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Abstract

This report summarizes the results of a pilot program dedicated to develop a procedure for the In Service
Monitoring of Non Road All Terrain & Sibdg-Side vehicles based on Portable Emission Measurement System
(PEMS). The tests took place between Septen2idd 7 and September 2018

Thereportedwork addressesthe possibility to mount theportable emission measurement system (PENS)
board of suchmachinery¥ehicle and the accuracy and precision of measurirrggulated exhaust gaseous
pollutant emissions sing PEMStwasfoundthat the overall uncertainty of the measurement wagthin 10%,
as compared to a standard test performed inEeM > %n  ~ c test cell(MELA )i |

On road tests showed that the results were stable and reproducible.
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Executive summary

Regulation (EU) 2016/1628, which repeals Directive 97/68/EC, lays down gaseous and particulate emission
limits and type approval requirements for internal combustion engines installed inRoad Mobile Machinery.

This secalled Stage V emission ahdard includes a wider range of engine types and sizes and it covers
previously unregulated engines, including snowmobiles, All Terrain Vehicles (ATV) and engines below 19 kW or
over 560 kW. Furthermore the Stage V regulation prescribes for the first tiheemonitoring of actual iruse
emissions of inservice engines installed in nemad mobile machinery and operated over their normal

jk > miodib _pot ~t~g ' n) Do \gnj “hkjr mn oc> >jhhdnndj
appropriatetest procedures for those engines categories and stdiegories in respect of which such test
kmj~" _pm-n \m ijo di kg\" »

This report presents the outcome of the pilot programme designed to explore the suitability of the already
existing procedure to mator the gaseous pollutant emissions from variable speed engines in the 56 kW to
560 kW power range (engines of categories NRE and NRE/-6) for its application to test inservice (ISM)
internal combustion engines installed in NRMM category ATS (iendBies exclusively for use in Akrrain

and Sideby-Side vehicles). The report confirms that for ISM tests, the use of Portable Emission Measurement
Systems (PEMS) is suitable as it can be reliably mounted on the tested machine and the data can also be
processed in a similar fashion as in the case for NRMM engines of categorywhNRahd NRE/-6.

Because of the characteristics of ATS NRMM (i.e. this category of engines tend to be singdeylinders) the
measurement of the exhaust mass flow usinipw meters (EFM) has turned to be more complicated than
expected due to the exhaust flow pulsation typical of this kind of engines. Technical solutions have been found
to measure the exhaust flow with an acceptable uncertainty.

During the performance ofhte pilot programme solutions weralso found for the definition of the reference
quantities; i.e. work and G@r the case that the type approval test is the NRSC (steady state test cycle) rather
than the NRTC (transient test cycle). It has also been @sed a methodology to calculate an equivalent power
from the measured C&low in order to make possible the definition of working and rarerking event for the
case of mechanically controlled engines (no ECU). The validation of this approach suggestsetiagiproach

is suitable for the purpose to define valid/invalid events.

Finally, some recommendations are made in term of test duration (i.e. 3 to 5 times the reference quantity rather
than 5 to 7 times) and the use of combined data sampling to satisfietcharacteristic of this category of
engines in view to amend the present ISM regulation. This is needed to extend the ISM procedures to all the
NRMM engine categories as required by the STAGE V legislation
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Introduction

The European Commission ismamitted to improve theEU air quality by, among other instrumentsthe
implementation of emission regulationsthe Commission also works on the improvement of testing procedures
for pollutant emissions and fuel consumption. This helps to assess the perdoce of vehites under reallife
conditions.

The European Union legislation on NBoead Mobile Machinery (NR®)Mas been for some time under revision.
Regulation (EU) 2016/1628), which repeals Directive 97/68/EQays down gaseous and particulagmission
limits and type approval requirements for internal combustion engines installed in such NRM#secalled
Stage V emission standalidcludes a wider range of engine types and sizes and it covers previously unregulated
engines, including snowmades, All Terrain VehiclesATY and engines below 19 kW or over 560 kW.
Furthermore the new Stage V NRMM regulatfmescribesfor the first time the monitoring of actual iruse
emissions of inservice enginesinstalled in norroad mobile machinery and perated over their normal

operatingdutycycles.kgnj ~hkjr mn oc” >jhhdnndji °0j "*ji_p”*ro kd

appropriate test procedures for those engines categories and-sategories in respect of which such test
proceduresaré j o di -%erite’Monitgringpriocedures prescriptions for engines in the categories NRE
v-5 and NRE/-6 (variable speed engines with power in the 56 to 560 kW range) axegiby Regulation (EU)
2017/655° andthey are based on the use of PortabEmissions Measurement Systems (PEMS).

DGGROW has commissioned to the European Commissioroint Research Centre (BEXRC) Irservice
Monitoring (ISMPilot Programmes, in the framework of the Administrative Agreement N&12.784345 -
JRC.35074to develg such ISM test procedures

The study reported here investigates whether ttf&Mprovisions already in place for engines in the categories
NREv-5 and NRE-6 are fit to be used in All Terrain Vehicles (ATVs) and ®igé&ide Vehicles (SxS or SbS)
Based on the outcome of this Pilot Program that JRC has launched in close collaboration with ATVEA, the
Commission will propose a methodology to perform the ISM of NRMNhfsrcategory of vehicles.

The main goalsof this pilot programphaseare:

1. to verify the feasibility in the assembling of sucCREMSquipment on these small veties,

2. to check forthe accuracy of the emission measurements using Portable Emission Measurement
System (PEMS) together with the possibility to evaluate the exhaust massriddevusing an Exhaust
Flow Meter (EFM).

3. to define an appropriatetesting protocolwith the participation othe OEN

The data evaluation principle used is the so called Moving Averaging Windows (Math)dbased oneither
the work performed othe CQ mass emission at type approval.

6

Yal Mij \ _ Hj ] dg> H\ ~cdi ~ mt YWrarspoitableequipmént onyeRicte gvith ortwithbut idywork or wheels, not
intended for the transport of passengers or goods on roads, and includes machinery installed on the chassis of vehictiElifoen

the transport of passengers or goods on roads.

REGULATION (EU) 2016/1628 OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 14 September 2016 on requirements relating
to gaseous and particulate pollutant emission limits and typpproval for internal combustion engines for neoad mobile
machinery, amending Regulations (EU) No 1024/2012 and (EU) No 167/2013, and amending and repealing Directive 97/68/EC. Official
Journal L 252/53. Available at: http://elex.europa.eu

DIRECTIVE 97/68/EC OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL ofL26 Dec¢hebapproximation of the laws

of the Member States relating to measures against the emission of gaseous and particulate pollutants from internal combustion
engines to be installed in neroad mobile machinery, Official Journal L 59. Available atpieurlex.europa.eu

Yami> mgd”™" “ibdi % h \in \ -road mofilemachinerycoVveoits dormaljoperatng patterns, cbnditiong and
payloads, and is used to perform the emission monitoring tests.

COMMISSION DELEGATED RE@MNABU) 2017/655 of 19 December 2016 supplementing Regulation (EU) 2016/1628 of the
European Parliament and of the Council with regard to monitoring of gaseous pollutant emissions freemvite internal combustion
engines installed in nomoad mobile mabinery. Available at: http://edex.europa.eu

Directorate General Internal Market, Industry, Entrepreneurship and SMEs.

http://ec.europa.eu/growth/index_en



2 NRMM PEMS Pilot Program for ATVs

2.1 Objectives

The NRMM PEMS Pilot Program and the relative test campaign were launched to facilitate the understanding of
the PEMS application as a tool for ISM

The objectives of the pgramwere defined as follows:

1 Toprovidea sort of guideline forthe installation of PEMS in All Terrain Vehicle and SigeSide (
includingmechanical fittings)

1 To validate the use ofgaseous PEMS for liecking the ISM ofngines mounted in ATVs and SxS
NRMMvehicles (NRMMengine category AT$H

1 To develop aest protocolfor the above mentioned vehicles

T O _“aqg gjk Vi_ nc\m %] ounREMS apprdachdniNRMM I8N testingm all p n°
relevant stakeholders

2.2 Scope

ThisPilot Programmes dedtcatedto develop a ISM procedure f6dRMM All Terrain and Swehicles variable
speedsparkignition enginesin orderto ensure that the designed procedu(®eg. (EU) 2017/655which is
based on a reduced set of data, is appropriate to limit teghaust pllutant emissions of engines installed in
this category ofNRMM over their normal operation.

2.3 Technical Elements

The envisaged technical elements were formulatealyingparticular attention to:

1. The application of the test protocol, e.g. to judge whether the mandatory data and its quality were
appropriate for the final evaluation;

2. Oc™ h ocj_ pn° _ oj \Vilgtn® oc” “hdnndjin _\o\
data has been colleetd correctly, what is the most appropriate method to the test data measured
rdoc K@HN oj ep_b° rc oc " m oc™ “ibdi~ dn di 7"j
%W\ 0> bj mt <ON%S5ND “ibdi > n “s”~gpndqg’ gt a thamSpenginescre incu@eqQim thé categoril] N6 i

NRE.

d

b

j



3 Tests description

3.1 Test machines/vehicles

The definition of a strategy for the selectipof vehicles was part of the pilot programThe selection process
involved vehicles manufacturers and tineéndustrialassociation (ATVEA).

ATVEA is th@ll Terrain Vehicle IndustryEuropeanAssociation. ATVEA is a nqmofit industry association
foundedin 2003, at a moment when the ATV (All Terrain Vehicle) marketabep experience strong growth.
Since 2010, ATVEA is also working on the correct asgonsible use of Sidby-Side \ehicles, which represent
an increasingly important market in Europe.

The participating manufacturers tested between 1 and 2 vehicles during the test campagme variations
might be observed from one vehiclte another.

ATVEA has summarised into two main categorfese Bbles 1 and 2), the engine families intended for the
purpose of ISM In particular, threway catalytic converter will become the mainstream emission control
technology once NRMM Stage V becomes applicable. However until then, current engines may not be equipped
with any emission control system as they weretnet falling into the new NRMMregulationscope.

The vehicleduty cycles had to be representative of the machine type, i.e. the nfacturers had to screen
machinesyehicles to ensure testingis conducted within the normal rangeof applications for that
engine/machingype.Particular attention was paid to the PEMS installation constraints.

All the vehicls wereused in 4x4 or 6X6 configuration.

Table 1. EUPEMS ATVS & SxS Pilot program families

Engine Family 1 Engine Family 2
Engine type 4 strokes 4 strokes
Fuel Type Petrol Petrol
Fuel system Electronic Riel Injection (EFI) Hectronic kel Injection (EFI)
Cooling system Watercooled Watercooled
Emission control system None / Threavay catalytic converter Threeway catalytic converter
Engine displacement range 400-1000cc 700-1000cc
Number of cylinder lor2 lor2
Valve type SOHC SOHC

Source OEM, 2017



Table 2. EUPEMS AVS & SxS Pilot program families (further details)

VEHICLEAMILY CODE MACHINE TYPE | QTY OF CYLINDE AFTERTREATMENT
1 A Quad 1 NONE
1 B Quad 1 NONE
2 C SXS 1 TWC
1 D Quad 1 NONE
2 E SXS 2 TWC
1 F Quad (6x6) 2 TWC

3.2 Vehicles details (fleet)

Thedetails of the different vehites/machines are summarised iralble 3




Table 3. EUPEMS AVS & SxS Pilot program (detail of vehicles)

No. of

Displacement

Rated Power

Emission Limits
[9/kWh]

Vehicle OEM Type Cylinder [cc] Stroke Fuel (M[Ok\[/)v?_l) Aftertreatment CAN Logger
NOX+THC  CO

A 1 ATV 1 420 4 Gasoline 18.30 None 8 400 OEM

B > ATV 1 567 4  Gasolne 1821 None 8 app  Aftermarket
(Kvaser)

C 1 SbS 2 675 4 Gasoline 19,28 TWC 8 400 OEM

D 3 ATV 1 475 4  Gasoline 1823 None 8 app  Aftermarket
(Kvaser)

E 3 sbs 1 999 4 Gasoline  50.88 TWC 8 app ~ Aftermarket
(Kvaser)

F 4 ATV 2 976 4  Gasoline  39.6 TWC 8 app  Aftermarket
(Kvaser)

Source OEM, 2017

‘See Annex 1 for an overview of the Stage V emission limits by engine category



3.3 Test circuit
Amoto-cross field wasavailable to the JRC and therefoeelectedto perform the ISM testsThis proving ground
was found suitable for the type of testingo be performedFigures 1 to4 provide a general overview of the test

field together with its altimetry.
The characteristic of theurfacewas sandygenerallysoft with grass and sometime®n certain tess, it became

mud-covereddue to adverse weather conditions.

Figure 1. Cross field test track and relative altimetry (1 Iap

Altitude [m]

212 : : : : ; : :
100 120 140 160 180
Time [s]



Figure 2. Cross test field overview (1)

Figure 3. Cross test field overview (2)
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Figure 4. Cross test field overview (3)

3.4 Test Execution

3.4.1 Test equipment
The PEMS systems used to test the vehicles had to comply th@Hollowinggeneral requirements:
1. To be small, lightweight and easy to install;

2. To work with a lowpower consumption so that testsf at least 1 hour can be run witla singleset of
batteries;

To measure and record ¢éhconcentrations of NOx, CO, £LDHC gases in the vehicle exhaust;

To record the relevant parameters (engine data from the EGQflavailable,, vehicle position from the
GPS, weather data, etc.) on an included data logger.

The EFM systems used to test the vehicles had to comply thighfollowing general requirements:
1. To be small, lightweight and easy to install;

2. The pipe size ah diameter should be choose according to the vehicle exhaust flow values (see EFM
manufacturer recommendation)

3. To measure and record the Exhaust Mass Emission in kg/h

3.4.2 Test protocol and test condition

The testswere conducted in agreement with the OEMs and following their recommendatiemsloped in the
preliminary phases.

The test machines had to run over normal duty cycles, conditions and payloads, defined by the vehicle
manufacturers, in consultation with #ir type approval authorities. According to the draft test protSethe test
duration had to be selected to have a cumulative vehicle work produced during thd&tateen5 to 7 timesthe
workor the CQ producedm the certificationtest cycle (NRSC G2 Mode)

3.4.3 Testtrips and cycles
Each machine was tested according to a duty cycle representative of the category.

For each machinghe following test protocohas been usedsee HRble 4}

8 The bases for the test were those defined in Reg. (EU) 2017/655; i.e. ISM procedure for engiresSMRE NRE/-6

11



Table 4. ATV and SBS ISM test cycle

CYCLE TEST STEP SEQUEN(

Day 1

Morning Step Test Cycle 1 1-2-3
Morning Step Test Cycle 2 1-2-3
Afternoon Step Test Cycle 3 1-2-3
Day 2

Morning Random Cycle test 4
Afternoon Step Test Inverse Cycle 2-1-3
Afternoon Step Test Inverse Cycle 3-2-1
Day 3

Morning Draw weight test 5

SourceJRC.Vela, 2017

Test cycles have been selected according to the indication provided by ATVEA, and adapted to the test track
available.

The characteristics of the tests conditions sugted by ATVEA are describedTable 5 while an extra test cycle
named random was added by the JRC to obtain an indication of the machine operation withoutchdnae
defined engine condition#\ further drag test of a real weigh was also added.

Table 5. ATVand SBS ISM test cycle (overview)

Sep Speed (Km/h) Time (min.) Traction Description and notes
1 0-20 15 Low torque Flat te_rraln constant speed
with acceleration
Idle 5 -
2 20-40 20 High torque Hills, acceleration
Idle 5 -
3 40-60 15 Mediumtorque Flat terrain constant speed
with acceleration
total 60

SourceJRC.Vela, 2017

12



Step Test Cycle
It was selected a test cycle to cover all possible operating conditions of the machines under testing.

Steplis nearlya constant speed run at 2&m/h with acceleration, performed on a flat area with a low engine
torque. Panel 1 of kgure5 depictsthe speed vs time operation of this step.

Step2is a high demanding tayue run on a hill terrainPanel 2 of kgure 5depicts the speed vs time operatiaf
this step.

Step 3is almost a constant speed run at 460- km/h with acceleration, performed on a flat area with medium
engine torquePanel 3 of kgure 5 depicts the speed vs time operation of this step.

Tesk were repeated using different sequencde.g.:1-2-3, 2-1-3, 3-2-1) to verify the effect on exhaust
emissions of each step in the sequence.

After each running step, 5 minutes of idle speed was introduced to measure exhaust emission also at idle speed
but also to make general inspection of thekicle, like status of instrumentation due to high vibrations, fuel level
control and bdtery replacement if necessary.

The complete test had total duration of 1 hour All the exhaust emission and additional vehicle parameters
were recorded for later posprocessing

Random Cycle tesStep 4)

A random cycleest lasting 1-hour was performed on the same test track by running the test machines without
carryingthe test cycle inany specific stepsPanel 4 of kgure 5 depictsthe speed vs time operation of this step.

Draw weight test(Step 5)

Themachine was onnected toa 200kg concrée weight which was drawn for 8ninutes,and then an additional
8 minutes were run by puhg with a double concrete weight (400 kdanel 5 of kgure 5 depicts the speed vs
time operation of this step.

Emissionsand vehicle parameters were always measured and recorded along the entire test performed.

Figure 5. Speed profiles of the differentests performed in the field

STEP 1 Low Speed (20 km/h)
70
60
50
40

30

Speed [km/h]

20

10

0 2000 4000 6000 8000 10000 12000 14000 16000
Time [0,1 s]

SourceJRC.Vela, 2017

13



STEP 2

Speed [km/h]
] w I u =) ~
= = = = = =

=
=

o

General

4000 6000 8000 10000 12000 14000

Time [0,1 s]

16000

STEP 3
70

60

Speed [km/h]
= ] L = u
=] = = = =

o

High Speed (60 km/h)

-
o

4000 6000 8000

Time [0,1 5]

10000 12000

14000

STEP 4
70

60

%]
o

B
=

Speed [km/h]
I w
= =

=
=

o

Cross (random)

500

1000 1500 2000 2500

Time [s]

3000 3500 4000

4500

14




STEP 5 5 - Load
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Because of the similarities of step 4 (random test) with step 2 and the similarities of

behaviour with other steps of that of step 5 (load), steps 4 and 5 have not been used to

construct test cycles for further data processing. In what follows all the calculations and
analysis have been done using an artificial test cycle constructed by combining (stitching)

the data from steps 1, 2 and 3 in different sequences.

3.5 Data handling procedures and tools

3.5.1 Testdata
The parameters that had to beecorded are listed in Table 6. The unit mentioned is the reference unit whereas
the source column shows thmeasuringmethods that were used.
3.5.2 Time alignment
The st parameters listed in Table &re split in 3 different catgories:
a. Category 1: Gaanalyser(THCCO, CO2, NOx concentrations);
b. Category 2: Exhaust flow meter (Exhaust mdksv and exhaust temperature);
c. Category 3: Engine (Torque, speed, temperatures, fuel rate, vehicle speed from ECU).

According to the procedardeveloped for heawduty enginesand in Reg. (EU) 2017/65%he time alignment of
each category with the other categories has to be verified by finding the highest correlation coefficient between
two series. All the parameters in a category are shiftedrhaximize the correlation factor.

The following parameters may be used to calculate the correlation coeffisi¢n time-align:

1. Categories 1 and 2 (@alyser and EFM data) with categpi3 (Engine data): the (vehiglspeedfrom the
GPS and from the ECU.

2. Category 1 with category 2: the CO2 concetitva and the exhaust mass flow;
3. Category 2 with category 3: the CO2 concentration and the engine fuel flow.

The method wadound suitable for NRMM engines.
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Table 6. List of test parameters

Parameter Unit Source

HC concentratiof? ppm Analyer

CO concentratiof? ppm Analysr
NOXx concentratiof? ppm Analysr

CQ concentrationV ppm Analyer
Exhaust gas flow ka/h Exhaust Flow Meter (hereinafter EFM)
Exhaust temperature °K EFM
Ambient temperature® °K ECU or Sensor
Ambient pressure kPa Sensor
Engine torqué® Nm ECU or Sensor
Engine Speed rpm ECU or Sensor
Engine fuel flow als ECU or Sensor
Engine coolant temperature °K ECU or Sensor
Engine intake air temperatur@ °K ECU or Sensor
Vehicle longitude degree GPS
Vehicle latitude degree GPS
Vehicle Speed km/h GPS
Notes

@ Measured or corrected to a wet basis
@ Use the ambient temperature sensor or an intake air temperature sensor
® The recorded value shall be either (a) the net torque or (b) the net torque calculatedtfieractual

percent torque and the reference torque, according to the SAE JiPl Standard [R7] The engine
torque is not available on all vehicles.

SourceJRC.Vela, 2017
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3.5.3 EMROADO®

Reporting templates and an automatethta analysiSEMROAD 6.Qere usedo ensure that all the calculations
(of mass, distance specific and brake specific emissions) and verifications were done consistently throughout the
pilot program See Figure 6 as example 8MROARB setting interface forms

The standardized reporting teplates included, for every test:

1.
2.
3.

Second by second test data for alhe mandatory test parameters;
Second by second calculated data (mass emissionsadist, fuel and brake specific);

Improved time alignment procedures between the different familiesm&asured sigals @nalysers,
EFM, engine);

Data verification routines, using the duplication of measurement principle, to check for instance the
directly measured exhaustdw against the calculated one;

Averages and integrated values (mass emissions, distance, fuel and brake specific).

Figure 6. EMROAD setting interface forms

SourceJRC.Vela, 2019

The calculatins and the data screening wewrried out using EMROAD®.
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4 PEMSequipment

The lessons learned from the European PEMS pilot program for NonRoad Mobile Machinery engines can be
summarised as follows.

4.1 Installation of PEMS equipment

Unlike in the case of HDV the installation and operation of the PEMS equipment as well as the definition of a test

°omdk jm ~t~rg > » c\n ] i hjm  ~jhkgd”?\o” _ oc\i Tsk¢
the vehicles being testeth the ATVSNRMM PEMS Pilot Program.

The following is a norexhaustive list of suggestionsgcommendations extracted from the experience obtained
in the field during the test program.

1. Installation d instruments should be made on a stable plate. The gasalyzer should be munted
using suitable damper toeduce the vibrations and shockseeFgure 7).

2. Some degrees of freedom needs to be allowfst the EFM connection to the tail pipee. allow the
instrument to move slightly without risking to damageltes, cables (slack) and connections (military
type), to compensate for vibrations and high accelerations

3. EFM: possibility to use a flexible tube needs to be considered, maybe fixing the EFM onto the mounting
frames (see FigureB).

Figure 7. Mechanical works necessary to safely inkthe gas analyzer and the EEM
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Figure 8. Mechanical works necessary to assembly the EFM. Detail of flexible pipe to connect the tail pipe
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4. To protect the equipment from dust, ater, shocks, etc. (see Figu8) it is necessary to use a suitable
coverage (e.g. wrapped plastic or undeformable plastic sheet.

5. Instruments can be installed in the rack situated in the rear of the vehitlerefore, a mounting platform is
needed and modifications to the machine structure and exhaust tailpipediffecult to avoid (see Figur&
and Figure8); the battery pack can be installed indifferently on the front rack (e.g. ATVs) or in the rear rack
(e.g.Sxg accordingto the space at disposal. In case the vehicle is not sigiblwith a front rack, it is
recommandable to create one to allocate the battery pack. (see Figire

Figure 9. Coverage to protect the equipment frodust, water and shocks
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6. For safety reasons, the mounting platform in which is installed the equipment need to be secured to the
vehicle: straps are considerated a good solution (see Fide

Figure 10. How to safely install the gas analyzer and the EFM: use of straps is recommended

7. Due to the outline and the reduced dimension of the rear rang&talling the equbment onto the platform of
the vehicle (in particular on Sx$an prevent access tthe gas analyzer componenté.g FID fuel bottle,
filter).

8. Permanent machine modifications must be avoided as those will not be acceptable teeghieleowner.

Access to the test equipment is necessargither for the installation or for checks betwedssts , . Sdety
aspect needs to beonsidered.

10. Minimum power requiredhe use ofbatteriesis recommended. Becauskatteries have a limited autonomy
they need to be replaced or recharggdel battery~30 kg).

11. FID fuel bottle: 0,5 liter bottle has an autmomy of about 6 hours (which must include warap and
calibration), Larger bottles could be use(L liter) in case of enough space availablRecommendation:
carefully protect the cylinder valve and adjustment pressure gauge.

12. Field testing: span gadottles must be taken to the field to zergpan the gas analyzers, unless the
measurements start from and finish in a workshop.

13. Avoid contamination of the air used to zero the gas analyzers (by the engine itself, the power generator or
any other source)

14. Reconmendation: Remote monitoring of the instruments using Wéfrecanmended

15. Recommendation for the laptops: they need to be ruggedized, for high autonomy, dust and water proof,
lighting of the manitor, etc

4.2 Validation of PEMS with dynamometer test ce |l

The validation of PEMS instrients was carried out at the Vehicles Emissions laboratory (VELA) of the
Suistainable Transport Unisee kgures 11 and 12 Directorate forEnergy, Transport and Climate, European
Commission Joint Research Centre, locatadlspra, Italy.

The chosen reference test bench was the VELA 1. The test cell equipped with a roller test bench, is capable to
perform raw and diluited exhaust emission test and it suitable for light duty and motorcycles.

The climatized test cell is eqoped with the following instruments and equipmefgee Bble 7):
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Figure 11. View of VELA 1 from the control roam

Figure 12. ATV set for a test in VELA 1 with PEMS also installed
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Table 7. Technical specification of the VELA_1 test cell.

EQUIPMENT MANUFACTURER PARAMETER
Diameter: 48"
Chassis dynamometers Zoellner GmbH Inertia: 150- 3500 kg

Max speed: 200 km/h

Flow range: 1.8n%/min to 11.25 n¥/min
CVS (Constant Volume Sampling) CGM Separated tunnel for gasoline measurement (No PM)
Bags, PTS, Blower

Exhaust Emission Analizer Bench 1

PreCat AVL AMA i60 R1(D1)
Exhaust Emission Analizer Bench 2 Hartmann & Braun CEBII (Euro2/3)
PostCat/Bag
Software host computer AVL/CGM
Fuel Consumption AVL KMA Mobile KMA N2
Environment Stations - Air conditioning equipment Test Cell
BExhaust Emission Analizer BenchCBl AVL AMAi60 SlI

SourceJRC.Vela, 2017
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4.2.1 Validation of pollutant concentration:
Example 1

VELA 1 (reference test bench) vs PEMS02 -

This test was performed to demonstrate the reliability in measuring the concentration of the pollutant in exhaust
gas using PEMS instruments instead of a traditional CVS roller test benche¥tedtthe two SxfSbSvehicles
(vehicle C and Vehicle Bjhe test performed is a WMTC cycle starting at cold conditiéigure 13 shows the
very goodcorrelationbetween the laboratorbaseanalytical instrumentsand PEMS measurements

Figure 13. Correlation of the concentration values obtained by PEMS and the CVS of VELA_1 for vehicle C
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4.2.2 Validation of pollutant concentration : VELA 1 (reference test bench) vs PEMS02 -
Example 2
The following table and graph refers to a simulation on roller test bench dfedd test, indicating that evenin
more dynamic condition the correlation is vey go@eigure 14) Also in this example the comparison risade
between the reference test bench (VELA_1) and the PEMS equipPEM$02).
Figure 14. Correlation of the concentratiomalues obtained by PEMS atite CVS of VELA_1 for vehicle E
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4.2.3 Correlation of PEMS (pollutant concentration) : PEMS02 vs PEMS 03

In the following table and graphs, the comparison is done between two differtent PEMS instruments, both used
for the ATVs and SxS testing campaiffigure 15) The correlation is similar to the one betweére PEMS and
the reference test bench (VELA_1). The test is stflefd test simulation.

Figure 15. Correlation between two PEMS instruments used during the tesisg vehicle E

[ mestiem | = pEMsozwPEMsss |

Vehicle SxS

Model Vehicle E
Test Date 20171204
Test detail Field Bst
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4.2.4 Validation of exhaust flow rate

Because of the mass emission is governed by the exhaust flow mass rate. The EFM used wiBEMS
instruments has been correlated with the flow measured using a chassis dyno (CVS syste].V was installed
onthe rollers to undergo a WMTC test and the exhaust flow was measured by both systems, i.e. the EFM of the
PEMS system and the CVS.

Figure 16, shows a good correlation of both systems, indicating an average difference of about 13%. This
uncertainty will be the one governing the PEMS measurement uncertainty when an ISM test is performed.

Single cyihder engines operates with mdtions whichare responsible for the uncertainty showed in this
measurement. Therefore, the use of EFM having higher data acquiséateris reconmended in order to minimised
this effect.

Figure 16. Exhaust mass flow correlation between tiRREMS EFM and those measured by the CVS
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5 Reference magnitudes (i.e. work and CO»)

Reference CO2

Reference work and G@re obtained at the applicable test cycles:
a) The hotstart NRTC for engine categories NRB, NREv-4, NREV-5, NREV-6;
b) The LSINRTC for engine categories NR2b, NRS/-3;

¢) The discretemode or RMC NRSC for the corresponding engine category [not a) nor b)]

) 0 0

Mcoz,ref = Mcoz2/ 1000

=i = instantaneous engine power [KW]
Iy = instantaneous engine speed [rpm]
Ti = instantaneous engine torque [Nm]
Wrer = the reference work [kWh]

f = data sampling rate [Hz]

N = number of measurements|

Mco. = mass of CQfor the test cycle

Mcoaz o= reference mass of CO

RMC = ramped modal cycle

Wrer and mcoz reddetermined from discretanode NRSC

- 0
w 0 a0 O——
CQTT

M ﬁ:lbﬂo’_\(‘)
PTITITT OCQTT

Reference time is the total duration of the equivalent RMC
They are either 1800 s (cycles C1,C2, G1 and G2) or 1200 s (cycles D2, E2, E3, F and H)

Wrer = the reference work [kWh]

P = engine power for mode i [kW]
WF = weighting factor for the mode i-]
trer = reference time [s]

gmcozi = massflow of CQ for modei [kg/s]
mecozre~ reference mass of CO

RMC = ramped modal cycle
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The reference work and reference £@ass of an engine type, or for all engine types within the same engine
family, shall be those specified in points 11.3.1 and 11.3.2 of the addendum to the EU type approval certificate

of the engine type or the engine family, as set out in Annex IV to Cdégsion Implemating Regulation (EU)
2017/656°%.e. reference work and reference £0ass of the parent engine

®Commission Implementing Regulation (EU) 2017/656
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6 Working/non-working event validation

The new STAGH® for NordRoadMobileMachinery(NRMMJegulationprescribeshe InZServiceMonitoring(ISM)
of NRMMBased on theoutcomeof a Pilot Programconductedby the JRGn close collaborationwith EUROMOT,
the Commissionhas proposeda methodologyto perform the ISMof NRMMfor enginesin the 56 to 560 KW
powerrange(NREv-5 andNREv-6). Themethodincludesamongothersthe definitionof workingandnot working
events! baseduponthe instantaneous enginepower beingaboveor below 10% respectivelyof the maximum
net powerof the engineundertest. The proposedmethodalso describeshe procedurefor the determinationof
emissionsusing the WorkbasedAveragingWindow(WAW)or the CQ massbasedAveragingWindow(CO2AW)
methods.Whilein the first case(i.e.WAW)the selectionof workingand not workingeventsis straight forward,
in the secondcase (i.e.CO2AWj)s not so and indeedthe proposedmethod doesnot addressthis point, making
the methodby the facto not applicable.

Valid events are based on the concept of working and 4veerking eventsNonworking eventsare categorised
asshortnoar f mf di b~ q i on -Wwarking evénts (>iD2) (sgejthie HatBear the value of D2).

The following marking steps are conducted:

A Nonworking events shorter than DO shall be considered as working events and merged héth t
surrounding working events (see the Tal@léor the values of DO).

A The takeoff phase following long nosworking events (> D2) shall also be considered as a-wmrking
event until the exhaust gas temperature reaches 523 K. If the exhaust gas tempezataes not reach
523 K within D3 minutes, all events after D3 shall be considered as working events (see the §é&nle
the values of D3).

A For all nonworking events, the first D1 minutes of the event shall be considered as working event (see
the Table8 for the values of D1).

Table 8. Values for the parameters used to mark working and meporking events

Parameter Value [min]
DO 2
D1 2
D2 10
D3 4

SourceJRC.Vela, 2018

Appendix 4 to the Annex of Reg. (EU) 2017/655 incluttess marking algorithm used for the definition of the
working/noAworking events

6.1 Calculation of engine instant equivalent power from the instantaneous CO -
mass flow

Thissectionpropo®s a methodologyto calculatethe instantequivalentpowerof the engineunderlSMtest from
the instantaneousmeasuredCQ massflow, hence allowing the determinatiocof workingandnot workingevents

1 Reg. (EU) 2016/1628
11y,° g iansYhe tHata measured in an iBervice monitoring test fothe gaseous pollutant emissionsalculations obtained in a time
di“m h io ©wo “Ip\g oj oc”™ _\Vo\ n\hkgdib k> mdj_
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6.1.1 Equivalent p ower determination from CO , mass flow
°Q gdi ~» Vkkmj\V~rc ajm G?Q5

The Veline equation defines the €@ass flow as function of the wheel power

60 Q

C

Y (Ea.1)

Where:
A 60 = the instantaneous emittedCQ in [g/h]
A kwirc= slope of the Veline from WLTC, [g/kWh]
A 0y = instant power at the wheel
A Dwure=intercept of the Veline from WLTC, [g/h].

°?2» di oc’ | péamessionsatzbrdmpwenoutput or in othler words it represents the €@ission
value for idling at increased rpm (parasitic losses at engine speed that would result from a reigresine with
engine speed instead of GD

°Q gdi ~» \Vkkmj\~rc ajm | MHH

< ndhkgdad™ _ Vkkmj\~c dn kmjkjn  _) Di ocdn ~\n°

parasitic losses between the engine and the power to the wheel (i.e. the parameter D intezgal)se the interest
hereis the power deliveredpthe engine rather that the power to the wheel.

60 Q 0 (Eq.2

where0 = instantaneous engine power

If we integrate for the whole duration of the test, then
00 Yo Q 0 Yo

(Eq. 3)
We can consider thak; is the same constant for each point and equal Kpthen the eq3 becomes:

B 60 Yo 0 B 0 Yo (Eq.4)

Where:
of; 8 talff
f is the data sampling rate [Hz]

B 60 Yo isthetotal CQemitted in the trip (cycle)an® 0 Y0 is the total work performed in the trip
(cycle).
Eqg4 becomes:

86 0 o (Eq5)
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As eq5 should be true for any cycle, then is should also hold true for the regulatory cycle and hence we can find
the value of K from the valuesbtained at Type Approval.
60 .

0 . %
(&) o

Where

6 0 s the total CQ emitted by the engine in the regulatory cycle [g]

@ is the total work performed in the regulatory cycle [kWh]

AndKvredn oc”™ ©°qg gdi ~» “jinolio di Vb*fRcX

The actual engine power shall be calculated from the measured @@xss flow (F. 2) according to:

~

0 —— (Eq7)

Equivalent power:

Theequivalentvalues of instantaneous power can then be calculatedn the emitted CO2 flow usingde and
therefore the selection of working and not working event can be made on the basis ot#i@latedequivalent
power.

6.2 Validation for the propose d method

In what follow the validity of the approach proposed alwoig tested inan ATV for which the power was available
( power broadcasted by the ECahd the values of the Work and G@t type approval are knowrhe validation
is made on two aproaches: a) comparison of valid events using only the power threshald, b) applying the
working/nonworking event algorithm.

6.2.1 Comparison of events with P> 10% P max

This example refers to a ATV vide with an engine whose maximun power is BkW at Type Approvalhe
NRSC reference work is 9. 2&Wh andthe reference C®is 8139 g.

CQ values presented are obtained from dmard PEMS measurement/hereasthe power is calculatedising
the engine speed at actual torquerovided by the ECU

Figure 17depicts the trace of Power and G@r this machineyehicle.lt seems obvious thathere is a linear
relationship between both values.
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Figure 17. Power (from ECU) and CO2 trace for the tested vehicle
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A better wayof seeing the relationship iBy plotting the instant powewrersus the instant C&flow and check for
linearity. Figurel8 depict such plot and the least squares analysis shows a coefficient of determinatfonf
0,93 which indicates a strong correlation.

Figure 18. Linearcorrelation between ECU Power and CO2
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K can be calculateérom the type approval values for ti$ engine using Eq. 6: K= 8% g/kWh

~

0 —— and considering the GQlow is measured in g/s, then:

60

g xaoe

I o MR

Ca
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Figures 19 and 20show the comparison between the power obtained directly fronzamard measurements and
the calculated values fdbwing the proposed methodology (equivalent power)
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The main purpose of thimethodologyis the selection of working and not working events for the case wheee th
CO2BWnethod(see section 7js used as emission determination procedure. Therefore, it is important to compare
the number of events below 10% of the maximuret power of this engine for the case of power being measured
(torque x rpm obtained from ECU) and forathof the calculated equivalent power using the proposed
methodology.

It is also important to find out wether the calculateglquivalentpower from the C@will providethe same data

distribution as in the case of the measured wer once the procedre to determineworkinghon-working events

dn \Vkkgd™ ) #d) ) oc  \kkgd”\ odj iUDelagateddegislatidnYegacdhg =~ r j m
monitoring of gaseus pollutant emission from-igervice internal combustion engines installechion-road mobile
machinery/vehicle)See Figures 21 and 22 for reference.
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Figure 21. Baseline calculation setting (ECU power measured)
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Figure 22. Baseline calculation setting ¢Hivalent engine power calculated)
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Table9 shows the number of events below 10% of the maximum power in terms of both absolute and percentage

of total number of events for both cases.

Table9. ?daa’

m oA

] or "

approach (Baseline data P<10%Pmax excluded)

oc’

k j r eqoivalentk’j \rn prm "~ \ »g *]ptg \ @oc "_

BASI;LSII\CI:IE_L(JSIIC())OZ:P,WQ ECU MEASURED CALCULATED
Total Number of events 3257 3257
Number of events with P<10% Pmax 995 756
% of non-working events 30.55% 23.21%

SourceJRC.Vela, 2018
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6.2.2 Calculation using the working/non -working event algorithm

If we introduce the working/nemworking events as defined above, taking into accotim DO, D1, D2 and D3
parameters, the two power areas defined by the valid/invalid events line, become equivalent. See Rgurd 2

24.
Figure 23. Valid/invalid events using the measured power (ECU)
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Figure 24. Valid/invalidevents usinghe calculated equivalent power
= Engine Power [%] —— VALID-INVALID -
S, 100% Calculated S
o) 10
Z 80% =
o ©
= 60% E
3 -
£ 0% =N=)
S -
(e c
L 200 g
(O] (]
£ =)
S 0% S 0z
L 0 500 1000 1500 2000 2500 3000 3500 ~
Time [s]
Tablel0.?daa m i ~° ] or > i oc’  kjreqovalenkj\rnpm~\x ~ptg\oc _ @>nRli\bi
approach
ESCLUSION:
BASELINE (P<10%) + WORKING/NOT WOR ECU MEASURED CALCULATED
EVENTS (D0/D1/D2/D3)
Total Number of events 3257 3257
Number ofinvalid events 368 356
% of invalid events 11.30% 10.93%
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The difference in percentagbetween the number of invali@ventsafter applying marking algorithm is below
0.5%.

The marking algorithm applied to the test using the power (torque x rpm) broadcast by the ECU asgliivelent
power calculated using the proposed methodology provides the same valid and invalitsewath the same
distribution (See Table 10).

Hence, itan be claimed that the methodology can be used for the case where the instant power of the machine
during andin-servicetest is not known but only the G@mission flow as it is the case for mechanitatontrolled
engines (no ECU).
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7 Emission Evaluation Methods for ISM

7.1 Introduction

In this European NRMM Pilot Program, some principles Weregf k o~ 0 \'nn>nn oc~ Y~V

methods:

The data analysis methoth Reg. (EU) 2017/655 developedfn the ISC of heavy duty engines, the salled
"averaging window methods" was considered as a baseline method which could require modifications or
adaptations for the NRMM case.

7.2 Moving Averaging Window (MAW) method

The averaging window method is a moving avgitag process, based on a reference quantity obtained from the
engine characteristics and its performance on the type approval transient cycle. The reference quantity sets the
characteristics of the averaging process (i.e. the duration of the windows)gUlselMAW method, the emissions

are integratedover windowswhile the power is averaged in the windowghose common characteristic is the
reference engine work or G@hass emissions. The reference quantity is easy to calculate or (better) to measure
at type approval:

A Inthe case of workthe reference work is the one obtained in ticertificationtest cycle.
A Inthe case of the COmass: from the engine G@&missions on its certification cycle.

Using the engine work or G@ass over a fixed cycle as refenee quantity is an essential feature of the method,
leading to the same level of averaging and range of results for various engines. Time based averaging (i.e.
windows of constant duration) could lead to varying levels of averaging for two different ergyine

The first window is obtained between the first data point and the data point for which the reference quantity (1
x CQ or work achieved at theegulatory cyclg is reached. Thealculathg windowis then mowved, with a time
increment equal to the data sapling frequency (at least 1Hz for the gaseous emissions).

The following sections are not considered for the calculation of the reference quantity and the emissions of the
averaging window due to invalidated data originated from:

A The periodic verificatin of the instruments and/or aftethe zero drift verifications;
A The data outside the applicable conditions (e.g. altitude or cold engine).

For the sake of completion, in the following section we recall the details of the calculation methods.

41



7.2.1 Work based method

Figure 25. Work based method
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The duration(tz'i - tl,i) of the i" averaging window is determined by:

W(t,,) - W(t,) 2 W,

ef
Where:

W(tj’i) is the engine work measured between the start and titpelkWH;

W, is the engine work for thdhomologation cyclelkWH.

t,, shall be selected such that:

W(tz,i - Dt) - W(tl,i) <er

ef

¢ W(tz,i) - W(tl,i)
where O iis the data sampling period, equal to 1 second or less

7.2.1.1 Calculations of the brake specific gaseous pollutant emissions

The brake specific gaseous pollutant emissiais; [g/kWH shall be calculated for each averaging window and
each gaseous pollutant in the following way:

m
e =
9 W(tz,i ) - W(tl,i )

Where:

m is the mass emission of thgaseous pollutantmg/averaging window

W(t,;) - W(t,,) is the engine work diing thei" averaging windowfkWH
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7.2.1.2 Selection of valid averaging windows

The valid averaging windows are the averaging windows whose average power exceeds the power threshold of
20 % of the maximumnet engine power. The percentage of valid averagimgdows shall be equal or greater
than 50 %.

The test shall be considered void if the percentage of valid averaging windows is less than 50 %.

7.2.1.3 Calculations of the conformity factors

The conformity factors shall bealculated for each individual valid avegang window and each individual gaseous
pollutant in the following way:

cF=%
L

Where:
e is the brakespecific emission of the gaseous pollutafgy/kWH;

L is the applicable limitg/kWH.

B

7.2.2 CO2 mass based method

Figure 26. CO2 masdased method
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The duration(tz‘i - tLi) of the i" averaging window is determined by:

m:oz(tz,i) - rrEoz(tl,i) 2 rrEoz,ref
Where:
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Meo, (tj'i) is the CQ@ mass measured between the test start and ting [kq];

B

Mcoo e IS the CQ mass determined for thdromologation cyclefkg];
to; shall be selected such as:

rr1:02('[2,i - D[) - m:oz(tl,i) < rn'.‘oz,ref ¢ rrl:oz(tz,i) - m:oz(tl,i)

where Dt is the data sampling period, equal to 1 second or less.

The C@ masses are calculated in the averaging windows by integrating the instantaneous gaseous pollutant
emissions calculated according to the requirements introduced in poiit Appendix 5 to the Annex of Reg. (EU)
2017/655.

7.2.2.1 Selection of valid averaging windo ws

The valid averaging windows shall be those whose duration does not exceed the maximum duration calculated
from:

- W
D, .., =36000——=
020,

Where:

Dmax is the maximum averaging window duratiojs];

Pmax is the maximum engine powejkW].

The percentage of valid averaging windowsfsall be equal or greater than 50 per cent.

7.2.2.2 Calculations of the conformity factors

The conformity factors shall be calculated for each individual averaging window and each individual pollutant in
the following way:

cr=h
Ck,
with
m
“h s Mo, () - Meo, (ty)) (in service ratio) and
i Li
_m
CFe = Meos ref (certification ratio)
Where:

m is the mass emission of thgaseous pollutantmg/averaging window;

. Meo, (t5:) - Meo,(ty;) is the CQ@ mass during thei™ averaging windowjkg];
Moo et IS the engine COmassdetermined for thehomologation cyclglkg];
m

, L is the mass emission ofjlaseous pollutantorresponding to the applicable limit on the
homologation cyclglmg].
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7.3 Calculation steps

To calculate the conformity factors, the following steps have to be followed:

Step 1: (If necessary) Additional andheirical timealignment.

Step 2: Invalid data: Exclusion of data points not meeting the applicable ambient and altitude conditions:
for the pilot program, these conditions (on engine coolant temperature, altitude and ambient
temperature) were defined irhie RegulatiorfR1] Definition of valid and invalid event as explained above.

Step 3: Moving and averaging window calculation, excluding the invalid data. If the reference quantity is
not reached, the averaging process restarts after a section with invadith.

Step 4: Invalid windows: Exclusion of windows whose power is below 20% of maximum engine power.

Step 5:Calculation of the CF for each of the valid windaws

Step 6:Selection of the referenc€Fvalue fromall the valid windowsi.e.90" cumulative percentile.

Steps 2 to6 apply to all regulated gaseous pollutants.
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8 Results

Figure 27 depict the CF for the different ATS machines/vehicles participating in this pilot prograrg&ie/ and
SxS)The CF assigned to the differetgsts isthe 90" phpg\ od g

In order to obtaira suitable amount of data with different test characteristics the tests has been combined using

k™ m~~

i odg’

j a

\

steps 1 to 3 of table 5 in one case and repeating that combination three times in thentThe CF values obtained
for these combinations are those referred as | and Il respectively in Figure 27.

g9

The difference in the lengths of the test defined as the number of accumulated reference parameter (i.e. the total

CQ in the homologation cyclenhtdicates that a reasonable test length will be one with an equivalent duration

between 3 to 5 time the reference value.

It is worthwhile to note that those engines mounting an aftertreatment systéhiwC)yenerally has a lower CF
as compared with those withone. This indicates that many ATS engimeight need to have an aftertreatment

system in order to comply with the Stage V regulation

Figure 27. Conformity Factofor pollutant emission for the different ATS NRMM engines€rolusion has been applied)
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9 EFM measurements and relative corrections

9.1 Original measurements

The original measurement has begmrformed usinga first EFM solutiofEFM JRC_1 from now on

After a deeper inestigation it seemed that the reading capability of thaised instrumentsvas not adapt to the
tested engines andnachinesyehicles.

This is caused by the high amount of exhaust gas pulsation typical of sieglender and 2cylinders engines.

An error inthe measuring of the exhaust flow will obviously generate an error in the final definition of the
Conformity Factor (CF) values.

In the present section, we will try to understamchat the impact on Cks by starting from the original exhaust
mass flow data

In Annex2, the possible issues of using an EFM based on a Pitot tube are addresked it is used to measure
a pulsating flow

The Pitot tube flowmetering technique has been used to measure pulsating flow frarraehine¥ehicleengine
exhaust. Irgeneral, flowmetering techniques that utilize differential pressure measurements based on Bernoulli's
theory are likely to show erroneous readings when measuring an average flowrate of pulsating flow. The primary
reason for this is the notlinear relation&ip between the differential pressure and the flowrate; i.e. the flowrate

is proportional to the square root of the differential pressure. Therefore, an average of the differential pressure
does not give an average gdulsating flow, unlessfast response pessure transducerare usedto measure the
pulsating pressure. Then the pulsating differential pressure is converted to the flowrate while the pulésition
averaged. An average flowrate is then calculated in the flowrate domain in order to maintesaiity before and

after averaging. The results normally show a large amount of back and forth gas movement in the exhaust tube.
This magnitude of pulsation can cause as much as five times higher erroneous results with the pressure domain
averaging when cmpared to a flowrate domain averaging.

Baseon aliterature case (se Annex2), in whicha high speed logging instrumentsas not usedwe can said
that there is the concrete risk to overestimate the flow, as it is an average measure

Movingfrom the aboveconsideration, weorre¢ed the measuringperformedwith a not enoughfast response
pressure transducers, using a comparison method he mass flow measurement given by the CVS in VELA 1
was taken as reference.

As a first step, comparison testbetween the performancesof the EFMused for all the ATS campaign
(EFMJRC_1and the performance o& secondyeneration equipment§FMJRC_2vas made using theeference
chassis dyno(VELA_1)and a machine/vehicle similar to F in table Ttese tests allow understanding the
relationship betweerboth instruments.

The tests were:

a) A equivalent field testin which the measurement of EFM_JRC_1 and EFM_JRC_2 are compared
indirectly tothe reference equipment/ela_1

b) A regulatory transientest cycle WMTCin which the measurement of EFM_JRC_1 and EFM_JRC_2 are
compared together with the reference equipmekiela_1

As second stepthe possibility of appling a reliable correction to theneasurementsusing theEFMJRC_Iwas
explored In the following sectio, two investigatiors done on a ATV vehicle(Fn table 2 and 3):

9.1.1 Equivalent field test (case a)

In this case, we reproduced in the reference chassis dyno test bench a part of a real test performed in the field
#° | pdqg\ g BeeFigucks28and 29 " no $)
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Figure 28. Exhaust Mass FlowQ "~ g \
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Figure 29. Exhaust Mass FlowLinear correlatiorbetween Velaland EFM_JRG#2 | pdg\ g .i o
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The stabilized delta of the two cumulize data series is around 23%see Figure 30)

Figure 30. Exhaust Mass Flow cumulated\ o \ @AHZEM>Z- gn Q@G<Z, >QN
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9.1.2 Regulatory transie nt test cycle ( WMTQ (case b)

, gqn @AHZEM>Z-. #° |l pdq\lg io ad"

ad™ g_»

#° 1 pdo

In this case, a regulatory transient test cycle (WMTC) is run in thereeice chassis dyno test bench. See Figures

31 and 32.
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Figure 31. Exhaust Mass FlowVela 1 vs EFM_JRC_2 (WMTC test)
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Figure 32. Exhaust Mass FlowLinear correlation between Vela 1 and EFM_JRC_2 (WMTC test)
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Figure 33. Ex Mass Flow cumulated data EFM_JRC_2 vs VELA_1 CVS (WMTC Test)
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The stabilizedlelta of the two cumuldive data series is around 16.5%see Figure 33)

9.1.3 Indirect comparison of both exhaust flow meters (EFM_JRC_1 and EFM_JRC_2)

We have analysathe variationof the exhaust mass flow witlthe engine speedor both instruments.
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Theexhaust flow readingbtained using EFMIRC_2 arén good agreementvith the valuemeasuredby the
CVSn both tests; i.e. WMTC and equivalent field test (see Figure 34 andT8&refore the EFM JRC_2Zan be
considered as reliable instrumenfor exhaust flowmeasurements.

The comparison between EFM_JRC 1 and EFM_JRC_2 (see Figure 36 and 37) indicates that an offset factor
taking into account the measurg difference could be applied.

Figure 34. Engine speed vs Exhaust MasSkw, Comparison between CVS VELA_1 and EFM_JRC_2 (WMTC Test)
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Figure 35. Engine speed vs Exhaust Mass Flow j hk\ mdnj i ] “or > " i >QN Q@G<z, \i _ @AF
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Figure 36. Engine speed vs Exhaust Mass Flo@omparison between EFM_JRC_1 and EFM_JRC_2 (WMTC Test)
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Engine Speed vs Exhaust Flow
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Figure 37. Engine speed vs Ex Mass Flpw@Comparisonbe r ~ i @AHZEM>Z, \i _ @AHZEM>Z- #°¢
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9.1.4 Correction to the exhaust mass flow

Since we can consider the exhausassflow directly proportional to the engine spegdsingthe above graph,
we can calculate the expected exhaust flow values in function of the engine speed. If weth@otalues
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corresponding to the two mass flowis a common graphwe can gther the equation of the trendihe and in
particular the slope of the besfit line for each EFMi.e. EFM_JRC_1 and EFM_JRGe2 Figure 38)

Figure 38. Exhaust Mass Flow reading difference
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Nowwe can calculatehe difference between theeadingcapabilitiesof the two flowmeters usedas it follows:
{1-[(0.018657-0.011168)/0.011168}100= 32,9%

which will be assumed as a constant in all the engine speed range.

Sqg where we have used the EFM_JRGvé canapply a correction of a32,9% in all the engine speed range, to
have values idine with the reading capability of EFM_JRC_2

Recalculating the GFusing the corrected flow, we detected a diffence in CF final value thain the worst case
is limitedto 10% of error.The investigation has beemade using the CO2 WORK BASKing Aerage Windows
(COMAW) approacksee Rble 11)

Table 11. Difference evaluation in CFs (NOX+THC and CO) using the proposed correction

CF NOx+THC (DELTA) CF CO (DELTA)

-4.18% -10.14%

In the above analysis all the data has been used, without any exclusion (cold starking/not working evest
etc).

Figure 39. NOX+THC CFo0th percentile values (Original vs Corrected dataset)
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