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APPARATUS AND METHOD FOR TESTING AUTOMATED VEHICLES

TECHNICAL FIELD

{0601} The present disclosure relates to antomotive exhaust gas eniissions measurement
and analysis, the measurement of the encrgy efficiency of automobiles, and the control of
automobiles with autonomous features. More specifically, it relates to predicting the real-world
gxhaust gas cmissions from automobiles with Internal Combustion Engines (ICEs), including
Hybrid Electric Vebicles (HEVs), and the real-world energy efficiency and automatic braking
responses of any automobile type with autonomous braking features, including Battery Electric

Vehicles {(BEVs), based on laboratory testing.

BACKGROUND

{862 Modemn automobiles with ICEs can operate rehiably under almost any combination
of environmental, road grade, and driving conditions found on Earth. Such vehicles are common
througheut the world and operate regularly and reliably in ambient temiperatures ranging from well
below 0C to more than 40C, from dry desert condifions to humid rainforests, and in bumper-to-

bumper, slow ¢ity traffic to high speed operation on the German Autobahn.

HIO3| Many countries that host large numbers of avtomobiles have exhaust gas emissions
standards, .. “taiipipe™ standards that auto manufacturers must comply with, But experience has
shown that i 18 difficelt and expensive fo test vehicles under the broad range of real-world
environmental, road, and driving conditions that are known to affect entissions and fuel economy
of vehicles In the real world. And it s well known that the energy efficiency of HEVs and the

range of BEVS on a single charge decrease at lower ambient temperatures.

D004} Laboratory-based taiipipe emissions testing has been historically performed under
a limited range of ambient conditions, velucle speed patterns, and driving conditions, Because the
nunber of vehicles has increased dramatically in recent years worldwide, and because vehicles
have become increasingly computer-conirolied, it has become necessary for governments and

automobile manutacturers Lo better understand the emissions of vehicles across a wider range of

]
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operating conditions so that National Ambient Air Onality (NAAQY) standards can continue to be
et i cureent ambiont air “adainment sreas™ and can eventeally be met in current “non-atisinment
argas.”  has also become neeessary for vehicle manufaciurers o be able © assoss the elfeets of
potential changes to vehicle enission controls and powertrein calibrations across 8 wider renge of

ambient and operating conditions.

HIH5] New vehicle exhaust gas enussions regelations are driven, in part, by measured
fevels of NAAQ Tor specific criteria poliutants ihat are known to directly or indirectly affeet human
health and for the control of greenhouse gas emissions. NAAD levels vary widely thronghout the
world, depending on both mobile cmissions sources and stationary sources of pollution,
Population densities, weather conditions, vehicle enussions performance, the age and makeup of
the local in-use vehicle fleet, stationary sources of air pollution, and geographic features are all
factors affecting NAAQ. For example, the air quality it Southern Califomia can be particularly
poor because of a high population density, combined with a well-known almospheric temperature

inversion due 1o geographic features and atmospheric conditions,

{006} Automobiles and trucks with JCEx contribute to the overalf pollution from “mobile
seurees,” most notably from “tailpipe emissions.” And BEVs conlribuie to “stationary sources™
of pollution, Le, emissions from electrical power plants. The tailpipe emissions and cuergy
efficiency ol any particulsr vehicle operating in the real world is dependent on many [actors,
including various environmental conditions, road grade, driver behavior, traffic conditions, and

the cilectiveness of the vehiele's emissions controls related to those factors,

HIOU7) BEVs may become a significant factor of overall pellation from “stationary
sources™ in the future if they are produced in increasingly larger numbers because they get their
energy [rons the power grid. Therefore, i is important 10 understand the energy efficiency ol BEVs

in real-world driving as well.

{008} The promulgation of new emissions standards for controfling criteria polhutant and
greenthouse gas emissions from vehicles with ICEs has been traditionally linked to a laboratory-
based testing regime amd related methodologies because laboratory-based testing can be very
repeatable and becanse mass-based, reab-world (1., on-road) testing had not been possible until

recently, e, since the commercialization of Portable Emissions Measurement Systems (PEMS).

.
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{09 While faboratory testing methods are known to he very accurate and repeatable for
amissions measurements ender acteal test conditions, real-world driving can subject 3 vehicle o a
wide range of conditions thad traditional laboratory testing prolocols would not. There are many
reasons for s, including the difficalty of simalating the foll range of real-world temperaturs and
atmzosphenic pressure conditions in the laboratory, the effects of real-world driver behavior under

actual traffic conditions, ete.

{01 To further compound the huistorical problems associated with employing laboratory
testing methods vs. real-world vehicle operation, the availability and popularity of vehicles with
autenontous features is growing rapidly. Vehicles with autonomous or autoniated longitudinal
speed and acceleration control are now commonly avaiable on the market and may soon represent
the majority. These vehicles are able to maintain a setpoint vehicle speed when there are ne leading
vehicles, Le. no vehicles in front of the subject vehicle, and in close proximity and are able to vary
their speeds when approaching a stower vehicle from behind or when a vehicle changes lanes and

enters the path of the subject vehicle, to maintain safe vehicle separation,

{011} It is not currently possible to “blind test” these vehicles in a laboratory environment
for measuring exhaust enuissions or fuel economy while they interact autonomously with other
vehicles (blind testing requires that no changes to the subject vehicle are allowed and o
knowledge of the technical detsils of the vehicle control systen sre required), But it is likely that
auwtononous features affect emissions and cnergy elficiencies in most vehicles, espocially if the
vehicle powertrains employ different calibrations compared with the calibrations that would be

employved tor a similar real-world drive under conventional driver control.

{12 With the depth of technical knowledge possessed by the developers of the vehicles
and autonomous systems, 1t may be possible to isclate and simulate ihe offects thai other,
conflicting vebicles in real-world traffic have on the msomated vehicle control systems to obtain
some degree of confidence regarding the operation of the system in the real world, but that type of
testing does not demonstrate the complete vehicle system behaves the same way i the real world,
A complete vehicle system test would offer the highest level of confidence that faboratory results
accurately and adequately reflect realvworld performance and would be appropriate and suitable

for regulators who do not have regular access to detailed techuical information regarding a specific
8 2 ga3f

152
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make and nodel of vehicle,  And while 3t is possible that emissions and fuel economy
characteristics of a vehicle may be degraded with the ensployment of automatad longitudinal
conirol, 1 s adse possible for foel cconomy and onussions perlormance o be tmproved by
employing sutomated longitedingl confrol. To accomplish these goals however, a well-controlled,
laboratory-based testing appavatus and associgted methods are needed to maximize tosting

precision for both automobile manufacturers and regulators.

{01 3] Traditional laboratory testing for emissions and eonergy cfficiency compliance
purposes useally includes measuring exbaust emussions or energy efliciency of the subject vehicle
operating on one or more vehicle speed schedules on a dynamometer.  Various vehicle speed
schedules are intended to represent various types of real-wotld vehicle operations. For example,
the Environmental Protection Ageney (EPA) employs different speed schedules for representing
city operation, highway operation, and more aggressive vehicle operation, In each case, the vehicle
1s operated as close as possible to the corresponding speed schedule by a driver. But newer vehicle
models are employing autonomous, dynamic, longitudinal speed controf as a convenience feature
in ever-nereasing numbers.  Because these features are troly convenienl by automatically
maintaining safe vehicle separation under any condition of operation, ranging from bumnper-to-
bunper ity tratfic, to highway operation, and because the cost of the technology s talling rapidiy,
autononons speed control features are likely to be found, and used, on most vehicles in the future.
And they are likely to continge to be one of the key technologies of fully-autonomous vehicles of

the future.

{4 As the availabilily and usage of autonomous vehicle speed control continues to
grow, however, 1t is not yet known how {o test such vehicles in a laboralory covironment,
especially within a iraditional testing regime based on operation of the subject vehicle on specific
vehicle speed schedules nsing a dynamoneter. I is unknown how the use of standard vehicle
speed schedules will be interpreted in o future where vehicles are controlling their own speeds
much of the time, For example, the speed schedules may simply be interpreted as the speeds the
subjeet vehicle s forced to follow in response to speeds of feading vehicles traveling at the “speed
of traffic” in cach case, or may be interpreted as “the speed of traffic” itsell (traffic in which the

subject vehicle is embedded and must follow).

4
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SUMMARY
IS Here, corfain wnbodivents vy wlate o conducting laboratory testing of

atonomous vehieles or vehicles with autonomonus longitadinal speed or aceelerstion control to
obtain accurate and repeatable exhanst gas mass emissions measurenents in the case of 1CE
vehicles and energy ofliciency measurements and sulomatic braking actions of any vehicle type—
measurements and actions that are representative of the real-world energy efficiency and tatpipe
emisstons, where applicable, for any longitndinally-controlled vehicle medel, on any route, and
over any sei of ambient conditions of mterest. These embodiments provide apparatuses and
methods to allow the entssions and energy cfficiency impaets, and the sutomatic or emergency
braking actions of autonomous longitudinal coatrol vehicle functions to be accurately determined.
Furthermore, by sinlating or replicating real-world traffic events in a controlled enviromment,

emissions, encrgy efliciency, and safety system performance can be calibrated, evaluated, and

improved.
{16} Maore specifically, certain embodiments relate to an apparatus for simudating other

vehicle traffic by the presence of simulated vehicles that “lead™ a test vehicle al varying distances,
speeds, and acceleration rates. This allows for simulating another vehiele's eatry into (1.¢. & “cut-
i maneuver}, or exit [rom (i.e. a “cut-out” mancuver), the test vehicle’s travel path, while a
vehicle 1s operating under realistic, sumulated vehicle loading conditions i coordination with a
dynamometer assembly, while ambient air conditions are replicated ov sinmlated, and while

emissions are sampled using normal emissions measnrement systems and methods,

0174 The apparatuses for simulating other vehicles ave capable of open-loop position
gonirol as well as closed-loop feedback control based on a speed parameter [rom a subject iost
vehicle or the associated dynamoweter assembly, The open-loop control mode enables the
sindation of vehicles leading the test vehicle aecording fo a predeiermined following distance
schedule, while the closed-loop operation enables the simulation of vehicles following a desired
speed schedule, or causing the subject vehicle itself to follow a desired speed schedule, Both
modes of operation alse support the simulation of traffic scenarios for testing automated or

autonomous braking systems.

.7
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{8 One apparatos physically simulates 8 movable vehicle target body detectable by all
types of elecironic sensors used i vehiele longitudingl speed control systoms, ineluding optical
monoctlyr and hinocndar camerss, laser-based range sonsing systams, g LIDAR systoms,
RADAR-based range sensing systems, 8s well & nelworks of sensors comprised of sensors of
differont types and linked via “seasor fusion.” This first apparatus is relovant to the testing of any

fongitadinal control system.

{019 A second apparatus electronically simulates a virtnal target vehiele detectable by
one or more types, or by & combination of lwo or mere lypes of electronic sensors used in vehicle
tongitudinal speed control systenss, including optical monocular and binocular cameras, laser-
based range sensing sytems, e.g. LIDAR systems, RADAR-based range sensing systems, ss well
as networks of sensors comprised of sensors of differeat tvpes and {inked via “sensor fusion.” This
second apparatus is relevant o either testing any longitudingl control sub-system comprising a

single sensor technology, or any combination of sensor technologies.

HOH A test method 18 diselosed in which a simulated vehicle represents prevailing,
variable traffic conditions that cause an obstructed test vebicle to follow a desired speed schedule,

¢.g. a regulatory speed eyele,

{21 Another method 1s disclosed i which a sinwlated vehicle represents prevailing
traffic conditions defined by a desired absolute or real-world speed schedule, e.g. a regulatory

speed cycle, therchy causing a subject vehicle to respond and control itself as though il was

engaging with traffic flowing at the speed of the speed schedule.

0224 In another method, the following distance, 1.e. the distance between the simulated
vehicle and the subject vehicle, is defingd by a predetermined schedule of interest. The schedule
may be based on a prior real-world test in which following distance was measored and recorded,

or may be based on any other schedule of interest,

HI23] In yet another method, avtomated or emergency braking response scenarios are
created vsing a predetermined following distance schedufe.  And other methods for testing the
automated or emergency braking responses of subject vehicles to leading vehicle “eut-in” and “cut-

out”™ maneuvers or scenarios are ysed in association with a dual target body sinwilator apparatus.

6
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{24 While testing according to any of the methods described above, exhaust envissions,
anergy efficiency, fuel ceonomy, and antomated braking responses, depending on vehicle fype,

gy be measured,

S For example, an autonomous vehiele test method may inehude operating a stomulated
vehicle apparatus to cause a subject vehicle, coordinated with a dynamometer assembly configured
to provide road toad to the vehicle, lo cause the vehicle’s speed to follow a desired or real-world
vehicle speed schedale or, alternatively, cansing a subject vehicle to control iis spesd according to
its etbedded algorithms and calibrations, by engaging with stimulated traffic “Howing” at the
speed of a desired or real-world vehicle speed schedule, Corresponding real-world emissions data,
energy cfficiency data, or data corresponding to the performance of safety systems, ¢.¢. automaled
emergency braking, may be captured and used to improve the performance of the associated
vehicle systems and for determining the impacts of the autonomons systems on emissions and

energy efficiency compared with conventional controf of the same vehicle.

026} A vehicle testing laboratory 1s equipped with a novel system for physically or
electronically replicating the presence of one or more vehicles in a desired proxinity to the vehicle
being tested, based on the recorded proximity of real vehicles during a prior real-world drive, or
for sinmiating the presence ol one or more vehicles in a desired proxinuity to the vehicle being

tested, based on a desired trafiie scenario.

{0271 The testing laboratory is also equipped with ecither a traditional chassis
dynamometer or, alternatively, a separate axle shalt dynamometer for each vehicle drive wheel, as
well as mass emissions samphing equipment for testing ICE vehicles, where applicable, and a
supplemental set of testing equipment for the purpose of exposing a test vehicle to a set of
envirommental conditions of interest, ¢ ambient temperature, pressure, and humidity, while the

vehicle 1§ being tested.

{028} Prior to laboratory testing, a vehicle to be tested may be driven on any route(s) of
interest in the real world, under any environmental and traffic conditions desired. For example,
high traffic arferies in NAAQ “non-attainment areas” might be of particular interest to researchers
and regulators. Aund cold weather fuel economy performance may be of particular interest 1o a

manufacturer of vehicle models used more extensively by customers i colder chimates,

Lard
/
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{29 During the real-world drive(s), a PEMS may be optionally installed on ICE
arpuippad vebicles o measure and record mass emissions in grems per mide or grams per brake-
horsepowes-hour, depending on the regalatory enusstons eortilicalion regoirements lor the vehiele,
In addition to the opiional emisstons dats, smbient weather condifions and other test parameters
needed to characterize the vohicle operation are also recorded, including vehicle speed, accelerator
pedal or throttle position, and brake pedal position or status {i.c. on/oft) for the entire test period.
For manual transnussion vehicles, gear selection and cleich pedal position must also be recorded.
For the methods that replicale following distacce, following distance behind a lead vehicle is also

measured and recorded using ¢ither a camers, radar, LIDAR or other relevant system,

{030 After the real-world lesting over the desired route(s), or after developing or
deciding upon a desired cycle to be simulated, the vehicle is brought to the specialty-equipped
indoor or outdoor aboratory and placed on or connected to a dynamometer, The faboratory’s mass
emissions sampling equpment {in the case of the 1CE vehicles) measures mass enussions and the
supplemental set of testing equipment 13 employed for providing the desired environmental
conditions of interest during vehicle operation, i.e. environmental conditions that may he the same

or may be different from those actually encountered during the real-world testing,

{031} The real-world Tollowing distance recorded during the real-world lesting, or any
desived real-world [olowing distance to be simulated is uploaded o either the physical sunulated

vehicle apparatus, or the electronic simulated vehicle apparatus, as appropriate.

{0032} Alternatively, either testing apparatus simulates the presence of other vehicles
“appearing” to the subject vehicle to be Tollowing a desired vehicle speed schedule, g a
regulatory speed cycle, or causing the sabject vehicle tself o follow a desired vehicle speed
schedule, o.g. a regulaiory speed cvele, It is not known at this time wheilier regulatory speed
cycles will be interpreted as “the speed of traffic™ or the “speed of the test vehick™ in the future.
Some of the proposed techniques provide a means for determining the impact of emploving
autonomous fongitndinal speed control systems wnder either inferpretation by comparing lest
results using the disclosed apparatus to test resulis for the same vehicles under conventional speed

control,

§
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{33 The full set of real-world test conditions, inctusive of following distance behind
tead vehicles and sovironmental conditlons are either reprodoced with reference o a prier real-
wordd deive, or simulated as desired in the laboratory envivonment, The niss conlssions or energy
elficiency, depending on powertrain lype, and othey awtomated fongitudinal control performance
parameters are noted and recorded.  Subscquent tests can be used to calibrate or improve the

emissions, efficiency, or other performance measures of the vehicle or fongitudinal control system.

HI034] I either PEMS emissions data or energy consumption was optionatly collected for
those methods including real-world driving, the PEMS data can then be direcily compared with
the laboratory emissions or energy conswmption data colected during the faboratory test under the
same conditions to ensure they are equal, within an acceptable range, This optional “validation”
process serves (o document a high degres of confidence that both the laboratory and real-world

measurements are both correct and reproducible.

BRIEF DESCRIPTION OF THE DRAWINGS

HI35] FIG. 1A shows a physical apparatus [or replicating or simudaling the presence,
motion, appearance, or disappearance of a vehicle or vehicle traffic dynamically lcading a real,
agtoromousty-conlrolied vehicle on a vehicle test stand while the autonomous vehicle emissions,

encrgy efficiency, fuel economy, or automatic braking activily is measured or observed,

{36} FIG. 1B depiets a “cui-in” traffic maneuver that can be simulated with the apparsius

shown in FIG, 1AL

HU37] FIG. 1C depicis a “cut-oui™ traffic maneuver that can be sinmdated with the

apparatus shown in FIG, 1A

{H38] FIG. 2 shows an electronic apparatus for replicating or simulating the presence,
motion, appearance, or disappearance of a vehiele or vehicle traffic dynamically leading a real,
autonomousty-conirolied vehicle on a 2-wheel vehicle test stand while the autonomous vehicle

emissions, energy efficiency, fuel economy, or automatic braking activity is measured or observed.

9
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{39 FIG. 3A shows a physical apparatus for replicating or sinmlating the presence,
motion, appearence, or dissppearance of a vehicle or traflic dynamically leading & weal
awtonotuonsty-controtied vehicle on a 2-wheel vehicle test stand while the sutenomons vehicle

emissions, energy efficiency, fuel scononry, or agomatic braking activity is measured or observed.

{040} FIG. 3B shows a method for simulating valid wheel speed sensor signals (o the
wiring harness fnpois of non-rotating wheel hubs of a vehicle with anti-lock brakes or salonomous

confrols, while the vehicle is operated on a 2-wheel vehicle test stand.

{041} FIG. 4 shows a top-view of an apparatus for rephicaiing or simulating the presence,
appearance, or disappesrance of a vehicle or traflie dynamically leading a real, autonomously-
controled vehicle using a wheel hub dynamometer test stand while the autonomous vehicle

emissions, energy efficiency, fuel economy, or automatic braking activity is measured or observed,

L3 FIG. 5, 6 and 7 show methods for simulating & vehicle drive under antonomous or

antomated longitudinal speed control in a laboratory,

DETAILED DESCRIPTION

043} Varicus embodiments ol the present disclosure are described herein. However, the
disclosed embodiments are merely excmplary and other embodinments may {ake various and
alternative forms that are not explicitly illustrated or deseribed. The figures are not necessartly to
scale; some features may be exaggerated or minimized to show details of particular components.
Therelore, spectfic structural and [unctional details disclosed herein are not to be mterpreted as
fimiting, but merely as a represeniative basis for teaching one of ordinary skill in the art to
artously employ the present Invention,  As those of ordinary skill 1 the art will understand,
various features illustrated and described with reference to any one of the figures may be combined
with features fHlustrated in one or more other figures to produce embodiments that are not exphcitly
tustrated or deseribed.  The combinations of features iHlustrated provide representative
embodiments for typical applications, However, various contbinations and medifications of ihe
features consistent with the teachings of this disclosure may be desired for particular applications

or iniplementations.

10
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{44 Here, we replicate and stmulate real-world driving conditions related to the fow of
traffie, weather, vehicle road load, accelerations, and romd grade, all of which affect the operation
aml control of vehicles That featare auionomons or salomated longitadingd velocily control
sysiemss,  These replicated driving conditions are necessary for accuralely measuring envissions
and enerey cfficiency, and for rephicating awomated braking activity in a laboratory eavironment,

and for such measurenients and activity {o be representative of real-world operations,

{HI045] f s well known 1o one of ordinary skill in the art that driving style affects the
energy officiency of afl types of aciomobile powertraing and the exhaust emissions levels of
powertraing employing Internal Combustion Engines (ICEs).  Accelerator pedal movements,
braking activities, and powertrain calibrations all impact the efficiencies and emissions of vehicles,
But autenomous {ongitudinal speed control features on vehicles, ez, Adaptive Cruise Control
{ACC), supplant normal accelerator pedal Inputs and braking activities of the driver and may

depend upon a different set of powertrain calibrations while the vehicle is operating autonomousty.

{1046} For conventional, non-sulonomous vehicles, laboratory emissions testing 13
normally done with cither a human driver or a robot driver confrolling the vehicle over a desirable
spead schedule or eyele, while the emissions are sampled, and the fuel cconomy is determined
frony the emissions. Electrical measuroments provide a sinzilar functionality for electric vehicles.
But there are not yet accepiable apparatuses, or testing methods, for measuring emissions and fuel
economy, or the energy officicncy of autonomous vehicles, e.g. those with ACC, so the emissions
and energy efficiency can be compared with requirements, or corresponding values for the same
vehicle operaling in & conventional manner with a heman or robot driver, for purposes of

understanding the impacts of the autonemaous operation or emissions and energy efficiency.
EXEMPLARY APPARATUSES

{047 Various exerplary apparatuses are described below for purposes of measuring the
exhaust emissions and fuel economies of vehicles with internal combustion engines or the energy
efficiencies or automatic braking responses of any vehicles that have autonomous control of

vehicle aceeleration, deceleration, and braking,

il
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{48 At least one controliable and automated dummy or target body is either physically
or virteally dytamicaily positioned refative to a subject vehicle while the vehicle operates with at
feast ohe autonomcus, ongiiadingd yood control featwe of intorest aciivated, in conjunction with
dynamometer operation, thus causing the vebicle speed control and braking to be affected by the
changing relative location and speed of the target body. The one or more tarzet body's relative
focation, speed, and acceleration can be controtled in either an open loop manner according to a
seipoint schedule, or in a closed loop wanner, based on feedback from the dynamoneter, the test

vehicle, or other mstalied measurement system such as an altermarket autonomous vehicle camera

syslen,
(LIRS The vehicle target body possesses visual, radar, and LiDAR  appearance

characteristics that make it indistinguishable from a real vehicle by the detection systems of real
autonomous vehicles located behind i, The target body location(s) and motion are controlled by
a trolley system that rides along an overhead track, exther fo a commanded position, or fo a
commanded speed, relative to the subject vehicle, Alternatively, location and motion of a virtual
target body is accomplished using a radar or LIDAR receiver/emitter system that receives radar or
LiDAR signals from the subject vehicle, and then enits a radar “retuen” signal corresponding 0

the desired virtual location or motion of the farget vehicle’s relative location or motion.

HIOSG] For vehicle research and development purposes, the virtusl target approach may be
desirable because of its simplicity and testing efficiency. But for emissions and encrgy efficiency
compliance purposes by regulatory authorities, it 1s often desirable to conduct a “blind test™ for
which no a-priort techntcal information is known about the subject vehicle being tested, and a lesl
of the complete vehicle, without simulating any “fake” control signals. In this latter case, the real

targel approach may be more desirable.

{031 FIG. 1A shows a Vehicle Longitudinal Speed Control Testing Apparstus
{(VLSCTA) 2 used to physically simulate the presence of interacting vehicles at variable following
distances 4, 47 in front of & subject vehicle 6 in a vehicle testing faboratory, The VLSCTA 2 15
capable of making simulated vehicles appear or disappear from in front of the subject vehicle 6,
and simylating one or more feading vehicles moving at vanable opening or closing speeds and

variable following distances 4, 47 relative fo the subject vehicle 6.

12
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{52} Mevable target bodies &, 8" with functional brake lights 16, 14" sinwldate the
presence of other vebiicles by providing visual appearances, radar cross-sections, and LiDAR
appearance maging characterisiios ke the rear surfaces of seal vehicles, This causes the subyjoci
vehicle 6 to intoraet with the simulated vehicles, i.e. the movable target bodies 8, 8 as though the
subject vehicke 6 was operating in the real world with real vehicles having the same relative

focations and motions as the simulated vehicles.

HI033] The target bodies 8, & are suspended by position and spesd-controlled trolley
assemblies: an arficulating trolley assembly 22, and a non-articelating trolley assembly 227,
mounted above on a lixed track or rail 30, The motion of the target bodies §, 8 is dynanically
controlied 10 a desired manner, depending on the chosen mode of operstion, by the motors and
controls of the system (not shown). Suspension from above is advantageous W avoid the
introduction of floor mounted objects that could be sensed, and which could alter the operation of

the subject vehicle 6.

{084 The target bodies §, 8 are physical structures made of any materiaf that provides a
representative physical appearance or radar signature to the appropriate sensors of the subject
vehicle 6 being tested, e.g. to individual optical cameras, optical camera systems, binocular
canicras, radar transmister/receivers, ete. Functioning tast lights 10, 11 simulate the application
of the brakes of a leading vehicle to following vehicles that sense braking of other vehicles in this

LR

{DOSS] The target bodies §, 8 are [ixed to the articulating trolfey assembly 22 and to the
non-articulating trolley assembly 227 by rigid rod hangers 13, and 137, respectively.  The
arficutating larget body 8 s also fixed to 8 forward position of the articulating trolley assembly 22
by a rigid pushypull vod 11 and the non-aritculating target body 8 15 fixed to a forward position of
the non~articulating {rolley assembly 227 by arigid rod 117, The posterior trolley assembly 28 and
the trofley assembly 28" are directly connected to independent drive mechanisms for controlling
their speeds, positions, or accelerations, and hence the speed, position, or acceleration of the target

bodics 8, 8” with respect to the subject vehicle 6.
{HI056] The anterior trofey assembly 42 1s also linked to the posterior trolfey assembly 28

by linear actrator 46, thereby fixing the linear motion of the anterior frolley assembly 42 along the

13
SUBSTITUTE SHEET (RULE 26)



WO 2021/007540 PCT/US2020/041656

track or rail 30 relative to the driven, or posterior trolley assembly 28, The linear actuator 46 is
caused to expand or contract by 3 separate controd signal to cause the spacing between the postarior

frofley assembly 28 and the anterior trolley sssermbly 42 fo increase or decrase, respeetively,

AT The staigs of simulated vebicles are defined by at least ihe set of paramsters
including, but not limited to, deployment status (in the case of target body 8 only), L.e. deploved
in front of the subject vehicle 6 or raised above the roadway (and oul of the virtual path of molion
of the subject vehicle 6), following distances 4, 47 indicating the distances between the front of the
subject vehicle 6 and the backs of the simulated vehicle target bodies 8, 87, and the relative speeds

or “closing speeds” between the subject vehicle 6 and the simulated vehicle target bodies &, 8.

HIO58] The articulated trolley assembly 22 and the non-articulated troley assembly 227 are
controlled to place the articulated target body 8§ and the non-articulated tazget body 8" in any

desirable state, either manually or programmatically i a synchronized manner with the operation
of a dynamometer assembly 12, When the actuator 46 is expanded, the anterior trolley assembly
28 1s caused lo move along the track or rail 30 in a direction away [rom the posterior iroliey
assembly 28, thereby pulling on the push/pull rod 11 and causing the target body 8 and rigid rod
hanger 13 to quickly rotale together about the suspension axle 48, thereby guickly removing the
target body 8 from being sensed by the subject vehicle 6 as an obstacle alfecting the speed or
control of the subject vehicle 6, In this way, the target body 8, combined with the functionality
and control of the driven posterior trolley assenibly 28 and follower anterior trolley assembly 42,
alows the simulation of the presence or sudden appearance of a vehicle or obstacle in front of the
subject vehicle 6, or hetween the subject vehicle 6 and a second sinmulaled {arget bedy. The sudden
appearance s also considered a “siep change™ in the deployment status of the target body 8 for

simudating “cut-in" and “o-out” traffic mancuvers.

{089 FIG. 113 shows a “cal-in™ maneuver (e.g. to simulate a fane change into the path of
motion of vehicle 6), as well as the removal or disappearance of & vehicle ¥ or obstacle from in
front of the subject vehicle 6, as shown in FIG. 1C {e.g. to stmulate a lane change out of the path
of motion of vehicle 6), causing a “step change™ in the magnitude of the following distance of the
subject vehicle 6, behind a lead vehicle. This [unctionality can also be used to simulate a lead

vehicle in the same traflic lane as the subject vehicle exiting from a road or highway.

14
SUBSTITUTE SHEET (RULE 26)



WO 2021/007540 PCT/US2020/041656

{i6h] Referring back to FIG. 1A, control of the target bodies 8, 87 1s coordinated with the
subject vehicke's & sinnulaied dvive, in coordination with the dynemometer assembly 13 that
sunudates real world vehiele foading conditions i the usual mamer. The target bodies &, §7 are
moved by control cables (not shown) connected 1o a motor deive (nof shown) behind a drive cover
14, A posterior eovable rail stop 16 and an antorior movablo rail stop 18 engage with tolloy stops
20, 207 to act as a fail-safc mechanism to prevert the articulating irolley assembly 22 and the non-

articulating trolley assenibly 227 from exceeding the destgn travel hmits,

o1} During laboratory testing employing the dynamomeier assembly 12; exbaust gas,
particulate matter, and particulate number analysis systemss (not shown) may be used to measure
the exhaust emissions exiting the vehicle tafpipe 24, by drawing a sample through a sampling hose
26 connected (o a Constant Volume Sampling (CVS) svstem (not shown), where applicable, and
the energy efliciency, drivabilily, and braking responses of vehicles with antonomous longitudinal

speed or braking control may be studied or evaluated,

{062} For vehicles that employ optionalty-sefected, fongitudinal speed control, the
impacts on emissions and energy efficiency of the autonomous control modes can be determined
by using this apparatus to compare the emissions and efficiency reselts for tests conducted with
the velicle operating in an autonomous mode, with the results for tests conducted with the vehicle
operating i & conventional mode, i.¢. controlled by a human or robot driver, or by direct electronic

raaniputation of the vehicle controls over a test cycle.

{003} The articulating trolley assembly 22 and the non-articulating trotley assembly 22°
move along the trolley track 30 on rellers 32, 44, 327 in response to control signals from a
programmable coniroller 34 (which may be optionally integrated into the test cell automation
system) for commanding its posiiion and speed foward or away [rom the dynamometer assembly
2. The controller 34 inputs are optionally selected to be either open-loop inputs coordinated with
the dynamoemater assembly 12 operation, or closed-loop inputs derived from caleudations based on
a vehicle speed signal from a dysamometer controller 36, or the vehicle 6 itself, electronically
commuynicating through a dynamometer conununications cable 38, or through a separate electronic

connection (not shown).
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{64} Direct, open-loop, dyranuc signal inputs to the controller 34 cause the movable
targel bodies & 8 fo move according to desived, dynamic fullowing distence 4, 47 schodudes
between the subject vehiele & on the dynamometer assembly 12 and the target bodies 8, 87, ihereby
simufating the existence of one or wore vehicles {o the autonomons system sensors of the subject
vehicle 6, and causing the subject vehicle™s 6 sutonomous or awtonated control systoms to react

i accordance with its infernal algorithms and calibrations.

{HI065] In one mode of operation, the controller 34 is programmed to dynaniically change
the following distance 4 between the articulating targel bedy B, or the following distance 47
between the non-articulating target body 8, and the subject vehicle 6, to follow a predeternined
following distance schedule to cause the vehicle o perform aclive speed or automatic bralang
control in & manner that replicates active speed and braking contro actions while following a lead
vehicle according to the same distance schedule during a prior road test, or road test to be

conducted using the same vehicle type.

{1066} A following distance measuring device 40 15 oplionally installed on a subject
vehicle 6 prior to read testing for which following distances are to be measured for subsequent
replication or simulation in the laboratory, but not obtainable from the vehicle itself, or if it is
desired to not monitor sensor-related data from the vehicle for any reason. The deviee, if used,
may be an allermarkel autoromons vehicle control monocular or binocolar camera system, or a
radar-based, LiDAR-based, or faser-based sysiem, The sanse following distance reeasuring device
40 can be used subsequently in the laboratory to provide a feedback system to provide the dynamic

tocation of simulated physical vehicles.

{67} In a second mode of operation, the controller 34 (s programmed to dynamically
change the following distance 4 between ihe articulating target body 8, or the lollowing distance
4" between the non-articulating target body 8, and the subjeet vehicle & to cause the sebject vebicle
6 speed 1o follow a desired vehiele speed schedule, 2.g. a regulatory test evele such as EPA™s Urban
Diynamometer Driving Cyele (UDDS) or Highway Fuel Economy Test (HWEFET) cycle. Closed-
loop operation of the comntroller 34, using a speed parameter from the dynamometer controller 36
or from the subject vehicle 6 as feedback ensures the subject vehicle 6 folows the desired speed

schedule closely.
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o8] I the absolule speed vy represents the articufated target body 8 or non-articulated
target body §' siulated reabwerld vehicle spoed, sad v represents the speod of the subjeat
vetucle 6 on the dynsmometer assembly 12, Le. the speed sensed by the subject vehicle 6 dtself or

by the dynamometer controlley 36, ther vy can be defined by
Vg = Vg + vy

where 1y is the relalive speed between the target body and the subject vehicle 6. vy is interpreted
as the absolote simulation speed of the target body in & real-world reference frame. It is the
analogous real-world speed of another vohicle being simulated by the miotion of the target body in
the reab-world reference frame, which causes a subject vehicle 6 o react in the same manner it
would react to a real vehiele, in the real world, if the real vehicle were at the same {ollowing

distance 4 and were traveling al a speed equal to v,

HIGGY] In a third mode of operation, the controller 34 18 programmed to dynamically
change the following distance 4 between the target body 8 and the vehicle 6 to cause the absolute
spead of the target body 8 {i.e. the speed representative of real-world road speed) to foliow a
desired absolute speed schedule, e.g. a regulatory test cycle such as EPA’s UDDS or Highway
Fuel Economy Test (HFET). By operating the target body 8 in this manner, the subject vehicle é
is cansed to operate as though it were operaiing in real traffic conditions where the “speed of
traffic,” rather than the speed of the vehicle itsell, follows the speed of the desired or regulatory
test cvcle. The subject vehicle 6 itself does not follow the desired speed cycele, but operates as an
autonomous velicke embedded in traffic that is represented by the desired eycle, Therefore,
emissions and energy elficiency measured during this type of operation are representative of
measurements that would be obtamned in the real world in real traffic flowing at the speed of the

desired cycle.

{TY The anterior trolley assembly 42 also moves along the trolley track 30 on anterior
troliey rollers 44 and is variably connected 1o the posterior trolley assembly 28 by the actuator 46.
Whife the posterior trolley assembly 28 and the anterior frolley assembly 42 generally move
together along the track 30, oplional extension of the actualor 46 causes the target body 8 to quickly
rotate forward about the suspension axle 48, thereby causing the sudden disappearance of the target

body § from obstructing the simulated forward motion of the subject vehicle 6. Retraction of the
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actuator 46 causes the target body 8 to quickiy rotate rearward about the suspension axie 48,
thureby causing the sudden appesrance of the target body § as an obstruction to the forward motion
of the subjech vehicle 6, In this way, deliberate exiension and retrsetion of the actuator 46 via
controlier 34 signals, causes the sudden appearsnce or dissppearance of the target body 8, for
simulating the sudden appearance or disappearance of 8 leading vebicle, as desired.  This
functionality is also effective for simulating lanc changes from, or to, other simulated road lanes

{not shown) using the target body 8, as described above,

{7 H may be desirable o house the VL.SCUTA 2 assembly in a separale roow adjoining
to the dynamometer test cell room to isolate the motion of the target bodies 8, & [rom lsboratory
persomnel. Or it may be desirable to house the VLSCTA 2 outdoors, but viewasble to subject
vehicle ¢ sensors ocated in the indoor testing laboratory, A window 50 constructed of specialty
glass that is transparent fo Hght, radar signals, and LiDAR signals is optionally located between
the VLSCTA 2 and the dynamometer assemblies 12, 60 (FIG. 3A) for this purpose. This additional

[eature can be used for any of the testing modes deseribed herein,

{072} The testing laboratory may be contained in a climatically controlied chamber {not
shown) for which ambient air conditions of prossure, temperature, and hwmidity can be
mdividually controlled. Such a laboratory allows for replication or simulation of ambient air
conditions fo reflect prior real-world driving conditions to be replicated or simwlated in the
faboratory, or the simnulation of specific anabient aw conditions of interest, for maximun: accuracy

of test results and between tests intending to be identical except for a controlied variable,

HIg73) Alternatively, a more cost-effective inplementation for replicating and simulaiing
dynamic ambient air conditions employs an “envisonmental conditions sumulator”™ S2, recently
made avatlable commereially. i provides a loss capital infensive means for dynamically changing
anibient conditions experienced by a subject vehicle 6 powertrain during testing and for replicating
al simulating desired ambient alr conditions, while allowing the vse, or continued use, of 8
standard emissions test faborafory,  In this case, the ambient alr pressure, temperature, and
humidity conditions are created by the environmental condilions simulator 52 and applied only to
the powertrain and necessary vehicle sensors by connecting the environmental conditions

simulator 52 o the subject vehicle 6 engine intake air system, (not shown) by the intake air hose
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56 and (o the vehicle's tadpipe 24 by the exhaust gas hose 54, The environmental conditions
simubator 32 controls the intake air prossure, exhaust backpressure, wml intake air humidily o
either fixed, selected valnes, o to progranunaiically controlled, dynamie vahees as desired, or o
mimic the conditions recorded during & real-world test, properly synchronized with the subject

vehicle 6 speed and load on the dysamometer assembly 12,

{174 The apparatus of Fig. 1A can also be used 0 cogjunction with 8 test method for
testing the response of the sebject vehicle 6 safety systems to leading vehicke “cui-in” manguvers
as shown in Fig. 1B and “cut-ont™ maneuvers as shown in Fig. 1C. For simudating cut in
meaneuvers, the subject veliele is controlled by the presence of 8 leading vehicle, as deseribed
above, For example, the non-articulating target body §" is controlled mn one of the manners
previous described, while the articulating target body 8 is controlled in 8 non-deploved state. Al
the appropriate time to simulate a cut-in ntaneuver, the target body § i3 quickly deployed between
the subject vehicle 6 and the non-articulating target body §, at which time the vehicle 6 response
is noted or measured, This may be to determine the effectiveness of emergency braking or for

measuring the reaction of any other vehicle 6 parameier o the “cut-in” maneuver.
w

{075 To simulate a “eut-out” mancuver, as shown in Fig. 1C, the subject vehicle 6 is
controlied by the sinmlated presence of a leading vehicle, represented by the articulating target
body 8, located between the subject vehicle 6 and the non-articulating target body 87, At the
appropriate time to sinmlate a cut-cut niancuver, the articalating target body 8 is guickly retracted
or non~deployed, thereby causing the non-articulating target body to suddenly become the “new™
leading vehicle, at which time the vehicle 6 response is noted or measured. This may be used to

measure the reaction of any vehicle 6 parameter to the “cut-out™ mancover.

{076} FIG. 2 shows an clectronic Veluele Longitadinal Speed Control Testing Apparatus
{eVLSCTAY 63 used to electronically create one or mose movable virtnal target vehicles,
simudating the virtual presenee of interacting vehicles at simmulated distances from, and at simulated
speeds refative to a subject vehicle 6, thereby representing variable following distances from the
subject vehicle, and traveling at vartable speeds in relation to the subject vehicle 6 in a vehicle
testing laboratory, The eVLSCTA 63 1s capable of making simulated vehicles appear or disappear

clectronically from in front of the subject vehicle 6, and simulating leading vehicles moving at
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vartable opening or closing speeds and variable following distances relative to the subject vehicle
6. The eVLSCTA 63 18 comprised of an integrated lest rack for simudating the presence of one or
more other vehicles by providing one or more electronie radar recoivertransmitiors 55 for
reegiving signels from the subject vehicle 6 radar transmitter/recedver, i equipped, broadeasting a
signat corresponding (o the desired, simulated relative focations and relative spoeds of simulated
vehicles i relation to the subject vehicle 6, one or more LiDAR receiverfransmittess 57 for
receiving signals from the subject vehicle 6 LiDAR fransmittes/receiver, if equipped, and emitting
one or move signals corresponding to the desired, simudated relaiive locations of simulated vehicles

in vefation to the subject vehicle 6, and a display screen 61,

{77} By controlling the locations and speeds of simulated target vehicles based on a
speed feedback signal from the subject vehicle 6 or the dynamometer controller 36, the subject
vehicle 6 speed controls are foreed to respond o the electronically simulated vehicle(s) as thoagh
the subject vehicle 6 was operating in the real world with real vehicles having the same relative
focations and motions as simulated vehicles, i an analogous nianner o the response of the subject

vehicle 6 to the physical target body § motion as described above in greater detaif.

{078] FIG. 3A shows a testing apparatus for testing autonomous vehicles nsing a 2-wheel
chassis dynamometer assembly 60 that only provides for two rotating drive wheels, 1n maodern
vehicles with anti-tock brakes and antonomons speed control, non-rotating wheels usually cause a
raalfunction state to be sensed by the vehicle’s own diagnostic systems. Under such conditions i

is riot possible to test the vehicle as deseribed above,

{79 To tost on & two-wheel dynamometer assembly 60, it is necessary for the subject
vehicle’s 6 diagnostic system to recetve valid specd sensor fuputs [rom each wheel speed sensor,
meluding the non-rolating wheels 62 (only one shown), To do ihis, additional wheel hubs 64 (only
one shown) comprising inlegrated wheel speed sensors, matched to the specific subjeet vehicle 6
muke and model, are centerably fixed to the exterior of the drive whesls 68 {only one shown) on
the 2-wheel dynamometer assembly 60, One way to accomplish this is 1o bolt the additional wheet
hubs 64 to the drive wheel 68 hub studs or lug nuts so the additional wheel hubs 64 will rotate at
the same speed as the drive wheels 68, More specifically, it may be advantageous to mount a non-

rotating, left-side hub to the exterior of the rotaling, right-side wheef, and vice versa because some
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vehicle hubs sense reverse rotation,  The additional whesl hubs 64 are prevented from frecly

rotating {due o fntormel bearing friction), by the anti-rotation straps 70 (only one side shown),

{08 Prior to testing, the subject vebicle’s 6 oniginal whee! hub speed sensors, integral
i the non-rotating wheel hubs while operating on the 2-wheel dynamometer assembly 68, are
disconnected from the sobject vehicle & wiring harness inputs (not shown). The additional hubs’
64 integral speed sensors (not shown) are connected with an exlension witing harness 66 to the
wiring hamess inputs in a cross-wise pattern, Le, the right drive wheel externally-mounted hub is
connected to the vehicle 6 wiring harness at the location of the lefl nen-drive wheel hab, and vice
versa, bocause some wheel hub sensors also sense reverse motion, Because the additional drive
wheel hubs 64 have to be rotated 180 degrees in relation to the non-drive wheel hubs to be mounted
on the external side of the drive wheels 68, they would appear to be rotating in the opposite

direction than desived if not connected cross-wise.

{81 FIG. 3B shows a closer view of the additional wheel hub 64 mounted on a drive

wheel 68 of a vehicle 6 as deseribed,

(D082} FIG. 4 is a top view showing how the Vehicle Longitudinal Speed Controf Testing
Apparatus (VLSCTA) 2 is used to physically simulate the presence of interacting vehicles at
vartable following distances 4 fronz a subject vehicle 6 in a vehicle lesting faboratory employing
drive-axie dynamometers. In place of the chassis dynamometer assembly 12 or the two-wheel
dynamometer assembly 60, individual drive-axle electric dynamometers 102, 104, 106, 108 are

used to provide realistic, real-world loading to the vehicle 6 in the usual manner.

{83 For case of installation and efliciency of festing, specialized drive wheels 70, 72,
74, 76, with infegral agle shafl bearings and locking hobs 78, 80, 82, 84 are mounted on the iesi
vehicle 6, in place of the normal wheels. The dynamometers 102, 104, 106, 108 are movable, may
be conveniently mounted on a bed plate {nof shown), ard serve the same function as the chassis

dynamometers 12, 60.

{084} The specialized wheels 70, 72, 74, 76 with injegral axle shafi bearings and locking
hubs 78, 80, 82, 84 allow the drive axle shafts 86, 88, 90, 92 to freely rotate within the integral

axle shafl bearings, 1.¢. allow sclectable disconnection from the wheels (¢, “freewheeling™) when

o
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“unlocked” during testing. The axle shafis 86, 88 90, 92, however, engage the dynamometer input
shafiy 94, 94, 98, 100 when the dynamometers are instadled. When they are set o the “locked”
positions, (he drive axle shafts 86, 88,90, 92 are conneeted {o the specialiend wheels 70, 72, 74,
76 in a normal manner so the vehicle can be driven and moved to the desired location for testing,
Except for this alternative means for applving real-world load to the vebicle, testing with this
apparatus is conducied simifarly o the testing with the other dvnamomcter apparatuscs described

above,

HIORS] In some examples, a vehicle fongitudinal speed control testing apparatas comprises
a first movable target body spaced away from a vehicle executing active spead control while loaded
by a dynamometer assembly.  The vehicle longitudinal speed control testing apparatus also
comprsies & controller programmed to change a distance between the first movable target body
and the vehicle to cause (1) a speed parameter of the vehicle to follow a desired vehicle speed
schedule based on speed parameter feedback from the dynamometer assembly or the vehicle, (i)
a sum of a speed of the first movable target body and the speed parameter feedback to follow a
desired absolute speed schedule, or (i) the distance between the first movable target body and the
vehicle to ncrease according to a desired distance schedule. The apparatus may further comprise
a second movable target body spaced away from the vehicle, wherein the controller may be further
programmed to change a deployment status of the first movable target body io cause a step change
in distance belween a closest one of the first and second movable larget bodies and the vehicle.
The apparatus may further be programnied o change a distance between the second movable target
body and the vehicle to cause the sum to follow the desired absolute speed schedule while the first
movable target body is undeployed.  The apparatos may [orther comprise ag atmospheric
simudation chamber enclosing the dynamometer assembly or an atmoespheric simulation system
conligured to provide conditioned air {0 a powertrain or exhaust system of the vebicle. The
dyramometer assentbly may be a chassis dynamometer configured Lo provide a rotational foree to
one or more rotating wheels of the vehicle, and the apparatos may further comprise hub assemblies
including wheel speed sensors mounted on the rotating wheels outhboard of the vehicle and
electrically connrected to non-rotating wheel speed sensor iputs of the velucle, The apparatus may
further comprise a surface transparent to light, light detection and ranging signals, or radar signals

disposed between the movable target body and the vehicle,

i
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{86} In some examples, a vehicle longitudinal speed control testing apparatns comprises
a lirst efectronie virleal target simulsior configured to operate in conjunction wilh a vehiels
executing aclive speed control while loaded by a dvasmometer assenbly, The vehicle longitudingl
speed control testing apparatas also comprises a comtroller programmed {0 change sn output signsl
of the first clectronic virtual target simulator 1o cause (1) a speed paranetor of the vehicle to follow
a desired vehicle speed schedule based on speed parameter feedback from the dynamometer
assembly or the vehicle, (1) & sum of a simalated speed of & virtual movable target simalated by
ihe first clecironic target simulator and the speed parameter feedback to follow a desired absolute
speed schedule, or (1) a simulated distance between the virtual movable target and the vehicle to
inctease according o a desired schedule, The apparatus may further conprise a second electronic
virtual target simulator configured to operate 1o conjunction with the velicle, wheremn the
controlier is further programmed to change a deployment status of the virtual movable target to
cause a step change 1n the simulated distance. The apparatus may further comprise an almospheric
simufation chamber enclosing the dynamometer assembly or an atmosphenic simulation system
configured fo provide conditioned air to a powertrain or exhaust system of the vehiele. The
dynamoenieter assembly may be a chassis dynamometer configured to provide a rotations] force
to one or more rotating wheels of the vehiele, and the apparatus may further comprise hub
assemblies inciuding wheel speed sensors movnted on the rotating wheels outboard of the vehicle

and electrically connected (0 nonr-rotating wheel speed sensor inputs ol the vehicls.
EXEMPLARY METHODS

{87} Numerous exemplary testing methods for accurately measuring the fuel economy
and exhaust emissions of vehicles employing active conirol of longitudinal speed, acceleration, or
following distance while they are caused to follow a specific vehicle speed eyele, or while they
are caused 1o operate wilhin stovlated tratfic flows, represented by following stmulated vehicles
with controlled vehicle speed cycles are deseribed below,  Other testing methods are for
additionally determining the effects of longitudinal motions controf calibrations and algorithm
changes by quantifying the impacts of the longitudinal conirol systens on energy efficiency, fuel

economy, or emissions for any vehicle type, as applicable,
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{I8E] Additional testing methods for measuring the performance of vehicle safety
feateres employing longitudinal speed, aceeleration, or distance control will elso be deseribad. For
gsample, lesitng the porformance and plvetivengss of emorgeney braking systoras using simulated

traffic scenarios,

HIU8Y] Each of the exemplary laboratory testing methods mmvelve replicating or simulating
the total, vartable force acting on a vehicle using a dynawowmcier, The force can be a replicated
foree that acted on ihe same vehicle, or a similar vehicle, during & preceding real-world drive, or
a simufated, estimated force that approximaies the force that would act on the vehicle in the real
world under simitar testing conditions, ¢.g. based on vehicle speed and road grade conditions. The
total force could be based on the combination of numerous factors, including, but not fimited 1o
vehicle mass, acceleration rate, speed, road grade, ambient atmospheric conditions, and
autonomous control systemn behavior resulting front reactions to nearby vebicles, or may be based

on simulaled forces of inferest.

09 Dynamometer lesting usually employs a variable speed fan, placed in front of a
subject vehicle 6 to simulate on-road air flow through powertrain radiators for cooling, and under
the sebieet vehicle 6 for simulating the cooling effect on exhavst aftertreatment. Allernatively, a
smaller variable~speed fan is sometimes used to provide cooling to the radiator(s) of the vehicle 6,
with oplional “side-cooling™ for the aflertreatment, For the laboratory testing, radiator cooling
naust be provided m a different manner thae vsual because a cooling lan placed in front of the
subject vehicle 6 may interfere with one or more of the autonomous vehicle control sensors. One
cooling option s fo draw air throagh the engine compartment from below the vehicle with the
hood in a closed position, thereby drawing air throngh the radiator.  Another option is to use a
smaller fan in front of the vehicle, outside the view of the vartous sensors. This option requises
seane understanding of the avienomous sensors of the vehicle, however, Either oplien can be used
to cause cooling air [low through the subject vehicle™s 6 radiator(s) and may require removing or
medifying seme of the cover pancls on the bottom of the vehicle that have become commonplace

i recent years,

{091} Each of the exemplary testing methads invelves a second element for replication or

simulation of the desired changing ambient environmental conditions, coordinated with the
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application of the simulated load on the vehicle, The desired conditions may be based on actual
ambient conditions experienced during a prior road test or way be based on sinndating avy other
condittons of fnterest. This may be accomplished by subjecting the entirg vehicle t the desived
condifions using sn environmental chamber, or by subjecting only the powertrain and relevant
sensors to the desired conditions, ¢.g. by conditioning the engine intake air pressure, temperaniee,
and humidity and by providing the appropriate exhaust flow backpressure, in the case of an ICE
powertrain,  An apparatus for doing this 18 described above., Enclosing relevanl sensors i the

same environmental condifions may also be necessary, depending on the vehicle design,

U Each of the exemplary testing methods involves & third clement [or causing 8
subject vehicke to employ the same powertrain and safety feature calibrations that would be
employed in real world operation under the same conditions defined by actual or simulated vehicle
load, actual or simulated ambient environmental conditions, and actual or simulated traffic
conditions. Actual traffic conditions can be simulated by a physical or electronic simulatior of
one or more vehicles, in appropriate coordination with the location, speed, and aceeleration of the

subjectl vehicle 6 being tesied.

{0093} A fowrth clement of cach of the exemplary lesting methods involves the
measurement of exhaust emussions, i the case of ICE vehicles, and the measurerient or
determination of the energy elficiency or fuel economy of the powertrain or vehicle. In the case
of ICE veohicles, exhanst gas gascous and particulate emissions arc sampled and compared with
the relevant regulatory standards or other metries for R&D purposes, and in the case of electric
vehicles, encrgy consumption measurements are made in the normal manner. For laboratory tests
that are preceded by a real-world, on-road test, PEMS emissions measurements and vehicle speed
may be continuousty recorded. The PEMS data can then be used to validate sebsequent iaboratosy
iesis in which the on-road vehicle speed schedule, road grade, and ambient conditions are

simudated in the laboratory,

{094] FIGS. 5-7 show various exeniplary test methods for measuring the exhanst gas
emissions and {uel economy of vehicles, or assessing the performance of emergency braking or
other defensive safety features of a vehicle possessing autonomous fongitudinal speed, distance,

or scceleration control, or relevant safety features, while the vehicle load, ambient conditions, and
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relevant traffic conditions are either replicated or simulated. These methods reguire the sinmlation
of appropriate total road load, using & dynamometer with road load control capabifity based on
vehicle dependent road toad coefficients and by simudating the effects of the vehiele mass and yoad
grade, By performing testing according to these methods, the emissions aad energy efliciency of
vehicles possessing such autonomous fongitudinal controf can be compared to the same, or similar
vehicles under different sets of ansbient weather and traffic conditions, or ihe same or sinlar
vehicles with different powertrain or astonomous contrel calibrations. In this way, the methods
are nseful for calibraling powertrains, autonomous vehicle seasors and algorithms for performance
and safety purposes, and for determining the etfect of autonomous longitudinal controf features on

the energy efficiency and oxhaust enissions of vehicles for regulatory purpeses,

{H1095] The exemplary test methods shown in FIGS, 57 are conducted with a dynamometer
configured for “road load control™ mode, a common operational mode for which the dynamometer
is programmed fo provide a load that is based, at least in part, on foading that is a function of
vehicle speed. This speed dependent term can be a function of other parvameters #self, for example
ambient air conditions, while an additional parameter typically accounts for the replication or
simulation of road slope or gradient. Any dynamemeter capable of this functionality is suitable,
including a chassis dynamometer 12, a chassis dynamometer 60, and the wheel hub dynamometers
102, 104, 106, 108, One of ordinary skill ie the art will alse understand the method can be applied

to testing using an engine-in-the-loop approach using an engine dynamometer.

{H096] Ary of the exemplary test methods shown in FIGS. 5-7 can optionally employ an
ambient atmospheric conditions studator S2 ox, alicrnatively, 8 whole-vehicle “envirenmental
testing chamber™ for conducting accurate testing when the desired weather conditions differ from

the faboratory ambient conditions thai happen to be available,

{097 The test methods shown in FIGS. 5-7 may be optionally preceded by a real-world
road test to obtain emissions amdior energy efficiency data for later use in validating laboratory
simudations of the same real~world environmental condifions, prior o subsequent testing at
different environmental conditions, or prior to modifying the vehicle and/or calibrations and
retesting to determine the effects of the changes, or for obtaining and recording a real-world speed

schedule, anbient weather conditions, and a real-world “following distance™ schedule for use in
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subsequent faboratory simulations of the real-world drive. Alternatively, a real-world test can be
avoided i operation over a known speed or following distance schedele is desired, and if

faborgtory validation is o soquired,

{HUNRY Referring to FIG, 5, the first exemplary testing method 118 pertains to testing sn
autonomons vehicle caused to operate In accordance with a desived speed schedule, e.g. a
regulatory speed-based lest cycle, or 8 speed oyele obtawed from a priov real-wordd drive, as
described above. In this case, the VLSCUTA 2 apparatus (s used to sumulate oxiernal iraffic
conditions that cause the subject vehicle 6 to control its longitadinal speed in accordance with the
desired speed eycle, The method allows one to obtain exhaust emissions, fuel economy or energy
elficiency measurements, and aytomsied braking sctivity, for an autonomous vehiele, that is
representative of real-world measurements for any real-world route or desired vehicle speed
scheduole nnder dynamic ambient conditions. This is done while either rephicating pre-determined
real-world load and ambient condition schedules, or by simulating desired real-world foad and

ambient condition schedules of interest, as described above,

o A real-world or other vehicle speed schedule and assoctated road grade schedule
are chosen by the researcher for his or her purposes. For example, the simulated route may be a
hugh traffic volume, light-duty passenger car commutor corridor during rush hour, or may bo a
fong-duration route inclusive of a mumber of sub-routes that are each high volume commuter
corridors, or may be any other route of interest {0 either regulators or automobile manufacturers,

or the lest route may be represented by an existing speed and road grade schedule,

HILGG] I the case of acquiring real world schedoles, the vehicle 6 15 driven on the desired
road route with the mutonomons speed control setpoints set as desired, and recorded, while also
recording the resuling vehicle speed schedule, road grade schedaole, and ambient weather
conditions schedules, ineluding but not limited to ambient pressure, ambient fomperature, and
humidity.  An onboard “weather station” can be temporarily installed and used to provide a
continuons update of ambient atmospheric conditions from which atmogpheric  pressure,
temperature, humidity, and air speed measurgments are all recorded at an appropriate frequeney,
¢.2. } Hz. Otherwise an alternative speed schedule and road grade schedule are chosen or created,

depending on the goals of the festing. The chosen speed schedule is uploaded into the VESCTA
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controlier 34 or the e VL.SCTA controlley and the appropriate dynamometer loading paramelers are

antered into the dynamometer control 36 in the usual menner,

0] At operation 112, an oplional road test can be run to obtain rowte, vehicle speed,
grade, and weather schedules. Atoperation 114, speed may be chosen from aroad oy other desived
schedule. At operation 116, the vehiclke 1s applied to the dynamometer. Al operation 118, ACC
controls maay be set where applicable. Al operation §20, rephication or simulation of aubient
atreospheric conditions may be initiated. At operation 122, a simulated vehicke may be operated

with closed-toop conirol to effect vehicle speed esing subjeet vehicle speed feedback,

HHOZ] Referring to FIG. 6, the second exemplary testing method 124 is based on open-~
foop control of “following distance” 4. If the subject vehicle's autonomous sensors” outpuls
provide an accessible parameter indicating lollowing distance and can be recorded and interpreted,
the following distance can be subsequently replicated with the VLSCTA 2 or e VLSCTA apparatus
in the laboratory to replicate the road test, If following distance is not an accessible parameter and
it is desirable to replicate the test based on this parameter, a separate vehicle-to-vehicle following
distance measurement apparatus can be temporarily installed.  For example, an aftermarket
astonomous vehicle monocelar or binocular camera system, radar system, or LiDAR-based
system, with continuous following distance output, or other electronic system can be used for this

purpose,

{103 For an 1CE subject vehicle 6, a Portable Emissions Measurement Systemn (PEMS)
niay be optionally used to collect real-world taifpipe emissions and fuel economy (by carbon
balance technique) data for the road test, or other means, e.g. a fuel flow meter (not shown) may
be used to obtain optional direct fuel consumption data for later comparison. For a BEV vehicle
&, elecirical power consumption s optionally recorded over the entire real-world drive using

electrical means commonly vsed in the field (not showa).

{104 Data logging from the vehicle 6 Controlier Area Network (CAN) bus or On-Board
Diagnostics (OBD) port is one option for recording vehicle operating parameters, including vehicle
speed and autonomous control data items, 1F it is desirable to avoid connecting to the CAN bus
for any reason, other commercially available speed meassiwrement means could be employed, e.g.
a GPS receiver or other means.
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{105 At operation 126, an optional road test can be run to obtain route, vehicle spoed,
grade, and weather schedules. At operation 128, o following distance sehudule may be chosen
from a road or other desired sehedule, Aboporation 130, the vehicle i applied fo ihe dynamoneter,
At operation 132, ACC controls may be set where applicable. At operation 134, replication or
simulation of ambicat stmospherie conditions may be initiated. At operation 136, g simulated
vehicle may be operated with open-loop control to set the bllowing distance.

{06} For either exemplary method 110 (FIG. 3) or exemplary method 124, whether or
not the vehicle woderwent a prior road test, the vehicle 6, or part of a vehicle to be tested (e.g. an
engine or powertrain} is hrought into the test laboratory and placed on or connected to a
dynamometer assembly, sccording to normal procedures [or the appropriate type of dynamometer,
For example, the chassis dynamometer 12, or the chassis dynamometer 60, or the drive axle

dynamometers 102, 104, 106, 108, are all sufficient. Other dynamometers may also be used,

HHOT] The same autoronous speed control settings used during road testing, if applicable,
are entered into the vehicele 6 longitudinal speed control system, e.g. the vehicle speed setpoint(s)
for an adaptive cruise control systems. This vehicle speed setpoint can be the highest speed value
of the selected speed cycle, or it can be higher, i it is desired to only input a single value for the
entire tost cycle. The speed setpoint can also be lower than the maximum value of the sclected
speed cvcle as long as the driver or robot provides updated values during the test, replicating or
simulating the actions of the human driver on the road, to allow the vehicle 6 to achieve the desired
speeds as time progresses. In etther case, the setpoints should be the same as the real-world

setpoints if i is destrable o replicate a real-world drive,

HHOR] Prior to beginning 4 test, the desired dynamic environmenial conditions are selected
or programmed inio the envirenmental conirol svsiem, i, inte the comtrel system for the
assoctated environmental chamber (not shown) or powertrain “environmental conditions
simudater” 52, Whenever the laboratory environmental comditions will differ significantly frem
the desired environmental conditions, ¢.g. when simufating a real-world road dnve n different
weather conditions, artificially maintaining the appropriate environmental conditions is important
for causing the powertrain to operate In the appropriate calibration space, thereby generating

representative emissions and exhibiting a representative energy efficiency.
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{09 Once testing commences, the vehicle contrels s own speed antomatically
aceording to s longitudinad speed control systany’s embedded algorithms, calibrations, and user-

sefpeted seipoints.

11 For the st exemplary lest method 1O (FRE 5), closed-loop control of the subject
vehicle 6 speed to a reference speed schedule, either one recorded duning a prior real-world test of
the sabject vehicle &, or another reference oycle of inferest, ¢.g. a regudatory speed cyele, can be
accomplished by varying the following distance 4 dynarzically in continucus response o the
difference between the subject vehicle 6 or dynamometer speed and the speed schedule, e.g. by

enyploving a PID foop or other feedback control.

{111} Dynamically positioning the target body 8 or a virtual target in this closed-loop
fashion contimgously changes the following distance 4 or the rate of change of following distange
4. The effect on the autonomous subject vehicle 6 being tested is to cause the vehicle longitudinal
control system and safety systems to respond to the target bodv 8 motion, or virtual target
simulated motion and proximity in the way it would respond to a real vehicle, with the same
relative motion and the same relative proxinuity, under the same environmental, vehicle speed, and

vehicle load conditions as during the laboratory test.

{112 fit the case of the physical targel body 8, simulated lane changes of a lead vehicle,
L. simufating the change of lanes [rom the same “virtual” lane sensed by the vehicle 6, o an
adjacent lane 18 accomplished by quickly raising the target body 8 above the test vehicle 6 height
by extending the actuator 46 quickly, causing the rotation of the support rod 18 about the
suspension axle 48, This action causes the simulated vehicle or target body 8 to be quickly
removed as an obstacle, or lo no fonger be recognized as a leading vehicle by the longitudinal

control system of the subject velicle 6.

113 A simudaied vehicle can also be made to quickly appear as & lead vehicle in front
of the subject vehicle 6 by setting the following distance 4 via the trolley assembly 22 while the
target body s held extended and above the subject vehicle 6, then quickly deploying the target
body 8§ by contracting the actuator quickly 46. In this way, the sudden appearance of a lead vehicle

can be simulated, causing the subject vehicle 6 longitudinal control system, including the braking

30
SUBSTITUTE SHEET (RULE 26)



WO 2021/007540 PCT/US2020/041656

systemy, to react.  Exhaust emissions, fuel economy, andior safety featwres are monttored

throughout the process, as desived for the purposes of the westing.

HIRES Testing procecds in this way wntil reaching the end of the chosen speed schedale.
I the tost was g validation test, as described shove, the emissions and energy elficiency results are
checked For agreement with the real-world test results. Good agreement should be obtained when
the tesling is done property. Changes or calibration changes to the subject vehicle 6, 1ts enussions
control system, of ifs autonomons control systom can be made, and additional fests run uader the
same speed schedule, road grade simulation, and envirommental conditions, to optimize or calibrate
the vehicke systems for maximum efficicncy, nunimum cmissions, or drive quality, If the
autonomous speed controf system can be disengaged, depending on the subject vehicle 6 control
options, the test can be rerun with & human or robot driver comsrolling the vehicle speed (o the
same speed schedule and with the same weather and load conditions.  The differences in the
emissions and efficiency results indicate the impact of the sutonomous speed control system on

the emissions and efficiency for those conditions and speed schedulz.

{115 Subsequent dynamometer tests can also be condueted for the purpose of evaluating
or demeonstrating changes to the cmissions andfor energy efficiency of the same vehicle operating

i the same manner, bt with different environmental or ambicnt conditions.

{1116} The second exemplary method 124 differs in its use of open-loop control of
following distance by controlting the [ollowing distance 4 according to a recorded following
distance schedule obtained during a prior road test, This is one method for ensuring the subject
vehicle 6 specd (s controlied according to the real-world test speed schedule. Of conrse, any other
open~toop control of the following distance can be used for studying the subject vehicle 6 behavior

in various fraffic scenarios and automated braking scenarios.

117 A ihird excruplary method 138, shown in Fig, 7, relates to tosting autonomous
vehicle 6 emissions, encrgy efficiency, fuel economy, or automated braking activity while
operating in real~world traflic conditions by causing the vehicle 6 to be constrained by simulated
traffic, flowing according to a desired speed schedule, ¢.g. a regulatory speed-based test eyele. In
this case, simulated vehicles, either physical or electronically generated, and feading the subject

vehacle as necessary, define the traffic conditions and cause the subject vehicle to control s
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fongitndinal speed cooperatively with the simulated vehicles to maintain vehicle separation
aceording to the vehicle’s embedded algorithms and eelibrations, The method allows one to obisin
fesi rosults that are representative of reab-world measoroments wnder the same condilions,
Simudation of the entry and exit of lead vehicles tn refation 1o a subject vebicle can also be

advantageoushy employed.

HH 18] A desired traffic speed schedule s selected or created by the researcher for hus or
her purposes to serve as the trafTic, or sinniated vehicle absclute speed schedule, and loaded mto
the VI.SCTA 2 or o VLSCTA control system 34, For example, it may represent the speed of a high
traffic volume, light-duty passenger car commuter corridor during rush hour, or may be a long-
duration speed schedule inclusive of several sub-schedules that are each high-volume commuter
corridors, or may be any other schedule of interest to either regulators or automobile

manufacturers,

{19 A vehicle 6 with autonomous or automated fongitudinal speed control features to
be tested is brought into a test Iaboratory and placed on, or connected to, a dynamometer. A single,
or multiple time-dependent autonemous speed control settings are chosen and entered inte the
subject vehicle 6 control system prior lo the test, or as the test progresses, respeetively, For
example, a single vehicle speed setpoint for an adaptive eruise control system can be set to the
highest value of the traflic speed schedule, or can be changed, as desired, 1o simulate how a real

driver may change the settings in the real world.

{130} Prior to operating the vehicle on the dynamometer, the appropriate, road load
parancters for the test vehicle 6, the appropriaie road grade parameters for the route, and the
dynamic environmental conditions are selected or programmed nto the environmental control
systemy, Lo o the conirol system for the assoctated environmental chamber or powertrain
“environmental conditions simulator™ 32, In cases where the laboratory environmental conditions
differ significantly from the desired environmental conditions, o.g, when simulating a real-world
road drive in controlling traffic at different weather conditions, mantaining the appropriate
environimental conditions is important for causing the powerirain to operate in the appropriaie
calibration space, thereby generating representative emissions and exhubiting a representative

encrgy efficiency.
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{21 Once testing commenees, the vehicle speed is automatically controlled directly by
the vehicle's longitwding]l speed control system according to its embedded slgorithms and
catibrations, and based on sensor puts refated to the Tocatlon and motion of the target body, sither
the physical target body 6 ov a virtual, electronically~generated target body. The target body speed
and direction of motion is controlled by coatinuousty comparing the curront speed schedule vatue
with speed signal feedback from the dynamometer or vehicle. The dynamic relative speed seipoint,

1.¢. the speed ol the target body refative to the velucle, is determined by
Vp = Vg Vg

where Va represents the absolute real-world traflic speed, which is equal to the current spead
schedule value, and Yd represents the speed of the vehicle operating on the dynamometer, either
front a vehicle 6 speed sensor feedback or from a dynamometer speed signal feedback from the

dynamometer control unit 36.

{11232 Closed-loop control of the target body § or virtual target speed is accomplished by
continuously varying the speed of the target body &, or virtual target, according to continnously
updated values of vy, While under the test conditions deseribed above, this causes the vehicle 6
longitudinal control system and safety systems {0 respond to the target body & motion, or virtual
target simulated motion and proximily in the same way it would respond to real vehicles feading
it in the real world, and traveling at an absolute road speed schedule equal to the chosen speed

schedule, with the same relative motion and the same refative proximity, under the same

environmental, and traffic conditions.

HERRY Tosting proceeds in this manner until reaching the end of the chosen speed
schedule. When testing is conducted secording fo this method, the emissions and energy efficiency
results will agree with real-world test resudts in which real vehicles lead a subject test vehicle and
moves according to the same absolute vehicle speed schedule. Changes can then be made to the
subject vehicle 6, s emissions control sysiem, or its autonomous control system, with subsequent
refesting under the same trallic speed, grade, and eavironmental conditions, to optimize the vehicle
systems for maximum cificiency, performance, or mininwum emissions, [ it Is possible lo

disengage the antonomous speed control system, a test can be rerun with a human or robot driver

33
SUBSTITUTE SHEET (RULE 26)



WO 2021/007540 PCT/US2020/041656

conirolling the vehicle 6 speed to the same vy speed schedule and with the same weather, and
distance-based rogd grade conditions.  The difforcnees i the eonssions aod efficiency resulls
inclicate the fmpact of the awtonomous speed eondrol system on the emissions and efficiency for

ihe same speed schedule,

{134 Alternatively, afler disengaging the astonomous speed control system, the test can
be rerun with & human or robot driver controlling the vehicle speed to the speed of traffic, or the
vy speed schedule. In that case, the differences in the emissions and efficiency results indicaies
the impact of the awtonomous speed control system caused by the longitudingl speed conirol
systen i gngaging with trallic at the prevailing trailic speed, rather than contimnously moving at

the speed of traffic.

12§ At operation 140, an ophional road test can be run to obtain route, vehicle speed,
grade, and weather schedules. At operation 142, speed may be chosen from a road or other desived
schedule. At operation 144, the vehicle 1s applied o the dynamometer. Al operation 146, ACC
controls nuay be set where applicable. At operation 14¥, replication or simmiation of argbient
atmosphenc conditions may be inttiated, At operation 156, a simulated vehicle may be operated

with ¢losed-foop control to effect lead vehicle speed vsing subject vehiele speed fesdback.

{136} The processes, methods, or algorithms disclosed herein can be defiverable
to/implemented by a processing device, controlier, or computer, which can include any existing
programmable electronic control unit or dedicaled electronic control unit. Simifarly, the processes,
methods, or algorithms can be stored as data and instructions executable by a controtier or
computer in many forms ineluding, but net imited to, nformation permanently stored on non~
writable storage media such as Read Only Memory (ROM) devices and information alterably
stored on writeable storage media such as floppy disks, magnetic tapes, Compact Bises {CDs),
Random Access Memory (RAM) devices, and other magnetic and optical media. The processes,
methods, or algorithums can alse be implemented 1 a software execuiable object, Alicrnatively,
the processes, methods, or algorithms can be embeodied 1o whole or in part using suitable hardware
compongents, such as Application Specific Integrated Circuits (ASICs), Field-Programmable Gate
Arrays {FPGAs), state machunes, controllers or other hardware components or devices, or a

combination of hardware, soltware and firmware components.
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{127} The words vsed in the specification are words of description rather than hnvitation,
ankl 1 Is undersiood that various changes muy be made without departing from the spirit and scope
of the diselosure and claims. As previousty desertbed, the featwes of vartous embodiments may
be combined to form further embodiments thal may ot be expliciily described or Uusirated.
While various ersbodinents may have boen deseribed as providing advartages or being preforned
over other embodiments or prior art implementations with respect to one or more desired
characteristics, those of ordinary skill in the art recognize thal one or more features or
characteristics may be compromised o achicve desired overall system ailtributes, which depend on
the speciiic application and implementstion. These sitributes include, but are not limited to cost,
strength, durability, life eycle cost, markelability, appearance, packaging, size, sorviceability,
weight, manufacturabifity, ease of assembly, cte.  As such, embodiments deseribed as less
desirable than other emboediments or prior art implementations with respect to one or more
characterisiics are not ouiside the scope of the disclosure and may be desirable for particalar

applications,
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WHAT IS CLAIMED [S:

1. A testing method comprising

while a dynamomeler assembly apphies ¥ load o a vebicle that s execuling active speed
control during a first laboratory test of the vehicle, automatically controlling, according to speed
parameter feedback frons the dynanonseter assembly or the vehiele, (i) a position of a first movable
targel body spaced away from the vehicle or (1) a fust electronic target simulator configured to
gengrate signals indicative of one or more virtual objects moving relative to the vebicle to cause a

speed parameter of the vehicle to folfow a desired speed schedule,

2. The testing method of claim 1 farther comprising

collecting enissions, fuel consumption, or power consumption data of the vehicle during
ihe first laboratory test, and

during a second faboratory test of the vehicle with the active speed control disabled,
controliing the speed parameter according to the desired speed schedule and collecting emissions,

fuel consumption, or power consumption data of the vehicle during the second laboratory test.

3. The testing method of claim 2 further comprising comparing the emissions, fuel
consamption, or power consumption data of the first lsboratory test with the emissions, fuel

conswmption, or power consumption data ol the second {aboratory test.

4. The testing method of claim 2 further comprising controlling ambicnt conditions to

same vaiues during the first and second laboratory tests.

5. The testing method of ¢laim 1, wherein the signals are hight detection and ranging

signaly, radar signals, or ultrasonie signals.

6, The testing method of claim 1, wheremn the dynamometer assembly is a two-wheel
chassis dynamometer, further comprising

prior lo the first faboratory test,
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disconnecting right and left rear wheel hub speed sensors of the vehicle respectively
from right and left rear wheet hub speed sensor wiring hamesses of the vehicle,

fixang vight and lef rear wheet habs respociively to cutside surtaces ol Teft and righi
front wheels of the vehicle, and

conneeting wheel bub sensors of the right asd fofl rear wheel hubs respectively to

the right and left rear wheel hub speed sensor wiring harnesses,

7. The testing method of claim | further compnsing automaiically controthing a
position of & second movable target body spaced away from the vehicle and o deployment status

of the first movable target body.

8. A testing method comprising:
while a dynamometer assembly applies a load to a laboratory vehicle thai is execuiing
active speed control during a first laboratory test, automatically controling, according to a desired
separation schedule,
(i) separation between the faboratory vehicle and a movable farget body spaced
away frony the laboratory vehbicle, or
(i1} an elecivonic virtual target simulator configured io receive signals from the
taboratory vehicle and to gencrate signals indicative of one or mwore virtual objects moving
relative to the laboratory vehacle
to generate & laboratory vehicle speed profile that replicates a road vehicle spead profile of a road

vehicle executing active speed control following a lead vehicle executing the desired separation

schedule.
9. The method of claim § further comyprising changing & deployment status of the

movable target body o cause a step change in the distance between a movable target body and the

taboratory vehicle that rephicates a step change from a road test,

t0.  The testing method of claim § further comprising
collecting emissions, fuel conspmption, or power consumplion data of the laboratory

vehicle during the first laboratory test, and
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during a second laboratory test of the laboratory vehicle with the active speed control
disabled, antoratically conirolling a speed of the laboratory vehicle according to the labioratory
vehicle spood profile and colleeting sovissiong, fuel constmption, or power consumption dala of

the taboratory vehicle.

11, The testing method of claim 10 further comprising comparing the emissions, fuel
consumpiion, or power consumpiion data of the first laboratory iest with the emissions, fuct

conswmption, or power consumptiion data of the sccond laboratory test.

12, The testing method of ¢laim 10 further comprising controiling ambient conditions
& . 3 2

to same values during the first and second laboratory tests.

13, The testing method of claim 9, wherein the signals are light detection and ranging

signais, radar signals, or uitrasonic signals.

14, The testing nicthod of claim 9, wherein the dynamometer assembly is a two-wheel
chassis dynamometer, further comprising

prior to the first laboratory test,

disconnecting right and lefi rear wheet hub speed sensors ol the laboratory vehicle
respectively from right and left rear wheel hub speed sensor wiring harnesses of the
taboratory vehicle,

fixing right and left rear wheel hbs respoctively to cutside surfaces of left and right
[ront wheels of the laboratory vehicle, and

connecting wheel b sensors of the night and lefl rear wheel hubs respectively to

the nght and lefi rear wheel hub speed sensor wirtng harnesses,

15, A testing method comprising:

while a dynamometer assembly applies a load to a vehicle that is executing active speed
contro} during a first laboratory test, automatically controlling, according to a difference between
{1y speed parameter feedback from the dynamometer assembly or the vehicle and (if) a speed

schedule representing a traffic flow speed pattern,
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a speed ol a movable target body spaced away from the dynamometer assembly, or
siguals fom an electronic virtuad targed stmudator indieative of a speed ur location

of ane or more objocts moving relstive o ihe vehicle,

16, The testing method of claim 15 further comprising

collecting emissions, fuel consumption, or power consumption data of the vehicle doring
the [irsl faboratory test, and

during a second iaboratory test of the vehicle with the active speed control disabled,
controthing a speed of the vehicle according to the speed schedule and collecting enussions, Tuel

consumption, or power consumption data of the vehiele.

17, The testing method of claim 16 further comprising comparing the emissions, fuel
consumption, or power consemption data of the first laboralory test with the enussions, fuel

consumpion, or power consempiion data of the second laboratory test,

18, The testing method of claim 15 [usther comprising controfling ambient conditions

to same values during the first and second laboratory tests.

19, The testing method of claim 15, wherein the signals are light detection and ranging

signals, radar signals, or uitrasonic signals.

20, Thetesting method of claim 15, wherein the dynamometer assembly is a two-wheel
chassis dynamwomeler, [urther comprising
prior o the first laboratory test,
disconnecting right and lefli rear wheel hub speed sensors of the vehicle respectively
frons right and feft rear wheel hub speed sensor wiring harnesses of the laboratory vehicle,
fixing right and left rear wheel hubs respectively to outside swfaces ol left and right
[ront wheels of the laboratory vehicle, and
connecting wheel hub sensors of the right and left rear wheel hubs respectively to

the right and lefl rear wheel hub speed sensor wiring harnesses,
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