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workflow to create the dataset for statistical assessments
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~260k values

WLTP Focus FA single setup 8 labs 2 tests each 6 x WLTP / test 8 labs x 2 tests x 6 repeats x 303 events x 11 parameters:
braking speed, avg. dist. (torque, pressure, and COF),
max. disc temps., cooling air temp. & cooling air RH
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|. Rationale and

justification

Table 1

i nte rI a bo rato ry aCCU ra Cy Stu d y ai m S Tabular summary of the applied hardware and testing conditions for R1 on each Laboratory — Cells in green indicate

the Lab followed the recommended values; cells in orange indicate the Lab used a parameter or condition acceptable or

at d et e rm i n i n g th e St a n d a rd equivalent: cells in red values indicate items with significant differences or deviations. (*) indicate data not available

Lab and test Item or condition
deviations for the main results - | . S
the assessment of brake emission I AL L N RO R
measurements demands a deep FOLRE|IE | EE[E |2 0E B |3 |E: (g
understanding of test variability BRI A RN R
L | 2% | Bz |FEG |G |E1 |ii |B% £, |F % | ;
main components include sample 2|1 |z |EF 2 Iz |Ig|1if |pdE |EiE
effect, lab effect, test repeatability, R N e B B B T B
and total reproducibility 8 IS W N L O N . ) S O S
Laba T1 2 1 1 1 1 1 1 E] 1 2 1
Lab 3 =
T1
Lab 4 -
Lab 5 :
T
Lab & -
Lab 7 :
T
Lab 8 -

¥ Labs 7 and 8 did not execute T2 due to schedule constraints.



" General

statistical evaluation

“Happy families are all alike; every unhappy family is unhappy in its own way.”

Weighted bias for deceleration control
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" General

statistical evaluation

extensive use of graphical and tabular presentation of data

120

200
180 -
9160 -
P
5140 -
IS
g12
£120 1
8
2100
kS
£ 80
5 8
60 8
° o
40 - g
o
20 T T T T T
0 20 40 60 80 100
Average braking speed (T1) for urban, rural, and motorway / km/h
olabl ©Lab2 oLab3 oLab4 oLab5 oLab6 oLab7 oLab8 #AVR

Table 6

Averaged initial, final and maximum disc temperature — The measurements include embedded (TCems. /eft half of the table) and sliding (TCrus. right half of the table) TCs for all repetitions of
T1 for all labs. Mean values (+ 95 % confidence limits) represent the average temperature values for each parameter. (*) denotes missing data

Repeat Lab 1 | Lab2 ‘ Lab 3 | Lab 4 | Lab 5 ‘ Lab 6 ‘ Lab 7 ‘ Lab 8 Lab 1 ‘ Lab 2 | Lab3 ‘ Lab 4 ‘ Lab5 | Lab 6 | Lab 7 Lab 8

Average initial disc temperature TCzyz / °C Average initial disc temperature TCrus / °C
1 579 59.7 524 482 498 393 515 56.5 508 548 642 315 455 400 523 613
2 578 56.6 523 442 464 373 513 549 514 521 64.1 474 434 389 521 593
3 575 56.8 523 441 46.5 36.7 512 533 329 526 64.1 472 436 385 523 576
4 572 572 526 425 46.9 395 509 574 541 53.0 64.1 449 440 413 522 61.4
5 56.8 573 523 385 489 36.2 * 35.8 35.1 534 63.7 412 463 383 * 39.5
6 571 56.6 523 368 489 354 * * 531 527 639 390 46.5 377 * *
Mean + 93 5738+ 3735 5238= 4238+ 479+ 3739+ 5121+ 536+ 5292+ 53.09 = 64.01 4519+ 4489 = 39.14= 5225+ 3982+
% limit 0.86 233 027 8.19 29 325 049 313 313 1.84 037 891 272 2.57 0.17 314

Average final disc temperature TCrap / °C Average final disc temperature TCrug / °C
1 66.9 722 60.4 36.5 624 514 60.8 65.7 573 62.6 75.7 623 534 50.8 59.0 754
2 66.1 67.1 598 326 56.7 476 59.7 64.5 568 594 75.8 581 507 496 585 727
3 65.7 672 596 329 562 46.7 59.5 629 385 60.0 75.9 373 509 49.0 588 70.8
4 63.6 67.3 598 31.6 56.2 49.2 59.1 66.9 603 60.6 75.8 34.8 513 504 58.9 745
5 63.3 66.9 592 478 589 458 * 65.3 614 61.2 75.6 511 544 47.6 * 720
6 65.5 66.2 590 463 588 453 * * 391 60.6 737 487 545 474 * *
Mean + 95 65.84 67.82 = 3965+ 513= 5819+ 4768+ 59.8= 65.04 = 58.88 = 60.75 = 7577+ 3537+ 5255+ 49.14= 38804 |73.09+359
%o limit 1.19 425 0.99 7.25 4.66 452 1.43 291 341 2.15 0.24 9.73 347 279

Maximum disc temperature TCeauzs / °C Maximum disc temperature TCrus / °C

1 1711 166.7 159.5 1501 164.7 166.9 1608 1515 1458 167.8 1925 149.6 1405 174.0 1509 1934
2 176.2 164.3 159.5 156.7 158.2 162.0 161.0 143.5 148.4 1727 1945 1445 139.8 175.6 1573 187.9
3 1771 164.6 158.9 1612 1548 160.0 1629 1443 1571 1756 1948 1426 1398 175.9 1634 185.0
4 1811 164.5 154.6 1604 1532 161.0 166.6 1491 166.9 183.5 197.9 1331 1378 1684 168.0 1872
5 1859 1633 156.2 160.5 157.6 1598 * 1481 167.8 183.8 1934 1306 146.6 169.5 * 1854
6 1889 163.6 1539 159.7 156.8 158.6 * * 168.9 1828 194.6 128.7 145.0 165.3 * *
Mean + 93 180.04 = 16451+ 157.1= 158.09 157.58 = 161.4+ 162.81 = 1473 = 159.16 = 177.69 194.62 = 13819+ 14157+ 17145= 15991 = 187.78 +
%o limit 12.95 232 496 831 775 5.76 527 6.37 2011 13.13 3.37 16.69 6.71 849 14.58 6.6




"l Statistics on

time-resolved — EED

integration of flowcharts and tabular data with step-by-step numerical examples

Table 10
Example of computation of speed violations for test 1, repeat 1, Lab 1 — Calculations in bold, greyed cells depicts
Interlab test planning values for time marker at 1124 s, using equations from paragraph 9.1. At 1124 s, the b!ra.ke speed needs to be between
. Internal lab preparations 1.5 km'h and 12/4 km'h to not incur on a speed violation
Distribution of test hardware and test parameters
i Speed /Il Speed difference from nominal / Speed violations
A 4 A
. Time . Lower Upper Actual Lower Upper Actual Total Total
L1 L8 Trip /s Nominal nominal | nominal dvno nominal | nominal dyno Marker i # /%
Internal testing Internal testing Srat Spotos | SRoHit Spur SerrRolo | SernRoHi | SerrRit R1 R1 Rl
Contrd programs Control programs -
Test staging Test staging 1 1 0.0 — — 0.0 0.00 0.00 0.00 — — 0.00 %
Cooling adjustment Cooling adjustment 1 2 0.0 20 20 00 -2.00 200 0.00 — 0 0.00 %
Trial runs Trial uns 1 3 0.0 20 20 0.0 -2.00 2.00 0.00 — ] 0.00 %
v v v v 1 4 0.0 20 54 00 200 543 0.00 - 0 0.00%
see 1 3 34 20 89 14 5435 545 -2.03 — 0 0.00 %
Executionof T1 Execution of T2 ExecutionofT1 Execution of T2 1 6 6.9 14 12.3 51 545 545 _1.76 _ 0 0.00 %
(R1...R6) (R1..F8) (R1...R6) (R1...F6) 1 7 103 49 15.8 88 545 543 2160 = 0 0.00%
* + + + 1 2 138 83 192 12.3 543 545 -1.51 — 0 0.00 %
1 9 172 1.8 7 15.8 543 545 -1.46 — 0 0.00 %
Review results Review results Review results Review results 1 10 207 15.2 227 102 545 2.00 _1.52 _ 0 0.00 %
Generate EEDs Generate EEDs Generate EEDs Generate EEDs = 5 . o
Submit EEDs Submit EEDs Submit EEDs Submit EEDs ! ;53| 67 Bad 87 453 200 ) 200 ) -l 0 0.00%
1 754 46.7 447 48.7 446 -2.00 2.00 -2.10 -1 1 0.01 %
—_—p 5 ;
1 753 46.7 447 48.7 46.7 -2.00 2.00 -0.04 — 1 0.01 %
1 i 1 Ty e ey
7 _ 5 3 _ o
Speedvioations Speedvioktions RMSSE 2 1123 104 49 15.8 139 546 346 350 2 0.01 %
2 1124 6.9 1.5 12.4 13.7 -5.46 5.46 6.77 1 K} 0.02 %%
2 1125 335 20 89 10.6 546 546 711 1 4 0.03 %
10 15 824 0.0 -2.0 20 0g -2.00 2.00 0.87 — 164 1.04 %
10 15 825 0.0 220 20 0.3 -2.00 2.00 0.49 — 164 104 %
10 15 826 0.0 20 20 0.3 -2.00 2.00 0.34 — 164 1.04 %
Total speed violations 164 1.04 %
y Total speed violations below 160
o . Total speed violations above 4
Speed violations forentire cycle
SmoLotias = Min(10.4,3.5)— 2 = 1.5
Srotiiies = Max(104,3.5) + 2 = 124
SernRuiins = 13.68 — 6.9 = 6.77
RMSSE for entire cycle Suiotaza = T1.since 677 > 12.4—69
For the entire cycle S,;0,,5 = 164 /15826 = 1.04 %




|V Statistics on

event-based — EEC

application of VDA 305/EKB 3008 with numerical examples for brake output data

Table 22
Example of the combination of test results for braking speed on the first six braking events on
il“rip #2 for Lab 1 and 2, both tests, and six repeats on each — Per paragraph 10.1.7.

Table 16
List of column identifiers, column headings. and applicable units for each parameter or measurand for each repeat —
Rows in grey indicate the measurands used for the statistical assessments for standard deviations

Measurand Identifier Heading Units Description and Table 19

M; - Sect # - Trip # (1 to 10) _ _
M - Stop # - Nominal event per WLTP (1 to 303) Trip ;::t g?:]:: Lab 1/km/h
M; - Stop Stop - Internal dyno stop counter T1 T2
My - Stop Time sec Duration of the brake event R1 ) R3 R4 RS R6 R1 R2 R3 R4 RS R6
Ms - Time of stop hh:mm:ss am/pm | Clock time at the start of the brake event 3 1 30 1201 | 1201 | 1201 | 1380 | 1201 | 1201 | 1201 | 1401 | 1201 | 120l | 1401 | 1401
Ms - Date of stop mm:dd:yyyy Calendar date
M, BikSpd_SP | Brk Spd Setpoint km/h Target braking speed per WLTP 2 2 31 | 3444 | 3432 | 3444 | 3444 | 3444 | 3432 | 3444 | 3444 | 3444 | 3432 | 3432 | 3444
Mg BrkSpd Brk Spd km'h Braking speed (measured) 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
M RelSpd_SP | Rel Spd Setpoint km/h Target release speed per WLTP 2 4 33 | 2577 | 2577 | 2580 | 2577 | 2580 | 25.77 | 25.80 | 2577 | 25.80 | 2580 | 25.80 | 25.77
Mo RelSpd Rel Spd km'h Release speed (measured)
My Del_SP Decel Setpoint /e Taraet total deceleration rate per WLTP 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
Mi2 Del Decel avg—dist m's? Average—by—distance deceleration 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
Mis Tavg Torque ave—dist N-'m Average—by—distance braking torque 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
Miy S [EEE s L — e e p 8 37 | 3052 | 3052 | 3052 | 30.52 | 30.64 | 30.52 | 3064 | 3064 | 3064 | 3064 | 3064 | 3064
M5 Muavg mu avg—dist u Average—by—distance coefficient of friction (COF)
Mis E IRT Initial Rotor °C Rotor temperature at braking speed with embedded TC 2 ? 38 4026 | 4026 | 4026 | 4014 | 4026 | 4026 | 40.36 | 40.26 | 40.26 | 40.26 | 40.14 | 40.26
M7 E FRT Final Rotor °C Rotor temperature at release speed with embedded TC 2 10 39 30.04 | 2092 | 2092 | 29.92 | 30.04 | 20.92 | 30.04 | 2992 | 30.04 | 2092 | 3004 | 30.04
Mg E_MRT Max Rotor °C Maximum rotor temperature with embedded TC 2 11 40 2470 | 2470 | 24.70 | 2470 | 2470 | 24.70 | 2470 | 2470 | 24.82 | 2470 | 2470 | 24.82
Mg R_IRT Initial Rotor °C Rotor temperature at braking speed with rubbing TC 3 P ] 2 | 2 | s | s 25 | 227 o5 | s | 2n | 25 | o5 | 25
Mag R_FRT Final Rotor °C Rotor temperature at release speed with rubbing TC
Moy R MRT Max Rotor °C Maximum rotor temperature with rubbing TC 2 13 42 22.21 2221 22.21 22.21 2221 22.21 22.21 22.32 22.32 22.21 2221 22.21
M OP_]:RT Initial OQut pad °C Quter ljad temperature at bl‘al{ing f,ljeed 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
Mos OP_FRT Final Out pad °C Outer pad temperature at release speed 2 15 44 3491 | 3491 | 3503 | 3503 | 3491 | 3491 | 3503 | 3491 | 3491 | 3491 | 3491 | 35.03
Mo OP MRT Max Out pad °C Maximum outer pad temperature

. . 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
Mas IP IRT Initial In pad °C Inner pad temperature at braking speed
Mas IP_FRT Final In pad oC Inner pad temperature at release speed 2 17 46 22.92 2292 22.92 22.92 2292 2292 23.04 2292 23.04 22.92 2292 22.92
M7 IP MRT Max In pad °C Maximum inner pad temperature 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
Mg CASpd Clspda km/h Average-by-time cooling airspeed 2 10 | 48 | 48.00 | 4800 | 45.00 | 4809 | 48.00 | 48.09 | 47.07 | 48.00 | 48.00 | 48.00 | 48.09 | 48.09
Moo CATemp Air Temp R Average—by-time cooling air temperature

‘e . . . . g 2 20 49 3551 35.30 3551 3551 35.39 3551 3551 35.39 3551 3551 3551 3530

Msp CArh Humidity % Average—by—time cooling air relative humidity




|V Statistics on

event-based — EEC

combination of tabular computations with step-by-step calculations per ISO 5725 math

Table 24 - Calculation of the sum of squares for laboratories’ COF for Level 1

Including laberatory effects, degrees of freedom, and factors

Laboratory {Laboratory) | Numbherof | (Numherof | Laboratory | (Laboratory | Factor
i cell average test results | test results)® effect effect)” K
¥i ny nf; By B}

1 0.360 12 144 -0.014 0.000 20 72
2 0.240 1 1 —-0.135 0.018 12 1
3 0.370 12 144 —0.004 0.000 02 72
4 0.456 12 144 0.082 0.006 78 72
5 0.358 7 49 -0.016 0.00027 37
6 0.284 6 36 —-0.090 0.008 12 36
7 0.342 5 25 -0.032 0.001 02 25
8 0.405 6 36 0.031 0.000 93 36

Applying [Eq.47] then gives:

Number of tests results forlabs 5, 6,7  py=1+6=T, 05 =6+0=6,n=5+0=5

Applying [Eq.40] then gives:

Laboratory effect for lab 1 Bi1=03060-0.374=-0.014

Applying [Eq.48] then gives:

Factor K forlabs 5, 6,7 Kp=1"+6=3TKi=6+0=36,En=5+0=25

Applying [Eq.49] then gives:

Factor Kj Ei=144+1+ 144+ 144 +49+ 36 +25+36=579

Applying [Eq.50] then gives:

Factor K; Ki=T2+1+T72+T2+37+36+25+36=351

Applying [Eq.51] then gives:

Factoﬂ(; K =T72112+1/1+-+25/5+36/6 =413

Applying [Eq.46] then gives:

Degrees of freedom for laboratories vy=8-1=7

Applying [Eq.43] then gives:

Sum of squares for laboratories

S8 =12x000020+ 1001812+ ---+ 5= 0.001 02
+6x0.00093=0.1633

14.2.6

Applying [Eq.52] to [Eq.55] in [clause 5.9.k] then gives:

St =88,/ vy

s2, =0.25012/49 = 0.005 105 p*

50

S0 = 00714 p

and

sy = [5Sm — vay x 555/ (y — K7)

s, = [0.064 39 —4 x 0.005 105]/(61 — 41.3) = 0.002 23 p?
50

sy, = 0.047 2 p

and

sty = (581, — (K — Kj/m) x sy — vy x sk / (n; = K /my)
sty = [0.163 327 —(41.3 —351/61) x 0.002 23 — 7 x 0.005 105]/(61 — 579/61) = 0.000938y>
S0

sp = 0.0306p

and

spy = V0.07142 1 0.030 62
sp1 = 0.077 7 p

Applying the repeatability and reproducibility limits established in clause 4.1.4 from ISO 5725-6:1994, when comparing
two single test results. the critical differences are. respectively. for level 1 (event 1):

— Critical difference for repeatability, 1=2.8 x 5,=2.8 x 0.071 4=0.2 p
— Critical difference for reproducibility, R=2.8 x sg =2.8 x 0.077 7=022 i
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event-based — EEC

use of the ISO 5725 robust algorithms (A & S) to avoid bias and reduce sensitivity to extreme values

Frequency

Figure 32 — (Example) of histograms for all maximum disc temperatures with embedded thermocouple

Figure 31 — (Example) of histograms for all COF (all labs, two tests with six repeats each)
Each histogram represents each repeat with 40 bins and without any data transformation Each histogram represents each repeat with 40 bins and without any data transformation
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I. Rationale and " General I" Statistics on IV Statistics on Annexes (dataviz)
justification statistical evaluation time-resolved — EED event-based — EEC

tabular summaries of all standard deviations for 11 metrics on each trip

Table 32
Summary standard deviations for main measurands as a per cent of the average — Including metrics for standard deviations for repeatability X A e .
s, sample effect sy, laboratory effect ,, and reproducibiliy sy, The statisties indicate values for all levels combined (303 brake events),for the f Table 32 - Summary standard deviations for main measurands as a per cent of the average — Including metrics for standard deviations for repeatabilitys;,,
50% and the 95™ percentiles, and each trip. The values are expressed as a per cent of the general average for all events, 50% percentile, and 958
zﬁ:‘;};ﬁﬁj Al the table provides the values o per cent of the general avesage for cach trip, All values reflectthe result after applying sample effect sy, laboratory effect s;;, and reproducibility s. The statistics indicate values for all levels combined (303 brake events), for the 50% and the 95%
Measurand Metric | Mean | Percentiles I ERERER TTP BEREREN percentiles, and each trip. The values are expressed as a per cent of the general average for all events, 50% percentile, and 95% percentile values. Also, the table
I 2 3 4 5 6 7 B 9 ]
T FSTE N‘\’"";:“’\"‘“i‘"r"’:;""l‘j T provides the values as per cent of the general average for each trip. All values reflect the results after applying robust algorithms
I 11
Standard deviation { % of the mean for the pplicable rnge of data = - - -
Braking speed e Measurand Metric | Mean Percentiles Trip
{kmh .
SHj
g 1‘2‘3‘4‘5‘6‘7‘8‘9‘10
Sij
Avortae oy g | %) Number of levels (brake events)
deceleration / m's? 5y
g 303‘50“"95““29‘42‘28‘18‘49‘2‘6‘8‘7‘114
Shy . A
Average-by-dsnce | 5 J Standard deviation / % of the mean for the applicable range of data
torque / N-m < —
s Braking speed Spj
sy /km/h st
Average-by-distance | s, Hj
pressure gy *
ikPa p S1;
4
Spy 5 i
Average by-disance |5, Rj
COF - -
I :{’ Average-by—distance Sy
4 -
siy deceleration / m/s? s
Maximum sy Hj
temperature with sy S*
Seded T s 293 250 Ly
s || 2 21 \. Sh;
Maximum 5 ]
temperature with sy
Tebing TC s; | 186 | 190 | 101 | | 179 | 25 254
sy | 179 | 1m0 218 29
Cooling air 5
temperature sy
{comtrolled) .
%C L)
Siy
Cooling air 5
temperature (all) Sy
" O T LN N N T e I
Siy
Cooling air relative 5
humidity (controlled) 5
J %R ,'-”
Lj
Sij
Cooling air relative 5
humidity (all) .
o iy
iy
Shy




Annex 1

flowcharts for all mathematical relationships: input data — four components of test variability
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heatmaps (using inferno colormaps) with comments for all 11 metrics
a) perceptually uniform, b) colorblind-friendly, and ¢) non-biased conversion to grayscale

Figure A2.5

Heatmap for average-by-distance COF (u)
o [ w2 [ ovs s F nt s
T 7 s o o ey ey n

n n " n
2348 P GE TS 6201246245625 48 124G 2aEE 123461 FY L8 23486129458 23us812345; [ OF
0
2

Comments and highlights:

Lab 4 generated the highest values.
for COF, as seen on the Mandel's 4%
statistic on Annex 6 for cell averages

Labs 2,6, and 7 exhibited COF
lower-than-average, with R1 for T 2
on Lab 2 having the lowest values
overall

Labs 4 and 5 had the highest metrics
for the Mandel’s £* statistic between
tests per Annex 7

“delayed” bedding behaviour on
induced the highest values for

Labs 3 an
variation be
indicated the
on Annex §

N repeats, as
el's k* statistic

Lab 4 {using fresh
large values for the

statistic between repeat

The following repeats for
were removed due to errone
control settings, or missing dat;
R6 for T1 and all repeats. for T2
Lab 2; R2-R6 for T1 for Lab 5: an
sporadic events for Labs 2, 5, and 6

Figure A2.5

Heatmap for average-by-distance COF ()
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Annex 3-5

graphical representation of standard deviations and uncertainty for all 11 metrics

Standard deviations s*,, s*,,, s* , and s*;
scatter v. average coefficient of friction

Standard deviations s*,, s*,,, s* , and s*;
coefficient of friction by brake event
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graphical representation of stragglers (95 %) and outliers (99 %) per ISO 5725-2 for all 11 metrics

Mandel's k* statistic between-sample ranges for
coefficient of friction coefficient of friction coefficient of friction

Mandel's h* (between lab averages) Mandel’s k* (between sample ranges) Mandel's k™ (between test results)




...what is possible for TF3 - ILS

establish critical differences for key dyno metrics
(speed, deceleration, cooling air)
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