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Abstract   During the transition from conventional towards purely electrical, sus-
tainable mobility, transitional technologies play a major part in the task of increas-
ing adaption rates and decreasing range anxiety. Developing new concepts to meet 
this challenge requires adaptive test benches, which can easily be modified e.g. 
when progressing from one stage of development to the next, but also meet certain 
sustainability demands themselves.  

The system architecture presented in this paper is built around a service-ori-
ented software layer, connecting a modular hardware layer for direct access to 
sensors and actuators to an extensible set of client tools. Providing flexibility, ser-
viceability and ease of use, while maintaining a high level of reusability for its 
constituent components and providing features to reduce the required overall run 
time of the test benches, it can effectively decrease the CO2 emissions of the test 
bench while increasing its sustainability and efficiency. 
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1 Introduction 

In 2007, the German government published their Integrated Energy and Climate 
Programme (IKEP) [2], defining its climate protection goals until 2020, which de-
scribes electric mobility as a factor in the process of reaching those goals. The target 
of one million electric vehicles on German roads by 2020 [11] meanwhile was – as 
of 1. January 2016 – still 844,133 vehicles away, according to the Kraftfahrt-Bun-
desamt (German Federal Motor Transport Authority) [7], resulting in an adoption 
rate of 0.3 % for electric and hybrid passenger cars. 
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To alleviate some of the issues of range anxiety in battery electric vehicles 
(BEV), transitional concepts combining electric motors with internal combustion 
engines have been developed. Hybrid electric vehicles for example use their battery 
for assistive purposes only and charge it via recuperation. Range extenders mean-
while are small-scale combustion engines integrated into BEV to reduce charge de-
pletion rates, but – unlike hybrid vehicles – are usually not capable of providing 
enough energy for propulsion without battery support. 

Since 2013 an interdisciplinary research project at the University of Applied Sci-
ences and Arts Hannover is studying a new concept evaluating the scalability of 
mobile micro combined heat and power units [14]. The goal is to replace conven-
tional range extender with a unit scaled in accordance with the BEV’s thermal re-
quirements. This allows the cogeneration of heat and power by using the thermal 
output of the combustion engine as well as its torque, increasing fuel efficiency and 
reducing CO2 emissions compared to other range extender concepts [8]. The unit’s 
small scale [5] and a compact design make it portable allowing its removal from the 
BEV for use in buildings [12] as well as other applications like outdoor activities. 

After having started out with a 15 kW test bench for the initial evaluation of the 
portable micro-CHP (pmCHP) concept and optimising the unit’s design space [5], 
the project is in the process of finalising a scaled-down prototype.  

As the test bench hardware changed across different stages of development, the 
software infrastructure had to adapt with only minor modifications to maintain a 
high degree of usability for all members of the interdisciplinary team. For this pur-
pose, a reusable software platform for test beds was developed along with firmware 
for its controller, a web-based frontend and a LabVIEW-based control station [15]. 

The major contribution of this publication is the detailed description of key con-
cepts and the internal workings along with implementation details behind this plat-
form’s service infrastructure and how they help to increase its sustainability. The 
following pages give a short overview of the system’s architecture in section 3, ex-
plaining the requirements imposed on the system and the services involved along 
with their internal and external communication interfaces. A more detailed descrip-
tion of three key services for test bed configuration, test run replay and balance 
group evaluation follows in section 4, detailing internal structures and processes. 
The paper concludes with section 5, providing a summary of what has already been 
achieved and an outlook over topics for potential future research. 

2 Related Work 

The basis for the test bench infrastructure presented in this paper was published in 
[15], with a focus on usability and the interdisciplinarity of its usage. It provides an 
overview of the entire test bed, while a more detailed description of key components 
and implementation details is presented in this paper. The concept of employing 
pmCHP units as rang extenders in BEV and buildings was published in [8], with 
[13] further investigating the scalability of the concept for use in buildings. 
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Like the evolution of the hardware for drivetrain testing – e.g. comparing text-
books from 1999 [6] and 2014 [10] – the hard- and software to control and monitor 
them evolved as well. An example of this can be found in [16], presenting a test bed 
centred around a single-board hard- and software bundle for modelling, monitoring 
and control, bringing simplicity, albeit at a potential loss of hardware flexibility. 

As a means of software-based flexibility and adaptivity, [10] suggests the use of 
SOA, which uses standardised interfaces to increase the speed and reduce the cost 
of development. In [1], a service-oriented reference architecture for smart grid inte-
gration is proposed, in which standardised interfaces also play an important role due 
to diversity of devices relevant to the smart grid. This becomes especially important 
to the development process, once prototype status is reached and the integration of 
the pmCHP into smart homes and other scenarios moves into focus, requiring sup-
port for standards like e.g. IEC 61850-7-420 [4]. 

Meanwhile another factor to be considered especially in research test benches 
for sustainable technologies, is the sustainability of the test bench infrastructure it-
self. The definition of the term ‘Green IT’ covers a wide range of topics related to 
the environmental impact of IT, but also including social and economic factors [9]. 
A differentiation is made in [3] between ‘Green in IT’, which aims to reduce the 
environmental footprint of IT itself and ‘Green by IT’, evaluating means by which 
IT can become a tool to reduce environmental impacts from other sources. The con-
siderations in this paper therefore regard sustainability as a goal to be achieved by 
creating a reusable IT infrastructure – making the soft- and hardware itself more 
sustainable – and by using it to reduce emissions of the actual test bench. 

3 System Architecture 

The first iteration of the test bench consisted of the 15 kW unit which had to be 
controlled manually via a switchboard directly connected to the respective actuators 
and with sensor readings taken by a data logger. While this was already sufficient 
for running many of the initial test scenarios, this setup only allowed for offline 
analysis of test runs with only few live readings being available via gauges. 

Although some machine failures could be prevented by experienced personnel 
due to noise levels and several fail-safe mechanisms, fault analysis relying on meas-
urements was only possible post-mortem, making reliable test bench operation by 
inexperienced personnel (e.g. students) infeasible. Due to data being recorded of-
fline in CSV format and manual actuator operation, the immediate effects of minor 
alterations could also only be inspected after completing a test run, potentially lead-
ing to a high number of reruns for the same test scenario. 

A set of requirements with the goal of increasing test bench efficiency and sus-
tainability by reducing personnel requirements as well as decreasing the overall 
number of scenario reruns is therefore presented in the following subsection. 
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3.1 Requirements 

To increase test bench usability, one of the main requirements is to provide near 
real-time sensor readings to its operators (RQ1) as well as the capability to – auto-
matically as well as manually – transmit commands to actuators (RQ2). As an ad-
ditional safety measure, the system should be able to monitor certain metrics for 
thresholds to prevent emergency situations by signalling the operator on exceedance 
as well as enacting predefined procedures in case of critical exceedance (RQ3). 
These measures are intended to allow safe and reliable test bench operation e.g. for 
students, without permanent supervision by experienced personnel, and run under 
near real-time conditions. All tasks with hard real-time requirements, like engine 
control, must be handled by external components (e.g. the controller boards [15] 
(see Fig. 1)), which are not in the scope of this paper. 

Since unnecessary reruns of test scenarios result in additional wear on test bench 
components as well as CO2 emissions, the system needs to constantly record every 
sensor reading and actuator command (RQ4) to be able to replay them in a manner 
similar to performing a live test run (RQ5). This includes the capability to skip 
through and pause the replay as well as re-evaluating correction formulae – used to 
compensate for different tolerances and characteristics of sensors – and balance 
groups – collecting data from multiple sensors to balances between inputs and out-
puts – to avoid reruns due to erroneous post-processing of raw sensor data. 

The configuration of balance groups, sensors and actuators, along with their 
characteristics and locations in the test bench, due to its experimental nature, is sub-
ject to frequent changes. Therefore, the system must be easily reconfigurable to re-
flect these changes without interfering with its capability to replay older recordings 
or requiring extensive knowledge of programming (RQ6). 

In addition to this configuration level adaptivity, the software architecture of the 
system should impose a high level of modularity, allowing for individual compo-
nents to be replaced, removed or added as work on the project progresses (RQ7). 
This is especially important when progressing from one stage of development to the 
next, as this usually incurs switching to a completely new test bench, which would 
otherwise induce time intensive redevelopment of complex software components, 
in turn decreasing the sustainability of the software. Combined with the reconfigu-
rability of the system, its modularity also allows its continued use in the long term 
e.g. for practical courses or student projects, giving the entire test bench a sustaina-
ble perspective even beyond the current research project. 

3.2 System Context 

Before going further into detail on the software components in section 3.3, the sys-
tem context diagram in figure 1 provides an overview of the test bench environment. 
It can be divided into test benches – consisting of the controller boards, sensors, 
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actuators and the machine itself – and three different categories of front-end appli-
cations (control station, visualization and configuration interface) with the service 
infrastructure acting as mediator and containing the business logic. 

The controller boards form the boundary between the physical sensors/actuators 
and the IT infrastructure and provide a basic, binary, TCP/IP-based interface. A 
client – e.g. test bench services – can initiate a connection to a board, creating a 
command and a data channel, similar to conventional FTP. While the command 
channel is used to transmit actuator commands (see RQ2) and controller-specific 
settings (e.g. sample rate) from the client to the test bench, the data channel trans-
ports a stream of sensor readings from the test bench to the client (see RQ1). 

Fig. 1 System context diagram showing an overview of the test bench environment with all exter-
nal components surrounding the service infrastructure. 

The control station must be provided with the test bench configuration and a 
constant stream of processed and enriched sensor data (see RQ1) and expects to be 
able to transmit commands for actuators and initiate and stop test runs (see RQ2). 
Like the visualization, it must also be notified of threshold alerts to keep the opera-
tor informed about potential alerts (see RQ3), although the visualization only serves 
informational purposes and requests status updates on its own without any control 
capabilities. The configuration interface – a web-based application in this case – 
provides the operator with a graphical front-end reflecting the current state and 
setup of the test bench and allowing changes to be made to both (see RQ6). 

3.3 Service Architecture 

Internally, the service infrastructure is made up of a total of eight different services 
(fig. 2), whose orchestration is handled by CurrentValues, which also provides pro-
cessed sensor and actuator readings to external clients (see RQ1). Additional core 
services are provided by Persistence – storage and retrieval of entities such as set-
tings and measurements (see RQ4) to and from a database or similar data storage – 
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and Configuration, which handles data on the sensor and actuator setup of the test 
bench as well as arbitrary settings for all other services (see RQ6). 

All the other services are optional or at least replaceable components – e.g. the 
Connection service used to connect to the controller boards – for which drop-in 
replacements grant connectivity to different boards (see RQ7). The only service 
with direct access to Connection – aside from CurrentValues, receiving all raw sen-
sor readings for processing – is Actuator (see RQ2), which offers interfaces for con-
trolling all actuators retrieved from Configuration and can be disabled if the test 
bench is only to be monitored or no actuators are present. 

Fig. 2 Overview of the service architecture with data flows between the different services (circles) 
and external entities (rectangles) with core services with bold, optional with dashed and exchange-
able with dotted borders. 

Replay is an on-demand, drop-in replacement for Connection, used when run-
ning replays instead of live test runs (see RQ5) and therefore also has no connection 
to Actuator. The Balance service retrieves balance groups from Configuration and 
monitors all processed readings from CurrentValues to keep them up-to-date and 
available to clients. Threshold also monitors these readings, checking them for vio-
lations of configurable hard and soft limits (see RQ3) and can be deactivated e.g. 
for benchmark scenarios, to allow intentional exceedance of safety limits. 

3.4 Communication Protocols and Interfaces 

While internal communication as well as interfaces made available to external cli-
ents are based on RESTful APIs with JSON payloads being transmitted via HTTP, 
communication with the test bench controllers is handled by the controller-depend-
ant implementation of Connection. This allows the use of custom binary protocols, 
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which can be tailored to each individual controller’s firmware, reducing computa-
tional requirements for communication on the embedded hardware. 

The use of well documented RESTful interfaces for all other communication al-
lows for a high degree of extensibility regarding the integration of additional ser-
vices and new clients e.g. for simulation (see RQ7). This makes the entire architec-
ture more resilient against changing requirements across all development stages 
from experimental to prototype test bench to actual field tests, since the software 
can easily be extended by adding new services. Using a service-oriented architec-
ture also helps to limit the impact of major changes to specific services. 

4 Configuration and Persistence	

As mentioned in section 3.3, Configuration is an integral part of the test bench ser-
vice infrastructure, as it manages configurations for all other services, providing a 
key feature for the flexibility of the entire system. The Replay service, although not 
critical to the system itself, plays a key role in its sustainability, reducing the CO2 
emissions of the test bench by avoiding unnecessary reruns of scenarios. It is being 
supported in this task by the highly reconfigurable Balance service, which allows 
the customised computation of heat flows and summarisation in balance groups. 

Fig. 3 ER diagram for the test bench configuration and measurement storage. 

4.1 Configuration – Adapting Test Bench Changes 

The most important feature of the Configuration service is the management of the 
test bench’s sensor setup as can be seen the right part of figure 3 (vertical lines). 
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Using this model, arbitrary sensors can be created by configuring new sensor types, 
combining a substance and its specific heat capacity at constant pressure levels (Cp) 
with the SI unit and custom conversion formula for the sensor. 

A set of sensors can then be combined into a sensor configuration, which in turn 
can be used together with configurations for other components of the system and a 
data source (test bench controller or Replay) to form a configuration useable for test 
runs. Since each optional service comes with its own configuration model, individ-
ual configurations can be easily recombined, reused and modified between runs and 
components (e.g. sensor types) of it even across different test benches. 

The combination of configurations with test runs and the capability to create par-
tial and full copies of configurations allows multiple version of them to be kept in 
storage, such that previous versions connected to previous test runs always remain 
available. This enables the system to replay archived test runs without running into 
complications due to changed hardware configurations in the test bench, while still 
making it possible to modify parts of the virtual configurations to evaluate these 
modifications before performing another live test run. In the ER diagram (fig. 3), 
the entities are marked with horizontal lines for Threshold and diagonal lines for 
Balance, with test run specific entities and readings highlighted by thicker borders. 

4.2 Replay – Re-examining Recorded Test Runs 

Although the data model in figure 3 stores raw sensor readings as well as derived 
values, the Replay service only uses the raw values when playing back a previously 
recorded test run. While this incurs higher computational loads than directly replay-
ing the derived values instead, it also allows all conversion, heat flow and balance 
group formulae to be re-evaluated in the process, giving users the possibility to ad-
just and test them before performing another live run on the actual test bench. This 
not only saves time – thereby already increasing the sustainability of test bench 
operation – but also avoids unnecessary CO2 emissions, further improving the test 
bench’s ecological and economical sustainability. 

Since all readings stored by Persistence contain a timestamp, Replay can also 
jump to an arbitrary point within a recorded test run, fast forwarding all readings 
taken before that point in time through the test bench’s business logic. It is therefore 
possibly to re-examine any time window within a recording without having to go 
through the entire duration of the test run first and pause execution at any given 
point e.g. when trying to trace back errors in balance calculations. 

4.3 Balance – Keeping Track of Inputs and Outputs 

Two key performance metrics in a CHP test bench are its thermal and fuel effi-
ciency: How much of the heat generated by the ICE can be harnessed for heating 
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purposes and how much is lost as waste heat. And how much of the chemical energy 
stored in its fuel is converted into useable thermal and electrical energy and how 
does it compare to conventional RE and electrical heating elements. 

The Balance service therefore provides the tools to analyse these metrics by com-
bining multiple sensors to compute energy and material flows according to fully 
customisable formulae. These flows can then in turn be combined to form balance 
groups, giving precise insights into how much energy is lost at which point of the 
system or how much fuel is consumed to generate which output. 

This in turn allows researchers to identify potential deficiencies in the current 
system and further optimise it to decrease its CO2 emissions and increase its effi-
ciency, making the concept more sustainable and providing an eco-friendlier alter-
native to conventional RE in BEV. 

5 Conclusions and Perspectives 

In this paper, it is shown how key features of the service components of the test bed 
architecture presented in [15] help to increase the sustainability of a pmCHP test 
bench and reduce its CO2 emissions. This is achieved by creating a highly adaptive 
infrastructure with few core services – e.g. Configuration – which provide the 
needed flexibility and standardised RESTful interfaces for improved interoperabil-
ity. Additional services provide features to record and replay live test runs with the 
possibility to reconfigure balance groups and formulae between replays. An over-
view of the data flows between individual services was given in fig. 2, with a de-
tailed ER diagram in fig. 3 providing deeper insights into the flexibility provided 
by the data model behind the Configuration service. 

While the infrastructure will remain in service in its current form for the foresee-
able future, additional research is being made on further extending its feature set to 
increase its adaptivity as well as grant deeper insight into different usage scenarios 
of the pmCHP concept. The project is therefore currently evaluating the use of com-
plex event processing to better detect, predict and prevent machine failures as well 
as integrate the pmCHP into a smart home or smart grid scenario. 

Other directions for further research include integration of simulation compo-
nents into the system or use of recorded test runs for the calibration of external 
simulations, as well as the development of a prototype system for real-world testing 
of pmCHP units in vehicles under aspects of scalability, performance and sustaina-
bility. This also includes the evaluation of pmCHP usage in fleets and car pools, but 
also for private use e.g. in recreational settings on board of caravans. 
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