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Energy Storage-
Lithium Ion Batteries

DC Hydropower

DC-DC
Converter

DC Wind
Power

DC-DC
Converter

DC-DC
Converter |

Other
Renewables

DC-DC

Converter |

External
Grid
C-PCS
Discharge Charge
» <

e e
@ O
5 £
2  Electrode g
Oy ie v §

—(cathode)
N batteries

connected
in senes/
parallel

C-PCS: Control and
Power Conditioning System



Energy density (W h I)

Energy Storage-
Lithium Ion Batteries

400

o (Ni-MH/Ni-Cd (Q (Ni-MH/Ni-cd (@ (Ni-MH/Ni-cd (Q
: (1.2V) (.2v) T2V)
200 l

100 ( Li-lon @
(3.6V)

Lighter weight = sege-

0
| 1 1 1 I I
0 50 100 150 200 250
Energy density (W h kg')
Nature [0028-0836] Tarascon (2001) volume: 414 issue: 686 | page: 359-367, Issues and Octavio Salazar

challenges facing rechargeable lithium batteries, J.-M. Tarascon* & M. Armand}



Battery Capacity and C-rate

Battery Capacity

A battery's capacity is measured in Amp-hours, called "C". This is
the theoretical amount of current a battery delivers when discharged in one hour

to the point of 100% depth of discharge

C-Rate (a.k.a. Charge rate, Hourly Rate)
The C rate is often used to describe battery loads or battery charging. 1C is the

capacity rating (Amp-hour) of the battery.

C-Rate

C-Rate

Hours of Discharge

1C (1 hour rate) 1C 1 hour
C/4 (4 hour rate) 0.25C 4 hours
C/10 (10 hour rate) 0.1C 10 hours

BMS = Battery Monitoring System

SoC=5State of Charge

CC = Coulomb Counter (Accumulated Charge)

UUC = Unusable Charge

FCC = Full Charge Capacity of Battery

OCV = open-circuit voltage

PC = Battery Percentage Charge
RUC = Remaining Usable Charge

RC = Remaining Charge

Example:

Battery capacity= 1500mAh
1IC=1500mA

2C=3000mA

0.5C=750mA




Battery basics-

lithium-ion batteries

(&

Cathode €
Electrolyte @
Q QQ
I wu \o’ 3
I\ N 00
S\ &
Q@
- ’ 1 00¢
’O O
\ \ ’ o
\/ g -
- e,
4 gl ’\ I
Cu .AI
current current
collector

collector é Q =

L L
Graphene Li+  Solvent LiMO, layer
structure molecule structure

Basic Li-lon battery lithiation Principle

Current commercial Battery performance
LiCoO2, C680mAh [1]

Intercalation process

Lithium lon batteries take advantage of the structure of
graphite to intercalate Li lons without drastically changing
its initial structure

Cathode materials [2]

*Layered oxides (LiCoO?2)

*Transition metal phosphates(LiFePO4)
*Spinels (LiMn204)

 Semulo Discharge
Charger

£
<) % o
MY Y TV U S =
§ < ° ) © 3
3 —s RN S
(8] © ° ® 0
IS b [ 0‘%‘.‘ e
g ® © )
: — e 8
o Li* ion %‘ )

Spinel Electrolyte Graphite
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Cell voltage (V)

Cell voltage (V)

Commercially avail

4.5

»
o

w
o

w
o

2.5
4.5

4.0

3.0

2.5

0.2IA (230mA)
N— / 0.5kA (575mA)
Ol
Q%Q / WA (1150mA)
\ 4
Charge: 1150mA(11:A)/4.2V(CC-CV)/2.5h \\\
| Discharge: 0.2I;A, 0.5kA,1LA (E.V.=2.75V)
Temperature: 25 deg. C \ “
0 200 400 600 800 1000
! |
60deg.C  25deg.C ‘
/ 0deg.C -10deg. C -20deg.C
/ | /

/)
J

N

(Maxell- ICP553450SR)

Charge: 1150mA(11:A)/4.2V(CC-CV)/2.5h/25 deg. C \ \‘
Discharge: 230mA(0.2I:A) (E.V.=2.75V)
| | \
0 200 400 600 800 1000
LiCoO2/C; CI150mAh Capacity (mAh)

lable Li-Ion batteries (icoo,)

LiCoO,

Layered structure
160 mAh/g

2d diffusion

Industry used material
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Li-lon batteries (Licoo,)
thermal runaway

Lithium lon Cell Operating Window

Thermal Runaway

300

Cathode Active Material Breakdown
Oxygen Release and Ignition

Possible Venting

Exothermic Breakdown of Electrolyte
Release of Flammable Gases
Pressure and Temperature Increase

Separator Melts

200

Copper Breakdown of SEI_Layer
100 Anode Temperature Rise
Current
Collector Lithium Plating
Dissolves During Charging
B Ccathode Capacity Loss

Breakdown : _ _
0 Shart Circuit Lithium Plating During Charging

Temperature °C

=3

0 2 4 6 8
Cell Voltage (V)

10

Thermal runaway:

80°C : SEl layer dissolved,
electrolyte reacts with electrode
creating new SEl layer (exothermic
reaction) increasing temp

80°C : flammable gases are
released from electrolyte, increase
pressure (Oxygen release~110)
135°C : polymer separator melt
allows internal short circuit
200°C :increased temperature
allows metal oxide (cathode
LiCoO?2) breakdown releasing
Oxygen enabling combustion
Cathode breakdown s an
exothermic reaction increasing
temperature more

Octavio Salazar



Li-Ion High temperature applications
(Oil drilling, medical- heat sterilizing)

Rechargeable high temperature lithium-ion battery
VL 32600-125

Cylindrical, D-sized spiral cell

Reusable up to 200 times
in demanding >100°C environments.
More than 1000 typical oil drilling surveys up to 125°C.

Operating conditions

Charge m

ethod

Constant Current/Constant Voltage

Maximum

charge voltage

Recommended charge voltage range at 125°C

410 +/-0.05V
3.8BVto40V

Maximum recommended charge current

0.8 A [C/5 rate) at 20°C to 125°C

Charge te

mperature range

0/125°C

Maximum continuous discharge current

2.3 A ([C/2 rate)

Pulse discharge current

up to 3.4 A for 2 seconds

Discharge temperature range

0/125°C

4.2

3.6

3.4

3.2

Cell voltage (V)

3.0

2.8

2.6

2.4

’7%4

0°C (after 201

C charge)

NAW

charge) V “ °

20°C AFﬂ:er 20°C charge} 115°C (after] 115°C
80°C Tﬂrer 80°C chal"ge] 125°C (after) 125°C\ charge] /\ ‘ “
|
0 0.5 1 1.5 2 2.5 3 3.5 4q 4.5 5

Capacity (Ah)

(SAFT- VL 32600-125)

4

\
- Drilling industry
1 soc

- <
4
60rC
wrc | Consumer
electronics HEV
Military
‘_.
<
NASA

Source: "Li-lon Batlery Electrolvtes Designed for a Wide Terperature
Range,” Tikhonov, K. and Koch V.R., Covalent Associates, Inc.

High temperature operation:

Initial effect improves reaction rate
High discharge rate increases power
dissipation increasing temperature



Theoretical specific capacity and working
potential of Lithium-Ion electrode materials

L] LJ A L] v L) L] L] L) L L

4.6

4.0 LiCoO,

L
38 -

3.6 -
! LiFePO,
34

iz

-

Voltage (V) vs. Li

Li a4l
B Mﬂn 42 : -------------------------------------------

LiNi,,3Mn, ;Co,,;0,

) 1 L v L] L)

3.2 ; —
3.0 ».— -
or .. 28 L Excess Li, 9
Positive ! Composite .
26} 2
electrodes PREP WA WD R | P W | PR TR SPUSY T S PO |
. . 0 20 40 60 R0 100 120 140 160 180 200 220 240 260 280 300
LiMePo, (Me = Mn, Ni, Co, Cr) ) .
5V Capacity (mAh/g)
T4t LiMn, _ Me, O, (Me = Mn, Co, Cr, Ni, Al)
g LiCo, _ MeO, (Me = Co, Ni, Cr, Al) 5 - | |
i . (a)
- LiFePOy,
e . . 4L —— _
~ Vanadium oxides f
=
= 2F > 3 -
s 14T150]2 . -
o Negative electrodes
A~ w ol _
Carbon .
- Si/C composites 1 4
[ { l
) (b)
0 1200 1800 3800 4200 5 N : : .
0 50 100 150 200
Graphlte Theoretical capacity, mA h/g Q / mAhg'
Fig. 1. A schematic of power parameters (theoretical specific capacity and working potential) of active materials for lithium-ion
hatteries.
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Li-Ion batteries (Licoo,)
M Charge Characteristics

100 - 1500 . 4.5
- Charge Capacity
P = :
80 1200 ———] / Cell Voltage 4.0
< <
et X =
S 60 [ @ 900 / 3.5 %J
Q = I
S 3 / Charge Current S
$40- & 600 | 3.0 =
s s \ Charge:1150mA(11A)/4.2V (CC-CV) O
O O \ Temperature: 25 deg. C
20 300 \ 2.5
\
oL 0 2.0
0 30 60 90 120 150 180
Time (min
* Increased C-rate (min)
Heat induced by power dissipation * High voltage
Lithium plating (impede intercalation) Electrolyte breakdown
Capacity loss
) ) L LiCoO2/C; C150mAh
Dendrite creation (preferential sites) (Maxell- ICPS53450SR)
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State of Charge (SOC)- Fuel gauging

End of charge is based exclusively on cut-off voltage
Premature cutoff due to uncertain capacity measurement results in large quantity of unused

capacity
For multi-media applications, over 25% capacity unused usually

b
& ‘Pre-mature’ 05C
o | set ‘Cut-off’
2 3.4 wephrerrenrnrnrnnrn e N
©
O
3.0 AT asssnnnsn s psle o s o e e s o e i ---------------------------- e E- --------------
‘Desired’ Cut-off enabled 959, ; i 15%
by accurate gauging unused i iunused
: capacity i  icapacity:

Li-ion Battery



State of Charge (SOC)- Fuel gauging
Li-Ion battery management

DCo
Charge
Management - Battery Fuel Gauge Uses a sense

resistor to measure current in and out
of the battery and calculates the
battery’s remaining energy. (Coulomb
counting)

;1 Li-lon Battery Management

» Protection IC Ensures that a Li-lon
battery stays within safe
voltage/current limits

S — « Charge Management IC converts the
IC ] DC input power to a voltage/current
level need to quickly and safely charge
Battery Fuel a battery.
Gauge
o A Vg

Octavio Salazar



State of Charge (SOC)- Fuel gauging

battery management

DCe |
Charge —‘ ﬁ
Management @ f= flow
Ml L =
Protection | fdt = volume
IC °
—‘ e \\ >\ R
Battery Fuel =~ | B ‘},—> v,
Gauge 2
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Usable Capacity—

Usable Capacity—>

State of Charge (SOC)- Coulomb counting
battery characterization- weighted tables

lllllllllllllllllll

Sources of error

* Sample size validity
* In dynamic applications constant monitoring is needed
* Cumulative error build up
* Data points and algorithm
* Columbic efficiency- energy lose (as heat) due to chemical reaction

14

r Usable Capacity 1 L i Usable Capacity i
L {1 Ei 4
L \ i g | / ]
= - o F -
L ]l Ol 4
L J ol i
- - -O = -
3l ]
IIIIIIIIIIIIIIIIIII : 1 1 1 11 1 1 1 1 1 1 1 Il 1 1 1 1 1 1
Cycle Number —> Temperature (°C) —>
(a) (b)
Usable Capacity ‘L L U Isalb\le I{)épla\éii;r IIIII
el
[=1
O F
Ot
o |
ol
gl
IIIIIIIIIIIIIIIIIII D 1 1 1 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Igan (A) > Time (Month) —>
(c) (d)

Practical SOC estimation based
on coulomb counting and look
up tables

Characteristics

* Cycle life

* Temperature

* Charge/discharge rate
* Self discharge
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Li-Ion battery electric circuit model

0.6 1 T
Ry I O model 1
' ' ' model 2
E ) T ........ . ........ ..... model 3
ocv v = | | | | |
&
. |
(a)
R

1.5
ocv V
— | | pr— e e e
~ oshbo
(b) : f
Ra fa % 500 1000 1500
30

OCVvV

I‘J’

OCV — V (mV)
o [
(=] =]
=
: =
: 23
: LS

0 500 1000 1500
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State of Charge (SOC)- Coulomb counting

Igan (A)

1200i\"
10004\1&.:" t\Fﬂ-xl\l\-
= 800
E T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
= 600 l r Usable Capacity ] ; [ Usable Capacity i
Q —
& 400 St . ot .
Charge: 1150mA(11,A)/4.2V(CC-CV)/2.5h © E © 4
200 — Discharge: 1150mA(11:4) (E.V.=2.75V) O L - Ol .
Temperature: 25 deg. C o L , ot .
gl 1 35} :
0 » | . | 4
0 100 200 300 400 500 : 1 1 1 1 1 11 1 11 1 1 1 1 11 1 11 D 1 1 1 1 1 1 1 1 1 1 1 1 1 1
is Cyele number (cycle) Cycle Number —> Temperature (°C) —>
0.21:A (230mA) (a) (b)
. m.
40 \‘ ‘ O 5| A 575 A T T T T T T T T T 7T UL L T T T 1T T T T T T T T T T T T T T T T
s s\\\g AT 1 1s0may 1 i Usable Capacity ’ ‘L I Usable Capacity ’
g \Eii -*;3 L ] '§ i -
£ 35 — — 2T 1 & ;
% \J\ ST ] S ’
o \ o | . ol ]
Charge: 1150mA(11:A)/4.2V(CC-CV)/2.5h o[ i ol ]
3.0 — Discharge: 0.21:A, 0.5LA, ThA (E.V.=2.75V) 9l i Sl i
Temperature: 25 deg. C \ “ - N N N TN TN I T T TN N T T T Y T T 1 - N TR TN N NN T T T Y N T T T S N |
‘ ‘ lzar (A) —> Time (Month) —>
25
0 200 400 600 800 1000 1200 (©) (d
Capacity (mAh)
4.5 ‘ i ‘ T_..................._ T_..................._
60deg.C  25deg. C i N i [ ]
0deg.C -10deg.C 20 deg. C i Open-Circuit Voltage (V) ) [ é ka ]
40 / / / ST 1 < Short Time -
g \ st ] ‘g [ Constant | ong Time Constant 1
T — - - - -
535 \ $ ﬁ = - T = B T
E \\C\ - 1 IS -
E 1 1 1 1 1 1 1 L '} 1 1 1 1 1 1 [l 1 1 1 1 'l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
© \N Vsoc = State of Charge (%) = Time (Second) —>
3.0
Charge: 1150mA(1kAY4.2V(CC-CV)/2.5h/25 deg. C \ \‘I (e) ()
Discharge: 230mA(0.21:A) (E.V.=2.75V)
\ \ \
25

0 200 400 600 800 1000 1200 Octavio Salazar
Capacity (mAh)



Battery diffusion model

| lonic Conduction in Cathode Particle

Composite Cathode Cathede Particle I'L\ Li Metal
‘.‘ Binder 53 - | . ..',C"“. S
s . .
%: gE ...“" Li* lon
' b-o-:;- L] . oo
it 214 |0 0 00
- = ® y...:.. .:..“....
Bl 510009
2 |©:0:0: 0
Iw - - - e
Conductive Additive Electrolyte
LiFePO, - xLi' - xe — xFePQO, +(1-x)LiFePO, Li' = Li
F&' -e - Fg"
Fig. 3. Conduction phenomena in cathode particle (LiFePOy4) during charge.
*Electrical *|onic
= cathode = Electrode
» Conductive additives " Electrolyte
= Current collectors
[

Electrical taps

ImZ/Q

Ry R:\

Q Ca
-0.10
Passivation Charge transfer Diffusion
i \ | |
l l !
-0.05 |- ‘f/
Ri)
0 ™~ L | | |
0.05 0.10 0.15 0.20 0.25
ReZ/Q

*Total internal resistance
= electrical
" jonic
® interfacial

*|nterfacial
" Electrolyte/electrode
= Additives/electrode
= Electrode/current
collector
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Li-Ion battery electric circuit model

Battery Lifetime Voltage-Current Characteristics
] | B | 1
v Rgeties  Reransient 8 Rrtansient L
S0(C
5
§L e
2 g |+
3 ST
AR

1

SOC, current capacity and runtime is calculated through a capacitor (C
Capacity) and a current-controlled current source, from runtimebased

models,
The RC network, similar to that in Thevenin-based models,

simulates the transient response.To bridge SOC to open-circuit
voltage, a voltage-controlled voltage source is used

Octavio Salazar



State of Charge (SOC)- Cell balancing

¢&——1Is
+
[ ] .-
SR Multi-cell battery pack
protection accentuates the need of SOC

e estimation and creates cell
capacity Vs balancing issues
(1.1Ah)

Under voltage

protection

1.3Ah

Consequences of cell unbalance Causes of Cell unbalancing

* Premature cells degradation through State of Charge (SOC) unbalance
exposure to overvoltage Total capacity differences
 Safety hazards from overcharged cells * Impedance differences and gradient
* Early charge termination resulting in
reduced capacity
* Caell health detection issues

Octavio Salazar



State of Charge (SOC): Cell balancing

» Efficient grouping- Cell matching helps minimize
manufacturing variations

 Dissipative cell balancing is less efficient due to
Al Tl TAl T4l P v

_________________________________________ inherent losses associated with the balancing
strategy
§ § § § Current bypass: Cell balancing set-up using by-
pass FETs.
= ===l o N
M e c3 * Non-dissipative balancing minimizes losses but

suffers from longer time required for balancing

]
|
!
H
| AT~
H
!
—O_
O
!
=3
=
o
_O_
_O_

Control

Charge redistribution: each capacitor

ot continuously switches between two adjacent cells,
so current flows to equalize the voltage of the

B4
=

| cells and capacitors
J * C charges to 63% in one time constant to
1 99% in 4T (time constant T=RC)

Control l co Control

Abeywardana, D.B.W.; Manaz, M.A.M.; Mediwaththe, M.G.C.P; Liyanage, K.M.; , "Improved shared
transformer cell balancing of Li-ion batteries," Industrial and Information Systems (ICIIS), 2012 7th IEEE Octavio Salazar
International Conference on , vol., no., pp.1-6, 6-9 Aug. 2012
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Improved shared transformer cell balancing

for Li-ion batteries

<+ Is (1)

I
S11 I
]SIZ

e
LR

BlT Pgim1
o
S22
B2T ] Pyim?

531\ I —> o

v J_ s2 Ir®
K B3T ] Prim3
|
|
|
|
. 1
S(n-1)1F I p
I S(n-1)2
B(n—l)T ] Pri@—l)
| ]
gl
_ LR

Sec
.

A11A2 11RA01AL 1 IAA 1AL 11D

uses a single magnetic core with primary coils for
each cell in the stack.

The secondary of the transformer is switched to
connect with the cell array.

Can balance a multi-cell pack relatively fast, and with
low energy losses
* inductor reaches 63% max current in one time

constant, to 99% in 4T(T=R/L)

A
I I_ Primary gate
' ' —> signal
T
A< - ” \ :
| 1
! I I ! Secondary
] L—Pp! [ > gate signal
A R :
I ] 1
~ . : l" > Ip ()
Iy o :
I ' '
| N ] [ > Is (t)

Abeywardana, D.B.W.; Manaz, M.A.M.; Mediwaththe, M.G.C.P; Liyanage, K.M.; , "Improved shared

transformer cell balancing of Li-ion batteries," Industrial and Information Systems (ICIIS), 2012 7th IEEE

International Conference on , vol., no., pp.1-6, 6-9 Aug. 2012
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Research opportunities

-0.15
—— BNK_20% SOC.z
D O BNK_40% SOC .z
V- BNK_60% SOC z
—~— BNK_80% SOC.z
- BNK_100% SOC .z
-0.10 oev C
c
~
N
§ I
0.6
-0.05
:Z 0.4
0 |
0.05
0
0.10 030
von | 0.25 4
< 005 g ]
3 8 0151
0.04 - g
= 010 -
0.02 1
0.05 4
0.00 0.00
20 40 60 i 80 100 ‘ 20 40 60 80 100
SOC/% SOC /%
22

N

o

model 1
model 2
model 3

Y

0 0.2 0.4 0.6 0.8

Re (mfil)

9
1

I‘?

*Adjust the electrical model based on SOC
*Accuracy improvement needs to be

quantified

*Temperature impact on impedance
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Energy Storage-Current state of Lithium Ion Batteries

Positive Electrode Negative Electrode

Specialty Carbon
LiCoQ:
Basic Li-lon battery lithiation Principle

Current commercial Battery performance
LiCoO2, C680mAh [1]

Lithium lon batteries take advantage of the structure of
graphite to intercalate Li lons without drastically changing
its initial structure

Typical Industry Li-lon Battery performance
Anode material
*Graphite theoretical capacity: 372mAh/g [I]

Cathode materials [2]

*Layered oxides (LiCoO?2)

*Transition metal phosphates(LiFePO4)
*Spinels (LiMn204)

*Intercalation process [2]

*80%capacity @ ~600cycles
Charge

—————

' Positive Electrode  LiCoO2 ——  Litx CoOz2+xLi" + xe-

Discharge

Charge

Negative Electrode C +xLi"+xe- —______~ ClLix

Discharge

Charge

Battery as aWhole  LiCoO2+C " Lit-x CoO2 + CLix

Discharge
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SOC

I (10)

OCV — V (V)

State

0.5

0.08

of Charge (SOC)- Coulomb counting

0 100 200 300
0 100 200 300
0.02 FE1-IHEE Y HH \-
0 100 200 300
t (min)
25

0.6

0.4

1(10)

OCV — V (mV)

......... model 3

QO model |
model 2

1 ! ™
N
0.2 0.4 0.6 0.8 1 1.2
Re (m)
1.5
| b - p— - et e e e n s o
05 .................................................
0 ; ;
0 500 1000 1500
30 : : '
model 1
20 L . model 2
: model 3
10 F- o[ oot i\ -----------
0= : :
0 500 1000 1500
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State of Charge (SOC)- Coulomb counting

Transient_S RTranment_L

—N\VN\— —\VN—
—AM—AN—
) )

R
C

RSeries. cydle /1

Transient_S Transient_S

Fig 1. The battery equivalent internal impedance.
Battery Lifetime Voltage-Current Characteristics

RSeries RTransient_S RTrans ient L

RSelf-Discharge
C Capacity

26 Octavio Salazar



Electrochemical impedance spectroscopy

| Rf Rct
— 3
||

|l
+ Q C
+ v DC electronic load . ! o
C (Used to set Function
enerator -0.10
— DC current) g A\ \1/ \1/
t — (Used to set Passivati h transf e
AC current) assivation arge transfer Diffusion
i | |
Simplified impedance spectroscopy block diagram C l !
N -0.05 -
£
Electrochemical impedance spectroscopy (EIS) I
. . RQ
* induces a small perturbation near the target Y
0.05 0.10 0.15 0.20
* measures the AC impedance from the ReZ/Q
response to the perturbation *Impedance spectrum and equivalent
circuit of lithium battery
* fits the curve using an equivalent impedance
model that can physically explain the *Representative chemical reactions
measured AC impedance, and models the = Passivation
target. * Charge transfer

= Diffusion

J.Lee et al “Novel state of charge estimation method for lithium polymer
batteries using electrochemical impedance spectroscopy” Journal of
Power Electronics 2011 ]

Octavio Salazar
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State of Charge (SOC)- estimation using EIS

-0.15
—0— BNK_20% SOC.z
----- o BNK_40% SOC.z
B v BNK_60% SOC.z
—a— BNK_80% SOC.z
o~ BNK_100% SOC .z
-0.10
c
N
£ i
-0.05
- 20Hz
\
1kHz \ 0.01Hz
0.05 0.10 0.15 0.20 0.25
ReZ/Q
Impedance spectra of the BNK lithium polymer battery at each SOC
*SOC can be estimated using Rct and Time constant
*Time constant is the product of Rct and Cd|
*Adjust the electrical model based on SOC & R

Qs Ca

J.Lee et al “Novel state of charge estimation method for lithium polymer
batteries using electrochemical impedance spectroscopy” Journal of

Power Electronics 2011 ]
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System power management (architecture)

f/"..
DCo | / 4 ) .
Flash LED
Charge ﬁ 3OV ] | <=35v Back light
A LED string
Management Display
3 cell Li-lon K /
7.5V to 12.6V 5V )
POOMA RF, Audio,
. 2V » Data Acquisition
2 cell Lirlony S00mA Disk Drive, etc.
5.0V to 8.4V
n ] REEY
1 cell Li-lon 2.0A g Portable SyStem
2.5V to 4.2V 285V | | .33y USB,Memory, /O,
2.5A System,
Expansion
. 1.8V |
Protection >eA
IC 1.2V
400mA DSP, MCU, ASIC
<=1.8V Cores
0.95V
Battery Fuel =
Gauge 12V Power Rail
5V Power Rail

3.3V Power Rail

vV VvV VY
|
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Energy Storage- industry priorities

Cell Chemistries

Portable | Power tools | Transportation | Medical Grid
parameters
Cost High High High Low Highest
Energy Density (Wh/L) Highest High High high high
Energy Density (Wh/Kg) High High Highest high Medium
Cycle Life (80% capacity) >600 Medium Highest high high
Self-Discharge Rate (Month) | Medium Medium Medium Highest High
High Temperature : : , :
S eEnEe (ERH ) Medium Medium High Low High
row Temperature Medium |  Medium High Low High
Performance (-20+/-2) 8 8
High-rate Discharge/Power | Medium . .
(10C) (4G-H) Highest Highest Low
Safety & Environmental High High Highest Highest | Highest

Concern

(Ref. ARPAe GENII, BEEST, GRIDS programs)
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Cathode material- Lithium Ion Batteries

Cell Chemistries LiCoO, LiFePO, LiMn,O,
Rate Voltage 3.7V 3.2V 3.8V
Charging Voltage 4.2V 3.7V 4.2V
Discharging end Voltage 3.0V 2.0V 2.5V
Energy Density (Wh/L) 447 222 253
Energy Density (Wh/Kg) 140-145 90-110 105-115
Cycle Life >700 >1800 >500
Self-Discharge Rate (Month) 1% 0.05% 5%
High Temperature

Performance Good Excellent Acceptable
(55+/-2)

Low Temperature

Performance Good Good Good
(-20+/-2)

High-rate Discharge (10C) Good Acceptable Best
Safety & Environmental Poor Excellent Good

Concern
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Power conversion- regulation topologies

S Flash LED
=)] i
S ) ‘ <=35V Back light
S Flyback LED string
> _? Display
-]
g
8 Boost or
: Charge Pum| > RF, Audio,
:9 <=5V Data Acquisition
¢ Disk Drive, etc.
4.2
> t
a;:) Buck-Boost Portable System
8 or Charge Pur >
° <=3.3y USB, Memory, l/O,
> \ ¢ System,
5 3.0 Expansion
2 4
n \ Buck >
z or LDO
> v DSP, MCU, ASIC
- <=1.8V Cores
*Typical regulator topologies used for a single cell system \ )
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Crystal structure — back up slide

Three Major Cathode Materials for Li Battery

Olivine Layered Spinel

* Single channel diffusion * 2d diffusion » 3D diffusion
* Higher cycle life
* Lower discharge rate

* Higher discharge rate

LiCoO,: = 160 mAh/g
LiFePO,: = 160 mAh/g LiMn,0,: = 100 mAh/g
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State of Charge (SOC)- Coulomb counting

Energy
Source

Off-Chip
Power Source

______ oy

RF Comm.

Block

Digital Terrestrial
Broadcasting Reception

Positional Information

Reception (GPS)

! g

' Application Function
and Interface

éF'n:u:essing Keypad b
 Book

CPU ||

Processor
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System power management (architecture)

<=5V

RF, Audio,
Data
Acquisition
Disk Drive,
etc.

Portable
System

5.9W

<=3.3V

I/O, Memory,
System,
Expansion
USB, sensor
SIM/SD card

Po = Pixeff Boost :3.6 to 5V
P=1V EFFICIENCY vs. OUTPUT CURRENT
) 100 :
p=?t 2 TTTC TR e —sv
=5 . 80 Mo g =] 800mA
V Buck : 3.6 to 3.3V ) jilbgy ey
EFFICIENCY vs. LOAD CURRENT < it
WITH 1.8V OUTPUT S Bl [[Il
100 m 3 = X /
—> & A 4.55W]
= A /il 260ma =
vﬁj&; i 0 3.6V |
=) 80 7 _ -
4.2V z / Viy-26V V\‘NE\Q.NGVSV ) |V|?|Uu[||5\|/ M H]I H]l
to 3.6V g " ﬁwfﬂﬂ]‘ m 01 1 10 100 1000 10,00
2.75V Tl OUTPUT CURRENT (mA)
@6V)[1920mA e e
6.9W | |t 3.6
e 0 00 A 1
0Of 110 10 1000 10,00 3.3V 3.3V >
LOAD CURRENT (mA) S00OmA
i 675mA el
0.2kA (230mA) 2.23W LDO’s
40 \*\\j\ 0.5l (575mA) 100mA 1.8.0V
s \<§:& 1IA (1150mA) 36w 5 1.8 T00mA
-\\\\%s eff =33| osw
3
ool S em e, N 75mA .
Temperature: 25 deg. C \ “ O 27W 1 2 -
28 leff =—| 75mA
25, 200 400 600 800 1000 1200 LDO Iq not taken 3.3 0.09W

Capacity (mAh)

<=1.8V

DSP, MCU,
ASIC
Cores

in to account
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System power management (architecture)

Buck : 3.6 to 3.3V

EFFICIENCY vs. LOAD CURRENT Portable
WITH 1.8V OUTPUT
_ - System
— | ] [
79
4i2V F 8 ,%/47{ T V=5V <=3.3V
(0] ) Viy=2.6Y Vi =36Y
aov| 3.6V = 0l Wllvﬂﬁ IS\I/N m I/Oéxfénr:ry,
' i 3.3V A
(3.6V)|1920mA o | 2 37W =00 A Expansion
| 660mA = 3.3V 1.65W USB, sensor
50 3.6V LDO’ ' SIM/SD card
675mA S car
4o LTI T
Ot 1 10 100 1000 10,00 2.23W 100mA 1.8.0V
LOAD CURRENT (mA) 36w 1.8 100mA
— <=1.8V
e/ f =33 o1sw
as ' DSP, MCU,
ASIC
P —— 0.21A (230mA) g-lszn;c‘v 1.2 1.2V Cores
S A 021G loff = 2| 7sma
§ 35 \\\fb .
g
sof g tmnmacoon \\\\“
Temperature: 25 deg. C LDO |q not taken
25 ‘ ‘ in to account
0 200 400 600 800 1000 1200

Capacity (mAh)
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Back up slides: Battery basics-
lithium-ion batteries

D <fmm

Cathode

@ Intercalation process Siaiine o Eranitie
0 0 0 . . .
Lithium lon batteries take advantage of the structure of
graphite to intercalate Li lons without drastically changing
09 o
its initial structure
M Discharge
@0 Charger
———>» Charge
1 £
000
Wit
/ e | |
Load —eF |
i

Cu Al
current current

collector QD Q - 6&9 collector

Graphene Li+  Solvent LiMO, layer
structure molecule structure

2
& la
:
.%
103991100 JUaLINY

Current Collector

Basic Li-lon battery lithiation Principle

Current commercial Battery performance Spinel Electrolyte Graphite

LiCoO2, C680mAh [I]
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State of Charge (SOC)- Coulomb counting

Load @ i
=| ’_1\ Discharge
i

©)| DC source — 7+ Charge) @®

Megative Electrode Solid Electrolyte Positive Electrode
(Na) (B -Alumina) (S)

Discharge

il :
2Na + xS S Na2Sx (EMF:2.08 1.78Y)

@ NA, elemental sodium b Na,S,, sodium polysulfide
@ NA+, sodiumion ¢ e,electron

Q 8. elemental sulfur

38
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