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Abstract

This paper suggests both a methodology to characterize ultracapacitors and to model their electrical behaviour. Current levels, frequency intervals,
and voltage ranges are adapted to ultracapacitors testing. Experimental data results in the determination of the ultracapacitors performances in
terms of energy and power densities, the quantification of the capacitance dependence on voltage, and the modelling of the dynamic behaviour of
the device. Then, an electric model is proposed taking into account the ultracapacitors characteristics and their future use as peak power source for
hybrid and electric vehicles. After, the parameters identification procedure is explained. Finally, the model validation, both in frequency and time
domains, proves the validity of this methodology and the performances of the proposed model.
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1. Introduction

Among available storage devices, ultracapacitors exhibit
interesting performances for a potential use in hybrid and elec-
tric vehicles (HEV). The capacitance of large cells, which is
about thousands of Farads, allows the storage of Wh energy with
voltage limited to 2.7 V. Thanks to their very low serial resis-
tance (<1 m£2), they can operate at high levels of instantaneous
power. Also, they can work at very low temperatures (down to
—40°C). Additionally, they can support a significant number
of charge/discharge cycles. In typical applications as in hybrid
and electric vehicles, they can be used as peak power source
in combination with a primary source like battery, fuel-cell and
generator [1,2].

An analysis of the power requirements in HEV applications
and data from literature [3,4] show that the current profiles which
are expected to be applied to ultracapacitors are composed of
frequent charge and discharge pulses. This is so, because the
ultracapacitors are storage devices with finite energy which need
to be recharged periodically and because urban driving cycles
are discontinuous speed profiles made of repetitive stop-and-

* Corresponding author. Tel.: +33 5 40 00 28 04; fax: + 33 556 37 15 45.
E-mail address: lajnef @ix1.fr (W. Lajnef).

0378-7753/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2007.02.049

go micro-cycles with a typical period around 1-2 min. These
charge/discharge pulses are characterized by high current lev-
els, up to 600 A, and a width from about tens of milliseconds to
tens of seconds. Following these specificities, we have focused
on the dynamic behaviour of ultracapacitors at high current rates.
This study is essential for efficient use of these components and
to set-up thermal and reliability studies which are key issues in
HEV. As ultracapacitors are new devices, their testing methods
at high current rates are not well defined. Therefore, we present
different methods dedicated to the characterization and the mod-
elling of ultracapacitors at high current rates and the analysis of
the corresponding results. Then, we propose an ultracapacitor
electrical model adapted to a HEV use. Finally, the parameters
identification and the validation of this model on typical current
profiles are presented and discussed.

2. Ultracapacitors characterization methods

In this section, different methods are proposed for ultracapac-
itors characterization and modelling [5-7]. The corresponding
tests result in a lot of data and parameters that are very
helpful to understand the ultracapacitors behaviour in different
frequency intervals and different windows of observation-time.
To do so, in this section, we present these tests, their practical
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realization and the corresponding results for a Maxwell 2600 F
cell BCAPOO10. Measurements were conducted using a
0-20 V/£800 A Digatron power tester and an IM6 impedance
analyser with a 0—4 V/£40 A PP240 power potentiostat.

2.1. Constant power tests

Constant power tests are commonly used for the char-
acterization of electric storage devices (batteries, flywheel,
ultracapacitors, . . .) and generators (fuel-cells for instance). For
ultracapacitors, the experimental procedure consists in discharg-
ing the element with constant power between two voltage limits
of Upom and Upem/2 in order to measure the specific energy
that this element can supply as function of discharge power.
As detailed in [8], the corresponding results can be graphically
reported in the well-known Ragone diagram where the x-axis
and the y-axis correspond, respectively, to the specific power
(kWkg™!) and to the specific energy (Whkg™!). Nowadays,
commercially available ultracapacitors have a typical specific
power of 4kW kg ™! and a typical specific energy of 6 Whkg ™.
With such performances, they fill the gap between batteries and
conventional capacitors.

In practice, to obtain the points corresponding to the maxi-
mum of specific power, the tester has to draw out a high current
level under low voltage. However, as the time required to obtain
these points is small, this maximum current value generally
exceeds the peak current reached with repetitive profiles, as
for instance, in power cycling tests. According to the specifi-
cations given in [5], Fig. 1 shows the Ragone plot obtained for a
2600 F/2.5 V cell and with a specific power that has been limited
by the maximum current capability of the tester (800 A). Then,
the experimental points have been interpolated and extrapolated
according to Eq. (1), where E is the energy, P the power, R the
series resistance and C is the rated capacitance [9].

E = ¢ RP 1 RP + U2
n
2 Unom nom

This diagram is particularly of interest in order to evaluate
the suitability of a given storage device for an application by
considering, for instance, the ratio between the specific energy
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Fig. 1. Ragone plot of a 2600 F cell (obtained with maximum current of 800 A).

and the specific power. In case of ultracapacitors, these time
constants correspond to diagonal lines in Fig. 1 and show that
about 6 kW kg~! are available during 0.2 s which is the typical
duration for the ignition of the internal combustion engine in
stop—start operation in HEV. Then, between 4 and 12 s, more than
1kWkg™! can be supplied that is interesting for mild-hybrid
vehicles.

Finally, these constant power tests confirm that ultracapac-
itors are convenient for applications that require peak power
pulses with short durations of about few seconds as in micro-
and mild-hybrids vehicles.

2.2. Constant current tests

Constant current tests represent a basic and a widely used
characterization method that is useful to determine the rated
capacitance and the equivalent series resistance (ESR). Then,
these parameters can be determined both for charge and dis-
charge and for different current levels and ambient temperatures.
Therefore, the characterization procedure we have investigated
on a 2600 F/2.5V cell is shown in Fig. 2.

This method is based on a succession of cycles, each made
of a constant current charge up to Upop and a constant current
discharge down to Upom/2, separated by a rest period during
which the open-circuit voltage (OCV) is measured.

Fig. 3 illustrates the evolution of the ultracapacitor volt-
age measured at current switch-off after 200 A constant current
charge and discharge with an ambient temperature of 20 °C. This
method allows the determination of charge and discharge resis-
tances ESR., ESRy and charge and discharge capacitances C,
Cq. Their values are given in Table 1 for different current levels.

The results presented in Table 1 show that the ESR and the
capacitance decrease with the increasing current level for both
charge and discharge. This behaviour can be explained by con-
sidering the porous nature of the electrodes which allows to
reach a high specific area of capacitive interface. Therefore, this
interface can be modelled by a volume distribution of inter-
connected resistors and capacitors. The higher is the time of
charge and discharge, the higher are the accessed resistance
and capacitance. As the charge and discharge time decreases
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Fig. 2. Experimental voltage response to 200 A charge/rest/discharge current
cycle.
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Fig. 3. Open-circuit voltage vs. time following current switch-off after charge
(top) and discharge (bottom).

with increasing current level when voltage limits are fixed, the
measured capacitance and resistance decrease. In addition, the
kinetic behaviour which governs the evolution of the OCV has
been analysed and interpreted by considering different electro-
chemical mechanisms like charge recovery and self-discharge
[10].

Then, from these results, we can notice that there is a
difference between the charge and discharge ESR values. Con-
sequently, this shows a voltage dependency of the ESR as it was
measured from Vi, (1.25V) for ESRy4 and from Vi (2.5V) for
ESR..

The previously defined and calculated parameters can be
associated to a simple electric model, suitable for rough simu-

Table 1
ESR and capacitance for different current levels
Current (A) 50 100 150 200
VRe
ESR. = T (mS2) 0.53 0.49 0.48 0.47
C
VR
ESRq = 7 (m2) 0.46 0.44 0.43 0.42
d
Ie - T;
Ce=———-—" @@ 2825 2813 2803 2795
OCVy — OCVy
Ia - Ty
Ci=————-——F 2824 2810 2801 2793
OCVy — OCVy

lations of the dynamic behaviour of ultracapacitors. In addition,
the repeatability of this experimental method allows to compare
different types of ultracapacitors or to estimate the ageing.

In order to develop an enhanced electric model, we have to
take into account the voltage dependency of the capacitance
[11]. In fact, values of C. and Cq reported in Table 1 are average
capacitances calculated on the whole investigated voltage range.
So, let us consider a voltage dependent capacitance. In this case,
a differential capacitance Cgifr is defined by:

dg
Caift(v) = o (2)

After a constant current test, the measured capacitance is the
mean value of the differential capacitance in the voltage range
where the test is done.

I(ts — 1) 1

C: =
vr — Vi

g
/ Cdiff dv (3)
vf — Vi Vi

Now, we suppose that the differential capacitance can be
approximated with a polynomial function of voltage.

Ciit = Co+ Civ+---+ Cp" “

For a constant current test, the integral of the differential
charge leads to:

/dq:/Cdiffdvz/(C0+C1v+-~-+C,,v”)dv 5)

C
Aq = Co(V =V + 5 (V2 = V)4

C
+ ﬁ(vi’kfl _ ‘/in-‘rl) (6)

According to the results of constant current tests, we can
model the ultracapacitor with a series resistance and a voltage
dependent capacitance. Therefore, from Eq. (6), the coeffi-
cients Cj can be determined by fitting the charge variation
versus the ultracapacitor voltage. Also, the use of the relation
C=1/(AV/At) on small voltage intervals allows the determina-
tion of the differential capacitance versus voltage. Subsequently,
Fig. 4 shows the variation of the stored charge in Ampere seconds
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Fig. 4. Cumulated charge (A s) vs. voltage.
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Fig. 5. Capacitance vs. voltage.

versus the estimated ultracapacitor open-circuit voltage on the
intervals of [1.25 V; 2.5 V]. We observe that a second order poly-
nomial function can be used to fit the cumulated charge. Even if
the difference with a linear fit is not evident, the residues, which
correspond to the difference between measured and calculated
points, prove that the second order polynomial function is the
best fit. Consequently, we deduce the differential capacitance as
a linear function of voltage.

Fig. 5 compares the two methods. The results obtained using
the relation C=1/(AV/At) validate the linear dependency of
the capacitance with voltage. Also, they confirm a symmetric
behaviour since there is no difference between charge and dis-
charge. Also, Fig. 5 shows that the slope of the capacitance
versus voltage curve is about 350 FV~! which represents a
more significant dependency than the one due to current level
(Table 1). So, this result confirms the importance to take this
non-linearity into account.

2.3. Cyclic voltammetry

Cyclic voltammetry is another test method commonly used
by electrochemists in order to investigate the properties of
electrodes. However, it is extended to ultracapacitors as the
electrode/electrolyte interface governs the energy transfer mech-
anism. This test is useful to validate the capacitive behaviour, to
investigate the symmetry between charge and discharge process,
and to determine the ultracapacitors potentials limits. It consists
of linear voltage sweep between two limit values Vi and V5.
If the ultracapacitor is modelled with a constant capacitor C in
series with an internal resistor Ry, the current is expressed by:

in=c® |1 —t )
Y P\ R

In this equation, there are two terms, the first is permanent
I = Cdv/dt, the second is transient and disappears after a few
time-constants. When the capacitance depends on voltage and
assuming very low serial resistance, the current is proportional
to the capacitance by I = Cgigrdv/dt given that the voltage drop
due to the resistor can be neglected.
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Fig. 6. Voltamogram measured with a sweep rate of 10 mV s~! ona2600F/2.5V
cell.

Fig. 6 illustrates the voltamogram which is obtained by
recording the current versus voltage with a sweep rate of
10mVs~!. This figure shows that the current is constant
between 0 and 0.3V, i.e. the differential capacitance is constant
within this voltage range. Then, the current increases as well as
the differential capacitance. In the [1.25 V; 2.5 V] range, the lin-
ear fit of the differential capacitance which has been determined
from constant current tests, seems to be right. Also, the evolu-
tion shape of the current versus voltage seems to be symmetric
between charge and discharge that corresponds to a reversible
behaviour, i.e. the differential capacitance in charge is the same
as in discharge.

2.4. Impedance spectroscopy tests

The existing impedance analyzers allow the investigation of a
wide frequency range from the wHz to the MHz. But, generally
the output current of these apparatus is very low and limited to
few hundred of mA. In order to measure very low impedance
(<mg?), voltage variations (in the range of few V) have to be fil-
tered from a response signal with a large dc bias voltage. These
requirements are very difficult to satisfy and the lower is the
measured impedance the lower is the accuracy. For this rea-
son, current boosters able to apply high ac currents excitations
are used in order to ensure an accurate impedance measure-
ment. In this study, impedance measurements are made with
an electrochemical workstation associated with @ =40 A power
booster.

Firstly, Fig. 7 depicts the module and phase of the ultracapac-
itor impedance versus frequency and Fig. 8 shows the real and
imaginary parts versus frequency. The measurements have been
done for a 2600 F/2.5 V ultracapacitor in the [1 mHz; 60 kHz]
frequency range. The voltage stimulus was characterized by
a 10mV ac peak value and has been applied around 2V dc
bias potential. Consequently, three frequency intervals can be
distinguished:

e Very low frequencies (<10 mHz): in this range, the impedance
magnitude is relatively high (>5m€). Then, as the phase
angle is close to —90°, the ultracapacitor impedance is mainly



W. Lajnef et al. / Journal of Power Sources 168 (2007) 553-560

80 . ’
70 : — — Module m
' ‘Phase - 80
- 60 — 60
§ 5O i - 40
5 120 ©
E 40 \ : 1o §
o) L ; y ©
5 & 12 &
S 20p Novedernna 40
10 oo 4 60
ok FrrrT e - -80
10 Dvd wvid vl vl vl il vl 0l -100

10* 10° 10" 10 10" 10° 10° 10" 10°
Frequency (Hz)

Fig. 7. Module and phase of the ultracapacitor impedance.

capacitive. The particularity of this region is an increase of the
real part conversely with frequency which traduces a typical
charge redistribution phenomenon [12].

e Medium frequencies [10 mHz; 1kHz]: we observe that the
ultracapacitors behaviour changes from capacitive to induc-
tive. This range is characterized by very low impedance which
reaches a minimum value of 0.27 m2 for a null phase angle.
Thus, the ultracapacitors are very convenient to be used as
peak power source when the current profiles have their fre-
quency spectrum in this interval.

e High frequencies (>5 kHz): the impedance magnitude is rela-
tively high (>2 m£2), the phase angle is close to +80° and we
notice an inductive behaviour as the impedance real part is
increased with the frequency.

Then, we have focused on the impedance in the [10 mHz;
1 kHz] frequency range which is more adapted to their use in
HEYV applications since the required power pulse will have their
frequency spectrum in this interval. Fig. 9 shows this measured
impedance in the Nyquist plan.

At low frequencies measurement points follow a vertical line
which is the typical Nyquist plot of a pure capacitance in series
with a resistance named ESRy.. Then, for intermediate frequen-
cies, the impedance real part decreases with frequency as well as
the imaginary part. This behaviour corresponds to the diffusion
in a porous electrode and can be approached by an equivalent
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Fig. 8. Impedance real and imaginary parts vs. frequency.
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Fig. 9. Nyquist diagram of the ultracapacitor impedance.

RC transmission line. Finally, beyond a resonance frequency of
about 200 Hz, the nature of the impedance changes and becomes
inductive whereas the real part tends towards a minimal value,
namely ESRyf.

Several measurements have been done at various bias volt-
ages in order to determine the impedance dependency on
voltage. As illustrated in Fig. 10, the imaginary part of the
impedance, in absolute value, increases when the dc bias poten-
tial is reduced. This result traduces a capacitance increase as
the voltage increases, as it was previously highlighted thanks

Im(Z) (mQ)

Frequency (Hz)

Fig. 10. Impedance imaginary part vs. frequency.
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Fig. 11. Impedance real part vs. frequency.

to constant current and cyclic voltammetry tests. Also, as illus-
trated in Fig. 11, we can notice that the impedance real part at
low frequency depends on voltage.

3. Ultracapacitor electrical modelling
3.1. Proposed electric model for ultracapacitors

Different studies were devoted to ultracapacitor modelling
[11,13-15]. An overview of these works combined with an anal-
ysis of experimental data shows that the ultracapacitor electric
model has to take into account many phenomena which are:

e the ultracapacitor behaviour depends on many physical
parameters basically voltage and temperature;

e an equivalent RC transmission line behaviour that character-
izes the ultracapacitors dynamic response especially in the
[0.1 Hz; 10 Hz] frequency range. This behaviour is induced
by the porous nature of the capacitive interface;

e aresonance frequency (<200 Hz) that corresponds to a transi-
tion between capacitive and inductive nature of the impedance
and measured at the minimum of the impedance real part;

e an increase of the impedance real part versus frequency and
an inductive behaviour above the resonance frequencys;

e a charge redistribution phenomenon that occurs at low fre-
quencies or for charge and discharge higher than 1 min. It was
modelled by two RC branches characterized by long constant
times compared with the constant time of the RC transmission
line;

e a self-discharge which can be modelled by a high parallel
resistor called leakage resistor.

Therefore, a general electrical model is proposed in Fig. 12.
But, according to the specifications of the application we can
neglect some phenomena in order to use the most suitable and
the least complicated electric model. In this aim, the window
of time-observation of the current and of the voltage that we
need for the application is useful. Regarding HEV applications,
as previously mentioned, we will focus on the frequency range
from 10 mHz to 1 kHz. Therefore, the charge redistribution and
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Inductive behaviour |
& Transmission

serial resistance increase I Line
: behaviour
<10ms L <100 s
L
|

]
Duration of the charge/discharge step

T
Rin
R | R R
C!n#éé Q R
TT

Fig. 12. General electric model of ultracapacitor.

\

the self-discharge phenomena will be neglected. Also, the high
frequency behaviour will not be modelled. So, the proposed elec-
tric model is given in Fig. 13. It is made of a serial inductor
Ly, an access resistor R,cc which corresponds physically to the
resistance of the device terminals, a capacitor Cy. and a non-
linear transmission line with voltage dependent capacitors. The
impedance real part dependency on voltage is neglected. Finally,
the transmission line is approached by n RC branches. The higher
is the order n, the better the dynamic behaviour is modelled.

3.2. Model parameters extraction and validation

The model parameters are identified in different steps using
experimental data essentially those obtained from constant
current tests and impedance spectroscopy. An identification pro-
cedure programmed in Matlab leads to single combination of
parameters. At first, we determine the value of the access resis-
tance R,cc which corresponds to the minimum of the impedance
real part or the magnitude of the measured impedance at the reso-
nance frequency. Then, for frequencies higher than the resonance
one, we assume that the transmission line can be neglected.
Therefore, the serial inductor L and the access capacitance can
be extracted by fitting the imaginary part versus frequency. For
the tested ultracapacitor, values of 200 F and 50 nH are obtained.
Fig. 14 validates the used method by comparing measured points
and model results.

Finally, we determine the transmission line parameters R and
C. The transmission line capacitance, C, is deduced thanks to
the test of charge and discharge with constant currents. In this
test, the measured capacitance is the sum of all the capacitance
appearing in the electric model. If we neglect the phenomenon
of charge redistribution, the measured capacitance will be the
sum of Cy¢. and the capacity of the line of transmission C. For

—|—— 1
R/n R/n R/n

b4

Uscap Cooe—=— CInz— C/n;

1N
Q
5

Fig. 13. Ultracapacitor electric model proposed for HEV applications.



559

W. Lajnef et al. / Journal of Power Sources 168 (2007) 553-560

. £0X BLISTLQeLD SSELPLLS
............ - s 5 — E 0 %0 g0 4 »v 92 8~ §°% = 5 -
e | = o 2 SRS =i = = Z 2o = @ g 5
............ 3 = L &b T RSO E =g g8 oS =0 4 &0 .
s S 2 S o2 2 0= g S o828 S5 238 2 25
............ ! = o] = ] = @ ] = ) =2 O O B EEEE
1 g SYFZ 2EEESESEEzSEmz ES°TEcEE 1
|||||||||||| i < o =) 1) ‘a 5= e T 2 O > o S = u
i g 5 a3 2] = o 0 V5 oS> .0 > O LS —
Fo--o— uuuuuuﬂu b= . L @ wo m m a.Wv - m © < % wy = = m 5 m m o Mm < =1
s ﬁwm...kmeod»aﬁwlt?..wwbeﬂe.wv.w 7]
z < ES g2 8z ®mop—GESE ] o ]
= =% o & > S oy @ b=} & ¥ gp 6b
3 8 8<5 ¢ 02T EZuD S8 .0 i
= CHhE oL 0 E8SSEEESgEogEs g S o
< & LB ECE RSP _ 2 ES B oS8 KBS T 7
N2 E2EE - 22688525802 %<<: 22 .
T oz Esc b cmESsE=28.8ESssshe ]
> 5 g &2 5 9 Lo - o229 -.88as33 50 e B
g g .1muﬁm.ﬁesdamV%cMmsi?.whme ]
g 3 2828s28S 232230225 E0E" ]
T mrtﬁmﬁAne.mgUCdrmedeﬁ.lvm& =
@ 3 59 s~ g QL > = 590 230 on © 5 O
= = T L = & .= o SRS e FesTEI =0 i
e 15} S = @ < 2] [ B = — 2 282 g = oS
= S 0 0L L o = = 2 8 S o g.0 S S8 =x - o |
. o [ — o =) 5] (sl = e B e m » < )
. o SELEfEREEZ28%257C0 3] :
o — . 2CE2Sci5CESEEET L2588 ]
qm————— q———— qm————- qm=====- R= G . ko] Q
" " " “ = TS LB0ESC88E88 5082028 EL —
I I I R p S - en 0.H o =.8 S =2 cE0SC s EARAET, T 1
e S EZ3Z 589 E28S 28500802802 4
foce=s e £ e s e - N = e . 5 = =T = S 8 < w TR @ = eg = =
s Bt S s 5! HECE8c2ZE£o88508w5888882%S "
\\\\\\\ e e e g3 82 ES 598 < 2 g Eo0%8 %™ =
...... PSR O Y e 1 o =) 0.~ O 8 09 = = 35 = w»
} ! ! T 5 mo%erMmﬁaMTbmaioMcmnow -
! ! ! : ' o oy as g .55 S o om0 2 92 8.8 d
b % Z: Ofi . 85E5°5:2>2ofZoLerSzs
w0 Te) <t [ts) ™ Te] o~ = = O (O~ = m = < O
<~ s @ ;o = — @ B o 2= a¥nosE s 2 S 420 =]
° s ° 5 ° s ° = g N e ES KRN S O E S0 P 8E 8= ¥
o N . - O - N 7 > = QO O — i
—7 @MY °%EHFEg g8 TEEL T a2 &5
(Dw) oy 5 .8 2 Zz2T o YGMCehM%uw 0o 232 9 o 3
L g8 — =S s LS ESESEIsRE B S s as<s?
: Qe g >y
- ) o . = .= N
T T : - - . =} & e = 'y S 33 T EE—
~  — [Ecccyscooocoogscoogocoopocoooocd L2 =% = =
crradosn ot sl s o R e, <, uuuwuuuuuuuuuuwuuumuuumuHH 5 50 o D % = F-7 o
RE EE r~ e Rl T fommd o o= TIILIIToIIZIIIiIIIoIIoIII] ) g8° ) F--| @
S AR N . PO .. S N THE | T 2 S22 8= Fl 2
] ] | 1 | 4 . . — --| @
[ S . N - R VN m S S i i At i @ > = 3 o :m — 2
i i ' ' ' ! ! ! > > g <
1 | ' [ X Q = e ol
. - = e e 5 s 23F = m ==
\\\\\\\\\\\ e e s R=! Koz
! ! ! ! mJ G (= ol il e e = o 3 W% = O
e e e NG T T nma {rmmsr] = I R * R HEE m, «o o g O = -2
' ! ! ) L et s R e =] + 2.8 9 2
! " " A Y - S it oo ] g E= 2 Sl -
A S— . o]~ E TTTrTTA 5 S = Q@ g 2 |
i | | i N oo — E S 2.5 2 =S 1
| i 1 1 | = o b~ S A . O, SO mw\w_nwww_w\:ﬂnu N B=| N 1) o] Q Esc-slss sl sz anad o
i | 1 1 : = £ S e e Tt et =t I ST — © g 2 Q = e e e o — e
e . . g 3 SEE e I B e I - I R FIIEIIT
i | 1 H o & L. g o i ] c . c 5 [ RN T - . N A
: ” ' ' w. Iz M mr m w -m m © oS m = mld \\\\\ (i S o .
. ! b @ g T T 2 S f 8 2= & '
- ! ' ' e = [ o D = [ S L= R e EEEEEEEE R,
[ ' ' --t-- —t---f--q---4 © = 13} g 0 2 = B e e e e
m | ' ' M =fzzzfzzg=zzd ~ W W. W > m e m ﬂ B (EeEes o Gesesf emoeasinn
I 1 1 A AT A L RO | - QO X TRy - T
3 = [ ' ' ~ 5 iy e o X B8 2D =8 - R o TR e
- @ % Tl el bty - === ] [=] 2 s = 5 o 8 2o .32 - T < S e e Rt
min] Y O [ramspmnssersng R =] m TR g .m © ~5gEG=z & - o et sh el Rt RS
2 = |- de e d o - e iekanan g S © o >0 E¢Z ° i
- SO T T fsian) ety 5] roo - B S 4+ S8« a2 EczzzEMpsoczzoczszazzzzazszzd
[ v ' 1 S - it oy i bt Wl == ] =] O = FII:IS e e et e e
! ! J : g [FIzizBRezzzczzae:s sooescoscd 8 9 S8 o w 8 VW~ SEREal - i e ettt et et
= D S R e & st irale: = e e o HHH__HHHHHHH._ = Q =) @) pd o = o @ s " ||||||||||||||||||||||
” | ) ! g R g g = = 27 2 B "W M S N
. R i e i S g e et o] = = o 2858 2= T F S (N S HU TR
=y 5} =1 o o] 1
, : \ i =) = R 3
) | i H g Lt v TN Coo ] =} 1 = IS g =) '
T n L L L L =) ; : y 2 . =} Lo} N = O 5 —_— I |
® 0 o~ [t} — 0 o o . | | | | | o = 8 = L m.. 4 o
o o~ o = o o <« % L L L L L h o K 17 m ) =] nUv = w % < % ) _....m._u o~
o o o = - O = o 0 < 10 © N~ La) Q = 7 Q - o o d o o
(v5w) ped Aieuib w5 oo T T =2 5 Ez8gK g S S 3
vw) ved Aeubew & S (W) w| S R o= = =
! o 2 = O g (Bw) &y
m o [s%) =] o < o

2,0 2,5

1,5
Vscap (V)

0,0 0.5 1
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Fig. 19. Model validation with discontinuous current profile (200 A charge and
discharge pulses).

between measured and calculated points. Also, we can observe
a good matching at the time scale of few seconds.

4. Conclusion

In this paper, ultracapacitors testing methods dedicated to
characterization and modelling have been presented. Current
levels, frequency intervals and voltage ranges have been defined
according to the HEV requirements and the future use of ultraca-
pacitors as peak power devices. Therefore, we have focused on
the dynamic behaviour of ultracapacitors and we have noticed
that they have a particular behaviour which is essentially capac-
itive at low frequencies, equivalent to a transmission line at
intermediate frequencies, and inductive at high frequencies.
Also the capacitance dependence with voltage has been high-
lighted.

Then, taking into account the ultracapacitors characteristics
and the specificities of current profiles, we have proposed a

dynamic electric model. The model validation in both frequency
and time domains has proved the interest of this methodology
and the performances of the model.

The investigation of the ultracapacitors electrical behaviour is
a preliminary step before their integration in real applications.
The model has to be completed with temperature dependent
parameters. This study has to be completed with thermal and
reliability studies as high current rates lead to self-heating and
ageing.
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