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Abstract: Recently, there has been an increase in the global awareness on environmental pollution; consequently, there have been 

moderate attempts to suppress the occurrence of environmental pollutants and ecofriendly transportation with high energy efficiency 

has been attracting increasing attention. As these ecofriendly transportation systems primarily use batteries, research on battery 

charging and discharging characteristics is underway to extend the limited life span. In this study, a boost converter used in electric 

vehicles and electric propulsion ships was installed, and a circuit that can control the discharge current shape between the battery and 

the load terminal was added to analyze the discharge characteristics of the battery according to the discharge shape. The results of the 

analysis show that the time required for the state-of-health to reach 80% was small for the waveforms and is in the increasing order 

of constant current waveform, pulse waveform, sine waveform. This study confirmed that the shape of the discharge current affects 

the lifetime of the battery. 
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1. Introduction
Recently, environmental pollution has been attracting atten-

tion as a serious problem, and environmental regulations such 

as reduction of in the production of internal combustion engine 

cars and reduction of carbon emissions of ships are being im-

plemented worldwide to reduce the emissions of greenhouse 

gases, air pollutants, and carbon that affect the ozone layer. To 

satisfy the environmental regulations on air pollutants, research 

and commercialization of ecofriendly transportation such as 

electric vehicles and hydrogen fuel cell vehicles are actively 

progressing. Batteries are used as either the primary or auxiliary 

power in these transportation systems. Recently, lithium batter-

ies with high energy density have been used and various studies 

are being conducted on them. 

The battery used in ecofriendly transportation can cause rapid 

charging and discharging owing to long-term operation, rapid 

acceleration, sudden braking, etc., which can lead to a decrease 

in battery capacity, resulting in a decrease in battery life. There-

fore, a battery management system is significantly important to 

predict the state and life of the battery by measuring and analyz-

ing current battery characteristic parameters to improve the 

safety and life of the battery. Therefore, research on methods for 

measuring and predicting battery parameters such as state-of-

charge (SOC) and state-of-health (SOH) and extending battery 

life is actively being conducted. 

In the performance improvement study of the battery, the 

pulse charging method, which rapidly charges using the current 

of a pulse waveform, is actively studied [1]. The study on the 

change in the SOH of the battery due to the pulse charging 

method can be applied to the pulse discharge process; conse-

quently, a study on the SOH change of the battery owing to the 

pulse discharge method was conducted [2]. 

Generally, portable small-capacity electrical devices operate 

the device by controlling the voltage of the battery through a 

step-down converter circuit. In this case, the step-down con-

verter itself is affected by pulse discharge in the form of down-

grading of the smoothing voltage by controlling the duty ratio. 

However, the electrical device in the ecofriendly transportation 

is operated by boosting the voltage of the battery through a 

step-up converter, in which case the current of the battery flows 

continuously and is not affected by pulse discharge. In addition, 

as the discharge of the battery device is determined by the load, 
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it is necessary to control the current waveform in the form of 

the desired discharge waveform to study the desired type of 

discharge characteristic. 

Therefore, in this study, based on the results of a pervious 

study that the lifespan is improved when the pulse charge [3] 

and discharge methods [2] is applied to the battery, a power 

system circuit capable of controlling the shape of the discharge 

current was designed to analyze the discharge and lifetime 

characteristics of the battery. Simulation using the PSIM soft-

ware was performed and the results were compared by measur-

ing the lifetime state and harmonics of the battery in each dis-

charge by discharging with square, sine, and constant current 

(CC) waveforms to analyze the discharge characteristics. Based 

on this, a basic study was conducted to manufacture the actual 

power system device. 

2. Theory

2.1 State-of-health (SOH) 
SOH is the lifetime state of the battery and is primarily used 

as a parameter to estimate the battery lifetime scale. SOH is 

defined as 100% for the initial unused battery, and when the 

battery capacity reaches 80% of the initial capacity owing to the 

continuous charging and discharging of the battery, that is, 

when SOH reaches 80%, the battery life is defined as the end of 

the battery [4]. Therefore, reliability of the battery can be in-

creased through the prediction and estimation of the life of the 

battery, and safety accidents can be prevented. 
However, owing to the complex chemical reaction process of 

the battery, it is difficult to accurately predict SOH; consequent-

ly, related ongoing studies are being conducted. Among the 

methods for estimating SOH, there is a method for estimating 

SOH based on the consumed capacity of the battery, and it can 

be expressed as follows [5]. 

SOH(t) = SOH(0) − 1
2𝑁𝑁𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛

∫ |𝑃𝑃𝑏𝑏(𝜏𝜏)|
3600

𝑑𝑑𝑑𝑑𝑡𝑡+∆𝑡𝑡
𝑡𝑡         (1) 

∆SOH(t) = 1
2𝑁𝑁𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛

∫ |𝑃𝑃𝑏𝑏(𝜏𝜏)|
3600

𝑑𝑑𝑑𝑑𝑡𝑡+∆𝑡𝑡
𝑡𝑡        (2) 

In Equation (1), SOH is represented as a value that is ob-

tained by subtracting the amount of change in the SOH (Equa-

tion (2)) from the initial lifetime state, SOH(0) (i.e., 100%). 

The parameter N indicates the number of charging and dis-

charging cycles to the end of life of the battery, Q𝑛𝑛𝑛𝑛𝑛𝑛  is the 

capacity of the initial battery, and P𝑏𝑏  is the amount of power 

used. The above SOH measurement method is calculated by 

only considering the capacity of the battery; therefore, modeling 

of the battery is significantly important. 

2.2 Recovery effect of battery 
The battery used for power supply of the electric device con-

sists of series or parallel connections of several battery cells, 

and the energy stored in each cell is converted into electrical 

energy through oxidation and reduction reactions. 
As the load current increases, the total charge of the battery 

decreases. Then, the ratio of the load current to the battery ca-

pacity is called the discharge rate. The discharge time of the 

battery varies according to the discharge rate. As the discharge 

rate increases, the discharge time becomes faster. In addition, 

there is a difference in battery usage time in the case of contin-

uous discharge and intermittent discharge, where a pause period 

is provided in the middle of discharge, while discharging batter-

ies of the same capacity. 
When a period of resting is provided during the discharge 

process, the battery voltage, which was lowered from the exist-

ing continuous discharge, increases during the period of rest, 

resulting in an increase in the capacity of the battery. This is 

called the recovery effect of the battery. 
The reason for the recovery effect is that the electrolyte that 

exists far from the electrode can stably transfer electrons to the 

nearby electrolyte during the rest time when the current is not 

drawn from the battery; consequently, more charges can be 

drawn from the battery [6]. 

2.3 Pulse discharge 
Pulse control methods include pulse width modulation (PWM) 

and pulse amplitude modulation (PAM). The PWM method 

does not change the size of the smoothed DC voltage but 

changes the output time of the voltage on the pulse to change 

the equivalent voltage. PAM achieves constant width and cycle 

of the pulse and changes only its amplitude according to the 

signal wave. 
In this study, pulse discharge was performed using PWM 

method; moreover, based on the voltage value that was output-

ted through pulse width control, the output was maintained as a 

high value for a certain ratio and for the remaining period, the 

output was a low value to produce a pulse waveform output. 
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Recently, active studies performed battery discharge in the 

form of currents such as pulse, triangular, and trapezoidal 

waves, and the discharge characteristics of batteries were ana-

lyzed [7]. Pulse discharge method is a method of discharging 

pulsed currents at discharge. It was determined that lithium-ion 

batteries increase the efficiency by approximately 1.3% and 

discharge capacity by 1.32% when compared to a method with 

conventional CC discharge [2]. 
In this paper, based on the pulse discharge study, the influ-

ence of the discharge current shape on the characteristics of the 

battery was analyzed, and a basic study of the power system 

design was conducted to improve the battery lifetime. 

2.4 Total harmonic distortion 
Total harmonic distortion (THD) is a measurement of the 

harmonic distortion present in a signal, defined as the consensus 

ratio of the forces of all harmonic components to the forces of 

the basic frequency. It is formulated as follows.  

THD =  
�𝑉𝑉22+𝑉𝑉32+𝑉𝑉42+⋯𝑉𝑉𝑛𝑛2

𝑉𝑉1
 (3) 

In wireless communication, devices with low THD tend to 

cause less unintended interference with other electronic devices. 

As harmonic distortion tends to broaden the frequency spectrum 

of output emission from the device by adding multiple signals 

of the input frequency, devices with high THD are not suitable 

for applications such as spectral sharing and spectral sensing. 

Low THD in the power system implies low peak current, low 

heat generation, low electromagnetic emission, and low core 

loss of the motor. 

3. Simulation

3.1 Configuration of the proposed power system 

Figure 1: Proposed circuits of power system 

The power system circuit proposed in this paper is illustrated 

in Figure 1. Figure 1 shows a part of the circuit that can inject 

any waveform into the battery and a circuit with a step-up con-

verter on the load side. Discharge is performed in the form of a 

waveform injected into the battery. C block is inserted for the 

repetition of charging and discharging, and the circuit is de-

signed to charge when the SOC value of the battery reaches 0.3 

and discharge when the SOC reaches 0.8. The charge and dis-

charge current amount for charging and discharging had a root 

mean square (RMS) value of 2 A of discharge current 
Existing battery charging/discharging circuits primarily use 

step-down converters to lower voltages to drive electrical de-

vices. These devices are already applied to the pulse discharge 

based on the principle of the step-down converter itself; moreo-

ver, it is difficult to study the characteristics of the battery ac-

cording to the discharge waveform. Therefore, in this study, a 

discharge circuit was designed using a step-up converter. In 

addition, the output voltage was maintained constant through 

feedback control for smooth SOH measurement. 

Figure 2: Flow chart for Simulation 

3.2 Simulation algorithm 
The simulation algorithm is illustrated in Figure 2. Simula-

tion starts from the initial SOC value of 0.8 (80%) of the battery, 
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and the current SOC is checked to start the charging or dis-

charging process. After the start of charging or discharging, the 

voltage and current of the battery are measured at each sam-

pling time to calculate the power used in Equation (1). After 

the energy capacity is estimated by using the calculated power, 

the SOH reduction amount is measured and the current SOH is 

measured. This is repeated until SOH reaches 80%. When the 

SOH reaches 80%, the simulation is completed and the results 

appear in graphs. 

3.3 Measurement circuits for SOH 

Figure 3: Configuration circuits for state-of-health (SOH) 

measurement 

Figure 3 illustrates a circuit for measuring the SOH of the 

battery; moreover, the SOH measurement algorithm expressed 

in Equation (1) is designed as a circuit. The voltage and current 

of the battery are measured and the power value is calculated 

and then integrated. Then, the integrated value is divided by 

“2,” “N,” and “Q𝑛𝑛𝑛𝑛𝑛𝑛” and the SOH variation is calculated. The 

SOH variation was subtracted from the initial SOH value and 

represented as a percentage value. 

4. Experiment and consideration
Table 1 lists the initial characteristic value of the lithium-ion 

battery used in the simulation. To reduce the charging and dis-

charging cycle time, the initial capacity value of the battery was 

set at 0.01 Ah, and the charging and discharging was performed 

with a current of approximately 2 A (discharge current RMS 

value: 2 A) until the battery reached SOH of 80%, which is the 

time when the battery life is determined to be over. 
The simulation results show that the battery was charged and 

discharged 396 times. The initial SOC value of the battery was 

set at 0.8 (80%) and then the battery was charged and dis-

charged. The lifetime of the battery was compared using the 

SOH reduction amount shown in the graph. In addition, the 

THD of the discharge current was measured and compared to 

investigate the effect of harmonics on the discharge waveform. 

Figures 4 (a) and (b) show the pulse discharge and sine dis-

charge current graph.  

Table 1: Specifications of lithium-ion battery 

Characteristic Characteristic Value 

Rated Voltage 3.7 (V) 
Discharge Cut-off Voltage 2.5 (V) 

Internal Resistance 0.05(Ω) 
Capacity Factor 1.02 

Full Voltage 4.2 (V) 

(a) Pulse discharge 

(b) Sine discharge 

Figure 4: Discharge current graphs for one discharge 
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The battery SOH reduction was measured using the SOH 

measurement algorithm in the proposed power system circuit. 

The results of the simulation with the three discharge wave-

forms, i.e., CC, pulse and sine waveforms, are illustrated in 

Figures 5 (a), (b), and (c), respectively, and the results are 

listed in Table 2. 

(a) CC discharge 

(b) Pulse discharge 

(c) Sine discharge 

Figure 5: Measurement graphs of SOH 

Table 2: Results according to discharging shapes 

Discharge Shape CC Pulse Sine 
SOH [%] 80 80 80 
Time [s] 7008.1s 7128.2 7134.9 

Cycle Number 396 396 396 

Figure 5 illustrates the SOH graph of each discharge. The re-

sults of the charging/discharging simulations showed that the 

time until SOH reached 80% was 7008.1 s in CC discharge, 

7128.2 s in pulse discharge, and 7134.9 s in sine discharge. 

Thus, it was confirmed that CC discharge has the greatest SOH 

reduction among the three discharge methods, followed by 

pulse discharge, and sine discharge with the lowest SOH reduc-

tion. 

(a) Pulse discharge 

(b) Sine discharge 

Figure 6: Fast Fourier transform graphs according to current 

shapes 

Table 3: Harmonics according to discharging shapes 

Discharge Shape Pulse Sine 

THD approximately 
44.7% 

approximately 
0.9m% 

Figure 6 illustrates the fast Fourier transform (FFT) graphs 

of the pulse and sine discharges. The results of the THD calcu-

lation using Equation (3) showed that the THD was approxi-

mately 0.9m% for the sine discharge and the THD was approx-

imately 44.7% for the pulse discharge. 

5. Conclusion
In this research, a basic study was conducted through simula-

tions for the real design of the power system device including 

improvement function of the battery lifetime. To analyze the 

discharge characteristics of the battery, the circuit was con-

structed to control the discharge current determined by the load 

in a desired form; moreover, CC, sine wave, and pulse dis-
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charges were obtained to compare the characteristics of the 

battery. 
The results of the THD measurement in FFT graphs showed 

that the THD was approximately 44.7% for the pulse discharge 

and approximately 0.9m% for the sine discharge. The SOH 

graph results showed that the time required for the SOH to 

reach 80% was approximately 7008.1 s for CC discharge, ap-

proximately 7128.2 s for the pulse discharge, and approximately 

7134.9 s for the sine discharge. 
The results show that SOH was reduced rapidly in the wave-

forms and was in the increasing order of CC discharge, pulse 

discharge, sine discharge, which implies that the battery lifetime 

was longer and in the decreasing order of sine discharge, pulse 

discharge, CC discharge. Then, when comparing the relation-

ship between harmonics and SOH, it was confirmed that the 

decrease in THD and SOH was proportional to the discharge. 
The power system device proposed in this study can improve 

the performance of the battery through the discharge of a specif-

ic waveform of the battery, estimate the remaining battery life-

time, and predict the replacement time of the battery through 

the measured SOH graph. However, in PSIM, the battery model 

only includes electrical characteristics and the chemical charac-

teristics are not included; therefore, it is likely that an error can 

exist in the actual model; consequently, further research on 

accurate modeling is required in the future. 
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