
1

1

Single Cell Battery Fuel Gauge

SS Jung

ss.jung@serialsystem.com

2018 2Q



2

2

• Battery Characteristic

• What is Fuel Gauge?

• What is TI’s Fuel Gauging Technology?

• TI Single Cell Fuel Gauge Solution

Agenda
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Li-Ion Battery Characteristic
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Terminology - XsYp

• XsYp

– “X” number of cells in series

• Voltage of pack is “X” * Vcell

– “Y” number of cells in parallel

• Capacity of pack is “Y” * Capacity of 1 cell

Pack Configurations Example

2 Series

1 Parallel

2S1P

1 Series

3 Parallel

1S3P

1s2p configuration

+3.6V

1s3p

3.6V

+3.6V

2s3p

7.2V

+7.2V

2s1p

+7.2V
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Terminology – Design Capacity

• Battery label says: 3200/3300mAh (min/typ)

• We say “Design Capacity = 3300mAh”



6

6

Terminology – “C-Rate” or Hour rate”

• “C-rate” or “Hour rate” is a way of expressing current 

relative to nominal battery capacity.

• If nominal capacity is 3300mAh…

– A discharge rate of “1C” means use a current of 3300mA.
• In theory, it would take 1 hour to discharge at this rate, but actually it will probably 

be shorter.

– A charge rate of “C/2” means use a current of 1650mA.
• This is also considered a “2-hour rate”.
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OCV Curve
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Simple Battery Model

• A battery is a complex electro-chemical system, but let’s start with a 

simplistic model…

CBAT RBAT
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IR drop: different usable capacities

• VLoaded moves down if:

– Resistance increases

– Rate (load current) increases

– Temperature decreases
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What is Fuel Gauge
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Fuel Guage Concept
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Broad Applications with Battery Gauges

PE – Core 
• Smartphones

PE – Non Core
• Sports Cam

• Wireless Speaker

• Wireless Headset

• Gaming

• MiFi

• Powerbank

• Notebooks

• Tablets

Industrial 
• EPOS

• Handheld meters 

• eBike

• Drone

• Home automation

• Portable Medical

• Robotic

• Super cap

• UPS - ESS

• Wearable

• BT accessories

http://www.google.com/imgres?imgurl=http://teachwithyouripad.wikispaces.com/file/view/ipad_bookshelf.jpg/146566683/ipad_bookshelf.jpg&imgrefurl=http://teachwithyouripad.wikispaces.com/&usg=__2ziuNLeg708-h0CR6mLKVO6iaCU=&h=375&w=500&sz=75&hl=en&start=40&zoom=1&itbs=1&tbnid=8DL70eDn7EgGTM:&tbnh=98&tbnw=130&prev=/images?q=ipad&start=21&hl=en&safe=active&sa=N&rls=com.microsoft:*&ndsp=21&tbs=isch:1&ei=FNRiTYSHPMKBlAfz_bT4Cw
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What can a gauge do?

• Predict the future

• Enhance safety

• Be a “black box”

• Extend run-time

• Extend lifetime of a battery
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• Predict the future
• capacity (% or mAh or mWh)

• run-time predictions (in minutes)

• charge time predictions

• Enhance safety

• Be a “black box”

• Extend run-time

• Extend lifetime of a battery
730 mAh

2701 mWh

Run Time  6:27

63%

What can a gauge do?
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What can a gauge do?

• Predict the future

• Enhance safety

– Controls protection functions inside the battery pack

• Be a “black box”

• Extend run-time

• Extend lifetime of a battery
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What can a gauge do?

• Predict the future

• Enhance safety

• Be a “black box”

– record usage conditions

– assist with warranty analysis and troubleshooting

– assist with supplier quality improvement

• Extend run-time

• Extend lifetime of a battery
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What can a gauge do?

• Predict the future

• Enhance safety

• Be a “black box”

• Extend run-time

– confidently use all available battery capacity with no 

surprises

– no unused capacity due to over-cautious shutdown 

conditions

• Extend lifetime of a battery
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What can a gauge do?

• Predict the future

• Enhance safety

• Be a “black box”

• Extend run-time

• Extend lifetime of a battery
• get more cycles from a battery

• uses dynamic learning and battery modeling to control healthy, 

safe, and fast charging
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What else can a gauge do…

• Authentication

– Ensure only safe/authorized packs are used

• State of Health

– Objectively tell user when a battery is at end of life

• Traceability

– Store serial numbers, production information, and more inside gauge’s flash 

memory

• Instrumentation in system

– Highly accurate voltage, current, and temperature measurements

– Useful for system characterization and production tests

• Assist with power management

– Control charger or load 

– Recommend maximum current that won’t crash battery

– Allow host to remain in low power state and wait for interrupts
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What is TI’s Fuel Gauging 
Technology?
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Definitions

• OCV – open circuit voltage 

– relaxed or predicted voltage with no load

• DOD – depth of discharge

– 0% is charged to the brim, 100% is completely empty of energy

– Does not depend on load or temperature or system characteristics

• RM – Remaining Capacity in mAh

– Usable capacity of the battery from current DOD to empty

• FCC – Full Charge Capacity in mAh

– Usable capacity of the battery from full to empty

• SOC – state of charge, 0% - 100%

– Full and empty points depend on the system

– Can change with load and temperature

– SOC = RM / FCC

• EDV – End of Discharge Voltage
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Usable Capacity
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• EDV will be reached earlier for higher discharge current.

• Useable capacity Quse < Qmax

RBATOCV

+ -

I

+ -V = OCV - I*RBAT
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What Does A Fuel Gauge Do?

3V

4.2V

Which route is the battery taking?

Suppose 

we are here

0%

• What is the remaining 
capacity at current load?

• What is the State of charge 
(SOC)?

• How long can the battery 
run?
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Current Integration Based Fuel-gauging

• Battery is fully charged

• During discharge capacity is 
integrated 

• State of charge (SOC) at 
each moment is RM/FCC

• FCC is updated every time 
full discharge occurs

0%
3V

RM = FCC - Q

SOC = RM/FCC

4.2V

Q

FCC

Suppose 

we are here
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Learning Before Fully Discharged 
– fixed voltage thresholds

4/23/2018

7%

3%

0%
EDV0

FCC

4.2V

• It is too late to learn 
when 0% capacity is 
reached  Learning 
FCC before 0%

• We can set voltage 
threshold that 
correspond to given 
percentage of 
remaining capacity

• However, true voltage 
corresponding to 7% 
depends on current 
and temperature

EDV2

EDV1
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Learning before fully discharged 
with current and temperature compensation

4.2V

EDV2 (I1)

EDV2 (I2)

OCV

• CEDV

• Modeling last part of 
discharge allows to 
calculate function 
V(SOC, I, T)

• Substituting SOC=7% 
allows to calculate in 
real time CEDV2 
threshold that 
corresponds to 7% 
capacity at any current 
and temperature

CEDV Model:

Predict V(SOC) under any 

current and temperature
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CEDV Model Visualization

3% 4% 5% 6% 7% 8% 9%

Actual battery 

voltage curve

Voltage

OCV curve defined 

by EMF, C0

OCV corrected by 

I*R (R is defined by 

R0, R1, T0)
I*R

Further 

correction by low 

temperature (TC)

Reserve Cap: C1 

shifts fit curve 

laterallyBattery Low
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CEDV Summary

Current measurement

Temperature measurement

Cycle count (age guess)

RSOC for output voltage

Voltage

CEDV

Constants 

and 

Algorithm

The seven constants describe:

• OCV curve shape

• Temperature effect on OCV

• Resistance

• Temperature effect on resistance

• Low temperature effects

• Aging properties

• Reserve capacity 
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Fuel Gauging – Impedance TrackTM

Cell Voltage Measurement
• Measures cell voltage

• Advantage:  Simple

• Not accurate over load conditions

Coulomb Counting
• Measures and integrates current over time

• Affected by cell impedance

• Affected by cell self discharge

• Standby current

• Cell Aging

• Must have full to empty learning cycles

• Must develop cell models that will vary with 

cell maker

• Can count the charge leaving the battery, 

but won’t know remaining charge without 

complex models

• Models will become less accurate with age

Impedance Track™
• Directly measures effect of 

discharge rate, temp, age and 
other factors by learning cell 
impedance

• Calculates effect on remaining 
capacity and full charge capacity

• No host algorithms or calculations
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OCV (open circuit voltage)

• OCV profiles can be very 
consistent if base electrode 
chemistry is the same

• Most voltage deviations from 
average are below 5mV

• Average DOD prediction error 
based on average voltage/DOD 
dependence is below 1.5%

• Same OCV database can be 
used with batteries produced by 
different manufacturers as long 
as base chemistry is same

• Generic database allows 
significant simplification of fuel-
gauge implementation at user 
side
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Measuring OCV

• OCV measurement allows SOC with 0.1% max error

• Self-discharge estimation is eliminated
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Qmax updating

• Charge passed is determined by exact coulomb counting

• SOC1 and SOC2 measured by its OCV

• Method works for both charge or discharge exposure
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Measuring resistance

• Data flash contains a fixed table: OCV = f (SOC, T)

• IT algorithm: Real-time measurements and calculations 

during charge and discharge.

100       75                50          25           0

SOC  %

4.2

3.93

3.67

3.4

Open Circuit Voltage Profile

OCV

VBAT

IRBAT

AVG

BAT
BAT I

V-OCV
R =

V = OCV(T,SOC) - I*R(T,SOC, Aging)
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Ra Grid Point
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Combination of integration and correlation

.

current

........
resistance 

updates

Total capacity 

updates

current

integration

discharge relaxation charge

current

integration

voltage 

correlation

SOC 

updates
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Capacity Prediction using IT

1. Chemistry table in Data Flash:

OCV = f (dod)

dod = g (OCV)

2. Impedance learning during discharge:

R =  OCV – V 

I

3. Update Max Chemical Capacity for each cell

Qmax =   PassedCharge / (SOC1 – SOC2)

4. Run periodic simulations to update 
predictions of Remaining and Full Capacity
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TI Single Cell Fuel Gauge 
Solution
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Single-Cell Fuel Gauge Type

 Host System

Battery Pack

PACK-

Protection

IC

CHG

DSG

Temp

Sense

BAT_GD

Current

Sense

I
2
C

T

PACK+

Voltage

Sense

Battery

Low

FETs

Gas 

Gauge
(bq27520)

Host CPU

or

Power 

Management 

Controller

LDO
REGIN

VCC

DATA

SOC_INT

CE

System-side

Battery Pack

PACK-

Protection

IC

PACK+

TS

Gas Gauge

(bq27541)

LDO REG25REGIN

Vcc

SRP

SRN

SE

BAT

Vss

HDQ

Host CPU

or

Power 

Management 

Controller

 Host System

Pack-side
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Single-Cell Fuel Gauge Type

Battery Pack

PACK-

Protection

IC

PACK+

TS

Gas Gauge

(bq27542)

LDO REG25REGIN

Vcc

SRP

SRN

SE

BAT

Vss

HDQ

Host CPU

or

Power 

Management 

Controller

 Host System

aka “pack-side”
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Single-Cell Fuel Gauge Type

 Host System

Battery Pack

PACK-

Protection

IC

CHG

DSG

Temp

Sense

BAT_GD

Current

Sense

I
2
C

T

PACK+

Voltage

Sense

Battery

Low

FETs

Gas 

Gauge
(bq27520)

Host CPU

or

Power 

Management 

Controller

LDO
REGIN

VCC

DATA

SOC_INT

CE

aka “system-side” / “host-side”
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Discrete Single Cell Gauge
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Discrete Single Cell Gauge Selection Guide
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CEDV vs Impedance Track
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ROM vs FLASH

* ROM based gauges (bq274xx and bq27621)
OTP store FW, default configuration parameters, chemID and Ra 

table. 

Fast configuration

Accuracy error expected to be <5%

* FLASH based gauges (bq275xx, bq277xx family and 

bq27320)
Flash memory is available in large block sizes to accommodate entire 

software algorithms. 

All firmware in FLASH and all configurable data parameters in 

FLASH (chemID and Ra table)

More time to get  configuration

Accuracy error expected to be <1%



45

45

Development Set up
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Development Tool – BQ Studio

Bit Status 0 Bit Status 1
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Development Flow of CEDV

• Characterize battery

• Determine CEDV constants

• Test gauge and optimize

• Finalize golden file

• Ready for production

– Program and test PCB
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Development Flow of CEDV

Created from seven text files

• Discharge log at high temperature & high average current

• Discharge log at room temperature & high average current

• Discharge log at low temperature & high average current

• 3 more, as above for low average current

• Simple config file

➢ Number of cells in series

➢ Termination voltage

➢ Miscellaneous

• Web-based tool – Just remember:

➢ TI.com

➢ Search for “Gauging” or “GPC”

➢ Choose link to Gauging Parameter Calculator
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Development Flow of Impedance Track

• Determine chemID (battery profile)

• Perform learning cycle

• Test gauge and optimize

• Finalize golden file

• Ready for production

– Program and test PCB
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Development Flow of Impedance Track

1-2-3 Battery Characterization for Impedance Track 

Chemistry ID

1. Lookup the cell/pack in the TI database to see if there 

is an existing chemID.

2. If not found, create discharge logs and test for match 

to existing chemID with TI tool.

3. If no match, send cells to TI to characterize and create 

a new chemID .
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Learning Cycle

51

Discharge 

to empty

Relax >5hrs

Charge 

to full

Relax >2hrs

Discharge 

to empty

@ >C/10

Relax >5hrs
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Thank you

SS Jung

ss.jung@serialsystem.com
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