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under testing (e.g., an initial prototype) with a digital real time-
simulated electrical grid by means of power amplifiers. This
setup enables to test the hardware, that will go in the future
in the market, under a large set of scenarios (simulated in real
time), allowing repeatability of the results.

In this work, the testing capabilities at the Power Hardware
In the Loop Lab in the Energy Lab 2.0 [9] at the Karlsruhe
Institute for Technology have been described, showing its
latest testing performance for a high-speed flywheel energy
storage system and a micro gas-turbine for independent supply
systems.

II. POWER HARDWARE IN THE LOOP CONCEPT

The Power Hardware In the Loop consists of 3 main
elements:

• Digital Real Time Simulator: the grid scenario, where the
technology to be proved shall be installed, is simulated in
real time conditions. It means that in each discrete time
step (e.g., 50µs), the simulator provides the new status
of the grid at its output [5], [10]. The predetermined time
step allows to synchronize and exchange signals between
the simulated grid and external components.

• Power Amplifier: the power amplifier receives signals
from the simulated grid (e.g., the point-of-common-
coupling voltage) and translate a low-voltage digital sig-
nal to an high-voltage power signal, that shall represent
accurately the simulation waveform. The power amplifier
is then connected physically with the hardware under test.

• Hardware under Test: it is the technology that shall be
evaluated by means of the PHIL system. The hardware
under test will behave as connected to the real grid and
one of its coupling variable (e.g., the line current) is
measured and sent back to the digital simulator, where it
is represented as a controlled current (or voltage) source.
This allows to close the loop. Any change in the simulated
grid are seen from the hardware side, and the reaction of
the hardware has an impact on the simulated grid.

III. TESTING FACILITIES AT ENERGY LAB 2.0

In this section, two of the main power hardware in the loop
facilities at the Energy Lab 2.0 of the Karlsruhe Institute of
Technology are described.
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I. INTRODUCTION

In the recent years, new energy technologies have been 
developed to increase the electrical grid hosting capability 
for renewable energy sources: energy storage systems, power 
electronics actuators, DC grids, etc.. While for largely imple-
mented resources in the grid, such as battery energy storage 
system, there is a large set of available field data, it is difficult 
to prove the performance of novel energy technologies (e.g. 
flywheels [ 1], [ 2], s upercaps [ 3], s olid s tate t ransformers [4]) 
in offering grid services.

Simulation studies can offer a good overview of these 
technologies’ capabilities. Through studied models of the 
technology and its connected grid, it is possible to assess 
their impact on the electrical grid in a large set of scenarios. 
However, this comes under the assumption that the technology 
model is accurate and sufficiently d etailed t o e nsure mean-
ingful results. In case of missing data or inaccurate models, 
misleading results may occur.

On the other side, the development of an initial prototype 
and its implementation in a field t est g uarantees a  highly 
accurate assessment of the technology performance. However, 
this comes to high costs, lengthy installation times, and not 
repeatability of the results.

For the aforementioned reasons, the concept of Power 
Hardware In the Loop (PHIL) [5]–[8] has been developed in 
the last years. The PHIL allows to interface the real hardware
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Fig. 1. Overview picture of the Power Hardware In the Loop testing setup for high speed flywheels.

A. 1 MVA PHIL facility for high-power energy technologies
performance assessment

In the Energy Lab 2.0, the Institute for Technical Physics
has realized a 1 MVA Power Hardware In the Loop lab
(Fig.1), with the goal to assess the performance of any energy
technology at the low-voltage level. In particular, the setup
that we are considering in this article is the one realized for
testing the performance of an high-speed flywheel.

The PHIL lab consists of:
• A digital real time simulator OPAL-RT 5700, that is

in charge of simulating the electrical grid. It allows to
simulated different grid conditions and adapt the grid
parameters in flexible way. In this setup, two grids have
been considered: a simple Thevenin equivalent, used to
validate the grid codes compliance of the Flywheel; and
the CIGRE microgrid [11], that allows to validate the per-
formance of flywheel in managing a local unintentional
islanding.

• 5 200kVA Egston Compiso power amplifiers, that can be
connected either in parallel or in series, and in different
power groups. It allows to perform testing up to 1.5 kVdc
if connected in series, or up to 4.5 kA if connected in
series.

• A 120 kW 7.2 kWh high-speed Stornetic Flywheel, that
is able to provide fast power support to the grid, and to
offer services as primary frequency regulation.

B. 15kW PHIL facility for micro-gas turbine integration
The aim of this PHIL setup is the investigation and sub-

sequent modeling of the micro gas turbine shown in Fig.
2. To ensure that the investigations are reliable, safe and
reproducible, a test facility is set up. The microturbine is the
central component of the laboratory setup. The operation of
the microturbine requires fuel, a power supply and a cooling
system.

Fig. 2. Photograph of the laboratory setup with the main components and
their arrangement in the test field

The laboratory setup consists of six main components.
From a functional point of view, these are the microturbine,
the fuel supply and the cooling system for heat dissipation.
From a measurement and control perspective, the air mass
measurement system, the real-time simulator, and the power
amplifier are added to the system. The main components are
shown schematically in Fig. 3.

The investigated micro gas turbine of the Dutch company
”Micro Turbine Technology BV” (MTT) is one of these
commercial products on the market. With a thermal output
(heating power) of 15.6 kW and an electrical output of 3.1
kW, the unit is designed for private households and offices.
Further characteristics are listed in Table I.










