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Function Development in DrivelineM anaganent

W olf gang Runge Gunther Bauer M anfred D ornseiff D ieter Gumpoltsberger
ZF Friedrichshafen AG

[Abstract] In addition to pure product innovation which includes functions, automobile development in-
creasingly involves process- related research topics W hy is this ©? The end customers buying decisions
hinge on the value added to their nev cars A nd it isamatter of course to than that their carswork reliably
and their functions are fully reproducible

For oftware-dominated products, i e for amost all electronics components or sub-assamblies it is
particularly true that their quality must not only be tested separately but also pre-determ ined and guaran-
teed by meansof reproducible processes T herefore, development of functions in production drivelinesmust
include all agpects before product maturity can be reached The nenv development of a model-based con-
trolled lock-up-clutch is an example of this approach
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1 1 Introduction

Degite shorter development lead timesand in-
, creasingly stringent requirementson software, the
, quality of this software and levels of customer sat-
, ZF isfaction need to be sustained, or ideally mproved
, upon, without any increase in cost Over the last
fav years, ZF has been heavily committed to reso-
lution of thisconflict Key contributionsto the effi-
ciency mprovenent required here are delivered by
modern development methodsw ith extensive smu-
lation capabilities and standardized design coupled
w ith reproducible tests which are suitable for au-
tom ation
V arious different development methods and
tools are enployed during themany stages involved
(1 “ in the development of modern software Onemajor
, , ource of cost in the testing process is incurred by
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Fig 2 Software development process based on theV model

implementation of test environments and test vec-
tors, and also by the test evaluation process A
substantial reduction in expenditure is achieved by
reusing models and test vectors created during the
various development phases, and by automating the
process of running and evaluating tests

The procedure selected here and the benefits
derived from it can be illustrated by the example of
2ftw are developed for a controlled lock-up clutch
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(Figure 1) in transmission control units In partic-
ular, enphasisisplaced on the key phrase of* mod-
el-based development” which refers to a method-
ological approach which calls for a detailed under-
standing of the systam and w hich delivers substan-
tial benefits in term s of functionality.

2 Development Process-Summary

The development process for enbedded ft-
ware in ZF products tends to favor the classic V -
model (Figure 2). In the systan ecification at
the start of a project, the mechanical, hydraulic,
electrical, and electronic components in the trans
mission and their inter-relationships are all de-
fined From this,

quirements relating to electronic control units and

it is possible to derive the re-

their ooftware During the process stage know n as
the function secification stage, the functions m-
plemented in the software are drafted and defined
in detail

The system ecification stage is supported by
a range of modern prototyping methods During
the virtual prototype stage, amodel of the ecified
function is ingected by meansof a simulated model
of the systan. If the intention is to apply this in-
gection in a real vehicle environment, this test can
then be mplemented by meansof a rapid prototyp-
ing stage These methods are ideally suited to de-
tecting gecification errors at the earliest possible

> Analysis >> Dralt/Simulation >> Software >
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3 Fig 3 M odel-based development
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time W hen using a virtual prototype, the quality
of the smulation detemn ines the extent tow hich re-
sults can be applied to the real - vehicle surround-
ings

The process step known as the progranm ing
stagew ill not be examined in greater detail here be-
cause this is not the subject of thispresentation

Two test stages are scheduled in during the
creation of volume production oftware The first
of these isverification of the function gecification,
a process which involves a function test in a PC
simulation This is followed by a system approval
ingection involving extensive testing of the com-
plete system. Certain components of the function
test and the systam approval ingection can be per-
formed by transferring them to the laboratory for
smulation runs

3 M odel-based D evelopment Based on
the Example of a Controlled L ock-
Up Clutch

ZF understands the key phrase” model-based
development” to mean a process for developing
open-loop and closed-loop control functions based
on a model of the physical interaction character-
istics of the systen (Figure 3).
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Fig 4 M echanical model
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3 1 Analysisphase

In the analysis phase amodel of the system is
created In thisexample, the torque transmitted by
the clutch constitutes the product obtained by mul-
tiplying the friction coefficient against the activa-
tion pressure A Il known physical effects and the
influence of tolerances and environmental charac-
teristicson the systam need to be estimated At the
end of the analysisphase, you have a detailed mod-
el which describes the system in all the operating
modes related to the task in hand

In the draft design and simulation phase the
detailed model of the systam is mplemented in a
simulation environrment U sing methods derived
from closed-loop control technigues, a feedback
controller is developed w hich influences the system
In thisexample, the de-
sired goal for clutch activation involves clutch actu-
ation at a gecified level of nominal torque

If you divide the nominal clutch torque by the
friction coefficient, you obtain the actuation pres
sure If an identical friction coefficient is obtained

in an appropriate manner.

in both real activation and in themodel, the smu-
lationw ill then yield a set of ideal operating charac-
teristics Through variation of the physical param-
eters in themodel, the robustnessof the draft ver-
sion can be investigated by applying fluctuating pa-
raneters

W hen the draft version is turned into real-
time-capable wftware the functionality of the real
systen can be exanined and validated A ny devia-
tions and tolerances w hich appear in the real sys
tam then demonstrate the extent to w hich nominal
torque and actual torque on the clutch fail to create
a perfect match
3 2 Systen M odels

A s described beforehand, systan models have
a central role to play in the development of algo-
rithm s for open-loop and closed-loop control sys
tens Physical effects are depicted in these models
w hich can be defined from design data and trials
One exanple of how to extrapolate paraneters
from design data is shown in the mechanical model
(Figure 4).
modeled as a third order system w ith inertia values

In this instance, the entire driveline is

— 13 —
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Fig 7 M odel-based closed loop circuit for the lock-up clutch

for engine, trangsnission, and vehicle Based on the
torque ratings applied, motion equations can be
w ritten for each of these three inertiavalues To il-
lustrate the reciprocal vibrations in the lower
gears, the model features a ring damper system
w hich isarranged betw een the trangsnission and ve-
hicle inertia values

The time constant for the hydraulic actuation
system is show n here as an example of how to de-
fine paraneters from tests (Figure 5). It is not
necessary for the design of a closed-loop control
systan to exam ine the hydraulic effects at am icro-
scopic level using the Finite Element M ethod
(FBM ). The relevant factor here is the overall dy-
nam ic profile of the actuating systan w hich can be
established on the test bench with measurements
followed by identification of paraneters A's you
see in Figure 5, the hydraulic time constant is de-
pendent on temperature and pressure in a strongly
non-linear manner.

A chieving a commensurate level of detail is the
decisive feature in the development of models of
this kind Through a comparison of measurenent
and simulation results, you can establish w hether
or not themodel describes the systan accurately e
nough
tail, thiswill adversely affect the smulation time
and the digital stability of that simulation Fur-

If themodel contains too high a level of de-

themore, if these details are incorporated in the
control function during the controller’ sdraft design
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stage, thiswill give rise to excessive levels of re-
ource consumption in the trangnission control u-
nit This not only requiresmore elaborate coordi-
nation work, it also makes the function less ro-
bust

ZF has created a compromise at the modeling
level by describing the engine and vehicle in rela-
tively approximate terms This approximate de-
scription still enables us to make qualitative state-
ments at the smulation stage on the overall charac-
teristics of the driveline, e g load reversals The
oftware alo enables us to digpense with any de-
tailed depiction of engine characteristics because
this behavior is influenced to a large extent by the
damping of load mpacts Owing to the fact that
trangnission properties are depicted in much
greater detail, it can for exanple be possible to in-
vestigate the initial stages of the closed-loop pro-
cess in the lock-up clutch quantitatively in this sim-
ulation (Figure 6).
3 3 DraftDesign of the Controller

A fter a systan model has been examined and
validated, closed-loop control methods can be used
to devise a suitable draft algorithm for open-loop
and closed-loop control functions

Figure 7 presentsa block circuit diagram based
on the exanple of the controlled lock-up clutch

Test object
ML Result of
. : difference
| SIL | I report:
OK/not OK

Tesl vectors

Simulation
model

| SIL | report:

Test abject

MIL Result of

difference

HIL OK/not OK

8

Fig 8 Closed-loop simulation for automated tests
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T he systam model al appears in the' advance con-
, trol” block. This isw here the inverse model of the
mechanical model is calculated
To compensate for deviations in the model,
observers are used for the primary and secondary
PC clutch shaft For this, it is mportant to ensure
( ) that the main tolerances of the total system are
know n right at the early stagesof aproject Thisis
the only way of ensuring that the system design is
robust enough right from its draft stage
, 3 4 Evaluation
W hen progressing to the volume production
, stage, this model-based procedure alo entails a
42 modification in the working method of the valida-
( 10) tion staff. Before a system can beoptimized for use
PC in a vehicle, all the physical paraneters need to be

, obtained A swell as data from the vehicle manu-
facturer (e g axle rigidity levels and engine
inertia) , information needs to be obtained from test

— 16 —
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rigmeasurements and from the design data O ne of
, the principal requirements in the vehicle is to com-
pare themodel against the systen. Based on calcu-
lated model errors, the coordinator needs to decide
w hich paraneters are still in need of further opti-
mization Thisin turn callsfor an understanding of
the physical effects and of how to mplenent func-
tionality in the ooftware This of course calls for
gecialist coordination and matching skills
A model-based approach not only affects the
development process M odel-based products als
differ from ones based on conventional development
techniques Through the use of systam properties
in the initial activation process, it is possible to
boost dynamic properties by asmuch as a factor of
6 On the other hand, the control unit loses ro-
) bustness as it adopts more properties of the sys
tam.

It is therefore necessary to strike a compro-
mise betw een robustness and dynamic properties
11), If you set a high level of dynamign, you can

achieve better control characteristics This then en-
ables activation of the lock-up clutch to become
strategy-based because the nominal gpeed charac-
teristics can be used to target either a comfortable
or afim connection

4 Integration of Tests in the D evelop-
ment Process

In theV model, adistinction betw een the dy-

11
Fig 11 Tools anployed throughout the process
— 17 —
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namic tests ismade in accordancew ith the test pro-
cesses applied to themodule, integration and func-
tion tests In themodule test, part of the ooftware
(module) is stinulated w ith test vectors The out-
put paraneters of themodule are then compared a
gainst the anticipated test results It isthen usually
not necessary to simulate vehicle or transmission
functions because the aim of this test is to examine
the technical program structure and the coding en-
ployed in themodule

During the integration and function tests, sub-
stantial components of the software, or even the
complete oftw are package together with any diag-
nosis functions are subjected to testing In order to
run a function test which most closely approxi-
mates real vehicle conditions, a simulation of the
dynam ic characteristics of vehicle and trangnission
is required W ew ill now look at this in greater de-
tail
4 1 Autamation of the Process for Testing Dy-

nam ic Character istics

The first step to make a test more efficient in-
volves the automated testing and evaluation of dy-
namic tests A Il these processes are based on inte-
grating a dynamic model for the closed-loop control
route (transnission, vehicle, road) in the smula-
tion software (Figure 8). Here are the reasonsw hy
this is necessary:

China ..cademic Journal Electronic Pubiishing Mouse. .1l rights reser~ed. hitp: ~~.cnki.net
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- Reduction in cost of testing while retaining
the same quality target

- Improved reliability compared w ith repetitive
and identical manual ingections

- Ensuring the reproducibility of tests

- Regression tests are easy to conduct and

, ) - Test documentation is simplified

One of the automated test processes enployed
at ZF is the® A utomatic reference comparison”
(Figure 9). The test automation method described

) here is anployed in order to achieve functional e-
) guivalence between the dynamic characteristics of
two ftware statuses, e g following a design
modification to verify that software changes have
) no adverse effects, or to safeguard <ftware
) changes in the context of aplatform application
How ever, the scope for gpplication is not just
) restricted to checking for abwlute equivalence
Even function changes are easier to test by means
of an automatic reference comparison check Test
, vectors from aprevious test can be adopted w ithout
any changes, or can alo be developed more exten-
) sively.

T he anticipated test result in this case is not i-
dentical equivalence but is instead the defined dif-
ference between the original input data and the

, m easuran ent data obtained after a function change

T he test engineer is then able to direct his at-
tention to the examination of anticipated differ-
ences The test can be carried out on theworkplace

— 19 —
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PC. Special hardware or systan components are
not required for this Operating systen compo-
nents required for the test (e g cyclical task calls)
are enulated

Reference and test softw are are then initiated
using identical test vector timing characteristics
The defined measurement values are recorded and
compared For automatic evaluation of test results,
tolerance definitions need to be defined T his not
only applies to the values but al to the tme
range The evaluation progran then produces a
variance report in text format together with a
graphic digplay of the variances established
4 2 Re-Using Test Vectors in aDevelopment Pro-

cess

Test vectors can be mplenented in a tremen-
dously w ide variety of ways (Figure 10). The sim-
plest process involves recording measureanent data
from avehicle trial, alaboratory test or a PC-based
test A converter can then be used, if necessary, to
convert the test vector formats of the different
measuring dataprogram s into one standard format
The advantage of this process is the relative ease
w ith w hich individual test cases can be mplement-
ed

A nother process for implementing test vectors
involves the use of a script language A n inter-
preter converts the script commands during runtime
and, in the process, generates the test vectors re-
quired to stimulate the test gpecimen

One advantage of thisprocess is the easew ith
w hich test cases can be adapted or further devel-
oped A nother advantage is the scope this affords
for influencing the test process on the previous
page by applying feedback from internal status or
measuring parameters to the test gpecimen

M anual input on the PC keyboard can supple-
ment the automatic test sequence or can be super-
imposed upon it The changes this induces in the
test process can be recorded and the results are
then available for a subsequent repetition of the
test

The procedure described here is trangarent
for all the test and smulation environments app lied

here If any adaptation is required, thiscan be per-

— 20 —

formed by individual converters A ny test vectors
created during this process can be re-used at any
subsequent point in the entire development cycle
(ReU se). This substantially improves the effi-
ciency and the depth of ingections

5 ChangeM anaganent and W orkf low
M anagement ( Process Control )
dur ing Volume Production D evelop-
ment

Speeding up the processof developing and pro-
ducing softw are isone of the greatest challengesw e
face in this field Due to the high cost of admninis
tration, it is no longer possible to manage these
complex operations manually. Through the use of
tools enployed throughout the process to support
change management and configuration management
(Figure 11), software developers can substantially
improve on that all mportant factor, time to mar-
ket

Through the power and capability of these
tools, developers are relieved of many time-con-
suming ancillary and administrative tasks, all of
w hich harbor the potential for errors to creep in
These software tools are central to the process of
developing and producing oftw are 0 need to be se-
lected and integrated in accordance w ith internally
defined development processes
51 ChangeM anagement

In order to comply with the industrial require-
ments for traceability, reproducibility and deadline
compliance, an administration structure is required
to govern each and every change in the ecifica-
tion, designs and code of any piece of software, or
to the development environment of that software
Given the variety of change-related requirements,
each individual requirement needs to have a dis
playable and traceable processing status, egecially
w hen development work is being conducted in col-
laboration with a large number of systen partners
(Figure 12).

Development and quality-related steps can be
controlled on-line by accompanying the process
w ith the assistance of these tools A Il the data re-
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quired are drav n from aproject database and can be
evaluated Compliance with all process steps and
approval stages is assured (standardized quality).
Thismeans that developers cannot progress to the
next step in a process until the previous task has
been completed
systematically through the process,
free to focuson their core activity.

Baselining of sub-processes during the process-
ing steps of testing and validation is an essential
component in the process of assigning sub-process
es involved in changemanagament to the superordi-
nate process of wftware release Thismeans that
different requirements can be mplanented by vari-
ous different development teams (internal, exter-
nal, software sharing, subcontractor), although
the softw are integrator does - and indeed must - re-
main regonsible for the actual release process Ide-
ally, sub-processes of requiranents 1. n are coor-
dinated by means of workflow management (pro-
cess control) for the release, either through defined
interfacesor through full integration

In thisway, developers are guided
leaving them

Change management and workflow manage-
ment are now virtually indistinguishable agects of
the development process for driveline functions and
ZF has implanented them in the Tool Clear Q uest
process from Rational (Figure 13).

Thisprocesscontrol instrument enables the re-
guirements and change process to be automated and
this has substantially improved efficiency. M ore-
over, the integration of document storage, deadline
and cost planning, generation of characteristics da-
ta and reporting functions has led to tangible im-
provements in project trangarency. W e should al-
0 emphasize that the interdisciplinary involvement
of Development, Testing, and A pplications staff
has becom e a cornerstone of developmentwork into
driveline functions

6 Summary

If you consider the entire development process
from the product concept to the volume production
stage, you will find that the adoption of model-
based development has given rise to some signifi-

cant changes

During thefirst phase, inw hich aproduct con-
cept is turned into a function definition, an under-
standing of the systan isobtained Thisis because
a description of physical effects is constructed from
the relevant parameters Due to the fact that this
analysis phase forms a firm part of the process,
problan s in systam design are recognized at an ear-
ly stage To take the converter lock-up clutch asan
exanple,
namic properties of the actuator systan were de-

requirements on hysteresis and the dy-

vised in order to deliver the secification require-
ments relating to feedback control quality.

The two process steps known asV irtual Pro-
totype and Rapid Prototyping enhance the efficien-
cy of the development process In a virtual proto-
type, afunction can be thoroughly exan ined before
the transmission hardware exists A s described
above, in vmMe cases, a set of basic data can be ob-
tained to form a starting point for vehicle trials
Through the use of code generators, it ispossible
to generate codew ith real-time capability from the
graphic simulation platform for use in experimental
computers

Thismeans that smulation results in a vehicle
can be tested more extensively and that the real-
time behavior of agectsof the entire systen can al-
0 be investigated that are not covered by the simu-
lationmodel In the example of the lock-up clutch,
this relates to the topic of load reversals

It must how ever be made abslutely clear that
applications staff are undergoing a paradign shift
A test engineer from theold school, equippedw ith
apurely empirical approach, is now called upon to
turn into a system s engineer possessed of at least a
basic grag of closed-loop control systans

In a volume production environment, it is no
longer sufficient to concentrate olely on a given
function The demands for traceability and repro-
ducibility of thefinal progran mean that all stepsin
development workflow must be accompanied w ith
the assistance of toolsof the kind described in this

paper.



