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1. SCOPE

This SAE Recommended Practice establishes uniform procedures for evaluating conformity between the actual and target
drive speeds for chassis dynamometer and on-road testing utilizing standard fuel economy/energy consumption and
emissions drive schedules.

2. REFERENCES

2.1 Applicable Documents

The following publications form a part of this specification to the extent specified herein. Unless otherwise indicated, the
latest issue of SAE publications shall apply.

2.1.1  SAE Publicdtions

Available from SAE |nternational, 400 Commonwealth Drive, Warrendale, PA 15096-0001, Tel:827-6P6-7323 (inside USA
and Canada) or +1 124-776-4970 (outside USA), www.sae.org.

SAE J1634 Battery Electric Vehicle Energy Consumption and Range Test Procedure
2.1.2 Code of Federal Regulations (CFR) Publications

Copies of these docliments are available online at https://www.ecfr.gov.

40 CFR Part 86 Control of Emissions from New and In-Use Highway*Vehicles and Engines

https://www.ecfr.gov/current/title-40/chapter-l/subchapter-C/part-86

40 CFR Part 600 Fuel Economy and Greenhouse Gas Exhaust Emissions of Motor Vehicles

https://www.ecfr.gov/current/title-40/chapter-l/subchapter-Q/part-600

40 CFR Part 1066 | Vehicle-Testing Procedures

https://www.ecfr.gov/current/title-40/chapter-l/subchapter-U/part-1066

2.2 Related Publigations

The following publicgtions are prévided for information purposes only and are not a required part of this SAE Technical
Report.

2.2.1 SAE Publicgtions

Available from SAE International 400 Commaonwealth Drive \Warrendale PA 15096-0001 Tel- 877-606-7323 (inside USA
and Canada) or +1 724-776-4970 (outside USA), www.sae.org.

SAE J1711 Recommended Practice for Measuring the Exhaust Emissions and Fuel Economy of Hybrid-Electric
Vehicles, Including Plug-in Hybrid Vehicles

SAE J2263 Road Load Measurement Using Onboard Anemometry and Coastdown Techniques
SAE J2264 Chassis Dynamometer Simulation of Road Load Using Coastdown Techniques
2.2.2  Other Publications

United States Environmental Protection Agency. (1991). Specifications for Electric Chassis Dynamometers, Attachment A,
RFP C100081T1.
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https://www.ecfr.gov/current/title-40/chapter-I/subchapter-U/part-1066
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3. DEFINITIONS
3.1 ETW CLASS (EQUIVALENT TEST WEIGHT)

Test mass dictated by U.S. Code of Federal Regulations that is assigned to represent a class of test vehicles (refer to
40 CFR § 1066.805). ETW is a weight class and is not necessarily equal to the as-tested weight of a vehicle.
3.2 DYNAMOMETER SET INERTIA (MseT)

The setting that specifies the inertia that is to be simulated by the dynamometer. The Mset equals ETW for regulatory testing
using 2WD chassis dynamometers. For testing on a 4WD chassis dynamometer, Mser equals 98.5% of ETW.

3.3 EFFECTIVE TEST MASS (Me)

Effective test mass [ME) is the sum of (1) the dynamometer-simulated inertia (Mset), and (2) the elfective inertia of the

vehicle components
acting on the vehicle

For light-duty vehiclg
ETW. However, veh
estimation or determ
the definition of Mse

3.4 DYNAMOMET

Dynamometer target
an on-road coastdov
data (and/or equiva
differences betweer

dynamometer testing.

3.5 SIMULATION

The operating mode
set inertia (Mset) ang
as it would on the ro

(e.g., wheels, axles) that are rotated on the dynamometer. This value descrfibes
system and is required to calculate the inertial component of cycle energy.

s, the effective inertia of the rotating components, per axle, may/be estimated b

icles with other than single, normal-sized wheels, such as dualswheel trucks,

ination of the effective mass of the rotating drivetrain components. Using 1.5% d
I above, gives the following equation for determining the effective test mass for
dynamometer testing:

Mg =1.015-ETW

ER TARGET COEFFICIENTS Fx (Fo, F1, and'Ez)

coefficients describe the total force (tire;"drivetrain, and aerodynamic drag) actin

the total inertial load

y taking 1.5% of the
may require specific
f ETW per axle, and
both 2WD and 4WD

(Ea. 1)

j on a vehicle during

n which need to be emulated on a vehicle dynamometer. These coefficients are geveloped from track

ent analytical methodology), corrected to standard conditions, and possibly adj

vehicle weight as tested on the track and weight represented by an ETW

TMODE

where the dynamometer simulates the vehicle inertia and road load commanded

dynamometerssetcoefficients (Dx), respectively, so that a vehicle driven on the dy

Ad.

usted to account for
class assigned for

by the dynamometer
hamometer operates

3.6 VEHICLE SPRED (V)

3.6.1 ROLL SPEBD(VRroLL)

The inferred vehicle speed as measured by the dynamometer. Roll encoder speed sampled at 10 Hz shall be used as the
roll speed and shall be the same or equivalent speed signal that is used to determine conformance with the speed versus
time tolerance in 40 CFR § 1066.235.

3.6.2 SCHEDULED SPEED (VscHeb)

The target vehicle speed as specified by the speed versus time requirements for a drive schedule. Scheduled speed is

defined by a smooth trace drawn through the specified speed versus time relationship. A linear interpolation between the
1 Hz speed points given in the CFR shall be used to produce the 10 Hz scheduled speed trace (VscHeb).
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3.6.3 VEHICLE SPEED - DRIVEN (Vb)

The vehicle speed derived from the roll speed data (VroLL) for the purposes of calculating the drive metrics described in this
document. The driven vehicle speed is used for the calculation of driven cycle energy and is calculated by taking a
0.5 second, double moving average of the 10 Hz roll speed signal. After performing the double moving average, all values
less than or equal to 0.03 m/s are set to zero. This is done to reduce the impact of noise in the roll speed signal on the
results. A moving average was chosen over other filter types as it provides the best compromise between smoothing the

time series and preserving the response time of the signal.

The subscript “D” wil

| be used to refer to quantities calculated from the driven vehicle speed.

3.6.4 VEHICLE SPEED - TARGET (V7)

The target vehicle s

speed (VroLL). The tt

The subscript “T” wil
3.7 SAMPLING P

The time between su
of 10 Hz, which corr
possible; however,

representative result

3.8 VEHICLE AC(

The acceleration of
calculation are detai

3.9 ROAD LOAD

The combination of
are intended to dupli
road. These forces g
road load force is ca

For testing performe
the different operatin

rget vehicle speed is used for the calculation of target cycle energy.

be used to refer to quantities calculated from the target vehicle speed,

ERIOD (At)

ccessive samples of VroLL and Vschep. The calculations in this'decument require &
bsponds to a sampling period of 0.1 second. Higher sampling*frequencies may bg
the data must first be downsampled to 10 Hz, using good engineering ju
S, in order to maintain compatibility with the finite-difference calculations defined i

LELERATION (a)

the vehicle calculated as the time-rate-of‘change of the vehicle speed (V). T
ed in 5.1.2.

FORCE (Fru)
ntrinsic and dynamometer-simulated forces opposing the vehicle’s motion on th
Cate the internal and externalwehicle parasitic forces the engine must work agains

re primarily comprised of aerodynamic drag, driveline parasitic losses, and tire rg
culated using vehicle.speed (V) and the dynamometer target coefficients.

Fro = Fo +Fp -V +Fy V2

d at 20_°F-(-7 °C), follow the procedures in 40 CFR § 1066.305(b) to adjust road
g environment.

eed, calculated in the same manner as Vp but using the scheduled speed (Vscrip) instead of the roll

sampling frequency
used if 10 Hz is not
dgement to ensure
h 5.1.

he specifics of this

e dynamometer that
t while driving on the
lling resistance. The

(Ea. 2)

load coefficients for

3.10 INERTIAL FO

RCE (F1)

The combination of intrinsic and dynamometer-simulated forces opposing the vehicle’s motion on the dynamometer that
represents the effect of its mass and the rotational inertia of its driveline components while driving on the road. Inertial force
is calculated using the effective test mass (Mg) and vehicle acceleration (a).

F|=ME-a

Substituting Equation 1 (see 3.3) for Me gives:

F=1.015-ETW -a

(Ea. 3)

(Eq. 4)


https://saenorm.com/api/?name=28d129fd59b7e279487af4ccf87be605

SAE INTERNATIONAL J2951™ APR2025 Page 6 of 30

3.11 ENGINE FORCE (Feng)

The sum of the inertial force (Fi) and the road load force (FrL). The engine force represents the sum of all the forces that
oppose the vehicle’s motion while driving on the dynamometer. It is equal to the sum of the road load force and inertial force
when this sum is positive, and zero when this sum is negative. (A negative sum of FrL and Fis interpreted as braking and
not considered “engine” force.)

Feng = [Fre +F]" (Eq. 5)

The term “engine” is a general reference to the power-generating system of the vehicle, and its use is not restricted to
systems that use an internal combustion engine. In hybrid electric or battery-electric vehicles, Fene may represent, in part

or in whole, work that is done by an electric motor.

3.12 ACTIVE BRAH

The application of a
the road load at a gi
any other actively im
braking system, pro
intensity with regard

3.13 DISTANCE IN

The incremental dist]
(V) and the sampling

3.14 ACCUMULAT

(ING FORCE (Fas) AB)

Hecelerative force on the vehicle other than road load. Active braking is any/braki
yen moment in time and may be the result of regenerative braking, enginé brakin

iding an upper limit on calculation of recoverable energy, andptovides a meth
to effects on different powertrains.

CREMENT (d)

ance traveled by the vehicle during each sampled data point, calculated from the
period (At).

ED DISTANCE (D)

The total distance traveled by the vehicle, calculated by summing the distance increments (d) over the

3.15 ENGINE WOR

The incremental wor
by the distance inc
power-generating sy
hybrid electric or bat

K INCREMENT (w)

k done by the vehicle during‘€ach sampled data point, calculated by multiplying th
fement (d) for each 10 Hz sampled data point. The term “engine” is a gene

fery-electric vehicleS;\Fene may represent, in part or in whole, work that is done b

3.16 CYCLE ENE

GY (CE)

The net energy a vdhicle must provide in order to accelerate the vehicle over a test cycle on a chag
includes only positive acceleration to represent the energy necessary to move the vehicle. Separate
for evaluating the pofential of regenerated energy and braking style if a vehicle is so equipped.

ng force greater than
g, friction braking, or

blemented device. This value represents the maximum force that could be recaptuted by a regenerative

bd to compare cycle

10 Hz vehicle speed

test cycle.

b engine force (Fenc)
ral reference to the

stem of the vehicle, and, its use is not restricted to systems that use an internal combustion engine. In

an electric motor.

sis dynamometer. It
Mmetrics are provided

Cycle energy is calculated by summing the engine work increments (w) over the test cycle. By definition, the engine work
increments are always positive (since Feng = 0), so negative work is excluded from the cycle energy summation. The
exclusion of negative work is appropriate, since it is associated primarily with braking events and represents energy that is
not recovered unless the vehicle is equipped with a regenerative braking system. To calculate the energy available for
braking energy, the concept of Active Braking has been included in many calculations. See 3.12.

Note that the engine work increment (w) may still be positive even during decelerations. This is because even though the
inertial force is negative during decelerations, engine force (Fenc) will still be positive if the magnitude of the road load force
is greater than the magnitude of the inertial force. In this case, the engine is still doing work, but the output from the engine
is insufficient to maintain the vehicle's speed.

The term “engine” is a general reference to the power-generating system of the vehicle, and its use is not restricted to
systems that use an internal combustion engine. In hybrid electric or battery-electric vehicles, Fene may represent, in part
or in whole, work that is done by an electric motor.


https://saenorm.com/api/?name=28d129fd59b7e279487af4ccf87be605

SAE INTERNATIONAL J2951™ APR2025 Page 7 of 30

4. DRIVING SCHEDULES

There are five driving schedules referenced in this document which are required by the EPA and the California Air Resources
Board during emissions and fuel economy certification of vehicles with internal combustion engines. They are the Urban
Dynamometer Driving Schedule (UDDS), the “Cold” UDDS, the Highway Fuel Economy Driving Schedule (HFEDS), the
USO06 Driving Schedule (US06), and the SCO03 Driving Schedule (SC03).

41 UDDS

The Urban Dynamometer Driving Schedule is defined in 40 CFR Part 86, Appendix 1. It has a duration of 22 minutes,
52 seconds. It is use

4.2 HFEDS

d to represent vehicle city driving.

The Highway Fuel E
45 seconds. Itis use
cycles.

4.3 US06

The USO06 Driving Sq
vehicles driving at h
130 seconds and 49
labeling (refer to 40
44 SCO03

The SCO03 Driving S¢
vehicle operation wit

45 “Cold” UDDS
Same as UDDS Sch
4.6 Speed Toleran

The speed tolerance
40 CFR (refer to 40

The diagrams in Fig

The curve on the left is typical-of portions of the speed curve that are increasing or decreasing thro

time interval. The cu

conomy Driving Schedule is defined in 40 CFR Part 600, Appendix 1. It has a du
| to represent vehicle highway driving. The Highway Fuel Economy Test (HFET) cq

hedule is defined in 40 CFR Part 86, Appendix 1. It has a duration of 10 minutes. |
igh speeds and with aggressive accelerations. The US06¢cycle is subdivided i
b to 600 seconds) and a “highway” test (130 to 495 seconds) for the purposes of fiv
CFR § 86.159-08).

hedule is defined in 40 CFR Part 86, Appendix 1. It has a duration of 10 minutes. |
h air conditioning.

edule. The test is performed.in-cold ambient conditions as defined in 40 CFR Par
ce

at any given time_ onjthese driving schedules is defined by the upper and lower li
CFR § 1066.235):

ire 1 show.the EPA range of acceptable speed tolerances for typical points, per 4

Fve on the right is typical of portions of the speed curve that include a maximum o

ration of 12 minutes,
nsists of two HFEDS

is used to represent
to a “city” test (0 to
-cycle fuel economy

is used to represent

86, Subpart C.

Mmits, as described in

0 CFR § 86.115-78.
ighout the 2-second
F minimum value.

|
‘ P ‘ ¢ Y
2 MPH +/ 2 MPH
? v ALLOWABLE ? 7d’ :  ALLOWABLE

A RANGE i y |\ RANGE
ol 2P -1 ol 2wPH i
w w
o f y ar ? \ +
@ <4 1 SEC. ® 1 SEC.

—»| |[¢1SEC. > 1 SEC.
E t
TIME TIME

Figure 1 - Speed tolerance definitions
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EPA provides additional guidance per § 86.128-00 (d): The vehicle shall be driven with appropriate accelerator pedal
movement necessary to achieve the speed versus time relationship prescribed by the driving schedule. Both smoothing of
speed variations and excessive accelerator pedal perturbations are to be avoided.

5. ENERGY-BASED DRIVE METRICS (EBDM)

Energy based drive metrics may be calculated for two speed-based traces:

1.

The vehicle speed — target (V1) of a prescribed test cycle, typically signified with the letter “T” in the variable name

2. The vehicle speed — driven (Vb) of a recorded test cycle, typically signified with the letter “D” in the variable name

Target traces are typically not considered during on-road drive cycles.

Driven traces are po

The metrics are ofte
the historical use of

subscript “AB” for aG
5.1 Finite Differen
Throughout this sec
index may assume §
and so on. Summati

511 Drivenand 1

The driven and targe

and scheduled speed signals, respectively. The 0.5 second.double moving average of the roll speed is

Step 1: Takea 0.5s

VRoLL AvG 1i is set to

Step 2: Takea 0.5 s
quantity, VroLL AvG_1

5sible on the dynamometer or on-road.

separated into positive force being applied to the vehicle, indicated with\the subs|
tive braking.

Ce Calculations

ion, quantities that represent 10 Hz data (time series data) are subscripted with
value from one to N, where one represents the first-data point in the series, two
bns over the range from one to N represent summation over the entire test cycle.

[arget Speeds (Vb, V1)

t vehicle speeds are calculated by takingsa 0.5 second, double moving average of

bcond moving average of the 10 Hzroll speed (VroLL).

=i+2

> VROLL;
j=i2

1]

VROLL_AVG_1; = 5

vero if i < 3 or i¢>'N=2, in order to avoid a condition where j <1 orj> N.

bcond movirlg average of VroLL_ave_1. The result is the driven vehicle speed (Vb),
is not used for any further calculations.

cript “‘ENG” to reflect

his document to have only engine derived energy, and negative force beihg applig¢d, indicated with the

an index, i or j. This
represents the next,

the 10 Hz roll speed
alculated as follows:

(Eq. 6)

And the intermediate

j=i+2
\. 1

—\/ — \/
"D YROLL_AVG_Z, 5 4 ' ROLL_AVG_T]

j=i-2

Again, Vp,is set to zero if i < 3 ori > N-2.

(Eq. 7)

Step 3: After performing the double moving average, all values for Vp, less than or equal to 0.03 m/s are set to zero. This
is done to reduce the impact of noise in the roll speed signal on the results.

The target vehicle speed (V) is calculated in the same manner, using the 10 Hz scheduled speed (Vschep) instead of the

roll speed (VroLL).
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1 i+2
VSCHED_AVG_1i =3 ZVSCHEDJ‘ (Eq. 8)
j=i2
4 i=i+2
V1, = VSCHED_AVG_Zi =35 > VsCHED_AVG_1, (Eq. 9)
=2

Both Vb and V1 have

5.1.2

units of meters per second (m/s).

Driven and Target Vehicle Acceleration (ap, ar)

t acceleration of the vehicle are calculated from the 10 Hz driven and target ve

The driven and targ
central-difference ap
have units of meters

5.1.3 Drivenand 1

The driven and targe

proximation. The sampling period, At, should be expressed in seconds so that
per second per second (m/s?). api and ari are set to zero ifi = 1 or N.

_ Vi1~ Voig _ Vbir1 — Vi
tivr —tiq 2At

VTie1 = V11 _ VTies = V1ig
tiv1 —tig 2At

ar =

2At=0.2 second @ 10Hz
arget Distance Increment (dp, dr)

t distance increments are calculated bymultiplying the 10 Hz driven and target v

sampling period. The distance increment will have units efimeters (m).

5.1.4 Drivenand 1

accumulated distandedwill have units of meters

The driven and targ:I

At=0.1 second @ 10 Hz

arget Accéumulated Distance (Db, Dr)

hicle speeds using a
the acceleration will

(Eq. 10)

(Eq. 11)

Ehicle speeds by the

(Eq. 12)

(Eq. 13)

t accumulated distances are calculated by summing the distance increments ovér the test cycle. The

(m).
N
Dp = ) .dp,
i1
N
Dr = > dv
=

(Eq. 14)

(Eq. 15)
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ACCELERATION
(Fp+F) >0
[Fil*, [wi]* FrL » WrL
I
Fass Wag FaL s WeL
]
|< 1 DECELERATION
1 (Fpe + F) <0
I
Foec » Waec
Iw CE ACCEI;ER‘A'TION ENERGY
CE 5 CEpee DECEVERATION ENERGY

Figure 2 - Dia

5.1.5 Drivenand T
The driven and targe
target coefficients as
and seconds (N, m,

NOTE: Dynamomet
Fo, F1, and H
calculations

5.1.6 Drivenand

The driven and targe

test mass. The effe
Newtons (N).

gram of forces, work, and corresponding energy values detailed in the follo

[arget Road Load Forces (FrL-p, FrRL-T)

shown below. The dynamometer target coefficients should be expressed in units
bnd s) so that the road load force will have units of Newtons (N).

FRL-Di = FO +F1 'VDi +F2 'VDi2

FRL-Ti = FO +F1 'VTi +F2 'VTi2

or target coefficients are typically reported in units of Ibf, Ibf/mph, and Ibf/mphZ. In
2 by 4.448, 9.9504,and 22.25839, respectively, will convert these terms to the apy
specified in this document (N, N/[m/s], and N/[m/s]?).

[arget Inertial.Forces (Fip, Fi1)

ctive test mass should be expressed in kilograms (kg) so that the inertial forg

wing sections

t road load forces are calculated by using the 10 HZ'driven and target vehicle speeds and dynamometer

of Newtons, meters,

(Eq. 16)

(Eq. 17)

his case, multiplying
ropriate units for the

t inertialforces are calculated by multiplying the driven and target vehicle accelerations by the effective

e will have units of

Fi.pi =Mg -ap; =1.015-ETW - ap

F1i=Mg -a1; =1.015-ETW - a;

(Eq. 18)

(Eq. 19)

NOTE: ETW is typically reported in units of Ibm. In this case, multiplying ETW by 0.4536 will convert this value to the
appropriate units for the calculations specified in this document (kilograms [kg]).
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5.1.7

Driven and Target Engine Force (Fenc-p, FeEnc-T)

The driven and target engine forces are calculated by summing the driven and target road load and inertial forces. Where
this sum is negative, the driven and target engine forces are set to zero. The engine force will have units of Newtons (N).

E _ JFrLDi + Fipi for Fripi +Fi.pi >0
ENG-Di 0 for FRL-Di + Fl-Di <0
E _ JFrL-Ti + Ry for Frpi + Fri > 0
ENG-Ti 0 for FRL-Ti + Fl-Ti <0

(Eq. 20)

(Eq. 21)

5.1.8 Drivenand T
The driven and targ
required to reduce th
The active braking fg

5.19 Drivenand 1

The driven and targ
forces beyond the rg

engine forces are s¢
deceleration.

Note, as Fpecis equi

5.1.10 Drivenand 1

[arget Deceleration Force (Fpec-o, FpecT)

bt deceleration forces are calculated by summing the driven and target road loa
e speed of the vehicle. Where this sum is positive, the driven and target'engine fq
rce will have units of Newtons (N), and the sign will be positive for deceleration.

F _ {0 for Fi_p; >0
DEC=Di = |~F_p; forF_p; <0
F _ {0 for Fi_p; >0
DEC_Ti - _FI—Ti fOI' FI—Ti S 0

[arget Active Braking Force (Fag-p, Fas-T)

bt active braking forces are calculated by, summing the driven and target road Ig
ad load required to reduce the speed of:the vehicle. Where this sum is positive,
bt to zero. The active braking force will’ have units of Newtons (N), and the sig

v _ {0 for Frp_pi + Fpgc—pi > 0
AB=Pi ™ \~(Frelpi + Fpec—pi)  for Frp_p; + Fppc-pi < 0
F, = {0 for Frp—7; + Fpgc—ri > 0
AT == (Frp—ri + Foec—1i)  for Fpo—r; + Fpgc—1i < 0

valent to Fifor-negative forces, the values of Fi-ti and Fi.oi can be substituted.

[arget’Road Load Work Increment (WRrL-D, WRL-T)

The target incremen

d and inertial forces
rces are set to zero.

(Eq. 22)

(Eq. 23)

ad and deceleration
he driven and target
h will be positive for

(Eq. 24)

(Eq. 25)

alwork that must be done by the vehicle at each sampled data point due to the ro

ad load force (FrL-1).

The road load work i

ncrement has units of joules (J).
WRL-pi = FrRL-Di " dpi

WRL-Ti = FRL-Ti - d;i

(Eq. 26)

(Eq. 27)
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5.1.11 Driven and Target Inertial Work Increment (wi.o, wi-t)

The target incremental work that must be done by the vehicle at each sampled data point due to the inertial force (Fi-1). The
inertial work increment has units of joules (J).

W_pi =Fi.pj - dpi

5.1.12 Driven and Target Engine Work Increment (wp, wr)

(Eq. 28)

(Eq. 29)

The driven and target work increments for vehicle acceleration only are calculated by multiplying the driven and target

engine forces by th
Note that incrementa

5.1.13 Drivenand 1

The driven and target work increments required for deceleration are_ calculated by multiplying th

deceleration forces |
(J). Note that increm
positive being a dect

The driven and targe
5.1.14 Driven and T

The driven and targe
braking forces by th
Note that increment
being a deceleration

driverand-targetdistance merements,;, Tespectivety. T e work mererment witt
| engine work is always positive (or zero), since it is calculated using Fena.

Wp;i = Feng-pi - dpi

Wi =Feng-Ti - dri
[arget Deceleration Work Increment (was-p,was-T)
y the driven and target distance increments, respectively. The work increment wil

ental deceleration work will be always positive or zero since it is using the Fpec W
leration force.

WpEc-pi = Fpec-pi - dpi
WpEc=Ti = FpEC—Ti * dri
t deceleration work includes wark done by road load forces.
[arget Active Braking Work Increment (wag-b,was-T)
t work increments.required for active braking are calculated by multiplying the dri
driven and target-distance increments, respectively. The work increment will ha

| braking work-will be always positive or zero since it is using the Fas which wa
force.

Wag-pi = Fag_pi - dpj

e units of joules (J).

(Eg. 30)

(Eq. 31)

e driven and target

have units of joules
hich was defined as

(Eq. 32)

(Eq. 33)

en and target active
e units of joules (J).
5 defined as positive

(Eq. 34)

ol q
YWAB-T1 — Y"AB-T1 YTi

The driven and target active braking work does not include work done by road load forces.

(Eq. 35)
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5.1.15 Driven and Target Cycle Energy (CEp, CEr)

The driven and target cycle energy are calculated by summing the driven and target engine work increments over the test
cycle. The cycle energy will have units of joules (J).

N
CED = ZWDi
i=1

N
CEr = ) wri
=

Alternatively, the equ

NOTE: Only positivg values of the force-distance products in Equations 30 and 31 are included in the

5.1.16 Drivenand 1

The driven and targe
increments over the

The driven and targ
regardless of drive ¢
to the driven and targ
similarities. Cycles w
have a lower potenti

N
CED = Z[(1015 -ETW -aDi + Fo + F1VDi +F2VDi2)'dDi]+
i=1

N
CET = Z[(1015ETW ~a-|-i +F0 + F1VTi +F2VTi2)'dTi]+
i=1

[arget Deceleration Cycle Energy (CEpec-p, €Epec-1)

t deceleration cycle energy values are'calculated by summing the driven and tard
test cycle. The cycle energy will have units of joules (J).

_ N
CEpEc-p = Xi=1 WDEC-Di

_ N
CEpgc-1 = Xiz1 WpEC-Ti

et deceleration ¢ycle energy represent the sum of all inertial energy that is a
cle. It is the inertial energy that must be dissipated to bring the vehicle to rest; ther
et inertial work (IWp and IW+) and is included as an individual calculation only to m
ith less aggressive braking provide more opportunity for road load to dissipate the
bl for recoverable energy.

5.1.17 Drivenand 1

(Eq. 36)

(Eq. 37)

ations for cycle energy may be equivalently represented using the sum of inertia zlmd road load forces.
Substituting equations from 5.1.6, 5.1.9, and 5.1.10, gives:

(Eq. 38)

(Eq. 39)

summation.

et deceleration work

(Eq. 40)
(Eq. 41)

ailable for recovery
efore, it is equivalent
bintain nomenclature
bnergy and therefore

[arget Cycle Active Braking Energy (CEas.p, CEas-T)

The driven and target active braking cycle energy are calculated by summing the driven and target active braking work

increments over the

test cycle. The cycle energy will have units of joules (J).
CEag-p = ZiN:1 WaB-Di

_ VN
CEap-T = Xiz1 WaB-Ti

(Eq. 42)

(Eq. 43)

The driven and target active braking cycle energy values represent the maximum energy that can be recovered by active
systems after accounting for all road load losses associated with the drive cycle.
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5.1.18 Driven and Target Absolute Speed Change Summation (ASCp, ASCr)

The ASC is the discrete approximation for the integral of the absolute magnitude of acceleration. It indicates the extent of
velocity variation that is exhibited over the driven and scheduled cycles. Multiplication by the sampling period, At, provides
the correct “weight” for each data point in the approximation of the integral. ASC has units of meters per second (m/s),

although it should not be interpreted as a velocity.

N
ASCD = At2|aDi|
i=1

5.1.19 Drivenand 1

The total work done
considered. To accol
work is taken to repn
serves to reduce the

the category of “acfive braking” to represent energy that is, at least partially, available for recov

powertrains

5.1.20 Energy Rating (ER)

The energy rating fo
in 5.1.15.

N
ASCT = Atz !a-n!
i=1

At=0.1 second @ 10 Hz
[arget Inertial Work (IWp, IWT)

by the powertrain against inertial loading. Only positive valuges. of the inertial work

psent either: (1) energy dissipated by braking and thus Rot recovered by the vehi
road load work required of the engine during non-braking decelerations or (3) cal

N

IWp = [wipi]

i=n
N

W = [wp ]

i=1

a test is defined'\as the percent difference between the total driven and target cyq

_CEp - CE7
- CEg

ER -100

(Eq. 44)

(Eq. 45)

increment (wi.t) are

unt for negative, i.e., braking forces, the active braking work-is calculated separafely. Negative inertial

Cle or (2) energy that
culated separately in
bry in some vehicle

(Eq. 46)

(Eq. 47)

le energy as defined

(Eq. 48)

5.1.21 Energy Rati

g during Active Braking (ERAB)

The energy rating for a test is defined as the percent difference between the total driven and target cycle active braking

energy as defined in

5.1.17.

ER,n = CEAB-D—CEAB-T 100
AB CEAB-T

(Eq. 49)
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5.2 Distance Rating (DR)

The distance rating for a test is defined as the percent difference between the total driven and scheduled distance as defined
in5.1.4.

bR =20 =P1 449 (Eq. 50)
Dt

5.3 Energy Economy Rating (EER)
The EER is defined as the percentage difference between the distance per unit cycle energy for the driven and target traces.

Since fuel economy is a measure of the distance traveled per unit of fuel consumed, the effect of distance driven must also

1 H 4 £ P~ P Liv tot o H> daclt lot H Y P o 1
be COnS|dered In an LOCOOITITTILUT a UTtive \.iuclllly Uidl 10 MICTIUuCU U CUTTTTIALT Wil TUTT TUUIT IUIIIy.

D_D)_(D_T

EER = — gﬂﬂL—iﬁi)-1oo (Eq. 51)

()

The negative sign in|front of the right-hand side of Equation 51 associates lower values’of fuel economy with higher values
of EER, similar to thé expected relationship for ER and DR.

The EER may be expressed as a combination of the energy rating (ER) and distance rating (DR) as fgllows:

(Eq. 52)

EER - [1 i DR/‘I00+1]100

ER/100 +4

5.4 Energy Economy Rating (EERag)

The percentage diff¢rence between the distance per unit\eycle energy of active braking energy for the driven and target
traces.

Dp \_(_ Dt
EERAB — _W -100 (Eq 53)

(CEAB—T)

The negative sign in[front of the right-hand side of Equation 53 associates lower values of fuel econonmy with higher values
of EER, similar to th¢ expected relationship for ER and DR.

The EERas may be ¢xpressed-as.a combination of the energy rating (ERag) and distance rating (DR) as follows:

100 (Eq. 54)

EER,p = [1— o000t ]

ER,p/100+1

5.5 Absolute Speed Change Rating (ASCR)

The ASCR is defined as the percentage difference between the ASC for the driven and target traces. It provides an indicator
of the “smoothness” of the driven trace relative to the scheduled trace. A driven trace that is “smoother” will have a lower
ASC than the scheduled trace and so will result in a negative ASCR.

ASCp -ASCT
ASCt

ASCR = (Eq. 55)
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The ASCR is particularly well-suited to quantifying small speed changes that might come about from throttle perturbations.
It should be noted that these perturbations ONLY affect the ASC when they are sufficient to change the speed of the vehicle.
It is possible for a driver to intentionally produce small, high-frequency throttle movements that do not result in dynamometer
roll speed changes. Such movements would not be captured by a speed-based metric. While such throttle movements can
be intentionally produced, they are considered unlikely to occur in practice, since they do not contribute toward making a
vehicle follow a target trace.

5.6 Inertial Work Rating (IWR)
The IWR is defined as the percentage difference between the inertial work for the driven and target traces. It can indicate

when the drive style might substantially impact the overall efficiency of the engine, such that a metric based strictly on cycle
energy might not fully characterize observed deviations from expected emission rates.

Wo —Wr_ 0o
T

IWR = (Eq. 56)

5.7 Inertial Work Rating Active Braking (IWRag)

Percentage differenge between the work required to reduce the inertia between the driven and target {fraces through active
braking. It can indicgdte when the braking style might substantially impact the overall efficiency of the vghicle.

[WR,, = $£4B=D=CEAB-T . 1 (Eq. 57)

CEAB-T
5.8 Root Mean Squared Speed Error (RMSSE)
The RMSSE metric |provides the driver's performance in meetingcthe schedule speed trace throughout the test cycle in

terms of the root mean squared (RMS) speed error. The value is‘always a positive number with lower values (closer to zero)
indicating better performance. RMS speed error has units of miles per hour (mph).

RMSSE = 2.237 -

(Eq. 58)

The multiplier (2.237) is included in Equation 58 to convert the output to mph, assuming that Vo and V fre in units of meters
per second (m/s), aq specified in 5.1.1.
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5.9 Recommended EBDM Phase Ratings for U.S. Test Cycles
59.1 FTP and FTP4 Reporting

The drive ratings specified in 5.1 to 5.7 should be calculated individually for each phase of the FTP (“three-bag”) and FTP4
(“four-bag”) tests. Additionally, weighted city ratings should be calculated from these. For EER, ASCR, and IWR, this is
done by using weighted values of the relevant quantities being compared: The weighted distance-per-cycle-energy values
are used to calculate the weighted EER, the weighted ASC values are used to calculate the weighted ASCR, and the
weighted positive inertial work values are used to calculate the weighted IWR, as defined by Equations 59 to 72 in this
section:

FTP-Weighted EER

D 1
= = (Eq. 59)
CE J CEphase1 +CEphase2 CEphaseZ +CEphase3
' 0.43] = PEee 0.57
Welghted FTP ( Dphase1 +DphaseZ - Dphase2 +Dphase3
D/CE)wei — (D/CE)yyei
EER weigntod F1P = ( )Weighted FTP_D — ( )Weighted RTP_T 100 (Eq. 60)
(DICE)weighted FTP_T
FTP4-Weighted EER
D 1
[CE JW ighted FTP4 - 0 43 CEphase1 +CEphase2 +0 57 CEphaseS +CEphase4 (Eq 61)
elghte | Dphase1 +DphaseZ ' DphaseS +Dphase4
D/CE)\ei — (DICE)wei
EER weighied FTPe = - ( )Weighted FTP4_D — ( )Weighted FTP4_T 100 (Eq. 62)
(DICE)weighted FTP4_T
FTP-Weighted ASCR
KSCWeighted FTP = 0-43('6‘SCphase1 + ASCphaseZ) + 0-57(A3Cpha392 + ASCpnases (Eg. 63)
ASCyei — ASCyyei
ASCRWeighted —— Weighted FTP_D Weighted FTP_T .100 (Eq. 64)
ASCyyeighted FTP_T
FTP4-Weighted ASCR
ASCeighted FTP4 = 0-43(ASCphase1 + ASCphase2)+ 0-57(ASCphase3 + ASCphase4) (Eq. 65)
ASCyei — ASCyyei
ASCRWeighted S Weighted FTP4_D Weighted FTP4_T 100 (Eq 66)

ASCyeighted FTP4_T

FTP-Weighted IWR

IWWeighted FTP = 0-43(|thase1 + IthaseZ) + 0-57(|tha592 + IthaseS) (Eq. 67)
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These weighted cald

that is applied for ca

apply to the cold FTH.

5.9.2

Highway and SC03
drive rating.

593

Drive ratings for the

rating. The rating my
overall test cycle res

single phase for the

6. DRIVE SCHEDU

The aforementioned
and can serve as proxies (or direct indicators in the case of RMSSE) for how well the trace was follow|

The intent of this sq

comparisons. Sever
new schedules are

IWweighted FTP_D — Wweighted FTP_T 100

IWR weighted FTP = T —
eighte .

FTP4-Weighted IWR

IVVWeighted FTP4 = 0-43(Ithase1 + IthaseZ)"‘ 0-57(|thase3 + Ithase4)

Wweighted FTP4_D — Wweighted FTP4_ T 100

IWR weighted FTP4 = TTA———
eighte -

FTP-Weighted RMSSE

(Eq. 68)

(Eq. 69)

(Eq. 70)

Highway (Hf

USO06 Repotting

0.5*%(0.43*RMSSEphase1+RMSSEphase2+0.57*RMSSEphase3)

FTP4-Weighted RMSSE

0.5%(0.43*(RMSSEphase1+RMSSEphase2)+0.57*(RMSSEphase3+RMSSEphase4))

ulations produce a drive rating that reflects the individual phase: contributions with

culating the weighted fuel consumption for the city test. Fhe-weighted equations i
D

FET) and SC03 Reporting

drive metrics are reported for the sampled HEEDS or SC03 phase. Warm-up phd

USO06 test are calculated for theé.sampled phase of the US06. Warm-up phases d
st be calculated separately-farthe “city” and “highway" portions (see 4.3) in addi
ult. Data from the two regions of the test that make up the “city” portion of the c
drive rating calculations.

LE INTENSITY METRICS

metrics relyon comparison of a driven trace against a specific target trace over

(Eq. 71)

(Eq. 72)

the same weighting
n this section also

ses do not require a

0 not require a drive
ion to calculating an
cle are treated as a

the course of a test
ed.

ction is’to establish different ways of characterizing arbitrary drive traces in or

I(quantities that may be used in the future to quantify the “intensity” of a particul

er to assist in such
r drive schedule. As
an indication of the

expected fuel economy that would be exhibited by a vehicle driving the schedule, relative to its fuel economy when driving

other schedules.

Further, as vehicle emissions and energy consumption testing increasingly encompasses driving in “real-world” situations
where no specific targeted trace exists, this section also serves to evaluate the on-road trace as driven to assist comparing
between to other drives or established known traces. When using on-road data where a target trace does not exist, assume
that the Vr = Vp to enable use of all equations without modification of subscripts or their meanings.
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6.1

Cycle Energy Intensity (CEpist)

Cycle energy intensity is the energy that is required to drive the cycle (CEr), normalized by the total distance of the cycle
(Dr). CEpist has units of joules per meter (J/m).

6.2

CET

CEpist = Dr

Cycle Energy Active Braking Intensity (CEas-pisT)

(Eq. 73)

Cycle deceleration intensity is the energy in addition to the road load that is required to decelerate the drive cycle using
active braking normalized by the distance of the cycle. CEas-nist has units of joules per meter (J/m).

yal rd

6.3 Road Load an

6.3.1 Inertial WorK
The fraction of the to
quantity.

6.3.2 Inertial Work
The fraction of the tq
a unitless quantity. 1
comparison to other

6.3.3 Active Braki
The fraction of the f
deceleration that carj
cycles and to provids

AB—1

CEsp-pist = D
T

d Inertial Work Contributions

Fraction (IWF)

tal target cycle energy that the engine must provide that is dueto'inertial loading.
W

IWF =—T_
CEq

Fraction Active Braking (IWFag)

tal target cycle energy that the active braking must absorb to reduce the vehicle
he IWFas can be used to identify onzrgad net changes in grade or evaluate the
5 with higher or lower vehicle speeds.

CEaB-T

IWFyp = =4

ng Fraction (IWFab_dec)

otal deceleration( energy that the active braking must absorb to follow the tracs
not be met with'the road load alone. It can be used to compare the aggressivenes
e an upper limit for the recapturable energy in a given drive cycle.

_ CEpgp-T
IWFyp pgc = 22T
DEC

(Eq. 74)

'he IWF is a unitless

(Eq. 75)

speed. The IWFas is
pverall drive cycle in

(Eq. 76)

. It is the portion of
5 of braking between

(Eq. 77)

VAL

6.3.4 Road Load

I P b L
VUIR T TACUUTT (TNLVVITT)

The fraction of the total target cycle energy that the engine must provide that is due to road load work. Because the road
load work and the inertial work together represent all of the work done by the engine, the road load work fraction can be
defined in terms of the IWF. The RLWF is a unitless quantity.

RLWF =1-IWF

(Eq. 78)
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6.4 Cycle Comparison Table

Table 1 provides a comparison of intensity metrics for various cycles. Note that since ASC per time is obtained strictly from
the drive schedule, it does not depend on vehicle-specific data (e.g., ETW, dynamometer target coefficients). For this
reason, ASC per time (and ASC) may be regarded as fixed properties of a given test cycle. This is not true for other intensity
metrics that are tabulated in Table 1, hence the inclusion of a mean and standard deviation.

For a particular combination of metric and drive schedule, the mean and standard deviation were obtained by performing
the calculations using the ETW and dynamometer target coefficients for the 988 unique vehicle configurations listed in the
2023 EPA test car database. Entries for which the reported set and target dynamometer coefficients were equal were

excluded from the population.

Table 1 - Cycle intensity metrics for vehicles in 2023 EPA test car database

CEbist CEbpisT ab IWF IWFab IWF ap dee, APCrive ASCT|2ME
. (J/m) (J/m) (fraction) (fraction) (fractiony (WIs) (m/s
Test Cydle/Metric St St St St st S

Mean Dev Mean Dev Mean Dev Mean Dev Mean DeV Mean Dev B
UDDS Phase 1, 3 642 128 242 51 0.57 4% 0.38 5% 067 3% 2644 497 0.41
UDDS Phase 2 549 105 282 59 0.68 4% 0.52 6% 075 4% 1621 306 0.40
UDDS (Three-bag) 609 119 256 54 0.60 4% 0.42 5% 0.69 3% 2172 409 0.40
UDDS (Four-bag) 594 114 263 55 0.62 4% 0.44 5% 0.71 3% 1997 376 0.40
Highway (HWFET) 567 136 56 14 0.27 4% 0.10 2% 0.37 4% 2146 401 0.17
USo06 914 205 256 57 0.47 5% 0.28 5% 0.60 4% 10427 1950 0.60
SCO03 651 125 311 66 0.67 4% 0.48 5% 0.71 3% 2624 494 0.42
MCT first phase(") (before steady ptate) 583 120 178 38 0.48 4% 0:34 4% 0.64 3% 2029 381 0.35
SMCTM 629 131 189 41 0.48 4% 0.30 4% 0.63 3% 2691 504 0.37

™ The MCT and SMCT are drive
version of SAE J1634 Battery

7. LOCAL METRIQ

It is possible for th
excursions from the
in drive metrics that

cycles used for BEV range testing and are comprised of UDDS, HWRET, and US06 cycles combined in a p
Electric Vehicle Energy Consumption and Range Test Procedure.

b measured fuel economy and/or emisSions to be significantly affected by s
scheduled drive trace. Due to their shert-duration, the impact of these excursions n
are summed or averaged over the entire cycle, such as those described in S¢

development of suitable “local” metrics that are capable of identifying significant, discrete drive event

in a future revision o
8. NOTES
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publications, norin g

f the document.
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APPENDIX A - COEFFICIENT RESOLUTION AND TARGET REFERENCE VALUES
A1 COEFFICIENT AND METRIC RESOLUTION
Number of decimal digits:

Fo xxx.xx Ibf

F1  x.xxxx Ibf/(mph)
F2  0.xxxxx Ibf/(mph)?
ETW, Me 1 pound
ER XX.XX%
DR XX.XX%
EER  xx.xx%
ASCR xx.xx%

A2 TARGET CYCLE REFERENCE VALUES
Table A1 shows the cycle energy reference values for each phase.

Table A1 - Example target cycle energy reference values

Test/Target CET™

VElues, Cycle MJ)
FTP UDDS Phase 1 3.434
FTP UDDS Phase.2 3.132
FTP UDDS Phase 3 3.434
FTP Three-Bag FTP 10.000
FTP FoursBag FTP 18.132
FTP Three-Bag'FTP (Weighted) 5.566
FTP Four-Bag FTP (Weighted) 5.566
Highway Highway (HFEDS) 8.947
$CO03 SCO03 3.455
WUS06 US06 Total 10.829
WUS06 USo06 City 3.163
WUS06 US06 Highway 7.666
VICT MCT high SOC (refer to SAE J1634) 2P.078
VICT MCT complete-no steady state (refer to SAE J1634) 44.156
gMCT SMCT (refer to SAE J1634) 54.985

* CEr detgrmined using-the*following reference values: ETW = 4000 pounds, FO = 40, F1 = 0.4, and F2 = 0.02.

Target driving traceq are foundin the respective CFR sections:

FTP and COLD FTP} 40,CFR Appendix | to Part 86(a)

https://www.ecfr.gov/current/title-40/appendix-Appendix%201%20to%20Part%2086#p-Appendix-I-to-Part-86(a)

HFEDS: 40 CFR Appendix | to Part 600

https://www.ecfr.gov/current/title-40/chapter-l/subchapter-Q/part-600/appendix-Appendix%201%20t0%20Part%20600

USO06: 40 CFR Appendix | to Part 86(g)

https://www.ecfr.gov/current/title-40/appendix-Appendix%201%20to%20Part%2086#p-Appendix-I-to-Part-86(q)

SCO03: 40 CFR Appendix | to Part 86(h)

https://www.ecfr.gov/current/title-40/appendix-Appendix%201%20to%20Part%2086#p-Appendix-I-to-Part-86(h)



https://www.ecfr.gov/current/title-40/appendix-Appendix%20I%20to%20Part%2086#p-Appendix-I-to-Part-86(a)
https://www.ecfr.gov/current/title-40/chapter-I/subchapter-Q/part-600/appendix-Appendix%20I%20to%20Part%20600
https://www.ecfr.gov/current/title-40/appendix-Appendix%20I%20to%20Part%2086#p-Appendix-I-to-Part-86(g)
https://www.ecfr.gov/current/title-40/appendix-Appendix%20I%20to%20Part%2086#p-Appendix-I-to-Part-86(h)
https://saenorm.com/api/?name=28d129fd59b7e279487af4ccf87be605
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An Excel-based calculator is available to perform the EBDM calculations on one or more tests at a time. The calculator
operates on input files that contain the data required for the calculations and produces an output report sheet that can be
saved as a separate worksheet. The calculator is included with this document and can be downloaded from sae.org.

A template for the input files can also be obtained along with the calculator. Otherwise, input files should meet the following

criteria:

APPE

NDIX B - EXCEL-BASED CALCULATOR FOR EBDM DATA

e Files should be comma separated value (.csv), or Microsoft Excel (.xls, .xlsx, .xlsm) type.

e There should be no embedded images or other data in the file.

e Field locations a

e Cycle ID numbe

e Field locations fq

(VR s R A I ) R T

DT T o T e A T e e = e e e e S
[ = — T I R . S, I S T  NOR Y i T - RS T = T, R T SO SO

33

hd formatting for the input parameters and 10 Hz drive trace data are shown in\Figure B1.
s are defined in Table B1.
r the test/vehicle parameters and calculated EBDM drive ratings are shown in Figure B2.
b B (= D E AOF G H
Test acility frest faciling Time Cycle ID Yeouw i Wochen i
Manufacturer [rrarufacturer] 10Hz Data—= {{] [awcle (0] Moo o] Wseren 1l
Modg] [vehicle model] [a.] [avele (0] Moo 2 Vseren 2l
Wehide 1D [vehicle 10 [0.2] [avcle (0] Moo 2 [Vserep sl
Weh CQonfiguration Twek corfiguration]
Test ate [rest date)
TestType [FTR, Highway, erc]
TestIp [Tesrin]
ETW (| bs) {xooood
FO {1bk) oo
F1 {Ibkmph) 2000
F2 {Ibk/mph’) 2300000
Speed Units Ltk or kphl
Regen braking [¥ or i)
{For Cdtd FTP, FO,F1,F2 ore multiplied by .1)
Sampled Phase Definitions
Yest Type Test Phase Cycle ID
FTF/FTP4 Phase 1 1
TR7ETR FTF/FTP4 Phase 2 2
FTF/FTP4 Phase 3 3
FTP4 Phase 4 4
Hi ghrevay* Highway (HFEDS) S
OO 003 3
Full Cycle 7
LIS0E* 1506 City G
Us0E Highway a
Cold FTP Phase 1 10
Cold FTR Cold FTP Phase 2 11
Cold FTP Phase 3 12
for all tests* Unsampled Phases 1]

34 *Report sarmpled phases only, Unsavmpled phases showld be reveoved or identified b Quole 1D = 0

Figure B1 - File format for drive trace data
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Table B1 - Cycle ID definitions for sampled phases

Test Type Test Phase Cycle ID
FTP/FTP4 FTP/FTP4 Phase 1 1

FTP/FTP4 Phase 2 2

FTP/FTP4 Phase 3 3

FTP4 Phase 4 4

Highway Highway (HFEDS) 5
SC03 SC03 6
US06 Full Cycle 7
USO06 City 8

US06 Highway 9

Cold FTP Cold FTP Phase 1 10
Cold FTP Phase 2 11

Cold FTP Phase 3 12

for all tests™ Unsampled Phases 0

* Unsampled phases are removed from the 10 Hz test
data or identified by cycle ID = 0.
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