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Abstract

:

Camless valvetrains have become a promising direction to improve the performance of internal combustion engines. In this paper, an electric load simulator is proposed to simulate and implement gas force on the exhaust valve for camless valvetrains under semi-physical conditions. According to test data, the 1D gas-dynamic model was established to get boundary conditions and initial values for 3D finite element simulation. The 3D finite element simulation model was solved to obtain the gas force characteristics of the exhaust valve for camless valvetrains. The electromagnetic actuator was designed according to the system scheme and performance requirements of the electric load simulator. The PID (Proportion Integration Differentiation) algorithm was designed to control the output force of the electric load simulator and reproduce the gas force characteristics of the exhaust valve. It was found that the output force of the electric load simulator could follow the variation of the target gas force and meet the performance requirements of the electric load simulator based on simulation results and experimental results.
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1. Introduction


The conventional valvetrains with camshafts use fixed cam profiles to get a reasonable compromise between speed stability, fuel economy, and torque performance. However, cam-driven valvetrains do not have efficiencies as large as camless valvetrains over a wide range of engine operation [1]. Camless valvetrains can achieve variable valve timing and opening duration by controlling individual valves. Therefore, in the face of increasingly scarce oil resources and serious environmental problems, studies on camless valvetrains have important research significance to improve the power and economy of automobiles and to reduce energy consumption and pollutant emissions [2].



During the engine exhaust stroke, there is a large pressure difference between the cylinder and exhaust passage when the exhaust valve starts to open. Under these circumstances, the exhaust valve is subjected to large gas force. Depending on the operating conditions of the engine, the combustion pressure in the combustion chamber changes between 0 and 7 bar when the exhaust valve begins to open [3]. Once the exhaust valve is opened, the exhaust gas flows out of the combustion chamber, and the pressure difference between the upper and lower end faces of the exhaust valve is gradually released [4]. As the exhaust valve opens, the gas force tends to decrease to zero gradually from a higher initial value [5].



Junfeng Zhao and other scholars from the University of British Columbia in Canada conducted research on gas force. For a typical valve with a diameter of 25 mm, the initial pressure during the exhaust stroke is 5 bar, and the initial gas force acting on the valve is 250 N. Ryan R. Chladny and other scholars at the University of Alberta in Canada proposed that the energy lost by gas force is roughly the product of the valve lift and half of the initial force. Therefore, the gas force with an initial value of 250 N will dissipate 1 J of energy loss at a valve lift of 8 mm, which will dissipate half of the available potential energy during valve motion [3,4,5]. On the other hand, the gas force has a large influence on the trajectory and small contact velocity of the valve. The small contact velocity is correlated with noise and increased component wear, which is difficult to achieve under real operating conditions depending on various engine speeds and loads, as well as unknown gas forces acting on the valves [6,7,8,9].



In order to test the static performance and dynamic characteristics of the camless valvetrains under load, to save research costs, and to shorten development cycle, it is necessary to carry out simulation and experimental research to reproduce the actual gas force of the valve. Two methods are generally available: physical test and semi-physical test. In the physical test, the engine needs to be burned and work. The stability of the control system is evaluated by actual measurements. This method requires much material, human, and financial resource, so it is difficult to collect the test data. The semi-physical test can simulate the performance of the valve under load by adopting the load simulator to reproduce gas force and load it onto the valve without the engine burning and working. This method can save research and development cost and improve test reliable. It turns destructive experiments into predictive studies under laboratory conditions and helps researchers foresee and detect the problems that occur in the mechanism and control system before they actually operate [10,11,12,13].



Sang Yeal Lee and Hyung Suck Cho adopted the electro-hydraulic load simulator to generate desired torque profiles. A novel fuzzy logic controller was proposed to improve the transient performance and robustness of the load simulator control system. Simulation and experimental results showed that the load simulator could get faster and more accurate dynamic responses by using the designed controller, compared with the fixed fuzzy controller when the operating point and external disturbances were changed [14].



Considering that the electro-hydraulic torque servo system has some disadvantages, such as nonlinearity and time-variable parameters, high cost, and bulkiness, Xingjian Wang selected the electric load simulator to reproduce load force. The velocity-loop compensation based on improved fuzzy control and combined with PID control through the exponential function was proposed to eliminate extraneous torque. Experimental results showed that the extraneous torque eliminated ratio could reach 92.2% [15]. However, there are many nonlinear factors in the actual system operation, including mechanical friction and structural clearance, which make it impossible to completely eliminate the interference of extraneous torque.



Kang Chen designed an electric load simulator for a linear rudder. The load system used permanent magnet direct current actuators to provide aerodynamic force for the linear servo rudder. PID with forward feed control was used to eliminate the extraneous force. Simulation and experimental results demonstrated that the closed system had less than 5% error between the target force and feedback force. The load system had good tracking performance [16].



In order to study the influence of gas force on the exhaust valve and promote further developments and practical application of camless valvetrains, this paper mainly researches the gas force characteristics of the exhaust valve during engine exhaust stroke and designs the load simulator to simulate the load force under semi-physical conditions. In this paper, we propose a 3D engine model for finite element simulation to obtain gas force characteristics in the exhaust stroke. The system scheme and control strategy of the electric load simulator are designed to reproduce ideal gas force on the exhaust valve. Simulation and experimental results verify that the proposed electric load simulator has satisfactory dynamic performance and stability. The main work is organized as follows. Load characteristics of the exhaust valve for camless valvetrains are presented in Section 2. Section 3 presents the configuration and performance requirements of the electric load simulator. Section 4 proposes the mathematical model of the electric load simulator, which is verified by a computer-controlled experimental test bench. Section 5 analyzes the simulation results and the experimental results of the electric load simulator and discusses the application of the designed load system. Section 6 summarizes the whole work and contributions of this paper.




2. System Design


2.1. System Configurations


The target force that the electric load simulator is required to reproduce is not very large, but the requirements of the bandwidth and accuracy are very high. On the other hand, the bearing object is the exhaust valve, which has a certain motion curve, the load simulator needs to follow the valve passively for linear motion. Therefore, the electric load linear simulator was selected as the load device to implement gas force on the exhaust valve under semi-physical conditions by comparing the advantages and disadvantages of different load simulators, as shown in Table 1 [17,18,19,20].



The schematic diagram of the electric load simulator is shown in Figure 1. It was mainly composed of an electromagnetic actuator, a force sensor, an exhaust valve, a DSP controller, and a control computer. The exhaust valve was the carrying object. It was subjected to electromagnetic force Fmag, spring force Fs, damping force Fc, inertial force Fa, and gas force Fg during the exhaust stroke. It was coaxially coupled to the electromagnetic actuator and the force sensor through the connecting shaft. The force sensor was connected with the electromagnetic actuator and exhaust valve by a bolt to measure the output force of the electromagnetic actuator. The concentricity of the force sensor, electromagnetic actuator, and exhaust valve was consistent to transmit the same displacement, speed, and force.



The electromagnetic actuator was used to simulate gas force Fg of the exhaust valve. When the exhaust valve moved in a certain displacement curve, the electromagnetic actuator followed the exhaust valve passively through the connecting shaft to achieve passive follow-up of the displacement. At the same time, the electromagnetic actuator simulated the gas force and loaded it onto the exhaust valve to realize the closed-loop control of the output force through the force sensor.



The control system requires high precision and fast response time to ensure the load simulator can reproduce gas force characteristics while moving with the exhaust valve. Since the DSP (Digital Signal Processing) controller has powerful digital signal processing capabilities, relatively complete event management capabilities, and embedded control functions, it is widely used in industrial control. Therefore, DSP was adopted as the core processor of the electric load simulator to use its rich peripheral design control system and powerful arithmetic processing capability. The signal processor and DSP controller were used to handle and convert signals to the control computer for further data analysis and to realize the control of output force.




2.2. Performance Requirements


The main technical requirements of the electric load simulator are listed below according to the technical parameters of the engine [21]:



(1) In view of the fact that the pressure difference between the cylinder and the exhaust port could reach 8 bar during the exhaust stroke, the output force of the electromagnetic actuator should range from 0–320 N to simulate the gas force.



(2) The maximum velocity of the exhaust valve changes from 2 m/s–3 m/s, so the power of the electric load simulator followed: P≤960 W.



(3) Bandwidth: ≥ 80 Hz.



(4) The maximum stroke of the electric load simulator: 8–10 mm.



(5) In order to improve the control accuracy of the system, static load accuracy requirements: ≤2% FSR (Full Scale Range), dynamic load accuracy requirements: ≤5% FSR.



(6) Taking the performance and cost of electronic components and other factors into account to meet the system response performance, the system supply voltage followed: U≤30 V.




2.3. Electromagnetic Actuator Design


An electromagnetic actuator was designed to reproduce the gas force in view of the configurations and technical requirements of the electric load simulator. It was mainly made up of the mover, stator, displacement sensor, and the fixed part. The prototype and magnetic fluxes of the electromagnetic actuator are shown in Figure 2. The mover and the output shaft of the electromagnetic actuator were connected, which are moving parts. The stator and fixed part were connected. One side of the connection plate of the displacement sensor was pressed and fixed on the mover through the output shaft of the electromagnetic actuator. The other side was screwed with the inner core of the displacement sensor. The mover of the electromagnetic actuator followed the movement of the exhaust valve. Therefore, the speed and displacement signals of the mover could be measured and transmitted to the displacement sensor.



It can be seen from the magnetic fluxes of the electromagnetic actuator that the magnetic lines were densely, evenly, and basically symmetrically distributed after energization. It was less affected by the current. The magnetic induction intensity at the intermediate position of the permanent magnet was the smallest, and the numerical value was approximately zero. The magnetic induction intensity at the intermediate position of the two sets of permanent magnets was the largest, and the numerical value was about 2.24 T [1,22]. The structural parameters of the electromagnetic actuator are shown in Table 2.



The characteristic curve of electromagnetic force is shown in Figure 3. The range of electromagnetic force was from −300 N–300 N, and the magnitude of electromagnetic force was related to coil current and position.





3. Load Characteristics of the Exhaust Valve


3.1. 1D Gas-Dynamic Simulation


In the 3D solution process, the boundary conditions and initial values of the model need to be set. The initial temperature and pressure of the inlet, outlet, combustion chamber, and exhaust passage need to be set in detail so that the in-cylinder simulation environment can be close to the actual working situation at the beginning of the simulation. In order to obtain the boundary and initial values for 3D simulation that are close to the actual working conditions, the 1D simulation model of the engine was established.



Referring to the combustion exothermic law equation of the Vibe model and the Woschni 1978 heat transfer function, which are shown in Equations (1)–(2), the 1D simulation model of the engine was established. The simulation results of the established 1D model were compared with the test data of the prototype machine to revise and adjust model parameters constantly. The 1D gas-dynamic model of the engine is constructed in Figure 4. It mainly consisted of the inlet system, combustion system, and exhaust system [23].


dxdα=αΔαc(m+1)yme−ay(m+1)dx=dQQy=α−α0Δαc



(1)




where x is the percentage of fuel; Q is the total heat release of the fuel injection; α is the crank angle; α0 is the burning start angle; Δαc is the combustion duration; m is the shape parameter; a is the Vibe parameter (a = 6.9 means complete combustion).


αw=130D−0.2Pc0.8Tc−0.53×[C1Cm+C2VDTC1PC1VC1(PC−PC0)]0.8



(2)




where D is cylinder diameter; Pc is engine cylinder pressure; Tc is engine cylinder temperature; VD is volume per cylinder; PC0 is cylinder pressure when the engine starts; TC1 is the cylinder temperature when the intake valve is closed; PC1 is the cylinder pressure when the intake valve is closed.



1D simulation provides transient boundary conditions and initial values for 3D simulation and enables the accurate solution of the 3D numerical simulation. Since only the exhaust stroke of the engine was considered, the intake valve in the 3D engine model was always closed. The simulation values at Test Points 5 and 6 were used as the initial conditions of cylinder and exhaust passage in the 3D simulation, respectively, as shown in Table 3. The settings of the initial conditions have a large influence on the convergence of the calculation while solving 3D CFD simulation.




3.2. 3D Numerical Simulation


The 3D engine model was established for numerical simulation, which included the cylinder, piston, exhaust valve, and exhaust port, as shown in Figure 5a. The specific technical parameters of the engine are shown in Table 4.



The intake port was always closed because only the exhaust stroke of the engine was considered. In the process of dividing the grid, the exhaust valve and piston were set to move to simulate the actual exhaust stroke of camless valvetrains. The refined regions of the moving parts are shown in Figure 5b.



The operating mode of the engine had four strokes, which included the work stroke, exhaust stroke, intake stroke, and compression stroke. The displacement curve of the piston is shown in Figure 6. The exhaust stroke of the 3D engine model was simulated to obtain the gas force characteristics of the exhaust valve. The piston moved from the bottom dead center to the top dead center.



In the camless engine model, the valve and valve actuator were coupled to each other. The valve actuator drove the valve to move. By controlling the movement of the valve actuator, it is possible to control the displacement curve of the valve. In order to improve the division accuracy and solution speed of the moving mesh, the displacement curve was simplified. The actual curve and simplified curve of the valve actuator during the exhaust stroke are shown in Figure 7. The maximum displacement of the valve was set to 8 mm, and the transition time was 5.76 ms when the exhaust valve was fully open. The exhaust stroke piston moves for 25 ms in Figure 6. The process from closing to full opening of the exhaust valve was 5.76 ms. We mainly studied the gas physical force during the process from opening to full opening of the valve, during which the gas physical force will constantly change due to the change of displacement, which is our research content.



In the process of setting solution conditions, the fluid properties were set to air. The transport equation for the standard k−ε wall function was set as Equations (3)–(4) to optimize the laminar flow area.


∂∂t(ρk)+∂∂xi(ρkui)=∂∂xj[(μ+μiσk)∂k∂xj]+Gk+Gb−ρε−YM+SK



(3)






∂∂t(ρε)+∂∂xi(ρεui)=∂∂xj[(μ+μiσε)∂ε∂xj]+C1εεk(Gk+C3εGb)−C2ερε2k+Sε



(4)




where k is turbulent kinetic energy; ε is the dissipation rate; Gk is turbulent kinetic energy generated by the average velocity gradient; Gb is turbulent kinetic energy generated by buoyancy; YM is the expansion dissipation rate; C1ε, C2ε, and C3ε are constants; σk, σε are the turbulent Prandtl number of k and of ε; SK, Sε are user-defined source terms.



Set the turbulent and turbulent energy lengths of the system according to Equations (5)–(7).


Turb.kin.energy=1.5*(u2)



(5)






Turb.length.scale=H/2



(6)






u=1.4*h*(n/60)



(7)




where n is engine speed; H is the maximum valve lift; h is the piston stroke.



The values of low relaxation factors, including momentum, pressure, turbulent kinetic energy, and dissipation rate were set as appropriate values to control the speed of the fluid equation and improve the stability of the calculation. A simple algorithm was set to solve the model because it had a large effect on pressure-velocity coupling [24].



The 3D model of the engine was numerically solved based on the 3D numerical simulation software to obtain 2D average results and 3D results. The 3D numerical simulation was started to be solved before the exhaust valve opened in order to create an exhaust environment and observe the changes of parameters in the cylinder and exhaust valve. Based on the 2D average results, the in-cylinder pressure of the 3D simulation was plotted and compared with experimental results. The comparison chart is shown in Figure 8. It can be seen from the comparison chart that the results of 3D numerical simulation were consistent with the changes of the experimental curve. The engine cylinder pressure test result was that the cylinder pressure sensor was placed in the engine to measure the cylinder pressure along with the engine running. At the same crank angle, the maximum relative deviation of the in-cylinder pressure was 4.3%, which verified the accuracy of the 3D simulation model. It is feasible to study gas force characteristics by using the 3D model in further studies.



The area and pressure of each refined region can be obtained on the basis of surface slices and 3D simulation results. The integral method was used to calculate the gas force of the exhaust valve during the exhaust stroke according to Equation (8).


F=∑Pi×Ai×cosαi−∑Pj×Aj×cosαj,i=1,2;j=3,…,10



(8)




where P and A represent the pressure and area of each refined part, respectively; α is the angle between the refined plane and horizontal plane; subscripts i and j refer to the refined regions. The force acting on each refined region and the total gas force of the exhaust valve are shown in Figure 9. The force acting on Regions 8, 9, and 10 was zero because these regions were vertical to the horizontal plane in the movement direction of the exhaust valve.





4. Development and Validation of the System Model


4.1. Mathematical Model of the System


Assuming that eddy currents and magnetic saturation are ignored, there was no gas force acting on the actuator, according to the differential equation of motion, the voltage balance equation, and the electromagnetic force equation of the electromagnetic actuator, the differential equations of the system can be deduced as Equation (9) [25]:


{I=−RLI−kmLv+uLv˙=kmmI−cmvS˙=v



(9)




where km and m are the force constant and mass of the electromagnetic actuator; c is the damping coefficient; S and v represent the displacement and velocity; I is the current in the coil; R and L are the coil resistance and coil inductance.



Equation (9) shows that when the system inputs voltage v, coils generate current I. Then, coils with current suffer the electromagnetic force Fmag in the air gap magnetic field. The electromagnetic force drives the electromagnetic actuator. The movement of the electromagnetic actuator generates displacement S and velocity v, which change the value of the electromagnetic force in the form of back-EMF (Electromotive Force). The force constant and the velocity of the electromagnetic actuator will affect the value of current in turn. Therefore, the electromagnetic actuator needs to consider the relationship among various subsystems fully to build an accurate mathematical model.



The PID control algorithm is widely used in industrial control due to its advantages of being a simple algorithm, good robustness, high tracking accuracy, and reliability. Furthermore, it is suitable for a system that has uncertain parameters. Considering that the electric load simulator needs to follow the exhaust valve passively, the PID controller was selected as the control algorithm of the electric load simulator [5,25], which can be described as Equation (10).


U(s)=Kp(1+1Tis+Tds)E(s)



(10)








4.2. Model Validation


The simulation model of the electric load simulator was mainly composed of the drive actuator, the controller, the power drive module, and the load actuator, as shown in Figure 10. The drive actuator and the load actuator were both composed of the electromagnetic linear actuator, so the simulation model of the electromagnetic actuator module was set up according to the differential Equation (9). The power driver module had the transfer function as KsTss+1, which can be considered as an inertial component. In the function, Ks is the amplification factor of the power driver and Ts is the lag time constant. The PID controller module was setup according to the transfer function Equation (10).



The drive actuator was used to simulate the displacement curve of the exhaust valve. Since the drive actuator is tightly coupled with the load actuator in actual operations, the load actuator passively followed the motion of the drive actuator. The target load force was set as the gas force obtained from 3D CFD (Computational Fluid Dynamics) simulation. The load actuator was used to simulate gas force while following the movement of the drive actuator under the control of the PID strategy.



In order to verify the accuracy of the mathematical model, the test platform was built to obtain the displacement and current values of the load actuator. The test bench included the electromagnetic actuator, displacement sensor, DSP controller, and control computer. Input 6 V voltage to the electromagnetic actuator at 10 ms, then the current and displacement signals can be obtained from the DSP controller and the control computer.



The experimental results of the load actuator were compared with the simulation results of the load actuator, as shown in Figure 11. It can be concluded from the comparison chart that the trends of the simulation results and experimental results were consistent. Considering that the load actuator should follow the motion of the drive actuator, the movement of the load actuator was set to be the same as the displacement curve of experimental results during simulation. The error of current between simulation results and experimental results was kept below 0.8 A, and the dynamic load accuracy was less than 5% FSR, which meets the system requirements. It was verified that the mathematical model can be used in the following research. In some ways, the errors of experimental results were due to the vibration of the test bench.





5. Results and Discussion


5.1. Simulation Results


The linear response module was used to plot the force response Bode plot of the actuator system, as shown in Figure 12. By analyzing the amplitude-frequency characteristics and phase-frequency characteristics of the simulation results, the amplitude dropped to −3 dB at 330.1 Hz, and the phase difference lagged 90° at 1032 Hz. Therefore, the bandwidth of the system should be 330.1 Hz.



The control parameters of the PID controller were continuously adjusted so that the output force of the load actuator could be changed with the target load force, where Kp=0.05, Ki=255, Kd=2e−6. In the adjustment process, the role of the proportional link was to scale up the system deviation, so that the deviation of the system changed to the direction of reduction at a faster speed, increased the proportional coefficient to adjust the speed, and reduced the steady-state error. The function of the integral link was to eliminate the steady-state error, so that the actual output value of the system could track the set value without the static difference in the steady-state condition. The appropriate size of the integral time constant can improve the system without any difference. Increasing the differential time constant is helpful to reduce the system adjustment time. Through the comprehensive adjustment of three links, namely the proportional link, integral link, and differential link, the appropriate control parameters were selected to reduce the steady-state error of the system and overcome the overshoot problem of the system, so as to improve the stability of the system and accelerate the dynamic response of the system [26,27].



In the exhaust stroke, the target force that the load actuator needed to output changed from 0–310 N. The comparison chart of the simulation results and target force is shown in Figure 13. It shows that the rise time, peak time, and overshoot of the electric load simulator were 0.12 ms, 0.3 ms, and 19.85%, respectively. The output force of the simulation model ranged from 0–313 N, and changed rapidly at 3.5 ms when the exhaust valve opened 12.5%. During the opening process of the exhaust valve, the error between the output force and target force was kept below 3% FSR. The dynamic load accuracy was kept below 2% FSR after 3.8 ms. Simulation results showed that the output force of the electric load simulator could follow the variation of the target force and meet the requirements of the electric load simulator.




5.2. Experimental Results


The test platform was established to test system performance, which is shown in Figure 14. The platform was made up of the control computer, load actuator, drive actuator, displacement sensor, force sensor, power supply, charge amplifier, and DSP controller. The control computer received signals from DSP controller and monitored the operations of the electric load simulator in real time. DSP controller collected feedback signals of the sensors, output PWM (Pulse Width Modulation) control signals, and realized the operation of the control algorithm. The power drive circuit adjusted the voltage of the load actuator according to the PWM signals. Then, the current in the actuator coil was controlled to achieve the control requirements.



The output force of the electric load simulator should reproduce the target force by adjusting the control parameters of the PID controller continuously. The comparison chart of the experimental results and target force is shown in Figure 13. The rise time, peak time, and overshoot of the electric load simulator were 0.9 ms, 1.1 ms, and 24.5%, respectively. The output force of the electric load simulator ranged from 0–308 N. During the opening process of the exhaust valve, the error between the output force and target force was kept below 5% FSR. The dynamic load accuracy was kept below 2% FSR after 5 ms. Experimental results showed that the output force of the electric load simulator could follow the variation of the target force and meet the requirements of the dynamic load accuracy. Compared with the simulation results, the response of the experimental force had a delay of 1 ms. This was mainly caused by the disturbance of current and displacement to the output force in the actual actuator system.





6. Conclusions


In this paper, the 1D gas-dynamic model and 3D CFD model were established to obtain the gas force that the exhaust valve suffers during the exhaust stroke. An electric load simulator was designed for engine camless valvetrains to exert the gas force on the exhaust valve. The test platform was established to verify the feasibility of mathematical model and test the performance parameters of the electric load simulator. Simulation results and experimental results proved that the electric load simulator had high efficiency, strong robustness, and satisfactory loading performance.



In further research, the electric load simulator can be coupled with the exhaust valve in the camless valvetrains under laboratory conditions to simulate gas force and test the robustness of the control strategy. The influence of gas force on the performance of engines can be tested through semi-physical experiments, which are of great help to anticipate problems in advance and reduce the research cycle.
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Figure 1. Schematic diagram of the electric load simulator. 
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[image: Applsci 09 01591 g001]







[image: Applsci 09 01591 g002 550]





Figure 2. Prototype and magnetic fluxes of the electromagnetic actuator. 
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Figure 3. Electromagnetic force characteristic curve. 
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Figure 4. 1D gas-dynamic model. 
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Figure 5. 3D model of the engine in the exhaust stroke. (a): The 3D engine model; (b): The refined regions of the moving parts. 
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Figure 6. Four-stroke operation mode of the engine. 
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Figure 7. Displacement curve of the exhaust valve. 
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Figure 8. Comparison chart of the in-cylinder pressure. 
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Figure 9. Gas force acting on the exhaust valve. 
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Figure 10. Simulation model of the electric load simulator. 
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Figure 11. The comparison chart of the current and displacement. 
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Figure 12. Bode diagram of the system. 
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Figure 13. Comparison chart of the output force. 
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Figure 14. The test platform of the electric load simulator. 
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Table 1. Comparisons of different load simulators.






Table 1. Comparisons of different load simulators.





	Type
	Advantages
	Disadvantages
	Applications





	Mechanical load simulator
	Simple structure; no extra torque
	Unable to track aerodynamic loads
	Small loop experiment



	Electro-hydraulic load simulator
	High operating frequency; strong capability of output
	Complex structure; low energy efficiency
	Large loop experiment



	Electric load simulator
	Strong tracking ability; high resolution
	Poor load accuracy
	Small and medium load laboratory
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Table 2. The structural parameters of the electromagnetic actuator.
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	Parameter
	Symbol
	Value





	Force constant
	km
	7.8 N/A



	Resistance of coil winding
	R
	0.91 Ω



	Inductance of coil winding
	L
	0.43 mH



	The total mass of the mover Mechanical stroke
	M

S
	64.6 g

10 mm
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Table 3. Initial conditions of the 3D simulation.






Table 3. Initial conditions of the 3D simulation.





	Region
	Value





	Cylinder pressure
	6.3 bar



	Cylinder temperature
	1646.5 K



	Exhaust pressure
	1.0 bar



	Exhaust temperature
	775.0 K



	Crank angle
	115°
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Table 4. Technical parameters of the engine.






Table 4. Technical parameters of the engine.





	Type
	Single Cylinder, Four-Stroke





	Bore
	80 mm



	Stroke
	70 mm



	Cylinder volume
	352 mL



	Compression ratio
	10.63:1



	Valve lift
	8 mm
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