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            Abstract
          
        

        
          The regenerative braking system of electric vehicles is one of the most important technologies in improving the fuel efficiency of electric vehicles. In this paper, the existing regenerative braking technology used in electric vehicles is briefly explained and the role of PLL in regenerative braking technology is explained. PSIM simulation verifies the PLL system and improves performance through tuning. This paper also identifies problems with the existing technology and subsequently suggests solutions to overcome such problems for eventual implementation. Finally, the specified problem is implemented to check whether the proposed system works well.
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      1. Introduction
      A three-phase induction also known as an AC Induction(ACI) motor and PMSM(Permanent Magnet Synchronous Motor) are widely used in many industrial applications.1) Since electric vehicles receive energy through a three-phase motor, a regenerative braking system for energy recovery is important. Regenerative braking plays an important role in maximizing the energy efficiency of electric vehicles and increasing their driving range. This paper deals with the operating principle and importance of the regenerative braking system of an electric vehicle. First, the operating principle of the regenerative braking system and how to increase the energy efficiency of electric vehicles will be explained. Next, the existing PLL technique, which is a detection method according to the rapid change of the voltage generated by the motor in the regenerative braking system, is explained, and the performance is improved through PSIM simulation and tuning. The improved performance is confirmed by stabilization time or robustness to input distortion. In addition, the performance improvement of the method used in combination with the existing methods was experimentally verified in an extreme situation where the input changes rapidly.

    

    

  
    
      2. Basic Theory of Ev Regeneration
      PFC(Power Factor Correction) in a general power system is to reduce harmonics of input/output voltage and current, whereas in automobiles, the direction of inverter power is controlled by controlling PFC. Electric vehicles basically charge(Regeneration) and discharge(Acceleration) according to the direction of power. When power comes out of the battery, it is acceleration, and when power goes into the battery, it is regeneration as Fig. 1.

      
        
        

        Fig. 1 
				
        

        
          Acceleration and Regeneration of EV power system
        
        

        

      

      With Fig. 1, we can make an equivalent circuit and express it in regeneration mode as Fig. 2.

      
        
        

        Fig. 2 
				
        

        
          Equivalent circuit of Fig. 1 in regeneration mode
        
        

        

      

      In order to implement a control algorithm for controlling output power or charging power appropriately in inverter operation or rectification operation as Fig. 3, it is necessary to convert voltage current parameters from a 3-axis fixed coordinate system to a 2-axis rotating coordinate system.

      
        
        

        Fig. 3. 
				
        

        
          (a) Rectifier(regeneration) operation, (b) Inverter (acceleration) operation
        
        

        

      

    

    

  
    
      3. Basic Theory of Cordinate Translation
      The voltages Ua, Ub, and Uc generated by the motor can be converted as shown in Equation 1 and 2 in a two-axis rotation coordinate system for convenience of calculation, and in the converted coordinate system, AC voltage can be used as DCs. And it can be inverse translated as equation 3 and 4.
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      The equation (1) and (3) has park, clarke, inverse park and inverse clarke transformation respectively.2) This process can be seen as the beginning of the most basic and important PLL system of power control.

    

    

  
    
      4. Basic Theory of Power Factor Control (Regeneration)
      PFC basically has outer voltage control loop and inner current control loop as shown in Fig. 4, and all parameters are controlled with the output value of PLL. And also PLL system basically aims to calculate the frequency and phase of the input.

      
        
        

        Fig. 4 
				
        

        
          Block diagram of Power factor control(PFC)
        
        

        

      

      PLL systems were first designed and used in the 1930s for synchronous reception of radio signals, and have since been applied to a wide range of applications to estimate basic parameters of power(phase, frequency, amplitude, grid fault and voltage sag detection) in the field of power electronics.3-5)

      There are many types of PLL systems, such as SRF-PLL, SOGI PLL, DPLL, HT-PLL, SDFT-PLL, EPLL, OSG-PLL, etc., but this paper will cover SOGI PLL which is the most general and famous and Fig. 5 shows basic block diagram of 3phase PLL.6)

      
        
        

        Fig. 5 
				
        

        
          Block diagram of 3phase PLL
        
        

        

      

      Fig. 6 shows the PFC simulation, and Fig. 7 shows how well the SOGI PLL implemented in the PFC system works.

      
        
        

        Fig. 6 
				
        

        
          PSIM Simulation schamatic of PFC
        
        

        

      

      
        
        

        Fig. 7 
				
        

        
          PSIM Simulation result of PFC
        
        

        

      

      One of the important performance indicators of a PLL system is how quickly it can be stabilized when a phase jump occurs, and the other is how accurately it calculates θ when distortion occurs in the input. In order to improve this performance, PI(Proportional Integral) controller tuning in Fig. 6 is required, and Fig. 8 shows the change in stabilization time according to the change in P gain. And input voltage might have harmonic pollution(distortion), so Ii is necessary to verify how robust it is to input distortion.

      
        
        

        Fig. 8 
				
        

        
          P gain tuning for phase jump stabilization
        
        

        

      

      In this paper, PFC is mentioned previously and there are equations showing the relation between THD(Total Harmonic Distortion) and Power Factor.7)

      If the THD is high, the Power Factor gets lower showing equation (6). Fig. 9 shows the change in time until stabilization by changing the P gain when the 3rd, 5th, and 7th harmonics are included in the input calculated with equation (5).
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        Fig. 9 
				
        

        
          P gain tuning for input distortion
        
        

        

      

      The actual system showed slightly different results from the simulation due to various surrounding variables, so the gain tuning was conducted by trial and error, so the paper does not mention the optimal value of gain.

    

    

  
    
      5. Problem of Conventional System and Solution
      Existing PLLs, including SOGI PLLs, are based on PID control and APF(All pass filter), so there is a limit to the dynamic characteristics of the controller,8-10) so it is difficult to respond immediately to momentarily changing inputs. It means that conventional PLL is bound to have time delay as shown Fig. 12.

      Since electric vehicles also need immediate control of voltage changes due to changes in wheel rotation caused by disturbance, how quickly the PLL responds will be an important technology for proper PFC implementation of electric vehicle systems. Therefore, in this paper, how quickly PWM(Pulse Width Modulation) is cut off when an abnormal input comes in is used as one of the performance indicators of PFC.

      
        
        

        Fig. 10 
				
        

        
          The graph of tan
        
        

        

      

      
        
        

        Fig. 11 
				
        

        
          PSIM Simulation result of PFC
        
        

        

      

      
        5.1 The solution of the problem
        There are equation (7) that can calculate instantaneous α, β which is a clarke transformation and also instantaneous θ is calculated with equation (8). The instantaneous θ has no time delay when the phase jump occurs as shown Fig. 12. As shown Fig. 13, Instantaneous θ follows the input change immediately, whereas PLL θ takes time to follow the changed input. However instantaneous θ is not used as PLL because there are many problems in using it directly in the PLL and PFC system.
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          Fig. 12 
				
          

          
            PLL output θ VS Instantaneous θ
          
          

          

        

        
          
          

          Fig. 13 
				
          

          
            The change of q when phase jump occurs
          
          

          

        

        Among the various reasons not to use the instantaneous θ obtained using atan, the biggest reason is the limitation of the tan graph. Since it is impossible to distinguish between angle -90 ~ 90 and 90 ~ 270 only using tan result in Fig. 10, it is difficult to obtain the instantaneous θ for all angles without additional information. The reason why the PLL θ in Fig. 11 is calculated as atan results.

        And the 2nd reason for not using instantaneous θ is because it is weak to noise.

        However, it is possible to solve our problem by comparing the instantaneous θ obtained instantaneous θ and θ obtained through a PLL with relatively poor dynamic characteristics.

        In other words, when the difference between instantaneous θ and θ calculated by the PLL exceeds a constant value, it can be determined that a sudden change in input has occurred.

        Alternatively, as shown in Fig. 5 and 13, when q, which is controlled to 0,11) has a constant value instantaneously, it can be seen that the input has changed instantaneously as shown Fig. 14, that can also be a criterion for determining the change in input.

        
          
          

          Fig. 14 
				
          

          
            Experiment system
          
          

          

        

      

    

    

  
    
      6. The Experiment Result
      
        6.1 Experiment System
        Fig. 14 and Table 1 show the picture and specification of experimental system designed for 30 kW power consumption respectively. The system has to cut off the PWM as quickly as possible when the Phase jump occurs and regenerate PWM with recalculated θ. Therefore, how quickly the PWM can be shut off is a factor that determines the performance of the system. Fig. 15 shows the existing system with slow cut off performance, and Fig. 16 shows the proposed system with improved performance.

        
          Table 1 
				
          

          
            Specification of Experiment system
          
          

        

        
          
            
              	Item
              	Value
            

          
          
            	Power
            	3kW
          

          
            	Battery voltage
            	360VDC
          

          
            	Motor voltage
            	380VAC
          

          
            	MCU
            	TMS320F28346
          

        

        

        
          
          

          Fig. 15 
				
          

          
            Conventional PFC(ch1 : input, ch2 : current, ch4 : PWM)
          
          

          

        

        
          
          

          Fig. 16 
				
          

          
            Proposed PFC(ch1 : input, ch2 : current, ch4 : PWM)
          
          

          

        

        It can be seen that the existing PFC system cuts off the PWM in 1.8 ms, whereas the proposed PFC system cuts off the PWM in 300 us, showing a performance improvement of 600 %.

      

    

    

  
    
      7. Conclusion
      In this paper, the role of PFC and PLL in the regenerative braking system of an electric vehicle was explained and their operation was verified through simulation. Performance improvement was confirmed through simulation tuning and calculating/comparing instantaneous θ. And the problems of the existing system were described, new solutions were presented, and verified through experiments. In the thesis, simply blocking PWM was used as a performance indicator, but in future research, it seems necessary to study how well it follows the change of input as an indicator.

    

    

  
    
      Nomenclature
      
        
          	
          	
        

        
          	
            Ua, Ub, Uc : 
          
          	
            3phase regenerated voltage from motor
          
        

        
          	
            Va, Vb, Vc : 
          
          	
            3phase input voltage of PLL system
          
        

        
          	
            Vd, Vq : 
          
          	
            input voltage in 2 axis rotation coordinate
          
        

        
          	
            Vα, Vβ : 
          
          	
            input voltage in 2 axis stationary coordinate
          
        

        
          	
            UL : 
          
          	
            coordinate transformed input voltage
          
        

        
          	
            Us, Uconv : 
          
          	
            coordinate transformed converter voltage
          
        

        
          	
            θ : 
          
          	
            angle of vector
          
        

        
          	
            iL : 
          
          	
            inductor current, A
          
        

        
          	
            R : 
          
          	
            lekeage resistor, Ω
          
        

        
          	
            L : 
          
          	
            lekeage or real inductance, H
          
        

        
          	
            Vn : 
          
          	
            RMS voltage of the nth harmonic
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