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Abstract: In this study, electrical models for cylindrical /pouch-type lithium Li-ion batteries and su-
percapacitors were investigated, and the impedance spectra characteristics were studied. Cylindrical
Li-ion batteries use Ni, Co, and Al as the main materials, while pouch-type Li-ion batteries use Ni,
Co, and Mn as the main materials. Herein, 2600-3600 mAh 18650-type cylindrical Li-ion batteries,
5000 mAh 21700-type cylindrical Li-ion batteries, 37-50.5 Ah pouch-type Li-ion batteries, and a 2.7 V,
600 F supercapacitor are compared and analyzed. For a cylindrical Li-ion battery, the Rg value of
a battery with a protection device (circular thermal disc cap) is in the range of 14-38 m(). For the
18650-type cylindrical Li-ion battery with a protection device, the Rg value of the battery is between
48 and 105 m(), and the protection device increases the Rg value by at least 33 mQ). A good Li-ion
battery exhibits Rg. Moreover, it has small overall Rp and Cp values. For the 21700-type cylindrical
Li-ion battery with a protection device, the Rg value of the battery is 25 m(). For the pouch-type
Li-ion battery, the Rg value of the battery is between 0.86 and 1.04 mQ). For the supercapacitor,
the Rg value of the battery is between 0.4779 and 0.5737 mQ). A cylindrical Li-ion battery exhibits
a semicircular shape in the impedance spectrum, due to the oxidation and reduction reactions of Li
ions, and the impedance increases with a slope of 45° in the complex plane, due to the Zy, generated
by Li ion diffusion. However, for a pouch-type Li-ion battery, the impedance spectrum exhibits
a part of the semicircular shape, due to the oxidation and reduction reactions of Li ions, and the
Zy generated by Li ion diffusion does not appear. In a supercapacitor, the oxidation and reduction
reactions of ions do not appear at all, and the Zyy generated by Li ion diffusion does not occur.

Keywords: impedance spectrum; Li-ion battery; supercapacitor; cylindrical battery; pouch battery

1. Introduction

Recently, as the importance of batteries as energy storage devices has increased,
various studies have been conducted on various characteristics and electrical modeling of
lithium-ion batteries [1-18] and supercapacitors [6,19-26].

In addition, research on the impedance change of the batteries and the interpretation
of the characteristics based on frequency injection from high to low frequencies, based on
the battery’s impedance spectra, have been conducted [5-11,27-48].

This study investigates the electrical equivalent models and impedance spectra of
cylindrical/pouch-type lithium Li-ion batteries and supercapacitors, based on various
battery models. Figure 1 displays the simplest battery model, which comprises the battery
voltage (Ep), the battery equivalent series resistance (Rg), and the battery open circuit
voltage (Vp) [1].

Chan and Sutanto [1] proposed a Thevenin battery model, which is a more practical
battery model, as shown in Figure 2.

The Thevenin battery model comprises the battery voltage (Eg), the battery equivalent
series resistance (Rg), a battery parallel resistance (Rp), a battery parallel capacitor (Cp),
and the battery open circuit voltage (Vp).
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Figure 2. Thevenin battery model [1].

Additionally, the battery parallel resistance (Rp) represents the nonlinear resistance
generated due to the contact resistance of the electrolyte [1]. Sims et al. [2] proposed the
following equation to represent the dynamic characteristics of the battery [2]:

K )
Ep=Vp — (RS - SOC) itp 1)

where K is the polarization constant, iy, is the battery discharge current, and SOC is the
state of charge.

The dynamic characteristics of the battery are characterized by considering SOC, K,
and iy, [2].

Ziyad et al. [3] and Margaret and Ziyad [4] proposed an improved battery model,
which is shown in Figure 3. The improved battery model comprises Eg, Rp, and Cp;
particularly, the variable resistor (R., R;) and the diode (Dj, D;) are arranged such that
nonlinearity is afforded during charging and discharging. Moreover, the model includes
a typical battery element [3,4].

In Figure 3, Rpyx is the battery variable parallel resistance, R¢ is the variable resistance
when charging the battery, and R; is the variable resistance when discharging the battery.

Recently, life prediction and performance analyses of the Li-ion batteries and superca-
pacitors used in electric vehicles, personal mobility vehicles, and energy storage systems
(ESS) are being increasingly performed. Buller et al. [5,6] introduced a variable frequency
for Li-ion batteries and supercapacitors, and based on this, proposed this study for analyz-
ing their characteristics in the complex plane. Their method reduces the time required to
perform the characteristic analysis of Li-ion batteries and supercapacitors, which is tradi-
tionally performed by charging and discharging Li-ion batteries and supercapacitors over
long periods of time. Advantageously, it can analyze the basic characteristics of batteries
within a very short time [5,6].
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Figure 3. Improved battery model [3,4].

Electrical and mathematical models for cylindrical Li-ion batteries, pouch-type Li-ion
batteries, and supercapacitors have been investigated [5-11]. By actually measuring the
impedance spectrum in the state of being charged and discharged, the battery characteris-
tics can be experimentally analyzed and compared. Subsequently, changes in the actual
performance of cylindrical Li-ion batteries, pouch-type Li-ion batteries, and supercapaci-
tors can be objectively observed, and the performance characteristics of electric vehicles,
personal mobility vehicles, and ESS can be analyzed. This study suggests a method for
quick and objective verification and analysis.

2. Electrical Modeling of Cylindrical Li-Ion Batteries

Figure 4 displays the impedance spectrum of a cylindrical Li-ion battery in the complex
plane [6,8]. Cylindrical Li-ion batteries use Ni, Co, and Al as the main materials. In the
impedance spectrum, the series inductor (Lg) of the cylindrical battery is located in the
high-frequency region (fyax), and the part where the trace of the impedance spectrum and
the real axis (Re Z) meet is the Rg of the cylindrical battery.

-ImZ SEl Charge Transfer

(Rer) R Lonte
St (Ret) Diffusion  }

(Zw)

Figure 4. Complex plane diagram of the impedance spectrum of a cylindrical Li-ion battery [5,7].

In Figure 4, the small semicircle, which is expressed using the film resistance (Rsg;)
and the capacitor (Qsgj, asgr), corresponds to the charge transfer of the solid electrolyte
interface (SEI) generated by the inner electrode. The Warburg impedance (Zy), which is the
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diffusion region, denotes the diffusion of solid-state Li ions, and it increases with a slope of
45° in the complex plane [6,8]. Zy can be expressed as follows [8,9]:

1 Ry :
Zy = Q(]w)n = \/ﬁtanh(\/];) (2)

where Q is the capacitor, w is the angular frequency, and R, is the resistance at
angular frequency.
Figure 5 depicts the electrical equivalent circuit of a cylindrical Li-ion battery.

Rse) Ret
Lg Rs L | :|_ z
o—ll— —___ O

1
QSEI’ aSEI le’ (x’dl

(a) Equivalent circuit
Rsel Ret Cw

L ST e I ] I

| { —
Qqep Olgg Qqgp Oy Rw

(b) Zy, is equivalent to R-C parallel model

Figure 5. Electrical equivalent circuit of a cylindrical Li-ion battery.

For a cylindrical Li-ion battery, since the parallel plate battery is wound into a cylinder,
the series inductor (Lg) is relatively larger than that for a pouch-type battery, and the Rg of
the battery is arranged in series therewith.

The Rgrr and Qsgy, asgy corresponding to charge transfer are arranged according to
the SEI generated by the internal electrode of the Li-ion battery, and the charge transfer
resistance (R.) representing the oxidation and reduction reactions of Li ions and a double
layer (Qg;, a4) are arranged. Furthermore, the Warburg impedance (Zyy) afforded by Li
ion diffusion can be modeled as a resistor (Ry) and a capacitor (Cy). Particularly, the
impedance spectrum of a cylindrical Li-ion battery in the complex plane shows that the
first small semicircle is generated by the SEI, and the second large semicircle is generated
by the oxidation and reduction reactions of Li ions. The diffusion of Li ions is a part of the
large semicircle, and it increases with an inclination of 45° in the complex plane [5,7].

Based on Figure 5, the equivalent impedance for a cylindrical Li-ion battery can be
expressed as follows [8-10].

Z(w) = jwL + Ry + o E—— Rer 1
1+ Rser-Qser(jw) 8 14+ Rer-Qu(jw) ™ Q(jw)
. RsEgp Rer Ry -
Z = jwL+ Rs + - + - + ——tanh(/jw 3
(W) =] * ' 14 ReprQsrr(jw) ' 1+ Rer-Qu(jw) “  \/jw ( J ) ®

Figure 6 shows the impedance spectrum in the complex plane, according to the SoC,
in a cylindrical Li-ion battery. Figure 6 shows that as the SoC of the battery increases, the
oxidation and reduction reactions of Li ions at the electrode material interface of the Li-ion
battery gradually decrease, and thus, the size of the semicircle decreases.
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Figure 6. Impedance spectrum according to the SoC of a cylindrical Li-ion battery [5].

Figure 7 presents the impedance spectrum for a cylindrical Li-ion battery, according
to the presence or absence of charging [5]. Figure 7 shows that the size of the semicircle
also decreases as the oxidation and reduction reactions decrease when charging is not
performed, compared to when charging at 1 A is performed [5].

Im Z[mOhm]
-40

-30

—20

=10

10
40 50 60 70 80 90 100 110 120 130 140
Re Z[mOhm]

—-= 0 A measured —4- 1 A measured

Figure 7. Impedance spectrum according to the presence or absence of charging for a cylindrical
Li-ion battery [5].

3. Electrical Modeling of Pouch-Type Li-Ion Batteries

Figure 8 displays the electrical equivalent circuit of a pouch-type Li-ion battery in the
complex plane [10].
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Figure 8. Electrical equivalent circuit of pouch-type Li-ion battery.

The pouch-type Li-ion battery uses cathode active material NMC (Ni, Co, and Mn) as
the main materials. Since the overall structure of the battery has a parallel plate shape, it
has a relatively small Lg compared to a cylindrical Li-ion battery.

It is placed in series with the Lg and Rg of the battery. The Rgp; and Qsgy, aser
corresponding to the charge transfer are arranged according to the SEI generated by
the internal electrode of the Li-ion battery, and the R.; of the pouch-type Li-ion battery,
representing the oxidation and reduction reactions of Li-ions and the double layer (Q4;, ag),
is the same as that of a cylindrical Li-ion battery.

However, the biggest difference in comparison to the cylindrical Li-ion battery, is
that the Zy, due to the Li ion diffusion, is not observed for the pouch-type Li-ion battery.
Therefore, from Figure 8, the equivalent impedance for a cylindrical Li-ion battery can be
expressed as follows [10]:

RsEr n Rer
14 Rsgr-Qser(jw) “F 14 Rer-Qu(jw)

Z(w) = jwL+ Rs + 4)

4. Electrical Modeling of Supercapacitors

Figure 9 presents the impedance spectrum of a supercapacitor in the complex
plane [5,6,11]. Supercapacitors are based on carbon, and notably, they do not exhibit
charge transfer of the SEI. Moreover, since oxidation and reduction reactions of ions do
not occur, semicircular trajectories do not appear. However, due to the impedance of the
supercapacitor, the impedance spectrum increases with a slope of 45°, and at very low fre-
quencies, the impedance spectrum increases with a slope of 90°, like an ideal capacitor [6].

Im Z[mOhm]

—0.84 160mHz" 4 U=1.25V
—0.6-

—0.4-
—0.2 f0OHz

0 L L 1 1 1
1.7°1.9 2. 23 2.5 2.0 2.9 3]
Re Z[mOhm]

Figure 9. Impedance spectrum according to temperature of the supercapacitor [5,6].
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Figure 10 shows the electrical equivalent circuit of a supercapacitor. The electrical
equivalent circuit of a supercapacitor comprises Lg, Rg, and supercapacitor impedance
(Z ). Zp is afforded by the porosity of the supercapacitor electrode and can be expressed

using Equation (5) [6,11].

. T-cosh(y/jwt)
Z,00) = —c e ©®

where, w is the angular frequency, C is the capacitance of the supercapacitor, and 7 is the
independent parameter of temperature and voltage in supercapacitors.

ks Rs ;13

- . o

Figure 10. Electrical equivalent circuit of the supercapacitor [6].

Figure 11 displays the electrical equivalent model of Z . Z is equivalent to a circuit
-P —P
wherein capacitor (C), and N capacitors (%) and resistors (# ﬁ) , are connected
in parallel.

C
2

= e v

&

— -

L
2
e HEH
n=1
—{ -

t 2
rtznz-C

A o

Figure 11. Electrical equivalent model of the supercapacitor impedance (Z ) [6].
-P

Figure 12 shows the curve of T [6]. Buller et al. [5,6,11] performed a simulation of the
impedance spectrum of the supercapacitor in a complex plane according to Equation (4)
and Figure 12. Figure 13 presents the theoretical model of the impedance spectrum of
a supercapacitor with porous electrodes [5,6,11].

T[S]
4

3.91
3.
2.5
2
1.5

1
-30-20-10 0 10 20 30 40 50

temperature[ C |

=€ 0.6V

Figure 12. Curve of T, which is an independent parameter of temperature and voltage in supercapacitors.
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Figure 13. Theoretical model of the impedance spectrum of supercapacitors with porous
electrodes [11].

where [ is the length of the porous electrode, and A is the wavelength.

Figure 13 shows a state with a small wavelength (1) compared to the length (/) of the
porous electrode. When % =6 ~ 3, the graph increases with a slope of 45°; when % < 3,
the graph increases with a slope of 90° [11].

5. Experimental Equipment and System

Table 1 shows the specifications of the Li-ion batteries and supercapacitor used herein.

Table 1. Specifications and parameters of the Li-ion batteries and supercapacitor.

EDrf!:rl;; :{51:1;: Company Quantity Value
Capacity 3500 mAh
@ Fairman (Kor.) Type Built-in protection device
Color Yellow
Capacity 3400 mAh
@ Fairman (Kor.) Type Built-in protection device
Color Orange
Capacity 2600 mAh
Cylindrical Li-ion 18650 (® Fairman (Kor.) Type Built-in protection device
battery Color Blue
Capacity 2600 mAh
® Fairman (Kor.) Type Built-in protection device
Color Dark pink
Capacity 3000 mAh
(® Samsung (Kor.) Type Non-protection device

Color Pink
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Table 1. Cont.

ED::;gC; 2’5;; Company Quantity Value
Capacity 2900 mAh
(® Samsung (Kor.) Type Non-protection device
Color Blue
Capacity 2600 mAh
@ Samsung (Kor.) Type Non-protection device
Color Pink
Capacity 3500 mAh
LG (Kor.) Type Built-in protection device
Color Yellow /Black
Capacity 2600 mAh
® LG (Kor.) Type Built-in protection device
Color Green
Capacity 2600 mAh
@ LG (Kor.) Type Non-protection device
Color Purple
Capacity 3600 mAh
@ Panasonic (Jap.) Type Built-in protection device
Color Green
@ Shenzhen Capacity 3600 mAh
TrushFire Tech. Type Built-in protection device
(Chi.) Color Black
@ Shenzhen Capacity 2600 mAh
JiaChuangMing Type Built-in protection device
Tech. (Chi.) Color Pink
Capacity 5000 mAh
21700 @ Samsung (Kor.) Type Built-in protection device
Color Black
® Shenzhen Capacity 50.5 Ah
Aoyouji Energy Type Non-protection device
Electronics (Chi.) Color BEV battery
Pouch-type China Soundon Capacity 48 A.h .
Li-ion battery N ew Energy Type Non-protection device
(Chi.) Color BEV battery
Capacity 37 Ah
(@C)ﬁ ;23System LLC Type Non-protection device
Color PHEV battery
Supercapacitor \S(Eg?azilf;bang Capacity 600 F
Tech. (Chi.) Rated voltage DC27V

Impedance spectra were obtained for all 18 samples.
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Figure 14 shows the Li-ion batteries and supercapacitor used in the experiments in
this study.

(@ Fairman 3500mAh @ Fairman 3400mAh ® Fairman 2600mAh
@ Fairman 2600mAh ® Samsung 3000mAh ® Samsung 2900mAh
@ Samsung 2600mAh ® LG 3500mAh @ LG 2600mAh @ LG 2600mAh

@ Panasonic 3600mAh @ Shenzhen TrushFire 3600mAh
® Shenzhen JiaChuangMing 2600mAh @ Samsung 5000mAh

(a) (D~@®) > 18650 Type, @1> 21700-type)

shenzhen Yedianxinbang 2.7V DC 600F

@ Shenzhen Aoyouji Energy Electronics 50.5Ah
China Soundon New Energy 48Ah
© A123System LLC 37 Ah

(b) (o)

Figure 14. Li-ion batteries and supercapacitor used in the experiment. (a) Cylindrical Li-ion batteries:
18650-type—13 samples; 21700-type—1 sample; total of 14 samples. (b) Pouch-type Li-ion batteries:
size 300 x 100 x 10 mm; total of 3 samples. (c) Supercapacitor: diameter 60 x height 140 mm; total of
1 sample.
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Figure 15 shows the impedance spectrum equipment and the experimental apparatus
of the chamber, and Figure 16 shows the voltage and current waveforms obtained when

measuring the impedance spectra.

§ T

| |

O =

AT

R —
NN

AL

llllmllll|||llllllwlll‘lllll‘|“‘ lIIIlIIIIIIl g

~(b) Chamber

(d) Cylindrical Li-ion Béttery (e) Pouch-type Li-ion battery B (f) Supercapac1tor

Figure 15. Experimental apparatus.

WRTTTITRA TR A WA
vt ||||||||IHIII| 1

_ l!||';b,'|i|'|:|"li|

2.5sec/div

o BE—

—45s -42.55 -40s  —-37.5s -35s -32.5 -30s -27.5s -25s

Figure 16. Voltage and current waveforms when measuring impedance spectrum.

The measurements were made using the battery measuring equipment of BRS Messtech-
nik GmbH (Strohberg 23, City of Stuttgart, Germany).
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When measuring the impedance of the Li-ion batteries and supercapacitor, the impedance
was measured while varying the frequency from 1 kHz to 0.1 Hz. The impedance spectra
according to the charging and discharging states were measured and compared.

6. Experimental Results
6.1. Impedance Spectra of Cylindrical Li-lon Batteries

Figure 17 shows the equivalent circuit of the batteries and supercapacitor used herein,
as well as the values of Rg, Rp, and Cp. The electrical equivalent circuit can be represented
by more precise modeling, for a cylindrical Li-ion battery (Figure 5), a pouch-type Li-ion
battery (Figure 8), and a supercapacitor (Figure 10).

-ImZ

r'y

-Ilm(Z) = Max

SO o Jo P
O_l:]_ C O Im(2)=0 /

p Rs
I & F}D g Re 7

s-fl‘]l(l[

(a) Equivalent circuit used in the experiment (b) Typical curve fitting

v

Figure 17. Equivalent circuit and typical curve fitting.

However, in this experiment, it was equalized using the Thevenin battery model
(Figure 2), and values can be defined as in Figure 17b.

Figure 18 compares the impedance spectra during charging and discharging of the
18650-type cylindrical Li-ion battery without a protective device. As shown in Figure 18a,
the cylindrical Li-ion battery is equipped with a circular thermal disc cap, to prevent
overvoltage or overcurrent.

-12
-10
-8
-6
-4
) - »-.V:
0
21 0 20 30 40 50 60 70 80 90
» (® Samsung 3000mAh ® Samsung 2900mAh
@ Samsung 2600mAh @ LG 2600mAh
(a) Impedance spectrum when charging
-12
-10
-8
-6 .
-4 et T =
-2 =
0
21 0} 20 30 40 50 60 70 80 90
® Samsung 2600mAh ® Samsung 2900mAh
¢ (@ Samsung 3000mAh @ LG 2600mAh

(b) Impedance spectrum when discharging

Figure 18. Impedance spectra of 18650-type Li-ion batteries (non-protection device).
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The impedance spectrum experiment comprised the following seven steps.

- Step 1: Cylindrical pouch-type Li-ion batteries and supercapacitors were prepared
(Figure 14).

- Step 2: A chamber was used to keep the temperature constant at 25 °C. This is because
the characteristics of batteries are temperature sensitive (Figure 15).

- Step 3: A sine wave frequency in the range of 1 kHz to 0.1 Hz was injected into the
battery, through the impedance spectrum equipment (BRS Ltd.).

- Step 4: The impedance spectrum equipment acquired the following information from
a reflected wave of the sinusoidal signal supplied: (1) injection frequency value (f),
(2) RMS current value (I), and (3) RMS voltage value (V). The data were analyzed
by shifting their frequency from 1 kHz to 0.1 Hz. The above data were graphed by
dividing f.

- Step 5: The change in the parameters R, X;, Xc, L, and C of the battery, with the
battery frequency, was obtained from the following expressions:

R: VﬂC [Q]
I{ZC
X
Xp=wp=2nfL[Q] L= 2an
1 1
Xe=we=grre 2= "on7xc

Z=R+XL+ Xc [Q)]
The above equation for V,;: and I;. can be modified by using the complex function [38]:
j= V-1= exp(jT”):
Vae = Vimexp(jw)
Lic = Vi explj(wt — 9)]

Ve and I satisfy Ohm'’s law for the AC circuit model. Therefore, the impedance Z(w)
can be expressed as [38]:

_ Vac(w) _ Vaexp(jw)  _ Vm .
Hw) = Le(w)  Imexplj(wt—2)] Iy exp(j2)

Z(w) can be simplified using Euler’s formula, exp(j@) = cos(@) + jsin(2)
Vi . Vin . .
Z(w) = T exp(j@) = T [cos(@) + jsin(@)] = Zy[cos(D) + jsin(D)]
m m

By dividing the above equation into real and imaginary parts, the following equation
can be obtained [38]:

Zyeq1 = Zo cos(D) : R(resistance)
Zimg =7 Sil‘l(@)i Xt +Xc

- Step 6: The values of R, X}, X¢, L, and C, at frequencies from 1 kHz to 0.1 Hz, were
determined, and graphs were drawn using the data.

- Step 7: Rg, Rp, and Cp are shown in Figure 17 and measured on the basis of the above
data. Thus, the results in Figures 1824 are experimental data, obtained by injecting
a sine wave into a real battery, and based on the injection frequency, RMS current
value (I), and RMS voltage value (V). In Figures 18-24, the units of the x-axis and
y-axis are m().
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—-25
—-20
—-15
—-10 RS BT
-5 .3
> -‘."\? e
040 ; 60 80 100 120 140
¢ (D Fairman 3500mAh @ Fairman 3400mAh
LG 3500mAh @ Panasonic 3600mAh
* @ Shenzhen TrushFire 3600mAh
(a) Impedance spectrum when charging
-25 . =
-20 . -
-15 = il
—-10 T x >
_5 “' > = k“‘x*‘-- &/
040 i 60 80 100 120 140
¢ (O Fairman 3500mAh ® Fairman 3400mAh
LG 3500mAh G) Panasonic 3600mAh
X @ Shenzhen TrushFire 3600mAh
(b) Impedance spectrum when discharging
Figure 19. Impedance spectra of 18650-type (cylindrical 3400-3600 mAh) Li-ion batteries (built-in
protection device).
-20
-15
-10
-5 e “"‘nmo
- ¥4
0]
20 60 80 100 120 140
¢ @ Fairman 2600mAh @ Fairman 2600mAh
@ LG 2600mAh @@ Shenzhen JiachuangMing 2600mAh
(a) Impedance spectrum when charging
-20
-15
-10 "y .
-5 = >
0 -
540 60 80 100 120 140
¢ @ Fairman 2600mAh @ Fairman 2600mAh
@ LG 2600mAh @ Shenzhen JiachuangMing 2600mAh

(b) Impedance spectrum when discharging

Figure 20. Impedance spectra of 2600 mAh 18650-type Li-ion batteries (built-in protection device).
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-5
-4
-3
—2
-1
% 10 20 30 40 50
¢ Samsung 5000mAh_Charged
m Samsung 5000mAh_Discharged
Figure 21. Impedance spectrum of 21700-type Li-ion Batteries (built-in protection device).
—=25
-20
=15
=10
—5
0o 120 140
8

+ (D Fairman 3500mAh = @) Fairman 3400mAh ~ ® Fairman 2600mAh
@ Fairman 2600mAh x ® Samsung 3000mAh ¢ § Samsung 2900mAh
+ (D Samsung 2600mAh - ® LG 3500mAh - ® LG 2600mAh
+ O LG 2600mAh = @ Panasonic 3600mAh
A® Shenzhen TrushFire 3600mAh x @ Shenzhen JiaChuangMing 2600mAh
* @ Samsung 5000mAh

(a) Impedance spectrum when charging

~25
-20
=18
=10

—5

09 20 4 60 . 80 100
5
¢+ (® Fairman 3500mAh = @ Fairman 3400mAh + @ Fairman 2600mAh
@ Fairman 2600mAh X ® Samsung 3000mAh ¢ ® Samsung 2900mAh
+ (@ Samsung 2600mAh - ® LG 3500mAh - @ LG 2600mAh
+ @ LG 2600mAh = @ Panasonic 3600mAh
A®@ Shenzhen TrushFire 3600mAh = @® Shenzhen JiaChuangMing 2600mAh
* @@ Samsung 5000mAh

120 140

(b) Impedance spectrum when discharging

Figure 22. Impedance spectra of cylindrical Li-ion batteries.
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Figure 23. Impedance spectra of pouch-type Li-ion batteries.

0.5 y.
0
0.5 y

5]
0 1 2 3

-®- Shenzhen Yedianxinbang_charged
- Shenzhen Yedianxinbang_discharged

Figure 24. Impedance spectra of supercapacitor.



Batteries 2023, 9, 160

17 of 25

When such a protection device does not exist, the battery series impedance, 14-18 m(),
represents a relatively low resistance value during charging. The experimental result in
Figure 18 show that the Rs value was small when the capacity of the cylindrical Li-ion
battery was large, and vice versa.

The battery equivalent series resistance (Rg) values of the 18650-type cylindrical Li-ion
batteries, without the protection device, during charging are as follows:

- (® Samsung 3000 mAh : Rg = 14.5825 m()
- (® Samsung 2900 mAh : Rg = 23.2917 mQ)
- @ Samsung 2600 mAh : Rg = 37.7485 m()
- LG 2600 mAh : Rg = 37.3298 mQ)

Even for the Li-ion batteries with the same capacity, i.e., Samsung (&) and LG (@9),
the parallel impedance (Rp) and parallel capacitance (Cp) differ as follows:

- @ Samsung 2600 mAh : Rp = 22.9729 m(Q), Cp = 0.3525F
- LG 2600 mAh : Rp = 9.0120 m(), Cp = 0.6067 F

For the 18650-type cylindrical Li-ion batteries without a protection element, a semi-
circle graph appears, due to the oxidation and reduction reactions of Li ions, and Li-ion
batteries with smaller graphs exhibit better performances. Therefore, it can be predicted that
the Samsung ((?) Li-ion battery, with a smaller semicircle, will exhibit better performance
than the LG (@0) Li-ion battery, with a larger semicircle.

Figure 18b displays the impedance spectrum of a 18650-type cylindrical Li-ion battery
without a protection element during discharge. The figure shows that the impedance of the
battery increases as the battery discharges.

During discharge, the resistance increases, due to the oxidation and reduction reactions
of Liions, and the Rp values during the discharge are as follows.

- (® Samsung 3000 mAh : Rp = 19.1020 mQ)
- (® Samsung 2900 mAh : Rp = 24.0597 m(Q}
- @ Samsung 2600 mAh : Rp = 47.4514 m(Q}
- LG 2600 mAh : Rp = 29.8173 mQ)

The increase in the resistance value during the discharge of the battery can be explained
by an increase in factors impeding the charge transfer in a Li-ion battery.

Comparing the Li-ion batteries of the same capacity, i.e., Samsung () and LG (@9),
the Samsung () battery with relatively small Rp and Cp has smaller battery impedance
than the LG battery (@9). The smaller the Li ion oxidation and reduction reactions, the
better the exhibited properties.

Figure 19 compares the impedance spectra of charging and discharging of the 18650-
type cylindrical 3400-3600 mAh Li-ion batteries equipped with protection devices. As
shown in Figure 18, the Rg of the 18650-type Li-ion batteries without the protection device
are in the range of 15-38 m(). As shown in Figure 19, the Rg of 18650-type Li-ion batteries
with the protection device are in the range of 48-105 m().

The use of a protective device (thermal disc cap) for preventing overvoltage or over-
current is a major cause of the increase in Rg above the minimum of 33 mQ).

Deciding the best battery among the various 18650-type cylindrical Li-ion batteries
is essential. A battery with a relatively small Rg and Rp affords the best charge transfer
characteristics during charging and discharging. A battery with a small Cp exhibits reduced
oxidation and reduction reactions of Li ions when discharging.

As shown in Figure 19a, the Rg values of the 18650-type cylindrical Li-ion batteries
with the protection device during charging are as follows.

- LG 3500 mAh : Rg = 48.7836 m()

- (@ Panasonic 3600 mAh : Rg = 48.8667 m()

- (@ Fairman 3500 mAh : Rg = 49.2132 mQ}

- (2 Shenzhen TrushFire 3600 mAh : Rg = 61.4019 mQ)
- (@ Fairman 3400 mAh : Rg = 77.4560 m()
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For the 3400-3600 mAh 18650-type Li-ion batteries with a protection device, the LG
(®), Panasonic (D), and Fairman ((D) batteries exhibited similar Rg values.

For the Shenzhen TrushFire (@) and Fairman () batteries, the Rg values were rela-
tively large, 61 and 77 m(), respectively; thus, it can be predicted that the battery character-
istics are somewhat deteriorated.

As shown in Figure 19a, for the Fairman (@), LG (®), and Panasonic (@) batteries
with similar Rg values, the Rp values at each charge are as follows.

- LG 3500 mAh : Rp = 14.5156 m()
- @ Panasonic 3600 mAh : Rp = 40.5615 mQ)
- (@ Fairman 3500 mAh : Rp = 12.1129 mQ)

Therefore, the Fairman () battery, with the smallest Rp, exhibited the best charge
transfer characteristics during charging.

As shown in Figure 19b, the Rp and Cp values of the 18650-type cylindrical Li-ion
batteries with a protection device during discharge are as follows:

- LG 3500 mAh : Rp = 28.7976 m(), Cp = 0.5290 F

- @ Panasonic 3600 mAh : Rp = 63.5486 m(), Cp = 12.2790 F

- (@ Fairman 3500 mAh : Rp = 26.0793 mQ), Cp = 0.5439 F

- @2 Shenzhen TrushFire 3600 mAh : Rp = 81.3262 m(), Cp = 9.9237 F
- (@ Fairman 3400 mAh : Rp = 55.2958 m(), Cp = 7.2934 F

Even during discharging, the Fairman () battery exhibited the smallest Rp value;
thus, it had the best charge transfer characteristics even during discharging. Additionally,
the Fairman (D) battery had the smallest Cp value, of 6.1474 F; therefore, the oxidation and
reduction reactions of the Li-ion battery will be reduced.

Figure 20 compares the impedance spectra during charging and discharging of 2600 mAh
18650-type cylindrical Li-ion batteries with a protection device. As shown in Figure 20a,
the Rg values of the 18650-type cylindrical Li-ion batteries with a protection device during
charging are as follows:

- (9 LG 2600 mAh: Rg = 63.4390 m()

- (® Fairman 2600 mAh: Rg = 66.9574 m()

- ® Fairman 2600 mAh: Rg = 80.1501 mQ)

- (@ Shenzhen JiaChuangMing 2600 mAh: Rg = 69.4137 m()

Figure 20 experimentally shows that the LG((9)) battery exhibited the lowest Rg, Rp,
and Cp values during charging. Therefore, it is predicted that the LG((®) battery has a small
impedance when charging, and has excellent oxidation and reduction reactions.

Figure 21 shows the impedance spectra of a 21700-type Li-ion battery with a protection
device. The Rg, Rp, and Cp values for the battery capacity during charging and discharging
are as follows:

- (Charging) Samsung 5000 mAh: Rg = 25.4537 m(Q2, Rp = 7.2190 m(), Cp = 0.2645 F
- (Discharging) Samsung 5000 mAh: Rs = 28.0604m(, Rp = 14.0903 m(),
Cp =0.4479 F

Figure 21 displays the Rg value of the 21700-type Li-ion battery with protection device
during discharging. In the figure, the Rp and Cp values increase overall. This denotes that
the overall impedance of the battery increases and the oxidation and reduction reactions of
Li ions increase.

Figure 22 displays the impedance spectra of the 18650- and 21700-type cylindrical Li-
ion batteries. Recently, various companies have started selling Li-ion batteries with varying
capacities, but it is difficult to confirm which battery is the best. Accurately determining
the performance of a Li-ion battery only by the capacity (mAh) indicated on the surface
is difficult.

If the Rs, Rp, and Cp values during charging are small overall, the values of Rg, Rp,
and Cp do not significantly change even at the time of discharging. Cylindrical Li-ion
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batteries exhibit a semicircular shape due to their oxidation and reduction reactions, and it
was experimentally confirmed that the Zyy afforded by Li ion diffusion increases at a slope
of 45° in the complex plane.

6.2. Impedance Spectra of Pouch-Type Li-Ion Batteries

Figure 23 shows the impedance spectra of pouch-type Li-ion batteries.
As shown in Figure 23a, the Rg value when charging pouch-type batteries without
a protection device are as follows:

- ® Shenzhen Aoyou vji Energy 50.5 Ah : Rg = 0.8625 m()
- China Soundon New Energy 48 Ah : Rg = 0.9151 mQ)
- (© Al123System 37 Ah : Rg = 1.042 mQ)

It can be seen that pouch-type lithium-ion batteries showed a clear difference in the
change of the impedance spectrum curve in the low-frequency region during charging and
discharging. In particular, in the case of pouch-type lithium-ion batteries, the resistance, R,
value increases in the low-frequency region during discharge, and the Zy; afforded by Li
ion diffusion does not appear at all.

- ®-1 Shenzhen Aoyou vji Energy 50.5 Ah charging range of R: 0.722-1.181 m()

- @®-2Shenzhen Aoyou vji Energy 50.5 Ah discharging range of R: 0.725-2.021 mQ)
- ®-1 China Soundon New Energy 48 Ah charging range of R: 0.728-2.758 m()

- (®-2 China Soundon New Energy 48 Ah discharging range of R: 0.729-4.199 m()
- ©-1 A123System 37 Ah charging range of R: 0.921-2.174 mQ)

- (©-2 A123System 37 Ah discharging range of R: 0.923-3.328 m()

The overall comparison of the cylindrical and pouch-type Li-ion batteries is as follows:

- 18,650 Cylindrical Li-Ion Battery (protected): 3400-3600 mAh > Rg = 48-77 m()
- 18,650 Cylindrical Li-Ion Battery (protected): 2600 mAh > Rg = 63-80 m(Q2
- 18,650 Cylindrical Li-Ion Battery (unprotected):

2600-3000 mAh > Rg = 14-38 mQ)

- 21,700 Cylindrical Li-Ion Battery (protected): 5000 mAh > Rg = 25 m()
- Pouch-type Li-Ion Battery (unprotected): 37-50.5 Ah > Rg = 0.86-1.04 mQ}

A pouch-type Li-ion battery basically has considerably smaller Rg than a cylindrical Li-
ion battery, and the current capacity supplied by the battery is very good. For a pouch-type
Li-ion battery, as the current increases, the Rg decreases.

The most fundamental difference between the pouch-type and cylindrical Li-ion
batteries is that in the pouch-type batteries, only a part of the semicircular shape appears
due to the oxidation and reduction reactions of Li ions, and the Zy; afforded by Li ion
diffusion does not appear at all.

6.3. Impedance Spectrum of a Supercapacitor

Figure 24 illustrates the impedance spectrum of a supercapacitor.
As shown in Figure 24, the capacity of the supercapacitor is 600 F, and the Rg value is
as follows:

- (Charging) Shenzhen Yedianxinbang 500 F : Rg = 0.4779 m(}
- (Discharging) Shenzhen Yedianxinbang 500 F: Rg = 0.5737 m(}

For the supercapacitor, the impedance spectrum increases with a slope of nearly 90°.
The Rg of the supercapacitor is smaller than that of a pouch-type Li-ion battery, and the
characteristics of the supercapacitor are substantially more similar to those of an ideal
energy storage device, compared to the characteristics of the Li-ion batteries considered.

Table 2 summarizes the Rg, Rp, and Cp values of the Li-ion batteries and supercapacitor.
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Table 2. Rg, Rp, and Cp values of Li-ion batteries and supercapacitor.

Charging 4.1-4.2V

Charging 2.5-3.0 V

Cell Type
RgImO]  RplmQ] CplFI RsimQ]  RplmQ] CplF]
18650 ~ O Fairman 3500 mAh 492132 12.1129 0.4140 50.9349 26.0793 0.5439
Built-in protection
18650 @ Fairman 3400 mAh 77.4560 26.3065 0.4286 71.1773 55.2958 7.2934
Built-in protection
18650 O Fairman 2600 mAh 66.9574 21.5832 0.5269 81.2983 33.1674 0.8552
Built-in protection
18650 ~ & Fairman 2600 mAh 80.1501 32.5909 0.6811 83.2599 58.2183 0.8534
Built-in protection
18650 O Samsung 3000 mAh 14.5825 8.0615 0.4300 15.7654 19.1020 0.9763
Non-protection
18650 ~ © Samsung 2900 mAh 23.2917 9.5717 0.3764 24.3366 24.0597 12,5382
C Non-protection
Y 18650 O Samsung 2600 mAh 37.7485 22.9729 0.3525 41.1192 47.4514 1.9968
L Non-protection
I
N 18650 LG 3500 mAh 48.7836 14.5156 0.3427 52.2040 28.7976 0.5290
D Built-in protection
1; 18650 1% ﬁtGl ﬁiﬂ%{gggn 63.4390 8.0161 0.6920 68.0641 29.1099 182.175
R
18650 ~ QLG 2600mAh 37.3298 9.0120 0.6067 40.9606 29.8173 6.6918
Non-protection
18650 ~ O Panasonic3600mAh 0 o0 40.5615 4.6757 52.8348 63.5486 12.2790
Built-in protection
@ Shenzhen TrushFire
18650  Tech. 3600 mAh 61.4019 36.9122 1.5803 64.9093 81.3262 9.9237
Built-in protection
@3 Shenzhen
18650  JiaChuangMing Tech. 69.4137 18.2993 0.5883 74.3780 22.6098 0.4537
2600 mAh
Built-in protection
21700 @ Samsung 5000 mAh 25.4537 7.2190 0.2645 28.0604 14.0903 0.4479
Built-in protection
@ Shenzhen Aoyouji Energy ) )
P 505 Ah Non profection 0.8625 412273 0.8941 3694.40
0 :
U China Soundon New Energy 0.9151 - 14.6219 1.0247 - 1480.24
C 48 Ah Non-protection
H © A123System
37 Ah Non protection 1.0420 - 19.6525 1.0209 - 2746.89
Supercapacitor 0.4779 . 2427.99 0.5737 - 2855.31

Shenzhen Yedianxinbang 600 F

e  The Rg value decreases in the following order: 18650-type cylindrical Li-ion battery >
21700-type cylindrical Li-ion battery > pouch-type Li-ion battery > supercapacitor.

e A cylindrical Li-ion battery with the smallest Rs, Rp, and C, values exhibits the
best characteristics.

e A cylindrical Li-ion battery exhibits a semicircular shape due to the oxidation and
reduction reactions of Li ions, which increases with a slope of 45° in the complex plane
due to the Zy; generated by Li ion diffusion.
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e  For a pouch-type Li-ion battery, a part of the semicircle shape appears due to the
oxidation and reduction reactions of Li ions, but the Zy afforded by Li ion diffusion
does not appear.

e  For a supercapacitor, no oxidation or reduction reactions of ions are observed, and the
Zy caused by Li ion diffusion hardly occurs, and its characteristics are similar to those
of an ideal capacitor.

Figure 25 shows the discharge voltage and current waveforms of the cylindrical and
pouch-type Li-ion batteries and supercapacitor. The voltage and current characteristics
when discharging with a constant current (CC) were obtained using a discharge apparatus.

[V] [A]
el W O
3.95 1 -2.65
3.55 1 -2.h5
3.15 1 -2.45
”5 _____ _____ ________ L
2.35-. L2.25

00:00:00 00:13:00 00:25:59 00:38:59  00:51:28 00:04:58

(a) Discharge voltage and current waveforms for a cylindrical Li-ion battery

(@ Samsung 2900 mAh)

[V] [A]
435771 T —T T [ 5.50
3.95+ F4.40
3.55+ r3.30
3.15+ —-r2.20
2,754 - k110
2.35- -0.00

00:00:00 02:07:30 04:15:00 06:22:29 08:29:59 10:37:29
(b) Discharge voltage and current waveforms for a pouch-type Li-ion battery
(® Shenzhen Aoyouji Energy 50.5 Ah)

Figure 25. Cont.
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00:00:00 00:04:49 00:09:39 00:14:28 00:19:18 00:24:07
(c) Discharge voltage and current waveforms for a supercapacitor
(Shenzhen Yedianxinbang 600 F)

Figure 25. Discharge voltage and current waveforms of Li-ion batteries and supercapacitor.

Figure 25a shows the discharge voltage and current waveforms when a cylindrical
Li-ion battery ((® Samsung 2900 mAh) was discharged with a CC of 2.5 A.

The voltage of the battery gradually decreased from 4.2 to 3.15 V in about 60 min and
then sharply decreased after 3.15 V.

Figure 25b shows the discharge voltage and current waveforms when a pouch-type
Li-ion battery (® Shenzhen Aoyouji Energy 50.5 Ah) was discharged with a CC of 5 A. The
voltage of the battery gradually decreased from 4.2 to 3.35 V in about 10 h and then sharply
decreased after 3.35 V.

Figure 25a,b shows the typical discharge characteristics of Li-ion batteries; the pouch-
type Li-ion battery exhibited better energy storage characteristics than the cylindrical
Li-ion battery.

Figure 25¢ shows the discharge voltage and current waveforms when the supercapaci-
tor (Shenzhen Yedianxinbang 600 F) was discharged with a CC of 2.5 A. The voltage linearly
decreased from 2.3 to 0.9 V in about 24 min. The discharge voltage and current waveforms
verify that the characteristics of the supercapacitor are similar to those of an ideal energy
storage device.

The fundamental reason for such a shape is indicated by the impedance spectrum
curve. In the case of Li-ion batteries, the discharge voltage rapidly decreases when the
state of charge (SOC) is low, but for supercapacitors, the slope of the discharge voltage is
constant regardless of the SOC.

Currently, Li-ion batteries are widely used as energy storage systems (ESSs) and to
power electric vehicles, and the Impedance Spectra method is expected to be very useful
for quickly evaluating the performance of batteries and supercapacitors.

7. Conclusions

This study compared and analyzed 2600-3600 mAh 18650-type cylindrical Li-ion
batteries, a 5000 mAh 21700-type cylindrical Li-ion battery, 37-50.5 Ah pouch-type Li-ion
batteries, and a 600 F supercapacitor. Electrical and mathematical modeling was organized
for the cylindrical and pouch-type Li-ion batteries and the supercapacitor. Subsequently,
the impedance spectra of 13 types of 18650-type cylindrical Li-ion batteries, 1 type of
21700-type cylindrical Li-ion battery, 3 types of pouch-type Li-ion batteries, and 1 type of
supercapacitor were obtained. For a cylindrical Li-ion battery, the Rg value of a battery
with a protection device (circular thermal disc cap) is in the range of 14-38 m(). For the
18650-type cylindrical Li-ion battery with a protection device, the Rg value of the battery
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is between 48 and 105 m(), and the protection device increases the Rg value by at least
33 mQ). A good Li-ion battery has small overall Rg, Ry, and C values. A cylindrical Li-ion
battery exhibits a semicircular shape in the impedance spectrum, due to the oxidation
and reduction reactions of Li ions, and the impedance increases with a slope of 45° in the
complex plane, due to the Zy generated by Li ion diffusion. However, for a pouch-type
Li-ion battery, the impedance spectrum exhibits a part of the semicircular shape, due to
the oxidation and reduction reactions of Li ions, and the Zy; generated by Li ion diffusion
does not appear. In a supercapacitor, the oxidation and reduction reactions of ions do not
appear at all, and the Zyy generated by Li ion diffusion does not occur. Thus, the impedance
spectrum of a supercapacitor is very similar to that of an ideal capacitor. Therefore, the
Rg values are in the order: 18650-type cylindrical Li-ion batteries >21700-type cylindrical
Li-ion batteries > pouch-type Li-ion batteries > supercapacitor. Furthermore, when a Li-ion
battery is discharged with CC, its voltage gradually decreases, up to a specific voltage,
and then rapidly decreases. However, a supercapacitor has the characteristic of linearly
discharging voltage during CC discharge. The study results are expected to be very useful
for the performance analysis of electric vehicles, personal mobility, and ESS.
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