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A B S T R A C T   

Currently, the transient stability of the grid is mainly ensured by the inertial behavior of its synchronous gen-
erators. The increase of renewable energy sources connected to the grid through grid following (GFL) inverters is 
severely affecting the inertia of the grid and its stability is beginning to be compromised. Moreover, in case of a 
large disturbance, these renewable energy sources disconnect from the grid by design, thus exacerbating the 
problem. The idea of mimicking the behavior of synchronous generators in an inverter and participating in the 
grid stability gave birth to the so-called grid forming (GFM) inverters. This implies a change in paradigm from 
current controlled sources (GFL) to voltage-controlled sources (GFM). Despite known stability issues in current 
controlled converters, a typical approach to GFM converters with LCL output filters is based on cascaded current 
and voltage control loops. An internal current loop controls the inverter’s output currents and an external voltage 
loop controls the filter capacitors’ voltages. The problem is that this solution is complex and is also marginally 
stable. Alternatively, in this paper we explore a direct voltage control, which is based on droop control. The 
proposed control’s output is used for the direct control of the inverter’s output voltage in amplitude and phase. A 
complete analysis is performed, and a method is proposed to determine the appropriate control parameters as 
well as the sizing of the inverter components. Finally, an experimental setup is presented and the effectiveness of 
the proposed method is shown in simulations as well as in real-life experiments.   

1. Introduction 

With the growing proportion of renewable energy sources being 
connected to the grid, as well as the reduction and decommissioning of 
thermal (fossil or nuclear) based energy sources, stability issues begin to 
arise because of the proportionally reduced inertia [1]. Indeed, tradi-
tional thermal based power plants convert their mechanical power to 
electrical power with synchronous generators (SGs), whereas renew-
ables, such as photovoltaic plants (PV) and wind turbines, are typically 
connected to the grid through grid following (GFL) inverters [2]. Unlike 
SGs, inverters do not intrinsically have inertia, therefore they do not 
participate passively in the dynamic stability of the grid. To make 
matters worse, in the case of severe frequency or voltage deviations 
caused by a large disturbance on the grid, GFL inverters are designed to 
disconnect, which increases the stress on the SGs. Furthermore, the GFL 
inverters cannot supply their loads in case of grid outage and eventually 
have no contribution in grid restoration following a black out. In this 
context, the concept of grid forming (GFM) voltage source inverters 
(VSI) was first conceived in the early 2000 s as a necessary building 

block for microgrids [2,3], even though the control of grid connected 
VSI had previously been studied [4]. GFM inverters not only have the 
advantage of being able to generate their own grid, but can also incor-
porate virtual inertia. Many different strategies have been proposed to 
generate the reference voltage amplitude and phase [5]. Probably the 
most obvious is the virtual synchronous machine which emulates the 
behavior of a SG. Much work has been done in this field (e.g., [6–11]), 
however emulating an SG does not take fully advantage of the freedom 
offered by the virtual nature of the control, as well as the opportunity to 
simplify the control scheme. The basic concept of virtual inertia is based 
on the swing equation which in essence is a second order differential 
equation that describes the dynamic behavior of the rotor of SGs as well 
as any flywheel. 

Because of the low resilience of inverters to overloads, the designers 
of the first GFM inverters were reluctant to abandon the current control 
loop and instead built a voltage control loop around it (multiloop or 
cascaded control). However, current controlled inverters in GFL mode 
are known to have stability issues when the grid inductance is high [12]. 
Stable current controlled GFM inverters can be designed [13,14], 
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however they are also confronted with stability issues when the grid 
inductance is high. In [15] the authors show that the solution is to do 
direct voltage control and that the loss of direct control of the current 
can be effectively compensated by the implementation of a dynamic 
virtual impedance that kicks in when the current becomes too high. 
Furthermore, in [16] it is demonstrated that compared with the 
multi-loop droop control, direct voltage control has a simpler control 
structure and also provides a better dynamic performance. 

Nevertheless, one could argue that GFL inverters could also help 
support the voltage in the case of a large disturbance on the grid. The 
issue is that GFL inverters depend on a phase locked loop (PLL) to follow 
the grid voltage. However, in the event of a short-circuit, the voltage 
drops to nearly zero and the PLL loses track of the phase and becomes 
unstable [17]. On the other hand, a system whose phase is controlled 
with an inertial behavior will not deviate as fast, which potentially al-
lows it to recover directly if the disturbance is resolved rapidly (a few 
hundred milliseconds). 

In this paper we explore a direct voltage control, which is based on 
the selfsync droop control [18], originally introduced in [19] and [20]. 
This method does not rely on a PLL to function but rather generates the 
reference phase of the inverter based on active power, as well as the 
reference voltage amplitude, based on reactive power. The voltage 
amplitude and phase are directly used as input to generate the pulse 
width modulation (PWM) controlling the power modules. 

The novelty of this paper is that we propose a full methodology to 
adequately choose the corresponding control parameters as well as the 
sizing of the inverter components. In addition, we developed an exper-
imental hardware setup to test and validate the effectiveness of the 
proposed methodology. 

The rest of the paper is structured as follows: First, the system under 
study is described. Then the transfer functions that govern the behavior 
of the system are defined. These then allow us to analyze and propose a 
method to choose adequate control parameters. An experimental setup 
in which the proposed control is validated is then described, and results 
are presented. Finally, we present our future-related activities before 
concluding. 

2. System description 

Fig. 1 shows the block diagram of the droop-based control, where the 
amplitude of the voltage is controlled by a reactive power loop and the 
phase of the voltage is controlled by an active power loop. 

where P0 and Q0 are the active and reactive power droop setpoints, 
GP(s) and GQ(s) are the respective droop controls, U and δ are the 
inverter voltage amplitude and phase, and Pel and Qel are the electric 
active and reactive powers. 

2.1. The selfsync control 

The particularity of the selfsync control method is the feedforward 
on the angle, which improves greatly the stability of the system. The 
block diagram of the self-sync control is given in Fig. 2. 

where Tm and Te are the mechanical and electrical time constants, kp 

and kq and the respective droop coefficients, k′
p is a feedforward gain 

(detailed later), and ωn and Un are the nominal grid frequency and 

voltage amplitude. The corresponding transfer functions for the active 
and reactive power parts are: 

GP(s) =
δ(s)
P(s)

=
1

Tms + 1
⋅
(

kp

s
+ k′

p

)

(1)  

GQ(s) =
U(s)
Q(s)

=
kq

Tes + 1
(2)  

2.2. Parallel with the swing equation 

The swing equation is given by Eq. (3), where M is the momentum, D 
is the damping coefficient, Pm is the mechanical power and Pel is the 
electrical power. 

M
d2δ
dt2 + D

dδ
dt

= Pm − Pel (3) 

Applying the Laplace transform gives 

Ms2δ(s)+Dsδ(s) = P(s) (4) 

Rearranging (4) to obtain the transfer function of δ(s)/P(s) gives 

δ(s)
P(s)

=
1

Ms2 + Ds
=

1
Ms + D

⋅
1
s

(5) 

To make a parallel between the swing equation and the active power 
droop control, Eq. (1) can be rearranged as: 

GP(s) =
δ(s)
P(s)

=
1

Tm
kp

s + 1
kp

⋅
(

1
s
+

k′
p

kp

)

(6) 

Neglecting the effect of the feedforward, by identification it can be 
shown that the droop control emulates the behavior described by the 
swing equation, where the momentum (M) is equal to Tm/kp and the 
damping coefficient (D) is equal to 1/kp. Since the damping and the 
droop coefficient are linked, their effects cannot be decoupled. For the 
ease of reading, we define a feedforward variable: 

kff =
k′

p

kp
(7) 

Therefore, the active power droop control becomes: 

GP(s) =
kp

Mkps + 1
⋅
(

1
s
+ kff

)

(8)  

2.3. Inertial and droop typical values 

The inertia constant (H) is the ratio of kinetic energy at the nominal 
frequency (ωn) to the nominal apparent power (SN) of the generator. The 
order of magnitude of H is typically in the range of 1–10 seconds. 

H =
1
2⋅J⋅ω2

n

SN
[s] (9) 

Fig. 1. Block diagram of the droop-based control of an inverter.  

Fig. 2. Block diagram of the selfsync control as first proposed.  
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The momentum (M) is given by Eq. (10). 

M = J⋅ωn = 2⋅H⋅
Sn

ωn
=

Tm

kp
(10) 

Regarding the droop coefficients, in per units (pu)., kp is usually 5% 
and kq is 10%. The values of active power droop coefficient kp and 
mechanical time constant Tm determine the value of the inertia. As for 
the electrical time constant Te, it has no effect of the inertia and only 
defines the dynamics of the system to a voltage drop. Therefore, its value 
is of less importance here. However, a typical value of Te is in the 
1 second range. 

3. System transfer function 

3.1. Effect of the coupling with the grid 

The actual inverter is equipped with an LCL filter (see Section 5). 
However, since the reactive power of the capacitor branch is low in 
comparison to the nominal power, to evaluate the coupling with the grid 
we neglect the capacitor branch and consider an equivalent simple RL 
coupling, as shown in Fig. 3. The corresponding steady-state current and 
voltages are shown in Fig. 4 while the equations governing the voltages 
and current in the rotating dq frame are given by Eq. (11). 

Because it is known that the active power is strongly dependent on 
the phase and that the reactive power is strongly dependent on the 
voltage, these interactions will be referred to as “the direct influences”. 
Furthermore, the effect of voltage on active power and phase on reactive 
power will be referred to as “the cross-coupling influences”. 
⎧
⎪⎪⎨

⎪⎪⎩

udi − udg = R⋅id + L
did

dt
− ωLiq

uqi − uqg = R⋅iq + L
diq

dt
+ ωLid

(11)  

where udi and uqi are the inverter voltages, udg and uqg are the grid 
voltages, and id and iq are the currents, all in the dq axes. With these 
voltages and currents, the equations for active and reactive power [21]: 
⎧
⎪⎪⎨

⎪⎪⎩

P =
3
2
(
udg⋅id + uqg⋅iq

)

Q =
3
2
(
uqg⋅id − udg⋅iq

)
(12) 

We define the grid voltage as being the reference, so: 
{

udg =
̅̅̅
2

√
⋅Ug

uqg = 0
(13) 

Furthermore, we define that the inverter voltage is offset by an angle 
δ, so: 
{

udi =
̅̅̅
2

√
⋅Ui⋅cos(δ)

uqi =
̅̅̅
2

√
⋅Ui⋅sin(δ)

(14) 

With these two sets of equations the state-space matrixes of the 
multiple input multiple output (MIMO) system can be established, 

where the state variable x =
[
id iq

]′, input variable u = [ δ Ui ]
′ and 

the output variable y = [ P Q ]
′. 

{
ẋ = A⋅x + B⋅u
y = C⋅x + D⋅u (15) 

However, since the system is nonlinear, it needs to be linearized 
around a working point and considered for small variations. In the 
following section, all the variables refer to those small variations. 
Assuming δ is small, we linearize sin(δ) ≅ δ and cos(δ) = 1. Further-
more, the angular velocity ω is equal to the nominal angular velocity 
(ω = ωn) and the input voltage Ui is a constant, equal to the nominal 
voltage (Ui = Uni). Therefore, the state-space matrixes are the following: 

A =

[
− L/R ωn

− ωn − L/R

]

B =
1
L

[
0 1
̅̅̅
2

√
⋅Uni 0

]

C =
3
2

[
1 0

0 − 1

]

D =

[
0 0

0 0

] (16) 

This gives the following transfer functions for the direct influences: 

P(s)
δ(s)

= Ui⋅
Q(s)
Ui(s)

=
3UgUi

XL
⋅

ω2
n

(

s + R
L

)2

+ ω2
n

(17)  

and for the cross-coupling influences: 

P(s)
Ui(s)

= −
1
Ui

⋅
Q(s)
δ(s)

=
3Ug

XL
⋅

(

s + R
L

)

ωn

(

s + R
L

)2

+ ω2
n

(18) 

Eq. (17) shows that P(s)/δ(s) and Q(s)/U(s) are defined by a gain and 
a second order low pass filter with a resonance at ωr, which is the 
constant part of the denominator. 

ωres =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ω2
n +

(
R
L

)2
√

(19) 

Furthermore, this resonance is damped with a damping ratio ξ of: 

ξ =
R

ωresL
(20) 

Eq. (18) shows that the two cross-coupling transfer functions 
P(s)/U(s) and Q(s)/δ(s) have a lower gain than the direct influence. They 
have the same second order low pass behavior, with identical resonant 
frequencies and damping ratios, however they also have a first order 
high pass component. Furthermore, it is to be noted that Q(s)/δ(s) has a 
negative reaction, which causes the reactive power to decrease when δ 
increases. Fig. 5 shows the Bode diagram of the MIMO system in pu, as it 
is clearer in pu to evaluate the weight of each input on the outputs. 

As shown, the active power is strongly linked to the phase and the 
reactive power is strongly linked to the amplitude of the voltage. 

3.2. Sizing of the filter inductance 

In steady state and neglecting the resistive component, the active 
power is given by Eq. (21). 

P =
3⋅Ug⋅Ui⋅sin(δ)

XL
(21) 

Fig. 3. Single phase equivalent schematic of the RL coupling between the 
inverter and the grid, where Ug and Ui are the phase to neutral grid and 
inverter voltages. 

Fig. 4. Phasor diagram of the voltages and current of Fig. 3.  
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For the assumption of δ being small to be true, at full power the load 
angle has to be in the order of δmax ≅ 0.1 rad. This consequently implies 
that the single-phase inductor is: 

L ≅
3⋅U2

n

10⋅Sn⋅ωn
(22) 

Or put otherwise, the gain (Kinv) of the inverter is: 

Kinv =
3⋅Ug⋅Ui

XL
≅ 10⋅Sn (23) 

In the present case, we will consider a nominal phase to neutral 
voltage (Un) of 230 V, a nominal frequency of 50 Hz (ωn = 100π) and a 
nominal apparent power (Sn) of 10 kVA. Therefore, the single-phase 
inductor is L ≅ 5 mH. This value will be retained in the design of the 
overall filter. 

3.3. Effect of switching/sampling frequency 

Assuming that the switching and sampling frequencies are the same, 
the delay that is induced can be modelled by a first order low pass filter. 

Gsampling(s) =
1

sTpe + 1
(24)  

where Tpe = 3/(2fe)+
∑n

m=1Tm (fe is switching frequency and Tm are the 
small time constants) [22]. Because the switching frequency is at least 
an order of magnitude higher that the grid frequency and that the power 
transfer functions have a 180◦ phase drop around the grid frequency, the 
cutoff frequencies of the active and reactive control loops will be below 
the grid frequency. Therefore, the effect of the switching/sampling 
frequency can be neglected. 

3.4. Compensation of the resonant part 

To avoid feedback or an excitation of the resonant part of both the 
active and reactive power loops, a band-stop filter is added in series in 
both systems (Fig. 6). 

Gbs(s) =
s2 + ω2

0

s2 + ω1s + ω2
0

(25)  

Where ω0 is the cutoff frequency and ω1 is the bandwidth. In the present 
case, ω0 = ω1 = 100π gives satisfying results. Fig. 6 shows the new 
system block diagram. 

Fig. 7 shows the Bode diagram of the active power inverter transfer 

function GinvP (s), the band-stop filter, and the combination of the two. 
The Bode diagram of the reactive power transfer function is the same 

as the one in Fig. 7, except for the gain. 

4. Analysis and sizing of the droop control 

4.1. Active power chain 

The full active power chain block diagram with the droop control as 
developed in Eq. (6) is shown in Fig. 8. 

4.1.1. System without feedforward 
The first step is to analyze the system without the feedforward 

(
kff = 0

)
. To ease the analysis, the droop control is separated into two 

parts: 

GP1 (s) =
kp

Mkps + 1
(26)  

GP2 (s) =
1
s
+ kff =

kff s + 1
s

(27) 

Fig. 5. Bode diagram of the MIMO system (in pu).  

Fig. 6. Block diagram of both active and reactive droop-control chains. Gsys is 
the MIMO system described before. 

Fig. 7. Bode diagram of the active power inverter transfer function for a grid 
voltage of 230 V, a grid frequency of 50 Hz, a single-phase inductance of 5 mH 
and a switching frequency of 15 kHz. 

Fig. 8. Active power droop control as represented in Eq. (6) with the band stop 
filter and the inverter transfer functions. GP/δ is P(s)/δ(s) defined in Eq. (17). 
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The Bode diagram of the different components of the active power 
droop is shown in Fig. 9. 

As highlighted with the dotted line on the full system in open loop, 
the phase margin is close to zero, which means the system is marginally 
stable. The feedforward introduces a zero in the system, which is used to 
increase the phase margin, however as a side effect it will also decrease 
the attenuation of high frequencies. 

4.1.2. System with feedforward 
Ideally, we would like to place the zero in such a way that it does not 

change the cutoff frequency (ωc) of the full system to avoid modifying 
the inertia. However, there is a tradeoff between the possibility of 
increasing the phase and not influencing the inertia. To get the most out 
of the zero, it should be placed close to ωc. It can be shown that the cutoff 
frequency is: 

ωc =

̅̅̅̅̅̅̅̅
Kinv

M

√

(28) 

Placing the zero at a frequency slightly lower than ωc (20% less) 
allows to have a suitable phase margin (almost 60◦) allowing for a dy-
namic response. 

kff = 1.2
̅̅̅̅̅̅̅̅
M

Kinv

√

(29) 

Furthermore, to compensate for the slight shift to the right of the 
resulting cutoff frequency (corresponding to a lower inertia), adding kff 

to the denominator of G1 gives good results (Fig. 17), without compro-
mising the phase margin. The final proposed active power droop control 
is: 

GP(s) =
kp(

Mkp + kff
)
s + 1

⋅
(

1
s
+ kff

)

(30) 

The resulting Bode diagram is shown in Fig. 10. 
The closed loop step responses for values of H ranging from 1 to 16 

are shown in Fig. 11. 
As shown in step responses, the response behavior is consistent when 

the inertia constant is varied. Furthermore, if the inverter gain (Kinv) is 
kept constant, the responses are invariable from the rated power or the 
nominal voltage of the inverter. 

4.2. Reactive power chain 

The reactive power chain shown in Fig. 2 has the disadvantage of 
having a static error because there is no integrator in the loop. To solve 

this inconvenience, we propose the diagram in Fig. 12. 
In the proposed control scheme, the reactive power droop is a 

delayed offset applied to the reactive power reference. Therefore, the 
tuning of the regulation is done only on the reactive power loop part as 
shown in Fig. 13. 

The reactive power chain does not need to have high dynamics. 
Furthermore, since a cross-coupling exists between the active and 
reactive loops, slower dynamics allows for the other loop to compensate 
more effectively. Nevertheless, it still has to be faster than the reactive 
power droop time constant (∼ π rad/s). Therefore, we choose a cutoff 
frequency ωQ = 20 rad/s. KI can be calculated as the cutoff frequency 
divided by the steady state gain of GQ/U. 

KI =
ωQ

Kinv/Ui
=

ωQ⋅XL

3⋅Ug
(31) 

The Bode diagram of the open loop reactive power chain as well as 
the different subsystems it is composed of are shown in Fig. 14. 

The closed loop step response of the reactive power chain is show in  
Fig. 15. 

Fig. 9. Bode diagram of the different components of the active power droop 
control in open loop, with no feedforward. (H=1). 

Fig. 10. Bode diagram of the different components of the active power droop 
control il open loop, with feedforward. (H=1). 

Fig. 11. Closed loop step responses of the active power droop control (in pu) 
for different values of H. 

Fig. 12. Reactive power droop with the band-stop filter and inverter transfer 
function. GQ/U is Q(s)/U(s) defined in Eq. (18). 
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4.3. Verification with the cross-coupling effect 

The system in open loop Gol(s) is given in (31). Applying the feedback 
as shown in Fig. 6 

Gol(s) =
[

GP(s) 0
0 GQ(s)

]

⋅

⎡

⎢
⎢
⎢
⎣

P(s)
δ(s)

P(s)
U(s)

Q(s)
δ(s)

Q(s)
U(s)

⎤

⎥
⎥
⎥
⎦

(32) 

The system in closed loop Gcl(s) is: 

Gcl(s) =
Gol(s)

1 + I⋅Gol(s)
(33)  

where I is the identity matrix. Fig. 16 shows the closed loop step 
response, with different inertial constants H. 

As shown in Fig. 16, the cross-coupling effect is limited and is fully 
compensated by the regulators without any static error. Therefore, no 
cross-coupled compensation strategy on the active and the reactive 
loops have been implemented. 

4.4. Simulation of the full system connected to a grid 

Simulations were performed using PLECS [23]. Because the 

dynamics of the droop control is orders of magnitude lower than usual 
switching frequency and control frequency of inverters, the inverter was 
modeled as an ideal volage source. Furthermore, the grid was modeled 
as an ideal stiff grid. The simulation parameters are shown hereafter in  
Table 1. 

To validate the behavior of the inertial droop control, the grid fre-
quency is varied, and the response (amplitude) is compared to the 
calculated ideal, non-elastic response. Fig. 17 shows the simulation 
result for a frequency decrease with a rate of change of frequency 
(ROCOF) of 1 Hz/s, with an inertia constant H = 5 s. 

As shown in Fig. 17, the compensated response’s amplitude corre-
sponds to the ideal response and the dynamics are coherent with the 
ones shown in Fig. 11. 

5. Experimental validation 

5.1. Experimental hardware 

To validate the control algorithm, a 10 kVA inverter was built and 
programmed in house. Fig. 18 shows the inverter in the ReIne laboratory 
[24] at the School of Engineering and Management (HEIG-VD) in 
Yverdon-les-Bains, Switzerland. This laboratory is designed to emulate 
different grid configurations and has a capacity up to 100 kVA. 

For development purposes the inverter’s DC energy source is an 
800 V, 25 A, power supply. However, a high voltage battery is installed 
next to it is planned to replace the power supply. On the grid side, a 
REGATRON TC.ACS 50 kVA three phase grid simulator allows to 
generate the desired grid conditions, such as the frequency variations 
presented hereafter. The characteristics of the inverter are shown in  
Table 2. 

To be able to provide smooth voltage when functioning in island 
mode, the inverter must be equipped with an LCL filter as shown in  
Fig. 19. Because the system is “direct voltage controlled” the variable 
that is controlled is the inverter voltage (labeled Ui). 

Fig. 13. Reactive power loop without the offset induced by the droop.  

Fig. 14. Bode diagram of the different components of the reactive power chain 
in open loop. 

Fig. 15. Closed loop step response of the reactive power loop (in pu).  

Fig. 16. Closed loop step responses with different inertial constants.  

Table 1 
Simulation parameters.  

Nominal grid voltage (L-N) Ug 230 [V] 

Nominal grid frequency fg  50 [Hz] 
Inverter nominal power SN  10 [kVA] 
Inverter gain Kinv  100 [kVA] 
Active power droop coefficient kp  5 [%] 
Reactive power droop coefficient kq  10 [%]  

P. Morey et al.                                                                                                                                                                                                                                   
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The phasor diagram of the currents and voltages across the LCL filter 
is shown in Fig. 20. Because of the absence of a PLL and the grid’s phase 
that is not measured, the d axis is set in the inverter’s reference. 

Therefore, the reference voltage output by the reactive power droop 
is purely in the d axis and q axis is null. 

{
udi =

̅̅̅
2

√
⋅Ui

uqi = 0
(34) 

The main system analysis was done with an RL circuit and not an 
LCL. However, this is not an issue since the components of the LCL filter 
are known, and the different voltages and currents are measured as well. 
The net effect of the “L1C” cell can be compensated by adding the 
voltage drop across L1 and RL1 in the dq axis to udi and uqi. 
{

udi =
̅̅̅
2

√
⋅Ui + RL1 ⋅idL1

− ωL1⋅iqL1
uqi = RL1 ⋅iqL1

+ ωL1⋅idL1

(35) 

This way the circuit appears as an RL to the control algorithm. 
Finally, Fig. 21 shows the complete control structure block diagram, 

where uabcg is a vector with the three phase measured grid voltages, iabcL1 

and iabcL2 
are respectively vectors with the three phase measured cur-

rents in L1 and L2, UDC is the measured DC bus voltage and P0, Q0, U0, 
and ω0 are the reference values. 

5.2. Experimental results 

The inverter starts up in island mode, generating its own local 
microgrid, on which test loads were connected. To synchronize, a PLL is 
used to read the phase and amplitude of the grid voltage (while off grid). 
Then the synchronization with the grid is done by varying the active and 
reactive power references to align voltage phases and amplitudes. At the 
instant the inverter is connected to the grid, the active and reactive 
power references are returned to predefined values and the PLL is no 
longer used. Figs. 22 and 23 show oscilloscope screenshots (voltage and 
current of one phase) of step responses on the active power reference 
from 0 to 10 kW, with two different inertia constants (H = 1 s and H = 5 
s). 

The same steps were applied for values of H ranging from 1 to 16 s. 
The active and reactive power datapoints were measured by the in-
verter’s microcontroller and extracted to be plotted in Fig. 24. 

The measured step responses closely match the theoretical responses 
in Fig. 11. During the rise, a non-linearity can be observed. This is 
mainly due to the fact that the dead-time of the inverter switches (3µs) is 
significant compared to the switching period (66µs) and is not 
compensated. Using silicon carbide (SiC) MOSFETs would strongly 
reduce this effect because of the higher switching frequency capability 
that they offer. 

Fig. 25 shows the inertial as well as the droop response of the inverter 
to a frequency change of 1.5 Hz, with a ROCOF of 1 Hz/s and an inertia 
constant H = 5 s. 

Furthermore, the inverter has been programmed in such a way that 
the virtual inertia constant can be changed in real time, while the 
inverter is functioning, without causing any transient. This opens the 
possibility to explore whether and how dynamic virtual inertia can 
potentially improve grid stability. 

Fig. 17. Simulation result of a frequency drop with a ROCOF of 1 Hz/s and an 
inertia constant of H=5. 

Fig. 18. The 10 kVA prototype inverter in the ReIne laboratory.  

Table 2 
Experimental inverter characteristics.  

Nominal grid voltage (L-N) Ug 230 [V] 

Nominal grid frequency fg  50 [Hz] 
Inverter nominal power Sn  10 [kVA] 
Inverter switching frequency fs  15 [kHz] 
Inverter side filter inductance L1  3 [mH] 
Filter capacitor C  10 [µF] 
Filter capacitor series resistance RC  3.3 [Ω] 
Grid side filter inductance L2  4 [mH] 
Active power droop coefficient kp  5 [%] 
Reactive power droop coefficient kq  10 [%]  

Fig. 19. Single phase schematic of the inverter to grid interface. The measured 
values are highlighted in green (IL1 ,IL2 ,UC + URC ,Ug). 

Fig. 20. Phasor diagram of the currents and voltages.  
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6. Limits of the proposed and tested solution 

In this paper, the overcurrent protection is not explicitly addressed. 
On the prototype, a simple overcurrent protection has been imple-
mented. It consists of shutting off the inverter and disconnecting it from 
the grid in case any measured current exceeds a predefined threshold. 
Nevertheless, more elaborate solutions have been studied and docu-
mented, such as in [15], where the authors propose a solution with a 
virtual impedance to limit the overcurrent while continuing on sup-
porting the grid during a fault. 

Furthermore, the synchronization dynamics and the associated 
control loops are not presented in this paper either. 

7. Future activities 

The experimental hardware that was developed enables us to go a 
step further and test the real functionalities of GFM inverters as well as 

Fig. 21. Complete control structure block diagram of the implemented direct voltage control.  

Fig. 22. Screenshot of a step response from 0 to 10 kW, for H = 1 s.  

Fig. 23. Screenshot of a step response from 0 to 10 kW, for H = 5 s.  

Fig. 24. Measured step responses for different inertial constants.  

Fig. 25. Response to a change in frequency (ROCOF=1 Hz/s, H=5 s).  

P. Morey et al.                                                                                                                                                                                                                                   



Sustainable Energy, Grids and Networks 38 (2024) 101332

9

their control strategies in community microgrid configurations, such as 
presented in [25–27]. Here we define a community microgrid as a 
microgrid in which several GFM inverters are installed and where their 
ownership is not necessarily held by a single entity. This community 
microgrid would be part of the macro-grid when it functions normally 
and would disconnect and function autonomously in case of a blackout. 
This allows to keep essential services running, such as water supply and 
treatment, as well as assist during a black start. The interactions between 
the GFM inverters connected to the microgrid as well as decentralized 
control strategies will be part of our future studies. 

8. Conclusion 

In this paper, we studied the selfsync droop-based control method for 
a GFM voltage source inverter. The reasons for using this type of control 
have been discussed, and a procedure for choosing and designing the 
various control parameters has been presented. Furthermore, the sys-
tem’s behavior has been simulated to showing the expected response. 
Following this, the algorithm has been implemented and tested on a 
proprietary 10 kVA inverter. The experimental results agree with the 
simulated ones, confirming the proposed algorithm’s validity. 

The next step will be to build more GFM inverters and integrate them 
in a community microgrid. Additionally, a high-level control layer will 
have to be designed to enable smart sharing of resources inside the 
community microgrid. Finally, this will allow us to study the in-
teractions between the GFM inverters as well as the transition from grid 
connect mode to stand-alone mode. 
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