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            Abstract
          
        

        
          Various regulations for the prevention of environmental pollution are being implemented worldwide. Environmental pollution is mostly attributed to harmful gases emitted during engine combustion in ships or automobiles, including thermal power generation. To solve this problem, electricity is produced and stored from new renewable energy sources, such as solar, wind, and wave power, and is used to propel ships and cars. Electric propulsion ships or electric vehicle systems consist of a battery, an inverter, and an electric motor. The DC power stored in the battery is composed of a sinusoidal AC voltage through an inverter and is applied to the electric motor. The most important aspect is to safely manage a battery, which is a core component of an electric propulsion system, to avoid explosion, overheating or the generation of an overcurrent. Therefore, it is important not only to always observe the ambient temperature, rated voltage, and current but also to remove factors that may harm the safety of the battery in advance. In particular, the sinusoidal AC voltage applied to the motor modulates the command voltage into the form of a switching pulse, which is then applied to the upper and lower legs (Leg) of the inverter. Therefore, the voltage and current of the inverter contain various harmonics that can adversely affect the propulsion system, including the batteries. In this study, the modulation types of the two switching pulses are selected, and motor-speed control is performed according to each type. Simultaneously, the relationship between the harmonics and lifetime is analyzed by measuring the current harmonics flowing through an electrical motor and the internal resistance, which is a parameter that can predict the lifetime of the battery.
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      1. Introduction
      The world has entered the 20th century, when fossil fuels are increasingly depleted and means of transport are switching to electricity from gasoline or diesel oils. Electric vehicles (EVs) are becoming an increasingly popular mode of transportation as the world moves towards a more sustainable and eco-friendly future [1].

      Unlike traditional gasoline-powered vehicles, EVs rely on batteries to power their motors. This implies that they produce zero emissions, which can help reduce air pollution and greenhouse gas emissions [2]. In recent years, EV technology has made significant progress, and the range and performance of electric cars have improved dramatically. With governments around the world offering incentives to encourage the adoption of EVs and major automakers investing heavily in technology, the future of transportation appears to be electric.

      In an electrical vehicle, the inverter and battery are two essential components. The inverter includes a motor control circuit and an electrical motor. To control an electric motor with high performance, many researchers have improved and proposed motor control methods such as the space-vector pulse width modulation (SVPWM) [3], third harmonic injection PWM (THIPWM) [4], and discontinuous PWM (DPWM) [5]. When the motor is operated with each of these control methods, different results are obtained in terms of the advantages in dynamics and the disadvantages in the noise of each of these methods. The dynamic advantages are the stability of the torque and speed. However, one disadvantage is the creation of different levels of current harmonics in the connected circuit. In general, it is known that the current harmonic affects not only the electrical components in the circuit but also the battery lifetime, temperature, and chemical reactions [6][7].

      Manufacturers and customers always expect the battery lifetime to be optimized and the battery aging time to be performed as slowly as possible. Therefore, this study analyzed the battery lifetime and aging speed according to different PWM methods based on space vector modulation, which influences the motor current harmonic characteristics. Here, the two switching modulation methods are symmetric and asymmetric switching methods; the reason for using these methods is that the phase voltage is in the form of a pulse in the symmetric method and appears in the form of a square wave in the asymmetric method and can be useful for comparing or analyzing harmonic characteristics.

    

    

  
    
      2. Theory
      
        2.1 Harmonic and Total Harmonic Distortion (THD)
        Harmonic electricity is a wave of current or voltage with frequencies that are multiples of the fundamental frequency. In some countries, the regulated fundamental frequency can be 50 Hz or 60 Hz. If the fundamental frequency is 50 Hz, the second harmonic is 100 Hz, and the third harmonic is 150 Hz. Typical harmonic waves are shown in Figure 1 with a fundamental wave. The state of harmonics can be expressed using many methods, but usually through the Total Harmonic Distortion (THD) parameters.

        
          
          

          Figure 1: 
				
          

          
            Fundamental wave and harmonics
          
          

          

        

        THD is a measure of harmonic distortion in a signal and is defined as the total power ratio of all harmonic components to the power of the fundamental frequency. THD provides information on stability and evaluates the quality of an electrical system.

        The THD helps determine the degree of distortion owing to triangular, square, and sawtooth waves mixed in the shape of a desirable sine wave. Harmonics only provide energy sources, and the components produce any frequency. When the THD factor was minimized, the system output exhibited less noise or distortion. Thus, the THD must be maintained as low as possible.

        THD(%) was calculated using the following Equation (1) [8]:
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        V1, V2 ~ Vn are the root-mean-square magnitudes of each harmonic from the fundamental wave and n is the harmonic number. V1 is the magnitude of the fundamental wave.

        Undesirable harmonics exist in nonlinear loads, which consist of power conversion devices such as variable frequency drivers (VFD), UPSs, rectifiers, and motor generators, and occur during the energy conversion process.

        This paper presents the variation in the magnitude of THD by changing the PWM methods used in vector control modulation. We can consider the effect of the harmonic components on the power current when operating a variable-frequency driver to control a three-phase motor.

      

      
        2.2 Internal Resistance Estimation of Battery Utilizing Open Circuit Voltage (OCV)
        In a battery management system, SOC estimation is important for analyzing the internal resistance of the battery. Internal resistance is one of the main causes of aging and affects the battery lifetime. Many methods are used for the estimation, such as the Coulomb counting method (CCM), model-based estimator, and open circuit voltage (OCV) [9]. In the CCM, the SOC is given by the remaining available capacity. However, using the offline OCV method, the exact SOC data obtained consist of the internal resistor in the battery. Therefore, an offline OCV method was used in this study. The OCV of a battery is the electrical disproportion between the positive and negative terminals when the battery is disconnected from any load. This implies that no current flows between the two terminals of the battery. Therefore, the OCV can be analyzed using Randles' primary battery model [10].

        The Randles primary battery model is expressed in Figure 2. Figure 3 shows a graph of the battery terminal voltage when the battery performs a charge/discharge current.

        
          
          

          Figure 2: 
				
          

          
            Equivalent circuit of Randles model and load
            R1: Battery IRR2: Ionization loss resistanceC: Double-layer capacitance

          
          

          

        

        
          
          

          Figure 3: 
				
          

          
            Estimation of battery resistance R1 and R2
            VR1= R1 IVR2= R2 I
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        The Randles’ primary battery model is illustrated in Figure 2. A battery is represented by a resistor R1 (IR) and serially connects to a circuit consisting of capacitor C that is parallel to another resistor R2.

        Figure 3 shows the battery voltage state when the battery is connected to an electronic load and discharged at a constant current, as represented by Equation (2). When the battery was connected to an electronic load, the double-layer capacitance is shorted, resulting in an R2 of zero.

        Therefore, the float voltage of the battery momentarily drops to the VR2 value, the internal resistance (IR) is calculated by dividing the voltage drop VR1 by the load current 1A, and the life of the battery is checked by measuring the change in IR after the load experiment [11][12].

      

    

    

  
    
      3. Experiment and Consideration
      
        3.1 System Configuration
        Figure 4 shows a typical configuration of the electric vehicle. Through Figure 4, the battery provides power to the inverter to control the three-phase motor. The IR of the battery is estimated using the OCV technique. This value can be used to determine the change in the IR of the battery and predict the degree of degradation and lifetime.

        
          
          

          Figure 4: 
				
          

          
            Diagram of electrical propulsion system
          
          

          

        

        A device was used to measure the THD during the discharge process of the EV motor. Thus, the THD can be easily confirmed to compare and check how the harmonics affect the IR and battery lifetimes.

        The inverter consists of a microcontroller (MCU), gate driver, and feedback system as current and speed sensors. The three-phase inverter control method is the PMSM Vector Control Technique. Typically, the method utilized is a Voltage Vector Control technology based on PMSM vector control techniques to convert DC into AC [13]. The operating status includes eight switching states for generating voltage space vectors based on the space vector in a three-phase two-level inverter.

        The output voltages of the eight switching states of the inverter are presented as a vector diagram, and a regular hexagon is formed, as shown in Figure 5, From the voltage vector V(1) to V(6), the maximum output of the inverter is at the top of the hexagon. Any voltage output Vout in the hexagon can be calculated using three stationary vectors corresponding to the side of the triangle divided by the hexagon and one zero vector. The dwell times for any stationary vector are the duty cycle times of the selected switches during the sampling period TS. Hence, the duty cycle time of the chosen switches can be determined using Equation (3), (4), and (5).
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          	Vref : Reference voltage


          	Vd : DC voltage


          	Ts : Sampling period


        

        
          
          

          Figure 5: 
				
          

          
            Block diagram of space vector
          
          

          

        

        With the calculated dwell time and space vectors selected, the table of the switching times for Vref was presented as Table 1 and Table 2.

        
          Table 1: 
				
          

          
            Three-phase symmetrical modulation switching time of Sector 1
          
          

        

        
          
            
              	Sector
              	Upper Switches
              	Lower Switches
            

          
          
            	1
            	S1 = T1 + T2 + T0/2
S3 = T2 + T0/2
S5 = T0/2
            	S4 = T0/2
S6 = T1 + T0/2
S2 = T1 + T2 + T0/2
          

        

        

        
          Table 2: 
				
          

          
            Three - phase asymmetrical modulation switching time of Sector 1
          
          

        

        
          
            
              	Sector
              	Upper Switches
              	Lower Switches
            

          
          
            	1
            	S1 = T1 + T2 + T0S3 = T2 + T0S5 = T0
            	S4 = 0
S6 = T1S2 = T1 + T2
          

        

        

        Table 1 lists the switching times for Vref with three-phase symmetrical modulation. Table 2 lists the switching times for Vref with three-phase asymmetrical modulation. The switching sequence for Vref with the three-phase symmetrical modulation of sector 1 is illustrated in Figure 6 (a). The switching sequence for Vref with the three-phase asymmetrical modulation of Sector 1 is shown in Figure 6(b) [14].

        
          
          

          Figure 6: 
				
          

          
            Pulse width of Sector 1 in (a) symmetrical modulation and (b) asymmetrical modulation
          
          

          

        

      

      
        3.2 Experiment
        The experimental device includes a 4-pack li-ion battery, microcontroller, switching gate drive, three-phase inverter circuit with a permanent magnet synchronous motor (PMSM), current sensors, and voltage sensors, as shown in Figure 7. The three-phase inverter consists of six IGBTs and takes on the role of converting the DC voltage of the 4-pack li-ion battery into AC output voltage to supply electric power for the PMSM. Switching the IGBTs PWM pulses to the output of the microcontroller was amplified through isolated gate drivers. The PWM pulses were generated using the two types of space vector algorithms proposed in Section 3.1.

        
          
          

          Figure 7: 
				
          

          
            Experimental devices
          
          

          

        

        The module was controlled by interfacing it with a computer through the Sync works JTAG emulator (XDS 300S). The Li-ion battery pack consisted of four batteries connected in series, and the battery voltage and current were measured using an oscilloscope. The harmonic level was analyzed by collecting the parameter data of the output current using MATLAB Simulink. The lithium-ion battery pack characteristics are listed in Table 3.

        
          Table 3: 
				
          

          
            Lithium-ion battery characteristics
          
          

        

        
          
            
              	Characteristics
              	Value
            

          
          
            	Rated voltage
            	14.8 V
          

          
            	Nominal capacity
            	2,600 mAh
          

          
            	Charge voltage
            	16 V
          

          
            	Discharge cut-off voltage
            	13.6 V
          

          
            	Standard charge current
            	1,300 mA
          

          
            	Max. charge current
            	2,600 mA
          

        

        

        To perform the discharging operation test for the battery, a 14.8 V, 2,600 mAh module composed of four batteries was utilized. The battery pack was discharged continuously for 360 min, and an electron load was applied after discharge to measure the IR of the battery through the instantaneous discharge of 1 A constant current. For the discharge operation test, the PMSM connected to a three-phase inverter was rotated under no-load conditions. The three–phase inverter was set to operate commonly with 4.85 to 4.9 watts in all the proposed methods.

        Figure 8 shows the phase current measured at the motor terminal. Figure 8 (a) shows the measured phase current of the motor when operated with symmetrical modulation. Figure 8 (b) shows the measured phase current of the motor in the asymmetrical modulation. The phase current of the motor created by the asymmetrical modulation was distorted and included sharper noise current peaks than the phase current of the motor when operating with symmetrical modulation.

        
          
          

          Figure 8: 
				
          

          
            Output AC current of inverter with (a) symmetrical modulation and (b) asymmetrical modulation
          
          

          

        

        When the motor was driven with symmetrical modulation, the measured total value of the harmonic flowing through the motor was 11.99% as shown in Figure 9 (a). However, when the motor was driven with asymmetrical modulation, the measured total values of the harmonic increased highly in the range of 15.77%, as shown in Figure 9 (b). It was found that the current harmonics varied depending on the PWM method. Generally, The asymmetric method is known to have a relatively large number of low-order harmonics due to the reduced switching frequency, as the phase voltage waveform has a square wave shape compared to the symmetric method.

        
          
          

          Figure 9: 
				
          

          
            Output AC current THD% of inverter with (a) symmetrical modulation and (b) asymmetrical modulation
          
          

          

        

        Figures 10 (a) and (b) show the output DC of the battery at the front end of the inverter. Figure 10 (a) shows the symmetric modulation, Figure 10 (b) shows the asymmetric modulation, and the harmonic modulation is larger in asymmetric modulation. The switching noise at the inverter power end affected the input side, thereby affecting the internal resistance of the battery.

        
          
          

          Figure 10: 
				
          

          
            DC current in the inverter input with (a) symmetrical modulation and (b) asymmetrical modulation
          
          

          

        

        Figure 11 shows a graph measuring the changes in the internal resistance of the battery before and after operation and performing symmetric and asymmetric modulation switching control of the inverter.

        
          
          

          Figure 11: 
				
          

          
            IR fluctuation of the battery according to symmetrical and asymmetrical modulation
          
          

          

        

        The driving time was 360 min, and seven operations were performed. The graph shows that in comparison with the symmetric modulation method, the asymmetric switching control increases the change in the internal resistance of the battery.

        The average value of the internal resistance change during symmetric modulation is 0.00937 ohms, and 0.00651 ohms for asymmetric modulation; the difference between the two values is 0.00286 ohms. This phenomenon is considered to have degraded the integrity of the battery owing to the harmonic distortion of the inverter input.

      

    

    

  
    
      4. Conclusion
      In this study, an electric vehicle propulsion system connected by a battery, inverter, electric motor, and microprocessor was constructed, and the switching pattern of an inverter driving a permanent magnet synchronous motor was symmetrically and asymmetrically applied to analyze the harmonics, battery internal resistance, and lifetime characteristics.

      Both methods operated at 4.85 to 4.9 watts, and the following conclusions were obtained.

      
        	(1) Harmonic currents flowing through an electric motor (or battery) when operating with symmetric switching pulse inputs and asymmetric switching pulse inputs were observed to be 11.99% and 15.77%, respectively. It was found that higher harmonics existed when operating in the asymmetric mode.


        	(2) After repeating battery charging and discharging for 7 cycles, the internal resistance of the battery was measured, and as a result, the average value of the internal resistance change during symmetric modulation was 0.00937 Ohm and 0.00651 Ohm; the difference between these two values was 0.00286 Ohm.
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