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Abstract

:

Featured Application


The obtained high energy recovery rate would promote the application of the regenerative braking system in the hydraulic and other kinds of hybrid vehicles.




Abstract


The braking energy can be recovered and recycled by the regenerative braking system, which is significant to improve economics and environmental effect of the hydraulic hybrid vehicle. Influencing factors for the energy recovery rate of regenerative braking system in hydraulic hybrid vehicle were investigated in this study. Based on the theoretical analysis of accumulator and energy recovery rate, modeling of the regenerative braking system and its energy management strategy was conducted in the simulation platform of LMS Imagine Lab AMESim. The simulation results indicated that the influencing factors included braking intensity, initial pressure of the accumulator, and initial braking speed, and the optimal energy recovery rate of 87.61% was achieved when the parameters were 0.4, 19 MPa, and 300 rpm, respectively. Experimental bench was constructed and a series of experiments on energy recovery rate with different parameters were conducted, which aimed to validate the simulation results. It could be found, that with the optimal parameters obtained in the simulation process, the actual energy recovery rate achieved in the experiment was 83.33%, which was almost consistent with the simulation result. The obtained high energy recovery rate would promote the application of regenerative braking system in the hydraulic hybrid vehicle.
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1. Introduction


The braking energy can be recovered and recycled by the regenerative braking system in the hybrid vehicle, which was propitious to save energy, reduce the emission of polluting gases, and protect the environment [1,2]. The hydraulic hybrid vehicle is an important type of the hybrid vehicle, which takes the internal-combustion engine as a power source, the hydraulic fluid as energy transfer medium, and the controllable valve as regulator [3,4]. It has the advantages of a large driving force, excellent fuel economy, long service life, fast response, and flexible controllability, which make it the promising candidate vehicle type for most of the construction machineries and some special vehicles [5,6]. Therefore, analysis, simulation, and optimization of the influencing factors for energy recovery rate of regenerative braking system not only be meaningful to improve economic and environmental effect of the hydraulic hybrid vehicle [7,8], but also can provide significant and valuable guidance for the other kinds of hybrid vehicles.



The researches on the influencing factors of other kinds of hybrid vehicles supply the meaningful references for this study [9,10,11,12,13]. A novel cyber-physical system approach was reported by Lv et al. [9] to determine how to optimally adapt the automatic control of an intelligent electric vehicle to driving styles, and the experimental results validated feasibility and effectiveness of the proposed codesign optimization approach. Meanwhile, a novel continuous observation method was proposed based on the artificial neural networks to quantitatively analyze and recognize the brake intensity [10]. In addition, the experimental results demonstrated feasibility and accuracy of the proposed hybrid learning methods. Furthermore, a novel probabilistic estimation method of the brake pressure had been developed for the electrified vehicles based on the multilayer artificial neural networks (ANNs) with the Levenberg-Marquardt backpropagation (LMBP) training algorithm [11], feasibility and accuracy of which were validated by the conducted experiments. Moreover, the regenerative braking contribution to energy efficiency improvement of the electrified vehicles was investigated by the theoretical analysis, analog simulation, and vehicle tests [12]. Kumar and Subramanian had proposed a new cooperative control of regenerative braking and friction braking called the “combined braking” for the rear-wheel-driven series hybrid electric vehicle [13], and the simulation results under the urban driving and across the Modified Indian Driving Cycle and vehicle road testing results showed that the proposed combined braking could regenerate more than twice the braking energy of normal parallel braking. Although research targets of these studies were not the hydraulic hybrid vehicle, the used methods in theory, in simulation, and in experiment provided helpful references for investigation on influencing factors for the energy recovery rate of regenerative braking system in the hydraulic hybrid vehicle.



The mainly present researches on the influencing factors for energy recovery rate, focus on the selection of auxiliary power source, which includes the battery [14], supercapacitor [15], mechanical flywheel [16], hydraulic accumulator [17], and so on. Among the auxiliary power sources, hydraulic accumulator has the advantages of a high efficiency, simple structure, high reliability, and a low cost [18]. Moreover, the hydraulic accumulator can restrain the impact and remain the steady when the forklift truck, excavator, loader, bulldozer, or other vehicles carry some heavy goods [19]. Therefore, the hydraulic accumulator is a promising auxiliary power source for the hydraulic hybrid vehicle. Relative to system structure of the parallel connection or the mixed connection, the series connection can achieve a higher energy recovery rate [20]. Until now, there are few researches investigating the influencing factors for the energy recovery rate in the hydraulic hybrid vehicle with series connection, which has been gradually applied in some large engineering machinery and heavy vehicle. Therefore, theoretical analysis, analog simulation, and experimental validation of the influencing factors for the energy recovery rate of regenerative braking system in the hydraulic hybrid vehicle with the series connection were conducted in this research, and optimization of these influencing factors were also obtained in both the simulation process and experimental process, which was an effective attempt to develop novel regenerative braking system for the next generation hydraulic hybrid vehicle. Meanwhile, optimizing the influencing factors for energy recovery rate of the regeneration braking system would also be meaningful for the hydraulic hybrid cars used in the city or the inter-city driving, which could reduce the fuel consumption, increase the driving mileage, and improve the off-road capacity, since there was frequent braking usually in the driving process.



In this study, based on the theoretical analysis of the accumulator and that of the energy recovery rate [21,22], modeling of the regenerative braking system and its energy management strategy [23] was conducted in the simulation platform of LMS Imagine Lab AMESim [24], which could obtain the influencing factors for energy recovery rate and their corresponding effects. Experimental bench was constructed according to the theoretical model, and a series of experiments on the energy recovery rate with different parameters were conducted, which aimed to validate the simulation results and obtain optimal influencing factors.




2. Theoretical Analysis


Schematic diagram of the hydraulic hybrid vehicle with a series connection is shown in Figure 1. There are four pump/motors installed in the investigated hydraulic hybrid vehicle, because there are four wheels and each wheel is driven independently. There is another pump to connect the engine, high-pressure accumulator, and the four pump/motors, which is used to transform the mechanical energy generated by the engine to the hydraulic energy and transmit it to the four wheels through the flow of hydraulic oil. Meanwhile, the low-pressure accumulator was used to form a complete hydraulic oil circuit. The four directional valves are used to control flow direction of the hydraulic oil, which can work in the forward or backward conduction status. The four clutches are used to connect the four pump/motors and the four wheels, which are used to transmit the energies between the four pump/motors and the four wheels. When the vehicle is in the normal running process, the engine is taken as the original power supply of whole vehicle, and four pump/motors work in the condition of hydraulic motor. The mechanical energy generated by the engine is transformed to the hydraulic energy of the hydraulic oil, and the four directional valves work in the forward conduction status, by which the hydraulic oil is delivered to the four pump/motors and the hydraulic energy is transferred to four wheels. For the mechanism of energy transfer, it included two processes. Firstly, during the braking process, the wheels are considered as the power supply and the four pump/motors work in the condition of the pump, and the four directional valves work in the backward conduction status. The mechanical energies of four wheels are transferred to the hydraulic energies in the four pump/motors and those four are laid in the high-pressure accumulator. Secondly, when the vehicle starts again or accelerates, the stored hydraulic energies in the high-pressure accumulator can be released to auxiliary drive the four wheels and the four directional valves work in the forward conduction status again, which can obtain the aim of energy recovery in the hydraulic hybrid vehicle. The anti-lock braking (ABS) system is usually fixed between the wheel and the pump/motor to improve the driving safety, which has no influence to operation of the energy recovery system in Figure 1. However, the energy recovery rate will be decreased, because the ABS system uses some braking energy and this energy can’t be regenerated. Furthermore, the additional tare mass on the hydraulic hybrid vehicle has complicated effect to the energy recovery rate. The larger the additional tare mass is, the higher capacity of the pump/motor and the bigger volume of the accumulator will be. For the same speed, the hydraulic hybrid vehicle with additional tare mass indicates more braking energy can be recovered in the braking process and more energy is required when the vehicle starts again or accelerates. Thus, to a certain extent, the energy recovery rate is not affected when the additional tare mass is small. When the energy recovery exceeds capacity of the selected accumulator along with increase of the additional tare mass, the excessive energy is not reused and the energy recovery rate will decrease.



The hydraulic accumulator is the critical component of the regenerative braking system, and its properties are the major influencing factors for the energy recovery rate [25,26]. As the major energy conversion component, gas in the hydraulic accumulator changes along with the temperature during the energy conversion process. Therefore, the heat dissipation loss should be taken into account when energy recovery rate of the accumulator is calculated. The heat dissipation loss is mainly influenced by air polytropic exponent  n , which can be calculated by Equation (1) [27]. Here,    q  max     is maximum flow of the pipeline connected with the accumulator, in      m 3   / s   ;    q a    is current flow, in      m 3   / s   .




   n =   0.4    q  max      q a  + 1   



(1)





In consideration of the heat dissipation loss, the corresponding energy conversion    E h    along with the change of pressure of the hydraulic oil in the hydraulic accumulator can be calculated, as shown in Equation (2). According to the working principle of the hydraulic accumulator, pressure adjustment of the hydraulic oil is realized by controlling pressure of the pre-stored nitrogen in it. Here,    V 1    and    V 2    are volume of the nitrogen in the hydraulic accumulator before and after change, in    m 3   ;    P 0    is pre-charge pressure of the hydraulic accumulator, in   Pa  ;    V 0    is the corresponding gas volume in the hydraulic accumulator for the pre-charge pressure, in    m 3   .




    E h  =    ∫    V  1      V  2    P   d V =    ∫    V  1      V  2      P 0       (    V 0   V  )  n  d V =    ∫    V  1      V  2      P 0       (    V 0   V  )     0.4    q  max      q a  + 1   d V   



(2)





Supposing that temperature in the hydraulic accumulator does not change in energy conversion process, the corresponding energy conversion can be calculated by Equations (3) and (4) [28]. Here,  E  is the energy conversion in the condition of the isothermal process, in  J ;    E h    is the energy conversion in the condition of the adiabatic process, in  J ;    E r    is the heat dissipation loss, in  J ;    P 1    and    P 2    are the pressure of the accumulator before and after the change, in   Pa  .




   E =    ∫    V  1      V  2    P   d V =     P  0    V  0    0.4    [     (      P  1      P  0     )         0.4   1.4       −    (      P  2      P  0     )       0.4   1.4       ]    



(3)






    E r  = E −  E h    



(4)





Besides the heat dissipation loss, there are also on-way pressure loss in the pipeline and local pressure loss in the joint and elbow [29]. In order to simplify the calculation, the local pressure loss is replaced by the equivalent on-way pressure loss. Therefore, the pressure loss   Δ  P L    (in   Pa  ) between the two hydraulic components can be calculated by the Equation (5), and the energy loss    W L    (in  J ) can be calculated by the Equation (6). Here,  ξ  is the on-way resistance coefficient, which can be consulted in the handbook for the mechanical design or handbook for the hydraulic transmission design;    L e    is total equivalent effective length of the pipeline, in  m ;    Q L    is the flow passed through the pipeline, in      m 3   / s   ;  g  is the gravitational acceleration, in    m /   s 2     ;  D  is diameter of the pipeline, in  m ;  A  is cross-sectional area of the pipeline, in    m 2   .




   Δ  P L  =   ξ  L e   Q L    2    2 g D  A 2      



(5)






    W L  =    ∫ 0 t   Δ  P L      Q L  d t =    ∫ 0 t     ξ  L e   Q L    3    2 g D  A 2       d t   



(6)





When the vehicle is braked, the mechanical energies of the wheels are transferred to hydraulic energies of the hydraulic accumulator, and the pressure is increased until the maximum pressure, which indicates that the hydraulic accumulator is full filled. Afterwards, the residual braking energy flows back to the low-pressure accumulator through the overflow valve, and these energies cannot be regenerated. The energy recovery rate is defined as the ratio between the recycled energy by the hydraulic accumulator and the kinetic energy change of the vehicle before and after braking, and it can be calculated by the Equation (7). Here,  m  is weight of the vehicle, in   K g  ;    v 0    and    v 1    are the velocity of the vehicle before and after braking, in    m / s   . In this way, the theoretical energy recovery rate    η  acc     can be obtained. There were several reasons for the energy loss in the recovery process, which could be resulted from transmission of the hydraulic oil in the pipelines and these hydraulic components, friction of the wheel and mechanical transmission system, and so on.




    η  acc   =   E −  E r  −  W L     1 2  m (  v 1 2  −  v 0 2  )   =      ∫   V 1     V 2      P 0       (    V 0   V  )     0.4    q  max      q a  + 1   d V −    ∫ 0 t     ξ  L e   Q L    3    2 g D  A 2       d t    1 2  m (  v 1 2  −  v 0 2  )     



(7)






3. Modeling and Simulation


The regenerative braking system consists of the accumulator, pump/motor, flywheel, tank, and controller, and its structure and operational principle is shown in Figure 2, which is local enlargement of the regenerative braking system for one of the four wheels of the hydraulic hybrid vehicle in Figure 1. Under manipulations of the accumulator, pump/motor, and the flywheel by the controller, the hydraulic energy and the mechanical energy are interchanged, by which realize the recyclability and regeneration of the braking energy. According to the operational principle of the regenerative braking system, it can be found that the major influencing factors for the energy recovery rate are the braking intensity, initial pressure of the accumulator, initial braking speed, displacement of the pump/motor, and the volume of the accumulator. Here, braking intensity is an evaluation index of the vehicle’s braking efficiency, which represents braking capacity of the braking system, and it is defined as the ratio between the braking deceleration of the vehicle and the gravitational acceleration. However, volume of the accumulator and displacement of the pump/motor are constant for certain regenerative braking system when it is selected and installed on the experimental bench in this study, and their performances are decided by size of the accumulator and parameters of the pump/motor respectively. Thus, for the selected accumulator and pump/motor, the adjustable parameters for the regenerative braking system are the braking intensity, initial pressure of the accumulator, and the initial braking speed, and these influencing factors are investigated in this research. Meanwhile, influences of size of the accumulator and parameters of the pump/motor to energy recovery rate of the regenerative braking system will be further investigated in future study. Moreover, more detailed study, which included impact of the arrangement of pump/motor, operating conditions, different objective functions, and so on, will be taken into consideration in further research.



3.1. Energy Control Strategy


The energy control strategy directly affects the energy recovery rate, and it includes calculation of the required braking torque based on the driving condition, calculation of the hydraulic braking torque according to the pressure of the accumulator, the target torque for the pump/motor, and other modular. Flow chart of the critical control strategy is shown in Figure 3. Firstly, the braking mode is judged and decided through calculating the required braking torque according to the present driving conditions. If the braking mode is emergency brake, the friction brake is adopted to ensure safety. Otherwise, the target torque is compared with the regenerative braking torque. If the regenerative braking torque supplied by the hydraulic accumulator can meet the requirement, only the hydraulic brake is adopted. Otherwise, the friction brake will be used to compensate the lack of the braking torque. Thirdly, the recycled energy stored in the hydraulic accumulator can be released when the vehicle starts again or accelerates. Thus, due to incompressibility of the used hydraulic oil, possible failure of the regenerative braking system would not result in the crash potentials, and the friction brake could keep safety of the driving cycle. The double-brake system not only can improve the safety factor of the vehicle, but also will increase the energy usage efficiency.




3.2. Model Construction


Modeling of the regenerative braking system and corresponding energy management strategy was conducted in the simulation platform of LMS Imagine Lab AMESim in this research, and the constructed model is shown in Figure 4. The accumulator, pump/motor, and the flywheel were critical components in the simulation system. According to the operational principle of the regenerative braking system and its energy management strategy, the critical components and some sensors were selected and connected, and each component was manipulated by the controller. By setting different initial conditions, the regenerative braking system could work under different operating mode. In this way, the effects of these influencing factors could be simulated and analyzed respectively.




3.3. Simulation Results


Taking a certain vehicle as the target, the parameters of components of the regenerative braking system were set according to the actual parameters of the investigated vehicle in this research, as shown in Table 1. The flywheel was used to represent the moment of inertia of the vehicle. The other parameters were obtained by the conversion and transformation calculation according to indexes of the selected vehicle and the requirements of the used simulation platform. Based on parameters of the selected vehicle and preliminary simulation of the system, it could be found that the optional ranges of the braking intensity, initial pressure of the accumulator, and initial braking speed should be 0.3–0.5, 19–22 MPa, 100–300 rpm, respectively. Therefore, three series of the operating modes were conducted, and the corresponding parameters were summarized in Table 2.



3.3.1. Simulation Data with Different Braking Intensity


The braking intensity ranged from 0.3 to 0.5 at the interval of 0.05 when the initial pressure of the accumulator was kept as 19 MPa and the initial braking speed was kept as 300 rpm. Firstly, the accumulator was charged to 19 MPa. Secondly, the flywheel was separately driven to the speed of 300 rpm by the accumulator. The speed of 300 rpm of the flywheel was equivalent to the 120 km/h of the selected vehicle. Thirdly, the flywheel was braked with the different braking intensity of 0.3–0.5 at the interval of 0.05. The obtained evolutions of speed of the flywheel and those of pressure of the accumulator were shown in Figure 5a,b, respectively.



It could be observed that the simulation process could be divided into three periods. In the first period, the flywheel was driven by the accumulator. Speed of the flywheel was increased along with release of the hydraulic energy in the accumulator. In the second period, the vehicle was braked. The mechanical energy of the flywheel was transferred to the hydraulic energy of the accumulator. In the third period, the flywheel stopped. Speed of the flywheel was back to 0 rpm and pressure of the accumulator was tending towards stability. The braking time, change of the kinetic energy, recycled energy amount, and the energy recovery rate with different braking intensity were calculated and summarized in Table 3.



From Table 3, it could be found that effect of the braking intensity to the energy recovery rate was not linear, and energy recovery rate reached its peak value of 87.61% when the braking intensity was 0.4. Further increase of the braking intensity led to decrease of the energy recovery rate, because the target torque exceeded the maximum regenerative braking torque supplied by the accumulator, which indicated that the friction brake was introduced, and some kinetic energy was lost.




3.3.2. Simulation Data with Different Initial Pressure of the Accumulator


The initial pressure of the accumulator ranged from 19 MPa to 22 MPa at the interval of 1 MPa when the braking intensity was kept at 0.4 and the initial braking speed was set at 300 rpm. In this section, the obtained evolutions of speed of the flywheel and pressure of the accumulator were shown in Figure 6a,b, respectively, and the braking time, change of the kinetic energy, recycled energy amount, and the energy recovery rate with different initial pressure of the accumulator were calculated and summarized in Table 4. It could be observed, that effect of the initial pressure of the accumulator to the energy recovery rate was unobvious, and the energy recovery rate was slightly decreased along with increase of initial pressure of the accumulator. The reason for this phenomenon was that difficulty degree of the energy recovery was gradually increased along with increase of the initial pressure due to the performance characteristics of the accumulator, and stability of absorption and desorption of the accumulator indicated that change of the initial pressure would not affect the energy recovery rate significantly.




3.3.3. Simulation Data with Different Initial Braking Speed


The initial braking speed ranged from 100 rpm to 300 rpm at an interval of 50 rpm when the braking intensity was kept at 0.4 and the initial pressure of the accumulator was set at 19 MPa. In this section, the obtained evolutions of speed of the flywheel and pressure of the accumulator were shown in Figure 7a,b, respectively, and the braking time, change of the kinetic energy, recycled energy amount, and the energy recovery rate with different initial pressure of the accumulator were calculated and summarized in Table 5. It could be found that improvement of the energy recovery rate was almost linear along with increase of the initial braking speed. Performance characteristics of the hydraulic accumulator indicated that efficiencies of the energy absorption and desorption of the hydraulic accumulator would be higher with a larger energy input, which meant that the hydraulic accumulator could recycle more braking energy when the initial braking speed was larger.






4. Experimental Validation


Based on the established theoretical model of the regenerative braking system, an experimental bench was constructed, and its schematic diagram was shown in Figure 8. Its operating principle was as follows, which corresponded to the marks Figure 8.



(1) The motor was utilized to realize the function of internal-combustion engine of the selected vehicle, and it drove the connected pump as the major power source.



(2) The accumulator could work as accumulation component during the braking time and as auxiliary power source during the driving time, and switch of the working mode could be adjusted through the electro-hydraulic proportional directional valve.



(3) The maximum working pressure of the system was set by the electromagnetic relief valve, and the real-time working pressure could be adjusted through the relief valve.



(4) The moment of inertia of the selected vehicle was equivalent to a flywheel, and it could be considered as a power component to drive the hydraulic pump/motor during the braking time.



(5) There were many sensors used in the constructed experimental bench, which consisted of pressure sensor, temperature sensor, flow sensor, torque-speed transducer, and so on, which aimed to constantly test and monitor status of the system.



Besides these components, the integrated control system was designed and developed by the digital signal processor of TMS320F2812 and the corresponding data acquisition module, which could realize accurate control of the experimental bench and rapid collection of the experimental data. Meanwhile, the validated experiments were also conducted in three series of operating modes, which was consistent with the simulation process.



4.1. Energy Recovery Rate with Different Braking Intensity


Similar to the simulation process with different braking intensity, the braking intensity ranged from 0.3 to 0.5 at the interval of 0.05 when the initial pressure of the accumulator was kept at 19 MPa and the initial braking speed was kept at 300 rpm. Comparisons of the simulation data and the experimental data were exhibited in Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13 corresponding to the braking intensity from 0.3 to 0.5. From the comparisons of speeds of the flywheel in Figure 9a, Figure 10a, Figure 11a, Figure 12a and Figure 13a, it could be observed that the actual peak speed was larger than 300 rpm, because response of the accumulator had a time delay. Meanwhile, from the comparisons of pressures of the accumulator in Figure 9b, Figure 10b, Figure 11b, Figure 12b and Figure 13b, it could be found that the actual reduction of the pressures was larger than the simulation data, because there were pressure loss in the hydraulic system and frictional resistance for the inertial flywheel, which indicated that the accumulator must release more energy to drive the flywheel for the given initial braking speed. Similarly, the recycled energy collected by the accumulator was also reduced. In addition, there were obvious fluctuations of the pressure during the braking time, because sudden reversal of the hydraulic fluid led to tremendous impact to the hydraulic system. Moreover, fluctuations of the pressure during the braking time had no influence to working status of the directional valve, because the directional valve was adjusted by controller of the experimental bench according to the driving condition. Meanwhile, fluctuations of the pressure during the braking time affected the overall system control and the mechanical integrity indeed, but it had no influence on the research results in this study, because calculation of the energy recovery rate used the overall trends of the pressure instead of each individual data. Some new equipment, such as pulsation dampener or pulse attenuator, will be added in the experimental bench to reduce fluctuations of the pressure in further improvement.



The actual braking time, change of the kinetic energy, recycled energy amount, and the energy recovery rate with different braking intensity were calculated and summarized in Table 6. It could be observed that the optimal energy recovery rate was 83.33% when the braking intensity was 0.4. Comparing with the simulation data in Table 3, it could be found that variation tendencies of the braking time and energy recovery rate in experimental process and those in simulation process were consistent, and the values were decreased accordingly. The major reason for this phenomenon was that pressure loss in the hydraulic system and frictional resistance for the inertial flywheel were not taken into consideration in the simulation process.




4.2. Energy Recovery Rate with Different Pressure of the Accumulator


Similar with the simulation process with the different initial pressure of the accumulator, the initial pressure of the accumulator ranged from 19 MPa to 22 MPa at the interval of 1 MPa when the braking intensity was kept at 0.4 and the initial braking speed was set as 300 rpm. Evolutions of speed of the flywheel and pressure of the accumulator in this section were shown in Figure 14a,b, respectively, and the actual braking time, change of the kinetic energy, recycled energy amount, and the energy recovery rate with the different initial pressure of the accumulator were calculated and summarized in Table 7. It could be observed that the braking time in the experimental process was close to that in the simulation process, but there were obvious differences between the calculated energy recovery rate in the experimental process and that in the simulation process. Especially when the initial pressure of the accumulator was 22 MPa, the actual energy recovery rate was 69.13%, which was much less than the simulation result of 87.32%. We hypothesized that the pressure loss in the hydraulic system and frictional resistance for the inertial flywheel would be larger with the increase of initial pressure of the accumulator, and these energy losses were ignored in the simulation process.




4.3. Energy Recovery Rate with Different Braking Speed


Similar to the simulation process with the different initial braking speed, the initial braking speed ranged from 100 rpm to 300 rpm at the interval of 50 rpm when the braking intensity was kept at 0.4 and initial pressure of the accumulator was set as 19 MPa. Comparisons of the simulation data and experimental data were exhibited in Figure 15, Figure 16, Figure 17, Figure 18 and Figure 19 corresponding to the initial braking speed from 100 rpm to 300 rpm. From Figure 15a, Figure 16a, Figure 17a, Figure 18a and Figure 19a, it could be found that the actual speed of the flywheel had overshoot relative to that of the simulation data, because control of accumulator had time-delay. From Figure 15b, Figure 16b, Figure 17b, Figure 18b and Figure 19b, it could be observed that pressures of the accumulator in the experimental process had obvious differences relative to the simulation data, and they had distinct fluctuations. The reason for this phenomenon was similar with that in the experimental validation of the energy recovery rate with different braking intensity.



The actual braking time, change of the kinetic energy, recycled energy amount, and the energy recovery rate with the different initial braking speed were calculated and summarized in Table 8. Comparing with the simulation data in Table 4, the actual braking time and energy recovery rate were reduced accordingly, and the variation tendencies of them were consistent.



From comparisons of the experimental data and the simulation data, effects of the influencing factors of the braking intensity, initial pressure of the accumulator, and the initial braking speed, were analyzed and validated respectively. The research results indicated that energy recovery rate of the regenerative braking system would be improved by optimization of the influencing factors.





5. Conclusions


Influencing factors for energy recovery rate of regenerative braking system in hydraulic hybrid vehicles were investigated in this study. Through the theoretical analysis, analog simulation, and the experimental validation, the following conclusions were obtained.



(1) The adjustable influencing factors for energy recovery rate of the regenerative braking system in the hydraulic hybrid vehicle, which included braking intensity, initial pressure of the accumulator, and initial braking speed, were theoretical analyzed, analog simulated, and experimental validated in this research. The best energy recovery rate achieved in the constructed experimental bench was 83.33%, and the corresponding optimal parameters of the braking intensity, initial pressure of the accumulator, and the initial braking speed were 0.4, 19 MPa, and 300 rpm, respectively, which was exactly consistent with the simulation results. The obtained best energy recovery rate was favorable to develop novel regenerative braking system for the next generation hydraulic hybrid vehicle.



(2) Effects of three influencing factors to energy recovery rate of the regenerative braking system were studied by simulation and experiment respectively, and the research results were summarized as follows, which were favorable to select appropriate parameters for the various conditions.



(i) The simulation and experimental validation with different braking intensity indicated that effect of the braking intensity was not linear, and the energy recovery rate reached its peak with the optimal braking intensity of 0.4, because the maximum regenerative braking torque supplied by the accumulator was limited.



(ii) It could be concluded from the analog simulation and experimental validation with different initial pressure of the accumulator that the energy recovery rate was gradually decreased along with the increase of initial pressure of the accumulator, because the difficulty degree of the energy recovery was increased along with increase of the initial pressure owing to performance characteristics of the hydraulic accumulator.



(iii) Judging from the simulation and experimental validation with different initial braking speed, it could be concluded that improvement of the energy recovery rate was almost linear along with the increase of initial braking speed, because performance characteristics of the hydraulic accumulator showed that its efficiencies of energy absorption and desorption were higher when the corresponding energy input was larger.



(3) The feasibility of energy recovery by the regenerative braking system was simulated by the model and validated by the experiment. Consistence between the simulation result and experimental result proved effectiveness of the constructed simulation model and that of the built experimental bench, which provided a helpful method to improve energy recovery rate of the regenerative braking system and promote its practical application in the hydraulic hybrid vehicle. Meanwhile, it supplied a meaningful reference for the further development of other hybrid vehicles.



In brief, the obtained high energy recovery rate exceeded 80% would promote the application of regenerative braking system in the hydraulic hybrid vehicle, which would be favorable to accelerate the development of hydraulic and other kinds of hybrid vehicles. In future study, the real vehicle test will be conducted to further validate effectiveness of the optimal influencing factors, which was propitious to advance practical application of the achievements obtained in this research.
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Figure 1. Schematic diagram of the hydraulic hybrid vehicle with a series connection. 
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Figure 2. Structure and operational principle of the regenerative braking system. 
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Figure 3. Flow chart of the critical energy control strategy. 
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Figure 4. Modeling of the regenerative braking system and the energy management strategy. 
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Figure 5. Simulation results with the different braking intensity: (a) Evolution of speed of the flywheel, (b) Evolution of pressure of the accumulator. 
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Figure 6. Simulation results with different initial pressure of the accumulator: (a) Evolution of speed of the flywheel, (b) Evolution of pressure of the accumulator. 
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Figure 7. Simulation results with different initial braking speed: (a) Evolution of speed of the flywheel, (b) Evolution of pressure of the accumulator. 
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Figure 8. Schematic diagram of the experimental bench. 
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Figure 9. Comparison of the experimental result and the simulation result when the braking intensity was 0.30: (a) Evolution of speed of the flywheel, (b) Evolution of pressure of the accumulator. 
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Figure 10. Comparison of the experimental result and simulation result when the braking intensity was 0.35: (a) Evolution of speed of the flywheel, (b) Evolution of pressure of the accumulator. 
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Figure 11. Comparison of the experimental result and simulation result when the braking intensity was 0.40: (a) Evolution of speed of the flywheel, (b) Evolution of pressure of the accumulator. 
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Figure 12. Comparison of the experimental result and simulation result when the braking intensity was 0.45: (a) Evolution of speed of the flywheel, (b) Evolution of pressure of the accumulator. 
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Figure 13. Comparison of the experimental result and simulation result when the braking intensity was 0.50: (a) Evolution of speed of the flywheel, (b) Evolution of pressure of the accumulator. 
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Figure 14. Experimental results with the different initial pressure of the accumulator: (a) Evolution of speed of the flywheel, (b) Evolution of pressure of the accumulator. 
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Figure 15. Comparison of the experimental result and simulation result when the initial braking speed was 100 rpm: (a) Evolution of speed of flywheel, (b) Evolution of pressure of accumulator. 
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Figure 16. Comparison of the experimental result and simulation result when the initial braking speed was 150 rpm: (a) Evolution of speed of flywheel, (b) Evolution of pressure of accumulator. 






Figure 16. Comparison of the experimental result and simulation result when the initial braking speed was 150 rpm: (a) Evolution of speed of flywheel, (b) Evolution of pressure of accumulator.



[image: Applsci 09 03807 g016]







[image: Applsci 09 03807 g017 550] 





Figure 17. Comparison of the experimental result and simulation result when the initial braking speed was 200 rpm: (a) Evolution of speed of flywheel, (b) Evolution of pressure of accumulator. 






Figure 17. Comparison of the experimental result and simulation result when the initial braking speed was 200 rpm: (a) Evolution of speed of flywheel, (b) Evolution of pressure of accumulator.



[image: Applsci 09 03807 g017]







[image: Applsci 09 03807 g018 550] 





Figure 18. Comparison of the experimental result and simulation result when the initial braking speed was 250 rpm: (a) Evolution of speed of flywheel, (b) Evolution of pressure of accumulator. 
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Figure 19. Comparison of the experimental result and simulation result when the initial braking speed was 300 rpm: (a) Evolution of speed of flywheel, (b) Evolution of pressure of accumulator. 
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Table 1. Parameters of the components of the regenerative braking system.
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	Parameters
	Values





	Gas pre-charge pressure of the accumulator (MPa)
	16



	Volume of the accumulator (L)
	63



	Polytrophic exponent of the accumulator
	1.4



	Cracking pressure of relief valve (MPa)
	25



	Valve natural frequency (Hz)
	20



	Valve damping ratio
	1.8



	Characteristic flow rate at maximum opening
	1000



	Maximum displacement of the pump/motor (mL/r)
	180



	Volumetric efficiency of the pump/motor
	0.95



	Hydraulic-mechanical efficiency of the pump/motor
	0.95



	Moment inertia of the flywheel (kg·m2)
	115



	Stiction torque of the flywheel (N·m)
	10



	Coulomb friction torque of flywheel (N·m)
	20
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Table 2. The corresponding parameters in the three series of operating modes.
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Operating Mode

	
Parameters




	
Braking Intensity

	
Initial Pressure of the Accumulator (MPa)

	
Initial Braking Speed (rpm)






	
With different braking intensity

	
0.30

	
19

	
300




	
0.35

	
19

	
300




	
0.40

	
19

	
300




	
0.45

	
19

	
300




	
0.50

	
19

	
300




	
With different initial pressure of the accumulator

	
0.40

	
19

	
300




	
0.40

	
20

	
300




	
0.40

	
21

	
300




	
0.40

	
22

	
300




	
With different initial braking speed

	
0.40

	
19

	
100




	
0.40

	
19

	
150




	
0.40

	
19

	
200




	
0.40

	
19

	
250




	
0.40

	
19

	
300
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Table 3. The simulation results in the operating mode with different braking intensity.
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Parameters

	
Braking intensity

	
0.30

	
0.35

	
0.40

	
0.45

	
0.50




	
Initial pressure of the accumulator (MPa)

	
19

	
19

	
19

	
19

	
19




	
Initial braking speed (rpm)

	
300

	
300

	
300

	
300

	
300




	
Results

	
Braking time (s)

	
10.23

	
9.11

	
7.54

	
6.62

	
6.15




	
Kinetic energy change (J)

	
56,750

	
56,750

	
56,750

	
56,750

	
56,750




	
The recycled energy by the accumulator (J)

	
49,432

	
49,620

	
49,719

	
46,961

	
42,446




	
Energy recovery rate (%)

	
87.12

	
87.44

	
87.61

	
82.75

	
74.79











[image: Table] 





Table 4. The simulation results in operating mode with different initial pressure of the accumulator.
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Parameters

	
Braking intensity

	
0.40

	
0.40

	
0.40

	
0.40




	
Initial pressure of the accumulator (MPa)

	
19

	
20

	
21

	
22




	
Initial braking speed (rpm)

	
300

	
300

	
300

	
300




	
Results

	
Braking time (s)

	
7.54

	
7.54

	
7.54

	
7.54




	
Kinetic energy change (J)

	
56,750

	
56,750

	
56,750

	
56,750




	
The recycled energy by the accumulator (J)

	
49,719

	
49,663

	
49,608

	
49,553




	
Energy recovery rate (%)

	
87.61

	
87.51

	
87.41

	
87.32
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Table 5. The simulation results in the operating mode with different initial braking speed.
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Parameters

	
Braking intensity

	
0.40

	
0.40

	
0.40

	
0.40

	
0.40




	
Initial pressure of the accumulator (MPa)

	
19

	
19

	
19

	
19

	
19




	
Initial braking speed (rpm)

	
100

	
150

	
200

	
250

	
300




	
Results

	
Braking time (s)

	
2.60

	
4.09

	
5.08

	
6.24

	
7.54




	
Kinetic energy change (J)

	
6035

	
13,579

	
25,222

	
37,719

	
56,750




	
The recycled energy by the accumulator (J)

	
4476

	
10,500

	
20,546

	
31,714

	
49,719




	
Energy recovery rate (%)

	
74.16

	
77.32

	
81.46

	
84.08

	
87.61
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Table 6. The experimental results in the operating mode with different braking intensity.
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Parameters

	
Braking intensity

	
0.30

	
0.35

	
0.40

	
0.45

	
0.50




	
Initial pressure of the accumulator (MPa)

	
19

	
19

	
19

	
19

	
19




	
Initial braking speed (rpm)

	
300

	
300

	
300

	
300

	
300




	
Results

	
Braking time (s)

	
10.12

	
9.03

	
7.45

	
6.51

	
5.50




	
Kinetic energy change (J)

	
56,750

	
56,750

	
56,750

	
56,750

	
56,750




	
The recycled energy by the accumulator (J)

	
45,042

	
45,882

	
46,722

	
42,518

	
38,305




	
Energy recovery rate (%)

	
79.37

	
80.85

	
83.33

	
74.92

	
67.49
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Table 7. Experimental results in operating mode with different initial pressure of the accumulator.
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Parameters

	
Braking intensity

	
0.40

	
0.40

	
0.40

	
0.40




	
Initial pressure of the accumulator (MPa)

	
19

	
20

	
21

	
22




	
Initial braking speed (rpm)

	
300

	
300

	
300

	
300




	
Results

	
Braking time (s)

	
7.45

	
7.27

	
7.22

	
7.23




	
Kinetic energy change (J)

	
56,750

	
56,750

	
56,750

	
56,750




	
The recycled energy by the accumulator (J)

	
46,722

	
46,603

	
43,260

	
39,231




	
Energy recovery rate (%)

	
83.33

	
82.12

	
76.23

	
69.13











[image: Table] 





Table 8. The experimental results in the operating mode with different initial braking speed.
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Parameters

	
Braking intensity

	
0.40

	
0.40

	
0.40

	
0.40

	
0.40




	
Initial pressure of the accumulator (MPa)

	
19

	
19

	
19

	
19

	
19




	
Initial braking speed (rpm)

	
100

	
150

	
200

	
250

	
300




	
Results

	
Braking time (s)

	
2.21

	
3.89

	
4.81

	
6.18

	
7.45




	
Kinetic energy change (J)

	
6035

	
13,579

	
25,222

	
37,719

	
56,750




	
The recycled energy by the accumulator (J)

	
4449

	
10,359

	
20,501

	
31,310

	
46,722




	
Energy recovery rate (%)

	
73.72

	
76.29

	
81.28

	
83.01

	
83.33
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