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1. SUMMVARY AND CONCLUSI ONS
Obj ecti ve

The objective of the research program was the devel opment of a worl d-w de
har moni sed engi ne test cycle for the enmissions certification procedure of
heavy-duty engi nes.

Appr oach

The basis of the devel opnent was the collection and anal ysis of driving

behavi our data and statistical information about heavy-duty vehicle use for
the different regions of the world. Fromthis database a representative worl d-
wi de transient vehicle cycle (WIVC), expressed in terms of vehicle speed and
normal i sed power pattern, was derived. A vehicle test cycle was devel oped
because a vehicle duty cycle is nmuch nore stable over |onger periods of time
than an engi ne duty cycle. The reason being, that an engine duty cycle changes
significantly with engine and drive train technol ogy, whereas a vehicle duty
cycle only changes with significant changes in traffic conditions.

However, since vehicle testing is nore conplex for heavy-duty vehicles than
for light duty vehicles, the heavy-duty exhaust emnission certification
procedure utilises an engine cycle instead of a vehicle cycle. It was
therefore necessary to transformthe vehicle cycle (WIVC) into a reference
transi ent engine test cycle (WHTC). This cycle was defined in terms of nor-
mal i sed engi ne speed and | oad and was refined with the help of a newy
devel oped drive train nmodel. This nodel is capable to take into account

di fferent engine and drive train technol ogi es.

Based on the joint frequency distribution of engine speed and | oad of the
transi ent engine cycle (WHTC) a reference steady state cycle (WHSC)

consi sting of 15 nmode points (engine speed/| oad conbi nati ons), was al so
derived.

Cycl e Devel opnment results (WTC, WHTC and WHSC)

The devel oped transient vehicle cycle (WTC) consists of vehicle speed and
normal i sed power pattern for urban, rural and notorway operation. In order to
enabl e the quantification of differences in the driving pattern between
different regions in the world, regional vehicle and engine cycles for the
United States of Anerica, Europe and Japan were devel oped for conparison
These showed that the urban part is longest for the Japanese and shortest for
t he European regional cycle whilst for the notorway part the European regiona
cycle is the I ongest and the Japanese the shortest. The United States of
America regional cycle always follows closely the worl d-wi de cycle. Overal
the stated regional differences will not restrict the applicability of the
VWHTC cycle as basis for a representative world-wi de harnmoni sed heavy-duty test
cycle.

In parallel to the TNO TUV research work MOT/JARI devel oped a vehicle speed
cycle representative for Japan. This cycle does not exhibit large differences
to the Japanese regional cycle devel oped by TNO TUV
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In addition, a reference steady state cycle (WHSC) was devel oped, consisting
of 15 nmode points (engine speed/ |l oad conbi nations). The nunber of 15 node
poi nts was chosen in order to represent, as closely as possible, the same
speed and | oad distribution as the transient reference engine cycle. During
the test bench validation programthe “feasibility” of restricting the WHSC
cycle on 13 nmode points will be eval uated.

Quasi -static Em ssions Validation

Based on enission calculations from steady state engi ne em ssion maps a quasi -
static validation was carried out, in order to get a first estimte of the

em ssion levels that can be expected fromreal test bench measurements. Three
Eur opean and four Japanese engines were included in this evaluation.

On average only mnor differences were observed between the NOx and

particul ates em ssion results fromthe WHTC and the regional cycles. The HC
and CO val ues exhibited larger but still acceptable differences. The

di fferences can be explained mainly by the different | oad factors of the
regi onal cycles.

As with the conparison between WHTC and the regi onal cycles the differences
bet ween the enissions of NOx and particulates, for the WHTC and the exi sting
certification test cycles, were also small. As expected, the differences for
HC and CO were |arger. A detailed analysis showed that the differences for the
average eni ssion values could be explained by differences in the frequency
distributions of engine speed and | oad and differences in the average power
out put between the various cycles. Furthernmore the results were influenced by
the fact that the various engines were optinised for the regul ated test cycles
of their individual markets.

The differences between the emi ssion results of the WHTC cycle and the various
regional cycles as well as the enission differences between the engines are
expected to be much smaller, once the engi nes have been optim sed for the WHTC
cycle.

Test Bench Validation Program

The quasi-static enission cal cul ati on does not take into account dynam c
effects. Therefore, the quasi-static validation results can only be considered
as a first evaluation of the enmission | evels that can be expected fromthe
wor | d-wi de cycl e when conpared to existing test cycles. An extensive
val i dati on program of test bench neasurenments, which is planned as a next

step, will provide the basis for the assessnent of the devel oped cycles with
respect to:

- the driveability and the applicability of the world-w de cycles,

- the feasibility for the adequate setting of em ssion standards in the
di fferent regions/countries of the world.
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Concl usi ons

The devel oped reference transi ent engine cycle (WHTC) and the correspondi ng
reference steady state cycle (WHSC) seemto provide a valid representation of
the worl d-w de in-use engi ne operation of heavy-duty engines.

Conpliance with the conplete requirements of a candi date worl d-w de harnoni sed
heavy-duty em ssions test cycle, have to be confirmed by test bench validation
measurenents using engines with current and future technol ogi es.

Conpl erent ary neasures have to be defined to control off cycle enissions.

The devel opment of a harnoni sed transient and steady state cycle seens to be
an appropriate first step on the way to a worl d-w de harnoni sed certification
procedure for heavy-duty engi nes. Further harnoni sation steps are under
preparation in the different WHDC sub-groups.

2. OBJECTI VE OF THE WORK PROGRAM

At its thirty-fourth session in June 1997, The UN ECE Wbrking Party on
Pol [ uti on and Energy (GRPE), under the guidance of WP.29, nandated the ad-hoc
group WHDC with the devel opment of a Worl d-wi de harnoni sed Heavy Duty
Certification procedure. Co-ordinated by the subgroup Fundamental Elenments
(FE), a research programwas jointly conducted between October 1998 and

COct ober 2000 by TNO Aut onotive (The Netherlands) and TUV Autonotive (fornerly
Fi GE, Germany). This programwas funded by the Netherlands Mnistry of the
Envi ronment (VROM and the German Federal Environmental Agency (UBA).

The objective of the research program was to devel op a worl d-wi de harnoni sed
engine test cycle for the em ssions certification procedure of heavy-duty
engi nes that woul d:

- becone a uniform gl obal basis for engine certification regardi ng exhaust

em ssi ons,
- be representative of world-wide real |ife heavy-duty engi ne operation,
- give the highest potential for the control of real-life emn ssions,

- be applicable in the future to state-of-the-art technol ogy,

- match em ssions in relative terns for accurate ranking of different
engi nes/t echnol ogi es

Al'l kinds of relevant real |ife operations have to be included in the test
cycle in a weighted manner appropriate to real |ife occurrence and the engine
speed/ | oad distribution of the cycle nust be in line with real life speed/Il oad

di stributions.
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3. OUTLI NE OF THE CYCLE DEVELOPMENT WORK

In order to develop a representative world-wi de test cycle it was necessary to
coll ate data concerning:

- the driving behaviour of different vehicle classes, road categories and
parts of the world,

- vehi cl e use statistics and
- drive train and engi ne design influence on engi ne speed and | oad.

These data had to include all relevant real life vehicle operations which
could then be weighted according to real world occurrence.

Based on these requirenments the foll owi ng four-step approach was chosen:

Step 1: Creation of a reference database of driving patterns that includes al
real-life situations in representative way and classified for al
i nportant influencing paraneters.

Step 2: Derivation of a transient vehicle cycle in ternms of vehicle speed and
normal i sed power pattern (normalised to rated power) fromthe
reference database (see chapter 1.

Step 3: Transformation of the transient vehicle cycle into a transient engine
cycle in terns of actual engine speed and load by a drive train nodel

Step 4: Devel opnent of a reference transient engine test cycle that best
approxi mates the drive train nmodel (step 4a, see chapter 1.Devel opnent
of a corresponding reference steady state node cycle (step 4b, see
chapter 1.

4, CYCLE DEVELOPMENT RESULTS

4.1. The Reference Database

In order to create the reference database in-use driving behaviour data had to
be conbined with world-wi de statistics on vehicle use. This was achi eved using
a classification matrix for the nost inmportant influencing parameters. In the
final classification matrix three different regions, three different vehicle
classes (with power to nmass ratio subclasses) and three different road
categories were included.

Concerning the driving behaviour TNO TUV received data of 65 different
vehicles from Australia, Europe, Japan and the United States of America. This
data set conprised:

- 9 1light trucks (max. nass below 7.5 t) with a total nileage of 2,200 km

- 20 rigid trucks (max. mass 7.5t or nore) and 1 coach with a total nmileage
of 13,400 km

- 18 trailer trucks with a total mleage of 56,300 km
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- 11 public transport

Surmmari sing and generalising the result of the driving behaviour

buses with a tota

one can state the follow ng

m | eage of 2,500 km

- The collected data represent the whole range of different traffic
situations fromcongested traffic to free flowing traffic on notorways.

- Traffic load and traffic contro
paranmeters for standstil

neasures are the dom nant

per cent age and vehicl e speeds.

data anal ysis

i nfl uencing

- Road sections with the sane average speed val ue show no significant
differences in the driving pattern of different vehicle categories and/or
regi ons.

- At given vehicle speeds the acceleration driving behavi our
is nmore or |ess uniformfor

types

al

of all
road types and regions.

vehicl e

- The power to mass ratio influences mainly the engine |oad and principally
its influence on engi ne

speed and vehicle acceleration is masked by the traffic condition
especially by traffic density.

al so engi ne speed and vehicle accel eration

- Japanese trucks have significant

trucks of other regions in the world.
The next task was to determi ne weighting factors for
power to mass ratio subclass and road category. This

regi on, vehicle class,
was determ ned on the basis of the tota

inreal life and required statistica
vehi cl e use

hi gher

But

each conbi nati on of

power to mass ratios conpared to

operating tinme of heavy-duty vehicles

had to be disaggregated with the help of expert views fromtraffic

consul tants,

The result of this task (weighting factors)

is shown in Table 1.

transport associations and the heavy-duty vehicle industry.

i nformati on on worl d-w de heavy-duty
In some cases the information was not sufficiently detailed and

Europe Japan USA
. ower to mass motor motor motor
vehicle cat. P . urban| rural urban| rural urban| rural Sum
ratio class way way way
rigid trucks 1 5.2%| 1.8%] 2.0%]| 3.4%]| 1.2%]| 0.9%| 3.3%| 1.8%| 0.6%| 20.2%
rigid trucks 2 3.1%| 1.7%| 2.3%| 6.0%| 2.1%| 1.6%| 4.4%| 2.4%| 0.8%| 24.3%
rigid trucks 3 3.2%| 2.0%] 2.5%| 4.0%| 1.4%]| 1.1%| 2.6%| 1.4%| 0.5%| 18.7%
trailer trucks 1 0.8%| 1.0%| 2.2%]| 0.3%]| 0.1%| 0.1%| 1.1%| 0.8%| 0.8%| 7.1%
trailer trucks 2 0.8%| 1.0%| 2.3%]| 0.4%]| 0.2%| 0.1%| 2.1%| 1.6%| 1.5%| 10.0%
trailer trucks 3 1.0%| 1.3%| 2.8%]| 0.2%]| 0.1%]| 0.1%| 2.9%| 2.2%| 2.1%| 12.6%
buses 1 2.8%| 1.2%| 0.0%]| 1.4%| 0.4%| 0.0%| 0.7%| 0.5%| 0.1%| 7.1%
Sum 16.9%| 9.9%] 14.1%]| 15.7%]| 5.4%]| 3.9%)| 17.0%] 10.7%| 6.3%]| 100.0%
Table 1.: Classification matrix and weighting factors for the different

regi ons, road categories and vehicle cl asses
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The reference database is therefore a conbination of representative in-use
data expressed in ternms of vehicle speed and normalised power pattern
(normalised to rated power) for each cell of the classification matrix and
with the correspondi ng wei ghting factors.

4.2. The Wirld-wi de Transi ent Vehicle Cycle (WVC)

A worl d-wi de transient vehicle cycle (WIVC) was devel oped fromthe reference
dat abase and has statistically the sane characteristics as the database. The
cycle is expressed in ternms of vehicle speed and normalised power (nornalised
to rated power). The reference transient vehicle cycle is shown in Figure 1

A vehicle cycle only changes with significant changes in traffic conditions
and is therefore stable over long periods of tine. However, an engine cycle
changes significantly with engine and drive train technology and, as a result
of continuous efforts by manufacturers to i nprove fuel econonmy and vehicle
driveability, cannot be considered stable.

Since vehicle testing is much nore conplex for heavy-duty vehicles than for
light duty vehicles, the heavy-duty exhaust em ssion certification procedure
i ncorporates not a vehicle cycle but an engine cycle which is expressed in
terms of engine speed and | oad. Therefore, the devel oped vehicle cycle (WIVC)
had to be transformed into an engi ne cycle.
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Figure 1: The worl d-wi de transient vehicle cycle (WVC)
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To ensure that the node distribution of speed and | oad during the engine
certification test is inline with real |life operation, a drive train nodel
was devel oped to enable the transformation of the vehicle cycle into an engi ne
test cycle. The drive train nodel is based on three characteristic engine
speed val ues, which are related to the full | oad power curve of the engine and
as such is not affected by changes in engine technology. The drive train nodel
transforns the vehicle cycle into an engi ne speed/|load pattern for each

i ndi vi dual engine.

4.3. The Worl d-wi de Reference Transi ent Engine Cycle (WHTC)

The application of a drive train nodel would require a conputer program and
this would be difficult to inplement in a regulation. Therefore, as a further
devel opnent, the drive train nodel was substituted for a reference transient
engi ne cycle (WHTC). This cycle relates the engine speed with the same
characteristic engine speed values that were used in the drive train nodel.
The substitution nodel was tested against the drive train nodel and found to
be equival ent. The speed and | oad pattern of the world-w de reference

transi ent engine cycle so derived is shown in Figure 2. and Figure 3.

120%

110%

100%

90%

80%

70%

60%

nnorm_ref

—
|

50%

40%

30%

20%

10%

0% —t+—+—t —t——t —+—t —t+—+— —t+—+— —t+—+—
900 1200 1500 1800

timeins

o
w
o
o
[o)]
o
o

Figure 2: The speed pattern of the world-wi de reference transient engine cycle
(WHTO)
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Figure 3. The load pattern of the world-wi de reference transient engine cycle
(WHTC)

The engi ne speed pattern for an individual engine under test has to be derived
by denornmalisation of the reference speed pattern of the reference cycle. For
the denornmelisation the above-nentioned three characteristic engi ne speed

val ues are used and are related to the individual full |oad power curve of the
particul ar engine. Unlike existing cycles (ETC, FTP) this approach results in
an individual engine speed pattern that best reflects in-use engi ne behaviour
even for future technol ogies.

4.4. The Wrld-wi de Reference Steady State Cycle (VWHSC)

In addition, a reference steady state cycle (WHSC) was devel oped, consisting
of 15 node points (engine speed/l oad conbinations). The steady state nodes are
based on the joint frequency distribution of normalised engi ne speed and | oad
of the reference transient engine cycle (see Figure 4.). As before, the engine
speed normalisation is based on three characteristic engine speed val ues
related to the full |oad power curve of the engine. This approach |eads to

i ndi vi dual engi ne speed nmodes depending on the full |oad power curve
characteristics of the individual engine under certification test conditions.
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Fi gure 4. Engi ne speed/l oad distribution of the reference transient engine

cycle as basis for the world-wi de steady state cycle (VWHSC)

The specification of the |oad points was aligned to the joint frequency
distribution of the reference transient engine cycle,
To conpensate the missing nmotoring phases the
idling was increased conpared to the reference transient
The wei ghting factors are shown in Table 2.

account motoring phases.
wei ghting factor for

engi ne cycl e.

engine load

nnorm ref | 0% | 25% [ 50% | 75% |100%
0% 30%
30% 3,8%| 1,4%
40% 8,0%| 4,1%| 3,8%]| 2,2%
50% 10,3%| 14,1%| 8,4%| 3,2%
65% 3,5%| 1,9% 3,1%
75% 2,2%

but wi thout taking into
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Tabl e 2: Mode points and weighting factors for the world-w de steady state
cycl e (WHSC)

The nunber of 15 node points was chosen in order to represent, as closely as
possi bl e, the same speed and | oad distribution as the transient reference
engi ne cycle. During the test bench validation programthe “feasibility” of
restricting the WHSC-cycle on 13 node points will be eval uated.

5. REG ONAL CYCLES

In order to enable the quantification of differences in the driving pattern
between different regions in the world, additional regional vehicle cycles and
regi onal reference transi ent engine cycles were devel oped. Conparison of the
relative cycles showed that the urban part is |Iongest for the Japanese and
shortest for the European regional cycle whereas the notorway part is |ongest
for the European and shortest for the Japanese regional cycle. The United
States of America regional cycle always follows closely the worl d-w de cycle.
On the whole the stated regional differences seens not to be an invincible
barrier for the applicability of the WHTC cycle as representative worl d-w de
har noni sed heavy-duty eni ssions test cycle.

It has to be pointed out that the regional cycles were only used for
eval uation reasons.

6. JAPANESE ACTI VI TI ES ON CYCLE DEVELOPMENT

A regional vehicle speed cycle representative for Japan was al so devel oped
under a MOT/JARI project. \Wen conpared with the Japanese regional vehicle
cycl e devel oped by TNO TUV, average speed and idling time ratio were about the
same. ldle time frequency and short-trip |l ength frequency al so showed sinilar
trends in both the TNO TUV and MOT/JARI regional vehicle cycles. Wth respect
to acceleration patterns, the MOT/JARI cycle exhibits a higher acceleration
frequency than the TNO' TUV, however, in other domains the distributions of
speed and accel eration were sinmlar for both cycles. So, it can be concl uded
that the Japanese regional vehicle cycle devel oped by TNO TUV and the vehicle
speed cycl e devel oped by MOT/JARI do not exhibit l|arge differences.

To transformthe vehicle cycle into an engine test cycle MOI/JARI used their
own, independently devel oped vehicle nodel. The engi ne speed/ |l oad frequencies
of the engine test cycle devel oped by MOT/JARI show al nost the same
distribution as those devel oped by TNO TUV.

7. QUASI - STATI C VALI DATI ON

A quasi-static validation was carried out, based on emi ssion calculations from
steady state engine em ssion maps. The main reason for this task was to get a
first estimate of the em ssion |evels that can be expected fromreal test

bench measurenents and conpare these with corresponding | evels for existing
test cycles. A further reason was to eval uate whether the harnonised cycle
(WHTC) coul d acconmodate regional differences not only with regard to the
cycle load factors but also with regard to emission |levels Three European and
four Japanese engines were included in this evaluation.
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The eval uation showed that on average only minor differences are observed

bet ween the enissions results of the WHTC and the regi onal cycles for NOx and
particul ates (Figure 5.). For HC and CO higher differences were expected, but
the results were still in a relatively narrow range. These differences can
partly be explained by the different power output of the engine for the

vari ous regional cycles.
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Figure 5.: Results of the quasi-static emnission calculation, differences
bet ween the WHTC, the WHSC and the regional transient cycles
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Figure 6.: Results of the quasi-static emission calculation; differences
bet ween the WHTC transi ent engine cycle, the ETC, the ESC, the
Japanese 13 node test and the US-transient cycle

In Figure 6. the emission results of the WHTC are conpared with those of
existing certification test cycles. The differences are reasonably small for

NOx and parti cul at es.

As expected, the differences for HC and CO are higher.

nore detail ed analysis showed that the differences for the average val ues

coul d be explained by differences in the frequency distributions of engine
speed and |l oad (see Figure 7. to Figure 9.) and differences in the average
power output between the cycles. Further enission differences between the

engi nes could be related to individual differences in their em ssion maps,
whi ch were optimsed for the regulated test cycles of their individua

mar ket s.

The described differences between the enission results of the WHTC cycl e and

the various regional

cycles as well as the emission differences between the

engi nes are expected to be rmuch smaller, once the engi nes have been optinm sed

for the WHTC cycl e.

The indications fromthe results of the quasi-static validation are that the
test bench validation will confirmthe applicability of the WHTC cycle as a
wor | d-wi de harnoni sed eni ssions test cycle.

A
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.- Mode points of the WHSC
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Figure 7.: Engi ne speed/load distribution of the WHTC and WHSC
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Figure 8.: Engine speed/load distribution of the US-trans. cycle and the
Japanese 13 node test

. - Mode points of the ESC
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Figure 9.: Engine speed/|load distribution of the ETC and ESC



TRANS/ WP. 29/ GRPE/ 2001/ 2
page 18

8. TEST BENCH VALI DATI ON PROGRAM

The quasi-static em ssion cal cul ation does not take into account dynam c
effects. Therefore, the quasi-static validation results can only be considered
as a first evaluation of the enmission levels that can be expected fromthe
wor | d-wi de cycl e when conpared to existing test cycles. An extensive
val i dati on program of test bench neasurenments, which is planned as a next

step, will provide the basis for the assessnent of the devel oped cycles with
respect to:

- the driveability and the applicability of the world-w de cycles,

- the feasibility for the adequate setting of em ssion standards in the
different regions/countries of the world.

Conpl erent ary neasures have to be defined to control off cycle enissions.




