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ABSTRACT 
 
In the last 5 - 10 years advances previously considered impossible have been made in reducing the 
emissions of diesel engines. Development and optimisation was carried out mainly under steady-state 
conditions and the final tuning under the transient conditions of the transient certification test cycle of 
the relevant country, i.e. until recently just the USA. 
With the introduction of EU4 in 2005, the Japanese transient test from 2005 and the likely introduction 
of the World Harmonised Transient Cycles (WHTC) with EU6, development will concentrate more on 
transient operation and steady-state optimisation will reduce in importance. This trend will become 
more pronounced as emission standards are reduced still further and will also lead to changes in the 
development methods employed for some areas. 
 
In the following, the existing and future transient tests will be analysed and the consequences on the 
development processes used and the technologies selected are discussed. The lower the emission 
limits, the higher the divergence between the results of steady-state and transient optimisation. The 
characteristics of the transient test itself thereby play an important role since the divergence increases 
with the proportion of part load operation in the test. 
 
 
 
EMISSION LIMITS AND TEST CYCLES 
 
Although the statutory emission limits in the 
various regions change relatively quickly and, in 
some cases, are not yet finalised, the situation 
for the next 5 years is fairly clear.  
 
 

Date
NOx

g/kWh
CO

g/kWh
HC

g/kWh
PM

g/kWh

Euro 4 2005 3.5
4.0
1.5

0.55 (NMHC)

0.46
0.03 (ETC)

0.02 (ESC)

Euro 5 2008 2.0
4.0
1.5

0.55 (NMHC)

0.46
0.03 (ETC)

0.02 (ESC)

Euro 6 2012 ? 0,3-0,4 0,01

JNSTR 2003 3.38 2.22 0.87 0.05*
(0.18)

JNLTR 2005 2.0 2.22 0.17 (NMHC) 0.027

Post JNLTR 2009 0.7 0.01

US 2007 2007 1.5 -1.6 20.0 - 0.013

US 2010 2010 0.27 19.3 0.19 (NMHC) 0.013

 
 *voluntary commitment from manufacturers 
Fig 1: Emission Limits in Europe, Japan and USA 
 
 
Fig 1 shows a summary of the current and future 
heavy duty diesel regulations for Europe, Japan 
and the USA. The most stringent limits are those 
of the USA for 2010. The Japanese Post New 
Long Term regulation for 2009 has slightly higher 
limits of 0.7 g/kWh NOx and 0.1 g/kWh 
particulates. However, the Japanese transient 
test, which mirrors real-life driving conditions in 
Japan, is heavily biased towards part-load 
operation and through its earlier introduction, the 

regulation can be considered to be equally as 
stringent as the American. At the moment, EU6 
remains undefined. Neither the limits, nor the 
introduction date, nor the transient cycle are 
finalised. It is considered that 2012 and the new 
WHTC are likely. There is little consensus, 
however, on the emission limits. NOx limits 
between 0.3 and 1.0 g/kWh may result, whereby 
the latter could provide a good compromise 
between a reduction over EU5 and retention of 
good fuel consumption, i.e. low CO2 emissions. 
This uncertainty concerning the emission limits 
must be removed as soon as possible since the 
selection of technology for the future is strongly 
influenced by the targets to be reached. 
 

Country Test cycles

stationary transient

US 2007/10 ESC +  US TC
Japan NSTR J 13-Mode
Japan NLTR ?  JTC
Japan Post NLTR ?  JTC
Europe EU 4 + EU5 ESC  ETC

Europe EU 6 ESC + WHTC
 

Fig 2: Various Stationary and Transient Test 
Cycles to be Applied 
 
Fig 2 shows the combination of steady-state and 
transient tests to be used in the future. The 
biggest question, especially in Europe and the 
USA, is whether the WHTC will really be adopted 



 

world-wide. Since this, as will be shown later, is 
a part load test like the Japanese transient test, 
it's use would have a significant influence on the 
development of engines and the choice of 
technologies used. 
 
 
 
 
ANALYSIS AND EVALUATION OF THE TEST 
CYCLES 
 
In the past it was convenient, and saved time 
and costs, to carry out development work using 
steady-state tests as substitute for the transient 
test. The correlation between the steady-state 
and the transient test results was sufficiently 
good so that only checks and fine adjustments 
were necessary to complete the transient 
optimisation. Fig 3 shows the representation of 
the American, Japanese, European and WHTC 
transient cycles as steady-state operating points 
and the contribution of these points to the overall 
result. For such a simulation, it has proven 
necessary to define between 8 and 12 operating 
conditions. This type of analysis also serves to 
show where development should be 
concentrated. It can be seen clearly that the 
different cycles have quite different 
characteristics.  
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Fig 3: Steady State Simulation of Transient Test 
Cycles 
 
 
Since exhaust gas aftertreatment will be 
unavoidable from EU4/5, US 2007 and JNLTR, 
the area of operation becomes of increasing 
significance because it has a direct influence 
over the efficiency of the aftertreatment system. 
A more detailed examination of the 4 cycles, Fig 
4, shows that there are major differences in the 
main speeds and loads. These are shown 
summarised in Fig 5 .  
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Fig 4: Analysis of Various Transient Test Cycles 
 
 
 
A more detailed examination of the 4 cycles, Fig 
4, shows that there are major differences in the 
main speeds and loads. These are shown 
summarised in Fig 5 .  
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Fig 5: Average Engine Speeds and Loads in 
Different Transient Test Cycles 
 
 
 
Significant differences, especially with respect to 
engine speed, are evident between the 
European and American cycles on the one hand, 
and the Japanese and WHTC on the other. The 
analysis of the new transient cycle for non-road 
applications is also included and shows that this 
cycle resembles the ETC and USTC most 
closely. Since the cycle loads are also 
significantly different, it is clear that the type of 
cycle used for certification has consequential 
effects on the exhaust aftertreatment system. It 
is therefore necessary, in selecting the most 
appropriate technology for each region, to 
consider the differences in the efficiency of the 
aftertreatment system and thus the raw emission 
level that the base technology must achieve. 
 



 

 
DYNAMIC ENGINE RESPONSE - HARDWARE 
INFLUENCES 
 
As already stated, remarkable advances have 
been made in the reduction of heavy duty diesel 
engine emissions. Technologies previously 
considered unpractical, such as EGR, enormous 
advances made in fuel injection technology, 
optimisation of the complete combustion system 
in the finest detail and hi-tech aftertreatment 
developments have led to confidence growing in 
the achievement of even the most stringent US 
2010 limits. The grounds for this optimism are 
the extremely low engine raw emission levels 
now being achieved. Fig 6 shows, as an 
example, the latest results from AVL 
development work. Through the optimisation of 
all parameters influencing combustion, the 
employment of higher and the highest EGR rates 
even close to full load, plus significantly 
increased injection pressures it is possible, at a 
NOx level of 1.0 g/kWh, to achieve soot 
emissions as low as 0.02 g/kWh. The major 
challenge is to "digest" an EGR rate of 25% at 
75% load and above. Not only must the 
combustion system be highly EGR tolerant, it 
must be ensured that the EGR be adequately 
cooled and transported with the minimum of 
losses from the exhaust to the inlet. This is 
particularly difficult at steady-state and 
sometimes impossible under transient 
conditions. The results shown in Fig 6 therefore 
represent the baseline starting point which must 
be achieved, the development to reach the 
legislated limits under transient conditions 
requires further and new measures. 
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 Fig 6: Latest Development Results for Lowest 
Soot and NOx Engine-Out Emissions 
 
 
This once again highlights the discrepancy, 
referred to earlier, between steady-state and 
transient results. If an engine which has been 
optimised for the steady-state substitute of a 
transient cycle is tested under the true transient 
conditions, then significantly higher NOx and 
particulate values are measured under certain 
conditions, Fig 7. It is to be noted here that the 

engine acceleration response was equivalent to 
that of a EU3 engine although a NOx level of 2 
g/kWh was set, i.e. equivalent to EU5.  
This discrepancy is greater for low speed, light 
load transient cycles. While the transient results 
for the USTC are only a little higher than the 
corresponding steady-state values,  
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Fig 7: Transient Test Cycles and Substitute 
Cycles Verification 
 
NOx is nearly 100% and particulates some 50% 
higher in the case of the JTC. Awareness of this 
situation is of critical importance for the 
development engineer and underlines the 
necessity for a decision as to which test 
procedure is to be used. If early agreement were 
to be reached for universal introduction of the 
WHTC, for example; this would influence the 
direction in which development would be driven. 
If, however, the different transient tests remain in 
force, this would lead to an easing of the 
situation, for example for the US market, but for 
globally active companies result in significantly 
higher costs and complexity of their world-wide 
operations. 
 
The dependence of the rate of load acceptance 
upon engine speed is shown in Fig 8, whereby 
the initial speeds of 1500,1000 and 850 rpm are 
typical of transients in the ETC, WHTC and JTC 
respectively. The lower the initial speed, the 
lower is the rate of acceleration.  
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Fig 8: Dynamic Engine Behaviour at Different 
Speeds 



 

This is not unexpected and stresses the 
importance of taking all measures necessary to 
achieve the fastest possible build-up of 
turbocharger boost pressure. The extraction of 
exhaust gas from before the turbine for use as 
EGR is therefore counterproductive. The curves 
shown in Fig 8 were all recorded without the use 
of EGR. By suitable tuning of a 2-stage 
turbocharging system, the rate of torque build-up 
can be increased by up to 25%, Fig 9.  
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 Fig 9: Dynamic Engine Behaviour at 1000 rpm 
Single Stage vs. Two Stage TC 
 
 
The magnitude of this improvement is greatest 
for transients at low initial speeds and the 
measure is therefore most effective in the JTC 
and WHTC cycles. 2-stage turbocharging also 
proves to be helpful in reducing particulates 
during an acceleration, as shown in Fig 10 by 
the opacity trace.  
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 Fig 10: Dynamic Engine Behaviour and 
Particulate Emissions at 1000 rpm Single Stage 
versus Two Stage TC 
 
Since the main reason for the difference in NOx 
emissions between the transient and steady-
state tests is the increased NOx produced during 
accelerations, it would be advantageous to use 
EGR also during these phases of operation to 
achieve some degree of reduction. 
Unfortunately, because of the air deficit which 
already exists, the further reduction of the air 
available through the use of EGR has a negative 

effect on both particulate emissions and, in 
particular, dynamic response, Fig 11. The NOx 
emissions can be reduced by about 30% but the 
extended acceleration times are unacceptable. 
Alternative measures are therefore necessary, 
shown in Fig 11 as "transient rate shaping". 
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 Fig 11:  Dynamic Engine Behaviour at 1000 rpm 
with and without EGR as well as “transient rate  
shaping” 
 
 
Transient rate shaping (TRS) enables similar 
NOx values to be achieved as with the use of 
EGR, but without any negative effect on the rate 
of acceleration. TRS involves a dynamic 
variation of the fuel injection pressure during the 
acceleration phase. This requires not only the 
availability of a suitable injection system, but also 
a responsive and accurate control system. The 
goal is consequently the application of a finely 
tuned combination of EGR and TRS. Work is in 
progress to achieve the maximum effect. This 
leads directly to the question of the simultaneous 
optimisation of boost and EGR control as well as 
new methods for controller design and 
calibration. The necessary interdisciplinary 
collaboration between diverse development 
areas plus the application of system models is 
shown schematically in Fig 12.  
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Fig 12: Interactive Development Process 
 
 
A preliminary result for the WHTC shows that the 
use of all measures in combination, including an 
optimised EGR system, results in significantly 
reduced NOx emissions with effectively little 
penalty only to the particulates while retaining 
the dynamic response of an EU3 engine, Fig 13 . 



 

It will be possible to reduce the particulates 
through further development. 
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DYNAMIC ENGINE RESPONSE  -  
CONTROLLER CONCEPTS AND 
STRATEGIES 
 
From the foregoing it is clear that engine control 
will become of increasing importance in the 
future. Not only the increased accuracy required, 
but also the greatly increased number of 
parameters involved, some interdependent, 
result in increased system complexity. Methods 
must be found which, despite the increasing 
number of control parameters, enable application 
and calibration effort to held within acceptable 
limits, or preferably reduced. The object of these 
new methods is to enable the emissions 
produced under transient conditions to be 
reduced without affecting other operating 
parameters. Only then will it be possible to 
reduce or eliminate the increase in transient test 
emissions over those produced under steady-
state conditions and achieve the goal set. 
 
In addition to Design of Experiments, the use of 
model based, multi-variable control concepts is 
considered to have high potential. This is 
explained in more detail using as an example the 
simultaneous control of boost pressure and EGR 
rate, parameters which are interdependent. In 
areas where more than 20% EGR is used the 
NOx emissions are highly sensitive to the 
recirculation rate so that, for example, at 25% 
EGR the NOx can change by up to 20% for each 
percentage point change in the EGR rate. Since 
such conditions occur in the full load area of 
operation, the accuracy of the control system 
determines whether success or disaster will 
result. Due to their different operating 
characteristics, this situation is not so critical for 
passenger cars as for heavy duty engines. Fig 
14 illustrates this for the main operating areas 
relevant for these different engine applications. It 

can be seen that EGR is employed mainly at part 
load in the PC engine, thus enabling separate 
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Fig 14: EGR Rate Control Areas within Engine 
Map of PassCar and HD Diesel Engines 
 
control of the EGR and boost pressure to be 
used. In the case of the heavy duty engine, EGR 
is required in the region of full load operation and 
overlaps the area where boost is controlled, thus 
causing control system interdependency.  
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Fig 15: Concept of Model Based Controller for 
EGR and VTG 
 
The solution to this problem lies in the control of 
the EGR rate and boost pressure by a single unit 
using models of the interactive characteristics of 
the two parameters, Fig 15. The improvement 
which can be achieved with this type of solution 
is shown in Fig 16 for a section of the ETC.  
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Fig 16: Transient Emission Reduction by AVL 
MMCD™ Controller 



 

It can be seen that, under identical speed and 
load conditions, the NOx peaks under 
acceleration are reduced so that the NOx result 
for the whole cycle is reduced by about a third 
despite the particulates remaining unchanged. 
Fig 17 shows a summary of the results achieved 
from various development steps, starting from a 
baseline NOx level of about 2 g/kWh, and 
demonstrating the effectiveness of this control 
concept.  
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Fig 17: MMCD™ Improves NOx - Soot Trade-off 
 
 
The AVL-MMCD (Trademark) (Model-Based Multi-
variable Controller Design) is intended, however, 
not only to enable emissions to be reduced, but 
also to reduce application time and costs. To this 
purpose an automated process has been 
developed, Fig 18 , in which an automatic system 
identification process is followed by an automatic 
generation of the controller maps. With the 
appropriate test facilities and software, this 
process can carried out overnight without 
supervision, i.e. at low cost. In comparison to 
conventional methods, application time can be 
reduced by a factor of 3 to 5 and some better 
results achieved. 
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Fig 18: MMCD™ Controller Development 
Process 
 
 

SUMMARY 
 
The world-wide use of transient tests will have a 
strong influence on heavy duty diesel engine 
development in the future, especially when 
different, region-specific cycles have to be used. 
Performance development and optimisation will 
be increasingly concentrated on transient 
operation and steady-state development will 
become of reduced importance. Development 
will become increasingly complex and time 
consuming so that new development and 
application methods will have to be employed. 
The extremely low emission values required in 
the future can only be achieved through the use 
and full exploitation of the potential of transient 
optimisation. 
 
The various heavy duty diesel transient cycles 
differ considerably with respect to their average 
speed and load demands. The average speed of 
a cycle has a large influence on the cycle 
emissions achieved and the transient response 
of the engine. 
Transient optimisation will become a significant 
factor for successful application. 
 
Engine hardware must be configured to provide 
the best dynamic response. This affects, in the 
main, the air charging and exhaust recirculation 
systems. A fully flexible fuel injection system with 
a pressure potential in excess of 2000 bar, for 
some transient tests even more, plus the ability 
to provide rapid-response dynamic injection 
pressure variation is absolutely essential. 
 
The EGR system must have the highest 
efficiency, be provided with excellent cooling and 
present the lowest possible flow losses. 
 
New ways must be trodden in the configuration 
of control systems, especially air mass and EGR 
rate control, whereby model-based solutions and 
the automatic generation of control maps will 
assist in reducing the amount of application work 
required. The availability of the required test-bed 
technology and software is a minimum 
requirement to take advantage of the potential so 
offered. 
 
 
 
 
 
 
 
 


