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Cell imbalance and its impacts?

« What is cell imbalance?

— In a multiple cell (in series) battery pack, the cells are mismatched in voltage,
especially toward fully charged and fully discharged

 What are the impacts of the cell imbalance?
— Reduction in runtime
» Premature charge (or early discharge) termination

— Degrading cycle life of the battery pack
* Cell stress from cycling above/below voltage limits

 How can cell balance help?

— Balancing allows cells to reach 100% capacity around the same time, maximizing the
runtime and avoid overcharging to stress on the “weaker” cells to maximize cell life
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Cell imbalance and its impacts?

* Reduction in runtime
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Cell mismatches

Cells will have production & grading tolerances

===

Cell capacity mismatch

Mismatches will result in state of charge differences and be g —-— i
observed as voltage State of charge imbalances

Cell
temperatur @ @ @
Cell z
voltage Cell resistance mismatch
\_/

state of |
Cell ESR charge @ » » @

equivalent series
resistance Cells age unevenly

Cells in series will develop voltage mismatch in use over
time
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But | use high quality cells...

» High quality cells when new
— Closely matched capacity
— Similar cell impedance

 There are no perfectly matched cells — over time, voltage delta may show
dueto

— Capacity difference
— SOC (state of charge) difference
— Impedance difference

* Aging rate delta (leads to further impedance differences) can be caused by
— Temperature variation across the pack
— Different stress exposed onto the “weaker” cells during charge and discharge
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Temperature variation inducing imbalance

46.0°C

« Space-limited design causes local heat

imbalance =

» Cell degradation accelerated =

20.5°C

* Leads to cell imbalance

« System thermal design may reduce E
imbalance 5100G E Temperature profile

variation Label | Cursor | ™Min | Max | Avg | Cursor X/ Cursor Y
J— LIo1  43.4 26.2 46.0 39.3 117 169

between

cells

www. ThermoAnalytics.com
WWW. ansys.com 6
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Electronics

» Typically want load to come from
complete stack

 Cell monitoring pins may induce
imbalance

— 1pA input or leakage:
* 1 yA x 24 hrs/day x 365 days/year
« 8760 pAh/year

* (8.76 mAh/year)/2000 mAh —
0.44%lyear

» Systems with asymmetrical load will
need balancing to keep up with load
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What is imbalance among the cells?

Celll Cell2 Cell3

« Capacity imbalance

— Different chemical capacity — with same amount of charge going into the 50% 55% 50%
cells, the smaller capacity cell will have higher SOC

— Over time, the smaller capacity cell will reach OV and UV earlier than the [S—
others and be more stressed compared to the others I

SOC imbalance

— Same capacity, but different SOC results in different voltages
— Over time, the higher SOC cell will reach OV/UV eatrlier than the others

Celll Cellz Cell3

45% 50% 35%

* Impedance imbalance

- . -
— Cell may have the same SOC, but the IR drop (during discharge) or IR f— ﬁ ?
increase (during charge) causes the voltage delta among the cells :

— Cell with higher impedance have higher IR and trigger OV/UV prematurely

50% 50% 50%

All 3 factors above can lead to cell voltage imbalance

Cell balancing can only balance out the SOC variation [— gy S
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Cell balancing

» Algorithm to identify the cell that needs to be balanced
— Voltage based balancing
» Monitor individual cell voltage and make balancing decision based on cell voltage delta

— SOC based balancing
» Track SOC on individual cell and make balancing decision based on SOC delta

« The method of moving the charge among cells

— Passive balancing
* Bleeding off charge of the “stronger” cell to allow “weaker” cell to catch up (e.g., during
charge) or
* Bleeding off charge of the “stronger” cell to meet the “weaker” cell level (e.g., during relax)
— Active balancing
 Transfer charge from “stronger” cell to “weaker” cell

9

Wip TEXAS INSTRUMENTS



BQ77915 cell balancing mechanism
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» Passive balancing

— Lossy
» Power dissipated in resistors
» Done during charge
— Internal current set by input filter
resistors

— External balancing possible l
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BQ77915 cell balancing

» Duty cycles to measure cells
* Interleaves balancing to avoid adjacent cells

Tek Prevu | E : i . _ _ TekStop | L : ii ]

:"::é\:ic::z::é::::::::::é::::é::::é::::é:::::Celll R :CGIIS
: : 3 ; | ' ; 1 balances | - vez f i . f f f f 11,2,&3
| . . . A A . . . balance

veo -

Ch1 2.00V  Ch2[ 2.00V  M200ms | Pattern HH i+ Chi[ 2.00v [Ch2| 2.00V |M200ms| A Ch4 L 1.20V
2.00V  [ogE 2.00V Ch3[ 2.00V |@iF 2.00V

11[60.00 % i160.00 % 1
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BQ77915 cell balance enable

» Enabled through CBI pull down
— Primarily for configuration and stacking

Tek PreVu | [ — ]

* Requires current
— No balance when idle or discharge

Tek Stop — |

) ) ) ) ) ) ) | CBI I ) | ) ) }
T ST U SO E R AT R A ST, - sttt bbb e PR Ty Rrs bk . R T TP TIN: P
5.00V M 1.00s| A Ch1 ~ 400mV| Cch1l 1.00v @i 20.0mv %M[1.00s| Al Ch2 + 7.20mV|

.00V ch3[ 1.00V |Ch4[ 5.00V
11[20.20 % 12

chil 5.00V  |Ch2
Ch3[ 5.00V |oi
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Charging series cells

Charging 4 1
current \
Chargng 4V | t
voltage
PACK | Ideally all cells match
OV b
Full charge-
(FC) Cell 1
Cells <
Cell 4
Cell 5
t

e l—ﬁ____
/ \ High voltage
— Low voltage

T Low capacity

»
»

t

Wip TEXAS INSTRUMENTS

13



Voltage cell balancing challenge

4

|

IR drop
— May balance wrong cell

Balancing matched cells
— If they are the same, don’t need it

Capacity difference
— Large voltage difference at low voltage

Terminal voltage
Cell voltage

[
»

 Voltage excursion to a fixed threshold vV t
— 1 cell high gives small voltage difference Jf:::::::“$ ““““““““
— 1 cell low gives large voltage difference T
________________ | | _ | | | | o
X 4
4X
t 14
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BQ77915 balance algorithm — Below balance

* Vgrart VOltage threshold oy v
— No balance until above threshold VHYST{ Y
— Thresholds are parked
— 3.8 or 3.5 V options

Veeth = VertL

A 4

4.1V VFC < VCBTH VCBTL

° VHYST and VSTEP Optlons Conflguratlon

_ 50 t0 200 mV, 50 mV steps IS fIxed for a
- part number

Charging 1
current

VSTEP

v

Full t

charge V “Vﬁ,/— _____ 38V Vgrart —
% — e

Cell V
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Balance start region

* Cell(s) cross the Vgrart threshold
— Thresholds are set:

* Vegre @t Vsrart
* Vegry at Vgrep above

Charging 1
current

v

Full "
charge V _“V :

Cell V

v

4.2V Vov
VHYST
4.1V VFC

VSTEP

A

A 4

VCBTH

38V Vgrart|®

| cvs |
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Balance with voltage separation

» Cell voltages are widely separated y
42V ov
— Cell(s) above Vg4 Vs
. 41V Ve
 Cells above V g1y balance if:
— Charge current is present
— No faults are present
Charging 1
current
< I 1 Vv
< "o 1M CBTH
- Vsrer | cv4 |
Full - i > L_cvz
charge V - B 38V Vsrart 1 T " Vesn
Cell V R
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Balance window increment

* When cells are above Vg7, both
thresholds increment by Vgep

— Balancing may stop

Charging 1
current

Full
charge V A

Cell V

4.2V Vov
VHYST
4.1V VFC

A 4

A

VCBTH

A 4

VSTEP

A

VCBTL

38V VgragT]
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Balance resume

« Balancing resumes if cell voltage
separation persists
— Cell(s) above Vg4
— Cell(s) below Vg1,
— Charge current is present
— No faults are present

Charging 1
current

Full
charge V A

Cell V

4.2V Vov
VHYST
4.1V VFC

A

A 4

VCBTH

VSTEP

A

A 4

VCBTL

38V VgragT]
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Balance at V., full charge

* When V gy advances to V., all cells

42v '\
above V. balance v ov
HYST.
— Cell(s) can be above Vg1, — —
. 41V V- |& > V
— Charge current is present FC — [ cva ] CBTH
— No faults are present [ cvi
<« > Vean
Charging 1
current
VSTEP
Full
charge V 38V VgrarT
Cell V
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Balance stop

* When current falls below state
. . 4.2V Vov
comparator hysteresis, balance will
HYST.
stop
. . 41V V. e — [ Lo V
— Level will depend on sense resistor Fo I papy B2 = CBTH
<« > VCBTL
Charging 1
current
VSTEP
Full
charge V 38V VgrarT
Cell V
21
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Balance in OV

* |f a cell reaches V e
oV 4.2V Vov
— CHG FET off from OV Vv
HYST.
» Current stops
— Other balancing stops because of fault 4V Vee e | p— 1 Veer
— The OV cell balances if CBI is enabled
N g VCBTL
Charging 1
current  H
g é - VSTEP
FUH H . t "
charge V v A 38V Vgrart
Cell v / .
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Balance in OV stop

* The OV cell balances until

_ 42V Vov
— Voltage is reduced to below V. (or Vst
QV hysteresis)

— CBIl is disabled 41V Vi | VeeTH

A 4

— Hibernation
N g VCBTL
Charging 1
current
VSTEP
Full
charge vV ] 38V VgragT
Cell V .
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BQ77915: Cell bala
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ncing during stacking

OCDP with a 10M resistor indicates
device is a top device

CBI from upper device communicates
CB enabled / disabled

OCDP must be <500k OR leave
floating to indicate device is at bottom
of stack

State comparator will monitor Rsense
to indicate when charging is occurring
where then cell balancing can occur
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SOC and capacity-based balancing

* Impedance Track™ devices

calculate the delta charge A SE*EFEEGEEE

required to reach 100% for Cell 2 2% up)| ~E--

each cell _ =

b =
« Balance is achieved by g L, Cellomorman 1/‘%%ﬂ
. . o ’ i

controlling the balancing = = gt

. o

time 41s Pl

¥

. <<

SIOW Cell 1 (2% down)

4.14 | |

- Example: BQ40Z80 / 0 = a0 s 0 2w
BQ4OZ5O Number of Cycles
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SOC based balancing example using BQ40Z80

» Battery gauges can balance based on
state of charge (SOC) instead of voltage

* The BQ40Z80 takes the opportunity to
calculate the charge difference between
cells each time a rest voltage reading is
taken

 Cell balancing will activate during charge,
but can be configured to run during a relax
state or even during sleep

« Multiple cells can be balanced
simultaneously if internal balancing is
used or one cell at a time if external FETs
are used for higher balancing currents

CellVoltage 1...4f)

OCV Table

QMAX per
Cell

| Lookup DOD% values for each

Does measured OCV
align with the OCV
table

No

Y

cell

Linear Interpolate DOD % values
for each cell from closest stored
OCV data

!

Calculate ADOD% between each
cell and the highest DOD cell

|

ADOD% x QMAX per cell

I

AG (mAh)
per cell

h J

! AQ Calculation Complete ’
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Flexible balancing using battery monitors

» Battery monitor devices like the BQ769x0 or the BQ769x2 allow flexible
balancing by leaving the balancing algorithm to the user’s host processor

» This allows the system designer the choice of voltage-based or SOC-based
balancing and when to balance (idle, charging, discharging)

* The BQ769x2 family which includes the BQ76942 (10S) and BQ76952 (16S)
also offers the option to run its own balancing algorithm in stand-alone mode
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Cell balancing using BQ769x2

Internal balancing supported through integrated switches with Rpg oy = 25 Q (typ), 40 Q (max)
Internal balancing current with 20 Q series cell resistances before duty-cycling = 4.2 V / (20+20+25) =
64 mA

Cell balancing timing will be optimized, to avoid blocking all balancing while any cell voltage
measurement is underway

Allows external cell balancing using NFETs, PFETs or BJTs

Autonomous cell balancing based on voltage imbalance can be enabled, with settings configured in
OTP to control algorithm

|1+

ki
1

Internal CB External CB w/ NFET External CB w/ PFET External CB w/ NPN
BQ769x2 — BQ769x2
‘ N ae?sm N P A . A N . 4 4 il
I et ven-] ol povent - | vened A1 L vensd]
A [t S W L] > AWM | T W LI >
o Rbal=> [ Rbal>
1 ;l‘_( L A’ rgos b L
- J A I
Cn+1 J‘—< +| - Rgn+1 Cn+1 - - <—| +| Rbnil Cn+1 -
L Ly Ld N — ] =
> B +— T —— o | T | > b—.—*\,,-ﬂ._«'- F— o |
S & - T . by
[ Rbal =
fin (L ven R L ven TS 7 1 1 ven R L ven
AN e AN > AN, . >
A ]74. \/ 1| » ‘; | * \ L [— »
L 1 Dgate Griﬁ = L
p | = Vv p |
Ci
" — Rgn Cn h, LIl i | o - Rbn Cn h,
&,\’ﬂ: L ] N :L L — —l J = * _“'u-’w;"-f :L
Rn-1 cn1 Dgate A" Rbal ant TCn ] Dbase A~
A 1 , I Rod L vena 1 o o Ve / 4 I Rod 1 vena
T l w—yy - )= > T 1J—‘—’ -y = >
L v - Vs v v v v
\J \J Ves + A\ T v v A\ T v
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Cell balancing current for automotive monitor and
balancer BQ7961x-Q1

The BQ7961x-Q1 integrates a Devi
Device MOSFET for each cell to r——- —eee_ .
r————-——-=-- enable passive balancing with a

7 ’JTVC minimum of external Rye ,JTVCH
e h ‘
VCELL ADC signal path components VCELL ADC signal path
CE s B,

......

VCELL ADC signal path

VCELL ADC signal path

t CB Control + CB Control

Qen1

External resistors set the cell
balancing current

[ VeeLL I
“® (2 X RCB) + Rpscony(ocs)

_ Sum of two VCELL
(2 X RCB) + Rps(ony(ocen) + Rps(onygcan-1)
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Cell balancing control

Auto CB control Manual CB control

The cell balancing algorithm is fully configurable and

runs autonomously once enabled

Always duty cycle between odd and even  Only turn on the channels that are enabled

Control

Stop conditions Timers (up to 10 hr) AND cell voltage Timers (up to 10 hr) AND cell voltage threshold
threshold

Thermal pause Yes Yes

C
B
1
(0]

« Auto CB control can support all the configuration list above .

Invalid setting Total enabled channels > OR
> 2 consecutive channels are enabled

Valid Ok, device turns on the enabled channels
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CB thermal pause

Battery

CB TWARN [l Thermistor OTCB

BQ79616-Q1

Jj; TEXAS
INSTRUMENTS

Monitor through internal die Monitor through external thermistor

temperature Pause CB if thermistor measurement >
Pause CB if die temp > 105°C OTCB threshold (programmable)

Resume CB with COOLOFF
hysteresis (programmable)

Recover with 10°C hysteresis

Always on

Register bit enable
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CB remaining timers

» Each cell can set with a different balancing

Celll Cell2 Cell3 Cell4 time

60 min 30 min 20 min 90 min
» CB thermal pause function
— Good for hardware thermal control

X min later ... :
— But system may lose track of the total balancing
time for SOC calculation
‘7' ‘ ‘ ‘7‘ [ I I ] . . .
« CB remaining timers
— Keep track of the remaining balancing time on
each cell

— MCU can read this information anytime (only

MCU can read out the remaining balancing time valid if CB is running)

Better balancing time tracking, better capacity estimation
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External cell balancing

» For applications that require more
balancing current, the BQ79606-Q1

supports external FETs

» Power dissipation of the FET is a
function of discharge current selected an |
and the resistance value of FET at that [
worst-case condition, usually at hot I
temperature B
(1= 3
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Example of cell balancing

A car battery can have up to a 15 Ah cell that needs
to balance from 3.43Vt0 3.4V

This corresponds to 2% of SOC

This means 300 mAh need to be burned out in cell
balancing

With 150 mA, it requires 2 hours

With BQ79606, both timer and voltage comparator
can be set to monitor the cell balancing sequence:

The CB comparator monitors the cell voltage until it
reaches 3.4 V and stops the cell balancing

AND monitor the timer until it reaches 2 hours

The cell balancing will complete to whatever finishes first
(timer OR voltage)

The uC does not have to fully monitor or pull the ADC.
The BQ79606 takes care of the monitoring process.

3,
W ILLUSTRATION OF TYPICAL
4.25 ——— DISCHARGE CURVE AT
FIXED TEMPERATURE AND
4.00 DISCHARGE RATE
3.75 3.43V ~( -
S 350 - N%L
< 325
= A I
> 400 I 7T
275 TYPICAL SLOPE = 3mV TO 5mV __|
: PER % STATE OF CHARGE
2.50
2.25
2.00
100 70 30 0
STATE OF CHARGE (%)
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Example of Rg calculation

Assume desired cell Balancing Current is 240 mA at 80°C with

4.2 cell voltage.

1. Calculation for Cell Balancing Resistor
Viar = 4.2V — Voltage of Battery

Iz = 240 mA — Desired Cell Balancing Current

Rpsiony = 512 = Maximum Resistance of Internal FET at 80°C

R 1 ( 4.2V 50 )
gy = — ¥ | — — —
CE T 27 \240 mA

Rep = 6.250

2. Calculation for Power rating for R.p at worst case
Vyar = 4.2V — Voltage of Battery
Rep = 6.251 — Cell Balancing Resistor

Rpscony = 1.25 1 — Minimum Resistance of Internal FET at Cold

Ambient

o = Veen
cE —
2 X Rep + Rpsiom

- 42V
BT 2 x 6250 +1250

Ipp = 305 mA
Rep Power rating = Vpar X g
Rep Power rating = 305 mA X 4.2V
Reg Power rating = 0.58 W
35
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Conclusion

Cells are not perfectly matched: capacity, SOC, impedance imbalance

Over time imbalanced cells lead to reduction in runtime and battery lifetime

Cell balancing, when implemented correctly, can avoid over stressing the
imbalanced cell and maximizes battery capacity

Combination of internal/external balancing using voltage/SOC based algorithm
should be selected based on the application needs

36

Wip TEXAS INSTRUMENTS



Aiming to provide you with convenience

Buying on Tl.com: from concept to production, inventory when you need it.

Custom quantity reels
now available

Convenience delivered.

Everything v  Searchthe T

Buy on Tl.com - convenience delivered

Purchasing on Tl.com is the easiest way to access the largest inventory of immediately available, authentic Tl parts at lower online prices. From prototype
to production, you can get what you need from Tl - production quantities, preproduction parts, multiple payment options and flat-rate shipping
anywhere, every day.

ti.com/buy

Largest inventory of authentic Tl products
Immediately available inventory

Lowest online prices*

Cut tape, custom and full quantity reels
Exclusive access to preproduction devices

Multiple payment options: line of credit (select
regions), credit cards, PayPal, AliPay, WeChat
Pay, and Union Pay

Flat-rate shipping anywhere, every day
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