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1. Introduction

The development of the WLTC was carried out under a program launched by the World Forum for the
Harmonization of \ehicle Regulations (WP.29) of the United Nations Economic Commission for Europe
(UN-ECE) through the working party on pollution and energy transport program (GRPE). The aim of this project
was to develop a World-wide harmonized Light duty driving Test Cycle (WLTC), to represent typical driving
characteristics around the world, to have the basis of a legislative worldwide harmonized type certification test

from 2014 onwards.

Driving cycles are produced by different countries and organizations and used to assess the performance of
vehicles, such as pollutant emissions, fuel consumption and traffic impact. There are two main categories of test
cycles: legislative cycles employed in type-approval tests for vehicles emissions certification and non-legislative
cycles mainly used in research. Several international harmonized engine dynamometer cycles have been
developed for engine emission certification of heavy-duty and non-road engines (WHSC, WHTC, NRTC). A

worldwide harmonized test cycle has been developed also for motorcycles emissions (WMTC).

For Light-Duty (LD) vehicles, various vehicle dynamometer test cycles are employed in type-approval tests for
emission certification. Such test cycles are: the NEDC' used in Europe, JC08? applied in Japan, the UDDS
(FTP-75)% used in the United States. The NEDC cycle includes four urban driving cycle (ECE) segments
characterized by low vehicle speed, low engine load, and low exhaust gas temperature, followed by one
extra-urban segment to account for more aggressive and higher speed driving. JC08, represents driving in
congested city traffic, including idling periods and frequently alternating acceleration and deceleration. In the U.S,
currently the Federal Test Procedure (FTP-75) is used for emission certification of cars and light duty trucks. The
US FTP -75 is a transient cycle produced from real measurements in Los Angeles and it represents only a specific

region in the US.

Each of these driving cycles has advantages and drawbacks/disadvantages. For example, NEDC, which consists of
several steady-steady test modes, is quite simple to drive and thus repeatable. However, it is well known that
NEDC does not represent real driving behavior of a vehicle in actual traffic thus, does not necessarily reflect
pollutant emissions and fuel consumption. JCO8 represents real driving behavior but only in congested city traffic
situations and does not cover other driving conditions and road types. FTP-75 covers a wider range of driving
conditions than JC08, however it is still not complete enough to cover all possible driving situations (in fact, in the
USA, vehicles have to be additionally tested on a Highway cycle and two Supplemental Federal Test Procedures
(SFTP) designed to address shortcomings with the FTP-75 in the representation of (1) aggressive, high speed
driving (US06), and (2) the use of air conditioning (SC03)).

Therefore, when the WLTC project was started it was agreed to design a new legislative driving cycle to predict

1 UNECE. Vehicle Regulations, Regulation No. 83,
http://www.unece.org/trans/main/wp29/wp29regs81-100.html
2 TRIAS 31-J042-01 TEST PROCEDURE FOR EXHAUST EMISSION MEASUREMENT OF
LIGHT- AND MEDIUM-DUTY MOTOR VEHICLES (PROCEDURE FOR JCO8H+JC08C-MODE)
3 CODE OF FEDERAL REGULATIONS, Title 40, Part 86, Appendix I
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more accurately the exhaust emissions and fuel consumption under real-world driving conditions.

The world-wide harmonized light duty test cycle (WLTC) presented in this paper, was derived from “real world”
driving data from five different regions: EU + Switzerland, USA, India, Korea and Japan covering a wide range of
vehicle categories (M1, N1 and M2 vehicles, various engine capacities, power-to-mass ratios, manufacturers etc),

over different road types (urban, rural, motorway) and driving conditions (peak, off-peak, weekend).

2. Objective

The objectives of the Development of the worldwide Harmonized test Cycle (DHC) group under the WLTP
informal group are to develop a world-wide harmonized light duty driving test cycle (WLTC) which represents
typical driving characteristics around the world and to develop a gearshift procedure which simulates

representative gearshift operation for light duty vehicle.

3. Structure of the project
The development of the cycle and the gearshift procedure belong to the tasks of the WLTP Informal Group
(WLTP-IG). The 3 groups were established under the WLTP informal group in order to allocate important

elements to each. Figure 3-1 shows the structure of WLTP-IG.

e  The Development of the worldwide Harmonized test Cycle (DHC) group aims to develop the WLTC
e  The Development of Test Procedure (DTP) group aims to develop the test procedure

e  The Validation Task Force team aims to manage the validation test phase 2

WLTP Informal Group

ICE-Lab. Process

Develop the test procedure for Internal
Combustion Engine (ICE) vehicle

E-Lab. Process

Develop the test procedure for Electrified

Steering Group
Representative of the contracting
party and/or Organizations

A

vehicle
DHC subgroup PM/PN
Develop the test procedure for PM/PN
DHC: The Development of the Harmonized test Cycle measurements
AP
DTP S u b g ro u p Develop the test procedure for Additional
Pollutants (NO2, NH3, N20 etc)
DTP: Development of Test Procedure Reference Fuel
Set the fuel property for Validation tests
VTF team
VTF: Validation Task Force GTR teXt l

Figure 3-1 The structure of WLTP-IG
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Figure 3-2 shows the overview of the WLTC development.

In the work schedule of the WLTP-IG, the two validation steps were conducted after the development of the initial
test cycle and gearshift procedure. As the first step, the drivability and traceability was evaluated in the validation

test phase 1. As the second step, the emission measurement results based on the proposed test procedure input

from DTP group were evaluated.

Figure 3-3 shows the time schedule for Cycle development. The development of WLTC has started since

September 2009.
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Figure 3-2 Overview of the WLTC development
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Figure 3-3 The time schedule for Cycle development

4. Cycle development

4.1. Approach

Driving behavior data and weighting factor matrix based on statistical information about light duty vehicle use in
the different regions of the world were collected and analyzed as fundamentals to develop the cycle. The in-use
driving behavior data were combined with the statistical information on vehicle use in order to develop a
reference database that represents worldwide light duty vehicle driving behavior. Figure 4-1 shows the overview
of the cycle development process Real world in-use data was collected from a range of Contracting Parties in the

following regions:

-EU and Switzerland,
-India,

-Japan,

-Korea,

-USA,

Then, a reference database was developed. In-use data were weighted and aggregated to produce unified

speed-acceleration distributions. Analysis was undertaken to determine the average short trip durations and idling

times which were used to determine the number of short trips that should be included in each drive cycle phase.

Short trips were combined to develop the final drive cycle.

The short trip combination and the reference database were compared on the basis of the chi-squared method for
4



the speed —acceleration distribution. The combination of short trips with the least chi-squared value was selected
as the ideal combination. After the short trip selection, the comparison of the other parameters such as average
speed, Relative Positive Acceleration (RPA) etc. was conducted to check the representativity.

Finally a first draft of the WLTC was produced. The first draft had been expected to need modifying based on

some evaluations of validation tests.

o In-use driving behaviors
Weighting factor

We|g ht|ng factor matrix Vehicle Reglon Region Region

Vehicle Region | Region | Region Type B C

i o [ I
In-use driving data ! Why | Wy | WFq |

[ [ | w T e

T NN

collection m WEo | WRm | wRe }

»Average speed
Develop >RPA g combine the
i i short trips
the reference database | *>!dling ratio P
»etc Speed- acceleratlon dlstrlbutlon

Compare the short trip
combination and the
reference database

Worldwide harmonized
test cycle A\ /\ N ~

Figure 4-1 Overview of the cycle development process

»chi-squared based analysis
»Other parameter comparison

4.2. In-use driving behavior data

The in-use data collection guidelines* were developed and agreed following a full discussion at the 1st DHC
meeting held in September 2009. The each contracting party has started to gather the in-use data from January
2010.

The in-use driving data (second by second recording of time, vehicle speed, engine speed, GPS - Global
Positioning System - information, in some cases also: altitude, engine load, accelerometer) used for the
development of the WLTC was collected from five different regions: European Union (EU) + Switzerland (CH),
USA (US), Japan (JP), Korea (KR), and India (IN). Within EU, collection campaigns have been organized in
Germany (DE), Spain (ES), Italy (IT), Poland (PL), Slovenia (SI), United Kingdom (UK), Belgium (BE), France
(FR) and Sweden (SE). Over 765, 000 km of data was collected covering a range of vehicle categories (M1, N1
and M2 vehicles, various engine capacities, power-to-mass ratios, manufacturers etc), over different road types
(urban, rural, motorway) and driving conditions (peak, off-peak, weekend).

4 WLTP-DHC-02-06 Draft in-use data collection guidelines
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Table 4-1 summarizes the vehicle type, number of vehicles, total mileage for each region and the methodology
used to collect the available in-use driving behavior data. Japan and Korea used “instructed drivers” (Drivers were
instructed to follow the traffic flow), EU + CH collected data from “customer data” (drivers without any particular
instruction to drive their cars). India submitted both “customer data” and “instructed drivers data”. Finally, USA
submitted both “customer data” and instructed drivers using the “chase car” method. The chase cars were

equipped with laser rangefinders mounted behind the front grill to measure the vehicle speed of randomly selected

vehicles.
Table 4-1 Total amount of data collection (Available data)
Reaion/Countr Vehicle tvpe No. of Method used for Total amount of data
g y P vehicles collection collection (km)
. PC 12 106,952
Belgium (BE) 106,952
LDCV 0 0
PC 8 23,414
Germany (DE) 23,414
LDCV 0
: PC 6 2,619
Spain (ES) 9,666
LDCV 4 7,047
PC 42 108,916
France (FR) 108,916
LDCV 0 0
PC 8 57,646
Italy (IT) 57,646
LDCV 0
EU+CH oC 9 Customer data 12648
Poland (PL) : 14,648
LDCV 0 0
P 1 4 4
Slovenia (SI) ¢ 8 8,93 48,934
LDCV 0 0
. PC 26 22,670
Switzerland (CH) 23,619
LDCV 4 949
. . PC 10 17,491
United Kingdom (UK) 31,781
LDCV 12 14,290
PC 5 18,525
Sweden (SE) 36,951
LDCV 2 18,426
India (IN) PC 16 Instructed drivers 41,804 55,778
LDCV 4 and Customer data 13,974
PC 11 . 25,670
Japan (JP) Instructed drivers 52,955
LDCV 13 27,285
PC 6 26,033
Korea (KR) Instructed drivers : 34,403
LDCV 2 8,370
PC 156 Instructed drivers
130,188
USA (US) LDCV 20 and Customer data 159,726
unclear - Chased car 29,538




4.3. Data Analysis Processing

The processing of the raw data involved initially filtering and thinning the in-use driving behavior data. Filtering
was performed using a standard smoothing algorithm (T4253H) as described in the SPSS software® Reducing
data frequency from 10Hz to 1Hz was necessary only for a limited amount of data as most of the data was 1Hz
data. The resulting smoothed data was converted into idling and short trips portions to create short trips and idles
databases for each region/country and for each part of the cycle (e.g: urban, rural, motorway phases). A series of
elimination criteria have been applied to the short trip and idle databases for determining the short trips and idle
periods to be excluded from the subsequent analysis (e.g. idling periods with duration higher than ten minutes,
short trips with duration smaller than ten seconds, short trips with the maximum speed less than 3.6 km/h, short
trips with accelerations higher than 4m/s® and smaller than -4.5 m/s® etc). The short trip and idle databases so
obtained were used to determine: short trip duration cumulative frequency distributions, short trip average speed

distribution, idling duration distribution which were furthermore used for developing the unified distributions.

Urban Rural Motorway

I N\ [ N 7

Raw Data

!

Filtering, if necessary
(T4253H filter)

Sampling
requency > 1H
Thinning

NO
(to 1Hz)

Divide into idling and e

short trip portions

/\

idling short trip (ST)
database database
-1dling duration -Speed-Acceleration
distribution (Positive & Negative)
*ldling Average Duration Distribution

ST Duration Distribution

ST Average Speed
Distribution

ST Average Duration

K -Others / \ / \ /

Figure 4-2 Data Analysis Processing

5 IBM. Statistical Package for the Social Sciences (SPSS). Available from:
http://www-01.1bm.com/software/analytics/spss/
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4.4. The development of the world-wide harmonized light duty test cycle (WLTC)

The methodology to develop the WLTC® was reviewed and agreed following a full discussion at the 2nd DHC
meeting held in January 2010. Then the revised methodology’ proposed by Japan was agreed at the 6th DHC

meeting.

4.4.1. Re-categorization of In-use driving data

During data analysis, it became soon evident that the road category (urban, rural, motorway) could not be used

due to differences in definitions and speed limits of these road categories from different regions. (Table 4-2)

Table 4-2 Definition of Road Type in each region

Paved roads in urban areas with
a speed limit £40 km/hour
(exclude mountain areas)

Paved non-motorways outside and
inside urban areas with a speed
limit between 40 and 60 km/hour

Paved motorways (multi-lane
roads specifically constructed
and controlled for fast traffic) with
a speed 60 to 80 km/hour

Arterial, collector and local road
inside and/or near central
business district (CBD). Speed
limit is from 40 to 80 km/h,
depends on road type

Arterial, collector and local road
inside non-urban area. Speed
limit is from 50 to 80 km/h,
depends on road type

Motorway which is designed,
constructed and controlled for
faster traffic in urban and rural
area. Speed limit is from 100 to
120 km/h, depends on area

Densely Inhabited District (DID)
- Speed limit £ 60km/h
- exclude mountain areas

- Non-Densely Inhabited District
+ Non motorways

- Speed limit £ 60km/h

- exclude mountain areas

Motorways

(within City and between Cities)
- Speed limit £ 100km/h

+ exclude mountain areas

The definition depends on EU
countries

The definition depends on EU
countries

The definition depends on EU
countries

Figure 4-3 shows the vehicle speed cumulative frequency distribution of various countries on urban, rural and

motorway road types.

6 WLTP-DHC-02-05 Draft methodology to develop WLTP drive cycle

7 WLTP-DHC-06-03 WLTC methodology

8
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Figure 4-3 Vehicle speed cumulative frequency distribution of various countries on urban, rural and

motorway roads

While for the urban road type there was encouraging evidence that all in-use driving behavior data can concur, for
the rural and motorway road categories there was a clear difference between Europe on the one hand and Japan +
Korea on the other hand. Figure 2 shows the speed cumulative frequency distribution for Japan and Korea almost
100% at vehicle speed of 80 km/h while for all European countries the 100% speed cumulative frequency
distribution is reached at vehicle speed > 100 km/h. On motorways roads (figure 3) this difference is even higher.
Korea and Japan have motorway top speed of 100km/h while in Europe the top speed is between 120-140 km/h.
This was further confirmed when the Indian and USA in-use driving behavior data were added to the world-wide
9



database. Therefore, it became necessary to develop the WLTC cycle on speed classes (low, medium and high
speed) rather than on road categories (urban, rural, motorway). Furthermore the high speed phase was split in two
segments: one high speed phase with a top speed value representative of Asian driving and one extra-high speed
phase with a top speed more characteristic to the European and USA driving. Eventually, the world-wide
harmonized test cycle (WLTC) consists of four speed phases (low, medium, high and ex-high). Having decided to
develop the WLTC in four phases, a crucial aspect was to establish the speed limit between the four phases. The
threshold vehicle speed between the Low/Medium/High and Extra High phases, was chosen after a comparative
study for different candidate criteria (low speed < 50 km/h / medium speed < 70 km/h / high speed < 110 km/h /
ex-high > 110 km/h]; [50/80/110]; [50/80/120]; [50/90/110]; [50/90/120]; [60/80/110]; [60/80/120]; [60/90/110];
[60/90/120]; [70/90/110]; [70/90/120]; [70/100/120]) was performed. Figure 4-4 and Figure 4-5 present the
speed-acceleration distributions for each region for some of the above mentioned combinations. As can be seen,
the best compromise in terms of similarity of speed-acceleration distribution of each region and the unified values
of the parameters (average speed, short trip duration distribution, idle duration distribution) could be obtained
with threshold speed values of 60/80/110 between the phases.
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Figure 4-4 Speed-acceleration distribution in U/R/M category
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Figure 4-5 Speed-acceleration distribution in L/M/H/ExH category [60/80/110]

4.4.2. Statistics and Regional weighting factor

The driving cycle was developed from recorded in-use data (“real world” data) from different regions of the world
(EV, India, Japan, Korea, USA) combined with suitable weighting factors. Regional weighting for L/M/H/Ex-H
phases was necessary to represent each region driving characteristics when developing the unified distributions
and harmonized cycle. The weighing factors were based on traffic volumes (current and foreseen) of each party.

To derive such weighing factors the starting point was the national traffic statistics 2(as shown in Table 4-3).

8 EU: TREMOVE http://www.tremove.org/, INDIA: WORLD ROAD STSTISTICS 2009 DATA
2002-2007 (http://www.irfnet.org/statistics.php), JAPAN: Road Traffic Census Data 2005 (MLIT),
USA: EPA
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Table 4-3 Traffic volume (vehicle hours)

_ Traffic volume (vehicle hours) Traffic volume ratio (%)

gl Urban Rural Motorway Total Urban Rural |Motorway| Total
EU 3.30E+10| 3.02E+10| 4.73E+09| 6.79E+10 48.5 44,5 7.0 100.0
us 4,95E+10| 2.01E+10| 1.97E+10| 8.93E+10 55.4 22.5 22.1 100.0
World- JP 1.10E+10| 6.46E+09| 1.30E+09| 1.88E+10 58.7 34.4 6.9 100.0
wide KR 4.26E+09| 1.51E+09| 2.64E+09| 8.42E+09 50.6 18.0 31.4 100.0
IN 2.10E+10| 7.22E+09| 1.53E+09| 2.98E+10 70.6 24.2 5.1 100.0
Total 1.19E+11| 6.55E+10| 2.99E+10| 2.14E+11 55.4 30.6 14.0 100.0
BE 5.46E+08| 1.02E+09| 2.39E+08| 1.80E+09 30.3 56.4 13.3 100.0
DE 5.83E+09| 4.24E+09| 1.12E+09| 1.12E+10 52.1 37.9 10.0 100.0
ES 4.51E+09| 3.71E+09| 2.83E+08| 8.51E+09 53.1 43.6 3.3 100.0
FR 5.35E+09| 5.37E+09| 8.59E+08| 1.16E+10 46.2 46.4 7.4 100.0
EU+CH IT 2.19E+09| 3.23E+09| 6.13E+08| 6.03E+09 36.3 53.5 10.2 100.0
PL 8.41E+08| 1.45E+09| 3.23E+07| 2.33E+09 36.1 62.5 1.4 100.0
Sl 1.23E+08| 7.55E+07| 1.89E+07| 2.18E+08 56.7 34.7 8.7 100.0
UK 7.07E+09| 3.83E+09| 5.31E+08| 1.14E+10 61.8 33.5 4.6 100.0
CH 7.23E+08| 1.05E+09| 1.97E+08| 1.97E+09 36.7 53.3 10.0 100.0
SE - - -| 1.31E+09 - -| 100.0

After subdividing the database of each party into these four speed phases, the time percentage of each of them was

multiplied by the total vehicle hour of the party, obtaining the vehicle hour for each speed class and each party

(see Table 4-4). For India an exception was applied (total traffic volume increased by 50% in the light of the

predicted increase over next years). From this, the weighing factors as shown in Figure 4-6 were defined.

Table 4-4 Traffic volume ratio between the L/M/H/ExH phase [million vehicle hours]

e Traffic volume (vehicle hours) Traffic volume ratio (%)

eglon Low Middle High Ex-H Total Low Middle High Ex-H Total
EU+CH 2.33E+10| 1.24E+10| 1.57E+10| 1.64E+10| 6.79E+10 34.4 18.3 23.2 24.1 100.0
us 1.59E+10| 2.26E+10| 2.95E+10| 2.13E+10| 8.93E+10 17.8 25.3 33.1 23.8 100.0
JP 1.11E+10| 6.16E+09| 1.16E+09| 3.28E+08| 1.88E+10 59.3 32.8 6.2 1.7 100.0
KR 4.05E+09| 1.84E+09| 2.09E+09| 4.43E+08| 8.42E+09 48.1 21.8 24.8 5.3 100.0
IN 1.56E+10| 8.47E+09| 5.64E+09| 6.42E+07| 2.98E+10 52.4 28.4 18.9 0.2 100.0
World-wide 7.00E+10[ 5.15E+10| 5.42E+10{ 3.85E+10| 2.14E+11 32.7 24.0 25.3 18.0 100.0
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To build the European database (which included the contribution of 9 EU member states + Switzerland) it was
decided to use a slightly different approach. Starting from the observation/assumption that the driving behavior
did not differ very much among EU countries, it was considered reasonable to give some weight also to the
robustness of the single database. Thus, instead of considering only the traffic volume of the country (somewhat

representative of the population) a 50% weight was assigned also to the mileage of each country’s database. The
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Figure 4-6 Regional weighting factors

result of this approach is shown in Figure 4-7.

Figure 4-7

Internal weighting factors for Europe
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4.4.3. Determination of test cycle duration

The length of the world-wide harmonized test cycle was set to 1800 seconds similar to WHDC (World
Harmonized Heavy Duty Cycle) and WMTC. This cycle duration represents an accepted compromise between
statistical representativeness on the one hand and test feasibility in the laboratory on the other hand. The length of
each speed phase (Low, Medium, High and Extra-high) was determined based on traffic volume ratio between the
L/M/H/Ex-H phases (Low: 589 s, Mid.: 433 s, High: 455 s, Ex-High: 323 s) as shown in Table 4-5.

Table 4-5 The length of each speed phase
(Unite: vehicle hours)

Low Mid. High Ex-H Total

EU 2.33E+10] 1.24E+10| 1.57E+10[ 1.64E+10| 6.79E+10

Us 1.59E+10] 2.26E+10[ 2.95E+10] 2.13E+10] 8.93E+10

JP 1.11E+10| 6.16E+09] 1.16E+09| 3.28E+08| 1.88E+10

KR 4.05E+09] 1.84E+09| 2.09E+09| 4.43E+08| 8.42E+09

IN 1.56E+10] 8.47E+09| 5.64E+09| 6.42E+07| 2.98E+10
World-wide 7.00E+10] 5.15E+10] 5.42E+10[ 3.85E+10] 2.14E+11
propotion 0.327 0.240 0.253 0.180 1.000

[ Cycle duration | 589 | 433 | 455 | 323 | 1800 |

4.4.4. Driving characteristics
Figure 4-8 - Figure 4-11 show the driving characteristics (average speed, RPA — Relative Positive Acceleration,
average short trips duration and average idle duration) for each region (Japan, Europe, United States, Korea,

India) and for the world-wide (unified) database.
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Figure 4-8 RPA - driving characteristics
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The Relative Positive Acceleration (RPA) is an important parameter to characterize vehicle trips and compare the
load of the test cycle. It is a speed-related average of acceleration of the vehicle (power of a vehicle) calculated
with the following equation:’

i(vi xai+)-dt

X

RPA = (eq.1)

With being the acceleration at time step i, (only a > 0 (m/s2), v; being the vehicle speed at time step i (m/s) and
being the total trip distance (m).

The vehicle acceleration was calculated from consecutive vehicle speed samples according to the following
equation.

a, :[V”l—;v”}+3.6 (eq.2)
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Figure 4-9 Average speed - driving characteristics

9 Van de Weijjer, C., Heavy Duty Emission Factors: Development of Representative Driving Cycles
and Prediction of Emissions in Real Life. 1997.

16



oJpP OEU ous OKR OIN B Unified

50 S
=
45 0
3
_. 40 o
2] .
5 35 &
S N
< o))
5 % § oS < ©
4 .
TP N o T ] T B S
a N o |l &3 - LS
= — N <
<
10
5 - S S S S —
O 1 1 1
Low Middle High Extra-high
Figure 4-10 Average idle duration — driving characteristics
oJp OEU ous OKR giN B Unified
2500
2000
w N
5 kA
1500 = -
© [Te) N
— — 0
o Anl =S
$1000 3
pae — [ce)
3] (o] le)
> < ©
< © o M | %)
- <
500 T Sy <
© 0 M < Oﬁ < § N & S ] I
© © © © 00
o LS [ H ,
Low Middle High Extra-high

Figure 4-11 Average short trip duration — driving characteristics

4.4.5. Determination of short trips and idles number
Having determined the length of each speed phase, the number of short trips and idle periods in each of them
(L/M/H/Ex-H) was calculated according to equations 3-4. The resulting number was rounded to an integer

number:

phase duration — average idling duration ( 3)

N_ =
average short trip duration + average idling duration

ST,

N,, = number of shorttrips (N, )+1  (eq.4)
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Table 4-6 shows, for each speed phase (L/M/H/Ex-H), the total duration, the average short trip duration and
average idle duration (as determined from data analysis and shown in Figure 4-10 and Figure 4-11), number of

short trips and number of idles (as calculated according to Eqs.3-4).

Table 4-6 Determination of No. of ST and Idle for the L/M/H/ExH phases.

Average

UEEEL @R MUCIEER ST e = g e e | e o (5 m
duration duration ;
duration
0 S S S # #

Low 589 84 22 5 6
Middle 433 238 22 1 2
High 455 446 23 1 2
Extra-high 323 824 14 1 2

Applying equation 3, for the low and medium speed phase the number of short trips is higher than 1, while for the
high and extra-high speed phases equation 3 gives a number of short trips smaller than 1 (rounded to 1). This is
due to the average short trip duration (as obtained from the unified database) being longer than the duration of the
high and extra-high speed phase in the WLTC. To determine the duration of the short trips in one phase a
cumulative frequency graph of the short trip duration had to be generated. Figure 4-12 shows the short trip length
cumulative frequency distributions for determining the short trips duration in the low speed phase. The Y axis was
divided into the five equally parts (five short trips calculated in the low speed phase) and by selecting the average
duration in each part, the duration of the short trips (ST1, ST2, ST3, ST4, ST5) was decided. Similar procedure

was applied for determining the idle periods duration.
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Figure 4-12 Cumulative frequency distributions of short trip duration.
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Figure 4-13 Number of ST and Idles and their duration for each phase of the WLTC

19



The short trips for WLTC had to be selected from the unified database. The selection criteria were based on the
concept that the selected short trips must provide similar distributions of speed, acceleration, etc. to those of the
unified database. Given the large number of different/possible short trips combinations, several selection criteria
(average vehicle speed, acceleration duration ratio, deceleration duration ratio) were applied. This selection was
necessary in order to reduce the number of possible combinations and to keep computation time for performing
the chi-squared analysis to a reasonable limit. The combination of the short trips with the smallest chi-squared

value was selected in the WLTC driving cycle.

4.4.6. The characteristics of first ST and Idling of the day

A separate statistical analysis has been performed in order to select the first short trip and the first idling of the
driving cycle. Table 4-7 summarizes the characteristics of this analysis (the average idle duration, average short
trip duration, average speed, maximum speed). Based on these characteristics, from the five short trips part of the
low speed phase, ST5’s characteristics was the best fit with the first initial short trip of the day and therefore is the
first short trip of the test cycle. The first idling of the test cycle with a duration of 28 seconds (from the six idles as

shown in Figure 4-13) was considered to fit the most the characteristics of the first idle of the day.
e  Average Idling duration of first Idling of a day is 28 s. => Select 28 s

e  The final Idling duration would be more than 5 s because of stable sampling. => Select 8 s

e  Average speed of first short trip of a day is approx. 30 km/h. => ST of 245 s

Table 4-7 The characteristics of first ST and Idling of the day

average :
stop . average | maximum
: sample .. | short trip : :
region duration in .~ | speedin | speedin
number duration in
S < km/h km/h
Europe 3271 24.0 208.4 29.3 48.8
USA 1492 32.0 144.7 29.8 55.5
Average - 28.0 176.5 29.6 52.2

4.4.7. The Extra-High Speed Phase

The selection of the Extra-high speed phase from the unified database was more challenging as/because the/its

duration of 323 seconds (as determined by applying the methodology described earlier) was too small compared

to the real world’s extra-high short trips from the unified database. Therefore/for this reason, the extra-high speed

phase was developed with a modified methodology based on a combination of different segments defined as:

take-off, cruise and slow-down, extracted from real short trips from the unified database as shown in Figure
20



4-14Figure 4-14Figure 4-14Figure 4-14. The combination of the segments forming one extra-high short trip which
fitted the most the characteristics (maximum speed, average speed, RPA, average positive acceleration, average
speed x positive acceleration) of a real extra-high short trip and with the smallest chi-squared value was selected
to represent the extra-high speed phase in the WLTC driving cycle.
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Figure 4-14 Image of the extra-high speed phase development methodology.

4.5. The initial world-wide harmonized light duty test cycle (WLTC version 1)

An initial WLTC was introduced by Japan in the 9th DHC meeting. Figure 4-15 shows the speed profile of the
WLTC driving cycle. The first short trip in the driving cycle is the first short trip of the day as determined in Table
4-7 (average speed of first short trip of a day is approx. 30 km/h). The order of the other short trips in the low
speed phase was set randomly. Also, the short trips with lowest speed were connected with the Idles with longest
duration in order to reflect traffic jam. The speed acceleration distributions of WLTC ver. 1 were shown in Figure
4-16. The characteristics of the WLTC driving cycle are shown in Table 4-8.
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Figure 4-15 The speed profile of the WLTC driving cycle version 1.
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Figure 4-16 The speed acceleration distribution of WLTC ver.1




Table 4-8 The characteristics of the World-wide Light duty Test Cycle version 1 (WLTC ver.1)

Cycle Driving Average Max. Max. Max. CIMTE IEEEE)
Parameter et || s speed speed acceleratio |Deceleratio| Acceleratlo Deceleratlo Cru!se Idling ratio
n n n ratio n ratio ratio
S km km/h km/h km/h/s km/h/s % % % %
Low - - 19.8 60 - - 27.5 25.4 22.7 24.5
Middle - - 38.4 80 - - 31.4 27.5 28.8 12.2
world- | o ; - 58 110 ; - 31.3 27.2 355 6.0
wide
Extra-high - - 86.8 194.7 - - 25.7 23.4 48.9 2.0
Unified - - 45.9 194.7 - - 29.1 26.0 32.1 12.8
Low 589 2.98 18.2 50.9 53 -5.3 26.1 27.8 19.7 26.3
Middle 433 5.01 41.6 72.5 5.4 -7.4 37.0 24.2 27.2 11.1
WLT .
1stC High 455 7.01 55.5 97.4 6.5 -7.7 29.0 28.8 35.2 7.0
Extra-high 323 8.06 89.8 125.5 6.4 -4.1 28.5 27.2 42.1 2.2
Total 1800 23.06 46.1 125.5 6.5 -7.7 29.9 27.1 29.6 13.4

The development of a World-wide harmonized Light duty Test Cycle (WLTC) which will represent typical driving
conditions around the world was presented. The driving cycle was obtained from recorded in-use data (“real
world” data) from different regions of the world (EU, India, Japan, Korea, USA) combined with suitable
weighting factors. Over 654,000 km of data was collected covering a wide range of vehicle categories (M1, N1
and M2 vehicles, various engine capacities, power-to-mass ratios, manufacturers etc), over different road types
(urban, rural, motorway) and driving conditions (peak, off-peak, weekend). The WLTC contains four individual
sections (Low, Medium, High and Extra-high speed phase), each one composed by a sequence of idles and short
trips, and has a total duration of 1800 seconds. The length of each speed phase L/M/H/ExH phases is: 589 [s], 433
[s], 455 [s] and 323 [s] respectively. The overall distance of the harmonized light duty test cycle is 23.06 km. The

maximum speed is 125.5 km/h. An idle duration is 13.4% of the cycle time.

4.6. Modifications of the draft test cycle
The first draft needed modifying on the basis of an evaluation concerning drivability. In addition to that, EU
concerned the representative of cycle dynamics. The following modifications were made during the validation

phase.

4.6.1. WLTC version 2
In July 2011, modification of WLTC version1 was discussed over the DHC telephone conference between EU and

Japan.

(2) Idling Duration
The concern which the relatively long initial idle period might impact on the effectiveness of the cycle at
23



encouraging rapid catalyst light off was raised in the 9th DHC meeting. The determination of idling duration was

reviewed and revised. Error! Reference source not found. shows the revised idling duration.

Table 4-9 Revised idling duration

Phase | Cycle version | T, e T Ui Tins T Total
Ver.1 1 3 8 18 28 86 144
Low
Ver.2 2 5 11 22 38 66 144
Ver.1 7 41 - - - - 48
Middle
Ver.2 11 37 - - - - 48
Ver.1l 2 25 - - - - 27
High
Ver.2 4 23 - - - - 27
Ver.1 1 5 - - - - 6
Extra high
Ver.2 1 5 - - - - 6

(2) Initial idling duration
The characteristics of first ST and Idling of the day were analyzed again. The first idling of the test cycle with a

duration of 11 seconds was considered to fit the median value of the first idle of the day.
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The idling duration of the closest to MEDIAN is 11 s.
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Revised 2 5 11 22 38 66 144

Figure 4-17 Re-analysis of Initial idling duration
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(3) Initial Short trip
A separate statistical analysis has been performed in order to select the first short trip and the first idling of the

driving cycle. Table 4-10 summarizes the characteristics of this analysis (the average idle duration, average short

trip duration, average speed, maximum speed, distance, RPA, maximum acceleration, average acceleration,

average velocity*acceleration). Based on these characteristics, from the five short trips part of the low speed phase,

ST4’s characteristic was the best fit with the first initial short trip of the day and therefore is the first short trip of

the test cycle.

Table 4-10 Further Analysis of Initial short trip

Average Maximum Maximum NEEER AEETR
ST duration g Distance . acceleration V*A RPA
ltem speed speed acceleration ) )
s km/h km/h m m/s? m/s? m?/s® m/s?
AVE 216 29.6 49.3 3270 1.42 0.56 3.89 0.207
Europe
S.D. 424 18.3 28.1 9979 0.48 0.19 2.23 0.088
First short trip of a day| AVE 207 30.5 55.6 3437 1.70 0.59 4.77 0.247
USA
S.D. 403 20.4 29.6 11166 0.74 0.20 2.87 0.108
Average AVE 212 30.0 52.4 3353 1.56 0.58 4.33 0.227
ST1 19 4.6 10.8 25 0.81 0.48 0.68 0.189
ST2 35 11.6 24.6 116 1.47 0.57 1.98 0.255
Candidate short
WLTC trip of Low ST3 54 18.0 335 275 1.25 0.65 3.19 0.232
phase
ST4 88 23.6 445 582 1.26 0.57 3.68 0.227
ST5 249 28.5 50.9 1981 0.88 0.37 2.68 0.120

(4) Extra-High phase

Extra High phase was modified according to EU request. High acceleration portion in take off part was applied in

order to represent the “ramp” acceleration. In addition to that, in order to detect OBD error, the three kinds of

cruise portion of 130, 90 and 65 km/h were applied. The WLTC version 2 was agreed to validate on drivability,

traceability under the validation test phase 1.
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Figure 4-18 The speed profile of the WLTC driving cycle version 2

4.6.2. WLTC version 2-rev

The test cycle was modified based on Validation test phase 1 test results at the 10th DHC meeting in October 2011.
The main modifications are as follows;

(1) Acceleration portions

Acceleration portions were reviewed based on comments from the participant laboratories. Then maximum
acceleration parts were set 95 percentiles of cumulative frequency in each speed range. In Extra-High phase high
acceleration part (65 - 130km/h) were replaced by alternative acceleration part from in-use database which
matches the 95 percentiles of cumulative frequency.

(2) Deceleration portions

To avoid tire lock and/or shortage of brake power, maximum deceleration to appropriate value of - 5.31 km/h/s
was set, same as maximum deceleration of UDDS.

(3) Drivability / reproducibility
Because Low speed portion (e.g. creep drive) has an adverse influence on drivability and reproducibility,

minimum speed should be set to 7.5 km/h as an average speed at the idling engine speed on the 1st gear.

The more details were described in WLTP-DHC-10-10%.

10 http://www.unece.org/trans/main/wp29/wp29wgs/wp29grpe/wltp_dhc10.html
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Figure 4-19 The speed profile of the WLTC driving cycle version 2 revised

4.6.3. WLTC version 3

As for the test cycle of low and middle speed phase, the acceleration was enhanced, as EU indicated dynamics
shortage on the world-wide harmonized base.
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Figure 4-20 The speed profile of the WLTC driving cycle version 3

4.6.4. WLTC version 4

In order to adjust the test cycle dynamics to the reference database, both acceleration and deceleration in low and
middle speed phase were increased. In addition to that, the lowest speed during the short trip (except for start and
stop) was increased to 10km/h. As EU reconsidered extra-high speed phase, the test cycle was similar to the
reference database. The 11th DHC meeting agreed to verify WLTC with validation test phase 1b.
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Figure 4-21 The speed profile of the WLTC driving cycle version 4

4.6.5. WLTC version 5
WLTC version5 was adopted for the validation test phase2, according to Japan’ s suggestion. 15 subjects out of 31
had raised from the results of validation test phaselb from each laboratory were reviewed and revised for version5.

The main improvement s are changing the lowest speed to 12km/h and smoothing micro transient.
The more detail was described in WLTP-DHC-12-04".
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Figure 4-22 The speed profile of the WLTC driving cycle version 5

4.6.6. WLTC version 5.1
The validation test results indicate traceability of prescribed cycle and drivability issues on compact cars produced
many in emerging nations. Thus, Japan and India requested a revision to traceability of prescribed cycle in the

middle and high speed phase at the 14th DHC meeting, which was then agreed at the 15th meeting. This cycle was
decided to apply to the vehicles with 120km/h or lower speed as the highest velocity.

11 http://www.unece.org/trans/main/wp29/wp29wgs/wp29grpe/wltp_dhc12.html
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Specific time table of each cycle profile is uploaded as in WLTP-DHC-16-06"

140

A
o A AL b By b AL ],
APV I Tl ey
0 /\ / 10
e |
ARSI A 7L .
[l i

00 400 600 800 1000 1200 1400 1600 1800
Time (s)

10

60

I

Vehicle speed (km/h)

|
<3
=_
[
o
Acceleration (km/h/s)

Figure 4-23 The speed profile of the WLTC driving cycle version 5.1

4.6.7. WLTC version 5.3

Modification of the cycle profile was agreed as Version 5.3 at the 15th DHC meeting, according to India’s
proposal. Specific time table of each cycle profile is uploaded as in WLTP-DHC-16-06".
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Figure 4-24 The speed profile of the WLTC driving cycle version 5.3

4.6.8. Characteristics of WLTC
Figure 4-25 to Figure 4-30 and Table 4-11 shows The change of characteristics of WLTC.

12 https!//www2.unece.org/wiki/download/attachments/5801079/WLTP-DHC-16-06e_rev.xlsx
13 https://www2.unece.org/wiki/download/attachments/5801079/WLTP-DHC-16-06e_rev.xlsx
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