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RDE Engineering via
Engine-in-the-loop Test-bench
Bosch Engineering has realised a strategy to support RDE Engineering in an efficient way using
an engine-in-the-loop (EiL) engine test-bench. This strategy realises a RDE front-loading by system
performances measures in an early phase of a project. The project duration can be significantly
reduced and the usage of the prototype vehicles can be minimised by up to 85 %.
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TRADITIONAL DEVELOPMENT
METHODS COME TO THEIR LIMITS

The new Real Driving Emissions (RDE)
legislation and its emissions test on real
roads leads to a change regarding measurement and analysis of vehicle emissions. Unlike previous vehicle emission
tests, parameters such as engine load and
vehicle speed are no longer defined with
RDE by a fixed pattern, but are largely
determined by the traffic situation, driver
behaviour and the course of the route.
The automotive manufacturers must
adapt themselves, both in the conception,
design and calibration of exhaust-gas relevant components and systems as well
as in the organisation of the corresponding development processes. With standard development methods, an RDE test
can only be carried out when prototype
vehicles are available for the investigations with the mobile measuring instrument (Portable Emission Measurement
System, PEMS). With the increasing networking of the individual components
of the vehicle, which on one hand offers
further possibilities for improving the
overall system, but on the other hand also
means that the optimisation of the emission behaviour can no longer be examined in the detail or component plane.
Rather, the entire system has to be analysed in the interaction of engine and
transmission control, exhaust-gas aftertreatment, driver influence and ambient
conditions in the real vehicle.
The standard RDE test program with
PEMS measurements consists of various
test runs on different routes with different
drivers in order to statistically cover a wide
range of conditions [1]. If a relevant emission deviation is detected, this is often
associated with a cost-intensive iteration
back into the combustion system development and, due to the already advanced
project status, in the worst case combined
with a shift of the SOP (start of production). This contradicts to the approach of
modern front-loading methods, which are
based on the generation of reliable results
at an early stage in the development process, in order to avoid later changes.
The development task is made more
difficult by the lack of reproducibility of
the RDE tests: Since it is almost impossible to carry out two measurements with
comparable conditions onroad, the effects
of modifications on the drive-train or the
vehicle cannot be specifically compared
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with the basic state, which makes their
effectiveness difficult. A further logistical
as well as economic challenge is the large
number of prototype vehicles and PEMS
measuring units, which are necessary to
carry out a sufficient number of RDE tests
for a representative statement of the emission behaviour.
Studies on the chassis-dyno offered so
far a reproducible test environment, but
they do not completely reflect the reality,
since very dynamic driving behaviour
cannot be sufficiently reproduced. For this,
only a driving robot could be used, which
has to be trained for the driving behaviour
and is associated with high costs. And
additionally a short-term “moving” of the
accelerator pedal is not represented by a
chassis dyno test. Although this is a factor
relevant for RDE because it represents a
nervous driver and also drivers react in
this way on everyday road conditions like
bumps and potholes. In addition, chassis
dyno tests are cost-intensive, limited to the
availability of prototype vehicles and as
well limited in their capacity.
RDE ENGINEERING USING
THE EIL TEST-BENCH

Bosch Engineering has come up with an
innovative development strategy to support RDE Engineering in an efficient way
using the engine test-bench. This strategy
realises an RDE front-loading by system
performances measures in an early phase
of a project, FIGURE 1. The engine testbench offers the advantage that prototype
vehicles are only required for model validation a few days. In order to achieve a
variety of RDE results, the engine and
peripherals are enough. It can be conditioned via the supply air, the charge air,
the airflow and the engine temperature
can be widely configured. It provides
highly reproducible results so that different solutions can be precisely compared
during development, during calibration
and validation and the effects of changes
can be tested in the overall system. In
order to increase the efficiency of the test
program, rapid cooling is provided for
shortened preparation times and a testbench automation, which allows a test
sequence to run overnight. This makes
it possible to economically analyse vehicle variants emissions [2]. An innovative
Bosch quick-exchange system minimises
the set-up time of the engine and the
time on test bench.
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example calculation: Before and after the
engine test-bench tests, for example ten
measurements are carried out with PEMS
devices for analysis. The majority of the
investigations are realised on the engine
test-bench. Thanks to the rapid cooling
between the measurements, up to six
tests can be processed in 24 h, so that
only 29 days are required for 170 tests.
This reduces the planned test effort here
to 64 days. In total, the engine test-bench
reduces the test duration by 70 % in this
example and the test time in the prototype
vehicles by 85 %, as well as create free
capacities for PEMS and chassis dynos.
Necessary adaptations of the system in
the further development steps can be
quickly examined by iterations of the test
series. After the parallel development on
the engine test-bench and on the altitude
and/or the climate controlled chassis dyno
the vehicle can be validated on the road.

FIGURE 1 Strategies for RDE Engineering (© Bosch)

RDE STRATEGIES AND
THEIR DURATIONS

100 days. With a chassis dyno, one
measurement per day is possible in one
shift operation; in the case of multi-shift
operation, a maximum of two are avail
able, so that the chassis dyno-related test
duration halves to 50 days. In the best
case 150 project days have to be planned
in addition. This reduces the need for
PEMS devices, but prototype vehicles
are still required for the chassis dyno
tests, which on the one hand are a main
cost factor and on the other hand are
often very limited.
If the road measurement with PEMS
devices is used primarily to validate the
results and the main strategy is based on
engine test-bench tests as well as chassis
dyno tests for high altitude and climate
tests during the development phase,
the following picture is shown in the

TABLE 1 shows the time required by the
different test methods for RDE development in a representative vehicle project.
For a reliable development of the RDE
properties, 200 tests are to be assessed
per vehicle variant (combination of
engine, transmission and vehicle) per
experience. For the exclusive use of
PEMS measurements, a test duration of
200 days is required, with PEMS devices
and prototypes usage of 100 %. In addition, there is a low overhead of 1 %
chassis dyno capacity to calibrate the
PEMS device.
If the total test effort is divided into
half on PEMS and chassis dyno tests,
the test duration on the road is only

TEST-BENCH CONFIGURATION

The engine test-bench tool chain realised by Bosch Engineering, FIGURE 2,
essentially consists in general of the
combustion engine, including exhaustgas aftertreatment on the quick-exchange
frame and the dynamometer as electrical
brake, which counteracts the load on the
engine. The dynamometer is connected
to the test-bench automation AVL Puma
via a real-time interface. The actual core
of the simulation – the vehicle model
(coming with longitudinal and lateral
acceleration, wheel speed, steering angle,
friction losses, gearbox, track and the traffic situation (for example, traffic jam)) –
is generated in the system AVL In Motion
powered by IPG’s Car Maker. An interface
box is part of the residual-bus simulation
and simulates vehicle-side sensor and

Task

Vehicle, PEMS,
engineer

Vehicle, PEMS,
engineer,
chassis dyno

Vehicle, PEMS, engineer, chassis
dyno, RDE engine test-bench

Validation
on road
with PEMS

Real road (PEMS)

200 tests | 200 days

100 tests | 100 days

20 tests | 20 days

× tests real road (PEMS)

Chassis dyno

–

100 tests | 50 days*
(100 tests | 100 days)

10 tests | 5 days

RDE engine test-bench

–

–

170 tests | 29 days

–

Duration [days]

200

150

64 (incl. 10 days service, downtime)

–

Capacity PEMS

100 %

51 %

11 %

–

Capacity chassis dyno

1%

25 – 50 %

3%

–

Capacity vehicle

100 %

100 %

15 %

–

* Two-shift / ** 24 h/6 automatic test
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–

TABLE 1 Calculation of an RDE
example project
(© Bosch)

actuator signals or complete gearbox functions. The data of the “in the loop” operated engine control are read out via a
module from Etas GmbH. The tool chain is
supplemented by a multi-line exhaustgas measurement system. The before used
standard strategy of copying speed and
load operation points to the engine testbench is no longer required.
A key part of the test method is the
methodology used to generate real driving situations in the simulation environment. It ensures that the emissions can
be reproduced on different routes and
traffic conditions with different driver
profiles. Important for that are the data
of the track, traffic and the characteristics of the simulated driver.
In order to prepare the tests, the
profile of the route on which the RDE
behaviour is to be tested must first be
once recorded using GPS and fed into the
system. These data are then available for
all further measurements and can, for
example, also be used for the following
projects. During the test run, the simulation environment calculates the torque
resulting from all gradients and slopes
of the route, which is then requested by
the motor in real time, FIGURE 3. These
signals are superimposed by simulations
of stop-and-go traffic and stops at a red
traffic light. The differences in driver
behaviour are taken into account by the
characteristic acceleration profile of the
individual driver groups (for example,
mild, normal, aggressive, nervous). In
synchrony with the test-run, the current
position on the route is displayed on a
road map and a movie, before recorded,
displays the real live view. This enables
the test engineer to refer to the real route,
for example in the case of abnormal emissions, or to assign it exactly to an event.
Especially in the engineering phase it is
advisable to combine and test different
routes, traffic situations and driver profiles in a matrix in order to check the
RDE robustness with a large number of
variations. The result is a multidimensional emission information, which represents the robustness of the overall system
plotted over the track profile [3].
In such an environment, the specific
characteristics and the interactions of
the overall system can be understood [4]
and the calibration engineer is given a
suitable tool to be able to deal prematurely with challenges such as, for example, RDE [5].
MTZ worldwide

06|2017   

FIGURE 2 Interconnected testbench set-up (© Bosch)

The RDE tests place great demands
on the composition of the route and the
driving situation. Invalid in the sense of
the RDE tests are, for example, journeys
where accelerations were too strong or
too mild, stops at traffic lights or in traffic
jams too long or the average speeds in
the city were too high or low. These not
valid journeys cannot be avoided with
conventional development methods,
since it is only visible at the end of the
test run that all parameters in the sense
of RDE conformance are fulfilled. Bosch
Engineering has therefore developed the
new approach of predictive simulation
parameterisation. The journey can be
processed as a pure computer simulation
in Car Maker without integrating the real
combustion engine. In this way, boundary conditions such as driving characteristics, traffic jam and driving speed can
be specifically parameterised in such a
way that a driving situation which is valid
with respect to RDE is obtained, even if

boundary scenarios such as a maximum
aggressive or mild ride are assumed. The
program approaches the correct parameter settings iteratively. Only when the
driving situation is optimised, the actual
test-bench test is carried out with the
combustion engine. This saves valuable
development time and costs, as the test
bench has to be used only for relevant
tests. As FIGURE 4 shows, the speed profile
of the simulated ride is very much in line
with that of the test-bench test carried
out afterwards. The remaining minor
deviation is due to the fact that the simulated engine responds digitally, while the
real motor responds slightly delayed due
to its physics.
INTEGRATION VIRTUAL GEARBOX

The transmission of the vehicle is displayed purely virtual in the current
configuration of the engine test-bench.
This gives the development engineer

FIGURE 3 Set-up RDE tracks (© Bosch)
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considerably more opportunities than
using a real gearbox to flexibly and
quickly vary parameters such as the
gear ratios via software. Gear changing
operations are reproduced differently
in the test sequence for manual and
automatic transmissions. In manual
transmissions, the simulation reduces
the torque requirement to the combustion engine during the shifting process.
This corresponds to the behaviour of
the driver during a real journey, which
takes the foot off the accelerator pedal
when changing gears. More complex is
the integration of an automatic transmission. In modern drive trains, engine and
transmission control are closely interlinked. In order for the engine control
system to operate on the test bench as
it would in the vehicle, it is operated in
a residual-bus simulation environment.
The complete behaviour of the automatic
transmission is also simulated. As in the
real vehicle, the torque reduction when
changing the gears gets individually calculated on the basis of the current driving situation, so that, for example, different torque interventions during uphill
and downhill driving can be taken into
account. The transmission control realised in the residual bus simulation also
includes the shift strategy. Depending on
the target of the test program and the
wishes of the project partner, two different strategies are possible. On the one
hand by using basic gear control maps
and on the other by the implementation
of the complete transmission behaviour
model into the simulation environment.
Basic shifting maps are generated from
experience or the predecessor software
and enables a definite investigation of
the emission behaviour with this one
shifting strategy. Tests with additional
shifting characteristics can be carried
out subsequently. This means that basic
shifting maps are particularly suitable
for wide-ranging analysis in an early
development phase, for example in order
to investigate fundamental weaknesses
of the components in the system interconnection or to compare different hardware or software configurations even if
the final transmission control calibration
is not yet available.
Looking later at the development process, a simulation model of the complete
transmission behaviour could be used.
The advantage of this approach is a very
precise mirroring of the actual situation
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FIGURE 4 Accuracy
of the predictive
simulation
parameterisation
(© Bosch)

of the real vehicle on the road, so that
it develops its strengths especially for
validation tasks in the late phase of
the development process. For example,
short-term updates of the engine or
transmission software can be “flashed”
on the system and tested for their RDE
influence, or details of a specific system
configuration can be optimised.
FIGURE 5 shows a typical vehicle acceleration from 0 to 100 km/h, initiated by
the engine test-bench, with the corresponding gear shift strategy. The speed
steps during the gear changings are plotted in black. The modelling of the gearbox gives the command to the engine
control unit to reduce the torque (purple). As in the real vehicle, the transmission simulation gives the information to
the engine control via the residual bus,
to retard the ignition timing in order to
accelerate the torque reductions.
ACCURACY OF METHODOLOGY

Before the first valid measurement, the
model of the vehicle must be validated
with all its losses. The feature “vTarget”
makes it possible to follow a road measurement on the engine test-bench without the influence of the virtual driver.
If the fuel consumption of the test-bench
tool chain measured by the control unit
is equal to the real road test, all the basic
loads and losses are correctly parameterised. FIGURE 6 shows the results of a
PEMS measurement on the road and an

engine test-bench. Both in terms of internal torque and CO2 emissions, there is a
very good consistency between road and
test-bench measurements, the system is
ready for the RDE tests.
Different strategies have to be applied
for vehicles with diesel and gasoline
engine. Diesel engines are tested for
aggressive, nervous and particularly
mild driving situations in order to investigate the interaction of raw exhaust-gas
level and the function of the exhaust-gas
aftertreatment system. Often, tests runs
are realised here only once, as this is
sufficient for a clear statement of the
system behaviour. At the gasoline emission investigation the nervous or aggressive driver, which can lead to a temporary mixture deviation, seems to be
so far sufficient. However, gasoline
engines behave more sensitively than
diesel engines in their emissions behaviour, which is attributable to the strong
influence of the fuel composition, the
exhaust-gas pressure and the operating
history. Therefore, the same tests must
be repeated several times in order to
obtain a complete picture of the exhaust
gas robustness.
RDE MEASUREMENT
ON DIESEL ENGINE

As examples of characteristic driving situations, which can lead to an optimisation effort during the investigation of
the RDE behaviour with diesel engines,

some results from current projects are
outlined below. FIGURE 7 (left) shows the
evaluation of a measurement with a diesel engine. The journey is carried out in
stop-and-go traffic on a track with a
700-m-long gradient at which the engine
runs at the overrun mode. The “light-off
temperature” of the diesel oxidation catalytic converter is below 75 °C in both
the “mild” and “aggressive” drivers. In
order to ensure the function of the catalytic converter even in this critical situation, an additional heating strategy has
to be considered.
FIGURE 7 (right) shows the influence
of a traffic situation on the SCR system.
In both cases, the driver profile is
“aggressive” and the route is identical.
However, the simulation of the second
test (green) is prepared with a stopand-go traffic. It can be seen that the
temperature in the SCR catalytic converter decreases significantly during this
phase and the efficiency of the system
decreases. After the traffic jam both drivers run at the same speed, but the NOx
emissions develop differently: As the SCR
catalyst cools down it leads to increased
NOx tailpipe emissions during the traffic,
although the NOx raw emissions are less
than without stagnation [6].
On FIGURE 8, the influence of the driver
on the emission behaviour of a diesel
engine is shown. As expected, a “mild”
driving has a positive effect on NOx
emissions. In this example the “normal”
driver causes around 10 % more NOx
emissions. In this case, however, the
focus of the RDE development has to
be placed on the “nervous” driver, who
steadily causes NOx peaks with his driving behaviour. This can lead to increased
NOx emissions in the RDE test in the
total balance.

FIGURE 5 Acceleration: gasoline engine and a vehicle-gearbox simulation (© Bosch)

RDE MEASUREMENT
ON GASOLINE ENGINES

FIGURE 9 shows the test results of three
RDE test-bench measurements with identical boundary conditions on a gasoline
engine. Although the driver and track
profiles are identical in all cases, the NOx
emissions differ locally considerably.
Although the cumulated emissions of
the individual measurements are largely
parallel, individual emission peaks in
the measurements 1 (green) and 3 (red)
lead to a shift in the emission level. This
is an indication of a weak robustness
MTZ worldwide
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FIGURE 6 Correspondence between real road
and engine test-bench
(© Bosch)
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of the system against influences which
can occur in the real driving operation.
Events with increased NOx emissions
generally occur at gasoline engines
when the exhaust-gas mixture leaves
the lambda=1 window, for example
because the charge is increased by scavenging. Although individual short-term
emissions are not critical for the RDE consideration, but calibration requirements
can arise if they occur too frequently or
their amplitude is too high. FIGURE 10
shows the influence of super- and superplus fuel on two different batches was
investigated for particulate emissions.
On the one hand, a PN factor of more
than two for the super-fuel was determined for this engine, on the other
hand, it clearly shows that a reproducible
working environment was created for the
optimisation of PN emissions.

It should also be considered that the
use of PEMS measuring systems can have
an influence on the motor functions since
it can be responsible for an increased
exhaust-gas pressure. This leads, especially at higher speeds, to different engine
operating conditions, which can be seen,

FIGURE 7 Measurement of simulated stop and go traffic on a downhill track (left) and
Influence of traffic on emissions (right) for a vehicle with diesel engine (© Bosch)
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for example, at the wastegate control of
the turbocharger. As tests showed, the
impact on emissions is comparatively
low, but this effect can lead to problems,
especially in engine concepts sensitive to
this type of change. Therefore, it must be
taken into account.

CONCLUSION

FIGURE 8 Influence of a nervous driver on emissions of a vehicle with diesel engine (© Bosch)

FIGURE 9 Increasing the number of reproducible RDE tests to proof robustness (© Bosch)

With the new RDE legislation, automotive manufacturers are confronted with
new requirements concerning vehicle
technology and the organisation of the
development process [7]. To avoid late
changes before SOP, RDE compliance
must be taken into account in the early
development phase. However, prototype
vehicles are not or at least hardly avail
able at this time so that front-loading
development approaches are not feasible.
Moreover, the lack of reproducibility of
the PEMS tests on road makes the possibility of analytical development work
more difficult. The innovative RDE
development strategy of Bosch Engineering, bases on EiL test-benches, allows
front-loading approaches and is an
important part for time- and cost-saving
development processes. This applies
both to the early stage engineering and
to the later validation, where the effects
of software adaptations of the gearbox or
engine control system on the overall system can be evaluated quickly.
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