ELECTRIC VEHICLE
BATTERY TEST PROCEDURES

MANUAL

Revision 2

Published January 1996



Summary of Changesfor USABC Manual Revision 2

(Not including minor editorial and typographical corrections)

PAGE

DESCRIPTION OF CHANGE

2,A-5

Thelist of Core Performance Testsis clarified in Figure 1, and the test plan outline
is clarified to note that written direction from the USABC Program Manager is needed
to bypass these tests. The number and type of core tests required is NOT changed.

6, E-2,F-3, F-5

A single ‘Rated Capacity’ valueis clearly defined as the basis for measuring depth-
of-discharge (and hence capacity) for al USABC performance tests. The Rated
Capacity is established by the manufacturer based on whatever tradeoffs he chooses to
make for the best balance of power, capacity and life.

6, A-1

Both USABC Test Manager and Program Manager approval are required for al
test plans.

9, E-3,F-5,1-3

The Discharge Voltage Limit (DVL) for the Peak Power Test is clarified to be a
fixed value established at beginning of life. An alternate equation for calculating Peak
Power Capability is added to account for decreases in open circuit voltage beyond
80% DOD or later in life. Conduct of the Peak Power test itself isNOT changed
except for requiring voltage to stay above the DVL.

13, 15, 40

Discharge Voltage Limit is adefault termination condition for FUDS, DST and Life
Cycle Testing.

15

The DST procedure is modified to eliminate the reduced power criterion for Step 15.
All steps are now treated the same (asin the FUDS test); and the test terminates when
the programmed power cannot be achieved for any step without exceeding a battery
limit.

15, F-6

The terminology DST , is established to indicate the peak power scaling for aDST
test, e.g. DST,,, isatest scaled to 120 W/kg.

22ff, J-34ff

A vibration test usng random vibration is added to Procedure 10. The existing
swept sine wave vibration test is retained unchanged as an aternative.

31, 35, 37, 39, 40

Theinterval for conducting Refer ence Performance Tests during life cycle test
regimes is generalized to an appropriate interval rather than fixed at 28 days.

35 The method for counting the number of cycles achieved during lifetesting of a
battery is formalized.

37, 38 The Actual Use Smulation test is extended to include the effects of ambient
temperature variation, and temperature test regimes are established based on
historical data from specific hot and cold weather locations.

40 The Basdline Life Cycle Test is defined based on DST cycling to 80% DOD at
nomina environmenta conditions. (Thistest isaready being widely used.)
F-7 End-of-lifeis clarified to occur when either the net DST delivered capacity or peak
power capability at 80% DOD is less than 80% of rated.
Appendix F A detailed glossary of terminology isincluded.
Appendix | An explanation of the method and rationale for calculating Peak Power Capability is
provided.
Appendix J Detailed procedures (previoudy issued separately) are included to supplement some

procedure summaries, and the special procedure previoudly proposed for resistance
determination is deleted.
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FOREWORD

This USABC Battery Test Procedures Manual was prepared by a team composed of USABC and
DOE National Laboratories personnel. It is based on the experience and methods developed at
Argonne National Laboratory (ANL), Idaho National Engineering Laboratory (INEL) and Sandia
National Laboratories (SNL). The specific procedures were developed primarily to characterize the
performance of a particular battery relative to the USABC mid term and long term battery
requirements. The principal contributor and author of this document is Gary Hunt of INEL.
Although it isused as a "standard” for USABC battery testing, a continuing need to improve these
procedures is expected. Suggestions should be directed to Gary Hunt, INEL, telephone number
208-526-1095.
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INTRODUCTION

This manual summarizes the procedural information needed to perform the battery testing being
sponsored by the United States Advanced Battery Consortium (USABC). In this manual, the
general term battery refersto full-voltage battery packs, modules, and cells. Thisinformation
provides the structure and standards to be used by al testing organizations, including the USABC
developers, national laboratories, or other relevant test facilities.

The structure of the USABC testing process is shown in Figures 1 and 2. These figures represent
two methods for describing the same process. Figure 1 is an outline and Figure 2 is aflow diagram.
The numbers on the right side of Figure 1 refer to the applicable USABC Test Procedure. In
narrative terms, the process consists of the following general steps: (1) receipt of the battery or test
unit and preparation of a detailed test plan, (2) commissioning according to manufacturer's
recommendations, (3) electrical performance tests that include a set of mandatory core tests along
with optional general and/or special tests, (4) either () life-cycle testing or (b) typically destructive
safety/abuse testing, and (5) post-test analysis. Steps 4 and 5 are optional and will not be used with
some batteries. The mandatory set of core-performance testsin Step 3 is defined in Appendix F and
described in Appendix A.

The principal part of this manual is the compilation of individual test procedure summaries that
follow this section. The organization of these procedures in relation to the general steps defined in
the previous paragraph is shown in Figure 3. A few specific procedures are not yet completely
developed; these are identified by notes in the applicable section. For example, the test procedures
for characterizing general electrical performance are defined in some detail, while the methodol ogy
for planning an accelerated life test sequenceis only broadly described.

The following appendices are included in this manua for reference and use by the test program
planner and the testing organization:

A. Outline of Generic Test Plan (to be used in the definition of required testing for all
battery test units)

Definition of General Data Acquisition and Reporting Requirements
Listing of DOE Nationa Laboratory Test Equipment Capability
Methodology for Assigning USABC Identification Numbers
Worksheet for Manufacturer-Supplied Testing Information
Glossary of USABC Testing Terminology

USABC Advanced Battery Criteria (Goals)

Procedure to Measure Actual Peak Power

Derivation of USABC Battery Peak Power Calculations

Detailed Procedures

CTIEMMUOW



Figure 1. Qutline of USABC Laboratory Battery Testing Process

RECEIVE DELIVERABLE(S) FOR TESTING

- COORDINATE WITH USABC ON DELIVERY & IDENTIFICATION
- CONDUCT RECEIVING INSPECTION & OTHER TEST PREREQUISITES [1A]

CONDUCT BATTERY COMMISSIONING

CONDUCT READINESS REVIEW IF REQUIRED [1B]

- SPECIAL ACCEPTANCE TESTS IF REQUIRED : o |
- DETERMINE STANDARD CHARGING METHOD(S) (IF REQUIRED) o [11]

CONDUCT CORE PERFORMANCE TESTS

CONDUCT OTHER PERFORMANCE TESTS (OPTIONAL AS REQUIRED)

~ CONSTANT CURRENT - (Minimum 3 d1scharges at C/3) "[2]

- PEAK POWER {Minimum 1 test) [3]
- CONSTANT POWER -~ (Minimum 1 discharge at h1ghest power) [4]
- VARIABLE POWER ; (H1n1mum 1 d1scharge, default DST) ’ [5]»

- CONSTANT ‘CURRENT , (Other than Core Tests)
- CONSTANT POWER (Other than Core Test).
- PEAK POWER (Other than Core Test

VARIABLE POWER (DST or FUDS) (Other than Core Test)
SPECIAL - T,

PARTIAL DISCHARGE

STAND

HILL CLIMB

THERMAL PERFORMANCE

VIBRATION =

CHARGE OPTIMIZATION

FAST CHARGE

CONDUCT LIFE CYCLE TESTING CONDUCT SAFETY AND ABUSE TESTING
(IF REQUIRED) e (IF REQUIRED) i [13]

- ACCELERATED AGING [14A]
ACTUAL-USE SIMULATION [14B] |
BASELINE LIFE TEST [14D] 1

REFERENCE PERFORMANCE [14C]

,,,,,

PERFORM POST-TEST ANALYSIS, IF REQUIRED

WRITE USABC REPORT(S) ON TEST RESULTS [APP B]{

Note:

Numbers in brackets [ ] are procedure numbers, refer to Table of Contents.




USABC

Figure 2. USABC Battery Test Flow Diagram
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Figure 3. Organization Chart of USABC Battery Test Procedures
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Procedur e #1A

BATTERY PRE-TEST PREPARATION

Purpose:

The purpose of pre-test preparation is to assure that information required for testing a new battery
(deliverable/test unit) is available and that tasks to be accomplished prior to actual start of testing are
complete.

Abstract:

The USABC Program Manager(s) or his designee will procure all batteries to be tested, assign
identification (ID) numbers, and provide these numbers to the USABC Test Manager for archiving.
The process for assigning ID numbersis detailed in Appendix D. Delivery of the test units will be
coordinated between the testing laboratory and the USABC Program Manager. Prior to receipt of
test units by the testing laboratory, a Test Plan will be established, and approved by the USABC
Program Manager and Test Manager (generic outline in Appendix A). This plan will include at least
the following specifications and instructions:

D Specific types and number of tests required

2 Battery ratings, measurements and test termination limits, provided by the
manufacturer, as detailed in the Worksheet in Appendix E. Note that a single
“Rated Capacity” valueisused for measuring depth of discharge for all
USABC performance Tests. (See Rated Capacity in Appendix F.)

(©)) Charge procedure recommended by the manufacturer (in Worksheet)

4 Peak discharge power to be applied for DST or FUDS testing

(5) Peak current or power values or other special conditions to be used during Life Cycle
and Reference Performance Tests (if different from standard performance test
conditions)

(6) Changes to standard test procedures (if any) to be required due to developmental
battery limitations (justification required)

@) Thermal enclosure or other battery management system handling instructions (if
applicable)

(8) Test laboratory Readiness Review requirement

9 Commissioning instructions and operating manual/instructions

Pre-testing activities during receiving inspection at the test laboratory will include damage inspection,
battery/cell/module dimension and weight measurements, and a leakage/isolation test against the
USABC trid criterion of 1.0 mA or less at 500V DC (i.e. 0.5 MQ or greater isolation.) The ground
fault test is to be repeated periodically during testing of a battery. A test readiness review will be
conducted (if required) by an external team in accordance with a Readiness Review Procedure (#1B)

Data Acquisition and Reporting Reguirements:

The genera requirements are given in Sections 2 and 3 of Appendix B, Reporting and Data
Acquisition Outline. In addition, awritten log book is to be maintained for each test unit or set of
units. Descriptive information on all significant pre-test activities/results extracted from the Battery
Test Log is to be reported.



Procedure #1B

READINESS REVIEW

Purpose:

A battery test readiness review is an assessment of the preparations and procedures necessary for
conducting the test plan for a specific battery in a particular laboratory. The need for areadiness
review will be determined by the USABC Program Manager based on criteria such as the value of the
battery to be tested, the program impact if it were inadvertently damaged or destroyed, and the
potential for safety or environmental problems to arise during the planned testing.

Abstract:
A Readiness Review is conducted on-site at the test |aboratory by ateam consisting of the following:

- Team Leader (USABC Program Manager or designee)

- USABC Test Manager

- Other USABC representative, as appropriate

- DOE and EPRI representatives, as appropriate

- Battery testing managers from ANL, INEL, and SNL (except that these lab managers
shall not be members of the review team when their lab is the test |aboratory.)

- Manufacturer's representatives, as appropriate

The team will review:

1. Relevant documents, including test plan, procedures, and safety documents

2. Test unit hardware condition (as appropriate)

3. Operationa systems, including facility, data acquisition, test equipment and interfaces
to test unit hardware, and personnel training/knowledge of all the above (annual
review only)

A standard check list will be used, supplemented as needed by alist of battery specific concerns
provided by the manufacturer and/or prepared by the review team.

Data Acquisition and Reporting Reguirements:

No test dataare required. A report of the review team'’s findings and recommendations, including the
completed check list isto be sent to the responsible program manager.



Procedure #2

CONSTANT CURRENT DISCHARGE TEST SERIES

Purpose:

The purpose of constant-current testing is to determine the effective capacity of atest unit using very
repeatable, standardized conditions. A series of current levels can be applied to simply characterize
the effect of discharge rate on capacity. A specific test at the 3-hour rate is included as a mandatory
core performance measurement to verify the capacity rating of all test units. These tests do not
necessarily establish the actua (maximum) capacity of the battery.

Abstract:

The battery will be charged in accordance with the method specified in the Test Plan. If this method
isunavailable or a stable capacity is not obtained during these tests, perform Procedure #11, Charge
Optimization. The battery will be put on open circuit for a period specified in the test plan to allow
the battery to reach the specified starting test temperature. The preferred test sequence consists of
performing groups of three constant current discharge cycles (with recharge as soon as practical after
discharge) at each of C,/3 amperes, C,/2 amperes, C,/1 amperes, and C,/3 amperes with the battery at
23° +2°C (or as specified in the Test Plan) at the start of discharge. For subsequent testing, the
battery capacity is considered stable when three successive C,/3discharges agree within 2%.

Each discharge will terminate when either the rated capacity or the minimum discharge voltage (or
other termination condition) specified by the manufacturer, whichever occursfirs, is reached.

Data Acquisition and Reporting Reguirements:

The genera requirements are given in Section 4 of Appendix B, Reporting and Data Acquisition
Outline. Specific data deliverables include a Peukert Plot, if afull series of testsis performed;
however, this plot is not necessarily meaningful if the rated capacity of the battery isless than the
available capacity at the various discharge rates. If the available capacity measured by this procedure
is less than the rated capacity for a given discharge rate, the average of 3 tests at that rate should be
reported.



Procedure #3
PEAK POWER TEST

Purpose:

The purpose of this test is to determine the sustained (30s) discharge power capability of a battery at 2/3 of its
OCV (see Terminology on next page) at each of various depths of discharge (DOD). The value calculated at
80% DOD is particularly important because this is the point at which the USABC power goal is defined, and
the technology performance at this point is compared with thisgoal. This procedure does not measure the
actual peak power of the battery. If thisinformation is needed (e.g., for determining peak power rating), refer
to Appendix H.

Abstract:

The peak power test is to be performed at 10 depths-of-discharge, from 0% DOD to 90% DOD in 10%
intervals, during a single discharge. These DOD values are achieved by successively discharging the battery
from afully charged state to each % DOD at the Base Discharge Rate (see Terminology on next page). After
the 90% DOD step sequence is performed, the battery is to be discharged at the Base Discharge Rate to 100%
of itsrated capacity (assuming this can be done without exceeding other discharge limits) Thistestis
performed with no regenerative energy applied to the battery.

At each specified DOD, discharge the battery for 30 seconds at the High Test Current (see Terminology on the
next page.) Figure 3-1 following illustrates this sequence of steps. The same current values are used at al 10
DOD levels. However, the battery must remain above the Discharge Voltage Limit during each step, even if
the step current has to be reduced. (Discharge Voltage Limit is established only once at beginning of life; see
Terminology.) Note that the battery is to be discharged for 30 seconds at the Base Discharge Rate before
applying the first (0% DOD) High Test Current step.

The peak power capability (at a given DOD) can be calculated by deriving the battery resistance and equivalent
IR-free voltage from measured changes in battery voltage and current at that DOD. As noted by the arrowsin
Figure 3-1, voltage and current for these calculations are measured just prior to and then near the end of each
High Test Current step to obtain the AV and Al values for that DOD. Note that discharge current (and thus
discharge power and capacity, for consistency) is negative by convention; see Appendix |. Battery resistance
and |R-free voltage are computed as follows:

Battery resistance: R=AV + Al
Battery IR-free Voltage: Vigree =V - IR

Peak Power Capability is then the minimum negative value calculated from any of the following four
equations:

Pesk Power Capability = (-2/9) » (V,gred) + R
or

Peak Power Capability = - Discharge Voltage Limit ¢ (V gre - Discharge Voltage Limit) + R
or
Peak Power Capability = lyax ¢ (Vigree + R * Tyax)
or

Peak Power Capability = Actual Power at end of step (only if voltage or current limiting occurs)

See Appendix | for amore detailed explanation and rationale for these calculations. If voltage limiting is
encountered, the High Test Current for subsequent steps during a discharge may be reduced (depending on
equipment limitations) to a value that will permit the remaining steps to be done at constant current (i.e. without
further limiting taking place.)

If the Base Discharge Rate cannot be achieved at any point during the discharge without dropping below the
Discharge Voltage Limit, the discharge is terminated.



Procedure #3 (page 2)

Terminology:
OCYV is Open Circuit Voltage (at a given Depth of Discharge), normally determined by test at beginning of life.

The High Test Current isthe lesser of:
@ the Maximum Rated Current for the battery, or
(b) 80% of (Rated Peak Power) + (2/3 OCV @ 80% DOD at beginning of life)

The Discharge VVoltage Limit isthe greater of:
@ the manufacturer's minimum voltage limit at the discharge rate used; or
(b) 2/3 OCV at 80% DOD at beginning of life

The Base Discharge Rate is a current which, when combined with the High Test Current 30 second pulses,

resultsin a C/3 average discharge. Based on rated capacity C .o (in Ah, negative by convention for this
calculation), this current is calculated as follows:

Ibase discharge = (12* Crated - Ihigh test current) +35
I max 1S the manufacturer's Maximum Rated Current, if specified.

Data Acquisition and Reporting Requirements:

The general requirements are given in Section 4 of Appendix B, Reporting and Data Acquisition Outline.
Specific data requirements include (1) the measurement of voltage and current at 1-second intervals 30 seconds
before, during, and 30 seconds after the High Test Current discharge step for each DOD level, and (2) a plot of
Peak Power Capability versus actual DOD corresponding to the end of each High Test Current step. Plots of
the calculated V ge,. and resistance versus actual DOD are also desirable.

PEAK POWER TEST PROFILE
(AT SOME DEPTH OF DISCHARGE POINT)

BASE CURRENT

i

RELATIVE CURRENT

HIGH TEST
CURRENT

T

0 10 20 30 40 50 60 70 80 90
RELATIVE TIME (seconds)

(ARROWS ARE MEASUREMENT POINTS FOR VOLTAGE/CURRENT)
Figure 3-1. Peak Power Test Step
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Procedure #4

CONSTANT POWER DISCHARGE TEST

Purpose:

The purpose of thistesting is to perform a sequence of constant power discharge/charge cycles that
define the voltage versus power behavior of a battery as afunction of depth of discharge. Thistesting
characterizes the ability of a battery to provide a sustained discharge over arange of power levels
representative of electric vehicle applications. Constant power discharges are similar to constant
speed vehicle operation in their effect on a battery.

Abstract:

Prior to performing this test procedure, the constant-current portion (#2) of core performance testing
should be completed to verify stable capacity. The battery must be completely charged prior to each
discharge, and the battery temperature at start of discharge must be at 23°C +2°C (or the operating
temperature specified by the test plan.) For afull constant-power set, the battery will be discharged
at aminimum of 3 power levels. The maximum power level is nominally that required to remove
75% of the rated energy from the battery in 1 hour. The reduced power levels are 2/3 and 1/3 of this
maximum power level, respectively (50% and 25% of rated energy).

At each power level, discharge the battery to rated capacity or the specified termination point,
whichever comes first, aminimum of 2 times (i.e. 6 or more discharge/charge cyclestotal.) If the test
plan so specifies, it is permissible to terminate the highest power test after 1 hour; however, thistest is
normally done to the rated capacity. If one of the rates of discharge results in overheating or any
other condition outside the battery operating limits, do not complete the discharge at that rate.
However, the requirement to perform discharges at 3 power levels still applies.

Data Acquisition and Reporting Reguirements:

The genera requirements are given in Section 4 of Appendix B, Reporting and Data Acquisition
Outline. Specific data deliverables include a Ragone plot (specific energy vs. specific power) and
plots of energy vs. power and voltage vs. current at various % DOD levels. (Note that the Ragone
plot is not necessarily meaningful if the rated capacity of the battery is less than the available
capacity.) If adischarge cannot be completed at the normal maximum power level, this must be
noted.

11



Summary #5

VARIABLE POWER DISCHARGE TESTING
(Overview)

Purpose:

Variable power discharge testing is used to produce the effects of electric vehicle driving behavior
(including regenerative braking) on the performance and life of a battery. The variable power
discharge regimes specified under this procedure are based on the auto industry standard Federal
Urban Driving Schedule, a complex 1372 second time-velocity profile originally based on actua
driving data. However, to permit actual battery discharge/charge profiles to be determined, a number
of approximations and simplifications to the actual FUDS profile had to be made.

Abstract:
The following two variable power discharge regimes have been defined for USABC testing:

1. FUDS - a second-by-second dynamic regime calculated using the FUDS vehicle time-
velocity profile with a hypothetical electric van having a peak power demand of 111
W/kg and average power of about 10 W/kg. The actual profile used for testing,
sometimes referred to as FUDSY9, is derived by artificialy limiting the peak power
demand to 79 W/kg. This"clipped" power profile can then be scaled to any desired
maximum power demand.

2. DST (Dynamic Stress Test) - asimplified variable power discharge cycle with the
same average characteristics as the FUDS regime. The DST uses a 360 second
sequence of power steps with only 7 discrete power levels.

Summaries for each specific procedure are included as #5A and #5B, respectively.

Data Acquisition and Reporting Reguirements:

Refer to the applicable individual Procedure Summary (#5A and #5B).

12



Procedur e #5A

FUDSREGIME (VARIABLE POWER DISCHARGE)

Purpose:

This variable power discharge regime represents the best simulation available of actual power
requirements from an electric vehicle. It is ademanding profile with respect to the frequency of
occurrence of high power peaks and ratio of maximum regenerative charging to discharge power.

The Federal Urban Driving Schedule (FUDS) is an automobile industry standard vehicle time-velocity
profile for urban driving that has been used for a number of years for electric vehicle performance
testing. Itisidentical to the EPA Urban Dynamometer Driving Schedule defined in 40 CFR Part 86
Appendix I. This FUDS velocity-time profile was converted into a battery power-time profile for a
specific vehicle, the Improved Dual Shaft Electric Propulsion (IDSEP) minivan. Figure 5A-1 shows
the resulting battery power profile, computed from the FUDS and scaled to Percent of Peak
Discharge Power. In this computation, the specific power was artificialy limited to 79 W/kg.

Abstract:

The battery will be charged and temperature stabilized in accordance with the manufacturer's
recommended procedure or as otherwise specified in the test plan. Commencing from full charge, the
battery will be discharged by applying the FUDS power profile, scaled to a maximum test power as
specified in the test plan (nominaly 120 W/kg for midterm batteries). The 1372 second FUDS test
profiles (as defined in Appendix J) are applied continuously end-to-end with no time delay (rest
period) between profiles until the end-of-discharge point specified in the test plan has been reached.
This normally will be the rated capacity (in A-h) or a battery limit, such as the Discharge Voltage
Limit, whichever occursfirst. If the power required for any step of the profile cannot be attained, the
discharge isto be terminated. No reduced power criteriaexist for thistest. The end-of-discharge
point is based on net capacity removed (total A-h minus regeneration A-h). The battery will be fully
recharged as soon as practical in accordance with established charging procedures and temperature
constraints in preparation for continuing testing. If the possibility of test unit damage exists due to
regeneration, limits on regen power, current or voltage may be imposed by the test plan and reported.

Data Acquisition and Reporting Reguirements:

The genera requirements are given in Section 4 of Appendix B, Reporting and Data Acquisition
Outline. Specific data deliverables include the value of the maximum power step, the number of
profiles completed, and any deviations from the procedure (e.g. reduced regen limits).

13



Procedure #5A (page 2)
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Figure 5A-1. FUDS Power Profile
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Procedure #5B
DST REGIME (VARIABLE POWER TESTING)

Purpose:

This variable power discharge regime is a simplified version of the FUDS-based power-time demand
(Procedure #5A). This specific regime can effectively simulate dynamic discharging and can be
implemented with equipment at most test laboratories and developers.

A smplified version of the FUDS regime (SFUDS) was developed by the DOE/EHP Battery Test
Task Force (BTTF) in 1988. The original SFUDS was derived for a specific vehicle, the Improved
Dual Shaft Electric Propulsion (IDSEP). For driving-cycle testing of USABC batteries, the SFUDS
profile was modified into the Dynamic Stress Test (DST). The DST is (1) scaled to a percentage of
the maximum rated power or USABC power goal, and (2) requires higher regeneration levels than
the SFUDS cycle. Figure 5B-1 shows a graphical representation of a generic DST test profile, while
Table 5B-1 tabulates the corresponding values. In general, 100% on this graph or table is intended to
be 80% of the USABC peak power goal (at 80% DOD) for atechnology; however, the test may be
performed based on manufacturer's ratings in some cases. As an example, if thisprofile is scaled to
80% of the USABC midterm goal of 150 W/kg, it would have a peak power of 120 W/kg and an
average power of 15 W/kg. A lower power version of this profile may be used for testing batteries
that cannot be operated at the nomina peak power requirement. Thetest is designated DST,,, where
n isthe scaled peak power value in W/kg. (See Appendix F.)

Abstract:

The battery will be charged and temperature stabilized in accordance with the manufacturer's
recommended procedure or as otherwise specified in the test plan. Commencing from full charge, the
battery will be discharged by applying the scaled DST power profile. The 360 second DST test
profiles are repeated end-to-end with no time delay (rest period) between them. The maximum
permissible transition time between power stepsis 1 second, and these transition times are included in
the overal profile length (i.e., aDST test profile is always 360 seconds long). This discharge regime
is continued until either the end-of-discharge point specified in the test plan or inability to follow the
test profile within a battery limit, whichever occurs first, has been reached. End-of-dischargeis
normally specified as: (a) the rated capacity in A-h, for performance or Reference Performance Tests;
or (b) 80% of the rated capacity in A-h, for baselinelife cycle tests. The end-of-discharge point is
based on net capacity removed (total A-h - regeneration A-h). (See definition of ‘rated capacity’ in
Appendix F.)

If the programmed power value for any step of the test profile cannot be performed within the
Discharge Voltage Limit or other specified battery limits, the discharge is terminated at that point.
Note: thereduced power criterion for Step 15 used in the original version of thistest isno
longer required or permitted. The battery will be fully recharged as soon as practical after
discharge unless the test plan requires otherwise. If the possibility of test unit damage exists due to
regeneration, limits on regen power, current or voltage may be imposed by the test plan and reported.

Data Acquisition and Reporting Reguirements:

The genera requirements are given in Section 4 of Appendix B, Reporting and Data Acquisition
Outline. Specific data deliverables include the value of the maximum power step, the number of
profiles completed, the capacity of the test unit (both gross and net A-h and kW-h), and any
deviations from the procedure (e.g. reduced regen limits, where they are encountered and the capacity
where such reductions are not in effect.) Note that the designation DST,, should be used to report the
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Procedure 5B (page 2)

scaled peak power level for aDST test e.g., DST,,, indicates a test scaled to 120 W/kg.

DYNAMC STRESS TEST (OST) CYCLE
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Figure 5B-1. DST Power Profile

Duration Discharge Duration Discharge
(seconds) | Power (%) . | (seconds) | Power (%)
16 0 12 -25
28 -12.5 8 +12.5
12 -25 16 0
8 +12.5 36 -12.5
16 0 8 -100
24 -12.5 24 -62.5
12 -25 8 +25
8 +12.5 32 -25
16 0 8 +50

24 -12.5 44 0

1
2
3
4
5
6
7
8
9
10

Table5B-1. Listing of DST Power Profile
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Summary #6-12

SPECIAL PERFORMANCE TESTS
(Overview)

Purpose:

Special tests are defined for certain environments and/or conditions that are either () likely to be
infrequently encountered (outside the normal operating parameters), or (b) only relevant to specific
battery technologies. This category may later also include some miscellaneous tests that have not yet
been completely defined or for which the rationaleis still under discussion.

Abstract:

The special tests that have been defined to date are listed below. The number refersto the applicable
Summary Procedure for each.

6. Partial Discharge

7. Stand (self discharge)
8. Sustained Hill Climb
9. Thermal Performance
10. Vibration

11. Charge Optimization
12. Fast Charge

Data Acquisition and Reporting Reguirements:

Refer to the appropriate individual Procedure Summary (#6 to #12).
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Procedure #6

PARTIAL DISCHARGE TEST

Purpose:

The purpose of thistest is to measure the response of the battery to a series of partia discharges,
identify any resulting capacity loss, and verify proper charging with partia depth-of-discharge
(DOD) operation.

Abstract:

The battery is discharged at the manufacturer's specified C,/3 discharge rate for three consecutive
cycles, using a 100% DOD cutoff criterion supplied by the manufacturer and the established
recharge procedure, to establish its present deliverable capacity (in Ah). The battery isthen
discharged at the C,/3 rate to a partial DOD level specified in the test plan (default 50%) that is
based on the 3-h rate capacity previoudy determined. Following each partial discharge, the
battery is charged in accordance with the battery manufacturer's recommended procedure. Inthe
absence of arecommended procedure, the same procedure and recharge factor used to determine
the 100% DOD, 3-h rate capacity is used with the partial discharges. The partial discharge and
recharge will be separated by one hour at both the end of discharge and charge, respectively.

Ten of these partial discharge cycles (or a number specified in the test plan) are performed.
Following the partia discharge cycles, the 100% DOD, 3-h rate capacity is again measured for at
least three consecutive cycles. Additiona cycles may be applied as necessary to determine the
number required to restore battery capacity to within 1% of the previous level or to anew
plateau. To verify that the battery achieved 100% state-of-charge following each partial
discharge, the battery current and voltage waveform data are examined to determine the end-of -
discharge and end-of-charge voltages. The available 100% DOD capacity after partia discharge
operation is examined to identify possible memory effects.

Data Acquisition and Reporting Reguirements:

The genera requirements are given in Section 4 of Appendix B, Reporting and Data Acquisition
Outline. Inthistest, adequate battery temperature, voltage, and current measurements are to be
made as afunction of timeto allow analyses of the charge procedure with partia discharge
operation to determine battery state-of-charge. Specific data reporting is to include a summary
that assesses the adequacy of the charge method and effects on available 100% DOD capacity of
partial discharge operation aong with the number of cycles required for the capacity to recover.
In addition, two plots will be provided to support the conclusions (1) the end-of-charge and -
discharge voltages versus test cycles, and (2) battery capacity at the end of the partial discharge
series of cycles versus 100% DOD cycles (capacity normalized to that obtained before the partia
discharge cycles).
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Procedure #7

STAND TEST

Purpose:

The purpose of thistest isto measure battery capacity oss when the battery is not used for an
extended period of time, analogous to the situation that occurs when a vehicle is not driven for
such a period and the battery is not placed on charge. Thisloss, if it occurs, may be due to self-
discharge, which is normally temporary, or to other mechanisms that could produce permanent or
semi-permanent loss of capacity. If significant stand loss is measured, additional testing may be
required to determine the cause of this behavior.

Abstract:

Charge the battery in accordance with the established procedure and then dischargeit a a
constant current C/3 rate to 100% DOD, using a 100% DOD cutoff criterion supplied by the
manufacturer. This discharge establishes the current 100% deliverable capacity in Ah. Recharge
the battery and let it stand for the period specified in the Test Plan (nominally 2 days for midterm
and 30 days for long term batteries) in an open circuit condition at ambient temperature or at the
normal operating temperature. At the end of the stand period, discharge the battery at the C/3
rate to the same cutoff criterion. The difference in the capacity measured at the beginning and
end of the stand period is the stand loss.

If stand lossis significantly higher or lower than expected, it may be desirable to adjust the stand
period to a different value to obtain a meaningful test. A measured loss of less than 5% may not
be statistically distinguishable because of the uncertainty in the measurement. |If the measured
stand loss exceeds 10%, additional tests should be conducted at high and/or low ambient
temperatures (nominally -30°C and +65°C for mid term batteries).

For batteries that use significant energy during standby conditions (e.g. high temperature
batteries), the stand loss test is also an appropriate time to measure the operating or parasitic
losses associated with such batteries.

Data Acquisition and Reporting Reguirements:

The genera requirements are given in Section 4 of Appendix B, Reporting and Data Acquisition
Outline. The specific datato be reported is to include the capacity |oss as a percentage of the
measured capacity versus the stand time over which the test was conducted, the baseline A-h
removed, and the A-h lost during the stand period.
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Procedure #8

SUSTAINED HILL-CLIMBING POWER TEST

Purpose:

The purpose of this test sequence is to determine the maximum depth of discharge at which a
battery will support a six-minute discharge at about 45 W/kg before it is completely discharged.
These measurements are accomplished through a series of specialy defined constant power
discharge tests. The constant power level of 45 W/kg is approximately that required for the ETV-
1 vehicle to negotiate a 7% grade at 30 mph.

Abstract:

During this sequence the test unit will be discharged 3 times from afully charged state. Each
discharge consists of a constant current C/3 discharge to one of 3 specified depths of discharge,
followed by a constant power discharge at 45 W/kg to 100% DOD or any other discharge
termination criteria (e.g., working voltage, high temperature). The three specified DOD levels are
nominaly 40, 60 and 80%.

For each discharge, the time for which the 45 W/kg power can be sustained is plotted; this allows
agraphica determination of the maximum DOD at which this power can be provided for 6
minutes before the battery is fully discharged.

Data Acquisition and Reporting Reguirements:

The genera requirements are given in Section 4 of Appendix B, Reporting and Data Acquisition
Outline. The specific output of thistest isaplot of time at 45 W/kg vs DOD.
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Procedure #9

THERMAL PERFORMANCE TEST

Purpose:

The purpose of thistest sequence is to characterize the effects of ambient temperature variation
on battery performance. The characteristics of the battery that are affected are likely to be
technology specific. Consequently, the number and types of discharge/charge cyclesto be
performed cannot be generalized. This procedure is generaly applicable to ambient temperature
batteries; it may not be applicable to battery systems incorporating thermal management, unless it
is desired to measure the effectiveness or energy use of the thermal management system itself.
The procedure can aso produce results that can be used to determine the need for thermal
management or the allowable operating temperature range for a battery that may later incorporate
thermal management.

Abstract:

Perform a series of discharge/charge tests where the battery has been allowed to soak (i.e. until
the battery interna temperature stabilizes) at a higher or lower than normal operating temperature
prior to discharge. The discharges may be specified as constant current (C/3), constant power, or
variable power (FUDS or DST) depending on the performance limiting parameters of interest.
Suggested temperatures for this test series are -30°C, 0°C, ambient (~23°C) and 65°C for
ambient temperature batteries.

If charging performance (such as charge acceptance) under high or low temperatures is a concern,
battery recharging may also take place at these temperatures; otherwise the battery can be
returned to nominal temperature before being recharged.

Data Acquisition and Reporting Reguirements:

The genera requirements are given in Section 4 of Appendix B, Reporting and Data Acquisition
Outline. The requirements for the specific type of discharge regime being used should be
followed. In addition, the number and type of temperature measurements to be acquired will be
battery-specific and thus included in the test plan. The obtained temperature data should be
reported graphically as afunction of time for both the discharge and charge portions of the cycle
If an active thermal management system is included as part of the unit, its power consumption is
to be monitored and reported under both charge, discharge and stand conditions, as appropriate.
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Procedure #10

BATTERY VIBRATION TEST

Purpose:

To characterize the effect of long-term, road-induced vibration and shock on the performance and
service life of candidate batteries. The intent is to either qualify the vibration durability of the
battery or identify design deficiencies that must be corrected. For testing efficiency, atime-
compressed vibration regime is specified, using either sine wave or random vibration. Random
vibration is preferred, although it may require more test time and more sophisticated equipment.

Abstract:

The following procedure has been synthesized from actual rough-road measurements at |ocations
appropriate for mounting of traction batteries in electric vehicles. The data were analyzed to
determine the cumulative number of occurrences of shock pulses at any given G-level over thelife
of the vehicle. The envelopes shown in Figure 10-1 correspond to approximately 100,000 miles
of usage at the 90th percentile. The procedure is suitable for implementation on a single-axis
shaker table, with time-compression to allow completion of the test in just over 24 hours of
exposure per test article (for swept sine wave excitation) or approximately 54 hours of testing (for
random excitation, if atwo-axistableisused.) An aternative random vibration test is also
provided to shorten this testing to as little as 24 hours. Both the sine wave and random spectra are
based on attempting to match the cumulative vibration events in Figure 10-1.

A complete design verification test shall include at least one, preferably two, batteries that are
exposed to one of the following environments early in life, nominaly at the indicated states-of -
charge (SOC):

Random Excitation:

The test articles should be exposed to vibration in all 3 axia directions for the magnitudes
and times shown in Table 10-1 following, where the vibration spectra shown in thistable
are defined by Figure 10-2. A single axis shaker table can be used (provided that the test
articleis permitted to be turned on its side or end for testing), and the cumulative timesin
the table only apply to such use. However, the longitudinal and lateral axis vibration can
easlly be combined on atwo-axis shaker table (or all three groups on athree-axistable) in
order to shorten the duration of the testing. Either the normal or alternative test regimes
from Table 10-1 may be selected, or these may be mixed in any combination of groups for
the vertical and longitudinal/lateral modes.

The recommended states of charge for random vibration testing are nominally 0%, 40%
and 80% DOD (the same as for swept sine wave excitation.) See the detailed procedure
in Appendix Jfor more information about the intended variation in state of charge during
this testing.
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Procedure #10 (page 2)

Swept Sine Wave Excitation:

1.
(@)

(b)

(@

(b)

VERTICAL AXIS (First Half) (SOC = 100%)
2000 sinusoidal cyclesat 5 Gs peak acceleration, applied at the vehicle resonant
frequency, to be specified by USABC within the range from 10 Hz to 30 Hz.

60 sine sweeps from 10 Hz up to 190 Hz and return to 10 Hz, to be conducted at a
sweep rate of 1 Hz/sfor atotal duration of 6 hours. The following profile of G-
level shall be used:

Freqguency Range (Hz) Peak Acceleration (G)
10- 20 3.0
20- 40 2.0
40- 90 15
90 - 140 1.0
140 - 190 0.75

LONGITUDINAL AXIS (SOC = 60%)
4000 sinusoidal cycles at 3.5 Gs peak acceleration, applied at the vehicle resonant
frequency, to be specified by USABC within the range from 10 Hz to 30 Hz.

60 sine sweeps from 10 Hz up to 190 Hz and return to 10 Hz, to be conducted at a
sweep rate of 1 Hz/sfor atotal duration of 6 hours. The following profile of G-
level shall be used:

Frequency Range (Hz) Peak Acceleration (G)
10-15 2.5
15-30 1.75
30- 60 1.25
60 - 110 1.0
110 - 190 0.75

LATERAL AXIS (SOC = 60%)

The two regimes specified above for the longitudinal axis shall be repeated for the
lateral axis of the battery, assumed to be orthogonal to the longitudinal axis.

VERTICAL AXIS (Second Half) (SOC = 20%)
The two regimes specified above for the vertical axis (first half) shall be repeated

again in the vertical axis (second half) to complete the sequence of vibration
regimes imposed on the battery.

The indicated states-of-charge for either vibration regime should be reviewed and adjusted for
each specific battery technology to assure that a worst-case SOC is used.
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Procedure #10 (page 3)

Two comparisons shall be made to verify the adequacy of the battery design to withstand these
vibration regimes. First, the battery(s) under test shall be tested electrically before and after (not
necessarily during) exposure to the vibration regimes. There shall be no significant differencesin
battery performance, as measured using the Reference Performance Test procedures specified in
Procedure #14C of this document. Second, the battery(s) shall be tested electricaly under a
lifetest regime specified in Procedure #14 of this document. There shall be no significant
differencesin battery performance over life, as compared to batteries undergoing life testing that
have not been exposed to the vibration regimes. If desired by the battery developer, the vibration
regimes specified above may be repeated to the point of battery failure to establish structural
design margins. Such testing should include Reference Performance Tests at appropriate
intervals. Supporting tests may include low-level sine sweeps to identify battery resonant
frequencies. Battery designers should avoid/suppress any resonant frequency in the range of
possible vehicle resonant frequencies (i.e., from 10 to 30 Hz). Battery resonant frequencies above
30 Hz should be sufficiently damped to preclude failure over the life of the battery.

Safety Considerationsfor Testing

The battery shall be instrumented during the application of the vibration regimes to determine the
presence of any of the following failure conditions:

1. Loss of eectrical isolation between the battery high-voltage circuit and the (simulated)
vehicle chassig/battery case. The degree of isolation shall be verified regularly, e.g. daily,
during any period of vibration testing to be within the USABC trial criterion of 0.5 MQ or
greater isolation (1.0 mA or less leakage at 500V DC).

2. Abnormal battery voltages, indicating the presence of open- or short-circuit conditions.

3. Unexpected resonance conditions within the battery, indicating failure of mechanical tie-
down components.

4, If applicable, any abnormal temperature conditions, possibly indicating damage to battery
cells or thermal management system components.

Testing shall be terminated if any incurred component degradation threatens safe operation of the
battery in accordance with the manufacturer's instructions.

Data Acquisition and Reporting Reguirements:

In addition to the reporting requirements specified in Appendix B, thisreport is to include the
actual vibration regimes applied, a compilation and interpretation of all data acquired, any results
of detailed component failure analyses, and any recommendations for improvements in battery
design, installation procedures, or test methods. Also, the pre- and post-vibration electrical
performance data that confirms the adequacy of the battery design to withstand the vibration
environments shall be summarized.
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Figure 10-1. Cumulative Vibration Occurrences Corresponding to 100,000 miles of Driving
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Procedure #10 (page 5)

TEST CONDITIONS | NORMAL TEST | ALTERNATIVE TEST
VIBRATION SOC || Accd | Time [ Cumul || Accd | Time Cumul
SPECTRUM (%) |l (grms) (h) Time, h || (g rms) (h) Time h
Vertical Axis Vibration:
Vertical 1 spectrum 100 19 0.15 0.15 19 0.15 0.15
Vertical 1 spectrum 100 0.75 525 54 0.95 3.5 3.65
Vertical 2 spectrum 100 19 0.15 5.55 19 0.15 3.8
Vertical 2 spectrum 100 0.75 525 10.8 0.95 3.5 7.3
Vertica 3 spectrum 20 19 0.15 10.95 19 0.15 7.45
Vertica 3 spectrum 20 0.75 525 16.2 0.95 3.5 10.95
Longitudina Axis Vibration:
Longitudinal spectrum 60 15 0.09 16.29 15 0.09 11.04
Longitudina spectrum 60 0.4 19.0 35.29 0.75 6.7 17.74
Longitudina spectrum 60 15 0.09 35.38 15 0.09 17.83
Longitudinal spectrum 60 0.4 19.0 54.38 0.75 6.7 24.53
Lateral Axis Vibration:
Longitudinal spectrum 60 15 0.09 | 54.47* 15 0.09 | 24.62
Longitudinal spectrum 60 0.4 19.0 73.47 0.75 6.7 31.32*
Longitudinal spectrum 60 1.5 0.09 | 73.56 1.5 0.09 | 3141
Longitudinal spectrum 60 0.4 19.0 92.56" 0.75 6.7 38.11°

Note 1: These cumulative times apply only if al three axes are done separately.

Table 10-1. Vibration Schedule for Random Vibration Test

Figure 10-2. Vibration Spectrafor Random Vibration Test
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Procedure #11

CHARGE OPTIMIZATION TESTING

Purpose:

If initial characterization testing indicates that the charge agorithm supplied by the battery
manufacturer or developer does not adequately charge the battery, or if a stable battery capacity is
not obtained and the charging method is a contributor to this problem, or in the unusual event that
amanufacturer's charge algorithm is not available before the start of testing, this procedure can be
used to identify or optimize the charge method for use in subsequent procedures.

Abstract:

Charge optimization is a special testing activity that is not normally performed by an independent
laboratory. The advice and assistance of the battery developer or manufacturer is necessary to
successfully complete this activity. Consequently, a general procedure is not appropriate. A
reasonable first approach would be to perform a repetitive sequence of discharge/charge cycles
(probably constant current discharges) after each adjustment of the charging agorithm; this
sequence would be of sufficient length (10 or more cycles) to establish that the expected capacity
or stability had been obtained.

Data Acquisition and Reporting Reguirements:

The genera requirements are given in Section 4 of Appendix B, Reporting and Data Acquisition
Outline. A separate report on the recommended charging method and the results achieved is to be
filed and approved for use by the appropriate USABC Program Manager.
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Procedure #12

FAST CHARGE TEST

Purpose:

The purpose of thistest is to determine the fast charging capability of a battery (where
appropriate) by subjecting it to high charging rates and determining the efficiency and other
effects of such accelerated charging. The USABC goal for fast charging (for batteries capable of
such usage) isto return 40% of the state of charge of the battery, starting from approximately
60% DOD, in 15 minutes (i.e. increase from 60% to 20% DOD, or 40% to 80% state-of-charge),
although few batteries are expected to be capable of being recharged at this rate.

Abstract:

Thistest will normally be conducted as a series of cycles at a progression of fast charge rates,
beginning at approximately twice the normal (overnight) rate. For each charge rate, the following
sequence of stepsis performed:

1.  After fully recharging the battery, discharge it to 60% DOD at a C/3 constant current
discharge rate (based on previous test data).

2. Immediately recharge the battery at the selected charge rate until 40% of the rated
capacity (in Ah) has been returned.

3. Immediately fully discharge the battery at a C/3 rate to determine the amount of the
recharge available for use.

The test series terminates when (a) the 40% capacity in 15 minute charge rate is achieved; or (b)
the battery temperature, voltage, or other operating limit is exceeded during recharge.

Data Acquisition and Reporting Reguirements:

The genera requirements are given in Section 4 of Appendix B, Reporting and Data Acquisition
Outline. Specific data deliverables include plots of voltage and temperature vs time during cycle;
percent of effective charge return as afunction of fast charge rate.
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Procedure 13

SAFETY AND ABUSE TESTING
(Under Development)

Purpose:

This set of testsis performed to characterize the response of integrated battery systems to expected
and worst-case accident and abuse situations. The information gained from this testing will be used to
qualify their safe operation and to identify design deficiencies. Tests that address conditions associated
with government regulations or expected accident-related exposures are included in the "safety"
category. "Abuse" testing involves the characterization of the battery response to "worse-case"
accident and unintentional abuse conditions and is ultimately performed to provide public confidence
that these systems are indeed safe. Conditions to be investigated include those associated with possible
vehicle crashes, exposure to external environments, and electrical charger malfunction. Certainly some
overlap will exist between tests appropriate for the safety and the abuse categories.

Abstract:

The general types of test procedures listed below are to be performed on full-size batteries or
representative modules with all ancillary components that are integral to the battery pack installed
(e.g., battery controller if attached, mechanical support, thermal enclosure). Batteries areto first be
conditioned with alow number (e.g., 50) of complete electrical cycles using a life-cycle test regime
(Procedure 14). Safety and abuse testing is to proceed only if the battery shows typical operating
characteristics, as determined by the manufacturer. Each battery isto be fully charged and placed in a
support frame or pannier that is consistent with using that battery in a generic electric vehicle. At least
one fully functional battery pack (preferably replicated) is to be subjected to each of the selected
procedures. For selected abuse testing only, any internal electrical safety devices can be bypassed.

NOTE: The actual test procedures must be selected by the appropriate USABC program manager
based on a number of criteria (e.g., technical, legal) that at present have not been fully defined. The
definition of draft proceduresis currently being completed in which all publicly available vehicle
accident data is being considered in conjunction with an analytical risk assessment.

Safety:

. Specific procedures are being defined that are (1) based on existing or planned Federal Motor
Vehicle Safety Standards (FMV SS) for electric vehicles; or (2) associated with accident
situations or environmental exposures that have a reasonable probability of occurring. Focusis
being directed to on-road vehicle use.

Abuse:
. Mechanical
. Environmental Exposure
. Electrical
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Procedure 13 (page 2)

Data Acquisition and Reporting Reguirements:

The genera requirements are given in Section 4 of Appendix B, Reporting and Data Acquisition
Outline. The requirements for the specific type of test being performed will be defined in the test plan.
However, in generdl, dataisto be gathered for 2 hours following the initiation of each safety/abuse
test. The frequency of data acquisition depends on the specific test procedure, but typically must be
lessthan 1 minute. The electrical performance data obtained during the conditioning cycles must be
consistent with the reporting requirements for the life-cycle test procedure. Specific data acquisition
for the abuse testsis to include: (1) battery voltage; (2) physical response (dimensional change, weight
change, degree of fragmentation, existence of fire, breaching of containment); (3) release of liquid
(molten) and gaseous products (quantity, composition, and rate); (4) thermal response on and near the
battery; and (5) video and audio recording of the entire event.

The additional reporting requirements include the a completed description of the actual test procedure
used, and a compilation and interpretation of all acquired data. A complete battery failure analysisisto
be performed and documented. A copy of the video recording of each event must be submitted.
Finally, any difficulties encountered with the battery or the test procedure are to be noted.
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Procedure #14

LIFE CYCLE TESTING (GENERAL)

Purpose:

This test summary defines a set of standardized procedures to determine if the expected service life
(calendar and cycle) of electric vehicle batteries will satisfy USABC requirements. Both accelerated
aging and normal-use conditions are employed to efficiently characterize degradation in electrical
performance as afunction of life and to identify relevant failure mechanisms. Because the intent isto
use standard testing conditions whenever possible, results from the evaluation of different technologies
should be comparable. These procedures may need to be repeated as design or material changes occur
during the development process. Characterization of safety-related performance is not included in this
procedure (refer to Procedure #13).

Test units may be cells, modules, or complete battery packs. Failure statistics are desired at the lowest
possible level, such that confidence in the statistical life parametersis maximized. For most
technologies, it is possible to project battery life from cell or module data, particularly when these data
have been obtained from pack testing using realistic battery controls. After careful audits of test
procedures and data, the USABC may merge comparable life data from the developer with data
obtained from tests under its direct supervision. Analysisto project battery life from test data must be
tailored to specific technologies and pack designs.

Abstract:

A critical first step in this procedure is the definition of a clear test objective that ultimately must be
consistent with the number of available test units. Three primary options exist: (i) independent
verification of developer information, (ii) experimental identification of accelerated aging parameters,
or (iii) collection of statistically significant data for ultimate life estimation. This last objective must
normally be satisfied in close cooperation with the developer to maximize the number of units
evaluated according to the USABC testing protocol.

A diagram of the processes to be completed during life-cycle testing is shown in Figure 14-1. For a
specific test unit, the genera life-cycle test sequence consists of the following: (&) select an applicable
aging regime, (b) repetitively apply the selected regime for a specified interval (e.g. 28 days), (c)
conduct a series of reference baseline cycles, and (d) repeat steps (b) and (c) until the specified end-of -
test (EOT) conditions are reached.

The available test units are to be subjected to either accelerated-aging or actual-use life-cycle test
regimes. Separate sub-procedures are included for each of these options: accelerated aging (#14A)
and actual use (#14B). Basdlinetesting (#14D) is defined as a specia case of accelerated aging.

Based on the status of the technology and the overall objective, a decision must be made by the
program manager concerning this allocation. Those units to be subjected to an actual-use simulation
must be started as soon as possible. However, to ensure these long-term tests will be useful,
confidence must exist that the development of the product is reaching completion. Thus, in general,
because of the lack of available time and the changing nature of the candidate technologies, arelatively
low percentage of the life-cycle testing should be performed with the actual-use regime.
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Data Acquisition and Reporting Reguirements:

Refer to the applicable individual Procedure Summary (#14A and #14B).

Definition of Test Purpose

Allocation to Life-Cycle Test Regime

Accelerated Aging Actual-Use Simulation
(Procedure #14A) {Procedure #14B)
Ident. of Accelerating Factors FUDS Cycling (5x/week)
Formulation of Test Matrix Monthly Reference Testing
Continuous DST Cycling End-of-Test

Monthly Reference Testing

End-of-Test

Figure 14-1. Steps within Life-Cycle Test Procedure
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Procedur e #14A

ACCELERATED AGING TESTING

Purpose:

This procedure contains a series of steps that are to be followed to accelerate the aging of candidate
battery test units. This procedure focuses on "overstress' testing: the application of stressful
parameters that are related to normal use and reduce life or quicken degradation. Thus, accident or
abuse situations are not considered. Time compression (i.e., continuous electrical cycling) is required
as acommon aspect within this procedure. For most technologies, this higher than normal cycling rate
should not produce a different mode of failure. To help ensure some applicability to electric vehicle
use, the baseline cycling regime (Procedure 14D) isthe DST performed to 80% of rated capacity.

The objective isto accelerate relevant failure modes and degradation mechanisms to permit reasonably
precise aging factors (accelerated life to red life) to be determined. Satisfaction of this objective
requires phenomenological correlations to normal-use service life to be made that are based on
engineering knowledge and experience. An undesirable, athough sometimes unavoidable, outcomeis
that only empirical correlations are possible. In thislatter situation, only improvements in specific
components can be assessed. The extreme difficulty involved with defining effective accelerated aging
approaches for these complex electrochemical systemsis acknowledged. Nevertheless, this procedure
has been developed as a guideline to facilitate cost-effective testing. The implementation of this
"standardized" procedure will alow the collection of the maximum amount of datain the shortest
possible time, thus allowing performance to be verified when possible. In addition, progress among the
various candidate technologies can be compared in atimely manner.

All USABC test planners are strongly urged to gain additional, more detailed, information on
accelerated aging. An excellent reference is the following book: Wayne Nelson, Accelerated Testing,
John Wiley and Sons, 1990. Chapter 1 contains an appropriate overview of this topic.

Abstract:

A flowchart of the specific steps to be performed during the accelerated life-cycle testing was shown in
Figure 14-1. A summary of each step follows:

1. |dentification of Accelerating Factors. Based on knowledge of the failure modes of the
candidate technology, identify those stress factors that can be controlled and that can
potentially accelerate aging (e.g., temperature, depth-of-discharge, rate of discharge/recharge).
The expected effect of each factor isto be ranked (e.g., high, medium, or low) along with a
judgement of if arelevant life-cycle failure mode will be affected. In other words, the goal is
not just to make the unit fail quickly, but to enable a true accelerating factor to be determined.
The results can be scaled back to actual-use conditions. Finally, with consideration also given
to safety-related consequences and known failure levels, the range for each stress factor
(minimum to maximum) is to be estimated. The minimum stress-factor level must till
represent an accelerated condition. For example, the temperature range for the nickel-metal -
hydride technology could be 35 to 55°C.
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Formulation of Test Matrix: In this step, an efficient experimental matrix is to be formulated.
An orthogonal array of testsis the preferred configuration because more than one factor at a
time can be evaluated and the results are more reliable. However, severa considerations exist
that may preclude the need for or ability to perform afull experimental matrix. These include
the selected objective, the number of available test units, and/or the inability to control the
interaction of some test parameters. In these cases, aclassical (i.e. "one factor at atime")
configuration may be more appropriate.

For either approach, this step involves analyzing the information obtained in #1 (factors and
importance) in conjunction with the number of available units (size of the array), the test
objective, and the requirement that three common elements be included in all accelerated life-
cycle testing: time compression (continuous, back-to-back electrical cycling), a dynamic
discharge regime (DST), and periodic (e.g. monthly) reference benchmarking (RPT). The use
of the DST profile must be modified within its definition to accommodate the subject stress
factor. In practice, the following four factors can easily be incorporated into the DST profile:
temperature, depth-of-discharge, rate of discharge (maximum power level), and recharge
profile. Appropriate modifications to the DST profile for other factors that are applicable to
specific technologies must be defined. The primary part of this step (the analysis) normally
requires the selection and use of a mathematical model to ensure that the information required
in the subsequent estimate of life will be obtained.

Many reference books have been written that describe techniques for defining effective
orthogona matrices, including those in the Taguchi Methods. A good example isthe
following: M.S. Phadke, Quality Engineering Using Robust Design, Prentice Hall, New
Jersey, 1989. Although these techniques are normally used to optimize variables associated
with manufacturing processes, they can be effective in this application. Importantly, an actual-
use simulation (#14B) must be performed following this type of testing to verify that any
interactions among the control variables were properly modeled.

The construction of classical experimental matrices is described in Chapter 6 of Nelson's book.
The goa of each individual test should be to simulate actual use except for the overstress
parameter. Therefore, an effort must be made to properly control all test parameters so that
only the factor(s) of interest are being varied. For example, in a high-rate recharge, active
thermal management may be required to control any temperature increase.

Optimized classical test matrices include life evaluations only at the maximum and minimum in
the allowable range of each stress factor (determined in Step 1). Intermediate levels are not
desired. However, thistype of configuration can only be specified if the planner is reasonably
certain that a single relevant failure mode will be dominant across the range. If uncertainty
exists, then an intermediate point is needed to verify or determine if the failure mode does
change. Prudent engineering judgement needs to be applied. In any case, emphasis during the
allocation process should be placed on the maximum values when the available test timeisat a
premium and/or relatively accurate results are not needed. Conversely, the best accuracy is
obtained when more units are allocated to the minimum stress level (closer to actual use).
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Thus, as the technology development process matures, more of the units should be tested using
lower-stress conditions.

Performance of Test Plan: The experimental matrix defined in Step 2 should be randomized
with respect to test location, initiation order, and the various test parameters to reduce
unknown or uncontrollable effects from noise factors. The specific steps to be followed during
each test are as follows:

@ Apply the selected 360-sec DST discharge segment "end-to-end" with no wait period
between each segment, to the specified depth-of-discharge (80% of rated capacity for
the baseline case) or until another manufacturer-specified constraint has been reached
(e.g., voltage or thermal limit). The maximum DST power level is to be determined
either as part of Step 2 or as recommended in Procedure 5B. Within any thermal limits,
recharging is to be immediately performed.

(b) At appropriate intervals, the continuous DST cycling is to be halted and a set of
Reference Performance Tests (RPT) performed. (See Procedure 14C.)

(c) Repeat Steps 3a and 3b until an end-of-test condition, as defined in the specific test
plan, isreached. Normally, the end-of-test criteriafor battery-level test units should be
at higher states of degradation than correspond to the USABC end-of-life definition
(<80% of rated capacity or peak power, see Appendix F) to enable more failure
information to be obtained. However, battery cycle life is reported only to end-of-life
conditions; cycles performed after end-of-life is reached must be counted separately.

Data Acquisition and Reporting Reguirements:

The genera requirements are given in Section 5 of Appendix B, Reporting and Data Acquisition
Outline. The specific reporting requirements of this test include a historical record tabulating test
summary information and testing anomalies. This information is to include cycle number, type of
regime, duration, energy, gross and net Ah removed, energy efficiency, EOC and EOD open-circuit
voltage, initial and final temperature, and EOD resistance. The actua reported cycle life of a particular
test unit (at the reported test conditions) shall include (count) the following:

any performance tests performed prior to the start of life cycle testing which discharge the
battery to 80% DOD or greater

All Reference Performance Tests up to but not including the final RPTs which establish that
end-of-life has been reached

All repetitive discharge tests for which the specified capacity (e.g. 80% of the rated capacity in
net ampere-hours for baseline testing) is achieved, i.e., any additional tests performed after
either the specified capacity is not reached or end-of-life is verified shall not be included in the
cycle life count
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Data Analysis:

The generic steps that are to be performed during the analysis of the data obtained during the life-cycle
testing are summarized in the following list. Although this activity is not arequired part of this
procedure, its use during Steps #1 and #2 is recommended to ensure that an effective plan is produced.

1. Identify the smallest unit (e.g., cell, string, module) for which failure information was obtained
and assemble a database containing service-life statistics.

2.  Select/develop appropriate mathematical models (e.g., Arrhenius) that describe the primary
effects of the accelerating factors on life. Then, perform an analysis of the data (e.g., ANOVA)
to determine the relative influence of and correlation each factor.

3.  Characterize the service-life characteristics of the subject smallest unit for actual-use conditions
with a statistical distribution (e.g., Weibull, log-normal). The distribution must account for the
variability and uncertainty in the life data.

4.  Useamathematical routine that considers the candidate battery configurations and the

relationship identified in the previous step to estimate actual battery life. This activity normally
requires the use of a"Monte Carlo" type simulation.
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Procedure 14B

ACTUAL USE SSMULATION TEST
INCLUDING AMBIENT TEMPERATURE INFLUENCE

Purpose:

This test regime is used to reasonably simulate the conditions that an electric vehicle battery may
experience in actual operation. Results from these tests will eventually validate the accelerated life-
cycle testing performed under Procedure #14A. Thistesting requires the test battery to be discharged
using a FUDS power profile (#5A). It also provides for exposing the battery to a wide range of
ambient temperatures to account for a expected range of seasonal and geographic variability in
customer environments.

Abstract:
The procedure is outlined as follows:

1.  Thetest unit isto be subjected to one FUDS-based discharge/charge cycle (#5A) per day for 5
days per week, scaled to 80% of the USABC peak power requirement for the technology (or
80% of the battery’s peak power rating, whichever islarger.) The battery should be subjected
to ambient temperature variations during testing as described in the following section.

2. For each discharge, apply the 1372-second FUDS regime "end-to-end" with no wait period
between each segment, to a depth-of-discharge of 80% of rated capacity in net ampere-hours
or until another manufacturer-specified constraint has been reached (e.g., voltage or thermal
[imit). Within any thermal limits, recharging is to be immediately performed.

3. At appropriate intervals (or as specified in the test plan), the continuous FUDS cycling is to be
halted and a set of Reference Performance Tests performed, as specified in Procedure 14C.
RPTs are always performed at normal ambient temperature, regardless of the temperature
regime in use for cycling. For testing efficiency, the temperature regimes to be used (defined
below) may be imposed in clusters of cycles (e.g. between RPT repetitions) rather than
distributed evenly over the life of the battery.

4. Repeat Steps 1 to 3 until an end-of-test condition specified in the test plan is reached.

Ambient Temperature Test Conditions:

A distribution of ambient temperature conditions has been derived from actual temperature data for
two relatively extreme locations: Buffalo, NY and Palm Springs, CA. Figure 14B-1 showsthe
cumulative fraction of the time (averaged over one or more years) for which the ambient temperature
would exceed any given value at each of these locations. Based on this distribution, Table 14B-1
shows the percent of the total life cycles which should be performed in each of 5 temperature ranges,
values are given for batteries intended for full-range operation, as well as those intended only for
locations where extremes of hot or cold temperatures are not anticipated.

This procedure may be applied in several ways. Applied directly to cells, modules or battery packs, it

can characterize the technology life without thermal management controls, for comparison with life
measured at the normal ambient temperature. However, because of the mixed nature of the
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temperature data resulting, it may not be appropriate to use this procedure as a substitute for thermal
performance testing (Procedure #9) for technologies whose performance at various temperatures is not
yet known. For complete battery systems or test units with therma management controls, it can be
used as an integrated system test to determine the effectiveness of the therma management design and
project battery life under approximate ‘ actual use’ conditions.

Data Acquisition and Reporting Reguirements:

The genera requirements are given in Section 5 of Appendix B, Reporting and Data Acquisition
Outline. Reporting of measured cycle life shall be done according to the conditions specified in
Procedure 14A. Because of the integrated nature of this test, interpreting its results will require more
information than might be needed for a simpler test regime. Consequently a report shall be provided
that contains a detailed description of the battery and test setup, the actual temperature regimes
applied, acompilation and interpretation of al performance data acquired, any results of failure
analyses, and any recommendations for improvements in battery design, installation procedures, or test
methods. The ability to accurately reproduce the test cycle is not required for FUDS life test cycle
data, but a cycle-by-cycle summary should be presented in tabular and/or graphical format.

Table 14B-1. Percent of test timeto be spent at various temper atur e ranges

Temperature Range Full Range Batteries Hot Climates Only Cold Climates Only
Cold T<-8°C 10 - 10
Cool -8°<T<0°C 15 - 15
Normal  20° + 10°C 50 50 60
Wam 30° < T <38°C 15 40 15
Hot T>38°C 10 10 -

Cumulative Temperature Distribution
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Figure 14B-1. Fraction of the time a given ambient temperature is exceeded at two locations
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REFERENCE PERFORMANCE TESTS

Purpose:

This set of testsis used to characterize degradation that occurs during the life of the subject test unit.
These baseline cycles consist of agroup of electrical performance tests that are repeated periodically
during life-cycle testing, permitting various performance and failure characteristics to be compared on
acommon basis.

Abstract:

This procedure will normally be performed during life-cycle testing of a battery at regular intervals
(e.g. every 28 days or 50 cycles) corresponding to 5-10% of the anticipated battery life, unlessa
particular interval is specified in the test plan. These tests (including the recharges before and after the
discharge sequence) are always performed at nominal environmental conditions, even though life-cycle
testing may be taking place at off-normal conditions to accelerate battery aging. The test unit (cell,
module, or pack) will be charged prior to initiation of this sequence and then temperature stabilized, if
needed (as directed in the test plan). Commencing from full charge, the module/battery will be
subjected to the following tests in the order specified, conducted according to their respective
procedures except for limitations as noted below:

1.  Constant Current discharge at C/3 rate (only) to 100% of rated capacity [Procedure #2]

2. DST discharge scaled to 80% of the USABC peak power goal for the technology, to
100% of rated capacity in net ampere-hours [ Procedure #5B]

3. Peak Power discharge [Procedure #3]

This sequence of tests will normally be performed once (i.e., 3 cycles total) each time the procedure is
performed. The battery will be fully recharged after each discharge.

The rationale for the selected RPT sequence isto (1) return the unit to a reproducible and standard
state with the constant current cycle, and (2) use the DST and Peak Power cyclesto identify any
degradation in available energy or pulse power capability. Determination of end-of-life (not end-of-
test) is based on the results of the DST and Peak Power tests. (See Appendix F.)

Data Acquisition and Reporting Reguirements:

The genera requirements are given in Section 4 of Appendix B, Reporting and Data Acquisition
Outline. Specific data requirements are given in the appropriate individual procedures (#2, #3, #5B) as
well astheindividua life cycle test procedures (#14A, #14B, #14D).
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Procedur e #14D

BASELINE LIFE CYCLE TEST

Purpose:

Thistest regimeis used to determine the battery life achieved under a‘reference’ or baseline set of test
conditions, for comparison with the results of accelerated life testing under any other set of test
conditions. Thistest procedure may be used for standalone testing or as the baseline case for a
program of accelerated aging tests using Procedure 14A. The discharge profile used for thistest isthe
DST (Procedure #5B), normally scaled to 80% of the USABC peak power goal for atechnology (i.e.
120 W/kg for midterm battery technologies.) However, if the rated peak power for a battery exceeds
the USABC goal, the test should be scaled to 80% of the battery’s rated power instead. All discharges
(except Reference Performance Tests) are conducted to 80% of rated capacity, provided this can be
done without exceeding the Discharge Voltage Limit or other battery limits defined in the test plan.

Note that thistest is not intended to project the life of a battery in actual use; Procedure 14B is more
suited for such a purpose. In particular, continous cycling may result in some life impacts because of
thermal effects or other mechanisms. However, thistest is the most commonly used USABC life cycle
test case because of its reference nature, repeatability, and time compression effect.

Abstract:

The specific steps to be followed during each test are as follows:

1.  Thetest unit isto be subjected to continuous cycling using the DST (#5B).

2. For each discharge, apply the 360 second DST regime "end-to-end" with no wait period
between each segment, to a depth-of-discharge of 80% of rated capacity in net ampere-hours
or until the Discharge Voltage Limit or a manufacturer-specified constraint has been reached
(e.g., thermal limit). Within any thermal limits, recharging isto be immediately performed.

3. At appropriate intervals (or as specified in the test plan), the continuous DST cycling isto be
halted and a set of Reference Performance Tests performed, as specified in Procedure 14C.

4. Repeat Steps 1 to 3 until the end-of-test condition, as defined in the specific test plan, is
reached.

Data Acquisition and Reporting Reguirements:

Generd requirements are given in Section 5 of Appendix B, Reporting and Data Acquisition Outline.
Because this test is the baseline case of accelerated life cycle testing, specific reporting requirements
are identical to those defined for Procedure 14A. End-of-life is determined according to the definition
in Appendix F. Reporting of measured cycle life shall be done according to the conditions specified in
Procedure 14A.
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3.0

4.0

GENERIC TEST PLAN OUTLINE FOR USABC BATTERY TESTING

Pur pose and Applicability

Thistest plan defines a series of tests to characterize aspects of the performance or life cycle
behavior of a battery for electric vehicle applications. These tests may be applied to single cells,
battery modules, full-size battery packs or complete battery systems (all of which are referred to as
batteriesin this plan). It may aso be used to specify testing for multiple identical batteries
subjected to the same or different test regimes (see Section 5.0.)

References
(To be as required by manufacturer or USABC Program Manager)

Equipment

Power, voltage, and current capabilities for the electronic loads and power supplies are to be
specified. Special test equipment required for the conduct of thistest plan (if any) is specified in
the individua test procedures.

Prerequisites and Pre-Test Prepar ation

In addition to any prerequisites defined in individua test procedures, the following actions shall be
performed by the testing organization prior to testing a battery under control of this test plan:

41 The USABC identification number for the battery shall be determined and affixed to the
battery (if this has not been done by the manufacturer.) (See Appendix D for numbering
system.)

4.2 The battery or battery modules shall be examined to determine that damage has not
occurred during shipping or handling, and that the type and configuration (e.g. number and
interconnection of modules) are correct and agree with the assigned identification number.

43 The battery's physical dimensions and weight shall be measured. For battery packs
containing multiple subunits (modules or cells) interconnected by lab personnel after
receipt, the modules will be weighed individually; in other cases, the entire battery may be
weighed as a unit to avoid disassembling it (see Appendix E Workshest).

4.4 Actual power levels (kW) and capacities (kW-h or A-h) shall be established for those
planned tests specified in Section 7.0 where the procedures do not specify these levels.
These values should be derived from the ratings specified in Section 5.0 of this plan, based
on the manufacturer’ s worksheet (Appendix E) and the measured weight or other
characteristics of the battery. If these are based on values other than manufacturer's
ratings or afixed percentage of the USABC Mid Term or Long Term goals, the basis shall
be noted in the test plan and the battery log and subsequently reported.
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5.0

Ratings, Test Limitations and Other Test Information to be provided

Battery ID Number

NOTE: If more than one battery is covered by thistest plan, provide table of ID numbers. If a
group of otherwise identical batteriesisto be subjected to different sets of performance tests,
multiple copies of Tables 7.3 and 7.4 may be used.

Development/Testing Phase (Information only)

51

RATINGS (DISCHARGE)

NOTE: All ratings are at Beginning of Life. A worksheet summarizing information to be
supplied by the manufacturer for each battery is included as Appendix E.

Rated Capacity (Ah)

Ampere Hour Capacity: 3-hour (C/3) rate (Ah)
2-hour (C/2) rate (Ah)
1-hour (C/1) rate (Ah)

Rated Energy Capacity (kWh at 3-hour C/3 rate)

Test Unit Peak Power (rating at 2/3 OCV and 80% DOD at beginning of life)
(W or kw) (Nominal)

Peak Discharge Power to be applied on DST or FUDS testing
(W or kw)

Maximum Allowable (Peak) Currents to be applied during Reference Performance Cycle
or Peak Power Tests:

Discharge (Amperes)
Regen (Amperes)
Percent of capacity at top of charge where regen should not be applied (if applicable)
(%0)
52 TEST TERMINATION CONDITIONS (applicable to planned tests)

DISCHARGE LIMITATIONS VALUE UNITS
Minimum Discharge Voltage V/cell etc. *
Discharge Temperature Limit(s) °C
Other (e.g. Max Current etc.)

* Specify load conditions if rate-sengitive. (If avalue lessthan Discharge Voltage Limit is
specified, the DVL will be used for the Peak Power Test. DVL will also be used for DST or
FUDS tests unless a specific exemption isincluded in the test plan.)
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6.0

7.0

END OF LIFE TEST CONDITION(S):

5.3 OPERATING TEMPERATURE (Initia and limits for testing)

54 CHARGING

Procedure:

CHARGE LIMITATIONS VALUE UNITSDEFAULT
Maximum Voltage on Charge V/cell and/or battery
Maximum Charge Temperature °C
Maximum Charge Rate Amperes, waltts, time
Open Circuit Time After Charge (Default 1-24 hrs)

55 OTHER INFORMATION (Attachments can be referenced here)

Test laboratory Readiness Review requirements:

Thermal enclosure or other battery management system handling instructions (if
applicable):

Commissioning Instructions:

Battery Configuration Description:

Safety Concerns and Precautions

(To beincluded or attached as applicable.) NOTE: any conditions requiring safety-r elated
monitoring provisions and/or action shall beidentified and described here.

Number and Types of Teststo be Performed Under this Test Plan

7.1 TEST CONTINUATION CRITERIA

Any ratings or required test results that constitute acceptance for testing (i.e. further testing should
not be performed unless these criteria are met) should be identified here or noted in the tables.
Normally, the capacity of the unit must be no less than 95% of rated, as determined either during

A-4



commissioning or the C/3 constant current discharge specified in Section 7.2.

7.2 CORE PERFORMANCE TESTS (REQUIRED)

NOTE: Core Performance Tests are to be performed on all test units unless specifically
exempted in writing by the USABC Program Manager, in which case the reason for
exemption should be documented. If an adequate charge procedure is not furnished or

available, Test Procedure #11 from Table 7.4 should be performed prior to initiating the

Core Performance Test series.

TEST PROCEDURE

MINIMUM REPS OTHER INFORMATION

2. Constant Current 3 @ 3-hour discharge rate

3. Peak Power 1 Single discharge

5. Variable Power 1 Default is DST, FUDS optional
4. Constant Power 1 @ Rate required to remove

75% of energy in 1 hour (may
be done for only 1 hour)

7.3 GENERAL PERFORMANCE TESTS (OPTIONAL)

TEST PROCEDURE

2. Constant Current

NO. REQ'D

OTHER INFORMATION

Default for procedure is 12
charge/discharge cycles at C/3, C/2,
C/1, C/3 discharge rates

4. Constant Power

Default power values are those
required to remove 75%, 50%, 25%
of battery energy in one hour.
(Discharge to rated capacity or
termination limits)

5. Variable Power

Regime (FUDS or DST) not
performed as part of Core
Performance
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7.4 SPECIAL PERFORMANCE TESTS (OPTIONAL)

TEST PROCEDURE NO. REQ'D OTHER INFORMATION
6. Partial Discharge Specify partial DOD value
(Default 50%)
7. Stand Specify stand period
(default 48 hrs midterm,

30 days long term)

8. Sustained Hill Climb

9. Therma Performance

Specify matrix of temperatures
& discharge/charge cycles

10. Battery Vibration

Specify random or swept sine
wave excitation, normal or accel

11. Charge Optimization

Specify only if charge procedure
not furnished in Section 5.4

12. Fast Charge

Specify initial rate (default 2
times normal)

7.5 SAFETY/ABUSE TESTS (under development; following table is only an example)

TEST PROCEDURE

SELECTED

BATTERY ID NO.

OTHER INFO

MECHANICAL

13A. Impact (drop)

13B. Deformation (bend)

13C. Intrusion (spike)

13D. Turnover

ENVIRONMENTAL EXPOSURE

13E. Fire

13F. Immersion

ELECTRICAL

13G. Over-Charge

13H. Short-Circuit

13J. Reversa
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8.0

9.0

7.5 LIFE CYCLE TESTING REGIME (OPTIONAL)

TEST PROCEDURE TEST UNIT ID No. OTHER INFO

14A. Accelerated Aging Use test matrix
to specify one
or more test
regimes &
accelerating
factors

14B. Actua-Use Simulation FUDS-based;
specify
ambient
temperature
regime

14D. Basdline Life Cycle 80% DOD
DST discharge
at nominal
environmental
conditions

Special M easur ement Requirements

Identify or attach number/location of temperature measurements:

Identify or attach number/location of voltage and current measurements (other than overall):

Specify any special monitoring (not already identified) required to assure that abnormal battery
conditions are detected:

Post-Test Examination and Analysis

Identify or attach requirements for post-test examination and/or any teardown and subsequent
analysis after completion of testing:

A-7



APPENDIX B

GENERIC REPORTING
AND
DATA ACQUISITION OUTLINE
FOR
PERFORMANCE AND LIFE TESTING
OF

ELECTRIC VEHICLE BATTERIES

B-1



GENERIC REPORTING AND DATA ACQUISITION OUTLINE
FOR ELECTRIC VEHICLE BATTERY TESTING

1.0 Purpose and Applicability

This outline defines the general formats and types of information to be acquired and reported to the U. S.
Advanced Battery Consortium (USABC) for both the performance and life testing of electric-vehicle
batteries. Sections 2 through 6 apply to reporting requirements. Data acquisition and retention requirements
are described in Section 7.

1.1 Assumptions

This outline assumes the existence of atest plan that defines the testing to be performed on (each
sample of) a given battery, the rationae (purpose) for thistesting, and a body of procedures that
specify in detail how to conduct each type of test. The test plan and the corresponding procedures
should be referenced so that detailed procedural information need not be included in the reporting of
test results.

The term ‘battery’ is used generically in this outline to designate any hardware test unit of whatever
size, including cells, modules, battery packs and complete battery systems.

2.0 Test Report Format and Content

The general structure of atesting report is outlined below. Some reports may not contain al the indicated
sections if less than the full spectrum of tests are performed. For example, not all batteries will be subjected
to performance testing, life testing and post-test analysis. Also, the reported battery descriptive information
may be limited if the battery in question is one of a group of identical items being tested. If interim reports
are issued during testing, it may not be appropriate to repeat some information. In the most general case,
however, testing reports should contain the following types of information:

. Executive Summary (Abstract, Conclusions, Recommendations)
. Testing Objectives

. Battery Descriptive Information

. Performance Test Results

. Life Cycle Test Results

. Post-Test Teardown and Analysis Results

. Conclusions
. Recommendations
. References

Each of these categories of information is briefly summarized below; subsequent sections treat those topics
requiring more detailed definition.

2.1 Executive Summary

The executive summary is a compilation (limited to 1-2 pages) of the information that would be most
significant to the casual reader. It should contain an abstract as the first part and areiteration of any
conclusions or recommendations contained in the report. The abstract itself is a brief statement
(typically less than 200 words) of the purpose of the work, methods, and results. It should be a
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stand-alone summary of what was done, the results, and any significance of the results.

2.2 Testing Objectives

A brief statement should be provided that describes the purpose(s) for which the reported testing was
done. This should be agreed to with the USABC prior to the start of testing. A test plan for the
battery should have been constructed to satisfy these objectives. The report should show how and to
what extent these objectives are satisfied.

2.3 Battery Descriptive Information

A description of the battery or battery system that was tested is to be provided in sufficient detail to
identify what was tested. This should include any general descriptive information that was not
supplied by the developer or the USABC, e.g., battery weights, photographs of fabricated
assemblies, etc. Additional information is provided in Section 3.

24 Performance Test Results. A description of test results to be reported from performance
testing is provided in Section 4.

25 Life Cycle Test Results. A description of test results to be reported from life cycletesting is
provided in Section 5.

2.6 Post-Test Teardown and Analysis Results. Resultsto be reported from teardown and
analysis after performance or life-cycle testing are discussed in Section 6.

2.7 Conclusions

A conclusions section isto be included to summarize the significance of the reported results, with
particular emphasis on (1) the degree to which testing objectives were satisfied; and (2) the extent to
which the measured battery behavior approaches the USABC goals or other pre-established
requirements for the technology.

2.8 Recommendations

Recommendations should be included where appropriate to convey technical judgments or opinions,
suggestions for follow-on testing or problem resolution, or other information that goes beyond
interpreting the test results. Recommendations should be directed specifically at battery developers,
the USABC and its program managers.

29 References

The battery specific test plan and all procedures used in the conduct of reported testing should be
referenced at the appropriate reporting stages so that these plans and procedures can be
unambiguoudly related to the testing performed. Thiswill permit subsequent questions about the
possible influence of testing methods on test results to be addressed.

2.10 Other Information

Test reports should include adequate definition for nomenclature used in the reports, along with
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acronyms and abbreviations where appropriate. Nomenclature should be consistent with the USABC
glossary to avoid the need for extensive definitions.

3.0 Battery Information and Description

Theinitia information to be reported for any battery should be a description of the battery itself, in sufficient
detail to unambiguoudly identify the battery and any unique conditions or limitations imposed on its testing.
Theintent of thisinformation istwo-fold: to clearly distinguish this particular battery and its test regime from
other similar ones; and to document information other than test results that was acquired by the test
laboratory during testing. In genera this would include the following categories of information:

. Physical Characteristics (size, weight, number & condition of cells, interconnection, breakdown of
auxiliary equipment etc.)

. Chemical/Electrochemical Characteristics (include manufacturer's specifications for capacity and
power, cell voltage etc.)

. System Control, Thermal Management, Operating Description

. Battery Operating/Discharge Limits

. Charging Considerations and Requirements

. Safety Considerations (if they affect testing)

Where appropriate, this information should be supplemented by photographs or diagrams of the battery
system and important components.

If only asingle battery of a given typeis tested, this information will normally be reported along with the
performance test results. Where multiple samples of the same battery design are tested, this (common)
information could be compiled once and supplied to the test sponsor after review by the laboratory(ies)
conducting the testing. For multiple batteries, only the information common to all batteries need be included
here; for example, if different charge algorithms are required for different test batteries, these different
charging requirements can be included with the performance test results for each battery.

31 Battery Identification

A unique identifier will be assigned for each test battery by the USABC when the battery is delivered
for testing. The battery information section will tabulate this identifier along with other descriptive
data, so that all reported results can be easily related back to thisidentifier. The method for
assigning the battery identifier is detailed in Appendix D.

4.0 Performance Test Reporting

Batteries may be subjected to a wide spectrum of performance tests, ranging from the minimum core tests
(presently 6 cycles) to atest sequence requiring several months. Multiple samples of a given hardware
deliverable may, in many cases, be subjected to a common test regime. Hence, the extent and frequency of
performance test reporting must necessarily be tailored to the length of testing and number of test units. The
minimum reporting from the testing of asingle test unit is described in Section 4.1. For particular batteries,
this summary information will be supplemented with appropriate graphical or other data of specific interest,
asoutlined in Sections 4.2-4.6. Note that this supplemental information is not expected to be provided for
every battery tested; instead only selected samples of a given technology will be examined (as specified in test
plans) for these aspects of battery behavior.



Where justified by the extent of testing, afina full report will be published at the conclusion of testing. This
report may summarize the performance of an entire group of identical batteries; in some cases it may also
include subsequent life cycle test results and/or post-test analysis results. Because of the delays inherent in
generating such areport, summary performance test status information is required periodically (generally
monthly) for any battery where testing lasts 2 months or more.

4.1 Summary Performance Test Results

Performance test results for each battery tested should be summarized using the format shown in
Table B1. Thistable identifies the particular test unit and lists the key information derived from each
type of test specified in the test plan as results become available. Where only minimum core testing
is performed, this summary table may be the only performance test reporting required. In other
cases, it will be updated as testing progresses and used for periodic reporting. Where afull
performance test report is prepared, the final version of this table will be appended to the report.

Where multiple identical samples of a battery are subjected to common test conditions, an overall
summary of the test results for each battery in such a group should be provided to permit easy
comparison of their performance. A suggested format for such an extended results summary is
shown in Table Bla. This may be extended where appropriate to include multiple groups for a given
technology. The suggested format for such a high-level summary is shown in Table B2.

In addition to summarizing the genera performance test results, these tables provide a mechanism for
showing cycle life and for noting any changes in test conditions or battery configuration that occurred
during testing.

4.2 Battery Capacity

The measured capacity of the battery in ampere-hours and watt-hour or kilowatt-hours should be
reported for the following test regimes if performed:

Constant Current Discharge
Constant Power Discharge
Variable Power Discharge (DST/FUDYS)

These results should be representative, in that they are likely derived from multiple tests. For
batteries that require time or exercise to reach a stable capacity, both the initial and the stable
capacities should be reported.

4.3 Voltage-Current Behavior

Battery voltage (over time or asaV-I plot) should be reported graphically for variable power
discharge cycles. This should include open circuit voltage behavior during the rest periods (if any)
and after the end of discharge. Voltage-current behavior during a charge cycle should also be
reported graphically. For batteries incorporating multiple modules or sub-units, a graphical
representation of the voltage variations between modules should be reported for one or more constant
current or constant power tests.



TableBl. Summary Test Results

HARDWARE CHARACTERI ZATI ON SUMVARY
USABC | Dt REPORTI NG DATE: Wei ght (kg):
START DATE: COMPLETI ON DATE: Vol unme (L):
(* CORE TESTS) Basi s:
PROCEDURE# DESCRI PTI ON RESULTS COMMVENTS
2 (part) C/ 3 Capacity Verification A Wh
2 Charge/ Di schg Effic: (Coul) | % Ah (Describe Charge Method)
(Energy) | % Wh
12 Fast Charge % Ah % Wh
2 * Constant Current @C/ 3 ____Ah W
Constant Current @C/ 2 ____Ah W
Constant Current @C/ 1 Ah Wh
4 |* Constant Power @ W | __ Ah__ Wh | (Manes, value LORE TR oo o
Constant Power @ = W ___Ah W Feal hour ) ’ y o
Constant Power @__ =~ W Ah Wh
5 * Variabl e Power w DST or ____/ _____ ) (For DST, report V\h & Ah at unreduced and
reduced power conditions, and any
FUDS net/ gross procedure devi ati ons)
I Ah
net/ gross
3 : Derived peak Power | W :(si’\gtnffit(r:]gn: Ia;egi ?feglr(egf)wte:]ainfthe derived
(30s at 80% DAOD) val ue.)
Stand time ___h % Loss
8 HIl dinb (6 m nutes) Max. 9% DOD
6 Partial D scharge % Loss
14 Life (DST) Status — OQrcles total | o0t eets: capacity on DST, 80%
(cycling start date ) ___ Cycles DST DOD power on Peak Power) ’

Note: for multiple identical deliverables, this table may be extended with additional Results colums.
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TableBla
Summary Test Results (Extended for Multiple Test Units)

Report Dat e: USABC Nunber (' s)
Pr ocedur Description Units ML %24 MB wa \%3) %3]
e

1 Mass kg
Vol urre |
2 C/ 3 Capacity Ah
(part) Wh/ kg
Wh/
2 Ef ficiency % Ah
(part) % \Wh
12 Fast Charge %
Accept ance
2 CC @G/ 3 Ah
CC @G/ 2 Ah
CC@C/1 Ah
4 CP @Es/ 3 W/ kg
CP @E,/ 2 W/ kg
CP @E/1 W/ kg
5 Vari abl e Power W/ kg
DST Wh/ |
3 Peak Power W kg
30s @ 80% DOD Wi
7 St and Test
1h % Loss
48h % Loss
168 % Loss
8 HIl dinb (6m Max. % DOD
6 Partial DOD % Loss
Cycles to Full Cycl es
14 Life: Peak Pw Cycl es
3h Rate Cycl es
DST Cycl es
Test Pl an
(Brief
Descri ption)

Not e: Commrents on Tabl e Bl shoul d be observed for this sunmary test results table al so.
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Table B2
Summary Test Results (Multiple Groups of Identical Test Articles)

Report Date:
PERFORMANCE AND STATUS SUMVARY OF
CELLS/ MODULES/ BATTERI ES UNDER TEST AT
Total &
I dentification Wi ght Vol une Speci fic Energy Net Specific Energy Peak Power @ DST
Nurber kg L c 3 DST 80% DOD, W kg Cycl es
Initial Present Initial Present Accrued

Ah Wh/ kg Ah Wi/kg | Ah Wi kg Ah Wi/kg | Initial Present | As of

NOTE:  Weights or volumes used for cal culating nornalized perfornmance values (e.g. Wi/ kg, Wi/l, Wkg) should be the actua
measur ed val ues of the units under test; otherwise a clearly defined basis for these values nust be provided.
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5.0

4.4 Other Observations

Observed battery behavior that could significantly affect the interpretation or understanding of test
results should be noted in narrative fashion. This may include, for example, deviations from
procedures due to equipment or battery limitations, or test anomalies which are outside the expected
range of results. Also reliability or maintenance concerns that might affect the suitability of the
battery for life cycle testing should be reported.

Life Cycle Test Reporting

Summary status tables (e.g., Tables B1 and B2) are to be used as the basic means of reporting accumulated
cycles and degree of performance degradation during life cycle testing. This status report (with
accompanying pertinent graphical data) will be provided throughout the lifetime of the unit under test at
periodic intervals. Thisreporting will act as a supplement to the summary reports provided during
performance characterization. The final report will summarize the life cycle history of the test unit (or an
entire group of identical batteries where appropriate.)

6.0

51 Life Cycle Tests

For any selected life-cycle testing regime, theinitial test(s) should be reported in the same level of
detail as the comparable (variable power discharge) performance test. Reporting for subsequent tests
should be confined to a small number of selected parameter values, preferably as specified in the test
plan. For example, if alife cycle dischargeis to be terminated after a fixed number of Ahisremoved
from the battery, the voltage at end of discharge should be reported; conversaly, if thetest is
terminated on a predetermined voltage limit, the battery capacity should be reported. A graphical
representation of the selected parameters versus (cumulative) cycle count should be provided.

5.2 Frequency of Reporting

Because life-cycle tests on a given battery may require months or years to complete, the reporting of
such results should take place on a periodic basis to provide timely status information to the test
sponsor. Initial life cycle test results will be reported in accordance with the test plan (e.g., after the
second RPT set is performed). Subsequent status updates would then be provided at agreed-on
intervals (e.g. monthly or quarterly) depending on the expected duration of the testing.

Note: additional guidance for periodic reporting of test results (e.g. quarterly and/or weekly) is under
development and will be provided in afuture revision to this manual.

Post-Test Teardown and Analysis Reporting

Detailed procedures for post-test teardown and analysis have not yet been defined. Presumably, the results of
such analyses would be reported as photographic/microphotographic records, chemical analysis values, and
narrative information. Requirements for such analysis (and resulting reporting) should be specified in the test
plan for each test unit.
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7.0

Data Acquisition and Retention Requirements

7.1 M easurement Parameters

The basic requirement of the data acquisition system isto sample battery parametersin a manner that
assures that the test unit response to load demand can be accurately measured and/or reproduced.

All battery discharge/charge cycling requires three fundamental measurements: voltage, current, and
temperature. Measurement to be performed during vibration testing are described separately in
Procedure #10. Thetime that each parameter is sampled is recorded with the measurement. For
laboratory charge/ discharge testing, it is generally adequate to derive battery power from the
multiplication of current and voltage. However, if more than 1 millisecond el apses between any
voltage and current samples used to derive power, a power measurement instrument must be used to
acquire battery power information.

Data acquired from these measurements is used to derive the remaining battery discharge/charge
parameters such as cell/modul e/battery resistance, capacity (ampere-hours), and energy (watt-hours).

7.2 Test Modes and Data Sampling Requirements

The modes in which electrical testing may be performed on a battery are as follows:

Constant Current Discharge (CC)

Constant Power Discharge (CP)

Variable Power Discharge (VP) FUDS, DST

Peak Power Discharge  (PP) (isaVariable Current Discharge)
Recharge (RCG) (CC and/or CP)

These tests modes have varying sample requirements. Recharge, Constant Current Discharge, and
Constant Power Discharge testing require a minimum of one sample (a) every 10 minutes or (b)
whenever any measurement changes by more than 2% of its previous value (of current, voltage or
temperature) to be recorded during the full duration of atest.

Variable Power or Peak Power discharge tests require sampling of all measurements at a minimum of
one sample per second during periods of current or power changes. Acquisition systems capable of
programmable sampling may be set up to reduce the amount of data storage by decreasing sampling
during static portions of tests (e.g. the constant current periods during a Peak Power Test.) If sample
rates for dowly moving parameters such as temperature can be programmed independently, further
reduction in the amount of stored data may be effected by decreasing the number of samples (per
channel) for such parameters to the same as those required for RCG, CC or CP tests.

Sampling requirements for Life Cycle DST discharges (Procedure #5A) may be reduced by the
following two-step process. (a) sampling test unit voltage and current (only) near the beginning and
end of each power step in aDST profile; and (b) sampling al measurements near the end of the
maximum discharge (100%) and maximum regen (50%) steps for each 360 second DST profile
compl eted.

B-10



7.3 M easurement Accuracies

Required accuracies for the respective measurements are:

M easurement Accur
(% of Reading except as noted)

Voltage <10
Current <10
External Temp +/- 3°C
Internal Temp +/- 3°C
Ambient Temp +/- 3°C
Power <30
Vibration (Accel) <4.0

Theimplied accuracy for other derived (calculated) data such as accumulated energy or Ah capacity
is data system dependent but generally should not exceed 3%.

7.4 Data Retention

For each discharge/charge cycle during both performance and life cycle testing, a tabulation of
summary data, including cycle number, test duration, calculated values (e.g., energy and capacity),
and starting and ending values for parameters such as open circuit voltage and temperature, will be
permanently retained.

For the characterization performance tests and the Reference Performance Tests during life cycle
testing, the minimum number of samplesidentified in Section 7.2 should be retained permanently for
each discharge/charge cycle.

For life cycle testing, the recorded data identified in Section 7.2 must be retained a minimum of 2
months, after which it can be deleted (except for summary results) with the written consent of the
program manager. Any summary results that must be retained for each life cycle should be identified
in the test plan.

7.5 Data Formats
Test results and other data may be retained in at least 4 formats as appropriate: narrative,
numerical/tabular, graphical, and computer files. All datato be retained should be stored in

permanent, secure, and backed-up computer files. For graphs having relatively few data points, the
values should also be retained and reported in numerical/tabular form for subsequent analysis use.
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DOE BATTERY LAB DST-CAPABLE CYCLING EQUIPMENT

LAB EQPT TYPE MFGR. RATINGS! NO. UNITS
ANL BATTERY CYCLER ROBICON 250V -1200A +300A 4
ANL BATTERY CYCLER DYNAPOWER 100V +500A 1
ANL BATTERY CYCLER DYNAPOWER 500V +500A 3
ANL MODULE CYCLER TRANSREX 20V +500A 30
ANL MODULE CYCLER PROPEL 20V +500A 11
ANL MODULE CYCLER EMI 20V +1000A
ANL CELL CYCLER ARGONNE 10V +20A
ANL MICRO-CYCLER ARGONNE 10V -1,+3.A
SNL BATTERY CYCLER SNL 21V +240A -600A <5KW
SNL MODULE CYCLER SNL 48V +250A -300A <4KW 10
SNL CELL CYCLER SNL 40V +30A -100A <1kw 12
SNL CELL CYCLER SNL 10V +10A <100W 12
SNL BATTERY CYCLER DYNAPOWER 500V +500A 12
SNL CELL CYCLER MACCOR -5V to +20V +20A 8
SNL CELL CYCLER MACCOR -10V to +6v +1A 8

(' no. channels 6V +1A 24"
includes some in | 6V +0.25A 24"
following tester) | +6V +0.025A 16°

SNL CELL CYCLER MACCOR -10V to +25V +2A 6

25V +2A 6
BV +2A 6
5V to +6V +1A 6

INEL BATTERY CYCLER ENERGY SYS 500V -500A +250A 3

<100KW CONT.

INEL MODULE CYCLER BITRODE 20V -500A +150A <10KW 2

CONT.

INEL BATTERY CYCLER FCI 220V -400A 1

300V +150A

INEL MODULE/CELL MACCOR 20V +12.5A 21

CYCLER

INEL MODULE CYCLER MACCOR 100V +5A 2
INEL MODULE CYCLER MACCOR 100V -50A +25A
INEL CELL CYCLER MACCOR 5V -50A +25A 8
INEL CELL CYCLER MACCOR 5V -5A +2.5A 16
INEL MODULE CYCLER ENERGY SYS 100V -20A +10A 3 247
INEL BATTERY CYCLER DYNAPOWER 500V +500A 12

NOTES:

ORDER
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APPENDIX D

M ethodology for Assigning USABC Identification Numbers

Purpose

All battery cells, modules and packs to be evaluated with USABC support will be assigned an
identification number by the responsible USABC Program Manager. This number will be
furnished to the USABC Testing Coordinator and to the laboratory designated for testing the
particular unit.

Process

The USABC identification number will contain the following descriptor fields in the specified
order. Field #6 will be used only when a change is made to the makeup of atest unit.

1. Type of technology: Use 2 letters to identify.

Examples: SS- sodium sulfur; LP - lithium polymer; NH - nickel metal hydride; ZA - zinc
air; LD - lithium iron disulfide.

2. Size of unit: Volts/capacity in ampere-hours.
Example: 8/300 (i.e., 8 volts, 300 A-h)

3. Date of fabrication/delivery: A 4 digit code including month and year (MMY'Y)
Example: 0294

4, Manufacturer'sidentification: A 3 letter code including (generally) the first letter from
each word in the manufacturer's name.

Examples: SPL - Silent Power Limited, GRA - W. R. Grace, OBC - Ovonics Battery
Corporation

5. Seria number of unit: a consecutive number as delivered from a particular manufacturer,
with a prefix of C (for cell), M (for module) or P (for pack). All manufacturers will assign
their own number to each test unit before delivery. The USABC identification number
should be cross-referenced to the manufacturer's number. Preceding zeros need not be
included.

Examples: C1, M2, P3 (not M01)



6. If acell or group of cells are removed from a module or pack and replaced with different
cells, the manufacturer will assign all sub-units a serial number. The USABC Program
Manager will note this information and then add alower case 'd, 'b', 'c'... a the end of the
standard identification number to designate a change in the unit. Thisinformation, along
with other information pertaining to the number of cells changed, reason for replacement,
cell replacement location etc. will be provided to the USABC Testing Coordinator and the
laboratory that is testing the unit. This change identification may also be used to identify
changes other than cell replacement.

|
Complete Example of Identification Convention

On March 1, 1993, ten 2V, 10 A-h single cells and ten 120-cell 8V, 300 A-h sodium-sulfur
modules from Silent Power Limited are delivered to the USABC for testing. The following
test unit identifiers should be assigned:

Cdls

SS2/10-0393-SPL-C1 ... SS2/10-0393-SPL-C10

Modules

SS8/300-0393-SPL-M1 ... SS8/300-0393-SPL-M10
After the modules have been on test for six months, string #1 in module #5 fails, and the
USABC decides to replace this string and continue testing the module. The new descriptor
for this module becomes the following:

SS8/300-0393-SPL-M5a

Information about the string number that was removed and other pertinent data will be
provided to and recorded by the USABC Testing Coordinator and the testing laboratory.



APPENDIX E

WORKSHEET FOR MANUFACTURER-SUPPLIED
TESTING INFORMATION

E-1



Worksheet for Manufacturer-Supplied
Testing Information

Note: Al itens should be conpleted; use NN A (not applicable)
where appropriate

GENERAL

Manuf act ur er:

Technol ogy:
| D Nunber :
Test Unit Configuration:(e.g. _ Series x _ Parallel cells etc.)__
RATI NGS
RATED CAPACI TY. A h (This value is used for al

performance tests, and ‘percent DOD is always relative to
this val ue.)

CAPACI TY (for Constant Current Testing - Procedure 3)

« At C/ 3 Discharge Rate: A-h
« At C 2 Discharge Rate: A-h
« At C1 Discharge Rate: A-h

ENERGY (for Constant Power Testing - Procedure 4)
« At C/ 3 Discharge Rate: W h

PEAK POVNER (for Peak Power Testing - Procedure 6)
« At 80%DCD & 2/3 OCV: W (A higher [nore
restrictive] voltage value can be used for rating if
specified under Limts.)

OTHER: (specify conditions)
MEASUREMENTS

VWE G4 kg (actual test unit)

vVOLUME: L di spl acenent (actual test unit)

DOMENSIONS: . Length (cm maxi num

Wdth (cm maxi num
Hei ght (cm maxi num

OPEN CIRCU T VOLTACGE at 80% DOD: V (for Peak Power
testing)
OTHER:
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LIMTS (not permtted to be exceeded during testing)

VOLTAGE o
Di schar 86 (m ni num
g3 Vv E1.33.__ Vv
g2: V E/ 2 V
agi 'V E/ 4: \%
8 second peak power pul se: V
30 second peak power test: V (cannot
Ib_efl ;ess than 2/3 OCV at 80% DOD at begi nni ng of
ife
Gher: V (specify conditions, e.g. OCV)
Char ge (nmaxi mum
Sust ai ned: V
Pul se regen (< _8 seconds): \%
O her: V (specify conditions)
CURRENT ( maxi mum
Di scharge
Sustained (1 hour): A
< 30 seconds: A
< 8 seconds: A o
O her: A (specify conditions)
Char ge _
Sust ai ned: A
Pul se regen (< _8 seconds): A
O her: A (specify conditions)
TEMPERATURE _
Nomi nal O&eratl ng: °C to °C
To Start schar ge: °C (specify mn or max)
To Start Charge: °C (speci _f¥ mn or max)
Duri ng Di scharge: °C (specify mn or max)
Duri ng Charge: °C (specify mn or nmax)
Q her: °C (specify conditions)

CHARGE PROCEDURE

Nor mal :

Fast Char ge:
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Glossary of Battery and Battery Testing Terminology for

acceleration power (kW)

active materials

active material area
loading (g/cm?)

active material loading
density (g/cm®)

anode*

average power (kW)

average voltage (V)

battery

battery cell

battery module

battery pack

battery system

the USABC Battery Test Procedures

The battery power required to accelerate an electric vehicle from zero
to a specified speed in a specified time. The battery voltage must be
maintained above a specified minimum. For example, 50 kW
acceleration power may be required when a vehicle is accelerated from
0 to 80 km per hour in 20 seconds, with battery voltage maintained
above 2/3 of the open-circuit voltage (highest open-circuit encountered
through entire state of charge) during the 50-kW discharge.

The constituents of a cell that participate in the electrochemical
charge/discharge reactions. Specificaly, this normally does not
include separators, current collectors, catalysts or supports.

The weight of active material per unit electrode area.

The weight of active material per unit electrode volume.

The electrode in an electrochemical cell at which oxidation takes place.
During discharge, the negative terminal of the cell is the anode;
however, during charge, the positive terminal of the cell is the anode.
For rechargeable batteries, the electrodes are normally referred to
according to the reactions that occur during discharge.

Total energy withdrawn (or returned) from (or to) a battery divided by
the time of discharge (or charge).

The ratio of the watt-hours delivered to the Ampere-hours delivered for
agiven discharge or charge. Not necessarily a simple average of
voltage over time. Also known as current weighted voltage.

Electrochemical cells electrically connected in a series and/or paralel
arrangement.

An assembly of at least one positive electrode, one negative electrode,
and other necessary electrochemical and structural components. A cell
is a self-contained energy conversion device whose function is to
deliver electrical energy to an external circuit via a controlled internal
chemical process. This chemical-to-electrical energy conversion
process involves ionic transport between electrodes having different
potentials.

The smallest grouping of physically and electrically connected cells
that can be replaced as a unit. A module can be thought of as the
smallest, repeating building block of a battery pack.

An array of interconnected modules that has been configured for its
intended energy storage application, that is, the configuration is
application dependent.

Completely functional energy storage system consisting of the pack(s)
and necessary ancillary subsystems for physical support, thermal
management, and electronic control.

Terms marked with an asterisk (*) are ambiguous; their use is discouraged.
Letters enclosed in brackets { } are commonly used abbreviations.
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battery system mass fraction
battery volume (1)

battery weight (kg)

caendar life

capacity {C} (Ah)

available, or deliverable,
capacity (Ah)

Ci (Ah)

energy output, or energy
capacity* (Wh)

rated capacity (Ah)

residual capacity (Ah)

specific capacity (mAh/g)

theoretical capacity (Ah)

capacity area density
(mAh/cm?)

cathode*

cell

Ratio of battery system weight to gross vehicle weight.

The volume of the battery. Cell, module, pack, or system should be
specified, and should include the usable volume displaced.

The weight of the battery. Cell, module, pack, or system should be
specified.

The length of time a battery can undergo some defined operation before
failing to meet its specified end-of-life criteria.

The total number of Ampere-hours that can be withdrawn from afully
charged battery under specified conditions. Also referred to as
coulombic capacity.

The total ampere-hours that can be withdrawn from a fully charged cell
or battery for a specific set of operating conditions including discharge
rate, temperature, age, stand time, and any discharge cutoff criteria
specified by the battery manufacturer.

The capacity in Ampere-hours obtained from a battery discharged at a
constant current to an end-of-discharge condition (discharge cutoff
voltage) in precisely i hours. C; is established once and is not adjusted
through the battery's life.

The total watt-hours that can be withdrawn from afully charged
battery for a specific set of operating conditions including temperature,
rate, age, stand time, and discharge cutoff criteria (specified by battery
manufacturer).

The developer's or manufacturer's specification for capacity. This
single valueis chosen by the manufacturer to best represent the
expected performance of the item when tested under all the conditions
of this manual.

The Ampere-hours that can be discharged from a battery at a specified
discharge rate and temperature after it has been exposed to specified
conditions, such as driving-profile or open-circuit stand tests.

Capacity per unit weight of active material. Thisterm is usually
applied to active materials and/or electrodes (that is, including current
collectors).

The capacity of a cell's active material, assuming 100% utilization.

The electrochemical capacity of active material per unit electrode area.

The electrode in an electrochemical cell at which reduction takes place.
During discharge, the positive terminal of the cell is the cathode;
however, during charge, the negative terminal of the cell isthe
cathode. For rechargeable batteries, the electrodes are normally
referred to according to the reactions that occur during discharge.

See battery cell.

Terms marked with an asterisk (*) are ambiguous; their use is discouraged.
Letters enclosed in brackets { } are commonly used abbreviations.
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cell, secondary A cell, as described herein (see battery cell), with two additional
attributes: rechargeability and energy storage. Rechargeability isthe
application of electricity in order to repeatedly reverse the internal
chemical process once the chemical energy has been discharged.
Energy storage is the retention of recharged chemical energy with
minimal losses during periods when the cell isnot in use.

charge Conversion of electrical energy into chemical potential energy within a
cell by the imposed passage of a direct current.
charge profile Schedule used for charging a battery. For example:
constant current charging  Charging of a battery at a controlled, constant rate of electron flow
{CI} (normally applied with a maximum voltage limit).
constant voltage Charging of a battery by applying a constant voltage while allowing the

(potential) charging {CV} current to vary (normally applied with a maximum current limit).

clicv A constant current charge followed by a constant-voltage charge. See
also finishing charge rate, float charge, and trickle charge.

chargerate { C;/X} (A) The current applied to a battery to restore its available capacity. The
current can be expressed in amperes, but more commonly it is
normalized to the rated capacity (C) of the battery, and expressed as C,
/X, wherei isthe hour rate for the rated capacity, and X isatime
specification, usually in hours. If i isnot given, it is assumed to be the
same as X. For example, the 10-hour charge rate of a 500-ampere-hour
battery (rated at the 5-hour discharge rate) is expressed as

rated capacity _ 500 ampere-hours
charge time 10 hours

= 50 amperes = C;/10 rate.

In contrast, the capacity of the same battery rated at the 3-hour
discharge rate might be 450 Ampere-hours, giving a 10-hour charge
rate of

450/10 = 45A = C;/10 rate.

core performance tests The minimal set of tests that must be initially performed on every
USABC test unit, and which is a subset of the general performance
characterization tests. Refer to Figure 1. Outline of USABC
Laboratory Battery Testing Process in this manual for alist of included

tests.
current {1} (A) The rate of flow of electricity in acircuit.
current collector A part of an electrode that conducts electrons. It may also serve asa

structural support for the electrode.

current density (mA/cm?) The current per unit electrode area. Determined by dividing the charge
or discharge current by the total geometric (projected) area of the
positive or negative electrode.

cutoff voltage (V) The battery voltage at which charge or discharge is terminated.

Terms marked with an asterisk (*) are ambiguous; their use is discouraged.
Letters enclosed in brackets { } are commonly used abbreviations.
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cycle

cyclelife

deep discharge

depth-of-discharge { DOD} (%)

discharge

discharge regime

discharge profile

discharge segment

discharge step
discharge rate { C;/X} (A)

Discharge Voltage Limit

DOD

The period commencing from the start of one charge/discharge to the
start of the next charge/discharge where said period includes discharge
time, open-circuit time, and charge time. The depth of discharge (or
percentage of capacity) associated with each cycle must be specified.

The number of cycles, each to specified discharge and charge
termination criteria, such as depth-of-discharge, under a specified
charge and discharge regime, that a battery can undergo before failing
to meet its specified end-of-life criteria.

A qualitative term indicating the withdrawal of a significant
percentage of capacity (typically, 80 percent or more).

The ratio of the net Ampere-hours discharged from a battery at a given
rate to the rated capacity.

Spontaneous conversion of chemical potential energy into electrical
energy within a cell, which results from allowing the passage of direct
current.

Schedule used for battery discharge that follows a particular current (or
power) versus time sequence. Recharge segments may be included.
The USABC's Dynamic Stress Test (DST) is a discharge regime
commonly used to evaluate the service life of EV batteries.

The longest, unique repeating unit of a discharge regime (specificaly,
360 sec for the DST; 1372 seconds for the FUDS)

A subsection of aprofile. A convenient, contiguous grouping of
specific stepsin a profile.

A change from one power level to another in a discharge profile.

The current during discharge of a battery. The current can be
expressed in amperes, but more commonly it is normalized to the rated
capacity (C) of the battery, and expressed as C,/X, wherei is the hour
rate for the rated capacity, and X is atime specification, usually in
hours. If i isnot given, it is assumed to be the sasme as X. For
example, the 10-hour discharge rate of a 500-ampere-hour battery
(rated at the 5-hour discharge rate) is expressed as

rated capacity _ 500 ampere-hours
discharge time 10 hours

= 50 amperes = C;/10 rate.

In contrast, the capacity of the same battery rated at the 3-hour
discharge rate might be 450 Ampere-hours, giving a 10-hour discharge
rate of

450/10 = 45A = C;/10 rate.

The minimum voltage under load permitted during performance of the
Peak Power Test and other performance tests. It is equal to 2/3 of the
open circuit voltage at 80% DOD at beginning of life, unless the
manufacturer specifies a more restrictive (higher) value.

See depth-of-discharge.

Terms marked with an asterisk (*) are ambiguous; their use is discouraged.
Letters enclosed in brackets { } are commonly used abbreviations.
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driving profile

Dynamic Stress Test (DST)

DST,

efficiency (%)
coulombic (Ah-) (%)

energy (watt-hour, round
trip) efficiency (%)

voltaic (%)

battery system energy
efficiency (%)

electrode

electrolyte

A schedule of vehicle speed versus time that is used to test vehicle and
battery characteristics.

A variable-power discharge regime, developed by USABC to smulate
expected demands of an EV battery. This specific regime can
effectively simulate dynamic discharging and can be implemented with
equipment at most test laboratories and developers.

A label for reporting DST test results which indicates that the data
result from a DST scaled to a peak power value of n W/kg.

The ratio of the useful output to the input:

The ratio of the Ampere-hours removed from a battery during a
discharge to the Ampere-hours required to restore the battery to the
state of charge before the discharge was started:

b

ampere-hours discharged _{)"’ «
ampere-hours charged },

i, dt

c
n

where iy and i, are the discharge and charge currents, respectively, and
ty and t. are the discharge and charge times, respectively.

The ratio of the net DC energy delivered by a battery during a
discharge to the total DC energy required to restore the initial state-of-
charge:

b
watt-hours discharged _ fiog &
watt-hours charged ¢
fiv dt

cc
0

where v, and v, are the discharge and charge voltages, respectively, i
and i, are the discharge and charge currents, respectively, and t; and t,
are the discharge and charge times, respectively.

The watt-hour efficiency is equal to the product of the voltaic and
coulombic efficiencies.

The ratio of average voltage during discharge of a battery to the
average voltage during charge with the prior or subsequent restoration
of an equivalent capacity.

Round trip battery system energy efficiency should be distinguished
from general energy efficiency as defined above. It must include
energy losses resulting from self-discharge, cell equalization, thermal
loss compensation, and all battery-specific auxiliary equipment.

The conducting body that contains active materials and through which
current enters or leaves a cell.

The medium that providesion transport between the positive and
negative electrodes of acell. 1t may participate directly in the
charge/discharge reactions.

Terms marked with an asterisk (*) are ambiguous; their use is discouraged.
Letters enclosed in brackets { } are commonly used abbreviations.
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end-of-charge voltage
{EOCV} (V)

end-of-discharge voltage
{EODV} (V)

end-of-life

end of (life cycle) test

energy density (Wh/l)

equalization

failure criteria

finishing charge rate (A)

float charge

FUDS

gassing

grid

high-rate discharge

The battery voltage when charge is terminated.

The battery voltage when discharge is terminated.

The stage at which the battery meets specific failure criteria (e.g.,
capacity and/or power degradation). Specifically, when either:

(@D} the net delivered capacity of a cell, module, or battery
is less than 80% of its rated capacity when measured
on the DST (Reference Performance Test); or

2 the peak power capability (determined using the Peak
Power Test) is less than 80% of the rated power at
80% DOD.

The condition that occurs when the actual performance of the test unit
degradesto alevel defined in the test plan and life-cycle testing is to be
terminated. This end-of-test condition may or may not be related to
end-of-life depending on test plan objectives.

The rated energy of a battery (Wh) divided by the total battery volume
(). Also referred to as volumetric energy density.

The process of restoring al cellsin abattery to an equal state-of-
charge. Thiscan consist of a prolonged charge or a complete
discharge to a shorted condition, depending on the battery technology.

Specific battery performance characteristics that, when reached,
indicate the battery can no longer perform itsintended duty cycle.

The current specified for completing the charging of a battery that is
nearing 100% state of charge.

Charging a battery at afixed voltage for extended periods of time to
obtain or maintain the fully charged condition.

Federal Urban Driving Schedule. The Environmental Protection
Agency (EPA) urban dynamometer driving schedule, as defined in 40
CFR (Code of Federal Regulations), paragraph 86.115-78. A velocity-
versus-time profile defined by the EPA to test for vehicle emissions and
city fuel economy. When used as a laboratory battery test, avehicle
must be specified to derive a scaleable, power-versus-time profile from
the velocity profile.

The evolution of gas at the interface between the electrolyte and the
surface of an electrode (or both electrodes) in a cell.

The framework for a plate or electrode that supports or retains the
active materials and acts as a current collector. It is aso known as the
substrate.

A qualitative term indicating a discharge rate that is usually greater
than the C,/1 rate, e.g., 2C, rate, wherei is an integer denoting the rate
at which C was determined. See discharge rate (C;/X)

Terms marked with an asterisk (*) are ambiguous; their use is discouraged.
Letters enclosed in brackets { } are commonly used abbreviations.
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hour rate (h)

internal impedance (ohm)

internal resistance (ohm)

long-term

memory effect

mid-term

minimum discharge voltage*

negative electrode

net Ampere-hours (Ah)

nominal operating voltage (V)

nonaqueous batteries

open-circuit, IR-freg, voltage
{VIRFree OCV} (V}

overcharge (Ah)

The charge or discharge current of a battery expressed in terms of the
length of time a new, fully charged battery can be discharged at a
specific current before reaching a specified end-of-discharge voltage.
For example, the 10-hour rate for discharging a 500-ampere-hour cell
(rated at the 5-hour rate) would be 50 amperes. See charge rate or
discharge rate.

Opposition to the flow of an alternating current at a particular
frequency in a battery at a specified state-of-charge and temperature.

Opposition to direct current flow in a battery. Itsvalue may vary with
the current, state-of-charge, age, and temperature. It isthe sum of the
ionic and electronic resistances of the cell components.

Design feasibility and performance benefits demonstrated by vehicle
tests of full-scale experimental batteries by mid-year 1995.

A temporary loss of available battery capacity because of repetitive
cycling to less than 100% DOD.

Performance demonstrated by vehicle road-test of full-scale
experimental batteries. VVolume production and processing capability
demonstrated by limited-run prototype production in a pilot plant by
mid-year 1995.

See Discharge Voltage Limit

Of the two electrodes comprising a cell, the electrode at which the
associated half-cell reaction has the lower potential. It isnegativein
voltage relative to the other electrode of the cell. It isthe electrode at
which oxidation occurs during (spontaneous) discharge of the cell.

For adischarge test including both negative (discharge) and positive
(regen) current or power steps, the difference between the Ah removed
from the battery during discharge steps and the Ah returned to the
battery during regen steps, regardless of battery charge acceptance.

The voltage of a battery, as specified by the manufacturer, discharging
at a specified rate and temperature.

Batteries that do not contain water, such as those with molten salt,
organic liquid, organic solid, or inorganic solid electrolytes.

The voltage of abattery (at a specified state-of-charge and temperature)
in the absence of charge or discharge current. It varies during the
period following a charge or discharge and with state-of-charge. Also
known as no-load voltage, it is a dynamic, derived value. At steady-
state (with no current), the IR-free OCV approaches the true open-
circuit voltage

The amount by which the charge Ampere-hours exceed the Ampere-
hours removed on the previous discharge, sometimes reported as a
percentage. Occasionally, this excess is normalized to the rated

capacity.

Terms marked with an asterisk (*) are ambiguous; their use is discouraged.
Letters enclosed in brackets { } are commonly used abbreviations.
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performance degradation

Peukert curve

polarization (V)

positive electrode

power

continuous (W)

peak (W)

rated (W)

regen (W)
power density (W/1)

power-to-energy ratio { P/E} (h™)

Ragone curve

recharge factor

reference performance test (RPT)

The extent to which the battery system is unable to meet the original
performance specification or rating established for the battery.
Performance characteristics of interest include capacity and power
requirements, as well as other standards, such as, energy efficiency and
charge retention. See end-of-life.

Plot of the logarithm of the discharge rate versus the logarithm of
discharge time to a specified end-of-discharge voltage.

The voltage deviation from equilibrium open-circuit voltage caused by
the flow of current in a battery.

Of the two electrodes comprising a cell, the electrode at which the
associated half-cell reaction has the higher potential. It is positivein
voltage relative to the other electrode of the cell. It isthe electrode at
which reduction occurs during (spontaneous) discharge of the cell.

A power level characteristic of a battery providing constant power for
constant speed vehicle operation. Nominally, the power level required
to remove 75% of the rated energy from the battery in 1 hour. Refer to
Procedure #4, for details.

The 30s sustained pulse power obtainable from a battery under
specified conditions. The peak power (at a given DOD) can be
calculated by deriving the battery resistance and equivalent IR-free
voltage from measured changes in battery voltage and current (at the
given DOD). Refer to Procedure #3 for details.

The manufacturer's specification of the discharge power capability of a
battery.

The power delivered to a battery during regenerative braking.

The rated power of the battery (W) divided by the total volume of the
battery (I). Also referred to as volumetric power density. Other
common (and similarly derived) terms include peak power density and
continuous power density.

Ratio of the peak power obtained under specified conditions, such as
depth-of-discharge, to the energy output obtained under specified
discharge conditions.

Plot of the specific energy as a function of the continuous specific
power at which the battery is discharged. Originally defined as the set
of curves ranging between the high-power design and the high-energy
design for a particular technology.

The inverse of the coulombic efficiency, expressed as aratio, for a
cycle
The set of teststo be performed periodically to monitor performance

degradation during life-cycle testing. Refer to Procedure #14C for
details.

Terms marked with an asterisk (*) are ambiguous; their use is discouraged.
Letters enclosed in brackets { } are commonly used abbreviations.
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regenerative braking

reversal

self-discharge

separator

servicelife

short-circuit current (A)

specific energy (Whikg)

specific peak power (W/kQg)

specific power (W/kQg)

state-of-charge { SOC} (%)

temperature coefficient of capacity

thermal loss (W/kWh)

throughput (Wh)

trickle charge

utilization (%)

The recovery of some fraction of the energy normally dissipated in
friction braking into energy to be stored in an energy storage device.
Also referred to as regen braking.

Forced discharge of a battery cell voltage below zero, that is, to the
point that the cell’s electrical terminals change polarity.

The process by which the available capacity of a battery is
spontaneously reduced by undesirable chemical reactions or electronic
short circuits within the cell.

A cell component placed between the negative and positive el ectrodes
that acts as an electronic insulator and physical separator. The
electrolyte (ionic conductor) may also act as a separator.

A general term that describes the length of time a battery can remainin
service. Normally, the service life consists of calendar and/or cycle
life.

That current delivered when a battery is short-circuited (i.e., the
positive and negative terminals are directly connected with a
low-resistance conductor).

The discharge energy capacity of the battery divided by the total battery
weight. Varieswith discharge conditions.

The peak power of the battery divided by the total battery weight. Other
common (and similarly derived) terms include specific peak power and
specific continuous power.

The rated power of the battery divided by the total battery weight.
Occasionally, referred to as gravimetric power density.

The ratio of the Ampere-hours remaining in a battery at a given rate to
the rated capacity under the same specified conditions (SOC =
100% — DOD).

The ratio of the change in available capacity because of a battery
temperature change relative to the available capacity at a specified
temperature.

The power required to maintain a battery at its specified operating
temperature, normalized by the battery’s rated energy capacity.

Cumulative, net energy output provided by a battery over its service
life. Itisthe sum of all the energy delivered over all the discharges
that the battery has provided.

Low-rate charging current applied to a battery to maintain full charge.

The percentage by weight of the limiting active material present in an
electrode that is electrochemically available for discharge at useful
voltages. It isequal to the actual capacity divided by the theoretical

capacity.

Terms marked with an asterisk (*) are ambiguous; their use is discouraged.
Letters enclosed in brackets { } are commonly used abbreviations.
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USABC Primary Criteriafor Advanced Battery Technologies

Parameter Mid Term Long Term Test Test Unit

Proc # Type
Power Density W/L 250 600 3 CM,P
Specific Power (Discharge) W/kg 150 400 3 CM,P
(80% DOD/30 sec) (200 desired)
Specific Power (Regen) W/kg 75 200 12 CM,P
(20% DOD/10 sec)
Energy Density W-h/L 135 300 2,5B CM,P
(C/3 Discharge Rate)
Specific Energy W-h/kg 80 200 2,5B CM,P
(C/3 Discharge Rate) (100 desired)
Life (Years) 5 10 Correlate CM,P

from 14
Cycle Life (Cycles) 600 1,000 14 CM,P
(80% DOD)
Power & Capacity Degradation 20% 20% 14C CMP
(% of rated spec)
Ultimate Price ($/kW-h) <$150 <$100
(10,000 units @ 40 kW-h)
Operating Environment -30to 65°C -40to0 85°C 9 CM,P
Norma Recharge Time <6 hours 3to 6 hours 11 CM,P
Fast Recharge Time 40-80% SOC in 40-80% SOC in 12 CM,P

<15 minutes <15 minutes
Continuous Discharge in 1 hour 75% 75% 4 CM,P
(no Failure) (of rated energy (of rated energy
capacity) capacity)

" C=cdl, M = module, P = pack
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USABC Secondary Criteriafor Advanced Battery Technologies

Parameter Mid Term Long Term Test Unit
Proc# | Type

Efficiency 75% 80% 2 C
(C/3 discharge
6 hour charge)
Self-Discharge <15% in 48 hours <15% per month 7 C
Maintenance No Maintenance No Maintenance

(service by qualified (service by qualified

personnel only) personnel only)
Thermal Loss 3.2 W/kWh 3.2 W/kWh 7 P
(for high temperature 15% of capacity 15% of capacity
batteries) 48-hour period 48-hour period
Abuse Resistance Tolerant Tolerant 13 P
(minimized by on-board | (minimized by on-board
controls) controls)

OTHER CRITERIA
Recyclability - 100%
Packaging Constraints
Environmental Compliance (manufacturing process, transport, in use and recycling)
Reliability (tieto Warranty and cyclelife)
Safety 13 C,P
Vibration Tolerance 10 CP

" C=cdl, M = module, P = pack
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APPENDIX H

Procedure to Measure Actual Peak Power

Purpose:

The purpose of this test is to measure the actual capability of a battery to deliver sustained power for 30
second intervals at one or more depths-of-discharge (DODs). It should be noted that this test will load the
battery with discharge currents that will depressiits voltage to 2/3 or less of the open circuit value.
Depending on the battery design, this may require extremely high currents and may be damaging to the
battery. A more detailed procedure for the conduct of this test can be obtained on request from the Idaho
National Engineering Laboratory.

Abstract:

Charge the battery, allow it to stand for one hour at open circuit, and discharge it to the intended DOD at a
constant current of C,/3 amperes. Interrupt the C,/3 discharge and determine the open circuit voltage
(OCV) at thisDOD. Sweep the discharge current (in approximately 5 seconds or less) to a value that
reduces the battery terminal voltage to less than 2/3 of its open circuit value at this DOD; then immediately
return the discharge current to zero at the same sweep rate. From a graph of the voltage vs current during
the (increasing) sweep, determine the current corresponding to 2/3 OCV at the given DOD; this current will
be usad as the test current for the subsequent peak power test. The C,/3 discharge can be continued and
additional sweeps made at other DODs to determine the appropriate test currents for these DODs.

Recharge the battery, wait one hour at open circuit, and discharge the battery to the intended DOD at C4/3.
Then discharge the battery at the previoudly determined test current for 30 seconds while recording voltage
asafunction of time. The peak power available from the battery is defined as the product of the 30 second
sustained current and the time-averaged voltage over the 30 second discharge step. This C,/3 discharge can
also be continued to other DODs and additional 30 second discharges can be done using the test current
previoudly determined for each DOD.

Thistest should normally be repeated at least once, i.e. performed atotal of two or more times.

Data Acquisition and Reporting Requirements:

Data to be acquired includes battery ampere-hours to each DOD at which testing is conducted, battery
temperature at each DOD, voltage as a function of current at each of theinitial sweeps, and voltage as a
function of time during each of the 30 second discharge steps. Additional summary information to be
reported should include a plot of peak power vs depth of discharge.
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Appendix |

Derivation of USABC Battery Peak Power Calculations

M odé€

A battery is assumed to be representable as shown
in Figure 1, as an ideal battery with a series
resistance R. Discharge current is considered to
have a negative sign, i.e. current into the battery is
positive. Thisisacommon athough not universal
convention among battery testing laboratories,
and it has been adopted as the standard for
USABC testing to assure consistency. This
convention means that all discharge quantities
(power, energy, capacity etc.) will be algebraically
negative. Thismay seem counterintuitive, but in
fact the common understanding of “discharge

I+

VIRPre e

M—

Simplified Battery Model

VvV (load)

Figure 1

power” and “charge/regen power” is that
these are “sign less’ quantities where only
their magnitude is of interest; the fact that
they have opposite signsis expressed in the
“discharge’” and “charge’ labels.

Resistance

For purposes of estimating peak (discharge)
power capability at a given depth of discharge,
a'dynamic' resistance is determined based on a
measurement of AV/Al between a base
current and a high current step. The changes
in voltage and current are measured from a
point in time just before the beginning of a 30
second current pulse to a point near the end of
the 30 second pulse, as shown in Figure 2.

PEAK POWER TEST PROFILE

(AT SOME DEPTH OF DISCHARGE POINT)

The resulting resistance value is calculated as:

R=AV /Al =(V,-V,)/(I,-1)

TN}
2
5
g
f " A
= v2
%
w
[s=
E BASE CURRENT
w
£ b
= .
[ "l HGHTEST i2
g CURRENT v
=
pa
o] 10 20 20 40 50 60 70 80 a0
RELATIVE TIME {(seconds)
ARROWS ARE MEASUREMENT POINTS FOR VOLTAGE/CURRENT
Figure 2

The numeric value of R is always positive because the value of | (by convention) is negative.




I VOltage

An estimate of open circuit voltage, called 'IR;,, Voltage, is derived by extrapolating the
resistance (i.e. the AV/Al behavior) back to zero current at the pulse test conditions:

Viree = V - IR

where either VI pair (V,, 1,) or (V,, |,) can be used for the calculation. The sign of the IR term
must be negative, again because current out of the battery has a negative sign.

Peak Power Capability

By USABC convention, peak power is the maximum discharge power which a battery can
produce into a load for 30 seconds (at a given depth of discharge) without alowing the voltage to
drop below 2/3 of its open circuit value (OCV) at that DOD. The discharge voltageis aso
restricted to be above a Discharge Voltage Limit (DVL), which is determined as the higher of (a)
2/3 of OCV at 80% DOD at beginning of life or (b) the manufacturer specified minimum
discharge voltage. Limiting the voltage under load to 2/3 OCV or the DVL is done for efficiency
and propulsion system design considerations. This means the resulting battery peak power
capability isless than the theoretical maximum, which would occur for aload that depressed the
voltageto %2 OCV. The USABC peak power capability is calculated (not measured) based on
the voltage and current deliverable to the load as follows:

Power, 4 = Voltage, * Current,
For the USABC peak power conditions, using the resistance and IR;,., voltage,

VOItageload = 2/3 * VIRFree
Current, ., =- (1/3* Vigreo) /| R

Peak Power Capability = (- 2/9) * (V) / R (1)

Because the OCV (at depths of discharge greater than 80% or late in life) may sometimes be less
than the value at 80% DOD at beginning-of-life, it is aso necessary to determine the power which
may be delivered without dropping below the Discharge Voltage Limit (DVL). If thisvalueis
less than that calculated in equation (1), it becomes the Peak Power Capability instead. Without
this restriction, the power calculated in (1) might be obtainable only at an unusably low voltage.
Thiscaculation is:
Voltage,, = DVL
Current .y = - (Virree - DVL) /R

Peak Power Capability = - DVL * (V,ge - DVL) /R )



An additional constraint is placed on the calculated peak power capability by requiring that it must
not be a value that would exceed the manufacturer's Maximum Rated Current for the battery. An
alternative value based on this Maximum Rated Current, |,,,y, is caculated as:

Peak Power Capability = lyax * (Virree + R* Iyax) (3

TheV + RI term in this equation is the estimated load voltage at |,,,x, because V e, iSthe
“effective’ open circuit voltage at the given depth of discharge.

Asafina constraint, if voltage or current limiting is encountered during a given step, this means
that the battery is not capable of sustaining the test current for 30 seconds at this depth-of-
discharge without exceeding either 1, Or its minimum voltage. In this case, the actual power
measured at the end of the step is reported as the Peak Power Capability. The actual 30 second
sustained power achievable at this point may be dightly larger than this value (because the step
may have started at a higher power), but the exact value cannot be determined without additional
tests; hence this value is defined as the Peak Power Capability under these conditions.

The most restrictive value resulting from equations (1), (2) or (3) is reported as the Peak Power
Capability unless voltage or current limiting occurs. Note that equations (1) and (2) are
equivaent at 80% DOD at beginning of life, and equation (3) only appliesif the manufacturer has
chosen to restrict the maximum discharge current.

Base Discharge Rate

The base discharge rate is chosen as a current which will make the average discharge current for
the entire test equal to the C/3 discharge rate. This can be calculated by setting the coulombs (i.e.
ampere-seconds) of charge removed in a complete C/3 discharge (lasting 3 hours, or 10,800
seconds) equal to that removed by the combined Base Discharge and High Test Current portions
of the Peak Power Test presuming it lasts for 3 hours total also asfollows:

(coulombsin C/3 discharge) = (coulombsin Peak Power discharge)

(Crated - 3) * 10800 = Ibase discharge ¢ (10800'300) + (Ihigh test current * 300)
C.aeq 1S the ampere-hour capacity, and (C ., + 3) isthe 3-hour discharge current. Thus the units
on both sides of this equation are ampere-seconds. Note that the total duration of the ten high

current stepsin a peak power test is 300s, leaving 10,500s for the base discharge portion of the
test. Solving this equation for I« gsnage 91VES the equation in the procedure:

Ibase discharge = (12 ¢ C:rated - Ihigh test current) +35
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Procedure
Number

3
5A
5B
6
7
9
10

Procedures Included in Appendix J

Procedure Name Page
Peak POWer Test ... .o J3
FUDS CyCleTest ..ot e e e J-8
Dynamic StressTest (DST) ... oo e J-20
Partial Discharge Test . . ... oot J25
Stand TeSt ..o J28
Therma Performance Test . ... . i i J31
Battery Vibration Test . ... J34
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Revi sed Novenber 22, 1995 USABC Procedure #3

1.0

2.0

3.0

4.0

Peak Power Test

PURPOSE

The purpose of this test is to determ ne the maxi mum
sust ai ned power capability of a battery for 30 second

di scharge pul ses at various depths of discharge (DOQ. The
value calculated at 80% DOD is particularly inportan )
because this is the point at which the USABC power goal is

defined, and the tec nolog¥ performance at this point is
conpared with this goal. hi s Procedure does not measure
t he actual peak power of the battery; rather it infers
(calculates? a predicted ﬁeak power ~ performance from

measurenents taken at hiE currents which are nonet hel ess

| oner than the rated peak power.
PREREQUI SI TES
2.1 A battery test plan or other test requirenents
docunent i s required for testlnP_u5|ng this
rocedure. The test plan specifies certain values to
e used for this test. These values include the
manuf acturer's rated peak power at 80% DOD, m ni mum

S
r
di scharge voltage, maximumrated current (If any),
rated Ash capacity, and test tenperature |limtations,
a|OnP_MAth safety precautions and any speci al

handl'i ng/testing instructions specified for the

battery by the manufacturer and/or the USABC

2.2 Prior to the performance of this_procedure, USABC
Test Procedures No. 1A, Battery Pre Test Preparation,
and No. 1B, Readi ness Review, should nornally have
been conpleted. These activities are not a part of
this procedure. This procedure nay be executed as a
st and- al one test apt|V|t¥_or as part of a sequence of
tests (e.g. periodic testing during a life-cycle test
regine) provided that the informatiron required by 2.1
above 1s avail abl e.

TEST EQUI PMENT

The equi pment required to performthe peak power test
consists of (a) a suitable charger for the battery; (b)
battery disc arge tester capable of achieving the curre
defined in 4.1.2 and 4.1.3; and (c) a data system capab
acquiring the data specified in Section 6.0 at interval
1 second or less. The maximum perm ssible transition t
between current steps is 1 second or |less. The transiti
times_are included In the overall Broflle length (i.e. a
High Test Current Step is always 30 seconds |ong.)

a
nts

| e of
s of
i me

on

DETERM NATI ON OF TEST CONDI Tl ONS

4.1 Cal culate the Test Currents for the test as foll ows.
(An exanple of these calculations is contained in the
box following.) Note: all current, power and anpere-
hour values In calculations for this procedure use
t he convention that current (and thus power) out of
the battery is negative.
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4.1.1 Rated Peak Current = Rated Peak Power (at 80%
DOD) divided by 2/3 of the en Crcuit Vol tage
(at” 80% DOD at " begi nning of life.)

4.1.2 High Test Current = the lesser [in _nmagnitude]
of (a% t he manufacturer's Maxi num Rated Current
Eﬁr t ? battery or (b) 80% of Rated Peak
rrent.

4.1.3 Base_Exschar%e Rate = that current which
conbined with a H gh Test Current 30 second
pul se every 10% , gives an average di scharge
current equivalent to the C 3 discharge rate.
This can be cal cul ated as foll ows:

Ibase discharge — (12 ° Crated - Hi gh Test Cl..lrrent) + 35.

Note: If the capacity of the battery is so
smal | that the Base Di scharge Current woul d be
zero or less (i.e. the pulse alone is 10% DCOD
or nore), the test cannot be perfornmed w thout
nodi fyi hg this procedure.

Rat ed Peak Power at 80% DOD = -16.0 kW
Open Circuit Voltage (OCV) at 80% DOD=120V
Th C 3 Rated Capacity = -120 Ah
en:

Rated Peak Current = -16.0 kW+ (2/3 of 120 V) = -200 A

Hi gh Test Current = the |esser (in magnitude) of

a. -250 A

b. 80% of -200 A

High Test Current = -160 A

Exanpl e: Suppose Maxi mum Rated Current Sfor 30 s) = -250 A
(

Base Di scharge Rate (12 * -120 - (-160)) =+ 35
Base Di scharge Rate -36.57 A

Since 10% DOD should require 3 hours + 10 = 1080
seconds, at an average current of 120 Ah + 3 hr = 40

A, this is 43,200 A-s per 10% DOD. Durlna_each 10%
DOD, there is one 30 second pul se at the H gh Test
Current of 160 A. This accounts for (30 * 160) = 4800
A- seconds, | eaving 38,400 A-seconds for the Base

Di scharge Rate over the remai ni ng 1050 seconds. 38, 400
A-s + 1050 s = 36.57 A

4.2 Establish the Discharge Voltage Limt for the battery
S

as the greater of (a) the manufacturer's mninmm
voltage limt, or (b) 2/3 OCV at 80% DOD at begi nni ng
of life. If this value is not supplied by the

manuf acturer, it can be neasured using a T3

di scharge term nated at 80% of rated capacity; the
battery voltage at 1 hour after it is placed on open
circuit at this condition will be considered the
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5.0 PROCEDURE STEPS

5.1
5.2

5.3

5.4

Charge the battery in accordance with the test plan.
Conduct the Di scharge

5.2.1 Discharge the battery at the Base D scharge
Rate for 30 seconds.

5.2.2 Discharge the battery at the H gh Test Current
for 30 seconds.

5.2.3 Continue to dlscharPe the battery at the Base
Di scharge Rate until a 10% i ncrenent of the
rated capacity (in A-h) has been renoved,

i ncluding the pulse in SteP 5.2.3 (i.e. the

capacity renoved in the pul se plus the

addi tional discharge at the Base D scharge Rate
shoul d be 10%)DOD.?

5.2.4 Repeat 5.2.2 and 5.2.3 for each 10% DOD
increment until 90% DOD is reached. Wen the
30 second discharge pulse is perforned at 90%
DOD, the Base Discharge Rate should continue
for the remaining capacity of the battery.

gﬁcharge the battery in accordance with the Test
an.

Cal cul ate the Peak Power capability of the battery at
each 10% DOD i ncrenent .

5.4.1 Using the voltage and current neasured (1) ne
the end of each ngh Test Current steP and (2
just prior to the beginning of that step,
calculate the battery resiStance as the
quotient of the volta?e change and the current

change between these Two points:

Resi st ance R =)V + )l

5.4.2 Calculate the battery IR free voltage (i.e.
open-circuit voltage at this depth-of-
dlscharge) fromthe voltage and current

n?asure near the end of the Hi gh Test Current
st ep:

Battery IR,.. Voltage: Vigree = V - IR
5.4.3 Calculate the Peak Power capability at this
dePth-pf-dlscharge as the m ni mum val ue of the
followi ng three equations:
(1) Peak Power Capability -(2/9) o (Mgmeed) + R
or
(2) Pe%k Power Capability

ar
)

- DVL « (VIRFree - DWL)

where DVL is the Discharge Voltage Limt
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or
(3) Peak Power Capability = I yax * (Mrree ¥+ R o | )

where | i s the Manufacturer's Maxi num Rat ed
Chrrentmflf defined, otherwi se ignore this
cal cul ation)

See the exanple which follows for nore information.

Exanpl e: (based on earlier exanple battery at 80% DOD)
Suppose Current near end of ngh Test Current step = -160 A
Vol t age near end of High Test Current step = 88 V

Current 30 seconds earlier gBase Chrrentg -35 A
Vol tage 30 seconds earlier (Base Current 113 V

Then R =)V + )l (88-113) + (-160-(-35)) = 0.2 ohns
Vigeree = 88 - (-160 * 0.2) = 120 Volts
Equation 1: Peak Power = -(2/9) * (120)2 =+ 0.2 = -16,000 W

NOTE: negative sign on discharge current is required
for correct result

Equation 2: DVL = 2/3 OCV at 80% DOD = 120 - 2/3 = 80V
Peak power = -80 « (120-80) + 0.2 = -16,000 W
Equati on 3: Peak Pomer g 250 A * (120 V + 0.2 S * -250 A

Thus
Peak Power Capability = -16,000 Watts

5.4.4 |f voltage or current limting (due to m ni num
vol tage or maximumcurrent limts) was
encountered during a ngh Test Current step,

t he Peak Power Capabili K is still calcul ated
as above. However, if the actual power at the
end of a 30 second’ ste (where vol tage or
current limting occurs )|s | ess than the val ue
cal cul ated, this _|ower actual power nust_be

reported as the Peak Power Capability. The

Hi gh Test Current for subsequent steps during
thi's di scharge may (dependi ng on equi pnent
capamlltles? be reduced to a value that wll
ermt the s eP to be done at constant current
? . a val ue hat does not result in further

voltage [imting.)

5.4.5 If the Base Di scharge Rate cannot be achi eved
at any point during the discharge w thout
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dropﬁing bel ow the Di scharge Voltage Limt, the
di scharge is rm nat ed.

6.0 DATA ACQUI SI TI ON

7.

0

6.1 Current Step Data

Battery current and vol tage nmeasurenents nust be
taken at 1 second intervals for the period from 30
seconds before the start of each H gh Test Current
step to 30 seconds after the conpletion of each Hi gh
Test Current step. This is an interval of 90 seconds
during each 10% . These neasurenents shoul d be
preserved for subsequent analysis; and the 90 seconds
of data nearest 80% DOD shoul d be revi ewed
gr?pglcally to assure that the test results are

val I d.

6.2 Base Di scharge Data

During the remai nder of the discharge at the Base
D scharge Rate, all neasurenents (voltage, current,
tenperature, nodule voltages if any etc.) nust be
recorded at intervals not exceedlng 10 m nutes or
whenever anY paraneter (including % DOD) changes by
2% or nore fromthe previous recorded val ue.

6.3 Dat a Averagi ng for Cal cul ation

The two yoltaﬁe-current measurenent pairs used for
cal cul ating the peak power capability at each 10% DOD
are normal 'y obtained by (1) averaging three
successive current and voltage nmeaSurenents near  the
end of the H gh Test Current steP and (2) averaging

t hree successive current and voltage neasurenents
just prior to the start of the step.

REPORTI NG

The cal cul at ed peak power capability at each 10% DOD

i nterval shoul d be rePorted and graphed agai nst the actual
(not non1nal% depth of discharge corresponding to the end of
the High Test Current step. A plot of current and voltage
during the step closest to 80% shoul d al so be provided.
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1.0

2.0

3.0

FUDS Cycl e Test

PURPCSE
For sinmulated driving cycle testing of USABC batteries, a
vari abl e power discharge cycle baséd on the Federal Urban
Driving Schedul e fFUDS may be aPplled to the battery. The
USABC FUDS is scaled to a percentage of the maxi numrated
power or USABC power goal tor a given technologg. I n
eneral the FUDS maxi mum power iS likely to be 80% of the
ABC peak Pomer goal for a technol ogy; however, the )
specific value to be used in this procedure is specified (in
watts or kilowatts) in the test plan.
Figure 5A-1 shows a ?raphlpal representation of the USABC
FUDS 1372 second test profile, ich_is apglled_rePetltlvely
over a conplete battery dlschargg. Table 5A-1 is the
tabular listing of the USABC FU power profile; this
listing may be obtained in conputer readable formfromthe
| daho tional Engineering Laboratory (208-526-1847).

Note: All references to the term'battery' in this procedure
refer to the unit to be tested, which may be a single cell,
a n?ltl-cell nmodul e, a battery pack, or a conplete battery
system

PREREQUI SI TES

2.1 A Battery Test Plan or other test requirenents
docunent "is required for testlnP_u5|nﬁ this
procedure. The test ﬁlan specifies the values to be
used for the FUDS. These val ues include battery Ash
ratings, peak dlscharge power to be_applled during
FUDS festing, charge/discharge termnation criterra,
charging procedure, test tenperature |[imtations,
safefly precautions, and anY speci al handllng/testlnﬁ
|nZEEyc i ons specified by the manufacturer and/or the

2.2 Prior to the performance of this_procedure, USABC
Test Procedures No. 1A, Battery Pre Test Preparation,
and No. 1B, Readi ness Review, should nornally have
been conpleted. These activities are not a part of
this procedure. This procedure nmay be executed as a
stand-al one test activity or as part of a sequence of
tests ge.g. a life-cycle test regine) provided that
the information required by 2.1 above is avail abl e.

TEST EQUI PMENT

The equi pnent required to performthe FUDS consists of (a) a
battery charge-di scharge tester capabl e of achieving the
scal ed” power-tine profile shown in Flgure 5A-1; and (b) a
data system capabl e of acquiring the data specified in )
Section 6.0 at intervals of 1 second or less. The steps in
this profile are only 1 second | ong, and the maxi mum

perm ssible transition tine between power steps is thus 1
second or less. The transition tines are included in the
overall profile length (i.e. a FUDS profile is always 1372

seconds | ong.)
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4.0

5.0

DETERM NATI ON OF TEST CONDI Tl ONS

4.1 Determ ne the power |evels to be applied for each
step of this FUDS procedure. The maxi nrum power | evel
(as specified in the test plan or other test )
requi renents docunent) is the 100% | evel shown in
Figure 5A-1, which occurs in Step 195 in Table 5A-1.
The power |evels of the remaining steps are then
cal cul at ed using the percentage values in Table 5A-1.

4.2 Determ ne (fromthe test plan) the anpere-hour
capacity to be used for this FUDS procedure. 1In
eneral "the FUDS is perforned to 100% of the
attery's rated capacity. However, sone |esser val ue
such as 80% of this caﬁa0|t¥ may be established for
life cycle testlng. The battery capacity to be used
for discharge is based on net capacity renoved (total
Ash | ess regeneration Ash).

4.3 Establish the battery limts to be observed during
the test. These should be specified in the test plan
and will normally consist of sone set of voltage
current, power and/or tenperature [inmits which should
not be exceeded for the batterY: ~The tester should
be programmed such that these Iimts are not
permtted to be exceeded during the test.

A FUDS di scharge will term nate whenever the

speci fied power cannot be achieved for_ a given step
W t hout exceedi ng one of the battery limits. (If
specifically required by the test plan, this
condition nay be violated by permtting, for exanple,
reduced regen power under sone conditions durlng_a

di scharge. = However, this wll affect the reporting
requi renents of Section 7.0.)

PROCEDURE STEPS

5.1 Charging - Fully charge the battery in accordance
wth 1nStructions given in the tesY pl an.

5.2 Qpen Circuit After Charge - Wth the battery on open

circurt, stabilize the battery tenperature or other
initial conditions as specified in the test plan.

5.3 D scharge

Di scharge the battery using the FUDS

power profile. Repeat the 1372 second FUDS segnents
end-to-end (i.e. wth no rest period between
profiles) until a termnation condition is reached.

5.4 Term nation - The di scharge should term nate when
either of the followng conditions is reached; (a)
t he power ach!eyabg on any step (w thout_ violating
S S

e
any atterY [imt Lo | ess than the specified val ue
e
t

for that s

Coor t he speci fied net anpere-hour
capacity of Phe’bat P i

i

) .

ery is renoved

5.5 Recharge - Recharge the battery in accordance with
the test plan. J y
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6.0 DATA ACQUI SI TI ON

6.1

6.2

Acqui sition Rates

Overall battery voltage, current and power are
required to be nmeasured at intervals not exceeding 1
second during the entire FUDS di scharge, and net
anpaC|t% (anpere-hoursL and net energy (watt-hours)
shoul d be accurnul at ed based on at |east this
frequency of data acquisition. O her neasurenents
required by the test plan (e.P. battery tenperatures,
the vol tages of nodules or cells within a nmulti-
cell/nodule battery etc.) nust be neasured at | east
once per mnute, including during the maxi num )
di scharge and maxi nrum regen steps, unless term nation
criteria are based on their values, in which case
they nust al so be neasured at 1 second intervals.

Data Retention
6.2.1 Performance Testing

For a FUDS test conducted as a battery
performance test, overall voltage, current,
ower, anpacit (anpere-hourL and ener
kil owatt-hour) val ues nust be recorded and
retained at 1 second intervals for the entire
di scharge. The value of all neasured
araneters nust be recorded and retained at
east once during the maxi mum di scharge and
maxi mum regen steps in each profile. (See Data
Acqui sition and Retention requirenents section
of the USABC procedures manual .)

6.2.2 Life Cycle Testing
If the FUDS is used as a regetitive life cycle

test, the data required by 2.1 nust be
retal ned between successive executions of the

Ref erence Performance Tests, until perm ssion
hs recglysd fromthe USABC Program Manager to
iscard it.
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7.0 REPORTI NG

In addition to the summary information required fromall USABC
tests, the follow ng specific informati on shall be reported for
any FUDS di scharge conducted as a performance test:

a. The peak power to which the test was scal ed

b. Measured capacity of the battery )

C. If any limtations were placed on the discharge by battery
limts in the test plan (e.g. regen current Ilimts), the
caPaC|ty achi eved both wth and without such limts in
effect shall be reported ) )

d. The current Pomer and vol t age dur|n8 the first 300 seconds
of the conplete profile nearést to 80% DOD shal | be graphed

For FUDS di scharges conducted as part of a life-cycle test

series, the capacities in (b) and (c) above shall  be ?ra hed as a

function of cycle nunber over the course of the life Test series

Periodic (i.e. nnnthly% proPress rePprtln? shal | include the

capacities at the start of life testing, the nunber of cycles

performed to date, and the present capacities.
USABC FUDS TEST CYCLE
(Baszecl on FUDSPE, clippped at 79 wWiikg)
G0%
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=
4 || |l
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Figure 5A-1
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Tabl e 5A-1
USABC FUDS POVNER PROF| LE
TI ME (seconds) vs POXER (Fraction of Peak)

Ti me Power 53 0. 183544 107 -0. 16456
0 0 54 0.103797 108 -0. 22532
1 0 55 -0. 04937 109 -0. 30886
2 0 56 -0.4443 110 -0. 31519
3 0 57 -0.54557 111 -0. 34684
4 0 58 -0.52152 112 -0.28861
5 0 59 -0.52658 113 -0. 20886
6 0 60 -0.38228 114 -0.0481
7 0 61 -0.21519 115 0. 035443
8 0 62 -0.18481 116 0. 535443
9 0 63 -0.13291 117 0. 489873

10 0 64 0.018987 118 0. 459494
11 0 65 -0.0557 119 0. 389873
12 0 66 -0.14937 120 0. 311392
13 0 67 -0.13165 121 0.229114
14 0 68 -0. 05696 122 0
15 0 69 -0.0557 123 0
16 0 70 -0.09367 124 0
17 0 71 -0. 25443 125 0
18 0 72 -0. 25949 126 0
19 0 73 -0.13797 127 0
20 0 74 0.006329 128 0
21 -0. 24051 75 0.032911 129 0
22 -0.23671 76 -0.13291 130 0
23 -0. 38354 77 -0.22405 131 0
24 -0. 46835 78 -0.3 132 0
25 -0.52911 79 -0.10253 133 0
26 -0.58481 80 0. 005063 134 0
27 -0.15949 81 -0.23165 135 0
28 -0.23291 82 -0.29241 136 0
29 -0.6962 83 -0.3557 137 0
30 -0.32911 84 -0.46709 138 0
31 -0.26582 85 -0.3481 139 0
32 -0.11519 86 -0.29747 140 0
33 0.021519 87 -0.22532 141 0
34 0.044304 88 -0.22785 142 0
35 0. 044304 89 -0.23165 143 0
36 0.031646 90 -0.12785 144 0
37 0.041772 91 -0.04051 145 0
38 0.287342 92 -0.08228 146 0
39 0.179747 93 -0.08228 147 0
40 -0. 04557 94 -0.16835 148 0
41 -0. 11519 95 -0.27089 149 0
42 -0.11772 96 0.018987 150 0
43 -0.1519 97 0.035443 151 0
44 -0.30127 98 0.018987 152 0
45 -0.5038 99 -0.22152 153 0
46 -0.55823 100 -0.3038 154 0
47 -0.51392 101 -0. 26962 155 0
48 -0. 13544 102 -0. 19367 156 0
49 -0.01392 103 -0.17342 157 0
50 -0.0481 104 -0.08608 158 0
51 0.144304 105 0. 035443 159 0
52 0.268354 106 0. 053165 160 0
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161 0 219 -0.51899 277 -0.67975
162 0 220 -0.58734 278 -1
163 0 221 -0.65823 279 -0.71266
164 -0. 26329 222 -0.5481 280 -0.51519
165 -0. 36203 223 -0.61772 281 -0.66076
166 -0.45949 224 -0. 75443 282 -0.39367
167 -0.57089 225 -1 283 -0.27342
168 -0. 71646 226 -0.98987 284 0. 002532
169 -0.83671 227 -0.69367 285 0. 043038
170 -0. 73165 228 -0.57089 286 0.118987
171 -0.70633 229 -0.43924 287 0.198734
172 -0.55949 230 -0.31013 288 0. 165823
173 -0. 30506 231 -0.18734 289 -0.32152
174 0. 068354 232 -0.36835 290 -0. 32152
175 0. 046835 233 -0.49873 291 -0.08101
176 0.018987 234 -0.57595 292 0. 168354
177 -0.18608 235 -0.64937 293 -0. 25696
178 -0.15443 236 -0.51772 294 -0. 35823
179 -0. 1557 237 -0.66329 295 -0. 25696
180 -0.22785 238 -0.52911 296 -0.06456
181 -0.53797 239 -0.60886 297 -0.24937
182 0. 06962 240 -0.47215 298 -0.29114
183 0. 351899 241 -0.40633 299 -0.29114
184 0. 153165 242 -0. 28608 300 -0.05949
185 0. 403797 243 -0.40253 301 0. 003797
186 0. 174684 244 -0.40253 302 0. 005063
187 0. 026582 245 -0.40253 303 0.13038
188 -0. 2557 246 -0.40253 304 0.201266
189 -0.16962 247 -0.40253 305 0.2
190 -0.39241 248 -0. 33544 306 0.229114
191 -0. 66962 249 -0.21013 307 0.226582
192 -0.77215 250 -0. 20633 308 0.196203
193 -1 251 0. 039241 309 0.221519
194 -1 252 -0.05443 310 0. 381013
195 -1 253 -0.11646 311 0. 292405
196 -1 254 -0. 2443 312 0. 355696
197 -0.63291 255 -0.17468 313 0. 250633
198 -1 256 -0.28987 314 0.21519
199 -0. 75443 257 -0. 55063 315 0. 140506
200 -1 258 -0.42152 316 0.117722
201 -0.95823 259 -0.42278 317 -0.08354
202 -1 260 -0.35949 318 0. 035443
203 -0. 73038 261 -0.17595 319 0.132911
204 -0.68734 262 -0. 10506 320 0. 225316
205 -0.6481 263 -0.1038 321 0. 394937
206 -0.26329 264 -0.09873 322 0. 446835
207 -0.16076 265 -0.02658 323 0. 149367
208 -0.21899 266 -0.51899 324 0. 094937
209 -0. 15696 267 -0.09114 325 0. 040506
210 -0. 25696 268 -0.26709 326 0.131646
211 -0. 25696 269 -0.21772 327 0.120253
212 -0. 25696 270 -0.21392 328 0.213924
213 -0. 25696 271 -0. 38354 329 0. 096203
214 -0.37089 272 -0.27848 330 0
215 -0.37342 273 -1 331 0
216 -0. 54557 274 0. 053165 332 0
217 -0.61266 275 -1 333 0
218 -0.62532 276 -0.34937 334 0
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335 0 393 0. 155696 451 -0.57089
336 0 394 0 452 -0. 71646
337 0 395 0 453 -0.83671
338 0 396 0 454 -1
339 0 397 0 455 -1
340 0 398 0 456 -0.5519
341 0 399 0 457 -0. 54557
342 0 400 0 458 -1
343 0 401 0 459 -0.71139
344 0 402 0 460 -0. 36203
345 0 403 -0. 20886 461 -0. 62152
346 0 404 -0. 26709 462 -0. 27215
347 -0.08354 405 -0. 42658 463 -0. 36456
348 -0.26582 406 -0.58101 464 -0.37215
349 -0.41772 407 -0.68481 465 -0.11646
350 -0.50633 408 -0.80633 466 -0.19494
351 -0.61519 409 -1 467 -0.1962
352 -0.70633 410 -0.89114 468 -0. 06835
353 -0.6962 411 -0. 29494 469 -0.01772
354 -0.76962 412 -0.71013 470 -0.28228
355 -0.42278 413 -0.61392 471 -0. 16456
356 -0.5443 414 -0.46709 472 0. 013924
357 -0.52532 415 -0.16582 473 -0.11266
358 -0.59241 416 -0.07975 474 -0.11139
359 -0.78734 417 0. 002532 475 -0.06329
360 -0.40633 418 0. 018987 476 -0.15823
361 -0.42025 419 0. 035443 477 -0.15823
362 -0.32785 420 0. 093671 478 -0.15823
363 -0.4 421 0. 443038 479 -0.15823
364 -0.44051 422 0. 453165 480 -0.15823
365 -0.4962 423 0. 383544 481 -0. 06203
366 -0.19873 424 0. 305063 482 -0.2038
367 -0.26962 425 0. 224051 483 -0. 20506
368 -0.10759 426 0 484 -0. 27722
369 -0.01266 427 0 485 -0.01519
370 -0.22532 428 0 486 -0.06203
371 -0.47342 429 0 487 -0. 1557
372 -0.37089 430 0 488 -0. 1557
373 -0.16456 431 0 489 -0.06076
374 -0.16456 432 0 490 -0.05949
375 -0.16456 433 0 491 -0. 10506
376 -0.16456 434 0 492 0. 150633
377 -0.16456 435 0 493 0. 255696
378 -0.19494 436 0 494 0. 329114
379 -0.28734 437 0 495 0. 346835
380 -0.19873 438 0 496 0.372152
381 -0.12025 439 0 497 0.4
382 0. 012658 440 0 498 0. 332911
383 0.13038 441 0 499 0. 332911
384 0.151899 442 0 500 0. 268354
385 0. 056962 443 0 501 0.170886
386 0.382278 444 0 502 0
387 0.416456 445 0 503 0
388 0.503797 446 0 504 0
389 0. 368354 447 0 505 0
390 0. 340506 448 -0. 26329 506 0
391 0. 307595 449 -0. 36203 507 0
392 0. 265823 450 -0.45949 508 0
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509 0 567 0 625 0
510 0 568 0 626 0
511 -0.1 569 -0.26329 627 0
512 -0.18861 570 -0.36203 628 0
513 -0.16709 571 -0.45949 629 0
514 -0.09114 572 -0.56456 630 0
515 -0. 28608 573 -0.33291 631 0
516 -0.17848 574 -0.32658 632 0
517 -0.16582 575 -0. 27595 633 0
518 -0.25823 576 -0.05443 634 0
519 -0.39747 577 -0.05443 635 0
520 -0.43671 578 -0.15823 636 0
521 -0.40886 579 -0.1038 637 0
522 -0.34937 580 -0.05443 638 0
523 -0.33797 581 -0.0038 639 0
524 -0.30127 582 0. 026582 640 0
525 -0.33418 583 -0.02911 641 0
526 -0.36203 584 0. 007595 642 0
527 -0.31519 585 -0. 15696 643 0
528 -0.29494 586 -0.08101 644 0
529 -0.21772 587 -0.02911 645 0
530 -0.13291 588 0. 016456 646 -0. 16203
531 -0.0962 589 -0.02785 647 -0.20506
532 -0.0962 590 -0.0519 648 -0.42911
533 -0.0962 591 -0.07722 649 -0.3481
534 -0.0962 592 -0. 15696 650 -0.41139
535 -0.0962 593 -0.18228 651 -0.30127
536 -0.29494 594 -0.26203 652 -0.29241
537 -0.15949 595 -0. 22405 653 -0.50127
538 -0.16076 596 -0.31392 654 -0.54051
539 0. 018987 597 -0. 27468 655 -0.41392
540 0. 018987 598 -0.09873 656 -0.39367
541 -0.02025 599 -0.1 657 -0.38734
542 -0.0962 600 -0. 19367 658 -0.43924
543 -0.0962 601 -0.18861 659 -0.33797
544 0. 04557 602 -0.19241 660 -0.19114
545 0. 155696 603 -0.11519 661 -0.23038
546 0. 412658 604 -0.08101 662 -0.14177
547 0. 332911 605 -0.08101 663 -0. 14304
548 0. 268354 606 -0.13418 664 -0.1038
549 0 607 -0.37468 665 -0. 16456
550 0 608 -0.51266 666 -0.1443
551 0 609 -0.38228 667 -0.10506
552 0 610 -0.27089 668 0.032911
553 0 611 -0.26203 669 0.032911
554 0 612 0.1 670 0.25443
555 0 613 0.443038 671 0.281013
556 0 614 0.406329 672 0.335443
557 0 615 0. 327848 673 0.197468
558 0 616 0.244304 674 0.156962
559 0 617 0 675 0.192405
560 0 618 0 676 0
561 0 619 0 677 0
562 0 620 0 678 0
563 0 621 0 679 0
564 0 622 0 680 0
565 0 623 0 681 0
566 0 624 0 682 0
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683 0 741 -0.42405 799 -0. 14557
684 0 742 -0.29747 800 -0.23924
685 0 743 -0.26962 801 -0.28101
686 0 744 -0.20253 802 -0.63797
687 0 745 -0.24177 803 -0.48481
688 0 746 -0.21013 804 -0.49494
689 0 747 -0.11266 805 -0.51392
690 0 748 0. 003797 806 -0. 14557
691 0 749 -0.06962 807 -0.36203
692 0 750 -0.02911 808 -0.30127
693 0 751 0. 035443 809 -0.26329
694 -0.11519 752 0. 065823 810 -0.1038
695 -0. 15696 753 0.16962 811 -0.0557
696 -0.09747 754 0.26962 812 -0.1481
697 -0.17468 755 0. 253165 813 -0.10127
698 -0. 35063 756 0.293671 814 -0.00886
699 -0.34177 757 0. 246835 815 0. 035443
700 -0.4 758 0.131646 816 -0.1
701 -0. 2557 759 0.168354 817 0. 035443
702 -0.40759 760 0 818 0. 035443
703 -0.12785 761 0 819 -0.09241
704 -0.00253 762 0 820 -0.00127
705 -0.0519 763 0 821 -0.08987
706 -0.42152 764 -0.01266 822 0.117722
707 -0.29747 765 0 823 0. 053165
708 -0.28734 766 0 824 -0.07975
709 -0.42405 767 -0.24051 825 -0.12152
710 -0. 35316 768 -0.26709 826 -0.12152
711 -0.08101 769 -0.44557 827 -0.12152
712 0.021519 770 -0.6 828 0. 002532
713 -0. 2557 771 -0.60506 829 -0.07722
714 -0.26329 772 -0.4038 830 -0.11899
715 -0. 14051 773 -0.26076 831 -0.03418
716 0.102532 774 -0. 32658 832 0. 018987
717 0.091139 775 -0. 35696 833 0. 068354
718 0.113924 776 -0.3962 834 0. 035443
719 0. 278481 777 -0.41392 835 0. 067089
720 0. 274684 778 -0.63291 836 0.201266
721 0. 205063 779 -0.57595 837 0. 240506
722 0 780 -0.42152 838 0.220253
723 0 781 -0.27468 839 0. 165823
724 0 782 -0.20633 840 0. 131646
725 0 783 -0.30759 841 -0.06076
726 0 784 -0.11519 842 -0.28734
727 0 785 -0.11519 843 -0.27342
728 -0.01139 786 -0.07342 844 -0.19873
729 -0.21772 787 0.003797 845 -0.22532
730 -0.26709 788 -0.03038 846 -0. 25443
731 -0.41646 789 -0.11013 847 -0.26203
732 -0.51013 790 -0.11013 848 -0.31899
733 -0.30127 791 -0.06962 849 -0.39747
734 -0.43671 792 0.051899 850 -0.41519
735 -0.47342 793 -0.06709 851 -0.29114
736 -0.43165 794 -0. 10506 852 -0.1
737 -0.5443 795 -0. 10506 853 -0.15823
738 -0.52405 796 -0. 10506 854 -0. 15949
739 -0.5 797 -0.10506 855 -0.16203
740 -0.40633 798 -0. 10506 856 -0.29241
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857 -0. 20506 915 0. 120253 973 -0.47975
858 -0.34051 916 0. 149367 974 -0.2962
859 -0.1557 917 0. 044304 975 -0.20759
860 -0. 15696 918 -0.07215 976 -0.1519
861 -0. 15696 919 -0.09873 977 -0.11266
862 -0.07468 920 -0.32658 978 -0.11266
863 0.111392 921 -0.31013 979 0. 092405
864 0. 051899 922 -0.27342 980 -0.02785
865 0. 035443 923 -0. 14557 981 0. 005063
866 0.15443 924 -0. 14684 982 0. 020253
867 0.082278 925 -0.2519 983 0. 005063
868 0. 032911 926 -0.15316 984 0. 032911
869 -0.18354 927 -0.13418 985 0. 005063
870 -0.18734 928 -0.13544 986 0. 032911
871 -0.22532 929 -0. 15696 987 0. 14557
872 -0.15823 930 0. 006329 988 0. 265823
873 -0.26709 931 -0.02025 989 0. 032911
874 -0.31392 932 -0.0962 990 -0.07089
875 -0.28861 933 -0.0962 991 -0.15823
876 -0.20127 934 0. 006329 992 -0.26835
877 -0.3 935 -0.01899 993 -0.22911
878 -0.30886 936 -0.01899 994 -0.01392
879 -0.17848 937 -0.09114 995 -0.08228
880 -0.07468 938 -0.1481 996 -0.13671
881 -0.07468 939 -0. 25316 997 0. 007595
882 -0.07342 940 -0.0962 998 -0.08228
883 0. 020253 941 0. 018987 999 -0.08228
884 0. 020253 942 -0. 09367 1000 -0.31139
885 -0.06962 943 0. 032911 1001 -0. 24051
886 -0.10886 944 -0.21392 1002 -0.28101
887 0. 020253 945 -0. 28734 1003 -0. 15063
888 0. 020253 946 -0. 25949 1004 -0.18734
889 0. 050633 947 0. 032911 1005 -0.22532
890 -0.22785 948 0. 122785 1006 -0. 13797
891 -0.26835 949 0. 265823 1007 -0. 06076
892 -0.20127 950 0. 224051 1008 0. 032911
893 -0.16835 951 0.33038 1009 0. 093671
894 -0.02911 952 0. 263291 1010 0. 018987
895 -0.16835 953 0. 183544 1011 0. 031646
896 -0.10886 954 0 1012 0. 007595
897 -0.10886 955 0 1013 0. 018987
898 0. 003797 956 0 1014 0. 034177
899 0. 005063 957 0 1015 0. 020253
900 0. 035443 958 0 1016 0. 113924
901 0. 005063 959 0 1017 0. 33038
902 -0.06582 960 -0.16203 1018 0. 287342
903 -0. 10506 961 -0.24304 1019 0. 207595
904 -0.10506 962 -0.51392 1020 0
905 -0.02532 963 -0. 55316 1021 0
906 -0.06329 964 -0.65823 1022 0
907 -0.1038 965 -0.52152 1023 0
908 0. 005063 966 -0.31139 1024 0
909 0. 005063 967 -0.39241 1025 0
910 -0.09873 968 -0.33924 1026 0
911 -0.19494 969 -0.30633 1027 0
912 -0.06203 970 -0.36203 1028 0
913 0. 006329 971 -0.52785 1029 0
914 0. 096203 972 -0.66835 1030 0
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1205 0. 012658 1263 -0. 28861 1321 0
1206 -0.08354 1264 -0. 10506 1322 0
1207 -0.09873 1265 0 1323 0
1208 -0.03924 1266 0 1324 0
1209 -0. 20633 1267 0 1325 0
1210 -0. 33544 1268 -0. 16582 1326 0
1211 -0. 36835 1269 -0. 34684 1327 0
1212 -0. 40886 1270 -0.5519 1328 0
1213 -0. 33038 1271 -0.67215 1329 0
1214 -0. 38861 1272 -0. 63165 1330 0
1215 -0.2 1273 -0.43924 1331 0
1216 -0. 15823 1274 -0.27722 1332 0
1217 -0. 06962 1275 -0. 18987 1333 0
1218 0. 007595 1276 -0.3038 1334 0
1219 0. 007595 1277 -0. 26709 1335 0
1220 -0.16203 1278 -0. 24177 1336 0
1221 -0. 15823 1279 -0.21392 1337 0
1222 -0.12911 1280 -0.09241 1338 -0.12278
1223 -0. 04051 1281 0. 032911 1339 -0.26582
1224 -0.01013 1282 0. 031646 1340 -0. 44557
1225 -0.01013 1283 -0.08734 1341 -0.46709
1226 -0.07089 1284 -0.08734 1342 -0.41392
1227 -0. 04051 1285 -0. 08734 1343 -0. 37595
1228 0. 136709 1286 -0.08734 1344 -0. 23924
1229 0. 041772 1287 -0.08734 1345 -0.65316
1230 0. 008861 1288 -0. 24051 1346 -0.17722
1231 -0.17342 1289 -0.12658 1347 -0. 35316
1232 -0.11899 1290 -0.21392 1348 -0. 27848
1233 -0.12025 1291 -0. 14937 1349 -0.07089
1234 0. 03038 1292 -0. 18608 1350 -0.51899
1235 0. 208861 1293 -0. 22405 1351 0. 031646
1236 0.177215 1294 -0. 15696 1352 0. 021519
1237 0. 182278 1295 -0. 13797 1353 0. 020253
1238 0 1296 -0.19494 1354 0. 031646
1239 0 1297 -0. 16203 1355 0. 043038
1240 0 1298 -0.3481 1356 0. 031646
1241 0 1299 -0. 71266 1357 0. 018987
1242 0 1300 0. 224051 1358 0. 103797
1243 0 1301 -0.68354 1359 0. 087342
1244 0 1302 -0. 15696 1360 0. 078481
1245 0 1303 -0.07468 1361 0. 073418
1246 0 1304 0. 129114 1362 0. 108861
1247 0 1305 0. 478481 1363 0. 188608
1248 0 1306 0. 444304 1364 0
1249 0 1307 0. 378481 1365 0
1250 0 1308 0.3 1366 0
1251 0 1309 0.217722 1367 0
1252 -0. 08354 1310 0 1368 0
1253 -0. 01266 1311 0 1369 0
1254 -0. 01266 1312 0 1370 0
1255 -0. 01266 1313 0 1371 0
1256 -0.01266 1314 0 1372 0
1257 -0. 05696 1315 0

1258 -0.11899 1316 0

1259 -0.08987 1317 0

1260 -0.08987 1318 0

1261 -0.11392 1319 0

1262 -0. 23797 1320 0
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1.0

2.0

3.0

Dynam ¢ Stress Test (DST)

PURPOSE

For simulated driving cycle testinP of USABC batteries, a
vari abl e power discharge cycle called the Dynam c Stress
Test (DST) will be applied to the_battery. The DST is
scaled to a percentage of the maxi numrated power or USABC
power goal for a Plven t echnol ogy and requires higher
regeneration | evel's than previous simlar test cycles such
as the Sinplified Federal Urban[llv!n? Schedul e” ( SFUDS)

I n general the DST maxi mum power is intended to be 80% of

t he USABC peak Pomer goal for a technol ogy; however, the
specific value to be used by this procedure is specified (in
watts or kilowatts) as an input to this procedure.

Figure 5B-1 shows a graphical representation of the DST 360
second test profile, which is aBPlled repetitively over a
conplete battery discharge. Table 5B-1 is the tabul ar
[isting of the T power profile.

Note: All references to the term'battery' in this procedure
refer to the unit to be tested, which may be a single cell,
a multi-cell nodule, a battery pack, or a conplete battery
system

PREREQUI SI TES

2.1 A Battery Test Plan or other test requirenents
docunent i s required for testlnP_u5|n% this
procedure. The test plan specifies the values to be
used for the DST. These values include battery Aeh
ratings, peak discharge ﬁomer to be aPplled during
DST testing, charge/discharge termnation criteria,
chargi ng procedure, test tenperature limtations,
safety precautions, and anY speci al handllng/testlnﬁ
bgz%&yc i ons specified by the manufacturer and/or the

2.2 Prior to the performance of this procedure, USABC
Test Procedures No. 1A, Battery Pre Test Preparation,
and No. 1B, Readiness Review, Sshould normally have
been conpleted. These activities are not a Part of
this procedure. This procedure nay be executed as a
stand-al one test activity or as part of a sequence of
tests ge.g. a life-cycle test reginme) provided that
the information required by 2.1 above iIs avail abl e.

TEST EQUI PMENT

The equi pnent required to performthe DST consists of %a) a
battery charge-di scharge tester capable of achieving the
scal ed” power-tinme profile shown in Figure 5B-1; and (b) a
data system capabl e of acquiring the data specified in
Section 6.0 at intervals of 1 second or |ess. The maxi num
perm ssible transition tinme between power steps in this
profile is 1 second, and these transition tinmes are included
in the overall profile length (i.e. a DST profile is always
360 seconds | ong.)
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4.0 DETERM NATI ON OF TEST CONDI Tl ONS

5.0

4.1

4.2

4.3

Determ ne the power |evels to be applied for each
step of this DST profile. The maxi num power |evel (as
specified in the test plan or other test requirenents
docunent) is the 100% | evel shown in Figure 5B-1,

whi ch occurs in Step 15 in Table 5B-1. "The power

| evel s of the remaining steps are then cal cul ated

usi ng the percentage values in Table 5B-1.

Determne (fromthe test plan) the anpere-hour
capacity to be used for this T procedure. In
general the DST is perforned to 100% of the battery's
rated caﬁa0|ty. However, sonme |esser value such as
80% of this capacity nay be established for life
cycle testing. The battery capacity to be used for
di scharge i s based on net capacity renoved (total Ash
| ess regeneration Ash).

Establish the battery limts to be observed during
the test. These should be specified in the test plan
and will normally consist of sone set of voltage
current, power and/or tenperature [inits which should
not be exceeded for the batterY: ~The tester should
be programed such that these limts are not
Pern1tted to be exceeded during the test. In the

est plan does not include a nanufacturer-sPeC|f|ed

m ni mum di schar ge volta?e, t he Di scharge Vol tage
Limt shall be set to 2/3 of the open circuit voltage
at 80% DOD Egt begi nning of battery life.) Voltage
durlng any T di scharge steP shall not be allowed to
fall Dbelow the D scharge Voltage Limt.

A DST discharge will term nate whenever the specified
power cannot Dbe achieved for a given step w thout
exceeding one of the battery limts. )
specifically required by the test plan, this
condition nmay be viol ated b% permtting, for exanple,
reduced re%en power at the eglnnlng_o a di scharge.
However, this wll affect the reporting requirenents
of Section 7.0.)

PROCEDURE STEPS

5.1

5.2

5.3

5.4

Charging - Fully charge the battery in accordance
wth instructions given in the test plan.

Qpen Circuit After Charge - Wth the battery on open
circuit, stabilize the battery tenperature or other
initial conditions as specified in the test plan.

D scharge - Discharge the battery using the DST power
profilTe. Repeat the 360 second T segnents end-to-

end (i.e. with no rest period between profiles) until
a termnation condition is reached.

Term nation - The discharge should term nate when
either of the followng conditions is reached: (a)
t he Bomer achi evabl e on any_ste (wi thout violating
any battery limting condi |onsE Is |less than the
speci fied val ue for that steP' or (b) the specified
net anpere-hour capacity of the battery is renoved.
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5.5 Recharge - Charge the battery in accordance with the
t est pian. g y

6.0 DATA ACQUI SI TI ON

6.1 Acqui sition Rates

Overall battery voltage, current and power are
required to be nmeasured at intervals not exceeding 1
second during the entire DST di scharge, and net

anpaci t (anpere-hoursL and net energy (watt-hours)
shoul d be accunul ated based on at |east this
requency of data acquisition. Oher neasurenents
equi red by the test plan (e.P. battery tenperatures,
he vol tages of nodules or cells within a nmulti-

el I /nmodul’e battery etc.) nust be neasured at | east
wi ce per DST profile during the maxi nmum di scharge
and maxi mum regen steps (Steps 15 and 19 in Tabl e 5B-
1), unless termnation criteria are based on their
val ues, in which case they nust al so be neasured at 1
second intervals.

6.2 Data Retention
6.2.1 Performance Testing

f
r
t
c
t

For a DST conducted as a battery perfornance.
test, overall voltage, current, power, anpacity
(anPere-hour) and energY (ki l owatt-hour) val ues
nmust be recorded and retained for at |east

poi nts per step in each DST profile for the
entire di scharge, once near the begi nning and
once near the end of each steB. The val ue of
all nmeasured paraneters nust be recorded and
retained at | east once during the maxi num

di scharge and maxi num regen steps in _each
profile. (See Data Acquisition and Retention
requi renents section of the USABC procedures
manual . )

6.2.2 Life Cycle Testing

If the DST is used as a repetitive life cycle

test, the data required by 6.2.1 nust be
retai ned between successive execution of the
Ref erence Performance Tests, until Rgrn155|on

hs recglysd fromthe USABC Program Manager to
iscard it.

7.0 REPORTI NG

In addition to the sunmary informati
tests, the follow ng specific info

on required fromall USABC
mati on should be reported for

r
any DST di scharge conducted as a performance test or a Reference
Performance Test during life cycling:

a.
b.
C.

The peak power to which the test was scal ed
Measured capacity of the battery )

|f any limtations were placed on the discharge by tte
[imts in the test plan (e.g. regen current IIrmts), the
capacity achieved both with and without such limts in
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ef fect should be reported ) )
d. The current, power and voltage during the conplete profile
nearest to 80% DOD shoul d be graphed.

For DST di scharges conducted as part of a life-cycle test series,
the capacities In (b) and (c) above should be graphed as a ]
function of cycle nunber over the course of the I[ife test series.
Periodic (i.e. nnnthly% proPress rePprtln? shoul d i ncl ude the
capacities at the start of life testing, the nunber of cycles

performed to date, and the present capacities.
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TABLE 5B-1
DST PONER PROFTLE TABULAR LI STI NG
Step Dur ati on Di schar ge St ep Dur ati on
Di schar ge
No. (Seconds) Power (% No. ( Seconds)
Power (%
1 16 0.0 11 12 -25.0
2 28 -12.5 12 8 +12.5
3 12 -25.0 13 16 0.0
4 8 +12.5 14 36 -12.5
5 16 0.0 15 8 -100.0
6 24 -12.5 16 24 -62.5
7 12 -25.0 17 8 +25.0
8 8 +12.5 18 32 -25.0
9 16 0.0 19 8 +50. 0
10 24 -12.5 20 44 0.0

Not e: Negative val ues represent discharge; positive values are regen.

DYNAMIC STRESS TEST (DST) CYCLE

Regen Power

rge Power
%
X

)
N

N
o
N

50% | e . L e

3
$

________________________________________________________________

ercent of Peak Discha

P
3

Discharge Power

-125% - - . . ; ; .
(4] 60 120 180 240 300 360
Time (seconds)

Fi gure 5B-1. DST Profile in Relative Power Units
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1.0

2.0

3.0

4.0

Partial D scharge Test

PURPOSE

The purpose of this test is to nmeasure the res
battery to a series of partial discharges, ide
capacity loss, and verity proper charging with
di scharge (DCD) operation.

onse of the _
tify any resulting
parti al " dept h- of -

p
n

This test may be used either to determne the rate of capacity
| oss froma period of partial discharge operation or to verify
that the loss is within acceptable USABC [imts.

PREREQUI SI TES

2.1 A battery test plan or other test requirenments docunent is
required for testing u5|n? this procedure. The test plan
specifies certain values to be used for this test. These
val ues may incl ude the nunber and_tyPe of parti al
di scharges and the discharge term nation conditions, along
W th safety precautions and any sPeC|aI handl i ng/ testing
instructions specified for the battery by the manufacturer
and/ or the USABC.

2.2 Prior to the performance of this procedure, USABC Test
Procedures No. 1A, Battery Pre Test Preparation, and No.
1B, Readi ness Review, should nornallx_have been conpl et ed.
These activities are not a part of this procedure. This
procedure may be executed as a stand-alone test activity
or as part of a sequence of tests provided that the
information required by 2.1 above 1s avail abl e.

TEST EQUI PMENT

The only equi pment required for this procedure consists of a
charge/ di scharge tester and data system capabl e of_Perforn1n% a

Eon§ aPt-current (or other) discharge test as specitied by the
est plan.

DETERM NATI ON OF TEST CONDI Tl ONS

4.1 Unl ess ot herw se sPecified bY the test plan, this test is
performed at normal anbient tenperature (~23°C + 2°C).

4.2 Di scharge term nation conditions are generally the sane as
those for normal discharge tests. However, this test may
be perfornmed in two fundanentally different ways depending
on the test plan objective.

4.2.1 The normal test nethod determ nes the actual
capacity loss (if anK) resulting frompartial
di scharges. Using this nmethod, the capacity nust be
measured to a predeterm ned condition e.P. cut of f
vol tage) both before and after the partial discharge
test Series. In this case, the test plan should
specify that testing is to be done to 100% of act ual
deliverable (not rated) capacity.
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4.2.2 The alternate test nethod uses reference constant
current discharges to 100% of the rated capacity of

the battery, i.e. discharge term nates when the
rated capacity has been renoved even if no other
di scharge limting condition has been reached. |If

this is done, no atterY capacity loss will be ]
observed unl ess the battery capacity drops below its
rated value after the partial discharge tests. This
method is used only to determ ne that an
unaccePtabIe capacity | oss does not result from

partial discharges.
This procedure is based on the use of C/ 3 constant current
di scharges for both the full and partial discharge )
portions of this test series., Use of another test profile
such as the DST for the partial discharge cycles is
permssible if specified in the test plan.

PROCEDURE STEPS

5.

5.

5.

5.

1

2

5

6

T

Ful l'y charge the battery in accordance with manufacturer's
recommendations or as specified in the test plan.

Di scharge the battery fully using a C/ 3 constant current
di scharge as defined in USABC Procedure 2, using the
specified termnation conditions as defined in 4.2 above.

Fully charge the battery as in 5.1 above.

Repeat 5.1 through 5.3 twice (i.e. total of 3 ful
constant current discharge cycles.)

Perform a predeterm ned nunber of partial discharge
cycles, normally 10 unl ess otherw se specified in't
pl an.

5.5.1 Discharge the battery for a gredeternined_fract!on
of its capacity (normally 50% or as specified in
the test plan) using a 3 constant current

di schar ge.

5.5.2 Recharge the battery fully using the nmanufacturer's
recommended procedure or as specified in the test
plan. Battery current and voltage data acquired
during recharge should be exam ned to determ ne that
proper end-of-charge conditions are bei ng achieved.

5.5.3 Allow a stand interval of approximtely one hour
after each di scharge and charge cycle.

Repeat the reference discharge test sequence 5.2 through
5.4 above to determ ne whether a capacity | oss has
occurr ed.

|f a capacity |oss Sl:e. capacity in 5.2 mnus capacity in
5.6) greater than 1%is observed, discharge the battery
for additional cycles as necessary to achieve a stable
capacity.
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0

0

DATA ACQUI SI TI ON

There are no specific data acquisition requirenents beyond those
for normal constant current discharge tests. However, data
acquisition rates during recharge should be adequate to all ow
anal ysis of the charge procedure with partial discharge

operati on.

REPORTI NG

7.1 In addition to the normal data reported for constant-
current discharge tests, the imedi ate neasured | oss of
capacity shall be reported. Because of the variability

inherent in repeated discharge tests of the sane type, a
capacity |l oss (averaged over 3 c cles% of less than 1% may
be reported as "less than 1% rather than attenpting to
attach any significance to very | ow val ues.

7.2 Any permanent or long-termloss in capacity %I.e.
persisting beyond the three cycles in 5.6) should al so be
noted. In this event the full-discharge capacity vs cycle
shoFIdtbg reported so that the capacity recovery can be
eval uat ed.

7.3 End- of - charge and end- of - di schar
shoul d be reported graphically f
enconpassed by this procedure.

ge voltages vs cycle
or the entire test series
7.4 Reported results should specify whe

) ther the test was
performed based on rated or deliverable ca

capacity.

J-27



Revi sed Novenber 22, 1995 USABC Procedure #7

1.0

2.0

3.0

4.0

Stand Test
PURPOSE
The purpose of this test is to nmeasure battery capacity | oss when
the battery is not used for an extended period of time, anal ogous
to the situation that occurs when a vehicle is not driven for
such a period and the battery is not Plaped on charge. This
loss, ifT it occurs, may be due to self-discharge, ichis
normal Iy tenporary, or to other mechani sns that coul d produce
per manent or sem -permanent | oss of caPaC|ty. | f significant
stand loss is neasured, additional testing my be required to
determ ne the cause of this behavior.

This test may be used either to determ ne the rate of caPacity
| oss on stand or to verify that the loss is within acceptable
USABC | imts.

PREREQUI SI TES

2.1 A battery test plan or other test requirenments docunent is
required for testing u5|n? this procedure. The test plan
specifies certain values to be used for this test. These
values may include the Iength of the stand ﬁerlod and the
di scharge term nation conditions, along with safety
precaut rons and ang speci al handling/teésting instructions

attery by the manufacturer and/or the

specified for the
UgABC.

2.2 Prior to the performance of this procedure, USABC Test
Procedures No. 1A, Battery Pre Test Preparation, and No.
1B, Readi ness Review, should nornallx_have been conpl et ed.
These activities are not a part of this procedure. This
procedure may be executed as a stand-alone test activity
or as part of a sequence of tests provided that the
information required by 2.1 above 1s avail abl e.

TEST EQUI PMENT

The only equi pment required for this procedure consists of a
charge/di scharge tester and data system capabl e of Egrforn1ng a
constant-current discharge test in accordance with ABC
Procedure 2.

DETERM NATI ON OF TEST CONDI TI ONS

his test is
+ 2°0).

he sane as
S.

4.1 Unl ess ot herw se sPecified bY the test plan,
performed at nornmal anbient tenperature (~23°

t

C

4.2 Di scharge term nation conditions are generally

t hose for normal constant current discharge tes

However, this test may be perfornmed in two fundanental |y
different ways depending on the test plan objective.

~— —+

4.2.1 The normal test nmethod determ nes the actual
capacity loss rate on stand. Using this nethod, the
battery nust be discharged to a predeterm ned
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5.0

6.0

condition (e.g. cutoff voltage) both before and
after the stand time. In this case, the test plan
shoul d specify that testing is to be_done to 100% of
actual deliverable (not rated) capacity.

e

4.2.2 The alternate test nethod uses constant current
di scharges to 100% of the rated capacity of the
battery, i.e. discharge term nates when the rated
capacity has been renpved even if no other discharge
[imting condition has been reached. |If this is
done, no battery capaC|tK |l oss will be observed
unl ess the | oss causes the battery capacity to drop
below its rated value. This nethod is used only to
determ ne that the stand | oss does not result ihn
unaccept abl e capacity |loss during the stand peri od.

PROCEDURE STEPS

5.1 Ful l'y char?e the battery in ac

n accordance with manufacturer's
recommendations or as specified int

e
he test plan.
ns

5.2 Di scharge the battery using a C 3 constant current
di scharge as defined in USABC Procedure 2, using the
specified termnation conditions as defined in 4.2 above.

Fully charge the battery as in 5.1 above.

Allow the battery to stand at anbient tenperature (or as
specified in the test plan) for a period of 48 hours for
m dterm battery technol ogi es or 30 days for long term
technol ogi es, or as specified in the test plan. Any
external sources of parasitic energY | osses during the
stand period nust be elimnated to the extent possible,
i ncl udi ng di sconnection of neasurenent circuitry i
| eakage enerPy could be significant conpared to th
expected. It battery control systems or other ext
hardware nmust be powered during the stand peri od,
ower shoul d be provided from sources external to
attery; the enerPy consuned by such hardware over
stand period should be neasured and reported separa

SSeSs

—Q

D
o~ <
(pR=y

D

5.5 At the end of the stand period, inmmediately dischar
battery using a C 3 constant current discharge unde
sanme conditions as 5.2 above.

Recharge the battery as in 5.1 above.

|f a capacity |oss Si:e. capacity in 5.2 mnus capacity in
5.5) greater than 2% is observed, discharge the battery
for two additional cycles or as necessary to achieve a
stabl e capacity.

DATA ACQUI SI TI ON

Data acquisition requirenments are the sane as those for norma
constant current discharge tests, except that nonitoring of

ParaS|t|c energy |osses during the stand Perlod may be required
or external hardware such as battery controllers or thermal

managenent systens.
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7.0 REPORTI NG

7.

7.

7.

7.

1

2

3

4

In addition to the normal data reported for constant-
current discharge tests, the imedi ate neasured | oss of
capacity shall be reported. Because of the variability

i nherent in repeated dlscharge tests of the sane type, a
capacity loss of |less than 2% may be reported as "l ess
than 2% rather than attenpting to attach any significance
to very | ow val ues.

Any permanent or long-termloss in capacity (i.e.
persisting beyond three cycles after the stand peri od)
shoul d al so be noted. In this event the full-discharge
capacity vs cgcle shoul d be reported so that the capacity

recovery can be eval uat ed.

Parasitic energy | osses (if any) neasured during the stand
period shoul d be report ed.

Reported results shoul d specify whether the test was
performed based on rated or deliverable capacity.
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1.0

2.0

3.0

4.0

Thernal Perfornmance Test

PURPCOSE
The purpose of this test procedure is to characterize the effects
of anbient tenperature variation on battery performance. It can

al so be used to determ ne the need for thernmal nmanagenent or the
al | owabl e operatln? t enperat ure ran?e for a battery that may
| ater incorporate thermal managenent.

Thi s procedure is_apperriate for determ ning anbi ent tenperature
effects on batteries w thout thermal nanagenent systens. )
Addi tional information may be required for systens-|evel testing.

PREREQUI SI TES

2.1 A battery test plan or other test requirements docunent is
required for testing u5|n? this procedure. The test plan
specifies certain values to be used for this test. These
val ues may include the specific charge and di scharge
tests/procedures to be used, the tenperature(s) at which
char?!ng and di scharging are to be Perforned, and_ any
[imting test conditions for the ba tery, along with
safety Precautlons and any special hand |ng/test|n9
bgz%&yc ions specified by the manufacturer and/or the

2.2 Prior to the performance of this procedure, USABC Test
Procedures No. 1A, Battery Pre Test Preparation, and No.
1B, Readi ness Review, should nornallx_have been conpl et ed.
These activities are not a part of this procedure. This
procedure may be executed as a stand-alone test activity
or as part of a sequence of tests provided that the
information required by 2.1 above 1s avail abl e.

TEST EQUI PMENT

Equi prent required for the performance of this testing includes
the toll ow ng:

3.1 A battery pharge-dischar?e tester capable of performng
t he specified discharge tests )

3.2 A? aPPgoprlate battery charger (which may be the tester
itse

3.3 An envi ronnment al chanber capabl e of heating and/or cooling
the battery to the tenPeratures specified I'n the test plan

3.4 A data acquisition system capabl e of acquiring the data
required for the specific discharge tests at the
appropriate rate. (See the correspondi ng USABC procedure
for these discharge tests for nore information.)

DETERM NATI ON OF TEST CONDI TI ONS
4.1 Ref er ences
4.1.1 USABC Test Procedure 2
4.1.2 USABC Test Procedure 3
4.1.3 USABC Test Procedure 5

4.2 Di scharge Conditions

, Constant Current Tests
, Peak Power Test
B, Dynam c Stress Test
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4.

4.

3

2

This procedure is witten to characteri ze batter¥
erformance based on the DST and the Peak Power Test;
owever, other discharge cycles nay be used in addition to

or in plape of these two. "I n such cases the test plan
must specify the discharge reP!nE(s) to be used. he
ic type(s) of discharge to

USABC Procedure for the speci
be pertorned (e.g. FUDS, T, constant current, constant
power etc.) is used to determ ne the discharge conditions
and limts (other than tenperature) to be observed during
this testing. Unless otherw se specified, the sane

term nation conditions will be used at all tenperatures.

Charge Conditions

The manufacturer's recommended charge nethod is to be used
in conjunction with this procedure whenever possible. |If
the test plan requires charging to be done at high or |ow
tenperatures, rather than anbient tenﬁerature as specified
in this procedure, the manufacturer should be consulted
regarding nodifications to the normal charge al gorithm

Tenper at ure Conditions

The val ues specified in this procedure are sel ected based
on the USABC performance requirenents. |If other val ues
are to be used based on the devel opnent status of a
techno!ogY, t hey must be specified directly in the test

pl an, including the tenperatures to be used for charging
and di schargi ng, and the sequence of charge/di scharge
cycles to be perforned at each tenperature.

If the battery to be tested includes control or thermnal
managenent hardware, the test Plan shoul d speci fy whet her
this equipnent is to be sub%ec ed to the sane tenperature

reginme as the battery itsel

5.0 PROCEDURE STEPS

5.

5.

5.

5.

1

2

5

6

At the nom nal anbient tenperature of ~23°C, performa
sequence of Reference Performance Test discharges to a
predeterm ned term nation condition, using a 3 _const ant
current discharge (Reference 4.1.1), 100% DOD DST

di scharge (Reference 4.1.2) and peak power test (Reference
4.1.3) 1n that order.

Repeat 5.1 at the | owest specified tenperature (normally -
30°C.) Each discharge should be perforned at the
specified tenperature, and the battery should then be
returned to anmbient tenperature to be recharged (unless

ot herw se specified in the test plan.)

Repeat 5.1 at 0°C

ggggaf 5.1 at the highest specified tenperature (normally
RePeat 5.1 at anbient tenperature to determ ne whet her

of r-normal tenperature testing resulted in any change in
battery performance at normal anbient tenperature.

If a change of nore than 5% in battery capacity or peak
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power capability is observed in between the results of 5.1
and 5.5, the Reterence Performance Tests shoul d be
repeated two additional tinmes (3 total) at anbient
tenperature or as necessary to re-establish a stable
capacity.

6.0 DATA ACQUI SI TI ON

I n general the data acquisition requirenents for this testing are
the sane as those for the sane discharge tests conducted at
anbi ent tenperature.

6.1 Battery tenperature sensors should be insulated from
anbient air so that they will indicate the tenperature of
the battery conponent onh which they are nounted.

6.2 Addi tional tenperature neasurenents (beyond those used for
anbi ent tenperature testing) may be specified in the test
pl an, especially if a thernmal nmanagenent systemis used.

6.3 If an active thermal managnent systemis used, its power
consunption nust be nonitored under charge, discharge and
stand conditions at all test tenperatures.

7.0 REPORTI NG

7.1 The normal data for the type of discharge(s) perforned
shal | be provided.

7.2 Battery tenperature shall be reported graphically as a
function of time during dlschaage (and charge, it chargin
is done at other than normal anbient tenperature) for eac

set of tenperature conditions.

7.3 Any thermal managenent power consunption data acquired
under 6.3 shall be reported as a function of tenperature.

7.4 Any phanges fromthe tenperatures or discharge tests
specified in this procedure should be specifically noted.
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0

0

Battery Vibration Test
PURPOSE

This test is intended to characterize the effect of |long-term
road-i nduced vi bration and shock on the perfornmance and service
life of candidate batteries. Depending on the maturity of the
battery, the intent of the procedure is either (a) to qualify the

vibration durability of the battery or (b% to identify desigh
deficiencies that nust be corrected. Either swept sine wave

vi bration or random vi bration can be used for the performance of
this procedure, and separate sections are included for these

al ternatives

For testln? efficiency, a tlne-conﬁressed vibration regine is
sPeC|f|ed o allow conpletion of the test in just over 24 hours
of exposure per test article for swept sine wave excitation. For
random excitation, the test reginme requires a mnimumof 13.6
hours and a maxi num of 92.6 hours of testing, depending on the
type of shaker table available and the choice of accel eration

| evel s. The procedure has been synthesized fromrough-road
nmeasurenents at | ocations appropriate for nounting of traction
batteries in EVs. The data were analyzed to determ ne an
appropriate cunmul ati ve nunbfr of occurrences of shock pul ses at

any given G level over the life of the vehicle. The envel opes
shown in Figure 10-1 of the USABC Manual summary of this
procedure (page 25, not repeated here) correspond to ]

approxi mately 100,000 mles of usage at the 90th percentile. The
vi bration spectra contained in this procedure have been desi gned
to approximate this cunul ati ve exposure envel ope.

Thi s procedure describes the perfornmance testing of a single test
unit (battery, nodul e or ceIIF. For statistica ﬁurposes,

mul tiple sanpies woul d normally be subjected to this testing.
Addltlonally sone test units nay be subjected to life cycle
testlnP (either after or durln? Vi bration testlnP) to determ ne
the effects of vibration on battery life. Such l'ife testing is

not described in this procedure.
PREREQUI SI TES

2.1 A battery test plan or other test requirenments docunent is
required for testing using this procedure The test plan
specifies the appropriate test conditions for the
Ref erence Performance Tests and certain vibration
frequencies to be used, along with safety precautions and
any special handling/testing instructions specified for
the battery by the manufacturer and/or the ABC.

2.2 Prior to the performance of this procedure, USABC Test
Procedures No. 1A, Battery Pre Test Preparation, and No.
1B, Readi ness Review, should nornallx_have been conplete
These activities are not a part of this procedure. This
procedure may be executed as a stand-alone test activity
or as part of a sequence of tests provided that the
information required by 2.1 above 1s avail abl e.

d.

2.3 Performance of the Reference Performance Tests specified
in USABC Procedure 14C is required before and after the
conduct of vibration testing. For conpleteness these are
itemzed within the procedure steps in Sections 5 and 6.
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2.4 Unl ess ot herw se specified, the test unit shall be tested
early inits life (i.e. prior to the performance of any
life cycle testing.)

3.0 TEST EQUI PMENT

3.1 A. Performance of the swept sine wave version of this
procedure requires a single-axis shaker table capable of
Produ0|ng a peak acceleration of 5Gwithin the range of 10

0 30 Hz, as well as G loadings at the values and within

t he frequency ranges shown in Tables 1 and 2 follow ng.
(Note: if the unit to be tested can only be vibrated while
In a particular physical orientation due to | eakage or
other constraints, a nulti-axis table will be required.)

B. Performance of the random vibration version of the
procedure requires a one- to three-axis table capable of
produ0|n8 accelerations up to 1.9G over the vibration
spectra detailed in Figure 2, extendlng from10 to
approximately 200 Hz. If the unit to be tested can only
be vibrated while in a particular physical orientation, a
multi-axis table wl

3.2 Test fixtures are requ
unit to the shaker tab
fixtures depends on th
itself, and any restri
the test unit.

i | be required. A@ditipnally, the tine
required to performthe test can be significantly reduced
if the longitudinal and lateral axis vibration (or al
t hree axes) can be perfornmed concurrently.

q

ired to properly secure the test

Il e. The exact nature of these

e type of table used, the test unit
ctions on physical orientation of

3.3 Speci al instrunentation hookups capable of w thstanding
the vibration are required so that inportant battery
gondltlons can be nonitored during testing. (See Section

4.0 DETERM NATI ON OF TEST CONDI TI ONS AND TEST TERM NATI ON

4.1 El ectrical test conditions are deternm ned according to
Procedure 14C, Reference Performance Tests.

4.2 The states-of-charge to be used for each vibration test
reginmes in Section 5 should be reviewed and adjusted for
each specific battery technol ogy (if necessary& to assure
that a worst-case state-of-charge is used for” each

vi bration regine.

4.3 The specific vibration frequencies for maxi num vi bration
steps 5.3.2 and 5.5.2 should be specified in the test
Plan: | f these are not specified, the vertical and
ongi tudinal testing of 5.3.2 and 5.5.2 will be done at 15
and 12 Hz respectively. Oher vibration test conditions
are specified in the procedure steps in Sections 5 and 6.

4.4 Vi bration testing shall be suspended or termnated if any
observed conponent degradation threatens safe oggratlpn of
t he batterY as specified by the manufacturer. ndi tions
to be nonitored are defined in Section 7.

5.0 PROCEDURE STEPS FOR SVEPT SI NE WAVE VI BRATI ON TESTI NG
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5.

5.

5.

5.

5.

1

2

3

4

5

Per f orm USABC Ref erence Performance Tests using Procedure
14C. This sequence includes a C 3 Constant Current

di scharge, a DST discharge to 100% of rated capacity, and
a Peak Power discharge.

Charge the battery fully using the manufacturer's
recommended char ge net hod.

Vertical Axis Vibration (First Half at Full Charge)
5.3.1 Mount the test unit so that it will be subjected to

vibration in the vertical axis, based on the
manuf acturer's recommended physical orientation.

5.3.2 Subject the test unit to 2000 sinusoidal cycles at 5
G peak accel erati on, apPlled_at_a frequency to be
Egeflfégdk&n the test plan within the range from 10

o] :

5.3.3 Sub{ect the test unit to 60 sine sweeps from 10 Hz
up to 190 Hz and back to 10 Hz, to be conducted at a
sweep rate of 1 Hz/s for a total testing duration of
6 hours. The followng profile of Glevels shall be
used:

Table 1. Freguency and G Values for Vertical Axis
Frequency Range (Hz) Peak Accel eration (Q
10- 20 3.0
20- 40 2.0
40- 90 1.5
90- 140 1.0
140- 190 0.75

Di scharge the battery to approximately a 40% dept h- of -
di scharge at the C 3 rate.

Longi tudinal Axis Vibration (at 40% DOD)
5.5.1 Mount the battery so that it will|l be subjected to

vibration in the | ongitudinal axis, based on the
manuf acturer's reconmended physical orientation.

5.5.2 Subject the test unit to 4000 sinusoidal cycles at
3.5 G peak acceleration, applied at a frequency to
be specified in the test plan wthin the range from
10 Hz to 30 Hz.

5.5.3 Sub{ect the test unit to 6
up to 190 Hz and back to 1
sweep rate of 1 Hz/s for a
houas. The foll ow ng profi
used:

e sweeps from 10 Hz
Hz, to be conducted at a
| test duration of 6
f Glevels shall be

(e]e]
(%)
- —
oL~ S
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Table 2. Frequency and G Values for Longitudinal Axis
Frequency Range (Hz) Peak Accel eration (Q
10- 15 2.5
15- 30 1.75
30- 60 1.25
60- 110 1.0
110- 190 0.75

5.6 Lateral Axis Vibration (at 40% DOD)

5.6.1 Mount the battery so that it will be subjected to
vibration in the lateral axis (assuned to be
orthogonal to the longitudinal axis), based on the
manuf acturer's recommended physical orientation.

5.6.2 Repeat 5.5.2 and 5.5.3 with the test unit nmounted in
this configuration.

5.7 Di scharge the battery to approxi mately an 80% dept h- of -
di scharge at the C 3 rate.

5.8 Vertical Axis Vibration (Second Half at 80% DOD)

5.8.1 Repeat 5.3.1 through 5.3.3 with the test unit at
this reduced state of charge.

5.9 Repeat the USABC Reference Perfornmance Tests usin?
Procedure 14C. This sequence includes a C/ 3 Constant
Current discharge, a DST discharge to 100% of rated

capacity, and a Peak Power discharge.
6.0 PROCEDURE STEPS FOR RANDOM VI BRATI ON TESTI NG

6.1 Per f orm USABC Ref erence Performance Tests using Procedure
14C. This sequence includes a C 3 Constant Current
di scharge, a DST discharge to 100% of rated capacity, and
a Peak Power discharge.

6.2 Charge the battery fully using the manufacturer's
recommended char ge net hod.

6.3 For each of the vertical, longitudinal and | ateral axes of
the battery, select either the normal or alternative G
| evel s from Table 3 and program the shaker table ]
appropriately. This choice will determ ne the vibration
tinme required for each axis, also in accordance with Tabl e
3. (The vibration spectra, shown in Figure 1 foll ow ng,
are expressed in G/Hz, so they can be scaled for either
set of Glevels.)
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Table 3. Vibration Schedul e for Random Vi brati on Test

TEST CONDI TI ONS NORMAL TEST " ALTERNATI VE TEST

VI BRATT ON SOC || Accel Trme | Cunul |[Accel Trme Cunul

SPECTRUM % | (o | (n |Time, [ (g | (h) | Time,

rng) h rng)
Vertical Axis Vi bration:
Vertical 1 100 1.9 0. 15 0. 15 1.9 0. 15 0. 15
spectrum
Vertical 1 100 0. 75 5.25 5.4 0. 95 3.9 3. 65
spectrum
Vertical 2 100 1.9 0. 15 5.5b 1.9 0. 15 3.8
spectrum
Vertical 2 100 0.75 5.25 1 10.8 0. 95 3.9 {.3
spectrum
Vertical 3 20 1.9 0. 15| 10. 95 1.9 0.15 (.45
spectrum
Vertical 3 20 0. 75 5.25 ] 16.2 0. 95 3.9 10. 95
spectrum
Longi tudi nal Axis Vibration:
Longl t udi nal 60 1.5 0.09 ] 16. 29 1.5 0. 09 11. 04
spectrum
Longl t udi nal 60 0.4 19.0 35. 29 0. 75 ./ 1/7. 74
spectrum
Longl t udi nal 60 1.5 0.09 [ 35. 38 1.5 0. 09 1/.383
spectrum
Longl t udi nal 60 0.4 19.0 54. 38 0. 75 6./ 24. 53
spectrum
Lateral Axis Vi bration:

Longl t udi nal 60 1.5 0.09 | 54,47 1.5 0.09 [ 24. 62
spectrum
Longl t udi nal 60 0.4 19.0 (3,41 0. 75 o. /7 31. 324
spectrum
Longl t udi nal 60 1.5 0.09 173,50 1.5 0.091] 31.41*
spectrum
Longl t udi nal 60 0.4 19.0 92,50 0. 75 6./ 38. 11*
spectrum
Note 1: These cunulative tines apply only if all three axes are done separately.

I
e
I
r
e
h

S,

be subjected to

based on the

6.4 Mount the test unit so that it wl
vi bration al ong the appropriate ax
manuf acturer's recomended physica
procedure permts the required vib
In one, two or all three axial dir
depending on the capabilities of t
(but see 6.4 for other considerations.)
6.5

orientation.
ation to be
ctions sinul
e shaker table used

Thi s

erfornmed
aneously

Performthe programred vibration for the required timeisI

while battery depth-of-discharge is varied fromO0% (fu

ge) over the course of the
Two approaches are

charge) to 80% (m ni mal char
vi bration testing )
permtted to acconplish this:
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7.0

8.0

6.6

6.7

(a) if a one- or two-axis vibration table is used

approxi mately half of the vertical axis testing should be

done at full charge, foll owed by the |ongitudinal and

| ateral vibration at 40% DOD, and then the remaining

vertical axis vibration at 80% DOD.

(b) If athree-axis table is used to performall vibration

regi mes sinmultaneously, the total testing period can be

divided into three intervals of roughlx equal length. The

first interval should be performed with the batterg fully

charged, the second interval with the battery at 40% DOD

and the third interval at 80% DCD

Bet ween each pair of the three intervals of vibration

gy30|f|eg in 6.5, the battery should be discharged at a
cons

ant current rate for 40% of the rated capacitY of
the battery. Following the third vibration interval, the
battery should be fully recharged.

Repeat the USABC Reference Performance Tests usi
Procedure 14C. This sequence includes a C/ 3 Con
Current discharge, a DST discharge to 100% of ra
capacity, and a Peak Power discharge.

stant
ted

SAFETY CONSI DERATI ONS FOR TESTI NG
During the aPpIication of the vibration regines, the test unit

shal |

be ins

rumented to determ ne the presence of any of the

foll ow ng conditions:

7.1

7.2

7.3

7.4

Loss of electrical isolation between the battery positive
connection and the battery case and/or test equi pnent
ground. The degree of isolation shall be verified
regu!arly, e.g. daily, during any period of vibration
testing to bewthin the USABC trial criterion of 0.5 M5
or greater isolation (1.0 mA or |ess |eakage at 500V DC)

Abnor mal batterY voltages i ndi cating the presence of open-
or short-circuit conditions.

Unexpected resonance conditions within the battery,
indicating failure of nmechanical tie-down conponents.

Abnormal tenperature conditions indicating possible danage
to battery cells or thermal managenent system conponents.

Det ecti on of any_of the conditions listed in 7.1 through 7.4
i

shal |

cause tes

ng to be suspended until the condition has been

eval uated and a determ nati on has been made that either it is
safe to proceed or the testing should be term nated.

DATA ACQUI SI TI ON AND REPORTI NG

8.1

8.2

Data to be acquired durlng t he Reference Performance Tests
of Sections 5 or 6 shall be as required for the nornma
conduct of those tests. Data fromthese neasurenents
(other than summary results) need not be retained if no
anomal ous behavi or i s observed during testing.

The general reporting requirenents for USABC testing are
given in Section 4 of Appendi x B, Reporting and Data
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8.3

Acqui sition Qutline, of this manual.

A report shall be prepared detailing the actual vibration
reglnes applied, a conpilation and Interpretation of all
data acquired, any results of detail ed conponent failure
anal yses, and any recommendations for inprovenents in
batterY design, installation procedures, or test nethods.
Al so, the pre- and post-vibration electrical performance
data that confirns the adequacy of the battery design to
w thstand the vibration environnents shall be summari zed
as required by 8.1.

Autospectral Density (q2/He)

Figure 1. Vibration Spectra for Random Vi bration Test
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