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Introduction & Motivation

Operate Better + Develop Smarter

Relative growth over time, for automotive features,' indexed, 1= 2008

Software-development : Software-development productivity,

: Software-development productivity,
complexity : tech leaders?

automotive players

6%

Left unchecked, software
complexity is expected to rise
rapidly with the introduction of
new functionality, only slowing
once vehicle autonomy
becomes mainstream

Productivity of tech leaders is
outpacing automotive players
but is still not fast enough to
bridge the complexity gap

Automotive-player-
development productivity
has barely risen, on average

m Net-Zero automotive products
are getting more complex

m Software complexity is
dominating

m Productively is not keeping
pace with complexity

HORIBA
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Development Time

m Development time, cost and
carbon footprint must be reduced

m “Front-Loading” using efficient
and accurate simulations

m More efficient V&V processes
using digital engineering

Efficient test operations
&

development

techniques

/ Advanced development
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m Operate Better

m Develop Smarter
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;i INnEelligent Lab

Road tests need to be accurately replicated and emulated in the laboratory to 3
allow efficient problem resolution, development and model sign-off.
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Connecting the real-world and simulation to the laboratory

Accelerate front-loading, development, validation, verification & sign-off

feee |n|:e|_|_|gen|: L3b Virtual World | Example Use Cases

Design Explore more of the
regulatory design space faster then
real time.

CarMaker

& Minimize cost & man-hours

Design Early validation before on-
road testing

Q Highly repeatable
environment & scenarios

Simulation & Scenario Digital Twin Range / Emissions  Quality Re-run road tests to validate
C L. : changes or replicate failure modes
Q Use existing equipment (Road / Environment / Driver) (Empirical Model) / Performance : P "
Prediction Development , Quality/Warranty Use

cases, Regulatory Compliance

Import / Create Validate : : :
Freaie Empirical . Results Testing, Competitor Bench marking

Scenarios a Digital Twins Quickl Engine/E-Motor/
Real World b 0,77g TeSt LabS ¢ Powertrain / Chassis Dynos

Replicate the real-world

Emulate changes

Replay the
real-world in

Create Digital Twins

Enable X-in-the-Loop

HORIBA Upgrade existing labs. Optimise development processes. Reduce development

Automotive

© 2021 HORIBA, Ltd. Al rig times by over 70%. Eliminate prototypes. Reduce expensive test trips



RDE Road-to-Rig Laboratory

RDE Road-to-Rig Replication, Emulation and WLTC

i l| Weather station

o

=\

i-l Driver’s aid Ml
N N ety ety
[ |
I H = o
. | ]
, o &
R driving system — — °
- | T )
. Cooling fan .
Battery emulator - SPN23 PM THC Emission Sample / CVS CO/CO2 Carbonyls
‘ NOx THC Alcohols
Chassis dyno CHa
Soak area Soak vehicle Operation area Weighing area Real road On-board emission
management system measurement

Power analyzer
I

(o) v
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Test cell management
Automation, Mass emission
calculation

PM filter
management system

J?T (o) =3

CO/CO2
NOx
CHa



Accurate replication and emulation of road tests in the lab

HORIBA's Torque Matching brings development back to the lab for more efficient workflows

Vehicle manufacturers and suppliers need a way to measure the response of a
vehicle’s powertrain to real-world scenarios with the accuracy of a test lab.

Real-world Scenarios + Laboratory Measurement Accuracy + Repeatability

Chassis dyno
A

Road Test On-board emission

measurement
system

. InEelligent Lab
Road-to-Rig
Torque Matching™

HORIBA Repeat the road test exactly, time after time in the lab until problems ;

Automotive
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are resolved.




RLS is Inaccurate! Multiple measurements and assumptions

Extensive measurements are required to achieve a laboratory replication with RLS

- Dyno Replication using Traditional Road Load
Real-world Driving Simulation
Resistive Forces Dyno in Road Load Simulation-Control Mode

| Ead o A
Gradient o de
= | 9‘ |e |
[ 0

Resultant force provides acceleration and speed @ Drver / Robot Driver tries to achieve speed trace
1. Measure Speed, Throttle position, GPS, Dyno models road load using traditional chassis dyno

roll, pitch and yaw, ambient weather conditions. Road Load Model
2. Measure or estimate Rolling resistance,, = Road Load R(t) = (A+ B.vy + C.(Vye))? ) + m.g.sin 6

Aerodynamic drag, Road gradient or Coastdown. / _ _ _

_ S The laboratory result contains multiple assumptions
3. Approximate Road Load via simplistic model therefore leading to a poor R? coefficient.
',;,'&5'3“ Traditional RLS method requires a lot of extra measurements and

assumptions which makes the accuracy low

© 2021 HORIBA, Ltd. All rights reserved



HORIBA Torque Matching Replication & Emulation Overview

Recorded Road Test

Input Changes
Driver Aggressivity
Environmental

Vehicle Changes
Vehicle components
Calibration

HTM Replication Cycle HTM Emulation Cycle

D no in Speed Control Mode Dyno in Road Load Simulation Mode

Driver robot

Road Load &
Target Gradient derived
peeg from resultant

replicates throttle & HTM dyno torque
brake position Dyno targets vehicle speed
MEDAS replicates during replication.
Temperature, Humidity, Resultant torque recorded
Pressure

Resultant Dyno Torque
is a perfect ‘match’ to
loads seen during the

f| Output: Resultant
dyno torque =
Highly Accurate
Road Load

ABC
¢ e
e
@

-

Onhathrottl

HORIBA Ambient cc

Automotive
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Record the benchmark road test.

Replay throttle and brake positions and

replication method

Replace original vehicle with similar model by subtracting
Superior accuracy between measured outputs over traditional RLS chassis er torque.

environmental




RDE Replication

EUG DI Diesel Example (Speed, Acc, Gear)

Sea Level

(Road vs Lab : ([:Igﬁ

PEMS)

Road Test 12.23 5.88
Replication Test 12.55 4.83
Difference 2.67% -17.8%
Variance 0.88% 8.4%
Diff as % of EU6 - 2.4%

 High degree of
replication:

v’ Mass emissions

v' Instantaneous
emissions

v RPM & Torque

HORIBA
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RDE Replication

EUG DI Diesel Example (Speed, Acc, Gear)

Sea Level . CO2 PN
(Road vs Lab : kg] [#]
PEMS) J

Road Test 12.23 5.88 49.28 1.56e12
Replication Test 12.55 4.83 47.79 1.2e12
Difference 2.67% -17.8% -3.01% -23%
Variance 0.88% 8.4% 0.5% 100%
Diff as % of EUG6 - 2.4% 21% 0.7%

 High degree of
replication:

v’ Mass emissions

v' Instantaneous
emissions

v RPM & Torque

HORIBA
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v' Pedal inputs
v' Temperatures
v High repeatability

49.96
49.09
-1.7%

1.2%

Engine Data: RPM

T T | T T
Foad Test — — —Dyno Test1 - Dyno Test 2 —-—-—Dyno Test 3 Dyno Test Avg
2500
=
o 2000
o
2
‘= 1500
=
L
1000
500 & | | I | | -
2350 2400 2450 2500 2550 2600 2650
Time [sec]
Engine Data: Torque
200 T T | T T
Road Test — — —Dyno Test1 - Dyrno Test 2 —-—-—Dyno Test 3 Dyno Test Avg
T 150 N .
=, s
g i | | _
= 100 W)
S
w20
-
2
S o e elarval
J U b Vi L ’ .
50 | | I | |
2350 2400 2450 2500 2550 2600 2650
Time [sec]
. X 107 Engine Data: Work Done
T | T T |
=
w 4 .
-
s
£ 7 |
=
2 - —
. Foad Test
= — — —DynoTest1 | _
= 1
E 'SERERERL D-!lrm TEE-t 2
= —-—-—DynoTest3 |_
s 0
'S Dyno Test Avg
1 | I | | I |
0 1000 2000 3000 4000 5000 s000 f000

Time [sec]



RDE Replication

PHEV Example (Speed, Acc, Brk, Gear)

Sea Level

(Road vs Lab : E\]I
PEMS)

Road Test 9.64 5.58 0.064  5.75el13
Replication Test 9.48 3.93 0.063 5.90el3
Difference -1.66% -29.7% -1.73% -2.67%
Variance 3.1% 10.0% 58% 2.3%
Diff as % of EUG6 - 4.01% 0.02% 3.09%

Sea Level

Batter Batter

(Road vs System Energill Energz
Lab : Energy [KWh] .
PEMS) (-ve) [KWh] (+ve) [kWh]
Road Test 14.93 2.78 2.2
REIEENIL 14.75 2.75 1.87
Test
Difference 1.5% 0.79% 1.34%

HORIBA
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RDE Replication

PHEV Example (Speed, Acc, Brk, Gear)

(SRESalae\\//se ILab : E\]I
PEMS)

Road Test 9.64 5.58 0.064  5.75el13
Replication Test 9.48 3.93 0.063 5.90el3
Difference -1.66% -29.7% -1.73% -2.67%
Variance 3.1% 10.0% 58% 2.3%
Diff as % of EUG6 - 4.01% 0.02% 3.09%

Sea Level

Batter Batter

(Road vs System Energill Energz
Lab : Energy [KWh] .
PEMS) (-ve) [KWh] (+ve) [kWh]
Road Test 14.93 2.78 2.2
REIEENIL 14.75 2.75 1.87
Test
Difference 1.5% 0.79% 1.34%
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Comparison of results (ICE)

HTM RLS Emulation has greater accuracy

RLS vs HTM RLS Linear Fit Model
Emulation

Gradient Intercept R2

= Result: HTM RLS approximately similar to the o Replication 0.99 0.09 0.99
original replication test. Maintains higher replication = @ Traditional RLS 0.99 0.18 0.99
erformance than traditional RLS method o
P > TMmRLs 0.99 0.21 0.99
* Robot Driver: Existing robot speed controller and S
gradient adaption method is used to control vehicle = Replication 0.98 0.16 0.99
accelerator o »
L Traditional RLS 0.85 0.67 0.87
= Accelerator: Better pedal input replication compared < —— — = —
to “RLS” method. Leads to closer emissions match. HTM RLS <091 070 094 =
= Benefits of HTM RLS Gradient Extraction: £ Replication 1.00 -0.03 0.95
— Convert to Distance-Road Gradient Look-Up to § Traditional RLS 0.88 0.07 0.87
enable different vehicles to be evaluated over 8 HTM RLS <:g'93 0.10 9@:3

same gradient

— Import real gradient to virtual test route (e.g.IPG
CarMaker vehicle simulation) for Simulation and
Vehicle-in-Loop testing

HTM (Replication) HTM RLS Emulation  RLS + GPS Method

— — — —

~ 1.8% C ~-18% ~-10.5%

HORIBA Torgue Matching has superior accuracy to replicate the original road test and then
HORIBA : el SRRl :

produces a better Road Load Simulation for a more trustworthy development environment
© 2021 HORIBA, Ltd. All rights reserved HTM RLS = HORIBA Torgue Matching Derived RLS method

Automotive
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Torgue Matching Method Gives Unrivalled Accuracy

HORIBA Al | L | : Left-shift Verification & Validation
STARS o YA A L WML ol WM A e -
RIS Pt LTAR ALY I8 o Faged ] WA 7Y AvE e gy 8 ']L 1 . : -
ERuSEESe el [L l““ il f M = Verify and validate more designs
™™ Robot Driver System Cosne evotton in the lab, not on the road.

ADS EVO
oz L\ h H 1 | lml o = Use the same high accuracy
A e equipment in development as in
..... soc certification
J .. = Savetime & cost by eliminating
. o | R road testing and expensive
Automated vehicle data transfer Jl//m orototypes
Real-world drive is perfectly Replicated ol f’"’"“" T i
Road Load is accurately derived to | "
Emulate the real-world for vehicle ; Reduce €5-15M
attribute development LT Chassis Lab reduction in
. correlation time j prototypes per
by 50% programme
'{LﬂgﬁlBA Fully automated road-test replication with superior corelation 1o

© 2021 HORIBA, Ltd. All rights reserved



Smart lab-based development: Torque Matching + Simulation

Replication >> Simulation >> Emulation

Elevation

Target an RepI|Cat|On

igh investigation into
local ‘hot spot’.

» Reproduce the real-world test accurately on the chassis dyno

» Record the road load to use in simulation and emulation

« Validate the lab is able to accurately replicate the real-road test
« Use the same vehicle coefficients in the lab and in simulation

Simulation

» Create a digital twin of a sub-system or complete vehicle

« Simulate over the entire regulatory window to highlight ‘hot spots’
(areas of concern)

« Validate designs in simulation faster than real-time

Low » Check areas of concern on the real vehicle in the lab

Temperature Tempgrature . PR - o
Low P P Temperature Prioritise areas for investigation and further development

Cm Emulation

Aggreksive - Validate simulation results are real to focus development effort
« Change variables to emulate a particular scenario of concern
« Change 1 or more vehicle or environmental conditions to explore the
Driving impact of design changes on real hardware
Aggressivity - Environment: Aggressivity / Elevation / Temperature
* Vehicle/ DUT: Change components or calibrations

HOR'BA Torque Matching + Simulation provides a powerful 17

Automotive
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Real-world
test drive

development combination



.1 INEeligent Lab

® New Road-to-Rig, HIiL and Digital Twin

methodologies have been developed and Rea| Vi rtu a|
demonstratec World World
¢ Significant programme time (>70%) and
"‘" z-Nr"?ggPEISE » ( | R e
cost (>€5M)savings can be realized by the
. . toud b Simulation & Scenario  Digital Twin 1[_?9 r‘ Emissions
adop“On Of Inte Ilgent Lab management and applications (Road / Environment / Driver)  (Empircal Mode :regir:tlizl:‘ce

Test Labs

® We must “Develop Smarter” now and in the |

* Emulate changps

e @
,@,u@,L St il g
Lab World

future to meet the challenges of RDE in the

shortest timeframe

HORIBA
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