Application Note
BQ41xxx Production Calibration Guide

i3 TEXAS INSTRUMENTS

ABSTRACT

This application note details manufacture testing, cell voltage calibration, BAT voltage calibration, PACK voltage
calibration, current calibration (CC), and temperature calibration for the bg41xxx devices.
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1 Manufacture Testing

To improve the manufacture testing flow, the gas gauge device allows certain features to be toggled on or
off through ManufacturerAccess() commands. For example, the PRE-CHG FET(), CHG FET(), DS FET(),
Lifetime Data Collection(), Calibration() features. Enabling only the feature under test can simplify the test
flow in production by avoiding any feature interference. These toggling commands only set the RAM data,
meaning the conditions set by the these commands are cleared if a reset or seal is issued to the gauge. The
ManufacturingStatus() keeps track of the status (enabled or disabled) of each feature.

The data flash ManufacturingStatus provides the option to enable or disable individual features for normal
operation. Upon a reset or a seal command, the ManufacturingStatus() is re-loaded from data flash
ManufacturingStatus(). This also means if an update is made to ManufacturingStatus() to enable or disable
a feature, the gauge only takes the new setting if a reset or seal command is sent.

2 Calibration

The device has integrated routines that support calibration of current, voltage, and temperature readings,
accessible after writing 0xF081 or 0xF082 to ManufacturerAccess() when the ManufacturingStatus()[CAL] bit
is ON. While the calibration is active, the raw ADC data is available on ManufacturerData(). The device stops
reporting calibration data on ManufacturerData() if any other MAC commands are sent or the device is reset or
sealed.

Note
The ManufacturingStatus())[CAL] bit must be turned OFF after calibration is completed. This bit is
cleared at reset or after sealing.

Table 2-1. ManufacturerAccess() Commands

ManufacturerAccess() Description
0x002D Enables/Disables ManufacturingStatus() [CAL]
0xF080 Disables raw ADC data output on ManufacturerData()
0xF081 Outputs raw ADC data of voltage, current, and temperature on ManufacturerData()
0xF082 Outputs raw ADC data of voltage, current, and temperature on ManufacturerData(). This mode enables
an internal short on the coulomb counter inputs (SRP, SRN).

The ManufacturerData() output format is: ZZYYaaAAbbBBccCCddDDeeEEffFFggGGhhHHiilljjdJKkKK,

where:
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Table 2-2. ManufacturerData() Format
Value Format Description
Y4 byte 8-bit counter, increments when raw ADC values are refreshed (every 250ms)
YY byte Output status
ManufacturerAccess() = 0xF081: 1
ManufacturerAccess() = 0xF082: 2
AAaa 2's comp Current (coulomb counter)
BBbb 2's comp Cell voltage 1
CCcc 2's comp Cell voltage 2
DDdd 2's comp Cell voltage 3
EEee 2's comp Cell voltage 4
FFff 2's comp PACK voltage
Value Format Description
GGgg 2's comp BAT Voltage
HHhh 2's comp Cell current 1
Ilii 2's comp Cell current 2
JJjj 2's comp Cell current 3
KKkk 2's comp Cell current 4

2.1 Cell Voltage Calibration

Figure 2-1 illustrates cell voltage calibration.
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Figure 2-1. Cell Voltage Calibration

Tl bg41zXXX devices have two processes to calibrate the cell voltage, which are Global Cell Gain Calibration
and Individual Cell Gain Calibration. Global Cell Gain Calibration computes and applies a singular average gain
value across all cells, while Individual Cell Gain Calibration computes and applies individual gain values based

on each cell.
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For best accuracy, Tl recommends to use the Individual Cell Gain Calibration process for calibrating the cell
voltages.

For both processes, the first step is identical:

1.

Apply known voltages in mV to the cell voltage inputs:
*  VceLL1 between VC1 pin and VSS pin
*  VceLL2 between VC2 pin and VC1 pin
*  VceLLs between VC3 pin and VC2 pin
*  VcEgLLs between VC4 pin and VC3 pin

Global Cell Gain Calibration

1.

2.
3.
4

© N

If ManufacturerStatus()[CAL] = 0, send 0x002D to ManufacturerAccess() to enable the [CAL] flag.

Send 0xF081 or OxF082 to ManufacturerAccess() to enable raw cell voltage output on ManufacturerData().
Poll ManufacturerData() until the 8-bit counter value increments by 2 before reading data.

Read the ADC conversion readings of cell voltages from ManufacturerData():

ADCcg, 1 = BBbb of ManufacturerData()

Is ADCCELL1 < 0x80007 If yes, use ADCCELL1; otherwise, ADCCELL1 = —(OXFFFF — BBbb + 0X0001)
Average several readings for higher accuracy. Poll ManufacturerData() until ZZ increments, to indicate that
updated values are available:

ADCCELL1 = [ADCCELU(reading n) + ...+ ADCCELL1(reading 1)]/n
Average all of the cells to create a single cell gain with the average all voltages:

Veelll +Veellz + Veelld + Veells 16 (1 )

Cell Gain
ADCcei1 + ADCeeyi2 + ADCrey3 + ADCreli4

Write the new Cell Gain value to data flash.
Re-check voltage readings and if these are not accurate, repeat steps 4 — 8.
Send 0x002D to ManufacturerAccess() to clear the [CAL] flag if all calibration is complete.

4
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2.2 Per-Cell Auto-Calibration

Per-cell auto-calibration is a dynamic calibration process that computes individual gain factors for each of the
battery cells independently. Instead of using a global cell gain calibration, it measures and stores a unique

calibration value for each cell in the pack.

In the following section, we will use the bq41z90 (16 cell device) as example. For other device families, based on
the number of supported cells, you need to make corresponding adjustments for message format.

2.2.1 Command Overview

MAC Command: 0x0341 (CELL_VOLTAGE)
Access Mode: RW (Read/Write)

Security Levels: U/FA (Unsealed, Full Access)
2.2.2 Message Structure

2.2.2.1 Data Payload Format
In BQ41Z90, there are total 16 cells.
Payload Size: 32 bytes (16 cells x 2 bytes per uint16_t)
2.2.2.2 Per-Cell Voltage Format
Table 2-3. Per-Cell Voltage Format

Field Type Size Unit

Description

voltage[0..15] uint16_t 2 bytes each mV

Measured voltage for each
cell

2.2.3 SMBus Block Protocol

2.2.3.1 Command Format

Slave Address

Command Code (0x44 for MAC)

Block Length (0x22 = 34 bytes: 2 bytes cmd + 32 bytes data)
MAC Command (0x0341 in little endian: 0x41, 0x03)

Data Block (32 bytes of cell voltages)

== voltage[0] (cell 1) — 2 bytes (little endian)

== voltage[1] (cell 2) — 2 bytes (little endian)

== voltage[15] (cell 16) — 2 bytes (little endian)

After writing, host can read back the gauge’s measured cell voltages.
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2.2.4 Procedure
1. If ManufacturerStatus()[CAL] = 0, send 0x002D to ManufacturerAccess() to enable the [CAL] flag.
2. Read the known voltage applied to each cell and convert to hexadecimal format. For example, if the voltage
is 3000mV, the value is 0xOBBS.
3. Send 0x0341 command to ManufacturerAccess(). The input format must follow the above protocol. The
voltage value is in little endian format. See example below:
a. Block write command for all 16 cells calibrated to 3000mV (hex: 0xOBB8) in bgStudio:
Write Block || 44 | | 68 41032 B3 OB B2 OB B OB B OB B OB
- —— -—  B30BB30BB30B B3 0B B3 0B EA0B
{Hex) (Dec) B2 O BE OB B& OB B& OB B& OB |
b. For each cell not intended to be calibrated, the input value should be zero. For example: Block write
command calibrating cells 1-7 to 3500mV and no calibration for cells 8-16.
Write Block | 44 | 62 4103 ACOD ACOD ACOD ACOD AC
- === ODACODACOD 0000000000000
{Hex) (Dec) 00 DO DD 00 DD 00 DO 00 00 00 00|
4. Send read 0x0341 command to ManufacturerAccess() will return the measured cell voltage values for
calibrated and non-calibrated cells.
5. After individual cell calibration is complete, send 0x002D to ManufacturerAccess() to clear the [CAL] flag.
6. Individual cell voltage gain values can be read in the Calibration section of Data Memory.

Note
The gauge does not execute calibration via 0x0341 command unless a value is present for every cell.

6
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2.3 BAT Voltage Calibration
BAT Voltage Calibration is shown in Figure 2-2.
\

BAT g}

‘ Vaur

vss |

|
Figure 2-2. BAT Voltage Calibration

1. Apply known voltages in mV to the voltage input:

* VBAT between VC4 pin and VSS pin

If ManufacturerStatus()[CAL] = 0, send 0x002D to ManufacturerAccess() to enable the [CAL] flag.

Send 0xF081 or OxF082 to ManufacturerAccess() to enable raw cell voltage output on ManufacturerData().

Poll ManufacturerData() until the 8-bit counter value increments by 2 before reading data.

Read ADC conversion readings of cell stack voltage from ManufacturerData():

* ADCBAT = GGgg of ManufacturerData(),

6. Average several readings for higher accuracy. Poll ManufacturerData() until ZZ increments to indicate that
updated values are available:

+ ADCBAT = [ADCBAT(reading n) + ... + ADCBAT(reading 1)}/n
7. Calculate gain value:

abrwnN

) v
BAT Gain = ADggZT x 216 )
8. Write the new BAT Gain value to data flash.

9. Re-check voltage readings and if these are not accurate, repeat steps 4 — 6.

10. Send 0x002D to ManufacturerAccess() to clear the [CAL] flag if all calibration is complete.
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2.4 PACK Voltage Calibration
PACK voltage calibration is illustrated in Figure 2-3.
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Figure 2-3. PACK Voltage Calibration

Apply known voltages in mV to the voltage input:

*  Vpack between PACK pin and VSS pin

If ManufacturerStatus()[CAL] = 0, send 0x002D to ManufacturerAccess() to enable the [CAL] flag.

Send 0xF081 or OxF082 to ManufacturerAccess() to enable raw cell voltage output on ManufacturerData().
Poll ManufacturerData() until the 8-bit counter value increments by 2 before reading data.

Read ADC conversion readings of pack voltage from ManufacturerData() :

*  ADCpack = FFff of ManufacturerData()

Average several readings for higher accuracy. Poll ManufacturerData() until ZZ increments to indicate that
updated values are available:

* ADCppck = [ADCppck(reading n) + ... + ADCpack(reading 1))/n
Calculate gain value:

. VpACK 16
PACK G = —F~—— X 2
ain = ZpPACK_ (3)

Write the new PACK Gain value to data flash.
Re-check voltage readings and if these are not accurate, repeat steps 4 — 6.

10. Send 0x002D to ManufacturerAccess() to clear the [CAL] flag if all calibration is complete.

2.5 Current Calibration

A diagram of current calibration is shown in Figure 2-4.

'SRP ~ SRN

Icc

Figure 2-4. Current Calibration
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2.5.1 CC Offset Calibration

Note

Due to hardware improvements in this device, CC Offset calibration is not necessary. Only run the CC
Offset Calibration procedure if current is observed when no current is present.

—_

Apply a known current of OmA, and verify no current is flowing through the sense resistor connected
between the SRP and SRN pins.

Externally short the SRN and SRP pins together for best results during CC offset calibration.

If ManufacturerStatus()[CAL] = 0, send 0x002D to ManufacturerAccess() to enable the [CAL] flag.
Send 0xF081 to ManufacturerAccess() to enable raw current output on ManufacturerData().

Poll ManufacturerData() until ZZ increments by 2 before reading data.

Obtain the ADC conversion readings of current from ManufacturerData():

* ADCcc = AAaa of ManufacturerData()

Is ADCcc < 0x80007 If yes, use ADCcc; otherwise, ADC¢c = —(0xFFFF — AAaa + 0x0001).
7. Average several readings for higher accuracy. Poll ManufacturerData() until ZZ increments to indicate that
updated values are available:
* ADCcc = [ADCcc(reading n) + ... + ADCcc(reading 1)}/n
Read Coulomb Counter Offset Samples from data flash.
Calculate offset value:
* CC offset = ADC¢c * (Coulomb Counter Offset Samples)
10. Write the new CC Offset value to data flash.
11. Re-check the current reading and if not accurate, repeat steps 1 — 10.
12. Send 0x002D to ManufacturerAccess() to clear the [CAL] flag if all calibration is complete.

ok wN

8.
9.

2.5.2 Board Offset Calibration

Note

Due to hardware improvements in this device, Board Offset calibration is not necessary. Only run the
Board Offset Calibration procedure if board offset current is observed.

Verify that Offset Calibration was performed first.

Apply a known current of OmA, and verify no current is flowing through the sense resistor connected
between the SRP and SRN pins.

If ManufacturerStatus()[CAL] = 0, send 0x002D to ManufacturerAccess() to enable the [CAL] flag.
Send 0xF081 to ManufacturerAccess() to enable raw current output on ManufacturerData().

Poll ManufacturerData() until ZZ increments by 2 before reading data.

Obtain the ADC conversion readings of current from ManufacturerData():

* ADCcc = AAaa of ManufacturerData()

Is ADC¢c < 0x80007 If yes, use ADCcc; otherwise, ADC¢c = —(0xFFFF — AAaa + 0x0001).
7. Average several readings for higher accuracy. Poll ManufacturerData() until ZZ increments to indicate that
updated values are available:
* ADCcc = [ADCcc(reading n) + ... + ADCCC(reading 1)l/n
Read Coulomb Counter Offset Samples from data flash.
Calculate offset value:
» Board offset = (ADC¢¢ — CC Offset) x Coulomb Counter Offset Samples
10. Write the new Board Offset value to data flash.
11. Re-check the current reading. If the reading is not accurate, repeat steps 1 — 10.
12. Send 0x002D to ManufacturerAccess() to clear the [CAL] flag if all calibration is complete.

N =~

ook w

8.
9.
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2.5.3 CC Gain Calibration

1. Apply a known current (typically 1A to 2A), and verify ICC is flowing through the sense resistor connected
between the SRP and SRN pins.

If ManufacturerStatus()[CAL] = 0, send 0x002D to ManufacturerAccess() to enable the [CAL] flag.

Send 0xF081 to ManufacturerAccess() to enable raw CC output on ManufacturerData().

Poll ManufacturerData() until ZZ increments by 2 before reading data.

Read the ADC conversion readings of current from ManufacturerData():

* ADCcc = AAaa of ManufacturerData()

Is ADCcc < 0x80007 If yes, use ADCcc; otherwise, ADC¢¢c = —(0xXFFFF — AAaa + 0x0001).
6. Average several readings for higher accuracy. Poll ManufacturerData() until ZZ increments to indicate that
updated values are available:

* ADCcc = [ADCcc(reading n) + ... + ADCcc(reading 1)}/n

abwd

7. Read Coulomb Counter Offset Samples from data flash.
8. Calculate gain values:
. 1 16
¢C Gain = Board ijfscet + CC Offset X2 (4)
ADCpp —

Coulomb Counter Offset Samples

9. Write the new CC Gain and value to data flash.
10. Re-check the current reading. If the reading is not accurate, repeat steps 1 — 9.
11. Send 0x002D to ManufacturerAccess() to clear the [CAL] flag if all calibration is complete.

Note

Capacity Gain is no longer used in the BQ41xxx product family and must not be used or modified.

2.6 Temperature Calibration

Figure 2-5 illustrates temperature calibration.

VTSX
VSS

\
% TSx
:

Figure 2-5. Temperature Calibration

2.6.1 Internal Temperature Sensor Calibration

1. Apply a known temperature in 0.1°C, and verify that temperature TempnT is applied to the device.
2. Read the TINT offsetyy from Internal Temp Offset.
3. Read the reported temperature from DAStatus2():
* TINT = AAaa of DAStatus2()ls TINT > 07? If yes, TINT = AAaa — 2732.
4. Calculate temperature offset:

TINT of fset = TEMPp;yp — TINT + TINT of fset,q )

5. Write the new Internal Temp Offset value to data flash.
6. Re-check the DAStatus2() reading. If the reading is not accurate, repeat steps 1 — 5.
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2.6.2 TS1-TS2-TS3-TS4 Calibration

1. Apply a known temperature in 0.1°C, and verify that temperature TEMP+g, is applied to the thermistor
connected to the TSx pin. "TSx" refers to TS1, TS2, TS3, or TS4, whichever is applicable.

2. Read the TSx offset,q from External x Temp Offset, where x is 1, 2,3, or 4.

3. Read the appropriate temperature from the DAStatus2() block as TSx.

4. Calculate the temperature offset:

TSx of fset = TEMPrgy — TSx + TSx of fset,q (6)

Where x is 1, 2, 3, or 4.
5. Write the new External x Temp Offset (where x is 1, 2, 3, or 4) value to data flash.
6. Re-check the DAStatus2() reading. If the reading is not accurate, repeat steps 1 — 5.

3 Summary

This document explains how to calibrate the measurement circuitry in BQ41xxx battery pack manager ICs during
manufacturing. The overall goal is to verify the fuel gauge reports accurate voltage, current and temperature
values.

4 References

» Texas Instruments, BQ41Z50 1-Series, 2-Series, 3-Series, and 4-Series Li-lon Battery Pack Manager,
datasheet.

» Texas Instruments, BQ41Z50 Technical Reference Manual, technical reference manual.

» Texas Instruments, BQ41Z50 Li-lon Battery Pack Manager Evaluation Module EVM user's guide.
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