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Abstract: Understanding battery characteristic behaviors is indispensable in designing and managing
large-scale battery-based energy storage systems in high-power applications. This paper presents
a practical-based characterization method to model the ohmic series resistance of lithium-ion batteries
under life-cycle consideration. Aging cells were prepared in a controlled environment, and the testing
information was automatically characterized using a developed computer-based battery test system.
An experimental methodology based on the cycling of pulse tests is applied for modeling the ohmic
series resistance. Several aspects of the testing parameters during the cycling operations, such as
the characteristic changes of the ohmic series resistance, amplitudes of the periodic test current, cell
capacity, state of charge, and the rate of change of the resistance increment, are also investigated
and analyzed so as to fulfill the resistance model. The accuracy of the proposed model is verified by
comparing the testing information, showing a satisfactory result.

Keywords: lithium-ion; battery modeling; characterization method; ohmic series resistance;
battery test system; life cycle

1. Introduction

Nowadays, lithium-ion batteries (LIBs) are promising energy storage devices being used in many
applications, such as portable devices, personal electric vehicles, public transportation, and renewable
energy storage and grid supporting systems. In high-power and high-voltage applications with smart
grid technologies, a battery-based energy storage system (BESS) is an important part to maintain the grid
stability and flexibility of the system. Large-scale BESSs require an accurate battery management system
(BMS) for controlling large batteries safely. Hence, studying the battery behavior from an efficient
electrical equivalent circuit model (EECM) is a key to obtain the most significant performance from
those batteries. The EECMs for the BESS can be widely classified and sorted, in order from simple to
complicated structures, as follows: the internal resistance model, one-time constant model, and two-time
constant model [1]. There are two main categories of techniques used to gain the EECM parameters,
depending on the purpose of usage. One is the direct current (DC) pulse test, which is generally used
for the simple parameter identification of LIBs. The other is an electrochemical impedance spectroscopy
(EIS), which is a complicated alternating current (AC) impedance-based measurement in the frequency
domain [2,3]. Rahimi-Eichi et al. [4] applied a piecewise linear approximation technique and the DC
pulse method with a one-time constant EECM to estimate the online parameters and state of charge
(SOC) of the LIB. Rahmoun et al. [5] demonstrated the methodology to determine the battery SOC
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and parameter characterization based on an extended Kalman filter (EKF) with the different types
of equivalent circuit model, by considering the parameters to be estimated in a subinterval of time,
while Zhang et al. [6] used a single cell EECM based on a two-time constant model implemented with
the model of self-discharge and available capacity to be a multi-cell model for studying the discharge
behaviors. The benefits of the EECM for the battery parameter estimation are not only limited to LIBs,
they can also be applied to other types of the battery. Chen et al. [7] introduced an accurate methodology
based on predicting the runtime and current–voltage performance electrical modeling, validated with
the experimental data of the nickel–metal hydride (NiMH) and lithium polymer batteries that are
currently popularly used for various kinds of LIB. Even in the lithium titanate oxide (LTO) batteries
that are used in modern electric vehicles and electric-grid BESSs, Stroe et al. [8] succeeded in applying
a two-time constant EECM with an extended characterization procedure, which used both of the DC
pulse test and the EIS method to estimate the LTO parameters and to model the performance behaviors
of the battery. A new technique of parameter estimation was proposed by Guo et al. [9]; the second
order RC equivalent circuit-based EECM was used as a circuit model to estimate the SOC using the
least square method and adaptive unscented Kalman filter (AUKF), showing a high precision and
convergence of the initial error for a new cell of LIBs. However, those research methods only focus
on the battery modeling at the initial state of the cell life, without considering the aging or health
conditions of the battery. A prediction of the lifetime and state of health (SOH) of the batteries can be
implied from the life cycles. In order to develop a precise BMS for the large-scale BESSs, the variety of
algorithms to control the aging batteries, and understanding the battery behaviors for life-cycles are
especially needed. One essential part of the EECM is the accurate value of the ohmic series resistance
(OSR), because this parameter can lead to battery lifetime determination.

In this paper, we propose the modeling of OSR extracted by the developed battery test system,
based on the experiments of the DC pulse tests, in order to investigate the cell at the beginning of
life and the resistance rise after performing the cycle tests. The testing cell used in this paper is
a rechargeable lithium manganese oxide battery (LMO), which has dominant features and is widely
used in electric vehicles and in many energy storage applications. This cell type has one of the highest
voltage per cell, and a durability of overcharge/discharge with a high thermal stability because of the
stability of its spinel-crystal structure [10,11]. Details of the cell specification will be shown in Section 3.

The aim of this paper is to propose methodology for modeling the OSR characteristic, considering
the life cycle changes, to understand and estimate the nonlinear behaviors of the LIB during long cycling
operation, and to prepare essential knowledge for engineers who develop model-based algorithms
for BMS implementation. The remainder of this paper is structured as follows: Section 2 introduces
an electrical equivalent circuit model of the LIB with life-cycle consideration, and gives a brief overview
of the OSR determination. Section 3 describes a developed battery test system with sequential control
algorithms and the procedure of OSR characterization. Section 4 proposes a methodology for modeling
the OSR under life-cycle changes. The OSR model is verified and discussed in Section 5. Finally,
conclusions are given in Section 6.

2. Equivalent Circuit Modeling of LIBs and OSR Extraction

The EECM has different structures, depending on the application point of view, the scope of the
study, the accuracy of the model, and various types of battery chemistry [12–15]. The EECM generally
comprises of three main parts, as follows: (1) an equivalent voltage source called open circuit voltage
(OCV), which has a nonlinear potential characteristic, depending on the property of electrode materials
and the SOC of the battery; (2) a bulk equivalent resistance called an ohmic series resistance (OSR),
representing the resistance of the electrodes, an electrolyte, separator, and connecting wires inside
the battery, which mainly affects the changes of the resistance values in the battery; and (3) a pair of
equivalent RC-transient elements, which reflects the resistances during the process of charge transfer
and charge diffusion (R1 and R2, respectively), and the capacitances of the double-layer structure and
diffusion process of the battery (C1 and C2, respectively). For the scope of this study, the model of the
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OSR will only be investigated in the case of life-cycle changes. However, the details of the OCVs and
RC-transient elements have also been introduced in previous works [16,17].

In this paper, a combination of the EECM with the OSRs and additional resistances due to life-cycle
changes for the LIB is proposed, as shown in the dot–line block of Figure 1. The OSR under life-cycle
effects (OSRcy) comprises of OSRs at the beginning of the cell life for the charge and discharge (OSR0_chg

and OSR0_dis, respectively), and life cycle resistances for the charge and discharge (Rcy_chg and Rcy_dis,
respectively). The OSR characteristic of the LIB can be derived from the DC pulse experiments,
based on the galvanostatic intermittent titration technique, which was used to characterize the kinetic
parameters of the chemical batteries [18].
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Figure 1. Proposed lithium-ion battery (LIB) model with ohmic series resistance (OSR) under life-
cycle consideration.

The OSR is determined by the ratio of the measuring voltage and current, based on Ohm’s
law, during the immediate step changes of the respective pulse tests, without the effects of transient
elements [19]. The OSRs are usually indicated in a function of the SOC between 0% and 100%,
separately, for the charge and discharge. The OSR can be calculated as shown in Equation (1), while the
SOC is calculated based on the coulomb counting method, as shown in Equation (2).

OSR = VOSR/IB (1)

SOC(t) = SOC0 −

∫ TF

T0
(IB(t)/3600QB)dt (2)

where OSR is the ohmic series resistance of the cell (mΩ); IB represents the difference of the immediate
step change of the battery pulse current measured before and after applying the pulse tests (mA); VOSR

represents the difference in immediate measured OSR voltage in the immediate step change of the
pulse currents; SOC is the state of charge at the immediate step change of the pulse test (%); SOC0 is
the initial SOC before the tests; IB is positive for discharge and negative for charge; T0 and TF are the
initial and final time of testing, respectively, that is limited within the operating voltage range of the
cell; and QB is a battery capacity (Ah).

Figure 2 illustrates a voltage–current behavior of the LIBs during the DC pulse tests for
OSR determination.
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In order to determine the OSRs during the charge period, the cell voltage was set at the discharge
cut voltage (DCV), then the constant pulse charge current was applied until the cell voltage reached
the charge threshold voltage (CTV) of the cell. On the contrary, the determination of OSRs during
the discharge period started from setting up the cell voltage at the CTV value, then the constant
pulse discharge current was applied until the cell voltage dropped down to the DCV limit of the cell.
The ranges of the OCV were between the DCV and CTV values (0% to 100% of SOC) for the charge,
and between the CTV and DCV values (100% to 0% of SOC) for the discharge, respectively. The details
of the related voltage values of the testing cell will be shown in the next section.

3. Characterization of OSR with the Developed Test System

Before studying the effects of the life-cycles and modeling the OSR, the essential battery test
system needs to be developed in order to cope with the variation of testing conditions for the various
types of battery. The developed test system for the OSR characterization is shown in Figure 3.
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Figure 3. A test system for OSR characterization.

A computer-based control system is used to connect the testing devices via a general purposed
interface bus (GPIB) controlled in a LabVIEW environment. A 3500 mAh pouch-cell LMO was used
for testing. The cell specification is shown in Table 1.

Table 1. Specification of the cell under test.

Description Specification

Cell type Lithium manganese oxide (LMO)
Nominal voltage and capacity 3.8 V, 3500 mAh

Minimum voltage and maximum voltage 2.90 V–4.25 V
Recommended discharge cut voltage (DCV) 3.00 V

Recommended charge threshold voltage (CTV) 4.20 V
Maximum continuous charging current (C-rate) 1 C (3500 mA)

Maximum continuous discharging current (C-rate) 5.7 C (20,000 mA)
Peak discharge current (C-rate) 7 C (25,000 mA)

The testing cell was connected in parallel with a programmable charger, which was used to control
the constant pulse of the charging current (CC-mode), between 0 and 3500 mA (1C-rate), and to control
a constant charging voltage (CV-mode) at 4.20 V. A programmable discharger was also parallel to the
cell in order to control the constant pulse of the discharging current between 0 and 17,500 mA (5C-rate).
The OSRs were extracted within the recommended voltage ranges of the cell, from 3.00 V to 4.20 V (0 to
100% of SOC), and from 4.20 V to 3.00 V (100% to 0% of SOC) for the charge and discharge, respectively.

The testing procedures are proposed in Figure 4, for performing the cycle tests and characterizing
the OSRs on both the charge and discharge processes. The developed algorithms were designed with
the sequential flow to control the cycle tests, charge, and discharge, respectively. In the cycle testing
process, the aging cell were prepared with safety at the desired life cycle. The desired cycles were set
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to 0, 400, 1200, and 2400 cycles, to represent the information of the new cell and the different aging
cells. The testing information was recorded with 10 milliseconds per sampling, which was enough
to observe the slow response of the electrochemical changes. During the process of the cycle test,
a continuous operation mode was automatically selected. The test system was designed to support the
immediate transferring of operations between the continuous test and the pulse test. For each pulse
test, the step-size of the pulse current was applied for 1% SOC, and rested its equilibrium condition for
60 min. The total length of the current pulse during both charging and discharging was 200 pulses
for each test. The step size was shifted until the cell voltage reached its limitation. At each designed
cycle, the OSRs were characterized with the DC pulse test technique during the processes of charge
and discharge. In addition, the OSR was computed at 0.5 s after applying the current pulse to stabilize
the current signal before the calculation.

In this paper, we only limited the condition of the aging tests on the variation of the current rates
(C-rates) within the operating range of the cell, in order to create the OSR model. The cell was tested in
a chamber, which was maintained at a constant temperature of 20 ◦C, in order to avoid the effects of
temperature changes during the OSR characterization. The characterization results for the OSRs will
be discussed in the next section.
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Figure 4. A proposed testing procedure for OSR characterization.

4. Modeling of OSR

This section proposes a methodology for modeling the OSR under life-cycle changes. The OSR
characteristics of the cell at different testing conditions will be investigated in order to determine the
accurate OSR mathematical model.
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4.1. OSR Characteristic of the Cell

The OSR of the new cell, and the different values of the aging cell were compared at different
desired current rates (C-rates) of C/4, C/2, and 1C under a constant temperature of 20 ◦C. A comparison
of the results of the charge and discharge tests for the new cell and at desired life-cycles of 400, 1200,
and 2400 cycles are shown in Figure 5a–d, respectively. The results show that the OSR characteristics of
all of the cycles have a similar pattern and no obvious change during the C-rate variation. This means
that the operations under different amplitudes of the pulse current have no influence on the pattern of
the ohmic series resistance, even in the aging condition. However, the extracted results reveal that the
OSR values have a slight difference along the SOCs between 15%–95%, and the OSR value was lifted
when the operating cycle increased. The characteristic explanation of the OSR will be discussed later
in the next section. The average OSRs along the 15%–95% SOCs of the new cell and at desired life
cycles of 400, 1200, and 2400 cycles are 20.570, 20.890, 22.453, and 23.868 mΩ, respectively. From the
measurement, the data set of C/4 current rate was used in order to create the OSR model considering
the cycle changes.
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4.2. OSR Model under Life-Cycle Consideration

The life cycles that affected the OSR can be established with the life-cycle resistance model (Rcy),
using the experimental relationship of the resistance changes by comparing the cell at the beginning of
life with the desired life cycles of 400, 1200, and 2400 cycles. In order to study only the effect of the life
cycles, the effect of temperatures will be ignored. The Rcy model will be examined in the function of
the operating cycle and SOC under a constant temperature (20 ◦C), as shown in Equation (3).

Rcy = f(N, SOC) (3)

where N is the cycle number of the charge and discharge, and SOC is the state of charge during the tests.
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The mathematical model of the life-cycle resistance can be extracted from the experimental
relationship between the increasing resistances of the OSR and cycles of the tested cell. The SOCs
extracted from the test system, as described in Section 3, are separated into 2%, 5%, 10%, 30%, 50%, 70%,
90%, and 99%, to easily observe the increasing resistances due to cycle changes. The OSR characteristics
for the cycles at different SOCs during the charge and discharge are shown in Figure 6a,b, respectively.
The figures show that the trend of resistance increases with the increasing cycle number. These trends
are slightly different for each SOC. The rate of change of the resistance increment for each SOC can
be obtained in terms of the slope of the OSR function, by fitting with a linear approximation using
MATLAB, as shown by the dotted lines.
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From Figure 6, it can be seen that the rate of change of the resistance increment for each SOC at
30%, 50%, and 70% has a similar slope pattern due to the flat characteristic of the resistance along the
30%–70% range of the SOC, as illustrated in Figure 5. We then assumed the midrange of the SOC
(50%), as shown with the black triangle, to be the reference point, in order to observe the variations of
the resistance as a result of the cycle changes. In Figure 6, the differences of OSR at the beginning of
the cell life and at the end of the tested cycles for 50% SOC are 18.38% and 15.08% during the charge
and discharge, respectively. The relationship between the initial OSR and the resistance increases due
to the cycle changes are illustrated in Equations (4) and (5), respectively.

OSRcy = OSR0 + Rcy (4)

Rcy = kcyNZ (5)

where OSRcy is the OSR of the LIB considering the cycle effect (mΩ), OSR0 is the OSR at the beginning
of cell life (mΩ), Rcy is the life cycle resistance (mΩ), N is the cycle number of charge and discharge, Z
is the exponent of the cycle (Z equals to 1 for the OSR linear relationship), and kcy is the rate of change
of the resistance increment due to the life-cycle changes (µΩ·cycle−1).

Table 2 shows the fitting values of the rate of change of the resistance increment (kcy) of each
SOC, the OSR at the beginning of cell life (OSR0), and the sum of square of residual errors (SSR)
during charge and discharge tests. At a low SOC, the rate of change of the resistance increment is high
for both of charge and discharge. The rate has been reduced and slightly changed along the SOC,
corresponding to the trend of the OSR characteristic for each cycle. The model equation of the rate of
change of the resistance increment, in a function of the SOC with respect to the number of cycles, is
proposed in Equation (6).

kcy = 1/(k1 · ln(SOS) + k2) (6)
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where kcy is the rate of change of the resistance increment due to the life-cycle changes (µΩ·cycle−1), k1

is a pre-logarithm factor of the cycle effect (cycle·mΩ−1%−1), k2 is a constant factor due to the cycle
effect (cycle·mΩ−1), and SOC is a state of charge of the cell (%).

Table 2. Rate of change of the resistance increment due to life cycles for SOCs during charge
and discharge.

SOC
(%)

Charge Discharge

OSR0
(mΩ)

kcy
(µΩ·cycle−1)

SSR
(mΩ2)

OSR0
(mΩ)

kcy
(µΩ·cycle−1)

SSR
(mΩ2)

2 23.14 2.349 0.209 23.00 2.429 0.196
5 21.71 2.185 0.184 21.90 2.123 0.031
10 20.64 1.744 0.452 20.76 1.779 0.119
30 20.41 1.669 0.339 20.49 1.371 0.129
50 20.38 1.663 0.179 20.48 1.387 0.151
70 20.34 1.671 0.124 20.32 1.458 0.010
90 20.85 1.393 0.053 20.41 1.431 0.035
99 20.99 1.488 0.114 20.93 1.461 0.040

The extracted parameters for charge and discharge can be obtained by fitting with a nonlinear
least square estimation technique using MATLAB, as shown in Table 3.

Table 3. Extracted parameters for the equation of the rate of change of the resistance increment due to
life cycles.

Operation Test k1
(cycle·mΩ−1% −1)

k2
(cycle·mΩ−1)

SSR
(mΩ2

·cycle)

Charge 6.3045 × 10−2 3.8016 × 10−1 7.1380 × 10−2

Discharge 8.4867 × 10−2 3.5265 × 10−1 7.0575 × 10−2

A comparison between the rate of change of the resistance increment due to the life cycles fitted
from the experiments and the proposed kcy model, with the extracted parameters in Table 3, is shown
in Figure 7. The comparison shows the concordance along the SOCs between the experiment and
model, with the sum of square of residual errors (SSR) for charge and discharge of only 7.1380 × 10−2

mΩ2
·cycle and 7.0575 × 10−2 mΩ2

·cycle, respectively.
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From Equation (5), the life-cycle resistance model (Rcy) as a function of SOC can be completed
by substituting Equation (6) into Equation (5). Therefore, the OSR model considering the cycle effect
(OSRcy) by extending the Equation (4) can be obtained in Equation (7).

OSRcy = OSR0 + NZ/(k1 · ln(SOC) + k2) (7)

where OSRcy is the OSR of the LIB considering the cycle effect (mΩ), OSR0 is the OSR at the beginning
of cell life (mΩ), N is the cycle number of charge and discharge, Z is the exponent of cycle (Z equals to
1 for the OSR linear relationship), k1 is a pre-logarithm factor of the cycle effect (cycle·mΩ−1%−1), k2 is
a constant factor due to the cycle effect (cycle·mΩ−1), and SOC is a state of charge of the cell (%).

5. Model Verification and Discussion

This section shows a verification of the proposed OSR model under the life-cycle consideration.
The model in Equation (7) is used for plotting the OSR characteristics. The model only needs the testing
information of a new cell in order to observe the life cycle effects of the aging battery. The model is
verified with a different set of testing information. The OSR models are calculated based on the new
cell information at a 1 C-rate, and compared with the measured data for all of the cycles.

Figure 8 shows a comparison of the OSRs from the measurement and model for charge and
discharge along the SOCs at different operating cycles. Figure 9 shows the combined plots of the
estimated OSR from the 1C-rate model, with respect to the measured OSR values for all of the cycles of
the charge and discharge.
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From Figure 9, the black diagonal axis represents a reference trend, where the estimated OSR
equals to the measured value. In the combined plot, each swarming of the resistances is classified by
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the different colors for the different aging cycles. In this plot, it is easy to observe that the ohmic series
resistance of the cell is increased with the increasing cycles. The OSR combined plots show the fitting
results of the model. The maximum and minimum estimation error of the model for all of the cycles is
5.797% and −4.675%, respectively.

In addition, the characteristic changes of the OSR can be explained by referring to the processes of
intercalation and de-intercalation in the LIB, which is the insertion and the extraction of lithium at the
spinel electrode during the charge and discharge operations, respectively. For long cycles, the spinel
crystal structure of the electrode is distorted during the phase transitions. This distortion can cause
stress and electromechanical grinding on the spinel particles. Moreover, the cycleable lithium has
been lost over the time of the charge and discharge, by growing a coated solid electrolyte interface on
the surface of the negative electrode, that affects a reduction of the intercalation and de-intercalation
abilities during the operation. These phenomena are reflected by the increment of the OSR between
the electrodes and the fading of capacity in the LIB under the long cycling operation [20,21].

6. Conclusions

In this paper, we focus on the modeling of the ohmic series resistance (OSR) of the lithium-ion
battery to understand the resistance characteristic behaviors on the changing of life cycles.
The computer-based battery test system was developed to prepare the aging cell, and to characterize
the OSRs in a function of the state of charge (SOC) under the desired life cycle. From the study,
the increment of cycle-life caused to increase the ohmic series resistance of the cell can be concluded.
When compared to the cell at the beginning of life at 50% SOC, the OSRs of the highest testing cycle as
2400 cycles increased by 18.38% and 15.08% during the charge and discharge, respectively. In addition,
it was found that the different pulse current rates (C-rates) of the testing have no effect on the pattern
of the OSR, even in the aging cells. The methodology for OSR modeling was proposed based on the
information on the resistance increment during the cycle changes. The extracted OSR model was
compared with the different set of measured values, that show a certified result for all of the different
testing cycles. The estimation errors of the model are within ±6% of all testing cycles. The contribution
and novelty of this study are the developed algorithms and proposed procedures for OSR modeling
that can be applied for any LIBs. However, the developed model should be modified and implemented
with the BMS, which will be our next steps in the future. The accurate model can be further used
as one of the indexes in the BMSs in order to estimate the state of health and cycling degradation of
the battery.
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