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Abstract:



A novel electric-hydraulic hybrid drivetrain incorporating a set of hydraulic systems is proposed for application in a pure electric vehicle. Models of the electric and hydraulic components are constructed. Two control strategies, which are based on two separate rules, are developed; the maximum energy recovery rate strategy adheres to the rule of the maximization of the braking energy recovery rate, while the minimum current impact strategy adheres to the rule of the minimization of the charge current to the battery. The simulation models were established to verify the effects of these two control strategies. An ABS (Anti-lock Braking System) fuzzy control strategy is also developed and simulated. The simulation results demonstrate that the developed control strategy can effectively absorb the braking energy, suppress the current impact, and assure braking safety.
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1. Introduction


In the face of environmental crisis and pressure on energy sources, electric vehicles (EVs) have received significant attention. The advantage of the electric vehicle is that its energy storage system, which is a battery, has high energy density and a very large storage capacity [1]; also, advanced battery technology gives the batteries a longer service life [2]. For enhancing energy efficiency, electric vehicles use a regenerative braking system to recover part of the braking energy. However, in certain braking conditions, the feedback current generated by the generator is substantially high [3]. The high charge current is likely to shorten the cycle life of the battery [4,5]. On the other hand, owing to restriction from the characteristics of the motor and battery, the energy recovery rate of the motor-battery energy storage system is not significantly high [6]. The high cost of batteries and the limitations on using them in heavy vehicles are also limitations on the electric vehicle [7].



The hydraulic energy storage system has the characteristics of a high power density device (the hydraulic accumulator), although its energy density is significantly lower [8]; this accords it the potential to overcome the shortcomings of an electric energy storage system. The hydraulic system is used to absorb the high-power braking energy and release the stored energy during start-up or acceleration. This has the potential to increase energy efficiency and decrease over-current; thus, the driving range of the vehicle and the cycle life of the battery are increased.



The hydraulic energy storage system has been used in conventional ICE (Internal Combustion Engine) vehicles to improve their fuel economy. In 2004, Eaton Corporation presented its hydraulic hybrid vehicle in cooperation with Ford in the SAE (Society of Automotive Engineers) world congress [9]. The hydraulic system can store and re-deliver about 80% of braking kinetic energy back to the wheels (Figure 1a). In 2013, the PSA (Peugeot Société Anonyme) put the hydraulic system into a passenger car (Figure 1b). This hydraulic hybrid system (which was called ‘Hybrid Air’) was claimed to reduce fuel consumption by 45% in urban driving [10]. These successful and efficient applications of a hydraulic system demonstrated the enormous advantage of a hydraulic energy storage system.


Figure 1. Structure and character of hydraulic hybrid system. (a) Energy flow of Eaton Hydraulic hybrid system; (b) Structure of PSA ‘Hybrid Air’ system.
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In this study, a set of hydraulic energy storage systems was incorporated to electric vehicles to construct a novel electric-hydraulic hybrid (EHH) system, and the parameters of this system were evaluated [11]. Considering two aspects of the electric-hydraulic hybrid system, energy recovery rate and current impact, two types of braking force distribution control strategies were designed. They are based on two separate rules; the maximum braking energy recovery rate and the minimum current impact. In the control strategy based on maximum energy recovery rate, the hydraulic braking system was operated first. The electric system operated after the hydraulic system had absorbed adequate energy, and the speed of the vehicle had declined to a value suitable for the electric motor. By this strategy, the regenerative braking system can absorb an optimum amount of braking energy. In the control strategy based on minimum current impact, the charge current is first considered. The electric regenerative braking force is adjusted by regulating the hydraulic braking and friction braking in order to regulate the feedback current to within a specified value without rapid fluctuations. The coordination of regeneration braking and ABS (Anti-lock Braking System) control is also simulated in this study. The results show the effectiveness of a designed control strategy. The energy recovery rate is much higher under the maximum braking energy recovery rate, while there is still some degree of over-current; the charging current to the battery is gentle while the energy recovery rate is not very high. The regenerative braking system and the ABS coordinate well; regenerative braking quits when the ABS is triggered.




2. Structure of the Electric-Hydraulic Hybrid System


The new electric-hydraulic hybrid powertrain is a parallel-hybrid system, which incorporates a traction motor, battery pack, hydraulic pump/motor (secondary component), hydraulic accumulator, reservoir, and a series of hydraulic valves, as illustrated in Figure 1.



The hydraulic circuit includes the driving circuit and the unloading circuit, as illustrated in Figure 2. The driving circuit is composed of a cartridge valve (2), a one-way valve (3), and a two-position four-way valve (1). To apply the vehicle’s brakes, valve 1 is shifted to the left position; this directs oil from the reservoir to flow toward the accumulator using the secondary component pump/motor. The secondary component operates in the pump mode using the vehicle’s kinetic energy to apply pressure on the oil in the reservoir in order for it to flow into the accumulator. The energy is stored in the accumulator, and the vehicle slows down. The hydraulic system operated in the regenerative braking mode.


Figure 2. Structure of the hydraulic circuit. (1,4) Two-position two-way valve; (2,5) Cartridge valve; (3) One way valve.
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When the vehicle requires acceleration, valve 1 is shifted to the right position; this directs the high-pressure oil in the accumulator to flow through the cartridge valve 2. The accumulator releases the high-pressure oil to drive the hydraulic secondary component (which operates as motor), which is connected to the front axle, thus accelerating the vehicle. The hydraulic system operated in driving mode. The hydraulic system does not operate when the vehicle is in cruising mode. The clutch engages if the hydraulic system is required.



The unloading circuit is composed of a cartridge valve (5) and a two-position two-way valve (4). When the hydraulic system requires maintenance, valve 4 is turned on to allow the high pressure oil to flow directly to the reservoir. The pressure in the hydraulic system was released [12,13,14].




3. Models of the Main Components


3.1. Electric Motor Model


In the electric-hydraulic hybrid system, the electric motor and battery are the driving components as well as the key elements in regenerative braking. Considering the limitations on the generation of efficiency and speed, the braking torque that the electric motor could provide is:


TM={0,(n<n0)TM_maxηM,(n≤nb)9550PM_maxηMnM,(n>nb)



(1)




where TM_max is the maximum braking torque of the electric motor (Nm), PM_max is the maximum output power of the motor (kW), n is the rotational speed (r/min), nb is the base speed of the motor, and ηM is the efficiency of the motor.



When the rotational speed of the motor is lower than a specified value, the generation efficiency and energy recovery rate are substantially low. At this time, the electric motor for regenerative braking is to shut down.




3.2. Battery Character


In the charging process of the battery, the charging power can be expressed as:


[image: there is no content]



(2)




where UB is the terminal voltage of the battery and Ichrg is the charge current. Considering the charging efficiency of the battery, [image: there is no content], the relation between the charge current and the motor braking torque can be obtained as follows:


[image: there is no content]



(3)








3.3. Secondary Component (Hydraulic Pump/Motor) Model


The hydraulic system is incorporated to the pure electric vehicle in order to absorb the high power-density braking energy while braking. The components of the hydraulic system significantly affect the braking performance and the energy recovery rate.



The torque of the secondary component (hydraulic pump/motor) is:


[image: there is no content]



(4)




where Δp is the working pressure of the secondary component, Vp/m is the displacement, and ηp/m is the efficiency of the secondary component. With regard to the swash-plate axial piston pump, the output torque [image: there is no content] can be altered by adjusting the displacement [image: there is no content].




3.4. Hydraulic Accumulator Model


In the braking process, the gas in the accumulator can be assumed to be undergoing an adiabatic process. The pressure and the volume of the gas satisfy the gas state equation:


[image: there is no content]



(5)




where n is the polytropic exponent value. In an adiabatic process, n = 1.4. p0 is the pre-charging pressure, p1 is the minimum working pressure, p2 is the maximum working pressure, V0 is the volume of the gas when pressure is p0, V1 is the gas volume when pressure is p1, and V2 is the gas volume when pressure is p2.



The maximum energy that the accumulator is capable of recovering is:


[image: there is no content]



(6)







Therefore, the energy that the accumulator is capable of absorbing is related to the final gas pressure.




3.5. Vehicle Braking Dynamic Model


In this electric hydraulic hybrid system, there are three parts of the braking force in the front axle; the hydraulic regenerative braking force provided by the hydraulic pump/motor Fpreg, the electric regenerative braking force provided by the electric motor Fmreg, and friction Fffric. In the rear axle, the friction provides all of the braking force. They combine together to provide the required braking force:


[image: there is no content]



(7)




where Fz is the total braking force; [image: there is no content]. Here, u is the velocity of the vehicle and [image: there is no content] is the coefficient of rotational mass. The air resistance is not considered as it is negligible compared with the other forces.



Considering the transmission ratio of the powertrain, the following is obtained:


[image: there is no content]



(8)




where i0 is the speed ratio of the transmission, ig is the speed ratio of the final drive, ic is the speed ratio of the coupling mechanism, and r is the radius of the wheels.



The braking force is to be distributed between the front axle and the rear axle according to the distribution ratio β; hence


[image: there is no content]



(9)









4. Control Strategy Design


4.1. Braking Mode Judgment


According to the ECE R13 (Regulation No 13 of the Economic Commission for Europe) braking regulation [15], the braking force can be completely provided by the front wheel during low intensity braking. Substituting the distribution ratio β = 1 into the ECE regulation formula (Equation (10)), the low braking intensity threshold zm = 0.1 [14,16].


[image: there is no content]



(10)




where z is the braking strength (z = a/g; a is the braking deceleration and g is the gravity acceleration, g ≈ 9.81 m/s2), L is the wheelbase, L2 is the distance from the mass center to the rear axle, and hg is the height of the mass center.



When z = a/g is less than 0.1, the braking is judged as low intensity braking. The braking force is provided by regenerative braking in the front axle; when 0.1 < z < 0.7, the braking is judged as medium intensity braking, and the braking force is provided by both regenerative braking and frictional braking. When z > 0.7, the braking is judged as high intensity braking, which means that the vehicle is in an emergency braking state. For safety reasons, the braking process is totally accomplished by frictional braking (Figure 3).


Figure 3. Braking modes. (Ff) Braking force in the front axle; (Fr) braking force in the rear axle; (φ) the attachment coefficient; (I) the ideal braking force distribution curve.
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4.2. Control Strategy Based on Maximum Energy Recovery Rate


There are three types of braking force in the braking process of the electro-hydraulic hybrid system; hydraulic regenerative braking, electric regenerative braking, and friction. The additional hydraulic system is used to absorb the high-power braking energy in the initial stage of the braking or to reduce the current impact. This study designed two types of distribution method by following two separate principles; the maximum braking energy recovery rate and the minimum charge current impact.



Figure 4 illustrates the braking force distribution strategy, which adheres to the maximum energy recovery rate principle:


Figure 4. Braking force distribution strategy by following the maximum energy recovery rate. (a) Braking force distribution strategy flow chart; (b) Braking force distribution curve.
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	(1)

	
According to the braking demand from the driver, the distribution ratio β is designated. If a/g < 0.1 and β = 1, the front wheels alone provide the braking force; if a/g > 0.1, β = 0.689, the braking force is distributed between the front and rear axles in the ratio β.




	(2)

	
If the pressure of the accumulator is higher than its maximum allowed value, the hydraulic regenerative braking system is not activated.




	(3)

	
If the hydraulic regenerative braking force can cover the braking demand in the front axle, the braking force in the front is completely provided by the hydraulic system (for example, point A in Figure 4b); otherwise, the hydraulic system provides its maximum allowed value.




	(4)

	
If the electric regenerative braking force can cover the insufficient force, the insufficient force is provided by electric braking; otherwise, the electric system provides its maximum.




	(5)

	
If the hydraulic braking force and electric braking force together are insufficient, the friction force contributes the insufficient part (for example, point C in Figure 4b).







When the braking process is about to end, the vehicle speed becomes too low for the electric motor to generate feedback current. Then, the vehicle is stopped by friction force.



During the process of shifting between the two types of braking force, the increasing rate is to be equal to the decreasing rate. For example, in the braking process, at the time the accumulator is about to attain its maximum pressure, the hydraulic system is to quit braking while the electric braking system (or friction braking system) is to begin participating in the braking process. The rate of decrease of the hydraulic braking force is to be equal to the rate of increase of the electric braking force (or friction force).




4.3. Control Strategy Based on Minimum Current Impact


With respect to the Li-ion batteries used in electric vehicles, the over-charge current reduces the capacity and cycle life of the batteries. According to a few of the existing results, at the charging rate of 2 C, the battery capacity is reduced by 50% after a number of cycles [17]. Considering both energy recovery and current impact, this study set the maximum charge current as 1 C, which implies that Imax = 70 A.



The braking force distribution method following the minimum current impact is illustrated in Figure 4:

	(1)

	
According to the braking demand from the driver, the distribution ratio β is designated. When a/g < 0.1 and β = 1, the front wheels alone provide the braking force; when a/g > 0.1 and β = 0.689, the braking force is distributed between the front and rear axles in the ratio β.




	(2)

	
According to the braking force required by the front axle, the current required by the electric motor Ichrg is calculated. If Ichrg < Imax, the braking force generated by the motor completely provides the braking force required by the front axle; Fmreg = βFtotal (for example, point A in Figure 4b). If Ichrg > Imax, the braking force generated by the motor is restricted by the current; Fmreg = f(Imax).




	(3)

	
When the generated current is restricted, the braking force generated by the electric motor is insufficient. If the hydraulic regenerative braking force could cover the remaining part of the requirement, the insufficient part is provided by the hydraulic system (for example, point B in Figure 5b). Otherwise, the hydraulic system provides its maximum.


Figure 5. Braking force distribution by following the minimum current impact. (a) Braking force distribution strategy flow chart; (b) Braking force distribution curve.
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	(4)

	
If the hydraulic braking force and electric braking force together are insufficient, notwithstanding the hydraulic system providing its maximum, the friction force contributes the insufficient part (for example, point C in Figure 5b).









As mentioned before, when the vehicle speed becomes too low for generating a feedback current, friction braking is activated to stop the vehicle. During the process of shifting between the two types of braking force, the rate of increase is to be equal to the rate of decrease [18,19].




4.4. ABS Control Strategy


Based on its characteristics of fast response and self-tuning, Fuzzy-PID (Proportional-Integral-Derivative) control strategy is suitable for non-linear systems [16]. Therefore, Fuzzy-PID strategy is used in ABS control. The conventional PID control can be written as:


[image: there is no content]



(11)







The structure of the Fuzzy controller is illustrated in Figure 6. In this study, the difference between the ideal slip ratio and the actual slip ratio (E) and its change rate (EC) are selected as input variables. Meanwhile, the proportional coefficient (Tp), integral coefficient (Ti), and differential coefficient (Td) are selected as output variables. A triangle membership function is selected for the input and output variables, with seven values used for each variable; namely, negative big (NB), negative medium (NM), negative small (NS), zero (Z), positive small (PS), positive medium (PM), and positive big (PB) [20].


Figure 6. Structure of Fuzzy Control System.
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The regulation of the feature coefficient of the PID controller depends on the system requirements and practical experience. The principles of the FUZZY control in this study are shown in Table 1.



Table 1. Fuzzy logic control rules.







	
Judgement Conditions

	
Results






	
(1) if (E is NB) and (EC is NB)

	
then (Kp is PB), (Ti is N), (Td is PS)




	
(2) if (E is NB) and (EC is NM)

	
then (Kp is PB), (Ti is N), (Td is NS)




	
(3) if (E is NB) and (EC is NS)

	
then (Kp is PM), (Ti is N), (Td is NB)




	
(4) if (E is NB) and (EC is Z)

	
then (Kp is PM), (Ti is N), (Td is NB)




	
(5) if (E is NB) and (EC is PS)

	
then (Kp is PS), (Ti is N), (Td is NB)




	
(6) if (E is NB) and (EC is PM)

	
then (Kp is Z), (Ti is Z), (Td is NM)




	
(7) if (E is NB) and (EC is PB)

	
then (Kp is Z), (Ti is Z), (Td is PS)




	
▪ ▪ ▪ ▪ ▪ ▪

	
▪ ▪ ▪ ▪ ▪ ▪




	
(43) if (E is PB) and (EC is NB)

	
then (Kp is Z), (Ti is Z), (Td is PB)




	
(44) if (E is PB) and (EC is NM)

	
then (Kp is Z), (Ti is Z), (Td is PM)




	
(45) if (E is PB) and (EC is NS)

	
then (Kp is NM), (Ti is NM), (Td is PM)




	
(46) if (E is PB) and (EC is Z)

	
then (Kp is NM), (Ti is PM), (Td is PM)




	
(47) if (E is PB) and (EC is PS)

	
then (Kp is NM), (Ti is PM), (Td is PS)




	
(48) if (E is PB) and (EC is PM)

	
then (Kp is NB), (Ti is PB), (Td is PS)




	
(49) if (E is PB) and (EC is PB)

	
then (Kp is N), (Ti is PB), (Td is PB)








Notes: NB—Negative Big, NM—Negative Medium, NS—Negative Small, Z—Zero, PS—positive small, PM—Positive Medium, PB—positive big.










5. Modeling


5.1. Basic Parameters


The parameters of the hydraulic system are based on the dynamic requirements of the vehicle. The fundamental parameters are shown in Table 2.



Table 2. Basic Parameters of the Power Transmission System







	
Components

	
Parameters

	
Value






	
Basic parameters of the vehicle

	
Loaded mass (m)

	
1825 kg




	
Wheel rolling radius (r)

	
0.308 m




	
Wheelbase (L)

	
2.28 m




	
Distance from front axle to mass center (L1)

	
1.25 m




	
Height of the mass center (hg)

	
0.585 m




	
Motor

	
Rated power (Pr) (kw)

	
35 kw




	
Rated rotational speed (nr)

	
3000 rpm




	
Rated torque (Tr)

	
111.4 Nm




	
Battery

	
Rated voltage (U)

	
336 V




	
Capacity

	
70 Ah










In the braking process, the gas in the accumulator can be regarded as undergoing an adiabatic process. The volume of the accumulator is to satisfy the requirements for absorbing the average braking energy in a typical driving cycle:


[image: there is no content]



(12)







From Equation (6), the volume of the accumulator is to be:


[image: there is no content]



(13)







In the braking process, the braking torque generated by the secondary component is to be at least equal to the average braking torque required in a typical driving cycle:


[image: there is no content]



(14)







From Equation (4), the displacement of the secondary component is:


[image: there is no content]



(15)







From Equations (13) and (15), the model of the accumulator and secondary component can be obtained. The fundamental parameters of the accumulator and secondary component are presented in Table 3.



Table 3. Fundamental parameters of the hydraulic system.







	
Components

	
Parameters

	
Value






	
Pump/motor (secondary component)

	
Maximum displacement (Vp/m max)

	
18 cm3




	
Maximum rotational speed (np/m max)

	
3300 rpm




	
Peak power (Pp/m max)

	
30 kw




	
Peak torque (Tp/m max)

	
80 Nm




	
Accumulator

	
Volume (Va)

	
10 L




	
Working pressure (Pa)

	
330 Bar











5.2. Simulation Models


To verify the effectiveness of the control strategy, the simulation models are constructed in AMESim and MATLAB/Simulink platforms.



The hydraulic system model, including the hydraulic regenerative braking system and the friction braking system, was constructed in an AMESim platform, as illustrated in Figure 7. The vehicle powertrain model, which is composed of an electric motor model, battery model, wheel and road model, and the vehicle’s dynamic model, and the control system were constructed in a MATLAB/Simulink platform, as illustrated in Figure 8. The data can be exchanged in real time via an AMESim-Simulink co-simulation interface [21].


Figure 7. Hydraulic system model constructed on AMESim.



[image: Energies 10 01038 g007]





Figure 8. Vehicle components and control system model on Simulink.
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6. Simulation Results


6.1. Simulation Results by Following Maximum Energy Recovery Rate


It is assumed that the driver intends to increase the braking strength (z = a/g) from 0 to 0.09 in the first 1 s and then hold the brake pedal until the braking process is completed (see Figure 9). From Section 3, it is known that the vehicle is under low strength braking mode, which implies that the braking force is completely provided by the front wheels.


Figure 9. Brake intent from the driver.
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Figure 10 and Figure 11 illustrate the comparison between the vehicle speed, the wheel linear speed, and the deceleration of the vehicle. From the figures, it can be determined that the wheel linear speed follows the vehicle’s velocity, and the deceleration of the vehicle is approximately steady, with fluctuation appearing only during the braking-mode switch process. The violent fluctuation at the end is mainly caused by numerical error.


Figure 10. Vehicle speed and wheel linear speed.
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Figure 11. Vehicle braking deceleration curve.
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Figure 12 illustrates the distribution of various braking forces and their variation. When the braking begins, the hydraulic braking provides the demanded braking force. Then, the electric braking is activated. The sum of the hydraulic braking force and electric braking force equals the total demanded braking force. As the braking process continues, when the pressure of the hydraulic accumulator is about to attain its maximum (approximately in time t = 17 s), the hydraulic braking force decreases, and the electric braking force increases. After the hydraulic braking system ceases braking, the electric braking provides the complete braking force. At the end of the braking process, the velocity is too low to generate feedback current; then, friction braking is activated to stop the vehicle.


Figure 12. Brake torque distribution and its variation in the front axle.
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The distribution of the various braking forces illustrates that the regenerative braking force provided almost the complete braking energy. As calculated from the simulation results, during the whole braking process, the hydraulic energy recovery rate is 43.4%, while the electric energy recovery rate is 50.8%. The total recovery rate is 94.2%.




6.2. Simulation Results by Following Minimum Current Impact


Due to the restriction by the charge current, the electric motor could not provide the required braking force in the initial stage of the braking process. Therefore, both friction and hydraulic braking are required to feed the insufficient part. Figure 13 illustrates the distribution of various braking forces and their variation based on the minimum current impact principle. As depicted in the figure, at the beginning of the braking process, all the three braking forces are activated; first, electric braking, next, hydraulic braking, and finally, friction braking. As the electric braking force and hydraulic braking force increase and the demanded braking force remains unaltered, the friction braking force decreases gradually until the regenerative braking force (electric + hydraulic) is adequate to satisfy the braking requirement. To steadily maintain the charge current, the hydraulic braking force declined at time t = 13 s. At the end of the braking process, the braking force is also provided by friction, as the motor is not capable of generating feedback current.


Figure 13. Braking torque distributions and their distribution in the front axle.
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Figure 14 illustrates the charge currents in various braking force distribution principles compared with the charge current in pure electric braking (without any hydraulic system). As illustrated in Figure 13, in pure electric braking, the instantaneous charge current reaches as high as 200 A. Under the maximum energy recovery rate principle, although the charge current has declined significantly, the charge current is substantially high (120 A). More critically, in the braking process, the current fluctuates when the system switches between the braking forces. By following the minimum current impact principle, the charge current is held under 50 A without fluctuation.


Figure 14. Vehicle braking deceleration curve.
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Based on the simulation results, the energy recovery rates of the hydraulic system and the electric system were calculated and compared to the results of the maximum energy recovery rate, which are presented in Table 4. According to the results, due to the restriction of the charge current, the electric motor could not exert its maximum power. The energy recovery rate is 38.9%, which is lower than that attained by following the maximum energy recovery rate principle.



Table 4. Simulation results of various braking modes.







	
Braking Force Distribution Principle

	
Energy Recovery Rate of Hydraulic System

	
Energy Recovery Rate of Electric System

	
Total Energy Recovery Rate






	
Maximum energy recovery rate

	
43.4%

	
50.8%

	
94.2%




	
Minimum current impact

	
37.6%

	
38.9%

	
76.5%











6.3. Changing Deceleration and ABS Response


In the case of braking with high braking deceleration intent, the slip ratio of the wheel may exceed its limitation; then, the ABS is triggered. Therefore, it is necessary to study the mechanism of coordination between the ABS and regenerative braking.



Assume that the driver intends to increase the braking strength (z = a/g) from 0 to 0.5 in the first second and then hold the brake pedal for 2 s. Subsequently, the driver intends to increase the braking strength to 0.9 in 1 s, then hold the brake pedal until the vehicle stops (Figure 15).


Figure 15. Brake intent variation.
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Figure 16, Figure 17 and Figure 18 depict the speed comparison, deceleration of the vehicle, and slip ratio of the wheels. Before time t = 3.7 s, as the demanded braking force is lower than the adhesion force on the ground, the wheel linear speed follows the vehicle speed; the deceleration remains stable, and the slip ratio is approximately zero. After time t = 3.7 s, as the demanded braking force increases, the adhesion force fails to provide the demanded braking force. The high slip ratio triggers the ABS. In this phase, the wheel speed fluctuates. However, it can still follow the vehicle speed; moreover, the deceleration of the wheel fluctuates rapidly. The wheel slip ratio is regulated around an optimal value by ABS.


Figure 16. Vehicle speed and wheel speed.



[image: Energies 10 01038 g016]





Figure 17. Vehicle and wheel deceleration.
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Figure 18. Slip ratio variation.
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The distribution of the various braking torques of the front wheel is illustrated in Figure 19. Before time t = 3.7 s, the braking force is completely provided by regenerative braking (including hydraulic braking and electric braking). When the ABS is triggered, the entire regenerative braking system stops, and the function of the ABS is completed by the friction braking system.


Figure 19. Brake torque distributions and their variation in the front axle.



[image: Energies 10 01038 g019]








7. Summary


	(1)

	
By incorporating a hydraulic energy storage system into a pure electric prototype, a novel electro-hydraulic hybrid system was designed. This system is aimed at absorbing high power braking energy as well as suppressing the impact of current on the battery.




	(2)

	
The simulation models of the components in the powertrain are constructed to form a combined simulation model. Two control strategies, which are based on two separate rules, the maximum energy recovery rate and the minimum charge current impact, are designed and compared. The simulation results indicated the effectiveness of the two strategies; the energy recovery rate is higher when the principle of the maximum energy recovery rate is followed. The charging current is gentle and without fluctuation when the principle of minimum current impact is followed, although the energy recovery rate is lower.




	(3)

	
The ABS control strategy is simulated with variable braking deceleration intent. The result demonstrates that the ABS is triggered as soon as the slip ratio crosses the threshold; the wheel slip ratio can then be regulated to around the optimal value to ensure braking safety.
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