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Summary

This deliverable presents a mathematical technique, and related practical algorithm, able to
on-line evaluate the state-of-charge (SOC) of a Li battery module. As for a single Li cell, the
algorithm is based onthec el | 6 s mat hemat i ¢ 7)) anhordeelluenberdez-t ai | e d
style estimation that takes advantage of an Extended Kalman Filter. This work is part of

WP340 0 Module testing and assemblyo .

Testing results on the Li module showed a good degree of uniformity in the central zone of
the SOC curve, as consequence a mat hemati cal mo
and the electrical parameters were estimated.

The equivalent KSE showed a good quality of modelling the battery module behaviour and
comparison being made with reference to experimental values obtained subjecting the
module to the real road ALTRA cycle.

In conclusion, the results of the proposed technique (and algorithm), both for the Li battery
module and a single cell, are satisfying for practical needs and application in an HEV (hybrid
electric vehicle).

HCV Hybrid Commercial Vehicle 1 D3400.10 rev_1 page?2 of 28



HCV4a>

Hubrid Commercial Vehicle

Table of contents

YU 10 0> 2SS 2
QIR o] (=0 o] o] (Y o (=S 3
LIST Of fIQUIES .ttt 4
[ 0 =1 o =P 5
[N 0T L= Tl F= LN RN 6
T 1o T 18X 1o o PSR 7
(CT=T Lo = Lo g P U= Tod (=T ] o 7
TSt AETINILION ..o 9
MUIIPIE STEP TS ... e 9
ALTRA TOAA CYCIE.....uuuuiiiiiiiiiiieiit e 11
TESE RESUILS ..o 11
Basic charge-diSCharge CYCIE ........oooouiiiii e e 11
Discharge MURIPIE-SIEP tEST ......coeeeeeeeeeee e 13
Charge MUIIPIE-SIEP TEST. ... e e e e e e e et e e e 14
ALTRA downscaled road CYCIE..........ooeuiiiiii e 17
ALTRA TOAA CYCIE.....uuuuiiiiiiiiiiieiit e 18
] @ T @3 =S (] = 11 ISP 22
Electrical parameters eStMatioN.............coiiiiiiiiiiiiice e 22
The algorithm used to estimate the module SOC (KSE) ..........uuuuuuriiimmiiimiiiiiiiiiiiiiiiniinenanns 23
TS U £ 24
(@0 o 101 (o] £ 27

HCV Hybrid Commercial Vehicle 1 D3400.10 rev_1 page3 of 28



HCV4a>

Hubrid Commercial Vehicle

List of figures

Figure 1. Repair action on the received MOAUIE ...............uuuuuiiiiimimiiiiiiiiiieeeeeeeeeaees 8
Figure 2. Fully-populated test MOAUIE. ...........uiiii i 9
Figure 3. Multiple step test current Profile. ... 10
Figure 4. The ALTRA cycle for the module under test. ..............uuuuiiiiiiiiiiiiiiiiiiiiiiienes 11
Figure 5. Charge-diSCharge CYCIE ........uu ittt nennnnene 12
Figure 6. Partial cell voltages in the charge-discharge cycle.........cccoooiviiiiiiiiiiiiin e, 12
Figure 7. Voltage and current vs time during the discharge multiple step test. (the horizontal
axiS CONLAINS TIME 1N MUNULES). ...ttt nnnes 13
Figure 8. Partial cell voltages in the discharge multiple step test. (the horizontal axis contains
TIME TN MINULES) ...t e e e e e e e e et e e e e e e e e e e ee ettt e e e eeaeeeeaastaaaaaeeaaeeennnes 14
Figure 9. Detail of the last discharge in the discharge multiple step test. (the horizontal axis
CONLAINS tIME IN MINULES) ...ceiiiiiiii e e e e e et e e e e e e e e et et e e e e e e e e earrtaaaaeeeaes 14
Figure 10. Voltage and current vs time during the charge multiple step test. (the horizontal axis
CONLAINS TIME TN MINULES) ...ttt 15
Figure 11. Cell voltages in the multiple step test. (the horizontal axis contains time in minutes)
............................................................................................................................................... 15
Figure 12. OCV CUIVE, CEIIN. Ao e e e e e e e e e e e eraa s 16
Figure 13. OCV CUIVE, CeII N. 5. e e e e e e e e aee s 16
Figure 14. OCV CUIVE, CEIIN. L2, ...t e e e e e e e e r s 17
Figure 15. Hysteresis in middle part of OCV curve, cell N.12. ......ccccooeiiiiiiiiiiiiiiee e, 17
Figure 16. Voltage (red) and current (green) vs time in the ALTRA test (2 cycles represented).
Discharge currents are repreSented POSITIVE. ..........uuuuuuuruuuuuiiiiiiiiiiiiiieieeaeeeaeeeeeeeeeereeeeaeeeeeeene 18
Figure 17. Cell voltages in the ALTRA test (2 cycles represented). ...........coovveeeieeeniiiiiiinnnnnn. 18
Figure 18. Voltage (red) and current (green) vs. time in the ALTRA test (2 cycles
=] 0] (=TT a1 =To ) TP T PP PP TP PTOTRTRTRRRRRRON 19
Figure 19. current and voltage of the module during the 48 ALTRA cycles performed in the first
test with an excessive voltage peak due to a hardware failure...........ccccoooeeiiiiiiiiiii i, 19
Figure 20. current and voltage of the module during two ALTRA cycles, the second cycle was
affected by an excessive voltage peak due to a hardware failure. ..........cccccooeeiiiiiiiiien . 20
Figure 21. current and voltage of the module during two ALTRA cycles, the second cycle was
affected by an excessive voltage peak due to a hardware failure. ..........cccccoevviiiviiiiiiieeeneeen, 21
Figure 22. The cell electrical equivalent model used for the tests, with two RC block............. 22
Figure 23. Cell voltage versus time at SOC 8690. .........uuiiiieeeiieeeiiiee e 23
Figure 24. Scheme of the system architecture (Matlab-Simulink®).............c.ccooveveveereeenenne, 23

HCV Hybrid Commercial Vehicle 1 D3400.10 rev_1 page4 of 28



HCV4a>

Hubrid Commercial Vehicle

Figure 25. Experimental validation of the EKF-based model on the downscaled ALTRA cycle
(blue: EKF estimator; green: measured VAIUE) ..............uuuuuuurmimmimiiiiiiiiiiiiiiiiiiiiinnennineennneneeeenes 25

Figure 26. Experimental validation of the EKF algorithm on the real ALTRA cycle, first test
(blue: EKF estimator; green: measured VAIUE) ..........ccovivieiiiieiiiiiii e 26

Figure 27. Experimental validation of the EKF algorithm on the real ALTRA cycle, second test
(blue: EKF estimator; green: measured VAIUE) ..........ccoiiieeiiieiiiiiii e 27

List of tables

LI o] [ R O | W o] g F= T = (o1 (=] 1) [ T 7
Table 2. Characteristics of the module UNAEr teSt. .........oovveiiiii e 8
Table 3. Numerical values of electrical parameters. ...........oouiiiiiiiiiee e 22

HCV Hybrid Commercial Vehicle 1 D3400.10 rev_1 page5 of 28



HCV4a>

Hubrid Commercial Vehicle

Nomenclature

1. Acronyms

EKF Extended Kalman Filter

KSE SOC Estimator based on extended Kalman-filter
MST Multiple-Step test

ocv Open-Circuit Voltage

SOC State Of Charge

SOC__ah State Of Charge evaluated be the Ampere-hour counter
SOC_ekf State Of Charge performed by the EKF block
SOC _ev State Of Charge evaluated by the KSE

2. Other common quantities

e error function used to estimate the electrical parameters
G (=0, li-bloclémodule internal capacitance

l; i=0, li-bloclkémodule current

lkse output current from the KSE

lLas measured module current by laboratory instruments

I measured module current

Uacwal @ctual value of the module voltage

Ukse output voltage from the KSE

Uae measured module terminal voltage by laboratory instruments
Umodel Value of the module voltage

U, Open-circuit voltage (equal to OCV)

U; measured module terminal voltage

Ry  Algebraic module internal resistance

R (i= 0, )i-blockémodule internal resistance
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Introduction

The aim of this report is to present the tests conducted at the University of Pisa on a partially-
populated module supplied by Magna for algorithm verification.

In particular, the tests were made in Pisa University laboratories, having the following main
purposes:
¢ Evaluate the module capacity and verify the voltage uniformity within the module.

¢ Replicate the discharge multi-step test, to verify whether modeling and individual cell
behaviour can be representative of the module behaviour.

¢ Assess the quality of the EKF SOC estimation applied to the module through the usage
of a reference road cycle (ALTRA). The EKF-based SOC estimation algorithm will be
called in the following: KSE (Kalman-based SOC Estimator).

General characteristics

The cell specifications are reported in Table 1.

Table 1. Cell characteristic s.

LFP
Capacity (Ah) 4.4
Nominal voltage (V) 3,3
Max/min voltage (V) 3,8/2,0
Mass (kg) 0,205
Energy (Wh) 14,5
Specific Energy (Wh/kg) 75
Power® (W) 578
Specific power (W/kg) 2979

The standard Magna module consists of 36 cells (2p18s). Instead, the module considered in
the tests described in this document was composed of 24 cells (2pl2s). This was a
consequence of the need to have modules whose voltage is always below 60V, which is the
maxi mum voltage that can be managed by Pisabs te

Because of a transport damage, a repair action was agreed upon with the manufacturer and
performed, as shown in Figure 1. This has required the elimination of two cells from the
module. The final module was thus composed of 22 cells, in a 2p11s configuration.

The final characteristics of the module that was used for the tests reported in this document
are summarised Table 2.

! @ 25°C (SOC, 50%, time duration 10 s)

HCV Hybrid Commercial Vehicle 1 D3400.10 rev_1 page7 of 28
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Connectheat
sinks

2. Solder the
loose copper
ribbon

Cut off the
loose copper
ribbon

Figure 1. Repair action on the received module  (black spots added artificially for confidentiality)

Table 2. Characteristics of the module under test.

Module
Capacity (Ah) 8,5
Nominal voltage (V) 33
Max/min voltage (V) 40,15/28,6
Mass (kg) £ 6
Energy (Wh) 280,5
Specific Energy (Wh/kg) 46,75
Discharge Power? (W) 7012,5
Charge Power (W) 7012,5

Figure 2 shows a picture of the fully-populated test module:

2 @ 25°C (SOC, 50%, time duration 2 s)

HCV Hybrid Commercial Vehicle i D3400.10 _rev_1
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Figure 2. Fully -populated test module.

Test definition

The module under test was subjected to two different tests, described in the next paragraphs.
The following tests have been performed to estimate the SOC of the battery module using an
Extended Kalman Filter algorithm.

Multiple Step Test

The activity was oriented to the parameter identification of the battery, subjected to the
multiple step test as defined in [1]. The indicated procedure can be described as follow: the
module was first completely charged and then subjected to several discharging pulses
interspersed by one hour rest phases till the cell is completely discharged. Then the cell was
subjected to several charging pulses, similarly interspersed by one hour rest phases till the cell
is completely charged. The complete MST test is shown in Figure 3.

HCV Hybrid Commercial Vehicle 1 D3400.10 rev_1 page9 of 28
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Figure 3. Multiple step test current profile.
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ALTRA road cycle

The quality of the EKF SOC estimation applied to the module was tested on the reference
road cycle provided by ALTRA in terms of power profile vs. time. The ALTRA cycle has been
then downscaled for the module under indication of MAGNA, as reported in Figure 4.
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Figure 4. The ALTRA cycle for the module under test.

This test has been defined by the repletion of several ALTRA cycles, performing the SOC
evaluation. Additionally, a downscaled preliminary version of the cycle was prepared, to test
the EKF-SOC algorithm. In both versions, a charge compensation at the end of each cycle
was introduced.

Test Results

This paragraph reports all the tests performed on the battery module. Before each test, a short
description is reported.

Basic ¢ harge -discharge cycle

This test was made to evaluate the module capacity at a current near C; and the uniformity of
the cell voltages. The cycle was defined under the following conditions:

¢ |-U charge: the constant current phase was limited to a rather low value (3 A),
according to usual I-U technique. The constant voltage phase was defined considering
the maximum admitted voltage (40,15 V). The charge phase was stopped when the
current reached the lower value of 0,05 A.

¢ Rest phase: a stop phase of 1200 s was introduced between the charge and the
discharge phases.

¢ Discharge: this phase was performed at a constant current near C, (10 A). The phase
was stopped when the module reached its minimum voltage (28,6 V), or when one
single cell reached its minimum admitted voltage, equal to 2 V.

HCV Hybrid Commercial Vehicle 1 D3400.10 rev_1 pagellof 28
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Figure 5 reports the charge-discharge cycle in terms of total voltage and current versus time. It
is possible to notice that the discharge phase was stopped when one single cell reached its
minimum voltage, being the total voltage of the module around 30 V.

42 4
vV) = I (A)
40 i 2

/

38 \ 0
36 e 2
34 \\ -4
32 \ ("’ﬂ 6
30 -8
28 -

0 1000 2000 3000 4000 5000 t(s) 6000

Figure 5. Charge -discharge cycle

From the analysis of the cell voltages reported in Figure 6, it is also interesting to notice that:

¢ The cells remained perfectly aligned in the middle part of the discharge curve. The
imbalance came in the last part of the charge and of the discharge phases.

¢ The cell characterised by the lower voltage in the charge phase (blue colour) reached
the minimum admitted voltage in the following discharge phase, causing the
interruption of the cycle.

¢ The cell characterised by the higher voltage in the charge phase (green colour)
reached the second lowest voltage in the following discharge phase.

4,00
V(V)

3,56

3,12

2,68

2,24

1,80
0 1000 2000 3000 4000 5000 t(s) 6000

Figure 6. Partial cell voltages in the charge -discharge cycle

As already explained, the interruption of the cycle was caused by a reduced number of cells
that reached their minimum admitted voltage. This event strongly influenced the quantity of

HCV Hybrid Commercial Vehicle 1 D3400.10 rev_1 pagel2of 28
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charge extracted, reduced to about 5,7 Ah compared to the 8,5 Ah declared by the
manufacturer.

Discharge multi ple-step test

This test was defined under the following conditions:

¢ I-U charge: the constant current part was limited to 3 A. The constant voltage part was
defined taking into account the maximum admitted voltage, equal to 40,15 V. The
charge phase was stopped when the current reached the lower value of 0,05 A.

¢ Manual balancing of the single cells: each cell was charged or discharged at its
maximum reference voltage3 of 3,65 V.

¢ Rest phase: a stop phase of 3600 s was introduced between the end of charge and the
first partial discharge step. A stop phase of 3600 s was also introduced at the end of
each partial discharge step.

¢ Partial discharge steps: Each step was performed at constant current of 0,5 C (4,4 A).
The phase was stopped when the module reached its minimum voltage level (28,6 V)
or when one single cell reached its minimum admitted voltage, equal to 2 V.

In Figure 7 the total voltage and the current versus time during the first 10 partial discharge
steps are shown.

41,0 1,00

Vi I(A)
M, 0,25
395
0,50
38,0
1,25
36,5 c——— e \ et - 2,00
M T
- 2,75
350
- 3,50
335
i # o4 e e # w , i e B -4,25
32,0 5,00
0 135 270 405 540  (min) 675

Figure 7. Voltage and current vs time during the discharge multiple step test.
(the horizontal axis contains time in minutes)

In the middle part of the discharge curve reported in Figure 8 it is possible to observe a large
zone with satisfying cell uniformity, therefore modelling an individualc el | 6 s behavi our
representative of the whole module.

During the twelfth step visible in Figure 9, corresponding to an extracted capacity of 5,9 Ah,
one cell reached its minimum admitted value (2 V) and the multiple step test was stopped.

® The value was obtained from the maximum voltage (40,15 V) divided by the number of the cells.
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Figure 8. Partial cell vol tages in the discharge multiple step test.
(the horizontal axis contains time in minutes)
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Figure 9. Detail of the last discharge in the discharge multiple step test.
(the horizontal axi s contains time in minutes)

After the multiple step test all the cells were equalized to the same voltage, to perform another
partial discharge step. Before encountering the same stop condition (one or more cells at the
lower voltage value), only a small additional quantity of charge (0,3 Ah) was extracted.

Charge multi ple-step test

The test was defined under the following conditions:

¢ Discharge: this phase was performed at constant current near C;. This phase was
stopped when one single cell reached its minimum admitted voltage (2 V).

¢ Manual balancing for the single cells: every cell was charged or discharged at the
voltage of 2,3 V.

¢ Rest: a stop phase of 3600 s was introduced between the end of discharge and the
first partial charge step. A stop phase of 3600 s was also introduced at the end of each
partial charge step.

HCV Hybrid Commercial Vehicle 1 D3400.10 rev_1 pagel4of 28
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¢ Partial charge step: the steps were performed at the constant current of 0,5 C (4,4 Ah).
The steps were stopped when one single cell reached its maximum admitted voltage
(3,.8V).

Figure 10 shows the total voltage and the current versus time during the multiple step test.
Also in this case in the middle part of the charge curve, visible in Figure 11, the cells remained
perfectly aligned. During the last charging step, corresponding to a total entered charge of 6,1
Ah, only one cell rapidly increased its voltage causing the stop of the test.

42 5,0
(V) I I I I I | I I I -I(A)
¥ o L L. ..___(\«.....!‘ - B
36
S - 2,8
33
-1,7
30 i
27 - 0,6
24 -0,5
30 180 330 480 630 780 (min) 930

Figure 10. Voltage and current vs time durin g the charge multiple step test.
(the horizontal axis contains time in minutes)
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Figure 11. Cell voltages in the multiple step test.
(the horizontal axis conta ins time in minutes)

From the previous results, it is possible to observe that the number of the steps in charge was
limited by the maximum voltage reached by one cell, limiting the global entering quantity of
charge. Also in this case it is possible to observe that the large zone in the middle part of the
curve satisfying the cell uniformity has been maintained.
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Finally it is possible to represent for three of the most significant cells the characteristic OCV
curves (Figure 12, Figure 13, Figure 14) function of the entered or extracted quantity of
charge. The behaviour for the three cells differs mainly in the last part of the discharge curve.

The hysteresis phenomenon is mainly visible in the extreme part of the curves, remaining
approximately null (0,02 V) as observed for the previous cell generation in the middle part of
the curve (Figure 15).
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Figure 12. OCV curve, celln. 4
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Figure 13. OCV curve, celln. 5
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Figure 14. OCV curve, cell n. 12.
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Figure 15. Hysteresis in middle part of OCV curve, cell n.12.

ALTRA downscaled road cycle

The quality of the EKF SOC estimation applied to the module was tested on the reference
road cycle provided by ALTRA showed in the paragraph regarding the test definition. The test
was defined under the following conditions:

¢ The cycle was converted from power/time to current/time.

¢ The current was further downscaled because of some hardware limitations.

¢ A charge compensation at the end of each cycle was introduced.

¢ The test was composed of the repetition of 48 cycles.

Figure 16 reports the total voltage and the current versus time, while Figure 17 reports the
partial voltages versus time measured during the ALTRA test.
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Figure 16. Voltage (red) and current (green) vstime inthe ALTRA test
(2 cycles represented).
Discharge currents are represented positive.

Figure 17. Cell voltages in the ALTRA test (2 cycles represented).

ALTRA road cycle

After using the downscaled ALTRA cycle, two tests were performed using the standard ALTRA
cycle under the following conditions already described:

¢ The cycle was converted from power/time to current/time.
¢ A charge compensation at the end of each cycle was introduced.
¢ The test was composed of the repetition of 48 cycles.

Figure 18 reports the total voltage and the current versus time.
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