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L Battery Management Electronics Topics

Behind Your Designs

« System-level issues with charge control circuits
— Power Path control issues
— Charging a battery during operation of a device
— Thermal Regulation
— Dynamic Power Path Management

« Linear vs. Switch-mode charger implementation examples
— Power loss / efficiency
— EMI considerations

« Battery Capacity Monitoring
— Requirements for fuel-gauging solution
— Overview of existing fuel-gauging solutions and their problems
— How Impedance Track Technology works to address these issues
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Behind Your Designs

Section |
System-level issues with
portable charger implementations

2006 Tl Minnesota Tech Day — Portable Power Seminar



Li-lon Charge CC-CV Profile

Behind Your Designs

Constant Current Constant Voltage

|
< > |« >
A Frecharge)  Fast-charge !
4.2ViCell | | Battery Voltage
v
lchaRGE | '

Taper Current
3.0V/Cell

|bRECHARGE eRMINATION

Pre-charge

P Timer > e
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\XBR Charging with an Active System Load

Behind Your Designs

N . T ICHE IEYS
Adapter T }_IBAT System
X U.SB Charger

— g I

lcug: Charger Output Current
lsar: Current going into the battery
(Effective charge current)

lsys: System load current

If charger is ON : with no system load: ICHG = IBAT
with a system load, ICHG = IBAT + ISYS
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R Charging with an Active System Load: Potential Issues

Behind Your Designs
I I
. ] T CHE EYS
Adapter T }_lgm System
or UsB Charger
B s N I
0 — 4
L :

Charger output current is shared: |-y = lgat * lsvs

Potential Issues:

> Timer fault
> No termination
» System lockup during startup
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Issue 1: Pre-Charge Timer Fault

Behind Your Designs

I I
L B S P g
100mA
Adapter T lgar System
or UsB Charger 20mA
B +

When in Pre-Charge Mode: L e e e e = = |
1. Charger output current is limited to pre-charge current

2. System current “steals” charger output current

3. Battery is charged at a very low rate !

> Pre-charge timer may expire, turning off the charger

Solution: Keep the system off or in a low-power mode during pre-charge
phase !
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Issue 2: Safety Timer Fault

ICHG ISYS

+ B 1 T50mA g
Adapter T IBATA SyStem
or USB 50mA
- Charger :{
A —

1. Charger output current is limited to fast charge current
2. System current “steals” charger output current

3. Battery is charged at a lower rate !

» Charge safety timer may expire, turning off the charger

Solution:
* Increase the safety timer timeout value
* Increase the fast charge current value
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ICHG ISYS
t > T >
10mA 30mA

T N System

Charger I
x —

With a battery deeply depleted or no battery connected:

1. System voltage is initially at zero volts (pack open or no battery)
2. Charger circuit detects a battery “short” and limits charge current
3. System current needed for power-up exceeds available charge current

4. System voltage stuck at very low value .....
» System never starts

Solution: Reduce system start-up current
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Issue 4: Charge Termination NOT Detected
Behind Your Designs A

ICHG
| | 1
+ 0 “ CH’G SYS 0s lgat
Adapter T 2
pS lear | System £ 06
orUSB  [Charger =
- O 0.4
I ISYS
L 0.2
- Fmmmmmm==== — ITERM
With the charger in regulation mode : 0 20 40 60 80 >

Time
1. Charge current will taper down
2. System current exceeds termination threshold
3. Charger regulates system rail at charge voltage, I, > ltgrm
» Termination is not detected
» Charger safety timer fault

Solution:
Disable safety timer or supply additional current to the system
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R Supplying Additional Current to System

Behind Your Designs

MN A >
R = Q lsupp
Supplement supplement lSYS
AC Adapter BQ24013 ;
T IN ouT System
Vi P> VCCe BAT c
D1 — Ll
¢—WW\—7D—e—sTaT1  CE |— 1 1uF
I D2 24 — v i I
= MN—D STAT2 TIE|— = =
|—] VSS ISET ——W\—ir
RSET

* A new circuit supplies the system load current directly from the input source
during voltage regulation ; I g = lgar

 When charging is terminated, the STAT1 pin goes high and disconnects the
supplement circuit.

« Design Example: V| =5V, Vg, = 4.2V, I, = 0.2A,
Voltage drop across Rsupplement =5 -4.2 = 0.8V, Rsupplement=0.8/0.2=4Q

2006 Tl Minnesota Tech Day — Portable Power Seminar 1



4 PLoss (Watt) |
| | gy | 24A
+. | CiS SYS . VIN=5V
Adapter
or UpSB |Ch1-rger e >ystem 2
- I 1
= ] (1000mAh battery)

P =(\Vin =V |
Loss =(Vin -VBAT ) IcHa 24 27 3 33 36 39 42

Under worst case conditions (high VIN, low BAT) : Vear (V)
Charger IC junction temperature is excessive:
Tj =130°C @700mA, Tj = 192C @1.24A, 50°C ambient temperature

> Potential oscillatory behavior if charger has thermal shutdown
» Charger IC damage if charger has no thermal shutdown

Solution: Add thermal management to charger IC !
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Behind Your Designs

Thermal management functions:

Regulate IC junction temperature by reducing
charge current, AND

Turn off the charger when IC junction temperature
* |sexcessive

Slows down the safety timers when the charge
current is reduced by the thermal loop, avoiding a
false safety timer fault

Common implementations:

* The IC junction temperature is regulated to a value
just below the maximum operating junction
temperature, 125°C typical

* The charger is turned off when the Charger IC
* junction temperature is excessive, 150°C typical

2006 Tl Minnesota Tech Day — Portable Power Seminar
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¥R Battery Charger with Thermal Management

Behind Your Designs

AC Adapter
Vin "|_M)/'\”_
Cc1 W\ D1{>|
1uF
1: A ng
.||_

«  Charger on/off control

b024061/66
IN ouT
TMR BAT
STAT1  CE
STAT2 PG
VSS ISET

System

:l_:flfF I

«  Programmable timer — can be disabled by leaving TMR pin floating
«  Programmable charge current rate
«  Charger status: pre-charge, fast charge and fault detected
« Integrated thermal loop
«  Charge Safety timer adjusted dynamically when thermal loop is active
« Input over-voltage protection

2006 Tl Minnesota Tech Day — Portable Power Seminar
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ATER Adding Power Path Management to a System

Behind Your Designs

Adapter Powering System
O R .
+ Ql== 02
— System
Controller Cc1==
| Charging

_ ¥ Battery

O S |

System power supplied from adapter through Q1

Charge current controlled by Q2

Ideal topology when powering system and charging battery
simultaneously is a requirement

Separates charge current path from system current path
 No Interaction between charge current and system current

2006 Tl Minnesota Tech Day — Portable Power Seminar
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R Power Path Management: Potential Issues

Behind Your Desig

Adapter _ ADP ,  System Curren}t Jsvs  System Current
[ *— * lcHe
+ QlL= Q2 SYS
>
—] I System |
Controller BT e | 1 aop
_| Charging S
; l ¥ Battery | Adapter current limit
H 1 ® I
= : >
; Adapter
Input current . lypp = Igar +lsys Vaor voltage
; collapses
ssues: |
| >
 Input voltage collapses Time
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R Dynamic Power Path Management (DPPM)

Behind Your Designs

| . .
ADP | ISYS 4 : : DPPM
. ® 4 @ lSYS : i Mode i
+ T_Joutput]_¢ ! E E
Control Q2 ! : 5
Adapter Current] || | : | i
or USB Control CHG |c1 i | i
= |[System| | S R &_._.___
i ADP AC adapter current limit

n i— ®

System voltage drops if (lsys + lcyg) > lac_mir ICHG

Large voltage drops due to system load pulses generate
undesired ripple at system power rail, causing reset or

T O 2

degrading system performance
DPPM function :

» Reduces the charge current when the system voltage
is below the user-defined Voltage threshold VDPPM 'VDPPM

» “Finds” maximum adapter power !!!
Battery Supplement Mode

System Voltdge
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WISR Dynamic Power-Path Management Charger

Behind Your Designs

System Load

AC Adapter ac Q1
—9 ®
USB USB
D1 D2 D3 ¥ T
= = X AM—] STAT1
D4 77 1
i *— NN\ EJ' STAT2 1?33 QZT
= *— \\\ D> > USBPG
AR 7ere
High: 500mA ISET2
Low: 100mA R1
AN ISETL
TMR
4 R2 VSS

bg2403x

ouT o >
ouT lc
OUT 10uF
ce| Hgn T
Enable 103AT
BAT T I
BAT _
TS
.00 3.3V/20mA
PSEL High: AC |
oPPI Low: USB 1' RT2
%
R3 =

AC adapter or USB port can power the system and charge the battery simultaneously
Dynamically reduces the charge rate to maximize adapter to system current

Battery Supplement enables use of “weak” adapters
Selectable charge current limits : USB 100/500mA, AC adapter up to 1.5A

« Battery Management features maximize battery capacity, cycle life and safety
2006 Tl Minnesota Tech Day — Portable Power Seminar
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bq24032A

Test Results

Behind Your Designs
TekPre'-Ju | L = ]
S e e e e 2 £ T ——————_—— '
AC Adapter Voltage s :
System Voltage | - j j
Battery voltage — —
: 1. i3 Z
a_H2 = - : !
bR : ")
4 ! § Ba‘ttery::Supplem'enEt e
A" Vil Iz i GTLCLY 2uUppen AL N — __
oV : ¢ :Mode 2 ¢ : :
S R A . R, Tl P S N &
0A E%': ;
cm“rm BCh2B '1'm:j'v" 'M|'1'uu'ni.s' | A|'r:h1';r" uhﬁ'v
Ch3l 100mVv ICh4 100my |
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j@: 4.40V

| Ve 1Vidiv
- Vour: 1V/div

Hena: 1A/div

lour: 1A/div

21 Dec 2004
10:29:24
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Summary — Section 1

Behind Your Designs

Basic Configuration: system is directly connected to the battery

®  System rail interacts with battery charger

Power Path: powers the system directly from the input
“  Eliminate charger-system rail interaction issues
* Dynamic Power Path Management and battery supplement mode
“  Prevent system issues during large system current load transients
" Prevent battery MOSFET Body-diode conduction during large
system current load transients

“ Enable use of low cost wall adapters

Thermal management

2006 Tl Minnesota Tech Day — Portable Power Seminar 20



Behind Your Designs

Section Il: Switch-Mode Charger Issues

2006 Tl Minnesota Tech Day — Portable Power Seminar
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R  Switch-Mode vs. Linear Charger Implementation

Behind Your Designs

« Linear Battery Charger Challenges

«  Why Switching Charger?

 EMI Analysis

« Loss Calculation and Analysis

« Switching Charger Example and Measurement Results

¢ Summary

2006 Tl Minnesota Tech Day — Portable Power Seminar 22



R Typical Battery Operated System

Behind Your Designs

AC Adapter

! }
CPU Core
F ] i

High LY >

Efficiency
DC/DC LED or LCD

>
Converters

Memory

Li-lon
Digital Circuits

l >

2006 Tl Minnesota Tech Day — Portable Power Seminar




Linear Battery Charger

Behind Your Designs
Vv Vi =9.5V
.IN Vear 4 P oss (Watt) " |
+ t | 124A
CHG | | P
Adapter T S PNESVUTHANR L=
Linear | 1 3 3
—. Charger I 2 - - N
= 1 700mA
(1000mAh battery)
P —_— (V —V ). I O | | ]
LOSS IN BAT CHG 24 27 3 33 36 39 42
Vear (V)

¢ Simple and low cost

Highest power dissipation from pre-charge to fast charge mode transition
® Ideal for low charge current < 800mA

® Thermal issue for > 800mA charge current

® For high charge current applications (Portable DVD, PMP)
What'’s the solution?

2006 Tl Minnesota Tech Day — Portable Power Seminar 24



Solution 1: Thermal Regulation

Behind Your Designs

A

ICHG

TLIM

125°C

lCHG_TLIl\/I

Time

+ Regulate the junction temperature
+ Thermal fold-back at 125°C by reducing charge current
+ Drawback: Increase the charge time, may expire the safety timer

2006 Tl Minnesota Tech Day — Portable Power Seminar 25



PR solution 2: High Efficiency Switching Charger

Behind Your Designs

« Switching Charger: Higher than 90% Efficiency
For V,,=5.5V, Vg,1=3.0V, |.,c=1.24A (1800mAh, 0.7C)
 Power Dissipation:

Linear Charger Switching Charger
Power Dissipation 3.1-Watt 0.4-Watt
Junction Temp Rise 142°C 18.4°C

« Ideal for >1000mA charge current, high input and output voltage difference
 Typical Applications: Portable DVD Players, MP3 Players,....

2006 Tl Minnesota Tech Day — Portable Power Seminar 26



RSynchronous Switching Charger Design Considerations
Behind Your Designs

Adapte

Battery
|

PWM |
Controller I

« Higher Efficiency but Larger Size and Higher Cost Compared to Linear Charger
@ « Small Passive Component Size Needed: Increased Switching Frequency
@ (Consideration #1)

 High Switching Frequency: EMI issues (Consideration #2)

@ e Integrated Power MOSFETSs: Smaller Size, Higher Die Temperature
o Loss and Thermal Analysis (Consideration #3)

2006 Tl Minnesota Tech Day — Portable Power Seminar 21



Inductor Size and Selection

Behind Your Designs

Inductance value and switching frequency relationship:

| = VIN _ VBAT VBAT 1
Al

A
V|N f ripple

S

1

IPeak — ICharge T EIRippIe

=30% | gy

ripple

lsaturaTion ~ 1:9 X lpeak max

Design Tradeoff
Higher switching frequency, the smaller the inductor

Higher switching frequency, the higher the switching losses

2006 Tl Minnesota Tech Day — Portable Power Seminar
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R 50 kHz vs 1.1 MHz Area Comparison

Behind Your Designs

Total Active Area Size Comparison

FG DG~ STATI STAT2

‘9 00@®
s

1.1 MHz Solution 50 KHz Solution
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EMI Considerations

Behind Your Designs

EMI Definition
The interference of one piece of electronic equipment on the operation of
another by means of electromagnetic energy transfer.

« A generator of electromagnetic energy: (a source)

 Transmission of that energy between equipments: (a coupling means)

* A receptor circuit whose operation is negatively impacted by the
transmitted energy: (a victim circuit)

Inductive Coupling Capacitive Coupling
di . dv
EMI Principles: e=M— | =C —
dt dt

2006 Tl Minnesota Tech Day — Portable Power Seminar 30



PCR Solutions to Reduce EMI

Behind Your Designs

« Adding filter (cost! may not work for radiated EMI)
« Adding snubber (cost!)
« Excellent layout (design difficulty)
« Slower switching speed
- No extra cost
- Reduce both conducted and radiated EMI

- May impact efficiency

2006 Tl Minnesota Tech Day — Portable Power Seminar
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.

2006 Tl Minnesota Tech Day — Portable Power Seminar

High dv/dt and di/dt
switching on the phase node
is the major EMI source in a
Buck converter

loy Waveform
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Why Slower Switching Helps

Behind Your Designs

100
trise=5ns -
(a ]
—> 3-150 ﬁm
: s . AN 17505
v \ | £ Ly Fourier m"
|
100kHz  1MHz 10MHz 1OOMHz 1GHZ
100 |
|
trise=100NS R About 25dB Less! :
m L
. B ?150 Fourier mﬂﬂ :
2 | Analysis '
11/ | 52007 == === === -t
=
< 1us ol L LI ‘ i
100kHz  1MHz 10MHz oo 1GHz
Frequency 23
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2438 Acgs
1

_f__v_P;.Héﬁf

Phase node voltage

] Edge Slope

Ch3 500mA

R SGomy & BIE 206 VM S6.0rs Ch2 L 4,00 V)

e ..--rmugn--_-,-%fn.wg A B s Wb S b

Source
ch2

Type
<Edge>

Tek Run: 2. OOGst ET Sample

Mode
Holdoff

o Edge Slope

VPH Phase node vo'ItéQé”?

-k

Ch] 22,00V B C

Source

Type
<Edge>

Couplmg Slope Level
ch2 De A 3.3V

Mode
&
Holdoff

(dBuv)

evel [dBuV]

46dB
FCCi

CISPR (Europe

l ) 't

L A
i i LI Wi M ')":-r#_g'.‘lﬂ,l_ﬁhﬁqj:}h Jhﬂ!!!
|

‘5oM 100M  200M  500M  1G(H2)
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0
-10
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R Loss Analysis: Synchronous Switching Charger

Behind Your Designs

Q1 L RsNs
_H_l

Te

Driver and | Q2

Cout
Controller I

Conduction losses
Switching Losses

[ ]
MOSFETSs Body Diode Conduction Losses
Gate Drive Losses
Winding Losses
°* In r
ducto Core Losses
* RsNs Resistive losses

Cap ESR Losses, IC losses ...
o
Others < PCB Trace Conduction Losses

2006 Tl Minnesota Tech Day — Portable Power Seminar 3



MOSFET Conduction Losses

Behind Your Decinng

lo1 L

lout

> SRS
lo2

—I*} Q2 C

-- lout

1
IRMS_Ql = \/D(ICZ)UT EAIEJ

>

2
PconDp = Igms - Rpson

RDSON is a function of
temperature, normally
increases by 0.39%/°C

Al MOSFET Q2

2006 Tl Minnesota Tech Day — Portable Power Seminar




Q1 Losses

_OM1

A,
2

Al

Pswoff_Ql =0.5 'VlN ’(IOUT +7) '(Atvsw _OFF1 +AtISW_OFF1) 'fsw

P

swon _Q1

20-5'V|N '(IOUT - )'(AtISW_ONl +Atvsw _ONl)'fSW

The total switching losses of Q1: Psw 01 = Pswon 01 1 Psworr o1
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Lower MOSFET - Body Diode Conduction & Reverse Recovery Losses

Behind Your Designs
< L :
T . Yo  ldrain_a2
T —|“}T \7bd a2 C =
Q: lbd_Q2 = - Vbd_a2

lbd_qQ2

* Relates to the short periods of
conduction before and after the on-

time of Q2.
* Dead time -- 20-60ns typically

38
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Gate Drive Losses

Behind Your Designs

Ll :
T ® ®

Gate Drive _lé} Q2 C-=

Porv 01 =Qg 01:VDRV 01-fsw

((:\\ Pbrv 02 =Qg 02 VDRV 02 fsw

‘e,
.
"
-----

Porv =Pprv 01 +PbrRvV 02

2006 Tl Minnesota Tech Day — Portable Power Seminar
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Loss Breakdown @ VIN=12V, VBAT=8.4V, ICHG=1.2A

Linear
T, =55°C
Total Losses 4.32W
Efficiency 57.1%
Temperature rise 153.6°C
IC Junction 208.6°C
Temperature

Behind Your Designs
// \\Converter Loss Breakdown
4 \
08 \
J7 | FETS \
s #'6 | :
1
< 0.5
o '0_4 | | ETa=25°C
o 1 | mTa=55°C
S P37 I
o2 Inductor o0
d.1 4 ! Capacitor
v Jmm [ ¥
/
\ 1 , 2 3 4
SO
| \.\\
l \FE\M
935 Qonduction
0.3 -
< 025 - _
- Driver
0.2 - e Py
: Switching B Ta=25"¢
3 0.15 mTa=55°C
S o4 Body
005 | o diode
0 -
1 2 3 4 5
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Typical Applications Circuit

Behind Your Designs

VIN=9V, Battery: 2-cell in series, ICHG=1.25A, Safety timer: 5 hours,
lorechs = 125mA, Temperature range: 0-45C

ADAPTER (9V or 12V)

IN 1 ouT
C—e l +—13 Jﬁ_
VIN CIN T Q2
T 10uF ¢4 TIN[ pwm ouT
= | Controller [
T3] cELL LSNS
Cs - 6 |vCC BAT [14
0.1uF bg24103 [ Rsers® 75K VTSB
<1—T—1o VsS ISET1] 8 F—WW\
R,:1.5kQ D3: Charge Reer,: 7.5k
—\WW\N—PH— 2 |STATL ISET2] 9 Ro
W 9.31k
R,: 1.5kQ D2: Done 1%
—\N\—p—19] sTaT?2 TS [12
D1:Adg‘p\fer . R,
AMN p— o | PG VTSB |11 —Il—D 442k
Ry 1.5kQ) \\ TTC C,: 0.1pF 1%
<+——7 PGND [17 =
Crr: 0.1pF . [ |
4 16| CE PGND |18 &

2006 Tl Minnesota Tech Day — Portable Power Seminar
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R Efficiency - Calculation vs Measurement
Behind Your Designs

VIN=12V, VBAT=8.4V

Calculation Results Measurement Results
100
80 —~80 S
o\\/ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

=) 60 > ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
< ol
o
S 40 O ol
D O
i.|L=) E ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
w20 w 20

0 0

0 500 1000 1500 2000 0 500 1000 1500 2000

lout (MA) lout (MA)
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Summary — Switching Chargers

Behind Your Designs

« Linear Charger: Low cost, low charge current

« Switching Charger: Ideal Solution for higher charge current
 More complex than Linear Charger

 Reducing the voltage slew rate dV/dt can reduce EMI

* Loss analysis helps thermal design

2006 Tl Minnesota Tech Day — Portable Power Seminar 43



Behind Your Designs

Section lll: Battery Capacity Monitoring

2006 Tl Minnesota Tech Day — Portable Power Seminar
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AR What is a capacity-gauge and why it is needed?

Behind Your Designs

Early portable devices used fuel-gauging for giving raw
estimate to end-user, typically 4 LED based

Notebooks, PDAs, smart phones and increasingly camera
phones need to prevent data loss due to battery failure

System needs to use remaining capacity information to
perform software shut-down to prevent data loss

Requirement to gauge precision is highly increased, because
premature software-directed shut down is equivalent to
degraded battery.

10% wrong fuel gauge means 10% of battery is not used

\ 4
\ 4
\ 4
\ 4

¢

1-45
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The
PQR Example of capacity gauge and protector solution

Behind Your Designs

Fuse/ PTC Discha

Reports:

rge FET Charge FET

«State of
charge
+ «State of health
*Alerts

Data

Clock

SMBus

Controller IC:
*Fuel gauge
-Safety
*Charge control
Cell balancing

Charge
control

——0 0 00
|

Sense resistor

Thermistor

|
|

|
|

|
|

|
|

Cell
voltages

Current
measurement

2006 Tl Minnesota Tech Day — Portable Power Seminar
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Example of capacity gauge and protector solution

Behind Your Designs

1-47
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The
P’R Typical parameters reported to host through SMBus

Behind Your Designs

_icix

Ciptions  Help

S INSTRUMENTS REAL WoODRLD SIGNAL PRODCESS

Ceenamic Data

Mame “alue | Unit [Log|Scan M arme “alue | Unit (Log|Scan
Manutacturer Access anoo hex W Charging Yoltage 16800 T T
Fiemaining Cap. &lam ¥ mah VW Battery Status ooco | hex | WO
ﬁ Fiemnairing Tire &larm 10 mn (M Cycle Count 0 T2
‘. Data Flas ‘ Battery Mode mel hex W Pack Status a0 hew MW
At Rate 0 my (¥ Pack Config E3 hex W W
At Rate Time To Ful B5535  mn W | CellVoltage 1 465 | mv M|
AtRate Time ToEmpty | B5535  mnh W | W Cell Yoltage 2 4071 A I
At Rate 0K 1 ¥ Cell Voltage 3 4065  mv M| W
T emperature 2385 c || ¥ Cell Yaltage 4 ez v W
Voltage 168265  my (W | CEDY 13600 | v W W
—_— Current 0 ms MW ]
‘ Calibration ‘ Lverage Current 0 TR I Static Data
=S Max Ermor 100 z W ¥ MName Yalue Unit
Relative State of Charge 27 4 VM W Dezign Capacity 7200 méh
Fuel Level : , -
2676 % Absall.l,lh.a State of Fhalge 27 4 VM ¥ Desgr? 'V'Dlltage 14400 i
Remaining Capacity 1927 msh | MW Specification [nfo N
Full Charge Capacity 7200 | méh W M arufacture D ate 2003-07-01
Run Time to Empty EBR35 min | W | Serial Murmber 1
Awerage Time to Empty ERA35 min || W t anufacturer Mame Texas Inst.
fuverage Time to Full EBR35 min | W Device Mame bg2024
Charging Current 100 mt W Device Chemistry LIOM
Clear Logs | Log All | Clear Scans | Scan All | Status... |
| Communication Status OK [ AutoCycle O | Pack is Unzealed | AFE Status: 00 [ 10/6/2003 | #5aPM
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R Typical parameters needed for algorithm

Behind Your Desians
pRTaTE
File Cptions  Help
n ™
@TEMS]NSTRUMENTS REAL WORLD SIGNAL PROCESSING
Mame Yalue | Unit Mame Yalue | Unit Mame Yalue | Unit

“ersion o000 hWaximum Cwver Chi 10304 méh AFE O Deg Delay aF . hex
Remaining Time Alarm |10 ITir Charge Efficiency 17 .55 g AFE SC Chg ThY A0 . hex
Remaining Cap Alarm | 360 mah haxitnum Temp G6535.0 B AFE 5C Dag THY 0z hex
Design Yoltage 14400 1y Temp Hysteresis 0.z o AFE Yret 1] 0amv
Specification Info o031 hex Orvverload Current 430 ma, Senze Resistor 17.0138 Ohm
MfrDateyy ey -mim-dd) | 2003-07-01 Overvoltage Margin | 5000 my CC Detta 0.0000000 mah
Serial Mumber 1 Crvercurrent bargin | 700 m cE Offzet 15312
Cyele Court 0 Currert Fault it S00 m DsC Offzet -110
Manutacturer Mame | Texas Inst. Cell 0% Set 256 mh ADC Offset 9 |
Device Mame hio2054 Cell O Reset 16353 'y Temperature Offset | -0.2 |
Device Chemistry LIk Cell U Set 4400 m Board Offset 27
Pack Configuration E5 hex Cell U Reset 3 my AFE Fail Limit 256 Lcounts
Gauge Configuration |41 hex Terminate Wolttade 2300 m Cell Bal Thresh 2EB635 LomY
Misc Configuration 0800 hesx Safety Voltage 1] m Cell Bal Windaw 184532 0 mY
Deadband 9860 n Owver Tem Choy 2000.0 ] Cell Bal Minimutm 2 1y
Self Dizcharge Rate |02 ety Over Temp Chy Reset | 60.0 L Cell Bal Interval 255 | sec

- Electronics Load u] L&, Over Temp Deg 550 L Cell Imbalance Thresh | 65235 LomY

| Cul i bmﬁon Battery Lawe % T.m % Crver Temp Deg Reset| 700 T AFE Check Time 16 | sec

| ) Mear Full 200 mah Lowy Temp Fault nz 2 Sleep Current Thrash |27 .0 m,
Design Capacity 7200 mah Shutdowen Voltage G09330 ' Sleep Time a | EEeC
Full Charge Capacity | 7200 méh WOC TS 0923 mh' Shutdowen Timer 165 Loy
Cycle Court Thresh | 3700 mah WO S0 246357 my OT offzet VH 23162 Lomy
Charging Voltade 16800 e WOC 25 16445 my OT offzet VL 17154 e
Pte-charge Volbage | 2500 1 Emf (EDWOY 320 m OT offzet Temp 34047 | %
Fast Charging Current | 2500 I EDW CO (EDWA1] 3041 [m] POR Courter aa . hex
Mairt Charging Curr |0 M EDY RO (ED2) 2920 (Mm% PF Status 04 | hex
Pre-charge Current  [100 ma EDY TO G141 PF Flag ag hex
Pre-charge Temp 9.5 " EDY R 47116 PF Config oo | hex
Fast Charde Term 0.75 % B0 TC 178 PFIN Time 1] ==
Fully Chardged Clear | 244 % EDW C1 13 FET Fail Cha Curr S18HE | m&
Currert Taper Thresh |-161 s Learning Low Temp | 2.0 B FET Fail Degy Curr 26625 ma
Current Taper Yiig 240 ' AFE Function Control | AC hex FET Fail Time 224 | sec
Taper Termination Min [15.5 . AFE QT Dz Wig ag hiex
Fead All I Hex Dump | Write a‘-‘«lll “wirite All - Preserve Calib. Read Selected Location | | “wiite Selected Looation

| Communication Status OF [ AutoCycle Off | Pack is Unsealed | AFE Statuz: 00 | 10/6/2003 | H50APM 2
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Current integration based fuel-gauging

Behind Your Designs

45 - Battery is fully charged
« During discharge capacity
is integrated

s « State of charge (SOC) at
Q each moment is Q/Q,, .,
* Q. IS updated every time
35 full discharge occurs

EDV

Voltage, V

I I I I
0 1 2 3 4 5 6

S O C:Q/Q Capacity, Ah

max Qmax
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Learning before fully discharged

Behind Your Designs

4.5 [ | [ I

>
EDV2- %
EDV1 3%
EDV 0%
’ 1 ’ Capac?ty, Ah ) i °

2006 Tl Minnesota Tech Day — Portable Power Seminar

It is too late to learn when 0%
capacity is reached

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

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

5l



1ho Learning before fully discharged with
R current and temperature compensation

Behind Your Designs
*  Modeling last part of discharge
45 T | T T allows to calculate function
V(SOC, I, T)
«  Substituting SOC=7% allows to
! calculate in real time CEDV2
- threshold that corresponds to 7%
L \ capacity at any current and
SN 7% temperature
CEDV2(I)) \
CEDV2 (1,)
3
| | | | |
0 1 2 3 4 5 6
Capacity, Ah \—
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\x/ R Effect of aging on current integration based fuel-gauging

Behind Your Designs

» |f learning discharge occurs every cycle, accuracy does not
degrade with aging
 However, in usual applications full discharge occurs rarely

« Every 10 cycles without learning increase error by about 1%, but
can be worse

« With increasing impedance increases difference between Q.
value learned at different discharge rates

« Voltage modeling done for learning at 7% SOC suffers from
Impedance increase error

2006 Tl Minnesota Tech Day — Portable Power Seminar
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Current integration based fuel-gauging

Behind Your Designs

Advantages

Transparent procedure, minimal data collection

Not influenced by distortions of voltage measurement during
operation

Accuracy is defined by current integration hardware

Disadvantages

Learning cycle needed to update Q,
Self-discharge has to be modeled during inactivity periods

Additional data collection is needed if Q,,,, learning has to occur
earlier then EDV

Additional modeling suffers from impedance increase

54
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Voltage correlation based fuel gauging

Behind Your Designs

4.5 I I I |

Voltage, V
W
(9}
I

2.5

SOC, %

SOC=f(V,-IR)

2006 Tl Minnesota Tech Day — Portable Power Seminar

100

Voltage is measured during
discharge

Voltage is corrected by IR drop. R
is used as fixed value or from a
database R=f(SOC, T)

Resulting corrected voltage is
correlated with SOC using a
database SOC=f(V,T)

Alternatively, 3d database
SOC=f(V,I,T) can be used for
correlation
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R Battery — Transient Response

Behind Your Designs

3N

39

3.88

Voltage -V

3.87 \ //
3.86

\ !

3.84 ~
T~

3.83

0 500 1000 1500 2000 2500 3000 3500 4000
Time-s

3.33

4500

3.3

3.3

3.29

Voltage -V

3.27

3.26 \
|

3.25

0 500 1000 1500 2000 2500 3000
Time-s

*C/3 rate current used for both tests
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3500

€ Charged state

m Complete relaxation takes
about 3000 seconds

m Voltage difference between
20 and 3000 seconds is
20 mV

@ Discharged state

m Impedance is much higher,
therefore fast drop

m Despite small passed
charge, complete relaxation
takes about 3000 seconds

m Voltage difference between
20 and 3000 seconds is
40 mV

1-56
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Voltage Relaxation and State of Charge Error

Behind Your Designs

100

€ Any algorithms which either make
impedance correction or directly
correlate voltage under load with
SOC are subject to relaxation error

50

SOC-%

€ Error depends on particular voltage at
the moment of estimation

I
4]
o

o
(V]

3.45 37 3.95 +2 4 Maximal error reaches 15%, average
Vokige- v error 5%

N
o

€ Difference in SOC prediction based
on voltages measured during
relaxation and excitation states

...... reaches 30%

—
Q
:
,
- \
:
‘I
]
-I
.
.
.

4

SOC Error - %
o

In discharge state, impedance and

relaxation error are about 10 times

3.45 3.7 3.95 42 larger, proportionally increasing error
Voltage - V in SOC estimation

|
N
o
o
[N}
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R Charge voltage impacts cycle life & run time

Behind Your Designs

2.2Ah 18650 Li-lon cell

2.5

g 15-

-‘E Expected 20%
=8

m

O

500 cycles

0.5 -

Charge Current: 1.25A
Discharge: 2.0A to 3V

_____capacity loss after

21'C

-4 2V Charge
-4 1V Charge

0 100 200 300 400
Cycle Number
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500

500

700 800

Additional
20% capacity
loss at 800
cycles with
4.2V charge
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R Battery — Under the Hood

Behind Your Designs

Kinetic Steps in Li-lon
Battery

Passivating
Layer

Lit

Electron
Transfer

Diffusion
Inside Particle

Domains of a _ D

New Phase Diffusion

Inside Particle

Growth of a
New Phase

Corresponding Impedance
Spectrum

Electronic, lonic

Conduction
0.15 — ”
T b
(9]
= o = 2 ® 50 pHz
0.1— RN I 83 P
o 1) = o
E g < O °
g g
w
0.05 —
10 kHz
\ R
01 .
0.05 0.1 0.15 0.2

*E. Barsoukov et al., J. New Materials for Electrochem. Sys., 3, (2000) 301
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PQR Effect of Impedance Differences of New Cells

Behind Your Designs

0.05

€ New cells made by same manufacturer
(even in the same batch), and in same
state of charge, have significant
impedance differences

0.025

am2)-0

€ Common industry impedance

measurement at 1 kHz gives false feeling

002 ooss  om o013 o015 of security by being similar for different
e cells. However, only low-frequency

oo impedance reflects DC performance

€ 50 cells reviewed for 2 different
1mHz | 7] manufacturers showed low-frequency
& (1 mHz) impedance variation £15%

0.025

-Im(2)-Q

€ At 1C rate discharge, this difference
amounts to about 40-mV difference, which
results in maximum SOC error of +15% as
shown in previous slide

0.042 0.064 0.086 0.11 0.13
R(Z)-Q

1-60
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R Voltage Error Due to Impedance Change During Aging

Behind Your Designs

0.12

€ Increase of battery impedance
0.08 o g A with aging is much faster than the
decrease of capacity

am(2)-9

€ At 70 cycles, impedance typically
doubles compared to original

0.04

€ This change of impedance
results in voltage-drop error of
/5 mV at 1C rate in fully charged
- state, and much bigger one in
discharged state

3.92

3.63

3.35

Voltage - V

€ Impedance increase widely
depends on usage conditions
such as temperature. Therefore,
estimation of aging by cycle

0 1 W W @ w w0 counting has limited precision

Q - Battery Capacity - %

1-61
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| .R Impedance Dependent on Temperature
Behind Your Designs and Depth Of D|SCharge (DOD)

€ Limiting impedance is
666 0°C f .' strongly dependent on
|

, e temperature in both value
—-—30°C and profile shape
G —40°C
| 50°C

€ Pulse-relaxation profiles

- prererpiitd are acquired at different
. ER00KenY temperatures to provide
0 20 40 60 80 100 temperature dependence
DOD - % database

1-62
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Effect of aging on voltage correlation based fuel-gauging

Behind Your Designs

« Impedance increase with aging introduces significant error
in both IR correction or SOC(V,|,T) table based methods

* Some existing algorithms relay on correlation between R
increase and number of cycles.

* However, this correlation is vague because R increase
depends on usage conditions (such as temperature,
recharge frequency, storage time) more then on number of
cycles.
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Voltage integration based fuel-gauging

Behind Your Designs

Advantages
« Learning can occur without full discharge
* No correction for self-discharge needed

Disadvantages

* |- R correction introduces significant error because
of relaxation effects and variations of R from cell to
cell, so accuracy is generally lower then in
integration methods

« Common noisy operation environments results in
SOC value fluctuations

 Significant data collection for SOC(I,V,T) database
Is needed for every new battery model

2006 Tl Minnesota Tech Day — Portable Power Seminar

64



How to improve handling of battery aging?

Behind Your Designs

« Combine advantages of voltage and current based methods

« Use voltage based method where no load is applied to battery, to
determine starting SOC and no-load capacity degradation

« Use current integration based method when under load

« Update impedance at every cycle using voltage and current
information

« Calculate remaining run-time at given average load using both
open circuit voltage and impedance information.

2006 Tl Minnesota Tech Day — Portable Power Seminar
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The
P’R Tl Innovation: Impedance Tracking

Behind Your Designs o United States Patent (o) Patent No.:  US 6,789,026 B2
Barsoukov ¢t al. 13y Date of Patent: Sep. 7, 2N

* Impedance Track Technology
is a Tl-patented technique for TSI OrCARGE U et oo
accurate battery gauge e e Podie s T4 (U ol Soram et Lotk o 3002

. . L= Freeman, MeKinkey, TX (US) SSn21T A 015 Ohada ot al FawLE2
| t t BOELEID & SO0 Wiknd e s M3
" I Ip el I Ien a |On (730 Assigece: Texas Instrumpents Incorparated, G107, 7T A R0 Har ot al iawiaz
i Doallas, TX (US) A48 163 HI * A2 Kageokavathis ¢lal. .. 33N

* olied by ex 5

{*) Maise Subject io eny disclaimer, the ferm of ihis Elled LY ST

petent is extended or aljusied under 35 Primary Ecaniiner—aha Barlow
LS. 154 by O days. Assisiany Fyeainer—Iohn L

* bq 2 0280- based fu el q a u q e (215 Appl Moo HE42H6X0 II-:.13».:1::-“[:::.l |JF:T|TLTJPTE:: II:HIH bt
system has been ramped to C2) Fis ey 2. 200 & ABSTRACT

(65) Préor Publicstion Data A processor (13) oporates bo detormine amounl of chargo

d t. H 2005 . presently siefed in & haiery by determining that the baimery
pro uc |On In UFS 2T 2066 AL Tul. 1, a0 15 m a spro-currenl melaxed condilson. Ciraalry {16.23)
Reluted U5 Applicotion Duta inctuding o first AT {16) measures an open circwil volisge

POV ol the bawery prics b a period al ime chiring whisth
i . application Mo, 17,313, filled & . X d . .
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(3 Fiekl of Serch e i e S2TESGT, T1;
INKI04, 107, 134; 324420, 427 3B Chaims, 4 Drwing Sheets
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How does Impedance Track work?

Behind Your Designs

« Combines voltage measurements with

4.25Y

coulomb counting e
415V d
— SOC calculated from OCV (C/50) as a 4;;;h\ = 7
starting point: OCV occurs during \\ I
periods of system inactivity (%FULL) — TN\
consistent among supplies with same \\ Start of
anode and cathode materials o charge
— Coulomb counting used to calculate ST T 1 1 1 [ |
capacity (DELTA) S0
— Discharge capacity (FCC) updated as a y discharge
function of SOC(start), SOC(end), and NS
current integration o N L
- Real-time impedance measurement i —(b N

(Impedance Track) corrects FCC for
impedance changes (aging, long

storage, Wear'OUt) Fig. 9 Determining starting SOC for next active period and final SOC after
charging (a) or discharging (b) known amount of charge through battery by OCV
measurement after relaxation from previous active period.

Remaining Capacity = (%FULL * FCC) — DELTA

R = 0OCV — V(rate)
|
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R Comparison of OCV/DOD Profiles for 5
Manufacturers

Behind Your Designs

2 i € OCV profiles similar for all tested
B manufacturers
—— —— - Manufacturer C
s S Vinfeceet € Most voltage deviations from
8 o average are below 5 mV
267 € Average DOD prediction error
based on average voltage/DOD
dependence is below 1.5%
34
0 25 50 75 100
poD - % € Same database can be
used with batteries produced by
oors Fo oy T— : . | | different manufacturers
R s u T 600 Manufacturer A as long as base chemistry
0.01 ~— = = = = Manufacturer D —g 267 — ><><E>€ Manufacturer B .
— Maniscurer£] /o f sy it b [ . O IS Ssame
0.005 "? aly VAPl Y o 133 Manufacturer E S \ ]

< 5| € Generic database allows

= 0 LE 0 - . " . " .

: SN I T F AN B significant simplification of fuel-
-0.005 ,’(j e \U — ‘ O 133 — == el N // gauge |mp|ementat|on
01— ﬁ, at user side
-0.015 \”ﬁ ] -4

4] 50 100 0 25 50 75 100
DOD - % DOD - %
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Improved Initial State Estimation Using

Behind Your Designs

System ON

System OFF

System ON

»
(V)

o
Y
"

v

o
©

Battery Voltage - V

/

w
iy

\ Measurement

Point

0.00 0.50

1.00 1.50
Time - h

2.00

2.50
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¢

OCV from Last Wake-up Measurement

Precision of OCV measurement
allows SOC with 0.1% max error

1000 seconds is sufficient relaxation
time for all tested batteries

If time between last termination and
new start is less then 1000 seconds,
previous SOC can be used because
self-discharge is negligible

Therefore, the need for
self-discharge estimation is
eliminated
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R Removing the Need of Full Discharge

Behind Your Designs

to Account for Capacity Fade

4425 System ON System OFF Charge System OFF ‘ PrObIemS With fUII diSCharge

415 m Takes long time, so rarely used if at all.
> a1 smn of Charge % Errors can accumulate between updates
g 4" \\ r/ = and cause erroneous values due to
> 305 \\ N temperature dependence of termination
£ 3o AN o or point load spike

B |

3750 00 0.50 1\00 1.50 200250 3.00 ‘ SOIUtlon

' ' T Tme-n ' ' m Full capacity can be detected by
comparing SOC before and after
— cmemore T exposure to load. SOC is obtained from
> OCV points (P1) and (P2)

id T are m Charge passed during exposure is
T < — determined by exact coulomb counting
gﬁ’ 3.9 S o m Method works for both charge or
> 38 | discharge exposure
£ 37 il \, &Y
“ 36 | )‘ _i=

: N

' Points A

3.4

0.00 0.50 1.00 1.50 2.00 2.50 3.00
Time - h
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Summary — Battery Capacity Monitoring

Behind Your Designs

€ Problems of existing methods
m Need for full-discharge removed for capacity correction
m Difficulty with low-current coulomb counting removed

m Cumulative uncertainty associated with self-discharge correction
removed

m Correction for change in cell impedance eliminates large errors in run-
time estimation in aged cells

€ Improvements with Impedance Track ™ algorithm

m Easy implementation on user side: removed the need for user-database
collection for most cases

m Additional flexibility: Automated database collection for new chemistries
supported on chip

m New level of precision due to continuously updated total capacity and
resistance
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