Battery Module

The battery module has been extensively tested to verify its behaviour both in charge and
discharge mode. To be noted that both weight and physical size of the module prototype under
testing are well within the expected targets (see Table 1):

«  Weight: 27.5 kg
* Dimensions: 206 x 476 x 176 mm

Moreover the tests are intended to verify the coherence and accuracy of the voltage, current
and temperature sensors located in the module and managed by the module BMS with respect
to external test measurements.

To be noted that the module does not have any cooling except for its natural convection inside
the climatic chamber.

Element | Module Pack
Nominal voltage V 3,7 37 333
Upper limit voltage "4 415 41.5 373.5
Lower limit voltage Vv 2.7 27 243
Nominal capacity Ah 94 94 94
Specific capacity Ah/kg 46 3 0
Nominal energy kWh 0,35 3,48 31,30
Specific energy Whikg 168,83 126,01 106,69
Continuous discharge current A 188 188 188
Continuous discharge power kW 0,70 6,96 62,60
Specific discharge power Wikg 337,67 252,03 213,37
Max discharge current (5 s) A 282 282 282
Max discharge power kW 1,04 10,43 93,91
Continuous charge current A 47 47 47
Continuous charge power kW 017 1,74 15,65
Max charge current (5 s) A 188 188 188
Max charge power kW 0,70 6,96 62,60
Life cycle # 4000
Curb weight kg 2,06 206 248 4
Structure weight kg 0 7 45
Total weight kg 2,06 27,6 2934
Height mm 125 175 205
Width mm 173 201
Thickness mm 45 486
Volume / 0,97 17,10
Series 90 10 9
Parallel 1 1 1
[Note | — | Al values @25 “C AND SoC 50%

Table 1: From single cell to module assembly to complete battery pack.

Testing Set-up
The module under testing has been located into a climatic chamber (Angelantoni 600 TL) that

will also provide safety protection in case of cell failures (see Figure 12). The testing
temperature for all test has been set at 25°C.
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The module is electrically coupled to Arbin EVTS-X charge-discharge cycling equipment capable
of bidirectional 200 A currents with 400 mA and 300 mV accuracy.

BEE N =,

Figure 12: Battery module under test located into the climatic chamber set @25°C.

A temperature sensor has been located on the module side (directly on a cell wall) to be used
as reference for the module self-heating under different charging and discharging conditions
(see Figure 13)with respect to BMS integrated temperature and cell voltage sensors (see
Figure 14).

Figure 13: Location of external reference temperature sensor.
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Figure 14: Detail of BMS integrated temperature sensors (one every two cells).

Testing Objective

The main goal of the module testing activity is to check the behaviour of the module under
different charging and discharging conditions within the cell specified “continuous operation
conditions” @ 25 °C:

* 0.5Ccharge (47 A),
« 2 Cdischarge (180 A).

To be noted that more demanding operating condition both at low temperature (down to -40 °C)
and high temperature (up to 60 °C), and peak charging (270 A) and discharging (413 A)
currents where out of the scope of the present testing.
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Full “slow” 1/3 C Charge and 1/3 C Discharge
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Carica potenziostatica

Author(s): Stefano Carabelli

Tempols)

#* Comrente W Tensione

Caricae Scaricaa s C
Criteri di Stop
Step Parametri Condizione Tempo
Cl c s
imatizzazione . - _ ~ .
1 di cella a 25 °C Tambiente=25°C Rat Tflnale_celle—25 “C ( }
2 Fase di riposo I=0A - t > 30 min 1800
Carica _ ’
galvanostatica =31 A % C V>41.5V (4.15V per cella) 11124
4 Carica V=415A : learca < 0.1 A (4.15 V per cella) 4530
Potenziostatica ) caria = = )
5 Fase di riposo I=0A - t > 30 min 1800
6 Scarica I=-31A -1 C Veutorf < 27 V (2.7 V per cella) 11284
7 Fase di riposo I=0A - t > 30 min 1800
Carica e Scaricaa ": C
% ScancaM C a’E
E *}0 25000 30000 35900 -!
S 0 8
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Full “rated” 1/2 C Charge and 1/2 C Discharge
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| Carica potenziostatica

Tempo (s)

==Carrente (A) ==Tensione V]

Author(s): Stefano Carabelli

Carica e Scaricaa 2 C
Criteri di Stop
Step Parametri Condizione Tempo [5]
Climatizzazione di | Tambene=25 _ _ .
cella a 25 °C oC C-Rate Trinale_calle=25 °C (")
Fase di riposo 1=0A - t > 30 min 1800
Carica _ :
galvanostatica 1=47 A o G V>41.5V (4.15 V per cella) 11124
4 Carica V=415A - learica < 0.1 A (4.15 V per cella) 4530
Potenziostatica S canwa == ) P
5 Fase di riposo I1=0A - t > 30 min 1800
6 Scarica I=-47 A -2 C Vewot < 27 V (2.7 V per cella) 11284
7 Fase di riposo I=0A t > 30 min 1800
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£ 7, 5000 g %
3 e
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Full “rated” 1/2 C Charge and 1 C & 3/2 C Discharge

Carica ¥z Ce ScaricaaCe 3/2C
Criteri di Stop
Step Parametri Condizione Tempeo [s]
Climatizzazione | Tamubiene=25 _ _ .
di cella a 25 C oC C-Rate Thinale_cate=25 °C (*)
2 Fase diriposo I=0A - t =30 min 1800
Carica _ y
3 galvanostatica 1=47 A 2 C V=415V (415 V per cella) 7176
4 Carica V=415A - learica < 0.1 A (4.15 V per cella) 4429
Potenziostatica ) i ) )
5 Fase diriposo 1=0A - t > 30 min 1800
6 Scarica I=-94 A c Vewan < 27 V (2.7 V per cella) 3716
7 Fase diriposo I=0A - t > 30 min 1800
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Carica _
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Full “rated” 1/2 C Charge and Impulse Train 1 C & 3/2 C Discharge

Peak Test 1
Criteri di Stop
Step Paramebri Condizione Tempo [s]
Climatizzazione di | Tambierte=25 _ _oE o "
1 cella a 25 C o C-Rate Thinale_calle=25 °C *)
Fase di riposo I=0A - t > 30 min 1800
Carica _ 1
galvanostatica 1=47 A o G V=415V (4.15 V per cella) 7178
4 Carica V=415A - leasiea < 0.1 A (4.15 V per cella) 4429
Potenziostatica ) " ) )
5 Fase di riposo I=0A - t > 30 min 1800
6 Picco in Scarica I=-94 A C Veuratt < 27 V (2.7 V per cella) 300
7 Fase di riposo I=0A - t > 14 min 840
8 Torna al punio 6 se V=27V
9 Fase di riposo I=0A - t > 30 min 1800
Peak test 1
100 - a5
40
50
35
0 4 p— 30
['] 5000 10000 (18 000 il 25000
— 52
y :
£ S0+ L ! 5
b §
3 o
Picchi in scarica C (5 niunu;ugﬂid.!uelirilmun:mﬂl rrnati] 10
150 +
5
e Tempo (s) ‘

=Corrente (A) =—=Tensione (V)
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Peak Test 2

Criteri di Stop
Step Parametri C-Rate
Condizione Tempo [s]
1 Picco in Carica 1=47 A “wo V >41.5V (4.15V per cella) 300
2 Fase di riposo I=0A - t>14 min 840
3 Torna al punto 1 se Veuott < 41.5 V
4 Picco in Scarica I=-47 A “wo Vet < 27 V (2.7 V per cella) 180
5 Picco in Carica 1=47 A 1% C V=415V (4.15V per cella) 60
[ Picco in Scarica I=-94 A c Veuwott < 27 V (2.7 V per cella) 180
7 Picco in Carica 1=47 A wC V=415V (415 V per cella) 60
8 Picco in Scarica I=-141 A 32C Vewott < 27 V (2.7 V per cella) 180
9 Picco in Carica 1=47 A 1% C V=415V (4.15V per cella) 60
10 Picco in Scarica I=-18B0 A - Vewott < 27 V (2.7 V per cella) 180
11 Picco in Carica 1=47 A %G V' >41.5V (415 V per cella) 60
12 Torna al punto 4 se V=27V
13 Fase di riposo I=0A - t =30 min 1800
14 Carioa 1=47 A “C V=415V (415 V per cella) 7176
galvanostatica
Peak tast 2
100 i

Corrente [A)

50 :
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33000
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Picchi in carica % € (5 minuto) seguiti da fase di rilassamento (14 minuti)

I Sequenta & picchi in scarica % £ - £ - 3/2 € - 180A {3 menuti] seguiti da 1 pcco in carica W C (1 menuta) |

Tempo (s)

=={orrente (A} ==Tensione (V)
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Temperatura peak test 2
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Full “rated” 1/2 C Charge and 2 C Discharge

Carica 2 C e Scarica a 180A
Criteri di Stop
_ Step _ Parametri Condizione Tempo [s]
imatizzazione di ambiente=25 _ _ .
! cellaa 25 °C o C-Rate Tinals_cate=25 °C ()
Carica B
2 galvanostatica 1=47 A 2 C V=415V (4.15 V per cella) 7143
3 Carica V=415A . learca < 0.1 A (4.15 V per cella) 3748
Potenziostatica : canea = L :
4 Fase di riposo 1=0A - t > 30 min 1800
5 Scarica I=-180 A 180A Vewatt < 27 V (2.7 V per cella) 1801
3] Fase di riposo I=0A - t > 30 min 1800
Ciclo di scarica -180A
ciclo di carica ¥ C an , 45
50 a8 [} 500 1000 1500 2000
=172 40
a0 | %0
A73 - | o
| 1
10 1
a0 _ | 20
|C-ri|u gabvanostatica ¥ C | SEI 'E'
e 30 E _ 175
=. . =8 7 » =
- 0 2 £ .am - E
g = 20 ‘E - 20.5
o T 177
Carica potenziostatica 15
15
50 178
- i~ 10
4130 i 10
e
=130 1 5
-1B0 - 5
=150 o
0 10000 181 o
Tampo (s) Tempo (s)

* Corrente = Tenslone —COrrente  =—Tensione
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Battery Pack

Slow Discharge

In order to assess the State-of-Charge (SoC) relation with the cell singular voltage value and

distribution (average and standard deviation) a very slow discharge has been carried on using a
pure resistive load.

42000 0.0260
OCV vs SoC Vo= Average OCV/
Unbal vs SoC %+ Unbalance
41000 0.0240
40000 0.0220
39000 0.0200
38000 0.0180
37000 0.0160
36000 0.0140
35000 0.0120
34000 0.0100
33000 0.0080
32000 0.0060
31000 0.0040
30000 0.0020
29000 0.0000
»“?“&
Delta fan) 2000151 2005182 2000045 4000050 5000086 5000128 5000188 5000139 5000124 5000176 5000088 5000087 5000085 5000121 5000077 5000128 5000135 5000156 5000118 5000077 4000156 2000053 2. 2000061 0.656211] -0.358685]
Gumulate [AR] 000000 200015 400533 600538 1000544 1500552 20.00565 2500584 30.00508 35.00610 40.00628 45.00637 5000645 5500654 6000666 6500674 70.0068 75.00700 8000716 8500727 9000735 0400751 96.00756 98.00758 100.00764 100.66585( 100.30717]
SoC % 0000%  1987%  3.979%  5.966%  9.939% 14906% 10.873% 20.840% 20.808% 34.775% 30.742% 44709 49.676% 54643% 59610% 645TI% 69544% 74S511% 70.478% BA4S% 89.412% 93.386% 95373% O7.359%  00.346% 100.000%( 99.644%
IMoaule Cetl_Moa_cell #
1 1 30076 3298 94085 34485 34731 35206 35602 3599 36174 36329 36452 96638  a68ds G708 37601  370I7 36260 38704  GOI74 90654 40212 | 40683 | AOBG6 41165 4143 41507 41469
2 2 3 965 34081 34484 34717 3507 35600 35087 36162 36314 36444 36620 3683 A773 a7 3 S22 386% 39158 3 a8 a4 40877 anse 413 a1s01  al4e0)
3 3 3011 32072 34071 34485 34710 3518 35676 3582 36165 36313 36442 36602 36811 3717 37557 37861 38190 38637 390867 30573 40106 40575 40774 41046 41314 41366 41337
4 4 3000 32067 34077 34483 34723 35192 35678 3592 36162 36316 36441 36623 36831 37160 37568 37903 3825 38695 39162 39640 40207 40679 40882 41160 41424 41403 41463
i s s 30072 32079 3409 3442 34718 35211 35693 3589 36167 36313 36449 36632 36835 37176 37584 37903 36266 38601 30158 39644 40208 40678  A0B7L 41150 41424 4ldo8  4.1asq
6 6 30130 3205 34063 34470 34712 35184 35670 35078 36150 36308 36437 36603 3 37111 3752 37851 3818 38624 39065 39548 40089 40555 40750 41024 41280 41334 41310
7 7 3. 3207 34070 34483 34726 3519 35678 35004 36165 3630 36442 36622 36831 37147 37586 37804 3843 38677 30142 39622 4070 40645 40854 4131 41303 41454 41429
8 8 3.0055 963 34076 34482 34716 3502 35679 35983 36150 36313 36448 36637 36830 37153 37588 37007 38270 38690 39150 39638 40218 40681 40877 41157 41428 4 a.1459
9 9 30072 32072 34077 34485 34720 35200 35688 35983 36167 36316 36448 3662l 36824 37150 37579 37895 38244 38687 39141 39631  40W8 40638 40861 41138 41407  41de7|  41a3il
0 10 3 32088 34088 34491 34733 3500 3560 36000 36174 36326 36448 36622 36834 37166 37580 37887 3825  3se6s 30122 3 40152 40618  40B7 4l 41363 41420  41397)
Tl 30101 32047 3405 34483 34721 35192 35675 3500 36168 36320 36444 36624 36819 37125 37564 37871 38215 3862 39007 30572  AOL24 40581 40784 41055 41315 4138l 4134
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Full Charge

The battery pack (see Figure 15) is charged by means of Brusa AC/DC charger (see Figure 16) at
Y2 C according to the indication of the cell manufacturer to guarantee the number of specified

charge/discharge cycles.

Figure 16: Brusa AC/DC and DC/DC chargers.
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Battery Pack

The reported battery pack voltage and current are measured by the master BMS.

Battery Charge - Pack
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Modules

All module cells are voltage monitored while temperature is measured at couples (see
Figure 14) by the slave BMS.

Battery Charge - Module #1
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Battery Charge - Module #2
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Battery Charge - Module #4
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Battery Charge - Module #6
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Battery Charge - Module #7
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