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Abstract

Due to the higher complexity of electrified vehi-
cles the requirements for vehicle components and
vehicle design augment and new development tools
are desirable. The following paper describes the de-
sign of a hardware-in-the-loop test bench along with
its structure using Modelica and a Remote Process
Communication library. The aim is to support the
development of components and operational strate-
gies under realistic boundary conditions illustrated
by the example of a waste heat recovery system. The
test bench is planned and built up within the scope of
the public founded project qOpt at the Institute for
Automotive Engineering (RWTH Aachen Universi-
ty) in cooperation with the Forschungsgesellschaft
Kraftfahrwesen mbH Aachen and the Institute of
Automatic Control (RWTH Aachen University).
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1 Introduction

A pursued objective of politics and industry is to
improve the efficiency and reduce the emission of
individual mobility. For achieving that, the electrifi-
cation of the drive train seems to be a promising ap-
proach. The wide distribution of purely electric vehi-
cles lacks due to their short driving ranges since the
specific energy content of current traction battery
systems is rather low which leads to a high vehicle

weight. Besides, the costs for such systems are still
quite high. Plug-in hybrid electric vehicles (PHEV)
or range extended electric vehicle (REEV) provide
the opportunity to combine the advantages of a con-
ventionally propelled vehicle such as their high driv-
ing ranges with the possibility of driving electrically
and thus without emissions. To increase the electric
driving range an efficient treatment of the electric
energy is obligatory. This includes the optimization
of the drive train, the reduction of the electric energy
demand for auxiliary consumers for example by
means of an intelligent thermal management. In or-
der to exploit the maximum potential of such a drive
train a complex operational strategy in consideration
of all energy forms has to be provided. For example
in the scope of the public founded project qOpt,
which enables this research, especially the reduction
of auxiliary electric heaters during the winter term is
focused. Therefore a waste heat recovery system in
form of a latent heat storage in combination with an
operational strategy will be developed.

For an a priori design the requirements for new
simulation tools augment. But often not every com-
ponent may be simulated properly so hardware tests
are still necessary. A combination of simulation
models and specific hardware components in a
hardware-in-the-loop (HIL) environment provides
the possibility to reduce building up physical proto-
types for a high number of variations.

HIL systems are widely used for control systems,
like engine control units. An extension of such sys-
tems for prototyping components is the logical con-
sequence and is to be considered further on in this
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2 Hardware-in-the-Loop System

In general, HIL simulation systems provide the
opportunity for the following three points:

e Component tests and component design

e Design, test and validation of operational
strategies

e Control of test bench components

Such a system is built up at the Institute for Au-
tomotive Engineering (ika), RWTH Aachen Univer-
sity, in cooperation with the Forschungsgesellschaft
Kraftfahrwesen mbH Aachen (fka).

The main system consists of the simulation envi-
ronment, the test bench components and its controls
and the data exchange process. All three systems are
explained further in the following sub chapters.

2.1 Holistic Model Library

For the mentioned reasons a holistic model li-
brary has been developed at the ika in cooperation
with the fka and is constantly increased and im-
proved [1].

The library contains different kinds of vehicle
models, including their drive train, passenger cabin,
and their respective cooling circuits. Also building
systems may be considered, to solve future problem
issues like vehicle-to-home (V2H) or vehicle-to-grid
(V2G) applications. All models can be controlled
and evaluated under different dynamic boundary
conditions (e.g. drive cycles, ambient conditions)
(cf. Fig. 1).
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Fig. 1: Holistic simulation approach

The library is implemented following an ap-
proach of high scalability and modularity, so the lev-
el of detail may be adjusted depending on the issue
to be investigated (cf. [1]).

2.2 Thermo-hydraulic test bench

The common interfaces for thermo-hydraulic
simulations are the temperature, volume flow rate
and the pressure. When emulating physical systems
in a simulation environment the respective physical
values have to be provided with a thermo-hydraulic
test bench at every time step. The used test bench for
the HIL system is shown in Fig. 2. For the hydraulic
part, a controllable fluid pump and several controlla-
ble valves are integrated to adjust the volume flow
rate and the relative pressure at the device under test
(DUT).

The temperature is regulated with a heating de-
vice and a fluid cooling system. When connecting a
refrigerant system also temperatures less than ambi-
ent temperature can be achieved.

The test bench is operated by a CompactRIO sys-
tem. Since the system is not hardly real time capable
with bigger models also a PXI System may be con-
nected, which is presented in [3].
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Fig. 2: Thermo-hydraulic test bench

2.3 Data Exchange Process

The software configuration of the HIL consists of
several applications, which are simultaneously work-
ing together. The participating applications address
different concerns at the HIL, e.g. simulation and test
bench control.

Proper execution and interaction of all applica-
tions need to be assured. Thereby the resulting chal-
lenge for the HIL system is the elimination of un-
wanted side effects between the applications in order
to avoid mutual interference of the applications dur-
ing operation.
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Fig. 3: Software structure of the HIL system. Multiple applications are joined for operation.

An overview of the participated applications cur-
rently in use at the HIL is shown in Fig. 3. Most im-
portant are Dymola and LabView. Dymola is respon-
sible for hosting the physical model of the surround-
ing environment, which generates control requests
for the test bench and the DUT. The management of
the HIL system itself is based on National Instru-
ments LabView [6] in optional combination with
VeriStand [7], executed on a CompactRIO hardware
and a Windows based personal computer. The
CompactRIO executes all requests coming from the
physical model output. LabView in combination
with the CompactRIO ensures reliable control of the
hardware of the test bench and keeps the test bench
within applicable operating conditions.

At the same time LabView and the CompactRIO
capture measurement data from test bench and DUT
and return these back to the physical simulation in
the Dymola environment. As Dymola is normally not
targeted for real-time interaction with control com-
ponents, new coupling features have been integrated
to Dymola in order to implement the previously
mentioned linkage of applications.

The connection between the applications is real-
ized by an additional Remote Process Communica-
tion (RPCom) interface library, developed at fka.
The library provides communication and synchroni-
zation elements, which are added to the physical
model in Dymola in order to build an externally ac-
cessible interface with input and output data (cf. Fig.
4). This interface is accessible while the simulation
is running. Corresponding elements of the RPCom
Library are as well integrated in a LabView VI' or in
VeriStand using a RPCom Custom Device [8].

" Individual, decoupled operation of all applications can
be performed even if the RPCom elements have been in-
tegrated, allowing enhancements of the physical model
and the test bench in parallel without removing the
RPCom elements.

The RPCom library is implemented in .NET and
embedded by Dymola using a system native ¢ wrap-
per [5]. To allow access to the .NET components by
the system native functions called by Dymola the
intermediate code is modified such that all managed
code elements are exported with system native inter-
faces [9]. The RPCom functionality can be used to
even extend the co-operation of tools at the HIL to
further applications, like e.g. a driving simulator, if
these are required.

s | dipadten
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Fig. 4: Simple physical model in Dymola with addi-
tional RPCom elements

Main responsibility of the RPCom library is bind-
ing the individual applications together by organiz-
ing a coordinated signal exchange. This is realized
by the RPCom library using UDP communication
making distributed execution of all applications on a
multi-computer network possible, completely decou-
pling the control of the test bench hardware from the
simulation itself. Supplementary to data exchange, a
synchronization functionality for all applications,
necessary to make the operations of simulation and
test bench behaviors coherent, is taken out by the
RPCom library.

The exchange of signals between the applications
is organized by symbolic IDs. Finally this means that
all signals are managed within a signal pool by an
unique symbolic name, which is associated with in-
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formation on the corresponding value among with a
the timestamp of last known validity of the value and
supplementary meta-data, like physical unit or a de-
tailed signal description. Currently, all elementary
data types, such as double, integer or boolean values
are supported. Vectors shall be supported in a future
extension of RPCom.

All signals are initially stored in local caches as-
signed to each participating application. In regular,
configurable cycles - which depend on the timing
requirements - these caches are synchronized. The
synchronization can be selected to match the indi-
vidual timing requirements of the application, avoid-
ing unnecessary data exchanges. Altogether the syn-
chronized signal caches of the applications build up a
distributed information server.

For reliable HIL operation, the connection of ap-
plications and the timing behavior realizable by the
RPCom library are relevant in order to ensure deter-
ministic HIL operations.
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Fig. 5: Signal travel time (t;row) and distribution
measured during HIL operation for exchanged data
between the coupled applications. Configured cycle
time is 10 ms.

Due to the systems thermal inertia, soft hardware
requirements can be applied for the cooperation.

Fig. 5 shows a timing measurement executed on
the HIL system with a configured synchronization
time of the application caches of 10 ms by the
RPCom library. In the analyzed scenario Dymola
and LabView are operated on the same machine. A
pool of 25 signals is exchanged between the applica-
tions. The cycle time of the Dymola Model is 100 ms
while HIL cycle time for test bench control is set to
10 ms. As the measurements in Fig. 5 implies, the
exchange rate is very stable around 10 to 20 ms.

The benefit of the integration of the RPCom li-
brary is to distribute different HIL concerns to multi-
ple computer systems within a network, e.g. decou-
pling hard real-time from weak real-time require-
ments. Also an easy partitioning of different Dymola
model segments to more than one computer system
can be realized, allowing integration of even com-
plex and computation time intensive model configu-
rations. Both benefits are utilized within the HIL sys-
tem.

3 Augmented CHP usage of the in-
ternal combustion engine in electri-
fied vehicles

Especially in winter terms the thermal manage-
ment of electrified vehicles represents a major chal-
lenge. A temperature sensible component e.g. the
traction battery needs to be conditioned and heating
energy has to be provided for the passenger cabin.
When driving purely electrically the heating energy
has to be supported electrically which directly affects
the electric driving range. Thus, waste heat recovery
is a promising approach.

In the scope of the project qOpt the electrified
vehicle Opel Corsa Hybrid 3 (cf. [2]) of ika is con-
verted to a Plug-in-hybrid electric vehicle. Besides,
an optimization of the thermal management of the
vehicle is considered. In this article the potential of
the integration of a thermal storage into a PHEV to
enhance the electric driving range is further analyzed
by means of hardware-in-the-loop simulations.

3.1 System architecture

The vehicle data including the passenger’s cabin
are listed in Tab. 1. Since the internal combustion
engine (ICE) has a high potential for waste heat re-
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covery, the ICE and its cooling circuit is considered
as the device under test (DUT).

empty weight 1150 kg
power (ICE) 44 kW
power (electric machine) 37 kW
battery capacity 16 kWh
cabin volume 3md
window surface 2 m?

Tab. 1: Vehicle data of the Opel Corsa Hybrid 3

In Fig. 6 the schematic hardware setup is shown.
An additional heat exchanger (HEX) is integrated
into the cooling circuit of the ICE to provide the pos-
sibility to warm up the ICE or use its waste heat. The
heat exchanger is the interface between both the
electrified vehicle and the HIL system. Since the in-
tegrated pump is belt driven, an additional electric
pump is integrated to achieve higher volume flow
rates when driving at low engine speed or when driv-
ing purely electrically. Furthermore to monitor and
control the cooling circuit, different sensors for vol-
ume flow rate, relative pressure and temperatures are
integrated.

Virtual Environment '
emulated on thermo-hydraulic test- !
bench P

Electric
pump

Radiator
HV AC HEX
HEX

-O—

Belt
driven
"""""" pump

(HVAC HEX, passenger cabin,
latentheat storage)

Fig. 6: Schematic view of the HIL setup and its con-
nection to the cooling circuit of the internal combus-
tion engine

To analyze the waste heat at different driving cy-
cles, the vehicle is placed on a dynamic chassis dy-
namometer. The driving resistance for the specific
Opel Corsa are adjusted, so a realistic power output
is achieved. The current test setup is shown in Fig. 7.
As mentioned above a winter term scenario and the
possibility of waste heat recovery is analyzed. But
since with this setup the winter term boundary condi-
tions can only be adjusted to the ICE it is necessary
to simulate the remaining vehicle components. For

this purpose inter alia the library mentioned in chap-
ter 2 is used.

F

Fig. 7: System setup with the Opel Corsa on the dy-
namic chassis dynamometer connected to the HIL
test bench

3.2 Simulation models

In the application case all thermal energy sinks
are modeled in Dymola/Modelica. This includes the
model of the passenger cabin and the HVAC unit.
Besides, a thermal storage is considered. The heat
exchanger of the HVAC uses the measured tempera-
ture to calculate the heat flow rate into the cabin. The
heating demand is determined by the passenger cabin
model. It includes the different convective and
radiative heat flow rates to and from the environment
(cf. Fig. 8 and [4]). Inside the heating circuit an addi-
tional electric heater is installed to provide heating
energy when the vehicle is driven purely electrically.

Reflected radiation
(direct and diffuse)

Diffuse radiation Convective heat transfer
R

Direct radiation L

A

Enthalpy flow rate

input -—) 4

* Enthalpy flow rate

- output

Heating and internal heat sources

Fig. 8: Energy flows in passenger’s cabin model

In this application example a latent heat storage
was chosen. It is modeled according to [10]. The la-
tent material has a melting temperature of about
65°C. Depending on the temperature gradient be-
tween the cooling fluid and the latent material the
thermal conductance is calculated.
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3.3 Scenario and boundary conditions
To analyze the benefit of an advanced combined
heat and power (CHP) usage of the ICE (engine data
cf. Tab. 1) a realistic scenario is defined. A drive
cycle with a highway part and a rural part is used for
the simulations. On the highway the vehicle is pro-
pelled by the internal combustion engine at a con-
stant speed of 110 km/h. The waste heat is used to
warm up the ICE and to provide heat for the passen-
ger’s cabin. Shortly before the thermostatic valve
opens (engine is warmed up) a valve is operated,
opening the bypass to the thermal storage. In this
way an advanced combined heat and power genera-
tion usage of the ICE is achieved since the opening
time of the thermostatic valve is minimized. Thus,
less heat is rejected to the environment and a higher
amount of waste heat is used. As mentioned before,
all heat sinks are simulated in Modelica and the re-
spective heat flows rates are transferred from the
engine’s cooling circuit in the thermo-hydraulic test
bench.

Subsequently, the vehicle enters a rural zone (Ur-
ban part of HYZEM cycle) and is operated purely
electrically. The stored energy from the thermal stor-
age is then used for providing heating energy for the
passenger’s cabin, so the high value electric energy
need not to be used for heating purposes.

As ambient conditions a typical winter scenario is
chosen (0°C ambient temperature, 100 W/m? solar
radiation) (cf. [11]).

4 Results

In Fig. 9 the dynamic profile of the engine cool-
ing temperatures before and after the heat exchanger
that is connected to the HIL are shown (cf. Fig. 6).

The initial temperature of the engine is 10 °C.
The waste heat of the ICE warms up the engine and
by the means of the heat exchanger in the HVAC the
passenger cabin. At the beginning only little heating
energy is transferred through the HVAC heat ex-
changer because of the low temperature gradient. At
a temperature of 84 °C in the ICE cooling circuit the
valve, to regulate the volumetric flow through the
thermal storage is opened. Due to the high tempera-
ture gradient a high amount of heat is transferred to
the thermal storage. The measurement clearly shows
this point. Both the temperature before and after the
heat exchanger are reduced. Subsequently the tem-

perature gradient and therefore the heat flow rate into
the storage decreases (cf. Fig. 9).
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Fig. 9: Engine cooling temperatures before and after
heat exchanger (cf. Fig. 6)

Fig. 10 shows the dynamic curve of the heat flow
rate to the cabin and to the storage. Within the first
300 seconds the heating power increases since the
engine cooling temperature increases. After that the
control unit for cabin heating demands a lower heat-
ing power to maintain comfort temperature (cf.[4]).
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Fig. 10: Heat flow rates for the passenger’s cabin
heating and to the PCM storage (cf. Fig. 6)

In Fig. 11 the temperature curve of the thermal
heat storage is shown. The melting point of the latent
material is clearly stated out. At the end of the ride
the thermal storage reaches a temperature of about
85 °C. The contented energy amounts about 700 Wh.

During the subsequent purely electric ride the
heating energy may be used for cabin heating and by
this the heating demand for the next 600 seconds
may be provided nearly completely by the stored
waste heat of the combustion engine. Thus, the elec-
tric driving range can be enhanced by about 4 km.
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Fig. 11: time dependent temperature curve of the

latent heat storage

5 Conclusion and Outlook

Due to the higher complexity of electrified vehi-

cles the requirements for vehicle components and
vehicle design augment and new development tools
are desirable. In this article a HIL system using
Modelica and an UDP interface has been presented
which was developed at the Institute for Automotive
Engineering (ika), RWTH Aachen University, in
cooperation with the Forschungsgesellschaft
Kraftfahrwesen mbH Aachen (fka). The connection
between the applications is realized by an additional
Remote Process Communication (RPCom) interface
library, developed at fka.
Performance tests show that the connection of appli-
cations and the timing behavior is reliable to ensure
deterministic HIL. operations, at least for low real
time requirements. Besides, by this data exchange
progress it is possible to separate the simulation and
the test bench control hardware, especially when
models with a higher complexity demand high per-
formance hardware.

An application example was given in which the
potential of integrating a thermal heat storage unit
into the cooling circuit of the ICE of a PHEV was
investigated by means of HIL simulation. In order to
measure the usable amount of waste heat of the ICE
the vehicle was placed on a dynamic chassis dyna-
mometer. All heat sinks, like the passenger cabin as
well as the thermal storage were simulated in
Dymola and the respective physical values were
transferred to the thermo-hydraulic test bench. The
results show that a reasonable amount of waste heat
could be recovered in a thermal storage. Therefore,
the electric driving range can be enhanced by provid-

ing the heat energy of the passenger cabin by the
thermal storage unit.

The HIL system will be used further in the project
qOpt to develop an operational strategy in considera-
tion of the heat demand for electrified vehicles tak-
ing into account a latent heat storage system. Be-
sides, in another project an electrical and thermal
coupling between vehicles and buildings will be in-
vestigated further on.
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