simplification in its structure. 

 0 = −  (102) 

 0 = −  (103) 

 = −   (104) 

 = +  (105) 

 
Figure IV-7: Current control before the reduction 

 
Figure IV-8: Current control after the reduction 

There are three main advantages in doing this kind of model order reduction: 

- It is easier to identify the critical variables when doing a stability analysis as they are 
the same as in the actual full model; 

- It is easier to add new parts in the control (like a current limitation for example) 
directly on the reduced model as the structure and the variables are kept. The reduction 
process doesn’t have to be done again. 

- It can easily be applied on software that solves differential-algebraic equations like 
Modelica [70]. The Modelica language indeed consists in writing the differential and 
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algebraic equations to create a model. This way it is really easy to residualize some 
states (see appendices). One can remark that the residualization itself won’t reduce the 
simulation time. To do so, it is possible to inject the newly created algebraic equations 
into the differential ones to have a purely differential reduced converter model which 
will decrease the simulation time. 

The next subsection deals with the validation of these obtained reduced models. 

IV.2 Validation of the reduced models 

In this subsection, the derived reduced models are validated. First their poles are compared 
with the full model ones. Then simulations are performed to assess the dynamic behaviors of 
the new models. These simulations are done with Modelica. 

IV.2.1 Poles comparison 

In Figure IV-9, the poles of the reduced and full models are compared. It can be seen that the 
fastest poles have been deleted, as wanted, and the slow ones are almost unchanged. The 
small change in the slow poles is due to the choice of the precision when linking the state 
variables to the poles of the linearized system (here 0.9). 

The main advantage in doing this kind of modal approach is that the stability is ensured (there 
is no way a pole goes into the right part of the complex plan). 

 
Figure IV-9: Pole comparison between the full and the reduced models 

The next subsection deals with time simulations. To simplify the analysis, only the full (n=15) 
and the most reduced (n=6) models are considered. 

IV.2.2 Proposed MOR evaluation through simulation results 

In this subsection, the full and reduced models are compared with time simulations. There is 
also a work on the influence of the grid modelling on the simulation results. 

The case under consideration is described on Figure IV-10. The system is made of one 
converter connected to a load and the grid through two lines in parallel. 
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A short-circuit in the middle of one line is simulated at 0.5s and cleared by the tripping of this 
line at 0.65s (150ms clearance time). 

The parameters and inputs of this system are given in Table IV-5 and Table IV-6. The 
converter itself is based on the parameters presented in Table IV-1 and Table IV-2. 

 
Figure IV-10: System under consideration for the time simulations 

Table IV-5: System's parameters 

 0.024 pu  0.049 pu  0.005 pu 
 0.24 pu  0.0025 pu  0.15 pu 
 0.0049 pu  0.05 pu  2 pu 

Table IV-6: System's inputs 

| |  1 pu  0.8 pu  0 pu 

 1 pu  0 pu   

ω  1 pu  1 pu   

As said before, with this kind of reduced model, it is possible to directly add new features in 
the control. This is done here: the current limitation made of Virtual Impedance (VI) is added 
with the following parameters in Table IV-7. 

Table IV-7: VI parameters 

 0.67 pu /  5  1 pu 

This VI reduces the voltage references  and  when the current in the converter 

goes above . Equations (62) and (63) are changed into (106)-(107): 

 = | | + − + −  (106) 

 = −  (107) 

The new variables  and  are calculated using Equations (108)-(111): 

 = (0, − )  (108) 

 = /  (109) 

 = −  (110) 

 = +  (111) 

The VI prevents the current in the converter from increasing too much in case of a short 
circuit. 

The first part in this subsection compares the results of the full and the reduced converters. 
The second one deals with the influence of the grid modelling in the simulation results. 
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IV.2.2.1 Influence of the converter model 

The simulation is performed and the current in the converter for each of the two cases is 
presented in Figure IV-11. 

 
Figure IV-11: Comparison of the current in the converter for the full and reduced models 

This figure shows that the global shapes are the same in both cases. It means that for stability 
analysis or quasi-static analysis the reduced model provides good results. 

During the short-circuit however, the reduced model loses the fast dynamics and the peak 
current, even though the current is well stabilized in both cases at 1.2pu thanks to the VI. This 
is shown on Figure IV-12. 

 
Figure IV-12: Comparison of the current in the converter for the full and reduced models during the short-circuit 

During the line tripping, the same issue arises but it is less obvious (there is still a peak 
current close to the actual one). This is shown on Figure IV-13. 

time [s]
0.49 0.495 0.5 0.505 0.51 0.515 0.52 0.525 0.53 0.535 0.54

0.6

0.8
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Reduced model
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Figure IV-13: Comparison of the current in the converter for the full and reduced models during the line tripping 

The conclusion of this part is that the reduced model is good for stability and quasi-static 
analysis, but not for sizing as it misses fast transients and peak currents, which are important 
in the case of power electronics sizing. This is all the more important that converters cannot 
handle high currents, even during a short period, unlike synchronous generators. 

The next part will deal with the influence of grid modelling on the simulation results. 

IV.2.2.2 Influence of the grid modelling 

In the previous study (the comparison between the full and reduced models), the grid has been 
modeled using the following Equations (112)-(113) for each RL element (called EMT model 
here, for electromagnetic transient). 

 = − − +  (112) 

 = − − −  (113) 

It is also possible to use the phasor approximation, to reduce the model. This is what is 
currently done for the simulation of large systems with synchronous generators, but it hasn’t 
been tested with converters yet (this may lead to errors as the converters have fast dynamics). 
This approximation is shown in Equations (114)-(115). 

 0 = − − +  (114) 

 0 = − − −  (115) 

Figure IV-14deals with the case where the converter is described with a full model. On this 
figure, it can be seen that modeling the grid in phasor doesn’t lead to wrong results during 
short-circuits. However, during the line tripping, there is an error with the first oscillation, 
which doesn’t lead to a peak current of 1.6pu but 0.18pu (not a maximum but a minimum). 
This is a real problem as it leads to wrong conclusions. Concerning the slow dynamics, the 
phasor approximation leads to good results, as well as for the stability analysis. 
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Figure IV-14: Comparison of the current in the converter for the full model with an EMT or Phasor modelled grid 

On Figure IV-15, the converter is described with a reduced model. This figure shows that 
using a phasor modeled grid leads to the loss of the peak current during short-circuits and 
even more during the tripping of the line. However, the slow dynamics are well kept. 

 
Figure IV-15: Comparison of the current in the converter for the reduced model with an EMT or Phasor modelled grid 

The same conclusion as in the previous part can be drawn here. Using a phasor modeled grid 
is a good solution when studying stability or slow dynamics but it is not adapted when 
considering peak current and sizing. 

In this subsection, the reduced model has been validated first by comparing the poles of the 
full and the reduced systems and then by performing time simulations. The conclusion was 
that this reduced model that discards the fastest poles of the system is mainly adapted for 
stability or quasi-static analysis. The same conclusion is drawn when considering the 
modeling of the grid, in EMT or phasor. 
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IV.3 Conclusion and perspectives 

This section dealt with the development of a model order reduction method to simulate and 
help analyzing large transmission systems with 100% power electronics. 

The developed method reduces converter models while keeping their variables and physical 
structure. Compared to existing reduction methods, it simplifies the stability analysis and 
allows adding new parts in the control structure directly on the reduced model as it keeps the 
physics of the system and its variables. 

The derived reduced models have been validated; first by comparing the poles of the new 
system with the ones of the initial system, and then by performing time simulations. The 
outcome of these studies is that the reduced model reproduces with high fidelity the slow 
transients during the time simulations. Therefore, the reduced models can be used for stability 
studies or quasi static studies without any problem. However, things are more complicated 
when simulating fast transients. The reduced models miss peak currents, which is a problem 
when doing sizing. 

A study on the modelling of the grid has also been done. The outcome is that modelling the 
grid in phasor mode, as well as reducing the converter model, can lead to errors when 
simulating fast transients. This has to be considered in the design process. 

To continue this work and solve the different issues that have been raised, several 
perspectives are presented here. 

First, the application of the method to a transmission system is under investigation. 

Then the development of a method that helps choosing which poles to discard/which states to 
residualize to reduce the model and still have a good accuracy during the fast transients is 
ongoing. The idea would be to capture the peak current just like with the full model. To do 
that, two ideas are being explored. 

A first method tries to minimize an error criterion defined in advance by choosing the most 
adapted reduced model (i.e. the most adapted poles to keep/discard). This method has proven 
to be precise on the first tests but is very time consuming. 

This is why a second one using a mix between the modal truncation, the balanced truncation 
and the state residualization, is being developed. It calculates the energy of each pole which 
helps choosing which one to keep. This way, only the most reachable and observable states 
are kept. 
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V. Test cases 

In this section several case studies developed within work package 3 are used to evaluate 
three different system-level control (D3.2 and D3.3) schemes in combination with a device-
level control scheme that includes a current limitation control developed in this deliverable. 

The case studies cover several prototypical scenarios based on a single converter connected to 
an infinite bus. This test case is used to study: 

- Islanding of a power converter 
- tracking power and voltage references when connected to a strong grid 
- Response to grid events (i.e., disconnection of a line and short circuit faults). 

These scenarios may constitute a starting point for specifying desired dynamics behaviors of 
power converter for future grid-codes. 

For each test case we will consider droop control, dispatchable virtual oscillator control 
(dVOC), and indirect matching control (see D3.3). For matching control and dVOC, a virtual 
damping resistor has been added (see section I.1.3.3) in order to stabilize the system. 

All of these system-level control schemes provide a reference for the angle and magnitude of 
the terminal voltage of the power converter to an underlying device-level control. In the 
following we consider the standard cascaded device-level level control (i.e., inner PI 
controllers for current and AC voltage). Moreover, the device-level control uses virtual 
impedance for current limitation control presented in section III to prevent the power 
converter output current from exceeding its limits.  

V.1 Test case 1-A-1: Islanding 

A single converter connected to an infinite bus as shown in Figure V-1 is used to study the 
behavior of the different system-level controls during islanding. 

 
Figure V-1: Single bus case study used to check: =0 (the ability of the converter to operate in islanded mode when 

disconnected from the grid.) and: =1(the ability to track references when connected to strong grid) 

In this scenario, the local load is an impedance load of 500 MW and the switch  opens at 
 =  0.5  and islands the converter and the load. A constant power load of 100 MW is 

enabled at  =  1.5 . Simulation results for this scenario are shown in Figure V-2 and Figure 
V-3. Figure V-2 shows the DC signals of the converter as well as the internal frequency of the 
power converter control. Figure V-3 shows the AC signals of the converter, i.e., the 
magnitude of the terminal voltage, current through the output filter, as well as the active and 
reactive power injected by the power converter. 

The frequency response of all three control strategies is qualitatively similar, with droop 
control showing a slower response than indirect matching control and dVOC. Moreover, all 
control strategies result in exactly the same behavior on the AC side of the converter and 
regulate the output voltage to its reference value within 100ms after the islanding and load 
step.  
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On the DC side, droop control and dVOC are indistinguishable. In contrast, indirect matching 
control results in a different behavior of the DC voltage. In particular, the fluctuations in the 
DC voltage are smaller. Analogously to a synchronous machine, a power imbalance on the 
AC side (i.e., after t = 1.5 s) results in an energy imbalance (i.e., a deviation of the voltage of 
the DC-link capacitor) on the DC side that is proportional to the frequency deviation. In other 
words, while the corresponding time scales are much faster for a power converter the 
qualitative behavior is identical to that of a synchronous machine. 

 

 

 

 
Figure V-2: Frequency and DC signals of a single converter that is islanded at t=0.5s  
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Figure V-3 : AC signals of a single converter that is islanded at t=0.5s 
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V.2 Test case 1-B-1 and 1-B-2: reference tracking when connected to a strong 
grid 

A single converter connected to an infinite bus as depicted in Figure V-1 is considered.  

This test case is used to check the ability of the different system-level controls to track 
references for the active power injection and the terminal voltage when connected to a strong 
grid. In this case, the switch  is closed and the impedance of the infinite bus is computed 
based on a short circuit ratio of 20.  

Both references for the terminal voltage of the converter as well as the active power injection 
are varied to check the ability of the power converter to track the references. Simulation 
results for this scenario are shown in Figure V-4 and Figure V-5. Specifically, Figure V-4 
shows the DC variables of the converter as well as the internal frequency of the power 
converter control. Moreover, Figure V-5 shows AC signals of the converter, i.e., the 
magnitude of the terminal voltage, current through the output filter, as well as the active and 
reactive power injected by the power converter. In this simulation the voltage reference is set 
to  =  0.95 . . at  =  0,5 ,  =  1.05 . . at  =  1 , and  =  1 . .  at  =
 1.5 . Moreover, the active power reference is changed to  ∗  = 1  at  =  2 , ∗  =
−1  at  =  3 , and ∗  = 0  at  =  4 . 

All three controls regulate the output voltage of the converter to the reference within 100ms 
after the change in the voltage reference and reach the desired power injections roughly 
200ms after the change in the active power reference. After the reversal of the power 
reference at  =  3  a large overshoot of the output voltage occurs. In a real-world system 
this effect would have been limited due to several factors, for instance the reference slope 
would have been less steep.  

In general it can be seen that all controls, i.e., droop control, dVOC, and indirect matching 
control, show the same qualitative behavior. In particular, droop control and dVOC exhibit 
nearly identical behavior. Overall, no big differences between controls are observed on the 
AC side and all controllers track the references well. The only notable difference is that the 
indirect matching control results in smaller fluctuations in the DC voltage because it explicitly 
considers the DC voltage in the control of the converters AC side. 
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Figure V-4 : Frequency and DC signals of a single converter connected to a strong grid (SCR=20) 
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Figure V-5 : AC signals of a single converter connected to a strong grid (SCR=20) 
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V.3 Test case 2-A-1: short circuit fault and line opening 

In this subsection, we investigate the response of a single power converter to a short circuit 
fault using the case study depicted in Figure V-6. 

Note that all improvements that have been done on the current limitation control in this 
deliverable are not including in this test case. Only the virtual impedance is used.  

 
Figure V-6: Single bus case study used to check the stability and the ability to withstand large transients after a short 

circuit fault. Fault occurred t = 1.5 s. After 150ms the switches  is open and disconnect the line. 

A three-phase short circuit fault occurs on one of the lines at  =  1.5  and is cleared by 
disconnecting the line after 150ms. The purpose of this case study is used to verify the 
compatibility between system-level controls and the current limitation scheme of the device-
level control. Simulation results for this scenario are shown in Figure V-7 and Figure V-8. 
Specifically, Figure V-7 shows the DC variables of the converter as well as its internal 
frequency and Figure V-8 shows the AC signals of the converter.  

All three control algorithms recover in a stable manner and reach the initial references within 
250ms. The current limitation of the device-level control exhibits the same behavior with all 
three system-level controls. After an initial transient that exceeds 1.4p.u. for three consecutive 
times for 4ms, limits the current less than 1.4 p.u. During the fault, the frequency increase is 
limited but significant enough so that the angle of the converter output voltage diverges 
compared to the angle of the infinite bus. Even though all three controls have the same static 
droop characteristic at nominal voltage, dVOC couples the frequency and voltage response, 
resulting in a lower frequency deviation during fault compared to the two other control 
schemes. Because a lower frequency deviation during a fault implies lower angle increase 
during fault, dVOC returns faster to steady-state. Compared to the droop control and dVOC, 
indirect matching control again results in a different response of the DC voltage as discussed 
above.  

The response of the DC signals shows the least oscillations for droop control. However, it 
should be noted, that the current limitation scheme of the underlying controller was tuned 
using droop control as system-level controller. Finally, we note that the response on the AC 
side immediately after the fault and immediately after the fault is cleared is identical for all 
controls because it is governed by the physics of the system (i.e., the capacitor resonance with 
the line inductance) and the current limitation scheme.  
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Figure V-7 : Frequency and DC signals of a single converter during a short circuit fault and subsequent line opening 
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Figure V-8: AC signals of a single converter during a short circuit fault and subsequent line opening 
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V.4 Three converters: compatibility and response to grid events 

In the previous parts of this section, the expected behavior and performance of three grid-
forming controllers has been validated using single-converter test cases. However, in the 
future power system, grid-forming converters of different ratings will be interconnected via 
transmission grids with diverse topologies. To study the behavior and performance of the 
controllers in such a scenario, the simple but representative meshed grid of 400 kV overhead 
lines,  =  1125  of resistive load, and three nodes shown in Figure V-9 is used.  

 
Figure V-9 : Three bus test case to study the compatibility of different controls and robustness of the system following grid 

events such as short-circuit and disconnecting a line  

The switch  open at  =  0.5  corresponding to a sudden line trip between the smallest and 
largest converter (Converter 1 and Converter 3). At  =  1.5 , a large three-phase fault is 
applied on one of the two lines connecting the first and the second converter (near PCC1) and 
the line is opened 150ms after the fault. In the following the response of the system with three 
different grid-forming controllers shown in Figure V-11 is compared to the response of the 
system with three droop-controlled converters shown in Figure V-10. First, it should be 
noticed that the power system formed by the three droop-controlled power converters 
recovers stability after the simulated events. All converters converge to the same frequency in 
less than 250ms after each event. Secondly, the different ratings and electrical distance of 
converters from the events leads to different individual responses. Nonetheless, even the 
converter with the lowest rating (Converter 1) is well protected by the action of the Virtual 
Impedance of the underlying device-level control. During the transient after the line opens 
at  =  0.5 , the first converter supplies a major part of the load, but its output current is 
limited by the Virtual Impedance. After the fault at  =  1.5 , the first converter keeps its 
output current magnitude under 1.4p.u, except for a very short amount of time (less than 5ms). 
Lastly, the converter with the highest rating (Converter 3) exhibits a large overvoltage 
(1.3p.u.) after the fault clearance, but only for a very short period of time (less than 5ms). 
Further investigations are required to study if the overcurrent and overvoltage observed in this 
simulation study are withstood by the hardware, or if they are prevented by the low level 
protections of the valves (which have been ignored in this study) without affecting the 
stability of the system. Otherwise, the protection strategy developed in this project must be 
enhanced. 

Compared to three droop-controlled converters, the system with three different controllers 
settles to a similar steady-state but only 400ms after each event. Other differences mainly 
concern the frequency behavior which depends strongly on the control strategy. Notably, the 
maximum frequency deviation and RoCoF are high for indirect matching control. However, 
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fast frequency oscillations will not be seen by other devices as frequency measurements 
usually act as low pass filter. Moreover, they should not have an impact on the converter itself 
as there is no rotating part. Because the frequency is less homogeneous during the fault the 
transients of the frequency after the fault is cleared are longer. On the other hand, all the 
controls result in identical AC voltage behavior. This compatibility of the different system-
level control strategies is not surprising considering that they all exhibit similar behavior 
independently. However, adverse interactions might still arise in a different grid configuration 
or may be excited by other events. Therefore, no rigorous conclusions on the overall stability 
of a system using a mix of different grid-forming controls can be made at this stage. 

 

 

 

 
Figure V-10 : Simulation results for the three bus case study. All converters are controlled by the droop control. 
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Figure V-11 : Simulation results for the three bus case study. Converter 1 is controlled via droop control, converter 2 is 

controlled via dVOC and converter 3 is controlled by matching control.  
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VI. Mock-up description and first results 

In this part, the mock-up designed in L2EP is described and the first experimental results are 
presented. The objective is to develop small scale and open VSCs which will be connected to 
a power system simulated in real time. Power Hardware In the Loop principle will be used to 
make this connection.  

An overall synoptic is depicted in Figure VI-1. The mock-up is constituted by: 

- Two VSCs designed by cinergia and controlled by a dSPACE environment 
- Two isolation transformers 
- An association of inductances or capacitors to simulate a line or a cable 
- A Real-Time Simulator (RTS) used to emulate a power grid 
- A linear power amplifier to interconnect the RTS with the VSCs 
- A SCADA system to control the VSCs and the components simulated in the RTS 

 
Figure VI-1: Synoptique du démonstrateur final 
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This section is focused on the VSCs description as the first experimental results have been 
obtained on a single VSC connected to a classical power system. The other components will 
be described in a next deliverable. 

VI.1 VSC general description 

The VSCs design is based on a converter manufactured by Cinergia. An illustration is 
presented in Figure VI-3 and a detailed description in the Figure VI-4.  

 
Figure VI-2:  CINERGIA Converter 

It is composed of two six switches converters connected on the same DC link which 
represents two VSCs. These two VSCs have LCL filters on the AC side and some AC and DC 
protections are directly integrated. The structure of the LCL filter is illustrated in Figure VI-3. 

 
Figure VI-3: LCL filter structure (m: converter side, g: grid side) 

The LCL filter has been designed to obtain the following characteristics: The rated power and 
the nominal voltage of the 2-level VSCs are respectively 7kVA and 400V ph-ph. 

Based on the LCL filter design introduced in section III, the per-unit impedance values are: 

= 0.15 , = 0.066 , = 0.15  

This yields to the LCL mock-up parameters: 

= 10.91 , = 9.19 , = 10.91  
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Regarding the control part, an adaptation board has been developed from the specifications of 
L2EP. This adaptation board is used to connect a dSPACE 1005 control board which is used 
to control the two converters. The controller is directly 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 and to measure some physical 

values (DC voltage level, output currents, LCL capacitor voltages) 
- A DS2003 to measure some physical values (AC grid voltages) 

 

 
Figure VI-4: Global VSC mock-up architecture 

VI.2 Experimental results 

As described in Figure VI-5, two kinds of experimentations have been completed. 

1- Autonomous mode (VSC is connected to a single load) 
2- Grid connected mode (VSC is connected to the bulk power system) 

 
Figure VI-5: Experimentation description 

In both cases, the control algorithm is the same and is based on the improved droop-control 
algorithm introduced in section II. 
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VI.2.1 Autonomous mode 

In this part, the VSC is only connected to variable load. As shown in Figure VI-6, the voltage 
is still regulated even if there a load variation.  

 

 
Figure VI-6: Experimental results in autonomous mode – Udc=400V, Eg=400V, Pload=4kW  

VI.2.2 Grid-connected mode 

In grid-connected mode, two tests have been fulfilled: 

1- An active power step of 0.2pu (0.1pu to 0.3pu) 
2- A voltage step of 0.1pu (1pu to 1.1pu) 

The obtained results are illustrated in Figure VI-7 and Figure VI-8. As shown in this figure, 
the active power and the AC output voltage is well regulated.  
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Figure VI-7: Active power step of 0.2pu in grid-connected mode – active power and VSC internal frequency evolutions 

 

 
Figure VI-8: Voltage step of 0.1pu in grid-connected mode – AC dq-voltages and dq-currents evolutions 
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General conclusion 

High penetration of new means of electrical generation induces the introduction of more PE 
devices in the bulk power system. This integration leads to the disconnection of synchronous 
machines and modifies the foundation of today’s power system operation and control. In case 
of a 100% PE power system, some grid-connected converters should act as AC voltage 
sources (i.e. grid-forming). These converters require more complex control law development 
in order to allow stable operation against perturbations that may occur in the power 
transmission system.  

This deliverable has focused on the study of local controls of grid forming inverters connected 
to a transmission system. This report has been divided in six parts.  

The first part explained the theoretical basis related to AC voltage source control. The power 
exchange principle between the droop-controlled voltage source and a variable frequency 
voltage source has been studied. 

The second part has focused on the inner control of a 2-level VSC with an LC output filter 
and is an extension of the principle introduced in the first part. 

The third part studied the protection of such a component in case of a fault and a hybrid 
current limitation control has been proposed. 

The fourth part proposed a Model Order Reduction method useful for the modeling of 
transmission systems with many PE devices.  

The fifth part showed some comparisons based on simulations. Several local controls have 
been compared. 

The last part showed the first experimental results obtained on the mock-up designed in the 
L2EP. 

The main results are summarized below: 

The VSCs behaviors are closely linked to the chosen control laws/structure. Grid forming and 
grid feeding can provide similar functionalities (load sharing, frequency control) to the grid; it 
is only a matter of control structure. However, the main difference is the dynamic behavior 
and more particularly in case of fast transients. 

The general properties of the grid forming control may be demonstrated with a simple 
« voltage source » model. The use of an LC filter in classical VSC associated with the current 
and voltage control does not change too much the general dynamic. 

Different grid-forming control laws can be unified (i.e. droop control is equivalent to VSM) 
and it is possible to merge different functionalities with the same control (electrical inertia – 
load sharing). The proposed control algorithms have been tested and validated on a small-
scale system. 

As highlighted before, grid forming VSCs need overcurrent protection as they act as voltage 
sources. A solution consists in the use of a virtual impedance to limit the current when 
needed. However, the virtual impedance is not fast enough and to overcome that issue a 
hybrid current limitation control has been proposed to avoid the first current overshoot. At 
first, the VSC acts as a grid feeding converter to have a strict current limitation and then 
switches back to grid-forming mode with an increased output impedance. Due to that, the 
behavior in islanding situation will be different from what it is today. 
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Finally, the usual techniques to model, analyze and simulate power systems are not suitable 
for 100% PE transmission systems. Indeed, for some simulated events, the phasor 
approximation may lead to wrong simulation results. Neglecting the fastest dynamics is 
appropriate for small signal stability analysis. But the simulation of short-circuits or line-
tripping require full model close to the event. Consequently, decisions on model complexity 
need to be made depending on the case study.   
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APPENDIX 1 

Based on the simplified system in Figure I-1, the grid currents are expressed in d-q frame as 
follow: 

 = − − +  (1) 

  = − − −      (2) 

The grid voltage is fixed in d-q frame such as (.i.e. Coupling matrix is neglected):  

 = ,    = 0     (3) 

To put the system in the same frame: 

 =   ,      =      (4) 

where  is assumed a fixed parameter. 

This yields: 

 = − + − +      (5) 

 = − −  (6) 

In order to obtain a linear expression, the cosine and sine functions are linearized around an 
operating point. Only the derivation parts are kept: 

          = − − +  (7) 

          = − −    (8) 

As the frequency variation is negligible, this latter is maintained as a fixed parameter. 

By applying Laplace transformation and substituting Δ  from the equation (8) into (7) and 
vis-versa, two transfer functions of Δ  versus Δ   and Δ  versus Δ   are obtained: 

 =    (9) 

 =   (10) 

The active power formula is expressed as bellow in d-q frame: 

 = + + +  (11) 

The current    are expressed as follow: 

 =   (12) 

 =   (13) 
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The initial voltage components of the VSC are expressed as: 

 =   ,      =                (14) 

From the equations (7) and (8), the voltage derivation parts Δ  and Δ  are founded: 

 =  −   (15) 

              =  +  (16) 

The resistance has been neglected in the equations (12)(13)(15) and (16) to simplify the 
calculation since. Subsequently this element will be included in the rest of the study to show 
its impact on the system. 

By putting the equations (9)(10)(12)(13)(14)(15) and (16) into (11) , the linearized active 
power expression yields to:  

 =
( ) ( ) ( ( )  ( )

(17) 

Similarly to the active power, the reactive power formula is calculated in similar way by 
taking a new considerations, i.e. the difference angle is fixed =  (i.e. Coupling matrix is 
neglected), while the voltage is allowed to vary = + Δ  : 

            =  − +                (18) 

   = − −  (19) 

By applying Laplace transformation and substituting Δ  from the equation (19) into (18) 
and vis-versa, two transfer functions of Δ  versus Δ   and Δ  versus Δ   are obtained: 

 =  (20) 

                                               =                                      (21) 

The reactive power formula is expressed as bellow in d-q frame: 

 = − − +                     (22) 

By putting the equations (12)(13)(14)(15)(16)(20) and (21) into (22) , the linearized reactive 
power expression yields to:  

=
( ) ( ) ( ( )  ( )

     (23) 
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APPENDIX 2 

Linear control matrices of Figure I-20 based on the improved droop control: 

 =  

−
+

0 − 0 0 0 0 0 0 0 0 0

− −
+

0 0 − 0 0 0 0 0 0 0 0

( + )
− − − 0 0 0 0 0 0 0 0 0 0

( + )
0 − − 0 0 0 0 0 0 0 0 0

− 0 0 0 −
+

0 0 0 0 0 0 0

0 − 0 0 − −
+

0 0 0 0 0 0 0

0 0 0
( + )

− − − 0 0 0 0 0 ( ) − ( )

0 − 0 0
( + )

0 − − 0 0 0 0 − ( ) ( )

+
( + )

− − ( + ) 0 0 0 0 −
1

0 0 0 0 0

0 0 0
( + )

+ − − + 0 0 −
1

0 0 ( ( )) − ( )

0 0 0 0 0 0 0 0 0 0 − 0 0 0
0 0 0 0 0 0 0 0 0 0 0 − 0 0
0 0 0 0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1 0 0

  

 

 

, =   

0 0 0 0 0 0
0 0 0 0 0 0

0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
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APPENDIX 3 

Linear control matrices of Grid-forming VSC in grid-connected mode (Figure II-1): 
 

=  

0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
(   )

− 0 0 0 0 0 − + + − −
( )

− 0 0

0 − − 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 −1 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0 −1 0 0 0 1
0 0 0 0 0 0 −1 0 − − ∗ 0 0 0

0 0 0 0 0 0 0 −1 ∗ − 0 0 0

0 0 0 0 ( − ∗) − ∗ 0 0 0

0 0 − 0 0 −( − ∗) ∗ 0 0 0

0 0 0 0 0 0 0 0 − 0 0 0

0 0 − 0 0 0 0 0 − 0 0 − 0 0

( )
0 0 0 0 0 0 0 0 −

( )
0

−
(  )

0 − 0 0 0 0 0 0 0 − −
( )

 0

−
( )

0 0 0 0 0 0 0 0
( )

− − 0

(  )
0 − 0 0 0 0 0 0 0 −

( )
0 −

  

=  

0 0 0
0 0 0

0
0 0 0
0 0 0
0 0 0
0 0 0

0 0

0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0
0 0 0

 

 


