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WHY conducting structured statistical analysis
using 1ISO & SAE standards

understand the ability to execute the WLTP cycle
assess variability for key metrics
support the development of PMP protocol



HOW to assess
using GTR, ISO & SAE standards

time-based traces (EED) for speed and temperature
speed violations, speed error, temperature differences



Time-resolved brake output for slow channels

VDA 305 - EED file
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Time-resolved brake output for slow channels
VDA 305 — EED file as-received with actual test times
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EED file organization
align and synchronize runs and trips by inserting or removing time slots
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]
Rn
RN Rn Rn Rn Rn

Rn+1 Rn+1
Rn+1 Rn+1 Rn+1
Rn+1



Speed violations per GTR15 for time-resolved data
count of speed points beyond + 2 km/h within 1 s
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EED file metrics for time-resolved speeds only
speed tolerance violations and speed error
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Speed error per SAE J2951 for time-resolved data

root mean square of speed error

RMSSE:\ZTZSL\ =1
3.6



WHAT we found for speed metrics

Lab. Speed violations (GTR 15) % of maximum RMSSE allowed (SAE J2951)
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HOW to assess
using GTR, ISO & SAE standards

time-based traces (EED) for speed and temperature
speed violations, speed error, temperature differences

stop-based metrics for speed, torque, deceleration,

temperature, and p (EEC)

repeatability, sample, laboratory, and reproducibility
standard deviations



Stop-based values for deceleration events
VDA 305 — EEC files as-received for each

Lab. Plan Completed

Test 1 Test 2 Test 1 Test 2
R1 R2 R3 R4 R5 R6 R1 R2 R3 R4 R5 R6 R1 R2 R3 R4 R5 R6 R1 R2 R3 R4 R5 R6
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Stop-based values for deceleration events
VDA 305 — EEC files as-received for each test and each lab

Sect Stop Stop Stop Time Date Brk Spd Brk Spd Rel Spd Rel Spd Decel Decel Torque  pressure mu Initial Final Max Initial Final Max |Initial Final Max Initial Final Max CISpdA Air Temp Humidity
# # Stop Time  of stop of stop Setpoint Setpoint Setpoint avg - dist avg - dist awvg - dist avg - dist Rotor Rotor Rotor Rotor Rotor Rotor Outpad Outpad Outpad Inpad Inpad Inpad

sec kph kph kph kph m/s? m/s? N-m kPa u °C °C °C °C “C “C °C “C °C °C “C °C kph “C %
Rl R1 Rl R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1
100 1 3 | 5.8 3:33:16 PM| 12/20/2018 | 20.42 | 20.51 0.50 0.47 1.24 1.25 170.3 1154.4 0.256 21.3 240 247|189 214 215 1838 21.6 21.6 19.3 20.6 | 206 | 225 16.0 47.8
100 2 4 | 7.0 3:33:55PM | 12/20/2018 | 22.70 | 23.00 5.60 0.87 118.2 861.7 0.238 23.3 26.8 | 269 | 195 237 20.6 245 24.5 219 227 | 228 | 241 15.6 50.8
100 3 5 | 4.0 {3:34:22PM | 12/20/2018 | 15.06 | 15.29 4.40 22.9 24.0 24.0 231 234 | 235 | 241 154 52.0
100 4 6 | 6.0 {3:3440PM | 12/20/2018 | 25.22 | 25.61 7.20 . 23.5 27.3 27.3 242 252 | 253 | 257 15.3 52.7
100 5 7 3.0 {3:35:06 PM| 12/20/2018 | 24.37 24.66 16.70 16.7 . 25.5 26.7 26.7 26.3 26.6 | 26.6 25.7 15.2 53.5
100 6 8 | 8.7 1335117 PM| 12/20/2018 | 18.36 | 18.61 0.50 27.7 30.2 30.2 26.8 270 | 271 | 257 15.1 53.9
100 7 9 | 59 3:3553PM| 12/20/2018 | 31.85 | 32.37 0.50 . 26.5 31.7 31.7 282 30.2 | 303} 257 15.0 54.5
100 8 10 | 4.9 [3:37:55PM| 12/20/2018 | 27.13 | 27.39 | 11.80 | 11.7 g g g g . . . . 24.9 28.7 28.7 26.8 280 | 28.0 | 241 14.9 55.2
100 9 11 | 6.0 | 3:38:11 PM | 12/20/2018 | 29.00 | 29.28 9.70 1.16 157.5 1183.9 326 385385285 349 29.0 334 334 | 290 303 303} 241 14.9 55.2
100 10 12 | 5.9 {3:38:38 PM| 12/20/2018 | 31.14 | 31.65 9.50 9.48 1.34 1.34 182.2 1338.3 36.3 43.0 30.9 35.9 35.9 321 335} 335 | 257 14.9 55.2
Sect Stop Stop Stop Time Date Brk Spd Brk Spd Rel Spd Rel Spd Decel Decel Torque  pressure mu Initial Final Max Initial Final Max Initial Final Max Initial Final Max CISpdA Air Temp Humidity
# # Stop Time of stop of stop Setpoint Setpoint Setpoint avg - dist avg - dist avg - dist avg - dist Rotor Rotor Rotor Rotor Rotor Rotor Outpad Outpad Outpad Inpad Inpad Inpad

sec kph kph kph kph m/s? m/s? N-m kPa vl °C °C °C °C “C °C °C °C °C °C °C “C kph °C %
R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2
100 30 336 | 5.8 | #HH## | 12/20/2018 1 20.14 | 20.51 0.50 0.47 1.24 1.25 171.0 683.2 226 255 254 27.3 27.3 274 301 | 301 | 241 14.0 51.3
100 31 337 | 7.0 | #HHsa# | 12/20/2018 1 22.70 | 23.00 5.60 5.57 0.87 0.88 119.6 494.6 18.4 | 23.7 27.7 {277 | 255 28.0 28.1 284 314 | 315 257 14.0 51.4

26.7 27.5 27.5 29.4 305 | 305 257 14.0 51.4
26.9 29.7 29.7 30.0 327 | 327 | 241 14.0 51.5
28.3 29.2 29.2 316 329 | 329 241 13.9 51.5
29.7 31.3 31.4 327 338 | 341 257 13.9 51.5
28.7 33.1 33.1 329 36.1 | 36.1 241 13.9 51.6
275 29.9 29.9 305 328 | 328 | 257 13.8 51.6
29.9 33.2 33.2 328 357 | 35.7 | 257 13.8 51.7
31.1 35.2 35.2 35.6 387 | 387 | 241 13.8 51.7

100 32 338 | 4.0 | #H#HHH# | 12/20/2018 1 15.06 | 15.29 4.40 4.39
100 33 339 | 6.0 | #HHHHHH | 12/20/2018 | 25.22 | 25.61 7.20 7.23
100 34 340 | 3.0 | #HHHHH# | 12/20/2018 | 24.37 | 24.66 16.70 | 16.72
100 35 341 | 8.7 | #HH#HHH# | 12/20/2018 | 18.28 | 18.61 0.50 0.47
100 36 342 | 5.9 | #HHHHHA# | 12/20/2018 1 31.42 | 32.25 0.50 0.47
100 37 343 | 5.0 | #HH#HA# 1 12/20/2018 1 26.88 | 27.39 11.80 | 11.74
100 38 344 | 59 | #HHHHHH# | 12/20/2018 | 29.00 | 29.28 9.70 9.72
100 39 345 | 6.0 | #HHHH# | 12/20/2018 | 31.44 | 31.77 9.50 9.48




Stop-based values for deceleration events

VDA 305 — EEC files organized with runs side-by-side

Sect Stop Stop Stop Time Date Brk Spd Brk Spd Rel Spd Rel Spd Decel CISpdA Air Temp Humidity | Sect Stop Stop Stop Time Date Brk Spd Brk Spd Rel Spd Rel Spd Decel CISpdA Air Temp Humidity
# # Stop Time  of stop of stop Setpoint Setpoint Setpoint # # Stop Time  of stop of stop Setpoint Setpoint Setpoint

sec kph kph kph kph m/s? kph °C % sec kph kph kph kph m/s? kph “C %
Rl Rl Rl R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R1 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2 R2
100 1 3 5.8 | 3:33:16 PM| 12/20/2018 | 20.42 20.51 0.50 0.47 1.24 22.5 16.0 47.8 100 30 336 5.8 | 9:18:14 PM | 12/20/2018 | 20.14 20.51 0.50 0.47 1.24 24.1 14.0 51.3
100 2 4 3:33:55 PM | 12/20/2018 | 22.70 23.00 5.60 5.57 0.87 24.1 50.8 100 31 7.0 { 9:18:52 PM | 12/20/2018 | 22.70 23.00 5.60 5.57 0.87 25.7 14.0 51.4
100 3 5 520 100 32 14.0 51.4
100 4 6 52.7 100 33 14.0 51.5
100 5 7 53.5 100 34 13.9 51.5
100 6 8 53.9 100 35 13.9 51.5
00 7 9 54.5 100 36 13.9 51.6
100 8 10 I ; . 55.2 100 37 22, ' 13.8 51.6
100 9 11 3:38:11 PM | 12/20/2018 24.1 14.9 55.2 100 38 9:23:08 PM | 12/20/2018 25.7 13.8 51.7
100 10 12 3:38:38 PM | 12/20/2018 25.7 14.9 55.2 100 39 345 9:23:35 PM | 12/20/2018 24.1 13.8 51.7




Stop-based values for deceleration events
VDA 305 — EEC files sorted by measurand

Measurand: Braking Speed - Actual
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Standard deviations per ISO 5725-5 for heterogeneous parts

standard deviations for repeatability, Sample, Lab, and Reproducibility

Robust algorithm S for between-runs results

SS, =2p’(w *)2

Robust algorithm S for between-sample results [SSE:F- Vg X S%— ]/(Hj — K;")

Sy = p'(w*)’ [SSE} ~(Kj =K ;) % sz =viy % 55 ]/ () =K /)
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Standard deviations per ISO 5725-5 for heterogeneous parts

standard deviations for repeatability, Sample, Lab, and Reproducibility

Average-by-distance p Average-by-time air humidity

Average-by-distance decel Average-by-time air temp.

Braking speed Maximum rubbing TC

430 C x 303 R spreadsheet 430 C x 303 R spreadsheet



Standard deviations for braking speed
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Standard deviations for average-by-distance torque
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Measurand Unit Percentile Standard deviation
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Avg-by-Distance Torque N-m 95 10.236 10.239



Standard deviations for average-by-distance deceleration

—srj —sHj —slj —sR;]

0.6 10
< 9
&
0.5
= 8
Rl
g 0.4 /
§ 6
T+
0.3 5 o
c =
8 4
2 0.2
2 3
o]
[«}]
& 0.1 2
Q
g: 1
0 S B —— it ()
T O 1 O 1 O 1 O 1 OV 4 O -+ OV A O A O A O
= N < O™~ O N MWL WO O A N < NI~ O
™ = v = NN NN ONANM
Brake event #
Measurand Unit Percentile Standard deviation
S|_j SRj
Avg-by-Dist. Deceleration m/s? 50" 0.165 0.165
Avg-by-Dist. Deceleration m/s? 95" 0.301 0.301




Standard deviations for average-by-distance
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Standard deviations for maximum rubbing rotor TC
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Standard deviations for maximum rotor embedded TC
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Standar'dﬂe\'liations for cooling air speed

'




Standard deviations for cooling air temperature
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Standard deviations for cooling air relative humidity
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NEXT aspects to consider
required to complete a laboratory protocol

conduct additional and specific tests
evaluate WLTP cycle for critical trips or events
define temperature control strategy



Special thanks to: Annika Tonnius,
Alejandro Hortet, and Tyler Odom




Part 2:
Some Aspects of Brake Temperature
Evaluation in TF1 Testing
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WHY are the findings about temperature so important

brake temperature level is OUTPUT for TF1 work
but it is
INPUT variable influencing emission generation (TF2)
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Big variation of rotor temperatures Lab-to-Lab



HOW high were the temperature differences between the labs
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Rotor temperature [°C]
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Snub #

Max temperature differences between the labs up to 45°C, average max difference 35°C



WHY got temperature differences between the labs

for same brake:

» different energy/power dissipated/absorbed?
* different cooling conditions?



WHY got temperature differences between the labs

different energy/power dissipated/absorbed?

* same inertia

e speed trace by time (decel) slightly different

* alllabs used scripts including driving resistances
(but tb re-checked)

different cooling conditions?
To be checked for:

 cooling air temperature
e cooling air speed



Rotor temperature - cooling adjustment

temperature

Trip 10

TF1 approach for cooling setup

adjustment of two cooling curves within the Trip 10
of the Brake-WLTP cycle to vehicle measurement
cooling adjustment done specifically for every
dynamometer

Agreement on cooling air temperature @20°C

Y

time



Example with Cooling Curve 1: calculation of cooling rate

Measured and Approximated: Start at Calculated cooling Calculated cooling rate
approximated same temperature rate over time vs. brake temperature
i - - : : : 100 0 0
1:2 T®) =u+a-e” [°C] | o T(t) =u+a-e”t [°C] 0 60

| &0 -0.05

800 0 40
-0.05
0.1 Lab A @50°

vr(t) =a-b-ePt [°C/s] o 0,12 [°C/s] \\\
O LabB @50°C
0,17 [°C/s] \
1
1

70
1 -0.1
60

50 -0.15

Temperature [°C]

1 a0

Cooling rate [°C/s]

0.2 -0.2

1 30

1 20

-0.25 -0.25

1 10

vp(T) = b+ (T —w) [°C/s] )

0 03 0.3 - !
0 200 400 600 800 t[s] T[°C]

t [s]

0 100 200 300 400 500 600 700
Time [s]

approx. 50% difference in

different starting different asymptotes mean cooling rates between labs*
temperatures mean generally different cooling air * Lab with highest cooling rate used
different cycle temperatures temperatures at different lower cooling air temperature than
at different labs labs or dragging brakes agreed

* Cooling adjustment improvement is possible: use higher number of
stops/sections for cooling air adjustment
 Must: stick to agreed cooling air temperatures



Influence of cooling air speed: Confirmation of TF1 findings
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e Tests run with 5 cooling air speed levels, same cooling air temperature

» Significant influence of cooling air speed at sections with low energy input into brake,

especially in stand still and low speed phases



Influence of cooling air speed: Confirmation of TF1 findings

200 T oumm I C . | =
© 180 Trlp 4 B X - 18 <
o 160 - 16 =
S 140 s - 14 5
© 120 : - 128
2 100 : - 10 5
£ 80 : - 8 4
2 60 A -6 O
5 40 : 4 g
O ! L - @]
o 28 k?l_%/\—-/\ . (2) o

Snub number [-] Snub number [-]

=60 kph =45 kph ===30kph e==15kph =—5kph =——Averaged power

* In Trip 4 with one, in Trip 10 with two areas of special interest (elevated temperatures beyond
130°C):

* At higher energy input there is low influence of cooling on maximum brake temperatures
(influence remains below 20°C).

* Does this fact reduces the risk for measurement of too high emissions at inaccurate set cooling (?)



Implications of TF1 work on thermal subjects

Take care about energy input and cooling conditions
» Stick to agreements regarding driving resistances and cooling air conditions
* Use longer brake event sequence for cooling air adjustment: e.g. one specified sections
instead of cooling curves only
* Investigate the possibility of reducing the influence of cooling setting on cycle temperature:
e Shorten standing still phases?
* Consider optional cycle execution temperature controlled for companies having
thermal models of brakes in WLTP cycle
* Embedded thermocouples are easier to use and provide less variability — use them
* Re-run the Focus test with embedded thermocouples (begin of May)
e Evaluate additional vehicles for confirmation of findings



How to avoid differences in temperatures vehicle vs. dyno
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Shortening the standing still phases does not influence number of stops/km, driving distance
etc.
It may influence friction (tbi?).
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