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Abstract

This paper deals with the development of softwaretie hybrid control unit for a natural gas
hybrid electric vehicle. The vehicle is being deyald within a project together with the Adam
Opel GmbH and the Robert Bosch GmbH.

At first a modular structure for the software i®posed including a more detailed description
of the interconnection between operating strategy @ower train control. These two modules
are the heart of the hybrid control unit. While tgerating strategy is capable for the energetic
optimization the task of the power train controtdsset the reference values demanded by the
operating strategy in a comfortable way. In ora@edévelop this functionality a brief overview
over the software development process is giveis $plit up in four steps: offline, HiL and
driving simulation, and finally in-vehicle testin@he driving simulation being one of these
steps is explained more detailed. It consists ateaeoscopic surround projection, a sound
module, a vehicle mock up and a vehicle model. @nthe main parts of the software, the
power train control, is explained including a dgstion of the main operational states. At last a
comparison between first in-vehicle measuremendssanulation results is given.

The project this paper deals with is supportedheyGerman Federal Ministry of Economics
and Technology (BMWi) under the support code 19U60lhe authors of this publication are
in charge of the content.
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1 Introduction

Since the end of 2006 Adam Opel GmbH, Robert B&etbH and Universitat Stuttgart have
been working on a natural gas hybrid electric ieh{¢lEV). The main aim of this project
supported by the Federal Ministry of Economics @&rdhnology is to build up a parallel HEV
prototype with minimal C@emissions with regard to the legally limited exstagas compo-
nents [1].

An Opel Astra Caravan was chosen as the basis sedameets the every-day requirements of
private and company customers. The four cylindesotjiae engine of the production car was
replaced by a down-sized three cylinder super-athrgatural gas engine, an electric machine
and an additional clutch between the combustiorinengnd the electric machine. Natural gas
tanks were installed instead of the gasoline tAnkaction battery was mounted in the back of
the car. The schematic set-up of the vehicle isvahia Fig. 1-1.
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Fig. 1-1: Schematic set-up of the prototype

The project is focused on the improvement of thieinad gas engine and the development of
hybrid specific software including an adaptive @tieig strategy which can reduce energy
consumption on frequently driven routes. While théger concentrates on the software, a de-
scription of the work done on the internal comlarstngine is given in [2].



2 Hybrid Control Unit

The additional components of a HEV e.g. the eledlrive and the battery have their own
control units which have to be integrated in thestixg vehicle bus system. A further control
unit is needed to enable hybrid operation. It itledahybrid control unit (HCU). Its main task is
to set the reference values for the combustionnentgirque, the electric machine torque, the
gearing and the operational mode. This functiopat known as operating strategy. When
implementing it in a vehicle much more functionaldé needed as will be shown in the follow-

ing.

2.1 Structure

In Fig. 2-1 a possible modular software structuiréghe HCU is proposed with the operating
strategy and a module for power train control forgnihe heart of it.
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Fig. 2-1: Modularstructure of the HCU

At first an input module reads all relevant infotina from the vehicle busses together with
analogue and digital signals, e.g. coolant tempezatand switch states. It has to be ensured
that signals which are not valid are indicated raglid. This is the case when an electronic
control unit (ECU) is not running or in initial $&a It might happen during vehicle start or shut-
down but it can also indicate a failure during @pien. The next module, the operating surveil-
lance is permanently checking whether the meassiggdils like speeds, voltages, currents and
temperatures are within the allowed boundariealslh recognizes failures reported directly by
ECUs. The results are passed to the operatingegyrand the power train control where they
have to be evaluated and considered. A more detd#éscription of these two modules will be
given in the following section. The signal procagsinodule is capable of composing the refer-
ence signals from the power train control to CANsaages. It has also gateway functionality
between several CAN busses. In the safety andelimiibdule all signals are restricted to their
boundaries. A further check ensures that no reguest fed through which might damage the
hardware. This check does not take into accounthenehe requested values are reasonable in
an energetic or comfortable manner. It is only ddittonal safety measure on a level close to
the hardware. At last all signals are output onviitgicle busses and digital outputs.
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2.2 Interaction between Operating Strategy and Power Train
Control

As mentioned before the operating strategy angbtiveer train control are the largest and most
important modules of the HCU. While the task of thperating strategy is to minimize the
energy consumption the power train control optimittee driving comfort.

Depending on the current operating point, whicbhiaracterized by the actual torques, speeds,
temperatures, the gearing, the state of chargeamttthe driver command, the strategy deter-
mines a new set of reference values which is passtt power train control. A set consists of
the desired torques for the combustion endifig, osand the electrical machindenm os the
gearing and the operational mode. Depending opleeational mode the desired speed of the
electrical machinen, osis passed instead M.y o0s These values are determined using effi-
ciency maps for the combustion engine and the redesystem. The maps only represent the
static and not the dynamic behavior. Considerirgg diinamic behavior while searching the
optimal set of reference values would lead to atindpation problem which is to complex to
be solved in real-time. Therefore operating stiatedreat the optimization as if the problem
was static (see [3], [4] and [5]). As shown in R2g2 an operating point OP can be represented
by a vectorv = (MegosMemosgear;mode). This is a simplified representationtaiming only
values which can directly be set by the HCU. Valliles speeds and temperatures which are
needed for an exact description of an operatingtpean only be influenced indirectly by the
HCU. For example if the temperature of the eleatrachine is too high, the torque of the elec-
tric machine must be reduced in order to decrdaseemperature. Therefore these values are
not considered in Fig. 2-2 which shows a changevdoet two operating points.
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Fig. 2-2: Change between two operating points

The current operating point shall be OPhe operating strategy determined,@®be the new
optimal operating point and passes the new setfefence values to the power train control. It
does not take into account how to get from, @POR and it does not consider the exact transi-



tion timet;, because the time is not constant but dependenaidous parameters. The transi-
tion between OPand OR is managed by the power train control. The deshaddes from the
operating strategy are converted into the refereabges which are passed to the other ECUs
in the vehicle. But it is not sufficient to contimbth torquedengosandMemosand the gearing.
When changing from one to another operating modehnmiore signals have to be controlled
like the clutch torqueMy; prc@andMeuz prc The power train control must also set the operat-
ing modes of the components appropriate, e.g.redatimachine and battery, when changing
the hybrid operation mode and during vehicle stariand shutdown. Therefore the intercon-
nection between power train control and vehiclesia of much more signals than the inter-
connection between operating strategy and powar ¢@ntrol as shown in Fig. 2-3. The other
modules shown in Fig. 2-1 are left out in Fig. 288 simplification. There is also a feedback
from the power train control to the operating &gyt which indicates the actual operational
mode. A more detailed description of the powemnt@introl module will be given in chapter 3.
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Fig. 2-3: Interconnection between operating strategy, pawém control and vehicle

For the change illustrated in Fig. 2-2 Fig. 2-4wh@ comparison between the reference values
from the operating strategy and the modified refeeevalues from the power train control and
the desired torques for both clutches.

At time t = t; the reference values from the operating stratégnge from OPto OR. The
power train control reduces the torque of the éleehachine, opens clutch 2 and shifts to
neutral. Then it closes clutch 1 and increasesditpie of the electric machine fast to start the
combustion engine. As soon as the engine is runthiaglectric machine torque is reduced to
zero. After the gearbox has shifted to the degiest, the torques are increased and clutch 2 is
closed. Fot =t, the desired operating point @B reached.
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Fig. 2-4: Comparison between reference values from operatiagegy and power train control

2.3 Softwar e Development Process

As illustrated in section 2.1 and 2.2 the softwirethe HCU is of complex structure. There-
fore a suitable software development process nmastdfined. It has to fulfill several require-
ments. The software should be developed in patalléde construction of the prototype vehicle
in order to save time and money. Preliminary saftmasts must be possible and have to be
carried out to find errors in an early stage. Impdating the software to the vehicle should be
simple [6].

In Fig 2-4 a brief overview over the software deyehent process is given. At first the main
functionality of the HCU is developed on a PC. Besithe module containing the model for
the HCU modules for the driving cycle, the driverdathe vehicle are needed. The vehicle
module consists of models for the relevant comptsnand the bus communication considering
transport delay, quantization and signal ranga $econd step the HCU module is exported to
a rapid prototyping control unit where it is exeaiin real-time. The other modules are trans-



ferred to a second real-time system. Both systeansrwnicate over the same interfaces that
will be used later in the vehicle. The main aintto$é hardware-in-the-loop (HiL) simulation is
to ensure real-time capability and accurate in- amgput modules. In order to investigate real
driving situations and to test consumer acceptdémee/ehicle model is integrated in a driving
simulator which will be described more detailedhia following section. Like in the HiL simu-
lation the HCU is running on the same hardwaret aglli in the vehicle. At last the HCU is
installed in the prototype vehicle.

The four steps described in Fig 2-5 are passedighrdrom the left to the right. Steps which
have already been realized are used in additiofuftiter improvement. For example a critical

software function will always be tested with the P&sed model before it will be implemented
in the vehicle.

One of the main requirements for the software dgprakent process described here is a modular
structure of the necessary models, so that parésrmbdel can easily be replaced or removed.
For each step shown in Fig 2-5 a modified modekisded. The behavior of the models should
be comparable. Therefore the functionality musthgesame. This can be achieved by separat-
ing the functionality from the hardware-specifiatgsaand by organizing the modules in librar-
ies and composing the different models out of tHi#sary blocks. Therewith a change which
has been made in one step can simply be transfertbeé other steps.

offline smulator HiL simulator driving smulator vehicle
PC real-time system real-time system
driving driving

cycle cycle

driver <::> driver
model model
vehicle vehicle
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Fig. 2-5: Overview over the software development process
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2.4 Driving Simulator

As mentioned before the software should be testeéurealistic conditions before it is imple-

mented in the vehicle. Therefore a driving simuldtoused which will be described in the
following.
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The simulator performs a stereoscopic surroundeptimn of the driving scene on three

screens. The projection is driven by a cluster mitérconnected PCs running the 3D visualiza-
tion Software COVISE on Linux. The software hasrbeeveloped by High Performance

Computing Center Stuttgart (HLRS) at the UnivetsBtuttgart for different applications such

as the three-dimensional visualization of Compateti Fluid Dynamics or mechanical simula-

tions [7].

A vehicle mock-up is installed in the center ofstigrojection facility as it can be seen in
Fig. 2-6. It is equipped with a seat, pedals, a ghift lever and a high-performance force-
feedback steering wheel drive which has been dpeeldy the Research Institute of Automo-
tive Engineering and Vehicle Engines Stuttgart (BKFor professional driving simulation
purposes. The steering drive consists of a spatiificlesigned servo motor which drives the
steering wheel directly, i.e. without any gearilpis configuration avoids friction and backlash
and thus enables dynamic feedback of the steesiogée to the “driver”.

Fig. 2-6: Driving simulator

The heart of the simulation is a vehicle dynamiasdet which calculates the motion of the
vehicle body, the chassis and the wheels using la-bady system (MBS) approach. This
simulation operates in deterministic real-time. Fealistic behavior of the interactive driving
simulation it has to be ensured that the outptlhefvehicle simulation model is plausible in all
imaginable driving states, e.g. in high-speed cangeon road surfaces with low friction coef-
ficient or in reverse driving situations.

Such a real-time capable vehicle dynamics modelbeas developed at FKFS especially for
interactive driving simulators [8]. The model issbd on a multi-body system (MBS) approach
and contains a fully nonlinear tire/surface moddiclv covers all possible combinations of



longitudinal slip, side slip and vertical forceseTtire model calculates the self-aligning torque
of the tires. This torque is transformed into aaiyit steering wheel feedback torque which is
output via the steering wheel drive. This vehicl@mamics model is combined with the real-
time-capable model of the hybrid power train arelekectrical system. It is also connected to a
sound simulator which generates the sound forrttegrial combustion engine as well as for the
electric machine. This simulator has been develagiétkKFS and is patented [9].

The driving simulator is a cost-efficient and tiseving tool for the verification and optimiza-

tion of hybrid power train control strategies besmit allows quick variations of the test tracks
and copes with individual driving styles. Furthermdt allows the evaluation of the influence

of the power train on the vehicle dynamics evewrining conditions close to or beyond the

vehicle’s stability limit without danger for lifena limb of test drivers. After numerous tests the
HCU is ready for vehicle implementation.

The development process for electronically coreblhutomotive systems at IVK will be fur-
ther strengthened by the research project VALIDAAtich has started midyear 2008 and has
a runtime of three years. This project is fundedh®y German Federal Ministry of Education
and Research (BMBF). The research activities witfs on new power train control and driver
assistance systems which lead to a reduction dfcfugsumption and CQOemissions in real-
world driving.

The VALIDATE project consists of four major compante as indicated in Fig. 2-7.

Measurement vehicle: Driving simulator:
Analysis of real-world driving Investigation of new assistance systems
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Fig. 2-7: Overview of the VALIDATE components

A measurement vehicle based on a production cdralidw a detailed analysis of the power
flow and the energy loss in the power train andh@ electric power network. The driver’s
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behavior will be analyzed by monitoring its aciie#, e.g. pedal actuation and gear selection as
well as eye tracking, while using energeticallyevant assistance systems. The investigations
will be done on the “Stuttgart Circuit” — a tesute on public roads which represents average
driving in Germany. A large number of test driveishwa customized selection of drivers will
be conducted on this route in order to obtain Siatlly significant results for fuel consump-
tion and fuel saving potentials.

Furthermore a powerful new driving simulator isremtly set up at Stuttgart University in the
context of VALIDATE. This simulator will be equipdewith a large-scale, eight degrees of
freedom motion system in order to simulate the alels motion in a fully realistic manner in
all possible driving situations. Together with dadled graphical projection of the vehicle sur-
roundings (roads, buildings, landscape, traffic)dtee Stuttgart Driving Simulator will be one
of the most powerful driving simulators worldwide.

The driving simulator will be connected to a raéaid prototyping and simulation system which
allows the investigation of future power train aomhtand driver assistance systems for fuel
consumption reduction, especially forward-lookintd aself-learning systems which take the
properties of the road ahead into account in otdlgenerate an energetically optimized driv-
ing strategy for HEV and electric vehicles. Thimgliation system can be combined with the
new power train test bench at IVK which allows ihtegration of real power train components,
such as electric motors and traction batteries, tim interactive simulation configuration.

3 Power Train Control

As described in the previous chapter the powen ttantrol is one of the most important mod-
ules in the HCU. In this chapter a closer look loe power train control will be given including
first measurement results from the vehicle.

3.1 Functionality and Requirements

The main task of the power train control as illag#d in section 2.2 is to change the reference
values from the operating strategy into the refeeeralues for the components. It is also capa-
ble for starting-up and shutting down the vehideother very important functionality is the
emergency shutdown of the vehicle which is necgdsarase of a crash or in case of a sudden
failure of a component, e.g. the traction battery.

From the point of view of the power train contrbté¢e main operational states can be well-
defined during normal operation (see Fig. 3-1). Thasitions between them have to be con-
trolled by the power train control, too. The fithte is electric operation, where the clutch
between the combustion engine and the electric imadh open and the combustion engine is
not running. The vehicle is only driven by the élecmachine. The clutch in the gearbox is
just needed during gear shifting but not for drivap because the electric machine can provide
its maximum torque from standstill on. During cormdad operation both, the combustion engine
and the electric machine can be used for drivinge €lutch between them is permanently
closed. The clutch in the gearbox is needed digesy shifting and for driveaway. It is opened
during vehicle standstill. Besides these two openat states a third fewer needed state exists
for charging the traction battery during vehiclanststill. It is needed when the state of charge



is too low to stop and restart the engine. Thitesgonly allowed when the vehicle is standing

and the brake pedal is applied by the driver. ety reasons the gearbox is switched to neu-
tral. The clutch between the combustion engine thedelectric machine is closed. While the

combustion engine is operated in torque controlenth@ electric machine is running in speed

control mode.

start-up/
shutdown

combined operatio electric operation

a

charging during
standstill

\.

Fig. 3-1: Main operational states

The power train control is also capable for corimgrtorque requests from the electronic sta-
bility program and the automated gearbox. For gafeasons it is absolutely necessary that
these requests are realized as fast as possible.

For the described separation between operatintegiraand power train control it is required
that the requested operating point is realized raathtained for a period of time, before the
next operating point is requested. If this is natanplished, the energetic optimization of the
operating strategy would be useless. From the mdiniew of the comfort it is desirable that a
change between operating points especially betwperational states or gears is done slow so
that no power train oscillations are induced. Ss itha conflict of aims between energetic and
comfort optimization. An appropriate precontrolaclosed-loop controller are possible solu-
tions to this problem.

3.2 Example and Results

In this section the transition from electric opamatto charging during vehicle standstill is
being illustrated. The vehicle is in electric ofggma. When the operating strategy demands a
change to charging during standstill, the powentcantrol checks whether the vehicle speed is
zero and the brake pedal is applied for safetyoreasThen the gearbox is requested to shift to
neutral. As soon as the transmission control uaitfioms that neutral is inserted the clutch
between the combustion engine and the electric madk closed. The electric machine is
changed from torque to speed control and accetethtecombustion engine up to idle speed.
When reaching the speed the gas injection is edablee engine is running and speed and
torque are increased according to the demand odpkeating strategy. The traction battery is
being charged.
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Fig. 3-2 shows a comparison of the transition dbedrabove between the real vehicle and an
offline simulation on PC hardware. Therefore theelrcommand which was measured in the
vehicle is fed in the simulation model. It contaihe software for the HCU as well as a vehicle
model. The simulation results are recorded and emetpto the measurements.
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Fig. 3-2: Comparison between measurement and simulation

Fromt = 1 s on the electric machine (EM) pulls the ing#¢rcombustion engine (IC) with high
torque to idle speed. At aroune 1.5 s the gas injection is enabled and the cstiduengine
starts delivering torque. In order to reach therddsoperating point fast the electric machine
accelerates the combustion engine up to 2000 rpichwdre obtained for = 2 s. The whole
transition takes around one second.

Comparing the measurement and the simulation seshtiws good correlation for steady state
conditions. During transient state there are soar@ances. But these variances do not have a
serious effect on the development of the softwareglfe HCU. The software has to be robust
against a varying behavior of the vehicle whichmigccur e.g. due to a change of the ambient
temperature or aging effects. Therefore the acHieeeuracy is sufficient for the intended use.



4 Summary and Outlook

A hybrid electric vehicle needs additional softwammpared to a conventional vehicle. The
hybrid specific components have their own contmitss Besides these control units a further
control unit, the hybrid control unit is neededeoable the interaction between the conven-
tional and the hybrid components. It has been shbaithe operating strategy is only a part of
the HCU and that more functionality is needed, argoperating surveillance. A structure for
the software of the HCU has been proposed whidativisled into several modules. The two
most important modules are the operating strategytle power train control. While the oper-
ating strategy is capable for the energetic opttion the power train control must adjust the
operating point demanded by the operating stratiégy.also capable for a comfortable change
between the operating points. In order to devehapréquired software in a time and cost sav-
ing way an appropriate process was defined. Itistsmef four steps: offline, HiL and driving
simulation and finally in-vehicle testing. The dng simulator used to test the software was
described more detailed. Being an important pathefsoftware the power train control and its
functions were illustrated. There are three maierafional states: electric and combined opera-
tion and charging during vehicle standstill. Itrequired that the transitions between these
states and between different operating points arged out before the next request. Finally a
first comparison between vehicle measurements andlation results showed good correla-
tion.

Since the end of 2008 first driving tests are eariout. In 2009 the operating strategy and the
power train control will be adjusted. Further resbawill be done on the energetic as well as
on the comfort optimization.
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