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Abstract

Internal resistance is usually calculated by Eld¢tEochemical Impedance Spectroscopy) method,whic
gives unrealistic low internal resistance valubsthis paper internal resistance will be calcudd®m the
voltage drop with FreedomCAR method where the wadilish of the results is much better (99%) than EIS
method[1][12]. Batteries are often tested per. c8Ut in most cases more than one single celeedad
for an application and the characteristics of a m@af cells is not the same. In other cases thelev
module is examined as one big cell, without lookimgthe individual cells. But the weakest celleafs
the performance of the whole module. This resegogs deeper than the module approach on batteries:
the behavior ofndividual cells is examined while they are working togetliera module The battery
model consists in most researches of an ideal g@lturce and a simple internal resistance[2]thil
work the advanced FreedomCAR battery model, crelayeltiaho National Laboratories (USA), is used:
the cell is represented by an ideal voltage sowittetwo internal resistances and two capacitdJsually
batteries are tested with very low constant cusrétiff 5% of the nominal current value) to shoviigh
capacity value to the customer, while the customeeds the characteristics of the batteryreal
conditions Here the parameters are calculated by testimdpdlittery packets in highulse conditions The
matching between the predicted and the measurddgeols proportional with the quality of the model.
This was 99% (+-0.9%) in the tests. This meansttieamodel is very close to the reality. Thregety of

Lithium-ion battery packets with 6-7 cells weretées
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ABBREVIATIONS R, Battery internal "ohmic" resistanc@][
OCV Ideal battery voltage [V] Ry Battery internal "polarization” resistande][
C Capacity [Ah] SOC  State of Charge [As]
lenmax  Maximum charge current [A] v Voltage [V]
lgch Discharge current [A] Vee Closed circuit voltage
I Battery load current [A] \' Battery terminal voltage [V]

Ip Current through polarization resistance [A] Voe Open_ C'f(}U” voltage
OCV'  Variation of OCV per exchanged capacity [V/As] T Polarization constant 3R C [s]
Ri Internal resistance (general, tot&b] [=R,+R.)
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1 Introduction

The evolution of the cell parameters are
determined as a function of the number of cycles
and as a function of SOC. The parameters are
calculated at the package level and at the cell
level. Three types of lithium batteries are listed
in Table 1. Six (seven for type 2) cells are pthce

in series.

Type 1 Type 2 Type 3
v 3.3V 3.2V 3.2V

(2...3.6V) (2.5...3.65V) (2.1...3.65V)
C 2.3Ah 3.2Ah 10Ah
lach, 70A cont. 12A cont. 120A cont.
max 120A 10s 28A 30s 140A 18s
lehmax | 10Ato 3.6V 3.2At0 4.1V 30A

8 mQ (1kHz| <19n (1kHz
r A0 AC) 6

' 10 m (10A

1s DC)

>1000 cycles >1000 cycles
M 709 82g 4009

66-26-26 mm| 65-26-26 mm ;%8'40'40

Table 1: Datasheet of the batteries

2 Battery model

The FreedomCAR linear battery model is shown
on Fig. 1. A high pulsing current (Fig. 2), has

to be loaded according to this model [3][4][5].
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Fig. 1: FreedomCAR model
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Fig. 2: The loaded FreedomCAR current profiléor
the three battery types

Considering the model on Fig. 1, one can write:

V, =0CV =0CV'[[1,di)-R,[1,]- R, [1,]

@
dl

14
-1, T

= or

@)
After discretisation of equation (1), the next
simplified equation can be written:

(Y |=b+m, [ X |+m,[ X, |+m[ X,]

3
In (1):
- V., I  and t are measured
- l,comes from (4)
- 0OCV, OCV', R, and Rp are calculated by
linear regression method

Discretising and solving the differential equation
(2), with the starting condition,(t=0) = 0, gives
for every sample i:

—At —At

1 1 —At
—-e T —e T —
Li={1-|—F I+ || —e 7§ T
T T
4

—At
) {e ’ } - Ip,iil

T is chosen or calibrated in the model so that the
fitting between the measured and estimated voltage
(Fig. 3) would be optimal. The difference between
the measured and the estimated voltagen\V[%]

(Fig. 3) is proportional with the quality of the
model. This is around 99% in the tests.
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Measured vs Estimated Voltage provided from the producer is much closer to the

3,50 : , — : one which is calculated by FreedomCar model.
TV SIS S S —— o S S
3,30 f-rmeemeemmesdesooenoes ERT— T
o 320 1o e AR S 3.4 Imbalance between the cells
& o o Type 3 has the lowest internal resistance
2P U I imbalance between the cells. At full SOC the
> 280 4 oo e e e variation of R between the cells was 0,2m For
;;g _________ T otage' M — EstVioad ] type 1 and 2 it was 13 and 10m That means a
250 ; ; § § battery management system (to balance cells) is
0 20 40 60 80 less needed in case of type 3 than in case ofltype
Time in Profile (s) or 2, which is an advantage of type 3.

Fig. 3: Measured vs estimated voltage

3.5 Cdl versuspack

3TEST RESULTS: I nter nal Consider a pack which is capable to deliver 10Ah
resistance at 24V with only one type of cell by placing the

right number of cells in parallel and/or in series,
3.1 Internal Resistance then the three types can be compared at package
level (Table 3). The combination manner is
written at the top of the columns. E.g. for typ8 1
cells are placed in series and form a group; there
are 4 such groups placed in parallel. This is
abbreviated as “8s4p” in Table 3. 8 cells are
needed to get 24V and 4 groups in parallel are
needed to reech 10Ah. For type 2 3 parallel placed
groups contain each 8 in series placed cells (8s3p)

There are 205 FreedomCar tests (Fig. 2) done on
the three battery types, which corresponds to
685Ah. The temperature is kept constant at
approximately 25 °C by a fan and is also

measured. As mentioned in chapter 2 the
voltages of the cells will be measured as well as
the current and the temperature of one cell. This
data is filled in in a spreadsheet, where OCV’,

: : The same calculation is done for a pack of 120A
R,y R, and OCV will be calculated. t is and 24V P
calibrated so that the matching between the '
measurements and model would be optimal.
Pa 4V 10A 8s4p I 8s3p I 8slp
The result is shown on Table 2. RptRo  100%| 196 @88 46 75 100 5 o
Rp+Ro ~15%| 41 51 12 164 9 9B
Ri T| Soc type 1 type 2 type 3 R_producer 20 51 48
[mQ][°C] | [%] min mean max | min mean mgx__min mean max
Rp 25 100%(| 1,8 5 7,8 5 75 10 2 18 19
Rp 25 15%| 9 10 12 27 32 371 4 43 W6 Pack 24 OA 8s2p 8s10p 8slp
Ro 25 1009 8 12 15 23 25 28 4 51 B8 Rp+Ro  100%| 39,2 91 22 30 5 62
Ro 25 15% 12 13 14 19 22 2% 7 71 7,5 _
Rp+Ro 1009 9, 23 28 28 7 77 Rp+Ro 15%]| 82 102 37| 49 9 98
Rp+tRo  15% | 21 25 46 62 | 12 12 R_producer 40 15 48
R_producer 10 19 6
#t.car cycli 46 37 122 Table 3: Internal resistance of a pack: calculé&tewch
#exchanged Cap 84 27 574 Table 2

Table 2: Internal resistance at cell level; T=25°C The internal resistance increases with approx. 50%
when the SOC decreases from 100% to 15% for
3.2 Influenceof SOC both (10Ah and 120A) packs. The internal
The table shows that when the SOC decreases resistance value on the datasheets is the haltfeof t
from 100 to 15% the total internal resistange R One from the FreedomCar model. Now it is type 1
(=R,+R.) increases with 50-100%, especially due which has the lowest internal resistance value
to R. R, has a more dynamic character in because of many parallel pla_lced cells (_4 par_aIIeI
comparison with Rwhich stays nearly constant. ~ groups of cells, each containing 8 cells in series)
Putting so many cells in a pack asks for a good
3.3 Comparison with the datasheets battery management, which is a disadvantage.
The calculated resistance is 50-100% higher than 3.6 Influence of resting cells

the value measured by the producer. Type 3 has Fig. 4, Fig. 5 and Fig. 6 show,RR, and OCV' of
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have rested for 1 day (“1 day of no load time”)
and in case when the cells have already done 5
non-stop discharge cycles and have only rested
for half an hour (“30min. of no load time”).
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Fig. 4: R, = f(SOC): after resting 1day (left) and
30min. (right)
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Fig. 5: R = f(SOC): rested and less rested

When the parameters are measured before and
after 5 discharge cycles,Bnd R increase with
approx. 20%.
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Fig. 6: OCV' = f(SOC)

OCV’ (Fig. 6) is the decrease of the cell voltage
per discharged As. It decreases with 40% when
the SOC decreases from 100% to 33% and it
increases with 15% in case when the batteries have
not rested.

3.7 Influenceof current

Changing the load profile does increase the
internal resistance of a battery, even if the new
profile is less heavy than the previous one. Fig.
shows R for type 3. The FreedomCar tests are
done at 120A until 509Ah, also written in red on
the figure. From 509 Ah to 556 Ah the tests are
done at 60A. From 556 Ah on the tests are done at
40A.
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Fig. 7: Rp as a function of the exchanged capacity

When the cycle profile changes for the first time
from 120A to 60A R increases with 25%. But
after a few cycles it comes back to the original
value.
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4 Influence on dischargetime

4.1 Influence of exchanged capacity on
dischargetime
When the exchanged capacity increases, the

battery can deliver the maximum current for
shorter time (Fig. 8).

4,0 6,85 7,17 7,33 8,68
Exchanged Capacity [Ah]

Fig. 8: Discharge time as a function of the exchdnge
capacity

4.2 Influence of SOC on discharge
time
When the SOC of the battery decreases, the

battery provides the requested current during a
shorter time (Fig. 9).
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Fig. 9: Discharge time = f(SOC)

5 Temperatureand ageing

The temperature increases with 2°C when several
tests are done continuously with less pause

40 28
t36 (after exchanging 474Ah

2 === Courant [A]
¢ Temp[C] 275
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Fig. 10: Temperature[°C] as a function of time[mini
for type3
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Fig. 11: Temperature [° C] and capacitye as a fanct
of time [h : min] for type 3

Fig. 11 shows that the decrease of the capacity at
high discharge currents is not only due to the high
current but also due to the high temperature, which
increases up to 45°C [6]. The fan was not
sufficient to cool the battery when it was
discharging with 80A CC until he was empty. The
temperature increased till 45°C. No ageing test
were performed neither was the influence of
temperature analysed at the moments. This will be
carried out in future work. But the producer did a

despite of the fan. This has the same effect as ageing test for type 1 (Fig. 12).

decreasing the SOC: Rp and Ro increases with
the increasing temperature.
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Cycle Life Performance, 100% D00, Various Temperatures
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Fig. 12: Ageing test for type 1 cell[6]
6 Energy and efficiency

6.1 Energy

Fig. 13 show the energy imbalance between the
cells for type 3 cells. Cell 5 and 3 got the lotves
energy input because of their little higher intérna
resistance in comparison with other cells. The
efficiency of cell 3 and 5 is also low on Fig. 15.

38 T EwWh]
Y e
36
35 1
34 1 —E1 [Wh] —E2 [Wh]
a —E3 [Wh] —E4 [Wh]
E5 [Wh] —E6 [Wh]
32 T T T T T T
15:30 1558 1627 1656 1725 17:54  fuimin]

Fig. 13: Energy imbalance between the cells=f(i); t
[h: min]

6.2 Efficiency

Fig. 14 and Fig. 15 show the efficiency of type 1
and type 3 cells.
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Fig. 14: Charge and discharge energy and efficiarfcy
type 1 cell as a function of current
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Fig. 15: Efficiency of type 3 cell at 10 A CC discha

The efficiency of type 3 cell is much higher at
reasonable currents.

6.3 Energy loss

Energy loss of the considered packs (83.5) is
calculated by their internal resistance from Table
3. The current and the time is taken from the
capacity tests.

£ , Cap

—RI'=RI"—£
'] I _[T

loss

®)

The energy loss due to the internal resistance is
between 4 kWs and 33 kWs. Type 1 has the
lowest loss. The percentages are also calculated,
referred to the maximum energy that the packs
contain.
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2,9
E[kWs] SOC type 1 type 2 type 3 28 ’ —
%] | min mean max| min mean maj min mean npax 27 :cizc:[;h]]
Pack 24V 10Ah 8s4p 8s3p 8s 26 .
E_loss=Rit | 10094 29| 4.8 | 6,7] 17 | 19| 22| 19| 20 21 .
E_loss[%] | 10099 04| 0,7 | 09| 21| 2,4] 28 24 271 29 %2’4
E_loss=RI?t | ~15% 6,0 7,4 27 36| 32 34 ‘ ’
2,31 B
E_loss [%] | ~15% 0.8 10| 34 45| 4.4 4,5 - ‘
2,2
E_loss_prod 0,72 11 16 1
E_loss [%] 0,1 1,4 2p )
14,8 18,6 23,7 28,2
exchanged capacity [Ah]
Fig. 17: Capacity of type 2 cell
E_loss=Rizt | 10094 04| 0,6 | 0,8/0,2 | 0,2] 03| 05 03 0,
E_loss[%] 100% 0,3 | 0,5 0,8]0,2 0,2 | 03| 0,5/0,5] 0,5
& C_cha[AhjCCCV C[AN]
E_loss=Rit | ~1504 0.4 06 | 0802 | 02| 03| 05 04 o6  — 19— oo
B C_dch[Ah]
E_loss[%] ~15% 0,3 | 0,5 0,8]0,2 0,2 | 03| 0,510,5] 0,5 - ’ ‘
R_producer 0,4 0,1 0,4 | lg 5
E_loss[%] 0,3 0,1 op . .
Table 4: Energy loss in [kWs] and in [%] for packs - B ‘
7 Capacity —— 3 o ®
Fig. 16, Fig. 17 and Fig. 18 show the capacity for ¢
the three cell types. They are in the order of [ N Py
what is written on the datasheet, except typet2. | ‘ ‘ ‘ c ‘
-80 -60 -40 -20 ol[Al 20

has a lower capacity than on the datasheet
because _the cells were charged to 3.55V instead Fig. 18: Charge and discharge capacity of typeli3ase
of 3.65V in order to be safe.

25 .
245 F 4 o >
Discharge™?A « Charge Capaciy [Ah]
24 m Discharge Capacity [Ah]
HENR
235
- | |
=
% 23 Discharge 4,6A
225
: L2
. M ¢t Lo
223 Value fixis Major Gridlines
215
21— T —T T

2 13 18 23 25 33 35 40 4

4 48 53 57 62 668 70 75 79 B84

Exchanged Capacity [Ah]

Fig. 16: Capacity of type 1 cell

a function of current

Fig. 18 shows the capacity decrease as a function
of the current for type 3.

8 Voltageimbalance

Voltage imbalance between the cells is maximum
0,2V (Fig. 19). It decreases when the cells are
charged with a low current.

cell[V] —cel2[V]
2,8 1 - cel3[V] —cel4 [V]

—cel5[V]  —cel6[V]

‘ ‘ ‘ t[uzmin]
8:50 10:02 11:14 12:26

Fig. 19: Cell voltages= f(t) ; t in [h : min]
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9 CONCLUSION : — :
and current for Lead-Acid and Lithium-lon Batteri¢SEE:

The internal resistance is 50-100% higher than Ind. Electronics, Vol. 54, NO. 5, OCTOBER 2007

the value on the producers’ datasheet. Moreover [11] H- Culcu, MIPCUB: Combination ultracapacitorsith
batteries for stationary and not-stationary apfpbcs,

it increases with 50-100% when thg battery gets MIPCUB project (Belgium), may 2008, pp51-93
empty. Furthermore it increases with 20% when [12] Idaho National Engineering & Environmental dedtory,
the cells have not rested for |0ng time. FreedomCAR Battery T-est Manual For Power-Assisbritly

Electric Vehicles, Oct. 2003
. ) [13] J. Van Mierlo, Simulation software for compmn and
Type 3 cell has the lowest internal resistance and design of electric, hybrid electric and internalmtmustion
shows also that the producers can provide the vehicles with respect to energy, emissions andopegnces,

. . . Ph.D. dissertation, Dept. Elect. Eng, Vrije Univesis
realistic value for internal resistance. Brussel, Belgium, Apr. 2000

[14] B.D. McNicol, Power Sources for Electric Vehicldslsevier,
The internal resistance imbalance is lowest for 1984, pp.747-751, 755

. . J.-M. Tarascon, Issues and challenges faceahargeable
type 3 cell. This can be correlated with the lithium batteries, Macmillan Magazines, 2001, pp38F

voltage imbalance. If the voltage imbalance is [16] J. weinert, A. Burke, Lead-acid and LithiunrioBatteries

ow, then there is less nee or a batter for the Chinese Electric Bike Market and Implicagoon
b y

; Future Technology Advancement, UCDavis, 2007
management or the energy system Is less [17] R.Chandrasekaran, Capacity Fade Analysis of
dependent from a battery management system. Battery/Supercapacitor Hybrid and a Battery undetse

loads, University of South Carolina (USA), 2003

Decreasing the load current increases the internal [18] Chisato Marumo Design and performance of laminated
lithium-ion capacitors’ JM Energy Corporation Japan,

_resistance f_or few cycles. After few CyCIe_S _the Advanced Capacitor World Summit 2008, July 2008n Sa
internal resistance drops down to the original Diego USA
value. So it is only thehangeof the load profile [19] Guerin, J. T. and Andrew F. Burke, Load LedeBattery

that i the int | it in thi System Characteristics Using Sealed Lead-Acid Befte
at increases the Iinternal resistance In this.case Proceedings of the 32nd Intersociety Energy Conwers

Engineering Conference (IECEC-97)1997, pp883 — 888
The temperature Only increases with 2°C dunng [20] AI.F. Burke,d Cycls dLife (ﬁorllsiderations f(f)l‘ Baies in
Electric and Hybrid Vehicles.Society of Automotive
one FreedomCar test. Engineers Technical Paper Serid995
[21] A.F. Burke,A Method for the Analysis of High Power Battery

The energy loss is calculated from the internal Designs Institute of Transportation Studies, Universitl o
resistance value. California, Davis CA (USA), 1999
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The efficiency of the cells are around 88%. Hasan CULCU
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