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Novel experimental identification method for
Supercapacitor Multi-Pore Model in order to

monitor the State of Health

Ronan German?, Abderrahmane Hammar®°, Richard Lallemand®, Ali Sari?, Pascal Venet®

Abstract—Supercapacitors (SCs) impedance modeling represents one important key to get information for SCs health monitoring
and simulation. As a matter of fact, SCs behavior is dependent on various parameters such as pore size distribution of electrodes,
electrolyte state, temperature, aging... We propose in this work to model supercapacitor taking into account physical considerations.
Basing on theory on homogenous structure impedance, we define in first time, single pore (SP) model using uniform size of pores
distribution. In the second step, we attempt to generalize this circuit model considering an electrode with different pores sizes or
different penetrabilities of the pores. This model called multi-pore (MP) model (or multi-penetrability model) has been developed by
our laboratories. This model allows to analyze the behavior of supercapacitor by modelling each group of electrode pores as a branch of
an electrical equivalent circuit. This paper is the first in literature to give a simple and reproducible method for MP model parameters
identification. The validity of the identification method will also be verified at different supercapacitor aging rates thanks to

experimental aging tests.

Index Terms—Supercapacitors, Electrochemical Double Layer Capacitors, Ultracapacitors, Single Pore model, Multi-Pore model,

Electrical Equivalent Circuit, Impedance modeling, Experimental Identification, Aging
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[. INTRODUCTION

Supercapacitors (SCs) [1] [2], also called Electrochemical Double Layer Capacitors [3] or Ultracapacitors [4][5], are electrical

energy devices with high power density and high expected reliability [6]. In addition, they express more temperature stability than
other energy storage devices as they don’t imply chemical reactions for energy storage. As a consequence, high number of cycles
is possible with high charge/discharge currents[7]. Nowadays, they become an attractive alternative storage device for several
applications (such as energy storage device for opening the emergency doors of Airbus A 380, energy source in electric vehicles
[8], in uninterruptible power supplies [9] or in power grids ). They may be used as the only energy and power device or in
combination with other energy supplies like batteries [10] or fuel cells in hybrid energy storage systems [11]...

Some electrical applications like railway [12] [13] and electrical traction systems present high dynamics constraints. In such
applications it appears to be very important to model the energy storage systems for simulation or maintenance (health monitoring
[6]) purposes.

Impedance measurement provides a powerful tool of analysis [14] and investigation [15]. Ideally, electrical parameters of any
electrical model must reflect physical and electrochemical phenomena of SCs. It may allow observation and comprehension of the
evolution of the state of health of supercapacitor with aging [6].

In this paper, we use impedance spectroscopy technique to characterize supercapacitors. In a first time, we present single pore
(SP) model [16]. In this case we consider that pore size on SC electrodes is constant. In the second step, we present the multipore
model which takes into account the pore size dispersion of SCs electrodes.

Then we propose a new identification method for extracting the equivalent parameters of the MP model. This method differs
from the classical optimization methods used for identification methods (based on fitting between experimental data and model)
which leads to issues such irreproducible results (several sets of equivalent parameters can lead to the same fitting quality). The
presented method is based on the physics of ions penetration in SC electrodes. The method separates the SC impedance spectrum
in different influence zones as a function of ionic storage speed in each pore groups. The equivalent parameters of the fastest pore
group are firstly identified with high frequencies. Then, slower pore groups are identified in lower frequencies. It results in fast
computing and reproducible results.

Commercial 3000F SCs from two different manufacturers (A and B) built with the most widespread technology (carbon/carbon
electrodes and organic acetonitrile/TEABF, electrolyte [17]) are characterized using impedance spectroscopy method at different
aging rates during aging tests. Thus, we can observe aging results with MP model. Another possible use of MP model is also

presented (time simulation) to illustrate its versatility.
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II. SCs IMPEDANCE MODELING

A. Energy storage mechanisms for SCs

Fig. 1 presents operating principles of SC. SC are composed of porous electrodes facing each other and drawn in an ionic
electrolyte. The separator is a porous structure preventing electrical short-circuit between electrodes while permitting the
movement of ions. Collectors are connecting electrodes and external circuit. Energy is stored by the double layer effect (one ionic
charge facing one electronic opposite charge) contrary to film capacitors which only use electric charges [18]. All the SCs we are
testing are manufactured with the same electrolyte/electrode technology. This technology is the most widespread for high
capacitance SCs. The electrolyte solvent is Acetonitrile (ACN) and the ionic salt is tetracthylammonium tetrafluoroborate
ET4NBF; (also called TEABF4). Nowadays ACN appears to be the best compromise between high conductivity, high relative
dielectric constant (er=37) [19] and low temperature of freezing (around -40 °C) although it is classified as hazardous and
flammable. ET4NBF, crystallization temperature is also very low and permits SC to function normally for temperatures between
-30°C and 65 °C [17]. The electrodes are built with a porous material to maximize the contact surface between electrode and
electrolyte. Activated carbon (AC) is relatively abundant and cheap as it can be manufactured from nutshells [20].The surface (S)
of electrodes built with AC is usually around 2000 m?/g [21]. As there is no dielectric film the distance between ions and opposite
sign charges (d) is very thin which influences greatly the double layer capacitance (Cq) of electrode as shown on (1).

~.SR~.90~S

Ca =72 (M

where g is the dielectric permittivity of the vacuum. Combining the thin double layer and the high energy storage surface
developed by AC, SCs are able to develop capacitance up to 3000F for a mass of 0.6 kg [17]. As there are no reactions implied in
energy storage (contrary to batteries) the equivalent series resistance (ESR) is very low and the lifespan of component is very high
compared to batteries. Nevertheless the amount of mass energy stored (=5 Wh/kg [17]) is inferior compared to batteries such as
Li-ion batteries [22]. To sum up, SCs are robust energy storage systems (ESSs) (temperatures range, long lifespan) capable to

reach high capacities values and to achieve high power profiles during short time (for example braking energy recovery).
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Fig. 1 Supercapactior working principle
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Fig. 2 presents the evolution of a SC capacitance with frequency. Capacitance is calculated with the imaginary part of SC
impedance (Zsc).

1

Cu = T o m(Ze) )

We can notice on Fig. 2 that capacitance of the tested SC is constant in low frequency (LF) and brutally drops down when
frequency increases. SCs are indeed low frequency (LF) energy storage systems because of the use of ions in the energy storage
process (the movement of ions is far much slow than the movement of the electric charges in conductive materials). Thus, we

define for the rest of the article the HF zone for frequencies superior to 300 mHz and the LF zone for frequencies inferior to

300 mHz.
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Fig. 2 The two different frequency zones for energy storage in tested SCs

Fig. 3 shows the impedance spectrum of a tested SC obtained by impedance spectrometer under excitation amplitude of 5 A.
Frequency sweep covers the range from 10 mHz to 40 Hz. The frequency behavior of a SC can be decomposed into two
asymptotic zones. High frequency (HF) zone (anr = 45 ° in an orthonormal plot) is characteristic of the increasing penetration
depth of ions into the porous structure with lower frequency [16] (see Fig. 4). The series resistance (Ro) can be calculated as being

the real part of impedance when the high frequency asymptote cuts the real axis. It represents the resistive phenomenon which are
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not linked to porosity (connection related resistance for instance). The low frequency (LF) zone corresponds to the capacitive
energy storage zone in SC electrode porous structure (negative imaginary part). SC electrode is composed of pores which don’t
have exactly the same geometry (depth and diameter). This property is called pore size dispersion and it affects the low frequency
SC behavior (penetration depth of ion is also depending on the ion size and pore size ratio as shown on Fig. 4) [23]. The non
infinite LF slope (arr#90 ©) is a consequence of the sluggish redistribution of charges between pores of different characteristics
(geometry, accessibility...) [23]. The accessibility resistance of electrolyte in the pore (R¢i) can be calculated with the value of Ry

and the HF and LF asymptotes as shown on Fig. 43. It is mostly influenced by the difficulty of ions to go throughout the pores.

10 mHz
R,=0.21 mQ 100 mHz-f
R,=0.21 mQ !
S 0Af ay <90 'V'
E ¥
3 o +/
N VAT +/ ]
E 40 Hz +++ !
() — W‘+‘++++"ﬁum‘j\ G
Ry | L Re3 ‘
0.2 0.22 0.24 0.26 0.28 0.3
Re(Z) (mQ)
Fig. 3. SC impedance spectrum Nyquist diagram for 100 mHz to 40 Hz

@
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d,<d, d,=d,
Ton 4mmm) Penetration depth

Fig. 4. Evolution of ion penetration depth with electrical signal frequency

B. Single pore (SP) model

Single pore (SP) has been discovered by de Levie in 1967 [16]. It describes the impedance of a perfect porous structure (see

Fig. 5b) in which :

Pore length >> Pore diameter
Pores are parallel and have exactely the same dimensions

There is no concentration gradient in the electrolyte
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The impedance expression of a SP pourous structure is depending of two parameters called the accessibility resistance of
electrolyte in the pores (Rei) and the double layer capacitance of the SP porous structure (Car). They are representing respectively
the difficulty of ions to reach the bottom of pores and the capability of the SP structure to store energy. The expression of the
impedance of a SP structure (Zsp) is given by the following expression [16]. This equation is the classic expression for porous

structure impedance.

R -
Zy =, |- < coth Jo.CyR, (3)
joC,

2R

Fig. 5 Simplification of the activated carbon grain a) with SP model hypothesis b)

Equation (3) can be simplified in HF and in LF. As a matter of fact :

lim, ., coth(x)=1 4)

1 x
lim_ coth(X)=—+— 5
X—0 ( ) X 3 ( )

Thus, for HF the SP model impedance expression becomes :

R - 1 R
li el th(,/ joC,R,)=— [—2—
m, ,, joC, xcoth(y/ joCyR,) \/T oC,

4
_(£_J \/—
2) a)CdI
Thus
d(-Im(Zy))
dRe(Zy) )

Thus the slope of HF asymptote behavior (see Fig. 6) of the SP model will be a 45 ° straight line (only for an orthonormal
nyquist plot). For LF the SP model acts like a perfect capacitance in series with a R series resistance. This frequency is

characteristic of an occupation of the whole porosity by the ions (ions have enough time to reach the pore bottom).
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. Ry ) - 1 &
lim, oCy coth(y/ jaCy, Rel)—(ijwcdI + 3 ) (6)

If we call Reipore and Caipore the accessibility resistance of electrolyte in one pore and the double layer capcitance of one pore

then the global parameters of the n parallel pores of the SP structure will be given by the following expressions.

_Raroe
R, == )
Car =NxCypore (8)
=Ry xCy =Ry pre Gt ere 9

7 is the time constant of the SP structue. As shown in (9) it only depends on the parameters of one pore (Reipore and Caipore). The
cutoff frequency (fc) is defined considering the t value of the pores of the SP structure.

1 1

fo = =
¢ 21‘C'Re| 'Cd| 2n-t (10)

By placing the cutoff frequency in Fig. 6, we can notice that this variable is representative of the highest frequency for which
the SP structure acts like a perfect capacitor with a series resistance (LF asymptote). For frequencies superior to fc the ions are not
occupying the totality of pore depth and for frequencies inferior to fc the whole SP porosity is filled with ions. The more fc is high
(the more 1 is small), the more the SP structure is quick for ion storage (the more the pores are accessible for ions). The inverse

transformation of Zsp(jw) in the time domain is given by:

1 2 . t
Zop(t)y=—+—> e ™ 11
s c. e, HZI (11)
with:
2.R
R — el 12
" n’n? (12)

The equivalent circuit of the SP structure is presented in Fig. 7. A Ry resistance has been added in series to model the effect of

resistance cause by contacts and resistivity of components used for SCs manufacturing.
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Fig. 6 Nyquist plot of SP model frequency behavior

Fig. 7 SP model equivalent circuit

Fig. 8 presents the comparison between the experimental impedance spectrum of a SC and the SP model.
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Fig. 8 Comparison of experimental SC spectrum from manufacturer B and single pore model (whole frequency bandwidth) a) and detail of the higher part of

frequency bandwidth b)

Part a) of Fig. 8 shows that the LF behavior of SC impedance diverges from the SP model. This part shows that the hypothesis
formulated by De Levie (especially the pore size unicity) are not applicable to SC impedance. The non infinite slope of impedance
in LF is indeed associated with distributed porous structures [23]. Nevertheless the Part b) of Fig. 8 shows that the SP model is
able to represent accurately the HF behavior of the SC impedance. Those evidences tend to show that at high frequency only a
group of pores stores energy and that for LF several pore groups are able to store energy. Thus we can conclude that the major

drawback of the SP model is being unable to take into account pore size dispersion to model accurately SCs energy storage for LF.

C. Constant phase element (CPE) model

Industrial processes to activate carbon lead to dispersion for pore size.
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Table 1 presents an example of pore distribution on three different types of PICA activated carbon porous electrodes. The pores
are divided in three categories by the manufacturer. Large pores have an entrance diameter superior to 500 A. Medium pores
diameter between 20 A and 500 A. Small pore diameter is inferior to 20 A. The specific surface of electrodes corresponds to the
maximum contact surface between electrode and electrolyte and is given in m? for 1 gram of electrode. The proportion of each

category of pores is given in cm® for 1 gram of electrode.
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Table 1 pore size distribution for three PICA activated carbon used as electrodes [21]

Type Specific Median Large Medium Small
surface pore pore pore pore

(m%/g) diameter volume volume volume

@D em'y) em'l (e g
1 1937 242 0.70 0.87 1.57
2 1960 19.6 0.65 0.44 1.09
3 1170 10.8 0.43 0.16 0.59

Electrodes built with activated carbon have a wide pore distribution. This is why SP model is unable to represent properly low

frequency SC impedance behavior. Then pore size distribution has to be taken into account in our model as depicted in Fig. 9.

)
2.

b)

Fig. 9 Simplification of the activated carbon grain a) with CPE model hypothesis b)

Impedance of distributed porous structure is often described by a CPE [23]. To take into account of the impact of pore size
dispersion on low frequency SC impedance, K6tz and al. in [24] proposed to replace the capacitive element Cq by a CPE element

(Ca, 1-y) in single pore model equation (3). Equation (13) gives the expression of the CPE model impedance.

R, xcoth(y/(j)™ GaRi)

Z oo =Ry + Gy Gy

(13)

where vy is the pore size dispersion (y=0 for a single pore size electrode, the more dispersed the electrode pores are the nearer to
1 v is. R Cq, representing the accessibility of electrolyte in the pores and the global capacitance of SC for LF. The equivalent circuit

of CPE model is also derived from the SP one by replacing the capacitors by CPE as depicted in Fig. 10.

( \

| 2R, /n? 2R /n’n? I

-Ro I I I
ICPE (Cay1-y)

|
\ CPE model

CPE (Cyp1-y)

i |
CPE (Cap1-7) 1

Fig. 10 CPE model equivalent circuit

Fig. 11 shows the plots of experimental SC and the CPE model. Presented results have been obtained for a 3000F, 2.7V

component. This figure validates CPE model as it fits well with the experimental impedance spectrum in the whole frequency range
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of our experiments (HF and LF). Thus the adjunction of the dispersion factor y provides a huge improve in term of fitting precision
compared to SP model. Nevertheless vy is a global parameter which is not able to differentiate the pore as a function of their
geometrical (thus electrical) parameters. To conclude, we can say that CPE model is a powerful tool for SCs behavior simulation

but it can be improved for fine SCs analysis (such as SC aging monitoring).

6 ‘ : ‘
+ Experimental 0.01 Hz ©

—_ O CPE model

4 |
g R;=0.216 mQ *0
-~ R,=0.214 mQ ©

A Cy=2875F

N dl £ 9]
’g 21 y=0.0094 (=) 1

: 0.35 2)
J Rz
‘ + Exp‘erimental‘ ‘
_ 008" © CPE model +o
1Hz <+ le)

g 006 +0° -
= +o*©
o 004 o +0*° :
= 40H ¥
= 002} dapﬂ- ]

0 7\ Il Il Il Il Il ]

023 024 025 026 027 028 b)

Re(Zy) (mQ2)

Fig. 11 Comparison of experimental SC spectrum from manufacturer B and CPE model (whole frequency bandwidth) a) and detail of the higher part of frequency

bandwidth b)

III. PRINCIPLE OF THE MULTIPORE (MP) MODEL

The CPE model was consequently developed to take into account the effect of pore size dispersion (the redistribution of charges
between different size pores) by using the dispersion parameter y. The issue of this model is that y parameter doesn’t give
particular information on the different pore groups present on the electrodes. A. Hammar [25] decided to go for a totally new
model by splitting the electrode into k pore groups. Those k groups are called branches (see Fig. 13). We conserve the hypothesis
of parallel and cylindrical pores formulated by De Levie for SP model. The n; pores of the the i branch (with n;.Reii, Caii/n;
impedance characteristics) are grouped in the SP; porous structure. The impedance SP; porous structure is called Zy;. Parameters
Zpi, Reii, Caii depend on the impedance of one pore and the number n; of the parallel pores in the group. Each group of pores is

represented as a parallel branch on the equivalent circuit as shown in Fig. 12.
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Branch k

Branch 3
Branch 1
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Zp

Can, Raz

a

Fig. 12 Principle of MP model (grouping the same pores into branches)
Impedance of the global MP porous structure is thus composed with several SP branches as depicted in Fig. 13.This model can be

considered as a generalization of SP model. The impedance of SC is obtained by adding a series resistance Ry which is modeling the

resistivity of contacts and the limited conductivity of SCs constituents (electrodes, collectors...).

4 4 2R/ P {2R¢,,/n2n2 —
I 5
L re | ) )
Can I I &

g Can/2 Can/2
4 ‘%ZRmmzkf {2Rmmmz N w
I =
) I I =
Can I I &

\_ Can/2 Can/2
a — 2Raun* | R/nm -
N L =
) I I £
Can I I &

\ Canl2 Canl2 y,

Fig. 13 MP model equivalent circuit

IV. IDENTIFICATION METHOD FOR MULTIPORE (MP) MODEL
A. Principle

We tested the ACN / TEABF, SCs coming from 2 different manufacturers and noticed that their impedance behavior was very
similar to a SP porous structure for HF zone as depicted in Fig. 14. This indicates that in HF only one group of pore (one branch in
Fig. 13) participates to energy storage. This branch is the most accessible for the ions. That means that the pore geometrical
configuration is adapted for a quick ionic storage. By convention, we sort the branches by accessibility order (the number 1 will be

for the most accessible branch) thus by time constant opposite order.

T, <<..<<1,

(14

If we consider that all the pores have the same length their accessibility can be associated only with pore diameter (the more the
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pore diameter is big and the more accessible the pore is) [6]. Fig. 15 presents the different frequency zones corresponding to the
respective influence of each branch. In HF only branch 1 is participating to energy storage. That means that other branch are not
storing energy because they are not accessible (i.e. quick) enough to let ions go through at such frequencies. Consequently, for HF,
other branches are acting as open circuit in the MP model equivalent circuit (see Fig. 13). When frequency decreases the branch 2
starts to store energy too. Branch 1 and branch 2 are acting in parallel. Then for lower frequencies the number of active branches
is increasing. The proposed model with parallel SP branches is limited to double layer SCs (corresponding to the most widespread
SCs technology for high power applications and to the tested components in this paper) as SP structure is purely associated with
double layer energy storage. SCs using pseudo capacitance as a major storage mechanism have a different impedance spectrum in
high frequency due to charge transfer and are more close to battery [26]. Thus, even though the principle of branches identification

by frequency zone can be applied to pseudo capacitive SCs, a specific model with supplementary equivalent parameters has to be

developped.
0.06 : : 400 mH
+ Man. A
— SP model
G 0.04 B
g
g
[\]m 40 Hz
= 0.02 » 1
0 /” | | | I I
0 0.01 0.02 0.03 0.04 0.05 0.06
Re (Z  )(mQ)
0.06 . ,

“Im (Zy)(m)

0 3 I L L I I
0 0.01 0.02 0.03 0.04 0.05 0.06

Re (Zy)(mQ)

Fig. 14 Comparison of SP model and porous structures impedances for manufacturers A and B (Ro removed from SCs impedance)



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 15

6 . . . ffCS
+ 10 mHz

a Branch 1//Branch 2
g 4r //Branch 3 + ]
~ +
N +
E 2r for 3 4 1
' Branchl ++ }Branchl // Branch2

0 40 sz—‘—\!'ﬂﬁq- fey
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Fig. 15 Influence zone of different branches for MP model

The principle of our identification method consists in identifying the frequency influence zones of the branches (thanks to their
cutoff frequency fci) and their electrical parameters (one after another).The identification method will be accomplished from HF to
LF. The first branch to identify is branch 1 as it is the only one to act form HF to fci (see Fig. 15). Then branch 2 is identified from
fci1 to fco thanks to the parameters of branch 1 and the experimental impedance spectrum. The higher rank branches (3, 4....n) are

extracted the same way. The next parts give more details and examples for branches identification.

B. Identification method for branch 1

For HF SCs impedance behavior is very near to a SP structure. We need to identify the branch 1 of SC electrode as a SP model.
This part provides the method for identification of a single pore structure. We consider a perfect SP structure (without Ry series
resistance). We simplify in a first time the writing of the SP structure impedance expression (3) in equations (15) and (16) with

frequency dependent resistance (R;(f)) and capacitance (C;(f)) as depicted on Fig. 16

] ZSP(f) [

11
Ry CO

—

Fig. 16 Simplification of SP model

where:
R(f)=Re(Zg (1) (15)

-1

Cl(f)zlm(zsp(f)).z;pf

(16)

For the cutoff frequency (fc:) the asymptotic LF behavior of SC impedance has been reached (see part I1.B and Fig. 6). Then we

can write equations (17) and (18):
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R
Rl(fm)z% (17)
C1(fc1) = Cdll (18)

Then we simplify the expression of fc; with (17) and (18).

1 1
fo=r—"—"— f, =
2n-Ry, -Cy, 2n-3-R(f,)-C,(f,)

(19)

We extract the value of the cutoff frequency by using the frequencies of impedance measurement (f) and by solving (20).

f ~ ! =
27'5’3'R1(fc1)‘c1(fc1)

f= fcl (20)

Equation (20) is solved graphically in Fig. 17.

0.8 Imposed values
Ol £ 1| R, =0216mQ
E 0.6 CdlI:2‘59 kF
s £,=0.284 Hz
2
% 0.4 2| Extracted values
& 1 || Ry =0215mQ

02 | 223R,(D)-C(N)]| Ca=2.55kF

| f,=0.29 Hz
0 ! ‘
0 fy, 0.5 1

Frequency f (Hz)

excitation
Fig. 17 Method to identify the cutoff frequency fci

To show the good precision of such an identification method we impose the values of SP porous structure (imposed values in
Fig. 17) and simulate the impedance behavior with frequency (see equation (3)). Then we identified the cutoff frequency fci (as
described in Fig. 17) and calculate the values Reii and Cqii with (17) and (18). The extracted parameters are very near from the
imposed values with differences of the percent order or inferior. This values show that the described identification method is very
precise. Then we apply the identification method on experimental SC impedance (Zsc exp). As we are treating with experimental

impedance a Ry series resistance must be added to the branch 1 (Zpranch 1)-

R -
VA =R, + f¢ th .C. 'R
Branch1 0 j(‘)'cdn X co ( Jo di1 ell) (20)

Thus Ri(f) and Ci(f) expressions are slightly changed:
Rl(f):Re(ZSCExp(f)_RO) (21)

-1

Cl(f):Im(ZSCExp(f)_RO)'zﬂ"f (22)
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The extraction of fc; with (20) gives a cutoff frequency of 290 mHz. We calculate Reii and Cqii with the following expressions.
Reit = Re(Zsc gxp (fe1) —Rp) -3 (23)

-1
Im(Z scexp (fe1) = Rp)-2m- fey

Cann (24)

Fig. 18 presents the impedance behavior of experimental impedance of SC and the first branch. For frequency superior to fc; the
branch 1 is sufficient to model correctly the frequency behavior of SC impedance (for HF the experimental spectrum of a SC is a
simple pore model as shown in Fig. 8.b). For frequencies inferior to fc; branch 1 and SC impedance start to diverge (meaning that

several branches are participating to energy storage). Thus the identification of branch 2 parameters will be performed from fc; to

lower frequencies.

T 0 T
+ Experimental + 10mHz
=S O Branch 1
g 4t o + 1
£ R,=0.210 mQ
= Ry=0216mQ ©O +
N Ca=2600F O 4
E 7 + ’
' fc; =290mHz +
40 Hz
0 ‘ ‘
0.2 0.25 0.3 0.35 0.4
Re (Zy)(mQ)

Fig. 18 Comparison to extracted SP model and experimental results

C. Extraction method for other branches
When frequencies are inferior to fc; the branch 1 is not sufficient to model SC impedance. That means that two branches in
parallel participate to energy storage. Fig. 19 presents the simplification of SC experimental impedance with two parallel

branches. Parameters Ri(f) and C,(f) are already identified and Rx(f) and Cy(f) are unknown.

Ro Rscegp(-Ry Caiscexp(f)
—

Ri(f) Ci(H

R Ca(D
|_F

Fig. 19 Simplification of equivalent circuit for extracting branch 2 parameters

With Fig. 19 we can write the following impedance equation :
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1
+(Rygg () =R+ ——
K Recen(D-R)+ oo

(25)

1 1
—X“'(R](f)“'w)”(&(f)*’w)

Equation (25) can be transformed using admittance instead of impedance:

1

1
(Ree (F)—-R)+—————
e ‘ JCulscnzxp(f)'Z”f

1 1
= +

1 1
R(f)+ Rz(f)“‘w

(26)

iC(f)-2zf

18
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Then we can isolate the branch 2 admittance.

1

1

R(f)+————
= )+jCAfy2ﬁf
i | | 27)
N 1 N 1
Reeeo (F)—R R(f
(oo DRI e D2t R e 2nt
Then we use (28) to simplify (27).
1 —
: =
R(F)+————
iC(f)-2xf (28)

R()-C(PP-2z-f  j-C(f)2mf
1+(C(f)-R(f)-2z- f)>  1+(C(f)-R(f)-27- )’

By simplifying (27) with (28) and taking into account only the real part of (28) expression we can define the k; variable (29).

R,(f)-C,(f)
1+(C,(f)-R,(f)-27- )’
_ (RSCExp(f)_ RO)'CdISCExp(f)Z
14 Caseep (1) (Rec g (F)=Ry)-27- £)°
3 R(f)-C,(f) _
1+(C,(f)-R(f)-27-f)"

(29)

By simplifying (27) with (28) and taking into account only the imaginary part of (28) expression we can define the k, variable

(29).
Cz(f) — CdISCExp(f)
1+(C,(F)-Ry()-27- 1) 14+ (Cyscep(F)-(Recgg (F) =R - 27 1)’
cy(h) i} 0
1+(C(f)-R(f)-2z- )y
Then by dividing k; by k, we can write (31).
kl
F:Rz(f)'cz(f) (31)
2
Then we define the cutoff frequency (32) of branch 2 exactly by the same way that for branch 1 (20).
fo L ot 32
21-3R,()C,(f) © (32)

We solve (32) using the same method described in Fig. 17. The extracted cutoff frequency for the branch 2 of the tested
component is fc,=53.5 mHz. This frequency is reported in Fig. 20. Once the cutoff frequency of branch 2 is known we can proceed
to Rep and Cyp. By definition the time constant 1, of the branch 2 is obtained by multiplying the accessibility resistance Rep by the

double layer capacitance Cq» of the branch 2.
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2 :Relz'Cdlz (33)

When the cutoff frequency fc; is reached for a SP structure (branch i), we can obtain the values of Reji and Cgii.(see (6) and Fig. 8 )

R,; =3-R(f,) 34)
Cai (i) = Cy (35)
Thanks to (30) we can write for f=fc; :
k,(fc,)= _ G(e)

1+(%.27z. fc,)? (36)

Then Cqi (37) can be calculated by combining equations (35) and (36). Re2 (39) is calculated by combining the expressions of

branch 2 time constant 1, (see equations (33) and (38)).

Cyy kz(fcz)~[1+(%2-27r- fcz)z} (37)
ry = 38
> 2t (38)
T
Re = CZ (39)

di2

As depicted in Fig. 20 the impedance of SC and the 2 branches multipore model start to diverge for frequencies inferior to fco.
Thus a third branch must be identified. We can use the same method that we used for identifying branch 2 by adding a 3™ branch
in parallel of the two branches structure described in Fig. 19. Nevertheless the cutoff frequency fcs is out of our range of
measurements (too low frequency) which doesn’t allow us to use the same extraction method. Thus the third branch parameters
are identified with an algorithm of fitting based on least square error minimization between experimental impedance of SC and the

3 branches MP model and reported in Fig. 20.

1
fe,=———
27-R 13- Cys

=4.7 mHz (40)
By observing Fig. 20 we can say that the 3 branches MP model is very accurate to model the impedance behavior of the SC

throughout more than 3 decades. The measurement frequency range includes the normal frequency range of SCs usage (for

applications going from 0.1s to some minutes).
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fc;=4.7 mHz
6 : o — —!
+  Experimental A 10mHz gy
5. O s |
A MP 2 Branche O
4l O  MP 3 Branche A 7o I
g Ry=0.210 mQ
= 5 Rg=0216mQ O A o |
i Cy=2.69 kF
7 R,,=14.3 mQ (= N o
= 5l Cpp=0.208KF O ]
R,=411 mQ A€
Cy3=0.0825 kF o
Ir fel=0.29Q Hz fo,= 53.5 mHz |
40 Hz
0 | | a)
0.2 0.25 0.3 0.35
Re(Z ) (mQ)
0.07 | S :
+  Experimental
006 g e L5Hz 4 g
0.05 | A MP 2 Branches +An |
R O  MP 3 Branches +
G
E 004} 4 ]
3 "-d
N 0.03] @ 1
E ¢
0.02 + |
0.01 B
40 Hz
0 I I I I b)
0.22 0.23 0.24 0.25 0.26 0.27

Re(Z) (mQ)
Fig. 20 Fitting of MP model with full frequency bandwidth experimental SC spectrum a) and with HF only b)

Table 1 presents the different time constant of the branches of the tested SC. The different groups of pores appear to own very

different accessibilities respecting the hypothesis formulated in (14).

Table 2 Time constants of the different extracted branches

Ti(s) T2(S) T3(8)

0.58 2.97 33

V. POSSIBLE USE OF MP MODEL

A. Aging monitoring [Erreur ! Source du renvoi introuvable.]

MP model can be a powerful tool for SC aging monitoring. The advantage of MP model is that it allows following the evolution
of different pore groups. The presented results (in Fig. 21 and Fig. 22) are obtained for SCs coming from 2 different manufacturers
(A and B) and MP model parameters are extracted with the presented identification method. SC aging is mostly influenced by

temperature and voltage. The aging constraints applied on the tested samples are constant (60 °C, 2.8 V) and the impedance
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measurement are performed at the aging constraints. To have representative samples three SCs of each manufacturer are aged
under the same constraints. The presented aging results are averaged. Aging results for manufacturer A and B are presented in Fig.
21 and in Fig. 22. Parameters evolutions are given in percent. We can notice that during aging the pore accessibility resistance
(Reii) to electrolyte is decreasing for every branch. That indicates that during aging the SC pore length is decreasing (the more a
pore is short and the more the accessibility resistance of electrolyte in pore R is small [16]). The pore length decrease is
accompanied by a decrease of branch 1 capacitance (which represents the main part of SC capacitance (see Fig. 20)) as it tends to
reduce the branch 1 storage surface of SC (see Fig. 1 and equation (1)). For branch 2 the capacitance tends to increase possibly
indicating that the diameter of the pores of branch 2 are the same order of magnitude that the solvated ion diameter. Thus for
entering in branch 2 pores ions are obliged to lose a part of their solvation layer reducing the thickness (d) of double layer which
implies a capacitance increase [27] [28] (see equation 1). The evolution of branch 3 (the smallest diameter pores) tends to indicate
that they are getting shorter during aging (Re3 decrease) and that they are pore of the same size than bare ion (ion without solvation
layer) as the aging tends to Ca3 decrease (ions are fully desolvated to enter the pores of branch 3 since the beginning of aging).

More informations on MP aging monitoring can be found in [6] and [25].

0 1000 2000 3000 4000 5000
time (h)

1004 ‘
- —— Ry
x
= 50 | S
Rel3
0 1000 2000 3000 4000 5000

time (h)

Figure 21 MP model parameters evolution during 60 °C, 2.8 V floating aging (manufacturer A)

150 ‘
~ 0P — Cdll
5% 10 —— Cy, |
“ AAAAALE A Cdl3
50 AdLAAOS ‘ :
0 1000 2000 3000 4000 5000
time (h)
1004 ‘ ‘ R
—~ ell
é% 0 O A"A RelZ
~ 5 DA A
SOB—O8P gm0 —2— R
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time (h)

Figure 21 MP model parameters evolution during 60 °C, 2.8 V floating aging (manufacturer B)
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B. Time simulation

A time characterization of one SC has been experimentally realized in laboratory to show the ability of MP model to represent
precisely the time behavior of SC. This characterization uses current levels similar to those that are present in hybrid vehicles
(braking energy recovering, acceleration....). SC is connected to a high current programmable charge/discharge system. Voltage
and current of SC are called Usc and Isc. SC is charged at 500 Amps (0.17A/F as we are using 3000 F SC) until Ugc reaches rated
voltage (2.7 V) and placed in open circuit until time reaches 300s (this phase is called redistribution). Experimental results were
extracted and fitted with time response by using the inverted Laplace transformation of the MP model impedance. As the test
conditions are very different (high current, voltage highly variable) the extracted values are different from a frequency
characterization (with fixed voltage and low current level) as shown in Fig. 22. Fig. 22 shows a comparison between time
responses of MP model and experimental points. The phenomenon of capacitance non linearity has been taken into account by a
linear relationship of capacitance [29] with SC voltage on the main double layer capacitance (Cai1). Fig. 22 a) shows the relevance
of MP model to represent SC charge. It can also be noticed that MP represents with high accuracy the phenomenon of charges
redistribution between big and small pores (Fig. 22 b)) for a high redistribution time. The advantage of MP model is that it can be

easily simulated with simple resistive and capacitive components (contrary to CPE model).

3 w 7
+ Experimental i
b MP model E |
z -
; |
2 L | ]
ol ‘ ‘ D)
20 25 30 35
t(s)
2.6 :
Ry=0.175 mQ
R,,=0.216 mQ |
2.58 Cyy=1.95+0.480*Ug. kF
S R,,=27.3 mQ
256 Cy=0.300 kF 1
7 R,;=1705mQ
254 C,5=0.200 kF
2520 . ‘ ‘ ‘ ‘ b)
50 100 150 200 250 300

t(s)

Fig. 22 Time response of SC and MP model during the 500 A charge a) and during the redistribution phase b)
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VI. CONCLUSION

This article deals about the identification method for a recent impedance model dedicated to SCs. Due to the presence of ions
in the energy storage mechanism (the electrical double layer) and the use of microporous electrodes (to maximize the energy
storage surface) the interaction between ions and pores affects a lot SCs impedance behavior. Thus impedance parameters can be
used as an analysis tool for SC internal structure. The SCs tested in this article are representative from the most widespread SC
technology (i.e. acetonitrile/ activated carbon SCs).

In a first time the paper presents the classic models for SC impedance. Single pore model is the first one to be presented as it is
the first one to be published in literature. This model considers all the pores on SC impedance to be exactly the same. It models
well SC impedance behavior for HF but fails to model correctly the LF part of SC impedance. This comes from the fact that SC
impedance is influenced by the pore size dispersion (which is inevitable on industrial electrodes) for LF. The second conclusion is
that only one group of pores (the more accessible to ions) are fast enough to participate to energy storage in HF. Then an
alternative model called CPE model is presented. It takes into account the pore size dispersion with a global parameter called
dispersion parameter (y). This model is well suited to model both HF and LF frequency behavior of SC impedance. Nevertheless
it doesn’t deal separately with the different pore groups. This is not really interesting for SCs internal parameters analysis (for
example for aging monitoring).

Consequently the multipore model has been developed. It divides the electrode into different single pore structures (called
branches) tanks to their accessibility to ions. Under certain hypothesis enounced in this article the accessibility of ions can be
related to the pore diameter. The big diameter pores are the most accessible and the smaller one are less accessible. Nevertheless
this model is extremely hard to identify with classical fitting algorithms. As a matter of fact the parallel branches imply
phenomena such as multiple solutions or local minimums. We consequently developed an identification method base on the
successive branch identification with decreasing frequency with no fitting algorithm implied (except for least accessible branch).
This paper is the first to propose such a method in the literature. Identification appears to be precise for modeling SC impedance
(see Fig. 20), it is linked to the equation and physics of the different single pore structure present on the electrode and it gives
always the same parameter set for MP model.

Then the identification method is applied to aging results for 6 SCs coming from two different manufacturers. The evolution of
the MP parameters is exploitable and leads to interesting and new conclusions for SC aging confirming the quality of extraction
method and the interest of MP model for SC electrochemical parameters analysis. Finally time simulation is proposed as another

possible use of MP model.
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