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Statistical report from the interlaboratory accuracy study on the
Worldwide Harmonized Light Vehicles Test Procedure (WL TP Br ake
cycle) using inertia dynamometer testsand the ISO 5725 series of standards

|.  Statement of technical rationale andustification

A. Introduction

1. Non exhaust brake emissions have risen as a topic of interest to several governmental
agencies, health orgaations, and the medical and scientific community during the last
decade The research indicates a possible causalityadferse health effects from the
particulate matter (Ph and PMg) released during brakindhus far, there is no general
agreement on brake emission factors reflecting regular driving cycles for newer vehicles and
no or low copper content friction matelsd formulations Governmental entities in close
collaboration with theutomotive industry and other stakeholdesiseembarledon a path to
regulating brake emissiong\ potential rulemaking or regulation to limit anthropogenic
contributions to partidate matter from the foundation brakes needs a rdbatsiratory

based test method.

2. A large body of research worldwide highlighite value of standard testing methods to
measure and characxibrake emissionsSome of the most important publications include
comprehensive summarigSrigoratos and Martin015, and references thergifor different
testing methods over the years, its main findings, and opportunities moving fo@hedt
studieg VDA, 2017] explin brake emissions inlmoacer context, along with challenges and
limitations from elusive and sometimes contradicting findimggapan, there is an extensive
body of knowledge for passenger cars and light commercial vehicles driven to chaeracteri
andquantify brake emissiori$lagino et al.2016]. Other project$Agudelo et al., 2020have
investigated using more than 80 tests the influence on brake emissions as a function of vehicle
type, axle position, friction couple formulation, and vehicle teassriastly, theParticle
Measurement Programme Informal Working Group (PMP/IWGpperating under the
umbrella of theUnited Nations Economic Commission for Europe Working Party on
Pollution and Energy (UNECE/GRPE)mandated a dedicated Task Fortél) to develop

and usehe WLTP Brake cycle[Mathissen et, el2018] for inertia dynamometer testing at
multiple locations, under different control technologies, and test setups

3. As part ofdevelopinga standard test method for brake emissions, the TF1lsasses
results from multiple testing facilities and research entifié® review of the findingand

their valueadded propositions provided evidensepportingusing inertia dynamometer
testing using a representative brake asser@agides having the aliyito follow the WLTR

Brake driving profile, the dynamometer needs to have an enclosed system with proper cooling
airspeed, temperature and relative humiditgving several dynamometers dadiie to the

TF1 enabled the coordination and execution ofittkended WLTPBrake cycle to determine

the sources of variability at eight locations in Europe and the United States.

B. Overview of the structure of this report

4.  Thecontent of this report is essential to different audiences and types of readers with
different needs and interestin addition to the casual reader browsing the document for
possible areas of interest, there are at least three levels to approach the dadwertabular
outline guides how to read and use this report for-leghl reading, a comon interest in
statistical analysis, and an-depth understanding of applicable clauses ofsténes of ISO
5725standard.
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Paragraph High- Common In-depth
level interest read

I. Statement of technical rationale and justification

A. Introduction B. Overview of the structure of this repprC.
Background of interlaboratory accuracy stud2sMain elements

andcapabilitiesfrom each laboratorn\E. Test cycle and contro Yes Yes Yes
programapplication
Il. General statistical evaluation tést results
1. Aggregate statistics for braking speed and total deceleration Yes Yes Yes
2 Temperature study under different driving conditions Yes Yes Yes
3 Special considerations for temperature assessment Yes Yes Yes
lll. Statistical assessmewf timeresolved test results EED
files
4 Purpose; 55cope and Application; Befinitions; 7 Abbreviations Yes
8 EED (CSV) file structure per VDA 30EKB 3008 Yes Yes
9 Statistics for speed violations and speed error with EED files 1I albglels 4 Yes Yes
IV. Statistical assessments on eveased test results EEC Yes
files
10 EEC file structure per VDA 30&KB 3008; Yes Yes
11 Definitions for the applicat Yes Yes
12 Main abbreviations per |1 SO 5 Yes
13 General concepts related to the application of the Yes
5725 5:1998
14 Standard deviations for repeatability, sample effect, labore v
AL ; es
effect,ande pr oduci bi l ity wusing no
15 Robust Algorithm A for averages arflgorithm S for standarc Yes
deviations
16 Standard deviations for repeatability, sample effect, labore Tables31 Tables 31 Yes
effect, andeproducibility using robust algorithms & 32 & 32
17 Scrutiny of the data for consistency and outliers ugiagameters v
. . : es Yes
derived with robust Algorithms
18 Uncertainty of the estimate of the repeatability and reproducik
o . Yes
standard deviations for heterogens materials
Annexes
A1l Heatmaps for original values per measurémdeach laboratory
Yes Yes
test and repeat
A2 Flowchart of parameters and relationships for standard deviati Yes
A3 Graphical representation of standard deviations versus aw
Yes Yes Yes
values
A4 Graphical representation of standdeViations versus brake ever  Yes Yes Yes
A5 Graphical representation of uncertainty on repeatability v
- es
reproducibility versus brake event
A6 Ma n d &*Istétisticbetween labscgll averags) by measurand Yes Yes
A7 Ma n d &*Istatisticbetweertests(sample rangg$y measurand Yes Yes
A8 Ma n d &*Istétistic betweemepeatstest resulfsby measurand Yes Yes
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Background of interlaboratory accuracy studies

5.  Conducting aninterlaboratory accuracy study aims at determining the standard
deviations of therimary sources of variationoncerning the main resulfEhe assessment of
significant differencedn brake emission measurements derived from vehicle application,
braking system, frictiomouple design, and cycle influence demands an understanding of test
variability. The main componentsontributingto variation in test results include the sample
effect thelaboratory effect, the test repeatability, and the combined reproducibility

6. This document reflects the process followed to quantify variability following the
predominant ISO standard fonterlaboratorystudies for heterogeneous materi@lSO
5725 5:1999. Part 5 of thdSO 5725 describes alternative methods tolthisc methodThe
basic methoddescribed in Part 21ISO 57252, 194] requires identical samples fohe
experimentWith heterogeneous materigkss friction couples argdhisis not possibleUsing

the basic methodjives estimates of the reproducibility standard algen inflated by the
samples' variatianThe design for a heterogeneous matetiakd in this studyyields
information about the variabilitbetween samples not obtainable from the basic methed;
studycalculatel an estimate ofeproducibilityafter renovingthe betweersample variation.

7. The basic method requirgise quantification oflataoutliers toexclude data from the
calculations potentiallyExcluding outliers may havea substantiakffect on the estimates of
standard deviations forepeatabilityand reproducibility In practice, whenapplying the
outlier tests, the data analystedsto use judgement to decide which data to exclde
design described iBart 5 appliesto this experimentwhich involvedthree factors arranged in
ahierarchy:

a) laboratoriesat the highest level
b) samples withimaboratoriesasthe next level
c) test results within samplesthe lowest level

This study useeight Laboratories(Lab 1 to Lab 8)two samplegT1 and T2) and six tests
(R1 to R6)within each sample.

8. This document buils on the experience and tools developed by the ISO Test
Variability Task Force Their studies for friction behaviour involved the design of
experiments, correlation to vehicle testing, and comparisons of ten procedures, using the basic
ISO 57252 method Grochowicz e#l. (2017), (2014)].

9. The execution ointerlaboratorystudies, also known as r&R or rounubin studies, is a
regular practice in the automotive industBjfferent laboratoriesake different approaches,
some more laborateand well structured than other§he members of TF1 who participated
in this interlaboratoryand shared their expertise incluithe following participants (listed in
alphabetical order)AGUDELO, Carlos (Link Engineering Co), GRAMSTAT Sebastian
(Audi AG), GRIGORATOS Theodoros European Commission, Joint Research Cernjtre
GROCHOWICZ Jarek ( Ford Werke GmbH, PAULUS Andreas (TMD Friction GmbH),
PERRICONE Guido (Brembo S.p.A, ROBERE Matt (General Motorg, SIN Agusti (ITT
Friction Technologie$, and VEDULA Ravi (Link Engineering Co).

Main elementsand capabilities from eachlaboratory
10. Inertia dynamometer capabilities

a) Except for one, allLabs could conduct all measurements using sirgheled
performance or singlended NVH dynamometer with standard deddection and
control systemsThis phase of the project, intended as a dynamometer method
validation only, did not include any measurement of brake emissions;
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b) Severallabs had f ul | climate controR OAC tahned
( 50 %velddive humidity;

c) All Laboratories were requested to use dynamometers capable of regulating
incoming cooling airflow rate to replicate the brake temperature profiles from the
vehicle;

d) The Laboratories were requested to run the control program developdebital
Werke GmbH (Ford) or Link Engineering C.INK) . However, thespplication of
internal control programs was adequate as well;

e) The study used two different sampling rates: 250 Hz for the most crucial output
parameters (see below Output and test re#ts) during the braking events
(decelerations), and a slow sampling rate of 2 Hz during tHerakie events (idling,
acceleration, cruising, and soaks or cooldowns);

f) All Labs used rigid fixtures without a dust shield built from a vehicle knuckle
assembly

11. Brake cooling capabilitieand orientation

a) The baseline thermal regimes came from the proving ground measurement
conducted during the development of the WLBRake cycle[Mathissenet al.,
2019;

b) All dynamometers were capable of adjusting the incormojing airflow to adjust
to the temperature regimes of the vehicle within the criteria specified herein;

¢) The dynamometer cooling airspeed (or airflow) initial adjustmesed the best fit
curve for the cooling phase of two higleed events duringrip #10 of the
WLTP Brake cycle TheLabs used spare (dummy) parts to make the initial tests to
adjust the control program and brake cooling on the spégifioratory setup;

d) Alternatively, theLabs were allowed to adjust the dynamometer cooling settings to
achieve the best fit with vehicle temperature applying the full durafidmip #10
The proposal was to repeat the featured block to match the cooling curve provided
by Ford, wi tramde for tlae averagk Grake @rhperature for the entire
trip;

e) The preferred mounting position for the calliper was to mimic theehicle
position relative to incoming cooling aifhe Labs were allowed to set up the brake
depending on the capabilities layout of the dynamometer or other considerations
to optimise the brake cooling.

12. Brake components

a) Except for Lab 1 and Lab, &vhich shared a regular fixture, edchb used inhouse
fixture using OBM level brake knuckle assembljes

b) All Labs receivedproduction callipers from the same batdfhe Labs used a
threshold pressure of zero and a calliper efficiency of #@ calculate the
coefficient of friction;

c) All Labs received three sets of production discs and brake pads of the sets
were from thesame batch used for the vehicle measurements on the proving .ground
The third (spare) set allowed the verification of the test setup, cooling air
adjustment, and finetuning of the control programs;

13. Resistive forces from parasitic losses
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a)

Figure 1

Intrinsic losses / g

The overall approach was ¢onsider within the capabilities of each dynamometer,
the vehicle parasitic losseFhe losses calculation uses amped model for
aerodynamic, powertrain, and tire losses, combined into three.t&imse 1
depicts a range athe WLTP Brake cycle and the relative contribution to total
vehicle deceleratign

Speed and corresponding vehicle parasitic losses
0.025 + - 120
- 100
0.020 -
- 80 <
S
X
0.015 - 60 T
Q
o
n
L Q
0.0104 v \ 40 3
\ \ \ 5
\ \
\\ ‘\ ‘\ \\ - 20 g
\ \ \
0.005 - \ \ ‘-\\
\ S : \\\ -0
0.000 w ; x x x T
14990 15010 15030 15050 15070 15090
Elapsed time / s
f2 f1 fO0 ==-Tot. — Speed linear / km/h

b) The control software of each dynamometer reduced the total torque demand from

the foundation brake to reflect thesistive forces from the vehicl€he correction

of the torque setpoint improved the fidelity of the braking behaviour compared to
the vehicle, the dissipation of kinetic energy, and the thermal regimes on the
dynamometer;

The calculation of the equivale deceleration from parasitic vehicle losses used
the following equation:

Q

where:

dparasitic

fo

MNto o

Q00—

Qt— o

06 wbhw w

is the vehicle deceleration per the parasitic vehicle losses, g

is the onstant road load coefficient rounded according to
paragraph 7of the UN GTR 15 to one place of decimal, N
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fa is the firstorder road load coefficient rounded according to
paragraph 7of the UN GTR 15 to three places of decimal,
N/(km/h)

f, is the secon@rder road load coefficient rounded according to
paragraph 7of the UN GTR 15 to three places of decimal,
N/ (km/ h) |

Vi is the nitial speed for a brake deceleration event, km/h

Vi is the fnal speed for a brake deceleration event, km/h

DCVM is the drivihg cycle vehicle mass, kg

14. Test schedule at eatdoratory

a) The initial request to all eightabs (Lab 1 to Lab 8) was to conduct two tests (T1
and T2), with each test comprised of six repetitions (R1 to R6) of the \\RraRe
cycle Figure2 depicts a simplified structure of the tests

b) Before each trip, the sequence includes a soak time to allow the disc temperature to
r e a ¢ h. DtingAh€ cooldown (soakdhe dynamometer imposedslow rotation
of the disc;

¢) The setup used an embedded itiezouple, or T&., in the friction area of the disc
The TCgp, measured the brake temperature in teaé and controlled the start of
each tripon the braking surface of the outboard plate (wheel sidibg radial
position of theT Cgyp, was 10 mm outwards from the centre of the friction path and
recessed 0.5 mm below the braking surfas®an addition, someabs installed a
rubbingthermocouple, of Cg,, With the radial position as the embeddect,,,

d) Besides the TC(s) mounted on thiscd theLabs embedded one additionBCe, to
measure the brake padtemperature; located in the centre of the outer pad, 1 mm
below the braking surfac&or slotted pads, th€Cg, is at least 5 mm from the
edge of the slot, in the leading direction, on the radial centerline

Figure 2
Hierarchy of laboratories, tests, and repeats
T1 RI(Trip 1...10)
...R6 (Trip 1...10)
— Lab 1
™ R1 (Trip 1...10)
...R6 (Trip 1...10)

PMP-TF1
interlab study T Lab...

— Lab8&8 | —
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15. Overview of the test plan

a) For the interlab exercise, allLabs followed the hardware and test specifications
agreeduponwithin the TFL Not all Labs managed to follow all requirements and
suggestions due to technical limitations or time constraints

b) Table 1 summarises the hardware and testing conditions applida toterlab
comparison The study involved eightaboratories from Europe and the United
States; eachab performed two testéT' 1 and T2) and each test included six repeats
(R1 to R6)of the WLTP Brake cyclgdMathisseret al., 2018

Table 1

Tabular summary of the applied hardware and testing conditions folR1 on eachLaboratory i Cellsin greenindicate
the Lab followed therecommended values; cells @amangeindicate theLab used a parameter or conditiacceptable or
equivalent cells inred valuesindicate items \th significant differencesr deviations(*) indicate data not available
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* Labs 7 and 8 did not execute @Re to schedule constraints
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16. Overview of outputs and test results

a) The standard format to report test outputs waddimeat EKB 3008 [VDA, 2013]
After the testing campaign, eatlab submitted the EEC and EED files for bot
tests and all six repeats from each test;

b) The main parameters reported as timgolved values at 1 Hz on the EED files for
each test, each repetition, and each trip inclu@i#dapsed times, Brake linear
speed km/h; Brake decelerationm/s’; Brake torque N L ;nBrake pressutebar,
Coefficient of frictione, ; Disc and pad temperatured € Cooling airspeed
km/h; Cooling air temperaturé ©Cooling air relative humidity%

¢) The main parameters reported for each braking event on the EEC files for each
test, repetition, and trip included:rip and stop markers (for the trip and total), #;
Time and date of the braking event; Braking speed setpoint and actual, km/h;

Release spge s et poi nt and actual, k m/ h; Decel
Average by distance brake torque, NL m;
bar ; Average by di stgn migal final,eafdfmadmum n t of
disc temperature (embeddeddan r ub bi ng) , AC; I nitial, fi
pad(s) tempeAaeémuage bMCti me cooling 3

Average by ti me cool iAwger age byentpiemeat aoe
relative humidity, %.

d) The statisticakvaluations for repeatabilitynd reproducibility standard deviations
applied to 11 individual parameters, or measurands, fromlitem

E. Test cycle andapplication of control program
17. Description of the test cycle

a) The dynamometer sequence selected for thigrlab accuracy study was the
WLTP Brake cycle The cycle was developed based on-waild driving datai
specificallyon the WLTP reference databasgluding in-use driving data from
five different world regionsIt consists of303 braking events split intd0
consecutive tripgTrip #1 to Trip #10)with a total duration of approximately
four and a half hours plus the soak (cooldown) periodsigtween trips

b) Thecycle includes distinct segments for urban, rusad motorway drivingThe
cycle itselfandthe methodology followed for its developmearid validationare
described elsewhef@®lathisseret al. (2018; zum Hagen et al.2019)]. Figure 3
provides the speed trace (velocity time) of the WLTPBrake braking cycle
Additional metrics for speeddeceleration, kinetic energy, and brake power
dissipation, along with a list of brake everdse avaliable from[UNECE 202Q
Protocol.

18. Application of the test cycle to each dynamometer

a) All Labs were requested to follothe WLTP Brake cycle by applyinghe time
resolved speed trac&ince not all dynamometers were of the same make and
vintage, somd.abs had to perform the tests using their control prograkssa
result, the different control strategies induced differences in some of the primary
input parameters among thabs with visible effects on the outcomes

Other sources of variability includbe specific response of the servo controller,
the brake aplication system, anthe actual algorithm t@orrect (compense} for
parasitic vehicle losseJable 2 presents the essential speedd deceleration
statistics for alLabs averaged over the six repetitions of The Table2 also
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provides a highlevel summary of the corresponding vehicle statistithe
summary metrics depict the behaviour for the entire cymtdta urban, rural, and
motorway sections.

b) The data preparation and analysis from the different Labs faced challenges related
to missing dataand data reported with different levels of resolution (decimal
places) These challenges are not unique to this study, and the analysis team was
able to accommodate the calculations within the spreadsheets to work with
missing dataln some cases, the Labas able to produce a second dataset
addressing missing or incorrect data.

Figure 3
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[I. General statistical evaluation & test results

fiHappy families are all alike; every unhappy family is unhappy in its owrdway
Leo Tolstoy, Anna Karenina, 1877

1. Aggregate satistics for braking speedand total deceleration

1.1 The first level of statistical assessment focuses on answering twé t i ¢ a | guestior
accurate and precise were the different labs to control the brake speed and the deceleration
level from the WLTPBrake cyclehe reliance on the braking speed provides an insight into
the primary input to the amount of kinetic ege dissipated by the brak&ince kinetic
energy is a function of the square of the braking and release speeds, a chafgiahé
braking speed is approximately 3.3 times compared to the same change in release speed.
Additionally, assessing brake dderation provides useful metrics related to the rate of kinetic
energy dissipation (braking power), temperature rise during braking, and the ability to follow
the timeresolved speed trac®aragraph Qeals witha detailed assessment of the time
resolvedsignal for speed violations and speed erfiable 2 illustrates, for each lab, the
average and 9% limits for speed and deceleration for the different speed ranges described in
paragraph 1.2.

10
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Table 2

Average and 98" limits for braking speed and deceleration on each Laboratory The top numerical row indicates the
ndicate

nominal values for all events and each speed rdf@ecach lab,&| | s i

all the braking events for ¢hTotal (303 brake events)Jrban (252 brake eventsRural (39 brake events), andotorway

(12 brake events).

t he

a% lienits dog e

fol

Lab Braking speed / km/h Total decel eration

All Urban Rural Motorway All Urban Rural Motorway
Nom. 41.07 33.77 73.10 102.55 0.971 0.927 1.170 1.252

1 41.79 36.49] 62.95 84.32 1.31 1.26 1.47 1.70
0.084 0.083 0.081 0.129 0.014 0.015 0.012 0.011

) 41.43 36.8 | 61.25 73.03 0.89 0.84 1.13 1.14
0.173 0.164 0.224 0.204 0.079 0.095 0.004 0.003

3 41.44 33.79| 72.15 102.1| 0.98 0.94 1.18 1.26
0.304 0.323 0.209 0.21 0.029 0.03 0.02 0.018

4 41.44 33.81] 72.06/ 101.9| 1.22 1.18 1.45 1.49
0.06 0.059 0.068 0.069 0.003 0.003 0.003 0.005

5 41.26| 35.19| 67.6 | 82.19| 0.89 0.84 1.17 1.17
0.307 0.309 0.293 0.31 0.078 0.093 0.004 0.004

6 37.09| 29.50 67.59 97.41| 0.88 0.83 1.07 1.13
0.34 0.342 0.333 0.322 0.026 0.028 0.018 0.015

. 41.48 33.86| 72.07 102.0| 0.84 0.80 0.98 1.02
0.143 0.134 0.178 0.217 0.01 0.01 0.01 0.008

8 41.37| 33.73| 72.08/ 102.0| 0.98 0.94 1.18 1.25
0.05 0.051 0.04 0.059 0.006 0.006 0.006 0.006

1.2 This part of the statistical evaluation involves four metrics for all events and by type of

121
1.2.2
1.2.3

1.2.4

1.3

driving (Urban Rural andMotorway). For vehicles category MCity: less than or equal to
60 km/h; Rural: above 60 km/h and less than or equal to 90 km/iVaimiway | Highway:
above 90 km/A.

NOTE 1: All the estimates (in absolute values or as a per cent) for accuracyanfias
precision | scatter relate to the nominal value established on the \Btake cycle

NOTE 2: Weighted averages use the number of events (232tfan 39 forRural and 12
for Motorway) as the weighting factors

Accuracy of braking speadeasured asias or deviation from its nominal value;
Accuracy of brake decelerationeasured alias or deviation from its nominal value;

Precision of the braking speetheasured ascatter or variability corresponding to a 96
confidence interval from the six repsatf the cycle during1;

Precisionof brake deceleratiomeasured ascatter or variability corresponding to a 95
confidence interval from the six repeats of the cycle dufihg

Overall, and confirminghe anecdotal evidence, the speed control is nareurate and
precise than deceleration contriglost dynamometers convert the deceleration setpoint to an
equivalent torque setpointhe relatively low torque levels during the WLTBrake cycle
(160 NLmMm to 20 @n thekFord Eoous faout exleathe dor this study can
coalesce with other mechanicalectrical] and servo responsgharacteristics (hysteresis,
linearity, accuracy, zero offseteamp ratesand hydraulic servaontroller settings, among
otherg, especially during the urban brakeeats. For the vehicle under test, the average
braking torque equates to less theb bf the full scale of a typical inertia dynamometer.

! Valverde Morales V and Bonnel P, @oad testing with Portable Emissiokteasurement Systems (PEMS3uidance note for lightuty
vehicles, EUR 29029 EN, Publications Office of the European Union, Luxembourg, 2018, ISEI-89873457, doi:10.2760/08294,
JRC109812

11
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1.4 The review of the data for most lakes/én thoughLab 3 and Lab 6 did not report the setpoint
for speed nor decelerah) made itapparent that thapplication of different control programs
influencedthe correct replication of the cycl&éhe root causes for such discrepancies may
relate to errors in programming, the dynamometer control program skipping or missing
certain brake events, and data entry errors during the compilation of results from all labs,
dislodging the proper sequencdéhe WLTP Brake cycle hasnany brake events combined
with drastic differences in setpoints between consecutive evEhés.changesn braking
conditions rapidly make the metrics for test quality highly sensitive to potential errors in the
control program, data collectipar datareporting

Figure4d
Scatter plot for deceleration bias versus speed bias for all labs compared to th&/L T PBrake cyclei Speedand
deceleration bias as a per cent of the nominal value
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15 Additionally, not all labs used the same values for speed and deceleration setploicts
induced another source of variability. The practice of having different control programs and
programming software is part of the nature of the testing. It is imperative to ensure all Labs
conducting this cycle rely on standard speed metrics araj@edupon method to correct
parasitic vehicle losses. This interlab study becomes instrumental in validating a methodology
for speed violations and speed error, as presented later in this report.

1.6 Accuracy | bias for each lab and speed range relativbetmominal setpoints from the

WLTP Brake cycle displayed as a scatter pl ot

1.6.1 Speed biager paragraph 1.2.12%2 Nevertheless, the bias in speed is smaller than 1 km/h
compared to the individual setpoints; the weighted bias compared to the homina

WLTP Brake cycle is 2.1 km/h (4.6 %) on aver

exhibited a weighted average bias below 0.2 km/h (1 %). Labs 1, 2, and 6 exhibited a
weighted average between 4 km/h and 5 km/h, mainly during rural and motorerag.d ab

6 had a systematic bias of about 4.5 km/h for all types of brake events. Lab 5 exhibited a bias
comparable to the overall averages, except for an average bias of 20 km/h during the
motorway section. See Figure 5 exhibiting the bias in brakiegdpor each speed range for
each lab.
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1.6.2 Deceleration biagper paragraph 1.2.2>. On average, all labs exhibited a (weighted average)
Labs 1

b

as of

0.

13 m/s] (13

%) .

’ 4 )

and

above the nominal valuesh@&se labs indicated issues with the design of the control program

and the use of an incorrect set of parameters for the parasitic vehicle losses. Subsequent tests
results used for other developments for the PMP proved these issues were resolved. Labs 2, 3,
and 8 exhibited the smallest bias in all the three speed ranges. See Figure 6 exhibiting the bias

in deceleration for each speed range for each lab.

Figure5
Accuracy | bias for braking speed for all labs compared to th&/L T P B rcycle & Each lab includes four bars

representing all and each range of brake events per paragraph 1.2.
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Precision | scatter for each lab and speed range relative to the nominal setpoints from the
WLTP Brake

cycl e

di splayed as

a

scat

ter

Speed scatterger paragraph 1.2.32 On average, all labs exhibited a variation of not more
t han O.
had the smallest scatter (< 0.2 %). Labs 3, 5, and 6 exhibited a weighted avet@ge sca

between 0.8 % and 0.9 %. Overall, the urban brake events exhibit the most significant level of

variability compared to the rural and motorway events. See Figure 8 exhibiting the scatter in

5 %

during 95

%

braking speed for each speed range for each lab.

of t he

br

ake

events

Decelerationscattersper paragraph 1.2.4%2 Based on data from events from all labs, the
weighted average scatter is 3.3 % of the nominal deceleration levels, below the legacy limit of
5 % accepted for torque control. The tolerance for torque control combines actual

deceleration rate and brake inertia. Labs 1, 4, 7, and 8 could limit variability to 1.5 % on

average, while Labs 2 and 5 exhibited variability of about 8.5 % (mainly due to urban brake
events). The scatters for all rural and motorway events for all laksredhbetween 0.3 %
and 1.8 % of the nominal. These findings show the need for some labs to revise their control
strategy (including servo controller settings and control programs) to improve precision

during urban events. Brake events below 60 km/h cammimost 85 % of the brake events
during
each speed range for each lab.
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Figure6
Accuracy | bias for deceleration for all labs compared to theVL T P B rcgcle & Each lab includes four bars
representing all and each range of brake events per paragraph 1.2.

0.8 ~

o
()]
I

o
N
1

o
N
I

-
Labl Lab2 Lab3 Lab4 Lab5 Lab6 Lab7 Lab8

S o
N o
1 1

o
N
1

Accuracy of braking deceleration / m/s2

o o
(0] ()]
L I

m All mUrban = Rural = Motorway

Figure 7

Scatter plot for deceleration versus speed for all labselative to the WL T P B rcygcle & Speedand deceleration
scatters as a per cent of the nominal value
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Figure8
Precision | scatter for braking speed for all labs compared to thé&/L T P B rcylkieEachlab includes four bars
representing all and each range of brake events per paragraph 1.2.
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Figure 9

Precision | scatter for deceleration for all labs compared to th&/L T P B rcgclke & Each lab includes four bars
representing all and each range of brake events per paragraph 1.2.
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1.8 Also, in deceleration, the application of different control progrand test parameters
influenced the correct replication of the brake power dissipation during the Eiglee 10
represents the distribution of the 303 braking events of the cyclé TR) for Lab 1, Lab 3,
and the nominalVL T P B cyaekbased on deceleration rate bins of 0.f.rAs explained
in paragraph 1.6.2L,ab 1 executed significantly more braking events \aitleceleration rate
higher than 1.0 m’sompared to Lab and the nominaWL T P B cyaekAs a result, the
averag@ deceleration rate for Lab 1 over the entire cycle is significantly highes.
histograms in FigurdO illustrate the closeness of Lab 3 replicating the deceleration settings
comparedtoth®/L T P Beyaek e
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Figurel0
Histograms for all decelerations duing the first test and first run (T1 R1) for Lab 1, Lab 3, and the nominal
WL T P B rclkieThecontinuous lines represetfie lognormal distribution for each dataset
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1.9 Figure 11 illustrates the cumulative density function for a lognormal distribution for Lab 1
and 3 and comparéisto the nominaWL T P B cyadek evidencing the departure of Lab 1
event s &olfoobae3atd m/ s | ,

Lab 1 had more than 250 f
theWL T P Beydek e

t he

br ake

Empirical probability distr ibution for all decelerations during the first test and first run (T1 R1) for Lab
1, 3, and the nominaWL T P B rcgcleieThe continuous lines represent a lognormal distribution for each

from the nominal. Nonetheless, the shape of all the empirical distributions aparedie;
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1.10

Figure 2 exhibits the correlation of braking deceleration for each lab compared to the
vehicle, along with two lines for theand average and the perfect correlation. Even though
most labs exhibited high linearity (high] Ractor), the correlation to vehicle level (slope
factor) varied from 1.409 for Lab 1 to 0.815 for Lablhe differences in brake deceleration
levels also h@ explain some of the variations observed in brake temperalires/alues in
Figure 3.3 reflect the deceleration levels for the foundation brake after correcting for the
resistive vehicle forces (aerodynamic, powertrain, and tire losBes)scatter ploin Figure

12 provides further evidence on thaain types of deviation&orrected forparasitic vehicle

losses):

Y% Labs 1 and £xhibitsignificantly higherdeceleration aboviiae nominal

Y% Lab 7indicatessignificantly lowerdeceleration belowhe nominal

Y% Lab 6exhibited more significartiiasbelow the nominaimost vy

Figure12
Deceleration by event (level) for each lab, vehicle, and overall averageData includes303 braking events of the
WL T P B ceydekfarthefirst cycle on the first sampl@11 R1). Legends for the lab regression line arjdv®ues on the

right side of the graph are in descending order of slope valhessolidgreyline (Veh.) identifies the ideal regressidime.
The dataset with a regression lime= 1.1298x corresponds to theneralaverageor grand meafor all tests

Dynamometer deceleration / m/s?

2.1

3.0 -
.
.
m=11298x ,
2.5 1 R2 = 0.9985 o . |yi=1.4274%0.0132
Fi R2 = 0.994
S0 ¥ ly,=1.3192x + 0.0037
2.0 1 T P R2 = 0.9984
. Ye = 1.0479x- 0.1924
R2 = 0.9462
15 - y, = 1.0156x + 0.0279
R2 = 0.9983
ys = 1.0117x + 0.0323
2 =
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Temperature study under different driving conditions
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One topic for investigation is the behaviour of the brake system under different driving
conditions. Most braking eventsccur under urban driving, and therefore it is essential to
understand how the brake system behaves in terms of its temperatures Eigurd 6 depict

the average, initial, final and maximum disc temperature (respectieelgded for all labs at
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Urban Rural and Motorway conditions over the R1 of T1l. Temperatures were measured
using TGmn, The remaining five repetitions (R2 to R6) of the cycle during T1 were
comparable tdR1. Thereforethe following discussion andonclusions apply in general for
the whole campaign

2.2 Figures 13, 14, and 15 show that rural driving correlates with the higher average, initial and
final disc temperatures. Urban driving comes wathelatively low final braking average
t emper at (C)j and, (mesé dmpordantly, witla low maximum disc temperature
(~150AC) . This | ower temperature can indica:
urban environmentsThe latter assumptiomeeds further evidence frommissions testing.

2.3 On the contrary, wtorway driving correlates with low initial but with higher final and
maximum braking temperatures. This higher temperature behaviour is probably related to
high energy braking events taking place over motorway driving. Average ¢&EDat 1 Hy
and inital braking temperatures (EEfata at braking spegéxhibit small differences from
each otheand follow the sameanking in descending orddRural, Urban andMotorway.

Figure B

Average (TCzp) disc temperature for all labs atUrban, Rural and M otorway conditions during the R1 of
T17 Dataincludes timeresolved temperature extracted at 1 Hz from the EED files for the @vitiféi Brake
cycle
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2 M. Alemani, O. Nosko, I. Metinoz, U. Olofss@nstudy onemission of airborne wear particles from car brake friction pa®aE
Internationaldurnal ofMaterials &Manufacturing9 (1) (2016), https://doi.org/10.4271/20161-2665
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Figure ¥
Initial ( TCgnp) disc temperature for all labs atUrban, Rural and Motorway conditions during the R1 of T1i Data
includes values at braking speeds from the EEC files for the ¥itifé>i Brake cycle
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Figure B
Final (TCgn,) disc temperature for all labs atUrban, Rural and Motorway conditions during the R1 of TZi Data
includes values at brakingesds from the EEC files for the entil_TPi Brake cycle
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Figure B
Maximum (TC g,) disc temperature for all labs atUrban, Rural and M otorway conditions during the R1 of T11
Dataincludes values at braking speeds from the EEC files for the VitiTé®i Brake cycle
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3 Special considerations for temperature assessment

3.1 Influenceof incoming cooling aionthe brake temperature

3.1.1 One parameter with a significant influence on the brake temperature profile is the incoming
cooling air.The proper control of the cooling air temperature and relative humidity allows the
lab to minimise uncertainty (mainly in brake temperature levels and coefficient of friction)
during brake emissions testing. The labs were requested to run the tests roy tbent
incoming cooling air a2 0 2)/ C  &rDd ) Bl RB for the average of the entire test. Table
3 presents the average incoming cooling air temperature (and tlé BBits over the
repetition) for all labs in each of the six repetitions of T1 ED files). The last row of
Table3 presents the metrics for all repetitions combindtivalues in red indicate violations
of the requested value for the incoming cooling air temperature. Lab 4 and Lab 8 laidyeot
the means t@ontrol the cooling airtemperatureon the dynamometer used for thigerlab
study.Lab 6 usd a setting lower than the value agreed for this study.

3.1.2 Table3shows that five of the | abs maiC gfeadr ttoh ef
mean temperature of the incomiogoling air. Lab 4 and Lab 6 ran T1 with a mean cooling
air temperature approximately 10AC | ower t hi
cooling air temperature approximately 10AC hi

3.1.3 However, to verify whether the labs mardgto comply with the cooling air temperature
specification one needs to look to individual repetitions rather than the average valoss.
this assessment, Lab 1, Lab 2 and Lab 3 managed to comply with the specification during all
repetitions.

3.1.4 Lab 5 fdled to maintain the average temperature within the defined threshold for R1 and
succeeded for R2, R3, and R4. Thareno data available for R5 and Riéie to a technical
issue with the dyndn R, t he cool i ng air temper afr 8 AE€vi a
reflected on the significant value for the 95 % limit

3.1.5 Similarly, Lab 7 failed to maintain the average temperature within the defined threshold over
R1 and R5. In this case, tigme-resolved at 1 Hz) e mper at ur e r anged bet\
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Table3

3 0 . 2efleting the significant value for the 9% limit. Such high deviations may influence
the brake temperature profile and result in a defective test for brake emissions.

Averaged temperature of incoming air during all repeats for T1i Eachcell indicatesthe averagealue,followed by the

N 963imits for the entire cycle using the EED files at 1. Aihe last row indicates the mean value of the average values
and the corresponding limits féine 95 % confidence limits.Cells inred indicate repats which were not withimlefined
limits. Cells with an (*) indicate data not available

Temperature [/ AC

Repeat
Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 Lab 6 Lab 7 Lab 8

1 19.98 |20 N|19.8120{15.03 [19.21 |11.16 |19.57 |[30.92
2 19.97 |20 M|19.83 |13.36 [19.18 |1100N 0]19.71 |[28. 210
3 20.13 |20 N|19.85 |130N 0/19.18 |10.81 |19.690|26.76
4 2000 1|20 N|19. ®84|119N 5|/19.18 |10.94 |19.72 |30.82
5 20.03 |20 00|19.85 | 8.36 K * 10.55 |19.610[29.61
6 19.93 |20 N|19®N 0] 6. 45 K * 10.48 |19.73 |30.18
Mean |20.01 |20 RN|19.83 [11.35 |[19.19 [10.82 |[19.67 [29.420

3.2 Influenceof relative humidity of incoming cooling air

3.2.1 Table4 presents similar statistics regarding the incoming cooling air relative humidity (RH)

3.2.2

3.2.3

3.24

extracted from the EED filesThe table shows that five labs managed to follow the
specificat i omnfor the meanoRH ofstile inbbmibBg cooling air. Lab 4 did not
control RH and ran T1 with a mean RH of approximatelydBigher than the target value.
Lab 8 performed T1 with a mean cooling air RH approximatel$olfelow the target value.
Finally, Lab 6 did not record the RH of the incoming cooling air.

Similar to air temperature, there is a need to assess the behaviberefative humidity for

each repetition. An excellent example of such an assessment is Daspite meeting the
target value in terms of the mean averaged value, it failed to comply during the individual
repetitions.This variability highlights the reessity of examining repetitions separately and
not only as a whold.abs 1, 2 and 5 appear to comply with the specification for RH for all
repetitions. Lab Zhad a marginal (126) failure to maintain the average RH within the
defined threshold over R1ptvever,it succeeded in all other repetitions.

For some friction couples, such deviations may influence the coefficient of friction and the
properties of the air transporting the aerosol (brake debris) to the instrument cluster. These
deviations and varhkility on the cooling air may induce variability in aerosol sampling and
compromise the validity of the test results. Lab 4 failed to maintain the average RH within the
definedlimits over R4, R5 and R&R4 for Lab 4 was within limits only 1% of the time In

this case, RH was substantially higher than the requestét &t reached values up to 70

%. Lab 6 was outside the defined limes betweer®®24nd 46% of the time.Lastly, Lab 8

failed to comply with theverageRH specification for all repetitionf3 and R5 were within

limits for 16% and 20% of the time, respectively.

One aspect which skews the metrics for cooling air conditions relates to missingatta8a.
met the cooling air limits (with a minor marginal failjyéioweverthe repeats had beden
37 % and 50% of the values missing (not recordetab 6 did not collect relative humidity
for any repeatLab 7 missed reporting between %4and 46% of the reading.
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Table4

Averagedrelative humidity of incoming air during all repeats for T11 Eachcell indicatst he aver age foll owed
95 % limits for the entire cycle using the EED files at 1. Hihe last row indicates the mean value of the average values and

the corresponding limits fathe 95 % confidence limits Cells inred indicate r@eats which did were not withidefined

limits. Cells with an (*) indicate data not available for that repeat on the specific Lab

Relative humidity / %RH
Repeat
Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 Lab 6 Lab 7 Lab 8

1 50.01 49.97 49. 48 50. 53 49.63 * 48.49 N38.01
2 50008 3. 500N 3. 49.98 52.18 50.08 * 50.49 § 409N 1.
3 49.97 50. 03 49N 5| 51.18 50. 03 * 48.34 N43.84
4 49.99 50.05 50. 18 59.66 f50.009 * 51.18 N36.72
5 49.97 50. 08B0 | 50. 080 70. 66 * * 49.26 K 41890N 6.
6 49.99 50. 19 49.72 64.12 * * 48.69 N42.17
Mean | 49. 99 50.06 49.86 58. 05 49.96 * 49. 41 40.57

3.2.5 Table5 summarises the ability of all labs during each repeat of T1 to be within limits for cooling air
temperature and relative humidity. For each repeat, the markers indicate the performance regarding
compliance to cooling air conditioning.

Table5

Representation of compliance with the recommended air cooling parameteiis For each lab and repetition signs
(&7 within limits, X T outside limit$ represent in given order the i. air cooling temperature compliand@. air cooling
RH compliance

Reped | Lab1 Lab 2 Lab 3 Lab 4 Lab 5 Lab 6 Lab 7 Lab 8
1 aa aa ax Xa Xa X* XX XX
2 aa aa aa Xa aa X * ax XX
3 aa aa aa X a aa X * ax X X
4 aa aa aa XX aa X * ax XX
5 aa aa aa XX * X * XX XX
6 aa aa aa XX * X * ax *

Mean aa aa aa XX aa X* ax XX

3.3 Influence of cooling air on brake temperature

3.3.1 The following analysis uses the EED files from Lab 4 (T1) to study the influence of the
incoming cooling air temperatuan the brake temperature profil€he reason foselecting
Lab 4 relates to the variance of cooling air temperature observed over the different repetitions
of T1. Lab 4 did not have access to a dynamometer with environmental controls for this
study.Indeed, Table 6.1 shows that the average cooling mipdeature applied over the six
repetitions varied significantly, allowing fastudying its effect on the brake temperature
profile. Another advantage of using data from only one lab is to keep the rest of the testing
parameters constant during all repedikis approach allows the assignment of observed
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differences in the brake temperature primarily to the temperature and humidity of the
incoming cooling air.

3.3.2 Figure T depicts the average disc temperature recorded in each one of the six repetitions of
T1. BothTCgny, (blue marlers) andTCgy, (red marlers) were applied. Despite the significant
temperature difference in the two TCs, there was a similar trend for botmtgarfaore
specifically, reducing cooling air temperature results in a reduction of average disc
temperature. The reduction of the average disc temperature dgewity proportional to the
reduction of cooling air temperaturddore specifically, coolingthe incoming air by
approximately 8 5A C s e ergusicetthoe di sc temperatur®RC bet we
depending on the measurement methidC:f,, or TCryy)-

Figure I7

Average brake temperature from EED file at 1 Hz as a function of incoming air temperaturé The two sets represent
TCemp (blue doty andTCg,;, (orangedoty. The trendlines represent polynomial models for both variaidsg with their
corresponding values forR
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3.3.3 For Lab 4, itis noteworthy that R2 and R&xhibited a performanceomparabldor cooling
air temperatur@er Table3 and%RH per Tablet, respectivelyresuling in identical average
disc temperatures-igure 18 depicts this well, illustrating the disc temperature profile of the
two repetitions throughout the entire cycle. The two repetitions resulted in identical disc
temperature profiles over the whole duration of the cycle. On the other Rignoe B

illustrates the differences betweBn2 and R5, especially for tem
this case, R2xhibitedan average cooling air temperature of 13.€ , resulting in
higher disc temperaturelastly, R5 was performed with an average coolingt@nperature

of84AC and significantly | ower disc temperatur
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Figure B
Disc temperature profile measured by TG, for Lab 4 during T1 for R2 and R4
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Figure ©
Disc temperature profile measured by TG, for Lab 4 during T1 for R2 and R5
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3.4 Influenceof the temperature measurement metbothe brake temperature

3.4.1 Brake disc temperature was measured using both,E@d TGy, The two methods provide
neither the same readings nor the same level of accuratigdriemperature measurement
Table 6 provides the analytical values for each lab regarding the mean value of the initial,
final and maximum average disc temperature for the six repetitions of T1.
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Table6
Averaged initial, final and maximum disc temperaturei The measuremesincludeembedded (TEyg, left half of the tablpand sliding (TGysg, right half of the table TCs for all repetitions of
T1 for all | a% % confibaae fimityrepiesert the a(vdihge temperature values for each paraff)edenoteanissing data
Repeat Lab 1 | Lab 2 | Lab 3 | Lab 4 | Lab 5 | Lab 6 | Lab 7 | Lab 8 Lab 1 | Lab 2 | Lab 3 | Lab 4 | Lab 5 | Lab 6 | Lab 7 | Lab 8
Average initial disc temperatureTCewg / A C Average initial disc temperature TCryg / AC
1 57.9 59.7 52.4 48.2 49.8 39.3 51.5 56.5 50.8 54.8 64.2 51.5 455 40.0 52.3 61.3
2 57.8 56.6 52.3 44.2 46.4 37.3 51.3 54.9 51.4 52.1 64.1 47.4 434 38.9 52.1 59.3
3 575 56.8 52.3 44.1 46.5 36.7 51.2 53.3 52.9 52.6 64.1 47.2 436 385 52.3 57.6
4 57.2 57.2 52.6 425 46.9 39.5 50.9 57.4 54.1 53.0 64.1 44.9 44.0 41.3 52.2 61.4
5 56.8 57.3 52.3 38.5 48.9 36.2 * 55.8 55.1 53.4 63.7 41.2 46.3 38.3 * 59.5
6 57.1 56.6 52.3 36.8 48.9 35.4 * * 53.1 52.7 63.9 39.0 46.5 37.7 * *
Mean N 9 57.38 57.35 52.38 42.38 47.9 37.39 51.21 55.6 52.92 53.09 64.01 45.19 44.89 39.14 52.25 59. 82
% limit 0.86 2.33 0.27 8.19 2.9 3.25 0.49 3.13 3.13 1.84 0.37 8.91 2.72 257 0.17 3.14
Average final disc temperatureTCewg / A C Average final disc temperatureTCrys/ A C
1 66.9 72.2 60.4 56.5 62.4 51.4 60.8 65.7 57.3 62.6 75.7 62.3 53.4 50.8 59.0 75.4
2 66.1 67.1 59.8 52.6 56.7 47.6 59.7 64.5 56.8 59.4 75.8 58.1 50.7 49.6 58.5 72.7
3 65.7 67.2 59.6 52.9 56.2 46.7 59.5 62.9 58.5 60.0 75.9 57.3 50.9 49.0 58.8 70.8
4 65.6 67.3 59.8 51.6 56.2 49.2 59.1 66.9 60.3 60.6 75.8 54.8 51.3 50.4 58.9 74.5
5 65.3 66.9 59.2 47.8 58.9 45.8 * 65.3 61.4 61.2 75.6 51.1 54.4 47.6 * 72.0
6 65.5 66.2 59.0 46.3 58.8 453 * * 59.1 60.6 75.7 48.7 54.5 47.4 * *
Mean N 9 65.84 67.82 59.65 51.3| 58.19 47.68 59.8| 65.04 58.89g 60.79 75.77 55.37 52.55 49.1458.8 [73.09
% limit 1.19 4.25 0.99 7.25 4.66 4.52 1.43 2.91 3.41 2.15 0.24 9.73 3.47 2.79
Maximum disc temperature TCgwg / A C Maximum disc temperature TCrys/ A C
1 171.1 166.7 159.5 150.1 164.7 166.9 160.8 151.5 145.8 167.8 192.5 149.6 140.5 174.0 150.9 193.4
2 176.2 164.3 159.5 156.7 158.2 162.0 161.0 143.5 148.4 172.7 194.5 144.5 139.8 175.6 157.3 187.9
3 177.1 164.6 158.9 161.2 154.8 160.0 162.9 144.3 157.1 175.6 194.8 142.6 139.8 175.9 163.4 185.0
4 181.1 164.5 154.6 160.4 153.2 161.0 166.6 149.1 166.9 183.5 197.9 133.1 137.8 168.4 168.0 187.2
5 185.9 163.3 156.2 160.5 157.6 159.8 * 148.1 167.8 183.8 193.4 130.6 146.6 169.5 * 185.4
6 188.9 163.6 153.9 159.7 156.8 158.6 * * 168.9 182.8 194.6 128.7 145.0 165.3 * *
Mean N 9 180.0] 164.5/ 157.1 158.0[ 157.5| 161.4 162.8/ 147.3 159. 1] 177.6] 194.6] 138. 1] 141.5/ 171. 4] 159. 9] 187. 7
% limit 12.95 2.32 4.96 8.31 7.75 5.76 5.27 6.57 20.11 13.13 3.57 16.69 6.71 8.49 14.58 6.6
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3.4.2 Figure20illustrates the mean of the average values for efitheosix repetitions of T1 for
initial, final, and maximum disc temperaturégiditionally, the graphs provide the range of
the average values for these parameters. Statistics for all labs came from the corresponding
EEC files. The boxplot graphs show bollCg,, and TGy, measurement values for
comparison purposes.

Figure20

Boxplots for the averagedisc temperaturesi The plots illustrate values fonitial (upper panels final (middle panels

and maximum Kjottom panelstemperatures. The data show measurements UdGig,;, (right panely and TCgry, (left
paneld over the sixrepetitions of T1 The middle line of the box represents the median or middle number. The median
divides the box into a bottom half and a top half. The bottom line of the box represefintst theartile. The top line of the

box represents thihird quartle. The whiskers\ertical linesending with a dashextend fromeachend of the box to the
minimum value andhe maximum value
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3.4.3

3.4.4

3.4.5

3.4.6

Figure 20 shows that the mean of the average initial brake temperature values for each of the

six repetitionsmeasured with the TG,f al | s wi t hin a 2i@7AQACYIi. f fFerre
measurement using kG the mean temperature values lie within a slightly broader range of

25 AC (89 AC). It is noteworthy that if onl
incoming cooling air at (20 N 1) AC and (50 K
Lab 5, and Lab 7), then meandv al ues f al | within a narrow r
Ad 48 AC). On the other hand, theredutdlisinge of n
TCwhdoes not improve signifitamntA@).and |ies wi

Upon examining the boxplots in Figure 20, the average and final temperatures exhibit similar
behaviour and ranking, as depicted in the middle panels. Similar toitia¢ temperatures,

the mean brake temperature valuesgJfc  f al | again within4gé 20 AC
AcC) . Faei, tthhee TmMe@an fi nal temperature values |
AQ 49 AC) . Consi der i ngteddhe Ingomirgtcaolind arbtlee EG h a t re
mean values fall/l within a rel5a8tiA)l.y Qnartrhoew
hand, the means values for g for final temperature do not exhibit a significant

i mprovement, fallimegimMBtACN. a 23 AC range (

Examination of mean values of the averaged maximum disc temperature confirms that
temperature measurements employing TCEmb are more robust and repeatablegthan TC

The bottom panels in Figure 20 clearly illustrate that the mean maxinmpetature values

measured with the T, are very close to each other for most of the labs and lie within a 30

AC range. On the other hand, the average v
measured with the T, deviate significantly amongthelabsd | i e bet ween 55
AcC. The assessment above concludes that temp
shall use only T&,, The same tests with kG, can result in twice as high deviations.

Figures 21 and 2 depictsthe disc final temperature profile for all 303 brake events of the R1

T T1 using TCenp and TCry, respectively Both figuresinclude only the labs thatould

controlthe temperature and humidity of tllecoming cooling air as requesteiemperature
measuement sing TCg, is more robust an@xhibit a lower deviation among the labs,

remaining mostly below 2@\ CIn comparison TCgry, provides readings with deviations

bet ween | abs of up to 50 AC for high energy I

Figure21
Final disc temperature profile measured byTCg, for R1 during T1 T Lines indicate measurements for Lab 1, Lab 2,
Lab 3, Lab 5 and Lab 7
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Figure22
Final disc temperature profile measured byTCgy, for R1 during T1 1 Lines indicate measurements for LabLap 2,
Lab 3, Lab 5 and Lab 7
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3.5 Influenceof the initial cycle temperatumen the brake temperature profile
3.5.1 Labs were requested to start each trip withinWile T P B cyal&kfeom the initial brake

temperature of 28 CAfter each trip, the cycle includes a soak time to cool down and reach

the target temperature. The soak time varied significantly betweearyctestripsdepending

on the level of temperature reached over the previous trip. Moreover, soak time varied
significantly among the labs due to the difference among the setups and the application of

different cooling air flowrates. Tablesummariseshe soak times applied by different labs in
all six repetitions of T1. For Lab 3, it was not possible to calculatexaet soak times due to

some issues with the EED files. Soak times are provided in [h], while values in parenthesis

represent the percenta(§é) of soak time over the whole duration of the test.

Table7
Soak timesrequired by different labs in all six repetitions of T17 Values in parenthesis represent the percentaye{
soak time relative to the entire duration of the cygfedenotes missing data

Soak duration (and per cent ofthe total cycle)/ h ( %)
Repeat Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 Lab 6 Lab 7 Lab 8
1 2.2(33) | 2.2(33) * 1.4(24) | 09(16) | 04(7) | 1.4(24) | 1.7 (28)
2 2.2(33) | 2.1(32) * 1.3(23) | 0.8(16) | 04(7) | 1.2(21) | 1.7 (28)
3 2.1(32) | 2.0(32) * 15(25) | 0.8(15) | 0.4(7) | 1.3(23) | 1.7 (28)
4 2.1(32) | 2.1(32) * 1.3(22) | 0.8(16) | 0.4(8) | 1.7(27) | 1.7(27)
5 2.1(32) | 2.2(33) * 1.2 (21) * 03(7) | 1.7(28) | 1.8(29)
6 2.2(33) | 2.3(34) * 1.3 (23) * 0.3(6) | 1.5(25) | 1.5(26)

3.5.2 Applying different initial disc temperatuseat the beginning of each repetition appears to

influence the average disc temperature over the cycle. FA3umad Figure 2, respectively,
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illustrate the average and maximum disc temperature over the cycle measuré€ by
concerning the disc temperature at the beginning of the &uth.figuresinclude data for all
labs over the six repetitions of T1 (EEFrom the evidence presentedcreasing the disc
temperature at the beginning of the cycle results in an increasthe average brake
temperature Lab 6 seems to behave differently infierature regimes (generally lower
average temperatures) th#re other labs due to the different cooling stree@applying
constant airspeed of 45 km/h). HoweMeap 6seems to filow the same direction regarding
the influence of temperature at the beginning of the ayctbe average brake temperature.

3.5.3 A remarkabldind is thatthe application of different initial disc temperatsied the beginning
of the cycle does not seemitdluence the maximum disc temperature over the cycle. Figure
24 shows that most of the tests were performed with an initial disc temperat{2@tof25)
AC and resulted in maxi mum (150tc1900 A @. mpMa rad aw er
Lab 4 perbrmed tests with entirely different initial disc temperasuasulted ina maximum
disc temperature of approximately 180C , regardless of t®Otheri niti a
parameters affeanaximum temperature rather than the temperature at the begiointhe
cycle and thus the correct application of soak times.

3.5.4 Moving forward, all labs need to follow a strict soaking protocol to avoid differences in the
temperature regime and conduct repeatable and reproducibleTtestproper soak applies
even if maximum temperatuieand thus PN emissiofisdoes not seem to be affected by the
correctsoaking application

Figure23
Average disc temperature over theNL T P B rcycle eoncerning the disc temperature at the beginning of the cycle
i Thevalues represent measurements u3i@gy
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Figure24
Maximum disc temperature over theWL T P B rcycle eoncerning the disc temperature at the beginning of the
cyclei Thevalues represent measurements u3iBg,

e o S S SR U N

o N DA O © O

© O O o o o
| | | | | J

80 -

60 -

40 -

Maximum disc temperature during cycléd

20 T T T T T 1
5 10 15 20 25 30 35

Disc temperature at start of cycléd
olabl ©Lab2 olLab3 olLab4 olLab5 olab6 olLab7 olLab8

[1l. Statistical assessment of timeesolved test resultsi EED
files

4 Purpose

The next level of numerical assessment of the dynamometer data pertains to-tiesdived

speed response at 1 HheWL T P B cyaedsea speed profile derived from an extensive
database from several regions and countries worldwide, following the approach used to derive
the correspondingexhaust duty cyclUNECE, 2019. A significant departure from legacy

duty cycles for dynamometdesting is the need to adhere to a prescribed speed profile,
including the time between braking events. The integration of the dynamometer (control
software and motor drive technology) and the control program to execute the cycle
influences:

Y the cooling rgime of the friction couple and the overall temperature levels during the
test;

/2 the airstream around the brake bietween brake events and the impact on particle
transport.

The two standard metrics to qualify the execution of the cycle relative {girtteeresolved
AT 1 Hz) speed trace include:
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6.1
6.1.1

6.1.2

6.1.3
6.1.4

6.1.5

6.2
6.2.1

6.2.2

6.2.3

6.2.4

) speed violations as the per cent of the time the brake spasdutside the limits
established on the GTR 18INECE, 2019

) speed error as the Root Mean Square of the Speed Error (RMS$EAREI29512014]
alsoexpressed as per cent of the maximum error allowed by the GTR 15.

Scope and Application

The metrics from paragraph Il apply to the speed trace for friction couples tested per the
PMPWL T P B cyelekPeotocol UNECE, 202(.

Definitions

Testing

i EEC fneahseadstandard tabular file with test and brake information and a tabular
summary of test outputs, with one row for each braking e[ 2013.

fi E Efled means a standard tabular file for thmesolved &t 1 Hzfor this study data from a
given test indicating brake and dynamometatiputs[VDA, 2013.

A Cy crheand th&VL T P B cyadasdefined in Mathissen et al. [2018]

A T e §Tt means a series afx repeats of th&VL T P B cyaekoa the same sample of a
friction couple, executednder repeatability conditions [ISO 57252019.

i Re p ¢Rhrmeans one execution thfe entire WLTP-Brake cycle

Statistics

i Speed iseahe maantaneous difference between the actual brake speed and the target
speednominal speeddf theWL T P Beyaek e

A Speed vmeanswheneverihe actual speed of the dynamometer exceeds the speed
trace tolerances, compared to the prescribed (nominal).speed

iSpeed t wmdamsttha imitedefined as0Zkm/h faster than the highest point, or 2.0
kmhd ower than the | owest point of the prescr

point in time.
i Root Me an

S g u ar mearsthe s§upre eodt of Bhe rsunr ad the squared

differences between the actual and the prescribed speed, divided byntber mf speed

values taken at 1 Hz.
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7

8.1

8.2

8.3

Abbreviations

BrkSpd braking speed

CA %rh relative humidity of the cooling air

CASpd cooling airspeed

CATemp cooling air temperature

COF Coefficient of friction

Ccsv Commaseparated values

E_Rotor embeddedhermocouple temperature

EEC VDA 305/EKB 3008 summary data with one row per record
EED VDA 305/EKB 3008 data in the time domdih Hz for this project)
EKB European Brake Noise Experts Group

Hi the higher limit for linear speed

IP inner pademperature

Lo thelower limit for linearspeed

Mu coefficient of friction

OoP outer pad temperature

P thepressure exerted on the brake

R_Rotor rotating thermocouple temperature

RO asingle identifier for the nominal vehicle test
R1éR6 repeats 1 t6 for a given test

RMSSE Root Mean Square of Speed Error

T torque output of the brake

TCemb Embedded Thermocouple

TCrub Rubbing Thermocouple

EED (CSV) file structure per VDA 305EKB 3008

EED files apply to each brake application (multipliegthe number of brakes used in the
test). For this project, one entire repeat of the WABF&ke cycle includes 303 EED files.
Essentially, an EED file consists of a value table, with columns representing a measurand
(e.g., speed, deceleration, pressure perature, torque, and COF, among otheasll every

row represents a sampling periofdl Hzfor this study.

The creation of the EED files required a series of previous steps, which commenced with the
test planning and concluded with the test output mnteto the statistical analysis team.
Figure 25 illustrates the simplified workflow for all labs.

Table 8 illustrates the structure of the EED file for a randomly selected part of one repeat
corresponding to 25 seconds of test data. The adaptationfEhe f i | es t o t he WL
cycle creates a single file for the entire cycle for each repeat. It depends upon the software
used for data collection; the EED file may split into 10 files, one for each trip. Essentially, an

EED file is a value table. Eachlamn represents a measurement signal (e.g. speed, pressure,
temperatures, torque, coefficient of friction, cooling airspeed, cooling air temperature, cooling

air humidity, among others). Every row on the EED file represents a sampling period. The

EED file is part of the test information, including other types of files, more for noise and
vibration tests.
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The EED files for all the tests create a spreadsheet extending to the right of Table 8. The

extended file includes five more sets of columns to completeepieats per lab and seven
more columns to complete eight labs.

Before calculating the metrics for speed violations and RMSSE, the statistical analysis team

had to perform a data alignment to synchronise the individual EED files for each trip. This
alignment ensured that the onsets of speed for each trip for each lab matched the nominal

Tabl e

9 i1l

ustrates

an

EED

f

e pre

misalignment stems from the time it takes for the brake to reach the initial saompeto start

next

(soak time) between events.

8.4
8.5
val ue.
t he
Figure 25

Flowchart from test planning to EED files for each repeat, each test, and each labThe workflow indicates the

trip.

The

nomi nal

combination of activities performed at the PMP and the individual lab level

Interlab test planning
Internal lab preparations
Distribution of test hardware and test parameters

:

L1

Internal testing
Control programs
Test staging
Cooling adjustment
Trial uns

v

v

Executionof T1
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Execution of T2
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v
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Generate EEDs
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v

v
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Speed violations
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:

L8

Internal testing
Control programs
Test staging
Cooling adjustment
Trial uns

v
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Executionof T1
(R1...R6)

Execution of T2
(R1...R6)

v

v

Review results
Generate EEDs
Submit EEDs
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v

v

WLTP Br ake

Speed violations

RMSSE
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Table 8
Extract of EED file for Repeat 1 of Lab 17 Trip = trip markerfor WL T P B cyealé&k Eme = time markerfor the
nominalWL T P Beyaek e

L1

. Time time BrkSpd T P Mu R_Rotor E_Rotor OoP P CASpd | CATemp | CArh
Trip s km/h NL m kPa AcC AcC AcC AcC km/h AcC %RH
s R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1

1 1 1682 0.0 7.1 3.8 0.0 18.2 21.9 19.0 19.4 9.7 16.3 47.1
1 2 1683 0.0 75 3.0 0.0 18.1 21.9 19.0 19.4 11.3 16.3 46.9
1 3 1684 0.0 7.9 3.0 0.0 18.1 22.0 19.0 19.3 12.7 16.3 46.7
1 4 1685 0.0 8.2 1.4 0.0 18.0 21.9 19.0 19.4 13.9 16.3 46.4
1 5 1686 14 7.9 3.8 0.0 17.9 21.9 19.0 19.3 15.2 16.3 46.2
1 6 1687 5.1 7.9 3.8 0.0 17.9 21.9 19.0 19.4 16.0 16.2 46.1
1 7 1688 8.8 8.0 45 0.0 18.1 21.9 19.0 19.4 17.1 16.2 46.1
1 8 1689 12.3 9.1 3.8 0.0 18.2 21.7 19.0 19.3 17.7 16.2 46.2
1 9 1690 15.8 8.8 3.0 0.0 18.4 21.7 19.0 19.4 17.9 16.2 46.4
1 10 1691 19.2 8.6 2.2 0.0 18.6 219 19.0 19.4 19.0 16.2 46.4
1 11 1692 21.2 8.4 3.8 0.0 18.8 21.7 19.0 19.3 19.3 16.2 46.6
1 12 1693 21.0 8.6 3.8 0.0 18.9 21.8 19.0 19.3 19.9 16.2 46.7
1 13 1694 20.8 8.8 3.8 0.0 19.0 21.7 19.0 19.3 20.7 16.2 46.8
1 14 1695 20.8 8.6 3.0 0.0 19.0 21.8 18.9 19.4 211 16.1 46.9
1 15 1696 20.8 8.8 3.0 0.0 19.0 21.6 19.0 19.3 21.5 16.1 47.0
1 16 1697 20.7 8.9 3.0 0.0 18.9 21.3 18.9 19.3 21.4 16.1 47.1
1 17 1698 20.7 8.6 3.0 0.0 18.9 20.9 18.9 19.3 225 16.1 47.2
1 18 1699 20.7 8.2 3.8 0.0 18.9 211 19.0 19.3 22.3 16.1 47.3
1 19 1700 20.6 8.0 3.8 0.0 18.9 21.3 18.9 19.3 22.5 16.1 47.4
1 20 1701 18.5 13.6 302.1 0.0 18.8 21.5 18.9 19.3 23.2 16.0 47.5
1 21 1702 15.0 1721 1128.0 0.3 19.1 22.8 19.0 19.3 23.4 16.1 47.6
1 22 1703 11.4 168.7 1155.9 0.3 20.1 23.8 19.5 19.6 23.4 16.0 47.7
1 23 1704 7.9 169.4 1160.6 0.3 21.0 24.2 20.1 20.0 23.7 16.0 47.8
1 24 1705 4.5 171.0 1170.7 0.3 21.4 24.7 20.9 20.3 23.9 16.0 47.9
1 25 1706 1.0 168.3 1200.9 0.2 214 24.1 215 20.5 23.8 16.0 48.1

Table 9

Extract of EED pre and post alignmenti Pre alignment on the left side shoWd has zero seconds before speed gnset
and the onset fdR2is delayed by 14 seconds. The data after the gped alignment on the right side shows all the repeats
with onset simultaneously allowing the correct computation of speed violations and RMS&&nge cells indicate
misaligned setGreencells indicate sets aligned &s or after inserting | removing zero speed data points

) pre-alignment | post alignment
Trip T;rze Brakingspeed / km/h

R1 R2 R3 R4 R5 R6 R1 R2 R3 R4 R5 R6
1 1 1.42 0 0 0 0 0 0 0 0 0 0 0
1 2 5.14 0 0 0 0 0 0 0 0 0 0 0
1 3 8.75 0 0 0 0 0 0 0 0 0 0 0
1 4 12.28 0 0 0 0 0 0 0 0 0 0 0
1 5 15.78 0 0.45 1.40 0.24 0 1.42 0.14 0.45 1.40 0.24 0
1 6 19.17 0 4.13 5.23 3.79 3.24 5.14 3.55 4.13 5.23 3.79 3.24
1 7 21.21 0 7.79 8.82 7.44 6.87 8.75 7.0 7.79 8.82 7.44 6.87
1 8 20.96 0 11.27 12.25 10.91 10.38 12.28 10.82 11.27 12.25 10.91 10.38
1 9 20.84 0 14.74 15.73 14.46 13.92 15.78 14.37 14.74 15.73 14.46 13.92
1 10 20.78 0 18.23 19.19 17.86 17.38 19.17 17.82 18.23 19.19 17.86 17.38
1 11 20.76 0 21.26 21.18 21.19 20.9 21.21 21.16 21.26 21.18 21.19 20.90
1 12 20.74 0 20.98 20.91 21.02 21.05 20.96 20.99 20.98 20.91 21.02 21.05
1 13 20.71 0 20.81 20.8 20.85 20.86 20.84 20.84 20.81 20.8 20.85 20.86
1 14 20.0 0 20.74 20.71 20.77 20.79 20.78 20.77 20.74 20.71 20.77 20.79
1 15 20.55 0 20.71 20.68 20.76 20.72 20.76 20.71 20.71 20.68 20.76 20.72
1 16 18.48 0 20.71 20.69 20.73 20.67 20.74 20.69 20.71 20.69 20.73 20.67
1 17 14.97 0 20.71 20.71 20.74 20.67 20.71 20.7 20.71 20.71 20.74 20.67
1 18 11.43 0 20.72 20.73 20.71 20.69 20.10 20.73 20.72 20.73 20.71 20.69
1 19 7.91 0.14 20.63 20.56 20.69 20.71 20.55 20.74 20.63 20.56 20.69 20.71
1 20 4.47 3.55 19.57 18.36 19.77 20.52 18.48 19.92 19.57 18.36 19.77 20.52
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8.6 Figure 26 illustrates the differences in time markers for the start of each trip and the resulting
loss of synchronicity for the metrics on speed efffigure 26a includes the actual soak times
in between tripsThe postalignment tracem Figure 26b includea or mal i si ng t he
periods at the beginning of each trip and allovtimgy computation of speed metrics.

Figure 26
Alignment of time-resolved brake speed for EED filedor test 1 from Lab 47 (a) TopT R1 6 as measured including
soak times between individual trig$;) Bottomi R1 6 after adding or removing zergpeed data values to align each trip to

its particulartime as the start of each trip.
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9.1
9.11

9.1.2

9.1.3

9.1.4

Statistics for speedviolations and speed error with EED files

Speed violations

For everynominal value orthe speed tracat 1 Hz,usethe following equationso determine
thespeed tolerance

3 5 I EB IB C

3 s AG B q

where:

Y hoh is thelower limit for the nominal speed at tinde

Y iR is the upper limit for the nominal speed at titne

QY AY is the minimum nominad speed within
GO®dY RY ist he maxi mum nominal &peed within N

For each speed value on the test results at 1 Hz, determine the speed error

where:

3 8h is the difference between the actbedkespeed and the nominal spded
test repeakat timeo

3 i is the actual brake speed on the dynamonietdest repeatat timeo

3 i is thenominalbrake speed at time

Determine for each speed value on the test results whether there is a speed violation or not,
using the following eqgation:

PEZE g5 Yir 3 ih
Y hh PEFEgrn Ynrr 3 rh
ni OEA®Bx EOA
where:
Y &R is the discrete output for a given test rep@sttimeo

Determine the total speed violations (above and below) for the entire trip, and compute the
absolute count as a per cent of the total value points on the namindl P B cyelek Do
not include values during the soak or waumperiods.

Y i GOTY i puce

where

Y hie is the speed violations for the cycle in per cent

WiY G isthe absolute value of the speed violation parameter per par&gteph
pucgo is the total time of th&VL T P B ey@ekwithout soak or cooldown times
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9.1.5 Figure 27 illustrates the equations in a graphical format as depicted on the GTR 15. Figure 28
depicts the application of the speed tolerance to the first 30 seconds during Trip #1 for Lab 4.

Figure 27

Tolerance limits for speed violations per UN GTR No. 15 Dashedlines indicate the upper and lower limits for brake
speed using the timesolved nominal speed at 1 HZhe solid line indicates the nominal speed trace
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Figure 28

Tolerance limits for speed violations applied to th&/L T P B rCscle & Red dashedines indicate theipper and lower
limits for the nominal speedsing equations from paragraph .9Grey dashedline indicates the nominal speethdsolid
blackline illustrates the actual brake speed during the test
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9.1.6 Table 10 provides a numerical example hmw to compute speed violations for a given
repeat.

Table 10

Example of computation of speed violatios for test 1, repeat 1, Lab 1i Calculationsin bold, greyed cellslepicts
values for time marker df124 s using equations from paragrapii. At 1124 s, the brake speed needs to be between 1.5
km/h and 12/4 km/imot toincur a speed violation

Speed / km/h Speed differe;r;:]?hfrom nominal / Speedviolations
Tip | T3 | Nominal | (SN | vl | “dymo. | nominal | nomnal | gy | Marker | TP | TR
3 3 i | 3wk 3: 136k |3 a6 | 3 sk R1 R1 R1
1 1 0.0 Y Y 0.0 0.00 0.00 0.00 Y Y 0.00 %
1 2 0.0 -2.0 2.0 0.0 -2.00 2.00 0.00 Y 0 0.00 %
1 3 0.0 -2.0 2.0 0.0 -2.00 2.00 0.00 Y 0 0.00 %
1 4 0.0 -2.0 5.4 0.0 -2.00 5.45 0.00 Y 0 0.00 %
1 5 3.4 -2.0 8.9 1.4 -5.45 5.45 -2.03 Y 0 0.00 %
1 6 6.9 14 12.3 5.1 -5.45 5.45 -1.76 Y 0 0.00 %
1 7 10.3 49 15.8 8.8 -5.45 5.45 -1.60 Y 0 0.00 %
1 8 13.8 8.3 19.2 12.3 -5.45 5.45 -1.51 Y 0 0.00 %
1 9 17.2 11.8 22.7 15.8 -5.45 5.45 -1.46 Y 0 0.00 %
1 10 20.7 15.2 22.7 19.2 -5.45 2.00 -1.52 Y 0 0.00%
1 753 | 46.7 44.7 48.7 45.3 -2.00 2.00 -1.44 Y 0 0.00%
1 754 | 46.7 44.7 48.7 44.6 -2.00 2.00 -2.10 1] 1 0.01%
1 755 | 46.7 44.7 48.7 46.7 -2.00 2.00 -0.04 Y 1 0.01%
2 | 1123 | 104 49 15.8 13.9 -5.46 5.46 3.50 Y 2 0.01%
2 | 1124 | 69 15 12.4 13.7 -5.46 5.46 6.77 1 3 0.02%
2 | 1125 | 35 -2.0 8.9 10.6 -5.46 5.46 7.11 1 4 0.03%
10 | &> | 00 2.0 2.0 0.9 200 | 200 0.87 v 164 | 1.04%
10 | g | 00 2.0 2.0 05 200 | 200 049 | 164 | 1.04%
10 | o> | 00 2.0 2.0 05 -2.00 2.00 0.54 n” 164 | 1.04%
Total speed violations 164 1.04%
Total speed violations below 160
Total speed violations above 4

3 Hh i Epgfo® ¢ pd

3 fh i ApBho® ¢ p@

3 F ok pP@AY e OF X

YRR pii Q@Y p & o

Forthe entirecycleY sp P @ TP UPC @ p8T P

9.1.7 Table 11 indicates the summargf speed violations as a per cent of total tifoe all six
repeats o1 for all eight lals. Lab 6 did not exhibit any speed violation, followed closely by
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Lab 4.Lab 3 and Lab 8 exhibited 42 % and 32o¥%speed violations at the other bookend
respectivelyLab 5 did not concludB5 andR6 due to technical issues.

9.1.8 The overall behaviour among Labs and across repeats exhibited a low per cent of speed
violations.Labs 1, 4 and 5 exhibited more significanimbers of speed violations durifigp
#1. These reductions hirdat possible control program optimisations before continuing to
subsequent tripdn contrast, Lab 8 performed the first five repeats with more thafo 37
speed violations and made changeth&last repeat to reduce the violations t0%.5

Table 11

Summary of speed violations for all six repeats during'1 for all laboratories i The per cent values indicate the time
during the entire cycleThe brakng speed on the dynamometer was outside the limits outlined in parégfah) denotes
missing data

Speed violations per repeat %
Lab Mean/ %
R1 R2 R3 R4 R5 R6
L1 20.1 7.6 7.8 7.7 6.6 7.9 9.6
L2 11.2 2.1 2.2 2.3 25 3.0 3.9
L3 40.6 44.0 42.4 43.1 39.8 43.4 42.2
L4 1.0 0.2 0.1 0.0 0.9 0.4 0.4
L5 1.7 2.2 3.0 2.2 * * 1.5
L6 0.0 0.0 0.0 0.0 0.0 0.0 0.0
L7 10.1 10.2 10.8 10.8 10.2 9.4 10.3
L8 38.9 38.4 375 37.7 37.6 0.5 31.8
Mean 15.4 13.1 13.0 13.0 12.2 8.1 126

9.2 RMSSE (Root mean squareggfeed error)

9.2.1 For each timestamp of a given speed trace (upper or lower speed limits, or actual speed from
the dynamometer), calculate the RMSSE using the following equation:

3 -
YO Y'YO _8h
where:
0 is the number of data values accrued for the calculation

9.2.2 Determine the RMSSE for a given cycle as a per cent using the following equation:

YO "Y"PO YU—YYO p Tt
YO YYD
where:
'Y”i‘) “Y(']‘IWO is the RMSSE forepeat®f agiven cycle as a per cent of the RMSSE
allowe

YO "Y'YO isthe RMSSE for reped®f a given cycle in speed units

YO YW  is the RMBSE for the lower or upper speed limits usingzhg s or3 ; &,
respectivelyper paragraph.1
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9.2.3 Figure 29 depicts the speed trace for the first 30 seconipatl of the R1from Lab 4.

Figure 29

Speed error for RMSSE calculation applied to theWL T P B rCydted Red circleson the thin solid blackline,
indicate thespeed error at each markesing equations from paragraph 9&ey dashedine indicates the nominal speed
andsolid blackline illustrates the actual brake speed during the test
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Speed / km/h
Speed error / km/h
P P
o 6]
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I
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Time /s

9.2.4 Table 12 illustrates the calculation steps for the first 10 secodsRi fromLab 1

Table 12
Example of computation of RMSSEfor Lab 1, test 1, repeat 1 Tableillustrates the first 10 secondsTfip #1

Tim | Nominal | Lower | Upper | Dyno
e brake speed s%?aed brgke Spged e“rror ( S. pe ve d err Cumulative RMSSE
/s speed limit limit speed Mgy fi Mg fi
3 3 vr | 3 hn 3 i ROLot | ROMit Rit RO,Lo,t RO,Hit Rit ROLot | ROMit Rit
km/h km/ km/h km/h | km/h | km/h | km/h | ( km/| ( km/| ( km/| km/h | km/h | km/h
1 0.0 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00
2 0.0 2 2.0 0.00 2] 200 | 0.00 4.00 4.00 0.00 141 | 141
3 0.0 2 2.0 0.00 2] 200 | 0.00 4.00 4.00 0.00 163 | 163
4 0.0 2 54 0.00 2] 545 | 0.00 4.00 29.68 0.00 1.73 | 3.07
5 34 2 8.9 142 5] 545 2] 29.68 | 29.68 411 289 | 3.67 | 0.91
6 6.9 14 12.3 5.1 5] 545 1] 29.68 | 29.68 3.09 345 | 402 | 1.10
7 103 4.9 15.8 8.8 5] 545 1] 29.68 | 29.68 2.54 3.80 | 426 | 1.18
8 138 8.3 19.2 12.3 5] 545 1] 29.68 | 29.68 2.29 404 | 442 | 1.23
9 17.2 11.8 22.7 15.8 5] 545 1] 29.68 29.68 2.14 422 | 455 | 1.25
10 207 15.2 22.7 19.2 5] 2.00 1] 29.68 4.00 231 436 | 436 | 1.28
Sum of squares 190.11 | 190.11 | 16.48
Root Mean Square of Speed Error 436 | 436 | 1.28
Y5 VYO PP oBIWCDT GEWcPT C&p p@EY & U
p T p Tt
R
YO "YYip o © p

9.2.5 Tables 13 andl4indicate the summaRMSSE and RMSSE for all six repeats oii'l for all
eight labs respectivelyLabs 4 and @nanaged to conduct the six repeats beb@o of the
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acceptable limit.Labs 1 and 2 completed five repeats betweer?8%and 95% of the
acceptable limit. Labs 7 and 8 had only one or two repeats below the limit of 3.2 km/h
(rounded value for 3.191 km/h).

9.2.6 Itis essential to contrast the RMSSE metrics &itburacy and precision from paragraphs 1.6
and 1.7 to understand the speed control dutiegcycle fully Labs 3, 7 and 8 exhibited a
performance related to braking speed and braking deceleration, comparable or better than
other labs.It is interestingto note thatLab 3 develop braking decelerations with
high fidelity compared to th&/L T P rak&cycle (see paragraph 1.&onversely, the same
lab wasable to controlbrake thespeed within the speed tolerances when including the
acceleration, cruise, and dwell events.

Table 13

Summary of RMSE valuesfor all six repeats during T1 for all laboratories i Thevalues reflect the results after applying
the calculations from paragra@®. (*) denotes missing datdhe row forWLTP refers to the maximum RMSSE metric
while still complying with the speed toleranc&be mean valuescludeonly the actual Lab results

Lab RMSSE / km/h Mean /
R1 R2 R3 R4 R5 R6 km/h
WLTP 3.2 3.2 3.2 3.2 3.2 3.2 3.2
L1 5.4 2.8 2.8 2.8 2.7 2.8 3.2
L2 16.8 2.8 2.8 2.8 2.8 3.0 5.2
L3 13.7 14.8 13.9 14.4 13.0 13.6 13.9
L4 15 1.2 1.1 1.2 1.5 1.4 1.3
L5 2.6 2.8 3.0 2.9 * * 2.8
L6 0.5 0.3 0.7 0.6 0.6 0.4 0.5
L7 3.2 3.4 35 3.6 3.2 3.0 3.3
L8 16.3 15.8 15.7 15.7 15.9 1.2 13.4
Mean 7.5 55 5.4 5.5 5.7 3.6 5.5
Table 14

Summary of RMSSE,, for all six repeats during T1 for all laboratories i The valuesreflect the results after applyirige
calculations from paragraph2. (*) denotes missing data

RMSSE,,

Lab R1 R2 R3 R4 R5 R6 Mean
(1 170% 87% 87% 87% 86% 89% 162%
L2 526% 87% 88% 89% 89% 93% 162%
L3 428% 464% 435% 451% 407% 428% 435%
L4 47% 38% 34% 36% 46 % 43% 41%
L5 82 % 88% 94% 90 % * * 89%
L6 15% 11% 21% 18% 19% 14% 16%
L7 100% 108% 110% 113% 101% 93% 104%
L8 511% 495% 491% 491% 500% 37% 421%

Mean | 235% 172% 170% 172% 178% 114% 174%

V. Statistical assessments on evebhsed test resultsi EEC
files

10 EEC file structure per VDA 305EKB 3008

10.1 The EEC file is the primary data exchange format as a CSVTfilis.type of file makes the
data exchange among testing facilities agnostic tootiginal software used on a given
dynamometerDuring thisinterlaboratorystudy,at least three different control systemseve
incompatible in their native formafThe VDA 305/EKB3008 format developed by the
European Expert Circle enables data exchangesuoh scenarios allowing testing facilities
and users to interchange and combine test results as part of their regulgyark2013].
The EEC file contains two main sections.
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10.1.1 Header data describe the boundary conditions for the testitlua descripion of the testa
description of the brakegnd a description of the noise measurementse latter does not
apply to this studyfuture work of the PMP IWG on notailpipe emissions needs to address
standard descriptors for the emission measuremeryg set the sampling systeffiable 15
lists the components of the test and the brake descripfiomeader entry always consists of
at least two column entries: the identifier and the assigned value.

Table B
Summary of data typeswithin the EEC file i The table indicates the default elements per VDA /86@8 3008 for
performance tests. Contingent upon the project, these elements may differ to reflect the metricspiyhichtapproject

Type Elements
Company| lab, project, testtest program, test options, test rig identifier, t|
Description of the test motivation, test start date, test end date, test tiota] testcycles,actual test

cycles, test aborted, test error
Brake, brake manufacturer, brake part number, brake version number, brg
Descrption of the brake number, brake axle, brake side, brake type, brake wheel load, brake pisto
brake effective radiusnitial brakepressure, and brake efficiency

10.1.2 Table 16 lists all the measands used for this studglong with its nomenclature and units.

10.1.3 The format for numerical data also included the number of decimal places to ensure proper
and consistent resolution for all subsequent calculatifith. only limited exceptions, which
did not compromise the results, all labs submitted the data using the EEC formal agreed
initially.

Table b

List of column identifiers, column heading, and applicable units for each parameter or measurand for each repeat
Rows ingreyindicate the measurands used for the statistical assessments for standard deviations

Measurand Identifier Heading Units Description
M, Sect # Trip # (1 to 10)
M, Stop # Nominal event per WLTP (1 to 303)
M3 Stop Stop Internal dyno stopgounter
M4 Stop Time sec Duration of the brake event
Ms Time of stop hh:mm:ss am/pm| Clock time athestart of the brake event
Ms Date of stop mm:dd:yyyy Calendar date
M7 BrkSpd_SP | Brk Spd Setpoint km/h Targetbraking speed per WLTP
Mg BrkSpd Brk Spd km/h Braking speedmeasured)
Mo RelSpd_SP | Rel Spd Setpoint km/h Target release speed per WLTP
Mo RelSpd Rel Spd km/h Release spee@neasured)
My Dcl_SP Decel Setpoint m/ s | Target total deceleration rate per WLTP
M1 Dcl Decel avgdist m/ s | Average by distance deceleration
Mz Tavg Torque avgdist NL m Average by distance braking torque
M4 Pavg pressure avglist kPa Average by distance brake pressure
Mis Muavg mu avg dist 0 Average by distance coefficient of frictioCOF)
M E_IRT Initial Rotor AcC Rotor temperature at braking speed with embedded
Mi7 E_FRT Final Rotor AcC Rotor temperature at release speed with embedded
Mg E_MRT Max Rotor AcC Maximum rotor temperature with embedded TC
Mg R_IRT Initial Rotor AcC Rotortemperature at braking speed with rubbing TC
My R_FRT Final Rotor AcC Rotor temperature at release speed with rubbing TC
Ma1 R_MRT Max Rotor AcC Maximum rotor temperature with rubbing TC
M2z OP_IRT Initial Out pad AcC Outer pad temperature at brakispgeed
Mys OP_FRT Final Out pad AcC Quter pad temperature at release speed
Mzs OP_MRT Max Out pad AcC Maximum outer pad temperature
P IP_IRT Initial In pad AcC Inner pad temperature at braking speed
Mg IP_FRT Final In pad AcC Inner pad temperature @lease speed
M2z IP_MRT Max In pad AcC Maximuminner pad temperature
Mg CASpd CISpdA km/h Average by time cooling airspeed
Mag CATemp Air Temp AcC Average by time cooling air temperature
Mso CArh Humidity % Average by time cooling air relativéumidity

10.1.4 The tabular overview of results includes one row per brake event (303 in total) and header
rows for column identifier, column heading (or measurand), and Eaitghis study, a fourth
header row identified the repeat (R1 to RBble ¥ illustrates the structure of the tabular
results. The rows reflect data férips #1 to #10. The trip event counter depends upon the
actual trip, and the cycle event countey)(pnovides a tally of all the events for the entest
cycle.More detailsare availablelsewherd UNECE, 2020.
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Table 7
Structure of a single EEC file as produced by the lab for each test, withmeasurands, and six repeats
. My [ Ma [OM My My T M
T | cvent | event | U | Un | U GG [ U,
RL | R1 Rl _________ Rl R6 | R6
1 1 r T

TN 0 S OO O O SN N Y N

10.1.5 The execution of thstatistical calculations per ISO 57Zbrequires the compilation of all
resultsinto individual spreadsheets, one for each of the following measyrasidsy the
actual values measured

a) Brakingspeed
b) Average by distance deceleration
c) Average by distance torque
d) Average by distance pressure
e) Average by distance coefficient of friction
f) Maximum temperature with embedded TC
g) Maximum temperature with rubbing TC
h) Cooling air temperature (controlled)
i) Cooling air temperature (all)
j) Cooling air relative humidity (controlled)
k) Cooling air relative humidity (all)
10.1.6 Table 18 illustrates the layout of columns sorted (teftright) by measurand with data for all

the six repeats next to each othEnis layout § an intermediate step before the computation
of all the parameters and statistics.

Table 18
Structure of a single EEC bythe lab for each test, six repeats, sorted horizontally fon measurands
. My | My M M My T
T | goene | event | U O B O Uy
RL | R6 | Ri : . R6 | RT | R6
1 1 1

[0 [ m [ 303 ] T
10.1.7 The thirdand final step to prepare the data input was creatpgrate spreadsheets with all
the data available for each measurand per paradfaptb Table 19 depicts the layout.

Table 19
Structure of the combination by results from eight labs, two tests, and all six repeats for a single measurandhe
entirestatisticalprocess uses one spreadsheet for each measurand n as indipatedrapti0.1.5

i Ly . Lg
Trip g\;:epnt g\x//glri Ty T, Ta T,
R1L | R6 R1L| R6 | R1L| R6 | R1| R6
1 1 1

[0 m [303] [ [ [ | [ T [T [T T [ 1]

10.1.8 Tables 20 to 22 illustrate partial outputs per paragi&ph.5 t010.1.7, respectively.
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Table 20
Example ofsingle EEC file produced by the lab forthe first six braking events onTrip #2, R1 on selected measurands Per paragrapti0.1.5 and Table 17
) BrkSpd_SP BrkSpd ReISde_S RelSpd Dcl_SP Dcl Tavg Pavg Muavg E_IRT E_FRT E_MRT CASpd CATemp CArh
Trip t;r\:éﬁt g\)llgLet Stop Brk Spd Rel Spd Decel Decel Torque pressure mu Initial Final Max CISpdA Air Temp Humidity
Time Setpoint Brk Spd Setpoint Rel Spd Setpoint | avg dist avg dist avg dist avg dist Rotor Rotor Rotor
sec kph kph kph kph m/ s | m/ s | NL m kPa o] AcC AcC AcC kph AcC %
R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1
2 1 30 3.8 13.39 13.63 0.50 0.47 1.21 1.23 167.8 854.0 0.342 15.3 16.3 16.5 24.1 15.3 51.9
2 2 31 4.0 33.59 34.03 18.90 18.85 1.34 1.34 182.6 986.7 0.321 16.6 22.3 224 24.1 15.3 51.9
2 3 32 4.0 32.61 32.72 23.30 23.24 0.83 0.83 112.9 595.5 0.329 21.8 24.4 24.5 25.7 15.2 52.0
2 4 33 3.0 25.12 25.49 18.50 18.50 0.83 0.84 114.0 586.2 0.338 25.0 26.3 26.3 25.7 15.2 52.0
2 5 34 7.8 37.92 38.53 0.50 0.47 1.74 1.74 236.8 1247.5 0.329 27.7 37.6 38.5 24.1 15.2 52.1
2 6 35 3.0 48.09 48.25 40.60 40.55 0.88 0.89 120.5 643.6 0.325 34.6 38.1 38.1 24.1 15.2 52.2
Table21
Example ofsingle EECsorted (left to right) by measurand for one lab for the first six events ofTrip #2, on selectedneasurandsi Perparagrapt0.1.6 and Table 18
BrkSpd BrkSpd BrkSpd BrkSpd BrkSpd BrkSpd RelSpd RelSpd RelSpd RelSpd RelSpd RelSpd Tavg Tavg Tavg Tavg Tavg Tavg
BrkSpd | BrkSpd | BrkSpd | BrkSpd | BrkSpd | BrkSpd | RelSpd | RelSpd | RelSpd | RelSpd | RelSpd | RelSpd ;fg%‘i‘; ;fg%‘i‘; ;,‘;r%‘fset ;g%‘i‘; ;,‘;“gi‘set ;,‘;“gi‘set
kph kph kph kph kph kph kph kph kph kph kph kph NL m NL m NLm NL m NLm NLm
R1 R2 R3 R4 R5 R6 R1 R2 R3 R4 R5 R6 R1 R2 R3 R4 R5 R6
13.63 13.63 13.75 13.63 13.75 13.75 0.47 0.47 0.47 0.47 0.47 0.47 167.8 168.0 168.3 167.4 166.7 166.9
34.03 34.03 34.03 34.03 34.03 34.03 18.85 18.85 18.85 18.85 18.85 18.85 182.6 183.0 183.0 183.1 183.0 183.1
32.72 32.84 32.84 32.84 32.84 32.84 23.24 23.24 23.24 23.24 23.24 23.24 112.9 113.1 113.1 113.3 112.9 113.1
25.49 25.49 25.49 25.49 25.61 25.49 18.50 18.50 18.50 18.50 18.50 18.50 114.0 1145 114.4 114.2 114.4 1145
38.53 38.53 38.53 38.53 38.53 38.53 0.47 0.47 0.47 0.47 0.47 0.47 236.8 237.3 237.3 237.5 237.5 237.7
48.25 48.25 48.37 48.25 48.25 48.25 40.55 40.55 40.55 40.55 40.55 40.55 120.5 120.9 120.7 120.5 120.7 120.5
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Table22
Example of the combination of test result$or braking speedon the first six braking events on
Trip #2 for Lab 1 and 2, both tests, and six repeats on ea¢HPer paragraptl0.1.7

and Tablel9
Lab 1/km/h Lab 2 /km/h
Trip eT\:«Ieriwt S\)//grlﬁ T P " -
R1 R2 R3 R4 R5 R6 R1 R2 R3 R4 R5 R6 R1 R2 R3 R4 R5 R6 R1 R2 R3 R4 R5 R6

2 1 30 | 14.01| 1401 | 14.01 | 13.89 | 14.01 | 14.01 | 14.01 | 14.01 | 14.01 | 14.01 | 14.01 | 14.01 | 13.63 | 13.75 | 13.75 | 13.75 | 13.75 | 13.75 | 13.75 | 13.75 | 13.75 | 13.75 | 13.75 | 13.75
2 2 31 | 3444 | 3432 | 34.44 | 34.44 | 34.44 | 3432 | 34.44 | 34.44 | 34.44 | 34.32 | 3432 | 34.44 | 34.14 | 34.03 | 34.26 | 34.14 | 34.14 | 34.26 | 34.03 | 34.03 | 34.14 | 34.14 | 34.14 | 34.14
2 3 32 | 33.13| 33.13| 33.13 | 33.13 | 33.13 | 33.13 | 33.25 | 33.13 | 33.25 | 33.13 | 33.13 | 33.25 | 32.84 | 32.84 | 32.84 | 32.84 | 32.72 | 32.72 | 32.84 | 32.84 | 32.72 | 32.84 | 32.84 | 32.72
2 4 33 | 25.77 | 25.77 | 25.89 | 25.77 | 25.89 | 25.77 | 25.89 | 25.77 | 25.89 | 25.89 | 25.89 | 25.77 | 25.61 | 25.49 | 25.49 | 25.49 | 25.49 | 25.61 | 25.49 | 25.61 | 25.49 | 25.49 | 25.49 | 25.49
2 5 34 | 38.83| 38.83 | 38.83 | 38.83 | 38.83 | 38.83 | 38.83 | 38.83 | 38.83 | 38.83 | 38.83 | 38.95 | 38.53 | 38.65 | 38.53 | 38.53 | 38.65 | 38.65 | 38.65 | 38.65 | 38.65 | 38.65 | 38.65 | 38.77
2 6 35 | 48.69 | 48.69 | 48.69 | 48.69 | 48.69 | 48.69 | 48.69 | 48.69 | 48.69 | 48.69 | 48.69 | 48.80 | 48.49 | 48.25 | 48.49 | 48.37 | 48.37 | 48.49 | 48.37 | 48.37 | 48.25 | 48.37 | 48.25 | 48.13
2 7 36 | 42.63 | 42.63 | 42.63 | 42.63 | 42.63 | 42.63 | 42.75 | 42.63 | 42.63 | 42.63 | 42.75 | 42.63 | 42.21 | 42.33 | 42.21 | 42.33 | 42.21 | 42.21 | 42.33 | 42.21 | 42.33 | 42.33 | 42.33 | 42.44
2 8 37 | 30.52 | 30.52 | 30.52 | 30.52 | 30.64 | 30.52 | 30.64 | 30.64 | 30.64 | 30.64 | 30.64 | 30.64 | 30.35 | 30.23 | 30.23 | 30.23 | 30.11 | 30.23 | 30.23 | 30.11 | 30.23 | 30.35 | 30.23 | 30.23
2 9 38 | 40.26 | 40.26 | 40.26 | 40.14 | 40.26 | 40.26 | 40.26 | 40.26 | 40.26 | 40.26 | 40.14 | 40.26 | 39.95 | 40.07 | 39.84 | 39.84 | 39.95 | 40.07 | 39.95 | 39.84 | 39.95 | 39.95 | 39.95 | 40.07
2 10 39 | 30.04 | 29.92 | 29.92 | 29.92 | 30.04 | 29.92 | 30.04 | 29.92 | 30.04 | 29.92 | 30.04 | 30.04 | 29.64 | 29.64 | 29.64 | 29.52 | 29.64 | 29.64 | 29.76 | 29.64 | 29.52 | 29.52 | 29.52 | 29.64
2 11 40 | 24.70| 24.70 | 24.70 | 24.70 | 24.70 | 24.70 | 24.70 | 24.70 | 24.82 | 24.70 | 24.70 | 24.82 | 24.42 | 24.42 | 24.42 | 24.42 | 24.42 | 24.30 | 24.42 | 24.42 | 2430 | 24.42 | 24.30 | 24.42
2 12 41 | 42.15| 42.27 | 42.15 | 42.15 | 42.15 | 42.27 | 42.15 | 42.15 | 42.15 | 42.15 | 42.15 | 42.15 | 41.97 | 41.85 | 41.97 | 41.85 | 41.97 | 41.97 | 41.97 | 41.85 | 41.97 | 41.97 | 41.97 | 41.97
2 13 42 | 2221 22.21| 2221 | 2221 | 2221 | 22.21| 22.21 | 22.32 | 2232 | 2221 | 2221 | 22.21 | 21.93 | 21.93 | 21.93 | 22.05 | 21.93 | 21.93 | 21.93 | 21.93 | 21.81 | 22.05 | 21.93 | 21.93
2 14 43 | 32.66 | 32.54 | 32.66 | 32.54 | 32.54 | 32.66 | 32.66 | 32.66 | 32.66 | 32.66 | 32.66 | 32.66 | 32.48 | 32.37 | 32.48 | 32.48 | 32.48 | 32.37 | 32.37 | 32.37 | 32.37 | 32.37 | 32.48 | 32.25
2 15 44 | 34.91| 34.91| 35.03 | 35.03 | 34.91 | 34.91 | 35.03 | 34.91 | 34.91 | 34.91 | 34.91 | 35.03 | 34.86 | 34.86 | 34.74 | 34.74 | 34.74 | 34.74 | 34.74 | 34.74 | 34.74 | 34.74 | 34.74 | 34.74
2 16 45 | 76.35| 76.24 | 76.24 | 76.24 | 76.24 | 76.35 | 76.24 | 76.24 | 76.24 | 76.35 | 76.24 | 76.35 | 76.11 | 76.00 | 76.11 | 76.11 | 76.11 | 76.11 | 76.23 | 76.11 | 75.88 | 76.11 | 76.00 | 76.11
2 17 46 | 22.92| 22.92 | 22.92 | 22.92 | 22.92 | 22.92 | 23.04 | 22.92 | 23.04 | 22.92 | 22.92 | 22.92 | 22.88 | 22.88 | 23.00 | 22.88 | 23.00 | 22.76 | 22.76 | 22.76 | 22.64 | 22.88 | 22.88 | 22.88
2 18 47 | 41.80 | 41.80 | 41.80 | 41.80 | 41.80 | 41.80 | 41.92 | 41.80 | 41.68 | 41.80 | 41.80 | 41.80 | 41.38 | 41.50 | 41.61 | 41.50 | 41.61 | 41.61 | 41.61 | 41.61 | 41.50 | 41.50 | 41.61 | 41.50
2 19 48 | 48.09 | 48.09 | 48.09 | 48.09 | 48.09 | 48.09 | 47.97 | 48.00 | 48.00 | 48.09 | 48.09 | 48.09 | 47.66 | 47.78 | 47.66 | 47.66 | 47.78 | 47.54 | 47.66 | 47.54 | 47.78 | 47.90 | 47.66 | 47.78
2 20 49 | 3551 | 35.39 | 35.51 | 35.51 | 35.39 | 35.51 | 35.51 | 35.39 | 35.51 | 35.51 | 35.51 | 35.39 | 34.97 | 35.09 | 34.97 | 35.09 | 35.09 | 35.09 | 35.09 | 35.09 | 35.09 | 35.09 | 35.09 | 34.97
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11 Definitions for the application of the ISO 57255

To ensure consistency and avoid unnecessary duplication, please refer to the 1S€érigga¥ standards for
specific terms and definitiong.his section uses only a subset of statistical parameters and metrics, with
abbreviated definitions, as needed to ensure clarity.

12  Main abbreviations per ISO 57255

Term | Definition (values in paren#sis apply to this study only) Equation per
ISO 57255:1998
Yiitk individual test result [19]
o] number of samples for which at least one test result is reported (up to 16) [46]
m general average [39]
n; total number of test results (up to 96 = 8 lal&ssamples x 6 repeats) [46]
N summation ofy; values [47]
Nijt number of results obtained in otest(up to six in this project) s
N number of laboratories that report at least one test regutb(eight) [46]
Ohi degrees of freedom for samples (upeitghi [46]
o degrees of freedom for laboratories (up to seven) [46]
Oi degrees of freedom for repeatability (up to 80) [46]
i betweensamples standard deviation [53]
i’ betweensamples standard deviation using rotalgbrithms [33]
i betweenlaboratory standard deviation [54]
i’ betweenlaboratory standard deviation using robalgbrithms [54]
i repeatability standard deviation [52]
i’ repeatability standard deviation using robalgbrithms [29]
i reproducibility standard deviation [55]
i’ reproducibility standard deviation using robasgjorithms [30, 31, 32
i’ Standard deviation of the cell averagsing robust algorithms [79]
@ Sample average s
(%) (Laboratory) cell average [23]
0 Between sample ranges [24]
0 Within sample standard deviation s
Zii test residual [42]
6 laboratory effect [40]
O sample effect [41]
Kij the sum of squares of; values [48]
K the sum of squarey values [49]
0 summation oK;j values [50]
e summation oK;/ n values [51]
Y'Y the sum of squares for laboratories [43]
"Y"Y | the sum of squares for samples [44]
Y the sum of squares for samples using robust algorithms [78]
"Y"Y | the sum of squares for repeatability [45]
“Y®Y | the sum of squares for repeatability using robust algorithms [77]
* denotes any calculation using robust algoritlifsr S)

13  General concepts related to the application of the ISO 5725

13.1 General concepts

13.1.1 Interlaboratorystudies for heterogeneous materials yield information regarding the variability between
samples, two in this study for each lab. The methods applied in this study provide estimates of tt
reproducibilitystandard deviatigremoving the variation betwesamples.
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13.1.2

13.1.3

13.1.4

13.1.5

13.1.6

Friction materials are prime examples of heterogeneous materials. No two brake pads are tii¢hsame.
working together with the mating disc and brake calliper, the resulting friction couple compounds the variou
properties of both materialdt is well known that friction, wear, and other relevant properties exhibit
within batch and b eAnatheresourch aftvarihbility during anterlaboratory studies
occurs as the effect of the braking history and the actual test conditicagjifen level (brake event) during

this study.The variability among friction couples add:
reproducibility standard deviatioBy sending two sets of friction materials and discs from the same batch to
eah lab, he data can generate estimates for variation between friction couples to conduct two separate te:
This approach enables the calculation of the reproducibility standard deviation of the test method removil
the between friction couple variation.

A second aspect or characteristic of heterogeneous materials relates to the influence of the specin
preparationTraditionally, the primary source of specimen preparation relates to the manufacturing pnocess.
the strict statistical sense, the brakimistory of the friction couple during previous levels (brake evesits)
source of variation, too.

This precision experiment aims to discover the variability in practice when conducting brake emission
measurementsgience, it is necessary to include ttumsequence of heterogeneity of the friction couple in the
estimates of the precision of the measurement method.

In reality, several labs were not able to conduct all the tests under repeatability conditions. A noticeab
deviation from the repeatabilitgonditions was the inability of several labs to control the cooling air
temperature and humidity during the teg&tpon scrutiny of the results, it became apparent that some test labs
changed the control program to correct for speed ef@ns.lab discosred the execution dfrip #1 for both

tests did not have the brake actuation system working correctly, and hence the energy dissipated v
significantly different from the nominah second lab discoverdtatthis same situation occurred only during
Test1. See Table 1 for other factors which did not allow real repeatability conditions for all labs and alll
repeats.

The formulae in this study follow the general calculations for a design for a heterogeneous material p
subcl ause 5. 9 oTheusedDChe geherd forulae aced@nmodates the fact that not all labs
reported all the results.

13.2 Concepts related to data handling for the statistical assessments

13.2.1 The statistical design used in the study involves three factors arranged in a specific yhi¢ghardhctor
il ab or a theohighest level, a factirs a mp | es wi t has the rex levelr aad acfactibre 8 ® t
resul ts wiasthéelowes laval pfithe kigsarchy.

13.2.2 The uncertainty of the estimate of the repeatability and reprotitycgiandard deviations were not assumed
fixed using nominal or prior informatiorDue to technical and data processing issues, not allclaibsl
conduct or report all results for every level (brake event).

13.2.3 The scrutiny of the data for consistency, stragglers, and outliers reliegplamentingthe h* andk* statistics
described in I1SO 5725 2. The (*) denotes metri cs
16.

13.2.4 Outlier detection is a pfprocessing step to locate and manage data points in a data sample, which do n

conform to general observatiodonitoring for data quality is especially crucial in this study due to missing
values for some measurands on some tests or se@ead-igue 30 for an example of the EEC data for the
coefficient of friction and data scrutiny to find and address erroneous values, e.g., COF of zero, ¢
temperatures above 1000 AC, or that may have. a s
There are hundreds of definitions and methods to detect outliers. In broad terms, this study endorses
definition of outliers provided by Tempgit al.[202Fd,def i ni ng a stati sti cal ou
behaveés differently from the majtyiof the data points which are assumed to follow some underlying
modeéel . o

% Templ, Matthias, J. Gussenbauer, and P. FilzmtEealuation of robust outlier detection methods for zeftated complex data.Journal of
Applied Statisticg7, no. 7 (2020): 1144167.
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13.25

13.2.6

13.2.7

13.2.8

13.2.9

13.3
13.3.1

13.3.2

13.3.3

13.3.4

13.3.5

The consistency of theell averagesu s e s M &*nsthtistic 4f she lab reports generally biased results,
mosth* statistics exhibit large values and in the same directiompapping or exceeding the limits values.
See paragraph 17.1 for detailed calculations and examples.

The consistency of theetweersample( bet ween test i n t hi sk*datisticdlythe r a
lab is not testing under repeatability condiso(allowing extraneous factors to increase the betwample
variation), thek* statistic is unusually large, approaching or exceeding the limits vé8eesparagraph 17.2

for detailed calculations and corresponding examples.

The consistencsb et weenot ebetwowesml|l tepeat s i n K istatistic. ftthe d y )
laboratory achieves poor repeatability, Kiestatistic also becomes unusually large, approaching or exceeding
the limits.See paragraph 17.3 for detailed calculat@md examples.

I n [1 SO 5725 2:2019], the Cochranods and Grubbéd
significance level that should be discardedsome instances, the statistician may have good reasons to retain
the dataDuring a smaller studythe statistician(s) have to decide between a) retaining all the data from a
given laboratory, b) discard only data from certain levels from specific labs or c) discarding all the data fror
that laboratoryln this study, with over 3000 datasets to asgg@dsmeasurandd 303 brake events}his
process was not practical to apply using commercially available spreadsheets software.

Before appfing the robust methods and identifyiagtliers, the statistical analysis team removed the obvious
data blunders early in the analysSiis step, which occurs on most rounds of proficiency testing, is crucial to
avoid impairing the performance of the statistical methods.

Concepts related thié application of robust algorithms

This study applies robust methods for data analysis to calculate repeatability and reproducibility standa
deviations from results containing outliekdsing tests for outliers and stragglers to exclude data allows the
anal ystdéds judgment to affect the results.

Using robust methods all@eshe calculation of the standard deviations for repeatability (between tests) and
reproducibility (between dynamometers), minimizoglying dataln general, participants can qualifytimo

broad categories, those producing gapgility data and those generatingufficient quality dataln such an
environment, the robust methods generate values for the standard deviations, valid foualdgddata
class, not affected hipsufficient quality data; unless the latter is too large.

This study uses robust methods for data analysis described in claudé &@® 5 7 2 5. THe :robut9 8
methods allow the analysis of the data in such a way that does not require (subjective) decisidestttiet af
results of the calculationgvhen there are good reasons to expect results containing outliers, it is preferable t
implement robust methodB.ur i ng this interl aboratory study, S
the agreedipon fashion fothe first time.Yet, other labs had different levels of experience on the test method.
Due to this situationrobust methods werparticularly appropriate to derive different statistics, and no data
was discarded upon review of results.

The use of robust methods determines the standard deviations to use as the denominatbrsaindtkie
statisticsand calculatethe overall averages, avoiding distortion on the resB#sides, the statistics obtained
from robust methods are then uséd obtain estimates of repeatability, intermediate precision, and
reproducibility standards deviations.

The robust methods applied in this study are relatively simple and provide the means to combine (in a rob
manner) cell averages, cell standard dews, and cell ranged.hey do not robustly combine individual
results and start with the arithmetic cell average and the cell standard devitien.robust methods to
combine test results within cells in a robust manner are more complicated torapphgra outside the scope

of this study besides being amenable to implement as simple spreadsheet iterations, robust algorithms A a
S.
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Figure 30
Example of missing datafor COF (all labs, two tests and six repeajd Cellsin orangecorrespond tanissing data
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14

14.1
14.1.1

14.1.2

14.1.3

14.1.4

14.1.5

14.1.6

14.1.7
14.1.8

14.2

14.2.1

Standard deviations for repeatability, sample effect,laboratory effect, and
Reproducibility using non robust algorithms

General aspects

This paragraptollows the calculations and equations for the general formulae for heterogeneoualsnater
per[subclause 5.pin ISO 57255:1998.

The estimations of accuracy (trueness and precision) are the result of four components, under repeatab
conditions per:

result= general average + laboratory component of bias + variation between samples + random error

References to a specific clause or-slduse use thfclause#.4 or [clause#.#.4 format. References to a
specific equation use thi&q. #4 formatand referenes to a specific table use tfieable ## format Unless
otherwise specified, t he r e 5HE88elheceterences rensyreéclarityaapdp |
fidelity to thelSO 5725series of standards and ease of scrutiny and understanding for interested readers

Theworkflow of calculations in thigparagrapHhollows the structure to accommodate the spreadsheet built for
this study.

The general structure to present the calculattaps initiates with a brief introduction, followed by a
numerical example with tabular data (as deemed useful or relevant) and the general formulae applicable
the first row (brake event 1) measurand corresponding to the coefficient of fri€boansire clarity to
present the results, the tabular representation in this report may differ from the actual layout of th
spreadsheet.

The spreadsheesed to generate the data for tiEiportuses ampensourcespreadsheet iMicrosoftt Excel
365.

The vales shown on this table may differ from the actual calculation due to rounding.

Tables 23 t®26 use the averagey distance coefficient of friction for level (event) 1. The data provides an
example of the general formulae when missing some test rgdalise 5.9

General and sample average; laboratory and sample effects; sums of $mukalesratories, samples and
repeatability degrees of freedom and factors standard deviajmagses.9ato 5.9.].

Reference Table 23 toetbrmire thesample aveage,the sample standard deviatidhg cell (laboratory)
averagé andthegeneral averagdable 19, expanded]

NOTE: use the individual test results to determine theasell theoveral averagevalues.Using thesample
average valueand the cell awage, respectivelyields different (incorrect) results.

* See TECHNICAL CORRIGENDUM 1o ISO 57255:1998 published 2009815
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Table 23
Determination of the COF for Level 17 Includingcalculation of averages and the number of test result
Laboratory Sample Test results for theCOF Sample Sample (Lab.)cell | (Laboratory
i t average std. dev. average ) cell range
k=1 k=2 k=3 k=4 k=5 k=6 Yit 0 Yi 0
1 0.236 0.384 0.390 0.391 0.392 0.393 0.364 0.062 8
L 2 0.247 0.371 0.371 0.378 0.379 0.387 0.356 0.053 4 0.360 0.008 8
1 0.240 Y% Yo Ya Y2 Yo 0.240 Ya
2 0.240 Y
2 Y2 Y% Y2 Ya Y2 Y Ya Y2 &
1 0.211 0.405 0.410 0.406 0.395 0.398 0.371 0.078 5
3 2 0.234 0.406 0.399 0.401 0.391 0.381 0.369 0.066 6 0.370 0.0022
1 0.256 0.436 0.438 0.427 0.431 0.434 0.404 0.0726
4 2 0.270 0.541 0.560 0.558 0.564 0.563 0.509 0.1177 0.456 0.1057
1 0.196 % R Yo Yo R 0.196 Yo
5 2 0.255 0.410 0.422 0.422 0.353 0.446 0.385 0.0707 0.358 01891
1 0.278 0.317 0.289 0.279 0.267 0.275 0.284 0.017 4
6 0.284 Ya
2 Ya Y% Y2 Ya Y2 Y Y2 Y
1 0.305 0.359 0.355 0.338 0.354 Ya 0.342 0.0223
1
! 2 Yo Ve Yo Yo Yo Yo Yo Yo 0.342 &
8 1 0.233 0.431 0.458 0.458 0.389 0.459 0.405 0.088 4 0.405 y
2 % Y % Y% Y Y Y% Y% §
Applying [Eq.21] then gives:
Sample average for lab 1, sample y;;= 0.2 360.3 840.3 9-60.3 940.3 920.3 9) % =0.364
Applying [Eq.23] then gives:
Cell average for lab 5: ys= 0.0 960.2 56504 1004 2204 220.3 5804 4)& =10.358
Applying [Eq.39] then gives:
General average: m= (0.236 + Ok048430.3+8dD.4 8)BDE O3F4L
Number of test results (norero) n =61

14.2.2 Reference Table 24 to calculdbe sum of squares for laboratorféable 20, expanded]

Table 24
Calcul ation of the s umCarforlewld aincdudinglbmnatory effdrts, degrees foéeders, and factors
Laboratory (Laboratory) cell Number of test (Number of test Laboratory effect (Laboratory Factor
i average results resul tg B; effect) Kij
Vi nu é 0

1 0.360 12 144 0.014 0.00020 72
2 0.240 1 1 0.135 0.01812 1
3 0.370 12 144 0.004 0.00002 72
4 0.456 12 144 0.082 0.00678 72
5 0.358 7 49 0.016 0.00027 37
6 0.284 6 36 0.090 0.00812 36
7 0.342 5 25 0.032 0.00102 25
8 0.405 6 36 0.031 0.00093 36

Applying [Eq.47] then gives:

Number of testsesults for lab5, 6, 7 Ns1=1+6=7n=6+0=6n,=5+0=5

Applying [Eq.40] then gives:

Laboratory effect for lab 1 Bu= 0.360 0.374 = 0.014

Applying [EQq.48] then gives:

FactorK; for labs 5, 6, 7 Ksi= 1] + K9 6] 3+Ky= H5)36-; 0 = 25

Applying [Eq.49] then gives:

FactorkK; Ki=144 +1+ 144 + 144 + 49 + 36 + 25 + 36 = 579

Applying [Eq.50] then gives:

Factoro 0 =72+1+72+72+37+36+25+36=351

Applying [Eq.51] then gives:

Factop © 0°=72 +1 BR#A5 +36 5 4.36

Applying [Eq.46] then gives:

Degrees of freedom for laboratories vwj= 8 1 =7

Applying [Eq.43] then gives:

S$:=1230.00020+B0. 018 1200601QR2LL+ 5

Sum of squares for laboratories

+ 63 0.00093=0.163 3
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14.2.3 ReferencelTable 25 to calculate the sum of squares for samples [Table 21, expanded]

Table 25
Calculation of the sum of squares fothe s a mp C@F&ws Level 17 Includingcalculation of sample effects and degree of freedoradoh
testsample
Laboratory (Laboratory) cell Sample Sample average Number of test Sample effect (Sample e
; average results "
' : t Vi ) Hi S
Yi Nijt
1 0.364 6 0.004 1.95E 05
! 0.360 2 0.356 6 0.004 1.95E 05
1 0.240 1 0.000 0.00E+00
2 0.240 5 1 1, 1, v
1 0.371 6 0.001 1.17E 06
3 0370 2 0.369 6 0.001 1.17E 06
1 0.404 6 0.053 2.79E 03
4 0.456 2 0.509 6 0.053 2.79E 03
1 0.196 1 0.162 2.63E 02
° 0.358 2 0.385 6 0.027 7.30E 04
1 0.284 6 0.000 0.00E+00
6 0.284 2 Yo Yo Yo Yo
1 0.342 5 0.000 0.00E+00
7 0.342 5 v " " v
1 0.405 6 0.000 0.00E+00
8 0.405 2 Yo Yo Yo Yo
Applying [Eqg.41] then gives:
Sample effect for lab 1, sample 1 Hu= 0. 364 0.360 = 0.0014
Applying [Eqg.46] then gives:
Degrees ofreedom for samples V= 12 8 = 4
Applying [Eqg.44] then gives:
Sum of squares for samples S$1=631. 95E 3015 946 BE6 05 2+ 6IBIEL 0V 21
+637. 30 E0.G0B439=

14.2.4 Reference Table 26 to calculate the sunsafiares for repeatability [Table 22d]his calculation uses the

individual test results and the sample average from Table 23.

Table B

Calculation of sum of squares for repeatability ofthe COF for Level 11 Including calculation of residuals and degresfsfreedom for

repeatabilitystandard deviation

Laboratory Sample Residual COF
[ t k=1 k=2 k=3 k=4 k=5 k=6
1 1 0.112¢ 0.0199 0.0257 0.0264 0.0280 0.0281
2 0.310¢ 0.0158 0.0155 0.0222 0.0235 0.0312
5 1 0.0000 % % % % Yo
2 % % % % ¥ ¥
3 1 0.8159 0.0342 0.0392 0.0352 0.0242 0.0272
2 0.7134 0.0373 0.0303 0.0323 0.0223 0.0123
4 1 09147 0.0322 0.0348 0.0233 0.0269 0.0307
2 0.7239 0.0316 0.0504 0.0491 0.0551 0.0535
5 1 0.0000 ) R R 1723 Yo
2 0.7129 0.0253 0.0373 0.0373 0.7031 0.0613
6 1 0.500€ 0.0325 0.0047 0 .60 0 4 0.501¢ 05009
2 Y% Y% Y% Y% % %
7 1 0.3037 0.0168 0.0126 0.20 04 0.0120 %
2 % % % % % %
8 1 0.7171 0.0263 0.0533 0.0533 0.70 14 0.0543
2 Y% Y% Y% Y% % %
Applying [Eq.42] then gives:
Residual folab 1, test 1 and 2 on both samples z111=0. 236 0028B £;4= =0. 384 199.364 = 0.0
Applying [Eq.46] then gives: Z1101= 247 03,356 0= 3710. 1988. 364 = 0.0
Degrees of freedom for repeatability vi= 61 12 = 49
Applying [Eq.2] then gives:
Sum of squares faepeatability S§=( 0.128 1) 4(0.025% oL LOADEB J(9
+ P+ (0.0583 #0.250 12
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14.2.5 Applying [Eq.53 to [Eq.55] in [clause 5.9.K] then gives:
i YUY 0
i T UMCT W TP TAD

SO
i 31 X PA

and

i YY 0 i € 0°

i MWETWT TEINMPTNPEP T TEBINTC A

SO

i T gA

and

i Y'Y 0¢ vj¢ i 0 t € Uj¢

i ™EOCX TA oUjp TBINGO X TBIMEPTPOP UXj@P T8 TTaEOAD
so

i 81 0 @A

and

i WBtxp TBIO@
i T3t X XA

14.2.6 Applying the repeatability and reproducibility limits establishedlause 4.1.4 froffSO 57256:1994, when
comparing two single test results, the critical differences are, respectordigvel 1 (event 1)

% Critical difference for repeatability =283 s=2830. 071 4 = 0.2 O
Y Critical difference for reproducibility, R = 28sx=2830. 077 7 = 0.22 O

Upon examiing the variability in test conditions among laboratories regartiiedype of controls, climatic
conditioning settings, anithe importance of ensuring consistent results, the statistical analysis team endorse
the application of robust algorithms. Implementing robust algorithms (see paragbaahd 1% enables, in
general, a reduction in the standard deviations for repeatadnilityreproducibility This approach is aligned

with the overall objective to improve the testing practices and yields more robust and stringent tolerances
test variability. Table 27 illustrate the standard deviation for repeatability and reproducibilgyng robust
algorithms, as a per cent of the values calculated with the methods presentédpaeagraph 4.

14.2.7 The statistical analysis team determined the estimates for standard deviations using robust Algorithms as
preferred method to report thestdts in this documedtreference Annex 1 for the graphicaépiction,
tabularresults,and statistical metrics fdhe elevermeasurands.

Table 27
Standard deviations using robust algorithms compared to nomobust algorithms i Valuesfor selected control variables and outputs during
testing per the WLTHBrake cycle

Measurand Results of the robust algorithm as a per cent of nenobust methods
Standard deviation for repeatability Standard deviation for reproducibility

Brake speed ~45% 10 %

Averageby-distance deceleration <5% ~30%

(Controlled) cooling air temperature ~50% ~65%

Maximum rotor embedded temperature ~50% ~100 %

Averageby-distance coefficient of friction 55% ~90%
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15
15.1

15.2

15.3

154

155

15.6

Robust Algorithm A for averagesand Algorithm S for standard deviations

This project described in this document followed the usual practice for heterogeneous materials of prepari
two samples (automotive friction couples) for each laboratbhe tests (T1 and T2) on each sample
generatedsix test results (R1 to R6) for each of the 303 levels (303 brake evEmts)dataset allows three
applications of Algorithms A and S to estimate the repeatability and reproducibility standard deviations.

The calculations follow a tabular form, with thiest column of data taken from the initial measurement and
subsequent columns showing the iteration reslittead of using the alternative method per [clause 6.3.6],
which is adequate for hand calculation, the tabular form provides full visibilitpdf geration. It is easy to
implement as a spreadshaéthout the need to sort the values in increasing order to determine the median.

The iteration process repeats several times until the change in the robust estitnates*f is small per
[clause 6.5 and 6.3.5] from one calculation to the .td$te analysis team for this project defined a limit of
less than 5 % change or four iterations, whichever was achieved first.

Robust algorithms A and S transform the original data using a process calledisatim®d to provide
alternative estimators for the mean and standard deviation fomoegaal datasetd-igure 3 depicts the
histograms for all individual tests from all laboratories for the COF, indicating a normal distribution for one of
the most comigx measurands of the projedtigure 32 illustrates the histograms for the maximum disc
temperature with the embedded thermocouphese algorithms are most useful where the expected amount
(proportion) of statistical outliers is below 20 %.cursory r# i e w o f hMadk dtatistiéssbefore
applying the robust algorithms indicatéise amount of outliers is well within the 20 % limit [ISO
13528:2015]Af t er applying robust al gor it h miantlk*staiislicsS, .

The output of the robust Algorithms is used along with [clause 5.5] to calculate estimates of the repeatabili
and reproducibility standard deviations and the standard deviation between samples.

Reference Tabl@3 (initial values for iteration Oand Table28 for Algorithm Sappliedto the betweetest
results standard deviati¢hable 29]

Figure 31
(Example) of histograms for all COF (all labs, two testswith six repeatseach i Each histogram represents each repeat with 40 bins and
without any dataransformation

Frequency

14 | Mean Stev

03858 005131 303
04058 0.04437 303
64135 0.04s67 303
0.4181 004622 303
04237 0.04743 303
04279 004828 303
12 03805 005851 303
04079 005281 303
4135 00461 303
04167 005581 303
04261 0.05723 303
04273 005755 303
03625 0.05925 295
03835 0.05385 268
03851 005512 268
03504 005511 271
0.3528 005504 272
03925 0.08488 272
03078 0.03572 271
03857 03901 211
03837 004795 272
03857 005201 2N
03874 005326 211
03870 0.05248 211
0.4027 006273 303
0432 0.05790 303
0.4315 0.05533 303
04260 005506 303
04205 00515 303
0.4160 005555 303
04037 0.06230 303
04237 005785 303
4261 0.05513 303
04198 0.05506 303
0.4163 005642 303
04124 0.05553 303
0.400% 007230 303
04345 006301 305
0.434% 006215 303
4371 0.06573 303
04437 0.06325 302
04505 006ast 305
0.4283 007500 303
0458 0.07454 305
04746 007525 303
04745 0.07375 305
04782 0.07285 303
04774 007263 303
03997 0.07360 301
0.4324 006455 273

0.450 o357 008sEr 273

0.4375 006606 372
COF 0.4084 0.06003 273

0.4050 0.05513 272
03412 0.05106 302
03973 0.05141 302

5 Winsorizing or winsorization is the transformation of statistics by limiting extreme values in the statistical data ttheedtfeet of possibly
spurious outliers. It is named after the engirteenedbiostatistician Charles P. Winsor (1898951). Tte effect is the same as clipping in signal
processingNote that winsorizing is not equivalent to simply excluding data, which is a simpler procedure, called trimming or trinddatian
method of censoring datdisit https://en.wikipedia.org/wiki/\WWinsorizing
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Figure 32

(Example) of histograms for all maximum disc temperatures with embedded thermocouple Eachhistogram represents each repeat with
40 bins and without any data transformation
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60 | Mean Sibev N
‘e77e 3500 303
oae 3oer 303
Soas 202 300
5 2ke 303
7043 3068 303
Goae 3eas 303
oar 2030 303
Sl 3032 30
&2 22aa 303
ros 2073 303
Tias 2ose 290
Tia0 27t 2
Taar 357 see
[
Tie 3is 73
s 2577 2n
= 7078 2577 271
s Tomt 5ea 2n
S 7048 3568 71
T6o 3oes an
= 5055 2185 303
o 5993 2188 303
@D 5575 2181 303
) 5552 2188 303
[N 5925 2153 303
Si7e 1375 305
S22 1177 303
S5 108 08
5703 2100 303
$593 2400 303
Sos 20as 303
s st 30
preirei
503 259a 303
So2s 3as 303
508 2am 303
is3s ner 303
So3 7o 303
54 2uer 308
fass 201 301
_— ! D 5852 2245 302
60 20 150 180 5210 2250 302
seao 2201 300
. . . ° sea 7322 300
Maximum disc temperature with embedded TC / °C

Applying Algorithm S to the betweetestresults standard deviations of 8®F of Level 11 Using degrees of freedong =61 1 =5 for six

tests per [clause 6.3.2] adj ust ment factor 3 = 027; | i Whie indicdteaacchange aftdr applyilg. 3 5 9
the robust Algorithm for a given iteration
Iteration
Labo:atory Sar;nple Parameter 0 1 > 3 7
Y Ya 0.0933 0.093 6 0.093 6 0.093 6
L1 T1 0° 0.062 8 0.062 8 0.062 8 0.062 8 0.062 8
T2 0’ 0.0534 0.0534 0.053 4 0.0534 0.053 4
L2 T1 0’ Yo Yo Yo Yo Y
T2 'K Yo Yo Yo Yo Y
L3 T1 0’ 0.078 5 0.078 5 0.078 5 0.0785 0.078 5
T2 0’ 0.066 6 0.066 6 0.066 6 0.066 6 0.066 6
La T1 0’ 0.0726 0.0726 0.0726 0.0726 0.072 6
T2 0’ 0.1177 0.093 3 0.093 3 0.0933 0.0933
L5 T1 0° R Yo Yo Yo Y2
T2 0’ 0.0707 0.0707 0.070 7 0.070 7 0.0707
L6 T1 0* 0.017 4 0.017 4 0.017 4 0.017 4 0.017 4
T2 0° k2 Yo Yo Yo Y
L7 T1 0’ 0.022 3 0.022 3 0.022 3 0.022 3 0.022 3
T2 'K Yo Yo Yo Yo Y
L8 T1 0’ 0.088 4 0.088 4 0.088 4 0.088 4 0.088 4
T2 'K Yo Yo Yo Yo Y
Median 0’ 0.068 6 b2 b2 Y ¥
New median w* Y5 0.068 9 0.068 9 0.068 9 0.068 9
Applying [Eqg.64]on iteration Gthen gives:
Median of( * 0 AQQQuHE ¢ ah vl MBI Yy TBro@
Applying [Eq.65]withd = ®n 359
iteration 1then gives:
New limit value r P L WTBTIO@Y T8 WO
Applying [Eq.66] on iteration for T2 on L4
then gives:
Adjusted value fob * ™ pX T8I woexceeds the limit value, so it beconies 18T WO
Applying [Eq.67]with3 = &nd p 21Tbn
iteration 1 then gives:
New value for the median w* 0° p8ICY T™ig§ TBILD E mBicg WYY pm @@
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15.7 Reference Tabl@3 (initial values for iteration Oand Table29 for applying Algorithm S to the between
sample ranged able 30]

I\sgllye}nzggAlgorithm S to the betweensample ranges of theCOF of Level 17 Usingdegrees of freedom 25 1 = 1 for two samples per
[clause 6.3.2] adj ustment factor 3 = 1.097; | ibloeiindicate a change afted applying thebrdbbist p €
Algorithm for a given iteration
Iteration
Laboriatory Parameter 5 1 5 5 .
Y Yo 0.094 2 0.1204 0.1204 0.1204
L1 0’ 0.008 8 0.008 8 0.008 8 0.008 8 0.008 8
L2 0° Yo R4 Y2 Yo Yo
L3 0’ 0.002 2 0.002 2 0.002 2 0.002 2 0.002 2
L4 0’ 0.1057 0.094 2 0.094 2 0.094 2 0.094 2
L5 0’ 0.1891 0.094 2 0.094 2 0.094 2 0.094 2
L6 0° %) 23 23 Yo Yo
L7 0° %) 3 R Yo Yo
L8 0° Yo 23 2 Yo Yo
Median 0° 0.057 2 Ys 73 Yo Ya
New median w* 0.0732 0.0732 0.0732 0.0732

Calculatingy;; © 1.)yon iteration O for L1 from

Table 25 then give§ o S O T T® LY TH TP

Applying [Eq.64 iteration O th ives: 2 T - i
pplying [Eq.64] on iteration en gives o 400 Qs 1T e T Yo TBLL g
Median of( *

Applying [Eq.65] withd  =645bn
iteration 1 then gives:

New limit value r PHT LU ML T8I WG

Applying [Eq.66] on iteration 1
then gives:

Adjusted value fob T Y T8 ¢ exceeds the limit value, so it beconies T8I wq

Applying [Eq.67] with- =97&nd p =4 on
iteration 1 then gives:

New value for the median w*

0° p&rwy THTY TEING T8 W TH W T T@XQ
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15.8 Reference Table 30 for the application of robust Algorithm A to the cell (laboratory) avfrabks31
expanded]
Table 30

Applying Algorithm A to the cell averages of theCOF of Level 17 Valuesin blueindicate a change after applying the robust Algorithm for a
given iteration

Iteration
Parameter
Laboratory - 0 1 2 3 4
i J _ from direct 0.069 5 0.0835 0.083 5 0.083 5
x* ol input data PG x| 0.289 4 0.2717 0.2717 0.2717
Xx* + (U 0.428 3 0.438 7 0.438 7 0.438 7
L1 o 0.360 1 0.001 2 0.3601 0.3601 0.360 1 0.360 1
L2 W 0.2395 0.1194 0.289 4 0.289 4 0.289 4 0.289 4
L3 W 0.369 8 0.0109 0.369 8 0.369 8 0.369 8 0.369 8
L4 o 0.456 4 0.097 6 0.428 3 0.428 3 0.428 3 0.428 3
L5 o 0.3577 0.001 2 0.3577 0.3577 0.3577 0.3577
L6 o 0.2840 0.074 8 0.289 4 0.289 4 0.289 4 0.289 4
L7 o« 0.3422 0.016 6 0.3422 0.3422 0.3422 0.3422
L8 5 0.404 7 0.045 8 0.404 7 0.404 7 0.404 7 0.404 7
x* 0.358 9 0.031 2 % % e Y2
New x* k23 k23 0.3552 0.355 2 0.3552 0.3552
S* k2 0.046 3 Yo Yo Y Yo
New s* k2 k2 0.055 7 0.055 7 0.055 7 0.055 7
Applying [Eq.56] then gives:
Mediart of ¢§ o ™Wux T™oemI¢ T UL WY
Applying [clause 6.2.3] to L1 then gives:
The dsolute value ofhedifference to the median W S THOM TWUG TEITE
Applying [Eq56] then gives:
Median of differences to the median o TEpe THTWI T8O
Applying [Eq.57] then gives:
A first robust estimate of standard deviation i p8 YomBLop THIT O
Applying [Eq.58] then gives:
Robust limit value . P TBITQ TEIYW
Applying [Eg.59] on iteration for L2
then gives:
Adjusted value foos ] 0w T& Ywexceeds the limit value, so it becontdés T& Y10
Applying [Eqg.60]on iteration Ithen gives:
New value forcs G TWeM TR U TWEY T8 (d TWUX TR U TWT G
™M nx Y 1 uoA
Applying [61] on iteration 1 then gives:
New value fori * A @ 0w oo E
Uppor TTC T U Q TN TWUQE o p 8L R

T average between the two values in the middle of the range for a deaketin increasing valuecontaining an even (eight) number of values

16

16.1

16.2

16.3

Standard deviations for repeatability, sample effect,laboratory effect, and
Reproducibility using robust algorithms

The implementation of robust Algorithm A and Algorithm S to the heterogeneous material (friction couple’
requires a different set of calation steps to derive the standard deviatipsis[clause 6.8]

To obtain the sum of squares for betwéestresult standard deviation, apptpbust Algorithm S per
paragrapi5and Table 2&long with [Eq.77For Level 1for all laboratories

YY ¢y 0°
YY ¢ ¢ ™oy THIXW

To obtain the sum of squares for the betwsample ranges, apptpbustAlgorithm S per paragraph5 and
Table 29 along with [Eq.78br Level 1(with four laloratorieswith two sampley then gives:
YY oo’
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YY 1 m8ixg T18ICPp

16.4 To obtain the standard deviation for the cell averages, applystAlgorithm A per paragraph3land Table
30along with [Eq.B] for Level 1then gives:

i i

\ 8 H
16.5 To calculate the repeataliyfistandard deviation per [Eq.2@} Level 1then gives:
i° Y'Y o1
i MWy T Y TEhng
SO
v 8 H
16.6 To calculate the standard deviation to measure/éin@tion between samples per [Eq.83]Level 1then
gives:
Ve fd: = {{: -
g 8 8 8 r H
S0
Y 8 H
If [Eq.33]gives
Then set
\I
16.7 To calculate the standard deviation floe laboratory (betweefaboratory) effect peEq.54] for Level 1 then
gives:
i YY  0¢ 0 ¢ i° 0 i € 0 ¢
i ™Moo T vXwpp PRTO MT X THIMT @GP UXWPpP TBITKT
SO
¥: 8 H
16.8 To calculate thstandard deviation for reproducibility per [Eq.30] for Level 1 then gives:
i i YYOYY jon
i T8t L Y MIxw mMi¢pj 1 Y MWy
SO
v-. 8 H
If this gives
i{ | v
Then set
i{ - v, 5

16.9 Tables 31 and 32 present the constéidaesults for all four standard deviations (repeatability, laboratory,
sample, and reproducibility) féhe 11 measurandsefined in paragraph0.1.5
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Table 31

Summary standard deviations for mainmeasurandsin native units i Including metrics for standard deviatiomspeatability ¥, - sample
effect ¥ ; laboratory effecté ; and reproducibility¢ = The statistics indicate values for all levels combined (303 brake evitre§d" and the
95" percentilesand each tripAll values reflect the resultsfter applyingobustalgorithms

. Trip
Mean Percentiles
1 | 2] 3] a] 5[ e ] 7] 8] 9] 10
Measurand Metric Number of levels (brake events)
303 | 50" | 9" | 20 | 42 | 28 | 18 | 49 | 2 | 6 | 8 | 7 | 114

Standard deviation / units accordinghe measurand

i 0.05 0.05 0.07 0.05 0.06 0.06 0.06 0.06 0.05 0.05 0.05 0.05 0.05
t 0.01 0.03 0.06 0.02 0.01 0.01 - 0.02 - 0.00 0.01 0.02 0.01

Braking speed / km/h 2
i 1.71 169 | 190 | 1.73 | 1.74 | 1.70 173 | 1.72 | 1.63 1.83 1.75 | 1.68 1.69
i 0.17 0.15 | 0.28 | 0.17 | 0.17 | 0.15 | 0.18 | 0.15 | 0.25 | 0.18 | 0.19 | 0.19 | 0.18
i 0.003 | 0.003 | 0.005 | 0.005 | 0.004 | 0.003 | 0.003 | 0.003 | 0.003 | 0.002 | 0.003 [ 0.003 | 0.002
. i 0.002 | 0.002 | 0.005 | 0.001 | 0.001 | 0.002 | 0.001 | 0.002 | 0.011 | 0.001 | 0.002 [ 0.003 | 0.002
Averageby di st ance decel 2
i 0.184 | 0.157 | 0.283 | 0.213 | 0.200 | 0.175| 0.181 | 0.181 | 0.105 | 0.229 | 0.197 | 0.169 | 0.171
i 0.088 | 0.079 | 0.128 | 0.088 | 0.096 | 0.096 | 0.075 | 0.087 | 0.057 | 0.148 | 0.076 | 0.086 | 0.083
i’ 0.4 0.4 0.7 0.7 0.5 0.4 0.4 0.4 0.3 0.3 0.4 0.4 0.3
_ i 0.2 0.2 0.5 0.1 0.1 0.1 0.1 0.2 0.4 0.0 0.2 0.3 0.2
Averageby di st ance tor Lz
i 114 9.2 19.1 | 115 | 118 | 122 11.0 | 121 | 120 11.6 11.7 9.1 11.0
i 6.5 55 11.4 5.3 5.9 6.5 8.0 6.4 9.1 10.1 8.4 5.4 6.3
i’ 44.6 16.8 | 105.8 | 123.0 | 457 | 273 | 214 | 19.2 | 155 | 219 | 215 | 173 134
) i’ 14.4 159 | 27.1 - 8.9 15.9 141 | 19.0 | 10.2 16.2 14.9 6.5 154
Average by distance pressure / kPa 2

i 69.2 57.6 | 113.1| 77.3 80.1 64.7 75.9 74.4 61.3 85.3 79.8 53.2 58.7
i 82.0 65.6 | 140.7 | 146.5| 86.3 70.1 82.5 72.9 63.8 95.5 83.2 59.3 61.9

i 0.021 | 0.011 | 0.050 | 0.051 | 0.026 | 0.018 | 0.010 | 0.012 | 0.011 | 0.009 | 0.010 [ 0.009 | 0.009
. i 0.010 | 0.009 | 0.022 | 0.003 | 0.009 | 0.012 | 0.012 | 0.012 | 0.007 | 0.006 | 0.008 | 0.006 | 0.011
Averageby di st ance COR ,,

i 0.033 | 0.029 | 0.052 | 0.041 | 0.036 | 0.034 | 0.027 | 0.027 | 0.033 | 0.022 | 0.026 | 0.030 | 0.034

i 0.040 | 0.034 | 0.067 | 0.069 | 0.045| 0.041 | 0.027 | 0.029 | 0.040 | 0.025 | 0.025 | 0.035 | 0.036

i 11 0.9 1.8 14 14 1.0 1.3 1.0 0.5 0.9 0.9 0.4 0.9
i 1.7 1.6 2.7 1.7 1.6 2.0 2.0 2.0 1.0 2.2 19 1.2 15

Maximumt e mper at ure with Lz

i 9.4 9.2 12.1 7.3 9.7 8.8 9.8 9.7 7.2 8.8 8.0 7.2 10.1

i 9.9 9.8 12.7 7.6 10.0 9.0 105 10.5 5.4 8.5 8.7 6.4 10.5

i 1.3 11 2.2 1.7 14 1.2 1.6 1.2 0.5 1.2 0.9 0.5 1.2

. i 3.4 3.3 5.0 3.2 3.3 3.3 3.8 3.4 25 25 3.1 2.2 3.6
Maxi mum temperature 2

i 11.2 10.7 15.8 12.4 | 10.9 10.2 10.9 11.0 6.5 11.8 9.4 7.4 11.6

i 10.7 10.1 15.8 12.0 10.5 8.2 10.7 10.5 55 11.8 9.2 8.1 11.4

i 0.21 0.20 | 029 | 0.30 | 0.24 | 0.19 0.18 | 0.20 | 0.20 | 0.20 | 0.22 | 0.22 | 0.19

. . i 0.11 0.14 | 0.23 - 0.07 | 0.10 0.07 | 0.11 | 0.18 | 0.11 | 0.02 | 0.14 | 0.14
Cooling air tempera .

i 0.30 023 | 051 | 0.64 | 0.20 | 0.21 0.24 | 0.24 - 029 | 029 | 022 | 0.24

i 0.32 0.28 | 049 | 049 | 0.28 | 0.26 031 | 031 | 020 | 030 | 036 | 0.30 | 0.29

i 0.25 0.21 | 0.37 0.50 | 0.22 | 0.18 0.18 | 0.21 | 020 | 0.21 | 0.21 | 0.24 | 0.21

. . i 0.22 024 | 036 | 0.07 | 0.21 | 0.21 0.16 | 0.22 | 033 | 0.25 | 0.08 | 0.26 | 0.26
Cooling air tempe .

i 5.75 5.78 5.91 5.45 5.59 5.64 5.62 5.76 5.76 6.02 5.89 5.91 5.88
t 0.77 0.57 1.60 1.70 0.51 0.50 0.60 0.61 0.24 | 0.74 0.72 0.64 | 0.62

i 1.8 15 3.4 35 1.8 1.2 1.1 1.6 1.4 1.7 1.3 17 1.4
. . . o i 0.1 0.3 1.0 - - - - - - 0.1 - - 0.1
Cooling airrelative humidity (controlled) / %RH .

i 0.6 0.5 14 1.2 0.6 0.4 0.3 0.4 0.9 0.3 0.3 0.3 0.4

t 1.9 15 3.8 3.8 1.9 1.2 1.1 1.6 1.8 1.7 1.3 1.7 15

i 2.0 1.8 3.6 3.6 21 1.7 1.6 1.9 14 2.0 18 21 17
. . . - i 0.1 0.4 1.1 - - - - - - - - _ 0.2
Cooling air relative humidity (all) / %RH 2

i 4.4 4.4 5.0 35 3.8 3.8 4.1 4.6 4.8 5.1 4.9 5.0 4.7

t 2.6 2.2 4.8 4.8 2.7 2.0 2.0 2.3 2.2 2.6 2.2 2.5 2.2
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Table 32

Summary standard deviations for main measurands as a per cent of the averagelncluding metrics for standard deviations for
repeatabilityy, ; sample effec ; laboratory effecté ; andreproducibility ¥ . The statistics indicate values for all levels combined (303 brake
events), the 50and the 9% percentiles, and each trifhe values are expressed as ageet of the general average &if events 50" percentile

and 95' percentile valuesAlso, the table provides the valuas per cent of the general average for eachAtipzalues reflect the resultafter
applyingrobustalgorithms

Trip
1| 2] 3] 4]5s5[]e6e] 7] 8] 9]u10
Measurand Metric Number of levelgbrake events)

303 [ 50" [ 95" | 29 [ 42 [ 28 | 18| 49| 2 | 6 | 8 | 7 [ 114
Standard deviation / % of the mean for the applicable range of data

Mean | Percentiles

Braking speed lo1|o01|01|00|00| - |00]| - |o00]|o00]|O01]| 00|
/km/h

Averageby di st ance dece

Averageby di st ance tor [ S St B i B B s e B e e

Average by distance pressure
/ kPa

Average by distance COF
/O

I Ac | 11.9| 14.4 | 15.7| 165 | 13.2 |

Maximum temperature with rubbing TC
I Ac

i 18.6 | 19.0 24.6 | 17.8| 19.1 | 254 18.4
i 17.9 | 18.0 239 17.1 27.9 | 18.0

Cooling air temperature (controlled)
/I AC

Cooling air temperature (all)

Cooling air relative humidity (controlled)%oRH

Cooling air relative humidity (all)
/ %RH

i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
Maximum temperature with embedded TC | |
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
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17  Scrutiny of the data for consistency and outliersusing parameters derived with
robust Algorithms

17.1 Examine theconsistencyfor the cell (laboratory) averagesalculatingt h e  Maht dtaistiéper [clause
5.6.1]. These statistics indicatihe bias of thdaboratoryin general compared to the grand mean for all
laboratoriesThe caventionalapproach is to plot thke* statisticin the order of the test levels (303 brake
events), grouped helaboratory.Referencelable33 for the tabular calculation®eference Anneg for the

plots for each laboratory in the order of the levels.
17.1.1 The values fox* ands* are obtained frm paragrap£15.8 andTable 30.

17.1.2 The limit factors for plotting for eight laboratories (p=8)s i ng t he mit of N
l evel outliers, and h = N 1. 7822H9. t he [
Table 3
Tabul ar assess mehistatistidon ¢elhaweralyes of the dodffisient of frictiof of Level 1
Laboriatory Parameter Cell average o o r :St-atIStIC
L1 W 0.360 1 0.004 9 0.087 8
L2 W 0.2894 0.065 8 1.1819
L3 W 0.369 8 0.014 6 0.261 7
L4 W 0.428 3 0.0731 1.3140
L5 W 0.3577 0.002 5 0.044 3
L6 W 0.289 4 0.065 8 1.1819
L7 W 0.3422 0.0130 0.2330
L8 W 0.404 7 0.0495 0.889 1
X* 0.3552
s* 0.0557
Applying [EqQ.34] to Lab 1, then gives:
"3 statistic Q TBIMEMETUY TEIYPYR
Applying [Eq.34] to Lab 2, then gives:
"3 statistic Q T8t @ Y T8I L B PP U@

17.2 Examine the consistency for theetweersample ranges al c ul at i n gk* stdtistic pbraatadse | 6
5.6.1]. These statistics indicatehether thdaboratorycarried out the test under repeatabitignditions of
allowed extraneous factors to increase the variation between safripdessesment of results, plotting the
k* statistic in the order of the test levels (303 brake eventgypigped bythelaboratory.Reference Table43
for the tabular calculationReference AnneX for the plots for each laboratory in the order of the levels.

17.2.1 The values for the cell ranges are obtained fpanagraph 3.7 and Tdle 29.

17.2.2 The limit factors for plotting for eight laboratorigs£ 8) and & repeats1f = 6) using the limit ok = 1.65 at
the 1 % significance level for outliers, akd= 1.45 at the5 % significance levefor stragglers [ISO
5725 2:2018].0n rare occasions, some levels in two laboratories had missingTthetanalysis calcation
assumes the same limit factors for alensure consistency and simplicity of computation

Table 3t
Tabul ar asses s mekdstatisticfon Hetiveenshhaple thegesdf the coefficient of friction ( (of Level 1

Laboriatory Parameter Cell range
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L1 0° 0.008 8 0.120 6
L2 0° 23 Yo
L3 0° 0.002 2 0.029 6
L4 0° 0.094 2 1.286 2
L5 0° 0.094 2 1.286 2
L6 0° 23 Yo
L7 0° ¥ Y
L8 0° R Yo

~Applying [Eq.3F] to Lab 1, then gives:

‘G statistic C ming WCPT T C@

Applying [Eq.3] to Lab3, then gives:

Q statistic o) T8I TT G m T8 C @

17.3 Examine the consistency for thetweertestresults standard deviatiorsa | c ul at i n &* statlste Ma

17.3.1
17.3.2

per [clause 5.6.1]These statistics indicate whether the laboratory carried out tHertasgiven samplender
repeatability conditions roachieved poor repeatabilitpmong tests on the same sampldée regular
assessment oésultsuses theplot of the k* statistic in the order of the test levels (303 brake events), grouped
by the laboratory.Reference TableZ3for the tabular calculation®eference Annes for the plots for each
laboratory in the order of the levels.

The values for thbetweertestreslts standard deviatioare obtained frorparagraph 8.6and Table 28.

The limit factors for plotting for eight laboratorigs £ 8) and six repeats & 6) using the limit ok = 1.65 at

the 1 % significance levébutlierg andk = 1.45 at thés % significance levelstragglery. On rare occasions,
some levels in two laboratories had missing dake analysis calculation assumes the same limit factors for
all to ensure consistency and simplicity of computation.

Table 3
Tabul ar asses s mektstatisticfon thetbetwedhtest-tbsults tandard deviation of the coefficient of friction ( Cof Level 1
Laboratory Sample Parameter Betweentest—r_es_ults standard k* statistic
i t deviation -
L1 T1 0* 0.062 8 09123
T2 0* 0.053 4 0.7749
T1 0* %3 Y
L2 T2 0* Y5 Y2
L3 T1 0* 0.078 5 1.1399
T2 0* 0.066 6 0.966 4
La T1 0* 0.0726 1.0536
T2 0* 0.093 3 1.3545
L5 T1 0* Y5 Ya
T2 0’ 0.070 7 1.0270
T1 0* 0.017 4 0.2520
L6 .z
T2 [V Y Y
Tl 0° 0.0223 0.3243
L7 .z
T2 U eZ) Yo
Tl 0° 0.088 4 1.2833
L8 .z
T2 U eZ) Yo
Applying [Eq.3] to test 1 forLab 1, then gives:
G statistic ko) BloY TBIXW C ¢ TpQ
f\pplying [Eq.35]to test 2 folLab 1, then gives:
() statistic G MuG TEBIXE ¢ U T X ®
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18

18.1

18.2

18.3

Uncertainty of the estimate of the repeatability and reproducibility standard
deviationsfor heterogereous materials

The object of a precision experiment is to estintla¢etrue value of the different standard deviations presented
in this documentThe estimation of a true standard deviatfon repeatabilityneedsto calculatethe range
about the true value where the estimate carhie.uncertainty estimates rely tive chisquare distributionot

solve this weHunderstood statistical problefhe uncertainty of the repeatability standard deviation depends
on the number of laboratories and the number of tddte. uncertainty of the reproducibility standard
deviationrequires additional factors which combine the relationships between the repeatability, sample, ar
reproducibility standard deviations [clause 5.3].

To estimate the uncertainty of the repeatability standard deviation per [Eqdied for Level 1, with a
probability level of 95 %then gives:

Y% p & 8 laboratories
Y% "0 p@Qijolia GOET Do € pRFQQI
% &g @A Qi 6jopogd Qi o 0

0 pRo@pj cnaE p
= 8 j 8 8 b

The uncertainty on the repeatabilsyt andar d devi at i on yrearrangng, théltru® 0O
repeatability standard deviatidnlies between the limits:

rz rz

l l

p o 7 p O

i’ i’

p R T p TR

cCw®oi® p& L i°

Cyo @ty ., P& L TBTT Y

¢ 8 H 4, T8

There is a need first to determine the applicable parameters per [Eq.18] for Level 1, withpaod@Pdity b
estimate the uncertainty of the reproducibility standard deviatien gives:

%o 1°ji°
% TEBIPTTBITNY T& @
rz in-iz

T to@TdiT P P8 G

-

O r p %JQ pEQ A p

o PEC p TR OGP pj LD PB j Y p TR MU
O %jiQ pitQfQ p

(e} ™ EPd p LD P® jYpd p TWITY

O pinQE p

O piy p® LD p TBICT

and

0° pde O O O
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=§| 8 8 8 8 j 8 p
Again,t he uncertainty on the repeatability standar ¢
repeatability standard deviatidr lies between the limits:
i i
p 0 ! p 0
i i
p ™o " p O
Cmvi® P8 wi”
Cguv Mdrom , P8 w TV Q ®

¢8 H @ mne

18.4 Table 36 reflects the statistics for uncertainty on the standard deviation for repeatabiligprlicibility
applying the correspondingbust Algorithms Reference paragrapl8.2 to estimate the actual range for a
given estimation of standard deviatidBtandard deviations with an uncertainty of 100 % or higher are
irrelevant, asheirvalue lies between zero and infinite.

Table 36

Uncertainty on the estimation of standard deviation for repeatability=, and reproducibility =§ T the values shown on this table may differ
from the actual calculation due to roundifighe uncertainty on the estimation of reproducibility for the maximum rubbing TC temperature for
trips 3, 4, and 5 and the cooling air temperature for all laboratories during trip 6 yields a range from zero to infinitytitnate es

Tri
Mean Percentiles P
1 [ 2 [ 3 | a4 | s | & [ 7 [ 8 |9 |
Measurand Metric Number of levels (brake events)
303 [ 50" [ 95" [ 20 [ 42 | 28 [ 18 | 4 | 2 [ 6 [ 8 [ 7 [u4

Uncertainty of thetandard deviation%
. &
Braking speed o
Avg. by distance 5
deceération o’
Avg. by distance o
torque o’
Avg. by distance 5
pressure o°
Average by distance 5
COF o°
Max. temp. with o
embedded TC 8
Max. temp. with rubbing 8
TC o°
Cooling air temp. 8
(controlled) o’
Cooling air temperature| o
(all) o°
Cooling air %RH 8
(controlled) o’
o
Cooling air %RH (all) 5"
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Annex 1

Flowcharts of parameters and relationships for standard deviations

The flowchart in Figure A.lindicates the terms and symbols for the general formulae for calculations for a heterogeneou
materialgr | SO 5725 5roblis® #gdrithms. i n g

Figure AL.1

Non-robust algorithm i Theformulae apply to each measurand on eachibgadvent

|

non

_r\—l

Yijtk
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L ~] K¢
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The flowchart in Figure A2 indicates the terms and symbols for the general formulae for calculationshite@geneous
material using robust algorithms.
Figure AL.2

Robust algorithm i The formulae apply to each measurand on eachitgakvent Derive the values indicated on thght bluebox §S;, K;,
K pKg;, n, g, following the algorithm from Figure Al.&ll the values with an (*) symbol indicatesthesult of a robust method

¢

T\
M SS*y;
y y J7
 — S* %
VVVV
SSu K, KaKam, G S* % < S* %
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Annex 2

Heatmaps for original values per measurand for each lab, tesind repeat

FiguresA2.1 to A2.9 illustrate the values reported égch lab for all the different measurantlse heatmaps are implemented in
MS ExceE by using the inferno colourm&pSuchcolourmas come with certain advantages as they

a. Perceptually uniformtbiedeltain colour is equato the delta in thelata)

b. Friendly to colourblind people

c. Nonbiased conversion to grayscale

On the data shown for all the different measurands

%% Thebar on the right side of the heat map showsctieur scaling for each measurand

% The changes in the measured values in the vedioattion (change is colour between rows) reflect the changes in the test
parameters during the individual repeats and tests for each laboratory

2 The changes in the measured values in the horizontal direction (change in colour between columns) reffidity varia
between repeats, between testdhetween laboratories

% Blank cells indicate values measured but not reported by the laboratory or incorrect values, which were curated and remo
due to errors during the dyno test

% Cells in grey indicate brake eventepeatspr entire testanot executed by the laboratory

% Review the changes along columns (repeats or tests) to assess patterns (sudden changes, trends or fluctuations) in paral
like cooling air temperature and humidity

% Variability within repeats pbetween tests for cooling air temperature and humidity can also appear as a checkered pattern

% To obtain more valuand insightinto the heatmaps, couple the assessment with other heatamdpstatistics fronthe
Annexes of this reparfAlso, combine theeview of averagdy-distance deceleration and torque; averagelistance torque,
averageby-distance pressure, and COF; maximum disc temperatures with embedded and maximum rubbing thermocour
and cooling air temperature and cooling air humidity

%% The noninal dataset for one laboratory with all measurands reported for twpdaskswittsix repeatsincludes:

(2 testsP (6 repeats} (303 braking events) (11 measurands) ~ 40 000 individual values

® For further reading visitttps://www.mathworks.com/matlabcentral/fileexchange/5188@eptuallyuniform-colormaps To just download
the colormaps themselves visitps://www.mathworks.com/matlabcentral/fileexchange/5319&&eptuallyuniform-colormaps The download
i s under -rightsiCE€Oe M wn ® dhidps:l/creatieenommong.orgateyour-work/publicdomain/cc).
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Figure A2.1

Heatmap for braking speed(km/h)

Lab Lab 1 Lab 2 Lab 3 Lab 4 Lab5 LabB Lab 7 Lab 8 140
Test m T2 ™ T2 T1 T2 T T2 T T T m 2 T T2 120
Repeat 1 2345612345612 3456123456123456123456123456123456123456123456123456123456123456123456123456123456

Lab Lab 2

Lab 7 Lab 8
Test T T2 T T2 T T2 T T2 T T2 T1

T2 T T2 ™ T2
Repeat 123 456123456123 456123456123456123456123456123456123456123456123456123456123456123456123456123456

Comments and highlighttab 6 exhibited lower speeds on average compared to other labs [TaBRefgtence Figure 3 to visualize the colour
scheme of the brake events and the speed in the time deiRaference Table 4 on [UNECE, 2020] for a detailstinig of braking events.

First 10 events are below 40 km/h; many events between 100 and 150-465)%®n/h; events 20230 are (40L00) km/h; and event 295 is at
132 km/h
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Figure A2.2
Heatmap for averageby-distance deceleratior(m/s)

Lab Lab 1 Lab 2 Lab 4 Lab 5 Lab & Lab 7 Lab &
Test

Repeat 123456123455‘23455123455123456123456123456123456123456‘23455123455123456123456123456123456123456

50
100
150

200
250
300

Lab Lab 1 Lab 2 Lab 4 Lab 5 Lab & Lab 7 Lab &
Test

Repeat 1234551234561234561 23456123456123456123556123456123456‘234561 23456123456123456123456123456123456

CoosssnNNNG
NOD=ENOWLWDON

Comments andhighlights: On average, Labs 1 and 4 exhibited the highest decelerations, contrasting with Labs 6 and 7, which exhibited tt
|l owest decel eration | evels on average [ Tabl I st&tics foSlabeaveFagegTher e s
following repeats for Trip #1 were removed due to erroneous control settindg®6 Rit T1 and all repeats for T2 for Lab 2;-R® for T1 for

Lab 5; and sporadic events for Labs 2 and 6
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Figure A2.3

Heatmap for averageby-distance torque( N L m)

Lab Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 Lab & Lab 7 Lab & 400
Test T1 T2 T T2 T T2 T T2 m™ T2 T1 T2 T T2 T1 T2 360
Repeat 123456123456123456123456123456123456123456123456123456123456123456123456123456123456123456123456 320

280
240
200
160
120
80

40

100

200

300

Lab Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 Lab & Lab 7 Lab &
Test T T2 T T2 T T2 T T2 T T2 T T2 T T2 T
Repeat 123456123456123456123456123456123456123456123456123456123456123456123456123456123456123456123456

Comments and highlights: Lab 6 exhibited the | owest torgef val
statistics for lab averaged.ab 6 exhibited largethanaverage variability between repeats, evidenced as a (lightly) aleelcgattern for most
brake events. See Ansmbstic bé&wedmnepeats tThedolloMiagnrepeaks dos Trip #1 were removed due to erroneous

control settings or missing data: & for T1 and all repeats for T2 for Lab 2;4RB for T1 forLab 5; and sporadic events for Labs 2, 5, and 6
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Figure A2.4
Heatmap for averageby-distance brake pressurgkPa)
Lab Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 Lab 6 Lab 7 Lab 8 2,500
Test T T2 T T2 T2 T T2 T T2 T1 T2 T T2 T T2 2.250
Repeat 123456123456123456123456123456123456123456123456123456123456123456123456123456123456123456123456 2.000
1.750
1.500
1,250
1,000
750
500
250
150
200
300
Lab Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 Lab 6 Lab 7 Lab &
Test T T2 T1 T2 T T2

T1 T2 T1 TZ T1 T2 T1 TZ T1 Tz
Repeat 1234561234561234561234561234561234561234561234561234561234561234561234561234561234561234561234556

Comments and highlights: Labs 1, 4 and 6 exhibit a ldh@era ver age pressur e, a | #$*ostatistic iord Armexesd  f r

Except for Lab 6, all other labs exhibited higher pressures during Trip #1, indicating the effect of the friction coupde- hedid 2 and 5 had
an extended bedding behaviour, also evident on the heatmap for the CBFe feddedl abyeddi ng

behaviour on
hi ghest

v al ule statiftio betwdda repeatd. Se2 Annex Bhe heatmap for brake pressure confirms the correlation with the
heatmaps for deceleration and torque; a higher deceleration reguirgser torque, and higher torques demand higher pressure compounded
with the COF variation The following repeats for Trip #1 were removed due to erroneous control settings or missing dRéaoR21 and all
repeats for T2 for Lab 2; RR6 for T1 forLab 5; and sporadic events for Labs 2, 5, and 6
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Figure A2.5
Heatmap for averageby-distanceCOF ( O)

Lab Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 Lab 6 Lab7 Lab8
Test T1 T2 T1 T2 T T2 T T2 T T2 T1 T2 T T2 T1 T2
Repeat 123456123456123456123456123456123456123456123456123456123456123456123456123456123456123456123456

300

Lab Lab 1 Lab 2 Lab 3 Lab7 Lab 8

Test 2 2 2 2 2 T T2 2 2
Repeat 123456123456123456123456123456123456123456123456123456123456123456123456123456123456123456123456

Comments and highlights:ab 4 generated the hi ghes th*statsticomeAnek &for cel &¥éragesabs 2, 6,e e n
and 7exhibited COF lowethanaverage, with R1 for T 2 on Lab 2 having the lowest values overalbs 4 and 5 had the highest metrics for
t h e Maknhglagsticthstween tests per AnnexThe fAdel ayedo bedding behavi ofuor otnh elkdNba n2d
statistic between repeats, also observed in Annex& bs 3 and 7exhibited the |l ow variation
statisticon Annex8L ab 4 (using fresh air) eXhsiatstic beavden tepeaighe folowimguepeats forarmp t h «
#1 were removed due to erroneous control settings or missing daR6 R2 T1 and all repeats for T2 for Lab 2;-RB for T1 for Lab 5; and
sporadic events for Labs 2, 5, and 6
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Figure A2.6
Heatmap for maximum disc temperature with an embedded thermocouplg A C)

Lab Lab 1 Lab2 Lab 3 Lab 4 Lab &5 Lab 6 Lab 8 190

Test 170
Repeat 123455123455123456123456123455123455123456123456‘23455123455123456123455123455123456123456123455

150
130
110
a0
7O
50
30
10
50
100
150
200
250
300

Lab Lab 1 Lab 2 Lab 3 Lab4 Lab 5 Lab 6 Lab 7 Lab 8
Test

Repeat 123a5512345612345612345612345512345512345612345612345512345512:1d56123a55123456123456123456123456

Comments and highlights: Lab 2 exhibited the hihjstaisgtidforoell averagésl t
as seen in Annex 6Labs 3, 4, and 6 exhibitetie lowest disc temperatures overall, with lab 6 having the lowesh 5 was the closest to the
overall average among all | a b &* statistic foe labi adeeaget.ab d haol @ conhskstentlyshigla Variaton t
between test reps, while the last repeat on Lab 8 exhibited a shift to lower temperatures compared to the fildtdifellowing repeats for

Trip #1 were removed due to erroneous control settings or missing dal®6 B2 T1 and all repeats for T2 for Lab 2;-R&for T1 for Lab 5;

and sporadic events for Labs 2, 5, and 6
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Figure A2.7
Heatmap for maximum disc temperature with rubbing thermocouple( A C)

Lab Lab 1 Lab2 Lab 3 Lab 4 Lab &5 Lab 6 Lab 8 180
Test

Repeat 123455123455123456123456123455123455123456123456‘23455123455123456123455123455123456123456123455

150
130
110
a0
o
50
30
10
s0
100
150
200
250
300

Lab Lab 1 Lab 2 Lab 3 Lab4 Lab 5 Lab 6 Lab 7 Lab 8
Test

Repeat 123a5512345612345612345612345512345512345612345612345512345512:1d56123a55123456123456123456123456

Comments and highlight®irectionally, the response of this measuramdresponds to the maximum temperature with the,,fCLab 2
exhi bited Ikistagsticbetwbamtabts, ped Annex 7, compared to the same statistic fortheFdt Lab 2, test 2 was consistently
lower than test 1, similar to the behavi@axhibited by Lab 5 The most considerable variation among all labs was near the end of Trip #10,
which combines the effect of high speed, high deceleration, and variability in the T@Following repeats for Trip #1 were removed due to
erroneous condi settings or missing data: A6 for T1 and all repeats for T2 for Lab 2;-RB for T1 for Lab 5; and sporadic events for Labs
2,5,and 6
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Figure A2.8
Heatmap for cooling air temperature( A Cl)abs with the columns headinghitue usedclimatic controls during all tests

Lab Lab 1 | Lab 2 1 Lab 3 | Lab 4 Lab &5 Lab & Lab T Lab &
Test T T2 T T2 T T2 T1 Tz T1 T2 T1 Tz T T2 T1 Tz
Repeat 123456123456123456123456123466123456123456123456123466123456123456123466123456123456123456123456

300

Lab Lab 1 Lab2 1 Lab 3 Lab 4 Lab 5 Lab & Lab 7
Test T T2 ™ T2 T T2 2 T T2 2 2
Repeat 12345612345612345612345612345612345612345612345612345612345612345612345612345612345612345612

Comments and highlights: Compare overall results to Table 3 for metrics on each lab and each report duratgs Bland 6 (fresh air)
exhibited the | owest Mandel 6ds-LdbBAexhti dti it ®tdi ¢ h fe okthstalgstickfervaridieanab giveednd e r
tests and between repeats ab 8 was consistently higher t ha rh* statiséic for aelsaverages ont h e
Annex 6- Except for Trip #1 duringR1of Thad R1 and R5 of T2, L &*bstatistic foravdriatiorhbetwelerorepeasstper M a
Annex 8- The cooling air temperature on Lab 4 went to a lower level shortly before reaching theintidf R4 during T1 and remained at the

low level for the remainder of the test and into TRab 8 exhibited drifting cooling air temperatures within and between repeals 1 and 2
exhibited instances of sudden changes, scattered across repeats during both tests
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Figure A2.9
Heatmap for coolingrelative air humidity 7 Labs with the columns headingbiue usedclimatic controls during all tests

Lab Lab 1+B295 | Lab 2 | Lab 3 [ Lab 4 | Lab 5 Lab 6 Lab 7 Lab 8
Test T T2 T Tz T T2 T T2 T T2 T T 2
Repeat 1 23456 123456612345612346612345612346612346612345612345612345612345661234561234561234561234561234568

Lab 1 Lab 2 Lab 3 Lab 6 Lab 8
Test T T2 Tl T2 T1 Tz T T2 T T2 T1 Tz 2
Repeat 1 234561234561234561234561234561234561234561234561234561234561234561234561234561234561234561234586

Comments and highlights: Compare overall results to Table 4 for metrics on each lab and each report dufrihgliesekhibited the highest

Ma n d &*lstatsstics for lab averages and Lab 8 the lowest, evidenced on Annex 6. Lab 7 exhibited highs and lows on the sairerietric
exhibited sporadic departures on t k*statistic bemvéen nepeatshas itebed in Anypex B leab £ |
(with fresh air) exhibited values significantly below and above 50 % relative humidity across different repeats and hetweectests Labs

2, 3 and 5 exhibited large fluctuations during the first 50 events for a handfuleaftsepab 2 exhibited departures from its average at least
once for each repeatLabs 1, 3, and 7 had a checkered behaviour throughout the tests, with Lab 7 exhibiting the most considerable swin
within a short series of events
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Annex 3

Graphical representation of standard deviations versus average values

Braking speed

Standard deviations g*s*,, s*, and s
scatter v. average braking speed
2.5 -

[y = N
=] « o
. . .

Standard deviation / km/h

o
o
.

.

S*4,= 0.0008n+ 0.1272
R2 = 0.0859

°

Average braking speed / km/h

e s*j e s*Hj S*Lj

Average by distance torque

Average by distance coefficient of friction

120 140

e s*Rj =---Linear (s*Rj)

78

Average by distance deceleration

Standard deviation / m/s?

0.5 4

I
IS
.

o
w
.

o
)

°
&

0.0

Standard deviations g*s*,, s*, and s}
scatter v. averagélistance deceleration

° ,S*R= 0.039, +0.0721
. R2=0.1683
.
L] H °
- K ".’.';-5.’:" e
o, B. A H °, . o °% .
Y S,
3-.;.: .'..- o° o
. .
o soomil b o@eles s+ o 8 )
0.0 0.5 1.0 15 20 25 3.0
Average coefficient of frictionrh/s?
e s*j e s*Hj S*Lj e S*Rj Linear (s*Lj) === Linear (s*Rj)

Average by distance pressure

Yo



