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FOREWORD

This battery test procedure manual was prepared for the United States Department of Energy (DOE),

Office of Energy Efficiency and Renewable Energy (EERE), Vehicle TechnolGffiee. It is based on

technical targetfor commercial viabilityestablisheddr energy storage development projects aimed at

meeting system level DOE goals for RingHybrid Electric Vehicles (PHEV). The specific procedures

defined in this manual support the performance and life characterization of advanced battery devices

underd evel opment for PHEVOs. However, it does share
published battery test manual for poveessist hybrid electric vehicles.

Due to the complexity of some of the procedures and supporting anfligisrevisiorsincluding some
modifications and clafications of these procedures a&ected. As in previous battery and capacitor
test manuals, this version of the manual defines testing methods feizéubattery systems, along with
provisions for scaling thesedts for modules, cells or other subscale level devices.

The DOEUnited States Advanced Battery Consorti{t 8 ABC), Technical Advisory Committee (TAC)
supported the development of the manual. Technical Team points of contact responsible for its
developmat and revision arRenata M. Arsenault of Ford Motor CompaarydJonP. Christopherseof
the Idaho National Laboratory.

The development of this manual was funded by the Unites States Department of Energy, Office of Energy
Efficiency and Renewable Engrgvehicle Technologie®ffice. Technical direction from DOE was
provided by David Howell, Energy Storage R&D Manager and Hybrid Electric Systems Team Leader.

Comments and questions regarding the manual should be dired@mdPcChristopherseat theldaho
National Laboratoryjén.christopherse@inl.gov).
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GLOSSARY

Available Energy [Wh] the singleenergypoint on the Useable Energy versus Power curve that
precisely corresponds to the Pulse Power Discharge Target.

Available Energ for Charge Sustaining (AE [Wh]- thedischarge energy availalie maintain a
charge sustaining operating mamtehe Pulse Power Discharge Targktis measured
between the AEs Limit and Boischarge

Available Energy Target for Charge Sustain{decs rarge) [Wh] T the EOL target for CS mode
shown in theGap Analysis(300 Whfor all PHEV modes in Table)1

Available Energy for Charge Sustainihgnit (AEcsuimit) [Wh] T the point at whichthe discharge
energy begins transitioning from a chadgpleting mode to a charge sustaining mddes
determined by subtracting half of tA&cs targefrom the AEcp target(S€€ Section 4.3.4)

Available Energy for Charge Depleting (&} [Wh] T the discharge energy available to maintain a
charge depletingperating mode at the Pulse Power Discharge Targetmiasured from
Vmaxop t0 Epischargeminus half of theAEcs rarge€nergy.

Available Energy Targdbr Charge Depleting (Afo targe) [Wh] T the EOL target for CD mode
shown in theGap Analysig5.8 / 11.6 / 14.5 kWhrespectively, for the PHEV modes in
Table J.

Battery Size Factor (BSK)for a particular cell or module design, an integer which is the minimum
number of cells or modules expected to be required to meet all the performatite and
targets.

Beginningof-Life (BOL)i the point at whicltharacterization of the test article begins. The BOL
HPPC is usually conducted to determine and/or confirm the BSF prior to life testing.

C/lRate[Afja current corresponding to th-bourgdonauf acturer
onehour discharge &#0L and30°Cbetween Vmaxoand Vmin. For example, if the
batt er y 6hourcapaciy i 406m theni is 40A.

Chargei any condition invhich energy is supplied to the device rather than removed from the
device. Charge includes both recharge and regen conditions. Charge is indicated in this
manual as a negative value (from the perspective of the battery)

Constant Power Discharge Pow@cep ) [W] T the dischargeate set at 10kW based on the
approximate power needed to propel a vehicle at a nominal speed of 30 miles per hour.

Default rest [h]i a fixed rest period determined at BOL, it is at least one hour or the time needed to
achievethermal and voltage equilibriune.Q.,rate of change less than 1°C/houtess than 5
mV/h).

Depthof-Discharge (DOD)%]it he percentage of a deviceds rated
discharge relative to a fully charged conditfoam Vmaxg normallyreferenced to a
constant current discharge at the HRR@rent rate (rpd or aCi/1 rate

Dischargei any condition in which energy is removed from the device rather than supplied to the
device. Discharge is indicated in this manual as a positive Yabhm the perspective of the
battery)

Epischarge] Wh] i @ any given power level, dzchargeiS the corresponding energy on the pulse power
discharge curveThe value of Bschargeat the power target is thietal Available Energyfrom
which AEcp and AE:sare determined.

Ereged{Wh] - & any given power level,dsgeniS the corresponding energy on the pulse power regen
curve. The value of kegenat the power target is useful in differentiating between the regen
limited and norregenlimiting portions of the total Available Energy.
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Endof-Life (EOL)T a condition reached when the device under test is no longer capable of meeting
the targets. This is normally determined from HPPC Test results scaled using the Battery
SizeFactor, andnay not coincide exactly with theability to perform the life test profile
(especially if cycling is done at elevated temperatures).

End of Test a condition where life testing is halted, either because criteria specified in the test plan
are reachedyr because it is not possible to continue testing.

Energy Goal[Wh] T dternate expressicior Available Energy Total TargetAEco Target + ¥2 AEcs

Targeb-

Fully Chargedrthe condi ti on reached by a device when it i
recommended recharge algorithinn most cases, a device is consi
Vmaxop, but in other cases (e.g., the static capacity test), the device could be recharged to
VmaXioo.

HPPGC-Current rate(luerc) [A] T the constant curretihat isroughlyequivalento a BSFscaled 10
kW constant power dischargate (see Section 35).

Hybrid Pulse Power Characterization (HPPTgsti a Reference Performance Tg@sbcedurdhat is
used tadetermine th@ulse power and energy capabilty a function of aginfpr direct
comparison with the targets in a Gap Analysis

Maximum Rated Current (Imax)[A]the maximum discharge current that a manufacturer will permit
to be sustained by a device for 10 secandsss (This value need not laehievableover
the full operating range

Peak Discharge Pulse PowgkPcg) [W] 1the single point from the Useable Energy versus Power
curve that precisely corresponds to the Total Energy Goab{f\&e) for a given
application (PHEV20, PHEV40 orxEV-50). This value represents Availalftewer,
corresponds t€S modeand is the power value reported and tracked irGdq@Analysis.

Peak Regen Pulse Power [\Wthe regen powehat precisely corresponds to the Total Energy Goal
(AETotai Targe) for a given application (PHEX20, PHEVA40 or XE\L50). It can be calculated
by scaling ARsby the regen to discharge power ratio.

Peak Discharge Pulse Power Target [kiMhe 2 second and0 second discharge pulse power target
defined in the Gap Analysis (felach application) and correspondingieCS mode.

Peak Regen Pulse Power TarflatV] - The 10 second charge pulse power target defined in the Gap
Analysis (for each application) and correspondinthealCS mode.

Power Fade [W} the change in CS AvailédPower fronrRPTOto the value determined at some
later time, expressed as a percentage of the BOL value. (Similar definitions apply to
Capacity Fade and CS or CD Available Energy Fade, although these are not included in this
glossary).

Power Margin (WY for a given HPP@est the difference between ticalculated available power
(APcg) and thecorrespondingpower target for a given application.

Profleia connected sequence of pulses used as the ba:
A test pofile normally includes discharge, rest and charge steps in a specific order, and each
step is normally defined as having a fixed time duration and a particular (fixed) value of
current or power.

Rechargd acharge interval corresponding to the sustamptenishment of energy by a continuous
power source (such as an enggemerator or ofboard charger).
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Reference Performance Test (RPPeriodic interruptions during calendar and cycle life aging to
gauge degradation in the test article (see Se8tibs). Degradation rates are established by
comparing results from the RPTs during life testing with respect to the initial RPT performed
immediately prior to the start of life testing (usually referred to as RPTO).

Regeri acharge interval correspondjrio the return of vehicle kinetic energy to a device (typically
from braking). Because of physical limitations, high rates of regen can only persist for a few
seconds at a tim&egen in this manual is indicated as a negative value (from the perspective
of the battery)

Resti the condition in which energy is neither supplied to the device nor removed from the device.
Rest is indicated by zero current.

State of-Charge (SOC[%] I an estimate of the device charge capability expressed as a percentage
of the BOL rated capacity and typically reached by obtaining specified voltages.

Useable Energ{Wh] i aset of available discharge energies at the scaled 10 kW rate between
Vmaxop and Eischargeat given power values. The total useable energy can be dlivitde
Charge Depleting and Charge Sustaining modes for direct comparisons with the target values
in a Gap Analysis.

Useable Energy for Chargeepleting (Ukp) [Wh] i the useabldischarge energy at the scaled 10
kW raterequired to maintain a chargepletingoperating mode at various power levels
between the crossover point and the lowest discharge pulse power capability on the power vs.
energy curve. Itis measured betweenth@x,, and Eischargeminus half of the AEs Target
energy

Useable Enggy for ChargeSustaining (Uks) [Wh] T the useable dischargmergy at the scaled 10
kW raterequired to maintain a charge sustaining operating mode at various power levels
between the crossover point and the lowest discharge pulse power capabilitpoweahes.
energy curve. Itis measured between theARi and Bischarge

Voltage limis[V] i numerous voltage limits are defined in the manual as follows:

Vmaxuse[V] T the regen voltage limit; maximum voltage allowed during regen pulses of 10s o
less.

Vmaxwo[V] -manuf acturerés specified vol thasiséortreor r espon
rated capacity.

Vmaxp [V] T corresponds to the upper end of the intended operating window, as specified by the
manufacturerThis is the relevant uppebltage used in all testingnless otherwise
specified (e.g., static capacity tests)

Vminy, [V] T (optional) corresponds to the lower end of the intended operating window. Itis a
variable parameter that will generally decrease as the test articlarabge minimum
value is typically specified by the manufacturer.

Vmin[Vlfimanuf acturer 6s s p e c itdofthe midimummpetating wltageo r r e S p 0 N ¢
(Vming). It shall bdimited to 0.55 times the maximum charge voltage lirviti@xioo) or
higher.

Vminpuse[V] T minimum voltage allowed during discharge pulses of 10s or less.

Vminowt[V] T the minimum voltage allowable at less than or equal to 0°C set by the
manufacturer and the technical program manager.

Viominal [V] T The nominal electrchemical voltage between Vmaxand Vmin. It is determined
by the ratio between the total discharge energy and discharge capacity from the static
capacity test (see Section 3.1.5).
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Battery Test Manual
For PhudglyBblrecdt ri ¢ Vehicles

1. PURPOSE AND APPLICABILITY

This manual defines a series of tests to characterize aspects of the performance or life behavior of
batteries for plugn hybrid electric vehicle (PHEV) applications. Tests are defined based on the
Vehicle Tehnologieffice targets for plugn hybrid electric vehicleandit is anticipatedhatthese

tests may be generally useful for testing energy storage delasgmedor this purposeThe test
procedures in this manual are directly applicable to complete battery systems. Howevef, most
these test procedurean also be applied with scalin§the test profileso those appropriate for cells

or modules. Much of the rationale fortlest procedures and analytioga@thodologies utilized in

this manual evolved from the USABC Electric Vehicle Battery Test Procedure Manual (Reference 1),
the PNGV Battery Test Manual (Reference 2) and the FreedomCAR Battery Test Manual fer Power
Assist Hybrid Electric Vehicles (Reference 3).

1.1 Energy Storage Targets For Plugn Hybrid Electric Vehicles

The Depar t meVehicledéchnblogie®ffce/Ehergy Storage Targets are the primary
driving force for the test procedures and methods definddsmtanual.The targets are outlined in
Table 1 for a car having an equivalent electric range of 20, 40, and 50 miles for the2PHENE ¢
40, and XEVW50 batteries, respectivelfstablishing or verifying battery performance in comparison
to these targs is a principal objective of the test procedures defined in this document. Unless
otherwise stated, these targets all pertain to devices operating at 30°C.

This manual defines twarimaryoperational modes for pleig hybrid electric vehicles, Charge
Depleting (CD) and ChargB8ustaining (CS). The Chargepleting mode is intended to allow the
vehicle to operate in hybrid mode (propulsion and accessories are powered by the electric drive
and/or engine) and electric mode (propulsion and accessories pddwettee electric drive and

onboard electric energy storage), with a net decrease in battergfsthi@rge (SOC). The Charge
Sustaining mode only allows the vehicle to operate in hybrid mode with a relatively constant battery
stateof-charge.There is &0 a combined life cycleaving both CD and CS cycle modes included



Table 1. Energy Storage System Performance Targets forIRlitybrid Electric Vehicles

Characteristics Units PHEV-20 PHEV-40 |\ £v_50 Mile
Mile Mile
Commercialization Timeframe 2018 2018 2020
All Electric Range (AER) Miles 20 40 50
Peak Discharge Pulse Power (10 sec) kw 37 38 110
Peak Discharge Pulse Power (2 sec) kw 45 46 120
Peak Regen Pulse Power (10 sec) kw 25 25 65
Available Energy for CD (Charge Depleting) Mode kWh 5.8 11.6 14.5
Available Energy for CS (Charge Sustaining) Mode kWh 0.3 0.3 0.3
Minimum Round -trip Energy Efficiency % 90 90 90
Cold cranking power at-30°C, 2 sec 3 Pulses kw 7 7 7
CD Life / Discharge Throughput ?\jl’\‘,’\'/ff/ 5000/29 5000/58 5000/72.5
CS HEV Cycle Life Cycles 300,000 300,000 300,000
Calendar Life, 30°C year 15 15 15
Maximum System Weight kg 70 120 150
Maximum System Volume Liter 47 80 100
Maximum Operating Voltage Vdc 420 420 420
Minimum Operating Voltage Vdc 150 153 300
Maximum Self-discharge %/month <1 <1 <1
System Recharge Rate at 30°C kw 3.3 (240V/16A) | 3.3 (240V/16A) | 6.6 (240V/32A)
Maxi mum Di scharge Pul se A 300 300 400
Unassisted Operating Temp Rangé10s) °C -30 to +52 -30 to +52 -30 to +52
30°-52° % Power 100 100 100
0° % Power 50 50 50
-10° % Power 30 30 30
-20° % Power 15 15 15
-30° % Power 10 10 10
Survival Temperature Range °C -46 to +66 -46 to +66 -46 to +66
Max System Production Price @ 100k units/yr $ $2,200 $3,400 $4,250

NOTES
i. Valuescorrespond to Endf-Life (EOL).

ii. PHEV-20 and PHEWAO targets correspond to commercialization goaelsY 2018; XEV targets correspond to

commercialization goals in FY 2020.

iii. XEV cellis intended for architectures that require higher power lgvatsPHEV20 and PHEV40.
iv. The Peak Discharge Pulse Power and Peak Regen Pulse Power targets are applical8 foodee
v. The HPPGCCurrent rate is used to approximate the requirel\ViQrate during the Hybrid Pulse Power

Characterization (HPPQ)est, Section 3.4.

vi. Maximum System Recharge Rate refers to the maximum power expected from a standard garayéitbuthes.

battery

manufacturerés

c 0 n c uread®acdaerate Bfeitesting.c r e as e

vii. The minimum opeating voltage (Vmin) shall be limited t®.55 times the maximum charge voltage limit

(Vmaxwoo) or higher.

recharge



2. TEST PROFILES DERIVED FROM TARGETS

The test procedures described in this manual are intended for use over a broad range of devices at
various stages of developmental maturity. Application of the procedures is further complicated by the
existence of three different sets of performance targéhe approach taken for these procedures is to
define a small set of test profiles based on the overall vehicle characteristics, independent of the size
or capability of the device to be tested. Thestprofiles are specified in terms of the chaeaistics

of vehicle power demand. They can be used in various combinations, with the appropriate scaling
factors, to define specific performancalendaor cycle life tests for cells, modules or battery

systems. Each profile is defined within the extjve procedure described, because there is

essentially a on&o-one relationship between test profiles and test procedures.

3. TEST PROCEDURES

3.1 General Test Conditions and Scaling

In general, testing is divided into three broad phasesc¢haracterization, life, and reference

performance testing. Characterization testing establishes the baseline performance and includes static
capacity, hybrid pulse power characterization -del€harge, cold cranking, thermal performance,

and efficiencytestst Life testing establishes behavior over time at various temperatures, states of
charge and other stress conditions and includes both cycle life and calendar life testing. Reference
Performance Tests establish changes in the baseline performdrare gerformed periodically

during life testing, as well as at the stamd enebf-life testing. A generic test plan for testing is

outlined in Appendix A; this outline can be used as a starting point for deesfic test plans.

3.1.1 Voltage Limits

Several voltage limits are defined in this manual for the purposes of testing and analysis (see
AppendixC). The electrochemical voltage range between 100% SOC and 0% SOC are referred to as
Vmaxioo and Vminy, respectively. Since energy storage devicd2H&V applications will rarely (if

ever) operate at 100% SOC, the test protocols defined in this manual assume a maximum operating
voltage, Vmay, which corresponds to the upper end of the intended operating window. For the
purposes of thyschmangeaetd, daviited is when, the devic
using the manuf act ur eunléssothereisespaafiech dhe thitigbstaticc e d ur e
capacity tests (Section 3.2) are generally the only condition in which a test article @& glksch

between Vmaago and Vmin to ensure stability in the rated capacity. All subsequent tests should be
conducted within the operating window between Vgpard Vmin. Thus, the time spent at

conditions higher than Vmaxfor the sole purpose of tesgjrfand not simulating the intended

application strategy) is avoided, thereby minimizing anyiteficed degradation mechanisms that

may not be representative of the vehicle operatidre value for Vmag should be supplied by the
manufacturer but if ngit can be estimatkby discharging% of the rated capacifpr another

percentage specified by the manufactuiiemn Vmaxo at beginning of life, resting for 1 hour to

ensure electrochemical equilibrium, and then observing the open circuit voltage.

1 Inthis manual, unless specifically stated otherwise, the desired test condition is typically establigferdeasagef
the rated capacitywhich is always reached by removing the appropriate fraction of the rated capacity from a fully
charged device (normally at a constant HPPC current discha
in accordance witthte manuf act ur er 6 s r ec oopfoneperdtend pr ocedured to Vmax



In addition to the operating voltage limits, the maximum and minimum pulse voltage limits

(Vmaxpuise VMinpusd s houl d al so be specified by the manuf ac
discharge pulses, respectively. A minimum voltage condiWonirf.wt) should also be specified for

short duration pulses (010s) that are conducted a
limits must be carefully observed during performance testing to ensure proper operation of the energy

storage dece.

3.1.2 Temperature Control

Unless otherwise specified in a deviecific test plan, the ambient temperature for all tests should

be controlled at a default nominal temperature of 30°C. Also, to the extent possible, all testing should
be conducted usingnvironmental chambers. As a general practice, a rest of 60 minutes (or more if
required) should be observed after each charge and each discharge prior to proceeding with further
testing, to allow devices to reach stable voltage and temperature conditionger rest is likely to

be required for modules or packs.

3.1.3 Pressure control

Unless otherwise specified in a devagecifictest plan, poucbr prismatic celpressure should be
established by placing the device between two plaiisfour to six bols around the edges that are
tightened using torque specifications provided by the manufacturer (or finger tightened if no
specification is provided). Preferably, spacers between the two plates should be used to ensure a
sufficient gap between the platess & general practice, once the pouch pressure has been set, the
device should be placed in an environmental chambeleéinehdisturbed for the duration of the test
period. The devices should occasionally be visually inspected periodically for anyfssgvedlimg or
leaking.

3.1.4 Scaling of Performance and Cycle Life Test Profile

With the exception of the Hybrid Pulse Power Characterization Test (HPPC) and Calendar Life Test,

all performance and cycle life test profiles are defined in terms of required ek at the system

(i.e., full-size vehicle battery) level. Testing any device smaller than-gizglsystem requires a

method for scaling these test profiles to a level appropriate to the size of the device (cell, module, or
subbattery) under testThis is done by using laattery size factor For purposes of this manual, the

Battery Size Factor (BSF) is defined as the minimum number of units (cells, modules or sub

batteries) of a given design required for a device to meet all targets, includiedjfeyand calendar

life. Wherever possible, the Battery Size Factor will be specified by the manufacturer, based on the
manufacturerés testing and best estimates of any
degradation over life.

If insufficient dataexist to allow the manufacturer to determine a meaningful value, the Battery Size
Factor will be determined from the beginniofjlife Low Current HPPC Test results using #late

for the HPP@Current rate by applying the larger BSF from either a nah@$ power margin of

30% or a mminal CD Energy Margin of 2@ to allow for degradation resulting from cycle life and
calendar life effects. See Section 4.3.12 for details of this determiaation.

2 In some cases, this value and/or the associated voltage limits may require modification to ensure thatttiife round
efficiency targets are also met.



Once the Battery Size Factor is determined, it becomesstart (i.e., fixed over life) scaling factor

for all subsequent performance and cycle life tests. Any test profile (except HPPC or calendar life) is
then scaled by dividing the nominal profile power levels by the Battery Size Factor. For example, if
theBattery Size Factor is 100 for a particular cell design, tkRé&/ZCold Cranking Test would then be
performed at a pulse power level#f00/100 = 70 W for such cells. Note that there is a different
modespecific Battery Size Factor fthe PHEV20 Mile, FHEV-40 Mile, and XxEV50 Mile Battery
operation.

3.1.5 Scaling of HPPGCurrent

The HPPGCurrent is a constant current that will closely resemble the steady state current during the
10-kW Constant Power Discharge Te3 relate the energy removed at thek\W rate and the

energy removed during the HPPC Test, the Hle&@ent will primarily beused fordischarging the

device in 10% increments based on the rated capacitycaittant current

The HPPGCurrent is calculated using the formula below.
Itppc= Pcro/ (Vnomina* BSF) (1)

where hepcis the HPPC discharge current between pulsgs,i®the Constant Power Discharge

target andV nominaliS thenominalelectrochemicaboltage betweel maxigo andVming (i.e., total

energy divided by capacity For exampleif the total discharge capacifsated)is 2 Ah and

discharge energy is 7 Wh from the initial static capacity test \thema= (Wh/ Ah) = 3.5V. Given

Pcpo = 10-kW and assuming BSF = 100, theask= 10,000W/ (3.5V * 100) = 28.6 A.Note that if

the Battery Size Factor has not been determinedlar&e can be used as an approximate rate for

the HPPGCurrent during the first iteration of the HPPC Test to determine an appropriate Battery Size
Factor. Oncethe BSF is determinedhis HPPCCurrent value is used extensivédy the HPPC

tests.

3.1.6 Charging Procedure

The manufacturer is responsible for defining a reasonable charging procedure with the assistance of
the Program Manager. This charging procedure should spktdyltrestperiods before and after

(at leastl houris recommended) charging is performed. During CD cycle life testing a rest period of
15 minutescan be used to accelerate testiefpre and after chargind his is a default valuandcan

be adjusted based oretheeds of the chemistry.

3.2 Static Capacity Test

Thistest measures device capacity in amyerars at a constant current discharge rate corresponding
to therated capacity Discharge begins followingdefaultrest from a fullycharged stat®d Vmaxo

ard is terminated on a manufactusgecified discharge voltage linf¢ming), followed by adefault

rest at opertircuit voltage. If the manufacturer does not provide a discharge voltage limit, or if the
provided limitis unrealistically low, either an apypriate value is determined from the literature or
55% of Vmaxioois used. (Thisvill automatically become the lowest possible value fordide

battery tests in any event because of the operating voltage ratio lififits)static capacity test can

3 The HPPC current should be comphvéth the average current for a scaledkV@ discharge.



also be repeated using Vmgaas the fully charged condition to ensure stable operating capacity as
well.

3.3 Constant Power Discharge TestéPcpp)

This test measures device capacity in ampergs and energy in watburs at a@nstant power
discharge rate corresponding to a B®&led 1&kW rate. Discharge begins followinglafaultrest
from a fully-chargedoperatingstate(Vmax.p) and is terminated on a manufactuspecified
discharge voltage limifvmino), followed by adefaultrest at opestircuit voltage. This test can also
be performed using thePPGCurrent ratdbetween Vmag andVming for comparison with the
constant power discharge

3.4 Hybrid Pulse Power Characterization Test

The Hybrid Pulse Power Characterization (HPPC) Test is intended to determine dynamic power
capabilityover the devicebs useable voltage range using
and regen pulses. The first step of this test is to eslialls a function afapacity removedr

useable energy, YéheVming discharge power capability at the end of aslflscharge current pulse

and (b) the Vmag regen power capability at the end of aslfegen current pulde.These power

and energy gaabilities are then used to derive other performance characteristics such as Charge

Sustaining Available Energy and Available Power as well as the GBagjeting Available Energy

for direct comparison with the targets specified in Table 1

Additional datafrom the HPPC test includle voltage response curyé®m whicharethe fixed
(ohmic) cell resistance and cell polarization resistance as a funciiapadity removedan be
determined assumirgpfficient resolution to reliably establish cell voltage response time constants
during discharge, rest, and regen operating regimesset@latacanbe used to evaluate resistance
degradation during subsequent life testing and to develop hybrid battemnmece models for
vehicle systems analysis.

3.4.1 Hybrid Pulse Power Characterization Test Profile

The objectiveof this test is to determine the-88cond discharggulse and the X8econd regepulse
power capabilities at eadiD% incrementelative to tle BOL ratedcapacity for the PHEA20,
PHEV-40, or xEV*50 Mile Targetge.g., for a 2 Ah cellpower capabilities are assessed at 0.2 Ah
increments between Vmgyand Vmin). Between each pair of discharge and regen pulses, the
device is discharged to tinext 10% incremerttased on rated capaciiging the HPP&urrent as
determined in Section 3.1.3. The pulse profile is shown in Table 2 and Eigure

Note that the current values are relative, not absolute. The actual current values are determined as
defined at the end of Section 3.4.2. Also, note that this manual uses positive values for discharge
current and power, whereas charge or regen values are negative.

4 Vmino and Vmaxp refer to the device minimum and maximum voltages that correspond to the operating voltage range
for the purposes of this manual as defined in Section 3.1.1. For cells, thecspstafjes can be any values
appropriate to the technology as long as they fall within the &aFed limits in Table 1. Expanded definition of
voltages can be found in Appendix C.



Table 2. Hybrid Pulse Power Characterization Test Profile.

Time Incremer  CumulativeTime
(s) (s)
10 10 1.00
40 50 0
10 60 -0.75

Relative Current

1.25

DISCHARGE
0.75 1

0.5 -

0.25

Current (relative)

-0.25 +

-05 4

REGEN
-0.75 +

0 10 20 30 40 50 60
Time in Profile (s)

Figure 1. Hybrid Pulse Power Characterization Test Profile.
3.4.2 Test Procedure Description

The HPPC Test incorporates the pulse power characterization profile as defined in Section 3.4.1.
Constant current steps are used in the ratios listed in Table 2. The test is made up of single repetitions
of this profile,followed by discharge to the negi% increment based on rated capagibjnt

using hepc(defined in Section 3.1.3)ach time followed by a default rest pertodallow the cell to

return to an electrochemical and thermal equilibrium condition before applying the next profile.

Note that battery developetgpically specify a nominal capacity, which corresponds to a pair of

voltage limitsrepresenting 0% and 100% SOC at beginning of life (BOL). These are defined as
VmingandVmaxio for the purposes of this manual (s&ection 3.1.1 an@ppendixC). Separately, a

developer will supply (or testing will determine) a recommended voltage range of operation, which

will be less than the full 100% SOC span associated with the nominal capacity. The upper voltage

limit of the intended operating window is defined\&max.y; it is fixed at BOL for all subsequent

HPPC testing as the Afully char gehdbasicforndi ti on f or
determining the percentagéthe rated capacity removéice., 0% capacity raoved at Vmay,) for

5 Note that theenergy of the pulse profile must be accounted for in deténg the actual percentage of the rated
capacity removed from Vmaxat which the profile was performed. The profile in Table 2 may remove several percent
of the capacity from a typical device. The test should be programmed such that 10% of thepeatity is removed
in each test segment, including that removed bythse profile itself.



thePower vs. Energy curves from which parameters of interest are deterrhloelthat the
manufacturer may also supply an alternative maximum and minimum voltage limit fedahatibn
pulse conditions (i.e., Vmaxseand VMinuse).

The HPPC test begins with a charged device ynax.p using the manufacturer recommended
procedure Following a default rest period (nominally d0dur rest), an HPPC profile is performed
immediately followed by a discharge to the next 10% incremiethe rated capacitgt the hppcrate

(based on the establishededcapacity at BOL) and a default rest. This sequence is repeated until

the final profile abr near90% of therated capacity removddr the maximum discharge specified by

the manudcturer). For example, a 2 Ah cdjtated)having an grpcof 28.6 A would require a total of

0.2 Ah removedincluding the cumulative capacity removed after the HPPC pussey a discharge
current of 28.6 A to reach the next 10% incremdriie test terminates with a discharge ofdkeice

at the HPP&Current rate t&/ming and a final default rest. If at any poMiningis reached in the

HPPC pulse then taper the current to finish the profiMmiinois reached in thesbecsection, stop

the test. The voltages during each re-sirtutperi od ar
voltage) behavior. The sequence of rest periods, pulse profiles, and discharge segments is illustrated
in Figures 2 and 3. These figures also illusteal®kW discharge to be executed just prior to each

HPPC Test.

HPPC HPPC HPPC

NOTE: Time scale is approximate because some Profile Profile Profile

elements in the test sequence have variable
length. For example, the 100% SOC discharge is
. conducted to a minimum voltage, not necessarily
Discharge for one hour.

Full Discharge to Vmin,
at 10 kW-rate 10% 10% 10%
DOD DOD DOD

1 hour Rest 1 hour Rest 1 hour Rest j

Full Charge to Vmax,,
(manufactuer algorithm)

Current

Regen

-180 -120 -60 0 60 120 180
Time (minutes)
Figure 2. Hybrid Pulse Power Characterization Test (start of test sequence).

6 This HPPCCurrent discharge is required because the HPPC results will eventually be reported as power capability
versus energy removed at al\W rate. Theavailability of linked HPP@Current data facilitates this analysis and
reporting; see Section 4.3.



Discharge

Current

Time scale is
approximate

Charge/Regen

-3 -1 1 3 5 7 9 11
Time (hours)

Figure 3. Hybrid Pulse Power Characterization Test (complete HPPC sequence).

The HPPC Test may lperformed at the loweurrent level, the higleurrent level, or both. Each
HPPC Test sequence is performed using peak currents scaled to one of the levels. Scaling of the
levels is determined by the following criteria.

LOW CURRENT HPPC TES3 The pulse prafe discharge current is equal to 2.5 times the HPPC
Current rating. If the BSF is unknown at the time of first testing,4l5@te can be used to
determine the BSF.

HIGH CURRENT HPPC TESA The pulse profile discharge current is selected as 75%.gf{the
manufacturerdés absol ute maxi munsabsbniectatai-tharge, pul se d
which needs not be specified).

3.4.3 Charge-Sustaining Available Energy Verification Test

In general the HPPC Test produces slightly conservative resulgdeeit is normally performed at
power levels that are less than the target values. (At higher test currents, internal heating lowers the
battery resistance and gives higher power capability). In some casgstierya new technology, a

new cell desigror a fulksize battery design is tested for the first time), it may be desirable to verify

the extent of this conservatism by performing a test at the actual target values. This is done using a
special test sequence as follows:

1. From HPPC Test resultsalculate (a) the minimuraapacity remove@Ahmin) at which the
regen pulse power target can be met and (b) the maxoapacity remove@Ahmax) at
which the discharge pulse power target can be met. These values are calculated using Section
4.3.4 and 4.3.8ral graphically shown in Figure 23 thfis manual.



2. Startingwith a fully-charged battery (i.e., chargeMmax,p using the manufacturer
recommended procedyralischarge té\hwin at a constant tRW rate, followed by a default
rest at opercircuit conditiors.

3. Perform a 16s regen pulse at the BSEaled Peak Regen Pulse Power target from Table 1.
Remove the energy added to the battery from the regen pulse atkWérafe.

4. Remove the Available Energy for Chat§astaining Mode from Table 1 by dischargihg t
battery at a constant AW rate,followed by a default restt opercircuit conditions.

5. Perform a 16 discharge pulse at the BS€aled Peak Discharge Pulse Powerstarget
from Table 1.

The results of this test can be used to verify thaHPBGpredicted power capabilities and energy
values are actually achievable and that they are not excessively conservative.

3.4.4 Charge-Depleting Available Energy Verification Test

This test will verify the Available Energy for the Chafigepleting mode bylirect measurement;
secondarily, it will determine the charge range to be used for the CBasgg@ining mode tests (i.e.
that region where Charggustaining operation will take place after Chalbgpleting energy is used).
This test is performed in twateps.

1. Starti ng at speniiedvimbxg, cemove teer Abaslable Energy for Charge
Depleting Mode from Table 1 at the 10 kW rate

2. Verify that thecapacity removed less tham\huax by measuring coulombs removed as
established in Section 33y performing a 10s, 37 kW (forthe PHEV20 Mile), 38kW (for
the PHEV-40 Mile), or 110 kW (for the XENW60 Mile) discharge pulse without violating the
minimum voltage requirements

3.5 SelfDischarge Test

This test is intended to determine the temporary capasisythat results from a cell or battery
standing (i.e., at rest) for a predetermined period of time Tigays at 30°C).

The test consists of the following sequence of activities:
1. Measure the actual cell capacity from full charge (Vsp)ao the disbarge voltage limit

(Vming) usingaconstant W di scharge rate, and recharge it
recommendedharge algorithm

7  This same procedure can be used to verify teec®nd target by using asecond pulse at the associated power level
for comparison with the target.

8 If the discharge pulse cannot be completed without violating the minimum voltage requirements, this should be
reported and program management will determine whether or not this constitutes an EOL criterion.

9 Note that the measured capacity will be Iésmtthe rated value since the operating range uses a smaller voltage
window.
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2. Remove the Available Energy for ChatDepleting Mode plus half the Available Energy for
ChargeSustaining Mode at thscaled 14&W rate. Allow it to stand in an oparcuit
condition for a nominal interval of 7 day’s(The actual stand period should be selected
based on the expected stand loss rate, with the value chosen to yield an expected capacity loss
of 5% or mae over the interval). All measurement equipment may need to be disconnected
from the cell during this period to reduce parasitic lasses

3. Dischargehe cell tovming for its remainingresidual) capacity at the W discharge rate

4. Recharge the cell arfdlly discharge it again at the 4@ discharge rate. If a loss of
capacity is observed between (1) and (4), additional recharge/dischargquydtz40
cycles)may be performed to return the cell to its nominal capacity

3.6 Cold Cranking Test

The Cold @anking Test is intended to measure @ower capability at low temperature
(normally-30°C) forcomparison with the Cold Cranking Powargetsn Table 1. The test is
conductedvhere CS and CD Available Energy targets are met, i.e., after removalenfaiwy
required by both targetsThe test consists of the following sequentactivities:

1. Starting at manUmaxg, cemave ther Abadlable nergyifof Gharge
Depleting Mode plus half the Available Energy for ChaBgestaining Modérom Table 1 at
the 10 kW rate.

2. Reduce the ambient temperaturé 30°C, and soak the device for a period of time adequate
to ensure it has reached thermal equilibrium at this temperature (nominally Adars
depending on the size and mass of thaeadv

3. Perform the Cold Cranking Tegtofile defined in Section 3.6.1. The pulse power level to be
used is 7 kW divided by the Battery Size Factor as determined in Sectighar2i}4.311.
Note that the manufacturer may specify a different minimunmhdige voltage for cold
cranking testing. This voltage, if specified, will be used for both test control and the
subsequent calculation of cold cranking power capability, but it may not ettmeedltage
ratio limits in Table 1. Note also that the prefjulses must be performed for the fulf 2
duration (even if the test power has to be limited to stay within the minimum discharge
voltage) to permit the later calculation of Cold Cranking power capability.

3.6.1 Cold Cranking Test Profile

The Cold Cranking @&st Profile is a literal implementation of the Cold Cranking Power targets, which
require the ability to provide 7 kW of discharge power for thregflses at 12 intervals (i.e., 10
seconds between pulses). The profile is defined in Table 3 andhiltstn Figure 4 for the Plug

Hybrid Battery targets.

10. Although the end of the CD Available Energy Target is the default nominal condition for this test, the actual value to be
used is commonly defined in a devisgecific test [an. Thesame test conditiorthat will be used for cycle life or
calendar life testingretypical.
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Table 3. Cold Cranking Test Profiléor PlugIn Hybrid Targets.

Time Increment  Cumulative Time System Power
(s) (s) (kw)
2 2 7
10 12 0
2 14 7
10 24 0
2 26 7
8
7
6
5
s 4
s s
52
1
0
-1
-2
0 2 4 6 8 10 12 14 16 18 20 22 24 26

Time in Profile (s)

Figure 4. Cold Cranking Test Profile

3.7 Thermal Performance Test

A primary objective of the thermal performance testing is to demonstrate the ability to meet some
fraction of the CS Available Power target at various temperatUies.effects of environment
(ambienttemperature) on device performance will be measured as required by performing the
Constant PoweFestandHybrid Pulse Power Characterization T@sther the low or high HPPE&)

at various temperatures within the operating temperature target rafdge<{52°C). At the

laboratory cell level, such testing has two targets: to characterize the performance of the technology
as a function of temperature and to bound the likely constraints on thermal managemesiz# full

cells or batteries. At the modulechsystem level, the emphasis of thermal performance testing is
increasingly on thermal management system design and behavior.

Unless otherwise specified in a devapecific test plan, initial charging should be performed at 30°C
during thermal performandesting. This implies a test sequence as follows: (1) fully charge the

11 Only one of the two HPPC test (low or high) should be used over a series of temperature tests for comparison with the
targets. The HPPC current levelle invariant at all temperatures but the lower temperature tests may require lower
voltage, but may not violate the Vrain
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deviceto Vmax, at 30°C; (2) raise or lower the device ambient temperature to the target value; (3)
wait a suitable soak period for thermal equalization, typically¥btar dependhg on size and mass

and (4) execute the desired performance test. Hisstharge is a major concern during the soak
period, the device can be clamped at a voltage during this period; however, this requires knowledge
of the device OCV versus tempenatipehavior to ensure that the SOC is not changed inadvertently.

It may be necessary to adjust the rest intervals in the HPPC Test to ensure that thermal stability as
well as voltage equilibrium is reached before each repetition of the pulse power clratamte
profile.

Complete thermal performantesting is conducted at BOL and at EOL if practical. At middle of
life, two temperature conditiortsin beselected for the thermal performance test, the high
temperature conditions and the lowest temperatoinelition that successfully passed the targets at
BOL.

3.7.1 Survival Temperature Test

The survival temperature test is generally performed on a group of devices that will not be used for
calendar and cycle life testing. This test may drastically affect or reduce the performance of the
device. The effects of survival temperature on depeeformance will be measured as required

within the USABC temperaturerget range46 to +66°C)Unless otherwise specified in a device
specific test plan, charging should be performed at the reference temperature (30 £3°C). The device
should generally d atbeginning of life (BOL)conditions for this test and other tests shall not be
performed at these storage temperature limits.

The cold storage test is performed as follows:

1. From a fully charged stated Vmax,, perform a constant power discharge alnarge test
followed by a I-HPPC.

2. From a fully charged state at Vmgxoring the device to the voltage correspondind teminai
at 30°C using the {1 constanturrent rate.Taper the current at\Wminafollowing the
manufacturerés recommended procedur e.

3. Ramp the thermal temperature chamber to the specified minimum survival temperature
within 1-hr and then soak the deviatopen circuifor a 24hr period (for a packevel
device, no fan should be rumgi for this test).

4. Return to 30°C and rest for at least 4 tchb@rs(depending on the size of the device).

5. From a fully charged state at Vmgxperform a constant power discharge and charge test
followed by a I-HPPC.

The hot storage test is performeda®ws:

1. From a fully charged state at Vmgxperform a constant power discharge and charge test
followed by a I-HPPC.

2. From a fully charged state at Vmgxoring the device tohe voltage corresponding Yoominal

at 30°C using the {1 constanturrentrate. Taper the current at\\minafollowing the
manufacturerds recommended procedur e.
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3. Ramp the thermal temperature chamber to the specified maximum survival temperature
within 15-min and then soak the deviatopen circuifor a 24hr period (for gpacklevel
device, no fan should be running for this test).

4. Return to 30°C and rest for at least 4 tchb@rs(depending on the size of the device).

5. From a fully charged state at Vmgyperform a constant power discharge and charge test
followed by a I-HPPC.

Note that if the intent of the testing is to verify both the cold and hot storage, the HPPC test at the end
of the cold storage test and/or the HPPC test at the start of the hot storage testing can be omitted.

3.8 Energy Efficiency Test

Chargesustainingefficiency is determined b series otyclelife pulse profiles and observing the
energy throughput during discharge and redgeme ChargeSustaining Test ProfilgSection 3.9.2)

have been constructed for use in both efficiency and CS hybrid cyctediing Theyare 90s in
durationwith anominally chargeneutral pulse profile scaled to a level appropriate to verify the round
trip energy efficiency target of 90% with68Wh energyswing (75 Wh for the x50 Mile Battery
application) The test profile for thBPHEV-20 Mile Battery is defined in Table 4 and illustrated in
Figure 5the PHEV40 Mile Battery is defined in Table 5 arltlistrated in Figure 6, and the profile

for thexEV-50 Mile Battery is defined in Table 6 and FigureThe energy efficienctest is

performed similarly to the Operating Set Point Stability (OSPS)ime3tction 3.9.3as follows

1. With the device at 30°C and fully charged at Viggadischarge at the HPPC current (See
Section 3.1.5) to the specified targeltage condition or cumulative capacity removed
specified by the manufactutéand then bring the cell to the specified test temperature.

2. Perform 100 efficiency test profiles.

3. Determine the change (if any) in the observed apenit voltage before anafter the 100
profiles to gauge SOC swing. Allow aht rest period before and after the 100 profiles are
performed to determine any change in epiauit voltage.

4. If the initial and final SOC values are different (by 1% or more, unless otherwiseaditBct
the Program Manager), or the data indicate that stable cycling was not achieved by the
completion of 100 profiles, the OSPS test (Section 3.10.3) shall be conducted with
implemented voltage control values or other limits, as appropriate.

12 If the manufacturer is unable to specify the test condition for the energy efficiency test, then useagntexdefault
conrdition.
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3.9 Life Testing

Life testing consists of cyclife and calendalife aging to ensure the device can meet the targets
specified in Table 1 (i.e., 300,000 Charge Sustaining cycles; 5,000 Charge Depletingaeytles,

year calendar life). Cycliife testing consistsf repeating a test profile continuously for a sustained
period of time for a Charge Sustaining mode (Section 3.10), Charge Depleting Mode (Section 3.11)
or a combined CD/CS mode (Section 3.11.3). Calelifgatesting (Section 3.12) generally consists

of resting the device under test at OCV using elevated test temperatures with a pulse profile applied
once per day.

The ffe testingregimeis interrupted approximately once per moattd the devices are brought back
to nominal operating temperature (i.€0, &) for reference performance tests (Section 3.13) to gauge
degradation as a function of agingey parameters, e.g., CD and CS Available Energy and Power,
and minimum voltage (or voltage margin) in the Cold Cranking Test (when it is performed), should
be monitored. The corresponding esfeife criteria for these parameters are: (1) CD and CS
Available Energy or Power less than target energy or power; and (2) inability to complete the Cold
Cranking Test within voltage limits.

Wherever possiblelevicessubjected to the same test conditions should be contained in the
same test chamber or other environment, preferably using calibrated test channels with identical
characteristics, and test intervals should be-s8gmehronized.

All devices that are part @ common test matrix should be subjected to reference testing at the same
intervals if possible. Minimizing the fraction of time not spent at target temperatures is important for
testing at elevated temperatures. However, in some cases rapid degradsgtiake place at very

high temperatures; in such cases, the use of uniform test intervals will lead to a reduced number of
data points for predicting trends over life. The reference test intervals have been selected to balance
these conflicting needs bmay need adjustment in special cases.

The general life test procedure is as follqgpecific test sequences are provided in the sections
belowy)

1. Characterize the device using the Static Capacity Test (Section 3.2), the Constant Power
Discharge Test ($#ion 3.3) and the Hybrid Pulse Power Characterization Test (Section 3.4)
and other reference tests as detailed in a deygeeific test plan.

2. Conduct the initial reference performance test immediately prior to the start of life testing
using the tests @&htified in Table 11 of Section 3.13. These tests establish the baseline
performance from which degradation can be tracked and is typically referred to as RPTO.

3. Fully charge the device at 30°C to Vmgamsing the manufacturer recommended procedure
(i.e.,fully charged) and rest at OCV for a default period (hominally 1 hour).

4. If necessary, discharge the device to the specified life test SOC condition or percent removed
of rated capacity from Vmax This can be done in one of two ways: (1) [default] resnov
the appropriate fracti on eCurrenthae, oc(®iftheds r at ed
opengcircuit voltage corresponding to the target SOC is known, clamp the cell at this voltage
while limiting discharge current to a HPRZUrrent rate and then wéor the voltage and

15

c



current to stabilizé3. Note that the default method will typically reach the target condition
more quickly. However, in some cases it may be desirable to use voltage (rather than
fractional discharge) as the measure of SOC.

5. Restat OCV for a default period (nominally 1 hour).
6. If aging is performed at an elevated temperature for accelerated aging, increase the ambient
temperature and let the device soak for a sufficient duration to ensure thermal equilibrium (4

to 16 hours dependinon the size and mass of the device).

7. Conduct the life aging sequence for ~32 days as specified in Sections 3.10 through 3.12
below.

8. If aging is performed at an elevated temperature, decrease the ambient temperature to the
reference condition of 30°C atet the device soak for a sufficient duration to ensure thermal
equilibrium (4 to 16 hours depending on the size and mass of the device).

9. Conduct the RPT as specified in Table 11 in Section 3.13.

10. Repeat Steps 6 through 9 until end of test or end of life.

The endof-test criteria for life testing are normally specified in a desgigecific test plan. A default

(and generally mandatory) etwd-test condition is reached when the test profile cannot be executed
within both the discharge and regen voltagetbdfi Another default enaf-test condition also

occurs if performance degrades to a point where the HPPC Ref@ericenancé est(RPT)yields
insufficient information to show further degradatidnOther end of test criteria include: @gycle

life capability that meetthe targets has been attained (i.e., the number of properly scaled test cycles
exceeds the applicable target); or (b) @ or CSAvailable Energy or Available Power drops below
the target value. In case (#)e battery may not haveached endf-life when testing stops, but

further testing is not usually considered eef§ective. In case (b), eruf-life has occurred at some

prior time.®

3.10 Charge-Sustaining Cycle Life Tests

ChargeSustainingCycle life testingor PlugIn Hybrid operationis performed using one of the Cycle
Life Test Profiles defined in Section1®.2. Cyclingis performed by repeating the selected test
profile at a fixed statef-charge (i.e., the profile is chargeutral).Periodicreference performance
testswill be conducted during cycle life testing gauge degradation rates

13
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A value less than 1% of the HPPC current is probably adequate to meet this criterion, provided this is within the
measurement capability of the test equipment.

At this point, the device has insufficient available energy and capacity at tkenidgtons to execute the test, i.e., its
capability is less than that required by the test profile.

This would normally be the point where valid discharge and regen data are obtained at less than three DOD values
using the LowCurrent HPPC test.

Note thatendof-testandendof-life are not the same, and they may not even be related. See the glossary for more
information on this distinction. The determination of Egfelife and Cycle Life is discussed in Section 4.9.
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3.10.1 Cycle Life Test Procedure Outline
The cycle life testing process consists of the following steps:

1. Scale the selected test profile (Table 4 for the P2B\Wiile Battery, Table 5 for the PHEV
40 Mile, or Table 6 for the xEN30 Mile Battery) by dividing the nhominal profile power
values by the Battery Size Factor as described in Section 3.1.4.

2. From a fullycharged condition (Vmay), bring the cell to the desired operating staite
charge and test temperature for cycle life testing and perform the Operating Set Point
Stability Test (Section 3.10.3) to verify stable operation at the selected SOC pointaiake
needed adjustments to the test profile or test operating conditions.

3. Repeat the selected test profile(s) at the desired operating conditions the number of times
specified in Table 11 (Section 3.13) or a dexgpecific test plan. If additional OSPSctss
are required to achieve stable cycling, these cycles should be included in the total.

4. After the specified number of repetitions, suspend cycling. If cycling is being done at other
than 30°C, return the cell to 30°C. Observe the -gjrenit voltageafter a default rest.
Remove the residual capacity at a constant HERent rate, and perform a Reference
Performance Test to determine the extent of degradation in capacity and power capability.
The reference tests are listed in Table 11. The intebaween repetitions of these
reference tests are also specified in Table 11, though these may be adjusted somewhat if
required for time synchronization of cells being tested under different test regimes.

5. If the residual capacity measured in Step 5 iadis an unacceptable drift during cycling
(typically £5% change in measured capacity), repeat Step 3estaiblish the target cycling
condition.

6. Repeat Steps 4 and 5 until an @idest condition is reached.
3.10.2 Charge-Sustaining Cycle Life Test Profiles

The ChargeSustaining Cycle Life Test Profiles remossWh (PHEV-20 and PHEWAO Mile
application) or 75 Wh (XEMBO Mile applicationn discharge and is nominally chafigelanced.

The test profiles are all defined at the battery pack level and carabd to the appropriate power
levels for testing laboratory cells, fidlze cells and module designs using the Battery Size Factor as
described in Section 3.1.4. The objective of these test profiles is to demonstrate device life in the
ChargeSustaining mde when subjected to different energy use levels and patterns appropriate to the
targets. Each profile is a 98 pulse profile intended to demonstrate the ability to meet the cycle life
target of 300,000 cycleslhe profile families transfer about 15 figh watthours (MWh)

respectively in and out of the device over 300,000 cyolethe PHEV20 and PHEWVA0 Mile
application; approximately 22.5 million watburs (MWh) are transferred over 300,000 cycles for the
XEV-50 application

The PHEV-20 Mile Battey profile is definedn Table 4 andllustrated in Figuré, the PHEV-40

Mile Battery profile is defined in Tabkand illustrated in Figuré, and the XxEV50 Mile Battery
profile is defined in Table 6 and illustrated in Figure 7.

17



3.10.2.1 PHEV-20 Mile Battery CS Profile

Table 4. ChargeSustaining®HEV-20 Mile Battery (50 Wh) Cycle Life Test Profile.

Time Cumulative System Energy Cumulative
Increment Time Power Increment Energy
(s) (s) (kW) (Wh) (Wh)
36 36 3 30.0 30.0
4 40 18 20.0 500
48 88 -3.13 -41.7 8.3
2 90 -15 -8.3 -0.1
25 ;
Discharge
20
15
10
g s
8
E
o
5
-10
15
Charge
-20 :
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Figure 5. ChargeSustainingPHEV-20 Mile Battery (50 Wh) Cycle Life Test Profile.

Time in Profile (s)
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3.10.2.2 PHEV-40 Mile Battery CS Profile

Table 5. ChargeSustaining®HEV-40 Mile Battery (50 Wh) Cycle Life Test Profile.

Time Cumulative System Energy Cumulative
Increment Time Power Increment Energy
(s) (s) (kW) (Wh) (Wh)
37 37 3 30.8 30.8
3 40 23 19.2 50.0
48 88 -3.13 -41.7 8.3
2 90 -15 -8.3 -0.1
25 ;
Discharge —
20
15
10
g s
8
E
o
5
-10
15
Charge
-20 :
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Time in Profile (s)

Figure 6. ChargeSustaining?HEV-40 Mile Battery (50 Wh)Cycle Life Test Profile.
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3.10.2.3 xEV-50 Mile Battery CS Profile

Table 6. ChargeSustaining XxEV50 Mile Battery {5Wh) Cycle Life Test Profile.

Time Cumulative System Energy Cumulative
Increment Time Power Increment Energy
(s) (s) (kW) (Wh) (Wh)
30 30 5 41.7 41.7
2 32 60 33.3 75.0
56 88 -3.75 -58.3 16.7
2 90 -30 -16.7 0
70 ;
Discharge
60
50
40
30
3
20
8
2 10
Q
&
-10
-20
-30
Charge
-40 :
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Time in Profile (s)

Figure 7. ChargeSustaining XxEV50 Mile Battery {5 Wh) Cycle Life Test Profile.
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3.10.3 Operating Set Point Stability Test

This test is apecial case of the cycle life testing regime to be applied to a digxeceand should be
performed immediately before the beginning of cycle life testrdptermine that stable cycling will
occur at the target SOGt to adjust test conditions if necessary to enstability (charge neutrality)
The target statef-charge fo the cycle life tesis normally specified in a deviespecific test plan
based on projected use of the devicResults from the energy efficiency test (Section 3.8) can be
used to establish the initial operating set point parameters for this test.

With the cell at the selected staikcharge value and all other conditions (e.g., operating
temperatureas required for life cycling, apply the selected Cycle Life Test Profile for a period long
enough to reach thermal equilibrium and to return to thett&@€:8 Determine the change (if any)

in the stateof-charge before and after the cycling interval. Allodedaultrest before and after this
cycling is performed to determine any change in epeuit voltage If the SOC is found to be more
than £1% SQC based on OCVYor a higher percent difference if directed by the Program Manager)
then this test shall be repeated with updated control algorifitmsiesidual capacity can also be
removed at a constant HPf&Tirrent rate t@stimatehe cumulative capaty removed (or restored)
duringthe cycling interval.

3.10.3.1 Adjusting the Operating Set Point

If the device does not reach a voltage and temperature equilibrium during the cycling interval, upper
or lower voltage constraints or other limits may be adjusteithifwimanufacturer limits) to provide

stable cycling conditions, and this test may be repeated or extended if necessary. The test may also
be repeated at the beginning of any cycle life testing interval if the device condition has changed
significantly.

3.10.3.2 Controlling the State-of-Charge during the OSPS Test

The preferred approach to maintaining a target-sthtdarge during the OSPS test and later cycle
life testing depends on the test profile used and on test equipment capabilities. Guidelines for
acconplishing can be called out in a devisgecific test plan.

Note that achieving the target SOC and a stable cycling condition are related but have separate
constraints. The maximum and minimum pulse voltages from profile to profile are usually the most
sensitive indicators of stable cycling (unless the device resistance is changing appreciably during the
cycling period), while the SOC during cycling must actually be measured after cycling Atops.

voltage clamp during the last 10 seconds ofetktended|low-power, regeiportion of the profile

(before thehigher power regepulsg is thedefaultmethod to stabilize the cycling profile$he

intent of this test is to establish control parameter values, and if necessaryttméinibe test profile,

such that life cycling can be performed continuously over the intervals between reference tests
specified in Table 11

17 If the manufacturer is ubée to specify the test condition for the energy efficiency test, then useoyasathe default
condition.

18 This typically requires approximately 100 complete pulse profiles.
19 Using the voltage to stabilize the CS Cycle Life Profiles may not be appropriate for all chemistries. With the approval

of the workgroup, other methods that are chemistry appropriate can be employed to stabilize the profile for long term
cycling.
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3.11 Charge-Depleting Cyde Life Tests

ChargeDepleting Cycle life testing is performed by repeatingdbsignatedest profile(Section
3.11.2) until theenergytargetfor the Chargddepleting moddrom Table lis reachede.g., a scaled
5.8 kWh energy removed for the PHE2@ Mile Battery application11.6 kWh for PHEWAQ, etc).
The device ishenrecharged at the Maximum System Recharge Rate listed in Table 1, unless
otherwise specified by the manufactur®&PTs are conducted periodically during cycle life testing.

3.11.1 Cycle Life Test Procedure Outline

The cycle life testing process consists of the following steps:

1

Scale theselected test profile by dividing the nominal profile power values by the Battery
Size Factor as described in Section4.1.

Thedeviceis first fully chargedat 30°Cto Vmaxop using themanufacturerecommended
procedurdi.e., fully charged)

Bring thedeviceto the desiretiesttemperatur@nd soak for the appropriate diion. Repeat
the designatedest profile at the desired operating conditionsl the net energys equal to
thescaledChargeDepleting targeenergy This will be about 18.profiles for the PHEV20
Mile battery, about 25 profiles for the PHE2 Mile battery or abou®0 profilesfor the
XEV-50 Mile battery

Rest at OCV for aefault period of 15 minutésand therrecharge the device using the
Maximum System Recharge Radentified in Table Linless otherwise specified by the
manufacturer.Rest at OCV for a default period of 15 minutes after the rech&tgps 4 and
5 will be the equivalent of one CharBepleting Cycle.

Repeat the cycle (from steps 4 and 5) at the desired operating conditions the number of times
specified in Table 11 or a devispecific test plan.

After the specified number of repetitions, suspend cycllhgycling is being done at other
than 30°C, return the device to 3Q8a soak for the appropriate duratiobbserve the open
circuit voltage after a-br rest. Perform the Reference Performance Tests to determine the
extent of degradation in capaciépd/or power capability. The reference tests are listed in
Table 11. The intervals between repetitions of these reference tests are also specified in
Table 11, though these may be adjusted somewhat if required for time synchronization of
cells being teted under different test regimes.

Repeat Steps 4 throu@huntil an endof-test conditioris reached.

20 Themanufacturer may specify an alternative rest period between the discharge and charge profiles. The rest interval
should be specified in a devispecific test plan.
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3.11.2 Charge-Depleting Cycle Life Test Profile

The objective of these test profiles is to demonstrate device life in the dbepleting mode when
subjectedo energy use levels and patterns appropriate to the taEgets profile is a series of
constant power discharge/charge steps with a total duration of 360 seconds.

3.11.2.1 PHEV-20 Mile Battery CD Profile

The PHEV20 Mile Battery profile is defined in Table 7 aitidstrated in Figure 8 It is intended to
demonstrate the ability to meet the Chabpleting cycle life target of 5,000 cycles (in sets of ~13
profiles per cycle) with a Charg@epleting net energy of 5.8 kwWh. The profile discharges 29 million
watthours (MWh) respectively ouf the device over 5,000 cycles.

Table 7. ChargeDepleting Cycle Life Test Profile for the PHEXO Mile Battery.

Cum
Step Step Cum % Net Dis

No Time Time Power Power Energy | Energy

(sec) (sec) (%) (W) (Wh) (Wh)

1 16 16 0 0 0.00 0.00

2 28 44 125 4625 35.97 35.97

3 12 56 25 9250 66.81 66.81

4 8 64 -12.5 -4625 56.53 66.81

5 16 80 2 740 59.82 70.09
6 24 104 12.5 4625 90.65 100.93
7 12 116 25 9250 121.48 | 131.76
8 8 124 -12.5 -4625 111.21 | 131.76
9 16 140 2 740 114.49 | 135.05
10 24 164 12.5 4625 145.33 | 165.88
11 12 176 25 9250 176.16 | 196.72
12 8 184 -25 -9250 155.61 | 196.72
13 16 200 2 740 158.89 | 200.01
14 36 236 125 4625 205.14 | 246.26
15 2 238 100 37000 225.70 | 266.81
16 6 244 50 18500 256.53 | 297.64
17 24 268 62.5 23125 410.70 | 451.81
18 8 276 -25 -9250 390.14 | 451.81
19 32 308 25 9250 472.37 | 534.03
20 8 316 -50 -18500  431.26 | 534.03
21 12 328 2 740 433.72 | 536.50
22 2 330 121 45000 458.72 | 561.50
23 5 335 2 740 459.75 | 562.53
24 2 337 -65.8 -25000 44586 | 562.53
25 23 360 2 740 450.59 | 567.26

23



Peak Discharge Power (W)

50000

40000

30000

20000

10000

-10000

-20000

-30000

Discharge
L
Charge
50 100 150 200 250 300 350

Time in Profile (s)

Figure 8. ChargeDepleting Cycle Life Test Profile for the PHEXD Mile Battery.
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3.11.2.2 PHEV-40 Mile Battery CD Profile

The PHEV40 Mile Battery profile is defined in Table 8 and illustrated in Figurdét & intended to
demonstrate the ability meet the ChargBepleting cycle life target of 5,000 cycles (in sets of ~25
profiles per cycle) with a Charg@epleting net energy of 11.6 kWh. The profile discharges 58
million watt-hours (MWh) respectively out of the device over 5,000 cycles.

Table 8. ChargeDepleting Cycle Life Test Profile for the PHEAD Mile Battery.

Cum
Step Step Cum % Net Dis

No Time Time Power Power Energy | Energy

(sec) (sec) (%) (W) (Wh) (Wh)

1 16 16 0 0 0.00 0.00

2 28 44 125 4750 36.94 36.94

3 12 56 25 9500 68.61 68.61

4 8 64 -12.5 -4750 58.06 68.61

5 16 80 2 760 61.43 71.99
6 24 104 12.5 4750 93.10 103.66
7 12 116 25 9500 124.77 | 135.32
8 8 124 -12.5 -4750 114.21 135.32
9 16 140 2 760 117.59 | 138.70
10 24 164 12.5 4750 149.26 170.37
11 12 176 25 9500 180.92 | 202.03
12 8 184 -25 -9500 159.81 | 202.03
13 16 200 2 760 163.19 | 205.41
14 36 236 12.5 4750 210.69 | 252.91
15 2 238 100 38000 231.80 | 274.02
16 6 244 50 19000 263.47 | 305.69
17 24 268 62.5 23750 421.80 | 464.02
18 8 276 -25 -9500 400.69 | 464.02
19 32 308 25 9500 485.13 | 548.47
20 8 316 -50 -19000  442.91 | 548.47
21 12 328 2 760 445.44 | 551.00
22 2 330 121 46000 471.00 | 576.56
23 5 335 2 760 472.06 | 577.61
24 2 337 -65.8 -25000 458.17 | 577.61
25 23 360 2 760 463.02 | 582.47
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Figure 9. ChargeDepletingCycle Life Test Profile for the PHEMO Mile Battery.

26




3.11.2.3 xEV-50 Mile Battery CD Profile

ThexEV-50 Mile Battery profile is defined in Table 9 and illustrated in FigureIL® intended to
demonstrate the ability to meet the Chapleting cycle lifaarget of 5,000 cycles (in sets a0~
profiles per cycle) with a Chargeepleting net energy of 14.5 kwWh. The profile discharges 72.5
million watt-hours (MWh) respectively out of the device over 5,000 cycles.

Table 9. ChargeDepleting Cycle Life Test Bfile for thexEV-50 Mile Battery.

Cum
Step Step Cum % Net Dis
No Time Time Power Power Energy | Energy
(sec) (sec) (%) (W) (Wh) (Wh)
1 16 16 0.0 0 0.00 0.00
2 28 44 9.8 10750 83.61 83.61
3 12 56 19.5 21500 155.28 | 155.28
4 8 64 -19.5 -21500 107.50 | 155.28
5 16 80 1.6 1720 115.14 | 162.92
6 24 104 9.8 10750 186.81 | 234.59
7 12 116 195 21500 258.48 | 306.26
8 8 124 -19.5 -21500  210.70 | 306.26
9 16 140 1.6 1720 218.34 | 313.90
10 24 164 9.8 10750 290.01 | 385.57
11 12 176 195 21500 361.68 | 457.23
12 8 184 -19.5 -21500  313.90 | 457.23
13 16 200 1.6 1720 321.54 | 464.88
14 36 236 9.8 10750 429.04 | 572.38
15 2 238 78.2 86000 476.82 | 620.16
16 6 244 -39.1 -43000 405.16 | 620.16
17 24 268 48.9 53750 763.49 | 978.49
18 8 276 -19.5 -21500  715.71 | 978.49
19 32 308 19.5 21500 906.82 | 1169.60
20 8 316 -39.1 -43000 811.27 | 1169.60
21 12 328 1.6 1720 817.00 | 1175.33
22 2 330 109.1 120000 883.67 | 1242.00
23 5 335 1.6 1720 886.06 | 1244.39
24 10 345 -54.5 -60000  719.39 | 1244.39
25 15 360 1.6 1720 726.56 | 1251.56
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Figure 10. ChargeDepleting Cycle Life Test Profile for the xES0 Mile Battery.
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3.11.3 Combined Cycle Life Test

The purpose of the combined cycle life test is to combine the appropriate number of Charge
Depleting Cycle Life Profiles with CharggustainingCycle Life Profiles such that both sets of cycle

life targets are met at the end of testifis test is not normally required by USABC but may be

used as part of the development program test plan at the discretion of the program manager and the
developer

1. Scale theselected test profile by dividing the nominal profile power values by the Battery
Size Factor as described in Section4.1.

2. Thedeviceis firstfully charged at 30°C tdmaxop using themanufacturerecommended
procedurdi.e., fully charged).

3. Bring thedeviceto the desiredesttemperatur@nd soak for the appropriate duration
Perform one CD cycle by repeating thesignated Charg@epleting Cycle Life Test Profile
at the desired operating conditions until the net enisrggual to thescded Charge
Depleting targeenergy. This will be about 12 profiles for the PHEV20 Mile battery,
about 25 profiles for the PHEXO Mile battery or about20 profiles for the XEW50 Mile
battery

4. Perform 60 successive Chaf§astaining Cycle Life Tedtrofiles for the PHEM20 Mile
battery PHEV-40 Mile battery orthe xEV-50 Mile battery No rest period is required
between the completion of the CD cycle and the start of the CS cycles.

5. Rest at OCV for a default period of 15 minutes and teeharge theevice using the
Maximum System Recharge Radentified in Table Linless otherwise specified by the
manufacturer.Rest at OCV for a default period of 15 minutes after the recharge.

6. Repeat Steps-Bthe number of times required for-82y intervals beteen RPTs

7. If necessary,aturn the device to 30°@hd soak for the appropriate duratidPerform the
Reference Performance Tests from Table 11.

8. Repeat Steps-1, ten times. (Note: Steps 6 and 8 can be modified to provide longer or
shorter intervals betvem Reference Performance Testing).

3.12 Calendar Life Test

This test is designed to permit the evaluation of cell or battery degradation as a result of the passage
of time withminimal usage. It is not a pure shigi test because the devices are maintained at or
near a target state-charge during the tesThe deviceswill also be subjected to periodic RET

In general, calendar life testing is performed using multiple cells over a range of test cofiditions.

is commonly done at elevated temperatures in order to shorten the time required for obtaining useful
results. Cells to be tested may be included in a matrix of test variables such as temperature and state
of-charge. This matrix may in turn be paftadarger cycle life test matrix where calendar life testing

21 The cell terminology in this section is not intended to prevent the calendar lifgyteStimodules or complete batteries.
It reflects only the fact that the vast majority of such testing is done at the cell level.
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is considered a limiting cycle life test, i.e., one in which the sthtdarge swing during cycling is
zero. Referencé provides more guidance on this subject. The calendar life test precessumes
that the target test conditiofe each cell or group of cells have been defined, typically in a device
specific test plan.

3.12.1 Calendar Life Test Planning

Careful planning and analysis of calendar life tests are critical to estimation of bgtesiyh high
confidence.Accurate life estimates asssential for assessing battery warranty risks and costs.
Calendar life estimates are necessarily based on accelerated test nfetbipsisould be conducted at
the most challenging SO&llowed by tle manufacturemrepresentative of the most stressful condition
within the operating windowl' he general approach is to store cells under-gjrenit conditions at
elevated temperatures to artificially increase their rates of performance deterioratokeyTh

tradeoff in the selection storage temperatures is to avoid introducing irrelevant failure modes at too
high a temperature, while achieving high rates of deterioration to minimize test time and cost.

At a minimum, three temperatures should bectete Optimally, five to seven elevated temperatures
would be selectedbut in many cases this proves impracticBhe lowest temperature should be the
baseline temperature for calendar life, while the highest temperature should result iroédifend
condition at the desired test duratiwithout introducing unrealistic failure mechanisfesy., two
yearsor les3. Other temperatures should be equally spaced between these extremes.thkekast
cells should be tested at each temperature, but fmoired statistical results, additional cells should
be used, especially at the lower temperatures. The cells under test should be stored htiacudpen
condition, but with voltage monitoring using sensing circuits that present negligible loads to the
devices under tesif feasible, adaily pulseshould be performed with 5minute voltage clamp after
the pulsdo maintain the appropriate SO®@here it is not feasible to conduct a daily pulse, SOC
should be periodically verified and maintaindebr atest to be considered valithet SOC may not be
allowed to drop more than 5% below the target vdfieecell nears this level of drift, a taper charge
to the target is permitted.

Wherever possible, cells subjected to the same test conditions shaoldtda@ed in the same test
chamber or other environment, preferably using calibrated test channels with identical characteristics,
and test intervals should be tiragnchronized.

All cells that are part of a common test matrix should be subjected toedarsting at the same

intervals if possible. Minimizing the fraction of time not spent at target temperatures is important for
testing at elevated temperatures. However, in some cases rapid degradation may take place at very
high temperatures; in suclases, the use of uniform test intervals will lead to a reduced number of
data points for predicting trends over life. The reference test intervals have been selected to balance
these conflicting needs but may need adjustment in special cases.

3.12.2 Calendar Life Test Procedure
The outline of this test procedure for a particular cell is as follows:

1. The device is first fully charged at 30°C to Vmansing the manufacturer recommended
procedure (i.e., fully charged).

2. If necessary, discharge to the target condifice., capacity removed or SOC) at 30°C using
the hepcrate and rest for an hour.
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8.

Apply a single iteration of the Calendar Life Test Profile defineBdation 3.12.3. The
nominal discharge current to be used for this profile is equal to the peaéirdiscurrent for
the LowCurrent HPPC Test.

Bring the cell to the target temperature at epiecuit condition and wait for the ambient
temperature and voltage to stabilize (ideto 16 hoursbased on cell or pack mass

Apply a single iteration of th€alendar Life Test Profile defined in Section 3.12.3 at the
same current level defined in Step 3. The deigithen placed in an opaircuit state and
the test continues at the target conditigns.

Once every 2dours, and immediately before beginningSierepeat Step 5. Note that data
acquisition requirements during this pulse profile execution will be similar to those for HPPC
Tests, even though other data may be required only infrequently during-ioei24

intervalsz

At intervals as specified ihable 11 or a deviespecific test plan, return the cell to nominal
temperature (e.g., 30°C), observe its epiecuit voltage after a-hr rest, and apply a single
iteration of the Calendar Life Test Profile before discharging its remaining capacigy at th
HPPCCurrent rate. Conduct a single iteration of the required periodic Reference
Performance Tests, and then return the cells to their test temperatures.

Repeat this test sequence until the cell reaches aafdadt condition.

3.12.3 Calendar Life Test Profile

This test profile is intended for onperday execution during calendar life testing at the target
temperature and staté-charge. Additionally, this test profile is performed again at the target SOC
but at 30°C, immediately before and immediatglgr each calendar life testing interval. The data
provide daily information regarding the extent and rate of cell degradation during the intervals
between periodic reference tests. This test profile differs from Cycle Life Test Profile in thatit is no
intended for continuous execution; instead, it is executed once during ehcp&dod while the cell
under test is maintained at a given temperature andddtatearge. The pulse profile is shown in

Table 10 and illustrated in Figure 11.

22

23

In the event resources do not allow daily iteration, this step may be omitted with Manager approval and periodic

voltage cheks are conducted to ensure SOC stability.

Intermittent charge increments may be required to compensate fdiss#large to keep the staiécharge within an

acceptable range until the next reference test. The method to be employed for doirauttiibeskpecified in a
devicespecific test plan. The suggested method is to clamp each device after tipee2gdours profile at its
elevateetemperature OCV (as measured in Step 4) for a specified duration sufficient to compensate for increased self
discharge at the target temperature.
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Table 10. Calendar Life Test Profile.

Step Time Cumulative Time Relative Current
(s) (s) (Ratio)
10 10 1.0
60 70 0
10 80 -0.75
300 380 Voltage Clamp
1.2
1 4+—
0.8 -
0.6 -
£ 04
2
5 0.2
© 9
=]
£ 0.2 -
5
S 0.4
06
0.8 1
14
1.2

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380
Time in Profile (s)

Figure 11. Calendar Life Test Profile.
3.12.4 Alternative Calendar Life Test

In some cases calendar life testing may be conducted without using thees@dehr Calendar Life

Test Profile. The most likely reason for this is a shortage of continuously available test channels for
the number of devices to be tested. (If thehRgulse profile is not performed, a test channel is
required only for the periodic Reference Performance Tests and possibly for occasional charge
increments). The earlier procedure can be used in this fashion by omitting the daily performance of
the test pofile specified in Step 6 in the preceding section. If testing is performed in this fashion, the
device opertircuit voltage should be checked every 24 tehdars to verify that the state#f-charge
remains in an acceptable regidio. be a valid test th8OC should be monitored and prevented from
drifting more tharl% from the target valugr a higher percent difference if directed by the Program
Manager)y applying a taper charge to retdahe cell(s) to the target value.
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3.13 Reference Performance Tests

Reference Performance Tests (RPTs) are a set of tests performed at periodic intervals during life
testing to establish the condition and rate of performance degradation of devices under test. Except as
modified by a devicepecific test plan, these tesk®sld be performed (a) prior,tand within two

weeks ofthe start of life testing; (b) at defined periodic intervals; and (c) at end of testing, for all
devices undergoing either cycle life testing or calendar life testing.

Table 11. Reference Perforamce Tests and Test Intervals for Life Testing.

Type of Life Testing Interval Between RPTs Reference Performance Tests

ChargeSustaining Cyclg 30,000 cycle life profiles | 10-kW Constant Power Discharge T
Life Testing (This test is to precedbe HPPC Tes
~32 days, . .
and generally included in the samé
data file as the HPPC Test for analy
purposes)

ChargeDepleting Cycle| 300to 600cycles(This value
Life Testing should beadjustedo provide

an RPT each month if the Low-Current HPPC Test
cycling lastsmuch longer thar
the anticipated 32 day perioq

~32 days

Calendar Life Testing Approximately 32 days
(consistent with CS cycle life
RPTS)

Combined Cycle Life ~32 days
Testing

A ReferencdPerformance Test iteration consists of one repetition of each test listed in Table 11. Itis
recommended that these tests be performed in the orderiistbdse tests are performed for all

PHEYV testing modesTable 11 also lists typical intervals faaference tests during cycle life and
calendar life testing. In practice, these intervals may have to be adjusted somewhat to synchronize
reference testing for groups of multiple cells, especially where calendar life and cycle life cells are
being testedh the same temperature chamber.

24 For battery chemistries that have a strong dependence of performance on temperature, it may be desirable to measure
accurately the actual (ambient) temperature of the test article during the RPTs and adjustrtharpafieesults using
the data from the Thermal Performance Tests (Section 3.7) to estimate the present performance at the nominal 30°C
temperature. Performing such an adjustment is necessarily limited to those cases where the following conditions are
satsfied: temperature data are available with accuracy better than the variations to be corrected (2°C or less); Thermal
Performance Test data is available "near" the normal testing range, e.g. #6f@ion either side of the nominal
temperature; and thest whose data are to be adjusted is conducted within this limited range "near" the nominal
temperature.

25 The Cold Cranking Test is not included in the list of Reference Performance Tests, because it will not routinely be
performed at the intervals spied in Table 9. However, it should typically be performed along with the Reference
Performance Tests at each of three times over the life of a device: (1) as part of initial characterization testing, (2) abou
halfway through the projected life if theltpassed step 1, and (3) at the-effitife testing, if practical.
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4.  ANALYSIS AND REPORTING OF TEST RESULTS

4.1 General

For purposes of consistency in test reporting (particularly between multiple testing organizations), a
requiredminimum subset of information, based on the procedamdsanalysis defineth this

manual, has bedaabulated in Appendix Bsing the PHEMO Mile Battery application as an

example Corresponding data should also be reported footther PHEV battery modesisted in

Table 1 asappropriate. This is nobiended to limit the reporting of other test results; the intent is

rather to ensure that important test results are reported in a fashion that allows them to be compared to
test results on hybrid energjorage devices performed at various locations &ggs of

development.

4.2 Static Capacity Test and Constant Power Discharge Test

Capacity in amperbours and energy in watburs at the specified discharge rates are reported based
on manufacturespecified discharge termination conditions. The Static Ggpbest is performed at
aconstant current discharge rate corresponding t€ifieratebetween Vmaixo and Vmin, and the
Constant Power Discharge Test is performed at a constant power discharge rate corresponding to a
BSFscaled 1&kW rateand/or the PPGCurrentbetween Vmay and Vmin. (Note thathe static
capacitytestwill not generally be useable within operating conditions, and thus it does not reflect
conformance to the Pldg CS or CD Available Energy targets. However, it is still considered a
useful measure of capacity at the laboratory cell stagasure stality and as a reference to the
manufacturer®s rated capacity

Amperehours and wathours returned (and the corresponding overall charge/discharge efficiencies)
mayalsobereported for the manufacturepecified charge algorithm. Energy removed (hatirs)

is alsoreported as a function ehpacity remove@expressedh percent of rated capacity). These

data are used for the later calculation of CS and CD Avaitaidegy.

4.2.1 Capacity Fade

For devices subjected to life testing, the change in constamrmiigcharge capacity from
the beginningpf-life values (heasured just prior to the start of life testing) to some later point in time
are to be reported periodically for each test as Capacity Fade, expressed as a percentage of the
original (BOL) operatingcapacitybetween Vmasp and Vmin as shown in Equatiof2), whereto
refers toRPTOandt; refers to the time of the later RPT where capacity fade is to be determined.

Capacity, @

a
Capacity Fade(%) =100
? Capacity,, <

)
4.3 Hybrid Pulse Power Characterization Test

Results from the HPPC test are generally aimed at comparing the performance of atdegieen
RPTto the specified targets for PHEXO, PHE\A40, or XEMA50 Mile application. Since these

targets are expressed at the system level, most HPPC testmasiltse scaled using the Battery Size
Factor(BSF)before such comparisons can be made &etion 3.14). TheBSF should be an

integer value that aligns with all performance requirements and can be configured for series and/or
parallel strings.
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This setion describes the HPPC analysis methodology using an illustrative dataset based on the
PHEV-40 Mile application. Theoncepts and associated nomenclatures that are discussed in this
analysis section have bedefined in the glossary astimmarized in Apendix B Appendix B also
describediow to use the HPPC tesstits to fill in aGap Analysis

4.3.1 Overall Analysis Approach

The primary purpose of the HPPC test is to periodically verify how the Peak Discharge Pulse Power,
Peak Regen Pulse Power, AvailaBleergy for CD (Charge Depleting) Mode, and Available Energy

for CS (Charge Sustaining) Mode for a given test article compare to the appropriate targets identified
in Table 1. To achieve this purpose, several calculations are required based on the @xquieta.

At a minimum, the following data need to be captured during the HPPC test for successful
comparison with the targets:

1. Temperature of the test article during the HPPC test.

2. Cumulative capacity (Ah) removed at the end of each 10% incrdraset on rated capacity
defined at beginning of life and fixed throughout life testing.

3. Cumulative capacity (Ah) removed at the end of each discharge pulse withiRE®
profile.

4. Measured voltages at the start and end of both the discharge and regewithitséise
HPPC profile.

5. Measured currents at the start and end of both the discharge and regen pulses within the
HPPC profile.

From these data, the analysis methodology described herein can be used to determinsthteBSF
values that are to be compdneith the targets. Temperature data are useful to collect during HPPC
testing, especially if the performance of the test articles is strongly affected by ambient conditions.
Temperature ialso a useful diagnostic tool if anomalous data are identifibé. measured

cumulative capacity data are related to the measured energy removed at a 10 kW rate from the
Constant Power test (Section 4.2). The capacity data are also used to estapéistetitage of rated
capacity removed from Vmax From the meased voltages and currents, pulse resistance values are
calculated at each 10¥crementand subsequently used to identify the corresponding pulse power
capabilities. The pulse power capabilities at each 10% increment are then related to the cumulative
erergy removed at a 3W rate. Based orthese results, useable energy curves are generated for both
the CD and CS modes, from which fheak Discharge Pulse PowBeak Regen Pulse Power,

Available Energy for CD (Charge Depletingpde, and Available Eneygor CS (Charge

Sustaining) Mode can be identified.
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4.3.2 Pulse Resistance

From the HPPC pulse profile in Figure 1 (Section 3.4.1), resistance can be calculated4Dig a
calculation at each 10% increment. Resistances are normally only calculatechfdetely unabated
pulses, i.e., those with full duration and amplitétd€&quations 3a and 4a show the calculation for the
10-s discharge and regen pulse resistance, respectively, where the relevant time points are identified
in Figure 12. Equations 3nd 4b show the corresponding discharge and regen pulse resistance
calculations at-3. The illustrative test data described in this section is based only ondhmulde

resistance results, but the analysis methodology is the same when determitiadpassd on the-2
requirements.

ta t1

Current (relative)

7 t3
0 10 20 30 40 50 60
Time in Profile (s)
Figure 12. Resistance Calculation Time Points.
DV, V-V,
RDischarge (103): discharge _L tl t0| (3a)
Dl discharg e ‘l t 2 to
DViiscrarge  [Via = M
RDischarge (25): = l = t0| (3b)
Dldiscr‘arge ‘l B _I t0
PYgen [Vis-
RRegen (103): = l = t2| (4&)

egen 8 t ©

26 The HPPC test is required to continue to Vifor until the constant current discharge rate cannot be sustained),
however some data may be acquired during pulses where current liwétingncountered. Tests conducted indicate
that pulse resistances calculated using such data will be somewhat different (probably higher) than the values calculated
for pulses where limiting does not occur. While this current limited data may be useafulradication of device
behavior, it should not be used for direct comparisons to the targets.

36



PWoer Voo - Vo

4b
q)llegen ‘ lbl- \2‘ ( )

RRegen (ZS):

The discharge and regessistances can then be plotegdach 10% increment betweémax,, and
Vmine, as shown in Figure 13 for an illustrative set ofsldiata. The calculatgmbrcentagés based

on the cumulative capacity removed divided by the rated capacity provided imattufacturer.

Note that charge removal from the discharge pulse has to be included when detdimining
percentage of rated capacity remofedthe regen condition, which is why the-&@egen resistances
are slightly shifted to the right when compatedhe discharge resistance d&tdn addition to the
resistance values, opeircuit voltage (OCV) can also be plottatleach 10% incremeat time point

t0 (from Figure 1) which is also shown in Figure 13. The O6&tween the 10% incremerasn

then be estimated by straigirie interpolation between the relevant data points or by fitting a curve
through the measured data.

0.0020 : T : : : : T : 4.1

0.0018 1 S S — S S S S —

____________________________________________________________________________________________________

Resistance (ohms)
Open Circuit Voltage (V)

—m—10s Discharge Resistance 135
0.0002 1 —+—10s Regen Resistance | o 0w
——COCV
0.0000 i : i | | | | | 34
0 10 20 30 40 50 60 70 80 90

%-Removed of Rated Capacity from Vmax,,
Figure 13. OpenCircuit Voltage and Pulse Resistances vefstSapacity Removed

4.3.3 Pulse Power Capability

The pulse resistance data are then used to calculate the pulse power capability at each 10% increment
(defined at beginning of life and fixed throughout life testing), where the discharge power is relative

to Vming and the regen power is relativeMmax,,. (See Footnotpd] in Section 3.4 regarding

allowable values fo¥max,, andVming). These power capability values are used to determine the

27 In this manual, plotted percentage values always represent the beginnings of their respective discharge or regen pulses.
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total available deptlof-dischargeand energy swing that can be used (within the operating voltage
limits) for given discharge and regen power levels. Equations 5 and 6 show the pulse power
capability calculation for the discharge and regen pulse, respectively. Figure 14 illustrates the
resultant Pulse Power Capability curves as a functidheopercent of rated capacity removed from
VmaXop.

Discharge Pulse Power Capabilityyminpuse 1 (OCVais T VMIiNpuise) © Ruischarge (5)

Regen Pulse Power Capabilitjvmaxouise T (VMaXouise - OCVregen © Rregen?® (6)

2000

1800

1600

1400

1200

1000

Power (W)

600

400

200 4o L —m—10s Discharge Power Capability

—4— 10s Regen Power Capability

0 10 20 30 40 50 60 70 80 90
%-Removed of Rated Capacity from Vmax,,

Figure 14. Pulse Power Capabilityersus %Capacity Removed

However, the pulse power capability must be related to the cumulative energy removed instead of
percent of rated capacity removied successful comparison with the targets. The HPPC test is
immediately preceded by a-kV constant power discharge test (Section 4.2), from which the
cumulative energy removed at aRW rate can be plotted against the calcula@guhcity removeds
shown in Figure 15. Assuming that the measuwagacity removeftom the constant power

28 Note that OCV at the start of eagen pulse must be interpolated from the OCV curve derived from the rest periods
before each discharge pulse, accounting for the percentage of rated capacity removed by the discharge pulse (i.e., this is
not the same OCV used for discharge calculatioRer)example, if the discharge pulse starting at the 10% increment
removes an additional 3% of the device capacity, the subsequent regen pulse OCV is interpolated starting at 13% of the
rated capacity removed relative to Vmax
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discharge and the subsequent HPPC test are equitaileatsumulative capacity removed (expressed
as a percentage relative to the rated capdaiiy) the HPPC test cdre matched to the

corresponding energy removed at thekV0 rate (as indicated in Figure 15) and used to transform
Figure 14 into Figure 16, where the pulse power capabilities at the cell level are now plotted as a
function ofcumulativeenergy removed.

140

E | | | | | | | | |
E 120 R T R ommm oo R REEEEEEES
m i i i i i i i i i
®
x \ \ \ \ \ \ \ \ \
R e R i
° . . . . . . . . .
© \ \ \ \ \ \ \ \ \
@ B0 ommmm e e e rommom e i ety
Q
£ e wl  m
2 : : : : ! | | | |
"§' 60 1t I I 7 - .
) ! ! ! : 1A specific percentage of capacity
2 | | | | ; removed from the HPPC test (e.g.
w4 | I R o I + 150%) is matched to the corresponding | |
2 ' ' ' ' ‘ "energy removed" value from the
L ; : ; ; 1|constant power discharge test (e.g.
Ewnl 2 — — 168 Wh).
o ! ! ! ; !

0 i i i i ' i i i i

0 10 20 30 40 50 60 70 80 90 100

%-Removed of Rated Capacity from Vmax,,

Figure 15. Relationship Between Energy atsdCapacity Removeih a 16kW Discharge.

29 This equivalence is n@xact, because part of each 10% capacity increment removed in the HPPC test is due to the
pulse profile. However, for highower batteries theelationship is assumed to be sufficiently similar and it can be
verified with the energy verification testsg@ions 3.4.3 and 3.4.4)
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Figure 16. Unscaled HPPC Cell Power Capability vs. Energy Removed.

All calculated ceHlevel pulse power capability and energy removed values are then scaled by the
given Battery Size Factor (BSFJ.o simplify the targets comparison, the regen power residtsld
also beplotted on asecondary-axisthat is scaled byhe ratio of required regen to discharge power,
e.g., 25kW regen and 38&W discharge for the PHEXYO Mile targets. Figure 17 illustrates the result
of this scaling when applied to Figure 16 with an assumed BSF of 44, whefekWeregen target

on the seondaryy-axisis aligned with the 3&W discharge target

Note that the crossover point of the two power capability curves in Figure 17 is shifted in comparison
to Figure 16oncethe axes were scaled in proportion to the discharge and regen pulse pgetsr ta
Because of the way these pulse power values are calculated in Equations 5 and 6, changing the
operating voltage limit¥max,, and/orVming will also cause the curves to shift relative to each

other. Thus the location of the useable energy rangebeavaried if desired by altering the operating
voltage range (within the allowable voltage limitghere VminO 0. 55 100 V ma X
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Figure 17. HPPC Power vs. HPRCurrent Discharge Energy Scaled by the Battery Size Factor.
4.3.4 Useable and AvailableEnergies

The four primary values that must be determined from the HPPC test for comparison against
respective targets are the Peak Discharge Pulse Power, Peak Regen Pulse Power, Available Energy
for CD Mode (Akp) and Available Energy for CS Mode (A§. The PHEV40 Mile application,

for example, requires 38 kW (at 10s), 25 kW (at 10s), 11.6 kWh, and 0.3 kWh, respectively, at end of
life as shown in Table 1. To determine these values for a given test article, a series of calculations is
required based aime data from Figure 17. First, both the Useable and Available energies for the CD
and CS modes need to be defined and established

Figure 18 illustrates the PHEV operating philosophy for Charge Depletion and Charge Sustaining

modes where the targets @recisely met. Charge Depletion mode begins at the top of the operating

window (setaVmaxyp) , Wi th the batteeVyebérng dodebauged! 6ian
amount of energy has been removed.raAtsitshadt mwalient ,0
Charge Sustaining (CS) mode. In this mode, the battery ayed#a narrow operating window

between two limits, depicted as the dashed green and redfia@cs Limit (beginning of CS mode)

and the Akl targe{€nd of CS modeNote that the Charge Sustaining mode limits straddle the end

point of the Charge Depl eti on Oconddien fot therChe t . Note a
operating mode is at Vmag{not Vmaxog). From Section 3.1, Vmaxoo corresponds to the

theoretical 100% SOC level and the associated nameplate (i.e., rated) capacigngéhaf

operation idetween Vmagp and Vmin so as not to introduce degradation mechanisms that are not
representative of vehicle operatioriBheoperational usagbetweerVmax,p and AEotal Target

(identified by the red line in Figure 18) must provide sufficient energy to meet the targets at end of

life. Note that the voltage corresponding tordMde rargetwill be greater thawming (i.e., full

discharge at end of life
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Figure 18. PHEV Operating Philosophy

Useable Energ{UE) is the total available discharge energy at the scaldd\ @ate between the top
of the operating window, dfmax.p, and the Pulse Power Discharge curve (i.e., see Figure 17) at a
given power value. It can therefore be represented by a set of horizontal lines originatingeatishe
and terminating at the point of intersection with the discharge curve. This poitgrsection is
defined as Escharge NOte also that the corresponding point on the regen curve is defingeyas E
TheUseable Energgurveconsists of two components, the charge depletion mode portien, bid
the charge sustaining mode portion,ddE

Available Energy(AE) is the total available discharge energy at the scaldd\ @ate between

Vmaxo.p and the Pulse Power Discharge curve evaluated at the Peak Discharge Pulse Power target
(i.e.,Available Energy is the point on the Useable Epengyve at the given target powdefined in

Table 1 Like Useable Energy, Available Energy consists of two components; the charge depletion
mode portion, and the charge sustaining mode poriitbeseoperating modes have their own
specificenergy targetfor each application. The Charge Depleting Available Energy target
(AEco_Targe) at end of lifefor the PHEV40 Mile application is 11.6 kWh, and the corresponding
Charge Sustaining Available Energy target (AEarge is 300 Wh. ThesalculatedAvailable Energy

for Charge Depleting mode (AB) is the energy withdrawn from Vmaxo Epischarge@t the power

target minus half of the CS Energy Target. ThkeulatedAvailable Energy for Charge Sustaining
mode (AEyg) is the energy required to sustain poassist operation (i.eEV mode) and ranges
between the energy limit for CS mode, &kmi, and Bischarge@t the power target.

Equations 7 and 8 defindEcp and Uks, respectively, for a given power level, whefgdgarge
corresponds to the energythé given discharge power levAlEcs ragetrefers to theCharge
Sustaining Available Energgrget, andA\Ecp rargetiS theChargeDepletingAvailable Energytarget.

UEcp = EDischargeT Yo AECS_Target (7)
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UEcs= EDischargeT AEcs Limit = EDischargeT [AE CcD Target‘l/Z AEcs Targe} (8)

In the case where Equations 7 and 8 are evaluated Re#heDischargBulse Powetarget {.e., 38

kW for the PHEV40 Mile application), Uep and Uksare equivalent to Afp and Akcs,

respectively, and these values are rgmbin theGap Analysisas the Available Energpr CD Mode

and AvailableEnergy for CS Mode at a given point in life (see Appendix B). Figure 19 shows the
illustrative Power vs.Energy curve with numerical values identified for evaluation at 38 kW
dischage power target and 25 kW regen power target. From this dataset, Bschargeis 15600 Wh,
AEch TargetiS 11.6 KWh, an@\Ecs_targedS 300 Wh. Thus, Equations 7 and 8 are calculated as follows:

UEcp( at p o weAEcpt=d56@0WHhi }2{300Wh} = 15,450Wh
AEcs Limit = [11,600%2{300Wh}] = 11,450Wh
UEcs( at p o weAEcst 85600WhtT 11,460Wh = 4,150Wh

Because of the dual mode operation, the CD Energy can be regen limited (i.e., unable to accept

complete regeat the lower end of the DOD range of operation). This portion of the CD Energy is

between Vma (i.e., at 0 Wh) and fgenas indicated in Figure 19. The portion of the CD Energy

that is not regen limited is betweeRenand Bischargeminus half ofthe AEcs ragee FOr example, in

Figure 19, the regen limited portion of the CD energy curve is 2780 Wh and thegammlimited

portion is 12670 Wh (combining for an Afzs kwySum total of 15450 Wh). It may be of additional

value to track the regdimited portion of the CD Energy as a function of aging to gain a more
comprehensive insight into the test articleds cap
simultaneously meet the discharge and regen requirements, whersidg be somewhere betare

EDischargeand E&egen
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Figure 19. CS and CD Available Energy Determination.
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4.3.5 Available Energy Margin

TheCD and CSAvailable Energies at theeak Discharge Pulse Powarget reduce as a function of
aging as th&JseableEnergy curves shift due to degradation in the power capability during calendar
and/or cycle life. Once the Available Energies meet or fall below the targets, the test article has
reachecendof-life, unless some other target criterion has already failbd toet (for example, the
self-discharge rate might become unacceptably hi@hge energy margin is defined as the difference
between the calculated Available Energy at a given point during calemdasclelife aging and the
corresponding target. Notieat theCD and CSAvailableEnergy marginsvill always be equivalent
since both Akp and AR:sare determined frorBpischarge CONsequently, the available energy margin
can be calculated in one of tways, asare defined in Equations 8 and 9, respebtjvend illustrated

in Figure 20.Thus, for a given Ak of 15,450 Wh and an Ads of 4,150 Wh, the resulting Available
Energy margin for both cases is 3,850 Wh.

AEcp margin= [AEcp - AEcp Targe] 9
AEcpmargin =[15,450 Wh 11,600Wh] = 3,850 Wh
AECS margin = [AECS - AECS Targe} (10)

AEcsmargin=[4,150Wh1 300Wh] = 3,850Wh
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Figure 20. ChargeDepleting and Sustaining Useable Energy Margin Determination.
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Figure 21 shows the shift in tieak Discharge Pulse Poveard Peak Regdpulse Power curves at
beginningof-life (BOL) and at enebf-life (EOL) due to aging and the corresponding effect on energy
margirs, which are zero (by definition) at ewdHlife.®® Since the CD and CS Useable Energies are
linked together, as the CS energgrgin approaches zero (illustrated on Figure 21), the CD energy
margin will also approach zero. This is one possibledfdife condition
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Figure 21. CD and CSAvailable Energy and Power Margins Over Life.
4.3.6 CS Available Power

The Charge Sustaininfvailable Power (ARs) is the discharge power capability level at the point
where bischargelS €Xactlyequal to the total Available Energy target, @k rarger Where ABotal TargetdS
AEcp TargePplus half of Aks rarge: This is reported in th&ap Aralysisas the Peak Dischargilse
Power (see Appendix B). The BOL and EOLGARre illustrated in Figure 21 above. ThedARt

BOL was calculated to be 49.4 kW and (in this example case) it is precisely equal to the discharge
target power of 38 kW at HO Power Margin (also identified in Figure 21) is the difference in
discharge power capability betweenRt a given point in time during life and the P&ikcharge
Pulse Power target (38 kW for a PHE#U@ Mile application). The corresponding Peak ReBalse
Power that is reported in tii&ap Analysidgs the ARsscaled by the power targets (i.e.,AAR [25

kw /3 8 kW] for the PHEW40 Mile application, or 32.5 kW for a given Afof 49.4 kW. Note that
the power targets in Table 1 are specifiediierCS mode only, so there is no available power value
for the CD mode

The ChargeSustaining Available Power, Char§eistaining Available Energy and Chailgepleting
Available Energy represent complementary aspects in the performance of a test artipleat

30 These enaf-life data are theoretical; in practice, test data are seldom avaibedntlyat the point in life where power
and energy margins are zero because reference tests are performed only at periodic intervals. ppmtsithimally
occurs between two sets of reference tests. See Section 4.9 regarding the implications of this behavior on reported life.
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point in time during life aging. These values can be graphically represented in a Useable Energy vs.
Power curve as shown in Figure 22. The corresponding targets of the PH&\é4pplication are

also identified with solid black lines to cleartentify the location of each relevant parameter on the
useable energy curves that is reported indhp Analysigsee Appendix B)
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Figure 22. Useable Energy versus Power Curve
4.3.7 Power and Energy Fade

For devices subjected to life testing, the changé$ Available Power and CS and CD Available
Energy from the beginningf-life values (measured just prior to the start of life testing) to some later
point in time are to be reported periodically as Power Fade and Energy Fade, both expressed as
percentage of the original (BOL) values as shown in Equations 11 and 12.

Power Fade(%6)=100° - - 21ablePowey, g (11)
¢ AvailablePower, =

EnergyFade(%)=1003 %- Ava_llable Energy, 9 (12)
¢ AvailableEnergy, =
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In both cased0 refers to thdReference Performance Test conducted immediately prior to the start of
life aging (i.e.,RPTO)andtl refers to the time of the later RPT where power and energy fade are to
be determined.

4.3.8 Minimum and Maximum Capacities Removedind Cold Crank Condition

Some characterization tests (e.g., the energy verification tests in Sections 3.4.3 ameldi4et)
knowledge of the minimum and maximum capacities removed at which the corresponding power
targets arexactlymet (Ahuin and Ahuax, respectively)where Al is located at Regenand Ahuax

is located at Eschargeat the power targetA BSFscalal representation of Figure 14 is shown in
Figure 23, where the power capability curves are plotted as a functiom pércent of rated capacity
removed from Vmag instead of cumulative energy removed. As shodWmax is determined from
the PeakDischarge Pulse Powtarget (e.g., 38 kW), which is approximately 74%he rated

capacity removed (e.g., for a 2 Ah cell, 1.48 Ah are removetigwise, Ahun is approximately

24% of rated capacity removed (e.g., for a 2 Ah cell, 0.48 Ah are remoMeth.that the location for
Ahmin and Ahyax are typically fixed at BOL but the discharge and regen power curves shift as the
test article ages. The values forhand Ahuax can be updated at the discretion of the Program
Manager.

In addition toAhmin and Ahuax, the capacity removed prior to thwld crank test (Section 3.6an

also be established from these data. Starting from full charge relativesie, , remove the amount
of rated capacitgquivalent to the Available Energy Target for the Chddgpleting modeplus half
the Available Energy for the Charaistaining Mode from Table 1 at the 10 kW r@eg., 11.6 kWh

+ 150 Wh for the PHEMIO Mile Battery Application This is accomplished using the methodology
discussed in Section 4.3.3 and Fgb. The resultingapacity removedhould be somewhere
betweemAhuin and Ahuax, as illustrated in Figure 23 with the dashed green line. In this example
case, the cold crank test should be performed%td rated capacity removed (e.g., for a 2 AH,cel
1.22 Ah are removed)The cold crank test condition is typically fixed at BOL but can shift as a
function of aging. The cold crank test condition can be updated at the discretion of the Program
Manager.Note that when the cold cratést conditiorexceedsAhmax, the test article can no longer
successfully perform a cold crank test and has reached end of life.

4.3.9 Two-Second Discharge Target Verification

The 2second discharge performance can also be verified by using the voltages and currents from the
same HPPC discharge pulses, but after 2 seconds into the pulse instead -GeitentiOvalues, as

shown in Figure 12 and Equations 3b and 4b. The rest of the analysis is the same as previously
discussed.

4.3.10 Other Laboratory Cell Performance Characteristics

Other laboratory cell performance characteristics can be calculated from the HPPC data to permit
scaleup calculations to fulkize cells and/or observe unique features in the specific cell chemistry.
These include some or all of the following:

1 Voltageresponse time constant estimates for discharge, regen, and rest periods derived from
the currerddriven HPPC Test data

9 Ohmic and polarization resistances derived from lumped parameter equivalent circuit models
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1 Cell capacity and energy in arspecific, graimetric, and volumetric units (mAh/cn
mWh/cnt, Ah/kg, Wh/kg, Ah/liter, Wh/liter)

1 Cell areaspecific impedance in ohnwr? for discharge and for regen from HPPC data.
(Note: this requires specific knowledge of the active surface area of the cells).

Thedata acquired from HPPC cell testing are ultimately used for modeling cell characteristics and for
the selection and design of figize module and battery pack characteristics.
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Figure 23. Minimum and Maximum Capacities Removed and Cold Crank Conditio
4.3.11 Determining Battery Size Factor When Not Supplied By Manufacturer

If the device manufacturer is unable to supply a BSF, or if the provided BSF needs to be verified prior
to life testing, an initial LowCurrent HPPC test can be performed to establisB8te The

discharge current between pulses (i.e., for the 10% increments) is atrtéte @nd the magnitude of

the discharge pulse is based on a5Current. These conditions are used to approximate the HPPC
Current (kepg since it cannot bdetermined without a BSF. Additionally, the HPPC test is preceded

by a constant current discharge atia&le to establish the relationship betweapacity removed

and cumulative energy removed (Figure 15). Once a BSF is determined using the meghodolog
described herein, it should be validated by repeating the HPPC test using th&CHP&@. If the

results do not provide sufficient energy or power margin, a new BSF will need to be determined and
validated. The BSF should typically provide at lea2®% AE:p margin and 30% A& margin at
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BOL, though other ranges could be specified by a manufacturer if needed with approval from the
technical program manager. If the validation testing supports the recommended BSF, then that value
should be used forlduture life testing of the test articles. A single typical or average value can be
used for testing a group of identical devices

Several steps are required to establish the B$Hist, the unscaled power vs. energy curve is used to
find the total Usable Energy of the individual test article. Figure 24 shows the illustrative power vs.
energy curve, with the addition of a regen pulse power capability curve that is scaled by the power
targets ratio of 25 kW to 38 kW (the green curve). As defineddtidde4.3.4, the total Useable

Energy is the difference betwe¥max,, and Eischarge@t various power levels as indicated by the
horizontal lines. The resulting Useable Energy curve is shown in Figure 25 by the dashed green line
with solid triangles

2500

Power (W)

—m—Discharge Power & Energy

—+—Regen Power & Energy

—a—Regen Power & Energy (25/38)

0 50 100 150 200 250 300 350 400 450 500
Energy(Wh)
Figure 24. Finding the Useable Energy Using Devicevel Results.

Second, on the useable energy curve, draw a line from the origin having a slope equal to the ratio of
the CD Available Energy target (i.e., 11.6 kWh) to Feak Discharge Pulse Powarget (i.e., 38

kW). This ratio is then multiplied by a factor of 1.2 to provide a 20% energy margin. For the PHEV
40-Mile application, the resulting slope of this line is 0.366; this is shown in Figure 25 with the solid
green line. Next, determinedipoint at which this line intersects with the useable energy curve; this
corresponds to 371 Wh of energy and 1012 W of power in Figure 25. A scaling factor is then
calculated by dividing the numerator of the slope (i.e., 1.2 x 11.6 kWh) with the ené¢ngy a

31 This process is most accurately done using a spreadsheet with a macro. However, it is described grapHarady here
understanding of the calculation method, and the graphical result may be accurate enough if done carefully.
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intersection point; this corresponds to 13920 Wh / 371 Wh = 37.5. Note that the same value can be
determined by dividing thBeak Discharge Pulse Powarget with the power at the intersection

point (38000W / 1012W = 37.5). This scaling factos ian estimate of the true scaling factor since it
assumed only a CD mode, whereas the scaled useable energy must also account for the CS mode, half
of which extends beyond the CD target (see Section 4.3.4)

If the Useable Energy curve dasst intersect vih the goals ratio slopdraw a horizontal line from
themaximum Useable Energyrvevalue to the-axisto identify the intersection poitf the goals
ratio slope If this step is necessaipen the test articlékely does not provide sufficient eryy for
the PHEV applicatioand the technical programanager should be notified

Third, to establish the actual BSF for the CD operating mode, take the useable energy curve in Figure
25 and adanehalf of the CS Available Energy Targeding the estimat scaling factor (i.e., the

original useable energy curve is shifted by adding a factor of [*2 x 300 Wh] / 37.5 = 4 Wh in this
case). Figure 25 shows the adjusted useable energy curve with the dashed purple line with solid
diamonds. Now, draw a line frothe origin having a slope equal to the ratio of @i Available

Energy target plus orealf of the CS Available Energy Target (i.£1,600Wh + 150 Wh = 11,750

Wh) to thePeak Discharge Pulse Powarget (i.e.38kW). This ratio is then multiplied bg factor

of 1.2 to provide a 20% energy margiRor the PHEV 4Mile application, the resulting slope of this

line is 0.371; this is shown in Figure 25 with the solid purple line. Determine the point at which this
line intersects with the adjusted uskeaénergy curve; this corresponds to 375 Wh of energy and 1012
W of power in Figure 25. The CD BSF is then calculated by dividing the numerator of the slope (i.e.,
1.2 x 11,750 Wh) with the energy at the intersection point; this corresponds to 141BYBW/h =

37.6. For testing purposes, this BSF should be rounded to the next highest integer @, BSF

Fourth, now that the CD BSF has been established, the 30% available power margin for the CS
operating mode must be established. The CS useaélgy is determined by taking the total useable
energy curve (i.e., the dashed green line with solid triangles in Figure 25) and subtracting the
Available Energy Targehinusonehalf of the CS Available Energy Targand scaling by BSb
(i.e.,11,600Wh - 150 Wh = 11,450 Wh / 38 = 301.3 WhThe resulting CS useable energy curve is
also shown in Figure 25 with the dashed blue line and solid circles. Draw a line from the origin
having a slope equal to the ratio of (&8 Available Energy target (i.e 300Wh) to thePeak

Discharge Pulse Powtargetscaled by 1.3 to account for the 30% power margin at B@L, 38 kW

x 1.3 = 49.4 kW. The resulting slope of this line is 0.006; this is shown in Figure 25 with the solid
blueline. Determine the point avhich this line intersects with the CS useable energy curve; this
corresponds to 6.9 Wh of energy and 1136 W of power in Figure 25. The CS BSF is then calculated
by dividing the CS energy target with the energy at the intersection point; this coresp800 Wh

/6.9 Wh = 43.5. For testing purposes, this BSF should be rounded to the next highest integer (i.e.,
BSFkcs = 44). In practice, the larger BSF between the CS and CD modes should be used for life
testing. In this illustrative case, a BSF ofigdisedo repeat the HPPC based on the HRR@rent
defined in Section 3.1.4. This is an example illustrationtliercasesthe BSkp is the higher value.

50



600

CD Useable Energy
--#--CD Useable Energy +150 Wh
--@=--C3 Useable Energy ! !
500 CD Target Ratio (11600 Wh) E | i |
|| ——cD Target Ratio (11750 WH) | L P b N> n
—— CS Target Ratio (300 Wh) €D Ussable Energy Curves | :
: ' ' . 1012W, 375 Wh ;
: : : N 5 i
! ! ! N ! !
400 - e S R A
g : : ' | * :
= % |
=] . 9 :
[ | | | | | EN |
[ : : : | : ,
S 300 e R Ayt
w ! ! ! ! e
g Line with CD Slape = 1.2 X (11600 + 150) Wh/ (38 kW) %,
g ' N X
b . ' 'Y ‘ . A
o ! ! i | ! Y
200 4o e i S S e NS SR
i i i : i “
| \
| “
CS Useable Energy Curve *
. . : f‘\. : :
L R L S T E—
: ' ' | ‘9. '
o 1136W, 6.9 Wh
Line with CS Slope = 300 Wh / (38 KiWx 1.3) re
! ! ! N\ ! e !
1 1 1 N | Y 1
! ! ! | ! !
0 : . . : : 9 —
0 200 400 600 800 1000 1200 1400
Discharge Power (W)

Figure 25. Finding a Battery Size Factor Using Devicevel Results.

4.4  Selt-Discharge Test

Seltdischarge rate is determined over a fixed period (nominally 7 days) at one or more intermediate
testconditionsthat typically correspond to life testing conditions and/or VgnaXhe difference

between the energy (watburs) measured prior to thest and during the test is considered to be the
energy loss reflecting setfischarge during the stand period. This energy loss is computed as the
difference between the pretest HRE0rrent energy and the sum of the energies in the partial HPPC
Current dscharges before and after the stand period. This value is then divided by the length of the
stand period in days and multiplied by the appropriate Battery Size Factor for the applicable mode, as
shown in Equatiod3. Wheeta is the total energy availabte be removed at top of charge measured

from the pretestWhpauiis the amount of energy removed from the teeleach the initial targeest

condition for the selflischargeest, Wharzis amount of energy removed after completion of the self
discharge stand period

Whtotal - (\Nn)artl +Wh)art2)

Self Dischargepermonth(%o) = ——
StandTimein Days xWh

3 BSF30xL00  (13)

total

The result of this calculation is reported for comparison with the tardgessihan1%/monh.
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4.5 Cold Cranking Test

The fundamental result of the Cold Cranking Test is the power capability at theamgbbthe

three2-s pulss at-30°C, which is to be multiplied by the Battery Size Factor and compared to the
target of 7 kW. The actual power achieved does not necessarily represent the maximum power
capability; it merely shows whether the device was tiblaeet the target. (Some batteries may be
capable of higher power than this). The maximum power capability may be calculated in a manner
analogous to theormal pulsepower capability results, as follows:

1. Calculate discharge pulse resistance valuegubie voltage and current values at three pairs
of time points [(tO, t1), (t2, t3), and (t4, t5), illustrated in Figure 26], using the B
calculation (Equation 3b) used for discharge resistance in Section 4.3.2.

2. Calculate the dischargmilse powercapability for each of the Cold Cranking Test pulses
using Equation (5) as in Section 4.3.3. The current limitations must also be observed here. If
the manufacturer specifies a minimum discharge voltage specifically for cold cranking, this
voltage must b used for the calculation in place of the normal Minimum Discharge Voltage.

3. Multiply each of these three pulse power capability values by the Battery Size Factor and
report the resulting power values for comparison with the target of 7THW power
achieved on the third pulse is typically reported in a Gap Analysis.

]
/ s

Measured Current

T T T

to 2 t4

0 2 4 6 8 10 12 14 16 18 20 22 24 26
Time in Profile (s)

Figure 26. Cold Cranking Test Resistance Calculation Points.

4.6 Thermal Performance Tests
Measured capacity is reported over the range of temperatures at whitimstant Powefest is

performed. Results of HPPC Testing at temperatures other than nominal are reported in the same
formats defined in Section 4.3 except that the test temperature must accompany all data and graphs.
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4.7 Energy Efficiency Test

Round trip energy efficiency malculated froma selechumber ofsequentiatest profiles of the
Efficiency Test. The preferred approach is to use a group of 10 or more consecutive test profiles,
both to reduce the impact of small profiteprofile variations and to minimize numericaund-off
effects. The calculation is performed as follows:

1. From an examination of the Efficiency Test data, choose a group of consecutive test profiles
where the average SOC (as implied by temperature and/pktagge behavior) is relatively
stable, wrmally at the end of the cycling period. The amount of time to reach this condition
varies but will commonly be an hour or more after the start of cycling.

2. Integrate both the current and power for the discharge and regen intervals of these profiles
(sepaately). Verify that the discharge ampéreurs and the regen ampdraurs are equal
(within 1% or less). If this condition is not satisfied, either (a) cycling conditions were not
sufficiently stable or (b) the cell is not 100+1% coulombically efficanhe cycling
conditions. In the first case, the test must be repeated using additional test profiles as an
OSPS test. In the second case, if a review of the data indicates that voltage and temperature
conditions were stable, the results are reportedhe charge imbalance must be noted.

3. Calculate roundrip efficiency as the ratio of discharge energy removed to regen energy
returned during the profiles, expressed in percent as shown in Equation (14).

wattours(discharge
watt(ours(regen)

Round- trip efficiency = 3100 (%) (14)

Roundtrip efficiencymay also be calculated if desired over a longer period of time (e.g., during life
cycling) using any integral number of repeated test profiles for which theoételterge is stable,
e.g., an entire block of several thousand profiles may be used in$@adhall group?

4.8 Operating Set Point Stability Test

No results are reported specifically from this test. The current, voltage, and residual capacity data are
reviewed tcestablisithe stateof-charge anather conditions are stable (and at their target values) for
continuous cycle life testing, but otherwise this tegeiserallytreatedas part of cycle life testing.

4.9 Cycle Life Tests

For the selected life test profile, the cumulative number of testqeaixecuted prior to the most

recent Reference Performance Tests is reported, along with any performance changes measured by
these Reference Performance Tests. If testing is terminated due to the inability of thpesédrio

the programmed test pil& within the voltage limits or some other eafitest conditionthis isalso
reported Detailed results of the reference tests are reported over life as described under these specific
tests, including the magnitude of adjustments made (if any) dhe tog¢asured temperatures being
above or below the nominal temperature. In addition, degradation of capacity, pulse power

32 The Efficiency Test and CS Cycle Life Test profiles are identical, so the Cycle Life Test data are directly useable for
efficiency calculabns if cycling is done at a constant SOC.
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capability, CD and CS Available Energy, and Cold Cranking Power capability as a function of life
(i.e., number of test profiles perfoed) should be reported graphically.

The value of cycle life to be reported for a device subjected to cycle life testing is defined as the
number of test profiles performed before -@fidife is reached. In general an eafilife condition is

reached whethe device is no longer able to meet the targets (regardless of when testing is actually
terminated). The ability to meet the targets is evaluated based on the periodic Reference Performance
Tests, particularly the HPPC Test results. When the powerraandyeperformance of the device

(scaled using the Battery Size Factor) degrades to the point that there is no power and energy margin
(i.e., CS or CD Available Energy is less than the target value at the target power), the device has
reached endf-life. In addition, the inability to meet any of the other technical targets (e.qg., the cold
cranking power, efficiency or selfischarge target) also constitutes -erfidife. The basis for the

reported cycle life value (i.e., the limiting target condition) sth@lso be reported® If the cycle life

based on power and energy performance is very near the target, tfelismgoint may need to be
interpolated based on the change in HPPC performance from the previous reference test.

4.10 Calendar Life Test

Theraw data from calendar life testing are the periodic reference performance parameter
measurements for all the batteries under test. The objective of this data analysis is to estimate battery
calendar life under actual usage in a specified customer eméran Typically, the environmental
specification will include a cumulative distribution of expected battery temperature oveiygarl5

life in, for example, the 90percentile climate among the target vehicle market regions. These
temperatures will v, and will generally be substantially lower than the elevated temperatures used

for (accelerated) calendar life testing. Note that for most (> 90%) of-§sdflife, the battery will

typically be in a noroperating, vehiclgarked state.

Predictingbattery life is a desired outcome of testing. Tlaeevarious approaches to constructing a
battery life model. One is theoretical, using various physical and chemical processes that may occur
in the battery, which degrade its performance. A secofiting a curve to the data. Fan

advanced treatment ofterpreting calenddife test resultsvith modeling and predictigmefer to the
BatteryLife Estimator(BLE) manual, Referenc&),

4.11 Reference Performance Tests

Results to be reported from tperiodic Reference Performance Tests are defined in the previous
sections on Cycle Life and Calendar Life Tests.

33 Efficiency and SelDischarge are not necessarily measured at regular intervals during life testing, so the point during
life cycling where such an eraf-life condition is reached cannot always be determiniéd vigh accuracy. Typically
the test results showing that the targets are not met would be reported, without attempting to interpolaté&lde end
point using two test results widely separated in time.
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4.12 Module Controls Verification Tests

Testing and analysis at the module level is similar to that employed for cells. However, standard tests
are not defined in this manual for module control behavior, so analysis and reporting requirements for
such tests must be detailed in dexspecific test plans, as needed. Typically, these may include an
understanding of the logic employed for electrocieaity balancing the cells within the modules,

and also understanding the thermal issues.

4.13 Systemlevel Testing

In general, the analysis and reporting of test results for complete battery systems is conducted
similarly to comparable cell tests. Additiomaporting requirements (e.g., detailed cell or module
performance) should be specified in a batgrgcific test plan that accounts for the specific design
features of such a systeriest procedures and the associated reporting requirements are med defi
in this manual for systeitevel thermal management load testing.
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APPENDIX A - SAMPLE TEST PLAN

This appendix provides a sample test flased on the test requirements for this PHEV Manual. Itis
not intended to be a thorough representation, but an example format thatusafuiben developing
devicespecific test plans for various deliverables

VEHICLE TECHNOLOGIES OFFICE
PHEV TEST PLAN FOR TBD CELLS

1.0 Purpose and Applicability

The intent otthe tests described in this test plan is to characterize the performance of
TBD articlessupplied by TBD for the TBD Battery mod@his testing will

benchmark the performance capability of #ingclesrelative to thélBD targets and

is under the oversight of the Department of Energy, Vehicle TechnQlfimpe.

TBD articleswerereceived from TBD and TBD of them will be subjected to testing
under this plan.Thearticles will be subjected to the performance test procedures
defined for the PHEV Prograand as outlined in Section 7.0

2.0 References

2.1 Battery TesManual for Plugin Hybrid Electric Vehicles, INL/EXT07-
12536, Re\B, Septembe014.

3.0 Equipment

3.1 Alltesting is to be performed on test channels with current and voltage
capabilities adequate for the specific test procedures to be performed.

3.2  Except where specifically noted otherwise, all tests will be performed within a
temperature chamber capable of controlling the chamber temperature to
within +3 C.

4.0 Prerequisites and PreTest Preparation

4.1  Actual weights and open circuit voltages of #niclesas delivered shall be
recorded.

42  If possible, 1 kHz impedance measurements shall be made prior to the start of
testing with the articles as received.
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5.0 Article Ratings, Test Limitations andOther Test Information

5.1 Ratings
Rated Capacity: TBD A-h (G/1 rate)
Application: PHEV-TBD Mile Battery
Battery Size Factor: TBD atrticles
HPPC Pulse Power Voltage Calculation Ranges:
Vming TBD V
Vmaxop TBD V
IlHPPC TBD A
Chemistry: TBD

5.2  Temperature Ratings

Operating Temperature Range: TBD°C toTBD°C
Discharge Temperature Range: TBD°C toTBD°C
Charge Temperature Range: TBD°C toTBD°C
Storage Temperature Range: TBD°C toTBD°C
Cold Cranking Temperature TBD°C toTBD°C

5.2 Nominal Values

Nominal Capacity: TBD A-h
Nominal Weight: TBD kg
Nominal Volume: TBD L

5.4  Discharge Limits

Minimum Discharge Voltage
Continuous rate¢ Cy/1 rate(Vmino): TBD V
¢10 s puls€Vmin puise): TBD V
¢10 s pulse and temO°C (Vmin Lowt): TBD V

Maximum Discharge Current:
Continuougates¢ Ci/1 rate TBD A
¢10 second pulse TBD A

5.5 Charge and Regen Limits

Maximum Charge and Regen Voltage
Continuous rate¢ Ci/1 rate maxioo): TBD V

Continuous rate¢ Cy/1 rate(Vmaxop): TBD V

¢10 second puls@/maxpuise): TBD V
Maximum Charge and Regen Current:

Continuoust Ci/1 rate TBD A

¢10 second pulse TBD A
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6.0

5.6  Other Test Info:
Charge Procedure: TBD

5.7  End-of-Testing Criterion :

1. Completion of a numberf @roperly scaled life cycle teptofiles
adequate to meet the PHEV life cycle target (as appropriate for the
technology) or scheduled testirag;

2 Inability to perform the life cycle test profile at the programmaldies
at the required test condition without exceeding the voltage limits; or

3 Inability to give valid data from the HPPC Reference Performance
Test; or

4. Inability to meet the PHEV power and energy targets or

5. When directed by the technical program manager

Safety Concerns and Precautions

In general the safety issues with thas#clesare similar to those encountered
previously with other similar technology tested for the Vehicle TechnolQffese.
Care is warranted due to the high power cagsiwh thesearticles, as noted below.
6.1 Article Handling

TBD
6.2  Other Safety Precautions

TBD
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7.0

Tests to be Performed Under this Test Plan

Theatrticlesto be tested under this test plan will be subjected to the
performance test sequence in Table 1. géreent of rated capacity removed

is to be established by discharging at a rated HPPC current for a fixed period
of time from full chargego Vmax,. Unless otherwise specified, the test
temperature shall be 303 C. These Articles will be tested in a temperature
chamber

7.1  Performance Testing

Table 1. Performance Test Sequence

No.
ltem | Sequence of Initial Performance Tests for thérticles | Iterations

1 | Static Capacity Test(See Reference 2.1, Section 3.2) *

Conduct this test on TBBrticlesat a constant ratechd
discharge curreffBD A) between Vmaxooand Vmin.

Note: Test is to be terminated at manufactgpecified
cutoff voltage, NOT rated capacity

* Repeat discharge until measured capacity is stable wit
2% for 3 successive discharges (maximum 10 dischargg

2 | Constant Power Discharge TestReference 2.1, Section 1
3.3)

Conduct this test on TBBrticlesat a BSFscaled 1ekW
discharge rate.

Note: Test is to be terminated at manufactgpecified
cutoff voltage, NOT rated capacity

3 | Hybrid Pulse Power Characterization Test(Reference 1
2.1, Section 3.4)

Perform the LowCurrent HPPQest on TBDarticles The
peak dischargpulsecurrentshall beTBD A and the HPPC
Current(luppg is TBD A.

For allarticles a10 kW dischargshallbe included in the
same data file as the HPPC test for calculation purpose

4 | Charge Depleting Energy Verification Test (Reference 1
2.1,Section 3.4

Conduct this test omBD articlesat a 10 kW discharge rat¢
starting alvmaxop. Conduct a 16 discharge pulse at the
BSFscaled target power level.

Test is to be terminated at the appropriate energy target
Theremainder of the discharge will be completed using
HPPC current to the minimum voltage (Vm)in
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Self-Discharge Test(Reference 2.1, Sections 3.5)

Conduct this test on TBBrticlesfor a #day stand interval
at TBD condition This value isonsistent with the
calendafcyclelife parameters.

Note: If the final measurechpacityis significantly less
than the prdest value, contact titechnical program
manageprior to beginning life testing.

Cold Cranking Test (Reference 2.1, SectioBs$)

Conduct this test on TBBrticlesat-30 C. For this test
plan, the cold soak time &0 C prior to pulse testing shal
beat least TBDhours.

Thermal Performance Test(Reference 2.1, Sections 3.7

Perform al0 kW ConstartPower Discharge Teand the
Low-Current HPPC Test (sé&ems2 and 3above) at 0,
-10,-20,-30, ands2°C on TBDarticles

The sequence of tests is as follows: a) 0°C10jC,

c) -20°C tesbnly if the 0 and10°C tests meet or exceed
the performance goals, 0°C tesonly if the-20°C tests
meet or exceed the performance goals, e) 52J€& the
cold crank voltage limit (i.e.,Vmin Lowt) at 0°C and
below.

Recharging for these tests is to be done atZinbient
temperature. A soak period of nominallgD hours or
longer is required at each temperature for all tests.

Reference Performance TestfReference 2.1, Section
3.13)

Perform the 10 kW Constant Power Discharge Test and
Low Current HPPC Test as described above. These tes
should be included in thers& data file for calculation
purposes.

At the completion of life testing, perform the required
Reference Performance Test as above.

* During life testing, repeat the required Reference
Performance Test every 32 days.

Cycle Life Test(Reference 2.1Sections 3.0& 3.11)
As directed.

10

Calendar Life Test(Reference 2.1, Sectiond.3)
As directed.
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8.0

9.0

10.0

11.0

Measurement and Reporting Requirements

8.1 Measurements
TBD

8.2  Data Recording Intervals
TBD

8.3 Data Access
TBD

Anticipated Results

Thepurpose of this testing is to compare the performance of the technology against
the PHEV targets.

9.1 Testing Deliverables
Test data and results will be generated as specified in the performance and life
cycle test procedures in Reference uartery progress summary
information will be provided to thiechnical program manager

PostTest Examination, Analysis, and Disposition

TBD

Contact Persons

TBD
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APPENDIX B - GAP ANALYSIS REPORTI NG

This appendix summarizdhe key concepts and associated nomenclature that are used in Sections 3
and 4 of this manual, and is followed by a numeric example showing how the information obtained
from the HPPC tests translates to the entries that are reported in the Gap Anaty&apTnalysis

is the standard communication tool for USABC programs and is used to measure progress at regular
intervals. It also supports direct comparisons between programs and technologies and as such it is
critical that data interpretation and repogtiare performed in a consistent manner across developers.
This illustration is not intended to be a comprehensive description of a Gap Analysis, but an example
based on the 18 power data and the energy data from an HPPC test. Additional information,
including results from other characterization testingtae@-s HPPC evaluatiorshould also be

included in a Gap Analysis foest articles.

Figure B.1 shows a BS$caled Power vs. Energy curve using the same example as in Section 4.0
based on a PHEMO Mile Battery Application. The-axisrepresents the cumulative energy removed
at the 16kW rate starting from the upper end of the operating window which is defined agp/max
They-axesrepresent the calculated Peak Discharge Pulse Power (l&fttside) and the Peak Regen
Pulse Power (on theght side) at each 10% increment between Vgpard Vmin. The energy

targets, Akp Target(11.6 kKWh), Aks Target(0.3 KWh) and ARotal target(11.75 kWh) aralefined in

Table 1 and labeled in Figure B1 witke green text The measured Available Energy for the CD and
CD modes (Akp and AE:s, respectively) for this dataset are highlighted in the red fElxe CD

Energy AEcp) is 15,450 Wh and the CS Energ\Hcs) is 4,150 Wh.These values are reported in a
Gap Analysis as shown in Table Badd tracked as a function of age against the EOL tardéts
corresponding energy margins for the CD and CS modes are also shown in Figure B.1 for reference.
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—&—10s Regen Power Capability 15450 Wh
4 A
P v
76000 + _____‘__----"""_ i —+ 50000
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» 57000 + § Target 1 12 AECS Target + 37500 (1]
z b (150 Wh) e
= . z
2 ‘ 8
Q | g
e AEcp Targer= 11600 Wh i
2 38000 oy £0 Toroet £h — 1 25000 o
o | ?l:‘ AEcs (38 k) = \ c
g H 11450 Wh o 4150 Wh u: o
S a | 0 g g
[":] / ! P ! o
E f." AFCD Margin o
19000 +/ ' ! T + 12500
A H :' AEcsMagn 1}
i Enegen (@t 25 kW)= ] i iEgmh@etat 38 kW)=
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. 52780 Wh | :11‘}50 I\_Nf':' =1[17t5|d- 'IRFI: | : :15600 Wh ]
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Figure B.1.Gap Analysis Energy
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To determine the Peak §&xiharge Pulse Power and Peak Regen Pulse Power capability of the test
article,the data in Figure B.1 must be evaluated at the point where the CD and CS Available Energy
targets are exactly met. Figure B.2 shows a zoameikw of Figure B.1 wherthe Iacation of

AETotal TargedS found to intersect with dzcharge@t @ Peak Discharge Pulse Power of 49.4 Kilis

power levels allows for a 30% power margin at BOL. The corresponding Peak Regen Pulse Power
can be determined graphically as shown in FiguBedB it can be calculated based on regen to
discharge power ratio (i.e, 25 kW / 38 kW = 0.658 * 49.4 kW = 32.5 Killiese values are reported

in a Gap Analysis as shown in Table B.1 and tracked as a function of age against the EOL targets.

61750 — 40625
—8—10s Discharge Power Capability
/‘ —A—10s Regen Power Capability
57000 | 1 37500
/ APcsis the peak pulse power
\I— 4 | — reported in the Gap Analysis
- 52250 - - 34375
(™
7 Ty
g 49,400 W 32,500 W g
T 47500 1 ( L 31250
] AECs rarger = 300 Wh %‘
g | g
Q. 42750 + + 28125 =]
X o
= c
ot <
5 AECD Target= 11600 Wh o
@ 38000 =Py + 25000 &
a :
33250 | ‘: + 21875
AECSU"’"E AErotal Target
=11450 Whi  1=11750 Wh
28500 } Ly 18750

3800 4800 5800 6800 7800 8800 9800 10800 11800 12800

Energy (Wh X BSF)
Figure B.2.Gap Analysis Power

Alternatively, as described in SectidrB.6, the power vs. energy curves can be translated into
Useable Energy curves for evaluation. This approach reqéresating a set dfseableEnergies in
Figure B.1 from the crossover poiotthe lower end of the discharge curve (onytais) between

Vmaxop (i.e, 0 Wh) and BschargeOn thex-axis The totalUseableEnergy is then separated into the

CD and CS modes and plotted as a function of the discharge power as shown in Figdre 22 an
reproduced in Figure B.3. From these curves, the Available Energy for CD Mode, Available Energy
for CS Mode, and the Peak Discharge Pulse Power values can be identified and reported in the Gap
Analysis. The corresponding Peak Regen Pulse Power cabdldatermined by the regen to

discharge power ratio based on the targets.

64



20000

—4&—CS_Useable Energy (25/38 PHEV-40)

18000 CD_Useable Energy (25/38 PHEV-40)

16000

14000 4

12000 E—

AECD =
15450 Wh

8000 -

6000 -

4000 -

Useable Energy (Wh X BSF) [Removed at 10 kW rate]

2000 -

10000 |-------==-=rmmmmdommmmmmemmooooe o

0 10000 20000

30000 40000

50000 60000

Pulse Discharge Power (W X BSF)

Figure B.3. Useable Energy versus Power Curve

Based on these illustrative data, the Gap Analysis is shown in Table B.1. The Gap Analysis typically
will include columns having #hcharacteristics, units, targets for the given application (RHEV

Mile in this example), the data for a representative cell at beginning of life (often referred to as RPTO)
and data for the same representative cell at its given point in life durimglaaler cycldife aging.

If the test article demonstrates that a value exceeds the given target, the value is highlighted in green
as shown in Table B.1. If the test article shows a value that is leshéhtmget, but reasonably

close (i.e., less than 15% of the target)whleiein the Gap Analysis is then highlighted in yellow. If
more than 15% of the target, thems highlighted in red.The column with the most recent data is
typically highlighted while earlier data (i,d(RPTO0) is not highlightedThe Gap Analysis should be
updated after each RRihd reported to the technical program manager if any metric falls below the

target level.

Table B.1. Gap Analysis

- _ EOL PHEV-40 Mile
Characteristics Units
Targets | RpTQ | RPT##
Peak Discharge Pulse Powe(l0 sec) KW 38
Peak Regen Pulse Power (10 sec) kw 25
Available Energy for CD Mode kWh 11.6
Available Energy for CS Mode kWh 0.3
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APPENDIX C 17 VOLTAGE DEFINITIONS

This appendix provides a graphical description of the voltage limits defined in Section 3.1.1. Figure
C.1 showsall of the voltage definitions and the associated range of operation. The test article is
typically operated between Vmgxand Vmin so as not to introduce any artificial degradation
mechanisms that are not representative of vehicle operation. Pulse voltage limits on the upper and
lower ends are also available (Vmasand Vminuse respectively) for short durations. Charge
depleing cyclelife aging consists of a series of pulses starting from \{pamnd ending after the

target energy has been removed. The corresponding voltage is known asavichiih is a variable
parameter thawill generally decrease as the test article agebthe minimum value should be

supplied by the manufacturer (typically, the lowest allowable voltage for )fimihigher than

Vming). The value of Vmig, can be tracked at the request of the technical program manager.

Vmax ;e (applies only to short duration pulses) Fixed

I
. y Vmax 199 (100% SOC at BOL)  Fixed

Vmanx ., (top of operating range at BOL; fixed at BOL) Fixed

Cycling begins at (fixed) supplier specified Vmax ,, and a
fixed amount energy (CD+1,/2CS) is removed, to a point
which defines the bottom of the operating range. The
corresponding voltage to this bottom is variable and will be
allowed to decrease until the supplier-specified Vming is
reached at EOL. Vming, = Vming (typically Vming, = Vming,

Capacity

Cperating Range

E'.
=
[
a
0O
o

MNameplate Capacity
g

-__y___ |actual bottom of operat ng rdﬁg-:- | Variahle [Iu-wers as cell ages)
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Vmin ,;, (minimum allowable bottom of uperatlng range)
Typically fiwed by developer

Vmin , (0% SOC at BOL) Fixed
I' === '*7Um|n sulze (applies only to short duration pulses) Fixed
Vmin g7 Fixed

Figure C.1. VoltageDefinitions and Key Concepts
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