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Why Lithium-ion Battery

* Increased investments in EV’s to:
* Reduce gas emissions that affect climate change.
* Account for fossil fuel degradation in the future.

* Automotive makers are looking to:
 Increase travel distance in a single charge.
* Improve acceleration performan@ Lithium-ion Battery
* Improve life time of the battery.

High Energy Density High Power Density Long Life Span

However, Li-ion battery is sensitive to temperature that greatly effects its performance and life time.

l

Thesis Objective: Create virtual electro-thermal model to study the thermal behavior of the battery under
different charging/discharging tests.
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Battery Electrical Model

Datasheet Battery Block
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Available Data

Panasonic

Lithium lon

NCR18650B

Features & Benefits

* High energy density

* Long stable power and
long run time

* Ideal for notebook PCs,
boosters, portable devices,
etc.

" At temperatures below 10°C,
charge at a 0.25C rate.

Specifications

Dimensions

Rated capacity!*

| Min. 3200mAh

Max. 18.5 mm

Capacity'?

| Min. 3250mAh
Typ. 3350mAh

O
o
6.6 mm

Nominal voltage

[3.6v

*withtube  (+

Charging ;CC-CV, Std. 1625mA, 4.20V, 4.0 hrs |
Weight (max.) |48.5¢g E
Temperature | Charge*: 0 to +45°C o
Discharge: -20 to +60°C ‘:
Storage: -20 to +50°C g
Energy density® Volumetric: 676 Wh/|
Gravimetric: 243 Wh/kg -)

11 At 20°C ) At 25°C ) Energy density based on bare cell dimensions

For Reference Only

Charge Characteristics

Charge: CC-CV 0.5C (max) 4.20V, 65mA cut-off at 25°C I

Cycle Life Characteristics

Charge: CC-CV 0.5C (max) 4.20V, 65mA cut-off at 25°C
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Discharge Characteristics (by temperature)
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Discharge Characteristics (by rate of discharge)

Charge:  CC-CV 0.5C (max) 4.20V, 65mA cut-off at 25°C
Discharge: CC, 2.50V cut-off at 25°C
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The data in this document is for descriptive purposes only and is not intended to make or imply any guarantee or warranty.

Element Module Pack
Nominal voltage Vv 3.6 50.4 100.8
Upper limit voltage \Y4 4.2 58.8 117.6
Lower limit voltage \Y4 2.7 37.8 75.6
Nominal capacity Ah 3.3 138.6 138.6
Specific capacity Ah/kg 68
Nominal energy kKWh 0.0119 6.99 13.97
Specific energy (Gravimetric) Wh/kg 245 221.63 150.17
Energy density (Volumetric) wWh/l 677
Continuous discharge current A 4.87 204.54 204.54
Continuous discharge power kW 0.02 10.31 20.62
Specific discharge power W/kg 361 327.08 221.61
Max discharge current (5 s) A 6.6 277.2 277.2
Max discharge power kW 0.024 13.97 27.94
Continuous charge current A 1.5 63 63
Continuous charge power kKW 0.01 3.18 6.35
Max charge current (5 s) A 3.3 138.6 138.6
Max charge power kKW 0.01 6.99 13.97
Life cycle #
Curb weight kg 0.0485 28.518 63.036
Structure weight kg [e] 3 30
Total weight kg 0.0485 31.518 93.036
Height mm 65.3
Width (Diameter) mm 18.5
Thickness (Diameter) mm 18.5
Volume | 0.0175 10.32 20.63
Series - 28 14 2
Parallel -— 42 42 1
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Open Circuit Voltage:

i iefi 0
4 5 DISCharge CharaCterIStlcs at COHStant 25 C 4 2l?ischarge Characteristics vs SOC at Constant 25° C
a
E “ —0.2C 3.8
%’_)3 5 —05C 36
8 —6— 10 = 02
o) s 1C
S, 20 s .., 2c
3
2 5 | | | | | | | >8
0 500 1000 1500 2000 2500 3000 3500 e
Discharge Capacity [mAh]
1-SOC
\ 4
4 Open Circuit Voltage of NCR18650B as Function of SOC 4o Voltage vs. Current at Different SOC Levels
4t . 4
= 3.8 7 3.8 soc
— 1
5 36 . 3.6 0.9
% = 0.8
F34r 8 = 3.4 8-;
<;:> < & 05
= 3.2 . S 3.2 o4
= = 0.3
S 3k b 3 0.2
= 0.1
é 2.8 - 2.8 0
2.6 - 2.6
2-4 1 1 1 1 1 1 1 1 2-4 1 1 1 1 1
0 0.1 0.2 0.3 0.5 0.6 0.7 0.8 0.9 1 [¢] 3 4 5 6 7
1-SOC Current [A]




Battery Internal Resistance:

ocv(soc) <v,(Soc,T,)
Iy

Ri(Tb) SOC) =

Discharge Characteristics at Constant 3.3A

Datasheet Battery (mask) (link)

Implements a model for a lithium ien, lithium polymer, or lead acid battery based off of
discharge characteristics taken at different temperatures. The model can be
parameterized using a typical battery datasheet or through experimental measurement.

Block Options

Initial battery capacity:  Parameter -
Output battery voltage: | Unfiltered -
Parameters

Rated capacity at nominal temperature, BattChargeMax [Ah]: |3.3

Open circuit voltage table data, Em [V]: |ﬂipud(Em)

Open circuit voltage breakpoints 1, CapLUTBp []: | SOC_LUT

Internal resistance table data, RInt [Ohms]: |R0_LUT_bkpl:5

Battery capacity breakpoints 2, CapSOCBp []: |SDCbkpts

Mumber of cells in series, Ns []: |Ns

Number of cells in parallel, Np []: |Np

|
|
|
|
Battery temperature breakpoints 1, BattTempBp [K]: |T_LUT1 | B
|
|
|
|

Initial battery capacity, BattCapInit [Ah]: |3.3

Cancel Help Apply

Block Parameters: Datasheet Battery b
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Battery Thermal Model

 Battery generates heat due to joule’s effect when charging/discharging.

* Energy balance Equation:

dT
My Cpp L = Py (£) — P.(£) = Ri(SOC, TY)IZ(t) — P (1)

i+

Ptn (_T) Cb = (l)F?: Cp=mpCpp

_Tamb




Battery Cooling System

* Liquid Cooling Plate System N\
— [ - @ T
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Thermal properties of the coolant -




PTC Heating Element

« Battery Performance decreases at very low temperatures (in extreme weather conditions)

PTC Heater is added beside the Cooling Circuit

\ ® Tb S OOC :
Battery Pack . —— Liquid Flow
/ Electrical Connection PTC is On, Coolant circulate in the first loop.
Pump mmm  Temperature Sensor
A ———  Air Flow o o
3-way|valve © 0°C<T,=15°C:
) bx PTC is Of f, Coolant circulate in the first |
PTC Heater is Of f, Coolant circulate in the first loop.
< « T, >15°C:
Ambient air . | |
PTC is Of f, Coolant circulate in the second loop.
Fan  padiator




Electro-Thermal Model
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Battery Model Validation

* To ensure model reliability, the model is tested under same experimental tests done on Samsung 94 Ah prismatic battery module.

Element Module

Nominal voltage Vv 3,7 37
Upper limit voltage v 4,15 41,5
Lower limit voltage \"4 2.7 27
Nominal capacity Ah 94 94
Specific capacity Ah/kg 46 3
Nominal energy KWh 0,35 3,48
Specific energy Wh/kg 168,83 126,01
Continuous discharge current A 188 188
Continuous discharge power KW 0,70 6,96
Specific discharge power Wikg 337.67 252.03
Max discharge current (5 s) ) 282 282
Max discharge power kKW 1,04 10,43
Continuous charge current A a7 a7
Continuous charge power kKW 0,17 1,74
Max charge current (5 s) A 188 188
Max charge power KW 0,70 6,96
Life cycle = 4000
Curb weight kg 2,06 20,6

| Structure weight kg 0] 7

Unit: mm Total weight Kg 2,06 27.6

Height mm 125 175
wWidth mm 173 201
Thickness mm 45 486
Volume / 0,97 17,10
Series -— 90 10
Parallel — 1 1

e Module has 10 cells in series.

* Tests are done inside climatic chamber at 25°C
with natural convection as only cooling system.




Samsung 94Ah Electrical Model Parameters:

94Ah cell

Technical Customer Information

SAMSUNG DI GZIITT®

233 DCIR

Gser 0.68 0.68 068 0.74 4134
Discharge
I0=ec 0.94 080 0a1 103 2044
25°C
Gser 0.65 0.5 0.65 067 4134
Charge
I0=ec 092 080 081 &8 2044
Gser 188 200 246 380 4134
Discharge
I0=ec 232 244 3.00 507 2044
5°C
Gzec 410 2088 206 310 4134
Charge
I0=ec 374 283 265 277 2044
Sser 3487 432 amn 180 4134
Discharge
I0=ec 4.39 5.08 10.69 1961 2044
-23°C
Jzec 2602 13.47 13.30 1317 4134
Charge
I0=ec 2834 16.73 15497 16.66 2044
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Samsung 94Ah Thermal Model:

* Cooling of battery through natural convection.

* Energy balance equation:

dT,
myCh,p r Pip () — Po(t) = Ri(SOC, TIE () — haAp(Tp(8) — Tamp)
Th
L
P R .
D o= (B
% Tamb
T I b [A]
L—"
Graug 1 Group 1 V b [v]
= Al = |_-{ .
15t test_urmnl_peolls  Znd ted_correrd_profbe - 30C F
B B o o o el

TS Monitor

-

:\KED | !
J %‘ _E\J—’ T_b [K] Vb [V]

Bth_test corment profile T_ambient

Electrical Model

Sth_fest_corrert_profike




Full “rated” 1/2 C Chargeand 1 C & 3/2 C Discharge
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Impulse Train 1/2 C Charge and Impulse Train % C, 1 C, 3/2 C, 180A Discharge

Peak test 2
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Temperatura peak test 2
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The results show that the virtual model was able to provide similar results as real model with around
72 Vdifference on battery voltage and + 4°C difference on battery temperature.




Panasonic 138.6Ah Battery Pack Simulation

« 138.6 Ah Battery pack is tested at different ambient temperatures under:

» Constant charging/discharging cycles.

* Impulse charging/discharging cycles.

* Tests Common Conditions:
* Initial Battery Temp. is stabilized with ambient temperature.
* Charging current of the battery is 63 A (0.45 C).
 Initial SOCis 0.
* Ambient Temperatures: -20, -10, 0, 25,40 °C

Group 1
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1st_test curmment_profile —
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L v
2nd_test current_profile
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306 st current e ]
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. 0000007
e 80OC
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Full 0.45 C Charge and 1 C & 3/2 C Discharge Test

Battery Pack Measurments at 045 C Charge Current, 1 C & 312 C Discharge Current, Ambient Temperature -20 deqC
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Full 0.45 C Charge and 1 C & 3/2 C Discharge Test

Battery Pack Measurments &t 0.45 C Charge Current, 1 C & 3/2 C Discharge Current, Ambient Temperature 0 degC
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Full 0.45 C Charge and 1 C & 3/2 C Discharge Test

Battery Pack Measurments at 0.45 C Charge Current, 1 C & 312 C Discharge Current, Ambient Temperature 25 degC
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Impulse Train 0.45 C Charge and Impulse Train 0.5 C. 1 C & 3/2 C Discharge Test

Battery Pack Measurments at Impulse Train (.45 C Charge Current, Impulse Train 0.5 C.1 C & 312 C Discharge Current, Ambient Temperature 25 deg
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Conclusions from Test Results:

« As ambient Temp. increases, the ability of passive cooling system to extract heat from battery
decreases.

« Limitations on the duration and amplitude of delivered current should be taken into consideration by
BMS as battery temperature starts approaching its upper limits.

» At high ambient temperatures, an active cooling system could be installed that uses A/C evaporator to

remove heat from battery instead of air-cooled radiator.




Battery Pack Simulation under Different Drive Cycles

* Panasonic 138.6 Ah battery pack is coupled with the vehicle dynamics of Fiat Panda first
series.

* Test Cycles are:
 NEDC cycle
 WLTP cycle
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A) Testing Under NEDC Drive Cycle:

Battery Pack Measurments under NEDC Drive Cycle and Ambignt Temp. of 25 degC
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B) Testing Under WLTP Drive Cycle:

_ Battery Pack Measurments under WLTP Cycle and Ambient Temp. of 25 degC
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Possible future perspective:

Design and integration of predictive control model with
battery model to:

» Predict battery temperature.

» Approve current amplitude.
» Approve current duration.

Thank You




