I3 TEXAS
INSTRUMENTS

How to Complete a Successful Learning Cycle for the
bq28z610/bq782100

Application Report
SLUA777—-June 2016

Onyx Ahiakwo Battery Management Solutions

ABSTRACT

The 1- to 2- series bg28z610 which uses 12C communication protocol and the bq78z100 which uses the
HDQ communication protocol are based off the same hardware platform. The Impedance track algorithm
on both devices is identical as well as most of the registers. This paper discusses the steps necessary to
complete the initial optimization cycle (also known as learning cycle) in order to ensure the accuracy and
excellent performance of the gauge.
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1 Introduction

Impedance track is a proprietary algorithm developed by Texas Instruments where the battery gauge
dynamically learns the resistance and the total chemical capacity of the battery. In order to go into
production using the bg28z610 / the bq78z100, a golden file has to be created which is programmed on
multiple devices. The learning cycle is a part of the golden file creation process which requires the user to
carry out a few cycles on the pack to make sure that possible variation in cell manufacturer processes is
accounted for in the learned resistance as well as to account for the board contact and trace resistances
which could impact the gauges state of charge reporting and accuracy.

2 Chem id Identification and Programming

The chem id is a look up table which the gauge uses for determination of state of charge during
initialization. The gauge also uses this table as part of the IT algorithm to predict remaining capacity. This
table consists of the open circuit voltage profile of the battery from full to empty as well as the resistance
of the battery which is spit up into grid points that corresponds to different state of charges. Both the OCV
and resistance tables have the temperature dependent components which aids gauge performance at
different temperatures. It is important that the chem id programmed on the gauge was either generated by
Tl for that battery or a close match to an existing chem id in Tl data base for batteries is identified using
our online chem id identification tool - gpcchem. The chem id identification requires running a relax-
discharge-relax (rel-dis-rel) test while logging data using the gauge’s GUI (bgstudio) and then using gpc
chem tool with the logged data to identify a close match. If there is no match, then the cells have to be
sent to Tl for characterization and chem id generation. Contact a local field applications engineer if cells
have to be sent to Tl. Once a chem id has been identified or created, it has to be programmed on the fuel
gauge. The user can select the new found chem id and program it using the chemistry plug-in of bgstudio
as shown in Figure 1.

All trademarks are the property of their respective owners.
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NOTE: If an incorrect chem id is used, the learning cycle may never successfully complete and the
state of charge prediction may never be accurate.
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INO3661B5 (2740mAh) 1113 LiCo0O2/carbon &
[ZIUER INO2865B3 (2380mAh) 1145 LiCoO2/carbon &
[ZUer IXR18650-26 (2500mAh) 1161 LiCo02/carbon 5-4
INO366583 Colloidal (3600maAh) 1245 LiCo02/carbon 11
IMO3665B3 Liquid (3600mAh) 1247 LiCo02/carbon 11
IXR18650-26L-40CTL (2600mAh) 1274 LiCo02/carbon 11
INR18650-22 (2200m#ih) 0201 ATL LiNiOZ2 (Ce, Mn doped)/carbon
INO364783 (2000mAh) 3113 LiMn204 (Co, Ni)/carbon, 435V
[Z UER INOZ56181B0 (1580mAh) 3312 LifMn204 (Co,Ni)/carbon, 435V
@ UER IFR18650-14 (1300mAh) 0454 LiFePC4/carbon
[ UErR IXR18650-26-10SNU (2600mAhR) 0455 LiFeP 04/ carbon
[55] Uttralife BAS380A/MU 0603 Li/MnO2
[Z UltraLife XR34510 (164h) 0605 LiCF/MnO2
E USBattery HXTREME_Capacity (155Ah) 0807 Lead Acid
EUA0T096P (3150mAh) 1289 LiCo02/carbon 11
U486892P (3540mAh) 1307 LiCo02/carbon 11
FEuTL U486892PG (3540mAh) 1311 LiCo02/carbon 11
[ Varta LPP 503758 (1400mah) 0134 LiCo02/carbon 5-1, -20C, OCV refined
R7530033P (320mAh) 1212 LiCo02/carbon 11
56446 (1130mAh) 1240 LiCo02/carbon 11
1865-15PCJ (1500 mAh) 0265 NiCoMn/carbon
L1C18650-26HC (2600mAh) 2091 NiCoMn/carbon
55750 (500mAh) 6102 MibH
V500-HT (500mAh) 6107 MNikH
26650 (3300mAh) 0444 LiFePO4/carbon
18650_NCM (2100mah) 1269 LiCo02/carbon 11
18650_Cobalt (2100mAh] 1268 LiCo02/carbon 11
WB-LYP (604hR) 0421 LiFePO4/carbon
[FEwsvTC LD2-10A04 (10000mAh) 0415 LiFePO4/carbon
) YATAEnergyTech YATAGDG168 (2500mah) 1330 LiCo02/carbon 11
[ Yoku 656193 (4000mah) 1142 LiCo02/carbon 5-1
[ voku 656193 (4000mAh) 1229 LiCo02/carbon 11,-20C
Evuasa MPT12FR (144h) 0808 Lead Acid
EVuntong YT1044125PHF (4000 mah) 0438 LiFePC4/carbon
@Zhongma\ IFPE085160 (7000 mAh) 0433 LiFePO4/carbon
EZhuzhouGaoyuanEattary GY761748PL (B50mAh) 1336 LiCo02/carbon 11
@ZhuzhouGaoyuanEattery GY751748PL (B50mAh) 3519 Litdn204 (Co,Ni)/carbon, 4,35V

| Update Chemistry from Database] [Upuate Unemisiry from external Hiie... |

Figure 1. Chemistry Programming
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Data Flash Configuration Settings Pertinent to Learning Cycle Completion

In order to have learning cycle successfully complete, certain parameters need to be configured specific to
the application and the battery type in the gauge data flash. These parameters are design capacity,
charge termination taper current, discharge current threshold, charge current threshold, quit current and
term voltage.

Design Capacity

The design capacity should be set to the value specified in the cell manufacturer’s data sheet as the
nominal capacity.

Charge Termination Taper Current

Most battery chargers have a +10% error in taper current threshold at which point the charger cuts off
charging. It is very important to set the taper current programmed in the data flash of the gauge slightly
higher than the taper current threshold of the charger. This ensures that the gauge detects the battery is
fully charged before the charger cuts off charge. For example, if the charger taper current is 50 mA, it is
recommended to set the charge termination taper current in data flash greater than 50 mA. A good value
to use is 70 mA. Also, it is recommended that the taper current should be less than C/10 to ensure that
the battery gets properly fully charged.

Discharge Current Threshold

This is the current threshold above which the gauge detects that it is in discharge mode. It is an unsigned
integer as the gauge has the ability to detect the direction of current flow. This value should be set lower
than the charge termination taper current. In the previous example, if charge termination taper current is
set to 70 mA, a good value for discharge current threshold is 45 mA.

Charge Current Threshold

This is the current above which the gauge detects that it is in charge mode. This value should be set lower
than the charge termination taper current as well. As with the previous example, a good value for charge
current threshold would be 40 mA.

Quit Current Threshold

This is the threshold that determines that the gauge is in relax mode. This mode is very important because
this is where the gauge takes OCV readings which are used for Qmax calculations. It is recommended
that the quit current be less than C/20 and must be less than the discharge and charge current threshold.
In the previous example mentioned, a good value to use will be 10 mA.

Term Voltage

This is the voltage where the gauge should detect that the battery is at 0% SOC. For learning cycle
purposes, this should be set to the minimum voltage of the battery as specified in the manufacturer’s data
sheet. After learning cycle is completed, this value can be adjusted upwards if there is a need for the
gauge to report 0% at a higher voltage. If the cell is rated to operate from 3 V to 4.2 V and if the
application is a 2s application, the term voltage should be setto 3V x 2 cells =6 V.
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4 Learning Cycle

The learning cycle is needed for the gauge to update the total chemical capacity (Qmax) and the

resistance (Ra) tables in data flash. It is also needed for the update status which the gauge controls to

change indicative that a learning cycle has been completed.
4.1 Initial Qmax Update Criteria:

QMax update is enabled when gauging is enabled. The bg28z610 updates the no-load full capacity

(QMax) when two open circuit voltage (OCV) readings are taken. These OCV readings are taken when

the battery is in a RELAXED state before and after charge or discharge activity. A RELAXED state is

achieved if the battery voltage has a dV/dt of < uV/s. Typically it takes 2 hours in a CHARGED state and

5 hours in a DISCHARGED state to ensure that the dV/dt condition is satisfied. If 5 hours are exceeded, a

reading is taken even if the dV/dt condition was not satisfied. If a valid DODO (taken at a previous QMax

update) is available, then QMax is also updated when a valid charge termination is detected. Qmax is not
update if the following occurs:

 Temperature — If Temperature is outside of the range 10°C to 40°C.

» Delta Capacity — If the capacity change between suitable battery rest periods is less than 90 %
during the initial cycle and 37% during field update (2nd and subsequent updates) of gmax.

* Voltage — If CellVoltage2..1 is inside a flat voltage region. (See the Support of Multiple Li-lon
Chemistries With Impedance Track Gas Gauges Application Report (SLUA372) for the voltage ranges
of other chemistries.) This flat region is different with different chemistry. The GaugingStatus[OCVFR]
flag indicates if the cell voltage is inside this flat region.

» Offset Error — If offset error accumulated during time passed from previous OCV reading exceeds
1% of Design Capacity, update is disqualified. Offset error current is calculated as CC
Deadband/sense resistor value.

Several flags in GaugingStatus() are helpful to track for QMax update conditions. The [REST] flag

indicates an OCV is taken in RELAX mode. The [VOK] flag indicates the last OCV reading is qualified for

the QMax update. The [VOK] is set when charge or discharge starts. It is cleared when the QMax update
occurs, when the offset error for a QMax disqualification is met, or when there is a full reset. The [QMax]
flag is toggled when the QMax update occurs.

4.2 Learning Cycle Procedure

4.2.1 Discharge Battery to Empty

» Before beginning the discharge, turn on the charge and discharge fets by sending command 0x22,
then send IT (Gauge) enable command (0x21) to set the GAUGE_EN in manufacturing status register
and QEN flags in IT Status register. Then send the reset command (0x41) to set the RDIS flag and
disable resistance updates during this initial discharge cycle. In this case, since IT has already been
enabled, there is no need to disable it again during the entire learning cycle. Once IT has been
enabled, update status in the gas gauging section of data flash will go from 00 to 04.

* An alternative method before starting this initial discharge would be to make sure impedance track is
disabled. The GAUGE_EN flag of the manufacturing status register would be cleared if impedance
track is disabled. If the GAUGE_EN flag is set, clear it by sending command 0x21 or clicking the
GAUGE_EN button in the command window. This is different from earlier gauges in that IT enable
command can be toggled on and off. In earlier gauges, once IT is enabled, it can never be disabled via
command. Disabling impedance track prevents resistance updates from occurring during this initial
discharge.

4.2.2 Relax for 5 Hours

e This relaxation time allows for a valid OCV reading to be taken and stored for the Qmax update. The
valid OCV reading will occur when the dV/dt of the battery is < 1 uV/s for a 1s configuration or < 2 pV/s
for a 2s configuration. The voltages does not need to be monitored, the gauge monitors for this
condition and takes the OCV reading once met.

* The [VOK] and [RDIS] bits in the IT status() register clear once the gauge has taken an OCV reading
and qualified it for a Qmax update.
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The 5 hour wait time is a recommendation; the most accurate time is determine when the [VOK] and
[RDIS] bits are clear. If the alternative method of disabling IT was used, IT enable command should be
sent after the 5 hour wait time. This forces an OCV measurement to be taken, and because the cells
are sufficiently rested, this OCV value is qualified for a Qmax update.

The GaugingStatus[REST] flag is set when a valid OCV reading occurs

Charge Battery to Full
A typical C/2 charge rate is recommended; however, the charge rate is of no consequence

Make sure IT is already enabled at this point before the start of charge (the [Gauge_EN] bit in the
manufacturing status() register should be set).

At the start of charge, the [VOK] bit in the IT status () register should set.
At the end of charge the [FC] bit in the Battery Status () register should be set.

Relax for 2 Hours

This relaxation time allows for a valid OCV reading to be taken and stored for the Qmax update. The
valid OCV reading occurs when the dV/dt of the battery pack is < 1 puV/s for a 1s system and < 1 pV/s
for a 2s system. Again, the gauge monitors for this condition.

The [VOK] bit in the IT status() register clears once the gauge has taken an OCV reading and qualified
it for a Qmax update.

The GaugingStatus[REST] flag is set when a valid OCV reading occurs

The 2 hour wait time is a recommendation; the most accurate time will be looking to see when the
[VOK] and [RDIS] bits are clear.

At this point, the first Qmax update should have occurred. The [QMax] flag is toggled when the QMax
update occurs. Update Status would now be 0x05.

Note that it takes less time for a battery to relax once it is fully charged than it does when it is
discharged

Discharge Battery to Empty

A typical C/5 rate is recommend, but the rate can be as low as C/10. If using a C/10 load, make sure
the gauge sees that the current is at least C/10, if the current is any lower, resistance updates does not
occur.

During the discharge, the resistance table is updated as each grid point is reached (the resistance
table is stored in 15 grid points along the discharge curve).

At this point Update Status should be at 0x06.

Relax for 5 Hours

This relaxation time allows for a valid OCV reading to be taken and stored for the Qmax update. The
valid OCV reading occurs when the dV/dt of the battery is < 1 uV/s

The [VOK] bit in the Control() register clears once the gauge has taken an OCV reading and qualified it
for a Qmax update.

The GaugingStatus[REST] flag is set when a valid OCV reading occurs

The 5 hour wait time is a recommendation; the most accurate time is determined by observing when
the [VOK] bit are clears.

There is another Qmax update at this point

At this point Update Status should be at OxOE. It is important to get an update status of OxOE if a 2s
gauge is used because it means that cell balancing has been enabled. If an update status of OE is not
obtained, the device can be charged to full, relaxed for 2 hours and then discharged to empty, at which
point it should be OE.
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On legacy IT gauges, update status should be changed in the gg file from either OE or 06 to 02 and once
the golden file has been programmed, IT enable command should be sent to turn on the algorithm. When
the IT enable command is sent, update status goes from 02 to 06. The reason for doing this is that
enabling IT also enables lifetime data. On this gauge, there is a separate command for enabling lifetime
data so Update status can be left as 06 for a 1s configuration or OE for a 2s configuration.

5 Learning Cycle Summary in Graphical Form

Relax >2hrs
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Relax >5hrs
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Figure 2. Overview of the Complete Step
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» Option A
« Send FET enable command (0x22)
e + Send GAUGE_ENABLE command (0x0021)

+ Bitregister-Manufacturing Status:Gauge_EN =1
+ Bitregister:IT Status: QEN = 1, VOK=1, RDIS=0
He? + DataFlash:update status = 04
< » Send RESET command (0x0041)
+ Bitregister:IT Status: RDIS=1

W Voltage ~
W Awglurreni = «
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Figure 3. Breakdown of the Steps 1 and 2
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Figure 4. Breakdown of the Steps 3 and 4
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Start discharge
(VOK will set again)
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B AvgCurrent =

~Elapaed(s] «

Figure 5. Breakdown of the Steps 5 and 6

6 Conclusion

The learning cycle is a critical and intergral part of ensuring the proper functionality of a battery pack using
Impedance Track algorithm. The bg28z610 and bq78z100 which are 12C and HDQ devices respectively
both use Impedance track and this step by step procedure for learning will ensure the gauge is properly
and fully functional. The summary of the discussed steps are as follows:

Program the chem id that matches the cell to be used in the application

Configure the data flash parameters for the application. The pertinent df parameters that are required
for successful learning cycle are design capacity, charge termination taper current, discharge current
threshold, charge current threshold, quit current and term voltage. The following conditions must be
met:

— Charge termination taper current > charge and dishcharge current threshold > quit current

— At least, 90% passed charge of design capacity is needed to occur during the charge and
discharge cycles.

The battery should be charged to the max voltage specified by the cell manufacturer and discharged to
the min voltage specified as well to ensure the 90% passed charge condition is met. After a successful
learning cycle, the term voltage and the voltage the cells are charged to can be adjusted to suit the
application specifications.

Enable impedance track (0x21), issue a reset command (0x41). Update status changes from 00 to 04
Discharge the cells to empty and let them relax for 5 hours.

Charge the cells to full ensuring that the fc bit gets set and let it relax for two hours. Qmax updates at
this point and update status goes to 05.

Discharge the cells to empty using the typical discharge rate of your application. It must be between
C/5 to C/10 rate, otherwise, learning will fail. Resistance tables are updated during this discharge
cycle.

Let the cells relax for 5 hours during which the update status would change to 06.
For a 2s application, another charge-relax-discharge- relax cycle should be run to ensure update status
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changes to OE to activate cell balancing.
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESDA48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI's terms and conditions of sale
supplied at the time of order acknowledgment.

TI warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques are used to the extent Tl deems necessary
to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not necessarily
performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
published by TI regarding third-party products or services does not constitute a license to use such products or services or a warranty or
endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual property of the
third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of significant portions of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration
and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for such altered
documentation. Information of third parties may be subject to additional restrictions.

Resale of TI components or services with statements different from or beyond the parameters stated by TI for that component or service
voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
Tl is not responsible or liable for any such statements.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use
of any Tl components in safety-critical applications.

In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No Tl components are authorized for use in FDA Class Ill (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.

Only those Tl components which Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.

TI has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.
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