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Abstract: Lithium-ion batteries are gaining more attention due to the rapid growth of electrical
vehicles (EVs). Additionally, the industry is putting a lot of effort into reusing EV batteries in en-
ergy storage systems (ESS). The optimal performance of the repurposed battery system is highly
dependent on the individual batteries used in it. These batteries need to be similar in terms of
battery capacity, state of health (SOH), and remaining useful life (RUL). Therefore, battery grading
techniques are expected to play a vital role in this newly emerging industry. There are various
methods suggested to evaluate the aging of a battery in terms of capacity, SOH, and RUL. The use of
ohmic resistance is one approach, as it varies with the aging of the battery. In order to measure the
ohmic resistance, electrochemical impedance spectroscopy (EIS) is used, followed by the curve fitting
procedures. In this research a novel method is suggested to measure the ohmic resistance without
performing the broadband conventional EIS test and the curve fitting. Since the battery is perturbed
for a specified frequency band (1 kHz to 100 Hz) using the linearly distributed phased multi-sine
signal, only 1 sec perturbation is required, and the ohmic resistance can be directly calculated by using
two impedance values. Thus, the measurement speed is several times faster than that of the con-
ventional EIS methods. Hence, it is a suitable and convenient technique for the mass testing of the
batteries. The accuracy and validity of the proposed technique are verified by testing three types of
batteries. The percentage difference in the measured ohmic resistance value between the conventional
and the proposed technique is less than 0.15% for all the batteries tested.

Keywords: digital lock-in amplifier (DLIA); electric vehicles (EVs); electrochemical impedance
spectroscopy (EIS); energy storage system (ESS); lithium-ion battery; ohmic resistance; phased
multi-sine perturbation; remaining useful life (RUL); state of health (SOH)

1. Introduction

In recent decades, the human race has been fighting hard against the climate change.
Fossil fuel combustion engines in mobility applications and industrial emissions are major
sources contributing to urban air pollution and global warming [1,2]. As a solution to
these environmental problems, electric vehicles (EVs) and the usage of renewable energy
resources are expanding across the globe [3]. The use of lithium-ion batteries in EVs
and energy storage systems (ESS) is increasing due to their many advantages such as
high charging and discharging efficiency, high specific energy, low cost, and long life
cycle [4,5]. In most literature related to batteries and EVs, the end of life (EOL) of a battery is
a 20% drop in capacity from its nominal value [6,7]. Even after serving its first life in EVs,
the battery can still store a large amount of energy [8]. Therefore, they can be reused in
second-life applications such as ESS [9]. In these repurposed systems, second-life batteries
(SLB) are connected in various combinations according to power and energy requirements
of the application. But it is a well-known fact that individual battery characteristics affect
the optimal performance of the repurposed system [10]. Therefore, each battery should
possess similar characteristics in terms of capacity, state of health (SOH), and remaining
useful life (RUL) [11].
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Once the battery is manufactured, various chemical and electrochemical reactions
occurring inside the battery ignite the degradation processes [12-14]. In the case of lithium-
ion battery, aging is caused by various phenomena such as corrosion of the current collector,
binder decomposition, electrolyte depletion, gas evolution, and microcracks [15]. However,
itis quite challenging to identify the phenomenon that causes the aging of the battery [16,17].
In most cases, measuring ohmic resistance is a suitable and convenient approach to
evaluate the aging of a lithium-ion battery. It is well known that the decay of the bat-
tery capacity and the SOH are closely related to the ohmic resistance (see Appendix A,
Figures Al and A2). Due to continuous degradation processes, the ohmic resistance in-
creases while battery capacity and SOH decrease [18]. Thus, it is used as an indicator to
estimate the aging of the battery. There are numerous methods to measure ohmic resistance.
One such approach is to measure the DC internal resistance (DCIR) using a voltage drop
while taking a DC load from the battery [19]. However, there is the imposition of resis-
tance from various contributions. Consequently, it is difficult to completely separate pure
ohmic resistance from the DCIR [20]. Equivalent circuit model (ECM) parameter extraction
through electrochemical impedance spectroscopy (EIS) gives an insight into the internal
electrochemical processes of the battery [21]. However, the EIS experiment is followed by
curve fitting to extract the ECM parameters. Since it takes a long time to perform the EIS
test and curve fitting, it is impossible to apply it to the mass testing of lithium-ion batteries.
There is another simple technique that directly measures the ohmic resistance at a 1 kHz
AC signal [22]. This method is based on the approximation that 1 kHz impedance is located
near the zero-crossing point on the Nyquist impedance plot. This technique is fast, as the
impedance at only 1 kHz needs to be measured. However, the impedance of the battery
at 1 kHz is not always on the zero crossing of the real axis. Furthermore, the location of
a 1 kHz impedance varies depending on the type of battery. Therefore, the ohmic resistance
measured through this method is inherently inaccurate and coincidental.

In this paper, a novel technique is used to perturb the battery using a phased multi-sine
signal in a specified narrow frequency band in which the ohmic resistance of a battery lies.
The frequency range of the perturbation is selected after an extensive literature review
on ohmic resistance and its frequency band of appearance. Since the ohmic resistance
is the real-axis zero crossing point on the Nyquist plot, it is directly calculated by using
two impedance points above and below the real axis without using additional curve fitting
software. It has the following advantages as compared to conventional methods:

e In the proposed technique, the battery is perturbed by using a phased multi-sine
signal with a narrow frequency range (1 kHz to 100 Hz), which drastically reduces the
measurement time as compared to those of the conventional EIS methods.

It perturbs the battery only for 1 s.

Unlike the conventional EIS methods, it does not require additional curve fitting
software to extract the ohmic resistance value.

Contrary to the DCIR method, it measures the pure ohmic resistance value.

The accuracy of the measurement by the proposed method is even better than that of
the 1 kHz AC signal method.

e Itis a good solution for the mass testing of xEVs batteries to evaluate their SOHs
and RULs.

This paper is organized as follows: the conventional methods used for the ohmic
resistance measurement are explained in Section 2, the proposed technique is discussed in
Section 3, the software and hardware setup for the experiment are described in Section 4,
the experimental results are presented in Section 5, and the work is concluded in the
last section.

2. Conventional Ohmic Resistance Measurement Methods
2.1. DCIR Measurement

A conventional method to measure the internal resistance of a battery from the voltage
change while taking the DC load from the battery, it is also termed as DCIR. In the literature,
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many phenomena are identified that contribute to this drop in voltage, and each of them
is shown at a different frequency band. Figure 1a shows the Randles’ battery model. In
Figure 1b, there is an instantaneous voltage drop due to pure ohmic resistance Rg; in the
first few seconds, the drop in voltage is due to charge transfer resistance R+ and double
layer capacitance Cy; the voltage drop in the last few seconds is due to the polarization
resistance and the decrease in SOC in the case of discharging [23].

AV
DCIR = — 1
C AT @

where AV is the change in voltage and Al is the change in current.

Ret Vi 0
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Figure 1. (a) Randles’ equivalent circuit model of a battery; (b) voltage respone of a battery to a step
load change; (c) current response of a battery.

One significant drawback of this method is the imposition of resistances from different
contributions, which leads to the inability to completely separate pure ohmic resistance Rs
from the rest of the different resistance components.

2.2. Electrochemical Impedance Spectroscopy (EIS)

EIS is a widely used tool as it provides detailed insight into the internal electrochemical
processes of the battery. Figure 2 shows the complete process of EIS to measure the ohmic
resistance Rs. The sinusoidal sweep is generated over a broadband frequency range to
perturb the battery, and response to the AC perturbation is acquired [24]. The battery
response obtained is processed to calculate the impedance spectrum. Later, the curve fitting
is applied to the impedance spectrum to extract the ohmic resistance Rs and the other ECM
parameters such as inductance Ls, charge transfer resistance Ry, constant phase element
Zcpg, and Warburg impedance Z, [25].

Sinusoidal Sweep EV Battery Nyquist Impedance Plot

mHz

-Z_imag
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frequency region

Curve Fitting
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_M_IVW_ G \}

ZMAN= | i

Figure 2. Typical procedure for conventional electrochemical impedance spectroscopy (EIS).
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The EIS approach is a good way to measure the ohmic resistance of a battery. However,
it is required to measure the impedance over a wide frequency range, typically from several
kHz to mHz. Therefore, the measurement time is quite long, and it cannot be used for
mass battery testing. Equation (2) shows the total time required to measure the impedance
spectrum of the battery.

Tris = Tfl + sz + ng +.... + Tfn 2)

In Equation (2), Tgjs is the total time taken by the conventional EIS method, and Ty, T,
T ... Ty, are the respective time periods of each frequency in the measurement spectrum.

Another downside of EIS is that value of ohmic resistance Rs cannot be directly
obtained after performing the test. The curve-fitting procedure is required to extract the
ECM parameters, including ohmic resistance Rs. Curve fitting itself is a time-consuming
and complex process.

2.3. 1 kHz AC Signal Measurement

In this method, a 1 kHz AC signal represented by Equation (3) is applied to perturb
the battery, and the corresponding impedance is calculated by using Equation (4) [26,27].

Ip = IxSin(20007t + @) + Ipc 3)

In Equation (3), Ip is the battery current response, I, is the peak amplitude, ® is the
phase shift, and Ipc is the DC offset, respectively.

v
Zoc = T}f 4
Zae = Re_Zge + jIm_Zg, 5)

where Z, is the AC impedance of a battery at 1 kHz, V), is the voltage response, and Re_Z,.
and Img_Z,. are the real and imaginary components of impedance, respectively.

The HIOKI battery tester (see Appendix A, Figure A3) uses the same concept to
measure the ohmic resistance Rs of a battery. Although it is a simple and quick way to
measure the ohmic resistance Rs, it is based on the approximation that 1 kHz impedance
lies close to the zero-crossing point on the real axis of the Nyquist impedance plot. How-
ever, the 1 kHz AC impedance does not always lie on the zero crossing of the real axis,
and its location on the Nyquist impedance plot varies depending on the kinds of bat-
teries. Therefore, the inherent inaccuracy of this method is one of the main drawbacks,
and the results obtained are coincidental. Table 1 shows the different types of batter-
ies and their respective frequency ranges in which ohmic resistance lies. It can be ob-
served from Table 1 that the ohmic resistance lies mostly below the 1 kHz frequency range.
Thus, measuring battery impedance at 1 kHz and considering it as ohmic resistance Rs is
an inaccurate approach.

Table 1. List of batteries and their frequency ranges in which Ohmic resistance (Rs) lies.

Frequency Range in Which

S.No Battery Name Ohmic Resistance (Rs) Lies
01 Automotive Li-ion cells Below 1k Hz
02 Samsung INR 18650 1 k-500 Hz
03 Valance 12-XP battery Below 500 Hz
04 Samsung SM3 Z.E battery Pack 333-250 Hz
05 Samsung INR 18650 (4s7p) 333-250 Hz

06 Bexel-158309 Pouch Module 250-143 Hz




Energies 2023, 16, 1416

50f15

3. Proposed Ohmic Resistance Measurement Technique

In the proposed technique, a phased multi-sine signal is used to perturb the battery
to determine the frequency range in which ohmic resistance appears. Therefore, the
measurement time is reduced by injecting all frequency components in a combined signal
instead of perturbing the battery using a frequency sweep. Secondly, the ohmic resistance
appears in the higher frequency range (as shown in Table 1). Thus, there is no need to
perturb the battery for ohmic resistance measurement over a wide frequency range from
several kHz to mHz. Consequently, the measurement time is further reduced by perturbing
the battery only for the specified frequency range of 1 kHz to 100 Hz. This frequency
range is selected after an extensive literature review about ohmic resistance and their
correspondence frequency band of occurrence (as shown in Table 1).

In a multi-sine signal, all the frequency components are superimposed on the lowest
frequency. Therefore, the time period of a multi-sine signal is equal to the time period of
the lowest frequency, which is 100 Hz in the proposed technique.

TProposed technique — Tho0Hz (6)

However, if the frequency components used for the EIS test are combined with no
modification, the crest factor (CF) of the combined signal becomes too large to use for
perturbing the battery. Since the EIS test needs to be performed in the steady state of the
battery, the variation of the charge in the battery needs to be limited and less than 5% of its
full capacity to ensure the linearity of the measured impedance. Several methods have been
suggested to use a multi-sine perturbation with a lower CE. One of these methods is to use
linearly distributed spectral components with Schroder’s phases [28]. The resulting signal is
called a phased multi-sine signal or pseudorandom noise. In this method, the phase of each
component is adjusted and optimized to obtain the minimum CF and high signal-to-noise
ratio (SNR) for the excitation. The primary benefit of this method is its lower CF due to the
equally spaced frequency components as compared to the conventional multi-sine signal
technique. Therefore, in order to obtain the optimized CF for the proposed perturbation,
linearly distributed frequency components with Schroder’s phases are superimposed on
the lowest frequency component (100 Hz). The frequency components selected to structure
a phased multi-sine perturbation signal with respective Schroeder phases are listed in
Table 2.

Table 2. List of the used frequency components with their Schroeder phases in the proposed phased
multi-sine perturbation signal.

S.No Frequency List Number of Cycles in 100 Hz Schroeder Phases
01 1k 10 200
02 900 9 600
03 800 8 1209
04 700 7 2000
05 600 6 3000
06 500 5 60°
07 400 4 200°
08 300 3 0
09 200 2 1800
10 100 1 200

The phased multi-sine perturbation signal acquired is represented by
Equations (7) and (8). Where X, is the phased multi-sine signal, n is an integer, Ay
is the amplitude, 0 is the optimized Schroeder phase, Nj is the number of samples, m
is the number of signals combined, f; is the sampling frequency, and f; is the kth signal
frequency. The resulting phased multi-sine signal applied to perturb the battery is shown
in Figure 3b.



Energies 2023, 16, 1416 6 of 15
i . 2mn
Xpms[n] =) Ak.sm(v + 6k) 7)
k=1 k
k—k*)m
6, = kK7 8
k - 8
fs = Ni-fx ©)
—=— Lowest Freq 100Hz —— All Freq component included
0.18 1 —e— 200Hz imposed on Lowest freq (1k to 100Hz)
0.16- 124
0.14 1.0
0.124
g 0.10] g 0.8 1
é 0.08 $ o6
5 0.06- 3 04
g 0.04 Ll
0.02 0.2
0.00 0.0-
-0.02 T T T T T T T T T T
0.00 0.01 0.02 0.03 0.04 0.00 0.01 0.02 0.03 0.04
time (sec) time (sec)

(a)

(b)

Figure 3. (a) Lowest frequency 100 Hz, and 200 Hz frequency imposed on lowest frequency 100 Hz.
(b) Combined phased multi-sine signal with all frequency components included.

The above phased multi-sine signal is applied to perturb the battery. The battery
response (voltage and current signal) is sensed and processed by the Digital Lock-in
Amplifier (DLIA). The impedance at each frequency component is calculated. In the
proposed technique, two impedance points Z; and Z; are selected below and above the
zero-crossing of the real axis on the Nyquist impedance plot as shown in Figure 4. Since,
the selected impedances Z; and Z, are close to the real axis. Therefore, the ohmic resistance
Rs can be calculated using the following approach.

Zi = (Ry +jXz1) & Zp = (R +jXy) (10)
X — Xa
X, —Xq1=| =2=—% ). (R,—R 11
z z1 <R22_Rzl> ( z zl) ( )
X0 — Xp
z <R22—RZ1) X( z zl) (12)

where R;1, jX;1, R, and jX;; are the real and imaginary components of the selected
impedance Z; and Z;, respectively. An arbitrary impedance on the straight line between
Ziand Zyis Z; = R; + jX;. If X; =0, then R, = R;. Therefore, the equation for the ohmic
resistance Rs is given by Equation (13).

(13)

X,1.(Ry;p — R
Rs:Rzl_( zl( z2 zl))

XZZ - le

In Figure 5, the procedure of the proposed technique is described. Comparing it
with the procedure followed by the conventional EIS method (as shown in Figure 2). It is
pointed out that no curve-fitting procedure is required for the proposed technique. Rather,
Equation (13) is used to directly calculate the ohmic resistance of a battery. Along with
this, a phased multi-sine signal is used to perturb the battery for a specified frequency
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band (1 kHz to 100 Hz), which makes the measurement speed of the proposed technique
multi-times faster than those of the conventional EIS methods.

Low
frequency
region

Z2(Rz2, jXz2)

. Real_Z
ZI1(Rz1, jXz1)

High frequency
region (kHz)

v

Figure 4. Proposed technique to calculate the ohmic resistance Rs using Z; and Z,.

Phased Multi-Sine Signal EV Battery Ohmic Resistance (Rs)

-Imag 7

R 87,

“ \ ’ “ ll ‘ w“\ ‘w“"“““ ‘ ‘._t
I i“‘;( il

| ¥ [ V 1
5 J | | | |

Real_Z

1kHz _100 Hz
Combined

Figure 5. Procedure of the proposed technique to measure the ohmic resistance of a battery.

4. Hardware and Software Setup for the Proposed Technique

In Figure 6, the block diagram of the hardware setup is given. The main hardware
consists of the DSP (FRDMKG64F), the perturbation-controlling circuit, sensing and condi-
tioning circuit. The hardware is controlled by the PC using the graphical user interface
(GUI) developed in LabVIEW. It is connected to the PC through a USB cable. As the START
button is clicked on the GUI, a phased multi-sine signal is generated using a 12-bit internal
DAC. The battery perturbation current flowing through the MOSFET is controlled by the
phased multi-sine signal applied at the gate. The battery response (voltage and current) is
read by the internal ADCs connected to the sensing and conditioning circuit [21].

In Figure 7, the block diagram of the digital lock-in amplifier (DLIA) is given. The
DLIA algorithms are divided into three sections. In the first section, the battery response
is demodulated by mixing it with reference sine and cosine signals. During the second
section, a low-pass filter is applied to extract the in-phase and quadrature components
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at the specified frequency. In the last section, the magnitudes and phases of the current,
voltage, and impedance are calculated.

GUI DSP FRDMKG64F Battery/Cell
Algorithm to
Generate Perturbation
Int 1M
> Phased [ erSZC cv » Controlling I
Multi-Sine Circuit
- p— Perturbation
Serial
<+—» USB
[] Port Voltage/Current | Current
LS Internal ADC Sensing & Sensor =
DLIA Reading Conditioning 9
Nl Algorithms Battery Circuit N + B
Response (Amplifiers & — =
Filters) (-]

Figure 6. Block diagram of the hardware to measure the impedance spectrum of the battery.

Demodulation of Battery Response Filtering _
SineRef [n]
1kHz
900 Hz
800 Hz
100 Hz
A’ I real Voltage, Current and
| Ipms[n] } :@ » — » Impedance
Magnitudes & Phases
I_imag _| is Calculated for each
X g Low Pass Frequency
Filter Component.
R V_real
x g " 1Vizev, 1101
V_imag and 1Z1£0z
| Vpms|[n] } =/>_(\ > >
X
CosineRef [n]
1kHz
900 Hz
800 Hz
100 Hz

Figure 7. DLIA block diagram for the impedance calculation.
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The mathematical analysis of DLIA is given below. The current response quantized by
the ADC is represented by Equation (14) with a phase shift ;. The reference sine and cosine
signals are expressed by Equations (15) and (16) in the discrete-time domain, respectively.

Loms [1] = I sin <217\T]” + 91> (14)
. (27n

Sref[] = R .szn(N> (15)

Cref[n] = Rm .cos(zgln) (16)

where I,;s is the acquired current response of a battery, I, is the peak amplitude, N is the
number of samples, 6} is the phase, Sg.r and Cg,s are the reference signals, and Ry, is the
peak amplitude. After mixing the acquired current response with the reference signal, the
following equations are obtained by using the corresponding trigonometric identities.

Lreal [Tl] =In [n]'SRef [”]

I,.R I,.R 4
Ll = %cos(); + m2 mcos(ZIn + 91) (17)
Iimag[n} =In [n]'CRef [7’1]
I,.R I,.R 4
Limag|n] = m2 2 sinfy + m2 msin(ZIn +91) (18)

where I, and I, is the real and imaginary components of the acquired current signal,
as shown in Equations (17) and (18), respectively. The AC components having two-times
the frequency of the reference signal are eliminated by the low-pass filter. Only the DC
terms are left, as shown by Equations (19) and (20).

Lieal [n} = Im~2Rm cost; (19)
IL..R
limag[n] = =5 sinfy (20)

The magnitude and phase of the extracted current and voltage signals are calculated
using Equations (21) and (22). Finally, the impedance of the battery at a certain frequency
component can be calculated by using Equation (23).

_ Iima [I’l}
| 1]= \/I;%eal [n] + Iizmﬂg[n] & 01 =tan 1( Ireulg[n] ) @)
V= VR Vil e 0y =t (2 ) @)
1V |Z6y
2= (rizar) @

The flowchart of DSP codes for ohmic resistance measurement and LabVIEW GUI is
shown in Figure 8. The hardware is detected by LabVIEW GUI through serial port COM.
The starting command is sent from GUI to the DSP which generates a phased multi-sine
perturbation, and the battery response is readback through ADCs. The DLIA algorithms
processed the response of the battery and ohmic resistance Rs is calculated. Results obtained
are send to the PC and displayed on the GUI.
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Figure 8. Flowchart of algorithms to calculate ohmic resistance (Rs) and LabVIEW GUI for
the control.

5. Experimental Results and Discussion

In this section, the discussion on the accuracy and validity of the proposed technique
is carried out. To verify the accuracy and validity of the proposed method, the results
measured are compared with those of the available commercial EIS instrument known as
LVEIS manufactured by Batronics Co. Ltd. (Seoul, S.Korea) [29]. Three lithium-ion batteries
are tested in the experiment, the experimental setup and the specifications of the batteries
are shown in Figure 9 and Table 3 [30], respectively. The ohmic resistance of the mentioned
batteries is measured through the 1 kHz AC signal method, LVEIS by Batronics Co. Ltd.,
and the proposed technique. The results recorded from the experiment are plotted and
listed in Figures 10 and 11, Tables 4 and 5, respectively.

Table 3. Specification of the batteries used in the experiments.

. . . Chemical
S.No Battery Model Package Configuration  OCV (V) Capacity (Ah) Composition
Bexel-158309
1 Pouch Module Pouch 4s 14.80 32 -
2 Samsung INR18650 Cylindrical Single cell 3.65 2.750 LiNiMnCoO2
3 Samsung INR Cylindrical 4s7p 14.60 19.95 LiNiMnCoO2

18650 (4s7p)
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Pouch
Module
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INR18650 (4s7p)

Current Probe to
monitor perturbation
signal

Samsung
INR18650
Battery
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User
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— |

Serial
2| USB Port

v i
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connection Cable
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Figure 9. Experimental setup.

== EIS-LV (Batronics.Ltd.)
=o 1kHz AC impedance (Single point) 34

—a=FEIS-LV (Batronics.Ltd.)
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=4 Proposed Technique 21
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2 2 B W 2B 2%
Real_Z (mQ)

Figure 10. Comparison of the Nyquist impedance spectrum of Bexel-158309 pouch module, Samsung
INR18650, and Samsung INR18650 (4s7p) combination.

Table 4. Ohmic resistance Rs measured by LVEIS, 1kHz AC impedance and the proposed technique.

Batterv Model LVEIS (Batronics 1kHz AC Proposed
Y Co., Ltd.) (m2) Impedance (mQ) Technique (m2)
Bexel-158309 pouch module 8.314 7.813 8.326
Samsung INR18650 51.795 51.127 51.853
Samsung INR 18650 (4s7p) 23.261 21.953 23.278

Table 5.
proposed technique.

Battery perturbation time comparison between conventional EIS method and the

Battery Perturbation

Method Time (Sec) Remarks
. Depends on the frequency range
Conventional EIS method 26 to 87 (1 kHz to 1 or 0.1 Hz)
Proposed technique 1.0 Fixed
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50 || I LVES Batronics.Co.Ltd 51.795 51.853 > 61 926 . [[E Bexel 158309 Pouch Module
- Proposed Method j) I samsung INR18650 (4s7p)
1 E 5. I samsung INR18650
’CEE 40 § ]
£ 30+ >
k 23.261 23.278 = 34
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& 20 5
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= S
© 104 8314 8.326 = 14
g 0.144 0,064 0.112
. & 04 =, |
Bexel 158309 Pouch Module (4s) Samsung INR18650 (4s7p) Samsung INR18650 1kHz AC Signal Method Proposed Method
Battery Type
(a) (b)

Figure 11. (a) Comparison of ohmic resistance measured by the proposed technique and commercially
available EIS instrument (LVEIS by Batronics Co., Ltd.); (b) percentage (%) error comparison of
1 kHz AC impedance method and the proposed technique with reference commercially available EIS
instrument (LVEIS by Batronics Co., Ltd.).

In Figure 11a, the ohmic resistance Rs measured by the LVEIS instrument, and the
proposed technique are compared. Hence, it verifies the accuracy and validity of the
proposed technique. The experimental results show that the 1 kHz AC signal method gives
large errors as compared to the conventional EIS technique, with more than 5% error for
Samsung INR18650 (4s7P) and Bexel Pouch (4s) batteries, as shown in Figure 11b. However,
the results obtained through the proposed method are very accurate, with the percentage
difference observed being less than 0.15% for all three batteries tested. As shown in Table 5,
the battery perturbation time for the proposed method is just 1 sec. While for conventional
EIS, the perturbation time is quite high (27 to 87 s). Therefore, the measurement speed
of the proposed method is very high compared to the conventional EIS instrument. In
addition, there is no need of complex curve-fitting software to extract the ohmic resistance
Rs. Thus, it is displayed on the LabVIEW GUI immediately after the test completes. In
view of the above advantages of the proposed technique, it is a more feasible solution for
the mass testing of lithium-ion batteries and grading than the conventional methods.

6. Conclusions

In this paper, a novel technique is proposed to accurately measure the ohmic resistance
of lithium-ion batteries, and a hardware setup is developed based on the proposed tech-
nique. The accuracy and validity of the proposed technique are verified by conducting the
experiments and comparing the results with those obtained by the commercially available
EIS instrument. An error of less than 0.15% is recorded in the ohmic resistance measured
by the proposed technique as compared to the results with the conventional EIS method.
In contrast, more than 5% error is recorded by the conventional 1 kHz AC signal method.
Since the proposed technique uses a phased multi-sine signal with a narrow frequency
band (1 kHz to 100 Hz), the battery perturbation time is just 1 sec. Therefore, it is simple
and fast as compared to the conventional EIS method. In addition, it directly measures the
ohmic resistance without using additional curve-fitting procedures. Therefore, it is a good
solution to perform mass battery testing of xEV batteries for grading and quality assurance
testing at the battery production line.
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Figure A1l. Battery impedance spectrum acquired at different charging-discharging cycles [31].
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Figure A3. HIOKI battery tester (BT3554) to measure 1 kHz AC impedance of a battery [33].
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