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Abstract

Mainly driven by the climate change, electric power systems are globally going through a transition. In order to cut carbon
dioxide emissions and slow down global warming, traditional systems consisting of concentrated, easily controllable and
often fossil-based power plants are step-by-step replaced by the ones which are typically distributed, renewable and carbon
dioxide free. Often this green and renewable production is weather-dependent and much more difficult to predict than the
traditional fossil-based one. In the smart energy transition we are dealing with these critical and topical issues: how to ensure
the balance in the power grid, when the controllability of production gets more and more difficult. New solutions, such as
flexible loads, demand response and growing role of energy storage, are called for to ensure high quality of electric energy.
In all these solutions, more accurate power control is called for. In addition, it is important to realize that such new solutions
of modern electric drives always require sophisticated power electronics combined with smart control. To be able to demon-
strate these modern electric drives of smart energy transition, a mobile and technically versatile hybrid energy system was
designed and built at Tampere University of Applied Sciences. In addition to easy transfer enabled by a trailer solution, the
goal of design and construction was in technical diversity. The hybrid energy system presented in this paper has not been
tailored to any specific use, but instead, we wanted to be able to demonstrate even such modern electric drives that were
not predictable in the design phase of the system. Thus, the technical diversity of the system deserves to be emphasized. In
this paper we present the design, the operational principles, smart control properties and some successful demonstrations of
energy transition related modern electric drives.

Keywords Energy storage - Renewables - Electric vehicles - Power electronics - Isolated operation - Hybrid energy system -
Intelligent control

Introduction

In smart energy transition, carbon dioxide emissions of
energy production are decreased in order to decelerate
global warming. Consequently, the triumph of wind and
solar power goes on, and no sign of abatement can be seen.
For example in Finland nuclear power, bioenergy and hydro-
power have traditionally comprised strong cornerstones of
production, but according to many views, wind power is
a strong candidate to stand up as another one during the
following decade [1, 2]. In smart energy transition, easily
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controllable fossil-based production is replaced mainly
with weather-dependent production that cannot inherently
be controlled. Consequently, energy transition increases
the demand for more accurate power control in order to
ensure the balance between production and consumption.
The mobile hybrid energy system presented in this paper
was built to demonstrate such power control related electric
drives in kW scale. We wanted to design a system which is
not tailored to any specific use, but instead, can be utilized to
demonstrate any modern electric drive of smart energy tran-
sition. In addition to technical versatility, this also required
easy mobility.

In 2020, the share of renewables of gross final energy
consumption in European countries was 22.1% [3]. In Fin-
land the corresponding figure was 43.8%, mainly due to a
strong role of bioenergy, but also due to a growing share of
wind power [3]. The triumph of renewables will continue,
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and European investments on climate-friendly energy pro-
duction and energy self-sufficiency will further gain a sig-
nificant boost due to the latest actions in Ukraine, as Euro-
pean countries aim to decrease their dependence on Russian
energy [4].

Due to energy transition, sensitivity of power grids on
disturbances is prone to increase. This is mainly caused by
the reduction of inertia, which takes place when massive
synchronous generators from fossil-based power plants
are disconnected from the grid. Inertia offers stability of
frequency in electric energy systems, and its reduction
increases the sensitivity of frequency in the situations of
power imbalance. Consequently, the demand for more accu-
rate power control increases, and new technical solutions
are also called for. One promising technical solution is the
combination of energy storages and smart control. Another
solution is to have a finer time resolution in the electricity
markets. This is why the imbalance settlement period in the
electricity markets will be decreased from one hour to fifteen
minutes in most European countries. In Finland this will take
place on the 22™ of May 2023 [5]. Our motivation towards
technically versatile hybrid energy system originally arose
from this entity of power balance and the demand for more
accurate power control. Our main objective was to design
and to build a system which enables large variety of smart
energy transition related demonstrations, in which more pre-
cise power control has a key role.

The hybrid energy system presented in this paper has
been designed and built in two consecutive projects. The
hardware was designed and built in the first project, and
the second one concentrated on smart power control. The
first project, Optimized Utilization of Renewable Electrical
Energy by Means of Energy Storage, originated from the
growing demand of energy storage in large-scale energy sys-
tems [6]. The role of energy storage is topical and growing
in many electric drives of smart energy transition, such as
peak shaving, charging of electric vehicles and utilization of
renewables. To demonstrate and to develop these kinds of
modern drives of smart energy transition, a mobile hybrid
energy system was designed built in two trailers as a col-
laboration between Tampere University of Applied Sciences,
Tampere Adult Education Centre and SMEs operating in
the related fields. In brief, the system consists of 100 kWh
energy storage, high-power charging stations for electric
vehicles (Type2, CHAdeMO, CCS), and versatile power
electronics to enable great variety of modern electric drives.
In the second project, Intelligent Control in Modern Energy
Systems, smart and autonomous controls are designed and
implemented for the hybrid energy system. Both projects
were funded by the Council of Tampere Region in Finland
[7].

The word hybrid refers to multiple choices for sources
and loads of electric energy. For example, photovoltaic
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system, energy storages (battery or ultracapacitor), power
grid or some reserve power station may simultaneously
serve as energy sources with appropriate power figures. In
order to enable simultaneous utilization of electrically dif-
ferent sources, sophisticated power electronics is required
for matching. Then, electric energy from multiple sources
can be supplied to different loads and drives, to power grid
or to energy storages. In the design and construction of the
system, investment was all the time in the diversity of mod-
ern electric drives of smart energy transition. We wanted
to enable even such drives that were not predictable in the
design phase.

In general, numerous hybrid energy systems have been
built for different targets of use. However, mobile ones ena-
bling versatile electric drives of smart energy transition are
less common. Many investigations of hybrid energy systems
have been targeted for electric vehicles [8, 9], and mobile
charging solutions are more and more common [10-14]. In
addition, commercial solutions already exist [15, 16]. Other
typical uses for hybrid energy systems are in smart grid solu-
tions [17] or in supporting renewables [18, 19]. The mobile
hybrid energy system presented in this paper is not tailored
for any specific electric drive. Instead, we had one clear goal,
which was to build as technically versatile system as pos-
sible to test and to demonstrate different modern electric
drives of smart energy transition. The innovation of the built
hybrid energy system lies in its mobility combined with the
versatile power electronics and smart power control enabling
many different modern electric drives by using a single sys-
tem. The main objective is to enable large variety of real-life
demonstrations of energy transition related modern electric
drives with a single system.

Research Gap

Some modern electric drives and their technical require-
ments are presented in Table 1. As already mentioned in the
previous chapter, many such equipment and systems exist
that can successfully carry out separate electric drives pre-
sented in the table. However, technically more versatile ones
being capable to handle more wide-ranging modern elec-
tric drives are less common. Our goal and also the research
question of this study was to design and to implement such
technically versatile system that is able to cover exception-
ally wide range of modern electric drives of smart energy
transition. Maybe the toughest challenge was to prepare in
advance for the modern electric drives of the future. Thus,
we tried not to exclude any future demonstration about which
we are not yet aware of. That is why the power electronics
system was designed as versatile and ductile as possible. As
a consequence, with our mobile hybrid energy system we are
able to demonstrate all the modern electric drives presented
in Table 1. And furthermore, many unpresented drives of the
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Table 1 Modern electric drives

. ' PG ES AFE OGI PV mobility CS for EV

(left column) and their technical
requirements (top row) peak shaving X

supporting grid X X

mobile charging of electric vehicles X X

reserve power X

isolated energy system x) X X X x)

isolated system with grid connection X X X X X x)

supporting renewables X X x) X x)

IPG intelligent power control, ES energy storage, AFE active front end, OGI oft-grid inverter, PV photovol-
taic system, CS for EV charging station for electric vehicles

future can also be demonstrated due to technical diversity
of the system. The table includes many technical terms that
will be explained in Chapter 2.

Experimental

In order to have a great variety of demonstration opportuni-
ties for the hybrid energy system, easy mobility was chosen
to be its necessary feature. Consequently, we ended up to
build the system in two trailers. Power electronics and high-
power charging stations for electric vehicles were built in
one trailer, while the other one includes the energy storage.
If everything was built in a single trailer, its mass would
have increased too high from easy mobility point of view.
Thus, we ended up in two trailer solution presented in Fig. 1.

Power Electronics Trailer

From the hardware point of view, the core of the mobile
hybrid energy system lies in its versatile power electron-
ics. The complex is based on the modified version of HESS

Fig. 1 Mobile hybrid energy
system built in two trailers.

The left trailer includes energy
storage system, and the right
one encloses power electronics
system and high power charging
station for electric vehicles

(Hybrid Energy Supply System) manufactured by MSc Elec-
tronics Ltd [20]. In brief, HESS system includes required
power electronics to match electrically different sources,
loads and storages of electric energy. In order to clarify the
operational principles of the system, its simplified circuit
diagram is presented in Fig. 2. The connections and related
converters for photovoltaic system (PV), power grid and
energy storages (ES) are presented on the left of Fig. 2.
The directions of power flow are presented with arrows. As
can be seen, the connection of photovoltaic system is natu-
rally unidirectional, but the connections of power grid and
energy storage are bidirectional. Consequently, we are able
to charge and to discharge the storages, and by means of
AFE (active front end) bidirectional flow of power is also
enabled between the power grid and the hybrid energy sys-
tem. The role of AFE is to synchronize the produced volt-
age with the grid. And as can be seen on the right of Fig. 2,
by means of off-grid inverter we are able to offer isolated
electric network, where galvanic isolation is provided by
isolation transformer. Depart from the figure, the trailer-built
system includes two connections for energy storages. As can
be seen from Fig. 3, there are two separate energy storage
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Fig.2 Simplified circuit MSc HESS system with AFE option
diagram of the HESS system. for bidirectional utility grid power connection
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Fig.3 Overview to power
electronics trailer shows how
the main components of Fig. 2
have been installed in the trailer.
LCL filters are used to remove
harmonics
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converters. They were primarily designed for battery sys-
tems, but ultracapacitors can be connected also.

As can be seen from Fig. 2, matching of sources, loads
and storages is based on the principle of common DC (direct
current), since the power connections in the intermediate
circuit of Fig. 2 take place in DC. The common DC voltage
up to 750 V is determined by the highest voltage given by
the converters and AFE. Off-grid inverter transforms DC
voltage into symmetrical three-phase AC, which is isolated
from the power grid. In practice, our trailer-built HESS
(Fig. 3) has many technical modifications compared to the
commercial one, but still the operational principle remains
unchanged [21].
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The charging stations for electric vehicles are also located
in the power electronics trailer. They are either supplied
from isolated off-grid created by the off-grid inverter, or
alternatively they can be directly supplied from the power
grid. Two separate charging stations have been installed.
The maximum current for EVIlink Type2 charging station
manufactured by Schneider Ltd is 32 A, and it supplies AC
(alternating current) to a vehicle. This results in the maxi-
mum charging power of about 20 kW. The other charging
station is iES Tower providing both CHAdeMO and CCS.
In these cases, energy is supplied to a vehicle in DC. The
maximum current and maximum power of iES Tower are 80
A and 55 kW, respectively. As charging stations of electric
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vehicles are typically stationary, a practical test of mobile
trailer solution is carried out along with the projects.

Energy Storage Trailer

The other trailer (Fig. 4) includes a self-built energy stor-
age system with the capacity of 100 kWh. LFP (lithium fer-
rophosphate) battery cells were bought from SIG Energy
Technology, but thereafter the system was designed and con-
structed at Tampere University of Applied Sciences [22].
It consists of altogether 108 cells connected in series. The
connection is divided into nine modules, each consisting of
12 cells in series, as presented in Fig. 5. Furthermore, the
modules are enclosed in steel boxes for safety reasons. If
looked carefully, nine steel boxes can be seen behind the
switchboard in Fig. 4. The energy storage system is moni-
tored with the battery management system (BMS) manufac-
tured by Orion [23], and bus interface is used to control the
energy storage from the control unit of the hybrid energy
system [24].

According to manufacturer, minimum electric values for
a single cell are 277 Ah and 3,22 V, which result in the
minimum capacity of 892 Wh per cell. As the number of
cells is 108, the total minimum capacity is thus 96,3 kWh.
However, in practice these minimum values were exceeded
in such a way that the total capacity of the built energy stor-
age system is quite precisely 100 kWh. Functional charge
window is 10-90%, and the C value determining the maxi-
mum power for charging and discharging is 1C. Although
the energy storage enables the power of about 100 kW, in
practice the power electronics presented in chapter 2.1 limit

Fig.4 Side-view (left) and rear-
view (right) of energy storage
trailer

Fig.5 LFP cell (left), a
mechanically supported module
consisting of 12 cells in series
(middle), and three modules
enclosed in separate steel boxes
(right)

the maximum power of the total hybrid energy system to
about 50 kW.

The connection between two trailers was implemented
with GB/T standard charging cable for electric vehicles
manufactured by Phoenix Ltd. This type of charging cable
includes altogether nine conducting wires, which was just
enough to enable the transfer of all the necessary signals
between the trailers. Two of the wires were reserved for the
main DC voltage of the battery system (plus and minus),
two wires were required for the CAN bus, another two wires
were required for auxiliary 24 V voltage (plus and minus),
and remaining three wires were reserved for AC connection:
phase, neutral and PEN conductors.

System Control

The hybrid energy system is controlled with programma-
ble logic controller (PLC) by Beckhoff Ltd [25]. Based
on measured data and commands given by the user, PLC
gives reference values of currents and voltages to convert-
ers and charging stations. The main variable affecting the
hybrid energy system operation is the DC voltage level of
the intermediate circuit presented in Fig. 2. The idea of
the DC intermediate circuit is to enable the simultaneous
utilization of electrically different sources and loads. As
can be seen, PV converter, AFE, ES converter and off-grid
inverter are connected via DC intermediate circuit, which
has the nominal voltage level of 750 V. Thus, energy from
each input of the hybrid energy system is converted into
DC with this nominal voltage level. For example, if elec-
tric energy is taken from three-phase utility grid having

@ Springer



4 Page6of13

Smart Grids and Sustainable Energy (2023) 8:4

25 A main fuses, AFE converts this maximum power
(39230 V25 A =~ 17.25 kW) into DC energy. Resulting DC
values of voltage and current are approximately 750 V and
23 A (750 V « 23 A=17.25 kW). If there is no consump-
tion in the isolated off-grid, energy is utilized to charge
the battery.

The direction of power flow is controlled with the set-
point DC voltage value of converters and AFE. If we want
to charge the battery energy storage, the setpoint voltage
of ES converter will be set below the nominal voltage of
DC intermediate circuit. And on the contrary, by increas-
ing the setpoint voltage of ES converter above the nominal
value we are discharging energy from the battery towards
the DC intermediate circuit. The difference between the
setpoint voltage of the converter and the nominal voltage
of the DC intermediate circuit is directly proportional to
the power of charging and discharging: the bigger the dif-
ference, the higher the power. This principle of power flow
control applies also to PV converter, AFE and off-grid
inverter: the power flow is controlled with the setpoint
voltage relative to the nominal voltage of the DC interme-
diate circuit of the hybrid energy system.

The touch screen of the control unit (Fig. 3) provides
the user interface for the hybrid energy system. Figure 6
presents the main screen of the user interface, which can
be used to monitor the overall status of the system and to
adjust several variables. User interface enables easy access
to currents, voltages, powers, temperatures and energy
storage related parameters, which are important in moni-
toring and controlling the system. A remote access to the
hybrid energy system has also been implemented. Thus,
any smart device can be used to remote control the hybrid
energy system via mobile network connection.

Fig.6 User interface of hybrid
energy system: active powers of
pv system, energy storage and
utility grid (left), system status
and voltage of DC intermedi-
ate circuit presented in Fig. 2
(middle), and active power of
isolated off-grid (right)

0.0 kw

Requirements of Smart and Autonomous Controls

In order to implement smart and autonomous controls for
the hybrid energy system, we need to be able to control the
power flows in the electrical connection point to the power
grid. Power flow control requires a continuous measurement
of voltages and currents, since active power, which we need
to control, can be calculated from the product of voltage
and current.

As can be seen from Fig. 7, inside the hybrid energy
system we have three system-integrated voltage and cur-
rent measurements. As these measurements are system-
integrated, they are connected all the time, and their values
can be directly used to control the system. However, in order
to control the power taken from the grid, we need to be able
to measure power in client's connection point to the power
grid. Thus, the fourth measurement presented in the left of
Fig. 7 can be considered as the most important one, since it
gives the information about the power taken from the grid.
This measurement has to be separately connected case-by-
case, when the hybrid energy system is connected to client's
network.

In order to carry out reliable power measurements in the
client's connection point to the power grid, some details have
to be taken into account. First of all, the measurement of cur-
rent in the connection point is quite simple, since no galvanic
contact is required. We ended up to measure three phase
currents with Rogowski coils, which are installed around
three phase wires. However, quite many details have still
to be taken into account in order to ensure reliable current
measurement. The problem is that the phase order is not
necessarily correct in the client's connection point to the
power grid. It is not that uncommon that three phases have
changed their positions without changing the right direction
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Fig.7 Mobile hybrid energy
system connected to client's
network via 3-phase plug
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of rotation. Only the right direction of rotation is significant
for the operation of electric devices inside the client's net-
work, but from the power measurement point of view, also
the right order of phases is crucial. In addition, we need to be
able to check that the direction of current probes is correct. It
is always possible that a person performing the measurement
accidentally installs the probes incorrectly. By implement-
ing appropriate software conditions and checks in the power
measurement module, these details of current measurement
in the client's connection point to the power grid were finally
successfully solved.

The measurement of voltage in the connection point of
Fig. 7 is more difficult, since it would have required a gal-
vanic contact between the voltage sensors and the phase
wires. Regardless, the installation of voltage sensors has to
be easy and safe. These requirements didn't seem possible
to fulfil, which drove us to search for another solution. As
already mentioned, the hybrid energy system has an inte-
grated voltage measurement in its own connection point to
a client's network via a 3-phase plug. This can be seen on
the left side of AFE in Fig. 7. However, in this connection
point the values of voltages may differ so much from the
ones measured in the connection point to the power grid
that they cannot be directly used in the power measurements.
The difference is due to the client's own network, which may
cause enough voltage drop to make the power measurement
unreliable.

Thus, we have a voltage measurement, but its values cannot
be directly used to measure power in the connection point to
the power grid. Figure 8 clarifies the situation by presenting a
one-phase equivalent circuit of the connection. By means of
the measurement presented in the left hand of Fig. 7 ("current
measurement only"), we already know the total phase cur-
rent /, taken from the power grid, but the unknown voltage
U, is the one that we need for the grid power measurement.
In addition, the voltage Upypgg is the one that we already have
from the system-integrated voltage measurement (left to AFE)
in Fig. 7. Because client's own network causes the voltage
drop Uy, Uygs differs from U,,. Luckily the hybrid energy
system includes the ability to perform a loading test for client's
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Fig.8 One phase equivalent circuit of the connection illustrating the
means to deduce the required voltage U,

network, which enables the measurement of the network resist-
ance R;. Then, U, can be deduced from

Uy = Ugp + Ungs = Ruly + Ugggs. €))

Thus, reliable value of the voltage in the power grid con-
nection point of Fig. 7 can be deduced from the integrated
voltage measurement of the hybrid energy system. Avoid-
ance of slightly risky voltage measurement requiring galvanic
contact with high voltage conductors can be considered as an
important safety precaution from the hybrid energy system
operation point of view. Consequently, the left side measure-
ment presented in Fig. 7 has "current measurement only", as
written in the figure.

Results and Discussion
The design and especially the building phase of the mobile

hybrid energy system have not been straightforward. Many
different problems were confronted, but due to diligent
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testing and many iterations, reliable and high level of system
operation was finally reached. In this chapter some demon-
strations and future plans are explained.

Smart Control of Power Flow

When reliable power measurement module was integrated
to the hybrid energy system, we possessed all the required
hardware to carry out smart power flow controls. As already
mentioned, charging and discharging modes of the energy
storage are simply controlled by the setpoint voltage of the
energy storage DC/DC converter. By increasing the setpoint
voltage from the nominal one we accelerate the discharging
of the storage. And on the contrary, by decreasing the set-
point voltage from the nominal one we accelerate the charg-
ing of the storage. Smart power controls were carried out
by programming the PLC which controls the hybrid energy
system (Fig. 2).

The smart control of power flow was implemented with
so called power tube model. By power tube we mean that
the goal is to keep the power taken from the grid between
certain limits. By means of battery energy storage we aim
to carry out for example peak shaving, which means that
client's power demand exceeding the upper limit of the
power tube will be taken from the storage. And in order
to constantly maintain the energy storage usability and the
peak shaving ability, energy storage also needs to be charged
during appropriate moments. Consequently, when client's
power demand drops below the lower limit of the power
tube, storage will be charged.

When implementing smart power control, it has to be
noted that client's power demand probably depends greatly
on the season of year. For example in Finland, it is quite
normal that the electric power demand in typical household
is during winter time 3—fivefold compared to summer time,

[
00

(a) grid power without peak shaving

power (kW)
= =
SRS

<2}

power (kW)
(2]

one year timeline

Fig.9 Power control example with power tube model for one year timeline
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since heating usually consumes the vast majority of electric
energy. This naturally causes challenges to the power tube
model. If the same lower and upper limits are applied for
the whole year, energy storage will not certainly be operated
optimally. Thus, when the hybrid energy system is connected
to client's network, we need to be able to adjust the location
of power tube depending on the seasonal changes in power
demand.

In order to optimize the usability of the energy storage
in varying weather conditions, we ended up to adjust the
location of the power tube based on two-week (P,,.,,,) and
one day (P,.,4,) average power demands of the client. More
precisely, the center of the power tube was chosen to equal
P and difference between P,,.,,, and the real power
demand was adjusted by means of yesterday's value for
P enan, Which acted as an integrator-like term in the control
process. In order to have P,,,, for each two-week period of
the year, we need client's energy consumption profile as a
source information. And after 24 h of operation, we are able
to adjust the location of the power tube with the measured
value of P, .,4, Thus, the hybrid energy system has a con-
tinuous measurement of client's power demand, from which
we automatically get the new value of P, ,,;, for the next
day. This way the location of the power tube is automatically
adjusted according to changes in seasonal weather condi-
tions. The lower and upper limit of the power tube were
chosen to be 80% and 120% of the center value, respectively.

Before implementing power tube to the real hybrid energy
system, its operation was simulated in by means on digital
twin in Matlab/Simulink environment. Figure 9 presents the
simulated results for one year period. The aim of the simula-
tion was to enable client's peak shaving ability for the whole
year by smoothening the grid power to the vicinity of P, ...
In other words, the goal was to maintain typical seasonal
average power but eliminate high power peaks that stress the
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grid and possibly increase demand charges. As can be seen
from Fig. 9(a), power peaks approaching 20 kW exist with-
out peak shaving. But when appropriate peak shaving was
carried out with the 100 kWh energy storage of the hybrid
energy system in Fig. 9(b), peaks are shaved below 10 kW
even in winter time. As can be seen from the energy stor-
age power in Fig. 9(c), the principle of charging the storage
when client's power demand drops below 0.8¢P,.,.;, Works
quite fine. This can be seen from Fig. 9(d), where the energy
storage remains usable all year round. Thus, its usability is
100%. However, it has to emphasized that 100% usability
is due to implementation of P, 4, as the integrator in the
control process. Originally we started the power tube model
by using constant value for its location. Not surprisingly, it
resulted in poor usability of the energy storage. Next, we
tried to use only two-week average power as the center of the
power tube. As a result the usability increased significantly,
but still occasional power peaks were taken from the grid
as the state of charge drifted too low. Only after using daily
average power as the integrator in the control process we
reached the energy storage usability of 100%.

To increase the clarity of power behaviour, Fig. 10
repeats the results of Fig. 9 with the timeline of one week.
Some more precise remarks can now be drawn. For exam-
ple, it can be seen that the shapes of grid power with-
out peak shaving (a) and the energy storage power (c)
remind each other significantly. This wasn't clearly vis-
ible in Fig. 9. The similarity of shapes is naturally due to
peak shaving, since the peaks exceeding P,,.,,, are taken
from the storage. Furthermore, with peak shaving the

(a) grid power without peak shaving

power (kW)

= N W R YN

(c) energy storage power

. power (kW)
P O R, N W D U o

one week timeline

grid power can be seen to vary according to daily varia-
tions in P4, (Fig. 10(b)). When high peaks take place,
they increase the value of P,.,4,, Which raises the center
of the power tube for the following day. This is why the
shaved peaks increase the grid power with peak shaving
in Fig. 10(b) with one day delay.

Same kind of peak shaving results with related equipment
can also be found elsewhere, but typically the systems are
quite much tailored to a certain use [26]. Tailoring natu-
rally decreases the cost of the system, but at the same time
it heavily reduces the number of potential applications. In
the mobile hybrid energy system presented in this paper the
main goal was to enable a large variety of modern electric
drives enabled by the technical versatility of the power elec-
tronics system.

The presented power control was implemented to the real
hybrid energy system by means of the flowchart presented
in Fig. 11. First some input values are given (phase 1), and
then the program checks that everything is ok in the power
measurement module (phase 2). Next the initial location of
the power tube is deduced from the inputs (phase 3), after
which the system checks that there are no technical limita-
tions for power tube operation (phase 4). One example of
such a limitation is too low state of charge of energy stor-
age. After this the actual power control is carried out by
giving appropriate set point DC voltages for the converters
and inverters presented in Fig. 2 (phase 5). By controlling
these voltages we are directly able to control the magnitudes
and directions of power flows in the system. The effects of
the power control are then measured in client’s connection

(b) grid power with peak shaving

=N w s v [2 BN
power (kW)

o
w
state of charge (%)

(d) energy storage state of charge

one week timeline

Fig. 10 Power control example with power tube model for one week timeline
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Measure the power in client's
connection point. Then
continue from phase 4.

Consumption profile
and annual energy
consumption are given.

@ Check that everything
is ok in the power
measurement module.

@ Adjust the voltages
depending on the
operational

Check the factors limiting the :
requirements.

operation (e.g. ES state of charge).

Calculate the average power of ongoing 2 week
period and deduce the limits of power tube.

Fig. 11 Flow chart of power control implementation on hybrid energy system

point (phase 6), after which the procedure returns to check
the technical limitations in phase 4.

Public Demonstrations

After reaching the high level of reliable operation, and after
implementing the simulated power tube into the real hybrid
energy system, we were ready for public demonstrations.
Figure 12 presents two such demonstrations. In the left one
the hybrid energy system was utilized to charge electric
vehicles in a conference organized at Tampere city center
during autumn 2020. In this demonstration the power taken

Fig. 12 Two public demon-
strations of the hybrid energy
system: 1) boosting the charging
power of electric vehicles by
means of energy storage (left),
and 2) supporting weak power
grid by means of peak shaving
(right)

@ Springer

from the grid was limited to 20 kW, and auxiliary power
was taken from the energy storage. In a typical setup pre-
sented in the figure an electric vehicle was charged with the
total power of 50 kW consisting of 30 kW from the storage
and 20 kW from the grid. More generally, as the triumph of
e-mobility seems inevitable, boosting of charging power by
means of energy storage will probably have large commer-
cial demand already in the near future [27].

Another real life demonstration was to support the weak
power grid in an agricultural location having consumption
equipment of high nominal power values. Such situations
are quite typical in Finland, where power grid is not the
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strongest in a countryside, where large farms are usually
located. This target of demonstration suffered from elec-
tric energy quality issues. For example, when high-power
devices of a dryer building were turned on, occasionally one
of three phases was lost due to overloading. As can be seen
from the right photo in Fig. 12, significant nominal power
(about 50 kW) of solar electricity was already installed to
support the power grid. The hybrid energy system was uti-
lized in this location for one week, and by means of peak
shaving feature presented in chapter 3.1 all the quality issues
of electric energy were solved. By means of the power con-
trol provided by the power tube model and the energy stor-
age we were able to avoid occasional overloading of the
power grid, which was the main reason behind the power
quality issues. It seems highly probable that such grid-sup-
porting drives of energy storage will become more common
in the near future [28].

In addition, the hybrid energy system served as a green
reserve power in Finland's biggest Scout camp possessing
about 2000 participants [29]. By using the hybrid energy
system as a reserve power, an arsenal of fossil fuel based
electric generators was totally avoided. Consequently, the
mobile hybrid energy system is able to provide green reserve
power for off-grid solutions. Currently we have several new
demonstrations under consideration, and maybe one of the
most interesting ones at the moment is V2G (vehicle to
grid). The versatile power electronics of the hybrid energy
system provides nice environment to test different electric
drives for discharging energy from an electric vehicle to
external usage. To make it simple, in this case the battery
in Fig. 2 will be replaced with an electric vehicle enabling
V2G option.

According to already implemented demonstrations, the
main goal of the projects has been successfully achieved:
the built mobile hybrid energy system offers technical
versatility to carry out a large variety of energy transition
related modern electric drives that enhance the utilization of
renewables and energy storage. In this paper only the dem-
onstrations to shave off peaks, to boost the charging power
of electric vehicles, to support weak power grid and to offer
green reserve power for off-grid solutions were presented.
As technical versatility was chosen to be the main goal in
the design of the hybrid energy system, we have been able
to carry out quite different demonstrations of energy tran-
sition related modern electric drives with a single hybrid
energy system. Furthermore, there are still many demonstra-
tions yet to come, since the utilization of energy storage is
becoming more and more common in different situations,
which all require at least some power electronics and smart
control. In our mobile hybrid energy system the goal was to
achieve such technical versatility that modern electric drives
of future can also be demonstrated, although we are not yet
clearly aware of their technical details.

Discussion

Energy transition gives rise to increasing demand of more
accurate power control in electric energy systems. In addi-
tion, during the year 2022 this demand has been strongly
boosted by the military actions in Ukraine and the follow-
ing energy crisis in Europe. For example, recent actions
in the EU level suggest to cut peak electricity use by 5%
[30]. In order to carry out such actions, more comprehen-
sive power control in electric energy systems is called for.

Some examples of modern electric drives requir-
ing power control are balancing the grid, peak shaving,
demand response in its various forms, and for example
auxiliary charging power for electric vehicles. These all
represent quite new commercial applications for power
control and energy storage. However, from innovation
point of view there is actually nothing really technically
new in the required equipment. Hardware for the imple-
mentation of power control is commercial, and several
options to implement the control exist. On the other hand,
innovations can be found for example from the concepts
of control implementation. From the economical point of
view it is clear that in order to minimize the expenses,
power control system and the required hardware will need
to be tailored for a specific use. As ongoing energy crisis
has quickly increased the demand for power control, many
commercial solutions for power control are about to reach
the market. But in order to maximize the commercial ben-
efits, these solutions are always tailored. Otherwise they
would include unnecessary technical equipment which
increases the price. In our case the goal was totally dif-
ferent. We didn’t want to tailor anything, but instead, we
wanted to design and build as technically versatile hybrid
energy system as possible. We wanted to have a system
that enables the demonstration of a large variety of energy
transition related modern electric drives. In addition to
technical advancement, we suggest that also mobility is
one key property in the demonstrations of modern elec-
tric drives. If our hybrid energy system had been built
as a stationary solution, its usability in different demon-
strations would have declined drastically. It is clear that
some commercial applications require stationary solutions,
but from research and development point of view, mobil-
ity opens many interesting opportunities that lack from
stationary solutions. To summarize, merits of the hybrid
energy system presented in this paper are in its techni-
cal versatility and mobility, which enable a great variety
of demonstrations dealing with energy transition related
modern electric drives.

In the beginning of 2022, economic benefit of power
control and energy storage in different applications was
still a bit unclear. A simple example can be taken from
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the small-scale photovoltaics installed in residential build-
ings. Utilization of self-produced energy would be much
more effective with integrated storage, but quite high costs
decrease the rationality of investment at least in Finland,
where the price of electric energy has been quite low in
international comparison. However, ongoing energy cri-
sis in Europe has changed the situation drastically. Now
the time-to-time varying price of electric energy can be
manifold compared to 2021. Consequently, regular people
have become much more aware and interested about the
importance of reasonably priced energy and the reliability
of supply. If energy crisis ends some day, we will still have
growing amount of weather dependent production in elec-
tric energy systems, which increases the variation of price
with time. From these perspectives it seems quite inevi-
table that roles of power control and energy storage will
become more and more significant as energy transition
proceeds with the revolution of renewable technologies.

Conclusions

This paper presented the mobile hybrid energy system that
was designed and constructed at Tampere University of
Applied Sciences as a collaboration between academies and
SMEs. The main objective was the ability to demonstrate a
great variety of smart energy transition related modern elec-
tric drives with a single system. Consequently, easy mobil-
ity, technical diversity and accurate power control were the
key properties in the system design and implementation. The
role of sophisticated power electronics is essential, since
electrically different sources, loads and storages of electric
energy have to be matched. Other main components of the
hybrid energy system are 100 kWh battery energy storage
and high-power charging station for electric vehicles.

In order to have intelligent and autonomous control for
the hybrid energy system in different applications, so called
power tube model was designed and implemented. With the
power tube model we are able to control power flows in
client's electrical connection point to the power grid. This
is important since more accurate power control is a general
requirement for modern electric drives. As a result, we are
for example able to shave peaks, to boost the charging of
electric vehicles, to support weak power grids, or to ena-
ble full utilization of hour-based time dependent price of
electricity. These are the demonstrations of modern electric
drives that have already been carried out, and their success-
ful implementation underlines the technical diversity of the
hybrid energy system presented in this paper.

The main results of this paper are the exceptional techni-
cal versatility of the built mobile hybrid energy system, suc-
cessfully implemented smart power control, and successful
implementation of energy transition related demonstrations.

@ Springer

Although the system design and implementation have been
successful, the hybrid energy system also has its limitations.
The biggest of them comes from the maximum power, which
is due to power electronics limited to about 50 kW. Thus, our
system can only be used in kW scale demonstrations. Another
limitation is related to the ability to supply fault current. In
fault situations of isolated networks, the supply system has to
be able to feed high enough short circuit current to blow all
the fuses. In some situations the fault current ability of our
hybrid energy system may remain insufficient, which is why
we need to consider each demonstration case-by-case.
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