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Abstract—This paper presents the power electronic platform
used for the VSYNC project. In this project, inverters are
controlled in such a way as to exhibit a virtual rotational inertia
towards the grid, in order to limit grid frequency variations
in grids containing a high share of inverter-connected DER.
First the layout and operation of the platform are described
in detail, showing its versatility for research purposes. Next the
performance of the platform is illustrated using experimental
results obtaining using a grid-connected inverter in a laboratory
setup.

Index Terms—Virtual synchronous generator, power electronic
converter, rapid prototyping platform, grid-connected inverter,
virtual rotational inertia.

I. INTRODUCTION

THIS paper presents the layout, operation principle and
performance of the power electronic converter platform

designed for use in the VSYNC project [1]. The aim of
this project is to enable distributed energy resources (DER)
connected to the grid through an inverter to exhibit a virtual
rotational inertia towards the grid. The reason for this is that
in the future a significant part of the grid-connected energy
sources, which at present are mostly synchronous generators,
might be inverter-connected. While synchronous generators
have a certain amount of rotational inertia, limiting and damp-
ing grid frequency variations in case of an imbalance between
power generation and demand, power electronic converter do
not inherently have such inertia. As the use of an inverter
allows flexible control of the power exchanged with the grid
as well as of the waveforms of the voltage and current, it
is possible to adapt the inverter control in such a way as
to emulate the behavior of a synchronous generator with a
certain amount of inertia. In order to do this, some energy
storage must be connected to the inverter (either directly to the
DC-link, through a DC-DC converter or through a rectifier).
The control scheme determines the exchange of active and
reactive power between the inverter and the grid, allowing to
emulate the behavior of a synchronous machine with (possible
adaptive) rotational inertia. An inverter with energy storage
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being controlled in this manner is called a virtual synchronous
generator (VSG) [2].
In the VSYNC project, inverter control schemes are first pro-
posed and tested using simulations before their performance
is verified on a laboratory setup. The final step in the project
is to test VSG operation in the field. Two field tests will be
organized: one in the Netherlands with 10 VSG units each
having an active output power of 5 kW and one in Romania
with one 100 kW VSG unit.
This paper starts with a detailed description of the layout
and operation of the Triphase rapid prototyping platform
used for the laboratory experiments and the field tests in
the Netherlands during the VSYNC project. It is shown that
this platform allows the user to quickly develop and test
various inverter control schemes without requiring extensive
knowledge of power electronics as well as its versatility for
research purposes. Next, the performance of the platform is
illustrated using experimental results obtained in a laboratory
setup with a grid-connected inverter. Finally, some concluding
remarks and future work are given.

II. LAYOUT AND OPERATION OF THE POWER ELECTRONIC
CONVERTER PLATFORM

The power electronic converter platform which will be used
to implement and test this control algorithm is produced by
the Belgian company Triphase [3], a spin-off of the KU
Leuven Electrical Engineering Department. It allows the use
of a control scheme designed in Matlab Simulink, with easy
access to the available measurements and the possibility to
change some control parameters online. The platform is built
in a cabinet, including two three-phase DC-AC inverters;
each containing three half bridges which can be controlled
independently, and all necessary filter passives and protection
devices. This layout allows implementing a three-phase four-
wire inverter grid interface (using an LC output filter and
an output transformer) as well as three DC-DC converters
in a single cabinet and controlled through a single Simulink
model. More details on this rapid prototyping power electronic
platform can be found in [4] and [5].

A. Layout

Figure 1 shows a schematic overview of the converter cabi-
net topology. It contains two three-phase inverters, each having
three half bridges equipped with IGBT modules and sharing
a common DC link. In order to form a three- phase four-wire
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Fig. 1. Layout of the VSYNC power electronic platform

AC grid-connected interface with an actively controlled neutral
conductor, all three half bridges of the first inverter as well as
one half bridge of the second inverter are used.
The inverter output is connected to the grid using an LCL
output filter, including an output transformer, the leakage
inductance of which serves as the secondary filter inductance.
The output filter is not only a differential mode filter; it also
includes common mode filter components. First the output
transformer presents a large impedance to the common-mode
currents possibly flowing towards the grid, as the only path
for these currents uses the parasitic capacitance between
the primary and secondary transformer winding. Second a
common mode choke is added directly at the inverter output.
The third and final measure against common mode current
flow into the grid is a feedback path between the LCL filter
capacitor’s star point and the inverter DC link, formed by a
parallel connection of a capacitor and the series connection of
a capacitor and a resistor. This filter component presents a low
impedance path for common mode currents back to its source
(which is the inverter DC link).
The cabinet also contains three DC interfaces. The first two
DC interfaces use the two remaining half bridges of the second
inverter and allow bidirectional energy flow, making it suitable
for connecting energy storage. The third DC interface uses the
IGBTs of the DC link break chopper of both inverter units.
As each break chopper contains one IGBT, this DC interface
only allows unidirectional energy flow, making it suitable for
connecting either DC loads or sources to the inverter’s DC

link. DC inductors are included in the cabinet, allowing some
basic DC-DC converter topologies to be implemented. The
inverter’s DC link can be precharged using the diode rectifier
bridge present in each module, either using the single-phase or
the three-phase AC input. For the latter, the contactor K2 must
be closed. Contactor K1 can be used to connect the inverter
output to the grid. Both contactors can be controlled from the
Matlab command window.
The available measurements include the inverter output cur-
rents, the DC link voltage and the grid voltages. Additional
measurements can be installed, such as the grid currents or
the filter capacitor voltages.

B. Operation

The system uses two PCs: the Engineering PC and the
Target PC. The Target PC is a Linux server who interacts
with the inverters, passes on commands from the user and
gathers data requested by the user, like current and voltage
measurements. The cabinet includes an EtherCAT fieldbus
system, allowing Ethernet communication with the Target PC.
The Engineering PC is the computer on which the user runs the
Simulink model, changes certain reference values and displays
measurement results.
First, a Simulink control scheme is made, containing specially
designed blocks for interacting with the inverter cabinet. Next,
this model is built into C code and uploaded to the Target
PC. Then, the model is started on the Target PC and the
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Engineering PC connects to the Target PC, allowing the user
to control the inverter behavior using the Simulink model.

III. CONTROL OF THE PLATFORM

The main goal of the VSYNC project is to show that grid-
coupled inverters with a certain amount of energy storage
connected to their DC link are able to stabilize the grid
frequency in case of unbalances between the generated and
consumed power. This is achieved by emulating a virtual
rotating inertia for each inverter, analogous to the inertia of
a synchronous generator. Virtual inertia emulation requires
the inverter to be able to store or release an amount of
energy depending on the grid frequency’s deviation from its
nominal value, as happens with a grid-connected synchronous
generator.
The control algorithm for the VSG can be split into three parts,
each of which will be described below:

• High-level grid-connected inverter control, calculating the
active and reactive power to be exchanged between the
inverter and the grid in order to achieve the control goal,
e.g. stabilizing the grid frequency.

• Low-level grid-connected inverter control, determining
the inverter output voltage to be applied in order to
achieve the active and reactive power exchange between
the inverter, the energy storage units and the grid as
demanded by the high-level control.

• Control of the DC-DC converters interfacing the energy
storage units to the inverter’s DC link.

A. High-level control - virtual inertia emulation

The goal of the high-level control of the VSG is to emulate
an energy source with rotational inertia. The kinetic energy
stored in the rotor of a synchronous generator, having a
moment of inertia J [kg/m2] and rotating at ωm rad/s, is
given by equation (1).

Ekin =
J · ω2

m

2
(1)

In case of an unbalance between the generated and
consumed power in the grid, the kinetic energy stored in the
rotating mass of a generator is used to compensate for this
deviation. As the grid frequency is determined by the speed
of the synchronous generator, this results in a frequency
deviation from its nominal value.
In order to program this behavior into the control of the
grid-coupled inverter, one must determine the amount of
active and reactive power the inverter needs to exchange with
the grid as a function of the grid frequency. The amount of
power that the inverter can use to compensate for a frequency
deviation also depends on the type of energy source present in
the VSG. In case of distributed generator, possibly converting
some form of renewable energy to electricity, the main
purpose of the inverter will be to deliver active power to
the grid, leaving only a limited amount of inverter power
for compensation of frequency deviations (virtual inertia
emulation). Depending on the nature of the primary energy

Fig. 2. VSG operating area in the presence of a DG unit delivering active
power A to the grid

source, some part of the energy storage capacity will be used
to provide a more or less constant active power to the grid,
and the remaining part can be used to emulate rotational
inertia. VSG operation will be restricted to a small area
around the active power setpoint determined by the energy
source’s active power delivery to the grid as well as the
inverter current rating. This is illustrated in Figure 2, where A
is the active power delivered to the grid and the shaded area
represents the operating area of the VSG. In case the inverter
is used to interface an energy source as well as a large energy
storage unit to the grid, whose main objective are to stabilize
the grid frequency, the full inverter power rating can be used
for virtual inertia emulation. Referring to the operating area
in Figure 2, the full circle in the PQ-domain can be used by
the VSG (also negative active power exchange). The state of
charge of the energy storage units connected to the inverter’s
DC link can also prohibit certain operating conditions, e.g.
when a battery is fully charged, no more active power can be
drawn from the grid.

The active power balance for a system containing several
rotating machines can be expressed by equation (2). Here, Pm,i

is the mechanical power for machine i, Pe,i is the electric
power delivered or drawn by machine i, pi is the number of
pole pairs for machine i and ωgrid is the grid pulsation [rad/s].

d(
∑

i

Ji·ω2
m,i

2
)

dt
=

∑
i

Pm,i − Pe,i =
∑

i

Ji

p2
i

· ωgrid ·
dωgrid

dt
(2)

Virtual rotational inertia emulation can be achieved by
controlling the inverter to exchange active power PV SG with
the grid (equation (3)). In this equation, JV SG represents the
virtual moment of inertia of the VSG and p is a constant
determining the amount of compensating power delivered to or
drawn from the grid in response to a grid frequency variation.

PV SG = −p · JV SG · ωgrid ·
dωgrid

dt
(3)
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Fig. 3. Overview of the low-level grid-coupled inverter control scheme

The high-level control scheme can be extended with some
more functions, e.g. droop control for primary voltage and
frequency control [6]-[7].

B. Basic low-level control of the grid-connected inverter

The output of the high-level control is generally a reference
for the active and reactive power or current to be exchanged
between the inverter and the grid. The purpose of the low-level
control is to calculate the inverter output voltage to be applied
in order to realize the desired power exchange. The proposed
low-level control scheme is based on [8]-[9] and is briefly
described below. Figure 3 illustrates the basic components of
the low-level control scheme.
The low-level control scheme uses a Linear Quadratic Gaus-
sian (LQG) controller to regulate the power exchange between
inverter and grid. The inputs for the control scheme are the
reference values for the active and reactive current, usually
given in the Park domain. These reference values are trans-
formed back to the time domain and used as control input.
The model used to design the LQG controller contains the
following elements:

• A model of the LCL filter: the state variables are the
inverter output current, the voltage across the filter ca-
pacitors and the filter output current (towards the grid).
The inverter voltage and the grid voltage are inputs to
this model.

• A one sample period delay for the inverter voltage:
the inverter voltage reference calculated during a certain
sample period is applied during the next sample period.

• An oscillator model for estimating the grid voltage: here,
the fundamental voltage as well as the fifth and seventh
harmonics are estimated.

As the inverter voltage and the grid voltage are two indepen-
dent input signals for the LCL filter, a model is built for each
of them. Then, using the superposistion principle, both models
are combined into one large model, describing the influence

of both voltages on the filter state variables.
Next, the Kalman observer and state feedback gain are de-
signed. The known inputs to the Kalman observer, which are
used for the estimation of the model’s state variables are the
inverter output current (which is measured for the inverter
protection) and the inverter output voltage reference. This way,
the number of sensors needed is kept low while enabling
fast and accurate state estimation. For the design of the state
feedback gain (K in Figure 3), it is important to note that
some model states are uncontrollable: the states used for the
estimation of the grid voltage harmonic components. Thus all
uncontrollable states are omitted and a reduced state vector is
constructed. The LQG cost function puts major stress on good
control of the grid current.
In order to achieve good performance using state feedback, the
effect of the grid voltage on the controllable states should be
eliminated. This can be achieved by feeding a compensating
voltage to the inverter output voltage reference. The compen-
sating voltage is calculated by multiplying the full state vector
by the gain Gc [8]. However, this approach only allows to
erase the effect of the grid voltage on one controllable state.
As the control scheme aims to control the current exchanged
with the grid, the compensating voltage is calculated such that
the grid current is free of disturbance. Next, the effect of the
grid voltage and the compensating voltage on the remaining
controllable states must be eliminated. This is accomplished
by calculating the disturbance effect for each state (using the
gain Gd) and subtracting it from the state value before feeding
it to the state feedback gain.
The grid current reference is multiplied by Gk, which is in fact
the transfer function between the inverter output voltage and
the grid current. The inverter output voltage reference must
be converted to a duty cycle reference for each of the inverter
half bridges. An FPGA in the inverter platform converts the
duty cycle references in PWM control signals for the IGBT’s.
Before sending the duty cycle reference to the FPGA, the
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Fig. 4. Setup for a bidirectional buck converter

inverter switches’ dead-time is estimated and compensated for.

C. Control of the DC-DC converters

As mentioned above, the inverter cabinet contains three
DC-DC interfaces, two of which allow bidirectional power
exchange and the other one allowing only unidirectional power
flow. The inverter cabinet hardware enables the use of buck
converters in order to exchange power between the DC energy
source (energy storage, generator or load) and the inverter DC
link. A simple control scheme is used for the buck converter, as
described below. More complex control schemes can be used
well, as long as the available measurements are sufficient and
the total model complexity (including the grid-coupled inverter
control scheme, which is run on the same Target PC) does not
become to large, given the model sample period and the Target
PC’s computational abilities.
Figure 4 shows the setup for a bidirectional buck converter,
including the most important control variables and parameters.
The output voltage to be applied by the inverter half bridge is
calculated by equation (4).

Uc,ref =
R · L
Tcl

· (IDC,ref − IDC) + R · IDC,ref + E (4)

The available measurements are the half bridge output
current and the inverter DC link voltage. The back-EMF E
is estimated by an observer. The calculated half bridge output
voltage has to be converted to a duty cycle reference, from
which the inverter platform generates the necessary PWM
control signals for the IGBT’s. For this conversion, dead-time
compensation is added, resulting in better control performance.

IV. EXPERIMENTAL RESULTS

In order to illustrate the performance of the control schemes
described above, several laboratory experiments are done.
During the first test, no energy source is connected to the
DC-DC converters and the grid-coupled inverter is used to
control the inverter DC link voltage (with a 5 ms closed-
loop time constant) and the reactive power exchange with
the grid. Experimental results are shown in Figure 5. At
startup, the DC link voltage is regulated to 650 V and the

Fig. 5. Experiment with simultaneous steps in DC link voltage and reactive
power exchange with the grid

reactive current magnitude reference is -15 A (meaning the
inverter behaves as a capacitor towards the grid). The black
line in the upper graph (showing the inverter current) is the
current reference magnitude. The middle graph shows the grid
voltage, while the lower graph depicts the DC link voltage
(blue) and its reference (red). One can see that the current
magnitude is slightly larger during the DC link charging but
becomes purely reactive after the DC link voltage has reached
its setpoint. At time t = 1.1 s, the DC link voltage reference is
increased to 710 V and, at the same time, the reactive current
magnitude reference is changed from -15 A to 15 A. These
simultaneous changes in setpoints result in a slightly higher
current (with both active and reactive component) during DC-
bus charging. The current reference change towards inductive
behavior results in a very short settling time with minor
transient disturbance on the inverter current. Lowering the DC-
bus voltage to 650 V at t = 1.2 s again slightly disturbes the
inverter current waveform, as some active power must be sent
back to the grid.

The second test illustrates the performance of the DC-DC
converters. A DC generator with controllable output voltage is
connected to the low-voltage side of a bidirectional Buck con-
verter. This setup allows bidirectional flow of energy between
the inverter’s DC link and the generator. Figure 6 shows the
results of the experiment. The upper graph depicts the current
through the DC-DC converter (blue) and its reference value
(red). The lower graph shows the DC link voltage (blue), as
well as the reference voltage (red). The grid-coupled inverter
controls the DC link voltage at 650 V without exchanging any
reactive power with the grid. The DC-DC converter control
starts at t = 1 s. Note that a reference of -14 A (power flow
from the generator towards the inverter DC link) is applied
at t = 0 s. The rate of change of the DC current reference is
limited to 10 A/s. It can be seen that the DC-DC converter
is able to control its current to the desired value. Note that
the DC link voltage slightly deviates from its reference value.
Additional power is added to the DC link through the DC-DC
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Fig. 6. Experiment with change in DC-DC converter current reference -
DC-DC converter current and inverter DC link voltage

converter, resulting in an increase of the voltage. This can be
explained by the fact that the power exchange with the DC-
DC converters is only fed to the DC link voltage controller
as a feedforward term. In case more strict DC link voltage
control is required, this control loop can be adapted by adding
some feedback for coping with the power exchange between
the DC link and the DC-DC converters. At t = 2 s, the current
reference is changed to 14 A. The control scheme is able to
track the reference change well, without any overshoot. As
power is drawn from the DC link towards the DC generator,
the DC link voltage drops slightly below its reference value.
An alternative control implementation might use one or several
DC-DC converters to control the DC link voltage, enabling the
grid-coupled inverter to control both the active and reactive
power exchange with the grid.

Figure 7 gives a more detailed view of the grid-coupled
inverter output currents (upper graph) and the grid voltage
(lower graph) during the second experiment. At the time of
this snapshot, the DC-DC converter draws 14 A from the
inverter’s DC link, with a generator voltage of 141 V. This
means an active power exchange of 1974 W occurs between
the inverter and the generator. The active power is drawn from
the grid, which results in an inverter phase current of 2.86
ARMS, with a peak value of about 4 A, as can be seen in
Figure 7. It is important to note that the inverter output current
is measured as positive in case it flows away from the inverter.
The grid currents show some distortion. In order to reduce this
distortion, some changes must be made to the low-level grid-
coupled inverter control scheme. This topic has not yet been
tackled and wil probably receive more attention during the
following stages of the VSYNC project.

The third test illustrates simultaneous control of the DC link
voltage, the reactive power exchange with the grid and DC-DC
converter current. The results of this test are depicted in Figure
8. The upper graph shows grid-coupled inverter output currents
(with the reactive current magnitude reference in black), the
middle graph depicts the grid voltage and the DC link voltage

Fig. 7. Detailed view of the grid-coupled inverter output current and the
grid voltage during the second experiment

is shown in the lower graph. At first, the DC-DC converter
delivers 1 kW to the inverter DC link (corresponding to a
current of 10 A with a generator voltage of 100 V) and the
reactive power exchange with the grid is controlled to be 0
kVAR. As expected the DC link voltage lies slightly above
its reference and the inverter output current contains some
distortion. At t = 4 s, the reactive current magnitude reference
is increased to 10 A, corresponding to a reactive power
exchange of 4,88 kVAR between the inverter and the grid. It
can be seen that the current control succeeds in reaching the
desired output current very fast. The DC link voltage drops
slightly, decreasing the deviation from the reference value.

V. CONCLUSION

This paper describes the layout and performance of the rapid
prototyping inverter platform used for the VSYNC project.
The main goal of this project is to show that power electronic

Fig. 8. Simultaneous control of the DC link voltage, the reactive power
exchange with the grid and the DC-DC converter current
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converters, equipped with some energy storage unit(s) and
controlled to emulate a virtual rotational inertia, are able to
stabilize the grid frequency in case of mismatches between
the power demand and generation in the (micro)grid. These
converters are called Virtual Synchronous Generators (VSGs).
First the layout and operation of the inverter platform, con-
sisting of two inverters with a common DC link as well as
the necessary filter passives, measurements and contactors, is
described. The platform allows the user to design a Matlab
Simulink control model, upload it to the Target PC and
connect the Engineering PC to the Target PC to allow real-
time control of and interaction with the inverter cabinet. Next
the VSG control scheme is discussed. This can be divided
into three parts: high-level control of the grid-coupled inverter,
involving emulation of rotational inertia and providing active
and reactive power references to be exchanged between the
inverter and the grid; low-level control of the grid-coupled
inverter, controlling the power exchange between the inverter
and the grid; and finally the control of the DC-DC converters,
interfacing DC energy storage units, generators and/or loads
to the inverter DC link. The performance of the hardware
and control components described earlier is then illustrated
using the results of three tests, involving control of he inverter
DC link voltage, reactive power exchange with the grid and
control of the DC-DC converter current exchange with the
inverter DC link. As a conclusion, it can be stated that the
hardware and control schemes allow the project partners to
perform laboratory tests using various types of high-level
control. After the final control scheme has been decided upon,
the performance of the VSG in a real low-voltage grid will be
examined during the field tests.
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