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Abstract

:

This paper investigates an energy-harvesting system that uses of vibration energy at a shock absorber for electric vehicles. This system mainly comprises a linear electromagnetic generator and synchronous buck converter. To obtain the electrical energy through a linear electromagnetic generator, the perturb and observe maximum power point tracking (P&O MPPT) scheme is applied at the converter. The power converter circuit is designed with a diode rectifier and synchronous buck converter. The generated electric power is able to transmit to the battery and the damping force of the shock absorber is adjusted by the controlled current of generator. The linear electromagnetic generator was designed as a single phase eight-slot eight-pole tubular permanent magnet machine. The performance of the proposed energy-harvesting system was verified through simulations and experiments.
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1. Introduction


Automobiles have been used for a long time as transportation and this has led to environmental problems caused by their exhaust gases and fuel consumption [1]. To solve these environmental problems, automobile technologies are actively being developed such as electric and hybrid vehicles that use electrical energy. As rapid advancements in technology result in the greater number of electric vehicles being developed, the demand for various electric parts will be on the rise in the future. Thus, electrical energy will play a crucial role in addressing this issue. Therefore, various forms of energy-harvesting techniques for converting additional energy sources into electrical energy have recently been researched [2,3].



Energy-harvesting refers to the collection of energy that is not utilized, such as noise, heat, and vibration energy, and its conversion into usable electrical energy. The energy-harvesting technology using the vibration energy obtains the highest power capacity among other energy sources [4,5]. Conventional shock absorbers have been used to absorb shocks from road surfaces while driving and convert this vibration energy to the heat energy in the suspension. If these shock absorbers were changed to an energy harvesting system, the produced vibration energy could be used as another electrical energy source for assisting the generator capacity of a vehicle or charging a secondary battery [6,7]. In addition, it has a high power density and is not restricted by the space used [8]. Energy-harvesting shock absorber can be also installed in the suspension of a general vehicle. Recently, there are many researched papers for energy-harvesting from vehicle shock absorber systems and it is generally report that the electrical power generated by the energy-harvesting shock absorber is approximately 5–400 W [9,10,11]. Hence, a generator with a simple structure and a high energy recovery power conversion is required in such a low-power generation system. However, most studies primarily focus on rotary electromagnetic shock absorber and rarely mention power converter system.



This paper focuses on the design of a linear electromagnetic generator and a power converter for an energy-harvesting system with the function of a shock absorber under irregular rough vibration conditions. The entire configuration of energy-harvesting suspension system for the electric vehicle is shown in Figure 1.



The designed linear electromagnetic generator is a linear permanent magnet synchronous type with a Halbach array to increase the power density and capacity. The generated electric power is able to transmit to the battery and the damping force of the shock absorber is adjusted by the controlled current of generator which is defined by an adequate perturb and observe maximum power point tracking (P&O MPPT) control scheme. Since the damping force of the designed shock absorber generally operates in the low-frequency range of approximately 10 Hz, this MPPT control scheme can achieve generated power control of the generator and absorb the vibration of the electric vehicle without the need of expensive position sensors.



A large number of papers focused on energy harvesting power electronic interfaces with the P&O MPPT algorithms, which is widely applied in products, to recovery high power energy. However, the output performance was not enough to improve the fuel efficiency of the vehicle or to use it as a secondary energy [12,13,14,15].



The proposed energy-harvesting generator was designed for a maximum and average power of 250 W and 100 W, respectively. The validity of the proposed energy-harvesting suspension system was verified by the simulation and experiment results.




2. Linear Electromagnetic Generator


The energy-harvesting suspension system using the vibration energy of a vehicle has a high power density and is not restricted by space used. It can be easily installed at the shock absorber of a general vehicle. The energy-harvesting technology using the vibration energy can be divided into piezoelectric, electrostatic, and electromagnetic methods. Although piezoelectric generators reduce the cost and can easily post process, the generated power is remarkably small compared with electromagnetic generators [16]. Electromagnetic harvesting has the advantages of high power and divided into a linear generator [17,18,19] and a rotary generator [20,21]. The linear electromagnetic generator is directly converted the vibration energy to the electrical power without a separate mechanical gear, thus it has the advantages of a simpler structure, compact size, light weight, and easy maintenance compared with a rotary generator [22,23].



The principle of generated power is based on Lenz’s law. Induction electromotive forces are generated in the direction of generating an induced magnetic field, which is the opposite of the change in magnetic flux caused by the magnetic field passing through the coil. Hence, the electrical energy is generated from the vibration of a mover. The overview of linear electromagnetic generator design with the one pole pitch is shown in Figure 2. This shows that coil, iron tooth, spacer, permanent magnet (PM) cover, axial PM and insulation are attached to the damping body part. The generator is composed of eight slots—eight poles, and two PM poles are added such that the coil winding is always inside the excited magnetic flux density field. This linear electromagnetic generator targets vehicles driving on a class C road at 60 mph. Under these conditions, peak-to-peak stroke and vibration speed of 11.25 mm and 0.25 m/s, respectively, are required [9]. To maintain the 0.25 m/s vibration speed, the vibration frequency is calculated by:


  f =    v  r m s    2    S t r o k  e  p e a k − t o − p e a k     π    



(1)




where f is the vibration frequency, vrms is the rms vibrating speed and Strokepeak-to-peak is the peak-to-peak stroke length of the generator.



The induced electromotive force V, generated maximum current Imax, and maximum power Pmax are given as follows [11,24,25]:


  V = v l B   sin  (   π 2   )  = B v l  



(2)






    I  m a x   =  V R  = σ B v  A w     



(3)






    P  m a x   = V  I  m a x   =  B 2   v 2  l σ  A w     



(4)




where v is the velocity, l is the length of the conductor, B is the magnetic flux density, σ is the electrical conductivity, Aw is the cross-sectional area of the conducting wire, and R is the coil resistance.




3. Active Power Converter for Energy-Harvesting Systems


The proposed energy harvesting power converter is divided into two parts: a rectifier and a synchronous buck converter. In the case of a low power system, the rectifier is configured as a diode rectifier because a power converter such as a pulse width modulation (PWM) converter has higher energy loss and is complicated to control. MOSFET (metal-oxide-semiconductor field-effect transistor) is used in the lower sub-circuit at synchronous buck converter instead of a diode because it has less heat loss [26]. Battery current is controlled by a synchronous buck converter and it is affect to power of the energy-harvesting generator. The damping forces of the shock absorber are adjusted as this continues to transmit the generated power.



3.1. Diode Rectifier of the DC Link Capacitance Design


The DC link capacitance (CDC_link) of the diode rectifier can be expressed by Equation (5). The value of CDC_link affects the DC link voltage ripple and is selected to meet the voltage ripple requirement at the rated speed of the generator according to [27]:


    C  D C _ l i n k   =    P  D C _ l i n k     6  (  2 π  f  r s    )   v  n o m _ D C   Δ  v  D C        



(5)




where PDC_link is the average output power of the diode rectifier, frs is the harvesting generator fundamental electrical frequency at the rated speed, vnom_DC is the nominal DC link voltage, and ΔvDC is the allowable voltage ripple.




3.2. Synchronous Buck Converter Design Specifications


The inductance (Lsyn_buck) and capacitance (Csyn_buck) of the synchronous buck converter are determined using Equations (6) and (7). The design of the synchronous buck converter inductor value affects not only the current capacity, but also the current ripple of the inductor. The design of the capacitor value affects the buck converter output voltage, the output voltage overshoot and the response time of the output feedback loop:


    L  s y n _ b u c k   =    (   v  i n   −  v  o u t    )    D   L I R ·  I  O U T , m a x      f  s w        



(6)






    C  s y n _ b u c k   =   L  i  p k  2       (   v  o v   +  v  o u t    )   2  −  v  o u t  2       



(7)




where vin is the input voltage of the synchronous buck converter, vout is the output voltage of the synchronous buck converter, D is the duty cycle of the circuit, and LIR is the inductor current ripple ratio. LIR is the variation current divided by the output current. IOUT, max is the maximum output current of the inductor, fsw is the MOSFET switching frequency, L is the buck converter output inductor, ipk is the peak current of the inductor, and vov is the output voltage maximum overshoot. The inductance and capacitance values of the synchronous buck converter were respectively set to 520 μH and 114 μF with 20% tolerance value. All parameters of the designed energy- harvesting system are listed in Table 1.



Values of some of the parameters, such as power level, input voltage, and load resistor (coil resistance of the generator), are based on the optimal design of the generator and chosen a priori. Values of other parameters were chosen by the designer as targets.



The bandwidth of the control loop of the synchronous buck converter is near 7.7 kHz. The control frequency of the MPPT algorithm is 800 Hz due to the influence of 40 kHz switching frequency and 50 control loops.




3.3. P&O MPPT (Perturb and Observe Maximum Power Point Tracking) Algorithm


This energy-harvesting system does not generate constant energy because the generated power is changed by the driving speed and irregular road conditions. Therefore, it is important to obtain the maximum output to be supplied to the secondary battery, even under rapidly changing road conditions. Maximum power point tracking (MPPT) control is an algorithm [28] for estimating the maximum output of the generator, and the maximum generator output information can be estimated from the voltage and current of the energy-harvesting generator. The MPPT algorithm eliminates the need for position and speed measurement equipment to detect the damping force of the shock absorber of the vehicle while tracking the maximum power of the generator. The P&O algorithm is one of the MPPT control schemes [29] and has been adapted to this energy-harvesting system. The output current of the synchronous buck converter is periodically increased and decreased by a small step size, and the previous output power is compared with the actual output power to find the maximum power operating point.



Conventional P&O method perturb the operating point for tracking the maximum power point. Hence, increasing or decreasing the control parameter using a fixed step size. The measured previous and real generator output power is using for the perturbation. This conventional P&O algorithm always has a trade-off between the magnitudes of the step size. The oscillation of the output power can be reduced at a steady state with a low step size. However, this leads to a response delay in the system [30,31]. The opposite result is occurred in the case of a high step size. Hence, an appropriate step size is required at the P&O MPPT method. The proposed P&O algorithm is shown in Figure 3 and explained as follows:




	(1)

	
The DC link voltage is compared with the battery voltage, and if the DC link voltage is less than the battery voltage, the buck converter does not operate.




	(2)

	
Total power is calculated using the sampled DC link voltage and current.




	(3)

	
The amount of change in the output is calculated through 50 control loops.




	(4)

	
According to the overall output change, the current reference command value is applied to calculate the amount of current change required to determine imppt.




	(5)

	
The steps are repeated while operating with the calculated current reference:


   K =  1   v  b a t t        



(8)













In this algorithm, the synchronous buck converter current is perturbed to track the maximum output power. The reciprocal of the battery voltage, which is shown at Equation (8), is determined as the magnitude of the perturbation constant, which is determined as the reference current by multiplying the total power change. A fixed step size was not used as the perturbation constant. It should be noted that the proposed algorithm uses the rate of change of the synchronous buck converter current owing to the relatively fixed battery voltage. The DC link and battery voltage were determined as sampling standards. The duty cycle is reflected by DC link voltage divided by the output voltage. The validity of the designed energy-harvesting system was performed using PLECS version 4.4 simulation tool and the overall active power converter of structure is shown in Figure 4 with the MPPT algorithm.



The proposed algorithm simulation result of the current variation under the discrete torque is compared with the fixed step size as shown in Figure 5. It was confirmed that the proposed step size is suitable for the fluctuation of the perturbation current as shown in Figure 5a. However, the fixed step size of conventional P&O MPPT algorithm shows unstable results under rapidly varying torque conditions in Figure 5b. Figure 6 shows the power of the mechanical input, DC link, and battery using the proposed P&O MPPT algorithm with the optimized coefficient value. The mechanical input torque was randomly applied from 0.1 Nm to 1 Nm to simulate irregular rough road conditions.



The mechanical, rectifier and battery power are calculated using Equations (9)–(11), where ω is the angular speed, T is the input torque of the generator, vDC is the DC link voltage, iDC is the DC link current, vBatt is the battery voltage and iBatt is the battery current:


    P  M e c h a n i c a l   p o w e r   = ω T    



(9)






    P  R e c t i f i e r   p o w e r   =  v  D C    i  D C      



(10)






    P  B a t t e r y   p o w e r   =  v  B a t t    i  B a t t      



(11)







The mechanical input power changes according to the varied torque, and during the rectification process, diode conduction loss occurred and the power of the DC link was slightly reduced. Battery power using MPPT is in accordance with the DC link power, and the efficiency of the diode rectifier, which is calculated using Equations (12) and (13) where  η  is the efficiency. Table 2 shows the mechanical, rectifier and battery output power from the four sections of Figure 6 with efficiency. This shows that the MPPT efficiency is near 90%, which is a good performance for an energy-harvesting system:


    η  r e c t i f i e r   =    P  R e c t i f i e r   p o w e r      P  M e c h a n i c a l   p o w e r     · 100 %    



(12)






    η  M P P T   =    P  B a t t e r y   p o w e r        P  M e c h a n i c a l   p o w e r     · 100 %    



(13)









4. Energy-Harvesting Generators and Power Converter Prototype


The components of the linear generator are largely composed of a stator assembly and a mover assembly. The detailed components of the stator assembly are composed of a core, coil, cover, yoke, and bobbin. The detailed components of the mover assembly are composed of a magnet, spacer, magnet protective cover, permanent magnet, and shaft. In addition, a plastic grommet was developed to protect the coil when the coil was drawn out, and an oil seal was developed to prevent oil leakage. The peak-to-peak stroke length of the designed generator is 12 mm. The overall assembly of the components and final prototype are shown in Figure 7.



The power converter for MPPT control consists of a current, voltage and displacement measurement sensor and a digital signal processor control board in the form of a single 48 V power supply. The final power converter is divided into two layers, as shown in Figure 8a. The main digital devices, which are mentioned above, are located at the top, and power components including DC link capacitors are located at the bottom. Based on the 3D modeling, the final prototype power converter for the energy-harvesting system of the vehicle is shown in Figure 8b. The manufactured prototype power converter has a width, length, and height of 15, 20, and 10 cm, respectively. The volume can be reduce through an optimal design when installed in an actual vehicle in the future.




5. Results


The test setup comprised a power converter, a linear machine, an oscilloscope, and an electronic load. Based on the modeling described in the previous section, the output of the generator for each vibration speed and the output of the power converter were compared considering the irregular road conditions and driving speed. It should be noted that to generate the vibrating motion, the moving part and PM layer are connected to the sub-motor by a shaft. The rated speed of the sub motor was 1500 r/min, the maximum speed was 3000 r/min, and the gear ratio of the linear machine and sub motor was 1:5. Under these conditions, the vibration speed of 0.25 m/s is the same speed as the 2813.5 r/min rotational speed, which almost reaches the maximum possible rotational speed of the sub-motor. Considering these characteristics, the vibration speed was performed in the range of 0.1–0.25 m/s. The environment of the test setup is illustrated in Figure 9.



The waveform of the performance evaluation using vertical excitation for the energy-harvesting linear generator is shown in Figure 10. Based on the maximum vibration speed, the maximum and average powers of the generator were approximately 225 W and 69 W, respectively, which were slightly lower than the design target. The differences and errors during the manufacturing process affect the generator performance. The maximum and average power outputs of the power converter were approximately 200 W and 63 W, respectively. The efficiency of the power converter is expressed as the ratio between the converter and the linear machine output power as shown in Equation (14). The efficiency of the maximum vibration speed section was 91.6%, and the efficiency of the entire section is listed in Table 3.


   η  p o w e r   c o n v e r t e r   =    P  c o n v e r t e r   p o w e r        P  M a c h i n e   p o w e r     · 100 %   



(14)







The goal of this approach is to operate a power converter under irregular modes using the MPPT algorithm. From these results, it is clear that this approach provides a solution for energy-harvesting systems in shock absorbers.




6. Conclusions


In this paper, a proposed variable step size was adapted to the P&O MPPT algorithm for applying the energy-harvesting technique in the shock absorbers in a vehicle suspension and the active output control performance of an active power converter was analyzed. This analysis was performed under irregular input conditions and the energy utilization of the system was calculated. The synchronous buck converter current follows the generated power by the continuous perturbation. The proposed method provides continuous power to the battery regardless of the generator’s position and speed, thus eliminating the need for expensive positioning and speed measurement sensors. The results of the simulation and experiment demonstrate that the converter followed the rectified maximum power without the generator information. Future work will include selecting a vehicle to install the proposed energy harvesting system and analyzing characteristics according to driving by various actual road conditions. This energy harvesting system can be widely applied to existing vehicles, electric and hybrid vehicles, etc., and can be used as an ESS (Energy Storage System) for improving combat power, operating radius, and extending operation time when performing military operations.
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Figure 1. Configuration of energy-harvesting suspension. 
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Figure 2. Proposed an energy-harvesting shock absorber: (a) Design overview of linear electromagnetic generator; (b) One pole pitch. 
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Figure 3. Flow chart of P&O MPPT algorithm. 
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Figure 4. Overall structure of an active power converter using the MPPT algorithm. 






Figure 4. Overall structure of an active power converter using the MPPT algorithm.



[image: Energies 14 02552 g004]







[image: Energies 14 02552 g005 550] 





Figure 5. Simulation result of current variation under discrete torque (a) proposed step size (b) fixed step size. 
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Figure 6. Simulation result using the P&O MPPT method with the proposed step size. 
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Figure 7. Overall linear generator assembly components and final prototype: (a) stator assembly; (b) mover assembly; (c) final prototype. 
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Figure 8. Overall power converter final prototype: (a) 3D model; (b) power converter final prototype. 
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Figure 9. Experimental test setup. 






Figure 9. Experimental test setup.



[image: Energies 14 02552 g009]







[image: Energies 14 02552 g010a 550][image: Energies 14 02552 g010b 550] 





Figure 10. Linear generator and power converter output characteristic waveform by vibration speed: (a) 0.1 m/s; (b) 0.15 m/s; (c) 0.2 m/s; (d) 0.25 m/s. 
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Table 1. Designed power converter parameters.






Table 1. Designed power converter parameters.





	Parameter
	Value





	DC link power    P  D C _ l i n k    
	100 W



	Operation frequency of generator    f  r s    
	10 Hz



	Nominal DC link voltage    v  n o m _ D C    
	100 V



	Voltage ripple on DC link   Δ  v  D C    
	5 V



	Input voltage of buck converter vin
	100 V



	Output voltage of buck converter vout
	48 V



	Switching frequency fsw
	40 kHz



	Inductor current ripple ratio LIR
	0.3



	Output max overshoot voltage vov,
	1 V



	Inductor max current IOUT,max
	4 A



	Load resistance R
	56  Ω 



	Inductor peak current    i  p k    
	4.62 A



	DC link capacitance    C  D C _ l i n k    
	501 μF



	Buck converter inductance    L  s y n _ b u c k    
	520 μH



	Buck converter capacitance    C  s y n _ b u c k    
	114 μF
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Table 2. Simulation result of power and efficiency using the proposed algorithm.
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	Section
	Mechanical Power
	Rectifier Power
	     η  r e c t i f i e r      
	Battery Power
	     η  M P P T      





	(1)
	59.6 W
	55.5 W
	93.1%
	54 W
	90.6%



	(2)
	42.6 W
	39.7 W
	93.2%
	38.3 W
	89.9%



	(3)
	80.3 W
	73.9 W
	92%
	72.7 W
	90.5%



	(4)
	86.6 W
	79.8 W
	92.1%
	78.2 W
	90.3%
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Table 3. Average power and efficiency of machine and converter experiments.






Table 3. Average power and efficiency of machine and converter experiments.





	Vibration Speed
	Average Machine Power
	Average Converter Power
	     η  p o w e r   c o n v e r t e r      





	0.1 m/s
	13.1 W
	11.8 W
	89.8%



	0.15 m/s
	28.5 W
	26.4 W
	92.7%



	0.2 m/s
	43.5 W
	42.9 W
	93.2%



	0.25 m/s
	68.6 W
	62.8 W
	91.6%
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