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Abstract

:

Most solenoid valves in use today require a magnetic coil to be continuously energized to maintain the magnetization of the magnetic body in order to operate. The problem is that if the power is still supplied, the power consumption will continue. In addition, problems such as shortening the lifespan of solenoid valve internal parts due to the increase in the internal temperature of the electronic stability control (ESC) due to the continuous heating of the magnetic coil, and malfunction due to instantaneous power failure may occur. In this study, we conducted a study on the permanent magnet traction control valve (TCV) for ESC that can minimize the unnecessary power consumption of electric vehicle batteries. For optimal permanent magnet design, polarity direction setting and permanent magnet specifications were studied through FE simulation. A permanent magnet TCV was fabricated and an electromagnetic force test was conducted to compare and evaluate it with the FE simulation result. By using a permanent magnet, it was possible to lower the initial current value for the TCV to drive, therefore, it was possible to develop a permanent magnet TCV that can minimize the unnecessary power consumption of electric vehicle batteries.






Keywords:


electromagnetic field analysis; electronic stability control; permanent magnet; traction control valve; electric vehicle












1. Introduction


Currently, the automobile industry is rapidly changing from an internal combustion engine vehicle to an electric vehicle. With the transition to electric vehicles, there has been a change in the main raw material source from petroleum energy to electric energy. Efforts are being made to improve fuel efficiency in electric vehicles as in internal combustion engine vehicles. Since most parts of an electric vehicle are operated by receiving power from a battery, it is necessary to manufacture parts that minimize the use of batteries. In this study, the traction control valve (TCV) for electronic stability control (ESC), an active safety system component for electric vehicles, was designed and manufactured as a component that minimizes the use of batteries. In automobiles, technologies such as advanced safety devices and convenience devices are continuously being developed, and in particular, technology development in the field of passenger and pedestrian safety greatly contributes to the reduction of traffic accidents [1,2,3,4,5,6]. As a result, electric vehicles are attracting a lot of attention because of their higher efficiency, lower emissions, and various safety device features compared to internal combustion engine vehicles [7,8,9,10,11,12,13]. When the driver brakes or turns the vehicle in a direction different from the command, ESC detects this from sensors installed in the braking and steering system to functionally compensate for anti-locking brake system (ABS) and brakes each wheel independently. This helps maintain braking and directional stability. As shown in Figure 1a, the ESC controls the brake unit for each wheel through an electronic control unit (ECU), pump, and solenoid valves installed in a hydraulic electronic control unit (HECU) [14,15,16]. As shown in Figure 1b, the solenoid valves applied to ESC include inlet solenoid valve (IV), outlet solenoid valve (OV), electric shuttle valve (ESV), and TCV. It has a brake function when the vehicle is stopped, an auto-hold function that eliminates the need to press the brake pedal when waiting at a traffic light, and a solenoid valve to prevent slipping on slopes. Of the four solenoid valves, this is the TCV. As shown in Figure 2a, since the conventional TCV had to continuously supply power during the operation maintenance period after power on, the life of the electric system was shortened due to heat generation and power consumption. Solenoid valves up to now have a structure and method similar to those of conventional TCVs. The on/off solenoid valve that opens and closes the flow path or the proportional control solenoid valve that controls the flow rate by current has been mainly studied. Sung derived the governing equations for optimal on/off solenoid design and developed a design program consisting of electromagnetic theory and experimental parameter values [17]. Wu et al. studied the modeling, optimization, and validation methods of a hollow plunger-type solenoid for a high-speed on/off valve [18]. Branciforte et al. presented an electrical model of an on/off solenoid valve used to regulate brake pressure in an anti-lock braking control system (ABS) [19]. Yun et al. inferred and analyzed the factors affecting the performance of proportional solenoids, and studied how to select magnetic materials [20,21,22]. Tanaka studied the dynamic characteristics of the proportional solenoid and designed the solenoid to be automatically adjusted to the target performance [23]. However, for the on/off and proportional control type solenoid valve, it was necessary to maintain the magnetization of the magnetic material by continuously applying power to the magnetic coil. The problem is that the power consumption goes up when the power is still supplied. In addition, problems such as shortening of the lifespan of solenoid valve internal parts due to the increase in the internal temperature of the ESC due to the continuous heating of the magnetic coil and malfunctions due to instantaneous power failure may occur. To compensate for this, a permanent magnet TCV has been studied so that it does not lose its function even if the power is cut off during the TCV operation period, as shown in Figure 2b. The auto-hold function of the car was able to maintain the braking function by the permanent magnet even if the power is cut off after the TCV operation. After initial power is applied and the valve is actuated, even if the power is cut off during the maintenance period, the permanent magnet can maintain its function, reducing power consumption as no additional power is supplied. In addition, since the power is cut off during the auto-hold period, it has the advantage of reducing the heat generation of the magnetic coil and minimizing the shortened lifespan due to the internal temperature rise. Solenoid valves studied so far have focused on the magnitude and characteristics of electromagnetic force. In addition, research was conducted to confirm the electromagnetic characteristics according to the material properties and specifications of the magnetic material, and to suggest the optimal solenoid valve design method. Lee et al. conducted an optimal design study to predict and experimentally verify the electromagnetic force of a solenoid valve for a hydrogen-fueled electric vehicle through electromagnetic field analysis [24]. Liu, Sun, and Hung studied the structure of a solenoid magnetic material and the change in electromagnetic force according to the change of the air gap [25,26,27]. Tao and Bayat studied the optimal solenoid valve design by experimentally analyzing the B-H curves of various soft materials and taking into account the change in the electromagnetic force according to the shape [28,29]. Wang et al. used FEA to study the effect of magnetic cross-sectional area and magnet coil specifications of solenoid valves on static electromagnetic properties. He also simulated the dynamic process of a solenoid valve to quantitatively understand the effect of solenoid valve parameters on the dynamic response characteristics [30]. However, previous studies have studied the properties of electromagnetic force through FE simulation using the structure of the solenoid valve and the shape and material properties of magnetic materials. The product was manufactured based on FE simulation and verified through test evaluation. Through this study, a solenoid valve applied with a permanent magnet was studied through FE simulation. The magnetic force, electromagnetic force, and their resultant force were studied and evaluated according to the polarity direction and specification of the permanent magnet. A permanent magnet TCV was manufactured and an electromagnetic force test was conducted to compare and evaluate it with the FE simulation result. In order to check whether the braking function is maintained by the permanent magnet even when the current is cut in the auto-hold function of the TCV, a test evaluation was conducted under actual vehicle conditions. Also, by using a permanent magnet, it was possible to lower the initial current value for the TCV to drive. Therefore, it was possible to develop a permanent magnet TCV that can minimize the unnecessary power consumption of electric vehicle batteries.




2. Design of the Permanent Magnet TCV


2.1. Schematic of the Conventional TCV


The currently widely used TCV for ESC has the structure shown in Figure 3. Among them, the armature, magnet core, upper case, and lower case are magnetic materials that are magnetized when power is applied. The magnetic body is made of materials with high magnetic flux density and low magnetic flux strength, and most of them are made of low carbon steel materials such as S10C. The armature, magnet core, and cases are magnetized by applying 3.4 A to the magnetic coil. This induces the armature to be adsorbed to the magnet core, pushing the plunger downwards to block the hole in the sol-seat. The hole in the sol-seat is blocked, and the flow of brake fluid is blocked. When the power supply is interrupted, the magnetic material is demagnetized. At this time, the plunger opens the flow path of the sol-seat by pushing the armature upward by the reaction force applied by the spring. However, in order to block the flow of brake oil in sol-seat in TCV for ESC, current must be continuously supplied. Continuous current supply generates heat in the magnetic coil and increases power consumption. If the auto-hold function is used for 2 h a day while driving an electric vehicle, the power consumption is about 82.3Wh. The heat generated by the magnetic coil rises up to a maximum of 200 °C, which in turn raises the temperature inside the ECU up to a maximum of 150 °C Therefore, in order to prevent the temperature rise of the magnetic coil, the initial current is lowered to 1.5 A after applying 3.4 A to prevent the temperature rise of the magnetic coil.



Figure 4a shows a state in which the flow path of the sol-seat is open because power is not supplied to the magnetic coil. At this time, the distance between the armature and the magnet core is 0.47 mm and the distance between the plunger and the sol-seat is 0.30 mm. Figure 4b shows the closed state of the flow path of the sol-seat. When power is applied and the plunger closes the flow path of the sol-seat, the distance between the armature and the magnet core is 0.17 mm. When power is applied and the plunger closes the flow path of the sol-seat, the distance between the armature and the magnet core is 0.17 mm. The reason to keep the 0.17 mm gap between the armature and the magnet core is to prevent the noise caused by the contact of the two metal objects. It also has the responsiveness to quickly separate the residual electromagnetic force generated between the armature and the magnet core when the power is cut off.




2.2. Required TCV Electromagnetic Force


When current flows through the TCV, the plunger must calculate the required electromagnetic force between the armature and the magnet core to block the flow path of the sol-seat. If the force applied to the plunger by the internal pressure of the valve is Ff, the spring load is Fs, and the margin factor for securing the reliability of TCV operation is c, the electromagnetic force Fa, required for TCV can be expressed as (1).


   F a  = c [  F f  +  F s  ]  



(1)







Here, if the free length of the spring is lf, the setting length is ls, and the spring constant is K, the load, Fs, of the spring can be expressed as (2).


   F s  =  F 1  + (  l f  −  l s  ) K  



(2)







Figure 5 shows the load distribution of armature, spring, and hydraulic pressure to confirm the electromagnetic force required for TCV. Since the hole diameter of the sol-seat is Ø0.7, the maximum operating load Ff of the valve at 60 bar was 2.3 N. With a free length of 6 mm, a set length of 4.7 mm, and a spring constant of 0.3 N/mm, the spring load Fs is 0.39 N by Equation (2). Here, if the reliability margin is set to 20%, the electromagnetic force required for the TCV is determined to be 3.2N by Equation (1).




2.3. Schematic of the Permanent Magnet TCV


As shown in Figure 6, the permanent magnet TCV places the permanent magnet in the flow section of the magnetic flux line generated by the magnetic material when power is applied. Therefore, permanent magnets can be placed between the armature, the magnet core, the upper case, and the lower case. The design of the permanent magnet TCV was accomplished by replacing the lower case with a permanent magnet in the conventional TCV. Here, the force of the permanent magnet is expressed as the magnetic force, the force of the TCV itself excluding the permanent magnet is the electromagnetic force, and the resultant force of the magnetic force and the electromagnetic force is expressed as the total electromagnetic force. When a current of 3.4 A is applied to the magnetic coil, the armature moves to the magnet core by magnetic force, blocking the flow path of the sol-seat. Even if the power supply is cut off, the armature remains magnetized without being separated from the magnet core by the magnetism of the permanent magnet. Therefore, heat generation of the magnetic coil can be prevented because the flow path of the sol-seat is blocked when power is not supplied. In addition, unlike conventional TCV, a continuous power supply is not required, which reduces power consumption. However, in order for the armature to return to its original position, the total electromagnetic force between the armature and the magnet core must be 0 N. Due to the polarized permanent magnet, a reverse current must be applied to make the total electromagnetic force between the armature and the magnet core 0 N.




2.4. Design of the Magnet Coil Winding


The electromagnetic force can be expressed as (3) as the product of the number of rotations N of the magnetic coil generating magnetic flux and the current I flowing through the magnetic coil.


  U = N I  



(3)







Figure 7 is a simplified representation of a bobbin and a magnetic coil wound around the bobbin. If the inner diameter of the bobbin is Bi, the outer diameter is Bo, the height h, and the diameter of the enamel wire is cd, the number of coil winding stacks in the bobbin axial direction, nc, and the number of coil winding stacks in the bobbin radial direction, mc, are as shown in (4) and (5). The number of coil turns can be expressed as (6) as the product of the number of stacks in the radial and axial directions.


   n c  =    h   c d      − 1  



(4)






   m c  =  w   c d     



(5)






  N =  n c   m c   



(6)







The current flowing in the magnetic coil can be expressed as (7) using the copper wire diameter Nd excluding the insulating layer of the enamel wire, the resistivity  ρ , and the average length lca of the one-turn coil winding [31].


  I =  V  4 ρ         l  c a   N     π  N d    2         



(7)







In the magnetic coil design, the design conditions that affect the TCV electromagnetic force are the inner diameter, outer diameter, bobbin height, applied voltage, and the diameter of the enameled wire. Magnetic coil rotation is a factor that affects the electromagnetic force when voltage and resistance are fixed. The conducting and overall diameter were chosen to fill the magnetic coil to the maximum within the bobbin space. Therefore, the design elements of the magnetic coil assembly are shown in Table 1.
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Figure 7. Schematic of the magnetic coil winding. 






Figure 7. Schematic of the magnetic coil winding.
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2.5. Design of the Permanent Magnet


In order to set the polarity direction of the permanent magnet, it was designed with four conditions, as shown in Figure 8. The polarity design condition of the permanent magnet is that even if the magnetic coil power is cut off, the magnetic force between the armature and the magnet core must be maintained over a certain level. Total electromagnetic force analysis was performed using a Maxwell V14 for the four polarities of a permanent magnet. A two-dimensional (2D) axisymmetric model was used for TCV. Figure 9 shows the total electromagnetic force according to the polarity of the permanent magnet by applying the N-35H standard of Nd-Fe-B material to the permanent magnet. In Figure 8a,b, when the polarity of the permanent magnet is located at the top and bottom, the total electromagnetic force is 0 N at the current 0 A, as shown in Figure 9. In the TCV with a permanent magnet in Figure 8a or Figure 8b, when power is applied, the armature moves to the magnet core, and when the power is cut off, the armature returns to its original position. Therefore, if the polarity of the permanent magnet is located at the top and bottom, the function of the conventional TCV is similar. As shown in Figure 8c,d, when the polarity of the permanent magnet is located at the inner diameter and outer diameter, the total electromagnetic force becomes more than 6 N at 0 A, as shown in Figure 9. In a TCV with a permanent magnet in Figure 8c,d, the armature moves to the magnet core when power is applied. However, even if the power is cut off, the magnetic force of the permanent magnet will not return the armature to its original position. Therefore, the polarity direction of the permanent magnet can be set to (c) or (d) in Figure 8.



The permanent magnet design is shown in Figure 10. According to the polarity direction results in Figure 8 and Figure 9, the inner diameter was set to N pole and the outer diameter to S pole. In addition, the small size of the permanent magnet facilitates magnetization and is designed with four sections in the axial direction to minimize material loss. To design the specifications of permanent magnets, total electromagnetic force analysis was performed for each permanent magnet specification. The material of the permanent magnet was selected as Nd-Fe-B. The designs were reviewed by applying N-35H, N-42H, N-48H, and N-50H according to the residual magnetic flux density and coercive force that affect the total electromagnetic force. Table 2 shows the residual magnetic flux density and coercive force values for each permanent magnet.



Total electromagnetic force analysis was performed from an initial air gap of 0.47 mm between the armature and the magnet core to a stroke of 0.30 mm with the plunger moving. In the conventional TCV, the lower case material was applied as S10C and the electromagnetic force analysis was performed. Permanent magnet TCV has applied permanent magnets of N-35H, N-42H, N-48H, N-50H specifications to the lower case. Figure 11 shows the comparison of electromagnetic force and total electromagnetic force according to the stroke of the conventional TCV and the TCV to which the permanent magnet specification is applied. Figure 11a shows the results of the electromagnetic force and total electromagnetic force for each stroke when a current of 3.4 A is applied to the TCV. At 0.30 mm stroke, the total electromagnetic force was about 11.8% higher in permanent magnet TCV than conventional TCV and about 3.6% higher in 0mm stroke. Because the total electromagnetic force of permanent magnet TCV is higher than that of conventional TCV, the initial use current can be lower than 3.4 A. However, the total electromagnetic force of TCV with permanent magnets of the N-35H, N-42H, N-48H, and N-50H specifications at 3.4 A were similar. As shown in Figure 11b, the conventional TCV does not generate any electromagnetic force at 0 A when the TCV is de-energized. Permanent magnet TCV exhibited a magnetic force of more than 5 N at 0 mm distance between plunger and sol-seat. TCV with N-50H specification permanent magnets showed the highest magnetic force of about 7.3 N. Therefore, the permanent magnet specification is designed as N-50H, which shows the highest magnetic force at 0 A when no current is supplied.



Figure 12 shows the electromagnetic force simulation results of the conventional TCV. Figure 12a,b shows the results of magnetic flux density and magnetic field strength when a current of 3.4 A is applied to the conventional TCV. This is the result at 0 mm of stroke where the plunger completely closes the sol-seat flow path. At 0 A, when no current is applied, the magnetic flux density and magnetic field strength are zero. Figure 13 shows the electromagnetic force for each stroke applying a current from −3.4 A to 3.4 A. Conventional TCV showed the same value in left-right symmetry with respect to 0A.



Figure 14 and Figure 15 show the total electromagnetic force analysis results of TCV with N-50H permanent magnet applied. Figure 14 shows the magnetic flux density and magnetic flux strength at 3.4 A and 0 A. In the conventional TCV, the magnetic flux density and magnetic flux strength did not appear at 0 A, but in the permanent magnet TCV, the magnetic flux density and magnetic flux strength appeared even when no current was supplied. However, in the permanent magnet TCV, the magnetic flux density and magnetic flux strength were exhibited by the permanent magnet as shown in Figure 14c,d even when no current was supplied. Because the magnetism of permanent magnets is directional, a reverse current was supplied, as shown in Figure 15, to interrupt the flux flow between the magnetic material and the permanent magnet. Conventional TCV showed the same electromagnetic force at −3.4 A and 3.4 A. However, for the permanent magnet TCV, the magnetic flux density and magnetic flux strength were greater when supplying a current of 3.4 A than −3.4 A. Figure 16 shows the total electromagnetic force for each stroke applying a current from −3.4 A to 3.4 A. Due to the permanent magnet, even if the current is cut off at the point where the stroke of the plunger and sol-seat is 0 mm, the magnetic force of 7.3 N is maintained and it can withstand the hydraulic brake pressure of 3.1 N. When the current is cut off in the conventional TCV, the armature returns to its original position by the spring because the electromagnetic force between the plunger and the magnet core becomes 0 N. However, the permanent magnet TCV needs to supply reverse current to make the total electromagnetic force between the armature and the magnet core 0 N, and the armature returns to its original position by the spring. When the armature returns to its initial position (stroke 0.30 mm), the magnetic force between the armature and the magnet core of the permanent magnet TCV is 2.7 N. The hydraulic and spring force is greater than the magnetic force, so the armature cannot move to the magnet core by the magnetic force of the permanent magnet. So, here’s how the permanent magnet TCV works:




	(1)

	
Applying a current of 3.4 A to the permanent magnet TCV generates a total electromagnetic force of 20 N at 0.30 mm stroke, and the armature can move to the magnet core.




	(2)

	
At stroke 0 mm, even if the current is cut off, the armature cannot return to its original position due to the magnetic force of the permanent magnet of 7.3 N.




	(3)

	
A current of −1.4 A is supplied to make the total electromagnetic force between the armature and the magnet core close to 0 N.




	(4)

	
At this time, the armature can return to the initial position by the spring reaction force, and when returning to the initial position, the reverse current is cut off.
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Figure 14. Permanent magnet TCV: (a) magnetic flux density at 3.4 A; (b) magnetic field strength at 3.4 A; (c) magnetic flux density at 0 A; (d) magnetic field strength at 0 A. 






Figure 14. Permanent magnet TCV: (a) magnetic flux density at 3.4 A; (b) magnetic field strength at 3.4 A; (c) magnetic flux density at 0 A; (d) magnetic field strength at 0 A.
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Figure 15. Permanent magnet TCV: (a) magnetic flux density at −1.4 A; (b) magnetic field strength at −1.4 A; (c) magnetic flux density at −3.4 A; (d) magnetic field strength at −3.4 A. 






Figure 15. Permanent magnet TCV: (a) magnetic flux density at −1.4 A; (b) magnetic field strength at −1.4 A; (c) magnetic flux density at −3.4 A; (d) magnetic field strength at −3.4 A.
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Figure 16. Total electromagnetic force for each stroke in the permanent magnet TCV. 






Figure 16. Total electromagnetic force for each stroke in the permanent magnet TCV.
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3. Product Manufacturing and Performance Evaluation


The diameter of the magnetic coil was Φ0.3, and 36.5 layers ∗ 10 steps were wound on the bobbin to manufacture the magnetic coil winding as shown in Figure 17a. Figure 17b is a permanent magnet made of Nd-Fe-B material in N-50H standard and manufactured in 4 divisions. As shown in Figure 17c, a coil assembly was fabricated by assembling a four-part permanent magnet instead of the lower case of the conventional TCV. A permanent magnet TCV was fabricated, as shown in Figure 17d, to experimentally confirm the performance evaluation of the actual vehicle condition by applying the total electromagnetic force and hydraulic pressure of the TCV.



As shown in Figure 18, the experimental device to check the total electromagnetic force of TCV uses a 1-ton servo press to control the stroke, which is the distance between plunger and sol-seat. From the simulation results in Figure 13 and Figure 16, the total electromagnetic force of TCV was confirmed to be less than 50N, and a load cell capable of measuring up to 50N was mounted on the servo press. In addition, a power supply device was prepared to check the total electromagnetic force for each current. Conventional TCV and permanent magnet TCV were manufactured and tested. Figure 19a is the result of comparing the total electromagnetic force for each current at stroke 0 mm with simulated and experimental values. Figure 19b shows the total electromagnetic force at a stroke of 0.30 mm. It was confirmed that the total electromagnetic force for each current at 0 mm and 0.30 mm strokes was similar to the simulated and experimental values. The total electromagnetic force of permanent magnet TCV and the electromagnetic force of conventional TCV was similar at 3.4 A. The permanent magnet TCV has a magnetic force of about 7.0 to 7.3 N between the armature and the magnet core even if the current is applied and then cut off, so it was confirmed that the sol-seat flow path could not be opened. In addition, it was confirmed that a reverse current of −0.9 to −2 A was required to open the flow path of the sol-seat.



In order to verify the functioning of the TCV in real vehicle conditions, the performance tests of conventional TCVs and permanent magnet TCVs were performed using hydraulic performance test equipment, as shown in Figure 20. The test condition is that a TCV with 60 bar hydraulic pressure is applied. Check that the pressure change is less than 2 bar for 30 s after 5 s of stabilization time. Figure 21a is the hydraulic performance test result of the conventional TCV. To operate the TCV at a hydraulic pressure of 60 bar, 3.4 A was applied and the current was lowered to 1.5 A to minimize heat generation of the magnetic coil. In the section where the flow path was closed, it was necessary to continuously supply a current of 1.5 A. Figure 21b shows a hydraulically applied permanent magnet TCV, which applied current to de-energize the TCV as soon as it was activated. Even if the current was cut off, the flow path was closed by the magnetic force of the permanent magnet, and a reverse current was applied to open the closed flow path. Therefore, it was found that the permanent magnet TCV satisfies the function of the conventional TCV even if it does not continuously supply current after the initial operation.




4. Conclusions


In this study, a permanent magnet TCV for electric vehicle ESC was designed using the finite element method. As a result of fabricating the product according to the finite element results and analyzing the characteristics experimentally, the following conclusions were drawn.



	(1)

	
Permanent magnet polarity direction and specifications were set through simulation. The TCV was designed by applying the set permanent magnet, and as a result of simulation analysis, the total electromagnetic force required for the TCV was satisfied. The total electromagnetic force showed similar results in simulation and product evaluation.




	(2)

	
When a current of 3.4 A was applied, the total electromagnetic force of the permanent magnet TCV at 0.30 mm and 0 mm strokes was similar to that of the conventional TCV. These results show that there is no problem with the operation of the armature by total electromagnetic force when a current of 3.4 A is applied in each stroke. Therefore, there was no problem with the total electromagnetic force of TCV even if we replaced the low case with an N-50H permanent magnet in the conventional TCV.




	(3)

	
Even after cutting off the current at the 0 mm stroke, which is the position where the sol-seat flow path is completely closed, a magnetic force of 7.3 N remains due to the permanent magnet. It was possible to close the flow path of the sol-seat and cut off the current for the time required to be maintained, and only the magnetic force of the permanent magnet could be used. Therefore, it was possible to reduce the temperature rise and power consumption of the magnetic coil.




	(4)

	
A reverse current of −0.9 to −2.0 A was required to open the closed flow path of the sol-seat. It has the same function as power off in a conventional TCV. Thus, the permanent magnet solenoid valve was able to open the flow path with a reverse current and shut off the current (0 A) after the flow path was opened.




	(5)

	
After the flow path of the sol-seat was completely opened (0.30 mm stroke), the magnetic force by the permanent magnet was about 2.75 N. However, there was no problem with the TCV function as there was not enough force to move the armature.







In future research, we plan to study not only TCV for ESC, but also various vehicle solenoid valves as permanent magnet solenoid valves. We want to obtain technology that can reduce energy consumption by designing and verifying various permanent magnets using computer-aided engineering.




5. Patents


“SOLENOID VALVE FOR ELECTRONIC STABILITY CONTROL” Patent application number Korea: 10-2020-0150286.
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Figure 1. Configuration of the ESC: (a) Structure of ESC; (b) Solenoid valves of the ESC. 
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Figure 2. Comparison of the conventional TCV and permanent magnet TCV operation methods: (a) Conventional TCV operation method; (b) Permanent magnet TCV operation method. 
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Figure 3. Schematic of the conventional TCV. 
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Figure 4. Air gap between the armature and magnet core: (a) Sol-seat flow path open; (b) Sol-seat flow path close. 
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Figure 5. Load distribution of TCV. 
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Figure 6. Schematic of the permanent magnet TCV. 
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Figure 8. Polarity direction of the permanent magnet. 
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Figure 9. Total electromagnetic force according to the polarity direction of the permanent magnet. 
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Figure 10. Design of the permanent magnet. 
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Figure 11. Total electromagnetic force for the permanent magnet specification: (a) total electromagnetic force for each stroke at 3.4 A; (b) total electromagnetic force for each stroke at 0 A. 
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Figure 12. Conventional TCV: (a) magnetic flux density at 3.4 A; (b) magnetic field strength at 3.4 A. 
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Figure 13. Electromagnetic force for each stroke in the conventional TCV. 
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Figure 17. Manufacture of the permanent magnet TCV: (a) magnet coil winding; (b) permanent magnetic; (c) coil assembly; (d) TCV. 
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Figure 18. Magnet force tester of TCV. 
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Figure 19. Comparison of FEA and experiment results: (a) 0 mm stroke; (b) 0.3 mm stroke. 
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Figure 20. Function tester of TCV. 
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Figure 21. Comparisons of function tester results: (a) conventional TCV; (b) permanent magnet TCV. 
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Table 1. Design parameters of the magnetic coil winding.
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	Parameter
	Values





	Voltage (V)
	12



	Resistance (Ohm)
	3.5



	Conduct diameter (Cd:Φ)
	0.3



	Overall diameter (Nd:Φ)
	0.345



	Bobbin inner diameter (Bi:Φ)
	8.5



	Bobbin outer diameter (Bo:Φ)
	16.1



	Bobbin height (h:mm)
	12.8



	Bobbin width (w:mm)
	3.3



	Specific resistance (Ohm-mm)
	1.7E−0.5



	Resistance per unit length (Ohm-mm)
	2.44E−0.4



	Layer (turns)
	36.5



	Step
	10



	Magnetic coil turns
	360



	Ampere turn
	1234
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Table 2. Design parameters of the permanent magnet.
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Parameter

	
Values






	
N-35H

	
Residual induction (T)

	
1.16–1.22




	
Coercive force (KA/m)

	
845 MIN




	
N-42H

	
Residual induction (T)

	
1.28–1.34




	
Coercive force (KA/m)

	
938 MIN




	
N-48H

	
Residual induction (T)

	
1.36–1.43




	
Coercive force (KA/m)

	
1000 MIN




	
N-50H

	
Residual induction (T)

	
1.39–1.46




	
Coercive force (KA/m)

	
1035 MIN




	
Air gap (mm)

	
0.47




	
Stroke (mm)

	
0.30
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