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            Abstract
          
        

        
          In this study, the sensitivity of the power generation effect of the applied linear generator of the energy harvesting suspension system under various input conditions was analyzed. The energy-harvesting suspension generates electric energy through energy harvesting using the road surface vibration energy during driving. Before analyzing the power generation effect, we analyzed the structure of the eight-pole Outer PM (Permanent Magnet) linear generator model using the electromagnetic suspension system to design the efficient generator, PIANO (Process Integration and Design Optimization). The ANSYS MAXWELL program was used to perform electromagnetic simulations of a linear generator model installed inside an energy-harvesting suspension to determine the power generation of the linear generator under various input conditions. The sensitivity of each input variable was compared by comparing the power generation effect of the energy-harvesting suspension device according to road displacement, frequency, and vehicle speed. The sensitivity to the road surface frequency was 1.9451, the sensitivity to the road surface amplitude was 1.0502, and the sensitivity to the vehicle speed was 0.6258. It is confirmed that the maximum sensitivity to the road surface displacement was demonstrated.
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      1. Introduction
      Energy Harvesting is a technology that harvests small energy that is not wasted or used everyday and converts it into usable electrical energy. It is attracting attention as a source of renewable energy. Because it can acquire electrical energy directly from nature, it is an eco-friendly energy utilization technology that can maintain energy supply safety, security and sustainability and reduce environmental pollution.1 As electronic devices become smaller, the place where the battery is located is gradually disappearing. These problems have recently emerged as a new solution to ‘Energy Harvesting’. The enormous energy that surrounds them eventually turns into sound or heat and disappears to the air. This discarded energy can be collected well and the efficiency of electronic devices can be much higher. We have not collected the [mW] power, but there is a field that can be used, and energy harvesting will play a role in small, low power electronic devices.2,3 With advances in nanotechnology, even the smallest amount of energy that was previously abandoned can be effectively harvested. There are many advantages but many disadvantages as well. The biggest drawback is that the output is not constant. When it is cloudy or rainy, solar cells can not be used. Energy harvesting uses various physical phenomena. Body energy harvesting uses body temperature, static electricity, kinetic energy, etc., which are generated through the movement of the body.4,5 Solar energy harvesting using sunlight,6 vibrational energy harvesting for generating piezoelectric elements by applying vibration or pressure, and the like.7-9 Energy harvesting is being actively carried out mainly in Europe and the United States, and application fields will be further expanded.10-12 In this study, energy harvesting technology using vibration energy was used, and the vibration energy was collected by attaching a generator to the suspension system, so that it could perform the self-generation function by converting it into electrical energy. Other existing researchers are also in the process of studying the energy harvesting of the body.13-15 Outer PM 8 pole 8 slot model was used and the power generation effect of the linear generator was compared with the change of the road surface amplitude, road surface frequency and vehicle speed. Through Carsim-simulink, we confirmed the power generation effect according to the vehicle speed. Model simulation and power generation simulation were conducted using MAXWELL, a commercial electromagnetic analysis program. The optimum design is performed because it is necessary to design the optimal design because it requires the maximum power generation amount and minimum magnetic force.

    

    

  
    
      2. Outer PM 8 Slot 8 Pole Linear Generator
      The suspension is composed of a shock absorber, a spring, a suspension arm, etc., and is positioned between the axle and the vehicle body or the frame, supports the weight of the vehicle from the road surface while driving the vehicle, and alleviates the vibration of the wheel. Suspension is a viscous hydraulic system that absorbs shocks and is constructed with springs to suppress and eliminate vibration.16-18 In this study, the suspension system is designed to generate electric energy through energy harvesting by absorbing up - down vibration energy. As shown in Fig. 1, the energy harvesting suspension system has a structure that can generate electric energy with vibration energy while removing vibration energy from damper.

      
        
        

        Fig. 1 
				
        

        
          Structure of regenerative suspension
        
        

        

      

      Fig. 2 shows the structure of the existing suspension system and harvesting suspension system.

      
        
        

        Fig. 2 
				
        

        
          Electromagnetic damper of vehicle suspension
        
        

        

      

      The generator used in this paper is an outer 8 slot 8 pole generator as shown in Fig. 3 and consists of a radial magnet, an axial magnet, a core, a coil, and a shaft and a guide for linear motion. The 8 slot 8 pole structure has eight coils and eight magnets facing each other. The structure of the linear generator has an inner and outer generator structure. In this paper, the outer PM 8 slot 8 pole structure is selected to reduce the magnetic force. Simulation shows that the outer linear generator has relatively low magnetic force. Nd-Fe (Neodymium Ferrite) magnets with high magnetic force were used as magnets. The axial magnet is 40 SH and the radial magnet is 50 SH. In order to smooth the flow of magnetic force, the core is made of S20C material and arranged in order with the coil. It is an axisymmetric model and can be divided into a mover and a stator. The generation motion is established by the relative motion of the mover and the stator. The up and down motion of the mover with the permanent magnet passes over the coils of the stator, and the electromotive force (EMF) is induced in the coil to generate electric energy. Can be expressed by the following Eq. (1).
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        Fig. 3 
				
        

        
          8 Slot 8 Pole 1/4 model
        
        

        

      

      Where N is the number of turns of the coil, phi is the flux passing through each turn for a time t, and dz/dt is the velocity for the z direction displacement of the mover.

    

    

  
    
      3. Optimal Design
      
        3.1 Design Variables and Constraints
        In this paper, the optimum design is achieved by adjusting various parameters for maximum power generation and minimum axial force. This is because the power generation and the axial force produce different results depending on the sizes and positions of the magnets, coils, and cores of the generator. To design the optimal design, four design variables were selected. Tooth thickness, tooth width, spacer thickness, and axial PM width were selected as shown in Fig. 4. Other parameters that are not selected are determined by the constraints, which are 38.3 mm inside diameter, 90 mm outside diameter, 23 mm pole pitch, and 1 mm for air gap. The thickness of the inner and outer cores is fixed at 4 mm. The radial PM width is determined by the pole pitch and the axial PM width, and the radial PM thickness is determined by the axial PM thickness and the spacer thickness. As shown in Figs. 4(b) and 4(c), other variables are determined by the location conditions. The size and position of the coil are determined by the size of the left and right cores. Table 1 shows the range of design variables. The optimum design results are the maximum power generation, the average power generation, and the minimum axial force.

        
          
          

          Fig. 4 
				
          

          
            Design variables of optimal design
          
          

          

        

        
          Table 1 
				
          

          
            Boundary condition of optimal design variables
          
          

        

        
          
            
              	
              	Low
              	High
            

          
          
            	Tooth thickness [mm]
            	6.0
            	10.0
          

          
            	Tooth width [mm]
            	6.0
            	12.0
          

          
            	Spacer thickness [mm]
            	1.5
            	3.5
          

          
            	Axial PM width [mm]
            	6.0
            	12.0
          

        

        

      

      
        3.2 Design of Experiment
        For the maximum average power generation, the number of design variables was considered using the orthogonal array table provided by PIANO (Process Integration, Automation and Optimization), a commercial PIDO (Process Integration and Design Optimization) tool. 36 experimental points were obtained and power generation amount and axial force were calculated using commercial electromagnetic analysis program ANSYS MAXWELL. The finite element analysis was performed at the speed indicated in Eq. (2).
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        The stop time was set to 0.3 s and the time step was set to 0.001 s. The initial frequency f was advanced to 10 Hz, which is the average frequency of the road surface. The reason that the stop time is performed with a small time of 0.3 s is because the equation related to the speed is derived as a cosine form and the same result is obtained even if a lot of time is elapsed.

      

      
        3.3 Approximation Model
        A Kriging model was created among various approximate models. A representative interpolation model, Kriging, is a statistical technique that predicts the known values in a linear combination with good predictive performance in nonlinear systems with many design variables.19 We generated the Kriging model using the approximation method provided by the PIANO program through the simulation results of 36 experimental point.

      

      
        3.4 Evolutionary Algorithm
        The optimal design using the approximated Evolutionary Algorithm was performed. The evolutionary algorithm generates the next population by generating random variables within a certain range from the parent population, which is a design variable set as one of the probabilistic optimization techniques.20 The design variables are reconstructed by selecting the variables closest to the desired design goal through the parent population and the next population. The accuracy of the Kriging model was verified by the approximation method and the generator model was created using the variable values shown in Table 2 through the evolution algorithm. Table 2 also shows the dimensions for the initial model.

        
          Table 2 
				
          

          
            Result of optimization
          
          

        

        
          
            
              	
              	Initial
              	Optimal
            

          
          
            	Tooth thickness [mm]
            	9.000
            	9.938
          

          
            	Tooth Width [mm]
            	12.000
            	9.003
          

          
            	Spacer Thickness [mm]
            	1.500
            	2.386
          

          
            	Axial PM width [mm]
            	12.000
            	6.000
          

        

        

      

      
        3.5 Verification of Design Result
        For the accuracy of the optimum design result, the generated power and the axial force are calculated by electromagnetic simulation using the derived design variables, and errors within 5% are shown in Table 3.

        
          Table 3 
				
          

          
            Simulation result of optimal design
          
          

        

        
          
            
              	　
              	Result
              	Analysis
            

            
              	Optimal
              	Simulation
              	Error ratio [%]
            

          
          
            	Maximum
power [W]
            	272.9
            	278.4
            	2.0
          

          
            	Average
Power [W]
            	79.13
            	82.13
            	3.79
          

          
            	Max force
[kN]
            	1.713
            	1.790
            	4.495
          

        

        

        In comparison with the initial model, the maximum power generation amount increased by 59.98%, the average power generation amount increased by 78.68%, and the magnetic force decreased by 66.31%. The power generation, magnetic force, and flux diagram of the optimal model are shown in Fig. 5.

        
          
          

          Fig. 5 
				
          

          
            Optimal model simulation result
          
          

          

        

      

    

    

  
    
      4. Generator Simulation Based on Vehicle Driving Conditions
      
        4.1 Simulation of Generators according to Road Surface Displacement
        Generator was created based on extracted data through optimal design. Simulation of the generator was carried out using the road surface displacement as a variable. Based on the existing displacement of 5.625 mm, 10 road surface displacements were extracted by increasing and decreasing by 10%. The total analysis time was set to 5 s and the time step was set to 0.001 s. 11 data were processed in the same way, and the surface displacement, amplitude, maximum power generation, average power generation and magnetic force are shown in Table 4. The velocity shown in Eq. (3) was used and the frequency was 10 Hz.
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          Table 4 
				
          

          
            Amplitude data
          
          

        

        
          
            
              	Amplitude
[mm]
              	Maximum
power [W]
              	Average
Power [W]
              	Max force
[kN]
            

          
          
            	2.8125
            	78.3088
            	29.5449
            	1.5099
          

          
            	3.3750
            	109.8014
            	38.3326
            	1.5985
          

          
            	3.9375
            	147.9391
            	46.7228
            	1.6160
          

          
            	4.5000
            	187.7107
            	54.8055
            	1.6913
          

          
            	5.0625
            	229.1063
            	62.5779
            	1.7659
          

          
            	5.6250
            	278.4210
            	70.1057
            	1.7896
          

          
            	6.1875
            	334.0051
            	77.2733
            	1.8070
          

          
            	6.7500
            	392.4361
            	84.1492
            	1.8491
          

          
            	7.3125
            	452.1469
            	90.8397
            	1.9619
          

          
            	7.8750
            	513.9067
            	97.2975
            	2.1116
          

          
            	8.4375
            	584.5853
            	103.5934
            	2.2354
          

        

        

        As the road surface displacement increased, the maximum power generation and average power generation also increased significantly. The magnetic force also increased. Fig. 6 shows the velocity graph in the case of at A = 2.8125 mm, 5.625 mm, and 8.4375 mm.

        
          
          

          Fig. 6 
				
          

          
            Velocity graph of amplitude
          
          

          

        

      

      
        4.2 Simulation of Generators according to Frequency
        Simulation of the generator was performed according to the change in frequency. The existing road surface frequency was 5.625 mm. 10 frequencies were extracted in the same manner. The analysis was conducted under the same conditions as before. Each frequency, power generation and magnetic force are shown in Table 5.

        
          Table 5 
				
          

          
            Frequency data
          
          

        

        
          
            
              	Frequency
[Hz]
              	Maximum
power [W]
              	Average
power [W]
              	Max force
[kN]
            

          
          
            	5
            	80.1091
            	18.2548
            	1.6125
          

          
            	6
            	112.4830
            	26.2674
            	1.6447
          

          
            	7
            	149.0175
            	38.6514
            	1.6426
          

          
            	8
            	188.8233
            	44.3883
            	1.7031
          

          
            	9
            	232.3786
            	60.3373
            	1.7468
          

          
            	10
            	278.4210
            	70.1057
            	1.7896
          

          
            	11
            	332.1321
            	85.6672
            	2.0960
          

          
            	12
            	388.6620
            	105.7173
            	2.2113
          

          
            	13
            	446.2688
            	115.0291
            	2.3263
          

          
            	14
            	510.8456
            	138.9770
            	2.2257
          

          
            	15
            	574.6269
            	151.9005
            	2.3809
          

        

        

        As the frequency increased, the power generation increased significantly. The magnetic force seemed to increase largely, but the magnetic force was increased and the data decreased in frequency larger than the reference frequency. The velocity graph at f = 5 Hz, 10 Hz, and 15 Hz is shown in Fig. 7.

        
          
          

          Fig. 7 
				
          

          
            Velocity graph of frequency
          
          

          

        

      

      
        4.3 Simulation of Generators according to Vehicle Velocity
        As the vehicle velocity changed, the generator simulation was performed. The velocity of the suspension according to the vehicle speed was extracted by using Carsim-simulink. Carsim is software that simulates passenger cars and light trucks and allows analysis of the response of various vehicles. Simulink in MATLAB is a model-based design tool built from a block diagram of the system, and many simulations and vehicle studies have been conducted with Carsim, such as running simulations and vehicle dynamics simulations. In 2018, a cruise control system based on fuzzy PID control has been studied to assist the driver in driving.21 Vehicle model is shown in Fig. 8, and the main characteristic of the vehicle are shown in Table 6.

        
          
          

          Fig. 8 
				
          

          
            Vehicle model
          
          

          

        

        
          Table 6 
				
          

          
            Vehicle model characteristics
          
          

        

        
          
            	Sprung mass
            	2257 kg
          

          
            	Unsprung mass
            	100 kg
          

          
            	Front wheel – Rear wheel
            	2946 mm
          

          
            	Internal engine model
            	250 kw
          

          
            	Velocity of vehicle
            	30 km/h
          

        

        

        Fig. 9 is a block diagram of the vehicle system used in this study.

        
          
          

          Fig. 9 
				
          

          
            Block diagram
          
          

          

        

        Fig. 10 shows the road roughness and the velocity of the suspension according to the velocity of the vehicle is derived.

        
          
          

          Fig. 10 
				
          

          
            Road roughness
          
          

          

        

        The speed of the suspension is shown in Fig. 11, and the MAXWELL simulation was performed by setting the total analysis time to 5 s and the time step to 0.001 s. Table 7 shows the generated power and magnetic force.

        
          
          

          Fig. 11 
				
          

          
            Speed of the suspension
          
          

          

        

        
          Table 7 
				
          

          
            Vehicle velocity data
          
          

        

        
          
            
              	Vehicle
velocity [km/h]
              	Maximum
power [W]
              	Average
power [W]
              	Max force
[kN]
            

          
          
            	20
            	122.2651
            	8.7903
            	1.6534
          

          
            	22
            	193.3701
            	9.7585
            	1.7067
          

          
            	24
            	282.0634
            	11.1354
            	1.7218
          

          
            	26
            	358.3982
            	12.5170
            	1.9030
          

          
            	28
            	403.6553
            	13.6208
            	1.9022
          

          
            	30
            	426.8277
            	14.2737
            	1.7918
          

          
            	32
            	455.1234
            	14.5312
            	1.6709
          

          
            	34
            	487.2917
            	15.0704
            	1.8625
          

          
            	36
            	448.9052
            	15.0679
            	1.9046
          

          
            	38
            	346.4972
            	14.7332
            	1.7129
          

          
            	40
            	707.5874
            	14.8905
            	1.7366
          

        

        

      

    

    

  
    
      5. Sensitivity Analysis of Power Generation according to Driving Conditions
      In this study, the power generation and magnetic force were observed according to the driving conditions of the vehicle. Sensitivity analysis was conducted to find out which conditions are most sensitive to each condition. The ratio of the rate of change of the average power generation to the rate of change of design variables is shown expressed in Eq. (4).
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      In Eq. (4), S represents the sensitivity, ΔX/Xinitial in the denominator represents the rate of change with respect to the initial value of the design variable, and ΔW/Winitial in the numerator represents the rate of change of the corresponding generation amount. The initial condition is f = 10Hz, A = 5.625 mm, vvehicle velocity = 30 km/h. The average sensitivity for road surface frequency, amplitude, and vehicle speed is shown in Fig. 12 as a graph.

      
        
        

        Fig. 12 
				
        

        
          Sensitivity to average power
        
        

        

      

      Sensitivity to each condition was determined. The average sensitivity for each variable was 1.9451 for road surface, 1.0502 for amplitude, and 0.6258 for vehicle speed. It was confirmed that the road surface amplitude and the vehicle speed do not show a large sensitivity relative to the road surface frequency.

    

    

  
    
      6. Conclusions
      In this study, the verification of the power generation of the harvesting suspension system was carried out. In order to derive the optimal model with maximum power generation and minimum magnetic force, the optimal design was performed by using PIANO, a PIDO tool, with four parameters. Next, the optimal model of the linear generator was verified by using electromagnetic simulation ANSYS MAXWELL. In the initial model, the maximum power generation amount was 174.0479 W, the average power generation amount was 45.9855 W, the maximum magnetic power was 2.7002 kN, and the maximum model generation amount was 278.4210 W, the average generation amount was 70.1067 W and the maximum magnetic power was 1.7896 kN. The maximum power generation amount was 59.98%, the average power generation amount was 78.68% higher than the initial model, and the optimum power generation amount with magnetic force decreased by 66.31% was derived. Lastly, three input conditions were applied to analyze the sensitivity of power generation according to changes in road surface displacement, road surface frequency, and vehicle velocity. Suspension velocity according to vehicle velocity was derived through a simulated driving test using the Carsim-simulink. We observed that the average power generation is the most sensitive to the road surface frequency. Sensitivity to road surface frequency is 1.9451, sensitivity to road surface displacement is 1.0502, sensitivity to vehicle speed is 0.6258.
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