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Abstract: The use of high energy density lithium batteries has increased for propulsion vessels. Methods for reducing their

charging time have been widely studied. A very common method of rapidly charging a battery entails increasing the charging

current. The power conversion system of electrically propelled ships comprises a converter and an inverter, operating via

switching action. Thus, the output voltage and current often include harmonics. However, if the charging or discharging cur-

rent of the battery includes harmonics or is too large, the life of the battery may be reduced. In this study, we investigate

the aging characteristics of batteries according to the amount of charging current related to the discharging current with and

without harmonics. The internal impedance of the battery is measured using electrochemical impedance spectroscopy to ana-

lyze battery aging.
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1. Introduction

Rechargeable lithium batteries are widely used as backup
electrical power ship propulsion, provided they are maintained
in a waterproof, flame-retardant, and dustproof manner. These
batteries have a higher charging capacity than lead-acid bat-
teries (primary power), and it has a relatively longer life span
with a low self-discharge rate. Lithium ship batteries use a
power converter to drive high-voltage and high-power loads
according to specifications applied to eco-friendly, self-pro-
pulsion ships [1][2].

The power conversion system connected to the battery com-
prises a converter and an inverter, and harmonics is included
in the output voltage or current. This is caused by the switch-
ing action of the semiconductor. There are high-level inverters
designed to reduce harmonics in inverters converting direct
current (DC) to alternating current (AC). As the harmonic lev-
els rise, more sinusoidal voltages are produced with stronger
harmonic characteristics. When the input voltage is V, two
voltage levels of 0 and V) are generated in the two-level in-

verter, and three voltage levels of 0, 1/2 V., Vp- are gen-

erated in the three-level inverter. A voltage order of one cycle

moves through 0, Vpo 0, -Vpe and 0 in the two-level
inverter. It moves through 0, 122V, Ve 12Vpe 0, -1/2
Voes = Vpes -1/2Vpe, and 0 in the three-level inverter [3].

Depending on the inverter level, the harmonic characteristics
of the load current changes, affecting battery life. A large-cur-
rent battery with harmonics discharges faster than necessary
[4]. The use of rapid charging methods have increased, more
than doubling charging speeds while accelerating battery aging.
Battery life can be estimated by measuring the battery’s in-
ternal resistance. Thus, it is necessary to periodically manage
the battery condition [3].

In this research, we conduct fast-charging and rated-charg-
ing experiments for batteries with and without harmonics, and

we analyze battery aging.

2. Equivalent circuit analysis
2.1 Parameter analysis
The electrochemical process inside a battery is represented by
the simplified impedance model shown in Figure 1. Z represents
the impedance of the battery and is divided by the real number

R real and the imaginary number R imag in Figure 2. Rs is the
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resistance of the battery interior (electrode, electrolyte). Large
voltage and current times dominate battery characteristics. This
is also called AC resistance, measured at high frequencies. The
Rs value increases as performance deteriorates because of bat-
tery aging. Therefore, it is common to measure the battery’s
state-of-health (SoH). The relationship between Rs and SoH dif-
fers depending on the type and size of the battery. The method
of continuously updating the correlation between Rs and SoH is
applied while demonstrating evaluation criteria via preliminary

examination of the same type of battery [5][6].
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Figure 1: Simplified battery impedance model

Figure 2: Impedance according to frequency (Nyquist Diagram)

Rp represents the electrochemical reaction rate, and Cp rep-
resents the capacitor function of the electric double layer be-
tween the electrode and the electrolyte. Rp and Cp are criteria
for indicating the state-of-charge (SoC) of the battery [7]. For
a lithium battery, Rs is detected in the vicinity of 1 kHz. The
relationship between the sinusoidal AC voltage and the re-
sponse current is shown in Figure 3. The phase difference be-
tween battery current and voltage is denoted by ©, and the

impedance relation is as follows:
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Figure 3: Sine-wave AC voltage and sinusoidal response cur-

rent waveform

2.2 C-rate

For a battery with a capacity of 1 Ah, the reference-1 C-rate
(expressed as C) is 1 A, and the amount of current is the ca-
pacity of the cell. The lithium secondary battery can charge
and discharge several times, and can have different energy stor-

age states depending on charge and discharge methods [6].

2.3 SoH (State of health)

A battery stores and delivers electrical power via an electro-
chemical process. The SoH represents a battery’s usable life
(%). Battery-aging and deterioration processes are important
concerns. Deterioration is affected by chemical, external envi-
ronment, and electrical characteristics. Thus, it is very difficult
to accurately grasp the value of SoH. The maximum usable
capacity of the battery is closely related to SoH, and if the
battery is reduced to 80% of the maximum usable capacity, it
is considered unusable. Furthermore, as the battery is re-
peatedly charged and discharged, performance is reduced and

life span is shortened [5][8].

2.4 SoC (State of Charge)

Unlike conventional primary batteries, a lithium secondary
battery can charge and discharge many times. Thus, they have
a variety of energy storage states. Capacity is defined as the

total charge amount when discharged at a constant current from
fully charged (SoC = 100%) to empty (SoC = 0%) [5][6].

3. Experiment and discussion

3.1 Software

Figure 4 shows a flowchart for measuring the impedance of
a microprocessor battery . If the SoC of the battery is 100 %,
it is measured using the electrochemical impedance spectro-
scopy (EIS) technique. If conditions are not satisfied, charging
is continued. Next, an initial frequency of 3 kHz is injected

into the battery to measure the voltage and current. Then, the
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phase is obtained. Impedance can be obtained from Equation
(1). Until the frequency reaches 0.1 Hz, the next frequency is
continuously injected and proceeds in sequence. When the fre-
quency reaches 0.1 Hz, it stops and transmits the impedance
value to the PC. Then, a two-dimensional impedance mapping

graph is constructed with R and X values.
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Figure 4: Impedance measurement model

3.2 Hardware

Figure 5 presents a block diagram for measuring the im-
pedance of a battery with an EIS module according to the
amount of current during charge and the presence of harmon-
ics during discharging. Six lithium-polymer batteries were con-
nected in series to produce 24-V DC. Charging was accom-
plished with a DC power supply, and the controller was ad-
justed for both rapid and rated currents. Using the 26-W in-
verter (24 V, 1 A, 3-phase) we produced a discharge both
with and without harmonic wave via the electronic load. The
microprocessor (Atmegal28P) detected the voltage and charged
when the SoC reached 0%, stopping at 100 %. After 50 cycles
of charging and discharging, the impedance of the battery was

measured using the EIS module.
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Figure 5: System block diagram

Figure 6 shows the experimental device. It comprises a mi-
croprocessor, an EIS module, two- and three-level inverters,
and a power supply. Table 1 shows the specification of the
lithium polymer battery used in the experiment.

First, the battery was charged to SoC 100 % , and the ini-
tial internal impedance of the battery was measured and dis-
charged using the EIS module. When the SoC was 0 %,
charging began until it reached 100%. Then, discharging was
repeated, stopping when the temperature of the battery was
50 °C or greater or the battery voltage was 2.5 V or less.
For rapid and rated charging experiment, the measures were
divided into 1-h (1C) and 30-min (2C) charging sessions.
The discharging load measured both with and without

harmonics.

Figure 6: Experimental device

Table 1: Battery specifications

Nominal Voltage 3.7V
Nominal capacity 500mAh
Charge cut-off voltage 4.2V
Discharge cut-off voltage 3.0V
Max. Charge current 20C
Max. Discharge current 20C
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(a) Voltages (Ch3) and Current (Ch2)

(b) Harmonics

Figure 7: Output voltages and harmonics of the 3-¢ inverter

(a) 1C charging

(b) 2C charging
Figure 8: Impedance graph of battery with harmonics dis-
charging

Figure 7 shows the voltage waveform and harmonics com-
ponents of the 3-¢ inverter. Figure 7 (a) shows the output
voltage and current of the 3-phase inverter, measured with an
oscilloscope. Figure 7 (b) shows the harmonics components of
the 3-¢ inverter, measured with a power-quality measuring in-
strument, resulting in 6.8 %, 6.3 %, and 6.2 %.

Figure 8 graphs the impedance measurement when harmon-
ics are included. Impedance characteristics were measured
through the EIS every 100 charge/discharge cycles at 1C and
2C. Figure 9 graphs the impedance without harmonics.
Impedance characteristics were measured with the EIS every
100 charge/discharge cycles. The waveforms are pushed to the
right as the number of charge/discharge cycles increase, and
Rs gradually increases. Thus, aging is clearly affected by the

number of charge/discharge cycles.
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Figure 9: Impedance graph of battery without harmonics dis-
charging (1C charging only)

Figure 10 and Table 2 depict lifetime Rs at 1C and 2C.
Harmonics are included with 2C, but 1C does not include
harmonics. When harmonics were included, the initial value of Rs
was 266 m< at 1C. However, Rs was measured as 279.8 m&Q af-
ter 500 charge/discharge cycles. With 2C, the initial value of Rs
was 268.5 m&2, The Rs value after the initial discharge was 296.8
m&. Without harmonics, it increased from 265 m&Q to 275 mQ.

Figure 10: Rs with harmonics (1C, 2C) and without harmon-
ics (1C) discharging
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Table 2: Resultant values from Figure 10

Hems Without harmonic Harmonic
1C 1C 2C
R:(Tj;) 265 266 | 268.5
512(;( Itrlllglzliis 275 279.8 296.8
Iﬁcsienalu;e)d 10 13.8 28.3

Figure 11 and Table 3 depict the capacity (Rp) at 1C and
2C with one level of harmonics and at 1C without harmonics.
The initial values at 1C and 2C with harmonics were 2.335 F
and 2.483 F, respectively. After 500 experiments, 1.781 F and
1.783 F were measured. When the harmonics were not in-

cluded, it decreased from the initial 2.475 F to 2.213 F.

Figure 11: Rp with harmonics (1C, 2C) and without har-
monics (1C) discharging

Table 3: Resultant values from Figure 11

It Without harmonic Harmonic
ems 1C 1C 2C
First 2475 2335 | 2.483
Cp (F) ' ' '
500 times
2213 1.781 1.783
Cp (F)
Increased
0.262 0.55 0.701
Cp (F)

4. Conclusion
We conducted fast-charging and rated-charging experiments
when the discharge current of a lithium-ion battery contained
harmonics and when it did not. We analyzed battery aging,

reaching the following conclusions.

(1) The increase of Rs for estimating battery aging was 13.8
m& and 28.3 m& at 1C and 2C, respectively. Thus, rap-
id-charging decreases lifespan rapidly, compared to rated
charging.

(2) With rated charging, the increase of Rs was 10 m& and

13.8 m&, with and without discharging harmonics,
respectively. Thus, we confirmed that, with more dis-
charge current harmonics, aging proceeds more quickly.
(3) The increase of Rp for estimating the battery charging
state with discharging harmonics was 0.55 F and 0.701 at
1C and 2C, respectively. Rp was 0.262 F when the charg-
ing current was 1C only, without discharging current

harmonics.

We confirmed that the battery capacity under rapid charging
conditions was reduced more than the rated charge and that
the more harmonics included in the discharge current, the

more the battery capacity increased.
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