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Abstract

:

A model-based study is carried out based on a combination of mathematical and Maxwell models to develop a high-performance electric pressure regulator utilized for compressed-natural-gas-fueled vehicles. To reduce computational cost, a symmetric two-direction model of the electric pressure regulator is established in Maxwell software, in which its material properties and dimension parameters are obtained on the base of specifications of a real electric pressure regulator. The output of simulating in Maxwell is the electromagnetic force, which is significantly improved when changing core shape in the various dimensions ∆1, ∆2, and ∆3. The optimal electromagnetic force is utilized for the mathematical models as an input variable to simulate the operational characteristics of the electric pressure regulator such as displacement and response time of plunger. The operational characteristics of the electric pressure regulator are examined under the influences of key parameters, including inlet gas pressure, diameter of orifice, and spring stiffness. By optimizing these key parameters, the simulated results in this study show that an electric pressure regulator with high performance can be obtained.
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1. Introduction


An electric pressure regulator (EPR) is an energy-conversion device to control stable pressure for an injection system used gaseous fuel. The EPR can be combined with the hydrogen- and natural-gas-fueled injection systems to improve engine performance and reduce exhaust emission further [1,2,3]. Currently, studies relating to the EPR used for natural-gas-fueled injection systems are very few. Yamin and Hamdan [4] showed a gaseous regulator used for a spark ignition four-stroke engine fueled with hydrogen; however, they used a pressure regulator operated with the normal suction pressure that cannot be electrically controlled. Ehsan [5] investigated the effects of spark timing on the performance of a spark-ignition engine fueled with natural gas, in which a solenoid integrated pressure regulator was used to shut off the natural gas supplying the engine. Authors in reference [6] showed an EPR modeling used for a premixed compressed natural gas (CNG) engine; however, they did not mention solenoids in detail which strongly relates to the operation of an EPR.



The normal pressure regulators using mechanical mechanisms can limit the controlled pressure range because of their self-acting characteristics [7,8]. Thus, a new generation of pressure regulators like EPRs will be a potential candidate for replacing the normal pressure regulators, allowing for the flexible control of the gas pressure supplying the injector on the basis of the various working conditions of the internal combustion engine. The use of EPRs can help to control independently and precisely the injection pressure following the various working conditions to improve engine performance as well as exhaust emission.



A solenoid valve is used in the EPR structure, thus, the dynamic response, as well as the operating performance, of the EPR strongly depends on the opening and closing of the solenoid valve. Electromagnetic force is a decisional factor for the dynamic response of the solenoid valve, which is formed as the solenoid valve of EPR’s supplied input current. The magnitude of the electromagnetic force is affected by the various parameters of the solenoid valve, including structural parameters (e.g., plunger shape, coil turns, coil location, etc.) and operating parameters (input current, voltage) [2,9,10]. Authors in reference [2] showed a simulation study to improve the electromagnetic force in a solenoid gas injector on the basis of influences of design parameters, including coil turns number, spring stiffness, and plunger mass. Liu et al. [9] indicated that by changing the structural parameters, including pole radius, yoke thickness of magnet, coil turns, air gap, and radius and thickness of armature, the electromagnetic force in a solenoid valve could be increased. Yoon et al. [10] optimized the plunger shape by using the finite element method combined with sequential quadratic programming to enhance the electromagnetic force. Cvetkovic et al. [11] investigated the effects of plunger pole shapes on the electromagnetic force of a fuel injector solenoid actuator using Maxwell software. Their simulation results showed that electromagnetic force could be increased when the plunger pole shapes were changed. Hung and Lim [12] presented a simulation study to improve the electromagnetic force of a solenoid injector, in which they changed the cross-sectional shape of the coil, thickness of the cut-off of the sleeve, and the relative position between the coil and plunger to obtain the highest electromagnetic force. The improvements of electromagnetic force based on the effects of structural parameters were also found in other studies [13,14,15,16,17,18,19,20,21,22]. The previous studies [2,9,10,11,12,13,14,15,16,17,18,19,20,21,22] provided useful information when improving electromagnetic force in a solenoid by optimizing design parameters such as plunger shape, plunger mass, coil shape, coil turns, coil location, air gap, pole radius, and yoke thickness of the magnet. However, core shape was rarely mentioned in the previous studies, which is considered one of the key parameters affecting electromagnetic force as well as the operating performance of a solenoid. The change of core shape can result in changing the magnetic field strength and flux line, thus, the electromagnetic force is also affected as a result.



The main purpose of this paper is to improve the electromagnetic force of a solenoid used for an EPR using a model-based study under the influence of the core shape. Mathematical models are used to describe the operation of the EPR including electrical and mechanical models. In addition, to simulate electromagnetic force, a two-dimensional (2D) model of the EPR is established in Maxwell, in which the 2D model has a symmetric type to save the computational cost. Material features, dimensional parameters, and operating conditions of the EPR 2D model are selected based on specifications of a real EPR. In the 2D model-based study, electromagnetic force is examined based on the change of core shape. The highest electromagnetic force obtained by optimizing the core shape is imported into the mathematical models to simulate the dynamic response of the EPR. The effects of gas pressure in inlet, spring stiffness, and orifice diameter on the dynamic response of the EPR are investigated.




2. Mathematical Models


An EPR utilizes a solenoid valve to open and close the inlet gas port, which includes two main parts: the mechanical part (e.g., spring, plunger) and the electrical part (e.g., coil). When the coil of an EPR is provided the input current, the plunger moves in upward to open the inlet gas port while the spring is compressed. Afterward, if the supply of input current is stopped, the plunger will be pushed back to close the inlet gas port due to the spring elastic force. In order to describe the operation of the EPR, mathematical models are established, including mechanical and electrical models.



2.1. Mechanical Model


In order to describe the mechanical operation of an EPR, an operating model and a force analysis model are shown in Figure 1a,b, respectively. When the EPR is activated by input current, the plunger is moved in upward under the support of electromagnetic force and gas force. However, its motion is also affected by resistance forces such as gravitational force and elastic force caused by plunger mass and spring, respectively. Table 1 shows the specifications of an EPR, in which the EPR is designed with a range of inlet maximum gas pressure from 20 bar to 30 bar. The plunger motion obeys the second law of Newton, as described by the following equations:


   ∑ F  =  m  p r      d 2   x  p r     d  t 2     



(1)






   F  e r   −  F  s r   −  F  d r   +  F p  −  F  g r   =  m  p r      d 2   x  p r     d  t 2     



(2)






   F  e r   −  k r  ( x + Δ ) −  b r    d  x  p r     d t   +  P  i n    S o  −  m  p r   g =  m  p r      d 2   x  p r     d  t 2     



(3)




where, Fer is electromagnetic force, Fsr is spring force, Fdr is damping force, Fgr is gravitational force, Fp is pressure force, kr is spring stiffness, ∆ is initial compression, mpr is plunger mass, Pin is inlet pressure, So is orifice cross-sectional area, and xpr is plunger displacement of the EPR.




2.2. Electrical Model


Electromagnetic force appears when the coil of an EPR is provided by input voltage, which helps the plunger to move in upward, as shown in Figure 1b. The input voltage is described through an equation showing its relationship with coil resistance, current, and total flux of winding [2]:


   v  0 r   =  R r   i r  +   d  λ r    d t    



(4)




where, λr is the total flux in the EPR, vor is voltage providing to the EPR, ir is current in the coil of the EPR, Rr is coil resistance of the EPR.



λr is also described as a function of current, which is presented by:


   λ r  = L (  x  p r   )  i r   



(5)




where L(xpr) is inductance of the EPR.



The voltage and current providing to the coil of the EPR are derived by combining Equations (4) and (5):


   v  0 r   =  R r   i r  + L (  x  p r   )   d  i r    d t   +  i r    d L (  x  p r   )   d  x  p r       d  x  p r     d t    



(6)






    d  i r    d t   =  1  L (  x  p r   )    [   v  0 r   −  R r   i r  −  i r    d L (  x  p r   )   d  x  p r       d  x  p r     d t    ]   



(7)







The current in Equation (7) is used as a variable to calculate the electromagnetic force which is presented by the following equations [23]:


   W m ′  (  i r  ,  x  p r   ) =    ∫ 0   i r     λ (  i r  ,  x  p r   ) d  i r     =    ∫ 0   i r     L (  x  p r   ) .  i r  d  i r     =  1 2   i r 2  . L (  x  p r   )  



(8)
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(9)




where    W m ′  (  i r  ,  x  p r   )   is co-energy [23], which is a function of the inductance and current in the coil.



The inductance of the EPR is defined by [24]:


  L (  x  p r   ) =    N r 2      ∑ 1 n    ℜ  r i        



(10)




where     ∑ 1 n    ℜ  r i       is the total reluctance of the EPR and Nr is coil turns number.





3. EPR Model in Maxwell


A 2D (two dimensional) drawing of the EPR is produced by computer-aided design (CAD) software. Afterward, this 2D drawing of the EPR is imported into Maxwell software to simulate the electromagnetic force. A 2D model of the EPR is created in Maxwell along with its specifications, which is based on operating and structure parameters of a real EPR. To reduce computation cost, the 2D model of the EPR in Maxwell is created with a symmetric type as presented in Figure 2.



The specifications of the EPR such as resistance of the coil, coil turns number, and input current are utilized as initial parameters for the 2D model of the EPR in Maxwell. Material features of components of the EPR are also used as initial parameters to model the electromagnetic force and magnetic characteristics of the EPR. The materials are selected based on materials of real components, which are presented in Table 2.




4. Effecting Flowchart


Core shape is considered to be a key parameter affecting the electromagnetic force of the EPR, which is not mentioned in the previous studies. In this study, to observe how the electromagnetic force is varied and obtain optimal value, the core shape of EPR is changed based on the change of its dimensions. In addition, defining the required spring stiffness is needed to ensure that the inlet hole of the EPR is closed by spring force acting on the plunger at a static state without electromagnetic force. Based on the influences of inlet gas pressure and diameter of the orifice, the spring stiffness is suitably designed to ensure the closing inlet hole of the EPR mentioned above. The required spring stiffness and the electromagnetic force optimized by changing the core shape are used as input parameters for the mathematical model to calculate and analyze the dynamic response of the EPR. A flowchart is made to see how these parameters affect the operating characteristics of the EPR, which is described in Figure 3.




5. Simulation Results


5.1. Analysis and Optimization for Electromagnetic Force


The electromagnetic force is analyzed and optimized based on the effects of core shape. The core shape is varied based on its dimensions, which is depicted by dimension parameters ∆1, ∆2, and ∆3, as shown in Figure 4. The core is designed in a special shape to increase the electromagnetic force, which is not mentioned in the previous studies. The dimensions ∆1, ∆2, and ∆3 are considered to be key parameters related to changing the flux lines on the core, thus, they affect the electromagnetic force. This section examines the influences of core shape for the electromagnetic force based on the change of ∆1, ∆2, and ∆3.



5.1.1. The Influences of ∆1


Figure 5 shows influences of ∆1 for electromagnetic force versus stroke of the plunger, in which the value of ∆1 is changed from 0 mm to 0.8 mm. The initial parameters, including resistance of the coil, input current, and coil turns number are respectively kept at 4.1 Ω, 2.9 A, and 600. When Δ1 is increased, the electromagnetic force is decreased, as observed in Figure 5. Reduced magnetic flux line on the core due to the increase of Δ1 can be a cause of this phenomenon, which results in the reduction of the electromagnetic force. As can be seen in Figure 5, the values of electromagnetic force at Δ1 = 0 mm are almost higher than that of Δ1 = 0.4 mm and Δ1 = 0.8 mm, thus, it can be selected as an optimal value among the various values of Δ1.




5.1.2. The Influences of ∆2


The influences of ∆2 for electromagnetic force are shown in Figure 6, in which the value of ∆2 is changed from 0 mm to 2 mm. The initial conditions—input current, resistance of the coil, and coil turns number—are kept at 2.9 A, 4.1 Ω, and 600, respectively. The electromagnetic force is increased when Δ2 is increased, which is observed in Figure 6. The increase of Δ2 leads to improving the electromagnetic force, which is clearly seen when Δ2 is changed from 0 mm to 1 mm. The electromagnetic force has a slightly increased trend as Δ2 continues to increase to 2 mm. This phenomenon can be explained that the magnetic flux line towards the plunger increases and then obtains a saturation state because Δ2 is increased while Δ3 is not changed.




5.1.3. The Influences of ∆3


Figure 7 shows the influences of ∆3 for electromagnetic force, in which the value of ∆3 is changed from 0 mm to 1 mm. The initial conditions including resistance of the coil, coil turns number, and input current are retained constant. The change of ∆3 leads to different changing tendencies of the electromagnetic force, as observed in Figure 7.



The electromagnetic force has reduced tendency as Δ3 is changed from 0 mm to 1 mm and the stroke of the plunger is increased from 0 mm to 1 mm. Nevertheless, the electromagnetic force then increases again when the stroke of the plunger continues to increase from 1 mm to 2 mm, which shows an opposite tendency when compared with the electromagnetic force of the previous stage of plunger stroke (0 mm to 1 mm). The increase of Δ3 results in increasing the slope angle of the core, which can orient better the magnetic flux lines toward the plunger.




5.1.4. Optimization of Electromagnetic Force


Based on the results obtained in the prior sections, the values of 0 mm, 2 mm, and 0.25 mm can be selected as optimal values for ∆1, ∆2, ∆3, respectively. To make an optimal shape of the core, the parameters ∆1, ∆2, and ∆3 are combined. In this way, the electromagnetic force of the EPR can be significantly improved. Figure 8 shows a comparison between the electromagnetic force of the original and developed versions of EPR under the combined influences of ∆1, ∆2, and ∆3.



By selecting the optimal values of ∆1, ∆2, and ∆3, the electromagnetic force of the developed EPR is considerably improved when compared to the electromagnetic force of the original version of the EPR, as observed in Figure 8. It can be seen that the improvement of electromagnetic force at a plunger stroke of 1.75 mm is highest (16.4 %). In addition, the electromagnetic force profile tends to be horizontal, which shows a high operating performance of the developed EPR.



Figure 9 shows a comparison in magnetic field strength between the original version and developed version of the EPR, in which the magnetic field strength is obtained at the various plunger strokes. For the developed version, the values of the magnetic field strength concentrated between the plunger and core have an increasing trend when compared with the original version, which can lead to improving electromagnetic force as presented in Figure 8.





5.2. Requirement for Spring Stiffness and Spring Force


When the EPR is not operated (static state), the plunger closes the inlet gate of the EPR through the spring force. The plunger can be pushed by gas pressure force and the inlet gate of the EPR is opened if spring stiffness is not high enough. The gas pressure force at the inlet gate of the EPR depends on orifice diameter and inlet pressure. Thus, it is needed to define requirements for spring stiffness as well as spring force following the orifice diameter and inlet pressure to make certain that the plunger can close the inlet gate in the static state of the EPR. The requirements for spring stiffness as well as spring force are defined based on the influences of orifice diameter and inlet gas pressure as shown in Figure 10. The orifice diameter is changed from 2.5 mm to 3.5 mm, and the inlet gas pressure is varied at 20 bar, 25 bar, and 30 bar. When the orifice diameter is increased while the inlet gas pressure is retained at 20 bar, the spring force and stiffness of the spring increased by 49.7%. In addition, the spring force and stiffness of spring increased by 34% when increasing the inlet gas pressure, as shown in Figure 10. The optimal electromagnetic force obtained previously along with the values of spring stiffness obtained in Figure 10 are utilized as inputs to investigate the influences of inlet gas pressure and orifice diameter on response characteristics of the EPR.




5.3. Characteristics of Dynamic Response


In a transient state, characteristics of dynamic response depend on design parameters as well as electromagnetic force, which play a key role in designing a high-performance EPR. The effects of inlet gas pressure and orifice diameter on the displacement of the plunger are shown in Figure 11, Figure 12 and Figure 13. The initial conditions including input current, resistance of the coil, coil turns number, input voltage duration, and spring stiffness are retained at 2.9 A, 4.1 Ω, 600, 5 ms, and 2942.8 N/m, respectively. When the diameter of the orifice is increased, the plunger displacement reaches the maximum value faster, as observed by an enlarged picture in Figure 11. By increasing inlet gas pressures, this tendency is also observed, as shown in Figure 12 and Figure 13. This can be explained through the increase of gas pressure force due to the increased orifice diameter. In addition, when the gas pressure at the inlet gate is increased, the plunger displacement reaches the maximum value faster because the gas pressure force is increased as the inlet gas pressure is increased.



When the supply input voltage to the EPR is stopped, the plunger is pushed down by the elastic spring force to close the inlet gate. The plunger displacement in this stage is strongly affected by the spring elastic force as well as spring stiffness. The displacement of the plunger is decreased to the initial position earlier as the diameter of the orifice is reduced, as observed in Figure 11. This can be explained by the influences of the elastic spring force and gas pressure force for the motion of the plunger during the close stroke. When the diameter of the orifice is reduced, the gas pressure force is also reduced accordingly, thus, the difference between the elastic spring force and the gas pressure force is increased. As the result, the displacement of the plunger decreases earlier during the close stroke when the diameter of the orifice is reduced. It can be seen that the increased orifice diameter has a benefit for the open stroke, but it is also a disadvantage for the close stroke of the plunger in the EPR.



The influences of inlet gas pressure and orifice diameter on the response time of open and close processes of EPR are presented in Figure 14 and Figure 15, respectively. The simulation results in Figure 14 show that by increasing the diameter of the orifice, the response time of the open process is decreased. In addition, increasing the inlet gas pressure has also a benefit for reducing the response time of the open process. It can be seen that when the inlet gas pressure and orifice diameter are 30 bar and 3.5 mm, respectively, the value of open response time is smallest (1.66 ms), as shown in Figure 14. Figure 15 shows the influences of inlet gas pressure and orifice diameter on the response time of the close process of the EPR. As shown in Figure 15, the response time of the close process is higher than that of the open process at the same values of inlet gas pressure and orifice diameter, which can be explained by the resistance force for the plunger motion due to the inlet gas pressure. Unlike the trend of response time in the open process, when the diameter of the orifice and inlet gas pressure are increased, the response time of the close process has an increasing trend due to the increased gas pressure force. Therefore, a suitable selection of inlet gas pressure and the diameter of the orifice can optimize the response time of open and close processes of the EPR.





6. Conclusions


The operation of the EPR has been modeled by using a combination of mathematical and Maxwell models. A developed study was conducted to predict the influences of the core shape for the electromagnetic force, in which new shapes of the core were proposed by changing its dimensional parameters, including ∆1, ∆2, and ∆3. This study indicated that the change of core shape through the variation of ∆1, ∆2, and ∆3 considerably improved the electromagnetic force of the EPR. The simulation results showed that when ∆1, ∆2, and ∆3 were varied at 0 mm, 2 mm, and 0.25 mm, respectively, the electromagnetic force was optimized. The response characteristics of the EPR were then investigated using the electromagnetic force optimized before. The influences of EPR design parameters, including required spring stiffness, inlet gas pressure, and orifice diameter, on the response characteristics of the EPR were investigated. When the inlet gas pressure and orifice diameter, respectively, were increased to 30 bar and 3.5 mm, the open response time was significantly reduced, while the close response time was considerably increased due to the influence of the increased inlet gas pressure. By selecting the design parameters appropriately, the open and close response time of the EPR could be optimized. The model-based study could be beneficial guidelines to design and develop an EPR with high operating performance, applied for CNG-fueled vehicles to increase efficiency and reduce exhaust emission.
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Figure 1. Electric pressure regulator (EPR) with (a) operating model and (b) force analysis model. 
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Figure 2. Symmetric model of the EPR in Maxwell. 
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Figure 3. A flowchart for analyzing the dynamic response of the EPR based on influences of input parameters. 
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Figure 4. The change of core shape in dimension parameters. 
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Figure 5. The influences of ∆1 on electromagnetic force. 
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Figure 6. The influences of ∆2 on electromagnetic force. 
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Figure 7. The influences of ∆3 on electromagnetic force. 
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Figure 8. The combined influence of ∆1, ∆2, and ∆3 on electromagnetic force. 
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Figure 9. Magnetic field strength of (a) original version and (b) developed version. 
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Figure 10. Requirements for spring force and stiffness of spring based on the influences of orifice diameter and inlet gas pressure. 
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Figure 11. Displacement of the plunger under the effect of orifice diameter as inlet pressure is kept at 20 bar. 
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Figure 12. Displacement of the plunger under the effect of orifice diameter as inlet pressure is kept at 25 bar. 
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Figure 13. Displacement of the plunger under the effect of orifice diameter as inlet pressure is kept at 30 bar. 
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Figure 14. The influences of inlet gas pressure and orifice diameter for open response time. 
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Figure 15. The influences of inlet gas pressure and orifice diameter for close response time. 
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Table 1. EPR specification.






Table 1. EPR specification.





	Parameters
	Value





	Input current (A)
	2.9



	Resistance of the coil (Ω)
	4.1



	Coil turns number
	600



	Inlet maximum gas pressure (bar)
	20–30



	Mass of plunger (g)
	31



	Spring free length (mm)
	17



	Spring initial compression (mm)
	9.7
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Table 2. Materials of components in EPR.






Table 2. Materials of components in EPR.





	Components
	Material Type
	Material Name





	Coil
	Copper
	Copper



	Plunger
	Stainless steel
	S416



	Sleeve
	Stainless steel
	S416



	Casing
	Stainless steel
	S430



	Core
	Stainless steel
	S416
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