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The MCT method enables range and alternating current (AC) energy consumption determinations for multiple drive cycle
types using a single full depletion test. This is accomplished by measuring: (1) the DC energy consumption for each included
cycle type, and (2) the battery’s useable direct current (DC) energy content. Given the total energy content of the battery,
the range for each drive cycle type follows directly from its respective energy consumption. Similarly, the appropriate quantity
of AC recharge energy attributable to each drive cycle can be determined according to its respective DC energy
consumption. The MCT method is applicable to vehicles powered by lithium ion batteries and tested using the existing
standard drive cycles; new battery technologies, new drive schedules, or significantly different vehicle designs should be
evaluated to determine if this method adds test burden over time. Significant reductions in the testing resources needed to
produce both a city and highway range determination are possible using the MCT method as compared to the SCT method.
For example, a BEV with a 150 mile unadjusted UDDS range would consume about 18-1/2 hours of total dynamometer test
time in order to perform the necessary city and highway SCT tests. The same city and highway range determinations could
be accomplished in about 4-1/2 hours using a single MCT (a reduction of over 75%). Given a 200 mile UDDS range, the
differential between the on-dyno test times increases further to 24-1/2 hours and 5-1/2 hours, respectively, for the SCT and
MCT. These estimat iti i frrTiTTati pf the two recharging
periods required by the SCT procedure.

As vehicles powered by new battery technologies continue to evolve into longer range vehicles, the SN
range and AC energy consumption determination by means of a shorter test method as compared
While the recorded data elements of the testing remain similar, dynamometer usage may be reduced b
using the SMCT method, allowing longer lead time measurements (e.g., useable battery.energy) to con
setting using on-bogrd discharging capability to a load device. Additionally, all vehicles are subjectg
cycle duration, which avoids the need for iterative steady state calculations and-unique drive profiles
the MCT cycle. The [SMCT cycle also avoids additional test days to quantify/F TP, HFEDS, and US04
five-cycle testing is gpplied by combining these cycles within the SMCT cy¢le profile.

To further reduce tes
SMCT+ test is introfluced. The phase testing of the SMCT+ test_remains the same as SMCT, a fi
eliminates the need|for a variable mid-test depletion required en“MCT. The SMCT and SMCT+ tes|
depletion portion of the test to occur after the specific phase measurements are completed.
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1. SCOPE

This SAE Recommended Practice establishes uniform procedures for testing battery electric vehicles (BEVs) which are
capable of being operated on public and private roads. The procedure applies only to vehicles using batteries as their sole
source of power. It is the intent of this document to provide standard tests which will allow for the determination of energy
consumption and range for light-duty vehicles (LDVs) based on the federal emission test procedure (FTP) using the urban
dynamometer driving schedule (UDDS) and the highway fuel economy driving schedule (HFEDS) and provide a flexible
testing methodology that is capable of accommodating additional test cycles as needed. Additionally, this SAE
Recommended Practice provides five-cycle testing guidelines for vehicles performing supplementary testing on the US06,
SCO03, and cold FTP procedure. Realistic alternatives should be allowed for new technology. Evaluations are based on the
total vehicle system’s performance and not on subsystems apart from the vehicle.

NOTE: The range and energy consumption values specified in this document are the raw, test-derived values. Additional
corrections fire typically applied t0 these quantities when used for regulatory purposes (cofporate average fuel
economy, vehicle labeling, etc.).

2. REFERENCES
2.1 Applicable Doguments

The following publications form a part of this specification to the extent specified herein. Unless oth¢rwise 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: 877-6P6-7323 (inside USA
and Canada) or +1 124-776-4970 (outside USA), www.sae.org.

SAE J1263 Road Load Measurement and Dynamometer Simulation Using Coastdown Technjques

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

SAE J1715 Hybrid Electric Vehicle (HEV):and Electric Vehicle (EV) Terminology

SAE J1772 SAE Electric Vehicle.and Plug-in Hybrid Electric Vehicle Conductive Charge Coupler
SAE J2263 Road Load Measurement Using Onboard Anemometry and Coastdown Techniqups
SAE J2264 Chassis Dynamometer Simulation of Road Load Using Coastdown Techniques

2.1.2 Code of Federal Regulations (CFR) Publications

Available from the United States Government Printing Office, 732 North Capitol Street, NW, Waghington, DC 20401,
Tel: 202-512-1800, www.gpo.gov.

40 CFR § 86 EPA,; Control of Emissions from New and In-Use Highway Vehicles and Engines
40 CFR § 600 EPA; Fuel Economy and Carbon-Related Exhaust Emissions of Motor Vehicles
40 CFR § 1066 EPA,; Vehicle-Testing Procedures

2.1.3 Other Publications

United States Advanced Battery Consortium, Electric Vehicle Battery Test Procedures Manual

United States Environmental Protection Agency, Specifications for Electric Chassis Dynamometers, Attachment A, RFP
C100081T1, 1991
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3. DEFINITIONS

3.1  CURB WEIGHT

The total weight of the vehicle with all standard equipment and including batteries, lubricants at nominal capacity, and the
weight of optional equipment that is expected to be installed on more than 33% of the vehicle line, but excluding the driver,
passengers, and other payloads; incomplete light-duty trucks shall have the curb weight specified by the manufacturer.
3.2 BATTERY

A device, consisting of one or more electrochemical cells electrically connected in a series and/or parallel arrangement.

Often used as shorthand for traction battery, a battery that provides power to propel a vehicle. Traction batteries are typically
electrically rechargeable, with charge power supplied from the electrical grid through a charger or from energy captured

through regenerative

3.21 BATTERY A

The capacity of a battery in A<h obtained from a battery discharged at the manufacturer’s recommg

such that a specified
and is not intended t

3.2.2 STATEOF

The percentage of u

3.23 CUT-OFFT
The manufacturer-rg
and/or temperature,
3.24 FULL CHAR
The battery state as
recommended AC ¢

read indicator somey
and also be achieve

3.3 THERMAL Cd

Thermal conditioning consists.of¢either heating or cooling of the propulsion components (HV battery

etc.) and/or heating
(2) the soak period 3
on the dynamomete

braking.

MPERE-HOUR CAPACITY

cut-off terminal voltage (see 3.2.3) is reached. This is generally provided as guid
b replace measured data from testing within this procedure.

CHARGE (SOC)
seable energy remaining in the battery pack relative te\the battery pack’s full char
ERMINAL VOLTAGE

commended minimum operating voltage of‘the battery. This voltage can be eith
or an absolute minimum.

GE (FC)

bsociated with maximum off-board stored energy capacity established by using
harging procedure and apprepriate equipment. The charger should indicate full
Vhere in or on the vehicle and/or charger connections. The state must be indicated
1l repeatedly from test.to.test for accurate and reliable calculations of AC kW<h en

NDITIONING
br cooling-of the vehicle’s interior cabin during the following three events: (1) veh

fter charging while vehicle is connected to AC charging, and/or (3) prior to test wi
andeonnected to AC charging. 12 V battery maintenance is not considered as

nded discharge rate
ance for battery size

e useable energy.

er a function of load

the manufacturer’s
charge by an easily
to the vehicle tester
ergy consumption.

motors, drive units,
icle charging period,
h the vehicle loaded
thermal conditioning

unless it leads to a

significant change in propulsion component temperatures. Thermal conditionin

, as defined in this

paragraph, should not be performed when the vehicle is un-plugged. All tests utilizing thermal conditioning require
monitoring of the pre-test AC recharge energy.

3.4

DIRECT CURRENT FAST CHARGE (DCFC) CONTACTORS

A direct connection between the fast charge port external to the vehicle and the high voltage battery pack can be completed
with a secondary set of battery contactors.

3.5 HVBATTERY

NOMINAL VOLTAGE (Vnom)

The open circuit voltage (OCV) of a battery at a point which results in approximately 50% of the useable battery energy

remaining.
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3.6 FULL DEPLETION TEST (FDT)

A test sequence that fully depletes the useable energy content of a vehicle’s battery. The test begins with the battery at FC
and terminates when the remaining battery energy is insufficient to allow the vehicle to satisfactorily maintain the prescribed
drive trace. Alternatively, a test that in one or more steps will fully deplete the useable energy content of a vehicle’s battery
if a partial depletion test is followed by further discharging of the battery.

3.7 PARTIAL DEPLETION TEST (PDT)

A dynamometer sequence that does not fully deplete the useable energy content of a vehicle’s battery.

3.8 SINGLE-CYCLE TEST (SCT)

An FDT consisting of multiple phases of the same drive cycle (i.e., drive schedule).

3.9 MULTI-CYCLE TEST (MCT)
An FDT consisting of multiple phases of one or more drive cycles. The MCT enables the determination|of range and energy
consumption for mulfiple drive cycles using a single FDT. Data from the MCT can also beyused to make ffange determinations
for additional drive cycles that are not included in the MCT, but that are run in a standalone PDT.

3.10 SHORT MULTI-CYCLE TEST (SMCT)

The SMCT is an FOT consisting of seven phases which can be used asyan’ optional procedure instg
SMCT allows for dgtermination of range and energy consumption for,_multiple drive cycles using ¢
process. An additiorjal DC discharge test procedure is required and-performed as a static measuren
useable battery enengy (UBE) determination. As such, the SMCT test requires use of an off-board dis|

to complete the DC
3.11 SHORT MULT
The SMCT+ is an F
SMCT+ allows for dg
parallels the SMCT t
3.12 DC DISCHAR

A test that discharge
cycler or other mean

3.13 ELECTRIC VE

The conductors, ind

ischarge test procedure.

[-CYCLE TEST PLUS STEADY STATEASMCT+)

DT consisting of eight phases which can be used as an optional procedure instd
termination of range and energy-consumption for multiple drive cycles using a sing
bst with the exception of the final depletion phase performed on the dynamometer

GE TEST

s the remaining uséable energy content of a vehicle’s battery through the use off
.

HICLE SUPPLY EQUIPMENT (EVSE)

luding "the ungrounded, grounded, and equipment grounding conductors and

ad of the MCT. The
two-step discharge
nent to complete the
charge unit or cycler

ad of the MCT. The
le FDT. The SMCT+
at a constant speed.

an off-board battery

the electric vehicle

connectors, attachm

ent/plugs, and all other fittings, devices, power outlets, or apparatuses installe

d specifically for the

purpose of delivering energy from the premises wiring to the electric vehicle.

3.14 POST-TEST AC RECHARGE ENERGY (Eacpost)

The AC energy, measured in AC Wh, from the power outlet required to return the battery to full charge after a drive cycle
test, with the high voltage (HV) battery starting the charge event from a fully depleted state. This measurement must include
energy needed to power charging equipment (e.g., EVSE).

3.15 PRE-TEST AC RECHARGE ENERGY (Eacpre)

The AC energy, measured in AC Wh, from the power outlet required to return the battery to full charge before a drive cycle
test, with the HV battery starting the charge event from a fully depleted state. This measurement must include energy
needed to power charging equipment (e.g., EVSE). This measurement method must be used when thermal conditioning is
present before a test cycle.
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3.16 DISCHARGE ENERGY (Edc)

The net DC energy output of the battery, in DC Wh, measured while a vehicle is driven on a test cycle and/or additionally
as measured during a constant discharge of the battery through the charge port terminal to a specified load bank or other
device converting DC power on the vehicle to alternative power sources. The equation for calculating vehicle DC energy is
given in Equation 1; however, in practice it is expected that this calculation will typically be performed internally by a power
analyzer as specified in 4.6. Battery voltage measurements made by the vehicle’s own on-board sensors (such as those
available via a diagnostic port) may be used for calculating discharge energy if these measurements are equivalent to those
produced by applicable external measurement equipment, such as a power analyzer.

1 S
Edczmxj_zovjxlj (Eq 1)

Table 1 - Equation symbol explanations

Symbol Symbol Represents Units
V; Battery DC bus voltage Volts
i Battery current Amps$
n ) The sum of the product of battery voltage and current flow into Watts
Vj X1, and out of the battery throughout the length of the test and/or
=0 cycle
f The frequency of current measurements Hertz
n Number of samples -

NOTE: The measur
through the
measureme

bment point(s) for the battery(ies) current must;be selected such that any and all
battery(ies) is measured, including current associated with regenerative braking (if
ht points may be necessary to accomplishithe summation of total energy.

pf the current flowing
applicable). Multiple

3.17 PHASE AND CYCLE DISCHARGE ENERGY (Edcisycle)_i, EdCicycle])

The phase discharge energy, measured in DC Wh;is the discharge energy associated with a specific|phase of a test. The

wr

phase discharge en
phase number (i.e.,
energy is the summ
example, Edcupps 2
summation of discha

brgy is given by Edcieycie) iiWith [cycle] indicating the drive cycle type and subsg
he run order of the phase relative to other phases of the same drive cycle type).

ndicates the phaseg discharge energy for the second UDDS driven during a test
rge energies for alhUDDS phases contained in the test.

number of phases of given cycle

Z Edc
1

cycle] —

Edc[

[cycle] i

3.18 TEST DISCH/

ript “i” indicating the
The cycle discharge

btion of phase discharge energies for all phases of the same drive cycle type, éxcluding soaks. For

and Edcupps is the

(Eq. 2)

The sum of the discharge energies, measured in DC Wh, for all phases of a test including any energy consumed during
soaks or any discharge energies measured during constant discharge events using a battery cycler or other means,
inclusive of all drive cycle types above 10 °C ambient.

EdCtotaI — Zall test cycles Edc[cycle] + Zall test soaks Edc[soak]

3.19 DC DISCHARGE TEST PROCEDURE

(Eq. 3)

A process by which a static battery cycler is used to discharge and measure the remaining energy from a high voltage
battery at a constant rate.
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3.20 DC DISCHARGE TEST PROCEDURE - TOTAL DISCHARGE ENERGY (Edcdischarge)

The sum of the discharge energies, measured in DC Wh, from the completion of the DC discharge test procedure.

Edcdischarge = Z EdCDTP (Eq 4)

3.21 USEABLE BATTERY ENERGY (UBE)
The useable battery energy is defined as the total DC discharge energy, measured in DC Wh, from an FDT or from the

combination of the PDT and DC discharge test procedure for the SMCT (3.20). The UBE represents the total delivered
energy the battery is capable of providing while a vehicle is driving a test cycle on a chassis dynamometer or in combination

with chassis dyno operation and battery cycler depletion.

The UBE that is detsg

provided the test tenpperature is at or above 10 °C (50 °F).

It is required for the
discharge test proce

3.22 ENERGY COl

Energy consumption
used in this procedu
Wh/km (or AC Wh/m
expressed in DC WH

In the case where thhe SCT, MCT, SMCT, or SMCT+, (s performed at 20 to 30 °C ambient with vehi

conditioning:

In the case where th
conditioning:

UBE = EdcyotaippT
rmined during the FDT is generally applicable to other tests consisting of the, Cyclg
SMCT test procedure that UBE is determined using both the SMCT{6tal DC disch
Hure energy outlined in 9.3.6.
UBE = Edciotallppr + EdCgischarge
NSUMPTION (ECac, ECdc)
is the energy used by the vehicle per unit of distance traveled. Two types of ene

ile), and, (2) DC discharge energy consumption (ECdc) calculated using the DC d
/km (or DC Wh/mile).

Eac
distance travelled
ECdc = Edciotal

distance travelled

e SCT, MCT,SMCT, or SMCT+ is performed at 20 to 30 °C ambient with vehicleg

(Eq. 5)

s listed in Section 6,

arge energy and DC

(Eq. 6)

rgy consumption are

re: (1) AC energy consumption (ECac) calculatéd using the AC recharge energy and expressed in AC

ischarge energy and

Cles utilizing thermal

(Ea.7)

(Eq. 8)

not utilizing thermal

_ Eacpost
ECac = distance travelled (Eq 9)
ECdc = ——Ctotal (Eq. 10)

distance travelled

3.23 FULL RECHARGE ENERGY (FRE)

The full recharge energy is the AC recharge energy, measured in AC Wh, needed to return the battery to FC in the
recharging period. If the vehicle is performing FCTs between 20 to 30 °C ambient and the vehicle does not utilize thermal
conditioning, the FRE will be determined after the drive cycle is completed immediately following an FDT. The battery
recharge energy measurement procedure is specified in 7.2.6.

FREpost = EacpostlFDT (Eq. 11)
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If the vehicle is performing FCTs between 20 °C and 30 °C ambient and the vehicle utilizes thermal conditioning prior to a
FCT, the FRE will be determined before the drive cycle is completed:

FREpre = EacprelFDT

3.24 RECHARGE ALLOCATION FACTOR (RAF)

(Eq. 12)

The ratio of the FRE and the full depletion DC discharge energy (UBE). The RAF is used to allocate the measured AC
recharge energy to the individual test phases based on the DC discharge energy expended in each phase. This factor
enables AC energy consumption determinations for multiple drive cycle phases using a single recharging event.

For vehicles that do

not utilize thermal conditioning before an FDT between 20 to 30 °C ambient:

For vehicles that util

The RAF, UBE, ang
Section 6, provided
thermal conditioning
3.25 DC DISCHAR
The net DC A<h disc|
NOTE: The measur
battery(ies)
associated v
necessary td
3.26 BATTERY EL

A vehicle that receiv
separately fueled po

3.27 MILES PER G

This parameter is ge

FREpost
UBE

__ EacpostlrpT _

AC, W -hr
DC,W -hr

RAF

EdctotallFDT

[se.w i)

7e thermal conditioning before an FDT between 20 to 30 °C ambient:

(56w i)

FRE that are determined are generally applicable to\other tests consisting of
he ambient test temperature is at or above 10 °C (80 °F) and these cycles folloy

AC,W -hr

RAF = EacprelFDT — FREpre
DC,W -hr

EdctotallFDT UBE

GE AMPERE-HOURS (Cb)

harged from the battery during a test.

ement points for the battery(ies) must capture any and all of the current flowing

during vehicle operation on the dynamometer or during the DC discharge te

vith regenerative braking whilesoperated on the dynamometer. Multiple measure
accomplish the summatiaon jof total energy.

ECTRIC VEHICLE (BEV)

bs its power solely-from batteries, unlike a hybrid vehicle that may receive a portig
wer source,

ALLON-EQUIVALENT (MPGe)

nerally used to quantify a fuel economy for vehicles that use a fuel other than ga

(Eq. 13)

(Eq. 14)

the cycles listed in
v the same usage of

) into and out of the
st, including current
ment points may be

n of its power from a

soline or diesel. This

value represents th

P | wabial P P PPWH 1 SN 128 PO PYTRHUPN PO C S 3 P aalan £ o Lo
TMCS A VeTIOIC oA T Uurtve Wit (e CTTeTy Yy CHUTvaTCI T U UTTCyanmuTT UT yasSuTT

. At the time of this

document’s publication, 33705 Wh per gallon of gasoline was accepted and used by the EPA for fuel economy labeling

purposes.

3.28 CYCLE

The specific speed versus time profile associated with test phase (e.g., UDDS, HFEDS, etc.), used synonymously with drive
cycle or schedule. Also refers to specific groupings of phases of the same drive cycle type, for example: city (UDDS phases),
highway (HFEDS phases).

3.29 PHASE
A time period consisting of a specific subset of the overall test duration. Phases are typically delineated by a single

occurrence of a drive cycle (or in some cases by a predefined subset of a drive cycle). The phase number indicates the run
order of a phase within a test relative to other phases of the same drive cycle.
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3.30 TEST
A test consists of a series of phases that run in succession until the end-of-test criteria are met.
3.31 START OF TEST

The time during a test at which the vehicle power switch is first placed in the “on” or “run” position, following applicable
manufacturer “starting” procedures.

3.32 END OF TEST (EOT)

The point (in time and distance) at which the vehicle has been decelerated to a rest (zero speed) condition after the
appropriate test termination criteria have been met and the vehicle power switch is placed in the “off” position.

3.33 END-OF-TEST DC DISCHARGE TEST (EOT_dc)

The point (in time) after the appropriate test termination criteria have been met for the DC_discharge|test when either the
vehicle’s charging cdntactors (vehicle initiated or load bank/external device initiated) or load bank/external device contactors
are open to disengage discharging and hence powerflow of the HV battery. In the event AC-discharge|is used, the point (in
time) when discharg|ng of the HV battery has ceased at the AC-DC converter/charget:

3.34 Acronyms

ABS Antilock Braking System

AC Altefnating Current

ALVW Adjysted Loaded Vehicle Weight

BEV Battery Electric Vehicles

CDR Congtant Discharge Rate

CSC Conptant Speed Cycle

DC Direct Current

DCFC Direct Current Fast,Charge

EC Eledtric Consumption

EOT End|of Test

ETW Equlvalent Test Weight

EVSE Electric Vehicle Supply Equipment

FC Full Charge

FDT Full Deplete Test

FRE Full Recharge Energy

FTP Federal Emission Test Procedure

GVW Gross Vehicle Weight

HFEDS Highway Fuel Economy Driving Schedule
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HV High Voltage

LDV Light-Duty Vehicle

LVW Loaded Vehicle Weight

MCT Multi-Cycle Test

MPGe Miles Per Gallon Equivalent

NIST National Institute of Standards and Technology
PDT Partial Depletion Test

RAF Recharge Allocation Factor

SCT Single-Cycle Test

SMCT Shoft Multi-Cycle Test

SMCT+ Shoft Multi-Cycle Test Plus Steady State
SOC State of Charge

TCS Tragtion Control System

UBE Usepble Battery Energy

uUDDS Urb@an Dynamometer Driving Schedule

4. TEST CONDITIONS AND INSTRUMENTATION
The following conditipns shall apply to all tests defified in this document unless otherwise stated in spefific test procedures.
4.1 Condition of Vghicle
4.1.1  Vehicles sh3ll be stabilized as-determined by the manufacturer and shall have accumulated a minimum of 1600 km
(1000 miles), but no more than’9978 km (6200 miles) (40 CFR § 600.006), on the Durability [Driving Schedule as
defined in 40 CFR § 86, Appendix V or an equivalent driving schedule. Vehicle conditioning generated from SCT,
MCT, SMCT|, or SMC+<an be used in place of other conditioning methods.

4.1.2 All accessorjes shall'be turned off except those required by the test procedure.

4.1.3 For testing dna2\\D rlynamnmn’rnr’ the vehicle shall he tested at nnllli\mlnnf test \A/nigh’r (I:T\I‘I)’ which is assigned
according to its loaded vehicle weight (LVW) (curb weight plus 136 kg [300 pounds]) (40 CFR § 1066.850).

NOTE: For trucks over 3856 kg (8500 pounds) GVW, conduct the testing at the weight specified in 40 CFR § 1066.410.

4.1.4 If the vehicle has regenerative braking, the regenerative braking system shall be enabled for all dynamometer
testing, with the exception of coastdown testing (e.g., SAE J2264). Sections 4.4.2 and 4.4.3 provide additional
guidance on proper implementation of regenerative braking for track and dynamometer testing.

4.1.5 If the vehicle is equipped with an antilock braking system (ABS) or a traction control system (TCS) and is tested on
a 2WD dynamometer, the vehicle’s ABS or TCS may inadvertently interpret the non-movement of the set of wheels
that are off the dynamometer as a malfunctioning system. If so, modifications to the ABS or TCS shall be made to
achieve normal operation of the remaining vehicle systems, including the regenerative braking system.
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4.2

4.2.1

4.2.2

4.3 Environmenta

4.3.1

4.4 Dynamometer

4.4.1

4.4.2

a. Vehicles equipp

Condition of Battery

The battery shall have been aged with the vehicle as defined in 4.1.1, or equivalent conditioning. The battery aging
may be performed either with the vehicle or by using an equivalent bench aging procedure (Procedure #2, Constant
Current Discharge Test Series, in the United States Advanced Battery Consortium EV Battery Test Procedures
Manual, Revision 2). The number of charge/discharge cycles for bench aging a lead-acid battery shall be equivalent
to at least 1000 vehicle miles. Other battery aging periods may be used for non-lead-acid battery technologies, if
supported by the manufacturer as being equivalent. All batteries shall be cycled in accordance with the vehicle
manufacturer’'s recommendations before starting testing. Non-lead acid battery conditioning to at least 1000 vehicle
miles generated from SCT, MCT, SMCT, or SMCT+ can be used in place of other conditioning methods.

Battery ampere-hour capacity shall be verified to be within acceptable limits using the manufacturer's recommended
procedure or previously generated SCT, MCT, SMCT, or SMCT+ test data.

Conditions

Ambient temperatures during vehicle and battery ambient soak, test, and recharge(pefiod shall all be within the
range of 20 fo 30 °C (68 to 86 °F). For tests performed at other temperatures (such @as an SCP3 or cold FTP), see
Appendix B.|In general, the pre-test and post-test soak/recharging period should be eonducted|at the same ambient
temperature|as the test cycle.

Dynamometgrs used for testing BEVs shall have the capabilities specified in 40 CFR § 1066.201-290.

Dynamometgr coefficients shall be determined as specifiedin' SAE J2263 and SAE J2264, with the following
provisions:

d with regenerative braking systems that.are activated only when the brake pedal is depressed or that

are disengaged |when the vehicle is in neutral requireho special actions for coastdown testing|on the test track or

dynamometer. Mehicles equipped with regenerative braking systems that are automatica
decelerations (Without brake pedal input from*the driver) shall have regenerative braking
deceleration portion of coastdown testing on bath the test track and dynamometer. Methods to
braking on both the test track and the dynamameter shall be determined by the manufacturer.

The dynamometer’s inertia simulation_shall be set as specified in 40 CFR § 1066.850. If the effecti
the vehicle differg significantly from the*estimates given in SAE J2263 and SAE J2264 (1.5% of tes
actual effective mass should be (experimentally determined. If the vehicle does not have a me
manufacturer shall prescribe .precedures and calculation methods for coastdown and road-loa

lly actuated during
disabled during the
disable regenerative

Ve rotational mass of
t mass per axle), the
chanical neutral, the
j determination that

correctly accou

4.4.3

444

for the actual-rotational inertia.

4WD, AWD,|or vehicles with regenerative braking on only one axle are preferably tested on 4WD dynamometers.
If tested on 2WD:dynhamometers or in 2WD mode, the vehicle must be properly configured per|/40 CFR § 1066.410.
The vehicle |should be configured in such a way as to account for any significant additional fegenerative braking
due to the loss of friction braking on the non-regenerative axle.

Dynamometer assisted braking shall be turned off during testing.

4.5 Test Instrumentation

This section provides a list of instruments that are required to perform the tests specified in this document, except for
distance measurements which must be within £0.5% of the total distance traveled. Coastdown measurement instrument
accuracy is described in SAE J2263 or SAE J2264, as applicable.
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4.6 General Instrumentation

Equipment referenced in 40 CFR § 86.106 is required, where appropriate. All measurements shall be NIST-traceable
(National Institute of Standards and Technology). The following instruments are either additionally required or recommended
for as-needed usage:

a. ADC wideband voltage, ampere-hour, and watt-hour meter(s) (power analyzer): Voltage and current of the battery pack
are measured directly with the meter(s). It shall be installed in such a way as to measure all current leaving and entering
the battery pack (no other connections upstream of the measurement point). Ampere-hour meters using an integration
technique shall have a maximum integration period of 0.05 second, so that abrupt changes of current can be
accommodated without introducing significant integration errors. Total accuracy of current and voltage measurements
shall be 1% of the reading or 0.3% of full scale, whichever is larger. Instruments shall not be susceptible to offset errors
while measuring current, because very small current offsets can be integrated throughout the cycle and provide
erroneous enerdy or ampere-hour results.

b. A DC wideband ampere-hour meter(s): If voltage sensing is not available, then one should| optionally measure
ampere-hours w(thout directly sensing voltage. In this case, the voltage shall be monitored{logged)from vehicle network
data.

c. An AC watt-houn meter to measure AC recharge energy (if applicable): It shall be(installed in such p way as to measure
all AC electrical pnergy entering the EVSE. The AC watt-hour meter shall have _a total accuracy of voltage and current
of 1.0% of the rdading or 0.3% of full scale, whichever is larger.

d. An instrument t¢ measure the pedal position (or an equivalent indicator of the driver's power |[demands) for US06
dynamometer lopd adjustments (when applicable).

e. Iffollowing the SMCT: A device to accept either AC or DC discharge energy as discharged from thg high voltage battery
via the charge pprt or other accepted means (e.g., direct connection to the battery pack) while performing 9.3.6.

f. If following the $MCT: A device to measure DC discharge energy between the vehicle’s charge receptacle or other
means (e.g., dirg¢ction connection to battery pack) andiload device while performing 9.3.6.

g. Iffollowing the SMCT: A device capable of communicating with the vehicle’s DC fast charge (DCF() contactors to allow
powerflow from fhe vehicle to the DC cycler by closing this set of contactors in addition to the batfery main contactors.
The DCFC contactor ideally should be located between the HV battery and the vehicle’s DC fast|charge port, with no
additional powerflow between these locations. These contactors may be located internally to the HV battery pack.

Wideband instruments (bandwidth of at least ten times that of the maximum fundamental frequency of interest) are required
where pulsed powef electronics are.implemented. Any watt-hour meter(s) using an integration technique shall have a
maximum integration period of .05 second so that short bursts of regeneration energy and current can be accommodated
without causing integration erfors.

In the event more than one’meter is required for measurement during a test cycle in order to measufe all current leaving
the battery, the individual integrated results from each meter shall be summed together during the spgcific time interval of
measurement.
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5. DATA TO BE RECORDED FOR ALL TESTS

Table 2 lists the data and parameters that must be recorded in order to perform the SCT, MCT, SMCT, SMCT+, and
five-cycle test procedures not utilizing thermal conditioning, as described in this document, unless explicitly stated in Table 2
for thermal conditioning cases. The determination of certain items in this table may inherently require the measurement of
intermediate quantities not explicitly listed (e.g., current, voltage).

Table 2 - Required parameters to be recorded

Item Parameter/Measurement Description Units
1 Battery ampere-hour capacity Net DC ampere-hours discharged during test DC A¢h
2 Ambient test temperature - °C (°F)
3 Time, sogk start Pre-test soak time -

4 Time, sogk end Pre-test soak time -

5 Time, test start - -

6 Distance friven (total) - km (miles)

7 Distance friven per phase - km (miles)
(D[cycle]_i)

8 Discharge energy’ Net DC watt-hours discharged during test DC W+h
(Edctotal, HdCtotainzc?)

9 Discharge energy Net DC watt-hours discharged during DC dischargg DC W¢h
(EdCdischar e, EdCdischargeN7C4) test procedure

10 Phase anfd cycle discharge energy Net DC watt-hours discharged per phase and/or pégr DC W+h
(EdC[phase] i, EdC[cycIeLi) cycle

11 Time, end of test - -

12 Vehicle charging mode If multiple settings available -

13 Time, staft of charge Time connected to EVSE -

14 Power ouflet voltage Nominal A€ voltage at power outlet AC volts

15 AC rechafge voltage? Real-time’'RMS voltage measured at power outlet AC volts

(one-ssample per minute minimum)

16 AC rechafge energy Total AC energy from power outlet AC Weh
(Eanost, FREpost, Eanre3, FREpres)

17 Time, end of vehicle soak period Total time vehicle is soaking -

18 Time, end of recharging period Time full charge (FC) is achieved (may include -

thermal conditioning time)

1 Optional for SCIT

2 Recommended

8 Thermal conditioning only

4 Five-cycle procedure only

5  SMCT only

6. DRIVE SCHEDULES

There are five driving schedules (also known as drive cycles) referenced in this document which are required by the
Environmental Protection Agency and the California Air Resources Board during emissions and fuel economy certification
of internal combustion engine vehicles. They are (1) the urban dynamometer driving schedule (UDDS), (2) the “cold” FTP,
(3) the highway fuel economy driving schedule (HFEDS), (4) the US06 driving schedule (US06), and (5) the SC03 driving
schedule (SC03). Additionally, a constant-speed cycle (CSC) is defined for use in this procedure.

NOTE: At the time of this document’s publication, only the UDDS and HFEDS tests are required for BEV certification in the
United States and Canada.

6.1 UDDS

The UDDS is defined in 40 CFR § 86, Appendix I. It has a duration of 22 minutes, 52 seconds. It is used to represent vehicle
city driving.
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6.2 HFEDS

The HFEDS is defined in 40 CFR § 600, Appendix I. It has a duration of 12 minutes, 45 seconds. It is used to represent
vehicle highway driving.

6.3 US06

The US06 driving schedule is defined in 40 CFR § 86, Appendix I. It has a duration of 10 minutes. It is used to represent
vehicles driving at high speeds and accelerations. Dynamometer load reduction for low-powered vehicles may be used in
accordance with 40 CFR § 86.108 00(b)(2)(ii).

6.4 SCO03

The SCO03 driving sd
vehicle operation wit

6.5 Cold FTP
Same as UDDS sch
6.6 CSC

The constant speed
105 km/h (65 mph).

cannot reach 65 mph
The vehicle’s speed

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

bdule. The test is performed in cold ambient conditions as defined/in40°CFR § 10

cycle is used to rapidly deplete battery energy and _censists of a steady-stats
The initial acceleration to 105 km/h (65 mph)—or 90% of maximum sustainab
—must be smooth and accomplished within 1 minute ‘of the key switch being place
must be held within the tolerances defined in 6.7. The CSC may be broken into d

is used to represent

66, Subpart H.

speed schedule of
e speed if a vehicle
d in the “on” position.
stinct sub-phases of

at least 5 minutes (linless the test termination criteria are met before this time). A 5 to 30 minute Key-off soak must be

performed between
6.7 Speed Tolerar

The speed tolerance
40 CFR § 1066.425.

6.8 Speed Tolerar

Speeds that violate the speed tolerance may constitute an invalid test; however, for an entire full dep

consisting of many
acceptable, if due t
tolerances reference
speed within a 2

dynamometer-relate
capability that is les

pach CSC sub-phase.
ce

at any given time on these driving:schedules is defined by the upper and lower li

ce Violations

test phases, infrequent speed excursions that exceed the speed tolerance d
b driver variability. The criterion for a valid full depletion test is: no more than

Mmits, as described in

etion test procedure
escribed in 6.7 are
one violation of the

d in 6.7 pertest phase. Individual violations should not exceed a tolerance of 1
second ‘period. Additional allowances for tire slippage, brake spikes, or o

throttle) when the v

t4 mph of the target
her vehicle- and/or

l anamalies shall be considered according to 40 CFR § 1066.425. Vehicles with a maximum speed
5 than-the maximum speed on the drive cycle shall be operated at maximum avpilable power (or full
phicle cannot achieve the speed trace within the speed and time tolerances specified in 6.7. Good

engineering judgment shall be used in applying this speed tolerance allowance given the additional demands on personnel
associated with testing BEVs.

7. SINGLE-CYCLE RANGE AND ENERGY CONSUMPTION TEST (SCT)

7.1

Purpose of Test

The purpose of this test is to determine either the total city or total highway range and energy consumption for a BEV when
operated on a chassis dynamometer over repeated UDDS or HFEDS driving cycles, respectively. This is an FDT where the
vehicle is driven until the useable energy content of the vehicle’s battery is completely exhausted. It is the intent of this
section to provide standard procedures for testing BEVs so that their performances can be compared when operated over
standard drive cycles. This procedure should only be used for vehicles with a dynamometer unadjusted range capability of
96.54 km (60 miles) or less.
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7.2 Test Methodology

The SCT consists of a multi-day test wherein the city range is determined on a single day and the highway range is
determined on a subsequent day after battery re-charging has occurred. The total test length for city or highway range
testing is determined by the vehicle’s driving efficiency and battery capacity on each drive cycle. The results of the multi-day
test are then combined to form a composite vehicle range and electric consumption value.

7.2.1  Dynamometer Test Preparation

The SCT is used to determine both the city and highway range and energy consumption values and is to be conducted

subject to the test conditions and data requirements of Sections 4 and 5.

7.2.1.1  Dynamom

eter Determination

Prior to dynamometg

For vehicles not u
the vehicle to full s
conditioning requirin
to follow procedures
may be used during

Upon completion of
chassis dynamomet
“cold” condition at th
of the charge/soak p
is disconnected from

For vehicles utilizin
state of charge (SO(
7.2.2.

7212 65mphD

The 65 mph dischar
is fully depleted.

7.2.2 Post-65 mph
During the 65 mph d

Following the 65 mp
for at least 12 hours

r testing, a dynamometer determination should be performed as described in40
ilizing thermal conditioning: Within 3 hours of completing the dynamomeéter d
te of charge and soak a minimum of 12 hours or charge complete, whicheve
j AC or DC electric energy (kWh) cannot be used during charging-orprior to the
not utilizing thermal conditioning. Indirect heating, such as heat |[ossresulting from
this period.
the charge and soak, the vehicle shall be moved (pushed or towed—not driven
br in order to complete the test sequence at 20 to 30,°C ambient. The vehicle dn
e start of this test; therefore, the vehicle shall not be folled more than 1.6 km (1 m
any charging equipment.
g thermal conditioning: Before proceeding with the dynamometer determinatior]
L) is 50% or greater. This will ensure-accurate AC recharge energy measuremen

scharge Procedure

e procedure should consist’of driving the vehicle at 65 mph constant speed until

Charging Process
scharge procedure, DC energy should not be recorded.

h diseharge procedure, the vehicle, battery, and thermal management system, if
and\not more than 36 hours. The battery shall be recharged during soak. Within 3

the 65 mph discharg

CFR § 1066.305.

btermination, charge
r is longer. Thermal
irive cycle if electing
charging the vehicle,

into position on the
ivetrain shall be in a
ile) between the end

eriod and the start of this test. The dynamometer.test must begin no more than 1 hour after the vehicle

, ensure that battery
. Follow 7.2.1.2 and

the vehicle’s battery

any, shall be soaked
hours of completing

e-“procedure, the vehicle shall be placed on charge at the beginning of the soak

period and the soak

shall not end before full charge is reached. Once connected, the vehicle shall begin AC charging. Full AC recharge energy
shall be measured during the soak period for a minimum of 12 hours or until the vehicle completes the charge event and
post-charge thermal conditioning, whichever is longest in duration. Charge energy is denoted as full recharge energy (FRE)
for 20 to 30 °C ambient.
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SocC

Max 3 hr

Min 12 hr

65 mph SS

Measured Charging

Figure 1 - Prep DC discharge process at 20 to 30 °C ambient and measured charge

Upon completion of the charge and soak, the vehicle shall be moved (pushed or towed—not driven) into position on the

chassis dynamomet
“cold” condition at th
of the charge/soak p

is disconnected from

7.2.3 Range and |

The vehicle shall be

The cycle pairs are 1

101 rmin
10-300 min

S0C

uUDD35 | UDD3

e start of this test; therefore, the vehicle shall not be rolled more than 1.6 km (4
eriod and the start of this test. The dynamometer test must begin no more than™
any charging equipment.

Fnergy Consumption Dynamometer Test

repeatedly operated over one of the following pairs of drive phases:

City Test: 2 x UDDS

Highway Test: 2 x HFEDS

{ 101 rmin
b oe

10-300 min

10 min
10 rmin

4

Figure 2 - Repeated city test

ivetrain shall be in a
ile) between the end
our after the vehicle

epeated until the end-of-test criteria have beep satisfied (7.2.4) as shown in Figunes 2 and 3.

HFEDS | HFEDS | HFEDS

pe- p= pe

& E & E | | = E &

= o = =0 | = o =

@ m ©n m Ll m 0

- ! - el = = -
| |
| |
o I
ol | |
| |
| |
|

4

Figure 3 - Repeated highway test
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Between each cycle pair, the vehicle must soak for 10 to 30 minutes (1 minute) for the city test, and 0 to 30 minutes for
the highway test (+1 minute), as shown in Figures 2 and 3. Between each HFEDS, there is to be a 15 second key-on pause.
During all soak periods, the key or power switch must be in the “off” position, the hood must be closed, the test cell fan(s)
must be off, and the brake pedal not depressed. Test site ambient temperature shall be maintained in accordance with

4.3.1. Dynamometer

coastdown “quick checks” are not required.

DC discharge A+h (Cp) must be measured during the entire dynamometer test procedure (driving phases and soaks).

For vehicles utilizing thermal conditioning: Post-dynamometer test charging is not required.

For vehicles not utilizing thermal conditioning: Within 3 hours of completing the test, the vehicle must be placed
on-charge following the requirements specified in 7.2.6.

7.2.4 EOT Criterig

The test termination
a. For vehicles caf
termination crite
power limitations
follow the drive
(e.g., excessivel

been satisfied, t
this point, the te

For vehicles that
for the initial pha
available power
maximum availa
established by t
provided in 6.7.

NOTE: The speed t

7.2.5 Other Manu
Other earlier test te
damage, the vehicle
termination criterion.

7.2.6 Recharging

criteria for the full-depletion range and energy consumption test are defined as fo

able of meeting the prescribed speed versus time relationship of the applicable
fion for the full-depletion range and energy consumption test is defined as when
—is incapable of maintaining the speed tolerances as defined in<6-8 while the d
schedule, or the manufacturer determines that the test should be terminated
y high battery temperature, abnormally low battery voltage, etc.). When this test te
ne driver shall immediately apply the brake and decelerate the vehicle to a stop v
5t is completed, and all power analyzer measurement.should be stopped.

are not capable of meeting the prescribed speed versus time relationship of the 3
se of that cycle (i.e., the phase that begins withthe vehicle fully charged) and o

ble power or “full throttle,” is unable to\reproduce the best-effort speed vers
he vehicle in the first phase of the test The applicable drive tolerances for the

acturer-Specified Test Termination Criteria

rmination criterion (may be specified by the vehicle manufacturer. For examplé

For vehicles not u

lows:

drive cycle, the test
the vehicle—due to
river is attempting to
for safety reasons
mination criteria has
ithin 15 seconds. At

pplicable drive cycle
perated at maximum

the test terminates when the following criterion is satisfied: when the vehiclg¢, while operated at

us time relationship
best-effort trace are

blerance violation criteria given'in-6.8 do not apply to the best-effort trace for low-power vehicles.

, to prevent battery

manufacturer may)specify a battery characteristic such as terminal voltage undgr load to be the test

lizing'thermal conditioning: Within 3 hours of operating the vehicle over the t

st cycle, the vehicle

shall be placed on charge and the battery recharged to full capacity in order to measure full AC rechainge energy (FRE).

For vehicles utilizing thermal conditioning: The battery must be recharged to full capacity and full AC recharge energy
(FRE), including thermal conditioning energy, recorded prior to the test cycle.

Full charge is to be established using the manufacturer's recommended charging procedure and appropriate EVSE as
defined in SAE J1772. The vehicle shall be charged using an external EVSE recommended by the vehicle manufacturer. If
multiple AC levels are available, the vehicle shall be recharged at the AC level (voltage and current) recommended by the
manufacturer. If not specified by the manufacturer, the AC level expected to be most widely utilized by end users shall be
selected. Once the correct AC level has been determined for a vehicle, it shall be consistently used for all pre- and post-test
recharging events. All the AC energy supplied to the vehicle from the electrical grid must be measured, including all energy
used to power charging equipment (e.g., charger, EVSE, 12 V battery charger, etc.).
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For vehicles that require less than 12 hours to reach FC, FRE is determined by measuring the AC recharge energy (Eac)
for a 12-hour period following the connection of the vehicle to the EVSE. For vehicles requiring more than 12 hours to reach
FC, the data collection period shall continue until FC is achieved and all thermal conditioning energy is accounted. The
12 hour minimum data collection period is intended to better replicate expected in-use charging practices (i.e., overnight
charging) and to provide a standard time period that can be used quantify any ancillary recharging loads, such as those
resulting from battery thermal conditioning.

Recharging must be conducted at the same nominal ambient temperature as the pre-test soak/charging period. If the vehicle
must be moved to a separate charging location, it shall be pushed or towed—not driven. The recharging period must
appropriately quantify the energy used to condition or prepare the vehicle or cabin for testing during the pre-test
soak/charging period (e.g., cabin preheating or heating of seating surfaces, battery heating/cooling), if applicable. The

manufacturer shall declare any strategy requiring recharging energy for thermal conditioning purposes prior to test.

7.3 Range

Range (Reycle)) for th
of the test until the p

The city range is tote

The highway range i

7.4 AC Energy Cqg

AC energy consumy
MPGe for fuel econg
during the rechargin

Using Equation 19, {

e SCT is defined as the total test distance driven, measured in kilometers-(miles
bint where the vehicle reaches zero speed after satisfying the EOT criteria, (7.2.4)

Ricycle; = Total Distance Driven
| distance driven on repeated UDDS cycles (7.2.3).
Rcity = Rupps = Total Distance Driven on‘City Test
5 the total distance driven on repeated HFEDS cycles (7.2.3).
Rrighway = Rureps = Total Distance Driven on Highway Test
nsumption
tion (ECacieycie]) serves as an effigiency and cost-of-operation metric and is als

my labeling purposes. Energy consumption is defined as the full AC recharge ene
j period (7.2.6) divided by the@ppropriate range value (7.3).

FRE oyq
ECaC[Cycle] = %
[cycle]

he city energyconsumption is calculated by:

FREypps
Rubbs

ECcity = ECacypps

, from the beginning

(Eq. 15)

(Eq. 16)

(Eq. 17)

b used to determine
rgy (FRE) measured

(Eq. 18)

(Eq. 19)

Using Equation 20, t

he highway energy consumption is calculated by:

FREHFEDS
RureDS

EChighway = ECacnreps

(Eq. 20)
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8. MULTI-CYCLE RANGE AND ENERGY CONSUMPTION TEST (MCT)
8.1  Purpose of Test

The purpose of this test is the determination of multiple range and energy consumption values using a single, continuous
test procedure where a vehicle is operated on a chassis dynamometer over repeated driving schedules. This is an FDT
where the vehicle is driven until the useable energy content of the vehicle’s battery is completely exhausted. It is the intent
of this section to provide standard procedures for testing BEVs so that the performance can be compared when operated
over standard drive cycles. This procedure is recommended for vehicles with a range capability greater than 96.54 km
(60 miles).

8.2 Test Methodology

phases. The fixed drive cycles are used to determine the energy consumption associated with spegific and established
driving patterns. The|constant-speed driving schedules, which are located in the middle and the,end of {he test, are intended
to (1) reduce test gluration by depleting the battery more rapidly than the established. Certificatipn drive schedules,
(2) improve the robystness of the energy determination by minimizing the impact of drive style variation, and (3) prevent
inconsistent triggerirjg of EOT criteria that can occur at high power-demand points when @BEYV is folloying a dynamic drive
schedule at low statgs-of-charge. Figure 4 illustrates how multiple drive cycles (UDDS;HFEDS, and C|SC) are combined in
the MCT test.

The MCT consists df a fixed number of phases of standard dynamic drive cycles combined with coFstant-speed driving

uDDS HFEDS uUDDS csC uDDS HFEDS uDDS asc

Speed (mph)

o 1000 2000 3000, 4000 5000 6000 7000 8000 9000 10000
Time (s)

Figure 4 - Multi-cycle range test: speed versus time profile

In addition to measufing the cycle-specific energy consumption, the MCT also allows for the determingtion of cycle-specific
range. Determining the.range for a given cycle type requires knowledge of both the energy consumptipn for the drive cycle
and the total energylcontent of the test vehicle’s battery. The MCT method makes use of an in-situ [determination of the
battery’s useable DC energy content (UBE) that—when combined with a drive cycle’s DC energy consumption—can be
used to determine the range for that cycle. The general equation describing this method is given in Equation 21.

Distanceeycle UBE
Rioyole] =———— 22w UBE = ———— —
Edc [cycle] ECdc [cycle]

(Eq. 21)
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The UBE determined from the MCT may also be applicable to cycles listed in Section 6 for test temperatures 210 °C (50 °F),
even though these cycles are not part of the MCT. The ability to use a single UBE value across multiple drive cycle types—
thus eliminating the need to run a separate, full-depletion test for each drive cycle—is enabled by the fact that the total
deliverable battery energy has been shown to be sufficiently robust with respect to the standard dynamometer drive
schedules. This property enables range determinations for cycle types that are not included in the MCT sequence from
which the UBE was derived, for example the US06 or SC03, thus minimizing the need to run additional full depletion tests
for these cycles (see Appendix B for specific applications). This ability to use a single energy content value (within
appropriate test temperature constraints) is applicable to lithium ion batteries and the existing standard drive cycles listed
in Section 6. New battery technologies, new drive schedules, or significantly different vehicle designs should be evaluated
to determine if this property remains applicable.

The AC energy consumption for each drive cycle included in the MCT is determined using the RAF and the cycle-specific
DC energy consumption, per Equation 22. Note that, in some instances, AC energy measurement will be required before
the MCT drive cycle

E
ECaccycle] = 7o X ECAC[eycle] = RAF -ECAC ¢y (ie] (Eq. 22)

FR
UBE

The AC energy allg
determined from the
though these cycles

determinations that are performed at the actual test temperature.

8.3  Multi-Cycle R3
8.3.1 Dynamomet

The MCT is used to
full depletion test, an

8.3.1.1  Dynamom
See 7.2.1.1 for the p
8.3.2 Post-65 mph

See 7.2.1.2 and 7.2

cated to each cycle type is effectively proportional to that cyclé’syDC discharg
MCT may also be applicable to cycles listed in Section 6 for, test'temperatures
5 are not part of the MCT. Test cycles performed at -7 €C\(20 °F) may red
nge and Energy Consumption Test

er Test Preparation

Hetermine both the city and highway range ‘and energy consumption values using
d is to be conducted subject to the test.conditions and data requirements of Secti

eter Determination
rocedure which is also applicable to this test cycle group.
Recharge Process

.2 for the procedure’ which is also applicable to this test cycle group for vehi

conditioning.
8.3.3 Test Sequer

The MCT range test

ce

consists of four UDDS phases, two HFEDS phases, and two CSC phases. The té

in Figure 5, is charg

e energy. The RAF

210 °C (50 °F), even

uire UBE and FRE

a single, continuous
pns 4 and 5.

les utilizing thermal

st sequence, shown
S-UDDS sequence;

cterized by four distinct segments (1) Sequence 1 (S1), the initial UDDS-HFEL

QO _\. /(2 Lo LicENo i o

(2) the mid-test CSC'd

ol
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end-of-test CSC (CSCek).
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sSoC

= =} = - 3
s
-_-__-‘-__-_-_-
UDDS; |HFEDS;| UDDS; CSCyy UDDS; [HFEDS;
! ) \ I
T T
51 Ijl'-.-'l 52 I::lE

Figure 5 - Multi-cycle range test sequence

The UDDS and Hi
states-of-charge) ne
cycles make up 81.
phases, which deple]

The CSCw phase is
the vehicle’s perform
distance (dw) that is
the range capability
distance. In general,
driven distance for t

given in Appendix A

NOTE: The CSCw n
without a CS

The test is conclude
step changes in the
used to end an FDT
8.3.4 Dynamomet
The vehicle shall be
are as follows: 15 s
(1 minute) key-off s
optional soak preceq
distinct sub-phases
be in the “off” positid
site ambient temper:

bded in order to calculate city and highway range and AC energy consumption. ]
B1 km (50.52 miles) of driving distance; the remainder of the vehicle’s\UBE is

EDS cycles provide the cycle-specific DC energy consumption values‘\(at

te battery energy more rapidly than UDDS or HFEDS cycles.

ocated between S1and Sz. This placement enables—given a sufficiently long dur
ance on the UDDS and HFEDS to be quantified for both highcand'low states of chg
required to ensure that Sz is conducted at a “substantially”’ Iower SOC condition th

a dm should be selected such that it will result in a €SCk distance (de) that is 20
ne MCT. Recommended methods for determining:the length of du both prior to 3

hay be omitted for vehicles that are projected'to meet the maximum CSCe distar
Cw (i.e., vehicles with relatively short range capability).

range determination that have been observed when dynamic cycles with varying

pr Test

operated over the.test sequence described in 8.3.3. The required soak times (als
bconds key-on pause between UDDS+ and HFEDS+ and between UDDSs and |
oak betweentHFEDS+1 and UDDS:2 and between HFEDS; and UDDS4; 0 to 30
ing and follewing the CSC phases. The CSCwm and CSCe portions of the test ma
vith associated soak periods as described in 6.6. During all soak periods, the key
n, the hood must be closed, the test cell fan(s) must be off, and the brake pedal
hture’shall be maintained in accordance with 4.3.1. The test is terminated when

both high and low
'hese dynamic drive
Hepleted using CSC

btion for the CSCwv—
rge. Since the CSCw
an S+ will depend on

f the test vehicle, good engineering judgment should beapplied in order to select an appropriate CSCwu

o or less of the total
nd during a test are

ce recommendation

H with a CSC (CSCe) to enable a more consistent triggering of the end-of-test criferion and to prevent

power demands are

p shown in Figure 5)
1FEDS2; 10 minutes
minutes (£1 minute)

be segregated into
r power switch must
not depressed. Test
bnd-of-test criteria in

7.2.4 have been sati

5fied during the CSCe. Dynamometer coastdown “quick checks” are not required.

DC discharge A+h (Cp) must be measured during the entire dynamometer test procedure (driving phases and soaks).

For vehicles utilizing thermal conditioning: Post-dynamometer test charging is not required.

For vehicles not utilizing thermal conditioning: Within 3 hours of completing the test, the vehicle must be placed
on-charge following the requirements specified in 7.2.6.
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8.4 Phase Scaling Factors

The phase scaling factors determine the contribution of each phase’s energy consumption value to the total energy
consumption for a given drive cycle type. Application of the generic phase scaling factors given in Equations 23, 24, and 25
results in a cycle-specific energy consumption that is equivalent to the taking of an un-weighted average of the individual

energy consumption

Where nieyele] is the total number of measured test phases of a particular cycle type and the subscript

values for each phase.

1

n [cycle]

(Eq. 23)

i” is the phase run

order within a given cycle type. For the UDDS and HFEDS phases contained within the MCT sequence, the generic phase

scaling factors are d

8.4.1

It has been observed that in certain BEV applications the energy consumption' of the first UDDS is sig

that of subsequent U
parasitic losses. For
overall test result is
range). However, for
since the test sequer

from the city SCT, the following SCT-equivalent cycle scaling factors are used in the city range and

equations:

Under this formulatig
to its fraction of the t
city SCT. Equal wei
factors are simply a

8.5 DC Discharge

SCT-Equivalent UDDS Phase Factors

L L L LL
ESITICU adoS TUTNTUWS.

1
Nupbs

1
NHFEDS

_1i=1,23,4)

Kupbps i

1i=1,2

KHreDs i =

DDS phases, likely due to regenerative braking limitations at high states-of-char
the SCT, the relative impact of this effect is minimal because the contribution of
diluted by the inclusion of many additional UDDS phases (13+ for a vehicle with
the MCT the vehicle’s performance on first UDBS has a much greater impact on th
ce includes only four UDDS phases. In orderto make the city MCT results equivale

Edcupps_1

Kybbs 1 e = UBE
1-Kupps 1 e

Kupbs_sve=Kupps 3 e =Kupps 4 ¢ = 3

ptal discharge-energy (UBE), thus replicating the relative impact of the first phase
jhtings are-then assigned to UDDS phases 2, 3, and 4, as shown in Equation 2
hormalized weighted average, they must have a sum equal to 1).

(Eq. 24)

(Eq. 25)

hificantly higher than
je and/or “cold start”
he first UDDS to the
a 160 km [100 mile]
e total UDDS results
nt to those produced
energy consumption

(Eq. 26)

(Eq. 27)

n, the relative.contribution of first UDDS phase to the total UDDS energy consumption is proportional

hat is inherent in the
7 (since the scaling

Energy Consumption

DC discharge energy consumption is required in order to calculate range and AC energy consumption for the MCT. It is to
be determined uniquely for each phase of the test—with phases of the same drive schedule differentiated by a subscript
indicating relative phase order within the drive schedule type—and is defined as the ratio of discharge energy to distance
traveled:

Edc

[phase] i

D

phase] i

ECdc[

[phase]_i

(Eq. 28)

Where Dphasey i is the driven distance for the phase.


https://saenorm.com/api/?name=656881da45605f3726c22ec846e698b4

SAE INTERNATIONAL J1634™ APR2021 Page 25 of 61

The total DC energy consumption for each drive cycle is calculated by summing the product of the phase scaling factor and
the respective DC discharge energy consumption for all phases of a given cycle type.

ECdC [cycle] = Z[K [phase] i ECdC [phase] i i]

(Eq. 29)
The city discharge energy consumption, using the SCT-equivalent scaling factors in 8.4.1, is then:
ECdccity = (Kupps_1_e *ECdcypps_1)+ (Kupps 2 e -ECdcypps 2)
+(Kupps_3_e “ECdcypps 3)+(Kupps 4 ¢ *ECdCypps_4) (Eq. 30)
The highway discharge-e
ECdChighway = Knreps_1-ECdACHreDs_1 + Khreps_2 -ECdACHFEDS 2 ( )
Eq. 31

_ ECdcyreps_1 + ECdeyreps 2
2

8.6 Range (Rcycle]

The range, measured in kilometers (miles), for a given drive cycle is calCulated using the UBE anfl the total cycle DC
discharge energy copsumption:

R B UBE © UBE
cycle — -
ZKi ' ECdc[phase]ii ECdCcycle (Eq 32)
The city range, using Equation 33, is then:
UBE
Rry, —_ 2= Eq. 33
City ECdCCity ( g )
The highway range, using Equation 34, is.then:
R UBE
High =
ighway ECdCHighway (Eq 34)
8.6.1 AC Energy Consumption
AC energy consumptieh-is-getermined-by-multiphying-the-DG-discharge-enrergy-consumption-fera-given drive cycle by the

recharge allocation factor. If the vehicle utilized thermal conditioning prior to the test cycle, the pre-test recharge energy
must be used to define RAF. Alternatively, if thermal conditioning was not utilized, the post-test recharge energy may be
used to define RAF.

ECac,, = RAF-) K, -ECdc,, ; =RAF-ECdc

cycle (Eq 35)

cycle phase i

The city AC energy consumption, using Equation 36, is then:

ECaccijy = RAF-ECdcgity (Eq. 36)

The highway AC energy consumption, using Equation 37, is then:
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ECachighway = RAF - ECdCHighway (Eq. 37)

9. SHORT MULTI-CYCLE RANGE AND ENERGY CONSUMPTION TEST (SMCT)
9.1  Purpose of Test

The purpose of this test is the determination of multiple range and energy consumption values using a full discharge test
procedure where a vehicle is operated on a chassis dynamometer over repeated driving schedules. This is an FDT where
the vehicle is driven until the prescribed cycle is completed and then followed by a separate discharge procedure to fully
deplete the vehicle’s battery. Each vehicle will drive a fixed distance, regardless of battery size or range capability, starting
will a full state of charge (SOC). The remaining useable energy content of the battery is determined using a separate
procedure, denoted as “DC discharge test procedure.” It is the intent of this section to provide alternative procedures for
testing BEVs in an ¢ i

Vehicles must be capable of discharging either DC or AC energy out of the vehicle through the charge port connections or
other approved means to test with the SMCT method. The vehicle may need to enter a dyno maode to pgrform this procedure
and this dyno modd must be approved by the administrator prior to test. If the vehicle has-auxiliafy loads that are not
captured through thd discharge measurement process, additional measurements should be used to capture this energy and
summed with the DC discharge energy as measured at the charge port connection’er other appr¢ved means. For an
alternative proceduré not requiring charge port discharging, see Section 10 (SMCT+)!

9.2 Test Methodology
The SMCT consists |of seven phases of standard dynamic drive cycles.{The fixed drive cycles are uged to determine the

energy consumption|associated with specific and established driving patterns. Figure 6 illustrates how|multiple drive cycles
(UDDS, HFEDS, USP6) are combined in the SMCT test.

40

80— —

T
I
——
———

|

T
l

1- Speed, Desired Yehicle (mph)

w
——
e

UDDS | UDDS HFEDS USO06 HFEDS |

0 1000 2000 3000 4000 5000 6000 7000 80
Time (sec)

Figure 6 - Short multi-cycle range test
9.2.1 Test Procedure

The SMCT is used to determine both the city and highway range and energy consumption values using a partial depletion
dynamometer test in combination with the DC discharge test procedure and is to be conducted subject to the test conditions
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and data requirements of Sections 4 and 5. The SMCT can also be used to satisfy five-cycle data requirements for UDDS,
HFEDS, and US06. However, SC03 and cold FTP testing are still required for a complete five-cycle analysis.

9.2.2 Determination of Estimated Constant Discharge Rate

The constant discharge rate at 20 °C ambient is determined by means of the estimated useable energy (UBEestimated)
available for discharge and the estimated total duration of time taken to run either the MCT test (Section 8) or SMCT+ test
(Section 10) at 20 to 30 °C ambient, including soak times during testing.

A manufacturer should provide prior evidence indicating the yestimates duration at which it takes to complete the traditional
MCT or SMCT+ test at the respective temperatures. A prior test on a representative vehicle is recommended to determine
these values. The administrator may also request additional data including UBE, AC recharge energy, and DC energy
consumption from the prior testing on a representative vehicle. In the event this data has not been determined with a prior
vehicle test, good vith the appropriate
administrator as to its value.

A constant power logd, as programmed at the load bank or power accepting device to discharge'the Hattery during the Ely
phase, can be determined by the following:

Estimated Constant Discharge Rate (Watts) @ 20°C = 5 =, Bfestimated (Eq. 38)

Yestimated

Alternatively, a constant current load, as programmed at the load bank or power-accepting device, can be applied:

. ) EstC Discharge Rate (W
Constant Discharge Rate Estimate (amps) = CDRp. = HS‘; BZ;?:;;O;;;:‘%Z“:; EV:::S (Eq. 39)

UBE-estimated, Yestimated| HV battery nominal voltage shall be furnisheéd from a previous MCT test (Sectipn 8) or SMCT+ test
(Section 10) at 20 to]30 °C for use with Equations 38 and 39. H\ battery nominal should represent thg open circuit voltage
(OCV) of the high vpltage battery at 50% state of charge, The values can also be determined using good engineering
judgement and gain jagreement with the appropriate administrator as to its value.

9.2.3 Constant Digcharge Rate Equivalency

The constant dischayge rate shall remain equivalent for all constant discharge phases used at an ambient temperature of
20 to 30 °C.

9.3 Test Sequenc

w

9.3.1  Dynamometer Test Preparation
9.3.1.1  Dynamometer Determination

Prior to dynamometgrdesting, a dynamometer determination should be performed as described in 40 CFR § 1066.305.

For vehicles not utilizing thermal conditioning: See 7.2.1.1 for the procedure which is also applicable to this test cycle
group.

For vehicles utilizing thermal conditioning: Before proceeding with the dynamometer determination, ensure that battery
state of charge (SOC) is 50% or greater. This will ensure accurate AC recharge energy measurement. Follow 9.3.1.2 and
9.3.2.

9.3.1.2 Prep DC Discharge Procedure

The prep DC discharge procedure should consist of performing the DC discharge test procedure at rate E/y (20 to 30 °C
ambient) until the vehicle’s battery is fully depleted.
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9.3.2 Prep DC Discharge Process End Criteria

It is recommended that the vehicle end the prep DC discharge process by opening the DCFC contactors to stop the
discharge process or communicating to the load device to stop the discharge load and open contactors. However, ensure
that there is a redundancy check (SOC, cell voltage, battery power, and/or thermal limit) broadcasted to the load device
from the vehicle to allow a secondary means of stopping power-flow between the vehicle and the load device. During the
prep DC discharge process, DC energy should not be recorded.

Following the prep DC discharge process, the vehicle, battery, and thermal management system, if any, shall be soaked
for at least 12 hours and not more than 36 hours. Within 3 hours of completing the DC discharge process, the vehicle shall
be placed on charge at the beginning of the soak period and the soak shall not end before full charge is reached. Once
connected, the vehicle shall begin AC charging. Full AC recharge energy shall be measured during the soak period for a
minimum of 12 hours or until the vehicle completes the charge event and post-charge thermal conditioning, whichever is
longest in duration. ¢harge energy 1S denoted as 1ull recharge energy (F RE)for 20 10 30 “C ambient.

Max 3 hr
Min 12 hr

soc

f (Watts) FRE(kWh)

Figure 7 - Prep DC discharge process at:20'to 30 °C and measured charge

into position on the
le drivetrain shall be

Upon completion of fthe charge and soak, the vehicle shall-be moved (pushed or towed—not driven
chassis dynamometér in order to complete the SMCT test'sequence at 20 to 30 °C ambient. The vehig

in a “cold” condition
end of the charge/sg
vehicle is taken off ¢
9.3.3 SMCT Test
The SMCT range tes
in Figure 8, is charal
(2) the US06 cycle (

At the start of this test; therefore, thé vehicle shall not be rolled more than 1.6 km
ak period and the start of this\test. The dynamometer test must begin no more
harge.

Sequence

cterized by thrée .distinct segments: (1) Sequence 1 (S1), the initial UDDS-UDDS
JS061); and(3) Sequence 2 (S2), the final HFEDS-UDDS-UDDS sequence.

1 mile) between the
han 1 hour after the

t consists of fourDDS phases, two HFEDS phases, and one US06 phase. The t¢st sequence, shown

b-HFEDS sequence;

Q- 30 min
5s
L5

(4 — 30 min
D s

Figure 8 - SMCT test sequence

The UDDS and HFEDS cycles provide the cycle-specific DC energy consumption values needed in order to calculate city
and highway range and AC energy consumption. These dynamic drive cycles make up 81.31 km (50.52 miles) of driving
distance. The US06 phase allows for capturing the final portion of the five-cycle data as measured at standard conditions.

The US06 phase is located between S1 and So.
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The SMCT partial discharge is concluded with the UDDS4 phase. The vehicle must then be moved (pushed or towed—not
driven) from the dynamometer and placed in a soak area; begin the DC discharge test procedure within 1 hour of SMCT
test completion.

9.3.4 Dynamometer Test

The vehicle shall be operated over the test sequence described in 9.3.3. The required soak are as follows: 0 seconds key-on
pause between UDDS+1 and UDDS: and between UDDS3 and UDDS4; 0 to 30 minutes (1 minute) optional soak preceding
HFEDS+and UDDSs, 15 second key-on pause between HFEDS+1 and US06+, 15 second key-on pause between US061 and
HFEDS:. During all optional soak periods (if exercised), the key or power switch must be in the “off” position, the hood must
be closed, the test cell fan(s) must be off, and the brake pedal not depressed. Test site ambient temperature shall be
maintained in accordance with 4.3.1. The dynamometer test is terminated when UDDS4 is completed. Dynamometer
coastdown “quick checks” are not required.

DC discharge A+h (4b) must be measured during the entire dynamometer test procedure (driving phases and soaks).

For vehicles utilizing thermal conditioning: Post-DC discharge test procedure charging istnot requjred.
ocedure specified in

ng the DC discharge

Within 1 hour of completing the dynamometer test, the vehicle must perform the DC discharge test p
9.3.6. DC discharge|energy (Edcdischarge) and DC discharge ampere-hours (Cp) will besmeasured duri
test procedure in a spak room environment.

9.35

Phase Scalipg Factors

The SMCT uses the|same scaling factors as the MCT test, as defined.in 8.4 and 8.4.1.

9.3.6 DC Discharg
The vehicle shall pe
required). Alternativg
energy outside of the

the powerflow from the battery to other devices on the vehicle must be measured and recorded at th

equivalent sample rg
energy will then be a
cable).

The remaining DC &
rate E/y for tests at 4

Before beginning thi
temperature of the d
DC power using the
through the charge [

e Test Procedure
rform the DC discharge test procedure_to, assist in determining UBE for 20 to 3
ly, the DC energy (kWh) may be measured at the battery terminals if it is not pos
vehicle, or if the vehicle will discharge AC power. In the event the vehicle must re
te as the energy discharged through the charge port or other means (e.g., battery
Hded to the energy discharged-during the SMCT and the energy discharge at the ¢

nergy in the battery after the applicable SMCT drive cycle shall be discharged @
0 to 30 °C.

Five cyclei.The test begins by discharging to a load bank or other power accepting

0 °C ambient (when
sible to measure DC
ain in an “on” state,
same time with the
cable). This parasitic
harge port (or battery

nd measured at the

5 test, the vehicle must be placed in a soak room with an ambient temperature npatching the ambient

device by means of

discharge rate defined in 9.2.2. If the vehicle will have aux loads present that
ort discharge process, other current and voltage measurements of such loads s

the vehicle will disch

arge AC power, the vehicle must have a means to measure DC energy out of thE

ay not be captured

hpuld be measured. If

vehicle through an

alternative method.

The discharge ends (EOT_dc) when the battery discharge power required to maintain 61 mph at the vehicle’s stated
roadload is no longer available. It is recommended that the vehicle end the test by stopping the discharge applied to the
vehicle (through communication to the cycler) and opening DCFC contactors. However, ensure that there is a redundancy
check (SOC, cell voltage, battery power, and/or thermal limit) broadcasted to the load device from the vehicle to allow a
secondary means of stopping power-flow between the vehicle and the load device.

If additional fan cooling is needed during the discharge process, follow 40 CFR § 1066.105 and use good engineering
judgement to select the appropriate cooling.
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For vehicles not utilizing thermal conditioning: When the discharge is complete, the vehicle shall then be connected to
AC measurement equipment so as to measure the wall energy during charging. Once connected, the vehicle shall begin
AC charging, denoted by phase Eacpost, within 3 hours of completion of the DC discharge process. The vehicle shall remain
on charge and re-charge energy shall be measured during the soak period for a minimum of 12 hours or until the vehicle
completes the charge event, whichever is longest in duration.

After 12 hours or the charge complete criteria is reached (whichever is longest), stop the charge measurement process.
Record the final charge energy (in AC kWh), denoted as Eacpost.

For vehicles utilizing thermal conditioning: Post-dynamometer test charging is not required.

9.3.7 Determination of UBE and FRE

SMCT useable battdry energy is the sum of DC energy consumed during the SMCT and DC dischaige procedure, along
with any parasitic energy measured during the DC discharge procedure.

UBE = Edcotallppr + EdCgischarge + EdCparasitic (Eq. 40)
The final AC charge|energy for vehicles utilizing thermal conditioning on the SMCT willbe*calculated as:

FREgmcr = Eac_pre|gpt (Eq. 41)
The final AC charge [energy for vehicles not utilizing thermal conditioning on~the SMCT will be calculated as:

FREgmcr = Eac_post|gpr (Eq. 42)
9.3.8  Verification ¢f yacTuaL
The measured valuelof y, as demonstrated during the cumulative time measurement of SMCT testing gnd the DC discharge
test procedure, dengted as yactuaL, should be within 5% of\the yestimated Value provided by the OEM for|20 to 30 °C ambient.

yactuaL should be cdlculated as the time from the stantof the MCT or SMCT+ test cycle, including fest cycle soaks and
excluding vehicle mgve soaks, until the end-of-test-critéria (EOT_dc) has been reached.

0.95- Yestimated < YacTuaL < 1.05 * Yestimated (Eq 43)

In the event yactuaL floes not satisfy Equation 43, 9.3 must be repeated until Equation 43 is satisfied by changing the value
of yestimated before the|test begins. The yalue yestmated must be changed if Equation 43 is not satisfied, regardless of its original
source being test dafa or engineering judgement.
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SMCT Test Sequence at 202C — 302C Ambient

Dyno Determination

T

With Thermal Conditioning Without Thermal Conditioning

1Within 3 Hr.

Charge Vehicle and Soak Minimum 12 hr.

F £

o s

- £

= =

E
§ ¥ Eac,,,
Df Discharge Measure Charging®
Procedure
SMCT Drive €ycle
E =
& : 5
o 2 . N 3
) = ! & i & o

(=]

s0C

HFEDS, | Us06,

T
EdciotallppT

=

Max 1 Hr. to Move Vehicle to Cycle

Without Thermal Conditiorling

With Thermal Conditioning

= £
g E - o
- = E
@ ¥ z :
E
DC Discharge é v Eac
Procedure et
| ! DC Discharge Measure Charging
Procedure
Edcdisc]mrge !

*Battery Thermal Conditioning may also be performed if requested by OEM Edcdim‘harge

Figure 9 - Complete SMCT test sequence
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9.4 DC Discharge Energy Consumption (SMCT Cycle)
DC discharge energy consumption should follow the equations as outlined in 8.5.
9.4.1 Range (Ricycle])

The range, measured in kilometers (miles), for a given drive cycle is calculated using the UBE and the total cycle DC
discharge energy consumption:

UBE __ EdceotallppT+ Edcdischarge+ EdCparasitic (Eq 44)

R le =
cycle 2Ky ECdc[phase]_i ECdccycle

Where Edcparasitic is the DC energy measured during the DC discharge test procedure that was consumed on-board the
vehicle and not meafured through the charging port. In some cases, this value may be 0, or may be _glready accounted for
in the Edcdischarge mepsurement.

The city range, using Equation 45, is then:

UBE EdctotallppT+ EdCdischarge+ EdCparasitic
_ ge Bdcp (Eq. 45)

R, = =
city ECchity ECdCCity

The highway range, jusing Equation 46, is then:

R _ UBE _ EdciotallppT+ Edcdischarge + EdCparasitic (Eq. 46)
highway ECdCHighway ECdCHighway .

9.4.2 AC Energy Consumption

AC energy consumption is determined by multiplying the DC discharge energy consumption for a given drive cycle by the
recharge allocation factor:

ECaccycle = RAF * XK; + ECdcppase; = RAF - ECdcgyee (Eq. 47)
The city AC energy ¢onsumption, using Equation 48, is then:

EcaCcity = RAF- ECdCCity
(Eq. 48)

The highway AC engrgy consumgption, using Equation 49, is then:

ECachighway = RAF - ECdCHighway (Eq 49)

10. SHORT MULTI-CY¥ELE RANGE AND ENERGY CONSUMPTION TEST PLUS STEADY STATE (SMCT+)

10.1 Purpose of Test

The purpose of this test is the determination of multiple range and energy consumption values using a full discharge test
procedure where a vehicle is operated on a chassis dynamometer over a fixed set of cycles to calculate efficiency in the
beginning of the test while the last phase of the test finalizes the UBE measurement. This is an FDT where the vehicle is
driven until the useable energy content of the vehicle’s battery is completely exhausted. Each vehicle will drive a fixed
distance using the SMCT, regardless of battery size or range capability, starting will a full state of charge (SOC). The
remaining useable energy content of the battery is determined using a constant speed 65 mph drive cycle after the SMCT
is completed, denoted as CSC. The CSC is of variable length and is driven until the end-of-test criteria is met, per 7.2.4.
This test provides an alternative procedure for vehicles unable to perform the SMCT test as outlined in Section 9.
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10.2 Test Methodology

The SMCT+ consists of seven phases of standard dynamic drive cycles from the SMCT cycle and a variable length steady
state driving profile at 65 mph. The fixed drive cycles are used to determine the energy consumption associated with specific
and established driving patterns. Figure 10 illustrates how multiple drive cycles (UDDS, HFEDS, US06) are combined in
the SMCT+ test with a variable length CSC. This test also provides UDDS, HFEDS, and US06 data applicable to calculating
an optional five-cycle adjustment factor, outlined in Appendix B.

- T T T T T T T T

70—

HFEDS
Usoe6
HFEDS

| _UDDS UDD. | UDDS|  UDDS l . | _€sc

Figure 10 - Short multi-cycle range test plus steady.state (CSC length varies by vehicle)

10.2.1 Test Procedpre
The SMCT+ is used|to determine both the city and highwayrange and energy consumption values (ising a full depletion
test in combination with a steady state discharge “CSC*1to determine UBE and is to be conductedl subject to the test
conditions and data fequirements of Sections 4 and 5xFhe SMCT+ can also be used to satisfy five-cyde data requirements
for UDDS, HFEDS, and US06. However, SC03 and'cold FTP testing is still required for complete five-gycle analysis.

10.3 Test Sequence
10.3.1 Dynamometer Determination

Prior to dynamometgr testing, a dynamometer determination should be performed as described in 40 CFR § 1066.305.

For vehicles not ut|lizing thermal conditioning: See 7.2.1.1. for the procedure which is also applic@ble to this test cycle
group.

For vehicles utilizingthermal conditioning: Before proceeding with the dynamometer determination, ensure that battery
state of charge (SOC) is 50% or greater. This will ensure accurate AC recharge energy measurement. Follow 10.3.1.1 and
10.3.2.

10.3.1.1  Dynamometer Determination
See 7.2.1.1. for the procedure which is also applicable to this test cycle group.
10.3.2 Post-65 mph Recharge Process

See 7.2.1.2 and 7.2.2 for the procedure which is also applicable to this test cycle group for vehicles utilizing thermal
conditioning.
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10.3.3 SMCT+ Test Sequence

The SMCT+ range test consists of four UDDS phases, two HFEDS phases, one US06 phase, and one constant speed
phase. The test sequence, shown in Figure 11, is characterized by four distinct segments: (1) Sequence 1 (S1, the initial
UDDS-UDDS-HFEDS sequence); (2) the US06 cycle (US064); (3) Sequence 2 (Sz, the final HFEDS-UDDS-UDDS
sequence); and (4) the final constant speed segment (CSC). As an option, the manufacturer may follow an optional soak
procedure during the CSC as defined in 6.6.

EOT

SocC

< £
g E
= ) . 3 .
o i i el o o -
] i
——— T ;
1
upps,|| upps, | HFEDS, | usos, | HFEDS, | upDs, | upps, t—— L0 | :
I
L ] | I\ J
I | |
S, s, csc

The UDDS and HFE
and highway range
distance. The US06

The US06 phase is |
10.3.4 Dynamomet

The vehicle shall be
pause between UDD
HFEDS1and UDDS3
HFEDS:. During all ¢
be closed, the test

maintained in accor
criteria defined in 7.2

DC discharge A+h (C

For vehicles utilizin

Figure 11 - SMCT+ test sequence

DS cycles provide the cycle-specific DC energy consumption values needed in d
hnd AC energy consumption. These dynamic drive cyclés make up 81.31 km (5(
phase allows for capturing the final portion of the fiveécycle data as measured at §

bcated between S1 and So.
er Test

bperated over the test sequence described in 10.3.3. The required soak are as folld
S+ and UDDS:z and between UDBSs and UDDSg; 0 to 30 minutes (+1 minute) opt

15 second key-on pause between HFEDS+1 and US061, 15 second key-on pause
ptional soak periods (if exereised), the key or power switch must be in the “off” po

jance with 4.3.1. Thetdynamometer test is terminated when CSC is completed
.4. Dynamometer ¢oastdown “quick checks” are not required.

p) must be measured during the entire dynamometer test procedure (driving phas

g thermal conditioning: Post-dynamometer test charging is not required.

For vehicles not utilizing” thermal conditioning: Within 3 hours of completing the test, the veh

F

on-charge following fherequirements specified in 7.2.6.

rder to calculate city
.52 miles) of driving
tandard conditions.

ws: 0 second key-on
onal soak preceding
between US061 and
Sition, the hood must

cell fan(s) must be off, and-the brake pedal not depressed. Test site ambient temperature shall be

. per the end-of-test

es and soaks).

cle must be placed

10.3.5 Phase Scaling Factors

The SMCT+ test uses the same scaling factors as the MCT test, as defined in 8.4 and 8.4.1.
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SMCT+ Test Sequence at 202C — 302C Ambient

Dyno Determination

 — |

With Thermal Conditioning

Without Thermal Conditioning

Min 12 hr

Eary.

LI'u'ln:u::-I-I'u'

Measura Charging®

Charge Vehicle and Soak ViRl

65 mph 55
c =
E E
ﬁ I [ E -
3 s & AV o 3 4
L]
i EOT
& &\am {
v UDDs, UDDS; | HFEDS, | US06, | HFEDS;| UDDS, UDDS, i
i j [ Ji J
| | |
5, S, CsC

Within 3 hr. of Test Completd

With Thermal Condifioning

Without Thermal Conditioning

MNo action required, test complete

50C

Xhﬂn 12 hr

Eac,, .

Measure Charging

*Battery Thermal Conditioning may also be performed if requested by OEM

Figure 12 - Complete SMCT+ test sequence
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10.4 DC Discharge

Energy Consumption (SMCT+ Cycle)

DC discharge energy consumption should follow the equations as outlined in 8.5.

10.4.1 Range (Rieyq

lel)

The range, measured in kilometers (miles), for a given drive cycle should follow the equations as outlined in 8.6.

10.4.2 AC Energy Consumption

AC energy consump

tion should follow the equations as outlined in 8.6.1.

11. ADDITIONAL TEST CYCLES

11.1 General

It is generally recogn
are not fully represe
20 to 30°C ambient

capability are particylarly important to understand. To address these and other related’concerns, Ag

detailed BEV five-cy
12. NOTES
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A change bar (1) locs
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indicates a completg
publications, norin g
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ized that the on-road performance of BEVs can be significantly impacted by ope
nted in a testing methodology consisting of only UDDS and HFEDS test cycles
68 to 86 °F). The effects of cold ambient temperatures and heating/cooling acce;

Cle test procedure.

btor
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ating conditions that
conducted between
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pendix B provides a
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APPENDIX A - METHODS FOR ESTIMATING LENGTH OF CSCw (dwm)

In order to perform the MCT, the distance to run during the CSCm must be determined. Two possible methods are given in
this section: (1) using a combination of data taken before and/or during the test, or (2) using the vehicle’s projected range.
A1 METHOD 1: DC RECHARGE ENERGY METHOD

This method requires data from the recharge event preceding the test (or known UBE), cycle DC discharge energy, and DC
energy consumption rates measured either before or during the MCT. It is assumed that the vehicle’s useable battery energy

is completely depleted prior to initiation of the pre-test recharging event (it is generally recommended to fully discharge the
vehicle using CSC and/or standard drive cycles prior to the SCT or MCT charge/soak period). If a reasonable estimate of

the vehicle’s useable battery energy is not available, use the following equation to estimate UBE:

Where EdCrecharge IS 1
estimate for battery
suitable (lower) batte

Using the known or ¢

where:

Edcupps = discharge energy of UDDS #2 of the MCT (or “warm? UDDS phase of a previous test)

Edchreps = disch

ECcsc = DC eng
day before the tg
and braking

The 0.9 factor is intd
target no more than
A2 METHOD 2:
In the case where th

CSCw can be deterr
CSscC.

UBEest = 0.95*EdCrecharge
he DC recharge energy measured during the pre-test recharging event. The 0.95
efficiency. Use better data if it exists. If DC recharge energy is not available, u
ry plus charger efficiency factor to calculate UBEes:t.

bstimated UBE, the length of CSCw (dwm) is calculated by:

_ 0.9- UBEeSt -4. EdCUDDS -2- EdCHFEDS

dm
ECcsc

arge energy from HFEDS #1 of the MCT (or HFEDS phase of a previous test)
rgy consumption from a previously run CSC, most commonly a CSC used to de
st; it is recommended that the CSC-phases be at least 5 minutes long to remove ¢
nded to leave 10% of the‘total energy for CSCe. If more uncertainty exists, use
P0% of the total energy:for the CSCk as per 8.3.3.

PROJECTED BEV, RANGE METHOD

e DC cyclefdischarge energy and DC recharge energy are unknown, an approp|
nined using/the vehicle’s projected range on one or more of the following cycles

factor is used as an
5e Eac and define a

(Eq. A1)

plete the vehicle the
ffects of acceleration

a smaller factor, but

riate duration for the
: UDDS, HFEDS, or

NOTE: These rang€

projections should be intended to reflect the expected unadjusted dynamometer

range values; using

adjusted range values, such as those listed on fuel economy labels, will significantly reduce the accuracy of this

method.
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Using the vehicle’s projected range on the UDDS, HFEDS, and 65 mph CSC, along with the scheduled UDDS and HFEDS
distances prescribed in the MCT, the distance of CSCw is found by:

dy = 0.8 * (Resceg, — 4 * dypps * RRCS]:S — 2 * dypgps * 2S¢ _ 0.2 % Rescest) (Eq. A2)

RHFEDS

where:
Rupps_est = estimated range on repeated UDDS cycles
Rureps_est = estimated range on repeated HFEDS cycles

Rcsc_est = estimated range on CSC cycles

dupps= driving distance (scheduled) of one UDDS cycle: 12 km (7.45 miles)
dureps = driving flistance (scheduled) of one HFEDS cycle: 16.5 km (10.26 miles)
0.2 factor = 20% of total CSC range reserved for CSCe (use smaller factor if accuracy-of range estimates allow)

0.8 factor = 20% reduction in expected range due the increased energy consumption of 65 mph cruise relative to
HWFET cycle

If one or more of the [above cycle range estimates are unknown, then the following generic range relatignships may be used
to determine the unknown range quantities (use vehicle-specific estimates if available):

Rcsc_est = RHFEDs_est = 0,9 X Rupps_est (Eq. A3)

Finally, the duration pf the CSCw is found using the estimated.distance (dwm):

. d
Duration of CSCM — WN(IGSmph) (Eq A4)
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APPENDIX B - BEV FIVE-CYCLE TEST PROCEDURES

B.1 SCOPE

EPA regulations allow BEV manufacturers to generate and use five-cycle data (40 CFR § 600.210-12(d)(3)(i)) for fuel
economy labeling. This appendix describes a method for calculating BEV five-cycle fuel economy (mile/kWh). The resulting
five-cycle fuel economy can then be used to determine a five-cycle adjustment factor by comparing the value to the two-cycle
fuel economy, derived from the SCT, MCT, SMCT, or SMCT+ drive cycles.

Five-cycle fuel economy is determined by performing five-cycle tests on a BEV and measuring DC discharge energy (Edc)
for vehicles not utilizing thermal conditioning and measuring both DC discharge energy (Edc) and AC re-charge energy
(Eacpre) for vehicles utilizing thermal conditioning. If there is no evidence of thermal conditioning during these periods, or
the manufacturer attests that there is no thermal conditioning, the equations may be used following vehicles not utilizing

thermal conditioning
conditioning equatio

The adjustment fact
discharge fuel econg

The adjustment fac
discharge fuel econg

The two-cycle DC or|
results shall be obta
test (SMCT), or shor

For vehicles not ufflizing thermal conditioning: The five-cycle BEV AC fuel economy value (mile

by multiplying the g
(mile/kWhac).

For vehicles utilizi
multiplying the adjug
(mile/kWhac).

B.2 DEFINITION

B.2.1 Useable B

UBE for a test cond
conditioning during 3

For -7 °C (20 °F) am
the limits -4 °C < x 4
the UBE must be mg

For venicles that use thermal condiioning on any of the five-cycle tests, this requin]
ns for all five-cycle tests.
my (mile/kWhbc) by the combined two-cycle DC discharge fuel economy’(mile/kV

or for vehicles utilizing thermal conditioning is calculated by @iyiding the com
my (mile/kWhac) by the combined two-cycle AC discharge fuel economy (mile/kV)

AC discharge fuel economy is measured during charge depletion testing (UDDS 3

ned from either single-cycle tests (UDDS and HFEDS.SCT), multi-cycle test (M(
t multi-cycle test plus steady state (SMCT+).

djustment factor (based on mile/kWhoc) \by~the calculated combined two-cycl

ng thermal conditioning: The five-cycle BEV AC fuel economy value (mile/kW
tment factor (based on mile/kWhix¢) by the calculated combined two-cycle AC re

S
attery Energy Requirements for -7 °C (UBEn7c) and 35 °C (UBEassc)

Licted at -7 °G.(20 °F) is designated by UBEnzc and may be required for vehicle
ny of the five=cycle testing.

s the use of thermal

pr for vehicles not utilizing thermal conditioning is calculated by dividing the combined five-cycle DC

Vhoc).

bined five-cycle AC
hac).

nd highway) and the
T), short multi-cycle

kWhac) is calculated
e AC fuel economy

Nac) is calculated by
harge fuel economy

5 that utilize thermal

bientdesting utilizing thermal conditioning, if the battery pack bulk initial average
20°€"as measured by on-board data or actual measurement prior to the cold st

mperature is within

e
rt of the drive cycle,
asured separately unless it can be shown that Equation B1 is satisfied through pfevious testing of the

Modified cold FTP cycle, the cold FTP depletion in combination with the DC discharge procedure, the cold FTP full charge
depletion test or good engineering judgement when the reference UBE data is SCT, MCT, SMCT, or SMCT+:

0.95 * UBE < UBEy;c

(Eq. B1)

For -7 °C (20 °F) ambient testing utilizing thermal conditioning when the battery pack bulk initial average temperature is
exceeding 20 °C, satisfying Equation B1, or not using any thermal conditioning, the vehicle test is allowed a carry-over UBE
per Equation B2 from SCT, MCT, SMCT, or SMCT+:

UBEy,¢ = UBE

(Eq. B2)
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For vehicles not utilizing thermal conditioning: The UBE carry-over shall only apply to RAF calculation and cannot be
used to determine -7 °C (20 °F) cold FTP full depletion vehicle range. Vehicles that satisfy Equations B1 or B2 may also
optionally determine UBEnvc through cold FTP full charge depletion testing if electing to perform a full depletion test in this
condition.

For -7 °C (20 °F) ambient testing utilizing thermal conditioning not satisfying Equations B1 or B2, or if the battery pack bulk
initial average temperature is below -4 °C at the start of the drive cycle, the UBEn7c must be measured separately by means
of the modified cold FTP cycle (see Section C.9), cold FTP full charge depletion test, or the cold FTP depletion in
combination with the DC discharge procedure:

UBEN7¢ = EdCiotaiysc (Eq. B3)

For 35 °C (95 °F) ambient testing utilizing thermal conditioning, the UBE shall carry-over per Equation B4 from the SCT,
MCT, SMCT, or SMCT+ cycle:

UBE;sc = UBE (Eq. B4)
B.2.2 Energy Cqgnsumption (ECac, ECdc)

Energy consumption is the energy used by the vehicle per unit of distance traveleds Two types of enefgy consumption are
used in this procedure: (1) AC energy consumption (ECac) calculated using the AC.recharge energy and expressed in AC
Wh/km (or AC Wh/nile), and (2) DC discharge energy consumption (ECdc) calculated using the DC discharge energy and
expressed in DC WH/km (or DC Wh/mile).

In the case of test cyfcles performed at 10 to 35 °C ambient not utilizing-thermal conditioning and with carry over UBE (SCT,
MCT, SMCT, or SMCT+ as the reference cycle), the general Equations B5 and B6 may be followed if requested by the
manufacturer:

Eacpre

ECac = (Eq. B5)

distance travelled
Edc
distance travelled

ECde= (Eq. B6)
In the case of test cylcles performed at 10 to 35.°C ambient not utilizing thermal conditioning and with carry over UBE (SCT,
MCT, SMCT, or SMCT+ as the reference cycle), the general Equations B7 and B8 should be followed

Eacpost
ECac = ———B= Eq. B7
distance travelled ( q )

Edc

distance travelled

ECdc = (Eq. B8)

In the case of test cycles;performed at -7 °C ambient utilizing thermal conditioning not satisfying Equations B1 or B2, or if
the battery pack bull initial average temperature is below -4 °C (no thermal conditioning):

ECac = —preN7c__ (Eq. B9)

distance travelled

ECdc = ——Ctotalnze (Eq. B10)

distance travelled

In the case of test cycles performed at -7 °C ambient with vehicles utilizing thermal conditioning with carry over UBE (SCT,
MCT, or SMCT as the reference cycle):

ECac = ——ocbreN7C__ (Eq. B11)

distance travelled

ECdc = ——aCotal __ (Eq. B12)

distance travelled
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In the case of test cycles performed at 35 °C ambient with vehicles utilizing thermal conditioning with carry over UBE (SCT,
MCT, or SMCT as the reference cycle):

B.2.3

Eacpressc
ECac = ———2=2>=
distance travelled

ECdc = Edctotal

distance travelled

Test Discharge Energy (Edctotal)

(Eq. B13)

(Eq. B14)

The sum of the discharge energies, measured in DC Wh, for all phases of a test at -7 °C ambient requiring unique energy
measurement for vehicles utilizing thermal conditioning:

o5}

B.2.4

c = Edc . = Edc — Yall test phases Edc + all test soaks Edc
N
g totalysc modifiedysc totalN7c|FDT Z [phase] Z [soq

DC Discharge Test Procedure - Total Discharge Energy (Edcdischargenzc)

If the DC discharge {est procedure is performed at -7 °C (20 °F) ambient:

Where Edearasitic is
vehicle and not mea

EdcdischargeN7c = Z EdCDTPN7C

Edctotal = Z EdctotalN7C|PDT + Z Edcdischar e + Z Edc arasitic
N7C 8eNzG p

he DC energy measured during the DC discharge test procedure that was con
sured through the charging port. In some cases; this value may be 0 or may be a

in the Edcdischargen7c INeasurement.

B.2.5

Full Recharge Energy (FRE)

The full recharge enpergy is the AC recharge energy, measured in AC Wh, needed to return the

recharging period.

In the case where a

Alternatively, if the v
the FRE will be dete

FRE for a vehicle p

PDT is performed at 10 to35.°C that does not utilize thermal conditioning:
FREpOSt = Eanost

ehicle is performing PDTs between 20 to 30 °C ambient and the vehicle utilizes
'mined beforeithe drive cycle is completed:

FREpre = EacprelPDT

(Eq. B15)

(Eq. B16)
(Eq. B17)

sumed on-board the
ready accounted for

battery to FC in the

(Eq. B18)

hermal conditioning,

(Eq. B19)

measured at -7 °C (2

erfofming testing at -7

FREy7¢c = Eacprenc

ed by FREn7c. FRE

(Eq. B20)

FRE for a vehicle performing testing at 35 °C (95 °F) and utilizes thermal conditioning is designated by FREssc. FRE
measured at 35 °C (95 °F) must include all thermal conditioning energy used during plug in charging.

FRE;z5¢ = Eacpre35C

(Eq. B21)
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In the case where a vehicle performing testing at -7 °C (20 °F) or 35 °C (95 °F) and does not utilize thermal conditioning,
the FRE values may be carried over or can be uniquely determined if desired. Equation B22 should be used for vehicles
that do not utilize thermal conditioning on the SCT, MCT, SMCT, or SMCT+ tests and perform measured charging after the
test cycle. Equation B23 should be used for vehicle that do not utilize thermal conditioning on the SCT, MCT, SMCT, or

SMCT+ tests and optionally perform measured charging before the test cycle.

B.2.6 Recharge

The ratio of the full
used to allocate thg
expended in each ph
a single recharging ¢

For vehicles that utili

For vehicles that utili

cold FTP full depletion test, or cold FTP depletion test in combination with\the DC discharge test procg

For vehicles that util

In the case where a
the RAF values may

ke thermal conditioning before a drive cycle at -7 °C (20 °F) ambient and are allow

FRE35¢c = FREn7¢ = FRE g
FRE35C = FREN7C = FREpre

Allocation Factor (RAF)

measured AC recharge energy to the individual test phases based on the
ase. This factor enables AC energy consumption determinations for multiple driv
vent.

Eacpren7c _ FREN7C
UBE

AC, W -hr

RAFy7c = DC,W -hr

(56w el

e thermal conditioning and are required to measure JBE at -7 °C (20 °F) using th

Edctotal

AC, W -hr
DC,W -hr

Eacpren7c _ FRENGE

RAFyNc =

EdctotalN7C UBEn7c

[oe.w i)

ze thermal conditioning before a drivé eycle at 35 °C (95 °F) ambient:

(se.w i)

vehicle performing testing at -7 °C (20 °F) or 35 °C (95 °F) and does not utilize {
be carried over or.cah be uniquely determined if desired:

AC, W -hr
DC,W -hr

Edepressc _ FRE3sc

RAF35¢ =

Edctotal3sc UBE3sc

RAFy,c = RAF,sc = RAF

(Eq. B22)

(Eq. B23)

(UBE). The RAF is
C discharge energy
cycle phases using

ed a carry-over UBE:

(Eq. B24)

e modified cold FTP,
dure:

(Eq. B25)

(Eq. B26)

hermal conditioning,

(Eq. B27)
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SCT, MCT, or SMCT+

With 5 Cycle Testing
Using Thermal
Conditioning on At Least
(1) Test

Y

Y

Y

Y

With Thermal
Conditioning on a Tes{ @
20-30C Ambient Onl

Y

With Thermal Conditioning
on a Test @ 35C Ambient
Only

l

With Thermal
Conditioning on a Test @
-7C Ambient Only

Y

With Thermal
CGondlitioning on a Test @
20-30C Ambient AND -7C
Ambient

Y

UBE = Ede¢ totallepy

_ Eacpre
" distance travplled

ECac
FREpre = Eacpre IFDT

EacpreIF'DT — FREpre

RAF =
Edctetal [epT UBE

FRE35C = FREN';C = IREprE

RAF = RAFy7¢c = R4F35c

UBE = Ede totallepy
Eacpost

ECac = distance travelled

FREpost = EacpostIFDT

_ Ea':post IF‘DT _ FREpost

RAF =
Edcigtal |spT UBE

FRE35c = Eacpressc
FREN?C = FREpDSt

UBE = EdC totallepy

Eacpost

ECac = distance travelled
FREpost = Eacpos‘tIFDT

_ EacpmtIFDT _ FREpost

RAF =
Edciofal |spT UBE

FREn7c = Eacpreny ¢

FRE35C = FREpDSt
5% UBE Criteria Met

UBE = Ed¢ totallepy
Eacpre
distance travelled

Yre = Eacpre IFDT

EacprelF‘DT — FREpre
Efictotar [rpT UBE

FREk7c = Eacyreny ¢

FR'ESSC = FREpre
5% UBE Criteria Met

19,

Eacpress ¢ FRE3sc RAF... = Eacyenyc _ FREn7c Eacpenyc FREy7c
RAF ;o = — - = — N7C Edc UBE RAFy;¢c = =
Edc{otal UBESSC total N7C Edctotal UBEN';C
5% UBE Criteria Not Met 5% lUBE Criteria Not Met
RAF = RAFy;c RAFwor — Eacyense  FREnyc RAFwn L Eacyenye ~ FREngc
N7C = = N7c F =
EdCiotal o UBEn7c EdCiotal o UBEn7c

Figure B1 - Examples - equation criteria flow chart: SCT, MCT, SMCT+ utilizing thermal ¢onditioning
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SMCT

.

With 5 Cycle Testing
Using Thermal
Conditioning on At Least
(1) Test

Y

h 4

v

Y

With Thermal
Conditioning on a Tesf @
20-30C Ambient Onjy

Y

UBE = Edcpw |ror + EflCaischarge
Eacyre
distance trayelled

ECac =
FREpre = EacpreIFDT

FRE o
UBE

RAF _ Eac pre |l-"|)'J'

Ede gl leor

FRE35C = FREN';C = FREprE

RAF = RAFy;c = RAF3i5¢

With Thermal
Conditioning on a Test @
35C Ambient Only

Y

With Thermal
Conditioning on a Test @
-7C Ambient Only

Y

Gonditigning on a Test @
20-30C ppmbient AND -7C

\u'\.lith Thermal

Ambient

Y

UBE = Edcyra lepr + EdCuischarge

UBE = Edcpw [ror + EdCiicchaee

UBE = EdFiwl [eor + EdCaischarge

Eac, Eac Eac,
post post pre
ECac= —— ECac= ———MMM =~ ECac= }——— B¢
ac distance travelled ac distance travelled ac djstance travelled
FREpoet = EaCpost |epr FREpeet = Eacée|enr FREy. ¥ Eacpre [epr
Eacpost IFDT FREpDSt Eacpost IFDT FREpDSt RAF _ Ea pre lFpT _ FRE pre
© EdGtallror UBE  EdGowmsor  UBE Edcpotal lror UBE
FRE = Ea FRE = Ea
FREssc = EaCpressc N7C CpreN7 C N7 CpreN7 C
FREN?C — FREpost FRE35C = FREpOSt FRESEC = FREprE
. 5% UBE Criteria Met 5% UHE Criteria Met
ac, FRE Eac FRE .
RAFSSC _ pre35C _ 35C) RAFN?C — preN7C — N7C RAF _ E‘CpreN?C _ FREN?C
Edcd.i.sl’.‘harge 35C UBE’SSE Edctotal UBEN';C N7C — Edctotﬂl - UBENTC
RAF — 5% UBE Criteria Not Met 5% UBE|Criteria Not Met
- N7C RAF EaC}TEN’;C FREN?C RAF E3 C}I‘EN?C FREN?C
N7C = = N7C = =
Edciota NTC UBEyyc EdiCtotal NTC UBEyzc

Figure B2 - Examples =-equation criteria flow chart: SMCT utilizing thermal conditjoning
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Test Series

SMCT

'

With 5 Cycle Testing
Using No Thermal

Conditioning on Any Test

!

Mo 5 Cycle Testing and
No Thermal Conditioning
on Any Test

:

SCT, MCT, SMCT+

|

With 5 Cycle Testing
Using No Thermal
Conditioning on Any Test

!

No Thermal Conditioning

Mo 5 Cycle Testing and

on Any Test

y

Y

ECac = EaCpos

FREpm st T Eac post]

Eacp(l‘;t IFD’T _

UBE = Edcga ‘FDT + Eicmschargc

distance travelled

IFDT

:REpns‘t

RAF = =
Edcipa [por

FRE;3sc = FRE,,
FREy; = FRE,|

RAF = RAFy, = H

UBE
st

st

AF35¢

UBE = Edcyra |por + Edcmschergn

Eac ast
ECac = et
distance travelled

FREpnst = EacpnstlFDT

EacptmtlFD’T _ FREpm‘t

RAF =

Edcie [or ~ UBE

UBE = Edcmtm'FDT

Eac ost
ECac= — P8
distance travelled

FREpnst = EacpnstlFDT

FREp ost
UBE

Eac,,q [epr
— B —
EdCypea [rpT

FRESSC @ FREpnst
FREN?C = FREpnst

RAF'<"RAFy;c = RAF;5¢

FRE ost = EacpustlFDT

RAF = =

UBE = EdctOtﬁI'FDT

| Eacpost
distance travelled

FREpnct
UBE

| acpm‘t IFDT

Hdcyra |t

Figuye B3 - Examples - equation criteria flow chart: not utilizing thermal conditigning

B.3 TEST PROC

EDURES

The five test cycles
test, (4) the SCO03 t

bre (1) the federal test procedure (UDDS), (2) the highway fuel economy test (HFEDS), (3) the US06
st, and (5) the -7 €C) cold temperature federal test procedure (UDDS). The fivercycle fuel economy

equations (40 CFR § 600.114-12) require “bag” specific fuel economy data; e.g., Bag1 FE results from the FTP and -7 °C
. “Bag” datasfrom the FTP, the -7 °C cold temperature FTP, and the US06 are qubsets of the UDDS
nd are defined in the CFR. Therefore, for the five-cycle calculation the D discharge energy
measurements and ¢ycle distance measurements need to be integrated and recorded according to the¢ FTP, the -7 °C cold
temperature FTP, and the’US06 bag definitions and not the UDDS and US06 cycle definitions. The SC03 and HFEDS are
single bag tests and|the‘cemplete SC03 and HFEDS test results are used in the five-cycle fuel econorry calculation.

cold temperature F
and USO06 cycles

The UDDS is defined in 40 CFR § 86, Appendix 1, Paragraph (a). The individual UDDS bags are defined in 40 CFR
§ 86.137-94(a) and include the cold transient bag (Bag 1), the stabilized bag (Bag 2), and the hot transient bag (Bag 3).
The HFEDS is defined in 40 CFR § 600, Appendix 1 and is a single bag test. The US06 is defined in 40 CFR § 86,
Appendix 1, Paragraph (g). The US06 consists of two bags, a city bag and a highway bag, which are defined in
40 CFR § 1066.801. The SCO03 is also a single bag test like the HFEDS and the SC03 is defined in 40 CFR § 86, Appendix 1,

Paragraph (h).
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B.3.1 Five-Cycle DC Discharge Test Procedures

For vehicles not utilizing thermal conditioning: DC discharge data values are needed on each of the five-cycle test
procedures to create DC consumption values which are then used in the five-cycle fuel economy equations found in
40 CFR § 600.114-12. If no thermal conditioning is used for SC03, the Section 8 (MCT), Section 9 (SMCT) or Section 10
(SMCT+) RAF may be used for SCO03.

For vehicles utilizing thermal conditioning: DC discharge data and cycle specific RAF values are needed on each of the
five-cycle test procedures to create AC consumption values which are then used in the five-cycle fuel economy equations
found in 40 CFR § 600.114-12. In some cases, the RAF may carry over between cycles if the cycle specific criteria is met.

For vehicles utilizing thermal conditioning at 20 to 30 °C ambient: The cycle specific RAF value shall be determined.
If performing the drive cycle in Section 8 (MCT), Section 9 (SMCT), or Section 10 (SMCT+), RAF from this section may be

used for UDDS/HFH
utilizing thermal con

For vehicles utilizin
Edctota. For vehicles
UBE may be carried
Likewise, vehicles w
data or good engine
shown, UBE must b
the cold FTP full dep
the DC discharge pr

B.3.2 Five-Cycle

DC discharge data

distance are measuried and recorded for each bag of the FTR\(Bag 1, Bag 2, and Bag 3), each bag d

and highway bag) ar

B.3.2.1 Battery
For all five-cycle tes
minimum 50% state
any cold FTP tests (
Vehicles that do not
period after 12 hourg
to begin the drive cy
conditioning with or]
conditioning on a sp

DS/USUb. The cold temperature F IF test must turnish a unique RAF, denoted
litioning must furnish a unique RAF, denoted RAF3sc.

g thermal conditioning at -7 °C ambient: It is recommended that RAFNZg)is dete
with battery pack bulk average temperatures in excess of 20 °C prior toeold FTP

th battery pack bulk initial average temperature within -4 °C < x(x,20 °C are abl¢
bring judgment can show UBE with 5% of the UBE declared for'Sections 8, 9, or
b determined for -7 °C. Several options are provided to determine UBE for -7 °C
letion cycle in this appendix. Alternatively, the modified eold FTP cycle or cold FTH
bcedure can be used to determine UBE at -7 °C using‘Appendix C.

Testing Overview

bre measured on a single FTP, HFEDS, and-US06 or combination tests. DC d
d for the HFEDS.

Charge Condition

RAFn7c. SCO3 tests

'mined by Eacpre and
dynamometer cycle,

over from Section 8 (MCT), Section 9 (SMCT), or Section 10 (SMCT#) testing for Uise at -7 °C ambient.

to carry over UBE if
10. If neither can be
including the use of
P in combination with

scharge energy and
f the US06 (city bag

s (except cold FTP) with yehicles not utilizing thermal conditioning, the BEV sh
pf charge up to full charge ‘eondition prior to test. For all five-cycle tests utilizing th
vith or without thermalteonditioning), the BEV shall be re-charged to full charge
use thermal conditioning on a specific test cycle must be unplugged for the r

| be re-charged to a
rmal conditioning or
ndition prior to test.
ainder of the soak

or charge complete, whichever is longest, up until the point of moving the vehicle|to the dynamometer
cle. Vehicles.that do not use thermal conditioning from wall energy sources cannot provide thermal
-board vehigcle' energy during the soak period prior to the drive cycle. Vehicles that use thermal
pcific testcycle must remain plugged in and AC energy shall be recorded during spak up until the point

of moving the vehiclg to the dynamometer to begin the drive cycle.

Perform the FTP tes} tsing the procedures as described in 40 CFR § 1066.810 through 1066.820. Perform the HFEDS test
using the procedures as described in 40 CFR'§ 1066.840. Perform the US0G test using the procedures described in
40 CFR § 1066.830 and 40 CFR § 1066.831. As an alternative, SMCT data for FTP, HFEDS, and US06 may be used for
five-cycle calculations from Sections 9 or 10 of this standard.

B.3.2.2 Special Test Considerations - SC03 Test

For vehicles not utilizing thermal conditioning: Set the BEV to the battery state of charge condition described in B.3.2.1.
The vehicle must be unplugged after 12 hours or charge complete, whichever is longest. Vehicles that do not use thermal
conditioning from wall energy sources cannot provide thermal conditioning with on-board vehicle energy during the soak
period. A vehicle preconditioning cycle is performed prior to the measured SC03 cycle as described in 40 CFR § 1066.835.
DC discharge energy and distance are measured and recorded during the SCO03 test. Perform the SCO03 test as described
in 40 CFR § 1066.830 and 40 CFR § 1066.835.
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For vehicles utilizing dynamometer thermal conditioning: Set the BEV to the battery state of charge condition described
in B.3.2.1. Plug in vehicle and record the charge energy for a minimum of 12 hours or up until the point of moving the vehicle
to the dynamometer to begin the drive cycle. Use a soak room at 20 to 30 °C with no solar load. Within 1 hour after
un-plugging vehicle, load vehicle onto dyno site and perform actions necessary for a “test-ready” site. Begin site prep to
35 °C and 850 W/m? solar load. As the site temperature begins to stabilize at 35 °C, plug in vehicle, and initiate thermal
conditioning and record the wall energy for the thermal conditioning event, denoted as “dynamometer thermal conditioning”
in Eq. B28 (AC kWh).Immediately upon plugging in vehicle, begin thermal conditioning of vehicle either through the vehicle’s
remote, phone app, or inside vehicle. If activated inside vehicle, leave vehicle immediately upon enabling. Do not start the
vehicle.

Apply thermal conditioning to the cabin or battery systems for the prescribed time as recommended by the vehicle
manufacturer up to a maximum of 1 hour. Ensure this is no leak path to the dynamometer ambient air from the vehicle
during thermal conditioning. If an interior access point (Hioki cable, other measurement equipment, etc.) is necessary ensure

to keep it as small a
immediately, ensurin
Total EanrESSC AC

conditioning energy

A prepatory drive cy
energy and distang
40 CFR § 1066.830
B.3.2.3 Special
Instead of performin
After soaking for the

cell and the DC discharge energy is measured for each bag ofithe -7 °C cold temperature FTP dischard

and distance data frq
then recorded. The t
shall also be records

For vehicles not utilizing thermal conditioning: Prior to the start of the cold soak period the BEV
t, to FC condition at either ambient or cold soak conditions. The vehicle must remain unplugged during

without measuremer
the cold soak period
longer.

For vehicles utilizin
energy measuremer
period prior to UDDS
soak period. RAFN7g
UBENn7c. Determinati

5 possibteOnce complete, Tecord the fimat charge energy vatue. Unpiug vehicte
g quick entry into the vehicle to avoid heat transfer from the cabin to the dynamor
harge energy is thus the summation of battery charging energy from the\soa
ised at the dyno prior to the drive cycle.

Eacprezsc = Eacyre + dynamometer thermal conditioning
Cle is performed prior to the measured SCO03 cycle as described'in 40 CFR § 106
and 40 CFR § 1066.835.

lest Considerations - Cold FTP

specified time after charge completion, a chiarge depleting test is performed in th

m Bag 1 of the first charge depleting UBDS and from Bag 3 of the second charge
btal DC discharge energy and measured distance for the charge depleting -7 °C ¢l
d.

prior to UDDS testing'and after battery charging is complete or 12 hours have ¢

g thermal conditioning: Prior to the start of the cold soak period the BEV shall b
t, to FC condition at cold soak conditions. the vehicle must remain on charge
testing and after battery charging is complete. AC recharge energy shall be recor
must’ be calculated by using measured charge and thermal conditioning energy|
pn 6ftHe source of UBEn7c must be identified prior to the start of test to determine

nd begin SCO03 test
eter cell ambient air.
Kk room and thermal

(Eq. B28)

5.835. DC discharge

e are measured and recorded during the SCO3 test. Perform the SCO3 test as described in

j a single -7 °C cold temperature FTP, a charge depleting -7 °C cold temperatue FTP is performed.

-7 °C cold FTP test
e test. DC discharge
depleting UDDS are
bld temperature FTP

shall be recharged,

apsed, whichever is

e recharged, with AC

juring the cold soak

ded during the entire
prior test as well as
the test length.

For vehicles utilizing dynamometer thermal conditioning: Vehicle should begin procedure with a fully depleted battery.
Plug in vehicle and record the charge energy for a minimum of 12 hours or up until the point of moving the vehicle to the
dynamometer to begin the drive cycle. Use a soak room at -7 °C with no solar load. Remove vehicle from soak room and
place in -7 °C dyno cell. It is preferred that the soak room and dyno are in the same location to avoid temperature changes
to the vehicle during vehicle movement. Load vehicle onto dyno site and perform actions necessary for a “test-ready” site.
Plug in vehicle and record the wall energy (AC kWh) for the thermal conditioning event. Immediately upon plugging in
vehicle, begin thermal conditioning of vehicle either through the vehicle’s remote, phone app, or inside vehicle. If activated
inside vehicle, leave vehicle immediately upon enabling. Do not start the vehicle.
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Apply thermal conditioning to the cabin or battery systems for the prescribed time as recommended by the vehicle
manufacturer up to a maximum of 1 hour. Ensure this is no leak path to the dynamometer ambient air from the vehicle
during thermal conditioning. If an interior access point (Hioki cable, other measurement equipment, etc.) is necessary ensure
to keep it as small as possible. Once complete, record the final charge energy value. Unplug vehicle and begin -7 °C cold
FTP test immediately, ensuring quick entry into the vehicle to avoid heat transfer from the cabin to the dynamometer cell
ambient air. Total Eacprenzc AC charge energy is thus the summation of battery charging energy from the soak room and

thermal conditioning energy used at the dyno prior to the drive cycle.
Eacprenyc = Eacyre + dynamometer thermal conditioning
Perform the -7 °C cold temperature FTP as described in 40 CFR § 1066, Subpart H.

B.3.3 Two-Cycle Charge Depletion Testing

(Eq. B29)

Full charge depleting UDDS and HFEDS tests are performed while measuring DC discharge, éner:
energy according tothe procedures in Sections 7, 8, 9, or 10. A two-cycle AC fuel economy (mile/kW
harmonically averaging the charge depleting UDDS and HFEDS AC fuel economy results. The:harmoni
is described in 40 CKFR § 600.206-12(a)(3)(i).

B.3.4 BEV FiveCycle Adjustment Factor Calculation

For non-thermally ¢onditioned vehicles: The BEV five-cycle adjustment factor’is calculated by divid
mile/kWhpc by the tWo-cycle charge depleting DC mile/kWhoc. The five-cycleDC mile/kWhoe is calcu
DC consumption vallies measured and substituting mile/kWhpc into the five*cycle equations found in 4
If any test within the [five-cycle calculation utilizes thermal conditioning,:this method shall not be used.

For thermally conditioned vehicles: The BEV five-cycle adjustment factor is calculated by dividi
mile/kWhac by the tWo-cycle charge depleting AC mile/kWhac. The five-cycle AC mile/lkWhac is calcu
AC consumption vallies measured and substituting mile/kWhagiinto the five-cycle equations found in 4

To determine the eqpivalent mile/kWhac, the following equations shall be used for each of the five-cyc

For UDDS/HWFEDJ/US06/SCO03 cycles not utilizing-thermal conditioning:

mile/kWh, = (ﬁ) - mile/kWhp,
post

Manufacturers may ¢lect to use pre-test charging energy if equivalent to post-test charging results.

Alternatively, if the §CT, MCT,SMCT, or SMCT+ are performed utilizing thermal conditioning:

mile/kWh,. = (ﬁ) . mile/kWhp,
pre

jy and AC recharge
hac) is calculated by
L average calculation

ng the five-cycle DC
ated by entering the
) CFR § 600.114-12.

ng the five-cycle AC
ated by entering the
) CFR § 600.114-12.

es:

(Eq. B30)

(Eq. B31)

For the cold FTP cycle utilizing thermal conditioning:

Cold FTP mile/kWhyc = ( . mile/kWhp

o)
RAFN7C

For SCO3 utilizing thermal conditioning:

SC03 mile/kWh,¢ = ( - mile/kWhp

)
RAF35¢c

(Eq. B32)

(Eq. B33)

The numerator used for the BEV calculations in the city and highway fuel economy equations is 0.92 instead of 0.905 as
shown in 40 CFR § 600.114-12. The numerator value is revised to remove the gasoline ethanol-content correction factor
from the five-cycle equation.
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