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Abstract

Lithium ion capacitor is a hew electric storageidewhich combines high power density of a EDLC and
high energy density of a battery. It has four tinigher energy density than conventional supercépaci
and four time higher power density than a lithivattbry. The characteristics of an electric stordgpce
are usually determined by testingly onecell or thewholepack (without looking at the individual cells),
with a low, constantcurrent and by consideringnly oneinternal resistor[1]. This is the easy way and
gives good performance results, but this is notéladity where the batteries or capacitors are siidinto.

In this researchindividual cell parameters (two internal resistors and twierimal capacitors) of Li
capacitor are determined at cell level and at medteNel with FreedomCAR model and Electrochemical
Impedance Spectroscopy method. extremecurrent profile is loaded to represent the realifjie model
matches the measurements with an accuracy of 9994§%4). The evolution of the parameters and the

imbalance between the cells are studied as a amofiSOC, frequency, current.
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ABBREVIATIONS SOC| State of Charge [As]
OCV | Open Circuit Voltage: Ideal battery voltage [V] T | Temperature [°C]
C | Capacitance [F] (A)V | Voltage (imbalance between cells)[V]
Cap| Capacity [Ah] V¢ | Closed circuit voltage [V]
C.q | Equivalent capacitance in the LiC model V. | Battery terminal voltage [V]
CC| Continuous Current Vo | Open circuit voltage [V]
1 | Polarization constant R C [s]

EDLC | Electric Dual Layer Capacitor, supercapacitor

EIS | Electrochemical Impedance Spectroscopy method

lach,max| Maximum discharge current [A]

Iesh | Charge current [A]

I | Battery load current [A]

Ip | Current through polarization resistance [A]

LiC | Lithium ion capacitor

M | Mass [g]

OCV’ | Variation of OCV per exchanged capacity [V/As]

(A)Ri | General internal resistance (imbalance between)del]

R, | Battery internal "ohmic" resistanc@]

R; | Battery internal "polarization" resistand@][

SC| Supercapacitor
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1 Lithium-ion capacitor
The energy and power density and the | | 9%77
elementary structure of LiC is resp. shown on A '
Fig. 1 and Fig. 2 [2]. w ) 075
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Fig. 1: Left: Lithium ion capacitor; Right: Energynd
power density of LiC [2]
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Fig. 2: Elementary structure of EDLC and Li-ion =
capacitor [2]
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P 0,75kW R 1,420,29(DC) " 08 00 60 500 1000
E 2,9Wh 1,2+0,2n(ESR) Gapacity [mAh]
v 2,2...3,8V Cycles OOO(;é&?Cap) Fig. 3: Capacity tests of VUB (abO\ﬁe) and the
| producer[2] (beneath) at 25°C
den. 250A m 208g _ _
max T24m (9-136- For currents from 10 to 100A the capacity varies
Cap | 1AN(10A) v 138mm) between 0,82Ah to 0,63Ah.
0,6Ah (200A) E/m 14Whikg
C | 2200200 F EN 25Wh/L 3 FreedomCar model
lenmax | 10Ato 3.6V Sel <20mA (0,5h) The terminal voltage V and current || in the
dischargd _L%V(nit_(24h) FreedomCAR model (Fig. 4) are declared by:
5%V/(init) (3m) .
Table 1: datasheet VL =0Cy -ocy [J.ILdZ] - Ro [IL ]_ RP [[P]
Table 1 shows the cell characteristics according )
to the producer. dr, 1,-1, da, a
1 —=——"or =—
2 Capacity a1 I, 1
Two new cells are placed in series. 24 capacity @)
tests are done at 10, 25, 50 and 100A: 6 capacity 4 e &
measurements for each current value. For each ; ,é'cv. Ry Tt
current the mean capacity of 6 tests is calculated T ocv
(Fig. 3). The voltage range in the tests (2,28- v

3,75V) was smaller than the allowed 2,2-3,8V in T o
order to be safe at the voltage limits. Thatiywh '*I3

the capacity is lower than the value on the
datasheet.

T
Fig. 4. FreedomCAR model

The differential equation (2) is solved with the
starting condition {J~=0):
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In (1) OCV, OCV’, R and Rp are calculated by
linear regression method, tomes from (3)x
(=0,5) is chosen so that the fitting between the
model and the measurements (Fig. 5) would be
optimal[3][4][5][6][7]-
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Fig. 5. Measured vs estimated voltage: curve {jttn
99% (+/-0.9%)

3.1 Internal resistance

The total internal resistance (FR;) is
calculated by pulsing currents of 100A (Fig. 6).
There were 270 FreedomCar tests done on LiCs
in order to calculate the internal resistance.
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Fig. 6: Current in FreedomCar Test

Fig. 7 shows one of these tests. In this test 6
cycles are done. In every discharge cycle 9
FreedomCar tests are run. Only a few of this 54
FreedomCar tests is shown in the figures below.
The matching accuracy between the simulation

and the measurements was 99,46%: this is the

average value of 54 matchings. The number of
the test is on the horizontal axis e.g. 2.4 means

2" discharge test and"4FreedomCar test inside
this 2' discharge. There are 9 FreedomCar tests
per discharge cycle so at the test t2.4 the SOC was
nearly 50%.

R e
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Fig. 7: Rp for cell a and b. The numbers indi¢ate
tests

R, (Fig. 7) is around 0,55 if less energy has
been exchanged. The ohmic resistang€¢HRy. 8)

is much higher and has a more static character than
the polarization resistancg,.RThe temperature is
kept constant at 24°C by a fan.
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100% 60% 15%
soc
Fig. 8: R,

The total internal resistance is the sum gfaRd
Ro (Fig. 9).
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Table 2: Average value for Rp, Ro, Rp+R®;, AV

in case of 100%SOC, 5%S0OC and after 45
FreedomCar tests are done (at full SOC). The
reference for the percentages is the initial sibmat

(100% SOC).
Rp | Ro| Rp+Rd AR | Av |OCV'
[mOhm] [mV] |[[mV/As]
SOC100%| 054 198 251 o0p 2 0,5]
19% | 10%| 12% [ -8% | -77%| 18%
SOC 5%
" [o64a[ 217 281 004 6 0,6
after 45 FDQ_ 4% | -1%| 0% | 13% [ -70%[ 12%
cycles [056] 196 252] o094 8 0,6
1on | 256%]| 52% 74%[ 483% -78%| -16%
1371302 439] 021 6 0,4

Table 2 shows that the total internal resistance is
between 2,52 @ and 2,8m. It does not rise so

much (12%) when the LiC becomes empty. It
stays the same after many (45), heavy

FreedomCar tests. The rise is especially due to

the polarization resistance,R The average

imbalance between the internal resistances of the

two cells is very low (0,056) and decreases
with 8% when the SOC decreases to 5% and
increases with 13% after 45 FreedomCar cycles.
But the imbalance between the cell voltages
decreases with respectively 77 and 70% with
decreasing SOC and increasing cycles.

If the FreedomCar test is done with a current of
10A instead of 100A, then the internal resistance
increases with 70%.

080+ --------——"—"—"—"—"—"———~ Hal ébl|-- =
a2 »xb2
L Xad ob4| T
@070, +a6 =b6 ”‘
<
EO 65 -~ . ——————————————

Fig. 10: OCV'

Fig. 10 shows the decrease of the cell voltage in
mV per retrieved As from the cell. Itis 0,5mV/As.
When the LiC is nearly empty, it increases a little
bit (10%) and also increases with the number of
cycles.

3.2 Effect of many cycles

Table 3 shows the cell parameters before and after
72 discharge cycles, which corresponds to 130 Ah
exchanged capacity, including 270 FreedomCar
tests at different currents.

Table 3: Cell parameters at test 5 and 72 discharge
cycles after test 5 (=test 17)

Rp | Ro| Rp+Rd AR | av |ocv'
[mOhm] [mV] [[mV/As]
5 | 1,09] 1,760 3,75] 034 23 0,48
w7 |68%] 9%] -320% | -01%] 19%] 13%
0,64 ] 1,92 2556] 004 28 0,5
The internal resistances was initially high

(3,75mD) and decreases at the end of the tests with
32% to 2,56r2. This last value is 1@ more than

on the datasheets. The matching between the
measurements and the simulation was always
99%(+/-0,9%) except test 5 (97%).

The voltage difference only increases with 20%,
which is low.
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4 Electrochemical
Spectroscopy

LiC is modelled by a resistance iR series with
an equivalent capacitancg,CFig. 15):
1 1 1 where G>>Cy :>Ceq =Cy

=+
C Cdl CIi

eq

| mpedance

4
Cq and G are the positive and the negative
electrode capacitances.
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Fig. 11: G(f) for different voltages

Using EIS method at various voltage and
frequency levels, &is determined (Fig. 11). (¢

is maximal at low frequency and is not linear
with voltage.

Fig. 12 shows that & decreases before U=3V
and increases after U=3V. It is around 2200F as
it is mentioned in the datasheet.
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Fig. 12. C(V) at 1mHz and 10mHz
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Fig. 13. ESR(f) for different voltages

ESR is shown on Fig. 12: it decreases with
increasing frequency and voltage. At very low
frequency the ESR is high because of the LIC
parallel resistance.

Now the imaginary part (the capacitance) and the
real part (ESR) of the impedance of the LiC is
determined for different voltages and frequencies,
they can be plotted in one figure: Fig. 14. Fig. 15
shows a zoom on the curve on Fig. 14.
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Fig. 15: Zoom in Nyquist plot

Fig. 14. Nyquist plot

A constant power discharge (Fig. 16) gave
14Wh/kg as energy density value, which is much
more than other capacitors. Given that LiC can
deliver 250A, the power density of LIiC is
3600W/kg, which is very high.
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5 Conclusion

The FreedomCar tests gave a value around

Fig. 16. Constant power discharge

EIS method gave a value around @2m ESR is
5mQ at ImHz and decreases toQrat 1kHz.

2,5m) for the internal resistance of LiC, which
is very low.

The internal resistance is divided into two parts
in FreedomCar model: a dynamic polarization
resistance R(~0.5n2) and a more static ohmic

resistance R~2mY).

When the SOC decreases, the internal resistance
does only increase with 12%, which is very low.
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