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Abstract:



This research developed a novel proportional pressure control valve for an automobile hydraulic braking actuator. It also analyzed and simulated solenoid force of the control valves, and the pressure relief capability test of electromagnetic thrust with the proportional valve body. Considering the high controllability and ease of production, the driver of this proportional valve was designed with a small volume and powerful solenoid force to control braking pressure and flow. Since the proportional valve can have closed-loop control, the proportional valve can replace a conventional solenoid valve in current brake actuators. With the proportional valve controlling braking and pressure relief mode, it can narrow the space of hydraulic braking actuator, and precisely control braking force to achieve safety objectives. Finally, the proposed novel proportional pressure control valve of an automobile hydraulic braking actuator was implemented and verified experimentally.
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1. Introduction


To provide safer and more comfortable driving conditions for motorists, the anti-lock braking system (ABS) is currently basic equipment for automobiles. This system achieves improved control capability by connecting the electro-hydraulic brake (EHB) between master cylinder and wheel cylinder. As ABS starts to work, the hydraulic pressure (braking force) within the tire calipers is controlled by four groups of solenoid valves (inlet/outlet valve). Furthermore, there are three patterns of pressure variation, namely pressure increase, pressure holding, and pressure decrease [1,2,3,4]. The hydraulic circuit of an EHB actuator is shown in Figure 1 [5].


Figure 1. Hydraulic circuit of EHB actuator between master cylinder and wheel cylinder.
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The braking capability of automobiles relies on characteristics of the tires, which are the only contact with the ground. The main factor determining this capability is the slip ratio of the tires and ground, defined as slip.


[image: ]



(1)




where [image: ] is the slip, [image: ] is the vehicle speed, and [image: ] is the wheel speed.



When the slip is between 0.1 and 0.3, the braking action is most effective, and, if the slip is zero, the wheels are operating with no resistance. However, when slip is more than 0.3, the braking force may be reduced. The tires are completely locked when slip is 1, and the wheels would slide along the pavement [6,7,8,9,10,11]. The results are shown in Figure 2 [12].


Figure 2. Relationship between wheels and pavement.
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An ABS braking system can prevent the improper sliding of tires and it has three functions:

	(1)

	
When encountering an obstacle or any road conditions, it can be actuated by the steering wheel to obtain suitable tracking performance.




	(2)

	
It can avoid excessive braking effects that can cause uncontrolled steering (if the front wheels are locked) or drifting (if the rear wheels are locked)




	(3)

	
The electronic control braking effects can shorten the stopping distance.









The general ABS drives the solenoid valve when it detects that the wheels are locked, and it operates the slip control in an on–off mode to release the calipers’ pressure. Traditional solenoid valve patterns can only adjust the calipers’ pressure through a fully open or closed valve port and have no accurate control for slip, so they cannot provided highly effective braking. However, an accident can occur when the ABS is actuating and high frequency vibration from the pedal make the driver panic and then release the pedal. To develop a brake actuator that uses a new pattern, and also considering the market differentiation and product performance, for the first time, a proportional pressure control valve was used for ABS to replace two solenoid valves. To improve the disadvantages of solenoid valve and achieve better slip control, the pressure to be released as determined by the corresponding input current and electromagnetic force. To improve braking quality, it can effectively control the calipers’ pressure and then decide the appropriate braking force due to the stability of pressure release control, and no pressure oscillations are generated, as with a solenoid valve. A single proportional valve for each of the four wheels was substituted for the original two solenoid valves for each wheel. This reduces the cost and space requirements compared to the traditional EHB configuration. Figure 3 shows the novel hydraulic circuit for a proportional electro-hydraulic brake (PEHB) actuator.


Figure 3. Proposed hydraulic circuit with a PEHB actuator.
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This research focused on the configuration design of the proportional electromagnet within the proportional valve, and its main function is to drive the armature. The development process was divided into three stages:

	(1)

	
Firstly, using electromagnetic theory and mathematical calculations, parameters of the new cone proportional electromagnet were analyzed, and then the electromagnet force using a simulation program was estimated.




	(2)

	
Secondly, according to the configuration design (post-analysis), the production and electromagnet force test were completed.




	(3)

	
Thirdly, the proportional valve was tested, and its relief pressure control capability for ABS control applications of the PEHB actuator was confirmed.










2. Analysis of Proportional Solenoid Force


The principles of proportional valve operation are as follows. The proportional solenoid configuration (increase brass ring) can produce a horizontal solenoid force working zone which is not related to the stroke. When different currents are input, the solenoid force balances the oil pressure and the spring force. Base and armature attract each other by coil excitation, and the required stroke can be generated to drive the shuttle shaft to open the valve. Configuration of the proportional pressure valve is shown in Figure 4 [13]. This gives it two advantages: a closed-loop control (compared to the solenoid valve) and lower cost (compared to the servo valve). Figure 5 shows the axial force (Fa) of the base (flux path 1) and the radial force (Fr) of the flange (flux path 2) work with each other in specific section so that the solenoid force is equal to their sum. Therefore, the solenoid force is unrelated to the working stroke, which is why the linear proportional valve zone is formed. Therefore, the proportional electromagnet can be directly controlled, and the solenoid force depends on the operating current in the linear zone.


Figure 4. Configuration of proportional pressure control valve for PEHB actuator.



[image: Applsci 08 00639 g004]





Figure 5. Relation between solenoid force and stroke: (a) form of force; and (b) flux path mode.
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2.1. Permeance of Air Gaps


When the electromagnetic coil is energized, the energy can generate a magnetic field. Thus, there will be a group of closed magnetic circuits around the coils within the proportional solenoid, and the magnetic field intensity changes with the armature position. Lastly, it drives the armature to move according to the high magnetic energy. The basic proportional electromagnet is shown in Figure 6. Simplifying the six types of magnetic path can be the basis for subsequent calculations [14,15], as shown in Table 1. Here, [image: ] represents the permeability of air, [image: ] represents the air gap, [image: ] represents the armature radius, [image: ] represents the right side distance between armature and brass ring, [image: ] represents the thickness of brass ring, and [image: ] represents the distance from base to brass ring.


Figure 6. Simplification of the six types of magnetic path.
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Table 1. The air gaps flux path model calculations.





	Flux Path Model
	Mean Path Length
	Permeance ([image: ])





	I
	[image: ]
	[image: ]



	II
	[image: ]
	[image: ]



	III
	[image: ]
	[image: ]



	IV
	[image: ]
	[image: ]



	V
	[image: ]
	[image: ]



	VI
	[image: ]
	[image: ]










2.2. Permeability of Air of the Proportional Electromagnet


For ease of construction, the metal cone replaces the traditional brass ring in this study (when the taper angle is zero, it becomes the traditional shape, and the difference between armature and base diameter is the air gap) [16]. The magnetic field lines pass in and out of the coil along the closed path and they have the same physical characteristics with current and resistance. Then, the magnetic flux moves toward the minimum reluctance. When the metals are magnetic and in contact with each other, the magnetic field lines are distributed on the surface of the metals and the air gap permeance can be ignored. When the metals are not in contact with each other, the magnetic field lines are forced to be in and out the air gaps and the directions are both vertical to the metal surface following the shortest path and minimum reluctance.



According to the proportional electromagnetic configuration of this study, the air-gap zones located at both ends of the armature are [image: ]–[image: ] and [image: ]–[image: ]. Around the front end gap, magnetism exists between base and armature, and the direction of flow is from base to armature. An enlarged view of this is shown in Figure 7. In Figure 7a, range CFHG represents Path Mode VI, and range DLMN represents Path Mode I. In Figure 7b, range ABCD represents Path Mode IV, and range AND represents Path Mode III. In Figure 7c, range MPQR represents Path Mode V, and range LMP represents Path Mode II.


Figure 7. Air gaps magnetic flux path: (a–c) front end; and (d) rear end.
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For derivation of the rear end gap, magnetism is the same as front end gap, but the direction of flow is from armature to coil base. An enlarged view is shown in Figure 7d. Permeance [image: ] represents Path Mode I, permeance [image: ] represents Path Mode II, and permeance [image: ] represents Path Mode V.



The permeance is the reciprocal of the reluctance (R), and the reluctance physical characteristics are similar to the resistance. Shorter paths or larger cross-sectional areas produce smaller reluctance, easier flow and better permeability of the zone. The permeance is represented by parameters, such as path length and cross-sectional area. In Figure 7a, variable [image: ] represents the armature displacement, and the definition of size of proportional electromagnet is shown in Figure 8. The results are shown in Table 2.


Figure 8. Definition of size for the proportional electromagnet.
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Table 2. Permeance of air gaps in the proportional electromagnet.





	Permeance
	Mean Path Area
	Mean Path Length ([image: ])
	Equation ([image: ])
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2.3. Equivalent Permeance of Air Gaps


The front end equivalent permeance can be obtained after series connection, as shown in Equation (2) and Table 2. It is obtained the same way as the rear end gap, as shown in Equation (3). The proportional electromagnet in this study is designed as a modular configuration, so the non-magnetic material is used to attach the base and the armature acts as a guide tube. Because the permeability coefficient of non-magnetic material is similar to that of air, it is considered in the formula for the air gap zone. The permeance results are shown in Equation (4). The total equivalent permeance of the air gap zone can be calculated using Equations (2)–(4). The series connection is shown in Equation (5).


[image: ]



(2)






[image: ]



(3)






[image: ]



(4)
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(5)








2.4. Permeance of Metal Zone Calculation


As mentioned above, when the proportional electromagnet is energized, it forms a closed magnetic field and the simplified magnetic flux [image: ] path of the metal zone is shown in Figure 9. Areas with different amperage [image: ] will lead to different magnetic field intensity [image: ]. Furthermore, the magnetomotive force [image: ] and magnetic flux density [image: ] exist within the metal.


Figure 9. Magnetic flux path of the metal zone.
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The permeability coefficient of metal is a non-constant, so there is a nonlinear correspondence between its H and B. When the magnetic flux density is higher than a specific value, it will lead to magnetic saturation, so the magnetic flux density may not increase even though the magnetic field is strengthened. The magnetic field intensity could be obtained by the correspondence with magnetic flux density through the material B-H curves, and the results are shown in Table 3.


Table 3. Permeance parameter of metal zone.





	[image: ]
	Mean Path Area ([image: ])
	Mean Path Length ([image: ])
	[image: ]





	1
	[image: ]
	[image: ]
	[image: ]



	2
	[image: ]
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	3
	[image: ]
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	4
	[image: ]
	[image: ]
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	5
	[image: ]
	[image: ]
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	6
	[image: ]
	[image: ]
	[image: ]









When it is energized, the proportional electromagnet forms a closed magnetic circuit and the inside paths are connected in series. Therefore, the magnetic flux is the same and the magnetomotive force of each metal zone is obtained by magnetic flux multiplied by the reciprocal of permeance. The magnetic flux density of metal material is obtained by calculating the magnetic flux and then corresponding to the magnetic field intensity to allocate the magnetomotive force of metal and air gaps. The equivalent permeance of the metal zone within the proportional electromagnet is shown in Equation (6).


[image: ]



(6)








2.5. Solenoid Force of Proportional Electromagnet


The total permeance of the proportional electromagnet is the reciprocal of the total reluctance, shown in Equation (7). It can be obtained by the series connection of air gaps and metal zones. When magnetomotive force exists, the magnetomotive force of air gaps can be obtained by the permeance and magnetic flux, and it varies with the armature position, as shown in Equation (8). Due to material properties, the magnetomotive force of metal zones is determined by the magnetic field intensity, as shown in Equation (9), although the permeability of steel ([image: ]) cannot be obtained in advance. When the magnetic flux is obtained, the magnetic field intensity corresponds with the B-H curves. Then, the magnetomotive force can be calculated.


[image: ]



(7)
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(8)
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(9)
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(10)







In terms of the armature solenoid force, the input energy can be converted into magnetic energy and mechanical energy according to the conservation of energy, as shown in Equation (11). The current and the metal permeance are unrelated to armature displacement. When the stable current is input, the differential value of some items is zero. It can be derived from the principle of virtual work ([image: ]). The armature thrust can be obtained by the magnetic flux and permeance of gap zones and its derivation, as shown in Equation (12). A negative sign indicates the opposite direction of displacement force.


[image: ]



(11)
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(12)







As mentioned above, the armature solenoid force can be obtained by the magnetic flux and air gap parameter of Equations (2)–(4). The magnetic flux is an unknown input parameter since it has a nonlinear relationship with the input current, and it is obtained by the calculation program. The database of magnetic flux and magnetomotive force should be created, the actual magnetic flux is obtained through the input current. Then, the proportional solenoid force, as derived from Equation (11), is entered into Equation (12).





3. Design and Simulation of Solenoid Force


3.1. Configuration Parameter Design


After the excitation of two materials, mutual attraction is generated and the attraction may be greatly attenuated with the separation distance. The reluctance of air gap is reduced when the two materials are close to each other, as shown in Equation (12). Most air gap reluctance increases with armature away from the base, but [image: ] is the opposite. In a particular path, the total reluctance of the proportional electromagnet is constant, so that the armature thrust must remain stable and would not change with the displacement.



Therefore, the design of parameters needs to focus on the permeance change of [image: ] and [image: ]. Considering the collocation with each other, the optimized configuration of proportional electromagnet was completed. The following is a brief description of how some important parameters influence the electromagnetic force.



3.1.1. Base Flange


The base flange ([image: ]) mainly influences the parameters of the front end air gap. A shorter cone zone gives better permeance of air gap, and the permeability also increases. Therefore, the solenoid force is enhanced, and the horizontal becomes worse. The configuration boils down to the general electromagnet when there is no cone zone. The design is generally determined by the working stroke, so the stroke of the proportional valve must be within 1 mm. To avoid a strong magnetic attraction starting zone, a dimension of 1.5 mm for the product finally was taken as the design value. The simulation results are shown in Figure 10.


Figure 10. Simulation results of base flange.
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3.1.2. Taper Angle


With the taper angle ([image: ]), the size of configuration greatly influences the permeance of the front end air gap, and it is the most important parameter determining the electromagnetic force. When the taper angle decreases, [image: ] and [image: ] may relatively increase, and [image: ] changes with it. Therefore, the angle is reduced and the electromagnetic force clearly increases away from the armature (the trend of change is determined according to the rate of change of parameters [image: ] and [image: ]). Using a wide angle can achieve a better horizontal dimension of the control zone, but the electromagnetic force is relatively weak. Finally, seven degrees was adopted as the design value for the product size, and simulation results are shown in Figure 11.


Figure 11. Simulation results for the taper angle.



[image: Applsci 08 00639 g011]







3.1.3. Air Gap


To achieve a small volume but large thrust, the combination is better with smaller gap, thinner guide tube of proportional electromagnet, and smaller air gap between armature and base. Considering the actual needs of processing, the assembly was given a 0.1 mm air gap ([image: ]), 0.35 mm of guide tube ([image: ]), and 0.1 mm of unilateral radius difference ([image: ]) between armature and base. The simulation results are shown in Figure 12 and Figure 13.


Figure 12. Simulation results for the guide tube.



[image: Applsci 08 00639 g012]





Figure 13. Simulation results for the air gap.



[image: Applsci 08 00639 g013]






For the simulation parameters, the gap between armature and base bottom diameter is the critical dimension because it directly affects the characteristic of thrust curve. When the difference between armature and base is close to zero, it can achieve better performance. To prevent the armature diameter from being bigger than the base and then generating interference, a diameter of 6.8 mm for the armature was used in the final design. The displacement cannot influence the guide tube thickness and assembly air gap, so the thrust curve will not change. The simulation results are shown in Figure 14.


Figure 14. Simulation results for the armature diameter.



[image: Applsci 08 00639 g014]







3.1.4. Parameter Design Results


Through the analysis of simulation results, detailed parameters such as base flange, taper angle, guide tube, air gap, and armature diameter were determined to obtain smooth, long-stroke, and large-thrust horizontal control zone. The relevant parameters are summarized and compared in Table 4.


Table 4. The relevant parameters are summarized and compared.





	

	
Feature

	
Location (Figure 8)

	
Design Size

	
Thrust (N)

	
Size V.S. Thrust




	
Parameter

	






	
base flange

	
[image: ]

	
1.5 mm

	
31

	
Size ↑, Thrust ↓




	
taper angle

	
α

	
70

	
31

	
Angle ↑, Thrust ↑




	
guide tube

	
[image: ]

	
0.35 mm

	
31

	
Size ↑, Thrust ↓




	
air gap

	
[image: ]

	
0.1 mm

	
32

	
Size ↑, Thrust ↓




	
armature diameter

	
[image: ]

	
6.8 mm

	
32

	
Size ↑, Thrust ↑












3.2. Simulation and Test Results of Armature Force


Using three different armature materials for the electromagnet and armature material, hysteresis tests are shown in Figure 15. After magnetic annealing, materials have a higher B-H. SUS 430 steel is easier to achieve magnetic saturation, and SUM 24L steel has higher magnetic flux (large slope). Thus, SUM 24L steel has a higher thrust curve and is suitable for the proportional electromagnet material.


Figure 15. B-H curves of material.
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Figure 16 shows the configuration of the proportional valve solenoid force test. The PC-based control unit is composed of the experimental software, a load cell, a digital controller, a steeper motor, and a proportional valve. Thus, the stepping motor pulls the proportional valve inside the armature to move, and the relationship between the solenoid force and the stroke of the armature at different voltages (8 V, 10 V, and 12 V) can be observed.


Figure 16. Configuration of the proportional valve solenoid force test: (a) test rig; and (b) structure.
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Figure 17 shows solenoid force simulation and test results. The solenoid force is proportional to the linear relationship by using SUM 24L steel (magnetic annealing) for the armature, magnetic base, and three different input voltages. The solenoid force required for the proportional valve is 30 N. When 12 V voltages is input, the horizontal control zone can reach 30 N for achieving the expected full pressure relief function. However, when the stroke is over 1.5 mm, the force is not completely decreased rapidly and the simulation value is different. It is possible that the test results were influenced by an electromagnetic leakage, and the future control zone should be set at a stroke from 0.7 mm to 1.5 mm to avoid non-horizontal control zone.


Figure 17. Simulation and test results for the proportional valve solenoid force.



[image: Applsci 08 00639 g017]








4. Design and Test of Proportional Valve


4.1. Design of the Proportional Valve Body


A proportional pressure control valve is composed of the proportional electromagnet set and valve body set, which comprises a magnetic armature, spool valve, housing, and needle valve seat. The design is shown in Figure 18. The outlet and inlet [image: ] are connected, and they both have connection calipers. Although the valve body has four ports, it is three-port and two-position structure.


Figure 18. Proportional valve body construction and fluid force.
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Through the shuttle shaft operation, the needle valve port must be closed, and it allows no internal leakage when there is no actuation. With the cone design, the check valve within the shuttle shaft is a safety device. If the needle valve malfunctions, the shuttle shaft cannot be returned to the original position, but the caliper pressure can still be relieved through the check valve. If the spring pre-pressuring is ignored, the shuttle shaft force equation is as follows:


[image: ]



(13)







In addition [image: ], [image: ].



Substituting Equation (13),


[image: ]



(14)







Where [image: ] is the master cylinder pressure acting on the shuttle shaft force; [image: ] is the proportional solenoid force; [image: ] is the caliper chamber pressure acting on the shuttle shaft force;[image: ] is the master cylinder pressure; [image: ] is the caliper pressure; [image: ] is the spool valve cross-sectional area; and [image: ] is the needle valve hole cross-sectional area.



Assuming that the master cylinder pressure ([image: ]) is 172 bars, the general ABS specifications must reduce the calipers pressure ([image: ]) to 69 bars or less. The spool shaft diameter is 1.8 mm, the proportional solenoid force is about 3.0 kgf, and the needle valve hole and calipers hole are 0.6 mm. The spool valve is fully closed when it moves 0.6 mm. Then, substituting values into Equation (14), the pressure relief value is calculated and the design meets requirements.



Regarding the rated flow calculation [17], the master cylinder pressure must remain constant. The pressure [image: ] which is flowing through the spool valve is the supply pressure for the brake calipers with flow rate [image: ]. The valve orifice area [image: ] may vary with the displacement changes of shuttle shaft. Pressure [image: ] flows through the needle valve with flow rate [image: ], and the needle valve orifice area is [image: ]. The equation which the spool valve port and the needle valve port flow through is as follows.


[image: ]
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(15)
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(16)







The opening size of spool valve port and needle valve port are in a relation of mutual growth and decline. The maximum flow rate probably occurs when the two vale ports are in half-open position, which means the stroke is in the 0.3 mm position. The relationship of pressure is [image: ] and [image: ] is close to zero. Thus, [image: ] is approximately a half of [image: ]. In the steady state, [image: ], the maximum flow rate could be obtained by estimating the flow of spool valve. The half-open cross-sectional area of spool valve is as follows.


[image: ]











Substituting Equation (15),
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4.2. Single Proportional Valve Test


This test is to confirm that the proportional solenoid energy is powerful enough to achieve the desired pressure relief of the proportional valve and that it could be used to control the brake calipers. When the input voltage is different, the armature can obtain a corresponding magnetic attraction and then drive the valve port to open. The single proportional valve test rig is shown in Figure 19a. To confirm the ability of relief, the high pressure of input port is compared with the pressure on the caliper port.


Figure 19. Configuration of single proportional valve test: (a) test rig; and (b) structure.
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The experimental procedure of the proportional valve system is described and shown in Figure 19b. The system circuit is pressurized to 175 bars with a hand pump. The PC-based control unit includes an experimental software program, a pressure sensor, an AD/DA interface card and a PWM drive circuit. The control signals are computed in the PC-based control unit, and that drives the proportional valve via an AD/DA interface card and a PWM drive circuit with the sampling time of 1 ms. Thus, the solenoid force pulls the proportional valve inside the armature to move and the relationship between the command and the pressure on the calipers port at preloading (175 bars). The testing order is mainly step wave and triangular wave command-based since the step wave could confirm the reaction time, and the triangle wave could confirm the follow state and linearity.



To verify the pressure relief performance of proportional valves, the single proportional valve must be tested to confirm the pressure relief function and facilitate the ABS wheel configuration design. Because the braking force is related to the brake pedal or handle brake of drivers, the caliper chamber pressure at each brake condition is tested with dissimilar initial pressures. In addition, the proportional solenoid is applied with 10 V to drive the single proportional valve for the maximum pressure relief test.



Figure 20 shows the triangular wave command relief test results. When the power supplies 12 V (vehicle voltage), the proportional solenoid is not actuated at command 2.5 V or less, and the pressure drop is 130 bars above 10 V. The pressure drop between 2.5 V to 10 V is linear, and the relationship between voltage and pressure drop can be derived as 17.3 bars/V. The caliper pressure follows the command well and linearly, and the pressure does not have vibration when the valve is fully open. The solenoid force calculated as a result of the experiment is as follows:


[image: ]








The calculated test result is greater than the simulated value (30 N).


Figure 20. Triangular wave command at proportional valve relief test in 175 bars.
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Figure 21 shows step wave command relief test results. It shows that when the voltage is lower than 3 V, the electromagnetic force is insufficient to open the valve port. The corresponding pressure drops for 3, 4.5, 6, 7.5, 9, and 10 V are, respectively, 25, 50, 75, 105, 125, and 130 bars. Figure 22 shows the time response when the step wave command is 10 V. The valve opening time is 9 ms (timing sequence from 8.821 s to 8.3 s) and the valve closing time is 5 ms (timing sequence from 9.321 s to 9.326 s). This proportional valve test meets with application requirements, and it can be used as a reference for the internal controller of the subsequent ABS module as the basis for the slip control calculation.


Figure 21. Step wave command at proportional valve relief test in 175 bars.



[image: Applsci 08 00639 g021]





Figure 22. Step wave command at proportional valve relief test in 175 bars (timing sequence from 8.6 s to 9.6 s).



[image: Applsci 08 00639 g022]








5. Conclusions


This study aimed to integrate the Inlet Valve (Inlet Valve normally open) and Outlet Valve (Outlet Valve normally closed) of an EHB, which has the same function as a three-port, two-position braking proportional pressure control valve. The assembly was composed of a cone lift lever (with electromagnet), the valve shell case, a valve body (including the top plug seats), and the proportional solenoid coil.



This new product development was tested under simulated braking force of pressing 175 bars, and its pressure drop is up to 130 bars. In terms of electromagnetic force, it can reach more than 30 N. Thus, this product can meet the demand of an ABS wheel anti-lock pressure relief and pressure relief adjustment control. Moreover, it provides ABS closed-loop control and has good linear control accuracy and repeatability. Overall, this product meets the design requirements.
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